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1 | INTRODUCTION
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Abstract

Admittance measurements of Cu (In, Ga)Se, (CIGSe) solar cells typically show at least
one capacitance step, the so-called N1 signal. Its origin is still under debate, even
though the signal is present in almost all CIGSe solar cells. In this work, CIGSe solar
cells with different absorber layer thicknesses have been prepared on Mo and on
indium tin oxide (ITO)-based back contacts. The samples were analyzed by
temperature-dependent current-voltage (JV) and admittance measurements. No N1
signal was found for ITO-based samples. The N1 signal was also absent in Mo-based
solar cells with an ultrathin absorber layer, unless a forward bias voltage was applied.
The observations can be consistently explained by a back contact barrier, which is
only present in the Mo-based solar cells. The explanation is further supported by
measured JV curves and by theoretical simulations. The results give a strong
indication that the N1-signal is due to a back contact barrier. While a back contact
barrier is not necessarily detrimental for regular CIGSe solar cells, it may be an issue
for CIGSe solar cells with ultrathin absorbers, where a so-called punch-through effect

can occur.
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with an activation energy in the range of 50 to 150 meV, typically

located close to the absorber/buffer interface.®> An alternative expla-

Admittance measurements are an important tool to analyze various
properties of semiconductors including doping and defect densities.
However, the analysis of admittance spectra is challenging. Due to
similar effects on the spectra, transport barriers can be mistaken as
defects and vice versa. Interestingly, admittance measurements on Cu
(In, Ga)Se, (CIGSe)-based solar cells basically always show at least one
capacitance-frequency step, which is commonly referenced as the so-
called N1-signal. Despite 30 years of research, there is still an ongoing
debate on its origin.2? It was often interpreted as a shallow defect

nation involves a hole extraction barrier at the back contact.>* The
presence of a back contact barrier for CIGSe solar cells was concluded
by several authors.>¢ It can lead to a counter diode in relation to the
main junction. The effect on solar cell parameters under normal opera-
tion conditions may well be negligible for not too large a back contact
barrier height.”

A back contact barrier, however, can become important in the
case of ultrathin solar cells. When the calculated width of the space
charge region of the main junction approaches the absorber thickness,
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the open-circuit voltage becomes dependent on the work function of
the back contact metal: simulations show that the built-in-voltage
decreases if the work function decreases.” This effect was found for
CdTe solar cells even with regular absorber thickness due to the
typically low doping densities in CdTe. In this case, it is discussed as a
so-called reach-through or punch-through diode.” For CIGSe solar
cells, it could be present in the case of very thin absorber layers
(<500 nm).

For this work, the standard Mo back contact was replaced by
indium tin oxide (ITO). Several n-type oxides have been successfully
used as the electrical back contact for CIGSe solar cells despite effec-
tively creating an n-p-n structure.® Transparent conductive oxides like
ITO serve as back contacts for bifacial solar cells.21? Recently, they
also became of interest for light management applications.”111”
CIGSe solar cells with different absorber layer thicknesses and with
ITO or Mo back contacts were studied recently in order to determine
the back contact recombination velocity at the CIGSe/ITO interface
from bifacial measurements combined with systematic simulations.'®
For the present work, we used the very same samples as in Schneider
et al.?® to investigate the influence of the back contact on admittance
spectra. Additionally, capacitance-voltage (CV), drive-level capacitance
(DLCP), and
(JV) measurements were performed. We show that the results of

profiling temperature-dependent  current-voltage
these experiments provide strong evidence that the N1 signal is
related to a back contact barrier, which is present in CIGS solar cells

with Mo back contact, but absent in samples with ITO back contact.

2 | EXPERIMENTAL DETAILS
Solar cells were prepared on two different types of back contacts.
One of the back contacts was deposited by sputtering 260 nm of ITO
on commercially available 2.1-mm-thick soda-lime glass (SLG) sub-
strates covered with a 110-nm SiN, layer to prevent Na diffusion
from the SLG during absorber preparation. The sheet resistance of the
ITO layer was 7 Q/sq as determined by four-point measurements. The
sheet resistance was measured on completed solar cells, where the
layers above the ITO-back contact were removed mechanically. The
other back contact was commercially deposited Mo on 3-mm-thick
SLG, also with a 200-nm SiO«N, barrier against Na diffusion. The fol-
lowing steps were processed always simultaneously on both back
contact types. CIGSe layers of three different thicknesses (300 nm,
550 nm, and 1020 nm) were deposited using thermal evaporation in a
three-stage process. The maximum substrate temperature was 480°C
for all processes. We note, however, that the substrate temperature
was measured at the back side of the substrate; therefore, the actual
growth temperature of the CIGSe layer can differ, especially between
the two back contact types due to their different emissivity and the
different thickness of the substrates. Hence, the possibility of CIGSe
layer properties depending on the back contact must be taken into
account when interpreting experimental results.

