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Hard and elastic amorphous carbon nitride thin films studied by 13C nuclear magnetic
resonance spectroscopy
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The chemical bonding of hard and elastic amorphous carbon nitride (a-CNx) thin films was examined using
solid-state13C NMR spectroscopy. The films were deposited by DC magnetron sputtering in a pure nitrogen
discharge on Si~001! substrates at 300 °C. Nanoindentation tests reveal a recovery of 80%, a hardness of 5
GPa, and an elastic modulus of 47 GPa. This combination of low modulus and high strength means the
material can be regarded as hard and elastic; the material gives when pressed on and recovers its shape when
the load is released. The13C NMR results conclusively demonstrate that hard and elastica-CNx has ansp2

carbon bonded structure and thatsp3 hybridized carbons are absent. Our results stand in contrast with earlier
work that proposed that the interesting mechanical properties of hard and elastica-CNx were due, in part, to
sp3 bonded carbon.

DOI: 10.1103/PhysRevB.66.153402 PACS number~s!: 81.05.Tp, 81.15.Cd, 62.20.2x, 76.60.Cq
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I. INTRODUCTION

Amorphous carbon nitride (a-CNx) thin films are cur-
rently being extensively studied because of their unusual
chanical properties. When deposited under suitable dep
tion conditions, hard and elastica-CNx films can be
fabricated which exhibit high elastic recovery.1–4 The most
widely accepted model that correlates the structure of h
and elastica-CNx with its mechanical properties propos
that the material consists of buckled graphitic segments w
incorporated nitrogen, and that these segments are c
linked by sp3 bonded carbon.1,2,5,6 Electron energy loss
spectroscopy2,7,8 ~EELS! and near-edge x-ray absorptio
fine-structure spectroscopy3,9 ~NEXAFS! have been used to
try to examine the relative fractions ofsp2 andsp3 hybrid-
ized carbon bonded to carbon ina-CNx . However to date,
no reliable quantitative measurements of the amount ofsp3

hybridized carbon has been reported in the literature. Re
experiment evidence indicates that ansp3 coordinated car-
bon environment will relax tosp2 in the presence of approxi
mately 14% nitrogen,10 and these calculations suggest th
sp3 carbon is not stable in hard and elastica-CNx , which
exhibits a typical atomic nitrogen concentration of;20%.2–4

The focus of this report is to resolve this controversy by
use of solid-state nuclear magnetic resonance spectros
~NMR!.

Since the NMR chemical shift ofsp2 and sp3 bonded
carbons are well resolved, other researchers have empl
solid-state 13C NMR techniques to investigatea-CNx
films.11–14However, all earlier NMR work on carbon nitrid
has focused on hydrogenated materials or materials de
ited at ambient temperature.11–14Separate results have show
that either of these deposition conditions produces ana-CNx
material with less robust mechanical properties.15,16 In addi-
tion, no mechanical testing results were reported for any
the a-CNx materials previously characterized by NMR.11–14
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In this paper, we report13C NMR results on ana-CNx ma-
terial that is hard and elastic and exhibits a high recovery
determined by nanoindentation.

II. EXPERIMENT

The a-CNx thin films were deposited by DC magnetro
sputtering in a pure nitrogen discharge at 9 mTorr on
mm-diam Si~001! substrates. The substrate, positioned 8
from the source, was electrically grounded and heated
300 °C. The target was a 50 mm-diam and 6.4 mm-th
99.999% pure graphite disk. Mechanical testing of t
a-CNx films was carried out with a MTS NanoXP nanoin
dentation system using a Berkovich tip. The indentatio
were performed under a constant strain rate condition
keepingṖ/P50.01 s21, whereṖ is the load rate andP the
load.

For the NMR experiments, 140 mg of material was o
tained by depositing three;9 mm-thick films that were sub-
sequently scraped off the substrate. All solid-state NM
measurements were carried out at room temperature usi
custom-built spectrometer operating at 7 T (1H Larmor fre-
quency of 300.07 MHz! and with a13C frequency of 75.46
MHz and 14N frequency of 21.68 MHz. The applied radi
frequency fields~90° pulse widths! were 71.4 kHz~3.5 ms!
for 1H, 62.5 kHz ~4 ms! for 13C, and 41.7 kHz~6 ms! for
14N, respectively. Magic angle spinning~MAS! 13C NMR
spectra were directly obtained using a Hahn echo pulse
quence and a four-pulse total suppression of a spinning s
band ~TOSS! sequence.17 The 13C Hahn echo spectra wer
compared to both the direct detection and cross polariza
~CP! spectra. In addition, a rotational echo adiabatic pass
double resonance18 ~REAPDOR! experiment was carried ou
with a 50ms 14N contact pulse and dephasing over six ro
cycles, with 180°13C pulses every half rotor period. By ex
ploiting the dipole coupling between13C and14N nuclei, the
©2002 The American Physical Society02-1
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REAPDOR experiment allows the determination of the p
tion of the 13C spectra originating from carbons bonded
nitrogen. Details of recycle delays (td), echo spacing times
(te), spinning speeds (n r), and number of scans~NS! for
each experiment are included in the figure captions. All sp
tra were apodized using 200-Hz Lorentzian line broaden
and the13C chemical shift is referenced to tetramethylsila
~TMS at zero ppm!.

