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Abstract. We analyzed the steady-state electron transport for bulk GaN in frame of two 
opposite approaches: the electron temperature approach that assumes a high-density 
electron gas and numerical single-particle Monte-Carlo method that assumes a low-
density electron gas and does not take into account electron-electron (e-e) scattering. We 
have also presented an analytical solution of the Boltzmann transport equation based on 
diffusion approximation. The transport characteristics such as the drift velocity electric 
field,  EVd , and mean electron energy electric field,  E , have been calculated at 

nitrogen and room temperatures in the wide range of applied electric fields from zero 
fields up to runaway ones (~100 kV/cm) for both approaches. Our calculations were 
performed for doped semiconductor with equal impurity and electron concentrations, 

316 cm10  nNi . The electron distribution functions in various ranges of applied 

fields have been also demonstrated. Within the range of heating applied fields 0–
300 V/cm, we found a strong difference between the transport characteristics obtained by 
means of the balance equations (electron temperature approach) and Monte-Carlo 
procedure. However, the Monte-Carlo calculations and diffusion approximation show a 
good agreement at 77 K. Within the range of moderate fields 1–10 kV/cm at 77 K, we 
established that the streaming effect can occur for low-density electron gas. In spite of 
significant dissimilarity of a streaming-like and a shifted Maxwellian distribution 
functions, the calculated values of  EVd  and  E  show similar sub-linear behavior 

as the functions of the applied field E. In the high-field range 20–80 kV/cm, the 
streaming effect is broken down, and we observe practically linear behavior of both 

 EVd  and  E  for both approaches. At higher fields, we point out the initiation of 

the runaway effect.
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1. Introduction

As known, the basic electric properties of semiconductor 
structures are determined by a nonequilibrium 
distribution function (DF). In theory, the nonequilibrium 
DF, ),,( trpf


, can be found from the semi-classical 

Boltzmann transport equation:
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In nondegenerate case, latL  is a linear integral operator 

describing electron scattering by the lattice and eeL   is a 

bilinear  integral operator describing electron-electron 
(e-e) scattering. Even for steady-state and uniform case, 
determination of the DF is a very complicated 
mathematical problem.

In modern literature, two limiting approaches are 
developed and used depending on intensity of the e-e 
scattering. The first approach [1, 2] is based on 
analytical calculations assuming a shifted Maxwellian 
form of DF
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with two parameters: the effective electron temperature, 

eT , and drift velocity, dV . This method can be valid at 

high electron concentration when   ,pee , i.e., 

the interelectron collision time ee  is much shorter than 

momentum, p , and energy relaxation,  , times of the 

electron-lattice scattering. In this case, the electron 
subsystem has a collective momentum and energy 
budget. The parameters eT  and dV  can be found from 

momentum and energy balance equations (BEs). The 
momentum and energy BEs are obtained by multiplying 
Eq. (1) by zp  and p , respectively, followed by the 

integration over all possible p


. Using this procedure in 

Eq. (1), the term  ffL ee  ,  vanishes, and we obtain for 

spatially uniform steady-state case the set of non-linear 
algebraic equations for dV  and eT :

 edp TVQeE , , (3)

 eded TVQeEV , . (4)

The explicit form of pQ  and eQ  is determined by 

the scattering probability of the specific scattering 
mechanism.

In the opposite situation of low-density electron 
gas, each electron has individual momentum and energy 
budget and generally the DF cannot be reduced to the 
shifted Maxwellian one. In this case, the Monte-Carlo 
(MC) method is widely used in the study of electron 
transport. The principle of a typical MC method is 
simulation on a computer the random trajectory of one 
electron in momentum space, which includes a large 
number of scattering events under the action of external 
forces. The DF can be obtained recording the number of 
appearance of the electron in each elementary cell of the 
momentum space during the simulation procedure. 
Having the DF, transport characteristics can be also 
obtained. The reader can find the details of the MC 
procedure and associated calculations of electron 
transport in nitrides in Refs. [3-10].

