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Electron mobility in InN and 1lI-N alloys
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We have calculated electron mobilities in InN and its III-nitride alloys using a variational procedure
and taking into account the standard scattering mechanisms of Coulomb scattering, alloy disorder,
and optical and acoustic phonons. The effects of the nonparabolicity of the conduction band and
resulting energy-dependent effective mass have also been included. Scattering from charged
Coulombic centers and alloy disorder are the dominant scattering mechanisms that limit the
mobilities in currently available materials. Phonons play a role only in relatively pure (n
< 10" cm™3) samples or at very high temperatures (7>400 K). In addition, our calculations are in
good agreement with experimental Hall mobilities obtained through controlled doping studies
performed on InN, InGaN, and InAIN by high energy irradiation. © 2007 American Institute of

Physics. [DOI: 10.1063/1.2785005]

I. INTRODUCTION

The discovery of the low band gap of InN (Refs. 1 and
2) has led to intensive studies of the electronic properties of
In-rich group IIl-nitride alloys. The potential for tuning the
direct band gap between 0.7 and 6.2 eV has opened up the
possibility of using II-nitride materials in optoelectronic ap-
plications ranging from the infrared to the ultraviolet. The
electronic structure of the conduction band of group III-
nitride alloys is now quite well established.” However, much
less progress has been made in understanding the electrical
properties of In-rich group Il-nitride alloys. The reason for
this is the presence of an n-type conducting surface layer in
In,_,Ga,N with x<0.65 and In;_,Al,N with y<<0.36. The
contribution of the surface layer to the total conductivity can
make the interpretation of electrical measurements difficult.

Recently, better techniques have allowed the growth of
single crystal InN with a low defect density and electron
concentrations near 10'7 cm™. In addition, it has been
shown that bulk InN with reproducibly controlled carrier
densities from 10'® cm™ up to nearly 10*' cm™ can be
achieved through irradiation with high energy H* and He*
ions.* These samples have shown excellent transport proper-
ties at room temperature. The availability of experimental
data enables us to investigate theoretically the transport
properties of InN. In the mid-1990s, when interest in the
nitride materials first exploded, some calculations were pub-
lished estimating electron mobilities in InN and its alloys.s’6
However, at that time, the physical properties of the nitrides
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were not well characterized and material properties not well
known. In addition, there was little experimental data with
which to compare theoretical predictions.

In this paper, we present results of theoretical calcula-
tions of the electron mobility in group III-nitride compounds
and their alloys using recently determined materials param-
eters. The calculations include all the major electron-
scattering processes and, in addition, account for the nonpa-
rabolicity of the conduction band of InN and In-rich alloys.
The results are compared directly with experimental data.

Il. BAND STRUCTURE AND MOBILITY
CALCULATIONS

The small energy gap of InN and In-rich group III-
nitride alloys leads to a strong K- p interaction between the
s-like states of the conduction band and the p-like states of
the valence band. As a result of the interaction, the electronic
states in the conduction band are a mixture of s-type and
p-type wave functions. In addition, the dispersion relation of
the conduction band is no longer parabolic, but is rather de-
scribed by the function

E,\> _#%* E
E(k) = (i) +E,— -5, (1)
2 2my 2

Wzlere k is the electron wave vector, E, is the band gap, and
my is the effective electron mass at the conduction band
minimum.’ Equation (1) does not include the free electron
term (V2k%/2my), which is negligible for small k. The two-
band k- p treatment used to derive Eq. (1) breaks down when
interactions with higher bands become significant. For the
purposes of this paper, the two band treatment is always
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valid because the higher bands are well above the highest
energies considered here. For example, Furthmiiller et al.
have calculated the next lowest conduction band minimum in
InN to be 2.5-3.0 eV above the minima at the I" point.8 This
dispersion relation leads to an energy-dependent effective
mass that increases with increasing energy

