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Abstract

Two ZnO/p-Si heterojunction diode structures are modeled based on thermionic emission in numerical computation environment, and
their current-voltage characteristics were validated in Spice with 500 Q and 5 kQ load resistance. Both structures are differentiated based
on thickness, metal size, and doping concentration. Parameters extracted such as barrier height, ideality factor, activation energy, series
resistance, and shunt resistance are studied towards temperature-dependent study from 300 K to 673 K. Structure 1 proved to be exhibit-
ing lower barrier height , series resistance and shunt resistance while structure 2 has lower ideality factor, activation energy, and turn on
voltage. Modeling the ideality factor of structure 2 predicts a value of 0.25 at 673 K. Meanwhile, the turn on voltage of structure 2 is
shown to achieve 0.8 V at room temperature. Barrier heights for structure 1 are reported to increase from 0.68 eV to 1.17 eV when tem-
perature varies from 300 K to 673 K but series resistance and shunt resistance decreases with temperature.
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1. Introduction

High temperature applications such as nuclear power plant, oil,
and gas industry, and electric generation plants require the ability
to withstand more than 373 K. Wide band gaps materials like SiC
and ZnO have proven to operate at high temperatures [1-3]. Zinc
Oxide (ZnO) is one of the promising material for semiconductor
device applications. ZnO also has sizeable free exciton binding
energy [4], wide band gap, high electron mobility, excellent trans-
parency, high thermal conductivity, mechanically stable, large
saturation velocity, excitonic emission process above room tem-
perature, and stable radiation hardness [4]. In addition, it is availa-
ble in bulk single crystal. Besides, it exhibits excellent design and
fabrication process; it also performs well in wet chemical etching
with low growth cost. Almost all ZnO exhibits n-type that spark
an extensive debate and research. There are few ZnO heterojunc-
tion devices which have been reported such as SrCu,0,/Zn0O [5],
NiO/ZnO [6], ZnO/SiC [6], ZnRh,04/ZnO [6] and ZnO/Si [4].
Nevertheless, ZnO/Si-based heterojunction device is the most
studied due to its cost-effectiveness in fabrication and the maturity
of Si-based material. ZnO based devices are studied for various
electronic applications such as UV astronomy, sensors, light emit-
ting diodes, piezoelectric, solar cell, actuator, space to space
communication and environmental monitoring [7, 8, 9]. However,
there is lack of study on ZnO material as semiconductor radiation
detector. Currently, an excellent commercial radiation detector on
the market is based on scintillation detector (inorganic scintilla-
tor), but this detector requires an additional cooler to operate at
high temperature and bulky in size. ZnO electronic properties such
as vast band gap exhibit good radiation absorption efficiency to-
wards gamma and photon. The capability of a device to work in
high radiation corresponds with the ability of the device to with-
stand high temperatures. There are many studies which investigate

the ZnO device properties at high temperatures. However, the
maximum temperature of these works is only up to 423K. There is
very few research has been carried out to find the thermally stable
structure that can be operated at temperature up to 673 K, which is
the maximum temperature that a radiation detector should with-
stand. Combining the advantage of radiation hardness with the
ability to operate at high temperatures make the ZnO as a suitable
candidate to operate at high temperature applications. This work
investigates the effect of various temperatures up to 673 K on
ZnO/p-Si junction characteristics. Also, two types of structures
will be analyzed based on their electrical characteristics and ther-
mal stability of the device.

2. Modeling and simulation

Two types of heterojunction diode structures are identified to ac-
quaint theory behind heterojunction diode, and it is ohmic contact.
Both of these structures are taken from [6] for structure 1 and [10]
for structure [2] and will be modeled based on thermionic emis-
sion as illustrated on Fig. 1. Some of the experimental data are
taken from [6] and [10] respectively as semi-empirical modeling
and analysis. Applying the numerical analysis, the modeling and
analysis data are compared between structure 1 and structure 2
until it reached 673 K.
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Fig. 1: Hlustration of ZnO/p-Si Heterojunction Diode. A) Structure 1 and
B) Structure 2.

Acceptor concentration N, and donor concentration Ny need to be
calculated based on experimental parameters obtained such as Vg
diffusion voltage, Vy,; built-in voltage, m, effective mass, and n.
conduction band density of state as shown below.
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where mg is the electron mass. Based on Eq(1) and Eq(2), the
conduction band density of states, n. can be obtained as below.
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where K, T, and g is the Boltzmann constant, temperature, and
electron charge, respectively. Eq(5) shows the barrier height, @
value that can be found by including Eq(3).

0= Vdo + %log (nf(DOS for ZnO)) (5)

Na
where Vy, is the diffusion voltage which can be found from Eq (6).

By replacing the barrier height value with the experimentally ob-
tained, the acceptor, n, and donor concentration, ny can be found.
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where AEc the conduction band offset which is the differences of
conduction band energy or differences of electron affinity between
ZnO and p-Si.

3. Analysis and discussion

Figure 2 shows a plot of barrier height against temperature from
300 K to 673 K for both structures. Structure 1 produces lower
barrier height compare to structure 2. Structure 1 is also less af-
fected by temperature change since the slope of barrier height
towards temperature change of structure 1 and structure 2 are
1.29x10° eV/K and 1.45x10° eV/K respectively. The barrier
height obtained from Structure 1 at room temperature is 0.68 eV
which is close to 0.7 eV reported in [11].
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Fig. 2: Barrier Height of Structure 1 and Structure 2 against Temperature.

