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ABSTRACT
In this report, Au/n-GeSe4/p-Si/Al heterojunction is studied. The I-V characteristics were studied in the
temperature range 308-373 K. The junction parameters were investigated. This study showed that the thermionic
emission (TE) mechanism is the operating mechanism at low forward voltage (V≤0.3 V). Study of the ideality
factor and the barrier heights with temperature indicated deviation from the TE theory. This was explained by
the spatially inhomogeneous barriers with Gaussian distribution of barrier heights. The Gaussian parameters
were determined. The capacitance-voltage (C-V) of Au/n-GeSe4/p-Si/Al heterojunction was also investigated.
The built-in voltage, the capacitance at zero bias and the depletion width were calculated to be 0.574 V, 2.33×
10
F, and 0.42 µm, respectively.
Key words: Heterojunction, GeSe4, Si, Transport conduction mechanisms.
Introduction
Non-crystalline chalcogens and chalcogenides (S, Se, and Te based compounds) were extensively studied
for several decades because of their interesting scientific importance and technological applications (Borrisova,
1981; Kokorina, 1996; Hamakawa, 1981; Popescu, 2000 and references cited therein). They are used in optical
communications, microelectronics, integrated optics, optical imaging and recording. Several research works
have been published on the heterojunctions between amourphous and single-crystalline semiconductors
(Capasso, 1987; El-Nahass et al., 2012, 2014; Aksoy et al., 2012). Several microelectronics devices have been
fabricated using chalcogenide semiconductors e.g. rectifiers (Anderson, 1962) and solar cells (Hor et al., 1983;
Tucci et al., 2007).
Chalcogenide amorphous materials based on Ge-Se glasses are promising candidate for optoelectronic
applications (Sedeek et al., 2008; Lee et al., 2015). These materials, due to their photoinduced phenomena, are
important for the application as optical memories and photoresistors (Tikhomirov et al., 2003; Russo et al.,
2005). Therefore, due to their promising applications, Ge-Se glasses have been intensively studied in last
decade. Ge-Se amorphous materials have promising properties such as wide glass range, high stability and large
transmission range (Pan et al., 2013). Compositions of Ge-Se glasses play an important role in the structure and
properties of these glasses.
Several authors reported the optical properties of thermally evaporated GeSe4 thin films (Thakur et al.,
2007; Hafiz et al. 2007). While, Pan et al., (2009) investigated the annealing effects on the structure and optical
properties of GeSe2 and GeSe4 thin films prepared by pulsed laser deposition technique. Troles et al., (2009)
fabricated GeSe4 glass fiber with low optical losses in the mid–IR.
The aim of this paper is to report on the preparation of Au/n-GeSe4/p-Si/Al heterojunction and to study the
transport conduction mechanisms in forward and reverse directions. By analyzing the current-voltagetemperature relations as well as the capacitance-voltage measurements, the junction parameters were reported.
Experimental:
Semiconductor p-Si wafer have (100) orientation, 400 m thickness and 1-10 .cm resistivity was used in
this study. Si wafers were etched using the etching solution of HF: HNO3:CH3COOH in ratio 1:6:1 as reported
earlier (El-Nahass et al., 2014). High-purity aluminum (5N) was thermally deposited on the backside of Si wafer
as a back ohmic electrode. GeSe4thin films of thickness 160 nm were deposited on the top of Si wafer. Then,
GeSe4 thin films were coated by Au-mesh. Thermal evaporation technique was used to deposit GeSe4 films, Al
and Au electrodes using Edward evaporation unit (E306A), under vacuum of 1.3310-4 Pa. A quartz thickness
monitor (Edward FTM6) monitored the film thickness. X-ray diffraction study was performed using Phillips
XPert diffractometer. The chemical composition analysis was studied using energy dispersive X-ray (EDX)
spectroscopy attached to scanning electron microscope (JEOL 5400).
The current–voltage (I-V) characteristics measurements were measured at temperature range 308–373 K
using high impedance programmable electrometer (Keithley 2635A). Measurements were performed using dark
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oven. The capacitance-voltage (C-V) characteristics were measured at 1 MHz at room temperature, using CV410 meter (Solid State Measurement, Inc., Pittsburgh).
Results and Discussion
Fig. 1 shows the X-ray diffraction pattern of as deposited GeSe4 thin films. Figure shows the amorphous
nature of the thin film. Inset of the figure shows the (EDX) of the films. The analysis of the constituent elements
were 19.23, 80.77 at % for Ge and Se, respectively. This confirms that the composition of the deposited films
were as the expected values.

