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for n-type doping [3] all unintentionally doped InN is n-type
conductive but the exact doping mechanism is under debate
[4]–[6]. Particular difficulties to assess doping in InN and In
rich alloys are encountered because of the presence of electron
accumulation at the film surfaces. Electrical measurements are
dominated by the accumulation layer conductivity, complicating their interpretation, since the exact current paths are
difficult to determine. The latter are required in order to assign
separately the free-charge carrier densities and mobilities to
the individual constituents of a layered sample. Further ptype conductivity will be obscured by the surface electron
accumulation in a single Hall effect measurement. Recently,
electrolyte capacitance-voltage and Hall effect measurements
at variable magnetic fields combined with photoluminescence
have provided evidence for p-type doping in Mg-doped InN
films [7], [8]. Although these techniques offer access to some
of the free-charge carrier properties of either the surface or the
bulk of n- and p-type InN films, separate and unambiguous
quantitative assignment of surface and bulk carrier mobility,
density, effective mass and sign has not been achieved yet.
This entanglement of surface accumulation and bulk charge
densities in InN hinders the development of a better understanding of the doping mechanisms in the material and the
assessment of the impact of dopants.
Likewise, considerable efforts have been focused on understanding the microscopic origin and nature of the electron accumulation at InN surfaces [9]–[11]. Most experimental work
on the surface electron accumulation has been concentrated
on wurtzite (WZ) (0001)-oriented (c-plane) InN [9], [10],
[12], [13]. The electron accumulation was observed at the
(0001) surfaces of WZ InN and suggested to be a consequence
of the low Γ point conduction band minimum (CBM) of
the material (lying significantly below the charge neutrality
level) [9], [10]. The electron accumulation at the polar InN
surfaces was explained by the presence of occupied In-In
bond surface states above the CBM [11]. Recently, the growth
of WZ non-polar, semi-polar and zinc-blende (ZB) nitrides
has become of significant technological importance, since it
offers a promising approach to overcome the deteriorating

Abstract— Precise measurement of the optical Hall effect in
InN using magneto-optical generalized ellipsometry at IR and
THz wavelengths, allows us to decouple the surface accumulation
and bulk electron densities in InN films by non-contact optical
means and further to precisely measure the effective mass and
mobilities for polarizations parallel and perpendicular to the
optical axis. Studies of InN films with different thicknesses, free
electron densities and surface orientations enable an intricate
picture of InN free electron properties to emerge. Striking
findings on the scaling factors of the bulk electron densities
with film thickness further supported by transmission electron
microscopy point to an additional thickness dependent doping
mechanism unrelated to dislocations. Surface electron accumulation is observed to occur not only at polar but also at non-polar
and semi-polar wurtzite InN, and zinc blende InN surfaces. The
persistent surface electron density shows a complex behavior with
bulk density and surface orientation. This behavior might be
exploited for tuning the surface charge in InN.

I. I NTRODUCTION
Recent developments in group-III nitride technology have
led to the commercialization of variety of optoelectronic
devices with large impact on everyday life. In particular,
high-brightness blue and white light emitting diodes based
on InGaN promise more efficient lighting solutions [1]. An
emerging potential application of InGaN and InAlN alloys is
in highly efficient multijunction solar cells [2] addressing the
immediate need of developing sustainable renewable energy
sources. Furthermore, InN and related alloys are promising for
developing high-frequency transistors, THz emitters and chemical sensors. Driven by the attractive material applications,
the epitaxial techniques to grow InN and related alloys have
made significant advances and matured during the last decade.
However, our poor understanding of the doping mechanism
in InN and related alloys is one of the critical issues that
hinder further progress in the InN based technology towards
full exploitation of the material potential.
Understanding and controlling doping mechanisms in semiconductors are indispensable for their incorporation into new
electronic devices, and challenge scientists to unravel the
physics behind the sometimes peculiar free-charge carrier generating mechanisms. As a result of its exceptional propensity
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effects of the built-in electric fields on variety of devicerelevant characteristics of the materials [14]–[16]. Recent
theoretical studies have predicted presence or absence of
electron accumulation at nonpolar InN surfaces depending on
In/N ratio and surface reconstruction [11]. The presence of
electron accumulation at the surfaces of WZ (112̄0)- and ZB
(001)-oriented InN has been inferred on the basis of X-ray
photoemission spectroscopy (XPS) studies [17], and at the
nonpolar surfaces of InN nanocolumns by Raman scattering
spectroscopy [18].
In this work we report a comprehensive study of the
free electron behavior in InN films with different crystal
modifications, surface orientations, and bulk carrier densities.
We first demonstrate the disentanglement of the bulk and
surface free charge carrier properties in c-plane InN thin films
through the optical Hall effect, which allows us to explore
the trends in the true bulk and surface accumulation electron
densities. We further report on the free electron properties
in ZB (001)- and WZ (112̄0)-, and (101̄1)-oriented InN thin
films using generalized infrared spectroscopic ellipsometry
(GIRSE), evidencing distant accumulation of electrons at their
surfaces.