It is noteworthy that nitride compounds have 
become of great interest for applications in high-power 
semiconductor devices. The group-III nitride 
semiconductors, in particular GaN, differ from other 
semiconductors of AIIIBV compounds that are well 
studied up to date. These nitrides have specific material 
characteristics [11]: the large optical phonon energy 

LO , the large energy splitting   between the  -

minimum and the lowest satellite valleys in the 
conduction band, and strong electron-polar-optical 
phonon coupling (characterized by the Frohlich constant 

F ). For GaN, these quantities are equal to 

LO 0.092 eV,  1.4–1.8 eV, and F = 0.41, 

respectively.
In GaN-based semiconductor structures, the case of 

high-electron concentration is often realized, and, 
therefore, the BEs method is more actual for the 

description of transport properties. The nitride structures 
with a low electron concentration are met rarely. 
However, just this case shows a richer picture of 
transport effects. Also, the GaN-based semiconductors 
are mostly investigated in high-field range up to a few 
hundreds kV/cm, which is related with using these 
nitrides in high-power applications and in attempts to 
observe the Gunn effect [12-14]. Unfortunately, for low-
concentration nitrides, the ranges of heating and 
moderate applied fields were investigated not so often 
both theoretically and experimentally. In the strong 
applied field, the electron-optical phonon interaction is 
the main scattering mechanism for nitrides, while in the 
weak electric field we observe an interplay of various 
kinds of scattering mechanisms. The detail analysis of 
experimental measurements of the transport 
characteristics in low fields can allow us to determine 
parameters of nitrides that describe the intensity of one 
or another scattering mechanism. Therefore, in our paper 
we mainly focus on these intervals for applied fields.

2. The model of electron transport in GaN

We studied the transport characteristics of hot electrons 
in a bulk GaN of the cubic modification. The applied 
electric field is assumed to be time independent. The 
doped GaN samples with equal electron and impurity 
concentrations 1016 cm-3 are considered.

The following scattering mechanisms are taken into 
account: scattering by acoustic phonons, polar optical 
phonons and ionized impurities in the Brooks-Herring 
model. The large intervalley separation in the group-III-
nitride semiconductors allows us to neglect intervalley 
scattering in the assumed range of the electric fields. 
With the assumed electron concentrations, the hot-
phonon effect can be also neglected; so that equilibrium 
optical phonon population is taken in the model. The 
electron band is considered to be a parabolic one.

The total scattering rate required for MC 
simulations is shown in Fig. 1 as a function of the 
electron energy at different lattice temperatures T .

Fig. 1. Total scattering rate as a function of the electron energy 
in bulk GaN at 77 and 300 K.
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One can see that in the "passive" energy region 
 LO  , the ionized impurity scattering dominates at 

77 K. In the "active" energy region  LO  , the polar 

optical-phonon emission is always the dominant 
scattering. For 300 K, two scattering mechanisms, i.e., the 
ionized impurity scattering and the polar optical-phonon 
absorption are essential in the "passive" energy region.

In the frame of the model of high-density electron 
gas, the momentum and energy balance terms on the 
right-hand side of Eqs (3) and (4) are: 

)opt(
,

)ac(
,

)imp(
,, epepepep QQQQ  . At the considered 

temperatures, the acoustic phonon and impurity 
scattering mechanisms are assumed to be elastic. The 
elastic scattering mechanism does not contribute to the 

electron energy balance  0)acimp,( eQ  but modifies the 

momentum balance. Assuming the shifted Maxwellian 
DF, for elastic scattering mechanisms, the function pQ

has the form:
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In Eq. (5),  
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R  is determined 

by the sum of momentum relaxation rates for ionized 
impurity and acoustic phonon scattering, respectively. 
For example, for electron-phonon scattering via 
deformation potential, we use 
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 ( *m is the electron effec-

tive mass, D  is the deformation potential constant, lC

is the elastic constant); for electron-ionized impurity 
scattering, we use 
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 ( 0k  is the 

low-frequency permittivity, iN  is the impurity 

concentration. The screening parameter is given by
22* /8 Drm , where Dr  is the Debay radius) [15]. 

