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ABSTRACT

Metastable behaviours with respect to light-soaking of Cu(In,Ga)Se, (CIGS) solar cells have long been known and studied, but
no explanation has yet been fully agreed on. In this study, silver alloying and its impact on light-soaking effects is explored in
four CIGS and six (Ag,Cu)(In,Ga)Se, (ACIGS) samples with high efficiency (17% to 21% before light-soaking). All were produced
by co-evaporation and similar depositions protocols as the current world record device but with some variation. A variety of
opto-electronic characterisation methods were used to explore the response to 24 h of light-soaking at 50°C. We found that (i) the
open-circuit voltage increased for all ACIGS devices but decreased for the CIGS devices, (ii) the cells entered a state with higher
doping and more tail states, and (iii) the effect was metastable and partially reverted after dark storage. While the improvement
of the ACIGS cells saturates after 24 h in one-third of the irradiance at one sun, months are needed to reverse the open-circuit
voltage change. Despite a higher doping after light-soaking, none of the samples' short-circuit current showed significant changes
and the efficiency after light-soaking ranged from 15% to 22%. No long-range change in sodium or rubidium distributions was
observed using glow-discharge optical emission spectroscopy. In general, external radiative efficiency measurements showed
that the nonradiative recombination loss is reduced after light-soaking in the ACIGS devices. However, the correlation to the
measured voltage was not always straight forward, presumably due to the graded bandgap of the absorber.

1 | Introduction

As the world truly embarks on the transition to a sustainable
energy production, the need for more renewable energy sources
increases. Photovoltaics are key contributors to this transition,
and some important traits are high efficiencies and long-term
stability. For thin-film solar cells based on Cu(In,Ga)Se, (CIGS)
alloyed with silver to (Ag,Cu)(In,Ga)Se, (ACIGS), the record
power conversion efficiency is 23.6% [1]. While CIGS solar cells
have already been commercialised with a guarantee of 80% of
the power production after 25 years, metastable light-soaking
(LS)-induced phenomena have been known for a long time and

may impact the reliability. The effect of LS on ACIGS was re-
cently particularly highlighted when the current record device
reached its certified efficiency after 24 h of LS. In this study, we
build upon the light-soaking of the record device by analysing 10
high efficiency (>17%) CIGS and ACIGS devices produced with
similar routines as the record 23.6% cell.

Silver alloying of CIGS has in recent years increased in popular-
ity and the two most recent efficiency records both used different
amount of silver. Solar frontier reached 23.35% in 2019 with an
[Agl/([Ag]+[Cu]) (AAC) ratio of less than 0.04 [2], and the cur-
rent record device had an AAC of 0.19 [1]. One known advantage
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of Ag alloying in CIGS is that it lowers the melting temperature
of the material and promotes crystal growth [3-5]. These bene-
fits allowed Swiss Federal Laboratories for Materials Science and
Technology (Empa) to reach 22.19% efficiency on a flexible sub-
strate [6].

Previous studies have demonstrated that LS may both increase
[7-10] and decrease [9, 11, 12] the open-circuit voltage (V,.) of
CIGS. LS effects have systematically been seen for CIGS de-
posited with co-evaporation [13], 2-step process (CIGSSe, sul-
furisation and selenisation) [14, 15] and epitaxially grown [16].
An increase in open-circuit voltage has been associated with
higher doping [1, 7, 11, 17] and sometimes accompanied with
lower short-circuit current density (J,.) due to a narrower space
charge region [11-13, 18]. However, there is no consensus in the
literature on the causes for the effects. Drift of alkali elements
[12, 19], copper migration [20] and metastability of the ampho-
teric V-V, defect complex [21, 22] have all been suggested.

Alkali elements such as sodium and/or rubidium are com-
monly incorporated in CIGS processing as a precursor or
using a post-deposition treatment (PDT). The treatments are
typically observed to increases the p-type doping of the ab-
sorber [23]. Since the interstitial alkali defects are positively
charged [24], it is probable that they move in the electric field
in an operating device. Several pieces of evidence for alkali
involvement in LS effects have been presented. An exponen-
tial relationship between the increase in doping and sodium
concentration has been reported [19], and Matsuura et al. [12]
showed that hot-light-soaking (HLS) only improved the V. for
NaF treated cells and not for untreated devices. Furthermore,
they saw that the Na and K concentrations increased near the
front not only for HLS treated cells but also for forward biased
devices [12]. A similar change in alkali profiles was seen by
Carron et al. [17].

The V-V, defect complex as a model for metastability effects
in CIGS was first proposed by Lany and Zunger [21, 22] who
suggested that it can be converted from a donor to an acceptor
by capture of an electron. The reverse transition is then inhib-
ited by an energy barrier and the demand to capture two holes
(compared to just one electron in the other direction). Since the
proposed process is thermally activated the recovery can be ac-
celerated with annealing. While the theory is able to explain the
main behaviours during LS, and indications that the V-V,
complex is present in ACIGS have been reported [11], it is not ac-
cepted as the sole explanation. The strongest counter argument
is that the formation energy of the complex is too high, so the
concentration must be insufficient to explain the magnitude of
the observed effect [25].

