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Electrical characteristics of the Au/SisN4/4H n-SiC metal-insulator-semicon-
ductor (MIS) diode were investigated under the temperature, T, interval of
160-400 K using current—voltage (I-V), capacitance—voltage (C—V) and con-
ductance—voltage (G/w—V) measurements. Firstly, the Schottky diode
parameters as zero-bias barrier height (®p() and ideality factor (n) were cal-
culated according to the thermionic emission (TE) from forward bias I-V
analysis in the whole working 7'. Experimental results showed that the values
of @y were in increasing behavior with increasing T while n values decreased
with inverse proportionality in n versus ®g( plot. Therefore, the non-ideal I-V
behavior with inhomogeneous barrier height (BH) formation has been dis-
cussed under the assumption of Gaussian distribution (GD). From the GD of
BHs, the mean BH was found to be about 1.40 eV with 0.1697 standard
deviation and the modified Richardson constant A* of this diode was obtained
as 141.65 A/em? K? in good agreement with the literature (the theoretical
value of A* is 137.21 A/em? K?). The relationship between ®p, and n showed
an abnormal I-V behavior depending on 7', and it was modeled by TE theory
with GD of BH due to the effect in inhomogeneous BH at the interface. Sec-
ondly, according to Cheung’s model, series resistance, Rg values were calcu-
lated in the T range of 160—400 K and these values were found to decrease
with increasing T'. Finally, the density of interface states, D;; was calculated
and the T dependence of energy distribution of D;; profiles determined the
forward I—V measurements by taking into account the bias dependence of the
effective BH, ®, and n. D;; were also calculated according to the Hill-Coleman
method from C—V and G/w—V analysis. Furthermore, the variation of D;; as a
function of frequency, f and T were determined.
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INTRODUCTION

grated circuits.®

technological agplications, mainly bipolar inte-
** Moreover, the SDs play an impor-
tant role in devices operating at

have been of interest in applications of MIS-type
Schottky diodes (SDs).!™ In fact, SD is the basic
metal-insulator-semiconductor (MIS) device in the

(Received September 9, 2017; accepted February 16, 2018;
published online March 5, 2018)

temperatures as infrared detectors, thermal ima-
gers, microwave diodes, gates of transistors, and
particle detectors.®® The device characteristics of
MIS structures are mainly dependent on the semi-
conductor layer, especially its mechanical and phys-
ical properties. Therefore, silicon-carbide (SiC)
becomes an attractive material to fabricate the
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device structures that can be alternatives to their Si
counterparts.'®!! Compared to Si, this compound
semiconductor offers superior properties in terms of
dielectric breakdown field strength, saturated elec-
tron drift velocity, electron mobility and thermal
conductivity.®'?> With these material properties,
SiC-based devices can tolerate high values of break-
down voltage and show low electrical resistivity
behavior.'® Therefore, SiC SD has been of interest
due to its potential for use in high-power, hi§h-
frequency, and radiation-resistant applications.'*1¢
Large band gap characteristics of this compound
allow a lower series resistance (Rg) and lower power
dissipation under high bias voltages.'® The avail-
ability of high-quality SiC also give an advantage in
fabrication steps.'! In addition to the surface sta-
bility of the semiconductor layer,'” the formation of
an insulator layer between the metal and the semi-
conductor interface and Rg of devices are effective in
the performance of these diodes.'® However, tradi-
tional ways of oxidation and also deposition processes
on the insulator layer of Si substrates still contain
problems in passivation of the active dangling bonds
at the semiconductor surface.'® In this approach, the
interfacial insulator layer, silicon-dioxide (SiO5), is a
novel material and tin-dioxide (SnO5) and titanium-
dioxide (TiOy) also gain importance as potential
materials in such applications.'®2! Alternatively,
the nitridation of silicon films is being examined for
surface passivation in replacing SiO,. Here, the
silicon nitride (SigsN4) film layer is expected to
suppress both the leak current in insulating gate
materials and the interface reaction with metal
oxides with a low density of surface states and high
dielectric permittivity.*'” The electronic properties
of SigNy, such as high dielectric constant and larger
energy gap,''? motivate a;plications for the fabri-
cation of device structures.

