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Abstract

The effect of the 60Co (c-ray) exposure on the electrical characteristics of Al/SiO2/p-Si (MIS) structures has been investigated using
capacitance–voltage (C–V) and conductance–voltage (G/x–V) measurements. The MIS structures were stressed with a bias of 0 V during
60Co c-sources irradiation with the total dose range from 0 to 25 kGy. The C–V and G/x–V characteristics were measured at 500 kHz and
room temperature before and after 60Co c-ray irradiation. The results indicated that c-irradiation caused an increase in the barrier height
UB, interface states Nss and depletion layer width WD obtained from reverse bias C–V measurements. The series resistance Rs profile for
various radiation doses was obtained from forward and reverse bias C–V and G/x–V measurements. Both C–V and G/x–V character-
istics indicate that the total dose radiation hardness of MIS structures may be limited by the decisive properties of the SiO2/Si interface to
radiation-induced damage. After c-irradiation, the decrease in capacitance of MIS structure results in the increase in the semiconductor
depletion width.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The existence of an insulator layer between metal and
semiconductor convert the metal–semiconductor (MS)
diodes into MIS diodes. The electrical characteristics of
these devices are extremely sensitive to interface states
density at semiconductor/insulator interface. When the
ionizing particles (gamma, electrons, protons, ions, etc.)
expose on these diodes, they may cause strong electrical
changes in MIS structures [1–12]. Especially, there are
two important effects to be considered: (a) the transient
effects due to electron–hole pair generation and (b) perma-
nent effect due to radiation damage, causing change in the
0168-583X/$ - see front matter � 2008 Elsevier B.V. All rights reserved.
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crystal lattice. The radiation-induced defects act as recom-
bination centers trapping the generated carriers, degrading
the diode performance and applications. The radiation-
generated electrons either recombine with the holes or
move out of the insulator. The radiation-generated holes
may diffuse in the insulator, but are less mobility than
the electrons; many stationary holes traps are also present.

Although there are many studies on the effect of radia-
tion on MS, MIS or MOS devices [1–11], after-irradiation
behavior of electrical characteristics of such devices have
not been fully reported. Ma [1,10] and Winokur et al.
[8,9] were among the first to make a systematic observation
of the after-irradiation behavior of radiation-induced inter-
face traps in MIS and MOS devices. Interface traps, also
known as interface states or surface states, are electronic
energy levels located at the Si/SiO2 interface and are impor-
tant parameters like series resistance.
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In this work, we present results of a study on the effect
of c-ray irradiation on the electrical characteristics of Al/
SiO2/p-Si Schottky diodes. We exposed a maximum cumu-
lative dose of 25 kGy on the diode at room temperature.
After each radiation dose, we report on the changes in elec-
trical characteristics evaluated using forward and reverse
bias C–V and G/x–V measurements. We also report on
the bias dependence of the Rs profile for various radiation
doses.

2. Experimental detail

The Al/SiO2/p-Si (MIS) structures used in this study
were fabricated using p-type (boron-doped) single crystals
silicon wafer with h111i surface orientation having thick-
ness of 300 lm, 5.08 cm diameter and 4 X cm resistivity.
For the fabrication process, Si wafer was degreased in
organic solvent of CHCICCI2, CH3COCH3 and CH3OH
consecutively and then etched in a sequence of H2SO4 an
H2O2, 20% HF, a solution of 6HNO3:1 HF:35H2O, 20%
HF and finally quenched in de-ionized water for a pro-
longed time. Preceding each cleaning step, the wafer was
rinsed thoroughly in de-ionized water of resistivity of
18 M X cm. Immediately after surface cleaning, to form
ohmic contacts on the back surface of the Si wafer, high
purity aluminum (Al) metal (99.999%) with a thickness of
�2000 Å was thermally evaporated from the tungsten fila-
ment onto the whole back surface of the Si wafer in the
pressure of �2 � 10�6 Torr in vacuum pump system and
the evaporated Al was sintered. The oxidation process is
carried out in a resistance-heated furnace in dry oxygen
with a flow rate of a 1.5 l/min and the oxide layer is grown
at the temperature of 900 �C during 2 h. To form the
Schottky contacts, the circular dots of �2 mm diameter
and �2000 Å thick Al are deposited onto the oxidized sur-
face of the wafer for through a metal shadow mask in a
liquid nitrogen trapped vacuum system at the pressure of
�2 � 10�6 Torr. The interfacial oxide layer thickness
was estimated to be about 36 Å from high frequency
(500 kHz) measurement of the interface oxide capacitance
in the strong accumulation region for MIS Schottky diode
[13].

