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High-field transport in wide-band-gap semiconductors
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The drift velocity in high electric fields is calculated for several wide-band-gap semiconductors. Saturated

velocities above 10' cm/sec are found for several and SiC, diamond, and Gaw hold promise for values above

2)& 10' cm/sec.

Since Johnson' and Keyes~ developed their re-
spective figures of merit for semiconductordevices
operating at high frequencies, it has become ap-
parent that two physical properties, the "saturated"
drift velocity of the carriers and the dielectric
constant of the material, tend to limit the expected
performance of various semiconductor devices.
Additionally, power limitations are imposed by the

band gap, through its effect on the critical field for
avaianche breakdown, and the thermal conductivity.
Each of these factors, in turn, tend to indicate that
some wide-band-gap semiconductors hold promise
of significant improvements in semiconductor de-
vices. The occurrence of a wide band gap is nor-
mally accompanied in semiconductors by a lower
dielectric constant and an improved thermal con-
ductivity. In addition, the relatively higher phonon
energies found in these materials indicate that one
could expect higher saturated drift velocities than

that found in silicon. Yet, with the exception of
SiC and diamond, there appear to have been no
studies of the high-electric-field transport proper-
ties of these materials. In some respects, this is
not unexpected, due in part to the difficulties of
crystal growth that accompany these materials.

Yet, it is surprising that more is not known
about the transport properties of these materials,
since there is no real lack of information about the
basic material parameters. Band-structure eal-
eulations have been carried out by many authors
for the group-III-V and group-IV semiconductors. '
Moreover, there are adequate experimental data
available on the temperature dependence of the low-
electrie-field mobility for many of these semicon-
ductors. From the detailed temperature variation,
it is possible to ascertain the values of the phonon
coupling constants for the scattering mechanisms
involved in the transport. The problem of de-
termining the transport in high electric fields is,
therefore, not one of determining the phonon cou-
pling constants and the scattering parameters, but
rather it is one of determining the distribution
function of the carriers in momentum space. Tra-
ditionally, this has been accomplished by solving
the Boltzmann transport equation either by assum-
ing a known form for the distribution function and

evaluating various parameters, or by assuming
a I egendre expansion for the distribution function.
Although other, numerical techniques have been
developed, such as Monte Carlo simulation and
iterative integration, the analytic simplicity of
the above methods coupled with the closed form
results offers distinct advantages. Such attempts
as these are limited in scope, however, by stream-
ing of the carriers in high-mobility semiconductors,
and are applicable only when the carrier density
is sufficiently high to assure momentum random-
ization by carrier-carrier scattering. ~ This latter
condition is normally met rather routinely in the
relatively highly doped wide-band-gap semiconduc-
tors of interest here.

It is the purpose of this paper to calculate the
expected high-field transport properties and to
estimate the "saturated" drift velocity of electrons
in several wide-band-gap group-IV and -III-V
semiconductors, based upon a, drifted Maxwellian
distribution function. Although the full multiple-
minima conduction band is included when appropri-
ate, it is assumed that the electric field is oriented
properly so that redistribution of carriers among
equivalent minima is unimportant and transfer to
higher-lying subsidiary minima is not considered.
This yields what can be considered a "most opti-
mistic" evaluation of the saturated drift veloctiy.
In the next section the characteristics of the drifted
Maxwellian approach are reviewed, and the calcu-
lations are discussed in Sec. II.

I. THE BALANCE EQUATIONS
I

If the carrier-carrier collisions are sufficiently
frequent to randomize the energy and momentum
distribution of the electrons, then the electron dis-
tribution function in momentum space can be as-
sumed to be in internal equilibrium at a tempera-
ture T„which depends upon the electric field, and
which is greater than the lattice temperature To.
That is, the distribution function can be assumed
to be drifted Maxwellian at an effective electron
temperature T,& To. In this approximation, the
collision operator for various scattering processes
can readily be expanded in spherical harmonics,
with the series truncated after two terms, and
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averaged over momentum and energy using the
assumed distr ibution function. Stratton has shown
that the Boltzmann transport equation can be in-
tegrated to yield balance equations for energy and
momentum, in which the average rate of momen-
tum loss and energy loss through collisions is
balanced by momentum and energy gain due to the
electric field. These balance equations are given
by

