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We have systematically explored the time-dependent plasticity of (0 0 0 1)-
oriented ZnO single crystal through spherical indentation tests. Constant load
indentation creep tests were performed in elastic strain and elastic–plastic
strain regimes. In both regimes, creep indeed occurred at ambient temperature.
With the observed quasi-steady-static strain rate, the stress exponent was
found as ~1.361 for elastic contact regime and ~3.077 for elastic–plastic
regime, suggesting predominant creep mechanism of diffusion and dislocation,
respectively. This strain-dependent transition of creep mechanism is discussed
in terms of possible factors affecting the creep in each regime.
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1. Introduction

Single-crystal ZnO is one of the most attractive semiconducting materials in electronic
and optoelectronic applications, promised by its large direct band gap (~3.4 eV) and
high exciton binding energy (~60 meV) at room temperature [1,2]. Several other attrac-
tive characteristics such as optical transparency, piezoelectricity and the crystal-growth
technology for high-quality bulk single crystal [1–5] have further enhanced the techno-
logical interests in this material. Tremendous efforts have been devoted to study synthe-
sis technology and electrical/optical properties of ZnO [1–4], while less attention has
been paid to its mechanical properties.
Owing to the relatively poor mechanical performances of ZnO than other wide band

gap semiconductors and the concern about the possible contact-induced damages which
can be introduced during its device fabrication processes [6–8], mechanical properties
as well as contact-induced deformation behaviour of this material have been investi-
gated through nanoindentation [7–15]. Scope of previous nanoindentation studies has
been mostly limited to the measurement of time-independent mechanical properties; for
example, hardness (H) and elastic modulus (E) for (0 0 0 1) ZnO single crystals were
reported to be 3.1–7.2 and 111–143 GPa, respectively [8–15]. Through quasi-static nan-
oindentation combined with atomic force microscopy, scanning electron microscopy,
transmission electron microscopy or cathodoluminescence spectroscopy, some studies

*Corresponding author. Email: jijang@hanyang.ac.kr

© 2014 Taylor & Francis

Philosophical Magazine, 2015
Vol. 95, Nos. 16–18, 1896–1906, http://dx.doi.org/10.1080/14786435.2014.926036

D
ow

nl
oa

de
d 

by
 [H

an
ya

ng
 U

ni
ve

rs
ity

 S
eo

ul
 C

am
pu

s]
 a

t 2
1:

20
 2

6 
Ju

ne
 2

01
5 



have explored contact-induced deformation behaviours (such as pyramidal and basal
slip) [7–9] or optical properties associated with plastic deformation [7,10,11].
An important mechanical behaviour that must be evaluated additionally is time-

dependent permanent deformation (so-called creep), which possibly leads to failure dur-
ing device operations under long-term stress condition. ZnO is considered as an active
layer in transparent and flexible thin-film transistors and solar cells [16,17]. In addition,
since the bulk or thin-film ceramic materials cannot accommodate large strain without
failure, significant advance has been recently made in the flexible devices adopting
single-crystalline low-dimensional materials (such as nanowires, nanorods and nano-
belts) [18–20]. In these applications, operating environments result in each component
of the device being placed under sustained stresses for a relatively long time and those
components could be deformed by small but long-lasting stress through creep processes.
In this regard, the basic information of small-scale creep behaviour in ZnO single crys-
tal should be necessary for assessing long-term mechanical reliability.
Nanoindentation is a promising way to successfully investigate small-scale creep

behaviour. Recently, Choi et al. [21,22] proposed that reasonable creep stress exponent
value of nanocrystalline Ni could be obtained through constant load indentation creep
tests with spherical indenter instead of commonly used Berkovich one. Similarly, in the
present study, we have systematically investigated the creep behaviour of (0 0 0 1)
single-crystal ZnO through spherical nanoindetation creep tests. By performing the
constant load creep tests at the various load levels, we explore the yielding-induced
transition in creep deformation mechanism.