In an ideal case, the current transport mechanism
under applied bias voltage is expected to be a pure
thermionic emission (TE), in which free charge
carriers can gain enough energy to surmount the
potential barrier with temperature (7"). However, in
the analysis of Schottky diodes, abnormal behav-
iors, such as the decrease in barrier height (BH) and
increase in ideality factor (n) with decreasing T', and
also the nonlinearity of the Richardson plot in the
working T region can be observed in experimental
I-V relationships. Among them, the origin of these
variations in BH and n under the effect of T can be
modeled by using the TE mechanism together with
the assumption of a Gaussian distribution (GD) of
BHs. Although the current transport mechanism in
MS or MIS Schottky barrier diodes (SBDs) are
mainly expressed by TE theory, the existence of an
insulator layer at the interface can affect the origin
of the dominant mechanism. Therefore, experimen-
tal studies of diode parameters have been charac-
terized by different transport models. Among them,
in order to explain such abnormal deviations from
the ideal TE model, discrete low-barrier regions are
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mostly assumed to be effective in a uniform BH
formation on the basis of a TE mechanism with the
GD of BH.

In the literature, several works have reported on
various metals used for the formation of Schottky
contacts on 4H-SiC??*?° and MIS Schottky
diodes.>'*1" Based on this research, the possible
current conduction mechanism and device parame-
ters such as n, gy, Rs, Di; in Au/SisN/4H n-SiC MIS
diodes were analyzed by I-V, C—V and G/0w—V
measurements under the 7" range of 160—400 K.

EXPERIMENTAL

A single-crystalline semiconductor (0001) 4H-SiC
wafer with donor concentration of 3.1 x 10'® cm 3
and about 500 um thickness was used as a substrate
material to fabricate the Au/SisNy/4H n-SiC MIS
diode. The wafer was cleaned by ultrasonic and
chemical cleaning procedures in organic solvents
(CHCICCly, CH3COCHj3, and CH30OH) for 10 min.
After this cleaning process, the surface of the wafer
was subjected to etching and then rinsing in de-
ionized water with around 18 MQ.cm resistivity. In
order to analyze the electrical characteristics of this
MIS diode, an ohmic back contact for the SiC wafer
was created by evaporating Au. In this thermal
evaporation step, the substrate temperature, Ty
was kept at about 450°C, and a 200-nm-thick Au
metal contact was evaporated under 107 mbar
vacuum conditions. Then, to increase the ohmic
behavior of this coating, post-annealing treatment
was applied at 430°C under thae nitrogen atmo-
sphere. Next, a 5-nm-thick SizN, thin film layer was
deposited by a metal-organic chemical vapor depo-
sition (MOCVD) system.?® To get a better under-
standing of the surface morphology of the SizNy
layer, atomic force microscopy (AFM) was carried
out in tapping mode. As shown in Fig. 1, the surface
of the SigN, thin film was observed to have smooth
and uniform characteristics. From this analysis, the
root mean square roughness of SizN, was found to
be 0.288 nm. Finally, the MIS diode structure was
completed with thermally evaporated dot-patterned
Au rectifying contacts, of 2 mm diameter and
150 nm thickness, on the front surface of the
SigNy film layer.

The diode characteristics were analyzed by T-
dependent I-V, and C-V and G/o-V

Fig. 1. AFM image of SigN, thin film layer.
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measurements. A Keithley 2401 sourcemeter was
used as a source/measure unit and the sample T
was scanned from 160 K to 400 K with the help of a
CTI-Cryogenics Model 22 refrigerator system com-
bined with a Model SC helium compressor. In this
measurement system, the T of the sample was
controlled and arranged by using a Lakeshore DRC-
91C controller. f-dependent C—V and G/w—V mea-
surements were carried out with a computer-con-
trolled system by using a Hewlett Packard 4192A
LF model impedance analyzer.

