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The temperature dependence of the resistivity of InN was investigated as a function of carrier density. The
carrier density was changed from ne = 1.8⫻ 1018 cm−3 to 1.5⫻ 1019 cm−3 by Si doping. The InN investigated
showed metallic conduction above 20 K. At lower temperatures there was a resistivity anomaly originating
from carrier localization in the a-b plane, which was confirmed by the magnetoresistance at 0.5 K. The
Shubnikov–de Haas oscillation showed that InN had a spherical Fermi surface and its radius increased according to the increase of ne when ne ⬍ 5 ⫻ 1018 cm−3. In addition, an oscillation corresponding to the constant
carrier density of 4.5⫻ 1012 cm−2 was observed in the field applied perpendicular to the a-b plane. This
oscillation showed an anomalous angle dependence on the magnetic field. Taking into account this density, we
determined the critical carrier density of the Mott transition to be 2 ⫻ 1017 cm−3. Anisotropy of localization was
observed within the a-b plane, which indicates that the distribution of the electrons was not uniform in the a-b
plane. The ne dependence of the magnetoresistance revealed an electronic structure change around 5
⫻ 1018 cm−3. From these results, an electronic structure at the fundamental absorption edge of InN grown on
sapphire 共0001兲 was presented.
DOI: 10.1103/PhysRevB.72.085210
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I. INTRODUCTION

Among the group III–nitride semiconductors, InN is a key
material for optical and high-temperature device
applications.1 Since it was reported that InN, when it has a
band-gap energy less than 1.9 eV, shows unusual physical
properties, such as type II superconductivity below 3 K 共Ref.
2兲 and anisotropic critical field,3,4 many reports concerning
the band parameters have been published. Most of these regarded the band-gap energy of InN as being around 0.64 eV
because of the coincidence between the photoluminescence
peak and the energy position where the square of the absorption coefficient against the photon energy is zero.5–8 The obtained band-gap energy seems to be in good agreement with
that obtained by theoretical calculation, where d electrons are
taken into account to obtain the band-gap energy of
0.85 eV.9
The phonon structure of InN is clear and its six optical
phonons have been observed by Raman spectra
measurements.10,11 Their energies are in good agreement
with those obtained by ab initio calculation,12 where the
d-electron contribution has to be taken into account for stabilizing the crystal structure; that is, the 4d-semicore electrons of In extend further outside the core and overlap largely
with the valence states.
In contrast to the optical properties, electrical properties
of InN remain unclear. For example, InN has a high carrier
mobility of more than 2000 cm2 V−1 s−1 at the carrier density
1098-0121/2005/72共8兲/085210共10兲/$23.00

of 3 ⫻ 1017 cm−3,13 where it is still in a degenerate condition.
To make clear the electrical properties of InN, one of the
most powerful methods is to observe the Fermi surface of
InN at low temperatures by the use of magnetoresistance. In
a preliminary report, we investigated the electronic structure
of degenerate InN by Shubnikov–de Haas 共SdH兲
measurements.14 The result was, however, very strange. That
is, the SdH oscillation depended on the angle between the
crystal c axis and the applied field and had two components:
one originated from the spherical Fermi surface, the other
from the anisotropic structure spread in the a-b plane. Moreover, negative magnetoresistance was observed in the weakfield region, which indicates that the carrier density investigated was close to the critical carrier density of the Mott
transition.
In this paper, we present the temperature dependence of
the resistivity, magnetoresistance, and Shubnikov–de Haas
oscillation of InN as a function of carrier density in the metallic phase above the Mott transition. The carrier density is
controlled by Si doping from 1.8⫻ 1018 to 1.5⫻ 1019 cm−3.
From the experiments we estimate the critical carrier density
of the Mott transition of InN. On the basis of these results,
we discuss the electronic structure of InN at the fundamental
absorption edge, and propose the most plausible energy band
structure of InN. Finally, the problems raised by many reports concerning the band-gap energy, electron accumulation
on the surface, and absorption tail anomaly are discussed
taking into account the proposed band structure.
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TABLE I. Sample conditions used in the experiments. Carrier density ne is given in 1018 cm−3, mobility e is given in 1000 cm2 V−1 s−1.
These values are obtained by Hall measurements at room temperature. Samples are listed from left to right in order of Si-doping concentration. Sample no. 252 is the nondoped InN.
Sample no.

