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a b s t r a c t

We investigated the nanotribological properties of Zn1−xMnxO epilayers (0 ≤ x ≤ 0.16) grown by molecular
beam epitaxy (MBE) on sapphire substrates. The surface roughness and friction coefficient (�) were
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vailable online 17 June 2010

eywords:
olecular beam epitaxy

canning electron microscopy

analyzed by means of atomic force microscopy (AFM) and hysitron triboscope nanoindenter techniques.
The nanoscratch system gave the � value of the films ranging from 0.17 to 0.07 and the penetration

depth value ranging 294–200 nm when the Mn content was increased from x = 0 to 0.16. The results
strongly indicate that the scratch wear depth under constant load shows that higher Mn content leads
to Zn1−xMnxO epilayers with higher shear resistance, which enhances the Mn–O bond. These findings
reveal that the role of Mn content on the growth of Zn1−xMnxO epilayers can be identified by their

r.
ransmission electron microscopy nanotribological behavio

. Introduction

ZnO, one of the II–VI compound semiconductors, has a hexag-
nal wurtzite crystal structure (a = 3.249 Å, c = 5.2057 Å). It has

high coupling factor as well as simple composition as a
iezoelectric material [1]. In recent years, diluted magnetic semi-
onductors (DMSs) have been found to play an important role
n interdisciplinary material science, especially in magneto- and
pin-electronics [2]. Mn-based II–VI alloys have found increasing
ommercial applications due to their properties such as hardness
H), Young’s modulus, corrosion resistance, magnetic properties,
nd electrical properties [3–9].

These structures are expected to be more reliable because their
and gaps can be easily controlled by choosing the Mn content.
owever, the mechanical damage usually suppresses the process-

ng yield as well as application reliability of microelectronic devices.
he traditional approach involves improving the properties such as
anohardness, Young’s modulus, thermal drift and corrosion resis-
ance by increasing the coating thickness, which is no longer valid.

hese properties must be enhanced through the basic improvement
f the intrinsic properties of the thin film through the compo-
ition or the extrinsic properties including structure, grain size,
orphology, etc. H and residual stress are important parame-
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ters for tribological coatings [10,11]. Measurements can evaluate
material properties such as the interface delamination, bonding,
cracking, etc. [12–14]. In early works, the structures of Mn- [15]
and Be-based [16,17] II–VI alloys have found increasing commer-
cial applications. The improvements in their mechanical properties
have also increased their processing quality [18–20]. However, evi-
dence of the effect of Mn content on the crystal properties of ZnO
has not been satisfying until now. In this work, the nanoscratch
system was employed to investigate the nanotribological behav-
ior of Zn1−xMnxO epilayers. Stronger interface adhesion and lower
coefficients of friction with increased Mn content were found.

2. Experimental details

The Zn1−xMnxO epilayers were grown on a sapphire sub-
strate with a Veeco Applied EPI 620 Molecular Beam Epitaxy
(MBE) system. The Veeco Applied EPI 40cc low-temperature cells
were employed to evaporate the elemental solid sources (Zn and
Mn). The substrate temperature was 650 ◦C; the thickness of the
Zn1−xMnxO layer for each sample was about 800–900 nm. Energy
dispersive X-ray spectroscopy (EDS) was used to determine the Mn
content (x = 0, 0.09, and 0.16). Furthermore, in order to identify the

nanotribological properties of samples, atomic force microscopy
(AFM, Digital Instruments Nanoscope III) together with a nanoin-
dentation measurement system (Hysitron Inc.) was used to perform
the nanoscratch tests, in which a constant scan speed of 2 �m s−1

was used. For samples of Zn1−xMnxO epilayers/sapphire systems,
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arious constant forces (1000, 2000, and 3000 �N) at different
n contents (x = 0, 0.09, and 0.16) were used. The maximum load
as then maintained during the 10-�m-long scan. Surface profiles

efore and after scratching were obtained by scanning the tip at a
.02-mN normal load, a load sufficiently small that it produced no
easurable displacement. After scratching, the wear tracks were

maged by AFM.

. Results and discussion

The three-dimensional AFM images of Zn1−xMnxO epilayers
eposited with different Mn contents (x = 0, 0.09, and 0.16) are
hown in Fig. 1. Clearly, the surface morphologies of the films
ecame smooth, and grains grew and were distributed uniformly
ith higher Mn content. It is suggested that the sapphire sub-

trate surface does not have a specific epitaxial orientation to
ollow, which results in randomly oriented nuclei. The Rms (root

ean square) surface roughness of Zn1−xMnxO epilayers slightly
ecreased from 6.2 and 5.3 nm to 5.1 nm with increasing Mn con-
ent.

