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In this paper we present a consistent theoretical approach and an extensive experimental study of
Cu(In, Ga)Se;- (CIGS-)based solar cells to investigate the influence of fluctuating potentials on the lim-
itations of solar-cell performance. The absorptance is calculated for extensions to the Shockley-Queisser
model involving the description of tail states under the Urbach-rule, optimal-fluctuation-theory, and band-
gap-fluctuation models, as well as the expected values for the saturation current density, short-circuit
current density, and open-circuit voltage (Voc). Three CIGS-based solar cells with [Cu]/([Ga]+[In])
ratios of 0.53, 0.71, and 0.84 are grown to intentionally have sufficiently different amplitudes of fluctu-
ating potentials. We show both theoretically and experimentally the role played by fluctuating potentials,
in particular in the Voc losses. We provide evidence for a higher degree of correlation of electrostatic
fluctuating potentials with Vo losses in comparison with band-gap fluctuations. Additionally, our results
show the influence of fluctuating potentials not just at low temperature but also at room temperature.
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I. INTRODUCTION

Solar cells based on a Cu(In, Ga)Se, (CIGS) absorber
layer are the most-efficient polycrystalline solar cells,
achieving a light-to-power conversion efficiency of
23.35% [1]. This remarkable electrical performance
requires primarily a Cu-poor absorber composition
[2—6]. The off-stoichiometry composition, in addition to
the presence of four distinct atomic species in CIGS,
the diffusion of atomic species (namely, Na, K, and O)
from the commonly used soda-lime-glass (SLG) substrate,
and the unintentional incorporation of impurities during
growth, will promote local fluctuations in the composition
and a large density of defects [7,8]. Any sort of pertur-
bation of the perfect lattice will potentially contribute to
the appearance of distinct energy levels in the forbidden
energy band. At high densities, these defects interact with
each other, resulting in a broadening of the energy lev-
els, with possible overlap with the conduction-band and
valence-band edges, forming the so-called band tails [9].
The existence of spatial fluctuations in the composition
and the existence of an inhomogeneous distribution of
defects (namely, charged ones) lead to band-gap (£,) and
electrostatic fluctuating potentials, respectively [10—14].
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The investigation of the impact of fluctuating poten-
tials on the performance of solar cells is presently an open
issue in the scientific community [13,15-22]. Experimen-
tal studies suggest different types of fluctuations and report
amplitudes of tail states [8,10,12,18,23,24]. Notwithstand-
ing, few studies comparing the impact of different types
of fluctuating potentials are available [17,19,21]. The
increase of thermal generation and recombination rates
due to tail states reduces the efficiency limit established in
the Shockley-Queisser (SQ) model [25]. Additionally, no
agreement exists concerning their influence at room tem-
perature (RT) for CIGS-based solar cells. Several studies
showed that the presence of fluctuating potentials is a fac-
tor limiting the increase of the open-circuit voltage (Voc)
and the solar-cell efficiency (1) [12,26]. On the other hand,
for both Cu-poor CulnSe; (CIS) and Cu-poor CuGaSe;,
other authors claim the reduction of the amplitude of the
fluctuating potentials to a few meV at RT with negligible
effects on solar-cell performance [27].

In this study, we perform calculations on the influence
of fluctuating potentials on the Voc losses of CIGS-based
solar cells according to extensions to the SQ model, and
compare the predictions with experimental results. A series
of three Cu-poor CIGS solar cells are grown with differ-
ent Cu fraction to attain sufficiently different amplitudes
of fluctuating potentials. Comparison of the theoretical

© 2019 American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.11.054013&domain=pdf&date_stamp=2019-05-06
http://dx.doi.org/10.1103/PhysRevApplied.11.054013

J. P. TEIXEIRA et al.

PHYS. REV. APPLIED 11, 054013 (2019)

predictions with the experimental values of the V¢ losses
provides strong support for the influence of fluctuating
potentials at RT and a lower influence of band-gap fluctu-
ating potentials on the performance of the solar cells when
compared with electrostatic ones.

