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In this paper, the electrical parameters of Au/n-Si (MS) and Au/SizN4/n-Si (MIS) Schottky diodes are obtained from
the forward bias current—voltage (/-V) and capacitance—voltage (C-V) measurements at room temperature. Experimental
results show that the rectifying ratios of the MS and MIS diodes at + 5 V are found to be 1.25 x 10% and 1.27 x 10%,
respectively. The main electrical parameters of the MS and MIS diodes, such as the zero-bias barrier height (®p,) and
ideality factor (n), are calculated to be 0.51 eV (I-V), 0.53 eV (C-V), and 4.43, and 0.65 eV (I-V), 0.70 eV (C-V), and
3.44, respectively. In addition, the energy density distribution profile of the interface states (Ngs) is obtained from the
forward bias I-V, and the series resistance (Rs) values for the two diodes are calculated from Cheung’s method and Ohm’s

law.
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1. Introduction

The metal-semiconductor (MS) contact is one of the most
widely used rectifying contacts in the electronics industry due
to the technological importance of the Schottky diodes (SDs).
An insulator layer between the metal and semiconductor con-
verts an MS SD into a metal-insulator—-semiconductor (MIS)-
type SD.[!'-% The main electrical parameters, such as barrier
height (Pp), ideality factor (n), series resistance (Rs), and the
interface states (Nss) of the MS and MIS SDs, are affected
strongly by the existence of an insulator layer, since the insu-
lator layer increases the values of ®g, n, and Ry, thereby lead-
ing to a decrease in the reverse leakage current and Ng.!!->7!
Furthermore, an insulator layer alleviates the electric field re-
duction in MIS SDs.

In addition, localized interface states at the semiconduc-
tor/insulator interface can be divided into two groups and are
One of

these groups communicates most readily with the metal, while
1,2,8,9

dependent on the thickness of the insulator layer.
the other group does with the semiconductor. ! I The com-
munication of the interface states with the metal decreases
with increasing insulator thickness. Also, the interface states
originate from defects such as dangling bounds at the insula-
tor/substrate interface with energy states in the Si forbidden
band-gap, and are dependent on the chemical composition of
the interface.[10-1%]

Due to its chemical, mechanical, and electronic proper-
ties, silicon nitride (Si3Ny) is an industrially important mate-
rial. Excellent thermomechanical properties have made this
material usable for engine parts, bearings, metal machining,
and other industrial applications. Si3Ny films are also used as
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an essential part of metal-insulator—semiconductor inversion
layer solar cells, as antireflection and passivation coatings, as
well as the active layer causing energy band bending.!'3-1>]

In this study, an attempt is made to investigate the detailed
electrical properties of Si Schottky diodes with and without
an interfacial insulator layer (Si3N4) using forward bias I-V
measurements and reverse bias C—V measurements at room
temperature. In order to compare the diodes with and with-
out Si3Ny, their main electrical parameters are extracted from

these measurements at room temperature.

2. Experimental details

The Au/n-Si (MS) and Au/SizN4/n-Si (MIS) type SDs
were fabricated on phosphorus-doped (n-type) single-crystal
Si substrates, each with a 2” diameter, 300 um thickness,
(100) orientation, and 0.5 Q-cm resistivity. For the fabri-
cation process, the n-Si substrates were chemically cleaned
using a conventional method, then chemically etched and fi-
nally quenched in deionized water. Prior to each cleaning
step, the Si substrate was rinsed thoroughly in deionized wa-
ter at a resistivity of 18 MQ-cm using an ultrasonic bath.
After the cleaning and etching steps, the Si substrates were
mounted on a stainless-steel sputtering holder that was heated
optically, and loaded into a radio frequency (RF) magnetron
sputtering system. The Si substrate was heated up to 400 °C
in 1 x 10% mbar (1 bar = 100 kPa) high vacuum and sputter
cleaned in pure argon ambient to ensure the removal of any
residual organic substances. Then, the silicon nitride (SizN4)
film was deposited on n-Si using an RF magnetron sputter-
ing system and high purity (99.999%) silicon nitride target.
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In addition, the film was deposited at a constant pressure of
3 x 1073 mbar and a constant substrate temperature of 200 °C.

