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Thin film solar cells consist of several layers. The interfaces between these layers can provide critical recombination paths
and consequently play a vital role in the efficiency of the solar cell. One of the main challenges for polycrystalline
semiconductor absorber materials is the absorber/buffer interface. The Cu(In,Ga)Se; system is particularly interesting in this
context, since Cu-rich absorbers are dominated by recombination at the interface, while Cu-poor ones are not. This study
unveils the root cause of the challenge in the interface of Cu-rich solar cells in terms of a Se-related defect with an activation
energy of 200+20 meV. This defect causes interface recombination and is responsible for the deficiency of open circuit
voltage in Cu-rich cells. Moreover, this study demonstrates that the origin of this defect is due to the etching step necessary
to remove secondary phases. Post-deposition surface treatments or modified buffer layers are shown to passivate this defect,

to reduce interface

I. INTRODUCTION

Photovoltaics represent one of the promising technologies that
are able to provide a renewable source of energy at very low
costs with current production of almost 2 % of global electricity
[1]. Thin film photovoltaic cells are considered milestones
towards achieving high efficient solar cells with lower costs
related to their low material and energy consumption, shorter
energy payback time and a wide range of possible applications
and opportunities [2]. Chalcopyrite copper indium gallium di-
selenide (CIGS) represents one of the most promising absorbers
for thin film solar cells [3] characterized by their high
efficiencies reaching 23.35 % on a laboratory scale [4, 5] and
15.0 % for its ternary compound CulnSe, (CIS) [6]. CIS and
CIGS grown under Cu-excess, referred to as Cu-rich CI(G)S
with ([Cu]/[II] ratio > 1, global ratio including secondary Cu
selenides) present generally the better semiconductor properties
compared to Cu-poor material: larger grains, higher mobility,
lower defect densities, better transport properties [7-10] and
better collection efficiency [11]. All record solar cells,
however, have been prepared from Cu-poor absorbers, because
of their higher open-circuit voltage and thus efficiency. The low
open-circuit voltage of Cu-rich chalcopyrite solar cells is linked
to interface recombination [12]. Nevertheless, it is important to
note that a transitory Cu-rich phase during growth has played a
significant role in controlling the stress release and the
optimization of the absorber quality during growth [3, 13].
State-of-the-art CIGS record cells are based on a 3-stage
absorber fabrication process, which involves Cu-poor and Cu-
rich phases [14]. Thus, it is important for the thin film
community to understand the reason behind the lower

recombination and to

increase the efficiency.

efficiencies in Cu-rich thin film solar cells. The lower
efficiency in Cu-rich cells compared to Cu-poor ones is due to a
strong decrease in the open circuit voltage (Voc). The root
cause behind this V¢ deficit is due to recombination at the
absorber/buffer interface [12, 15, 16]. Interface challenges play
a vital role in defining the quality and the efficiency of all solar
cells. The interface challenges for  polycrystalline
semiconductor absorbers like CIGS become even more
complex. For Cu-rich thin film solar cells, the root cause of
such interface challenges was not clear but has traditionally
been attributed to the absence at the surface of the Cu-rich
absorbers of an ordered defect compound (ODC) with a higher
band gap [12, 17]. However, high-resolution methods like
transmission electron microscopy or atom probe tomography
generally fail to detect the composition of an ODC at the
surface of Cu-poor absorbers [7]. Therefore, we have proposed
in the past, tunnel recombination near the interface due to the
high absorber doping of Cu-rich material [16, 18]. However, it
is difficult to explain the observed dramatic decrease of V¢ in
Cu-rich solar cells based on a steep band bending alone.
Several approaches have been developed to combine Cu-rich
absorbers with a Cu-poor surface by implementing different
surface treatments [11, 16, 19, 20, 21] that were reported to
increase the Voc of Cu-rich cells through the reduction of
interface recombination. Recently, it was found that the V¢
gap between Cu-rich and Cu-poor cells is related to the bulk
recombination and not only to the interface: the quasi-Fermi
Level splitting (gFLs) that represents the highest Voc an
absorber can achieve, is lower for Cu-rich Cu(ln,Ga)Se, than
that of Cu-poor, even before the interface with the buffer is
formed [22, 23]. The same study demonstrated a considerably



larger difference between gFLs and V¢ in Cu-rich solar cells,
indicating, that interface recombination poses an additional loss
mechanism in Cu-rich Cu(In,Ga)Se,. This was confirmed by
the investigation of the diode factor in Cu-rich and Cu-poor
absorbers and solar cells [24]. In summary: Cu-rich
Cu(In,Ga)Se, solar cells suffer from interface recombination,
but it is not clear, why the buffer-absorber interface is different
from the one with Cu-poor absorbers.

