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bstract

arbon-rich ceramics are an emerging class of materials with attractive high-temperature properties, including resistance to crystallization, dense
icrostructure, and low porosity. We explored direct synthesis of carbon-rich hafnia, which is known to form as a compact interlayer in the oxide

cales of oxidized hafnium carbide. The material was synthesized by pulsed laser deposition, using pure HfO2 targets in C2H2 background gas at
ow pressures. Stable films up to 700 nm thick and with high molar fractions (∼0.1–0.45) of carbon were obtained. The predominant chemical

onding of Hf and O atoms is that of oxygen-deficient HfO2, while carbon is present in elemental or hydrogenated forms. Annealing at 600 ◦C leads
o loss of most of the hydrogen from the films, which is accompanied by enhanced sp2 bonding of carbon. The films have amorphous, compact,
nd finely grained microstructure. Carbon molar fractions higher than ∼0.2 inhibit microcrystallinity to at least 600 ◦C.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Incorporation of large molar fractions of carbon in a ceramic
aterial can result in unexpected and useful high-temperature

roperties. Well-known examples of such materials are polymer-
erived ceramics (PDCs) obtained by pyrolysis of highly
ross-linked polymers.1 The PDC systems that have been
ynthesized and studied to date are varieties of silicon oxycar-
ide (SiCO),2 silicon carbonitride (SiCN),3 and, most recently,
ilicon oxycarbonitride (SiCNO).4,5 These systems are char-
cterized by mostly amorphous structures and the presence of
xcess (or “free”) carbon relative to the stoichiometric mixtures
f either SiC and SiO2 or SiC and Si3N4. Intuitively, the presence
f zones with free carbon in a ceramic matrix should cause lower
hermal stability and inferior oxidation resistance. However, it
as been reported that a SiCN PDC exhibits passive oxidation
ehavior despite the presence of free carbon.6,7 A recent study of

arbon-rich SiCO derived from polyhydridomethylsiloxane and
ivinyl benzene showed that microcrystallinity and phase sepa-
ation are inhibited to at least 1200 ◦C, while oxidation resistance

∗ Corresponding author. Tel.: +1 650 859 5129; fax: +1 650 859 6196.
E-mail address: dusan.pejakovic@sri.com (D.A. Pejaković).
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n ambient air is rather high at temperatures as high as 1000 ◦C.8

n addition, PDCs show excellent mechanical properties at high
emperatures, including viscoelasticity and low creep. Recent

olecular dynamics calculations and the accompanying NMR
ata suggest that carbon is aromatically bonded and may be in the
orm of a graphene network.9 It has been proposed that in SiCO
DCs a unique nanostructure, consisting of SiO2 nanodomains
nd a network of sp2 carbon is responsible for the resistance
o microcrystallinity, phase separation, and creep.10 It has also
een argued that such nanostructure has a negative enthalpy rel-
tive to the crystalline phases (SiC, cristobalite, and graphite),
mplying that crystallization is inhibited due to thermodynamic,
ather than kinetic reasons.11

Another class of carbon-rich ceramic systems, which has
een studied to a much lesser extent, comprises carbon-rich
nterlayer oxides formed during high-temperature oxidation of
ransition metal (Hf, Zr, and Ti) carbides. None of these materials
ave been directly synthesized prior to this work. Investigations
f these systems have been reported by Bargeron et al.,12–15

ho investigated high-temperature oxidation of CVD-deposited

fC, Shimada et al.,16–21 who studied oxidation of single crys-

als of HfC, ZrC, and TiC, and Wuchina and Opeka,22 who
dentified a carbon-rich interlayer after both furnace oxidation
nd arcjet testing of HfC. For all three carbides, three distinct

dx.doi.org/10.1016/j.jeurceramsoc.2010.01.009
mailto:dusan.pejakovic@sri.com
dx.doi.org/10.1016/j.jeurceramsoc.2010.01.009
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ayers are observed in the cross-sections of oxidized samples:
layer of residual carbide, an external oxide layer with a low

arbon content, and an interlayer of oxygen-deficient oxide with
high carbon content (up to 25 at%). The two-layer structure of
xide scales is completely analogous for HfC and ZrC; the case
f TiC is somewhat more complicated – due to the fact that both
iO2 and Ti3O5 are present in the oxide scales – and has not
een investigated as thoroughly.

The contrast between the interlayer and outer oxide
icrostructures is striking, with the external oxide containing

ores and cracks, whereas the interlayer is fine-grained, com-
act, and virtually pore-free. Other attractive high-temperature
roperties of the interlayer material, reported for the case of
xidized HfC, are high hardness and high electrical conduc-
ivity, which are both comparable to those of HfC.14,15 A
articularly intriguing feature is the sharply defined interface
etween the two oxide layers,14,15 which suggests that the
arbon-rich interlayer is a distinctly different phase from the
ow-carbon outer oxide layer,15 despite the gradual change in the
- and C-atom concentrations and no indications of changes in

hemical bonding across this interface.19,20 Studies of oxidized
rC have shown that the interlayer has nanocrystalline-to-
morphous structure, with c-ZrO2 crystallite sizes in the range
–10 nm,17 while the outer oxide layer contains crystallites
arger than 20 nm.20 The Raman spectroscopy of the interlayer
as shown the presence of elemental sp2-bonded amorphous
arbon.17,21 The oxidation experiments and oxidation kinetics
odeling12,14,15 have indicated that the interlayer is the primary

iffusion barrier for oxygen, and probably for carbon as well.
9

The published data summarized above suggest the follow-
ng explanation for the remarkable properties of carbon-rich
nterlayer oxides. High molar fraction of sp2-bonded elemental
arbon in the interlayer inhibits crystallization of the transition
etal oxide. In turn, the amorphous structure of the interlayer

nhibits propagation of pores and cracks. Finally, pore-free and
ompact structure enhances the diffusion barrier properties.

