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Bifacial and Angular-Resolved Performance
Characterization of Ultrathin Cu(In,Ga)Se, Solar

Cells Including Nanostructures

Tristan Koehler, Yao Gao, and Martina Schmid*

Bifacial solar cells experience growing interest not just for crystalline silicon
photovoltaic modules. Thin-film solar cells deposited on a transparent back
contact bring inherent semitransparency, making them ideally suited for bifacial
applications. Herein, a systematic investigation of bifacial measurement
procedures is performed on semitransparent ultrathin Cu(In,Ga)Se; (CIGSe)
solar cells on transparent conductive oxide, including nanostructures. The
measurements are further extended by angular-resolved performance studies.
The bifaciality of the samples is determined to be ~80% in current and ~65% in
power, and enables the calculation of an equivalent irradiance for solar cell
testing under >1 sun front illumination only. The results are compared to bifacial
operation, i.e., simultaneous front and rear irradiance, and to the summation of
individual front and rear performance measurements up to 1 sun. It is revealed
that highly similar results can be obtained for these approaches and that the
integration of nanostructures supports device stabilization. Particularly, the
higher (75 nm) SiO, nanomeshes can enable performance enhancement.
Furthermore, the angular-dependent behavior follows the expected trend of
reduced illumination intensity according to the cosine of the incident angle.

In these findings, the suitability of semitransparent ultrathin CIGSe solar cells for
bifacial operation and the benefit of integrated nanostructures is confirmed.

are Dbifacial semitransparent ultrathin
Cu(In,Ga)Se, (BSTUT CIGSe) solar cells
with absorber thicknesses below 500 nm
and a transparent conductive oxide (TCO)
back contact.!”)

In contrast to the standard test condi-
tions, established for regular current
density—voltage (JV) measurements of
solar cells, only the technical specification
DIN IEC/TS 60904-1-2 VDE V 0126-4-
1-2:2022-04 exists for bifacial characteri-
zation, including however different
measurement approaches.’! These meth-
ods were compared by several groups
mostly for c-Si solar cells."*! Often similar
results could be identified for two-sided
compared to one-sided measurements with
adjusted light intensity. In contrast to these
c-Si devices with a similar rear as front effi-
ciency, the performance of thin-film solar
cells may significantly differ depending
on the direction of illumination and the
absorber thickness. A major reason for

1. Introduction

Bifacial solar cells have already taken over the market share for
crystalline silicon photovoltaic modules.! But also for thin-film
technologies bifaciality plays an important role. A particular rea-
son lies in the inherent semitransparency of thin-film devices
deposited on a transparent back contact, making them ideally
suited for bifacial applications. One corresponding example
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the drop of rear efficiency is the asymmetry

of the structure and hence a potential

charge carrier generation further from
the space-charge region when illuminated from the back.
When moving from thin-film to ultrathin-film devices, however,
the photon absorption and with it the charge-carrier generation
can occur closer to the space charge region, benefitting the rear
performance. Given these differences, it is important to compare
different methods for bifacial measurements also for thin-film
devices, which we perform on the example of ultrathin CIGSe
solar cells.

To further illustrate the benefit of thickness reduction for bifa-
cial operation, Figure 1 compares the front and rear performance
of CIGSe solar cells on transparent back contact as given in lit-
erature. Figure 1a,b depicts the front and rear efficiency—#gont
and 7ear, respectively—as a function of absorber thickness.
While #gon: generally shows the decrease with thickness as
expected due to reduced absorption, this is not true for #ear.
In contrast, the latter rises (aside from one exception) as the
absorber thickness is reduced; this observation is in line with
our explanations provided earlier that the absorber thickness
reduction benefits the separation of photo-generated carriers
in rear-illuminated devices. The ratio of rear over front efficiency,
also called bifaciality and defined in detail below, is depicted in
Figure 1c. It reveals an increase from ~0.3 for 2500 nm absorber
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Figure 1. Overview of bifacial performance of CIGSe solar cells on ITO back contact fabricated via a physical vapor deposition (PVD) process: efficiency
under a) front illumination #gon, b) rear illumination #,a,, as well as rear over front ratios of performance parameters, c) efficiency 7, d) short-circuit current
density Js, ) open-circuit voltage Vi, and f) fill factor FF; all values refer to illumination with 1 sun. Data originate from the following references: ref. [4].

thickness to almost 1.0, i.e., comparable front and rear efficiency,
for 30 nm. Figure 1d—f gives the ratios of rear over front short-
circuit current density (Js), open-circuit voltage (V,), and fill fac-
tor (FF), respectively. The current ratios essentially reflect the
efficiency evolvement as a function of absorber thickness. The
voltage ratios reach 1.0 for the lowest absorber thicknesses
and appear less subject to a decrease for thicker absorbers com-
pared to the current. The logarithmic dependence of current and
voltage in the diode equation can serve as an explanation.
Interestingly, the FF ratios are close to one for all thicknesses
and scatter around this number. While all values given in
Figure 1 result from measurements under either 1 sun front
or 1 sun rear illumination, it will be insightful to study the per-
formance depending on the level of irradiance as well as under
combined front and back illumination.