According to the phase diagram [25], Cu-rich absorbers are
characterized by a stoichiometric chalcopyrite phase with
additional copper selenide (Cu,Se) secondary phases. Etching
these conductive secondary phases is mandatory for the
electrical performance of such cells [26, 27]. This paper unveils
one of the main causes for the dominating interface
recombination in Cu-rich solar cells by presenting that this
essential etching step is responsible for the formation of defects
near the surface acting as recombination centers and
deteriorating the performance of such cells. Moreover, this
paper highlights the characteristics of such defect and provides
means of passivating this defect, restoring part of the lost V¢
and leading to an increase in the efficiency of Cu-rich solar
cells.

I1. RESULTS AND DISCUSSIONS

A. Identification of defects in Cu-rich CIS thin film solar
cells

To understand the reason behind the Voc deficit, responsible
for the lower efficiency in Cu-rich cells compared to Cu-poor
ones, we performed different characterization techniques to
identify and analyse defects in Cu-rich CIS that is the ternary
end composition of state-of-the-art CIGS thin film solar cells.
We performed capacitance measurements as function of
frequency and temperature (admittance measurements) in order
to identify the main capacitance steps in Cu-rich CIS. These
capacitance steps could be either defects or barriers as
explained in the experimental section. In this section, we
present the main capacitance step in Cu-rich CIS with an
activation energy of 200+20 meV, comparing it to Cu-poor
values and showing how we identified this 200+20 meV step as
a defect and not a barrier.

Admittance measurements (ADM) were performed for Cu-rich
and Cu-poor CIS solar cells. The capacitance values are plotted
as function of frequency and temperature. The main capacitance
step (where a barrier or a defect are likely to respond), is
identified by two short dashed lines in all admittance spectra

presented in this paper (see Figure 2 for example). The
inflection point of these steps are determined from the maxima
in the derivative with respect to the log of the frequency as
explained in the experimental section below. The values are
plotted in an Arrhenius plot. The activation energy of the main
capacitance step is then calculated from the slope of the linear
fit of this Arrhenius plot [28].

The activation energy of the main capacitance-step revealed
from ADM measurements indicated an activation energy of
200£20 meV for the step in Cu-rich cells, while an activation
energy of 130£10 meV is deduced in case of Cu-poor CIS cells
[29]. It is important to note that this 200+20 meV capacitance
step is present in all our Cu-rich CIS cells no matter if we
changed the Cu/In ratio or Se flux as reported earlier [30]. The
nature of this 20020 meV step is not a priori clear; whether it
is a barrier or a defect and whether it is at the interface or the
bulk of the absorber. To unveil the nature of this step, several
experiments were performed.
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Figure 1: Three different absorber structures: “Schottky-absorber” is the bare absorber
covered with an Aluminium (Al) Schottky contact, “Schottky-buffer” is the absorber
covered with a CdS buffer layer, then covered with an Aluminium Schottky contact and
“complete-stack” is the fully processed solar cell.

Three Cu-rich absorber runs were fabricated with three
different Se fluxes (low, medium and high). The pressure of the
low Se flux is in the range of 4*10® mbar, medium Se flux is in
the range of 1*10™ mbar and high Se flux is in the range of
4*10° mbar. Our standard Cu-rich CIS absorber deposition
process is performed using the lowest possible Se flux (pressure
of 4*10°® mbar) as lower Se flux has been reported to be more
beneficial for our Cu-rich CIS cells [18] and Se fluxes with
pressure lower than 4*10® mbar are not sufficient to form the
required CIS phase.
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Figure 2: Admittance measurements for: a) Schottky-absorber, b) Schottky-buffer and c) complete-stack of a Cu-rich CIS solar cell grown with a medium Se flux, measured between
320-50 K as indicated by the temperature scale on the left side. d) The Arrhenius plot for Schottky-absorber, Schottky-buffer and complete-stack Cu-rich CIS (a-c) indicating the
activation energy of the main capacitance step with values around 200+20 meV for the three samples at the same temperature range (117-175 K). e) Activation energies deduced
from admittance measurements for Schottky-absorber, Schottky-buffer and complete-stack for three Cu-rich CIS grown under different Se flux conditions (low, medium and high Se
fluxes). The main capacitance step of all samples indicated activation energy of 200£20 meV.

Each absorber fabrication run contains four similar absorbers.
One sample was kept for reference and the other three samples
were etched using strong potassium cyanide (KCN) etching that
is necessary to remove conductive copper selenide secondary
phases as explained in the experimental section. The three
samples are then completed in three different levels referred to
in the text as “Schottky-absorber”, “Schottky-buffer” and
“complete-stack” as presented in Figure 1 and explained in the
experimental section. Aluminium (Al) is deposited on top of the
absorber in the case of “Schottky-absorber” and on top of the
absorber-buffer surface in case of “Schottky-buffer” to form a
Schottky contact [31, 32]. ADM measurements were then
performed for the three samples of each of the three absorbers
with different Se fluxes with a total of nine samples. The
activation energy of the main capacitance step was then
deduced from the slope of the Arrhenius plot for all nine
samples. The admittance spectra and Arrhenius plots of the
three different samples of one of the absorber runs (absorber
with medium Se flux) are presented in Figure 2(a-d). The
temperature scale of the ADM measurements in Figure 2(a-c) is
presented on the left side of Figure 2.