Bargeron et al. suggested that carbon-rich Hf oxide could
e produced as a monolithic coating and find application as
protective high-temperature material.14 Direct synthesis of

arbon-rich hafnia films is also of fundamental interest, because
t will allow systematic investigations of the role of free carbon
n controlling the nanostructure and high-temperature prop-
rties in this system. In particular, given that it appears that
ree carbon inhibits long-range crystallinity in the interlayer,
t is important to determine the requirements for carbon spa-
ial distribution on the nanoscale and the limiting carbon molar
raction for this inhibition to take place. Another key ques-
ion is how thermodynamically stable is the interlayer material
with respect to phase separation) and, related to this, could
he well-defined boundary between the interlayer and the outer
xide layer be a signature of a true phase transition occurring
pon the gradual addition/removal of carbon. Such investiga-

ions would answer questions that are relevant to PDCs as
ell. Keeping in mind that the major difference between the

wo systems is that in PDCs, in addition to free carbon, there
s also stoichiometric carbon that is bonded to Si atoms, the

a
r
i
o
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ole of free carbon in controlling the microstructure and high-
emperature properties may be similar in PDCs and carbon-rich
xides.

The main challenge in synthesizing a material analogous to
he interlayer carbon-rich oxides is to reproduce the specific,
xceptionally finely grained nanostructure observed in these sys-
ems, with a high fraction of elemental carbon dissolved in an
ssentially amorphous oxide matrix. Another key issue is pre-
erving the desired chemical bonding—that of MO2 (M = Hf,
r) and sp2 carbon, without significant carbide contribution.
hus, the synthesis route must avoid the carbide formation by
arbothermal reduction, which has been reported to occur at
emperatures below 1500 ◦C.23

In this work, direct synthesis of carbon-rich hafnia films was
erformed by pulsed laser deposition (PLD). While PLD is not
ractical for the production of either bulk materials or protec-
ive coatings for bulk components, this method is well suited
or an investigative synthesis of a novel material with controlled
anostructure. Our approach used pure HfO2 ablation targets,
ith carbon supplied from acetylene (C2H2) background gas.
he choice of C2H2 as the source of carbon was guided by its
imple molecular structure and prior reports of efficient produc-
ion of elemental carbon from C2H2 both in plasma and on hot
urfaces.24–26 Post-deposition annealing (PDA) at a relatively
ow temperature of 600 ◦C was used to reduce the content of
ydrogenated carbon and enhance the sp2 carbon–carbon bond-
ng.

Details of the PLD synthesis of films with high carbon molar
ractions are presented. Properties of the films are investigated
sing scanning electron microscopy (SEM), energy disper-
ive spectroscopy (EDS), X-ray photoelectron spectroscopy
XPS), Rutherford backscattering spectroscopy (RBS), hydro-
en forward scattering (HFS), transmission electron microscopy
TEM), Raman spectroscopy, and X-ray diffraction (XRD).
ased on this comprehensive sample characterization, it is estab-

ished that, following PDA, the films represent a close analog of
he carbon-rich hafnia interlayer that forms in oxidized HfC.

. Experimental details

Pure sintered HfO2 tablets with a nominal purity of 99.9%27

ere acquired from Cerac, Inc. and used as PLD targets. The
argets were rotated at a rate of 20–30 rpm during film deposition.
ilicon substrates were cleaved from an n-type Si(0 0 1) wafer.
he target–substrate distance was 5 cm.

PLD was performed at room temperature in a stainless steel
acuum chamber evacuated by a turbomolecular pump, backed
y a dry scroll pump. A continuous flow of C2H2 (99.6% purity,
issolved in acetone) was introduced into the chamber after
eaching base pressure of about 7 × 10−5 Pa. The flow rate of
2H2 was regulated by an electronic mass flow controller, and

he C2H2 pressure was measured by a capacitance pressure
auge. This paper reports synthesis and studies of films grown

t three different C2H2 pressures – 0.08, 0.2, and 0.6 Pa – which
esulted in films with different carbon molar fractions. Follow-
ng PLD, substrates with films were cleaved into two parts and
ne of them was reattached to the heated substrate holder of the
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LD chamber using silver paint and subjected to PDA. Anneal-
ng was performed at 600 ◦C for 1 h in vacuo (base pressure

2 × 10−4 Pa).
A XeCl excimer laser provided ∼15 ns long pulses at a wave-

ength of 308 nm. The laser beam was tightly focused by a
pherical lens onto the target at a 45◦ incident angle to achieve a
uence of about 3 J/cm2. Prior to film deposition, the substrate
as shielded by a movable shutter and target was pre-ablated

or 10 min to remove any contamination from target surface.
he laser was operated at a repetition rate of 2 Hz and the film
rowth rate was found to be about 0.1 Å/pulse.

The XPS analysis was performed using a PHI Quantum
000 instrument equipped with a monochromated Al-K� source
hν = 1486.6 eV). The analysis area was 1.4 × 0.3 mm. A large
ake-off angle (TOA) of 75◦ was used to maximize the depth of
hotoelectron detection and thus minimize the contribution of
urface contaminants to the data.

