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On the Origin of Tail States and Open Circuit Voltage

Losses in Cu(ln,Ga)Se;

Omar Ramirez,* Jiro Nishinaga, Felix Dingwell, Taowen Wang, Aubin Prot,

Max Hilaire Wolter, Vibha Ranjan, and Susanne Siebentritt

The detrimental effect of tail states on the radiative and non-radiative voltage loss
has been demonstrated to be a limiting factor for the open circuit voltage (Vo) in
Cu(In,Ga)Se, solar cells. A strategy that has proven effective in reducing tail
states is the addition of alkali metals, the effect of which has been associated with
the passivation of charged defects at grain boundaries. Herein, tail states in
Cu(In,Ga)Se, are revisited by studying the effect of compositional variations and
alkali incorporation into single-crystal films. The results demonstrate that sodium
and potassium decrease the density of tail states despite the absence of grain
boundaries, suggesting that there is more to alkalis than just grain boundary
effects. Moreover, an increase in doping as a result of sodium or potassium
incorporation is shown to contribute to the reduced tail states, which are
demonstrated to arise largely from electrostatic potential fluctuations and to be
determined by grain interior properties. By analyzing the voltage loss in high-
efficiency polycrystalline and single crystalline devices, this work presents a
model that explains the entirety of the voltage loss in Cu(In,Ga)Se, based on the

of semiconductor materials such as
chalcopyrites,>?!  amorphous silicon,”
perovskites™® and organic.”! More impor-
tantly, the detrimental effect of tail states is
not only limited to non-radiative recombi-
nation but also affects the radiative open-
circuit voltage, which is reduced as a result
of the increased density of states available
for absorption below the band gap.*®?
Tail states are associated with the thermal,
structural and electrostatic disorder present
in the material and can describe how far the
material is from a perfect crystal.'” Even
though it is not possible to measure the
density of tail states in a direct way, the rela-
tion between the absorption coefficient a
and the joint density of states, enables
absorption-based techniques like photolu-

combined effect of doping on tail states and Voc.

1. Introduction

Generation and recombination processes are the basis on which
our understanding of solar cells and fundamental models like the
Shockley—Queisser limit finds its origins."! Understanding how
carriers recombine and finding ways to reduce detrimental non-
radiative recombination channels, have been part of the roadmap
that has led to the improvement in efficiency in all solar cell tech-
nologies. Among the possible sources of non-radiative recombi-
nation, available energy states that extend from the bands into the
band gap, known as tail states, have proven to be of great impor-
tance in describing the recombination activity in different kinds
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minescence (PL)"! to access this informa-
tion through the determination of the
Urbach energy (Ey),'? as depicted in
Figure 1a. In other words, the higher the
Urbach energy, the higher the density of tail states present in
the material.

Recently, an empirical linear relationship between Urbach
energy and open-circuit voltage losses has been observed in dif-
ferent materials such as perovskites, kesterites, PbS quantum
dots and chalcopyrites.*'*) Even though it is often assumed
that Urbach energies below kyT do not play a role, it has been
demonstrated that they do in fact matter, and that each additional
meV in Urbach energy causes an additional 20 mV voltage loss
for Urbach energies in the range of 10-20 meV.>® In the specific
case of Cu(In,Ga)Se,, for example, it has been proposed that
the open-circuit voltage loss can be entirely attributed to tail
states.>'”] The fact that a lower Ey can be associated with
reduced voltage losses, has prompted calls for the Urbach energy
to be used as a parameter to describe the absorber’s quality."®!
Since optical techniques can be used directly at the absorber
alone, without finishing the device, the Urbach energy can be
used for the fast-screening of materials, similarly to what has
been proposed in literature for the optical diode ideality factor.™!

The recent efficiency improvements in Cu(In,Ga)Se, solar
cells, including the current record of 23.35%,*”) are related to
the development of alkali metal postdeposition treatments
(PDTs), which have been found to affect both the surface and
bulk properties of the absorber.'”! The most striking effect of
PDTs is, perhaps, the one related to the improvement in
open-circuit voltage (V,.), which has been associated to the
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Figure 1. a) Absorption coefficient derived from room temperature photo-
luminescence measurements of a copper series of Cu(In,Ga)Se, single
crystals with ~40% gallium. Dashed lines are fits from which the
Urbach energy is extracted. Data are displayed in an arbitrary energy scale
for visualization purposes. b) Urbach energy comparison between
CulnSe,®Y and Culng¢Gag4Se, as a function of the copper content.
Dotted lines are guides to the eye.

passivation of charged defects at grain boundaries.'”? The idea
behind this argument is based on the observation of alkali seg-
regation at grain boundaries by atom probe tomography
(APT),l'”?% as well as changes in band-bending measured by
Kelvin probe force microscopy,’”"**! phenomena that lead to the
reduction of tail states and thereby to the aforementioned V.
improvement. Evidence on the reduction of tail states caused by
alkali incorporation can be found in literature in the form of a
reduced Urbach energy after the treatments.>'”** However,
one of the consequences of the accumulation of heavy alkali ele-
ments at grain boundaries is the increase of the sodium concen-
tration in the grain interiors."”? An increase from ~15 to ~40 ppm
after a rubidium fluoride (RbF) postdeposition treatment, for exam-
ple, was detected by means of APT.* This phenomenon, although
reported, has not been taken into account when explaining the ben-
eficial effect of PDTs on the V. Furthermore, the fact that the
effectiveness of PDTs has been demonstrated in single crystals,
where there are no grain boundaries, provides further evidence that
there is more to alkali PDTs than just grain boundary effects.*>~2#!

In this contribution, we revisit the tail states in Cu(In,Ga)Se,
by a photoluminescence study of the Urbach energy. In the first
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part, Section 2.1 stands as a general review on how compositional
variations affect the Urbach energy of alkali-free single crystals.
The analysis is carried out in literature data of CulnSe, as well as
newly measured data of Cu(In,Ga)Se,, finding that increasing
the Ga/(Ga+ In) and reducing the Cu/(Ga+ In) ratio result
in an increased Urbach energy. After that, a temperature and
intensity-dependent photoluminescence study is carried out in
Section 2.2 in order to investigate the higher Urbach energy
measured in Cu(In,Ga)Se, when compared to pure CulnSe,,
finding that Cu(In,Ga)Se, suffers from more severe electrostatic
potential fluctuations. Then, in Section 2.3, the effects of sodium
fluoride (NaF) and potassium fluoride (KF) on the Urbach energy
and quasi-Fermi level splitting (qFls) of single crystals are stud-
ied. It is revealed that NaF, and to a lesser extend KF, can effec-
tively decrease the Urbach energy of single crystals in a similar
way as they do in polycrystalline absorbers. Furthermore, an
increase in doping as a result of alkali incorporation is shown
to be associated to the reduced tail states after the treatments.
This is explained based on the fact that as a consequence of
the increased doping concentration, a reduced degree of compen-
sation results in a lower density of charged defects or more
screening of charges, which in turn reduces the magnitude of
the electrostatic potential fluctuations and thus, also the tail
states. Finally, a model is presented in Section 2.4 explaining
the entirety of the voltage loss in Cu(In,Ga)Se, based on the com-
bined effects of doping on tail states and the V. Our analysis of
the Voc losses of high-efficiency polycrystalline and single
crystalline devices shows that tail states in Cu(In,Ga)Se, are
not mainly determined by grain boundaries and that changes
in the sodium concentration at the grain interiors after PDTs
is actually the main driver of the Vo improvement. The aim
of this work is to provide a thorough investigation on what
can affect the density of tail states in Cu(In,Ga)Se, and what
can be done in order to reduce the V¢ loss.

