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A series of InN layers grown by different techniques
has been investigated by transmission electron micros-
copy, photoluminescence and Raman spectroscopy.
The polarity is shown to be determined by the underly-
ing GaN template. In these In polar layers, the c-screw
dislocations density is low and that of a-type disloca-
tions is in the high-10° cm™ range. The dislocation den-
sity tends to decrease towards the surface. Along the

1 Introduction

InN is still an emerging nitride semiconductor with-
various interesting properties, such as its high theoretical
mobility for electrons (4400 cm?V's™ at 300 K) and its
small band gap (~0.7 eV)[1]. In the last few years, it has
attracted extensive research interest [1,2] as a promising
material for applications like high electron mobility tran-
sistors, optical telecommunication devices [3,4] or active
media in high-efficiency photovoltaic devices [5,6]. In this
sense, an attractive feature of InGaN alloys is their supe-
rior resistance against radiation damages in comparison to
others solar cells materials (GaAs and InGaP) [5]. InN thin
films can also be used for generation of ultrashort THz-
radiation pulses with high magnitude compared to other
semiconductors [7].

Many of the above-described applications imply
band gap engineering from 0.7 eV (InN) to 6.2 eV (AIN)
through 3.4 eV(GaN). In this instance, important chal-
lenges for the epitaxial growth of highly mismatched mate-
rials need to be addressed. Currently, InN thin films of best
crystalline quality are obtained by metal organic vapour
phase epitaxy (MOVPE) and molecular beam epitaxy
(MBE). However, both techniques have low growth rates.
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first 0.5 um, and particularly in the samples grown by
hydride vapour epitaxy, we observe a large number of
stacking faults, which probably contribute to the dislo-
cation density reduction. The optical band gap in MBE
and MOVPE samples is between 0.6 and 0.7 eV, but
that of the HVPE templates is above 1 eV. Estimations
from Raman data show that this behaviour correlates
well with the residual carrier concentration.
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An alternate method to synthesize thick template layers is
hydride phase epitaxy (HVPE).

On the other hand, the polarity of nitride materials
plays a key role in some of their properties like adatom
mobility, surface energy, reactivity, or doping/impurity in-
diffusion [1]. Hence, its determination is crucial for under-
standing the material behaviour. Many techniques can be
used to determine the polarity of nitride materials. Con-
vergent Beam Electron Diffraction (CBED) is a common
method to identify the polarity of crystalline layers. The
diameter of the probe can be tuned to a small size (between
1 and 50 nm), which allows accessing areas of the sample
with uniform crystalline quality even in highly defective
materials. The determination of polarity and thickness us-
ing CBED patterns is usually straightforward,; it is carried
out by comparing the experimental patterns with a series of
simulated ones.

However, some limitations of CBED may be rele-
vant for its application to InN layers. First, even with a
small probe size, the region of interest must be perfectly
defect-free in order to reveal the correct symmetry of the
crystal. Therefore, using CBED on materials with a high
density of dislocations can be difficult. This is especially
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the case in the InN layers under investigation as the dislo-
cation density is in thel0’ cm™ range. In addition, focus-
sing the electron beam is into a very small probe can in-
duce irradiation damage and/or contamination in some ma-
terials. In this instance, InN, has been reported to be sensi-
tive to electron beam induced damage [8]. Finally, the ef-
fect of temperature on InN CBED patterns has been re-
ported to be strong [9], which could lead to errors in polar-
ity determination. This was investigated using simulations
patterns with Debye factors B ranging from 0.0 to 7.0 A2
It was concluded that the effect of temperature could be
less important when the thickness of the specimen is small
(~50 nm) [9].

In this paper, we report on the structure and polarity
of InN layers grown by various techniques. The CBED re-
sults on our samples will be discussed in view of the limi-
tations which have been reported in reference 9. The same
samples have been investigated by photoluminescence, ab-
sorption and Raman spectroscopy. The results give some
insight on the correlation between optical properties and
crystallographic defects.