II. EXTENDED SQ MODELS: FLUCTUATING
POTENTIALS

The SQ model establishes the upper efficiency limit of
single-junction solar cells [25]. The SQ detailed balance
formulation is based on the following assumptions: (a) all
photons with energy hv > E, are absorbed, while there is
no absorption of photons with energy hv < Eg; (b) each
absorbed photon generates a single electron-hole pair and
both charge carriers will reach their respective contacts
(internal quantum efficiency of 1); (c) radiative recombina-
tion is the only loss mechanism. This model assumes a step
function for the absorptance a(hv) of the absorber layer;
that is, a(hv) = 1 for hv > E; and a(hv) = 0 for hv < Ej.
Under the SQ detailed balance formulation, the saturation
current density (J(;Q’ Q) and the short-circuit current density

(Jssg ) become
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where ¢ is the elementary charge, ¢gg(hv, T) the black-
body spectrum at the temperature (300 K) of the solar cell,
and ¢gun(hv) is the solar spectrum (cm~2s~!eV~!) [28].
Then, Voc may be obtained as follows:

kT (IS
VOC=—In<STCQ+1), 3)
q

where k is the Boltzmann constant. Because of the step
function for the absorptance a(h4v), Egs. (1) and (2) depend
essentially on one input parameter related to the absorber
layer (i.e., E,), which makes this model quite simple if we
think of the overall solar-cell complexity and process of
operation. However, it provides a powerful starting point
to address loss mechanisms other than radiative recombi-
nation [15,18,20,29-31]. On the basis of the SQ model we
discuss (and compare with experimental data, see Sec. V)
extensions to this model to evaluate the impact of fluctu-
ating potentials on the solar-cell electrical parameters in
the framework of each theoretical model. These extensions
are also simple models that ignore other loss mechanisms
existing in real devices.

It is well known that fluctuating potentials extend
the density of states into the band gap, violating the
SQ assumption of a step-function absorptance in which
a(hv) = 0 for hv < E,. Thus, changes in absorptance that
reproduce the sub-band-gap absorption coefficient «(hv)
are needed. Several theoretical approaches based on dif-
ferent sources of fluctuating potentials gave explicit func-
tions for the absorption edge in the sub-band-gap region
[8,12,32—34], namely: (i) the Urbach rule, (ii) optimal-
fluctuation theory, and (iii) a Gaussian approach that
describe the band-gap fluctuations. For the Urbach-rule
model, an empirical relation is described by an exponential
decay [32]:

a(hv) = ag exp (hvE— E) , 4)
U

where o is a proportionality parameter, £ is a charac-
teristic energy parameter of the transition with a value
close to the band-gap energy of the material, and Ey; is an
energy parameter (Urbach energy) related to the amplitude
of fluctuating potentials. It is commonly assumed there
are two contributions to £y (Ey = Er + Estp): one arising
from the thermal excitation of phonons (E£7) and another
arising from static disorder (Estp) [35]. In the scope of
electrostatic fluctuating potentials with a spatial dimension
lower than the screening length, Efros proposed [33,36] the
optimal-fluctuation theory, in which the density of states
exhibits a 5/4 power dependence on energy, and «(hv) is
given by [12,33,36]

2 Eq — hv S/4
a(hv) = ag exp _ﬁ< 72 ) s (5)

where y is related to the amplitude of the electrostatic fluc-
tuating potentials. Regarding the band-gap fluctuations, a
model [8,12] assumes a Gaussian distribution of local band
gaps (E};’C) around a mean value, £, with a standard
deviation o, and gives

2
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The existence of explicit functions for the absorption
coefficient that deal with a particular type of fluctuating
potentials [Egs. (5) and (6)] allows the investigation of
separate contributions to solar-cell electrical parameters. In
the following, we start by addressing different approaches
to obtain a(hv).
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For the Urbach-rule model, we adapt the approach of
Jean et al. [18] to a planar solar cell and assume zero front
reflectance and total reflection on the rear side. Thus, the
absorptance follows the Lambert-Beer law [20,37—39]:

a(hv) = 1 — exp[—2a(hv) W], (7)

where «(hv) is given by Eq. (4) and W is the thickness of
the absorber layer. In the case of electrostatic fluctuating
potentials, we again adapt the approach of Jean et al. [18].
For hv < E,, a(hv) is modeled for a planar solar cell, and
the total a(hv) is given by

1 — exp[—2a(hv) W],
1, hv>E,,

hv < Eg,

a(hy) = (8)

where a(hv) is given by Eq. (5).

