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Interactions of hydrogen and methyl radicals with diamond G(111)
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Methyl-radical and atomic hydrogen adsorption oflTl) have been studied by infrared-visible sum-
frequency vibrational spectroscopy. Methyl iodide, di-tert-butyl-peroxide, and methane passing through a hot
filament are used to produce methyl radio@#l;). Low-energy CH from pyrolytic dissociation at-800 °C
adsorb intact on the surface, but with surface annealing above 350 °C, convert to tetrahedrally bonded CH.
High-energy CH produced at-1800 °C convert readily to CH upon adsorption. Co-dosing a high-temperature
(~800 °Q C(111) substrate with hydrogen and methane via a hot filamentl&00 °C yields only the stable
tetrahedrally-bonded CH-species on the surface. They appear to stabilize the diamond surface structure. The
coverage is not full, leaving sites open for £td adsorb and convert to CH as is necessary for chemical vapor
deposition diamond growttiS0163-182606)00136-1

I. INTRODUCTION Lee and Apai studied hydrogen adsorption orfXt1). From
their HREELS spectra, they identified the presence of
For chemical vapor depositiofCVD) diamond-thin-film  surface-phonons on the bare reconstructétil@ surface,
growth' using thermal or plasma activation of gas phase speand suggested a plethora of different hydrogen terminations
cies, the conditions leading to good diamond growth are gerfor hydrogen adsorption on (C11). Aizawa et al® used
erally known but the detailed mechanisms are not yet cleatiREELS to study the (111) surface of diamond homoepi-
Although a great deal of work has been done in the studies daxially grown by CVD under microwave plasma-assisted
gas composition and gas phase reactions under CVD condileposition conditions. They also interpreted the spectrum as
tions, very little is known about the surface species existinglue to the presence of GHermination on the surface.
and surface reactions occurring during the diamond growth. In our earlier work using nonlinear optical
In an attempt to determine the growth mechanism, variouspectroscopy;'°the interaction of atomic hydrogen with the
techniques, such as resonance-enhanced multiphotatiamond @111) surface was also investigated. The SFG
ionizatiorf and substrate microprob&save been used to probe proved to be extremely powerful at studying the nature
identify gas phase species near the surface. However, the the hydride termination. Atomic hydroggdosed or as-
data do not provide direct information on which surface spepolished was shown to terminate the(T11)-(1x1) bulk-
cies are present, causing ambiguity in the interpretation oferminated surface at top sites as a monohydride species.
the results. Clearly, for a better study of the growth processiypon hydrogen desorption at high-temperatyre$150 °Q,
an in situ probe involving surface-vibrational spectroscopythe surface undergoes a reconstruction to (2%1) geom-
that allows identification of surface species is desirable. Inetry.
deed, electron-energy-loss spectroséopyand Fourier- Although the study of hydrides on a diamond surface is
transform infrared spectroscopyave been employed for important, we have not addressed the issues associated with
such studies. More recently, infrared-visible sum-frequencyhe diamond growth. Typically, CVD diamond growth in-
generation (SFG as a surface vibrational spectroscopicvolves a hydrocarbon gas such as methane, which is often
probe has been develop®dits high-sensitivity, high- heavily diluted by hydrogefi<1% CH, in H,). The gas mix-
resolution, and high-surface specificity makes it idealifor ture is passed through a hot filament or plasma-decomposed
situ probing of CVD growth processes. before impinging onto the high-temperature substrate
Hydrogen has been found to be a key ingredient for con{~850 °Q.!! The successful use of methane suggests that
sistently high-quality diamond growthThe study of hy- CH, (x=1,2,3) radicals may play an important role in the
drides on diamond surfaces is important and has been carriggowth process. There is the question whether any of the
out by several researchers. Waclawskal first used high-  CH, radicals appear on the surface during the prodessitu
resolution electron-energy-loss spectroscdp\REELS to  vibrational spectroscopic studies are clearly in order. If a
obtain the vibrational spectrum of an as-polishédXl) sur-  methyl species is able to sit at top sites, the characteristic
face and concluded that the surface was terminated by CHvibrational signature should be distinctly different from that
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of the monohydridé:* In this paper, we will address the Xy Avs) = NsaZ (y+1)(cosd)+ (y—1){cos6)],
problem of methyl adsorption and conversion on the dia-
mond Q111 surface.

