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Abstract—We present a methodology to use low-temperature
admittance measurements for characterizing defects in thin-film
Cu(In,Ga)(S,Se), solar cells, which is a major step towards
increased performance. We develop the theory behind admittance
spectroscopy at both room and low temperature, focusing on
the so-called ’loss-map” graphical representation. It allows to
distinguish the entangled responses of different loss mechanisms
and, combined with SCAPS 1-D simulations, leads to a refined
interpretation of experimental admittance measurements. Using
this methodology on experimental measurements, we identify
the likely presence of an interface defect, and extract its
activation energy (Ea = 0.093eV) and capture cross-section
(c = 2.88-10'% cm?).

Index Terms—Admittance spectroscopy, CIGS, thin-film PV

I. INTRODUCTION

In the context of photovoltaic (PV) solar energy, thin-film
Cu(In,Ga)(S,Se), (CIGS) solar cells (Fig. 1) have emerged as
a promising technology, mainly due to the good absorption
properties of CIGS and to the cells’ reduced thickness that
lowers raw material needs and enhances urban integration [1].
For this technology to reach its full potential, some challenges
need to be tackled. The most complex is the high density
of defects that constitutes a major limitation to performance
[2]. To overcome this, a deeper understanding of the defects
nature is required, namely their location (bulk or interface),
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Fig. 1: Schematic representation of a CIGS solar cell
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their activation energy F 4 and their capture cross section o.
This can be attained with one particularly powerful method
for characterizing defects called admittance spectroscopy (AS)
[3]-[15]. Indeed, measuring the admittance at different volt-
ages, frequencies and temperature enable to observe the charge
response of defects and finally extract important properties
such as F 4 and o. In this work, we use an innovative graphical
representation for room temperature AS [3] and we extend its
use to low-temperature AS. First, the AS theory is applied to
the study of defects using a simple simulation model. Second,
the ”loss map” analysis tool is presented as a solution to
distinguish the signature of not only defects but also other
loss mechanisms. Finally, the developed methodology allows
a deeper interpretation of admittance measurements obtained
on an actual CIGS solar cell.

II. THEORY
A. Admittance spectroscopy

The admittance Y (w) can be represented by the parallel
connection of a capacitance and a conductance, that both
depend on the measurement frequency [4]. It is expressed as:

Y(w) = G(w) + jwC(w). (1)

The two parts of this admittance, the conductance G(w) and
the capacitance C'(w), are linked to each other through the
Kramers-Kronig relations. These prove mathematically that
the analysis of the two quantities is equivalent [5]. In this
work and in the literature [3]-[11], the focus is typically put
on capacitance measurements because they are less affected by
parasitic conductive elements and can thus be more accurately
measured.

In solar cells, the capacitance is mainly related to the
depletion region of the PN junction. For an ideal PN junction,
the depletion capacitance is [16]:
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with €4 the material dielectric constant and w, the depletion
length. Since wy is independent from the measurement fre-
quency, the same is true for Cj.

Because CIGS solar cells are essentially non-ideal PN
junctions, other capacitive contributions such as bulk defects,
interface defects, series resistance and interface barriers are
added to Cy to form the total capacitance Cy.:. All of
these contributions have a so-called characteristic frequency
fe beyond which they stop contributing to Ciy.

Suppose an acceptor bulk defect in the CIGS layer, the
energy level of which is crossed by the quasi-Fermi level
for holes. If an AC voltage is applied, some of the defect
states are successively charged and discharged as the Fermi
level is moving across it. A condition for this to happen is
that the frequency of the signal is not higher than the charge
capture and emission rates. Above its characteristic frequency,
this is not the case anymore and the defect therefore stops
contributing to Cj,:. This is shown in the simulation from
Fig. 2, where a bulk defect is added to an ideal CIGS solar
cell. As expected, Ci, is high at low frequency due to the
contribution of the bulk defect, and decreases for frequencies
higher than f..