Directly after the absorber preparation, 2 nm of NaF, as pre-

determined by flux measurements, was deposited inside the same

vacuum chamber at a substrate temperature of 450°C using thermal
evaporation. Subsequently, a buffer layer of approximately 50 nm of
CdS was applied using chemical bath deposition. The window layer
was deposited by sputtering 140 nm of intrinsic ZnO followed by
210 nm of ITO. Finally, a metal grid consisting of Ni/Al/Ni layers was
deposited by electron beam evaporation through a shadow mask.
Solar cells of approximately 45 mm? were defined by chemical etching
of the front contact. To this end, 10% HCI was applied using a fine
paint brush to the front surface, locally removing the ITO/ZnO/CdS
layers without any masking.

The finished solar cells were characterized by JV measurements
at room temperature using a home-built sun simulator with a halogen
lamp. The light intensity of the lamp was adjusted by matching the
current of a Si reference solar cell to the current anticipated under
AM1.5G conditions. Furthermore, temperature-dependent JV and
impedance measurements were carried out in a cryostat chamber. Mo
and ITO-based samples with the same absorber layer thickness were
measured simultaneously side by side. Before each impedance and
dark JV measurement, the samples were relaxed in the dark at an ele-
vated temperature for several hours. The sample temperature was
measured individually for each sample. Temperature-dependent mea-
surements were performed starting at 80 K followed by a tempera-
ture increase in 10 K steps. A xenon light source was used for the
temperature-dependent JV curves with the light intensity adjusted
identically to the halogen lamp. The impedance measurements were
performed using an Agilent E4980A LCR meter. The AC signal ampli-
tude was 30 mV throughout all measurements. DLCP and CV mea-
surements have been conducted at measurement frequencies of
5 kHz and 50 kHz. In order to reduce the influence of the series
resistance, the cell area was reduced to approximately 20 mm? for the
impedance measurements. For comparison, impedance simulations
were carried out in 1D using the software AFORS-HET.*’

The chemical composition of the absorber layer was determined
on Mo reference samples using energy-dispersive X-ray spectroscopy
(EDX). The GGI depth profile was determined using glow discharge
optical emission spectroscopy (GDOES) with a GDA 750 of
Spectruma Analytik.

3 | RESULTS AND DISCUSSION

3.1 | Chemical composition
The GGl = [Ga]/([In] + [Ga]) and CGI = [Cu]/([In] + [Ga]) values
obtained from EDX measurements are given in Table 1. It must be

noted that the Mo back contact was visible in the EDX measurements

TABLE 1 GGl and CGI from EDX measurements
Absorber layer thickness (nm) 300 550 1020
CGlI 0.80 0.78 0.79
GGl 0.37 0.32 0.33
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for absorber thicknesses below 1.1 pm. Therefore, a higher error is
expected for thinner absorber layers. Within this error, no difference
in the overall absorber composition between Mo-based and ITO-
based samples was observed.

The GGI depth profiles measured with GDOES are displayed in
Figure 1 together with the Na concentration profiles. All GGI profiles
exhibit a notch, which is typically observed for samples from a three-
stage process. The width of this notch is increasing with the absorber
thickness. The GGI notch minimum is least pronounced for the thin-
nest absorber thickness; that is, the notch is not as deep. The notch is
slightly more pronounced in the case of the ITO-based samples. This
difference is most likely caused by a different mobility of Ga and In
during the absorber deposition. The different mobility can be either
due to a different preferred crystal orientation of the CIGS caused by
the different back contact types or due to a different sample tempera-
ture during the layer growth. The difference in process temperature is
most likely also responsible for the small differences in the Na
profiles.

A decrease of the GGI close to the back contact was reported in
Keller et al.!2 for (Ag, Cu)(In, Ga)Se, solar cells grown on hydrogen-
doped In,O3 back contacts. The formation of Ga,O3 close to the back
contact was found as the origin and Na(F) was discussed to promote
the formation of Ga,Os. The observed reduction of the GGl close to
the back contact found in Figure 1 can be explained by the onset of
the ITO back contact. The absence of Na during the CIGSe deposition
might have helped to avoid excessive formation of Ga,Os. However,
a thin layer of Ga,O3 is expected, which cannot be determined by the
limited spatial resolution of the GDOES.

Interestingly, the Na concentration also shows a notch with its
minimum position roughly at the same position as the GGI notch. The
minimum Na concentration is becoming smaller with increasing
absorber layer thickness. The Na concentration strongly increases

towards the front and the back contact. The Na front gradient can be
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FIGURE 1 GDOES data for the different CIGSe absorber layer

thicknesses on ITO back contacts (left column) and on Mo back
contacts (right column). The upper row shows the GGI, while the
lower row shows the Na content in atomic percent. The dashed lines
mark the positions, where the Mo signal reaches 1 at% for the Mo-
based samples as an estimation of the onset of the back contact

expected, because Na was introduced into the sample solely by depo-
sition of NaF on the front interface of the absorber layer. Hence, Na
near the back contact originates from diffusion through the absorber
layer. The gradient towards the back can be explained either by a
reduced Na diffusivity at the CIGSe/back contact interface leading to
a pile-up or by an enhanced density of grain boundaries close to the
back contact since Na is typically found at the grain boundaries of
CIGSe.?°

In view of the minor differences of the absorber layers on both
back contact types, a different chemical composition of the absorber
can be ruled out as origin of the different appearance of the N1
signal.