N
We first describe briefly, in Secs. Il and Ill, respectively, Xy Ava)=— 73 a’) (cod sirf),
the relevant aspects of SFG spectroscopy and the experimen-
tal arrangement. We then present the experimental results in 2 2 ) 4
Sec. IV and give a qualitative discussion in Sec. V. Xiy2(vs) = Nsargg (1= y){cosd sirPo),
2 _ 2
Il. SUM-FREQUENCY VIBRATIONAL SPECTROSCOPY XX v ) = 3Nsaly) (cos6),

Infrared-visible SFG as a surface-vibrational spectrowherevg andvq refer to the symmetric and antisymmetric
scopic technique has been described in earlier publicationsCH, stretch modes, respectively, and 7 are unit vectors
The process is forbidden under the electric-dipole approxiparallel and perpendicular to the Gldymmetric axis, re-
mation in a medium with inversion symmetry, but is neces-spectively, yzaR?)ggglaﬁlz,gg is estimated to be 1.66 based
sarily allowed at a surface or interface. It has therefore beenpon Raman-depolarization measurements of thg Sih-
used as a surface-specific analytical tool. The SF output frometric stretch of methandf and ¢ is the polar angle of the
a surface, usually taken in the reflected direction, is propor€H; symmetric axis with respect to the surface normal.
tional to the absolute square of the surface-nonlinear suscep-
tipility_ 2. I thglinfra[gd—_input is tuned over a surface- IIl. EXPERIMENTAL ARRANGEMENT
vibrational transmon',)_( is expected to_ b_e resor)antly AND SAMPLE PREPARATION
enhanced, thus providing the spectroscopic information.

Generally,y'? has a resonant and a nonresonant part and The experimental setup was similar to that described ear-
the resonant contribution can come from several resonancdéer in the SFG study of hydrogen adsorption on diamond
We can write C(112).>%0 |n the present experiment, measurements were

made on €111) with different dopants under a variety of
, 1) substrat_e temperatures, dosing conditions, and subsequent
processing.

The diamond substrate was polished and cleaned in the
usual way. A well-ordered hydrogen-terminated1Cl)-
(1X1) surface could be obtained consistently by atomic-

XEZG:Aq/(w—quFq) (2)  hydrogen dosing(thr(_)ugh a hot filament at temperature
) o ~1800 °Q on the diamond substrate at850 °C. It was
is the re_sonant contribution from thgth-resonant mode .h5racterized by a single, narrow CH stretch peak 2835
characterized by the strengty, resonant frequencywg,  cm1in the SFG spectrum. The X 1) surface structure re-
and damping constanty. Interference between various mained upon hydrogen desorption until a coverage of less
terms in Eq.(1) can distort the spectral line shape. Parametinan 0.05 ML at which the surface reconstructs(26<1).2

ric fitting of an experimental spectrum by Ed4) and (2),  \jost of our dosing experiments used the nearly bafel0-
however, allows the determination of all the parameters Char(‘lxl) surface as the starting substrate.
acterizing the resonances. For the study of methyl-radical adsorption ofilC1), me-
The independent nonvanishing elements&f can be _thyl radicals were produced by thermal dissociation of a
determined by SFG measur((ezr?ents using various polarizatioy mper of parent molecules using a hot filament. The pro-
combinations. For examplgyy{wsre=w,is T wir) (2 beiNg  quction of CH from methane(CH,) (dissociation energy
along the surface normal axdalong the surface in the plane Ec.,=435 kJ/mo) required a hot filament temperature
of incidence for a surface with inversion symmetry in the (~1800 °Q similar to that for production of H from
plane can be obtained wits-polarized outputs-polarized (g —436 kJ/mo). Two other methyl-radical production
visible input, andp-polarized infrared inputldenoted as rocesses allow lower hot filament temperature800 °C).
ssp)._ T_hls is the element that provides the most spectroMethy| iodide (CHyl) (Ec,=234 kd/mo] dissociates into a
scopic information about H and GHdsorbates on diamond. ethyl.radical and a reactive iodine atom. Both will adsorb
With the assumption that adsorbate-adsorbate interactiof,io ~ the diamond surface Di-tert-butyl  peroxide
. .
can be neglec_ted)(.f?) of adsorbates can be related_to the[(CH3)3COOQCH3)3] (DTBP) experiences a breaking of the
resonant polarizabilityg of a bond or group of atoms in the peroxide bontf producing an unstable intermediate that re-

2
Sox| X2

2 2
S A8,

whereS is the SFG signaly(2 is the nonresonant contribu-
tion and

adsorbate. sults in decomposition into stable acetone molecules and me-
. m thyl radicals. Acetone does not seem to adsorb ¢hl@
X(Rz,i)jk:Ns% (-1 -m)(k-N))ai) - (3 and has little effect on radical adsorption ofiL.€1). Dosing

