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For the first time to our knowledge, tHéC solid-state magic angle spinnirily]AS) NMR spectrum of a
99% 3C enriched tetrahedral amorphous-carf§tzaQ) thin film containing a high concentration of fourfold
coordinated carbon speci€®2%) is reported along with measured NMR spectra for the ta-C film after low
temperature annealin@50 °Q. Differential changes are observed for € MAS NMR chemical shifts and
linewidths of both the fourfolddiamondlike and threefold(graphitelikg coordinated carbon species within
the thin films with increasing annealing time; however, there was no ch@hg#) in the relative fourfold
content. These spectral changes are associated with the large compressive stress (éci&t@®Ra in the
carbon film.Ab initio calculations of thé3C NMR chemical shift, along with shift variations as a function of
atomic volume are reported for amorphous carbon and crystalline diamond. Using the observed spectral
variations in the solid-state"C MAS NMR, along with theab initio chemical shift calculations, the effect of
annealing on the ta-C films is discussed and related to current models of thermal stress relaxation in ta-C thin
films.
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. INTRODUCTION solid-state'3C magic angle spinningMAS) nuclear mag-
netic resonanceNMR) spectroscopy. NMR has been applied
Tetrahedral amorphous diamond-like carbga-C) thin  to structural studies of threefold rich amorphous carbdn,
films possess several desirable physical properties such agdrogenated amorphous carbi3h?? natural and synthetic
high hardness, low friction coefficient, ultra-wear resistancediamond4®2® and unique synthetically produced carbon
chemical inertness, biocompatibility, and tunable electricaimaterials’®~32 but only one NMR study has been reported
conductivity"? Large growth stressg§—12 GPahave lim-  for hydrogen-free ta-C film®.In that study Golzaret al®
ited the applications of this material due to adhesion failurqsed a sample collected from the carbon material that had
at the film substrate interface for relatively thin filis0.1  delaminated from the fused silica growth substrate. This film
#m). It has been demonstrated that thermal annealing cagielamination implies that any stress in the sample would be
completely remove the stress in ta-C thin filhfsand this  relieved before the NMR measurement. In addition, the ta-C
fact has permitted the deposition of thick-1-10 um)  film investigated by Golzart al. had a lower relative con-
films! It was also found that ta-C films could relax to centration of fourfold coordinated carbon spedi@s%) than
slightly tensile conditions enabling the production of largeis reported in the current paper.
free standing membranésRecently, micromachines built Recently we presented a solid-stdf€ MAS NMR in-
from stress-free ta-C films have been demonstrated. vestigation on the high temperature annealing effects in
The nature of stress relaxation in ta-C thin films with amorphous carbon thin films prepared using pulsed laser
annealing is still an open question. At least five differentdeposition and a highly enrichéf9%) °C target®* The use
models have been proposéd’ based largely on stress re- of an enriched carbon source allowed the structural evolution
lieving bond transformations of the metastable structureof these thin films to be more readily followed usiféC
These transformations commonly involve a small percentag®AS NMR. In that study, a thick ta-C filn{~6 um) was
(1-9% of the atoms in the structure and are difficult to grown by repeated deposition, anneali@40 °Q and cool-
guantify by standard characterization techniques. Transmishg cycles to provide a reasonably large sample size for in-
sion electron energy loss spectra are typically used to chacreased signal to noise levels during the NMR investigations.
acterize the ratio of fourfold(diamondlike to threefold The as-deposited film had a low fourfold coordinated carbon
(graphitelike coordinated carbon. Recently ultraviolet Ra- content(56%) as determined by*C MAS NMR. Further
man spectra have also been recorded that allow for a mom@nnealing of the amorphous carbon thin film between 800
guantitative interpretation of the relative bonding fraction.and 900 °C, produced several distinct structural changes. The
Under ideal conditions these experimental techniques armost notable change was the conversion of fourfold into
only sensitive to changes af5%, and give no direct struc- threefold coordinated carbon speci@3% threefolgl.
tural information such as changes in average bond length and In this paper the first solid-statéC MAS NMR investi-
bond angles, or the corresponding structural distributionsgation of a high quality82% fourfold coordinated carbon
One technique that has been underutilized to this point iss-deposited ta-C sample adhered to a Si substrate is re-
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ported. Additionally, the*C MAS NMR spectra of the same tween~0.5 and 1 mg of**C-enriched carbon. Under these
film annealed for short time€l—4 min at 650 °C were ob- conditions, all carbon atoms are probed by the NMR experi-
tained to study the changes in the carbon environment duringient with the exception of those associated with paramag-
annealing. Theoretical calculations of the NMR spectra denetic centers. Subsequent NMR measurements of the unan-
rived from calculated structures of amorphous carbon ar@ealed ta-C film at 100°C revealed no temperature
also presented to quantify the structural changes that occlfependence of the chemical shift indicating negligible para-
with annealing. The combination of theory and experimentnagnetic susceptibility. A two-dimensional exchange experi-
allow an interpretation of these structural changes in light ofnent using a short 1@s mixing time, was used to investi-
possible stress relaxation mechanisms, along with a new Uate the homogeneous linewidth. The details of this
derstanding of thermal stress relief in ta-C thin films. experiment have been previously discus¥ed.

