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Abstract⎯To evaluate friction behaviour and adhesion strength of 130 nm-thick zirconia (ZrO2) film produceded by atomic layer deposition (ALD) on Si substrate, scratch tests were performed at two different
scales; micro- and macro-scales. Surface morphology, roughness, crack propagations and interations
between the surface and sliding indenter were also investigated. Scratch test was also conducted with Si substrate as a reference. The test results showed that friction coefficient (COF) was influenced by the scale of
scratch test regardless of the tested materials. In microscale test, the 130 nm-thick zirconia film failed at the
critical load of 96 mN and direct relationship between the generation of micro-cracks and friction coefficient
was observed. Based on the Hertzian contact theory and experimental results, the macroscratch width was
much greater than that in microscratch test although the maximum contact pressure were comparable in both
cases. Further discussion was made with regard to the influence of the contact pressure on COF, crack generation and film removal. Various types of failure mode were identified through analyzing the mechanical
response of scratch tracks both at micro- and macroscale tests. This study suggested that 130 nm-thick ALDZrO2 film showed better tribological and adhesion properties at microscale contact than macroscale contact.
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INTRODUCTION
Zirconia (ZrO2) is well known as its high mechanical properties such as strength, toughness, wear resistance [1] and high dielectric constant for electrical
components such as gate dielectrics [2]. Recently, zirconia has been gradually spotlighted as a bio-medical
material applicated for dentical crown of teeth [3] or
artificial joint in an orthopedic treatments [4]. To
achieve an optimal efficiency of mechanical or electronical properties in zirconia thin film, it is necessary
to select a proper deposition method. In traditional
zirconia researches, majority of deposition methods
were based on a chemical vapor deposition (CVD)
[5‒7] and several different techniques such as electrophoretic or pulsed laser deposition were used for the
fabrication of thin zirconia films [8, 9]. Among various
deposition techniques, atomic layer deposition (ALD)
process is known to provide more uniform, conformal
and extremely thin films than other deposition methods due to its atomic-scale controllability and conformity [10]. These advantageous properties increase a
durability of zirconia film which is important for
applications in MEMS and NEMS. To evaluate and
improve a strength of zirconia thin film on medical
1 The article is published in the original.

applications or MEMS devices, investigating film
adhesion and analyzing the causes of crack pattern are
important for preventing the expected failures. Conventionally, film adhesion was evaluated by a scratch
test with tip radius of 200 μm [11, 12]. However, in
nanoscale thick-film, it is hard to notice the film
adhesion due to the relatively large tip radius (200 μm)
and high load (N) for it. Therefore, it is requried to
scratch the film with relatively small tip radius
(12.5 μm) and at lower load (mN). To analyze the
effect of those parameters, Hertzian contact theory
was applied to this experiment. Until now, a limited
number of studies has been reported on the scratch
behavior of zirconia thin films [13, 14]. However, no
works were found with respect to ALD-zirconia films.
Hence, this paper focuses on the scratch behavior of
zirconia film deposited by ALD process. Scratch test
were performed at two different size of scale, microand macro-scale. Friction coefficients and adhesion
strengths of the zirconia thin film were obtained and
related failure mechanisms were discussed.
MATERIALS AND METHODS
Preparation of substrate and film deposition. Zirconia films were deposited onto n-type dopant Si(100)
substrates with the thickness of 130 nm by atomic layer
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Fig. 1. FE-SEM image of the ZrO2 film on Si wafer deposited at 200°C.

deposition (ALD). For ZrO2 deposition, the homemade ALD station of travelling type was used.
Tetrakis(ethylmetylamino) zirconium (TEMA Zr)
precursor and the distilled water were used as Zr
source and oxygen source, respectively. The nitrogen
gas was used as purging gas. Deposition temperature
was 200°C and the number of cycles were 1150 cycles.
The growth rate of zirconia was ~1.1 Å/cycle.
The film thickness was measured by field-emission
scanning electron microscope (FE-SEM, TESCAN
VEGA3) and chemical composition of the zirconia
film was analyzed by X-ray photoelectron spectroscopy (XPS, VG ESCALAB 220i).
Scratch tests and post analysis methods. Scratch
characteristics of the coating were evaluated with the
commercial scratch tester (Universal Mechanical Tester, Bruker corp.). Scratch tests were conducted in
micro- and macroscale. For the microscratch test,
12.5 μm radius conical diamond tip with a load range
of 1~150 mN was used whereas 200 μm radius Rockwell C indenter with 1~50 N was used for the macroscratch test. Maximum contact pressure at 150 mN in
microscratch test was calculated as 13.97 GPa and
that at 50 N in macroscratch test was 15.25 GPa by
Hertz-ian contact theory. Both tests were performed
at the speed of 16.7 μm/sec with scratch length of 3
mm under an ambient air. The distance between all

