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1. Abstract

In this thesis the fabrication of a CulnSe, thin film solar cell from an electrodeposited precursor stack
consisting of indium selenide and copper selenide layers is demonstrated. A best conversion efficiency
of 5.5% was achieved, a higher efficiency than previously reported in the known literature for the
selenisation of precursors prepared from indium selenide and copper selenide. The thesis focuses
on three main parts, (i) the electrochemistry of indium selenide, (ii) the phase evolution during the
annealing and (iii) identifying the loss mechanisms in the finished solar cell.

(i) For the studied conditions (a low concentrated electrolyte at elevated temperature) it is exper-
imentally verified for the first time that indium selenide electrodeposition is induced by the reduction
of selenium species at the electrode surface, as has been proposed by Massaccesi et al. [1]. The
obtained film consists of both amorphous In,Se; and elemental Se. The deposition is mass transport
controlled depending on the selenium ion concentration. The amount of deposited In,Se; cannot
simply be obtained from the mass flux due to the presence of the second competing phase, elemental
Se. The composition of the films is surprisingly found to be determined by the applied potential. It
is suggested that the voltage controls the balance of reduction kinetics between the In,Se; and ele-
mental Se and both compete for the same intermediate selenium species. Smooth and uniform In,Se,
deposits can be plated with the use of a rotating disc electrode. Conditions for the electrodeposition
of a porous copper selenide film containing amounts of amorphous Se have been established.

(i) Single phase CulnSe, is obtained from annealing the stacked binary selenide precursor. The
absorber layer has a larger grain size than a coelectrodeposited CulnSe, precursor annealed under
the same conditions. The small interface area between the indium selenide and the copper selenide
slows down the interdiffusion during the annealing process. It corresponds to the previous reported
results that the reaction of binary selenides is diffusion limited. Therefore the temperature required
to react the precursor is higher than reported for similar binary selenide stacks in literature. The
suppressed diffusion of copper selenide retains this phase at the surface during the annealing process,
where it undergoes the transitions (CuSe, — CuSe — Cu,Se) which are expected from its phase
diagram. A higher Cu/In ratio in the precursor increases the tetragonal splitting of the (220) and
(204) reflection in the X-ray diffractogram of the absorber. It is expected that the composition
affects the strain inside the thin film causing the observed splitting.

(iii) The highest efficiency of the analysed solar cells is obtained from a stoichiometric precursor
(atomic Cu/In ratio equals 1), because it compromises the advantages and disadvantages of Cu-poor
and Cu-rich growth. The Cu-poor grown absorber has shown a n-type ordered vacancy compound
at the back due to an incomplete reaction of the stack. This causes a reverse junction at the
backcontact and reduces the performance. The efficiency of the Cu-rich grown solar cell was limited
by the high interface recombination.

Promising results have been recorded for a binary selenide stack annealed under a higher back-
ground gas pressure which slows down the Se diffusion from the reaction zone. The absorber consists
of grains with a lateral extension of several microns. Photoluminescence measurements have con-
firmed superior optoelectronic properties for this absorber. So far it is not suited for a solar cell,
because the backcontact massively selenises during the annealing rendering it unusable. Optimisation
of the annealing conditions will probably solve this issue in future.
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2. Introduction to chalcopyrite thin film solar
cells

2.1. General

Chalcopyrite solar cells consist of a I-1lI-VI; compound semiconductor (with | = Cu, Ag; Il = In,
Ga, Al; VI = Se, S, Te) [2]. Especially the compound Cu(In,Ga)Se, has shown the highest potential
of all recent thin film solar cells [3]. Solar cell efficiencies above 20% have been achieved (table 2.1).

Several properties qualify CulnSe, (CISe) and Cu(In,Ga)Se, (CIGSe) chalcopyrites as excellent
semiconductors for thin film solar cells.

= The absorption coefficient is high (10*—10° cm ™! [4]) and the typically used absorber thickness
of 2 micron is sufficient for complete absorption of photons with energies above the band gap.

= |t tolerates variations in composition due to the facile formation of copper vacancies (chapter
14).

= The band gap energy in Cu(In,Ga)Se, can be tuned between 1.0 and 1.7eV by varying the
ratio between In and Ga [4]. This allows to adjust the band gap to the optimum values of
1.15eV or 1.35eV given by the Schockley-Queisser limit for maximum solar power conversion
of a single junction solar cell [5, 6].

= Chalcopyrite thin film solar cells have proved radiation hardness and long-term stability [7, 8].

= The efficiency loss due to recombination at grain boundaries is low in chalcopyrite solar cells
in contrast to other semiconductors (e.g. Si) [9].

Figure 2.1 shows the typical structure of a thin film Cu(In,Ga)Se, solar cell as it is also reviewed in
[15]. The conventional substrate is soda-lime glass. Beside its function as a substrate it also provides
a source of sodium by diffusion in the thermal processing of the absorber. Sodium is known to have
several beneficial effects on the growth of Cu(In,Ga)Se, (chapter 20). Metal foils and polyamide foils
have been studied as alternative substrate being suitable for roll-to-roll processing. The backcontact
of the solar cell is typically made from molybdenum, because it is relatively stable against selenisation
and does not form alloys with Cu or In. Its contact resistance with CIGSe is low. Several groups have
reported the presence of a thin MoSe, interface layer between Mo and CIGSe, which is supposed

’ System ‘ deposition ‘ area / cm? \ n/ % \ Ref. ‘

Cu(In,Ga)Se, | PVD 0.50 20.3 | [10]

CulnSey PVD 0.40 15.0 | [11]
Cu(In,Ga)Se, | sputtered 9703 15.7 | [3]
Cu(In,Ga)Se, ED 048 | 13.76 | [12]
Cu(In,Ga)Se, ED 102 12.25 | [13]
Cu(In,Ga)Se, ED 10700 | 10.0 | [13]

CulnSe ED 0.06 8.8 | [14]

Table 2.1.: Record efficiencies 7 for chalcopyrite solar cells and modules. The devices have been
fabricated by physical vapour deposition (PVD), sputtering or electrodeposition (ED).
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grid Ni-Al 2000nm

ZnO:Al 500nm
i-Zn0O 150nm
50nm

2000nm

600nm
soda-lime glass

Figure 2.1.: Typical structure of a Cu(In,Ga)Se, thin film solar cell in substrate configuration. i-
ZnO is an undoped ZnO layer, while ZnO:Al is n-doped with aluminium. The stated
thicknesses can vary.

to form an ohmic contact [15]. Cu(In,Ga)Se, is the p-type absorber layer where the charge carriers
are generated. It is expected that a Ga gradient along the depth profile can increase the solar cell
performance [16]. A higher Ga content at the junction will decrease recombination due to the larger
band gap. An enhanced Ga content at the backcontact causes an electric field that prevents the
diffusion of electrons into the contact. Between the absorber and the front contact is the thin buffer
layer, usually prepared from CdS. Its main purpose is the electrical band alignment between the
absorber and the front contact (section 23.1). It also provides a protection of the absorber layer
against oxidation or damage during the deposition of the ZnO layer and compensates the lattice
mismatch between CIGSe and the front contact [17]. The best solar cell performance is reached for
CdS from chemical bath deposition. Alternative materials (e.g. In,S;) have been screened as possible
buffers, because of the toxicity of Cd [15]. The layer of intrinsic ZnO (i-ZnO) has a comparatively
high resistance. A real thin film solar cell is often not perfectly uniform, but contains spots acting
as recombination centres or short-cuts between back and front contact. The intrinsic ZnO layer can
“insulate” these spots, because of its high resistance and thus increases the V¢ [18]. The Al-doped
ZnO layer acts as an transparent conductive oxide (TCO) layer forming the front contact. The ZnO
layers are usually deposited by sputtering. Finally, laboratory-sized solar cells are often contacted by
a grid of Ni/Al.

2.2. Electrodeposited chalcopyrite solar cells

The highest efficient Cu(In,Ga)Se, thin film solar cells are prepared by physical vapour deposition
(PVD) (table 2.1). An alternative route is the electrodeposition of precursors followed by annealing
in a selenium containing atmosphere. Although the efficiency is lower than in PVD, the process has
several advantages [19].

= Electrodeposition requires only low-cost equipment, because there is no need for a high vacuum
system.

= It is comparatively easy to upscale the electrodeposition process and a roll-to-roll fabrication
is possible [13]. Depending on the process electroplating can provide a high throughput.

= Electrodeposition provides an effective material use and easier waste handling.

= Electrodeposition includes an automatic purification of chemicals in the deposition process and
thus lower purity chemicals can be used.

» FElectrodeposition is a low temperature process allowing the use of polymer substrates and
reduces energy consumption.

10



2.3. Motivation of binary selenide precursors

The advantages of electrodeposition are partly compromised by the necessity of a succeeding selen-
isation step. Nevertheless this selenisation is a non-directional low-vacuum process and therefore still
advantageous in comparison to PVD.

There are in principle three different routes to prepare CulnSe, by a combination of electrodepos-
ition and annealing [20]:

1. Coelectrodeposition: All elements are simultaneously electrodeposited. The precursor consists
of low-crystalline CulnSe, containing possible binary or ternary phases [21, 22, 23]. Therefore
an annealing in Se atmosphere is necessary to recrystallise the absorber [24, 25]. Despite
the selenisation the final grain size does sometimes not exceed 200nm and the film stays
porous (figure 18.1) [21, 26, 27]. The plating process is susceptible to fluctuation in deposition
potential or electrolyte concentration, because three elements are involved.

2. Metal stack electrodeposition: A contrary approach is the electroplating of a stack of elemental
Cu and In layers or a Cu-In alloy [28]. The stack is selenised to form the CulnSe,. The
electroplating of metal layers is often a fast and comparatively simple process. The easier
electrodeposition is compensated by a more complicate annealing. An additional selenisation
step is required to ensure Se incorporation into the precursor, before forming the CulnSe, [29,
30]. The metal stack route usually results in large grains. A disadvantage is the expansion of the
layer during the selenisation due to the large difference between the densities of Cu (8.94 g/cm?)
or In (7.29 g/cm?) and CulnSe, (5.74g/cm3). It causes pinholes and delamination of the film.

3. Binary selenide electrodeposition: In this route copper selenide (Cu-Se) and indium selenide
(In-Se) are electrodeposited and annealed to CulnSe,. It is a compromise between the previ-
ous routes. In contrast to coelectrodeposition the composition control of the binary selenide
compounds is easier, because less elements are involved. The electroplating of binary selenide
compounds is also advantageous for the deposition of elements like In and Ga which require a
very negative potential. The deposition potential of the binary compound can be shifted to-
wards more positive potentials (section 5.6), i.e. further away from the evolution of hydrogen.
Further advantages of binary selenide precursors in general are given in the next section 2.3.
Despite these benefits the binary selenide electrodeposition route has hardly been studied in
literature. Hermann et al. are the only ones who reported the annealing of an electroplated
Mo/In-Se/Cu-Se precursor [23, 31, 32]. The selenisation of a Mo/Cu/In-Se precursor was
studied by Guillen and Herrero [33, 34]. The lack of interest in the binary route can probably
be explained by the experience that the electrodeposition process itself is not easier than for
the other routes. Although the electrochemistry of coelectrodeposition is more complex, the
process itself is not more difficult once the correct settings have been found [20]. Despite the
very negative deposition potential of elemental indium it can still be electrodeposited, before
hydrogen evolution occurs. The binary selenide electrodeposition process might play out its
strength going from CulnSe, to Cu(In,Ga)Se,. The addition of Ga further complicates the
coelectrodeposition process and its elemental electroplating requires an even more negative
potential than In. Therefore first experiments of gallium selenide electrodeposition have been
recently performed [35]. Also the deposition if a Ga-In-Se alloy was reported [32].

2.3. Motivation of binary selenide precursors

The annealing of CulnSe, nanoparticles often leads to an insufficient recrystallisation resulting in a
porous absorber layer with a lot of grain boundaries [36, 37]. The same effect can sometimes be
observed for coelectrodeposited precursors, which also contain nanocrystalline CulnSe, grains (figure
18.1) [21]. It can be expected that precursors from binary selenides show a better crystallisation and
lead to larger grain size. A CulnSe, precursor is already in the thermodynamically stable phase.
The only driving force that promotes a recrystallisation is the ambition to minimise Gibbs energy by

11



2. Introduction to chalcopyrite thin film solar cells

] Precursor | deposition | n/ % |  Ref. | remarks
In-Se/Cu-Se
Mo/InSe/CuSe MEE 5.08 [45]
Mo/In,Se;/CuySe PVD 0.9 [46] 1
Mo/In,Se;/CuySe PVD 5.4 [46] 1,2
CdS/In-Se/Cu-Se | sputtered | low [47]
Mo/In,Se; /Cu-Se ED 5.5 | this thesis
In-Se/Cu
Mo/(In,Ga)-Se/Cu PVD 4.2 [48] 3
Mo/In-Se/Cu/In-Se PVD > 10 [41]
Mo/In,Se,/Cu PVD 13.7 [40] 4
Mo/In,Se;/Cu/Ga PVD 145 [49]
Cu-Se/In
Mo/Cu, ,Se/In/Ga| PVD | 102 | [48] [ 3

1: active area

2: In,Ses layer evaporated at surface of absorber

3: (In,Ga)-Se or Cu,_,Se formed by combination of PVD and selenisation
4: precursor formation at 200 °C

Table 2.2.: Efficiencies of selenised absorbers from binary selenide containing precursors. Precursors
have been fabricated by physical vapour deposition (PVD), migration enhanced epitaxy
(MEE), sputtering or electrodeposition (ED).

reaching single crystal configuration. For a binary selenide precursor the reaction to CulnSe, involves
a complete rearrangement of atom positions. In this context it can be supposed that the atoms will
preferentially arrange closer to their ideal lattice configuration resulting in a larger grain size. If the
binary selenide precursor is grown with an overall Se excess, it is also possible that a liquid selenium
phase forms during annealing and promotes grain growth by liquid phase sintering (chapter 18).

The most often used precursor for selenisation is a stack of elemental Cu and In layers or a Cu-In
alloy [15]. Sometimes the stack is capped with an elemental Se layer to provide an additional source
of Se in the selenisation. These precursors usually lead to a large absorber grain size above 1 micron
which often extend from the backcontact to the front [21, 38, 39]. The drawback of the pure metal
precursors is a low adhesion with the Mo substrate being probably linked to the large expansion
during selenisation. It has been shown that the inclusion of binary selenides improves the adhesion
[40, 41]. The densities of indium selenide and copper selenide are closer to CulnSe,. Therefore
expansion causes less stress during the annealing. The formation of the volatile In,Se; must be
avoided, because it leads to a loss of indium [42]. On the other hand In,Se; has been observed as a
first intermediate phase in the selenisation of stacked elemental layers [43]. Starting with a Se-rich
binary (e.g. In,Se;) avoids this intermediate phase. Additionally the segregation of Cu-In phases
can be prevented by the incorporation of Se in the precursor [41].

Kerr et al. have motivated the synthesis of CulnSe, from binary selenides as a low-temperature
process [44, 45]. According to the ternary phase diagram of Cu-In-Se CulnSe, coexists with a Se-rich
liquid phase, if the overall sample composition is Se-rich. The Se-rich liquid is already expected at
temperatures above 220 °C. Therefore already at low temperature the benefits of a liquid assisted
growth (e.g. high diffusion rates) can be reached. Starting from binary selenides is expected to avoid
the formation of high temperature melting compounds during the reaction process [44].

Several groups have reported the fabrication of solar cells from binary selenide precursors (table
2.2). The efficiencies of solar cells from indium selenide and copper selenide is 5 — 6%. If a binary
selenide is combined with an elemental metal, it reaches above 10%. It is not clear if the difference
has a physical reason or if it is simply caused by different level of process optimisation.

12



2.4. Thesis outline

The first solar cell from a completely electrodeposited binary selenide precursor is presented in
this thesis. Preceding work on the selenisation of electroplated Mo/In-Se/Cu-Se precursors has been
performed by Hermann et al. [23, 31, 32]. They obtained single phase CulnSe, of high crystallinity.
The surface is roughness is significantly less compared to other absorber fabrication methods (e.g.
coelectrodeposition and annealing) [31].

2.4. Thesis outline

The objective of this thesis is the synthesis and understanding of a CulnSe, thin film solar cell from
an electrodeposited binary selenide precursor. The outline of this thesis follows the fabrication steps
of the solar cell. It consists of three major parts: (i) the electrodeposition of the stack, (ii) the
compositional and structural characterisation of the annealed absorber, and (iii) the optoelectronic
characterisation.

(i) The part on electrochemistry is focused on indium selenide. The electrochemistry of copper
selenide has been comprehensively studied by Thouin and Massaccesi [50, 51]. In contrast to this
only a few experiments have been performed to understand the electrochemistry of indium selenide.
Studying the electrochemistry of indium selenide requires knowledge of the single elements. Therefore
the electrochemistry of indium and especially selenium is discussed in the previous chapters. The
electroplating of copper selenide is investigated empirically. Finally appropriate conditions for the
electroplating of a Mo/In-Se/Cu-Se precursor are given.

(i) The second part is dedicated to the structural and compositional properties of the annealed
absorber. The formation of CulnSe, is verified and its uniformity is examined. The recrystallisation
of different precursors and different annealing conditions are compared. Ex-situ and In-situ XRD
measurements have been applied to identify the phase reactions in the absorber during the annealing
process. Several cation impurity sources have been identified in the absorber fabrication process.

(iii) The optoelectronic properties of the absorber and the completed solar cell devices are presen-
ted. A Cu-poor, a stoichiometric, and a Cu-rich absorber/cell are analysed. Absorbers/cells annealed
at different conditions are added to the comparison. Photoluminescence provides an indicator for the
electronic quality of the semiconductor. Standard JV measurements are performed to judge the per-
formance of the solar cells. Possible loss mechanisms are further studied by temperature dependent
JV analysis and voltage dependent quantum efficiency measurements.

Every part ends with the conclusions of its results. At the end of the thesis an outlook of future
research topics motivated from this thesis is presented.

13






3. General characterisation techniques

This chapter gives a short summary of commonly used characterisation techniques which have been
applied in this thesis. It is not intended to provide a complete discussion of the methods but will
restrict to its general principle. Further information on the techniques can be found in standard text
books. The discussion is focused on the use of the methods in this thesis.

3.1. Scanning Electron Microscopy (SEM) / Energy Dispersive X-ray
Spectroscopy (EDX)

The SEM provides the possibility to record pictures of specimens beyond the resolution limit of
optical microscopes. An electron beam is focused on the sample by magnetic lenses. The incident
electrons generate secondary electrons in the sample and are partly back-scattered (figure 3.1). The
emitted electrons are collected by a detector. Scanning the incident electron beam over the sample
surface allows to record its topography [52].

In the present case secondary electron pictures with incident electron energies of 3 —20keV have
been recorded. Secondary electron pictures show better resolution, because they are more surface
sensitive than backscattered electrons. Their higher count rate reduces the noise in the picture. On
the other hand backscattered electrons provide information on the composition of the sample. In
general a lower incident electron energy is preferred in SEM pictures to keep the penetration volume
small and thus increase resolution.

During the scattering process electrons from the inner electron shells of the atoms in the sample
are removed. The shell is filled again by radiative recombination of electrons from the outer shells.
The energy of the emitted X-rays is characteristic for each element. This allows the determination
of the sample composition by energy dispersive X-ray spectroscopy (EDX or EDS). In the thesis an
incident electron energy of 20 keV was applied to record the EDX spectra. It ensures sufficient signal
for the transition with the highest energy (Se K line at about 11keV). The composition was averaged
over an area of 0.2mm?. For the EDX maps in chapter 10.2.4 the electron energy was reduced to
7keV in order to avoid damaging the sample. The EDX analysis software has been calibrated with a
CulnSe, standard to increase accuracy. The standard was a Cu-rich grown CulnSe, absorber grown
by PVD which has been etched to remove secondary copper selenide phases. Under these conditions
the sample can be assumed to consist of single phase CulnSe, (compare phase diagram 14.3).

3.2. X-ray Diffraction (XRD)

The wavelength of X-rays is in the same order of magnitude as the distance between lattice planes in
a solid state crystal. Therefore diffraction of an incident X-ray beam is observed. In most directions
the diffracted signal of the atoms will interfere destructively and no signal is observed in total.
Constructive interference can only be obtained for directions which satisfy Bragg's law

n-A
2dpp

Ok is the diffraction angle (figure 3.2), n is the order of the diffracted reflex (usually n = 1) and
A is the X-ray wavelength. dpy; is the distance between lattice planes which are described by the
Miller indices hkl. If the lattice shows certain symmetries (e.g. a simple cubic lattice), it is possible
that not all reflexes satisfying Bragg's law can be observed (extinction rules).

sin (Onk1) = (31)

15



3. General characterisation techniques

EDX signal
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Figure 3.1.: Electron-Matter interaction used in SEM and EDX analysis. The incoming electrons
(blue) are partly reflected as back-scattered electrons (BSE). Scattering in the material
generates secondary electrons (SE). The remaining holes recombine and emit character-
istic X-ray radiation. The X-ray strength versus depth is plotted in the right graph. The
further the electron has travelled from the spot of incidence, the less of its initial energy
is left (coloured contours). The scattered path of the incident electrons is schematic;
energy contours and X-ray signal have been simulated for 20keV electron energy in
CulnSe, with the software CASINO [53].

In a standard XRD set-up (figure 3.2a) the position of the X-ray source and the detector are
symmetrically moved to scan the diffraction angle. Due to the symmetry of the set-up this will only
take into account lattice planes which are perpendicular to the symmetry axis between source and
detector. The samples measured in this thesis are polycrystalline. Therefore it can be assumed that
for a pair of 0y, and dp;,; satisfying Bragg's law there will always be crystallites which are oriented
in the right way to fulfil the symmetry restrictions of the set-up.

Thus it is possible to reconstruct the crystal structure of the sample from the number and po-
sition of the recorded reflections in the diffractogram. It includes the determination of the lattice
parameters. There are databases available (e.g. the Powder-Diffraction-Database (PDF) from the
International Centre of Diffraction Data (ICDD)) which contain the X-ray diffractograms of numer-
ous phases. This simplifies the analysis of unknown diffractograms, especially if several phases are
mixed. The XRD pattern used in this thesis are listed in appendix D.

For the measurement of thin films it is recommended to use grazing incidence XRD [54]. In this
set-up the position of the tube is fixed at a shallow angle and only the detector is scanned (figure
3.2b). The shallow incidence angle enlarges the path of the X-ray beam within the thin film and
increases the signal coming from the film. For very small incidence angles (a < 0.05—1.5°, depending
on material and X-ray energy) the X-ray beam experiences total reflection at the film surface and
only an evanescent wave can penetrate into the film. In this regime the surface sensitivity is further
increased but the position of the reflections must be corrected [54].

A Cu anode was used as X-ray source in this thesis emitting the wavelengths A\cy, ko1 = 0.1540523 nm
and Aoy K2 = 0.1544427nm [55]. All XRD measurements have been done with a parallel X-ray
beam predetermined by the instrument owner. Initial XRD measurements (figures 9.3, 19.1) have
been performed in 6 — 26 configuration (figure 3.2a) with a scan time between 30 min and 2h. The
instrument resolution in this set-up was about 0.13 — 0.22° (FWHM at 20 ~ 27°). Later meas-
urements (figures 17.2, 17.3) were taken in grazing incidence mode with an incidence angle of 4°
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a) 6 - 26 mode b) grazing incidence mode

X-ray source
(parallel beam) detector detector

X-ray source
(parallel beam)

Figure 3.2.: Experimental set-up of XRD measurements in a) 6 — 20 configuration and b) grazing
incidence configuration.

and a scan time of 2h (figure 3.2b). The incidence angle has been adjusted to show a weak Mo
reflection of the substrate which ensures probing of the complete absorber thickness. The shallow
incidence angle leads to a large illuminated area on the sample decreasing the angular resolution of
the instrument. This effect is compensated by the use of a parallel Cu plate collimator which confines
the acceptance angle of the detector. Nevertheless the instrument resolution in grazing incidence
mode is limited to 20 = 0.10°. High resolved measurements of single peaks (figures 17.4, 18.2)
have been recorded in 6 — 26 configuration with small divergence and anti-scatter slits of 0.1 mm
and a slow scan rate of 0.01°/min. With these setting an instrument resolution of 0.05° (FWHM
at 20 ~ 30°) could be reached.

The set-up and conditions for in-situ XRD measurements during annealing will be presented in
section 15.3.1.

3.3. Inductively-Coupled Plasma Mass Spectroscopy (ICP-MS)

Inductively-Coupled Plasma Mass Spectroscopy (ICP-MS) is an accurate measurement technique
to determine the composition of a solution. The solution is nebulised and afterwards ionised by a
plasma. The plasma is obtained by passing the nebulised sample and a carrier gas (e.g. Ar) through
a coil connected to a radio-frequency generator. The ionised sample is finally analysed in a mass
spectrometer (figure 3.3) [56].

Quadrupol-Mass spectrometer

ion de\tector ion (Iaptics

\ ICP plasma torch  nebulizer
0 )
L= ¢ e R LS
)

coil |
Ar gas

Figure 3.3.: Principal set-up of an ICP-MS system [56]

In this thesis ICP-MS has mainly been used to determine the composition of solid thin films. The
films have been dissolved in aqua regia (HNO5 : HCI volume ratio 1 : 3) and the solution was
diluted to the concentration regime accepted by the ICP-MS apparatus. The detector output was
compared to a standard calibration solution with known composition to calculate the concentration
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of the sample solution.

The detection limit by ICP-MS for the elements of interest (Cu, In, Se) is about 1ppt. The
error in the ICP-MS quantification process mainly results from the error of the standard calibration
solution and errors in the dilution process. The accuracy of the obtained masses is about 1 — 3%.
The determination of trace impurities by ICP-MS is described in section 15.3.2.
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Part |I.

Electrochemistry and Electrodeposition
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4. Introduction

In this part of the thesis procedures for the electrodeposition of indium selenide and copper selenide
will be developed. Beyond the pure plating of the film the intention is to get a deeper insight into
the electrochemistry of the binary selenide. This part will concentrate on indium selenide, because
an excellent discussion of the electrochemistry of copper selenide has already been published by
Massaccesi et al. and Thouin et al. [51, 50]. Massaccesi et al. have also worked on indium
selenide and proposed that In,Se; electrodeposition is induced by selenium [1]. On the contrary
the work by Mishra and Rajeshwa ascribes the deposition of In,Se; to an indium induced process
[57]. Both studies have been performed under different conditions (e.g. temperature) and are typical
representatives of two routes of indium selenide electrodeposition existing in the literature. This work
follows the route which also Massaccesi et al. have studied [1]. It verifies it and supports the results
by additional experiments. Moreover new aspects of indium selenide electrochemistry are outlined.

At the beginning of the part a short introduction to the basics of electrochemistry is given. The
understanding of the indium selenide electrochemistry requires the understanding of the electrochem-
ical behaviour of its elements. The case of indium will be discussed as an introductory example. It is
followed by the characteristics of selenium electrochemistry (e.g. the dominant species at different
potentials, the slow electrode kinetics, a passivating deposit on the electrode). The diffusion coeffi-
cient of both ions is determined since it is required for the calculation of mass fluxes in the indium
selenide bath. Appropriate conditions for the electroplating of a copper selenide film are presented.

The possible deposition potential range for indium selenide electrodeposition will be determined
from cyclic voltammetry. Thermodynamic considerations by Massaccesi et al. predict that the
deposit from the indium selenide bath consists of In,Se; and elemental Se [1]. It was claimed that
the amount of elemental Se is mass transport controlled. These consideration will be checked by
composition measurements of samples deposited under various potentials and mass fluxes. The mass
fluxes involved in the deposition of In,Se; and elemental Se are quantified. Se precipitation in the
bath is an unwanted side reaction. It is quantified and a possible incorporation in the deposit is
examined.

In the end a stable process for the uniform plating of a binary selenide precursor is outlined.
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5. Introduction to electrochemistry

This section introduces basic principles of electrochemistry. For a more detailed description the
reader is referred to standard textbooks on electrochemistry [58, 59, 60, 61, 62].

5.1. Standard electrode potential and Nernst equation

A voltage is measured between two electrochemical half cells. Consider one of the half cells is the
standard hydrogen electrode (SHE) following the reaction %Hg = HT™ + e~ at standard conditions
(i.e. the activity of all species equals 1; the temperature is 298.15 K and the pressure is 1013 mbar).
Its potential is defined as zero. Then the voltage between the half cells corresponds to the standard
electrode potential E° of the second half cell (redox reaction O + n -e~ = R with O being the
oxidised species and R being the reduced species), if the measurement is performed under standard
conditions. The overall reaction is

O+g+b:R+nW’ (5.1)

The change of Gibbs energy AG? for this reaction is linked to the standard potential by
AG® = —nFE"° (5.2)

with F' being the Faraday constant. If the activities of the reduced and oxidised species (ar and
ap) differ from unity the electrode potential is given by the Nernst equation:

BT % (5.3)

E=E"°
+nF aR

R denotes the ideal gas constant.

5.2. Electrode kinetics

According to the Nernst equation a reduction of the oxidised ions in reaction 5.3 (species O) should
set in, when the applied potential is more negative than the standard potential of the electron transfer.
Nevertheless it is often observed that a significantly more negative potential is needed to obtain a
considerable current. The Nernst equation describes the equilibrium case and does not take electrode
kinetics into account which can significantly slow down a reaction even if it is thermodynamically
possible.

It can be considered that the reduction process and the oxidation process have to overcome different
activation Gibbs energies. The difference in activation energy can be controlled by the applied
potential. This consideration leads to the Butler-Volmer equation relating the applied overpotential
n = E° — E to the observed current density 4 :

i = i {exp (-O‘;?) — exp (W)} (5.4)

1p is the exchange current density, « the transfer coefficient. The meaning of these coefficients is
explained in figures 5.1a and 5.1b. The exchange current density iy equals the reducing current and
the oxidising current if the system is in equilibrium at potential E°. If ig is high the system reacts
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5. Introduction to electrochemistry

with a current response immediately when the standard potential E° is passed (figure 5.1a, curve
1). Such a system is called “reversible”. If iy is low the system is “sluggish”. A high overpotential is
needed to drive a considerable current (figure 5.1a, curve 4). Such a system is called “irreversible”.
The transfer coefficient is between 0 and 1 and is usually close to 0.5. In this case the reduction
and oxidation side of the current characteristic are symmetrical (figure 5.1b, curve 2). If « differs
from 0.5 the curve becomes asymmetric and either the reduction or oxidation process needs a high

overpotential to start (figure 5.1b curve 1 and 3).

2
i/ uAlcm
o
\\
\

.50

-0.2 0.0 0.2 0.4

E°-E/V

-100

(a) Varying exchange current density i for a constant transfer
coefficient of & = 0.5: 1) 1 pA/cm?, 2) 0.1 pA/em?, 3)
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(b) Varying transfer coefficient « for a constant exchange cur-
rent density of ip = 0.1 pA/cm?: 1) 0.3, 2) 0.5, 3) 0.7

Figure 5.1.: Butler-Volmer equation (T'=298K and n =1 )

5.3. Rotating disc electrode

The Butler-Volmer equation 5.4 is only valid under the assumption that the concentration of the
This assumption is only justified if the

electrolyte at the electrode surface is constant in time.
diffusion within the electrolyte is fast enough to compensate any concentration change at the surface

caused by the electrode reaction. In many cases the diffusion is too slow and the electrolyte at the

electrode is depleted with time.
In these cases the current density transient i(t) at constant applied potential can be estimated by

24



5.3. Rotating disc electrode

the Cottrell equation [59, 58, 60]
’rLFDl/2Co

i) == =" (5.5)

D is the diffusion coefficient of the active species, n the number of electrons involved in the redox
process and ¢y the concentration of the educt in the bulk. The equation is valid for a planar electrode
without edge effects, a fast electron-transfer reaction, and very negative potential (£ < E°). It
is obvious from equation 5.5 that the current density i(¢) decreases with time meaning that the
electrolyte is depleted.

A simple way to apply a controlled mass transport of the electrolyte to the electrode surface is the
use of a Rotating Disc Electrode (RDE).

Az

¢ f—=——>r

insulating disc

\/ \
— substrate \

[
A

flux vector
top view

side view

Figure 5.2.: Set-up and flow pattern of a RDE

The RDE consists of an electrode embedded in a disc made from a non-conductive material. The
disc has usually a much larger diameter than the electrode in order to avoid possible turbulences at
the disc edge effecting the flow at the electrode. The disc is rotated along its symmetry axis to force
a flow within the electrolyte (figure 5.2).

At the disc the electrolyte is accelerated towards the edge. This causes the flow towards the
electrode surface that is sketched in figure 5.2. Along the surface the rotation of the electrolyte
causes a spiral flow pattern. The hydrodynamics of the RDE can be solved analytically in cylindrical
coordinates (¢, 7, z, see figure 5.2). It turns out that the velocity component along the z-direction
is independent of the r and ¢. That means the flow of fresh electrolyte towards the electrode is
uniform over the electrode surface. Knowing the velocities of the flow the problem of combined
diffusion and forced convection can be solved. It results in the Levich equation [60, 63]

i1 =0.62-nFr5D*¢) . \Jw (5.6)

iy is the limiting current density, i.e. the current density being observed if the kinetics are fast
enough that the current density is limited by the mass transport. n, cg, D, v are the number
of electrons transferred in the reaction, the bulk concentration, the diffusion coefficient and the
kinematic viscosity! of the medium. w is the angular rotation speed of the RDE. The limiting

'The dynamic viscosity 7 is related to the force F' which is necessary to pull a plate (area A) with the speed v through
a liquid in a distance d to a wall: n = %' The dynamic viscosity 7 is linked to the kinematic viscosity v by the

density p of the liquid through n = v - p. The density p, absolute and kinematic viscosity (n and v) of water at
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5. Introduction to electrochemistry

current density can be either obtained from the cyclic voltammogram or the current density value
recorded by deposition at a fixed potential.

In a Levich plot the limiting current density is plotted versus y/w. If the system is mass transport
controlled the Levich equation 5.6 is valid and the plot is a line through the origin. Its slope depends
on the diffusion coefficient and the electron transfer coefficient n of the reaction. If the diffusion
coefficient is known n can be determined giving information on the redox reaction.

The diffusion coefficient D(T') of ions depends on the temperature of the medium. As a rule of
thumb the temperature dependency can be calculated by the Walden product2[59, 65]

D(Th) -n(Ty) _ D(T3) - n(T3)

= = t 5.7
T Ty cons (5.7)

n(T) is the dynamic viscosity (table in footnote on the preceding page).

5.4. Linear sweep voltammetry and cyclic voltammetry

Linear sweep voltammetry and cyclic voltammetry are methods to study electrochemical processes,
e.g. the electrode potential required for a redox reaction. In linear sweep voltammetry the potential
applied to the working electrode is linearly decreased or increased with time and the current is
recorded. Cyclic voltammetry is an extension to it, where the voltage scan is reversed again. The
shape of the cyclic voltammogram (CV) can be calculated for simple examples. It requires a solution
of the hydrodynamics for the reduced and oxidised species (R and O). These are given by Fick'’s first
and second law [61]

, 0
j= D2 copnla.) (59)
aCO R(x7t) 62

j denotes the mass flux, D the diffusion coefficient, co(z,t) and cg(x,t) the concentrations of the
oxidised and reduced species, respectively. Several boundary and initial conditions must be chosen
according to the experimental set-up and procedure (e.g. co(z,t = 0) = const with respect to x).

In a reversible system the ratio between the concentrations of the reduced and oxidised species at
the electrode surface (x = 0) is given by the Nernst equation 5.3 (assuming that the activity can be
approximated by the concentration):

co(x =0,t) nk 0
—_— = — (E(t)—FE 5.10
cr(z =0,t) P\ RT (B () ) (5.10)
E (t) denotes the time dependent potential. The current can be calculated from the redox reaction
rate that is necessary to fulfil equations 5.8 - 5.10 and the boundary conditions.
If the system is irreversible (e.g. O+ § - Hy — R+ nH™) the Nernst equation is not longer valid
and the electrode kinetics must be considered (compare to Butler-Volmer equation 5.4) [61]

Oco(z =0,1)
Ox

ankF’

= ko - exp [— (E(t) — EO)} (5.11)

D
RT

ko is the reaction rate constant (units m-s~!) of the reduction process. The current at the
electrode can be calculated from the reaction rate.

different temperatures are [64]:

p n v
g/cm® | 107 % g/(s-cm) | 10~ % cm?/s

25°C | 0.9970 8.904 8.931

80°C | 0.9712 3.547 3.652

2The original Walden product is not formulated with the diffusion coefficient D but with the related ion mobility .
It is w - n = const.
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5.5. Nucleation and growth

5.5. Nucleation and growth

The electrodeposition of a metal on a different substrate requires a supersaturated solution at the
electrode. The presence of nuclei is needed to initialise the crystallisation from this metastable state.
The time dependence of nuclei formation depends on the studied system. It is possible to observe an
instantaneous nucleation where all nuclei are formed directly at the beginning of the process. Such
an instantaneous nucleation can be initialised by a short very negative potential pulse [62]. Under
different conditions the number of nuclei can increase with time (progressive nucleation). In the
simplest case the rate of nuclei formation is constant. The nuclei grow with time and the increasing
surface area leads to a rise in current. The time dependency of the current depends on the type of
growth. If the nuclei are hemispherical the current at the nuclei will increase proportional with 2. If
the nuclei are two-dimensional circles and only growing along the edges the increase is proportional
with ¢. So far it has been assumed that the growth was limited by the reaction kinetics. If the process
is limited by diffusion the Cottrell equation 5.5 must be considered. An overview on the current time
dependence is given in table 5.1.

kinetically limited diffusion limited
instantaneous | progressive | instantaneous | progressive
hemispherical 2 3 0.5 1.5
2D circles 1 2

Table 5.1.: Time dependence of current I o t* for different nuclei growth. The exponent x is
tabulated [62, 61].

The overpotential that is needed to deposit a metal on a foreign substrate is usually higher than the
one needed for depositing on the same substrate. In the cyclic voltammetry of metals it is therefore
often observed that the current in the forward scan when the substrate is blank is lower than in the
backward scan when the substrate is covered by nuclei which initiate the deposition. This causes a
crossing of forward and backward scan in the cyclic voltammogram (“nucleation loop”) [66, 67].

5.6. Electrodeposition of binary compounds

A bath contains two species M™* and N™* with different standard deposition potentials E$, and
E3;. The element N with the more positive potential £y > Ej, is called the “noble” element.
It is assumed that there is a compound M N, which is formed by an exoenergetic reaction, i.e.
Gy, < 0. This additional driving force makes it now possible to plate the compound at a
potential above E?,, where the less noble element M cannot be deposited otherwise.

This effect follows directly from the relation between the standard potential and the Gibbs energy
(equation 5.2). It is discussed for the example of In,Se; which is conceptually the product of the
following reactions:

2In** 4+ 3Hy — 2In +6HT 2. AG?nH/m (5.12)
0 _
3Se — 3Se AGSe/Se =0 (5.13)
2In + 3Se — InySes AG%InQSGS (5.14)
The total reaction in the electrochemical cell is

2In3" 4+ 3Hy + 3Se — InySez + 6HT (5.15)

The total change in Gibbs energy for this reaction is

0o _ 0 0 0

AGiia = AGf,Ingseg — 2AGIn3+/In — AGSe/Se (5.16)
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’ | HySeOy | In®* | a —In,Seq [ HySe(aq) [ H,O |
AGS/kJ-mol" | -426.22 | -97.9 -306 +222 | -237.1
Reference [68] [68] [69] [68] [70]

Table 5.2.: Gibbs free energies of indium and selenium species

The standard electrode potential® for In,Se; follows from relation 5.2

1 1
—_— * A 5.7| 2S 3 + * AG

6F 3F £In**/In

The reduction of In3* to elemental In can be treated analogous: E° = ?%FG?”ln“/ln = —0.34V.

That means the formation of In,Se, has shifted the standard deposition potential by —(%FG
+0.53 V in positive direction [20].

In the used In-Se bath H,SeO, and Inj are the relevant selenium and indium species (see section
7.1 and 8). One could conclude the reaction:

= 4+0.19V (5.17)

0 p—
f,|n2563

3H,Se0; + 23" + 9H, — In,Se; + 9H,0 + 6H " (5.18)

This results in a potential of £° = 40.56 V and is even more positive than in reaction 5.15.
However it is not compatible to the assumption of equilibrium. At equilibrium there is no more
H,S5e0; available at +0.56 V, because it has already been reduced to elemental Se. Above +0.19V
it is favourable with respect to Gibbs energy if any In,Se; created by reaction 5.18 further decomposes
to Se and In3* by the reverse reaction 5.15.

In summary the electrodeposition of a compound M, N, from M™% and N can take place at
a potential G/rmF more positive than the standard potential of the less noble compound M. This
is of practical importance, because it provides a self-controlled mechanism for the formation of the
compound. One chooses a high concentration of the less noble species M™" and a low concentration
of the noble species N™* . A potential is applied that is slightly more positive than the one necessary
for the direct deposition of M. At this potential only N and M.N, can be obtained. Since the
concentration of N is lower than M™7 it is likely that every deposited N will enable the reduction
of M™ in order to form the compound. That means the final film will mainly consist of M, N [71].

The previous argumentation is simplified, because it does not consider the role of activities in the
deposition process. A more elaborated model has been proposed by Kroger [71]. The electrodepos-
ition potentials are given by the Nernst equation 5.3

RT anym+
Ey=FEY +—In|-X 1
RT ann+
En=E%+—In|-X 2
N N + nF n < an ) (5 0)
In equilibrium
Ey = En (5.21)

aprm+ and apnn+ are the activities of the ions in solution. ap; and ay are the activities of M
and N in the deposit. In case of single element deposition the activities a;; and an usually equal
unity, because the pure element is the standard state. This is not longer true for the simultaneous
electrodeposition of elements, because the alloy is not the standard state. Only in the limiting case
that the deposit mainly consists of one element the corresponding activity will be close to unity (e.g.
if (M/N)geposiz > 1 then aps & 1). The activities of both elements inside the deposit are linked by
the Gibbs energy AG; of the compound

3The potentials in this section refer to the standard hydrogen electrode.
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5.6. Electrodeposition of binary compounds

ajyray = exp (AGy/RT) (5.22)

In equilibrium the activities will arrange in a way that both equations 5.21 and 5.22 are satisfied.
There are two possible classes depending on the relation between the Gibbs energy of the compound
G and the difference in standard potential of the single elements [71]

1. Class I: (E}, — E};) > |AGy/mrF| . The redox potential of the alloy is determined by the
activity of the less noble species aj;m+ according to equation 5.19 for all compositions of the
deposit. The activity ayn+ of the noble species is then adjusted by a forced reduction to
satisfy equations 5.20 and 5.21. In the limiting case of ay = 1 (deposit consists mainly of
noble element N) the potential calculated by equations 5.19 and 5.22 is shifted |AG/rmF|
more positive than the standard potential Ej, (assuming standard activity ap;m+ = 1 for
species M™" in solution). This corresponds to the result of the simple calculation from Gibbs
energy. In the other limiting case ap; = 1 (deposit consists mainly of less noble element M) the
deposition potential of the compound will be EY,. Despite the Gibbs energy of the compound
the deposition potential does not shift. That means “Class |"-alloys can experience a positive
potential shift between 0 and |AG¢/rmF| depending on the activities of its elements in the
deposit. In,Se; belongs to this class.