The Raman spectra were collected on a Jobin Yvon
ABRAM spectrometer equipped with an Olympus BX40
icroscope using the backscattering geometry. An Ar+ ion laser

514.5 nm wavelength) and a grating with 1800 g/mm were used
n these measurements. The probe spot size was 1–2 �m. For
ach analyzed sample, the Raman spectra were collected for at
east 3 different surface sites. No significant variation of the spec-
ra with position was observed, except for the samples grown in
.08 Pa of C2H2, as will be discussed later.

RBS was performed using He2+ ion beam with energy of
.275 MeV. The incident ion trajectory was perpendicular to the
ample surface and scattered ions were detected at a backscat-
ering angle of 160◦. In HFS experiments, the incident ion beam
robed the sample at a grazing angle of 15◦, while the detector
ounted hydrogen ions that were forward-scattered after colli-
ions with the probing He2+ at an angle of 15◦ with respect to the
urface. A thin absorber foil was placed over the detector to filter
ut the He2+ ions that were also forward-scattered. The hydro-
en concentrations were determined by comparing the hydrogen
on counts from samples under investigation with those obtained
rom reference samples. A hydrogen-implanted silicon sample
nd a sample of muscovite with known hydrogen concentra-
ions were used as references, To account for surface hydrogen
ue to residual moisture or hydrocarbon adsorption, a silicon
ontrol sample was analyzed together with the actual sample,
nd the signal from the control sample was subtracted from that
rom the actual sample. The estimated absolute experimental
ncertainties of the atomic fractions determined by RBS/HFS
re ±1 at% for Hf, ±3 at% for O, ±4 at% for C, and ±2 at% for
.
Imaging of the film surfaces was performed using a

EOL JSM-6700F field-emission scanning electron microscope
quipped with an EDAX Genesis XM system for EDS micro-
nalysis. Gold coating of the SEM samples was not needed,
ecause the samples did not charge significantly under the
lectron beam. In contrast, reference samples of pure HfO2

howed significant charging effects. This observation suggests
hat carbon-rich hafnia films have relatively high electrical con-
uctivity. However, in the present study the conductivity was not
easured.

l
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Cross-sections of the films were imaged using a Tecnai F20
eld-emission TEM equipped with an XT-type objective pole-
iece, and operating at an acceleration voltage of 200 keV. The
EM also comprises a Fischione High-Angle Annular Dark
ield (HAADF) detector for scanning TEM imaging and an
xford INCA EDS detector. The TEM samples were pre-
ared by standard mechanical polishing using wedge-polishing
echnique. The final thinning as well as surface cleaning was
erformed by Ar+ ion milling using GATAN PIPS system. A
ow energy beam (2–3 keV) and low milling angles (3–6◦) were
sed.

XRD was performed using a Philips XRG 3100 powder
iffractometer.

The reported values of the optical bandgap for HfO2 are
.6–5.9 eV, 28–32 hence pure HfO2 is expected to be transpar-
nt for 308 nm (hν = 4 eV) radiation. However, in the present
tudy it was found that white sintered HfO2 targets had suffi-
iently high absorption at 308 nm to allow efficient ablation by
he focused laser beam. This finding is not unexpected, given
hat sub-bandgap absorption in HfO2 extending to energies as
ow as 4 eV has been reported and attributed to intrinsic defects
f unidentified type.29,33,34

. Results

Films with thicknesses of up to ∼700 nm were deposited.
ven the thickest films were stable and well-adhering even after
nnealing to 900 ◦C. This indicates that the films do not have sig-
ificant strain and can tolerate a significant coefficient of thermal
xpansion mismatch with the Si substrate.

.1. SEM imaging of the target and films

Fig. 1 shows SEM micrographs of pristine and ablated HfO2
arget surfaces, whereas the evolution of the target surface dur-
ng pulsed laser ablation is shown in Fig. 2. Before ablation,
he target shows a porous and rather loosely packed structure.
he size of HfO2 grains is in the range 50–300 nm (Fig. 1c).
he spatially periodic ripples that develop after a considerable
umber of pulses (Fig. 2d) are indicative of transient melting
ollowed by resolidification and they are commonly observed in
aser ablation of various materials.35 The porosity is practically
emoved after ablation and, instead, the surface develops narrow
racks (Fig. 1d) that seem to propagate along grain boundaries
Fig. 1e and f). Thus, although the initial target surface quality
s rather poor, the ablation process itself acts to improve the tar-
et compactness. This fact may explain the virtual absence of
ontamination of the films by micron-size particulates, which is
therwise very common in PLD from ceramic targets.35

Fig. 3 shows an SEM image of the surface of a sample film.
he only features on the otherwise remarkably smooth sur-

ace are round particulates, with diameters in the ∼50–300 nm
ange. A weak increasing trend in the surface density of particu-

ates with background C2H2 pressure was noticed. This pressure
ependence and the relatively small size of particulates suggest
hat they are formed by nucleation and growth in the vapor phase
which is more effective when there are more collisions between
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ig. 1. SEM micrographs of the HfO2 target surface before and after ablation.
mage (d) shows ablated surface with wavelike features and narrow cracks. Image

he vapor species and background gas), rather than from solid-
fied liquid droplets expelled from the target (splashing).35 The
DS spectrum of the scanned surface (Fig. 3c) shows a strong
arbon peak, in addition to the expected Hf and O features,
ndicating significant incorporation of carbon in the film.