3.2 | Solar cell characterization

Figure 2 shows the JV curves of solar cells with both back contact
types and different absorber layer thicknesses. The extracted solar cell
parameters are given in Table 2. Herein, only the best solar cells are
shown for each sample type. Measurements of the external quantum
efficiency and optical calculations using the transfer matrix method
are given in the supplemental material.

Except for the 550-nm sample, the Mo-based solar cells exhibit
higher fill factors (FF), which can be explained by a higher series resis-
tance in case of the ITO-based samples due to the lower conductivity
of ITO in comparison with Mo. However, both open-circuit voltages
(Voc) and short circuit currents (Jsc) are larger in case of the ITO-
based samples, resulting in higher power conversion efficiencies (PCE)
in comparison with the Mo-based samples except for the samples
with the highest absorber thickness. Both Vo and Jsc become smaller
with decreasing absorber layer thickness; however, the Vo decrease
is more pronounced in case of the Mo-based samples. The stronger
Voc effect of Mo-based cells can have different reasons: It may be
related to different back contact recombination rates or possibly dif-
ferent absorber qualities due to a different layer growth induced by
the back contact or by a difference in the sample temperature.
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FIGURE 2 JV curves of solar cells with Mo (dashed lines) and ITO

(full lines) back contacts and with three different absorber layer
thicknesses
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Alternatively, the stronger Voc decrease of the Mo-based samples
may be related to the punch-through effect due to the presence of a

back contact barrier (see below).

3.3 | Temperature-dependent JV measurements
Figure 3 shows JV curves with and without illumination measured at
temperatures ranging from 80K to 330 K. In the case of the
Mo-based samples a kink in the first quadrant of the illuminated JV
curves becomes increasingly visible with decreasing temperature. It is
less pronounced for the 300-nm sample.

TABLE 2 Solar cell parameters for the different back contact
types and absorber layer thicknesses

Back contact  Voc(mV)  FF(%)  Jsc(mA/cm?  PCE (%)
d (CIGSe) = 300 nm
Mo 544 68.9 19.6 7.3
ITO 611 65.5 21.3 8.5
d (CIGSe) = 550 nm
Mo 560 63.9 24.5 8.7
ITO 616 65.0 27.3 10.9
d (CIGSe) = 1020 nm
Mo 605 72.0 29.8 13.0
ITO 642 61.3 30.3 11.9

Note: The Jsc values are determined using EQE measurements, while the
other parameters are extracted from JV curves.
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FIGURE 3 Temperature-dependent JV curves measured in dark
(red) and under illumination (blue) for the different absorber layer
thicknesses and back contact types. The curves are plotted with thick
lines for 100 K, 200 K, and 300 K. the black arrows show the relative
shifting direction of the JV curves with increasing temperature. The
temperature ranges between 80 K and 330 K in 10 K steps

The presence of a kink in JV curves is sometimes explained by a
large cliff at the buffer/window interface leading to a blocking of the
diode current under large forward bias.2 An alternative explanation
would be that the observed kink is caused by a back contact barrier
limiting the diode current transport. The conductivity might increase
under sufficient forward bias due to a breakdown of the back contact
barrier or an increased tunneling through the back contact barrier as

.22 This approach could also explain why the

proposed by Ledinek et a
kink was only observed for the Mo samples, given the assumption that
no back contact barrier is present in the ITO-based samples.

Both sample types exhibit a strong cross-over between illumi-
nated and dark JV curves, especially at lower temperatures, which is
more pronounced in case of the Mo-based samples. According to lit-
erature, such a cross-over can result from a barrier at the CIGSe/CdS
interface, which disappears under illumination due to enhanced effec-
tive doping of the CdS layer,?® or from a back contact barrier.2
Hence, the (additional) presence of a back contact barrier can explain
the stronger cross-over in case of the Mo-based samples.

