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Recently recorded efficiencies of Cu(ln,Ga)Se, based solar cells were mainly achieved by surface
treatment of the absorber that modifies the buffer—absorber interface region. However, only little is known
about the electronic properties within this region. In this manuscript voltage dependent admittance
spectroscopy is applied to low temperature grown Cu(ln,Ga)Se, based solar cells to detect near interface
defect states in the absorber. Under non-equilibrium conditions even defect states close to the interface

Received 2nd August 2017, may cross the Fermi level and hence are detectable using capacitance based measurement methods,

Accepted 19th September 2017 in contrast to the case of zero bias conditions. Such defects are of potential importance for understanding
DOI: 10.1039/c7cp052369 device limitations and hence, adequate characterization is necessary. A SCAPS model is developed

including a near interface deep acceptor state, which explains the frequency and voltage dependence of
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1. Introduction

Among the thin film technologies for photovoltaic applications,
Cu(In,Ga)Se, (CIGS) based solar cells reached highest efficien-
cies of 22.6%." The interface between the absorber and the
buffer layer plays a crucial role in achieving high efficiencies.
Consequently, various methods were reported to optimize the
electronic properties of the interface region such as an In finish
after the 3-stage co-evaporation process,” partial electrolyte
treatment,’ KF post-deposition treatment (PDT)* and recently
also PDT with other alkalis." However, apart from the n-type
doping mechanism of Cd®>*° no investigations were carried out
to measure deeper defect states close to the interface, which
could considerably contribute to recombination, i.e. electrical
active defect states.

In this contribution we investigate the electronic properties
of the near surface region of the CIGS absorber layer. As a tool
we apply admittance spectroscopy to detect deep defect centers.
The advantage of admittance spectroscopy is that the measure-
ments can be done on completed devices. Thus, possible effects
of the process steps after absorber layer deposition are included.
Under equilibrium conditions (dark and zero voltage bias)
admittance spectroscopy is only sensitive to defect states,
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the capacitance. Using the same model, also the experimental apparent doping density is explained.

which cross the Fermi level.'’ However, as will be shown

in this manuscript, this criterion can be used to specifically
probe the near surface region by applying a bias voltage to the
device. Under these conditions also deep defect levels close to
the heterojunction can be probed, which might not cross the
Fermi level under equilibrium conditions and thus could not
be detected.

The manuscript is structured as follows. In Section 2 a
theoretical idea is presented how voltage dependent admittance
spectroscopy can provide insights into non-homogeneously
distributed defect states. Section 3 describes sample preparation
and experimental measurement details. Measurement results
are presented and discussed in Section 4. Based on the experi-
mental findings a SCAPS'> model is developed, which incorpo-
rates the experimental insights to describe the electronic
behavior of the investigated device.

2. Theoretical background

A defect state can only be detected by admittance spectroscopy
in equilibrium (dark and zero voltage bias) if the defect state
crosses the Fermi level."' For a homogeneously distributed
defect throughout the depth of the absorber this condition is
met as long as the energy level of the defect is between Er and
Eg + gV, where Er is the Fermi level and Vy,; the built-in voltage.
However, defect states which are present only beyond the space
charge region (SCR) width will never cross the Fermi level under
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Fig. 1 Absorber band diagram under equilibrium conditions (a) and for an
applied forward bias voltage (b). A deep defect center has been added to
the near surface region. Under equilibrium conditions (a) the defect does
not cross the Fermi level and thus cannot be detected by admittance
spectroscopy. Applying a forward bias voltage (b) the defect state crosses
the hole Fermi level and can be probed by admittance spectroscopy.

equilibrium conditions as this region is neutral and no band
bending occurs there. On the other hand, defect states located
close to the hetero interface might also not cross the Fermi level
as the distance of the Fermi level to the valence band maximum
is rather large (in the case of an appropriately doped absorber
resulting in an inverted front surface layer'®). This condition of
a near interface defect state under equilibrium conditions is
depicted in Fig. 1a.

