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Abstract

The strain-relaxation phenomena and the formation of a dislocation network in 2 H-InN epilayers during
molecular beam epitaxy are reported. The proposed growth model emphasizes the dominant role of the
coalescence process in the formation of a dislocation network in 2 H-InN. Edge type threading dislocations
and dislocations of mixed character have been found to be the dominating defects in wurtzite InN layers.
It is demonstrated that these dislocations are active suppliers of electrons and an exponential decay of their
density with the thickness implies a corresponding decay in the carrier density. Room temperature mobility
in excess of 1500 cm? V~! s~ was obtained for ~800 nm thick InN layers with dislocation densities of
~3 x 10 em—2.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Recent studies of the narrow band gap InN semiconductor [1] show increasing interest in
investigating its fundamental properties and evaluating potential applications. InN was predicted
to have the lowest effective mass for electrons among all III-nitride semiconductors [2], resulting
in high mobility and high saturation velocity suitable for high-frequency field effect transistors.
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Recently reported results reveal the promising applications of InN epilayers for chemical and
biological sensors [3].

The most valuable problem of the InN heteroepitaxy is related to large lattice mismatches
between the epilayer and any available substrate material. This raises the question of strain
relaxation even for very thin epilayers, since the misfit dislocation densities in InN is initially
>10'"" cm™2 [4]. In order to achieve high optical and electronic quality, misfit relaxation defects
in InN should be avoided within the constituting layers. Up to date, a number of studies have been
published on strain relief [4—7] and transport studies [8—11] of InN/Al,Ga;_, N heterostructures.
However, detailed microstructure characterizations and a correlation with electrical properties
have been rarely attempted. The purpose of this work is to study the strain relief, including
the formation of dislocations, in (0001) InN/AIN heterostructures grown by plasma induced
molecular beam epitaxy (PIMBE). Additionally the influence of structural growth defects on
electron transport properties of undoped InN thin films will be discussed.

2. Experimental

The samples were grown in a Balzer’s PIMBE system described elsewhere [12]. The growth
process was monitored by digitized patterns of reflection high energy electron diffraction
(RHEED). The (0001) AIN/Al,Os epitaxial templates were overgrown in situ by 2H-InN
epilayers (0.35-2.2 wm) at Tgp ~ 380 °C under stoichiometric (1:1) conditions to prevent a
surface metal accumulation. The samples prepared for electrical characterization were processed
by photolithography to form In point contacts with a spacing of 5 mm for Hall measurements. The
contacts were annealed at 150 °C. Structural analysis was performed by high resolution X-ray
diffraction (XRD) using a Bruker D8 diffractometer. The samples for cross-section and plan-view
transmission electron microscopy (TEM) were prepared by mechanical thinning and ion-milling.
The micrographs obtained in bright-field (BF) and dark-field (DF) modes by conventional two-
beam (2B) conditions and high resolution TEM (HRTEM) were analyzed.

3. Results and discussion

After growth the chemical composition of the surface region was characterized by X-ray
photoelectron spectroscopy (XPS) using monochromated Al K, (hv = 1486.7 eV), radiation
(Fig. 1) [13]. After loading, surface contaminations by oxygen and carbon due to exposure to
ambient conditions are detected. Annealing at T ~ 500 K reduces most of the O contaminations
and parts of the C impurities. Highly resolved spectra of the In3ds;> and Nls states reveal that
the as loaded sample is partially oxidized at the surface, which is evident from the existence
of an In—O shoulder in the In3ds,, peak, whereas after annealing narrow peaks with a single
component are observed. All binding energies are given with respect to the Fermi level of a
silver reference sample. In both, the In3d and In4d (not shown) emission, no evidence for the
existence of metallic indium is found.

X-ray diffraction (XRD) rocking curves at the (0002) InN reflection show a continuous
decrease of the full width at half-maximum (FWHM) with increasing film thickness. The lowest
FWHM of 0.277° was found at ~1 pm indicating the continuous improvement of the InN layers
up to this thickness and a change in the relaxation mechanism thereafter. Reciprocal space maps
were taken around the symmetric (0002) and the asymmetric (20.5) reflections showing that InN
layers of ~1 um thick have only a small residual stress <0.1%. The results agree very well
with the previously [7] performed analysis of epitaxial InN samples grown at Cornell University.
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Fig. 1. X-ray photoelectron spectra of the InN surface before and after annealing. Shown are the In3ds,, and N1s core
level spectra.
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Fig. 2. (a) (2110) RHEED patterns and schematic representation of the growth of 2H-InN on highly mismatched
templates: (A) early formation of the slightly misoriented flat InN platelets with elastic relaxation at the edges, (B)
partial coalescence of the platelets, and (C) further growth and formation of a continuous layer. (b) AFM reveals a low
roughness of ~2 nm for a 2.2 um InN surface.

The surface morphology was analysed by atomic force microscopy (AFM) using contact mode
(Fig. 2(b)) revealing a typical rms roughness of ~2 nm for ~0.8 um thick films.

The in situ RHEED observations allowed us to distinguish at least three different growth
phases characteristic for any highly-mismatched heterosystem: (i) nucleation and subsequent
growth of slightly misoriented 2H-InN islands up to a thickness of ~10-15 nm, (ii) a partial
coalescence of the islands into a continuous film, and (iii) a long-term epitaxy followed by
gradual improvements of the surface morphology (Fig. 2(a)).

