
Full Length Article

Friction and wear behavior of nitrogen-doped ZnO thin films
deposited viaMOCVD under dry contact
U.S. Mbamara a, B. Olofinjana b,c,*, O.O. Ajayi c, C. Lorenzo-Martin c, E.I. Obiajunwa d,
E.O.B. Ajayi b

a Department of Physics, Federal University of Technology, Owerri, Nigeria
b Department of Physics and Engineering Physics, Obafemi Awolowo University, Ile-Ife, Nigeria
c Tribology Section, Argonne National Laboratory, 9700 S. Cass Avenue, Argonne, IL 60439, USA
d Center for Energy Research and Development, Obafemi Awolowo University, Ile-Ife, Nigeria

A R T I C L E I N F O

Article history:
Received 13 October 2015
Received in revised form
25 December 2015
Accepted 6 January 2016
Available online 1 February 2016

Keywords:
Thin films
Friction
Wear
Optical microscopy
Profilometry

A B S T R A C T

Most researches on doped ZnO thin films are tilted toward their applications in optoelectronics and semi-
conductor devices. Research on their tribological properties is still unfolding. In this work, nitrogen-
doped ZnO thin films were deposited on 304 L stainless steel substrate from a combination of zinc acetate
and ammonium acetate precursor by MOCVD technique. Compositional and structural studies of the films
were done using Rutherford Backscattering Spectroscopy (RBS) and X-ray Diffraction (XRD). The fric-
tional behavior of the thin film coatings was evaluated using a ball-on-flat configuration in reciprocating
sliding under dry contact condition. After friction test, the flat and ball counter-face surfaces were ex-
amined to assess the wear dimension and failure mechanism. Both friction behavior and wear (in the
ball counter-face) were observed to be dependent on the crystallinity and thickness of the thin film coatings.

© 2016, Karabuk University. Publishing services by Elsevier B.V.

1. Introduction

Over the years, there has been high demand for friction and wear
control in all aspects of science and technology. This is because of
the enormous amount of energy that is being lost in various systems.
In addition, friction and wear reduction do not only bring about
energy saving and efficiency, they also increase reliability and du-
rability, which ultimately bring about customer satisfaction.

There are many approaches that have been used in reducing fric-
tion andwear. The application of lubricants betweenmoving surfaces
to partially or fully separate the contacting surfaces, which then
allows for easier movement, is the most common approach. Since
failure of engineering materials through friction, wear and fatigue
often takes place on the surface of the material, modifying the ma-
terial surface usually plays important role in reducing friction and
wear. Techniques employed in surface modification include, but not
limited to, carburization [1,2], plasma nitriding [3,4], ion implan-
tation [5,6], surface texturing [7,8], laser surface modification [9]
and thin film coatings [10–12].

Varieties of thin film coatings exist, and there is normally a suit-
able coating for a given engineering application. In tribological

application, the coatings need to posses low shear strength so as
to carry the pressure generated between opposing surfaces, thus
allowing easier sliding. A large variety of coatings that meet this
restriction have been developed, and these can be grouped as soft
metal coatings, transition metal dichalcogenide coatings, carbon-
based coatings, oxide coatings, sulfate coatings, and polymer coatings,
among others.

Until recently, most researches on doped ZnO thin films were
more about their applications in UV-light emitters, transparent high
power electronics, surface acoustic wave devices, piezoelectric trans-
ducers and so on. However, research on the tribological properties
of doped ZnO is still evolving. The open structure and favorable co-
ordination number of ZnO could allow for accommodation of
external atoms as zinc or oxygen substitutes. This permits the for-
mation of defects through doping, which can cause the formation
of slip systems that can alter the electronic structure and lower the
shear strength. Thin film coatings of alumina doped ZnO have been
shown to have low friction coefficient and better wear perfor-
mance than pure ZnO thin film coatings [13]. Furthermore,
compositing ZnOwith organic polymer such as nylon and polyimide
has also been shown to improve tribological performance [14–17].

In this work, nitrogen-doped ZnO thin films were deposited on
304 L stainless steel substrate from different combinations of zinc
acetate and ammonium acetate precursor usingmetal organic chem-
ical vapor deposition (MOCVD) technique. Compositional and
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structural studies of the films were done using Rutherford backs-
cattering spectroscopy (RBS) and X-ray diffraction (XRD). The
frictional behavior of the thin film coatings was evaluated using a
ball-on-flat configuration in reciprocating sliding with the aid of a
high frequency reciprocating rig (HFRR) under dry contact condi-
tion. After friction test, the flat and ball counter-face surfaces were
also examined to assess the wear dimension and failure mechanism.