The characteristic frequency of the defect is derived from
the time constant of the charge emission process, and is given

by [16]:
1 —-F
fe=—ovr N, exp( A)7

2m kT )
with o the capture cross section of the defect, vr the thermal
velocity of holes, N, the density of states in the valence band,
FE 4 the activation energy of the defect and kT the thermal
energy.

It is clear from Fig. 2 that voltage bias also influences the
action of the defect on the total capacitance. From the PN
junction theory, it is known that the distance between the
quasi-Fermi level for holes and electrons is changed by the
voltage bias. The effect of different voltage biases on the
solar cell bandstructure is represented in Fig. 3. Following
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Fig. 2: SCAPS [17] simulation of the normalized total capacitance versus fre-

quency and voltage, for a CIGS solar cell with an added acceptor bulk defect
with parameters £ 4 = 0.326¢V, 0 = 10~ 15 cm? and Ny = 106 cm—3
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the Fermi-Dirac statistic, an acceptor state is occupied when
the quasi-Fermi level for holes I}, is placed below it. In the
context of defects, this means that an acceptor defect such
as the one considered here is fully ionized when its state is
above F},. The same is valid for a donor defect placed below
the quasi-Fermi level for electrons F;,. Following the Pauli
exclusion principle, a defect state is only able to participate to
the charge capture/release process when it is not fully ionized.

This explains the trend visible in Fig. 2, where the defect
contribution to capacitance changes with respect to voltage
bias. When the defect level is entirely above F},, such as when
V =1V (Fig. 3(c)), the defect is not able to exchange charges
and hence does not contribute to the total capacitance. On
the contrary, when Fj, crosses the level of the defect, part of
the defect states are ionized and it contributes to the total
capacitance (Fig. 3(a) and 3(b)). In this case, because the
defect is a bulk defect present over the entire CIGS thickness,
the voltage range in which the defect is active is large. The
active defect states are not the same at V = —1V (Fig. 3(a))
and at V =0V (Fig. 3(b)).

Another way of representing the defect response is to
take the opposite of capacitance derivative with respect to
frequency, multiplied by the frequency (—fdC/df). This is
shown in Fig. 4(a). The first information that is extracted from
this figure is the characteristic frequency. Indeed, it is around
that frequency that the change in capacitance is the biggest,
which is materialized by a peak in the —fdC/df curve. In
this case, f. = 100kHz. Looking at the voltage dependency,
it appears that the derivative capacitance increases with voltage
bias, before reaching a maximum around 0.5V and then
decreasing rapidly close to 1V. The increase in derivative
capacitance from -1V to 0.5V is coming from the increase
in depletion capacitance that is modulating the —fdC/df
characteristic. At -1V, the width of the depletion region is
greater and C is lower. With bias voltage increasing,Cy and
Clot increase and so does their derivative. Beyond 0.5V, the
characteristic is physically explained by the position of F),
which stays below the defect level. In that condition, all of
the defect states are fully ionized and do not contribute to the
capacitance anymore, hence the derivative capacitance rapidly
falls to zero.

Although this representation gives a full overview of the
defect capacitive behaviour and enables the extraction of
its characteristic frequency, interpreting all the superimposed
—fdC/df curves at different voltages is far from easy. This
is even more true when multiple loss mechanisms affect
the studied structure simultaneously. For this reason, another
representation called the "CVf loss map”, first proposed in [3]
and shown in Fig. 4(b), is preferred. In the SCAPS simulations
where loss maps are used, the voltage is swept up to 0.75V and
not 1 V such as in experimental measurements. This is because
the junction capacitance is more significant compared to the
depletion capacitance after 0.75V, which makes it difficult to
interpret the simulations with the AS methodology. This is not
an issue since the operating range of solar cells is below V.
whose value is rarely greater that 0.7 — 0.8 V for CIGS solar
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Fig. 3: SCAPS simulation of the band structure for a CIGS solar with the
same acceptor bulk defect as in Fig. 2, at bias voltages of (a) V = —1YV,
(b) V=0V, (c) V = 1V. Because the introduced defect is an acceptor, the
position of the Fermi level for holes has to be considered for evaluating the
charge state of the defect.