Aside from the considerations of charge-carrier generation,
also the light in-coupling into the solar cell structure plays a
major role. Depending on the respective layers above the
absorber, substantial differences can occur in the asymmetric
thin-film structures. Furthermore, the integration of nanostruc-
tures for efficient light management plays an important role,
which can help to improve light coupling as well as light locali-
zation in ultrathin devices and boost in particular the rear per-
formance!”! (Annotation: We deliberated choose the term “light
localization” rather than “light trapping”. In this way, we aim to
avoid a restriction to effects of light redirection toward the hori-
zontal by total internal reflection or waveguide modes. Instead,
effects like near-field enhancement or nanojets—for the latter,
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see the aforementioned reference—which also lead to field
enhancement inside the absorber, shall equally be covered.).
Here, we will investigate nanomeshes based on self-assembled
sphere patterns, which have the potential for low-cost large-scale
fabrication.®! At the same time, they offer interesting point con-
tact passivation properties together with a tunability of the nano-
structure height to possibly exploit additional morphological and
optical effects.

Aside from the assumed perpendicular illumination from the
front and the rear side, also the angled light incidence is of inter-
est. This does not only relate to bifacial solar cells, but is relevant
for simulating the behavior in a practical environment for any
system operated without tracking. The changing irradiance over
the day may have a significant impact on the performance of
the device and therefore was investigated for mostly silicon solar
cells before.”) We apply angular-resolved JV measurements as out-
lined in the norm DIN EN 61853-2 VDE 0126-34-2:2017-05""" and
by Hermann et al.' to ultrathin CIGSe solar cells without and
with nanostructures to depict their performance behavior.

2. Background and Setups
2.1. Bifacial Current-Voltage Characterization
For bifacial JV measurements, different approaches exist, which

are defined in the technical specification DIN IEC/TS 60904-1-2
VDE V 0126-4-1-2:2022-045! and are discussed in the following.

© 2024 The Author(s). Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advenergysustres.com

ADVANCED
SCIENCE NEWS

DVANCE
ENERGY & SUSTAINABILITY
RESEARCH

www.advancedsciencenews.com

The most realistic configuration is to measure under simul-
taneous front- and rear-side illumination as would be the case
in outdoor installations. However, the corresponding setup is
not readily available in every lab so alternative and ideally
equivalent approaches are sought. Two approaches are covered
by the technical specification IEC/TS 60904-1-2 and their
equivalence is to be verified for different solar cell technolo-
gies. For c-Si, several investigations exist, revealing the
exchangeability of the methods!®'?! and also pointing out chal-
lenges during measurements.®! For thin-film solar cells, how-
ever, the studies are rare so far and mostly come along with
investigating specific thin-film topics like buffer variation in
BSTUT CIGSe solar cells.["*

Before specifying the details of the norm IEC/TS 60904-1-2,
we want to pose two major questions to be answered in the
beginning for the respective technology (remark: for the sake
of simplicity, we will often use 1, 0.1, 0.2 sun, etc. in replacement
of 1000, 100, 200 W m ™2, etc.): Q1) What is the solar cell perfor-
mance under various illumination intensities starting from 0.1-1
sun and potentially beyond? Q2) How does the performance dif-
fer between front- and rear-side illumination (only)?

If these points are answered, the subsequent question is the
comparability of these (and summed) results to simultaneous
front and rear illumination.

Following, we will summarize IEC/TS 60904-1-2 while
keeping an eye on aforementioned aspects. The essential feature
related to Q1 is the linearity of the J, with increasing light inten-
sity and the logarithmic following of the V,. according to
Voc(C) = Vioe(1) + AkgT/q In(C), where A is the diode quality fac-
tor, kp Boltzman’s constant and q the elementray charge. C rep-
resents the concentration factor or the illumination intensity in
suns, respectively. Depending on the trends of FF influenced
mostly by changes in resistances, the efficiency 5 will follow these
trends to a certain extent.

The second question relates to the so-called bifaciality or
bifaciality factor, which is essentially defined by the ratio of
the respective parameter under rear to front illumination.
Specifically, the bifaciality of the Jg is

_ ] sc,rear

Prsc = 1)

] sc,front

Accordingly, the bifaciality of V. and Py, is defined by
P

max,rear

P,

o Voc‘rear d o
Pvoc = V— an P pmax =

oc,front

)

max,front

respectively, and any other parameter may be treated in the same
manner.

So far, we have only considered one-sided illumination but
under varying illumination intensities and under comparison
of front and rear illumination. By doing so, we can address
one approach described in the technical specification which ena-
bles a bifacial measurement under front illumination only, yet
under an equivalent irradiance level G,. Different fixed rear illu-
mination irradiances G,, e.g., of 100 and 200Wm™? are
assumed, which then are not just added to the standard
1000 W m 2 front illumination but weighted with the bifaciality
factor
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According to the norm, the minimum of the bifaciality factor
of Jic and P, is to be chosen, i.e.
¢ = min((pjscr §0Pmax) (4)

The practical test, however, pointed to a higher accuracy when
using @y, only and even considering it for the respective G, (100,
200, etc. W m™?) rather than for the case of standard test condi-
tions (1000 W m ™).

Measurements are to be taken for at least two values of G, and
Prax plotted against these values (not against G,). The challenge
lies in the fact that G, is set and measured, while G, is not but
required for the plot.[) The linear least squares fitting through
the measured points plus forced through the one under standard
1 sun illumination (i.e., G, = 0) is used for extraction of the so-
called BiFi factor, which equals the slope and carries the unit of
W/(Wm™).