2. Class ll: (B} — E5;) < |AGy/mrF|. The redox potential of the alloy is determined by the less
noble species (equation 5.19) if aps > an (i.e. deposit consists mainly of M). If ay > apr
(i.e. deposit consists mainly of N) the noble element determines the potential by equation 5.20.
In the intermediate regime the potential is determined by both species and the deposition of
the compound can even take place at potentials more positive than the noble element.
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6. Experimental

6.1. Electrodeposition bath

6.1.1. Indium, selenium, and indium selenide bath

The indium bath (chapter 7.2) and selenium bath (chapter 8) are both based on the indium selenide
electrodeposition bath (chapter 10.2) in which the non-relevant species has been left out. 100 mM
K,SO, has been added as background salt LIt reduces the specific resistivity of the solution and
shields the electrostatic interaction between the ions. A buffer from sulfamic acid and potassium
biphthalate stabilised the pH value to 2 (at 80°C). In the following “background electrolyte” will
always mean K,SO, or LiCl and the pH buffer. The correct choice of the pH value is critical, because
In3" ions tend to form hydroxide complexes if the pH value is not acidic enough (section 7.1). In
the current pH buffer In3* concentrations up to 10 mM are stable. Above 20 mM indium hydroxide
will fall out in the bath as a white precipitate. The concentrations of indium sulphate and selenous
acid have been varied in the various experiments between 0.4 mM and 10 mM. The composition of
the plating bath that has been used for the preparation of finished solar cells is given in table 6.1. All
experiments with the indium, selenium or indium selenide bath have been performed at an elevated
temperature of 80 °C if not stated otherwise. Before the experiments oxygen was removed from the
bath, because it can lead to the formation of indium oxide phases in the electrodeposition process.
The oxygen was removed by bubbling nitrogen gas through the bath. Additionally the bath was
heated up to 95 °C to drive out the dissolved gas and afterwards cooled to the working temperature
of 80 °C under nitrogen atmosphere.

Ultrapure water (18.2 M2 - cm) was used for the electrodeposition baths. All chemicals had a
purity of 99.99% and above except for the potassium biphthalate which was only 99.95% pure.

6.1.2. Copper selenide bath

The plating bath for copper selenide (chapter 9.2) has been adopted from a plating bath for copper
indium diselenide in which the indium compound was left out (table 6.1) [21]. Its pH is buffered at
3. All experiments with the copper selenide plating bath have been performed at room temperature.

6.2. Electrodeposition set up

A standard 3-electrodes set-up has been used for all experiments (figure 6.1). The counter electrode
was a platinum sheet at the bottom of the reaction vessel. An Ag | AgCl | 3 M KCI electrode served
as reference electrode (reference potentials given in appendix C). The working electrode was a RDE
facing downwards. Two types of working electrodes were used. The “fixed-RDE" consisted of a metal
(Mo or Cu) rod with 5mm diameter that was permanently embedded in a PEEK cylinder of 10 mm
diameter. The “sample-RDE"” was a 25 x 25 mm? substrate mounted onto a polymer cylinder of
50 mm diameter. The substrate consisted of a Mo layer (= 600 nm thick) sputtered onto a soda-lime
glass substrate. At the corners the substrate was contacted by thin wires. The “fixed-RDE" was

'The abbreviation “mM" is usually used for the molarity (107* mol/1) of a solution. In this thesis the solutions have
been prepared by molality (10’3 mol per kg of solvent) instead. For all concentrations referring to experiments in
this thesis “mM" stands for 1073 mol per kg of solvent. In case of concentration cited from the literature “mM"
means mmol/l. Since the used concentrations are usually low the values between both variables are similar and can
be compared.
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6. Experimental

Indium selenide Copper selenide
bath 1.89 mmol/kg In,(SO,)5-9H,0 (*) 2.6 mmol/kg CuCl,-2H,0
(active species) 1 mmol/kg H,SeO4 5.9 mmol/kg H,SeO4
bath 100 mmol/kg K,SO, 232 mmol/kg LiCl
(background electrolyte) 5.5 g/kg sulfamic acid 8.55 g/kg sulfamic acid
4.5 g/kg potassium biphthalate 1.55 g/kg potassium biphthalate
pH 2 3
temperature 80°C 25°C
RDE rotation 400 rpm 100 rpm
potential —-0.60V —-0.30V

(vs. 3M KCI Ag|AgCl)

(*) In the preparation of the electrolytes a coordination number of In,(SO,); of x = 9 was assumed
[72, 73, 74].

Table 6.1.: Standard conditions for indium selenide and copper selenide electrodeposition. All samples
in parts Il and Il have been plated with these settings.

used for CVs and short depositions to determine the limiting current. CVs in a stationary bath have
also been recorded with this RDE if no rotation was applied. The “sample-RDE"” was used for the
deposition of films that could be further characterised or processed into an absorber.

All experiments with the indium, selenium, and indium selenide bath have been performed in a
closed vessel (figure 6.1). This closed environment was necessary to avoid evaporation of the bath
and to prevent the interference with oxygen in the bath. Although the set-up was not completely gas
tight, it has been kept under a slight nitrogen overpressure to keep out oxygen. A nitrogen bubbler
in the bath allowed the removal of oxygen from the bath (section 6.1.1). A condenser at the vapour
outlet side reduced the loss by evaporation. A water trap closed the exit against air. The vessel was
surrounded by a water-jacket to control the temperature of the system.

In case of the “fixed-RDE" a small vessel (55 mm diameter) was used that contained around 90 ml
of bath. The “sample-RDE" was operated in a larger vessel (100 mm diameter) containing around
250 ml bath. In the larger vessel it was possible to bring a pipette close to the RDE (not drawn in
figure 6.1). Its opening was directed towards the electrode surface and a flush of electrolyte could be
manually applied to the surface. This was necessary to remove possible gas bubbles evolving during
the deposition that could cause pinholes in the layer (section 11). In case of the Se film platings
in section 8.2.1 a “sample-RDE" for small substrates (12 x 12mm?) was used in the small vessel
set-up.

The electrodeposition of the copper selenide is not sensitive to oxygen. Evaporation is negligible,
because the bath is at room temperature. Therefore the plating was not done in a closed vessel but
in a simple crystallising dish using the same 3-electrodes set-up as in the other cases.

In all platings and cyclic voltammograms the working electrode was inserted in the bath at open
circuit potential. It was ensured that no bubbles were trapped at the electrode surface before the
actual deposition potential was applied or the potential scan started. The time between electrode
insertion and plating or measurement was about 20s.
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Figure 6.1.: Closed vessel electrodeposition set-up for Se and In,Se; experiments

6.2.1. Substrate preparation

The “fixed-RDE" was consecutively cleaned in detergent, water and ethanol (each step ca. 5min)
inside an ultrasonic bath at the beginning of the experimental series. Before each experiment it was
polished with a 1 micron alumina powder for 1 — 2min and afterwards cleaned in water inside an
ultrasonic bath.

The Mo substrates used in the “sample-RDE" consisted of a =~ 600 nm thick Mo layer which has
been sputtered on soda lime glass. For samples that have been finished into solar cells (table 16.1)
the substrates have been annealed in vacuum at 500 °C for 30 min. This should release possible
strain inside the Mo layer. All substrates have been consecutively cleaned in detergent, water and
ethanol (each step ca. 10min) inside an ultrasonic bath. Before the deposition the substrates have
been etched for 7 — 9min in a 28% ammonia solution to remove possible oxides from the surface.
The substrate size of the “sample-RDE" is typically 25 x 25 mm? (except for the plating of Se in
section 8). Fixing the substrates into the holder by a polyamide tape left an area of 20 x 20 mm?
for plating.

6.3. Etching of elemental Se

The presence of elemental Se can be examined by a selective etching with Na,S-9 H,O [75, 76]. The
samples are etched in a 100 mM Na,S solution for 30 min under soft shaking. This has been done in
the case of copper selenide and indium selenide (chapter 9.2 and 10.2). The Se content before and
after etching was measured by ICP-MS to obtain the mass of elemental Se. The electrodeposited
copper selenide layer has a porous morphology (figure 9.2).

6.4. Se precipitation

In chapter 10.2.4 the Se precipitate occurring during the deposition of indium selenide was removed
to analyse its composition and to quantify its formation rate. Depositions were done at —0.60 V and
a RDE rotation rate of 400rpm in a bath containing 9.47mM In®* and 1 mM H,5eO4 as active
species (T = 80°C). After each deposition (deposited charge 2.2 C - cm™2 which corresponds to
1000 nm In,Se;) an electrolyte sample was taken from the bath (mass of each electrolyte sample:
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6 — 8g). The total mass of the electrolyte was 260 g and each deposited film contained in average
900 pg In and 1230 ug Se. The mass of the electrolyte sample was then replaced by fresh electrolyte.
The precipitate in the electrolyte sample was removed by a centrifuge (10 min at 4000 rpm) and
the remaining indium and selenium concentration in the electrolyte was determined by ICP-MS
(section 3.3). Also the composition of the plated samples has been measured by ICP-MS. The
Se** concentration in the bath is expected to decrease with progressive depositions, because some
Se is plated in the sample and afterwards removed with it. Therefore the bath composition has
been calculated from the mass balance of the experiment and been compared to the experimental
value measured by ICP-MS. The difference between these values is assigned to the loss of Se by
precipitation.

MSe—precipitate = M Se—bath,before — M Se—bath,after — T Se sample + MSe,refill (61)

After the deposition of the 6th indium selenide sample the complete bath was centrifuged to
remove the Se precipitate. The precipitate was afterwards rinsed with water and analysed by ICP-
MS. Afterwards the bath was used again for further depositions (samples 7 - 9).
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7. Electrochemistry of Indium

The purpose of this chapter is the determination of the indium electrode potential under the present
conditions. This is necessary to identify in the following chapters on indium selenide if the incorpor-
ation of indium shifts to more positive potentials when a binary compound is deposited. Additionally
the diffusion coefficient of In3* in the studied bath is determined. A comprehensive review on the
electrochemistry of indium was done by Piercy and Hampson [77, 78].

7.1. Background

In3* is the only stable ion of indium in aqueous solutions. It has a strong tendency to undergo
hydrolysis. The ion reacts with a water molecule of its hydration sheath and forms an indium
hydroxide complex In(OH)2* by releasing a proton [78]. In3T favours the hydrolysis reaction,
because of its high cation charge. The reaction can occur multiple times and furthermore In(OH);r
and In(OH); are formed [79]. Indium hydroxide In(OH), is uncharged and has a low solubility and
therefore tends to form a white precipitate if the In®* and hydroxide ion concentrations are high. For
an ion concentration of 0.01 M precipitation at room temperature occurs if the pH value exceeds 3.4
- 3.9 [78, 80]. At an elevated temperature of 100 °C this critical pH value decreases and hydroxide
formation already sets in at a pH value above 2.3 for infinite dilutions [79].
The standard electrode potential of In" is given by ! [68]

It +3e” —In,  E°=-0548V (7.1)

dE°/dT = +0.040V  (at 208K) (7.2)

The direct three electron transfer process in reaction 7.1 is unlikely and the reduction of In3* takes
place in multiple one-electron transfer steps via the unstable species Int and In?* [77].

Valderrama et al. studied cyclic voltammograms (at a scan rate of 8mV/s) of indium from a 8 mM
In?* bath at pH 3 on copper coated Mo substrates at room temperature [81]. They determine the
onset of indium deposition between —0.73V and —0.67V. They observe a nucleation loop and
assign it to a three-dimensional growth under instantaneous nucleation limited by diffusion (section
5.5). The reverse scan shows two anodic peaks. The one at —0.57 V belongs to the oxidation of In
to In3* and the one at —0.48 V can be assigned to the dissolution of indium from the Culn alloy.

7.2. Results and Discussion

The cyclic voltammogram of In®t on a polished Cu substrate shows a reduction maximum at
—0.65V and an oxidation maximum at —0.59V (see figure 7.1a). They can be assigned to the
overall reactions In3" +3e™ — In and In — In3T +3e~. Although this three-electron transfer
is unlikely and supposed to consist of multiple one-electron transfers (section 7.1) these cannot be
clearly resolved in the observed voltammogram. The shoulder at the onset of the reduction maximum
(—0.63 V) may indicate such a one-electron transfer. A nucleation loop is observed being typical
for the deposition of a metal on a foreign substrate (section 5.5). At the reduction potential the

YAll potentials in this thesis cited from the literature have been converted to an Ag | AgCl | 3M KCI reference
electrode at 25°C. The conversion is given in Chapter C. Since the experiments in this thesis are done at 80°C
this can cause a potential shift of —0.05V for the high temperature potentials.
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7. Electrochemistry of Indium

deposition of a silver-white film is observed on the working cathode. Below —0.70 V bubbles appear
at the cathode caused by the hydrogen evolution reaction (HER), when H ions are reduced. On
the reverse scan the deposit is not completely stripped at the oxidation maximum as the films stays
visible until the end of the scan. The further oxidation maxima at —0.44V and —0.28 V can be
assigned to the dissolution of indium from the copper indium alloy formed during deposition [81]. In
summary the same results for the indium electrochemistry are observed as it has been reported by
Valderrama et al. (section 7.1) [81].

2

i/ mA-cm

E/V

Figure 7.1.: Cyclic voltammograms of 3.79mM In®* on a a) Cu and b) Mo electrode. The dotted
voltammograms have been recorded in the background electrolyte (100 mM K,SO,;
pH 2 buffer, table 6.1) without In3". The scanning speed of all voltammograms was
10mV/s.

Changing the substrate to molybdenum leads to some changes in the cyclic voltammogram (figure
7.1b). There is no longer a distinct maximum of In3* reduction, because it smoothly integrates
into the hydrogen evolution reaction. It is known that a higher overpotential is needed to form
hydrogen on copper in comparison with molybdenum [82]. The onset of HER on Mo is suppressed
by the addition of indium in comparison to the pure background electrolyte. In3" reduction needs
a slightly higher overpotential on Mo in comparison to Cu. The deposition potential of indium is
about—0.67V on Mo and —0.65V on Cu (neglecting the shoulder). Despite the interference with
HER a nucleation loop is observed as it has been the case on the Cu surface. After the indium
oxidation maximum the current density approaches zero until oxidation of the Mo substrate sets in.

The diffusion coefficient of In3Twas determined from cyclic voltammograms measured on a Cu-
RDE (figure 7.2, inset). The current density of the plateau at —0.80 V was plotted against the square
root of the rotation speed to check the linearity of i; versus \/w according to the Levich equation 5.6
(figure 7.2). The applicability of the Levich equation is a proof that in the studied system indium
electrodeposition is controlled by mass transport and not by the kinetics of the charge transfer. The

linear regression of figure 7.2 leads to a slope of 11.3 mzc\/g and for the In3* reduction process with

n = 3 one obtains an In3" diffusion coefficient of (15.7 & 1.2) - 10~% cm? /s at 80°C from equation
5.6. That corresponds to a Walden product n-D-,CB%T (see equation 5.7 ) of 1.11-10® m~!. In table
7.1 the Walden product is compared to values from the literature. The diffusion value measured in
this thesis is a little bit lower than the reported values due to the different bath composition.
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Figure 7.2.: Levich plot of a 3.79 mM In3* bath. The limiting current densities have been taken from
the plateau of the cyclic voltammograms at —0.80 V and corrected for the background
current density at —0.60V. The onset shows the cyclic voltammograms of 3.79 mM
In3*on a Cu RDE at several rotation speeds (0, 100, 200, 400, 600, 900, 1200, 1600,
2000, 2500 min_l), temperature: 80 °C, scan rate: 5mV/s .

ref bath method D n-D-(kgT)™!
1075 cm?s~! 103 m=!
this work 3.79mM In,(SO,)s, Levich plot 17.0£ 1.3 1.20

100 mM K, SO,
pH2 buffer, T" = 80 °C

[83] mixture HNO; / KNOj, electrophoresis 74+£0.1 1.60
pH 1.4, ionic strength 0.04, of Mn
T =25°C
[84] 1M KSCN, pH3, llkovic equation 6.0 1.30
T =25°C

Table 7.1.: Diffusion coefficient D and Walden product n - D - IW%T of In3* in aqueous solution

determined by Bozhikov et al. [83], Timmer et al. [84] and this thesis.
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7. Electrochemistry of Indium

In summary the observed electrochemical behaviour of In3* under the conditions used in this
thesis agrees with the one reported in the literature [81]. The reduction sets in around —0.64V
on Cu and —0.67V on Mo under the applied conditions. On a Mo substrate it coincides with the
splitting of water. The diffusion coefficient of In3* in the used bath is (17.0 4 1.3) - 10~% cm? /s at
80°C .
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8. Electrochemistry of Selenium

The electrochemistry of indium selenide is based on the electrochemistry of selenium. This chapter
will introduce the characteristics of selenium electrochemistry like the formation of a passive layer
on the electrode and the slow electrode kinetics. The potential ranges of the different Se species
will be determined under the present conditions and also the Se diffusion coefficient. One section
in this chapter will look into the passivation occurring during the electrodeposition of a Se film.
The influence of the deposition temperature is studied. These results are the motivation for the
elevated bath temperature used in indium selenide electrodeposition. The parameters for thin film
Se deposition are given.

8.1. Background

8.1.1. Electrochemsitry of selenium

Selenium has the oxidation states —2, 0, +4, and +6 [68]. Taking into account the hydrolysis with
water the species in figure 8.1 are present. Most of the experiments in this thesis were done at
pH = 2 where H,Se, Se and H,SeO; are the stable species 1 Solid Se is stable over a large pH
range from —2 to 16. H,Se is in equilibrium between the gas phase and the dissolved phase. The
solubility of H,Se in water at room temperature is given by log(H2Se(aq)) = —1.03 + longQSe(g)
[80].

Se*Tcompounds are the usual precursors for Se electrodeposition. Se*™ can be reduced to ele-

mental Se according to
H,SeO; + 4H' +4e~ — Se + 3H,0 (8.1)

At more negative potentials Se** can also be reduced to Se?~. The reaction is as a direct
6-electron transfer [85]:

H,SeO; + 6 HY + 6e~ — HySe(aq) + 3 H,0 (8.2)

The standard potentials for reactions 8.1 and 8.2 are 4+0.53 V and +0.24 V (see figure 8.1). However
the 6-electron transfer is only observed for low concentrations of Se*" (e.g. 0.5 mM H,SeO,). At
higher Se** concentrations the following reaction is likely [86]:

H,SeO; + 2H,Se — 3Se + 3H,0 (8.3)

Elemental Se is formed in a comproportionation reaction between Se %" ions from the bath and Se?~
ions from reaction 8.2. Since reaction 8.3 does not require external electrons it is not restricted to
the electrode surface but rather forms a precipitate of red Se [1]. In case of the RDE where such
a precipitate is carried away by the hydrodynamic flux a red deposit of Se can be observed at the
periphery of the electrode [86]. Reactions 8.2 and 8.3 are competitive processes for the reduction of
Se?* and the dominant one depends on the potential (since it influences the concentration of Se2_)
and the concentration of Se*t. At low Se** concentrations the 6-electron transfer 8.2 dominates.
If the concentration of Se®* is higher the comproportionation reaction 8.3 is accelerated and the
combination of both processes (8.2 followed by 8.3) corresponds to a net charge transfer of four
electrons per deposited Se atom. Kazacos showed this in a RDE study where the slopes of the
limiting currents (vs. y/w) for a high and low diluted H,SeO, solution give the ratio 6/4 [86].

For simplicity the ions Se*™ and Se?~ are sometimes written instead of H,SeO, and H,Se in the further discussion,
although they are not the stable species in the used bath.
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Figure 8.1.: Selenium species in aqueous solution. The bold numbers show the oxidation state of

the column. Species on the top left are dominant at acidic conditions and negative
potentials, whereas species on the bottom right are dominant in alkaline solutions at
positive potentials. Dissociation constants K are italic. The concentration of the species
[Hp—1)A"]
[HxA(n'H)_]
proton transfer [80]. The standard reduction potentials are in normal font and have
been taken from [68]. They refer to a Ag | AgCl | 3M KClI reference electrode at 25°C
(appendix D).
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Figure 8.2.: Linear sweep voltammograms of H,SeO5 from literature. a) Wei et al., 4mM SeO,
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in 500mM Na,SO, on Au, 5mV /s [85]; b) Pezzatini et al., 0.8 mM Na,SeO; in pH
9.3 buffer (HC10,, NH;) on Ag, 2mV /s [87]; c¢) Massaccesi et al., 1 mM H,SeO; in
100mM K,S0, at pH 3.45 on tin oxide, 10mV /s, 80°C [1]. The current densities of
a) and b) have been multiplied by 3 and 16. —3 mA /cm? offset between CVs.



8.1. Background

For the interpretation of cyclic voltammograms the orientation of the working electrode is import-
ant. In case of a “face-down” geometry the red Se precipitate by reaction 8.3 sediments away from
the electrode and does not further contribute to the current whereas in case of a “face-up” set up
the red Se precipitate sediments onto the working electrode and will be involved in further reduction
and oxidation processes [85].

Wei et al. studied cyclic voltammograms in combination with a electrochemical quartz crystal
microbalance (EQCM) or a rotating ring disc electrode (RRDE) onto a gold surface at room tem-
perature in a face-up geometry (figure 8.2, curve a) [85]. Their bath contains 4mM SeO, in 0.5M
Na,SO, and the scan rate was 5mV /s. At more positive potentials they observe a mass augment-
ation due to underpotential electrodeposition of Se by the 4-electron transfer 8.1. At —0.48 V an
increase of current density is accompanied with a stronger mass uptake. This is attributed to the
ongoing 4-electron reduction 8.1 and additionally the onset of the 6-electron transfer reaction 8.2
which is coupled with the comproportionation reaction 8.3 and provides a further channel of Se
“deposition” by sedimentation in a “face-up” geometry. Another wave in the CV occurs at —0.77V
when the red Se is further reduced to Se?~. At first this reaction is well balanced with reaction 8.3
in which Se2~ is consumed and red Se is created and in sum little mass change is detected. Below
—1.04V Se reduction dominates and the film is stripped completely. It is noted that the anodic
stripping of Se into Se** requires very positive potentials above +1.0V. The visual appearance
of films deposited at more negative potentials changes from grey to red and supports the onset of
formation reaction 8.3. RRDE experiments show the importance of reaction 8.3. Se?~ ions that
have been cathodically stripped of the RRDE disc are oxidised at the RRDE ring when no Se* is
added in the electrolyte. Addition of Se?t enables reaction 8.3, consumes Se?~, and the oxidation
current at the ring drops [85].

So far only “noble” substrates (e.g. Au, Pt) have been considered which are not involved in the
Se reactions. For reactive substrates (e.g. Cu, Ag, Hg) the reduction of Se?" includes the electrode
material [86, 87]:

2M + H,SeO; + 4H' +4e~ — M,Se + 3H,0 (8.4)

with M = Cu or Ag. The metal selenide is formed by reaction 8.4 until the rate of metal ion
diffusion through the selenide film limits the process and the known Se** reductions 8.1 and 8.2
take over. The potential of Se?" reduction is shifted to more positive potentials in the presence of
reactive metals since the chemical reaction provides an additional driving force [86]. In addition also
a corrosion of the non-noble substrate can be observed (section 8.1.2).

Cyclic voltammograms of 0.8 mM Se** in a pH 9.3 ammonia buffer on silver substrates have been
recorded by Pezzatini et al. and combined with EQCM measurements (figure 8.2, curve b) [87]. The
scan rate was 2mV/s. The principle results are in agreement with Wei et al. [85]. Additionally
Pezzatini et al. observed the formation of Ag,Se when they kept the electrode at —0.10 V prior the
CV scan. This film is reduced to Ag and H,Se at the beginning of the CV for potentials between
—0.10V and —0.60 V. Below —0.60 V current density and deposited mass increase which is assigned
to Se deposition by the 4-electron process 8.1 and the sedimentation of Se formed by the chemical
reaction 8.3 which follows the 6-electron transfer 8.2. The red Se is stripped by reduction to Se?~
around —1.0V. For potentials below —1.4V no mass change is observed anymore, because all red
Se is directly reduced to Se?~.

A cyclic voltammogram at 82°C for a 1mM H,SeO; in 100mM K,SO, and 10mM H,SO, on
tin oxide was recorded with a scan rate of 10mV /s by Massaccesi et al. (figure 8.2, curve c) [1].
In comparison to the CV at room temperature having just one wave at —0.56 V they observe two
waves at —0.46V and —0.60V at the elevated temperature. Depositions show a grey adhesive
deposit without electrode passivation at —0.46 V for 82 °C suggesting the formation of an elemental
Se film by reaction 8.1. At —0.76 V a red suspension in the electrolyte is observed attributed to the
comproportionation reaction 8.3 while the grey deposit on the electrode stays very thin with time.
Deposition at —0.46 V for 22 °C results in a very thin orange deposit and a fast passivation of the
electrode.
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In summary all authors report the deposition of elemental Se by the 4-electron-transfer (reaction
8.1) at less negative potentials. Going further negative the formation of Se?~ by the 6-electron-
transfer (reaction 8.2) sets in which forms elemental Se by reaction 8.3. Any elemental Se deposited
or sedimented on the electrode can be reduced into Se?~ at very negative potentials and react again
with Se?* to form further elemental Se. The dominant reaction depends on the concentration of
each Se species.

8.1.2. Corrosion of copper in selenous acid solutions

The reduction of Se®t on a non-noble electrode material like Cu is given by reaction 8.4 [51].
However it is also possible that Cu will corrode in a selenous acid solution. In corrosion an anodic
and a cathodic reaction happen at the electrode surface at the same time. Therefore the oxidation
of a metal can proceed without an external current.

The corrosion of Cu in selenous acid solutions has been studied by Villalvilla and Velasco [88].
They determined the dependence of the corrosion rate with H,SeO, concentration, pH value, and
temperature. The corresponding coefficients are

Slg (77! olg (77! olg (77
<£(7)> —1 <§T<T—1)> — 174 <6g1(7)> =13 (8.5)
gCH+ cse, T CSeCrr+ gcse

Cg+.rT

7 is the time in s for the complete reaction of a 4.9 um thick film of copper. T is the temperature
in 1073 K. ¢+ and cggare the concentrations of H™ and H,SeO; in mol/l. The reaction time
for CGe = 1mM, T = 298K, pH = 1.8 is about 87000s. At high reaction rates a — CusSe is the
dominant phase which is formed. At slower rates a mixture o« — CuSe and Cusz_,Se dominates [88].

8.1.3. Electrodeposition of selenium

Selenium exists in several allotropes [89]. The most stable allotrope at ambient conditions is
hexagonal (or also called trigonal) selenium which has a grey colour. It is a semiconductor with
a bandgap of 1.8 eV at room temperature and often applied in optoelectronic devices due to its pho-
toconductivity. The resistivity at room temperature is between 10° and 10° Qcm [90]. Hexagonal
Se consists of spiral Se chains that are oriented along the c-axis of the hexagonal unit cell [91, 92].
Another allotrope is monoclinic Se which shows 3 polymorphs («, 3, and 7). They are red and form
Seg rings which differ in their bond lengths [92]. Further crystalline allotropes are rhombohedric Seq
rings, orthorhombic and cubic Se [89]. Despite the crystalline allotropes Se also exists in amorphous
forms that can be red, brown or black. Amorphous Se is also a semiconductor with a bandgap
of 1.7eV and a high ohmic resistivity between 1012 and 106 Qcm [91]2. Another non-crystalline
allotrope of Se is vitreous Se which is formed by rapid cooling of the melt. It is black and consists
of mixture of different sized rings and chains. This is the ordinary commercial form of Se [92, 89].
The formation of purely crystalline grey films without amorphous red Se is dependent on the ap-
propriate choice of electrodeposition conditions. Von Hippel and Bloom presented possible parameter
ranges for the deposition of crystalline grey Se films [94, 95]. They use SeO,, as selenium source. The
concentration of SeO,, the pH value, and the temperature are key parameters in the deposition of
hexagonal Se. The tendency to form crystalline Se is increased at high SeO, concentrations (above
1M), very low pH values (e.g. 18N H,SO,), and high temperatures close to 100°C. Although
grey Se can also be electrodeposited without the addition of acid at temperatures higher than 50 °C
the increase of acidity is in general preferred, because it allows the electrodeposition of crystalline
Se at higher current densities. On the other hand it is also possible to deposit grey Se at room

2The specific resistivities of hexagonal and amorphous seem to be strongly dependent on the deposition conditions,
because for electrodeposited films a resistivity of 1 Qcm for hexagonal Se and 10° Qcm for amorphous Se have been
reported [93]. Since hexagonal Se is a semiconductor the large deviation in resistivity could be explained by a larger
defect density for electrodeposited material.
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temperature if the pH value is sufficiently low, but again the allowed current density is lower than
in case of an optimisation of pH value and temperature. If the current density in the galvanostatic
deposition mode exceeds a critical value an additional deposition of red amorphous Se is observed
or the formation of hydrogen bubbles cause pits on the surface.

Graham et al. studied the electrodeposition of amorphous selenium films [96]. They restricted
temperatures to 5 — 45°C in order to avoid the formation of crystalline phases. The bath includes
1g/1 sodium lauryl sulphate as a wetting agent that must be dissolved in water before 350 g/1 SeO,,
is added. The pH value of the final bath is 0.7 —0.9. Best deposits could be obtained if the cathode
was previously plated with a 250 um thick bright nickel coating and galvanostatic deposition was
carried out at current densities between 1 and 4mA/cm?. The amorphous Se deposits appeared
smooth, glossy black and well adherent. A thickness of 30 um could be obtained without indication
for a further restriction. A certain amount of red Se precipitate formed in the bath during plating.

The Se plating bath used in this thesis is similar to the one of Massaccesi et al. [1]. Instead of
a pH 2 buffer they added 0.01 M sulphuric acid as background electrolyte. At room temperature
deposits were orange and insulating whereas at 82°C they looked grey and no passivation was
observed. Cattarin et al. did a detailed study on the passivation process of Se electrodeposition on
titanium substrates [93]. They assign the passivation in the Se electrodeposition process to the high
resistivity of the Se film. The conductivity of Se depends on the conditions of the plating process
(e.g. electrolyte temperature or addition of a surfactant influencing the morphology). In contrast
to typical anodic passivation which requires the transport of an ionic species across the film, the
passivation caused by the Se layer requires only the transport of electrons through the film. While
the passivising layer in typical anodic passivation processes is only a few nanometres, the thickness
of the Se film can reach several hundred nanometres. Cattarin et al. obtained limiting thicknesses
from 25nm (at 25°C) to 650nm (at 60°C) until the current seized due to electrode passivation
[93]. Since they were working with a much higher concentration of 3 M SeO,, their current density
drops to zero in less than a minute. The deposition charge at 90 °C increases to 55 times the room
temperature value before passivation.

8.2. Results and Discussion

8.2.1. Electrochemistry of selenium

Although the electrochemistry of selenium is complex due to its several oxidation states, the recor-
ded cyclic voltammogram shows only a few features (figure 8.3). A continuous darkening of the
Mo surface can be observed when scanning the voltage from open circuit potential (+0.05V) to
—0.50 V. Grey Se films are deposited at these potentials (figure 8.6). In accordance with the lit-
erature (see section 8.1.1) [85, 87, 1] the Se electrodeposition is a result of the 4-electron transfer
Se™ +4e~ — Se? (reaction 8.1). The onset of Se deposition at 4+0.05V shows the necessity of
a high overpotential, because the standard potential for H,SeO; 4+ 2H, — Se + 3H,0 is +-0.53 V
(figure 8.1). Below —0.50V a shoulder can be seen in the CV before hydrogen evolution dominates.
This shoulder is accompanied by a red precipitate that evolves at the electrode. At the same time the
appearance of the electrode surface changes back to molybdenum. At these potentials no Se films
can be deposited and the molybdenum surface stays blank. The cathodic stripping of the Se film
is caused by a further reduction of Se® into Se?~. The resulting Se?~ ions can react with further
Se** jons from the bath and form elemental red Se by the comproportionation reaction 8.3. This is
the explanation for the parallel occurrence of a red colloidal precipitate [1].

The existence of a Se film on the electrode is not necessary for the formation of the precipitate
in solution. It is also observed on a blank Mo substrate. In this case the presence of Se?™ is
either explained by the ongoing Se deposition through the 4-electron transfer followed by a further
reduction into Se %~ or by direct reduction of Se %t into Se?~ via the 6-¢electron transfer 8.2. Previous
studies in the literature of cyclic voltammograms in combination with an EQCM have proposed the
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Figure 8.3.: Cyclic voltammogram of 1 mM Se** at 80°C on a stationary Mo substrate (scanning
speed 10mV/s) . The dotted voltammogram has been recorded in the background
electrolyte (100 nm K,SO,, pH 2 buffer, table 6.1) without Se precursor. The shallow
waves can be assigned to thermal convection in the bath due to the elevated temperature.
Three ranges can be identified. At potentials above —0.49V Se is electrodeposited.
Below this potential red Se precipitate is formed by reaction 8.3. Further negative
hydrogen evolution sets in.

presence of both mechanisms at very negative potentials (section 8.1.1) [87, 85]. From the standard
potentials it is expected that the mechanism Se*t +6e~ — Se?~ already sets in at 4+0.24V
whereas the mechanism Se® 4 2e~ — Se?~ requires a potential of —0.33 V (see figure 8.1). That
means if both mechanisms are present between —(0.50 V and —0.60 V a large activation overpotential
is necessary for the 6-electron transfer reaction to take place. This has already been observed for
the plating of elemental Se and therefore it can be concluded that the kinetics of Se** reduction
are very sluggish. When the deposited Se film is completely consumed the current density decreases
and a maximum is observed at —0.60V which is degenerated to a shoulder, because hydrogen
evolution rises sharply for more negative potentials. The hydrogen evolution reaction is confirmed
by the observation of bubbles. The current density of the reverse scan above —0.50V is close to the
forward scan and corresponds again to Se electrodeposition by Se** reduction.

|100s [10s |5 |
charge deposited before CV 56 25 4

charge between -0.4 V and 0 V 34 61 71
total charge of Se deposition 90 86 | 75

Table 8.1.: Charge densities in mC/cm2 for the cyclic voltammograms in figure 8.4. The first row
shows the passed charge when Se was deposited at —0.30 V before the CV was started.
The second row shows the charge passed during the Se deposition maximum around
—0.20V in the CV.

Cathodic stripping is confirmed in figure 8.4. Se films of several thicknesses have been electrode-
posited on a Mo substrate before the CV starts. At the beginning of the scan a maximum appears
around —0.20V when Se is electrodeposited in the 4-electron transfer process. It will be shown
in section 8.2.3 that elemental Se passivises the surface which causes the decrease of current for
potentials more negative than —0.20 V. Due to the 10 times higher Se** concentration in the bath
than in figure 8.3 the Se film grows faster and the surface is passivated already before the stripping
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potential is reached. The amount of charge that passes during the Se deposition maximum seems
to be higher without initial Se coating. Adding the charge that passed in the initial coating of the
sample and the charge of the —0.20 V deposition maximum in the CV leads to similar values for all
samples (table 8.1). This confirms the passivising effect of the Se layer. Although one sample has
been kept at the deposition potential several times longer than the other sample the same amount
of material has been electrodeposited for both, because passivation ends the process when a cer-
tain thickness is reached. At —0.46 V a sharp increase of current is observed, when the Se film is
cathodically stripped. This is accompanied by strong Se precipitation from the electrode surface.

In summary the cyclic voltammograms of Se under the studied conditions behave similar to the ones
from the literature (section 8.1.1). At more positive potentials elemental Se can be electrodeposited
by the 4-electron transfer 8.1 [1, 85]. Below —0.50V Se? is further reduced to Se®~ which forms
red Se precipitate through reaction 8.3. Additionally the 6-electron reduction 8.2 of Se** might be
present. Our voltammograms show less features than other works [87, 85], because our electrode is
mounted “face-down"” and the red precipitate does not interfere in the further scan. The kinetics of
Se electrochemistry are slow and an overpotential of several hundred mV is necessary for H,SeO4
reduction. In addition the electrodeposited Se film passivates the electrode surface and decelerates
the kinetics further.

8.2.2. Diffusion coefficient of Se*"

A Mo electrode is not the best choice to determine the diffusion coefficient of Se. In the potential
range of Se deposition the passivation of the electrode makes the determination of a limiting current
difficult. Measuring in the range of cathodic stripping has other disadvantages. First it is already
close to hydrogen evolution that might interfere. Second it has to assume all Se?~ formed by the
6-electron process is consumed in reaction 8.3 to allow the description by an effective 4-electron
process. If the reaction is incomplete the effective charge transfer per Se atom is undefined between
4e and Ge [36].

Therefore the diffusion coefficient was determined with a Cu electrode, because its reaction with
Se** according to 8.4 makes it possible to determine the limiting current over a wide potential range
(see figure 8.5) [51]. However it must be considered that the copper substrate will also corrode in the
selenous acid bath. Therefore a part of the incoming Se** will be consumed without giving a current
response at the electrode. The reaction rate of corrosion can be estimated from the coefficients in
section 8.1.2. In a 1mM H,SeO, solution at 80°C and pH = 2, a 4.9 um thick copper film will
corrode in about 17000s. The current density in figure 8.5 is at least 2mA /cm?. According to this
current and reaction 8.4 it will take about 5200s to consume a 4.9 um thick film of copper. For
higher rotation speeds of the electrode meaning higher current density the time will be shorter. It is
expected that the corrosion rate will decrease if the competitive reaction 8.4 occurs at the same time.
Therefore it can be assumed that reaction 8.4 is still dominant and valid to calculate the diffusion
coefficient. This is supported by the fact that the current density in figure 8.5 is linear with a small
intercept.

Above —0.70V the cyclic voltammogram shows the formation of Cu,Se described by reaction
8.4. Below —0.70V the surface becomes light grey and red Se precipitation occurs. That could
indicate a further reduction of Cu,Se leading to elemental copper and Se?~ ions which cause the
red precipitate by reaction with Set. Additionally the appearance of gas bubbles could indicate
the onset of the hydrogen evolution reaction. Between —0.45V and —0.50V the average limiting
current density has been determined. A diffusion coefficient of (25 4 2) - 1076 cm? /s results from
the slope of the Levich plot for Se** at 80°C. This translates into a Walden product 7 - D - k:f%T of
1.8 -10%m~'. Massaccesi et al. determined the diffusion coefficient of Se?* at room temperature
by using a Cu-RDE. Instead of the pH 2 buffer in our case they adjusted the pH value to 2.45 with
sulphuric acid. The obtained diffusion coefficient was (9.2 £ 0.5) - 107% cm?/s or a Walden product
of 2.0 - 108 m~! that is close to our value [51].
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Figure 8.4.: Cyclic voltammograms of 10mM Se?™ at 80°C on a Se capped Mo electrode (scan
rate 10mV/s). The Se film has been plated onto the Mo substrate in the same bath
at a potential of —0.30V for 1) 55, 2) 10s and 3) 100s. Depositions and CVs were
performed without rotation of the electrode. The shallow waves at negative potentials
are due to thermal convection.
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Figure 8.5.: Levich plot of 1 mM Se** on a Cu RDE. The copper substrate reacts with Se** accord-
ing to reaction 8.4. The limiting current densities have been obtained from the average
current density between —0.50V and —0.45V of the cyclic voltammograms shown in
the onset. The dotted line shows the current density in the background electrolyte.
The rotation speeds are 100, 200, 400, 600, 900, 1200, 1600, 1800, 2000, 2500 min~".
temperature: 80 °C, scan rate: 50mV /s
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Figure 8.6.: SEM pictures of selenium films on glass / Mo substrates, deposited at —0.30V from
1 mM H,SeO, bath at 80 °C. Deposition were done on a RDE at 100 rpm. (a) top view
and (b) cross section. The structured pieces on the left and right side in b) are remains
from the breaking of the substrate.

8.2.3. Electroplating of selenium

The passivation observed in the cyclic voltammograms of Se (e.g. figure 8.4) directly effects the
electroplating of Se films. In a standard metal electrodeposition the current density reaches a steady
state value after a certain time. For Se deposition from the present deposition bath the current density
decreases continuously with time until it is close to zero (figure 8.7). At 80°C the deposited mass
calculated from the charge is 120 ug/cm?. The film has a brownish colour with aspects of grey and
red. The results differ from the observation of Massaccesi et al. who report no electrode passivation
at 80°C when depositing on a stationary electrode (section 8.1.3) [1]. This discrepancy can be
explained by the fact that the passivation at 1 mM without rotation is slow. In this case (not shown)
it takes about 30 min until the current density has decreased from its initial value (0.7 mA /cm?)
below 0.1 mA /cm? and thus Massaccesi et al. would not see an electrode passivation.

The microscopic morphology of the film deposited under rotation consists of hemispheres (figure
8.6). The film thickness is about 500 — 550 nm determined from SEM cross sections which roughly
agrees with 490 nm calculated from the deposited charge3 .

The deposited charge limited by passivation of the electrode increases when the temperature of the
deposition bath rises from room temperature to 80 °C (figure 8.7). However the increase in deposition
charge with higher temperature is less pronounced then reported by Cattarin et al. (section 8.1.3)
[93]. In figure 8.7 the deposited charge at 80°C is 8 times more than at room temperature, while
Cattarin et al. observe 55 times more charge at a similar temperature. Above 80 °C the deposited
charge decreased again. The higher temperature can lead to a different growth of the layer that
effects the morphology of the film. A different morphology can influence the passivation. The colour
of the films changes with their deposition temperature. At room temperature they were shiny blue,
which is probably an interference effect due to their small thickness (30 — 40 nm are calculated from
the deposition charge, assuming a compact film). At 60°C the films were dull and dark red with
some grey aspect. At 80°C and above the films where light grey and dull. The expectation that the
red and grey films are different allotropes of Se is confirmed by XRD diffractograms (not shown).
The layers deposited at 80 °C show the reflections of trigonal Se. The ones plated at 60 °C do not
show any reflections meaning that they are amorphous.

In summary it has been shown that the passivation of the electrode during the Se plating limits
the thickness of the film which can be obtained under the given conditions. The passivation is
slow and takes several minutes depending on the bath temperature. It can be assumed that the
passivation is caused by the high resistivity of the deposited Se layer which causes a potential drop

3The thickness was calculated using the density of trigonal Se 4.82 g/cm? [89] and considering that the volume ratio
between a hemisphere and its surrounding cuboid is 7/6 .
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Figure 8.7.: Transient current densities of selenium films on glass / Mo substrates, deposited from
1 mM H,SeO4 at —0.30 V. The bath temperature is a) 25°C, b) 80°C, and c) 93°C.
All platings were done at a RDE rotation speed of 100rpm. The electrode rested at
open circuit potential for about 20s before the deposition potential was applied.

across the film (section 8.1.3). The resistivity of the film is dependent on the plating conditions,
e.g. the temperature of the electrolyte. Especially the phase transition from amorphous Se deposited
at 60 °C to hexagonal Se deposited at 80 °C will decrease the resistivity of the film (section 8.1.3)
which reduces the potential drop across the film and thus allows the plating of thicker layers. The
results in this section are in agreement with the literature. Massaccesi et al. have reported the
change from an amorphous red Se film at room temperature to a conductive grey Se film at 80°C
deposition temperature [1]. Hexagonal Se can be plated from the bath described in table 6.1 (without
Iny(SO,)4) at a potential of —0.30V and a rotation rate of 100rpm at 80°C. The deposit consist
of densely packed Se hemispheres.
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9. Copper selenide plating

A layer of copper selenide is part of the electrodeposited binary selenide precursor stack. This chapter
studies possible plating conditions for the formation of copper selenide. The composition, structure
and phase of the films are analysed and a candidate for the complete binary selenide stack is identified.

