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This paper investigated the effect of chromium underlayer on the structure, microstructure, and
composition of the nano-crystalline diamond films. Nano-crystalline diamond thin films were
deposited at high temperature in microwave-induced plasma diluted with nitrogen, on single
crystal silicon substrate with a thin film of chromium as an underlayer. Characterization of the film
was implemented using non-Rutherford backscattering spectrometry, Raman spectroscopy,
near-edge x-ray absorption fine structure, x-ray diffraction, and atomic force microscopy.
Nanoindentation studies showed that the films deposited on chromium underlayer have higher
hardness values compared to those deposited on silicon without an underlayer. Diamond and
graphitic phases of the films evaluated by x-ray and optical spectroscopic analyses determined
consistency between the sp> and sp” phases of carbon in chromium sample to that of diamond
grown on silicon. Diffusion of chromium was observed using ion beam analysis which was
correlated with the formation of chromium complexes by x-ray diffraction. © 2013 American

Institute of Physics. [http://dx.doi.org/10.1063/1.4774086]

Diamond and diamond-like thin films are important for
technological applications ranging from microelectronics to
tribologics."” The realization of nano- and ultranano-
crystalline diamond (NCD and UNCD) films has enhanced
the efficacy of diamond films in the fields of microelectrome-
chanical, optical, and other devices.>* The average grain
size of these films ranges from tens to hundreds of nano-
meters, with the volume of graphitic sp> bonding reduced to
10% in UNCD.”

Research has shown that the characteristics of NCD/
UNCD films, typically grown using microwave plasma
chemical vapor deposition (MPCVD), change through
manipulation of the relative concentrations of ionized gases
and modifications to the growth surface.®” For example,
films grown on an underlayer of tungsten and molybdenum
have displayed a higher nucleation density and smoother
surfaces than those prepared by traditional seeding meth-
ods.®” Based on the choice of underlayer, one can also
enhance interfacial cohesiveness of resultant films,'® clearly
demonstrating that the choice of underlayer can have a sig-
nificant effect on the properties of deposited films. Studies
have shown that films grown on different underlayers pro-
duce interesting structures'' or compounds,'? whose overall
effect may enhance or become a detriment'? to the system.
To tailor the characteristics of such systems, various metallic
underlayers have been used. '+ 16 Among these, chromium
has been used as interfacial barriers between the iron and
carbon during deposition to prevent the formation of gra-
phitic phase film'” and was shown to lead to the formation of
useful microstructures in diamond films; i.e., mechanical
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interlocking of diamond grains into chromium carbides on
steel substrates.'® As chromium has been used as an adhesive
layer on different substrates during the fabrication of many
micro and nano devices, it was chosen as an underlayer.

In this study, a nano-crystalline diamond film deposited
on a thin chromium layer over silicon at high substrate tem-
perature has been fully characterized. Though chromium has
been used as an underlayer during radio frequency chemical
vapor deposition (RFECVD) of DLC coatings,"” no similar
study has been done on NCD. The NCD films, in this study,
were deposited in a MPCVD system, within nitrogen diluted
atmosphere. The presence of nitrogen provides growth
enhancements of smoothness and morphology.”*?* This
study compares the properties of the NCD films grown on a
chromium underlayer to a control sample grown on silicon
and ascertains the effect of this underlayer on NCD film
properties, characterizing composition, structure, microstruc-
ture, and interfacial characteristics.

NCD thin films were deposited on silicon substrates
with and without a chromium underlayer using a MPCVD
system (Lambda Technology, USA) at center for the nano-
scale materials (CNM), Argonne National Laboratory. Prior
to film growth, a chromium layer of approximately 50 nm
was deposited on silicon using magnetron sputtering physical
vapor deposition (PVD). Coated substrates were then trans-
ferred from the PVD chamber to the CVD chamber in air for
film growth. NCD films were grown in a gas mixture of ar-
gon, nitrogen, and methane, which were allowed into the
deposition chamber at constant flow rates of 160, 40, and 3
sccm, respectively, with the total chamber pressure

© 2013 American Institute of Physics
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maintained at 80 mbar. The microwave power was kept con-
stant at 2.3 kW, while the substrate temperature was held at
750 °C. The thicknesses of the resultant NCD films grown on
silicon and a chromium underlayer, determined based on a
target simulation of non-Rutherford backscattering spec-
trometry (NRBS) spectra by siMNRA, were approximately 215
and 384 nm, respectively.