RESULTS AND DISCUSSION
Current-Voltage Analysis

The fabricated Au/SisN4/4H rn-SiC MIS diode was
analyzed under T-dependent /—V measurements to
determine the diode parameters and define the
possible current transport mechanisms dominant in
this structure. The experimental forward and
reverse bias I—-V characteristics of the diode were
investigated in the T range of 160—400 K, and the
obtained I—V plot is presented in Fig. 2. From this
figure, the studied MIS structure shows a rectifying
diode behavior that can be evaluated as an indica-
tion of a typical Schottky junction diode.® The
forward currents of the diode increase with increas-
ing T, and this variation was also observed in the
reverse bias region. The rectification ratio defined
as a ratio of forward to reverse currents at a
constant voltage was calculated in about three
orders of magnitude. In the ideal case, pure TE is
expected to be the dominant current transport
mechanism in the SBDs and the diode parameters
are derived from this theory from the I-V mea-
surements.® However, in the experimental case of
I-V characteristics, SBDs generally show devia-
tions from the ideal TE model. In this case, n can be
take a value different from unity and is expected to
be introduced to express this deviation. Thus, the
real I-V characteristics of the fabricated SBDs can
be evaluated by inserting a parameter n to the
expression of current through the junction barrier
in the forward bias region as,

qV
I=1I, [exp(nkT) 1} (1)
where I is the reverse-saturation current, q is the
electronic charge, V is the voltage value in the
forward bias region, & is the Boltzmann constant
and T is the ambient 7" (in the unit of K) during the
measurement.

As given in Fig. 2, in the low bias voltage region, a
semi-logarithmic IV relationship was found in the
Shockley current—voltage characteristic; however,
this curve deviates from linearity in the high bias
voltage region. This observed non-linear I-V char-
acteristics can mostly be attributed to the effects of
the insulator layer between the metal and the
semiconductor; Dj;, Rs and the formation of
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Fig. 2. -V characteristics of the MIS diode as a function of T.

Semi-logarithmic /—V plot, is shown in the inset.

BH.?2Y? In fact, this deviation in the electrical
characteristics of SBDs with an interfacial insulator
layer is expected in the applications by using SiOs,
SnO, and SisN, layers.'®

From Eq. 1, I is evaluated from the straight-line
intercept of the In/—V curve in the forward bias
region and the experimental values are found at the
zero bias voltage point as,

I() = A.zA*T2 exp(—qCDBo/kT) (2)

where A is the effective diode area, A* is the
effective Richardson constant and ®p, is the BH at
the zero bias point. According to the assumptions of
the TE model by using Eq. 1, A* can be described
according to the nearly free electrons in vacuum as
the following relationship,

A" = 4nm*k%/h® = 120(m* /m) (3)

with Planck constant, A4, the mass of the majorit,
carrier m and its constant effective mass value m*.
This parameter has been reported as 146 A/cm? K2
for the 4H n-SiC compound.?®?? Additionally, by
using the modified I-V relationship given in Eq. 1,
the ideality factor n can be obtained from the slope
of the linear region of In/—V curve as,

=i (amin) @

According to Eq. 2, the results were found in the
range of 2.50-6.94 depending on ambient 7' , and
they are also given in Table I, with the values being
higher than unity and in decreasing behavior with
the increase in T'. High values of n can be attributed
to the presence of interface states at the junction
and barrier inhomogeneities with low barrier
patches.®*3® Since this is an indication of the
quality of the fabricated junction together with
Rg, and also the current flow mechanism in the

1
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Table I. Diode parameters calculated according to
the TE model

T (K) n Opo (eV)
160 6.94 0.37
200 5.26 0.56
240 4.23 0.68
300 3.24 0.84
320 2.98 0.87
340 2.68 0.93
360 2.64 0.94
380 2.54 0.97
400 2.50 0.98

junction, the alternative possible models can be

applied to define the dominant transport mech-
anism.