252

233

235

236

237

238

245

246

249

247

250

248

ne
e

1.8
1.28

2.0
1.46

2.0
1.39

2.2
1.52

2.5
1.57

3.0
1.60

3.7
1.49

4.7
1.50

7.0
1.34

7.6
1.28

11
1.02

15
1.00

II. EXPERIMENTAL PROCEDURES

The samples were grown on sapphire 共0001兲 by plasmaassisted molecular-beam epitaxy 共MBE兲. Nitrogen radicals
were supplied by an rf plasma cell. The MBE growth started
with thermal cleaning and nitridation of the sapphire substrate at 850 ° C for 30 min. 10-nm-thick low-temperature
GaN and 10-nm-thick low temperature InN layers were
grown at 380 ° C sequentially. After that, a 250-nm-thick InN
layer was grown at 480 ° C.15 Si doping was done in order to
change the carrier density. The doping concentration was
controlled by the evaporation temperature of the Si-effusion
cell from 1120 to 1340 ° C. The obtained InN had a carrier
density 共ne兲 from 1.8⫻ 1018 to 1.5⫻ 1019 cm−3 and a mobility 共e兲 from 1000 to 1600 cm2 V−1 s−1. The relationship between ne and e of the samples was reported previously,16
and is summarized in Table I.
We performed high-resolution x-ray diffraction and reciprocal space mapping using a Philips high-resolution diffractometer with Cu K␣1 radiation. No tetragonal metal In phase
was detected. All of the InN films had a hexagonal structure
and their c axes were perpendicular to the sapphire 共0001兲
planes. The lattice constants of InN were determined by using four nonsymmetric reflections with large diffraction
angles, and we obtained averages of 3.53共2兲 Å for the a axis
and 5.70共4兲 Å for the c axis. The orientation of InN关12̄10兴
was parallel to Al2O3关101̄0兴.
Samples were cut into 4 mm squares with their edges parallel to 关101̄0兴 and 关12̄10兴. The resistance of the samples was
measured by a dc four-probe method with small indium electrodes on the corners of the squares. At present, it is not
known how to fabricate the Hall bar without damaging the
surface of InN where the surface electron accumulation layer
might exist. Therefore, we used the van der Pauw method for
the evaluation of the magnetoresistance. The samples were
cooled to 0.5 K in a 3He cryostat. The magnetoresistance
was measured as functions of field B and the angle  between the direction of B and the crystal c axis. For the observation of the anisotropic magnetoresistance, a rotating
sample holder was used in a 15 T superconducting solenoid.
The accuracy of the angle was ±2°. For these measurements,
the rotation axis was set along 关101̄0兴. Hence transverse
magnetoresistance 共TMR兲 was obtained when the current
was along 关101̄0兴. When the current was along 关12̄10兴, TMR
was observed when B 储 c axis and longitudinal magnetoresistance 共LMR兲 was observed when B ⬜ c axis.
These samples showed clear photoluminescence and Raman spectra. The carrier density dependence of the luminescence position was expressed well by the Burstein-Moss

shift where the band-gap energy of InN was 0.64 eV.16 In the
Fourier transform infrared reflectivity spectra, clear plasma
oscillation was observed, and from its energy, the electron
effective mass of InN for the nondoped InN was assigned to
be 0.085m0.8 The Raman spectra of these samples were clear
and sharp, which indicates that Si doping did not degrade the
crystal structure. The observed A1共LO兲 phonon revealed that
there was an electronic continuum in InN even in the
samples with the lowest carrier density.

III. RESULTS
A. Temperature dependence of the resistivity

All of the samples investigated showed metallic conductivity, that is, when the temperature decreased, the resistivity
共兲 decreased above 20 K. Typical temperature dependences
of  for nondoped and Si-doped InN are shown in Fig. 1. The
ordinate scale is normalized by the values at 150 K. Above
20 K,  does not depend linearly on T but rather on ⬃冑T and
reaches a minimum around 20 K. Below 20 K,  increases
with the decreasing temperature, which indicates a localization mechanism in the temperature dependence of the resistivity.
In the nondoped InN 共no. 252兲,  continues to change
smoothly down to 0.5 K without showing any saturation.
The temperature dependence of  is given by  ⬃ log共1 / T兲,
as is expected from the two-dimensional localization, and not

FIG. 1. 共Color online兲 Temperature dependence of the resistivity
of typical InN. The ordinate scale is normalized by the values at
150 K. ne共1018 cm−3兲 of no. 252, no. 238, and no. 248 is 1.8, 3.0,
and 15, respectively.
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FIG. 2. 共Color online兲 Temperature dependence of the resistivity
change ⌬ of typical Si-doped InN below 3.5 K. Each value is
normalized by the resistivity at 4.2 K. ne共1018 cm−3兲 of no. 237, no.
246, no. 248, and no. 249 is 2.5, 4.7, 15, and 7.0, respectively.

