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The influence of dislocations on electron transport properties of undoped InN thin films grown by
molecular-beam epitaxy on AIN(0001) pseudosubstrates is reported. The microstructure and the
electron transport in InN(0001) films of varying thickness were analyzed by transmission electron
microscopy and variable temperature Hall-effect measurements. It was found that crystal defects
have strong effects on the electron concentration and mobility of the carriers in the films. In
particular, the combined analysis of microscopy and Hall data showed a direct dependence between
free carrier and dislocation densities in InN. It was demonstrated that threading dislocations are
active suppliers of the electrons and an exponential decay of their density with the thickness implies
the corresponding decay in the carrier density. The analysis of the electron transport yields also a
temperature-independent carrier concentration, which indicates degenerate donor levels in the
narrow band-gap InN material. The relative insensitivity of the mobility with respect to the
temperature suggests that a temperature-independent dislocation strain field scattering dominates
over ionized impurity/defect and phonon scattering causing the increase of the mobility with rising
layer thickness due to the reducing dislocation density. Room temperature mobilities in excess of
1500 cm? V! s7! were obtained for ~800 nm thick InN layers with the dislocation densities of

~3%10° cm™2. © 2006 American Institute of Physics. [DOL: 10.1063/1.2363234]

I. INTRODUCTION

A narrow band gap (~0.7 eV) (Refs. 1-7) and superior
electron transport properties (e.g., low effective mass, high
predicted electron mobility of ~4400 cm? V= s~ at 300 K,
and saturation drift velocity) make InN a very attractive ma-
terial for high-frequency electronic devices®™"" and near-
infrared optoelectronics.lz_17 However, InN device technol-
ogy is still hampered by many factors including the absence
of a suitable lattice matched substrate and a low dissociation
temperature of InN. In order to realize these promising de-
vices, the ability to grow InN-based heterostructures with
high crystalline quality remains the most critical technologi-
cal challenge.

Despite of the large differences in lattice constants
(~14% for InN/AIN and ~11% for InN/GaN), consider-
able effort has been devoted to grow high quality InN on
other Ill-nitride epitaxial layers by plasma induced
molecular-beam epitaxy.'>'** (PIMBE) and metal-organic
chemical vapor deposition.zsf29 It has been proposed carlier™
and experimentally demonstrated in the first part of the paper
that the strain in epitaxial InN/Al,Ga,;_,N heterosystems is
initially relieved by misfit dislocations and by surface island-
ing. Threading dislocations (TDs), which arise in the epilayer
as a consequence of domain coalescence and plastic relax-
ation, have been reported to have a deleterious impact on the
electronic properties of III-nitride material. Specifically, such
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dislocations act as nonradiative recombination centers in
GaN and AIN (Refs. 31 and 32) and other direct band-gap
semiconductors, severely degrading light emission effi-
ciency. Recently, TDs have been reported to reduce electron
mobility in GaN/AlGaN field effect transistor structures.*>**

While dislocations in GaN and Ga-rich GalnN were ex-
tensively studied, few works have been published on dislo-
cation characterization®*'** and on the impact of dislocation
on the electron transport in InN epilayers.24’36_38 Previously,
transport studies were performed on InN grown mainly on
IM-nitride epitaxial templates.35’36’39’40 However, detailed mi-
crostructure characterization and a correlation with electrical
properties have been rarely attempted.

In this work, we discuss the influence of structural
growth defects on electron transport properties of undoped
InN thin films grown by PIMBE on AIN(0001)/sapphire
pseudosubstrates. The results of variable temperature Hall-
effect and transmission electron microscopy (TEM) measure-
ments have been analyzed to obtain the information associ-
ating the microstructure and electron transport in
heteroepitaxial InN films with varying thickness. It will be
shown that the threading dislocation density varies with ep-
ilayer thickness affecting both the carrier concentration and
electron mobility resulting in a direct dependence between
carrier generation and dislocation density in InN films. Ad-
ditionally, it will be also demonstrated that a dislocation
strain field scattering dominates over other scattering mecha-
nisms in the investigated epilayers.