The specific expressions for )op(
,epQ  calculated for the 

parabolic electron dispersion law can be found in [16].

3. Transport characteristics of electrons

In this section, we will describe the specific properties of 
the mean kinetic characteristics  EVd  and  E . We 

start with consideration of the case of heating electric 
fields. Then, we will discuss peculiarities of electron 
motion in moderate fields and analyze kinetic properties 
of electrons in high electric fields.

3.1. Heating electric fields

In the case of high electron concentrations, the range of 
slightly heating electric fields is determined by the 
condition that eT  is close to the lattice temperature T . 

For the low-concentration case, conditionally, we 
determine the range of heating electric fields where the 
DF has still a small anisotropy along the applied field. 
The assumption of the small anisotropy of the DF allows 
to solve the Boltzmann transport equation analytically 
using the well-known diffusion approximation. 
Following the standard scheme [17], the DF can be 
expanded as
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where  plf   is the l-th moment in the expansion of the 

DF,  coslP  are the Legendre polynomials with 
being the angle between the electron momentum p


 and 

the electric field E


. Neglecting the high-order moments 
with 2l , the Boltzmann transport equation is reduced 
to the set of two differential equations for the two first 
moments 0f  and 1f . The diffusion approximation 

implies that 10 ff  . For the parabolic dispersion law 

of electrons these equations become:
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where the differential operator  0ac fL  describes the 

electron energy relaxation due to acoustic phonon 
scattering and is of the Fokker-Plank shape:
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here   is quasi-elasticity factor which is small at 
considered temperatures. The operator of polar optical 
phonon scattering  0op fL  has the form of an algebraic 

expression with shifted arguments:
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Fig. 2. Panels a) and c) present the dependence of the drift velocity on the applied field for GaN at 77 and 300 K, respectively. 
Doted curve in panel a) is the result of the diffusion approximation without optical phonon scattering, dash line is the same with 
optical phonon scattering, square dots are the results of MC simulation and solid line is the result of the BEs approach. In the 
insert, the dash-dot line is Ohmic behavior of Vd(E) with mobilities μ = 8000 and 4800 cm2/Vs. The drift velocity is scaled to 

units of 
*

2

m
V LO

LO





. For GaN LOV = 4107 cm/s. Panels b) and d) present the dependence of the differential mobility on 

the applied field at 77 and 300 K, respectively.

In Eq. (9), the first term describes emission of 
optical phonons, while the second term corresponds to 
absorption of optical phonons. The phonon population is 

given by 
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(the plus/minus correspond to emission/absorption 
optical phonon processes, respectively). At the nitrogen 
temperature, we can omit the absorption term which is 
proportional to 0N , 10 N .

Based on Eqs (7), we can find the isotropic part 0f

and anisotropic part 1f  of the DF. Having determined 

 0f  and  1f , we can calculate the mean electron 

energy and electron drift velocity for a given applied 
field:
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The results of calculations of the transport 
characteristics for T = 77 K are shown in Figs 2a,b and 
3a for the following three different approaches: MC, 
BEs-method, and diffusion approximation.

It is clear that in the low-density case )(EVd

shows the following different behavior. In the range of 
very low-field, we observe the first Ohmic region. The 
first Ohmic region is depicted in the insert to Fig. 2a. It 
should be noted that the diffusion approach and the BEs 
one give different mobilities for the same scattering 
mechanisms. This peculiarity has been noted in Ref. [1] 
(see also Appendix). In the case of low-density electron 
gas, the deviation from Ohmic law takes place for the 
fields smaller than those in the case of high-density 
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Fig. 3. Panels a) and b) present the dependence of the mean electron energy on the applied field for GaN at 77 and 300 K, 
respectively. Dotted curve is ε(E) in diffusion approximation without optical phonon scattering, dash line is the same with 
optical phonon scattering, square dots are the results of MC simulation and solid line presents ε(E) in the BEs approach. The 
electron energy is scaled to the energy of optical phonons LO  91.2 meV = 1060 K.

