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Abstract This study reports the surface roughness and
nanomechanical characteristics of ZnO thin films deposited
on the various substrates, obtained by means of atomic
force microscopy (AFM), nanoindentation and nanoscratch
techniques. ZnO thin films are deposited on (a- and c-axis)
sapphires and (0001) 6H-SiC substrates by using the
pulsed-laser depositions (PLD) system. Continuous stiff-
ness measurements (CSM) technique is used in the
nanoindentation tests to determine the hardness and
Young’s modulus of ZnO thin films. The importance of the
ratio (H/Eqm) of elastic to plastic deformation during
nanoindentation of ZnO thin films on their behaviors in
contact-induced damage during fabrication of ZnO-based
devices is considered. In addition, the friction coefficient of
ZnO thin films is also presented here.
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Introduction

ZnO semiconductor, having a wide direct band gap of
3.37 eV at room temperature, has attracted much attention
because of its wide applications in various optoelectronic
and electronic devices. In addition, it has been considered
as a prime candidate for ultraviolet light emitting diodes
and lasers due to its larger exciton binding energy of
60 meV [1, 2]. In contrast, research on the mechanical
properties has not drawn equal attention. The successful
fabrication of devices based on ZnO thin films requires an
understanding of the mechanical characteristics in addition
to its optical and electrical performances. Due to the
contact loading during processing or application, the per-
formances of these devices can be significantly degraded. It
is of interest to investigate the mechanical characteristics of
materials at nanoscale for device applications.

The mechanical characteristics of materials are size-
dependent. Thin films may have different mechanical
responses from their bulk materials. Until recently, the role
of structural changes under contact loading was largely
underestimated owing to the difficulties in structural
characterizations of thin films affected by the contact
interaction. Nanoindentation is an instrumented depth-
sensing technique that has enabled the measurement of
mechanical properties from small volumes of materials and
thin films. Such mechanical properties, e.g., hardness and
elastic modulus, can be determined directly from indenta-
tion load versus displacement curves [3-6]. In fact, the
load-displacement curves obtained during nanoindentation
can be viewed as “fingerprints” that contain much
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information about deformation mechanisms [7-9]. It
appears meaningful to extend the nanoindentation study to
the ZnO thin films, in merit of both basic research and
technological applications. In addition, nanoscratch tech-
nique can be used to characterize the nanotribological
properties of ZnO thin films by scratching the ZnO surface
using a diamond tip and recording the coefficient of
friction, in situ scratch depth and residual depth. However,
although nanoscratch technique has been widely used to
evaluate the nanotribological properties of metallic,
ceramic, and polymeric thin films materials [10-12], to our
knowledge, much less attention has been done on ZnO thin
films.

Herein, the purpose of the present work is to report on
the results of experiments designed to prepare ZnO thin
films on various substrates by using a pulsed-laser depo-
sition (PLD) system and, to investigate the surface
morphological and mechanical behaviors of ZnO thin films
by using atomic force microscopy (AFM) and nanoinden-
tation/nanoscratch techniques, respectively, with particular
reference to the effects of substrates on mechanical
properties of thin films/substrates systems.

Experimental Details
The Growth Conditions of ZnO Thin Films

ZnO thin films were grown on (0001) (c-oriented), (1120)
(a-oriented) sapphire and (0001) 6H-SiC substrates by
using PLD system, which is popularly adapted in growing
ZnO layers [13, 14]. A KrF excimer laser (Lambda physik
210, A = 248 nm) is employed and the beam was focused
to produce an energy density of ~ 5-7 J/em® with 10 Hz
repetition rate at a 45° angle of incidence on a commercial
hot pressed stoichiometric ZnO (99.99% purity) target.
The thin films were deposited at ~ 0.625 Alsec growth
rate at 600 °C substrate temperature under base vacuum of
3.5 x 1072 torrs, and then in-situ annealed at 700 °C for
1 h. No oxygen gas flow was introduced during the
growth and annealing. In all cases, the ZnO epilayers
are ~ 600 nm thick.

Surface Features Characterizations

Samples are imaged at room temperature using a com-
mercial atomic force microscopy (AFM, Nanoscope III,
Digital Instruments) equipped with soft (version 4.32) for
images processing and roughness calculation. For tapping
mode we used rectangular silicon cantilevers (nanosensors,
125 pm long, 30 pm wide and 4 um thick) with a tip radius

of about 10 nm, a normal spring constant of 40 N/m and
resonance frequency of 339 kHz.

