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Band tailing is a major contributing factor to the large open circuit voltage (V,.) deficit that is currently limiting
Cu,ZnSnS, (CZTS) photovoltaic devices. It occurs in highly doped, highly compensated semiconductors and
gives rise to a non-uniform electronic band structure. Here we report spatially resolved fluctuations in CZTS
optical properties using low temperature cathodoluminescence (CL) in a scanning electron microscope (SEM).
Principal component analysis reveals three CL peaks whose relative intensity vary across domains ~ 100 nm in

size. It is not known whether the non-uniform optical properties are due to changes in composition or due to
structural order-disorder at constant composition. Measurement of composition with energy dispersive X-ray
(EDX) analysis in an SEM and ordering with Micro-Raman mapping revealed CZTS to be uniform within the
spatial resolution (estimated at ~ 0.4 um and 1.1 pm respectively) and sensitivity of the two techniques. The CL
results are consistent with the presence of band tailing in CZTS.

1. Introduction

CuyZnSnS, (CZTS) contains only earth abundant, non-toxic ele-
ments and is the leading absorber layer material for Tera Watt solar
electricity generation [1]. The open circuit voltage (Vo) deficit is
however large compared to the structurally similar Cu(In,Ga)Se, (CIGS)
photovoltaic devices [2,3], and is the main reason for a relatively
modest record cell efficiency of 12.6% for the S, Se variant CuyZnSn
(S,Se)4 or CZTSSe [4]. A key difference between CZTS and CIGS is the
extensive band tailing in the former [3,5]. Band tailing in CZTS is re-
lated to: (i) Urbach tails in absorption and quantum efficiency spectra
[5], (ii) broadening of Raman vibration modes [6,7], (iii) S-shaped
temperature dependence of the photoluminescence peak [8,9] and (iv)
an anomalously long carrier lifetime at low temperature [3,10]. Band
tailing is common in highly doped, highly compensated semiconductors
and is due to statistical fluctuations in the local dopant (i.e. donor and
acceptor) concentration. This results in a spatially varying band struc-
ture with electron and hole potential wells [11], as illustrated in Fig. 1.
Electronic states are present within the band gap and the mobility of
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carriers within these tail states is smaller than ‘free’ (i.e. un-trapped)
carriers. The lower overall mobility could therefore be a contributing
factor to the short carrier diffusion length [2] and hence limited effi-
ciency of CZTS.

Band tailing is due to band gap and/or electrostatic potential fluc-
tuations. The former can be induced by ordering or, in the case of
CZTSSe, variations in the anion and/or cation concentrations. On the
other hand point defects in the form of vacancies and anti-site atoms
can act as either donors or acceptors. Variations in dopant (i.e. donor
and acceptor) concentration gives rise to electrostatic potential fluc-
tuations. The low formation energy defects are typically anti-site atoms
of Cu and Zn, such as the Cuz, acceptor or neutral [Cugz, + Znc,] defect
complex [12]. Neutron diffraction has revealed significant inter-mixing
of Cu and Zn in the Wyckoff 2c and 2d positions of the kesterite phase
(space group I4; [13]). Even for relatively slow sample cooling rates of
1 K/h the Cu, Zn disorder can be as high as 30% [13]. Furthermore,
chemical analysis in a scanning transmission electron microscope
(STEM) has detected Znc, donor clusters smaller than 5 nm in size [14],
as well as ~ 20 nm size domains where Cu substitutes for either Zn or
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Fig. 1. Conduction and valence band edge diagram for a heavily doped, p-type semi-
conductor. The red dotted line is the acceptor energy level. Carrier mobility (1) at the
band edges and recombination pathways are also indicated. These include ‘BT’ (band to
tail), ‘TT’ (tail to tail), ‘T’ (tail to impurity), ‘B’ (band to impurity) and ‘BB’ (band to
band) recombination. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Sn [15]. In the former case the local doping concentration, estimated at
1022 cm ™3 [14], was high enough to render the semiconductor de-
generate, while for the latter the amplitude of the composition fluc-
tuation was estimated to be less than 1at% or equivalently ~
10%° cm 3 [15].