where the index j refers to the jth scattering mech-
anism, and the subscript E refers to the electric
field. The equations for the change in momentum
and energy due to the applied electric field are
quite simple and are given by

where v~ is the drift velocity in the electric field
E. At a given electric field, E&p. (1) and (2) are
used to determine the two parameters T, and e„
self-consistently. The rate of momentum and en-

ergy loss have been calculated for various scatter-
ing mechanisms by several authors. The scatter-
ing mechanisms considered are impurity scattering,
acoustic phonon (deformation potential) scattering,
equivalent intervalley phonon scattering, and polar
optical phonon scattering. The energy and momen-
tum relaxation rates for these processes are dis-
cussed in detail in the Appendix.

II. TRANSPORT CALCULATIONS

The III-V compound semiconductors A1As, A18b,
and GaP and the group-IV compound SiC share the
Si-like band structure with multiple minima along
the (100) axes. However, it is thought that the
minima lie at the zone-edge X point, rather than

in from the edge as in silicon. Intervalley scatter-
ing between equivalent minima of the conduction
band is important and generally dominates the en-
ergy relaxation of the electron distribution. Since
the minima are at the X point, the g phonon re-
duces to an acoustic intravalley phonon, and the f
phonons arise from the X-point branches of the
phonon spectrum. Two f phonons are used in the
ealeulations, one appropriate to the LO+ LA com-
bination at high energy, and one appropriate to the
l.ow-energy TA phonon. It can be argued that the

TA (as well as the TO) phonon should be forbidden 4

from first principles, but in hot-electron conditions

where scattering occurs away from the bottom of

the minima, admixtures of other wave functions
should relax this restriction. ' Indeed, in mag-
netophonon measurements' in Si, there is evidence
for all of these processes plus some possible two-
phonon scattering processes. ' In addition, intra-
valley scattering due to ionized impurities, acous-
tic deformation potential, and polar optical phonons,
were also included in the calculations. Where pos-
sible, experimental data on the low-field mobility
as a function of temperature were used to deter-
mine the deformation potentials for the various
scattering processes. A lattice temperature of
300 'K is assumed in the calculations.

Gallium phosphide has a gap of 2. 32 eV and a
density-of-states effective mass of about 0.34mo.
It has a relatively low mobility of about 250 cm /
V sec at room temperature'9'2 for a carrier con-
centration of 2~10' cm . The work of Taylor et
al. is especially useful in that high-mobility low-
carrier-concentration (& 10' -cm ') material was
measured in the temperature range VV-350 'K.
The value of the scattering anisotropy ratio is not
known for QaP, or any of the other wide-gap ma-
terials of interest here, and values ranging from
0.6V to 5.0 have been found in silicon. ' For this
1 easonp R scattering Rnlsotropy ratio of 1.0 ls Rs-
sumed in this work.

The phonon spectrum can be obtained from the
work of Mitra et al. ,

33 and yields a low-energy

f phonon at 115 cm ' (TA) and a high-energy f pho-
non at 197 cm ' (LA). The LO polar phonon lies
at 400 em and contributes to intravalley scatter-
ing. %'ith these values a good fit to the low-field
mobility data is obtained in the range VV-300 'K
by using R deformation potential of 12 eV for acous-
tic scattering, and deformation coupling constants
of I F10 eP/cm for the two intravalley phonons.
This is shown in Fig. 1(a). Fletcher and Butchera'
hRve CRlculRted the low-field mobility using R sin-
gle intervalley phonon of high energy, and they
found a similar value for the deformation potential
of only V eV. Their inclusion of space-charge scat-
tering, important at low temperatures, may ac-
count for this difference. The curve of Fletcher
and Butcher is also shown in Fig. 1(a). Other
curves are shown for different values of the cou-
pling constants, and it can be seen that the shape
of the resultant curve is sensitive to the values of
these constants. Table I summarizes the data for
the figure, At high electric fields, it is found that
the momentum is dominated by the high-energy in-
tervalley scattering, while the energy relaxation
is strongly dominated by polar intravalley scatter-
ing. The relative weakness of polar scattering in
low-field mobility and in momentum relaxation also
agrees with the results of Toyama et al. ' Strong
saturation of the drift velocity sets in above about
80-90k+/cm. Justbelow this point, the driftveloc-
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FIG. 1. {a) Calculated
mobility as a function of
temperature for GaP for
several different values of
the coupling constants. The
curve of {&)is the data of
Taylor et al. {Ref. 20). The
calculation of Fletcher and
Butcher {Ref. 23) is also
shown as the dot-dashed
curve. {b) The high-field
drift velocity is shown for
various sets of coupling pa-
rameters. The parameters
are listed in Table I.
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ity is sensitive to the coupling strength of the low-