The defect state is located only close to the interface. Within
this constrained region the defect state is completely occupied
by electrons and cannot be charged/discharged with an addi-
tional small ac voltage modulation. Therefore, no capacitance
contribution can be observed. Fig. 1b shows this situation
under forward bias conditions assuming flat quasi Fermi levels
within the SCR. As the bands flatten and the voltage drop across
the junction is reduced by the applied bias voltage, the defect
level will cross the hole quasi Fermi level and can contribute to
the capacitance."® A similar argument holds for defect states
located beyond the SCR, which then can be detected under
reverse bias measurements. Decock et al.'* derived an equation,
which allows the determination of the defect distribution N(E,,)
under bias conditions, which reads

2V — V)2 dC

Ni(E,) =
(Eo) W\/Gv/qVbi — Ernoc + EodwkT

1)

assuming parabolic band bending in the SCR. In this equation
Vi is the built-in voltage, V the applied bias voltage, w the SCR
width, g the elemental charge, Ef, ., the distance of the electron
quasi Fermi level from the conduction band minimum on the
n-side of the junction, E, the probing depth of the defect
distribution with respect to energy, C the capacitance, w the
angular frequency of the voltage modulation, k the Boltzmann
constant and T the temperature.

The SCR (for a certain bias voltage) and the built-in voltage
can in principle be obtained from a capacitance voltage (C(V))
measurement. However, it needs to be stressed that the inter-
pretation of C(V) measurements is not unambiguous. The
apparent doping density from a C(V) measurement might be
influenced by deep defect states within the absorber layer™ or a
non-homogeneous doping density'®"” as for instance predicted
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by the Lany-Zunger model."® The determined built-in voltage
might be influenced by interface charge'® and thus cannot be
extracted directly from the measurement. As a consequence
quantification of a defect state might be difficult but never-
theless a qualitative description is still possible in the sense
of the detection of defect states. This information can never-
theless be used as input for device simulations as will be
presented in Section 4.2.

Another capacitance contribution, which could show up
under forward bias conditions is the diffusion capacitance due
to modulation of injected minority carriers.?® For a one-sided
junction (n'p) the low frequency diffusion capacitance can be

written as*
E V
exp (—ﬁ) exp (Z—T> . 2)

where N and Ny denote the effective density of states in the
conduction and valence bands, respectively. N, is the doping
and E, the bandgap of the absorber. We will show in Section 4.1
that the contribution of the diffusion capacitance is negligible
for the applied voltages of the measurements presented in
this article.

2
q NcNy
Coo=-2 1,
PO kT ™ Ny

3. Experimental

The measurements in this article are carried out on CIGS based
solar cells prepared as follows: the CIGS absorber layer is grown
by a low temperature 3-stage process on a Mo/SiO,/soda lime
glass (SLG) substrate. The SiO, layer serves as a barrier for
diffusion of impurities from the SLG to the absorber. Details of
the absorber growth can be found in ref. 21. After deposition,
the absorber layers received an in situ NaF post-deposition
treatment (PDT) to increase the acceptor density. Subsequently
in situ RbF PDT was applied similar to the previously proposed
KF PDT.*** PDT with other alkalis than K has already shown to
yield similar or even better performances.’ However, this manu-
script will not cover the impact of RbF PDT but the insights, which
can be gained from voltage dependent admittance spectroscopy in
general. After absorber growth and PDT, CdS buffer is deposited
by chemical bath deposition. Afterwards an i-ZnO/Al:ZnO
window layer is deposited by rf-sputtering and a Ni/Al grid by
e-beam evaporation.

