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Electron paramagnetic resonarl@& R measurements have been made of amorphous hydrogenated carbon
(a-C:H) films grown by plasma enhanced chemical vapor deposif&CVD) with negative self-bias voltages
V,, in the approximate range 10—-540 V. Rgg<<100 V, as the film changes from polymerlike to diamondlike,
the changes in linewidth and shape are interpreted in terms of changes to two contributions—one due to dipolar
interactions between the unpaired spins and one due to unresolved lines arising from hyperfine interactions
with HY. The former yields a Lorentzian line, the latter a Gaussian, and the resultant spectrum has the Voigt
shape. The empirical relationtp(in Gaus$=(0.18+0.05 % (at. % H) between the peak-to-peak Gaussian
contribution(in Gaus$ ABpGp and the hydrogen content in atomic percentage is obtainedvEed00V the
linewidth is shown to be dominated by the dipolar interactions and exchange and it decredséscasases;
the change is shown to arise primarily from a change in the exchange interaction. Evidence for this comes from
measurements which show that the spin-lattice relaxation time appreciably shortens and the spin-spin relax-
ation time lengthens as the bias voltage is increased. The magnitude and variation with bias of the linewidth are
consistent with the EPR signal originating from thetype radicals.

[. INTRODUCTION Changing the incident ion energy has little effect on the
value but it does alter the linewidth!® Several authofs'®
Hydrogenated amorphous carb@aC:H, is a fascinating have reported that when the ion energy is increased from
material because the possibility of varying the bonding convery low values there is an initial increase in the linewidth.
figurations of the carbon atoms and also the hydrogen corfone explanation proposed for this is that the spins are less
tent allows it to be prepared with a wide range of able to tunnel to neighboring graphitic clusters as the energy
characteristicd? One method of preparing-C:H is plasma- is initially increase_d’. At higher_ ion energies the Iinew@dth
enhanced chemical vapor deposition. The film properties aré€creases as the ion energy is furtheirdr}grlg%@dn this
strongly affected by the incident ion energy which in turn is/atter region the line is usually reporfed®*>*°as having a

determined by the gas pressure and the negative Se”_bi%orentzian shape although it has also been assumed to be

voltage V|, which develops between the live electrode andut?és‘:‘c')a'z L%;Ze éatitr?rlfr?;ié?\/eeghzngfo'ne\rl]v'?]th \gg; sttlrilr?(;s
the glow spacé.At low bias voltages the films are “poly- g ydrog yp

A . . . . brought about by a change in the local H/C r&tiand it has
mer.||ke (PLO), so-ft-, with wide Op"c.a' gapso, a high photo- been showtf that changing the hydrogen content can affect
luminescence efficiency and a high=50% hydrogen . ihewidth, On the other hand many autifdfs'® have
content! As the self-bias is increased the film initially be- proposed that, on the basis that other mechanisms are inap-

comes “diamondlike” (DLC), harc.ier, with a smaller 98P propriate and that the line shape is Lorentzian, the narrowing
and a lower hydrogen content; with further increases in thés produced by exchange.

bias thesp? content increasésuntil eventually they become This work has two main aims—first, to find more evi-
graphitelike(GLC). a-C:H with a particularly high(~80%  dence for the exchange narrowing process and second, to
proportion of tetrahedrally bondeshb® carbon sites is often provide a comprehensive interpretation of the variation in
referred to aga-C:H. linewidth as thea-C:H is changed from polymerlike to dia-

All the above forms ofa-C:H contain defects which are mondlike to graphitelike material. To try to achieve these
believed to affect the photoluminescence efficiérmyd the aims we have made EPR measurements on a set of samples
ability to dope the material. It is, therefore, of interest toprepared by the plasma enhanced chemical vapor deposition
know about these defects. One technique which has ofte(PECVD method with a wide range of bias voltages from
been used to characterize those defects which are paramagpout 10 up to 540 V. To look for evidence of the exchange
netic is electron paramagnetic resona&PR). In most interaction between the unpaired spins we have measured the
cases a single resonance is reported which hgwvaue of  spin-lattice,T;, and spin-spinT,, relaxation times because
about 2.0028-8 However, it is still uncertain what these it is known, for example, from the case of solid solutions of
defects are and they could, for example, be eig@rclus-  a-a-diphenyl B-picryl hydrazyl (DPPH in polystyrene'®
ters with an odd number of sites or single dangling bondsthat increasing the strength of the exchange interaction has
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the effect of shortening; and lengthening,. There have
been a few measuremetfi®f T; and T, for different types

of a-C:H but this paper presents a systematic study of the
effect onT, andT, of changing the bias voltage.

In Sec. Il we briefly outline the sample preparation and
EPR measurement procedures. Measurements of the line-
width, shapeg value, and spin concentration are presented
in Sec. llIA. In Sec. IlIB we consider the analysis of the
linewidth for samples grown with/,>100V, present the
measurements of; andT,, and consider the evidence for
exchange. The dependence of linewidth and shapé,dior 540
Vp<100V is analyzed in Sec. Il C; in this region the trans-
formation from PLC to DLC occurs.