By using the theoretical approach, ®g, can be

obtained from the I values as,

* 2

L (AA d )

q Iy

(5)

In this calculation (Eq. 5), experimental ®g, values
were estimated at each T according to the Richard-
son constant of the 4H n-SiC layer.??3® The calcu-
lated values are listed in Table I and were found in
increasing behavior with the increase in T, which is
because the number of carriers having enough
energy to surmount the barriers increased and
contributed to the conduction with increasing T3¢
On the other hand, in the low T case, electrons can
possibly pass over the lower barriers. Therefore, the
current flow at the junction can be dominated
through patches of the lower SBH.?7:38
T-dependence of ®gy , and n can be seen as the
consequence of a non-homogeneous BH formation in
the junction. In fact, the deviation from ideality
with high n values is expressed as a laterally
inhomogeneous diode structure.?® This approxima-
tion was evaluated by an examination of the degree
of BH variation under the consideration of Tung’s
model and the linearity of the relationship between
®po and n.“° As seen in Fig. 3, these values were
found to be inversely proportional to each other and
the expected linear behavior was also obtained.
From the extrapolation of this linear correlation to
n = 1, a laterally homogeneous BH value was found
to be about 1.5 eV for this structure.*®*! According
to Tung’s model, in the presence of SBH inhomo-
geneity, the existence of local non-uniform patches
of relatively lower or higher barriers with respect to
an average BH are considered.*? The observed
deviations from ideal I-V characteristics in the
fabricated diode structure can be explained on the
basis of a TE mechanism with a GD of BHs.*3%*
According to this model, an inhomogeneous SBH
assuming an abnormal increase in ®py and decrease
in n with increasing T, T' and bias-dependent BH is
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Fig. 3. ®gg versus n for the MIS diode.

described in terms of a Gaussian-type function.** It
is modeled as there is an interaction between
patches with different barriers and the effective
barrier is expected to be lower than the mean value
of the barrier distribution. Thus, many patches with
different barriers are approximated around the
mean BH.”

In this theory, the Gaussian function SBH is
expressed with a mean value of BH (®g) and a
standard deviation (og) as the following normaliza-
tion distribution function giving the probability of
accuracy for BH, P(®p),

= (2
P(0g) :;I)(w) )

2
20%

where the pre-exponential term, 1/¢gv/27, is the
normalization constant of GD. Then, the total
current through the junction with the contributions
of the current flows at all spatial patches having
different BH can be evaluated according to this
probability of the occurrence of BH @y as

o0

V) = / (05, V)P(0,)dV (1)

—00

where I(®g,V) is a current at a bias V for®g.>'" In
this integral expression, the total current I(V)
through the SBH at a forward bias voltage is
estimated as a summation of the current flows,
and therefore it can be obtained by performing
integration from — oo to + co.

Resulting from the non-ideal junction behavior,
the modified I-V relationship can be described as,

with
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Iy = AA*T? exp(—q®ap/kT) (9)

where ®@,, and n,, are the apparent BH and the
ideality factor, respectively.

Additionally, using the assumption of the GD, the
BH can be described***¢

(yy — Bpo(T — 0) — 270 10
w = Dno(T = 0) — 8. (10)
where ®po(7 =0) is the mean SBH at zero bias
(V =0) and extrapolated towards zero T, o is the
standard deviation at zero bias. From the relation-
ship between ®,, and q/2kT as seen Fig. 4, the
straight line behavior yields ®gy and o from the
intercept and slope, respectively. In this analysis, o
was calculated as 0.169 and this lower value can be
associated with the rectifying performance of the
diode with barrier homogeneity. Since it is a
measure of homogeneity in the barrier formation,
this value of ¢ corresponds to a more homogeneous
BH or patches at around ®gy.!? Furthermore, as
compared to the calculated value, 1.40 eV, this
deviation is 12% of ®py and therefore the interface
inhomogeneties should be discussed in this diode
structure.?* ®g, approximated by the GD model is
also greater than the value of the uniform SBH
found by using Tung’s theory.