Current voltage measurements are performed under an ABA
solar simulator in 4-probe configuration. Diode parameters are
extracted by fitting to a 1-diode model according to Burgers et al.”*
Capacitance measurements are carried out as a function of
frequency and voltage within a temperature range of 123-323 K
by increasing the temperature from low to high temperatures.
Prior to cooling, the sample is kept in the dark during night
and heated to 50 °C for 1 h to ensure a relaxed state. Voltages
are limited to 0.6 V forward bias, which is below the V¢ at
room temperature. Therefore, especially at low temperatures,
no excessive current flow is expected. Device simulations are
done using a one-dimensional device simulator SCAPS.">
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4. Results and discussion

Fig. 2 shows a voltage dependent admittance measurement
under equilibrium conditions (a) and under forward bias con-
ditions (b and c) (note the different scales on the ordinate).

The measurement under equilibrium conditions (Fig. 2a)
shows a capacitance step at low temperatures. This low tempera-
ture capacitance step is discussed in the literature.**”>” Recent
admittance and temperature dependent IV measurements on
similar devices treated under various PDT conditions indicated
the capacitance step to be due to a barrier (see also the ESI,T
Fig. $4).*®%° Thus, for this manuscript the low temperature
capacitance step is assumed to originate from a blocking barrier
and will not be discussed in terms of a defect level. As a
consequence, the SCR capacitance of the absorber layer is found
to be the plateau above the low temperature capacitance step
(roughly the value indicated by the blue dot in Fig. 2).>>*°

By increasing the dc forward bias during admittance measure-
ments, an additional capacitance step is observed, which becomes
more pronounced upon increasing the applied forward bias
voltage (Fig. 2b and c). As discussed in Section 2 such a capaci-
tance contribution could arise due to the diffusion capacitance as
well as due to a deep defect, which crosses the Fermi level under
forward bias conditions (¢f. Fig. 1).

Reverse bias measurements were carried out up to —1.5 V dc
bias voltage. However, no additional capacitance step is observed.
For these conditions the capacitance is flat with respect to
frequency and temperature above the low temperature step.

4.1 Diffusion capacitance

To check the influence of the diffusion capacitance we inspect
eqn (2). If the diode current is limited by quasi neutral region
recombination the diffusion capacitance is proportional to the
diode current.?® As can be seen in the ESI,} Fig. S1a, the diode
current is limited by the shunt resistance for voltages applied
during the admittance measurements (below 0.6 V). Hence,
within this voltage range, the diode current increases only
linearly with respect to the voltage. However, as the diode
quality factor determined from an IV curve is higher than 1
the diode current is not necessarily dominated by quasi neutral
region (QNR) recombination but also the SCR and interface (IF)
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recombination may contribute. Consequently, in comparison
to QNR recombination only, the density of injected minority
carriers is smaller and therefore also the expected contribution
of the diffusion capacitance. Additionally, an upper limit of the
diffusion capacitance contribution has been calculated using
the low frequency capacitance according to eqn (2). The con-
tribution is plotted for several voltages and as a function of
the minority carrier (electrons) diffusion length in the ESLf
Fig. S1b. Other parameters are chosen as E, = 1.15 €V, N¢ =
1 x 10 em™, Ny =2 x 10 em™, Ny =1 x 10'® em ™, and
T =200 K. The bandgap roughly corresponds to the bandgap of
the notch region of the graded absorber and therefore represents
a lower limit (see for example ref. 21 for a typical [Ga]/[Ga] + [In]
(GGI) profile). Also the value for N is taken higher than that for
the other simulations (see Table 1) and will also overestimate
the value of the diffusion capacitance. For the highest voltages
and diffusion length, the diffusion capacitance only contributes
to 1 x 107% nF cm 2 and therefore can be neglected for the
discussion of an additional capacitance contribution as experi-
mentally observed (see Fig. 2).

