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Measurements of the optical Hall effect in naturally doped high-quality
wurtzite-structure InN thin films by generalized ellipsometry reveal that both
the surface and the interior (bulk) free electron densities decrease with powerlaw dependencies on the film thickness. We discover a significant deviation
between the bulk electron and dislocation densities. This difference is attributed here to the existence of surface defects with activation mechanism different from bulk dislocations and identifies the possible origin of the so far
persistent natural n-type conductivity in InN. We further quantify the
anisotropy of the C-point effective mass.
Key words: InN, electronic properties, electron effective mass, infrared and
THz magneto-optic ellipsometry

INTRODUCTION
While common agreement on the band-gap properties of InN has been achieved, the doping and
transport mechanisms in InN are still highly
unclear.1–3 InN grown by molecular-beam epitaxy
or metalorganic vapor phase deposition techniques
is intrinsically n-conductive and the lowest intrinsic
electron density reported so far was achieved using
molecular-beam epitaxy (MBE) with approximately
1017 cm-3.4 In addition to the intrinsic n-type conductivity an electron accumulation layer is formed
on InN thin-film surfaces.4–6
It is well known that continued InN growth
decreases both the thin-film conductivity as well as
the thin-film dislocation density.1–3,7 Furthermore,
it was shown that conductivity and dislocation
densities correlate with similar power-law dependencies on the film thickness.4,8 The density of
threading dislocations scales with a power-law
dependence on the InN film thickness in the range
300 nm . dInN . 1400 nm:4 The bulk free electrons
may originate from positively charged point defects
and threading dislocations.4,9
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So far, a quantitative assessment of the surface
charge accumulation and their origin as a function
of thickness and bulk electron density has not been
reported. The surface charge accumulation layer
presents an immanent complication in the contactbased electrical investigation of free charge carrier
properties in InN. The physical origin of the surface charge accumulation and the persistent bulk
n-type conductivity are still under strong debate.
The unknown surface charge accumulation and
electric contact potential properties constrain
experimental access to the intrinsic electron and
hole properties by electrical charge transport measurements.4,8,10–12
Here, we report on a new, alternative optical
approach to investigate the free charge carrier
properties in InN. The precise measurement of the
optical Hall effect using magneto-optical generalized ellipsometry (MOGE) at infrared and THz
wavelengths allows the determination of the carrier
type, density, mobility, and effective mass, and their
internal distribution within individual layers and
interfaces of semiconductor heterostructures is
determined independently by comparison of experimental with best-match model calculations.13–16
The principle of an optical Hall-effect measurement
is shown in Fig. 1. The term optical Hall-effect
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Fig. 1. The principle of an optical Hall-effect measurement. Magneto-optical generalized ellipsometry (MOGE) at infrared and THz
wavelengths is used for precise measurement of the optical Hall
effect in layered semiconductor heterostructures. The experimental
MOGE setup and data analysis are detailed in Ref. 13.

refers to the interaction between long-wavelength
electromagnetic radiation and bound and unbound
electrical charge carriers subjected to an external
magnetic field that causes optical birefringence. The
optical birefringence can be precisely determined
using MOGE, which measures the polarization
response of layered samples within the Mueller
matrix descriptor system. This new method is ideally suited for unambiguous separation of the
bulk and surface free charge carrier properties in
InN thin films. In contrast to electrical capacitance, current, and Hall-effect measurements the
IR-MOGE experiment does not require contacts and
determines free charge carrier properties in semiconductor layer structures.
EXPERIMENT
A set of naturally n-type InN samples of different
thickness ranging from 500 nm to 1600 nm was
investigated. The InN epilayers were grown by
molecular-beam epitaxy on c-plane sapphire. The
high-quality structural properties and low conductivity are achieved by AlN and GaN nucleation layer
sequences.17 Standard X-ray analysis and electrical
Hall-effect measurements were employed for structural and electrical characterization.17 Field-free
(standard) IR ellipsometry (IRSE) W- and D-spectra
of all samples were collected at / ¼ 70 angle of
incidence. IR-MOGE experiments were carried out
at / ¼ 45 with samples exposed to fields l0H =
+4.5 T and l0H = -4.5 T. For further, in-depth
description of the MOGE setup and the employed
data analysis scheme the interested reader is
referred to Ref. 13. All spectra were measured at
room temperature. We combined all data within a
stratified layer model data analysis. The parameters of the model dielectric functions and layer
thickness were varied until the measured and

