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Hard and elastic amorphous carbon nitride thin films studied by 3C nuclear magnetic
resonance spectroscopy
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The chemical bonding of hard and elastic amorphous carbon nitideN,) thin films was examined using
solid-state®C NMR spectroscopy. The films were deposited by DC magnetron sputtering in a pure nitrogen
discharge on $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. THEC NMR results conclusively demonstrate that hard and elas@N, has ansp?
carbon bonded structure and tisgf hybridized carbons are absent. Our results stand in contrast with earlier
work that proposed that the interesting mechanical properties of hard and al3hg were due, in part, to
sp° bonded carbon.
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. INTRODUCTION In this paper, we report®C NMR results on ara-CN, ma-
terial that is hard and elastic and exhibits a high recovery, as
Amorphous carbon nitrideatCN,) thin films are cur- determined by nanoindentation.
rently being extensively studied because of their unusual me-
chanical properties. When deposited under suitable deposi-
tion conditions, hard and elastia-CN, films can be Il EXPERIMENT

fabricated which exhibit high elastic recovery The most The a-CN, thin films were deposited by DC magnetron
widely ac_cepted mo_del_ that correl_ates the str_ucture of hargputtering in a pure nitrogen discharge at 9 mTorr on 75
and elastica-CN, with its mechanical properties proposes mm.diam Sj001) substrates. The substrate, positioned 8 cm
that the material consists of buckled graphitic segments Witlom the source, was electrically grounded and heated to
incorporated nitrogen, and that these segments are crossgo°c. The target was a 50 mm-diam and 6.4 mm-thick
linked by sp® bonded carbof?>° Electron energy loss 99.999% pure graphite disk. Mechanical testing of the
spectroscopy”® (EELS) and near-edge x-ray absorption a-CN, films was carried out with a MTS NanoXP nanoin-
fine-structure spectroscopy (NEXAFS) have been used to dentation system using a Berkovich tip. The indentations
try to examine the relative fractions ep? andsp® hybrid-  were performed under a constant strain rate condition by
ized carbon bonded to carbon @CN,. However to date, keepingP/P=0.01s !, whereP is the load rate an@ the
no reliable quantitative measurements of the amourgp3f  load.
hybridized carbon has been reported in the literature. Recent For the NMR experiments, 140 mg of material was ob-
experiment evidence indicates that sp° coordinated car- tained by depositing three 9 um-thick films that were sub-
bon environment will relax ts p? in the presence of approxi- sequently scraped off the substrate. All solid-state NMR
mately 14% nitroger? and these calculations suggest thatmeasurements were carried out at room temperature using a
sp° carbon is not stable in hard and elastieCN,, which  custom-built spectrometer operating at 7 *H(Larmor fre-
exhibits a typical atomic nitrogen concentration-e20%2-%  quency of 300.07 MHgand with a**C frequency of 75.46
The focus of this report is to resolve this controversy by theMHz and N frequency of 21.68 MHz. The applied radio
use of solid-state nuclear magnetic resonance spectroscofequency fieldg90° pulse widthswere 71.4 kHz(3.5 us)
(NMR). for H, 62.5 kHz (4 us) for *3C, and 41.7 kHZ6 us) for
Since the NMR chemical shift o§p? and sp® bonded  “N, respectively. Magic angle spinning/AS) *C NMR
carbons are well resolved, other researchers have employsgectra were directly obtained using a Hahn echo pulse se-
solid-state 3C NMR techniques to investigat@-CN,  quence and a four-pulse total suppression of a spinning side-
films.1*=**However, all earlier NMR work on carbon nitride band (TOSS sequencé’ The *C Hahn echo spectra were
has focused on hydrogenated materials or materials deposempared to both the direct detection and cross polarization
ited at ambient temperatut&;*Separate results have shown (CP) spectra. In addition, a rotational echo adiabatic passage
that either of these deposition conditions producea-#@N,  double resonané®(REAPDOR experiment was carried out
material with less robust mechanical properfie® In addi-  with a 50 us *N contact pulse and dephasing over six rotor
tion, no mechanical testing results were reported for any o€ycles, with 180°'*C pulses every half rotor period. By ex-
the a-CN, materials previously characterized by NMR2*  ploiting the dipole coupling betweeliC and**N nuclei, the
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% 1E ' ' ' é FIG. 2. 3C Hahn echo MAS spectra G-CN,: 74=10s; 7,
= 82 3 3 =125us; v,=8kHz, and NS20000. Spectra are shown with
% 04 [ E proton decoupling(triangles and without (solid line). The gray
= 0-% 3 — shading indicates the region wes@® carbon signals are expected.
0 ZOInd 40 ]550 0 8 100 The low-intensity Hahn Echo CP-MAS spectrydashed lingwas
entation Depth (nm) acquired with a 1-ms contact timery=1s; 7,=111.1us; v,
FIG. 1. Nanoindentation results of aién-thicka-CN, film. In =9 kHz; and NS=10 000. The CP-MAS spectrum has been multi-

plied by a factor ofv2 to ensure the same signal-to-noise ratio in

the upper panel, the hardngsymbols with dashed lingsnd elas-
both spectrum.