2. Experimental

All experiments were performed on a 10 mm × 10 mm × 5mm rectangular plate of a (0
0 0 1) ZnO single crystal purchased from Crystal Bank (Busan, Korea). Before tests, the
sample surfaces were ultrasonically cleaned up in acetone, ethanol and then in deion-
ized water for more than 30 min. Nanoindentation tests were conducted using a Nano-
indenter-XP (formerly MTS-now Agilent, Oak Ridge, TN) equipped with a diamond
spherical indenter. Indenter tip radius, R, was estimated as 5.883 μm by Hertzian contact
analysis of the data obtained from indentations on fused quartz [23]. Constant load
indentation creep test were performed with a spherical tip at various stresses in both
elastic and elastic–plastic regimes (i.e. below and above the loads for “the first pop-ins”
that correspond to yielding in spherical indentation). The specimens were loaded to var-
ious maximum load, Pmax, at a fixed indentation strain rate of P

−1(dP/dt) = 0.05/s, held
at Pmax for 200 s, and fully unloaded.

3. Results

3.1. P–h curve

Figure 1(a) shows representative quasi-static nanoindentation load-displacement (P–h)
curves obtained at a peak load of 80 mN. Sudden displacement excursions (often
referred to as “pop-ins”) were observed during the loading sequence, and the displace-
ments were not fully recovered on unloading. In the figure, the P–h data recorded dur-
ing indentation at lower Pmax of 45 mN (below the pop-in load) are also exhibited, in
which the loading part of the curve is completely reversed upon unloading, indicating
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that the deformation is purely elastic. Indeed the elastic P–h behaviour fits well with
Hertzian elastic contact curve (P ¼ 4Er

ffiffiffi

R
p � h1:5=3 where R is the tip radius and Er is

the reduced modulus accounts for the fact that elastic deformations occur in both the
indenter and the sample [23]). All these suggest that the pop-ins of ZnO single crystal
also correspond to the elastic-to-plastic transition, as reported in the previous studies
(e.g. see [24–26]). Although the first pop-in load varies in the range of ~45–61 mN
(Figure 1(b)), the indenter displacement jumps from Hertzian curve to a unique
elastic–plastic curve at the pop-in event, implying that the physical nature of the
elastic-to-plastic transition does not vary with the load level.
As the first pop-in event is caused by the yielding, it is easy to define the applied

creep loads for elastic and elastic–plastic regimes; i.e. Pmax is set as below (5, 10, 20,
25, and 30 mN) and above (60, 70, 80, 90, and 100 mN) the first pop-in loads.

Figure 1. (colour online) The first pop-in behaviour observed in quasi-static spherical nanoinden-
tation experiments; (a) load-displacement (P–h) curves exhibiting the pop-in behaviour and (b)
cumulative probability distributions of the first pop-in loads.
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Figure 2(a) and (b) show representative P–h curves obtained from indentation creep
tests performed in elastic and elastic–plastic regimes, respectively. In both regimes, the
increase in h during load-hold sequence is clearly observed, suggesting that creep
indeed occurs at room temperature. However, the creep behaviour is much more pro-
nounced in elastic–plastic regime than in elastic regime, which will be discussed below.
It is also noteworthy that creep displacement (hcreep) increases significantly with Pmax in
both regimes, indicating that the observed creep behaviour is realistic and not an artifact
caused by thermal drift [22,27,28].

3.2. Creep strain and creep rate

As the first step to quantitatively analyse the creep behaviour, the indentation creep
strain (εcreep) is quantified as ecreep ¼ 0:2ða� a0Þ=R where a is the contact radius and

