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ABSTRACT: The main cause for the power conversion efficiency
limitations in Cu(In,Ga)(S,Se), (CIGS) solar cells is still heavily
debated in literature. Possible culprits for the limitation of the open
circuit voltage of CIGS devices are conduction barriers,
recombination in the bulk of the absorber, at grain boundaries,
at the back contact or at the interface between the p-type absorber
and the n-type buffer layer. In the present work we perform a large
amount of bias-dependent admittance spectroscopy measurements
on CIGS solar cells. We represent the data using CVf loss maps,
comparing the measurement results to simulations, allowing us to
draw conclusions about the recombination processes observed in —
the devices. Analyzing a range of devices consisting of state-of-the-  Votage v
art absorber layers with varying buffer layers and power conversion

efficiencies, we could draw conclusions on the presence of an interface defect at the absorber—buffer interface. In fact, all devices,
independent of power conversion efficiency, showed the presence of an admittance trace that could be related to a defect at the
CIGS—buffer interface. A correlation could be found between the bias voltage position of the admittance trace with the open circuit
voltage of the devices, indicating that the defect is limiting the photocurrent and open circuit voltage. A digital twin model involving
only an interface defect at the CIGS-buffer interface was able to reproduce current voltage and admittance measurements of the best
performing cell, proving the viability of the findings. We conclude that future improvements to the power conversion efficiency of
these CIGS solar cells must come from interface engineering at the CIGS—buffer interface. Variations in doping of the absorber and
buffer layer, the nature of the interface and buffer layer as well as the number of fixed charges at the interface all have the potential to
drastically influence the significance and bias range of the interface recombination.
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1. INTRODUCTION are routinely performed, are microelectronic sensor devices,

Admittance (or impedance) spectroscopy is a technique that is photonic devices, capacitors, batteries, electrochemical cells,
extensively performed on all sorts of electronic systems to
measure charge loss mechanisms that degrade the device
performance. Notably in complementary metal-oxide-semi- contribution, we will apply admittance spectroscopy to the
conduct9r (CMOS) transist.ors, admittance spect.r.oscopy bas case study of Cu(In,Ga)(S,Se), (CIGS) solar cells.

helped identifying the major defects at the silicon oxide
interface, which is at the heart of the devices. Successful
measurement of the defect densities in these devices helped
modifying the systems in such a way that performance could
always be further improved to present standards.'~* Also, in
other fields involving electron and hole currents, admittance or
impedance spectroscopy can help identify charge loss
phenomena. Other systems, where admittance measurements

10

biosensors and solar cells, among others.”™'° In this
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CIGS solar cells have gathered significant attention as high
efficiency thin film photovoltaic devices due to their excellent
absorption characteristics and thin film nature which allow for
extreme lightweight and also flexible applications.''* Over the
past decade, advancements in material quality, device
architecture and fabrication processes have led to ever increasing
record efficiencies.”>™"" Despite these achievements, further
optimization of CIGS-based devices requires a deeper under-
standing of the underlying electronic properties and further
insights into which recombination processes are limiting the
open circuit voltage (V,.) and power conversion efficiency.
Possible culprits for the limitation of the open circuit voltage of
CIGS devices are conduction barriers, recombination in the bulk
of the absorber, at grain boundaries, at the back contact or at the
interface between the p-type absorber and the n-type buffer
layer. Admittance spectroscopy has already been widely used to
identify recombination processes in CIGS solar cells with very
convincin%, but sometimes also controversial or opposing
results."™*" In particular, the complex variation of admittance
data with frequency, temperature and applied bias voltage is not
trivial to interpret conclusively. In this contribution we use a
novel method based on a graphical representation of the
frequency and bias voltage dependent admittance data, in
combination with advanced drift-diffusion simulations of the
measured structures to gain insight into the main recombination
processes in state of the-art CIGS devices.

2. METHODS AND MATERIALS

2.1. Device Structure and Fabrication. The devices measured in
this work have the general structure of state-of-the-art CIGS solar cells
consisting of a substrate/back contact/ g-type absorber/n"-type buffer
layer/transparent top contact stack.”*">° Figure 1 shows a schematic
representation of this stack together with a schematic representation of
the measurement setup.

LCR
Meter

Figure 1. Schematic representation of the CIGS device structure and
the measurement setup.