2. Materials and methods

2.1. Film deposition

The thinfilmcoatingsweredepositedon304 L stainless steel using
the pyrolytic method of MOCVD technique. The precursor used was a
combination of zinc acetate and ammonium acetate in different pro-
portions. Five setsof coatingswereproducedatdeposition temperature
of 420 °C and gas flow rate of 2.5 dm3/min for 2-hour deposition time
usingdifferentproportionsof zinc acetate andammoniumacetate. The
coatings were designated as A0, A1, A2, A3 and A4 for easy identifica-
tion.Table1showsthevariouscombinationof theprecursorused.Coating
A0 serves as a form of control for the other coatings since pure zinc
acetate was used as the precursor.

2.2. Thin film characterization

Rutherford backscattering spectroscopy (RBS) was used to de-
termine the stoichiometry and thickness of the thin film coatings.
The RBS facility is a 1.7 MeV tandem accelerator of IBM geometry,
that is, scattering configuration where the incident beam, surface
normal, and detected beam are all coplanar. The incident beamwas
He+ with beam current of 3.8 nA. SIMNRA software was used to
analyze the spectrum that was extracted from the silicon detector
of the RBS facility.

The crystal structure of the thin film coatings was determined
usingMD-10mini diffractometer. A Cu-Kα radiationwas used as the
source of radiation. The applied voltage was 25 kV for an exposure
time of 1200 seconds. Chemical phase identification was per-
formed using a computer-based systemwith powder diffraction file
(PDF) embedded in it. A database from the International Center for
Diffractionwas also used in comparing the XRD pattern of the films.
The intensity data were collected over a 2θ range of 15°–50°.

2.3. Friction and wear test

Friction test was conducted with a ball-on-flat configuration in
reciprocating sliding using a high frequency reciprocating rig (HFRR).
Fig. 1 shows the schematic diagram of contact configuration of the
HFRR used. The ball counter-face specimen was Al alloy 2017 with
a diameter of 12.7 mm. The ball hardness is 1.2 GPa (66 RB) with
elastic modulus (E) of 72.4 GPa and Poisson’s ratio (ν) of 0.3. Six
samples of flat were tested – the uncoated substrate with isotro-
pic finish similar to the coatings (baseline) and the substrates coated
with thin films using the various precursor combinations as listed
in Table 1. The surface properties of the coatings have been re-
ported earlier [18]; however, Table 2 shows the 2-D roughness data
(Ra) of the coatings.

For each test, flat and ball specimens were mounted on their re-
spective holders and fixed to the test rig. The load was initiated by
applying dead weight of 10 N, which imposes a nominal Hertzian
contact pressure of 0.35 GPa, while the stroke length was set to
20 mm. The reciprocating speed was 60 rpm for a test time of ten
minutes.

Frictional force (F) was continuously monitored for the entire du-
ration of each test. A computer data acquisition system was used
to record sliding friction force (F) at relatively high acquisition rate.
The coefficient of friction (μ) defined as the ratio of the frictional
force (F) to the normal force (N) was then calculated.

At the conclusion of each test, wear dimensions on ball and flat
samples were measured by optical microscope and optical
profilometer respectively. Worn surfaces were also examined to
assess the wear mechanisms.

3. Results and discussion

3.1. Compositional study and thickness analysis

The compositional study and thickness analysis were carried out
by RBS. The RBS spectrum of the control coating (A0) is shown in
Fig. 2(a). The expected elements zinc and oxygenwere detected, with
zinc to oxygen ratio of 1:1. This ratio is consistent with elemental
composition of pure crystalline ZnO. The RBS spectra of the other
coatings from various combination of zinc acetate and ammoni-
um acetate precursor were all similar. Fig. 2(b) shows a typical
spectrum of the nitrogen-doped ZnO. The presence of Zn, O and N
is clearly manifested. Both spectra depict two distinct sections, the
substrate section and the coating section centered around 1450 keV
energy. The simulated spectrum is based on hypothetical data in
the database of the analyzing software for the elements envis-
aged. Then based on the simulated spectrum, the read data from
the sample are characterized. Each element detected is matchedwith
the database for identification, while the overall concentration of
the detected elements gives rise to the thickness of the thin film.

The stoichiometry of the doped zinc oxide coatings exhibited no
particular trend with respect to the proportion of zinc acetate and
ammonium acetate in the precursor. Each doped zinc oxide coating
gave an approximately consistent Zn:O:N ratio of 5:4:1, irrespec-
tive of the percentage of ammonium acetate (providing the nitrogen)
in the prevailing precursor. Mbamara et al. (2012) [19] had

Table 1
Various combinations of precursor used for the deposition of the thin films.