Finally, in comparison with the electrostatic fluctuat-
ing potentials, for the band-gap ones, a(hv) must take
into account that spatial fluctuations in the composition
will cause local changes in the band gap, which should
be reflected in the modulation of a(4v) below and above
the band-gap energy. Rau and Werner [29] represented the
absorptance dependence on o as follows:
Emean _ g,

) - (€))

1
a(hv) = = erfe | 2———
) 2 < o2

There is an important difference between the previous
three theoretical models. Whereas, optimal-fluctuation the-
ory and the Gaussian models focus on particular types of
fluctuating potentials, the Urbach rule reflects the influ-
ence of shallow tail states, but it is not clear if this model
is able to distinguish the different types of fluctuating
potentials, since it is an empirical model. The impact of
fluctuating potentials described by the Urbach-rule model
on the performance of the solar cell may be discussed by
replacing the step function a(hv), proposed by Shockley
and Queisser, by Eq. (7) in Egs. (1) and (2), to obtain
JP0ah and J&Eah, respectively. The remaining solar-cell
electrical parameters are obtained following the usual pro-
cedure. Furthermore, to study the balance of the influence
of electrostatic fluctuating potentials and band-gap ones,
a(hv) is given by Egs. (8) and (9), respectively. Com-
parison of the SQ electrical parameters, which set the
upper limit, with the electrical parameters obtained by the
SQ extensions allows us to discuss the losses induced
by fluctuating potentials and, more importantly, to dis-
cuss the contribution given by electrostatic and band-gap
fluctuating potentials.

1. EXPERIMENTAL METHODS

A set of three Cu-poor CIGS solar cells are fabricated
following a modified version of the Angstrom solar cell

baseline [40]. Flat evaporation rates are used to achieve
Cu-poor samples with [Cu]/([Ga]+[In]) ratios of 0.53,
0.71, and 0.84 (from now on denoted by Cu53, Cu71, and
Cu84, respectively). The [Ga]/([Ga]+[In]) ratio was fixed
at 0.3, without any Ga profile in depth. Both composition
rates are in accordance with the nominal composition. Fol-
lowing the literature [3], the composition of the CIGS films
is determined by x-ray fluorescence and is performed with
a PANalytical Epsilon 5 spectrometer. Structural analysis
by x-ray diffraction (XRD) is performed with a PANalyt-
ical X’Pert PRO MRD diffractometer equipped with a Cu
Ko source (A = 1.54060 A) in the Bragg-Brentano con-
figuration. The diffractograms obtained (see Supplemental
Material [41] and Ref. [42]) show that the absorber lay-
ers in all three samples are clearly dominated by the CIGS
phase (o phase). In the case of the Cu53 sample, a trace of
the Culn3Se; phase (8 phase) is detected. The thicknesses
(W) of the CIGS layers are obtained by stylus profilome-
try, and are 1.82, 1.88, and 2.07 um for the Cu53, Cu71,
and Cu84 samples, respectively. After deposition of the
buffer layer, each sample is split into two adjacent pieces.
One of them, with the structure SLG/Mo/CIGS/CdS, is
used for photoluminescence (PL) measurements, whereas
in the other the solar-cell structure (SLG/Mo/CIGS/CdS/
1-Zn0/Zn0O:Al/Al grid) is completed. The morphology of
the complete solar cells is investigated by scanning elec-
tron microscopy, with a FEI Quanta 650 FEG instrument.
Cross-section images (see Supplemental Material [41])
show similar grain sizes for the Cu53 and Cu71 samples,
whereas a great increase is observed for the Cu84 sample.

The optical characterization is performed through PL
and external quantum efficiency (EQE). The PL mea-
surements are performed with a Bruker IFS 66v Fourier-
transform infrared spectrometer equipped with a Ge-diode
detector. The excitation wavelength is the 514.5-nm line
of an Art-ion laser (spot diameter of approximately 1
mm). The laser power is measured at the front of the cryo-
stat window. The excitation power ranges from 0.09 mW
(3.0 x 10" photons s~! cm™2) to 30 mW (9.9 x 10'® pho-
tons s~! cm~?). The correction of the detectivity of the Ge
detector is performed for all spectra. No influence of an
interference effect is observed in the PL spectra [43]. We
measure EQE with a homebuilt system with a xenon lamp
using chopped monochromatic light in the wavelength
range from 360 to 1200 nm in 2-nm steps.

Complete solar cells are characterized by measurements
of current density versus voltage (J-V) with illumination
by an ELH lamp calibrated to AM1.5g conditions with use
of an in-house system. The electrical parameters presented
are the average across ten solar cells for each sample.