R with acetone(10~° torr) with the same hot filament was
Here, Ng is the surface density of adsorbatésm, n de-  found not to cause any changes to the covered or bare dia-
scribe the molecular coordinate axes, and the angular brackaond surface. Only if the hot filament temperature was in-
ets denote an average over the orientational distribution ofreased to~950 °C did the SHG or SFG show any changes
the bond or atomic group. Consider, for example, a monoindicating a modification of the surface, presumably from the
layer of methyl(CH,) radicals adsorbed on a surface. h&¥  activated acetone molecule. Considering that the concentra-
be the polarizability of the Cklgroup. We find for an tion of the acetone from the DTBP pyrolysis is much lower,
azimuthally-symmetric orientational distributiof, the presence of acetone during the DTBP dosing should be
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negligible. Total dosing pressures of the gases were typically
10 ° torr. For the methyl iodide, DTBP, and acetone dosing
discussed above, gas was obtained from vaporization of lig-
uid. A freeze-pump-thaw method was performed to remove
dissolved volatiles. We also ensured that the filament of the
ion pressure gauge had no effect on the excitation or decom-
position of CHl, DTBP, or CH,. The substrate temperature
could be affected by the hot filament, but the effect was
hardly detectable with the filament @800 °C and had a rise
of ~150 °C with the filament at-1800 °C.

Unless noted otherwise, the SFG spectra presented in this
paper were taken with thesppolarization combination as
this gave the strongest sigral.

SF Signal

IV. EXPERIMENTAL RESULTS
A. Establishment of C(111)-(1x1) structure

SF Signal

In our studies of radical adsorption or{X11), the major-
ity of the experiments started with a nearly-bare surface with
the (1x1) structure because this is presumably the surface
effective for diamond CVD growth. As mentioned earlier,
the (1x1) surface can be achieved with5% ML of hydro-
gen coverage. Dosing the barélC1) surface with methane Frequency (cm'1)
could also convert the surface structure frq@x1) to
(1X1). This was observed with activated methane adsorption F|G. 1. SFG spectra of the room-temperature diamoftL@
using low-energy electron diffractiofLEED), temperature- surface dosed byg) DTBP and(b) CHal through a hot filament at
programmed desorption, and second-harmonic generatior;800 °C. Polarization combinationssp (open circley and sps
but it took ~0.3 ML coverage for thé1x1) unreconstructed (open triangleswere used. Solid curves are theoretical fits using
phase to appear clearly in the LEED patt&triThe SFG  Eq. (1) with fitting parameters listed in Table I. The dotted curves
spectra of the methane-dosgdrough a hot filamentC(111) are fits neglecting contribution from the asymmetric éfretch
surface starting with the bare reconstruc(@et 1) structure, mode. The SF signal is in arbitrary units.
however, did not show any discernible features. The same

ok E
2800 2900 3000 3100

was true for CHl and DTBP dosing. Only after annealing at (CH3)3COOQCHg)3—2CHg+2(CH;),CO,
sufficiently high-temperature would the Chbeaks emerge

from the spectra. This could be due to adsorption-induced CHal—CHat |

surface disordering leading to broadening, and hence a weak- 8 st

spectrum. Dosing of DTBP or CHI on a nearly-bare (111)-(1x1)

In the following, we will not discuss more results of dos- ¢, f5ce through a hot filament at800 °C would result in
ing on Q111)-(2X1) as the starting surface, but focus our oy adsorption on the diamond surface. In the case of
attention on experiment with (€11-(1x1) as the starting prp, coadsorption of acetone appears negligible, but in the
surface. In our earlier work’ it was found that &5% ML 456 of CHI, coadsorption of | is energetically favorable.
hydrogen coverage was sufficient to maintain th@ 1%)- Figure Xa) shows the SFG in the CH stretch region of
(1x1) surface structure. In the present wo_rk, we consider &(111-(1x1) dosed by activated DTBP to the saturation
surface “nearly bare” as &1x1) surface with 5-10 % hy- |aye| The spectrum obtained with ts@spolarization com-
drogen coverage. This nearly-bare surface was reliablyination (s, p, and's referring to the polarizations of the
ach|§ved in the following way. It was first exposed-#800— g _qytput, visible input, and infrared input beams, respec-
850 °C to atomic hydrogen for 10-15 min at a moleculariye|y) is weak and does not exhibit any discernible features.
hydrogen pressure of 16 torr to achieve a well-ordered 1ne’ssppolarization combination yields a clear spectrum,
(1x1) surface with monohydride termination. Subsequently,a|though it does not have the profile of an absorption spec-
thermal desorption was employed to produce a well-ordered,,,, pecause of the interference between resonant and non-
surface with partial monohydride coverage. SFG was used tQ.sonant contributions to the SFG. We can use EYsand
monitor the reduction of H coverage to 5-10 %. Absence 0{y) (o fit the observed spectrum and find the resonant modes
the C-C stretch modegn the 1300__1550'0"11 region in 404 their characters. In Fig(d), the solid line corresponds
the SFG spectrum was taken as evidence of the existence Qf 5 four-mode fit with the fitting parameters listed in Table
the (1x1) surface structure. I. The four modes at 2840, 2896, 2935, and 2975 tean
be attributed to the CH stretch, G¢3) (symmetric stretch
B. Dosi ¢ DTBP and CHi CH;(FR) (Fermi-resonance between symmetric stretch and

- DosIng o and Chy bending, and CH(d) (asymmetric stretch respectively. In

As we mentioned in Sec. lll,(CHy)3;COOQCHy);  comparison, it is known that H on(C11)-(1X1), in stable

(DTBP) and CHJ at ~800 °C decompose as follows: equilibrium, has a stretch-frequency of 2835 ¢rricorre-
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TABLE |. Fitting parameters for SFGsp spectra of nearly-bare(C11) surfaces dosed by activated
DTBP and CH), shown in Figs. 2a) and 2b), respectively.

