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Abstract. When a solar cell is subjected to a negative voltage bias, it locally heats up due to the deposited
electrical power. Therefore, every investigation of cell characteristics in the negative voltage regime faces
the challenge that themeasurement itself changes the state of the cell in a way that is difficult to quantify: On the
one hand, the reverse breakdown is known to be strongly temperature dependent. On the other hand, negative
voltages lead to metastable device changes which are also very sensitive to temperature. In the current study,
we introduce a new approach to suppress this measurement-induced heating by inserting time delays between
individual voltage pulses whenmeasuring. As a sample systemwe use thin-film solar cells based on Cu(In,Ga)Se2
(CIGS) absorber layers. First we verify that with this approach the measurement-induced heating is largely
reduced. This allows us to then analyse the impact of the heating on two characteristics of the cells: (i) the reverse
breakdown behaviour and (ii) reverse-bias-induced metastable device changes. The results show that
minimising the measurement-induced heating leads to a significant increase of the breakdown voltage and
effectively slows down the metastable dynamics. Regarding the reverse breakdown, the fundamental tunneling
mechanisms that are believed to drive the breakdown remain qualitatively unchanged, but the heating affects
the quantitative values extracted for the associated energy barriers. Regarding the reverse-bias metastability,
the experimental data reveal that there are two responsible mechanisms that react differently to the heating:
Apart from a charge redistribution at the front interface due to the amphoteric (VSe–VCu) divacancy complex,
the modification of a transport barrier is observed which might be caused by ion migration towards the back
interface. The findings in this study demonstrate that local sample heating due to reverse-biasmeasurements can
have a notable impact on device behaviour which needs to be kept in mind when developing models of the
underlying physical processes.

Keywords: Reverse breakdown / partial shading / metastability
1 Introduction

The reverse current–voltage (I–V) characteristics of solar
cells become relevant in situations where an array of cells
that are connected in series—e.g. a photovoltaic module—
is partially shaded. In that case any shaded cell “sees” the
cumulative photovoltage of all other cells, so that the
blocking behaviour of that cell may break down and allow
for current flow. The amount of electric power that is then
deposited as heat in the shaded cell equals the product of
current and voltage and therefore critically depends on the
reverse IV characteristics: If the breakdown voltage is large
(highly negative), breakdown sites may heat up to several
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hundred degrees centigrade which will result in permanent
damage [1–4]. However, if the breakdown voltage is low,
operation is less critical and the cell may act as an internal
bypass. In monolithically integratedmodule designs, which
are standard in thin film technology, external bypass
diodes are inherently difficult to integrate and, hence,
manufacturers usually rely on the internal bypass and
accordingly target low breakdown voltages.

Therefore, it is important to thoroughly understand the
mechanisms that govern the reverse breakdown in thin-film
solar cells. However, when developing physical models, the
interpretation of the reverse IV characteristics is compli-
cated by the fact that the cell actually heats up during the
experiment due to the deposited electric power. That is, on
the one hand the cell temperature cannot be assumed to be
constant during a reverse IV measurement. But on the
monsAttribution License (https://creativecommons.org/licenses/by/4.0),
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Fig. 1. Hysteresis in reverse IV measurements. Up-sweeps with
increasing voltage (solid lines) lead to different results than down-
sweeps with decreasing voltage (dashed-dotted lines). The reverse
IV curve is also influenced by the speed of the voltage sweeps
(colour-coded).
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other hand the breakdown behaviour is known to be
extremely temperature dependent [5,6]: With increasing
temperature, the breakdown voltage shifts towards lower
(absolute) values. This issue poses a challenge for
developing appropriate quantitative models of the reverse
breakdown.

