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Effects of the Narrow Band Gap on the Properties of InN
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Infrared reflection experiments were performed on wurtzite InN films with a
range of free electron concentrations grown by molecular beam epitaxy. Measurements of
the plasma edge frequencies were used to determine electron effective masses. The
results show a pronounced increase in the electron effective mass with increasing electron
concentration, indicating a non-parabolic conduction band in InN. We have also found a
large BursteinMoss shift of the fundamental bandgap. The observed effects are
guantitatively described by the k»p interaction within the two band Kane model of narrow

gap semiconductors.
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Wourtzite-structured indium nitride forms an alloy with GaN. The aloy on the Ga-
rich side is the key component of blue light emitting devices [1]. Early studies of InN
films grown by the sputtering method have suggested a direct bandgap of ~ 2 eV [2, 3].
Very recently, optical characterizations of InN crystals grown by molecular beam epitaxy
(MBE) [4, 5] or metal-organic vapor phase epitaxy [6] have provided convincing
evidence showing that the real bandgap energy of InN is actually about 0.7 eV at room
temperature. This value is close to the gap energy of 0.8 eV recently obtained by
pseudopotantial calculations [7]. The gap energy of InGaN ternary aloys has been shown
to cover a wide, continuous spectral range from the near infrared for InN to the near
ultraviolet for GaN [8].

Early measurements of the free electron effective mass in heavily doped (n > 10%°
cm®) InN films have given a range of values ranging from 0.11m [2] to 0.24m, [9]. A
recent measurement of MBE-grown InN layers (n = 2.8 10" cm®) using infrared
spectroscopic ellipsometry has led to the value of m™ = 0.14mp [10]. The recently
determined low value of the energy gap of InN puts in question and calls for a re-
evaluation of the previously determined effective mass. In addition, in the determination
of the free carrier effective mass from plasma resonance experiments, the effective mass
isinversely proportional to the optical dielectric constant (ey) as the plasma frequency is
measured [11]. Therefore, it is important to be careful with the choice of ey to compare
m’ obtained by different groups.

In this paper we report the results of our studies of the effective mass and the
optical absorption edge of wurtzite InN with different free electron concentrations. We
find that the lowest conduction band of InN is nonparabolic with the electron effective
mass strongly dependent on the electron energy. The optical absorption edge shows a
concentration-dependent blue shift resulting from the BursteinrMoss effect. All these
observed effects are well described by the two-band Kane model for narrow gap
semiconductors.

INN films were grown on (0001) sapphire substrates with an AIN or GaN buffer
layer by molecular-beam epitaxy [12]. The thickness of the buffer layer ranges from 70
nm to 200 nm. The InN layer thickness is between 200 nm and 7.5 nm. Although most of

the samples were not intentionally doped, free electron concentrations ranging from



35 10" cm?® to 5.5 10'® cm® have been found in these samples by Hall Effect
measurements. Even higher free electron concentrations were achieved by doping InN
with Si. The free electron concentration of these doped samples varies between 1.0° 10*°
cm® and 4.5 10%° cm3. The details of the growth process have been published elsewhere
[12]. X-ray diffraction studies have shown that these INnN epitaxial layers had high quality
and wurtzite structure with their c-axis perpendicular to the substrate surface. Hall

mobilities ranged from severa hundred up to 2050 cnf/Vs. The samples were
characterized by conventional optical absorption and infrared reflection experiments. The
optical absorption measurements were performed using a CARY-2390 NIR-VIS-UV
spectrophotometer. The infrared reflection experiments were done on a BOMEM DAS8
Fourier transform infrared spectrometer with a resolution of 4 cm*. All experiments were
carried out at room temperature.

