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This paper presents the theoretical analysis of the diffusivity of electrons in wurtzite (WZ) indium

nitride (InN) using an ensemble Monte Carlo (EMC) method. The electron diffusion coefficient

DðE; d;xÞ as the functions of the electric field (E), doping concentration (d), and frequency (x) is

investigated in detail. The research results show that the maximum zero-field diffusion coefficient

is about 250 cm2/s. The diffusion coefficient parallel to the electric field is smaller than that of

perpendicular to the electric field. Further investigation shows that the diffusion coefficient

decreases greatly at high frequency. Using Einstein equation, we obtain the zero-field mobility and

make comparisons with the references. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.3700720]

During the past few years, InN has attracted consider-

able attention for its potential applications in the field of

optoelectronic and high frequency devices.1–3 Recent experi-

mental and theoretical studies have proved that the band gap

in InN is actually close to 0.7 eV,4 which is much different

from previous widely reported value of 1.89 eV.5 Moreover,

researchers have recognized that their initial evaluation of its

value was incorrect and the correct value should be 0.04m0

(Ref. 4) rather than 0.20m0. The recognition of InN band

structure makes the transport characteristic of InN must be

recalculated. The carrier transport in the nitride semiconduc-

tors has been widely researched recently.9–11 However, most

published references pay more attention to the velocity-field

relation6–8 or carrier mobility.9–11 The diffusivity of elec-

trons is an important parameter in device modeling, which is

still an unsolved problem in recent transport research of InN.

Furthermore, the zero-field electron diffusion coefficient

deduced from Einstein equation is not accurate because the

mobility used is mainly the low-field mobility.

The study of electron diffusion can also provide an

independent verify to the theoretical models of materials

besides the drift velocity. Earlier research work in GaAs and

Si have clearly showed that the diffusion coefficient changed

a lot as varying electric field, carrier concentration, and

frequency.12–15 Because of the importance of diffusion coef-

ficient in solid-state device simulation, the electron diffusion

coefficient in wurtzite (WZ) indium nitride (InN) as the func-

tions of the electric field, carrier concentration, and fre-

quency is investigated in detail by ensemble Monte Carlo

(EMC) simulation in this paper.

When the electric field is small, the diffusion coefficient

(D) and mobility (l) in the linear region are related by Ein-

stein equation, as shown in.

D ¼ ð1=qÞlKbT; (1)

where q is the electronic charge, Kb is the Boltzmann con-

stant, and T is the temperature. However, Einstein equation

does not hold at high electric field because the distribution

function is no longer the Boltzmann distribution. The diffu-

sion coefficient must be calculated by other methods. At

very low electric field, the mobility cannot be deduced from

the velocity-field relation accurately because the thermal

motion velocity of electrons is much bigger than the average

drift velocity, which makes it very difficult to get the mobil-

ity from the velocity-field relation. To solve this problem,

we use the generalized definition of the diffusion coefficient

(D(t)). D(t) can be deduced from the continuity equation, as

shown in Eq. (2).16,17 We call it method one.

DlðtÞ ¼
1

2

d

dt
hðx� hxiÞ2i; (2)

where x is the distance along the x axis and bracket indicates

the ensemble average. It should be emphasized that diffusion

coefficient must be calculated in the linear region of simu-

lated second central moment hðx� hxiÞ2i.
However, method one can only get the diffusion coeffi-

cient at zero frequency. To get the diffusion coefficient

(DðxÞ) as the function of frequency, the relation between

diffusion coefficient and power spectral density associated

with velocity fluctuation is adopted18

DðxÞ ¼
ð1

0

CðtÞ cosðxtÞdt; (3)

where CðtÞ is the autocorrelation function, and it is defined

by

CðtÞ ¼ hDvðt0ÞDvðt0 þ tÞi; (4)

where Dvðt0Þ is vðt0Þ � hvðt0Þi, vðt0Þ is the drift velocity at

time t0. The brackets indicate the time average and can be

calculated by the ensemble average. To make the autocorre-

lation function be independent of t0, the velocity used in

Eq. (4) must be in the steady state during the calculation.

This method is called method two.

The two different definitions of the diffusion coefficient

in InN are presented here. We give a brief comparisona)Electronic mail: zzflys@hotmail.com.
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between the diffusion coefficients obtained from the two

methods and their theoretical consistency can be obtained

from other references.12,13

The Monte Carlo technique provides the most conven-

ient method of studying this type of problem, because this

method can directly simulate the random thermal motion of

carriers; all the information on the stochastic motions of

electrons in the semiconductors can be obtained. A nonpara-

bolic three-valley model with the conduction band minima

located at C, X, and K points in the Brillouin zone is adopted

in the EMC simulation. The scattering mechanisms consid-

ered are as follows: (1) acoustic deformation potential, (2)

ionized impurity scattering, (3) polar optical phonon, (4) pie-

zoelectric, and (5) equivalent and nonequivalent intervalley

scattering. For the ionized impurities scattering, the

Conwell–Weisskopf approach is adopted.19 The energy dis-

persion relation of three valleys takes the same method as

Ref. 7. Table I shows the conduction band structure and ma-

terial parameters of wurtzite InN.

Fig. 1 shows the zero-frequency diffusion coefficient

parallel (Dl) and perpendicular (Dt) to the electric field as the

function of the electric field at 300 K using two different

methods, respectively. For the first method, the second cen-

tral moment hðx� hxiÞ2i is calculated at intervals in the

order of 10�14 s and the diffusion coefficient calculated by

this method is at zero frequency. For the second method,

zero-frequency diffusion coefficient can be obtained by Eq.