. dEN™' E
m =h2k<—> =m0<1+2—>. (2)
dk E,

To calculate the electron mobilities, we use a standard
variational method”'® modified to take into account the non-
parabolicity of the conduction band. We include the standard
mechanisms of acoustic phonons, polar optical phonons,
Coulomb, and alloy disorder scattering. In the calculations
we have used the expressions for scattering in the zinc
blende rather than the wurtzite crystal structure as they are
readily available. However, it has been shown that the nu-
merical results for the two crystal structures do not differ
signiﬁcantly.“

The mathematical expressions for the scattering rates
due to various mechanisms in small-gap materials with a
nonparabolic conduction band are similar to those for mate-
rials with a parabolic conduction band, and in some cases
differ only by the presence of additional form factors that
account for the mixed nature of the conduction band wave
functions. However, as we shall see, the addition of these
form factors can have a large effect on the numerical results,
especially at large carrier concentrations where the effects of
the nonparabolicity are most evident.

Carrier scattering by acoustic phonons occurs through
both the deformation potential and piezoelectric modes. The
relaxation time for the deformation potential mode is

Fpe Fa\™
<—+—2> , (3)

vy Uy

wh’p
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where p is the density of the material, £, is the deformation
potential, vy and v | are the longitudinal and transverse pho-
non Velocmes and F|| and F are energy-dependent form

factors.” The relaxatlon time for piezoelectric mode scatter-
ing is
h3pek Fhie | FL\T
Tpie = 2 g ol et 2le > 4)
dmeekgTm \ vy v

where ¢ is the dielectric constant, e, is one of the elements
in the piezoelectric tens%r, and F Le and F ;e are again energy-
dependent form factors.

Coulomb scattering by charged impurities has a relax-
ation time given by

TCoul = 2

27313 )
27m"e¢*N,Z; Fimmp’
with the form factor Fiy, given in Ref. 12 and where N; and
Z; are the densities and charge states of each of the different
species of charged centers i found in the material.
Finally, the relaxation time for scattering by alloy disor-
der is given by
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(6)

where N 1s the number of sites per unit volume of the
cation sublattice, x is the alloy fraction, F; is a form factor,
and V is related to the difference between the atomic poten-
tials of the two different cations.' Although the precise
value of V can only be calculated if one knows the atomic
potentials of the two types of cations, for the calculations in
this paper, we used the energy of the conduction band offset
between the two corresponding binary III-N semiconductors
as the value of V. As with most treatments of scattering in
bulk semiconductors, we have neglected free-carrier screen-
ing of this mechanism because alloy disorder is the result of
short-range potential fluctuations.

Because scattering by optical phonons is an inelastic
process, one cannot define a corresponding relaxation time
for this mechanism. The total mobility taking into account all
of the mechanisms described earlier including optical
phonons can be calculated through a variational principle
method"’
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In the earlier expressions, n is the carrier density, f; is the
Fermi-Dirac distribution function fy={1+exp[(E-Ey)/
kgT1}™', Fpo is a form factor for polar optical phonon
scattering,7 and the summation in L; is performed over all
included elastic scattering mechanisms. Although the matri-
ces Dy 3, and D are in principle, infinite, using only the
elements in the first four rows and columns is sufficient to
obtain results accurate to within a few percent. Table I shows
the values of the parameters used in the calculations.
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TABLE I. Materials parameters used in the mobility calculations. Unless otherwise noted, all values come from

Ref. 20.
Parameter InN GaN AIN
Band gap (eV) 0.7* 34 6.2
Spin-orbit splitting (meV) 3 8 19
Effective mass (band edge) (m) 0.07° 0.2 0.4
Dielectric constant Static 9.3" 8.9 8.5
High frequency 6.7 5.35 4.6
Optical phonon energy (meV) 73 91.2 99.2
Acoustic phonon velocity Longitudinal (10° cm/s) 52 8 11.1
Transverse (10° cm/s) 1.2 4.1 6.2
Piezoelectric constant e¢;,(C/m?) 0.375¢ 0.375¢ 0.375¢
Deformation potential (eV) 3.6° 9.1 9.5¢
Density (g/cm?) 6.81 6.15 3.23
Conduction band offset relative to InN (eV) 17" 3.8"

“Reference 3.