1 | 1 | 1 | ! | i
3450 3470 3490 3510 3530 3550

Il. EXPERIMENTAL DETAILS

The a-C:H samples were deposited using a 13.56 MHz rf Magnetic Field [G]

powered, capacitively coupled, PE(,:_VD system. All but one FIG. 1. EPR spectra showing the effect of changing the negative
of the sgmples were deppsﬂed on silicon substrates placed QWif-bias voltage from 50 to 540 V. The smooth lines are computed
the rf driven electrode with feed gases of £H0%) and Ar s only Lorentzian line fits are shown fof, =100, 190, and 540
(90%) at a constant pressure of 3OQ mTorr and with the rfy Forv, =50V, Lorentzian(L) and GaussiarG) fits are shown
power varied such that the dc self-bias voltaggetook val-  pyt the best fit has a Voigy) line shape with parameters given in
ues betweern-50 and—540 V (from now on the minus sign  the text. Peak-to-peak heights have been normalized.

will be omitted. The driven electrode was kept at room tem-

perature by a closed-loop cooling system but the surface gfy comparing the integrated area of the signal with that of a
the samples during deposition was at a slightly higher teMgtandard Varian sample of pitch in KCI: the absolute spin
perature. The atomic hydrogen content measured using elaﬁbpulations(and average spin densitiesre estimated to be

tic recoil detection analysiSERDA) is 25 at.% atVy  correct to within a factor of 2, but their relative values are
=50V, 13 at.% at 100 V and thereafter probably decreaseggrect to within approximately-20%.

only slightly asV, is raised to 540 V. The percentage?
content was estimated to be 63, 54, 66, 78, 72, 80, 76, 90,
and close to 100+10%) for V,, values of 50, 100, 150, 180, lll. RESULTS, ANALYSIS, AND DISCUSSION
265, 320’_ 380, 460, and 540 V, respectively. 'Ehlﬁ C%‘tent A. Line shape, width, and spin concentration—the results
was obtained by the method proposed by Bewgeal™’ us- ] ) . .
ing a CM30 Philips microscope equipped with a dedicated Figure 1 shows that one effect of increasing the negative
Gatan model 666 electron energy-loss spectrometer and oEe”'b'aS voltage/, from 50 to 540 V is to narrow the EPR
erated at 100 keV. Strictly speaking, the value obtained is foline. However, wherV,, is reduced from 50 to about 10 V
the 7 content and’ therefore, it gives tbpz percentage On|y (Substl’_ate on earthed e|eC'[I’()dbe peak-to-peak |In6W|dth,
if there is little or nosp* bonding within thea-C:H matrix. ~ ABpp, is decreasedo 11.3-0.8 G. Figure 1 also shows that
This trend towards highesp? content(w hybridized bond- ~another effect of increasiny, is to change the line shape
ing) at higher ion energies is typical for such filths: One ~ from one which is intermediate between a Gaussian and
sample was deposited on a silicon substrate placed on tHérentzian to a Lorentzian. One parameter whl_ch is indica-
earthed electrode at room temperature. The feed gases wdpée of the line shape is the ratio of the full width at half
CH, (30 sccm and He(75 sccm (sccm denotes cubic cen- height, ABy,, of the integrated spectrum ta\By;
timeter per minute at STPthe total pressure 200 mtorr and AB12/ABy, is 1.1776 for a Gaussian and 1.7321 for a
the rf power 200 W. For this arrangement the accelerating-orentzian:® The values for the spectra are 14Q.15,
self-bias voltage is only about 10 V. The hydrogen content.48+-0.09, 1.5#0.12, 1.630.11, 1.6%0.11, 1.72
was measured using ERDA to be about 50 at. %, g¢pg  *=0.16, and 1.8 0.19 of samples deposited ¥t = 10, 50,
content 66= 10%, and the Tauc arfly, gaps are 2.6 and 3.4 100, 190, 265, 500, and 540 V respectively. These values
eV, respectively® This film was removed from the substrate and the fits in Fig. 1 show that #,= 100V the line shape is
before the EPR measurements were made. close to Lorentzian and that af,=190V they are all
EPR measurements were made at room temperature usiﬂ;@rentzian within experimental error. Figure 1 shows that at
100 kHz field modulation, a microwave frequency of aboutVp=50V the spectrum can be well fitted by a Voigt [ffle
9.9 GHz, and a Thy; mode cavity. To avoid distortion of Which is a convolution of a Gaussian and a Lorentzian and is
the spectrum the modulation amplitude was kept less than gippropriate when these two contributions are independent.
equal to one third of the peak-to-peak linewidth. Eagh From the fit we obtain AB,=11.1+0.5G and
value was calculated by comparing the field position of theABS‘pZS.ZIO.SG for the above two components, respec-
resonance with that of a resonance with knaywalue—for  tively. The total linewidth of this fit is 15.5 G, which is the
example that of F centers in MgO withg=2.0023. The same as the experimentally determined width and, since the
field range was calibrated with a proton NMR probe whichcomponents are not both Lorentzian, is different from their
also gave absolute field values. Spin populations were foundum. The spectrum af,=100V, which is nearly but not
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BT crease. Foa-C:H the value ofV, at which the maximum
[ o) ] AB,, occurs depends slightly on the deposition system and
— 1ol © ] conditions: Risteinet al? find the maximum atv/,=90V
QQ [ j and, using a magnetically confined plasma, Séval!° find
o i 0 ] it at V,=34V. It is well known that many of the other char-
< 5T o o ] acteristics ofa-C:H change as the bias is increased. As has
[ 0 | been pointed oftthree regions can be identified—a low bias
0 ] region with a highsp® and hydrogen content giving soft
: o o ] “polymeric” films, a medium bias region with a lower hy-
10k © 00 drogen content but still quite a highp® content giving
f?'g g © 0o 0 3 harder “diamondlike” films, and a high bias region which
S 10°F gives more graphitelike films with a highp? content. The
=’ 3 ] transition from PLC to DLC is estimated to be essentially
10" complete atV,~100V.>? It is clear, therefore, that the
; o ] rapid increase ifNg and increase il\B,, as V,, increases
i mark the change from PLC to DLC, and that the next stage