The surface roughness can be represented by center line
average (R,) and root-mean-square average (RMS) [15] in
the following forms:
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The center line is the line that divides the profile in such
a way such that the net deviation is zero. Both R, and RMS
measure the average vertical deviation of surface profile
from the center line. It should be noted that these
parameters can only be used to compare sample surfaces
generated by the same method in Ref. [16].

Nanoindentation and Nanoscratch Measurements

The nanoindentation measurements were performed on a
Nanoindenter MTS NanoXP® system (MTS Cooperation,
Nano Instruments Innovation Center, TN, USA) with a
diamond pyramid-shaped Berkovich-type indenter tip,
whose radius of curvature is 50 nm. The mechanical prop-
erties (the hardness and Young’s modulus) of ZnO thin films
were measured by nanoindentation with a continuous stiff-
ness measurements (CSM) technique [17]. In this technique,
a small sinusoidal load with known frequency and amplitude
was superimposed onto the quasi-static load. It results in a
modulation of the indenter displacement that is phase shifted
in response to the excitation force. The stiffness, S, of the
material, and the damping, wC, along indentation loading
can be respectively calculated using Eqs. 3 and 4 expressed
below. The hardness and elastic modulus are, then, calcu-
lated by putting the obtained stiffness data into Eqs. 5-7,
respectively. In this way, the hardness (H) and reduced
elastic modulus (E,) as a function of penetration depth are
determined for a single loading/unloading cycle [18].
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where P ,.x and i(w) are denoted as the driving force and the
displacement response of the indenter, respectively; @ is the
phase angle between P,,,x and h(w); m is the mass of the
indenter column; K, is spring constant at the vertical
direction; Kris frame stiffness; m, K and Krare all constant
values for specified indentation system; w is angular speed
which equals to 27f; fis the driven frequency of the ac signal
of 45 Hz for this work, which is used to avoid the sensitivity
to thermal drift; the loading resolution of the system was 50
nN; and A. is contact area when the material in contact
with indenter being loaded at P,x. Eqm and vgy, are elastic
modulus and Poisson’s ratio for thin films and, E; (= 1,141
GPa) and v; (= 0.07) are the same parameters for a indenter.
Here, vgi, is set to be 0.25 [19] for current analysis.

The area function, which is used to calculate contact
area, A, was carefully calibrated by using fused silica as
the standard sample prior to the nanoindentation experi-
ments. The nanoindentation tests were carried out in the
following sequence: first of all, the Berkovich indenter was
brought into contact with the surface at a constant strain
rate of 0.05 s~'. The load was then held at the maximum
value for 30 s in order to determine the creep behavior. The
Berkovich indenter was then withdrawn from the surface at
the same rate until 10% of the maximum load was reached.
This constant strain rate was chosen such that the strain-
hardening effect can be avoided during the measurements.
And, at least 10 indents were performed on ZnO thin films.
The nanoindentations were sufficiently spaced to prevent
from mutual interactions.

Scratch testing was measured using a Nano Indenter
XP® system with options for lateral-force measurements.
The procedure was similar that presented in detail else-
where [20]. The normal indenter load was linearly ramped
from the minimum to maximum (0-5 mN) during the
scratching. The translation speed was typically 50 pm/s.
The test was repeated four times for each system. The
average values of the coefficient of friction (u) of four
scratched at the same maximum constant normal load was
used to estimate the friction behavior of the samples. After
scratching, the wear tracks were imaged by AFM.

Results and Discussion

Surface Features

Typical AFM images of ZnO thin films deposited on the
three substrates of a-axis sapphire, c-axis sapphire, and

(0001) 6H-SiC, respectively, are presented in Fig. 1, where
the island-like surfaces are clearly visible. From AFM

@ Springer
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Fig. 1 AFM images of ZnO thin films deposited on the various
substrates for (a) a-axis sapphire, (b) c-axis sapphire, and (¢) (0001)
6H-SiC, respectively

observations, R, and RMS for each specimen are accurately
obtained. Moreover, mechanical characteristics by nano-
indentation are prerequisite to perform under allowably
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Table 1 The surface roughness and evaluated mechanical properties of ZnO thin films and bulk materials (S.-R. Jian* et al.)
ZnO fiilm/sapphire ZnO film/c-sapphire  ZnO films/(0001) 6H-SiC ZnO films ZnO (bulk)
R, 2.3 nm* 3.6 nm* 4.1 nm*
RMS 2.8 nm* 4.5 nm* 5.2 nm* 13.5-20.6 nm [19]
H 11.5 + 0.8 GPa* 74 + 0.1 GPa* 5.9 + 0.2 GPa* 9.2 +£0.8104 + 0.4 GPa [19] 2.2 £ 0.2 GPa
(a-oriented bulk) [27]
6.6 = 1.2 GPa [27] 5.7 £ 0.8 GPa [27] 9.3-12.1 GPa [28] 4.8 + 0.2 GPa