"Derived from the Lyddane—Sachs—Teller relation and the
quencies from Ref. 14.

“Reference 15.

dReference 16.

“Reference 17.

"Reference 18.

€Reference 5.

"Reference 19.

lll. RESULTS AND DISCUSSION

The relative importance of the various electron scatter-
ing mechanisms as a function of temperature in a sample of
InN with a room temperature electron concentration of 4.4
X 10" cm™ is shown in Fig. 1. The calculations assume that
the electrons originate from singly ionized donors with a
compensation ratio of #=0.2. Experimental data for a sample
with the same electron concentration are also shown in this
figure. The calculations are in a reasonably good agreement
with experiment for temperatures higher than about 150 K
indicating good crystal quality since no other scattering
mechanisms appear to contribute significantly. At tempera-
tures lower than 150 K the calculated mobility is consider-
ably higher than the data. This indicates that another scatter-
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FIG. 1. Electron mobilities in InN as functions of temperature. For a com-
pensation ratio of #=0.2, the calculated component mobilities are shown
with dashed lines and the heavy solid line is the total mobility taking all
mechanisms into account. The acoustic phonon component mobilities are
too high to be seen on this scale. Experimental points are shown as solid
circles. For reference, the total mobility assuming no compensation (6=0) is
also shown.

high-frequency dielectric constant with phonon fre-

ing mechanism may be operational at these low
temperatures. One possibility of an additional mechanism is
scattering by random electrostatic and strain potentials re-
sulting from dislocations and/or a nonuniform distribution of
dopants. Random potential fluctuations are known to contrib-
ute to the electron scattering.21 A distinct strong temperature
dependence of the electron mobility is expected in this case.
Figure 2 shows the calculated electron mobilities for
various scattering mechanisms as a function of the electron
concentration at room temperature. The calculations predict
that in InN samples with carrier concentrations above the
mid-10'® ¢cm™ range, Coulomb scattering by singly ionized
donors will be the dominant mechanism. At lower doping
levels, scattering by optical phonons and by acoustic
phonons via the piezoelectric mode becomes important.
Scattering by acoustic phonons through the deformation po-
tential mode is unimportant at any carrier concentration.
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FIG. 2. Electron mobilities in as-grown InN as functions of carrier concen-
tration. The calculated component mobilities are shown with dashed lines
and the heavy solid line is the mobility taking all mechanisms into account.
Experimental points are shown as solid circles.
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FIG. 3. Calculated and measured electron mobilities in InN after irradiation
by 2 MeV H* and He* ions. The mobility is completely controlled by Cou-
lomb scattering. The scattering centers are assumed to be triply charged
native defects with a charge transition level 0.9 eV above the bottom of the
InN conduction band. The dashed line shows mobilities calculated assuming
a parabolic conduction band.

It has been shown recently that irradiation with 2 MeV
He* ions can be used for n-type doping through the con-
trolled incorporation of native defects.”** As can be seen
from the experimental points in Fig. 3, such irradiation has
been used for doping up to concentrations in the mid-
10 cm™. Although ion-channeling measurements show
that the crystalline quality of the samples remains high after
ir1radiati0n,22 Hall effect measurements show that the elec-
tron mobilities are much lower than those predicted by the
curve calculated for singly ionized charged centers shown in
Fig. 2. However, these lower mobility values can be ex-
plained quite well if we assume that the native defects pro-
duced by irradiation are triply charged Coulomb centers. At
the high carrier concentrations shown in this graph, the mo-
bility is limited by Coulomb scattering from the triply
charged defects alone. One notable contrast between Figs. 2
and 3 lies in the agreement between the calculated and ex-
perimental mobilities at high electron concentrations. In as-
grown material with high electron concentrations, the growth
conditions likely result in large numbers of structural defects,
such as charged, extended dislocations. Because little is
known about the exact characteristics of these defects, mod-
eling their influence involves the use of fitting parameters
and we have decided to neglect them in our calculations. On
the other hand, it is clear from Fig. 3 that irradiation with
He* ions does not generate many such defects.