0 100 200 300 400 500 600 ; _ _
of little change inNg and a decrease iAB,, corresponds to

the transition from DLC to GLC. It is convenient, therefore,
to consider what determines the linewidth and its depen-
FIG. 2. The dependence on bias voltage of the peak-to-peadence on bias in two stages—first fgf,=100V (DLC to

Negative self bias [V]

linewidth and spin concentration. GLC) and second fowW,,<100V (PLC to DLC).
quite a Lorentzian, can be better fitted to a Voigt shape with

ABbp:11-7iO-5 G and AB§p=5.110.5 G. We have also B. Analysis of linewidth variation for V=100 V:
tried fitting the spectra fow,=50 and 100 V to superposi- Relaxation times and exchange

tions of a single Gaussian and single Lorentzian line with the  geyeral authof$1213 have attributed the narrowing of
sameg value. These fits are as good as those with the Voigihe Jine, as bias voltage increases in the above range, to the
shape; the parameters of the fits for #g=50 and 100 V' exchange interaction between the spins. This attribution has
spectra, respectively, areAB;,=15.3G, AB5=3G, peen arrived at largely by excluding, at least as dominant
hpd/N5=1.3 and AB;,=13.2G, AB;=15.8G, hy/h5  contributions, other factors which might contribute to the
=2.9, whereh,, is the peak-to-peak height of the spectrum.linewidth. The width cannot be determined by a spread in
Although the nature of the fit is uncertain there is no doubtvalues becaus@&B,, was found to be independent of the
that asV,, is reduced from 100 to 50 V the line shape be-field at which the resonance was recorded, i.e., of microwave
comes less Lorentzian and more Gaussian in character. B&equency!* and also the line shape would not then be
cause of the poor signal/noise ratio of the weak spectrum foLorentzian. Nor can the decrease in linewidth be determined
V,=10V we have not attempted to fit the spectrum but, assolely by a change in the dipolar interaction between the
the ratioAB,,,/AB,,=1.42+0.15 makes clear, it too is in- spins since, as Fig. 2 shows, the decrease is not always ac-
termediate between a Gaussian and Lorentzian shape. companied by a decrease in spin concentration and is some-
No dependence on bias voltage was observed ingthe times accompanied by an increaseNg.'%!! Nor, in this
value, which remains withint0.0002 of 2.0025 a¥, is  bias region, can the linewidth be determined by unresolved
increased from 10 to 540 V, but Fig. 2 shows that the spirhydrogen hyperfine interactions since, first, these lead to a
concentratiorNg, as well as the linewidth, does depend online shape which is close to Gaussiamther than Lorentz-
V,,. Several other authdts'*?* have reported the large in- ian; second, as noted elsewhéf¢he linewidth of the reso-
crease iNg from ~ 10 cm ™2 up to~10?°cm 2 as the bias  nance inta-C varies withsp? fraction in a way very similar
is increased from close to zero up4dL00 V. The increase to that observed fora-C:H; and third, the hydrogen content
has been attributed to an increase in disofdarloss of does not greatly decrease as the bias is increased. For ex-
hydrogent!! an increase in strathand an increase in the ample, Kleberet al!! found that fora-C:H, increasing the
correlation energy.® Above V,~100 V the spin concentra- ion energy from 30 to 170 eYtorresponding approximately
tion is less sensitive to changes \, as noted, too, by to a bias increase of 75 to 425 (Ref. 4] causedAB,, to
others®® although in the case ofa-C:H a drop from decrease from 1®t3 G although the hydrogen content only
2x10%°cm 3 to 7x 10"°cm 3 was found® as the energy per dropped from 45 to 32 at. %, and ia-C:H (Ref. 13 a drop
C atom increased from 100 to 270 eV and Arcenal®®>  in AB,, from 3.8 to 1.8 G was only accompanied by a re-
found 2.5<10°g ! in a-C:H deposited aV,=400V. The duction of hydrogen content from 27 to 22 at. %. This leaves
reason for the scatter iNg values in our samples fov, exchange narrowing as a possible mechanism which is plau-
=300V is not clear. sible for the following reasons. Whether the film&sC:H,
Along with the change in behavior ®f; versusVy, there  ta-C:H, or ta-C, the decrease iAB,, in this higher bias
is a change in the bias dependence of the linewidth. Severaggion, is always accompanied by a decrease in the optical
other authors*° also report that\B,,, initially increases in  gap and an increase in tisg? fraction®™* a correlation of
a-C:H as the bias increases from zero and many report that itnewidth and gap has already been notedRegarding the
a-C:H (Refs. 8-11 as well asta-C:H (Ref. 13 andta-C  gap, Robertson and O’Reiflyshowed that the most stable
(Ref. 12 AB,, then decreases as the bias continues to inarrangement o§p’ sites is in compact clusters of fused six-
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fold rings and that the gap varies inversely as the cluster size. 10" — T
This model was later modifié8ito account for the reduction
in clustering produced by disorder and the presence of ole-
finic chains as well as aromatic rings. Olefinic chains could
also of course delocalize theelectrons and therefore act as
a pseudocluster. Nevertheless increasingstpe content is
still expected to increase the cluster size and decrease the
gap. As noted earlier, many auth®?$21325have put for-
ward the hypothesis that the Lorentzian line shape arises
from exchange narrowing and that the reduction in the line-
width as thesp? content increases is associated with the
greater delocalization of the unpaired electrons as the cluster
size increases. It should be noted, however, that it is the
increased overlap of the wave functions brought about by the
greater delocalization rather than the greater delocalization
itself which increases the strength of the exchange interac-
tion. Because the spin-lattic&;, and spin-spinT,, relax- Negative self bias [V]
ation times are sensitive to the existence of fluctuating fields
produced by the motion of the spins which arises, in effect L) and spin-spinT,(O) relaxation times of-C:H. Also plotted
from exchange or othgr causes, we havg SOUth.[ to test th e three pairs of; T,(M,®) values for DPPH in polystyreng,
hypothesis by measuring them as a function of blas_ VOItagQNhich in order of decreasing, correspond to spin concentrations
Homogeneously broadened lines have a Lorentzian shapg 1x 1020 3x 10?°, and 5x 16°°cm3; they have been plotted
and for them it is appropriate to use the Bloch equationgych that ther, values match up with those afC:H.
which yield for AB,, and the peak-to-peak heighf, of the
signal the expressiofis
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FIG. 3. The dependence on bias voltage of the spin-laffige,