The ITO-based sample with the highest absorber thickness of
1020 nm shows another type of distortion. With decreasing tempera-
ture, the fill factor as well as Jsc decrease. By plotting the normalized
Jsc as a function of temperature (Figure 4), a tendency of decreasing
Jsc with decreasing temperature can be seen for the ITO-based sam-
ples, albeit some data scattering due to variation of the solar simula-
tor. Apparently, the collection of generated charge carriers is hindered
at lower temperatures in the ITO-based samples. We speculate, that

this effect might be related to a tunneling barrier, which is building up
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FIGURE 4 Temperature dependence of Jsc (upper row) and Voc
(lower row). Since Jsc is much less temperature-dependent in the Mo-
based samples than in the ITO-based samples, Jsc of the ITO-based
samples is referenced to Jsc of the Mo-based samples, the latter thus
serving as an approximate measure of the variation of the light
intensity. The lines correspond to linear fits of the Voc-curves at low
temperatures (dashed lines) and at higher temperatures (full lines),
respectively. In case of the ITO-based samples, the whole Vo
-measurement range was used for the linear fit. The voltage labels
give Voc extrapolated to 0 K
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at the back contact with increasing deposition time of the absorber. A
possible candidate for such a barrier would be a Ga,O3 layer growing
at the elevated temperatures during absorber deposition on the ITO
back contact.®111215 There are indications in the literature that an
ITO back contact without a Ga,O5 forms an ohmic contact.?>2%

Figure 4 also shows the open-circuit voltage as a function of the
sample temperature. All ITO-based samples exhibit an almost linear
increase of Voc with decreasing temperature. The extrapolated values
at 0 K between 1.17 and 1.20 eV should, according to the ideal diode
equation, correspond to the absorber band gap plus approximately
0.075 V due to temperature dependent parameters.?” This holds true
for the Mo-based samples by extrapolating in the high temperature
range. However, their Voc(T) slopes are declining towards lower tem-
peratures. This behavior is typical for CIGSe solar cells with Mo back
contacts and can be explained by a back contact barrier. Ott et al.
derived the functional dependence Vo¢(T) in the presence of a back
contact barrier.2* According to their model, Voc(T) extrapolates to the
bandgap plus 0.075 eV at high temperatures. In our samples, this
value lies between 1.23 and 1.26 eV. At low temperatures, the model
predicts the transition to a different Voc(T)-slope. This behavior can
be clearly recognized in the measurements. An extrapolation to 0 K in
the low temperature range should give the band gap of the material
reduced by the back contact barrier height. Here, we obtain values
between 1.02 and 1.10 eV. The difference between the extrapolated
values from the high and the low temperature range (i.e., the back
contact barrier height according to the applied model) is 210 meV,
160 meV, and 180 meV in the order of increasing absorber thickness.
We note, however, that the barrier height might be underestimated
because the slope of the temperature dependence of Voc might still
change towards temperatures lower than the ones accessible in our
measurement.

3.4 | Charge carrier density

Figure 5 shows the charge carrier density profiles extracted from
both CV and DLCP measurements at a frequency of 50 kHz. A
comparison with measurements performed at 5 kHz is made in
Figure S2, where a stronger frequency dependence is visible in the

case of the ITO-based samples compared to the Mo-based

For both sample types similar results were obtained from CV and
DLCP measurements, respectively. A typical U-shape can be recog-
nized in all curves except for the CV measurements on Mo-based
solar cells. This shape is commonly observed in the apparent carrier
density profiles derived from CV measurements.'?® One possible
explanation for the increasing carrier density in reverse bias (largest
depth) is the charging of deep defect states.?’ For the increase in
forward bias an explanation involving a back contact barrier was put
forward.® However, since the increase of the apparent doping density
happens also for the ITO back contact, this explanation would require
a back contact barrier for both sample types. In a theoretical study,
Sozzi et al. showed that the increase of the apparent carrier density in
forward and in reverse bias can be explained by the level of the CdS
doping density.?® Usually, for the extraction of the charge carrier
density from CV measurements a one-sided p-n-junction with
highly asymmetric doping is assumed. The simulations in Sozzi et al.?®
showed that if the CdS doping is not high enough for such an n*p-
junction, the charge carrier density obtained at the minimum of the
U-shape is considerably smaller than the actual doping density, which
is instead approached under sufficiently high reverse and
forward bias.

In the case of the 1020-nm-thick absorber layer, a slightly lower
charge carrier density is measured for the Mo-based solar cells com-
pared with the ITO-based ones. Apart from this, almost no increase of
the doping density can be seen for decreasing absorber thickness.
This finding is unexpected since the same NaF treatment was applied
to all samples and accordingly different Na concentrations, depending
on the absorber layer thickness, were found by GDOES measure-
ments in the depth region where the doping density was determined
from the CV measurements (see Figure 1). We note, however, that in
the case of the 300 nm absorber layer the determined doping densi-
ties would lead to an almost complete depletion of the absorber layer.
In this case, a different than the actually observed shape of the charge
carrier density versus depth plot would be expected. Related simula-
tion results are given in Figure S3, where a steep increase of the
determined charge carrier density under reverse bias occurs, roughly
when the measurement depth approaches the absorber layer thick-
ness, due to saturation of the capacitance. In contrast, a rather flat CV
curve for 300-nm absorber layer thickness and Mo back contact is

