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The structural and nanomechanical characteristics of the hexagonal HoMnO3; (HMO) thin films are
investigated by means of X-ray diffraction (XRD), atomic force microscopy (AFM) and nanoindenta-
tion techniques in this study. The HMO thin films were deposited on YSZ(11 1) substrates by pulsed
laser deposition (PLD). The XRD results reveal only pure (000 1)-oriented hexagonal HMO reflections
without any discernible traces of impurity or secondary phases. Nanoindentation results exhibit discon-
tinuities in the load-displacement curve (so-called multiple “pop-ins” event) during loading, indicating

ﬁ‘ggg;ijl HoMnOs thin films possible involvement of dislocation activities. No discontinuities were observed on unloading segment
XRD of the load-displacement curve. Continuous stiffness measurements (CSM) technique was carried out in
Nanoindentation the nanoindentation tests to determine the hardness and Young’s modulus of the hexagonal HMO thin
Hardness films. The obtained hardness and Young’s modulus of the hexagonal HMO thin films are 14.2 + 0.7 GPa

and 219.2 4+ 10.6 GPa, respectively with the room-temperature fracture toughness being in the order of

0.4+0.2MPam'/?,

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Recently, the multiferroic materials with coexisting magnetic
and electric orders have received considerable attention [1,2]. This
is mostly based on their potential to exhibit “gigantic” magne-
toelectric effects enabling the control of magnetization (electric
polarization) by an electric (magnetic) field [3], which may lead
to new functionalities in the microelectronic devices. The magne-
toelectric effect makes the so-called magnetoelectric multiferroics
interesting materials for future information-technology devices
in which data can be written to magnetic memory elements by
applied electric fields. The hexagonal manganites RMnO3 (R=Sc,
In, Y, Ho) are one group of magnetoelectric multiferroics. In par-
ticular, HoMnO3; (HMO) is a strong magnetoelectric material in
the sense that its magnetic phase at low temperature can be con-
trolled by an applied electric field [3]. However, while most of the
researches have been concentrated on its magnetoelectric char-
acteristics for device applications, researches on the mechanical
properties have not drawn equal attention. Therefore, an accurate
measurement of the mechanical properties of hexagonal HMO thin

* Corresponding author. Tel.: +886 7 6577711x3130; fax: +886 7 6578444.
E-mail address: srjlan@gmail.com (S.-R. Jian).

0925-8388/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2010.08.109

films is required in order to take the full advantage of using them
as structural/functional elements in devices.

Nanoindentation technique is especially well suited for char-
acterizing the mechanical characteristics of small structures
[4,5] as well as thin films and coatings [6-9]. Analysis of the
load-displacement curve obtained by nanoindentation allows the
primary parameters such as the hardness and Young’s modulus to
be obtained without visualizing the indentation. The most adopted
method of analysis is the one proposed by Oliver and Pharr [10].
However, in the case of thin films, the response after some pen-
etration depth arises not only from the films but also from the
substrate and, the mechanical properties obtained are therefore a
combination of both structures. As a result, indentation with con-
tact depths of less than 10% of films thickness is needed to obtain
intrinsic film properties and minimize the influence of the sub-
strate [11]. On the other hand, due to the equipment limitations,
it is generally very difficult to obtain meaningful analytical results
for indentation depths less than 10 nm. Thus, it is almost impossi-
ble to obtain substrate independent results for films with thickness
thinner than 100 nm. Therefore, in order to get insights on the influ-
ence of substrate in a more quantitative manner, especially for thin
films, it is essential to monitor the mechanical properties as a func-
tion of depth. In this work, we used a dynamic approach, termed
as the continuous stiffness measurement (CSM) mode [12], to con-
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tinuously monitor the hardness and Young’s modulus values as a
function of the indentation depths.

In this study, the structural and mechanical properties of
hexagonal HMO thin films were investigated by using the X-ray
diffraction (XRD) and nanoindentation techniques. We report, for
the first time to our knowledge, the hardness and Young’s modulus
of hexagonal HMO thin films. In addition, nanoindentation defor-
mation behavior of hexagonal HMO thin films was disclosed by
analyzing the nanoindentation load-displacement curves.