© 2006 American Institute of Physics
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FIG. 1. (a) Bright-field XTEM micrograph taken under two beam conditions

using the (0002) reflection of InN near the (1120) zone axis. (b) PVTEM
micrograph recorded under two beam conditions near the [0001] zone axis

of InN using the (1120) reflection and (c) SAED pattern of a 760 nm thick
2H-InN/2H-AIN/Al,O5 heterostructure registered when sapphire is orien-

tated along the [1100] direction. The encircled spots stand for 0002 aligned
reflections of layers and substrate, indicating good epitaxy relationship.

Il. EXPERIMENT

The growths of epitaxial wurtzite (2H) AIN(0001) tem-
plate and 2H-InN epilayers were performed in a turbo-
pumped Balzer’s PIMBE chamber with a background pres-
sure of 2 X 10719 mbar, conventional effusion cells, and an
Oxford applied research rf plasma source for generation of
nitrogen radicals. The AIN growth was anticipated by a ni-
tridation of Al,05(0001) wafers at a temperature of 1100 °C
for 2 min. Next, a 200—-250 nm thick AIN buffer layer was
deposited at 900 °C to form an epitaxial template for the InN
growth [see Fig. 1(a)]. The detailed description of the growth
conditions and results on x-ray and electron microscopy
studies of dislocations networks in 2H-InN samples have
been considered in the first part of the paper. Microstructural
characterization was performed using both Technai 20
S-TWIN and JEOL 2011 transmission electron microscopes
with accelerating voltages of 200 kV. Cross-section TEM
(XTEM) and plan-view TEM (PVTEM) imagings were used
to study the distribution of dislocations in the epilayer.

Hall-effect measurements have been routinely used to
obtain type, concentration, and mobility of the carriers. From
measurements of the Hall coefficient Rg and the conductivity
o, the Hall mobility w and the Hall sheet carrier concentra-
tion Ng were calculated at each temperature. Additionally, the
variation of mobility with temperature was used to yield in-
formation on competing scattering mechanisms. The mea-
surements were performed using the van der Pauw tech-
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nique. Square specimens were cleaved and indium contacts
were soldered at the four corners of the sample at 200 °C.
Hall measurements were then performed over the tempera-
ture range from 100 to 300 K at 0.4 T. The temperature and
the magnetic field were controlled by a Accent HL5500 sys-
tem. The sign of the Hall coefficient indicated that the ma-
jority carriers were electrons for every sample.

lll. EXPERIMENTAL RESULTS

In Fig. 1(a), a typical bright-field XTEM micrograph of
a 2.2 um InN layer grown on AIN/AI,O5(0001) epitaxial
template is shown. The micrograph has been taken in two
beam conditions using the (0002) reflection of InN near the

[1120] zone axis. The nonuniformity of the dislocation mi-
crostructure is apparent. The defect density is very high in
the near-interface region and decreases with increasing dis-
tance from the interface being the greatest variation in the
initial of 10-200 nm. Figure 1(b) is a PVTEM micrograph
of the same sample, from which the near-surface InN thread-
ing defect density is estimated to be ~3 X 10° cm™2. Selec-
tive area electron diffraction (SAED) pattern shown in Fig.
1(c) demonstrates the following heteroepitaxial relationship:
[1100]AL,05/I[2110JAIN|[[2110]InN.

Figure 2(a) shows the variations of the Hall sheet carrier
density, N,=(gR,)™", against temperature for the samples of
different thicknesses ranging from 650 to 2200 nm, where R,
is the Hall coefficient. As one can see, N, varies strong from
sample to sample for thinner InN layers, but only slightly for
thicker InN. This suggests a very high interfacial contribu-
tion and a drop to a lower background bulk value as a sample
thickness increases. Figure 2(b) shows the mobility, w
=R,0,, as a function of temperature for the set of InN
samples of variable thickness, where o is the zero field con-
ductivity. The mobility clearly increases with sample thick-
ness and shows only small temperature dependence for thin-
ner samples. For thicker samples, a very broad maximum
occurs near ~160 K.