observed in the measurement with depth values exceeding the

samples. absorber layer thickness. Probably the doping density in the absorber
4w 101 DLCP Mo oieemo 1020 nm —— DLCP Mo |4 x 1016
E 3% 1016 CV Mo CV Mo e CVMo 3% 106
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FIGURE 5 Charge carrier density profiles extracted from CV (circle) and DLCP (line) measurements
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is underestimated due to doping of either the CdS or the ZnO being
not high enough to satisfy the condition that the n-side is much higher
doped than the p-side. In conclusion, rather similar CIGSe doping den-
sities are found in CV and DLCP measurements for the Mo-based and
ITO-based samples. The densities for the 300 nm CIGSe samples are
such that an overlap of the space charge regions of the main and back

junctions appears possible, at least under reverse bias.

3.5 | Admittance spectroscopy
Figure 6 exemplarily shows frequency-dependent capacitance curves
of the samples with a 550 nm absorber layer thickness for different
temperatures at zero bias voltage. The full set of capacitance-
frequency curves is given in Figure S4. In case of the Mo-based sam-
ple, two capacitance steps are visible, a larger step, which we identify
as the N1 signal and a smaller step, denoted as U3, which is only visi-
ble at the lowest temperatures. The ITO-based sample also shows the
U3 signal, but most importantly, the N1 related large capacitance step
is missing. For this sample, another very broad capacitance step at
higher temperatures, denoted as U2, can be discerned. An additional
feature is the capacitance decrease close to the maximum measure-
ment frequency, especially for the ITO sample. This is likely due to a
series resistance, which is not included in the equivalent circuit and
thus distorts the capacitance evaluation.*°

In order to understand the origins of features in frequency-
dependent capacitance curves, it is instructive to study measurements
at different bias voltages®! and to present the signals in color plots of
—wdC/dw as a function of temperature and angular frequency. Such a
family of plots for all sample types is displayed in Figure 7. Note that
the color scale was adjusted for each subplot to make the signals

clearly visible. The following features can be recognized:
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FIGURE 6 Frequency-dependent capacitance measurements at
zero bias voltage of solar cells with 550 nm thick absorber layers and
Mo and ITO back contacts, respectively. The temperature ranges
between 80 K and 250 K in 10 K steps

e N1. This signal is present in all of the Mo-based samples but is
absent in all of the ITO-based ones. Its position in the -T diagram
is virtually independent of the bias voltage applied to a particular
solar cell. It shifts to higher temperatures with decreasing absorber
thickness. However, the signal disappears in case of the thinnest
absorber layer on Mo back contact at zero and reverse bias
voltage.

o U1. This feature is clearly visible only for the sample with Mo back
contact and 300 nm absorber layer thickness for zero and reverse
bias.

e U2. This signal is only present in the samples with ITO back contact
and disappears under larger forward bias. The position shifts to
higher temperatures under reverse bias. Because of a similar posi-
tion, this signal may be of the same origin as U1.

e US3. This admittance signature occurs at low temperatures. How-
ever, it is generally better visible for the ITO-based samples and

under forward bias.

If the N1 signal would be interpreted in the framework of a
defect, then it would have to be explained why this defect is missing
for the ITO-based samples. The universal appearance of the N1 signal
in CIGS layers was demonstrated in numerous publications. Chemical,
as well as electronic analysis in Sections 3.1-3.4 revealed great simi-
larities between the ITO- and Mo-based solar cells. Therefore, a com-
plete removal of a defect-related N1 signal by the ITO back contact is
unlikely. In contrast, the assumption of a back contact barrier in the
Mo-based samples leads to a straightforward explanation of the
experimental findings. Under this assumption, the N1 signal arises
from the transition between two capacitance regimes: the sole front
junction capacitance at low frequency and the series-connection of
front and back contact capacitances at high frequency.! Also, the dis-
appearance of the N1 signal for the 300-nm Mo-based sample can be
explained in this framework. At such low absorber layer thickness, the
diodes at the back and at the front interface begin to overlap under
reverse bias conditions. In this case of a so-called punch-through, a
change in the capacitance regime is not possible anymore. This sce-
nario is supported by simulation results from AFORS-HET, which are
shown in Figure 8. Here, the absorber layer thickness was 300 nm,
and a back contact barrier of 250-meV height was implemented. Fur-
ther details are given in the supporting information. Similar to the
experiment (Figure 7, first column on the left), no signal is visible at
reverse bias and only a small signal appears at zero bias voltage. With
increasing forward bias the signal becomes more pronounced due to
the reduction of the front junction width, whereby the two diodes
become separated again.