2. Experimental details

Sintered ceramic pellet of stoichiometric HoMnOs; was prepared by conven-
tional solid-state reaction method and used as a target for the subsequent pulsed
laser deposition (PLD). The PLD process was carried out by using a 248 nm
KrF excimer laser operated at a repetition rate of 3Hz with an energy density
of 2-4]/cm?. For growing the hexagonal phase HMO films, the (11 1)-oriented
yttria-stabilized zirconia (YSZ) single crystal was chosen as the substrates. Dur-
ing deposition, the substrate temperature and oxygen pressure were optimized at
Ts=850°C and P(O,) = 0.1 Torr, respectively. The film thickness was around 200 nm.
High quality epitaxial HoMnO3; (HMO) thin films were obtained under these opti-
mized growth conditions [13]. The film structure was extensively characterized by
various X-ray diffraction (XRD) schemes. After that, a Veeco/TM CP-R atomic force
microscopy (AFM) was used to measure surface profiles of the samples. For the AFM
operation, a constant scan speed of 1 wm/s was used, with a constant load of 30 nN
being applied to the cantilever.

The mechanical properties (hardness and Young’s modulus) of hexagonal HMO
thin films are conducted by using an MTS Nano Indenter® XP instrument with a
three-sided pyramidal Berkovich indenter tip. The detailed experimental proce-
dures can be found elsewhere [6-9]. Before applying the loading onto the HMO
specimen, nanoindentation must be conducted on the standard sample (here fused
silica with Young's modulus of 68-72 GPa was used) to obtain the reasonable loading
range. To perform the CSM technique [12], the system was operated by superimpos-
ing small oscillations with a frequency of 75 Hz on the force signal to record stiffness
data along with load and displacement data dynamically. Firstly, the indenter was
loaded and unloaded three times to ensure that the tip was properly in contact with
the surface of the materials and that any parasitic phenomenon is released from
the measurements. Then, the indenter was loaded for the fourth and final time at a
strain rate of 0.05 s, with a 60's holding period inserted at the peak load in order to
avoid the influence of creep on unloading characteristics, which were used to com-
pute mechanical properties of the specimen. Furthermore, for the sake of obtaining
steady mechanical characteristics and eliminating interference from the environ-
mental fluctuation factor, each indentation test was performed when the thermal
drift was below 0.01 nm/s. The analytic method developed by Oliver and Pharr [10]
was adopted to determine the hardness and Young's modulus of the hexagonal HMO
thin film from the load-displacement curve.

3. Results and discussion
3.1. Structural and surface characteristics

The X-ray diffraction (XRD) 6-26 pattern for the as-deposited
hexagonal HMO thin films grown on (1 1 1)-oriented YSZ substrates
isshowninFig. 1. Only the diffraction peaks corresponding to (00 1)
family of planes of hexagonal HMO are observed, indicating the for-
mation of a pure hexagonal HMO with the c-axis oriented normal
to the film surface. The inset of Fig. 1 shows that its full width at
half maximum (FWHM) in the rocking curve of the (004) peak is
about 0.49°, which suggests a reasonably good crystalline quality.
From the AFM observations (as shown in Fig. 2), the averaged sur-
face roughness of HMO thin film is estimated to be about 0.8 nm.
We note that, in addition to the allowable thermal drift for envi-
ronmental control, sufficiently smooth specimen surface is also a
prerequisite for obtaining reliable mechanical characteristics by
nanoindentation.