The obtained temperature dependencies of w(7) and
N,(T) (Fig. 2) are qualitatively very similar to those observed
for InAs epilayers.” In general, the unpronounced depen-
dence N(T) reflects the fact that N, is a function of the
carrier density weighted by the mobility, but does not indi-
cate thermal activation of the carriers in the bulk, which is
characteristic for GaN epilayers. Moreover, a very weak tem-
perature dependence of N, suggests that the existing defect
levels responsible for the carrier generation are
degenerated,%%’39 similar to those observed in InAs.*! The
existence of degeneracy in InN with Ng>10'® cm™ has been
predicted by the calculated concentration at the Mott transi-
tion, about 4 X 10'6 cm=3.%¢

Figure 3(a) plots measured carrier density n, (open rect-
angles) as a function of the sample thickness. There is a steep
drop in the carrier concentration away from the interface.
The thickness variation of n, shows the same general trend
as the threading dislocation density versus thickness. Ini-
tially, a very high dislocation density of Nip~4
X 10" ¢cm™2 exists near the interface. With a rising thickness,
the dislocation density follows an exponential decay law and
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FIG. 2. Variation of (a) the sheet carrier density and (b) the Hall mobility
with temperature for a set of InN samples of variable thickness. The dashed
line represents the bulk mobility dependence on temperature, uy(7), for the
800 nm thick sample fitted by Eq. (7).

also reaches a limiting value of ~3 X 10° cm™ far from the
interface (~2.2 wm) [see Fig. 3(b) and details in the first
part of this paper]. Both dependencies can be fitted by a
similar exponential decay function [y(d)=a+ B exp(-d/vy)]
of thickness d in the range of 0.6—-2.2 um,

Nip(d) =3.5 X 10° +4 X 10" exp(— d/y,) (cm™), (1)

n,(d) =5 X% 10" +5 X 10" exp(- d/y,) (cm™). (2)

In this fit, the parameter « represents the lowest reachable
value of the dislocation density in Eq. (1), and the back-
ground carrier concentration in the bulk in Eq. (2) for thicker
(~2.2 um) layers. In Eq. (2), « is the sum of the intrinsic
and defect-generated carrier densities. The values of 8 show
the top limit for the concentration of defects and free carriers
for ultrathin InN epilayers. Parameter vy in Eq. (1) reflects the
dynamic of the structural improvements in the epilayer, in
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FIG. 3. (a) The Hall carrier density variations vs thickness for a set of InN
epilayers (open rectangles). The solid line is an experimental fit based on
Eqg. (6). The black circles represent the data published by Lu ez al. (Ref. 37).
(b) The TD density as a function of the epilayer thickness (black circles).
The TD distribution has been taken from ~2.2 um InN epilayer grown on
AIN(0001). The solid line represents an experimental fit using Eq. (3).

particular, the drop in the defect density over the epilayer
cross section. It is obvious, that y is a function of many
parameters, which are mainly related to the growth condi-
tions and the strain relief at the first phase of the growth. In
general, every sample can exhibit its own unique y value
reflecting either favorable or unfavorable conditions for the
epitaxy. In our case, we can assume that due to the identical
growth conditions, all the samples have a similar dislocation
distribution over the thickness. Therefore, certain conclu-
sions can be drown based on the similarities in Nyp(d) and
n.(d) dependencies. This question will be discussed
in Sec. IV.
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FIG. 4. Variation of the Hall mobility with the thickness of InN epilayers.
Insets: in situ reflection high energy electron diffraction (RHEED) patterns.

Figure 4 plots u as a function of the sample thickness at
300 K. The mobility increases with thickness following an
exponential law. A fit of experimental data using exponential
growth u(d)=—a+ B exp(d/y) appears to saturate for a value
in excess of the theoretical limit g, ~4400 cm? V™! s7! at
thickness >2 pm. It is important to note that rising biaxial
residual stress in the growing epilayer induces a Volmer-
Weber growth mode after a certain critical thickness dsp is
reached. The similar behavior was observed also in
2H-AIN(0001)/Si(111) heterostructures* for epilayers
thickness >1.2 um. The reduction in mobility observed for
~2 um thick 2H-InN samples is obviously determined by
the lowering of the crystal quality due to the two
dimensional — three dimensional growth transition (see dif-
fraction patterns in Fig. 4) observed at a thickness of dsp
~ 1.6 um for the samples grown on AIN(0001) templates.