An important parameter to keep in mind when discussing LS
is the temperature of the devices, as they inevitably heat up due
to light exposure. A majority of previous studies used HLS at
temperatures above ambient in standard LS. Carron et al. [17]
observed that the V,, increase was more persistent for higher
temperature during LS (80°C-120°C). Jahandardoost et al.
[9] demonstrated complex dependencies on the temperature
(65°C-85°C), buffer layer (ZnO vs. CdS), and configuration of
the device during LS (short circuit or open circuit). Hence, also,
the combined effects of light and heat on the defect distributions

in the contacts and at the absorber/contact interfaces have to be
taken into account.

The incorporation of silver in CIGS adds a new dimension to the
complex LS phenomena. A recent study from our group revealed
that for ACIGS devices with high Ga content and AAC > 0.5 a
reduction in net doping concentration and V,, is observed after
LS [26]. While Ferguson et al. light soaked ACIGS [11], their focus
was ACIGS devices produced with varying Se supply to explore
the role of the V-V, complex. The authors concluded that these
complexes are active during LS in the Ag-alloyed absorbers.

This study is a comprehensive comparison between LS effects in
highly efficient CIGS and ACIGS solar cells using photolumines-
cence (PL), current density-voltage (JV), external quantum effi-
ciency (EQE), and capacitance-voltage (CV) measurements. The
compositions ranged from [I]/[I1I] = ([Cu]+[Ag])/([In]+[Ga]) of
0.84 to 0.93, GGI = [Ga]/(|Ga]+[In]) from 0.28 to 0.41, and the
ACIGS samples had AAC values from 0.17 to 0.19. It is within
these composition ranges that high efficiency of CIGS and
ACIGS devices usually is found.

2 | Methods

In this section, the overall workflow of the light-soaking and char-
acterisation is explained, as illustrated in the schematic in Figure 1.

2.1 | Sample Preparation and Initial
Characterisation

From an initial batch of devices produced around the same time
as the record device [1], a selection of 10 cells was made based on
their electrical parameters and compositions. All devices had a
stack of soda-lime glass (SLG)/Mo/(A)CIGS/CdS/i-ZnO/Zn0O:Al,
and all absorber layers were about 2 pm thick, grown with a mod-
ified three-stage co-evaporation process. A full description of the
processing is given in Section 5. Before the initial JV measure-
ments, all samples were in a dark (relaxed) state induced by long-
term dark storage, but they had all been characterised shortly after
being finalised. A summary of the measured electrical param-
eters and compositions is presented in Table 1. The efficiencies,
n, ranged from 17.2% to 21.0%, and the AAC for the silver alloyed
cells ranged from 0.14 to 0.19. All devices were postdeposition
treated with RbF. Four out of 10 samples had MgF, anti-reflective
coating (ARC), but this was deemed unimportant for the relative
changes since Carron et al. [17] demonstrated no influence of ARC
on the HLS effects. For PL measurements, a fragment of the full
sample close to the selected cell was cut out and etched with acetic
acid to remove the conducting transparent conductive oxide (TCO)
layers: i-ZnO and ZnO:Al. This was needed to avoid lateral move-
ment of charge carriers which would reduce the PL signal, as the
carriers would be lost in the front contact.

2.2 | Electrical Characterisation
The selected cells underwent further electrical characterisa-

tion with EQE measurements. From the EQE data, a short-
circuit current was calculated using the AM1.5 spectrum and
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Four CIGS and six ACIGS devices

r

Cut out fragments
[ GDOES } Etching of TCO
PL, ERE [ JV, EQE, CV J
24h light soaking
6 minutes cooling ]
SLG/Mo/CIGWdeVice
[ GDOES ’ [ PL, ERE ] { JV, EQE, CV J

72 days dark storage

FIGURE1 | Schematics of the workflow used in this study.

TABLE 1 | Electrical parameters and composition for selected devices before LS. [I]/[III], GGI and AAC ratios were all quantified with X-ray
fluorescence measurements, with a sample with known composition as reference.

Sample V,. [mV] J,. [mA/cm?] FF [%] n [%] [x]/[111] GGI AAC
1 750 35.0 73.3 19.3 (1.03) 0.88 0.38 0.00
2 714 35.1 68.7 17.2 (1.03) 0.93 0.40 0.00
3 745 35.0 74.6 19.5(1.07) 0.87 0.40 0.00
4 722 35.0 68.9 17.4 (1.05) 0.92 0.40 0.00
5 ARC 700 38.1 74.0 19.8 (1.09) 0.86 0.39 0.17
6 734 35.6 72.8 19.0 (1.04) 0.84 0.34 0.19
7 738 35.5 72.8 19.1 (1.08) 0.85 0.35 0.19
8 ARC 702 38.4 75.8 20.4 (1.00) 0.84 0.28 0.19
9 ARC 742 37.0 76.4 21.0(0.93) 0.86 0.28 0.19
10 ARC 689 38.4 74.2 19.6 (0.99) 0.84 0.28 0.19
WR (24 h LS) ARC 767 38.3 80.5 23.6 0.84 0.28 0.19

EQE

Note: The J values (active area) are extracted from EQE measurements and the 5 values were corrected by the factor J*/JZ (given in parenthesis). Corresponding
values for the world record (WR) device (after 24h LS) are also given for comparison [1].

a correction factor, Jf:_,QE/Jg, was determined. The J, and  val-
ues from JV measurements were multiplied by this obtained
factor, ranging from 0.93 to 1.09. Subsequently, CV charac-
terisation in dark at room temperature was performed on all
cells. A detailed description of the characterisation is done in

Section 5.

