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Investigation of X-ray radiation response to electrical properties of
Mo/Cu(Ino.7Gao3)Tez/p-Si/Al semiconductor diode
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Keywords: Abstract — Diodes are exposed to radiation in many operating environments, and it is important
Semiconductor diode, to investigate the radiation effect. In this study, the impact of X-ray radiation on the electrical
Chalcopyrite, properties of Mo/Cu(Ino7Gao3)Tez/p-Si/Al semiconductor diode was explored by I-V

o measurements performed before and after radiation doses between 200 and 1000 centiGray. The
Xeray radiation, semiconductor diode was exposed to radiation by a linear accelerator having 6 MV X-ray. [-V
Barrier height, measurements and the Cheung-Cheung method demonstrated the differences in series
Series resistance resistance, ideality factor, and barrier height. Moreover, the interface state density was obtained

from I-V results. The radiation dose increased the ideality factor and decreased the barrier
height. This result was thought to be due to the increase in the interface state density and the
defects in the diode interface. The series resistance was increased by increasing the radiation
dose due to a possible decrease in mobility and free carrier concentration. As a result of exposure
to X-ray, defects occurred and due to these defects, the diode deviated from the ideal. It has been
observed that the electrical properties of the diode were sensitive to X-ray radiation. The study
demonstrated that the Mo/Cu(Ino.7Gao.3)Tez/p-Si/Al semiconductor diode can be implemented
in X-ray radiation detection systems.

Subject Classification (2020): 83C30, 35Q20

1. Introduction

Radiation detectors were needed in many fields such as medical diagnostic imaging and therapy, space
and aviation, homeland security, and astrophysics [1,2]. The production of such detectors basically
relies on semiconductor devices. Diode-based radiation sensors, photodiode-based radiation sensors,
radiation-sensitive metal-oxide-semiconductor field-effect transistor (MOSFET) devices, static random-
access memory (SRAM) based radiation monitor, built-in current sensor-based radiation detectors,
memristor-based radiation sensors, and variable capacitor-based radiation sensors are some examples
of radiation detectors [3]. Since radiation-semiconductor interaction is very important in radiation
detectors, there has been a significant increase in studies about the effect of radiation on semiconductor
devices [4-6]. Candelori et al. have investigated the effect of radiation on thin oxide p-channel MOSFETs.
They demonstrated that the drain leakage current increased after irradiation [7]. Belousov et al. have
studied the radiation effects on charge-coupled devices. They confirmed that the response of the charge-
coupled device to radiation was linear [8]. The effect of radiation on drain and source regions of a
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MOSFET with two different configurations was investigated by ilik et al. [9]. They found that the leakage
current of the straight configuration was much higher than that of the reverse configuration.

In recent years, compound semiconductor radiation detectors have more preferred due to their features
such as adjustable bandgap [10]. CdZnTe has attracted more attention due to its high average atomic
number, suitable bandgap, and low leakage current properties [11-14]. Hossain et al. have incorporated
Mg into the compound instead of Zn and studied room temperature X-ray and gamma-ray detector
properties of CdMgTe. They achieved good detector properties with fewer defects due to a lower
concentration of Te inclusions [2].

Chalcopyrite compounds in radiation detectors have also attracted interest due to tunable electrical and
optical properties. Stowe et al. have investigated the LiGaSe; chalcopyrite for semiconductor radiation
detection applications. They improved electrical and optical properties by reducing crystal defects via
annealing the LiGaSe; in Li metal vapor [15]. Ning et al. [16] developed a Cu(In,Ga)Se; chalcopyrite-
based energy-resolved X-ray detector. They studied the effect of different Ga concentrations and found
that the optimum Ga concentration was achieved with a Ga/(Ga+In) (GGI) of about 0.3.

Although the electrical and optical properties of Cu(In,Ga)Te, compound have been studied [17-20],
deeper research was needed about the effect of radiation on the electrical properties of this compound.
In this study, we tried to demonstrate the suitability of this compound for use in radiation detectors by
examining the effect of radiation on its electrical properties.