scratches were 10 times of the radius of scratching
indenter. To secure the reliability and reproducibility
of the result, scratch test of each scale was done by
5 times, which coincided each other.
Scratched surfaces were examined by field emission
scanning electron microscope (FE-SEM, JSM-6700F,
JEOL corp.). The chemical composition in the scratch
track was analyzed by energy dispersive X-ray spectroscopy (EDS, NORAN-System-Six, THERMO corp.).
The acceleration voltage of EDS was 15 kV in this test.
Topography of ZrO2 surface was measured by a commercial atomic force microscope (AFM, AIST-NT,
USA) using tapping mode. Scanning area of surface
topography was 10 × 10 (μm)2 and the roughness was
calculated by root-mean-square (RMS) method. To
investigate the grain size of zirconia film, surface morphology was also measured with scanning area of 1 ×
1 (μm)2. All the surface scans were repeated 9 times to
prove the reproducibility of the results at arbitrary
locations.
RESULTS AND DISCUSSION
Reliability of Film Deposition
Figure 1 shows the coss-sectional FE-SEM image
of the zirconia film on Si substrate. The thickness of
film was measured to be 130 ± 2 nm. Vertically columnar grain structure is clearly shown; the width of the
grain seems to increase as moving from Si-ZrO2 interface to ZrO2 surface. Nominal grain width near the
surface is calculated to be 11 ± 1 nm.
Figure 2 shows XPS result of the 130 nm-thick zirconia films. The XPS survey scan revealed that the
film consisted of a mixture of Zr 63.9% and O 36.1%.
HR-XPS spectra near Zr3d and O1s were also
observed. The 3d5/2 and 3d3/2 Zr peaks were clearly
observed near 181.7 eV (with the FWHM of 1.88 eV)
and 184.1 eV (with the FWHM of 1.65 eV), respectively
(Fig. 2a). The two peaks of ZrO2 showed a chemical
shift of ~3 eV compared to metallic Zr peaks (178.7 eV
for 3d5/2, 181.1 eV for 3d3/2) [15]. Figure 2b shows the
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Fig. 2. XPS spectra of the ZrO2 film deposited at 200°C.
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Fig. 3. Topography of zirconia film with 130 nm thickness (a) 2D height image and (b) 3D height image.
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Fig. 4. Comparison of friction coefficient for ALD-ZrO2 film and bare Si substrate in microscratch test. Location of COF
decrease was represented as the symbol of a, b, c, d.

HR-XPS spectra near O1s. The peak at 529.8 eV corresponds to Zr–O bonding.

film was composed of grains with average diameters of
52–55 nm (Fig. 3a).

Surface Analysis using Topographic Images

Microscratch Test

Figure 3 shows micrographs of surface topography
measured by atomic force microscope (AFM). In the
height and phase images of ZrO2 film surface, the film
was evenly coated and had no detectable defects
(Figs. 3a, 3b). The average root-mean square roughness of ZrO2 film was measured as 3.95 nm and that of
bare silicon was 0.26 nm. Microstructure of zirconia

The adhesion of ZrO2 film was evaluated by microscratch test. In this test, coefficient of friction (COF)
was determined with respect to the scratch distance
(Fig. 4). The COF sharply increased at the onset of
film failure. After the onset of failure, the COF was
converged to that of bare silicon wafer, indicating partial removal of zirconia film from the Si substrate.
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Fig. 5. Chemical composition of scratch track surface in microscratch test: (a) before failure (b) after failure (c) affected zone 1 (up)
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Fig. 6. SEM images of microcracks on ZrO2 film in microscratch test: (a) crack initiation (b) gross spallation (c) compressive
spallation.

