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ZnO thin films grown on Si(11 1) substrates by using atomic layer deposition (ALD) were annealed at
the temperatures ranging from 300 to 500 °C. The X-ray diffraction (XRD) results show that the annealed
ZnO thin films are highly (002)-oriented, indicating a well ordered microstructure. The film surface
examined by the atomic force microscopy (AFM), however, indicated that the roughness increases with
increasing annealing temperature. The photoluminescence (PL) spectrum showed that the intensity of
UV emission was strongest for films annealed at 500°C. The mechanical properties of the resultant ZnO

g?éwt;riisﬁlms thin films investigated by nanoindentation reveal that the hardness decreases from 9.2 GPa to 7.2 GPa for
Atomnic layer deposition films annealed at 300 °C and 500°C, respectively. On the other hand, the Young’s modulus for the former
XRD is 168.6 GPa as compared to a value of 139.5 GPa for the latter. Moreover, the relationship between the
AFM hardness and film grain size appear to follow closely with the Hall-Petch equation.

Nanoindentation
Hardness

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

ZnO is a wide band gap semiconductor (Eg = 3.4 eV at room tem-
perature) with high thermal and chemical stabilities. Moreover, the
large exciton binding energy (~60 meV) for the pristine ZnO is more
than twice larger than that obtained in GaN, making it one of the
potential candidates for applications in blue and ultraviolet optical
devices, such as light-emitting diodes and ultraviolet laser diodes
[1-4]. However, depending on the fabricating methods and con-
ditions, the photoluminescence investigations have revealed the
intimated correlations between the specific emissions in the visible
range and associated defects in ZnO films [5]. In addition to moni-
toring the electric and optical properties through careful control of
the processing parameters, successful fabrication of devices based
on the epitaxial ZnO thin films also requires better understanding
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of the mechanical characteristics, since the contact loading during
processing or packaging can significantly degrade the performance
ofthese devices. Therefore, there is a growing demand of investigat-
ing the mechanical characteristics of materials, in particular in the
nanoscale regime. To this respect, nanoindentation has been serv-
ing as one of the powerful tools in unveiling important mechanical
property parameters, such as the hardness and elastic modulus, of
thin films [6-9] or small structures [10-12].

ZnO thin films can be deposited with a wide variety of meth-
ods, such as radio frequency magnetron sputtering [13], chemical
vapor deposition (CVD) [14], molecular beam epitaxy (MBE) [15]
and pulsed laser deposition [16]. Nevertheless, all of these methods
require high processing temperatures to obtain decent electrical
properties such as high mobility and low operation voltage for
device applications, thus are not suitable for depositing ZnO films
on flexible substrates or organic dielectrics. Recently, the atomic
layer deposition (ALD) method has been successfully demonstrated
its capabilities of depositing thin films at low temperatures. In
particular, ALD offers good control in growing large area films
with excellent thickness and composition uniformities. This study
presents the nanomechanical characteristics and optical properties
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Fig.1. XRD pattern of ZnO thin films annealed at (a) 300°C, (b) 400 °C and (c) 500 °C.

of the ALD-derived ZnO thin films by using a Berkovich nanoin-
dentation system operated in the continuous contact stiffness
measurement (CSM) mode and photoluminescence (PL), respec-
tively. Furthermore, the microstructure and surface morphology of
the ZnO films were characterized by X-ray diffraction (XRD) and
atomic force microscopy (AFM). The effects of annealing temper-
ature on the optical and mechanical properties of ZnO films are
discussed.

2. Experimental details

ZnO thin films were deposited on Si(11 1) substrates at room
temperature by using an ALD system operated with flow-rate inter-
ruption method. The detailed growth procedures can be found
elsewhere [17]. For a typical run of 1000 ALD cycles, the thickness of
the as-deposited ZnO thin films was about 200 nm. Subsequently,
the as-deposited ZnO thin films were post-annealed at the tem-
peratures ranging from 300°C to 500°C for 1h in atmosphere by
rapid thermal annealing. The heating rate was set at 20°C/s and
it took about 30 min for the furnace to cool down to room tem-
perature after annealing. The crystal structure of ZnO thin films
were analyzed by XRD (X-ray diffraction, Panalytical X'Pert XRD).
In addition, a Veeco/TM CP-R atomic force microscopy was used
to examine the surface morphology of the samples. For the AFM
operation, a constant scan speed of 1 wm/s was used, with a con-
stant load of 30nN being applied to the cantilever. The optical
properties of the annealed ZnO thin films were investigated by
PL measurements using a He-Cd laser of 325 nm with a power of
20 mW. A liquid-nitrogen cooled UV-enhanced CCD was used as
detector placed behind a monochromator with 10 wm entrance slit
for 0.02 nm spectrum resolution. PL measurement was performed
at room temperature and the acquisition time was about 15 min.

