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Understanding Performance Limitations of Cu(In,Ga)Se2
Solar Cells due to Metastable Defects—A Route toward
Higher Efﬁciencies
Thomas Paul Weiss,* Florian Ehre, Valentina Serrano-Escalante, Taowen Wang,
and Susanne Siebentritt
Another important parameter is the
diode factor, which describes the voltage
dependence of the diode current.[6]
A higher diode factor reduces the ﬁll factor
(FF) of the current–voltage characteristics
and therefore the efﬁciency of the solar cell.
For materials exhibiting good transport
properties[7] and sufﬁcient doping, a p-n
junction is preferred over a p-i-n solar cell
architecture; ideally, it is dominated by
recombination in the quasineutral region
and thus a diode factor of 1 is expected.[8]
Although a p–n junction is used in CIGSbased solar cells, even cells exceeding 22%
show diode factors of around 1.4.[9]
Analyzing the origin of the diode factor
on complete devices is ambiguous due to
the complex device stack and intentional
composition grading of the absorber.[10]
However, the IV characteristic, and thus
the diode factor, of the absorber itself
(without a pn junction) can also be retrieved from excitationdependent photoluminescence.[11] Under these circumstances,
no space charge region exists and the interpretation is simpliﬁed.
The technique was recently applied to CIGS,[12] perovskite,[13]
and CdTe,[14] where diode factors between 1 and 2 are observed.
In the case of lowly doped perovskite, photoluminescence is
always conducted in high-injection conditions. Upon generating
electron–hole pairs, both quasi-Fermi levels adjust and therefore
a diode factor of 2 is expected. The diode factor decreases from
2 due to dominating interface recombination.[13] In contrast, photoluminescence in p-type CIGS occurs in low-injection conditions and only the electron quasi-Fermi level is expected to
move, which would result in a diode factor of 1. However, experiments always show values above 1.[12] Shockley–Read–Hall
recombination[15,16] in the bulk or at the interface cannot explain
the high diode factor; however, it is crucial to improve CIGS
efﬁciencies beyond the state of the art.
Here, we show that the diode factor above 1 is due to an additional shift of the majority-carrier Fermi level upon illumination,
even though low-injection conditions prevail. This shift is caused
by metastable defects involving large lattice relaxation and a
change in dopant character upon illumination. CIGS absorber
layers generally show metastable behavior, e.g., the doping density and conductivity increase persistently after minority-carrier
injection.[17–21] The behavior is often assigned to the VSe–VCu

Thin-ﬁlm Cu(In,Ga)Se2 solar cells reach power conversion efﬁciencies exceeding
23% and nonradiative recombination in the bulk is reported to limit device
performance. The diode factor has not received much attention, although it limits
the ﬁll factor, and therefore the efﬁciency, for state-of-the-art solar cells. Herein,
the diode factor of Cu(In,Ga)Se2 absorbers, measured by photoluminescence
spectroscopy, and of solar cells, measured by current–voltage and capacitance–
voltage characteristics, are compared, supported by simulations using rate
equations of generation and recombination. It is found that the diode factor is
already increased in the neutral zone of the absorber due to metastable defects,
such as the VSe–VCu defect found in Cu(In,Ga)Se2, because of an increased net
acceptor density upon minority-carrier injection. The metastable and persistent
increase of the net acceptor density has a detrimental effect on the device
performance. Diode factors of 1 and efﬁciencies exceeding 24% are expected
when, in current state-of-the-art Cu(In,Ga)Se2 solar cells, the formation of
metastable defects is suppressed.

1. Introduction
Among the photovoltaic technologies, thin-ﬁlm solar cells offer the
lowest CO2-equivalent emission per kilowatt hour and are therefore crucial for sustainable and green electricity production.[1]
With an efﬁciency of 23.35%,[2] Cu(In,Ga)(S,Se)2 (CIGS) solar cells
reach the highest efﬁciencies among the thin-ﬁlm technologies.[3]
The efﬁciency for these solar cells is limited by nonradiative
recombination,[4] in particular originating from grain boundary
recombination,[5] which limits the open circuit voltage.
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defect complex.[22] Although the increased acceptor density (i.e.,
hole quasi-Fermi level closer to the valence band) has been studied for more than 25 years,[23] the inﬂuence of these metastabilities on the diode factor of the bare absorber (measured optically)
and of the solar cell (measured electrically) has not been considered. Identifying and avoiding the formation of metastable
defects in solar cell devices will therefore become an important
topic for further improvements in solar cell device performance.
It is shown that the efﬁciency of state-of-the-art CIGS solar cells
can be increased to 24% if these metastabilities can be avoided.