energy intervalley phonon, so that its inclusion ap-
pears to be important for this material. The cal-
culated drift velocity as a function of the electric
field is shown in Fig. 1(b) for several different
combinations of coupling constants. The value of
the saturated drift velocity is only slightly sensitive
to the phonon coupling constants.

Aluminum antimonide is the narrowest gap ma-
terial considered, with a gap of 1.62 eV and an
effective mass of 0.39 m0. The intervalley phonons
here are very low-energy, having frequencies cor-
responding to 132 and 65 cm 1, while the polar intra-
valley phonon lies at 340 cm '. With these pho-
nons, the low-field mobility data of Stirn and Beck-
er ' can be fitted reasonably well in the tempera-
ture range 77-300 'K. The parameters found for
the best fit are an acoustic deformation potential
of 6 eV, intervalley coupling constants of 1&&10

and 3&& 10' eV/cm for the high- and low-energy
phonons, respectively, and an effective polar field
of 40 kv/cm. The mobility curves for these values
and for other combinations are shown in Fig. 2(a).
The values are listed in Table II. A low-field mo-
bility of 200 cm2/V sec at 300 'K at a carrier con-
centration of 10' cm is found. As with GaP, the
momentum relaxation in high fields is dominated
by the high-energy intervalley phonon, while ener-

gy relaxation is dominated by polar scattering.
Results for the high-field transport are shown in
Fig. 2(b).

Silicon carbide is made of group-IV materials
from the first two rows of the Periodic Table. Al-
though it might be expected that this material would
be completely covalent, as are silicon and diamond,
this is not the case. The material is strongly ionic
in nature, with an effective charge of nearly 0.9e.
This leads to a very strong polar interaction which
contributes to intravalley scattering just as in the
group III-V compounds. Moreover, it contributes
to the situation in which SiC crystallizes in several
crystal structures, including cubic (zincblende) and
many hexagonal polytypes. In this work, only the
cubic phase is considered, as it should have the
highest saturated drift velocity. The carbon atoms
occupy the positive-ion site so that, from the work
of Birman et al. , we expect the LA phonon to be
the dominant high-energy intervalley phonon. This
conclusion was also reached by Patrick. Con-
siderable work has focused on this material in the
past because of the high room-temperature mobili-
ties observed, in excess of ~ 700 cm /Vsec, and
the high phonon energies involved in the transport.
In fact, Berman et al. ' have studied the high elec-
tric field transport over a limited range in moder-
ately doped material, z = 10 7 cm, and have not

TABLE I. GaP. TABLE II. AISb.

Curve
Intervalley 1

D&& (eV/cm)

1x103
1x103
1x 103

Intervalley 2

D&& (ev/cm)

1x10'
1 x los
5x 10s

Acoustic
], (ev)

12
12
12

Polar
E (kv/cm)

74
50
74

Curve
Intervalley I
Do (eV/cm)

5x10s
1 x103
5x 10s

Intervalley 2
D„(eV/cm)

3 x10s
3x10s
5x10s

Acoustic
4, (ev)

10
6
6

Polar
Es (kV/cm)

40
40
40
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mobility as a function of
temperature for AlSb for
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the coupling constants. The
values of these constants
are shown in Table II. The
x 's are the data of Stirn
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of coupling constants.
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observed velocity saturation effects up to 8&& 10
cm/see. However, the sample was a relatively
impure low-mobility one. The low-field mobility
has been measured over the temperature range
from 100-1000 'K by Nelson et al. 7 and by Pat-
rick, and it was found that the electron mobility
varies as T ", with x lying in the range 2.4-2. 6.
The measurements of Patrick were for hexagonal
polytypes, but one does not expect to have dras-
tically different results in the cubic material. The
high- and low-energy intervalley phonons lie at
540 and 363 cm ', respectively, a and the polar
phonon lies at 970 cm ~. Even with this high ener-
gy, it is found that the polar phonon dominates both
the momentum and energy relaxation in high elec-
tric fields. The low-field mobility is fitted well in