Il. EXPERIMENTAL DETAILS

- . C. Theoretical structural calculations
A. Thin film deposition

To address the chemical shift variations in amorphous car-

using approximately the same experimental procedure de>o"" aseélesl of 64—_art]orr1]1 suplertl:el!s at S|{f;€rel\r|1':ﬂ\|/:zoluhmes: were
tailed previously* Briefly, the carbon films were prepared generated, along with the calculation of t chemi-

by pulsed laser depositiofPLD) using an excimer laser cal shift. The original 64-atom cell was taken from the
(284-nm KrB at high fluence(>100 J/crd) with a 13C en- 2.94-g/%rﬁ structu_re generated by Dr_abolql, Fed_ders, _and
riched graphite target in an ultra high vacuum capablesmmn? (DF9) using molecular dynamics simulations with
vacuum chamber. First, an initial 100-A natural abundancé& Minimal basis Harris functional method. This original cell
adhesion layer of carbon was deposited on both sides of @pntained 91% fourfold and 9% threefold coordinated car-
100-um-thick Si100) wafer. To enhance adhesion to the bon. This structure was then fully relaxed using a self-
substrate this natural abundance layer was annealed @@nsistent local density approximatioLDA), Hamann
850 °C for 5 min. promoting carbide formation at the Si/C norm-conserving pseudopotentidfsand a highly optimized
interface. A single, 0.3%:m-thick 99%13C-enriched carbon Gaussian basis set in thguesT program®’® The final
layer was then deposited on both sides of the silicon waferquilibrated(I'-point) structure contained 72% fourfold co-
No additional thermal annealing was performed on @  ordinated carbon, 28% threefold coordinated carbon, with a
enriched layer prior to the NMR studies. The silicon wafersmass density of 3.10 g/cinA variation of the cell volume
with the deposited carbon films were coarsely crushed angydrostatically around this equilibrium volume allowed a se-
transferred to a MAS rotor for NMR analysis. Inspection of quence of supercells with different densities to be obtaiied.
the resultant material revealed that the carbon film was Stil'mportant'y, at each new V0|ume, the atomic coordinates
adhered to the Si substrate. Following the initial NMR stud-yere allowed to relax to accommodate the volume change.
ies, the sample was then annealed under flowing Ar gas at The 13¢ chemical shifts of each individual carbon from
650 °C using a rapid thermal annealing oven for 1-min interyhe resyiting relaxed amorphous carbon supercells at differ-
vals. ent volumes(and correspondingly different densitiesere
calculated using the NMR chemical shift module for ex-
B. NMR measurements tended periodic systems recently implemeftéd the plane-

The solid-staté*C MAS NMR spectra were obtained on Wave based pseudopotential program packagyep [com-
a Bruker AMX400 instrument at 100.1 MHz using a 4-mm puter code cPmp, http://www.cpmd.org These NMR
broadband MAS probe spinning at 15 kHz. Direct polariza-calculations used theb initio density functional theory
tion Bloch decay spectra utilizing 64-K scan averages and €DFT) approach described by Sebastiani and Parririéllo,
5-s recycle delay with no'H decoupling were obtained. Wwith the BLYP (Becke-Lee-Yang-Parexchange-correlation
Cross-polarizationCP) MAS NMR studies of these films functional?®**A wave function cutoff of 60 Ry and pseudo-
showed no significant concentration 8fi species in these potentials of the Goedecker tyffavere used in calculations
films, as previously reportel, indicating that hydrogen of the 3C chemical shifts. The sampling of the Brillouin
plays no significant role in the stress relaxation processzone was restricted to the gamma point. The atomic coordi-
Measured hydrogen contents @R ppm have been found in nates from theQUEST LDA-relaxed cells were used in the
natural abundance ta-C films grown under similar conditionsanalysis; an atomic relaxation of one of the cells at the DFT/
in our laboratory [D. Barnet (private communication. BLYP level of theory was found to change the total energy of
Saturation-recovery relaxation experiments were used tthe system by less than 0.1 kJ/mol per carbon atom.*¥@e
measure the spin-lattice relaxation tim&,) for both the chemical shifts were referenced to that of crystalline dia-
threefold and fourfold carbon species in these thin filmsmond (6= +39 ppm) calculated under the same theoretical
which were found to be-1 s. Experiments with long recycle conditions as the amorphous systems above. For diamond,
delays(600 9 were also performed to assure that signal fromthe variation of the chemical shift with volume was obtained
carbon species having significantly longer spin-lattice relaxby scaling the system’s lattice constant and placing the car-
ation were not being suppressed. For the results reported loon atoms at their ideal crystal lattice sites of a cubic 64-
this study, the sample size investigated corresponds to b&tom unit cell.

The °C enriched amorphous carbon films were prepare
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TABLE I. The ®C MAS NMR isotropic chemical shifts, line-
widths, and relative percent concentrations for amorphous carbon
thin films as a function of low temperature annealing.

(a) Carbon
Samplé S(ppmP° FWHMS (Hz) f (%)® species

T T T T T
300 200 100 0 -100 ppm Unannealed 6940.5 4657200 82 Fourfold

137.8£0.5 4563+ 200 18 Threefold
1 min 650 °C 66.50.5 4054+ 200 82 Fourfold

145.9+0.5 3679200 18 Threefold
2 min 650 °C 64.40.5 4103+ 200 82 Fourfold

143.6-0.5 3189+ 200 18 Threefold
| 2 min 650°C  65.60.5 4083+ 200 82 Fourfold
300 200 100 0 ~100 ppm 139.4-0.5 3287200 18 Threefold

3 min 650°C  65.30.5 3987200 83 Fourfold

143.8:0.5  3182:£200 17 Threefold

4 min 650°C  66.6:0.5 4013200 83 Fourfold

(C) 143.3-0.5 3395+ 200 17 Threefold
aSample preparation conditions listing the annealing times for

T T T 650 °C annealing.
300 200 100 0 -100 ppm

b)

bThe '3C isotropic chemical shift referenced to the carbonyl reso-
nance of the external secondary reference solid glycifig, (
=+176.0 ppm with respect to TM8,,,=0.0 ppm).
(d) ‘Linewidth, full width at half maximum(FWHM).
: : : : YRelative percent fraction obtained from full MAS spectral decon-
300 200 100 0 ~100 ppm volution. Estimated errot-2%.
®This sample was annealed directly for 2 min. at 650 °C.