2. Simulation
2.1. The Optical Diode Factor
The optical diode factor was described and related to the electrical
diode factor previously[12] and is recaptured here. The spectral
photoluminescence ﬂux jγ ðEÞ as a function of energy E is given
by generalized Plank’s law in the Boltzmann approximation[24]


E2
E  Δμ
jγ ðEÞ ¼ aðEÞ 2 3 2 exp 
(1)
kB T
4π ℏ c
resulting in the total photoluminescence yield
Z∞
Y PL ¼
0



Δμ
dE jγ ðEÞ ¼ C exp
kB T

(2)

In Equation (1) and (2), aðEÞ is the absorptance, ℏ the reduced
Planck constant, c the vacuum speed of light, kB the Boltzmann
constant, T the temperature, and Δμ the quasi-Fermi-level
splitting. The constant C comprises the integral of the energydependent terms and the constants in Equation (1). The PL yield
is empirically found to follow a power law over many orders of
magnitude of excitation intensity

Y PL ∝ GAopt

(3)

where G is the generation ﬂux. Combining (2) and (3) gives


Δμ
(4)
G ¼ C 0 exp
Aopt kB T
with Aopt the optical diode factor and C’ a constant.
The optical diode factor relates to the electrical diode factor
measured by current–voltage characteristics. At open-circuit voltage V oc , the diode equation reads


qV OC
(5)
J SC ¼ J 0 exp
Ael kB T
The prefactor J 0 is the saturation current density, J SC the
short-circuit current density, and Ael the (electrical) diode factor.
Assuming good collection of photogenerated charge,[7] the shortcircuit current equals the generation ﬂux G. The open-circuit
voltage V OC is given by the quasi-Fermi-level splitting of the
absorber, which is met for CIGS.[25] Under these circumstances,
the optical diode factor Aopt equals Ael and holds if the recombination process is the same, i.e., in the quasi-neutral region.
From simulations and experiments, the optical diode factor is
extracted from an excitation-dependent photoluminescence (PL)
measurement rewriting Equation (3) as
Aopt ¼

∂ log Y PL
∂ log G

(6)

Following Shockley–Read–Hall recombination statistics, the
calculated PL yield (Equation (2)) and optical diode factor
(Equation (6)) are shown in Figure 1a as blue lines for a p-type
semiconductor. Details of the calculations are given in the
Supporting Information. In low-injection conditions, an
increased generation ﬂux increases the minority (electron)
Fermi level, whereas the majority (hole) quasi-Fermi level is

Figure 1. a) PL yield as a function of generation rate for SRH recombination (blue line) and with additional metastable defects (orange line). The diode
factor is calculated from the local slope of the PL yield and plotted on the right ordinate (dashed lines). The hatched red area indicates the increased diode
factor due to the conversion of metastable donors into acceptors upon illumination. b) Due to the creation of metastable acceptors, an additional
downshift of the hole quasi-Fermi level is observed. The valence band is positioned at 0 eV. Evidently, due to the downshift of the hole quasiFermi level, the hole density increases (dashed line and right ordinate in (b)). The metastable defect concentration for the VSe–VCu defect complex
is set to NMS ¼ 8  1015 cm3 . Other parameters and details of the calculations can be found in Table 1, 2, and the Supporting Information.
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constant. Consequently, a diode factor of 1 is obtained. In contrast, in high injection, in addition the hole quasi-Fermi level
decreases, resulting in a diode factor of 2. For generation ﬂuxes
above 1020 cm2 s1, radiative recombination dominates over
Shockley–Read–Hall recombination and therefore the diode
factor converges to 1.
2.2. Optical Diode Factors above 1 in Low-Injection Conditions
Experimentally, an optical diode factor >1 is observed for CIGS
absorbers in low-injection conditions.[12] The increased diode factor above 1 in low injection can be explained if the majoritycarrier Fermi level shifts toward the respective band edge upon
illumination. Experimental evidence for such a shift in CIGS
grown in various laboratories is given by an increased net
acceptor density upon light soaking measured by capacitance
proﬁling.[17–20,26] A similar effect is obtained in bare absorber
layers by conductivity and Hall measurements conﬁrming the
effect resulting from the bulk of the CIGS absorber.[27,28]
With different net acceptor densities, N A,1 and N A,2 , at different light-generation ﬂuxes G1 > G2 , the (optical) diode factor is
expressed as
Aopt ¼ Aopt,SRH þ ΔAopt