CH CHg(s) CHy4(FR) CHg(d) 2
(o, F=cm™} (w,T,AIT) (0,T,AIT) (w,T,AIT) (w,T,AIT) (i, &)
DTBP 2840,25,1.1 2896,25,4.9 2935,21,8.7 2975, 558 17,230°
CHl 2839,42,6.3 2889,27,6.6 2910,10,8.9 2955-13) 15,240°

sponding to H adsorbed on a top site withspi-bond. The  atomic hydroger® It was believed to be a CH-stretch mode
CHs(s), CHy(FR), and CH(d)-modes of alcohols or alkane associated with H adsorbed at unrelaxed surface gites.
chains have frequencies at 2875-2880, 2935-2940, arsbuld be that H adsorbed on C in a metastable geometry with
2960-2975 crit', respectively. We note that in our fitting of a strained sp*-bond) At sufficiently high temperatures
the spectrum, it was necessary to include thes@jtmode. (=650 °Q, only the ~2835 cm* CH-peak dominates. The
Its contribution tox® is opposite in phase to that of G)  spectra in Fig. 2 clearly indicate that GHadsorbed on

and CH:,(FR; and makes the dip at 2970 cth more  ¢(111)-(1x1) can be converted into CH when the substrate
pronounced.” Exclusion of the CH(d)-mode leads to a temperature is sufficiently high.

poorer fit in the 2970 cm' region as depicted by the dotted
curve.

The spectra of Fig. (&) yield the following information.
The CH specieqor H) adsorbed on the surface is smal
(~10% ML estimated by comparison with the signal from a

saturation coverage of )JH The CH, species may also be : ;
present on the surface, but their amount is also not ver his was found to be true even if the substrate was kept at

significant. From the geometric consideration, it is unlikely hat temperature for only-1 min. The process is apparently

that the @111)-(1x 1) surface could support the bridge sites surface-mediated since_in the gas phase a much higher tem-
needed for Ch adsorption. The Ckispecies appears to be perature would be required to break the CH covalent bonds.

the dominant adsorbates on the surface. The polarization de-
pendence and the appearance of the;@Hmode in the

sspspectrum suggest that the Gkadicals are oriented on L L LI
average with the symmetric axis along the surface normal, M)

but the orientational distribution has a large angular spread. 5T

Similar results were found when the nearly-bar@ 11)-
(1x1) surface was dosed with GHhrough a hot filament at
~800 °C. ThesspSFG-spectrum is displayed in Fig(k; s Y

thespsspectrum is again weak and offers little information. 20 E—

Figure 3 shows a similar set of spectra for the,Cé#bsed
C(111)-(1x1) surface. They exhibit the same behavior sug-
Igesting the conversion of GHo CH at sufficiently high
substrate temperatures. We note that in both cases, conver-
sion of the CH species is already significant at350 °C.

Possibly because of coadsorption of | on the surface, the 2 |

surface density of Ckis smaller than that in the DTBP case, 5 | M

resulting in a weaker spectrum. However, the spectrum can e

still be fit with four resonant modes using Edq$) and (2). E 15 - —

The fitting parameters are listed in Table I. As in the case of <

DTBP-dosing, the four modes at 2939, 2889, 2910, and 2955 © M)

cm ! are assigned to CH-stretch, gd), CHy(FR), and 5

CHs(d), respectively. The frequencies of the £Hodes ap- ff 10 - —
%] L

pear redshifted from the usual ones, perhaps because of in-

fluence from | as coadsorbed-neighbors. The observed spec- | m
trum again suggests that th€1@1)-(1x1) surface is mainly

covered by CH (together with } with only a small amount 5L -
of H or CH. )

If either of the above Ckcovered diamond surface were
heated, conversion of GHo CH could result. Figure 2 de- @
scribes a set afspSFG-spectrum for a DTBP-dosed surface Ol | A ———
heated to different temperaturéall spectra were taken with 2750 2800 2850 2900 2950 3000 3050

the sample heated to the stated temperature for 10 min and
then cooled down to room temperature for the SFG measure-

ment) It is seen that with increasing temperature thesCH k|G, 2. SFG spectra exhibiting the effects of surface annealing
modes reduce in strength, but the CH peak grows. In th@fter dosing of DTBRthrough an~800 °C hot filamenton Q(111)
intermediate temperature range, a new peak2865 cm®*  at room temperaturéa) Nearly-bare surfacdb) as-dosed surface,

is clearly visible. This appears to be the same mode that hgs)—(g) dosed surface annealed at 350 °C, 500 °C, 620 °C, 740 °C,
been observed in the spectra taken when a bare-reconstructagt 800 °C, respectively. Specif@—(g) have been incrementally
C(111-(2X1) surface was dosed and partially covered byshifted upwards by five units for clarity.

