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a  b  s  t  r  a  c  t

Thin  ZrC  films  (<500  nm)  were  grown  on (100)  Si  substrates  at a substrate  temperature  of  500 ◦C  by the
pulsed  laser  deposition  (PLD)  technique  using  a KrF excimer  laser  under  different  CH4 pressures.  Glanc-
ing incidence  X-ray  diffraction  showed  that  films  were  nanocrystalline,  while  X-ray  reflectivity  studies
found  out  films  were  very  dense  and  exhibited  a smooth  surface  morphology.  Optical  spectroscopy  data
eywords:
rC
ard coating
ulsed laser deposition
nfrared optical properties

shows that  the  films  have  high  reflectivity  (>90%)  in  the  infrared  region,  characteristic  of metallic  behav-
ior.  Nanoindentation  results  indicated  that  films  deposited  under  lower  CH4 pressures  exhibited  slightly
higher  nanohardness  and Young  modulus  values  than  films  deposited  under  higher  pressures.  Tribolog-
ical  characterization  revealed  that  these  films  exhibited  relatively  high  wear  resistance  and  steady-state
friction  coefficients  on the  order  of  � = 0.4.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Zirconium carbide, ZrC, possesses both ceramic and metallic
haracteristics such as one of the highest melting point [1], very
igh hardness (30–35 GPa) [2,3], good wear resistance [4], and high
hermochemical stability with a single fcc lattice from room tem-
erature up to the melting temperature [5].

Several deposition techniques have been employed to obtain ZrC
hin films to investigate their properties for various applications
3–8]. Pulsed laser deposition (PLD) is a very suitable technique for
uch studies, since by controlling laser irradiation parameters and
eposition conditions films with various structural qualities can be
btained [3,9–11]. Moreover, crystalline films could be deposited
t moderate substrate temperatures, below 550 ◦C. We  showed
reviously that ZrC films grown by PLD at different temperatures
xhibited high hardness and Young’s modulus values, as well as low

riction coefficients and wear rates [3,11]. We  extended the inves-
igations to elucidate the role of the deposition atmosphere on the

∗ Corresponding author.
E-mail address: doina.craciun@inflpr.ro (D. Craciun).

ttp://dx.doi.org/10.1016/j.apsusc.2015.01.076
169-4332/© 2015 Elsevier B.V. All rights reserved.
optical and mechanical properties of ZrC thin films to optimize the
properties and the results are presented below.

2. Experimental details

A KrF excimer laser (� = 248 nm,  pulse duration � = 25 ns, 8 J/cm2

fluence, 40 Hz repetition rate) was used to ablate a ZrC target in a
stainless steel chamber. The films were deposited for 20,000 pulses
at a substrate temperature of 500 ◦C under different CH4 pressures
in order to study the effect of the deposition atmosphere on their
structure and properties. The deposition conditions are displayed
in Table 1.

The crystalline structure, grain size and micro-stress values
were obtained from glancing incidence and symetrical X-ray
diffraction (GIXD and XRD) investigations [11–13], while the mass
density, thickness of the surface oxide-contamination layer, and
surface roughness values (rms) were obtained from simulations
of the XRR curves using a commercially available software (X’Pert

Reflectivity). An atomic force microscope (AFM, Asylum Research
MFP-3D) was  also used to investigate the surface morphology
of the deposited samples. Auger electron (AES, Perkin Elmer
PHI 660) and X-ray photoelectron spectroscopy (XPS, PHI 5000

dx.doi.org/10.1016/j.apsusc.2015.01.076
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Table  1
Deposition conditions and structural properties of the deposited films.

Sample Atmosphere [mbar] Lattice parameter [Å] Grain size [Å] Micro-strain [%]

ZrC1 2 × 10−5 CH4 4.735 108 0.82
ZrC2 2 × 10−4 CH4 4.741 104 0.93
ZrC3 Vacuum 4.738 106 0.82

Table 2
XRR simulation and nanoindentation results (E and H, Young’s modulus and nanohardness, respectively) for the deposited films.