For the electrical characterization, the Ohmic and rectifier
contacts were formed in a thermal evaporation system with a
tungsten holder at a pressure of 1 x 10~/ mbar. High-purity Au
(99.999% purity) with a thickness of ~ 2000 A (1 A =0.1 nm)
was evaporated onto the whole back surface of the substrate,
as a back contact, at 450 °C, and annealed at 400 °C for 7 min
to form a good Ohmic contact. After that, circular dot-shaped
rectifier front contacts of 2 mm diameter and ~ 2000-A thick-
ness were formed by the deposition of Au (99.999% purity)
onto SizNy film at 50 °C. In this way, Au/n-Si (MS) and
Au/Si3Ny/n-Si (MIS) SDs were fabricated for the electrical
measurements. The electrode connections were made using
silver paste.

The current—voltage (/-V) measurements were performed
using a Keithley 2400 source-meter at room temperature. The
capacitance—voltage (C-V) measurements were carried out us-
ing an HP 4192A LF impedance analyzer (5 Hz—13 MHz) at
1 MHz, and a small AC test signal 50 mVy,s from the external
pulse generator was applied to the sample in order to meet the

requirements.

3. Results and discussion
3.1. Current—voltage (I—V) characteristics

According to the thermionic emission (TE) theory, when
MS- or MIS-type SD has a series resistance (R) and the value
of ideality factor is greater than unity, the relation between the
applied forward voltage (V > 3kT /q) and the current can be

expressed as!!6:17]

I:AA*TZeXp(—qZ;l?O) {exp(%) - 1], (N

where V is the applied bias voltage, ¢ the electronic charge,

n the ideality factor, k the Boltzmann constant, T the abso-
lute temperature in Kelvin, and the term /R the voltage drop
across the R of the diode. The reverse saturation current (/)
can be extracted from the straight-line intercept of the In(7)-V
plot at zero bias and given by

I, :AA*T%Xp(—%), 2

where A is the rectifier contact area, A* the effective Richard-

son constant (= 112 A/cm?-K? for n-type Si),[?) and &g, the

zero-bias barrier height. Once [, is determined, ®p, is ob-

tained by rewriting Eq. (2) as

@Bozklln[AA Tz] 3)
q I,

The ideality factor, #, is introduced to take the deviation of the

experimental /-V data from the ideal TE into account, and can
be calculated from the slope of the linear region of the forward

bias In({)-V plot, and then can be written as
q ( dv )
-1 4
"=k \d(nn) /)’ @
where dV'/dIn(J) is the slope of the linear region of the In([)
versus V plots.

Figure 1 shows the forward and reverse biased curves of
the Au/n-Si (MS) and Au/SizN4/n-Si (MIS) Schottky diodes
at room temperature. As can be seen in Fig. 1, the MS and
MIS diodes each show a good rectifying behavior, and in par-
ticular the MIS diode has a higher rectifying ratio with a low
leakage current compared with the MS diode. The rectify-
ing ratio is found to be 1.25 x 103 for the MS diode, while it
is 1.27 x 10* for the MIS diode at +5 V. The insulator layer
in the MIS diode not only prevents leakage current, but also
raises the rectifying ratio. This situation is attributed to the
image force lowering of the Schottky barrier height.!->16-18]
In addition, the In(7)-V plots of the MS and MIS SDs deviate
considerably from linearity at high forward bias voltages due
to the effects of some factors such as series resistance, inter-
face states, etc.

10°

107! = MS
e MIS

1072L

1073L

I/A

1074L

1075

10-6L

10*7 sl [ T [ I Liiwiy L T I T T I I

Fig. 1. (color online) Semi-logarithmic forward and reverse bias
In(I)-V plots at room temperature for the MS and MIS Schottky
diodes.