(7)

The ﬁrst component is the optical diode factor as expected from
SRH recombination (Section 2.1). In low-injection conditions,
Aopt,SRH equals 1. The second term ΔAopt is due to the increased
acceptor density (and thus the additional shift of the hole quasiFermi level toward the valence band) and is expressed as
N

ΔAopt ¼

ln N A,1
A,2

(8)

1
ln G
G2

Figure 2 shows the quasi-Fermi level shifts and the optical
diode factors in low-injection conditions upon a certain generation ﬂux of free charge carriers in the cases without (a) and with
(b) an additional shift of the hole quasi-Fermi level. Derivations

Figure 2. Schematic of a p-type absorber layer under low-injection conditions (Δn  p0 ). a) Upon a generation ﬂux (here by photons), the electron
quasi-Fermi level Efn moves upward. The obtained quasi-Fermi-level splitting results in an emitted photoluminescence ﬂux of the absorber with a
(optical) diode factor of 1. b) Metastable defects result in an increased net
acceptor density upon minority-carrier injection. Consequently, and even
in low-injection conditions, the majority (hole) quasi-Fermi level Efp shifts
toward the valence band. The additional shift increases the diode factor
above 1 by ΔAopt .
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of Equation (7) and (8) are available in the Supporting
Information.
In CIGS, metastable defects, such as the VSe–VCu double
vacancy, can explain the experimental results of a diode factor
>1 in low-injection conditions: From ﬁrst-principles calculations, it is found that the VSe–VCu defect can convert from a shallow donor to a shallow acceptor upon capture/emission of free
charge carriers, which requires thermal activation.[22]
The transition between the donor and acceptor state happens
upon double emission/capture processes of electrons and holes,
involving energy barriers ΔE due to lattice relaxations. Thus, in
general, the transition rate τ1
DA between the donor and acceptor
state can be expressed as[26] (see also Supporting Information)

 2 1
τP,i
ΔE Y
τ1
¼
ν
exp

ph
DA
kB T i¼1 νph

(9)

where νph is the phonon frequency and τ1
P,i the transition rates
for single capture/emission events. Equation (9) can be understood as follows: The ﬁrst term νph expðΔE=kB TÞ represents
the frequency of a successful activation attempt of the energy barrier, while the factors τ1
P,i =νph describe the probability of a single
capture/emission event in the time window 1=νph .[22]
Although we use the VSe–VCu model, the implications concluded in the following can equally be applied to any metastable
defect, as well as other material systems, that changes the net doping persistently (see Lang and Logan[29] and references therein).
For the VSe–VCu defect complex, the transition rate from
donor to acceptor state happens via the electron-capture (EC)
and hole-emission (HE) process, whereas the acceptor-to-donor
transition is driven by the hole capture (HC) and electron
emission (EE). The individual capture/emission processes and
mathematical expressions for these transition rates are summarized in Table 2. Additional information is given in the
Supporting Information.
The calculated PL yield (Equation (2)) and optical diode factor
(Equation (6)) including metastable defects are plotted in
Figure 1a. An additional peak with an optical diode factor >1
is observed when compared to the diode factor calculated using
Shockley–Read–Hall statistics only. The peak appears in lowinjection conditions (Δn  p0 Þ. With increasing generation ﬂux,
the number of excess electrons increases the rate for the electroncapture process, which will dominate at some point over the holecapture process (Figure S2, Supporting Information). Therefore,
metastable defects convert from donor to acceptor conﬁguration,
which results in a shift of the hole quasi-Fermi level toward the
valence band (Figure 1b). This additional shift of the majoritycarrier quasi-Fermi level in low-injection conditions is only
present due to metastable defects. Thus, the increase of the
quasi-Fermi level splitting is stronger compared to the case without metastable defects, and involves the shift of both quasi-Fermi
levels, resulting in an optical diode factor larger than 1, as outlined
earlier. For high enough generation ﬂuxes, all metastable defects
are converted to the acceptor conﬁguration and the optical diode
factor approaches 1 again. For even higher generation ﬂuxes, the
optical diode factor increases due to high-injection conditions. The
concrete simulation shown in Figure 1 results in a diode factor of
1.2 over more than two orders of magnitude.
© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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The value of the optical diode factor due to metastable defects
depends on how much the hole quasi-Fermi level shifts toward
the valence band upon the donor-to-acceptor conversion of the
metastable defect, i.e., depends on the ratio of metastable defects
to doping acceptors (see Figure S3, Supporting Information). If
the densities of metastable defects N MS is much smaller than the
ﬁxed acceptor density N A , i.e. (N MS  N A ), the hole quasi-Fermi
level shifts not signiﬁcantly and an optical diode factor is close to
1. For N MS ≫ N A , the inﬂuence of metastable defects becomes
signiﬁcant, resulting in a higher optical diode factor.
The position of the additional peak of the optical diode factor
due to metastable defects depends on the values of the energy barriers for the donor-to-acceptor transitions (values for Figure 1 are
listed in Table 2). A variation of the energy barrier heights of the
two dominant processes (EC and HC) are shown in Figure S2 and
S4, Supporting Information. These barriers govern the respective
transition rates and consequently the generation ﬂux, where the
metastable defect transitions from donor to acceptor. In Figure 1,
ΔE EC ¼ ΔE HC ¼ 0.35 eV, which results in a conversion from
donors to acceptors slightly below 1 sun excitation. Similar results
are obtained using SCAPS, i.e., including transport and an
absorption proﬁle (Figure S5, Supporting Information).