9.1. Background

The phases of copper selenide exist with the following compositions: CuSe,, CuSe , Cu;Se, ! and
Cu,_,Se (section 14.2).

The formation of copper selenide is linked to a negative change in Gibbs energy. This enables its
electrodeposition at potentials which are more positive than the less noble element (section 5.6). In
the present case Se?™ is the noble element (standard potential +0.53 V) and Cu?" the less noble
one (+0.13V) [68]. Indeed a shift of the onset potential towards more positive values is observed,
when Se?t is added to a Cu?* solution. The shift increases the more Se** is added and the
deposition of copper selenide can take place at positive potentials where neither Cu?" nor Se**
can be reduced alone [98, 57]. In case of Se this is an effect of the high overpotential which is
necessary for deposition. From the very positive standard potential of Se** one would assume that
it is possible to reduce Se?T at potentials above the onset of copper selenide. However a deposition
of Se is not observed, because of its sluggish kinetics and the fast passivation of the electrode
at room temperature. The presence of Cu seems to be necessary to allow Se reduction [51, 50].
The high overpotential of selenium even allows the reduction of Cu?* or Cu™ (standard potential
40.31V [68]) to take place at more positive potentials than the reduction of Se*" although this is
not expected from the standard equilibrium potentials. In contrast to the plating of selenium the
electrodeposition of copper selenide does not suffer from passivation (section 8.2.3). Murali and
Xavier determined the resistivity of a Cu,Se thin film electroplated at 80 °C to be 0.09 Qcm [99] and
therefore significantly lower than for amorphous or hexagonal Se (section 8.1.3). Cu,Se is a mixed
electronic - ionic conductor. The ionic conduction results from the high mobility of Cu-ions in the
structure [100].

The phase and composition of copper selenide is dependent on the applied potential (figure 9.1).
For negative potential below —0.45V Cu,Se is the only electrodeposited copper selenide phase [57].
At this potential excess Se" is reduced to Se?~ [51] and excess Cu?" is reduced to elemental Cu
[98]. Further negative below —0.57V the deposit is not adherent to the substrate anymore [50].
At potentials above —0.45V the film composition is controlled by the mass fluxes [51]. Finally
above —0.15V the reaction kinetics slow down and start to limit the process [50]. In the mass flux
controlled regime between —0.35V and —0.15V and for bath concentrations [Cu?*] and [Se**]
between 0.1 mM and 2mM Thouin et al. obtain a film composition at room temperature of [50]:

Cu B [Cu®*]
<Se>solid -0 [Se4+] 51

In a similar bath a proportionality factor of 0.80 instead of 0.69 is given [51]. For low flux ratios
r = [Cu?"]/[Se*t]< 1.5 the film consists of CuSe and elemental Se. If Cu?" is increased the

'According to [97] Cu,Se, is outdated and must be replaced by CuzSe,. However even the new diffraction pattern
database PDF-4 (2010) from the International Centre for Diffraction Data (ICDD) assigns this phase to CusSe,.
Therefore we stay with Cu,Se, as this is in line with most of the literature.
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Figure 9.1.: Electrodeposited phases of copper selenide dependent on potential and flux ratio. Above
the potential axis the different regimes of copper selenide electrodeposition are labelled.
Below the axis the deposited phases are given for Se-rich to Cu-rich fluxes (based on
[50, 51]). The existence of a CuSe, phase has not been considered in the reference.

formation of CusSe, becomes possible and at fluxes » > 2.2 also Cu,Se is present. The phase of the
deposit is also influenced by the electrodeposition temperature. For r = 2 Lippkow and Strehblow
report only Cu;Se, reflections in XRD if the film is deposited at 25°C. After some exposure time in
the laboratory the film converts into Cu,Se. In a layer plated at 80°C from the same bath Cu,Se
is already the dominant phase in the as-deposited film. They conclude the electrodeposition of
amorphous Se which can react with the deposited CusSe, either in the hot bath or during a longer
exposure time [101]. Furthermore the pH value can influence the composition of the film. Layers
deposited at pH 2.4 from a bath containing 50 mM CuSO, and 50 mM H,SeO; consist of Cu,Se for
all potentials between —0.77V and —0.17V. At pH 1.4 the composition changes from Cu/Se = 0.90
at —0.57V to Cu/Se = 0.74 at —0.07V [22].

A detailed study on the electrochemistry of copper selenide has been performed by Massaccesi et
al. who determined the diffusion coefficients of Cu and Se and the kinetic constants of their possible
reduction processes. Knowing the kinetics and the mass transport they are able to calculate the
phase composition in dependence of the applied voltage for various bath compositions [51].

0.2. Results and Discussion

In contrast to Se plating the deposition of copper selenide can be performed at room temperature,
because no electrode passivation is observed. Copper selenide films have been plated from the copper
selenide bath given in table 6.1 at —0.10V, —0.20V, and —0.30 V with and without rotation. SEM
pictures show a change in surface morphology taking place at —0.20 V in the not rotated case (figure
9.2). At more positive potentials the morphology shows a fine grained background with plates of
several microns at the surface. For more negative potentials the film consists of a random packing
of 0.5 um sized platelets. This morphology has also been reported by [22].

The morphology of randomly stacked platelets at —0.30 V is preserved if the electrode is rotated.
Rotation at more positive potentials leads to a film consisting of Cu-rich particles.

For all samples plated between —0.10V and —0.30V the Cu content in the deposit rises in the
transition from a stationary to a rotated electrolyte. Since the composition of copper selenide between
—0.45V and —0.15V is mass transport controlled (section 9.1) it can be assumed that this due to
the change in the ratio of mass flux between Cu?* and Se** if the mass fluxes are controlled by
convection instead of diffusion.

Due to the open surface morphology all copper selenide films in figure 9.2 appear completely black.
Not all of them turned out as valid candidates for the solar cell precursor. Samples deposited at
—0.10V showed insufficient nucleation if the sample diameter exceeded 1cm?. In that case the
middle of the substrate stayed blank. Rotation of the substrate speeds up the plating, because
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Figure 9.2.: Morphology and composition of copper selenide electrodeposited onto sputtered Mo
substrates from a bath containing 2.6 mM CuCl, and 5.9 mM H,SeO,. Rotation speed
of the RDE (rows) and applied potential (columns) have been varied. The scale bar is
valid for all pictures. In the corner of each picture is the Cu/Se ratio noted which has
been determined by EDX.

the system is mass transport limited. Therefore copper selenide films deposited at —0.30V and
a rotation speed of 100rpm have been used in the solar cell precursors. The as-deposited films
consist of a Cu,__ Se phase (figure 9.3). The Se-rich composition (figure 9.2) indicates the presence
of amorphous Se in the film. An accurate determination of the Cu/Se ratio by inductive coupled
plasma - mass spectroscopy (ICP-MS) gives 0.76 + 0.03 and confirms the value of EDX. The film
has been etched in a 0.1 M Na,S-9H,O solution for 30min. This etching is known to remove
elemental Se phases [75, 76]. Afterwards the Cu/Se ratio has increased to 1.25 + 0.03 which proves
the existence of amorphous Se in our copper selenide layers. Obviously the etching was incomplete
and the Cu/Se atomic ratio does not reach the value 1.8 expected from the phase identified in XRD
(figure 9.3). It has been reported previously that Cu,Se is the only copper selenide phase deposited
at very negative potentials. In case of a Se-rich bath excess Se? is expected to be reduced to Se?~
or to be deposited as elemental Se in the layer (section 9.1) [51, 50, 101]. In the first case Se®~ and
Se?* could react to elemental Se precipitation which is trapped in the open structure of the film.
Thus our results are in line with the previous literature.

In summary the composition and morphology of electroplated copper selenide depends on the
reduction potential and if the electrode is rotated or stationary. Stable conditions for plating have
been found at —0.30 V and 100 rpm RDE rotation. For these parameters the film consists of randomly
stacked Cuo_,Se platelets covered with amorphous Se.
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Figure 9.3.: XRD diffractogram of copper selenide electrodeposited at —0.30 V and a RDE rotation
speed of 100 rpm. The peak at 26.2° cannot be identified.
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10. Electrochemistry of Indium Selenide

Although several procedures for the electroplating of indium selenide have been reported (section
10.1.2) the knowledge of the electrochemistry of indium selenide is still limited (section 10.1.3).
Moreover the proposed deposition mechanisms disagree. While Massaccesi et al. propose that
indium incorporation is induced by selenium according to the Kroéger mechanism (section 5.6) [1],
Mishra et al. claim the presence of indium as a prerequisite for indium selenide deposition [57].

The experiments in this chapter provide new insight into the electrochemistry of indium selenide.
First the cyclic voltammogram of indium selenide is compared to the ones of the single elements
and the interference between the elements is studied. This will be supported by varying the In3*
concentration. CVs on a rotating electrode will test the hypothesis if indium selenide is mass transport
limited which has been claimed by Massaccesi et al. [1].

The composition of the deposit at different plating conditions (potential, bath composition) will
be analysed. The elemental Se content in the films will be a focus, because it allows conclusions
on the side reactions in the plating process. The rate of indium selenide formation, elemental Se
deposition and Se precipitation in the bath will be evaluated.

10.1. Background

10.1.1. Phases of indium selenide

Indium selenide can occur in the following phases: In,Se;, InSe, IngSe-, IngSe,;, In;Se-, and In,Se,
(phase diagram in figure 14.1). Small changes in the composition can lead to a change in structure,
because the Se/In atomic ratio of some phases are very close. While In,Se;, InSe, and In,Se,
are the most studied phases, the structures of IngSe;; and IngSe; are still unknown [102, 103].
In,Se; [104, 105], InSe [106], In,Se; [107] or a mixture of these phases [108] have been reported
for electrodeposited indium selenide films. In addition to these crystalline phases also amorphous
indium selenide layers have been obtained by electrodeposition [1, 109].

In contrast to the crystalline phases with well-defined Se/In atomic ratios the composition of
amorphous indium selenide can continuously vary in a wide range [110]. Several authors have reported
that the local structure in amorphous indium selenide is similar to the structure of an indium selenide
crystal with an equivalent composition. Raman measurements of amorphous In,Se; (a—In,Se;)
revealed a short-range structure that is in principal identical with the structure of a—InySes [111, 112].
This explains their similar electronic behaviour in photoemission experiments.

10.1.2. Indium selenide electrodeposition

Indium selenide electrodeposition is motivated by several applications in the synthesis of CulnSe,
solar cells. It is either used as part of the precursor stack [31, 23, 34, 35] or it is plated on top
of electrodeposited CIGS in order to obtain a Cu-poor surface [113, 114]. It is also applied as an
alternative Cd-free buffer layer especially in superstrate cell configuration [115, 116].

There are two major routes for indium selenide electrodeposition. The first one uses a bath
containing 25 mM H,SeO; or SeO, and 25 — 50mM In®* ions from InCl; or In,(SO,), at a pH
around 1.5. The advantage of this route is a fast growth of ca. 200 nm/min even without stirring
the bath. The deposition is carried out at room temperature and potentials between —0.67V and
—1.30V [22, 23, 109]. The Se/In ratio in the as-deposited film is close to the In,Se; stoichiometric
value of 1.5 for a deposition potential of —1.07V in a bath containing 25 mM H,SeO; and 25 mM
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Iny (SO,);. At more positive potentials the film is Se-rich whereas for more negative potentials it is
growing In-rich! [22]. The increase of indium content with more negative potentials is confirmed for
several bath compositions [109]. It is furthermore increasing if In,(SO,) is replaced by InCl;. At
a potential of —1.17V the Se/In ratio decreases from 1.67 for sulfate to 1.08 for chloride. It is not
clear if it takes into account that indium sulfate is providing twice as much In3" ions for the same
salt concentration [22]. Layers with a composition close to InSe can be obtained at —1.12V from
a bath containing 25 mM InCl; and 12.5mM SeO, [109]. The deposited indium selenide films are
amorphous and consists of round particles in the order of 800 nm whose size increases with more
negative deposition potentials [22].

The second route of indium selenide electrodeposition uses lower concentrations of 1 — 2mM
H,SeO, or SeO, and 1-2mM In,(SO,), at pH values between 1.5 and 3.5 [115, 117, 116, 113, 1]. A
background electrolyte of 100—300 mM K,SO, or Na,SO, is added to improve solution conductivity.
The potential is between —0.75V and —0.60 V and the deposition is in general done at an elevated
temperature of 60—80 °C. The as deposited films are also amorphous and their Se/In ratio is between
1.2 [113] and 1.53 [1].

For the low temperature deposition route several authors report insufficient adhesion of the indium
selenide film on Mo substrates. They solve this issue by depositing a 50 nm thick copper underlayer
on the Mo prior to the In-Se plating [22, 23, 34, 31]. It is likely that the bath temperature is the
decisive parameter for the issue of low adhesion, because the indium selenide films plated in this
thesis show a superior adhesion on Mo substrates. It has also been reported that the formation of
In,Se, directly on Mo is not possible at room temperature due to hydrogen evolution [1].

10.1.3. Indium selenide electrochemistry

Although several recipes of indium selenide electrodeposition are available (subsection 10.1.2), most
of them are empirical and do not consider the reduction processes.

The most detailed study of indium selenide electrochemistry has been done by Massaccesi et al.
[1]. They propose the formation of In,Se; through a reduction of Se?t to Se?~ followed by a
subsequent electroless reaction with In3*. Additionally they calculate the standard potentials of
possible reduction processes by the Gibbs energies of the different indium selenide phases?. From
this they concluded the existence of three potential domains until the reduction of H' into H, marks
the negative potential limit where water is split (figure 10.1). In the first domain at very positive
potentials only In3* and H,SeO; ions can exist. In the second domain at more negative potentials
elemental Se can be deposited but indium can only exist in the form of In3*. In the third domain
at potentials close to the splitting of water In,Se;, elemental Se and In3t are the allowed species.
Therefore the deposit can only consist of In,Se; and possible elemental Se. Assuming the system is
mass-transport controlled this means that the Se/In ratio of the as-deposited film is 1.5 if the Se flux
is lower than 1.5 times the In flux, because no elemental indium can be deposited (equation 10.1) .
In case of a higher Se flux the film composition is given by the flux ratio (equation 10.2).

g : <?:> _ g (10.1)

deposit

fluz(Se)
fluz(In)

IN

V

fluz(Se) _ 3 (Se) _ flux(Se)
fluz(ln) — 2° In/ deposit ~ fluz(ln)

!Reference [22] is ambiguous in this point. Although it is stated that the sample deposited at —1.17V is In-rich, the
noted Se/In ratio is 1.67 which might be a misprint.

2An error occurred in the calculation of the standard potentials in [1]. The Gibbs energy of H,(g) was assumed to
be negative, although it must be 0, because it is the stable elemental form of hydrogen. This leads to a shift in
the zero potential. This shift is corrected afterwards and therefore the transition potentials between the domains
in figure 10.1 agree with the ones calculated from table 5.2.

(10.2)
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Figure 10.1.: Stable species in an aqueous solution containing Se and In in dependence of pH and
applied potential. The stable species of every domain are in bold print. The bor-
ders between the domains are labelled with the corresponding reaction. The graph is
recalculated from [1] with the thermodynamic data from table 5.2.

These considerations have not been experimentally verified. In their experimental section
Massaccesi et al. compared the cyclic voltammogram of a bath containing only H,SeO; as active
species to a bath containing H,SeO; and In3*. Indium selenide can be deposited around the
potential, where Se precipitation occurred in the pure H,SeO, bath. At room temperature a red
passivising Se film is obtained at —0.61V and grey indium selenide with a share of red Se is
deposited at —0.80 V. At 80 °C grey indium selenide is deposited with an atomic Se/In ratio of

1.43 (at —0.60V) and 1.53 (at —0.75V). For low indium concentration additional red precipitate
of elemental Se appeared in the bath.

The potentials of the reactions in figure 10.1 must be considered with care. There are several
effects which limit the applicability of a simple potential calculation from Gibbs energy.

= The potentials are calculated from thermodynamical data in table 5.2, i.e. they are only valid in
the equilibrium case. One needs to consider the overpotential. It might be necessary to apply
a potential more negative than the equilibrium value to obtain a significant current. Since a

profound overpotential is required to deposit Se, it is also likely for the deposition of indium
selenide.

= The Gibbs energy of In,Se; in table 5.2 is valid for a crystalline phase. It will be shown that
the electrodeposited indium selenide is amorphous, which will change the value of the Gibbs
energy. The composition of amorphous indium selenide is not restricted to discrete Se/In ratios
any more but can vary continuously (section 10.1.1). In this case the formation reaction of
In,Se; in figure 10.1 needs to be adapted and thus also the calculated potential will change.

= As it has been shown in section 5.6 the simple calculation of the compound deposition potential
from the Gibbs energy does not consider the activity of the elements inside the deposit. The
deposition potential of In,Se; (at pH = 0) in figure 10.1 is 530 mV more positive than the
standard reduction potential of In®". According to the description by Kréger [71] this is an
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upper limit (if the activity of In®" is at a standard value of 1). Dependent on the exact film
composition the onset of In,Se; can be between 0mV and 530mV more positive than the
standard reduction potential of In3*.

From these arguments it is obvious that the absolute values of the potentials in figure 10.1 will
probably differ from the observed ones. Nevertheless the predicted domains can still be right.

The experimental results of Mishra et al. contradict the considerations of Massaccesi et al.,
because they conclude the electrodeposition of elemental indium reacting with Se species from the
electrolyte [57]. In their cyclic voltammogram they observed a cathodic wave at —0.36 V on a glassy
carbon substrate in 50 mM In,(SO,); and 25 mM SeO, which they do not assign. It is followed by
a sharp increase in current probably caused by H, evolution. On the reverse scan a nucleation loop
occurs at —0.36V indicating the necessity for a large overpotential for In3T reduction. A strong
anodic peak is observed at —0.16 V which they ascribe to the oxidation of excess elemental indium
deposited in forward direction. From the fact that there is still elemental In on the reverse scan they
conclude slow kinetics for the reaction between In and Se species.

The anodic stripping peak is confirmed in the cyclic voltammogram of a 25 mM InCl; and 12.5 mM
SeO, bath on Ti coated glass substrates [107]. It is also observed in the pure indium bath and
corresponds to the oxidation of elemental indium. In the presence of Se the stripping peak is shifted
slightly positive. The electrodeposition of elemental indium is in contradiction with Massaccesi et
al. who states that for all potentials above water splitting the only stable form of indium is In3*
(figure 10.1 and [1]). The reason for this discrepancy are the different modes of indium selenide
electrodeposition (compare section 10.1.2). While Massaccesi et al. studies a bath with low H,SeO4
concentration at high temperature, the studies that state a deposition of elemental indium are at
higher concentrations and room temperature [57, 107]. It seems as if both electrodeposition routes
of indium selenide are based on a different deposition mechanism.

10.2. Results and Discussion

10.2.1. Electrochemistry of Indium Selenide
10.2.1.1. Potential ranges

The cyclic voltammogram of a bath containing Se** and In3" is shown in figure 10.2 for different
negative vertex potentials. In principle three waves are visible on the forward scan. The first one
sets in around —0.10V (C}), the second one at —0.57V (C3) and the third one at —0.75V (C3).
Samples have been electrodeposited for different potentials to study the composition of the deposit.
The first wave C] corresponds to the electrodeposition of elemental Se similar to the CV in figure 8.3.
Films deposited below —0.57V (C2) have an atomic Se/In ratio close to 1.5 and can be assigned
to In,Se;. In contrast to the pure Se bath no red Se precipitation is observed in the potential range
of the second wave. The third wave (3 is accompanied by the appearance of gas bubbles and is
assigned to hydrogen evolution.

If the vertex stays above —0.60V, i.e. just at the beginning of indium selenide electrodeposition,
the current density in the reverse scan shows a small anodic stripping peak Ay at —0.37V before it
drops again to the current value of the forward scan. The current of this anodic oxidation peak is
not reaching positive values, because ongoing Se deposition at these potentials lowers the baseline
to ca —1mA/cm?. Accordingly if the current density in the reverse scan above —0.30V is close to
zero it is not caused by passivation but it is an extended anodic stripping peak of indium selenide
that compensates the Se deposition current. If the negative vertex is more negative, more indium
selenide is deposited during the forward scan and the anodic stripping peak reaches positive current
values. This behaviour is different to the one observed for selenium. While electrodeposited elemental
selenium cannot be oxidised again in the available potential range, it is possible to oxidise the indium
selenide.
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Figure 10.2.: Cyclic voltammograms with different negative potential limits of 1mM H,SeO; +
4.74mM In,y (SO, )4 in background electrolyte (100mM K,SO,, pH 2, table 6.1) at
80°C; scanrate 10mV /s; the perturbations on the signal are caused by thermal con-
vection. Ai-As and C1-Cjs label the cathodic and anodic peaks.

At —0.75V another step can be observed and reduction below this potential causes an oxidation
peak A; at —0.51V. For indium selenide baths with higher concentrations the most prominent
oxidation peak in the cyclic voltammogram at room temperature is often assigned to the oxidation
of elemental In? into In3* [107, 57]. From the cyclic voltammogram in an In3" single element bath
(figure 7.1) it is known that elemental indium can be deposited at this potential. Another possible
explanation is the oxidation of H, that is present in the form of bubbles trapped on the electrode
surface. When the cyclic voltammogram is paused on the reverse scan at —0.75V and the hydrogen
bubbles are removed by rotating the electrode, the oxidation peak disappears in the continued scan.
However no platings have been done in the potential regime more negative than —0.75V, because
hydrogen evolution prohibited the deposition of a uniform film.

The domains identified in figure 10.2 have been plotted in figure 10.3 together with the dominant
species from the single element baths.

It is obvious that the domains in figure 10.3 correspond to the ones that have been obtained from
thermodynamic calculations of the Gibbs energy in figure 10.1. No film can be deposited above
—0.10V. Above —0.57V only Se can be electrodeposited, whereas below this potential also the
deposition of indium selenide is possible. If the potential is more negative than —0.75V water splits
up and the formation of elemental indium can be present. The onset of In,Se; deposition is about
100 mV more positive than the deposition potential of In in the single element bath. (The latter value
is unsure due to the interference with hydrogen evolution.) This potential gain can be attributed
to the Gibbs energy of the compound. However this potential shift is considerably lower than the
value of +530mV which has been calculated in section 5.6. Possible reasons for the discrepancy
between the observed potential onset and the calculated one have been discussed in the context of
figure 10.1. According to the formalism of Kroger +530mV is an upper limit for the potential shift,
because the activity of the less noble element inside the deposit must be considered. It is also very
likely that slow kinetics demand a high overpotential in the case of indium selenide. The sluggish
kinetics of Se have already been recognised in the Se-bath where a high overpotential is necessary for
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Figure 10.3.: Potential ranges of predominate species on a Mo electrode in the In-bath, Se-bath and
In-Se bath (section 6.1.1). The ranges have been defined by the cyclic voltammograms
in figures 7.1, 8.1, 10.2. If two ranges are separated by a dotted line the species at the
more positive side of the line are also stable on the more negative side of the line.

the formation of Se?~. Therefore it is likely that also In,Se; will suffer from slow kinetics, especially
if a pure Se reduction step is involved in the deposition of the compound.

Figure 10.3 does also show that the electrochemistry of indium selenide is not just a simple
superposition of the In and Se electrochemistry enhanced by the formation of In,Se;. According
to the CV of the In-bath it should be possible to deposit elemental indium below —0.67V. Since
the concentration of In3* is several times higher than the one of Se**t it would be expected that
a significant amount of elemental indium is deposited below —0.67V in the In-Se bath. This is
not observed in composition measurements (figure 10.6). Therefore the onset of elemental indium
deposition must be shifted negative by the presence of Se-ions in the bath or the change of electrode
surface. A similar observation is made for the reduction of elemental Se into Se?~. According to the
CV of pure Se it is expected that the Se film electrodeposited on the electrode will be cathodically
stripped before the formation of In,Se; sets in. This is not observed and in figure 10.4 it will be
discussed that the cathodic stripping of the Se film takes place within the potential range of In,Se;
deposition. Therefore the reduction of elemental Se is either affected by the presence of In3" ions
or the change of electrode surface.

In conclusion the cyclic voltammogram agrees qualitatively with the dominant species calculated
from thermodynamic considerations (figure 10.1). As it is predicted by the Kréger mechanism indium
can be incorporated in the deposit at a potential +100 mV more positive than its electrode potential
in a bath containing only In3*as active species.

10.2.1.2. Mass transport control

According to Massaccesi et al. the film composition of the InySes + Se deposit is given by equa-
tions 10.1 and 10.2 . These equations assume a mass flux controlled system, which has not been
experimentally proved in the literature so far. If the assumption is justified can be easily verified
with the RDE. Figure 10.4 shows cyclic voltammograms recorded with a RDE at several rotation
speeds, i.e. several mass fluxes. Two regimes can be distinguished. For potentials above —0.55V
the current density is the same for all rotation rates above 200 rpm. That means above 200 rpm not
mass flux but electrode kinetics are the limiting step of the deposition process. The potential range
corresponds to the deposition of elemental Se. Since Se has a tendency to passivate the surface it is
not surprising to observe slow electrode kinetics. For potentials below —0.60V the current density
increases with higher rotation rate. That verifies mass transport control as the limiting step in indium
selenide electrodeposition as it has been assumed for equations 10.1 and 10.2 in [1].

The subplot in figure 10.4 shows a CV recorded on a RDE at a rotation rate of 400 rpm. At
the beginning of the CV elemental Se starts to deposit. Its electrode passivation leads to a current
decrease for potentials below —0.35V. Around —0.55V a small nucleation peak marks the beginning
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Figure 10.4.: Cyclic voltammograms for different RDE rotation rates of 1mM H,SeO; + 2mM
Iny (SO,); in pH 2 background electrolyte at 80 °C; scanrate 10mV /s; rotation rates
are 100, 200, 400, 600, 900, 1100, 1400, 1600, and 2000 rpm; The upper subplot shows
the scan at 400 rpm.

of indium incorporation. In addition the deposited Se film is reduced to Se?~ similar to the case
of the pure Se bath. This reduction provides a reservoir for Se?~ ions which can react with In3+
ions in order to form In,Se;. Below —0.73V the supply of Se?~ ceases as the elemental Se film
is consumed. That is why a broad peak is observed at —0.73V instead the typical current plateau
for a mass transport limited system. On the reverse scan the initial Se film has been completely
consumed and the indium selenide electrodeposition is only determined by the RDE mass fluxes of
In3t and Se*t. As a result a current plateau is observed between —0.70 V and —0.60V on the
reverse scan. The current step between —0.60 V and —0.50V can be assigned to the end of indium
selenide electrodeposition, when the potential is above the formation of Se?~. At more positive
potentials Se electrodeposition and a partial oxidation of indium selenide are the only processes. The
latter causes a weak oxidation peak at —0.28 V. This principal shape is true for all scans up to a
RDE rotation rate of 1000 rpm. At higher rotation speeds deviations occur at the negative potential
limit. They can probably by assigned to hydrodynamic effects not considered in the Levich equation
(e.g. turbulences or effects from the limited size of RDE and beaker).

In conclusion it has been verified that indium selenide electrodeposition under the recent conditions
is controlled by the mass flux. The domains calculated from thermodynamic data in figure 10.1 are
also present in case of the RDE.

10.2.1.3. Varying In** concentration

In case of a RDE the mass flux of each species in the bath is separately described by the Levich
equation . The flux is proportional to \/w for all species. That means the ratio of the Se** and
In3* fluxes is constant for all rotation rates although the absolute value of the fluxes changes with
w. The ratio between both fluxes can be varied by changing the concentration in the bath. Cyclic
voltammograms have been recorded for the following bath compositions (figure 10.5): The Sedt
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concentration was kept constant at 1 mM and the In3T concentration has been varied from high
In3" excess of 9.47 mM to a concentration of 0.81 mM where the ratio of the Se** and In3* fluxes
correspond to 1.5 which is the stoichiometric ratio of In,Se;. In the following bath compositions
will be noted as (x; y) where x is the concentration of In®* and y is the concentration of Se*" in
mM. The composition of the (0.81; 1) bath has been calculated by the Levich equation to result in
a ratio of the Se?t and In3* flux towards the electrode equal to 1.5. The diffusion coefficients of
In3* and Se** obtained from figures 7.2 and 8.5 have been used.
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Figure 10.5.: Linear sweep voltammograms onto a Mo RDE at 400 rpm for 1 mM H,SeO + varying
concentrations of In, (SO, )4 in pH 2 background electrolyte at 80 °C; scanrate 10 mV /s;
Iny(SO,)4 concentration: a) 4.74mM b) 1.89 mM c) 0.41 mM

The voltammograms of the (9.47; 1) and (3.79; 1) baths show a very similar behaviour (figure
10.5) which has already been explained in the context of figure 10.4. In both cases In>" is present
in excess. The high In3" excess of (9.47; 1) has been motivated by the observation of a red Se
precipitate in the (3.79; 1) bath when depositing indium selenide for several hours (see chapter
10.2.4). It has been assumed that the side reaction forming the red Se precipitate (reaction 8.3) can
be suppressed when more In>* ions are present to react with the Se 2 ions in solution. However the
voltammogram 10.5 shows that an increase in In®" excess does not significantly change the reaction
and indeed red Se precipitation is also observed when depositing from a (9.47;1) bath.

The fact that the voltammograms are similar although the In3* concentration is augmented gives
a first hint on the reaction mechanism of In-Se electrodeposition. In general three cases are possible:

1. Indium and selenium are reduced independently.

2. Indium induces the deposition of selenium. This route has been proposed by Mishra and
Rajeshwar [57].

3. Selenium induces the deposition of indium. This route is predicted by the Krdger mechanism
[71] and proposed by Massaccesi et al. [1].

In the first two routes it is expected that the current will increases with a higher In3* concentration,
because more indium can be deposited. This is not observed in figure 10.5 and thus the third route
applies as it has already turned out in the interpretation of figure 10.3. This will also be supported by
composition measurements from figure 10.6. Therefore it can be concluded from several experiments
that the Kréger mechanism holds true for the electrodeposition of In,Ses, which predicts a potential
range in which In cannot be plated alone but only if it is induced by simultaneous Se deposition. It
has already been mentioned why the second route is observed by Mishra et al. [57] but not in our
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case (section 10.1.3). The experiments of Mishra et al. have been performed at higher concentration
of 100mM In3* and 20mM Se** at room temperature. Especially the change in temperature can
influence the electrochemical reactions, because it effects the properties of the electrodeposited Se
(chapter 8.2.3).

The voltammogram of the (0.81; 1) bath follows the ones obtained with In3" excess above a
potential of —0.57V in forward direction. This potential range has been assigned to the deposition
of selenium and therefore it is expected to see no effect of the In®T concentration. This holds even
true for the onset of indium selenide electrodeposition down to a potential of —0.63 V. Below this
potential the current density rises considerably slower than for the baths with In3* excess. In this
range In3* becomes the limiting species. Since the same Se film has been deposited in the previous
part of the scan for all baths, it can be concluded that the Se?~ concentration is equal in all cases,
when the film is reduced. This additional source of Se?~ ions cannot be included in the indium
selenide electrodeposition process as it is the case for the (9.47; 1) and (3.79; 1) baths, because
there is no excess In3" flux for the (0.81; 1) bath. The excess Se?~ ions will react with Se*" to
elemental red Se by reaction 8.3. This reaction consumes a part of the incoming Se?* flux and
therefore decreases the current density. Below —0.78 V current density increases sharply which is
probably caused by the onset of hydrogen evolution. Already in figure 10.3 it was seen that hydrogen
evolution in the Se bath requires a higher overpotential if indium is added to the system. Then the
onset of hydrogen formation should be less negative in case of a (0.81; 1) bath in comparison with
a (3.79; 1) bath.

In conclusion it has been shown that the incorporation of indium in the deposit requires the
presence of selenium at the studied conditions. Excess In®T in the bath cannot be reduced to
elemental indium in the potential range until hydrogen evolution sets in.

10.2.2. Indium selenide electrodeposition
10.2.2.1. Standard indium selenide plating conditions

A uniform indium selenide film can be electrodeposited from a (3.79; 1) bath at a potential of —0.60 V
onto a Mo RDE rotating at 400 rpm. The film has an atomic Se/In ratio of 1.51 £ 0.08 which is
close to the stoichiometric composition of In,Se;. No reflections are visible in XRD indicating an
amorphous structure. This is supported by its appearance in the SEM cross section (figure 11.1) which
shows a compact structureless layer. There are no grains visible that could indicate a polycrystalline
structure of the film. The amorphous nature of electrodeposited indium selenide films has previously
been reported [1, 113, 22]. Although there is no profound red Se precipitation visible at —0.60 V in
the cyclic voltammogram of indium selenide (figure 10.2), it does occur during a long deposition.
After 2 hours of deposition the bath has a light orange clouding and red precipitate forms a thin
cover at the bottom of the beaker. Although In®t ions are present in excess, a certain part of the
synthesised Se?~ ions does not react to In,Se, but forms the red colloidal Se precipitate according
to reaction 8.3.

10.2.2.2. Composition at different potential and In®" concentration

The influence of the bath composition has been examined in figure 10.6. Layers have been plated
from baths with different In3" concentrations at various potentials. In general the deposited charge
was 2.2C - cm ™2 resulting in a layer thickness of one micron after about 12min of deposition. At
—0.50V the current density has been lower and only 0.5C - cm™2 have been deposited. Several
results follow from this experiment.

It is not necessarily true that a higher In3* concentration in the bath leads to a higher indium
content in the deposit. For example at —0.70V the atomic Se/In ratios of a deposit from a (9.47;
1) or (0.81; 1) bath are 1.69 and 1.49. That means although the In®" concentration is more than
10 times higher, there is not more In in the compound (it is even less as it will be explained later).
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Figure 10.6.: Composition of indium selenide samples electrodeposited from baths with different
Se/In ratios at a RDE rotation rate of 400rpm. The composition of as-deposited
samples (solid symbols) has been measured by ICP-MS for the (9.47;1) bath and by
EDX for the other baths. The deviation between both techniques is about 5% (relative).
The composition was measured again after 30 min etching in Na,Se in order to remove
elemental Se (open symbols). Notice the different scaling for Se/In ratios below and
above 1.5. The error has been determined from variation between several samples (if
available), variation in uniformity; and standard deviation of the measurement. The
highest error has been chosen for the error bar. The large error bars at the most positive
potentials can be explained by the small absolute indium content.

It is another verification that the deposition is neither an independent deposition of indium and
selenium nor can it be induced by indium. Otherwise the indium content would increase with In3+
concentration. Thus indium incorporation must be induced by selenium.

For a given bath the Se/In ratio of the deposit decreases for more negative potentials, which is
not expected for a mass flux controlled system. This is once more an indication that indium can
only be incorporated in the presence of Se species in the covered potential range. From figure 10.4
it has been shown that indium selenide electrodeposition is mass flux controlled. In this case the
composition should be independent of the potential and only given by the flux ratio of the single
elements, if both elements have an independent deposition path. Since the composition is dependent
on potential in figure 10.6, it means that In,Se; and Se deposition are competing processes. It seems
that both depositions rely on the same selenium species. If the potential becomes more negative the
kinetics of the In,Se; deposition becomes faster in relation to Se deposition and the Se/In ratio of
the complete InySe3 + Se deposit decreases.

Comparing the curve of the (9.47; 1) and (0.81; 1) bath in figure 10.6 it seems that the first one
is shifted towards more positive potentials. This is also expected by the Kréger mechanism, in which
the activity of the less noble ion determines the deposition potential of the compound by equation
5.19. Under the given conditions the increase of In>" activity by a factor of 10 would cause a shift
of +23mV. It is not enough to explain the difference between the curves and maybe additional
interactions of the In®" concentration (e.g. formation of complexes) must be considered.

In conclusion it has been confirmed again that the incorporation of indium in the deposit requires
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the presence of Se. Although the system is mass transport controlled the composition depends on
the applied potential. This can be explained if Se deposition and In,Se; deposition are competing
for the same intermediate Se species.

10.2.2.3. Se content

Most as-deposited samples in figure 10.6 have an atomic Se/In ratio above 1.5. If the composition
is below this value the difference is only small and can be explained by the difficulty of absolute
composition measurements. A Se/In ratio above 1.5 supports the idea that the deposit consists of
InaSes + Se (or pure Se if the deposition potentials is above the onset of In,Se;). In the (9.47; 1)
bath the films consist mainly of Se for potentials above —0.55 V. Towards more negative potentials In
can be incorporated as In,Se; and the amount of elemental Se is reduced. Therefore the Se/In ratio
of the as-deposited In,Se; + Se film decreases. The onset of elemental In deposition is shifted to
the potential range of hydrogen evolution and not show in figure 10.6. Although the curve is shifted
for the (0.81; 1) bath, the trend is the same. However in case of the (9.47; 1) bath the atomic Se/In
ratio is higher than the In,Se; value 1.5, because additional elemental Se is present. This can be
verified by a selective etching of Se. A solution of Na,S is known to be an appropriate etching agent
for the removal of elemental Se (section 6.3) [75, 76]. The atomic Se/In ratio after etching is close to
the stoichiometric value of 1.5 (figure 10.6 and table 10.1). Some samples have a Se/In ratio below
1.5 which is in conflict with the explanation of an In,Se; + Se film. In case of the etched sample
deposited at —0.50 V this can be explained as an artifact of the small absolute mass, because most
of the film has been etched away (table 10.1). For the other films the stoichiometric Se/In ratio 1.5
is still in the error range of the measurements. Although several films with compositions between
1.39 and 1.50 have been measured, the variation between different samples deposited under the same
conditions and different characterisation techniques (EDX and ICP-MS) do not allow a reliable proof
of In-rich samples. Samples with a slightly In-rich composition do not contradict the explanation of
In,Se; 4 Se films any more, if the amorphous nature of the layer is considered. The composition
of amorphous indium selenide is not fixed to the distinct values of it its crystalline phases but can
continuously vary (refer to subsection 10.1.1).

If the samples consist only of the phases In,Se; and elemental Se, the amount of the latter can
be calculated from the total mass mg, of Se in the sample and the mass mj, of In. These masses
can be determined from the as-deposited sample by ICP-MS (section 3.3).

3 Mg,

Mge,elemental = MSe — 5~ Min *
2 M,

(10.3)

Mg, and Mj,, are the molar masses of Se and In. In Table 10.1 the results from equation 10.3 are
compared to the mass of elemental Se which is removed by Na,S etching. Both values are in good
agreement, supporting again the hypothesis of In,Se; + Se films.

Massaccesi et al. proposed that the composition of the In,Se; + Se film is given through the ratio
of the Se** and In3" fluxes by the equations 10.1 and 10.2. It has already been proved that the
system is mass transport controlled in figure 10.4 which is a prerequisite for the validity of equations
10.1 and 10.2.

Equation 10.1 predicts a constant sample composition of Se/In = 1.5 if the In3* flux is sufficient.
It does not longer hold in case of strong In®" excess. The (9.47; 1) and (3.79; 1) baths both
contain In3" in excess, but the Se/In ratios at —0.60 V are 1.51 and 1.85. Under these conditions
an increase of In" concentration leads to a higher Se content in the sample. This effect has already
been observed in the context of figure 10.5. It is probably restricted to a strong In" excess. A
film plated from a (0.81; 1) bath has a Se/In ratio of 3.2 and in comparison with the (3.79; 1) bath
confirms the expectation that less In®* in the bath leads to more Se in the film. The effect can
probably be explained by the complexation of Se species with In3" ions. Complexation can change
the kinetics of the competitive processes of In,Se; and Se deposition in a way that the latter one
is favoured and therefore the Se content in the film is increased. In other works the indium content
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| | —050V | —055V —0.60V —0.65V —0.70V
Se/In atomic ratio 103+82 | 28+0.5 | 1.8540.04 | 1.79+£0.04 | 1.69 £ 0.04
as-deposited
Se/In atomic ratio 1.25£0.07 | 1.84 £0.22 | 1.562+0.04 | 1.48£0.04 | 1.39 £ 0.04
after Na,S etch
Se mass as-deposited / 169 £ 8 159 £11 1377 115£5 119 £5

pg/C
Se mass after Na,S etch 23+13 100 £+ 29 114 +6 96 + 4 97+ 4
/ ng/C
Mass of etched Se / 146 £ 17 60 £+ 40 23£8 19+6 22£7
pg/C
Calculated elemental Se 135+ 24 73 +20 26+ 6 19+5 14+5
/ 1g/C
plating efficiency 96 £ 4 99+4 94+4 80£4 84+4

Table 10.1.: Composition of indium selenide films electrodeposited from a (9.47; 1) bath onto a
RDE with 400 rpm at several potentials. The data is plotted in figure 10.6. In addition
to the Se/In ratio the absolute deposited Se mass has been determined by ICP-MS.
The samples have been etched in Na,S in order to remove elemental Se. The mass of
elemental Se has also been calculated by equation 10.3. In the as-deposited case the
deposition charge has been calculated from the masses by assuming a 3-electron transfer
for In3*and a 4-electron transfer for Se**. The plating efficiency of In,Se;+Se is the
quotient of the calculated and the measured charge.

in the film increases when the In>%" concentration is augmented [35, 22, 109]. These depositions
were done with higher In3t and Se?* concentrations at room temperature. It has already been
discussed that under these conditions the deposition mechanism of In,Se; changes. Therefore the
observations cannot be compared to our compositions.

Equation 10.2 predicts that the Se/In ratio of a In,Se; + Se film is given by the corresponding
flux ratio if Se is in excess. The (0.41; 1) bath and the (0.81; 1) should both follow equation
10.2, because the concentrations have been chosen to result in a Se/In ionic flux of 3.0 and 1.5,
respectively. At —0.60 V the atomic Se/In ratio in the deposit is 13.9+6.2 in the (0.41; 1) bath and
3.2 4 0.8 in the (0.81; 1) bath. Although the Se** /In3* flux ratio in the (0.41; 1) bath is double
as high as in the (0.81; 1) bath, the Se/In ratio in the film is more than 4 times larger. There are
more indications that equation 10.2 is probably not valid. The concentrations in the (0.81; 1) bath
have been calculated from the diffusion coefficients in figures 7.2 and 8.5 to result in a Se?™ /In?*
flux ratio of 1.5. Above —0.70V the Se/In ratios of its films are significantly higher than 1.5. A
third argument is the fact that the composition of the films is potential dependent. It has already
been discussed that this points out competitive processes of In,Se; and Se deposition. Equation
10.2 is based on the assumption that the complete In3* and Se** fluxes are deposited which does
not allow competitive processes. Finally the potential dependent composition and its disagreement
with the calculated flux ratio plus a possible counter-example confirm that equation 10.2 is not valid
under the applied conditions.

In summary it has been confirmed that the deposited films consist of In,Se; and elemental Se.
The amount of elemental Se cannot be directly calculated from the ratio of the H,SeO; and In3+
fluxes as it has been claimed in the literature [1]. It was shown that a higher excess concentration
of In®* can lead to a higher Se content in the deposit. In,Se; and Se deposition are competitive
processes, which means that they rely on a common intermediate species (e.g. Se?~ or elemental
Se). Both processes are balanced by their kinetics. If the kinetics are changed (e.g. example by
varying the potential) it effects the film composition. It has been observed that a high In3* excess
can raise the Se content in the sample. This can be explained by complex formations of the excess
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Figure 10.7.: Levich plots for different indium selenide baths at various potentials. The limiting
current has been measured after depositing 3 — 5min onto a Mo RDE. If the current
did not converge but showed oscillations or decays it has not been considered in the
plot. Only in case of the (3.79;1) bath the limiting current density has been determined
from the current plateau in the reverse scan of the cyclic voltammograms in figure 10.4.
Some exemplary error bars have been derived from the variation between repeated runs.
The data for the (9.47;1) and (3.79;1) baths have been shifted by a constant offset
(—2mA - cm™2 and —1mA - cm™2) to avoid overlapping. Several data sets have been
fitted by a line through the origin.

