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Potential of wide bandgap semiconductor devices for
high-temperature applications

M Shur, B Gelmont, C Saavedra-Munoz, and G Kelnert

Department of Electrical Engineering, University of Virginia, Charlottesville, VA 22903
+Naval Research Laboratory

ABSTRACT: We evaluate and compare temperature dependencies of a low field electron
mobility in B-SiC, a-SiC, and GaN for different carrier concentrations and compensation
levels and simulate the high field transport properties of these semiconductors using the
Monte Carlo technique. We also review existing and our own experimental data for both
SiC and GaN contacts and analyze the potential performance of wide band gap FETSs at

temperatures up to 700 °C.
1. INTRODUCTION

In this paper, we consider the potential of SiC, SiC/AIN, and GaN/AIN material systems for
high temperature electronic applications. Our analysis is based on the theory of the electron
transport, measured high temperature characteristics of ohinic and Schottky contacts, and Field
Effect Transistor models which allow us to predict the device behavior at elevated
temperatures. )

For wide band gap semiconductors, the standard analytical theory of polar optical
scattering (one of the mechanisms controlling low ficld mobility in these compounds) has to be
revised. In all these materials, polar optical phonons have much higher frequencies than those
typical for Si, Ge, or GaAs. As a consequence, the Jow temperature limit for polar optical
scattering applies even at room temperature. Hence, an effective relaxation time can be
introduced for two successive processes of the polar optical phonon absorption and emission.
Large donor energies typical for wide band gap semiconductors also cause a noticeable
deviation from the standard theory and lead to a different mobility dependence on the
compensation level. Based on our new theory, we evaluate and compare temperaturc
dependencies of a low ficld electron mobility in 3-SiC, o-SiC, and GaN for different carrier
concentrations and compensation levels. Qur calculation shows that, at high temperatures, B-
SiC may be expected to have a substantially higher mobility than a-SiC even though the
difference is shrinking with an increase in temperature. These results are in qualitative
agreement with experimental data. We also simulate the high field transport properties of wide
band gap semigonductors using the Monte Carlo technique. In low electric fields, the Monte
Carlo simulations are in good agreement with our analytical theory. In high electric fields, the
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transport properties are less sensitive to temperature variations.

In addition to intrinsic material properties, the temperature dependencies and stability of
ohmic and Schottky contacts determine the device behavior at elevated temperatures. We
review experimental data for both SiC and GaN and conclude that refractory tungsten ohmic
contacts can operate up 650 °C and Schottky contacts can operate up to 700 ®C. Based on
these results, we analyze the performance of wide band gap field effect transistors at
temperatures up to 650 °C.

2. LOW FIELD MOBILITY IN WIDE BAND GAP SEMICONDUCTORS AT ELEVATED
TEMPERATURES.

Most scattering mechanisms in semiconductors in low electric ficlds can be described using a
momentum relaxation time approximation, 1,, applicable when a phonon energy is much

smaller than the average electron energy. In wide-gap semiconductors. such as GaN, the
optical phonon energy, i), is much greater than the thermal temperature, even at room

temperature. In a non-degenerate GaN, the optical polar phonon encrgy is about 0.1 eV.
Gelmont et al (1993) showed that T, can be still introduced when h(l)o >> kgT. Based on this

approximation, they developed the analytical theory for the low field mobility in wide band gap
semiconductors. Some of the results are shown in Fig. 1 - 5.
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In the temperature range between 300 K and uncompensated 6H-SiC

700 K, the electron mobility temperature 107;

dependence in GaN can be interpolated by 10 65 impurity

u(cmz/Vs)=2100—1690(1—)+375(l)2. R Ms
300 300 % 10 5] H’rrr._._'_,,.

The dominant scattering mechanismin GaN is £ 1016

polar optical phonon scattering (see Fig. 2). g 104; 1017

In pure undoped samples, the impurity K optical phonon

scattering is less important. However, in = l031§

highly compensated samples it may become : 02: ‘;:O:I?IM

200 400 600 80D
scattering even at elevated temperatures. In T(K)

SiC samples, the acoustic scattering is Fig, 3. Electron mobility in 6H-SiC limited
dominant at elevated temperatures (see Fig. 3). by different scattering processes.

The electron mobility in GaN at elevated

even more important than polar optical phonon

temperatures is higher than in 3C-SiC and much higher than in 6H-SiC (see Fig. 4). The
results of the calculation are in reasonable agreement with experimental data (see Fig. 5).
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Fig. 4. Calculated temperature dependence

Fig. 5. Comparison with experimental
of electron mobility for SiC. '

data from Tashibana et al (1990).
(Doping levels are in cm™3.)

3. TRANSPORT PROPERTIES OF GaN AT ELEVATED TEMPERATURES.

Our ensemble Monte Carlo simulation takes into account polar optical phonon, piezoelectric,
deformation potential, and ionized impurity scattering mechanisins in 2 non-parabolic band.
Material parameters used in the simulation are the same as used by Gelmont et al (1993). The
simulation results are shown in Fig. 6. As can be seen from the figure, the most important
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changes in the velocity-field characteristics of GaN with temperature are the decrease in the
electron mobility (already discussed in Section 2), the decrease in the peak velocity, and the
increase in the peak ficld.

