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We observe variable-range hopping conduction in thermal admittance spectroscopy and develop a

method to evaluate the signal under this condition. As a relevant example of demonstration we employ

CuðIn;GaÞðSe; SÞ2 thin-film solar cells and show that the fundamental N1 signal, which has been discussed

for more than a decade in terms of minority carrier traps, does not display trap parameters, but is generated

by the freezing-out of carrier mobility with decreasing temperature when hopping conduction prevails.

This effect offers a new approach to carrier hopping and to semiconductors suffering from small mobility.
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Owing to the enormous relevance of CuðIn;GaÞðSe; SÞ2
(abbreviated as CIGS) based thin-film solar cells in the
field of low-cost and high-efficiency power conversion
from renewable energy sources, substantial theoretical
work has been done to understand illumination induced
effects and efficiency limiting issues [1–4]. Recently Lany
and Zunger [4] suggested intrinsic DX centers in CIGS to
be responsible for limitations in improving solar cell effi-
ciency through larger absorber band gaps by an increased
Ga content. DX centers are strongly localized electronic
states within the band gap and are caused by a strong
relaxation off the lattice site. In contrast to II–VI and
III–V semiconductors, no extrinsic impurities are required
in the CIGS system, as calculated by Lany and Zunger
[3,4]. The selective suppression of these defects by adapted
processing presupposes, however, an appropriate monitor-
ing method. Lately, the Lany-Zunger model has been
related by Igalson et al. [5] to the most prominent signal
observed by thermal admittance spectroscopy (TAS) on
CIGS, the so called N1 defect, which is discussed in
literature for more than a decade in terms of minority
carrier traps (e.g., see Refs. [5,6]). TAS is a widespread
method to characterize shallow doping and deep traps in
semiconductors and is based on the capacitance of the
space charge region in p-n junctions or Schottky contacts
[7]. Thus, measurements at fully processed devices are
possible, without the need of additional sample treatments.
However, in the case of CIGS evidence of hopping con-
duction below 200 K [8] and below 160 K [9] was reported.
Although the range of hopping conduction coincides with
the temperature interval of the TAS measurements, it has
not yet been considered in the evaluation. In this Letter, we
explore the consequence of carrier hopping on the capaci-
tance measurement process, develop a method to evaluate
the signal under this condition, and prove that the theoreti-
cally predicted intrinsic DX centers in CIGS [3,4] cannot
experimentally be observed by capacitance methods like
TAS when hopping conduction prevails.

The capacitance of the device consists of the capacitance
of the space charge region which may be superimposed by

a trap related capacitance Ct that depends on temperature
and frequency of the applied ac voltage (with frequency !
and amplitude Vac) due to carrier trapping and detrapping.
When the temperature becomes too small, capture and
emission can no longer take place in the experimentally
imposed time window and a steplike decrease in
Ctð!; TÞ / ep

2=ðep2 þ!2Þ occurs while the conductance

Gð!; TÞ=! / ep!=ðep2 þ!2Þ shows a peak [7] when the

capture and hole emission rate ep are equal and ! � 2ep.

The emission rate is connected with the trap’s activation
energy EA by ep / T2 expð�EA=kTÞ. Thus, in standard

TAS evaluation lnð12!T�2Þ is plotted over 1=T to reveal

EA. Beside such trap response, the so called carrier freeze-
out signal as described by Pautrat et al. [10] may appear at
sufficiently low temperatures when the final freeze-out
condition !CR ¼ 1 is met. In the latter case, the time
constant of the RC device, consisting of the capacitance
C of the space charge region and the series resistance R,
equals 1=! .
However, in the standard evaluation of TAS spectra,