In3* ions which disturbs the kinetic balance between the processes.

10.2.2.4. Charge transfer coefficient

A Levich plot is a useful measurement to obtain further information on the reaction mechanism,
because the Levich equation contains the transferred charge nF' per mol (equation 5.6).

Figure 10.7 contains Levich plots of indium selenide electrodeposited under several conditions.
In case of a (0.81; 1) bath the applied potential has been varied between —0.50V and —0.70'V.
At —0.50V the current density is constant and does not depend on the mass flux. This backs
up the result of the cyclic voltammogram 10.4 that Se electrodeposition is controlled by electrode
kinetics and not by mass transport. At —0.55V the regime is mixed. Up to 200 rpm the current
is proportional to the ion flux towards the electrode. If the rotation rate is increased further, the
electrode kinetics start to limit the charge transfer and the limiting current levels. It even decreases
again at higher rotation speeds, perhaps caused by passivation of the surface. For potentials equal
or below —0.60V the system is controlled by mass transport and the limiting current is proportional
to the flux (j o< /w). At —0.60V the current density of the depositions did not stabilise with time
at high rotation speeds and not enough data points could be obtained to fit the slope. The linear fits
of the Levich plot at —0.65V and —0.70 V show a slightly steeper slope at more negative potential.
According to the Levich equation 5.6 this corresponds to a higher charge transfer.

Since the deposited film seems to consist of In,Se; + Se, there are the two effective charge transfer

reactions
2In%" 4+ 3Se*" + 18e™ — In,Se, (10.4)
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SelT +4e” — Se (10.5)

A third charge transfer reaction Se** + 6e~ — Se?~ is also possible which is a 6-electron trans-
fer in the absence of In3* ions. However it can be assumed that the product Se?~ will react with
the incoming flux of Se** according to reaction 2Se?~ + Se** — 3Se. Therefore this reaction
path also results in an effective charge transfer of 4 electrons per Se atom.

In reaction 10.4 In3* does not change its oxidation state. The Levich plot cannot distinguish
intermediate reaction steps. Therefore it is possible to assign the charge transfer completely to the
Se ions. Then all elemental Se in the film can be assigned to the 4-electron transfer 10.5. Even if it is
created through a 6-electron reduction (reaction 8.2) with a subsequent reaction between Se** and
Se2™ (reaction 8.3), it will effectively result in a transfer of 4 electrons per deposited Se atom. Since
In,Se; requires 6 electrons per deposited Se atom and elemental Se requires just 4, it is possible to
distinguish both reaction 10.4 and 10.5 in the Levich plot. The steeper the slope the more In,Se; is
involved in the charge transfer.

If Se is the limiting species and the system is mass transport limited, it is sufficient to consider
only the Se** flux in the Levich equation. Then the charge transfer coefficient n can be calculated
straightforward from the slope of the Levich plot by the Levich equation 5.6 with the known concen-
tration of Se?™ cg. = 1 mmol/13 and its diffusion coefficient (see chapter 8). In case of the (0.81;
1) bath one obtains n = 4.3+ 0.3 at —0.65V and n = 5.0 £ 0.3 at —0.70 V from figure 10.7. Both
values are between 4 and 6 indicating a parallel electrodeposition of In,Se; and elemental Se. The
larger n at —0.70 V indicates a higher ratio of In,Se; deposition at more negative potentials. For
the (9.47;1) and (3.79;1) bath n = 4.6 + 0.3 in both cases, although the potential was different.
From figure 10.6 one expects n values close to 6, because the film compositions are close to 1.5 and
contain only little elemental Se. Therefore it must be considered that a part of the elemental Se is
not deposited on the surface but causes the red precipitate in the bath that is observed during long
plating runs (see chapter 10.2.4).

In summary it was shown that the charge transfer coefficient n of the studied depositions is between
4 and 6. This is within the limits given by Se and In,Se,; deposition.

10.2.3. Quantification of In-Se electrodeposition

Combining the film compositions in figure 10.6 and the Levich plots in 10.7 makes it possible to
quantify the three major processes of indium selenide electrodeposition: electrodeposition of In,Ses,
electrodeposition of elemental Se in the film, and Se precipitation in the bath. Capacitive currents
are neglected. The calculations are based on the following considerations:

= Se?* is the limiting species and its flux jg. can either be reduced to In,Se; or elemental Se 4

jSe = jSe,InQSeg + jSe,Se (10.6)

®Although the bath has been prepared by 1072 mol/kg(solvent) and not “mM” the value is assumed to be equal,
because the concentration is low.

*The fluxes / concentrations are indexed in a way that the first index assigns the species of the flux / concentration
(i.e. Se or In) and the second index describes the product of this flux / concentration.

| variable | description ‘
jse complete RDE flux of Se*" ions
JSe,Se part of jse which is reduced to elemental Se
JSe,Se—fitm | part of jse se that is incorporated in deposited film
JSe,InsSes part of jse which reacts to In,Se,

The indices are corresponding for concentrations and indium fluxes.
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The first reaction is a 6-electron transfer (reaction 10.4) the latter one a 4-electron transfer
per Se ion (reaction 10.5). The current density i ° is then given by the Levich equation

1 _ 2/3
ol 0.62- Fv= /0. D3 . (6 csetnyses +4 - Cse.s¢) (10.7)
Only a part of the elemental Se is incorporated in the film. The rest forms Se precipitation in
the bath
JSe,Se = JSe,Se—film + JSe,Se—bath (10.8)

= The flux of In®* that is incorporated into In,Ses jrn,nyse; is controlled by the corresponding

Se** flux
. 2
JIn,InySes = § * JSe,InsSes (109)
= The atomic Se/In ratio r in the deposited film is the ratio of the fluxes that contribute to the
film
r— (Se> _ jSe,I’l’LQS‘eg +]Se,Se—film (1010)
In at JIn,InsSes

» The plating efficiency 1pqting is determined by the percentage of Se that is incorporated in the
film either as elemental Se or as In,Se,. A possible reduction of In®" and His neglected in
the studied potential range.

jSe,Se—film + jSe,InQSeg

10.11
JSe ( )

Tplating =

With these equations it is possible to calculate all relevant fluxes, if the slope from the Levich plot
— | the rotation speed w, the Se?t concentration cg., and the film composition 7 are known.

\/[;1

jse =0.62- YD /5 cq, (10.12)
JSe,Se = 3 Jse — ﬁ (1013)

. 1/ .
JSe,InsSes = 5 f —4. JSe (1014)

. 1 3 1 .

JSe,Se~fitm = 3 - <7’ - 2) : (F —4- jse) (10.15)

. 1/ .
j[anzSeg - g F —4. JSe (1016)

T 1

Nplating = g : (Fjse - 4> (10.17)

From the fluxes and the deposition time it is possible to calculate the deposited masses®. In case
of the sample deposited at —0.70 V from the (9.47; 1) the mass of Se in the sample is calculated to
be 132 j1g/cm? while ICP-MS measures 25948 pg/cm? (table 10.2). In order to fulfil the constraints
given by the Se/In ratio in the final film and the current density from the Levich plot the solution
of equations 10.12-10.16 results in a process, where 68% of the Se** flux is converted into Se
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| (947;1) —0.70V | (9.47;1) —0.70V | (0.81;1) —0.70V | (3.79;1) —0.60V

input
Se™™ concentration / 1 0.865 0.850 0.795
mM
Levich slope / 6.023 6.023 6.541 6.073
C/(m? - 5)
film composition r 1.69 1.69 1.54 1.53
calculated
Se mass as-deposited / 132 257 305 486
pig/cm?
Se mass after etching / 111 217 293 472
pg/cm’
mass of Se precipitate / 1257 397 72 176
T
plating efficiency / 41.8 81.6 96.8 94.6
%
measured
Se mass as-deposited / 259 £8 259+ 8 306 + 10 489 + 28
pig/cm”
Se mass after etching / 223 £8 223+ 8 288 + 16 465 + 22
pig/cm?
plating efficiency / 84+ 3 84 +3 97 +4 95+4
%

Table 10.2.: Comparison of Se masses and plating efficiency calculated by equations 10.12-10.17 and
the corresponding values measured by ICP-MS. The Se mass after Na,S etching was
calculated by equation 10.10 neglecting the flux jse ge—fitm- In the first column the
Se?™ concentration was fixed the concentration in the prepared bath (1mM). In the
second column the concentration was varied to mimic the depletion of the electrolyte
and allow a better description of experimental values.

precipitation in the bath. This percentage of Se precipitation is far more than the actual measured
one (compare chapter 10.2.4).

The calculations can be corrected if the concentration of Se** in the bath is not fixed but allowed
as a fitting parameter (compare first and second column in table 10.2). If the concentration is
reduced in a way that the calculated as-deposited Se mass fits the measured one, also the Se mass
of the Na,S etched sample and the plating efficiency fit the experimental results (table 10.2). The
necessary reduction of the initial concentration Se*t has a physical meaning. Several samples
have been deposited consecutively, i.e. the Se concentration has already decreased in the last
depositions. The sample deposited from a (0.81;1) bath in table 10.2 was the 4th sample of a
series. Assuming three similar samples have been deposited before (250 ug/cm?, 4.5cm?, 250 ml
electrolyte), a concentration of 0.83 mM Se 4 is left which is in agreement with the fitted value. The
decreased bath concentration also explains why the current density in the deposition experiments is

%In this section % will denote the current density, while j will denote the flux in n‘i‘T"L They are correlated by i = nF'j

5The current densities in the Levich plot (figure 10.7) are about 25% higher than the ones observed during elec-
trodeposition. With every deposition the content of the active species in the bath decreases, because of its low
concentration. While this is negligible for the small area and short deposition times onto the RDE, it has an effect in
case of complete plated samples. Later a correction for the depletion will be introduced that reduces the discrepancy
between the current densities to less than 10%. Due to the lower current density in the plating experiments it is
preferred not to use the experimental deposition time. Instead the deposition time is calculated from the deposited
charge and the Levich current density in order to be consistent.
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lower than the value from the Levich plot (see footnote 6). Corrected with the depleted concentration
the fluxes in figure 10.8 are calculated.

b)

Se4+

In,Se;  Se In,Se;  Se In,Se;  Se

Figure 10.8.: Se fluxes in the indium selenide electrodeposition process a) (3.79;1) bath at —0.60V,
b) (0.81;1) bath at —0.70V, c) (9.47;1) bath at —0.70 V. The main flux results in
In,Se, deposition while the flux of elemental Se splits into a part of plated Se and a
part of Se forming a precipitate in the bath. The values denote the percentage of flux
referred to the RDE flux of a 1 mM Se?* bath at 400 rpm, giving js. = 88.5 ’Igg“;l It
is considered that the bath is already slightly depleted at the time of the deposition
(table 10.2).

The depositions from the (3.79;1) and (0.81;1) baths have a similar flux distribution. The main
part of the incoming Se** flux contributes to the formation of In,Se;. Most of the elemental Se
forms the precipitation in the bath and only a small fraction is incorporated into the film. The
plating efficiency calculated by equation 10.17 is close to the one that has been derived from ICP-
MS measurements (table 10.2). Therefore Se precipitation is the main side reaction reducing the
plating efficiency, because this assumption was made in deriving formula 10.17. The composition
of the as-deposited sample is close to In,Se; stoichiometry, which has been a constraint in the
calculation. The film deposited at —0.70 V from a (9.47;1) bath contains more elemental Se. In the
flux calculation it turns out that this results in a pronounced increase in Se precipitation. Indeed it
is observed in the plating experiments that the (9.47;1) bath turns orange-red after a shorter time
than the (3.79;1) and (0.81;1) bath. However the different colour appearance is not a sufficient
proof for an increased Se precipitation, because it can also be explained by a different size of the
Se precipitate particles. The different ionic strengths of the baths effect the coagulation rate of the
particles, that means the duration until they merge [118, 119]. The link between the elemental Se
in the final film and in the bath is given by the similar slopes of the electrodeposition processes in
the Levich plots of figure 10.7. The slopes of the (9.47;1) bath at —0.70 V and the (3.79;1) bath
at —0.60V are very close, i.e. the total charge transfer is similar. But the first sample contains
more elemental Se in the film, which is connected to a lower charge transfer process than In,Seq
deposition (reactions 10.4 and 10.5). This can only be compensated if additional elemental Se is
formed that is not incorporated in the film.

Thus the quantification of the deposition processes confirms the effect that the Se/In ratio in the
deposit can increase if the In3* excess is higher. For the limited number of examined samples the
quantification also predicts that a higher Se content in the sample is linked to a higher rate of Se
precipitation in the bath. It is known that the existence of Se?~ is a prerequisite for the reaction
of Se precipitation (reaction 8.3). If Se precipitation is linked to the deposition of elemental Se in
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the film it is likely that both will depend on the same species. This species could be Se?~ forming
elemental Se by reaction 8.3 either on the the electrode or in the bath. It is also possible that the
link between both mechanism contains intermediate steps. Elemental Se could also act as the link
between precipitation and elemental Se deposition. One part of it could stay on the electrode while
another part is reduced to Se?~ which forms the precipitate.

In summary a good quantitative agreement between film composition and Levich plot has been
observed. It allows to calculate the deposition rates of In,Se; or Se deposition and Se precipitation
(figure 10.8). In the limited number of measured samples it seems that the latter two fluxes have
the same source and an increase of Se precipitation is linked to more elemental Se deposition in the
film.

10.2.4. Se precipitation

The precipitation of red Se seems to be an unavoidable side reaction of indium selenide plating
under the given conditions. Its quantification allows to verify the calculation in section 10.2.3 and
to determine its importance in the electrodeposition process of indium selenide. The precipitation
might not only be a Se** loss mechanism that limits the lifetime of the deposition bath but could
also effect the sample composition, if its particles can be incorporated in the deposited film.

Although the precipitate is formed by the comproportionation reaction 8.3, it requires the presence
of an electrode to generate the necessary Se2~ ions. Nine indium selenide samples have been plated
from a (9.47;1) bath at —0.60 V and 400 rpm RDE rotation speed. After each deposition a sample of
the electrolyte has been taken. In order to study a possible incorporation of Se precipitate particles
in the sample, the complete bath was centrifuged after the deposition of the 6th sample. The
centrifuged red particles have been rinsed with water and afterwards analysed in ICP-MS (details of
the experimental procedure in section 6.4) .

The atomic Se/In ratio of the precipitate is 4.6 0.1. If the precipitate consists of InySes + Se like
the deposit it contains 55% (atomic) Se and 45% In,Se,. If In,Se; is present it does not necessarily
have to form at the electrode, but could be from a slow reaction with In3* ions in the bath. It
is also likely that residues of the bath stayed despite the washing of the precipitate and cause the
indium contamination, because only about 100 ug of precipitate have been analysed. Therefore it is
assumed that the In content in the precipitate does not influence the calculations in section 10.2.3.

The results of the bath and sample composition are shown in figure 10.9. The measured Se
concentration is close to the calculated value. Therefore most of the Se is plated on the sample and
Se precipitation is only a small perturbation to it. Since the atomic In3* concentration is ten times
higher than for Se** it is nearly constant throughout the depositions. The slight increase in the
measured In>* concentration can result from some evaporation of electrolyte. The deviation of Se4*
from its calculated concentration can be used to estimate the amount of Se precipitation, because
it is the only Se loss that has not been considered in the calculation. After the 6th sample the
measured Se** concentration is 4.9 + 1.2 mg/1 below the calculated value. Considering a constant
Se precipitation for all samples this results in 212 4+ 52 ug Se precipitate per sample. This result is
in the same order of magnitude as it has been predicted by the calculation in table 10.2. Since the
table does not include a sample deposited at —0.60 V from a (9.47;1) bath, it can be assumed that
its value is between the (9.47;1) / —0.70 V sample with 400 g Se precipitate and the (3.79;1) /
—0.60V sample with 180 ug Se precipitate. Despite the aggregating amount of Se precipitate the
plated sample does not show significantly more Se until the 6th sample which conflicts with a possible
incorporation of Se precipitate in the bath. Instead the Se content rises after the Se precipitate has
been removed from the bath. It could be another indication of the effect of an increasing Se content
in the sample with decreasing relative Se concentration in the bath. For the last sample the bath
concentration has already changed from the initial (11.1; 1.1) bath” to a (11.8; 0.6) bath. On the

"The (11.1; 1.1) composition has been determined by ICP-MS. This bath was designed to be a (9.47; 1) bath.
The discrepancy can be explained by the hygroscopic property of H,SeO, and a wrong coordination number of
In, (SO, )-xH,O. In this thesis © = 9 was assumed as it has been reported in literature [72, 73, 74]. The higher
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Figure 10.9.: Series of indium selenide samples deposited from a (9.47; 1) In-Se bath at —0.60V,
400 rpm, and 80 °C. Figure a) records the Se (squares) and In (triangles) concentrations
in the bath after deposition of the sample noted on the x-axis. The open symbols are
values calculated from the mass balance of material in the bath. The solid symbols have
been measured by ICP-MS. The indium concentrations have been divided by 10 to fit
on the same scale. The datapoint “bathl” is the fresh bath before samples were plated;
“bath2” has been measured after Se precipitate has been removed by centrifuging and
electrolyte loss has been replaced with fresh electrolyte. Figure b) notes the atomic
Se/In ratio of the electrodeposited films measured by ICP-MS.

other hand the removal of Se precipitate by centrifuging has been a considerable disturbance to the
bath, because it had to be cooled down to room temperature, was refilled several times and heated up
again. This could explain the unexpected behaviour of increasing Se concentration after deposition
of the 7th sample. Therefore the data points after precipitate removal must be interpreted with care.

The constant composition of the film until the 6th sample is still not a proof that particles of
Se precipitate are not incorporated in the sample. Adsorbed particles could further react with In3+
ions to In,Se; and would not change the film composition. The question of particle incorporation
is of practical interest, e.g. Hirono plated indium layers in a suspension of fine Se powder. The
resulting film contained 35% (at) Se [120]. In our case the visual appearance of the obtained films
changed during the series. The samples got darker from the 1st to the 6th run indicating a change
in surface morphology. After removing the Se precipitate sample 7 appeared light grey again. The
surface morphology can be identified in the SEM pictures in figure 10.10. Sample 6 has a loose

concentration measured by ICP-MS can be explained if the actual coordination number of the used indium sulphate
is smaller.
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10. Electrochemistry of Indium Selenide

surface structure with pronounced round particles as they are expected, if Se precipitate adsorbs
to the surface. The morphology of the 1st and 7th sample is more compact but also in this case
particles are visible. EDX maps with an electron high voltage of 7kV were recorded to determine
the composition of the top 150 nm in the indium selenide layer [53]. Sample 6 in figure 10.10 shows
an increased Se content in the EDX map at the spots where the round particles are located. Sample
7 that has been plated after the removal of Se precipitate shows a uniform composition of In,Se,
instead. Therefore the spots of Se concentration in sample 6 are not a quantification artifact of the
rough morphology but a real indication for the adsorption of Se particles on the surface.

Sample: 1

75 100

Figure 10.10.: SEM pictures and EDX composition maps of chosen indium selenide samples from
the plating series in figure 10.9. The column label corresponds to the sample index
in figure 10.9. The first row shows SEM pictures before the EDX mapping, the last
row shows the same spot after the EDX measurement. Although a reduced electron
voltage of 7kV has been applied to record the EDX map, parts of the surface start
to evaporate. The EDX maps show the atomic composition of Se and In.

It is surprising that the first sample also shows variations in the surface composition, because the
amount of Se precipitate is low at the beginning of the series. This indicates that the particles are
perhaps incorporated at the moment when they are formed near the surface and the precipitate in
the bath does not longer contribute. In this case the absence of Se particles in sample 7 is not
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10.2. Results and Discussion

caused by the removal of precipitate from the bath. It is possible that the storage of the bath and
the removal procedure of the precipitate have changed the formation kinetics of the precipitate.

In summary it could be shown that Se particles can be adsorbed to the sample surface. Nevertheless
the total composition of the plated film is not effected. It means either the particles only stick to the
surface and are not incorporated in the indium selenide film, or if they are incorporated, they have
previously reacted with In3* to indium selenide. Additionally it has been shown that due to the low
bath concentration of Se** its composition is changed during plating. This depletion can effect the
film composition.
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11. Precursor formation and characterisation

Based on the experience from the plating experiments in chapters 9 and 10 the standard conditions
in table 6.1 have been established for the electrodeposition of indium selenide and copper selenide.

The (3.79;1) bath has been chosen for indium selenide electrodeposition, because the excess of
In3* ensures the formation of In,Se; but the Se precipitation is not so pronounced as in the (9.47;1)
bath. At —0.60V In,Se; is already formed and the rate of hydrogen evolution is still low. Even a
low rate of hydrogen evolution can be an issue in the plating of a uniform film, because evolving
bubbles cannot escape in the RDE geometry. If the bubbles are small and stick to surface, they
create a pinhole in the film. Larger bubbles can circulate at the film surface and ruin its uniformity.
For a smooth film it is therefore necessary to remove any bubbles by directing a flush of electrolyte
(e.g. using a bend pipette) to the surface every few minutes. This results in a shiny light blue-grey
film.

Several authors report the necessity of a 50— 100 nm thin Cu underlayer between the Mo substrate
and the indium selenide film in order to improve adhesion [31, 22, 34, 23]. The indium selenide
film electrodeposited according to the conditions in table 6.1 has an excellent adhesion to the Mo
substrate and can even not be removed by soft scratching. This difference is probably an effect of
electrodeposition temperature, because all cited sources [31, 22, 34, 23] deposit at room temperature.
Another advantage of the Cu underlayer is the suppression of hydrogen evolution (compare chapter 7
and [82]). In order to obtain a compact Cu layer a thickness of more than 50 nm is required using the
copper plating bath from [121]. However the Cu underlayer has also disadvantages. It roughens the
the surface of the indium selenide film, which results in an opaque grey appearance. SEM pictures
show a shift from a fine granular, compact structure to micron sized conglomerates if a Cu underlayer
is introduced. Precursor stacks on a Cu underlayer have a higher tendency to delaminate during the
annealing process. Therefore its use is not recommended.

As mentioned in chapter 9 a deposition potential of —0.30V is preferred for copper selenide elec-
trodeposition, because it compromises between the better film nucleation at more negative potentials
and the less fragile film structure at less negative potentials. The structure is still brittle and there-
fore a slow rotation is preferred. For this reason it is also not possible to deposit a Mo/Cu-Se/In-Se
precursor stack, because it would peel in the plating process of the indium selenide layer.

Thus a Mo/In-Se/Cu-Se precursor stack was annealed in the following parts of the thesis (part Il
and I11). The thicknesses of its layers were adjusted to result in a final CulnSe, absorber thickness
around 2300 nm (figure 18.1b). The deposited charge density in case of In,Se; was 3.63 C/cm?
resulting in a 1600 nm thick layer. For copper selenide 3.10 C/cm? have been plated. This deposition
charge was chosen to result in an atomic Cu/In ratio of 1. The residence times for indium selenide
electrodeposition has been about 15min and 22 min for copper selenide. In average the following
masses are plated: 260+9 ug/cm? copper, 455+ 30 ug/cm? indium, and 905 +40 ;g/cm? selenium.
That means the Se content is about 42% more than needed for a stoichiometric precursor and provides
an additional Se source during annealing.

A SEM cross section (figure 11.1) of the precursor shows the compact amorphous indium selenide
film underneath the layer of randomly stacked copper selenide platelets.
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11. Precursor formation and characterisation

Figure 11.1.: SEM cross section of an electrodeposited Mo/In,Se,/Cu-Se stack
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12. Conclusion

The two main routes for electrodeposition of indium selenide films in the literature have been discussed
in particular with respect to the different deposition mechanisms. For the work in this thesis it was
decided to develop the low concentration bath deposited at elevated temperatures rather than the high
concentration bath deposited at room temperature. This route was chosen because it profits from
the Kréger mechanism as an intrinsic composition control. The electrodeposition of indium selenide
is preferred in a potential range where it is induced by selenium through the Kréger mechanism,
before the onset of hydrogen evolution.

Experimentally it was shown that the kinetics of only selenium electrodeposition are sluggish.
High overpotentials are needed and already at low mass fluxes the kinetics become limiting. The
passivation of the electrode caused by Se plating becomes less at higher temperature. Additionally
Se undergoes a phase change from amorphous to crystalline if the plating temperature exceeds 80 °C.
This makes the plating of Se easier at higher temperature. At room temperature the deposition of
Se is significantly slowed down.

This thesis has verified the hypothesis of Massaccesi et al. that an In,Se; + Se film is deposited
in the high temperature route by different experiments. Composition measurements of the deposit
and the composition change after Se-selective Na,S etching confirm the hypothesis of a In,Se; + Se
film. Additionally a charge transfer value between 4 and 6 supports it. We have verified that indium
selenide electrodeposition is mass transport controlled. On the other hand it was discussed that the
film composition cannot simply be calculated by the ratio of mass fluxes. It is more likely that the
composition is determined by the balance between the kinetics of In,Se; and Se deposition. Both
mechanisms seem to compete for a common intermediate species.

This can also explain the effect why a high In3* excess in the bath can lead to more elemental
Se in the final film. The additional In>* ions form complexes with the species in solution and can
thus influence the balance between the kinetics in a way that Se deposition is preferred. An increase
in elemental Se deposition seems to be linked to a rise in Se precipitation that is the major side
reaction in the plating. It could be demonstrated that particles of the Se precipitate can be adsorbed
on the surface of the film. Nevertheless they are not changing the composition of the film and are
therefore expected to react with In> in the further deposition. The incorporation of such particles is
probably negligible in our standard In,Se; plating process. The relation between Se precipitation and
elemental Se deposition is a sign that both processes rely on the same selenium species. Furthermore
it allows to identify processes for which the Se precipitation side reaction can be reduced.

Finally a deposition route was established to form uniform Mo\In,Se;\Cu-Se binary selenide pre-
cursors for further processing.
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Part Il.

Structural and Compositional
Characterisation of the Absorber
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13. Introduction

In the previous part a process to electrodeposited binary selenide precursors was established. These
precursors are annealed in the current part to form the desired CulnSe, absorber layer. Before
completing the precursor into a solar cell device, it is necessary to check its compositional and
structural suitability. The verification of chalcopyrite CulnSe, and the determination of possible
secondary phases is part of this chapter. This was done for Cu-poor, stoichiometric, and Cu-rich
growth conditions.

One motivation of the binary selenide precursor is an expected improvement of grain size in the
annealed absorber compared to the coelectrodeposited precursor (section 2.3). Therefore the grain
and crystallite size of both absorbers is compared by several methods. The grain size was also used
as a simple test criterion to optimise the background pressure in the annealing process.

The phase evolution during annealing has not been studied for electrodeposited Mo/In-Se/Cu-Se
stacks so far. It is interesting to compare it to the results which are reported for precursors deposited
by vacuum methods. Ex-situ and in-situ XRD measurements have been used to study the phase
evolution. Ex-situ XRD measurements were taken on samples that have been annealed at several
temperatures in the standard oven. This allows conditions which are close to the standard absorber
annealing, but the long annealing time does not allow to resolve non-equilibrium phases. In-situ XRD
measurements have been recorded during the annealing process. They allow real-time detection of
the phases present during annealing, but have to be performed in a special set-up. The different
morphology of copper selenide and indium selenide (figure 11.1) makes it possible to support the
phase reaction processes from XRD by SEM cross sections.

Electroplating is considered especially sensitive to impurities, because it is a non-vacuum deposition
technique. This motivated a short study of the trace cation impurities in the absorber.
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14. Phase diagrams

The phase diagrams for the indium - selenium, copper - selenium, and copper - indium - selen-
ium systems will be introduced here. The relevant polymorphs, phases, and transitions within the
experimental temperature and composition range of interest will be discussed so as to provide an
overall framework for the following results. The phase diagrams will have particular importance when
discussing the formation of the absorber layer from the stacked binary precursor (chapter 19).

14.1. Indium - Selenium

Indium selenide can occur in the following phases: In,Se;, InSe, IngSe-, IngSe;;, In;Se,, and In,Se,
(section 10.1.1 and figure 14.1). The phase diagram of indium selenide is further complicated by
several polymorphs that can exist for In,Se; («, 3, v, §) and InSe (« and (3) [124].

v — In,Seq and 0 — In,Se, are the stable phase of In,Se; [124]. v — In,Se; is an ionic compound
of In® and Se?~ ions which are arranged in a defect wurtzite structure [102, 125]. A third of the
In3" sites stays vacant in order to fulfil charge neutrality. a—In,Se; is metastable below 200 °C and
has a layered structure [124, 125].

InSe also shows a layered configuration of In and Se planes hold together by Van-der-Waals forces.
Inside the indium layers In®* and In* are covalently bound to [In],* dications. The polymorphs of
InSe differ in the stacking order of the layers [125, 102].

The following reactions of indium selenide are within the temperature range of interest (< 600 °C)
[124]:

= In,Se; melts with the indium rich liquid Liand forms the liquid Ly (32% at Se)

520°C : IngSez + L1 = Lo (141)

= In,Se; decomposes into InSe and a liquid L (38% at Se)

550°C : InySes = 3InSe + L (14.2)

14.2. Copper - Selenium

At standard conditions the following copper selenide phases exist: orthorhombic CuSe,, hexagonal
a — CuSe (the corresponding mineral is called klockmannite), tetragonal CusSe, (umangite), mono-
clinic @ — Cu,Se and face-centred cubic § — Cu,_,Se (berzelianite). The last phase is a defect
compound [124]. Several polymorphs of CuSe (¢, 3, 7) and Cu,_,Se (o, [3) exist.

According to the copper selenide phase diagram (figure 14.2) the following reactions take place in
the temperature range of interest [102, 126, 124]

= CuySe, decomposes into CuSe above 113 °C according to reaction
113°C: CuzSes = B — CusSe + 8 — CuSe (14.3)
= CuSe, is expected to decompose at 332 — 342°C .

332 —342°C: CuSe; = v — CuSe + Se (14.4)
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14. Phase diagrams
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Figure 14.1.: Phase diagram of the indium - selenium binary system. The diagram was taken from
the compilation in [103]. The dashed line refers to [122], the solid line to [123].
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14.3. Copper - Indium - Selenium

= The product CuSe undergoes another decomposition at 377 — 379 °C.

377 —379°C: 27 — CuSe = 8 — CuzSe + Se (14.5)

= Above 523 °C Cu,Se melts in the presence of liquid Se and forms liquid L3 (53% at Se)

523°C: 8 — CusSe+ Ly = L3 (14.6)

14.3. Copper - Indium - Selenium
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Figure 14.3.: Quasibinary section of the copper - indium - selenium system. The diagram was taken
from the review [127]. The Greek letters abbreviate the following phases: «-ClSe:
CulnSe, (chalcopyrite), B-ClSe: CulngSes;, 7-ClSe: CulngSeg, 0-ClSe: CulnSe,
(sphalerite). Below 500°C no phase transitions are observed and the diagram can
be extrapolated.

The ternary phase diagram of the copper-indium-selenium system has three degrees of freedom.
Instead of taking into account the complete three dimensional phase diagram, it is often sufficient to
restrict to the section between Cu,Se and In,Se, (figure 14.3). Godecke et al. have confirmed in a
comprehensive study that this section is indeed a “quasibinary section” [128]. The term “quasibinary*
means that the section can be considered as a two-dimensional phase diagram with the binary
compounds Cu,Se and In,Se; acting as elements.

The chalcopyrite CulnSe, phase is part of the quasibinary section. Due to copper vacancies its
composition can vary, i.e. Cu;_ In;, Se,, . At equilibrium the copper deficiency z reaches values
up to 0.02. In the preparation of thin films the final layer is often a supercooled non-equilibrium
state and Cu deficiencies up to = ~ 0.16 are observed [128]. Also the addition of sodium impurities
can increase the composition range of Cu,_,In;  Se, to the indium-rich side [102]. If the In-
content is further increased, an ordered vacancy compound is formed together with the chalcopyrite
Cu;_,In,  Se, . . Thisvacancy compound (phase 3 in figure 14.3) is usually assigned to CulnzSe;
[127]. A stannite structure and a “P-chalcopyrite” structure (space group P42c) have been proposed
for CulnsSe;. The latter one has been supported by determining the bond distances with XRD
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refinements [129]. CulngSe; is usually called an “ordered vacancy compound” or “ordered defect
compound”. This refers to the ordered lattice sites which the copper vacancies can occupy. It does
not mean that there exists a long range order of the copper vacancies [127]. Increasing the indium
amount further leads to a CulngSeg phase. While it is possible to form In-rich Cu;_ In;, Sey, ,
it is not possible to form a Cu-rich chalcopyrite containing more than 25% (at) Cu. In this case
the excess Cu is consumed in a Cu,Se phase. If in the following a CulnSe, absorber is labelled
“Cu-rich", it refers to the growth conditions and not to the sample composition.

At high temperatures above 600 °C chalcopyrite CulnSe, can transform into sphalerite CulnSe,.
This transition is not expected for the temperature and composition range applied in this thesis.
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15. Experimental

In this chapter the methods of annealing the stacked indium selenide copper selenide precursors and
of their structural characterisation are described. Furthermore the synthesis of reference samples
prepared by other methods is introduced. The characterisation of both annealed stacked precursors
and reference samples allows direct comparison and more knowledge and insight to be gained. All
electrodeposited precursors are annealed in a closed tube furnace with elemental selenium, whilst
vacuum deposited samples are prepared in a physical vapour deposition machine. Finished absorber
layers and absorber formation processes are characterised by SEM, EDX, XRD, AES, and EBSD.

15.1. Synthesis

15.1.1. Electrodeposited stacked binary selenide layers

The main analysis is performed on electrodeposited binary selenide precursors. These precursors have
been prepared according to chapter 11. Stacks with different Cu/In ratio will be compared (chapter
16).

15.1.2. Indium selenide + Cu + Se precursors

The in-situ XRD experiments in figure 19.7 have been performed on a precursor where the electrode-
posited copper selenide layer has been substituted by an elemental Cu and Se layer. Unfortunately
the electrodeposition of a smooth and compact Cu layer on top of an electrodeposited indium sel-
enide film was not successful in this thesis. The obtained films consisted of small particles and the
lateral uniformity was insufficient. Therefore the elemental Cu layer was deposited by sputtering,
which resulted in a smooth film. An elemental Se layer has been evaporated on top of the Cu layer.
Both layers have been deposited by Guillaume Zoppi (Northumbria University). The Se layer was
supposed to provide the necessary Se during annealing, because no elemental Se was added in the
hotstage experiment. Additionally it protects the sputtered copper film from oxidation. The overall
composition of the complete stack is slightly Cu-rich (Cu/In atomic ratio = 1.14). The thicknesses
of the Cu and Se layer were chosen to match the Cu/Se ratio in the electrodeposited Cu-Se film.
The sputtering was done at low temperatures in order to avoid a reaction between Cu and Se. A
XRD diffractogram of the complete stack shows a dominating Cu peak. Also some minor reflections
of CusSe, are observed. The Se capping layer is amorphous.

15.1.3. Coelectrodeposited CulnSe, sample

In chapter 18 the grain size and coherence length (section 18.1.1) of CulnSe,, absorbers prepared from
electrodeposited binary selenide precursors are compared to an annealed coelectrodeposited CulnSe,
sample. The preparation of the annealed coelectrodeposited sample follows the procedure described
by Dale et al. [21]. All elements (Cu, In, Se) are simultaneously electroplated at room temperature
from a bath containing 2.6 mM CuCl,, 9.6 mM InCl;, 5.5mM H,SeO,, 240mM LiCl in a pH 3
buffered aqueous solution. The electrodeposition potentials are —0.476 V (vs. Ag | AgCl | 3M KCl)
for 20 min followed by —0.576 V for 50 min. The precursor has been annealed in the same set-up
under the same conditions (30 min at 550°C) as the electrodeposited binary selenide precursors
described in section 15.2. A background gas (10% H, / 90% N,) pressure of 10 mbar and excess
elemental Se have been applied during the annealing. Sample “co-ED" has been annealed in the
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15. Experimental

same graphite box as the binary selenide precursors. The annealed absorber is typically single-phase
Cu-poor (Cu/In atomic ratio ~ 0.8) CulnSe, chalcopyrite.

15.1.4. PVD deposited CulnSe, absorbers

For comparison purpose samples prepared by physical vapour deposition (PVD) have been added.
The sample labelled “PVD-Cu-poor” (table 16.1) has been prepared in a “3-stage-process” that is
usually applied for chalcopyrite solar cells with the highest efficiency [130]. In the first stage In and
Se are evaporated onto the substrate having a temperature around 350°C. In the second stage
the substrate temperature is increased to 540 °C while Cu and Se are evaporated. The substrate
temperature is kept constant during the last step, when again In and Se are evaporated. The
absorber composition is Cu-poor.

In the preparation of the absorber labelled “PVD-Cu-rich” constant fluxes of Cu, In, and Se have
been evaporated ending up with an atomic Cu/In ratio of 1.55. The substrate temperature during
the deposition has been 540 °C. The Cu excess is contained in copper selenide phases at the surface
and can be removed by KCN etching [131, 132].

15.2. Annealing of electrodeposited precursors

The electrodeposited precursors have been annealed under Se atmosphere inside a quartz tube fur-
nace. The samples were placed in a graphite box (together with 100 mg Se powder (figure 15.1))
[133, 30, 21]. The volume inside the box was reduced by a glass slide and a graphite slide to about
20 cm?. The graphite slide was placed on top of the Se powder to fix it during the pumping of the
chamber. The graphite box fitted tightly into a quartz tube which contained a mixture of 10% H,
and 90% N, as background gas. The pressure of the background gas was usually set to 10 mbar at
the beginning of the experiment and the annealing was done in a stationary atmosphere without a
gas flow. The presence of hydrogen gas during in the annealing process was motivated by the idea
to remove oxides from the sample. It has been shown for metal precursor stacks that annealing in a
hydrogen atmosphere can prevent indium loss [134]. It has further been reported that annealing in
hydrogen changes the defect concentrations in the absorber [135].

In the initial step the sample was heated to 100°C for 30 min which was supposed to remove
adsorbates from the surface. The actual annealing followed at 550 °C for 30 min. At the end the
sample slowly cooled down to room temperature (figure 15.2). The thermal inertia of the oven and
heat losses cause a derivation of the real temperature profile of the graphite box from the ideal steps
programed in the temperature controller (figure 15.2). The actual annealing temperature in °C is
about 4% lower than the stated controller temperature. This was determined with an additional
thermocouple directly connected to the graphite box.

glass slide quartz tube

resistive heatin% soolesee

valve | N -)gauge
- 2 N~—1
- *t - valve
| H, |

oo/‘ooo ©©6 99008 |ihermocouple
Se powder samples graphite slide

Figure 15.1.: Annealing set-up
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Figure 15.2.: Typical annealing temperature profile measured at the graphite box. The controller
temperature is indicated by the dotted line.

15.3. Characterisation techniques

A general introduction to SEM, EDX, XRD, and ICP-MS is given in chapter 3. This chapter will
discuss specific issues of the techniques related to this part of the thesis and further introduce the
principles of AES and EBSD.

15.3.1. Ex-situ and in-situ XRD

The samples measured by ex-situ XRD in chapter 19.2.1 have been annealed in the oven described in
the previous section 15.2. The standard conditions of 100 mg Se powder and a H,/N, background
gas pressure of 10 mbar have been applied. The temperature of the actual annealing step was varied
between 250 °C and 550 °C. Afterwards the annealed absorbers were analysed in a # — 26 configured
XRD set-up (section 3.2).

For in-situ XRD measurements the samples were annealed in a special sample stage which could
be mounted to the XRD goniometer (figure 15.3). Grazing incidence configuration with an incidence
angle of 4° was used to record the diffractograms (section 3.2). The sample was covered by a thin
graphite dome which is transparent to X-rays, but causes additional reflections at 28.6° and 26.1°.
The graphite dome allows to maintain an inert atmosphere during annealing. The pressure is adjusted
by an overpressure valve opening at 250 mbar above atmosphere. No elemental Se has been added
in the annealing to avoid contamination and reaction of the stage. The temperature was linearly
ramped up from 40 — 50°C to 550 °C within 77 min. 20 scans of each 4min were taken during
the heat up process, i.e. during each scan the temperature continuously increased by 27 — 28 °C.
Afterwards the sample was kept at 550 °C for 30 min. Finally the sample was cooled down to 50 °C
again within 58 min. Also during the constant temperature step and the cooling a new scan was
recorded every 4 min.

15.3.2. ICP-MS impurity measurements

The trace cation impurities in several samples have been studied by ICP-MS. The samples can be
categorised to the following classes:

1. absorbers prepared by PVD in a 3-stage process [130]

2. absorbers prepared by annealing electrodeposited binary selenide precursors
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Figure 15.3.: Set-up for in-situ XRD measurements

3. precursor stacks and single layers prepared by electrodeposition

All samples have been prepared on soda-lime glass (SLG) and boro-aluminosilicate glass (BAG).

The measurement of trace cation impurities requires a more careful sample preparation than for a
simple determination of film composition. Especially a long contact between the glass substrate and
the acids during the dissolution process of the samples must be avoided. Otherwise the dissolution
of the glass substrate increases the impurity level. The dissolution rate of Na from soda-lime glass
is about 3 ug/ (cm2 : h) at pH 2 and is therefore a significant contribution to a thin film sample
of 1.4mg/cm? [136, 137]. In case of the finished absorbers the absorber layer was scraped with a
highly pure Cu-plate. The obtained powder was afterwards dissolved in acid to obtain a liquid sample
for ICP-MS. Scraping was not successful for samples containing an indium selenide layer, because
the latter adheres strongly to the Mo substrate. These precursor stacks have been dipped with the
sample side into aqua regia. As soon as the precursor and the Mo had dissolved the remaining glass
substrate was taken out again. The dissolved samples were processed by ICP-MS as described in
section 3.3. 5 blank solutions have been processed in the same way like the sample solutions and
defined the background contamination level of the process. Also Mo coated glass substrates without
sample coating have been processed to determine the impurity caused by the dissolved Mo layer.
The background contamination level was subtracted from the masses measured by ICP-MS. For the
precursor stacks and single layers also the Mo impurities have been subtracted.

Although ICP-MS has a detection limit of ~ 1 ppt for many elements [138], the quantification limit
can be much less. Its actual value depends on the element, the preparation procedure, concentration
limits to avoid instrument contamination, etc. In the recent procedure especially alkali metals have
a high quantification limit of 12 ug/sample. Nevertheless it is still possible to discuss these results
qualitatively as long as they are significantly above the background contamination level.

15.3.3. Auger-Electron Spectroscopy (AES)

Auger-Electron Spectroscopy (AES) is a surface sensitive technique to measure the composition of
samples. An electron beam is focused on the sample and removes electrons from the inner shells
of the atoms. The remaining hole can be filled again by the relaxation of another electron from an
outer shell. The energy that is released in the relaxation process can be emitted as X-ray photon
(principle of EDX). Another possibility is the exciton of an Auger electron from an outer shell (figure
15.4). The energy of the Auger electron depends on the energies of the atomic shells and is therefore
characteristic for each element. The typical energy of the Auger electrons is 20 — 2000eV. Taking
into account the mean free path of electrons in a solid only electrons generated 0.5 — 5nm away
from the surface can escape the sample [52]. In order to obtain depth profiles the sample is ablated
by sputtering with Ar ions. The ablation is paused to record the AES spectra.