2 Experimental procedure

The investigated samples were grown by HVPE, plasma-
assisted MBE and MOVPE on GaN templates (see Ta-
ble 1). The thickness of the InN layers ranged from 0.15 to
1.2 pm for HVPE samples and from 0.9 to 2 pm for MBE
samples, whereas the MOVPE layer was only 150 nm
thick. The MBE layers were grown on 4-um-thick GaN-
on-sapphire templates. The InN MOVPE layer was grown
in two steps: on top of a thin GaN buffer layer (~50 nm)
deposited on sapphire at 550°C and annealed at 1050°C, a
nucleation step was carried out at 450°C, and the thick
layer growth took place at 520°C. The cross-section trans-
mission electron microscopy (TEM) samples were pre-
pared by mechanical polishing, dimpling and ion-milling
using Ar+ ions at 5 kV and a final thinning step at 500 V.
During the etching, the sample holder was at the liquid ni-
trogen temperature. The TEM observations and CBED
were performed in a JEOL 2010 microscope

Table 1 The investigated samples, growth methods, and
thicknesses of InN and underlying GaN layers

g=1010 on the HVPE sample H3. Usually, the dominant
defects in nitride layers are threading dislocations (TDs) 10,
11]. However, in this DF image, we observe numerous de-
fects in the basal plane, their density being very high in
the first 0.5 um on top of the GaN interface. Such defects
are stacking faults, with a basal component in their dis-
placement vector. The defect density appears to decrease
rather drastically towards the layer surface.

Figure 1 A weak beam micrograph of sample H3, g=1010 ,
showing threading dislocations and stacking faults.

As it can be noticed in Fig. 2, the stacking faults exhib-
ited in Fig. 1 are no longer visible when using g=0002
week beam conditions. Therefore, we can conclude that
they do not have any component along the C axis, and their
displacement vector is 1/3 <1010 >, as it corresponds to 12
basal stacking faults [12].

Figure 2 Same area of
sample H3, with g=0002,
B8 the density of defects
with displacement vector
along ¢ is significantly
smaller.

In the figures above, most of the threading disloca-

tions are visible in the g=1010 image (Fig. 1) but not on

the g=0002 image (Fig. 2). Hence, they have pure edge

Growth samples | InN (um) GaN (um)
Technique
Hl 0.5 19
HVPE H2 0.7 7
H3 1.2 12
Ml 0.9 5
MBE M2 2 7
MOVPE (0] 0.15 0.05
3 Results

3.1 Microstructure and polarity First, we have per-
formed a microstructural investigation of the InN layers.
Figure 1 shows a dark field (DF) micrograph taken with
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character with Burgers vector b=+1/3<1120 >. In H3
sample, there is almost one order of magnitude difference
in the density of these two types of defects. Table 2 sum-
marizes dislocation density along with residual carriers
concentration for the HVPE and MBE samples. The sam-
ple exhibits a relatively low density of defects: 5x10* cm™
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for pure screw or mixed dislocations, that of the edge dis-
locations is in the mid 10° cm™. Figure 1 also demonstrates
that the interactions between the various defects lead to a
reduction of their density towards the surface of the layers.

Table 2 Density of threading dislocations for the HVPE and
MBE samples, along with the residual carriers concentration es-
timated from Raman measurements.

Samples Type of dislocations (cm™) Residual car-
riers concen-
Mixed + screw | edge tration (cm™)
HI 10° 2x10° interface | 4x10"
10°  surface
H2 10° 2x10° interface | 4x10"
10°  surface
H3 5x10° 2x10° interface 1.5x10"
10°  surface
Ml 3x10° 5x10° 1.5x10"
M2 3x10° 4x10° -

Inside the MBE layers, due to a smaller density of the
basal stacking faults (Fig. 3), there is almost no reduction
of the density of the threading dislocations towards the sur-
face of the layers. Such a reduction of the threading dislo-
cation density has been previously reported for MOCVD-
grown GaN [11], and more recently in 10 um thick InN
MBE layers [13].

Figure 3 A weak beam micrograph of sample M1, showing
edge type threading dislocations, g=1010 .