electron gas. In slightly higher fields than Ohmic range, 
both the drift velocity )(EVd  and the mean electron 

energy  E  (Fig. 3) demonstrate a superlinear rapid 

growth with increasing E.
Within the interval of these fields the acoustic 

phonon and ionized impurity scatterings are dominating 
(dotted curve and square dots are almost coincide). The 
rapid heating of the electron gas takes place here, 
because the electrons can not efficiently transfer their 
energy to the lattice by means of quasi-elastic scattering 
mechanism.

Subsequent growth of the average electron energy 
is prevented by the mechanism of the non-elastic 
emission of the optical phonons. The "turn on" of the 
electron-optical phonon scattering is clear visible on the 
transport characteristics. The function )(dV  has an 

inflection point and change the style from superlinear 
behavior to the linear one. Such a characteristic as the 

differential mobility,
 

dE

EdVd
E  , is even more 

sensitive to the influence of the optical phonon scattering 
(square dots in Fig. 2b). The appearance of non-elastic 
scattering mechanism can be simply identified from non-
monotonic behavior of E . At 77 K, the electron-optical

phonon interaction is turned on at 50 V/cm. At higher 
fields (>100 V/cm), we observe the so-called "second 
Ohmic" region [18]. In the case of the "second Ohmic" 
region, the main mechanism of electron energy 
relaxation is emission of polar optical phonons. At the 
same time, the electron momentum relaxation is related 
with ionized impurities. This range of the applied field is 
characterized by a linear dependence of )(EVd  and 

weak decay of  E [19]. In conditions of the 

"second Ohmic" region, the DF is practically isotropic 
)( 10 ff   in the whole passive region except for a 

high-energy region bordering with active region, where 

10 ~ ff . Note, the weak divergence of the transport 

characteristics in Figs 2 and 3 with increasing electric 
field, which obtained by MC-method and diffusion 
approximation, is explained by the violation of the 
condition 10 ff  . In that time, the transport 

characteristics of BEs approach have not visible
peculiarities. The )(EVd  is practically linear and 

 E  shows a weak monotonic growth.

The results of calculations of the transport 
characteristics at 300 K by using two approaches (MC-
calculation and method of BEs) are represented in 
Figs 2c,d and 3b. The main difference between the room 
temperature and nitrogen temperature cases is the 
presence of intensive non-elastic scattering in the 
passive region. At room temperature, the electron gas is 
practically equilibrium within the range 0-300 V/cm. 
The  EVd  shows a trivial Ohmic dependence for both 

models of the low-density electron gas and high-density 
electron gas. At 300 K mobilities are lower than at 77 K. 
The mean electron energy is practically constant and 
determined by lattice temperature.

3.2. Moderate electric fields

In semiconductors with strong electron-polar optical 
phonon interaction at low temperature  LOBTk  
and low electron concentrations, the appropriate 
conditions are realized for the observation of the so-
called streaming effect. The streaming effect is 
associated with the formation of a special type of the 
electron transport. In the streaming regime, the electron 
motion becomes almost periodic in momentum space. 
During one period, an electron accelerates quasi-
ballistically until it reaches the critical velocity LOV . 

Then, the electron practically instantly loses its energy 
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Fig. 4. Panel a) presents the dependence of the drift velocity on the applied field for GaN at 77 and 300 K. Square dots are the 
results of MC simulation and solid line are the results of the BEs approach. Panel b) presents the dependence of the differential
mobility on the applied field.

by emitting an optical phonon and starts the next period 
of acceleration. During this motion in the passive region, 
the DF strongly elongated along the electric field is 
established. Under streaming conditions the diffusion 
approximation cannot be applied to solve the Boltzmann 
equation, because all the moments  lf  are of the same 

order. To describe the streaming-like transport, the only 
MC approach is suitable. The strong inequality of 

scattering times in passive and active    opop,p

region is also significant requirement to observe the 
streaming effect. The physical properties of high-quality 
GaN structures allow to satisfy all the streaming 
conditions.