FIG. 1. The'®*C MAS NMR spectra of thé®C enriched amor- i . . .
phous carbon thin films as a function of annealing titta&,unan- film and the film annealed for 4 min at 650 °C. Comparison

nealed,(b) 2 min at 650 °C andc) 4 min at 650 °C. The expanded ©Of the signal integration in the unannealed filfFig. 1(a)]

(2x) difference spectrum between the unannealed and the 4 mignd the integration of the magnitude representation of the
annealed spectra is shown(@. During annealing small reductions difference spectrgFig. 1(d)] reveals that>30% of the car-

in the linewidth, a decrease in the fourfold bonded carbon chemicabon intensity observed in th&C MAS NMR spectra are
shift, and an increase in the threefold bonded carbon chemical shiftnpacted during the annealing process. This change corre-

are observed. sponds to>15% of the carbons in the film since the integra-
tion of the magnitude spectra sums the effects of both nega-
. RESULTS tive and positive intensities variations from the difference
. spectra.
A Experimental NMR The linewidth(FWHM) of the fourfold and threefold co-
1. ¥%C MAS NMR of ta-C films ordinated carbon resonances as a function of annealing time

is plotted in Fig. 2. The linewidth of both resonances narrows
dramatically as the film is annealed with most of the change
occurring in the first two minutes. The relative change in line
width for the threefold resonan¢e-30%) is twice that of the

" fourfold resonancé~14%). It is important to note that be-
cause the same carbon thin film is analyzed sequentially at
each annealing time, the chemical shift and linewidth
changes are not the result of slight differences in initial film
preparation conditions and thermal history, but are a direct
eresult of the annealing process.

The solid staté*C MAS NMR spectra of the ta-C film as
a function of annealing time at 650 °C are shown in Fig. 1.
The isotropic chemical shifts), full width at half maximum
(FWHM) linewidths, and the relative fraction of the three
fold coordinated 6=+ 137 to +145 ppm and fourfold co-
ordinated = +64 to +69 ppm) carbon species are tabu-
lated in Table I. This ta-C film reveals a very high
concentration of the fourfolddiamond-like orsp*-like) co-
ordinated carbon speci€s82%) as a result of the high laser
fluence utilized during sample preparation. Importantly, ther
is no change in the fourfold conteffivithin experimental
error of +2%) for the short 650 °C annealing timé€Bable ).
With increasing annealing time there is a decrease of the The observation of very broad line widths in these amor-
fourfold carbon chemical shift and an increase in the chemiphous carbon films needs to be addressed. It has generally
cal shift of the threefold carbon species. These changes in theeen argued that the broad resonances observed in amor-
chemical shift and linewidth are clearly visible in the differ- phous carbon films result from the distribution of local car-
ence spectruniFig. 1(d)] between the unannealed carbonbon environment&1®#183% However, other sources of

2. Exchange NMR—evidence for inhomogeneous broadening
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FIG. 3. Two-dimensional2D) contour plot of the'*C exchange
3000 - MAS NMR spectra(a) for the unannealed amorphous carbon film.
Slices through the maximum of the) fourfold (diamondlike co-

T T ; T T ordinated carbon isotropic resonan@s +69.1 ppm, andc) the

0 1 2 3 4 isotropic resonance of the threefdigraphitelikg¢ coordinated car-
bon resonanced= +137.8 ppm produce 1D spectra that reveal
very narrow(~250 H2 homogeneous linewidths. This experiment
demonstrates that the broad & MAS NMR spectra in Fig. 1 are
inhomogeneously broadened, and represent distributions of local
I(H’;\rbon environments.

Time (min)

FIG. 2. Plot showing the experimental variations in the full
width at half maximum(FWHM) linewidth for the fourfold and
threefold coordinated carbon species in the amorphous carbon th
films with increasing annealing tim@t 650 °Q. The different car- L
bon species show distinct differences in magnitude of narrowing456??'|_|Z FWHM for thse threefold Table ) Coor_d'nat'ons
with annealing. obtained from the 1D*C MAS NMR spectra[Fig. 1(a)].

The narrow homogeneous linewidths support the previous

broadening could contribute to the observed linewidths. Foponclusion that the broad resonances observed in th&aD
example, reported sources of broadening in diamond sampld4AS NMR result from distributions in the bonding environ-
include paramagnefit and dipolaf* contributions. In pow- ment of the carbon, and not from homogeneous paramag-
der graphite sampl&broadening has been attributed to ahetic or residual homonuclear dipolar broadening. This ex-
large magnetic susceptibility anisotropy that could not bePerimental observation thus allows variations in th€
removed by MAS. We note that these reported contributiond&!MR linewidths and chemical shifts to be used as a measure
are small compared to the 4000—5000-Hz FWHM linewidthsof changes in the local carbon environment.
that have been reported for nonhydrogenated amorphous car-
bon films(Table | and Refs. 9 and 34 B. Theory