The experimental values of I, and n of the MS and MIS
SDs are calculated from Egs. (3) and (4), respectively. The
values of I, and n of the MS and MIS SDs are found to be
1.92 x 107* A and 4.43 and 9.15 x 10~7 A and 3.44, respec-
tively. The ideality factor values of these two diodes are con-
siderably larger than unity. The high value of # is attributed
to the particular distribution of the interface states, the insula-
tor layer grown on the semiconductor, the image force effect,
recombination—generation, the wide distribution of low Schot-
tky barrier height patches at the Au/n-Si interface, and tunnel-
ing which might be the other possible mechanism that causes
the ideality factor value to be greater than unity.[1->8-10:18-21]
The experimental value of the barrier height ($p,) for the MS
and MIS SDs are found to be 0.51 eV and 0.65 eV, respec-
tively. The increase in barrier height of the MIS SD could be
explained by an increase in negative charges at the interface.
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These negative charges probably come into being due to the
electron traps localized at the semiconductor interface.!1%-23]
In order to understand the conduction mechanism in de-
tail or to understand the deviation of the In(I)-V plot from the
linearity in a forward bias region, double logarithmic In(7)-

In(V) plots for the two diodes are shown in Fig. 2.
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Fig. 2. (color online) The In(I) versus In(V) plots of the MS and
MIS Schottky diodes at room temperature.

As can be seen in Fig. 2, In(/)-In(V) plots have three
distinct linear regions, each with its own slope (region 1:
—2.6 V<V < —12V;region 2: —1.3 <V <0.57 V, and
region 3: 0.59 <V < 1.94 V), that obey the [ o< V™ relation.
Here, m represents the slope of each region’s linear part, and
the values of m are found to be 1.60, 1.87, and 1.22 for the
MS diode. On the other hand, the In(Z)-In(V) plot for the MIS
diode has three distinct linear regions (region 1: —2.6 V <
V < —1.05 V;region 2: —0.98 V <V < 0.99V, and region 3:
1.00 V <V < 1.94 V) and their slopes are found to be 2.08,
3.01, and 2.35, respectively. It is clear that the current con-
ductions in the low bias region (region 1) for two diodes each
show an Ohmic behavior, that is, the current is directly pro-
portional to the applied bias voltage.!**-2"! This behavior can
be attributed to the superiority of the bulk generated current in
the film to the injected free carrier generated current. In the
second region, for two diodes, the /-V relation can be charac-
terized by a power law. In this region, the slopes of the In(7)-
In(V) plots are larger than the two, and such a behavior can be
explained as the trap-charge limited current (TCLC) mecha-

24271 1 this case, the

nism with an exponent trap distribution. !
increase in the number of injected electrons causes the filling
up of the traps and the rising up of the space charges.*?! In
the high bias region (region 3), because of the strong electron
injection, the electrons escape from the traps and contribute to

).125-281 n this region,

the space-charge-limited current (SCLC
the current through the diode appears to become limited by an-
other process, and the current values reveal that this limitation

is not due to either the R of the bulk Si or the Ohmic contact.

The forward bias In(/)-V curves deviate considerably
from linearity due to the effect of R,. The Ry value is cal-

culated using a method developed by Cheung and Cheung.[*°!
Cheung’s functions are expressed as
dv kT
—1R,+n("-) 5
d(ll‘l[) s+n q )
and
kT 1

These two equations should give a straight line for the data of
the downward curvature region in the forward bias I-V charac-
teristic. In Figs. 3(a) and 3(b), experimental dV /d In(7) versus
I and H () versus I plots are presented at room temperature for
the MS and MIS SDs, respectively. The values of Ry are ob-
tained from the slopes of the dV /d In(I) versus I plot and H ()
versus [ plot. The calculated values of R for the MS and MIS
diodes from Figs. 3(a) and 3(b) are 18.82 Q and 21.49 Q, and
15.76 Q and 32.56 Q, respectively. As a result, the values of
R, obtained from these slopes are in good agreement with each

other.[30-331
(a) «MS
3.0 O MIS
>
~
E 2.0
z
N
Z 1.0
0
i5 30 45 6.0 75 90 105
/1072 A
8
(b) *«MS

s MIS

H(D)/V

1.5 30 45 60 75 9.0 105
/1072 A

Fig. 3. (color online) The (a) dV/dIn(I) versus I and (b) H(I) ver-
sus [ characteristics of the MS and MIS Schottky diodes obtained
from the forward bias /-V data at room temperature.