for DPPH are shown in Fig. 3; the pairs correspond to DPPH
AB,=[ABG]S 2=[2/(3V%yT,)]s 12 (1) ~ spin concentrations of210°%cm3, 3x10°°cm™3, and 5
x 107%cm~3. They have been plotted such that fhevalue
and for DPPH most closely matches its value fiC:H. Given
. the uncertainties i, it is remarkable how well the pairs
hPP/Bl:[;'TO(hPP/Bl)]SSIZ’ 2) match up. Furthermore the values for the earthed electrode
! sample are similar to the DPPH valuesTof=1.3X 10 °s,
where the saturation parametse (1+7°B%T,T,) ! and T,=0.5x10 s at the spin concentration of fgm~3 be-
B, is the amplitude of the rotating component of the micro-low which bothT; and T, become approximately indepen-
wave field at the sampley is the gyromagnetic ratio. dent of the spin concentration in DPPH. Our values for
We determinedr, from AB,?p, the linewidth in the limit  (T,,T,) at 300 K agree reasonably well with the pairs of
S=1, andT, T, from a fit of EqQ.(2) to the plot ofhy, versus values 10 ’s, 1.8<10 8s), (2x10 ’s, 2.5<10 8s),
B, . The relevant value d8; is that at the sample. Since the gnd (2x107%s, 0.4<10 ®s) for what was labeleth-C, dia-
introduction of the sample, in particular the Si substrate, camnondlike and polymerlike carbon, respectivéfywe have
alter the cavityQ and hence als8, , it is necessary to cali- evaluatedr, from the values of\B,, at 300 K. There is not,
brate B, versus the incident microwave power with the however, a single pair of values oT{, T,) for a given type
sample in place; t_his we did for each sgmple by also introw¢ 5.c:H as both thesp? content and energy gap can vary
ducing a small piece of DPPH for which, and T, are \iihin any type. It is interesting to note that tiig values of
known. - carbon radicals in dextrose were found to decrease as the
The values found folf, andT; are shown in Fig. 3. For pyrolytic temperature was raised from 250 to 450°GVe

completeness we have included valuesTaf, T, for V, hat thi for th ae
=10 and 50 V. The spectra of these two samples are noﬁggggstt at't is occurs for the same reasorift creases
Lorentzian and the Bloch equations do not apply but, never‘-’v'th increasingVy, for a-C:H, namely, that there is an in-

theless, following Abragam and Blearf@yve loosely define crease in thesp” content Ieading to grgater spin delocaliza-
a time T, by Eq. (1), and T,T, is estimated as described fion and a stronger exchange interaction. _
above; although the actual values are uncertain it is clear that 1° further analyze our results we make use of the density-
T, for the polymerlike sample\(,=10V) is much longer mgtnx method of Redfield yvhlch is Qescrlbed by Sllgﬁﬂer:
than for the other samples. Since the spectrum Vigr It iS supposed that the spins experience a fluctuating field
=100V is much closer to a Lorentzian, there is less uncerwith componentsB,, By, andB,, in addition to the static
tainty about theT; T, value for this sample. field By(//z). Such fluctuations may arise from variations in

Figure 3 shows that as the bias is increadgddecreases the dipolar or hyperfine field produced by the motion of the
andT, increases. A similar trend is observed for fhg T,  spins arising, in effect, from exchange or, for example, from
values of DPPH in polystyrene as the exchange interaction isopping.B, will affect T, but notT,. However, contribu-
increased by increasing the DPPH spin concentrafidnis  tions toB, andB, at the Larmor frequency, will affect T,
interesting to compare pairs of values Bf, T, for a-C:H  andT,. Assuming a simple exponential correlation function
with those of DPPH measured at 300 K. Three of these pairgives®
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1 =3 =3 T 1 =3 1 close to those for a DPPH spin concgntration of
T, (Bx+ By)m%?z. 7,7 By7c+ 77, (3 3%x10?°cm™3 The changes for DPPH are attributed to an