IV. EXPERIMENTAL RESULTS

Figure 1(a) shows the PL spectra of the three samples
measured at 7 K with an excitation power of 10 mW
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FIG. 1. (a) PL spectra of the Cu53,

Cu71, and Cu84 samples measured at
7 K with an excitation power of 10
mW (3.3 x 10'® photons s™! cm~2). The
fitting models with Gaussian compo-
nents are shown for each sample. Gaus-
sian components 1 and 1’ are ascribed
to the main transition, whereas Gaus-
sian components 2 and 3 are ascribed
to the lower- and higher-energy transi-
tions, respectively. (b) Dependence of
peak energy of transition 1 on the nor-
malized excitation power for the three
samples. The solid lines represents the fit
of Eq. (10) to the experimental data.
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(3.3 x 10" photons s~! cm™2). For all Cu fractions the
luminescence is broad and asymmetric. From the overall
behavior of the luminescence as a function of the excita-
tion power (discussed below), clear evidence for more than
one radiative transition is obtained for each sample. The
deconvolution of the PL spectra was done by assuming
Gaussian components. The fitting model for each sam-
ple comprises the lowest number of components required
to describe the luminescence in the whole PL spectra.
More details are given in Supplemental Material [41] and
Refs. [9,13,44,45]. Two transitions are identified for the
Cu84 sample (transitions 1 and 2), while for the Cu71 and
Cu53 samples a third transition (transition 3) is observed at
higher energies. Transitions 2 and 3 are described by two
Gaussian components [denoted by 2 and 2’ in Fig. 1(a)] and
one Gaussian component, respectively. Transition 1 is well
described by just one Gaussian component in the Cu73
and Cu84 samples. However, to use the same fitting model
throughout the dependence of the luminescence on exci-
tation power (P) of the Cu53 sample, a second Gaussian
component [denoted by 1’ in Fig. 1(a)] is needed. From
now on, we focus on the main radiative transition (tran-
sition 1) as its peak energy (£,) is representative of the
experimental behavior of the whole luminescence.

The E, values of transition 1 for each sample obtained
for the aforementioned measurement conditions are shown

TABLE 1.

. 0.
Power/Maximum Power

1

in Table I. No straightforward dependence on the Cu frac-
tion is observed. Two factors can be responsible for a
shift in the energy of the luminescence between samples:
a change of the band-gap energy and/or a change in the
influence of fluctuating potentials, as a consequence of
different densities of charged defects, and structural inho-
mogeneities [8,13,46]. However, neither of them alone can
explain the experimental trend as shown in the follow-
ing. To address the first issue, EQE measurements are
performed. The linear fit to the data in the plot of EQE?
versus Av for a range of approximately 0.2—0.39, shown in
Fig. 2(a), provides band-gap energies of 1.20 & 0.10 eV,
1.14 £ 0.05 eV, and 1.10 & 0.02 eV for the Cu53, Cu71,
and Cu84 samples, respectively. In the case of the Cu53
sample, the high error can be compatible with the pres-
ence of a trace of the CulnzSes phase observed in the XRD
measurements. Despite not being absolute values of the
band-gap energy, they enable comparison between sam-
ples. For that reason, those values are assumed to be the
effective band gaps of the samples and used in all the
following calculations. As expected, the band-gap energy
decreases with the increase of the Cu fraction due to the
increase in the repulsive interaction between Cu 3d and
Se 4p states, which defines primarily the maximum of the
valence band in CIGS [46—48]. However, the dependence
of the band gap on the Cu fraction obtained does not

Composition and optical and electrical parameters obtained for the three samples. [Cu]/([Gal+[In]) (CGI) and

[Ga]/([Ga]+[In]) ratios estimated from x-ray-fluorescence measurements, peak energy for transition 1 (£, ;) and § estimated from
PL spectra, band-gap energy (£,) obtained from plots of EQE2 versus hv, and Jsc, Voc, fill factor (FF), and n estimated from the
J-V curves. The calculated Voc losses (£,/q-Voc) are shown. The E,, ; values are estimated from PL spectra measured at 7 K with an

excitation power of 10 mW (3.3 x 10'8 photons s~! cm™2).

CGI GGI E./q—
Sample ratio ratio E,; (eV) E, (eV) B (meV) Jsc (mAcm2) Voc(mV)  FF (%) n (%) Voc (mV)
Cus3 0.53 031 1.049+0.001 1.20+0.10 81=£0.1 30.04+£024 502+£12 704+£06 105+03 698
Cu7l 0.71 030 1.024+0.001 1.144+0.05 58=+0.1 31.82+049 570+10 763+£39 13.8+£09 570
Cu84 0.84 0.30 1.0354+0.001 1.10+0.02 4.74+0.1 32.30+0.26 6005 7744+09 151£03 500
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follow the dependence observed for the shift of the peak
energy (see Table I). We now focus on the possible influ-
ence of fluctuating potentials on the energy shift of the
luminescence, starting by studying the dependence of the
luminescence on P. As P increases, a blueshift of the emis-
sion is observed for all samples, as shown in Fig. 1(b)
(see also Supplemental Material [41]). In the literature, the
dependence on P of £, is often described by the following