The AES depth profiles in this thesis (figures 16.1a, 16.1b, 19.3) have been recorded with a primary
electron beam of 10kV acceleration voltage and 1 nA current. The sample was sputtered with 3kV
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Art jons and a current of 3A on an area of ~ 1mm?. The sputtering was done at an angle

of about 45° to avoid roughening of the sample. The sensitivity factors of each elemental in the
composition analysis have been determined on a PVD CulnSe,, reference sample (Cu-rich grown and
KCN-etched).

b)

O0eVy

Figure 15.4.: Auger effect: a) An electron vacancy is created at an inner shell. b) When the vacancy
is filled again from an outer shell, an Auger electron is emitted that carries the energy
from the relaxation process.

15.3.4. Electron Backscatter Diffraction (EBSD)

Electron Backscatter Diffraction (EBSD) is a technique to obtain microscopic resolved information on
the structure of a material [139]. Similar to XRD it can be used for phase identification. In this thesis
it has been applied to measure the orientation of crystallites (figure 18.3). EBSD measurements can
be performed in an extended SEM set-up. The electron beam is diffracted on the sample and a
diffraction pattern is obtained on an area detector (figure 15.5). The orientation of the crystallite at
the spot of measurement can be calculated from the pattern. The sample is scanned by the electron
beam which results in an orientation map (figure 18.3, coloured map). A primary electron voltage
of 15kV and a current of 5nA were used to record the EBSD maps.

While SEM cross section pictures can be taken on a simple breaking edge, EBSD maps require
a more careful sample preparation. The samples have been mechanically polished, afterwards ion
polished and in the end coated with a thin carbon film to ensure electrical conductivity [140].

Figure 15.5.: EBSD pattern of CulnSe,. The pattern lines have been redrawn with fine white lines.
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16. Chemical compositional characterisation

The aims of this chapter are to define the bulk chemical composition of the samples to be used
throughout the rest of this thesis and to examine the in-depth homogeneity. The bulk chemical
composition, in particular the Cu/In ratio is of importance when discussing both the structural and
opto-electronic properties of the absorber layer. Several absorber layers have the same composition
but were annealed under different background gas pressures. Finally the in-depth chemical com-
position is measured for both copper rich and copper poor absorber layers to demonstrate their
differences.

16.1. Sample definition and bulk chemical composition

A Cu-poor, stoichiometric and Cu-rich precursor have been electrodeposited by adjusting the thickness
of the plated copper selenide top layer. Additionally two samples have been annealed under higher
background gas pressure. Their precursors were intended to have a Cu/In ratio of 1, although
sample “"ED-stoich-500mbar” slightly deviates from this set value. All precursors have been annealed
for 30 min at 550 °C (section 15.2). The composition of the annealed absorbers is shown in table
16.1. All precursors contain Se in excess, e.g. the Se/(Cu+In) atomic ratio of a stoichiometric
precursor (i.e. Cu/In = 1) is 1.42 + 0.08. During the annealing the excess Se evaporates and the
Se/(Cu+In) atomic ratio of all absorbers is close to 1.

The Cu-rich sample shows a higher Cu/In ratio in the as-annealed absorber than has been intended.
This is probably caused by an overestimation of Cu in EDX, because the excess Cu forms copper
selenide phases at the surface. The absorber is etched in a 5% potassium cyanide (KCN) solution
at room temperature for 2min. It is known that KCN etching selectively etches copper selenide
phases [131, 132]. After KCN etching the Cu-rich absorber has a Cu/In ratio of 1 indicating that
excess copper was present in a secondary phase. The presence of copper selenide in sample “ED-Cu-
rich-10mbar” will be confirmed by XRD in figure 17.3. For comparison purpose samples prepared by
physical vapour deposition (PVD) have been added (section 15.1.4).

16.2. Composition Depth Profiles

Composition depth profiles have been recorded by AES to check if the reaction of the precursor stack
is complete or if residuals of the initial phases are left.

In case of the KCN etched “ED-Cu-rich-10mbar” precursor the measured composition is constant
from the surface to the back contact (figure 16.1a). The elemental ratios correspond to the stoi-
chiometric composition Cu:In:Se = 1 : 1 : 2. That means the complete indium selenide layer has
reacted into CulnSe, and the Cu excess has formed copper selenide phases at the surface (see
chapter 17.3) which have been removed by KCN etching. The situation is different for the “ED-
Cu-poor-10mbar” precursor. The top 1800 nm have a constant Cu-poor composition (Cu/In atomic
ratio 0.8). However close to the back contact the Cu-concentration drops while In and Se increase.
It must be assumed that the back side of the absorber is not completely reacted. Depending on
the degree of Cu-incorporation at the back either In,Se;, an ordered vacancy compound (Culn,Se;
or Culn;Seg) or a very Cu-deficient CulnSe, is formed. The relative composition at the interface
is Cu:ln:Se = 1: 3.3 : 5.8 (measured at 2150 nm depth, where the In signal is maximum) which
is close to the vacancy compound Culn;Se;. An accurate determination of the composition at the
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16. Chemical compositional characterisation

Table 16.1.: Preparation conditions (first table) and composition (second table) of CulnSe,, absorbers
which are further analysed in parts |l and Il of this thesis. “ED" denotes electrodeposited
precursors and “PVD" absorbers synthesised by physical vapour deposition (section
15.1.4). All atomic ratios are averages of 2-4 EDX measurements. Their error is around
+0.05 if not otherwise stated. The etching was done for 2min in a 5% KCN solution

backcontact is difficult, because the signal drops fast. Nevertheless the Cu content is probably too

preparation
sample intended Cu/In ‘ annealing pressure
ED-stoich-10mbar 1 10 mbar
ED-Cu-rich-10mbar 1.2 10 mbar
ED-Cu-poor-10mbar 0.85 10 mbar
ED-stoich-500mbar 1 500 mbar
ED-stoich-1000mbar 1 1000 mbar

after annealing

after KCN etch

sample Cu/In ‘ Se/(Cu+In) | Cu/In ‘ Se/(Cu+In)
ED-stoich-10mbar 0.98 0.99 0.98 0.97
ED-Cu-rich-10mbar 1.474+0.12 0.92 1.02 1.00
ED-Cu-poor-10mbar 0.92 1.03 0.91 1.02
ED-stoich-500mbar 0.94 1.04 0.94 0.99
ED-stoich-1000mbar 1.03 1.05 1.03 1.03
PVD-Cu-poor 0.92 1.03

PVD-Cu-rich 1.55 0.91 1.03 1.03

at room temperature.

low to allow a very Cu-deficient CulnSe, phase.

CulngSe;) at the back contact for the Cu-poor sample.
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In summary the composition of the annealed absorbers can be simply controlled by adjusting the
layer thicknesses in the precursor stack, because no major change in Cu/In ratio is observed during
the annealing. The uniformity of the samples is sufficient to compare different growth conditions
(e.g. Cu content or background gas pressure during annealing). The composition depth profile is
constant in the Cu-rich case but an incomplete reaction causes an ordered vacancy phase (probably




16.2. Composition Depth Profiles
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Figure 16.1.: Composition depth profiles determined by AES of a) a Cu-rich b) a Cu-poor CulnSe,

absorber after KCN etching. The settings of the AES measurements are given in section
15.3.3.
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17. Crystallographic characterisation of the
absorber layer

X-ray diffraction is a powerful technique which enables the crystallographic structure of the phases
present in a thin film to be measured. Further it can be used to detect secondary phases, estimate
crystal sizes, measure unit cell distortions, and show the presence of strain. In this chapter XRD
measurements are used to demonstrate that CulnSe, was indeed formed from the annealed stacked
binary precursors and also a minority copper selenide phase was observed for the copper rich samples.
Detailed measurements of the unit cell proportions were made for all samples, including reference
samples, to see if the Cu/In ratio or annealing conditions effected the ratio of the dimensions, and
hence the unit cell distortion. This chapter begins with a brief discussion of the chalcopyrite CulnSe,
unit cell and a survey of the literature on unit cell distortions.

17.1. Background

17.1.1. Structure of chalcopyrite

S

Figure 17.1.: Structure of chalcopyrite CulnSe,

Chalcopyrite CulnSe, belongs to the tetragonal crystal system. lts structure is shown in figure 17.1.
For a tetragonal crystal system the lattice plane distance dpx; in diffraction experiments is con-
nected to the Miller indices (hkl) of the peak by [141]:

1 1 a?
= (W2 + =P 17.1
d,zlkl a? ( TR c? ( )

with a and ¢ being the lattice constants. The diffraction angle 6y;; can be calculated with the
knowledge of the wavelength X\ of the incident beam by the Bragg condition:

A
2dpp

sin thl = (17.2)
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17. Crystallographic characterisation of the absorber layer

Chalcopyrite CulnSe, belongs to space group 142d, i.e. the extinction rules from table on the
current page apply for the observed reflection hkl [142, 143].

| reflex | hkl | hW | RkO | Okl |
’condition‘h+k+l:2n‘2h+l:4n‘h+k:2n‘k+l:2n‘

| reflex | 000 | ROO | hhl |
’condition\l:4n\h:2n\h:2n‘

Table 17.1.: Extinction rules of the space group 142d [142, 143]

17.1.2. Tetragonal distortion

From equation 17.1 it is obvious that the (204) and (220) peaks coincide for a chalcopyrite structure
with ¢ = 2a. For CulnSe, the lattice is slightly distorted in a way that the tetragonal distortion
parameter 17 = c¢/2a is above 1. This causes a splitting between the peaks. The extent of the
splitting depends on 7 and also on the value of the lattice parameter a.

The tetragonal splitting in a CulnSe, absorber decreases with a lower Cu/In ratio. This has been
reported by Merino et al., who grew polycrystalline samples of various Cu/In ratios from a melt [144].
They obtained the lattice parameters a and ¢ from Rietveld refinement of the XRD diffractograms.
The splitting can then be calculated by equation 17.1. It is interesting to note that the distortion
parameter n = 1.005 was constant for all compositions. The observation of 1 being constant has
been recently confirmed by refinements from neutron scattering experiments on powder samples with
Cu/In ratios between 0.84 and 1.04 [145, 146]. That means the trend in the splitting is not caused
by a different distortion of the lattice but the size of the unit cell changes with film composition.
The data of Merino et al. can be approximated by linear regression:

Ad[pm] = d204 - d220 [pm] = (0.41 + 0.04) + (0.10 + 005) : (Cu/ln) (17.3)

Ad denotes the splitting of the djy; values for the (204) and (220) reflection in picometres. (Cu/In)
is the atomic ratio in the film. It should be noted that the Cu/In ratio in [144] was determined
from the occupancy of the Cu sites in the refinement. The Cu/In ratio determined by EDX can
deviate from the one obtained by the refinement if Cu ions are located on interstitial sites [144].
Paszkowicz et al. accurately determined the lattice constants of stoichiometric CulnSe, by Rietveld
refinement of a powder sample [147]. From these values a difference in lattice plane distance of
Ad = (0.4922 + 0.0006) pm can be calculated by formula 17.1.

The distortion parameter 7) has also been determined for coevaporated thin film absorbers in [148].
In this case 7 and the lattice constant a both change with Cu/In ratio. A Ad splitting of 1.6 pm
for Cu/In = 0.86 and 2.7pm for Cu/In = 1.23 can be calculated from the reported values. The
splitting in the thin film absorber is 3 — 5 times larger than in bulk or powder samples and also
its change with Cu/In ratio is about 30 times more. Nevertheless this result must be interpreted
sceptically, because the lattice parameters have not been determined by an accurate refinement but
from a simple Nelson-Riley plot with three or less datapoints [148].

Kétschau determined the lattice constants of coevaporated CulnSe, thin film absorbers with vari-
ous Cu/In ratios by Rietveld refinement. For Cu-poor absorbers he obtained the following dependence
of the lattice constants on the atomic Cu/In ratio [149]:

o o

a = (5.798 + 0.003)A — (1 — Cu/In) - (0.057 & 0.007)A (17.4)

o o

¢ = (11.624 + 0.013)A — (1 — Cu/In) - (0.155 & 0.032) A (17.5)

The corresponding splitting of the lattice planes Ad can be calculated from the lattice parameters
by equation 17.1.
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17.2. Results and Discussion

It has been reported that the tetragonal distortion in Cu-poor Cu-llI-VIy (with Il = In or Ga;
VI = Se or S) is linked to the grain size of the material [146]. A deviation from n = 1 causes
strain inside the lattice and promotes the formation of extended defects. These defects lead to
a reduced grain size during the crystallisation process. This argumentation is not longer valid for
Cu-rich material. A higher Cu content can accelerate the kinetics of grain boundary motion which
promotes a homogeneous micro-structure of the bulk material [146].

Balboul et al. state that the best device performance is obtained if the tetragonal splitting vanishes
(i.e. ¢ = 2a) [150]. They conclude this from a series of samples, where the Ga content is varied from
CulnSe, to CuGaSe,. At an atomic ratio of Ga/(Ga + In) ~ 0.2 the device efficiency is maximised
and the splitting vanishes.

In summary the change of the tetragonal splitting with Cu/In ratio is larger for thin films than
for bulk or powder samples. There are indications that a reduced tetragonal splitting (n ~ 1) is

correlated to a better solar cell performance.

17.2. Results and Discussion

The XRD diffractogram in figure 17.2 verifies the formation of the CulnSe, chalcopyrite structure
for the annealed samples. This is true for all samples mentioned in table 16.1. In case of the Cu-rich
precursor additional copper selenide (Cu,__Se) is formed as a secondary phase. Its peaks are close to
the main reflections of CulnSe, (figure 17.3). It is expected from the phase diagram of Cu-In-Se that
in case of Cu-rich growth conditions stoichiometric CulnSe, is formed and the copper surplus leads
to the appearance of Cu,Se secondary phases (figure 14.3). Etching in a KCN solution removes the
peaks in XRD indicating that the copper selenide phases are present at the surface of the absorber

[131, 132].

(204/220)
116/312
(008/400)
(228/424)

2
|

(211)

-Eé—QM)
MoSe2
(323)

(105/213)

MoSe

(411)

@3y ...

Intensity

20/°

Figure 17.2.: GI-XRD diffractograms of annealed Mo/In-Se/Cu-Se samples after KCN etching. The
background annealing pressure has been a) 10mbar [*ED-stoich-10mbar”] and b)
1000 mbar [“ED-stoich-1000mbar”]. The reflections of CulnSe, are labelled with their
corresponding Miller indices. The grazing tube angle (4°) has been chosen to record

also a part of the substrate signal.
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17. Crystallographic characterisation of the absorber layer
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Figure 17.3.: Main XRD reflections of the Cu-rich sample "ED-Cu-rich_10mbar” directly after an-
nealing (dashed line) and after 120 s KCN etching (solid line). The Miller indices refer to
directions in CulnSe,. All diffractograms have been normalised to the (112) reflection
and slightly smoothed.

The composition depth profile of sample “ED-Cu-poor-10mbar” has shown a secondary phase at the
back contact (figure 16.1b). It is interesting to see if this is validated by XRD. There are no additional
reflections observed for the sample “ED-Cu-poor-10mbar” in comparison to the stoichiometric sample
“ED-stoich-10mbar" (not shown). The prominent (110) and (116) peaks of v — In,Se are located
at 24.97° and 37.55 °, where they do not interfere with CulnSe,. Also the major reflections of other
In,Se; polymorphs have peaks which are clearly separated from the CulnSe, reflections. This rules
out the formation of an In,Se; phase at the back.

The structure of CulngSe; is similar to CulnSe, and most reflections are very close to each
other. Since the contribution of CulnsSe; is expected to be low, it can probably not be resolved
from the CulnSe, peaks. However due to less restrictive extinction rules several reflections exist
for Culn;Sey exclusively!. None of them are observed for “ED-Cu-poor-10mbar”. In contrast to
In,Se; the mentioned reflections are not the most intense peaks but rather weak side peaks. Since
the secondary phase is located at the back contact and is only a minor share of the total absorber,
it is likely that the reflections disappear in the background noise. Combining the results from the
composition profile (figure 16.1b) and the diffractogram it can be assumed that the back contact
phase in sample “ED-Cu-poor-10mbar” is an ordered vacancy compound; probably Culn;Se;. A
very Cu-deficient CulnSe, phase can be excluded, because of the low Cu content at the back. An

1

20/° 15.37 21.81 35.25 47.30

reflections  (002) (102) (114) (006)
(100) (110) (212) (214)

(222)

(300)

Reflections of Culn;Se; which are excluded for CulnSe,. The positions have been calculated with the software
“Powdercell"[151] from the data in [129]. There are additional exclusive peaks of Culn;Se, which are not mentioned,
because their intensity is either very weak or they are interfering with close CulnSe, reflections.
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17.2. Results and Discussion

In,Se; phase can be ruled out, because the major XRD reflections are absent.

The incidence angle of the diffraction set-up was chosen large enough (4 °) to record signal of the
Mo substrate. For sample “ED-stoich-1000mbar” annealed at a high background gas pressure no
Mo reflection can be observed any more in the diffractogram 17.2b. Instead, peaks of molybdenum
selenide MoSe, appear. The higher background gas pressure has slowed down the outdiffusion of Se
vapour from the heating zone in the oven and the increased Se partial pressure selenised the Mo back
contact. A similar observation has been made by Volobujeva et al. for coelectrodeposited CulnSe,,
absorbers that have been annealed under different Se overpressures. In this case the thickness of the
MoSe, layer at the back increases with the Se pressure [152].

A way to learn more about the lattice parameters of CulnSe, is to look at the splitting of the
(204)/(220) peak doublet. It requires a high resolution but is rather insensitive to height displacement
of the sample or a position offset of the detectors. In figure 17.4a and 17.4b the experimental data
has been fitted with two peak profiles in order to locate the position of the reflections. Each
peak profile is a superposition of two Pseudo-Voigt functions taking into account that two X-ray
wavelengths (Cu Koy and Kag) are present in the diffraction. It can already be observed in figure
17.4 that the Cu-rich sample “ED-Cu-rich-10mbar” shows a slightly larger splitting than the Cu-poor
one (“ED-Cu-poor-10mbar”).

B L Trrrrrr oot Trrrrr oot Trrrr oo T ]
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Figure 17.4.: Highly resolved XRD diffractogram of the splitting between (204) and (220) peak
in CulnSe, for samples a) “"ED-Cu-rich-10mbar” and b) “ED-Cu-poor-10mbar”. The
peak doublet has been fitted with a Pseudo-Voigt profile. Each reflection is doubled
by the presence of the Cu Koy and Kas line. The positions of the Ka; maxima for
the (204) and (220) reflection are marked on the axis. The diffractogram has been
recorded in Bragg-Brentano configuration with a parallel beam. The x-axis is valid for
both subplots. The fitting was done with the software WinPlotr [153].
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17. Crystallographic characterisation of the absorber layer

This trend is confirmed in table 17.2 where the splitting of all samples from table 16.1 is recorded.
The splitting of the (204)/(220) is reduced the more Cu-deficient the chalcopyrite absorber is.

tetragonal splitting
(exp.) | (calc. bulk) | (calc. thin film)
’ sample ‘ Cu/In atomic ratio | Ad/pm Ad/pm Ad/pm

ED-Cu-poor-10mbar 0.91 0.394 0.501 0.215
PVD-Cu-poor 0.92 0.384 0.502 0.218
ED-stoich-500mbar 0.94 0.411 0.504 0.225
ED-stoich-10mbar 0.98 0.415 0.508 0.240
ED-Cu-rich-10mbar 1.02 0.435 0.512 0.254
ED-stoich-1000mbar 1.03 0.406 0.513 0.258
PVD-Cu-rich 1.03 0.473 0.513 0.258

Table 17.2.: Splitting between (204) and (220) reflections in XRD for Cu Kaj radiation. The
composition after KCN etching has been taken from table 16.1. The experimental
splitting was determined from fitting high resolved diffractograms of the (204)/(220)
doublet (figure 17.4). The splitting was calculated for bulk absorbers by equation 17.3
[144] and for thin film absorbers by equations 17.4, 17.5, and 17.1 [149]. The latter
equations have been reported for Cu-poor absorbers and are extrapolated to an atomic
Cu/In ratio of 1.03. The errors are the following: Cu/In ratio £0.05, experimental
splitting +0.006 pm, calculated bulk splitting £0.06 pm, calculated thin film splitting
40.21 pm.

Table 17.2 also contains Ad values interpolated from the bulk samples of Merino et al. (equation
17.3) [144]. The change of the tetragonal splitting with composition is about eight times more for
the thin film absorbers measured in this thesis. Therefore it must be concluded that the change in
the composition is not the only cause for the different tetragonal splitting. It is likely that strain in
the thin film also affects the lattice constants and the distortion parameter n and thus influences the
splitting. Then it can be assumed that Cu-poor growth conditions cause a strain that reduces the
lattice distortion and brings it closer to 7 = 1. In this way the Cu/In ratio is not directly influencing
the splitting but indirectly through a change of strain in the thin film. Since equation 17.3 was
approximated for polycrystalline bulk samples it does not include a possible strain effect for thin
films.

The tetragonal splitting Ad calculated from the coevaporated thin film samples of Kétschau
(equations 17.4 and 17.5) [149] is roughly half the value that has been measured in this thesis (table
17.2). The difference is within the error of the measurement. The statistical error calculated from
the errors of the lattice constants is large, because two similar d values are subtracted to obtain
the splitting Ad. The error of Ad is mainly determined by the errors of the lattice constants and
the Cu/In ratio. If only the errors of the composition dependence of the lattice constants are taken
into account the error of Ad decreases to values between +0.008 pm and 4+0.036 pm. That means
although the absolute value of the calculated Ad is uncertain, it is still possible to compare the
relative differences between the samples. The change in the tetragonal splitting Ad with absorber
composition calculated from the coevaporated thin film samples of Kétschau [149] is about half the
value that has been measured in this thesis (table 17.2). Thus the change of Ad with composition
measured in this thesis is similar to coevaporated CulnSe, thin films but different to bulk absorbers.
Therefore it can be concluded that the change in Ad with composition measured for our absorbers
is not an effect of the absorber preparation from electrodeposited binary selenides but an effect of
the thin film configuration. It supports the hypothesis of composition dependent strain in the thin
film.

Strain is also a possible explanation why the high-pressure annealed sample “ED-stoich-1000mbar”
does not integrate into the general trend. Its grain size is several times larger than for the other
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17.2. Results and Discussion

samples (figure 18.1) which can have stronger effects on the strain (e.g. the absence of stress
relieving grain boundaries) than the composition difference in growth.

In summary the formation of chalcopyrite CulnSe, has been verified for absorbers annealed from
electrodeposited binary selenide stacks. A Cu-rich precursor stack leads to an additional formation of
Cu,_,Se phases. The tetragonal splitting of the (204) and (220) reflection varies with composition.
This variation is larger than expected from bulk measurements in literature. It can be explained by
composition dependent strain in the thin film.
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18. Absorber layer structural crystal quality

High quality absorber layers of Cu(In,Ga)Se, normally consist of grain sizes of above one micron
that often extend from the back contact to the buffer layer. However, absorber layers produced
by electrodeposition and annealing often have smaller grain sizes, if the annealing step does not
recrystallise the precursor. The role of grain boundaries in Cu(In,Ga)Se, absorber layers is still unclear,
but the highest efficiency devices have very few of them, and hence larger grains are preferable. In this
chapter the basic principle of grain size determination from x-ray diffraction patters is explained, and
applied to all the fabricated absorber layers. Results are compared with measurements obtained from
SEM and EBSD measurements. Specifically the hypothesis that stacked binary selenide precursor
layers can give larger grains after annealing than precursors where all the elements at once have been
deposited is tested.

18.1. Background

18.1.1. Scherrer formula

The grain size of a material is often determined by a SEM picture of its cross section. This method
makes use of the fact that a weakly bonded mineral tends to break along its grain boundaries [154].
However it is often difficult to estimate the grain size from SEM cross section. In addition these
grains are not necessarily single crystals. Therefore it is helpful to use XRD diffraction data as
a complementary method to determine crystal quality. The broadening of the reflections in XRD
depends on the number of contributing lattice planes, similar to the diffraction at multiple slits. It
is possible to obtain a coherence volume from the breadth of the reflections. Within the coherence
volume the material is a perfect single crystal without grain boundaries or stacking faults. The
average dimension D of the coherence volume is given by the modified Scherrer formulal [155]

A
 Baize(20) - cos(0)
A is the X-ray wavelength, 6 the diffraction angle, D the coherence length, and Ss;..(20) the integral
breadth (peak area divided by maximum height) of the reflection in radians. It must be considered
that the measured integral breadth (5,,s of the XRD reflection contains a contribution ;s of the

instrumental broadening which has to be deconvolved before. In case of Pseudo-Voigt profiles this
deconvolution can be approximated by the subtraction [156]

D (18.1)

2

Bsize ~ Bobs - Binztr (18.2)
obs

The accuracy of (e is improved if the instrumental broadening [;,st is reduced as much as
possible. In the following measurements the resolution of the XRD instrument has been improved to
Binstr (20 = 30°) = 0.05° by using a 0.1 mm small divergence slit and anti-scatter slit (section 3.2).

Micro-strain inside the sample can also contribute to the width of the diffraction peaks. This has
been described by Wilson and Stokes [157]:

cot (0)
/Bstrain = (183)
Nstrain
'The original Scherrer formula is D = =ias——. It is derived for the full-width half-maximum (FWHM) of

FWHM 29)-:305(0)
the reflections and contains a form factor K which depends on the shape of the coherence volume and is usually

close to unity [155].
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18. Absorber layer structural crystal quality

Nstrain 1S the “apparent strain” and a measure for the distortion in the lattice. The different
angular dependence of Bs;.. and SBstrain allows to separate both contributions. If only a single peak
is analysed it is not possible to distinguish size and microstrain broadening.

18.1.2. Influence of Se partial pressure on grain size and coherence length

It has been shown for coelectrodeposited precursors and metal stacks that a higher Se pressure in
the selenisation process can considerably increase the grain size [25, 24, 158, 152]. Lopez-Garcia and
Guillen annealed Cu/In precursors in a partially closed graphite box containing different amounts of
elemental Se [158]. For higher additions of Se they observed a larger coherence length in XRD and
a more pronounced (112) orientation. These effects are weakened again if the amount of Se excess
is too high. The copper selenide phase detected after annealing changes from Cu,_,Se to CuSe if
more Se is present.

Guillemoles et al. have been the first who studied the improvement of coelectrodeposited precursors
by annealing in Se atmosphere [24, 25]. They annealed in a two-temperature-zone furnace that
allowed them to vary the sample substrate temperature and the temperature of the Se atmosphere
separately and showed that an absorber annealed under high Se pressure gives grains with a lateral
extension up to 5 um [24]. For moderate Se pressures the absorber composition has an influence on
the recrystallisation revealing larger grains for Cu-rich samples than for In-rich ones. The presence
of Se during annealing is essential to obtain a photoluminescence response, because otherwise non-
radiative recombination processes dominate. On the other hand excess Se causes a “dead layer”
at the surface that has a high defect density, is very conductive and therefore shunts the finished
device. Guillemoles et al. also present a growth model to explain the important role of Se in the
recrystallisation process. The model contains two possible mechanisms that can also act together.

The first mechanism explains the recrystallisation by a liquid phase sintering process [25]. A Se-
rich liquid phase surrounds the CulnSe, grains and attracts them by capillary forces. The liquid
allows high interdiffusion rates between the grains resulting in a faster process than solid state
sintering [159]. A liquid assisted growth has also been proposed for the rapid thermal annealing of
polycrystalline CulnSe, absorbers which enhances the grain size [160, 9]. The liquid is supposed
to consist of molten copper selenide phases. It can either accelerate the ion diffusion between the
grains or serve as a fluxing agent for the dissolution of CulnSe,. These rapid thermal annealing
experiments have been performed at 850 °C. In case of the annealings at 400 — 450 °C by Guillemoles
et al. the temperature is not sufficient to melt copper selenide (melting point 523 °C according to
reaction 14.6; figure 14.2). Therefore it is assumed that elemental Se forms the liquid phase (melting
point ~ 220 °C [89]) [25].

The second mechanism explains why Se can also favour recrystallisation in the solid state. Se-rich
material has a high density of cation vacancies and therefore promotes the diffusion of copper and
indium ions. The higher mobility of the cations improves recrystallisation and diminishes defects in
the material. On the other hand negatively charged cation vacancies are trapped at the surface of
the CulnSe, due to its p-type band bending. This could explain the reason for the observed “dead
layer”.

Chen and Wang have recently reported that the grain size of CulnSe, from a mixture of Cu,Se and
In,Se; nanoparticles significantly enlarges, if the annealing is done in an elemental Se atmosphere
[161]. Similar to Guillemoles they assign the larger grain size to the presence of a liquid during
growth. They postulate a low melting Se-rich copper selenide phase as flux agent above 450 °C, but
do not give experimental proof for this.

18.2. Results and Discussion

One motivation for the application of binary selenide precursors has been the idea of improved crys-
tallisation during the annealing. The higher reactivity of the binary selenide phases in comparison
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to coelectrodeposited precursors provides an additional driving force for (re-) crystallisation (section
2.3). SEM cross section pictures (figure 18.1) confirm this idea. The grain size of an annealed co-
electrodeposited sample (section 15.1.3) is estimated below 100 nm from the SEM cross section. For
a binary selenide precursor annealed under the same conditions (figure 18.1b) the average grain size
is estimated from the SEM cross section to be around 1 pm. This value refers to the bulk of the layer.
At the surface also smaller grains (some hundred nm) are scattered, which cannot be explained by
copper selenide phases, because the grains resist KCN treatment. The same morphology is observed
for all electrodeposited sample in table 16.1 that have been annealed at 500 mbar background gas
pressure or below. A further increase in grain size is observed, when the binary selenide stacks are
annealed at a high background gas pressure of 1000 mbar instead of 10 mbar. In this case grains
with a lateral grain size above 5 um extending from the backcontact to the surface are observed.

Figure 18.1.: SEM pictures in top view and cross section view of a) a coelectrodeposited CulnSe,
absorber “co-ED" (section 15.1.3) b) sample “ED-stoich-10mbar” and c) sample “ED-
stoich-1000mbar” annealed at high background pressure. The last two samples have
been etched in KCN.

Figure 18.2 shows the (112) X-ray reflection for a coelectrodeposited absorber and absorbers from
binary selenide stacks annealed at low and high pressure. It is obvious that the annealed binary
selenide stacks show a narrower peak width than the coelectrodeposited sample which has been
annealed under the same conditions. Thus not only the apparent grain size in SEM but also the
coherence length of the crystallites is improved for the binary selenide stacks. The coherence length
is further increased for the binary selenide stack annealed under high background gas pressure. Table
18.1 lists the integral breadth (5,5 and the coherence length of all samples from table 16.1 and the
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Figure 18.2.: Highly resolved XRD diffractogram of the CulnSe, (112) reflection for a coelectrode-

posited [“co-ED"] and annealed absorber (solid line), a stoichiometric sample annealed
at standard conditions [“ED-stoich-10mbar”] (dashed line), and an absorber annealed
at high background gas pressure [“ED-stoich-1000mbar”] (dotted line).The double peak
is caused by the presence of the Cu Kaj and Kas line.

(112) reflection (204)/(220) reflection
sample Bobs(260)/° | coherence length / nm | Bups(26)/° ‘ coherence length / nm
ED-stoich-10mbar 0.068 260 £ 50 0.093 220 £ 50
ED-Cu-rich-10mbar 0.074 210 £40 0.091 240 £+ 60
ED-Cu-poor-10mbar 0.086 150 + 20 0.090 250 £ 70
ED-stoich-500mbar 0.056 600 4 30
ED-stoich-1000mbar 0.049 2000 £ 5000 0.068 o0
co-ED 0.189 50+ 5
PVD Cu-poor 0.057* 500 £ 200* 0.083 300 £ 100
PVD Cu-rich 0.052* 1000 £ 900* 0.075 700 £ 600
GaAs 0.047 00

Table 18.1.: Integral breadth S of the highly resolved CulnSe, (112) and (204)/(220) reflections.
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The samples from table 16.1 have been studied plus an annealed coelectrodeposited
CulnSe,, absorber (“co-ED", section 15.1.3). Some reflections (marked with *) showed
a small asymmetric broadening on the left side that has probably been caused by a
misalignment of the diffractometer. In these cases only the right side of the peak and
the Koy reflection have been considered in the fit. The integral breadth of a GaAs wafer
[(200) reflection] determines the instrumental resolution in case of the (112) reflection.
For the (204)/(220) reflection the instrumental resolution is assumed to be close to the
integral breadth of sample “ED-stoich-1000mbar”. The crystal coherence length has
been calculated by the Scherrer formula 18.1. The error of B, is estimated to be 10%);
the error of the coherence length has been calculated by error propagation from the
Scherrer formula.




18.2. Results and Discussion

annealed coelectrodeposited sample (section 15.1.3). [,ps has been determined from a Pseudo-Voigt
fit of the peak shape (see figure 18.2) with the software WinPlotr [153]. The instrumental broadening
of the instrument has been subtracted according to equation 18.2 and the crystal coherence length
was calculated by the Scherrer formula 18.1. The error of the integral breadth 5,5 can be estimated
by 10%. It must be considered that the Scherrer formula has a singularity, when the observed
peak width equals the instrument resolution. Therefore the error of the calculated coherence length
becomes large, if the peak width is close to the instrument resolution.

Fitting the (204)/(220) doublet in figure 17.4 does not only provide the tetragonal splitting between
the reflections but also their integral breadth, because the measurement has been performed in the
highly resolved configuration (section 3.2). The line width of both reflections, (204) and (220), was
assumed to be equal in the fitting procedure. The results are summarised in table 18.1, where the
coherence length is calculated from the Scherrer formula. As an approximation the integral breadth
of sample "ED-stoich-1000mbar” can be used as the instrumental resolution, because this sample
shows little line broadening in case of the (112) reflection.

It has already been pointed out in section 18.1.1 that a peak broadening can also result from
microstrain within the sample. The line broadening due to a limited coherence length can be separated
from the broadening caused by microstrain, because of their different dependence on the diffraction
angle 6. If microstrain caused a line broadening in the samples, the calculated coherence length in
table 18.1 (which did not considered strain) would be different for different angles 6. Within the
error of the measurement the calculated coherence length is the same for the (112) and (204)/(202)
reflection for most samples. Only the Cu-poor samples show a deviation between both coherence
lengths. That means in the further discussion the effect of microstrain is negligible for most samples.
This holds true for the coelectrodeposited samples, although only one reflection has been measured.
The coelectrodeposited absorber consists of small grains being loosely packed. It is unlikely that they
are strained. Then the peak broadening in figure 18.2 is mainly due to coherence length.

The results in table 18.1 confirm the conclusion from figure 18.2. Binary selenide precursors lead
to a larger coherence length in the absorber than for a coelectrodeposited sample annealed under the
same conditions. The coherence length of annealed electrodeposited binary selenide stacks (150 nm
- 260nm) is still smaller than for absorbers prepared by PVD (300nm - 700nm). It becomes
significantly larger if the background pressure during the annealing of the binary stacks is increased
to 1000 mbar.

For the binary selenide stack annealed at 1000 mbar the breadth of the XRD reflection is very
close to the resolution limit. Therefore Electron-BackScatter-Diffraction (EBSD, section 15.3.4)
maps have been recorded for samples annealed under similar conditions as "“ED-stoich-10mbar” and
ED-stoich-1000mbar” (figure 18.3). Theses maps show the orientation and size of each crystallite
[162].

The absorber annealed at high background gas pressure shows crystallites with a lateral extension
of several microns reaching from the backcontact to the surface of the layer. It turns out that the
grains observed in SEM (figure 18.1c) are single crystals. The grain boundaries are parallel to the
charge carrier flow through the pn-junction. It is therefore expected that they have only a minor
influence on cell performance [163]. There are also grains in the standard annealed sample that
extend from the backcontact to the surface. In contrast to the high pressure annealed sample their
lateral extension is limited to a micron. Additionally smaller crystallites of 0.5 um size or below are
observed. It seems that some grains determined from SEM cross sections consist of several single
crystals. The smaller grain size leads to boundaries which are perpendicular to the charge carrier
flow and might act as recombination centres.

Thus three different methods (SEM, XRD, EBSD) confirm the increase of grain size or crystal
coherence length for higher background pressure. It can be excluded that this is an effect of the
different temperature profile caused by the higher gas pressure. In our oven design the heat is
conducted from the resistive heating through a glass tube and the gas atmosphere to the graphite
chamber (figure 15.1). A thermocouple that has been connected to one side of the graphite chamber
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Figure 18.3.: EBSD mapping of a) absorber annealed at high background gas pressure similar to “ED-
stoich-1000mbar”, b) absorber annealed under same conditions as “ED-stoich-10mbar”.
Pictures al and bl are “quality contrast maps”. Light areas show a strong Kikuchi
pattern. Grain boundaries weaken the Kikuchi pattern and appear dark in the “quality
contrast map”. EBSD maps a2 and b2 show the orientation of each crystallite. Similar
colours represent close orientations. The scale bar in all pictures is approximated.

shows different temperature profiles if the background gas pressure is increased from 10 mbar to
1000 mbar. The graphite chamber heats up 13% faster and reaches a 6°C higher temperature
at higher pressure. In order to see if the change in temperature profile can explain the different
crystallisation two annealings have been performed. A high pressure annealing at a lower heating
rate (similar to the one at low pressure) leads to large grains like in figure 18.1c. A low pressure
annealing to a 6 °C higher temperature does not result in such large grains. Thus the change in the
temperature profile caused by the different gas pressure is not the reason for the different grain size.

The actual cause for the different grain growth is expected to be the change in the Se partial
pressure during the annealing. Although precursor and elemental selenium are placed in a graphite
chamber the system is not entirely closed. This is clearly visible during the annealing, when Se vapours
start condensing at the glass tube outside the heating zone. It means that the Se overpressure is
only contained at the beginning of the annealing until it has diffused out of the graphite chamber.
This outdiffusion of Se is slowed down if the background gas pressure in the oven is raised. In the
approximation of an ideal gas the diffusion coefficient D is inverse proportional to the particle density
n of the gas, i.e. D % o 117 with p being the pressure of the gas. A rough estimation?of partial

2Partial pressures inside the oven. The background gas pressure at 550°C has been calculated by the ideal gas
equation. The partial pressure of Se has been calculated from [164]. In the high pressure system the total pressure
is 100 or 17 times larger at room temperature or 550 °C, respectively.

| [ partial pressure Se / mbar [ partial pressure N2 /H2 / mbar [ total pressure / mbar ‘

high pressure, room temp. 0 1000 1000
high pressure, 550 °C 140 2760 2900

low pressure, room temp. 0 10 10
low pressure, 550 °C 140 28 168
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pressures shows that the diffusion coefficient and therefore also the diffusion kinetics is between 17
and 100 times slower for 1000 mbar background gas pressure compared to 10 mbar background gas
pressure. This is not only true for the outdiffusion of Se vapour of the graphite box but also true for
the loss of excess Se from the precursor. Therefore the higher background pressure ensures a longer
presence of Se overpressure during the annealing process. It is reported in literature that a higher Se
partial pressure during annealing leads to larger grains and a longer coherence length (section 18.1.2)
[25, 24, 158, 152].

In our annealing set-up a doubling of the elemental Se amount in the chamber (200 mg) did not
change the morphology of the samples. It can be estimated that already 100 mg Se are enough to
obtain a saturated Se vapour pressure in the current graphite box3. Increasing the amount of Se will
therefore not increase the partial Se pressure, but prolong the presence of Se vapour in the graphite
box. It provides a supply of fresh Se that replaces the losses due to outdiffusion from the box. If the
absorber benefits from a higher background gas pressure during annealing but not from a doubling
of the provided Se amount, it shows that the first way is more efficient to retain the Se pressure
during annealing. An increase of background gas pressure is also preferred to an increase of excess
Se due to practical considerations, because it reduces the consumption of toxic Se and leads to less
contamination of the oven.

The idea of Guillemoles et al. that a higher Se partial pressure during annealing improves the
recrystallisation of a coelectrodeposited precursor by liquid phase sintering (section 18.1.2, [25]) is
also a promising explanation for the binary selenide precursors. A liquid Se phase can result from
the decomposition of copper selenide as it will be discussed in chapter 19.2.1. If the background
gas pressure is low, the liquid Se will evaporate, because it partly has to compensate the Se losses
caused by outdiffusion from the box. (Another part of the Se losses will be compensated by the
excess elemental Se which has been added to the graphite box.) A high background pressure can
slow down the evaporation process and thus maintain the liquid Se phase at the surface. The liquid
Se phase does not show X-ray diffraction and will not appear in the in-situ diffractograms in figure
19.5 and 19.7.

In summary it has been shown that the annealing of electrodeposited binary selenide stacks leads
to a larger grain size and a longer crystal coherence length than the annealing of coelectrodeposited
precursors under the same conditions. The grain size and crystal coherence length can be further
enhanced, if the background gas pressure during the selenisation process is increased. The conclusion
of Guillemoles et al. that an increased Se partial pressure improves recrystallisation of coelectrode-
posited precursors [25] can likely be transferred to the case of electrodeposited binary selenide stacks.
The higher background gas pressure has shown to be a more efficient way to maintain a high Se
overpressure during annealing than an increase of excess Se provided in the annealing chamber.

3The dominant vapour species of selenium at 550°C is Se, [69]. The volume of the graphite box is 20cm®. The
vapour pressure of selenium at 550 °C is 140 mbar [164]. According to the ideal gas equation this corresponds to a
Se vapour content of 6.5 mg in the graphite box.
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19. XRD characterisation of phase formation

19.1. Background

19.1.1. Phase reactions in binary selenide precursors

An advantage of the binary selenide precursor is the low annealing temperature necessary for the
formation of CulnSe, (section 19.1.2). It has been shown for Mo/InSe/CuSe and Mo/In,Se;/CuSe
binary selenide stacks deposited by migration enhanced epitaxy that already an annealing temperature
between 250 °C and 270 °C for 1h is sufficient for a complete transformation to CulnSe,. In both
cases no intermediate phases have been observed during the reaction [165, 166]. For comparison,
a co-sputtered Cu-In alloy precursor annealed at 300°C for 45 — 70 min still contained secondary
In,Se; and CuSe phases [38].

The mentioned Mo/InSe/CuSe precursor in the work of Kim et al. was heated up to the reaction
temperature (220 —270 °C) within 2—3 min and in the following the phase evolution was recorded by
in-situ XRD during the constant temperature annealing [166]. No intermediate phases were observed.
From the fact that the CuSe phase was consumed faster than the product CulnSe, appeared in the
diffractogram, they concluded the presence of an amorphous intermediate phase which they expected
to be CulnSe,. The evolution of the CulnSe, mole fraction with time was fitted by two models in
order to check the applicability of different growth models. The Avrami model and a simple kinetic
model could describe the formation rate of CulnSe,. Both models lead to the conclusion that the
growth is one-dimensional diffusion controlled. In summary Kim et al. concluded that a CulnSe,
layer is formed at the interface of In-Se and CuSe at the beginning of the reaction. This layer acts
as a nucleation barrier that partly suppresses the crystallisation of the product and leads to the
formation of an intermediate amorphous CulnSe, phase. Beside its function as nucleation barrier
the CulnSe, layer at the interface also acts as a diffusion barrier for the further reaction between
InSe and CuSe. Diffusion through this barrier limits the reaction rate. These results have been
supported with differential thermal analysis measurements by Purwins et al.[167]. They observe a
two-dimensional phase boundary reaction which they ascribe to the nucleation of CulnSe, at the
interface. The reaction is more pronounced if a multi-layered precursor stack is used, i.e. more
interfaces are present. It is followed by the one-dimensional diffusion limited reaction. Similar results
have been obtained for a Mo/In,Se;/CuSe precursor stack [165]. This time no amorphous CulnSe,
phase has been assigned and the Avrami model cannot describe the product evolution. The parabolic
kinetic growth model is still valid confirming that the reaction is one-dimensional diffusion limited.
The applicability of the parabolic growth model for PVD grown Mo/In,Se;/CuSe precursors has
also been validated in [168]. The influence of sodium incorporation on the reaction mechanism was
studied by the use of a soda-lime glass substrate and a sodium free glass substrate. The reaction
mechanism was the same on both substrates showing no intermediate phases. The reaction rate of
the sodium-free precursor was about 30% faster than on a standard soda-lime glass substrate [168].