new method does not require contacts in contrast to electrical
capacitance, current and Hall effect measurements, and it is
thus ideally suited for studying free charge carriers in InN
heterostructures.
Both the Mueller matrix descriptor system and the Jones
matrix formalism were used to describe the polarized response
of the sample in the optical Hall effect and zero-field GIRSE
measurements. The Mueller matrix connects the Stokes vectors, which describe the general polarization states before (Sin )
and after (Sout ) light interaction with the sample: Sout =MSin ,
where the elements Mij , (i,j=1...4) are usually normalized to
M11 . In the Jones matrix formalism the generalized ellipsometry parameters are described by three ratios of the polarizedlight reflection coefficients among the four available complexvalued elements of the Jones reflection matrix r [29]–[32].
The ratios defining the generalized ellipsometry parameters
Ψij , ∆ij are [29]:
rpp
rss
rps
rpp
rsp
rss

≡ Rpp = tan Ψpp exp(i∆pp ),
≡ Rps = tan Ψps exp(i∆ps ),

(1)

≡ Rsp = tan Ψsp exp(i∆sp ),

and which depend on the layer sequence, layer dielectric
function (DF), the relative orientation of the optical axis of
the anisotropic material, and the layer thickness of each single
constituent in a multi-layer structure.
Field-free (standard) GIRSE Ψ- and ∆-spectra of all samples were collected at Φ=70◦ and Φ=60◦ angles of incidence.
IR-MOGE experiments were carried out at Φ= 45 ◦ with
samples exposed to fields µ0 H = +4.5 T and µ0 H = −4.5 T.
Model calculations, which account for the layered structure of
the sample, are used to obtain information on the DF spectra,
thickness, and relative optical axis orientation.
In the infrared and THz spectral region the DF εj (ω) is
sensitive to phonon and plasmon effects. The infrared model
DF can be written as a sum of lattice, εL
j (ω) and free-charge
C
carrier, εF
(ω)
contributions:
j

II. E XPERIMENTAL AND MODELING
InN samples with different surface orientations were grown
by molecular beam epitaxy (MBE). A series of unintentionally
doped n-type WZ InN films of different thickness from about
550 to 1600 nm and a 500 nm thick Si-doped InN film, all
with c-plane (0001) orienatation were studied by the optical
Hall effect. These (0001) InN films are grown on c-plane
sapphire employing AlN and GaN nucleation layer sequences
[19]. Next, ZB (001)- and WZ (101̄1)- and (112̄0)-oriented
InN films with similar thicknesses of about 400 - 500 nm
were studied by GIRSE. In this case the growth was realized
on (11̄02) sapphire substrates without a buffer layer and
employing nitridation pre-treatment of the substrates [20],
[21]. Different crystal modifications and film orientations were
achieved by carefully controlling the nitridation time [20],
[21].
The crystal structure and film orientation was determined
by high-resolution x-ray diffraction using a Philips X’pert
triple axis diffractometer [22]. The purity of the ZB phase
was carefully examined by reciprocal space mapping around
the ZB (001) reciprocal space point at the four {111} azimuths
and estimated to be about 75%. All InN films exhibit n-type
conductivity as measured by standard single field electrical
Hall effect.
The free electron properties of the InN films were studied by
optical Hall effect and GIRSE. The measurement of the optical
Hall effect employs the use of magneto-optical generalized
ellipsometry (MOGE) at infrared and THz wavelengths [23].
It allows precise and independent determination of the carrier
type, density, mobility, and effective mass, and their distribution within individual layers of semiconductor heterostructures, providing equivalent and even increased information
compared to the classical electrical Hall effect [23]–[28]. This