by  ⬃ exp共T0 / T兲1/4, as is expected from the variable-rangehopping conduction mechanism.
When InN is doped with Si, the change of  against T is
essentially the same as that of the nondoped InN above 20 K,
taking a minimum around 20 K. Below 20 K, however, the
temperature dependence of  is more complex. Typical resistivity changes 共⌬兲 are shown in Fig. 2, where ⌬ is normalized by the value at 4.2 K. In samples no. 237 and no. 249,
⌬ starts to increase at 3.0 K and in no. 246 at 2.5 K. As for
the most heavily doped sample 共no. 248兲, the measured signals are noisy and ⌬ starts to decrease at 3 K. The magnitude of the resistivity change is of the order of 10−2, which
indicates that the resistivity anomaly originates in the electron localization.
Next we determine the ne dependence of zero-T conductivity 共0兲. For our measurements, since the lowest temperature is 0.5 K, we determine 共0兲 by the value at 0.5 K,
though  is still changing there. The ne dependence of 共0兲 is
plotted in Fig. 3. At 0.5 K, 共0兲 depends on the current direction in the a-b plane of the InN surface, and we plot
共0兲’s for the current directions of 关101̄0兴 and 关12̄10兴, where
the geometric correction for the four-probe measurement is
set to be 4.53.17 From the figure, we understand that the
investigated InN is a degenerate semiconductor and it is in
the metallic side of the Mott transition, and the nondoped
InN is very close to the transition.

FIG. 3. 共Color online兲 Zero-temperature conductivity 共0兲 vs
carrier density for Si-doped InN. The conductivity depends on the
current direction in the a-b plane, and 共0兲’s are measured for both
along 关101̄0兴 and along 关12̄10兴.

behavior with a relatively small B region. The monotonic
part normalized to 0 is proportional to B2 when ⌬ / 0 ⬇ 0
and changes into a linear dependence in the high-field region. There is a negative magnetoresistance 共NMR兲 in the
low B region and in the small  region. In the high-field
region, a sinusoidal variation of resistance due to
Shubnikov–de Haas 共SdH兲 oscillations is observed. The details of the  dependence of the NMR are shown in the inset
of Fig. 4, where we plot the deviation of the NMR as a
function of . The deviation is normalized by the difference
of resistivity between  = 0°, where a maximum NMR is
seen, and  = 90°, where no NMR is seen, when B = 1.9 T.
The solid line shows a cos  function fitted to the variation.
The cos  dependence of the variation indicates that the
NMR exists only in the a-b plane. Moreover, when we sub-

B. Magnetoresistance

To make clear the weak localization effect in InN, we
measured
the
magnetoresistance
(⌬ / 0 = 关共B兲
− 共0兲兴 / 共0兲) at 0.5 K in two configurations: transverse magnetororesistance 共TMR兲 and longitudinal magnetoresistance
共LMR兲.
A typical TMR of low carrier density with the current I
parallel to 关101̄0兴 is shown in Fig. 4. The applied magnetic
field 共B兲 was rotated from parallel 共 = 0 ° 兲 to perpendicular
共 = 90° 兲 to the crystal c axis. The TMR shows a monotonic

FIG. 4. 共Color online兲 Transverse magnetoresistance of no. 236
共ne = 2.2⫻ 1018 cm−3兲 under I 储 关101̄0兴. The magnetic field is rotated
from parallel 共 = 0 ° 兲 to perpendicular 共 = 90° 兲 to c axis. Inset
shows a variation of the negative magnetoresistance observed at
1.9 T. Solid line is the fitting using a cosine function.
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FIG. 5. 共Color online兲 Angle  dependence of the transverse
magnetoresistance of no. 248 共ne = 1.5⫻ 1019 cm−3兲 under I 储 关101̄0兴.

tract the contribution of NMR from the TMR, the  dependence of the TMR almost disappears.
As for the SdH oscillations observed when B ⬎ 6 T, oscillations with high frequency exist within several degrees from
 = 0°. Details of the  dependence were reported previously
using sample no. 237.14 The oscillation frequency changes
drastically when  ⬎ 5°. The NMR is obvious at the carrier
density lower than 5 ⫻ 1018 cm−3, and so is the SdH oscillation.
When the carrier density is higher, only positive TMR is
observed under this configuration. Simultaneously, TMR becomes -dependent, and the case of the most heavily Sidoped sample is shown in Fig. 5. When B 储 c axis, the TMR
shows a B2 dependence up to 13 T without saturation. The 
dependence of TMR is stronger than the cos  or cos2  dependence.
When the current is along 关12̄10兴 and B 储 c axis, we observe TMR different from those shown in Figs. 4 and 5,
which reveals that the conduction mechanism along 关12̄10兴
is different from that along 关101̄0兴. Typical TMRs are shown
in Fig. 6. In this current direction, no. 236 does not show any
NMR in the low B region and its TMR depends linearly on B
with SdH oscillations overlapping it in the high B region.
The TMR of no. 248 depends linearly on B. Sample no. 246
has the highest ne of 4.7⫻ 1018 cm−3 among the samples
which show SdH oscillations.
In Fig. 7, we show the ne dependence of LMR. When ne is
smaller than 5 ⫻ 1018 cm−3, the LMR has a B2 dependence
with a negative coefficient, and the SdH oscillation overlaps
it above 6 T. When ne increases, a weak NMR is observed in
the low B region, but the LMR turns positive above 12 T
with the B2 dependence having a positive slope 共no. 247兲. In
no. 250, NMR is no longer observed and only a positive
LMR is observed.
In Fig. 8, we summarize the ne dependences of the TMRs
and the LMR at 13 T. As is seen in 共a兲, 共c兲, and 共d兲, ⌬ / 0 is
scattered in the small ne region owing to the SdH oscillations
and the NMR in the a-b plane. There is a change of conduction mechanism around ne ⯝ 5 ⫻ 1018 cm−3. When ne exceeds

