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Abstract: The potential-induced degradation (PID) mechanism in Cu(In,Ga)(Se,S), (CIGS) thin-
film solar cells, which are alternative energy sources with a high efficiency (>23%) and upscaling
possibilities, remains unclear. Therefore, the cause of PID in CIGS solar cells was investigated in this
study at the cell level. First, an appropriate PID experiment structure at the cell level was determined.
Subsequently, PID and recovery tests were conducted to confirm the PID phenomenon. Light
current-voltage (I-V), dark I-V, and external quantum efficiency (EQE) analyses were conducted to
determine changes in the cell characteristics. In addition, capacitance—voltage (C—V) measurements
were carried out to determine the doping concentration and width of the space charge region (SCR).
Based on the results, the causes of PID and recovery of CIGS solar cells were explored, and it was
found that PID occurs due to changes in the bulk doping concentration and built-in potential at the
junction. Furthermore, by distinguishing the effects of temperature and voltage, it was found that
PID phenomena occurred when potential difference was involved.
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1. Introduction

Based on global photovoltaic (PV) market statistics, the global cumulative PV capacity
was 591 GW in 2019 [1]. The annual module production was 184 GW with Cu(In,Ga)(Se,S),
(CIGS) commercial production of 1 GW at the end of 2019 [1]. CIGS solar cells have
received increased attention. An economically feasible energy generation source must
have a high energy conversion efficiency, low module degradation rate, and long life.
Therefore, to ensure the long-term reliability of a PV module for a stable power supply, it
is essential to understand and prevent degradation. Many studies have been conducted
on module degradation based on various types of external environments [2]. Potential-
induced degradation (PID) is a degradation phenomenon that has led to problems in
the last few years [3-5]. It has been reported that PV module power degrades within a
short amount of time owing to PID. Based on the literature, PID is generated as follows:
when PV modules are connected in series, the module frames are grounded for safety and
support reasons because a voltage > 600 V is generated. This leads to a relative potential
difference between the grounded electrodes and solar cells inside the modules, which
increases toward the end of the serial connection. Leakage current flows in solar cells
due to the negative potential difference compared with the frame, and the power of the
modules eventually decreases. This phenomenon is called PID.
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The PID mechanism has been identified in both p- and n-type crystalline silicon
solar cells, which are first-generation solar cells [6-11]. When a voltage is applied to p-
type silicon solar cells, Na ions permeate into the stacking faults and act as shunt paths,
resulting in degradation [6-9]. On the other hand, the accumulation of positive charges on
the surface causes the electrons near the emitter to recombine, resulting in degradation in
n-type solar cells [10,11]. It has been suggested that the migration of charges originating
from glass mediates the leakage current in both cases. CIGS thin-film solar cells have a
p-type absorption layer, and Na content of CIGS affects the property of the solar cells,
where a certain amount of Na injection is used to improve the efficiency during solar
cell fabrication [12-15]. The effects of externally introduced Na on PID are still unclear,
however, it is expected that Na affects the PID mechanism of CIGS solar cells, similar
to the case of silicon solar cells. Based on previous research on the PID mechanism,
the degradation is greater in the case of samples with high Na concentration and low
resistivity [16]. In previous studies, the width of the space charge region (SCR) was
examined through capacitance-voltage (C—V) measurements. The results showed that
the p—n junction in a sample with high Na concentration severely deteriorates due to
PID [17]. Research has been carried out to clarify the PID mechanism of CIGS solar cells.
The results of dark current-voltage (I-V) measurements before and after PID showed that
the diode saturation current of soda-lime glass (SLG) samples increases and the shunt
resistance decreases compared with those in the case of borosilicate glass (BSG) samples.
This can be explained with the Na effect [18]. In addition, the results of secondary ion
mass spectrometry (SIMS) and C-V measurements showed that cations accumulate at the
junction, thereby decreasing the charge carrier concentration and changing the open-circuit
voltage (Voc) and efficiency [19]. Based on time-of-flight secondary-ion mass spectrometry
(TOF-SIMS) imaging and three-dimensional (3D) tomography, it was revealed that Na
segregates into grain boundaries after PID [20]. However, in contrast with silicon solar cells,
the cause of PID in CIGS solar cells and the corresponding recovery mechanism remain
unclear.