3.2. Nanoindentation results

The results of nanoindentation measurements are displayed in
Fig. 3. Fig. 3(a) shows the typical nanoindentation curve obtained
for hexagonal HMO thin film. The total penetration depth into
thin film was ~55 nm with a peak load of 0.8 mN. The penetration
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Fig. 1. The 0-26 X-ray diffractogram of a hexagonal HMO thin film (~200nm) on
YSZ substrate. The inset shows the rocking curve of the (002) diffraction peak of
the HMO film.

dependence of the hardness and Young’s modulus of hexagonal
HMO thin film calculated from the load-displacement data follow-
ing the analytical method developed by Oliver and Pharr [10] are
shown in Fig. 3(b) and (c), respectively. It can be seen that both
the hardness and Young’s modulus exhibit a sudden drop around
an indentation depth of ~15nm and remain essentially constant
up to ~55nm, indicating the absence of manifestations from the
substrate over this range of indentation depth. This is, in fact, quite
consistent with the conclusion drawn by Li et al. [ 14], wherein they
proposed that the nanoindentation depth should never exceed 30%
of film thickness.

In Fig. 3(b), the penetration dependent hardness plot can be
roughly divided into two stages; namely, the initial increase to a
maximum value and the subsequent decrease to a constant value.
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 the condition of a fully developed 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
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Fig. 2. AFM image of hexagonal HMO thin film deposited on YSZ substrate. The
surface roughness of HMO thin film is estimated to be 0.8 nm.
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Fig. 3. Nanoindentation measurement results: (a) the load-displacement curve
of hexagonal HMO thin film showing the multiple “pop-ins” (arrows) event
during loading. Inset: the corresponding SEM nanoindented image; (b) the
hardness—displacement curve; and (c) the Young's modulus-displacement curve
for the hexagonal HMO thin film.

pressure (which is measured using the Oliver and Pharr method) is
less than the nominal hardness. After the first stage, the hardness
starts to decrease and reaches a constant value of 14.2 + 0.7 GPa for
hexagonal HMO thin film. The constant characteristic of hardness
is consistent with that of a single material; therefore, the hard-
ness values at this stage could be regarded as intrinsic properties
of the HMO film. Similarly, the plot of penetration depth depen-
dent Young's modulus of the hexagonal HMO film determined using
the method of Oliver and Pharr [10] is plotted in Fig. 3(c). The
manifested behaviors, as expected, are akin to those illustrating
in Fig. 3(b). The value of Young’s modulus for the hexagonal HMO
thin film is 219.2 + 10.6 GPa. Table 1 displays the mechanical prop-
erties (hardness and Young’s modulus) of HMO thin film and YSZ
single crystals for comparison.

Table 1
The mechanical properties of hexagonal HMO thin films and YSZ single crystals.

Hardness (GPa) Young's modulus (GPa)

HMO thin film 142 + 0.42 2192 + 10.6?
YSZ(100) 124 + 04[15] 237 + 12[15]
16.8 + 1.8 [16] 2815 + 16.0 [16]
YSZ(110) 18.3 + 1.8 [16] 257.2 + 102 [16]
YSZ(111) 19.5 + 0.6 235.6 + 5.22
14.8 + 0.9[15] 214 + 9[15]
153 + 1.3 [16] 2562 + 13.3[16]

2 This present study.

Finally, it is noted that the load-displacement curve dis-
played in Fig. 3(a) evidently exhibits irregularities, characterized by
small sudden displacement excursions (multiple “pop-ins”) indi-
cated by the arrows, during loading. The first apparent “pop-in”
event occurred at a load about 0.08 mN. Subsequently, the multi-
ple pop-in phenomena are randomly distributed over the entire
loading curve. Furthermore, it is interesting to point out that
the events of multiple pop-ins are coinciding nicely with sud-
den decreases in the hardness of measured materials [17]. As
can be seen in Fig. 3(b), the hardness of hexagonal HMO thin
film decreases abruptly at the penetration depth of ~12 nm corre-
sponding to the first “pop-in” event. After the first pop-in the hard-
ness for the hexagonal HMO film remains essentially constant albeit
with the small fluctuations, possibly associated with the dislocation
activities.