FIG. 6. 共Color online兲 Typical transverse magnetoresistance
when I 储 关12̄10兴 and B 储 c axis at 0.5 K. ne共1018 cm−3兲 of no. 236, no.
246, no. 249, and no. 248 is 2.2, 4.7, 7.0, and 15, respectively.

this density, the NMR disappears and TMR has anisotropy.
The ⌬ / 0 of 共b兲 takes a minimum around ne = 2.5
⫻ 1018 cm−3 and turns from negative to positive around ne
⯝ 5 ⫻ 1018 cm−3. Simultaneously, a clear change of ⌬ / 0 is
seen in 共a兲.
C. Shubnikov–de Haas measurements

The SdH oscillation is observed when at least the following two conditions are satisfied. 共i兲 Cyclotron resonance is
observed when c = eB Ⰷ 1. Hence the sample mobility
should be much larger than 1000 cm2 V−1 s−1. 共ii兲 Electrons
move on the surface of the Fermi sphere, where the cyclotron
radius 共cy = បkF / eB兲 is larger than ⬃10−8 m. Hence the
grain size of InN should be larger than cy. In our experiments, both of the conditions are satisfied at B ⬎ 10 T.
The movement of Bloch electrons under a strong magnetic field is fixed on the Fermi surface which is cut perpen-

FIG. 7. 共Color online兲 Magnetic-field dependence of longitudinal magnetoresistance for typical samples. ne共1018 cm−3兲 of no.
236, no. 245, no. 247, and no. 250 is 2.2, 3.7, 7.6, and 11,
respectively.
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FIG. 9. 共Color online兲 Angle dependence of the SdH oscillations
derived from Fig. 4 under I 储 关101̄0兴 at 0.5 K.

FIG. 8. 共Color online兲 Summary of the carrier density dependence of the magnetoresistance under four configurations.
⌬共13 T兲 / 0 is the resistivity change at 13 T normalized at 0 T
under the configurations indicated.

dicular to field B. When the Fermi sphere is quantized under
a strong magnetic field, an oscillatory component 共⌬兲 of the
resistivity becomes observable, which is expressed as
follows:18
⌬共B兲 ⬀

冑

冉 冊
冉
冊 冉

22kBT/បc
បc
 gme
cos
2n
2 m0 sinh共22kBT/បc兲

⫻exp −

冊

2  2k BT D
2n 
cos
−
,
បc
បc 4

共1兲

where c = eB / me is the cyclotron frequency, n = ប2kF2 / 2me
is the Fermi energy, g is the Landé g factor, TD = ប / 共kBc兲 is
the Dingle temperature, and c is the lifetime of carriers at
the Landau level. The phase  / 4 in the last cos term is a
variable parameter.
We derived SdH oscillations from the magnetoresistance
by fitting the monotonic part as a cubic function of B. The
SdH parts of Fig. 4 are shown in Fig. 9. When B 储 c axis, the
SdH oscillation is large and its frequency is high. At other
angles, the amplitude is small and the frequency is low. The
SdH oscillation with high frequency can be observed  艋 5°,
the details of which were reported previously.14
The SdH oscillation of sample no. 236 in other configurations given in Figs. 6 and 7 is shown in Fig. 10. The SdH
amplitude when B 储 c axis and I 储 关12̄10兴 is about half of that
obtained when I 储 关101̄0兴, but the SdH frequency does not
change. The SdH oscillation of LMR is similar to that observed at larger angles shown in Fig. 9.
As is seen in Fig. 9, the SdH oscillation at 0° is not a
pure-sinusoidal function but it is overlapped by an oscillation
at higher angles. To evaluate the mixing ratio of these two