The substrate of our devices is a 3 mm thick soda lime glass substrate.
The back contact is a sputtered Mo layer with a thickness of about S00
nm. In this work, two different types of CIGS absorber layers were used.
The first type of CIGS absorber layer was fabricated in the laboratories
of imec and TNO, whereas the second type of absorber layer was
fabricated at Avancis. The fabrication procedure at Avancis can be
found in ref 15. The fabrication procedure of the imec/TNO absorbers
consists of sputtering an 800 nm thick, ten times multistack of
Cuy;5Gag,s/In metal layers, followed by the deposition of a 2 ym thick
Se layer. This stack is then introduced in a rapid thermal anneal oven
where it is annealed at a temperature of about 540 °C in the presence of
N, and H,S for about 20 min to form the CIGS grains of the absorber.
All absorbers in this work are state of the art CIGS absorbers which are

Cu-poor, with a Cu/(Ga + In) value of about 0.9 and present an optimal
amount of Gallium with a Ga/(Ga + In) value of around 0.2 to 0.3. This
is the composition range where the CIGS devices with the highest
power conversion efficiencies can be fabricated.’' ~** After absorber
deposition, the n* buffer layer is deposited. Also here, different
deposition methods have been utilized. In total, four different types of
buffer layers have been used. The first type of buffer is a thin 50 nm thick
CdS layer deposited by chemical bath deposition (CBD). A description
of the deposition process can be found in refs 34—36. The second type
of buffer lazrer is a thin 20 nm layer of ZnS deposited by ionic layer
deposition.””*® The third type of buffer layer is a thin 20 nm SnO, layer
deposited by atomic layer deposition.*”*° The fourth tzpe of buffer
layer is a thin layer of ZnOS deposited by sputtering."” Finally, the
transparent top contact consists of a 50 nm thick undoped ZnO layer
followed by a highly n-type doped transparent conductive oxide (TCO)
such as aluminum-doped ZnO (AZO) or In-doped SnO, (ITO). The
individual cells are laterally limited by mechanical scribing. The devices
are measured by respectively contacting the back Mo contact and the
top TCO contact with a needle.

In this work a total of ten different devices were measured, which
came in three different groups. The first group of devices consists of six
imec fabricated CIGS absorber layers with CdS CBD-deposited buffer
layer (samples Al to AS) and a ZnS buffer layer (sample A6). The
second group of devices consists of three Avancis CIGS absorbers with
a CdS buffer layer deposited by CBD (B1), a CBD CdS layer with an
atomic layer deposition (ALD) SnO, layer deposited on top (B2) and
with an ALD SnO, layer deposited directly on top of the CIGS absorber
layer (B3). Finally, the third set of devices consists of one single device
that was fully fabricated at Avancis and that consists of an Avancis CIGS
absorber with an Avancis deposited Zn(O,S) buffer layer (C1).

Table 1 summarizes the properties of the ten devices which will be
discussed in the following. For every device the electrical properties of

Table 1. Device Properties of the Different Samples Analyzed
for This Work”

sample Ve Jse FF

name  absorber buffer n(%) (mV) (mA/cm®) (%)

Al Imec CdS 12.7 641 27.5 71.7
CIGS

A2 Imec CdS 15.3 634 36.3 66.5
CIGS

A3 Imec CdS 14.1 609 34.4 67.5
CIGS

A4 Imec CdS 13 550 37.3 63.3
CIGS

AS Imec CdS 9.9 603 30.5 53.8
CIGS

A6 Imec ZnS 0.3 151 8.9 254
CIGS

Bl Avancis CdS 11.5 618 33.6 55.5
CIGS

B2 Avancis CdS + SnO2 12.8 608 322 65.5
CIGS

B3 Avancis SnO, 4.8 305 314 50.7
CIGS

Cl Avancis ZnOS 17.6 677 37.2 69.9
CIGS

“Three large groups of devices have been processed. Samples A
consist of imec-made CIGS absorbers with imec buffer layers.
Samples B consist of Avancis made CIGS absorbers with imec- or
UGent-made buffer layers and samples C consist of Avancis-made
CIGS absorber layers and buffer layers.

the solar cells, such as device conversion efficiency 7, open circuit
voltage V., short circuit current ], and fill factor FF are shown. The
device conversion efficiencies span a wide range, from very low
efficiencies to efficiencies as high as 17.6% for the Avancis device (C1),
allowing for a broad analysis of possible mechanisms limiting the
performance of the devices.

https://doi.org/10.1021/acsami.5c09671
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Figure 2. SCAPS simulation results of different defect types: (a) series resistance, (b) bulk defect in the CIGS, (c) potential barrier at the CIGS-buffer
interface, (d) potential barrier at the back-contact CIGS interface, (e) interface defect at the CIGS-buffer interface.