3. Results
3.1. Experimental Determination of the Optical Diode Factor
Figure 3a shows a measurement of the integrated PL yield as
a function of the excitation density for two different CIGSe
absorbers (see the Experimental Section for more details) exhibiting different optical diode factors. Absorbers were covered with
CdS for passivation.[30–32] From a linear ﬁt (Equation (6)), mean

optical diode factors of 1.15 and 1.36 were extracted in accordance with previous ﬁndings of Cu-poor CIGS absorber
layers.[12] In addition, the differential optical diode factor was
plotted (Equation (6)). It becomes evident that the sample with
a higher mean optical diode factor exhibits an excitationdependent differential optical diode factor, which is decreasing
with increasing excitation intensity (see Figure S6, Supporting
Information, for a more detailed investigation). The ﬁnding is in
agreement with the model of metastable defects (see Section 2.1),
which cause an excitation-dependent optical diode factor >1 in
low-excitation conditions.
Figure 3b shows apparent doping densities nCV in the equilibrium state and for two different light-soaking intensities
(Equation (12)) as measured by capacitance–voltage (CV ) measurements. The CV measurements were performed on completed
solar cell devices made from absorber layers deposited in the
same process run as those used for PL measurements
(Figure 3a). Light-soaking exposes the solar cell to illumination,
which converts metastable defects from donor to acceptor conﬁguration. The increase in nCV depends on the light intensity
(Figure 3b), but not on the light duration (Figure S7, Supporting
Information), indicating that the metastable defects reached
equilibrium for the light-soaking conditions used here.
According to Equation (7) and (8) (using Aopt,SRH ¼ 1 for lowinjection conditions), the increased hole density results in an
optical diode factor of Aopt,CV ¼ 1.20  0.02 (Figure 3b) in agreement with the diode factors obtained by PL.
3.2. Impact on IV Characteristics
SCAPS is used for 1D simulations of devices,[33] including
metastable defects.[26] Simulated IV characteristics, where the