oscillations, the SdH oscillation at 0° is reproduced in Fig. 11
using Eq. 共1兲. At the first step of the fitting, we reproduced
the oscillation at 90°, and the initial phase was determined to
be  / 8 using me = 0.085m0 obtained from the optical
measurement.8 We obtain a Fermi radius kF⬜ of 3.22
⫻ 108 m−1 and TD = 20 K, which gives c = 1.2⫻ 10−13 s,
which is in good agreement with the value obtained from the
Hall measurement at 0.5 K, where e = 1200 cm2 V−1 s−1 and
ne = 3.5⫻ 1018 cm−3. The SdH oscillation at 0° was reproduced using these parameters. When the angle decreases, the
initial phase increases and reaches 5 / 8 at 0°, whereas kF⬜
and its amplitude remain constant. At 0° the oscillation with
the Fermi radius of kF储 = 5.32⫻ 108 m−1 is overlapped by the
oscillation with kF⬜, where the former amplitude is five
times larger than that of the latter. The values of TD and me
are the same for two configurations.
Figure 9 shows that kF储 is observed only around 0°. At
other angles, and under the longitudinal configuration, SdH
oscillations with kF⬜ are observed, suggesting that the Fermi
surface or electron effective mass of InN consists of two
components: one is spherical with a radius kF⬜ and the other
is observed in the a-b plane with a radius kF储.

FIG. 10. 共Color online兲 The SdH oscillations of sample no. 236
derived from Figs. 6 and 7.
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density of 4.5⫻ 1012 cm−2 remains in the a - b plane constantly.
IV. DISCUSSION
A. Critical carrier density for the Mott transition

FIG. 11. 共Color online兲 Fitting results of the SdH oscillations
shown in Fig. 9. The fittings were done using Eq. 共1兲 for two configurations of B 储 c axis and B ⬜ c axis.

When InN has a spherical Fermi surface, the electron density N⬜ is obtained by
3
N⬜ = 共32兲−1kF⬜
.

共2兲

Using Eq. 共1兲, we determine ne dependences of kF⬜ and
kF储 of the samples which show SdH oscillations. We obtain
N⬜ = 1.1⫻ 1018 cm−3 for the sample shown in Fig. 9. The
remaining carriers of N储 = 1.1⫻ 1018 cm−3 belong to the
structure observed in the a - b plane. In Fig. 12, we plot N⬜
against ne obtained by the Hall measurements at room temperatures. The carrier density N储 with kF储 is not easy to calculate because of its anomalous angle dependence. Hence in
the figure, the carrier density N储 is obtained by subtracting
N⬜ from ne. As is seen in Fig. 12, N⬜ increases linearly
against the increase of ne, but N储 remains constant, which is
consistent with the fact that kF储 does not show ne dependence. On the average, kF储 is 5.3⫻ 108 m−1, and the carrier

FIG. 12. 共Color online兲 Carrier density 共ne兲 dependence of N⬜
which is determined by the SdH oscillation. N储 is obtained by subtracting N⬜ from ne.

The ne dependence of the conductivity in Fig. 3 shows
that Si-doped InN is in the metallic side of the metalinsulator transition. The metal-insulator transition of heavily
doped semiconductors was investigated in the 1970s and was
understood on the basis of Anderson’s localization.19 According to this mechanism, the temperature dependence of the
resistivity remains below 1 K, and there is a negative magnetoresistance in the weak-field region.20 These features are
explained by the conducting electrons scattered inelastically
by randomly distributed potentials. The reversal of the electron wave vector is due to the constructive interference of
electron waves after many elastic scattering events which do
not destroy the coherence of the electron waves. In a magnetic field, the constructive interference is prevented and the
resistivity is reduced, and then negative magnetoresistance
occurs. These features are shown in Figs. 1 and 4.
In the Anderson model, a finite minimum metallic conductivity min at zero temperature in a three-dimensional random system is given as follows:21

min ⯝

e2
,
32បa0

共3兲

where a0 is the lattice constant of InN. When we use a0
= 3.53 Å, min = 240 共⍀ cm兲−1.
Now we estimate nc of InN, the critical carrier density
that causes a metal-insulator transition. According to the
scaling theory of localization, we can fit 共0兲 with the
equation22