tic modulus(symbols with solid linesare shown as a function of

indentation depth. The open squares correspond to results obtainggy as defined by Zhengt al 21 \vas found to be (80.0

at the center of the 75 mm-diam substrate, while the filled squareg_0 6)% and (82-2)% near the center and edge of the 75

were obtained 10 mm from the edge. The lower panel illustrates & m-diam substrate. respectivelv. with an indentation depth
typical load versus displacement curve of the material deposite . » fesp Y . P
il i thi of 100 nm with a maximum load of-1.0 mN. Comparison
and characterized in this study. . .
of the mechanical properties from center to edge of the sub-

. N strate demonstrates that our material collection process for
REAPDOR experiment allows the determination of the POr-h e NMR experiments was reasonable. We have produced
tion of the 3C spectra originating from carbons bonded to

) . . ) large-area, highly elasti@-CN, films without significant
mtrogen_. Dgtalls of recycle delays{), echo spacing times degradation of the mechanical properties across the entire
(7e), spinning speedsyt), and number of scané\S) for

; ; . . . diameter of the substrate.
each experiment are included in the figure captions. All spec- 5 comparison of*3C Hahn echo spectra obtained by di-

tra were apodized using 200-Hz Lorentzian line broadening,.; detection and cross-polarization measuremélats-
and the™*C chemical shift is referenced to tetramethylsiIaneimensity dashed curyeis given in Fig. 2. The CP-MAS

(TMS at zero ppm spectrall ms contact timehas been scaled by a factor&
to equalize the signal-to-noise ratio in both spectra. The
Ill. RESULTS AND DISCUSSION lower relative intensity of thg qross-pqlar?;ation spectrum
suggests that oua-CN, material is not significantly hydro-
The elastic modulus and hardness of ari-thicka-CN,  genated. This is further supported by the fact that the reso-
film, as obtained from the method of Oliver and PHdmye  lution and shape of the Hahn echo direct detection spectra is
shown as a function of indentation depth in the upper panehot altered by proton decoupling, as also shown in Fig. 2
of Fig. 1. The open squares correspond to testing obtained &ymbol and solid ling Since magnetization transfer is me-
the center of the 75 mm-diam substrate, while the filleddiated by dipolar interactions, cross polarization is more ef-
squares correspond to testing 10 mm from the edge. For ditient (intensity is higherfor carbons closer to protons. For
indentation depth of 100 nm, nanoindentation tests reveal a 1-ms contact time, the observed intensity is slightly higher
hardness of 5 GPa and an elastic modulus of 47 GPa. As the ~150 ppm(dashed spectrum in Fig..2In addition, the
indentation depth increases both the hardness and elasBbarper peak at-150 ppm is suppressed for the spectrum
modulus increase due to the substrate-film interaction. Interacquired & a 5 mscontact time(not shown. The higher
estingly, the mechanical properties at the center and edgeoss-polarization efficiency of the feature at 150 ppm ob-
follow very similar trends except for a constant offset, whichserved at shorter contact times indicates that those carbons
we attribute to decreased ion flux near the effgetypical  that are protonated are also more likely to be directly bonded
load versus displacement curve, illustrating the high elastito nitrogen.
recovery of this material, is shown in the lower panel of Fig. The low-intensity lobes that are positioned symmetrically
1. The unloading portion of the curve was fitted with thearound the central peak of the spectra in Fig. 2 are the spin-
power-law relation as described by Oliver and PA&A  ning sidebands. Since the sidebands partially obscure the re-
power-law exponent of 2.2 was found to best describe thgion of the spectrum wherep® bonded carbon resonatés
contact area of the indenter tip for this material. Using this(0—75 ppm, Hahn echo experiments were carried out at
exponent, the residual displacement was determined by thgigher spinning speeds. Comparison of the spectra obtained
best least-squares fit. Averaging over 10 indents, the recowat 8 and 10 kHz spinning spee@fgs. 2 and 3, respectively
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RN RN RN RERN RN S spectrum between the full and attenuated spectra is shown in
Fig. 4 (dashed lingcorresponds to only thoséC coupled to
14N. The maximum observed dephasing-&t50 ppm corre-
sponds to carbon directly bonded to nitrogen. The minimum
dephasing at 90—110 ppm correspondspb carbon directly
bonded to carbon. This information allows partial assignment
of the direct detected Hahn echo spectriitig. 2); the sharp
4 peak at 110 ppm is now attributed $q? carbon bonded to
St =g carbon, and the broad shoulder at 125-175 ppm is attributed
300 250 200 150 100 50 O to sp? carbon bonded to nitrogen. Interestingly, the CP-MAS
ppm indicates that the carbons bonded to nitrogen are also in
FIG. 3. Comparison of TOSS 7{=3s, »—6kHz, NS closer proximity to protons, which suggests some of_ the n_i-
~15000, and dashed lineand Hahn echo(HE) MAS (», trogen may be protonated; we are currently exploring this