Fig. 1: XRD pattern of GeSe4 thin films, the inset figure is the EDX of the film.
Study of the I-V characteristics gives important information about the junction parameters. Rectification
ratio (RR), Series resistance (Rs), shunt resistance (Rsh), diode ideality factor (n) and zero barrier height ( )
and the type of the predominant conduction mechanisms are important parameters. Fig. 2 shows the I-V
characteristics of Au/n-GeSe4/p-Si/Al heterojunction at temperature range 308-373 K. It is clear that the curves
exhibit diode-like behavior. The current increases with increasing temperature at the same applied voltage.

Fig. 2: Dark I-V characteristics for Au/n-GeSe4/p-Si/Al heterojunction at different temperatures.
The rectification ratio (RR) of the Au/n-GeSe4/p-Si/Al heterojunction is the ratio of the forward to the
reverse currents at certain constant applied voltage. The RR is calculated at ± 1V and the calculated values were
given in Table 1.
The series resistances (Rs), at different temperatures, were calculated from the slopes of the linear parts in IV curves at high forward biasing. The calculated values are tabulated in Table 1. It is clear that as the
temperature increases, the series resistance decreases. This may be responsible for the decrease of the ideality
factor with increasing temperature. To confirm the obtained values of Rs, the resistance of the junction (Rj) is
calculated from studying Rj versus V. At high forward bias, the junction resistance approaches a constant value,
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which is the series resistance, Rs. However, at high reverse bias, the junction resistance is also constant, which is
the shunt resistance Rsh. The obtained values of Rs and Rsh are given in table 1.
Table 1: The temperature dependence of RR, RSh, Rj, RS,
and n for Au/n-GeSe4/p-Si/Al heterojunction.
Temp.,
R.R
RSh,
Rj,
RS,
,
K
eV
M
k
k
I-V
I-V
308
77.11
1.588
17.45
15.313
0.466
318
43.66
7.067
13.14
4.250
0.476
328
36.33
4.630
9.711
3.508
0.487
338
40.58
3.864
7.667
3.496
0.498
348
40.26
2.905
6.057
2.747
0.505
358
38.62
2.471
5.197
2.433
0.516
368
39.46
2.174
4.159
2.409
0.528
373
47.64
1.989
3.027
1.473
0.533

,
eV
Norde
0.458
0.482
0.491
0.502
0.501
0.516
0.526
0.544

3.57
3.45
3.30
3.10
3.02
2.88
2.78
2.62

To study the transport conduction mechanism, semi-logarithmic plots of the forward I-V characteristics at
different temperature are shown in Fig. 3. It is clear that, the I-V curves can be divided into two regions. The
first region is at low forward bias (0V0.25 V), and the second region at higher forward bias (V0.3V) which
is ohmic. At low bias voltage, the forward current is an exponential function of the applied voltage. The slope of
the straight lines is found to be inversely proportional with the increase of temperature. Therefore, it is
concluded that thermionic emission (TE) is the predominant conduction mechanism at that voltage range.

Fig. 3: Variation of ln If versus forward bias for Au/n-GeSe4/p-Si/Al heterojunction at different temperatures.
The I-V characteristics for a junction based on the thermionic emission (TE) model are given by (Sze,
1981)
(

)

=
exp
−1
(1)
where is the saturation current, is the electronic charge, is the applied voltage,
term is the voltage
drop across the series resistance of the junction, is the ideality factor is the Boltzman constant and is the
absolute temperature. The saturation current can be obtained from the extrapolation of the forward-bias current
at a zero bias voltage and it is given by
∗
=
−
(2)
where is the effective area, ∗ is the Richardson constant (32 Acm-2K-2 for p-Si) (El-Nahass et al, 2014; Sze,
1981; Cetinkara et al., 2003) and
is the zero-bias barrier height which can be calculated from the relation

=

(

∗

)

(3)

While, the ideality factor ( ) is calculated from the slope of the linear portion of the forward-bias of I-V
characteristics (Fig. 3) using the relation
=
(
)
(4)
The experimental calculation of
and were determined using equation (3) and (4) and are given in Table 1.
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To confirm that the thermionic emission is the predominant transport conduction mechanism, the plot
between ( ) versus 1000/T is depicted in Fig. 4. It is clear from the figure that the relation is straight line
confirming that the thermionic emission is the operating conduction mechanism. The slope of the straight line is
used to calculate the barrier height and it was found to be 0.151 eV.