2. Tail States and Urbach Energy

The density of states within the band gap of an ideal semicon-
ductor is zero. In a real semiconductor however, a density of
states that decays exponentially towards the gap exists. Such
energy states are known as tail states or Urbach tails, and they
were first described by Franz Urbach while studying the absorp-
tion edge of silver bromide crystals.’? The characteristic decay
energy of the absorption edge is the so-called Urbach energy Ey,
which relates to the thermal and structural disorder in the
crystal.**?% The thermal component describes the occupation
of phonon states (vibrational disorder), while the structural
disorder adds a temperature independent contribution caused
by the structural deviation from the ideal crystal, such as the pres-
ence of crystallographic defects.

In the case of Cu(In,Ga)Se,, such structural disorder can be
the result of, for example: a) grain boundaries,*” b) variations
of the Ga-Se and In-Se bond length,’" ¢) inhomogeneities in
the elemental composition that would cause local fluctuations
of the band gap (as it depends on the Ga content)?? and
d) random distributions of charged defects that result in fluctua-
tions of the electrostatic potential.**** Thus, to understand how
compositional variations affect the density of tail states, the
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following subsection deals with how the Urbach energy of Cu(In,
Ga)Se, is affected by changes in the copper and gallium content.
Furthermore, the analyzed samples consist of single crystals in
order to exclude the effects of grain boundaries. Evidence of the
single-crystal character of the studied samples (XRD and EBSD)
can be found from our previous work.[2%¢

2.1. Tails in Alkali-Free Cu(In,Ga)Se, Single Crystals

Tail states arise from the thermal and structural disorder present
in the crystal. Following this idea, it would be expected that differ-
ences in the elemental composition of Cu(In,Ga)Se, absorbers
would have an influence on the tail states and therefore, on
the measured Urbach energy. Replacing copper with silver,
for example, has been reported to effectively decrease the chal-
copyrite disorder since lower Urbach energies were measured in
Ag-containing samples when compared to pure Cu(In,Ga)Se,
with the same amount of gallium.>”!

Nevertheless, the influence of the Cu content is, perhaps, the
most well-known parameter that has a strong influence on the
Urbach energy. It has been demonstrated in pure CulnSe, that
the Urbach energy decreases with increasing Cu content, and
that it remains essentially constant from the stoichiometric point
towards Cu-rich compositions.?® The reason behind this, lies in
the fact that Cu-poor material has a higher density of both donor
and acceptor defects which results in a higher degree of compen-
sation.***#3% As an example, the absorption coefficient a of dif-
ferent Cu(In,Ga)Se, single crystals with Ga/(Ga + In) = 0.4 and
varying copper content is displayed in Figure 1a. As can be seen,
the absorption onset becomes steeper with the increase in copper
content, resulting in a lower Urbach energy as determined from
fitting a with f/Fu (details on the determination of Ey, from PL
can be found in Section S1, Supporting Information and
Refs. [2,11]). As a way to quantify the effect of the copper content
on the Urbach energy, a comparison between CulnSe, (data
taken from Figure 4 in Ref. [30]) and Culng ¢Gag 4Se; single crys-
tals was carried out and is shown in Figure 1b. Interestingly, the
effect of copper deficiency appears to be similar in both compo-
sitions, where an increase of around 2 meV in Urbach energy for
every 0.1 decrease in copper content is measured.

Since the Urbach energy is closely related to disorder, it could
be expected that alloy disorder arising from In/Ga intermixing
would have an influence on the Urbach energy in a similar
way as the Cu content does. In order to investigate this influence,
which can be glimpsed already from Figure 1b, the Urbach
energy of several alkali-free single crystals with varying
Ga/(Ga + In) was also investigated. Since the Cu content has
a strong effect on Ey as previously discussed, the Cu/(Ga + In)
ratio was limited to values close to the stoichiometric point (from
0.95 to 1.07). As some of the samples were grown with a
Ga-gradient, it was decided to use the maximum energy of the
photoluminescence as a proxy for the band gap (Egp; ) and thus as
an indicator of the Ga content instead of the Ga/(Ga + In) mea-
sured by EDX, since the luminescence measured in samples
grown with a Ga-gradient comes from the area with the lowest
band gap.*”) With the extracted Urbach energies, the interpo-
lated color map of Figure 2a was constructed. Even though only
a narrow range of Cu composition is studied, its effect on Ey; can
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Figure 2. a) Interpolated Urbach energy map as a function of the
Cu-content and optical band gap based on alkali-free Cu(In,Ga)Se, single
crystals grown by metalorganic vapor phase epitaxy (white stars) and
molecular beam epitaxy (black star). The scientific color map batlow is
used to prevent visual distortion of the data and exclusion of readers with
color vision deficiencies.?l b) Urbach energy as a function of the band gap
in some Sn-based perovskites,[sl kesterites,"* and chalcopyrites. The data
for Cu(In,Ga)Se, is the same as in (a). The gray star is the extrapolated
Urbach energy for CuGaSe, and the shadowed area denotes the corre-
sponding experimental Urbach energy values reported by Meeder et al.
(25-35 meV)? and Nagaya et al. (33.8 meV).["”!

still be observed (horizontal). For a fixed Cu/(Ga + In) composi-
tion, the figure also shows the effect of the gallium content on
Ey through an increase of the Urbach energy towards higher
gallium concentrations (vertical). The samples’ composition,
Ey and Egp values can be found in Table S1, Supporting
Information.

Even though it is reasonable to assume that the increase in Ey
due to the Ga content is related to alloy disorder, it could also be
related to the increase in band gap that goes along with it.
An increasing trend of the Urbach energy with the band gap
has been experimentally observed in other materials like
kesterites!'>* and perovskites.”! Figure 2b gathers the
Urbach energy as a function of the band gap of some of the afore-
mentioned materials and references. Attention should be paid to
the trends rather than to the magnitude of Ey, as the methods
used to obtain the Urbach energy are different (photolumines-
cence, photothermal deflection spectroscopy and transient
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photocapacitance spectroscopy) and so is their sensitivity to mea-
sure low absorption coefficients.!'!! In this regard, photolumines-
cence allows the determination of absorption coefficients several
orders of magnitude lower than other methods due to its high
sensitivity at the absorption edge. It should be noted that photo-
luminescence is suitable to characterize the absorption edge, but
not for energies considerably above it.