Coating Precursor combination

A0 100% zinc acetate
A1 90% zinc acetate and 10% ammonium acetate
A2 80% zinc acetate and 20% ammonium acetate
A3 70% zinc acetate and 30% ammonium acetate
A4 60% zinc acetate and 40% ammonium acetate

Fig. 1. Schematic diagram of reciprocating ball-on-flat contact.

Table 2
2D roughness data (Ra) of coatings.

Coatings Roughness Ra (nm)

A0 200.91
A1 203.95
A2 164.14
A3 145.76
A4 121.93
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suggested the possibility of a threshold in the ratio of zinc acetate
to ammonium acetate in the precursor, beyond which the amount
of nitrogen does not vary. Although this still needs further inves-
tigation, such threshold may likely be a single digit percentage or
even less. Since the focus is on nitrogen as a dopant in ZnO thin film,
a fraction of one percent or less of ammonium acetate is sug-
gested for subsequent investigation.

The thickness trend as calculated from the RBS is shown in Fig. 3.
Coating A4 had the lowest thickness, even lower than coating A0,
which was pure ZnO. The thickness of all the coatings was, however,
less than 1 μm. For the doped samples, there appeared to be a trend
in the thickness, whereby the thickness was highest at lowest pre-
cursor dopant percentage and progressively decreased as the dopant
percentage increased. It appears that the presence of the dopant
in the precursor distinctly altered the affinity and cohesion of the
deposited particles with each other. With this, it is evident that the
nucleation rate in the hot zone depends on the dopant concentra-
tion in the precursor. The rate of chemical reaction in the hot
chamber may have been impeded as the concentration of the pre-
cursor dopant increases. On the other hand, the MOCVD technique
being more kinetic dependent than diffusion dependent [20], there

may have been an increase of kinetic reaction processes as the ratio
of ammonium acetate decreases.

3.2. Crystal structure of the thin films

X-ray diffraction spectra of the coatings are presented in
Fig. 4(a–e). For coating A0, peaks occurred at diffraction angles:
2θ = 30.40°, 32.66° and 34.72°. The peak 30.40° corresponds to (100)
plane, 32.66° to (002) plane and 34.72° to (101). The presence of
these peaks shows that the coating is crystalline ZnO with hexag-
onal structure. The dominance of the (002) line suggests a texture
in which the c axis preferentially aligned perpendicular to the
substrate.

For the doped coatings, the peaks increased steadily as the dopant
component increases all through, while the structure mirrored that
of hexagonal ZnO with the (100), (101) and (002) planes occur-
ring at various diffraction angles. This reveals that the crystallinity
increased as the dopant component increased. The presence of ni-
trogen as a dopant in ZnO had earlier been reported as being
responsible for the lower crystallinity of the dopedmaterial, as com-
pared with the undoped material [21,22]. Comparing it with the
thickness, it can be seen that the crystallinity increased as the thick-
ness decreased. Perhaps at some point during deposition process,
the surface becomes saturated with crystallites, while further nucle-
ation and radial growth cease, making the crystallite assume a
columnar structure [23]. The crystallinity appears to have been con-
trolled by the precursor mixtures, which ultimately led to different
microstructure. MOCVD involves homogeneous gas phase reac-
tions which occur in the gas phase, and heterogeneous chemical
reactions that occur on or near the vicinity of a heated substrate,
leading to the formation of the films. Physical and chemical prop-
erties can also be controlled by the reaction chemistry in theworking
chamber, and this depends on a number of factors, such as the de-
position temperature, pressure, gas flow rate, reactor geometry and
so on.

3.3. Frictional behavior

Friction variation with time during the test is shown in Fig. 5.
The coefficient of friction for the uncoated substrate started with
a value of 0.01 and quickly jumped to a value of 0.44. Thereafter,
the value ranged between 0.36 and 0.46, with the highest value oc-
curring around 523 seconds. This kind of frictional behavior is as
a result of extensive material interaction exhibited by contacting
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Fig. 2. RBS spectrum of (a) ZnO and (b) typical nitrogen-doped ZnO thin films.