relation [49-52]:
P
Ep = ﬂ In fTO ,

where 8 characterizes the energy shift and Py is a fitting
parameter. To a great extent, 8 reflects the amplitude of the
overall fluctuating potentials, as discussed by Yu and Park
[49]. Estimated 8 values of 8.1 £ 0.1 meV, 5.8 £ 0.1 meV,
and 4.7 £ 0.1 meV for the Cu53, Cu71, and Cu84 samples,
respectively, are obtained. Such high 8 values are compat-
ible with the existence of fluctuating potentials [13,49-51,
51,52]. The decrease of 8 with the increase of the Cu frac-
tion is in accordance with the proposed aim to grow a set
of CIGS solar cells with sufficiently different amplitudes of
fluctuating potentials. Nevertheless, the monotonous trend
of estimated B values does not follow the experimental
E,, behavior. Thus, the energy shift of the luminescence
should reflect both of the previous factors.

The temperature range in the PL study is far from the
operation temperatures of the solar cells. Thus, it is impor-
tant to correlate the existence of fluctuating potentials at
low temperature with their possible existence at RT. In
this way, we study the sub-band-gap energy range of the

(10)

1.08 1.09

Energy (eV)

EQE plot (measured at RT). For that energy range, EQE
is proportional to the absorption coefficient and follows
the density of states of fluctuating potentials. Following
the above discussion of the SQ extensions (Sec. II), the
sub-band-gap energy range of the EQE plot for the Cu53,
Cu71, and Cu84 samples is tentatively fitted with Egs.
(4)H6). In the case of the Cu84 sample, the fits are per-
formed until the band gap, whereas for the other two
samples none of the theoretical models is able to fit the
whole sub-band-gap range. For the Cu53 and Cu71 sam-
ples, two energy regions may be identified: a narrow one
close to the band gap (corresponding to a few experi-
mental points), which reflects shallow tails, and another
one, involving deeper tails. The latter type of tails is the
one that has a stronger impact on the performance of the
device and thus the one that is more relevant for our study.
The resulting fits are shown in Figs. 2(b)-2(d) and the
parameters obtained that describe the amplitude of fluc-
tuating potentials are presented in Table II (for additional
details, see Supplemental Material [41]). The fits show
that the three different equations fit the same EQE region
for each sample fairly well. This result is a consequence
of the presence in the sub-band-gap region of tails with

TABLE II. Values of Eyj, v, and o obtained from the fits of
Egs. (4), (5), and (6), respectively, to the sub-band-gap energy
range of the EQE plot.

Sample Ey (meV) y (meV) o (meV)
Cus3 355+£0.2 322402 68 £7
Cu7l 274+£0.2 243+£0.2 65+5
Cu84 229+0.2 214+0.3 54 £ 10
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different amplitudes. Thus, the dependence on energy of
the total density-of-states function is not purely exponen-
tial, Gaussian, etc. [53]. The Ey values obtained are in
agreement with the values previously reported for CIGS
[54-58]. Also, the observed decrease of the estimated Ey
values with the increase of the Cu fraction is in accordance
with the findings of the work of Sioda et al. [54], in which
a series of CIS samples were evaluated. However, in that
work, the Cu-fraction range studied for Cu-poor samples
was smaller than in our case and closer to the stoichiom-
etry. The values of y (electrostatic fluctuating potentials)
obtained decrease with the increase of the Cu fraction, and
are also in agreement with the values reported by other
authors [10,12]. Dirnstorfer et al. [10] showed a similar
behavior for y for a different Cu-fraction range. Lastly,
our estimated o values (band-gap fluctuating potentials)
also decrease with the increase of the Cu fraction, and are
higher than previously reported values [12].

The theoretical models presented do not provide abso-
lute values for the amplitude of fluctuating potentials.
Indeed, in Table II, the £y values are higher than the val-
ues obtained for y, which reflects the qualitative nature
of these parameters, since the exponential function that
describes the Urbach-rule model should deal with shal-
lower tail states than the ones described by the power
5/4 function in the scope of the optimal-fluctuation theory.
Thus, Ey, y, and o values should not be directly ascribed
to the effective amplitude of tail states, it being possible
to compare their values only within each particular model.
Moreover, the values obtained from different experimental
techniques, even being equivalent, should not be compared
straightforwardly, as shown by Malerba et al. [59]: for
Cu,ZnSnSy, they obtained significantly different values for
Ey from the absorption spectrum and the EQE plot.