The optical properties of CZTS have thus far largely been measured
on the material as a whole, with less emphasis on uncovering any
fluctuations within the material itself. Barragan et al. [16] have re-
ported a spatially non-uniform micro-Raman signal, but this was due to
the presence of secondary phases such as ZnS, rather than an intrinsic
property of the CZTS itself. In this paper we present evidence for spa-
tially non-uniform optical properties in CZTS using cathodolumines-
cence (CL) in a scanning electron microscope (SEM). Photo-
luminescence spectra measured from bulk CZTS typically show a broad
featureless peak [9], which makes it difficult to extract the underlying
recombination pathways. The high spatial resolution in an SEM how-
ever provides more local information and by cooling the specimen close
to liquid-He temperature the effect of phonon broadening of the lumi-
nescence peaks can also be reduced. It is shown that the optical prop-
erties of CZTS can fluctuate over domains ~ 100 nm in size. The results
complement previous findings on composition fluctuations in CZTS
[14,15] and are consistent with the observation of band tailing in this
material.

2. Experimental methods

The sample precursor consisted of electrodeposited Cu/Sn/Zn layers
[17] which were then sulphurised by annealing in a mixed S, SnS at-
mosphere [18] by placing 100 mg of S and 20 mg of SnS powder in a
graphite box with an internal volume of 20 cm®. The annealing proce-
dure consisted of two steps: (i) a fast temperature ramp to 100 °C at
which the sample remained for 1h at pressures of less than 1 Pa of
forming gas (10% H, in N,) and (ii) a fast temperature ramp to tem-
peratures of around 550 °C at which the sample was annealed for 2 h in
a 50 kPa atmosphere of forming gas. During the second annealing step
the atmosphere inside the tube furnace further contained gaseous sul-
phur and tin-sulphide molecules at an undetermined partial pressure
which originated from elemental sulphur and tin-sulphide pellets that
were placed inside the furnace together with the samples at the be-
ginning of the annealing procedure. After the second reaction step the
samples were physically removed from the hot zone in order to quickly
cool down the samples and abruptly stop any reaction.

Complete solar cell devices were made by chemically depositing a ~
50 nm layer of CdS, followed by sputtering 80 nm of i-ZnO and 400 nm
of Al:ZnO, and by e-beam evaporation of front contacts made from Ni
then Al. Current density-voltage (JV) measurements on completed
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devices were made with a home built setup, using a Keithly 2400 series
source meter in a four wire kelvin probe configuration with 120 V ELH
halogen lamp illumination calibrated with a certified mono crystalline
silicon solar cell to give an output of 1000 W m~2 at 25 °C. The kes-
terite devices were kept at 25 °C using a peltier plate. The reference cell
was certified under AM1.5 G illumination by the Fraunhofer ISE,
Germany.

External quantum efficiency (EQE) measurements were made in a
homemade system. White light passes through a Bentham TMC300
monochromator with 5 nm resolution to produce monochromatic light.
The light is collimated and chopped with a Scitec instruments optical
chopper with an output frequency of 133 Hz. The system is calibrated
with Si and InGaAs photodiodes which were certified by the
Physikalisch-Technische Bundesanstalt (German national standards la-
boratory). The photodiodes and kesterite cells were measured without
bias using a homebuilt potentiostat acting as a current amplifier con-
nected to an SR850 lock-in from Stanford Research Systems. The optical
chopper outputs its frequency modulation to the lock-in for synchro-
nisation. Both JV and EQE measurements were made after annealing
the devices on a hot plate with surface temperature of 200 °C for 60 s in
air.

For electron microscopy a ~ 2Xx 1 mm area of the sample was ul-
trasonically cut and mechanically polished using 0.1 um grade diamond
paper followed by low energy argon ion-polishing in a Gatan PIPS
machine. This particular sample was not a completed device and had
the front surface of the CZTS absorber layer exposed for electron mi-
croscopy analysis. A Hitachi SU-70 SEM at Durham was used for room
temperature CL measurements of the ZnS secondary phases (Section
3.2) as well as energy dispersive X-ray (EDX) analysis to determine the
composition uniformity of CZTS. The operating voltage was 15 kV. A
Tescan Lyra 3 dual-beam SEM at EMPA was used for EDX area mapping
of the ZnS precipitates at 15kV. Nano-indents were placed on the
sample surface to act as fiducial markers, so that approximately the
same area could be used for analysis between different microscopes.
Cross-section images were obtained using a 3 kV electron beam in an
FEI Helios 600 focussed ion-beam (FIB) microscope at Durham. Prior to
milling a platinum protective layer was deposited on the specimen
surface in order to protect the underlying structure from ion-beam
damage. Rough milling of the trench was carried out at 30 kV ion-beam
voltage, while the cross-section was polished at 16 kV. The CL data on
CZTS (Section 3.3) was obtained using a prototype Attolight SEM op-
erating at 5 kV beam voltage, with the sample liquid-Helium cooled to
10 K. Unfortunately the Attolight results preceded the other electron
microscopy work in this paper and therefore it is unlikely the data was
acquired from the same area of the sample. Nevertheless it should be
noted that the overall microstructure did not vary between different
regions of the sample. Attolight CL data was processed using principal
component analysis, implemented via the ‘Cornell Spectrum Imager’
freeware package [19].