IV. DISCUSSION

It is important to note that the interpretation of the Hall
data in InN is extremely complicated due to the micro- and
macrostructural nonuniformity, i.e., domain structure of the
film, stochiometry fluctuations, segregation processes, etc.
Moreover, the Fermi level of the free surface in InN is
known to be pinned in the conduction band,* resulting in a
surface carrier accumulation similar to the case of InAs.*"**

In a nonuniform layer where the mobility and carrier
concentration vary with thickness, the standard interpretation
of Hall-effect data provides a weighted average value of
these quantities,

1 [fne)p@)dx]?

==l 3
Ns gRs  [in(x)p*(x)dx &)
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_J on () w2 (x)dx
Jin(oux)dx

The true sheet carrier density and the average mobility
can differ considerably from the measured values, especially,
for thin epilayers. It was shown by variable field Hall mea-
surements that InN has, in fact, a layered structure with areas
of differing electron concentrations and Hall mobilities,
which are averaged by a simple Hall analysis. In this case,
the large gradient in mobility could cause measured N, to be
dominated by a small fraction of carriers having a higher
mobility determining an “effective cross section” for the con-
duction. On the other hand, the known strong accumulation
of electrons at the surface®™*° will superimpose measure-
ments of the carrier concentration, especially in the case of
thin InN films. Additionally, in thin epilayers, besides the
bulk and surface carrier generation, other mechanisms of the
carrier generation can play a significant role, i.e., the high
interfacial sheet carrier density could be caused by a struc-
tural donor source as for the case of InAs (Ref. 41) or/and
vacancy- or impurity-related mechanisms. In the following
discussion, we intentionally restrict our consideration by
relatively thick 2H-InN samples. In particular, an impact of
the dislocation density on the concentration and mobility of
the carriers will be considered for the samples with thickness
ranging from 350 to 2200 nm.

M:RSO-S (4)

A. Impact of the dislocation density on the carrier
concentration

Recently presented results have demonstrated direct evi-
dences that the dislocations of edge, screw, and mixed char-
acters in n-type GaN are negatively charged. It was proposed
that acceptor-type Ga vacancies presented in the core of TD
yield ~2 acceptors per 1 nm along the dislocation. 74754
Previous studies of 2H-InN considered negatively charged
dislocations by analogy with GaN.*** However, in view of
the revision of the band gap, positively charged donor nitro-
gen vacancies along dislocations are now considered to be
energetically favorable for n-type InN >

In our case, identical best-fit values of y~ vy~
~238+10 nm and the equal proportion of the limiting val-
ues « and B in Egs. (1) and (2) indicate that the carrier
generation is obviously defect related. Thus, a quantitative
model of a bulk carrier generation in InN can be derived
based on the following assumptions.

* An exponential decay in the dislocation density profile
[given by Eq. (1) and shown in Fig. 3(b)] has a uni-
versal character reflecting a TD recombination dy-
namic for the actual growth conditions.

« A full core dislocation model”’™ can be applied to
describe an internal core structure of threading edge-
type and mixed-character dislocations in 2H-
InN(0001),

* a noncomplete ionization of atoms along the disloca-
tion core takes place yielding of ~1 electron per A
=2c,n of dislocation length in 2H-InN.
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Therefore, the contribution of the TD-induced electrons
to the total free carrier density as a function of the epilayer
thickness can be estimated using an empirical formula,

k k

1 1 )
neP= 2 2N =23 (ak pe ™) (em™), (5)
i=1 i=1

where d is the total thickness of the epilayer and k=d/\.
However, this curve reproduces the experimentally obtained
Hall carrier concentration dependence only for a limited
range of thickness. The quantitative correlations for thinner
(<300 nm) and for thicker (>2 um) epilayers are rather
poor.