The interdiffusion of a In,Se;/Cu,Se stack has been studied by Park et al. [169]. They prepared
a 3mm thick stack from binary ingots and annealed it at 550 °C for several hours. Afterwards they
determined the composition across the junction by EDX. From the composition they identified the
following phases across the junction: In,Se; / CulnSeg / CulnsSe; / CulnSe, / Cuy,Se 1. That
means the observed phases in principle follow the quasibinary section of the phase diagram (figure
14.3). If the accurate compositions are taken into account, it turns out that the composition gradient

!In the original article the compositions of Culn;Seg and Culn,Se; are not mentioned but the abbreviations 8- and
~-phase from the quasibinary phase diagram in figure 14.3 are used.
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along the junction does not precisely follow the quasibinary section Cuj_;Iny4,Ses , but slightly
deviates in composition. Again the applicability of the parabolic kinetic model and thus the diffusion
limited growth kinetics could be verified. In general Park et al. assign the interdiffusion to Cu
atoms moving from Cu,Se into the In,Se;. In addition they observe a fast diffusion of In ions into
the Cu,Se phase causing “peninsulas” of CulnSe, in the Cu,Se region. This fast diffusion can be
assigned to indium diffusing through copper vacancy sites.

Further in-situ XRD measurements of binary selenide stacks have been performed by Hergert
and Jost [102, 170, 43, 171, 172]. In contrast to the in-situ XRD measurements that have been
mentioned before the diffractograms are recorded during the heating up and higher temperatures
are applied. Hergert identifies 3 major reactions of CulnSe, formation [43] for binary selenide and
stacked elemental precursors:

CuSe + InSe — CulnSe, (19.1)
Cu,ySe + 2InSe + Se — 2 CulnSe, (19.2)
CuySe + InySe; — 2 CulnSe, (19.3)

Mo/InSe/CuSe/Se stacks are annealed to 425 °C within 15 min. At the melting point of Se (217 —
221 °C) the formation of CulnSe, sets in by the slow reaction 19.1. At the decomposition of CuSe
into Cu,Se (reaction 14.5) the faster second reaction 19.2 becomes possible. In a stacked elemental
precursor InSe is usually completely consumed before it selenises into In,Se;. In a binary selenide
precursor the formation of In,Se; is possible and reaction 19.3 occurs at high temperatures, when
InSe has been completely selenised and thus reactions 19.1 and 19.2 are suppressed.

Reactions 19.2 and 19.3 are also observed during the annealing of electrodeposited precursors [172].
Coelectrodeposited precursors can contain binary selenide phases which depend on its composition.
The amount of Se in the precursor decides which reaction occurs [171]. At a high Se content (Se/In
atomic ratio > 2) reaction 19.3 dominates. At moderate Se content (Se/In &~ 1) reaction 19.2 is
observed. In both reaction pathways no intermediate phases are detected. Reaction 19.3 leads to
smaller grains than reaction 19.2.

An ex-situ XRD study of a binary selenide precursor has been performed by Teheran et al. [173].
The precursors are prepared by PVD deposition of an indium selenide layer followed by coevaporation
of Cu and Se. The substrate temperature is kept at 250 °C during the complete PVD process. Already
during the precursor deposition they observed the formation of CulnSe,. Due to the absence of
copper selenide in XRD they propose a direct reaction of indium selenide with Cu and Se:

InSe 4+ Cu + Se — CulnSe, (19.4)

In,Se; 4+ 2 Cu 4 Se — 2 CulnSe, (19.5)

The reaction is incomplete and the composition (atomic ratio Cu:In:Se) of the precursor is 60:0:40
at the surface and 20:35:45 at the back. The XRD diffractogram of the precursor shows the phases
InSe and CulnSe,. Annealing the precursor in a Se containing atmosphere at 350 °C lead to an
increase of CulnSe, but the composition depth profile is still not uniform. If the precursor is annealed
at 450 °C the absorber is still slightly Cu-rich (Cu:ln:Se = 25:15:60) in the upper third of the layer
and additional Culn;Se; is observed in the diffractogram. After 600 °C annealing the composition
is slightly Cu-poor in the upper half of the layer (Cu:In:Se = 15:25:60) and the sample basically
consists of CulnSe, with some CulnsSe; [173].

In summary it can be concluded that any combination of InSe, In,Se;, CuSe, Cu,Se can lead to a
direct formation of CulnSe,. Which reaction dominates depends on the initial precursor phases and
the annealing conditions. High temperatures or the presence of Se excess can cause phase transitions
either due to decomposition or selenisation of a phase.
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19.1.2. Onset temperature of CulnSe, formation from binary selenide precursors

The onset temperature of CulnSe, formation from binary selenide precursors varies in literature de-
pending on the actual phases and the precursor structure. For Mo/InSe/CuSe and Mo/In,Se;/CuSe
prepared by migration enhanced epitaxy CulnSe, could already be detected at a temperature of
210 —220°C. At this temperature the reaction was very slow and not completed after 5h. To reach
a complete conversion within 1h a temperature of 250 — 270 °C was sufficient [165, 166].

In-situ XRD measurements of a PVD deposited Mo/In,Se;/CuSe precursor showed the onset of
CulnSe, formation at 290°C [168]. In this context it was shown that the sodium content of the
substrate can effect the reaction rate. The reaction of a glass/Mo/In,Se;/CuSe precursor annealed
at 300 °C for 20 min was 70% completed on a soda-lime glass and 90% completed on a sodium free
glass[168].

Hergert et al. have determined the onset temperature of CulnSe, formation for a Mo/InSe/CuSe
precursor prepared by combined sputtering and coevaporation. The CulnSe, formation roughly
coincides with the melting point of Se at 221°C [43]. In case of simultaneously electrodeposited
copper, indium, and selenium the onset temperature of CulnSe, formation depended on the initial
binary selenide phases that were formed in the as-deposited film. For the binary selenides InSe and
Cu,_,Se the reaction started at 200°C. If the precursor consisted of v — InaSe3z and Cu,__ Se
already a temperature of 125°C was sufficient to form CulnSe, although this reaction proceeded
very slowly [172]. An interesting point is added by Purwins et al. who compared the reaction of a
single In-Se/CuSe bilayer and multiple bilayers by differential thermal analysis. In case of the multiple
bilayers the reaction starts at 210 —220 °C. In contrast to this no significant amounts of CulnSe,, are
formed below 315 °C if only a single bilayer was present [167]. Chen and Wang annealed a precursor
consisting of In,Se; and Cu,Se nanoparticles. Although this should have a large interface area, a
temperature of 350 °C is necessary to convert the precursor into CulnSe, [161].

In summary the onset temperature of CulnSe, formation can significantly vary between different
precursors but most authors report it around 200 — 220 °C. If diffusion limits the kinetics, higher
temperatures are necessary to achieve a complete conversion of the film.

19.1.3. Crystallisation of amorphous indium selenide

In PVD processes the temperature is usually kept below 100 °C to obtain amorphous indium selenide
[174]. Annealing a room temperature deposited indium selenide film at 180°C for 2h leads to
a—InySes while annealing it at 350 °C for 7—8h results in 5—InySes [175, 176]. Other authors report
the transition from the amorphous film to 5 — InySes at 250 °C [177]. However it is also mentioned
in the review by Massalski that the transition temperatures between the In,Se; polymorphs are not
unanimous [124]. A high crystallisation temperature of In,Se; has been reported by Hachiuma et
al. who claim the deposition of amorphous indium selenide by PVD at a substrate temperature of
400 °C [47].

19.2. Results and Discussion

19.2.1. Ex-situ XRD characterisation of phase formation

The following annealings have been performed on the electrodeposited binary selenide precursors in
order to determine the temperature ranges when CulnSe, formation sets in and when the diffusion
kinetics are fast enough to allow a complete reaction of the film. The precursors have been prepared
according to chapter 11, i.e. an amorphous layer of In,Se; + Se with a Se/In atomic ratio close to
1.5 and a porous layer of Cu,__Se platelets covered with amorphous Se. This time the precursors
contain a 10nm thin Cu underlayer between the Mo substrate and the indium selenide layer?>. The

>The Cu underlayer has been introduced to reduce hydrogen evolution in the electrodeposition process (see chapter
11). It often leads to delamination of the absorber during annealing and is not recommended. At the time of the
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underlayer includes only 4% of the overall Cu content and its effect in the phase reaction is expected
to be negligible. The precursors have been annealed for 30 min at temperatures ranging from 250 °C
to 550 °C. In all cases 100 mg Se have been added in the graphite box and the N, /H, background
gas pressure was 10 mbar.
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Figure 19.1.: XRD diffractograms of Mo/Cu/In-Se/Cu-Se precursors with a Cu/In atomic ratio of
1.15 after annealing at a) 350°C, b) 400°C, c) 450°C, d) 550°C. The vertical red
lines record the reflections of CulnSe, and the black ones the Mo substrate. In case
of a doublet only the hkl-indices of one peak are noted. The diffractograms have been
measured in theta/2-theta mode. The annealing was done at several temperatures for
30 min inside the quartz tube furnace with 100 mg Se added and a N, /H, background
gas pressure of 10 mbar. A summary of the observed phases is given in table 19.1. At
24.14° is a replica of the CulnSe, (112) reflection caused by the Cu Kj line. The
reflection at 75.4° is a fluorescence artifact.

Figure 19.1 shows the XRD diffractograms of annealed Cu-rich precursors. A Cu/In atomic ratio
of 1.15 has been calculated from the deposited charge, the plating efficiency and the composition of
the layers. In contrast to the diffractograms in figure 17.2 which were recorded in the more surface
sensitive grazing incidence mode, the XRD measurements in this chapter were done in theta/2-theta
mode. This mode has a deeper penetration depth and therefore features at the back of the sample
(e.g. the MoSe, phase) are more pronounced. The diffractogram of the precursor is not shown in
figure 19.1, because it corresponds to the diffractogram of electrodeposited copper selenide (figure
9.3). Indium selenide is not visible in the diffractogram due to its amorphous structure, nor can any
additional phase from a reaction between the electrodeposited layers be detected. At 350°C (figure
19.1a) the reflections of CulnSe, are already dominant in the diffractogram. However there are still

ex-situ XRD study the correlation between delamination and the Cu underlayer has not been clear.
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several copper selenide phases present. These phases are cubic and orthorhombic CuSe,, and CuSe.
Compared to the copper selenide (Cu, ¢Se) in the as-deposited precursor (figure 9.3) the new phases
contain more selenium. Although pure Cu, sSe is stable up to temperatures above 1000 °C, it has
changed its phase during the annealing due to an overpressure of Se. It will be shown in figure 19.4
that the Se overpressure is not caused by the additional elemental Se in the graphite box but by the
amorphous Se that is electrodeposited together with the copper selenide top layer (section 9.2).

No CuSe, phases are expected in the diffractogram after the 350 °C annealing, because these
phases should have decomposed to CuSe and elemental Se at temperatures above 332 — 342°C
according to reaction 14.4. It must be considered that our oven overestimates sample temperatures
by about 4% (referring to the temperature value in °C), because the thermocouple of the controller
is installed outside of the quartz tube and the heat transfer through the glass and the low-pressure
atmosphere is low (section 15.2). This value has been estimated by measuring the temperature
of the graphite box with a second thermocouple directly connected to it. The overestimation of
sample temperature is the probable reason why the sample in figure 19.1a was still annealed below
the CuSe, decomposition temperature. After the 400 °C annealing there is no CuSe, left and CuSe
is the dominating copper selenide phase. According to reaction 14.5 CuSe is also not stable at
400 °C. Considering again the temperature overestimation of the oven, it is obvious that the sample
temperature has just been slightly above the decomposition temperature of 377°C. Therefore the
decomposition is supposed to be slow. It can be even slowed down further by the presence of Se
vapour. This vapour can either come from the elemental Se added in the graphite box or from the
Se that has been released in the decomposition of CuSe,. The overpressure of Se forces reaction
14.5 to the side of the educts and so suppresses the decomposition. For annealings at 450 °C and
above the only remaining copper selenide phase is Cu,__Se as it has already been observed before
(figure 17.3). The integral breadth of the (112)-CulnSe, reflection decreases from 0.21° (2-theta)
at 350°C to 0.14° at 400°C. This indicates an improved crystallisation at the higher temperature.
A further decrease cannot be observed due to the limited resolution of the XRD set-up. In the
current configuration the instrument resolution at this angle is about 0.13° (section 3.2). Thus
figure 19.1 can be summarised by an ongoing crystallisation of CulnSe, above 350 °C and the phase
transformations of copper selenide that are expected from its phase diagram.

In a similar way diffractograms of a Cu-poor and a stoichiometric Mo/Cu/In-Se/Cu-Se annealed
at various temperatures have been recorded and evaluated. The observed phases are summarised in
table 19.1. Some absorbers peeled during the annealing and could not be analysed. Therefore not
all temperatures (250 °C, 350 °C, 400 °C, 450 °C, 550 °C) are available for all samples. Some of the
phases cannot be determined definitely, because either there are only some of their reflections visible
or the assignment is ambiguous. An example of two secondary phases with similar main reflections
are Culn;Se; and Cu,_, Se. Both of them show reflections which form a shoulder on the CulnSe,
main peaks (see figure 17.3). While in the case of a Cu-rich sample at temperatures above 400 °C
this phase is likely to be Cu,_,Se, it has been assigned to Culn;Se; in the case of the Cu-poor
sample at low temperatures.

Table 19.1 contains analysis of diffractograms from samples annealed at 250 °C. Orthorhombic-
CuSe, can be definitely observed and shows that the selenisation of the as-deposited copper selenide
phase already starts below 250 °C. Reflections at 23.7° and 29.8° (the latter overlapping with a
CuSe, peak) indicate the presence of elemental hexagonal Se. It can result from the amorphous Se
which has been electrodeposited with the copper selenide layer. The assignment of four reflections
(25.7°, 26.9°, 28.4°, 45.0°) is not sure. They might belong to InSe if a shift of £0.2° is tolerated,
but one of the main reflections (006) is missing. Then the amorphous In,Se; does not simply
crystallise (section 19.1.3) but also loses Se during the annealing. In the in-situ XRD experiment in
figure 19.4 In,Se; does not decompose, but is stable even for an annealing at 550 °C. Maybe the
low background gas pressure in the ex-situ experiment promotes Se evaporation and can explain the
different behaviour.

It is also possible that the 26.9° and 45.0° reflections belong to a Cu,_,Se that is still present
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composition Cu/In = 0.85 Cu/ln=1 Cu/ln =1.15
temperature °C | 250 | 350 | 450 | 550 | 250 | 400 | 450 | 550 | 350 | 400 | 450 | 550
ortho—CuSe, | A A B A A
cubic—CuSe, C A
CuSe A A
Cu, ,g5e A A
CulnSe, A A A A A A A A A A
Culn,Sey B B
InSe C C
MoSe, A A A A A A A
hex-Se B B
unknown peaks 25.4°

Table 19.1.: Phases for annealed Mo/Cu/In-Se/Cu-Se precursors of different compositions. The
phases have been determined by XRD in theta/2-theta mode (e.g. in figure 19.1). The
letter expresses the confidence of the phase assignment: A) definite, B) likely, C) unsure.
At 250 °C the phase assignment is unsure as it is discussed in the text. The annealing was
done at several temperatures for 30 min. The composition of the precursors was varied
by adjusting the copper selenide thickness. Some temperatures are missing, because the
samples delaminated during annealing.

from the electrodeposited copper selenide. No clear evidence of CulnSe, formation can be found at
this temperature. Most studies on binary selenide precursors locate the onset of CulnSe, formation
at 200 — 220°C (section 19.1.2). Therefore 250 °C should just be enough to allow the CulnSe,
synthesis. It will be later explained in the context of the figure 19.2 why the precursor morphology
slows down the reaction kinetics and shifts the onset of CulnSe, to higher temperatures.

As in the Cu-rich case also the Cu-poor sample shows definite presence of CulnSe, at 350 °C.
A shoulder is visible on the high angle side of the CulnSe, main reflections. Since the sample is
Cu-poor these peaks are probably linked to an ordered vacancy compound (e.g. CulngSe;). However
no exclusive peaks of CulngSe; can be detected (see footnote on page 100). It has been shown
that CulnsSe; appears as an initial phase in the interdiffusion of In,Se; and Cu,Se (section 19.1.1).
It can be presumed that also in the present case the In,Se; goes through the Culns;Se; phase
before finally CulnSe,, is formed. In case of a Cu-rich or stoichiometric film enough Cu-cations are
present to convert CulngSe; to CulnSe,. For the Cu-poor precursor this process seems to be slower
and therefore the vacancy compound can be still detected after annealing at 350 °C and 450 °C. No
phases besides chalcopyrite CulnSe, are observed for the stoichiometric sample at 400 °C and above.

It has already been mentioned that diffusion is the limiting step in the reaction of a In-Se/Cu-Se
bilayer (section 19.1.1) [167, 165, 166, 169]. SEM cross sections provide a simple tool to observe the
morphology change that can be associated with the reaction. It becomes obvious in figure 19.2a why
CulnSe, has not formed at 250 °C, although it is thermodynamically possible. The indium selenide
and the copper selenide layer are still distinct after annealing at that temperature. The open structure
of the electrodeposited copper selenide film causes a small interface area between the indium selenide
and copper selenide layer (figure 11.1). Therefore the mass transport between the layers is limited
and a reaction cannot proceed. It is visible that the reaction of the electrodeposited Cu,__Se into
CuSe, has modified its morphology. The platelets have sintered and dense conglomerates cover the
surface. This increases the contact area between both layers. After the 350 °C annealing CulnSe,
emerges and the absorber appears as one layer in the SEM cross section 19.2b. Only scattered copper
selenide clusters remain on the surface.

The absorber film has a substructure. The surface shows grain boundaries indicating small colum-
nar grains. At the backcontact the morphology conveys the impression of an amorphous phase with
some artifacts from breaking. The morphology stays in principle the same after the 450 °C annealing.
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Figure 19.2.: SEM top views and cross sectional views of Mo/Cu/In-Se/Cu-Se precursors with a
Cu/In atomic ratio of 0.85 annealed at a) 250 °C, b) 350 °C, c) 450°C, d) 550°C. The
annealing was done for 30 min inside the quartz tube furnace with 100 mg Se added and
a N, /H, background gas pressure of 10 mbar. A SEM cross section of the as-deposited
precursor is shown in figure 11.1.
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content / % (at)

(b) stoichiometric sample (Cu/In ratio = 1)

Figure 19.3.: AES composition depth profiles of Mo/Cu/In-Se/Cu-Se precursors with different Cu/In

ratios annealed at 450 °C for 30 min. The corresponding SEM cross section has been
underlaid.
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An AES composition depth profile (figure 19.3a) reveals that the layered substructure is linked to
a different composition. The top 800 nm have a composition close to stoichiometric CulnSe,. In
the smooth layer at the back the Cu content drops below 15% (at). With the information of table
19.1 one can conclude that the back layer probably consists of Culn;Se;. The overall composition
of the precursor (an atomic Cu/In = 0.85 ratio was estimated from the current during electrodepos-
ition) should still contain enough Cu to convert the complete film into a Cu-deficient CulnSe,. The
reason why the vacancy compound is still present after annealing is likely a suppressed diffusion of
copper. The porous structure of electrodeposited copper selenide slows down the interdiffusion with
the indium selenide layer. Therefore even in a Cu-poor film copper selenide phases can be detected
at the surface when annealing at intermediate temperature (also see table 19.1). The copper that
is trapped in the phases on the surface is missing at the back of the absorber. Similar results have
been reported Teheran et al. for a PVD-grown In-Se/Cu-Se precursor (section 19.1.1)[173]. Their
samples show still a Cu excess at the surface after an annealing at 450 °C, although the overall com-
position is Cu-poor. Unfortunately no SEM cross-section have been published in this study providing
information on the interface area between indium selenide and copper selenide.

In case of a stoichiometric precursor more copper is available. The AES composition profile of
a 450°C annealed absorber (figure 19.3b) is uniform throughout the complete depth of the film.
The morphology does not show a discontinuity as in the Cu-poor case. At some spots on the cross
section (not shown) the grain size at the the surface is slightly larger than at the backside, but
the difference is considerably less than in figure 19.3a. Such a variation in grain size might be
explained by a different level of sodium along the sample profile or a different concentration of Se
during growth. Since the diffusion in the stoichiometric precursor is also hindered by the open copper
selenide morphology, one would still expect copper selenide phases to stay at the surface and the bulk
to be slightly Cu-poor. However in the studied samples this is not observed, but the composition is
close to stoichiometry and no copper selenide phases have been detected at 450 °C in table 19.1. It
seems that there is still some variability in the temperature, where the copper selenide phases are
consumed. A repetition of the Cu-poor sample did not show the sharp bilayer structure of figure
19.2c anymore, but showed a similar crystallinity from the surface to the back (similar to the one
in figure 19.3b). This can be explained by the fact that the variability of the precursor composition
(e.g. samples “ED-stoich-10mbar” and “ED-stoich-500mbar” in table 16.1) and the variability in the
Cu diffusion flux add up.

Annealing at 550 °C accelerates diffusion enough that most of the copper selenide on the surface
can finally diffuse into the absorber. Above 523 °C copper selenide can melt if enough Se is present in
the system (reaction 14.6 and phase diagram 14.2). A liquid copper selenide phase would increase the
contact surface if it can wet the indium selenide. It would also increase the interdiffusion. However
it is not likely to melt the copper selenide phase in the present case, because the temperature is
only slightly above the melting point (considering the temperature overestimation of the oven) and
excess Se has probably already evaporated. Judging from the SEM cross section the grain size rises
to several hundred nanometres and occasional grains extending from the backcontact to the surface
are observed.

In summary the following reaction pathway can be concluded from the presented experiments. In a
first step the electrodeposited Cu,__Se top layer reacts with the simultaneously deposited amorphous
Se to CuSe,. The morphology of the electrodeposited copper selenide is very porous and the interface
area with indium selenide is small. This slows down the diffusion kinetics between the amorphous
indium selenide and the copper selenide top layer. Therefore the CuSe, is localised at the sample
surface for a long time. In a Cu-rich precursor the excess Cu will stay as a copper selenide phase at
the surface and undergo the transitions expected from the Cu-Se phase diagram. Depending on the
annealing temperature the final copper selenide phase will be either CuSe,, CuSe, or Cu,__Se.

Between 250 °C and 350 °C the reaction between indium selenide and copper selenide into CulnSe,
will set in. From the performed experiments it is not definite which copper selenide phase is involved
in the reaction. This will depend on the annealing temperature, because it determines which copper
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selenide phase is stable at the surface. At a temperature of 450 °C, for example, the only stable copper
selenide phase at the surface is Cu,_,Se and the reaction will follow reaction 19.3. Diffractograms
of the annealed Cu-poor sample indicate the presence of the vacancy compound Culn;Ses. This
supports the reaction path which is expected from the quasibinary section of the Cu-In-Se phase
diagram. Cu and Se ions from the copper selenide phase at the surface will diffuse into the In,Se,
and react it to CulngSe;. (This is supposed to happen through the intermediate Culn;Seg phase,
although this has not been resolved in the measurements.) CulnsSe; will be further converted to
CulnSe, as the diffusion of Cu and Se continues.

The slow diffusion caused by the porous morphology of copper selenide explains why the onset
of CulnSe, formation in this thesis is observed at a higher temperature than usually reported for
binary selenide stacks in literature. It can also explain the variation between repeated annealings.
The diffusion between copper selenide and indium selenide is effected how both layers change their
contact interface. It depends on the sintering process of the copper selenide platelets which is also
accompanied by its phase changes expected from the phase diagram. This is a complex process and
therefore the temperature until the reaction between the binary phases is completed will certainly
vary with parameters like the stacking density of the electrodeposited platelets or the Se overpressure
during the annealing.

19.2.2. In-situ XRD characterisation of phase formation

The ex-situ XRD measurements in chapter 19.2.1 are useful to determine the minimum temperature
necessary to form a certain phase like CulnSe,. The advantage of these experiments is that the
experiments can be performed in the annealing oven under conditions close to the actual annealing.
On the other hand it is not certain that the phase evolution during the annealing follows the path
that is given in figure 19.1 and table 19.1. The annealing time of 30 min in the previous experiments
allows the system to equilibrate. In contrast the annealing of the actual sample does not necessarily
pass through states of thermal equilibrium but the kinetics of the process must be considered. It is
also possible that additional phase transitions occur in the cooling process of the sample. These issues
can be avoided if the XRD diffractograms are recorded in-situ, i.e. during the annealing process.
The drawback of the in-situ annealing is that it cannot be performed in our annealing oven but is
done in special chamber (in the following called “XRD-hotstage") that requires a modification of
annealing conditions (e.g. no additional elemental Se, background gas pressure of about 1 bar above
atmosphere; also see section 15.3.1). Moreover the heating rate was reduced to 7°C/min in order
to have sufficient time for the XRD scans.

In a first step the phase evolution of an electrodeposited Cu-Se layer was studied by in-situ XRD
(figure 19.4, left column). The well defined phase transitions in the copper selenide phase diagram
(reactions 14.4 and 14.5) provide a possible check of the sample temperature. The reduced resolution
and the limited angle range of the XRD scans do not allow the determination of the precursor phases.
The main peak in the diffractogram at 28.6 ° is caused by the graphite dome of the XRD-hotstage
that also causes a minor peak at 26.1°. From previous measurements (figure 9.3) it is known that
the precursor consists of Cu,_, Se platelets covered with amorphous Se. Between 110 °C and 130 °C
the first reflection of hexagonal Se appears at 29.7°. This corresponds to the temperature range
(125 —130°C) reported for the crystallisation of amorphous Se [178]. The melting point of selenium
at 217—221°C [89] cannot be observed, because the peak at 29.7° is replaced by the (101) reflection
of orthorhombic CuSe, at the same angle above 195°C. This is confirmed by the appearance of the
(111) and (120) doublet at 33.2° and 34.0°. Above 245 °C the first reflections of hexagonal CuSe
set in (26.5° and 28.0°). At 316 — 333 °C the CuSe,, phase decomposes according to reaction 14.4.
This promotes further CuSe and also its weaker reflections show up (30.4° and 31.2°). Reaction
14.5 is observed at 356 — 365 °C, when CuSe decomposes and Cu,__Se appears. Further heating
causes an increase of the lattice constant of Cu,_,Se by thermal expansion and causes a shift of
the main reflection towards lower angles. Until the end of the process Cu,_,Se remains the only
observed phase. Its lattice parameters shrink again with cooling. The peak shift during the heating is
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Figure 19.4.: In-situ XRD of electrodeposited Mo/Cu-Se (left column) and Mo/In-Se (right column)
precursors heated up to 550°C (bottom row), annealed at 550°C (middle row) and
cooled again to room temperature (top row). The colour shows the logarithmic intensity
of the XRD signal. In the heating and cooling process the start temperature of each scan
is plotted on the y-axis. The temperature was ramped continuously. For the annealing
at constant temperature the time has been plotted on the y-axis. The coloured lines
underneath the map mark the main reflections of important phases. (Colours can be
easier separated in the electronic version of this thesis.)
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stronger than during the cooling. That means it cannot be solely explained by thermal expansion but
also a change in the composition of Cu,_ Se must be considered. The thermal expansion coefficient
decreases with increasing x [179]. That means during the heating the Cu,__Se phase either looses
copper or gains selenium and therefore the peak shift is lower in the cooling process. Cu,Se forms
in the decomposition reaction 14.5. A selenium gain is possible, if Cu,Se reacts with some of the
elemental Se product from the decomposition reaction into Cu,_,Se. A Cu loss can be explained,
if Cu diffuses from the Cu,Se into the MoSe, which is formed during the selenisation. This has
been reported in literature for the selenisation of coelectrodeposited absorbers [25]. In case of the
complete Mo/In-Se/Cu-Se stack it is likely that some Cu from the Cu,Se phase diffuses into indium
selenide and leaves a Cu,_,Se phase behind.

Comparing the reported temperatures of Se crystallisation, CuSe,, and CuSe decomposition (125—
130°C, 332—-342°C, 377—379 °C) to the observed temperature intervals (110—130°C, 316—333 °C,
356 — 365 °C) it seems that our set-up underestimates the actual sample temperature by roughly 5%
(referring to the °C value of the temperature) during the heating process.

Figure 19.4 (right column) shows the in-situ diffractograms of an electrodeposited In-Se layer. It
has already been mentioned before that the as-deposited film is amorphous or nanocrystalline. No
reflections are observed except the background caused by the graphite dome. At 380 °C the reflections
of v — InaSes occur. Until the end of the process no further phases appear. The crystallisation
temperature is higher than expected (section 19.1.3). Other authors report a crystalline o — InySes
or 8 — InySes phase before the v — InaSes formation [175, 176] but Hachiuma et al. showed the
presence of amorphous indium selenide up to 400 °C [47] (section 19.1.3).

The diffractograms of a complete electrodeposited Mo/In-Se/Cu-Se precursor are shown in figure
19.5. In order to extend the angle range two annealings have been performed; one at 260 25 — 36.5°
(left column) and the other at 43 — 54.5° (right column). Below 150 °C the phase assignment is
difficult. The reflection at 45.8° can probably be referred to Cu,_,Se as in figure 9.3. A shoulder
on the low angle side of the graphite dome peak can indicate the presence of some CuSe. At 180°C
orthorhombic CuSe, sets in. In parallel the formation of cubic CuSe, is observed. It has already been
present in case of the single Cu-Se precursor, but it was less pronounced. Around 200 °C also the
shoulder at the low angle side of the graphite dome peak rises to a definite reflection of hexagonal
CuSe (28.0°). It is accompanied by the appearance of further CuSe reflections. At 314 — 331 °C the
CuSe, phases decompose according to reaction 14.4. Afterwards CuSe decomposes at 361 — 378 °C
according to reaction 14.5.

Around 270°C a small peak appears at 44.9°. It can already be an indicator for the formation
of an ordered vacancy compound like CulnsSeg or CulngSes, but no further definite peaks can be
observed confirming this phase (see footnote on page 100). Culn;Seg or CulngSe; are expected
as intermediate phases, when In,Se; and Cu,Se interdiffuse to form CulnSe, [169]. At 350 °C the
peak has further grown and shifted to 44.4°. It is probably linked to the reflection at 26.8° that is
also appearing. It is difficult to assign these reflections definitely, because CulnSe,, Culns;Se; and
Cu,_,Se all show these peaks. As it has been pointed out in section 19.2.1 the peaks of these three
phases lie very close to each other and overlap. The exclusive CulnsSe; reflections (see footnote
on page 100) are probably too weak to appear from the background noise, because of the fast
scanning. The thermal expansion makes the assignment even more difficult, because peak positions
differ from the referenced values at room temperature. An approach to separate CulnSe,, Culn;Se;
and Cu,_,Se can be a detailed look at the onset of the main peak around 26.8°. In figure 19.6
the contour of the Cu,_,Se reflection from figure 19.4 is overlaid with the contour of the main
peak of the Mo/In-Se/Cu-Se precursor from figure 19.5. As expected the contour of the complete
precursor stack seems to contain the signal of Cu,_,Se and additional parts from further phases.
The Cu,__Se peak is thin and has a pronounced shift with increasing temperature due to its thermal
expansion and the change in composition. This feature can also be recognised in the complete
stack and is highlighted with a blue box. However it cannot explain the complete contour which is
broader and shows a different shift with temperature (highlighted in red). Around 490 °C the contour
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Figure 19.5.: In-situ XRD of an electrodeposited Mo/In-Se/Cu-Se precursor heated up to 550 °C
(bottom row), annealed at 550 °C (middle row) and cooled again to room temperature
(top row). The Cu/In ratio of the complete precursor is close to 1. Two measurements
with pieces of the same precursor have been performed to record the diffractogram in
the 20-range 25 — 36.5° (left column) and 43 — 54.5° (right column). (Colours can be
easier separated in the electronic version of this thesis.)
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has a kink, which can indicate the onset of another phase (highlighted in green). It is obvious to
assign the lower temperature signal to Culn;Se; and the higher temperature signal to CulnSe,. The
highlighted areas in figure 19.6 are only a rough estimation. They predict that the copper selenide in
the precursor stack behaves similar to a single copper selenide layer. In parallel copper can diffuse into
the indium selenide layer and form the vacancy compound Culn;Se;. With increasing temperature
and time more copper diffuses into the layer until CulnSe,, is formed. From figure 19.6 one would
locate the onset of CulnSe, around 470 °C. The error of this temperature is high, because the phase
assignment is not well-defined. This temperature is considerably higher than the one observed from
the equilibrium experiments in the annealing oven. CulnSe, was detected after 30 min annealing
at 350°C (section 19.2.1). The difference can result from slow reaction kinetics. That means the
process is slow and the set-up has already reached a high temperature, when the process is finished.
The temperature is ramped from 350 °C to 490 °C within 20 min under the current conditions. The
slow reaction kinetics are probably due to the porous morphology of the copper selenide. This causes
a small interface area with the indium selenide as it has been discussed at the end of section 19.2.1.
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Figure 19.6.: Contour plot of the onset of the dominant peak in the in-situ diffractograms of Mo/Cu-
Se and Mo/In-Se/Cu-Se. The heating up and the first three scans at 550 °C are shown.
The black lines show the contour of the measured data at 150 counts and the blue
line is the contour at 300 counts. The solid line belongs to the Mo/Cu-Se stack and
the dashed one to Mo/In-Se/Cu-Se. The coloured boxes suggest the phases that are
involved in the contour. The plot is a magnified excerpt of the measurement in figure
19.5.

The thermal expansion coefficient of Cu,,__ Se is about two times larger than for CulnSe, [100, 4].
Therefore the main X-ray reflections (26.7°, 44.1°, 52.1°) separate above 490 °C and can clearly be
distinguished during the annealing at constant temperature. At the beginning of the cooling process
at 460 — 490 °C the peaks of CulnSe, and Cu,_,Se merge again. A complete XRD scan after the
hotstage experiment does not show Cu,_, Se phases as in figure 17.3 any more. The crystallisation
of 7 — InySes at 380°C is not observed in the stack. Therefore it must be considered that the
amorphous indium selenide has already been converted to CulnSe, or an ordered vacancy phase
when the sample reaches this temperature.

Although the XRD-hotstage experiment has been performed under a stagnant nitrogen atmosphere,
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an In,O4 phase is observed in the final absorber that was scanned in the range 43 — 54.5°. This
oxide forms at the beginning of the constant temperature step at 550 °C and indicates a leak in the
chamber. For the second sample In,O reflections (e.g. at 30.6°) are neither observed during the
scan in the range 25 — 36.5° (figure 19.5) nor afterwards in the final absorber.

In conclusion the Mo/In-Se/Cu-Se precursor reacts in the following way. The copper selenide
phase undergoes the transitions that are expected from its phase diagram. The indium selenide layer
stays amorphous until its reaction with copper selenide. At the decomposition temperature of CuSe
into Cu,_, Se the latter one reacts with indium selenide into CulnSe,. This presumably takes place
through a Cu-poor intermediate phase (e.g. CulnsSe;). The observed phase reaction pathway differs
from the one proposed by the group of Anderson [165, 166]. In their case a glass/InSe/CuSe and a
glass/In,Se; /CuSe precursor transform directly into CulnSe, without intermediate phases (section
19.1.1). The difference is caused by the structure of our electrodeposited precursor as it has been
discussed in chapter 19.2.1. The precursors stacks of the Anderson group [165, 166] are compact,
smooth and thinner than our stacks (stack thickness ca. 800nm). The diffusion between the layers
can proceed fast and the reaction is already completed at 310 °C, before the decomposition of copper
selenide begins. In the electrodeposited case the small contact area between indium selenide and
copper selenide slows down the interdiffusion between the layers. Therefore the system proceeds to
temperatures where copper selenide decomposes. That is the reason why we do not observe a direct
reaction between In,Se; and CuSe although these phases are present at 250 °C. The presence of
a Cu-poor intermediate phase in our system can also be explained by the higher temperature that
our system requires due to the slow kinetics. The higher temperatures can increase the diffusion
coefficient of Cu in indium selenide. Instead of sharp interfaces Cu-Se/CulnSe,/In,Se; the fast
diffusion of Cu will blur the interface between CulnSe, and In,Se; and give rise to a Cu-poor
intermediate phase.

A comparison between the ex-situ XRD measurements in section 19.2.1 and the in-situ XRD
measurements shows differences in both processes. The ex-situ measurements have been performed
inside the tube furnace in a Se containing atmosphere and the system had time to equilibrate. In the
in-situ XRD the atmosphere did not contain Se and the temperature was continuously ramped to
550 °C. The Se excess in the ex-situ experiments favours the formation of the Se-rich CuSe, phases
at temperatures up to 350°C (table 19.1). Although the last CuSe, reflection disappears in the
in-situ XRD around 320 °C it is not the dominant phase anymore. Already at 200 °C CuSe becomes
the major copper selenide phase. Another difference between the in-situ and ex-situ experiments is
the onset of CulnSe,. In the ex-situ case CulnSe, is already present at 350 °C. According to the
contour plot 19.6 Cu,__Se and the vacancy phase CulnsSe; set in at this temperature in the in-situ
experiment, while CulnSe, needs a higher temperature to form. It can be explained again by slow
reaction kinetics between indium selenide and copper selenide. Therefore the system reaches a higher
temperature before the process finishes.

If our reaction mechanism is dominated by structure and slow diffusion, it is interesting to study the
phase evolution within a Mo/In-Se/Cu/Se precursor (preparation described in section 15.1.2). Since
the copper is now present as an elemental layer and no longer chemically bound as it was the case for
the electrodeposited Cu-Se layer, we expect a faster interdiffusion with the indium selenide film. This
interdiffusion can be further accelerated if the copper film is smooth and compact, because it enlarges
the interface area with the indium selenide in comparison to the electrodeposited Mo/In-Se/Cu-Se
stack.

At the beginning of the annealing experiment in the XRD hotstage set-up the reflection of the
elemental copper layer is observed at 43.3°. There are additional weak reflections which probably
belong to hexagonal CuSe. This means that the initial Cu;Se, phase which has been measured
directly after the precursor preparation (section 15.1.2) has been transformed within the two weeks
until the XRD measurement was performed. Cu;Se, decomposes into CuSe above 113 °C according
to reaction 14.3 [126].

However no clear Cu,Se peaks can be identified. At 113 — 141°C a peak appears at 29.7° and
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19. XRD characterisation of phase formation
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Figure 19.7.: In-situ XRD of a Mo/In-Se/Cu/Se precursor heated up to 550 °C (bottom row), an-
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nealed at 550 °C (middle row) and cooled again to room temperature (top row). The
In-Se layer was electrodeposited while the Cu and Se layers have been sputtered. The
thicknesses of the Cu and Se layer have been chosen to result in a similar Cu/Se ratio

as for electrodeposited Cu-Se (section 9.2). The overall film composition is Cu-rich
(Cu/ln = 1.14).



19.2. Results and Discussion

vanishes again above 168 — 196 °C. It corresponds to the crystallisation and melting of hexagonal Se.
The melting of Se is linked with the consumption of elemental Cu and a distinct increase of CuSe.
Between 205°C and 280°C also orthorhombic CuSe, can be detected, but it is less pronounced
than in the precursor with electrodeposited Cu-Se. CuSe decomposes according to reaction 14.5 at
357 — 381°C.
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Figure 19.8.: Contour plot of the onset of the dominant peak in the in-situ diffractograms of Mo/Cu-
Se and Mo/In-Se/Cu/Se. The heating up and the first three scans at 550 °C are shown.
The black lines show the contour of the measured data at 150 counts and the blue line
is the contour at 300 counts. The solid line belongs to the Mo/Cu-Se stack and the
dashed one to Mo/In-Se/Cu/Se. The coloured boxes suggest the phases that are
involved in the contour. The plot is a magnified excerpt of the measurement in figure
19.7.

At this point the same problem arises as for the completely electrodeposited precursor in figure
19.5. It is again not possible to distinguish the phases CulnSe,, Culn;Se; and Cu,_ Se clearly.
A closer look into the evolution of XRD reflections around the onset of CulnSe, is given in figure
19.8. The contour of the main peak for the Mo/In-Se/Cu/Se stack is overlaid with the contour
of the simple Mo/Cu-Se stack. This time the Cu,_,Se peak can completely describe the peak
shift of the full precursor below 400°C. Although the contour of the full precursor is a little bit
broader due its higher countrate there is no convexity at low temperatures as it has been observed
for the Mo/In-Se/Cu-Se precursor in figure 19.6. Also the kink at 490 °C is absent for the Mo/In-
Se/Cu/Se precursor. Therefore it is possible to describe the peak evolution by a superposition of a
Cu,_,Se and CulnSe, reflection as it is visualised by the coloured shading in figure 19.8. There is
no need to introduce the Culn;Se; phase in the diffractogram. Considering continuity it can still
be accepted that the phase reaction from In,Se; to CulnSe, involves the presence of an ordered
vacancy phase. If it is not observed in the diffractogram it can be concluded that there is a fast
conversion from CulngSe; into CulnSe, and the content of the ordered vacancy phase is low. A
faster CulnSe, reaction in the Mo/In-Se/Cu/Se stack with the sputtered Cu layer in comparison
to the completely electrodeposited Mo/In-Se/Cu-Se precursor supports the idea that the latter one
is limited by the interface area. The interface area between indium selenide and copper selenide is
small in the completely electrodeposited stack. The sputtered Cu and the evaporated Se top layer are
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19. XRD characterisation of phase formation

smooth and even if both elements react to copper selenide at the beginning of the heating process a
better coverage of the indium selenide can be assumed. Therefore the interface area between In-Se
and Cu-Se is larger in the partly sputtered precursor and the reaction of both can proceed faster.

There is still an inconsistency in the contour plots (figure 19.6 and figure 19.8). For the Mo/In-
Se/Cu/Se precursor CulnSe, sets in at 400 — 430°C. The CulnsSe; phase in the completely
electrodeposited Mo/In-Se/Cu-Se precursor already sets in at 350 °C. If the reaction between copper
selenide and indium selenide is really slower in the latter case, a higher onset temperature is expected,
because of two possible reasons. First, the diffusion will become faster with higher temperature. That
means for the slower Mo/In-Se/Cu-Se precursor a higher temperature is required to obtain the same
reaction rate as for the Mo/In-Se/Cu/Se precursor. Second, the temperature increase is continuous.
That means if the process is slower, it will extend to higher temperatures, because it takes longer
until the product can be detected in the diffractogram. A repetition of the contour plot with a
higher resolution in temperature and angle is required to validate the results and precise the onset
temperature of the reaction.