Micro-Raman mapping was also performed on the same area of the
sample, which was located by finding the nano-indents under an optical
microscope. A Renishaw inVia micro-Raman spectrometer was used for
ZnS and CZTS mapping in two different configurations. For UV spectra,
the 325 nm line of a He-Cd laser was used at ~ 0.8 mW power, focussed
onto the sample with a microscope objective x40 with 0.5 numerical
aperture (NA), in combination with a 2400 lines/mm grating, the spot
size and spectral resolution being 0.8 um and 3.5 cm ™" respectively.
For the near-IR spectra, the excitation wavelength was 785 nm, laser
power ~ 0.5 mW, the grating 1200 lines/mm, the microscope objective
x 100 with 0.9 NA, giving a spot size and spectral resolution of 1.1 um
and 1.3 cm™?! respectively. The maps were acquired over a 20 X
20 ym? square with 1 um step size. Principal component analysis was
used to smooth the Raman spectra.
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Fig. 2. (a) External quantum efficiency (EQE) curve for the CZTS device. The EQE Tauc plot is shown in (b), while (c) is a plot of log[log(1/1-EQE)] vs. (Eg-E)2, where E; is the band gap

and E the photon energy.

3. Results and discussion
3.1. Device electrical characterisation

The device parameters are non-ideal, such as a 14.9 mA/cm? short
circuit current density, 564 mV open circuit voltage and 3.4% efficiency
measured with a halogen lamp calibrated with a silicon reference cell to
1000 W m ™ 2. Despite the poor performance the sample is nevertheless
appropriate for investigating optical property fluctuations which is the
main topic of this paper. This is because the EQE spectrum (Fig. 2a)
does not show a sharp onset at long wavelengths, indicating that the
CZTS has significant band tails [5]. At energies close to the onset the
absorption coefficient is approximately given by log[1/(1-EQE)] [3,5];
strictly speaking the internal quantum efficiency must be used instead
of the EQE, although a comparison with optical reflection-transmission
measurements shows that this approximation is still reasonable for the
selenide variant, CupZnSnSe4 [5]. The EQE Tauc plot gave a room
temperature band gap of 1.63 = 0.03 eV (Fig. 2b). This is slightly larger
than the 1.57 eV value measured using ellipsometry [20] and could be
due to complications from band tailing, presence of ZnS [21] and voids

(Section 3.2) as well as the approximations discussed above. The ab-
sorption coefficient due to band tailing is typically modelled as an ex-
ponential decay below the band gap. However, a sharper decay of the
form:

a(E) = « exp[ (Eg— E)Z
= ap _
N2y 6))

where a(E) is the absorption coefficient at energy E, E, is the band gap,
y the average potential well depth (Fig. 1) and a, is a proportionality
constant, has also been proposed for heavily doped semiconductors
[22]. This model gave a better fit to the EQE data (Fig. 2¢) with a y-
value of 100.6 + 0.4 meV. As expected the y-value for our material is
larger than that for the higher efficiency, hydrazine processed Cu,ZnSn
(S,Se)4 [3].