Figure 2(a) represents the ADM spectrum for Cu-rich CIS
absorber with Schottky-contact. Three main capacitance steps
could be revealed from Figure 2(a) as indicated by the short
dashed lines. A high temperature step (represented as step 1)
has an activation energy of 280 meV, a medium temperature
step (represented as step 2) with an activation energy of 208
meV and a low temperature step (represented as step 3) with an
activation energy of 60 meV. After adding a CdS buffer layer in
Figure 2(b), the high temperature step disappears leaving only

steps 2 and 3 of the medium and low temperatures. The high
temperature step (with an activation energy of 280 meV) could
be explained as a defect that was caused by the Al contact or
passivated by the CdS buffer layer and is not the main focus of
this paper. Further processing of the sample in Figure 2(c)
reveals that the medium and low temperature steps remain the
same with no additional changes. The low temperature step can
be attributed to freeze out and could represent the activation
energy of the doping defect [10]. Therefore, the main
capacitance step for the three samples is the one at intermediate
temperatures (step 2) and will be the main focus of this paper.
The activation energy of the main capacitance step (medium
temperature) for the three samples deduced from the Arrhenius
plot in Figure 2(d) indicated an activation energy of 200+20
meV in the same temperature range (117-175 K). The same
trend was observed for the other two absorber runs with
different Se-fluxes and the activation energies of the main
capacitance step for all nine samples are presented in Figure
2(e). Figure 2(e) shows that the activation energy of the main
capacitance step for all nine samples is the same with a value of
200£20 meV and in the same temperature range regardless the
Se flux used. This capacitance step is present on absorbers with
only Schottky contacts and no buffer or window layers
indicating that this capacitance step is a property of the
absorber. Based on that, this step could be either a bulk defect
or a barrier at the back absorber side (Mo/Cu-rich CIS
interface).

If this capacitance step was due to a barrier, then the activation
energy of the thermally activated series resistance or the
forward-bias current should indicate values close to that
extracted from admittance measurements (200+20 meV),



otherwise this step would be a defect as explained in the
experimental section.

To quantify that, both the series resistance and forward-bias
current as function of temperature were deduced from the
current-voltage measurements as function of temperature (IVT)
performed under dark conditions. The series resistance was
extracted from the slope of the IV curves at far forward bias
(1.2 V) as function of temperature. At far enough forward bias,
the current is limited by either the transport of holes over the
back interface barrier between the absorber and the back
contact or the transport of electrons at the front interface barrier
between the absorber and buffer layers [33] and the series
resistance (Rs) is then thermally activated [34]. The activation
energy of both the thermally activated series resistance and
forward-bias current [35] in Cu-rich CIS solar cells were
deduced from the slope of their corresponding Arrhenius plots
(Figure S1) indicating values in the range of 100+£10 meV and
55+5 meV for the thermally activated series resistance and
forward-bias current respectively. These values are much lower
than that of the main capacitance step (200£20 meV) in the
same temperature range (117-175 K). This means that the main
capacitance step in Cu-rich CIS thin film solar cells is indeed a
defect in the absorber and not a barrier with an activation
energy of 200+20 meV.

B. Means of passivating defects in Cu-rich CIS

As explained above, Cu-rich CIS thin film solar cells suffer
from a defect with an activation energy around 200+20 meV.
This defect was previously passivated using different types of
post-deposition treatments (PDTs) such as an ex-situ KF [11],
in-situ KF [20] and In-Se [36] PDTs with a corresponding
increase in the V¢ after such treatments. After identifying and
understanding the nature of this defect as an absorber-related
defect, the question arises if we can passivate this defect by
modifying the absorber surface using simpler post-deposition
treatments than the reported ones or by simply using a modified
buffer. In the following two subsections, we will provide means
of passivating this 200+20 meV defect using Se-only PDT
(sub-section 2.2.1) and using modified buffer layers (sub-
section 2.2.2).

1. Passivating defects using Se post-deposition treatment
Se is the common player in all PDTs (In-Se [19, 36], ex-situ KF
[11] and in-situ KF [20]) passivating the 200+20 meV defect. It
is interesting to discover if a Se-only PDT would also passivate
this defect leading to similar improvements to the ones reported
in those PDTs or the passivation of the defect was related to In
and KF parts of those PDTs.