III. RESULTS AND DISCUSSION

The elastic modulus and hardness of a 6mm-thick a-CNx
film, as obtained from the method of Oliver and Pharr,19 are
shown as a function of indentation depth in the upper pa
of Fig. 1. The open squares correspond to testing obtaine
the center of the 75 mm-diam substrate, while the fil
squares correspond to testing 10 mm from the edge. Fo
indentation depth of 100 nm, nanoindentation tests reve
hardness of 5 GPa and an elastic modulus of 47 GPa. As
indentation depth increases both the hardness and el
modulus increase due to the substrate-film interaction. In
estingly, the mechanical properties at the center and e
follow very similar trends except for a constant offset, whi
we attribute to decreased ion flux near the edge.20 A typical
load versus displacement curve, illustrating the high ela
recovery of this material, is shown in the lower panel of F
1. The unloading portion of the curve was fitted with t
power-law relation as described by Oliver and Pharr.19 A
power-law exponent of 2.2 was found to best describe
contact area of the indenter tip for this material. Using t
exponent, the residual displacement was determined by
best least-squares fit. Averaging over 10 indents, the re

FIG. 1. Nanoindentation results of a 6mm-thick a-CNx film. In
the upper panel, the hardness~symbols with dashed lines! and elas-
tic modulus~symbols with solid lines! are shown as a function o
indentation depth. The open squares correspond to results obt
at the center of the 75 mm-diam substrate, while the filled squ
were obtained 10 mm from the edge. The lower panel illustrate
typical load versus displacement curve of the material depos
and characterized in this study.
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ery, as defined by Zhenget al.,21 was found to be (80.0
60.6)% and (8262)% near the center and edge of the
mm-diam substrate, respectively, with an indentation de
of 100 nm with a maximum load of;1.0 mN. Comparison
of the mechanical properties from center to edge of the s
strate demonstrates that our material collection process
the NMR experiments was reasonable. We have produ
large-area, highly elastica-CNx films without significant
degradation of the mechanical properties across the e
diameter of the substrate.

A comparison of13C Hahn echo spectra obtained by d
rect detection and cross-polarization measurements~low-
intensity dashed curve! is given in Fig. 2. The CP-MAS
spectra~1 ms contact time! has been scaled by a factor of&
to equalize the signal-to-noise ratio in both spectra. T
lower relative intensity of the cross-polarization spectru
suggests that oura-CNx material is not significantly hydro-
genated. This is further supported by the fact that the re
lution and shape of the Hahn echo direct detection spectr
not altered by proton decoupling, as also shown in Fig
~symbol and solid line!. Since magnetization transfer is me
diated by dipolar interactions, cross polarization is more
ficient ~intensity is higher! for carbons closer to protons. Fo
a 1-ms contact time, the observed intensity is slightly hig
at ;150 ppm~dashed spectrum in Fig. 2!. In addition, the
sharper peak at;150 ppm is suppressed for the spectru
acquired at a 5 ms contact time~not shown!. The higher
cross-polarization efficiency of the feature at 150 ppm o
served at shorter contact times indicates that those car
that are protonated are also more likely to be directly bon
to nitrogen.

The low-intensity lobes that are positioned symmetrica
around the central peak of the spectra in Fig. 2 are the s
ning sidebands. Since the sidebands partially obscure th
gion of the spectrum wheresp3 bonded carbon resonates22

~0–75 ppm!, Hahn echo experiments were carried out
higher spinning speeds. Comparison of the spectra obta
at 8 and 10 kHz spinning speeds~Figs. 2 and 3, respectively!

ed
es
a
d

FIG. 2. 13C Hahn echo MAS spectra ofa-CNx : td510 s; te

5125ms; n r58 kHz, and NS520 000. Spectra are shown wit
proton decoupling~triangles! and without ~solid line!. The gray
shading indicates the region weresp3 carbon signals are expected
The low-intensity Hahn Echo CP-MAS spectrum~dashed line! was
acquired with a 1-ms contact time:td51 s; te5111.1ms; n r

59 kHz; and NS510 000. The CP-MAS spectrum has been mu
plied by a factor of& to ensure the same signal-to-noise ratio
both spectrum.
2-2
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BRIEF REPORTS PHYSICAL REVIEW B66, 153402 ~2002!
shows that the low-intensity feature between 0 and 75 p
moves with respect to the central portion of the spectrum
expected for a spinning sideband. Currently spinning spe
above 10 kHz are not available, so a TOSS sequence
implemented to completely suppress the sidebands.
TOSS spectrum~dashed line in Fig. 3! confirms the absenc
of sp3 bonded carbon in hard and elastica-CNx . In addi-
tion, the ratio of the rms noise level with the intensity of t
sharp peak at 112 ppm in the direct detection spectrum
gests an upper bound estimate of 0.1% forsp3 carbon in this
material.