With the deviation from the ideal case, the voltage
effect in n values can be formulated by the bias-
dependent Gaussian coefficients as,

1 B qps

ps and p5 are bias voltage coefficients and measure
the voltage deformation of the BH distribution.*>*7
It is assumed that the mean SBH (®p) and og are
linearly bias-dependent on Gaussian parameters
such that ®p = ®py + p,V and standard deviation
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Fig. 4. ®go versus q/2kT curve of the MIS diode.

05 = 0s0 + p3V.29’48 The corresponding (n~! —1)
versus q/2kT plot is given in Fig. 5, and the
obtained straight line was analyzed to determine
these voltage coefficients from the intercept and
slope as p; = 0.013 and p; = 0.423. The linearity in
Fig. 5 shows that n is the indication of the voltage
deformation of the GD of the BH. In addition, the
experimental results obtained from the analysis in
both Egs. 10 and 11 show the presence of a single
GD of BH.*®

Under GD approximation in the SBH of this
diode, the Richardson equation should be modified
from the pure TE model. In the real case, the
Richardson constant can be extracted from Eq. 2 by
plotting In(Zo/T?) as a function of inverse T' (1/T).
However, according to the modified I-V relationship
based on the barrier inhomogeneity, this expression
should be re-evaluated by combining Eqs. 9 and 10,
and the plot should give a linear relationship. Thus,
the Richardson plot can be modified as follows,

Iy q%0% \ . qPBo
<T2>‘(2k2T2 =) =% (12

From Eq.12, the obtained In(lo/T?) - (¢%63)/
(2k2T?) versus q/kT plot is illustrated in Fig. 6.
With a straight line behavior, the modified Richard-
son plot was analyzed in which the slope of the line
corresponds to ®@py and the extrapolation value was
used to determine A* for a given diode area, A. The
calculated mean zero-bias value from this expres-
sion was 1.53 eV and can be accepted as a close
approximation to the value found from the apparent
BH versus q/2kT curve of the Au/SisNy/4H n-SiC
diode (Fig. 4). Moreover, the Richardson constant
A* of this diode was in a close agreement the
literature,®*%? as 137.21 A/em? K2

The deviations from ideality in the semi-logarith-
mic plot of forward bias I-V characteristics (Fig. 2)
can be principally related to the effect of Rg. The

0.2
04
06 ‘h.
= L -~ ‘-
<L 08 “m
~ I -~ l N
<
1.0
12
14 . . 1 .
10 20 30 40

q/2kT (eV)"
Fig. 5. (n~' — 1) versus q/2kT curve of the MIS diode.
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resistance in the diode in the direction of the
current flow was evaluated according to the method
of Sato and Yasumura*® and Cheung and Cheung,°

as
dv kT
a7 (7) .

and

kT I
H(I) =V - n<q> 1n(AW> =ndpo + IRg (14)

In these relationships given in Eqs. 13 and 14,
T -dependence of the values of RgT were approxi-
mated with the TE theory at the high forward bias
region.® From the slope of these plots, the values of
Rs were obtained and are presented in Fig. 7, in
which the calculated Rs values from these two
linear relationships are in a good agreement with
each other. The decrease in the resistance values
with increasing T can be explained by the increase
of the ideality factor n and the lack of free carrier
concentrations at low T'.°!

Capacitance-Voltage Analysis

The C—V and G/w—V measurements were car-
ried out as a function of both f and T and are
presented in Figs. 8 and 9, respectively. In order to
investigate the f - and T -dependence of the Au/
SisNy/4H n-SiC MIS diode, these measurements
were carried out in the temperature range of 160—
400 K and in the f range of 10-1000 kHz.