In the case that the change of Ey in Cu(In,Ga)Se, would be
caused only by alloy disorder, the Urbach energy of pure
CuGaSe, would be expected to be lower than in an alloy with
50% indium, for example. By extrapolating the value of Ey in
Figure 2b to the band gap of CuGaSe, (1.7 eV),*" an Urbach
energy of around 26 meV would be expected (gray star in
Figure 2b), which is surprisingly close to the reported values
for polycrystalline CuGaSe, absorbers measured by photodeflec-
tion spectroscopy (25-35 meV)*? and ellipsometry (33.8 meV).!**!
Even though the data for Cu(In,Ga)Se, are based on single crys-
tals and the reported values are from polycrystalline absorbers, it
has been shown that the Urbach energy is higher in the latter but
not so much when the composition is close to the stoichiometric
point,*® which is the case here. For a final decision on the role of
alloy disorder vs. band gap, in a future study Ga/(Ga + In) ratios
above 50% grown Dby the same process must be studied. But the
available data suggest that the increasing trend in Ey; observed
with the increase of gallium content in Cu(In,Ga)Se, seems to
be an intrinsic property of the continuously increasing band
gap rather than caused by alloy disorder. The discussion on
the dependency of the Urbach energy on the band gap and the
origin of the larger Urbach energies measured in samples with
higher Ga contents will be addressed in the following
subsections.

The results discussed so far, especially the Urbach energy map
in Figure 2a, would suggest CulnSe, with copper contents close-
to-stoichiometric or even Cu-rich as a great solar cell absorber in
order to minimize the Vo¢ deficit due to their lower density of
tail states. Although it is known that devices made of Cu-rich
material suffer from higher V¢ losses,** such losses have been
reported to arise from defective surfaces and interfaces.***¢
Nevertheless, recent advances in CulnSe, have demonstrated
efficiencies above 19%*” with a Voc deficit with respect to
the Shockley-Queisser limit (considering a back reflector) of only
157mV (E;=1.0eV, Voc=609mV, Voc*?=766mV)*"*!
which is just SO0mV higher than the deficit of the current
Cu(In,Ga)Se, record cell (E;=1.08eV, Voc=734mV,
Voc Q=841 mV).2>*¥ An important step in the optimization
of this cell was to increase the Cu content as close as possible
to the stoichiometric point.*”!

2.2. Tail States and Potential Fluctuations

Section 2 introduced the possible causes of static disorder in
Cu(In,Ga)Se; such as potential fluctuations arising from charged
defects or compositional variations. Then, in the previous sub-
section, it was established that the density of tail states is larger
in Cu(In,Ga)Se;, than in pure CulnSe, when grown with the same
Cu content. In the following, a causal relationship between poten-
tial fluctuations and tail states is discussed. A temperature-
dependent and excitation intensity-dependent photoluminescence
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analysis is carried out in several Cu(In,Ga)Se, single crystals with
varying gallium content in order to study potential fluctuations.

2.2.1. Potential Fluctuations from Temperature-Dependent PL

As explained by Larsen et al.?>! based on the seminal work of
Levanyuk and Osipov,*”! the temperature dependence of the
energy or the photoluminescence maximum in compensated
chalcopyrites with potential fluctuations is not monotonic with
increasing temperature but has a Redshift-Blueshift behavior.
At very low temperatures (10 K), photogenerated carriers are
hardly mobile and defect-related recombination occurs from
local potential valleys arising from the Coulomb interaction of
charged defects. However, when the temperature is increased,
carriers start to gain thermal energy that allows them to over-
come the potential barriers and recombine from valleys of even
lower energy, explaining the initial redshift. As the temperature
continues to increase, the mobile free carriers screen the charged
defects and flatten the potential fluctuations, which explains the
subsequent blueshift of the PL peak.?*! Thus, the temperature at
which the redshift stops (Ty,;,) can be associated with the mag-
nitude of the potential fluctuations, as deeper fluctuations will
cause a higher Ty;,.** Besides the blueshift expected from
the flattening of the fluctuations, an additional blueshift can
be expected as the recombination path changes from
defect-related to band-to-band. Figure 3 shows the normalized
temperature-dependent photoluminescence of three close-to-
stoichiometric alkali-free single crystals with different gallium
contents ranging from CulnSe, to Culngs¢Gag4Se,. Details
on the construction of the intensity maps and the photolumines-
cence spectra can be found in Section S2, supporting informa-
tion. As can be clearly seen from this figure, the position of the
PL peak in all samples shows the initial redshift behavior previ-
ously described. In the CulnSe, sample, T, is visible at around
80 K, and a clear blueshift is already visible at 100 K. On the other
hand, in the sample with the highest gallium content, the blue-
shift is still not visible at this same temperature. Thus, based on
the apparent increase of T, with the gallium content, a prelim-
inary conclusion can be drawn: Regardless of the nature of the
fluctuations, their magnitude increases with the gallium content.

2.2.2. Potential Fluctuations from Excitation
Intensity-Dependent PL

An intensity-dependent photoluminescence study at low temper-
atures is needed in order to corroborate the qualitative results
from the temperature-dependent photoluminescence analysis,
and provide more quantitative information about the magnitude
of the potential fluctuations and their nature. At low tempera-
tures, the analysis of the shift of the PL peak energy position
as a function of the logarithm of the excitation (f) provides
information on the nature of the observed transition. Without
fluctuations, most transitions do not shift with excitation.
Nevertheless, the usual behavior of a donor-acceptor (DA)
transition with increasing excitation is of a slight blueshift
(~=1-3 meV decade " of excitation in chalcopyrites®>*") due to
the changes in the Coulomb attraction between the two charged
defects that influences the photoluminescence peak position.
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Figure 3. Temperature-dependent photoluminescence from 10 to 100 K of a CulnSe,, Culng 76Gao 245€2, and Culng s¢Gag 44Se; alkali-free single crystals
with close-to-stoichiometric Cu contents. Each PL spectrum was normalized, and the PL intensity is depicted by the color code.

Table 1. Gallium content determined from EDX, optical band gap (Egp,)
and Urbach energy (Ey) determined from room temperature PL.  and y
obtained from PL at 10 K of the four close-to-stoichiometric single crystals
studied by intensity and temperature-dependent photoluminescence
(Figure 4).

Sample Number Ga/(Ga+1n) Egp [eV] Ey [meV] S [meVdec'] y[meV]

285 0.01 1.03 12.6 2.5 20.9
288 0.24 1.12 15.0 7.6 222
275 0.38 1.24 16.8 12.5 23.4
282 0.44 1.26 17.2 13.1 22.6

However, in the case of radiative transitions perturbed by poten-
tial fluctuations, the flattening of the fluctuations with increasing
excitation would also produce a blueshift, which is usually stron-
ger than a DA transition without potential fluctuations.%>"
The amount of the shift is another measure for the depth of
the fluctuations.®"! In order to corroborate the results from the
temperature-dependent analysis, the peak energy position as a
function of excitation of the four samples listed in Table 1 was
studied and is displayed in Figure 4a. As can be seen, the mag-
nitude of f increases with the gallium content, confirming the
conclusion already drawn by the temperature-dependent analy-
sis: the magnitude of the potential fluctuations increases with
the gallium content. Details of the peak position determination
and the fitting of f can be found in Section S3, Supporting
Information.