Figure 3. a) Photoluminescence yield with respect to the excitation density (left ordinate). The dashed lines are linear ﬁts from which the mean optical
diode factors are extracted (Equation (6)). The differential optical diode factor (right ordinate) shows an excitation-dependent optical diode factor for the
sample with the higher mean optical diode factor. b) Apparent doping densities (left ordinate) of the same samples from capacitance–voltage measurements (Equation (12)). Two different light-soaking intensities (corresponding to different generation rates of electron–hole pairs) are used to convert
metastable donors to acceptors. From the doping proﬁles at two different light-soaking intensities, the expected diode factor is calculated using
Equation (7) and (8) (right ordinate, open symbols), which agree well with the values obtained from photoluminescence (a). Small differences between
these techniques, and also between samples, might arise due to the presence of a space charge region or the necessity to perform the capacitance–
voltage measurements at different temperatures (see the Experimental Section and Figure S9, Supporting Information).
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Figure 4. a) Simulated IV characteristics in the dark and under illumination with metastable defects mainly in the donor conﬁguration (yellow curves)
and in the acceptor conﬁguration (red curves). The blue curve shows the IV behavior if the metastable defect is in quasi-equilibrium at each voltage point
(see also Figure S9a, Supporting Information, for the occupation of the metastable defect with respect to voltage). Inset: dark IV characteristics on a
logarithmic ordinate. Solid symbols indicate the voltage V (10 mA cm2) at a diode current density of 10 mA cm2. Black dashed lines represent a linear ﬁt
in a voltage rage of V(10 mA cm2) 30 mV to extract the diode factors (see Equation (S33), Supporting Information). Clearly, the diode factor is
increased when the metastable defects can follow the voltage sweep, which leads to a reduced FF when compared to the case when the metastable
defects are in the acceptor or donor conﬁguration (Figure S10, Supporting Information). b) Impact of metastable defects assessed experimentally. The IV
characteristics are constructed by measuring the current density after bringing the metastable defects in the donor or acceptor conﬁguration (see the
Experimental Section for details). The quasi-equilibrium current density characteristics are plotted as dashed black lines. Inset: transient behavior of the
current density at different voltage set points after bringing the metastable defects in the acceptor and donor conﬁguration. Within a few seconds, the
solar cell relaxes to the quasi-equilibrium state.

metastable defects are (mainly) in the donor and acceptor conﬁguration, are shown in Figure 4a. The IV curve shifts to higher voltages due to an increased net acceptor density (see band diagram
Figure S8, Supporting Information) in agreement with experimental results.[34] The IV characteristic, where the state of the
metastable defects is in quasi-equilibrium with each applied voltage (Figure 9a, Supporting Information), exhibits a clearly reduced
FF (blue curve) compared to the curve, where all metastable
defects are in the acceptor or donor state (Figure 10, Supporting
Information). The reduced FF results from an increased diode factor (inset Figure 4a). It is interesting to note that the increase of the
diode factor, where the metastable defect is in quasi-equilibrium
compared to the ones with pure acceptor or donor state, is similar
to the increase demonstrated by the simulations of the optical
diode factor (Section 2.1 and Figure 1).
The same behavior is observed experimentally (Figure 4b), where
the IV curve is constructed after bringing the metastable defects
in the donor and acceptor conﬁguration. The transient behavior of
the current density (Figure 4b inset) shows that the relaxation process to the quasi-equilibrium has a time constant of a few seconds.
Although a qualitative agreement is found between experiment and
simulation, the ﬁnite time resolution imposed experimentally
underestimates the difference between the experimental IV curves
with metastable defects in the donor and acceptor conﬁguration
(orange and red curve in Figure 4b). A better agreement toward
the simulation result is expected if the time resolution for the transient IV measurements can be improved. Also, the simulation
results are subject to the input parameters. Simulated IV curves
with carrier lifetimes reduced by a factor of 3 (τn ¼ τp ¼ 33ns)
Sol. RRL 2021, 2100063
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are shown in Figure S11, Supporting Information, where the IV
curve with metastable defects in quasi-equilibrium is rather centered around the two curves with metastable defects in the donor
or acceptor conﬁguration.

4. Discussion
4.1. Impact of the Diode Factor on the Efﬁciency
In the previous two subsections, it was shown that the
illumination-dependent acceptor density directly inﬂuences the
diode factor of the absorber layer (measured optically by PL)
and of the solar cell device (measured electrically). Figure 5
shows calculated IV characteristics with varying diode factors
using the diode equation
 


qV  r s J
qV  r s J
JðVÞ ¼ J 0 exp
 J SC
(10)
1 þ
Ael kB T
Rsh
which is similar to Equation (5), but includes a series and shunt
resistance r s and Rsh , respectively. The saturation current density
J 0 is adjusted for each diode factor such that V OC ¼ 0.734V and
J SC ¼ 39.6mAcm2 (as reported for the best CIGS solar cell[2]).
Clearly, the diode factor has a signiﬁcant inﬂuence: the FF and
thus the efﬁciency are affected (inset in Figure 5). Reducing the
diode factor and therefore increasing the FF would improve
the efﬁciency to 24% absolute. The results presented here
show that metastable defect concentrations need to be reduced
to achieve this goal.
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and solar cells is ambiguous and cannot be linked clearly to the
VSe–VCu defect complex.
Recently, it was reported that the Na content of the sample has
an inﬂuence on the density of metastable defects.[19,37] However,
the samples investigated here show no correlation of the
diode factor with the integral Na or K content of the sample
(Figure S12e,f, Supporting Information).