Frequency (cm™')
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FIG. 3. SFG spectra showing the effects of surface annealing FIG. 4. SFG spectra showing the effects of surface annealing
after dosing of CHl (through an~800 °C hot filamenton 0111  after dosing of CH (through an~1800 °C hot filamenton C(111)
at room temperaturda) Nearly-bare surfacgp) as-dosed surface, at room temperaturéa) Nearly-bare surfaceb) as-dosed surface,
(c)—(h) surface annealed at 350°C, 450 °C, 550°C, 660 °C,c)—(g) surface annealed at 350 °C, 450 °C, 555 °C, 660 °C, and
740 °C, and 800 °C, respectively. Spediea-(h) have been incre- 775 °C, respectively. Spectréb)—(g) have been incrementally
mentally shifted upwards by five units for clarity. shifted upwards by five units for clarity.

The conversion of the methyl species on th@1l) surface  surface with CH adsorbates might be disordered and the
seems to have begun at temperature around 250 °C. orientational distribution of CElmight have a wide angular
spread. Disordering could be caused by high-energy H and
C. Dosing of C CHs;, which were generated by the very Het1800 °Q fila-
- Dosing of CH, ment, impinging on the surface. We have found that dosing

CH, decomposes into Ctand H at~1800 °C. Therefore, of H on a room-temperature diamond surface does lead to
dosing of CH on Q(111)-(1x1) through a hot filament at gradual disordering of the room-temperature surface. Third,
1800 °C could lead to adsorption of Gldnd H on the dia- the adsorbed CHmight have been converted to CH upon
mond surface. One would then expect to observe CH anddsorption. The conversion process could be more efficient
CH; modes in the SFG spectrum. The spectra in Fig. 4, takethan in the cases of GHand DTBP-dosing because of the
from an as-dosed (@11)-(1Xx 1) surface and a dosed surface higher energy possessed by the impinging species. The last
that has been annealed for 10 min at various temperaturesyo possibilities may be both operative.
however, show little evidence of the presence of thesCH  To see whether the energy carried by tds any effects
species. Only two peaks are prominent in the spectra, one an the CH adsorption and conversion, we have studied
2835 cm! and the other at 2865 cm. As we discussed CH;l-dosing with the hot filament set at1800 °C instead of
earlier, they can be identified as the CH-stretch modes asse-800 °C. The spectra in Fig. 5 appear quite different from
ciated with H adsorbed at top sites of1@1)-(1x1) and at those in Fig. 3. With the hot filament at1800 °C, the CH
local unrelaxed sites, respectively. At low temperaturespectral features are very much weaker and both CH stretch
(<150 °0, the 2865-c® mode appears to dominate. With modes, at 2835 and 2865 ¢t are now prominent even
increasing annealing temperatures, the 2865tmode is  though the substrate is never annealed. Clearly, a significant
converted increasingly to the 2835 chmode. At the an- portion of CH; adsorbed on the surface must have converted
nealing temperature of 775 °C, part of the H has been degse CH upon adsorption. The presence of the two CH modes
orbed, leading to a lower peak at 2835 ¢m indicates that part of the CH-species is in the unrelaxed po-

There are three possibilities why the gHignal in the sition. With the substrate heated to and annealed at increas-
spectra of Fig. 4 is weak. First, Gkhight not readily adsorb ingly high temperatures, the CH-mode at 2835 ¢rassoci-
on the surface. This is not likely considering that Oltbes  ated with H adsorbed at the top site of the well-ordered
appear on the surface when dosed with;Ctsecond, the C(111)-(1X1) structure becomes more and more pronounced
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P CH,/H, mixtures. () 100% H, (diamonds, (b) 0.5% CH,/99.5%
51 H, (circles, (c) 10% CHy/90% H, (up triangle$, (d) 50% CH,/50%
H, (squares and(e) 100% CH, (down triangles The lines repre-
e K (a? L sent fits to the data using E€l) with a single resonance.
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adsorption or formation of the stable CH species with C