Four Cu-rich CIS absorbers of the same batch were etched
using strong KCN to remove conductive secondary phases as
explained earlier. One absorber was used as a reference, ADM
measurements were performed on it and the presence of the
200+20 meV defect was confirmed. Then, the remaining three
absorbers were all treated with a Se-only PDT, explained in the
experimental section and then completed in the same way
explained earlier as Schottky-absorber, Schottky-buffer and
complete-stack (Figure 1). ADM measurements were

performed for the three samples and the three of them indicated
an activation energy of 130+10 meV for the main capacitance
step as reported [29] and presented in Figure 3. Figure 3(a)
represents the admittance spectra for Schottky-absorber treated
with Se-only PDT showing three capacitance steps as explained
earlier. The high temperature step (step 1) could not be resolved
within the measurement range and the low temperature step
(step 3) is related to freeze-out with an activation energy of 60
meV. The main capacitance step is again the medium
temperature one (step 2) with an activation energy of 122 meV
as deduced from the slope of the Arrhenius plot in Figure 3(c).
The activation energy of the main capacitance step (13010
meV) in Schottky absorbers treated with Se-only PDT lies
much below that of the untreated Schottky absorbers (200+20
meV) indicating the passivation of this 200+20 meV defect.
Moreover, the success of the Se-only PDT in passivating this
defect with no buffer layers proves that this defect is related to
the absorber and is a Se-related defect. Admittance spectrum
for the complete-stack of the Se-treated absorber is presented in
Figure 3(b) with the main capacitance step indicated by the two
short-dashed lines. The temperature scale for the admittance
spectra is presented on the left side of Figure 3. The activation
energy of the Se-treated complete-stack sample is extracted
from the Arrhenius plot in Figure 3(d) showing a value of 138
meV, which lies in the range of 130+10 meV. The presented
activation energies in Figure 3 (c, d) are much less than that of
the untreated samples (200+20 meV) confirming that the Se-
only PDT is able to passivate this (200+20 meV) defect,
indicating that this defect is Se-related.

The disappearance of the 200+20 meV defect using the Se-only
PDT is accompanied by an increase in the Voc by around 30
mV, increase in the Fill Factor (FF) by 10 %-absolute and a
corresponding increase in the efficiency by 2 %-absolute as
presented in Table I. The increase in the V¢ as a function of
passivating the 200+20 meV defect has been observed after
treating Cu-rich CIS with ex-situ KF [11], in-situ KF [20] and
In-Se [19, 36] PDTs.
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Journal Name

Table I: IV parameters extracted from 1V measurements under standard test conditions for
the average of six solar cells for each of Cu-rich and Se-treated Cu-rich CIS solar cells.
Values in brackets represent the 1V parameters of the best solar cell.

Efficiency FF Voc Tse Rg Ren
Sample
(%) (%) (mV) (mA/em?) | (Qem?) | (Qem’)

Cu-rich CIS 70(77) | 46.8(50.3) | 355(357) | 42.1(44.3) | 0.5(0.4) | 124(198)

Se-treated Cu-rich CIS | 9.2(9.4) | 50.2(60.6) | 382 (385) | 40.7 (42.3) | 0.4(0.3) | 794 (1153)

2. Passivating defects using modified buffer layers
Passivating the 200+20 meV defect can also be achieved by
modifying the buffer layer. From sub-section 2.2.1, it was
concluded that the 200+20 meV is a Se-related defect. It was
then interesting to discover if using a buffer layer with higher
sulphur concentrations would also lead to the passivation of this
defect. First, we used a modified CdS buffer layer deposited at
EMPA (characterized by its relatively high thiourea
concentration and longer durations [37]) as well as a standard
Zn(0,S) buffer layer developed in-house with slightly higher
thiourea concentrations compared to our standard baseline CdS
buffer layer. ADM measurements were performed on Cu-rich
CIS etched absorbers with these two buffer layers and
Aluminium front contacts forming a Schottky junction. The
activation energy for the main capacitance step in both cases
showed values of 175+5 meV slightly lower than the 200+20
meV as presented in Figure 4 indicating the passivation of this
defect. Motivated by these results, a Zn(O,S) buffer layer with
much higher thiourea concentrations compared to our standard
Zn(0,S) one (8 times higher thiourea concentration) was
deposited on a similar Cu-rich CIS etched absorber. The
activation energy deduced from the ADM measurements of this
sample with much higher thiourea concentrations showed
values of 77+5 meV that is significantly lower than the 1755
meV with standard lower thiourea concentrations as presented
in Figure 4. This means that modified buffer layers with high
enough thiourea concentrations (high sulphur contents) are able
to passivate the 200+20 meV Se-related defect. Not only that,
but interestingly the V¢ increased by more than 70 mV for the
Cu-rich CIS with Zn(0O,S) of high thiourea concentration
compared to the same Cu-rich CIS absorber but with standard
CdS buffer layer as a consequence of passivating the 200+20
meV defect. The improvement in the Voc (AVoc) of Cu-rich
CIS cells as a result of passivating the 200+20 meV defect
using PDTs with high enough Se and modified buffer layers
with high enough S, compared to Cu-rich CIS cells with
standard CdS buffer layer, is summarized in Table Il. No device
was fabricated from the Cu-rich CIS absorber with standard
Zn(0,S) buffer layer (Zn(0O,S) Low thiourea).

Table I1: 1V parameters extracted from IV measurements under standard test conditions

for the average of six solar cells for each of Cu-rich and Se-treated Cu-rich CIS solar
cells. Values in brackets represent the 1V parameters of the best solar cell.

