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The performance of solar cells in realistic operating conditions usually differs from
the specified efficiency at standard test conditions (STC). Among other factors, the
illumination intensity (irradiance) is often lower than at STC, which leads to a lower device
efficiency. Therefore, it becomes important to optimize the output power at low-light
conditions in order to achieve a high energy yield at a specific location. For this purpose,
it is essential to have a detailed knowledge of the relevant parameters that govern
the low-light behaviour. This study investigates the impact of the diode parameters on
the low-light performance of thin-film solar cells based on chalcopyrite Cu(In,Ga)(S,Se)2
absorbers. Experimental irradiance-dependent current-voltage results are analysed with
the help of an analytical model. For each parameter the contributions of its absolute value
and its irradiance dependence are assessed. Additionally, relations between the diode
parameters and material parameters are examined by analysing different cell variations.
The results show that cell performance at low-light conditions is primarily governed by
the irradiance dependence of the fill factor, which in turn is mainly determined by the
parallel resistance of the device. Moreover, a reduction of the dark saturation current and
the ideality factor towards lower irradiances is observed which indicates an irradiance-
dependent change of recombination dynamics. The consequence is an increase of the
open-circuit voltage at low-light conditions which indirectly also boosts the fill factor. The
results suggest that cell optimization for low-light conditions should focus on improving
the parallel resistance and tuning recombination in a way that the dark saturation current
decreases with decreasing irradiance.

Keywords: thin-film solar cell (TFSC), CIGSSe, low-light behaviour, Shockley model, current, voltage (I-V)
characteristic

INTRODUCTION

The performance of photovoltaic (PV) modules is commonly rated at standard test conditions
(STC), i.e. at 25°C and a 1000 W/m2-illumination with an AM1.5 spectrum (IEC 60904-3, 2019).
However, in realistic field situations these conditions are hardly ever met: Regarding the
irradiance, for instance, 1000 W/m2 are rarely reached in parts of the world with a latitude
beyond 55° (Honsberg and Bowden, 2022), such as Northern Europe, Russia or Canada. And
for indoor applications typical irradiances are even below 5 mW/m2 (Virtuani et al., 2003).
Moreover, performance losses due to higher ambient temperatures (Ahmed et al., 2021)
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increase towards lower irradiances (Farias-Basulto et al., 2020;
Ahmed et al., 2022). So in order to actually achieve a high energy
yield of a PV module, in many situations it is critical to ensure a
high performance at irradiances lower than 1000 W/m2, which
will be referred to as a device’s low-light behaviour in this
article.

For improving the low-light behaviour of a specific
cell technology, a detailed knowledge about the governing
mechanisms and parameters is needed. To this end, the irradiance
dependence of the efficiency may be broken down into the
irradiance dependences of the short-circuit current density JSC, of
the open-circuit voltage VOC, and of the fill factor FF. While the
JSC scales directly linearly with the irradiance ϕ, the irradiance
dependences ofVOC and FF are influenced bymaterial and device
parameters, such as non-radiative recombination and the parallel
resistance Rp.

Many studies have been conducted to assess and to model
the irradiance dependence of the main IV parameters. This has
mostly been done for silicon solar cells (Grunow et al., 2004;
Chegaar et al., 2013; Litzenburger et al., 2014; Fébba et al., 2018;
Anani and Ibrahim, 2020), but also a few reports for chalcopyrite
(Virtuani et al., 2003; Liu et al., 2009; Farias-Basulto et al., 2020)
and CdTe (Shen et al., 2014) solar cells exist. A general
finding is that particularly the parallel resistance Rp is
most critical for the low-light behaviour in all technologies
(Feurer et al., 2017). However, so far it is not fully clear,
whether the absolute value of this parameter is more crucial,
or whether its irradiance dependence also plays an important
role.

In this study we analyse a variety of thin-film solar
cells based on Cu(In,Ga)(S,Se)2 (CIGSSe) absorber layers in
order to determine the most important diode parameters that
govern the low-light behaviour of these cells. The investigated
parameters include the primary and secondary current-voltage
(IV) parameters, i.e. JSC,VOC, and FF as well as series resistance
Rs, parallel resistance Rp, dark saturation current density J0 and
ideality factor A. First, we analyse experimental results of the
different cell variations in order to associate device parameters
with the underlying material physics. In a second part, we make
use of an analytical model to separately assess the influence of
a specific parameter’s value at STC on the one hand and of its
irradiance dependence on the other.