cells. Here, the bulk defect presents a broad signature along
the voltage range, coming from the fact that the Fermi level
is crossing the defect level at many different biases (Fig. 3).
In the frequency range, it is concentrated around the 100kHz
response frequency that characterizes the defect.
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Fig. 4: SCAPS simulation of — fdC/df characteristic for a CIGS solar with
the same acceptor bulk defect as in Fig. 2

and using (a) the traditional representation and (b) the novel
CVf loss map representation.

SCAPS can be used in complement to the loss map repre-
sentation to identify defects signatures, but also other types of
losses such as interface barriers or series resistances. In Fig. 5,
the response of an interface defect, and the coupled response of
a bulk defect and a series resistance are represented. Interface
defects (Fig. 5(a)) present a much more localized signature
on the map than bulk defects. This comes from the defect
level being very localized in the bandgap and the Fermi level
therefore crossing it at a very particular bias point. The width
of the response is generally a practical way of distinguishing
these two types of defects. In the same way as for bulk defects,
the peak in capacitance derivative for interface defects is also
localized around its characteristic energy.

When performing simulations of AS measurements, it is of
particular interest to consider several losses at the same time
(Fig. 5(b)). This is often encountered in experimental solar
cells, where a series resistance can, for example, be combined
with a bulk defect. In the presence of multiple losses, it appears
that the different traces simply add up on the map [3], [4]. In
function of the voltage and frequency content of these losses,
the map can quickly become complex to interpret. This is a
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Fig. 5: SCAPS loss maps for (a) a donor interface defect and (b) a bulk defect
combined with a series resistance.

limitation of this representation that was already previously
mentioned [3], and is a key motivation to use low-temperature
measurements for decoupling losses.

B. Low-temperature admittance spectroscopy

In (3), it is highlighted that the characteristic frequency
of defects depends on two main parameters: o and E4. As
shown in this equation, using one fixed temperature and with
vgp, and N known, it is impossible to extract these two
parameters independently from each other. Fortunately, by
introducing another degree of freedom in the measurement,
i.e. the measurements temperature, it is possible to decouple
these two quantities and to extract their value.

The kinetics of a thermally activated process is commonly
described by the Arrhenius equation [18]:

—FE,
T =T ex
0 p RT )
where 7 is the kinetic reaction rate, ro is the pre-exponential
factor, /4 is the activation energy, R is a thermodynamic
constant and 7" is the absolute temperature. In the case of the

charge emission rate e, from a certain energy level, here the
defect level, the equation is rewritten as [19]:

“)

ec =2mfe. = &T? exp (‘l?) : S
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with f. the defect characteristic frequency as defined before,
and & T2 the pre-exponential factor. This is directly related to
equation (3). By association, and by considering the temper-
ature dependency of both vy and N, it is possible to obtain
the following Arrhenius equation:

% = O"UT’ONQ exp ( EA) .
By using admittance measurements versus bias and frequency,
different characteristic frequencies can be extracted for each
measurement temperature. These points are then plotted on the
so-called Arrhenius plot. Finally, when fitting the data obtained
at each temperature with a linear model, ¢ and F4 can be
extracted.

(6)

III. EXPERIMENTAL VALIDATION

In this section, the theory developed before is applied to
the characterization of an experimental CIGS solar cell. Ad-
mittance measurement are conducted using an Agilent E4980A
LCR meter. The voltage bias is varied between -1V and
1V, with an AC amplitude of 50mV, and the frequency is
swept from 1kHz to 1 MHz. Low-temperature measurements
are performed in open air, between 133K and 268 K and by
steps of 20 K. The highest temperature is taken just below the
freezing point of water.