Furthermore, it is well known that both the series resis-
tance (R;) and shunt resistance (Ryy,) of the diode are important
parameters that affect the diode performance or quality. The
R, and Ry, values of the MS and MIS SDs are obtained from
the structure resistance (R;) versus applied bias voltage (V;)
plot determined from both the reverse and forward bias -V
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characteristics by using Ohm’s law as the following relation
dV;

R, = al,

Therefore, the voltage-dependent resistance profiles of the MS

and MIS SDs are obtained from the /-V data using Ohm’s law

(Eq. (7)) and given in Fig. 4. As can be seen in Fig. 4, in the

(7

sufficiently high forward bias region (V > 6.5 V), the values of
resistance correspond to the R, values of these diodes. On the
other hand, the values of resistance in the negative bias region
(V < —6.5 V) correspond to the Ry, values of these diodes.
The values of Ry and Ry, for the MS and MIS diodes are found
to be ~ 18 Q and 26 kQ, and ~42 Q and 1 MQ, respectively.
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Fig. 4. (color online) Plots of structure resistance versus voltage
for the MS and MIS Schottky diodes at room temperature.

The energy density distribution profiles of the interface
states (Ngs) for both the MS diode and the MIS diode can
be determined from the forward bias /-V data considering
their corresponding values of voltage-dependent ideality fac-
tor n(V), effective barrier height (&, ), and Rs. The quantity of
@, can be described as a function of V.!!:8] Thus the derivative
of the effective barrier height with respect to V can be written

as
do, 1
— =Bf=1-— 8
5 =P Y ®)
where f3 is the voltage coefficient of the effective barrier height

@, and is given by!821-34]

- ﬁ)(‘/—ms). ©

For SDs with interface states in equilibrium with the semicon-

dSe :¢Bo+ﬁ(V_IRS) :¢B0+(1

ductor, the ideality factor becomes greater than unity and is
given by 8!

n(v) = 1+§i[‘;; +aN(V)], (10)
where Wp is the space charge region width, & the thickness
of the interfacial insulator layer, and & (= 7.5&,) and &
(= 11.9¢,) the permittivity values of the insulator layer and
the semiconductor, respectively. The values of Wp for the MS
and MIS diodes are calculated from the reverse bias C~2 ver-
sus V plot at 1 MHz. The native interfacial insulator layer

(SiOy) (for MS) and interfacial insulator layer (Si3Ny) thick-
ness (6) are found to be about 20 A and 55 A, respectively,
from the insulator layer capacitance (Cox = & €,A/0). This
expression of voltage-dependent ideality factor is identical to
Eq. (18) given by Card and Rhoderick.!®! The expression for
the interface state density (Nss) deduced in Refs. [8] and [35]
is reduced to!!?}

Ny(V) = l[ﬁ(n(v) -5 (11)
) gléd Wb

Furthermore, in an n-type semiconductor, the energy of the
interface state Eg with respect to the bottom of the conduc-

tion band, E, at the surface of the semiconductor, is given
by!8:13.18.34]

E.—Exs=¢q(P,—V). (12)

Figure 5 shows the energy distribution profiles of the Ny with
and without taking into account the values of Ry obtained from
the forward bias /-V characteristics of the MS and MIS diodes
at room temperature. As seen in Fig. 5, the magnitudes of
the Ny without and with the Ry at the E. value of 0.35 (eV)
are 1.5 x 10" eV~l.cm™2 and 4.30 x 10'3 eV~!.cm~2 for the
MS diode, respectively. On the other hand, the magnitudes
of Ng without and with the Ry at E. value of 0.35 (eV) are
1x 10" eV~'.cm™2 and 3.30 x 103 eV~!.cm™? for the MIS
diode, respectively. It is clear that the values of Ngg obtained by
taking the R values into account are lower than those obtained
without considering the R,.[36-37]
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4.0X1013F 4224, N
0
0.30 0.40 0.50 0.60

(Es_Ess)/ev

Fig. 5. (color online) Interface state density distribution profiles,
each as a function of E; — E, for the MS and MIS Schottky diodes.