EDS analysis result also showed that relative atomic
percentage of zirconium to that of Si was reduced after
the failure started (Figs. 5a, 5b). The average critical
load of the microscratch tests was about 96.2 mN
(Table 1).
After the failure started, various cracks were
observed as the load further increased (Fig. 6). Two
typical types of failure mode noticeable from the SEM
images were gross spallation and compressive spallation. In the region of the spallation, the COF fluctuated with maintaining high average value (Fig. 4) and
gross spallation always preceded the compressive

spallation. EDS analyses of the region where cracks
were firstly initiated revealed that the chemical compositions of regions (c) and (d) were almost identical
to that of non-scratched region (e). As scratch progressed microcracks were further developed and propagated outward on both side of scratch track. At the
intermittently plastically deformed region marked with
letter a~d in the optical microscope image in Fig. 4, the
COF greatly dropped followed by bouncing back to the
high value when cracks were generated. Hence, fluctuation of COF after the critical load was strongly related
to crack generation in microscratch test.

Table 1. Critical load of zirconia film in microscratch tests
Microscratch test

Test 1

Test 2

Test 3

Test 4

Test 5

Mean

Critical load (mN) 130 nm

97

98

94

94

98

96.2
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Fig. 7. Optical microscope images of typical scratch tracks in macroscratch tests.
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Figure 9 schematically illustrates various types of
cracks along the scratch track in the macroscratch test
and Fig. 10 shows SEM micrographs of characteristic
cracks. The types of failure were identified by considering the interaction of bulged coating and movement
of the sliding indenter. The type 1, onset of tensile
cracking (Fig. 10a), was only observed with ALD-zirconia film (Table 3), implying that zirconia thin film

Friction coefficient

The macroscratch test exhibited different characteristics from the microscratch test (Fig. 7). When
compared to the trend of COF in the microscratch
test, significant variation of COF was not observed
during the whole period of the macroscratch test
(Fig. 8). However, for all macroscratched zirconia
samples, various modes and a large numer of cracks
were generated at high load region (Fig 7). This phenomenon was due to the deformation of the brittle
material by the macroscale load using a diamond
indenter with large radius. To prove this, not only
zriconia film was scratched at macro-scale, but also Si
wafer was tested. When compared the crack reigion of
those two samples with their COF, similiar failure
modes of crack were observed from both ALD-zirconia film and Si substate. In addition, total length of the
region of cracks was proportional to the COF as
explained by the difference of crack region between
the zirconia film and the silicon substrate in Table 2
and Fig. 8. Above results clearly indicated that crack
generation in the nanoscale thin film by macroscratch
test was influenced by mechanical properties of Si substrate at high load. It was also noticeable that the harder
zirconia film failed earlier than the softer Si wafer. This
may be attributed to the influence of higher roughness
of zirconia film than that of Si wafer. According to
Scherge et al, the COF and surface roughness are highly
influential in macroscratch test [16].
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Fig. 8. Friction coefficient of ALD-ZrO2 film and bare Si
substrate in macroscratch.

influenced the generation of tensile cracks. Tensile
crack was produced due to the tensile stresses behind
the sliding indenter [17]. The 1st critical load causing
this failure mode was 30–32 N. The density of tensile
cracks was increased due to the increase of load after
the failure mode of type 2 initiated. The type 2 was also
accompanied by the generation of chevron cracks.
These cracks were usually located at the both edges of
scratch track and propagated outward at various tilting
angles from the track edge. The 2nd critical load corresponding to the type 2 was 40–44 N. We noted that
the COF slightly increased with the increase of the
intensity of chevron crack. Besides, after the failure
mode of type 2, bending cracks were created in front of
the sliding indenter due to the tensile stresses and
insufficient mechanical properties of silicon substrate
(Fig. 10b) [12]. These cracks were not only located in
the middle of scratch track, but also propagated

Table 2. Crack length and surface roughness of testing materials in macroscratch
Crack length

Bare Si
ZrO2 (130 nm)

test 1

test 2

test 3

test 4

test 5

avg.

Surface
roughness

270 μm
1650 μm

370 μm
1670 μm

340 μm
1480 μm

340 μm
1020 μm

310 μm
1320 μm

326 μm
1428 μm

0.26 nm
3.95 nm
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Fig. 9. Schematic diagram of macroscratch cracks. Various cracks were created as the load increased: type 1—onset of tensile
cracking, type 2—chevron cracks, type 3—crack network (of bending, chevron and tensile cracks) and chipping out of film.
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Fig. 10. SEM images of macrocracks in macroscratch test: (a) primary tensile crack (b) transition region from type 2 to type 3
(c) crack network (d) chipping out of film.

