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The effects of O partial pressure during RF magnetron sputtering on the structural and nanomechanical
properties of a-plane ZnO thin films were investigated by using X-ray diffraction (XRD) and nano-
indentation techniques. The XRD and the transmission electron microscopy (TEM) selected area
diffraction results indicate that the epitaxial relationship between ZnO thin films and Al,03 substrates is
ZnO (1120)//Al,03 (1102). The average values of the hardness and Young’s modulus of the a-plane ZnO
films were found to decrease with increasing oxygen partial pressure. The cross-sectional TEM revealing
the localized plastic deformation of ZnO thin films beneath the Berkovich indenter, indicating the
prominent role played by the threading dislocations in the film deformation behavior. At higher
indentation loadings, the sapphire substrate exhibits extensive deformation with narrow slip bands
appearing on {0001} plane. However, no evidence of pressure-induced phase transformation, as well as
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cracking and/or delamination phenomena at the film—substrate interface was observed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

ZnO has attracted extensive attention because of the tremendous
application potential promised by its large direct band gap of
3.37 eV, high exciton binding energy of 60 meV, high transparency,
piezoelectricity, and even room-temperature ferromagnetism
[1—4]. However, similar to those encountered with the c-plane GaN,
the c-plane ZnO commonly used in fabricating quantum well as well
as the heterostructure-based optoelectronic devices have been
found to suffer from undesirable spontaneous and piezoelectric
polarizations in the active layer which may lowers the quantum
efficiency drastically [5]. In this respect, the use of non-polar a-plane
ZnO and m-plane ZnO which have equal number of cations and
anions on the surface seems to offer a plausible alternative. Non-
polar ZnO surfaces also have in-plane structural, optical, acoustic
and electrical anisotropic characteristics that might be useful for
novel device applications, such as the UV modulators [6]. However, it
has been pointed out that, in single crystalline ZnO, the hardness is
the smallest when probed normal to the a-plane [7]. Since for most
device fabrication processes contact-induced damage may signifi-
cantly affect the ultimate optical and electronic properties of the
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device, thus a quantitative assessment of the material’s mechanical
properties is of crucial importance. In particular, with the smaller
hardness and Young’s modulus inherent to ZnO, as compared to that
of GaN, the reliability issues concerning delamination, brittle frac-
ture, and fatigue degradation of the thin film structures could
become major concerns in device manufacturing.

Nanoindentation has been widely used for characterizing the
mechanical properties of various nanomaterials [8,9] and thin films
[10—12], due to its high sensitivity, good resolution and easy
operation. Among the mechanical properties of interest, hardness,
Young's modulus and elastic/plastic deformation behavior are
readily obtained from nanoindentation testing. For preparing ZnO
in thin film form, several techniques, such as magnetron sputtering
[13], pulsed laser deposition [14], metal-organic chemical vapor
deposition [15], and molecular beam epitaxy [16] have been
extensively developed. Among them, magnetron sputtering oper-
ated with oxygen and argon mixture has been widely used for
fabricating uniform large area ZnO thin films at relatively lower
temperatures. We note that, although the prominent roles played
by oxygen in determining the electro-optical properties of the ob-
tained ZnO films, investigations to correlate the partial pressure of
oxygen in the sputtering gas mixture with the structural and
mechanical characteristics of the a-plane ZnO thin films deposited
on the r-plane sapphire substrates by RF magnetron sputtering are,
nevertheless, still lacking.
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The aim of this study is to investigate the nanomechanical
characterizations of the a-plane ZnO thin films deposited by RF
sputtering at various O;/Ar ratios. Changes in mechanical proper-
ties for films obtained under the systematically varied O,/Ar ratio
are discussed in conjunction with the resultant film crystallinity
and grain size. Furthermore, by combining the load—displacement
data with the nanoindentation-induced deformation structures
using scanning electron microscopy (SEM) and cross-sectional
transmission electron microscopy (XTEM), important aspects of
the contact-induced deformation mechanisms prevailing in these
a-plane ZnO thin films are revealed.

2. Experimental details

For growing the a-plane-oriented ZnO films with RF-sputtering
system, the (1102) -oriented (r-plane) sapphire substrates were
used. Prior to depositing the ZnO thin films, the as-received r-plane
sapphire substrates with typical size of 1 x 1 cm? were annealed at
1200 °C for 1 h followed by acetone cleaning. Sintered ZnO ceramic
disks were used as the sputtering targets. For the sputtering
process, the vacuum chamber was first evacuated to a base pressure
of 107° Torr, and then gas mixture of Ar and O, was introduced into
the chamber with a constant pressure of 5 mTorr. The ratio of O, gas
was varied from 20% to 80% of the total sputtering gas. All ZnO films
were deposited at ambient temperature with an input power of
100 W for 30 min. The thickness of the resultant ZnO films is about
200 nm.