A series of papers on the MC calculations of the 
streaming effect in GaN have been published in past 
decade [20, 21]. This kind of works focused on 
calculations of both stationary and non-stationary 
transport characteristics of electron gas under streaming-
like condition in GaN. There are several features that can 
serve as an evidence of the streaming effect. The first 
one is the tendency to saturation of the dependences 

 EVd  and  E  with saturated value 2/LOV  and 

3/LO , respectively. The second one is the 

appearance of the dynamic negative differential 
conductivity (DNDC) in narrow region of the high 
frequency spectrum. The second feature is important for 
practical applications such as microwave generators in 
THz frequency range. In Ref. [21], it was shown that 
high electron concentrations (strong e-e scattering) and 
high temperatures destroy the streaming-like electron 
motion and prevent the appearance of DNDC. In 
sufficiently high electric fields, the streaming effect also 
disappears due to deep penetration of electrons into the 
active region. The previous investigations predicted that 
maximum values of the DNDC are obtained in range 1-
10 kV/cm at low temperature, at electron concentrations 
about 1016 cm –3. We performed calculations of the drift 

velocity and the average energy in such a range of the 
applied electric field by means of the MC approach and 
the BEs one (Figs 4 and 5). As it is clear from figures, at 
room temperatures the streaming is not formed. The drift 
velocity shows a weak sublinearity for both approaches 
but does not reach the characteristic streaming velocity 

2/LOV . The average energy is practically constant. The 

situation is changed at the nitrogen temperatures 
dramatically. The drift velocity obtained by MC 
simulations has a streaming-like behavior with a quasi-
saturation interval slightly below 2/LOV . At the same 

time, the differential mobility shows the decay behavior 
with tendency to saturation (Fig. 4b). Surprisingly, the 
BEs approach that requires a strong e-e scattering and 
shifted Maxwellian DF result in the similar behavior of 
average transport characteristics. The dependence 

 EVd  is also saturated, but in contrast to the room 

temperature results, this one lies slightly above the MC-
curve. In fields higher than 6 kV/cm at 77 K, there is no 
visible difference between the curves  EE  and 

between the curves  E  obtained by MC simulation 

and BEs approach.
From our results, it is clear that the steady-state 

transport characteristics in the range of streaming fields 
are not very sensitive to the intensity of electron–
electron scattering. At the same time, another effect to 
be attendant to the streaming, i.e., the appearance of 
DNDC, is strongly dependent on the electron 
concentration (Ref. [21]). Thus, we can claim that the 
quasi-saturation behavior of )(EVd  and  E  are not 

the distinctive signature of the streaming effect, but the 
effect of the DNDC is associated with streaming motion 
of electrons.

In spite of the likeness between the transport 
characteristics for both considered approaches in the 
range of streaming fields, the electron DFs are 
essentially different (see section IV).
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Fig. 5. Dependence of the mean electron energy on the applied 
field for GaN at 77 and 300 K. Square dots are the results of 
MC simulation and solid line indicates the results of the BEs 
approach.

3.3. The range of high electric field

Conditionally, we named the range 10-80 kV/cm for 
GaN as high electric fields. In conventional III-V 
material, such fields are associated with the Gunn effect. 
In nitrides, the carriers still occupy the lowest 
conduction valley due to the large energy distance to the 
neighbor valley as well as to the strong electron-polar 
optical interaction.

Fig. 6. Panel a) presents the dependence of the drift velocity on 
the applied field for GaN at 77 and 300 K. The line styles are 
the same as in Fig. 4. Panel b) presents the dependence of the 
differential mobility on the applied field.