FC
L
εL
j (ω) = εj + εj ,

(2)

where the subscript ”j” refers to the polarizability along the
crystal principal axes.
A product-representation for harmonic oscillator lineshapes
with Lorentzian broadening is employed for the calculation of
the lattice contribution εL to the DF of uniaxial crystals, such
as wurtzite-structure group-III nitrides [23], [30]–[32].
The contribution from free-carriers to the dielectric functions at zero magnetic field is accounted for by the classical
Drude model [31]–[33]:
(F C)

εj

(ω) = −

with

∗ 2
(ωp,j
)
,
ω(ω + iγp,j )

(3)

s
∗
ωp,j

=e

N
.
ε0 mj

(4)

The unscreened plasma frequency ω*p depends on the freecharge-carrier concentration N and the major elements along

2

the principle crystal axes of the effective conduction band
mass, mj (ε0 is the vacuum permittivity, and e is the electrical
unit charge). The plasmon broadening parameter γ p is related
to the optical free-carrier mobility µ:
e
.
(5)
γp,j =
mj µj
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tensor
¶
µ
µ0 H
m−1 ,
(7)
hωc i ≡ q
m0

[°]

30

3.46 ± 0.28

60
40
20
50 A1

InN

E1

12.7 ± 0.3

30
21.8 ± 0.4

10
Si-doped

40

85.5 ± 0.3

20

-Al O
2

0
400

600

3

A2u
E2

800

1000

1200

-1

[cm ]

which depends on the magnitude H of the magnetic field,
the inverse effective free-charge-carrier mass tensor, and the
free-charge-carrier type. As can be seen from ε(F C−M O) ,
the magnetic field causes symmetry breaking in ε. For H
= 0, Eq. 6 is identical with Eq. 3. In Eq. 6 the magnetic
field contribution scales with the inverse effective mass tensor
m−1 . Therefore, if the magnetic-field induced changes in the
dielectric function tensor can be determined, information on
the effective mass tensor elements can be obtained.

Fig. 1. Field-free (µ0 H = 0) experimental (dotted lines) and best-model (solid
lines) IRSE Ψ spectra [28].

in contrast to cyclotron resonance measurement there is no
requirement on the plasmon damping to be smaller compared
to the cyclotron frequency to create measurable polarization
effects in the MOGE experiment.
As a result of a robust analysis of the combined IRSE and
MOGE data (Figs. 1 and 2) two InN layers with different free
electron properties and their dielectric function contributions
have been unambiguously identified for all samples [28], [34].
The InN films were found to consist of a surface accumulation
layer (thickness ds ) with a high electron density and a bulk
layer (thickness d) with a lower electron density in accordance
with the well established view [9], [11], [36], [37]. The zerofield IRSE data are very sensitive to the surface electron
properties, which is exemplified in Fig. 3 for one of the InN
films with intermediate bulk electron density. Figure 3 shows
experimental and best model calculated Ψ spectra assuming
different model values of the surface electron density, Ns ds .
The solid line shows the calculated spectrum using the bestmatch value of Ns ds = 1.5×1014 , while the rest show the
results with different surface electron densities as indicated in
Fig. 3. It is seen that assuming a surface electron density, different from the best-match value, results in a poor agreement
between experiment and calculated spectra in a large spectral
range. The MOGE data possess similar high sensitivity to
the surface electron properties in the vicinity of the interface
polariton resonances.
From analysis of the optical Hall effect we obtained thickness, d (in a very good agreement with transmission electron
results), phonon mode parameters, free electron density, Nb ,