In the other, more straightforward configuration, which how-
ever requires a bifacial cell tester (BCT) as described later, the
solar cell is simultaneously illuminated with 1 sun front and
0, 0.1, or 0.2 sun rear illumination. The plotting of the results
against G, again delivers the BiFi factor. Hereby, the G, values
have been measured directly.!®’ According to the literature, the
measured power under simultaneous illumination tends to be
smaller than the sum of front plus rear-illuminated power
due to series resistance losses. Comparative measurements
are especially required when the bifaciality factor is smaller than
1. As we will find the bifaciality factor for ultrathin CIGSe solar
cells to be in the range of 60-80%, we will compare in detail the
plots of power against G, for the two methods of front illumina-
tion with compensated irradiance and simultaneous illumination
from both sides. Further insight can be obtained by comparing
the simple addition of powers, e.g., 1 sun front plus 0.1 or 0.2 sun
rear illumination intensity to the results obtained by following
the two approaches of the technical specification.

For measurements under a variable illumination intensity
from one side, we use a concentrator sun simulator with light
source from Photo Emission Tech., Inc. (PET SS5AAA-100
Suns) enabling irradiances up to 100 suns also in combination
with glass stack filters for intensity reduction and tuning."* For
two-sided illumination, we construct a BCT as initially proposed
by Ohtsuka™ and Ezquer.’® Our specific configuration is
depicted in Figure 2. The setup is placed under a standard
AAA sun simulator from Wacom (WXS-140-SUPER) and the
light is routed to the front and the rear side of the perpendicularly
mounted solar cell via 45° mirrors. Instead of the mesh used by
Ezquer et al. for rear intensity adjustment, we implement neutral
density (ND) filters, see later. We ensure the suppression of
reflections by enclosing the setup with black-painted metal
shields as required in the technical specification. For single-sided
measurements, a black curtain is used to block light incidence
from the opposite side. Temperature stabilization is challenging
underneath our continuous source sun simulator where active
cooling is only possible via a fan and the room air-conditioning.
The mounting of Peltier elements is not compatible with bifacial
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Figure 2. Bifacial cell tester (BCT) for JV measurements under simultaneous front and rear illumination: a) sketch of the setup (adapted with permission)

and b) experimental realization.

illumination. Therefore, the degradation behavior of the solar
cells can be linked to sample heating.

Asides from this, the filters can be regarded as the most critical
component of the BCT setup. Rarely, they provide exactly 0.1 or 0.2
sun transmission. Therefore, we determine the actual precise value
by first measuring a silicon reference solar cell under the respective
ND filter and then deducing the filter attenuation by assuming lin-
earity in short-circuit current I,.. Importantly, these measurements
were performed with the sample mounted in the BCT so that the
reflection behavior of the mirror was considered at the same time.
The resulting transmission values that were then translated to the
irradiance by multiplying with 1000 Wm™2 are summarized in
Table 1. These values are considered in the following.

2.2. Angular-Resolved Current-Voltage Characteristics

While the bifacial measurements described earlier consider an
illumination under increased light intensity—either from one
or two sides—they do not take into account any oblique light inci-
dence. However, in real applications, additional irradiance inci-
dent onto bifacial solar cells is exactly expected to emerge from
diffuse components of the solar irradiance.

We will address this non-perpendicular incidence of light and
investigate the angular-dependent performance of the ultrathin
CIGSe solar cells. The technical norm DIN EN 61853-2 VDE
0126-34-2:2017-05"! provides the basic details for determining
the effect of the angle of light incidence: the angle 0 is measured

Table 1. Optical filters used for BCT: transmission from data sheet versus
the one calculated from I, measurements of a Si reference solar cell. The
bold parts highlight the important numbers that are used while the rest
illustrates the intermediate steps only.

Filter type oD Isc [MA] Transmission [%)]

Data sheet Si solar cell Data sheet Is. calculated
without 0 2.86 100 100.00
NE203B 0.3 1.38 50 48.22
NE205B 0.5 0.939 32 32.85
NE207B 0.7 0.641 20 22.43
NE210B 1 0.301 10 10.53
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from the normal of the solar cell or module and needs to be deter-
mined with an accuracy of 1°. The JV measurements are taken in
steps of maximum 10° for 8 < 60° and in steps of maximum 5°
for larger angles. Interestingly, for the sun simulator, class B/Cis
accepted regarding homogeneity and collimation of the light
source, while a temperature measurement (not stability) with
an accuracy of 1° is requested. To assure temperature stability,
shading of inactive areas and temperature stabilization are
required, as well as a potential correction to 25 °C. The tempera-
ture stabilization is however questionable if continuous light
sources are used where we favor fast measurements (<2s per
JV characteristic).

Our angular cell tester (ACT) is depicted in Figure 3 and it is
essentially a rotational stage on which the sample is mounted for
JV characterization. Light illumination can take place from either
the front or rear side. Despite the restriction to class B/C, partic-
ular attention needs to be paid to the illumination homogeneity
in the volume traversed by the sample during rotation as also
outlined in refs. [9,17]. To minimize variations, we center the
sample on the rotational axis and ensure the beam intensity
doesn’t exceed 1000 W m ™2 at any point of the cell by measuring
the Js. In our setup, the temperature cannot be controlled for
+1°. We use a steady-state sun simulator leading to gradual heat-
ing, which we attempt to minimize by fast measurements.
Reference measurements with thermocouples showed a temper-
ature increase of up to 3 °C. Active cooling is only possible via the
room air-conditioning and a fan. Since we want to perform meas-
urements from the front and the rear side of the sample, a Peltier
element could not be applied. Nevertheless, we will see that the
data closely follow the expected trends.

