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Effects of the narrow band gap on the properties of InN

J. Wu,1,2 W. Walukiewicz,2,* W. Shan,2 K. M. Yu,2 J. W. Ager III,2 E. E. Haller,2,3 Hai Lu,4 and William J. Schaff4
1Applied Science and Technology Graduate Group, University of California, Berkeley, California 94720

2Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720
3Department of Materials Science and Engineering, University of California, Berkeley, California 94720

4Department of Electrical and Computer Engineering, Cornell University,
Ithaca, New York 14853

~Received 12 September 2002; published 27 November 2002!

Infrared reflection experiments were performed on wurtzite InN films with a range of free-electron concen-
trations grown by molecular-beam epitaxy. Measurements of the plasma edge frequencies were used to deter-
mine electron effective masses. The results show a pronounced increase in the electron effective mass with
increasing electron concentration, indicating a nonparabolic conduction band in InN. We have also found a
large Burstein-Moss shift of the fundamental band gap. The observed effects are quantitatively described by the
k•p interaction within the two-band Kane model of narrow-gap semiconductors.
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Wurtzite-structured indium nitride forms an alloy wit
GaN. The alloy on the Ga-rich side is the key componen
blue light emitting devices.1 Early studies of InN films
grown by the sputtering method have suggested a direct b
gap of ;2 eV.2,3 Very recently, optical characterizations o
InN crystals grown by molecular-beam epitaxy~MBE!4,5 or
metal-organic vapor phase epitaxy6 have provided convinc-
ing evidence showing that the real band-gap energy of InN
actually about 0.7 eV at room temperature. This value
close to the gap energy of 0.8 eV recently obtained by th
retical calculations.7 The gap energy of InGaN ternary alloy
has been shown to cover a wide, continuous spectral ra
from the near infrared for InN to the near ultraviolet f
GaN.8

Early measurements of the free-electron effective mas
heavily doped (n.1020 cm23) InN films have given a range
of values ranging from 0.11m0 ~Ref. 2! to 0.24m0 .9 A recent
measurement of MBE-grown InN layers (n52.8
31019 cm23) using infrared spectroscopic ellipsometry h
led to the value ofm* 50.14m0 .10 The recently determined
low value of the energy gap of InN puts in question and ca
for a reevaluation of the previously determined effect
mass. In addition, in the determination of the free carr
effective mass from plasma resonance experiments, the
fective mass is inversely proportional to the optical dielec
constant («`) as the plasma frequency is measured.11 There-
fore, it is important to be careful with the choice of«` to
comparem* obtained by different groups.

In this paper we report the results of our studies of
effective mass and the optical absorption edge of wurt
InN with different free-electron concentrations. We find th
the lowest conduction band of InN is nonparabolic with t
electron effective mass strongly dependent on the elec
energy. The optical absorption edge shows a concentra
dependent blue shift resulting from the Burstein-Moss effe
All these observed effects are well described by the tw
band Kane model for narrow-gap semiconductors.

InN films were grown on~0001! sapphire substrates wit
an AlN or GaN buffer layer by molecular-beam epitaxy12

The thickness of the buffer layer ranges from 70 to 200 n
0163-1829/2002/66~20!/201403~4!/$20.00 66 2014
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The InN layer thickness is between 200 nm and 7.5mm.
Although most of the samples were not intentionally dop
free-electron concentrations ranging from 3.531017 to 5.5
31018 cm23 have been found in these samples by Hall eff
measurements. Even higher free-electron concentrat
were achieved by doping InN with Si. The free-electron co
centration of these doped samples varies between
31019 cm23 and 4.531019 cm23. The details of the growth
process have been published elsewhere.12 X-ray diffraction
studies have shown that these InN epitaxial layers had a
quality and a wurtzite structure with theirc-axis perpendicu-
lar to the substrate surface. Hall mobilities ranged from s
eral hundred up to 2050 cm2/V s. The samples were charac
terized by conventional optical absorption and infrar
reflection experiments. The optical absorption measurem
were performed using a CARY-2390 NIR-VIS-UV spectr
photometer. The infrared reflection experiments were d
on a BOMEM DA8 Fourier transform infrared~FTIR! spec-
trometer with a resolution of 4 cm21. All experiments were
carried out at room temperature.