The CVf loss map of the experimental cell, realized at room
temperature, is presented in Fig. 6. This map presents a broad
signature at high frequencies, that reduces slightly in frequency
at high voltage bias. From the main capacitively active loss
mechanisms presented before, the most likely to present such
a signature is the device series resistance R. Indeed, when
R, is sufficiently high in a device, it induces a reduction in
the measured capacitance C,,, at high frequency [20]:

1, if w is small
1/(wRsCy)?,

with w the measurement angular frequency. The effect induced
by R, is typically active at frequencies close to 1MHz, which
is the case here. In Eq. (7) it also appears that C), is bias

Cm(jw) = Cq - { (N

if w is large
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Fig. 6: Admittance measurement of an experimental CIGS solar cell, using
the loss map representation presented before.
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Fig. 7: Admittance measurements at different temperature bias of an experimental CIGS solar cell, using the loss map representation presented before. Two

signatures are visible on the different maps. The wide signature appearing on
likely coming from the effect of a series resistance. The narrow signature that

independent, as this is the case for Cy and Ry. This is only true
under the assumption that the total capacitance is composed
of Cy only. In the present case, it appears that there is a slight
decrease in frequency for higher voltage biases. This could
be caused by the action of another loss mechanism, such as a
bulk or interface defect. The defect does have a bias dependant
action and contributes to C,,, hence resulting in the trace from
Fig. 6.

By considering solely the room temperature admittance
measurement, it is not possible to confirm or deny this
hypothesis. This is a great motivation for performing low-
temperature AS, as it is known from the theory that defect-
like mechanisms see their characteristic frequency change with
temperature. The CVf loss maps realized from AS measure-
ments at several temperatures are presented in Fig. 7. These
measurements confirm the presence of another capacitive loss
than R, likely an interface defect. Indeed, it seems to be
concentrated around a certain value of voltage, which is the
one at which the Fermi level would be crossing the interface
level of the defect. It is very unlikely that this signature is
the one of a bulk defect, because it would be much wider in
the voltage range as shown in Fig. 4(b) and as discussed in
[3]. Its characteristic frequency increases with the temperature

the top of the map, that is mostly independent from temperature variation, is
is moving with respect to temperature variation is likely a defect.

increasing, and merges above 213 K with the response of R,
which explains the observations made previously.

By extracting the characteristic frequency of the defect at
several temperature bias points, it is possible to obtain the
Arrhenius plot of Fig. 8.

When fitting the data with a linear interpolation, it is then
possible to extract the activation energy and capture cross
section of the defect as follow:

eb

o= =2.88-10" ¥ ¢cm?

®)

vr,0 No
Ejs = —a-1000k = 93 meV

This defect is considered to be shallow [3], with a rather low
0. This means that it should not impact much the performance
of the device contrarily to the high R, visible in this cell.

IV. CONCLUSION

In this work, the theory behind admittance spectroscopy at
room and low temperature is developed. The so-called loss
map is presented as a visual representation of admittance mea-
surements. When coupling AS with SCAPS simulations, it was
possible to identify clearly the response of several loss mech-
anisms inside a CIGS solar cell, such as bulk and interface
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Fig. 8: Arrhenius plot made with the data from Fig. 7. Each point is obtained
by extracting the characteristic frequency of the defect at one particular bias
point. For higher temperatures (7' > 233 K), the data was not exploited due
to the high correlation of the series resistance and defect signatures.

defects but also series resistances. It was shown experimen-
tally that room-temperature measurements are sometimes not
sufficient to fully characterize the cell, and low-temperature
loss maps were therefore introduced as a way of decoupling
several losses. It was possible to discover an interface defect,
with E4 = 0.093¢eV and o = 2.88 - 10718 cm?, whose action
was coupled to the one of R, at room temperature. In the
end, it appears that room- and low-temperature AS constitutes
a robust method for the advanced characterization of CIGS
solar cells and should be key in the future improvement of
this technology.
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