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Frequency Dependent Electrical Characteristics
of Au/n-Si/CuPc/Au Heterojunction
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Electrical characteristics of the heterojunction fabricated by thermal deposition of copper phthalocyanine
(CuPc) on an n-silicon substrate have been investigated. The frequency has significant effect on capacitance
(C), conductance (G) and series resistance (Rs) interface states (Dit) of the junction. Measured capacitance and
conductance were corrected for Rs. The conductance technique was used to measure the density of the interface
states. This method revealed the value of the interface state density distribution for the Au/n-Si/CuPc/Au
interfaces of the order of 1012 cm−2 eV−1.

PACS numbers: 79.60.Jv, 73.90.+f

1. Introduction

Organic/inorganic heterojunctions have wide applica-
tions in solar cells, photodetectors, light emitting diodes,
communication systems, and industry [1–5]. The gen-
eration of interface traps are one of the main reasons
of instability and poor performance of these devices [6].
These defects are generated because the junction con-
tacts have a metal/interfacial layer/semiconductor (MIS)
structure instead of metal/semiconductor (MS) due to
thin interfacial native oxide layer between the metal and
the semiconductor [5]. The existing insulating layer con-
verts MS structure to MIS structure. The device stores
the electric charge due to the dielectric property of ox-
ide layer, and behaves as a capacitor. When voltage is
applied across the MIS structure, the series resistance,
depletion layer, and interfacial insulator layer, all share
applied voltage [7].

The first investigation on the MIS contacts was done
in Ref. [8], the authors estimated interface state energy
distribution from an analysis of barrier height. Later on
[9–11] it was showed that both the interface state energy
distribution and the interfacial layer thickness can be de-
termined by I–V characteristics. Recently some authors
[12–14] have studied the effect of an interface state den-
sity on series resistance from frequency dependent C–V
curves. In the idealized case, the C and G plots are fre-
quency independent. However, the presence of an inter-
facial layer between the contact materials and interface
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states at the semiconductor layers disturbs this idealized
case [14–16].

This paper reports the investigation of electrical char-
acteristics of the Au/n-Si/CuPc/Au heterojunction. The
effects of frequency on series resistance of the junction
have been studied, because the series resistance plays an
important role for understanding of the electrical prop-
erties and performance of the devices.

2. Experimental

The Au/n-Si/CuPc/Au heterojunction was fabricated
by evaporating copper phthalocyanine (Sigma Aldrich)
in high vacuum on n-silicon substrate with (110) orien-
tation. Prior to deposition, the substrate was cleaned
in ultrasonic bath of acetone and dried. During thermal
deposition, the substrate was kept at room temperature
and the base vacuum was 5.5× 10−3 Pa. A 30 nm thick
film of CuPc was deposited using mask at a growth rate of
0.1 nm s−1. The thickness was monitored by quartz crys-
tal monitor. The active area of n-Si/CuPc junction was
125 mm2. The ohmic contacts on CuPc and n-Si were
deposited by evaporating Au. The thickness and area of
the both contacts were 100 nm and 50 mm2, respectively.
All the measurements were performed at room tempera-
ture. Functional testing on the heterojunction was done
using a KARL SUSS PM5 probe station.

3. Results and discussion

Usually in the laboratory environment the inorganic
semiconductors surfaces are covered with layers of na-
tive oxides. The native oxide layers grow on chemically
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prepared semiconductor surfaces even when they are ex-
posed to clean room air [13]. So there is possibly an insu-
lating oxide layer between CuPc and the n-Si substrate.
The interface oxide layers grow during surface prepara-
tion, metal evaporation, and post-deposition thermal an-
nealing [16, 17]. When MS contact with inter-facial layer
is considered, it is assumed that the current through the
interface is due to thermionic emission and can be ex-
pressed as [18]:

I = I0 exp
(

qV

nkT

) [
1− exp

(
−qV

kT

)]
, (1)

where I0 is the saturation current and can be given as

I0 = AA∗T 2 exp
(

qφb0

kT

)
, (2)

where V is the bias voltage, A is the effective diode
area, A∗ is the effective Richardson constant (112 ±
6 A cm−2K−2 for n-type Si), φb0 is the zero-bias bar-
rier height and n is the ideality factor. Value of ideality
factor n can be expressed as

n =
q

kT

(
dV

d ln I

)
. (3)

The frequency dependent capacitance and the conduc-
tance of the device can be used to calculate interface
properties. Various techniques have been used to achieve
this. One of the techniques is conductance technique,
which determines the point-to-point density of states
throughout the depletion region of such devices [19]. The
conductance technique determines the surface parame-
ters with more accuracy than capacitance technique [20]
because the conductance comes only from the interface
states [19]. The conductance losses are the base of con-
ductance technique resulting from the exchange of ma-
jority carriers between the interface states, when a small
AC signal is applied to the devices [21]. In depletion re-
gion the DC biased Fermi level starts to oscillate about
the mean position by applying AC signal [22]. So it is
assumed that there may be a capacitance due to inter-
face states in excess to depletion layer capacitance, which
depends upon the relaxation time of the interface states
and the frequency of the AC signal.

Capacitance as a function of voltage for Au/n-Si/
CuPc/Au heterostructure is shown in Fig. 1. The three
distinct regions of accumulation, depletion, and inversion
can be seen. The value of capacitance increases with the
decrease in frequency. This may be due to the time de-
pendent response of interface states [22].