3.2. Microstructural characterisation

Fig. 3a shows a backscattered SEM image of the CZTS absorber layer
front surface. Nano-indents are visible at the corners of the image and
were used as fiducial markers for locating the region of interest (see
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Fig. 3. (a) SEM backscattered electron image of
the CZTS front surface. The small, dark pre-
cipitates are ZnS, more clearly seen in the figure
inset. EDX maps for copper, zinc, tin and sul-
phur are shown in figures (b)-(e) respectively,
while figure (f) is the room temperature pan-
chromatic CL image. All images were acquired
from approximately the same area (the circled
region is intended as a common ‘point’ of re-
ference). Figure (g) is a FIB cross-section sec-
ondary electron image of the specimen.
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Section 2, Experimental Methods). Small precipitates of darker contrast,
and hence lower average atomic number, are visible throughout the
microstructure. A magnified view of the circled region in Fig. 3a is
shown in the figure inset and reveals the precipitates more clearly. EDX
chemical maps for copper, zinc, tin and sulphur from approximately the
same region are shown in Fig. 3b—e respectively. The precipitates are
zinc-rich but depleted in copper and tin, while the sulphur concentra-
tion does not show any significant variation. This suggests that the
precipitates are ZnS. Further evidence is obtained via room temperature
panchromatic CL imaging where the precipitates are found to be highly
luminescent (Fig. 3f), consistent with previous observations for ZnS in
CZTS [23]. Note that the coverage of ZnS precipitates appears to be
higher in the CL image compared to the backscattered image and EDX
chemical maps. This is because the resolution in a CL image is due to
beam spreading as well as diffusion of the electron beam generated
electron-hole pairs. A degradation in resolution is therefore observed if
the carrier diffusion length is long compared to the beam interaction
volume. Fig. 3g is a FIB cross-section image of the specimen and shows
that the ZnS precipitates are distributed throughout the absorber layer.
Interfacial voids are also observed close to the back contact which
would be a further contributing factor to the low device efficiency.
SEM-EDX was used to measure the composition uniformity of CZTS.
Here particular attention must be paid to potential artefacts from ZnS
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points within each region using SEM-EDX. The figure legends indicate the maximum and
minimum atomic ratio values for the particular region of interest.
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secondary phases. Two separate regions which had fewer ZnS pre-
cipitates, as estimated qualitatively from the backscattered image, were
chosen for chemical analysis. The dimensions of the two rectangular
regions were 5.7 X 3.7 um and 8.5 X 5.1 um respectively. In each
region the electron beam was scanned over a 10 x 10 pixel raster to
generate 100 EDX spectra for quantification. Fig. 4a plots the cumula-
tive distribution of Cu/(Zn + Sn) atomic ratio values for the two re-
gions and Fig. 4b is the equivalent plot for the Zn/Sn atomic ratio. The
distribution for the two regions overlap for Cu/(Zn + Sn) values greater
than ~ 0.87 and Zn/Sn values less than ~ 1.03. If the X-ray generation
volume overlaps with any ZnS precipitates then this will cause a de-
crease in the overall measured Cu/(Zn + Sn) ratio and a concomitant
increase in Zn/Sn ratio, the level of variation being dependent on the
amount of overlap. On the other hand compositions measured from
only CZTS regions should show the same cumulative distribution profile
independent of the area of analysis. From Fig. 4a and b this suggests
that for the CZTS in our sample the Cu/(Zn + Sn) ratio varies be-
tween ~ 0.87 and 0.95, while the Zn/Sn ratio can take values between
~ 0.84 and 1.03. The CZTS phase itself is therefore Cu-poor and Zn-
poor, although the sample overall is Zn-rich. The spread in Cu/(Zn +
Sn) and Zn/Sn ratios could suggest composition fluctuations within
CZTS, although the results must be treated with caution, since the ab-
solute variation in Cu, Zn and Sn concentrations for the relevant spectra
are no more than 2 at%, which is well within the accuracy of the
measurement. In fact, previously reported composition fluctuations in
CZTS were in the form of nanometre-sized domains [14,15]. Since this
is considerably smaller than the X-ray generation volume for a 15 kV
electron beam the effect of any composition fluctuations should be
averaged out.

3.3. Micro-Raman mapping

Fig. 5a shows the score image for the ZnS principal component
obtained using the 325 nm laser. Higher ‘intensity’ corresponds to re-
gions rich in ZnS (further details on principal component analysis is
given in Section 3.4). This is evident by comparing Raman spectra ex-
tracted from high and low intensity regions respectively. The former is
characteristic of the resonant Raman spectrum for ZnS and consists of
peaks for longitudinal optical (LO) and transverse optical (TO) phonons
along with their overtones [24]. The feature at ~ 1598 cm ™" is as-
signed to the G peak of amorphous carbon, due to contamination pre-
sent on the sample surface [25]. In fact the SEM-EDX maps (Section 3.2)
were acquired prior to Raman mapping, and some carbon contamina-
tion build up under the electron beam is inevitable. A typical Raman
spectrum for CZTS under 785 nm near resonant laser excitation is
shown in Fig. 5b. The peaks at 287, 302, 336, 366 and 373 cm ™' are
known to be related to CZTS ordering [6,25,26]. Specifically peak
broadening is increased and the intensity (I) ratios Q = I»g7/ I302, Q' =
I336/(I3¢6 + I373) decrease on disordering [6,26], although no notice-
able shift is observed in peak position [26]. Fig. 5¢ and d show the
spatial variation of position and width for the 336 cm™! peak along
with a histogram showing the distribution of values. The mean and
standard deviation of a Gaussian curve fitted to the histogram is also
indicated in each figure. No significant variation in peak position and
width is observed, indicating that the CZTS (dis)ordering is spatially
uniform within the resolution limit of the technique. A more quanti-
tative measure of ordering is obtained by analysing the Q' intensity
ratio, as shown in Fig. 5e. Q’ can be as high as 5.7 for single crystals of
CZTS grown by iodine vapour transport [27], while in the disordered
state the value is less than unity [26,27]. A Q’ value of 0.7 for our
material indicates a high level of structural disorder, consistent with the
broad EQE onset observed in Fig. 2a.