To experimentally address the broadening questidriCa
two-dimensional(2D) exchange NMR experiment with a
short 10us mixing time was performed on the unannealed Figure 4 shows a*C NMR spectra obtained from a
carbon thin film[Fig. 3(@)]. For this extremely short mixing QUEST LDA-relaxed cell superimposed along with the ex-
time spin diffusion of the carbon magnetization between dif-perimental**C MAS NMR spectra for the unannealed amor-
ferent carbon environments does not occur. This restrictiophous thin film of Fig. 1a). A broad distribution in the
of magnetization transfer produces a 2D exchange contowhemical shift of the individual theoretical resonances was
plot in which the carbon spectrum is projected along theobserved(bottom of Fig. 4. A line broadening of 300 Hz
diagonal, with no off-diagonal cross peaks observed exceptas added to the resonances of each individual carbon and
between the associated spinning sidebands. At longer mixingummed to produce a spectrum, consistent with the experi-
times, off-diagonal cross peaks resulting from magnetizationmental demonstration of inhomogeneous broader(seg
exchange between different carbon environments were otsection abovefor the 1D *C MAS NMR spectra. A direct
served, and can be used to provide details on the local comomparison of the two spectra is complicated by the limited
nectivity. These long mixing time 2D exchange NMR experi- statistics(only 64 atomg and the difference in fourfold co-
ments will not be discussed here. The 2D projection of theordinated carbon content of the theoretic&%) and experi-
13C NMR spectra allows a method to measure the contribumental (82%) samples. Bearing in mind these limitations,
tions from overlapping spectral components. Individual one-good agreement is found in that the simulated spectrum has
dimensional slices through the maximum of the fourfoldtwo distinct spectral contributions made up of a broad distri-
resonanceFig. 3(b)] and the threefoldFig. 3(c)] coordi-  bution of overlapping individual resonances for the threefold
nated carbon resonances allowed the measurement of the hand fourfold coordinated carbon atoms. The fourfold coordi-
mogeneous linewidths of 250 and 270 Hz, respectivelynated carbon resonance chemical shif(+ 61 ppm) is also
These narrow homogeneous linewidths are significantlyn good agreement with experimerd= +69 ppm), and sig-
smaller than the 4657-Hz FWHM for the fourfold and the nificantly less shielded than the carbon in crystalline dia-

1. Comparison of theoretical and experiment&iC NMR spectra
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variations in the chemical shift with structural changes, vol-
ume changes, or pressure changes are more reliable.

2. Calculation of chemical shift with volume
and pressure variations

Instead of trying to correlate these chemical shift distribu-
tions with particular structural variation within the amor-
phous carbon, we found it more useful to determine the vol-
ume induced variations of th&C NMR chemical shift as
used in previous studi€S*® Figure §a) presents the pre-
dicted variations in the®*C chemical shifts for crystalline
diamond and theQuUEST LDA-relaxed amorphous carbon
structure as a function of atomic volume. For the amorphous
carbon structure the variations of theeragechemical shift
for the fourfold coordinated carbons, tla&eragechemical
shift of the threefold coordinated carbons, along with the
mole averagedchemical shift as a function of changes in

AL

200 150 100 50 0 volume are shown in Fig.(8). In all cases a linear relation-
5 ship between changes in thaeverage chemical shift and
8 “C (ppm) variations of the atomic volumed@/dV) were observed.

Crystalline diamond shows adé/dV variation of +3.6
_ ; i ppm/a.l’, very similar to theds/dV=3.4 ppm/a.i. value
the unannealed carbon filttop), along with theab initio 3C NMR reported previousl§/? Since the same diamond structures
s?mulation for the amorphous carbon_supgrcmlddle). The |nd| were used in both of these calculations, this snial6%)
v!dual spectral_ component of each individual carbon within thejitference in thed s/dV correlations for crystalline diamond
simulated cell is also presentédbttom). results from the different plane wave cutoff levels utilized
(60 versus 70 Ry Differences in the effective core potential
mond (6= +36 to +39 ppm. This result is similar to the utilized in the NMR chemical shift calculations will have a
8= +75 ppm maximum for the fourfold coordinated carbonsnegligible influence on the predicted slope of the chemical
reported previously by Mauri and co-workers for amorphousshift variation with volume. A much smalleré/dV variation
carbon®® These results support the earlier assignments predicted from the amorphous carbpoesT LDA-relaxed
argument$3 that amorphization of the diamondlike speciesstructures for both the fourfold and threefold coordinated
produces an increase in the observed chemical shift similazarbons in comparison to the crystalline diamond. &her-
to that observed in amorphous silicshFor the threefold agechemical shift of the fourfold coordinated carbon shows
coordinated carbons the agreement between the theoretical d6/dV= +2.5 ppm/a.#. variation, while the average
peak maximum §~+110ppm) and experiment §( chemical shift of the threefold coordinated carbon shows a
=+138 ppm) is not as good, and slightly smaller than thatd5/dV=+0.9 ppm/a.if variation. The mole-fraction
reported earlier §~ + 125 ppm) by Mauriet al*® using a  weighted average variation of tHéC chemical shift for the
different ta-C supercell. The discrepancy between these twamorphous QUEST LDA-relaxed cell was dé/dV
studies could result from either the different pseudopotentials- + 2.0 ppm/a.l#, significantly smaller than theds/dV