Figure 2. (colour online) Typical example of load-displacement curves obtained from indentation
creep tests in (a) elastic strain and (b) elastic–plastic strain regimes.
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a0 is the contact radius at the onset of the creep. Here, a is estimated as
a ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2hR� h2
p

in simple consideration of contact geometry of spherical indentation.
Note that in this study, measured h is used instead of precise value of contact depth hc
for the sake of simplicity. The calculation results are described in Figure 3(a) as a func-
tion of holding time (tholding). The εcreep vs. tholding curves are parabolic in nature, which
are somewhat analogous to the typical high-temperature creep curves of metals and
ceramics [29,30], consisting of two regimes in the early stages; transient and steady-
state creep regimes. It is also noteworthy in the figure that, in both elastic and elastic–
plastic regime, the amount of εcreep is found to increase significantly with Pmax. This
clear load dependency of the εcreep indicates that the observed creep behaviour is not an
artifact caused by thermal drift which does not depend on load.
In Figure 3(b), the total creep strain and total creep displacement (determined as

εcreep and hcreep at tholidng = 200 s, respectively) are plotted as a function of Pmax. In the

Figure 3. (colour online) Change in creep strain; (a) typical creep strain vs. holding time curves
obtained in the elastic–plastic regime (with the inset showing the curves in elastic regime); (b)
variation in total creep strain as a function of maximum load. The inset image of (b) exhibits the
effect of maximum load on total creep displacement.
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plots, the averaged first pop-in load value (~53 mN) is shown as vertical line, to demar-
cate elastic and elastic–plastic regimes of deformation. Both total creep strain and dis-
placement in elastic regime are about one order of magnitude smaller than that in
elastic–plastic regime. In other words, creep behaviour becomes much enhanced after
pop-in occurs, conceivably suggesting there is transition of creep mechanism.
To estimate the indentation creep strain rates ( _ecreep), the εcreep vs. tholding

curves were fitted according to Garofalo’s mathematical fitting equation,
e� e0 ¼ ecreep ¼ a½1� expð�rtholdingÞ� þ vtholding, where, ε is total strain including strain
by instantaneous loading (ε0) and creep (εcreep), and α, χ and r are creep constants (for
physical meanings of each parameters, see Ref. [21]). By differentiating the fitted equa-
tion with respect to tholding, the change in _ecreep can be obtained as a function of tholding.
Typical examples of the determined _ecreep vs. tholding in elastic–plastic regime are plotted
in Figure 4, suggesting the possibility of close approach to the steady-state condition,
although it is theoretically implausible to reach the steady-state condition during inden-
tation creep for 200 s. Thus, the condition is hereinafter called “quasi-steady-state.” This
condition is also observed in elastic regime in the inset of Figure 4. Figure 5
summarizes the variation in quasi-steady-state creep rate ( _eQSS, defined as _ecreep at tholi-
dng = 200 s). Similar to the trends in Figure 3(b), higher _eQSS values are evident for higher Pmax and _eQSS
values in elastic–plastic regime are one order of magnitude higher than those in elastic
regime.

4. Discussion

Estimating the predominant creep mechanism is essential for better understanding of the
creep behaviour in ZnO single crystal. A useful indicator of the creep mechanisms is
the creep stress exponent n (=@ log _eSS=@ log r) where _eSS is the steady-state strain rate
and σ is the applied creep stress during conventional uniaxial creep tests; i.e. n = 1 for
diffusion creep such as the Nabarro–Herring creep (by lattice diffusion) or the Coble
creep (by grain boundary diffusion), n = 2 for grain boundary sliding, n = 3–8 for