Fig. 3. Thickness of coatings obtained from RBS.
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surfaces sliding under dry contact condition. The sliding may lead
to high shear stresses and strains at the contacting surfaces, re-
sulting in high coefficient of friction and in the extreme case intense
plastic deformation [24]. Coating A0 started with a friction coeffi-
cient of 0.13 and increased rapidly to a value of 0.38. The friction
coefficient then dropped to 0.29 and rose almost immediately,
ranging between 0.35 and 0.41 for the remaining duration of the
test. For coating A1, the coefficient of friction started with a value
of 0.02 and quickly rose to a value of 0.41. The value then ranged
between 0.38 and 0.47 for the rest of the test. Coating A2 started
with a friction coefficient of 0.05. It then maintained values ranging
between 0.28 and 0.47 during the test. The coefficient of friction
for coating A3 started with a value of 0.02. It then increased to values
within the range of 0.22 and 0.37. In the case of coating A4, fric-
tion coefficient started from the origin, increasing rapidly and
reaching a maximum value of 0.44 at the end of the test. In all,
coating A3 showed the lowest coefficient of friction value with sig-
nificant reduction in the value of coefficient of friction when
compared to the uncoated substrate.

Trends of frictional behavior were the same for all coatings. All
the tests started out with relatively low coefficient of friction values
and then transited rapidly to higher coefficient friction values. This

(a) (b)

(c) (d)

(e)

Fig. 4. XRD spectrum of coating (a) A0, (b) A1, (c) A2, (d) A3, and (e) A4.
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transition to higher friction coefficient values coincidedwithwearing
through of the coatings. The dynamics of oxide thin film coating
debris as a third body participant at contact interface comes into
play. Oxides typically have high friction and they are inherently brittle
forming abrasive wear debris [25–27]. After initial rubbing, the thin
film breaks up and a ‘clean’ surface comes in contact with the ball,
therby altering the bonding forces between the contacting sur-
faces. After this initial stage, the wear debris can be trapped in-
between the sliding contact and thereby act as abrasive between
the contacts [28]. This roughens the counter-face and then results
in high coefficient of friction value.

Fig. 6 shows the average coefficient of friction for all the flat speci-
mens. The average coefficient of friction covers the entire duration
of the test, including run-in and steady state. Therefore it does not
represent the real friction behavior of the samples. The friction tran-
sition as a function of time, which is often a reflection of change
and transition in mechanism or surface damage, was not accurate-
ly reflected in the plot.

Coating A3 had the lowest value of coefficient of friction while
other coatings showed higher values, with that of coating A1 even
higher than that of the substrate. Although it was established that
all the nitrogen-doped coatings had the same stoichiometric ratio,
the difference in the friction behavior may have been due to their
crystallinity and thickness. The different crystallinities resulting from
different microstructures may also lead to differences in the inter-
actions between the coatings and ball surface asperities. This will
in turn result in differences in the amount of material transfer, and
hence in friction and wear. Also possibly, increase in coating thick-
ness could result in the accumulation of larger residual tensile stress,
which may affect the adhesion of the thin film to the substrate.

3.4. Wear analysis

The volume of material removed (wear) from the ball counter-
face was estimated using the expression [29]

V d r= π 4 64

where d is the wear scar diameter on the ball and r is the ball radius.
The wear scar diameter was measured with the aid of optical mi-
croscope while the ball radius is 12.7 mm. Fig. 7(a) and (b) shows
optical micrograph of the ball counter-face for the uncoated sub-
strate and a typical coating.

The summary of the wear volume for the ball counter-face for
all the flat samples is shown in Fig. 8. The wear behavior of the ball

counter-face for the flat samples is strongly related to the friction
behavior for each pair. Coating A3 had the lowestwear volumewhile
thewearvolumeon theball counter-face forother coatingswashigher
than that for the substrate. This is an indication that coating A3 ac-
tuallyprotected theball counter-face toa certainextentbeforedamage
occurred. This is expected as the average coefficient of friction for

Fig. 6. Average coefficient of friction for entire duration of the test.

(a)

(b)

Fig. 7. Optical micrograph of ball counter-face for (a) uncoated substrate and (b)
typical coating.

Fig. 8. Summary of ball wear volume for all flat samples.
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coating A3 was lower than for the other coatings. This will reduce
the shear stresses imposed on the coating, thereby leading to re-
duction in wear [28]. The other coatings possibly got damaged and
worn through more quickly, leading to metal–metal contacts that
resulted in higher coefficients of friction and wear. Some earlier
workers have also noted that one of the shortcomings of oxide thin
film coatings is that they are inherently brittle, leading to crack for-
mation under stress, and subsequently form abrasive debris, which
could then cause substantial damage on the ball counter-face [26].