The crystal structure of a-plane ZnO thin films was analyzed by
X-ray diffractometer (Panalytical X’Pert XRD). The hardness and the
elastic modulus of the a-plane ZnO thin films were calculated from
the load—displacement (P—h) data obtained by nanoindentation
using a TroboScope nanomechanical testing systems (Hysitron
Inc.). The Hysitron nanoindenter monitors and records the load and
displacement of a Berkovich three-sided diamond pyramid
indenter with a force resolution of about 1 nN and displacement
resolution of about 0.1 nm. All nanoindentation measurements
were performed with the thermal drift being smaller than 0.01 nm/
s. The thermal drift effects were corrected for each test using
a holding segment in air prior to indentation. The indentation
impressions were imaged in situ using the same indenter tip. At
least 10 indentations were made on each specimen and the values
of hardness and Young’s modulus of thin films were determined by
taking the average results obtained from each indentation. The
indentations were separated by more than 50 um to avoid mutual
interactions. A typical indentation experiment consists of four
sequential steps: (1) approaching the indenter to surface; (2)
loading to the peak load at a loading rate of 10 uN/s; (3) holding the
indenter at the peak load for 5 s; and (4) unloading completely. The
holding step was included to avoid the influence of creep on the
unloading characteristics since the unloading curve was used to
obtain the elastic modulus of a material.

Nanoindentation hardness is defined as the indentation load
divided by the projected contact area of the indentation. It is the
mean pressure received by the material under loading. Therefore, at
the peak load Ppax, the hardness H of the material under test can be
obtained by the following expression:

P
H = Pmax (1)
where A is the projected contact area. For an indenter with known
geometry, such as the Berkovich indenter tip used in this work, the
projected contact area is a function of contact depth, which is
measured by the nanoindenter insitu during indentation [17].

The elastic modulus was calculated using the Oliver—Pharr
analysis procedure [18] beginning by fitting the unloading curve to
a power—Ilaw relation. The unloading stiffness can be obtained from
the slope of the initial portion of the unloading curves, S = dP/dh.
Based on the relationships developed by Sneddon [19] for the
indentation of an elastic half space by any punch that can be
described as a solid of revolution of a smooth function, a geometry
independent relation involving contact stiffness, contact area and
elastic modulus can be derived as:

S = ZﬁEr\/é, (2)

where § is a constant which depends on the geometry of the
indenter (6 is 1.034 for Berkovich indenter) [17], and E; is the
reduced elastic modulus which accounts for the fact that elastic
deformation occurs in both the sample and indenter. Thus, E; is
given by:

1 lfv% 1—vi2
—-— =14 ,
E; E¢ E;

3)

where Er and vf respectively denote the elastic modulus and Pois-
son’s ratio of the thin films and, E; and v; are the corresponding
quantities for the indenter. For diamond indenter tip, E; = 1141 GPa,
vi = 0.07 and, vf = 0.25 is chosen for ZnO thin films [14].
Moreover, in order to reveal the deformation behavior displayed
in the indentation measurement, cyclic nanoindentation tests were
also performed with a Nanoindenter XP instrument system [20,21]
(MTS Cooperation, Nano Instruments Innovation Center, TN, USA).
After being indented to a maximum load of 80 mN, samples for
XTEM examinations were prepared from regions within the
indents by means of the dual-beam focused ion beam (FIB, Nova
220) station with 30 keV Ga ions. Prior to milling, the FIB was used
to deposit a Pt layer of ~1 um thick to protect the sample surface.
Fig. 1 displays a typical scanning electron microscopy (SEM) image
of the sample at the final stage of FIB milling procedures. The details
of FIB produces in preparing XTEM sample can be found elsewhere
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Fig. 1. Illustration of final procedure for FIB milling sample preparation. The sample
can be plucked by a shape glass tip under an optical microscopy outside FIB station.
Inset: SEM micrograph of an indent at indentation load of 80 mN. The pile-up event
around the indented area is observed.
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[22]. The XTEM lamellas were examined in a FEI TECNAI G*> TEM
operated at 200 kV.