Eisenbarth et al. derived a mathematical expression, which links
the temperature dependence of the so-called critical frequency with
the back contact barrier height.! This evaluation is quite similar to the
one described by Walter et al. for the evaluation of defect contribu-
tions to admittance signals.>? The critical frequency wg is determined
by finding the maximum value of a —wodw/dC versus o plot. In
Appendix A, we show that the barrier height can then be determined
from an Arrhenius plot using a In(wo/TY>) versus 1/T plot in the case
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FIGURE 8 Simulated admittance spectra of a
CIGSe solar cell with a 300-nm-thick absorber 1068
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scattering (4 ~ T~1®). Note that our evaluation differs from the
expression in Eisenbarth et al.! The determined barrier heights given
for the three samples in the order of ascending absorber thickness are
285 meV, 210 meV, and 175 meV. The determined barrier heights are
therefore slightly above the values calculated from the Voc versus T
curves. Eisenbarth et al. found that the determined barrier height var-

ied upon different sample treatments.* For instance, there the sample
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exhibited an N1 signal with an activation energy changing from about
160 meV in the relaxed (or reverse bias) state to about 40 meV in the
white light soaked (or forward biased) state. The samples shown here
were brought into the relaxed state only for admittance and dark JV
measurements but were in the white light soaked state for the V¢
(T) measurement. Hence, the slightly lower activation energies found
in the Voc versus T measurements could be caused by a different

sample state.
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Considering the U1 and U2 signals, it is unlikely that they are cau-
sed by a back contact barrier, because an increased step height would
be anticipated with increasing forward bias, as can be seen for the
N1-signal in Figure S4. A possible explanation could be a bulk defect,
where we tentatively assume both U1l and U2 to share the same
origin. However, a determination of the activation energy was not
possible, because no inflection point could be recognized in any of the
measurements. The decrease of the capacitance at very low tempera-
tures denoted as U3 is most likely caused by a freeze out of the
majority carrier response. In this case, the capacitance should drop to
the geometrical capacitance density of the absorber layer C/A = ¢/d
with € being the dielectric constant, A the cell area and d the layer
thickness. The calculated value is 40 nF/cm? for the 300-nm-thick
absorber layer. The measured capacitance is approximately
25 nF/cm? for the ITO-based and even lower for the Mo-based sam-
ple. The effect is better visible at forward bias because the difference
between the space charge region capacitance and the geometrical
capacitance is larger in this case. It is more pronounced for the
ITO-based samples due to the absence of the N1 signal. A possible
explanation for the discrepancy between calculated and geometrical
capacitances is that the geometrical capacitance at low temperatures
is formed by the CIGSe, the CdS, and the i-ZnO layers with a total

thickness of 480 nm.

3.6 | Microscopic properties of the back contact
interfaces

The back contact barrier in the case of the Mo-based samples is
related to a mismatch between the work function of the back contact
and the Fermi energy of the absorber layer; that is, a Schottky contact
is forming at the interface. Since it is known that a thin layer of
MoSe, is forming during the evaporation of CIGSe on top of the Mo
back contact,®3*343% 3 barrier can principally be located at the
MoSe,/CIGSe interface, at the Mo/MoSe, interface, or at both inter-
faces. Based on the actual experimental findings, we cannot conclude
the position of this barrier. The impact of Na incorporation on the
contact resistance between CIGSe and Mo was studied by Yoon et al.
by performing transmission line measurements on samples with differ-
ent Na supply.>> Samples without Na exhibited an approximately four
times higher contact resistance compared with samples grown with
Na incorporation. Similar results were obtained by Wada et al.®
Mirhosseini et al. performed DFT calculations to calculate the forma-
tion energy and the band alignment of the MoSe,/Mo interface with
different crystal orientations.3® A Schottky barrier height of about
0.3 eV was found for a MoSe,(0001)/Mo(110) interface, while it was
only 0.01 eV for a MoSe, (1120)/Mo(110) interface. Additionally,
the influence of Na incorporation in the MoSe, was studied. A
decrease of the Schottky barrier height upon Na incorporation was
only observed in the calculations if Na occupied substitutional sites
on Mo vacancies. The crystal orientation of MoSe, grown on Mo with
and without the presence of Na was studied by various authors.®333#

In general, the c-axis of the MoSe, planes is oriented more parallel to

the Mo surface (like in the case of a MoSe, (1120)/Mo(110) inter-
face) when Na was absent during the growth process. In contrast, the
c-axis is oriented more normal to the Mo surface (like in the case of a
MoSe,(0001)/Mo(110) interface) when Na was present during the
growth. Hence the reduced contact resistance observed in CIGSe/Mo
samples when Na was present during the growth can be explained by
a better band alignment in case of the MoSe, (1150) orientation pos-
sibly together with incorporation of Na in the MoSe,. We therefore
speculate that the scattering of activation energies of the N1 signal in
our Mo-based samples results from different orientations of the
MoSe, interface layer. In addition, minor differences in the sample
treatment before the measurement may play a role.