¢ increase inw, as the greater proximity of the spins at the
where 7. is the correlation time of the fluctuation; the bar higher concentration leads to increased wave function
indicates the average value. Assuming further B%\t B§ overlap®® For a-C:H we also attribute the changes to an

zg_gzﬁ then increase in exchange interaction but in this case due to the
o o increased delocalization of the spin wave functions associ-
1 2y°B?r, 1 — y?B27, ated with the large increase in tsg@? content from 54% to

T, 1+wii’ and T_ZZVZBZTCJ“ 1+ Wi’ (4)  nearly 80%. It is tempting to use E¢6) and the ratio of
T,/T; to evaluatew, and hence also B?)Y2% for V,
Equation(4) implies that asr, is decreased; will de- =190V we get w,=7x10°rads® and (B?)Y?>=46G
crease, will reach a minimum value afolwf, at Tc_lec (which satisfies w,<w.<wg). However, these values
= wg and then increase again and tfAatwill continuously  should be treated with caution. When we apply the same
increase and become equal T for wy7.<1; we define procedure to DPPH withNg=3Xx10Pcm > we get w,

w‘%:yz@. In the regionw,< w.<w, Eq. (4) gives =7.8x10rads ! and B%)>=50G. As has been pointed
ouf’ the half-width at half height3AB,,, should be
1 20,0, d 1 v} g  aboutequal to B2)'2in the absence of exchange. Equation
T, an T, o' ®) (8) implies that at Ng=3x20cm?3 3AB;),

=21G so that the agreement is not very good.
As V, is increased further the width continues to decrease
- 12 until at 540 V the width is close to that for DPPH at
e~ o(T2/2T) ™ © Ne=5x10P%cm % Here we get for DPPH w,
Since, for a Lorentzian line, the half-width at half height =2.7x10'°rads* and B?)*?>=50 G; the latter does agree

so that

$AB,,=1/yT,, then Eq.(5) implies that better with the value o§AB,,=35G evaluated from Eq.
. 5 (8). At V,=540V the values are.=1.2x10'rads * and
27AByp= wpwe. (7 (B?)Y2=42G. The latter value so exceeds tHe\Bj,

This is the expression given by Anderson and Wiy an = 2.5 G expected foN=3.5x 10'*cm™? that it suggests that,
exchange narrowed line whete, represents the exchange at least forV,=400V, the spins have clustered. A local
frequencyw, . concentration of about ¥10°°cm™2 is required to give

In the slow motion limit whenr,=T, the model breaks (B?)*?=42G. Assuming that fon-C:H w also represents
down and the linewidth is given by the static field distribu- we and thatwe~J/h, whereJ is the exchange constant, then
tion over the spin sites together with any contribution fromthe value ofw,=1.2x10"rads™ gives J/k=~0.1K. Inter-
the spread irg values. In the case of dipolar broadening in estingly, evidence of clustering of spins in samples prepared
magnetically diluted substances, which is appropriate iinder similar conditions has already been repoffed.
a-C:H with typically less than one unpaired spin per 100 C We have seen that the changes i, (T,) for V,
atoms, the statistical thedRypredicts that the line shape is =100V can be accounted for by motional effects and we

Lorentzian with have assumed that, as in DPPH, these arise from exchange. It
is known, however, that below about 300 K conduction in
22 ion-beam sputtereda-C arises from variable range
%ABUZ:%g/J*BNSv (8 hopping®*°and probably in ta-C:H als®, so what justifi-

cation is there for assuming that the “motion” is effectively

whereN; is the spin concentration in crand the field units ~ Produced by exchange rather than by hopping? Typically the
are Gauss. Taking=2.0025 and taking\B,,= AB;,,/v3 conductivity falls by more than three orders of

for a Lorentzian gives magnitude’>~% reflecting the change in probability of an
energy-upward hop, as the temperature drops from 300 to 40
ABpp=8.12<10" 2N, (9 K. If linewidth narrowing is associated with hopping, a sig-

nificant dependence of linewidth on temperature would be

We now consider how the observed linewidths can besxpected, but over the above temperature range the linewidth
understood in terms of the above ideas. We will first considehas been found to change 320% in ta-C, diamondlike,
the situation forv,=100V. At V,=100V the line shape is graphitelike, and polymerlike carbdf.On the other hand,
close to Lorentzian and the measured values AR, this is consistent with exchange narrowing singgshould
=12.2+0.6 G andNg=1.5x10?°cm~3 Equation(9) pre- depend primarily on wave function overlap and hence be
dicts that under these conditions the dipolar interactilmme  relatively insensitive to changes in temperature.
would yield a Lorentzian line withAB,,=12.2G. The In summary, we explain the magnitude of the linewidth
agreement is fortuitously good but clearly no other factor isand its dependence on bias voltage in the ranige 100V in
required to explain the width and shape. This is analogous tterms of a combination of dipolar broadening and exchange
the situation in DPPH foNs<1Xx10?°cm 3 whenAB,, is  narrowing. AtV,~100V the exchange is too slow to affect
no longer influenced by exchange. ¥4y=190 V the shape is the linewidth which primarily is determined by dipolar inter-
Lorentzian within error,Ng is unchanged butAB,, has actions between the spins; the exchange may however be
dropped to 6.2 G. Th&@,, T, values have changed to ones strong enough to shorteh,, as is the case for DPPH.As
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TABLE |I. EPR parameters, bias voltage, hydrogen content, and optical gafCofl films deposited at
low ion energiesA B;p is the measured peak-to-peak IinewidﬂB;p is calculated using thM value and Eq.

(9), andAB, is calculated using the above valuesidB],, AB;, and Eq.(12).

