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Mechanical properties of ZnO epitaxial layers grown
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The mechanical properties of zinc oxide epitaxial layers growa-andc-axis sapphire have been
studied by spherical nanoindentation and cross-sectional transmission electron microscopy.
As-grown threading dislocations, which are characteristic of epitaxial material, combined with the
presence of the much harder, underlying substrate are found to have a significant effect on the
mechanical behavior of ZnO epilayers as compared to bulk material. Epilayer material is found to
be significantly harder than its bulk counterpart. Beaxis epilayers, analysis of load—unload data
yields a hardness of 6.6+1.2 GPa, and 5.75+0.8 GPa-fxis layers. We attribute this increased
hardness to strain compensation via the presence of as-grown defects. These defects inhibit the slip
mechanism responsible for relative softness of bulk single crystals. The absence of pop-in events
from analyzed continuous-load nanoindentation data is further evidence for strain compensation by
native defects within the epilayers. Large variations in the spread of collected data are indicative of
inhomegenity in the epilayers. @005 American Institute of PhysidDOI: 10.1063/1.1929874

With a wide band gap of-3.4 eV and an exciton bind- due to the extensive defect propagation, extended far from
ing energy of 60 meV at room temperature, ZnO is an attracthe indentation region. In the present study, we investigate
tive material for short-wavelength optoelectronic devicesthe material properties and contact-induced damage-on
such as blue light-emitting diodes and laser diodSsveral  andc-axis epitaxial ZnO grown on sapphire. Epitaxial ZnO
other characteristics further enhance the interest in this mawill be important for ZnO based devices, and thus a thorough
terial for device manufacture, including good resistance tainderstanding of the mechanical properties of this system is
radiation damagépossibility for wet chemical etchinjgand required. In the present study, we reveal that the mechanical
low-power threshold for optical pumpir‘?gRecent advances properties of the epilayer material are strongly influenced by
in the growth of both high-quality ZnO single cryslja?sand the presence of the underlying substrate, and also to the con-
epitaxial layers®* have brought the realization of ZnO de- centration of as-grown defects in the epimaterial. The large
vices within reach. A key factor in device production is the lattice mismatcf between sapphire and ZnO results in dis-
way in which the active material is affected by surface condocated epitaxial layers, with a typical dislocation derSity
tact. Semiconductor device processing involves extensivef ~10’ cm 2. The sapphire substrate and high dislocation
surface contact, and given that ZnO is a very %ofaterial density also have an effect on the contact-induced damage in
highly susceptible to damage, the properties that make it sthese samples. All of these factors combine to make the me-
attractive as afoptoelectronic device material may be com- chanical properties of epitaxial ZnO very different from that
promised. Nanoindentation is a useful method for studyingf bulk material, and has significant implications for device
the mechanical properties of a material while also producingnanufacture.
contact-induced damage. In particular, the highly localized The high-quality ZnO epilayer samples used in this

nature of the indentation technique makes it ideal for simusi,dy were grown ora-(1120) and c-(0001) axis sapphire,
lating the material damage introduced during semiconducto,respective|y_ Thea-axis layers were grown by molecular

processing. _ _ _ beam epitaxy(MBE), while the c-axis samples were grown
Previously, nanoindentation studies of ZnO have focuseql)y pulsed laser deposition. In both cases, the epilayer was

87 ; 8,9
on polycrystallin&” or smgle-prystaﬁ samples. A recent 500 nm thick. Both the- andc-axis material had disloca-
study reported that contact induces extensive deformatiofyn densities of ~1x 107+2.5% 106 cm2. The epitaxial
damage inc-axis ZnO single crystal samples, with & Very material was compared wit anda-axis single crystal bulk
large propagation of defects well beyond the volume undepaterial obtained from CERMET and MTI corporation, re-
contact! This study showed that the production of these despectively. Series of both continuous load and partial load—
fects lead to quenching of excitonic luminescence, whichyninad nanoindentations were made with an Ultra-Micro In-
dentation System 2000JMIS) up to a maximum load of
dElectronic mail: victoria.coleman@anu.edu.au 50 mN. All measurements were carried out in ambient con-
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Depth (nm) FIG. 2. (a) BF XTEM image of an indent ira-axis epi ZnO. While some

) . ion-beam induced damage to the ZnO is evident, there is no delamination of
FIG. 1. Load-unload curves &) a- axis and(b) c-axis ZnO loaded t0 10 4,0 770 fiim. The area directly under the indent shows considerable damage
and 50 mN: Inset_s ShO,W load—unload curves for smglg crystal bulk ZnO 0‘ouildup, however no slip lines are evident. All indents were made using a
corresponding orientation. It can be seen that no pop-in events are seen fog i ous load cycle with ar4.3 um radius indenter to a maximum load
the_ epltaX|aI_ZnO, Wh_ereas the bul_k ZnO has either a single pop-in éxent ¢ 5 . Region 1 is platinum deposited to protect the ZnO surface during
axig) or multiple pop-in eventsc axis). FIB milling, 2 denotes the ZnO, and region 3 is the underlying sapphire
layer; (b) BF XTEM image of the ZnO taken away from the indent region,
and shows a number of threading dislocations that are present throughout
ditions, with a spherical diamond indenteadius~4.3 um). the material.

