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Interaction of atomic hydrogen with the diamond C(111) surface studied
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Atomic hydrogen (deuterium) adsorbed onto the diamond C(111) surface has been studied by
infrared-visible sum-frequency-generation spectroscopy. Monohydride termination of H/C(111) is
confirmed by the observation of sharp CH stretch (2838 cm™!) and CH bend (1331 cm™') modes in the
spectrum. Deuterium on the surface gives a CD stretch frequency of 2115 cm~!. The rate of hydrogen
adsorption is measured in comparison with the rate of deuterium abstraction by hydrogen. Measure-
ment of thermal desorption of hydrogen from C(111) suggests a near first-order desorption kinetics with
an activation energy of 4.040.4 eV and a preexponential factor of 10"*¥2 s~!. On the bare reconstructed
C(111) surface, distinct CC surface phonon features characteristic of the (2X1)-reconstructed surface
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are seen, which seem to support the modified Pandey model of Bechstedt and Reichardt.

I. INTRODUCTION

Diamond thin-film growth by chemical vapor deposi-
tion (CVD), using thermal or plasma activation of gas
phase species, has proven to be successful and attracted a
great deal of attention.! Although the conditions leading
to good diamond growth are generally known, the de-
tailed mechanisms are not yet clear. To improve the
quality of CVD diamond films, especially for electronics
applications, a good understanding of the diamond
growth process is needed. For this, we must know what
and how different reactive species appear on the diamond
surface at various stages of the growth process, and how
they depend on the surface orientation. We also need to
learn how these species adsorb, desorb, and react. Most
works reported in the literature have focused on gas com-
position and gas phase reactions in the CVD process.
The results obtained could only provide indirect informa-
tion about species and their reactions on the surface.
Clearly, for a better study of the process, an in situ moni-
toring of the surface with surface vibrational spectrosco-
py is most desirable. Indeed, electron-energy-loss spec-
troscopy (EELS) and more recently, sum-frequency-
generation (SFG) and Fourier transform infrared (FTIR)
spectroscopies have been employed for this purpose.

Atomic hydrogen adsorption on diamond seems to be a
very important intermediate step in the diamond growth
process. In the hot filament method of growth, for exam-
ple, hydrocarbon gas is usually heavily diluted with hy-
drogen (such as <1% CH, in H,) before passing through
a hot filament and impinging on a high-temperature sub-
strate (~850°C).2 This large fractional amount of hydro-
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gen is found to be necessary in producing high-quality di-
amond films. It is believed that atomic hydrogen facili-
tates diamond growth by promoting the sp* hybridization
of carbon, opening reactive sites, and removing graphitic
materials. Thus a study of hydrogen adsorption on dia-
mond surfaces is paramount to the understanding of
CVD diamond growth.

Several spectroscopic methods have been used to study
diamond surfaces and hydrogen adsorption on diamond.
Waclawski et al.3 first used high-resolution electron-
energy-loss spectroscopy (HREELS) to obtain the vibra-
tional spectrum of an as-polished C(111) surface, and
concluded that the surface was terminated by CH;. Lee
and Apai* studied hydrogen adsorption on C(111). From
their HREELS spectra, they identified the presence of
surface phonons on the bare reconstructed C(111) sur-
face, and suggested a plethora of different hydrogen ter-
mination for hydrogen adsorption on C(111). Aizawa
et al.’ used HREELS to study the C(111) surface of dia-
mond homoepitaxially grown by chemical vapor deposi-
tion (CVD) under microwave plasma-assisted deposition
conditions. They interpreted the spectrum as due to the
presence of CH; termination on the surface. In other
cases, Hamza, Kubiak, and Stulen® used time-of-flight
mass spectrometry to study desorption of hydrogen from
C(111) and C(100) and the resulting surface reconstruc-
tion. Mitsuda et al.” used low-energy electron diffraction
(LEED), Auger, and x-ray photoemission (XPS) to study
C(111) surface reconstruction with H adsorption. They
showed that only a small hydrogen coverage ( ~5% ML)
is already sufficient to convert the surface to the (1X1)
bulk-terminated geometry. We recently used SFG (Ref.
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8) to obtain vibrational spectra of hydrogen adsorption
on C(111), and found a single peak in the CH stretch re-
gion, indicating the presence of only a single monohy-
dride species on the surface. This has been confirmed by
the work of Hamza, Kubiak, and Stulen using electron-
stimulated desorption ion angular distribution
(ESDIAD), and by Butler’ using surface Fourier trans-
form infrared spectroscopy (FTIR).

All these experiments seem to be consistent with the
following picture: hydrogen appears to terminate the as-
polished or atomic-hydrogen-dosed C(111) surface; the
(1X1) bulk termination stabilizes the surface at
sufficiently low temperatures ( < 1150 K); upon hydrogen
desorption at high temperatures ( > 1450 K), the surface
undergoes a reconstruction to the (2X 1) geometry. The
form of the hydrogen termination, however, still remains
a controversy. Some studies suggest the domination of
monohydride surface species, while others advocate the
presence of other hydride species such as aliphatic
CHy_,; or olefine CH,. Sample preparation, dosing
conditions, surface cleanliness, and limitations of indivi-
dual spectroscopic techniques may be the cause of these
discrepancies. Small sizes of diamond often limit the sen-
sitivity of electron spectroscopies, thermal desorption
spectrometry, and FTIR studies. HREELS as a vibra-
tional spectroscopy has the advantage of a wide energy
range and good sensitivity, but suffers from relatively
poor resolution. Conversely, FTIR has good resolution
but poor surface sensitivity.

