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a  b  s  t  r  a  c  t

The  dielectric  properties  of  the devices  can  be studied  by using  admittance  spectroscopy  (AS).  Majority
carrier  traps  are  experimentally  analyzed  without  sophisticated  mathematical  manipulation.  Experimen-
tal evidence  obtained  from  AS  of the  devices  may  display  several  features  that  cannot  be  explained  by  the
usual single  RC  circuits  representing  a depleted  junction  region  and  undepleted  bulk  elements.  In  this
study,  ac behavior  of typical  pn  junction  diode  is simulated  using  temperature  depended  AS in  a  broad
frequency  range  (5  Hz  to  13 MHz).  The  frequency-dependent  admittance  data  of  typical  pn  junction  has
been discussed  based  on  a discrete  deep  or shallow  trap  model.  The  analytically  obtained  frequency
depended  −dC/dω  and  tan  ı (loss  tangent)  curves  are  peaks  function.  The  position  of  the peak  depends
on  the  temperature  and  dc-bias.  This  peak  position  gives  us information  about  deep or  shallow  trap
IS  diode
eterojunction diode
dmittance spectroscopy

states.  The  trapping  time  and  trap energy  levels  can  be deduced  from  −dC/dω  versus  ω or  tan  ı  versus
ω  curves.  This  investigation  shows  that  suitable  complex  admittance  measurement  data  obtained  dur-
ing the capacitance–voltage  measurement  process  are  used  to  calculate  the  trapping  time  and  energetic
position  of the  traps.  A theoretical  analysis  and  computer  simulation  are  presented  in  order  to illustrate
the  nature  of the  trap  and the  technique  by which  accurate  trapping  time  and  energy  position  of  the trap
state  can  be  obtained.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

The study of ac transport properties of the devices yields supple-
ent and complementary data on doping densities, capture cross

ection and activation energy for electrically active defects in semi-
onductor devices. The preferred method for determining these
arameters is AS.

AS spectroscopy has recently been performed on Schottky and
IS  diode structures for investigation of the interface state density

1–3]. AS also can be performed on heterojunction diode struc-
ures such as CdS/p-Si, CdZnS/p-GaAs, GaP/ZnO, CdTe/ZnTe and
nP/GaInAs. When a small ac voltage is applied across the sample,
he response of the system is entirely characterized by complex
dmittance Y(ω), which is a function of oscillator frequency (ω).
(ω) and B(ω) are real and imaginary parts of Y(ω), respectively.

he real and imaginary parts of Y(ω) are related to each other by the
ramers–Kronig relations and each of them requires full spectral

nformation. AS probes the frequency and temperature dependence

∗ Corresponding author at: Mugla University, Faculty of Sciences, Department of
hysics, 48000 Kotekli, Mugla, Turkey. Tel.: +90 252 211 15 29.

E-mail address: droylumluoglu@gmail.com (G. Oylumluoglu).

925-8388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2012.01.154
of the capacitance C(ω, T) of a rectifying junction. The principle of
AS is to probe interaction of an external field with the electric dipole
moment of the sample. Obtained data are expressed by Bode plot or
Nyquist plot. Temperature and frequency dependent conductance
loss peak measurement is the basis of AS.

The frequency dispersion in the depletion region is due to traps.
If the time constant � of the trap is comparable to the inverse fre-
quency of the small signal, the trap makes contribution to the total
capacitance and the peak of the conductance curve along the fre-
quency axis becomes visible. It is well known that the capture and
emission processes are controlled by trap characteristics. A het-
erojunction diode structure can be mimicked by a capacitor the
dielectric loss of which may  exhibit low or high values, depending
on the nature of trap levels in the depletion region.

One of the parameters of a dielectric material is the loss
tangent. The loss tangent characterizes dissipation of electro-
magnetic energy in a dielectric material. The angle between
the resistive (lossy) component of an electromagnetic field and
its reactive (lossless) component in the complex plane repre-

sents loss tangent term. The frequency dependency of dielectric
loss is sensitive to various rate processes such as capture and
emission process in deep/shallow levels in the space charge
region.

dx.doi.org/10.1016/j.jallcom.2012.01.154
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:droylumluoglu@gmail.com
dx.doi.org/10.1016/j.jallcom.2012.01.154
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Energy dissipation and storage processes are modeled in an AS
quivalent circuit by a resistance and capacitance, respectively.