Type of treatment Improvement in Ve (AVe)
Ex-situ KF (PDT) 35mV [11]
In-situ KF (PDT) 60 mV [20]
In-Se (PDT) 100 mV [19]
Se-only (PDT) 30 mvV
EMPA CdS (buffer) 35 mV
Zn(0,S) High S (buffer) 70 mV
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Figure 4: Summary of the activation energies deduced from admittance measurements
for different PDTs and buffer layers.

A summary of the activation energies deduced from ADM
measurements for different PDTs and buffer layers is presented
in Figure 4. It can be concluded from Figure 4 that the 200+20
meV defect can be passivated by ex-situ KF, in-situ KF, In-Se
and Se-only PDTs as well as CdS and Zn(O,S) buffer layers
with high enough chalcogen concentrations. The high activation
energy presented for the ex-situ KF PDT (260+20 meV) has
been related to a barrier and not to the 200+20 meV defect. The
characteristics of passivating the 200+20 meV defect (explained
in Section 2.3) were observed after performing the ex-situ KF
PDT as presented in Figure S2.

C. Characteristic of defects in Cu-rich CIS
This section highlights the characteristics of the 20020 meV
defect, its negative effects on the electrical performance of Cu-
rich CIS thin film solar cells as well as the positive impacts
taking place after passivating this defect.
From the discussions above, it can be concluded that the first
characteristic of this 200+20 meV defect is that it is responsible
for decreasing the V¢ and passivating such defect is always
associated with an improvement in the V¢ values.
The second characteristic is related to the ADM measurements.
Normally, for Cu-rich CIS cells, the admittance derivatives
(explained in section 2.1) from which the inflection points of
the main capacitance step (200+20 meV) are extracted, are
characterized by broad peaks, much broader than those of Cu-
poor solar cells (130+10 meV) that are narrow as depicted in
Figure 5(a, b). After passivating this 200+20 meV defect, the
admittance peaks of the corresponding main capacitance step
become narrow again, like Cu-poor. The admittance peaks for
the Se-PDT Cu-rich CIS of the same absorber are presented in
Figure 5(c) (narrow peaks) as an example for the admittance
peak behaviour after the passivation of the 200+20 meV defect
from the same absorber.
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corresponding presented curves, d) Normalized PL spectra for Cu-rich and Se-treated Cu-rich at a power intensity of 1 mW. The 0.9 eV defect peak is present before and after
the Se-PDT, e) Temperature dependence of the open circuit voltage for Cu-poor (black), Cu-rich (blue), Se-treated Cu-rich (red) and Cu-rich with Zn(O,S) of high thiourea
concentrations (purple) CIS solar cells. A linear fit at high temperatures (short dotted line) is used to extract the activation energy of the reverse saturation current at zero
Kelvin, f) Capacitance-voltage (CV) measurements of an untreated Cu-rich CIS (blue) and a Se-treated Cu-rich CIS (red) solar cells. The apparent doping is extracted from the

inverse slope of a linear fit at small forward bias as indicated by the short dotted line.

Moreover, it is interesting to note that the main capacitance step
for Cu-rich CIS after a Se-only (Figure 3c), In-Se [36] and in-
situ KF [20] PDTs with an activation energy of 130+10 meV
occurs in the same temperature range as the main capacitance
step before PDTs (200+20 meV step). This means that the
broad behaviour of Cu-rich admittance peaks (Figure 5a)
reveals the presence of two defects lying in the same
temperature range and overlapping each other making their
corresponding peaks broad. These two defects are the 200+£20
meV and the 130+10 meV defects. Only the one with higher
activation energy (200£20 meV) appears in the admittance
spectra for untreated Cu-rich CIS while the other is hidden
below, but broadens the peak in the derivative curves. After
performing a PDT, the 200+20 meV defect is removed and then
the other defect with lower activation energy (130+10 meV)
appears with a narrow peak (Figure 5c¢). This hypothesis is also
confirmed by the Photoluminescence (PL) measurements
presented in Figure 5(d). In Figure 5(d), a PL peak at 0.9 eV is
present in Cu-rich CIS spectra before and after the Se-only PDT
measured at power intensity of 1 mW. This 0.9 eV peak has
been proven to be a defect and reported to be likely the third
acceptor defect (A3 defect), in the donor-acceptor pair
transition DAS3, with an activation energy of 130+10 meV
potentially related to Indium vacancy [38]. The defect energy
determined from this 0.9 eV PL peak is in excellent agreement
with the admittance activation energy (130+10 meV) and
proving our hypothesis that the 130+10 meV admittance step is
a defect present in Cu-rich CIS solar cells before and after Se-
only, In-Se and In-situ KF PDTs.