calculated IRSE and MOGE data were simultaneously matched.18 Anisotropic parametric dielectric functions with Lorentzian line shapes account
for the transverse (TO) and longitudinal optic (LO)
phonon and high-frequency dielectric polarizability
contributions of sapphire (substrate), GaN, AlN
(nucleation layers), and InN.16,19 The free electron
magneto-optic birefringence in the InN thin films,
detected by the MOGE technique in terms of the
anisotropic Mueller matrix element spectra M23 and
M32, was rendered by the Drude free electron model
calculated independently for each differently conducting sheet parallel to the surface of the InN
layer. The Drude model provides access to the
2

unscreened plasma frequency ðx2
p Þj ¼ Ne =ðe0 mj Þ;

the cyclotron frequency xc;j ¼ ql0 H=ðmj Þ; and the
plasmon damping parameter cp;j ¼ q=ðlj mj Þ for
polarization j = ‘‘i’’, ‘‘^’’ to the InN c-axis,13,20 which
easily converts into the electron density N, effective
mass mj ; and the mobility lj parameters (e0 and l0
are the vacuum permittivity and permeability,
respectively; q = -|e| is the elementary charge).
RESULTS AND DISCUSSION
Figure 2 shows all relevant experimental and
best-model calculated IRSE spectra in the spectral
range from 375 cm-1 to 1200 cm-1. The spectra are
dominated by sapphire phonon and interface
polariton resonances,21 and by the coupled longitudinal phonon-plasmon resonance caused by the bulk
InN electron plasma and LO phonon excitation (cf.
Fig. 1 in Ref. 22). The bulk electron density in the
InN films increases from top ð1:91  0:12
1017 cm3 Þ to bottom ð8:55  0:03  1018 cm3 Þ in
Fig. 2. The errors of the best-model electron density
parameters correspond to a 90% confidence interval
of the fit procedure. Subtle resonances identify the
InN E1 ð478 cm1 Þ and A1 ð443 cm1 Þ TO phonon
modes. Figure 3 presents MOGE spectra in the
range from 200 cm-1 to 650 cm-1. The data are differences between the Mueller matrix spectra
measured at l0H = +4.5 T and those measured at
l0H = -4.5 T. The magneto-optic polarization
coupling is strongest at x  450 cm1 ; which is the
spectral location of the interface modes caused by
the InN thin film/buffer interface, and which
depend nonlinearly on the thickness and bulk electron concentration.21 The magnitude of the MOGE
spectra, as expected, reduce with decreasing bulk
carrier concentration.
In a previous publication we discussed the results
for the InN phonon and plasmon mode frequencies
and damping parameters from the field-free measurements.19 In this report we use MOGE measurements for precise differentiation between the
two different free electron density contributions
within the InN samples. Furthermore, the electron
effective mass parameter, including its anisotropy,
can be quantified. We find, that the InN thin film is
composed of a very thin surface layer with a
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Fig. 2. Field-free (l0H = 0) experimental (dotted) and best-model
calculated (solid lines) IRSE W spectra from InN thin films deposited
on c-plane sapphire with varying thickness and free electron density.

thickness of 3 nm to 5 nm and bulk (the remaining
part of the InN thin film). Phonon and highfrequency contributions are identical in both InN
sheets, except for the free electron density.
Figure 4 depicts the parallel and perpendicular
electron effective mass parameters as a function of
the InN bulk electron density. We have included
previous experimental data obtained from infrared
studies and electrical Hall-effect analysis for comparison. A significant anisotropy for N < 1019 cm-3
can be observed from our MOGE data (s and  in
Fig. 4). We find that the out-of-plane mass m? is
larger then the in-plane mass mk : KaneÕs two-band
kp model, upon comparison with the effective mass
parameters obtained here for both polarizations,
predicts for the bottom of the InN conduction band
m? ¼ 0:050 m0 and mk ¼ 0:037 m0 : These values are
in excellent agreement with very recent ab initio
band-structure calculations.23,24 Our observation
quantitatively confirms the assumption m? > mk
concluded qualitatively from anomalous Shubnikov–de Haas oscillations in InN.25
The electron densities obtained for bulk and surface charge accumulation layer are shown in Fig. 5
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Fig. 3. Experimental (dotted lines) and best-model (solid lines)
MOGE difference spectra dM23 and dM32 taken between M23, M32
obtained at l0H = -4.5 T and M23 and M32 at l0H = +4.5 T,
respectively.