2.2. Measurement and Simulation Methodology. The general
principle behind admittance spectroscopy measurements is that the
electronic device is put in a certain energetic state by applying a DC bias
voltage, on top of which is then applied a small (infinitesimal)
sinusoidal AC voltage with a frequency f. As a response to this DC bias
and AC excitation, the resulting current through the device is then
measured. The amplitude and the delay of the current response with
respect to the AC voltage then allows the extraction of the complex
admittance Y or impedance Z of the full device that is probed. The
complex admittance Y just being the inverse of the impedance Z = 1/Y,
so both terms are totally equivalent and can be derived from each other.
In our measurements, the applied DC bias and the measurement
frequency f are varied in small steps in wide ranges, to put the electronic
device in a wide variety of energetic states, which allows to analyze the
variation of the complex admittance response with bias voltage and with
measurement frequency, giving as much information as possible about
the response of the device.

The particularity of electronic defect states in the band gap of
semiconductor devices is that they behave like small parallel RC circuits
and respond mainly at a particular frequency f, = 1/22RC. Using
Shockley—Read—Hall statistics, this response frequency f, of electronic

defect states in the band gap of a semiconductor can be calculated
41—43

as
yoN ( E, ) yoT? ( E, )

. 2 P kT 2 P kT (1)
where E, is the activation energy of the defect, k is the Boltzmann
constant, T is the temperature, v, is the average thermal velocity of the
charge carrier, N is the effective density of states in the band, ¢ is the
capture cross section of the defect and y is a parameter comprising the
temperature independent terms of the thermal velocity and the effective
density of states, assuming that the thermal velocity has a T'/?
temperature dependency and N has a T%? temperature dependency.
The activation energy of the defect E, is related to the energy difference
between the defect state energy in the band gap and the lowest possible
band energy with which the defect exchanges charges.

As a consequence, varying the measurement frequency allows the
separation of defects with different activation energies, as the system
goes through a state difference when the frequency is respectively below

47000

or above the response frequency of the defect. Scanning the
measurement frequency will therefore allow the separation of different
defect responses and will yield information about the defect structure in
the device. Only if the defect response frequency f, is close to the
measurement frequency f, an AC current will be measured in phase with
the AC bias voltage, as the defect will then charge and discharge at the
same frequency as the measured device. Very shallow defects with low
activation energies below 100 meV will typically have very fast
frequencies in excess of 1 MHz, making them difficult to impossible to
measure at room temperature with standard inductance, capacitance
and resistance (LCR) meters. Very deep defects with activation
energies in excess of 0.6 eV will typically have very slow response
frequencies of the order of several seconds or more, which make them
also difficult to measure with standard equipment. They will generally
show up in the measurements more like a hysteresis in the bias
response. Changing the measurement temperature nevertheless allows
deeper defects to be measured as well by raising the measurement
temperature, or shallower defects to be measured by reducing the
temperature.**

Another prerequisite for measuring a defect response is that the
energy of the Fermi level, fixed by the DC bias voltage in the device, is
within a few kT/q of the energy level of the defect, k being the
Boltzmann constant and q the electron charge. Only if that is the case,
the defect level will capture and emit a charge in phase with the AC
measurement signal and yield an AC current, as the Fermi level is then
constantly filling and emptying the trap state. The value of the DC bias
voltage is therefore also an important handle, as it defines the position of
the Fermi level in the device. Only for very specific values of the DC bias
voltage, the Fermi level in the device will be close to the defect level and
will give rise to an AC current which is measurable. If none of the
available bias voltages brings the Fermi level close to the defect energy,
the defect will not be measurable.