3. Results and discussion

Fig. 2 shows the XRD results of ZnO thin films obtained by using
sputtering gases with different O/Ar ratios. It is evident that, in
addition to the (1102) and (2204) diffraction peaks from the
sapphire substrate, there is also a diffraction peak locating at
26 = 56.6° indicating the growth of (1120) -oriented a-plane ZnO
films in each case. In addition, there is no evidence for the existence
of the ZnO (0002) reflection (26 = 34.4°), indicating that the ob-
tained ZnO films are all non-polar a-plane ZnO thin films and the
epitaxial relationship between film and substrate is (1102) Al,Os//
(1120) ZnO. It is also noted that the intensity of the (1120) peak
appears to grow with increasing O,/Ar ratio, while the peak full-
width-at-half-maximum (FWHM) becomes narrower when the
0, /Ar ratio increases. Since both film crystallinity and grain size are
the prominent factors in affecting the intensity and FWHM of
a diffraction peak, the present observations indicate that higher O,
ratio used in the sputtering gas may have played an important role
in improving the crystallinity of the a-axis-oriented ZnO thin films.
Although it has been pointed out that, unless very reducing
conditions are used, it is very difficult to change the oxygen vacancy
concentration at temperatures below 1000 °C [4]. Thus, it is not
obvious why by merely changing the O, ratio in the sputtering gas
would lead to such noticeable effects in film microstructure. One
possibility is that, since the oxygen atoms have higher electro-
negativity [23] and lower sputtering yield than argon atoms,
therefore, they may recombine with electrons in the plasma more
easily and result in lower ionic density in the plasma. The film, thus,
grows under a lower sputtering rate but more oxidizing atmo-
sphere and, as a consequence, more ordered manner, as indicated
by the XRD results. In fact, one can also estimate the grain size, D, of
the corresponding films by using the Scherrer’s equation shown
below [24]:
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Fig. 2. XRD patterns of a-plane ZnO thin films deposited with various O, ratios.

6000

5000 -

4000

3000

2000

Indentation load (uN)

1000

0 b T A T > T T T T T ¥
0 30 60 90 120 150 180
Penetration depth (nm)

Fig. 3. Typical load—displacement curves with different peak loads from an indenta-
tion tests on a-plane ZnO thin films with the O, ratio of 80%.

0.91
~ Bcos (4)

where A, B and § are denoted as the X-ray wavelength, the FWHM of
ZnO (1120) -oriented peak and Bragg diffraction angle, respec-
tively. The estimated grain sizes for the a-plane ZnO thin films with
the O, ratio of 20%, 50% and 80% are 40, 72 and 86 nm, respectively,
displayed as open circles shown in Fig. 3.

The typical cyclic nanoindentation curve obtained for the a-
plane ZnO thin film deposited with an O; ratio of 80% is displayed in
Fig. 4. It is noted that, in order to obtaining the properties of the
epitaxial layer and avoiding the influences from the underlying
substrate, the experiments were carried out with the maximum
load and penetration depth being below about 5 mN and 160 nm,
respectively. By using the analytic method developed by Oliver and
Pharr [18], the hardness and Young's modulus of the a-plane ZnO
thin films deposited with various O, ratios can be obtained. As
shown in Fig. 3, the average values of hardness are 10.7, 9.2, 8.4 GPa
for films deposited with the O, ratio of 20%, 50% and 80%,
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Fig. 4. Hardness, Young’s modulus and grain size of a-plane ZnO thin films with
different O, ratios.
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Fig. 5. Bright-field XTEM image of a-plane ZnO thin film deposited with the O, ratio of 80% subjected to an indentation load of 80 mN (In load—displacement figure, the red arrows
are denoted as the multiple pop-ins). The inset showing the corresponding selected area electron diffraction pattern taken from the interface between ZnO epitaxial layer and
substrate along sapphire (1120) direction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