The presence of a kink in low temperature JV measurements
instead of a complete rollover could also be related to a MoSe, layer.
Abou-Ras et al. investigated the thickness of MoSe, layers after the
selenization of Mo covered substrates.®” Only a very thin MoSe,
layer was reported for process temperatures below 550°C. Further-
more, Na is reported to enhance the formation of MoSe, 33 Due to
the low process temperature and the complete absence of Na during
the layer growth in our case, a rather thin MoSe, layer can be
expected. Assuming that the kink is caused by a breakdown of the
diode at the back contact, this may be facilitated by the very low
MoSe, thickness (alternatively tunneling between the absorber and
the Mo may become possible). The carrier extraction in the case of
the ITO back contact is not fully understood. For an n+ layer as back
contact of a p-type solar cell, a counter diode hindering the current
transport is expected, as can be seen in®*® for an AZO back contact.
In contrast, often an ohmic contact is reported for CIGSe/TCO inter-
faces.? ITO typically is highly doped, and according to UV-VIS mea-

surements on the rear ITO presented in Schneider et al.'®

a
degeneration of the ITO can be assumed. If now the p-doping of
CIGSe in proximity to the back contact would be very high, the band
bending at the interface will become very strong and even direct

tunneling may become possible. A possible origin for high p-doping is

CIGSe

Energy

Position

FIGURE 9 Schematic representation of a possible band diagram
at the CIGSe/ITO back interface
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the compensation of selenium vacancies (donors) by oxygen, which is
available in the vicinity of a TCO-based back contact.®* When a
sufficiently high defect density is present in the vicinity of the back
contact, a tunneling contact may form. Figure 9 shows a possible
configuration of the CIGSe/ITO interface constructed with the help
of band diagram calculations using AFORS-HET. Here, the doping
density of CIGSe is 10 cm~2 except for a 20 nm thick layer, which
has a doping density of 2-10%® cm~2 in proximity to the ITO. The thin
highly doped layer leads to a small upward band bending relative to
the CIGSe bulk and in addition reduces the width of the space charge
region at the back contact significantly. Such a space charge region
would allow for tunneling transport of holes from the CIGSe to hypo-
thetical interface defects as pointed out in Figure 9. The same holds
for electrons from the ITO. As a result, a transport channel between
ITO and CIGSe may form, which would explain the high short circuit
current. Its reduction in the ITO-based solar cell with a 1,020 nm
thick absorber layer could originate in a problem with carrier
extraction in this sample possibly due to an oxide layer formed in the
longer deposition period as compared to thinner CIGSe layers.
However, further research is needed to clearly understand the carrier
extraction mechanism in the ITO-based samples and the band dia-

gram in the vicinity of the back contact.

4 | CONCLUSIONS

In this work, the back contact of CIGSe solar cells has been changed
from Mo to ITO and the CIGSe absorber thickness has been varied. The
devices were analyzed by temperature-dependent admittance and JV
measurements. As usual for Mo-based samples, the Voc(T) plots exhibit
a changing slope at lower temperatures and the well-known N1 defect
appears in admittance spectroscopy. Both are absent for the ITO back
contact. Since ITO and Mo samples otherwise have very similar proper-
ties, it is concluded that there is no blocking transport barrier at the ITO
back contact. Furthermore, this comparison indicates that the N1 admit-
tance signature in standard Mo-based solar cells indeed is due to a hole
barrier as surmised before! but never proven independently. This inter-
pretation is also compatible with the N1 voltage dependence in
ultrathin Mo-based CIGSe devices. A model for charge transport over
the p-CIGSe/n-ITO contact is proposed. However, details of this con-
tact remain open such as a temperature dependent Jsc that is observed
for increasing CIGSe layer thickness.
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APPENDIX A

Figure S5 shows the Arrhenius plots from the admittance frequencies
for the three Mo-based samples. The temperature dependence of the
prefactor in the Arrhenius plot can be derived as follows.

The admittance of the equivalent circuit of two diodes in series is

given by

11 1
Y total B Gy +iwC;  Ge+iwCe

(A1)

with the total admittance Yotq, the measurement frequency w = 2xf,
the conductivity G, and the capacitance C. Quantities with the sub-
script C refer to the back contact diode while variables with J are
associated with the junction diode at the front. The admittance of the
sample is evaluated using an equivalent circuit comprised of a capaci-
tor and resistor in parallel:

Y total = Gtotal + iwctotal- (Az)
The measured value Ci.¢q can be linked to Equation Al using a com-
parison of the imaginary part of both equations for Y;.tq. This leads to

the following expression:

CcGy% 4+ CiGe? + w?CeCy(Ce +Cy)
(Ge+G))2+a?(Cc+Cy)?

Ctota = (A3)

The admittance measurements are evaluated by a calculation of the
critical frequency wo, which is defined as

=max —wd£
wo = do .

Applying Equation A4 to Equation A3 leads to

(A4)
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which is the essential equation to obtain the barrier height ¢5 because
of the temperature dependence of Gcexp (%). Therefore ¢g can be
determined from an Arrhenius plot.