Infrared-visible sum-frequency generation (SFG), with
unique capabilities for surface vibrational spectroscopy,
has recently been demonstrated to be a versatile surface
probe.!® Being a second-order nonlinear optical process,
it is highly surface sensitive at the interfaces of cen-
trosymmetric bulk media. In addition, it has a
transform-limited spectral resolution and a spectral range
limited only by the infrared source. The polarization
dependence of the spectrum permits deduction of molec-
ular orientations of surface species. It is clear that the
technique possesses enough desired advantages for study-
ing hydrides on the diamond surface and resolving the
above-mentioned controversy. This in situ technique can
also be adapted to realistic growth conditions in which
the electron spectroscopies are generally inapplicable.

Here we report our recent studies of the interaction of
atomic hydrogen on the diamond C(111) surface using
SFG spectroscopy. Section II discusses how the surface
nonlinear susceptibility contributes to the observed sig-
nal, and how information about H/C(111) can be derived.
Section III describes the experimental apparatus and
sample preparation. Section IV presents experimental re-
sults for the hydrogen-terminated surface, the
adsorption/abstraction/desorption of hydrogen, and the
reconstructed surface, and their respective interpreta-
tions are given in Sec. V.

II. SURFACE SUM-FREQUENCY
SUSCEPTIBILITY

Infrared-visible SFG as a surface vibrational spectro-
scopic techniques has been described in earlier publica-
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tions.!"12  This second-order process, in the electric-

dipole approximation, is forbidden in the bulk of cen-
trosymmetric media but is allowed at its interfaces where
the symmetry is necessarily broken. In the case of a
monolayer of adsorbates on a centrosymmetric substrate,
the macroscopic nonlinear surface susceptibility )( ) of
this layer can be related to the nonlinear molecular polar-
izability a'® by a coordmate transformatmn from the
molecular axes denoted by l m, and # to the lab axes
denoted by 7 _], and k:

DG mk-n))alE,

=Ng 3 (@D

Lm,n

:NS<a(2))ijk (1)

Xs,ijk

if interactions between molecules are neglected, where N
is the surface molecular density, and the angular brackets
() denote the orientational average. The nonzero in-
dependent elements of x?’ (we will omit the S from now
on for brevity) can be deduced by measuring the signals
for different polarizations of the incident and output
beams.

Consider for example, a (111) surface with a C;,(3m)
symmetry lying in the XY plane and having the mirror
plane in XZ. It should have five independent surface
nonlinear susceptibility elements: the anisotropic terms

X =Xy =Xy =—x%x, and the isotropic terms

(2) (2) (2) " —.,2) (2) —.2) (2)
XZYY XZxx> XYvz =Xxxz> Xyzy =Xxzx> and Xzzz. The

subindices here refer to the directions of the field com-
ponents of the sum-frequency output, visible input, and
infrared input, respectively. If we now choose the plane
of incidence to coincide with the YZ plane and the
output/input polarization combination as pss (sum-
frequency output, visible input, and infrared input, p-, s-,
and s-polarized, respectively), we can deduce from the
SFG measurement the element yZ)y. With the ssp, sps
and sss comblnatxons, we can readily obtain X2}z, X%2x»
and xZy, respectlvely. Finally, the ppp combination, we
can ﬁnd Xzzz from the SFG measurement, knowing
X¥xz> X¥2x> and X¥xx-

The effective surface susceptibility for the SFG process
near vibrational resonances can usually be written as the

sum of a resonant term )(}2) and a nonresonant term

(2) .13
XNR*

where Ay, =(glu|n){n|Mlg)/#%. Here Q refers to the
resonance mode with its frequency and damping constant
denoted by wg and v o, and its contribution to the SFG is
proportional to 4, which is a product of the infrared di-
pole matrix element (g|u, |n ) term and the Raman ma-
trix element (n|M|g ). With the SF output proportional
to [x¥|, the resonant enhancement of ¢’ as wr scans
over o yields the desired surface v1brat10na1 spectrum.

To see how the determination of )(R 4k can yield infor-
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mation about the orientation of a molecular or a bond at
a surface, we consider the stretch mode of a carbon
monohydride (CH) distributed isotropically on a surface.
We can relate the relevant elements of Y%’ to the molecu-
lar polarizability a(g?g of the CH bond by

X% yyz=NsaZ:1(1—r)(sin?0 cos6) +r(cosd) ],
Ny

X&) vzy =X&zvy = TG%Z( 1—r)(sin’6cosf) , (3)

X(RZ,)YYX =X(R2,)YXY :X(Rz,)XYY =0,

where 6 is the orientation angle of the CH relative to the
surface normal, r =a§72,}§/a(§2§)§ (=0.14) is the ratio of
transverse and longitudinal Raman polarizability associ-
ated with a CH bond,'* 5 and ¢ are the axes perpendicu-
lar and parallel to the bond axis, respectively, and { )
denotes the orientational average of the CH bonds on the
surface. From Eq. (3), it is now possible to determine the
polar bond angle (assuming an orientational distribution)
from y (RZ,}YYZ and Y (RZ,)YZY'

For the bare, reconstructed surface C(111)-(2X 1), the
m-bonded chains are aligned along the (2X1) domains.
With such domains oriented in three equivalent direc-
tions, the surface is sometimes referred as the C(111)-
(2X1)/(2X?2) surface. For this reconstructed surface, a
particular bond with azimuthal angle ¢ has a matching
bond with an opposite azimuthal angle —¢, thereby
effectively yielding azimuthal isotropy with )((R%)YYX =0.

In a similar manner, the terms for the CH bending
mode can be derived using Eq. (1). Further, other hy-
dride configurations, such as for aliphatic CH, and CHj,
and olefinic =CH,, can also be derived.