The data can be processed in three steps:'! 1) measurement
of Js(—80°<6<80°), 2) normalization of Jsc(f) to Jsc(0) (perpen-
dicular incidence), and 3) division of the latter values by cos(6) to
compensate for the enlarged illumination area and thus the
reduced light intensity.

Alternatively, we will apply cosine fitting to the J;. curves and
reveal how the other solar cell parameters (V,., FF, ) change as a
function of the incidence angle.

Existing literature on the topic is restricted to a basic investi-
gation of the method and module characterizations identifying
limitations of the norm and requesting measurements on cell
level.'Y In particular the variation of incidence angle to be kept
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Figure 3. Angular cell tester (ACT) for JV characterization under varying angles of light incidence: a) sketch of the setup and b) experimental realization.

<1° and the volume nonuniformity of irradiance <2% were
highlighted, which are however not an issue in our configuration
since we position the solar cell of 0.5 cm? size immediately on the
rotational axis. Aside, few publications exist on research-oriented
questions like the angular-dependent behavior of textured silicon
solar cells with and without nanoparticles"® or the one of organic
tandem solar cells.” Here, we will investigate the angular-
resolved performance of ultrathin CIGSe solar cells with inte-
grated nanostructures.

3. Results and Discussion

We start by looking at the characterization results of the ultrathin
CIGSe solar cells without and with integrated nanostructures
under various illumination conditions. The nanostructures are
point contact structures fabricated by nanosphere lithography
and deposition of SiO, films with different heights (see the
experimental section). Table 2 provides an overview of the solar
cell parameters J., Voo, FF, and #* = ppax/(1 sun), where ppax is
the power per solar cell area. Results for illumination with varying
intensity from the front only, from the rear only, and from the
rear under an additional 1 sun (1000 W m™2) front irradiance
are given in Table 2. The odd numbers of variable illumination
result from a detailed characterization of filter transmission, see
the setups section and Table 1. The performance values relate to
the best stable cells of the respective type (0, 25, or 75 nm SiO,),
which mostly show the same trends as the general average over 8
cells (given in Table S1, Supporting Information, whereby it has
to be mentioned that these measurements were taken ~1 month
before the bifacial test series). An important note is that during
the extensive bifacial measurement series with a continuous light
source, some cells degraded so that repetitions on fresh cells were
performed. As a result, particular trends comparing the perfor-
mance of 0, 25, or 75 nm SiO, may have become more or less
pronounced. This was accepted in favor of the best possible com-
parability of the different bifacial configurations. A supplemen-
tary file provides the fulltime evolution of the data
summarized in Table 2 and beyond. #* = pp./1 sun values,
i.e. power density measured under various illumination condi-
tions but always normalized to 1000 Wm 2, are given here
instead of efficiencies for better illustration of the gain. This
was done for increased as well as for reduced light intensity,
and in particular, later the angular-dependent efficiencies were

Adv. Energy Sustainability Res. 2024, 5, 2400168 2400168 (5 of 12)

also normalized to the 1 sun light incidence despite per actual
solar cell area the irradiances are reduced.

Generally, the solar cells with integrated nanostructures show
an enhancement in all parameters except for V,. of the 25 nm
SiO, sample, with the strongest contribution in FF. Only in
selected cases (indicated by the grey font in Table 2), usually
under simultaneous front and rear illumination, the cells subject
to long measurement series reveal a degradation leading to devi-
ations from the general trends. In particular, the solar cells with
the thicker (75nm) SiO, deliver the overall best performance
(see particularly the boldly highlighted parameters in Table 1).
Looking at Js, under 1 sun front irradiance, we find in
Table 2 an increase of ~0.5mAcm > with the addition of
Si0,. This improved current collection, especially when rear illu-
mination is applied, deserves more detailed studies in the future,
where also joint optoelectronic properties of the nanostructures
are considered. As the focus of this article is on the bifacial
investigation, we do not delve into detail here, but highlight
the current enhancement of 2mA cm™? for the 25nm SiO,
sample under 1 sun front and 1 sun rear irradiance.

Regarding V,, under 1 sun, 25 nm SiO, leads to a reduction
compared to the case without nanostructures, whereas the 75 nm
SiO, sample shown here provides an enhancement of 10 mV
for front and 30 mV for rear illumination (for the average even
50 mV, see Table S1, Supporting Information). This is an inter-
esting observation, which is first in line with our earlier publi-
cations that point contact passivation may not be beneficial for
CIGSe on transparent conductive back contacts forming a
Schottky barrier.?>?! Second, the V,. enhancement for the
thicker SiO, highlights the importance of future consideration
of effects arising from nonplanar point-contact structures. It shall
be noted that the mentioned changes in J,. and V,. are of an
order comparable to measurement errors and statistical varia-
tions. Nevertheless, we observed the same trends as described
here in similar experimental series presented, e.g., in ref. [22].
Most striking is the significant increase in V,, with SiO, under
irradiances lower than 1 sun: 200 mV are gained under 0.1 sun
front and 250 mV under 0.1 sun rear irradiance with the addition
of 75 nm SiO, (Table 2). This huge rise levels out as the irradi-
ance are increased to 1 sun and beyond.