The capacitance–voltage (C–V) and conductance–volt-
age (G/x–V) measurements were carried out using an HP
4192 A LF impedance analyzer (5 Hz–13 MHz). A low-
distortion oscillator generated the ac signal with the
amplitude attenuated to 50 mVrms to meet the small sig-
nal requirement for oxide capacitors [13]. The C–V and
G/x–V measurements were performed before and after
60Co c-ray source irradiation with the dose rate of 2.12
kGy/h and total dose range was 0–25 kGy at 500 kHz
under dark condition at room temperature. Irradiation
dose is referred to the water in Gamma cell at Sarayköy
Nuclear Research and Training Center in Ankara, Tur-
key. All measurements were carried out with the help
of a microcomputer through an IEEE-488 ac/dc con-
verter card.
3. Results and discussion

The depletion layer capacitance in MIS and MOS struc-
tures can be expressed as [13–15]

C�2 ¼ 2ðV o þ V Þ
eseoqA2NA

; ð1Þ

dðC�2Þ
dV

¼ 2

eseoqA2NA

; ð2Þ

where A is the area of diode, es is the dielectric constant of
semiconductor (11.8e0 for Si), eo is the dielectric constant of
vacuum (8.85 � 10�14 F/cm), NA is the acceptor concentra-
tion of p-type Si, q is the electronic charge, V is the applied
reverse bias and Vo is the intercept of C�2 versus V plot
with the voltage axis and is given by

V o ¼ V D � kT=q; ð3Þ

where VD is the diffusion potential, T is the absolute tem-
perature in K and k is the Boltzmann constant.

The value of the barrier height (UB) can be obtained
from the reverse bias C–V characteristics by the relation

UB ¼ V D þ EF � DUB ¼ V D þ
kT
q

� �
ln

NV

NA

� �
� DUB;

ð4Þ

where EF is the energy difference between the bulk Fermi
level and valance band edge, NV is the effective density of
states in valance band and DUB is the image force barrier
lowering and can be obtained from the well-known rela-
tionship in [13–19].

It is well-known that in the low frequencies Nss can
easily follow the ac signal and yield an excess capacitance,
which depends on the frequency, but in the high frequency
limit (f P 500 kHz), the interface states cannot follow the
ac signal. This makes the contribution of interface state
capacitance to the total capacitance negligibly small
[20,21]. Also, the C–V and G/x–V measurements at high
frequency (ffi500 kHz) are relatively easily and rapidly car-
ried out and these measurements can yield interesting and
meaningful results to show the negligibility of excess capac-
itance. Therefore, the C–V and G/x–V characteristics were
measured at sufficiently high frequency (500 kHz).

Fig. 1 shows a typical C–V relation obtained from the
measurement at high frequency of 500 kHz and room tem-
perature before and after c-ray irradiation, which manifests
the presence of the trapping centers [12,16–19]. It is clear
that for p-type substrate, electrons accumulate underneath
SiO2 at negative gate bias. A shift of the C–V data from
inversion toward the accumulation region decreases with
the increase in radiation dose. By analyzing the high fre-
quency curves in Fig. 1, it is clearly seen the decreasing val-
ues of the capacitance with increasing radiation dose and
the stretch-out of the C–V curves under the influence of
irradiation, reflecting the generation of oxide charge due
to electron–hole pair generation by the radiation [1,6,19].
The decrease in C with increase in dose especially at reverse
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Fig. 1. The C–V characteristics of the Al/SiO2/p-Si Schottky diode before
and after c-ray irradiation at 500 kHz and room temperature.
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Fig. 2. C�2–V characteristics for the Al/SiO2/n-Si Schottky Diode at
500 kHz before and afterc-ray radiation.
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bias results in the increase in the semiconductor depletion
width.

The C–V curves give peaks in the depletion region due
to the particular distribution of interface states between
SiO2/Si interface and effect of series resistance, respectively.
The magnitude of the peaks is decreased with increasing
irradiation dose. This behavior may be understood in terms
of the radiation-induced Nss as shown in Table 1 and the
space–charge which consisted of mobile ions generated by
irradiation in oxide. Depending on the relaxation time of
the density of interface states (Nss) and the frequency of
the ac signal, there may be a capacitance due to interface
states in excess to depletion layer capacitance.