For another approach to the magnitude of the potential fluc-
tuations, a spectral fitting to the low energy wing of the PL can be
performed. Depending on the depth of the fluctuations, the low
energy wing can be spectrally fitted with either a Gaussian (for
deep enough fluctuations) or with an exponential decay with
decay constant y.>*33! It should be pointed out that y is not
the Urbach energy Ey: Ey is a property of the density of states
while y is a property of the PL emission, which at low temper-
atures cannot be described by the generalized Planck’s law due to
the non-equilibrium between the different valleys arising from
potential fluctuations. Furthermore, the fact that y is extracted
from low-temperature measurements, indicates that the level
of excitation is higher than at room temperature.
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Figure 4. Determination of the PL peak energy position as a function of
excitation in four alkali-free single-crystalline films with different gallium
contents. a) Dashed lines are linear fits, the slopes of which are used
to determine . Magnitude of the potential fluctuations y determined from
spectral fits to the low-energy wing of the PL at 10K as a function of the
normalized laser power. b) Error bars represent maximum and minimum
values obtained from the fits.

In order to obtain the magnitude of the potential fluctuations,

we proceeded to fit the low energy wing of the same PL spectra
used for the determination of g, finding that all of them can be
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well-described by an exponential decay as I(E)exp(—(E — Ey)/7),
where E is just an energy prefactor. Details on the fitting routine
can be found in the supplementary information (Section S3,
Supporting Information). As a result, we find that the magnitude
of the potential fluctuations in these samples ranges from 21 to
23 meV at low excitation levels, which is in excellent agreement
with values between 19 and 25 meV reported for CulnSe, and
CuGaSe, epitaxial layers, respectively.”*! In agreement with
our findings, it has been reported that in close-to-stoichiometric
absorbers, the low energy wing of the PL can be better described
by an exponential decay (independently of the Ga content).>*

2.2.3. Band Gap Versus Electrostatic Potential Fluctuations

By analyzing the dependency of y on excitation intensity, it is pos-
sible to obtain information regarding the nature of the potential
fluctuations that causes the broadening of the PL emission,
i.e., to distinguish whether the potential fluctuations are caused
by charged defects (electrostatic) or by compositional variations
(band gap). In the case of electrostatic potential fluctuations aris-
ing from the interaction of charged defects, it would be expected
that y decreases with increasing excitation as an increase in
photogenerated carriers will result in the screening of charged
defects and, as a consequence, the flattening of the
fluctuations.®?! Nonetheless, if the potential fluctuations are
due to variations in the band gap, an increase in photogenerated
carriers may flatten the fluctuations of one of the band edges, but
it will not change the local band gap and will thus not flatten the
band gap fluctuations. As can be seen in Figure 4b, indepen-
dently of the gallium content, the magnitude of the potential fluc-
tuations decreases with increasing excitation, suggesting that the
potential fluctuations observed in alkali-free Cu(In,Ga)Se, have
an electrostatic nature. Interestingly, the decrease in y for the
two absorbers with the lowest gallium content seems to plateau
at higher excitations, which would suggest that at this level of
excitation most of the charged defects have been screened and
the potential fluctuations flattened. For completeness, we point
out, that the same analysis of y was carried out in CulnSe, poly-
crystalline absorbers (without alloy disorder and thus without
band gap fluctuations) grown by co-evaporation onto soda lime
glass. We obtained similar results, supporting the origin of the
potential fluctuations being electrostatic in this kind of absorbers
(see Section S3, Supporting Information). Reports on the more
severe effect of electrostatic potential fluctuations than band gap
fluctuations on device performance can be found in literature.**

From the experiments and analyses presented in this section,
it is possible to conclude that the magnitude of the potential
fluctuations in Cu(In,Ga)Se, increases with the gallium content
(concluded from the composition dependence of T, and f),
and that such fluctuations are mostly of electrostatic nature
(concluded from the excitation intensity dependence of ).
Thus both the density of tail states in these samples (values of
Ey in Table 1), as well as the electrostatic potential fluctuations
increase with the gallium content. Additionally, in the literature,
it has also been demonstrated for polycrystalline films that the
magnitude of the potential fluctuations determined from low
temperature photoluminescence measurements (f), correlates
with the room temperature Urbach energy determined from
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external quantum efficiency.”® Thus, a causal relationship can

be established: The larger density of tail states in Cu(In,Ga)
Se, is caused by stronger electrostatic potential fluctuations.

2.3. Tail States and Doping in Single Crystals

Depending on the alkali or combination of alkalis used, the ben-
eficial effects of postdeposition treatments on the bulk properties
of polycrystalline Cu(In,Ga)Se,, have been reported to yield a
decreased density of tail states.*'7?* For example, when
comparing polycrystalline absorbers grown with and without a
Na-blocking layer, the decrease in Urbach energy measured by
transient photocapacitance spectroscopy has been reported to
be as large as 6 meV.F

In the following experiments, the Urbach energy of
alkali-treated Cu(In,Ga)Se, single crystals with similar copper
and gallium contents (CGI=1.0 and GGI=0.25) is studied
in order to investigate how sodium and potassium decrease
the density of tail states and whether this effect is exclusive to
polycrystalline absorbers. Furthermore, besides samples grown
by metalorganic vapor phase epitaxy (MOVPE), absorbers grown
by molecular beam epitaxy (MBE) are also included. The MBE
samples were prepared by a similar process as the films that yield
the current record efficiency of 20.4% for single-crystal
Cu(In,Ga)Se; solar cells.2%% For each set of samples, three con-
ditions are compared; an alkali-free reference, a sample treated
with only NaF and a sample treated with only KF.