4.2 Near interface defect state

As sketched in Fig. 1, a near interface defect state might result
in an additional capacitance contribution in forward bias.
The activation energy of the near interface defect state has
been determined by fitting the capacitance spectrum® with a
Gaussian defect distribution, as shown in the ESIL{ Fig. S3.
The activation energy was determined to be 0.27 eV for the
spectrum measured at 0.6 V forward bias (Fig. 2c). In order to
verify that such a contribution could arise from a deep defect
state confined to the near interface region close to the absorber/
buffer interface we developed a SCAPS model, which is sum-
marized in Table 1. In this model the CIGS absorber consists
of three layers. The bulk CIGS layer is labeled as simply
CIGS and has a thickness of 1.9 pm and a doping density of
2.5 x 10'® em 3, as determined from the capacitance-voltage
analysis (see Section 4.3). The front part of the absorber is
divided into two regions labeled as the CIGS front and the
CIGS interface. Both layers have an increased doping density of
8 x 10" em™>. Such a layer of increased doping density
was also found experimentally’> and could be explained by
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Fig. 2 Voltage dependent admittance measurement under equilibrium conditions (a) and under a forward bias of +0.4 V (b) and +0.6 V (c). An additional
capacitance step is observed when increasing the applied dc forward bias voltage during the admittance measurement. The thick line indicates the C(f)
measurement at the temperature, which is chosen for capacitance voltage analysis. The black and blue dots indicate low and high frequencies used for

the analysis of the apparent doping profile.
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Table 1 Summary of the parameters used for the SCAPS model
CIGS CIGS front CIGS interface Cds i:ZnO Al:ZnO
Shallow doping/em™® —2.5 x 10 —8.0 x 10'® —8.0 x 10" 1 x 10" 1 x 10" 1 x 10*°
Eg/eV 1.15 1.15 1.15 2.4 3.4 3.4
Xi/lev 4.5 4.5 4.5 4.5 4.7 4.7
Ng (Ny)/em™® 2 x 10" (2 x 10"%) 2 x 10" (2 x 10"®) 2 x 10"® (2 x 10"®) 2 x 10" (1.5 x 10"°) 4 x 10" (9 x 10"®) 4 x 10"® (9 x 10"¥)
te (n)fem®> V7t s™! 50 (20) 50 (20) 50 (20) 50 (20) 50 (20) 50 (20)
Layer thickness/um 1.9 0.045 0.01 0.025 0.08 0.08
Defect 1 Neutral Neutral Neutral
Single Single Single
0 eV above E; 0 eV above E; 0 eV above E;
— —15 2 — —15 2 — —15 2
ge=1x 10 cm” g, =1 x 10 cm” 6. =1 x 10 cm
6h=1%x10""cem?> op,=1x 100 em?® 6, =1 x 107" cm®
2 x 10 em ™ 2 x 10" em™? 2 x 10" em™
Linearly graded defects only for: CIGS interface
At CIGS front/CIGS interface At CIGS interface/CdS
Defect 2 Acceptor, Gaussian Acceptor, Gaussian
Eepar = 0.1 eV Eepar = 0.1 €V
0.27 eV above Ey 0.27 eV above Ey
0e=1 x 107 % cm? Ge=1 x 107 % cm?
onp =2 % 107 em? on =2 % 107%° em?
2.0 x 10" em™ 1.1 x 10® em™
Defect 3 Donor, single Donor, single
0.01 eV below E¢ 0.01 eV below E¢
6e=1x 107" cm? 6e=1 x 107" cm?
op =1 x 10~ cm? onp =1 x 107" cm?
1.0 x 10" em™? 7.0 x 10" em™?
metastable defects, which are in an acceptor configuration CIGS
close to the interface.'”**3* The solar cell device has been interface
measured in a light soaked state and an increased doping &> 1E18E T T T
. — . tor doping densi
density of roughly 8 x 10" cm ™ was observed as shown in 5 R i CIGS
the ESI,t Fig. S2 (for the light soaked state the sample was > S winiiesiom S o front
illuminated at room temperature with an equivalent 1 Sun 2
- - & 1E17L |
intensity for 1 h. Subsequently, the sample was cooled down °
while still being illuminated). This value is taken as the front g /
©
doplng.d.ensny in the .model. . . . 3
Additionally to the increased doping density, the CIGS inter- B 1E16 £
face layer contains deep acceptors 0.27 eV above the valence g_ — —
band (defect 2 in Table 1) as determined experimentally. These 2 CIGS bulk CdS
d.eep acceptors are respon'sible f01.‘ .causing the capacitance 1E15 ; ! i
signature under forward bias conditions. To compensate the 1.80 1.85 1.90 1.95
negative charge a compensating donor (defect 3 in Table 1) has depth (um)

been added to the CIGS interface layer. The doping and defect
densities are summarized in Fig. 3.