only a dependence of the measured emission rate ep ¼
1=�e on trap properties is assumed. This assumption pre-
supposes a sufficiently fast diffusion of carriers prior to the
capture process and a very fast drift of emitted carriers out
of the space charge region. When the transport times can
no longer be neglected, the measured emission rate is ep ¼
1=� with � ¼ �diff þ �e þ �drift. The characteristic times
�drift and �diff are determined by the mobility � which is
connected with the diffusion constant D in the Einstein
relation D ¼ �kT=e, where k denotes the Boltzmann fac-
tor, T the temperature, and e the elementary charge. For an
estimation of the characteristic drift time, �drift, during the
half cycle of the ac signal in reverse bias direction, we
assume a constant mean electric field E ¼ V=L, with a
voltage V and the mean drift length L. This results in a con-
stant drift velocity vD ¼ �E and �drift � L=�Eð¼ L2=
�EL ¼ L2=�VÞ. During the following half cycle in for-
ward bias direction, carriers diffuse back with the diffusion
constant D. Proceeding from the Einstein relation and the
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diffusion length L ¼ ðD�diffÞ1=2 we get �diff � L2=D ¼
L2e=�kT and therefore �diff � �drift for kT=e � V, which
is usually the case. Baranovskii et al. [11] have shown the
classical Einstein relation not to be valid exactly when
hopping dominates electrical conduction. Then, D=� be-
comes a constant independent of temperature and we do
not need to distinguish between drift and diffusion and set
the characteristic carrier travel time �� ¼ �diff þ �drift /
1=D. When hopping conduction emerges, the diffusivity
of the majority carriers decreases strongly with decreasing
temperature and the carriers can follow the ac-signal with-
out phase shift only up to a limiting frequency of !max �
1=�� / D. By further lowering the temperature the mea-
sured capacitance gets reduced and a step in CðTÞ appears
(corresponding to a peak in G) as a function of frequency,
even when the condition !CR< 1 is fulfilled. This mobil-
ity freeze-out effect is a third, hitherto not recognized
source for a TAS-signal beside trap response and carrier
freeze-out. Faster carrier emission processes which may
take place cannot be observed under this condition and the
measured apparent emission rate ep is approximately given

by 1=�� and thus ep / D.

We investigated highly efficient CuðIn;GaÞðSe; SÞ2 cells
(efficiency around 14%, produced in the AVANCIS R&D
pilot line [12]) which are based on a p-n junction between
a thin n-type In2S3 buffer layer (thickness about 50 nm)
and a thick p-typeCuðIn;GaÞðSe; SÞ2 layer with a thickness
of about 1:5 �m. Details are described by Palm et al. [13].
The thin buffer layer is assumed to be completely depleted
and according to our C-V profiling (not shown here), the
space charge region extends from 0:5 �m at V ¼ 0 V to
1 �m at V ¼ �1 V (" ¼ 12) mainly in the CIGS layer,
and shows an acceptor concentration increasing with depth
from 2 to 4� 1015 cm�3 independent of temperature be-
tween 50 and 200 K. The CV measurements were per-
formed with adjusted frequencies of 1 kHz and below to
prevent the mobility related problems, which are discussed
in the following. From the known relation for the conduc-
tivity � ¼ �pe, we obtain the carrier mobility by setting
� ¼ d=peRA, where d is the distance between the end of
the space charge region and the back contact, which is
estimated to be roughly 1 �m. RA is the product of series
resistance and area, and p denotes the free hole concen-
tration. Because of the increasing acceptor concentration
with depth, we assume a mean hole concentration of p ¼
5� 1015 cm�3 to be relevant in the neutral zone.

We deduced the series resistance of the device by IV
measurements in the dark at a high forward bias of 1 V to
minimize blocking effects from a small conduction band
offset [14] between buffer and CIGS absorber. The series
resistance, which is essentially determined by the thick
CIGS layer, increases strongly with decreasing tempera-
ture: RAð200 KÞ ¼ 2:4 �cm2, RAð150 KÞ> 12 �cm2,
RAð100 KÞ> 160 �cm2, RAð75 KÞ> 1 k�cm2,
RAð50 KÞ> 11 k�cm2. Furthermore, the resistance be-

comes increasingly voltage dependent below 200 K and
decreases with increasing forward bias. Since CIGS is
known to be heavily compensated [15], we expect a de-
creasing resistance when the mean concentration of ion-
ized compensating donors is reduced due to higher
minority carrier injection under increasing forward bias.
Hence, the resistance values deduced above at 1 V give
only a lower limit because TAS measurements are not
performed at forward bias. Therefore, the corresponding
mobility values drop to less than 10�2 cm2=Vs at 150 K
and even 10�5 cm2=Vs at 50 K.
However, large mobilities of 3–22 cm2=Vs between