In this study, the PID phenomenon was induced in a CIGS module at the cell level
to identify the PID mechanism. Before proceeding with the PID test and recovery, PID
test structures were designed at the cell level. In the case of silicon solar cells, a voltage is
applied while the front and rear electrodes of the solar cell are short-circuited, according to
IEC 62,804 [21]. Because PID occurs through the insulating thin film in most silicon solar
cells, the structures in which the front and back electrodes are separately connected and
those in which they are short-circuited exhibit the same effects. Therefore, it is assumed that
the configurations of the solar cell electrodes are insignificant. On the other hand, in the
case of thin-film solar cells, TCO layers exist on the outermost layer such that the electric
fields inside the solar cells vary depending on the electrode configuration. In the past,
voltage application experiments were conducted on multiple CIGS solar module and cell
structures. These structures are shown in Figure 1. With respect to PID tests on CIGS solar
modules, the voltage can be applied in three ways, that is, by connecting the junction box
(JB) with the: (1) back glass, (2) frame, or (3) cover glass [22-27]. In addition, after forming
a metal grid on the front surface of a single cell, the top glass is covered to create a module
structure; subsequently, the bottom glass is connected to the back electrode (1) or front
electrode (2) and voltage is applied [18,20,28]. In contrast with module structure-based
test results, relatively few results have been reported regarding cell-level PID tests, where
the effect of the cover glass on the front side of module could be ignored. Two methods
can be used to apply voltage, that is, connecting the bottom glass with the back electrode
or connecting the back electrode with the front TCO, with the bottom glass connected to
the ground [17,29]. Therefore, test configurations were compared first before long time
PID test. With the voltage application structure confirmed in the above experiment, PID
and recovery experiments were conducted. The PID and recovery tendency were analyzed
using light I-V, dark I-V, external quantum efficiency (EQE), and C-V measurements.
Changes in the characteristics of the CIGS solar cells due to PID can be explained via
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degradation due to the voltage based on a comparison with the characteristics of another
sample to which only temperature is applied.
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Figure 1. Voltage application configurations including modules: (a,b) and cells: (c,d).

2. Materials and Methods
2.1. Fabrication of CIGS Solar Cells

The CIGS solar cells were fabricated by using a standard method: 800 nm of Mo was
deposited by direct current (DC) sputtering on soda-lime glass (SLG) substrates, followed
by three-stage co-evaporation of CIGS, chemical bath deposition of 60 nm CdS, and radio
frequency (RF) sputtering of 50 nm intrinsic ZnO and 250 nm indium tin oxide (ITO).
Finally, Al metal was deposited on ITO layer.

2.2. Design of the Voltage Application Structure for Potential-Induced Degradation

Three voltage application structures (Figure 2) were designed for the PID experiments
on CIGS solar cells at the cell level. Figure 2a shows the structure to which a voltage is
applied by connecting the anode to the glass side (rear) of the cell and the cathode to the
transparent conducting oxide (TCO) side (front). Figure 2b shows a structure adopted from
the literature [17]; an anode is connected to the glass side (rear), a cathode is connected
to Mo (back electrode), and a voltage is applied. Further, a voltage is applied to the final
structure shown in Figure 1c by connecting an anode to the glass side (rear) and a cathode
to TCO, which was shorted with Mo. The second and third structures are similar in that
there is no potential difference (same potential) from Mo to TCO. For voltage application,
the samples are placed in a dark chamber to avoid light exposure and a voltage of 600 V is
applied for 3 h at room temperature (RT) about 25 °C. The short voltage applying time 3 h
is chosen because it is sufficient to distinguish undesirable degradation.

2.3. Potential-Induced Degradation and Recovery

The PID and recovery experiments were performed using the experimental structure
determined in above experiment. All experiments were conducted in atmosphere, and
relative humidity was not controlled. During the PID test in the dark chamber, a voltage
of 600 V was applied for 24 h and the temperature was increased to 85 °C to accelerate
the degradation. When the voltage was applied, an Al foil was used to cover the front
of the sample to facilitate contact. To confirm the effect of voltage, another sample was
maintained at 85 °C with no applied bias. Recovery started immediately after sample
degradation and continued for 12 days. Subsequently, the samples were stored in the
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chamber at RT. The samples were measured in the initial state and after degradation and
recovery. Changes in the solar cell characteristics were determined using light I-V, dark
I-V, and EQE measurements. In addition, C-V measurements were carried out to analyze
the changes in the doping concentration and SCR width.
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Figure 2. Voltage application structures: (a) test structure I; (b) test structure II; (c) test structure III