Frequency (cm™) saturated by tetrahedrally-ordersg*-bonds.
Dosing with a mixture of H and CH, improves the
FIG. 5. SFG spectra showing the effects of thermal treatment§hance of forming stable CH species. Figure 6 shows that as
after dosing of CHI (through an~1800 °C hot filamenton C(111) the H,/CH, composition changes from 0/100 to 50/50, 90/10,
at room temperaturda) Nearly-bare surfacep) as-dosed surface, and 100/0, the 2835-cii-mode increases in strength from
(c)—(f) surface annealed at 350 °C, 450 °C, 550 °C, and 660 °C5% to 10%, 50%, and 100%. The gas pressure used was
respectively. Spectréb)—(f) have been incrementally shifted up- 5x10 © torr and the spectra appeared independent of the
wards by five units for clarity. dosing time after 15 min of dosing. The single, narrow peak
at 2835 cm? in the spectra is an indication that H is always
as more adsorbed species are converted into this most statsesociated with the stable CH species on the surface. It can
adsorbed species. The result of this experiment indicates thapme from direct adsorption of H as well as conversion of
the more energetic CHmpinging on the C111) does tend the adsorbed CHspecies.
to make the surface disordered and enhances the conversionlt has been found that dosing of atomic hydrogen on a
of CH; to CH on the surface. high-temperature (@111)-surface stabilizes the surface in the
With CH,-dosing, direct adsorption of H on the(T1l)  (1x1) structure'>*®In the present experiment, we have stud-
surface must also occur. This makes the CH spectral featuied a G111)-surface dosed by activated ¢Hig. 4(b)] and
much more prominent in comparison with the {idosing  subsequently exposed to atomic hydrogen with the substrate
case[Fig. 4(b) versus Fig. ®)]. heated to~820 °C. A single, narrow peak at 2835 chwas
observed in the spectrum indicating the appearance of a well-
ordered @©111)-(1x1) hydrogen-terminated structure. We
note that for effective CVD diamond growth, the typical gas
mixture often used contains an excessively large amount of
The usual CVD growth of diamond occurs with the sub-H,,* e.g., H/CH, of 100/1. Presumably, the role of,k to
strate kept at high temperatures800 °O.* To simulate the supply H to keep the surface in the well-orderedl 0l)-
CVD condition, we have studied dosing of €Hn C(111)- (1X1) structure and to abstract unwanted Eatisorbed spe-
(1X1) kept at~820 °C. The SFG-spectrum was taken aftercies, leaving only CH and Coi-bpecies that are adsorbed to
the heated nearly-bare surface had been exposed fotd®  the substrate bgp*-bonding'%*®
of CH, for 5-10 min and cooled down to room-temperature. Dosing of activated Cl{on a well-ordered hydrogen-
It was found to be very weak with a hardly visible feature atterminated €111) surface was found to reduce significantly
2835 cm}, indicating the presence of less than 5% of Hthe 2835 cm* CH-peak, but this was presumably due to
adsorbed on the surface. This spectrum is very different fronsurface-disordering incurred by high-energy bombardment of
the one taken with the substrate kept at room-temperature @il and CH as the full strength of the peak could be fully
the time[Fig. 4b)]. A possible explanation is that GHadi-  recovered by subsequent annealing of the substrate. The
cals react with the high-temperature surface in many differsame was true with activated GlFtosing. The results sug-
ent ways resulting in many different Grhdsorbed species gest that either Ccannot easily replace the adsorbed H, or
and a very much disordered surface that limit the hydrogerCH; would replace H, convert into CH, and form a new

D. Dosing on high-temperature substrates
by activated hydrogen and methane
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relaxed tetrahedrally-bonded surface CH layer. The latter apstrength of the 2835-cht-peak can be used as a direct mea-
pears energetically less favorable. sure of the H coverage on the surface.

The SFG spectra indicate that if thg1@1) surface is
dosed by DTBP or CH through a hot filament at 800 °C,
CH; (and )-species seem to have a dominant coverage on