Fig. 2 shows the reciprocal of the squared capacitance as
a function of the bias before and after c-ray irradiation
between 0 and 25 kGy. As can be seen in Fig. 2, the
C�2–V variation is linear in the wide voltage range of
0.85–2 V at sufficiently high frequency (such that carrier
life time s is much larger than 1/2pf) [14]. This linearity
of the curve is attributed to the uniformity of the NA in
the depletion region, indicating the interface states cannot
follow ac signal at high frequencies. The relationship of
the theoretical carrier doping density N0A and the experi-
mental carrier doping density NA is known as c2 ffi NA/
N0A. Thus, the mean density of interface states Nss were cal-
culated from C to V characteristics at 500 kHz frequency
for different radiation doses by using the equation [20–25]
Table 1
Electrical parameters of Al/SiO2/n-Si (MIS) structures obtained from C�2–V

Radiation (kGy) V0 (V) VD (eV) NA (�1015 cm�3) EF (eV)

Before irradiation 0.494 0.520 1.19 0.256
1 0.507 0.532 1.08 0.259
5 0.630 0.656 0.87 0.264
25 0.683 0.709 0.72 0.269
c2 ¼ �
2

qesNA½dðC�2Þ=dV �
ffi NA

N 0A
¼ ei

ei þ qdN ss

; ð5Þ

where the oxide layer thickness, d, is 36 Å, the dielectric
constant of interfacial oxide layer is ei = 3.8e0 for SiO2

and the value of c2 is taken from Table 1. Also, the calcu-
lated values of Vo, VD, NA, WD, EF, DUB, UB, c2 and Nss

obtained from C�2 to V plot at different radiation dose
ranges, are presented in Table 1.

In Fig. 2, it is clear that the intercept of the C�2 versus V

characteristics changes with increasing total dose, shifting
slightly to more negative voltages. These radiation depen-
dent experimental C–V measurements revealed that, in
the c-irradiated diodes, the barrier height UB increases with
increase in radiation dose [5,11,26] The increase in barrier
height, UB, obtained from the experimental C�2–V plots,
is due to an increase in Vo shown in Fig. 2. As shown in
Table 1, before and after exposure of 25 kGy dose, the
C–V measurements revealed that the values of barrier
height (UB) changes from 0.761 to 0.965 eV and the accep-
tor concentration from 1.19 � 1015 to 7.2 � 1014 cm�3. In
C–V measurements, only the edge of depletion layer is
plot before and after radiation between 0 and 25 kGy

WD (�10�5 cm) DUB (meV) UB (eV) c2 Nss (eV�1 cm�2)

4.421 14.212 0.761 0.344 7.721 � 1012

4.474 13.864 0.776 0.311 8.947 � 1012

4.967 13.162 0.906 0.253 1.195 � 1013

5.163 12.509 0.965 0.206 1.556 � 1013
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modulated and short-wavelength potential fluctuations at
the oxide–semiconductor interface are screened at the edge
of the space–charge region [14,27–33]. The capacitance (C)
is insensitive to potential fluctuations at a length scale of
less than the space–charge width. In addition, the C–V

technique measures the barrier height of MIS structure tak-
ing averages over the whole area. As shown in Table 1, the
obtained values of the mean density of interface states (Nss)
between oxide and semiconductor (SiO2/Si) interface
increase with increasing radiation dose. This result is
assumed to be due to the traps created by irradiation in
oxide layer.

The conductance technique [13,14,24,25] is based on the
conductance losses resulting from the exchange of majority
carriers between the interface states and majority carrier
band of the semiconductor when a small ac signal is
applied to the MIS or MOS structures. The applied ac sig-
nal causes the Fermi level to oscillate about the mean posi-
tions governed by the dc bias, when the MOS structure is in
the depletion. Fig. 3 shows the measured conductance–
voltage (G/x–V) characteristics of the studied sample at
various radiation c-doses between 0 and 25 kGy.

The values of conductance decrease with increasing radi-
ation dose. This behavior is attributed to the production of
the lattice defects in the form of vacancies, defect clusters
and dislocation loops near the SiO2/Si interface due to
the increase of the irradiation.