The third characteristic for the 200+20 meV defect is related to
the IVT measurements. The activation energy of the dominant
recombination path in thin film solar cells is deduced by
extrapolating the temperature dependent V¢ to zero Kelvin. If
the activation energy is close to the bandgap, then the dominant
recombination path is in the bulk of the absorber [39].
Otherwise, if the activation energy at zero Kelvin is less than
the bandgap, then the dominant recombination path is at the
interface of the absorber [40]. In Cu-rich thin film solar cells,
the extrapolated activation energy of the dominant
recombination path at zero Kelvin show values lower than the
bandgap as presented in Figure 5(e) (blue curve). This indicates
that the dominant recombination path is at the interface of the
Cu-rich absorbers as reported [11]. In Cu-poor CIS, the
corresponding extrapolated activation energy is close to the
bandgap indicating that the dominant recombination path is in
the bulk of the absorber [11] as presented in Figure 5(e) (black
curve). With a Se-PDT (red curve) or Zn(O,S) buffer layer with
high thiourea concentrations (purple curve), the extrapolated
activation energy at zero Kelvin improved to values closer to
the bandgap as presented in Figure 5(e) indicating less
influence of the interface recombination in Cu-rich CIS cells.
Therefore, it can be concluded that the passivation of the
200£20 meV is always accompanied by an improvement in the
activation energy of the dominant recombination path as
presented for Se-PDT and Zn(O,S) buffer layer with high
thiourea concentrations (Figure 5e) and previously reported
with the In-Se [19, 36], ex-situ [11] and in-situ [20] KF PDTs.

The fourth characteristic is related to the slope of the V¢ curve
as function of temperature in Figure 5(e). In Figure 5(e), the



Voc (T) curve for Cu-rich CIS cells (blue curve) showed two
different slopes and not one slope as normally observed for Cu-
poor (black curve) before the V¢ values saturate at low
temperatures. With the Se-PDT (red curve) and Zn(O,S) with
high thiourea concentrations (purple curve), one of the two
slopes that used to be present for Cu-rich CIS cells disappeared
as a result of passivating the 200+20 meV defect, leaving only
one slope similar to Cu-poor (black curve) as illustrated in
Figure 5(e). The second slope in Cu-rich CIS cells coincides
with a strong temperature dependence of the photocurrent at
Voc, which makes the model for the activation energy invalid.
The relation between the disappearance of the 200+20 meV
defect and disappearance of the second slope in the Voc (T)
was also reported with ex-situ [11] and in-situ [20] KF PDTs.
The fifth characteristic is linked to the nature of this 200+20
meV defect being an acceptor or donor. Capacitance-voltage
(CV) measurements were performed for Cu-rich CIS before and
after a Se-PDT (Figure 5f). The inverse slope of the capacitance
curves fitted at small forward bias in the Mott-Schottky plot
presented in Figure 5(f) was used to extract the apparent doping
as explained in the experimental section. In Figure 5(f), Cu-rich
CIS has an apparent doping of 4*10% cm™ (blue curve) that
decreased to 1*10'® cm™ (red curve) after performing the Se-
PDT and passivating the 200+20 meV defect. Similar trends of
decreasing the apparent doping were observed after the
passivation of the 20020 meV defect by all other different
PDTs such as the in-situ KF [20] and on all three different
absorber structures (Schottky-absorber, Schottky-buffer and
complete-stack). Based on that, it can be concluded that this
defect is an acceptor defect.

We clearly show that the signature of the 200+20 meV defect
disappears from the admittance spectra. However, it was
shown in the past that a defect signature can vanish without the
defect disappearing by a distortion of the band bending: defects
seen in a metastable state of the device disappeared in the
relaxed state of the device [41, 42]. To check if this could be
the case, we placed two devices where we believe the 200+20
meV defect has disappeared (one with high thiourea
concentrations and the other with the Se-PDT) into various
metastable states and compared admittance and IVT results
with the relaxed state. No metastable behaviour could be
observed (Figure S3, S4 and S5). Thus, we can conclude that
the signature disappears after the PDT because the 200+20 meV
defect has in fact been removed from the absorber.

D. Origin of defects in Cu-rich CIS

In the previous sections, we identified a defect, which is only
present in Cu-rich CIS thin film solar cells, not in Cu-poor
ones. We showed that removing this defect by various PDTs
improves the open-circuit voltage. In this section, we will dig
more into the possible root causes responsible for the formation
of such defects.

Cu-rich CIS by definition is a stoichiometric CIS phase in
addition to copper selenide secondary phases according to its

phase diagram [25]. Therefore, the origin behind the formation
of the Se-related 200+20 meV defect should be related to either
a defect present in the stoichiometric CIS phase or related to the
additional copper selenide secondary phases and its etching
process.

