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Abstract The Al/ /p-Si Schottky diodes (39 dots) with native interfacial insulator layer SiO, were fabricated on the same
Si wafer. The current-voltage (/-V) and capacitance-voltage (C-V) characteristics of metal-oxide-semiconductor diodes,
which are based on AlV/SiO,/p-Si structures, have been measured at room temperature. Barrier height (BH), ideality factor (n)
of these diodes has been calculated from their experimental forward bias current-voltage (I-V), reverse bias capaci-
tance-voltage. Even though they are identically performed on the same quarter Si wafer, the calculated values of BH, which is
obtained from /-V characteristic, have ranged from 0.687to 0.772 eV and ideality factor n from 1.903 to 4.48. The values of
barrier heights obtained from C-J characteristics range from 0.629to 1.097 e V. It was found that the values of barrier height
@ ann obtained C-V characteristics is larger than that of these values from /- characteristics. The experimental values BH
distribution obtained from /-¥ and C-¥ characteristics have been fitted by Gaussian function and their mean values of BHs
have been calculated to be 0.730 and 0.863 respectively. Normal distribution of ideality factors mean value is 3.160 with
standard deviation 0.689. Experimental results show that the interface states at a native insulator layer between metal and
semiconductor play an important role in the value of the BH, ideality factor and the other electrical parameters of Schottky

diodes.
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1. Introduction

The electrical properties of metal-semiconductor (MS),
metal-insulator-semiconductor (MIS) Schottky diodes have
been investigated because of their importance in electronic
device applications[1]. The mechanisms of carrier transport
and some structural parameters of Schottky barrier diodes
have been studied both experimentally and theoretically in
past decades, but little experimental information are avail-
able on Schottky barrier formation and electronic states at
metal-semiconductor (MS) interface[2]. It has been gener-
ally assumed that the thin insulating layers between the metal
and semiconductor is uniform and has distinct effects on the
behaviour of MS-diodes. In recent years, there are a vast
number of reports on experimental studies of characteristic
parameters such as the barrier height (BH) and ideality factor
in MS or, metal-insulator-semiconductor (MIS) Schottky
diodes and solar cells[3]. Also theoretical studies based on
the effect of a Gaussian distribution of barrier height (BH) on
I-V characteristics have also been reported in literature[4].
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The interface qualities between the deposited metal and the
semiconductor surface determine the performance and reli-
ability of Schottky diodes. Conduction mechanism of MS
contact is mainly based on thermionic emission (TE) current
model. It is well known that thin insulators between metal
and semiconductor affect behavior of the Schottky diode
characteristics. Existence of interfacial thin oxide layers
between metal and semiconductor may change to electrical
characteristics of Schottky diodes by interface state
charges[5-7]. Thus, real characteristics of Schottky diodes
are affected by interfacial oxide layers[7]. The behaviors of
the I-V characteristics of Schottky diodes and MOS diodes
describe these effects. Experimental studies of characteristic
parameters such as the barrier height and ideality factor in
MS and MOS diodes have been widely reported for decades.
In addition, effects of Gaussian distribution of the barrier
height (BH) and the ideality factors on /-V characteristics
have been studied, too.

In generally, the BH is likely to be a function of the in-
terface atomic structure, and the inhomogeneity at a MS
interface may be caused by grain boundaries, multiple
phases, facets, defects, and a mixture of different phases[8,9].
Due to various reasons, calculation of barrier heights has a
great importance to determine electrical characteristics in the
semiconductor technology.
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The experimental effective BHs and ideality factors are
obtained from /-V and C-V characteristics. These parameters
are different from diode to diode even though they are iden-
tically prepared[10].

In the present study, we have calculated barrier heights of
MOS diodes from the experimental forward bias cur-
rent-voltage and reverse bias capacitance-voltage character-
istics of these diodes. Gaussian distribution of barrier height
(BH) was obtained from C-V and I-V characteristics. Ad-
ditionally, ideality factors were calculated from forward bias
[-V and the Gaussian distribution ofthe experimental ideality
factors has been acquired from /-V characteristics.