Sample Structure Thickness [Å] Density [g/cm3] Roughness [Å] E[GPa] H [GPa]

XRR AFM

ZrC1 Contamination layer 22 4.52 13 6 247.6 40.2
Deposited layer NA 6.40

ZrC2 Contamination layer 17 4.69 12 7 254.8 36.7

14 6 259.7 40.0
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Deposited layer NA 6.36
ZrC3 Contamination layer 17 4.98

Deposited layer NA 6.39

ersaprobe II) were used to investigate the elemental composition
f the deposited films.

The mechanical properties of the thin films were investigated
sing a Triboindenter (Hysitron, Minneapolis, MN) with a 100 nm
iamond cube corner tip. To minimize substrate contributions,
he hardness and reduced modulus were determined from load-
isplacement contact depths between 20 and 30 nm following the
odel of Oliver and Pharr [14]. In order to gain insight into the

eformation mechanisms of the ZrC film, and its interaction with
he interface between it and the underlying Si substrate, cross-
ectional transmission electron microscopy (X-TEM) was  employed
o observe nanoindentation cross sections in the ∼200 nm ZrC films
n (100) Si. TEM imaging was performed using a 200CX TEM (JEOL,
okyo, Japan) along the [100] zone axis, using a two-beam bright-
eld condition. Using the method described in detail in Ref. [15],

 13 × 4 array of 6-mN indents, spaced 2 �m apart, was made
ith a diamond cube-corner tip on an MPF-3D Nanoindenter (Asy-

um Research, Santa Barbara, CA). Using a Strata DB325 dual-beam
ocused ion beam (FIB)/SEM (FEI, Hillsboro, OR) to mill away a thin
∼200 nm)  cross section in the array of indents, with the slice offset
y an optimum angle of ∼6.6◦ [15], multiple, different sections of
imilar indents were guaranteed to be contained in a single X-TEM
pecimen. Room temperature optical reflectance was measured
rom 30 cm−1 (4 meV) to 30,000 cm−1 (4 eV), using a Bruker-113v
TIR spectrometer and a Carl Zeiss microscope photometer. Optical
onductivity and dielectric constants were obtained from Kramers-
ronig transformation of reflectance data.

A linear reciprocating tribometer was used for friction and wear
xperiments, fully described in an earlier publication [16]. A nor-
al  force of 1 N ± 50 mN  and sliding speed of 1 mm/s were used.

he wear volume was measured using a scanning white light
nterferometer (SWLI; Veeco Wyko NT1100), and a multi-point

easurement of wear rate computed to determine whether non-
inear run-in behavior occurs. The length of the wear track was
educed progressively from 10 mm in 1 mm steps at intervals of
0, 100, 200 and 500 cycles, so that at the end of an experiment it
as possible to determine the amount of wear at the end of each

nterval by analyzing the corresponding segments. Bearing grade
ilicon nitride (Si3N4) balls 1.59 mm in radius were used for the
riction and wear experiments, and the contact spot changed for
ach experiment so as to use an untouched area of the ball.

. Results and discussion
X-ray diffraction patterns acquired from the deposited ZrC films
howed a slight (1 1 1) texture, usually observed for thin ZrC films
hat crystallize in the fcc lattice, where the (1 1 1) planes possess the
Fig. 1. AFM image of the ZrC3 sample’s surface morphology.

highest atomic density [7,9]. Results of Williamson-Hall analysis,
also displayed in Table 1, indicated that films were nanocrystalline
and exhibited rather large microstress values.