3.4. Low temperature cathodoluminescence measurements

Fig. 6 shows low temperature CL data acquired from the front
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Fig. 5. (a) Micro-Raman map of the ZnS principal component obtained using a 325 nm laser. The high ‘intensity’ regions show Raman spectra characteristic of ZnS. (b) is a typical Raman
spectrum for CZTS obtained using a 785 nm laser source. The spatial variation of position and width of the 336 cm ™" peak are plotted in (c) and (d) respectively, along with a histogram
showing the distribution of values. The equivalent figure for the Q" = I33¢/(I366 + I373) intensity ratio is shown in (e). In all cases the map dimensions are 20 X 20 pm.

surface of the CZTS absorber layer using the Attolight microscope (see
Section 2, Experimental Methods). The CL spectrum for each SEM beam
scan position was stored as a ‘spectrum image’ [28]. Fig. 6a is the
secondary electron image and Fig. 6b is the total (i.e. panchromatic) CL
intensity plotted as a function of specimen position. Fig. 6a has been
rotated so that its orientation matches that of Fig. 6b. A contaminant
particle on the surface has been circled in both figures to act as a fi-
ducial marker. The region of interest consists of several micrometre
sized grains and grain boundaries. The CL emission is non-uniform with
some grains appearing darker than others, while certain grain boundary
segments, labelled ‘GB1’ and ‘GB2’ in Fig. 6b, have higher intensity than
the neighbouring grain interiors. A higher grain boundary intensity is
unexpected, since these are typically regions of stronger non-radiative
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recombination [29]. However, Fig. 6a also shows an increase in the
secondary electron intensity in these same regions, which suggests that
the anomaly could be a surface topography artefact, since the measured
CL signal depends on the electron backscatter yield as well as total
internal reflection. The CL spectrum summed from the entire spectrum
image is shown in Fig. 6¢ and reveals a broad featureless peak centred
at ~ 917 nm (1.35 eV), similar to previous photoluminescence mea-
surements (e.g. [8,9]).

The broadness of the luminescence peak, even at 10 K temperature,
makes it difficult to analyse any variations in the spectra between dif-
ferent sample regions using the traditional method of Gaussian curve
fitting. A multivariate statistical analysis method, principal component
analysis (PCA) [30], is therefore used instead. In PCA each principal
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Fig. 6. (a) Secondary electron image of CZTS front surface and (b) the panchromatic CL image. Image (a) has been rotated to have the same orientation as (b); a surface contaminant has
been circled in both images to act as a fiducial marker. The CL spectrum summed over the entire area in (b) is shown in (c). The specimen temperature was 10 K.

component represents a variation from the mean spectrum and is
ranked in descending order of importance. The components are ‘or-
thogonal’ to one other, so that each component is a (mathematically)
unique variation. For a data set that has not been centred (i.e. average
set to zero) the first principal component is simply the average spec-
trum. The other principal component spectra represent deviations from
the average spectrum and have a mean intensity of zero ([31]; negative
intensity values are therefore permitted). Many of the lower ranked
components are due to experimental noise in the data set, so that only
the highest ranked components have physical meaning. The ‘di-
mensionality’ of the data set is therefore reduced, making interpretation
easier. A further advantage is that PCA does not rely on any user input
parameters or models (cf. Gaussian curve fitting), thereby enabling a
more objective analysis. Further details of the application of PCA to
spectrum images can be found in [31].

Fig. 7a—c show spectra for the second, third and fourth principal
components from the data set in Fig. 6 (the first principal component
spectrum is the average spectrum, i.e. Fig. 6¢). The ‘scree plot’ is shown
in Fig. 7d. This plots the logarithm of the eigenvalue for each principal
component and is essentially a measure of the significance of a given
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principal component. As discussed earlier the lower ranked components
are due to noise and are represented by the linear portion of the scree
plot [31]. A linear trend line, fitted to principal components above 20,
is shown superimposed in Fig. 7d. Principal components that deviate
significantly from the straight line are likely to represent genuine
physical variations. The fourth principal component is taken as the ‘cut
off’ point, based on the deviation of the principal component value from
the linear trend line and appearance of the component maps (see below;
principal components due to noise in the raw data set tend to produce
component maps that are noisy and featureless).