At 550°C, when the thermal expansion makes it possible to distinguish between CulnSe, and
Cu,_,Se, the reflections of the latter phase at 26.3° and 43.8° are not observed for the partly
sputtered Mo/In-Se/Cu/Se precursor (figure 19.7). The overall composition of the Mo/In-Se/Cu/Se
is Cu-rich (Cu/In atomic ratio of 1.14), while the Mo/In-Se/Cu-Se was intended to be stoichiometric.
The higher Cu,_,Se signal of the completely electrodeposited sample can be explained by more
copper selenide residuals at the surface, because the reaction is slow. An alternative explanation is a
better crystallinity of the copper selenide phases synthesised from a Cu-Se layer instead of a Cu/Se
stack. Again some In,O; forms during the annealing.

In summary the behaviour of the Mo/In-Se/Cu/Se is similar to the one of Mo/In-Se/Cu-Se. Cu
is not directly diffusing into the indium selenide layer as it might be expected. Instead it is reacting
with the molten Se into CuSe which decomposes into Cu,_,Se around 370°C. The fact that Cu
preferably forms copper selenide instead of reacting with indium selenide is in line with observations
by Hergert et al. and Verma et al. from annealing stacked elemental layers. In this case it is also
observed that the Cu and In react to their binary selenides first and the actual formation of CulnSe,,
takes place through the binaries [43, 180].

It has been discussed that the reaction kinetics are probably different for the completely elec-
trodeposited Mo/In-Se/Cu-Se precursor and the partly sputtered Mo/In-Se/Cu/Se one. Therefore
it is interesting to compare the morphology of both absorbers after annealing to look for a possible
difference in the crystallisation. In a first experiment grain size difference between the annealed pre-
cursors can be estimated from the SEM picture of their surface and cross section (figure 19.9). The
precursors have been annealed in the tube furnace under standard conditions. In order to rule out
an effect from the Cu-rich growth conditions, samples with a similar Cu/In ratio are compared. The
morphology of the absorbers is similar. At the surface both sample have small grains (500—1000 nm).
Between them are some scattered grains with a lateral extension up to 5 um. The larger grains are
a little bit more frequent for the partly sputtered precursor. The cross sections show grains between
1 and 2 um height. So the different reaction kinetics of both precursor types have no profound
consequences on the grain size.

In conclusion the electrodeposited binary selenide stack reacts the following way: In the beginning
the electrodeposited copper selenide reacts with amorphous Se into CuSe, which undergoes the
phase transitions expected from the Cu-Se phase diagram as the temperature increases (section
14.2). The Se-rich CuSe, phase is favoured if the annealing is performed in the tube furnace under
Se atmosphere instead of the XRD hotstage. The formation of Cu,Se by reaction 14.5 coincides
with the formation of CulnSe,. Therefore it is likely that Cu,Se and amorphous In,Se; are the
relevant binary phases for CulnSe, formation under the used conditions. It is expected that an
ordered vacancy phase is formed as an intermediate phase. This phase could not be verified directly.
Nevertheless a discontinuity in the XRD peak position (figure 19.6) supports the possible presence
of an intermediate phase. The higher onset temperature of CulnSe, formation observed in the in-
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19.2. Results and Discussion

Figure 19.9.: SEM top and cross sections views of absorbers annealed at 550 °C for 30 min from a) a
completely electrodeposited Mo/In-Se/Cu-Se precursor (Cu/In atomic ratio 1.20) b) a
Mo/In-Se/Cu/Se precursor where the indium selenide layer has been electrodeposited,
the Cu layer sputtered and the Se layer evaporated (Cu/In atomic ratio 1.14). The
thicknesses of the Cu and Se layers are adjusted to same Cu/Se ratio as in the elec-
trodeposited Cu-Se layer. The absorbers have been etched in KCN to remove copper
selenide phases.

situ experiment compared to the ex-situ measurements and the temperatures reported in literature
indicate a slow reaction of the electrodeposited precursors.

If the electrodeposited copper selenide in the precursor stack is substituted by smooth layers of
Cu and Se the principal reaction path of the precursor stays the same, because both elemental layers
react into copper selenide at the beginning of the annealing. The shape of the XRD reflection at the
onset temperature of CulnSe, formation does not indicate the presence of an intermediate ordered
vacancy phase. It might be concluded that the smooth top layer promotes the diffusion of Cu,
because it enlarges the interface area between copper selenide and indium selenide. Therefore the
intermediate phase could convert to CulnSe, quickly and not show up in the diffractogram. The
crystallisation is not significantly improved for the Mo/In-Se/Cu/Se precursor stack.
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20. Absorber impurities

Trace element impurities can affect the opto-electronic properties of the CulnSe, semiconductor
material. It is obvious that their concentration will depend on the details of the preparation procedure,
e.g. purity of used chemicals, cross-contamination of shared equipment, or even the care of the
operator. It is therefore in most cases not possible to state general impurity levels. Nevertheless one
can expect general trends for possible impurity sources. Thus the following examples must not be
understood as general valid impurity concentrations but shall indicate trends, where trace impurities
can enter in the fabrication process.

20.1. Background

Sodium is the most studied impurity in CIGS, because it leads to an improvement of the solar cell
performance [181, 182]. It has several effects on the absorber and solar cell properties, which are
reviewed in [15]. The presence of Na during the absorber formation results in a higher Voo and
fill factor of the solar cell [183]. It has been proposed that the increase of V¢ is caused by a
higher effective acceptor density [15]. The conductivity of CIGS increases with the incorporation
of Na [184, 185]. A preferred (112)-orientation of the absorber is observed with presence of Na
during growth [185]. Na does not change the reaction path of a binary selenide precursor stack
during selenisation, but slows down the reaction rate [168]. An effect of Na on the grain size is
controversial. Older articles report a larger grain size for Na containing absorbers [184, 185] while
newer articles report a decrease in grain size [186, 187]. Smaller grains are also observed if the
sodium content is high [183].

Like sodium also potassium can increase the absorber conductivity and the hole carrier density.
However the effects are less pronounced than for Na. For caesium no significant change in comparison
with an undoped reference sample was seen [184].

The diffusion of impurities from the substrate into the absorber has been studied in order to
identify alternative substrates, e.g. metal foils. Different metal precursor layers have been deposited
below, the Mo backcontact layer of the substrate to study the impurity diffusion into the absorber.
The elements V, Ti, Al, and Ni showed a comparatively low diffusion (concentration in the absorber
< 100ppm) and did not reduce the solar cell efficiency a lot. In contrast, Mn and Fe led to a
concentration above 10% in the absorber which destroyed the solar cell. The impurity concentration
could be significantly reduced if the Mo layer thickness acting as a diffusion barrier was increased
[188]. A different study could not detect diffusion through the Mo backcontact for Fe and Mn but
only for Ti and Na [189]. That means the results probably depend on the detailed material properties
of the Mo backcontact.

A different motivation to study the effects of impurities in CIGS, is the idea to form a homo-
junction solar cell in CIGS by external doping. For this purpose impurities are introduced by ion
bombardment with successive annealing. It has been shown that n-type CulnSe, can be converted
to p-type conduction by N, P, Sb, Bi, He, Ne and O incorporation [190, 191]. p-type CulnSe, can
be converted n-type by Br, Cl, and Zn incorporation [192].

Procedures to determine trace element concentrations in CulnS, have been developed by Hwang
et al. and Hung et al. [193, 194]. They combine wet chemical methods, electrochemical purification
and atomic absorption spectroscopy or neutron activation analysis. The concentration of Ag in
CulnS, single crystals grown by iodine transport was between 0.8 ppm and 2 ppm [193, 194]. The
elemental Cu source was the main origin of contamination [194].
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20. Absorber impurities

In a first approach Calixto et al. studied the effect of contamination in the CulnSe, coelectrode-
position process by using InCl; of different purities (98.5% versus 99.999% purity). There was no
significant difference in the composition of the precursor [195]. Dharmadasa et al. hypothesise a
possible contamination of the CulnSe, deposition bath by the use of Ag/AgCl and calomel reference
electrodes [196]. For this reason they move to a two-electrode set-up. In thin film CdTe solar cells
already a Ag impurity concentration below 5 ppb can decrease the performance of the device [197].

A possible electrochemical fabrication of Pt micro-particles resulting from an anodic dissolution of
the counter electrode has been observed in [198]. Pt particles deposited on the working electrode
after keeping it at —1.2V (vs. Ag/AgCl) in a stirred 1 M H,SO, solution for 6 h.

20.2. Results and Discussion

The effect of the background electrolyte was studied for the electrodeposited copper selenide layer.
In this case a 232 mmol/kg LiCl solution has been chosen as background electrolyte. Table 20.1
lists the Li concentration obtained by ICP-MS for several samples. While most samples are below the
quantification background of the ICP-MS, the single Cu-Se layer contains a significant amount of
Li (206 + 79 ppm(atomic)). This contamination results from the background electrolyte. Although
one would expect finding a higher Li contamination in all electrodeposited samples that contain a
Cu-Se layer, this is not observed (table 20.1). If there was another electrodeposition step after the
Cu-Se layer it could be cleaned within the further process. But Cu-Se is the final layer before the
annealing. A possible explanation is the water rinsing after the Cu-Se layer is taken out of the bath.
Obviously it has not been as thoroughly for the single Cu-Se layer as for the complete stacks. The
difficult cleaning of the Cu-Se is caused by its porous morphology (see figure 9.2). The pores bind
the background electrolyte by capillary forces. Only a careful water rinsing can wash it out again.
Thus it can be concluded that impurities resulting from the bath will in generally be higher for rough
and porous layers.

In the present electrodeposition set-up a platinum sheet is applied as counter electrode and an
Ag/AgCl electrode as reference electrode. Table 20.1 lists the silver and platinum contents of sev-
eral electrodeposited and physical vapour deposited samples. For both elements the contamination
is lower for the PVD samples. It seems as if reference and counter electrode increase the corres-
ponding impurity level in the electrodeposited film. This result is further supported by the single
electrodeposited Cu layer. In this deposition the Ag/AgCl reference electrode had been replaced by
a Hg/HgO reference. Consequently the silver contamination is lower in this sample compared to the
other electrodeposited samples. Although it is likely that the electrodes are responsible for the Ag
and Pt contamination, the results could also be explained by impurities in the pH buffer solution.
In all cases except the copper deposition the pH was adjusted by a buffer made from sulfamic acid
and potassium biphthalate. The purity of these chemicals was 99.99% and 99.95%, but no further
information on their Ag or Pt contamination is available.

In conclusion three sources of contamination have been identified in the presented electrodeposition
process. The salt of the background electrolyte can cause trace impurities in the plated film, if the
sample is not cleaned carefully enough after the electrodeposition. It is especially an issue of porous
layers like copper selenide. The use of an Ag | AgCl reference electrode is the probable cause for
an incorporation of silver up to 37 + 15 ppm. The platinum incorporation in the low ppm range is
probably caused by the counter electrode.
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Ag error Pt error Li error
ppm (at) | ppm (at) | ppm (at) | ppm (at) | ppm (at) | ppm (at)
PVD
BAG,/Mo/PVD 0.2% 0.4% 0.0% 41* 28* 15*
SLG/Mo/PVD(1) 0.2% 0.3* 0.0% 41* 32% 17*
SLG/Mo/PVD(2) 0.2% 0.2% 0.0% 1.5% 21% 12%
ED
BAG/Mo/CulnSe, 7 3 0.9 3.0 23* 17*
SLG/Mo/CulnSe, 32 12 0.1% 2.7 37* 28*
BAG/Mo/In-Se/Cu-Se 6 3 2.1 1.5 18* 16*
SLG/Mo/In-Se/Cu-Se 37 15 0.6* 0.5* 14%* 18*
BAG,/Mo/In-Se(1) 16 7 2.8 2.2 49* 32%
BAG/Mo/In-Se(2) 3 2 33 2.9 21 29
SLG/Mo/In-Se 7 3 3.7 3.4 24% 31*
BAG/Mo,/Cu-Se 12 5 0.2% 7.1% 206 79
BAG/Mo/Cu 0* 4% 1.6* 3.0* 43% 67*

Table 20.1.: Silver, platinum, and lithium impurities in absorbers, precursor and single electrode-

posited layers. The impurities have been measured by ICP-MS. Values marked with *
are below the quantification limit of the ICP-MS apparatus and cannot be interpreted
quantitatively. The first 3 samples have been prepared in a PVD 3-stage-process [130].
The electrodeposited (ED) CulnSe,, absorbers have been obtained by annealing Mo/In-
Se/Cu-Se precursor stacks. Soda-lime glass (SLG) and boro-aluminosilicate glass (BAG)

substrates have been used.
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21. Conclusion

The prerequisite for a scientific study of having samples of controlled chemical composition was
demonstrated by EDX measurements. It has been verified that the annealing of an electrodeposited
stoichiometric Mo/In-Se/Cu-Se precursor leads to CulnSe, chalcopyrite. If the precursor has an
overall Cu-rich composition, the copper excess forms Cu,_, Se phases at the surface of the CulnSe,,
as it is expected from the phase diagram. If the precursor composition is Cu-poor, it is possible that
the reaction is incomplete and an ordered vacancy compound is left at the backside of the absorber.

It has been observed that the tetragonal splitting between the (220) and (204) XRD reflections
increases with Cu/In ratio. The increase is higher than it is expected from bulk samples. An
explanation is a change of strain in the thin film absorber for different Cu/In ratios. In this case
not the tetragonal distortion of the unit cell but the strain is the main cause for the splitting of the
XRD reflections. As it has been suggested in the motivation of the electrodeposited binary selenide
precursors (section 2.3) the grain size of the absorber is larger than for a coelectrodeposited sample
annealed under the same conditions. The same is true for the crystal coherence length. Grain size
and coherence length can further be enhanced if the background gas pressure during the annealing
is increased to 1000 mbar. The higher background pressure increases the effective selenium partial
pressure, because it slows down the outdiffusion of selenium from the reaction zone due to the
reduced mean free path.

At the beginning of the annealing the electrodeposited copper selenide reacts to CuSe, and with
increasing temperature follows the phase transitions expected from the Cu-Se phase diagram. If the
electrodeposited copper selenide layer is replaced by a smooth copper film capped with selenium
the process is similar. Copper and selenium will react to copper selenide and follow the phase
transitions expected from the Cu-Se phase diagram as the temperature increases. No crystalline
indium selenide is observed in the reaction, because its crystallisation temperature is above the onset
of CulnSe, formation. Under equilibrium conditions, when the temperature is constant, CulnSe,
sets in between 250 °C and 350 °C. In accordance with the quasibinary In,Se;-Cu,Se section of the
Cu-In-Se phase diagram and supported by similar experiments in literature [169] it can be assumed
that Cu-Se diffusion into the indium selenide converts it into an ordered vacancy compound. Further
Cu-Se diffusion leads to the formation of CulnSe,. A discontinuity in the peak position might be
an experimental confirmation of the ordered vacancy compound but the superposition of CulnSe,,
Cu,_,Se, and the possible ordered vacancy phase makes the interpretation of the XRD diffractograms
difficult at that point.

The porous morphology of the electrodeposited copper selenide leads to a small interface area
with the indium selenide and slows down the diffusion between both. This was concluded from SEM
cross sections and the late onset of CulnSe, in the in-situ XRD experiments. The slow diffusion
between indium selenide and copper selenide causes the long residence time of copper selenide on the
surface, where it undergoes the phase transitions from the Cu-Se phase diagram. It seems that the
reaction of the precursor where the porous copper selenide has been replaced by a smooth copper film
capped with selenium sets in earlier, because the interface with the indium selenide layer is larger.
The sintering of the electrodeposited copper selenide particles influences the interface area and thus
the diffusion kinetics. It is a complex effect dependent on several factors (e.g. stacking density of
the copper selenide platelets), which can explain the variability observed in the annealing process.
The reaction of a Cu-poor precursor stack can be incomplete, but also counter-examples have been
observed. The slow diffusion also leads to a longer presence of the intermediate ordered vacancy
compound. That is a possible reason, why the phase is observed in the present experiments but has
not been reported in similar experiments in literature.
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21. Conclusion

Finally it has been shown that elements from the electrodeposition bath and the electrodes, can
induce impurities in the absorber layer. The magnitude of these impurities was observed to be multiple
times higher in the electrodeposited material than the vacuum deposited material. The implications
on opto-electronic properties including device performance for absorber layers containing an ordered
vacancy compound at the back contact, and the effect of different background annealing pressures
will be explored in part Ill.
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Optoelectronic Absorber and Device
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22. Introduction

The third part in this thesis studies the performance of solar cells prepared from absorber layers
grown from electrodeposited binary selenide precursors. The influence of Cu-rich, stoichiometric,
and Cu-poor growth conditions are studied (table 16.1). In chapter 18 it has been observed that a
higher background gas pressure during annealing improves grain and crystallite size. In the following
it will be examined, if this also leads to a better solar cell performance.

At the beginning the photoluminescence of the absorber is studied, because it provides information
on the optoelectronic quality of the absorber material without the need to complete the solar cell.
It has been reported in literature that the observed radiative recombination transitions in CulnSe,
depend on the composition of the absorber [199, 200, 201, 202, 203, 204]. This will be compared
to the present absorbers.

JV characteristics of the completed solar cells are taken to determine the conversion efficiency,
because this is the measure of practical relevance. The characteristics also provide first information
on loss mechanisms for the solar cells prepared from the absorbers in table 16.1. The loss mech-
anisms are studied in more detail by different characterisation techniques. Temperature dependent
JV measurements are applied to study interface recombination. Quantum efficiency measurements
identify current losses. Voltage biased quantum efficiency measurements show if the current losses
are connected to an incomplete collection of charge carriers or a loss mechanism that is independent
of the location of charge carrier generation (e.g. interface recombination or a photocurrent barrier).
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23. Background

23.1. Band structure of a CulnSe, thin film solar cell

CIS thin film solar cells are designed as heterojunction solar cells where the p-n junction is formed
between different semiconductors. If the band diagrams of two isolated semiconductors are aligned
by the vacuum energy level (the lowest energy level, where the electron is no longer bound to the
material), there will be an energy offset between the conduction band edges of the two semiconductors
and another energy offset between their valance band edges. The equilibrium band diagram of a
heterojunction can be constructed from the following conditions: 1) the conduction and valance band
offsets at the interface are perceived if the materials are brought into contact; 2) the Fermi level is
constant [205]. The typical band diagram of an absorber/buffer/window layer junction is sketched
in figure 23.1. The band gaps of the buffer and window layer are large to avoid absorption of light
in these layers. The CIS absorber layer is p-type and the window layer n-type. If both materials
are brought into contact, electrons from the donors in the n-type material will recombine with holes
from acceptors in the p-type material. Therefore donors and acceptors become charged and form
a space charge region (SCR), which results in the band bending in the band diagram. (The space
charge region in the window layer is narrow due to the high doping density.) The electric field inside
the SCR separates the photogenerated electron-hole pairs.

Ey  cs CdS  ZnO
1.0eVv
e o vy

3.3eV

E,
X

Figure 23.1.: Typical band structure of the absorber/buffer/window layer heterojunction in a CIS thin
film solar cell [205]. The junction is at equilibrium. The band gap energies have been
taken from [206]. The dotted line shows the valance band edge, for a Cu-poor grown
absorber [207].

The CdS buffer layer improves the band alignment. In figure 23.1 the CdS layer causes a spike
in the conduction band between the CIS and the window layer [206]. Without the CdS buffer one
observes a “cliff” in the conduction band between absorber and window layer. It has been shown
that a cliff favours interface recombination and thus reduces V. This can be prevented by a small
spike below 0.3eV. If the spike is larger, it limits the short circuit current [208, 209, 210]. Cu-
poor absorbers lead to less interface recombination than absorbers grown under Cu-rich conditions,
because the valance band edge is lowered (section 23.2) [207].

At the surface of the absorber layer the Fermi-level is close to the conduction band. (This is valid
for CIGS absorbers with a small band gap energy, i.e. a low Ga content.) The conductivity of the
surface can therefore be inverted to n-type. This inversion of conductivity lowers the density of holes
and reduces interface recombination [211].
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23. Background

23.2. Influence of Cu/In ratio on electronic structure

Several electronic properties of the CulnSe, absorber depend on its Cu/In ratio. Cu-poor absorbers
have a higher defect density than Cu-rich grown films, which leads to a strong compensation of
the semiconductor. The strong compensation induces fluctuations of the band edges (chapter 25.1)
[200]. It is also accompanied by a lower free charge carrier density [212]. The electrical resistance
of the absorber layer increases the less Cu it contains. It is a possible explanation why the parallel
resistance in a solar cell is usually higher if the absorber is Cu-poor [212].

The band gap energy is also dependent on the Cu/In ratio. The band gap of CulnSe, depends on
the Cu/In ratio of the as-grown absorber. It has been shown for PVD grown polycrystalline absorbers
that there is a step in Eg from ~ 0.96eV to ~ 1.01eV, when going from Cu-poor (Cu/In atomic
ratio < 0.92) to Cu-rich (Cu/In > 1.20) growth conditions. Above this step the band gap changes
with composition are small. Similar results are true for epitaxial samples [145].

Solar cells prepared from Cu-rich grown Cu(In a)Se, absorbers show strong interface recombina-
tion [207, 211]. The lower interface recombination of Cu-poor absorbers can be explained by a band
gap widening at the surface. For polycrystalline CulnSe, thin films a depletion of Cu in the bulk
is connected to an even larger depletion of Cu at the surface [205]. It has been proposed that the
band gap widening at the surface of the Cu-poor grown absorber is caused by an ordered vacancy
phase (dotted line in figure 23.1) [206, 213]. An alternative explanation for the lower interface re-
combination of Cu-poor grown solar cells is the formation of a defect layer at the surface formed by
the interaction with Cd from the buffer layer [214].
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24. Experimental

24.1. Photoluminescence (PL)

The set-up for PL measurements is shown in figure 24.1. The sample is excited with the 514.5 nm
line of an argon ion laser that is focused on the sample. A laser intensity between 1 mW and 50 mW
is applied. The sample is kept inside a cryostat at 10 K to allow comparison with previous reported
literature results [202, 199]. The photoluminescence signal is focused into a spectrograph which
spatially splits up the spectrum by a dispersive grating. The complete spectrum is recorded at once
by a InGaAs detector. A notch filter in front of the spectrograph removes the wavelength range of
the laser radiation and protects the detector.

]
(%]
8
spectrograph -
detector == line filter Cryostat
| lens
A e sample
notch filter lens

Figure 24.1.: Photoluminescence set-up.

The quantitative PL measurements which have been recorded to determine the band gap in table
27.1 were measured in the same set-up at room temperature. The quantification of the set-up was
done with a calibration lamp of known intensity.

24.2. Solar cell fabrication

The CdS buffer layer and the ZnO window layer with the grids have been deposited on the absorber
to complete the solar cell.

Directly before the buffer deposition the absorbers were etched in a 5% potassium cyanide solution
for two minutes to clean the surface and remove copper selenide phases if present. CdS was deposited
by chemical bath deposition [215]. A solution containing 0.42g/1 CdSO,, 0.76 g/l (NH,),CS, and
10 %(vol.) NH,OH (28% solution) was prepared at 67°C. The absorbers were immersed in this
solution for 420 s, which results in a 70 nm thick CdS film. For technical reasons the Cu-rich sample
“ED-Cu-rich-10mbar” was only covered with a 50 nm thick CdS film.

The further processing of the windows layer was done at the Helmholtz Zentrum Berlin. A 130 nm
thick intrinsic ZnO layer followed by a 540 nm thick aluminium doped ZnO layer were deposited by
rf-sputtering. Afterwards a grid of 10 nm thin Ni covered by 2 ym Al was added as front contacts of
the cells. The area of the cells was about 0.5cm?. The backcontact was prepared by scratching off
the absorber down to the Mo layer at a spot close to the solar cell. Indium spots were painted with
a soldering iron on the blank Mo substrate to assure a good contact.
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24. Experimental

24.3. (Temperature dependent) current-voltage measurements

Current density - Voltage (JV) characteristics have been measured in a home-built set-up. A halogen
lamp (ANSI code: ELH) with a dichroic reflector was used as illumination source. The light intensity
at the position of the sample was adjusted to 100 mW /cm? with a certified solar cell. The solar
cell sample was placed on a peltier element to prevent a warming due to the illumination. The cell
was contacted in a four point geometry (two contacts at the front and two at the back) to allow a
correction of the contact resistance. A computer controlled current-voltage-source was used to scan
the voltage bias and record the current response.

The used set-up underestimates current densities. This has been checked in our group by comparing
the JV characteristics of the same PVD grown solar cell measured in our set-up to the one which
has been obtained in a sun simulator at the “Fraunhofer-Institut fiir Solare Energiesysteme ISE". In
the illuminated JV characteristic the current density is 10% higher in case of the sun simulator. The
JV characteristics presented in this thesis and the values derived from them have been corrected by
multiplying the measured current density by 1.1.

Temperature dependent JV measurements have been performed in a similar set-up. This time the
sample was placed inside a cryostat, allowing temperatures down to 100 K.

24.4. (Voltage biased) quantum efficiency measurements

Quantum efficiency (QE) measurements record the current response of the solar cell depending on
the wavelength of the illumination. It is a useful method to identify current loss mechanisms in
the solar cell (section 27.1). Quantum efficiency was measured by a lock-in technique (figure 24.2),
because the signal response is low (ca. 1pA). The sample solar cell is illuminated on a 1 — 2mm
broad spot by a monochromatic light beam. The illumination is chopped to provide a clock signal for
the lock-in amplifier. Front and back contact of the solar cell are connected to a potentiostat which
amplifies the current signal and allows to apply a DC voltage bias between the contacts. A software
controls the scanning through the light spectrum and the voltage bias applied at the potentiostat.
The current response at each wavelength is recorded. In order to relate the current response to the
quantum efficiency a Si or InGaAs solar cell with a calibrated quantum efficiency is measured under
the same conditions.

sample
chopper  lens
Q monochromator
| ] N
O amps L‘J U
clock i ntacts
] chopper control =
. in ® otentiostat
computer current lock-in current signal P i
signal amplifier + amplifier
< DC-bias ’

Figure 24.2.: Set-up for QE measurements. The light beam is represented by the grey line from the
lamps to the sample. The signal cables are marked with an open symbol at the input
and a filled symbol at the output.
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25. Photoluminescence

25.1. Background

Photoluminescence (PL) provides a method to observe the radiative recombination processes in a
semiconductor and conclude on their defect levels within the bandgap. It is thus a suitable technique
to examine the optoelectronic quality of the absorber layer.

In a photoluminescence set up the electrons are excited by a laser into the conduction band
leaving behind holes in the valance band. Afterwards a fast thermalisation brings the electrons close
to the conduction band edge and the holes close to the valance band edge. Different radiative
recombinations are now possible (figure 25.1) [208, 202]:

= Band-to-band transition: An excited electron recombines with a hole from the valance band.

= Excitonic transition: Due to their opposite charges an electron and a hole can form an exciton.
In a simple way it can be described by analogy to the hydrogen model. The transition energy
is therefore reduced by the binding energy of the exciton.

= Free-to-Bound transition: An electron of the conduction band can recombine with a hole in
an acceptor or a hole from the valance band can recombine with an electron in a donor.

= Donor-Acceptor (DA) transition: An electron of a donor state can recombine with a hole of
an acceptor state. The remaining donor and acceptor are now charged positive and negative,
respectively. The attractive Coulomb force between them causes a binding energy that must
be considered in the transition energy.

EA conduction band

band-to-band
exciton

donor-acceptor

Fee-to-bound|

valence band
Figure 25.1.: Radiative transitions in a semiconductor. Scheme taken from [208].
A way to distinguish between the possible radiative recombination mechanisms is a variation of the
laser excitation intensity I.... The transition energy Ep;, and also the transition intensity Ip; show
different dependencies on I.;. for the different types of transition. In this context it is helpful to

introduce the energy shift coefficient 8 and the intensity exponent k& which describe the dependency
of the corresponding variable on the excitation intensity /... [208, 202]:

Epr(Iexe) = Epr(lo) + Blogyg(Lexe/Io) (25.1)
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25. Photoluminescence

IPL 0.6 Ifa:c (252)

The typical values of 5 and k for the different transition types are summarised in table 25.1.

transition type I3 ‘ k ‘ remarks ‘

Band-to-Band 0 ~ 2 [1]
Excitonic 0 1-2

Free-to-Bound 0 <1

Donor-Acceptor (weak comp.) | few meV/decade | <1
Donor-Acceptor (strong comp.) | > 10meV /decade | =~ 1

[1] & = 2 is only valid in case of low carrier injection and negligible competitive recombination
mechanisms

Table 25.1.: Energy and intensity dependence of radiative transitions with excitation intensity I.yc
[208, 202, 216]. The coefficients 5 and k are defined in equations 25.1 and 25.2.
In case of donor-acceptor transitions it is distinguished between weakly and strongly
compensated semiconductors.

The observed photoluminescence transitions in CulnSe, are composition dependent. PL spectra
of epitaxial CulnSe,, absorbers in dependence on their Cu/In ratio have been presented in [199, 202].
In these samples distinct donor-acceptor transitions are observed for near-stoichiometric and Cu-rich
material. The first transition (DA2) is dominant at Cu excess (Cu/In > 1.05). It is located around
0.97eV (at 10K). In the near stoichiometric range (0.94 < Cu/In < 1.05) another transition (DA1)
dominates around 0.99eV. A weak peak is observed around 0.94 V. It can either be interpreted as
a phonon replica of the DA2 transition or as a separate donor-acceptor transition (DA3). The latter
interpretation is supported by analogous observation for CuGaSe, [199, 208]. For Cu-poor samples
(Cu/In < 0.91) a broad asymmetric peak is observed. This peak is interpreted as a donor-acceptor
transition in a highly compensated semiconductor [200]. Such a semiconductor has a high density
of ionised donors and acceptors that attract and repel the free charge carriers. These Coulomb
potentials cause statistical fluctuations of the conduction and valance band edge. Therefore the
transition energy is not well-defined any more but shifted and broadened. If the excitation intensity
is increased, the free charge carrier density in the bands is raised. The free charge carriers can shield
the Coulomb potentials and reduce the band edge fluctuations. Thus the transition energy in a highly
compensated semiconductor shows a more pronounced dependency on excitation intensity than for
a weakly compensated one (see table 25.1).

In addition to the donor-acceptor transitions also excitonic transitions and phonon replicas are
observed for Cu-rich and near-stoichiometric epitaxial samples. In a phonon replica a phonon has
been excited in the optical transition process. Therefore the energy of the initial optical transition
is reduced by the energy of the phonon. For CulnSe, the energy of a longitudinal optical phonon
is about 29 meV [202]. Excitonic transitions and phonon replicas require a supreme crystal quality,
because grain boundaries and crystal defects can break the excitonic bond or reduce the coupling
between electronic and lattice system [217, 202].

25.2. Results and Discussion

Figure 25.2 shows photoluminescence spectra of the CulnSe, absorbers obtained from electrode-
posited binary selenide precursors. Previous studies on epitaxial and polycrystalline thin films have
demonstrated that the observed transitions depend on the Cu/In ratio of the absorber [199, 200,
201, 202, 203, 204]. In the following a Cu-poor, a stoichiometric, and a Cu-rich CulnSe, film (see
table 16.1) are compared and it is tested if the results from literature can be transferred to the
electrodeposited absorbers.
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Figure 25.2.: Photoluminescence spectra of CulnSe, absorbers with different Cu/In ratios (compare
table 16.1). The spectra have been recorded at a temperature of 10K and 50 mW
laser excitation power.

In case of a Cu-poor grown film only one broad peak is observed at 0.959 eV (figure 25.2, "ED-
Cu-poor-10mbar”). The broad and asymmetric shape is the typical sign for a strongly compensated
semiconductor (see section 25.1). This result is further supported by the energetic shift of the
peak with increasing laser excitation intensity (figure 25.3). The high § value of 19meV /decade
is in the typical range observed for strongly compensated CulnSe, absorbers (compare with table
25.1). In case of the near-stoichiometric absorber (ED-stoich-10mbar in figure 25.2) the energetic
shift 3 = 13meV is less pronounced, but still high enough to assume a strongly compensated
semiconductor. The reduced degree of compensation for the near-stoichiometric absorber compared
to the Cu-poor one is also seen from the energetic position of the transition peak at 0.985 meV. It
is already close to the energy of the DAL transition (see section 25.1). The small tail on the high
energy side of the peak can be a weak excitonic transition.

The results are similar to the ones reported for epitaxial films (section 25.1, [199]). In both
cases Cu-poor samples show strong compensation. Epitaxial samples with a composition close to
stoichiometry show a DAL transition in their photoluminescence spectra. The near-stoichiometric
absorber in figure 25.2 is still strongly compensated. There are two possible explanations. First,
taking into account the accuracy of the EDX (Cu/In atomic ratio £0.05) it is possible that sample
“ED-stoich-10mbar” is not stoichiometric but slightly Cu-poor, although the atomic Cu/In ratio
measured by EDX was 0.98. Second, it is possible that the defect concentration which causes the
compensation is higher in case of the electrodeposited absorbers.

The Cu-rich grown sample "ED-Cu-rich-10mbar” in figure 25.1 is probably not strongly com-
pensated, although it has a broad and asymmetric shape. The value 5 = 3meV /decade indicates
only a low compensation (figure 25.3). That is supported by a weak excitonic peak around 1.05eV.
It is usually not observed for highly compensated semiconductors (compare to the Cu-poor and near-
stoichiometric spectrum in figure 25.2). The main peak position (0.972¢eV) is close to the values
expected for a DA2 transition being the dominant one at high Cu-excess growth conditions. If the
absorber is not compensated, the peak asymmetry must be explained by a different cause. A typical
explanation is the existence of several phonon replicas of the main DA2 peaks [218]. In the present
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25. Photoluminescence

case a phonon replica cascade is unlikely, because it does not provide a sufficient fit of the asym-
metry and requires a very good crystal quality [202]. It is more likely that at least one further defect
transition is present in the low energy side of the peak. This defect could be the DA3 transition that
has been proposed in [208]. The photoluminescence signal of the further defect(s) needs to be weak
and wide to describe the asymmetry, therefore a broad energy distribution of the defect level(s) must
be assumed.

I M ' ' M 1 '= ! ! ' I ! ! 1 M a’) :
098 = 13 meV/dec ]
> 0.97 b) ]
o p= 3 meV/dec ]
5 0.96 )
0 ]
o 0.95- .
x ] p= 19 meV/dec
O ] ]
o 0.94: :
— ] ]
0. 0.93- ]

.92 -s—+—?vv-o—1"—"-—+—+—"r—""—""+"——""r

0.0 0.5 1.0 1.5 2.0
Iog(IeXC)

Figure 25.3.: Energy shift of the PL maximum with respect to the laser excitation intensity I¢;.. The
absorbers a) “ED-stoich-10mbar”, b) “ED-Cu-rich-10mbar”, c) “ED-Cu-poor-10mbar”
from table 16.1 are shown.

The electrodeposited absorber which has been annealed at 1000 mbar background gas pressure
shows sharp peaks in the PL spectrum (figure 25.4, sample “ED-stoich-1000mbar”). The highest
peak at 0.975eV can be assigned to the DA2 transition. The shoulder on its low energy side is
probably a phonon replica, because the energy difference to the DA2 transition is close to the energy
of a longitudinal optical phonon in CulnSe, (29meV) [202]. Otherwise it can also be the DA3
transition. The peak at about 1.04eV can be ascribed to an excitonic transition, because k = 1.2.
The presence of an exciton and a possible phonon replica confirms the high crystal quality of the
material [217].

Another absorber (labelled “repeat”) has been prepared under similar condition as sample "ED-
stoich-1000mbar”. A near-stoichiometric electrodeposited binary selenide precursor was annealed at
1000 mbar background gas pressure!. The Cu/In atomic ratio of the absorber was determined by
EDX to be 1.03 for sample “ED-stoich-1000mbar” and 0.99 for sample “repeat”. The PL spectrum
of this new absorber is different (figure 25.4, sample “repeat”). The main peak at 1.001 €V is close
to a DAL transition. The shoulder at lower energies can either be assigned to a phonon replica
or a DA2 transition. There are different possible explanations for the different PL spectra of the
similar prepared absorbers. It is possible that the actual composition difference is larger than it is
assumed from the EDX measurements. This has been discussed before in the context of sample
“ED-stoich-10mbar”. Taking into account the accuracy of the EDX (atomic Cu/In ratio £0.05) and

! After the annealing sample “repeat” was cooled down to room temperature within 1h, while the cooling process for
sample “ED-stoich-1000mbar” took about 3h. In both cases the cooling was slow and it is not expected that the
difference influences the absorber properties.
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Figure 25.4.: Photoluminescence spectra of two CulnSe, absorbers annealed at 1000 mbar back-
ground gas pressure. Both samples “ED-stoich-1000mbar” and “repeat” have been
prepared in a similar way from precursors with a Cu/In ratio close to 1. The energy of
the transitions is noted.

the fact that the EDX measurements have been performed on different days, the composition of
sample “ED-stoich-1000mbar” might actually be slightly Cu-rich. It has been reported in literature
that Cu-rich growth conditions favour the DA2 transition [199]. The porous morphology of the
electrodeposited copper selenide provides a second explanation. If its porosity varies between the
precursors, the sintering process during the annealing can change. This can effect the interdiffusion
between the copper selenide and indium selenide layer (see discussion at the end of chapter 19.2.1).
Although the overall composition is the same, the Cu concentration being effectively involved in the
growth of CulnSe, can then change between different samples. Both interpretations explain the
different DA-transitions by an effective difference in Cu content during the growth.

In conclusion it has been shown that in case of absorbers prepared from electrodeposited binary
selenide precursors the photoluminescence spectrum is not only dependent on the precursor compos-
ition but also on the annealing conditions. The Cu-poor grown absorber is strongly compensated
which is in line with observations in literature on epitaxial grown samples [199]. The Cu-rich grown
absorber is dominated by the DA2 transition which has also been reported for epitaxial samples
[199]. However the energetic distribution of the defects seems to be broader for absorbers prepared
from electrodeposited binary selenide stacks and low energy transitions (e.g. DA3) are more pro-
nounced. The interpretation of near-stoichiometric samples is difficult, because differences between
the samples or a deviation from results reported in literature might be an issue of an insufficient
composition control. EDX measurements in chapter 16 showed a sufficient composition control to
distinguish between the Cu-poor, near-stoichiometric, and Cu-rich growth conditions studied in this
thesis (table 16.1). A more accurate composition control (e.g. the precise repetition of a sample) is
unfortunately not possible in the current process. It must be studied if the lack of reproducibility is
caused by the precursor formation or during the annealing process. A higher background gas pressure
during annealing significantly improved the quality of the semiconductor.
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26. (Temperature dependent) Current-Voltage
characterisation

26.1. Background

26.1.1. Diode Equation

The performance of a solar cell is given by its JV characteristic, which is the current density response
J under standard illumination versus the applied voltage V. The characteristic performance values
open circuit voltage Vp¢, short circuit current density Jgc, fill factor F'F', and efficiency 7 can be
obtained from the measured curve [219]. An ideal solar cell can be described by the diode equation
with an additional photocurrent density Jy;.

v
J=Jo (exp <A€kBT> - 1> — Ju (26.1)

The saturation current density Jy is a measure for the recombination and generation current
densities in a solar cell in the dark at V' = 0. The diode factor A depends on the mechanism of
recombination (e.g. A =1 for radiative recombination, A = 1 — 2 for defect related recombination
[220, 205]). For a real solar cell equation 26.1 is extended by the series resistance Rg and the parallel
resistance Rp[219]:

V —RgJ)- V —RsJ
P

An evaluation of the parameters Voc, Jsc, F'F, Jy, A, Rg, and R, helps to identify the the main
efficiency loss mechanisms in the solar cell'. The parameters are not independent, e.g. Vo and Jy
are both an indicator of recombination and connected by

AkpT :
Voo ~ el <‘]”) (26.3)
€ J()

which is derived from the diode equation 26.1.

26.1.2. Temperature-dependent JV measurements

Non-radiative recombination is an important efficiency loss mechanism, because it reduces Vpc. In
an ideal solar cell radiative recombination takes place in the quasi neutral region. Additional defect
related recombination paths can occur in a real solar cell. They can be located in the quasi-neutral
region, in the space charge region or at the buffer interface. Interface recombination can often be
identified by temperature dependent JV characterisation [222, 211]. The saturation current density
Jo in equation 26.2 is temperature dependent. Most of the temperature dependence can be separated
into an Arrhenius factor with the activation energy F,, while the remaining Jyg has only a weak
temperature dependence

Eq
J() = JOO - exp <—W> (264)

126.2 is an implicit equation. The software “ivgen” which is part of the “ivfit” package [221] allows an easy compu-
tation.
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Combining equations 26.1 and 26.4 leads to [222, 211, 205]

E, AkpT J
VOC ~ — — B In <00)
e e Jin

(26.5)

Assuming A, Jyo, and Jj; to be constant with temperature the activation energy FE, can be
obtained by a linear extrapolation of a Vpc versus T' plot for T' — 0. The activation energy F,
depends on the recombination path. In case of bulk recombination F, equals the band gap Eq. If
the activation energy F, is below the band gap energy interface recombination is present[211, 220].
However

26.1.3. Anomalies in the JV characteristic

JV characteristics can show anomalies which are not explained by the diode equation 26.2. An
excellent list of anomalies and there causes is given in the book of Scheer and Schock [205].

26.1.3.1. Roll-over

“Roll-over” denotes if the forward current does not follow the exponential behaviour expected from
the diode equation 26.2 but saturates above a certain forward voltage bias.

A “roll-over” can be caused by a back contact barrier [223, 205]. In this case it is necessary to
extend the classical diode circuit of real solar cell by a second reverse diode. This second diode must
be in series with the main diode to cut off the forward current. It has its own series resistance Rgso,
parallel resistance Rps and a reverse illumination current density J;;;2. The series resistance Rgo can
be absorbed in the total series resistance Rg of the complete diode. The resulting circuit is given in
figure 26.1a. The implicit equation of the JV characteristic is complicated and will only be discussed
qualitatively in the following.

50 ; . — .
;diode1
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5
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_E_ Re, VIV
(a) Electrical circuit (b) JV characteristic

Figure 26.1.: Electrical circuit and corresponding JV characteristic of a solar cell with a reverse
np-junction at the back contact. The calculation in 26.1b has been done with the
electric circuit simulation software "Micro-Cap 9.0". The circuit parameters are Rg =
1Qcm?, Rp = Rpy = 500 Qcm?, Jy(diodel) = 1 uA/cm?, Jy(diode2) = 1mA /cm?,
Jill - JillQ =30 mA/cmZ.

Both photocurrent densities J;; and J;;0 are opposite to each other. It is expected that the
absolute value of J;; will be much higher, because most of the light is absorbed at the front of
the absorber layer. A correct comparison of the photocurrents requires the knowledge of the space
charge width for both junctions to decide how charge carriers created in the middle of the absorber will
distribute between the front and backcontact junction. Assuming voltage independent photocurrents
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the JV characteristic will shift (—J;;; + Ji;2) under illumination. Under reverse voltage bias diode 2
is in forward direction and will have a negligible effect on the diode characteristic of the main diode
1 (figure 26.1b). If the total current becomes positive, diode 2 will be in reverse direction. That
means above the saturation current density of diode 2 (Jp2) the current will flow through the shunt
resistance Rpo and the JV characteristic above V¢ will be linear with the slope determined by Rpo
(and Rg, which is always present but probably lower than Rp3). In the intermediate voltage range
where the current starts to rise exponentially both diodes will contribute to the JV characteristic.
Thus a continuous transition from a diode 1 dominated circuit to a Rpy dominated circuit will result.

Another explanation of the “roll-over”-effect can be a forward current barrier at the absorber buffer
interface [205]. In the band diagram in figure 26.2c electrons flowing in forward direction from the
window layer into the absorber have to overcome a spike in the conduction band. As long as the
spike is small it has negligible effect on the solar cell efficiency. If the spike is too large it can cut off
the forward current.