Efiim 212.2 £ 0.1 GPa* 150.1 &£ 5.7 GPa*

318.2 £ 50 GPa [27] 310.1 &+ 40 GPa [27]

H/Eq, 0.054 £ 0.004*
u 0.25 £ 0.02%*

0.050 £ 0.002*
0.28 £ 0.01*

117.1 £ 0.4 GPa*

0.049 £ 0.001*
0.31 £ 0.02%*

(c-oriented bulk) [27]
8.7 £ 0.2 GPa [29]

9.2 £ 0.8-10.4 + 0.4 GPa [19] 163 £ 6 GPa
(a-orientedbulk) [27]
103.5-114.4 GPa [28] 143 + 6 GPa

(c-oriented bulk) [27]
154 + 5 GPa [29]

* The present study

smooth surface for specimen requirement and allowable
thermal drift for environmental control, following that
convergent curves of hardness and modulus are obtained.
R, and RMS of ZnO thin films deposited on a-sapphire
substrate are presented the smaller value while its crystal
structure is closely arranged. In addition, the R, and RMS
of ZnO thin films were summarized in Table 1.

Nanoindentation Analysis

The typical indentation load-displacement curves of all
ZnO thin films are shown in Fig. 2(a). Of note, there is no
manifestly “pop-in” event displayed in the loading part
of all load-displacement curves of ZnO thin films. The
phenomena are very different from the previous studies
[21, 22], which display the multiple “pop-ins” in single-
crystal (wurtzite) ZnO.

The physical mechanisms of the multiple “pop-ins”
appearing in the load-displacement curve have been
extensively discussed in the literatures. Among all, crack
formation [23], sudden occurrence of pressure-induced
phase transformation [24] and, generation of slip bands
because of dislocation propagation [9] during the nanoin-
dentation process were identified to have occurred in the
different systems. In contrast, epitaxial layers are expected
to contain more defects like surface steps [25] that are
known to facilitate the onset of plasticity [26]. In addition,
this may be due, in part; pop-in events were attributed to
the very poor defect density prior to the nanoindentation
tests so that the onset of plasticity requires load sufficient
for dislocation nucleation and propagation. In fact, during
this research, no pop-in events are observed.

The displacement dependence of the hardness and
Young’s modulus of ZnO thin films can be obtained

because of the CSM measurements, as illustrated in
Fig. 2(b, c). As displayed in Table 1, which summarizes
the hardness and Young’s modulus for various ZnO
samples obtained from different indentation methods [19,
27-29], the values obtained by using Berkovich indenter
are somewhat larger than those obtained by other methods.
In 2004, Li et al. [30] proposed that the nanoindentation
depth should never exceed 30% of films thickness. From
the presented results, it can be observed that the sudden
drop over the same range of indentation depth (from 40 nm
to 100 nm) wherein the softening occurs and remains
relatively constant. That is, no manifestly substrate effect is
displayed here. Thereby, we can speculate that the dis-
crepancies among the mechanical properties of ZnO thin
films are reasonably explained by the various growth
environments of thin films, the indentation instruments and
operational conditions.

Fig. 2(b) displays the hardness of ZnO thin films cal-
culated by using the method of Oliver and Pharr [18]. The
plot can be divided into two stages, namely, increase and
decrease to constant. The hardness is observed to increase
with increasing the penetration depth at small depth. The
increase in hardness at small penetration depth is usually
attributed to the transition between purely elastic to elastic/
plastic contact whereby the hardness is really the mean
contact pressure. Only under a condition of a fully devel-
oped plastic zone does the mean contact pressure represent
the hardness. When there is no plastic zone, or a partially
formed plastic zone, the mean contact pressure (which is
measured using the Oliver and Pharr method) is less than
the nominal hardness. After the first stage, the hardness
decreases to constant stage and reaches constant values
of ZnO thin films on three various substrates, as listed
in Table 1, respectively. The constant characteristic of
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Fig. 2 Nanoindentation test results: (a) the typical load-displacement curves for ZnO thin film deposited on the various substrates; (b) hardness-
displacement curves, and (¢) Young’s modulus-displacement curves for ZnO thin films

hardness is consistent with that of a single material;
therefore, the hardness values at this stage could be
regarded as film-only properties. In addition, a plot of
Young’s modulus of ZnO thin films on three various sub-
strates determined using the method of Oliver and Pharr
[18] is illustrated in Fig. 2(c). The variation of results is
similar to those illustrating in Fig. 2(b); corresponding to
the tendency of increase and decrease to constant of curves.
The values of Young’s modulus for ZnO thin films are also
listed in Table 1.