Fig. 8a—c show the component maps for the second, third and fourth
principal components respectively. A component map plots the
weighting of a given principal component as a function of specimen
position. Bright regions in a given component map have local spectra
that tend to deviate from the average spectrum in a manner indicative
of the relevant principal component (note that other principal compo-
nents may also have non-zero weighting in the same region). Fig. 8a-c
reveal bright regions ~ 100 nm in size. Furthermore the second prin-
cipal component (PC2) has a lower weighting at the grain boundaries
(Fig. 8a), although no difference between grain boundaries and grain



B.G. Mendis et al.

0.1

0.05

Intensity (arb. units)
o

900 950
Wavelength (nm)

(@)

850 1000 1050

0.1

it
=
S

Intensity (arb. units)

-0.1
800

1000

900 950
Wavelength (nm)

(©)

850 1050

Solar Energy Materials and Solar Cells 174 (2018) 65-76

o
>
b

Intensity (arb. units)
=
P

-0.1

950 1000

800 850 900 1050
Wavelength (nm)
(b)
10
-
ol ]
sl ]
F)
5
»
g 7t 1
20
)
ey L]
=2 6t q
.l
5t - .
l...
-
g e et ki

12 16

)

Fig. 7. Spectra for the (a) second, (b) third and (c) fourth principal components from the data set in Fig. 6. The scree plot is shown in (d). The dotted line is the linear trend line fitted to

principal component numbers above 20.

interiors is observed for PC3 and PC4. CL spectra were extracted from
the brightest region (circled) from each component map and plotted in
Fig. 8d; their relation to the principal component, and hence deviation
from the mean, is apparent by comparing with Fig. 7a—c respectively.
Spectra extracted from other bright regions in the component maps
showed similar features to those in Fig. 8d. The spectra are a combi-
nation of three broad peaks labelled P1, P2 and P3. The PC2 spectrum
has a higher intensity of P2, PC3 consists mainly of P2 and P3, while
PC4 is comprised mainly of P1 and P3. Two Gaussian curves were fitted
to the PC4 spectrum and from this the peak positions for P1 and P3
were estimated to be 876 nm (1.42 eV) and 930 nm (1.33 eV) respec-
tively. PC4 is likely to contain some intensity from P2 as well, so that
the P1 and P3 peak positions, expressed as wavelength, will be some-
what over- and under-estimated respectively. Peak positions must
therefore be treated with caution. The P2 peak position was estimated
to be 907 nm (1.37 eV) by fitting a single Gaussian to the PC2 spectrum.

The bright regions in Fig. 8a—c could potentially be an artefact from
interference effects [32] which occurs when the CZTS absorber layer
acts as a Fabry-Perot etalon, as shown in Fig. 9. Light emitted toward
the back contact can undergo multiple reflections before escaping the
CZTS layer. The extra path length causes a phase shift, so that con-
structive or destructive interference is possible depending on the con-
ditions. If the etalon thickness varies, for example due to an uneven
CZTS front surface or back contact, then spurious maxima may be
present in the CL spectrum, which could be mistaken for genuine peaks.
However, the ~ 100 nm size of the bright regions is too small to be
treated as a separate etalon of unique thickness. Consider an emission
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event that takes place in the middle of the CZTS absorber layer. For
interference to occur at least two reflections off the back contact is
required. From Fig. 9 the minimum lateral size of the etalon is therefore
(3.5t)tanB, where t is the CZTS layer thickness (i.e. ~ 1 um, as measured
from Fig. 3g). Equating this to 100 nm gives a maximum emission angle
6 of only 2°. Luminescence from electron-hole pair recombination is
isotropic, so that @ corresponds to a solid angle of 5 x 10~ > sr. How-
ever in practice only emission angles up to the critical angle for total
internal reflection at the CZTS-air boundary are detected. The critical
angle is determined by the refractive index (n) of CZTS and Snell's law.
Substituting n 2.8 ([1]; valid for the peak wavelength in Fig. 6¢)
gives a critical angle of 21° or a collection solid angle of 0.83 sr (note
that emission towards the front surface and back contact must both be
taken into account). The light undergoing interference within the etalon
boundaries is therefore less than 1% of the total emission detected. This
is sufficiently small to ignore any interference effects. To increase the
fraction to a more reasonable 10% 6 will have to be 6.6° or equivalently
t must be 247 nm. The large voids at the back contact interface in the
FIB cross-section image (Fig. 3g) have lateral dimensions significantly
greater than 100 nm and do not reduce the absorber layer thickness to
the desired value. Furthermore any roughness of the CZTS front surface
is minimised by polishing the sample and would have nevertheless been
apparent in the secondary electron image (Fig. 6a) as an enhanced in-
tensity from the side walls of the asperity [33].