.2. RBS and HFS analyses
Fig. 4 shows a typical RBS spectrum for a 160 nm thick film,
ogether with the iteratively adjusted theoretical fit. For each

2H2 pressure the RBS analysis was performed on 2–3 samples
eposited under nominally identical conditions, to assess the

t
i
o
a

ig. 2. SEM images showing evolution of the HfO2 target surface during ablation: (a
ulses; (d) surface ablated by more than 100 pulses.
ne target surface is shown at different levels of magnification in images (a–c).
and (f) of the ablated surface show cracks that propagate along grain boundaries.

ample-to-sample variability of the composition. It was found
hat the composition uncertainty due to this variability was not
arger than the experimental uncertainty of the RBS method.
ig. 5 provides a summary of the film compositions derived
rom RBS and Fig. 6 shows the positions of the films on the
f–O–C composition diagram.
The O/Hf atomic ratio is less than 2 for all samples, although

t approaches 2 for the lowest C2H2 pressure, which implies

hat the films contain oxygen-deficient HfO2−x. The result
s not surprising, given that oxygen defficiency is commonly
bserved in films of HfO2 and other oxides grown in low-oxygen
tmospheres.33 As noted in the introduction, the interlayer oxide

) pristine surface; (b) surface ablated by 1 laser pulse; (c) surface ablated by 10
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Most of the hydrogen is probably present within various forms
ig. 3. (a) and (b) SEM micrographs of a film grown in 0.2 Pa of C2H2, showin
n (a).

fO2−xCy that is the model for this study is also oxygen-
eficient. The O/Hf ratio seems to decrease with the C2H2
ressure, possibly because C2H2 acts as an oxygen scavenger.
he C/Hf atomic ratio in the films increases rapidly with the
2H2 pressure, and its pressure dependence is consistent with
he linear one in the range covered in this work (Fig. 5).
Given that the source of carbon used in this study is a hydro-

arbon, the presence of hydrogen in the films was anticipated,

Fig. 4. RBS spectrum of a film grown in 0.6 Pa of C2H2.

ig. 5. The O/Hf and C/Hf atomic ratios obtained by RBS as functions of the

2H2 pressure used during PLD. The error bars represent the RBS experimental
ncertainties and the dashed line is guide to the eye.
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rly spherical sub-micron particles; (c) EDS spectrum of the film surface shown

nd the HFS measurements confirmed it. Fig. 7 shows HFS spec-
ra of a film before and after annealing at 600 ◦C. The atomic
oncentration of H decreased from about 5% to 1.4% after
f hydrogenated carbon, as will be elaborated in Section 3.5 that
iscusses Raman spectroscopy studies of the films.

ig. 6. The three film compositions studied in this work. The numbers next to
ymbols denote the C2H2 pressures used during PLD.

ig. 7. HFS spectra of a film grown in 0.2 Pa of C2H2 (upper curve) and of the
ame film after annealing at 600 ◦C (lower curve).
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Table 1
Summary of the XPS and RBS/HFS data for a film grown in 0.2 Pa of C2H2 and for the same film after annealing at 600 ◦C.

Method Chemical state As-deposited Annealed
% of total C, O, or Hf % of total C, O, or Hf

XPS C 1s C–C, C–H 75 85
Carbide 6 4
C–O 11 6
C O 4 3
O–C O 5 3

XPS Hf 4f HfO2 or HfO2−x 86 100
HfCxOy (oxycarbide) 8 0
HfC 6 0

XPS O 1s HfO2 75 85
Organic 25 15

Stoichiometry from XPS, total HfO1.99C2.55 HfO2C1.86
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toichiometry from XPS, corrected
toichiometry from RBS and HFS

a The corrected stoichiometry was calculated by taking into account only the f

Fitting of the RBS spectra by a theoretical model requires iter-
tive adjustment of the elemental densities and sample thickness
ntil good agreement with the data is obtained. For those sam-
les for which both the TEM and RBS analyses were performed,
good agreement was found between the sample thickness

bserved in TEM and that derived by RBS data fitting. There-
ore, the atom densities derived from RBS can be used quite
eliably to estimate the film mass densities. For films deposited
n 0.08, 0.2, and 0.6 Pa of C2H2, mass densities of 7.2, 7.7, and
.7 g/cm3, respectively, were found, with an estimated uncer-
ainty of about 10%. No significant densification upon PDA at
00 ◦C was found within the method’s uncertainty limits.

.3. XPS analysis

A typical XPS survey spectrum of a sample film is shown in

ig. 8. In addition to Hf, O, and C, the only elements detected
re Zr (typically 0.1% or less) and F (0.2–1.3%). The presence
f Zr was expected, as it is a common substitutional impurity
n Hf compounds and was identified in the elemental analysis

Fig. 8. Typical XPS survey spectrum of an HfO2−xCy film.
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HfO1.73C2.22 HfO1.7C1.58

HfO1.6C0.67H0.15 HfO1.75C0.7H0.05

ns of Hf and O bonded as HfO2−x and the fraction of C bonded as C–C or C–H.

f our PLD targets. The origin of the F impurity is unknown,
nd it was introduced either during film growth as an impurity
n C2H2 background gas, or in the post-deposition sample han-
ling. High-resolution XPS spectra, not shown here, indicated
hat Zr was present as ZrO2, while F bonding is consistent with
hat of inorganic or organic fluorides.

Representative high-resolution XPS spectra in the Hf 4f, C
s, and O 1s regions for a film grown in 0.2 Pa of C2H2 and the
ame film after PDA in vacuo at 600 ◦C are shown in Fig. 9.

summary of the chemical states identified in these spectra
s provided in Table 1. The analysis indicates that Hf is bonded
redominantly to O, whereas the principal peak of C is consistent
ith both carbon- and hydrogen-bonded carbon. The principal

tate of oxygen is consistent with HfO2 bonding. The position of
he main Hf 4f doublet observed in our XPS spectra is somewhat
hifted to lower energies compared with the values that are most
ommonly reported for fully oxidized HfO2, which indicates
hat the oxide is oxygen-deficient HfO2−x,36 consistent with the
BS result.