The main reason for this discrepancy is the strong accu-
mulation of electrons at the surface of InN. This surface
accumulation is an intrinsic property of InN and has its ori-
gin in the extraordinary low conduction band minimum at
the I" point,45 which allows donor-type surface states to be
located inside the conduction band. As a consequence, on
clean® and on air-exposed46 InN surfaces, a localized sheet
carrier density of about N, ~2.5X10'3 cm™ is generated.
These free electrons affect the apparent electron concentra-
tion n,, measured by Hall effect. Thus, a general model of
carrier generation in InN epilayers has to include at least
three independent components;

ne,= npoint + % + n;FD (Cm_3) 5 (6)
where np,i, is the background carrier density of about 1
X 10'7 ¢m=,**" which is a sum of intrinsic, impurity- and
point-defect-generated carrier concentrations in the thick ep-
ilayers. A model fit is presented in Fig. 3(a) by a solid line.
The black circles representing the data published by Lu et
al.’” have been used as a reference. The fit of the data shows
an excellent agreement for A~ 1.1 nm. Here, we have to
point out that the assumption of the noncomplete ionization
of atoms along the dislocation line gives an uncertainty fac-
tor in the numerical estimations. Mixed character of the TDs
also plays a role reducing the number of the defect-generated
electrons.

B. Variation of mobility with temperature and
thickness

Among the possible scattering mechanisms limiting the
mobility in epilayers, neutral impurity scattering ,uN,SS ion-
ized impurity scattering ,u,,59 polar optical phonon scattering
/LPO,60 acoustic deformation potential scattering /.LDp,SS pi-
ezoelectric potential scattering /.LpE,SS and structural imper-
fection scattering u;, (Refs. 41, 52, 61, and 62) have been
studied in detail. According to Matthiesen’s rule, we can ex-
press the total mobility as 1/ u=2;1/u;, where i accounts for
all scattering mechanisms mentioned above. It is commonly
accepted that there are two most important mechanisms lim-
iting the carrier mobility in semiconductors—ionized impu-
rity scattering and phonon scattering.%’“*65 It was shown
that these mechanisms exhibit certain temperature depen-
dences: u,(T)~ T for the ionized impurity scattering at low
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temperature region (7<<100 K) and up(7)~T-' for pho-
non scattering characteristic for higher temperatures.ﬁs’66

The temperature dependencies of the Hall mobility in
high-quality InN epilayers have been analyzed recently by
Thakur et al.** In our report, we will restrict our consider-
ation to a general discussion of the experimentally obtained
results with a particular emphasis on contributions of the
dislocation scattering. As one can see, the weak temperature
dependence shown in Fig. 2(b) exhibits power-law exponents
much smaller than 1.5. For the most sensitive with respect to
the temperature variations sample, the low temperature and
the high temperature exponents are ~0.1 and is ~0.3, re-
spectively. Thus, the observed relative temperature insensi-
tivity of u presumes the dominance of the scattering mecha-
nism with a weak dependency on the temperature—either the
neutral impurity scattering uy or the structural imperfection
scattering up.

Neutral impurities (neutral vacancies and isoelectronic
substitutional elements) are believed to cause temperature-
independent scattering in conventional semiconductors.*”® For
instance, in AIN:Si epilayers, the mobility limited by the
neutral impurity scattering was found to be the lowest among
the other scattering mechanisms.®® It was shown that due to
the high density of donors and large donor activation energy
in AIN:Si, a few donors are ionized but almost all of them
are neutral impurities. However, it was demonstrated that
InN possesses highly degenerated donor levels.*** This fol-
lows also from our temperature-dependent Hall data. As a
result, all the donor sites have to be ionized and almost all of
them become charged impurities, which should exhibit
wT)~T' at a low temperature region if they dominate.