Having ruled out interference as an artefact it is important to
identify the nature of the CL peaks in Fig. 8d. Photoluminescence has
also uncovered three luminescence peaks in CZTS by varying the
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Fig. 8. Component maps for the (a) second, (b) third and (c) fourth principal components from the data set in Fig. 6. The brightest region in each image is circled. CL spectra extracted
from these regions are shown in (d). The spectra are vertically displaced and their peak intensity normalised for visual clarity.

Et,r, Et,r%r,

Back contact

Fig. 9. Schematic of multiple reflection within a CZTS layer of thickness t. E is the electric
field amplitude of light emitted at angle 6. r, is the reflection coefficient at the CZTS-back
contact interface, while (r,, t,) are the reflection and transmission coefficients at the
CZTS-air interface.

measurement temperature [34,35]. Our results indicate three peaks at
the same temperature, albeit in varying amounts in different specimen
regions. The radiative transitions in a highly doped semiconductor are
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indicated in Fig. 1. These can be classified as interband (i.e. band to
band BB, band to tail BT and tail to tail TT) and impurity related
transitions (i.e. band to impurity BI and tail to impurity TI) [11]. Here
‘band’ in BB, BT etc represents un-trapped electronic states with max-
imum carrier mobility (Fig. 1), while ‘impurity’ is the acceptor in p-type
CZTS. In previous studies [34,35] the three peaks have been labelled as
BB, BT and BI, although, apart from perhaps the BB peak, there is no
unambiguous evidence for such an identification. For a BB transition
the peak energy is at (E, + %kT) [36], i.e. close to the band gap energy
E, at low temperatures. In Fig. 8d the highest energy peak P1 is at
1.42 eV, significantly below the band gap of 1.63eV, and cannot
therefore be a BB transition. P1 could however be a TT transition, based
on a measured tail energy of 101 meV. There is nevertheless some
doubt whether this value is applicable to low temperature CL, since it
was extracted from room temperature EQE measurements. Potential
wells with depth less than kT should have a minor effect on the EQE,
since these can be overcome by thermal excitation. The average tail
energy v, extracted from the room temperature EQE data, is therefore
biased towards the deeper (i.e. > 25 meV) potential wells. On the other



B.G. Mendis et al.

o
o
b

Intensity (arb. units)
S
[=4

.
=

800 850 900 950

Wavelength (nm)

1000 1050

(©

Solar Energy Materials and Solar Cells 174 (2018) 65-76

(@)

Fig. 10. (a) Secondary electron image and (b) panchromatic CL image of the front surface of CZTS. The former is rotated to have the same orientation as the latter, and a contaminant
particle has been circled in both images to act as a fiducial marker. The second principal component spectrum is shown in (c), along with its component map in (d). An exemplar region of
higher principal component weighting is shown circled in (d). The specimen temperature was 10 K.

hand for low temperature CL, assuming low injection conditions, the
excess carriers generated by the electron beam thermalise to the local
potential well minimum. The room temperature EQE tail energy may
therefore be an overestimate for low temperature CL.

Assuming P1 is a TT transition then P2 and P3 could be BI and TI
transitions respectively. However, the energy separation between P2
and P3 is only ~ 34 meV, considerably smaller than the 101 meV
average tail energy. The discrepancy is too large to be due to the un-
certainty in CL peak positions. Grossberg et al. [35,37] have labelled
two of their photoluminescence peaks, measured from bulk samples, as
BI transitions that arise from the same acceptor impurity, but two dif-
ferent band gap values depending on the CZTS being ordered or dis-
ordered with respect to Cu and Zn. A band gap energy increase of
110 meV has been observed experimentally on ordering [7] and is
supported by theoretical calculations which show that the [Cugz, +
Znc,] defect complex can lower the band gap [38-40]. The P2 peak
could therefore potentially be due to ordering, although with no sup-
porting evidence the exact nature of the transitions remains unresolved.
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The peaks are nevertheless unlikely to be due to ZnS secondary phases.
The wider band gap of ZnS means that emission is typically at much
shorter wavelengths [41] and examination of the full CL spectrum,
which extends up to 638 nm (i.e. 1.94 eV), did not reveal any additional
intensity. Furthermore from Fig. 3f the average diameter of the ZnS
precipitates is measured to be 2.0 = 0.3 um, which is significantly
larger than the ~ 100 nm domains extracted from PCA.