Figure 4. (colour online) Typical example of strain rate vs. holding time plots in the elastic–
plastic regime. The inset shows the curves for the elastic regime.
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dislocation creep in metals [29]. These creep mechanisms were originally developed for
metals and alloys for high-temperature applications, but was found to be successfully
extended to ceramics (where n = 3–5 for dislocation creep) [30]. Considering linear rela-
tions (1) between σ and the mean contact pressure pm (¼ Pmax=pa20) at the onset of
creep by Tabor’s empirical law (pm =Cσ where C is constraint factor) and (2) between
the indentation quasi-static-state strain rate _eQSS and the uniaxial steady-state strain rate
_eSS by empirical relation, _eSS� 0:01 _eQSS [22], the same n values can be obtained from
(@ log _eQSS=@ log pm). According to Hertzian contact theory [23], for elastic contact
where pm is two-thirds of the maximum pressure (2p0/3), the pm can be determined with
aelastic ¼ ð3PmaxR=4ErÞ1=3, in which Er was calculated as
1=Er ¼ ð1� m2ZnOÞ=EZnO þ ð1� m2i Þ=Ei where ν and E is Poisson’s ratio and elastic
modulus with subscript ZnO and i indicating the specimen and the indenter; νi = 0.07
and Ei = 1141 GPa for diamond indenter [31] and νZnO = 0.02 and EZnO = 111 GPa for
single-crystal ZnO [8]. However, this Hertzian equation cannot be extended into elas-
tic–plastic regime and thus the pm (i.e. hardness H) can be determined in consideration
of contact geometry; aplastic ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2hR� h2
p

at the onset of creep. The relation of log
( _eQSS) and log(pm) and the obtained stress exponent n are shown in Figure 5. Linear fit-
tings of the average points lead to the stress exponent n ~ 1.361 for elastic contact and
~3.077 for elastic–plastic contact, indicating the creep mechanism dominated by diffu-
sion in elastic strain regime and by dislocation activities in elastic–plastic strain regime.
Room temperature creep behaviour of (11–20) ZnO single crystal was also reported

by Basu et al. [32] who performed constant-stress spherical indentation creep tests at a
load higher than the first pop-in load (i.e. at a load for elastic–plastic strain regime).
Their obtained value of n (~3.1) is very similar to that obtained in elastic–plastic regime
of the present study (n ~ 3.077). As reviewed by Cannon and Langdon [30], the
n values in the literature reporting the dislocation creep in ceramic tend to group around

Figure 5. (colour online) Relations between quasi-steady-state strain rate and mean pressure, of
which slope corresponds to the creep stress exponent, n.
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either n ~ 3 or ~5 and a larger proportion of the previous studies exhibits n ~ 3 as in the
present study. This categorization of n has been explained by various factors. First, the
ratio of the anion radius to cation radius (ranion/rcation) appears to be important
[30,33,34]; e.g. the values of ranion/rcation for ceramics with n ~ 3 are 4.00 (for BeO),
2.64 (for Al2O3) and 1.94 (for MgO), and those with n ~ 5 are 1.78 (for NaCl), 1.31
(for KCl) and 1.40 (for CaO) [33–35]. According to Cannon and Sherby [33], high
ranion/rcation values (> ~2) result in large polarizability of the constituent ions and dislo-
cations to be strongly charged. In ionic materials, these dislocations will be dragged by
charged defects (including vacancies, interstitials of ions and impurity atoms) during
dislocation glide in creep deformation. In this regard, the fact that ZnO has the
ranion/rcation of ~1.90 [35] (very close to that of MgO) may explain n ~ 3 in the
elastic–plastic contact regime.
Another important parameter for determining n is the creep temperature [30,34].

Wilshire and Watkins [34] found n ~ 3 when creep temperature is lower than brittle-duc-
tile transition temperatures and n ~ 5 when vice versa. They concluded that, while creep
of ceramic with n ~ 5 may be associated with fully ductile conditions, that with n ~ 3 is
usually observed in less ductile condition where crystallographic slip is restricted. In
this sense, n ~ 3 in the elastic–plastic regime is also explained by the testing temperature
lower than the transition temperature of ZnO.
While creep in elastic–plastic regime can be explained by dislocation mechanism

supported by the increased dislocation density (on the pyramidal and basal slip planes
after first pop-in [7–9]) in the highly stressed region underneath the indenter, the creep
in elastic regime cannot be easily understood due to low diffusivity of lattice diffusion
in single crystal at low homologous temperature (T/Tm) of ZnO where Tm is the
absolute melting temperature (2273 K for ZnO [1]); i.e. room temperature corresponds
to T/Tm ~ 0.13.
Only possible creep mechanism for the elastic contact is the diffusive flow along