Peak to Peak width&3)

Max/Min  ABg, ABy, ABj,  Ngem®)  Vy(V) H(@t% GageV)  Ref.
Max? 20.3C)* 162 9.1 2107 2.0(Eq9) 8
Max 17.20)% 5.7 14.0 7% 101° 1.88(E o9

Min 8.7(A)? 0.3 8.5 4< 108 2.22(E o)

Max 14.6 10.5 7.7 1.810%° 90 2.45€q.) 9
Min 8.2 006 82 7.%x10Y7 0 4.00€s)

Max 12+1 162 0 2x107° 34 24 3.05E,) 10
Min 3.2+1 0.5 3.0 6< 108 12 24 3.55E,)

Max? 18 1.3 17 1.610%° 7%° 45 1.9€r0 11
Min? 8 0.01 8.0 1.5 10" 45-50 3.3E0) 38
Max 15.4-0.6 4.0 13.2 4§10 50 25 Current
Min 11.3+r0.8 0.02 113  Xx10Y 10 50 3.4, Work

&The films are grown on the cathod€) or the anoddA).
®The V, value is taken to be 75 V on the assumpti&®ef. 4, that the ion energy of 30 eV is 40% bf, .

V,, is raised above 100 V the increasesip? content leads to V< 100V.%® For our samples it is estimated to increase
an increasing delocalization of the spin wave function, androm 13 at. % at 100 V to about 50%, typical of polymerlike
hence to an exchange interaction sufficiently large to proa-C:H, at about 10 V. Unresolved hyperfine lines are ex-

duce an increasingly strong exchange narrowing. In this repected to give rise to a Gaussian line shape with an overall
gion the linewidth is correlated to the optical gap. We nowsull width at half height given b$/

consider the factors which determine the linewidth and its
dependence oW, for V,<100V.
(AB1p)?=(81In20g°ug®) 2 NEAY [ (1, +1)1/3,
[
C. Analysis of linewidth variation for V<100 V: (10
Dipolar and hyperfine interactions

WhenV, is decreased below about 100 V the linewidth
reaches a maximum and then decreases and the spin conc
tration falls rapidly; this is shown in Fig. 2 and has been 1 . - 12 . .
observed by othef® In addition we find that, as noted in gz‘)rI:e,SusmgABl,z—(Z In 2y*“AB, for a Gaussian, this be-
Sec. Il A, the line shape deviates from Lorentzian and be-
comes a mixture of Lorentzian and Gaussian. Table | sum-
marizes the values aAB,,, Ns, and other parameters at (ABPP)ZZE NLAf, (12)
both the maximum\B,, and lowestAB,, (at the lowest ion ¢
energy used The lowest ion energy used by Klebetral?

; N where A, is here expressed in units of magnetic field. We
ga;rﬁghz\gvz:ﬁgscgrg%ﬁ?; ifotsc;e;gci)gt ;%XE&R\?;LEM,{ therefore propose that the overall line shape and width for

had not begun to decrease. Similarly, for the cathode-typ <100V are determined by a combination of dipolar inter-
films of Schiite et al.® the value ofAé —203G is the action and unresolved Hhyperfine lines and, since these
.y pp— .

largest observed but these films were not deposited at low: rumr'gﬁgggshs;\/%u'g \tl)gi Irt]derg:‘ailnedi/ri]ttr,\ tgetgtglle g;llc(a_rtzzl_l S’e%ic'
ion energies; on the other hand a turning poinfiB,, was gtp P P

; T 7
found for their anodelike films. width, ABg, given by’
Table | shows the values of the dipolar contribution to the

whereN, is the number of nuclei in theth shell, & is the
relative abundance of thigh isotope, and\; , is the hyper-
file interaction with the nucléiin the ith shell. For the case

G G L L2
linewidth expected on the basis of the measuxgdvalues ABT :ABPPJF0'908&BPF‘ABPWL 0.4621ABpp)
and Eq.(9). It will be recalled that this fully accounted for PP ABp+0.4621AB ’
the linewidth atV,=100V but the values in the table indi- (12

cate that the minimum valuesB,,, at the lowest ion ener- G L )

gies, greatly exceed the expected dipolar contributions. Th&/here ABy,, ABg, are the peak-to-peak widths of the
question, therefore, is not why does the linewidth decreasé>aussian and Lorentzian cqntrlbuuons which here are given
but why does it not decrease much more? We suggest thBY Eds.(11) and(9), respectively. Using Eq12) and each
the answer is that the unresolved hydrogen hyperfine intetalue of ABy,, given in Table I, we can calculate the value
actions make an increasingly large contribution as the ioiequired forABj, so thatAB; is equal to that of the re-
energy is reduceda-C:H deposited by the usual PECVD corded spectrum; thes\eBSpvalues are also listed in Table I.
process has a hydrogen content which increases as the bi& now need to consider the evidence for and against this