Also, surface and interface roughness, as well as struc-
tural micro- and macrodefects, inhomogeneously distributed
in the bulk limit the free carrier mean free path, especially in
the epilayers with pronounced domain structure (i.e., grown
in the mode close to Volmer-Weber conditions). All of them
are not expected to have explicit temperature dependence.67
Atomic force microscopy (AFM) measurements indicate that
the surface roughness of the InN epilayers does not vary
much for the thicknesses higher than 300 nm being of
~2 nm (a root mean square value for 5X5 um? scan). If
surface roughness would account for the lower mobility of
the very thin samples roughness related scattering is not a
major contributor for the thicker samples due to the larger
volume available for the conduction.

According to the TEM analyses [Fig. 1(a)], the density
of TDs decreases with increasing thickness, whereas the av-
erage spacing of TDs increases. Simultaneously, the Hall-
effect measurements showed that the electron concentration
decreases and the mobility increases with the rising film
thickness. These phenomena can be attributed either to the
scattering of electrons by crystal defects or to the effect of a
native space charge region at the near-surface region of the
films due to the presence of surface states.®

The concentration of charge at the near surface can also
act as a scattering center due to the band bending and energy
difference between bulk and surface electrons. However, this
effect can be observed only in thin epilayers. Thus, the ob-
served difference in transport properties of the films with

Downloaded 02 Feb 2007 to 150.214.231.66. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



094903-6 Lebedev et al.

different thicknesses should be caused by the interaction be-
tween electrons and crystal defects such as TDs. Firstly, they
act as scattering centers for electrons®® due to the distortion
of the crystal lattice near the defects, which decreases the
mobility of the electrons. Misfit dislocations also create a
potential well at their cores and electrical barriers besides the
wells, which reduce the electron mobility, especially at the
near-interface region. However, this effect becomes more
pronounced for thinner films. In addition, the dislocation
lines can become negatively charged scattering the electrons
travelling across them and reducing the mobility. The impact
of charged dislocation on electron mobility in GaN epilayers
has been investigated by several groups.sz’53 In these reports,
the most significant decrease of the mobility at lower carrier
concentrations was attributed to the scattering of electrons by
charges at threading dislocations, which act as Coulomb
scattering centers. On the other hand, as one can see in Fig.
2(b), the ionized impurity and phonon scattering play more
significant role in the thicker films following the same trend
as the reduction in the defect density.24

For a highly dislocated material, the mobility x ought to
be corrected by an imperfection factor similar to that used in
materials with domain bound21riets,51’62’69

p= ol + CNp exp(q®JkT)} ", (7)

where C is constant, g is the electron charge, @ is the po-
tential at the dislocation,’’" and Mo 1s the bulk mobility:
,LLBI(T)=,LL;1(T)+,LL;,1(T). Since ®; and C are unknown, Eq.
(7) does not allow a direct derivation of the bulk mobility.
However, by using Eq. (7) in the parametrical fit for w(7),
and @, and C as the fit parameters, the approximated depen-
dence uo(T) can be derived. In Fig. 2(b), the dashed line
represents uy(7) for the 800 nm thick sample with the best-
fit value for g®; of ~14 meV. It is comparable to the value
of a potential barrier height of ~20 meV determined for
GaN films by Fehrer et al.”! using the same model.

C. Impact of impurities and point defects on mobility
and density of the carriers

It has been shown that for degenerate electrons in InN at
low temperatures, the only important scattering mechanisms
are dislocation scattering and ionized point-defect/impurity
scattering.36 Using the formalism suggested by Look et al.”
one can determine donor (Np) and acceptor (N4) concentra-
tions in degenerate semiconductor films. Under these cir-
cumstances, Eq. (6) can be modified to the form

V=1 p+ Upp, ()
where
4. 32/3€C2n2/3
_r2 cer 312
Mp = 778/3ﬁNTD [1+y(m)]"~, )
24w hn
M (10)

T Sm NI+ y()] - y()/[ 1 +y(m)]}
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2. 31/377_8/38h2n1/3