In solar cells based on chalcopyrite Cu(In,Ga)Se2
(CIGS) absorbers, the temperature-dependence of
the breakdown behaviour is nicely demonstrated by the
hysteresis that is observed when measuring the reverse IV
curve either with increasing or decreasing voltage sweeps
(Fig. 1). When starting the measurement at positive
voltages (down-sweep), the deposited power gradually
increases with increasing negative voltage and the sample
heats up continuously, which results in a monotonic IV
curve. When starting the measurement at negative
voltages (up-sweep), however, the sample is at ambient
temperature initially where the blocking behaviour is good
and current flow is low, but then it heats up very rapidly
due to the high electric power, so that the current increases
significantly until the temperature reaches a maximum and
then decreases. As can be seen from Figure 1, this effect
depends on the speed of the voltage sweeps which supports
the claim of its thermal origin.

Apart from heating the material, a further effect of the
negative voltage applied during the reverse IV measure-
ment may be a metastable change of the device character-
istics. In CIGS devices, for instance, the application of a
reverse voltage is known to reduce the fill factor FF [7–10]
and the open-circuit voltageVOC [11,12]. This is commonly
explained by the (VSe–VCu) divacancy complex which can
change from an acceptor- to a donor-configuration under
reverse bias [13]. Although this effect is less influential on
the reverse IV curve than the electrical heating, small
changes in FF andVOC due to reverse IVmeasurements are
typically observed. Moreover, the metastable acceptor–
donor conversion itself is temperature dependent [14], so
that the measurement-induced heating may actually
distort the resulting IV curve in two ways.

In this study we aim at generating temperature-stable
reverse IV curves by introducing pauses in the voltage
sweeps. Although this approach does not evaluate the cell’s
reverse behaviour under realistic operation conditions, it
allows us to identify the role of temperature for the reverse
breakdown and to test our understanding of the breakdown
physics. After verifying that measurement-induced heating
is indeed largely suppressed by introducing the pauses, we
compare the results to conventionally measured break-
down characteristics in order to quantitatively estimate
both the amount of heating as well as the consequences of
heating-induced distortions on the interpretation of the
underlying breakdown mechanisms. Further, we investi-
gate how themeasurement-induced heating affects reverse-
bias-induced metastable device changes and examine their
impact on the reverse IV characteristics.

2 Methods

2.1 Experimental details

The samples used in this study were provided by the NICE
Solar Energy GmbH and had the typical layer stack of Mo/
Cu(In,Ga)Se2/CdS/i-ZnO/ZnO:Al on a glass substrate,
where the CIGS absorber layer was deposited via
coevaporation. Lab-scale samples were cut from two
batches of full-size modules (with cell efficiencies in the
range of 13% and 16%, respectively). The samples in the
first part of the paper (batch #1) had an active area of
about 1 cm2 andwere contacted with gold needles via metal
grid fingers on top of the ZnO layer. The samples of the
metastabilityexperiments (batch#2)were sized0.5� 0.5cm2

and were contacted directly on the ZnO layer. The Mo back
electrodewas contactedoutside theactive cell area. Inall cases
illuminated lock-in thermography images (from a Thermo-
sensorik setup) ensured that only material without localised
hotspots was selected.

Room-temperature IV measurements were obtained in
a AAA solar simulator (PET SS100AAA). For illuminated
measurements the lamp intensitywas adjusted to 1000W/m2

with a calibrated Si reference cell. During the measurements
the sampleswere kept at 25 °Cwith thehelp of awater-heated
sample stage.

Temperature-dependent IV measurements from 300K
down to 220K were performed in a closed-cycle helium
contact gas cryostat (CryoVac) with a LakeShore 336
temperature controller. Illumination was provided by a
Xenon lamp whose light passed through a water filter. The
intensity was calibrated such that the short-circuit current
of the device under test matched its short-circuit current
measured at standard test conditions in the room-
temperature setup.

In both IV setups, a Keithley 2400 sourcemeter was
used to apply voltages and measure currents in a four-
point-probe configuration. The settings differed between
standard and reverse IV measurements: In order to
minimize sample heating during the application of reverse
voltages, these measurements were performed rather



Fig. 2. Suppressing sample heating with intermittent voltage
sweeps. (a) Sketch of the two types of voltage sweeps.
(b) Evolution of the current density upon application of a
constant reverse voltage of �3 V under illumination of one sun
(INT with tpause = 1.5 s). (c) Continuously swept reverse-IV
measurements (up-sweeps) starting from different voltages (solid
coloured lines) in comparison with an intermittently swept
measurement (dashed black line, tpause= 1.0 s).
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quickly by recording only a single current reading per
voltage. Therefore these data are somewhat noisier than
the standard voltage sweeps (average over three current
readings).