FIG. 4. Figure of the experiment&lC MAS NMR spectrum for

or from the different ta-C supercells used in tH€ NMR = +3.6 ppm/a.i?. variation observed for crystalline dia-
chemical shift calculations. Using the same supercell invesmond.
tigated by Mauriet al. (results not shown we found very The above correlations for the amorphous carQoasT

similar threefold and fourfold coordinated carbon peak positelaxed structure were determined using the variation of the
tions, suggesting that the different results between the twaverage chemical shifvith atomic volume. To address the
theoretical studies are due to differences in the threefold caguestion of chemical shifts versus volume variations for each
bon environments in the different super-cells used. Usindgndividual carbon within the amorphous carbon structure
either method for theab initio NMR calculations(Mauri  Figure 5b) shows a histogram of the chemical shift deriva-
et al*3 versus Sebastiani and Parrinéfloresults in an un- tives obtained for each carbon atom in the modeled super-
derestimate of the chemical shift separation between theell. The average of these individudls/dV variations is
threefold and fourfold carbon species when compared to exds/dV= +2.5 ppm/a.it. (o=0.6 ppm/a.if) for the four-
perimental values. This difficulty in accurately predicting fold coordinated carbons ands/dV= +0.8 ppm/a.i (o

1%C chemical shifts for different carbon species has been=0.6 ppm/a.if) for the threefold coordinated carbon. The
noted before. The chemical shift of the different carbon hy-average values of thiadividual variations are very close to
bridizations are not quantitatively reproduced by simple conthe variations observed for tleverage chemical shiftaria-
stant corrections to the effective pseudopotential used in thions discussed above, with the standard deviation providing
calculations, and may result in errors on the order of 2Qan error bar for thel §/dV variations. While thel §/dV val-
ppm?3° While the absolute value of thEC NMR chemical ues are not defined by a normal distribut{&fg. 5b)], there
shift obtained from these simulations may not correlate di-are clear differences between the fourfold and threefold co-
rectly with experiment, it is felt that the relative trends andordinated carbons in the ta-C cell. Figurébalso shows
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material to volume changes. These results also show that the
(a) 3-fold 13C NMR chemical shift behavior obtained from simulations

of crystalline diamond is not directly transferable to amor-
phous carbon systems.

It is also possible to use thes/dV results to estimate
the chemical shift variation as a function of pressure
(dé&/dP). Using the bulk modulu$B) of 445 GPa for crys-
talline diamond'® a d6/d P variation of —0.29, —0.20, and
—0.08 ppm/GPa is predicted for crystalline diamond, amor-
phous fourfold and threefold coordinated carbon, respec-
tively. The crystalline diamond result corresponds nicely to
the —0.30 ppm/GPa reported by Mauet al. in their ab ini-
tio NMR calculations of crystalline diamond. With increas-
40 1 4-fold ing pressure the atomic volume decreases, and correspond-
ingly the 3C NMR chemical shift will decreaséncreased
shielding as reflected in the negativés/dP correlations.
The value ofd§/dP calculated also depends on the value of
. . . . i . . . the bulk modulus utilized. Usin@ =334 GPa reported for
32 34 36 38 40 42 44 46 48 so  amorphous ta-C filnfS containing 88% fourfold bonded car-
bons with a density of 3.26 g/cinthe predictedi5/d P cor-
relations would be-0.27 and—0.11 ppm/GPa for the four-
fold and threefold coordinated carbons in theesT relaxed

120 -

100

80

60

& *C (ppm)

k)

20

Atomic Volume (a.u.)3

7 amorphous cell.
— 4-fold C. Combining theory and NMR experiment
51 (b)
zzzz 3-fold 1. Correlation of chemical shift with fourfold bond length
5 Correlations between various structural parameters and
the predicted*C NMR chemical shifts were also explored
o using theseab initio simulations. Attempts to observe corre-
2 41 lations between predictedC NMR chemical shift and aver-
s age bond length or bond angles in the threefold carbon spe-
2 3 r cies were unsuccessful, most likely the result of the limited

number of these carbon species in the simulated cell. In Fig.
6, an increase in th&C chemical shift with fourfold bond
2 1 length (~187 ppm/A was obtained for the simulated
3.10-g/cni amorphous carbon cell. The increase in chemical
shift with longer carbon-carbon bond distances is consistent

1 with the decreased shielding caused by amorphization. The
significant scatter observed in Fig. 6 suggests that in addition
0 — . to simple bond length changes, variations of multiple struc-
-1 0 1 2 3 4 5 tural parameters must account for the changes infae
3 chemical shift. These structural variations may include
d3/dV (ppm/a.u.’) changes in the carbon-bond angles and carbon-carbon bond

distances, as well as the nearest bonded neighbor speciation.
FIG. 5. Ab initio predictions of(a) the variation of the average Nevertheless, this trend suggests that the narrowing of the

13C chemical shift with increasing atomic volume for different sys- NMR line shape with annealing results from modification of
tems,(O) crystalline diamond(M) threefold coordinated carbon in those bonds that are the furthest from the equilibrium crys-
the QuesTrelaxed amorphous cell®) fourfold coordinated carbon talline length. The measured change in the average chemical
In the QuesT relaxed amorphous carbon cell, atd) the mole  gpig ot the fourfold bonded carbon with annealing -ish
fraction weighted average of the threefold and fourfold coordinateaS - -
carbon chemical shifts in the amorphous c@d). The distribution of ppm (Table ). This tlgr\anSIatesomto an average bor.]d length
chemical shift vs the volume derivativel §/dV) for the individual decreaseof —0.021 0 or—1.4% and a f:orrespondilng vol-
carbons in theouesT relaxed amorphous cell. ume o!ecre'ase'oF4/o. We note that this changg is in the

opposite direction that would be expected for relief of com-
that thed 5/dV variations for the fourfold coordinated carbon pressive stress.
in amorphous carbon are significantly smaller than the
ds/dV=+3.6 ppm/a.i. variation observed in crystalline
diamond. These differences in th&/dV correlations dem-
onstrate that the presence of different carbon connectivities The species specific values for tHé/dV variations ob-
within the structural network impacts the response of theaained above, combined with the measured peak dfiétkle

2. Average local volume changes calculated
from chemical shift variations
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90 served changes in overall average measured chemical shift.
This is also consistent with Fig(), where the response of
different carbons in the simulated supercell to changes in
volume is highly varied. Future investigations using RFDR
and multiple quantum NMR techniques may allow the spec-
tral resolution of these differently coordinated carbon species
to be achieved, but presently the extended range structure
within the carbon network has not been determined using
NMR.