First of all, the quasi-Fermi level splitting difference (AqFls)
was determined between the alkali-treated sample and an
alkali-free reference, which can be seen in Figure 5a. It is worth
mentioning that the MBE-grown sample received NaF during the
growth and not as a postdeposition treatment, however, the
improvement observed in qFls is similar in the two kinds of
samples and comparable to the one reported for alkali-free
polycrystalline absorbers treated with NaF of around 80 meV.""!
Both kinds of samples received potassium through a KF postde-
position treatment. In this case, a considerably lower improve-
ment of the qFls is observed (especially in the MOVPE-grown
single crystal), which goes along with our previous results on
the limited effect of KF-PDTs in Cu(In,Ga)Se, single crystals
with Cu-contents close to stoichiometry.”” We attribute the
larger improvement in qFls obtained with NaF to the more effec-
tive diffusion of sodium in the bulk crystal than potassium.
Experimentally, it has been demonstrated by means of
secondary-ion mass spectrometry that the bulk and grain bound-
ary diffusion coefficients of sodium in Cu(In,Ga)Se, are higher
than for heavier alkali elements.®®*”) In the case of diffusion in
the bulk through point defects, theoretical calculations also pre-
dict a higher diffusivity of sodium, since the formation energy of
alkali-related defects like Alke, and Alky, is lower for lighter
alkali metals.”® Nevertheless, the fact that AqFls is larger for
both alkalis in the MBE-grown absorber may suggest an
enhanced diffusion mechanism of alkalis in these kinds of sam-
ples. It has been demonstrated that the diffusion behavior of
sodium in CulnSe, single crystals, for example, is affected by
the density of extended defects which varies depending on the
growth method.®”” Since both epitaxial Cu(In,Ga)Se, films
grown on GaAs by MOVPE and MBE are known to suffer from
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Figure 5. Quasi-Fermi level splitting difference (AgFls) between alkali-treated (NaF or KF) and alkali-free Cu(In,Ga)Se; single crystals. a) Extracted
absorption coefficients of all conditions for b) MOVPE and c¢) MBE-grown samples, as well as d) the obtained Urbach energy.

a high density of dislocations,'*”®" the enhanced diffusion of
alkalis in the MBE-grown crystals could be the result of a higher
density of dislocations in these absorbers.

Once we stablished the beneficial effect of individual sodium
and potassium incorporation in the studied set of samples, we
proceed to study the effect on the Urbach energy. The absorption
coefficient, from which Ey is extracted, of the MOVPE and MBE-
grown samples for all different conditions can be seen in
Figure 5b,c, respectively. From these figures, it is possible to
appreciate that the steepness of the absorption onset changes
with the different treatments, especially in the MBE-grown
absorbers, which goes along with the more pronounced change
in quasi-Fermi level splitting. As a result, variations in the
Urbach energy were measured depending on the alkali metal
incorporated, which are summarized in Figure 5d.
Interestingly, the decrease in Urbach energy for the NaF-treated
samples when compared to the alkali-free reference (AEy) of
2.8meV (MBE) and 2.0meV (MOVPE), is larger than the
reported” change in state-of-the-art polycrystalline absorbers
for the same comparison (AEy = 0.8 meV), but similar to the
reported combined effect of NaF + RbF PDT (AEy = 1.9 meV)./?

In the case of KF-treated samples, AEy; was found to decrease
less than with NaF (AEy almost negligible in the MOVPE-grown
absorber), in agreement with the trend observed in the AqFls
measured. It is thus important to highlight that the relationship
between a lower Urbach energy and a lower Vo loss (measured
as a higher quasi-Fermi level splitting), also holds true in the
studied single crystals.

When taking a closer look at the relationship between the
increase in quasi-Fermi level splitting and the decrease in
Urbach energy, the question on the causal relationship between
these two phenomena arises: is the increase in qFls a conse-
quence of the reduced tail states or do they have a common
cause? In the case of polycrystalline Cu(In,Ga)Se, absorbers,
the beneficial effect of alkali postdeposition treatments on the
Voc has been associated with a reduction of tail states in the bulk
and, in particular, at the grain boundaries."” Evidence of
reduced band-bending and accumulation of heavy alkali
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elements at grain boundaries has paved the way to establish
the premise that both effects are correlated to the reduction in
tail states measured by a decrease in the Urbach energy.”*’!
Nonetheless, the fact that similar changes are observed in the
Urbach energy of alkali-treated single crystals, where there are
no grain boundaries, suggests that another mechanism related
to the grain interiors also plays a role in the effect of alkalis
on the Urbach energy.

From the previous analysis, it becomes evident that alkali
incorporation into single crystals has the ability to reduce poten-
tial fluctuations and tail states, which can also be seen in the
changes in T;;, and y of the MBE and MOVPE samples. On aver-
age, the magnitude of the potential fluctuations decreases by
4 meV and the redshift-blueshift behavior becomes barely notice-
able upon sodium incorporation (see Section S4, Supporting
Information). Hence, the question on how alkali incorporation
reduces tail sates can then be raised. It has been suggested that
sodium catalyzes the diffusivity of point defects within the
bulk, which could have an impact on electrostatic potential
fluctuations.?® On the other hand, one of the well-known effects
of alkalis in Cu(In,Ga)Se,, especially sodium, is to increase the
net doping.>*~%* The mechanism behind the increased P-type
doping has been proposed to relate to the out-diffusion of sodium
from Nac, sites during the cool-down stage of the growth process
(and subsequent rinsing), leaving a higher concentration of V¢,
and thus, increasing the acceptor defect concentration.®® Can a
doping effect then explain the observed changes in tail states? An
immediate effect of an increased net doping level, i.e. either
increased acceptor or reduced donor concentration, would be
the reduction of the degree of compensation K = Np/Njy
(in a p-type semiconductor), where Np) is the acceptor (donor)
concentration. As we have highlighted throughout the text, tail
states in Cu(In,Ga)Se, are mainly caused by electrostatic poten-
tial fluctuations, meaning that a decrease in the degree of com-
pensation would have a direct influence on the density of charged
defects and tail states. Theoretically, the average amplitude of the
potential fluctuations can be estimated by Equation (1),1°® which
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takes into account the screening of the charges and depends on
the density of randomly distributed charged defects
Nc = N, + Np, the carrier concentration p and the material’s
relative permittivity &,.

2/3
_ ¢ NY
4rege, ptf?

p 1)

Decreased compensation would either decrease N¢ or increase
p and thus reduce the amplitude of the potential fluctuations.
By assuming N¢ = 107cm™ and p = N¢[(1 — K)/(1 + K)] in
Equation (1), the magnitude of the potential fluctuations as a
function of the degree of compensation was calculated and is dis-
played in Figure 6. The values of y obtained so far in alkali-free
samples (>21meV), would suggest that the samples have a
degree of compensation of minimum 95%, which is in excellent
agreement with experimental findings determined from Hall
measurements in CuGaSe,.’®! The decrease of ~4meV in y
measured after Na incorporation in a material with K = 0.97,
for example, would indicate that the degree of compensation
has decreased by just 2-3%, demonstrating that even small
changes in doping can result in diminished electrostatic potential
fluctuations, and thus, in a lower density of tail states.

The dependency of electrostatic potential fluctuations on the
dielectric constant of the material, can provide a viable explana-
tion to the observed increase in Urbach energy with band gap
energy discussed in Section 2.1. Based on simple arguments
on bond length and electron density it can be argued that the
band gap energy has an inversely proportional relation with
the dielectric constant, which is found experimentally for a large
class of semiconductors./*”*® This relationship would suggest
that a semiconductor with a larger band gap (and thus a smaller
dielectric constant), would suffer less screening and thus from
stronger electrostatic potential fluctuations. In the case of
Cu(In,Ga)Se,, the dielectric constant decreases from 13.6 in pure
CulnSe, to 117971 in CuGaSe, which would indicate that tail
states arising from electrostatic potential fluctuations in the solid
solution, would increase intrinsically with the Ga/(Ga + In) ratio.