The junction capacitance is generally known as capacitance of
pace-charge-region (Cscr). If there is electronically active traps in
he space-charge-region (SCR) of the device, capacitance spectrum
s affected at lower frequencies and/or higher temperatures. Hole or
lectron traps within the SCR are charged and discharged depend-
ng on applied frequency. Evaluation of capacitance spectrum of a
evice allows us to determine the distribution of traps.

There are plenty of publications in the literature about interface
tate density distribution in some diode structures [1–6]. There
re many different kinds of models that have been adopted into
easurement analysis by many researchers for more than three

ecades [7–11]. Most of them followed the approach of Card and
hoderick [10] and Hill–Coleman [11] to extract interface state den-
ity. The calculated interface state density can be considered as
wo-dimensional density of state. However, there is a model which
s very feasible and ingenious for heterojunction device structure
ecause it gives three-dimensional density of trap state distribution
y applying a simple mathematical procedure [12]. Its feasibility
epends on a requirement of only frequency dependent capaci-
ance values. It does not require any measured frequency versus
onductance data. However, most of the researchers are not aware
f the existence of T. Walter et al.’s works; hence, they used Card
nd Rhoderick, Hill–Coleman model for every device structure.
herefore, this article focused on how this model can be useful to
etermine not only three-dimensional density of trap states distri-
ution but also shallow or deep energy levels in a heterojunction
iode structure.

As a result, it is important to find out which analyzing tech-
ique can be used to obtain shallow or deep levels correctly in
eterojunction device structure. The main purpose of this article

s to determine the best approximate method to analyze shallow
r deep levels by conducting a theoretical simulation of AS curves
f heterojunction devices. Computer simulation study is performed
y different circuit models for shallow and deep trap levels in het-
rojunction device structure. Our obtained results are comparable
ith those in some earlier works.

. Theory

In this part, a theoretical simulation of AS will be conducted
o analyze shallow and deep levels. During the simulation, an
quivalent circuit model has been suggested to describe the device
tructure. An equivalent circuit model is constructed as the junc-
ion dynamic resistance (Rd) parallel to the trap capacitance (Ctrap)
nd Cscr, connected to the serial heterojunction diode trap resis-
ance (Rtrap). The problem can be demonstrated with the illustration
n Fig. 1, which is an accurate representation of the one-sided p-
i/CdS heterojunction diode and a reasonable approximation to
he case of discrete bulk traps. Cscr represents the capacitance due
o the depletion region while the combination of Ctrap and Rtrap

escribe the effect of the traps whose characteristic time constant
�). � = RtrapCtrap gives rise to a loss tangent peak when ω = l/�. The
arallel dynamic resistance, Rd, describes the leakage path that
ften accompanies heterojunction devices and can physically arise
rom generation-recombination currents within the SCR, native
efects across the p type semiconductor, or leakage due to periph-
ry effects. Electronically active traps in the SCR make contribution
o the capacitance spectrum of the junction. The capacitance, which
ncludes the contribution of carrier trap to the Cscr, is represented

y measured capacitance (Cm). Cm(ω) can be written as,

m(ω) = Cscr + Ctrap

(1 + (Rtrap/Rd))2 + (CtrapRtrapω)2
, (1)
nd Compounds 523 (2012) 16– 21 17

if Rd � Rtrap then Cm(ω) reduces to;

Cm(ω) = Cscr + Ctrap

1 + (ωCtrapRtrap)2
. (2)

We can approximate to Eq. (2) to take into account some cases
given below. At low frequencies measured capacitance values can
be represented as; CLF = limω→0 Cm(ω),

CLF = lim
ω→0

[
Cscr + Ctrap

1 + (ωCtrapRtrap)2

]
≈ Cscr + Ctrap. (3)

Then Ctrap can be written as;

Ctrap = CLF − Cscr, (4)

Cm(ω) = Cscr + CLF − Cscr

1 + (ωCtrapRtrap)2
. (5)

Eq. (5) is in well agreement with Ref. [13] and shows that our
approximation is consistent with previous studies in the literature.