The films’ mass densities, thickness of the surface contamina-
tion layers and roughness values, obtained from simulations of the
acquired XRR curves are displayed in Table 2. For simulations, a
model consisting of two layers only was used (the deposited layer
with infinite thickness and a surface contamination layer), since
the thicknesses of the deposited films were larger than the X-ray
penetration depth for the low incidence angles used during the
measurements. The thickness of the top contamination layer was
found to be around 20 Å and its density from 4.5 to 5.0 g/cm3,
indicative of an oxyhydride compound. One could note that the
deposited films mass densities were very similar to bulk values
[5,17] and the films’ surfaces were very smooth. Very low rms sur-
face roughness values were also confirmed by AFM images of the
deposited films. Fig. 1 displays an image of the surface morphology
acquired from ZrC3 sample. The rms values determined by AFM
were usually slightly lower than those estimated from simulations
of the XRR curves (see Table 2) since the investigated areas were
different: 1 �m × 1 �m versus 10 mm × 0.1 mm for AFM and XRR,
respectively, in agreement with other report [17].

AES survey spectra, as those shown in Fig. 2, recorded after
removal of more than 10 nm of surface material by Ar ion sput-
tering, indicated low oxygen concentrations within the deposited
films. The Zr to C ratios estimated from AES measurements were
around 1.5, indicating either a strong preferential sputtering of
the lighter C atoms or a substoichiometric compound, contain-

ing C vacancies. Since the Zr/C values seemed to be independent
of the AES take-off angle, as it is apparent from inspecting the
spectra displayed in Fig. 2, it could be safely inferred that the
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Fig. 4. Room temperature optical reflectance R(ω) (main panel) and optical conduc-
tivity �1(ω) (inset) of ZrC thin films.

Table 3
Electrical properties of the ZrC films calculated from the reflectance data.

ωp (eV) 1/�  (eV) �(0) (�−1 cm−1)

ZrC1 1.4 0.4 1300
ig. 2. AES survey spectra acquired at two different take off angles from sample
rC3 after more than 10 min  Ar ion sputtering.

eposited films contained a large concentration of C vacancies.
utherford backscattering spectrometry investigations also sup-
orted this result, the measured Zr/C ratios agreeing quite well with
he AES values. Representative XPS survey scan recorded from as
eposited and Ar ion sputtered surfaces of the ZrC1 and ZrC3 films
re displayed in Fig. 3. The oxygen concentration was quite low,
onfirming the AES results. The binding energy of the C 1s (281.6 eV)
nd Zr 3d (179.2 eV and 181.3 eV) peaks agreed very well with those
eported for ZrC compounds [7,17,18].

Measured optical reflectance and the calculated optical conduc-
ivity are shown in Fig. 4. It can be seen that in the far-infrared
low frequency) region, reflectance exceeds 90% for all films, indi-
ating metallic behavior. Also, in mid-infrared it can be observed

 clear, slightly broadened, plasma edge, associated with plasma
requency of the free carriers. From the optical conductivity
ata it follows that the zero frequency (Drude) electrical con-
uctivity is about 1300–900 �−1 cm−1, hence the resistivity is
70–1100 �� cm.  These value are higher than those reported for
he bulk or thicker films of around 100–200 �� cm [5], possibly
ecause of the relatively high scattering rate of the free carriers

n these nanocrystalline films, which is also responsible for the
roadening of the plasma edge in reflectance data, but quite in line
ith other reports for similar films [7]. The free carrier parameters

plasma frequency ωp, scattering rate 1/�  and Drude conductiv-
ty �(0)), obtained from fits with a Lorentz–Drude model of both
eflectance and optical conductivity, are shown in Table 3. Assum-
ng the effective mass to be that of the free electron mass, the carrier
oncentration in our films would be ∼1021 cm−3, characteristic of
etals. Fig. 5 shows the imaginary part of the dielectric constant
ε2) for all films, plotted versus wavelength, in the visible and near
nfrared spectral region. The values are larger than those measured
or Ag or Au, but very similar to those reported for TiN films, which
ere shown to be useful for plasmonics applications [19].

Fig. 3. XPS survey scan recorded from the as-de
ZrC2 1.4 0.5 900
ZrC3 1.6 0.5 1000

Nanoindentation results, displayed in Table 2, indicated that
films were quite hard, exhibiting values that were up to 40 GPa.
Such large hardness values could be explained by a combination
of very high density and nanometer size crystallites, containing a
large concentration of defects that results in a large micro-stress
value, as indicated by the XRD analysis. Dislocations could not eas-
ily form in such small crystallites or, if they form, the defects will
impede their movement when pressure is applied.