2. Experimental Procedure

The semiconductor substrates were boron doped p-type Si
single crystals with a (100) surface orientation, 280 um thick
and 1.1 Qcm resistivity. As the first step, the Si wafer was
degreased for 5 min in boiling trichloroethylene, acetone and
ethanolrespectively. RCA cleaning procedure was applied to
the wafer in order to be chemically cleaned (i.e., a 10 min
boil in NH;+H,0,+6H,0, followed by a 10 min boil in
HCI+H,0,+6H,0), then immersed to diluted HF for 30 s,
and finally bathed in deionized water of resistivity 18.3
MQcm with ultrasonic vibration and dried by high-purity
nitrogen. After surface cleaning, high-purity aluminium (Al)
metal (99.999%) was thermally evaporated from the tung-
sten filament with a thickness of 1500 A onto the back
surface of the wafer in vacuumabout 2 X 107® Torr. Then,
temperature treatment at 500 °C for 3 min in N, atmosphere
was applied to a low-resistivity ohmic contact. The front
surface ofthe Siwafer was exposed to air in a clean glass box
for a month at room temperature to construct the native
oxidation. The rectifying contacts were formed on the other
faces by evaporating aluminum (Al 99.999%) with a
thickness of 1500 A° as dots with a diameter of about 1.0 mm
through a metal mask at the pressure of 2 X 107° Torr.
Metal layer deposition rates were monitored with the help of
a digital thickness jmonitor (FTM6). The deposition rates
were about 10-20 A s™'. Thirty nine dots (Schottky contact)
on the same semiconductor surface were performed for the
AlSiO2/p-Si (MOS) Schottky barrier diodes. The I-V
measurements were performed using a Keithley 2410 pro-
grammable constant current source. The C—V and conduc-
tance—voltage (G/®-V) measurements were performed at
various frequencies using an HP 4192A LF impedance
analyzer at room temperature in dark at a test signal of 40
mVi .

3. Results and Discussion

3.1. Current-voltage (I-V) characteristics

The current through a Schottky barrier diode according to
thermionic emission (TE) theory is given by the following
relation[11-13]
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where [, is reverse saturation current, q is the electron
charge, V is the applied voltage, A is the effective diode
area, A™ is the effective Richardson constant which is 32 A
cm'zK'z, T is the absolute temperature, R is the series
resistance, n is the ideality factor and CDapp is the
zero-bias barrier height. Ideality factor n can be obtained

from Eq. (1) as
q ( dv )
n=—— 3)
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According to Eq. (3), slope of IV versus In/ plot is
the ideality factor, interception point of In/ axis, which
means zero applied voltage and gives us In7/, value in

linear region above 3kT /g . Then, zero bias barrier height
or apparent barrier height can be determined by using Eq.
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The experimental semi-log-forward bias characteristics
of Al/SiO,/p-Si SDs are shown in Fig.1. According to the
thermionic emission theory, the reverse current of an ideal
Schottky diode should saturate at the value of the expres-
sion in Eq.(2). The reverse bias I-V characteristic of the
device exhibits an excellent saturation, as seen from the
figure. Ideality factor and barrier height are calculated by
using Eq.(3) and Eq.(4). The BH for AlV/SiO,/p-Si SDs from
the forward bias I-V characteristics has varied from 0.687 to
0.772 eV, ideality factor n has varied from 1.903 to 4.489.
As can be seen, the effective SBH fromthe forward bias I-V
characteristics have varied from diode to diode. Therefore,
it is common practice to take average[14-27]. Figs.2 and 3
show the statistical distribution of BHs and ideality factors
from the forward to bias I-V plots of the Al/SiO,/p-Si SDs
(39 dots), respectively. The experimental distributions of
the effective BHs were fitted by the Gaussian function. The
statistical analysis yielded a mean BH value of 0.73eV with
a standard deviation of 0.017eV for the Al/SiO,/p-Si SDs.
Furthermore, the experimental distributions of the ideality
factor fitted by the Gaussian function yielded a mean value
0f3.160 with a standard deviation of 0.689.

Although ideal diode has an ideality factoras n=1, di-
odes are generally greater than unity caused by the effect of
oxide layers, series resistances, inhomogeneities of barrier,
etc[28]. One of the reason of barrier inhomogeneities in
MOS structures may be attributed result of interface defects
such as caused by grain boundaries, multiple phases, facets,
defects, mixture of different phases, etc[29,30]. These effects
cause for ideality factors to have larger values. Thus the
inhomogeneities may play an important role and have to be
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considered in the evaluation of experimental /-V character-
istics. As can be seen Fig.4, the BHs become smaller as the
ideality factors increase. That is, there is a linear relationship
between the experimental effective BHs and ideality factors
ofthe AV/SiO,/p-Si SDs. The straight line in Fig.4 is the least
squares fit to the experimental data. This finding may be
attributed to lateral barrier inhomogeneities of Schottky
diodes[16-27]. It has been mentioned that higher ideality
factors among identically prepared diodes were often found
to accompany lower observed BHs. The average BH value of
approximately 0.775 eV for Al/SiO,/p-Si (MIS) diodes from
extrapolation to n=1, will give the laterally homogeneous
BH values. The difference between mean barrier height and
lateral homogeneous barrier is the value of 0.045 eV. The
value of the mean barrier height closes to lateral homoge-
neous barrier.
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Figure 1. Current-Voltage characteristics of Al/SiO»/p-Si MOS structure
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Figure 4. Barrier height versus ideality factor plot of Al/SiO,/p-Si MOS
structure

3.2. Capacitance -voltage (I-V) characteristics

Depletion layer capacitance of the diode is expressed as
follow[7-9]

o 20450

ngAZN 4

where V;, is the diffusion potential at zero bias which is

determined from intersection point with ¥ axis of C2-V

graphics, ¢ is the permittivity of semiconductor, 4 is the

(5)

diode area, N, is the acceptor concentration of p-type Si
semiconductor which can be obtained from slope of the
C?-Vplot.