voltage is decreas&t®® and the increase is most rapid for proposed explanation of the linewidth and shape.
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Firstly, the model implies that a#, falls below about 100  from unresolved M hyperfine interactions for-type conju-
V, such thatN; falls and H at. % rises more rapidly, the line gated radicals with 50 at. % H; it is incompatible with that
shape should change from Lorentzian to a Voigt profile. Theexpected foro-type radicals such as the alkyl radical.
change in shape we observe is consistent with this proposal As shown earlier, for the PLC samples, it is possible to
and Sadkiet al>® also find that the line shape of a polymer- estimateABSp if the spin concentration is known and the
like sample, with 45-50 at.% HEy,=3.3eV, N;=1.5  spectrum has a Voigt line shape. It would be useful to have a
X10cm 3, and AB,,=8 G, has both a Lorentzian and relation betweem BS, and the hydrogen content from which
Gaussian component; by contrast their diamondlike samplthe latter could then be evaluated. Equatiddl) suggests
with 25 at. % H,Eq=1.3eV, Ng=4.5x10%cm %, AB,, thatABg might be proportional t¢at. % H? but changing
=4 G has a Lorentzian shajand, we suggest, is exchange the hydrogen content is also likely to change the hyperfine
narrowed. Unfortunately, as noted previously, we cannotterms A,. There is also likely to be a distribution of
determine from the goodness of fit whether the line shape aonfigurations—that is, oN, and A, values. We therefore
V,=50V is a Voigt profile or a superposition of one Lorent- put forward an empirical relationship
zian and one Gaussian line. Ristathal® state, however,
that forV,=50V the shape is Lorentzian but did not deter- ABEP(G)=(0.18t 0.05 X (at. % H). (13
mine the shape at,<50V. Silvaet al!° and Schtte et al®
claim that the line shape for their samples at all bias values i§he value of 0.180.05 is just the mean of the values
Lorentzian. Therefore, although there is general agreemertBg/(at. %H), given in Table I, of 3.2 G at 24%8 G at
that the line shape is Lorentzian at the higher bias values th45—-50 %, and 11.3 G at 50%. For the other minimum line-
evidence is contradictory for the lower bias values and theravidth values of 8.7 and 8.2 G with Bﬁp estimated to be 8.5
is a need for further careful measurements. and 8.2 G, the empirical relation implies an atomic H% of

Second, the model implies that fdi,<10'°cm™3 the di-  just under 50% which is reasonable considering the method
polar contribution taA B, drops belav 1 G and therefore the and conditions used in preparing the samples.
linewidth is dominated by the unresolved Hlyperfine lines. Table | shows, however, that for the maximum linewidths
Considering, first, the minimum B, values(Table ) we the values estimated foAsBSp are rather high—higher in
see that, with one exception, the estimaheﬁgp values liein  some cases than for samples with the minimum linewidths
the approximate range 8—11 G. The exception is the valuwhich, being deposited at lower biases, should have a higher
ABsz:g G obtained by Silvat al;!° this is interesting be- hydrogen content. Also, in the case of our sample deposited
cause the H at. % is exceptionally low in this case—onlyat V,=50V, the values ofAB;p andABSp evaluated using
24%—and Eq.(11) implies thatABS, would also be ex- Egs.(9) and(12) are less than and greater than, respectively,
pected to be low. We now consider whetherBS the values obtained from the Voigt fit. The values found for
—8-11G is plausible for a C:H ratio of about 1:1. One ABg, will be too high if those calculated faxB;, [using Eq.
comparison to make is with the EPR spectrumcistrich ~ (9)] are too low as will happen if théls values given in
polyacetylene (CH)which is a single line, neag=2, which ~ Table | are too low. In the case of those samples Wth
is nearly Gaussian withB,,=8.5G at 295 K and 11 G at >10°°cm *the increase required to give plausitig, val-
82 K.3° Unlike thetrans(CH),, which has a Lorentzian, mo- ues(<5 G) is quite small—only about 20%—and this is well
tionally narrowed line, theis spectrum is well fitted to an  within the uncertainty of theNg values. However, foNg
immobile, delocalized soliton which is computed to have avalues around #§cm 2 an approximate doubling is re-
spectrum of Gaussian shape witkB,,=12G due to the quired. Of course the values &f given in Table | are av-
unresolved H hyperfine lines® Another comparison to erage values for the film whereas the dipolar broadening is
make is with theAB,,, values computed using E¢l1) and  determined by the local values. It may be that as the transi-
the isotropic hydrogen hyperfine splittings for the benzenetion from DLC to PLC occurs with the rise in hydrogen
naphthalene, and anthracene anfBmhich we calculate are content that the spin concentration is not uniformly reduced
9.2, 10.5, and 10.1 G, respectively. Of course this ignoreso that some local values would exceed the average value.
contributions from the anisotropic terms but inclusion of This is plausible since we have seen that the unpaired spins
these, even if known, would probably not much alter theare likely to be associated with-type radicals but when the
values. The above values are reasonable being all about hdifas voltage is reduced below about 100 V, the protonated,
the “extent,” that is the spacing of the outermost lines, of fourfold coordinated, C bonding configurations increase
the above spectra which is 22.5, 27.3, and 27.6 Gmore rapidly that the protonated, threefold coordinated
respectively’® It is worth noting that in these cases the ones®® However, forNs<10'cm™3, the N value will have
change in the degree of localization has little effect on thdittle effect on the overall linewidth and ng values since
“extent” of the spectrum because the anions are isolatedhe dipolar contribution is already so small.
from each other in solution and so there is no wave function In summary, we propose that fof,< 100V the linewidth
overlap. and shape are dominated by two contributions—the dipolar