The surface reflection of extrinsic semiconductors in the infrared region by the
free carrier plasma is frequently used to determine the effective mass of the free carriers
[11]. Similar to the behavior of metals, extrinsic semiconductors strongly reflect infrared
light below the plasma frequency. The free carrier effective mass on the Fermi surface
can be caculated from the plasma frequency (wp) if the carrier concentration and the
optical dielectric constant are known [10, 11].
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Figure 1 shows, from the left to the right, the infrared reflection curves of three
InN samples with free electron concentrations (Hall mobility) of 5.5 10'® cm® (615
cn?/Vs), 1.2 10™° em® (1070 cn?/Vs) and 4.5 10" cm® (600 cn?/V's), respectively. The
plasma reflection edge is clearly resolved due to the high electron mobilities in these
samples. It can be seen that the plasma reflection edge shifts by as much as 1000 cnit
between these samples. We have used a standard complex dielectric function model that
includes finite lifetime broadening to fit the reflection curves [11]. The results are shown
as solid curves in Fig. 1. For thick samples with Febry-Perot oscillations, we have aso
taken into account the optical interference occurring in the epilayer. The plasma
frequency and the damping parameter obtained from the fits are 950 cmi* and 100 cmi?,

1240 cm* and 60 cmit, and 1980 cmit and 250 cmi* for these three samples, respectively.



The electron effective mass calculated from these plasma frequencies are plotted
as afunction of the electron concentration in Fig. 2. In the calculation, a recently reported
isotropically averaged value of the optical dielectric constant, ey = 6.7, was used [10].
Also shown in Fig. 2 is the result from Ref.[10] measured with a MBE-grown InN film.
The three points with concentration above 10°°cmi® are effective mass values calculated
from the plasma frequencies reported in Ref. [2], [9] and [13] using ey = 6.7. In contrast
to most semiconductors, the effective mass exhibits a strong dependence on the free
electron concentration.

The €electron concentration dependent effective mass suggests a nonparabolic
conduction band. The conduction band nonparabolicity in other narrow bandgap
semiconductors, such as InSb [14] and InAs [15], has been recognized and studied
intensively. In these semiconductors the strong conduction band nonparabolicity is
attributed to the k>p interaction across the narrow direct gap between the conduction ard
valence bands. The non-parabolic dispersion relation has been calculated by Kane using a
k>p perturbation approach [14]. We have applied Kane's method to InN with a narrow
bandgap of 0.7 eV. Since the spin-orbit splitting (Ds) and crystal field splitting (Dg) in
the valence bands are extremely small for group I1I-nitrides [16], we assume them to be
practically zero in InN. This approximation is used to estimate the perturbation of the
lowest conduction band by the valence bands. Neglecting further perturbations from
remote bands, an analytical form of the conduction band dispersion is obtained by solving
Kane's two-band k>p model [14],
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where Eg is the direct bandgap energy, and Ep is an energy parameter related to the
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The density of states effective mass is then k-dependent and given by [17]
h’k
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The Fermi level is given by the dispersion energy in Eq.(2) evaluated at the Fermi

wavevector k. = (f:pZn)m, neglecting the thermal broadening of the Fermi distribution.
We have calculated the effective mass as a function of electron concentration in this
model using a bandgap energy Ec = 0.7 €V and Ep equa to 7.5, 10 and 15 eV
respectively. The results are compared with experimental data in Fig. 2. It can be seen
that athough the effective mass data were reported by different groups on InN films
grown by different methods, the calculation using Ep = 10 eV shows reasonably good
agreement with all the measured data points. For comparison, we note that Ep values for
wurtzite GaN as low as 7.7 eV [18] and as high as 14 eV [19] have been reported in the
literature. The extrapolation of the curve leads to an effective mass of 0.07mp at the
bottom of the conduction band. This value is much smaller than the effective mass of
0.22mg for GaN [11], but is close to 0.08mg for InP [19] that has an amost two times
larger band gap.