Both frequency and bias voltage are therefore important handles to
access all the different defect levels in the devices. In our measurements,
we use an Agilent Precision LCR meter which is equipped with a DC
bias option. We generally measure the CIGS solar cell devices with a 30
mV AC bias voltage and varying the DC bias voltage in 41 steps from
—1 V to +1 V and by varying the measurement frequency
logarithmically in 41 steps from 100 Hz to 1 MHz. This gives us a

https://doi.org/10.1021/acsami.5c09671
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Figure 3. Room temperature CVf-loss maps of the Sample A devices. The red circles highlight a defect response in forward bias that is strongly limited

in the bias voltage range and therefore is likely related to an interface defect.

large continuous measurement space which allows us to derive the
voltage- and frequency-dependencies of the measured responses of the
device to the AC bias perturbation. All measurements were performed
in the dark on devices that were only very shortly illuminated with an
AM1.5G light spectrum. Metastable effects have not been considered in
this work. We generally apply a potential on the Mo back electrode,
keeping the top TCO contact grounded, such that the positive voltage
range corresponds to the forward bias of the junction.

Because our p—n junction solar cell device in the dark below the
threshold voltage is to first order a capacitance with shunt and series
resistance, we generally express the output of the LCR meter in terms of
conductance and capacitance. The complex admittance Y of a capacitor
C in parallel with a conductance G, where G is 1/R, R being the
resistance, is

Y =G +jwC ()

the values G and C are then the outputs of the LCR meter and are being
measured as a function of the 41 bias voltages and the 41 measurement
frequencies that we use. It is important to understand that both G and C
contain the defect information, as the defect charging and discharging
gives both rise to a conductance response in phase with the AC
excitation corresponding to the displacement of carriers and a
capacitance response in quadrature with the AC sine wave
corresponding to the varying level of fixed charge in the defect state.
For metal-oxide-semiconductor (MOS) devices, where the DC current
of the devices is strongly limited by the gate oxide, the conductance is
used to analyze the defects."* In the case of the solar cell, which is
mainly a p—n diode, the currents can be quite large, especially in the
forward bias direction, such that the analysis of the capacitance is
preferred, because there will be a large background of DC conductance
in the conductance data which might hide any possible defect data. This
DC response is omitted when analyzing the capacitance. Walter et al.**
analytically demonstrated that in a thin film p—n"* type of solar cell, the
trap density is to first order proportional to —fdC/df, which is why we
predominantly use this figure of merit to analyze the cell properties in
the following part of the work. In addition, to get an easy accessible
understanding of the different bias voltage and frequency dependencies,
we plot the measurement data as a two-dimensional heat map of —fdC/
df, where the vertical axis is the logarithm of the measurement

frequency, related to the activation energy of the response, and the
horizontal axis is the applied DC bias voltage, related to the variation of
the Fermi level energy in the device. The heat map data is —fdC/df
expressed in nF per cm® of cell area. This type of figure will be
exclusively used in the following to analyze our measurement results
and will be called a CVf loss map.

As the bias voltage and frequency dependencies of the figure of merit
—fdC/df are usually complicated and nonintuitive, we have employed
device simulation with a drift-diffusion simulator*®™** to fabricate
example cases for different type of possible nonidealities in CIGS solar
cells. The exact procedure of how these simulations were performed
and the detailed results can be found in ref 49. Figure 2 shows a
summary of the main simulation results, showing from top to bottom
simulations for a CIGS cell with (a) series resistance, (b) a bulk defect
in the absorber, (c) a potential barrier in the CIGS-buffer conduction
band energy, (d) a potential barrier in the CIGS/back contact valence
band energy and (e) an interface defect located at the CIGS — buffer
interface.

At this point it is important to note that it is visible in Figure 2 that
series resistance, bulk defects and potential barriers have traces in the
CVfloss map that are relatively similar, with a large tail of the response
that extends all the way in to the negative bias range and depends a lot
on the depletion layer width, therefore depends strongly on the doping
in both the absorber and the buffer layer. The trace of interface defects
is very different from the four previously mentioned cases though, as the
bias extent of the trace for interface defects is much smaller. The reason
for this being that the interface defects are on the one hand physically
localized at a single location, the absorber—buffer interface, and on the
other hand are usually also limited in the energy space in the band gap.
Interface defects are generally distributed as Gaussian distributions
centered around a particular energy, that can be located either
completely in the band gap of the semiconductor or also located in one
of the bands, with only tails of the distribution extending into the band
gap. This has for example been shown in much detail for Si, GaAs,
InGaAs and InP interface defects** >’ Therefore, when varying the DC
bias voltage of the device, the Fermi level at the interface can move quite
rapidly over the interface defect energy, leaving behind a very localized
trace in the bias voltage range in the CVfloss map. This observation will
have implications on the reasoning made in the results and discussion

https://doi.org/10.1021/acsami.5c09671
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Figure 4. Low temperature CVf loss maps of sample A2. The response in forward bias can be clearly identified at lower temperatures.