2.3 | Light-Soaking and Post-Light-Soaking
Characterisation

Directly after the initial JV, EQE and CV analyses, all 10
devices were light-soaked in open circuit configuration for
24 h in ambient atmosphere with the spectral irradiance
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corresponding to one-third of the AMI15 spectrum. Since
no active cooling was in place, the devices' temperatures
reached approximately 50°C, and they were allowed to cool
for 6 min at room temperature before post-LS characterisa-
tion. Measurements of JV, EQE and CV were conducted in the
same manner as before LS, in the listed order. Glow-discharge
optical emission spectroscopy (GDOES) measurements were
also performed on the full-stack solar cells before and after
LS. The absorber compositions from X-ray fluorescence (XRF)
data were used to quantify GGI, [I]/[III] and AAC ratios in the
absorber region. All samples’ GGI, Se and AAC profiles are
given in Figures S1 and S2.

To further explore the LS effects, one CIGS (Sample 3) and one
ACIGS (Sample 5) device were monitored for 48 h during LS.
JV measurements were conducted after 1, 2, 4, 6, 24 and 48 h.
When the post-LS characterisation was completed, all devices
were kept in dry, dark storage (DS) for 72 days. After this, JV
measurements were repeated to explore the duration and revers-
ibility of the LS effects.

2.4 | Photoluminescence Measurements

The stacks of SLG/Mo/(A)CIGS/CdS were used for external ra-
diative efficiency (ERE) measurements at three different posi-
tions under one-sun excitation. A more detailed explanation of
the procedure is given in Section 5.1, and the underlying theory
is presented in Section 2.4.1. The CdS layer was not etched away
because it protects the (A)CIGS surface from degradation, but
possible changes in the CdS/(A)CIGS interface are also included
in the further analysis [27]. After the initial PL measurements,
all pieces were subjected to LS in the same manner as the de-
vices and left to cool for 6 min before the measurements were
repeated.

In analogy with the JV characterisation of devices 3 and 5, the
ERE measurements were also conducted after 1, 2, 4, 6, 24 and
48 h of LS for the corresponding sample pieces. Furthermore,
the ERE measurements of all absorber stacks were repeated
after 72 days of DS.

2.4.1 | External Radiative Emission Measurements

The ERE is defined as the ratio between the number of photons
emitted to the number of photons generated under illumina-
tion. The PL measurements in this paper are not absolute, but
the ERE is measured using an integrating sphere to quantify the
ratio between emitted and absorbed photons. This is same as the
fraction of radiative recombination compared to the total recom-
bination. The measured ERE can be used to calculate the quasi-
Fermi level splitting, AEp, of the absorber through the equation

AEp = qV59 + kTInERE, o)

where q is the elemental charge, k the Boltzmann constant and
V5Q is the open-circuit voltage in the Shockley-Queisser limit
[28]. Ideally, the quasi-Fermi level splitting of the absorber is the
maximum achievable open-circuit voltage of the correspond-
ing full solar cell. The Vg? depends on the bandgap, which can

be extracted from the inflection point of the EQE spectrum [29].
However, this does not take radiative losses due to tail states into
account since subbandgap absorption in the Shockley-Queisser
limit is zero. More tail states shift the PL. maximum towards lower
energies [30, 31]. If the PL peak energy is used as bandgap in the
Shockley-Queisser theory, a fof is obtained, where losses due
to tail states and bandgap fluctuations are somewhat accounted
for [28]. Depending on how broad the distribution of alternative
bandgaps coming from tail states is, using V™ instead of VaQmay
underestimate (for a broad distribution) or overestimate (for a
very narrow distribution) the calculated AEy [31]. Furthermore,
the AE divided by g should be equal to the measured V,, pro-
vided interfacial losses are negligible [28]. One possible source of
such interfacial losses is substantial band misalignment between
the absorber, buffer and contact layers [28].