It is interesting that fluctuations in the optical properties of CZTS
were detected using CL, but EDX did not detect any composition var-
iations larger than the accuracy of the method (Section 3.2). The ex-
perimental conditions and sensitivity of the two methods are however
not the same. For example, EDX measurements were carried out at
15 kV, while the beam voltage for CL was only 5kV. The degree of
beam spreading for EDX is not favourable for detecting the ~ 100 nm
size domains in Fig. 8a—c. From Monte Carlo simulations [42] of the
beam spreading it is estimated that at 15 kV the spatial resolution of the
EDX maps is ~ 0.4 um. The analytical volume for CL could in principle
be smaller due to the lower beam voltage, although carrier diffusion
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also needs to be taken into account. Even if the fluctuations were of the
right size for EDX the change in composition must be larger than the
sensitivity of the measurement, which is typically a few atom percent.
However, 1 at% corresponds to a doping concentration of ~ 10*° cm ™3
in CZTS, well above the doping levels for a photovoltaic absorber layer.
On the other hand the sensitivity of CL to point defects and doping is
well documented. Furthermore the CL signal will depend on the
structural ordering as well as chemistry of the material, while SEM-EDX
largely depends on the latter. For example anti-site atoms and/or va-
cancies may be present while still preserving the overall composition
(e.g. the [Cugz, + Znc,] defect complex). This could alter the CL signal
by creating additional radiative recombination channels, by changing
the local band gap or by quenching the intensity via non-radiative re-
combination. On the other hand EDX will not detect any change due to
the uniform composition. Micro-Raman mapping did not detect any
variation in ordering, but here the spot size of the laser was 1.1 um,
significantly larger than the ~ 100 nm domain sizes observed in CL. A
comparison of the ZnS maps in Figs. 3c and 5a suggests that the re-
solution for Raman may be less than even the SEM-EDX measurements.

Finally consider the lower weighting of the second principal com-
ponent (PC2) at the grain boundaries (Fig. 8a). Romero et al. [43] have
reported a red shift in the CL peak at CIGS grain boundaries, which was
also present, but less obvious, in CZTS. PC2 mainly consists of the P2
peak at 907 nm (Fig. 8d) which is slightly blue shifted with respect to
the average spectrum centred at 917 nm (Fig. 6¢). Our results are
therefore consistent with the findings of Romero et al. [43]. However,
PCA analysis on other regions of the specimen showed that the lower
PC2 weighting at grain boundaries was not as well defined. As an ex-
ample Fig. 10a and b show the secondary electron and panchromatic CL
images for a different specimen region. Fig. 10a has been rotated so that
its orientation matches that of Fig. 10b and a contaminant particle has
been circled in both images to act as a fiducial marker. The second
principal component spectrum is shown in Fig. 10c, along with its
component map in Fig. 10d. The principal component in Fig. 10c is
similar to that in Fig. 7a indicating that they are both due to the same
physical variation. Bright regions are observed within the grain inter-
iors in the component map (an example is circled in Fig. 10d) indicating
non-uniform optical properties, although the weighting of the principal
component does not vary significantly at the grain boundaries (note
that the intensity range of Figs. 8a and 10 d are similar). The re-
combination mechanisms are likely to depend on the grain boundary
character and therefore some variation between grain boundaries is
expected.

4. Conclusions

The optical properties of CZTS has been investigated at high spatial
resolution using low temperature CL. Principal component analysis of
the data has revealed three CL peaks at 876, 907 and 930 nm wave-
length whose origin is not well understood. The relative intensities of
these three peaks vary with specimen position, in some cases forming
domains ~ 100 nm in size. This indicates fluctuations in the optical
properties of CZTS, similar to composition fluctuations that have been
reported previously. Optical properties can vary due to changes in
composition as well as structural order-disorder at constant composi-
tion. SEM-EDX and micro-Raman mapping did not detect a statistically
significant change in the CZTS composition and ordering respectively,
although it should be noted that the measurement sensitivity (for EDX)/
resolution (for Raman) are not optimum. EQE measurements for the
completed device showed significant band tailing, with an average
potential well depth of 101 meV. The optical property fluctuations
observed in CL are consistent with band tailing. Finally a lower
weighting of the 907 nm CL peak is observed at the grain boundaries,
although this depends on the grain boundary character.
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