Electronically active defects are easily analysed by using suit-
ably obtained temperature dependent C–f (capacitance–frequency)
data [14–20].  The effects of trap levels to the device capacitance
are obviously represented by the humps on the capacitance curves.
These humps are useful for calculating trapping time constant
(� = RtrapCtrap). For a small concentration of traps (Nacceptor � Ntrap),
the � approaches the value � = 1/ωI, where ωI is the inflection fre-
quency of the electronic transition [12]. Point on the graph of C(ω)
where the concavity changes from flat-to-down is called inflection
point of the graph of C(ω). The following result connects the concept
of inflection points to the derivatives properties of the function: if
dC/dω|ω=ωI exists and d2C/dω2|ω=ωI changes sign at ω = ωI, then
the point (ωI, C(ωI)) is an inflection point of the graph of C(ω). If
d2C/dω2|ω=ωI exists at the inflection point, then d2C/dω2|ω=ωI = 0.
This particular angular frequency, ωI, corresponds to the angular
emission frequency for the traps. The critic inflection frequency
can be written in the form;

ωI = 1 + (Rtrap/Rd)

�
√

3
.  (6)

Another way  to obtain the trap information is frequency
depended loss tangent measurement. Loss tangent is expressed in
terms of admittance component, which is given elsewhere;

tan ı(ω) = G(ω)
ωC(ω)

. (7)

The unknown component is conductance in Eq. (7).
We  can easily derive the conductance by writing equivalent

admittance for suggested equivalent circuit in Fig. 1. The conduc-
tance component can be written as;

Gm(ω) = a1 + a2ω2

a2
1 + a3ω2

, (8)

where

a1 = Rtrap + Rd, (8.a)

a2 = RtrapR2
dC2

trap, (8.b)

a3 = R2
trapR2

dC2
trap. (8.c)

By applying Eq. (8) to Eq. (7),  the loss tangent function yields as;

tan ı(ω) = a1 + a2ω2

a4ω + a5ω3
, (9)
where

a4 = CtrapR2
d + Cscr(Rd + Rtrap)2, (9.a)

a5 = CscrR2
trapR2

dC2
trap. (9.b)
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CLF at 300 K. Capacitance curves display an inflection at a critical
frequency for all the measurement temperatures as seen in Fig. 2.
The frequency dependent capacitance spectra exhibit an evident
Fig. 1. Energy band diagram and equivalent circuit for a one-sided p/N he

The loss tangent function has two extrema points. The trapping
ime of the device can also be calculated from one of the extrema in
he frequency domain. For the condition of device Rd value is quite
arger then Rtrap (Rd � Rtrap), one can simplify the extrema point
quation as given below;

peak = 1
�

√
1 + Ctrap

Cscr
. (10)

In this study, a useful method to acquire trap energy distribu-
ion by using admittance measurement data was suggested. This

ethod consists of calculating the derivation of the frequency
ependent capacitance data along with scaling the frequency into
n energy axis.

The energetic position of the trap can be calculated by using
 famous formulation that was derived by T. Walter et al. [12].
ngular frequency (ω) data have to be turned into an energy values
y using the formula Eω = (kBTE00/(E00 − kBT)) ln(�00T2/ω)  [21]. In
ddition, it is found that the pre-exponential factor, �00, depends on
he energetic depth of the trap (Ea) with respect to the correspond-
ng band edge according to Meyer–Neldel rule [22], where �00 and
00 are constants for related processes [12,13,20–29]. Energy distri-
ution of traps Nt(Eω) depends on the derivative of Cm with respect
o angular frequency ω, built-in potential Vbi, band gap Eg, probing
nergy level Eω , Boltzmann constant kB and temperature T;

t(Eω) = − 2V3/2
bi

√
q

AkBTw
√

qVbi − (Eg − Eω)

(
ω

dCm

dω

)
. (11)
. Results and discussion

In this study, simulations are performed under consideration
f one-sided (p-Si/CdS heterojunction) Si based solar cells. C–ω
nction diode. The band gaps of the two materials are not exactly to scale.

characteristics of the device were obtained for only one shallow
trap level located at 260 meV  at the temperature range of 150–300 K
(Fig. 2). The value of the trap level energy that is used during the
simulation process has been given in the literature [30,31].

The capacitance values of the device are constant under a crit-
ical measurement frequency and this constant value is equal to
Fig. 2. Capacitance and differentiated capacitance spectra at different temperatures
under 0 V dc bias for shallow trap level. The position of the peak shifts significantly
with temperature. Ctrap/Cscr = 0.79. This value is obtained by iterative simulation
process.
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measured at room temperature is largely dominated by contribu-
tions from trap levels in the band gap regardless of whether trap
level is deep or shallow.
ig. 3. tan ı versus ω spectra of device at different temperatures under 0 V dc bias
or shallow trap level. The position of the peak shifts significantly with temperature.
trap/Cscr = 0.79.

tep due to discreet distribution of defects. This critical inflection
requency shifts to lower frequency with decreasing temperature
ue to temperature dependence of the time constant of the device.
t the higher measurement frequencies (f > 108 Hz), the capaci-

ance at all temperatures is assumed to be constant and nearly equal
o Cscr.