2.4. Characterization

Light I-V measurements were performed with a Xe lamp solar simulator (WXS-1555-
10, Class-AAA, WACOM, Japan). Dark I-V measurements were carried out by creating a
contact between the cell and a 4-point probe of a source meter (2651A, Keithley, USA) and
applying voltage from 0 to 1 V. To evaluate the electrical property regarding recombination
of the device, the EQE measurements were performed with a 150 W Xe lamp (QEX7,
PV measurement, USA) and a monochromator to provide monochromatic light in the
wavelength range from 300 to 1100 nm. The C-V measurements were performed at
200 kHz and a voltage range of —1 to 1 V (CompactStat.h, IVIUM, Netherlands). By using
C-V results, charge densities is calculated from Mott—Schottky analysis. Dynamic SIMS
measurements were performed at the Korea Institute of Science and Technology (KIST)
(IMS 4FE7, Cameca, France).

3. Results
3.1. Design of the Voltage Application Structure for the PID Experiment by Short-Term
Biasing lest

After applying a voltage to the CIGS solar cells and examining the changes of param-
eters, as shown in Figure 3 and Table 1, it can be seen that the efficiency (Eff) decreased
significantly in a short time of 3 h when the voltage was applied like test structure I
(Figure 2a). Based on prior reports, PID occurs within a relatively short amount of time
(~10 h) at a temperature of 85 °C [16,18,30]. In addition, fill factor (FF) and V¢ reductions
due to the reduction of the shunt resistance were reported more frequently than decreases
in the current density (Jsc) [16,22,31,32]. However, in the case of test structure I in this
study, not only the decrease in FF and Voc due to the decrease in shunt resistance, but also
the decrease in the Jsc due to the increase in series resistance occurred, the efficiency was
greatly reduced by about 4% point. The efficiency of test structure I significantly decreases
because an electric field forms inside the cell such that the current flows directly from the
rear glass to the front TCO electrode. Therefore, test structure I is unsuitable for replicat-
ing the PID phenomenon. In contrast, the cell characteristics of test structures II and III
(Figure 2b,c) insignificantly decrease when a voltage of 600 V is applied for 3 h. No current
flows inside the cells, and the front and back electrodes of the cells in test structures II and
III have the same potentials as the glass substrate. Therefore, potential differences are only
induced in the glasses and Mo electrodes. The results show that the efficiency reductions in
both the second and third structures are insignificant after 3 h of voltage application at RT.
In the PID experiment, ions or elements inside the glass or CIGS solar cells drift or diffuse
due to the application of temperature and voltage. In both structures II and III, the ions or
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elements move by diffusion due to the temperature gradient because there is no internal
electromotive force for movement after ions from the glass are introduced and reach the
Mo surface by applied voltage. Muzzillo reported that the degradation is accelerated if a
solar cell is short-circuited or a forward bias is applied and that the degradation is benign if
the solar cell has an open circuit [30]. However, the difference in the degree of degradation
between the two structures was insignificant. When solar cells are actually driven, charges
are continuously supplied by the photocurrent and an environment in which a neutral
charge can be achieved is created when charges causing PID flow into CIGS from the
outside. In the case of structure III, current flow cannot be observed; however, the structure
entails a short circuit and the charge can be neutralized, similar to the case of the operation
of solar cells. However, an open circuit cannot be neutralized until charge relaxation occurs
completely, that is, until the charge relaxation time. Therefore, there is a possibility that
other degradation factors play roles in test structure II compared with the actual PID case.
Therefore, in this experiment, the PID test was performed by using test structure III. A
long-term experiment was not carried out on test structure II to focus on the aims of this
study.
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Figure 3. J-V curves depending on the voltage application structures: (a) test structure I; (b) test structure II; (c) test

structure III.

Table 1. Changes of parameters after voltage application structures test (3 h/600 V/RT).