The dependence on the Cu fraction of Ey, v, and o (esti-
mated at RT) follows the same dependence of § (estimated
at low temperature). This is an important result due to the
differences in physical and mathematical approaches used
in the theoretical models, and also because of the differ-
ent temperatures at which the measurements were taken.
Thus, our results strongly suggest that temperature is not a
limiting factor for the discussion of the influence of fluctu-
ating potentials, which follows previous results presented
by Shioda et al. [54] and Wasim et al. [60] for CIS and by
Troviano and Taretto [57] for Cu-poor CIGS, for which the
dependence of £ on the temperature in the ranges 90—-300
K and 150300 K, respectively, was studied. Whereas for
CIS a weak increase of E; was obtained with the increase
of temperature (Cu-poor CIS, AEy ~ 3 meV; Cu-rich CIS,
AEy ~ 4 meV [54]), for CIGS, Ey remained almost con-
stant in the whole temperature range investigated. Finally,
our results also suggest a decrease in the density of charged
defects as the Cu fraction increases. However, a relation
with the net doping is difficult to establish, due to the
different degrees of compensation of the three samples.

The electrical characterization of the solar cells is sum-
marized in Table 1. The increase of the Cu fraction leads
to an increase of 2.26 mA cm™? in Jsc, 98 mV in Vo,
and 7% in the fill factor (FF), resulting in a 4.6% higher
light-to-power conversion efficiency for the Cu84 sample
in comparison with the Cu53 sample. Thus, all electri-
cal parameters, as well as the performance of the solar
cells, improve with the increase of the Cu fraction. This
behavior is in accordance with the [Cu]/([Ga]+[In]) ratios
(0.88-0.92) reported in the literature for the best solar
cells [61].

In Fig. 3(a), both the experimental (Jg ) and the upper

theoretical (Jssg) Jsc values are plotted as a function of

FIG. 3. Dependence of (a) Jg- and
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the estimated band-gap energies. As expected, J;ép for the
three samples is lower than the maximum theoretical value,
and follows the theoretical trend. The inset in Fig. 3(a)
shows the dependence of the Jg /Jssg ratio on the band-
gap energy. Despite the increase of 2.26 mA cm™ in Jg©
with the increase of the Cu fraction, the Jsc loss in compar-
ison with Jssg is lower for the Cu53 sample and increases
with the increase of the Cu fraction. This result suggests
that the improvement in the performance of the solar cells
with the increase of the Cu fraction is not related to an
effective increase in Jsc. At this point, we note that the
correlation of JSép with the impact of fluctuating poten-
tials is not straightforward. A decrease in the density of
defects will potentially increase the diffusion length and
the space-charge region, which contributes to an increase
of the collection function. Nevertheless, such a decrease of
the density of defects will create smaller fluctuating poten-
tials that contribute to less absorption below the band-gap
energy. Thus, any correlation must be only qualitative.
Figure 3(b) shows the dependence of Voc on the band-
gap energy. Theoretically, it is expected that Ve follows
the band gap. However, this is not the case for our sam-
ples. Among other reasons, different factors contribute to
the Voc losses (E4/q-Voc): (i) the presence of fluctuating
potentials; (i1) native point defects inside the band gap; (iii)
the presence of secondary phases with a band-gap energy
lower than that of CIGS; (iv) the polycrystalline character
of the absorber layer, which will favor the diminishing of
the lifetime of photogenerated carriers and, consequently,
of their collection; (v) interface recombination; and (vi)
misalignments of energy bands at interfaces between the
different solar-cell layers. Indeed, most of these limiting
factors are related to the presence of defects, and their
influence on the Voc losses is twofold. They contribute to
a reduction of the band-gap energy in comparison with the
nondoped semiconductor due to a renormalization effect
[62—64]. The occurrence of tails in the conduction and
valence bands is reflected in a non-step-like absorptance.
Consequently, absorption below the band gap occurs, and
is described by the radiative losses in Voc. Additionally,
the existence of a large density of defects, with relevance
for the charged defects, creates nonradiative recombination
channels that contribute to nonradiative losses in Voc [65].
As discussed above, a high density of defects can
strongly reduce Vo, while Jgc can be less affected [66].
We find a decrease in the density of defects as the Cu
fraction increases, which is compatible with a lower influ-
ence of fluctuating potentials in the Cu84 sample. Thus,
to evaluate the importance of fluctuating potentials in the
Voc losses, these losses are plotted in Fig. 4. Addition-
ally, similar plots of the estimated 8, y, Ey, and o values
are included. As noted previously, the absolute values of
these parameters cannot be compared between each other,
and only values of a particular parameter (for a particular
model) can be compared between samples in the same
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FIG. 4. Voc losses and parameters (8, o, y, and Ey) propor-

tional to fluctuating potentials for each sample.