the temperature range 100-1000 'K through use of
values of 1x 10~ eV/cm for both coupling constants
of the intervalley phonons, an acoustic deformation
potential of 11.5 eV, and a screened effective elec-
tric field of 250 kV/em for the polar interaction.
This is shown in Fig. 3(a). Other curves for dif-
ferent values of the phonon parameters are also
shown in the figure, and the parameters are listed
in Table III. In material of 10' cm doping, a
low-field mobility of 800 ema/V see is computed at
room temperature. The velocity increases very
slowly with field once it has passed about 1x 107

em/sec, but a true saturation does not occur. Al-
though the velocity continues to increase slowly
with increasing electric field, it remains in the
region of 2. 4-2. 7&&10~ cm/sec over a large high-
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FIG. 3. (a) Calculated

mobility as a function of
temperature for SiC for
several different values of
the phonon parameters. The
values of these constants
are shown in Table III. The
dotted line is data appro-
priate to the purest samples
of Nelson, et al. (B,ef. 27).
(b) The calculated high-field
velocity is shown.
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FIG. 4. (a) Calculated
mobility as a function of
temperature for diamond
for two sets of values of
coupling constants. The
dotted curve is the data of
Konorova and Shevchenko
(Ref. 4). (b) The calcu-
lated high-field velocity is
shown. The values of the
constants are given in.
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electric-field range. This is shown in Fig. 3(b).
It is not impossible to expect a velocity on the order
of 3x 10~ cm/sec at fields on the order of 500 kV/
cm, but one must question whether these fields are
attainable without bulk avalanche breakdown. The
value of the saturated velocity is relatively insensi-
tive to the actual value of the polar coupling con-
stant, since this interaction dominates both energy
and momentum relaxation.

Semiconducting diamond (C) is an indirect gap
semiconductor, with a gap of 5. 5 eV. The conduc-
tion band is silicon-like, with multiple minima
lying along the 4 axes approximately —,

' of the way
to the X point. In this case, both f and g phonons
are involved in the intervalley scattering processes.

The g phonon is a [100] phonon lying one-half of the
way to the X-point zone boundary. The g phonon
is a more complicated phonon lying in the face of
the zone perpendicular to &. To simplify the cal-
culations, we follow the lead of Longs for silicon,
and assume that both a high-energy and a low-ener-
gy phonon are phenomenologically involved in the
scattering. The low-energy phonon represents an
average of the acoustic-branch phonons involved,
while the high-energy phonon represents an aver-
age of the optical-branch phonons involved. These
two phonons are taken to be 1145 and 640 cm . In
addition, intravalley scattering by optical phonons
is i.mportant, but the LO phonon at 1310 cm ~ is
nonpolar, so that it is deformation-potential-coupled
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FIG. 5. Calculated val-
ues of the low-field mobility
as a function of (a) temper-
ature and (b) the high-field
velocity for GaN. The val-
ues of the coupling con-
stants are shown in Table
V. The dotted curve is the
data of Ilegems and Mont-
gomery (Ref. 31).
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TABLE III. SiC.

Curve
Inter valley I
D&& (ev/cm)

1 x10'
1x 103

1x10

Intervalley 2

D&& (eV/cm)

1x103
1 x103
3x 10'

Acoustic
$1 (eV)

11.5
11.5
15

Polar
F0 (kv/ cm)