Capacitance-voltage (CV) profiles were obtained in the
dark at a frequency of 50 kHz and an AC oscillation
amplitude of 30mV using a Solartron 1260A impedance
analyser. For the Mott-Schottky analysis a Cp–Rp equiva-
lent circuit and a dielectric constant of eCIGS=13 were
assumed.

For investigating the reverse-bias metastability, the
order of the measurements was as follows: IV, CV, reverse-
bias treatment, CV, IV. The reverse-bias treatment
consisted of applying �5 V for a variable amount of time.
All measurements were done in the dark without
illumination. Every cell was treated only once in order
to ensure a comparable initial state of the cells.

2.2 Intermittent voltage sweeps

In order to assess the effects of sample heating during the
measurement, the voltage was either applied continuously
(as usual) or with breaks between the individual voltage
pulses. A sketch of the two types of voltage signals—which
will be referred to as continuous (CONT) and intermittent
(INT) in the following—is shown in Figure 2a.

In order to compare the amount of measurement-
induced sample heating for the two approaches, as a first
test we monitored the current while applying a constant
negative voltage of �3 V. The results are shown in
Figure 2b. Note, that here the horizontal axis shows the
“on”-time in which a voltage was applied. For the
continuous measurement this corresponds to the actual
measurement time, but for the intermittent case the actual
measurement duration corresponding to 60 s “on”-time was
about 6.5min. The results show a striking difference
between the two cases: The continuously applied voltage
leads to a steady increase of the current during the
measurement, which we attribute to electric sample
heating and which closely resembles the evolution of the
shunt temperature in electro-thermal simulations reported
by Guthrey et al. [4]1. For the intermittent voltage
application, in contrast, the current stays more or less
constant throughout the measurement. This indicates that
the voltage pause in the intermittent case is long enough, so
that any heating induced by the previous voltage pulse can
relax before the next measurement pulse is applied.

As a second test we compared reverse IV characteristics
for continuous and intermittent voltage sweeps by making
use of the fact that, before any voltage sweep, the sample is
in thermal equilibrium, so that the first few data points of a
measurement should not be affected by measurement-
induced heating (this could already be observed in the
up-sweeps in Fig. 1). Therefore, we performed a set of
continuous sweeps from low to high voltages with a
variation of the starting voltage. Here, the voltage sweeps
1 The fact that the current does not increase exponentially here
shows that the self-amplifying feedback loop of temperature and
current gains is damped by some mechanism, for instance by
thermal conduction away from the local breakthrough sites.
were applied with our standard (slow) parameters. The
results in Figure 2c (solid lines) show that after the first 1–2
data points a peak in the current is reached that should
reflect the “true” IV characteristics at this point (the
behaviour of the very first points is assumed to be a



Fig. 3. Temperature-dependent breakdown behaviour for con-
tinuous (solid lines) and intermittent (dashed lines) voltage
sweeps. The coloured arrows at the bottom indicate the limits of
the linear regions of the INT data in the Fowler-Nordheim (FN)
and Poole-Frenkel (PF) plots (only lower limit for FN). Inset:
Breakdown voltage as V (� 40mA/cm2) as a function of
temperature.

2 According to Fourier’s law, DT=P ⋅ d/k, the temperature
difference between the front and the back side of the glass (which
provides an upper limit for the temperature difference between
the continuous and the intermittent case) should be around 10K,
if we assume Joule heating of P=�7V ⋅ (� 50)mA/cm2 and a
d=3mm thick glass with a conductivity of k=1W/(Km).
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measurement artefact which occurs when the delay time
between voltage application and current measurement is
too small). So by using different starting voltages, step by
step a reverse IV curve can be constructed which is not
distorted by measurement-induced heating. As Figure 2c
reveals, this constructed IV curve seems to coincide with
the IV curve obtained by using an intermittent voltage
sweep (dashed line). This coincidence is a further
indication that measurement-induced sample heating is
suppressed when using intermittent voltage sweeps. Of
course, the suppression of measurement-induced heating
will become less complete, if we go to even higher negative
voltages or reduce the interval tpause between the voltage
pulses.