Fig. 4: Richardson plot of ln (Io/T2) versus reciprocal temperature of Au/n-GeSe4/p-Si/Al heterojunction.
The values of reverse saturation current Io (obtained from Fig. 3) is related to the temperature according to
the relation,
= exp (
)
(5)
where is the pre-exponential factor and
is the activation energy. Fig. 5 shows the plot of ln Io versus
1000/T. The activation energy was calculated from the slope of the linear relation and found to be 0.21 eV. This
value is in agreement with literature (Aksoy et al., 2012; Zhang et al., 2006).

Fig. 5: Temperature dependence of ln Io for Au/n-GeSe4/p-Si/Al heterojunction.
To compare the values of the barrier heights of the heterojunction with that obtained from the I-V
characteristics. Norde (1979) proposed a method based on the following relation (Aksoy et al., 2012)
( )
( )= −
( ∗
)
(6)
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where is an integer greater than n, V is the junction applied voltage and
The barrier height can be calculated from the relation
= ( )+ −

( ) is the corresponding current.
(7)

where F (Vo) is the minimum value of F (V) and Vo is the corresponding voltage. Fig. 6 shows the plot of Norde
function F(V) versus V of Au/n-GeSe4/p-Si/Al heterojunction at different temperatures. The calculated values of
the barrier height obtained using Norde method are shown in table 1.

Fig. 6: Plot of F(V) versus V for Au/n-GeSe4/p-Si/Al heterojunction at different temperatures.
The relation between the barrier heights calculated from the I-V characteristics, Norde method and the
ideality factor as a function of temperature were plotted in Fig. 7. The barrier heights calculated from Norde
method agreed with that calculated from I-V curves. It is clear that the barrier heights and the ideality factors are
strongly temperature dependent. As the temperature decreases, the barrier height decreases and the ideality
factor increases. This behavior shows the deviation from the ideal TE theory. Most junctions deviate from ideal
TE theory. This may be explained with spatially inhomogeneous barrier heights. This was associated with TE
with Gaussian distribution of barrier heights (Evans-Freeman et al., 2011).

Fig. 7: Temperature dependence of ideality factor n and barrier height
heterojunction.

of Au/n-GeSe4/p-Si/Al

The plot of the zero barrier height versus the ideality factor at each temperature is depicted in Fig. 8. This
figure shows that there is an inverse linear relation between
and . This relationship can be explained by
lateral inhomogenities of the barrier height. The extrapolation of the straight line to n=1 gives the value of
homogenous barrier height of 0.652 eV. The barrier heights inhomogeneity for n-GeSe4/p-Si may be due to
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lattice constant mismatch and the difference in the thermal expansion coefficients between n-GeSe4 thin films
and p-Si (Farag et al., 2009; Roy et al., 2005).
Several authors (Evans-Freeman et al., 2011; Farag et al., 2009; Al-Ktob et al. 2013; Janardhanam et al.,
2009, 2013; Song et al., 1986) proposed a Gaussian distribution of the inhomogeneous barrier heights with a
mean value of barrier height
and a standard deviation σ of the barrier height distribution. They proposed
that the previously obtained values of barrier height and ideality factor are apparent and denoted by
and
, respectively. The relation between the apparent barrier heights and the mean value of the barrier height is
given by the relation (Song et al., 1986; Chand et al., 2005).
Φ
(

=Φ −
The variation of apparent ideality factor with temperature is given as (Werner et al., 1991)
− 1) = − +

where
and (

and

(8)
(9)

are the voltage deformation coefficients of the barrier height. Fig. 9 shows the plot of

− 1) versus

. Using equation (8) the mean barrier height and the standard deviation can be

calculated from the intercept and the slope of the linear fit of the plot. The obtained mean barrier height and the
standard deviation were 0.847 and 0.143 eV, respectively. The lower value of  corresponds to homogeneous
barrier height. However,  = 0.143 eV is high compared to Φ = 0.847 eV (17% from its value). This
confirms the presence of barrier height inhomogeneties. While, the voltage deformation coefficients can be
obtained from the intercept and slope of the linear fit of the plot of

− 1 versus

according to equation

(9). The
and were calculated to be 0.174 and 0.029 mV, respectively. These values are in agreement
with the values reported earlier (Janardhanam et al., 2013).