Nanoindentation experiments were preformed on a MTS Nano
Indenter® XP system with a three-sided pyramidal Berkovich

indenter tip by using the CSM technique [18]. This technique is
accomplished by imposing a small, sinusoidal varying force on top
ofthe applied linear force that drives the motion of the indenter. The
displacement response of the indenter at the excitation frequency
and the phase angle between the force and displacement are mea-
sured continuously as a function of the penetration depth. Solving
for the in-phase and out-of-phase portions of the displacement
response gives rise to the determination of the contact stiffness as a
continuous function of depth [18]. As such, the mechanical proper-
ties changing with respect to the indentation depth can be obtained.
The nanoindentation measurements were carried out as follows.
First, prior to applying loading on ZnO sample, nanoindentation was
conducted on the standard fused silica sample to obtain the rea-
sonable range (the Young’s modulus of fused silica is 68-72 GPa).
Then, a constant strain rate of 0.05s~! was maintained during the
increment of load until the indenter reached 50 nm deep into the
surface. The load was then held at the maximum value of loading
for 10 s in order to avoid the creep, which might significantly affect
the unloading behavior. The indenter was then withdrawn from the
surface at the same rate until the loading has reduced to 10% of the
maximum load. Then, the indenter was completely removed from
the material. In this work, constant strain rate was chosen in order
to avoid the strain-hardening effects. At least 30 indentations were
performed on each sample and the distance between the adjacent
indents was kept at least 50 wm apart to avoid interaction.
Inindentation test, the hardness is defined as the applied inden-
tation load divided by the projected contact area, as following:

Pmax
H= A (1)
where A. is the projected contact area between the indenter and the
sample surface at the maximum indentation load, Pmax. For a per-
fectly sharp Berkovich indenter, projected area A. can be calculated
as,Ac = 24.56h§ with h¢ being the true contact depth.

The elastic modulus of the sample can be calculated based on the
relationships developed by Sneddon [19]: S = 28E; \//Tc/ﬁ. Here
S is the contact stiffness of the material, 8 is a geometric constant
with B=1.00 for Berkovich indenter, and E; is the reduced elastic
modulus which is calculated from the following equation:

—_ 2 2
1 1=y 1-v
E - E + “E (2)

Here v is the Poisson’s ratio and the subscripts i and f denote
the parameters for the indenter and the annealed ZnO thin films,
respectively. For diamond indenter tip, E;=1141 GPa, v;=0.07 and,
v; =0.25 is chosen for ZnO thin films [17].

3. Results and discussion
3.1. Crystal structure and surface features

Fig. 1 shows part of the XRD results of the post-annealed ZnO
thin films. The diffraction peaks from the Si(11 1) substrates, on
which the films were grown, were not displayed in Fig. 1. The
simultaneous appearance of all the three primary diffraction peaks,
namely (100),(002),and (10 1)for all the annealed ZnO films indi-
cates that all the films appear to crystallize equiaxially. In addition,
it can be found that the intensity of (0 0 2) diffraction peak increases
and the full width at half maximum (FWHM) becomes narrower
with the increasing annealing temperature. The grain size, D, of the
corresponding films can be estimated according to the Scherrer’s
equation [20]:

0.9A

~ B cosf (3)
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Fig. 2. Topography images for ZnO thin films annealed at (a) 300°C, (b) 400°C, (c) 500 °C measured by AFM and (d) annealed temperature dependence of the average surface

roughness and grain size for ZnO thin films annealed at various temperatures.

where A, B and 6 are the X-ray wavelength, the FWHM of the ZnO
(002)-oriented peak and Bragg diffraction angle, respectively. The
estimated grain sizes for ZnO thin films annealed at 300, 400 and
500°C are 31.5, 45.8 and 51.2 nm, respectively. As can be seen
below, the AFM examinations on these films gave consistent results
described above.