2.4.2 | Tail States

While an ideal semiconductor has a sharp onset of absorption at
a wavelength corresponding to the bandgap, this is not the case
in actual materials and especially in polycrystalline, heavily de-
fected materials such as CIGS. States near the band edges makes
absorption decay exponentially, with the rate characterised by
the Urbach energy, E,,;, so that below the bandgap the absorp-
tion coefficient, a, and the photon energy, E, are related via [32]

dina(E) 1
dE T E

@

urb

Local bandgap differences in CIGS can be caused by local com-
position fluctuations (in terms of GGI and [I]/[III] ratios), dis-
order and strain (lattice distortion) [33]. Electrostatic potential
fluctuations due to charged impurities may also influence the
absorption coefficient [34, 35]. Since the PL emission flux @, (E)
is given by [28, 36]

2
®p,(E) = A(B)Dyy(B)e it ~ A(E)— L e FOEI/T (3
4m2h3c2

where E is the photon energy and ®; is the black body radiation
flux, the effective absorption A(E) can be extracted from an ab-
solute PL measurement [28] as

@, (E)

A 2532
A(E) »4rnhc E—Ze—(E-AEF)/kT'

@

In the low absorption regime, In(1 — A) ~ — A. Considering
that the absorption coefficient « = — In(1 — A)/x, where x is the
thickness of the absorber, it can be rewritten as

a(E) ~ 1@ (5)

Since A(E) can be extracted from a PL measurement, a(E) can
also be derived using Equation (5). Even if the PL measurement
is not absolute but proportional to the absolute spectrum, the
Urbach energy can be obtained from

1 d In @ (E)
E dE  E2eE/kT’

urb

©)
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because x and e2F¥/*T are independent of the photon energy. It
should be noted that extraction of Urbach energies from EQE
data is also possible, provided enough data points in the sub-
bandgap region can be collected.

In this paper, PL spectra recorded during ERE measurements
were used to extract the Urbach energies of different samples.
From a plot of ln% vs. E, based on Equation (6), a linear fit
of the sub-bandgap absorption was made and the inverse of the
slope was extracted as the Urbach energy. Fifty data points start-
ing either 40 or 30 nm (range is here given in nm as the spec-
tra are acquired with constant wavelength steps) below the PL
maximum was used for the fit, depending on the location of the

linear region.

3 | Results and Discussion

In Table 2, electrical parameters extracted from JV mea-
surements for the cells before LS, after LS and after DS are
presented. EQE spectra before and after LS can be found in
Figures S3 and S4. For clarity, the open-circuit voltages are also
illustrated in Figure 2a. A systematic difference between CIGS
(Samples 1-4) and ACIGS (Samples 5-10) is evident. The CIGS
samples' V. decreased after LS (by 5-31 mV), while the V.
of all ACIGS samples increased substantially (by 18-73 mV).
No significant changes in J, were seen. The fill factor (FF) in-
creased for ACIGS devices and decreased for all CIGS devices
except Sample 4. As a consequence, the power conversion effi-
ciency 7 of the ACIGS devices and the CIGS Sample 4 improved
while dropping for the rest of the CIGS cells. The correspond-
ing dependence with respect to composition ratios can be found
in Figures S5-S7. Besides the clear divide with Ag alloying, no
other correlations have been found. We note that the CIGS and
ACIGS are also grouped by the [I]/[III] and GGI ratio, but we
still speculate that the difference can be attributed to silver

incorporation. For example, CIGS Sample 1 and ACIGS Sample
5 behave differently even though they are close in both [I]/[III]
(0.88 vs. 0.86) and GGI (0.38 vs. 0.39) ratios. The 2.5 months of
DS partially reversed the change in V, but at a much slower
rate, except for Sample 3 that lost even more voltage after DS.

3.1 | External Radiative Efficiency

The ERE is expected to follow the V. if no drastic change occurs
at the ZnO/CdS interface, and this is confirmed in Figure 2a,b.
The ACIGS Sample 8 reached ERE = 2.1% after LS, to the best of
our knowledge the highest ERE ever measured for a chalcopyrite
absorber. In order to apply Equation (1), Vﬁ? has to be calculated
and a bandgap is therefore needed. The bandgaps were extracted
from the EQE spectra using the maximum of the first derivative
(also known as the inflection point method), as suggested by Rau
et al. [29, 37]. All bandgaps and EQE data before LS (no signifi-
cant change was seen with LS) can be found in Table S1.

Before LS, Sample 8 had a bandgap of 1.12 eV, which gives Vi3 =
862 mV and AE/q = 752 mV, higher than the electrically mea-
sured 702 mV. After LS, the bandgap is unchanged and with
an increased ERE = 2.1% the same calculation gives AE./q =
765 mV. This value matches the measured 765 mV, which is
unlikely as the quasi-Fermi level splitting should in practice be
larger than the measured V. (note that this situation is true also
for the 1.6% ERE of the record absorber in [1]). The additional loss
from radiative recombination via tail states typically amounts to
about 10-20 mV [31], and this is not accounted for in the mea-
sured quasi-Fermi level splitting. Using the PL peak position as
the bandgap yields a V™! of 853 mV and a Vg‘zd — kT/qInERE =
756 mV, even lower than the measured open-circuit voltage. This
artifact may be due to miscalibration of the setup (so that the ERE
is actually higher than 2.1%), or the sample fragment the ERE is
measured on is not representative for the actual device.

TABLE 2 | Electrical parameters of the devices before LS, after 24 h LS and after 72 days of DS.