III. EXPERIMENTAL APPARATUS
AND SAMPLE PREPARATION

The experimental setup has been described else-
where.!'!2 In the present experiment, the laser system
produces picosecond visible (0.532 um, 17 ps) and tunable
infrared pulses for the SFG experiment. Tunable in-
frared pulses (~17 ps) at ~3.5 uym with a 12-cm™!
linewidth were generated from a LiNbOj; optical para-
metric  generator/amplifier (OPG/OPA) producing
400-500 uJ per pulse at 15 pulses per second. A second,
more sophisticated barium borate (BBO) OPG/OPA
seeding a AgGaS, difference frequency generation (DFG)
system generated broadly tunable ( ~ 8 ps) infrared pulses
(3.5-10 pum) with 100 uJ at ~5 pym and ~50 uJ at ~7
pum, with a 4-cm ™! linewidth.!> The visible and infrared
beams were overlapped on the diamond surface with
beam diameters of ~600 and ~300 um, respectively. A
7° angular separation between the input beams (46° for
the visible and 53° for the infrared beam) permitted spa-
tial separation of the second-harmonic and sum-
frequency output signals as determined by the phase-
matching conditions. Both signals were simultaneously
measured with separate detection arms using sensitive
gated photon-counting techniques. Polarization com-
binations normally used for SFG were: ssp (s-polarized
SFG, s-polarized visible, p-polarized IR), pss, ppp, and
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sps.

The tunable infrared sources were calibrated to within
2 cm ! with polystyrene/mica references and a calibrat-
ed monochromator. All SFG spectra were normalized
against a nonresonant SFG signal from, for example, a
crystalline quartz to minimize effects due to IR energy
changes, beam overlap variations, and detector respon-
sivity during scans. The peak positions (w,), strengths
(4, ), and widths (yq) of )((RZ’ and the nonresonant back-
ground y\?x were determined by a fit of the SFG spec-
trum to Eq. (2).13

A natural type-Ila diamond cut to within 3° of the
(111) surface was mechanically polished with 0.25-um di-
amond abrasive in olive oil to produce a hydrogen-
saturated surface.'® Cleaning was accomplished using an
acid bath (one part HNO;, three parts H,SO, at 100°C
for 10-20 h), followed by a rinse in distilled water and
then in methanol. The sample was mounted on an all-
molybdenum resistive heater within an ultrahigh-vacuum
chamber with a base pressure of ~5X 10719 torr. No
tantalum metal was used, as this had been found to cause
a substantial contamination on diamond especially with
hydrogen adsorption. During the bakeout, the sample
was kept at 500 °C to keep the sample clean and to outgas
the heater. The sample temperature was measured using
a 0.005-in. ¢ type-G thermocouple in intimate contact
with the diamond but not with the heater. A 1800°C (5
mm X 10 mm X0.001 in.) tungsten filament,!” 12-16 mm
from the diamond surface, was used to dissociate molecu-
lar hydrogen for atomic hydrogen dosing. The sample
during dosing was initially at room temperature but rose
to ~200°C after an extended period of dosing ( > 30 min)
due to radiative heating. An optical pyrometer reading,
compensated for emissivity and viewport biases, was used
to determine the hot filament temperatures. The pressure
of H, for dosing was typically 5X 10~ 7-1X1073 torr.
The dosing setup and procedure were the same as those
used in our x-ray photoemission spectroscopy (XPS),
Auger electron spectroscopy (AES) thermal-desorption
spectroscopy (TDS), and LEED studies.’

We will focus on the SFG spectra (ssp) associated with
X%, in the CH stretch region because this arrangement
yields the strongest SFG signal from a hydrogen-
saturated C(111)-(1X1)-H surface.® For the H-
terminated surface, a single CH stretch peak was ob-
served. With the sample mildly annealed at ~ 600 °C, the
peak became slightly narrower ( ~6-10-cm~ ! FWHM)
and stronger by 10-50 %. If the sample was dosed at
~800-850°C with ~1X 107> torr H, for 5—10 min and
then stopped at a 750°C substrate temperature as the
sample quickly cooled, a stronger and narrower peak sig-
nal was immediately attained. This latter procedure was
extremely effective at reliably reproducing a well-
prepared H-terminated C(111) surface characterized by a
single, strong, and narrow CH stretch peak. Once hydro-
gen terminated, the signal remained unchanged after 20 h
of storage in vacuum ( < 10~° torr). By heating the sam-
ple to 1500 K, all H atoms were desorbed and the surface
was reconstructed to form (2X1). The cycle of H dosing
to restore the (1X 1) structure and the desorption of all H
to form (2X 1) were completely reproducible.’



5988

IV. EXPERIMENTAL RESULTS

A. Hydrogen-terminated surface C(111)-(1X1)-H

A clean, well-ordered C(111)-(1X1)-H surface should
exhibit a simple truncated bulk structure.®”!® The
monohydride surface layer is expected to yield a single
CH stretch mode and a single CH bend mode. In our
earlier study,® the ssp SFG spectrum of a H-saturated
C(111) surface indeed showed a single CH stretch peak at
~2830 cm ™ L. Using our narrow-linewidth, better cali-
brated, and more broadly tunable infrared source, from
the ssp SFG spectrum we now obtained a single stretch
peak!® at 2838 cm ! and a single CH bending mode peak
at 1331 cm ™! (Fig. 1). For the sps spectrum, the bending
mode peak was strong but the stretch mode peak was
essentially absent. No other spectral features were dis-
cernible in the range of 1100—-3300 cm ™ !. These results
are expected from the on-top adsorption of H on C(111).
It is coincidental that this has nearly the same frequency
as the zone-center phonon mode of the substrate (1332.5
cm ™ 1), as determined by Raman spectroscopy. To be
sure that our observed peak at 1331 cm ™! was indeed the
CH bending mode, we dosed the surface with deuterium
to replace hydrogen. We found that the 1331-cm ! peak
was completely suppressed as the CD bending mode
should appear at ~900 cm ™! instead, and the corre-
sponding CH stretch peak at 2838 cm ™! was replaced by
the CD stretch peak at 2115 cm™!. The latter is present-
ed in Fig. 2 for a C(111) surface saturated by deuterium.
The observed CD stretch frequency (2115 cm™!) is about
0.75 times the CH stretch frequency (2838 cm™!). This
can be compared with the approximate theoretical ratio
of 1/v2=0.71, the ratio of 0.75 for DC Cl; (2255 cm ™ !)
versus HCCly (3019 cm™!),% and the ratio of 0.71 for
DC(CD;), (2063 cm™!) versus HC(CD;), (2887 cm™!). 2!