3 How does heating affect the reverse
breakdown?

Now we use the intermittent voltage sweeps to investi-
gate the measurement-induced heating in more detail
and to check if our understanding of the breakdown
mechanisms in CIGS changes when we analyse IV
characteristics that are not distorted by heating effects.
To this end, we performed temperature-dependent IV
measurements under illumination for continuous and
intermittent voltage sweeps (Vstep = 10 mV, tpause = 1.0 s,
tpulse = 20 ms) from room temperature down to 220K,
when the sample died during the measurement (irrevers-
ible breakdown). The results are given in Figure 3, which
also shows the temperature-dependent breakdown
voltage as an inset. Here, the breakdown voltagewas defined
as the voltage at which the IV curve reached �40 mA/cm2

(these values are virtually identical to the values of Vbr as
defined by Puttnins et al. [15], but better extractable).

As a first result, we observe that the breakdown for the
continuous sweeps is strongly shifted to lower (negative)
voltages compared to the breakdown for intermittent
sweeps. This shift is also clearly visible in the breakdown
voltages in the inset of Figure 3. By comparing the curves
we can estimate the magnitude of the measurement-
induced heating for the continuous sweeps: At ambient
temperatures of 220K and 240K the continuously
measured IV curves almost perfectly coincide with the
intermittently measured data at 240K and 260K ambient
temperature, respectively. In other words, here the
continuous sweeps led to a heating of the breakdown sites
of 20K. This is at least twice as much as one would expect
from a simple one-dimensional heat conduction model2,
thus supporting the idea that the temperature distribution
in the cell is non-uniform and breakdown sites are very
localized. The heating seems to increase towards higher
temperatures: For the 260K continuous measurement the
temperature increase is around 30K. This is probably
caused by the non-linear temperature-dependence of the
responsible tunneling currents. However, it cannot be
excluded that the longer light-soaking during the intermit-
tent measurements also has some effect (metastable
changes due to the negative voltages are unlikely to play
a role, see Sect. 4).

Regarding the mechanisms governing the reverse
breakdown, the similarity of the shapes of the breakdown
characteristics for continuous and intermittent voltage
sweeps suggests that, in general, the fundamental mecha-
nisms driving the breakdown in the two cases are the same.
However, the deviations at higher (negative) currents
indicate that differences in the details of the breakdown
do exist.

The data in Figure 3 show that the breakdown voltage
has a negative temperature coefficient, i.e. towards higher
temperatures the breakdown shifts to lower (absolute)
voltages. This is true for both kinds of voltage sweeps and
also for lower intensities including the dark (not shown).
Between 260K and 300K this shift is linear with a slope of
�45 mV/K. In accordance with literature data [5,15], the
sign and the magnitude of the temperature coefficient give
strong evidence against impact ionization (Avalanche
breakdown) as being responsible for the breakdown in
CIGS.

Instead, the reverse breakdown in CIGS solar cells is
believed to be mainly driven by two tunneling mechanisms
[6,16]: (i) tunneling through a triangular barrier at the
CIGS/CdS heterointerface (conduction-band spike), which
can be described by the Fowler-Nordheim model [17].



Fig. 5. Fowler-Nordheim analysis of the temperature-dependent
IV characteristics measured with intermittent voltage sweeps
that were shown in Figure 3. The lines show linear fits to the
experimental data (coloured circles). The inset shows the Fowler-
Nordheim barrier FFN extracted from the linear fits for both
continuously and intermittently measured data.