Ve [mV] J,. [mA/cm?] FF [%] n [%]

Sample Initial 24hLS DS Initial 24hLS DS [Initial 24hLS DS Initial 24h LS DS
CIGS

1 750 719 735 35.0 35.2 35.1 73.3 64.9 70.2 19.3(1.03) 16.4(1.02) 18.1
2 714 699 711 35.1 34.6 34.0 68.7 61.5 68.2 17.2(1.03) 14.9(0.99) 16.5
3 745 740 736 35.0 34.7 33.7 74.6 73.5 74.0 19.5(1.07) 18.9(1.05) 18.3
4 722 712 727 35.0 34.9 356 68.9 70.7 711  17.4(1.05) 17.6(1.02) 18.4
ACIGS

5 ARC 700 762 734 38.1 38.0 35.9 74.0 75.3 741  19.8(1.09) 21.8(1.03) 19.5
6 734 752 749 35.6 35.7 34.0 72.8 77.2 73.1 19.0(1.04) 20.7(0.98) 18.6
7 738 757 749 35.5 35.4 324 728 74.2 72.8 19.1(1.08) 19.9(1.05) 17.7
8 ARC 702 765 732 38.4 38.1 374 75.8 76.9 76.2 20.4(1.00) 22.4(1.00) 209
9 ARC 742 769 750 37.0 36.5 36.6 76.4 77.8 76.5 21.0(0.93) 21.8(0.94) 21.0
10 ARC 689 762 712 38.4 38.4 40.1 74.2 75.4 74.6  19.6(0.99) 22.1(0.94) 213

Note: The Js values were extracted from EQE measurements before LS and after 24 h of LS (not for DS), and the # values were corrected by the factor JfCQE/JQ’. The
correction factor is given in parenthesis after the 77 values.
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Discrepancies between quasi-Fermi level splitting and the mea- towards the surface indicates the presence of a thin low band-
sured voltage (AEp/q < V,.) have previously been reported to gap surface phase. In contrast, the ACIGS samples have more
depend on different excitation wavelengths and connected to the monotonic GGI profiles. An effort was made to replicate the
graded bandgap of the absorber, but no convincing explanation EQE bump using SCAPS-1D for a model bandgap profile and the
has been provided yet [31]. Especially for the CIGS devices in simulation results indeed showed a good qualitative agreement,
this study, extraction of an effective bandgap by the inflection as illustrated in Figure S8.

point method was ambiguous because of the low-energy bumps

in the EQE spectra, as illustrated in Figure 3a. This bump is Using the inflection point from the bump and above the bump
likely due to the GGI gradient, also exemplified in Figure 3b by ~ from the CIGS devices' EQE spectra, two sets of bandgaps and
the measured GDOES profiles. The very steep decrease in GGI corresponding Vﬁ? values could be determined and used for the
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quent 72 days of dark storage. The ERE values are average values of three different measurement points (two for Sample 5 after LS) with error bars
corresponding to the standard deviation.

a) 1 Sampled b) 1 Sample 4 Before LS
—_GGI—[Sq
0.8} 0.8
0.6 Before LS ] 0.6
- — After LS 2
2 3
0.4 0.4
02} / 0.2
0 (e L L L
100 600 800 1000 1200 0 50 100 150 200
Wavelength [nm] Sputtering time [s]

FIGURE 3 | The EQE spectra for Sample 4 (a) and the corresponding GGI ratio from GDOES measurements (b). The green arrow indicates the
low-energy bump around 1100 nm in the EQE spectrum and the steep GGI decrease at the front.

740 Progress in Photovoltaics: Research and Applications, 2025

85U8017 SUOWILLIOD @A 18810 3|deoldde ayy Aq peusenob a1e ssjoiie YO ‘8sn Jo SNl 10} ArIqIT8UIIUO A3 UO (SUONIPUOD-PUB-SWLBIWO A8 | 1M AeIq 1 BUI|UO//SANL) SUORIPUOD PUe SWie | 8u 88S *[5202/60/60] U0 AkeidiTaulluo Ae|im 9hog uteyt Aisealun efesddn Aq zT6g did/z00T 0T/10p/u0o" A8 1M Ake.q 1 jpulUO//:SANY Wo. papeojumod ‘L ‘SZ0Z ‘X6ST660T



quasi-Fermi level splitting calculations. The difference between
these results is illustrated in Figure 4 (before LS in Figure 4a,
after LS in Figure 4b and after DS in Figure 4c). It is probable
that an effective bandgap, that would be more appropriate to use
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in Equation (1), is somewhere in between the two extremes. For
the ACIGS devices, it is worth mentioning that Samples 5, 8 and
10 have a larger difference between the measured V. and that
estimated from the ERE before LS. The measured V,

- however,

10

10

10

® V.. from ERE, Low Eg ¢ V.. from ERE, High Eg

FIGURE 4 | The measured V, and the V, calculated from ERE using bandgaps extracted from EQE measurements. For the CIGS devices two

different inflection points, that is, bandgaps, could be determined, and hence, two V,. from ERE are plotted. No EQE bump was observed for ACIGS

devices; hence, the bandgap is unambiguously determined.
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almost matches the estimated values after LS, but the difference
increases again after DS.