Bc 3, (ppm)

3. Reduction of volume distribution (ordering) with annealing

The dominant change in tHéC MAS NMR spectra with
annealing is the reduction of the observed line width. It has
previously been showif for CVD grown crystalline dia-
mond, through combined correlations of the variations in the
13C NMR chemical shift and Raman linewidth, that the

30 . T T T T T T v dominant source of broadening in both the NMR and Raman
146 148 1.50 1.52 154 156 1.58 1.60 1.62 1.64 spectra are local fluctuations in the internal stresae)(or
Avg. C-C Distance (&) equivalently local fluctuations in the internal volumes\).

For the ta-C films investigated here we have demonstrated

FIG. 6. Plot shows the variation of the predict&C NMR  that the*C NMR spectral lines are inhomogeneously broad-
chemical shift as a function of average carbon-carbon bond lengtened(Sec. Il A2) and therefore variations in this linewidth
for the fourfold carbon species in the relaxed amorphous carbogan be a measure of the changes in the local volume distri-
cell. bution. As noted previously there may be multiple contribu-

tions to the overalf3C NMR linewidth, including distribu-

) of the fourfold(—4 ppm and threefold +6 ppm coordi-  tions resulting from the next-nearest-neighbor speciation
nated carbon, can be used to calculate the average local vai-e., how many threefold versus fourfold coordinated car-
ume changes with annealing. We find that the fourfold coorbons is an individual carbon bonded).t@ecause of these
dinated carbon atoms give an average net vola®erease different contributions, the total experimental line width will
of AV/V=—4%, which agrees quite well with the volume not be used as a direct measure of local volume distributions.
decrease obtained from the variation of bond length in thénstead the change in the line width between anne@lad-
previous section. The average threefold coordinated carbosiequilibrium and the unannealefinetastable amorphous
volume increaseswith annealing and is even largekV/V  carbon film will be used to measure the change in the distri-
=13%. The net volume change of the structure using théyution of local atomic volume. From Fig. 2, the maximum
mole-weighted averages/dV variation for a 82% fourfold observed reduction in FWHM for the fourfold coordinated
coordinated carbon material ¥—0.3%. If the peak position carbon is~680 Hz, with a larger reduction observed for the
shifts are solely a result of local volume changes, thes¢hreefold coordinated carbor;1375 Hz(Table |). Using the
changes imply a picture for the stress relaxation that is sigel6/dV variations obtained from the simulated changes of the
nificantly different from our current understanding as will be average chemical shift with volumeec. 1lIB 2), the ob-
described below. served line narrowing corresponds to a thermal reduction in

Care must be taken in interpreting variations in the chemithe volume distribution of 2.7 and 15.3 &.tor the fourfold
cal shifts as other factors may contribute to the peak positiorand threefold coordinated carbons within the ta-C films. Note
It is possible that the observed changes in the chemical shithat this is not the change in the average volume, but the
may result from preferential relaxation of carbons with dif- reduction in the atomic level volume distributidar order-
ferent connectivity. There is evidence from 2D radio fre-ing) for the different carbon species. ThéS€ NMR experi-
quency dipolar recoupling(RFDR) NMR experiments mental results demonstrate that for these ta-C films changes
(Alam, unpublished resultshat different'*C chemical shifts in local volume distributions during annealing are inhomo-
exist for carbons with different next nearest neighbor congeneous between the fourfold and threefold coordinated car-
nectivities. For example, the chemical shift of a fourfold co-bon. This differential response of the fourfold and threefold
ordinated carbon bonded to four other fourfold coordinatectarbon species to annealing may play an important role in
carbons is different from a fourfold coordinated carbonthe stress reduction of films and the resulting materials.
bound to two fourfold coordinated carbons and two threefold
coordinated carbons. Resolution of these different carbon IV. DISCUSSION
species is not obtained under simple 1D MAS NMR condi-
tions, but instead these different carbon resonances overlap
to produce the broad resonance seen in Fig. 1. It is conceiv- Several different views on the origin of compressive
able that differential changes during annealing to the locastresses present in ta-C have been propd$etf (For a re-
environment for the different carbon connectivitiésach  view see Lifshit?®). The fact that these stresses can be an-
with slightly different chemical shifjscould produce the ob- nealed away without significant change in the fourfold con-

A. Models for stress relaxation in ta-C
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tent indicates that the stresses are not intrinsic to ta-C filmslectron microscope bright field images that revealed con-
but are a consequence of the non-equilibrium growthrast variations with annealing indicative of a nanoclustering
proces$ In the as-deposited films metastable configurationsnto darker(densg versus lighter(less denseregions. The

are formed and retained due to the low growth temperatureapparent ordering was proposed to be responsible for the
<200 °C and medium ion energiés 100 e\). The structure increase in hardness, decrease in density and concurrent re-
then relaxes based on the thermal history. As an example, waction in compressive stress.