III. R ESULTS AND DISCUSSION
A. Optical Hall effect in c-plane InN
Figures 1 and 2 show experimental and best-model calculated IRSE Ψ and MOGE Mueller Matrix element Mij
spectra, respectively. The analysis of the field-free IRSE
data [28], [34] (Fig. 1) provides the phonon mode parameters
[35]. It further renders, through the plasma frequency and
broadening parameters, the coupled quantities N/m and N µ,
where N , µ and m are the free-carrier density, mobility
and effective mass, respectively. Resonance structures in the
IRSE spectra identify the InN E1 (478 cm−1 ) and A1 TO
phonons (443 cm−1 ) and the LO phonon-plasmon coupled
modes (LPP) (650-1000 cm−1 ) in InN (Fig. 1). The resonance
structures in Fig. 2 (at ∼360 cm−1 and ∼450 cm−1 ) originate
from interface polariton excitations controlled by substrate
phonon frequencies and the InN free carrier properties. Due
to the magnetic field the polariton resonances split into left
and right polarized modes which reflect differently off the
surface, and hence the Mueller matrix elements reveal nonzero intensities. The InN interface polaritons provide access
to the plasma and cyclotron frequencies and the plasmon
damping parameter (see Eq. 7 and Ref. [23] for details),
which makes possible to differentiate between N , µ and m
and to obtain the sign of the free-charge carriers. Note that
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Fig. 3. Field-free (µ0 H = 0) experimental (dotted lines) and best model
(lines) IRSE Ψ spectra for the InN film with intermediate bulk electron density
of 1.27×1018 cm−3 and different surface electron densities, Ns ds . The solid
(red) line indicates the calculated spectrum with the best-match calculated
surface density value of 1.5×1014 cm−2 .
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difference spectra δM23 , δM32 taken between M23 , M32 obtained at µ0 H
= -4.5T and M23 , M32 at µ0 H = +4.5T, respectively [28].
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mobility, µj , and effective mass, m∗j (j denotes the polarization, being parallel or perpendicular to the c-axis), of the bulk
InN and the surface electron density, Ns ds [28], [34]. The
bulk electron mobility decreases linearly in double-log scale
with increasing density from 1600 cm2 /(Vs) to 800 cm2 /(Vs),
concordant with dominant ionized-impurity or donor-site scattering mechanism. We observe that µk > µ⊥ , which we
account for additional scattering across grain boundaries.
Figure 4 depicts parallel and perpendicular electron effective
mass parameters as a function of the bulk electron density.
Previous data obtained from infrared studies and electrical
Hall effect analysis are included for comparison [38]–[41].
We observe a significant anisotropy for N < 1019 cm−3 .
The out-of-plane mass m∗⊥ is larger then m∗k . Kane’s twoband kp model, upon comparison with the effective mass
parameters obtained here for both polarizations, predicts for
the bottom of the InN conduction band m?⊥ = 0.050 m0
and m?k =0.037 m0 . These values are in excellent agreement
with recent ab initio band-structure calculations [42]. Our
observation quantitatively confirms the assumption of m∗⊥ >
m∗k concluded qualitatively from anomalous Shubnikov–de
Haas oscillations in InN [43].
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Fig. 4. Effective mass parameters of hexagonal InN for polarization parallel
and perpendicular to the c-axis obtained from MOGE analysis [28]. Data from
previous reports are included for comparison [38]–[41].

Hall effect were also reported decreasing with increasing film
thickness [4], [5]. The apparent electrical Hall effect electron
density was suggested as comprising a constant back-ground
electron density (due to donor impurities), a fixed surface sheet
density (due to the accumulation layer) and an electron density
due to positively charged nitrogen vacancies associated with
threading dislocations [4], [5]. The dependencies of the bulk
electron density on film thickness according to Refs. [4], [5],
which postulated a constant surface sheet density, are also
shown in Fig. 5.
It is seen that the variation of the bulk free electron density
in our InN films determined by the optical Hall effect does not
follow the trends from Refs. [4] and [5]. In particular, the bulk
electron densities of the InN films with thickness above 1 µm
lie well below the density variation curves reported both in