Fig. 2 shows three typical AFM profiles, where the lateral forces
ere a normal constant load of 1000 �N for all of the samples.

n addition, it is interesting to point out that the features of the
anoscratch zone in the vicinity of the interface may not be just
ccidental artifacts resulting from sample preparation. In the cross-
ection height profile, one can easily see that the nanoscratch
epths, corresponding to ZnO and ZnMnO, do not show a linear
elationship with the applied normal load. The profile of the ZnO
ample is softer than that of ZnMnO. The shape and height of the
ile up (or sink-in) depend on the ratio E (elastic modulus)/Y (yield
trength) of the sample and the strain-hardening exponent. In gen-
ral, pile up is generated when most of the plastic deformation
ccurs near the diamond tip; it occurs markedly for non-strain-
ardening materials having large values of E/Y. In addition, the
xistence of a compressive residual stress of a moderate magnitude
s beneficial to the film, because it can suppress crack initiation. The
ransitions were determined from the nanoscratch traces and pile
p. Bulge edge scenarios can be observed between the groove and
lm, and therefore the material was crushed as a result of plastic
eformation. These conditions are evidence that the significantly
educes the average nanoscratch depth from x = 0 to 0.09 [Fig. 2(a)
nd (b)], for example. This reduction may be due to the Mn stoi-
hiometry in the ZnO microstructure, which results in uneven local
eformation recovery. Furthermore, we observe the nanoscratch
eformation for x = 0.16 [Fig. 2(c)] within the shallow profile of
he nanoscratch traces, which may be because the Mn–O bond is
tronger than the Zn–O bond. It is also can be observed that the
epth profile are 294, 215, and 200 nm (Mn stoichiometry x = 0,
.09, and 0.16) from the insert image of Fig. 2, which implies that
he Zn1−xMnxO epilayers at higher Mn contents have a stronger
dhesion at the interface.

Fig. 3 shows three typical profiles of the coefficient of friction (�)
s. scratch duration, obtained as the ratio of the in situ measured
angential force to the applied normal load. The scan profile can
e divided into three steps according to time: (1) the pre-approach
ime (0–12 s), in which the tip does not penetrate the film or the
rofile; and (2) the residual depth region time (12–42 s), in which
he superficial profile is essentially controlled by plasticity and H,
howing the recovery behavior and the elasto-plastic deformation
f the film. The fluctuation profile from the nanoscratch tests does

ot depend exclusively on plasticity and H. It is related to the adhe-
ive strength between the film and the substrate [21]. Finally, the
hird stage is (3) the post-approach time (over 42 s), in which the
ip leaves the film. Afterward, the � profile oscillates more or less
egularly due to the ZnO bond, or rather the cohesive failure from
Fig. 1. AFM images of surfaces of ZnO thin films deposited with Mn stoichiometry
x = (a) 0, (b) 0.09, and (c) 0.16.

the period of transition between the Zn–O bond and weaker Mn–O
bond [Fig. 3(a) and (b)]. Accordingly, the frictional force reflects a
sliding mechanism in operation at a Mn content of x = 0.16, and a
stronger adhesion of the film was observed as the slight fluctua-
tion of the � profile under the nanoscratch tests [Fig. 3(c)]. Such
strong adhesion reflects the interlinks and rearrangements within
higher Mn-content interfaces involving not only the stronger MnO
bond but also the surface activation, resulting in the lower value

of the depth profile and the � value signals. From the nanotribo-
logical viewpoint, the curvature and/or distribution of the � value
signals the onset of adhesive failure such as cracking or delamina-
tion [16,21,22], resulting from the interaction between the sliding
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Fig. 2. AFM together with a nanoindentation measurement system was used to perform
respectively. (Mn stoichiometry x = (a) 0, (b) 0.09, and (c) 0.16.)