*
ezm

y(n) = ) (11)
n is the measured carrier density, N, is the density of ionized
impurities and point defects, m"~0.11m, is the effective
mass, € ~ 15.3g is the static dielectric constant, and c is the
lattice constant (~5.71 A). For n>10'"8 cm™, it was as-
sumed that all donors are ionized even at low temperature.36
Then, from the charge balance including the contribution of
the charged centers at the dislocation lines one can write

Np—N,+NP(d) =n(d)

= (Na.Np), 12
Np+Ny=N; = N2(d) } (Ha-llo) (12

where NP =n"" is the volume density of the ionized centers
in the TD cores. For the sample most sensitive to the tem-
perature variation with d=760 nm, u=1755 cm> V-'s7! n
=1.49%x10"® cm™ at 160 K, and Nyp~5X10° cm™2, the
calculated numbers are Np=1.1X10"® cm™ and N,=6.5
% 10'7 cm™2, with the compensation ratio 9=N,/(Np+N,)
of ~0.37. & values of the same order have been derived
from the fitting of the charge neutrality equation for compen-
sated n-type semiconductors,®

n(n + NA) - &e_ED/kT

(Np—=Ny—n) 2 ’ (13)

where k is the Boltzmann constant, 7 is the temperature, and
N is the effective density of states in the conduction band of
a degenerated semiconductor. Analyses of other samples give
similar results.

Thus, besides the line dislocations, donor-type impuri-
ties, and point defects can also be considered as a potential
source of n-type conductivity. Look et al.,® by comparing
Np with the concentrations of various donor-type impurities
obtained by glow discharge mass spectroscopy analyses, pro-
pose hydrogen as a dominant donor in InN epilayers. Ac-
cording to the calculations by Stampfl et al.,”? oxygen acts
also as a donor having formation energies significantly lower
than a nitrogen vacancy Vy. It has been also calculated that
Vy has the lowest energy among native defects in InN, acting
as a source of free electrons in as-grown material. However,
all these assignment must be considered very tentative.
Moreover, impact of impurities and point defects cannot ex-
plain observed exponential dependence of the Hall carrier
density and the mobility on epilayer thickness. Taking into
account all the facts mentioned above, we propose the line
dislocation network as a dominant source of electrons and as
the main origin of the observed variation of density and mo-
bility of the carriers with the thickness in nominally undoped
n-type InN layers (350 <d <2200 nm) grown on AIN(0001)
templates.

V. CONCLUSIONS

The microstructure and electron transport properties of
heteroepitaxial InN films with varying thickness were ana-
lyzed by variable temperature Hall-effect measurements and
TEM. The mobility at 300K was found to be
~1520 cm® V™' s7! for the electron concentration of ~9
X 107 ecm™3. At 160 K, the mobility reached a maximum of
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~1770 cm? V~' s7!. It was found that bulk crystal defects
(misfit and threading dislocations and DBs) have strong ef-
fect on the electron concentration and mobility of the carriers
in the InN films. The large lattice mismatch between the
epilayer and the substrate results in a high density array of
misfit dislocations at the InN/AIN heterointerface and
threading dislocations in the bulk of InN epilayers. The
threading dislocation density has been found to decay expo-
nentially with epilayer thickness, with the largest proportion
being present near the heterointerface causing the observed
exponential variations of both the carrier concentration and
electron mobility with thickness. The combined analyses of
the TEM and Hall data show that the carrier concentration
does not have a significant dependence on temperature, re-
gardless of the thickness, presuming a direct dependence be-
tween carrier generation and dislocation density in InN films.
The variation of mobility with temperature-indicates the
dominance of temperature-independent scattering over con-
ventional mechanisms such as ionized impurity and phonon
scattering. Among possible origins of the temperature-
independent scattering, dislocation strain field scattering has
been proposed to be dominant in our 2H-InN epilayers.
However, neutral and charged impurity scattering also cannot
be completely ruled out for thicker epilayers.

More detailed analyses of the electron transport data for
the samples prepared at different growth conditions are un-
derway and will help clarify quantitatively the issues related
to the origin of a high electron concentration and dominant
scattering mechanisms in thicker InN epilayers. The more
precise evaluation will require using a variable magnetic
field Hall technique.
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