Fig. 4. Effective mass parameters of hexagonal InN for polarization
parallel and perpendicular to the c-axis obtained from MOGE analysis. Data from previous reports and kp calculations are included for
comparison.26–28

as a function of the InN film thickness. Both
the bulk and the surface charge accumulation densities decrease with increasing thickness in the
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Fig. 5. InN bulk and surface electron accumulation densities as a
function of the layer thickness. Both the bulk and the surface electron
1:92
Þ in the
accumulation density follow the same power law ðN  dInN
investigated thickness region.

investigated thickness region according to the same
power law N  da
InN : We obtain a scaling factor
a = 1.92. In concordance with recent capacitance–
voltage and high-resolution electron-energy-loss
spectroscopy investigations we find that the surface
electron density is almost two orders of magnitude
larger then the bulk density.6,29,30 While the bulk
density dominates current transport for small
thicknesses, the surface accumulation dominates
conductivity measurement for large thickness,
which causes a smaller power law observed by
electrical measurements on the thin films, as
reported by Arnaudov et al.12 with a = 0.7, or
requires exponential modeling over larger thickness
ranges.4,8 According to Cimalla et al.4 the threading
dislocation density in InN follows a different power
for 300 . dInN . 1400 nm (cf.
law: rTD  d2:70:3
InN
Fig. 1 Ref. 4). Assuming a density-independent free
electron generation mechanism of the dislocations,
the contribution of rTD to N is proportional to
drTD =ddInN : This suggests a scaling factor for
N  da
InN with a = -3.7 ± 0.3 in this thickness
range. It is very obvious from Fig. 5, however, that
the bulk density decreases much more slowly with
increasing thickness than could be account for by
the threading dislocations. Thus we conclude that
an additional thickness-dependent donor mechanism must exist in naturally n-type InN. This
mechanism contributes to both the bulk and surface
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electron accumulation density inversely proportionally to the square of the thickness. Our observation corroborates earlier findings of two different
kinds of donors when implant-damaged and annealed material was studied.31
The bulk electron mobility decreases linearly in
double-log scale with increasing density from
1600 cm2/(V s) to 800 cm2/(V s), concordant with
dominant ionized-impurity or donor-site scattering
mechanisms. We also observe that li > l^, which we
account for by additional scattering across grain
boundaries.
It is currently assumed that the electron accumulation layer originates from the low conduction-band
minimum of InN at the C-point, which permits efficient ionization of donor-type surface states inside
the conduction band.32,33 These states emit their
electrons into the conduction band and acquire positive charges, which are then compensated by an
accumulation of electrons close to the surface. This
view is in agreement with our result here if the origin
of the surface states are taken into consideration.
The scenario favored here includes the ionized
surface states as the restoring force, and pointdefect-generated surface states. The ionization efficiency of a near-surface point defect is larger by two
orders of magnitude than within the bulk. Further
surface charge may originate from internal wurtzite-structure spontaneous and near-surface piezoelectric polarization fields, which requires further
investigation.
CONCLUSION
We used magneto-optic generalized ellipsometry
in the infrared–THz spectral domain for the measurement of the optical Hall effect in wurtzitestructure InN thin-film samples. We separated bulk
and surface electron accumulation properties by
noncontact optical means. A common power-law
density dependency on the InN film thickness was
found. A strong difference between the scaling factors of the true bulk electron density and previously
counted dislocation densities proves the existence of
an additional doping mechanism. Point defects,
previously thought to be thickness independent, are
most likely the origin of this behavior. As a consequence it might be easier to neutralize surface
donors in InN when the background electron density is also low. This finding could be tested by
introducing electrons by damage such as ion bombarding and subsequent annealing processes. The
InN C-point effective mass is found to be highly
anisotropic: m? ¼ 0:050  0:03 m0 and mk ¼ 0:037
0:03 m0 for the polarizations perpendicular and
parallel to the c-axis, respectively.
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