experiment. To allow such a comparison, in Fig. 4 we do
match the experimental values estimated for the different
models used for the samples with the extreme Cu fractions.
It is expected that 8 and Ey reflect the amplitude of fluctu-
ating potentials of different origins (electrostatic, band gap,
thermal vibration, etc.) in the sample. As shown in Fig. 4,
the Voc losses correlates with the band tails caused by
potential fluctuations, which is compatible with reports for
different materials [67]. Our results show that 8 and Ey; are
the parameters that best describe experimental V¢ losses.
Moreover, the y values obtained also follow quite well the
experimental Voc losses, even though they characterize
only the amplitude of electrostatic fluctuating potentials.
Finally, for values of o, which reflects only the band-gap
fluctuations, the behavior is significantly different. Thus,
our results show unequivocally that (i) fluctuating poten-
tials are a deciding factor for the Vo losses and (ii) the
electrostatic fluctuating potentials are in a higher degree
of correlation with experimental data than the band-gap
fluctuations.

V. COMPARISON WITH THE SQ MODEL AND SQ
EXTENSIONS

The basic principles of operation of solar cells may be
summarized as a three-step process: (i) absorption of light
and generation of an electron-hole pair; (ii) separation of
the electron-hole pair; and (iii) collection of the electron
and hole in the opposite contacts. Fluctuating potentials
should have an impact on all three processes. However,
with the SQ extensions discussed in Sec. I, we focus only
on the first of the three processes. We calculate the elec-
trical parameters given by the SQ model as well as its
extensions. As a first step, the absorptance must be eval-
uated for all models according to Egs. (7)+9), the relevant
parameters being presented in Table II (for «g, see Sup-
plemental Material [41]). In Fig. 5, we illustrate for the
Cu84 sample the energy dependence of the absorptance
for all theoretical models, assuming £, = 1.10 eV. For
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FIG. 5. Absorptance spectra for the Cu84 sample calculated

with the SQ, band-gap-fluctuation (BGF), optimal-fluctuation-
theory (OFT), and Urbach-rule models. A value of op = 1.24 x
10* cm™! is estimated with use of the data of Paulson ef al. [68]
(for more details, see Supplemental Material [41]).

the optimal-fluctuation-theory and Urbach-rule models,
the correction to the SQ absorptance occurs only in the
sub-band-gap energy range, whereas for the band-gap-
fluctuation model, the correction is centered at the band-
gap energy. Thus, from the energy dependence of the
absorptance obtained, we may state that the Urbach-rule
model should follow to a great extent the influence of the
electrostatic fluctuating potentials.

The resulting electrical parameters are calculated with
the theoretical models and are presented in Table III. A
few trends can be identified. On average, for all samples,
the Jss((:) and JOS ? values are lower than the values estimated
by the SQ extensions. This observation may be under-
stood by combining the absorption of photons below the
band-gap energy with the shape of the solar spectrum,
which can result in more photons being collected and thus
contributing to the photocurrent. However, this result is
compatible with the impact of the fluctuating potentials in
Jsc, as discussed above. Indeed, the optimal-fluctuation-
theory model, is the one for which the absorptance extends
more to lower energy values (see Fig. 5), resulting in more

TABLE III.

total absorption of photons and providing the highest Jsc
values of all. For the V¢ values, for the SQ extensions, a
significant and expected reduction is observed when fluc-
tuating potentials are taken into account. The Voc losses
are greater for the Cu53 sample and decrease with increase
of the Cu fraction.

In Fig. 6 we compare the calculated Voc losses with
the experimental values, following the same approach used
to build Fig. 4. We observe that the Voc losses calcu-
lated by the SQ model follow quite well the experimental
ones, the Voc losses calculated by the Urbach-rule and
optimal-fluctuation-theory models follow reasonably well
the experimental values, and the Voc losses calculated
by the band-gap-fluctuation model reveal a disagreement.
These observations are highly compatible with the exper-
imental results (see Fig. 4). At this stage, we stress that
the main differences between the three samples are the
band-gap energies and the influence of fluctuating poten-
tials in each one. In the SQ model, only the first issue is
addressed, whereas both issues are included in the Urbach-
rule and optimal-fluctuation-theory models. That the SQ
model closely follows the experimental values in Fig. 6 is
expected because it is well known that this model describes
quite well the basic principles of operation of a solar cell.
In addition, this agreement validates the approach to use
the SQ model as a starting point for the study of other
loss mechanisms rather than just the radiative ones as
proposed in the SQ model. Nevertheless, the Voc losses
calculated with the SQ model (Table III) are the losses
that deviate most from the experimental losses. Regarding
the extensions to the SQ model, the inclusion of fluctuat-
ing potentials reveals that as for the case of the Urbach
rule and optimal-fluctuation theory, the experimental trend
can be described. For the band-gap-fluctuation model, the
disagreement is quite evident and unexpected. Different
factors may be contributing to this behavior: (i) negligi-
ble influence of the band-gap fluctuations in comparison

