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This study aimed to investigate the influence of ionizing radiation on the admit-
tance measurements of Titanium dioxide (TiO,)-based metal-insulator-semicon-
ductor (MIS) capacitor. The capacitor was irradiated to a cumulative dose of
100 kGy using a 60C0—gamma () source. The electrical admittance (Y =G +iwC)
measurements of the MIS capacitor were performed before and after exposure
to gamma irradiation for four different frequencies (1, 10, 100 and 500 kHz).
Gamma irradiation leads to changes in the capacitance/conductance versus volt-
age (C/G-V) characteristics. The C and G showed a decrease by increasing the
radiation dose and frequency. This decrease is attributed to the interface traps
and oxide-trapped charges created during the gamma irradiation. The obtained
results showed that the prepared MIS capacitor have great potential for dosimetry

applications.

1 Introduction

Electronic and optoelectronic devices such as diodes,
metal-insulator/oxide-semiconductor (MIS-MOS)
field-effect transistors, sensors, capacitors, and junc-
tion field-effect phototransistors are much more sensi-
tive to ionizing radiation. The electrical and dielectric
parameters including capacitance, conductivity, dielec-
tric constant and dielectric loss tangent of these devices
show sensitivity to radiation. The most sensitive part
to radiation in these devices is the semiconductor and
oxide/insulator layer. Dielectric or insulating materi-
als are second to semiconductor devices in terms of
sensitivity to radiation. Ionizing radiation can induce
significant charge buildup in oxides. This may lead to
degradation or even complete failure of devices. The
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gate oxide layers are commonly used in MOS-based
devices such as radiation sensors, dosimeters and
transistors. On the other hand, when a semiconductor
device is exposed to high-energy ionizing irradiation,
charge carriers generated by radiation in the semicon-
ductor are carried by diffusion-drift. These carriers do
not affect the electronic parameters of the devices. At
the same time, electron-hole pairs generated by ion-
izing radiation in oxide layer induce the buildup of
charge. The radiation-induced charge buildup can lead
to device degradation and circuit failure [1-7].
Ionizing radiation sources such as high-energy pho-
tons (gamma and X-rays) or neutrons, beta particles,
protons, and alpha particles are used to investigate
radiation effects in electronic applications. Gamma
radiation, which penetrates and interacts with matter,
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is one of the major radiation sources. There are three
mechanisms of gamma radiation interaction with mat-
ter: (1) pair production (2) Compton scattering, and
(3) photoelectric effect. Some radionuclides that emit
gamma rays are cobalt-60, caesium-137, iridium-192
and technetium-99 m.

Titanium oxide (TiO,) is one of the important tran-
sition metal oxides. It has unique properties such as
high chemical and thermal stability, refractive index,
dielectric constant and low absorption [8-11]. TiO, is
also a wide band-gap semiconductor. TiO, is widely
used in various semiconductor device applications
such as transistors, capacitors, solar cells, batteries,
and sensors. The most commonly used methods to
deposit TiO, thin film on a substrate are the RF-mag-
netron sputtering, chemical vapor deposition, and
sol-gel.

In the previous article, we studied the effect of
radiation on current-voltage (I-V) characteristics of
the Au-/TiO,/-n-Si (MIS) capacitor [11]. In the present
work, we examined the effects of gamma-ray irradia-
tion on the C-G-V characteristics of the MIS capacitor
with TiO, dielectric for irradiation doses from 5 to 100
kGy.

2 Experimental details

The formation of the titanium dioxide (TiO,) as an
interlayer film and the fabrication process of Au/
TiO,/n-5i (MIS) structure was given in detail in our
previous study [11]. HP 4192 A LF Impedance Ana-
lyzer (5 Hz-13 MHz) was used to measure the admit-
tance (Y =G +iwC) of the MIS device. The MIS-capac-
itor was irradiated with ®’Co-gamma (y)-ray source at
a dose rate of 0.69 kGy/h and was exposed to different
radiation doses (5, 10, 50 and 100 kGy).