section. One notable exception to this rule is when the interface state
density is so high that it leads to Fermi level pinning, in which case the
movement of the Fermi level is hindered at the defect energy location
and the interface defect trace also extends into reverse bias. This
particular case has not been observed though in the experimental
studies done on CIGS devices that will be presented in the next section.
Even though these simulations were performed for CIGS-type solar
cells, we can assume that they qualitatively are also valid for other type
of p—n" solar cells. For studying devices that are not to first order p—n*
junctions, simulations should be made which consider the device
structure and possible defect types in those structures. In perovskite
devices, for example, the intrinsic nature of the absorber and ion
migration should also be taken into consideration. In photo-
electrochemical (PEC) cells on the other hand, the charge transfer
from the semiconductor to the electrolyte as well as the electrolyte
diffusion will also need to be modeled to get the full functionality of the
device. These other types of devices will not be covered in this work, but
the general methodology of simulating CVfloss maps and comparing to
experimental measurements could also be applied in those cases.

3. RESULTS AND DISCUSSION

On all ten devices admittance spectroscopy measurements were
performed as a function of DC bias voltage and measurement
frequency. As already mentioned in the previous section, we
measure the admittance of the device for 41 different bias
voltages ranging from —1 to +1 V and for 41 measurement
frequencies ranging logarithmically from 100 Hz to 1 MHz.
From the measured capacitance of the device, we then calculate
—fdC/df and plot the result on a 2-dimensional heat map where
the vertical axis is the logarithm of the measurement frequency,
and the horizontal axis is the bias voltage. We call this heat map
the CVfloss map, as a response in this map generally is related to
an energy loss event and can be related to some sort of
nonideality in the device. An ideal device would show a perfectly
blue shape, corresponding to no-signal, i.e. no capacitance
variation with frequency. The brighter colored areas are areas
where we can measure a capacitance variation and therefore a
response in the —fdC/df value, corresponding to different

nonidealities. Figure 3 shows the room temperature measure-
ment results of the six different type A devices.

First, we can identify several common bright features in the
CVf loss maps, which are often present in these p—n* type of
devices. The bright feature in the bottom right-hand side corner
is caused by the forward DC current of the diode. In that area the
dissipation factor D = G/(27fC) is larger than 10 and the value
of the capacitance cannot be correctly measured by the LCR
meter. This is also the case in the bottom left-hand side corner,
where the reverse shunt conductance of the device causes a large
DC current, hindering the correct measurement of the
capacitance. Also, at high frequencies around 1 MHz, in most
devices, a large signal can be seen over the full bias range, which
is the trace of the series resistance (see Figure 2a). These three
different signals are usually always present. As generally known,
it is advantageous for the device efficiency to minimize these
signals as much as possible, by maximizing the shunt resistance
and by minimizing the series resistance. Nevertheless, in good
devices, these signals are not the cause of very serious efficiency
limitations, so we will not discuss them further in the next
sections. For more extensive analysis and information about
these features please refer to ref 49.

In addition, and most importantly for this work, in all the
measured devices, another response is visible in the room
temperature CVf loss maps. This response is highlighted by the
red circles in Figure 3. It consists of a response that is only
present in forward bias and is quite limited in the bias voltage
and frequency range. Comparing the response to the simulations
of Figure 2, this response can arise because of an interface defect
at the CIGS-buffer interface, which is the hypothesis we will
adopt in the following analysis. In fact, from all the simulated
CVf-loss map responses in ref 1 and in Figure 2, only the
interface defect response does not have a tail going to reverse
bias voltages. As the experimental data of the defect response
highlighted with the red circles in Figure 3 does not present a tail
toward negative bias voltage, we conclude that it can only arise
from the interface region between the CIGS and the CdS buffer
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layer. One must be particularly careful here in the analysis, as it is
known that in forward bias, diffusion capacitance effects become
important.”*® The diffusion capacitance arises due to the
injection of large amounts of minority carriers into the layers,
which take some time to recombine and therefore add to the
capacitance response at frequencies below the characteristic
frequency of the carrier recombination which is typically in the 1
MHz to 1 GHz range, depending on minority carrier lifetime
and carrier velocity. Because our measurements go in most cases
beyond the V,_ of the diode, certain diffusion capacitance effects
are to be expected. The cutoff frequency of the diffusion
capacitance is nevertheless in most cases quite high, well above 1
MHz, such that a strong frequency dependence in the absence of
other frequency dependent interface defects is not expected in
our measurement range. Previous analysis by Weiss et al. has also
shown the diffusion capacitance effects to be small all the way to
the Vo'