5. Conclusion

Figure 5. IV characteristics calculated according to Equation (10) for
different diode factors. The series and shunt resistances were set to
r s ¼ 0.5 Ω cm2 and Rsh ¼ 5000 Ω cm2 , respectively. The open circuit voltage (0.734 mV) and short circuit current density (39.6 mA cm2) are taken
from the record device reported elsewhere.[2] A clear decrease of the FF is
observed with an increasing diode factor, resulting in a reduced efﬁciency
(inset). A FF of 80.4% is reported in Nakamura et al.[2], which can be
described by a diode factor of 1.19 and which leads to an efﬁciency of
23.36% (23.35% reported in Nakamura et al.[2]).

4.2. The Origin of the Metastable Behavior
Lany and Zunger pointed out that VSe defects will form VSe–VCu
complexes due to a reduction of the total energy.[22] Therefore, the
VSe defects will only exist in the VSe–VCu complex due to the Cupoor compositions and therefore the abundance of VCu defects.
Thus, in this work, we investigate CIGS-based absorbers and solar
cells, which were intentionally grown with varying Se pressure pSe
during growth. Due to the variation of the Se ﬂux, also the integral
Cu and Ga content of the CIGS absorber varies, as observed
previously.[35,36] The integral composition is represented by
CGI ¼ ½Cu=ð½Ga þ ½InÞ and GGI ¼ ½Ga=ð½Ga þ ½InÞ.
An increased density of metastable defects increases the optical diode factor (see Figure S3, Supporting Information).
However, no correlation of the optical diode factor Aopt with
respect to pSe and CGI is observed (Figure S11, Supporting
Information). The GGI shows a correlation with Aopt with the
exception of the lowest GGI absorber (Figure S12c,
Supporting Information). According to Lany and Zunger, no barrier for electron capture exists for CuGaSe2.[22] As a result, the
conversion of the metastable defect from a donor to acceptor
happens at lower excitation densities (Figure S2, Supporting
Information). Thus, at excitation densities used to record the
PL spectra, most of the defects might already be in the acceptor
state and thus, a smaller diode factor is expected with higher
Ga content. However, due to the intentional bandgap grading
in high-efﬁciency CIGS absorbers, the PL peak position is
more representative for the GGI in the region of dominant
recombination.[25] The plot of Aopt versus the PL peak position
shows a less pronounced correlation (Figure S12d, Supporting
Information). Thus, the origin of metastability in CIGS absorbers
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The diode factor of state-of-the-art CIGS solar cells is above 1 and
therefore imposes an efﬁciency loss due to a reduced FF. We
argue that this is a property of the absorber, not the space charge
region. We present a novel model that takes into account an additional shift of the majority-carrier Fermi level upon minoritycarrier injection in low-excitation conditions, leading to a diode
factor above 1. It is shown that metastable defects involving large
lattice relaxations can explain this shift. We use the VSe–VCu
defect complex in CIGS solar cells as an example, which changes
from a shallow donor to a shallow acceptor upon electron injection. Net doping densities measured by capacitance–voltage
measurements corroborate the model: The net acceptor density
is increased by illumination. The experimental increase of the
net doping density implies a diode factor of 1.2, in agreement
with values measured optically by photoluminescence spectroscopy. Thus, a direct and detrimental impact of these metastabilities on solar cell performance is demonstrated as the diode
factor is increased, as supported by device simulations including
metastable defects. Experimentally, time-resolved IV measurements are presented, which show a behavior in accordance to
simulations. The calculated IV characteristics predict that the
efﬁciency of state-of-the-art CIGS solar cells can be improved
to 24% if the diode factor can be reduced to 1. Therefore, ﬁnding
the origin and reducing metastable defects is of signiﬁcant
importance for increased efﬁciency in these kinds of solar cells.