3.2 | Dynamics of the Effect

The discussed difference between LS behaviour of ACIGS and
CIGS is clearly illustrated by the evaluation of V., and ERE
during LS in Figure 5a,b, respectively. The ACIGS Sample 5
increased in both ERE (from 0.50% to 1.42%) and V,, (from
706 to 762 mV), saturating after 24 h of LS, in analogy with the
behaviour of the record cell [1]. The main part of the improve-
ment takes place in the first 6 h, and it could be even quicker
at higher temperatures or under a full sun illumination LS. In
contrast, the CIGS Sample 3 shows only minor fluctuations in
V,. (between 743 and 738 mV) and ERE (between 0.32% and
0.53%). We acknowledge that Sample 3 behaved differently
compared to the other CIGS cells as it was the only one that
did not recover after 72 days in dark, as seen in Figure 2a.
This may be connected to the increased handling of the sam-
ple during LS. A full set of IV curves recorded for different LS
times are shown in Figure S9.

3.3 | Apparent Doping Density

An increased quasi-Fermi level splitting can stem from two
sources: (i) the hole quasi-Fermi level moving closer to the va-
lence band or (ii) the electron quasi-Fermi level moving closer
to the conduction band (if the bandgap is constant). In a p-type
semiconductor like CIGS under low excitation the former is a
consequence of higher doping, while the latter is caused by lon-
ger electron lifetimes. For the devices in this study, the apparent
doping levels and depletion region widths were extracted from
CV measurements. The results summarised in Table 3 reveal
that the increased quasi-Fermi level splitting and open-circuit
voltage observed for the ACIGS solar cells could be attributed to
higher doping.

From the data in Figure 6, it is clear that the depletion width
of CIGS Samples 1-4 was already very narrow before LS
(0.19-0.30 pm). Therefore, an order of magnitude change in ap-
parent doping from the low 10! cm to values closer to 10" cm™3
did not have a large absolute effect on the depletion width. The
apparent doping of the ACIGS Samples 5-10 was however much
smaller from the beginning, in the order 10'° cm™3, so the in-
crease to around 10'® cm~3 shrank the depletion region signifi-
cantly. The narrowing of the depletion width does not adversely
affect the carrier collection as the short-circuit current remains

760
— 750
£740 ) ] ®
=5 730

790 Sample 5, ACIGS

710 ® Sample 3, CIGS

700

0 4 8 12 16 20 24 28 32 36 40 44 48

LS time [hours]

unaffected by LS. This behaviour indicates that the samples
have long diffusion lengths and that the effective lifetimes are
stable, in contrast to the results by Heise et al. where the mi-
nority carrier lifetime decreased [18]. Nevertheless, we cannot
exclude a reduction that would not be visible in the EQE spec-
trum. A reduced lifetime would counter the hole quasi-Fermi
level shift, possibly reducing the V..

Incorporation of alkali elements in CIGS is commonly sug-
gested to be beneficial by increasing the p-type doping (Na)
and/or by defect passivation at grain boundaries and absorber
surfaces (K, Rb, Cs) [23]. Considering the increased solubility of
alkalis upon Ag alloying [38], the different behaviours of CIGS
vs. ACIGS under LS may be connected to alkali. However, our
GDOES measurements for Na and Rb showed no significant
difference neither between ACIGS and CIGS nor before and
after LS, as can be seen in Figures S10 and S11. We estimate
(based on contact with the system manufacturer) the resolution
of the GDOES used here to be in the order 10'7cm™ for Na and
10'® cm~3 for Rb. Both these values are larger than the appar-
ent doping concentration, and therefore, even if the change in
doping is dictated by a long-distance drift of alkalis, the effect
is is beyond the resolution of GDOES. Moreover, small local

TABLE3 | Apparentdopingdensity and the corresponding depletion
region widths before and after 24 h of LS.

Apparent Depletion
doping [cm™3] width [um]
Before After

Sample LS After LS Before LS LS
1 1.0- 10 5.6.10% 0.21 0.08
2 1.1.10% 2.6 101° 0.20 0.11
3 4.8.10 3.0. 107 0.30 0.05
4 1.1.10'° 1.3. 10V 0.19 0.06
5 6.7-10% 2.3.10%° 0.57 0.20
6 3.6-10™ 6.2-10%° 1.05 0.10
7 5.3.10 2.2.101 1.22 0.18
8 4.8.10" 1.4.10 1.36 0.25
9 4.3.10™ 1.6- 10 1.26 0.22
10 1.2.10P 9.6- 10 1.11 0.30

Note: The values are averages of two CV measurements with different sweeping
directions.