Fig. 4 shows simulated capacitance-frequency curves under
different bias voltages at a temperature of 220 K, ie. a tem-
perature where the capacitance transition is observed experi-
mentally (see Fig. 2). The behavior of an additional capacitance
step, which is only observed in forward bias, is well reproduced
by the model. Note that only the occurrence of the additional
capacitance step in forward bias is simulated and not the low
temperature capacitance step, which was assigned to a barrier
(see Section 4).

In order to allow a high capacitance contribution to the
defect state the density was set as high as 1.1 x 10'® em™®
directly at the interface to the CdS buffer layer. As a conse-
quence, additional positive charge needed to be added at
the interface or in the interface layer to compensate for the

This journal is © the Owner Societies 2017

Fig. 3 Doping and defect density profiles near the CIGS/CdS interface.
Details of the defect levels can be found in Table 1.

negative charge. This compensation is achieved by adding a single
donor in the CIGS interface layer (defect 3 in Table 1). The
energetic position is 0.01 eV below the conduction band to ensure
a positive charge of that compensating donor. To match the
smooth occurrence of the capacitance step when going into
forward bias, the density of the near interface defect states
(defect 2 and defect 3) is linearly graded within the 10 nm CIGS
interface layer. It needs to be noted that the voltage dependent C(f)
curves could also be reproduced using a homogeneous CIGS inter-
face layer. However, the agreement of simulated and experimental
data including the doping profiles determined from C(V) curves
(see Section 4.3) is better using a graded CIGS interface layer.
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7cp05236g

Open Access Article. Published on 13 November 2017. Downloaded on 12/1/2025 7:32:47 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

)Y
—~ 180]
160 |
140/
120
100/

0V100.6V,AV=0.1V ]

[0
o

capacitance (nF/cm

D

o
—
1

IS

o
—
1

10* 10° 10°

frequency (s™)

10? 10°

Fig. 4 Simulated capacitance—frequency curves for different applied dc
bias voltages at 220 K for the model summarized in Table 1. The additional
capacitance step is observed when going into forward bias due to the fact
that the near interface deep acceptor state crosses the Fermi level and
hence can contribute to the capacitance.

Another important feature, which can be observed from the
experimental C(f) curves (Fig. 2), is the strong increase of the
capacitance plateau between the forward bias capacitance step
and the capacitance due to the barrier. This plateau represents
the SCR capacitance of the absorber and is roughly 45 nF cm >
for 0 V and around 125 nF cm ™ for +0.6 V bias voltage. Such an
increase could not be described by our model with a homo-
geneously distributed doping density of 2.5 x 10'® cm™>. The
origin could be a non-homogeneously distributed doping density,
i.e. a higher doping density towards the front surface of the
absorber layer. This effect is captured to a certain extent also by
the simulation shown in Fig. 4, where the doping densities of the
CIGS front and the CIGS interface layer were set to 8 x 10'® cm ™.

For the simulations presented in Fig. 4 an acceptor level
above the valence band was assumed to cause the additional
forward bias capacitance step (see defect 2 in Table 1). In
principle also a donor located below the conduction band
could be imagined in the surface layer. However, as the inver-
sion is generally assumed to be rather good in the absorber, the
Fermi level would cross a defect state with a distance of 0.27 eV
from the conduction band already at zero bias. Even for an
inversion, which is less pronounced, the electrons are still
majority carriers and the Fermi level would move only little
with respect to voltage. As a consequence we were not able to
model the voltage dependence on capacitance with a deep
donor below the conduction band. In particular the capacitance
step is less pronounced with a deep donor compared to the
capacitance step shown in Fig. 4, which was simulated with a
deep acceptor.