The minor chemical states detected in the film suggest the
resence of organic impurities and, possibly, Hf carbide and
xycarbide (Table 1). A probable source of the organics is sur-
ace contamination that occurred after deposition. Organics may
lso be present in the bulk (the estimated probe depth of XPS
t a 75◦ TOA is up to 10 nm), introduced by impurities (such as
cetone) that are present in C2H2, or produced in reactions of the
roducts of C2H2 decomposition with oxygen species ablated
rom the target. Signatures of carbon–carbon triple bonding that
ould be indicative of residual C2H2 trapped in the film were
ot observed. The main C 1s peak may have a significant con-
ribution from surface contamination by hydrocarbons, as will
e discussed below.

After annealing, the contributions of organic-bonded O and
xygen-bonded C decrease significantly, while the Hf 4f spec-

rum does not show indications of any states other than HfO2−x.
he result suggests that annealing removes significant fraction
f the organic constituents, probably via thermal decomposi-
ion and subsequent effusion or re-bonding of decomposition



D.A. Pejaković et al. / Journal of the European Ceramic Society 30 (2010) 2289–2300 2295

F ves) a
e n othe

p
i
p
H
c
l

f
w
s
c
f
r
t
o
t
h
o
t
c
d

n
o
t
s
c
i
4
o
t
p
n
t
X

3

F
S

ig. 9. High-resolution XPS spectra of a film grown in 0.2 Pa of C2H2 (lower cur
xperimental data, red curves represent cumulative multi-peak fits, and curves i

roducts. As noted above, Hf oxide is oxygen-deficient, imply-
ng that Hf dangling bonds are present; therefore, oxygen atoms
roduced by decomposition of organics are likely to bond with
f. Likewise, it is possible that the carbon atoms and hydro-

arbon radicals released from organics subsequently bond into
arger hydrocarbon or elemental carbon structures.

Table 1 provides stoichiometries, as derived from RBS/HFS,
or the films whose XPS spectra are shown in Fig. 9, together
ith the stoichiometries that were calculated from XPS peak

ignals in two ways. The “stoichiometry from XPS, total” was
alculated using total atomic percentages of Hf, O, and C derived
rom XPS peak intensities. The “stoichiometry from XPS, cor-
ected” takes into account only the fractions of the three elements
hat are derived from the dominant XPS peaks, i.e., the fractions
f Hf and O that are bonded as HfO2−x and the fraction of C
hat is bonded as C–C or C–H. The “total” XPS stoichiometry
as an O/Hf atomic ratio near 2, and a very high percentage

f C. The “corrected” XPS stoichiometry has an O/Hf ratio
hat is very close to the one derived from RBS; however, the
orrected carbon fraction is still considerably higher than that
erived from RBS. This result is interpreted as follows. XPS sig-
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ig. 10. Left: BFTEM image of the cross-section of an HfO2−xCy film grown in 0.6 P
AED pattern of the film.
nd of the same film after annealing at 600 ◦C (upper curves). Symbols represent
r colors represent individual (Gaussian-like) peaks in the fit.

al is always affected by surface contamination, thus the higher
xygen content found by XPS is partly due to organic impuri-
ies (and, possibly, water) that are mostly concentrated in the
urface region, which distorts the O/Hf ratio in XPS while not
ontributing significantly to the RBS data. Thus, by eliminat-
ng the contribution of organic chemical states in O 1s and Hf
f from the stoichiometry calculation, the correct O/Hf ratio is
btained. Hydrocarbon contaminants are also concentrated in
he surface region. However, their contribution to the C–C, C–H
eak in XPS is impossible to decouple from the C–C, C–H sig-
al due to elemental carbon and hydrocarbons in the bulk, thus
he overestimate of C atomic fraction remains in the corrected
PS stoichiometry.

.4. Film microstructures

Fig. 10 shows a bright-field TEM (BFTEM) image of the

ross-section of a 680 nm thick as-deposited film, as well as a
igh-resolution TEM (HRTEM) image of the region adjacent to
he Si substrate with the corresponding selected-area electron
iffraction (SAED) pattern. The structure of the film is clearly

a of C2H2. Right: HRTEM image of the region adjacent to Si substrate. Inset:
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Fig. 11. XRD pattern of a film grown in 0.08 Pa of C H and annealed at 600 ◦C.
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n this film with low carbon content, annealing caused crystallization of HfO2.
ll the peaks are assigned to the monoclinic phase of HfO2 except the peak

abeled “t-(0 0 0)”, which is assigned to the tetragonal phase.

isordered, with neither HfO2 nor carbon forming nanocrys-
allites and a SAED pattern that shows only diffuse rings due
o short-range ordering. TEM of other as-deposited samples
howed very similar microstructures. The EDS analysis on TEM
erformed for a number of different spots in a film cross-section
lways showed peaks of all three main constituent elements (Hf,
, and C), with relative peak intensities that did not vary signif-

cantly from spot to spot. Given that the estimated resolution of
he EDS spot analysis is ∼5 nm, this result indicates that carbon
nd HfO2 are mixed on a very short length scale.

The microstructures of annealed films showed strong depen-
ence on the carbon molar fraction. For the films grown in
.2 and 0.6 Pa of C2H2, after PDA the microstructures were
irtually unchanged, with featureless XRD patterns and no indi-
ations of microcrystallinity or phase separation between HfO2
nd carbon in TEM images. However, annealing of films grown
n 0.08 Pa of C2H2 caused crystallization of HfO2. The XRD
attern, Fig. 11, shows that HfO2 crystallized in the expected
onoclinic phase. The intensities of peaks (0 0 2), (0 2 0) and

2 0 0) are several times higher than is expected for randomly
riented crystallites, indicating that HfO2 crystallites form with
hese orientations as preferred ones. The origin of this preferred
rientation is currently not understood. The average size of crys-
allites, determined from XRD peak broadening, was found to
e about 16 nm.