0 4 8 12 16 20 24 28 32 36 40 44 48

LS time [hours|

FIGURES5 | Open-circuit voltage and ERE of Samples 5 and 3 at different LS times. Note that the initial ERE of both devices is the same.
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(or lateral) movement are principally invisible in the compo-
sitional depth profiling and hence cannot be excluded. These
movements of charged alkali species may still induce electrical
polarization after biasing or LS in the open-circuit configura-
tion. The resulting polarization might thus be yet another con-
tributor to the complex LS effects. Furthermore, secondary ion
mass spectroscopy, as used by Matsuura et al. [12] and Carron
et al. [17], might be able to detect long range re-distribution,
because the technique is more sensitive. In fact, these earlier
studies both showed an increased alkali concentration at the
buffer/absorber interface after LS.

3.4 | Tail States

While the increased apparent doping density is expected to give
a higher open-circuit voltage, an increase in Urbach energy is
expected to decrease it. The Urbach energies extracted from
PL measurements are presented in Figure 7. For some sam-
ples, the spread of the data points is very large, but there is an
overall trend of higher Urbach energy after LS, and the values
are within the range of what has previously been reported for
CIGS [39]. The trend is furthermore reflected in a redshift of the
PL peak after LS, as shown in Figure 8, and by a tail shift of the
low energy part of the EQE spectrum, as depicted in Figure S12.
Hence, an increased contribution of tail states after LS is con-
firmed, in contrast to the observations by Carron et al. [17].
Using the equation AV® = kT/q In(1 - E,,;,/kT) [40], the aver-
age V™ reduction for the CIGS samples due to the increased tail
states amounts to about 6 mV, which could partly explain the
V.. reduction seen for the CIGS samples. The reduction caused
by both the extra radiative and nonradiative recombination via
tail states when E,,;, changes from 12 to 14 mV is estimated to
be about 9 mV based on the calculations by Wolter et al. [39].
Hence, the increased Urbach energy alone cannot explain the
voltage reduction seen for the CIGS devices.

An increased presence of tail states can originate from more
bandgap variations and electrostatic potential fluctuations [30].
These can be caused by local variations of compositions, dis-
order, lattice strains or charged point defects [30]. When the
Veu-Vse complex transforms from a shallow donor to a shallow
acceptor, it results in a defect energy level close to the conduc-
tion band [22]. The increase in active tail states could therefore
be related to direct optical transitions to that in-gap defect state
becoming more frequent as the concentration of the acceptor
complexes is increased after LS.
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FIGURE 6 | Depletion widths for all samples (1-4 CIGS, 5-10
ACIGS) before and after 24 h of light-soaking.

3.5 | Discussion

In this work, we analysed a combination of ACIGS and CIGS de-
vices and observed that LS was detrimental for the CIGS and ben-
eficial for the ACIGS cells. The main proposed explanations for
LS effects are metastable defects, alkali redistribution and copper
migration, but a mixture of all these effects is also possible. Carron
et al. suggested that the initial response is connected to the V-V,
complex while the later and persisted change is attributed to alkali.
As far as we know, no counter evidence has ever been given for Cu
migration, so this may also be related to the LS effect, in a simi-
lar way as alkali migration. However, in this study, no systematic
changes in GDOES profiles for AAC and [I]/[III] were seen after
LS. All of these phenomena may act differently in ACIGS as com-
pared to CIGS, and this study does not exclude any of them.

Several previous studies [7-10] have shown that CIGS cells im-
prove under light exposure. Hence, our samples are atypical,
and thus, we do not claim that LS is a general issue for CIGS.
Rather, our findings highlight the complexity of the LS effects,
and that for some devices, increased recombination either in
the bulk or interface may cause a decreased open-circuit volt-
age. While the main difference between the cells in this study
was the silver content, they were slightly different in both GGI
profile and [I]/[III] composition ratio, and future studies should
aim to keep these constant. In addition, LS studies where the
initial state of the devices is not merely relaxed (dark) but newly
produced would also be desirable.

As shown by Jahandardoost et al. [9] and Nikolaeva et al. [41],
the buffer layer interface may also be of importance. Silver incorpo-
ration in CIGS shifts the band edges [42], which potentially could be
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FIGURE 7 | Urbach energies extracted from PL spectra from three
different places before LS, after 24 h of LS and after subsequent DS. The
lines show how the mean of the three data points evolves.
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FIGURE 8 | Average PL peak position (1-4 CIGS, 5-10 ACIGS) be-
fore LS, after 24 h of LS and after LS and DS.
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connected to the different behaviours of CIGS and ACIGS. It is also
known that the CdS layer undergoes photodoping [43], although
this is believed to happen within minutes [44]. Furthermore,
Nikolaeva et al. [41] found that the amplitude of electrostatic fluc-
tuations decreased after LS, which is in contrast to the increased
Urbach energy seen in this study. The reason for the more active
tail states is beyond the scope of this study but appears connected
to the higher doping.