26.1.3.2. Kink

If the JV characteristic shows a “kink” the current saturates at intermediate forward voltage bias.
At higher forward voltage bias the current rises again.

A kink can be caused by a photocurrent barrier [205]. If the voltage bias is close to V¢ the barrier
in the conduction band can cut off the photocurrent (figure 26.2b). This causes the “saturation” of
J at intermediate bias V. Under forward voltage bias the forward current can pass and J rises again
(figure 26.2c).

a) > b) —» <) -
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V << Vg V < Vg V> Vg

Figure 26.2.: Band structure of an illuminated heterojunction with a conduction band offset at dif-
ferent applied voltage bias V. a) under strong reverse voltage bias, b) V' close to V¢,
but still under reverse current, c) under forward voltage bias. E, and E, denote the
Quasi-Fermi-levels in the bulk.

26.2. Results and Discussion

26.2.1. JV characteristic at room temperature

The CulnSe, absorbers in table 16.1 have been completed into solar cells and their JV characteristics
are shown in figures 26.3 and 26.4. The characteristic parameters are listed in table 26.1. Rg, Rp,
A and Jy were obtained by fitting the JV characteristics with the diode model of a real solar cell
(equation 26.2). The fitting was done by the software “ivfit” [221]. A best efficiency of 5.5% has
been obtained from the stoichiometric absorber which has been annealed at low background gas
pressure.

In comparison with a CulnSe,, solar cell grown in a PVD 3-stage process open-circuit voltage Voc,
short-circuit current density Jgc, and fill factor are about 20 — 30% lower (table 26.1). The low
Voc is an indication for high recombination. This is also seen in the significantly higher saturation
current density Jy for the binary selenide solar cells which is linked to the Vo by relation 26.3.
Temperature dependent JV measurements (section 26.2.2) will show strong interface recombination
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electrodeposited binary selenide | PVD Cu-poor | coelec.
sample a b c d e [21]
atomic Cu/In | 0.98 | 1.47 | 0.92 | 0.94 | 1.03
pressure / mbar | 10 10 10 | 500 | 1000
Voc A% 0.34 | 0.26 | 0.33 | 0.31 | 0.18 0.50 0.40
Jso mA /cm? 309 | 32.2 | 28.3 | 29.4 | 16.3 38.1 31.2
FF 0.52 | 0.49 | 0.35 | 0.46 | 0.26 0.68 0.52
eff. % 55 | 41 | 3.3 | 42 | 0.8 12.9 6.7
fit - illuminated curve
R, Qcm?® 281 | 76 162 335 290
Rg Qcm? 09 | 0.7 09 [ 10 0.5 2.0
A 2.3 1.8 2.7 1.5 2.0
Jo pA /em? 86 | 98 337 0.1 12
fit - dark curve
R, Qcm? 930 | 287 477 12700 2000
Rs Qcm? 1.1 | 09 1.1 | 14 0.6 2.9
A 20 | 15 2.3 1.6 2.3
Jo pA /em? 21 | 16 84 0.2 6.6
Jgco determined from quantum efficiency spectrum
Jsc |  mAjem®  |341[383]281]310[ 215 412

sample labels according to table 16.1
ED-stoich-10mbar

ED-Cu-rich-10mbar
ED-Cu-poor-10mbar
ED-stoich-500mbar
ED-stoich-1000mbar

a.

® o0 o

Table 26.1.: JV characteristic and calculated parameters of thin film solar cells prepared from the
absorbers in table 16.1. The PVD sample has been prepared in a 3-stage-process (section
15.1.4). The parameters of the coelectrodeposited solar cell are taken from [21]. Voc,
Jsco, F'F and efficiency were directly determined from the JV characteristic. Rg, Rp,
A, and Jy have been obtained from a fit of the dark and illuminated curve with equation
26.2 by the software ivfit [221]. In case of “ED-stoich-1000mbar” the resistance has
been determined from the slope of the JV-curve. The last row shows the jsc (active
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Figure 26.3.: JV-characteristic of solar cells prepared from electrodeposited binary selenide precursors
with different Cu/In ratios. The composition of the absorbers is given in table 16.1.

for the stoichiometric solar cell prepared from electrodeposited binary selenide precursors. The loss of
Voc is the main reason why solar cell “ED-stoich-10mbar” has a lower performance than the coelec-
trodeposited sample reported by Dale et al. [21]. The coelectrodeposited sample has been prepared
under Cu-poor (Cu/In = 0.79) growth conditions, which usually results in a Cu-poor surface com-
position. Therefore the coelectrodeposited sample benefits from a reduced interface recombination
which allows a higher Vo (section 23.2).

The lower Jg. of the binary selenide solar cells is caused by an incomplete charge carrier collection
as it will be shown in quantum efficiency measurements (figure 27.2). A low fill factor is often
caused by a high Rg and a low Rp. For the binary selenide samples the resistances are not the
dominating limitation of the fill factor. If the IV-curve of these cells is calculated by the diode
equation 26.2 taking the better resistances of the PVD sample, the fill factor will only improve from
0.52 to 0.54. The main limitation of the fill factor is the high saturation current Jy, i.e. again the
high recombination in the devices. The diode factor A of the stoichiometric cells (ED-stoich-10mbar
and ED-stoich-500mbar) is above 2. This can be an indication for tunnelling enhanced recombination
[211]. A diode factor above 2 can also be caused by spatial fluctuation in the activation energy of
the dominant interface process (probably interface recombination in case of “ED-stoich-10mbar”)
[205].

The Cu-rich grown solar cell (ED-Cu-rich-10mbar) shows a lower efficiency of 4.1% compared to
the stoichiometric one (table 26.1). While Js¢ is similar, Vo drops. It will be shown in figure
26.6 that the Cu-rich absorber has an enhanced interface recombination. Another reduction of Voo
can be caused by a reduced parallel resistance that indicates the appearance of shunts (e.g. copper
selenide phases along the grain boundaries [212]). The parallel resistance of the Cu-rich absorber is
less than the one of the stoichiometric absorber (table 26.1). However a calculation from the diode
equation 26.2 shows that the change of Rp from 281 Qcm? to 76 Qcm? causes a reduction in Voo
of less than 0.01V and therefore being negligible.

The Cu-poor grown solar cell has similar Jgo and V¢ as the stoichiometric one. Its shape however
cannot be described by the exponential shape of the diode equation. In forward bias direction a “roll-
over” of current is observed, which is often a sign for a back contact barrier (section 26.1.3.1). The
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26. (Temperature dependent) Current-Voltage characterisation

composition depth profile of the absorber (figure 16.1b) suggests the formation of a copper vacancy
compound at the backcontact of the absorber. The copper vacancy compounds Culn;Se; and
Culn;Seg are usually n-type doped? [225, 224] and thus form a reverse n-p junction at the back of
the absorber. Thus the incomplete reaction of the binary selenide precursor stack limits the solar
cell performance of the Cu-poor device due to the formation of a reverse np-junction at the backside
of the absorber which acts as a barrier for the holes. The proposed circuit in 26.1a can explain,
why the Cu-poor cell is not more efficient than the stoichiometric one. The main loss of efficiency
is attributed to the low fill factor. It is reduced by the parallel resistance Rpo that is connected in
series to the first diode, when the back contact diode changes from forward to reverse direction. At
this point the Rpo adds up to the series resistance Rg and reduces the fill factor.
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Figure 26.4.: JV-characteristic of solar cells prepared from stoichiometric binary selenide precursors.
The samples have been annealed at 10 mbar, 500 mbar and 1000 mbar background gas
pressure. The composition of the absorbers is given in table 16.1.

Increasing the background gas pressure during the annealing from 10 mbar to 500 mbar leads to a
small loss of efficiency (figure 26.4). It has been shown that an annealing pressure of 1000 mbar leads
to larger grains, a longer lattice coherence length and a better electronic structure of the absorber.
Therefore one would expect a higher solar cell efficiency, but the opposite is observed. The JV
characteristic has degenerated into a line meaning a resistive behaviour of the cell. The resistance
is about 10 — 14 Qcm?. The reason for this becomes clear in the XRD diffractogram (figure 17.2b).
There is no Mo reflection visible any more but only a MoSe, phase. Obviously the higher Se pressure
that was confined by the high background gas pressure has not only led to a better crystallisation of
the absorber film but also to a nearly complete selenisation of the back contact.

Table 26.1 lists the short circuit current density Jsc which has been calculated by integrating the
external quantum efficiency spectra of the solar cells (figure 27.2). In the used QE set-up (section
24.4) there is no shading of the solar cell grids, because only a small spot between the grids is probed.
Therefore it is expected that jsc is about 5% higher than Jsc which has been determined from the
JV characteristic and includes shading from the grids. This is true for sample “ED-stoich-500mbar”
and the Cu-poor PVD sample (The percentage of the grids is a little bit higher for the PVD sample,

2|t has been reported that Culng;Se; single crystals have p-type conductivity. Thin films synthesised from these targets
by laser ablation show n-type conductivity [224].
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26.2. Results and Discussion

because the total area was 0.39 cm? instead of 0.50 cm?). For the other samples jsc is 10 — 32%
higher than Jg¢, except for sample “ED-Cu-poor-10mbar” where Jg¢ is higher than Jsc. It means
that the solar cells are not laterally uniform and jsc measured in the middle of the solar cell deviates
from Jgc being an average of the complete solar cell.

In conclusion, a best efficiency of 5.5% has been obtained for solar cells prepared from electrode-
posited binary selenide absorbers. The solar cells suffer from a low V¢ due to strong non-radiative
recombination. The photoresponse fluctuates across the cell which can be connected to the variation
in crystallisation that has been observed after the annealing (section 16). The device prepared from
a Cu-poor grown absorber is probably limited by a reverse np-junction at the backside of the absorber
due to the formation of a n-type ordered vacancy compound at the backside. The ordered vacancy
compound is a result of an incomplete reaction of the precursor stack (section 16). The solar cell
prepared from the absorber annealed at 1000 mbar background gas pressure has a low performance,
because the Mo backcontact has been selenised in the annealing process.

26.2.2. Temperature dependent JV characteristic

Temperature dependent JV characteristics have been recorded in order to study the possible recom-
bination paths (figures 26.5 - 26.8). The Cu-rich grown solar cell (ED-Cu-rich-10mbar, figure 26.5)
shows the expected increase of Voo with lower temperatures. A plot of Voo versus T’ confirms the
linearity of equation 26.5 (figure 26.6). The intercept at ' — 0 is E, = 0.63eV. This is below the
bandgap of 1.02eV which has been determined by quantitative photoluminescence measurements
(table 27.1). Therefore it can be concluded that interface recombination is important. High interface
recombination is typically observed for Cu-rich grown CulnSe, solar cells prepared by coevaporation
(section 23.2)[226, 207]. It is also evident from figure 26.5 that the photocurrent decreases for lower
temperatures. This can be a problem of an insufficient charge carrier collection (see section 27.1).
Under the assumption of complete ionisation of the dopant within the space charge region its width is
independent of temperature, because it is only determined by the dopant density and the voltage drop
over the space charge region. Then the reduced carrier collection is due to a decrease in the electron
diffusion length. The electron diffusion coefficient D,, is given by the Einstein relation D,, = kiTun
and the electron mobility . The temperature dependence of p, is specific for each sample. Even
for samples where u,, increases with lower temperature the pre-factor @ usually dominates and
the diffusion coefficient at 200K is lower than at room temperature [227]. Scattering at ionised
impurities and grain boundaries decreases the mobility with lower temperature while scattering at
optical phonons increases it [228]. Therefore in addition to the pre-factor ’“BTT a high density of
ionised impurities or grain boundaries can further decrease D,, with lower temperature. A reduced
diffusion length at low temperatures can cause insufficient carrier collection explaining the decrease
in short circuit current with lower temperature in figure 26.5.

The stoichiometric solar cell (ED-stoich-10mbar, figure 26.7) shows a kink in the JV-characteristic
for temperatures below 200 K. Such a kink is also observed in coevaporated Cu-poor Cu(In -a)Se,
solar cells [229, 230]. It might be explained through the presence of a photocurrent barrier (section
26.1.3.2). Extrapolating the Voo for T — 0 leads to an activation energy of 0.80eV (figure 26.6)
which is lower than the band gap of 0.99eV (table 27.1). Thus interface recombination can also be
identified for the near-stoichiometric case.

As it has already been observed at room temperature the Cu-poor sample shows a current roll-over
due to a backcontact barrier (ED-Cu-poor-10mbar, figure 26.8). If the forward voltage (corresponding
to a reverse voltage for the diode at the backcontact) is sufficiently high, a current break-through
of the reverse diode will occur and the current will rise again. For the Cu-poor absorber the current
break-through is only observed close to room temperature. At lower temperatures the forward current
stays limited by the parallel resistance Rpo (figure 26.1a). The short circuit current density of the
Cu-poor grown solar cell is increasing with temperature. As for the Cu-rich grown solar cell this
can be a sign of a low diffusion coefficient leading to an incomplete charge carrier collection. It can
also be an effect of a temperature dependent parallel resistance, because also the slope of the JV
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Figure 26.5.: Temperature dependent JV characteristics of the Cu-rich solar cell (ED-Cu-rich-
10mbar)
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Figure 26.6.: Open circuit voltage Voo as a function of solar cell temperature T with a linear
extrapolation to T' — 0
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Figure 26.7.: Temperature dependent JV characteristics of the stoichiometric solar cell (ED-stoich-
10mbar)
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Figure 26.8.: Temperature dependent JV characteristics of the Cu-poor solar cell (ED-Cu-poor-
10mbar)

161



26. (Temperature dependent) Current-Voltage characterisation

characteristic is changing.

Before extrapolating the Voo for T — 0, it must be considered how the existence of the reverse
diode at the back contact effects the Vpo. For simplicity it is assumed that the photocurrent of
the reverse np-junction is J;;5 = 0. This is justified, because most charge carriers are generated at
the front of the solar cell. At Vo no total current is passing through the solar cell. Due to charge
conservation this is not only true for the complete solar cell but also separately for each junction,
the one at the back and the one at the front3. That means the Vo of the complete solar cell
is the sum of the front junction Vo and the back junction Vpc. The latter one is zero, because
Jiniz = 0 has been assumed. Then the V¢ of the complete solar cell is only determined by the main
pn-junction at the front. Therefore it is still possible to perform the temperature dependent Voo
evaluation by equation 26.5. The Vo is still linear with temperatures above 180K (figure 26.6).
At lower temperatures the slope of the forward current in figure 26.8 is so low that already small
effects on the current value (e.g. a small J;;2) can shift Voo considerably. It is also possible that the
assumption of a temperature independent diode factor A is no longer valid for the low temperature
data points. Extrapolation results in an activation energy of £, = 0.94eV. This value is close to the
band gap value of 0.97¢eV (table 27.1). E, might be slightly underestimated due to the non-linearity
of the plot in figure 26.6. Since the activation energy is below E¢, it can be concluded that interface
recombination is still the dominant mechanism.

In conclusion it has been presented that interface recombination is the dominant recombination
mechanism in solar cells prepared from electrodeposited binary selenide precursors. The main limit-
ation in performance between the best solar cell from an electrodeposited binary selenide precursor
and a solar cell prepared by coelectrodeposition is the V¢, i.e. recombination losses (table 26.1) . A
reduction in the rate of interface recombination is necessary to reach higher efficiencies. Although the
measure of recombination rate is the saturation current density jo and not the activation energy F,,
a high activation energy is in general expected to be beneficial to reducing interface recombination
losses (equation 26.4). The activation energy of the interface recombination decreases from Cu-poor
to Cu-rich growth conditions as it has previously been reported for coevaporated samples [226, 207].
Therefore also in case of solar cells prepared from electrodeposited binary selenide precursors Cu-poor
growth conditions seem to be a promising route toward higher efficiencies. This presumes, of course,
the absence of a reverse junction at the back caused by an incomplete reaction of the precursor. So
far the advantage of low interface recombination is not fully active, since the Vpc of the Cu-poor
prepared solar cell is not higher than for one from a stoichiometric absorber.

3This can be seen from circuit 26.1a. If no current is passing through the complete circuit, the current through the
connection between both diodes must be zero. This is only possible if for each junction the current is zero, because
no current is created in the back contact junction.
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27. (Voltage-biased) Quantum Efficiency
measurements

27.1. Background

Quantum efficiency (QE) measurements record the photoresponse of the solar cell at varying excit-
ation wavelengths. It can be understood as the number of electrons generated per incident photon.
QE measurements allow to distinguish different loss mechanism which reduce the photocurrent. This
is mainly based on two principles. First, each solar cell layer (e.g. window or buffer layer) has a typical
absorption spectrum that causes a loss of excitation intensity. Second, the wavelength dependency
of the absorption coefficient provides information on the spatial location of loss mechanisms within
the absorber.

400 500 600 700 800 900 1000 1100 1200

A/nm

Figure 27.1.: Typical Quantum efficiency losses in thin film Cu(In,Ga)Se, solar cells. The loss mech-
anisms a)-e) are discussed in the text. The graph has been adopted from [6].

Figure 27.1 shows a typical QE spectrum of a Cu(In,Ga)Se, solar cell and assigns its main losses
[6, 231]:

1. Shading of the front contact grid. (This is not observed in our QE set-up where the illumination
spot is between the grid fingers). Transmission factor: T

2. Surface reflection R
3. Absorption of the ZnO window layer Arco
4. Absorption of the CdS buffer layer Acgg

5. Insufficient absorption and charge carrier collection within the absorber. The band gap of the
absorber can be determined on this side.

One distinguishes the external and internal quantum efficiency (EQE and IQE). EQE is of practical
relevance, because it relates the current output of the complete device to the illumination intensity.
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27. (Voltage-biased) Quantum Efficiency measurements

IQE is focused on the absorber layer. It relates the current to the intensity that has been absorbed
in the absorber layer. IQE and EQE are linked through the optical losses 1. - 4. [231]

EQE =T (1 - R)(1— Arco) (1 — Acas) - IQE (27.1)

Equation 27.1 is valid in the absence of photoconductive effects (e.g. if a light bias is applied).
Otherwise a correction factor I" (A, V, I) must be added.
The IQE can be approximated by the Gartner equation [232, 231, 205, 21]

exp (—a(M)W(V))
a(AN)L+1

IQE\V)=1— (27.2)

a(\) is the wavelength dependent absorption coefficient, W (V') the voltage dependent width of
the space charge region (SCR) and L is the diffusion length of the minority carriers. In the derivation
of equation 27.2 minority charge carriers contribute to the photocurrent if they are either generated
within the SCR or if they diffuse into the SCR, because they are generated within W (V') 4 L distance
from the junction. An incomplete carrier collection can be studied by QE measurements under a
voltage bias. The voltage bias makes it possible to control the carrier collection by changing the
SCR width W (V). In case of a p-type semiconductor [233, 234]:

w(V) = \/281\2 (Ve —=V) (27.3)

Vg is the built-in potential of the junction and V the applied voltage bias. N4 is the acceptor
concentration and ¢ the specific dielectric constant of the absorber material. If a high reverse voltage
bias (i.e. V < 0) is applied, the SCR width is increased and the carrier collection can be improved.

Beside the change in SCR width there are additional factors which can cause a change of IQE with
an applied voltage bias [205]. These effects are not covered by equation 27.2.

= The voltage bias changes the electric field at the interface and thus effects interface recom-
bination.

= A potential barrier in the conduction band at the junction interface can limit the photocurrent.
If a small reverse voltage bias is applied the photocurrent barrier can limit the current density
(figure 26.2b). A high reverse bias will increase the band bending and the photocurrent can
pass the barrier (figure 26.2c).

In all cases the IQE increases under reverse voltage bias and decreases under forward bias.

27.2. Results and Discussion

EQE spectra measured under short circuit conditions are shown in figure 27.2. The reference spectrum
of a PVD sample allows to identify the loss mechanisms presented in figure 27.1. Below 370 nm the
absorption of the ZnO window layer cuts off the spectrum to shorter wavelength. Between 400 nm
and 500 nm absorption of the CdS buffer layer causes a typical shoulder. The oscillations between
500nm and 1200 nm result from interferences in the window layer, which modulate the reflectance
of the solar cell. Above 1000 nm absorption of the ZnO window layer might reduce the photocurrent.
At wavelengths above ca. 1300nm the spectrum is cut off by the bandgap of the absorber. The
slope on the high-wavelength side of the spectrum is determined by absorption in the CulnSe, and
carrier collection. The QE spectrum of the Cu-rich binary selenide solar cell (ED-Cu-rich-10mbar in
figure 27.2) is close to the Cu-poor PVD reference. The main difference is the higher band gap E in
case of the electrodeposited sample (see table 27.1). The band gap of the electrodeposited samples
seems to be independent of their growth composition, if it is determined from a simple extrapolation
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Figure 27.2.: EQE spectra of solar cells prepared from electrodeposited binary selenide precursors
under Cu-poor (ED-Cu-poor-10mbar), stoichiometric (ED-stoich-10mbar) and Cu-rich
(ED-Cu-rich-10mbar) growth conditions. For comparison the spectrum of a Cu-poor
PVD solar cell is added.

of the EQE spectrum (figure 27.2 and table 27.1)!. This result is an artifact of the imprecise band
gap determination and does not longer hold, if a more accurate method is used to determine Eg
(table 27.1). The E¢ values from fitting quantitative photoluminescence spectra show the expected
increase with higher Cu/In ratio. They correspond to the band gap values that have been reported
for polycrystalline CulnSe, absorbers prepared by PVD (section 23.2) [145].

The major EQE loss for the stoichiometric sample (ED-stoich-10mbar in figure 27.2) is at wavelengths
above 900 nm, that means at long wavelengths penetrating deeper into the absorber. It is therefore
likely that this loss is caused by a limited minority carrier collection length which results from a
small SCR width W (V') and/or a small diffusion length L (see equation 27.2). The spectrum of the
Cu-poor solar cell (ED-Cu-poor-10mbar in figure 27.2) shows the same loss feature above 900 nm.
In this case the photocurrent losses are larger than for the stoichiometric sample. The losses between
500nm and 800 nm are not due to incomplete carrier collection in the Cu-poor prepared solar cell
but caused by wavelength independent loss mechanisms as it will be shown in the following.

More information on the incomplete carrier collection can be obtained from voltage biased EQE
measurements. If a reverse voltage bias is applied, the SCR becomes wider and more electrons can
be collected. Figure 27.3 shows the EQE spectrum of the Cu-poor grown sample under reverse bias.
The largest effect of the reverse bias is seen in the wavelength range of CdS absorption. A higher
EQE in this range is mainly an artifact of the measuring technique. For some samples it can even
exceed 1 at high reverse bias. The spectra have been measured under chopped illumination with
a lock-in amplifier. In reverse bias the current of the solar cell is given by its saturation current,
the photocurrent, and the current through the parallel resistance. CdS is photoconductive [237];

'The bandgap can also be determined from the extrapolation of (In (1 — QE))2 plotted versus the photon energy
E. This evaluation procedure results from the relations o « (F — Ej) (for direct semiconductors) [235] and
QE ~ 1 — exp (—aW) (approximation from equation 27.2). « is the absorption coefficient, E, the band gap,
QF the quantum efficiency and W the width of the space charge region. For the given spectra it is difficult to
determine the energy range that is included in the linear fit. Therefore a direct extrapolation of the QE spectra has
been preferred.
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Cu/In EQE Quant PL

atomic | band gap / eV ‘ error / eV | band gap / eV
PVD Cu-poor 0.92 0.94 40.02 0.96
ED-Cu-poor-10mbar | 0.92 0.98 +0.01 0.97
ED-stoich-500mbar 0.94 0.98 +0.01 0.96
ED-stoich-10mbar 0.98 0.98 +0.03 0.99
ED-stoich-1000mbar | 1.03 0.99 +0.23 1.02
ED-Cu-rich-10mbar 1.47 0.98 +0.05 1.02
PVD Cu-rich 1.55 1.00 +0.06 1.02

Table 27.1.: Band gaps determined from EQE spectra by linear extrapolation of the high-wavelength
side to FQFE = 0. The samples correspond to the ones from table 16.1 and the atomic
Cu/In ratio before KCN etching has been noted. In the last column the band gaps
have been determined from a quantitative photoluminescence (PL) spectrum fitted by
Planck’s generalised law. A description of this method can be found in [236]. The band
gaps determined by EQE refer to room temperature, while the sample temperature in
the PL experiment is assumed to be about 350 K due to the focused illumination.

therefore the parallel resistance changes with the chopped illumination and the subtraction of the
dark current fails in the wavelength range where CdS absorbs light. But also outside of the CdS
absorption range the quantum efficiency rises under reverse bias. The wavelength dependence of the
EQE increase gives insight into its mechanism. For this it is easier to normalise the EQE at reverse
bias with the EQE at 0V, as it has been done in figure 27.4.
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Figure 27.3.: EQE spectra of solar cell “ED-Cu-poor-10mbar” prepared from a Cu-poor precursor. A
reverse bias of —0.50V and —0.80V has been applied to the cell.

The Cu-poor grown PVD solar cell has a constant EQE (—0.50V) /EQE (0V) ratio of 1. That
means the combination of diffusion length and SCR width at short circuit conditions is already
appropriate to allow a complete carrier collection. Further voltage dependent influences on the
EQE (e.g. interface recombination or a photocurrent barrier) are also low. The solar cell from the
electrodeposited Cu-rich sample has a EQE ratio below 1, i.e. the EQE is decreasing with reverse
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Figure 27.4.: EQE recorded at —0.50 V reverse voltage bias normalised with the EQE at 0 V. The

samples correspond to the ones given in table 16.1. The sharp rise below 600 nm is

attributed to the photoconductivity of CdS. The curve of ED-Cu-rich-10mbar has been
smoothed.

voltage bias. This behaviour is unconventional, because the major voltage dependent processes that
act on the EQE (e.g. widening of the SCR, interface recombination or photocurrent barrier) lead to
an increase of EQE under reverse bias (section 27.1) [205]. The effect has been reproduced with a
new reference measurement of the illumination spectrum. Therefore it cannot simply be explained
by an incorrect calibration. Nevertheless it is likely that the reduced EQE under reverse voltage bias
is an artifact or error of the measurement (e.g. a measured variable being out of range).

The EQE (—0.50V) /EQE (0V) ratio of the other solar cells (ED-stoich-10mbar, ED-Cu-poor-
10mbar) is above 1 which corresponds to the conventional EQE behaviour under reverse bias. The
ratio increases with longer wavelengths. This is expected for a widening of the SCR which has the
strongest effect on charge carriers generated deeper in the bulk. That means the solar cell prepared
from Cu-poor and near-stoichiometric binary selenide precursors suffer from incomplete charge carrier
collection, either due to a narrow space charge region and/or due to a short diffusion length.

The absorption coefficient of short wavelengths is high (e.g. a = 6.9-10*cm™! at A = 700 nm
[238]) . Most photons are already absorbed in the top few hundred nanometres of the absorber.
Therefore the charge carriers are generated in the SCR without the need of a reverse voltage bias.
In this wavelength region the EQE (V) /EQE (0V) ratio is expected to be 1 if incomplete carrier
collection is the only loss effect. At short wavelengths the observed EQE (V') /EQE (0V) ratio is
nearly constant but different from 1. Therefore an additional voltage dependent photocurrent loss
mechanism exists, which is not wavelength dependent. Voltage dependent interface recombination or
a photocurrent barrier in the conduction band are possible examples for such processes (section 27.1)
[205]. It has already been shown in chapter 26 that the solar cells fabricated from electrodeposited
binary selenide precursors are limited by interface recombination and thus it is a probable explanation

for the wavelength independent current losses. In the case of coelectrodeposited solar cells Guillemoles
et al. have reported a decrease of spectral response with forward voltage bias that is independent of
the wavelength. They explain it by interface recombination [25]. Besides interface recombination it is
likely that the reverse diode at the backside will lead to a wavelength dependent loss for the Cu-poor
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fabricated solar cell. Figure 26.1 shows that a reverse diode decreases the short circuit voltage and
will therefore also result in a lower EQE at 0 V. Under reverse voltage bias the reverse diode at the
back will be in forward direction and the spectral response increases.

In summary Cu-rich growth conditions lead to a favourable quantum efficiency for solar cells pre-
pared from electrodeposited binary selenide stacks, because the spectrum is less affected by losses at
wavelengths above 900 nm usually assigned to an incomplete carrier collection. Also the higher band
gap of Cu-rich absorbers improves the utilisation of the solar spectrum. It has been demonstrated
that the Cu-poor and stoichiometric prepared solar cells suffer from incomplete carrier collection.
This can be caused by a high defect density in the absorber which decreases the width of the SCR.
The interface recombination which has already been identified in the temperature dependent JV
measurements is another cause of current loss.
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28. Conclusion

A power conversion efficiency of 5.5% was achieved for the solar cell prepared from the electrodepos-
ited binary selenide precursor with a stoichiometric Cu/In ratio. This is a better efficiency than any
solar cell reported in the academic literature based on the selenisation of a stack from indium selenide
and copper selenide. The best solar cell in this thesis balances the advantages and disadvantages of
the Cu-poor and Cu-rich grown absorbers.

The solar cell prepared from a Cu-rich grown absorber exhibits good charge carrier collection
similar to a PVD grown solar cell. It suffers from high interface recombination reducing Voc. This
is in general observed for solar cells prepared from Cu-rich absorbers [207]. In contrast to epitaxial
grown Cu-rich absorbers the photoluminescence signal of the absorber is broad. It is not a sign for a
compensated semiconductor but indicates several defect transition with a broad energy distribution.

Photoluminescence shows the Cu-poor grown absorber is a highly compensated semiconductor,
as has already been reported before [200, 199]. The main solar cell performance limitations of the
Cu-poor device are caused by poor charge collection and a low fill factor. The low fill factor is
caused by a reverse n-p junction at the backside of the absorber due to an incomplete reaction of the
precursor stack leaving behind a n-type ordered vacancy compound. There are three reasons for the
poor charge collection. Firstly the reverse n-p junction at the back acts as a charge carrier barrier.
Secondly the carriers have a low diffusion length and/or a small space charge region. Evidence for this
effect is seen in the wavelength dependent charge carrier collection. Thirdly, there may be interface
recombination. Although the activation energy for interface recombination is higher for the solar cell
prepared from a Cu-poor absorber than the solar cell prepared from a stoichiometric absorber, this
benefit is not fully active and the open circuit potential is similar to the cell from the stoichiometric
absorber.

A higher background gas pressure during annealing does not only enlarge grain size and crystal
coherence length of the absorber (chapter 18), but also provides a superior semiconductor quality.
This was confirmed by the appearance of an exciton and a phonon replica in the photoluminescence
spectrum. Unfortunately the solar cell prepared from this absorber has an efficiency below 1%. The
high Se partial pressure, which is maintained longer by the higher background gas pressure, does not
only improve the crystallisation of the absorber but also causes a massive selenisation of the Mo back
contact. The massively selenised molybdenum forms a highly resistive contact destroying the device.

In conclusion the solar cells from the Cu-poor grown absorber and the one annealed at high
background gas pressure show comparatively easy possibilities for improvement. The reverse n-p
junction at the backcontact of the Cu-poor absorber can be avoided, if the precursor can be reacted
completely. This can be either done by increasing the annealing temperature slightly (this is limited
by softening point of the glass substrate) or annealing for a longer time. Care must be taken with
either of the above methods though, not to produce thicker layers of molybdenum selenide. Taking
into account that high efficient CIGS solar cells are grown Cu-poor [10], a completely reacted Cu-
poor grown absorber is a promising candidate for a further improvement of the presented solar cell
performance. The absorber annealed at 1000 mbar background gas pressure has a high potential for
an efficient solar cell, because it has proved a superior semiconductor quality in photoluminescence.
The annealing process must be further optimised, by shortening the annealing time for example, to
keep the high Se partial pressure necessary for the potent crystallisation but not selenising the Mo
backcontact. An improvement of the solar cell from a Cu-rich grown absorber is expected to be more
challenging. This solar cell was limited by interface recombination, which is a more complex issue
than an incomplete reaction or a selenised contact. Nevertheless solar cell efficiencies of about 10 %
have been reached for Cu-rich grown CulnSe, solar cells [239], showing that despite the interface

169



28. Conclusion

recombination an improvement of efficiency is possible.

Overall it was shown that electrodeposited binary selenide stacks could be annealed to form working
devices with higher efficiencies than those previously reported in the literature. Structural and
opto-electronic properties of the absorber layers and devices were measured, and suggestions for
improvements have been given.
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Since this thesis covers the complete fabrication process from the electrodeposition of the precursor
to the characterisation of the final solar cell, it has not been possible to study all questions in detail.
Several interesting problems pertaining to both the electrodeposition and annealing processes are
still open and provide starting points for further studies.

It has been pointed out in the part on electrochemistry that different mechanisms for the elec-
trodeposition of indium selenide are proposed in literature. At high bath temperature and low ion
concentrations selenium induces the deposition of indium as it has been suggested by Massaccesi et
al. [1] and confirmed in this thesis. At room temperature and high ion concentrations, it was pro-
posed that indium induces the deposition of selenium [57]. It is interesting to study the intermediate
regime at moderate temperatures and medium concentrations to identify the reason for the change
in the deposition mechanism. One can expect that the phase transition of the electroplated Se with
higher bath temperature from amorphous to hexagonal and the accompanied change in its electrical
properties provide an explanation for this behaviour.

Selenium precipitation is the main side reaction in the electrodeposition process of indium selenide
even at In®* excess. Its quantification by ICP-MS as it was done in chapter 10.2.4 is time consuming.
Moreover the necessity for a large amount of precipitation causes a depletion of the bath and can
thus change the balance between the reaction rates. Se precipitation forms by a reaction between
Se?~ and Se?T. The first species can be oxidised by a rotating ring disc electrode (RRDE) [57].
The RRDE is a RDE where the inner electrode is surrounded by a second ring electrode. The ring
electrode can reduce/oxidise solved species that have been created at the inner electrode, e.g. Se?~.
Therefore a RRDE should be an easy way to obtain quantitative information on the Se precipitation.
This allows to verify the hypothesis in figure 10.8 that a higher In®" excess in the bath favours Se
precipitation.

The electrochemical part in this thesis can be extended further to the electrochemistry of gallium
selenide. While there are several recipes for the electrodeposition of elemental indium from aqueous
solutions [240], the plating of elemental gallium is much more difficult. Electrodeposition of gallium
selenide could shift the inset of gallium incorporation more positive. First experiments of gallium sel-
enide electrodeposition have recently been reported [35, 241]. The electroplating of gallium selenide
provides the possibility to synthesise Cu(In a)Se, absorbers.

It has been presented in this thesis that the electrodes applied in the electrodeposition process
lead to impurities in the completed absorber layer (e.g. silver and platinum). In case of cadmium
telluride already trace levels of silver can cause a performance degradation in the solar cell [197].
Therefore it needs to be studied how the detected impurities affect the solar cell properties in case
of CIGS and if a different choice of electrodes or electrolyte purification is required.

The electrodeposited binary selenide precursor suffers from the porous morphology of the copper
selenide layer in the annealing process. The small interface area with the indium selenide reduces
the diffusion and thus requires higher annealing temperatures and longer durations than for smooth
precursors with a continuous interface. It is expected that the reproducibility of the annealing can be
improved if the sintering process of the copper selenide platelets is avoided. Therefore it is preferred
to electrodeposit a compact copper selenide layer on top of the indium selenide. New conditions for
the electroplating of a compact copper selenide film must be established. One suggestion is to use
pulse plating to allow the diffusion layer to re-establish itself reducing the likelihood of the elongated
growth.

Turning to annealing, it has already been discussed in the conclusion of part Il that annealing at
high background gas pressure results in a superior absorber layer but the concomitant selenisation
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of the backcontact destroys the solar cell. Therefore annealing conditions must be worked out,
which preserve the high Se partial pressure during the crystallisation but do not cause selenisation
of the backcontact. In the used oven an optimisation of the background gas pressure can lead
to this result. A more elaborated way is laser annealing. It provides the possibility to supply the
energy for the reaction from the surface, while keeping the substrate at low temperature. If the
laser annealing is stopped at the right time, it should therefore be possible to react the precursor
stack but avoid a reaction of the substrate. Possible drawbacks to this though include an incomplete
absorber reaction at the backcontact as it has been observed for the Cu-poor grown absorber, and
peeling may occur due to the large temperature gradient causing stress in the films due to different
amounts of expansion. First experiments on laser annealing of the presented electroplated binary
selenide precursors are recently performed in cooperation with the group of Prof. Scarpulla at the
University of Utah.

Finally, several authors have tried to combine the advantages of Cu-rich grown CulnSe, (e.g. a
larger grain size) with the low interface recombination of a Cu-poor absorber [46, 242, 239]. For
this purpose a In,Se; layer is evaporated onto a Cu-rich grown CulnSe, absorber to form a copper
vacancy compound or a Cu-deficient chalcopyrite layer at the surface. This process can also be
imitated by electrodeposition with the results presented in this thesis. After the annealing of a Cu-
rich grown precursor another indium selenide layer can be electrodeposited on top of the precursor.
This new In,Se; layer would probably have to be grown under illumination to supply the necessary
electrons for the reduction of the cations due to the p-type nature of the Cu-rich sample onto which
it would be electroplated. A second annealing can convert the electrodeposited indium selenide into
a Cu-poor surface.
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A.

Samples and measurements contributed to
this thesis

Several persons contributed samples and measurements to this thesis:

The PVD reference samples “"PVD-Cu-poor” and “PVD-Cu-rich” have been prepared by Yas-
uhiro Aida (TDK corporation / Laboratory of Photovoltaics at the University of Luxembourg
[LPV]). He has also contributed the JV characteristics and QE spectra of these samples and
determined the underestimation of current density in the JV set-up.

Most SEM / EDX measurements have been performed by Jean-Christophe Lambrechts (Centre
de Recherche Public - Gabriel Lippmann [CRP-GL]), Joffrey Didierjean (CRP-GL), Jean-Luc
Biagi (Centre de Recherche Public - Henry Tudor [CRP-HT]) and Dr. Claire Arnoult (CRP-
HT).

The absorber layers have been completed to solar cells by Michael Kirsch (Helmholtz Zentrum
Berlin) and coworkers. The CdS buffer layer has been deposited by Yasuhiro Aida (TDK /
LPV).

Cold temperature PL measurements have been performed by Jes Larsen (LPV). The determ-
ination of the band gap by quantitative PL measurements was done by David Regesch.

The temperature dependent JV characteristics have been measured by Tobias Eisenbarth
(LPV), Valerie Depredurand (LPV) and Nicole Févre (LPV).

ICP-MS measurements have been performed by Johanna Ziebel (CRP-GL) and Cédric Guignard
(CRP-GL).

The Mo/In-Se/Cu/Se precursors have been deposited by Guillaume Zoppi (Northumbria Uni-
versity). He has also provided the sputtered Mo substrates on soda-lime glass for the impurity
analysis.

AES depth profiles have been measured by Sébastien Francois (CRP-GL), Joffrey Didierjean
(CRP-GL) and Jerome Guillot (CRP-GL).

The sputtered Mo substrates on boro-aluminosilicate glass have been provided by the group of
Mike Scarpulla (University of Utah).

EBSD measurements have been performed by Jérg Schmauch (Universitat des Saarlandes).

The coelectrodeposited CulnSe, reference sample has been prepared by Masato Kurihara (TDK
/ LPV).

Thomas Schuler (LPV) provided the electrical circuit simulation in figure 26.1b.
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C. Reference electrode potentials

For all electrochemical experiments in this thesis a Ag | AgCl | 3 M KCI reference electrode has been
applied. Its potential versus the standard hydrogen electrode (SHE) is +0.210 V [243] at room tem-
perature. All potentials stated in this thesis refer to this potential of the Ag | AgCl | 3 M KCl electrode
if the corresponding experiment was performed at room temperature. This includes potentials taken
from literature. If the experiment in literature has been done at elevated temperatures, the trans-
formation of potential was still done with the room temperature difference between the electrodes
(table C.1). This assumes that all reference electrodes have the same temperature coefficient.

’ reference electrode ‘ vs SHE at 25°C ‘ vs Ag | AgCl at 25°C ‘ Reference ‘
Ag | AgCl | 3M KCl at 25°C +0.210V 0 [243]
Ag | AgCl | 3M KCl at 80°C +0.159V —0.051V
MSE: Hg | Hg2SO04 | K2SOy4 sat at 25°C +0.65V +0.44V [244]
SCE: Hg | Hg2Cly | KClsat at 25°C +0.241V +0.031V [245]

Table C.1.: Potentials of reference electrodes vs the SHE and a Ag | AgCl | 3M KCI. The ab-
breviations are “mercury/mercurous sulphate electrode” (MSE) and “saturated calomel
electrode” (SCE).

The potential of the Ag | AgCl electrode depends on its temperature. It is determined by the

standard potential of the Ag|AgCl redox couple and the activity a,_ of chloride ions:

E = E°(Ag | AgCl) — RT/F1n(ac-) (C.1)

At standard conditions (25°C and activities of 1mol/l) E°(Ag | AgCl) = +0.2223V [68]. The
activity of a 3M KCI solution at 25°C can now be calculated from equation C.1 with the known
potential of an Ag | AgCl | 3M KCl electrode; it is a,— = 1.60mol/l. The temperature dependency
of EY(Ag | AgCl) is

E°/V = 0.23695 — 4.8564 - 10™* x T — 3.4205 - 107 ¢ x 7% — 5.869 - 1079 x T3 (C.2)

for temperatures T (in °C) from 0°C to 95°C [68]. Assuming that the activity a,_ is temperature
independent, it is possible to calculate the reference potential of the Ag | AgCl | 3M KCl at 80°C
by equation C.1. One obtains E(Ag | AgCl) = +0.159V for a 3M KClI solution and 25 °C.

Before the experiments the Ag | AgCl | 3 M KClI reference electrode was checked versus a saturated
calomel electrode which can be considered as a stable reference potential. During the experiment
the silver chloride reference electrode usually shifted to more negative potentials. A potential shift
up to —20mV has been accepted.
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D. XRD reference structures

Reference structures for XRD measurements have been taken from the PDF4+ 2009 database of the
“International Centre for Diffraction Data” (ICDD).

] phase \ reference \ crystal system \ space group \ remarks
elements
Cu 00-004-0836 cubic Fm3m (225)
Mo 00-042-1120 cubic Im3m (229)
Se 00-006-0362 hexagonal P3121 (152)
binary compounds
~v — IngSesz | 00-040-1407 hexagonal P61 (169)
InSe 04-003-2450 | rhombohedral R3m (160)
In, O, 04-004-3575 cubic la3 (206)
CuSe,-I | 04-004-2178 | orthorhombic Pnnm (58) (1)
CuSe,-Il | 00-026-1115 cubic Pa3 (205) (2)
CuSe 03-065-3562 hexagonal P63/mmc (194)
Cu; gSe | 01-088-2045 cubic Fm3m (225)
Cuy78Se | 04-010-6041 cubic Fm3m (225)
MoSes 04-004-8782 hexagonal P63/mmc (194)
ternary compounds
CulnSe, | 04-005-3912 | tetragonal 142d (122)
CulngSe; | 00-051-1221 | tetragonal P42c (112) (3)
(1) low-pressure phase [126]
(2) high-pressure phase; stable at atmospheric pressure [126]
(3) The structure of the vacancy compound CulngSes is controversial. Beside the noted “P-
chalcopyrite” also a stannite structure (space group 142m (121) ) has been proposed [129].

Table D.1.: Reference XRD structures used in this thesis. The reference number refers to the ICDD

database.
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