Fig. 4. Reverse IV characteristics for samples with two different
thicknesses of the CdS buffer layer for continuous (solid lines) and
intermittent (dashed lines) voltage sweeps. Average data of three
samples per thickness are shown.
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(ii) Tunneling via defect states in the band gap, which can
be described by the Poole-Frenkel model [18]. Both models
predict an increase of tunneling currents with increasing
temperature, which agrees with the observed decrease in
breakdown voltage. Further, it has been shown that the
voltage drop in the CdS buffer layer plays a crucial role for
the breakdown [5,16,19,20]. So far, these models have only
been tested on IV characteristics measured with continu-
ous voltage sweeps, so that heating effects may have led to
misinterpretations. Therefore, next we analyse how the
usage of intermittently measured IV characteristics might
change our understanding of the reverse breakdown.

We start by examining the role of the CdS buffer layer
and compare the breakdown characteristics of samples in
which the thickness of the buffer layer was modified by
changing the duration of the chemical bath deposition.
Figure 4 shows that the breakdown voltage increases with
increasing buffer layer thickness regardless of whether we
use continuous or intermittent voltages sweeps for the
measurement. This clearly shows that this effect is not an
artifact due to measurement-induced sample heating, and
it substantiates previous conclusions that the voltage drop
in the CdS layer is essential for the reverse breakdown.

Next, we analyse the tunneling processes. The Fowler-
Nordheim tunneling current may be expressed as [21]

JFN ¼ CFN
q3E2

8phFFN

mCIGS

mCdS
exp �

8p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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@
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whereFFN is the height of the barrier, E is the electric field
which contains information about the width of the barrier,
andCFN is a scaling factor which was introduced by Bakker
et al. [6] to fit their experimental data. (Further, q is the
electric charge, h Planck’s constant and mi the effective
electron mass in material i.) According to equation (1), a
semilogarithmic plot of (J� JSC)/E

2 versus 1/E should be
linear if Fowler-Nordheim currents dominate. Figure 5
shows the Fowler-Nordheim plot of the intermittently
measured IV characteristics for different temperatures.
Here, the common assumption was made, that the applied
voltageVapp drops entirely over the buffer layer for allT, so
that the electric field may be calculated as E=Vapp/dCdS
(with dCdS the thickness of the buffer layer) [6,16,20]. The
data clearly show a linear behaviour above a certain voltage
(for 220K this voltage apparently exceeded the measured
range). This indicates that Fowler-Nordheim tunneling
dominates the reverse breakdown at higher (negative)
voltages which is in agreement with previous reports [6,16].

By using equation (1), the barrier height FFN may be
extracted from the slope of the linear region in the Fowler-
Nordheim plot [22]. The inset of Figure 5 shows the
corresponding temperature-dependent barriers (black
squares) in comparison with the barriers extracted from
the continuously measured data (blue circles). For this
purpose mCIGS=0.09me and mCdS=0.14me (with me the
free electron mass) were used [23]. Fowler-Nordheim
tunneling barrier heights seem to be in the range of a
few hundred meV and decrease with increasing tempera-
ture. However, the measurement-induced heating in the
continuous voltage sweeps seems to lead to an increase of
the extracted barrier height values of approximately 14%.
Further differences between the continuously and inter-
mittently measured data are observed in the scaling factor
CFN which is about an order of magnitude higher (10�7 vs.
10�8) and has a 80-meV higher activation energy (180 vs.
100 meV) for the continuous sweeps than for the
intermittent sweeps.



3 This IV-induced change is of the order of≲+2 nF (equivalent to
50 nm narrowing of the space-charge region) and a factor of ≲1.4
in NA, and relaxes within about 15min. In the measurement
protocol a period of 5min was introduced between the initial IV
and CV measurements (measurement order: IV, Cf, CV, VR,
CV, IV) in order to reduce this effect, but nevertheless the initial
CV measurement was slightly affected by the relaxation of the
IV-induced changes, so that the VR-induced capacitance and
doping changes in Figure 6c+d are slightly underestimated.
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In a similar manner, the data may be analysed for
Poole-Frenkel tunneling. Linear regions in a semilogarith-
mic plot of (J� JSC)/E versus