B. Bulk unintentional doping mechanism in c-plane InN
Fig. 5 shows the bulk free-electron density, Nb , extracted
from the optical Hall effect, as a function of the film thickness,
d, for the unintentionally doped c-plane InN samples [34]. Nb
decreases with increasing thickness according to a power law
Nb ∼ d−α , with scaling factor α≈1.8. Free electron densities
in unintentionally doped InN films obtained from electrical
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Fig. 6. Cross-section bright-field TEM image of the (a) 1.6 µm-thick InN
film showing the lowest Nb =1.91×1017 cm−3 and (b) of an 1.3 µm-thick
InN with a Nb =4.35×1018 cm−3 .
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InN region (≈ 250 nm thick) can be seen at the interface with
the GaN buffer layer for both samples [Figs. 6 (a) and (b)].
Individual defects in this interfacial region are hard to resolve
unambiguously. Above the interfacial region the dislocation
density is estimated to vary only marginally with film thickness, from 1.7±0.2×1010 to 8.8±2.6×109 cm−2 for the InN
film in Fig. 6 (a) and from 3.1×1010 to 2.4×1010 cm−2 for
the InN film in Fig. 6 (b). This result is in agreement with
previous findings that the major change in dislocation density
in InN takes place within the substrate/buffer interfacial region
of the InN film [36]. The above numbers for the dislocation
density have also been confirmed by dark field imaging with
different g-vectors.
Our findings further make evident that for certain growth
conditions and nucleation schemes the variation of dislocation
density with film thickness is much weaker than previously
reported [4], [5]. We also measured, as discussed above,
similar densities of dislocations in InN films with bulk electron
densities that differ by more than an order of magnitude.
Therefore, our TEM and optical Hall effect results (Figs. 5
and 6) indicate that the contribution of the dislocations to
the thickness dependent doping mechanism might have been
overestimated. Indeed, electrical Hall electron density in a 0.76
µm-thick InN film, grown on an yttrium-stabilized zirconium
substrate, is in the range of 2-6×1018 cm−3 [46] and would
require according to the models in Refs. [4], [5] a dislocation
density of 1-5×1010 cm−2 , which is at least an order of
magnitude larger than the measured value of 1×109 cm−2
[46]. Therefore, it is plausible to suggest that an additional
thickness-dependent doping mechanism, unrelated to dislocations, must be invoked to explain the variation of the bulk
free electron density with InN film thickness. Point defects,
previously thought to be thickness independent are most likely
the origin of this additional doping mechanism. Unintentional
impurities, such as ON , SiIn , Hi , and native defects, such as
N vacancy and related complexes, are the obvious candidates.
A combined glow discharge mass spectroscopy and electrical
Hall effect measurement studies suggested that the high donor

Fig. 5. Bulk free electron density, Nb , as a function of film thickness, d,
determined by optical Hall effect [34].

Ref. [4] and in Ref. [5]. The origin of these differences may
be traced back either to the variation of dislocation density
with film thickness or/and the assumption of constant surface
density used in the models of Refs. [4], [5]. First we consider
the contribution of the dislocations to the free electron density
in more details. Cimalla et al. [4] and Piper et al. [5] found that
an exponential decay of dislocation density, associated with
a density-independent mechanism of free electron generation,
reproduces well the variation of electrical Hall electron density
with InN thickness in a large number of samples grown at
different conditions. However, it is obvious that the magnitude
and variation of dislocation density with thickness are not
universal but depend on the growth conditions, substrate and
specific nucleation scheme used. For instance, it has been
shown on the basis of x-ray diffraction measurements that the
densities of both screw and edge type dislocations decrease
with increasing the growth temperature [44]. Transmission
electron microscopy (TEM) further gives rather scattered data:
variations from 5×1011 cm−2 to 5×1010 cm−2 [4], and from
2.7×1010 cm−2 to 8.8×109 cm−2 [45] over InN film thickness
of ∼1 µm, and from 1.5×1011 cm−2 in the GaN buffer layer
to 2.2×1010 cm−2 at the InN surface of a 0.76 µm thick InN
film [36] have been reported.
To gain further insight into the variation of dislocation
density with film thickness and its implications for the free
electron behavior in InN we perform cross-section brightfield and dark field TEM. Figure 6 shows bright field TEM
micrographs of the thickest (1.6 µm) InN film with the lowest
bulk free-electron density of 1.91×1017 cm−3 (a) and a
different 1.3 µm thick InN film with Nb = 4.35×1018 cm−3
(grown by MBE on a metalorganic vapor phase epitaxial GaN
buffer layer). These bright field images were recorded with
the electron beam parallel to h112̄0i, which provides contrast
with all present threading dislocations. A thin highly defective