As previously reported,? the beam polarization depen-
dence of the stretch peak gives information about the
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FIG. 1. SFG spectra of the H-terminated H/C(111)-(1X1)
surface showing the CH bending mode (open circles) and the
same surface dosed with atomic deuterium (open squares). Both
curves are for ssp polarization geometry.
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orientation of the CH bond. The observation that the p-
polarized infrared light could excite the CH stretch more
strongly than the s-polarized infrared light indicates that
the CH bond is lying preferentially along the surface nor-
mal. Our analysis yielded a 30° distribution about the
surface normal. A similar analysis for the bending mode
yielded nearly equal intensities for s- and p-polarized in-
frared beams, as the dipole moment is now parallel to the
surface.

B. Temperature dependence of the CH stretch
frequencies and linewidths

Our experimental apparatus only allowed heating of
the sample above room temperature. We were able to
take high-temperature SFG spectra of the hydrogen-
dosed C(111) surface for both the CH stretching and
bending modes. Figure 3 depicts two spectra at 300 and
700 K. Both modes exhibit a temperature-dependent
shift in the peak position and broadening of the peak
width. For the CH bend and stretch modes, the peak po-
sitions change from 1330 to 1324 cm ™! and from 2837 to
2833 cm™ !, respectively, as the temperature increases
from 300 to 700 K, while the corresponding peak half-
widths change from 5 to 7 cm ™! and from 7 to 9 cm ™},
respectively. The half-widths were deconvoluted from
the data in Fig. 2 with a 4.5-cm ™! (FWHM) Gaussian in-
frared laser line shape.

The increase of peak widths with temperature suggests
that the peaks are homogeneously broadened. This is
supported by the CD spectrum in which the CD stretch
peak exhibits a ~40 cm ™! half-width. Since the chemi-
cal environment (i.e., the chemical structure and binding)
should be the same for this isotopic H—D substitution,
the change (increase) in the linewidth cannot be attribut-
ed to inhomogeneous broadening. It is most probable
that the linewidth is dominated by dephasing broadening.

C. Adsorption, desorption, and abstraction
of hydrogen

Second-harmonic generation (SHG) can be used to fol-
low the response of the bare reconstructed diamond (111)
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FIG. 2. SFG spectra (ssp) showing gradual replacement of D
by H upon atomic H dosing onto the fully D-terminated sur-
face. Full D coverage (open squares), 3-min H dosing (open tri-
angles), 8-min H dosing (solid triangles), 13-min H dosing (open
circles), and 18-min H dosing (solid circles).
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surface to atomic hydrogen dosing.” In our previous
study, the SHG signal during atomic H dosing responded
to H adsorption on the surface and the phase transition
of the (2X1)-reconstructed surface to the unreconstruct-
ed (1X1) surface. The latter was observed to occur with
only ~5% ML hydrogen coverage.

SFG spectra for different hydrogen coverages resulting
from hydrogen dosing and thermal desorption have also
been reported earlier.® During H adsorption, a metasta-
ble peak at ~2865 cm ™! (corrected from 2860 cm ™! as
reported in Ref. 8) was observed for coverages less than
~0.5 ML, but gradually disappeared in favor of the
2838-cm ! peak toward full hydrogen coverage. In con-
trast, during thermal desorption of hydrogen, only the
usual ~2838-cm~! peak with reducing strength was
seen.

Atomic hydrogen adsorbs readily to the bare diamond
surface. From CVD growth experiments, a large amount
of hydrogen is often needed to produce high-quality films.
Presumably the stable surface of diamond is mostly
covered by hydrogen. We have investigated how hydro-
gen adsorption and abstraction affect the equilibrium H
coverage on the C(111) surface. We used SFG spectros-
copy to monitor in situ the surface coverages of hydrogen
and deuterium when a D-terminated surface was dosed
by atomic H, assuming that the binding energies of H
and D to the surface are the same.

Figure 3 illustrates the occurrence of H (D) abstrac-
tion. As atomic hydrogen was dosed (2X 107 °-torr H,
with the hot filament) onto the deuterium-covered sur-
face, the CD peak at 2115 cm™! decreased in strength
while the CH peak at 2838 cm ™! increased. After ~ 10
min, the spectrum was totally dominated by the CH
peak. It is apparent that atomic hydrogen was very
effective at abstraction. We should note that molecular
hydrogen had no effect on either the bare reconstructed
surface or the deuterium-terminated surface. Only atom-
ic hydrogen appeared to react with the surface.