Fig. 6 shows friction and wear data for two PLD grown ZrC films,
in sliding against a silicon nitride spherical indenter, with a maxi-
mum  Hertzian contact pressure of approximately 1.2 GPa, a value
that is significantly lower than the hardness of the film and indenter
materials [3,11] and so indicative of a wear regime that is conser-

vatively below gross plastic deformation (macroscopic plowing).
The films both exhibited an initial friction coefficient of � = 0.2
that increased to steady-state values between � = 0.4 to 0.5 over
the first 20 cycles. A sharp increase in friction coefficient to � = 0.6

posited and bulk of ZrC1 and ZrC3 films.
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Fig. 7. X-TEM image of a nanoindentation site in a ZrC1 film on (1 0 0) Si.
ig. 5. Imaginary part of the dielectric constant �2 (vs. wavelength) of ZrC thin films.

bserved after many cycles is associated with wear-through of the
rC films and exposure of the underlying substrate. The steady-
tate friction behavior of these PLD grown ZrC films was  slightly
igher than the values measured for a PLD grown ZrN thin film
11]. The specific wear rate, K (mm3/N m),  was calculated based
n the SWLI measurements only for the sliding intervals of wear
rack that correspond to film wear, where the underlying sub-
trate was not exposed. The measured wear volumes of both films
fter 10 cycles of sliding were negligible and of the same order as
he surface roughness of the film. While there is an evident tran-
ient in the friction behavior over the first 20 cycles, the wear
ata suggests that there was not a significant transient in wear
ates. The transient in friction behavior is likely a result of the evo-
ution in surface roughness from atomically smooth to a higher
teady-state roughness. This behavior can be described analytically
s a change in the plasticity index proposed by Greenwood and
illiamson [20], implying that with increasing roughness the prob-

bility increases that micro-asperity contact events on the average
enerate localized stresses exceeding the yield of the materials.
n other words, contact between these initially smooth surfaces
s likely to be predominately elastic until the roughness increases
ufficiently so that micro-asperity contact events transition on the

verage toward a higher probability for plastic behavior. Specific
ear rates between 7.1–7.8 × 10−5 mm3/N m were found for ZrC
lms. Although these are quite low values, they were higher than
he 4.5 × 10−6 mm3/N m value measured for a high quality, very

Fig. 6. Friction and wear data as a function o
smooth ZrN film [11]. Nonetheless, the films were quite adherent
to the Si substrate.

A cross-sectional TEM image of a nanoindentation site, per-
formed with a very large load (6 mN), that resulted in an indentation
depth of around 185 nm,  is shown in Fig. 7. It was  surprising to
observe that the ZrC film did not fracture for such a high load inden-
tation, which resulted in severe deformation of the film. A median
crack in the (100) Si substrate can be observed beneath the nanoin-
dentation site. Some lateral detachment of the deposited film from
the Si substrate on a 200 nm lateral distance from the indentation
site can also be observed, otherwise the films being very adherent
to the substrate.

4. Conclusions

ZrC films were grown on Si substrates using the PLD tech-
nique at 500 ◦C. The CH4 pressure used during deposition had a
marginal effect on the structural properties (grain size and micro-
stress values) and chemical composition. Optical reflectometry
measurements showed that films exhibited metallic characteris-
tics, with R values around 0.90 in the infrared range. From the
optical conductivity data it followed that the zero frequency electri-
cal conductivity reached the highest value of about 1300 �−1 cm−1

for the ZrC film deposited under 2 × 10−5 mbar of CH4. Nanoinden-
tation and wear tests also showed that these film exhibited slightly

better mechanical properties than those deposited at higher CH4
pressures.

f sliding cycles for ZrC1 and ZrC3 films.
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