In the InN/Al,Ga;_,N heterostructures, most of the lattice mismatch is accommodated by
geometrical misfit dislocations (GMDs) [14], which are 60° dislocations with a Burgers’ vector
b and line parallel to (2110) directions and lying on the (0001) basal plane. Statistical HRTEM
analyses demonstrate an approximate ratio, m:n [12], InN{01 10}:AIN{0110} of ~57:64 resulting
in a residual mismatch of f = (n X daln — m X dmN)/n X dain = —0.012. A line density of
dislocations near the AIN/InN heterointerface of D; ~ (4 £ 0.5) x 10® cm™! was extracted
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Fig. 3. (a) DF-TEM micrograph taken in 2B conditions using the 0002 reflection for pure screw b= (0001) or mixed
b = 1/3(1123) TD detection. (Inset: A schematic view of the grain boundary TDs at the contact plane of the 2H-InN
islands.) (b) The Hall carrier density variations vs. thickness for a set of InN epilayers (open rectangles). The dashed line
is an experimental data fit. Black circles represent the data published by Lu et al. (Ref. [8]). (c) TDs density vs. distance
from the interface for a 2.2 um thick InN epilayer derived from TEM.

from HRTEM images. During the coalescence (Fig. 2(a)-B), 2 H-InN domains come into contact
forming a partially disordered phase [14,15]. The small in-plane misorientation, A¢, will give
rise to a low-angle domain boundary, which consists of an array of dislocations with a spacing

= |b|/tan(A¢). For b = 1/3(1120) threading dislocations (TDs) and A¢ ~ 0.3°,
dlslocatlon density of D, =~ 7.7 x 10'% ¢cm~2 can be derived [16]. These |b| 1/3(1120)
TDs are pure edge dislocations with no dislocation glide, produced by the domain structure of
the film.

At a certain critical thickness [17], it may become possible that the strain energy is partially
released by the generation of a new dislocation network of secondary misfit dislocations (SMDs)
which glide to the island/substrate interface. The following slip systems: (a) {1122}(1123);
and (b) {1101}(1123) were found to be the only possibility to form SMDs, to relieve the
b1ax1al strain [6]. If we assume that each SMD could be related at least with one secondary

= 1/3(1123) TD and its length is limited by the mosaic structure, a secondary planar TD
den51ty of D ~ 3.26 x 10" ¢m~2 can be deduced [16]. Finally, we can estimate the total
density of TDs after the coalescence phase as follows: D = D.(J) + D2(3J) ~ 4 x 10" em=2.
GMDs have not been taken into account so as they do not create dislocation lines propagating
along the (0001) direction. The calculated total density of TDs fits well to the value obtained
by the TEM observations; for example for dislocations with pure edge or mixed character at a
thickness ~7.5 nm (experimental: 3 x 10" cm—2, extrapolated: 4 x 101 cm_z) (see Fig. 3).

Fig. 3(a) shows a DF-2B-TEM micrograph using the 0002 reflection of InN near the [1100]
zone axis to display pure screw and mixed TDs. Similarly, TEM micrographs were taken in 2B
conditions usmg the 1120 reflection for pure edge b =1 /3(1120)b = 1 /3(1120) or mixed
b = 1/3(1123) TDs detection. From the intensity profiles of these images, as one can see in
Fig. 3(c), the reduction in the dislocation density (NTP) is seen to follow an exponential decay
law up to a thickness of ~1 pm. The main mechanism of TDs annihilation in 2 H-InN is similar
to those observed in 2 H-GaN [18] and 2 H-AIN [12]. .

Taking into account a full core TD model [19] for 5 = 1/3(1120) and b = 1/3(1123)
TDs in 2H-material as well as results of TD studies in GaN [9,19], a quantitative model
of a bulk carrier generation in InN can be derived. In this model of carrier generation in
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InN epilayers having thickness d have to include at least three independent components:
Ne = Npoint + % + n;rD [cm—3], where Npoint 18 the background carrier density of ~10'7 cm™3,
which is a sum of intrinsic, impurity- and point-defect-generated carrier concentrations and
Np ~25x 10'3 cm=2 is the localized sheet carrier density near the InN surface [3,8,20]. The
contribution of the TD-induced electrons (neTD) into the total free carrier density as a function of
the epilayer thickness can be estimated using an empirical formula: P = é Zle Nl.TD [em™3].
Here we assume that a non-complete ionization of atoms along an ideal dislocation line yields ~1
electron per A ~ 2 x cppN of dislocation length and k = d/A. A model fit is presented in Fig. 3(b)
by the dashed line. Black circles representing the data published by Lu et al. [8] have been used
as a reference. The fit of the data shows an excellent agreement for A ~ 1.1 nm. Here, we have to
point out that the assumption of the non-complete ionization of atoms along the dislocation line
gives an uncertainty factor in the numerical estimations. Mixed character of the TDs also plays a
role reducing the number of the defect-generated electrons. Finally, room temperature mobility
in excess of 1500 cm?> V~! s~! were obtained for ~800 nm thick InN layers with dislocation

densities of ~3 x 10° cm~2.

4. Conclusions

In conclusion, the proposed growth model emphasizes a determinant role of the residual strain
relief and coalescence processes in the formation of b=1 /3(1120) TD network in 2H-InN as
revealed by RHEED, TEM and XRD measurements. It has been shown that the TD density
decreases exponentially during film growth due to annihilation of the dislocations reaching
~1-3 x 10° cm™2 in ~2.2 um thick InN films. It is demonstrated that dislocations are active
suppliers of electrons and the observed exponential decay of their density with the thickness
implies the corresponding decay in the carrier density. Finally, cleanliness and quality of the
grown samples were characterized via X-ray photoelectron spectroscopy.
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