From the CH peak strength, we can deduce the H cov-
erage on the surface. Figure 4 shows the surface cover-
age of H on C(111) at room temperature as a function of
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0.0
1310 1320

1330 1340
Frequency (cm )

2830 2840 2850 2860
1

FIG. 3. SFG spectra (ssp) of CH bending and stretching
modes for H/C(111) at 300 (open circles) and 700 K (open
squares).
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FIG. 4. Surface coverage of H as a function of H dosing time
for atomic H dosing onto a bare reconstructed (2X 1) surface
(open circles) and onto a fully covered deuterium surface (open
triangles).

dosing time at a H, pressure of 5X 10~ torr with atomic
hydrogen dosed on a bare reconstructed surface and on a
deuterium-covered surface. The adsorption on the bare
surface appears to proceed faster than on the deuterium-
covered surface as one would expect that the sticking
probability of H should be lower for the D-covered sur-
face than the bare or sparsely occupied surface. From
the difference in the two rates, we can deduce roughly the
ratio of the rate of abstraction K, versus the rate of ad-
sorption, K 4. For dosing of the bare surface, the rate of
change of the hydrogen coverage (Oy;) is given by

dOy
dt :Kads(l_eH)_KabseH ’
At t=0. eH=0 ’ (4)
deH Kads
At t— o0: =0, Oy=0.,==5— > .
- dt H e Kads+Kabs

For H dosing of the deuterium-covered dosed surface, the
rate equations for hydrogen (Oy) and deuterium (Op)
coverages are

dey

dt =K, 4s(1 =0 —6p)—K,;,6y ,

dop

dt =—K,s6p »

At t=0: Oyt =0)=0, OL(t=0)=603<1 ML, (5
dey d6p K 4

At t— o0 = =0, Oy=0,;=—— ,
dt dt HOPH Koo K

6,=0.

Here we have assumed that the rate of abstraction of deu-
terium is the same that as for hydrogen.

By fitting the data in Fig. 3 with the above equations,
the ratio K, /K ,4s=0.2 was found. This gives an equi-
librium coverage of ©.,=K 4 /(K4 +K,)=83% at
room temperature. We also find experimentally that the
strength of the SFG signal for H-saturated C(111) at 300
K is about 80% of that obtained with the sample at 1000
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K. This may be due to the annealing effect on the ad-
sorption and/or an indication that the rate of adsorption
to the rate of abstraction is higher at higher tempera-
tures.

D. Determination of the kinetic parameters
for thermal desorption of hydrogen

Thermal desorption of H from C(111) can provide in-
formation about hydrogen desorption kinetics. In ul-
trahigh vacuum, with readsorption negligible, desorption
of hydrogen can be assumed to obey the equation

Ou__, o (6)
dt d¥H >

where n is the order of the reaction, k;=vexp(—E,;/
kg T), v is the preexponential factor, E; is the desorption
activation energy (we assume that v and E; do not de-
pend on coverage or temperature), kp is the Boltzmann
factor, and T is the temperature which can be a function
of time t. If n > 1, we can integrate Eq. (6) to yield

1 11
(n—1) |~ er!

t
= [ ldtvexp(—E,/kyD) (n>1). (D
1

We have used SFG to monitor the H coverage (Oy)
following thermal desorption. The measurements were
made each time after the surface was rapidly heated to a
high goal temperature where desorption was appreciable
and cooled back to room temperature (where practically
no desorption occurred). The goal temperature of each
heating cycle was varied from 700 to 1000°C. The tem-
perature profile T'(¢) of each heating cycle was automati-
cally recorded (every 0.5 s). Typically, heating to 800°C
from room temperature required at least ~45 s and cool-
ing to 500°C required at least ~200 s. For lower goal
temperatures ( ~750°C), the sample was held at the goal
temperature for a longer interval in order to have an ap-
preciable change in the H coverage by thermal desorp-
tion.

As reported earlier, the SFG spectrum of the CH
stretch would exhibit a complex line-shape change with
the H desorption® resulting from interference of the reso-
2) with the nonresonant background

nant background X3
2). However, by a fit of the spectrum to Eq. (2), we
(2)

XNR-
could deduce xy’, which is proportional to ©y. In the
desorption measurements, we used the heating cycles de-
scribed in Fig. 5 (solid lines). Starting with a saturated H
coverage (normalized to 1) at the beginning of the first,
sixth, and eight cycles, the coverages Oy were measured
and presented in Fig. 5 (open squares). The theoretical fit
by Eq. (7) is also shown (dashed lines) in the figure for
comparison using the measured temperature profiles 7 (¢)
and n, v, and E; as fitting parameters. (Cycles 6 and 8
were specifically chosen to desorb at a low temperature,
while cycles 4, 5, 7, and 9 were used to include low cover-
age data. This enabled a more precisely determined fit to
the parameters with v and E; not strongly interdepen-
dent in the fitting.) From the fit for the C(111)-(1X 1)-H
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FIG. 5. Variation of surface coverage of H (open squares) in
response to the prescribed thermal desorption cycle shown in
the lower figure. The dashed lines represent the theoretical fit
using Eq. (6).
surface, we obtained n =1.3+0.3, v=101"*2 s~ 1 and
E;=4.0x0.4 eV. The uncertainty in the parameters
reflects the experimental uncertainty in determining the
coverage and the temperature.

We can use the desorption energy E,; to estimate the
CH bond strength. Assuming E; is equal to the heat of
adsorption, the CH chemical bond energy can be ob-
tained?? using 2E.y=(E;+Eyqy), since a hydrogen
molecule must dissociate with dissociation energy Ey y
to form two CH bonds with the surface. With
Eyy=4.42 ¢V and E;=4.0 eV, we obtain Ecy=4.2
eV, which is about 10% smaller than a typical aliphatic
CH bond (~4.5 eV). This is commensurate with the ob-
served lower frequency of the CH stretch mode on C(111)
as compared to that of a molecule [such as CH(CHj;),],
indicating a weaker CH bond for H on C(111).