=10kHz, 74=10's, ,=200us, and NS=10 000, and solid line  Subject in more detail.

Intensity (arb. units)

This figure shows that the small feature in the shasigtiarea of It is important to note that some of the changes in the
Fig. 2 is a spinning sideband. The spectra were scaled so that ttghape and intensity observed among TOSS, REAPDOR, and
noise level is approximately the same in each. Hahn echo direct detection spectra are due to the fact that for

TOSS and REAPDOR data acquisition occurred after four
shows that the low-intensity feature between 0 and 75 pprand six rotor cycles, respectively. Since TOSS and REAP-
moves with respect to the central portion of the spectrum, apOR are much longer pulse sequences, some distortions are
expected for a spinning sideband. Currently spinning speedsnticipated due td, differences for each bonding configu-
above 10 kHz are not available, so a TOSS sequence Wagtion.
implemented to completely suppress the sidebands. The yoyng-Guiet al. have calculated the chemical shifts of a
TOSS3 spectrunidashed line in Fig. Bconfirms the absence  ariety of carbon nitride phasé&The calculated®C chemi-
) e s o o3 L of GBI GN, (14 po i h any value
sha,rp peak at 112 ppm in the direct detection spect)ﬁum su falls Wit.hin the experimentalispectral range. In?eresting!y, the
gests an upper bound estimate of 0.1%sp carbon in this %raphltlc phase of §N, consists of two nonequivalent nitro-

' gen bonding sites around the perimeter of a vacancy defect

material. . . .
The results of the dipolar dephasing REAPDOR eXperi_structure: a site where N is coordinated to two carbons and a

ment fora-CN, are shown in Fig. 4. The full spectrutfilled site where N is coordinated to three carbons. The computa-
squares is cémpared to the attenuated spectrgopen  tional work by Snis and Mat&t on the model carbon nitride

circles. The attenuated spectrum is obtained by applying aifompound, N4, demonstrates an x-ray photoelectron
adiabatic-passage pulse to tHel channel, which results in  SPeCtroscopyXPS) chemical shift of~2 eV between the
dipolar dephasing® Since the strength of the dipolar inter- tWo types of sites described above. This prediction is consis-
action is inversely proportional to the cube of the internu-tent with our experimental XPS spectraf hard and elastic
clear bond distance, the carbons bonded closest to the nitré-CN,, and this suggests that the vacancy defect structures
gen experience the strongest dipolar coupling. Thus, théound in GN, and G;N4 may occur ina-CN, thin films.
highest dephasing efficiendgignal attenuationis observed
for the carbons bonded directly to nitrogen. The difference

IV. CONCLUSIONS

BARRRRARERRE  RERRRESRERRERE
_F cnN ?ﬁ - In conclusion, in this paper we repofiC NMR charac-
éi \‘.g@ . E terization of hard and elastic amorphous carbon nitride,
= r .'g . E a-CN, . Our results show that the material hassgni carbon

'§ - ® = bonded structure and does not include ap/ hybridized

E,; - E E carbon. Using double resonance techniqiBEAPDOR),

% 2 EJ"‘". E we were able to distinguish thsp? carbons bonded to other
El by = carbons from those bonded to nitrogen. The nanoindentation

A results demonstrate that thasCN, material exhibits a high
300 250 200 150 100 50 0O elastic recovery having a low modulus but high strength. The
ppm inferred sp? bonded carbon structure is consistent with the

FIG. 4. Dipolar dephasing REAPDOR spectra were acquireo’ow,'mOdUIus str.U(-:ture similar to that of graphite, the stereo-
with 74=3s, »,=8kHz, and NS-26000. The full spectrum typ|c(_':1I sp? hybr@zed carbon strgcture. However, the high
(filled squarey attenuated spectruiopen circle and difference  elastic recovery is not observed in graphite. Our results elu-
spectrum(dashed lingare shown. The gray-shaded region indicatescidate the carbon hybridization & CN, thin films and high-
the portion of the spectra attributed to carbon directly bonded tdight the important remaining questions about the structures
nitrogen. responsible for the high elastic recovery in this material.
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