The surface reflection of extrinsic semiconductors in
infrared region by the free carrier plasma is frequently us
to determine the effective mass of the free carriers.11 Similar
to the behavior of metals, extrinsic semiconductors stron
reflect infrared light below the plasma frequency. The fr
carrier effective mass on the Fermi surface can be calcul
from the plasma frequency (vP) if the carrier concentration
and the optical dielectric constant are known,10,11

m* 5
ne2

«0«`vP
2 . ~1!

Figure 1 shows, from the left to the right, the infrare
reflection curves of three InN samples with free-electr
concentrations ~Hall mobility! of 5.531018 cm23 ~615
cm2/V s!, 1.231019 cm23 ~1070 cm2/V s!, and 4.5
31019 cm23 ~600 cm2/V s!, respectively. The plasma reflec
tion edge is clearly resolved due to the high electron mob
ties in these samples. It can be seen that the plasma refle
edge shifts by as much as 1000 cm21 between these sample
We have used a standard complex dielectric function mo
that includes finite lifetime broadening to fit the reflectio
©2002 The American Physical Society03-1
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curves.11 The results are shown as solid curves in Fig. 1. F
thick samples with Febry-Perot oscillations, we have a
taken into account the optical interference occurring in
epilayer. The plasma frequency and the damping param
obtained from the fits are 950 and 100 cm21, 1240 and 60
cm21, and 1980 and 250 cm21 for these three samples, re
spectively.

The electron effective mass calculated from these pla
frequencies is plotted as a function of the electron conc
tration in Fig. 2. In the calculation, a recently reported is
tropically averaged value of the optical dielectric consta
«`56.7, was used.10 Also shown in Fig. 2 is the result from
Ref. 10 measured with a MBE-grown InN film. The thre

FIG. 1. From left to right, infrared reflection curves of three In
samples with free-electron concentration of 5.531018 cm23 ~thick-
ness 250 nm!, 1.231019 cm23 ~thickness 7.5mm!, and 4.5
31019 cm23 ~thickness 1.5mm!, respectively. The second and thir
curves are vertically offset by 0.2 and 0.5, respectively, for clar
The solid lines are theoretical fits using a standard complex die
tric function model. All experiments were performed at room te
perature.

FIG. 2. Free-electron effective mass as a function of elect
concentration. The three points beyond 1020 cm23 are effective
mass values calculated from plasma frequencies reported in Re
9, and 13 using«`56.7. The curves are calculated dependen
based on Eq.~4! using differentEP values.
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points with concentration above 1020 cm23 are effective
mass values calculated from the plasma frequencies repo
in Refs. 2, 9, and 13 using«`56.7. In contrast to mos
semiconductors, the effective mass exhibits a strong dep
dence on the free-electron concentration.

The electron concentration dependent effective mass
gests a nonparabolic conduction band. The conduction-b
nonparabolicity in other narrow band gap semiconducto
such as InSb~Ref. 14! and InAs~Ref. 15!, has been recog
nized and studied intensively. In these semiconductors,
strong conduction-band nonparabolicity is attributed to
k•p interaction across the narrow direct gap between
conduction and valence bands. The nonparabolic disper
relation has been calculated by Kane using ak•p perturba-
tion approach.14 We have applied Kane’s method to InN wit
a narrow band gap of 0.7 eV. Since the spin-orbit splitti
(Dso) and crystal-field splitting (Dcr) in the valence bands
are extremely small for group III nitrides,16 we assume them
to be practically zero in InN. This approximation is used
estimate the perturbation of the lowest conduction band
the valence bands. Neglecting further perturbations from
mote bands, an analytical form of the conduction-band d
persion is obtained by solving Kane’s two-bandk•p model,14

EC~k!5EG1
\2k2

2m0
1

1

2 SAEG
2 14EP

\2k2

2m0
2EGD , ~2!

whereEG is the direct band gap energy, andEP is an energy
parameter related to the momentum matrix element,

EP5
2

m0
u^SuPxuX&u2. ~3!

The density of states effective mass is thenk dependent and
given by17

m* ~k!5
\2k

dEC~k!/dk
. ~4!