E. Reconstructed C(111)-(2X 1) surface

If the C(111)-(1X 1)-H surface is heated to > 1200°C,
the surface reconstructs to the C(111)-(2X1)/(2X2) sur-
face, as indicated by LEED.%"1¢ Under the same condi-
tions, we found the complete suppression of the 1331-
and 2838-cm ™! CH peaks, indicating the disappearance
of hydrogen by thermal desorption. In the low-frequency
range (1300—1500 cm ™ !), however, additional peaks ap-
peared (Fig. 6). They must represent the surface phonons
of the C(111) surface . It must be emphasized that very
little hydrogen (~0.05 ML) is needed to hold the (1X1)
phase, and that essentially complete hydrogen desorption
must occur to cause the above-described phase transition
and the resulting spectra. If a small amount of atomic
hydrogen is dosed (~0.05 ML) onto the (2X1)-
reconstructed surface, the surface phonon features com-
pletely disappear, leaving a featureless spectrum; the CH
bending mode is below the detection limit.

SFG is forbidden in the bulk of diamond because of ex-
istence of inversion symmetry. Near the H-terminated
C(111)-(1 X 1) surface, although the C—C bonds might
experience a broken symmetry, their contribution to SFG
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FIG. 6. SFG spectra of the bare, reconstructed C(111)-(2X 1)
surface for ssp (upper curve), ppp (middle curve), and sps (lower
curve) polarization geometries. Spectral features come from C-
C surface vibrational modes.

was not observed; only the CH bending (1331 cm™!) and
stretching (2838 cm ™ !) modes appeared in the spectrum
for H coverages of 0.05-1 ML. However, if hydrogen is
fully desorbed, the reconstruction of the diamond surface
involves a radical rearrangement of the surface carbon
atoms. The current accepted model for the C(111) recon-
struction is the Pandey (2X 1) 7-bonded chain model.?3
This results in a surface structure (Fig. 7) composed of a
topmost layer of carbon chains with mostly sp? character
and a next layer of carbon chains with mostly sp> charac-
ter. This structure is highly asymmetric, allowing its vi-
brational modes observable by the infrared SFG tech-
nique.

Figure 6 shows two major bands of the SFG spectrum
of the C(111)-(2X 1)-reconstructed surface between 1300
and 1500 cm™!: a low-frequency one around 1350 cm ™!
observed with the IR input p-polarized and a second one
1475 cm ™! observed with both p- and s-polarized IR in-
put. We could in principle deduce the bond orientations
from the ratios of the peaks in the ssp and sps SFG spec-
tra using Eq. (3), and assuming that surface vibrations are
localized to bonds. However, for C—C bonds, the trans-
verse polarizabilities are not known making the deduc-
tion of the bond orientations difficult.

With some simplifying assumptions, we can still obtain
some qualitative information about the bond orientations.
From Eq. (3), we find that a ratio |Xyyz/Xyzyl/=1
would indicate © ~90° for r =a("2n’§/ a‘é’; <0.1. This is the
case for the observed ~ 1475-cm~! band as seen from
Fig. 6, suggesting that the C—C bonds responsible for
the band must lie close to the surface plane. For the
~1350-cm~! band, we find, from Fig. 6,
[Xyyz /X yzy|=3. If0<r <0.1 (knowing r =0. 14 for CH
bonds), we obtain from Eq. (3), 0°<© <35°. This indi-
cates that the corresponding C—C bonds must be leaning
fairly close along the surface normal. We shall discuss
how the picture fits with the surface structure in Fig. 7 in

(b) : A B

Side View

Side View

FIG. 7. (a) Schematic representation of the Pandey 7m-bonded
chain model showing the CC bonds. (b) Dimerization (no buck-
ling) in the Pandey w-bonded chain model proposed by Iarlori
et al. (in Ref. 23). (c) Slight buckling (no dimerization) in the
Pandey w-bonded chain model proposed by Bechstedt and
Reichardt (in Ref. 23).

Sec. V.

As seen in Fig. 6, the ~1350-cm ™! band is composed
of two peaks 30 cm ™! apart. The ratios of |Xyyz /Xyzy!
for the two peaks are similar. These observations suggest
the presence of two types of C—C bonds having nearly
the same polar orientation (presumably not far away
from the surface normal). For the ~1475-cm™! band,
one could regard it as a broad feature with a full width of
'~60 cm ™!, or also imagine two overlapping peaks with
half the full width. In the latter case, the corresponding
two types of C—C bonds would both lie nearly flat on the
surface.

V. DISCUSSION

A. Hydrogen adsorption, desorption,
and abstraction on the C(111) surface

Waclawski et al.> studied hydrogen adsorption on
C(111) using HREELS. They concluded after comparing
with the deuterated ethane spectra that —CH; must have
terminated the surface. Their explanation for the pres-
ence of CH; species rather than the expected CH
monohydride included the possibility of surface defects
not detected in the (1X1) LEED pattern; the corrosive
action hydrogen on diamond to create CH, and CH,,
similar to hydrogen on silicon;2* and the breakup of the
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m-bonded chains during the adsorption process, leaving
only singly backbonded sp> hybridized carbons with the
three remaining bonds occupied by hydrogen.

Recently, Lee and Apai* similarly used HREELS, ex-
cept with better resolution, to study hydrogen-terminated
and bare (2X1)-reconstructed (111) and (100) surfaces.
For surfaces with H adsorption, not only did they assign
peaks to CHj;, they also believed in seeing evidence for
other aliphatic (sp®) and olefinic (sp2?) hydrocarbon
species. They attributed the plethora of surface coordi-
nations to the crude surface preparation with inherent
multiple H-adsorption sites and the propensity for
carbon-carbon bond breaking in preference to hydrogen
termination as in the case of silicon.?*

In contrast, our SFG measurements of the as-polished
and the atomic hydrogen exposed diamond C(111) sur-
face with much better spectral resolution clearly show a
single CH stretch at 2838 cm ™! and a single CH bend at
1331 cm ! with linewidths narrower than 10 cm ™! and
no other spectral features between 1100 and 3300 cm ™.
From the peak frequencies and the mode’s polarization
dependence, we conclude that this peak must originate
from a monohydride CH stretch with H sitting on top of
C and not from other aliphatic CH, ; or olefinic CH,
species.