In some cases, the interface trap response in forward bias
merges with the series resistance response or lies at too high
frequency and cannot be clearly identified at room temperature.
Example cases for this are samples A1, A2 and to some extent A3.
In such case it is possible to reduce the measurement
temperature, which will consequently slow down the defect
response through the action of the temperature in eq 1 and
which will effectively separate it from the series resistance
response at high frequency, or which will reduce it to lower
frequencies such that it will fit in the measurement window. To
visualize this, we have done these measurements for the example
case of device A2. Figure 4 shows the CVfloss maps acquired at
different temperatures. Whereas the trap response in the room
temperature measurement cannot be clearly identified, as it
slows down with decreasing temperature, it can be clearly
identified as an interface response similar to the response in
Figure 2e.

Assuming that the capture cross section is independent of
temperature in eq 1, we can also make an Arrhenius plot,”
plotting @T~* (w = 27f) of the maximum of the admittance
response versus the inverse of the measurement temperature
(1000/T). The exponential fit yields an activation energy E, of
117 meV and a capture cross section ¢ of 1.4 X 1077 cm?, as
shown in Figure 5.

These are very typical values for the widely reported N1 defect
measured in CIGS devices before light soaking.'**”® In the
framework of this work, it is therefore proposed that the N1
defect is related to a defect at the CIGS-buffer interface, even
though this is still heavily debated in literature,”' 202061768 Ag
the main goal of this work is the analysis of the room
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Figure S. Arrhenius plot of the response in forward bias for sample A2.

temperature data, we did not do low temperature measurements
on all the devices presented in this work, such that a very solid
conclusion on the activation energy of all the presented devices
will not be achievable at this point. We note also that no light-
soaking study has been performed on the devices measured here,
such that metastable effects have not yet been addressed. All
admittance measurements on these devices have been
performed in the dark on devices that had been only submitted
to very short illumination times with an AM1.5G light spectrum.

On the other hand, so far, no very clear correlation between
the intensity or position of the admittance response and the
performance metrics of the different solar cell devices could be
determined from the measurements. To investigate this
correlation more in detail, we have produced a series of devices
with a high-quality absorber layer, namely a state-of-the-art
absorber fabricated by Avancis, on which we have deposited a
series of different buffer layers. These are the B-type devices in
this work. For device B1 a CdS buffer layer was deposited on the
CIGS absorber. For device B2 a CdS buffer layer was also
deposited, followed by the ALD deposition of a thin SnO, layer.
Device B3 on the other hand only has a thin SnO, buffer layer
deposited directly on top of the CIGS absorber. The CVf loss
maps of these three devices are shown in Figure 6.

All three devices show a clear trace in forward bias, similar to
the simulation of the interface defect response. Whereas devices
B1 and B2 show a power conversion efficiency of about 12% and
a V. of about 600 mV, device B3 only shows a power conversion
efficiency of about 5% and a V,_ of about 300 mV, very drastic
differences, considering that the CIGS absorber is the same.
Assuming that the degradation for device B3 is caused by a worse
interface quality between the CIGS and the buffer layer, one
would assume a larger —fdC/df intensity in the admittance
signal, as the intensity of the signal is to first order correlated to
the defect density.” The contrary is the case though, the
intensity for device B3 is marginally lower as compared to the
devices B1 and B2, so it seems that the overall defect density at
the interface did not vary much for the ALD SnO, interface as
compared to the CBD CdS interface. What has changed
drastically though for device B3 is the bias position of the
response, which was reduced by about 300 mV to about 0.3 V
instead 0of 0.6 V for devices B1 and B2. It seems therefore that the
V,. reduction was mainly caused by a difference in the DC bias
voltage at which the Fermi level is crossing the interface defect in
the device. Such a DC bias voltage variation at which the Fermi
level is crossing the defect energy level can be caused either by a
variation of the Fermi level energy at the interface, or by the
variation of the energy position of the defect in the band gap of
the CIGS. Considering that interface defects are often caused by
intrinsic defects of the semiconductor material in question,
generated by the sudden disruption of the crystal lattice at the
interface,”” we consider it less likely that the energy position of
the defect changed drastically between devices B1, B2 and B3, as
all three CIGS absorbers are the same. The Fermi energy
position at the interface on the other hand is a complex function
of the doping in the p-type CIGS, the doping in the n*-type
buffer layer, the band alignment between the two layers and
eventual fixed charges in the vicinity of the interface. It is very
likely that SnO, has a very different level of n-type doping as
compared to CdS, a different level of band alignment with the
CIGS and possibly also a different level of fixed charges, causing
this shift of the Fermi energy at the interface. This shift of Fermi
energy moves the Fermi level into the defect energy now already
at 300 mV lower bias voltages, charging up the defect and
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Figure 6. Room temperature CVf-loss maps of the Sample B devices.
The vertical red line highlights the bias position of the defect response
in forward bias, which is correlated to the V_ values of the devices.