250
500
200

to the carriers. The Hall mobility of carriers has
been measured by several authors, and values of
the electron mobility in the neighborhood of 1800-
2000 cm /V sec are found at room temperature. '
In fact, Konorova and Shevchenko have observed
hot-electron effects up to 20 kV/cm, and see large
decreases of the mobility at low temperatures. In
the temperature range of 100-300 K, the mobility
follows at T ' dependence, indicative of strong
acoustic-phonon scattering. The low-field mobility
data was fitted by assuming impurity scattering,
acoustic scattering, and scattering by the high-
energy intravalley phonons. The intervalley pho-
nons are also present, but the acoustic interaction
dominates the low-field mobility. The warm-elec-
tron measurements of Konorova and Shevchenko
allow an additional adjustment of the coupling con-
stants to fit these data. This allows a best esti-
mate of the deformation coupling constants to be
5 x 109 eV/cm for each of the two intervalley pho-
nons and a value of 1 x 10' eV/cm for the LO-intra-
valley phonon. This is shown in Fig. 4(a) and
listed in Table IV. Dean and Crowther had found
a. deformation potential of 2. 3 eV from absorption
and luminescence measurements, but a conduc-
tion-band deformation potential of 30 eV is required
here to fit the low-field mobility data. The calcu-
lated drift velocity shows strong saturation above
20-30 kV/cm at a value of v~ of 2. 3 x 10' cm/sec.
The low-energy intervalley phonon dominates both
the momentum and energy loss at high electric
fields, primarily because the density of these pho-
nons is much larger than the others at room tem-
perature. This accounts for the somewhat lower
value of the saturated drift velocity. The velocity
as a function of electric field is shown in Fig. 4(b).

The III-V compound GaN is a direct band-gap
semiconductor with a wurtzite crystal structure.
The principal minimum of the conduction band lies
at the l point in the Brillouin zone, and the band

gap is 3.4 eV. Only scant information is available
on its properties, although it holds promise for
optoelectronic applications. Scattering in these

materials will be limited to the intravalley pro-
cesses in the single-conduction-band minimum.
Scattering to subsidiary higher-lying minima of the
conduction band will not be considered. The low-
field mobility of n-type QaN was measured by Ile-
gems and Montgomery ' for crystals with dopings
as low as 10'7 cm '. Mobilities up to 400 cm /
Vsec at 300 'K were found with a temperature de-
pendence of T for temperatures in the range 200-
1000 'K. Scattering by impurity, acoustic defor-
mation potential, and a single polar phonon, can
be used to fit the relatively low temperature mobil-
ity, but a mobility based on these processes does
not match the temperature dependence of the mobil-
ity at higher temperatures. Attempts to include
two-phonon processes do not alleviate this prob-
lem, and the possible two-phonon processes are
found to contribute negligibly to the mobility. This
is shown in Fig. 5(a). The parameter values are
listed in Table V. QaN shows dispersion in the
I.O phonon between modes polarized in the basal
plane and modes polarized along the c axis, with
frequencies corresponding to 800 and 770 cm ',
respectively. ' lf the two energies of the polar
modes are taken into account, then the temperature
dependence of the mobility can be matched up to
1000 'K. The polar coupling field is about 200 kV/
cm for the I,O modes for this fit, and this is an
effective value accounting for screening by the free
carriers. The values of the acoustic parameters
are not well known, but if the sound velocity is as-

'sumed to be comparable to that of Qap, a deforma-
tion potential of 21 eV is found for the acoustic
scattering. In high electric fields, QaN does not
show a saturation of the drift velocity, but the mo-
bility begins to decrease rapidly above about 40
kV/cm. The velocity-field curve is shown in Fig.
5(b), and the velocity reaches a, value of about 2. 5
x 107 cm/sec for a field of 300 kV/cm.

III. DISCUSSION

In the calculations reported here, none of the
wide-gap materials seem to show a saturated drift
velocity greater than 3x 107 cm/sec, which is some-
what contrary to the hoped-for effects. One might
ask whether this is expected. If one assumes that
a single high-energy phonon dominates the energy
relaxation, the expected saturated velocity from a
simple model can be expressed as

v„= (Bh(uo/3 vm*)'", (5)

TABLE IV. Diamond. TABLE V. GaN.

Curve
Intervalley I
D&; (eV/cm)

5x 103
5x103

Intervalley 2

D&, (eV/cm)

5x 10
5x103

Acoustic
$, (ev)

30
23

Nonpolar
Optical

D&; (eV/cm)

1 x105
5x10

Curve
Acoustic

(& (eV)

21
"2

Polar 1
(kV/cm)

200
250

Polar 2

Eo (kV/cm)

210
0
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FIG. 6. Saturated ve-
locities calculated here are
shown. as functions of the
parameter relating to ener-
gy relaxation. . The so].id
curve represents Eq. (5)
from the text. The values
of the saturated or peak
velocity found in GaAs and
Inp are included for com-
parison,

