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Abstract. The current-voltage-temperature profiling method has been used with 4H-SiC
Schottky barrier diodes and presented for determining the electron effective mass in
4H-SiC. The extracted electron effective mass has been found to be temperature dependent,
it decreases with increasing the temperature. Moreover, a good agreement was found
between our obtained values of electron effective mass (m* = 0.18m,, 0.21m,) at room
temperature and other values that are obtained by different methods.
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1. Introduction

The wide bandgap semiconductor 4H silicon carbide
(4H-SIC) is very promising material for electronic device
applications and have attracted much attention, because
of its superior material properties for high-temperature,
high-power and high-frequency electronics [1, 2]. The
electron effective mass in the conduction band and holes
in the valance one is important for describing various
electrical and optical properties of 4H-SiC material and
also for ascertaining the transport properties. The value
of effective mass depends on the local curvature of the
band near the band extremum [3]. The knowledge of
effective mass inherent to electron in the conduction
band and hole in the valence band is very necessary for
least-squares  fits of the experimental electrical
characteristics to the temperature dependence of
parameters of electronic devices, in particular for
Schottky barrier diodes (SBDs) parameters, namely:
barrier height and ideality factor. The electron effective
mass m* is the parameter determining the slope of the
calculated reverse characteristics [4, 5]. The effective
mass, in general, is tensorial, and the more compact
information for easy use in device application is the
thermal density of states (DOS) effective mass calculated
from the effective masses along the principal axes of the

ellipsoidal energy surface according to the equation

m* = (mf m; m; )]/3 [6]. The authors always use a single
value of effective mass determined at room temperature
for determining the temperature dependence of electrical
parameters of Schottky barrier diodes. Using the density
functional theory (DFT), Wellenhofer and Rossler [7]
showed that DOS effective mass for electrons in 4H-SiC
increases slightly with increasing temperature, however,
it decreases with increasing the temperature for 6H-SiC.
The experimental value of electron effective mass in
4H-SiC has been determined by several methods, such as
the Hall effect, electron cyclotron resonance, infrared
absorption, Raman scattering, and optically detected
cyclotron resonance at room temperature. In this study,
we investigate the temperature dependence of the
electron effective mass in 4H-SiC material from the
reverse current-voltage (I-V-T) characteristics of 4H-SiC
SBDs, then we compare the value of electron effective
mass at room temperature with those determined by
different measurements and calculated methods.

2. Theory and modeling

Two predominant mechanisms across the Schottky
barrier diodes are electron tunneling through the potential
barrier and thermionic mechanism over the barrier [8].
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The net current density flowing through the Schottky
barrier is the algebraic sum of both these currents which
are given by [9]

J= ‘]Tun +JTherm : 1)

The reverse tunneling current density component
J7un €an be expressed as [10, 11]:
}dEX
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where { denotes a difference between the equilibrium
Fermi level and conduction bands, T — temperature, kg —
Boltzmann constant, A" — effective Richardson constant
and T(E,) is the tunneling probability calculated in this
study by using the WKB approximation, because it offers
an analytical solution, and it is valid for the Schottky
barrier diodes [12]. The parameters {, A" and T(E,)
depend on the effective mass and barrier height as
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where N¢ in Eq. (3) is the effective density of states in
the conduction band and is given by

el ]/

In Eq. (5), U(x) is the potential energy profile, for
an arbitrary Schottky diode as measured with respect to
the energy of the bottom of the conduction band in the
bulk of semiconductor, its expression, when the barrier
lowering (second term in Eq. (7)) is included, can be
given by [4, 13]:
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where & is the semiconductor permittivity, Ng — doping
concentration and D is the depletion width that depends
on the barrier height and effective mass according to
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The reverse thermionic current density component
Jrherm CaN be expressed as [4]

avVr

(¢h Ady) ekBT

Jnerm = AT e keT -1 (9)

where A¢,, is the barrier lowering due to the image force
lowering effect, which is given by [14]:
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The values of the higher current densities at high
reverse bias voltages can spread the lower current density
values at low reverse bias voltages by many orders of
magnitude. The least squares method that use the sum of

the absolute differences between the measured (J{) and

theoretical (JiTh) values is dominated by the higher

current densities, and the contribution of lower current
densities is very little. So, the least squares method that
use the sum of the relative differences is the best choice,
because all data will contribute approximately the same
amount of relative error S that must be minimal. This
new criterion was proposed for the first time by Osvald

[15] for determining the Schottky barrier diode
parameters from forward 1-V characteristics.
N ex Th
Ji -3,
S = Z(I\]—Thl} = (11)
i=1 [

Performing the partial derivative of S for two
variables (effective mass m™ and barrier height ¢, ), we
can find a system of two nonlinear equations with two
variables: m” and ¢y, .
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To extract the parameters of SBDs, namely: the
effective mass and barrier height, from the nonlinear
system presented by the equation (12), a computer
program based on the Newton-Raphson method was
applied and well tested using the theoretical data. For
more details about this method, please see Ref. [15].

o)==
( ¢b)

f(m* 22“{ I }
)

i=1

5¢b
(12)

Latreche A. Determination of temperature dependence of electron effective mass...

272



SPQEO, 2020. V. 23, No 3. P. 271-275.

3. Results and discussion

In order to extract the effective mass and barrier height
from the reverse I-V-T characteristics obtained for
n-4H-SiC SBDs, we used the experimental data
previously published in the literature by two authors
[16, 17]. The doping concentration Np, temperatures and
types of diodes are summarized in Table 1.