3 Results and discussion

Electrical admittance (Y =G +iwC) or impedance
(Z=1/Y) spectroscopy is a simple and fast technique
for characterizing of electronic devices. The Au/
TiO,/n-Si (MIS) capacitor was subjected to different
dose of irradiation. The capacitance and conductance
of the capacitor was measured using the impedance
analyzer before and after the irradiation process.
Figures 1la—d and 2a-d demonstrate the C-V and
G/w-V measurements of MIS capacitor for 1 kHz, 10
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kHz, 100 kHz, and 500 kHz frequencies before and
after irradiation, respectively. These measurements
showed that radiation had a significant impact on
the MIS capacitor. In other words, gamma radia-
tion leads to defect generation in the MIS capaci-
tor. As seen in these figures, as the irradiation dose
increases, the capacitance and conductance decrease.
This decrease indicates that oxide-trapped charges
and interface traps in the TiO, and TiO,/Si inter-
face are created during the gamma irradiation [1, 2,
12-18]. When an MOS capacitor is exposed to ion-
izing irradiation, electron-hole pairs are produced
in oxide layer. The free charge carriers cause the
buildup of charges. This may cause to device deg-
radation and therefore circuit failure. Besides, the
C-V plots for each irradiation dose exhibit a peak
occurring in in depletion region. This peak is due
to the change of interface trap charges due to the
radiation response of the MIS capacitor. The inter-
face traps/surface states (N,,) are generally effective
in the depletion region at low and intermediate fre-
quencies. However, the peak behavior observed in
the accumulation region at enough high frequencies
results from the presence of series resistance (R,).

Moreover, as seen in these figures, a tendency to
decrease in capacitance and conductance was observed
as the frequency increased. This frequency-dependent
state is due to the presence of interface states in TiO,/Si
interface [3, 19, 20]. The magnitude of the capacitance
is determined by the ability to follow the frequency of
the interface states. At the high frequencies, the carrier
lifetime (T = 1/w) in interface charge traps is greater
than 1/2nf. In this case, the interface states cannot
adequately follow applied ac signal and so they do
not contribute to capacitance [21-26]. Therefore, the
capacitance value is low compared to low frequencies.

Additionally, the C-V curves plotted at 500 kHz
exhibit an anomalous peak for each radiation dose in
the forward-bias due to the interfacial polarization,
series resistance and interface traps, and then the C
values becomes negative. The abnormal case is known
as negative capacitance (NC) behavior. NC occurs due
to the fact that an increase in the applied bias volt-
age causes a decrease in the number of charges on the
electrodes [27-31]. NC also indicates that the device
exhibits an inductive behavior.

One of the parameters affecting the performance
of the semiconductor devices is series resistance (R,),
which is effective only in the accumulation region.
The R, value of the MIS capacitor was calculated using
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Fig. 1 C-V plots of the MIS before and after irradiation at various frequencies: a 1 kHz, b 10 kHz, ¢ 100 kHz, d 500 kHz

the measured C and G data at a strong accumulation
region in the equation given below [3, 32].

G

Ro=— om
TG (0Cy)’

ey

The R~V plots of the MIS capacitor for 1 kHz, 10
kHz, 100 and 500 kHz frequencies before and after
gamma irradiation are presented in Fig. 3a—d, respec-
tively. As seen in these figures, it was observed that the
R, value for each frequency increased as the radiation
dose increased. This increase is due to the effect of
displacement damage caused by ionizing radiation as
well as the reduction of free carrier density with irra-
diation [33-35]. Besides, defects induced by gamma-
irradiation result in decreased carrier mobility. This
leads to the increase the device resistance. In addi-
tion, the R~V plots showed a peak in the depletion

region. This peak comes from the existence of interface
trapped charges.

Additionally, in order to extract the other electronic
parameters of the prepared MIS capacitor including
the intercept-voltage/built-in potential (V,), concentra-
tion of donor atoms (Np), Fermi-energy (Eg), barrier
height (@), and depletion layer width (Wp), 1/C>-V
plot is drawn and this plot should give a straight line
or linear region due to the space charge becoming uni-
form throughout depletion layer. These parameters
are determined from the slope and intercept of the
linear region of this plot.

The relation between depletion layer capacitance

and voltage is given by Refs. [3, 36-43].,
1 _2(Vo+V)
cz eseoeAzND’

(2)
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Fig. 2 G/w-V curves a 1 kHz, b 10 kHz, ¢ 100 kHz, d 500 kHz

where e is electronic charge, A is the area of device,
V is the applied bias, ¢, (=11.9) is a dielectric constant
of Si and ¢, (=8.85 x 10" F/cm) is the vacuum permit-
tivity. The value of V; and N, are computed from the
intercept and slope of straight line of 1/C*-V curve,
respectively. The magnitude of diffusion-potential
(Vp), the maximum electrical field (E,,), the image-
force barrier lowering (A®g), Eg, and W, using the
calculated V, and N data, were obtained from the

next equations,
o En(sy) e

2eNpV,
VD=V0+?, &

€s€o

Ep=—I
F n Np

e

From here, the @y can be expressed as follows,

kT

@ =Vp+—In c

Np
Barrier height is inversely proportional to donor
concentration.
Figure 4 a—d shows the C>-V plots of the MIS
capacitor for four frequencies, i.e., 1 kHz, 10 kHz,

100 and 500 kHz before and after gamma irradiation.
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Fig.3 R~V plots a 1 kHz, b 10 kHz, ¢ 100 kHz, d 500 kHz

For all frequencies, it is seen that these plots indicate
a linear plot characteristic in the reverse-bias region
and wide voltage range. All electronic parameters
are obtained from the slope and intercept of the lin-
ear part.