increasing carrier recombination at the interface, thereby
reducing the photocurrent and the V. accordingly. It will also
be noted that in the extreme case, when the interface response in
the CVf loss map occurs already at negative bias values, such as
in the case of sample A6 in Figure 3, the efficiency is almost
completely reduced to zero, even though the absorber layer is of
good quality.

Finally, the CVfloss map of the highest efficiency device C1 is
shown in Figure 7.

The interface defect can still be identified in this sample, albeit
having a lower intensity as compared to the type A and type B
samples. In fact, the —fdC/df axis was reduced in this figure to a
maximum value of 15 nF/cm? instead of 50 nF/cm? previously,
highlighted by the red circle, to clearly see the response. The
intensity of the —fdC/df signal depends on the defect density on
one hand, but on the other hand also on other properties like the
CIGS and the buffer doping and band alignment, such that
universal conclusions are difficult. Nevertheless, because very
large variations in absorber and buffer doping are not expected,
to first order, it seems that the efficiency of the C1 device is
highest, because the number of defects at the CIGS—buffer
interface was successfully decreased. Also, the bias voltage at
which the response goes to a maximum in forward bias is now
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Figure 7. Room temperature CVf-loss map of sample C1. The vertical
red line highlights the bias position of the defect response in forward
bias. The red circle highlights the different —fdC/df scale as compared
to Figures 2, 3, 4 and 6.

almost 0.8 V, also explaining the high V¢ values of that device as
compared to the other devices.

To conclude the admittance analysis, we would like to show
the plausibility of the findings that the interface defect at the
CIGS—buffer interface is limiting the power conversion
efficiency of the solar cell. For this aim we have performed
simulations with the one-dimensional drift-diffusion simulation
software SCAPS, " where we simulate a CIGS device in which
only one major type of defect is added, namely an acceptor-type
defect at the CIGS—buffer interface. We have positioned this
defect at the interface between the CIGS and the buffer layer at
an energy of 250 meV above the valence band edge energy of the
CIGS with a Gaussian energy distribution and a total defect
density of 2 X 10'> cm™ For our simulation, we have chosen to
model the interface defect as a thin, highly defective interfacial
layer with a thickness of 10 nm and a bulk defect density of 2 X
10'® cm™ as this gives numerically more stable results for the
simulation and also a slightly better fit to the experimental data.
It is also possible to choose the interface defect option integrated
in SCAPS and results will be similar. In addition to that defect,
only a series resistance of 0.5  cm” and a shunt resistance of
2000 Q cm® were added to the device as well as carrier
recombination at the front and back contacts with a low surface
recombination velocity of 100 cm/s. The values of band gap,
doping and electron affinity in the CIGS were 1.2 eV, 10'® cm™
and 4.1 eV, whereas the values of band gap, doping and electron
affinity in the buffer were chosen to be 2.4 eV, 1.3 X 10*® cm™
and 3.9 eV. The complete device structure and all parameter
settings can be found as screenshots of the various input fields of
the SCAPS software input fields in the Supporting Information,
Figures S3—S13, such that the interested reader can repeat the
simulations.

Simulating this structure without the interface defect yields a
power conversion efficiency of 29%, a J,. of 41.9 mA/cm?, a V.
of 850 mV and a fill factor of 83.6%, close to the intrinsic
Shockley—Queisser limit’* and mainly limited by the series and
shunt resistance values, the small band offsets in the conduction
and valence band edge energies between the absorber and the
buffer layers and the small front and back contact recombina-
tion. Including the interface defect as described above in the
simulation, yields the data as shown in Figure 8, where the
interface defect reduces the fill factor and V,, and accordingly
reducing the power conversion efficiency to 19.3%.