The equation can be further simplified using the condition G,
< G, which is usually applicable if the JV curve is not limited by the

conductivity of the back contact, leading to

— GC
wo*C}-‘rCc

(A6)

The Arrhenius plot requires the determination of the temperature
dependence of G,,Cc, and C,. An expression for G¢ can be obtained

from the current of the Schottky diode J¢ using

dlc

Gc= Ve (A7)

where V¢ denotes the voltage drop across the back contact. Several
expression can be found in the literature to describe Jc, which are
based on different assumptions about the limiting factor for the cur-
rent transport through the Schottky diode. Herein, the expression of
the so-called diffusion theory is employed, which is given by

- Vv
Je= qu,,EmaxNvexp( Iff 2 ) {exp (%) - 1} (A8)

with the majority carrier mobility y,, the maximum of the electric field
close to the Schottky diode denoted as E..x and Ny the effective den-

sity of states in the valence band. E,,,x can be expressed as

£, = 23&i=VcoNa (A9)

€s€0

containing the built-in voltage ¢; of the Schottky diode. Therefore, G,
can be derived as

- d V d V
=Moo (52) (oo () 1] En [0 (57) 1]

with

d aVe\ 4] _—2aNa (2a(¢i—VONa) H[ (aVe
ave ol [0 () 1] =28 (H0™) leel(ir) 1] aan

~ —2qNp qVc
= escoEman {exp< )Y

d qVc . q qVe
Emaxm [exp (W) — 1} = Emaxﬁexp W)

(A12)

Equation A10 can be further simplified under the assumption

2qNa qVc q aVc
ESEOEmax {exp <W> — 1:| < Emaxﬁexp <W> (A13)
or equivalently
2NAkT |: (qu> :| (qu>
——— |expl =) —1|/exp|-—= | <1 Al4
€5€0Emax2 P kT / P kT ( )

Under the assumption G; < G¢ only a small portion of the applied bias
voltage will drop over the back contact. Inserting typical values (N4
=10% cm™3T =200 K¢ =0.2 V,Vc=0.01 V,e, = 13.6) leads to
0.04 for the left-hand side of Equation A14, which is much smaller
than 1. Hence it appears reasonable to neglect the contribution of
ﬁ[Emax] [exp(%¢) —1] in Equation A10 leading to the following
expression for G:

(A15)

— —as\p 4 (1Y
GJ—qﬂpNVeXp< KT )EmakaEXP( kT)

The temperature dependence of the prefactor of the Arrhenius plot
can be discussed using Equation (A15). The effective density of states
is proportional to T*. The temperature dependence of up Will depend
on the specific sample and measurement temperature. C¢, Cj, and E,qx
posses all some temperature dependence. However, the temperature
dependence of those quantities is generally very small, as will be con-
firmed later by simulations.

The temperature dependence of wgp can be expressed eventually

as

wo = E(T) - exp (w) with &(T) =const -, (T)- T"1  (A16)

where 4,(T) represents the temperature dependence of the majority
carrier mobility. In total the barrier height can be obtained by linear
fitting of a In(wo - T/uy(T)) versus T~1 plot. The voltage drop on the
back contact can be neglected as long as G; < G is valid.

The derived expression was tested by calculating temperature-
dependent capacity-frequency curves using AFORS-HET. These cur-
ves were evaluated using an Arrhenius plot with the temperature
dependence of Equation A16. The effective carrier densities Neg and
mobilities 4 have been adapted for each temperature using Neg = Negr
(300 K) - T*° and u = u(300 K) - T~15 for both carrier types. The tem-
perature dependence of the mobilities represents the case that the
mobilities are limited by acoustic deformation potential scattering.
The results are given in Figure A1l as a function of the Schottky barrier
height. The maximum deviation between the actual and determined
barrier height is 1% and therefore the derived prefactor appears to be
valid and the temperature dependence of Cc, C; and E,,ox can indeed
be neglected. Despite originating from different effects, the analysis

of defect contributions to the admittance spectra is quite similar to
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FIGURE A1 Determined activation energy E, of solar cells with
different Schottky barrier heights ¢g.The activation energies were
obtained using an Arrhenius plot according to equation A16 from
calculated capacitance-frequency curves. The crosses were calculated
using a temperature-dependent prefactor of &T) = const * T~ while
the points are calculated using a prefactor of &T) = const * T?. The
black line is plotted as a visual guide

the analysis for the determination of the back contact barrier height.
The Arrhenius plot is constructed in the same way, with the only dif-
ference that the prefactor is &(T) = const. * T2 This factor is quite
often used in the analysis of admittance spectra. Hence this tempera-
ture dependence was also added to Figure Al in order to point out
how much difference in the determined activation energy is obtained
by using this prefactor. The relative deviation of the determined acti-
vation energy using this prefactor in relation to the barrier height is
about 13% in all calculations.
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