200 and 125 K were reported in CuðIn;GaÞSe2 by Lee
et al. [16] and Ćwil et al. [17], who obtained the carrier
concentration by CV profiling and the specific resistance �
from the dielectric relaxation time !�1 � �", with the
dielectric constant ", using high-frequency admittance
measurements [18]. Unfortunately, the conductivity is en-
hanced by an ac component �! when hopping conduction
prevails [19–21]. In this case, the deduced mobility gets
greatly overestimated by setting �dc ¼ �tot. The
ac conductivity under hopping conduction is known to
obey a power law �! ¼ A!s, where A is a constant,
depending on temperature and degree of compensation,
and the exponent s denotes a number slightly smaller
than 1 [19]. Time resolved measurements of the photo-
current by Dinca et al. [22] reveal hole drift mobilities
between 0.02 and 0:7 cm2=Vs in the range of 100–300 K
but without a distinct temperature dependence. However,
these measurements probe the drift mobility in the depleted
zone near the interface [22], while we determined the
mobility in the neutral region which is relevant for the
present work. A strongly decreasing mobility in CuGaSe2
with decreasing temperature down to about 0:4 cm2=Vs at
100 K and the onset of hopping conduction below 160 K is
reported by Siebentritt [9] using Hall-effect but assuming
band transport for the evaluation. However, even the deter-
mination of the Hall sign in the case of hopping motion
needs detailed knowledge of geometrical arrangements of
hopping sites, as well as the nature (s- or p-like) and the
orientation of the involved orbitals [23]. The absolute value
of the mobility is therefore not in contradiction to our
results.
Thus, we adopt the conclusion of variable-range hop-

ping (VRH) [8] connected with the small mobility values
we deduced and estimate the corresponding limiting fre-
quencies to compare it with the frequency interval
102–106 Hz, which is typically used in TAS mea-
surements. Since this interval spans 4 orders of magnitude,
we use the classical Einstein relation to simplify matters.
The associated error of D=� is less than a factor of 5 even
at 50 K, as demonstrated by Baranovskii et al. [11]. With
V ¼ 1 V, which is in the order of the built-in voltage, and
Vac ¼ 50 mV a typical change of depletion depth during
one ac cycle is about L ¼ 0:05 �m (which equals the
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Debye length) one obtains as limiting frequencies
fmaxð150 KÞ< 900 kHz, fmaxð100 KÞ< 40 kHz and
fmaxð50 KÞ< 300 Hz. These frequencies and the corre-
sponding temperature interval coincide with typical TAS
results on CIGS-cells as shown in Fig. 1. The measure-
ments were performed in the dark at 0 V bias and Vac ¼
50 mV. The standard evaluation of the large conductance
peaks between 55 and 200 K yield a curved Arrhenius-plot
[Fig. 2(a)]. This nonlinear behavior is typical for the
N1 signal and was ascribed to thermally assisted tunneling
effects [24]. By evaluating the slope, regardless of the
nonlinear behavior, we get activation energies between
29 and 50 meV. The small peaks at the low temperature
side below 55 K [inset of Fig. 1(a)] appear to originate
from carrier freeze-out, because the geometric layer thick-
ness of about 1:5 �m corresponds to a capacitance of
7 nF cm�2 (assuming " ¼ 12) which is approximately
measured at the lowest temperature. However, the carrier
freeze-out condition is not met because !CRA exceeds
unity by more than 2 orders of magnitude. Disregarding
this, the standard evaluation in terms of carrier freeze-out
as described above [10] reveals an apparent activation
energy of EA ¼ 47 meV (not shown here).

We now apply the appropriate evaluation as presented
above by setting! ¼ 1=� / D. In other words, we observe
the time constant of hopping carriers in answer to the
applied ac voltage, similar to the time constant of trapping
and detrapping of carriers at traps within the space charge
region in normal TAS. To calculate the temperature depen-
dence of D in the case of VRH-conduction we follow the
approach of Paasch et al. [25] setting D ¼ H2W, where H
denotes the hopping distance and W the probability for a

hopping process. The derivation of Mott’s law [26] for

variable-range hopping yields H / T�1=4 and the famous

proportionality W / expð�B=T1=4Þ, with the constant

B ¼ ð16�3=kNEF
Þ1=4 which is determined by the density

of states NEF
(per unit energy) around the Fermi energy [8]

and the decay length 1=� of the localized wave function
[26]. Thus, we replace the usual Arrhenius evaluation

lnð12!T�2Þ vs T�1 by plotting lnð!T1=2Þ vs T�1=4 and the

result is a straight line as shown in Fig. 2(b). From the slope

B ¼ 95� 2 K1=4 and assuming 1=� ¼ 1 nm (following
Schmitt et al. [8]) we get the density of states NEF