共0兲 = min关共n/nc兲 − 1兴 ,

共4兲

where min = 240 共⍀ cm兲−1 and  is the critical exponent of
the localization. As is seen in Fig. 12, there is a constant
carrier distribution of 1.0⫻ 1018 cm−3 in the a - b plane as an
average, hence we subtract 1.0⫻ 1018 cm−3 from ne to obtain
a substantial carrier density n. Moreover, as 共0兲 shown in
Fig. 3 includes the contribution of N储, we subtract
270共⍀ cm兲−1, which is the conductivity corresponding to
1.0⫻ 1018 cm−3 in the averaged 共0兲 of nondoped InN. In
Fig. 13, we plot corrected 共0兲 versus n together with the
best-fitting curve of Eq. 共4兲 with nc = 2 ⫻ 1017 cm−3 and 
= 0.58. According to the scaling theory,  = 0.58 is the case
where the Si-doped InN is a noncompensated semiconductor
like P-doped Si.22 At present, it is not clear whether Si impurity is a donor or acceptor in InN, but the experimental
results show that ne increases with the increasing Si-doping
concentration and the luminescence peaks shift in accordance with the Moss-Burstein equation.16 Therefore, it can
be said that Si-doped InN is an uncompensated semiconductor in a metallic phase except for the constant carrier density
in the a - b plane.
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FIG. 13. 共Color online兲 Substantial carrier density dependence
of the corrected zero-temperature conductivity 共0兲. Conductivity
min is also indicated. The solid line is drawn using Eq. 共4兲, where
 = 0.58, nc = 2 ⫻ 1017 cm−3, and min = 240 共⍀ cm兲−1.
B. Anisotropy of electron localization

We have seen in the previous sections that when the current is along 关101̄0兴, there is NMR, but along 关12̄10兴, it is
scarcely observed. As for the SdH oscillation, when the current is along 关101̄0兴 it is clear and strong, whereas along
关12̄10兴 it is not. Therefore, we conclude that there is a nonuniform electronic structure in the a - b plane, though InN
belongs to the hexagonal system and the two resistivity tensors normal to the c axis are the same.
According to the theory based on Anderson’s localization,
and if the component of the electron motion along B is neglected because the NMR shown in Fig. 4 exists only in the
a - b plane, the change of conductivity with B applied perpendicular to the surface of heavily doped semiconductors is
written as follows:23
⌬共B兲 = −

冋冉 冊 冉

冊

册

1
1 1
1
␣e2
⑀
 +
− +
− ln
,
2 a
2 a⑀
2  2ប

共5兲

where a = 4DeB / ប, ␣ is a constant prefactor,  is a di-gamma
function, D is the diffusion coefficient,  is the relaxation
time due to the normal impurity scattering, and ⑀ is the
inelastic-scattering time of electrons 共see Fig. 14兲. The experimental points are well reproduced by Eq. 共5兲, where ⌬
is converted into ⌬. The angle dependence of the field is
given by B cos . Using  = 8 ⫻ 10−14 s, we obtain D = 3.2
⫻ 10−1 cm2 s−1 and ⑀ = 8 ⫻ 10−11 s from the fitting. Value D
is close to what is estimated from Einstein’s relation given
by D = kBTe / e 关kB is the Boltzmann constant, e
= 1200 cm2 共V s兲−1, and D = 0.051 cm2 s−1 at 0.5 K兴. Our
samples have a film thickness of 250 nm. The diffusion
length of the inelastic electron is given by L⑀ = 冑D⑀, and
hence L⑀ = 5.1⫻ 10−8 m, which is much smaller than the film
thickness. This means the anisotropy of the NMR is not
caused by the film thickness, but it should be explained by

FIG. 14. 共Color online兲 Change in conductivity ⌬ vs magnetic
field given in Fig. 4. Solid lines are fitted lines using Eq. 共5兲, where
 = 8 ⫻ 10−14 s, D = 3.2⫻ 10−1 cm2 s−1, and ⑀ = 8 ⫻ 10−11 s.