Fig. 8: Plot of barrier height versus ideality factor for Au/n-GeSe4/p-Si/Al heterojunction.

Fig. 9: The barrier height and ideality factor versus q/2kT plot of Au/n-GeSe4/p-Si/Al heterojunction.
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The measurement of the capacitance-voltage (C-V) study is important to determine valuable electrical
parameters of the heterojunction. The carrier concentration, the width of the depletion layer and the flat band
potential can be obtained from that study. Fig. 10 shows the dark capacitance-voltage behavior (C-2-V) of Au/nGeSe4/p-Si/Al heterojunction measured at room temperature at 1 MHz. This high frequency is sufficient to
prevent interface states charges to contribute to the capacitance measurement. The capacitance of the junction is
given by the relation (Sze, 1981)
=
( − − )
(10)
where
is the built-in voltage which can be obtained from the extrapolation of the linear fit to the voltage axis,
is the reverse voltage, N is the net carrier concentration, is the dielectric constant of GeSe4 ( = 2.45) (Pan
et al., 2009) and A is the effective area. It is clear from the relation (10) that
increases linearly with
decreasing reverse voltage. This linearity of the plot confirms the formation of abrupt heterojunction. The slope
of the linear fit of the figure is given by
=

(

)

=−

(11)

Fig. 10: The variation of C-2 versus V for Au/n-GeSe4/p-Si/Al heterojunction.
The x-intercept of the plot gives Vo, which is related to the built-in voltage by the relation (

=

+

). The

built-in voltage, the capacitance at zero bias was derived from the figure to be 0.574 V, and 2.33× 10
F,
respectively. The width of the depletion region (W) is related to Co by the relation:
=
(12)
And the maximum electric field is related to the depletion region is given by
=
(13)
The obtained values of
and
were calculated to be 0.42 µm and 2.74V/µm, respectively.
Another conduction mechanism is operating in reverse bais. The reverse current resulting from generation
recombination of carriers according to the thermally activated relation (Ahmed et al., 2004).
∆
=
exp (−
)
(14)
where ∆
is the thermal activation energy. The relation between log IR versus 1000/T at different voltage are
depicted in Fig.11. The slope of the linear fit gives the thermal activation energy and it is found to vary from
0.21-0.31 eV depending on the applied voltage.
The exponential dependence of reverse current on applied voltage (Fig. 2) suggests Poole-Frenkel or
Schottky barrier lowering operating in the depletion region (Simmons, 1971). According to Poole-Frenklel
barrier lowering leads to reverse leakage current given as (Simmons, 1971)
/

= exp (
/ )
while Schottky lowering is (Simmons, 1971):

(15)

/

∗
=
exp (
(16)
/ )
where
and are Poole-Frenkel and Schottky field lowering coefficients. Fig. 12 shows the dependence of
the reverse current versus / . The obtained straight lines confirmed that the Poole-Frenkel or Schottky
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mechanism is dominating. The value of Poole-Frenkel coefficient was calculated and found to be 2.17×
10
eVm1/2V1/2.

Fig. 11: Temperature dependence of log IR for Au/n-GeSe4/p-Si/Al heterojunction.

Fig.12: Plot of log IR versus V0.5 for Au/n-GeSe4/p-Si/Al heterojunction.
Conclusion:
Amorphous n-GeSe4 thin films were deposited by thermal deposition technique on p-Si wafer to prepare
Au/n-GeSe4/p-Si/Al heterojunction. Investigation of the heterojunction indicated good rectification ratio at
± 1V. The ideality factor and the barrier heights were strongly temperature dependent. At low bias, the
thermionic theory was proposed as the predominant transport conduction mechanism. The ideality factor were
found to decrease while, the barrier heights increased with increasing temperature. This deviation from the ideal
TE theory was explained by the spatially inhomogeneous barrier heights. The extrapolation of the straight line
for the dependence between Φ and n gives the homogeneous barrier height of 0.652 eV. The mean barrier
heights and standard deviation obtained from the Gaussian distribution of inhomogeneous barriers were
calculated. While, the voltage deformation coefficients were calculated to be 0.174 and 0.029 mV,
respectively. The built-in voltage, the capacitance at zero bias, width of the depletion region was derived from
C-V measurements as 0.574 V, 2.33× 10
F, and 0.42 µm, respectively. The reverse biased characteristics
were explained in terms of Poole-Frenkel or Schottky effects.
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