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A thermal model of 4H-SiC MESFET is developed based on the temperature dependences of material parameters
and three-region I — V model. The static current characteristics of 4H-SiC MESFET have been obtained with the
consideration of the self-heating effect on related parameters including electron mobility, saturation velocity and thermal

conductivity. High voltage performances are analysed using equivalent thermal conductivity model. Using the physical-

based simulations, we studied the dependence of self-heating temperature on the thickness and doping of substrate. The

obtained results can be used for optimization of the thermal design of the SiC-based high-power field effect transistors.
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1. Introduction

Silicon carbide is a very promising candidate for
high temperature, high power, high frequency, rela-
tively low noise and radiation hardness applications
due to its excellent physical properties such as a wide
bandgap, high breakdown voltage, high thermal con-
ductivity, and high saturation electron drift velocity.
With excellent figure of merits compared with other
types of SiC, 4H-SiC metal semiconductor field ef-
fect transistor (MESFET) is a potential candidate
for the applications in HDTV systems, phased ar-
ray radars and next generation mobile communication
base station.!!]

For high-power microwave applications, dissipa-
tion of heat flow has been always problematical and
the device output power is reduced due to self-heating
effect.?l Despite the high thermal conductivity of the
material, SiC power devices may suffer from severe
self-heating when operating at very high power levels.
As lattice temperature increases, the concentration,
generation /recombination, mobility and many other
physical parameters of carriers will change accord-
ingly. To illustrate this fact, SiC MESFETSs operating
at Vp=50V has been measured by Royet!® and the
temperature increment in device has estimated to be
up to 100K. The thermal characteristics of S-band sil-
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icon carbide monolithic microwave integrated circuits
(MMICs) have been investigated by Mittereder(* with
high resolution atomic force thermal microscopy mea-
surements and infrared measurements and the maxi-
mum temperature near the channel area of the device
reached 445 K. It is necessary to develop an analytical
model for 4H-SiC MESFETS, which is clear in device
mechanism description and simple in calculation to
be suitable for the design and optimization of thermal
issues of 4H-SiC devices.!”!

In this paper, the temperature characteristics of
SiC material is investigated first and the self-heating
effect in 4H-SiC MESFET is analysed using an equiv-
alent thermal conductivity model. The influence of
the substrate thickness on device performance is esti-
mated with this model. The simulation results agree
well with the published experimental data.

2. Thermal properties of the ma-
terial

2.1. Effective mass and carrier concen-
tration

The experimentally determined electron effective
masses for 4H-SiC are m(MI') = 0.58 £+ 0.01my,
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m(MK) = 0.3140.01mg, m(ML) = 0.3340.01m,.!
Compared with 3C- and 6H-SiC, the relatively smaller
electron effective mass of 4H-SiC is better for elec-

tronic applications. The electron density-of-states
(DOS) effective mass of 4H-SiC becomes

me = (32m(MI)Ym(MK)m(ML))Y*mq = 0.76my.
(1)
The top of the valence bands of 4H-SiC consists
of three separate bands and their DOS effective mass
are my1=0.81mg, my2=0.79m¢ and m,3=0.78mg re-
spectively. The DOS effective mass of holes becomes

my(T) = [0.843/2 + 0.793/26Xp< - Oﬁ?)

0.073\1%?
+ 0.783/2€Xp< — M>:| mo. (2)

The effective DOS in the conduction and valence
bands of 4H-SiC can be evaluated as

drm kT
and N, = T;
The intrinsic carrier concentration at thermal equilib-

rium is given by

n; = (Nch)l/QeXp< - Eng(;) ) (3)
Donors in 4H-SiC have two energy levels corre-
sponding to two different crystal sites, hexagonal site
and quasi-cubic site. Since the ionization energy levels
are too large for complete ionization at room tempera-
ture, 4H-SiC shows incomplete ionization phenomena
at low temperature (< 350K). In the effective-mass
approximation, the multivalley band structure induces
a valley—orbit splitting. Taking into account the two
inequivalent lattice sites and the valley-orbit splitting
at the hexagonal site, the ionized shallow donor con-
centration can be obtained

N+ _ NDl
D EF - EDl(x) — AFE
14 geexp T
Npo
4
+ EF - EDQ(QT) —AFE ’ ( )
L+ geexp T

qEq
AFE = —_
a0/ p— (5)

where g.=2 is the donor degeneracy factor, AE the
reduction of the ionization energy due to the Frenkel—
Pool effect. Np; is the hexagonal site concentration
with Ep;=0.066eV, and Npy is the quasi-cubic site

concentration with Fp,=0.124eV. Figure 1 shows the
calculated ionization ratio as a function of tempera-
ture in 4H-SiC with Np=1.15x10"cm=3.
seen that the ionization ratio increases with increasing

It can be

temperature and electric field obviously.
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Fig.1. The calculated ionization ratio as a function of
temperature for different electric fields applied.

2.2. Mobility &
dence

velocity-field depen-

At low electric fields, the following scattering pro-
cesses are considered: acoustic phonon scattering, po-
lar optical phonon scattering, zero- and first- order
optical intervalley phonon scatterings, and ionized im-
purity scattering. The widely used empirical model as
a function of impurity and temperature is

TN
Hmax 300 Hmin

T\’ [/ NZ\"
1+ ( o= =
300 ) \ Npet

where N]'D|r is the ionized impurity concentration, fimax

(6)

10 = Hmin

and pmin and Ny are fitting parameters. X and y
are parameters indicate the influence of temperature
on mobility.