Alternatively the donor-like defect state could be located
only in the bulk of the absorber except the interface layer. Still,
for a thin (0.01 pm) surface layer the same arguments hold as
above, since the absorber layer is generally still reasonably
inverted at 0.01 um from the hetero interface. For thicker
interface layers (above 0.1 pum) the doping of the absorber

30414 | Phys. Chem. Chem. Phys., 2017, 19, 30410-30417
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needs to be considerably reduced (below the values obtained
from C(V) measurements) in order to allow for a sufficient band
bending in the absorber even at 0.6 V forward bias so that the
defect state could cross the electron Fermi level.

4.3 Capacitance voltage characteristics

In the next step we will discuss the C(V) characteristics of the
investigated device and how a near interface defect state might
impact the resulting apparent doping density. The model proposed
in Table 1 will be used for that purpose (see also Fig. 3).

Experimentally, we have recorded admittance spectra from
—1.5 V to +0.6 V. These spectra can be used to extract a C(V)
curve at a certain temperature and frequency. We have chosen a
temperature of 213 K (thick line in Fig. 2). Two frequencies were
considered for the analysis: 1 kHz (‘low frequency’, black dot in
Fig. 2) and 100 kHz (‘high frequency’, blue dot in Fig. 2). In the
high frequency case the capacitance value roughly corresponds
to the value directly above the low temperature capacitance step
(assigned to a barrier) for all voltages. The frequency is high
enough such that the near interface deep acceptor state does
not respond to the ac modulation. In contrast, at low frequency,
the near interface deep acceptor does respond to the ac
modulation and gives an additional capacitance contribution.
The extracted capacitance values with respect to voltage are
plotted in Fig. 5a. From these capacitance data the Mott-
Schottky plot has been calculated, which is shown in Fig. 5b.
The most linear part between —1.0 V and 0.0 V has been fitted
with a straight line and the residuals are plotted on the right
ordinate. In forward bias an increased deviation from the
straight line is observed for the low frequency case due to the
additional ac contribution from the near interface deep accep-
tor state. From the Mott-Schottky plot the apparent doping
density can be calculated using®’

2 /d 1\
Napp () = m(@@) (3)

where the voltage axis is converted to a distance axis by
. __ %R

- )

which is called herein the apparent depth. The

apparent doping profile is depicted in Fig. 5c. In this graph
two different regions can be identified as marked by the grey
and blue boxes. The first region corresponds to deeper probing
depths (170-300 nm) measured under reverse bias conditions.
The apparent doping in this region is attributed to a bulk
doping density. When going into forward bias (smaller probing
depths < 150 nm) the apparent doping density starts to
increase (region 2). For the high frequency case this is only
due to the change in the charge state of the near interface
acceptor state from negatively charged to neutral. In contrast
the apparent doping profile in the low frequency case is
additionally influenced by the ac contribution.

This ac contribution will show up as a decreased apparent
doping density, which can slightly be identified between 75 nm
and 150 nm. Another effect of the ac contribution is the
decreased apparent depth due to an increased capacitance
value.

This journal is © the Owner Societies 2017
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Fig. 5 Extracted capacitance voltage data from voltage dependent admittance spectra at 213 K (a) and the calculated Mott—Schottky plot (b). The
deduced apparent doping density is shown in (c). The apparent doping density calculated from simulated capacitance voltage curves at a temperature of