Fig. 2 shows the AFM images revealing the surface morphology
of the annealed ZnO thin films. The root mean square roughness
for ZnO thin films annealed at 300, 400, and 500°C are 1.9, 2.4
and 2.7 nm, respectively. Furthermore, as shown in Fig. 2(a-c),
the annealed ZnO thin films all exhibit similar dense microstruc-
tures with homogeneous grain sizes and the grain size appears to
increase with increasing annealing temperature. The average grain
size obtained from image analysis and displayed in the histogram
shown in Fig. 2(d) indeed are consistent with the conjectures
obtained from the XRD analyses. Namely, the microstructure of
annealed ZnO films are equiaxed polycrystalline and the grain size
increases from about 30 nm for thin films annealed at 300°C to
about 50 nm for thin films annealed at 500°C. The grain growth
of the ZnO thin films during annealing is presumably attributed
to the enhanced diffusion of zinc and oxygen defects existing
in the boundary. As sufficient thermal energy is provided by
higher annealing temperature, it in turn facilitates the coales-
cence of the adjacent grains (or nuclei) and results in apparent
grain growth [21]. The increase in film surface roughness (see

also in the histogram shown in Fig. 2(d)) with increased anneal-
ing temperature can be considered also as a direct consequence
of the surface diffusion enabled three-dimensional grain growth
[22].

3.2. Optical characterizations

The room temperature PL characteristics of the annealed ZnO
thin films, as displayed in Fig. 3, clearly shows that the primary
emission is the near band edge emission centering around 380 nm.
It is generally conceived that the UV emission peak originates
from free excitonic recombination corresponding to the band edge
emission of ZnO [23]. Therefore, the increased intensity of the UV
emission band exhibited in Fig. 3, when the annealing tempera-
ture was increased from 300 °C to 500 °C, is indicative of significant
improvement of crystalline quality resulted from the annealing. The
present results are also in sharp contrast to ZnO films obtained by
other methods, in that emission peaks in the visible bandwidths
have been ubiquitously observed. This might be because that the
ZnO thin films deposited by the low temperature ALD processes
does not favor the formation of Zn-Zn bonds and forms primarily
the Zn-0 bonds, thus suppresses the emission in the wavelength
region of visible light [24]. Alternatively, it can also be explained
by the fact that the marked grain growth and associated recrystal-
lization in the ZnO films induced by post-annealing might have
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Fig. 3. Room temperature PL spectra of ZnO thin films annealed at temperature
from 300°C to 500°C.

eliminated the majority of oxygen vacancies and other defects,
which have been considered as the major sources of visible emis-
sions observed in ZnO films [5]. We note that the results are also
consistent with that obtained in the previous study [25]. In that the
improvement in crystallinity of ZnO thin films due to annealing-
induced increase in grain size and increasing dominance of certain
crystal orientation was believed to have drastic effects in reducing
the green emission and in increasing the UV emission.

3.3. Nanoindentation responses

Fig. 4(a) displays the typical load-displacement (P-h) curves
reflecting the deformation history of ZnO thin film annealed at
300°C during penetration of a Berkovich indenter loaded with CSM
mode. The P-h response obtained by nanoindentation contains
information about the elastic behavior and plastic deformation and,
can be regarded as the “fingerprint” of the properties of ZnO thin
films. In addition, the curve appears smooth and regular, without
any discontinuities along either the loading or unloading segment,
indicating that, unlike those observed in InP [26] and in Si [27],
neither twinning nor pressure-induced phase transformation was
involved in this case.

Fig.4(b) presents the hardness and Young’s modulus versus pen-
etration depth curves for ZnO film annealed at 300 °C. The curves
can be divided into two stages, namely, an initial increase to a max-
imum value followed by subsequent decrease to a constant value.
The hardness is observed to increase with increasing 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. Only under the condition of a fully devel-
oped plastic zone does the mean contact pressure represent the
hardness. When there is no plastic zone, or only a partially formed
plastic zone, the mean contact pressure (which is measured using
the Oliver and Pharr method) is usually smaller than the nominal
hardness. After the first stage, the hardness decreases to constant
stage and reaches a constant value, which is consistent with the
fact that a single material is being measured. The hardness values
obtained at this stage, thus, can be regarded as intrinsic proper-
ties of the films. The penetration depth dependence of the Young's
modulus, asillustrated in Fig. 4(b), behaves similarly as that of hard-
ness. Consequently, both mechanical parameters were determined
by taking the average values obtained by the CSM loading scheme
(Fig. 4(b)) within the penetration depth of 20-50 nm. This range of
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Fig. 4. Nanoindentation results: (a) a typical load-displacement curve and (b) the
hardness and Young’s modulus vs. displacement curves of annealed ZnO thin film
at 300°C, (c) hardness and Young’s modulus of ZnO thin films annealed at various
temperatures.