Furthermore, Fig. 3 defined the ideality factor of both structures
toward temperature change. Structure 1 is more superior compare
to structure 2 in term of ideality factor changing rate toward tem-
perature change, that is 3.75x10 ideality factor over 1 K tempera-
ture change for structure 1 and 4.96x107 ideality factor over 1 K
temperature change for structure 2. Since structure 2 reach ideality
factor of 1 at 530 K thus it is better for application below than 530
K. Meanwhile, Yakuphanoglu et al. [12] and He et al. [13] obtain
3.2 and 2.5 ideality factor at room temperature which is close to
structure 1 at 3.5 and structure 2 at 2.08.
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Fig. 3: Idealist Factor of Structure 1 and Structure 2 against Temperature.

Activation energy is derived from Arrhenius plot in Fig. 4. There
is a gap of 1x10™ eV between both structures. Equation(8) shows
the relationship of lo, reverse saturation current against tempera-
ture,T.

In(ID):Ra_Ffln(C) ©

where E, is the activation energy, R universal gas constant, and C
intersection of the y-axis. From Equation (8), E, is initiated from
the slope of the Arrhenius plot and found to be 0.3702 eV for
structure 2 and 0.3703 eV for structure 1. This slight distinction of
activation energy is because of small gap difference between
structure 1 and structure two barrier height that affected reverse
saturation current as in Equation (9).

I :AATZIn(ﬂJ

KT )
where A and A are the contact area and Richardson constant,
respectively.
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Fig. 4 : Arrhenius Plot of Structure 1 and Structure 2

Badran et al. [4] reported 0.2830 eV of activation energy which is
a bit less compared to this modeling activation energy. This is
because of the different structure will produce different volume
and different conduction band density of state that affects the
built- in potential, barrier height, reverse saturation current, and
activation energy.

Fig.5 shows the plot of barrier height against the ideality factor for
both structures. When there is a linear relationship between barrier
height and ideality factor, it indicates barrier height irregularity as
mentioned by Schmitsdorf et al. [14] in their device.
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Fig. 5: Linearly Variation of Barrier Height and Ideality Factor toward

Temperature.

The zero bias barrier height for structure 2 (1.35 eV) is less than
structure 1 (1.87 eV). In addition, Structure 2 exhibits high current
as it reaches below ideality factor equals 1, n < 1. This can be
described below on thermionic emission current Equation (10).

el

where V assign to a bias voltage, n as ideality factor, and V+ as

thermal voltage.

Increasing temperature will project a decline of ideality factor and
increases the current rapidly as shown in Fig. 6. Current of struc-
ture 2 exponentially rise higher compare to structure 1 at 673 K.
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Fig. 6: Current Voltage Characteristics.

Series and shunt resistance is extracted from junction resistance
against forward and reverse bias voltage. The series resistance that
was extracted from junction ZnO and p-Si is 1700 Q for structure
1. This value approximately close to 1610 Q as reported in Aksoy
et al. [15]. Meanwhile, shunt resistance that elucidates as the
resistance between Al/p-Si and Al/ZnO found to be 1.05x108Q for
structure 1. Both series and shunt resistance decreases when tem-
perature increases as presented in Fig. 7.

ZnO/p-Si heterojunction diode is remodeled using Spice at room
temperature to verify its current-voltage characteristic and diode
behavior. Fig. 8 shows the circuit diagram. The parameters from
structure 1 and structure 2 are compared such as the barrier height
and ideality factor towards its effects in temperature variations,
activation energy, and zero bias barrier height. Apart from that,
current-voltage curve, series resistance, shunt resistance are also
analyzed. Both load resistance of 500 Q and 5 kQ are used to
model ZnO/p-Si heterojunction diode. The results are compared
with results obtained from the semi-empirical model. Diode cur-
rent-voltage validation is done on circuit simulation as shown in
Fig. 9. Turn on voltage at room temperature for structure 1 and
structure 2 are 0.8 VV and 1.1 V (intersection between x-axis and
straight line on Fig. 9), respectively. This value is almost similar
to Klason et al. [16] device which achieved 1.1 V. While
piecewise linear model resistance is 0.18 Q and 0.35 Q for
structure 2 and structure 1 (straight line in Fig. 9), respectively.
Structure 2 exhibits lower turn on voltage compared to Structure 1.
Current-Voltage characteristic of structure 1 and structure 2 at 500
Q and 5 kQ load resistance on Spice been plotted in Fig. 9 as de-
scribed in Equation (11) below.

V=V, +l,r+1,R, (11)
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Fig. 8: Spice ZnO/p-Si Heterojunction Diode Model Simulation Circuit.
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Fig. 9: Spice with Load Resistances and Numerical Computing Current-
Voltage Characteristic.

4. Conclusions

Two types of structure ZnO/p-Si heterojunction diode has been
modeled on the computational environment and verified its cur-
rent-voltage characteristics on Spice simulation with 500 Q and 5
kQ load resistance. The barrier height of Structure 1 is 0.68 eV
and exhibits less influence on temperature change which was
found to be 1.29x10° eV/K. Structure 1 unveils low series
resistance and high shunt resistance at 1700 Q and 1.05x10% Q in
which can reach ideality factor of 2.08 at 673 K. Meanwhile
structure 2 has low turn on voltage, low activation energy and low
piecewise linear model resistance at 0.8 V, 0.3702 eV and 0.18 Q
respectively. Structure 2 can reach an ideality factor less than 1,
which in return will yield to the high current application since
current multiplied exponentially as ideality factor less than 1.
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