6. Experimental Section
Polycrystalline CIGSe was grown in a molecular beam epitaxy system by
a three-stage evaporation process[38] on Mo-coated soda lime glass substrates. The Cu/III ratio was controlled by the length of the third stage. The
Se ﬂux was tuned from low (1  106 Torr) to high (6  106 Torr) pressure by controlling the valve opening of the Se cracker source. Except for
the lowest Se pressure of 1  106 Torr, Cu and Ga source temperatures
were kept constant with respect to the different process runs. For the sample with a Se pressure of 1  106 Torr, the Ga source temperature was
decreased to compensate for the lower Cu incorporation.[35,39] All samples
were grown with a ﬁnal Cu-poor composition (0.82 < Cu/III < 0.94).
As-grown samples were etched in 5% aqueous KCN solution for 30 s to
remove residual oxides. In a double-jacketed glass reactor, absorbers were
then preheated at 67  C for 3 min in a solution of cadmium sulfate hydrate
(2 mM), 28% aqueous ammonium hydroxide (1.5 M), and deionized water.
Thiourea (50 mM) was then added to the solution and the reaction was
stopped when the solution turned to a turbid yellowish color by affording
a 50 nm CdS buffer layer.
Photoluminescence (PL) characterization was conducted on CIGSe
absorbers. The absorbers were covered with an 50 nm CdS layer to prevent degradation during measurements.[30–32] The samples were excited
with a 660 nm diode laser and the PL emission signal was measured
by an InGaAs detector array. The measured PL signal was spectrally corrected by measuring the spectrum of a reference lamp. The integrated PL

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH

www.advancedsciencenews.com

www.solar-rrl.com

yield was then obtained by integration of the PL emission ﬂux over the
energy from 0.9 to 1.3 eV, which covers the band-to-band transition at
room temperature. The excitation ﬂux was calibrated by a power meter,
using the beam proﬁle measured with a camera.
Intensity-dependent PL measurements were obtained by tuning the
laser power density at the sample surface from 17.5 to 133.3 mW cm2.
With the addition of neutral density ﬁlters, the laser power density was
reduced as low as 0.02 mW cm2.
Elemental compositions of the CIGSe ﬁlms were determined by energydispersive X-ray spectroscopy with 20 keV acceleration voltage. Elemental
standards were used for calibration.
Secondary ion mass spectroscopy was used to determine compositional proﬁles on bare absorber layers. The samples were bombarded with
Cs ions at 1 keV and 15 nA on an area of 200  200 μm2 . The amount of
alkali elements was determined relatively among different samples. The
respective alkali proﬁle was integrated from the front to the back. The back
side was determined where the Mo signal (back contact layer) decreases
by a factor of 5  104 from its maximum value.
IV measurements were conducted under simulated AM1.5G spectrum
(class AAA solar simulator) in a four-probe conﬁguration. A Si reference
cell was used for light intensity calibration.
The effect of metastable defects, as investigated by simulations
(see later), was measured experimentally by time-resolved measurements
with a temporal resolution of 100 ms. To bring the metastable defects in
the donor conﬁguration, the solar cell was held at a quiescent voltage
V q ¼ 0V for a duration of 30 s. Subsequently, the time-resolved current
density Js of the solar cell was measured at a set-point voltage V s for a
duration of 30 s. The procedure was repeated for each V s so that ﬁnally

the IV characteristics were constructed from data points of ðV s , Js ).
Figure S7b, Supporting Information, exempliﬁes the measurement
routine. Metastable defects were brought into the acceptor conﬁguration
by injection of minority carriers at a quiescent voltage of V q ¼ 0.75V for a
duration of 30 s (see, for instance, Igalson and Shock[40]). IV characteristics in the donor and acceptor conﬁguration were constructed from the
ﬁrst readings of Js (100 ms after V s was applied). The quasiequilibrium IV characteristics were constructed from the last reading of Js
(30 s after V s was applied).
The admittance of the full solar cell device was measured in a fourprobe conﬁguration in the dark. The capacitance and conductance were
extracted assuming a RC parallel equivalent circuit. Full devices were
mounted in a closed-cycle He cryostat for temperature-dependent measurements. For light-soaking experiments, the solar cells were illuminated
for 30 min (if not state otherwise) at two different light intensities at 300 K
using a halogen lamp. For each light intensity, the short-circuit current
density Jsc was measured and subsequently used as an estimate for the
generation rate G ¼ 1e Jsc , which gives the number of electron–hole pairs
generated per centimeter squared per second. This estimate is valid under
the assumption of good current collection, which is met for high-efﬁciency
CIGS devices.[7] One light intensity was chosen such that the solar cell
produced the same Jsc as measured under the solar simulator. The second
light intensity was achieved using a neutral density ﬁlter, which reduced
Jsc roughly by a factor of 40. Light soaking induces a metastably increased
net acceptor density in the CIGS absorber layer.[17–21] To measure the
increased net acceptor density without relaxation during the measurement, the sample was cooled down to low temperatures, while the illumination was kept on. At set-point temperature, the illumination was
switched off and the capacitance–voltage curve was measured under dark
conditions at an AC amplitude of 30 mV and a probing frequency of
100 kHz. Due to the front-contact grid, some part of the solar cell is never
exposed to light and therefore remains in the relaxed state even during
light soaking. The active-area capacitance C AA was then calculated as
(see Supporting Information for additional information)