In the case of the ideal C—V behavior of the
Schottky diode, it is expected to be independent of
the variation in applied f and the increase in
capacitance with increasing forward bias voltage.®
However, as expected from the literature on MIS
Schottky diodes, the C—V characteristics of the
fabricated diode give an anomalous capacitance
peak at a certain bias voltage in each T step, and
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they were observed as in reverse shift with increas-
ing T.5275* These characteristics can be related to
the effect of Rg and the presence of interface states.
On the other hand, this peak value of the capaci-
tance is in decreasing behavior with increasing f
and it exhibits the effect of interface properties in
the diode structure, such that the interface states
respond differently to low and high frequencies."?
As shown in Fig. 8b, the interface states seem to
follow the AC signal at low f and, with the
contribution of capacitance of the interface states,
the total capacitance of the diode was observed in
increasing behavior. However, the decrease in
capacitance with increasing f occurs because, at
high f values, they cannot follow the AC signal and
therefore the contribution of the interface state
capacitance to the total capacitance is negligibly
small.

In Fig. 9, the variation of G/w with respect to the
applied bias voltage depending on ambient f and T
is illustrated and, as in the results of C—V mea-
surement, a non-ideal behavior was observed with
the effect of the characteristics of an inhomogeneous
barrier. Similarly, applying a small AC signal
causes a decrease in conductance due to the switch-
ing of the majority carriers between the majority
carrier band of the semiconductor and interface
states.”®

In order to find the Dy values, it is possible to
analyze the C—V and G/w—V results according to
the Hill-Coleman method.’® Therefore, it was
applied to determine the f -dependence distribution
of D;; values obtained by the following relationship;

= (i) (Gm/w)max
U\ (G 0/ C) (1 = C [ C1)?

(15)

where o is the angular f, the values of C,, and G,,
correspond to the measured capacitance and con-
ductance values, respectively, and (G,/w),,., is the
peak value, and the term C; is the capacitance of the
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Fig. 9. (a) T - and (b) f -dependent G/w—V characteristics of the MIS diode.

insulator layer. The results obtained according to
Hill-Coleman method are plotted in Fig. 10. Since
the capacitance and conductance are quite sensitive
at both low T and low f regions, the values of Dj;
were observed in decreasing behavior as a function
of these two variables.

For MIS-type diodes, the forward bias I—V results
can be used to determine the Dj;; values by consid-
ering the interface states in equilibrium with the
semiconductor.?” This behavior can be expressed as
the voltage-dependent ideality factor in which the
values of n are greater than unity,

o (¢

n(V)=1+— (—S + qut) (16)
& \WD

where 0 is the thickness of the interfacial layer, wp

is the width of the space charge region, and ¢; and &

are the permittivity of interfacial insulator and

semiconductor layers, respectively.”®"® By using
Eq. 16, the density distribution profiles of D;; were
obtained as a function of Egs—Ev values (Fig. 11).
In this energy parameter, Esg is defined as the
energy of the interface states from the top of the
valence band at the semiconductor surface, and it is
given by,

Ess —Ey =q(®. - V) (17)

with ®, and exhibits a voltage-dependent parameter
with the possibility of an interface state in the
diode.?®

As seen in Fig. 11, the experimental values of
interface state density were in decreasing behavior
with increasing T. This T' -dependent variation can
be observed due to the restructuring and the

regg%gering of the interface layer under the effect of
T.°%
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CONCLUSION

In the present work, a Au/SisNy/4H n-SiC MIS
diode was fabricated and its electrical properties
were investigated under T -dependent I—V; and f -
and 7T -dependent C—V and G/®w—V measurements.
The forward I-V behavior of the diode was modeled
by TE theory with a GD of BH due to the effect in
inhomogeneous BH at the interface. ®py and og
were found to be 1.43 eV and 0.169 eV, respectively.
Based on the inhomogeneity of the BHs, the cor-
rected value of the Richardson constant was calcu-
lated as 141.648 A/em® K®. In addition, the
T -dependence of the values of Rg were determined
using Cheung’s model and Rg was found in decreas-
ing with increasing TRs. C—V , and G/w—V plots
indicated that the capacitance and conductance
values are only sensitive at high T and low f
regions. This result was confirmed by possible re-
structuring and re-ordering of the interface under a
thermal effect. The effect of the capacitance of the
insulator layer was evaluated by the Hill-Coleman

method and Dj; were calculated depending on the
variations in both f and 7.
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