The NCD films were characterized using Raman spec-
troscopy and near-edge x-ray absorption fine structure
(NEXAFS) to determine the molecular structure of the films.
Raman spectroscopy was carried out using a Renishaw Via
Reflex Raman microscope having a laser source at 633 nm
wavelength. NEXAFS was performed in cooperation with
Kyushu University, at the SAGA Light Source located in
Tosu City, Kyushu, Japan. After passing synchrotron radia-
tion through two 10 um slits in beamline 12, the spectra of
samples were recorded in total electron yield (TEY) mode in
the energy range of 280-345eV.

Ion beam analysis was performed using a 6 MV tandem
Van de Graaff accelerator located at Western Michigan Uni-
versity. The carbon deposition profile was measured via
NRBS. A 3.35MeV alpha particle beam (diameter of 2 mm)
was used in NRBS to obtain an enhanced cross section®
with carbon. The backscattered ions were detected at a scat-
tering angle of 160°. Total charge collected on the sample
was 16 uC from a beam of 20 nA.

The structure and microstructure of these samples were
analyzed using x-ray diffraction (XRD) and atomic force mi-
croscopy (AFM), respectively. XRD patterns were collected
using a Rigaku D/Max Rapid II micro diffraction system. X-
rays were generated from a rotating Cr target (1 =2.2910 1&)
and focused through a 300 um diameter collimator onto the
specimen surface, making an incident angle of approxi-
mately 10°. XRD data were recorded for a 20 range of 10° to
160°. Phases present were identified using the International
Committee for Diffraction Data (ICDD) JADE v9.3 software
(Materials Data Inc., CA). AFM measurements were per-
formed using a Pacific Nanotechnology SPM, Nano-R series,
and scanning probe microscope under close contact mode.
Nanoindentation tests were carried out to measure the hard-
ness and Young’s Modulus of each film. Measurements were
performed using a Nanoindenter II machine located at the
Electron Microbeam Analysis Laboratory, University of
Michigan. Penetration depths using a Berkovich tip were
limited to 100nm or 20 mN of force. Elastic modulus and
hardness were determined using the Oliver and Pharr
method.**

Raman spectra of the NCD films grown on pure silicon
substrate as well as with a chromium underlayer are shown in
Figure 1. The peaks at 1370 and 1580cm ™' are the D and G
modes of sp>-bonded carbon, respectively, while the peak at
1155cm ™" corresponds to a trans-polyacetylene phase. The
fourth peak at 520cm ™' is due to the silicon substrate.*
The D and G modes are attributed to the breathing and stretch-
ing of planar carbon at the grain boundaries of NCD.*"?®
Raman spectroscopy has been employed in the past to detect
carbon structures within amorphous thin films.*’

Raman spectra of the NCD films deposited on silicon
substrate with and without a chromium underlayer were
quite similar. Normalized spectra, shown as an inset in Fig-
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FIG. 1. Raman spectra for NCD samples grown on silicon (NCD/Si) and a
chromium underlayer (NCD/Cr/Si).

ure 1, confirmed this further. I(D)/I(G) ratios taken from the
peak maxima of each mode were also consistent at 0.50 and
0.52 for samples grown on silicon and chromium, respec-
tively, indicating the fractional volume of the lattice struc-
tures associated with sp® carbon is also similar. These results
indicate an overall consistency of graphitic and amorphous
phases of carbon between samples deposited on silicon and
chromium.

Further, NEXAFS studies were performed to confirm the
presence of diamond within the NCD sample grown on chro-
mium coated silicon. NEXAFS is an excellent technique to
study bond states due to the sensitivity being uninfluenced by
grain sizes. The normalized absorption patterns of Cls transi-
tions for both samples at photon energies between 280 and
315eV are given in Figure 2. In the pre-edge region, a peak is
visible at 284.5¢eV, attributed to the Cls — n* transition.>°
The absorption edge for diamond in both samples (Cls — ¢*
transition) is located at approximately 288.5eV. In order to
confirm the shift of the absorption edge of diamond, observed
within both samples, from 289.5eV (Ref. 30), separate meas-
urements were taken of (100) oriented nitrogen doped NCD in
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FIG. 2. NEXAFS spectrum for NCD on chromium coated and uncoated
silicon.
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FIG. 3. NEXAFS spectrum for nanocrystalline (100) oriented diamond.