the interface between the indenter and surface of ZnO single crystal. The tip-sample
interface provides a faster diffusion path than lattice [36,37]. The interface diffusion
may play more important role in shallow-depth regime as discussed by Wang et al.
[36]. In addition, diffusion creep behaviour (n ~ 1) was clearly observed in the authors’
previous study on compression creep of single-crystal ZnO nanorods (with equivalent
diameter of ~200–2000 nm) [27]. In the study, more pronounced creep behaviour was
observed in smaller nanorods and this size effect on creep behaviour was explained by
higher fraction of surface (and interface between flat-punch tip and sample surface) to
volume in smaller nanorods. At room temperature, surface diffusivity (Dsurf ) of Zn or O
ions is much higher than their lattice diffusivity (Dlattice) as Dsurf/Dlattice of ~10

12 for Zn
and ~1015 for O [27], suggesting the possible occurrence of diffusion creep through sur-
face.
The strain-dependent transition of creep mechanism introduced above may be due

to the abrupt increase in dislocation density by pop-in phenomena (and possibly the
increased diffusion path – dislocation core – for ions). Although similar pop-in-induced
transition of creep behaviour have been reported in various materials (such as Al
[38,39], Ni3Al [39], fused quartz [39], W [40], GaAs [40], Cu [41] and In [38]), their
transitions are somewhat different from our observation. For example, Wang and Xu
[41] performed indentation creep tests in plastic regime on polycrystalline Cu thin film
and reported that, after pop-in occurs during load-hold sequence, n was decreased from
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8.4 to 6.3, both corresponding to dislocation-dominated creep mechanism. Only Feng
and Ngan [38] found pop-in-induced transition of creep mechanism from diffusion
(n ~ 1.5) to dislocation (n ~ 6) after the first pop-in, in the low-melting materials of In
and suggested that crystal plasticity will alter the mechanism of indentation creep,
which is in agreement with our results.
In Figure 5, it is interesting that, while the pm increases with Pmax in both elastic

and elastic–plastic regime, the pm at the onset of creep is much higher in elastic regime
than in elastic–plastic regime. It is noteworthy that the absolute values of pm for the
elastic contact may not be directly compared with that for the elastic–plastic contact.
This is because the pressure distribution for elastic–plastic contact (whose general
solution has not been established by far) must be more homogeneous than the simple
Hertzian pressure distribution. The reason for the difficulty in direct comparison is also
captured in Figure 6 where an example of the change in calculated pm during loading is
traced with h, which corresponds to the P–h curve of Pmax = 100 mN in Figure 2(b), as
shown in the inset. As h increases, pm increases rapidly along the pm–h curve of elastic
regime (arrow “1” in the figure), drops abruptly at the first pop-in (arrow “2”) and then
increases again along the curve of elastic–plastic regime (arrow “3”). A similar drop of
pm at the first pop-in was also reported by Basu et al. [9] who performed spherical
indentation tests on ZnO single crystal.

5. Conclusions

Creep behaviour of (0 0 0 1)-oriented ZnO single crystal has been systematically investi-
gated through spherical indentation creep tests in both elastic and elastic–plastic contact
regimes. While it was revealed that creep indeed occurs at ambient temperature in both
regimes, the creep plasticity was more pronounced in the elastic–plastic strain regime.

Figure 6. (colour online) Variation in mean contact pressure as a function of indentation displace-
ment. Shaded region indicates the transition of mean pressure by the first pop-in at ~45–61 mN.
The inset shows the corresponding P–h curve (for Pmax = 100 mN case in Figure 2(b)).
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The creep stress exponent n, estimated from quasi-steady-static strain rate and mean
pressure, suggested the strain-dependent transition of creep mechanism from possible
diffusion in elastic regime (n ~ 1.361) to dislocation activities in elastic–plastic
(n ~ 3.077) regime, respectively. This transition was analysed in consideration of
possible factors affecting the creep in each regime.
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