the inelastic scattering of the electrons that move along
关101̄0兴.
Next we consider the anisotropy of the Fermi surface. As
is seen in Fig. 9, the Fermi surface of InN consists of two
components: one is spherical with kF⬜ and the other is observed in the a - b plane with kF储. One of the possible explanations for the SdH oscillation in the a - b plane is that it is
caused by the accumulation layer at the surface or at the
interface of heteroepitaxy. Recently, Lu et al. reported on the
surface charge accumulation of InN observed by C-V
measurements24 using samples with ne ⯝ 2 ⫻ 1018 cm−3, and
Mahboob et al. confirmed this finding by high-resolution
electron-energy-loss spectroscopy measurements.25 Their
sheet charge was of the order of 2.5⫻ 1013 cm−2, which is
one order of magnitude larger than what we observed.
Swartz et al. reported, by the variable magnetic-field Hall
measurement, that the mobility of the surface electron,
though in their analysis the low mobility electron was labeled as a surface electron based on the prior C-V measurements, was much smaller than that of the bulk and was less
than 1000 cm2 V−1 s−1.26 If it is so, c ⬍ 1, and we cannot
observe SdH oscillations originating from the electrons accumulated at the surface. There is a possibility that our
sample has an electron layer with the mobility high enough
to satisfy c ⬎ 1, because the sheet charge density of our
samples is 4.5⫻ 1012 cm−2. In this case, we can expect that
the oscillations depend only on the perpendicular component
of the field, and the period follows 共B cos 兲−1 as is observed
in a semiconductor superlattice with two-dimensional 共2D兲
electron distribution.27 For example, some passivated n-type
mercury-cadmium-telluride photoconductive infrared detectors have 2D electron accumulation layers 共ne ⬃ 1012 cm−2兲
at the surfaces, whose SdH peak varies as 共cos 兲−1.28 However, the angle dependence of SdH signals shown in Fig. 9 is
not expressed by 共cos 兲−1 dependence. Besides, the SdH
oscillation in our experiments depends on the current direction and ne. Therefore, we conclude that the SdH oscillation
with kF储 does not come from the electrons accumulated at the
surface, even if an electron accumulation layer exists.
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One of the characteristics of the SdH oscillation of InN is
that it is amplified as the NMR becomes stronger when B 储 c
axis. Considering that the NMR is due to the constructive
coherence of the electron waves in the a-b plane, the SdH
oscillation with kF储 should have been caused by the electron
waves spread in the plane, which forms special Fermi surfaces that contribute quantum oscillations to the TMR and
LMR. The Fermi surface, as the simplest form, has the shape
of a flat ellipsoid with the shortest diameter along the normal
to the a - b plane.
Regarding nondoped InN as being very close to the Mott
transition, we can expect strong correlation effects in the
temperature dependence of the resistivity. In the case of a
heavily doped semiconductor, it is written as follows:

共T兲 = 0 + ph共T兲 + cor共T兲.

共6兲

In this equation, 0 is the term due to the impurity or defect
scattering and has no temperature dependence. The second
term comes from the phonon scattering and is expressed by
the Grüneisen term, which has a negligible contribution below 4.2 K. The third term originates from the localization
due to the electron-electron correlation and has a very weak
contribution. The experimental results shown in Figs. 1 and 2
however, are indicative of the importance of the last term of
this equation. Such an anomalous temperature dependence of
resistivity has been reported for heavily doped semiconductors like Ge:Sb and was explained in the framework of s-d
interaction.29 We suppose that a similar mechanism exists in
InN because InN is expected to have a strong spin-orbit interaction originating in the d-electron mixing at the top of the
valence band.30 The contribution of the last term is positive
or negative according to the inelastic-scattering
mechanism.31 For example, when the coherence of the electron waves is dominant in the inelastic scattering, it is positive. When the spin-orbit coupling is dominant, it is negative.
As is seen in Figs. 1 and 2, nondoped InN shows a log T
dependence, and when Si is doped, the coefficient becomes
positive or negative. These features are evidence to show that
the term cor共T兲 is dominant along 关101̄0兴 below 3 K.
The presence of surface and interface layers would significantly affect the zero-field resistivity. Since surface accumulation layers are not electrically insulated from the bulk,
resistivity measurements of degenerate semiconductors can
be difficult. This difficulty is removed if the bulk carriers can
be frozen onto the impurities or the subbands by using low
temperature and by applying a high magnetic field. At
present, there has been no report of subbands at the surface
electron accumulation layer of InN, and this subject needs
further investigation.
The difference between 关101̄0兴 and 关12̄10兴 is the atom
arrangement in the a - b plane. When the current is along
关101̄0兴, electrons move with the atom spacing of 6.12 Å, and
along 关12̄10兴, they move with the atom spacing of 3.54 Å,
which is the length of the a axis. Thus at low temperatures,
the conduction electrons are sensitive to the difference of the
distance. The angular dependence of the NMR in Fig. 5 suggests that the NMR does not originate in a spin mechanism
but it is an effect of the orbital motion of the electrons in the

FIG. 15. Electronic structure of sample no. 236 illustrated assuming the band-gap energy of 0.64 eV. The free-electron effective
mass was calculated assuming a nonparabolic 共E p = 10 eV兲 dispersion. The hole effective mass of mh = 0.5m0 is tentative. There is a
spherical Fermi surface denoted by A. There is an additional structure of a flat ellipsoid denoted by B, which has the largest diameter
in the a-b plane. The effective mass of B is anisotropic and is much
larger than that of A.