As observed from the optical micrograph, the ball counter-face
wear occurred predominantly by abrasive mechanism as indi-
cated by the deep scratches in the direction of sliding. Some dark
patches can also be seen in the wear tracks. This suggests that wear
also occurred by formation and removal of oxide layers. However,
the predominant mechanism was abrasion as the oxide formation
and removal mechanism appeared to be very minimal. As the soft
ball counter-facemoves through the flat, deformation occurs, causing
high tension and stresses in the ball surface, until they exceed the
material strength, thereby resulting in material detachment (wear)
through abrasive mechanism [30–32].

Fig. 9(a) and (b) shows the optical micrograph of the uncoated
substrate and a typical coated flat surface after the friction test. From

the micrographs, no overall material removal (wear) occurred in the
flats but rather transfer of material, although it can be seen that all
the coatings actually wore off probably by polishing, and in some
cases mild abrasion which could have occurred at the initial stage
of sliding. Different mechanisms and kinetics of material transfer
from the ball counter-face, which occurred during sliding, could even-
tually lead to material buildup on the flats after the removal of the
coatings. This may also explain why the coefficients of friction were
low initially and subsequently rise to higher values typical of metal–
metal interaction. The plowing action of the coating debris (which
is abrasive) generated by the coating failure may have also in-
creased the friction [28]. Subsequently, material transfer from the
ball counter-face to the partially exposed stainless steel substrate
occurred.

Since the wear volume is the product of the stroke length and
the cross-sectional area of wear, the relative amount of material
transfer onto the flat after reciprocating sliding test was deter-
mined by the cross-sectional area of wear track from the 2D
profilometry. Figs. 10 and 11 show the 2D and 3D optical profile
of the uncoated flat samples and a typical coating after the fric-
tion test. All the surface profiles of the flat samples clearly showed
evidence of substantial material buildup which occur during sliding.

The summary of the volume of material transfer to the flats is
shown in Fig. 12. The highest transfer occurred in the uncoated sub-
strate, while among the coatings A2 had the highest material transfer
on it. Consistent with the wear volume on the ball, A3 had the lowest
material transfer on it. This goes to show that coating A3 to some
extent protected the ball counter-face from wear. Indeed the dif-
ferent crystallinities resulting from the different microstructures of
the coatings could have led to some differences in interactions
between the coatings and the ball surface asperities.

(a)

(b)

Fig. 9. Optical micrograph of (a) substrate and (b) typical coating after the friction
test.

(a)

(b)

Fig. 10. (a) 3D and (b) 2D optical profile of substrate after the friction test.
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4. Conclusion

Nitrogen-doped ZnO thin films were deposited by MOCVD tech-
nique at deposition temperature of 420 °C and gas flow rate 2.5 dm3/
min on 304 L stainless steel using different proportions of zinc acetate
and ammonium acetate as precursor. RBS and XRD analyses were
used for compositional study, thickness estimation and structure
determination. While RBS confirmed the presence of the expected
elements, the nitrogen-doped ZnO showed a consistent Zn:O:N ratio
of 5:4:1 irrespective of the percentage of ammonium acetate in the
precursor. Also, the coating thickness showed some dependence on

the percentage of ammonium acetate in the precursor, as the thick-
ness progressively decreased with the dopant percentage increase.
The XRD tests showed that the thin films are crystalline with hex-
agonal structure. The crystallinity was also found to depend on the
percentage of ammonium acetate in the precursor.

Reciprocating ball-on-flat friction test was conducted on un-
coated 304 L stainless steel substrate (which served as the baseline)
and all the coatings. The coatings exhibited different friction be-
havior during the test periods. With the exception of coating A3,
the coatings had minimal or no effect on friction. The difference in
friction behavior was attributed to the differences in microstruc-
ture as result of the difference in crystallinity and thickness exhibited
by the thin films.

The wear behavior of the ball counter-face for all flat samples
is strongly related to the friction behavior for each pair, with coating
A3 having the lowest ball wear volume. The results suggest that
sample A3 had the optimal precursor composition for obtaining good
adherent film with low friction and wear qualities under the de-
position parameters. In all, wear in ball counter-face occurred
predominantly by abrasive mechanism. In all the flats, the coat-
ings wore off at the initial stage of sliding, and subsequently material
transfer occurred from the ball counter-face to the partially exposed
stainless steel substrate.

It is envisaged that in applications involving the pair of 304 L
stainless steel and Al alloy 2017, where friction and wear are con-
cerns, nitrogen-doped ZnO coating with good stoichiometric
composition, thickness and microstructure, in addition to good ad-
hesive property, may be a viable option. Light tribological applications
as in display units and electronic touch pads are also possible areas
of use for the doped thin films.
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