One of the XRD peaks found is not consistent with the mon-
clinic phase, but it can be assigned to the (0 0 0) plane of the
etragonal phase (Fig. 11). Other tetragonal phase peaks were
ot observed, hence it cannot be asserted that the tetragonal
hase is indeed present. It is possible that (0 0 0) is the preferred
rientation for growth of tetragonal crystallites, which would
xplain the enhanced intensity of the (0 0 0) diffraction. At any

ate, while the stable phase of bulk HfO2 at room temperature
s the monoclinic one, the presence of minor tetragonal phase
s possible when the crystalline HfO2 is formed by annealing
rom amorphous HfO2. In fact, published work indicates that

l
o
i
o
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rystallization of HfO2 into tetragonal phase seems to be pre-
erred when the amorphous precursor has a large surface area37

nd when long-range structural order is inhibited by geometrical
onstraints38 or by mixing with other oxides.39,40

Films of pure HfO2 grown by PLD at room temperature are
ypically amorphous,41 and it is thus not surprising that the
s-deposited films studied here are amorphous as well. How-
ver, in pure HfO2 films the development of microcrystallinity
pon PDA is expected for annealing temperatures as low as
00–450 ◦C.42–44 As the contrasting annealing behavior of films
ith different C/Hf ratios shows, high carbon content has the

ffect of stabilization of the amorphous structure of HfO2, and
ith a C/Hf ratio ≥0.65 (Fig. 5) crystallization is inhibited to at

east 600 ◦C.

.5. Raman spectroscopy

Raman spectroscopy provided key insights into the form of
arbon present in the films. The Raman spectra of disordered
arbons that contain sp2 bonds show two characteristic features:
he G band around 1560 cm−1, which is due to the stretching
ibrations of pairs of sp2 C atoms in both rings and chains
E2g mode)45,46; and the D band around 1360 cm−1, which is
orbidden in perfect graphite and appears in the presence of dis-
rder due to double resonant Raman scattering.47 For various
orms of carbon, the ratio of integrated intensities of the D and

peaks, ID/IG, has been commonly used to assess the carbon
tructural ordering.45,48–51 The ratio is related to the average
ize of graphitic clusters (in-plane correlation length), La, via
he Tuinstra-Koenig (TK) relation ID/IG = C(λ)/La,46 where λ

s the excitation wavelength. For λ = 514.5 nm, C ∼44 Å.46,48

nother parameter used to characterize the carbon bonding is
he full width at half maximum of the G peak (FWHMG), which
ncreases as disorder increases.48,52,53

The Raman spectra for as-deposited and annealed films
rown in 0.08 Pa of C2H2 are shown in Fig. 12. The spectrum
or the as-deposited film shows only a weak, very broad band in
he region 1000–1600 cm−1, which cannot be assigned to any
orm of carbon, and is possibly a second-order spectral feature
ue to phonon scattering of the amorphous HfO2 film.54 The
trong band at 960 cm−1 is due to optical phonon scattering of
he Si substrate.55 For the annealed sample, it was found that the
pectra were strongly dependent on the position on the sample
urface—a behavior not observed for samples with higher car-
on contents. For all surface spots probed, the spectra show a
aseline that increases with the Raman shift. This is the photolu-
inescence (PL) background that is a well-known signature of

arious forms of amorphous hydrogenated carbon (a-C:H).52,56

he PL background is expected to increase with the H content,
ue to the hydrogen saturation of nonradiative recombination
enters,56 and for carbons with H atomic contents over ∼45%
he background usually overshadows the Raman features of
-C:H.45,53,56 These carbons are usually referred to as polymer-

ike a-C:H (PLCH) and they are characterized by a high fraction
f sp3 bonds, which are mostly H-terminated.52 Notwithstand-
ng the similarity between the Raman spectra of PLCH and that
f the annealed carbon-rich hafnia film in Fig. 12, the two carbon
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Fig. 12. Raman spectra of a film grown in 0.08 Pa of C2H2 (bottom curve) and of
the same film after annealing at 600 ◦C, probed at two different surface locations
(upper two curves). The upper two curves have been shifted in the vertical
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Fig. 13. Raman spectra of an HfO2−xCy film grown in 0.2 Pa of C2H2: (a) spec-
tra measured before and after annealing at 600 ◦C; (b) background-subtracted
experimental spectrum for the annealed film (black curve) is shown together with
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irection for clarity. Labels “D” and “G” denote the respective vibrational modes
f sp2 carbon.

ystems are obviously very different; the film has an H/C atomic
atio less than 0.1, which is much lower than the ratios (∼1)
haracteristic for PLCH. Unlike hydrogenated carbon in PLCH,
arbon in here studied films is trapped within a HfO2−x matrix,
hich may inhibit formation of sp2-bonded carbon domains and

ause the sp2 Raman features to be much weaker than what
ould be expected for pure hydrogenated carbon.
Upon annealing of hydrogenated carbons at 600 ◦C, signifi-

ant effusion of bonded hydrogen is expected, leading to loss of
ydrogen from samples.53,57 The HFS measurements that were
resented above confirmed significant hydrogen loss, while no
ignificant carbon loss on PDA in vacuo was detected. Given that
s-deposited films contain more hydrogen then annealed ones, it
s not obvious why the film deposited at 0.08 Pa of C2H2 shows
he PL background characteristic for a-C:H only after PDA. A
robable reason for this is that the as-deposited film, given the
ow overall carbon concentration in it, actually contains mostly
mall hydrocarbon molecules and, possibly, small clusters or
lemental carbon. In contrast to extended structures of a-C:H,
hese smaller species of carbon do not produce the PL back-
round. Annealing leads to a reduction in hydrogen content and
eordering of carbon into extended networks of a-C:H, charac-
erized by the PL. This is probably accompanied by enhanced
rdering of the existing sp2 phase and the conversion of some
p3 sites into sp2 sites.57,58