¼ 2:3�
1018 eV�1 cm�3 in perfect agreement with Schmitt et al.
who obtained NEF

¼ 2:4� 1018 eV�1 cm�3 by dc-

conduction measurements on CIGS films.
Depending on how far the mobility freeze-out has di-

minished the measured capacitance a more or less pro-
nounced final step in CðTÞ or peak in GðTÞ, respectively,
may eventually appear at low temperature when the final
freeze-out condition !CR ¼ 1 is met. This may be caused
by ongoing mobility freeze-out or carrier freeze-out. In the
present case, the carrier concentration remains almost
constant and carrier freeze-out is ruled out. At the lowest

FIG. 1. Conductance (a) and capacitance spectra (b) of a CIGS
thin-film solar cell as a function of temperature and frequency.
For clarity, only 8 out of 32 measured curves are displayed.

FIG. 2. (a) Standard evaluation of the trap response obtained
from Fig. 1(a) gives the known curved line. A linear fit over
the complete temperature range gives an activation energy
of 42 meV. (b) The evaluation in terms of mobility freeze-out
under VRH conduction shows a clear linear behavior. Only
Gð!Þ-maxima below 150 K were used for the linear fit, to avoid
the influence of a transition region in the conduction mechanism.
The evaluation of total freeze-out (!CR ¼ 1) for Gð!Þ peaks at
T < 55 K [see inset if Fig. 1(a)] according to VRH conduction
gives a parallel line.
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accessible temperature T ¼ 34 K we measure a serial
resistance 1=G! ¼ 5 �cm2 at f ¼ 1 MHz which is small
compared to the dc resistance RAð50 KÞ> 11 k�cm2.
Because of this strong ac-based enhancement of the total
conductivity, the freeze-out condition becomes !CRA �
1 when it is expressed only in terms of the dc-resistance
Rdc � RA. Therefore, the small low temperature signal in
Fig. 1(a) may indeed be interpreted as total freeze-out
effect. The evaluation is performed the same way as shown

above, because the VRH conductivity is given by � /
T�1=2 expð�B=T1=4Þ [25,26] and the condition !CR ¼ 1

reveals the same proportionality ! / 1=R / � /
T�1=2 expð�B=T1=4Þ. As demonstrated in Fig. 2(b), the
evaluation of the low temperature peaks (T < 55 K) in
terms of total freeze-out under the condition of VRH-

conduction reveals a parallel plot (B ¼ 98� 3 K1=4)
within the experimental errors. The measured serial con-
ductance at T ¼ 34 K is plotted in Fig. 3 as a function of
frequency. The fit clearly reveals a power law G! ¼ A!s

as expected in the case of hopping conduction and the
exponent s ¼ 0:88 is in agreement with Refs. [8,19].
This finding strongly supports the dominance of hopping
conduction connected with the consequences as discussed
in this Letter.

In summary, a too small carrier mobility, which is ex-
pected in case of hopping conduction, inhibits the obser-
vation of carrier trapping and detrapping at traps by
thermal admittance spectroscopy. Then, the admittance
signal displays the freezing-out of majority carrier mobility
instead of trap response. As shown, intricate interpretations
concerning the origin of the N1 signal in CIGS and the

reason for its curved Arrhenius representation become
redundant accepting the transition to variable-range hop-
ping conduction at low temperatures and its implications to
the TAS measurement process. The here presented evalu-
ation offers a new access to carrier hopping, density of
states, and semiconductors suffering from small mobility,
even when Hall effect is no longer applicable.
We thank Dr. Palm and Dr. Dalibor of AVANCIS GmbH
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FIG. 3. Measured serial conductance as a function of fre-
quency at T ¼ 34 K. The fit confirms a power law Gð!Þ ¼
A!s as expected in the case of hopping conduction and yields
G�1ðf ¼ 1 MHzÞ ¼ 5 � cm2 which is small compared to the
dc resistance RA > 11 k�cm2 as deduced from IV mea-
surements.
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