ffiffiffiffi
E

p
indicate that defect-

assisted Poole-Frenkel tunneling is the dominant contri-
bution to the breakdown current [16]. For the intermit-
tently measured data the linear regions of the Poole-
Frenkel plot are indicated at the bottom of Figure 3. If we
compare them to the Fowler-Nordheim regimes, it becomes
clear that the Poole-Frenkel mechanism seems to dominate
at lower (negative) voltages before the Fowler-Nordheim
mechanism takes over at higher voltages. The extraction of
the Poole-Frenkel barrier height FPF from the slope of a
linear fit in the Poole-Frenkel plot is much less accurate
than in the above case of FFN because in this voltage
region also further sources contribute to the total current
in a non-negligible way (for a more reliable extraction, a
complete model of the reverse current as has been used
elsewhere [6,16] would be needed). However, qualitatively
the analysis indicates that the Poole-Frenkel barrier
height extracted from the continuous voltage sweeps is
some tens of meV lower than FPF extracted from the
intermittent voltage sweeps. In other words, the barrier
height FPF—which is equivalent to the ionization energy
of the defect level that participates in the tunneling
process—is probably underestimated, if it is derived from
continuous measurements, in which heating was not
suppressed.

At even lower (absolute) voltages in the pre-break-
down regime, the IV data for continuous and intermittent
voltage sweeps are very similar. In contrast to other
studies [6,24,25] we do not find any hints for significant
space-charge limited currents (SCLC) in this regime in our
cells. SCLC are characterised by a power-law IV relation
with an exponent of 2 or larger. However, in our data the
slope of the double-logarithmic IV plot (not shown) is
approximately 1 at 0V, and then slowly decreases towards
more negative voltages until the Poole-Frenkel regime
sets in.

In conclusion, the comparison of the breakdown
characteristics including and excluding measurement-
induced heating showed that the basic mechanisms of
the reverse breakdown under illumination are the same:
The onset of breakdown is governed by Poole-Frenkel
tunneling currents, whereas the Fowler-Nordheim tunnel-
ing mechanism dominates at higher voltages. However,
quantitative differences are notable:Measurement-induced
heating leads to a significant reduction of the breakdown
voltage (≈1.4 V at room temperature), an overestimation
of the Fowler-Nordheim barrier height (≈14%), and an
underestimation of the Poole-Frenkel barrier height. This
should be kept in mind when modelling the reverse
breakdown in CIGS.

4 How does heating affect the reverse-bias
metastability?

It has been known for a long time that applying a negative
voltage induces metastable changes in CIGS devices
[26–29]. Here, we use the paradigm of continuous and
intermittent voltage application to investigate the effect of
measurement-induced heating on the dynamics of the
reverse-bias metastability in the dark. The objective is
twofold: On the one hand, we expect that the new approach
can help to advance our understanding of the mechanisms
that drive the metastable changes. On the other hand, we
want to assess the influence of the reverse-bias metastabil-
ity on the measurement of the reverse breakdown
behaviour.

For this purpose, we applied a negative bias voltage of
VR=� 5 V in the dark for varying durations either
continuously or intermittently (tpause=1.5 s, tpulse=100 ms),
and analysed the effect of this treatment on the IV and CV
characteristics. The results are shown in Figure 6.

The IVmeasurements in panel a) show that the reverse-
bias treatment leads to a noticeable shift of the IV curve in
the injection regime that increases the longer the treatment
lasts. To quantify this shift, the change of the voltage at a
fixed current density of 90mA/cm2 is plotted as a function
of the duration of the VR treatment in panel b). The data
show a steady increase of the shift withVR duration, which
is slightly smaller for the intermittent treatment than for
the continuous treatment. This indicates that the process
responsible for the shift is mildly temperature-activated.

The results of the CV measurements show that also the
capacitance (panel c) and the doping density (panel d) are
significantly affected by the reverse-bias treatment.
However, in contrast to the IV shift, here the changes
are not monotonic for the continuous treatment: First the
capacitance and the doping density increase with increas-
ing duration of the treatment, but for very long durations,
both parameters drop again. The effects of the intermittent
VR treatments tend to be much smaller than for the
continuous treatments. It should be noted, that the effects
on the CV characteristics are systematically slightly
underestimated here, because of a metastable capacitance
change induced by the IVmeasurement3. This also explains
the apparent doping reduction seen for the intermittently
treated data.