As mentioned earlier, for the samples represented here, the
highest gain is found in FF throughout all illumination condi-
tions. Particularly, it rises by 5% and 11% absolute for 25 and
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Table 2. Results of solar cell characterization under various illumination conditions. 7% = pma/(1 sun) denotes the power density measured under
various illumination conditions but always normalized to 1000 W m~2. Best cell results for ultrathin CIGSe solar cells on ITO with 0, 25, and
75 nm high SiO, nanostructures are compared. The bold font emphasizes the most important numbers and are hightlighte in the text. The grey
font refers to data that are expected to be prone to sample degradation as mentioned in the text. The shading colors are providing an important
correlation to the colors used for representing the respective samples in the following graphs.

Jsc [mA cm’z]

Front irradiance [W m™?] 1053 2243 3285 4822 1000 0 0 0 0 0 7000 1000 1000 1000 1000
Rear irradiance [W m™?] 0 0 0 0 0 1053 2243 3285 4822 1000 1053 2243 3285 4822 1000
SiO, thickness Onm 241 490 737 1172 2239 191 387 580 873 1755 2420 2612 2804 3096 39.42
25nm 248 501 752 1136 2286 197 398 595 898 1809 2527 27.28 29.26 3230 4150
75nm 248 500 753 1139 2279 194 389 587 890 1782 2499 2697 2898 3205 4111
Voc [mV]

Front irradiance [W mfz] 105.3 2243 3285 482.2 1000 0 0 0 0 0 1000 1000 1000 1000 1000
Rear irradiance [W m™?| 0 0 0 0 0 1053 2243 3285 4822 1000 1053 2243 3285 4822 1000
SiO, thickness Onm 3191 4577 5202 5626 6111 2364 3831 4580 5140 5800 6127 6167 6196 6252 6324
25nm 4715 5193 5400 559.6 592.6 4419 4983 5210 5425 577.9 5922 5956 5985 6022 6124
75nm 5112 5521 5727 5909 621.0 4903 5347 5572 5780 6118 6143 6182 6209 6262 6371

FF [%]
Front irradiance [W m?] 1053 2243 3285 4822 1000 0 0 0 0 0 7000 1000 1000 1000 1000
Rear irradiance [W m?] 0 0 0 0 0 1053 2243 3285 4822 1000 1053 2243 3285 4822 1000
SiO, thickness ~ Onm  31.77 3418 4006 4584 53.34 2803 31.83 3569 3945 4678 5240 5272 5278 5277 50.87
25nm 4514 5456 57.81 5930 5823 39.65 4806 5046 50.71 4944 5716 5654 5598 5522  52.47

75nm 5489 6106 63.22 6469 6477 4899 5327  54.04

n* [%]

Front irradiance [W m™?] 1053 2243 3285 4822 1000 0 0 0 0 0 7000 1000 1000 1000 1000
Rear irradiance [W m 7| 0 0 0 0 0 1053 2243 3285 4822 1000 1053 2243 3285 4822 1000
SiO, thickness 0nm 024 077 153 287 730 013 047 095 177 476 777 849 917 1022 12.68
25nm 053 142 235 377 789 035 095 156 247 517 855 918 980 1074 13.34
75nm 070 169 273 435 917 046 111 177 278 574 904 981 1057 1176 15.23

75 nm SiO,, respectively, under 1 sun (Table 2). In the end, the
highest power density per 1 sun is reached by the sample with
75 nm SiO,: 9.17% under 1 sun front illumination, 9.81% with
an added 0.2 sun rear irradiance as the norm specifies, and finally
15.23% under 1 sun from the front plus 1 sun from the rear. In
conclusion, the integration of SiO, nanostructures as well as the
bifacial operation lead to a considerable power enhancement of
the ultrathin CIGSe solar cells on indium tin oxide (ITO).

The changes in measured solar cell parameters can well be
brought in line with results from a one-diode fitting of the respec-
tive JV curves. Table 3 juxtaposes Js., Vo, FF, and 7 as given in
Table 2 to the fitted diode parameters shunt resistance Ry,, series
resistance R, diode quality factor A, and dark saturation current
density Jo. The increasing FFs with thicker SiO, are directly cor-
related with higher shunt resistances; this is equally true for the
comparison of front versus rear illumination, where the lower
values for the latter case align. The series resistances reveal a cor-
relation with the V,,. whereby a higher V,, is linked with a lower
R, and a minimum of 1.58 Wcm? is reached for the highest V..

Adv. Energy Sustainability Res. 2024, 5, 2400168 2400168 (6 of 12)

Table 3. Solar cell parameters for ultrathin CIGSe solar cells on ITO with 0,
25, and 75 nm high SiO, nanostructures juxtaposed to results from one-
diode fitting delivering shunt resistance Ry, series resistance Rs, diode
quality factor A, and dark saturation current density Jo. (1,0) denotes 1
sun front, (0,1) denotes 1 sun rear illumination.