a - b plane. Moreover, the fact that the NMR has a weak
temperature dependence between 0.5 and 4.2 K indicates
that the localization is not sensitive to the change of temperature.
The most possible mechanism that will account for the
anisotropy of NMR and the anomalous SdH oscillation in the
a - b plane is the contribution of the core d electrons of In
atoms. As was mentioned before, the core d electrons play
essential roles in the band structure and the lattice-dynamics
calculations. Moreover, a strong s-d coupling has been reported for InN.32 In this case, the wave functions of d electrons are mixed with the conduction band of InN and cause
the anisotropy of the localization in the a - b plane. Consequently, the effective mass of the conduction electrons in the
a - b plane becomes heavier than that in the other directions,
which produces a structure in the spherical Fermi surface of
InN.
C. Band structure of InN at the fundamental absorption edge

The band structure of InN has been discussed mainly on
the basis of calculations that were performed to agree with
the data by optical measurements.33 The obtained band structures were similar to those of other III-nitride compounds.
The magnetoresistance results, however, suggest that the
band structure of InN is more complex. Based on the magnetoresistance results, we illustrate the band structure of
sample no. 236 in Fig. 15. For the drawing, we use the bandgap energy of 0.64 eV assuming a nonparabolic dispersion
for the conduction band so as to meet the ne dependence of
the photomuninescence spectra, where an energy parameter
related to the momentum matrix element 共E p兲 is 10 eV.16
From the SdH oscillation, sample no. 236 has a spherical
Fermi surface with the radius kF⬜ = 3.2⫻ 108 m−1, which is
denoted by A. The structure observed when the field is per-
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pendicular to the a-b plane is drawn as a flat ellipsoid with
the largest radius kF储 = 5.3⫻ 108 m−1, which is denoted by B.
The effective mass of B is anisotropic and is much larger
than that of A. The energy position of the latter should be
lower than that of the former because kF⬜ increases according to the increase of ne while kF储 does not. This suggests B
has a limited volume and is fully occupied, and that the
carriers introduced into no. 236 lift the Fermi level of A. The
structure is connected to the Fermi surface and the electrons
belonging to B can migrate into the a - b plane.
The band structure given in Fig. 15 explains the drastic
change of the TMR at ne ⯝ 5 ⫻ 1018 cm−3. When the carrier
density increases, kF⬜ increases and exceeds kF储 = 5.3
⫻ 108 m−1 at ne ⯝ 5 ⫻ 1018 cm−3 from Eq. 共2兲. When ne exceeds this carrier density, the NMR and the SdH oscillation
observed in the a - b plane disappear and the  dependence of
TMR becomes obvious. Simultaneously, the LMR shown in
Fig. 7 increases quadratically against B. When the Fermi
surface is spherical like A, that is, when the effective mass,
relaxation time, and mobility are scalar quantities, there is no
LMR. When there is nonvanishing LMR, there should be a
special electronic structure.34 These features indicate that
there is a drastic change of the electronic structure of InN at
ne ⯝ 5 ⫻ 1018 cm−3.
The change of the band structure was observed in the ne
dependence of the photoluminescence spectra, where the
peak position deviated from the Moss-Burstein shift at ne
⯝ 5 ⫻ 1018 cm−3.16 Wu et al. reported two types of temperature dependence of the luminescence.35 When ne = 3.5
⫻ 1017 cm−3, the luminescence peak shifts with the temperature change according to the band-gap energy, and when ne
= 1.2⫻ 1019 cm−3, the luminescence peak does not depend on
temperature and is observed 150 meV below the band-gap
energy. This result is another piece of evidence to show that
there is an electronic-structure change between these two
ne’s. In a previous paper, we reported that the Raman spectra
of Si-doped InN revealed that the A1共LO兲 phonon and free
carriers couple nonlinearly and Fano interferences are promi-
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nent between the zone-center LO phonon and the quasicontinuum electronic state,8 which is consistent with the results
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V. CONCLUSION

We have investigated the temperature dependence of the
resistivity of InN as a function of carrier density. The investigated InN belongs to heavily doped semiconductors in the
metallic side of the Mott transition and the critical carrier
density of the Mott transition was estimated to be 2
⫻ 1017 cm−3. There was a resistivity anomaly originating in
the carrier localization in the a - b plane, and also there was a
localization anisotropy between 关101̄0兴 and 关12̄10兴. The d
electrons of In atoms are considered to be the cause of the
anisotropy in the a - b plane. The Shubnikov–de Haas oscillation shows that InN has a spherical Fermi surface and its
radius increases according to the increase of the carrier density when ne ⬍ 5 ⫻ 1018 cm−3. There is an additional structure
observed when the field is perpendicular to the a - b plane.
The structure is considered to be due to the contribution of
the d electrons, which causes the effective mass of the conduction electrons in the a - b plane to be heavier than those in
other directions. The structure has a constant carrier density
of 4.5⫻ 1012 cm−2 in the a - b plane. The carrier density dependence of the magnetoresistance reveals that the electronic
structure changes around ne ⬃ 5 ⫻ 1018 cm−3.
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