METHODS

Experimental
The samples used in this study were fabricated with the typical
layer structure of: glass substrate | Mo back contact | absorber
| buffer | intrinsic ZnO | ZnO:Al. The CIGSSe absorber layers
were grown using a rapid-thermal processing (RTP) of stacked
elemental metal layers (for more details on the process the
interested reader is referred toDalibor et al., 2016). Four different
cell types (labelled A, C, D, E) were generated by modifying
individual cell layers, e.g. by varying the Ga and S content in the
absorber layer or by omitting the i-ZnO layer. An overview of the
cell types is given in Table 1. The samples had an active area of

TABLE 1 | Overview of the cell types used in this study.

Cell Type A C D E

ZnO:Al 7 7 7 7

i-ZnO 7 7 — —
Buffer InS:Na Zn(O,S) Zn(O,S) Zn(O,S)
CIGSSe low Ga, S high Ga, S high Ga, S high Ga, S
Back contact Cu-based Cu-based Cu-based Mo-based

# samples 3 3 1 3

≈0.9 cm2 and were cut from 30× 30-cm2 minimodules. One to
three samples per cell type were investigated.

Current-voltage measurements were performed by
illuminating the samples with a AAA solar simulator (PET
SS100AAA) whose intensity was calibrated by a Si reference cell
to match 1000 W/m2. To achieve different low-light conditions,
the irradiance on the samples was varied by placing neutral
density filters in the optical path. The resulting irradiances
at the sample position were determined by the Si reference
cell. Throughout the measurements the samples’ temperature
was kept at 25.0± 0.2°C by monitoring a thermocouple on
a nearby dummy cell and adjusting the water-heated sample
stage. The cells were contacted by metal contact bands on
neighbouring cells via the monolithic series interconnects. A
source-measure unit (Keithley 2400) was used to apply voltages
andmeasure currents in a four-probe contacting scheme. Prior to
the IV measurements, the samples were pre-conditioned (“light-
soaked”) under 1000 W/m2 illumination at 25°C for 2 hours in
order to exclude metastable changes during the measurements
as much as possible. Cell areas were determined from digital
images.

Secondary IV parameters were determined by a least-squares
fit of the Shockley diode equation (including resistances) to the
measured IV data, for which the results of the Hegedus method
(Hegedus and Shafarman, 2004) served as start parameters.

Model
The secondary IV parameters obtained from experiment were
used as input parameters to model the VOC and the FF via
(Green, 1992)

VOC =
AkT
q

ln(
JSC
J0
) (1)

and

FF = FF0 (1− rs)(1−
(voc + 0.7)

voc

FF0 (1− rs)
rp
) (2)

where voc ≔ qVOC/AkT, rs,p ≔ Rs,p ⋅ JSC/VOC, and FF0≔[voc − 
ln (voc + 0.72)]/(voc + 1). Here, q is the elementary charge, k the
Boltzmann constant, and T the sample temperature. In order
to model the irradiance dependence, the experimental JSC was
used in Eqs. 1, 2. Then, the model was either fed with constant
parameter values (STC) for all irradiances, or with the irradiance-
dependent parameter values.
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RESULTS

First, we analyse the experimentally obtained low-light behaviour
of the 4 cell types, which is shown in Figure 1A. Here, the
irradiances ϕ and the efficiencies η are normalized to their
respective values at STC. It is apparent, that for irradiances
below 40% the low-light behaviour may differ quite significantly
between the different cell types. Whereas cell types A and
especially C have a rather constant efficiency down to ϕ = 13%,
cell types D and E show an earlier and also larger drop in
efficiency. A very similar trend is observed for the irradiance
dependence of the FF (Figure 1B). The VOC(ϕ) data, however,
show much less variation between the cell types. Taken together,
this suggests that the efficiency at low irradiances is essentially
governed by the values of the FF.