T T T T T

3 ¢ =136 (CulnSe,) i

&, = 11.0 (CuGaSe,)

5t 1 ! I 1 1
0.5 0.6 0.7 0.8 0.9 1.0
Degree of compensation K

Figure 6. Magnitude of the potential fluctuations y as a function of the
degree of compensation K for two different dielectric constants.
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In this section we showed that alkali incorporation into single
crystals results in a decreased density of tail sates as similarly
observed in polycrystalline absorbers, suggesting that the benefi-
cial effects of alkali PDTs on the Voc are not exclusively grain-
boundary related. Furthermore, we showed that an increase in
doping caused by the alkalis could explain the decreased density
of tail states, as a decrease in the degree of compensation lowers
the magnitude of electrostatic potential fluctuations. Moreover, the
fact that doping decreases tail states is a direct evidence of the elec-
trostatic nature of the potential fluctuations, since band gap fluc-
tuations would not be affected by doping changes. In the following
section, a detailed analysis on the relationship between Urbach
energy and Vo losses, taking doping into account, is presented.

2.4. Tail States and Voc Losses

Since sodium proved to be the most effective alkali in altering
both quasi-Fermi level splitting and Urbach energy, a systematic
study on the effect of sodium on these parameters was carried
out. For the study, similar pieces of the same close-to-
stoichiometric alkali-free Cu(In,Ga)Se, single crystal with a
Ga/(Ga+ In) = 0.4 were cleaved and treated with a NaF-PDT
with varying annealing time (to have the same crystal with vary-
ing sodium content). To prevent variations in the amount of
sodium fluoride before the annealing step, all samples were
loaded into the evaporation chamber and received NaF at the
same time. Figure 7a shows the quasi-Fermi level splitting at
1 sun (details can be found in Section S5, Supporting
Information) and the extracted Urbach energies of the studied
samples including an alkali-free reference (denoted as zero
minutes annealing time). This figure demonstrates the direct
correlation between the increase of sodium in the film and
the decrease in Urbach energy and increase of quasi-Fermi level
splitting. Since changes in the splitting of the Fermi level can
arise from both electron (Eg.) and hole (E ) quasi-Fermi levels
due to changes in the recombination activity and doping
concentration,”? respectively, we will discuss the role of Ey
on the observed changes in the following.

Wolter et al.l?! addressed the Vo losses associated with
recombination through tail states with respect to the Shockley—
Queisser limit. Since tail states act as non-radiative recombina-
tion centers but also allow absorption below the band gap,” the
model takes into account the effect in both radiative and non-
radiative voltage loss. According to the model, an additional V¢
loss of around 10 mV would be expected for every meV increase
in Ey as a consequence of the increased radiative and non-
radiative recombination from tail states (each effect contributing
roughly 5 mV). However, the model can only explain half of the
experimentally observed Voc loss, suggesting that another mech-
anism related to tail sates needs to be further taken into
account.”! In the following, we analyze the Voc loss by studying
the changes in quasi-Fermi level splitting, since V¢ = qFls/qin
the absence of gradients in the quasi Fermi levels at open
circuit.”?! Moreover, it has been demonstrated that the Voc
almost equals the qFls in high-efficiency Cu(In,Ga)Se, devices.*"!

Focusing on the non-radiative loss due to Shockley—Read-Hall
recombination, the model proposes that the change in Vo due
to a change in Urbach energy can be quantified as
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Figure 7. Urbach energy, quasi-Fermi level splitting and minority carrier
lifetime of Cu(In,Ga)Se, single crystals treated with NaF and varying
annealing time. a) A sodium-free reference is also included and denoted
as zero minutes annealing time. b) Contributions to the quasi-Fermi
level splitting difference between the Na-containing and Na-free
reference sample as a function of the decrease in Urbach energy. The
smallest gray and yellow lines account for theoretical non-radiative and
radiate loss caused by a decrease in tail states (see discussion in main
text). The green line represents the non-radiate loss calculated from
lifetime measurements. The blue line is the sum of green and gray.
The red line accounts for the improvement in quasi-Fermi level splitting
measured after sodium incorporation. Note that AE, does not start from
zero since a decrease of 1.8 meV is measured already after 15 min
annealing time with NaF. The highlighted red area represents the contri-
bution from doping.

EB
gAA Vo™ ~ AAQFls™™@ ~ kpT'In (E—i) (2)
R
Where kg is the Boltzmann constant, T the temperature in
Kelvin, g the elementary charge and Ey the decay energy of
the Shockley-Read-Hall recombination rate due to recombination
through tail states defined as

1 1 1
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Sol. RRL 2023, 2300054

2300054 (9 of 13)

www.solar-rrl.com

From the determined Urbach energy values, Er was calculated
for all conditions with the use of Equation 3. Then, the change in
quasi-Fermi level splitting AAqFls due to the non-radiative loss
caused by recombination through tail states was calculated from
Equation (2). For example, by taking the Na-free sample as ref-
erence (Er =54 meV) and the one with the highest amount of
sodium (Ex = 33 meV), an increase in quasi-Fermi level splitting
of roughly 13 meV due to a decrease of 3 meV in Urbach energy
would be expected. Since this change is caused by a decrease in
non-radiative recombination, and thus related to the electron
quasi-Fermi level Ep., a corresponding change in minority
carrier lifetime should also be observed. In order to compare
the theoretically calculated non-radiative loss with the one deter-
mined from changes in lifetime, we performed time-resolved
photoluminescence measurements (details can be found in
Section S6, Supporting Information). As can be seen from
Figure 7a, the minority carrier lifetime follows the increasing
trend in quasi-Fermi level splitting, confirming that the
observed improvement is caused partially due to the effective-
ness of sodium in reducing non-radiative recombination cen-
ters such as tail states. From the measured minority carrier
lifetimes, we proceeded to quantify the change in qFls due to
Ege as”?

AqFls<EF,e) = kB Tln (TN_aF) (4)

TRef

Where 7y,p ref is the minority carrier lifetime of the Na-
containing and alkali-free samples, respectively. By taking the
same samples as in the previous example, a change in quasi-
Fermi level splitting of 32meV would be expected from the
increase in lifetime from 1.8ns (alkali-free) to 6.4ns (most
Na-containing). Interestingly, the change in lifetime is larger
than the one expected from just the reduction in non-radiative
recombination due to reduced tail states. This would indicate that
the effect of sodium in reducing non-radiative recombination
centers in these samples extends beyond tail states, as will be
further demonstrated below.

As already mentioned, the model also takes into account the
radiative Vo loss caused by tail states, which is estimated to be
around 5mV per each meV increase in Urbach energy.”