Figures 2 and 3 show the measured capacitance (C)
and measured conductance (G/ω) of Au/n-Si/CuPc/Au
heterostructure in depletion region as a function of the
frequency at different bias voltages. At higher frequencies
capacitance remains almost constant, while at the lower
frequencies capacitance and conductance change. This
means that at higher frequencies, the interface states can-
not follow the AC signal [23] and consequently cannot
contribute much to the capacitance. It indicates that the
interface states are responsible for the observed frequency
dispersion in C and G/ω curves.

Fig. 1. C–V curves of the Au/n-Si/CuPc/Au het-
erostructure at different frequency.

Fig. 2. C–f characteristics of Au/n-Si/CuPc/Au
structure at different biases.

Fig. 3. G/ω–f characteristics of Au/n-Si/CuPc/Au
structure at different biases.
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Actually CuPc is a molecular semiconductor in which
electronic states are localized unlike to conventional semi-
conductor such as Si, Ge and GaAs etc., where the states
are delocalized. In organic semiconductors the hop-
ping lengths of electrons are much smaller than the free
path lengths of electrons in conventional semiconductor.
Therefore, conductivity of organic semiconductors is sen-
sitive much to frequency of applied AC signals. The real
series resistance of the structure can be determined from
the measured capacitance and conductance in strong ac-
cumulation region [12, 21]. The series resistance, when
the MIS structure is in strong accumulation region, can
be represented as [21]:

Rs =
Gacc

G2
acc + ω2C2

acc

, (4)

where Gacc and Cacc are measured conductance and ca-
pacitance in strong accumulation region, respectively.
The capacitance of insulator oxide layer (Cox) is related
to series resistance given by [21]:

Cacc =
Cox

1 + ω2R2
sC

2
ox

. (5)

From Eqs. (4) and (5), Cox can be written as

Cox = Cacc

[
1 +

(
Gacc

ωCacc

)2
]

. (6)

The series resistance vs. frequency for Au/n-Si/
CuPc/Au is plotted in Fig. 4. The corrected capacitance
(Cc) and corrected equivalent parallel conductance (Gc)
for series resistance are obtained as a function of angular
frequency from the measured capacitance and conduc-
tance by [21]:

Cc =

(
G2

m + ω2C2
m

)
Cm

a2 + ω2C2
m

(7)

and

Gc =

(
G2

m + ω2C2
m

)
a

a2 + ω2C2
m

, (8)

where
a = Gm −

(
G2

m + ω2C2
m

)
Rs .

As discussed above, in the depletion and accumulation
region, measured C and G/ω are highly dependent on
frequency. The measured capacitance and conductance
were corrected for the effect of series resistance using
Eqs. (7) and (8) as shown in Figs. 5 and 6, respectively.

A reliable and fast way to determine the density of
interface states (Dit) is the Hill–Coleman method [24],
which is confirmed by Konofaos [25] and Dakhel [26]. Dit

can be obtained according to this method by using the
relation

Dit =
2

qA

Gm,max/ω[
(Gm,max/ωCox)

2 + (1− Cm/Cox)
2
] , (9)

where q, A and ω are elementary electrical charge,
area of the junction, and the angular frequency, respec-
tively. The calculated values of Dit are of the order of
1012 eV−1 cm−2 that is not high enough to pin the Fermi
level of the n-Si substrate [25].

Fig. 4. Series resistance vs. frequency plot of Au/n-Si/
CuPc/Au heterostructure.

Fig. 5. The frequency dependent plot of corrected
capacitance.

Fig. 6. The frequency dependent plot of corrected con-
ductance.
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Fig. 7. Equivalent circuit diagram of Au/n-Si/
CuPc/Au heterostructure.

TABLE
Values of CJ, CD, and Ctotal at different frequencies.

Frequency
[kHz]

Junction
capacitance

(CJ)

Diffusion
capacitance

(CD)

Total
capacitance
(Ctotal)

1 1.4× 10−6 4.4× 10−6 5.8× 10−6

25 5.9× 10−7 1.8× 10−6 2.4× 10−6

50 3.6× 10−7 8.4× 10−7 1.2× 10−6

100 2.2× 10−7 4.2× 10−7 6.4× 10−7

The equivalent circuit of the device is shown in Fig. 7,
where RD, Rs, CJ, CD are the diffusion resistance, se-
ries resistance, junction capacitance, and diffusion ca-
pacitance, respectively. If the frequency approaches to
infinity, then the impedance (Z) is reduced to Rs. If the
frequency approaches to zero, then the Z is the sum of Rs

and RD. The total capacitance of the junction is given
by Ctotal = CJ + CD. The values of CJ, CD and Ctotal at
different frequencies are shown in Table.

4. Conclusion

It is observed that both the capacitance and conduc-
tance are very sensitive to frequency especially at rela-
tively low frequencies. The values of series resistance,
capacitance, and conductance decrease with the increase
in frequency. The C–V characteristics show that the de-
vice behaves like MIS devices. It is found that the value
of interface trap density (1012 eV−1 cm−2) is not high
enough to pin the Fermi level of n-Si substrate. The elec-
trical properties of the heterostructure can be controlled
by interface states, which are responsible for trapping of
charges and result in non-ideal behavior of C–V charac-
terization.
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