To differentiate between these two potential causes, a
stoichiometric CIS absorber was fabricated. This absorber has a
Cu/In ratio of 1.0, as measured by EDX, before and after KCN
etching. Thus, the sample did not contain any significant
amount of secondary Cu selenides phases, even before the
etching. This was confirmed by the observation that this
absorber resulted in reasonable device with 12.5 % efficiency,
without etching it. This device showed the typical
characteristics of Cu-rich cells in terms of steep Quantum
Efficiency response at long wavelengths [11]. The extrapolated
activation energy of the V¢ (T) curve of the device made from
the unetched absorber at zero Kelvin showed values close to the
bandgap of Cu-rich CIS absorbers as presented in Figure 6(a)
indicating that the dominant recombination path is in the bulk
of the absorber. Moreover, the ADM measurements performed
on the stoichiometric absorber without etching showed narrow
peaks for its capacitance derivative plot in Figure 6(b) that
resembles those of Cu-poor ones, indicating the presence of
only one capacitance step. This capacitance step in the
stoichiometric absorber is a double-step with activation
energies of 10010 meV and 50+10 meV as presented in the
Arrhenius plot of Figure 6c (blue curves). The activation
energies of this double-step are close to those reported for high
performance Cu-poor CIS cells [43] and could be possibly
related to the shallow acceptors: the second acceptor defect (A2
defect), in the donor-acceptor pair transition DA2, (activation
energy of 100+10 meV) and the first acceptor defect (Al
defect), in the donor-acceptor pair transition DAL, (activation
energy of 50+10 meV) observed by PL measurements [10].
There is no indication for the presence of the 200+20 meV
defect. This means that the origin of the 20020 meV defect
lies not in stoichiometric phase itself, leaving the secondary
phases and/or the etching process as a possible origin of this
defect.

To confirm that and provide a final conclusion statement on this
point, the same stoichiometric absorber was subjected to a
strong KCN etching in a similar manner to the one performed
on Cu-rich CIS absorbers before depositing an Aluminium
Schottky contact on the etched stoichiometric absorber [31, 32].
ADM measurements were performed on that sample and the
activation energy of the main capacitance step revealed values
of 200+20 meV as presented in Figure 6(c) (red curve). The
strong KCN etching process was also applied to Cu-poor CIS
absorbers and the formation of the 200+20 meV defect was
confirmed [29]. Thus, the origin of the 200+20 meV defect is
the etching of the absorber, which is necessary in any Cu-rich
absorber to remove Cu selenide phases before making it into a
device.
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Figure 6: a) Temperature dependence Voc and b) Capacitance derivative plot for un-etched Stoichiometric CIS, c) Arrhenius plot for Stoichiometric CIS absorber with (red) and
without (blue) KCN strong etching with their corresponding activation energies of the main capacitance step and temperature ranges. d) Admittance measurements with the
temperature scale similar to the ones in Figure 2 and 3, and €) Arrhenius plot for Cu-rich CIGS.

Finally, we would like to mention, that for Cu-rich
Cu(In,Ga)Se;,, a similar effect of V¢ loss compared to Cu-poor
cells is observed. This effect is partly healed by using a Ga
PDT in the presence of high Se flux as reported [21]. We
speculate that the same defect observed in Cu-rich CulnSe, is
formed in Cu-rich Cu(In,Ga)Se, but is outside the detection
limit of our ADM measurements. This defect is passivated in
the presence of high Se-flux that restores the lost V¢ [21] in a
similar manner to Cu-rich CulnSe,. ADM measurements were
performed for a Cu-rich Cu(In,Ga)Se, absorber that was
exposed to strong KCN etching as illustrated in Figure 6(d, €).
The 200£20 meV defect is not visible and the activation energy
of the main capacitance step indicated by the two short dashed
lines in Figure 6(d) showed a value of 130+10 meV (Figure 6e)
that changes with the addition of Ga corresponding to the third
acceptor defect (A3 defect), in the donor-acceptor pair
transition DAS3, in an excellent agreement with the PL
measurements reported [38].

I1l. EXPERIMENTAL SECTION

A. Synthesis of CI(G)S thin film solar cells
Polycrystalline CIS and CIGS absorbers were fabricated on
molybdenum coated soda-lime-glass. Both absorbers were
fabricated using physical vapour deposition (PVD) in a Veeco
molecular beam epitaxy system. CIS was fabricated using a 1-
stage co-evaporation process and Cu(ln,Ga)Se, using a 3-stage
process. Cu/lll ratio was varied by controlling Cu and In fluxes.
Absorbers grown under Cu-excess conditions were fabricated
targeting an over-all Cu/lll ratio larger than one, referred to in
the text as “Cu-rich”. Absorbers fabricated with a Cu/Ill ratio
of less than one are referred to in the text as “Cu-poor”.
Elemental composition of the absorbers is determined through