To have a better visualization of the impact of the loss mech-
anisms on the change in quasi-Fermi level splitting discussed
above, the plot in Figure 7b was constructed. Based on the
quasi-Fermi level splitting, Urbach energy and lifetime of the
NaF-treated samples in Figure 7a, the radiative and non-radiate
voltage loss was calculated from Equation (2)—(4) and plotted as a
as a function of their respective decrease in Urbach energy.
The red line denotes the measured change in quasi-Fermi level
splitting between the NaF-treated samples and the alkali-free ref-
erence (AQFlsy,r_ger)- The gray and yellow lines account for the
reduction in non-radiative (A,,q4) and radiative loss (A,,q) due to
the reduction in Urbach energy, the green line represents the
change in qFls due to the measured increase in lifetime (A,),
and the blue line is the sum of the previous two (A, + Apq).
Since A, + A4 cannot account for the whole improvement in
quasi-Fermi level splitting, we attribute the remaining
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proportion to the contribution from Epy caused by the well-
known effect of sodium discussed in the previous section: dop-
ing (highlighted red area in Figure 7b). In fact, the double effect
of sodium as dopant and effective passivator of non-radiative
recombination centers has also been observed in polycrystalline
Cu(In,Ga)Se; absorbers, where a continuous increase in hole car-
rier concentration accompanied by changes in the defect spectra
detected by admittance spectroscopy and deep level transient
spectroscopy were measured as a function of the sodium
content.”*

From the highlighted red area in Figure 7b, it is possible to see
that the contribution to the quasi-Fermi level splitting improve-
ment from doping (AqFls,,)), would range between 8 to

75 meV depending on the NaF annealing time. With the help
of these values and Equation (5), the hole carrier concentration
can be estimated to increase by a factor of 1.4-18.5 as the anneal-
ing time increases. It is worth mentioning that reports of
increased doping after alkali postdeposition treatments of the
same magnitude as the estimated one can be found in litera-
ture.l®%7*75] Furthermore, Figure 7b also shows that the initial
decrease in Urbach energy (AEy=1.8-2meV corresponding
to 15 and 20 min annealing time) is mostly associated to the
reduction of non-radiative recombination centers with just a
small contribution from doping. However, as discussed in the
previous section, this seemingly small change in doping can have
a strong effect on electrostatic potential fluctuations, and hence
on tail states, depending on the degree of compensation. Thus,
from this analysis it is possible to conclude that the Vo improve-
ment obtained from doping can account for the missing contri-
bution in the model of radiative and non-radiative recombination
through tail states to fully describe the entirety of the voltage
losses in Cu(In,Ga)Se,.

AqFlsg,,) = ksTln (;%) (5)
€

To better visualize the combined effect of doping, the radiative
and the non-radiative voltage loss caused by tail states, a compari-
son between high-efficiency polycrystalline and single crystalline
solar cells was carried out. In the case of single crystals, devices
with alkali-free, NaF, KF and NaF + KF absorbers were fabricated
by MBE. The Urbach energy was extracted from photolumines-
cence measurements under one sun illumination. The values of
Ey and the device parameters can be seen in Table 2. In the case
of polycrystalline absorbers, data were taken from Ref. [2] and
include similar devices with different alkali PDTs such as NaF
and NaF 4 RbF. In order to set aside differences in the band
gap, the Vo loss with respect to the Shockley—Queisser Voc

Table 2. Urbach energy and device parameters of single crystalline solar
cells with different alkali treatments (area around 0.2 cm?).

Alkali treatment Ey [meV] Voc [MV]  Jsc [mAcm ™7 FF n [%]
None 13.0+0.2 668 33.2 0.75 16.6
NaF 122+0.3 727 342 0.781 19.4
KF 129+0.1 686 34.4 0.768 18.1
NaF + KF 11.8+£04 754 345 0.815 21.2
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was calculated. In the case of the single crystals, the band gap
determined from the maximum of the PL spectra was 1.15 €V,
which has a corresponding Shockley-Queisser Voc of 906 mV*®!
(with back reflector). With all this information, the voltage loss
was calculated and is displayed in Figure 8 as a function of the
Urbach energy.

The dark gray area in Figure 8 corresponds to the expected
radiative and non-radiative voltage loss due to Ey alone, while
the light grey area accounts for the Vo improvement obtained
as a consequence of an increase in doping. For example, a
decrease in Urbach energy from 16 to 11 meV, would convey
a reduced voltage loss of roughly 100mvV. If 50 of those
100 mV were caused by an increased doping (which would imply
that the doping increases by a factor of ~7), the remaining 50 mV
could be explained by the reduced radiative and non-radiative
voltage loss caused by the diminished density of tail states.
Interestingly, both polycrystalline and single crystalline devices
that contain sodium (either alone or in combination with a
heavier alkali), lie close to the region where the voltage loss
can be explained entirely by tail states. This further speaks in
favor of tail states determined mainly by grain interior properties
rather than grain boundaries. Furthermore, the data points that
deviate the most correspond to devices that do not contain
sodium, which would indicate that the double effect of sodium
as dopant and passivator of non-radiative recombination centers
would also be necessary in order to reduce the voltage loss.
If upon sodium incorporation the Vo loss would still be far from
the tails-limited region, this would suggest that another source of
non-radiative recombination is the origin of the loss, such as a
deficient passivation of the interfaces or the presence of deep
defects. The additional improvement of KF treatment after
NaF treatment has been attributed to surface passivation.®
Our data confirms this explanation, as the NaF + KF epi sample
moves closer to the line where the V¢ loss is entirely due to tail
states. Furthermore, the additional KF further reduces the
Urbach energy by increasing the doping further and reducing
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350 = NaF = NaF+RbF < Poly -
KF
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Figure 8. Voltage loss with respect to the Shockley—Queisser Voc as a
function of the Urbach energy of polycrystalline and single crystalline
high-efficiency Cu(In,Ga)Se; solar cells. The devices were fabricated from
absorbers that received none or different alkali postdeposition treatments.
Data points corresponding to polycrystalline absorbers were taken from
Ref. [2].
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the electrostatic potential fluctuations, but to a lesser degree than
NaF alone.

Interestingly, the device with the lowest Voc loss
(Ey =11meV) has a considerably lower band gap energy of
1.08 eV?”! compared to the conventional 1.15eV of 3-stage
co-evaporated Cu(In,Ga)Se,. Furthermore, the current record
efficiency of 23.35% is also based on an absorber with a band
gap of 1.08 eV.?% If the lowest density of tail states achievable
in an absorber is capped by the band gap energy as discussed
in Section 2.1, a decrease in band gap from 1.15 to 1.08 eV would
allow a decrease in Urbach energy of roughly 1.4meV
(see Figure 2b), which would translate into a reduced voltage loss
of approximately 28 meV. Thus, it is reasonable to assume that
the reduced band gap energy in these high-efficiency devices is at
least partially responsible for the reduced Urbach energy and
thus the reduced voltage loss, and a proven strategy to follow
up in order to continue boosting the efficiency of Cu(In,Ga)Se,.