In order to understand what mechanisms contribute to the
irradiance dependence of the fill factor, we next analyse the
secondary IV parameters (Figure 2), since the FF is influenced
by Rs and Rp directly, and by J0 and A indirectly via the VOC (c.f.
Eqs. 1, 2).

An analysis of the parallel resistance Rp (Figure 2A) directly
shows, that the absolute values of Rp correlate with the relative
values of the FF at low irradiances, reflecting the commonly
acknowledged relation that a high Rp leads to a good low-light
behaviour (see e.g. Grunow et al., 2004): Cell types A and C have
a higher Rp and also less FF loss at low ϕ than cell types D and E.
This could be an effect of the intrinsic ZnO layer which is omitted
in cell types D and E (c.f.Table 1), thus facilitating shunt currents
via, e.g., increased interface recombination. Modifications of
other cell layers do not seem to show a systematic influence on
the Rp.

However, in addition to the differences in absolute Rp, we
also see a difference in the shape of the Rp(ϕ) curves between
these two groups of cell types. For cell types A and C the
Rp increases noticeably towards lower irradiances. It should
be noted here that, despite the large error bars in Figure 2,
the trends for the individual samples of a cell type are very
similar and mostly their absolute values vary. Judging from
data reported in the literature, this increasing Rp seems to be
the “normal” behaviour in chalcopyrite (Virtuani et al., 2003;
He et al., 2007; Liu et al., 2009; Schubbert et al., 2016) and also
silicon (Chegaar et al., 2013) solar cells. In contrast, cell types D
and E show a nearly constant irradiance dependence.

For interpreting these results it is important to keep in
mind that the parallel resistance Rp is a lumped circuit-
model representation of various losses that occur in parallel
with the main diode (Shen et al., 2014). Virtuani et al. (2003)
relate the irradiance dependence of the Rp to the irradiance-
dependent photoconductivity of the absorber material.
Schubbert et al. (2016) confirmed this idea in simulations of
shunt currents across the P1 trench (which separates the back
electrode in CIGSSe modules in order to create a monolithic
series interconnection of the individual cells). They showed
that the irradiance dependence of the Rp is influenced by the
doping density of the absorber material and the width of the P1
trench.This suggests that the different Rp(ϕ) shapes might be due
to differences in doping density. However, capacitance-voltage

measurements (not shown) revealed that the doping densities of
cell types A, C, and D are virtually identical, and only cell type
E shows a slightly higher (1.3×) doping density (Stölzel, 2021).
Therefore it seems likely that the irradiance dependence of the Rp
is controlled by other mechanisms in our cells. Shen et al. (2014)
observed a very similar behaviour in CdTe solar cells: In a device
with a high parallel resistance the Rp(ϕ) showed a power-law
increase towards lower irradiances, whereas in a device with a low
Rp it stayed nearly constant. From equivalent-circuit modelling

FIGURE 1 | Normalized irradiance dependence of the primary IV parameters:
(A) efficiency, (B) fill factor, (C) open-circuit voltage. For each cell type, mean
values (symbols) and standard deviations (error bars) are given.

Frontiers in Energy Research | www.frontiersin.org 3 September 2022 | Volume 10 | Article 906093

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Heise et al. Low-Light Parameters In CIGSSe

FIGURE 2 | Irradiance dependence of the secondary IV parameters: (A)
parallel resistance, (B) series resistance, (C) saturation current density, (D)
ideality factor. For each cell type, mean values (symbols) and standard
deviations (error bars) are given.

they concluded that the main difference was the existence of a
weak diode in the device with a low Rp. Possibly, the situation is
similar in our devices and the weak diode is related to the omitted
i-ZnO layer.

However, independent of the origin of the Rp behaviour, the
question arises, whether the better low-light behaviour of cell
types A and C is due to their higher absolute Rp or due to their
increase in Rp towards lower irradiances. This will be addressed
below in the modelling section.