Unlike the m-type organic radicals described above, theinteraction which gives a line shape close to Lorentzian and
o-type radicals have larger hyperfine interactions. Calculata Gaussian contribution arising from unresolveti hyper-
ing ABp, as above yields about 70 G for the alkyl radical fine lines. AsV,, is decreased and the hydrogen content in-
—CH,—CH-CH,— and 50 G for the mixedr/o allyl radical  creases whildN; decreases, then the former contribution de-
—CH,—~CH-CH=CH-CH,—. We conclude, therefore, that creases and the latter increases. Exchange plays no part and
ABSp=8—11 G is compatible with what would be expectedthis is confirmed by the fact that, as Table | showsyYgss
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decreased below 100 V the optical gap continues to increag®t a situation which arose in our samples, although it is
even though now the linewidth passes through a maximuntikely to account for the increase in linewidth which has been
and starts to decrease. reported’**#%for a-C:H annealed to sufficiently high tem-
Before concluding we discuss two final matters. First, is itperatures.
a good approximation to ignore the unresolvedhyperfine
contribution to the linewidth and shape fof,=100V. At
V,=100V, Nq is typically >10?°cm3 and the hydrogen
content typically<40 at. % so Eqgs(9) and (13) imply that We have provided a comprehensive interpretation of the
the dipolar contribution exceeds, maybe considerably ifyay in which the EPR linewidth and shape change as the
some cases, the hyperfine contribution. ¥sis increased  structure of thea-C:H is changed from polymerlike to dia-
further, Ns does not change much initially but the hydrogen mondiike to graphitelike by increasing the negative self-bias
content continues to decrease. Therefore the approximatiofpitage from about 10 up to 540 V. The change from PLC to
is reasonably good. DLC in the range 10 to about 50—100 V is accompanied by
Finally, we comment on the results of Hoinkés al,  an increase in linewidth, a line shape change, and a large
who measured the effect of changing the hydrogen contenjhcrease in unpaired spin concentration. The linewidth in-
on the EPR linewidth frona-C:H. They found that at about creases because the increase in the dipolar contribution more
24 at.%H AB, (measured in vacuunmeached a minimum  than compensates for the decrease in the contribution from
of 2.8 G withN,=4.5x 10?°cm 3. As the hydrogen content unresolved hydrogen hyperfine splittings. The former contri-
was increased the linewidth started to increase again wheredstion is close to Lorentzian and the latter Gaussian, and the
Ns continued to fall and the approximate values &®,, overall line shape should have a Voigt profile, as we observe
=8G, Ng=1.5x10°cm ™3 at 36 at. % H and\B,,=10G,  atV,=50V, but gradually becomes Lorentzian &g is in-
Ns=0.5x10?°cm™2 at 39 at. % H. They interpreted this in- creased. At,=100V the linewidth has reduced, probably
crease iMB,,,, for >24 at. % H, as due to an increase in the because the hyperfine contribution has fallen to negligible
unresolved hydrogen hyperfine contribution. Our interpretaproportions, and can be accounted for solely in terms of the
tion is different. First, at 24 at. % H, Eq&) and(13) imply  dipolar interaction. Thus fow, <100V the exchange inter-
that the dipolar contributiorAB,’;p= 37 G and hyperfine con- action, if present, has a negligible effect on the linewidth and
tribution ABS=4.5+1.2G, and Eq(12) then givesAB],  this is borne out by the fact that, ¥ is decreased below 50
=37.2G, we suggest that the measurAng=2.SG is V, the optical gap continues to increase whereas the line-
much less than this because % content is high enough Width decreases. The hydrogen content is related empirically
for there to be exchange narrowing. At 36 at. % H the samé0 the Gaussian, hydrogen hyperfine, contribution by
calculations giveAB;,=12.2G, AB§,=6.5+1.8G, AB AB(G)=(0.18+0.05)x (at. %H).
=15G, which is closer to but still exceeds the measured As Vj is increased above 100 V the linewidth decreases
value Angzg G. We suggest that there is still some ex-below that expected from the dipolar contribution alone, and

change narrowing but much less than before because incred8is is attributed to exchange narrowing which becomes
ing the hydrogen content will tend to decrease gip& con- ~ More pronounced a¥, is increased. The increase in ex-
tent and hence decrease wave function overlap. At 39 at. ®hange interaction is attributed to the increased wave func-
H we calculate AB-=4G, AB®=7+2G, AB! =9 tion overlap arising from greater unpaired spin delocalization
+2 G, which agrees \lﬁith the meag‘ilred value of 18pG. Thuhich in turn arises from the i”Cf?aSS@Z content. In this
we suggest that in the range 25-36 at. % H the dominarl€9ime the line shape is Lorentzian and the optical gap is
contributions to the width and shape are the dipolar and excorrelated with the linewidth. At the maximul, of 540 V
change interactions which will give a Lorentzian-like line asthe eX(O:hang_el frequency,we, is estimated to be
observed: these contributions change in this range because b2< 10"°rads™* and there is also some evidence for spin
changes to the p? content andN. Only at 39 at.% Hand ~ clustering. . _ .
above does the hyperfine interaction make the dominant Evidence for the existence of exchange is that the spin-
contribution and it together with the dipolar contribution lattice relaxation time decreases and the spin-spin relaxation
then fully account for the linewidth; however, we predict thatime increases a¥), is increased in a way similar to that
this spectrum has a Voigt shape. The effects they Obgﬂerveobserved. for D.PPH as its concentr.at!on is mcreased: For all
on decreasing from 39 to 24 at. % H are therefore very simiSamples investigated the characteristics of the EPR signal are
lar to that of increasing/,,, in our case, from about 50 to consistent with it being associated withtype rather than

IV. CONCLUSIONS

540 V. o-type radicals.
Hoinkis et all* also find that decreasing the hydrogen
content below 24 at. % H leads to an increase in width and, ACKNOWLEDGMENTS
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