(6%~/3itm*) (1014 cm2/sec3)

where &0 is the angular frequency of the dominant
phonon. If several scattering mechanisms are
present, then the expression is far more compli-
cated, 3' as can be seen by solving for v„ from Eqs.
(3) and (4). In Fig. 6, the above equation is plotted,
and the results found from this study are shown for
comparison. In plotting the results, the phonon
energy used was the value appropriate for the sin-
gle phonon which dominated the energy relaxation
in the material. In many cases this was the polar
intravalley phonon, although in some it was an
intervalley phonon. Even though there is consider-
able scatter, the results do follow the general
trend. Although there are not enough data available
for materials such as AlAs, BN, and A1N to de-
termine the coupling constants for the phonons,
one can make estimates of the expected high elec-
tric field drift velocity These a. re also shown in
Fig. 6. For comparison, the peak velocities of
GaAS and InP are also included.

Several of the semiconductors do show promise
of saturated velocities well above 1&&10 cmjsec.
Notable among these are SiC, diamond, and GaN which
promise values in the (2-3)&&107-cmjsec range,
and thus a 2-3-fold increase in the figure of merit
over silicon. However, whether these offer veloc-

ity a,dvantages over QaAs and InP is a moot point.
These latter two have peak velocities of 1..8& 19'
and 3.6x10 cm jsec, respectively, with the peak
limited by the onset of intervall8y transfer. The
higher electric fields that can be expected in the
wide-band-gap materials will, however, offer a
better Johnson figure of merit. This, coupled
with the improved thermal conductivity of these
materials, offers a hope for improved high power
devices utilizing these materials.

The author would like to express his appreciation
to J. 9, Dimmock and M. N. Yoder for helpful
discussions during the course of this work.

APPENDiX

Impurity scattering and a.coustic-phonon scatter-
ing are basically elastic scattering processes, so
that there is no energy relaxation associated with
them. Momentum is relaxed at a rate given for
ionized impurity scattering as

~ ~

dP m' '" Z e4v„
dt ii w 64m (2ksT, )'

&2m&kJ, T,xln ]. + e'~
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and for acoustic deformation potential scattering
as"

where

&g = (eEO/e' —1)(2h(oLo/em*)'", (AV)

(AS)

where y =fur, ~/ksT„

I'0= (D,',m', 13/v8'~p)(ksT, /2w)'"(e'-1) ', (A4)

D, &
is the deformation coupling constant, Icy&& is

the phonon energy, and K, is a modified Bessel
function of the second kind. The corresponding
momentum loss is

(e" *+1)xe"' Z, (gx) .
nt S&0

Interaction via the polar optical phonons leads to
an energy-loss rate of

( = r, ("-"-1)x'"e""Z,(-,'x),
QO

(AS)

(
ap m" '" 2(m~)'~„~', k,T,(k,T.)'"
dt ~ 2v 2h 'pe~

where p is the mass density, z is the low-frequency
dielectric permittivity, g, is the sound velocity,
v~ is the drift velocity, m is the conductivity mass,
$~ is the acoustic deformation potential, and the
other parameters have their normal meaning.

Energy relaxation occurs via interaction of the
carriers with optical phonons or via intervalley scat-
tering processes. Nonpolar optical and intervalley
phonons are deformation coupled to the carriers,
and

h&uLo is the energy of the phonon, y = Sar Lo/keTO,
x = @&uzolksT„and Eo is the effective polar field

m e+~o 1 1'I
0 g] (AS)

In Eq. (AS), c„ is the optical dielectric permittivity
and & is the low-frequency permittivity. The cor-
responding momentum loss rate is

dt 4nz p' (A10)

where ~ is the density of free carriers, & is the
permittivity, and p is the momentum. This will
dominate phonon processes for a carrier density
of g +10'~ cm 3 for most of the materials of interest
here. Actually, it is more important that the mo-
mentum be randomized, and this occurs at about
an order of magnitude lower carrier concentration.

+ (e'™—1)KO(g x)] .
As pointed out above, if the rate of energy ex-

change via electron-electron interactions is greater
than or equal to the energy loss to the lattice by
phonon interactions, then the above assumption of
a drifted Maxwellian distribution is valid. The
rate of energy exchange between the electrons is
given by'3
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