In the MOVPE InN layers under study, the density of c-
screw dislocations is rather low, in spite of the small layer
thickness (<150 nm), as seen in the weak beam micrograph
recorded with g=0002 (Fig. 4).

In all the investigated layers there are neither prismatic
stacking faults [14, 15], or inversion domains [16]. This is
probably due to the use of low temperature InN buffer lay-
ers (MOVPE) or GaN templates with minimum or large
surface steps (MBE), respectively [17].
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Figure 4 MOVPE InN, on top of sapphire, with a GaN buffer,
and a non continuous low-temperature InN layer.

3.2 Layer polarity The substantial reduction of defects
within the first 0.5 um thickness of the HVPE InN layer
has proven important for determining the polarity by
CBED. Indeed, our various attempts to carry out CBED
analysis on thin MOVPE layers (<150 nm) have always
been non conclusive. This was more or less in contradic-
tion of the results as reported in reference [9] where it
would be much easier and practical to determine the polar-
ity of InN layers with a thickness below or close to 50 nm.
We have carried out CBED pattern simulation using the
electron microscopy software (EMS) [18], which allows
taking into account changes in B factors for the two atoms
(In, N) of the wurtzite InN structure. This is equivalent of
heating the sample, which may take place during TEM ob-
servation. As illustrated in Fig. 5, the variation of the De-
bye Waller factors modifies the patterns in a highly sensi-
tive way. This means that in InN, any thermal excess will
be pointed out easily by CBED patterns. The standard con-
ditions are in column 2 (B:0.5(In), and N(0.2)) as can be
obtained from the International Tables of Crystallography.

Facieus de
Dishiye (A%

Figure 5 Simulated
CBED thickness and
B series InN using the
EMS system, the de-
viation from the inter-
national  tables of
crystallography (col-
umn 2) changes the
patterns.

100nm

In HVPE layers, the density of defects showed a sub-
stantial decrease with thickness. Therefore, it was possible
to record CBED patterns for large thickness spans as can
be seen in Fig. 6 (sample H3).

These experimental patterns follow those shown in col-
umn 2 of Fig. 5, which means clearly that during observa-
tion and TEM sample preparations, the InN layers have not
been damaged, and that the thermal heating may not be an
issue.

From this thickness series, it is concluded that the abso-
lute polarity of the layers is In, as was driven by the over-
grown HVPE GaN templates. In the MBE samples, the ob-
tained results are identical, although the acquisition of
thickness series was more limited due to the higher density
of defects.
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Figure 6 Experimental
i | CBED patterns recorded on
T T sample H3 for various
thicknesses, along  with
simulated ones.
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3.3 Optical properties The room temperature photo-
luminescence (PL) spectra presented in Fig. 7 show higher
intensities for the MOVPE (O1) and MBE (M1, M2) layers
where the peak maxima are located between 0.6 and 0.7
eV. In the investigated HVPE samples, the PL peaks are
beyond 1 eV and the absorption edge onsets can be as far
as 1.5 eV(H1, H2). The PL results appear to correlate well
with the calculated residual carrier densities estimated
from Raman measurements (Table 2).
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Figure 6 PL emission from 4 representative samples.

4 Discussion and conclusion In the above analysis of
InN layers, CBED and conventional TEM show the good
crystalline quality of the material, without noticeable for-
eign phases [19], independently of the growth technique.
The layers contain a high density of threading dislocations,
which do not seem to play a critical role on their optical
properties. As pointed out by other authors, the most im-
portant parameter at these still large densities of residual
carrier concentration is probably the point defects [20].
This seems to be predominant in HVPE InN layers, where
the density of dislocations appears to decrease towards the
surface, although the PL emission peak stays always above
1 eV. In fact, on top of these templates which bring about
an improved crystalline quality, a regrowth by MBE allows
to improve the optical quality [21]. Following the same
trend, GaN buffer layers (sample O1) or annealing steps
are used in MOVPE [22], which is an indication that the

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

chemical quality, is probably of prime importance, at these
still high residual carrier concentrations.
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