220 K is shown in (d) using the model summarized in Table 1.

In order to verify the interpretation of the experimental
apparent doping profiles, the SCAPS model presented in
Table 1 has been used to simulate CV curves, which already
reproduced the frequency dependence of the capacitance (see
Fig. 4). The simulations were carried out at a temperature of
220 K (as for the capacitance frequency curves shown in Fig. 4)
and from +0.6 V to —1.5 V bias voltage at frequencies of 1 kHz
and 100 kHz, i.e. the low and high frequency cases, respectively.
The simulated CV curves are used to calculate the apparent
doping profiles, which are shown in Fig. 5d. Under reverse bias
conditions (200 nm to 300 nm) the doping density of the absorber
layer is obtained. Under forward bias conditions similar trends
are observed as shown experimentally (Fig. 5¢). For 100 kHz (no ac
contribution) and forward bias (apparent depth < 150 nm) the
increase of the apparent doping density is due to the change of
the occupation probability of the near interface defect state.
Under these forward bias conditions the near interface deep
acceptor state starts to cross the Fermi level and gets depopulated
of electrons. For 1 kHz the ac contribution results in an additional
decrease of the apparent doping density and the simultaneous
decrease of the apparent depth. It needs to be noted that the
experimental decrease of the apparent doping profile is much less
pronounced. The origin could be caused by an increased doping
towards the front, which deviates in shape and/or magnitude as
assumed for the simulations (compare Fig. 3).

This journal is © the Owner Societies 2017

We observed good qualitative agreement of the measured and
simulated apparent doping profiles. Additionally the SCAPS
model describes the frequency dependence of the capacitance
under various bias voltages, which supports the assumption of a
near interface deep acceptor state. We note that negative charge
at the interface should be avoided for the design of a CIGS solar
cell.’® First, it reduces the inversion at the interface and thus
could enhance interface recombination. Second, the SCR width
in the absorber is reduced, which might harm the collection of
photogenerated carriers. However, currently it is not possible to
link the occurrence of the deep acceptor to process parameters
as the deep acceptor was observed for devices with different GGI
values at the front CIGS/CdS interface as well as for different RbF
PDT treatments (see the ESI,T Fig S4).

In the next step we can compare the simulated apparent
doping profiles (Fig. 5d) to doping profiles reported in the
literature and the respective proposed models.">**?**77 In
particular, the doping profile for the low frequency case is
observed commonly and has been discussed by several authors.
Kimerling has derived an analytical description of the apparent
doping profile from C(V) data including a deep defect state.'®
This model is often used to describe the doping profiles having
a higher density far away from the junction and a smaller
density close to the junction.”>***® The principle is that in
forward bias the deep defect state does not cross the Fermi level
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anymore and the true doping density of the absorber is mea-
sured. The strong increase of the doping profile at small values
of the apparent depth was investigated by Igalson et al.*” and
attributed to a barrier at the front contact. In this model the
barrier represents the minimal distance of charge modulation.
However, the obtained values were always a bit off from the
experimental thicknesses of the buffer, which was attributed to
a barrier at the front. Here we propose a different model, which
is a near interface acceptor state as experimentally measured by
voltage dependent admittance spectroscopy. Unfortunately,
forward bias admittance spectra are not reported in the litera-
ture and therefore no information of the near surface region
could be obtained for those samples.

5. Conclusion

We have shown that the near interface CIGS absorber region
can be probed by admittance spectroscopy by applying an
additional bias voltage in complete solar cell devices. For the
CIGS based solar cells presented here an additional capacitance
step is observed in forward bias compatible with a model
including an acceptor state 0.27 eV above the valence band
and present only in the near surface region.

The assignment of the near interface deep acceptor state was
corroborated by SCAPS simulations. A model was presented,
which explains the frequency and voltage dependence of the
capacitance.

In the case of interface recombination, negative charge is
detrimental for the solar cell performance as it reduces the
inversion towards the buffer layer."® Consequently, it is of
interest to probe these defects to find process parameters to
suppress the formation of these defect states.

Additionally, the presented model is applied to gain further
insights into the voltage dependence of the capacitance, which is
used to determine the apparent doping density of the absorber.
We have shown that the profile of the apparent doping density is
explained by the SCAPS model including the near interface
acceptor state. Features of the apparent doping density include
a small dip for small forward bias voltages and a strong increase
for higher forward bias voltages.
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