penetration depth was chosen intentionally to be deep enough for
observing plastic deformation during indentation yet to be shal-
low enough to avoid the complications arising from the effects of
surface roughness [28] and substrate [29].

Fig. 4(c) shows the hardness and Young’s modulus obtained
from ZnO thin films annealed at the different temperatures. It is
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Fig. 5. Plot of the experimental data of hardness versus grain size. The dashed line
represents a fit to the Hall-Petch equation with H(D)=2.44 +38.4D~/2,

evident that both the hardness and the Young's modulus of the
ZnO films decrease monotonically with increasing annealing tem-
perature. The corresponding hardness (Young’s modulus) are 9.2
(168.6), 8.6 (145.4) and 7.2 (139.5) GPa for ZnO films annealed at
300°C, 400°C and 500 °C, respectively. Since the higher annealing
temperature leads to the larger grain size for ZnO thin films, as
we have discussed previously, it is reasonable to consider that the
decrease of hardness and the Young’s modulus might be mainly
due to the grain size effect [30].

Itis well known that the dependence of material hardness on the
grain size can be described by the phenomenological “Hall-Petch”
equation [31]:

H(D) = Ho + ky_pD~/2 (4)

where Hyp and ky_p denote the lattice friction stress and the
Hall-Petch constant, respectively. Fig. 5 displays a plot of the hard-
ness versus D-1/2 data for ZnO thin films annealed at various
temperatures. We note that although the grain size of annealed
ZnO thin films remains relatively small as compared to that of the
usual metallic materials, the data still follow pretty closely to the
Hall-Petch relation and the so-called negative Hall-Petch effect
[32] is not observed here. The dashed line represents the fit to the
Hall-Petch equation for the experimental data, which gives:

H(D) = 2.44 + 38.4D1/2 (5)

The obtained lattice friction stress of 2.44 GPa is consistent with
the reported bulk values where the hardness values measured
along the a-axis and c-axis hardness were 2 & 0.2 and 4.8 + 0.2 GPa,
respectively [33]. The Hall-Petch constant of 38.4 GPanm!/2 for the
annealed ZnO films also indicates the effectiveness of the grain
boundary in hindering the dislocation movements. In any case, both
of the optical and mechanical properties obtained in the present
study indicate that the intrinsic properties of the ZnO are closely
reproduced in these post-annealed ALD-derived ZnO films.

4. Conclusion

In this study, we have carried out XRD, AFM, PL, and nanoin-
dentation measurements to examine systematically the effects of

post-annealing on the structural features, optical and mechanical
characteristics of ZnO thin films deposited on Si(1 1 1) substrates by
atomic layer deposition process. The main findings are summarized
as following:

(1) The XRD results and the atomic force microscopy consistently
and quantitatively indicated that the increases of both of the
grain size and surface roughness with increased annealed
temperatures might have been due primarily to the surface dif-
fusion dominated three-dimensional grain growth mechanism.

(2) The PL characteristics showed significant enhancement in the
intrinsic band edge UV emission when ZnO films were sub-
jected to annealing treatment. The correlation of the intensity
of the UV emission peak with the annealing temperature, and
hence the improving crystallinity of the ZnO films and, the
absence of emissions in the visible range for the annealed ZnO
films suggested the marked effects of annealing in removing
the defects introduced during the deposition processes from
the ZnO films.

(3) The hardness and Young’s modulus of the ZnO films were
determined by the nanoindentation measurements. In addi-
tion, it has been demonstrated that the hardness of the ZnO
films follows satisfactorily with the Hall-Petch equation, and
the obtained lattice friction stress of 2.44 GPa is consistent
with the bulk values obtained from single crystalline ZnO. The
Hall-Petch constant of 38.4 GPa nm1/2 suggests the effective-
ness of grain boundary in inhibiting the dislocation movement
in ZnO.
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