All indents were made to less than 10% of the total film
thickness to ensure that the mechanical properties of the sap- . ) ) ) .
phire did not influence those of the Zri®Both the UMIS A bright-field XTEM image of a 50 mN load indent in
and the indenter tip were precalibrated using a fused silic&axis ZnO is shown in Fig. @). While extensive
standard with known material properties. The Field andgdeformation-induced damage is evident directly underneath
Swain method of analysidwas used to extract hardness andthe indent, there is no propagation of this damage into the
elastic modulus values. Following indentation, the epilayer$apphire substrate. There is also no evidence of cracking, or
were prepared for cross-sectional transmission electron mfelamination of the ZnO film from the sapphire substrate,
croscopy(XTEM) analysis using an FEXP200 focused-ion and, unlike the bulk material, there is no evidence of clear
beam(FIB) system with 30 keV Ga ions. Prior to milling, Slip lines. Like the bulk material, ion beam damage to the
the FIB was used to deposit anl um thick Pt layer to ZnO induced during FIB milling is evident, giving the cross
protect the ZnO surface. XTEM images were taken on &ection a textured appearance. Selected area diffraction pat-
Phillips CM 300 transmission electron microscope, using aterns taken directly underneath the indent within the region
accelerating voltage of 300 kV. exposed to the greatest hydrostatic stress, show no evidence
In Fig. 1, the continuous load—unload force-displacemengf a phase change. Another feature apparent from XTEM is
curves are shown for botlr andc-axis epilayers indented to threading dislocations within the epitaxial matefisge inset
10 and 50 mN[Figs. 1a) and 1b), respectively and bulk  of Fig. 2b)]. These dislocations were present throughout
material[insetd indented to 50 mN. The force-displacement both thea- and c-axis material, and extended from the sap-
curves for the epilayers are continuous, and no pop-in even@hire to the surface with evidence of their presence seen on
are evident. This is very different from the behavior observedhe surface of the layers during FIB imaging. We propose
for the bulk material, which shows multiple pop-in events for that the presence of these dislocations inhibits slip by acting
the c-axis materiaP We have also recently investigated the as strain compensation sites. Also, the very hard underlying
mechanical properties of single-crystal bukaxis ZnO, in  sapphire substrate retards the propagation of defects in the
which we observed a single but much larger pop-in disconplane perpendicular to the sample surface. Combined, both
tinuity. These results will be reported elswhere. Pop-inof these factors are responsible for the absence of pop-in
events in single crystal samples can be attributed to sligvents in the epitaxial layers.
along the basal and pyramidal planes, and is differentafor We now turn to the analysis of hardness and elastic
andc-axis samples due to the orientation of the basal planenodulus data for the layers. The hardness and elastic modu-
in each casé& The absence of pop-in events in the epitaxiallus of the epilayers at a penetration below contact of 50 nm
material is indicative of some other strain compensation sités shown in Table | and compared with data for the bulk
present within the material. To investigate what this may bematerial. From these data, it appears thatattexis epilayers

we now turn to an XTEM analysis of the epitaxial material. are harder than the-axis layers. This is the opposite to what
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TABLE I. Hardness and modulus as measurecafaandc-axis ZnO epiand  material. Instead, the underlying sapphire substrate governed
bulk layers at a penetration of 50 nm below contact. the properties of the layers indirectly, by preventing damage
propagation and slip, as well as introducing lattice mismatch

Hardness Modulus A . . . . .
Orientation Sample type (GP3 (GP3 which is responsible for the high dislocation density. Results
— of this study indicate that epilayer material is harder than its
a epitaxial 6.6+1.2 318+50 bulk counterpart, and experiences more localized contact in-
c epitaxial 5.75x08 310+40 duced deformation damage. This may have implications for
a bulk 2+0.2 163+6 the future design of epilayer based ZnO devices.
c bulk 4.8+0.2 143+6

The authors wish to acknowledge Professor Mike Swain
) ) _ of the Biomaterials Science Research Unit, Department of
has been observed in bulk material; however, the relativgiechanical and Mechatronic Engineering and Faculty of
difference in hardness between the epilayers is small anﬂentistry, The University of Sydney, for constructive com-
may be attributed to differences in the material quality rathermentS and support. The work at UF is partially supported by
than as a result of the film orientation. Compared to the bulk, . \r~sR under Grant Nos F49620-03-1-037T(8) and
material, the epilayers are harder. The comparative softneﬁSF DMR 0400416. Dr. K Kbike of the Osaka Ins.titute of

of the bulk material is due to the orientation of the basal ochnoloav is acknowledaed for helb with the arowth of
planes, and the ease in which slip can occur along thes gy 9 b 9
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