3.3. Fracture toughness of HMO thin film

In order to delineate the mechanical behaviors in deeper pene-
tration situations, a cyclic load-displacement plot with Berkovich
indenter for the hexagonal HMO film is shown in Fig. 4(a). As can
be seen in Fig. 4(a), there are no multiple “pop-out” events on
the unloading curve. This suggests that phase transitions like that
observedinindented Si[9] probably are not occurring in the present
case. Moreover, it can be noticed that although only one major
subsequent pop-in occurs during the indentation loading curve,
there are three obvious cracking events along the corner of resid-
ual indentation, as seen in the scanning electron microscopy (SEM)
micrograph shown in Fig. 4(b). Therefore, the cause of the subse-
quent multiple “pop-ins” is attributed to the Berkovich indentation
induced cracking on the surface of the hexagonal HMO thin films.

The fracture toughness of brittle materials obtained in inden-
tation measurements can be determined using the following
expression [18]:

E)l/z  Pmax

Kfracture = ,B . (ﬁ C3T (1)

where fis an empirical constant depending on the geometry of the
indenter (0.016 for Berkovich indenter), E is the elastic modulus,
H is the hardness, Pmax is the peak load of the indentation cycle,
and c is the length of the radial crack trace on the material sur-
face after the Berkovich indenter withdrawing. Using the length
of the radial crack revealed in the SEM micrograph displayed in
Fig. 4(b) which was obtained at a maximum load of 50 mN, one
obtains, from Eq. (1), the value of the fracture toughness to be
Kiracture = 0.4 0.2 MPam!/2,

3.4. XTEM observations in indented HMO thin film

A bright-field XTEM image of hexagonal HMO thin film after
being indented with an indentation load of 50 mN is displayed in
Fig. 5. It is evident that there is no sign of delamination in the
film/substrate interface, suggesting excellent interfacial bonding
between film and substrate. As listed in Table 1, the hardness of
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Fig. 4. (a) The typical cyclic load-displacement data for the hexagonal HMO thin film obtained by using a Berkovich indenter showing the multiple “pop-ins”; (b) The SEM
micrograph showing the morphology of an indent made after an applied load of 50 mN. Notice the crack formation along the pyramidal edge directions.

HMO thin films is smaller than that of the YSZ substrates. There-
fore, the film/substrate structure can be regarded as coating a soft
layer on a harder substrate. Upon an applied indentation load
of 50mN, the hexagonal HMO film is subjected to a tremendous
compressive plastic strain, resulting in significant bending at the
interface. The effects of indentation have, in fact, extended into the
YSZ substrate. Consequently, a Berkovich nanoindentation-induced
deformed zone is evidently observed in the YSZ substrate, featuring
significant dislocation activities seen in Fig. 5.

The multiple “pop-ins” have been reported previously in hexag-
onal structured sapphire [19], GaN thin films [20-21] and single
crystal bulk ZnO [22], while for materials like GaAs and InP with the
cubic structure only single “pop-in” event was found [23]. However,
different from the spherical tip used in Ref. [23], Jian and Jang [24]
proposed that the multiple pop-ins phenomena actually occurred
in single crystal InP when a Berkovich indenter tip was used. We
suspect that these discrepancies are mainly due to the various
indentation methods used. For example, the tip-surface contact
configuration and stress distribution for the Berkovich indenter tip
can be drastically different from that for the spherical tip. Conse-
quently, the above discussions do suggest that multiple pop-ins

HMO thin film

indentation -~

Fig.5. The bright-field XTEM image in the vicinity immediately under the Berkovich
indent applied on the hexagonal HMO thin film with an indentation load of 50 mN.

indeed are specific features of materials with hexagonal lattice
structure and geometry of the indenter tip may play the impor-
tant roles in determining the nanoindentation-induced mechanical
responses.

4. Conclusions

The structural features and nanomechanical properties of the
hexagonal (000 1)-HoMnO3 films deposited on (111)-YSZ sub-
strates by pulsed laser deposition were systematically studied by
using the XRD and nanoindentation techniques. The XRD analy-
sis showed that crystal structure of the obtained HMO films is
hexagonal with the c-axis perpendicular to the surface of (111)-
YSZ substrate. Nanoindentation results indicated that the values of
hardness and Young’s modulus of the hexagonal HMO thin film are
14.2 £0.7 GPa and 219.2 £+ 10.6 GPa, respectively, with the fracture
toughness being about 0.4+ 0.2 MPam!/2,
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