respectively. In addition, the average values of Young’s modulus for
the corresponding films are 172.4, 160.8, 145.5 GPa, respectively. It
is evident from the results shown in Fig. 3 that both the hardness
and Young's modulus of the obtained ZnO thin films decrease with
increasing grain size resulted from increasing O, ratio in the
sputtering gas mixture, which is also qualitatively consistent with
what one would expect from the Hall-Petch effect [25]. We note
that while the value of the hardness in the present case is consid-
erably higher than the a-axis ZnO films grown by molecular beam
epitaxy (MBE) (6.6 + 1.2 GPa) and than that of the bulk layer
(2 £ 0.2 GPa for a-axis and 4.8 + 0.2 GPa for c-axis), the value of the
Young’s modulus here is much closer to bulk value (163 + 6 GPa for
a-axis and 143 + 6 GPa for c-axis) than that of the MBE-derived
films (318 + 50 GPa) [7]. The values are also larger than those ob-
tained for single crystal ZnO, in that the hardness and Young’s
modulus of 5.0 £ 0.1 and 111.2 4+ 4.7 GPa are reported [26].
Although the increase of both the hardness and Young’s modulus in
MBE-derived films as compared to the bulk values has been
attributed to the strain compensation arising from the pre-existent
threading dislocations [7], it is not clear at present what causes the
apparent discrepancies between the current results and that re-
ported in Ref. [7]. However, the usage of different indenters might
be one of the reasons responsible.

In order to identify the prevailing deformation mechanisms
specific to the a-axis-oriented ZnO thin films subjected to the
Berkovich nanoindentation, direct analyses on the microstructural
characteristics in the vicinity of indented area are in order. A bright-
field XTEM image of the a-plane ZnO thin film deposited with the
80% 0O, sputtering gas after indented with an indentation load of
80 mN is displayed in Fig. 5. Here, unlike that practiced to obtain
the hardness and Young’s modulus, the indentation load was
intentionally increased to 80 mN to activate all the possible
deformation mechanisms. We first discuss the selective area elec-
tron diffraction pattern shown in the upper inset of Fig. 5. It clearly
demonstrates the (1102) Al,03//(1120) ZnO epitaxial relationship
between film and substrate. Next, we notice that there is no
evidence of dislocation propagation-induced slip band observed
within the film, which is consistent with the results reported by

Coleman et al. [7] and had been attributed to strain accommodation
provided by the pre-existing threading dislocations. It is even more
surprising to observe that this effect has, in fact, resulted in local-
ized deformation behavior. As is evident from Fig. 5, although due
to the exceedingly large load applied there are apparent pile-ups at
the edges of the indent (see also the inset SEM photograph in Fig. 1)
and even the induced slip bands occurring in the substrate, the
regions just beyond the pile-ups appear to remain relatively un-
deformed. As can be seen near the end of lower right area in
Fig. 5, the threading dislocations remained straight, indicating not
much deformation and associated dislocation interactions occur-
ring there. Moreover, even with the extensive deformation-induced
damage directly underneath the indent, there is no crack within the
ZnO film or delamination at the film/substrate interface. Never-
theless, as mentioned above, plastic deformation confined to the
region beneath the Berkovich indenter tip is evident in the
substrate. Several narrow slip bands are clearly observed, which are
inclined at an angle of ~570 with respect to the (1102) surface,
indicating that they are aligned on the {0001} planes. The corre-
sponding load—displacement curve (the lower-left inset in Fig. 5)
shows the multiple pop-ins in the loading, which are presumably
associated with the onset of slip inside the sapphire substrate. The
occurrence of multiple “pop-ins” has been linked to abrupt plastic
flow generated by high dislocation nucleation and propagation
rates [9,10,20,22], crack formation [12] or phase transformation
[27]. Finally, the reverse discontinuities during unloading curve, the
so-called “pop-out” event, commonly observed in silicon and has
been attributed to pressure-induced phase transition [21,28] is not
observed here. Therefore, in this case, neither phase transformation
in the substrate nor through-thickness cracks in the a-plane ZnO
thin films have been observed.

4. Conclusion

In summary, the structural features and mechanical responses
of the a-plane ZnO thin films produced by using RF sputtering
process at the various Oy/Ar ratios were investigated by XRD,
nanoindentation, and XTEM techniques. The intensity of the ZnO-
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(1120) diffraction peak increases with increasing O, partial pres-
sure while the peak FWHM shows the opposite dependence, both
indicate the improved film crystallinity with the higher oxygen
partial pressure. The average values of hardness and Young’s
modulus of the a-plane ZnO thin films are 10.7, 9.2, 8.4 GPa and
172.4, 160.8, 145.5 GPa for films obtained with O,/Ar ratio of 20%,
50% and 80%, respectively. The XTEM observations revealed that,
even at high indentation loading, the deformation of these a-axis-
oriented ZnO thin films exhibits extremely localized behavior,
namely the dislocations do not propagate beyond the pile-up
regions near the edge of the Berkovich indenter. Despite of the
occurrence of slip bands aligning on the {0001} planes of the
sapphire substrate due to this high indentation load, there is no
bending at the film/substrate interface or any phase transformation
occurred in the substrate.
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