As we showed in our previous works [18, 19], the
barrier height depends strongly on reverse bias voltage,
especially for low reverse bias at low temperatures. In
order to obtain the best results, we will omit to use the data
that exhibit the reverse bias dependence of barrier height.

Fig. 1 shows the reverse I-V-T characteristics of the
metal/4H-SiC SBDs (diodes D; and D,) measured at
different temperatures (symbols) and the fitted curves
(lines) calculated by using the equation (1) with the two

characterized parameters (m*,q)b

optimization process.

These two extracted parameters are listed in Table 2
for two diodes D; and D,. It can be seen from Fig. 1 that
the experimental |-V—T curves totally coincide with the
simulated I-V—T plots over the entire bias range.

Fig. 2 shows the temperature dependence of
electron effective mass for both diodes D; and D,. As
shown in this figure, the electron effective mass tends to
decrease with increasing the temperature for both diodes.
This new result is in contradiction with that obtained by
Wellenhofer and Rossler [7] using DFT theory for
n-4H-SiC material.

extracted using the

Table 1. Some properties of SiC diodes taken from two works.

Current density, A/cm’
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465 K
496 K
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Type Symbol | Concentration | Temperature | Reference
Na (cm™) T(K)
Ni/4H-SiC D, 2x10% 298-522 [16]
Ni,Si/4H- D, 3x10% 302-517 [17]
SiC

Table 2. The obtained values of effective mass and barrier
height for two diodes D, and D, at various temperatures.

Diode Temperature | Effective mass | Barrier height
T(K) (m"/my) (eV)
298 0.211 0.962
359 0.121 1.129
DI 407 0.130 1.204
465 0.090 1.321
496 0.086 1.371
522 0.084 1.408
301 0.179 0.863
346 0.228 0.885
D2 436 0.114 1.079
476 0.112 1.104
517 0.129 1.143

metal/4H-SiC Schottky diodes (symbols) and the theoretical
reverse |-V-T characteristics (continuous lines) calculated
using the extracted parameters listed in Table 1: (a) for the
diode D; and (b) for the diode D,.
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Fig. 2. Effective mass as a function of temperature for n-4H-
SiC.
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Table 3. The electron effective mass values obtained in this
work with the I-V method and other experimental and
theoretical values published previously in the literature.

my/mg m, /mqy or DOS effective Reference
M,y /Mo, M p/my| MSS (m" /mo)
0.22 0.18 0.19 [20]
0.19 0.21 0.20 [21]
0.48 0.30 0.351 [22]
0.29 0.42 0.37 [23]
0.33 0.58, 0.31 0.39 [24]
0.31 0.57,0.28 0.37 [24]
0.62 0.39,0.13 0.31 [25]
0.31 0.62,0.27 0.37 [26]
0.31 0.58,0.28 0.37 [27]
0.21,0.18 This work

In Table 3, we summarized the values of electron
effective mass extracted using the developed method at
room temperature with those determined in several
experiments [20-24] and calculated [24-27]. The values
of 0.21mq (diode D,) and 0.18mq (diode D,) extracted
using our method well agree with the experimental ones
obtained by Gotz et al. 0.19mq [20] and Lomakina et al.
0.20m, [21].

4. Conclusions

In conclusion, we have directly determined the electron
effective mass in 4H-SiC by applying the I-V-T
technique to 4H-SiC Schottky barrier diodes. The
effective mass has been found to decrease with the
increase in temperature. Two values of the electron
effective masses at room temperature have been
experimentally ~ determined as m =0.21m, and
m"=0.18m,. Very good agreement has been found
between our experimental results and the other
experimental electron effective mass values m” = 0.19m
and m” = 0.20m, obtained using other methods.
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Bu3HaueHHsI TeMIepaTypHOi 3aj1e:KHOCTi eeKTHBHOI MacH esiekTpoHa B 4H-SiC Bin
3BOPOTHHX BOJIbT-aMIIEPHUX XaPAKTePUCTHUK TioxiB 3 6ap’epom LlorTki Ha ocHoBi 4H-SiC

A. Latreche

AHoranis. Merox npo¢inioBaHHS CTpyMy, HAllpyrd Ta TeMIeparypu OyJio BHKOPUCTaHO Juisi JOAiB 3 Oap’epom
Iorrki Ha ocHoBi 4H-SiC i npexcraBieHo Jyis Bu3HaueHHs edekrtuBHOi Macu ejiekrpona y 4H-SiC. Bussiena
e(heKTHBHA Maca JICKTPOHA 3aJie)Kaa BiJf TEMIIEPaTypH, BOHA 3MEHIIIYEThCS 31 301IbIIICHHSIM Temmeparypu. Kpim toro,
OyJlo 3HAWJEHO XOpOoILly Y3rO/DKEHICTh MIDK OTPpUMaHMMH HaMH 3HaueHHsSMH e(EeKTHBHOI Mach eJleKTpOHa
(m* = 0,18my, 0,21mp) npu KiMHATHIM TeMIepaTypi Ta IHIIUMHA 3HAYSHHSIMH, OTPUMAHUMHU PI3HUMU METOaMHU.

Kuarouosi cioBa: 4H-SiC, miox IlloTTki, edekTHBHA Maca eneKTpoHa, [-V MeTo, 3BOPOTHHIA CTPYM, TEpMiOHHA €MiCis,
TYHEJIbHUH CTPYM.
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