The series resistance Rs (Figure 2B) increases towards lower
irradiances for all investigated cell types. This behaviour is in
line with findings reported in literature (Virtuani et al., 2003;
Liu et al., 2009), and probably reflects a reduction of the
photoconductivity of the Al-doped ZnO front contact layer
upon decreasing the irradiance. Correspondingly, this trend
is not observed in silicon devices (Chegaar et al., 2013;
Fébba et al., 2018). Regarding the absolute values, cell type A
shows a somewhat higher Rs than the other cell types for most
irradiances. However, it seems that this does not have any
noticeable effect on the FF: At STC, FF(A) = 65.9% is only slightly
lower than FF(D) = 67.3% and even higher than FF(E) = 63.2%.
Apparently, Rs is low enough to not be a limiting factor here.

The dark saturation current J0 and the ideality factorA contain
information about recombination processes in the device and are
thus expected to affect mostly the VOC. In the investigated cell
types, J0 and A consistently decrease with decreasing irradiance
(Figure 2C+d), which implies that the amount of recombination
(J0) aswell as the place of the dominant recombination (A) change
as a function of irradiance.This suggests a generation-dependent
activity of certain recombination channels, which does not
seem to be present in previous findings (Virtuani et al., 2003;
Liu et al., 2009). This issue is investigated in more detail in a
separate study (Ahmed et al., 2022), which indicates that the
location of the dominant recombination plays a crucial role
for the low-light behaviour and may slightly shift with varying
irradiance. The variation in the absolute values of J0 and A
between the cell types does not show any direct correlation to
the VOC values at STC (not shown). This is probably because
the VOC is not only influenced by recombination alone, but
also by the absorber’s band gap and doping density which may
counterbalance changes in recombination.

To summarize, the analysis has shown that nearly all
secondary parameters seem to change upon changing the
irradiance. In addition, their absolute values at STC often differ
between cell types. In order to further understand the individual
contributions of a) the absolute value and b) the irradiance
dependence of these parameters to the low-light behaviour, we
make use of an analytic model in the following.

The idea is to model the irradiance dependence of the VOC
and the FF according to Eqs. 1, 2, and feed the model either
with constant parameter values (STC) for all irradiances, or
with the irradiance-dependent parameter values. Particularly for
the Rp, where we observed two different trends of irradiance
dependences, it is interesting to be able to differentiate between
effects of absolute value and irradiance dependence. Therefore
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FIGURE 3 | Model quality: Comparison of the full model (lines) with the mean
experimental data (symbols) of the 4 cell types (color-coded) for the VOC (left
axis) and the FF (right axes).

we chose one data set for each trend, cell types C and D, for the
modelling.

In a first step, we checked whether the model is able
to adequately describe the devices used in this study. Since
Eq 1 is derived from the Shockley equation for ideal diodes
and Eq 2 is an empirical finding from silicon cells, this
is an important precaution (although the criteria for an
accuracy of at least two significant digits in Eq. 2—voc > 10,
rs < 0.4, rp > 2.5 (Green, 1992)—are met here). Therefore we
tested, whether the experimental results are reproduced by the
model, if the irradiance-dependent data of all input parameters
(JSC,Rp,Rs, J0,A) was used. A comparison of experimental and
modelled results for this case is shown in Figure 3. The
data show that apart from some deviations at the lowest
irradiance (ϕmin = 3%), the model is in good agreement with the
measurements, so that it seems to reflect the basic behaviour of
the cells decently.

For modelling the open-circuit voltage we start by using
fixed STC values for all input parameters except JSC (for JSC, the
irradiance-dependent data are used in all cases to reproduce the
basic irradiance dependence). The results are shown in Figure 4
(dotted lines). We note, that the irradiance dependence of VOC
is effectively the same for both cell types, i.e. it seems to be
independent of the absolute values of J0 and A which differ
between the cell types C and D (cf. Figure 2). If we include
the irradiance dependence of the resistances Rp and Rs next,
the results do not change (not shown), which indicates that the
resistances do not play a role for the VOC’s low-light behaviour.
However, if the irradiance dependences of the diode parameters J0
and A are included, the VOC results change noticeably (solid lines
in Figure 4): Upon reducing the irradiance, the ideality factor A
decreases, which leads to a reduction of theVOC (indicated by the
orange arrow in Figure 4). At the same time, J0 also decreases,
which results in an increase of VOC that effectively outweighs

FIGURE 4 | Modelling the VOC of cell types C (blue) and D (green) including
the irradiance dependence of either all parameters (solid lines) or of JSC only
(dotted lines).