The Fermi level is given by the dispersion energy in Eq.~2!
evaluated at the Fermi wave vectorkF5(3p2n)1/3, neglect-
ing the thermal broadening of the Fermi distribution. W
have calculated the effective mass as a function of elec
concentration in this model using a band-gap energyEG
50.7 eV andEP equal to 7.5, 10, and 15 eV, respective
The results are compared with experimental data in Fig. 2
can be seen that although the effective mass data were
ported by different groups on InN films grown by differe
methods, the calculation usingEP510 eV shows reasonabl
good agreement with all the measured data points. For c
parison, we note thatEP values for wurtzite GaN as low a
7.7 eV ~Ref. 18! and as high as 14 eV~Ref. 19! have been
reported in the literature. The extrapolation of the curve le
to an effective mass of 0.07m0 at the bottom of the conduc
tion band. This value is much smaller than the effective m
of 0.22m0 for GaN,11 but is close to 0.08m0 for InP ~Ref. 19!
that has an almost two times larger band gap.

The nonparabolic dispersion relation of the conduct
band also results in an increase of the density of states f
that of a parabolic band. It means that the Fermi level ri
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less rapidly as the lowest conduction band is filled up w
electrons. To explore this effect, we have measured the o
cal absorption edge of InN films with a wide range of fre
electron concentrations. Typical absorption curves~absorp-
tion coefficient squared! are shown in the inset of Fig. 3. I
can be seen that although the conduction band is nonp
bolic, the absorption can still be approximated by a squa
root dependence within;0.05 eV above the onset of th
absorption. We extrapolate the linear part of the squared
sorption down to the photon energy axis to determine
absorption edge. A strong Burstein-Moss shift of the abso
tion edge with increasing carrier concentration is observ
The dependence is plotted as solid circles in Fig. 3.

The absorption edge corresponds to the energy of the
tons that make vertical transitions from the upper vale
band to the Fermi surface in the conduction band. The e
tron concentration dependence of the absorption edge
calculated based on the nonparabolic dispersion rela
given by Eq.~2!. In the calculation, the upper valance ba
involved in the transition is assumed to be parabolic with
hole effective mass equal to the free-electron mass in
vacuum.20

We have also taken into account the conduction-b
renormalization effects due to the electron-electron inter
tion and the electron-ionized impurity interaction.21 The
conduction-band shift resulting from the electron-electron
teraction is given by

FIG. 3. Room-temperature absorption edge as a function of f
electron concentration. The solid line is the calculated band
assuming a nonparabolic (EP510 eV) dispersion for the conduc
tion band and including the band-renormalization effects. T
dotted-dashed line is the same calculation but without including
band-renormalization effects. The dotted line is the result of a
culation assuming a parabolic (m* 50.07m0) conduction band. In-
set: absorption~squared! curves for four samples with differen
free-electron concentrations~in cm23!.
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DEe-e52
2e2kF

p«s
2

e2kTF

2«s
F12

4

p
arctanS kF

kTF
D G , ~5!

wherekTF5(2/Ap)(kF /aB)1/2 is the Thomas-Fermi screen
ing wave vector,«S is the static dielectric constant, andaB
50.53«Sm0 /m* is the Bohr radius measured in Å. The co
tribution of the electron-ion interaction to the conductio
band shift can written as

DEe- i52
4pe2n

«SaBkTF
3 . ~6!

Both effects are negligible at low electron concentratio
They become quite significant at higher electron concen
tions, resulting in a red shift of approximately 0.15 eV p
decade of change ofn beyond;1019 cm23. The calculation
shows good agreement with the measured absorption ed
as indicated by the solid curve in Fig. 3. It should be no
that in the calculation no parameter has been adjuste
achieve the good fit. All the values of the parameters~i.e.,
EP , EG , and«`) used in the calculations of the absorptio
edge have been determined independently. The results of
culation excluding the band-renormalization effects are a
shown as dotted-dashed line in Fig. 3. It can be seen tha
increase of the absorption edge energy with electron con
tration is too fast as compared to the experimental data if
electron-electron and electron–ionized impurities inter
tions are ignored. To show the importance of the nonpara
licity of the conduction band on the Moss-Burstein shift, w
have also calculated the absorption edge as a functionn
assuming a constant electron effective mass of 0.07m0 for
the conduction band. The results shown as dotted line in
3 indicate that the conduction-band nonparabolicity has to
taken into account to explain the experimentally observ
absorption edge shift in InN.

In summary, we have measured the free-electron effec
mass of InN using plasma reflection in the infrared spec
region. We have found the effective mass to be electron c
centration dependent. The dependence can be well desc
by assuming a nonparabolic conduction band due to
k•p interaction between the conduction band and vale
bands. The Burstein-Moss shift of the absorption edge
also been measured and found to be consistent with the
parabolic conduction-band model.
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