Allin all, the results presented in this section shed light on the
beneficial effect of alkalis, and especially sodium, in reducing the
Voc deficit of Cu(In,Ga)Se, solar cells. The role of sodium could
explain why the reported improvement in Vo obtained after a
postdeposition treatment, for example, varies from laboratory to
laboratory. If the properties of the substrate, back contact and
growth-process itself allowed an adequate sodium diffusion, then
the improvement after a PDT would be rather small. On the con-
trary, if the initial sodium concentration was not optimal, then
the beneficial effect of the PDT would be greater. Evidence of
this can be found in literature, where the improvement after a
KF PDT in polycrystalline absorbers grown on soda lime glass
has been reported to span from 207 to 65 mV."”)

The effects of alkali postdeposition treatments on the Vo¢
improvement of Cu(In,Ga)Se, solar cells, has long been associ-
ated with grain boundary passivation measured by changes in
band bending at grain boundaries.'”**! However, our results
suggest that rather than grain boundaries, it is the increased
sodium concentration at the grain interiors that is the driver
of the Voc improvement. Nevertheless, in order to increase
the sodium content in the grains of polycrystalline absorbers,
a heavier alkali species is necessary to “push” sodium out of
the grain boundaries into the grain interiors,”® explaining
why the effect of postdeposition treatments on the Vo is similar
regardless of the heavy alkali species used. Furthermore, the
validity of the observed changes in band bending at grain bound-
aries has recently been questioned by demonstrating the strong
effect of surface roughness on the accuracy of Kelvin probe force
microscopy measurements.'”® The conclusion that the improved
Voc is due higher Na in the grains rather than grain boundary
passivation is also in agreement with the observation that alkali
treatment does not reduce the recombination velocity at grain
boundaries.”””!

3. Conclusion

In this contribution, we present a photoluminescence study on
tail states in Cu(In,Ga)Se;, single crystals, which we quantify by
their Urbach energy, and how its density is affected by composi-
tional changes and the incorporation of alkali metals. Our results
suggest that not only the copper but also the gallium content has

Sol. RRL 2023, 2300054

2300054 (11 of 13)

www.solar-rrl.com

an influence on the Urbach energy, which increases for higher
gallium contents. A temperature and intensity-dependent photo-
luminescence study of samples with different Ga/(Ga+ In),
reveals that samples with higher gallium contents suffer from
more harmful potential fluctuations. Contrary to what is expected
from the literature, the increased Ga content does not seem to
result in fluctuations arising from compositional inhomogenei-
ties (band gap fluctuations), but to yield electrostatic potential
fluctuations.

Regarding the alkali incorporation, our results unveiled that
the Urbach energy of MOVPE and MBE-grown single crystals
is affected in a similar way as in the case of polycrystalline absorb-
ers. In the case of Na-containing crystals, the Urbach energy was
found to decrease when compared to an alkali-free reference:
2.8 meV for the MBE and 2.0 meV in the MOVPE-grown sample.
In the case of KF, only the MBE-grown sample showed a signifi-
cant decrease in Ey of around 1.7 meV. In all samples, the
improvement in quasi-Fermi level splitting with the alkali treat-
ment was found to be correlated with the change in the Urbach
energy, confirming that the empirical relationship of a lower
Urbach energy with a lower V¢ deficit also applies in the studied
single crystals.

Furthermore, we carried out an analysis of the voltage losses,
where we show that upon alkali incorporation the doping concen-
tration increases, leading to an increase in quasi-Fermi level
splitting and a reduction in the density of tail states. We explain
that because of the increased doping concentration, the degree of
compensation decreases, resulting in a lower density of charged
defects that would otherwise lead to electrostatic potential fluc-
tuations. Moreover, we argue that the Voc improvement that
could not be explained through radiative and non-radiative
recombination via tails states can be explained by the effect of
doping. Higher doping leads to lower Urbach energies via
reduced electrostatic potential fluctuations and at the same time
increases Voc or qFls.

Finally, by comparing the Voc loss with respect to the
Shockley—Queisser Voc in polycrystalline and single crystalline
solar cells treated with different alkalis, we concluded that tail
states are determined by the grain interior properties rather than
by grain boundaries, since the Vo¢ loss of sodium-containing
devices was found similar in the two kinds of absorbers.
This contribution demonstrates that an increase in sodium at
the grain interiors has a strong effect on the optoelectronic prop-
erties of Cu(In,Ga)Se,, and suggests that such increase is the
main driver of the V¢ improvement obtained after a postdepo-
sition treatment with KF, RbF or CsF in polycrystalline absorbers
rather than grain boundary passivation.

4. Experimental Section

Metalorganic Vapor Phase Epitaxy (MOVPE): Cu(Ini_,,Ga,)Se, single
crystals were grown on 500 pm thick (100)-oriented semi-insulating
GaAs wafers. The reactor temperature and pressure were set at 520 °C
and 90 mbar for all the processes. The metalorganic precursors used were
cyclopentadienyl-coppertriethyl phosphine (CpCuTEP), trimethylindium
(TMIn), triethylgallium (TEGa) and diisopropylselenide (DiPSe). In order
to achieve the desired composition, the CpCuTEP partial pressure was
kept constant and the partial pressures of TMIn and TEGa adjusted for
each process. Selenium is always provided in excess.

© 2023 Wiley-VCH GmbH
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Postdeposition Treatments in MOVPE Samples: After growth, each sam-
ple was cleaved in a N,-filled glovebox and transferred into an MBE cham-
ber where potassium fluoride was evaporated at a rate of roughly
1 nm min™" during 6 min. The KF deposition was done at a substrate tem-
perature of 350 °C and under a Se pressure of ~2 x 10~® Torr to prevent
chalcogen desorption.

After the treatment, the samples were rinsed with DI water and etched in
a 5% KCN solution for 30 s right before the CdS buffer layer deposition. For
the NaF-PDT, each sample was cleaved in a Ny-filled glovebox and trans-
ferred into an electron beam evaporator where 10 nm of NaF were depos-
ited. After this, the samples went back into the glovebox to receive a first
annealing step at 350 °C before being transferred into an MBE chamber
where they were selenized under the same conditions as for the KF-PDT.

Photoluminescence: Measurements were performed using a 660 nm
diode laser with a spot diameter of ~2.6 mm as excitation source. Two
parabolic mirrors were used to collect and redirect the emitted photolu-
minescence into a spectrometer where it was detected by an InGaAs array.
All measurements for gFls and Urbach energy determination were carried
out at room temperature and spectrally corrected using a calibrated halo-
gen lamp. For the analysis performed at low temperatures, a liquid helium
flow cryostat was used. For the determination of the quasi-Fermi level
splitting, the value was extracted from a linear fit of the high-energy wing
of the emitted PL (described by Planck’s generalized law). Details on the
extraction of the Urbach energy can be found in the supporting
information. Time resolved photoluminescence (TRPL) measurements
were taken with a LifeSpec || Spectrometer equipped with a 640 nm pulsed
diode laser.

Chemical Characterization: Elemental composition was determined by
energy dispersive X-ray spectroscopy (EDX) taken at an acceleration
voltage of 10 kV.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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