The experiment described above shows that SFG vibrahe surface. Only after the surface is annealed at high-
tional spectroscopy can be used to monitorsitu radical ~temperature for a sufficient amount of time will gHe con-
adsorptions and reactions on a surface. This is just what weerted to CH. However, if the dosing is through a hot fila-
need to understand the mechanism of a CVD process. Manent at 1800 °C, then CHmpinging on the surface can be
thyl radical (CH;) adsorption on diamond (€11) is likely  readily converted to CH. The latter situation is also what
the first step of CVD-homoepitaxial growth of diamond from happens with Ctdosing although in this case both g&ihd
the (112 surface. However, in usual CVD diamond growth, H from dissociation of CH will impinge and adsorb on the
high-temperature hot filamengs-1 800 °Q are often used to surface. Conversion of CHo CH on the surface is obvi-
thermally dissociate methane or methyl derivatives to pro-ously surface-mediated because the surface annealing tem-
duce methyl radicals. It is then possible that other, Gkl  perature required for the conversion is only several hundred
=1,2) radicals may also be produced in the process. In ordedegrees, which is an order of magnitude less than what is
to study CH adsorption on CL11) without the complication needed for decomposition of GHo CH in the gas phase.
of coadsorption of CH, we must choose methyl derivatives  We also note that from the observation of two CH stretch
that can decompose and produceGitl a sufficiently low-  peaks(at 2835 and 2865 cit) in the spectra, there appears
temperature such that the probability of thermal-dissociatiorio be two general configurations of CH on thd1Cl)-
into CH, (x=1,2) is negligible. DTBP and CHisatisfy the  surface, irrespective of whether the CH species comes from
condition; they yield CH in passing through a hot filament CHs-conversion or directly from H-adsorption on(111).
at ~800 °C. The SFG vibrational spectra of the DTBP andOne is the stable configuration in which the C atom of CH
CHsl-dosed @111) surfaces at room temperature are indeedconnects with three neighboring C by
dominated by the Chistretch resonances. The resonant featetrahedrak p®-bonding into a well-ordered local diamond
tures in the spectra appear to be significantly broader thastructure. The other is a metastable configuration in which C
those of CH in the spectra of well-ordered alkane chains.of CH is bonded to the neighboring C in an energetically less
The nonresonant background also appears to have increaskdorable position. Recently, Busmaanal*® used scanning
after dosing. Both probably arise from surface-inhomogenitytunneling microscopy to probe the surface of vapor-grown
and disordering caused by radical bombardment of the supolycrystalline diamond films. They observed in ttill)
face and adsorption on nonequilibrium sites. Interactions ofurface domains @3Xxv3 R 30° superstructure. This super-
CH,; with neighboring coadsorbed specigsich as | in the structure was attributed to the formation of carbon trimers on
case of CHI) could also shift the frequencies of the ¢H the surface. Molecular dynamics calculation has shown that
modes. We have observed that if the hot filament was adsuch a structure could be stable and the trimers could support
justed to higher-temperatures, and/or DTBP or;E#bsing  monohydride termination with one hydrogen atom bonded to
lasted over a longer period, the SFG-spectra of;@HA  each carbon atom at a near-top site. More recently, Zhigilei,
C(111) were significantly poorer. Srivastava, and Garrisgtin their molecular dynamics simu-

The SFG-spectra of DTBP and GHlosed @111 sur- lation have found that at relatively low-surface coverages of
face at room-temperature show no discernible features due téd on Q(111), part of the hydrogen atoms could be adsorbed
CH, (x=1,2). This indicates that the surface coverage ofon carbon atoms at localized highly strained configurations
CH, must be relatively insignificant. From energy consider-intermediate betweefix1) and(2X1) structures. These ad-
ation, the appearance of GHpecies is believed to be un- sorbed hydrogen atoms actually lead to a CH stretch-
likely. Not only the production of CKby our hot flament vibrational peak at a higher frequency than the one arising
should have been negligible, but conversion of,GbiCH,  from the bulk-terminated hydrogen atoms. Thermal anneal-
on the surface should have been impeded by the lack dhg or higher hydrogen coverages could relax the strained
appropriate adsorption sites on thélC1) surface. configuration and convert the higher-frequency peak to the

One would expect that the SFG-spectra could allow dower one.
guantitative evaluation of the Ghorientations and coverages  The formation of the stable CH species on thel1l)
on the G111) surface. Unfortunately, this would be possible surface at low-temperatures may take two steps. First, ad-
only if the orientational distribution of the adsorbed £H sorption of H on C or conversion of GHo CH yields the
were known and a reference spectrum for @11) surface  metastable CH species. Then, surface-annealing converts the
fully covered by CH were available. Neither is true in the metastable CH to stable CH. Annealing also appears to be
present case. In particular, we do not yet know how to preeffective in removing the surface disorder incurred by bom-
pare a diamond surface with a well-ordered full monolayemardment of radicals during adsorption. We have found that
of CHs-adsorbates. We are therefore forced to discuss ouhe stable CH peak in the spectrum of a fully-annealed, ini-
results in relative, qualitative terms. The study oftially CH;-saturated, (111 surface never has a strength half
H-adsorbates on @11) is different. The 2835 Cr‘nl-peak in  as strong as that of a fully H-terminated1@1) surface. This
the SFG vibrational spectrum is well understood as the CHndicates that the saturation coverage of;@Hn never reach
stretch mode for H adsorbed on top sites of @X1)-(1X 1) a full monolayer(referred to the surface carbon monolgyer
structure with ansp®-bond. The reference spectrum of a  Dosing of Q111) at high-temperatures~820 °Q by H,
fully H-terminated @111) surface is available. Thus the and CH, gas mixtures through a hot filame(t1800 °Q