The results of the dipolar dephasing REAPDOR expe
ment fora-CNx are shown in Fig. 4. The full spectrum~filled
squares! is compared to the attenuated spectrum~open
circles!. The attenuated spectrum is obtained by applying
adiabatic-passage pulse to the14N channel, which results in
dipolar dephasing.18 Since the strength of the dipolar inte
action is inversely proportional to the cube of the intern
clear bond distance, the carbons bonded closest to the n
gen experience the strongest dipolar coupling. Thus,
highest dephasing efficiency~signal attenuation! is observed
for the carbons bonded directly to nitrogen. The differen

FIG. 3. Comparison of TOSS (td53 s, n r56 kHz, NS
515 000, and dashed line! and Hahn echo~HE! MAS (n r

510 kHz, td510 s, te5200ms, and NS510 000, and solid line!.
This figure shows that the small feature in the shadedsp3 area of
Fig. 2 is a spinning sideband. The spectra were scaled so tha
noise level is approximately the same in each.

FIG. 4. Dipolar dephasing REAPDOR spectra were acqui
with td53 s, n r58 kHz, and NS526 000. The full spectrum
~filled squares!, attenuated spectrum~open circles!, and difference
spectrum~dashed line! are shown. The gray-shaded region indica
the portion of the spectra attributed to carbon directly bonded
nitrogen.
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spectrum between the full and attenuated spectra is show
Fig. 4 ~dashed line! corresponds to only those13C coupled to
14N. The maximum observed dephasing at;150 ppm corre-
sponds to carbon directly bonded to nitrogen. The minim
dephasing at 90–110 ppm corresponds tosp2 carbon directly
bonded to carbon. This information allows partial assignm
of the direct detected Hahn echo spectrum~Fig. 2!; the sharp
peak at 110 ppm is now attributed tosp2 carbon bonded to
carbon, and the broad shoulder at 125–175 ppm is attribu
to sp2 carbon bonded to nitrogen. Interestingly, the CP-MA
indicates that the carbons bonded to nitrogen are also
closer proximity to protons, which suggests some of the
trogen may be protonated; we are currently exploring t
subject in more detail.

It is important to note that some of the changes in
shape and intensity observed among TOSS, REAPDOR,
Hahn echo direct detection spectra are due to the fact tha
TOSS and REAPDOR data acquisition occurred after f
and six rotor cycles, respectively. Since TOSS and REA
DOR are much longer pulse sequences, some distortions
anticipated due toT2 differences for each bonding configu
ration.

Young-Guiet al. have calculated the chemical shifts of
variety of carbon nitride phases.23 The calculated13C chemi-
cal shift of graphitic C3N4 ~144 ppm! is the only value that
falls within the experimental spectral range. Interestingly,
graphitic phase of C3N4 consists of two nonequivalent nitro
gen bonding sites around the perimeter of a vacancy de
structure: a site where N is coordinated to two carbons an
site where N is coordinated to three carbons. The comp
tional work by Snis and Matar24 on the model carbon nitride
compound, C11N4 , demonstrates an x-ray photoelectro
spectroscopy~XPS! chemical shift of;2 eV between the
two types of sites described above. This prediction is con
tent with our experimental XPS spectra4 of hard and elastic
a-CNx , and this suggests that the vacancy defect structu
found in C3N4 and C11N4 may occur ina-CNx thin films.

IV. CONCLUSIONS

In conclusion, in this paper we report13C NMR charac-
terization of hard and elastic amorphous carbon nitri
a-CNx . Our results show that the material has ansp2 carbon
bonded structure and does not include anysp3 hybridized
carbon. Using double resonance techniques~REAPDOR!,
we were able to distinguish thesp2 carbons bonded to othe
carbons from those bonded to nitrogen. The nanoindenta
results demonstrate that thisa-CNx material exhibits a high
elastic recovery having a low modulus but high strength. T
inferred sp2 bonded carbon structure is consistent with t
low-modulus structure similar to that of graphite, the stere
typical sp2 hybridized carbon structure. However, the hig
elastic recovery is not observed in graphite. Our results e
cidate the carbon hybridization ina-CNx thin films and high-
light the important remaining questions about the structu
responsible for the high elastic recovery in this material.
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