2. Materials and Methods

A one-side polished B-doped p-type (100) Si wafer with a thickness of about 400 pm was used as
substrate. The substrate was cleaned by standard chemical cleaning procedure [21]. The polished side
of the chemically cleaned Si substrate was coated with Al by a vacuum evaporation unit under 10-5 torr
vacuum. Al-coated Si substrate was heat treated at 575 °C for 3 minutes to complete the ohmic contact.
Cu(Ing7Gao3)Te2 ingot was produced with pure Cu, In, Ga, and Te elements in a sealed quartz ampoule,
explained in detail elsewhere [22]. 250 nm thick Cu(Ine;Gao3)Te; was deposited on B-doped side of Si
wafer with the same vacuum evaporation unit. Mo rectifying contact was deposited by magnetron
sputtering. Mo contact was formed using a mask during the deposition with a diameter of about 1 mm.
After all these steps, Mo/Cu(Ino7Gao3)Tez/p-Si/Al semiconductor diode was obtained.

To understand the effect of radiation on the electrical properties of the diode, forward bias I-V features
were measured by Keithley 2400 source meter at room temperature in the dark before irradiation and
after application of 200, 400, 600, 800 and 1000 centiGray (cGy) radiation doses by a 6 MV X-ray
radiation source linear accelerator. The electrical parameters of the diode, such as ideality factor (n),
barrier height (®g), and series resistance (Rs), were obtained by the I-V plot and Cheung-Cheung
method [23], and the results of the two methods were compared.

3. Results and Discussion

The forward bias I-V characteristics of the diode before and after irradiation are shown by a semi-
logarithmic plot in Figure 1.
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Figure 1. [-V graphs of the diode before and after X-ray exposure

The change in the graph with increasing radiation dose was found to be consistent with the literature
[24]. The non-linear region at high forward bias values was due to the Rs which results from the contact
wires or the bulk resistance of the semiconductor [25]. The non-linear [-V behavior of a typical diode
was explained by the thermionic emission theory as follows [26,27]:

I = Iyexp (%) [1 —exp (— %)] (3.1)

In (3.1), q, V, n, k, and T represent the electron charge, applied voltage, the ideality factor, Boltzmann'’s
constant, and the temperature in Kelvin, respectively. (3.1) can be rewritten for forward bias values
larger than 3kT/q as,

I = lyexp (%) (3.2)
The reverse saturation currents (Ip) were obtained from the interception of the linear portion of the
semi-logarithmic -V plot with the vertical axis by extrapolating to the zero bias and found to be 4.54x10-
6,4.78x10¢,4.90x10-6, 5.08x10-6, 5.35x10-6, 5.48x10-¢ for non-radiated and 200, 400, 600, 800, and 1000
cGy radiated diode, respectively. The change in saturation current was comparable with similar studies
in the literature [28,29]. Io can be expressed as,

o
Iy = AA*T2exp (—q—B) (3.3)

In (3.3), A, A*, and ®g represent the effective diode area, the effective Richardson constant which equals
32 A/cm2K? for p-type Si, and the barrier height at zero bias, respectively. The ideality factor can be
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The ideality factor, commonly used to determine the deviation of the diode from the ideal thermionic
emission model, can be obtained from the slope of the linear region of the forward bias Inl-V plot. By
using (3.3), the barrier height at zero bias can be expressed as,

kT [AA*T?
®p =—1In (3.4)
q Iy

Since the current curve in forward bias quickly becomes dominated by series resistance and deviates
from linearity, the low forward bias parts of I-V characteristics were used to obtain the ideality factor.
The forward bias Inl-V plots are shown in Figure 2.
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Figure 2. The forward bias Inl-V plots of the diode before and after irradiation

The barrier height was calculated by using (3.4). It should be noted that the barrier height is related to
the potential barriers at the interfaces between p-Si, Cu(Ing7Gao3)Tez, and Mo. The barrier height and
the ideality factor values of the diode obtained by I-V method are shown in Figure 3.
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Figure 3. The barrier height and the ideality factor values of the diode obtained by I-V method

The relation between the applied radiation dose, the barrier height, and the ideality factor can be seen
in Figure 3. As the radiation dose increased, the barrier height decreased, and the ideality factor
increased. It was observed that the changes in barrier height and ideality factor were similar to the
literature [30].
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The series resistance, ideality factor, and barrier height were also obtained by the Cheung-Cheung
method which can be expressed as follows:

av _ nkT IR 35

aann~ q (3:5)
kT I

H(I) = IR, + ndg (3.7)

The ideality factor and the series resistance can be obtained by plotting the dV/dInl versus I graphs
which are shown in Figure 4.
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Figure 4. dV/dInl versus I graphs of the diode before and after irradiation
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Figure 5. The ideality factor and series resistance values of the diode obtained by dV/dInl vs I graphs

The best fits of dV/dInl versus I graphs can be used to obtain the series resistance from the slope and
the ideality factor from the vertical axis intercept according to (3.5). The ideality factor and the series
resistance values of the diode obtained by dV/dInl versus I graphs are shown in Figure 5.

