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We succeeded in growing single crystalline c-InN films
on 3C-SiC substrate with a c-GaN buffer layer by MBE.
Spectroscopic ellipsometry is applied in order to deter-
mine the complex dielectric function for cubic InN from
mid-infrared into the visible spectral region. The high
electron densities above 10'° cm~3 cause pronounced
Burstein-Moss shifts at the gap. Taking into account the

1 Introduction InN has attracted much interest due to
the recent band gap revision for the hexagonal (h-) poly-
morph. Zero electron density values at room temperature
(RT) between 0.65 [1,2] and 0.68eV [3,4] were reported
depending on the approaches used for modeling the spec-
tra around the absorption edge and whether carrier-induced
band-gap renormalization (BGR) and Burstein-Moss shift
(BMS) were taken into account. An additional uncertainty
arises from the determination of the bulk electron concen-
tration (/V,) in the presence of a strong surface accumula-
tion layer [5].

Much less is known about the cubic counterpart (c-
InN). Calculations predict an even lower band gap between
0.53 and 0.65eV [6-8]. Only recently high-quality c-InN
layers became available [9]. The current paper presents a
detailed analysis of their optical properties.

2 Experimental Nominally undoped c-InN films with
127 nm (sample A), 122nm (B), and 75 nm (C) thickness
were grown by rf plasma-assisted molecular beam epitaxy
at temperatures of 434°C, 431°C, and 419°C, respectively.
Prior to the growth, thick c-GaN buffer layers (~ 600 nm,
N, ~ 2 x 10"em~3) were deposited at 720°C on the

non-parabolicity and the filling of the conduction band,
data analysis yields renormalized band edges between
0.430 and 0.455 eV. Including carrier-induced band-gap
renormalization we estimate a zero-density band gap of
~0.596 eV for c-InN with a corresponding effective elec-
tron mass of 0.041 mg at the I" point of the Brillouin
zone.
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(001)-oriented 3C-SiC substrates (N, ~ 5 x 10'7cm™3).
Further growth details have been published elsewhere [9].

The high-resolution X-ray diffraction studies yielded
the following results. The w — 26 scans, displayed in Fig. 1,
show Bragg peaks at 35.8°, 39.9°, and 41.3° correspond-
ing to c-InN (002), c-GaN (002), and 3C-SiC (002), respec-
tively. As expected, the c-InN peaks become sharper with
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Figure 1 (002) reflection w — 26 scans recorded for the investi-
gated InN samples. The data have been vertically shifted for the
sake of clarity.
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increasing layer thickness. The lattice constants obtained
from the w — 26 scans amount to (5.01 £0.01) A which is
close to the value of 4.986 A reported in Refs. [10,11]. The
analysis of reciprocal space maps yielded hexagonal inclu-
sions of only 11% (A), 10% (B), and 5% (C), respectively.
A Fourier-transform-based ellipsometer with a spectral
resolution of 1cm~! was used to investigate the optical
properties in the mid-IR range (350-2000 cm~1). From the
near-IR to visible region, the ellipsometric parameters ¥
and A were measured by a rotating-analyzer ellipsome-
ter; the spectral resolution was 10 meV. The real (1) and
imaginary part (¢2) of the complex dielectric function (DF)
(€ = 1 + ie2) were obtained by fitting experimental data
using a multi-layer model c-InN/c-GaN/3C-SiC including
surface roughness. The Photoluminescence (PL) at 10K
was excited by the 514 nm line of an Ar'-ion laser and
detected by a liquid-nitrogen cooled InSb photodiode.

3 Results and discussion Figure 2a shows the imag-
inary parts close to the band gap as well as the correspond-
ing PL spectra at 10 K. The shape of €5 is very similar to
the behavior found for degenerate h-InN [4], a sharp in-
crease is followed by a plateau. The onset of absorption
is obviously influenced by the carrier-induced BMS. Ap-
plying the fitting procedure presented in Ref.[4] allows the
unambiguous determination of the Fermi energy Er from
the 5 data as indicated in Fig. 2a. The Stokes shift be-
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Figure 2 a) PL spectra at 7' = 10K and imaginary parts of
the DF at RT for c-InN. The PL curves have been normalized to
equal amplitude for the sake of clarity, the transition energies at
the Fermi wave vector are indicated by Er. The real parts of the
DF are shown in b).
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Table 1 Determined IR data such as phonon frequencies, plasma
frequencies, and broadening parameters as well as electron con-
centrations and high-frequency dielectric constants of c-InN. The
optical effective masses m™ (N, ) are also given.