TEY (surface sensitive) mode (Figure 3). The diamond
absorption edge of NCD was consistent with both the NCD on
silicon and NCD on chromium coated silicon samples. A
slight shift in the secondary bandgap associated with the ¢*
exciton was also observed at 301.7 eV (from 302.5eV) within
the NEXAFS spectra of NCD samples. A peak at 287.2¢eV,
observed in both samples, has been assigned to different car-
bon bonding types under various conditions of sample prepa-
ration®'*? and is likely due to carbon o-type bonding with
elements other than carbon.”® Given the growth conditions
and the presence of a trans-polyacetylene peak in both sam-
ples from Raman spectra, this peak is attributed to the g* tran-
sition for C-H.

To examine the relative differences between ¢* transi-
tion peaks associated with diamond in both samples, multiple
peak fitting was performed. Figure 4 shows the fitted peak
spectrum, which conforms closely to experimental data. The
full width half maximum (FWHM) of the each ¢* transition
peak was found to be: 0.58 for NCD/Cr/Si, 0.59 for NCD/Si,
and 0.52 for NCD. Based on these values of the FWHM
between each sample, there is relatively little difference in
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FIG. 4. NEXAFS experimental and deconvoluted spectra of the pre-edge
and edge region of NCD on chromium coated silicon.
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local electronic structure of sp” bond types. Additionally, the
height differences between the n* and ¢* absorption
resonances of samples are about the same, indicating the rel-
ative yields from each volume of sp2 and sp3 carbon are
about the same. Overall, the NEXAFS spectra confirmed the
presence of sp” bond states within each film and indicated a
relative consistency between films in terms of their localized
electronic structure. Based on the characterizations from
both Raman and NEXAFS measurements, the state of molec-
ular carbon between the films is relatively unchanged.

XRD pattern of the films deposited on silicon substrate
with and without chromium underlayer is shown in Figure 5.
XRD patterns for NCD grown on silicon confirmed strong
diamond (111) and (220) peaks at 20 values 67.8° and
130°.* In contrast, the NCD carbon film deposited on a
chromium underlayer showed a much more complex struc-
ture with many peaks in addition to diamond (111) and (220)
phases. Interestingly, different peaks observed in this pattern
were identified to belong to two additional phases of Cr-C-N
and CrN. The peaks at 53.8°, 59.5°, 64.6°, and 69.8° associ-
ated with lattice planes of (111), (040), (211), and (131) are
of Cr-C-N.* Similarly, the peaks at 57.2°, 67.1° (overlap-
ping with (111) diamond), and 102.8° are identified to corre-
spond to the lattice planes (111), (200), and (220) of CrN.*®
The formation of CrN and Cr-C-N phases may be explained
by the diffusion of chromium/nitrogen during the high tem-
perature growth of NCD. The presence of chromium oxide
(Cr,03) is evident by the occurrence of smaller peaks at
55.2° and 86.2°,>” which may be attributed to atmospheric
exposure of the chromium coating during loading into the
CVD chamber. Possible interfacial interaction between the
layers NCD and chromium, and chromium and silicon (sub-
strate) seem to have resulted in the formation of these multi-
ple polycrystalline phases compared to the pure diamond
phases observed for the film deposited on silicon substrate.

In order to understand the interfacial mixing effects at
the chromium, carbon, and silicon interfaces, NRBS analysis
was performed on these samples. The path of the ion beam
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FIG. 5. XRD patterns for NCD grown on silicon (NCD/Si) and chromium
coated silicon (NCD/Cr/Si).
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FIG. 6. NRBS of films deposited on chromium underlayer (a) and silicon (b)
and highlighting chromium diffusion (a).

used is illustrated as an inset in Figure 6(a). The NRBS ex-
perimental spectrum along with the overlapped simulation
spectrum is also shown in Figure 6(a). Simulation of the ex-
perimental spectrum was performed utilizing the n-Simplex
algorithm implemented in S]MNRA.>®

The chromium, silicon, and carbon edges are represented
in the spectrum at the approximate energy values 2500, 1750
and 865keV, respectively. The small peak appearing at
approximately 990keV is an oxygen peak which correlates
with XRD detection of Cr,Oj5 in the film, confirming the pres-
ence of oxygen in the chromium peak layers. The trailing
edge of the carbon peak (between 600 and 700 keV) and the
leading energy edge of the chromium peak (between 2350 and
2500keV) are showing signature broadening indicating inter-
facial mixing between the chromium layer and the film has
occurred. By contrast, the film grown on silicon, Figure 6(b)
displays nearly vertical, sharp, leading and trailing edges for
both carbon and silicon. This indicates minimal or no interfa-
cial mixing between the silicon substrate and the film.