There are several methods to extract the series resistance
of MIS and MOS structures in literature [34,35]. In this
study we have used the conductance method developed
by Nicollian and Goetzberger [33,36]. The real series resis-
tance of these structures can be subtracted from the mea-
sured capacitance (Cm) and conductance (Gm) in strong
accumulation region at high frequency (f P 500 kHz)
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Fig. 3. The G/x–V characteristics of the Al/SiO2/p-Si Schottky diode
before and after c-ray irradiation obtained at 500 kHz and room
temperature.
[21,33,36]. In addition, the voltage and frequency depen-
dence of the series resistance profile can be obtained from
the C–V and G/x–V curves.

The measured admittance (Ym) at strong accumulation
of MIS or MOS structures using the parallel RC circuit
[13,14,24] is equivalent to the total circuit admittance as

Y m ¼ Gm þ jxCm: ð6Þ

Comparing the real and imaginary part of the admittance,
the series resistance is given by [14,35,36]

Rs ¼
Gm

G2
m þ ðxCmÞ2

; ð7Þ

where Cm and Gm represent the measured capacitance and
conductance in strong accumulation region, respectively
and x is the angular frequency. The series resistance is an
important parameter to determine the noise ratio of device
in terms of radiation dose. The values of Rs were calculated
from Eq. (7) according to [33] and are given in Fig. 4. The
values of Rs increase with increasing dose rate. However,
the exposure of studied sample to the 60Co (c-ray) irradia-
tion were not chance the relation between voltage and Rs.
The use of Eq. (7) produces a series resistance dependence
on voltage. As seen in Fig. 4, in the inversion region, the
value of the series resistance increases with increasing volt-
age and in the depletion regions, about �2 to 0 V, gives a
peak [11,26,37]. This voltage dependence of Rs is the result
of voltage-dependent charges such as interface charge,
fixed oxide charge, oxide-trapped charge and mobile oxide
charge.

The obtained Rs values are used to correct the measured
C–V and G/x–V curves. As it can be seen in Figs. 1 and 3,
the measured capacitance and conductance are dependent
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Fig. 4. Series resistance (Rs) versus gate bias under different irradiation
doses at 500 kHz and room temperature.
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on radiation dose especially at reverse bias. In order to
obtain the real diode capacitance Cc and conductance Gc/
x, the capacitance and conductance at 500 kHz measured
under forward and reverse bias were corrected for remov-
ing the effect of series resistance using following equations.
The corrected capacitance Cc and conductance Gc are cal-
culated from the relations [14]

Cc ¼
G2

m þ ðxCmÞ2
h i

Cm

a2 þ ðxCmÞ2
ð8Þ

and
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Fig. 5. The voltage-dependent plots of the corrected (a) capacitance and
(b) conductance curves before irradiation at 500 kHz and room
temperature.
Gc ¼
G2

m þ ðxCmÞ2a

a2 þ ðxCmÞ2
; ð9Þ

where

a ¼ Gm � G2
m þ xCmð Þ2

h i
Rs; ð10Þ

where Cm and Gm are the measured capacitance and con-
ductance, respectively.

When the correction is made on the C–V and G/x curves,
the values of the corrected capacitance Cc and conductance
Gc/x before irradiation change under forward and reverse
biases are seen in Fig. 5(a) and (b) respectively. As seen in
these figures, while the values of corrected capacitance are
greater than the measured values of capacitance the values
of corrected conductance are smaller than the measured
values because of elimination of the series resistance effect
[38]. Similar curves are obtained after-irradiation
4. Conclusion

To investigate the radiation effects on the electrical char-
acteristics of Al/SiO2/n-Si (MIS) structures using C–V and
G/x–V measurements, the diode was exposed to a c-radia-
tion source at dose rate of 2.12 kGy/s. The obtained exper-
imental results show a decrease in capacitance and
conductance after c-irradiation, implying a widening in
the semiconductor depletion width due to the irradiation-
induced defects at the SiO2/p-Si interface. Exposure to
increasing cumulative c-ray doses was found to have the
following effects: (a) a manifested increases in the barrier
height obtained from the reverse bias C–V measurements,
(b) increases in the series resistance Rs obtained from C–
V and G/x–V measurements in the reverse bias region
and (c) increase in the interface states Nss with increasing
radiation dose. As a result, the capacitance and conduc-
tance of the c-irradiated Al/SiO2/n-Si (MIS) structures
manifest that there is an increase in the interface states
and depletion larger width. In addition, both the high fre-
quency C and G are found to be strongly affected by series
resistance of the device.
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