Table 1. CIGS material parameters used for simulations.
Name

Symbol

Value

Bandgap

Eg

1.004 eV

Thickness

d

3 μm

X CIGS

4.3 eV

Electron afﬁnity

C AA ¼ C meas 

Dielectric permittivity

ϵR

12

Effective density of states in the conduction band

NC

7.78  1017 cm3

Effective density of states in the valence band

NV

2.10  10 cm

Electron thermal velocity

vth,e

Hole thermal velocity

vth,h

107 cm s1

Electron mobility

μe

10 cm2 V1 s1

Hole mobility

μh

25 cm2 V1 s1

Shallow acceptor density

NA

1016 cm3

Metastable defect density

NMS

8  1015 cm3

Electron and hole lifetime

τ n ¼ τp

100 ns

Et

Midgap

SRH defect level

19

Agrid
Atot
 C rel 
Aactive
Aactive

(11)

where C meas is the measured capacitance (after light soaking), C rel the
capacitance in the relaxed state, Atot the total area, Agrid the area of the
grid, and Aactive ¼ Atot  Agrid the active area of the solar cell.
From the active area capacitance, the apparent net doping density nCV
is extracted following[41]

3

107 cm s1

2

nCV ðVÞ ¼ 



2
d 1 1
qϵ0 ϵR dV C 2AA

(12)

where q is the elemental charge, ϵ0 and ϵR are the vacuum and material
permittivity, and V is the applied bias voltage. Due to the complexity of
evaluating the doping density from a capacitance voltage measurement,[42,43] the error of Aopt,CV was determined by the standard deviation
of the diode factors evaluated at different bias voltages. Nevertheless, the

Table 2. Expression for the four dominating processes to calculate the occupation of the metastable VSe  VCu defect complex. Detailed derivations can
be found in the Supporting Information. The energy barriers are values that are used for the calculation shown in Figure 1. The factors cn and cp are the
capture constants given by cn ¼ vth,e σ n and cp ¼ vth,h σ h .
Name
‘Electron capture’
‘Hole emission’
‘Hole capture’
‘Electron emission’

Sol. RRL 2021, 2100063

Individual capture/emission processes
Electron capture þ hole emission
Double hole emission
Double hole capture
Electron emission þ hole capture

2100063 (7 of 9)

Expression
τ1
EC



EC
¼ ν1ph cn cp nNV exp  ΔE
kB T

τ1
HE



HE
¼ ν1ph c2p N2V exp  ΔE
kB T


ΔEHC
1 2 2
τ1
HC ¼ νph cp p exp  kB T





ΔE EE
1
τ1
EE ¼ νph cn cp pNC exp  kB T

Energy barrier

Type

ΔEEC ¼ 0.35eV

Donor to acceptor

ΔEEE ¼ 0.76eV

Donor to acceptor

ΔE HC ¼ 0.35eV

Acceptor to donor

ΔEHE ¼ 0.94eV

Acceptor to donor

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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evaluated apparent doping density agrees reasonably well to the doping
density in the CIGSe absorber.[17]
The set-point temperature was chosen such that the capacitance was in
a plateau with respect to frequency and temperature and below the N1
capacitance step, as shown in Figure S13, Supporting Information.
SCAPS[33] is used for 1D simulations of devices and absorbers, including metastable defects.[26] The same parameters were used as for the calculations conducted in Section 2. Additional parameters are summarized
in Table 1. A metastable defect was introduced resembling the VSe–VCu
defect complex with the energy barriers listed in Table 2. In SCAPS, the
equilibrium occupation probability of metastable defects f MS,acc (fraction
of metastable defects in the acceptor conﬁguration) was determined
before an IV simulation and remained constant throughout. f MS,acc was
calculated for a given applied voltage V q (quiescent voltage) and illumination condition. For illuminated IV curves, f MS,acc was also calculated under
illumination, whereas for dark IV curves, f MS,acc was calculated in the dark
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