C
D

FIGURE 5 | Modelling the FF of cell types C (blue) and D (green) including
the intensity dependence of either all parameters (solid lines), of JSC, Rs and
Rp (dashed lines), or of JSC only (dotted lines).

the reduction due to the decreasing A. In consequence, the VOC-
decrease towards low irradiances is less than if J0(ϕ) and A(ϕ)
were constant. This shows that the irradiance dependence of J0
andA can have a significant effect on the low-light characteristics
of the VOC. Since the 2 cell types exhibit a very similar irradiance
dependence of J0 andA, theVOC results here are very similar, too.

The modelling results for the fill factor are given in Figure 5.
Here, the scenario where all input parameters are fixed at their
STC values (dotted lines) shows a significant difference in the
FF(ϕ) characteristics between the 2 cell types. Since the Rs values
are very similar for these cell types but the Rp values differ by
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nearly a factor of 2, this result demonstrates the importance of
the absolute value of the parallel resistance for the irradiance
dependence of the FF. The minor role of the Rs is in line
with findings for silicon solar cells which report that the series
resistance only limits the low-light performance if limitations due
to the parallel resistance are negligible (Litzenburger et al., 2014).

If we include the irradiance dependence of the resistances
(dashed lines in Figure 5), we see hardly any difference for most
irradiances. However, at very low irradiances the increase of Rp
in cell type C seems to lead to an increase in FF, which is not
observed for cell type D where Rp(ϕ) ≈ const. In the last case,
where additionally the irradiance dependences of J0 and A are
included in the model (solid lines in Figure 5), a significant
increase of the FF is seen for irradiances below ϕ = 100%. This
may be explained by the impact of J0(ϕ) and A(ϕ) on the low-
light characteristics of the VOC (see above) which indirectly
also seems to largely affect the low-light characteristics of
the FF.

CONCLUSION

In this study we investigated the impact of the primary and
secondary IV parameters on the low-light behaviour of a
variation of CIGSSe solar cells. By analysing the parameters
extracted from measured IV characteristics and modelling them
back with an analytical approach, we separately assessed the
influence of the absolute value of a parameter at STC as well as
its irradiance dependence.

Based on the obtained results, we suggest that an improvement
of a device’s low-light behaviour should focus mainly on two
aspects:

1. Increase of the parallel (shunt) resistance Rp of the device
at STC. This should lead to a higher fill factor at low-
light conditions. Possible shunt paths to optimize in CIGSSe
modules include the P1 scribe (Schubbert et al., 2016), grain
boundaries (Williams et al., 2015) or defective areas due to
material inhomogeneities (Richter et al., 2015). The results
from the current study indicate that the intrinsic ZnO layer
may promote a high Rp.

2. Decrease of the dark saturation current density
J0 with decreasing irradiance. This should lead
to a higher open-circuit voltage at low-light
conditions, and thus also increase the fill factor. Tuning
J0 is less straightforward because it implies modifications
of the recombination dynamics. In the investigated cells

this effect might have been achieved by a slight irradiance-
dependent shift in the dominating recombination’s location
(Ahmed et al., 2022).

Further, an increase in Rp towards lower irradiances may
help to increase the FF at very low irradiances and could thus
be attractive particularly for indoor applications. A decrease in
ideality factor on the other hand leads to a decrease in VOC
which negatively affects the low-light behaviour. Finally, the
series resistance Rs does not seem to have a significant impact
on the low-light behaviour as long as its value is reasonably
low.

This study showed which diode parameters mostly determine
the low-light performance of the investigated CIGSSe solar
cells. The results are often similar to what has been reported
for silicon devices. For implementing the suggested parameter
optimizations, it is necessary to understand how the diode
parameters relate to material parameters and how to control the
relevant material parameters during the fabrication process. By
investigating the impact of different cell modifications, certain
insights on this issue could be gained here; but it is apparent
that additional research will be needed to further improve the
low-light performance—and thus the energy yield—of CIGSSe
thin-film solar cells.
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