Our conclusion that H terminates the C(111)-(1X1)
surface in the CH monohydride form is consistent with
the results of helium scattering and diffraction?® and pro-
ton desorption (ESDIAD).® It has been suggested* that
the discrepancies among works from different labora-
tories could be due to differences in the diamond samples
and sample treatments. Our experience and others?® with
different diamond samples and various sample holding
and preparation techniques, show that this is indeed the
case. In particular, the use of Ta as a sample holding ma-
terial may cause severe sample contamination.*® The
SFG technique is very surface sensitive, making it ideally
suited to distinguish different types of hydrides on the
surface and the degree of ordering, as evidenced by the
signal strength and linewidth, and, in principle, also the
polarization dependence. For the C(111) diamond, con-
sistently high-quality hydrogen-terminated surfaces
necessitated the use of an acid bath for extended periods
of time in order to remove graphitic carbon after polish-
ing. Residual strain in the diamond sample appearing on
the surface after repeated high-temperature heating pro-
cesses could also cause difficulties, with spectral peaks ex-
cessively broadened by inhomogeneous broadening.

In hydrogenating the diamond surface for spectroscop-
ic studies, it has been common to dose atomic hydrogen
upon a bare substrate at or near room temperature. We
have found that after repeated hydrogen dosing and
desorption, the H-terminated surface often became less
well ordered, as evidenced by weaker and broader CH
peaks and the appearance of features indicative of the
presence of other hydrocarbon species. However, if the
substrate was dosed by atomic hydrogen at 800—850 °C as
well as during cooling to ~750°C, the resulting H-
terminated C(111) surface always appeared well ordered.
SFG spectra with strong and narrow CH stretch and
bend peaks were observed even if the surface originally
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had been contaminated, for example, by activated
methane, methyl iodide, or tert-butyl peroxide. Presum-
ably, the aggressive replacement of unwanted hydrocar-
bon or carbon species by preferential hydrogen adsorp-
tion on the well-annealed surface is the reason behind the
successful surface treatment.

For the well-ordered H-terminated surface, the CH
stretch and bend modes exhibited the minimum
linewidths, 5 and 7 cm ™}, respectively, at room tempera-
ture. They are likely dominated by homogeneous
broadening resulting from the dephasing (7,) mecha-
nism. The lifetimes (7T';) of the CH stretch mode have
been measured!® to be ~19 ps, which corresponds to a
broadening of only 0.25 cm ™~ !. Inhomogeneous broaden-
ing is presumably not of dominant importance because of
our observation of temperature broadening of the peaks
(from 5 to 7 and 7 to 9 cm ™!, respectively, for the stretch
and bend modes as the sample temperature changed from
300 to 700 K). Further evidence against inhomogeneous
broadening comes from the observation that the CD
stretch mode is ~ 8 times broader than that of CH, while
their physical and chemical environments giving rise to
the inhomogeneous broadening are expected to be the
same. That the CD stretch peak is much broader than
the CH stretch can be easily understood knowing that the
two-phonon absorption band of diamond?’ is in the range
of 2000-2250 cm ™!, which resonantly couples with the
CD stretch and enhances its dephasing relaxation.

The observed monohydride CH stretch frequency
(2838 cm™!) on the C(111)-(1 X 1)-H surface is lower than
that of a typical CH stretch mode of molecules in gas
phase®® [vy~2992 cm ™! for HCD;, ~2893 cm™! for
HC(CH,),, and 2887 cm ™! for HC(CD;),]*!. This is be-
lieved to be due mainly to a change in the binding force
although some difference can be attributed to the varia-
tion in reduced mass. Indeed, the bond between a hydro-
gen atom and a diamond surface carbon can have a very
different charge distribution compared to a typical sa-
turated CH bond.'® Our thermal-desorption data yield a
binding energy of 4.2 eV for H on C(111), which is about
10% less than a typical saturated hydrocarbon bond in a
molecule. This is consistent with the lower mode fre-
quency for H on C(111).

When dosing with atomic hydrogen onto the bare
C(111) surface, saturation of H coverage was seen after
~ 10 min for the hot filament arrangement with 5X 106
torr of H, in our chamber. Dosing of hydrogen onto the
deuterium-terminated surface explicitly showed fast
abstraction of D by H toward full coverage of H (Fig. 4).
Similarly, an experiment starting with a fully H-
terminated surface showed full conversion to the D-
terminated surface upon dosing of D with a similar rate
(not presented here as these spectra are similar). Recent-
ly, Thoms et al.?° calculated the rates at room tempera-
ture using their high-resolution EELS data for adsorption
of deuterium onto a bare diamond surface and a
hydrogen-terminated surface. Their result gives a ratio
of the two rates to be K, /K, ;,=0.05, which would
yield a saturated D coverage of ©,=0.95. This can be
compared with ©4;=0.8 obtained in the present measure-
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ment. The roles of H and D should be interchangeable,
and we expect the adsorption rates for the two isotope
species to be comparable. The small difference in the re-
ported saturation coverage may be due to experimental
uncertainty and different sample dosing and preparation
conditions. In any case, it is clear that, under the equilib-
rium condition, the saturation coverage for H atoms on
C(111)-(1X1) is less than a monolayer on the substrate.
The abstraction of the adsorbed D by the impinging H
appears to be either direct (i.e., via the Eley-Rideal mech-
anism)**3! or by adsorption of H followed immediately
by a reaction to form H, and then desorption of H, be-
fore the excited energy in the adsorbed H is dissipated
away into the substrate.