Test Structure I Test Structure II Test Structure III

Parameters Unit Initial After PID Initial After PID Initial After PID
Eff % 15.1 11.1 15.8 15.6 14.9 14.5
Jsc mA/cm? 345 32.1 35.4 35.6 35.4 35.0
Voc mV 625 603 656 654 615 607
FF % 69.8 57.5 68.0 67.1 68.2 68.2
Rg Ohm 5.9 9.9 3.0 3.2 6.1 5.6
Rgn Ohm 3120 347 671 672 2320 2650

3.2. Potential-Induced Degradation and Recovery

After carrying out the PID test by applying 600 V at 85 °C for 24 h in a dark chamber,
the cell was stored in the chamber at RT for 12 days for recovery. The CIGS solar cell
characteristics were measured immediately after PID and recovery. The light ]-V curve in
Figure 4 confirms that the efficiency decreases from 15.43% to 9.26%, which is ~60% of the
initial efficiency after deterioration, and then returns to 14.73% after the recovery. Although
the initial Jgc value is maintained, Voc and FF decrease to ~74% and 79% of the initial levels,
respectively, after deterioration and then recover. The parameters are shown in Table 2.
Subsequently, the sun-shaded method was used to compare the light ]-V data at 1 sun and
0.2 sun to analyze the cause of the FF reduction [33]. Based on the parameter differences,
the series resistance (Rs), shunt resistance (Rg},), n-factor, and empirical fill factor (FF;gea,
FFy, FFs, FFg,, FE.,)) were calculated for the initial, PID, and recovery states [33,34]. The
parameter FFj4., represents the ideal FF; FF, is the FF considering the n-factor; and FFs,
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FFg,, and FF,; are the FFs considering the series and shunt resistances, respectively. Table 3
shows the comparison between the series resistance, shunt resistance, and n-factor results
calculated by using the sun-shaded method and the results from light I-V measurements.
Table 4 lists the calculated FFs. Based on the comparison of FF,; with the measured FF,
the series resistance determines the FF of the solar cell at all stages. In addition, based on
the comparison of all parameters, FFs, FFg,, and FF,, decrease after PID and then increase
during the recovery. These results confirm that the change due to series resistance is
the largest, and the FF, and shunt resistance, representing recombination, decrease and
increase at a similar rate. A decrease in the shunt resistance during PID of CIGS solar cells
has been previously reported [16-18]; it was argued that this decrease is mainly due to
the formation of a shunt path by Na inflow at the buffer and bulk interface [20]. Based on
the results of this experiment, it is expected that the shunt resistance decreases and then
recovers due to a similar cause. The reduction in the series resistance and recombination
will be discussed in the next paragraph. In summary, based on the light ]-V results, Voc
and FF mainly affect the efficiency change due to the PID phenomenon in CIGS solar cells,
which is similar to the results reported in the literature [16,17,29]. In addition, because
the characteristics of the solar cell recover in the absence of additional external conditions,
such as a reverse voltage or temperature, it is expected that the factors that generate the
PID in the CIGS solar cells change. A reversible and nonpermanent PID has been reported
for CIGS solar cells in the past [16,17,31].
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Figure 4. Results of PID and recovery: (a) light ]-V curve; (b) parameters based on light ]-V measurements.

Table 2. Parameters during the initial, PID, and recovery states.

Unit Initial PID Recovery 12 Days
Eff % 154 9.3 14.7
Jsc mA /cm? 34.6 35.2 35.2
Voc mV 656 487 618
FF % 67.9 54.0 67.6

Table 3. R, Ryp,, and n-factor based on the light I-V and sun-shaded method.

Unit Initial PID Recovery 12 Days
R Light I-V Ohm 29 3.8 2.6
s Sun-shaded Ohm 2.1 32 1.7
R Light I-V Ohm 538 201 460
sh Sun-shaded Ohm 796 279 550

n-factor - 14 1.7 1.6
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Table 4. Fill factors considering n-factor, Rg, and Ry}, including the ideal FF.

Unit Initial PID Recovery 12 Days A PID A Recovery
FFigeal % 83.8 80.0 83.1 —4.8 +3.8
FFn % 79.2 71.7 76.9 -10.4 +6.8
FFg % 70.0 54.1 69.1 —-294 +21.8
FFg, % 77.6 68.9 74.9 —12.6 +8.0
FF .y % 68.7 52.5 67.5 —-30.9 +22.2
FFlight 1-v % 67.9 54.0 67.6 —259 +20.2

Dark I-V measurements were used to investigate the cause of the efficiency reduction
due to PID. The leakage currents derived by the double-diode model are listed in Table 5.
The results show that Jgp, which represents the junction properties after PID, insignificantly
changes. It slightly decreases, whereas the Jo; value corresponding to the CIGS bulk region
mainly increases. After the recovery, this parameter returns to a value similar to that in the
initial state.