0nm SiO, 25 nm SiO, 75 nm SiO,

0 ) (0 ©) 10 O
Jse [MAcm ™7 22.39 17.55 22.86 18.09 22.79 17.82
Voc [mV] 612.8 580.0 592.6 577.9 621.0 611.8
FF [%] 54.16 46.80 58.36 49.44 64.80 52.72
n [%] 7.43 4.76 7.91 5.17 9.17 5.75
Rsh.diode [2cm?] 112.47 84.48 258.48 149.04 668.36 231.22
Rs diode [Qcm?] 2.23 2.89 2.71 5.94 1.58 5.29
A 2.16 2.44 2.1 2.36 2.23 2.48
Jo[mAcm ™3 2.64E-04 0.001 3.57E-04 0.001 3.94E-04 0.001
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The diode quality factor shows the largest difference between
front and rear irradiance rather than between different SiO,
thicknesses. This observation confirms that the lower-quality
diode under rear condition is characterized by a higher A.
The same is true for J, with approximately one order of magni-
tude larger values for rear irradiance. In summary, the diode fits
confirm the reduced performance under rear illumination and
the improvement with 75 nm SiO, nanostructure integration.
The previous discussion was mostly devoted to the perfor-
mance comparison of the here-introduced samples of ultrathin
CIGSe solar cells without and with integrated SiO, nanostruc-
tures. It was revealed, that the nanostructures can have various
influences including related optical and electrical properties. As
will be highlighted at the end of the discussion on bifacial prop-
erties, also structural and compositional influences may play a
role. Altogether, these aspects deserve further study and cannot
be entirely resolved here. We continue on the core focus of the
manuscript which is the investigation of CIGSe solar cell behav-
ior under different light intensity levels and the determination of
the bifacial performance. Importantly, we will compare the two
measurement approaches outlined in the background section.
Figure 4a starts by showing the evolution of the J as a function
of irradiance from either front or rear side. The data were mea-
sured using the BCT and thus provide values close t0 0.1, 0.2, 0.3,
0.5, and 1 sun. As mentioned earlier, the differences in current
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between the different SiO, thicknesses are small with a trend
to higher values for the nanostructure-containing ones. The
expected linearity of current with irradiance is well fulfilled as
the lines for a guide of the eye underline. The linearity beyond
1 sun was additionally tested using the concentrator sun simula-
tor and can also be regarded as mostly fulfilled. Figure Sla
depicts the according data and the line there is the extrapolation
of Joe=22.35mA cm™?, being the average i at 1 sun for the
three types of cells, to other irradiances. The variations above
1.5 suns are larger than below 1 sun and a trend toward an over-
estimation of current in this setup is observed for the high irra-
diances (which are however not part of the norm). The dense data
points between 1 and 1.5 suns are the results of testing different
G, (see the discussion later) and the variations in J,. for closely
neighboring irradiances underline the later-made statement of
comparability within the error margin.

Beyond the linearity in current, the information in Figure 4a
that brings us further in the bifacial cell testing is the difference
in performance under front and rear illumination. The lower val-
ues obtained for the latter case deliver bifaciality factors smaller
than one, which amount to ~#80% in J,. for all SiO, thicknesses
and irradiances as represented in Figure 4b by the solid points.
The lower performance under rear illumination can be linked to
a worse separation of carriers generated further from the space-
charge region.l”*! Additionally, we depict the bifaciality factor of
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-

z 0.80- §:§:°:° 9 080 §
< 075 L0.75 oE
% Com-mmmmmTC 5
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Figure 4. Bifacial performance evaluation of ultrathin CIGSe solar cells on ITO with 0, 25, and 75 nm high SiO, nanostructures. a) Front and rear short-
circuit current density as a function of irradiance below 1 sun and b) resulting bifaciality factor of Js. (solid) and additionally of maximum power (open/
dashed); ¢) Pra measured under equivalent irradiance as calculated based on bifaciality of power in comparison to values calculated from the d) BiFi fit

on bifacial power measurements.
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maximum power by open circles, showing lower values than for
the current with on average 65%. The norm specifies that the
minimum of the bifaciality factor of J, and Py, is to be chosen,
so we are left with the one for the power.

The increased irradiance from the front, which is equivalent to
bifacial illumination, can then be calculated by reducing the rear
irradiance according to the bifaciality factor and adding it to the
front irradiance. The resulting measurements, using our concen-
trator sun simulator to generate these equivalent irradiances, are
shown by the solid circles in Figure 4c. They are compared to
values arising from the BiFi derivation shown in Figure 4d:
the maximum power under BIFACIAL OPERATION is plotted
as a function of REAR IRRADIANCE and the linear fit forced
through the value of 1 sun front and 0 sun rear. Now, instead
of the measurement data for the respective bifacial illumination
cases, the corresponding points on the fitting lines are used
for comparison to the results of equivalent irradiance in
Figure 4c and are depicted as stars. Slight variations are
observed, but overall, a very good agreement between the two
data sets is given.

Let us come back to the proposal of Rauer et al. to use the ¢y,
values at the respective G, instead of min(¢jsc, @pmax) at 1 sun to
calculate G,.”! When doing so, despite the difference in bifacial-
ity factor of Js. and Py, being non-negligible, the results in mea-
sured power under the slightly different G, values remain within
the error margin of the measurement data obtained according to
the norm. Altogether, these results underline that for ultrathin
CIGSe solar cells, also with integrated nanostructures, the two
measurement approaches defined in the norm for bifacial per-
formance investigation deliver highly comparable results and

www.advenergysustres.com

can thus both be applied. Notable deviations are only observed
under 1 sun front plus 1 sun rear illumination, where non-
negligible heating occurs resulting in V,. and FF losses.
These high irradiances are however not part of the bifacial cell
testing norm, which talks about 1 sun front plus 0.1 or 0.2 sun
rear irradiance. In this latter range, the correspondence between
the two approaches is very well fulfilled.

In the background part, we concluded the questions with the
one about the comparability of front and rear performance and of
summed results to simultaneous front and rear illumination.
Whereas the first point is essentially answered by the bifaciality
factor, Figure 5 is devoted to the second part. For this purpose,
we look into the parameters measured under various sets of front
and rear illumination given as parameter (“front sun”, “rear sun”)
and their addition. Hereby, n is the variable irradiance given on
the x axis; it shall be noted that based on the parameters depicted,
the value of 1000 W m~? on the x-axis corresponds to a total irra-
diance of 2 suns in Figure 5a,b,d.e.