Jsc, Jo, Voc, and Eg/q-Voc values calculated with the SQ, optimal-fluctuation-theory (OFT), band-gap-fluctuation

(BGF), and Urbach-rule models. The values of E, (see Table I) are also shown for each sample. og was estimated by fitting Eq. (S1)
to the absorption-coefficient data of Paulson et al. [68] (see Supplemental Material [41]).

Sample E, Model Jsc (mA cm™?) Jo (mA cm™2) Voc (mV) Ey/q-Voc (mV)
Cu53 1.20+0.10 SQ 39.97 423 x 10715 951 249
BGF 40.02 9.94 x 10714 869 331
OFT 43.92 2.86 x 10712 785 415
Urbach rule 4324 941 x 1071 694 506
Cu7l 1.14 £ 0.05 SQ 42.89 3.84 x 10714 896 244
BGF 42.53 6.88 x 10713 821 319
OFT 45.17 1.98 x 10712 795 345
Urbach rule 4479 487 x 10712 772 368
Cus4 1.10 £ 0.02 SQ 4423 1.71 x 10713 858 242
BGF 44.12 1.24 x 10712 807 293
OFT 46.45 4.68 x 10712 774 326
Urbach rule 4581 3.88 x 10712 778 322
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FIG. 6. Voc losses obtained experimentally and calculated
with the SQ, band-gap-fluctuation, optimal-fluctuation-theory,
and Urbach-rule models for each sample.

with the electrostatic one; (ii)) EQE and PL measurements
are not sensitive enough to the band-gap fluctuating poten-
tials, which is questionable because the two experimental
techniques have different physical principles; and (iii) the
theoretical model need to be improved to better describe
fluctuations of this type.

The fact that the Voc losses calculated by the optimal-
fluctuating-theory and Urbach-rule models follows the
experimental values for y and Ey shows that the approx-
imation to a planar solar cell and the proposed a(hv) are
good approximations to evaluate the impact of the fluctu-
ating potentials on solar cells. As discussed above, many
factors may and likely do contribute to the Voc losses.
Even though we cannot fully account for the experimental
Voc losses, our results support the experimental correlation
between them and the presence of fluctuating potentials.

The experimental results and theoretical approaches
presented show a clear correlation between electrostatic
fluctuating potentials and V¢ losses on the devices stud-
ied. To obtain CIGS-based devices with a significantly
different influence of fluctuating potentials, we vary the
Cu fraction. Thus, for our set of samples, the origin of
the charged defects that greatly contribute to electrostatic
fluctuating potentials will certainly have an influence on
several factors, including intrinsic defects, deviation from
stoichiometry, incorporation of impurities, grain bound-
aries, and interface defects. It is well known that the Cu
fraction has a major influence on the density of defects as
well as on the grain size in CIGS. Nevertheless, the Cu53
and Cu71 samples have similar grains sizes (see Supple-
mental Material [41]), whereas in the case of the Cu84
sample, a great increase in the size is observed. Thus, for
this particular sample, we expect a lower contribution of
grain boundaries for the electrostatic fluctuating potentials.
However, we believe that the dependence of the defect for-
mation energy on the composition is the major factor that
contributes to the electrostatic fluctuating potentials in the
series of samples studied [46].

VI. CONCLUSIONS

In this work, we provide strong evidence based on a
theoretical approach and experimental results that the Voc
losses of CIGS solar cells are correlated with the amount
of fluctuating potentials in the absorber layer. Evidence
for a lower influence of band-gap fluctuating potentials,
in comparison with electrostatic ones, was found. Fur-
thermore, the fluctuations estimated from low-temperature
PL measurements, which are very sensitive to the general
influence of defects in semiconductors, are in accordance
with standard EQE measurements at RT. Having estab-
lished that correlation and a way to measure it, the next
steps are to quantify, identify, and analyze state-of-the-art
CIGS devices to evaluate losses.
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