In the figure, the current density versus bias voltage under an
AML.SG illumination (a), the logarithm of the generation-
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Figure 8. Simulation results of a CIGS solar cell with only an interface
defect at the CIGS—CdS interface added. Current density versus
voltage curve under AMI.SG illumination (a), Logarithm of the
generation-recombination currents versus voltage under AMI1.5G
illumination (b) and room temperature CVf loss map simulated in

the dark (c).

recombination currents versus bias voltage under AM1.5G
illumination (b) as well as the simulated CVf loss map in the
dark (c) are shown. It is visible that the power conversion
efficiency, V. and fill factor were reduced to about the same
values as our highest performing device C1. The recombination
currents show that without applied bias, the recombination via
the interface defect is small, whereas it gradually increases as the
bias voltage is increased, reducing fill factor gradually. When the
recombination current due to the interface recombination
equals the generation current, the V. of the device is obtained.
Figure 8c on the other hand shows the simulated dark and room
temperature CVf loss map of the cell, also resembling the
interface response of the CVfloss map of the highest performing
device C1 (Figure 7).

Figure 9 schematically shows the band diagram of the
simulated CIGS cell with the configuration of the interface
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CIGS-buffer interface
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Figure 9. Schematic representation of the simulated CIGS cell and the
interface defect configuration in reverse bias, where the interface defect
is fully charged and not much contributing to recombination currents
(left). In forward bias, the defect becomes partly discharged,
contributing strongly to recombination currents and limiting V. and
fill factor of the device (right). E_ is the conduction band minimum
energy, E, is the valence band maximum energy, F,, is the Fermi level for
electrons and F, is the Fermi energy for holes.

defect in reverse bias and in forward bias. In reverse bias the
acceptor-type interface defect is fully charged and does not
contribute much to carrier recombination in the device. In
forward bias on the other hand the interface defect gets partially
discharged and contributes stronger to the recombination
current, limiting V. and fill factor of the device.

Whether the measured defect is indeed an acceptor-like defect
positioned above the valence band edge energy of the CIGS
cannot be said for certain, this is just one of the possible
configurations, but the simulations clearly demonstrate that this
is a viable hypothesis. Combining these simulation results with
the observed admittance measurements, it is quite likely that the
defect limiting the power conversion efficiency in the highest
performing device C1 is indeed an interface defect at the CIGS—
buffer interface, even though back contact recombination, bulk
recombination and conduction barriers in the device likely also
play a role, which might be larger or smaller, depending on the
exact configuration of the cell.

4. CONCLUSIONS

We have performed extensive bias-dependent admittance
spectroscopy measurements on state-of-the-art CIGS solar
cells, studying the recombination processes that are responsible
for the Vo and efficiency limitations of the devices. The
measurement results show that in all devices a response is
present which is limited to the forward bias range, which we
attribute to an interface defect at the CIGS—buffer interface,
because of the specific bias voltage and frequency dependence
that we derived from device simulation. The clearest correlation
that was found of the admittance response with the device
parameters was a correlation of the bias position of the response
with the open circuit voltage and the fill factor of the devices. If
the response appeared at lower forward bias voltages, the fill
factor and open circuit voltage were strongly reduced. The
devices with the highest V. and highest power conversion
efficiency values showed the response at the highest forward
bias. In the highest efficiency devices, the intensity of the signal
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was also reduced. It therefore seems that even the highest
efficiency CIGS solar cells are still limited by the effect of the
interface defect. We therefore assume that further improvements
to the power conversion efficiency of state-of-the-art CIGS
devices must come from interface engineering at the CIGS—
buffer interface, as this can influence both the density of interface
defects as well as the bias voltage at which the Fermi level at the
interface runs into the defect energy level. A digital twin model
of the highest performing solar cell was shown, demonstrating
the viability of the hypothesis that the interface defect is limiting
the power conversion efficiency of the device.
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Figure S1 shows the simulation of the low-temperature
behavior of an interface defect, and Figure S2 illustrates
how the voltage position of the interface defect in the CVf
loss map can influence the open-circuit voltage and fill
factor in JV curves. Figures S3—S13 contain screenshots
of all SCAPS input fields used for the simulations
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