For 0 nm SiO,, i.e., without nanostructures, in addition to 1
sun front plus n sun rear, the inverse cases of 1 sun rear plus n
sun front were measured, whereas this was omitted for the other
samples given the observed degradation with multiple recontact-
ing and remeasuring. Starting from the J;. presented in
Figure 5a, we find that summing the value measured under 1
sun front (Js.(1,0)) and the ones of n sun rear (Js(0,n)) equals
the measurement values of simultaneous 1 sun front plus n
sun rear irradiance (Js(1,n)). This equally holds for
Jse(m,1) = Joc(n,0) + Jc(0,1) with a perfect match. The absolute
lower values of Ji(n,1) compared to Ji(1,n) are the result of
the generally observed lower rear performance. For Ji(1,1),
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Figure 5. Summation of front plus rear performance in comparison to bifacially measured results. a—c) Jsc, Pmax and Vo comparison for the ultrathin
CIGSe on ITO without nanostructures; d—f) analog for the samples with 25 or 75 high SiO, nanostructures.
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the values coincide again as the front and rear performances con-
tribute with equal weight.

Looking at the maximum power (Figure 5b), we however
observe deviations between front performance under 1 sun plus
rear performance under n sun compared to the values under cor-
responding bifacial illumination and equally for P,,(n,1) com-
pared to Ppx(1,0)4+Prax(0,1). A deviation was to be expected,
otherwise bifacial measurements would not be required. Yet,
given the perfect match of summed and bifacially measured
Jso the results may appear surprising. What is the reason?
The behavior may be explained by the fact that bifacial operation
corresponds to operation under light concentration. The larger
the total illumination intensity, the higher the performance
increase compared to 1 sun irradiance. The expected logarithmic
behavior of V,. for >1 sun irradiance is well fulfilled—even
within the error range of repeated measurements using the con-
centrator sun simulator (Figure S1b, Supporting Information).
The absolute V,. increase from 1 to 1.5 sun, however, is only
23mV, so that the strong rise in power appears surprising, in
particular as literature suspects reduced performance due to
increased resistance losses.! The answer for our observed
behavior is rather found in the V,. behavior below 1 sun.
Figure 5c shows the related front- and rear-sided V,. depen-
dence. The lines represent the V,. extrapolation from V(1)
according to Voc(n) = Voc(1) + AksT/q - In(n/1000), where A is
the diode quality factor from Table 2 and kpT/q=25.69 mV
the thermal voltage. A significantly stronger drop as expected
is observed for the experimental values, particularly under rear
irradiance. This is in line with the very low shunt resistances
found for the sample without SiO, which can be associated with
poor low-light performance.** Thus, the V, contribution falling
back under low irradiance leads to significantly lower values
of summed single-sided power results compared to bifacial
measurements.

In Figure 5d-f, the previously outlined comparison of
summed and bifacial results, now considering only 1 sun front
and n sun rear irradiance, is given for the samples with 25 or
75nm SiO,. As for the samples without nanostructures, the
match of Ji(1,n) with J(1,0) + Jsc(0,n) is perfect (Figure 5d).
Deviations of Pp(1,n) from Pp,ax(1,0)4Prax(0,n) are smaller
than for the case without nanostructures (Figure 5e compared
to Figure 5b). It has to be noted that for these comparisons,
we use the parameter values of 1 sun irradiance measured in
the same series to stay most comparable. With integrated
SiO,, the performance of V,. at low irradiances follows well
the expected logarithmic trend (Figure 5f), supporting the close
correspondence of the summed and the bifacially measured
power values. Apparently, for the ultrathin CIGSe solar cells
on ITO with integrated nanostructures, the performance under
increased irradiance from bifacial illumination does not notice-
ably surpass the summed front and rear performance as a stable
low-light-intensity behavior is achieved.

Altogether, we note that the integration of SiO, nanostruc-
tures can support performance stability at low-light irradiance.
Along with higher V. values for the 75nm SiO, samples, we
find indications that the integration of ELEVATED dielectric
nanostructures in ultrathin CIGSe solar cells is beneficial even
on ITO. While the bare effect of point contact passivation on
transparent conductive back contact can be seen skeptically,?*-*!
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additional structural and electrical effects arising from nonplanar
nanostructures should not be overlooked. Two aspects shall be
highlighted here: first, the elevated nanomeshes can foster In—
Ga interdiffusion, leading to a higher minimum bandgap in
the Ga gradient and thus increasing V,.[®) Second, a potential
GaO,, formation (aspired to be suppressed additionally by start-
ing the CIGSe deposition with indium—see Section 5 and
ref. [25]) is expected to be moved toward the bulk. The oxygen
provided for GaO,, formation during CIGSe growth is only avail-
able at the non-passivated ITO back contact or from the SiO,
nanomeshes. The latter is however further from the back contact,
thus shifting also trap states related to GaO, toward the bulk. The
reduction of recombination centers and trap states at the rear
interface can be linked to an increased lifetime and a higher
recombination resistance, associated with a higher V.. Closely
related is an effective extraction of charge carriers contributing
to a stable Jy. Further tuning of the nanostructure shape and
height is expected to reveal a sweet spot for structural, electrical,
and also optical performance optimization and deserves special
attention and comprehensive investigations in future research of
BSTUT CIGSe solar cells.