5

(b)

(c)

-2

surface electron density, N d (cm )

(a)

(10-11) WZ InN

s

s

(0001) WZ InN

(001) ZB InN

1014

Si-doped

1013

1012 17
1x10

(11-20) WZ InN

1x1018
bulk electron density,

Ne

Fig. 8. Experimental (dots) and calculated (lines) GIRSE spectra of one
representative (112̄0) InN film on r-plane sapphire for different angles ϕ
between the plane of incidence and the InN [0001] direction: (a) Ψpp , (b)
Ψps and (c) Ψsp .

1x1019
-3

(cm )

It has been recognized that surface states which pin the
Fermi level, EF , tend to fall near a universal energy level
known as the Fermi stabilization energy, EF S [3], [7]. EF S
is located in the conduction band of InN, which causes the
surface electron accumulation and was recently determined
to lie at 1.83 eV above the valence band maximum (VBM)
[49]. The surface Fermi level position was shown to increase
with increasing the bulk electron density from ∼1.5 eV
for an unintentionally doped InN with Nb =2.0×1018 cm−3
to a saturation at EF S for heavily Si-doped InN with a
Nb =6.6×1020 cm−3 [49]. Therefore, we have adopted from
Ref. [49] a pinning of the surface EF at 1.5 eV (1.64)
above the VBM for our unintentionally doped (Si-doped) InN
films when calculating the charge- and band-bending profiles
[34]. The calculations were performed by solving Poisson’s
equation within the modified Thomas-Fermi approximation
following Ref. [12] using a non-parabolic conduction band
[50]. The shift of the conduction and valence band edges
due to electron-electron, electron-hole, electron-impurity and
hole-impurity interaction as a function of both electron and
doping density have been included. The calculations showed
a good agreement with the experimentally determined Ns ds
for the Si-doped sample. On the other hand the calculated
surface electron density in the unintentionally doped InN films
increases marginally from 5.24×1013 cm−2 to 5.29×1013
cm−2 in contrast with the significant variation of Ns ds about
one order of magnitude found experimentally (Fig. 7). The
latter indicates a certain variation of the EF position at the
surface of the unintentionally doped InN films with changing
Nb . A presence of InN(0001̄) inversion domains, shown to
possess highly dispersive surface states [11] is among the
possible explanations. However, at this stage the origin of the
strong variation of EF at the InN surface remains unidentified.
We further studied the free electron behavior in WZ InN
with semi-polar (101̄1) and non-polar (112̄0) surfaces, and
ZB (001)-oriented InN film by GIRSE. Experimental and
best-match calculated Ψ spectra are shown in Fig. 8 for one
representative non-polar InN sample. The dependence of the
effective mass on the bulk electron density as determined by
the optical Hall effect (see Fig. 4) was taken into account in the
GIRSE modeling. From analysis of the GIRSE data the bulk

Fig. 7. Surface electron sheet density, Ns ds , as a function of the bulk
free electron density Nb for WZ and ZB InN films with different surface
orientations.