A simple method to obtain the energy distribution of defects
y using admittance data was suggested in the previous section.
dmittance data are simulated by considering typical solar cell
ased on p-type c-Si. The suggested method consists of deriva-
ion of the capacitance with respect to frequency. The energy range
etween 100 meV  and 1 eV in the band gap can be investigated by
arying the temperature from 150 K to 300 K and the frequency
rom 1 Hz to 108 Hz. As can be seen in Fig. 2, the differentiated
apacitance spectra (dC/dω versus ω) displays a peak function. The
eak position shifts to higher frequencies with increasing tempera-
ure according to the temperature dependence of the �. In addition,
he peaks in the differentiated capacitance curve have Gaussian
haracteristic. The Gaussian peak looks like a characteristic in the
hape of “bell curve”.

tan ı–ω characteristics are simulated for only one shallow trap
evel (260 meV) in investigated device structure at the tempera-
ure range of 150–300 K. As can be seen in Fig. 3, tan ı versus ω
haracteristic of simulated device structure displays a single peak.
hus, the equivalent circuit can be designed as a single � (RtrapCtrap)
or every temperature. Peak position slides to higher frequencies
ith increasing temperature due to temperature dependence of

he �. These advocate that interface components could play a rea-
onably concerned role for the ac conduction.

The same parameters were considered for the deep trap level
imulation procedure. Simulated C–ω characteristic of the investi-
ated device structure at various temperatures ranging from 150 to
00 K for only one deep trap level (560 meV) is given in Fig. 4. Dur-

ng the simulation process, the considered trap level energy was
aken from the early relevant literature [30–34].

As can be seen in Fig. 2, the C(ω) spectra for the shallow trap
evel show a pronounced step at the temperatures lower than
00 K. The dispersion in case of the deep trap level is displayed

n Fig. 4. Step like behavior is obviously observed at only 300 K.

s seen in Fig. 4, at low measurement frequencies (ω ≤ 40 rad/s)

he capacitance is assumed to be constant, which is nearly equal
o 40 × Cscr, and exhibits flat response at the frequency region
f 103 rad/s < ω <108 rad/s for 300 K. At the higher measurement
Fig. 4. Capacitance C(ω) and differentiated capacitance spectra of dC/dω at different
temperatures under 0 V dc bias for deep trap level. Ctrap/Cscr = 39.76. This value is
obtained by iterative simulation process.

frequencies (ω > 103 rad/s), the capacitances at all temperatures are
assumed to be constant and nearly equal to Cscr. The frequency
dependent capacitance characteristics exhibit a rather pronounced
step at 300 K due to deep trap level. Only high temperature fre-
quency dependent capacitance measurement is advisable to detect
deep level because the ωI value outstands for the temperatures
higher than 250 K. As seen in Fig. 4, the features in the differenti-
ated capacitance spectra (dC/dω versus ω) at 300 K exhibit a peak
function and this peak disappears at lower temperatures (T < 300 K)
due to the temperature dependency of the �.

At 300 K operating temperature, tan ı versus ω plot of simulated
device structure yields a single peak at about 103 rad/s as depicted
in Fig. 5. Thus, it is concluded that the equivalent circuit can be
constructed as a single � (RtrapCtrap) time constant for every temper-
ature. As can be seen in Fig. 5 tan ı spectra exhibit a peak function
and this peak could only be detectable at 300 K. It is already proven
in theoretical part that this critical peak is directly related with tem-
perature dependency of the � of semiconductor material. C(ω)–ω
and tan ı–ω characteristics manifest that the device capacitance
Fig. 5. Simulated tan ı–ω characteristic of the investigated device structure at
various temperatures ranging 150–300 K for only one deep trap level (560 meV).
Ctrap/Cscr = 39.76.
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Fig. 6. Defect distribution of the simulated device structure for shallow and deep
trap situation. Parameters were considered for the deep and shallow level simulation
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rocess are: �0 = 10 s (attempt to escape frequency), � = 10 cm (cap-
ure cross section), A = 0.42 cm2, W = 0.35 �m (depletion width), NA = 1016 cm−3

acceptor concentration), Vbi = 0.9 V.