Sample  wro wp Yo N, €oo(Ne) m™(Ne)
[em™*] [em™*] [em™1] [10*°cm 3] /mo
A 4689 2025 167 2.1 697  0.067
B 4693 2061 190 22 6.95  0.068
C 470.0 2599 212 3.8 6.64  0.076

tween the PL emission maximum (found at ~0.5 eV for all
samples) and Ep increases from sample A to C indicat-
ing increasing N.. It influences also the shape of €; which
is demonstrated in Fig. 2b. The peak position shifts with
N, due to the Kramers-Kronig consistency of €; and eo,
and the high-frequency dielectric constant £, (extrapola-
tion to zero photon energy) becomes lower. The spectral
dependence of €; below the gap can be represented by an
analytical expression [12]. In the case of hiw — 0, one
obtains the values for €., which are listed in Table 1.

Determination of the zero-density band gap of c-InN
from the Fr data becomes possible with the approach re-
cently applied to h-InN [4]. The electron densities as in-
put parameters are determined by analyzing the free car-
rier excitations in the IR as obtained from SE [13]. The
DFs of the 3C-SiC, c-GaN and c-InN layers in the mid-IR
range were analyzed by a factorized expression for anhar-
monic coupling effects between free-carrier plasmons and
longitudinal-optical (LO) phonons . The adjustable sample
fit parameters are the transversal-optical (TO) lattice mode
(wro) and the plasma frequency (wp,) as well as the corre-
sponding broadening parameters. The LO mode was kept
fixed to 588 cm ™! for all samples [12]. The needed e, val-
ues for each c-InN film are taken from Table 1.

Figure 3 shows the obtained ellipsometric ¥ (a) and
A (b) spectra of sample C as an example. Measured and
modeled data excellently agree with each other. The posi-
tions of the TO- and LO-phonons are labeled by arrows.
Note that by means of the analytical DF the measured re-
flectance spectrum depicted in Fig. 3c can be well repro-
duced. It emphasizes the accuracy of the fit.

The TO mode for sample C was detected at 470.0 cm™1.
We obtain a plasma frequency of 2599 cm™!. The results
of IR-SE data analysis of all samples are summarized in
Table 1. In order to determine the electron concentration
from w;, we use the following modified equation [14]:

N.e?
wi = 7 (D

o €0E00m* (INe)

where e is the electrical unity charge and ¢ represents the
vacuum permittivity. The average effective mass m™*(N,)
accounts for the nonparabolic dispersion of a conduction
band (CB) with electron density N:
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Figure 3 Measured (dashed lines) and modeled (solid lines) ¥
(a) and A (b) spectra at an angle of incidence of 65° as well as
the IR reflectance spectrum c) for sample C. The position of the
TO and LO phonon modes are labeled by arrows.

where f(E.) is the Fermi distribution function and E.. de-
notes the dispersion of the CB. The latter one is given
by Kane’s two-band k - p model inserting the renormal-
ized band gap (E..y,) instead of the fundamental band gap
FEy [4]. The dispersion for c-InN is well described by a
value of Ep = 14 eV [12]. Furthermore, only the quantity
N./m*(N,) can be determined from the plasma frequency
[15]. So the problem has to be solved self-consistently us-
ing Egs. (1) and (2) in this article and Eqgs. (4) — (6) of
Ref. [4]. With the values obtained for the electron densities
and the averaged effective masses (see Table 1), Er of the
c-InN films can now be analyzed in analogy to h-InN [4]
which is briefly discussed for sample C.

For the evaluation of the BMS [AE. (kr) = AE.(kr)—
AEFE,(kp) = Er — Eren), the curvatures of the CB and
valence band (VB) are needed . The VB is described by
a parabolic approximation with an effective mass for the
holes of mj, = 0.5mg. The shape of the CB is expressed by
the dispersion mentioned above. Starting from the experi-
mentally determined VB-CB splitting at the Fermi wave
vector kp (Fermi energy Er) of 1.130eV and taking into
account AFE.,(krp) = 700meV, we obtain the energy of
the renormalized band gap (Fien = 0.430eV). Using a
static dielectric constant €, of 12.3 [12] for c-InN, the band-
gap renormalization (Apgr) for sample C amounts to -
173 meV for an electron concentration of 3.8 x 10'? cm~3.
Finally, it results in an estimated zero-density band gap of
0.603 eV with a corresponding effective electron mass of
0.041 myg at the I" point of the Brillouin zone. A detailed
analysis for the two other samples can be found elsewhere
[12]; values for Ey of 0.595 (A) and 0.591eV (B) were
found. Due to the uncertainty of the BGR formula, the £

values represent the upper limit, slightly lower gaps might
be possible as well.

4 Conclusion The dielectric function of cubic InN
layers in the mid-IR spectral region as well as around the
absorption edge has been analyzed. The determination of
the plasma frequency from IR data provides the electron
concentration of the films. The high-frequency dielectric
constant decreases with increasing electron concentration.
Taking into account band-filling and non-parabolicity of
the conduction band for the analysis of €2 data in the vicin-
ity of the band gap, we estimate for c-InN a zero carrier
density band gap of 0.596eV and an electron effective
mass of 0.041 m at the conduction band minimum.
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