(3) when x is zero. The transverse diffusion coefficient

decreases at very low electric field, and it increases gradu-

ally. Finally, it decreases with increasing electric field, while

the longitudinal diffusion coefficient decreases with increas-

ing electric field. It agrees well with the changes of GaAs

(Ref. 21) and InP (Ref. 22). Dt is larger than Dl for any elec-

tric field. The increase of Dt is attributed to the intervalley

scattering. Its contribution to Dl is not obvious because the

intervalley scattering appears at relative high electric field.

The electric field plays a more important role in this direc-

tion, and the role of intervalley scattering to Dl is weakened.

The two completely different methods have the consistent

results for both Dl and Dt when both the frequency and field

is zero. So our results are verified.

Fig. 2 shows the zero-field diffusion coefficient as the

function of doping concentration using two different meth-

ods, respectively. For low doping concentration, the diffu-

sion coefficient is constant for the piezoelectric scattering

and polar optical phonon, which is not sensitive to the dop-

ing concentration. When doping concentration decreases, the

piezoelectric scattering rate increases slightly for the weak-

ening shielding effect, and the diffusion coefficient decreases

slightly, as shown in Fig. 2. The diffusion coefficient is

impacted by the ionized impurity scattering for high doping

concentration, and it decreases as increasing doping

concentration.

Fig. 3 shows longitudinal diffusion coefficient (DlðxÞ)
versus frequency for InN at different electric fields. The elec-

tric field is 1 kV/cm, 5 kV/cm, 10 kV/cm, 20 kV/cm, 50 kV/cm,

100 kV/cm, and 150 kV/cm, respectively. DðxÞ is calculated

from the autocorrelation function by Eq. (3), the temperature

is 300 K, and the doping concentration is 1.0� 1017 cm�3.

DlðxÞ almost keeps constant at low frequency and decreases

monotonically at high frequency when the electric field is

low. For high electric field, the Dl firstly increases to the

peak value with increasing frequency, and then it begins to

fall rapidly. The difference at different electric field comes

from the different contribution of intervalley scattering. For

higher electric field, the value of DlðxÞ at small frequency is

lower and the maximum diffusion coefficient occurs at

higher frequency.

There is no diffusion coefficient of bulk InN based on

the latest band structure in the published papers. By Einstein

TABLE I. Parameters used in EMC simulation.8,20

Parameters Values

Mass density q(g/cm3) 6.81

Sound velocity (105 cm/s) 3.78

Low frequency dielectric constant 15.3

High frequency dielectric constant 8.4

Acoustic deformation potential (eV) 7.1

Polar optical phonon energy (eV) 0.073

Intervalley deformation potential, Dij (eV/cm) 1.0e9

Piezoelectric constant, e14 (10�5 C/cm2) 3.75

Band gap (eV) 0.70a

Effective mass in WZ (C1,C3,M�L) (m0) (0.04, 0.25, 1.0)

Energy separation of WZ InN (eV) (0.0, 1.78, 2.71)

Nonparabolicy of WZ InN (eV�1) (1.32, 0.23, 0.0)

aReference 4.

FIG. 1. Longitudinal diffusion coefficient (Dl) and transverse diffusion

coefficient (Dt) as functions of electric field at 300 K for method one and

method two. The doping concentration is 1.0� 1017 cm�3.

FIG. 2. Diffusion coefficient as the function of doping density without elec-

tric field at 300 K calculated by two different methods.
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equation, we can get the zero-field mobility from the diffu-

sion and compare the results with the references.

Fig. 4 shows the zero-field electron mobility in InN cal-

culated at room temperature as the function of doping con-

centration. Our results agree well with the published

mobility results. The difference comes from two aspects.

First, the scattering rate and related parameters are sensitive

to the results, especially when ionized impurities scattering

rate become significant for high doping density. Second, the

simulated low-field mobility in the past are deduced from the

velocity-field curve, and this method cannot get the zero-

field mobility due to the effect of thermal motion. As shown

in Fig. 4, the mobility calculated is about 7000 cm2/Vs for

doping concentration of 1.0� 1017 cm�3. To verify our

results, we compare the results with GaAs, whose effective

mass in the lowest valley is large (m¼ 0.065m0) and relative

electric constant is small (e¼ 12.9). The experiment result of

mobility is about 4000 cm2/(Vs) at doping concentration of

1.0� 1017 cm�3.25 Using the approximate expression19,26

from Conwell-Weisskopf approach, uCW / e2=
ffiffiffiffi
m
p

. The mo-

bility rate of InN to GaAs is about 1.8, and the mobility of

InN is about 7200 cm2/Vs, which is consistent with our

results.

In summary, we presented the theoretical investigation

of relationships of electron diffusion coefficient DðE; d;xÞ
in WZ InN and the electric field, doping concentration, and

frequency. The calculation is performed by the EMC

method. The results show that the diffusion coefficient paral-

lel to the electric field is smaller than that perpendicular to

the electric field, and it decreases more obviously with

increasing electric field. The diffusion coefficient is also

impacted obviously by ionized impurities scattering, and it

decreases with increasing doping concentration. At high fre-

quency, the diffusion coefficient decreases rapidly, while it

is constant for low frequency. Using Einstein equation, we

get the zero-field mobility. Our results show good agreement

with the references.
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