AS was finally utilized to investigate the energetic distribu-
ion of defects in the depletion region of the typical solar cell.
he frequency dependency of the device capacitance at zero bias
or different temperatures has been shown in Figs. 2 and 4. The
ontribution of the deep and shallow levels to the device capaci-
ance especially at high temperatures and low frequencies is clearly
eflected in the humps of the capacitance curves. These humps in
he capacitance characteristics move forward to higher frequencies
ith increasing temperature due to the temperature dependency

f the �.
C(ω)–ω values may  be translated into a distribution of the den-

ity of states by taking the derivative of the capacitance with respect
o the frequency and may  be re-scaling the frequency axis into an
nergy axis [13–16]. Fig. 6 displays density of states distribution
f considered typical solar cell device in this study. The resulting
ensity of state distributions at different temperatures is shown in
ig. 6 (at left and right side) for the shallow and deep trap, respec-
ively. Calculation parameters are given in Fig. 6 caption. Carrier
ensity, built-in voltage (Vbi) and dielectric constant were chosen
y assuming abrupt junction approximation. Space charge width
w) of the junction is calculated from 0 V dc bias capacitance value.

It is known that the distribution of traps creates detrimental
ffect on device operation performance. The presence of a deep and
hallow trap level makes it difficult to extract the deep trap energy
evel from frequency depended capacitance measurements, even
f a probing frequency is chosen, at which the ac occupation of the
eep/shallow centers cannot follow. Deep traps are only detectable
t high temperatures (T > 250 K) because of Rtrap exhibits quite high
alues at low temperatures. When the circuit has high Rtrap values,
o that an interface element is nearly an open circuit situation in
C analysis. In such a case, the circuit response consists of only Cscr.
herefore, we could not observe any defect distribution at lower
emperatures.

Shallow trap level distribution of device is seen at left hand
ide of Fig. 6. All curves follow each other at all-operating tem-
eratures. The pronounced step in the C(ω) curves of the device
Fig. 2) corresponds to the defect peak at 260 meV  (Fig. 6). C(ω)

urves of the deep trap level device are dominated by a disper-
ion only at higher temperatures (T > 250 K), which is reflected in

 broader defect distribution. Careful comparison of the density
f states of the simulated device between 260 meV  and 560 meV

[
[
[

nd Compounds 523 (2012) 16– 21

suggests a shift among the curves for different temperatures,
pointing to temperature dependency of Rtrap and Rd as inserted
two figures in Fig. 6. It is also worth mentioning that these deep
states were only observed in materials containing high Rtrap and
high Ctrap values. This suggests that the physical origins of these
trap levels are closely related with semiconductor nature because
temperature dependent Rtrap values exhibit semiconductor
behavior.

4. Conclusions

In this study, the trap distribution in the device is evaluated by
theoretical analysis and computer simulation. It is shown that the
presence of electronically active traps can be displayed by using
AS. � and energetic position of trap can be easily calculated from
Cm(ω) data. AS is a very useful tool to detect deep and shallow
levels in semiconductor device and there is a plenty of detailed
work studying how to detect interface state density or trap levels
by AS [14–19,24,26,27,29]. However, there is not enough detailed
work to study how to detect shallow and deep levels by AS with
an illustrative way for heterojunction devices [13,21,22,29].  Thus,
it became necessary to carry out that kind of study. The aim of the
present article is to demonstrate a method to analyze shallow and
deep levels in heterojunction devices by conducting a theoretical
simulation of AS curves of shallow and deep levels. During the the-
oretical simulation, an equivalent circuit model consisting of the
heterojunction Cscr, Ctrap, Rtrap and the Rd has been adopted at the
temperature range from 150 K to 300 K. The evaluation scheme con-
sists of calculation of the derivative of the frequency dependency
of the capacitance accompanied by scaling the frequency into an
energy axis. The shallow (260 meV) and deep trap (560 meV) levels
are simulated using C(ω)–ω and tan ı–ω characteristics. Computer
simulation study of the shallow and deep trap levels is performed
by this method, the results verify that this method works quite well.
Temperature dependent Rtrap and Ctrap values determine the ener-
getic trap distribution of the device. We  conclude that the deep trap
energy level can be observable at higher temperatures for typical
Si based device. However, the shallow trap energy level can rather
be observable at all temperatures.
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