For some probed spots, the Raman spectra of the annealed
lm grown in 0.08 Pa of C2H2 show the D and G peaks in addi-

ion to the PL background (Fig. 12), indicating that at these
ocations the H content is lower and/or the fraction of sp2 car-
on is higher than in the spots that do not show these peaks.

he non-uniformity in the spatial distribution of hydrogenated
arbon observed in the annealed film is probably related to HfO2
rystallization, discussed in Section 3.4. The formation of HfO2

d
d
f

he cumulative two-peak Gaussian fit (red curve) and the individual Gaussians
blue curves).

rystallites is expected to augment any inherent non-uniformity
f the carbon distribution that had been present in the film before
rystallization took place. The regions with lower initial car-
on concentration crystallize earlier and form larger crystallites,
hich drives the migration of carbon to neighboring spatial

egions. Therefore, it is plausible that crystallization of HfO2
eads to coalescence of carbon domains, and in these enlarged
omains the formation of extended sp2 carbon chains and rings
s likely at 600 ◦C. Surface spots that contain such carbon will
hus have enhanced D and G peaks.

For those spatial regions that did produce Raman spectra with
he D and G peaks (Fig. 12), the relative integrated intensities
areas) of the two peaks were estimated. After subtracting the
L baseline from the spectra, 2-peak Gaussian fits to the data
ere performed (an example of such a fit is shown in Fig. 13).
he average ID/IG ratio thus obtained (Table 2) is very high,
nd using the TK formula a sub-nanometer graphite cluster size
s obtained. It has been argued45 that the TK formula is not
pplicable for clusters smaller than ∼2 nm, hence the use of this
pproach to estimate the cluster sizes is not self-consistent for
he samples studied here. Therefore, the ID/IG parameter is here
ot used for quantitative estimate of the graphite cluster sizes,
nd its values are listed in Table 2 only as a reference and without
urther analysis.

The Raman spectra for the as-deposited and annealed films

eposited in 0.2 Pa of C2H2 are shown in Fig. 13. The as-
eposited sample spectrum again does not show any carbon
eatures. However, the annealed sample spectrum shows much
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Table 2
Parameters derived by fitting the G and D Raman peaks and the proposed form of carbon in the films. IG and ID are the peak areas and FWHMG is the width of the G
peak. The uncertainties represent standard deviations of multiple measurements in which different spots of the film surfaces were probed. PLCH, DLCH, and GLCH
denote polymer-like, diamond-like, and graphite-like amorphous hydrogenated carbon, respectively.

C2H2 pressure (Pa) Sample ID/IG FWHMG (cm−1) Proposed form of carbon in the films

0.08 As-deposited – – Hydrocarbons, small C clusters
Annealeda 6.7 ± 1.3 86 ± 16 PLCH

0.2 As-deposited – – Hydrocarbons, small C clusters
Annealed 10 ± 1 96 ± 11 GLCH or nano-graphitic
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.6 As-deposited 2.32 ± 0.04
Annealed 3.4 ± 0.2

a For this sample not all of the surface spots probed produced G and D peaks

tronger sp2 carbon features than those observed in the sample
eposited at the lower C2H2 pressure, and the PL background
ontribution is negligible. This spectrum is similar to those of
-C:H with a hydrogen content less than 20%, usually referred to
s the graphite-like a-C:H (GLCH).52 Given that the RBS/HFS
ata indicate that not more than 7% of carbon in this annealed
ample is hydrogenated (Table 1), carbon in this film may also
e categorized as nano-graphitic.

For films grown in 0.6 Pa of C2H2, the signatures of graphitic
arbon are present even before annealing (Fig. 14). Based on a
ualitative comparison of the sizes of sp2 carbon peaks with that
f the PL background, the spectrum is very similar to those of
-C:H with an intermediate (20–40%) H content and a lower
p3 content than that of PLCHs, in the literature referred to as
he diamond-like a-C:H (DLCH).52 After annealing, the sample
hows well-defined G and D peaks, consistent with the behavior
f GLCH or nano-graphitic carbons.

The width of the G peak, FWHMG, decreases with anneal-
ng for films grown in 0.6 Pa of C2H2 (Table 2). This indicates

2
ncreased ordering of the sp regions that accompanies the effu-
ion of hydrogen species. A weak decreasing trend in FWHMG
ith increasing carbon content in the annealed films is also

uggested (Table 2). The relatively low value of FWHMG for

ig. 14. Raman spectra of a film grown in 0.6 Pa of C2H2 (lower curve) and of
he same film after annealing at 600 ◦C (upper curve). The upper spectrum has
een shifted in the vertical direction for clarity.

o
C
f
t
g
n
p
a
T
t
i

i
n
b
o
r
e
p
n
t
a
t
n
(

107 ± 2 DLCH
74 ± 3 GLCH or nano-graphitic

ext).

he annealed film deposited at the lowest C2H2 pressure, which
reaks the latter trend, is not representative of the entire film, but
f selected regions, as discussed above. The increase of the sp2

rdering with C content in the annealed films possibly results
rom better initial ordering in as-deposited films with higher C
oncentration, given that higher surface density of C adatoms
mplies higher probability of formation of extended sp2 chains
nd rings.