The electron velocity in very high
electric fields (200 to 300 kV/ecm) remains 75 |
practically unchanged. The peak field in GaN
is very high (on the order of 100 kV/cm
compared to approximately 3.5 kV/cm) in

GaAs. The reason for such a shape of the 157

velocity-ficld characteristic is a large

Velocity (105 mfs)
[1

intervalley separation and a very large energy
of polar optical phonons in GaN (nearly three 0.5
times higher than in GaAs). All in all, the 0 : :
GaN electron velocity at elevated temperatures 0 100 200 300
is large enough for achieving high Electric Field (kV/cm)
transconductance in GaN FETs, especially in

short channe) devices (since very high electric ~ Fig. 6. Electron drift velocity in GaN
fields are required for velocity saturation in  doped at 1017 cm3,

this material.)

4. OHMIC AND SCHOTTKY CONTACTS TO WIDE BAND GAP SEMICONDUCTORS
AT ELEVATED TEMPERATURES.

Tables 1 and 2 list some of the measured contact resistances for ohmic contacts and barrier
heights and ideality factors for Schottky contacts operating at elevated temperatures. As can be
seen from Table 1, ohinic contacts to n-type SiC operate up to 650 °C, ohmic coatacts to p-
type SiC operate up to 450 °C, and Schottky contacts operate up to at least 700 °C. Hence,
SiC FET (as opposed to bipolar devices) scem to have a better potential for operating at very
high temperatures. We do not yet have similar data for GaN but we believe that ohmic contacts
to this material will operate up to similar or even higher temperatures.

Material | Type Metal norp (cm3) | r, (Qcm?2) | Trmayx (°C) | Reference
3C-SiC |» TUTINPVAu | 1016- 1017 | 1x2x104 | 650 Shor et al
3C-SiC |n W/Pt/Au 1016-1017 | 1,5x 104 | 650 Shor et al
6H-SiC |n TiN 1.6x1018 4x102 | 550 Glass et al
6H-SIC | p 3C-SiC/AUTi | 1-3x108 2105 | <450 Kelner et al
6H-SiC | p AUTi 2x101? 1.5x10-5 }<450 Crafton et al

Table 1. High temperature obmic contacts to SiC.
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he decrease in the Matenal Type Metal Ba;rier ldeahty Tma_x (OC) Reference
. height (eV) | factor
¢ velocity, and the - -
3C-SiC [n PY/PtSiy 0.95-1.35 |2.5-3.5 |800* Papanicolaou
ctal
6H-SiC |n Ti 0.85 1.04 700 Porter et al
6H-SIiC [n Pt 1.06 1.04 750*% Porter et al
20 6H-SiC [n Ti 1.14 1.07 700 Porter et al
L *Operated only for a short time (about 20 minutes or so). Contact stability for high
temperature operation has to be investigated further.
-~ 400K
Table 2. High temperature Schottky contacts to SiC.
- 500K
70K 5. POTENTIAL PERFORMANCE OF WIDE BAND GAP SEMICONDUCTOR FETS AT
—
200 200 ELEVATED TEMPERATURES.
1 (kV/cm)
_ Fig. 7 shows the computed 300 ]
zlocity in GaN temperature dependencies of AIN/GaN T 250 _
HFETs with different gate lengths based on £ ] \\
the temperature dependence of the electron g 200 -\ ‘
mobility determined above. The calculation § ] \\
was done using a standard HFET model & 150 S
IDUCTORS g ] N[
(see, for example, Shur (1990)). T . \
: . . S 100 B, -
. Parameters used in the calculation are: gate- g ] \ N~
ntacts and barrier channel separation 350 A, saturation velocity E 50 ]
ratures. As can be ‘ 1.5x105 m/s, threshold voltage 0 V, series — ]
mic contacts to p- source and drain resistances 0.75 Qmm. o Jho SN N A E—
£700 °C. Hence, As can be seen from the figure, these 300 400 500 600 700
- operating at very devices have a potential of reaching Temperature (degree K)
hat ohmic contacts approximately the same performance at _
elevated temperatures as GaAs MESFETs at Fig. 7. Calculated transconductance
room temperature. Shorter channel devices of AIN/GaN FET versus temperature
2) | Reference should exhibit better performance since they for gate lengths 0.5 pm (top curve), 1
Shor et al suffer less from the mobility decrease at high um, and 2 pm (bottom curve). Gate
Shor et al temperatores. Further improvement may be bias 2 V, drain bias 5 V.
Glass et al reached by using thinner AN layers.
Kelner et al Another advantage of AIN/GaN HFETs is a large conduction band discontinuity which may
Crafton et al result in a smaller gate leakage current.
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6. CONCLUSION.

High optical phonon energies in wide band gap semiconductors, such as SiC and GaN, lead to
a relatively modest decrease of the electron mobility with temperature. Since ohmic and
Schottky contacts for these materials are capable of operating at very high temperatures, both
SiC and GaN are quite promising for applications in high temperature field effect transistors.
In particular, the performance of AIN/GaN HFET at elevated temperatures up to 600 °C may
be comparable to room temperature performance of typical GaAs MESFETs.
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