have measured stress relaxatierl0%) in ta-C films stored

at room temperature over a period of a y€kriedmann, 4. Ferrari model—reorientation and clustering
unpublished resulisThese long-term low-temperature relax- of threefold coordinated carbon

ations confirm the metastable nature of ta-C films. Several ... o0d co-workefs? suggested that the stress reduc-

mechanisms for stress relaxation !n ta-C thin T"ms have beeHon was due to a reordering of the threefold coordinated
proposed. The NMR d@ta can be interpreted in view of thesEarbon phase with annealing from parallel to perpendicular
different models as will be discussed below. with respect to the growth surface, as evidenced by Raman
data that show clustering of the threefold coordinated carbon
phase with annealing and electron energy loss spectroscopy
(EELS) data that indicate a preferential orientation of $é

The Sullivan-Friedmann modéBFM) of stress reduction 7 orbitals parallel to the growth substrate. Approximately
is based on the conversion of fourfold coordinated carbons t@% of the atoms in the structure would have to reorient in
threefold coordinated carbofAsBy investigating the stress this manner to produce the required strain relief.
relaxation process as a function of time and temperature,
they determined that the kinetics were that of a first order 5. Kelires model—local atomic stresses
chemical reaction with a broad distribution of activation bar-
riers extending from 0.5—-3.0 eV. This experimental fact dic-
tates that the stress relaxation is driven by strain relievin

1. The Sullivan-Friedmann model (SFM)—stress induced
fourfold to threefold conversion

A model of local atomic level stresses has also been for-
warded by Kelires and co-workérs'—>3to explain the com-
bond transformations in ta-C films. Since ta-C has a lar g)ressive stress in ta-C materials. The local stresses in this

. : . e 9%tomic level model arise due to disorder in amorphous ma-
Young'’s modulug~800 GPaonly ~1% strain relief is nec- : o .

. . . terials produced by distributions in bond lengths and angles,

essary to fully relieve the compressive stresses typically ob- . : N 4

along with structural incompatibilities. These structural in-

served in these films. The strain reduction in the SFM result%om atibilities include the inclusion of threefold carbons in
from the shorter bond length of the threefold in-plane P

carbon-carbon distance~1.42 A& versus that of fourfold environments rich in fourfold coordinated carbons, and vice

carbon(~1.54 A with the larger volume of the out-of-plane versa. Using the atomic level stress model, simulations of

) . : ; ta-C have predicted that there is a wide distribution of local
7 orbital accommodated by preferential orientation parallel

to the growth direction where the biaxially stressed film isStresS(iloo _GP:)L It was fOUQd. that the majority of the
. : . fourfold coordinated carbons p°-like) were under compres-
free to expand. For full stress relief, this would requir@%

. . . sive stress, while the threefold coordinated carbons
atomic conversion from fourfold to threefold carbon coordi- . . .
nation. (spz-hke) were under higher average tensile stress. Interest-

ingly, because the total volume of the simulated cells was
allowed to vary, the simulations predicted that the total in-
trinsic stress was near zero, with the threefold carbon species
relieving the internal compressive strain energy for systems
Monteiro et al* proposed an alternative model in which containing mixtures of threefold and fourfold carbons. This
the stress reduction results from the opposite threefold teelaxed cell should in principle be similar to the relaxed
fourfold conversion. The mechanism for this conversion isQUEST structure used above for the NMR calculations as the
that under high stress conditions the fourfold coordinatedotal volume was also allowed to relax. Stress reduction dur-
carbon configuration is more thermodynamically stable tharing annealing is expected to occur by removal of local struc-
the threefold bonding coordination. Thermal annealing protural incompatibilities, allowing the film to relax from the
vides the energy to promote this conversion. Once the stresaetastable state produced during film deposition to a quasi-
is reduced below the thermodynamic limit favoring fourfold equilibrium structure.
bonding, the SFM model would account for further stress
reduction. For near complete stress relaxation, 1—-3% conver-
sion is required. This model was based on the observation
that the ta-C film hardness and modulus actually increases 1. Changes in hybridization
slightly during annealing for filtered cathodic arc deposited
films.

2. Monteiro model—stress induced threefold
to fourfold conversion

B. NMR interpretation of annealing

The SFM (Refs. 2 and % involves the interconversion
between fourfold(diamondlike and threefoldgraphitelikeg
coordinated carbon. It has been shown earlieriy MAS
NMR that this conversion process readily occurs at higher

Siegalet al” also reported an increase in hardness withtemperatured? For the ta-C films studied in the present in-
annealing on PLD grown films and a decrease in the filmvestigation there is no significant change in the fourfold to
density(~7%). These films were examined by transmissionthreefold concentratior{within the experimental error of

3. Siegal model—ordering
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+2%) during the 650 °C annealingTable |). This is well —metastable bonding environments responded to the perturba-
under the 8—9% conversion predicted by the SFM for comtion. These rearrangements involved both phases and in-
plete stress reduction. Within the relative error of the linecluded net hybridization changes as well as bond angle and
shape deconvolutions it is very possible that there is a smalength changes. Experimentally, we have determined that a
amount (1-2%9 of interconversion between fourfold to proad range of activation barriers between 0.5-3.0 eV were
threefold coordinated carbori®r vice versa but clearly necessary to fit the relaxation d4tin addition, these NMR
large changes in ratio of the carbon speciation are not prosyydies show that the annealing process affected over 15% of
duced by the annealing process. . , the carbon atoms. This strongly suggests that no single bond
The NMR data cannot rule out, or directly confirm, the yansformation mechanism is responsible for the stress relief.
Monteiro model since a smaller increase in the fourfold CONEjnally, the NMR data implysubject to assumptions detailed
tent(~1%) is needed to produce the required stress relief. "above) that the fourfold phase is decreasing in volufeo)
is doubtful that these subtle c_hanges could be m_easured WiWith annealing while the threefold phase increaée&3%)
Raman andfor EELS techniques. Perhaps with a largef, \olume. We do not believe that the fourfold phase is in

sample size, and lower temperature annealtagslow the  angjon, put that the thermal energy provided by annealing

kinetics it may be possible to decrease the error in the NMRyj 15,y the fourfold phase to order under the applied com-
quantification allowing the observation of these subtle