Based on these results, we now try to disentangle the
different mechanisms that contribute to the reverse-bias
metastability. The increase in doping density and capaci-
tance under reverse bias is commonly explained by the
Lany-Zunger model [14] in terms of the amphoteric nature
of the (VSe–VCu) divacancy complex: Depending on the
Fermi level, this complex can exist in a donor or in an
acceptor configuration. In equilibrium, the divacancy
complex acts as a compensating donor in the bulk of the
absorber layer, and as an acceptor towards the front
interface. Under reverse-bias the Fermi level is shifted so
that a donor-to-acceptor transition can take place in the
space-charge region, which leads to an increased net doping



Fig. 6. Metastable changes due to reverse-bias (VR) treatments in the dark (2–4 samples per condition). (a) IV characteristics before
(dark blue) and after continuous (solid lines) and intermittent (dashed lines) VR treatments of different durations (colour-coded). (b)
Shift of the voltage at 90mA/cm2 (see grey line in a), (c) shift in capacitance at 0V, and (d) shift in doping density (ratio:
DNA :¼ ࣎Nafter

A =Nbefore
A ) after reverse-bias treatments of different durations (“on”-time) and different modes (continuous: circles,

intermittent: squares).
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density. This transition is coupled to an energy barrier of
approximately 0.7 eV. Without bias the system can relax
via the acceptor-to-donor transition, which includes an
energy barrier of approximately 0.3 eV and requires two
free holes.

This model is able to nicely explain our results in
Figure 6c+d for VR durations up to 190 s. The metastable
changes are larger for the continuous VR treatments than
for the intermittent treatments because the measurement-
induced heating provides additional energy to overcome
the barrier DE associated with the donor-to-acceptor
transition. Assuming that the transition rate follows
t�1∝ exp(�DE/kT), we can estimate the temperature
difference between the continuous and intermittent 190-s-
treatments to be 18K, which is quite consistent with what
we derived from the temperature-dependentmeasurements
in Figure 3.

For longer VR durations a second mechanism seems to
start to dominate the CV results, which eventually
counterbalances the charge redistributions caused by the
divacancy complex. A similar behaviour has been reported
by Urbaniak & Igalson [30,31] who coupled the drop in
capacitance to an interface barrier seen in the double-diode
characteristics of the illuminated IV curve. Also the shift of
our IVdata inFigure 6a indicates the increase of an interface
barrier: The shift is observed in the diode current (and not
due to the shunt current as in the samples of Dongaonkar
et al. [32]), mainly as an increase of a non-linear series-
resistance-like contribution. It hasbeenproposed that sucha
barrier could form in the conduction band of the absorber
layer close to the front interface due to the increased amount
of positive charges caused by the donor-to-acceptor transi-
tion of the divacancy complex under reverse bias (“p+ layer”)
[11,33]. However, the differences between continuous and
intermittentVR treatments seem to be much smaller for the
IV shift (Fig. 6b) than for the capacitance and doping shifts
(Fig. 6c+d). Therefore it seems questionable that the
increase of the barrier is directly coupled to the changes
caused by the divacany complex. Further evidence for an
independent origin of the barrier increase is provided by the



Fig. 7. Relaxation of the reverse-bias-induced metastable
changes of the capacitance (lines, left vertical axis) and of the
IV shift (symbols, right vertical axis) after continuous (blue) and
intermittent (black) reverse-bias treatments of 600 s.

Fig. 8. Influence of a reverse-bias treatment (continuous �5 V
for 10min in the dark) on the dark (left and top axis) and
illuminated (right and bottom axis) reverse IV characteristics.
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relaxation behaviour of the reverse-bias-induced changes
which is given in Figure 7: The time scales of the relaxation
indicate that the processes for the IV shift and the
capacitance shift are different.