Measurements of the carrier concentration as a function
of the irradiation fluence suggest that the defects are ampho-
teric in nature, with the ratio of donor to acceptor defects
determined by the relative positions of the Fermi level Ep
and the Fermi level stabilization energy Epg in the InN
material.”*® In InN, Epg is about 0.9 eV above the conduc-
tion band minimum and coincides with the charge transition
state of the defects produced by irradiation. When E. is be-
low Epg, it is energetically favorable for the defect to assume
a donor configuration because the donated electrons will
drop from the higher energy charge transition level at Exg to
the lower energy Fermi level Ey, reducing the effective for-
mation energy by the energy difference between the two lev-
els multiplied by the charged state of the donor. The effective
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formation energy of acceptors is increased for the same rea-
son. Thus, the concentrations of donors N, and acceptors Ny
are given by

—[Ep— 3(Eps— Ep)]
kT

Np = Ngjies €XP

—[E}, - 3(Ep - Efy)]
kT

Ny = Nies €Xp s (8)
where N, 1S the concentration of defect sites and E?D and
E?A are the unperturbed formation energies of the donor and
acceptor defect configurations. The factor of 3 is present be-
cause we assume that both the donors and acceptors are tri-
ply charged.

In the amphoteric defect model because the formation
energies of donor and acceptor defects are equal when Ep
=Egq, E?D, and E?A are equal and thus an effective compen-
sation ratio 6, and electron concentration n can be calculated
from

Ny p[—é(EFs—EF)} ©)

= —2 =ex
Ny kT

and n=3Np—3N,.

Equation (9) gives the compensation ratio under ideal
circumstances, with an infinitely sharp defect charge transi-
tion state energy. However, the large concentration of defects
causes interaction between the defect energy levels. The de-
gree of interaction varies due to some spatial variation in the
defect distribution, and thus the defect charge transition state
energy is broadened. To phenomenologically model this in-
homogeneous broadening and obtain a more realistic value
for the compensation ratio 6, we convoluted 6, with a Gauss-
ian function

1 ( [—6(E’ —EF)}
O0=—+—=| exp| —————
A\”’]T —o kBT

’ 2
o] - (55 o 10

where A is the broadening parameter. In all of the calcula-
tions in this paper, we used a value of A=0.22 eV, consis-
tent with the value found from fitting to the absorption spec-
tra of InGaN.?

The theoretical mobilities in Fig. 3 were calculated as-
suming a single donor concentration of 10'® cm™ (impuri-
ties present in the as-grown sample) and the concentrations
of triple donors and acceptors necessary to produce the mea-
sured net carrier concentration. Because of the near-
exponential dependence of the compensation ratio, the con-
centration of native acceptor defects remains negligible until
Er comes very close to Epg, near a carrier concentration of
4% 10%° c¢cm™3. The sudden drop in mobility values at this
point arises from the sharp increase in the number of charged
native acceptor defects and a corresponding increase in the
efficiency of scattering due to the presence of many more
charged Coulomb centers.

Figure 3 also presents an opportunity to view the effects
of the nonparabolic conduction band. The dashed line shows
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FIG. 4. Calculated and measured electron mobilities in
InGaN after irradiation by 2 MeV He" ions. Results for
two different alloy compositions are shown including
(a) 5% Ga and (b) 30% Ga. The Coulomb scattering
1 centers are assumed to be triply charged native defects
with a charge transition level resonant with the conduc-
tion band. The dashed lines show the component mo-
bilities due to Coulomb scattering and alloy disorder
scattering.
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the theoretical mobilities assuming a standard parabolic con-
duction band. It is clear that the decrease in mobility with
increasing electron concentration predicted by a parabolic
conduction band model is much less rapid than what is ob-
served experimentally. In addition, because of the smaller
average density of states, fewer electrons can be accommo-
dated in the conduction band before E reaches Efg, leading
to an incorrect prediction of the carrier concentration at
which the mobilities experience a sharp decrease due to in-
creased formation of native acceptor defects.