Lastly, as pointed out by the record device [1], light-soaking is
currently needed to maximise the efficiency. Since the devices
in this study are closely related to the record CIGS solar cell,
they are highly relevant to understand why this is the case. In
modules, prediction of the working point of the cells is import-
ant, and these metastable fluctuations can cause problems as
diurnal and seasonal irradiation variations will cause efficiency
fluctuations. However, since the relaxation to the low efficiency
state of ACIGS takes much longer than a day, diurnal variations
may not be problematic. Furthermore, bottom cells in tandem
devices will only be exposed to red illumination, which may not
induce the ACIGS high efficiency doping state. This needs to be
addressed by future studies.

4 | Conclusion

In this study, we used 10 highly efficient CIGS and ACIGS solar
cells and analysed their response to 24 h of light-soaking at around
50°C. The devices were produced using the same deposition sys-
tem as the record device but with slightly varied compositions. We
found a systematic difference where the ACIGS devices' V, in-
creased and the CIGS devices' V. decreased. The improvement for
ACIGS was quick during the first 12 h and saturated after 24 h. All
devices reached a metastable state after LS and subsequent 72 days
of dark storage brought them back towards their initial state. The
apparent doping increased for all devices, but the CIGS doping in
the relaxed (dark) state was 10'® cm~3 compared to 10'> cm™ for
ACIGS. Therefore, an order of magnitude higher values after LS
caused greater depletion width changes for the ACIGS devices. In
general, the open-circuit voltage change was accompanied with
a corresponding change in ERE, i.e. decreased nonradiative re-
combination, for the ACIGS devices, but the absolute open-circuit
voltage change did not always match the estimations based on the
ERE. Nevertheless, a record ERE of 2.1% was measured on an
ACIGS absorber, leading to an efficiency of 22.4%. In all devices,
the metastable state after light-soaking had more active tail
states, deduced from PL measurements. While alkali involve-
ment cannot be excluded, no difference in the depth-profiles
of rubidium and/or sodium before and after light-soaking was
seen. Whatever the mechanism for the CIGS LS effect is, this
study indicates that it may be modified with silver alloying.

5 | Experimental

The solar cells discussed in this paper have the full stack se-
quence: SLG/Mo/NaF-precursor/(A)CIGS/RbF-PDT/CdS/i-ZnO/
ZnO:Al/(MgF,). The 290-nm-thick Mo back contact was DC mag-
netron sputtered and then coated with a thermally evaporated
10-nm-thick NaF precursor layer. On top of this, the (A)CIGS ab-
sorber layer was grown with a modified three-stage co-evaporation

process so that the absorbers were 1.9-2.2 pm thick. The maxi-
mum substrate temperature reached during the deposition was
about 530°C. After the absorber deposition, a 3 to 5 nm RbF layer
was applied as PDT at 330°C-350°C, without additional Se sup-
ply and without breaking the vacuum. Thereafter, a CdS buffer
layer of around 25-30 nm was grown via chemical bath depo-
sition at 60°C. Lastly, a 30-nm-thick i-ZnO and 230-nm-thick
ZnO:Al layer were both deposited with RF- and DC-sputtering,
respectively. The areas of the solar cells were between 0.453 and
1.13 cm?

GDOES measurements were done with a Spectruma Analytik
GDA 750HR system (measured area about 3 mm?). Quantification
of the absorber elements was done with corresponding XRF data.
Limits for the absorber region were set to the depths where 90%
of the selenium signal's local maximum (in the front and back)
was reached. All JV measurements were done at 25°C in a home-
built setup with a halogen lamp and a Si reference cell to cali-
brate for one sun illumination. EQE measurements were done in
a home-built setup with a xenon lamp calibrated using InGaAs
and Si photodetectors. An Agilent 4284 A Precision LCR Meter
and a frequency of 60 kHz was used for the CV measurements.
An initial zero bias measurement was performed to exclude hys-
teresis effects, and thereafter, forward and reverse sweeps from
—0.5 to 0.3 V were carried out. To calculate the apparent doping
and depletion region width, a material permittivity of 10 was as-
sumed [45].

5.1 | Photoluminescence and ERE Measurements

For PL and ERE measurements, a piece of the full sample close
to the selected cell was cut out and etched to a stack of SLG/
Mo/(A)CIGS/CdS with acetic acid prior to LS. The ERE val-
ues were obtained under excitation of a 520 nm continuous
wave laser, calibrated to one sun photon flux, incorporated in
a FSL1000 PL spectrophotometer from Edinburgh instruments.
An integrating sphere and a nitrogen cooled photomultiplier
tube were used for detection. The sample emission (E) and scat-
tering in the laser wavelength region (S) were recorded, followed
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FIGURE 9 | Example of the four measurements used for the ERE
calculation for Sample 8 after LS. The calculations according to

Equation (7) yielded ERE = 2.1%.
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by measurements of the background using a BaSO, plug instead
of the sample. After scaling the background to match that in the
sample spectra, the signals were integrated and the ERE was
calculated as

[E dA— [ Ezdi

ERE = :
[ Spdi— [ S,dA

™

where the subscript A is for the sample and B for the BaSO,. An
example of the four measurements for Sample 8 is presented in
Figure 9. The PL peak and Urbach energies were extracted from
the samples’ emission specta.
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