The values of calculation parameters such as V,,
Vp, Np, Ep, ADg, @5 and W, are listed in Tables 1, 2,
3 and 4, respectively. It is observed that these param-
eters strongly depend on both frequency and irradia-
tion dose. For all frequencies, as the radiation dose
increases, V,, Vp, @5 and W, values increase, while
Np value decreases. The gamma irradiation causes an
increase in the barrier height and diffusion-potential.
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The increase in @z and V can also be explained by
the emergence of radiation-induced interface defects
at the interface [36-38]. Also, the decrease of N, with
irradiation can be cause to the gamma irradiation-
induced lattice defects, traps, and vacancies. Irradia-
tion can induce defects in the bulk as well as in the
interlayer film. The defects may cause changes in
electrical properties of device and may damage device
performance. In addition, as the frequency increases,
Np and @5 value increase. This increase is due to the
change of interface states that cannot enough follow
the ac signal at high-frequencies [44—46].
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Fig. 4 1/C? versus V plots: a 1 kHz, b 10 kHz, ¢ 100 kHz, d 500 kHz

Table 1 Electrical
parameters calculated from

Irrad. Vo (V)

1/C?-V characteristics for 1

kHz at different irradiation
doses

4 Conclusions

In this experimental study, we report the influence
of ionizing radiation on admittance measurements

Vp (eV) Npx107(cm™) Ep(eV) A®g(eV) @p(eV) Wpx107°(cm)

dose

(kGy)

0 0.217 0.242 3.335 0.115 0.044 0.314 3.094
5 0.288 0.314 3.276 0.115 0.046 0.383 3.551
10 0.349  0.375 2.725 0.120 0.046 0.449 4.256
50 0.395 0.421 2.535 0.122 0.047 0.496 4.673
100 0.406 0.432 2415 0.123 0.046 0.509 4.854

different radiation doses up to 100 kGy and a wide
range of frequencies between 1 and 500 kHz were
studied. The experimental results demonstrate that
the capacitance and conductance of the MIS capacitor

of Au/TiO,/n-Si (MIS) capacitor. The MIS capacitor in exhibited a linear decrease by increasing the radia-

@ Springer
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Table 2 Electrical

emtors for 10 KHy Irrad. Vo (V) Vp(eV) Npx107(em™) Ep(eV) Adg(eV) ®gV) Wpx1078 (cm)
p dose

(kGy)

0 0276 0302  3.685 0.112  0.047 0367  3.286

5 0.298 0324  3.549 0.113  0.048 0389  3.467

10 0356 0382 3210 0.116  0.048 0449  3.956

50 0427 0453  2.994 0.117  0.050 0521  4.463

100 0432 0458  2.842 0.119  0.049 0.528  4.606
T:r::l:teilgﬁg‘gk}lz Irrad. Vo (V) Vp@eV) Npx107(cm™) Ep(eV) Adg@eV) ®g(eV) Wpx107
p dose (cm)

(kGy)

0 0448 0474  3.809 0.111  0.053 0532  4.047

5 0449 0474  3.624 0.112  0.053 0534  4.152

10 0473 0499 3391 0114  0.052 0.561 4.402

50 0516 0542 3354 0.114  0.053 0603 4611

100 0516 0542  3.026 0.117  0.052 0.607  4.855
T::fl:tef;;‘r;;agkm Irad. Vo (V) Vp(eV) Npx107(em™) Egp(eV) A®g (V) @g(eV) Wpx107 (cm)
p dose

(kGy)

0 0429 0455  3.948 0.110  0.053 0512  3.896

5 0434 0460  3.676 0.112  0.052 0.520  4.060

10 0451 0477  3.446 0.114  0.052 0.539  4.268

50 0501 0526  3.408 0.114  0.053 0.587  4.510

100 0519 0545  3.168 0.116  0.053 0.609  4.760

to the interface traps and oxide-trapped charges cre-
ated during the gamma irradiation. Results of the
study, it was observed that the R, value for each fre-
quency increased as the radiation dose increased. This
increase is due to the effect of displacement damage
caused by ionizing radiation as well as the reduction
of free carriers with irradiation. Based on the results,
it can be concluded that the prepared MIS capacitor
have immense potential for used as solid state radia-
tion detector.
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