. Discussion

It was demonstrated that very high fractions of carbon are
ncorporated in the films even with low C2H2 background pres-
ures, and here possible mechanisms for carbon incorporation
re discussed. To estimate the total number of carbon atoms
vailable for inclusion in a film by each laser pulse, let us con-
ider a conical volume whose apex is at the laser spot on the
arget and the base of unit area (1 cm2) is at the substrate. Tak-
ng a C2H2 pressure of 0.2 Pa and the target–substrate distance
f 5 cm, at room temperature this volume contains 8.16 × 1013

2H2 molecules, or 1.63 × 1014 C atoms. The RBS analysis
ound that the number density of C atoms in films deposited at
his C2H2 pressure was about 1.45 × 1022 cm−3, while the film
rowth rate estimated from the RBS/TEM film thickness and the
umber of laser pulses was about 1.2 × 10−9 cm/pulse. Multi-
lying the last two numbers, it follows that, after each pulse,
bout 1.7 × 1013 C atoms are deposited per 1 cm2 of substrate.
herefore, about 11% of the C atoms that were initially con-

ained within the conical volume as C2H2 become incorporated
n the film after each pulse.

No evidence was found of triply bonded carbon in the films,
ndicating that trapping of C2H2 during film growth is not a sig-
ificant source of carbon. This implies that C2H2 is decomposed
y one or more processes during laser ablation and the products
f decomposition (and, possibly, subsequent reactions) are car-
ied towards the substrate by the laser plume. The 308 nm photon
nergy is insufficient for photodissociation of C2H2 in a single-
hoton process.59 The carbon molar fraction in the films did
ot show significant dependence on the laser fluence, indicating
hat multiphoton photodissociation processes are insignificant

s well. The remaining possible routes for C2H2 decomposi-
ion in the system include (i) thermal decomposition at and
ear the target surface that is transiently heated by laser pulses,
ii) thermal decomposition in the ablation plume plasma, and
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D.A. Pejaković et al. / Journal of the Eur

iii) decomposition by impact with energetic particles in the
lume.

The route (i) seems insignificant, given that the number of
2H2 molecules in the vicinity of laser-heated spot at the target

s a small fraction of the molecules contained within the abla-
ion cone discussed above. In addition, the EDS analysis of the
blated target surface did not indicate the presence of carbon,
hich would be expected if significant C2H2 decomposition at

he target surface were taking place. Therefore, decomposition
outes (ii) and (iii) are the most plausible sources of carbon in
he films. The products of C2H2 decomposition (C, C2, CH,
tc.) are likely to react upon reaching the substrate (or film)
urface, given their high number density. The products of these
eactions may include elemental carbon in various forms and
ydrocarbons. How extensive bonding will take place at the sur-
ace depends on the surface density and mobility of adatoms.
hus, larger elemental and hydrogenated carbon structures are
xpected for higher C2H2 pressures and higher substrate tem-
eratures.

Based on the presented results of comprehensive analyses of
he films, the following description is proposed. Upon depo-
ition, Hf and O in the films are present predominantly as
morphous HfO2−x. In samples with low overall carbon concen-
ration, carbon is deposited largely in the form of hydrocarbons
r small clusters of elemental carbon, with a small fraction
onded within organic impurities. In samples with high carbon
oncentration, upon pulsed deposition a more extended sp2 and
p3 bonding occurs between C adatoms, and the films contain
isordered networks of hydrogenated carbon with an intermedi-
te content of sp3 bonds, similar to those in DLCHs.

Annealing greatly reduces the amount of both organics and
ydrogen in the films. This is probably caused by thermal decom-
osition of organics and some hydrocarbons and subsequent
ffusion of the products of this decomposition. Thermal effu-
ion measurements of a-C:H films have shown that the peak
f effusion occurs at 600 ◦C, and the main effusion species
s H2, while minor species include H, CH4, C2H4, CH3, and
ther hydrocarbons.57 It is likely that elemental hydrogen is the
ominant effusion species in our films as well, given that anneal-
ng significantly reduces the H content, while the C content is
ot affected significantly. Hydrogen loss is accompanied by the
onversion of sp3 sites into sp2 sites, as has been reported for
nnealed a-C:H.57,58,60 In addition, ordering in the existing sp2

egions is improved and it is likely that some neighboring sp2

egions coalesce. This structural evolution of carbon is reflected
n the enhanced sp2 vibrational modes and, in particular, sharp-
ning and increase of the Raman D peak.

. Conclusions

High-quality films of hafnia with very high carbon contents
ere synthesized. The carbon fraction in the films can be eas-

ly controlled by varying the background C2H2 pressure during

LD. Upon annealing at 600 ◦C, carbon in the films is present
redominantly as GLCH or nano-graphitic carbon, while Hf
nd O are bonded almost exclusively within oxygen-deficient
ioxide. The films have very finely grained microstructures and
Ceramic Society 30 (2010) 2289–2300 2299

anocrystallinity is inhibited to at least 600 ◦C for films with
he two higher carbon fractions. The results indicate that the
nnealed films present close analogs of the HfO2−xCy oxide
nterlayers formed in oxidation of HfC.

Our current and future studies of the HfO2−xCy system will
nvestigate the stabilization of the amorphous structure of the
lms at higher annealing temperatures and determine the behav-

or of the material in oxidizing environments.
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