toward the edges of the track. The type 3 failure mode
was termed as crack network generation which was due
to the interconnection of bending, chevron and tensile
cracks (Fig. 10c). After reaching the 3rd critical load
Table 3. Critical load for each failure mode in macroscratch test
Critical load (N)
Macro scratch

ZrO2 (130 nm)

Bare Si

type 1 type 2 type 3 type 1 type 2 type 3
Test 1
Test 2
Test 3
Test 4
Test 5
Mean
SD

x
x
x
x
x
N/A
N/A

47
46
47
46
47
46.6
0.2

48
48
48
48
48
48
0

30
32
32
32
32
31.6
0.8

40
44
44
43
42
42.6
1.5

46
45
45
45
45
45.2
0.4

(45–46 N), severe tensile cracks began to affect the
connections of chevron and bending cracks. In addition, coalescence of individual cracks was frequently
formed as the scratch test further progressed from the
region of 3rd critical load. Although the ZrO2 film in
macroscratch test was not detached from the substrate, multi-linked cracks caused the increase of COF
at the stage of type 3 failure (Fig. 8). With the failure
mode of type 3, chipping out of ALD-zirconia film
could be seen at the edges of scratch track (Fig. 10d).
It was generated due to the interaction of the bulged
coating and sliding indenter. Especially, composite
stresses between chevron and tensile cracks generated
near the edges of the scratch track were the main factor
of this chipping out. Critical loads associated with
each failure mode are summarized in Table 3. As for
the COF of zirconia film in the macroscratch test, we
noted that ALD-zirconia film exhibited much higher
COF than silicon substrate, showing opposite
behaviour to that obtained with microscratch test
(Figs. 4, 8).
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Table 4. Critical load and Hertzian contact pressure for specific failure modes at both micro and macroscale tests
Scale
Critical load
Contact radius Max. contact pressure
Micro

96.2 mN

1.95 μm

12.05 GPa

Contact pressure

Type 1

31.6 N

33.95 μm

13.09 GPa

Type 2

42.6 N

37.50 μm

14.46 GPa

Macro

Type 3

45.2 N

~4 µm
~68 µm

38.25 μm

CONCLUSIONS
We investigated the scratch behaviors of ALD-zirconia film of 130 nm thickness in micro- and macroscales. Experimental results on ALD-zirconia film
showed that the scale of scratch test, micro- or macroscratch, strongly influenced the mechanical response
of the film. Also affected were film removal, type of
failure, and generation and propagation of cracks.
Based upon the results of scratch tests and analysis,
the following conclusions are drawn:
(1) The zirconia thin film was successfully fabricated by atomic layer deposition and its chemical
composition was confirmed by using XPS analysis.
(2) The ALD-zirconia thin film had a uniform and
fine morphology with ZrO2 evenly distributed on the
surface. ALD-zirconia film was composed of grains
which had average diameters of 52–55 nm.
Vol. 38

Contact
radius

14.75 GPa

Maximum contact pressure corresponding to each
critical load for both tests were roughly calculated by
Hertzian contact theory and listed in Table 4. The calculation of Hertz contact parameters were conducted
by using the properties of Si substrate as the 2nd body
against the diamond tip since the thickness of ZrO2
film (130 nm) was so thin. It should be noted that the
scratch width in the macroscratch test was much
greater than that in microsratch test although the maximum contact pressure were comparable in both cases.
Therefore, the film tested at macroscale experienced
the influence of high compressive and tensile stresses
at much wider range of width and depth underneath
the scratch surface compared to that tested at
microscale. As a result, macro-cracks were not only
generated inside the scratch track but also propagted to
both side of the scratch track (Fig. 10) in contrast to
the result of microscratch test (Fig. 6).
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~13 GPa
~12 GPa

Micro
Macro

No. 6

(3) The COF uprubtly increased, in microscratch
test, at the onset of failure. Beyond the scratch load of
96 mN, a considerable amount of damage and material removal along the scratch track were observed.
The variation of COF after the failure, until the test
was terminated, was directly related to the generation
of cracks.
(4) The COF of zirconia film for the microscratch
test was lower than that of Si wafer whereas the result
was reversed for the macroscratch test. Hence, ALDzirconia thin film is more suitable for microscale
contact.
(5) Severe and extensive cracks were generated on
the macroscratched surface due to the much wider
scratch track when compared to the microscratch test.
(6) Failure mechanisms were identified for microand macroscratch tests. All the film failures and crack
generation in macroscartch test were observed after
the contact pressure increased beyond the critical load
of microscratch test.
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