Fig. 7. The dependence of the mean electron energy on the 
applied field for GaN at 77 and 300 K. The line styles are the 
same as in Fig. 3.

However, in this range of applied fields the 
electron heating is considerable, and the mean electron 
energy is of the order of the optical phonon energy 
(Fig. 7). Both approximations give us the same behavior 
of  E  at 77 and 300 K. In the fields 20-50 kV/cm, 

the deep penetration of electrons into the active region 
breaks down the streaming effect even at 77 K. Instead 
of the quasi-saturation, we observe a linear growth of 

 EVd .

In fields higher than 50 kV/cm, the drift velocity as 
well as the average energy show the weak superlinearity 
(Fig. 6a,b). Apparently, this behavior is related to the 
onset of the runaway effect. The BEs approach predicts 
the onset of runaway at higher fields of about 
130 kV/cm.

4. Distribution functions

All distinguishes of the transport regimes in various 
ranges of the applied fields for these two considered 
above transport models can be clearly seen from analysis 
of the DF. In general, the distribution function of 3D 
electrons is the function of three variables 21|| ,, ppp . In 

our case, the DF has an axial symmetry and therefore, it 
is sufficient to analyze longitudinal and transverse 

distributions:     21||21|||| ,, pppfdpdppN  and 

    21||2||11 ,, pppfdpdppN . The former determines 

the density probability to find an electron in the interval 

||dp  along the direction field. The latter is the same for 

an electron in the interval 1dp  transverse to the applied 

field.
   |||| pN MC  and   11 pN MC  obtained by the MC-

approach at different magnitudes of the applied electric 
field are shown in Fig. 8 by thick lines. The same 
quantities obtained by the BEs approach, assuming the 
shifted Maxwellian form of DF are: 
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Fig. 8. The longitudinal  |||| pN  and transverse  11 pN  electron distributions as functions of momentums ||p  and 1p  in units 

of LOLO VmP *  at various electric fields. Thick solid and dash lines are the results of MC-simulation for  |||| pN  and 

 11 pN , respectively. Thin lines indicate the results of the BEs approach. T = 77 K.
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are shown in Fig. 8 by thin lines. All DFs are normalized 
on the unity.

In the range of heating applied fields, for instance 
at 50 V/cm, the transverse and longitudinal distribution 
functions practically coincide for both approaches. It 
proves that in the range of heating fields the DF is quasi-
isotropic. Also, one can see that the DF is localized in 
the passive region. However, for the model of the low-
density gas, the tails of the DF are more advanced in 
higher-energy region than in the model of high-density 
gas. This fact illustrates much effective heating of the 
low-density electron gas. At 1 kV/cm, which 
corresponds to the range of moderate electric fields, we 
observe the onset of the formation of the streaming 
distribution. The DF has an essential anisotropy, and we 

can see a visible difference between   |||| pN MC  and 

  11 pN MC . In contrast to shifted Maxwellian form of 
  |||| pN B ,   |||| pN MC  is non-symmetric. Instead of a 

rigid displacement of the DF   |||| pN B , we observe 

sprouting the right shoulder of   |||| pN MC . It describes 

the fact that the number of high-energy electrons with 
the momentum along the field prevails over those with 
the momentum opposite to the field. The transverse 

distribution   11 pN MC  has strictly symmetric form at 

various fields. The case of 5 kV/cm is close to the 
developed streaming situation. The longitudinal 
distribution has a practically step-like shape in the 
passive region of positive ||p  with the right tail that 

describes weak penetration into the active region. In the 
model of the infinitely fast emission of the optical 
phonons, we would obtain an ideal streaming with a 
constant longitudinal distribution over the whole passive 
region for  LOpp ,0||   at zero longitudinal distribution 
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Fig. 9. The longitudinal  |||| pN  and transverse  11 pN  electron distributions as functions of momentums ||p  and 1p  in units 

of LOLO VmP *  at various electric fields. Thick solid and dash lines show the results of MC-simulation for  |||| pN  and 

 11 pN , respectively. Thin lines represent the results of the BEs approach. T = 300 K.

out of this interval. At 30 kV/cm, we observe decay of 
the streaming regime due to large penetration of 
electrons into the active region. The longitudinal DF 

   |||| pN MC  gets loss the own step-like shape but keeps 

the asymmetry.
The situation of room temperature is more prosaic. 

