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ABSTRACT

The deformation behavior of as-grown and ion-beam-modified wurtzite GaN films is
studied by nanoindentation with a spherical indenter. Atomic force microscopy (AFM) and
cathodoluminescence are used to characterize the deformation mode. No systematic
dependence of the mechanical properties on the film thickness (at least for thicknesses from
1.8 to 4 um) as well as on doping type is observed. Results strongly suggest that (i) slip is
the major contributor to the plastic deformation of crystalline GaN and (ii) slip nucleation
(rather than a phase transformation) is responsible for “pop-in” events observed during
loading. Indentation with an ~ 4.2 pym radius spherical indenter at maximum loads up to
900 mN does not produce any cracking visible by AFM in crystalline GaN. Instead, under
such loads, indentation results in a pronounced elevation of the material around the
impression. Implantation disorder dramatically changes the deformation behavior of GaN.
In particular, implantation-produced defects in crystalline GaN suppress (i) “pop-in”
events during loading, (ii) slip bands observed by AFM, and (iii) the plastic component of
deformation. GaN amorphized by ion bombardment exhibits plastic flow even for very low
loads. The values of hardness and elastic modulus of amorphous GaN are dramatically
reduced compared to those of as-grown GaN.

INTRODUCTION

Gallium nitride is currently a subject of intensive research because of the very
important technological applications of this material [1]. Several studies of the mechanical
properties of as-grown GaN have been reported in the literature [2-7]. For example, Drory
et al. [2], Yonenaga et al. [4], and Hong et al. [7] measured the hardness and fracture
toughness of thick GaN films by conventional Vickers micro-hardness testing. A much more
powerful technique — nanoindentation — was used to study GaN in Refs. F?) , and [6
However, the results of nanoindentation of GaN reported in the literature are rather
controversial [3,5,6]. For example, Yu et al. [3] and Céceres et al. [6] observed a
discontinuity (so called “pop-in”) in the load-displacement curves of epitaxial GaN films
grown on sapphire substrates. In stark contrast to Refs. [3] and [6], Nowak et al. [5] did not
observe any discontinuities in the load-displacement curves of bulk GaN crystals grown by
a high-temperature, high-pressure method.

In addition, it has been widely recognized that nanoindentation data itself is usually
not sufficient to explain the deformation behavior of materials. Rather,
micro-characterization of indented material is necessary to understand the material
response to deformation. To our knowledge, up to now, only a few papers on
characterization of Vickers indentations in GaN have appeared in the literature [7,8].
However, no attempt has been made to correlate nanoindentation data with
deformation-induced crystal defects or phase transformations. Moreover, to our knowledge,
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Table 1: The implant conditions used to prepare the “ion-damaged” sam-
ple by multiple-energy bombardment with *“Au ions at 300 °C.

Energy Dose Beam flux
(MeV) (10" em™2) (102 cm™2s71)
6.6 5 5.2
2.0 7 18.0
0.45 3 17.0

the effects of implantation damage on the deformation behavior of GaN have not yet been
studied in any detail.

In this paper, we report on the main features of the behavior of wurtzite GaN films
during nanoindentation. We also discuss how these features correlate with
indentation-produced defect structures. In addition, we study the mechanical properties of
(i) crystalline GaN with a relatively high concentration of implantation-produced defects
and (ii) GaN amorphized by ion bombardment.

EXPERIMENT

Sixteen different wurtzite GaN epilayers were selected for this study. These GaN films
were grown on c-plane sapphire substrates by metalorganic chemical vapor deposition
(MOCVD) in three different EMCORE reactors. The thickness of different GaN films was
from ~ 1.8 to 4 um. Unintentionally doped, n-type (Si doped), and p-type (Mg doped)
GaN epilayers were studied.

Two samples (referred below as amorphous and “ion-damaged”, respectively), cut from
the same wafer, were modified by ion bombardment. To prepare an amorphous layer, GaN
was bombarded with 2 MeV Y7Au™ ions at —196 °C to a dose of 1.5 x 10'® cm~2. Such
implantation results in the formation of an ~ 0.6 pum thick, completely amorphous surface
layer, as discussed in detail elsewhere [9]. It should be noted that GaN amorphized by ion
bombardment exhibits some degree of porosity [9], which may also affect the deformation
behavior of amorphized GaN discussed below. The “ion-damaged” sample (not

amorphous) was prepared by multiple-energy bombardment with 1°“Au ions at 300 °C.
The implant conditions to prepare this sample are given in Table 1. Such multiple-energy
implantation at an elevated temperature results in the formation of lattice defects,
including some planar defects, in the implanted layer (up to ~ 1 pum from the surface) [10].

As-grown and implanted GaN films were subjected to indentation using an ANU
UMIS-2000 nanoindentation system with an ~ 4.2 pym radius spherical indenter. The shape
of the indenter tip was characterized by scanning electron microscopy. The indentation
system and indenter tip were carefully calibrated by indenting fused silica. A series of both
partial and continuous load-unload indents was carried out at room temperature. The
load-unload data was analyzed using the method of Field and Swain [11]. After
indentation, samples were examined by tapping mode atomic force microscopy (AFM). The
AFM study was performed under ambient conditions with a Nanoscope III scanning probe
microscope using commercial single-beam Si cantilevers with force constants of 30-120
Nm~!. The influence of indentation on the luminescent properties of GaN was studied by
cathodoluminescence (CL). The CL study was performed at room temperature using an
Oxford Instruments MonoCL2 system installed on a JEOL 35C scanning electron
microscope.

RESULTS AND DISCUSSION

All as-grown GaN samples studied show similar indentation behavior. We were not
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