Fig. 3. Three typical profiles of the coefficient of friction (�) vs. scratch duration at
different Mn contents of the Zn1−xMnxO epilayers/sapphire system. (Mn stoichiom-
etry x = (a) 0, (b) 0.09, and (c) 0.16.)
the nanoscratch tests; the images of the depth profiles are 294, 215, and 200 nm,

stylus and the debris formed on the nanoscratch track. As Sreekan-
tha Reddy et al. reported [15], the resistivity also showed a definite
decrease with increasing Mn concentration in the Zn1−xMnxS alloy.
Grillo et al. also reported [16] that the mechanical properties of ZnSe
are significantly improved by alloying with BeSe. They suggested
an abrupt change in the mechanical properties of ZnBeTe at the
Be-based bond percolation threshold [17]. It is known that several
factors could affect the H of the film, such as the packing factor,
stoichiometry, residual stress, preferred orientation and grain size.
In our results, the Mn content not only enhanced the ZnO bond
but also increased scratching resistance comparatively. That is to
say, the volume of the material removed can be employed to evalu-
ate the role of the Mn content by using the nanoscratch technique.
The results support an explanation in terms of the nanotribological
behavior of the Zn1−xMnxO epilayers, such as the result shown in
Fig. 3. A similar reference reported the details of film quality and

the relative characterizations of Zn1−xMnxO [16].

Fig. 4 also illustrates AFM images with a nanoindentation mea-
surement system made at various normal loads, from 1000 to
3000 �N, on the three different samples, together with the cor-
responding cross-sectional height profiles. The observation of a
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Fig. 4. AFM together with a nanoindentation measurement system was used to per-
form the nanoscratch tests; the images of the depth profiles of the nanoscratch traces
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[5] H.J. Lin, D.Y. Lin, J.Z. Hong, C.S. Yang, C.M. Lin, C.F. Lin, Phys. Stat. Solid. (C) 6
ere provided with various constant forces (1000, 2000, and 3000 �N) at different
n contents of the Zn1−xMnxO epilayers/sapphire system. Mn stoichiometry x = (a)

, (b) 0.09, and (c) 0.16.

ompressive residual stress of moderate magnitude is beneficial
o the film because it can suppress crack initiation. However, these
mages are partially altered in terms of the orientation of the tip
nd scratch direction. This phenomenon is similar to a previous
eport, and the stick–slip effect usually occurs in the crystal orien-
ation of the semiconductor materials [23]. As is generally known,
tick–slip is the intermittent relative motion of two sliding sur-
aces against each other. On dry metallic surfaces, the frictional
orce is not constant during sliding but has a sawtooth wave form,
nd the sliding motion proceeds by jerks instead of a smooth path

24]. Li et al. reported that a “joint” was formed during stick, and
uring slip a uniform “stem” is found in the morphology of the
cratch with the force curve [24]. The stick–slip motion is a typical
riction-induced vibration observed at small sliding speeds. During
e Science 257 (2010) 37–41

scratching, it is suggested that the sample or the indenter is driven
through elastic members, and the stick–slip phenomenon may be
observed [24–27]. From prior works [28,29], the low friction coef-
ficient of nanocrystalline ZnO is owing to the presence of a mosaic
of low-angle grains within the nano-columns. It is suggested that
the both films and substrates often have different thermal proper-
ties, resulting in strain when the films are deposited under elevated
temperatures. Grain growth and strain energy are processed at the
film surface and at the film–substrate interface. Strain energy can
often be a dominant factor, which is usually plays a critical role
at different film (substrate orientations). In general, the mechani-
cal properties of Zn1−xMnxO films can also influence the dominant
crystal texture at higher Mn contents. In closing, three scratches
were made on the same specimen for various vertical loads at
the same driving speed of 2 �m s−1. Stick–slip motion was found,
whereas the period and amplitude of stick–slip, which were aver-
aged over each test, increased with the normal load. The profile
of the pure ZnO sample shows serious wear of the components
(Fig. 2) and more unwanted self-excited oscillations (Fig. 3) and
positioning errors (Fig. 4) than the Mn-containing sample. There-
fore, Zn1−xMnxO epilayers show relatively small oscillations with a
Mn content of x = 0.09 and stable oscillations with a Mn content of
x = 0.16. The pure ZnO sample may stick together until the elastic
forces become sufficient to jerk them loose, and sliding occurs until
the sample become stuck again and the elastic forces decrease to
certain limits.

4. Conclusion

The contact-induced structural deformation behaviors of
MBE-derived Zn1−xMnxO epilayers are reported here. The nanotri-
bological behavior was determined from nanoscratch traces, pile
up, and bulge edge on the groove in the film due to the material
being crushed as a result of plastic deformation. Accordingly, the
frictional force reflects a sliding mechanism that operates at a Mn
content of x = 0.16, and stronger adhesion of the film was observed
with slight fluctuation of the � profile during the nanoscratch tests.
The frictional force of the ZnO sample was not constant during
sliding but had a sawtooth wave form, and the sliding motion pro-
ceeded by jerks instead of a smooth path due to the stick–slip
phenomenon. It is suggested that the Mn–O bond is stronger than
the Zn–O bond from nanotribological observation.
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