It can be seen from Figure 5 that there is a linear relation between the ideality factor and the series
resistance under the application of radiation with different doses. Both ideality factor and series
resistance values increased with increasing radiation dose. The increase in the series resistance value
with the increase in radiation dose was similar to both p-Si and other types of diodes in the literature
[28,31].
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The barrier height and the series resistance can also be obtained by using H(I) functions. H(I) versus I
graphs of diode are shown in Figure 6.
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Figure 6. H(I) versus I graphs of the diode before and after irradiation

[t can be obtained from (3.7) that the slope of H(I) versus I plot gives the series resistance, and the
vertical axis intercept equals to n®g. Consequently, the barrier height can be calculated by using the
ideality factor obtained from dV/dInl versus I graph. The barrier height and the series resistance values
of the diode obtained by H(I) versus I graphs are shown in Figure 7.
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Figure 7. The barrier height and the series resistance values of the diode obtained by H(I) vs I graphs

The relation between the applied radiation dose, the barrier height, and the series resistance can be

seen in Figure 7. As the radiation dose increased, the barrier height decreased, and the series resistance
increased. By comparing Figure 3 and Figure 7, it can be seen that the barrier height values of the diode
obtained by I-V and Cheung-Cheung methods were in good agreement with each other. To be able to
compare different results obtained by different methods, the reverse saturation current, the barrier

height, the ideality factor, and the series resistance values of diode under different radiation doses are

shown in Table 1.
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Table 1. The reverse saturation current, the barrier height, the ideality factor, and the series resistance
values of diode under different radiation doses derived from different methods

I-V method Cheung-Cheung method
Radiation (cGy) Semi-log I-V InlvsV dv/dinl vs I H() vs I
Io (A) D5 (eV) n n Rs (k) D5 (eV) Rs (k)
0 4.54x106 0.620 2.393 2.371 1.968 0.613 1.885
200 4.78x10-6 0.617 2.480 2.475 2.667 0.612 2.472
400 4.90x10-6 0.608 2.487 2.522 2.690 0.611 2.706
600 5.08x10-¢ 0.601 2.503 2.568 2.797 0.610 2.882
800 5.35x10-6 0.594 2.522 2.618 3.004 0.609 3.056
1000 5.48x10-¢ 0.590 2.553 2.673 3.151 0.608 3.268

It can be seen from Table 1 that the ideality factor values derived from the Cheung-Cheung method were
higher than those obtained by the I-V method between 400 and 1000 cGy radiation doses, and these
values were very close to each other for non-radiated and 200 cGy radiated diode. The higher ideality
factor, in compliance with the literature [27,32], obtained by the Cheung-Cheung method was due to the
nonlinearity of the I-V characteristics and the series resistance. On the other hand, the barrier height
values were not obtained from the slopes of the I-V plot. Thus, the barrier height values obtained by
different methods were close to each other for different radiation doses. Increasing the series resistance
by increasing the radiation dose was agreed with the literature [33]. The series resistance values
obtained by different plots were also comparable.

4. Conclusion

The nonlinear region of the semi-logarithmic I-V plot at higher applied voltages demonstrated that the
series resistance became critical at high voltages [34]. The series resistance effect caused the diode to
deviate from the ideal thermionic emission theory. This deviation resulted in higher values of the
ideality factor than unity while lowering the barrier height values by increasing the radiation dose [35].
The radiation exposure might have caused defects at the Mo/Cu(Ino7Gao3)Tez/p-Si/Al interface, which
is the reason for the decrease in the barrier height of the semiconductor diode. Another reason for the
high ideality factor and low barrier height was thought to be the higher density of interface states with
increasing radiation dose [36]. Series resistance values of irradiated samples were higher than those of
non-radiated samples, showing that the product of mobility and free carrier concentration has
decreased. The decrease in mobility might be due to the incorporation of defect centers by radiation
exposure, which act as scattering centers.

Furthermore, introducing the deep traps might decrease the carrier concentration [37,38]. In
conclusion, different X-ray radiation doses affected the electrical properties of the diode in different
magnitudes. In other words, this type of diode could detect the change in radiation by means of electrical
measurements. This situation demonstrated that the Mo/Cu(Ine;Gaos)Tez/p-Si/Al semiconductor
diode can be implemented into the X-ray radiation detection systems. Detailed deep defect
characterization can be investigated for future studies to better understand the interaction between the
radiation and the semiconductor diode.
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