an Oxford instrument energy dispersive x-ray spectroscopy
(EDX) with an acceleration voltage of 20 kV. This value
represents the average composition of the absorber including
Cu,Se if present. After growth, the absorbers are subjected to a
strong etching in a 10 % aqueous solution of potassium cyanide
(KCN) for 5 minutes to remove copper selenide secondary
phases [26, 27]. For each absorber deposition run, four samples
were produced. One absorber is reserved for different
characterization techniques. One absorber is used as a bare-
absorber, etched and a 3um Aluminium (Al) layer is deposited
using a Ferrotec electron-beam evaporation tool on top of the
etched absorber to form a Schottky contact [31, 32]. This type
of device is referred to in the text as “Schottky-absorber”. A
thin CdS buffer layer was deposited on the remaining two
etched absorbers through chemical-bath-deposition (CBD).
After that, an Aluminium layer is again deposited on top of one
of these two absorbers with buffer layers, referred to in the text
as “Schottky-buffer”. The remaining absorber with CdS buffer
layer is then further processed and finished by sputtering both a
nominally un-doped and a biased zinc oxide window layers
[44] using Aja Orion 8 sputtering tool. Finally, nickel-
aluminium contacting grids were evaporated and this device is
then referred to in the text as “complete-stack”. The different
absorber structures are illustrated in Figure 1. A Se post-
deposition treatment was developed in the context of this work.
Etched absorbers were returned to the PVD and exposed to an
annealing step in the presence of Se-only with Se fluxes similar
to those used for absorber growth whose pressure is in the
range of 4 — 5 *10® mbar for durations less than 8 minutes and
at temperatures between 200 — 250 °C.

B. Characterization
The electrical parameters were extracted from the current-
voltage (IVV) measurements performed using a Standard Solar



Simulator, calibrated by a Si reference cell, with a Keithley 1V-
source-measure-unit. In the set-up used for temperature
dependent measurements, a cold mirror halogen lamp was used
for illumination with an intensity of 100 mwWj/cm? The
activation energy of the dominant recombination channel and
the IV-characteristics as function of temperature (IVT) were
deduced from the 1V characteristics [39] in a temperature range
of 320 — 50 K using a CTlI-cryogenic closed cycle helium
cryostat. The illumination intensity at room temperature of the
cold mirror halogen lamp was calibrated to the short circuit
current density (Jsc) determined from IV under standard test
conditions. The capacitance-voltage (CV) as well as the
temperature- and frequency-dependent admittance (admittance
spectroscopy, ADM) measurements [28] were performed using
the same IVT setup with a Precision LCR Meter.

CV measurements are performed to extract the apparent doping
from the slope of the Mott-Schottky plot (Figure 5f) at a
frequency of 100 KHz fitted at small forward bias (0.03 — 0.2
V) as indicated by the short dotted lines in Figure 5f. This
voltage range was chosen as the apparent doping at reverse bias
could be influenced by either deep defects that could increase
the apparent doping [39] or the doping level that could be depth
dependent affected by Cd diffusion and decreasing the apparent
doping at the interface [45]. ADM measurements are performed
to study the electronic defect states in the semiconductor
junction. The finite capture/emission time constants of such a
defect level result in distinct steps in the admittance spectrum,
which we have marked by the short dashed lines in the
experimental capacitance spectra presented in this paper (as in
Figure 2). The inflection frequency (f;) of a capacitance step at
a given temperature is determined by the defect response time,
and the thermal activation energy of the defect can be obtained
from the slope of an Arrhenius plot of the temperature-
dependent inflection frequencies. Note that, f, is commonly
scaled with a factor T2 to account for implicit temperature-
dependences of the thermal velocity and effective density of
states [28, 46, 47]. The presented approach to admittance
spectroscopy requires that a given capacitance step is, in fact,
caused by a defect level. This is often not the case for typical
CIGS solar cells because transport barriers or secondary
junctions in the device architecture, for example due to the
buffer layer or a Schottky-type back contact, result in identical
capacitance steps. When studying defects in CIGS by electronic
measurements, it is thus mandatory to exclude effects that
might be mistaken for defects by comparing the activation
energy of the thermally activated series resistance and forward-
bias current as a function of temperature from one side to that
extracted from ADM measurements on the other side. If one of
the activation energies from series resistance or forward-bias
current as function of temperature is in the same range like the
activation energy from admittance measurements, then the
admittance step is a transport barrier. Otherwise, if both
activation energies (series resistance and forward-bias current
as function of temperature) are less than that of admittance
measurements, then this admittance step shall correspond to a
defect [35, 48]. Photoluminescence (PL) measurements were
performed using a continuous wave solid state laser diode with

a wavelength of 660 nm for optical excitation. The generated
PL is collected, guided into a monochromator, spectrally
resolved and detected by an InGaAs detector array. The
samples are cooled down to 10 K in a liquid Helium flow
cryostat for measurements.

IV. CONCLUSION

A defect with an activation energy of 20020 meV was
identified, that appears only in Cu-rich CulnSe, and not in Cu-
poor absorbers. This defect is a Se-related acceptor defect
present in the bulk near the surface of Cu-rich CIS absorbers.
This defect is the responsible recombination center that shifts
the dominant recombination path from the bulk to the interface
leading to a decrease in the V¢ and the deterioration of the
efficiency of such cells. The strong KCN etching step
mandatory to remove copper selenide secondary phases was
shown to be the origin for the formation of this defect. The
same etching step was applied on Cu-poor and stoichiometric
CIS absorbers resulting in the formation of the same 200+20
meV defect. The defect can be passivated by any PDT
containing Se including Se-only PDT as well as buffer layers
with high enough chalcogen concentrations. The passivation of
this defect leads to an improvement in the Voc, FF and
efficiency of Cu-rich CIS solar cells.
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