The longitudinal and transverse distributions are 
depicted in Fig. 9 for both approaches. At 1 kV/cm for 
300 K, both approaches give us practically the same 
results. The distribution functions are close to the 
equilibrium Maxwellian form in contrast to the case of 
nitrogen temperature. The essential deviation from the 
equilibrium state is observed beginning at about 

10 kV/cm. The longitudinal distribution    |||| pN MC

shows weak asymmetry instead of the streaming, step-
like behavior characteristic for the nitrogen temperature. 

At higher fields 30, 60 kV/cm, this style of    |||| pN MC  is 

not changed, including stronger penetration into the 
active region, and similarity to a shifted Maxwellian 
distribution. Also we note that there are no significant 
distinctions in the behavior of the longitudinal and 

transverse distributions and therefore the DF has rather 
spherical symmetry at different applied fields. Thus, we 
can conclude that streaming regime is not possible to be 
achieved at room temperature. In the high temperature 
case, the both approaches give very similar results for 
both the DF and the transport characteristics.

5. Conclusions

We have studied the electrical properties of bulk GaN in 
the frame of two different models corresponding to the 
low-density and the high-density electron gas. For the 
first model we used the single-particle MC method 
which neglects the e-e scattering and the BEs method for 
the second model. We have investigated the distribution 
functions, dependences of the drift velocity and the 
mean electron energy on the applied field in a wide 
range of fields and temperatures.

We have found the strong dissimilarity between the 
transport characteristics calculated using the MC and 
BEs methods in the low-field range (0-1 kV/cm). In 
GaN, the MC calculation predicts observation of the 
streaming effect at 77 K at fields of 2-10 kV/cm. We 
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pointed out that both approaches give the quasi-
saturation behavior of  EVd  at streaming fields. 

However, the distribution function obtained by the MC-
method has a strong anisotropy unlike the shifted 
Maxwellian distribution function which is caused by the 
strong e-e scattering. At higher fields (20-80 kV/cm), the 
streaming effect is destroyed. At fields >80 kV/cm in the 
frame of the MC-method, the transport characteristics 
show a superlinear growth that illustrates the onset of 
runaway. At 300 K the streaming effect is absent. The 
distribution functions and transport characteristics 
obtained by the MC-method and BEs one show more
similar behavior than at 77 K.

6. Appendix

From the momentum balance equation Eq. (5) in the 
limit TTe   and at drift velocity much less than the 

thermal velocity 
*

2

m

Tk
VV B

TD  , we obtain 

mobility:

  1

*4

3 


 R
m

e
B . (11)

In contrast to that case, from the second Eqs (7) 
and (10), the diffusion approximation gives us another 
determination of the mobility:

  1
*3

4 


 R
m

e
D . (12)

In Eqs (11) and (12), 

     










 


0

2/32/5 exp
Tk

RdTkR
B

B  is the 

statistical average of momentum relaxation rate  R . 

The mobilities B  and D  coincide when  R  does 

not depend from the energy. If we suppose one 

scattering mechanism with power law of sR  ~)( , then 

the ratio    ssD

B








2/52/516

9
 (where   is the 

Gamma function). For example, for the only acoustic 

phonon scattering 2/1s  and 9.0~
d

B




, for the only 

ionized-impurity scattering 2/3s , and we obtain 

3.0~
d

B




. For a known scattering mechanism, the 

mobility in high-density electron gas is always less than 
for the low-density electron gas. In our transport model, 

we obtain 6.0~
d

B




 at 77 K. It is also important that 

Eqs (11), (12) are valid only for the quasi-elastic 
scattering mechanism.
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