: ) . “pressive stress reducing its volume to relieve strain. The
changes. Finally, the Ferrari and Kelires models are consisy eefold atoms respond by increasing in volume-k33%.
tent with the lack of hybridization change. The threefold volume change is large, but quite consistent
with the high compressibility of graphite perpendicular to the
2. Variations of the isotropic chemical shift basal planes. These volume changes with annealing appear to

The +4.2 ppm (fourfold) and —6.0 ppm (threefold contrr]adlic:]the predictians gf Kelires. ume distrib
change in the average chemical shift between the unannealed '€ inhomogeneous reduction in volume distribution

and the annealed film corresponds to an average decreaseqﬂring' experimentally observed with the threefold carbon

the fourfold volume and increase in the threefold volume SNOWINg a5 times larger reduction than the fourfold coor-

When allowed to relax, the fourfold carbon atoms respond adinated carbon can also be compared to the various models.
if they are in tension reducing their average volume, while

he experimental observed inhomogeneous reduction in lo-
the threefold carbon atoms act as if they are in compressiofi! Volume distribution(ordering is probably accompanied
increasing their average volume. This aspect of the rela

by some degree c;f phase segregation as suggested by the
ation during annealing is not adequately captured by any o‘fiata of Siegakt al.” although the NMR data does not imply
the current models. In particular, these changes are in th

major change in the density of the annealed film as seen in
. 6 . .

opposite direction one would expect from a straight-forwardat Work. Ferrarietal.” have suggested that diffusion of

interpretation of the Kelires model.

threefold coordinated carbon atoms are activated by anneal-

ing. This may be a possibility but experiments looking for

. o diffusion in ta-C materials indicate that higher temperatures
3. Reduction of the NMR linewidth are required >900 °Q) to activate diffusior’* Another pos-

The dominant change in the NMR spectra is the reductiorsibility for phase segregation would be conversion of iso-
in observed line width, especially that of the threefold car-lated large volume threefold atoms to smaller volume four-
bon. An estimated>15% of the carbon atoms in the structure fold thus allowing an entire cluster of fourfold bonded atoms
are affected by these rearrangements. This strongly suppoit@ condense into a more ordered condition. Atoms on the
the idea that the growth process is the source of stress amgriphery of the cluster would then experience higher tensile
that ordering is the dominant relaxation mechanism. The instrain and perhaps convert to threefold, giving no net hybrid-
homogeneous reduction in the volume distributiordering ~ ization changes. The net result would appear to be diffusion
during annealing for the fourfold and threefold coordinatedof threefold atoms; consistent with a broad body of evidence
carbon species is consistent with the ordering in both théhowing that clustering of the threefold bonds occurs with
Siegal and Ferrari models. The differential variation in localannealing.
volumes also provides experimental evidence for the pres- One last comment related to ordering. We have seen that
ence of differential response to local atomic stresses as prdhere is an increase in order due to the narrowing of the
posed by Kelires. NMR peaks, and have demonstrated that this ordering is dif-
ferent for the fourfold and threefold coordinated carbons. We
have also observed an increase in the medium range order

The experimental observation that there is no net hybridwith annealing’” In fact the amount of change in the NMR
ization change indicates that the most likely model is onespectra appear to be more that what is necessary for complete
where bond rearrangeme(d.g., angle, length, and orienta- stress relief, suggesting that the bonding changes are not
tion) is the source of stress relaxation. The NMR data showdriven entirely by stress considerations. For example, once
that both phases undergo reorderitige narrowing, so that  clustering of the threefold carbons is initiated into aromatic
models that rely only on threefold or only on fourfold order- ring structures, it is probably more likely that additional
ing are probably not complete. When relaxing the originalthreefold carbons will be added in a planar arrangement.
DFS structure we found that small changes in volume wouldNear zero stress, this tendency to order could be favored over
produce a cascade of bond changes in the structure as lodlk energy cost of increased tensile stress. This might explain

C. What is the correct model?
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why we have found it possible to produce annealed ta-Gneasured as a function of annealing at 650 °C. In addition,

films with a net tensile stress as high as 300 MPa. the NMR peak positions shift in a manner that suggests that
during annealing the fourfol@threefold coordinated carbon
V. CONCLUSIONS phase decreasémcreasesin volume. The NMR results in-

. s dicate that there is a reduction in the distribution of atomic
We report solid-staté’C MAS NMR measurements of & yolume for the fourfold and threefold coordinated carbons.

stressed ta-C film on a Si substrate and of the bonding evorpis reduction is inhomogeneous in nature, with the three-
lution with annealing at 650 °C. The most significant chang&old carbon showing a five times greater reduction in the
observed in the NMR spectra is the dramatic narrowing of,ojume distribution with annealing in comparison to the
fold coordinated carbon. Since the line widths are inhomo+or stress relief mechanisms are discussed, and a model for

geneously broadened, a significant reordering of the bondingiress relaxation with annealing based on the ordering of
for both species occurs during annealing. The differencgoth phases is described.

spectra between annealed and unannealed films suggest that

>15% of the carbon atoms in the structure are affected by

these short anr_leals. No S|gn|f|c§1n_t change in the_fourfold to ACKNOWLEDGMENTS
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