3.2. Capacitance—voltage (C—V) characteristics

The C-V characteristics are analyzed from the reverse
bias C~2-V characteristics. To extract the other important
electrical parameters of the MS and MIS diodes, such as the
intercept voltage V,, diffusion potential Vp, Fermi energy Ef,
donor concentration Np, and the width of the space charge
region Wp, the capacitance—voltage (C-V) measurements are
performed at 1 MHz frequency. The C~2-V characteristics of
the MS and MIS diodes are given in Fig. 6. As can be seen
from Fig. 6, each of the C~2-V plots for the two diodes gives

a straight line in a wide range of applied bias voltage.
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The depletion layer capacitance is given in the following

equations!!->38-401
2
2 2064V) .
&E,qA*Np
d(c2 )
| | (14)

AV &e,gAZND
Here, V is the reverse bias voltage, and Np the equivalent to
the free electron concentration when all shallow donor levels
are ionized. Vj is the intercept voltage at zero bias, and can
be obtained by means of extrapolation of the C~>~V plot to
the voltage axis as 0.28 V and 0.44 V for the MS and MIS
diodes, respectively. In addition, the values of the doping con-
centration (Np ) for the MS and MIS diodes are calculated to be
2.72x 10" cm™3 and 2.19 x 10'> cm ™3, respectively. The ap-
parent decrease in the doping concentration for the MIS diode
invokes interface states in equilibrium with the semiconduc-
tor. Another possible explanation is that it could be due to
traps associated with the insulator layer. [3:1%]
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Fig. 6. (color online) The C~2-V plots at 1 MHz frequency and
room temperature for the MS and MIS Schottky diodes.

Using the obtained V, values, the diffusion potential (Vp)
at zero bias can be calculated using the following relation:

VD:VO—F;. (15)

The values of diffusion potential (Vp) are found to be 0.30
V and 0.47 V for the MS and MIS diodes, respectively. The
value of the barrier height (Pg) can be calculated using the C—
V measurements through the following well-known equation:

Pg(C-V) = Vp+Ep— Adg

— Vb4 (/‘B—T) ln(%> —Ads,  (16)

where EF is the energy difference between the bulk Fermi level
and conductance band edge, and the values of Ef are calcu-
lated to be 0.24 eV and 0.25 eV for MS and MIS diodes,
respectively. Nc is the effective density of states in the con-
duction band, and is N, = 2.8 x 10" ¢cm~3 for n-Si at room

1,2,38,41,42

temperature,[ I and Adg is the image force barrier

lowering and given by!!-?!

A@B:{

1/2
)% a7

4mege,

where Ey, is the maximum electric field and given by
E. — {ZqNDVO} 1/2.
&&
The values of E, and APg for the MS and MIS diodes are
found to be 15787.75 V/cm and 0.014 eV, and 17665.53 V/cm
and 0.015 eV, respectively. As a result, the values of the bar-
rier height (Pp) are calculated to be 0.53 eV and 0.70 eV for
the MS and MIS diodes, respectively. These obtained values

(18)

are in good agreement with the barrier height values obtained
from the /-V characteristics.

In addition, the values of the depletion layer width (Wp)
for the two diodes are also calculated from C~2-V plots at

1 MHz using the following equation: (%]

2.,V
Wp =, =22 (19)
qNp

and they are 3.82 x 107> c¢cm and 5.30 x 10~ c¢m for the MS
and MIS diodes, respectively.

4. Conclusions

To compare the electrical properties of Au/n-Si (MS) and
Au/Si3Ny/n-Si (MIS) Schottky diodes, current—voltage (I-V)
and capacitance—voltage (C-V) measurements are used. Ex-
perimental results show that MS and MIS diodes each show
a good rectifying behavior, and the MIS diode in particular
has a higher rectifying ratio with lower leakage current than
the MS diode. Calculations show that the zero-bias barrier
height (Pp,) and ideality factor (n) values of the MS diode
are 0.51 eV (I-V), 0.53 eV (C-V), and 4.43, respectively. It
is observed that the ®g, values increase to 0.65 eV (/I-V) and
0.70 eV (C-V), and the value of n deceases to 3.44 for the
MIS diode. The decrease in the value of n in the MIS diode
as compared with that of the MS is attributed to the presence
of an insulator layer at the Au/n-Si interface. Also, the bar-
rier height values obtained from the /-V characteristics are in
good agreement with those obtained from the C—V characteris-
tics. The values of the interface state (Ng) obtained by taking
the R values into account are lower than those obtained with-
out considering R. In addition, the R values obtained from
the dV/dIn(I)-I and H(I)-I plots for the two diodes are in
good agreement with each other.
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