To describe the electron mobility as a function of
electric field u(F) = v(F)/E, a multiparameter model
is developed for the velocity-field characteristic.

B 2 E n
M1E+M0E(E) + Usat (E)
v(E) = § (7

= (5) (2

where the parameters u1, Eg, 1, 0 and i are influ-

ence factors on peak velocity, peak electric field and
the steepness of v(E) in the saturation region. Their
fitting values are shown in Table 1.
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Table 1. Parameters in mobility models.

Low field model
Pmax = 40(cm2/Vs)
Hmin = 950(cm?/Vs)

Nier = 2x1017(cm™3)
r=-2.4

Velocity-field model
w1 =pox0.17(cm?/Vs)
Ey = 3.05x10%(V /cm)

E; =2.8x10%(V/cm)
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Fig.2. The velocity-field characteristic from Multi-
parameter modelling, experiment and MC modelling.

Figure 2 shows that the modelling results re-
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produce a general behaviour of the velocity-field
characteristics obtained by both the experiment
measurements!”) and the Monte Carlo (MC) electron
transport simulation results.!®!

2.3. Thermal conductivity

Generally, the thermal conductivity of SiC ex-
ceeds that of copper, silver and Al;O3. This is mainly
due to the phonon dispersion distribution in SiC. The
temperature-dependent thermal conductivities of 4H-
SiC can be described as

K(T) = Ko(T/300)~"*, (8)

where K is a fitting coefficient depending on the dop-
ing concentration.

Ko = ag + a; log Nd + az(log Nd)?. 9)

The simulation results using the above model agree
well with the published experimental datal® (in
Fig.3).
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Fig.3. The dependence of the calculated thermal conductivity on temperature and carrier concentration

(a) and the fitted Ko as a function of carrier concentration (b).

3. Device self-heating model

Previous publications have developed a three-
4H-SiC MESFET I - V
Based on this model and the above

model for
[10]

region
characteristics.
material properties, a self-heating model can be pre-
sented here. When thermal conducts in a single ma-
terial, the temperature shows a linear distribution.*"
The temperature in the device between the region of

the heat generation and the thermal sink is

AT

sub

(10)

where y is the distance from the top of the substrate
down to the backside contact, g1, is the thickness of
the substrate, Ty is the room temperature and AT is
the temperature difference between the device and the
backside. The equivalent thermal conductivity is
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z Jo K(T)dy

tsub
300 /300 [ 300
O 0.5AT T, VT, +AT
The quantity of power Py is

7K (To)WT,
Php=———. 12
O In(8tgup/7L) (12)

With Kirchoff’s transformation, AT is given by

AT 1 — (1 — Pyiss/4P)*
T0 (1 — Py /4Py

(13)

where Pyiss is power dissipation in the device. The
increment of the temperature is assessed by solving
iteratively the I(Vps, Vas) and AT. First, the drain
current is calculated assuming a device temperature
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at T().
inserted into Eq.(13). This gives a new device temper-

Then, the corresponding power dissipation is

ature which is used to calculate a new current value.
This calculation process is iterated until a satisfactory
convergence is reached.

The I — V characteristics and self-heating tem-
perature AT in 4H-SiC MESFET are shown in Fig.4
where the lines describe the calculated results and the
symbols denote the experimental data from Ref.[3].
For a high dissipated power, the differential conduc-
This could be ascribed
to the self-heating effects rather than trapping effects.

tance gq is clearly negative.

The influence on the I —V characteristics in our results

is stronger at higher drain voltage while the trapping

effects will disappear with increasing drain voltage.['?
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Fig.4. The I — V characteristics (a) and self-heating temperature (b) in 4H-SiC MESFET.

The model can also be used to predict the in-
fluence of various physical or geometrical parameters.
The variation of AT with the substrate thickness and
doping concentration are simulated for a MESFET
with a geometry similar to that of the experimental

AT/K
=
(o)

e Noup=1x10%cm—3
- +  Nuup=1x1018cm—3
1201 ’ ¥ Ny =1x10cm—3
4 X~ Nggb=1x1016cm=3 |
0O Ngp=1x 101"c1n 3

100 T \ T T T
0 100 200 300 400

tsub/um

Fig.5. The dependence of AT on substrate thickness.

devices.l?! Tt can be seen from Fig.5 that substrate
thinning should provide an improvement with respect
to the current drive capability. With the ¢4y, varying
from 400 ym down to the 50 um, AT decreases from
150 to 125K (Ngub=1x10%cm=3).
from this figure, the self-heating effects are suppressed

Also we can see

by using lightly doped substrate. This is due to the
correlation between the equivalent thermal conductiv-
ity and the carrier concentration.

4. Conclusion

A physics-based model of large-signal I — V' char-
acteristics of 4H-SiC MESFET is presented in this
paper.
mal conductivity and multi-parameter mobility for

The model incorporated the equivalent ther-

self-heating simulation. The calculated results are

in excellent agreement with the experimental data.
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The influence of the substrate thickness and doping

concentration on device high-power performance are

analysed. Significant improvement in device electri-

cal and thermal characteristics is observed for thinner

and lightly doped substrate.
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