V. DISCUSSION
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yields spectra with only a single discernible peak at 2835 We should remark, in closing, that there is always the
cm ! representing the stable CH species. The strength of theossibility that our low-gas-pressure study could yield results
peak increases very gradually with the hydrogen compositionery different from those of a practical CVD process with
in the mixture. This indicates that H only appears on themuch higher gas pressure. Although the experiment reported
surface with the stablep®-bonding. Its surface coverage is here was conducted with the sample in an ultrahigh vacuum
determined by dynamic equilibrium between adsorption andhamber, our SFG spectroscopic technique should be appli-
desorption and only approaches a full monolaytest & par- cable to samples in real CVD atmosphere. Such an experi-
tial pressure of~5x10 ° torr. The equilibrium surface cov- ment is being planned.

erage of CH is even much lower at the same partial pres-

sure. Any adsorbed CHnay have been rapidly converted to

stable CH, but the amount must be small. VI. CONCLUSION

Our spectroscopic results suggest the following picture. H . . .
. SFG vibrational spectroscopy provides a powerful means
cug] CRLEreas cif sibon o lieltl curiEcd Tig to probein situ adsorption and conversion of H and £bh

former adsorbs with a higher probability and bonds to the . i .
surface carbon atoms in two possible configurations, Ondlamond surfaces. Low-energy methyl radicdl#,) can be

stable and one metastable as mentioned earlier. At Suﬁ_roduced by passing GHand DTBP through a hot filament

ciently high surface temperatures, the adsorbed G be at ~800 °C. The methyl radicals can then adsorb on the dia-
y nig P . . " . mond (111 surface intact. Surface annealing even at rela-
converted to CH through surface-mediated reactions, f'rsttively low-temperatures>350 °O, however, can convert

into the metastable configuration and then to the stable ON&Li “io CH. The conversion leads first to a CH bonded in a
3 .

Increasing the temperature speeds up the conveEiHEa N etastable configuration and then to a CH bonded in a dia-

ANE V1D EEnining) TEnpereines, @iy e eielols ] Spe}Cieﬁmndlike stable configuration. The amount of £species

e TSR ERaiace. Higher hydroge%-n the surface, if any, is small. This conversion process

dosing pressures lead to higher coverages of the surface %\6 . . . .
. uld be important in CVD diamond growth. With the hot
the stable CH species and a better orderédi1®-(1x1) filament setpat~1800 °C high-energ? CHare produced

surface. We realize from the surface geometric consider; L .
ation, conversion of CElinto a stable or metastable CH on from pyrolytic dissociation of Chl and CH. Upon adsorp

the surface would require reactions with several neighborintlon on the G111) surface, most of the methyl radicals seem

. : "M% convert immediately to CH. Thus, energy input is clearly
adsorped CH radicals to establish a local tetrahedral dla—required for the conversion of GHo CH, either in the form
mondlike structure.

How can the above picture be consistent with what WeOf energy carried by Cgior in the form of thermal energy

o . existing on the surface. To partially simulate the conditions
know about CVD homoepitaxial diamond growth? In the '
CVD process, it is important to have a large/€H, ratio of normal CVD growth, dosing of bland CH through an

: ) ~1800 °C hot filament onto a(@11) substrate at-800 °C,
((a - igs();il\l/qetg?r] %aus;] TA}(t:trs n:cl)(r: Riglrtgge%r?;/vghélg‘;éﬂg g;tgfor_]as been studied. Hardly any species appears detectgble on
motion of sp>-bonding of adsorbed hydrocarbons and re—the ;urfacellf t.h © proportion ofg—ln' the mixture of~10°
moval of graphitic carbons with nese*-bonding® Our torr is not significant. With increasing proportion of, Hhe
, - . urface is seen to be covered more and more with the stably
spectroscopic study here indicates that under normal CV

e . onded CH species. The high proportion of id the gas
s el s s sy e miure for CVD Hamoepissl damond groth s 1
= - s serve the important function of maintaining the well-ordered
activation, there always exists a significant number of ope

- rE:(lll)-(lxl) surface structurémostly H-terminateg un-
tsr;teesseog ttehse ffugacig’;nsdoze%nifﬁnocoempgg t/c\)/i tc;]cgugi);_ contaminated by graphitic-carbon species, that is required for
mondlikes .3-bon|3_(|jin then it is not Iikelp to be removed b the epitaxial growth through CHadsorption and conversion.

- : P g, then it €y : Y In situ SFG spectroscopic studies of real CVD diamond
incoming H. If the bonding is graphitic, then it would be

preferentially cleaned off by incoming H. Conversion of CH growth may also be possible.

to CH would have to wait until other CHadsorbates appear

by ac_jsorptlon or dlffusu_)n at the nelghbprlng sites so that ACKNOWLEDGMENTS
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