Barrier heights from C-V characteristics are determined
by
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O, =E, +V,-AD, (6)
where E, is the Fermi energy level, ¥, is the diffusion
potential and A®, is the image force barrier lowering.

E, and V, aregiven as

F
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q

where N, is the effective density of states in Si valance
band. This value for p-type Si substrate is 1.73x10'® ¢m™.
Image force lowering can be expressed as
E
9w )

4rege,

AD

B:

where Eis the maximumelectric field and is given by
E,=Q2xN,xV, /&)™ (10)

The C-V and C”-V at 1 MHz at room temperature for se-
lected 39 A1/SiO,/p-Si diodes with a native interfacial insu-
lator layer are shown in Fig.5 and Fig.6.

When the measurements are carried out at very high fre-
quency, the charge at the interface states cannot follow an
ACsignal[10]. As canbe seen from Fig.5, for each diode, the
values of capacitance give the peaks about zero bias while
the conductance almost increases with increasing voltage.
The barrier heights and acceptor carrier concentration values
for each diode are obtained from relationship between ca-
pacitance-voltage Eq.5. The barrier heights and acceptor
carrier concentrations are ranged from0.629 to 1.097 eV and
from 3.719x10"* em™ to 1.032x10"* cm?, respectively. As
seen from Fig.7 and Fig.8, the experimental distributions of
BHs and carrier concentrations are fitted by Gaussian dis-
tribution. The statistical analysis of mean BHs and mean
carrier concentrations obtained from C2-V plots have
yielded as 0.863 eV with standard deviation of 0.104 eV
and  6.24x10%cm” with standard deviation of
1.777x10%cm™, respectively. Mean BH value with stan-
dard deviation and mean ideality factor with standard de-
viation are obtained from the statistical analysis of these
parameters. The mean BH and a mean ideality factor values
are 0.730 eV with standard deviation 0.017 eV and 3.160
with standard deviation 0.689, respectively. Ideality factor
with greater than unity shows that there are series resistance
of structure and localized interface states[31,32].

The difference between the mean values of BHs obtained
from C-V and I-V characteristics 0.133 eV is greater than the
mean image force lowering value of 0.007 eV by using Eq.
).

As seen from the mean values, the difference between
@, (I-V) and @, (C-V) for AI/SiO,/p-Si originates fromthe
different nature of I-V and C-V measurements. Due to na-
ture of the C-V ande I-V techniques barrier heights deduced
from them are not always the same. The capacitance C is
insensitive to potential fluctuations on a length scale of less
than the space charge region and C-V method averages over
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the whole area and measures to describe BH. Additionally,
the discrepancy between the devices may also be explained
by the existence of an interfacial layer and trap states in
semiconductor.
As we know, the effective BHs and ideality factors
from I-V and C-V measurements varied from each
individual diode even which are prepared identi-
cally[10,18,25,26]. This result shows that the potential
barrier at semiconductor interfaces depend more strongly on
the applied voltage than predicted by the image-force effect
for ideal contacts[17-19].
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4. Conclusions

Electrical properties are measured from A1/SiO,/Si
Schottky MOS diodes about 39 dots in this study. This
structures prepared under the identical experimental condi-
tions. Lateral homogeneous barrier height value is about
0.775 eV which is obtained from linear relationship be-
tween barrier heights and ideality factors. This value is
lower than that of exact metal-semiconductor structure of
AV/Si barrier height. Statistical analysis of barrier height and
ideality factor from /-V measurements yields the mean ef-
fective barrier height as 0.730x0.017eV and ideality
factor as 3.160F0.017. However, the mean barrier height
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from C-V measurement is 0.8630.104eV . So, these val-
ues can be explained by oxide layer and lateral inhomoge-
neities.

This study reveals that the effects such as interface states
and insulator layer over /-V and C-V measurements must be
taken into account. The main result of this work, although
diodes were prepared as possible as identically, they have
different characteristics from each other. This result shows
that the potential barrier at semiconductor interfaces depend
more strongly on the applied voltage than predicted by the
image-force effect for ideal contacts[16,33]. Therefore, it is
common practice to take averages for these values[18,33].
Statistical methods and computations can make more con-
fidence results.
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