The spread of the chromium underlayer, or its diffusion,
is indicated by a circle in Figure 6(a). This trend decreases in
terms of concentration from the underlayer towards the sur-
face of the sample, from the chromium peak height at
2280keV (30 at. % of chromium) to the leading edge at
2500keV (1 at. % of chromium). Correspondence between
the width of the carbon peak and extended shoulder from the
chromium peak indicate the diffusion of chromium to the
film surface.

AFM was used in this work to study the structural
changes of the NCD films and also to understand the effect
of underlayer. Figure 7 compares the grain size of the NCD
films deposited on silicon substrate with and without chro-
mium underlayer. The AFM topographical images show that
the grain size of the film grown on chromium underlayer in

FIG. 7. AFM topographical images of (a) NCD/Cr/Si sample and (b) NCD/
Si sample.

Appl. Phys. Lett. 102, 011913 (2013)

Fig. 7(a) is larger than those of the silicon substrate without
chromium in Fig. 7(b). The estimated grain size for the film
grown on chromium (250 nm) is almost twice of that depos-
ited on silicon substrate without a chromium underlayer
(120nm). RMS roughness based on AFM images taken for
both samples revealed an increase in the roughness of the
film grown on chromium over that grown on silicon; from
7.42 to 16.25 nm. The formation of different CrN and Cr-C-
N phases may have resulted in the nucleation of larger grains
on the film deposited on chromium coated silicon over that
of the film deposited directly on silicon.

In addition to the increased grain size and roughness of
film grown on chromium compared to that deposited on sili-
con, nanoindentation tests on both films also revealed a strik-
ing difference between the hardness and elastic moduli of
these films. The load-displacement curves obtained from the
nanoindentation tests on both films are shown in Figure 8.
Interestingly, the curve obtained from the film deposited on
silicon showed a lager variation during loading and unloading
cycles, which is typically the signature of plastic deforma-
tion.** The film grown on silicon displayed a hardness and
elastic modulus of 17.46 and 207.36 GPa, respectively. In con-
trast, the film grown on chromium displayed a much higher
hardness and elastic modulus; 45.78 and 350.48 GPa. Theoret-
ical simulations coupled with the experimental findings have
predicted a decrease in the elastic modulus with the addition
of nitrogen in the grain boundary region under various condi-
tions; however, the experimental values in this study differ
from the predicted values.**™® While these measurements
show a contradiction from expected hardness values, the hard-
ness of the film grown on chromium was much higher than
that grown on silicon. This may be attributed to the formation
of different hard phases (CrN, Cr-C-N, or C-N) in the films on
chromium layer. The addition of Cr-C-N and CrN phases of
molecular chromium may be a contributing factor to the
greater hardness of the film grown on chromium. As a com-
parison, CrN alone has a reported hardness of approximately
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FIG. 8. Load-displacement curves for films grown on silicon (NCD/Si) and
chromium coated silicon (NCD/Cr/Si).
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19.6 GPa (Ref. 44), while the reported value for Cr-C-N
ranges between 22.5 and 24.5 GPa.* ¢

In summary, these investigations focused on NCD film
characteristics for samples deposited on a single crystal sili-
con substrate with and without a chromium underlayer.
Spectroscopic analysis clearly showed the formation of NCD
structure in both films. However, bulk film analysis by XRD
detected the presence of polycrystalline compounds of chro-
mium, carbon and nitrogen; CrN and Cr-C-N; as well as
chromium and oxygen (Cr,Os3) indicating the presence of
chromium and incorporation of nitrogen into those films.
NRBS detected diffusion of the chromium underlayer
through the film in correlation with XRD findings. AFM sur-
face mapping determined a large increase in grain size and
roughness over the film grown on silicon alone, and nanoin-
dentation tests revealed that the hardness of the film grown
on chromium is more than twice that of the sample grown on
silicon. Faults in the film grown on silicon may have caused
a kind of plastic deformation resulting in a lower than
expected hardness.
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