Our result on thermal desorption of hydrogen from
C(111)-(1X1) was analyzed with the usual theory for
thermal desorption. It yields nearly first-order kinetics
within the coverage range studied. This seems to contra-
dict the fact that hydrogen desorbed from C(111) should
appear in molecular form, and therefore the desorption
kinetics should be second order. However, similar non-
second-order thermal desorption has been observed for H
desorption from Si surfaces. Sinniah et al. have mea-
sured a first-order desorption behavior of H from Si(100)
and suggested that it may be due to irreversible excita-
tions of adsorbed H atoms into delocalized band states
before desorption.’’ There has also been experimental
evidence of prepairing of H on Si(100), leading to possibly
observed first-order desorption.3* In other theoretical
consideration, models based on H diffusion® and defect
migration®> on the Si surface to facilitate dihydride
desorption have been proposed. Departures from
second-order desorption have also been seen on Si(111)-
(7X7) for low coverages,; it is suggested that two binding
sites may explain the behavior.?® It is likely that thermal
desorption of H from the diamond behaves similarly to
that of H from silicon, recognizing the close analog of the
two cases in many respects.

B. Reconstructed surface

Although the bare C(111)-(2 X 1)-reconstructed surface
may not be of importance to the problem of CVD dia-
mond growth, which typically involves a large amount of
hydrogen-promoted (1X1) surface, its understanding is
still of fundamental interest. This is particularly so be-
cause of close similarities between the equivalent Si, Ge,
and a-Sn surfaces.

In their high-resolution EELS spectra for the recon-
structed C(111)-(2X 1) surface. Lee and Apai* observed
spectral features at 92 (740 cm™!) and 153 meV (1235
cm™!) and attributed them to stretch and rock surface
phonons. The assignment was reached by comparing3”*
with scaled-up surface phonon frequencies of Si(111) us-
ing the same scaling factor relating the bulk phonon fre-
quencies of Si(111) and C(111). The required electric-
dipole character was known to come from the surface
reconstruction. Our SFG spectra have much higher reso-
lution than higher-resolution EELs, and we have ob-
served two well-resolved bands at somewhat higher fre-
quencies in the 1300-1550-cm™! range. We note that
they are still within the range of stretch surface phonon
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frequencies predicted by Lee et al.* from scaling. As we
described in Sec. IV E, the low-frequency band seems to
be associated with C—C bonds more inclined toward the
surface normal, and the high-frequency band with C—C
bonds more inclined toward the surface. Each band ap-
pears to have two split components (Fig. 6). We may find
some understanding of the spectra by referring to the
reconstructed surface structures depicted in Fig. 7.

The structures in Fig. 7 are derived from the Pandey
m-bonded chain model, which has been widely accepted
for the (2X1)-reconstructed surfaces.>!%23 There exist
some variations of the model proposed by different
researchers. In particular, buckling of the surface bilayer
or dimerization of intrachain bonds that could reduce the
configurational energy has been predicted. Bechstedt and
Reichardt have concluded from a self-consistent, sem-
iempirical tight-binding calculation that the Pandey -
bonded chain model with slight buckling but undimerized
chains in the surface layer would have the lowest energy.
On the other hand, recent work by larlori et al. predict-
ed from a self-consistent ab initio molecular-dynamics
calculation that there should be dimerized -bonded
chains with no buckling in the surface layer.

From the structures described in Fig. 7 and the re-
quired broken symmetry for SFG, we expect to see a sur-
face phonon mode associated strongly with C—C bonds
connecting the sublayers of the surface bilayer, and
another with C—C bonds connecting the first two surface
bilayers. It is known that the 7-bonded chains of the top
surface bilayer have strong sp? character, while the bonds
connecting the top bilayer and the second bilayer have
sp?/sp> mixed character. Deeper into the bulk the bonds
should have more and more sp* bulklike character. Ra-
man measurements'>3 on bulk diamond (sp?3), graphite
(sp?), and amorphous carbon (sp2/sp?) yielded bulk pho-
non frequencies of 1332.5, 1580, and 1360-1560 cm ™},
respectively. Studies of various hydrocarbon molecules®
also showed that C—C bonds with sp? character have
higher stretch frequencies than those with sp> character.
We can therefore assign the high-frequency band ( ~ 1475
cm™!) to surface phonons associated with the C—C
bonds connecting the sublayers of the surface bilayer, and
the low-frequency band (~ 1350 cm™!) to phonons asso-
ciated with the C—C bonds between the first and second
surface bilayers. This result is consistent with the result
deduced from the polarization dependence of the spectral
peaks that the high- and low-frequency bands should be
associated with bonds inclined, respectively, more toward
the surface and more toward the surface normal.

Although we have made the general assignment of the
high- and low-frequency bands, we still have to address
the apparent splitting within each band. Of the two vari-
ations of the Pandey model, the one proposed by
Bechstedt and Reichardt is the only one that can explain
the fine structure. In this model, there are two different
types of bonds within the top bilayer (high-frequency
band) and also between the two top bilayers (low-
frequency band) due to buckling. This leads to a splitting
within each band. The general agreement our experimen-
tal results and the theoretical model lends credit to the
model.
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VI. CONCLUSION

We have studied the diamond C(111) surface dosed by
atomic hydrogen using infrared-visible sum-frequency-
generation (SFG) spectroscopy. The as-polished/dosed
H-terminated surface spectra indicate a single monohy-
dride peak (1331 and 2838 cm™!) with an orientation
preferentially along the surface normal. Atomic hydro-
gen is shown to be aggressive in hydrogen (deuterium)
abstraction. Thermal-desorption spectroscopy of hydro-
gen suggests near first-order desorption with desorption
energy of 4.0 eV. On the reconstructed (2X 1) surface,
CC features associated with the reconstruction of bilayers
are readily observed at 1300-1500 cm !, showing two
major bands confirming the Pandey 7-bonded chain mod-
el.
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