@ Springer

Nanoscratch Testing

Figures 3(a—c) show wear track appearance for ZnO thin
films deposited on a-axis sapphire, c-axis sapphire, and
(0001) 6H-SiC substrates, respectively. Fig. 3(a) displays a
shallow wear track surface, whereas Fig. 3(b, c) show a
deeper wear track surface. It is important to note that ZnO/
a-axis sapphire has lower surface roughness and higher
hardness while its ¢ remain at lower levels and comparable
to those of the rest two thin films.
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Fig. 3 AFM images and cross-
sectional high profiles of 100.0 nm
scratches made at a normal load
of 5 mN on ZnO thin films
deposited on (a) a-axis sapphire, 50.0 nm
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Figure 4 is a plot of the friction coefficient (1) versus
scratch length (normal load). The p is calculated by taking
the ratio of the lateral force and the normal load on the
indenter [31]. The fluctuation in the friction coefficient
values is promoted by point-on orientation of the tip or the
layered structure of thin films or it could be owing to
nanoscale fracture events. The evolution of i values shows
small fluctuations and corresponds to mild wear, without
any evidence of catastrophic damage or delamination of
thin films. It was observed that increasing the normal load

from 0.02 to 5 mN, u was almost constant into early period
(0.25 £ 0.02, 0.28 4+ 0.01, 0.31 &£ 0.02 for three different
substrates are displayed in Fig. 4 and Table 1) despite the
increase of the plastic deformation of ZnO thin films with
the load, which resulted in grooving during scratch. In the
meanwhile, the relationship between p with scratch length
(normal loading) almost was as well. No cracking of thin
films took place, as also verified by our AFM observations
while executing constantly 5 mN scratching loading each
specimen, as illustrated in Fig. 3. In addition, the degree of
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substrate, while the lowest one of 117.1 &+ 0.4 GPa at
(0001) 6H-SiC. In addition, the smoother surface rough-
ness and, a relatively lower friction coefficient equal to
approximately 0.25 £ 0.02 and long wear life are also
displayed at ZnO thin film deposited on a-axis sapphire
substrate. No delamination and evidence of all ZnO thin
films failure are observed in the present scratch tests.

04

0.3 4

Coefficient of friction

014 /|
'*f" O ZnO/(0001) 6H-SIC
1/ /\ ZnO/c-sapphire
' [] ZnOfa-sapphire
o ¥ T ' T Y T y
0 4 8 12
Scratch distance (um)

16

Fig. 4 Coefficient of friction as a function of the scratch distance
under the normal load from 0.02 to 5 mN for three different samples

pile-up phenomenon across the residual profile can be
obtained by AFM; in particular more manifest at the end of
the scratch length each specimen.

In addition, hardness to Young’s modulus ratio (H/Egy,
ratio) is a key parameter determining the type of behavior
observed in nanoindentation and nanoscratch [32], i.e., this
ratio can be regarded as a tool to describe values for per-
formance criteria which are important to define the wear
resistance of materials, such as the critical yield pressure
for plastic deformation, the elastic strain to failure and the
fracture toughness. Therefore, a high H/Eg),, ratio is often a
reliable indictor of good wear resistance in materials [33].
The values are listed in Table 1. Results indicated that the
best H/Egqim, ratio is displayed at ZnO thin film deposited on
a-axis sapphire substrate.

Conclusion

We report in this article structural features and nanome-
chanical characterizations of ZnO thin films deposited on
various substrates by the PLD system using AFM and
nanoindentation techniques, while the nanoscratch resis-
tance and frication coefficients are investigated by
analyzing the scratching processes of thin films.

Results indicate that the hardness of ZnO thin films:
11.5 £ 0.8, 7.4 £ 0.1, and 5.9 £ 0.2 GPa for a-axis sap-
phire, c-axis sapphire, and (0001) 6H-SiC substrates,
respectively. On the other hand, the highest Young’s
modulus of 212.5 £ 0.1 GPa appear at the a-axis sapphire
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