Table 5. Leakage currents based on dark I-V measurements.

Unit Initial PID Recovery 12 Days
Jo1 mA /cm? 69 x 1074 3.1 %1073 1.1 x 1073
Jo2 mA /cm? 0.165 0.106 0.197

Subsequently, the EQE was measured to confirm the changes in the recombination
characteristics inside the solar cell. Figure 5a shows that the EQE results do not indicate
any changes before and after PID. In the literature, it was reported that the TCO region
degrades due to the influx of Na during the PID test of the thin-film module, resulting
in the degradation of the solar cell characteristics [35,36]. However, an EQE change was
not observed in that experiment. Therefore, it can be expected an optical loss did not
occur. In addition, it is assumed that voltage application does not lead to the degradation
of the solar cell material. In fact, because an electric field was not applied to the solar
cell due to the short circuit between both electrodes of the CIGS, material degradation
is unlikely because the high voltage was mainly applied to the substrate glass, which is
an insulator. In addition, it is assumed that the carrier transport in the buffer/CIGS and
CIGS/Mo heterojunction regions did not change. Based on the similarity of the EQE curves
in the long wavelength region, the diffusion length of the bulk did not change either. The
diffusion length can be derived from the relationship between the inverse internal quantum
efficiency (IQE) and absorption depth [37]. Although this experiment was based on the
nondestructive analysis of the solar cell with an upper electrode, it was difficult to measure
the surface reflectance. Because there are no changes in the appearance and shape of the
EQE and we assume that there is no significant change in the reflectance, the diffusion
length is not expected to significantly change. In addition, it can be confirmed that PID is
not due to increased recombination at the CdS/CIGS interface, CIGS bulk, and CIGS/Mo
interface because the EQE in all wavelength regions, including the long-wavelength region,
does not change. This can also be confirmed by the magnitude of the bias-dependent
local ideality factor derived from dark I-V measurements, as shown in Figure 5b. Local

ideality factor, n = (%) is proportional to the inverse slope of the In(I)-V curve.

The minimum values of the ideality factors in the initial, PID, and recovery states are
similar. This indicates that the types of deep trap defects, energy level, and recombination
mechanism that cause Shockley—-Read-Hall recombination in the charge-neutral region
did not change. On the other hand, the maximum values of the ideality factors in the
low-voltage region associated with junction recombination decrease after PID. Breitenstein
proved that the maximum values of these ideality factors change according to the location
of the shallow trap level [38]. Therefore, it is expected that the ideality maximum changes
due to the change of the shallow trap related to the carrier concentration in this experiment.
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Therefore, based on the combination of the light I-V results, according to which Voc and
FF mainly decrease after PID, dark I-V results, according to which Jo; mainly increases,
and the unchanged EQE, it can be expected that the PID is caused by changes in the bulk
doping concentration and built-in potential change at the junction. Based on the ideal
diode equation, Jo; is in inverse proportion to the doping concentration when the diffusion
length is constant; therefore, it can be inferred that the increase in Jy; originates from the
decrease in the doping concentration.

(@) (b)

100 16

Initial
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—— Recovery 12 days

80 |-
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20 |-
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Figure 5. Measurements of the initial, PID, and recovery: (a) EQE values; (b) local ideality factor
calculated based on dark I-V measurements.