concentrations in unintentionally doped MBE InN could not
be explained by O and Si, but possibly by H impurities [47].
Recent first-principles studies also suggested that monatomic
hydrogen is the plausible cause of the unintentinal n-type
2+
conductivity in InN [6]. Both substitutional, HN
, and in+
terstitial hydrogen, Hi were found to have lower formation
energies than the positively charged nitrogen vacancy, which
associated with dislocations was previously suggested to be
the main donor responsible for the thickness dependence of
free-electron density in InN films [4], [5]. Interestingly, Hi+
has been estimated to be mobile at modest temperatures (≥
100 ◦ C) [6], which can cause gradients in the free electron
density with film thickness after cooling down from growth or
processing temperatures. Hydrogen concentrations exceeding
1018 cm−3 have been reported for MBE InN films [48].
C. Electron accumulation at polar, non-polar and semipolar
WZ and (001) ZB InN surfaces
The observed differences between our optical and the
electrical Hall effect bulk electron densities (Fig. 5) may in
addition originate from the assumption of a constant surface
density used to extract the bulk electron density from the
electrical measurements [4], [5]. We found that the surface
sheet density determined by the optical Hall effect for the
unintentionally doped c-plane InN films, Ns ds , varies significantly with the bulk free electron density, Nb . The optical
Hall effect Ns ds for the c-plane InN films are shown in
Fig. 7 with filled circles. The Si- doped InN layer with Nb of
9.1×1018 cm−3 is also included for comparison. The relatively
larger errors (compared to the bulk densities) are due to
the fact that the IRSE and MOGE data are sensitive to the
surface sheet density, Ns ds , rather than to the profile Ns (t)
(0< t < ds ) of the volumetric electron density within the
thin surface accumulation layer. Nonetheless, a clear tendency
of increasing surface sheet density with increasing bulk free
electron density is seen.

6

and surface electron density, and the mobilities of the nonpolar and semipolar WZ InN, and (001) ZB InN films were
determined. A distinct surface electron accumulation is found
to occur at ZB (001)-, WZ (112̄0)-, and (101̄1) InN surfaces
as shown in Fig. 7 by the open symbols. The presence of
electron accumulation at the ZB (001)- and WZ (112̄0)-InN
surfaces inferred by GIRSE in this work agrees with previous
XPS findings that the surface Fermi level in such samples lies
well above the CBM, indicating downward band bending at
the surface, and thus surface electron accumulation [17].
We observe that the semi-polar (101̄1) surface behaves
similarly to the polar surfaces in terms of surface charge
(Fig. 7). On the other hand, Ns ds in the nonpolar InN films,
are lower than the surface densities in undoped polar InN with
similar bulk concentrations (Fig. 7). The surface densities at
the nonpolar surfaces are however comparable to the surface
density in polar Si-doped InN, but somehow larger than
the surface density in a-plane InN inferred on the basis of
combined XPS measurements and band structure calculations
[17]. We note that any comparison shall be done with caution
since the surface charge at non-polar surfaces is expected to
be dependent on the growth conditions via different surface
reconstructions [11]. Preliminary studies of our InN films
indicate a different surface status even for films with the
same surface orientations. Different surface chemistries might
further complicate the picture since they play an important
role for the surface band bending by partially neutralizing the
surface donor-like states. For instance, oxidation of the InN
surface has been shown to result in a decrease in the net freeelectron density [51].
We measured by GIRSE an electron density at the ZB InN
(001) surface of 1.14±0.31×1014 cm−2 (Fig. 7), more than an
order of magnitude larger compared to the estimation in Ref.
[17]. These differences may be related to the fact that our ZB
InN film contains 25% of WZ InN domains with (101̄1) orientations. The later exhibit large electron accumulation at the
surface (Fig. 7) and depending on the WZ domain distribution
might lead to overestimation of Ns ds in our ZB InN sample.
However, the observed differences may also be related to the
atomic hydrogen cleaning at the surfaces prior to the XPS
measurement [17], which may affect the surface chemistry and
thus the electron density [52]. Further differences may arise
due to the numerous assumptions when calculating the surface
sheet density from the Poisson’s equation within the modified
Thomas-Fermi approximation.

of 250 nm provide further support. Point defects, previously
thought to be thickness independent are most likely the origin
of this additional doping mechanism, and H impurities seem
to be good candidate. The InN Γ-point effective mass is
determined highly anisotropic m?⊥ = 0.050 ± 0.003 m0 and
m?k = 0.037 ± 0.003 m0 for polarization perpendicular and
parallel to the c-axis, respectively. The surface electron density
in unintentionally doped c-plane InN is shown to decrease with
decreasing bulk electron density. Further, we found that surface
electron accumulation occurs not only at (0001) but also at WZ
non-polar (112̄0) and semi-polar (11̄01) and (001) ZB InN
surfaces showing complex behavior with bulk density. While
the exact mechanisms behind these effects are still to be found,
the possibility to tune surface charge density has significant
implications for the design and realization of electronic and
optoelectronic devices using InN.
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