Given the previous discussion, we focus on samples with
75nm SiO, to perform the angular-dependent JV characteriza-
tion. For minimizing the effects arising from sample stress
due to extensive measurement series, we use a separate set of
samples. Therefore, the exact values are not the same as in
the previous figures and tables 6, but what we research here
are the trends as a function of light incidence angle 6.
Figure 6 depicts s, Vo, FF, and n under front (bubbles) and rear
(triangles) irradiance whereby 6 is varied between +70° and
—70°. Accordingly to the bifacial measurements, we present
an angular efficiency here which results from the maximum
power normalized to 1000 W m ™2 for all cases despite the irra-
diance changes with the angle.

The norm and Hermann et al.""! describe the normalization
of Js(6) with J.(0) followed by the division with cos(6) to obtain a
line. We perform the alternative approach of showing the mea-
surement data directly and fitting them with J;(0) - cos(6). In this
way, we stay consistent with the later discussion of other param-
eters. As Figure 6a reveals, the J;. very well follows the expected
cosine behavior. A small asymmetry in the data leading to slightly
higher values at positive angles results from sample heating dur-
ing the measurement series taken from +70° to —70° and is not a
result of a possible asymmetry of the setup. No strong rise of
current values beyond the cosine curve for larger angles under-
lines that these 75 nm SiO, nanomeshes do not yet show strong
optical effects, leaving room for further optimization of optoelec-
tronic properties in the future.

Looking at V,. (Figure 6b), we also find the expected
angular-dependent behavior with fitting curves extrapolated
from 0° that can represent the data within the error margin.
For the fits, we again chose the logarithmic dependence
on light intensity and an according reduction given by
Voc(0)=Voc(0) + AkpT/q - In(cos(d)), with A the respective diode
factors of this sample. The FF depicted in Figure 6c remains
almost constant over an angular range from +35° to —35° and
then starts to drop more slowly than V,.. A flatter behavior is
in line with the FF following V. in an attenuated way (for for-
mulas, seel”). Given the minor angular dependence of FF, the
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Figure 6. Angular-dependent JV performance of bifacial semitransparent ultrathin CIGSe solar cells on ITO with integrated 75 nm high SiO, nanostruc-
tures. a) Short-circuit current density, b) open-circuit voltage, c) fill factor, and d) angular efficiency as a function of light incidence angle 6 under front and

rear irradiance.

efficiency essentially reflects the changes in J, and V.
(see Figure 6d with fitting lines based on the fitted V, and J).
In summary, the ultrathin CIGSe solar cells on ITO back contact
(also with integrated nanomeshes) follow well the expected
cosine behavior under angular-dependent irradiance. All these
observations are equally true for front and rear illumination.

4, Conclusion

In summary, we have investigated ultrathin CIGSe solar cells
on ITO, also with integrated nanostructures, for their bifacial
and angular-dependent performance. We find bifaciality factors,
i.e., rear over front performance, of ~80% for J,. and of ~65%
for maximum power. The bifacial measurement approach of cal-
culating an equivalent front irradiance based on this bifaciality
delivers results highly comparable to immediate bifacial illumina-
tion. Aside from the standard test conditions of 0.1 and 0.2 sun rear
irradiance, also intensities up to 1 sun front and rear were investi-
gated. A degradation of the samples with higher illumination inten-
sities and in particular repetitive measurements was observed,
which can be correlated with sample heating. A flash sun simulator
would be beneficial, but even under continuous illumination, we
find useful results when performing fast measurements and allow-
ing the samples recovery time. Importantly, degradation could
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partially be mitigated with the integration of nanostructures. For
these, we chose SiO, nanomeshes with 25 and 75nm height
and found in particular performance enhancement for the elevated
structures. The maximum bifacial efficiency we measured then
was 15.23% under 1 sun from the front plus 1 sun from the rear.
With integrated nanostructures, even the summation of individual
front and rear performance measurements delivered results simi-
lar to the bifacial data. Furthermore, the angular-resolved JV char-
acterization performed on the samples with 75 nm SiO, very well
revealed the expected cosine behavior resulting from the changed
irradiation density. Altogether, the procedures for bifacial and
angular-dependent performance testing are applicable to BSTUT
CIGSe solar cells and integrated nanostructures show benefits
for performance enhancement and stabilization.

5. Experimental Section

The samples used were BSTUT CIGSe solar cells consisting of the
following layers: 2mm thick, 2.5 x 2.5cm? glass substrate, 300 nm
TCO layer made from sputtered In,05:Sn (ITO), 475 nm CIGSe grown
by co-evaporation of the elements in a three-stage process with a short
initial indium supply, 40 nm chemical bath-deposited CdS, radio fre-
quency (RF)-sputtered i-ZnO and ZnO:Al with 80 and 300 nm thickness,
respectively, as well as 10/2000 nm Ni/Al front grids. For the samples
including nanostructures at the ITO/CIGSe interface, nanosphere lithog-
raphy was applied using 1200 nm diameter polystyrene (PS) spheres.
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The self-assembled hexagonal sphere pattern was plasma-etched in air
atmosphere for 20 min to obtain a template of 900 diameter spheres while
keeping the pitch given by the initial diameter.”"! Subsequently, SiO, with
a thickness of 25 or 75 nm was evaporated on top of the PS sphere pattern.
After lifting off the spheres, a point contact structure remained with the
given SiO, layer thickness. A similar process is described along with the
illustration of further details in ref. [8].

Supporting Information

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