The C-V measurements were conducted to directly determine the change in the doping
concentrations during the initial, PID, and recovery states. The charge density shown in
Figure 6 was calculated under each condition based on the Mott-Schottky plot derived from
the C-V measurement results. Figure 6 confirms that the doping concentration significantly
decreases after PID, over the entire inner depth direction of the bulk, and increases again
after the recovery. Additionally, it can be confirmed that the depletion width increases
after PID and then returns to the original width. The charge density results show that the
built-in potential decreases and the saturation current increases with decreasing doping
concentration; consequently, the decrease in Voc can be interpreted [18]. In addition, it is
expected that the bulk resistivity increases due to the decrease in the doping concentration
and that the series resistance decreases accordingly. In CIGS solar cells, the role of alkali ions
differs depending on whether they are interstitial or substitutional. Interstitial elements
are known to act as donors [14]. In the case of PID, the possibility of the formation of
a bond with CIGS by replacing a point defect is low because a very low temperature is
applied compared with the temperature at which the phase change occurs. However,
when elements are introduced from the outside, they enter the interstitial sites and can
act as donors. When the number of donor defects increases, the doping concentration
of the entire device decreases. Therefore, it is expected that the doping concentration
decreases after PID. Although an analysis in this regard was not performed in this study, it
is presumed that the interstitial elements introduced into the grain boundaries with low
chemical potential escape and the original bulk properties are restored during the recovery
after PID to achieve a thermodynamically stable state.

Based on various analysis methods, attempts have been made to analyze the cause of
PID in CIGS solar cells. However, it is necessary to analyze whether the PID is induced
by the applied voltage or temperature. Therefore, another CIGS solar cell sample was
exposed to a temperature of 85 °C for 24 h in the dark chamber. For convenience, this
experiment is designated as T85. The changes in the characteristics of the sample are shown
in Figure 7. Figure 7a,b show the light I-V and carrier concentration graphs for the solar
cells. When only temperature was applied to the sample, unlike in the case of PID, both
the solar cell characteristics and doping concentration changed insignificantly. Therefore, it
can be assumed that the PID phenomena of CIGS solar cells are caused by the potential
difference rather than the temperature.
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Figure 7. Results of the (a) light J-V; (b) charge density measurements during the initial state and
after experiment T85.

For confirmation, SIMS analyses were performed on the samples to which only tem-
perature was applied and on those in which Mo was deposited on the SLG substrate and a
voltage and temperature were applied together (Figure 8). In general, in the co-evaporation
process of depositing the CIGS absorber layer, the temperature increases to 550 °C; it
is known that alkali ions inside the glass flow into the CIGS during the phase forma-
tion [39-41]. To improve the efficiency, a post-deposition treatment (PDT) during which
additional Na and K were injected was applied. This treatment is generally performed
at a temperature of 300 °C or above. It can be assumed that the diffusion of alkali ions
into CIGS is smooth at a high temperature of 300 °C or above [42-45]. On the other hand,
in the case of the PID test, the test temperature was 85 °C. Therefore, a difference in the
amounts of elements flowing from the glass to the CIGS bulk depending on whether or not
an external voltage was applied is expected. The SIMS results confirm that both Na and K,
which are known to have a major influence on the efficiency of the CIGS solar cell, account
for the largest proportion of the CIGS bulk when voltage was applied together with the
temperature. When only temperature is applied, the Na concentration partially increases
compared with the reference, but the increase can be considered as insignificant because
the intensity is plotted on a log scale. In other words, based on the SIMS results, the PID
phenomenon occurs in CIGS solar cells when alkali ions inside the glass first move to the
Mo/ glass interface due to voltage and then diffuse into the CIGS bulk without a potential
difference due to the temperature application.
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Figure 8. SIMS results for the Mo sample after T85 and PID: (a) Na; (b) K.

4. Conclusions

To facilitate the commercialization of CIGS solar cells, degradation must be analyzed
and prevented. The PID has been examined in the past and experiments replicating the
PID at the cell level have been conducted to determine its causes. In this study, the PID
mechanism was investigated by analyzing samples after PID and recovery. This is because
PID can be prevented only by understanding the correct mechanism. The information in
the literature is based on the change of Na. The aims of this study were to explain both
the changes of Na and electrical properties. After PID and recovery experiments, light I-V,
dark I-V, EQE, and C-V measurements were conducted. Based on the results, PID occurs
due to changes in the bulk doping concentration and built-in potential at the junction.

In addition, a T85 test was carried out on a CIGS solar cell to distinguish the effects of
the voltage and temperature. Not only CIGS solar cells but also Mo substrates, deposited
Mo on SLG substrates, were tested with T85 and PID. Based on these experiments, it can
be concluded that PID occurs in CIGS solar cells when alkali ions move from SLG to the
Mo/SLG interface due to the potential difference and then diffuse into the CIGS absorption
layer due to temperature application.
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