The nonparabolic dispersion relation of the conduction band also results in an
increase of the density of states from that of a parabolic band. It means that the Fermi
level rises less rapidly as the lowest conduction band is filled up with electrons. To
explore this effect, we have measured the optical absorption edge of InN films with a
wide range of free electron concentrations. Typical absorption curves (absorption
coefficient squared) are shown in the inset of Fig. 3. It can be seen that although the
conduction band is non-parabolic, the absorption can still be gpproximated by a square-
root dependence within ~ 0.05 eV above the onset of the absorption. We extrapolate the
linear part of the squared absorption down to the photon energy axis to determine the
absorption edge. A strong BursteinrMoss shift of the absorption edge with increasing
carrier concentration is observed. The dependence is plotted as solid circlesin Fig. 3.

The absorption edge corresponds to the energy of the photons that make vertical
transitions from the upper valence band to the Fermi surface in the conduction band. The
electron concentration dependence of the absorption edge was calculated based on the
non-parabolic dispersion relation given by EQ.(2). In the calculation, the upper valance
band involved in the transition is assumed to be parabolic with the hole effective mass

equal to the free electron mass in the vacuum [20].



We have also taken into account the conduction band renormalization effects due
to the electron-electron interaction and the electron-ionized impurity interaction [21]. The

conduction band shift resulting from the electron-electron interaction is given by
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where ki, = (2/p (k. /a, )% is the Thomas-Fermi screening wavevector, e, is the

static dielectric constant and a, = 0.53e,m,/ m’ is the Bohr radius measured in A. The

contribution of the electron-ion interaction to the conduction band shift can written as

2
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Both effects are negligible at low electron concentrations. They become quite significant
at higher electron concentrations, resulting in a red shift of approximately 0.15 eV per
decade of change of n beyond ~ 10*° cm®. The calculation shows good agreement with
the measured absorption edges, as indicated by the solid curve in Fig. 3. It should be
noted that in the calculation no parameter has been adjusted to achieve the good fit. All
the values of the parameters (i.e., Ep, Eg, and ey) used in the calculations of the
absorption edge have been determined independently. The results of calculation
excluding the band-renormalization effects are also shown as dotted-dashed line in Fig. 3.
It can be seen that the increase of the absorption edge energy with electron concentration
is too fast as compared to the experimental data if the electron-electron and electron
ionized impurities interactions are ignored. To show the importance of the non
parabolicity of the conduction band on the Moss-Burstein shift, we have aso calculated
the absorption edge as a function of n assuming a constant electron effective mass of
0.07mp for the conduction band. The results shown as dotted line in Fig. 3 indicate that
the conduction band nonparabolicity has to be taken into account to explain the
experimentally observed absorption edge shift in InN.

In summary, we have measured the free electron effective mass of InN using
plasma reflection in the infrared spectral region. We have found the effective mass to be
electron concentration dependent. The dependence can be well described by assuming a

non-parabolic conduction band due to the k : p interaction between the conduction band



and vaence bands. The BursteinrMoss shift of the absorption edge has also been
measured and found to be consistent with the non parabolic conduction band model.
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Figure Captions

Fig.1 From left to right, infrared reflection curves of three InNN samples with free electron
concentration of 5.5 10¥cm® (thickness 250 nm), 1.2° 10*%cm® (thickness 7.5 nm) and
4.5 10%cm® (thickness 1.5 mm), respectively. The second and third curves are vertically
offset by 0.2 and 0.5, respectively, for clarity. The solid lines are theoretical fits using a
standard complex dielectric function model. All experiments were performed at room

temperature.

Fig.2. Free electron effective mass as a function of electron concentration. The three
points beyond 10°°cm® are effective mass values calculated from plasma frequencies
reported in Ref. [2], [9] and [13] using ey = 6.7. The curves are calculated dependences
based on EQ.(4) using different Ep vaues.

Fig.3 Room-temperature absorption edge as a function of free electron concentration. The
solid line is the calculated bandgap assuming a non-parabolic (Ep=10 eV) dispersion for
the conduction band and including the band-renormalization effects. The dotted-dashed
line is the same calculation but without including the band-renormalization effects. The
dotted line is the result of a calculation assuming a parabolic (m =0.07 my) conduction
band. Inset: absorption (sguared) curves for four samples with different free electron

concentrations (in cm).
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