In Figs. 4 and 5, we compare our calculations with ex-
perimental results for irradiated InGaN and InAIN alloys
with different compositions. As with pure InN, the general
shape of the mobility curves can be explained by Coulomb
scattering from triply charged native donors defects pro-
duced by the irradiation and the Fermi stabilization model.
The position of the Fermi stabilization level Efg relative to
the conduction band minimum depends on the alloy compo-
sition x and is given by

107!

Electron concentration (cni)

CBgan — CBpx

EFs(.x) = 0.9 eV -
g GaN_Eg InN

(Eg InGaN — Lyg InN)
(11)

for InGaN alloys and the corresponding expression for In-
AIN alloys. In this expression, CBg,n—CBy,y is the conduc-
tion band offset between InN and GaN and E, are the band
gaps. Thus, on an absolute scale, the defect level is indepen-
dent of the alloy composition and it is the energy of the
conduction band minimum that shifts with alloying. The
Fermi stabilization energy is reduced from its value of 0.9
eV in pure InN by an amount equal to the alloy induced shift
in the conduction band energy. We use values of 1.7 and 3.8
eV for the InN/GaN and InN/AIN conduction band offsets,
respectively.27

At low electron concentrations, the experimental points
in Figs. 4 and 5 have, in general, lower mobilities than are
predicted by our calculations. One possible explanation for
this divergence is a nonuniformity in the distribution of the
two different types of cations in the lattice, which would
result in increased carrier scattering. This effect would be
more apparent at low electron concentrations because the
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T-300 K T-300 K \ FIG. 5. Calculated and measured electron mobilities in
1 . . 10 . . InAIN after irradiation by 2 MeV He* ions. Results for
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(a) 10% Al, (b) 16% Al, and (c) 25% Al. The Coulomb
scattering centers are assumed to be triply charged na-
tive defects with a charge transition level resonant with
the conduction band. The dashed lines show the com-
ponent mobilities due to Coulomb scattering and alloy
disorder scattering.
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FIG. 6. Calculated electron mobilities as a function of alloy composition in
(a) InGaN and (b) InAIN. The Coulomb scattering centers are assumed to be
singly charged hydrogenic impurities.

potential variations would be less efficiently screened by free
carriers. However, this effect is difficult to estimate quanti-
tatively as the size and the magnitude of the potential fluc-
tuations are not known.

Finally, Fig. 6 shows calculated mobilities in as-grown
In;_,Ga,N and In;_ Al N as a function of alloy composition
for an electron concentration of 1X 10' ¢m™. The scatter-
ing by acoustic phonons is unimportant compared to the
mechanisms shown. As one might expect, alloy disorder
scattering is much more important in In;_,Al,N because of
the much larger offset between the InN and AIN conduction
bands, than between the conduction bands of InN and GaN.
In these calculations, the Coulomb scattering centers were
assumed to be ordinary singly charged hydrogenlike impuri-
ties, rather than the triply charged defects we assumed in the
irradiated samples.

IV. SUMMARY

We have calculated electron mobilities in InN and its
alloys with GaN and AIN. In pure InN, Coulomb scattering
from charged centers is the dominant mobility-limiting
mechanism in the majority of cases, though scattering from
polar optical phonons and piezoelectric mode acoustic
phonons becomes important at the lowest doping concentra-
tions (<10'" cm™) and at very high temperatures. In the
InGaN and InAIN alloys, Coulomb and alloy disorder scat-
tering are the dominant processes. Our calculations agree
reasonably well with experimental data and also suggest that

J. Appl. Phys. 102, 073705 (2007)

the defects resulting from irradiation of InN and its III-
nitride alloys are triply charged donors. At the highest elec-
tron concentrations produced by irradiation, the Fermi stabi-
lization energy model predicts an increase in the
compensation ratio of the irradiation-generated defects, lead-
ing to a sudden decrease in the mobilities.
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