An alternative origin of the barrier increase due to
reverse bias has been proposed by Vidal Lobarda et al. [34],
who were able to model the IV shift by an increased valence
band barrier at the CIGS/Mo back interface due to a
reduced absorber doping. In principle, such a process could
be caused by migration of positive ions (such as Cu) which
would be driven towards the back interface by the electric
field under reverse bias [35] and would lead to a reduction of
the net doping. With increasing duration of the VR
treatment the low-doping region would spread further
towards the front of the absorber. Once it reaches the main
space-charge region it would lead to a decrease in the
measured capacitance which agrees well with our results in
Figure 6c+d.

Although the two proposedmechanisms for the reverse-
bias metastability operate at different ends of the absorber
layer, the relaxation results in Figure 7 reveal a certain
amount of interaction: After the continuous VR treatment
the IV shift does not start to actually decrease before the
capacitance has relaxed completely. Possibly, the increased
positive charge at the front interface due to the divacancy
complex transition facilitates the migration of the positive
ions towards the back interface. This effect is not observed
for the intermittent VR treatment where the charge
redistribution is much smaller.

The results in Figure 6 have shown that noticeable
changes of the cell properties already occur after 60 s of
continuous reverse-bias treatment. When measuring a
typical reverse IV curve, the cell is usually at a negative
voltage for a similar period of time. Therefore, the reverse
IV curve may be influenced by metastable changes that are
caused by measuring it. In the final part of this section, we
thus try to assess the effects of a reverse-bias treatment on
the reverse IV characteristics.

For this purpose we applied a voltage of VR=� 5 V
continuously for 600 s in the dark as above, and measured
the reverse IV curve before and after this treatment using
intermittent voltage sweeps (in order to suppress
measurement-induced heating effects). In some samples
the effect on the illuminated reverse characteristics under
standard test conditions (STC) was tested, and in other
samples the effect on the dark IV was tested. Exemplary
results are shown in Figure 8. It is apparent, that there is a
systematic difference between the IV curves before (solid
lines) and after (dotted lines) the VR treatment, but this
difference is rather small: In terms of breakdown voltage,
the VR treatment leads to an increase of the breakdown
voltage in the range of a few tens of mV for the IV under
illumination and of about 0.6V for the dark IV.
Performing analyses for Fowler-Nordheim and Poole-
Frenkel tunneling as in Section 3 reveals that the reason
for this slight increase in breakdown voltage seems to be
an increase in the associated tunneling barriers: For the
reverse IV under illumination FFN rises by about 10% and
FPF by 1/3 on average; and for the reverse IV in the dark
FFN rises by about 30% and here a voltage region
dominated by the Poole-Frenkel mechanism could not be
identified.

As a conclusion, the effects induced by metastable
changes during the measurement of a reverse IV curve are
rather small and probably negligible in most cases.
Nevertheless, using intermittent voltage sweeps for a
reverse IV measurement will reduce any metastabilities
and their distortions even further.
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5 Conclusions

The approach of intermittent voltage application during
reverse-bias measurements has been shown to reduce the
measurement-induced heating of the device to a negligi-
ble amount. This opens up new opportunities to
investigate the cell physics at negative voltages: Firstly,
it allows for obtaining reverse-bias characteristics in
which the device temperature can be assumed to be
constant. This makes it easier to compare experimental
results with models and simulations that do not
incorporate thermal physics. Secondly, the comparison
of results from intermittent and continuous voltage
application may be used to study temperature effects of
reverse-bias characteristics. In this way we were able to
show that the reverse breakdown is mainly shifted
towards lower absolute voltages by the measurement-
induced heating, but that the tunneling nature of the
breakdown does not change. Further, the dynamics of the
reverse-bias-induced metastability are basically slowed
down when using the intermittent measurement
approach. However, the different rates of the metastable
changes in space-charge capacitance and transport
barrier suggested that in addition to the charge
redistribution near the front interface (Lany-Zunger
model), a charge redistribution at the back interface may
take place, possibly as a result of ion migration.
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