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Surface-enhanced Raman spectroscopic study of hydrogen and deuterium
chemisorption on diamond(111) and (100) surfaces
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Surface-enhanced Raman scattering spectroscopy has been applied so that hydrogen chemisorption on the
diamond(111) and (100 surfaces could be observed. Raman scattering signals from the surface species were
enhanced by means of contact with thin Ag films. C-H stretching vibrations were observed in the region
2800-3000 cm! from the hydrogenated diamond surface. C-D stretching vibrations were observed in the
region 2050—2250 cit from the deuterated diamond surface. C-H and C-D stretching vibration modes were
assigned according @b initio molecular orbital calculation$S0163-18209)51032-1

INTRODUCTION crystals. The substrates were polished and cleaned with HCI,
HNO; acid, then rinsed with distilled water. Hydrogenation
Vibrational spectroscopy is one of the most powerfulwas performed at 800 °C in hydrogen plasma generated by a
techniques for observing species that have been chemisorb@i5-GHz microwave, conditions which are similar to those
on diamond surfaces, and especially for observing hydrogesf CVD diamond growth. After the hydrogen-plasma treat-
chemisorption. Hydrogen chemisorption on diamond hasnent, the samples were transferred to a UHV chamber in
been the focus of many studies because of its role in stabprder to observe low energy electron diffractiOnEED).
lizing the surface, its vapor phase growth mechanisms, surFhen, normal Raman and SERS experiments were per-
face electric conductivity, negative electron affinity, and soformed. Chemical vapor deposited diamond crystals on Si
on. Vibrational spectroscopy has the additional advantage afubstrate were also investigated by using SERS spectros-
the isotope effect, which makes it possible to distinguishcopy. The CVD crystals had a well-faceted cubo-octahedral
chemisorption from background physisorption. The isotopicshape and were about 1@m in size. The crystal surfaces
shift of the vibrational frequencies can be estimated with aonsisted of trianglé111) and squaré100) facets.
simple equation. Recently, many vibrational spectroscopic Ag films were prepared by a vacuum evaporation tech-
studies have been presented including the following thregique at room temperature in a second vacuum chamber be-
techniques: high resolution electron energy loss spectroscopgw the pressure of £ 10~ Torr. The deposition rate of Ag
(HREELS,*™® Fourier-transform infrared(FTIR),*® and  was kept at approximately 0.05 nmisby adjusting the fila-
sum frequency generatio(BFG.”~® However, no Raman ment current. The deposited Ag were island films with an
spectroscopic study has been reported. Raman spectrosco@yerage thickness of 15-20 nm.
emerged mainly for its use in characterizing the bulk quality Raman spectra were recorded using a laser Raman micro-
of diamond and carbons. Generally, Raman scattering senssrobe with confocal collection optics having a spatial reso-
tivity is not high enough to serve as a surface probe. Howtution of approximately 1um. The single-mode 514.5-nm
ever, strong enhancements of Raman scattering have beffie of an Ar" ion laser was used for excitation. Low laser
reported from use with adsorbates on Ag electrodes in soluyower of 5 mW was employed on the sample surface so that
tion. Several explanations have been given for the enhancemn appreciable peak shift or peak broadening was caused by
ment called surface-enhanced Raman scatt¢B&RS.'**  the irradiation heating. A liquid nitrogen cooled charge-
SERS spectroscopy using micro-Raman optics has a gregbupled devic(CCD) was used for the photon detection.

advantage for use with small crystals such as chemical vaporhe average exposure time was about 2 min, and 30 scans
depOSltEdCVD) diamond Crystalsr;—BN, and other new ma- were accumulated for each spectrum.

terials, which would be difficult to obtain as large single

crystals. Normally, other techniquésiREELS, FTIR re-

quire significantly large sample size crystals, at least several AB INITIO CALCULATION

mm in size. In contrast, laser micro-Raman spectroscopy can

easily focus on a micrometer spot in the sample. In this pa- Ab initio self-consistent field(SCH molecular orbital

per, we present the results of applying SERS to hydrogefMO) calculations were carried out using GAUSSIAN 98

chemisorption on the diamond11) and (100) surfacesAb package?® Figure 1 shows cluster models of the hydroge-

initio  molecular orbital calculations provide conclusive nated diamond surfaces. The C-C bond has the highest co-

agreements to the vibrational frequencies obtained in theselency feature and the clusters with only pure carbon atoms

experiments. are unstable because of many dangling bonds. We used the

cluster models terminated with hydrogen. The geometries of

the cluster models were optimized at the restricted Hartree-

Fock (HF) level with the 6—-3% G(d,p) basis set. The force
Natural and high-pressure high-temperature syntheticonstant and frequencies were calculated at the optimized

(HP-HT) diamond(111) and(100) were used as the substrate geometries. Clustemg) of Fig. 1 consists of ¢H;5and CH,
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(100)-2x1 : C-H dimer

FIG. 1. Cluster models of hydrogenated and deuterated diamon

for ab initio MO calculations.(a) C;gH;5+CHjs cluster model for
CHj; chemisorption on the diamond1l) surface.(b) CygHi5+H
cluster model for C-H chemisorption on the diamdad?l) surface.
(c) CgH14+CH, cluster model for CH chemisorption on the dia-
mond (100)-2X 1 surface(d) CqH;4, (C-H), dimer cluster model
for C-H chemisorption on the diamond (100)<4 surface.

which correspond to the diamoritill) surface covered with
CHs groups. Clustefb) of Fig. 1 consists of ¢H;5 and H,

which correspond to the diamord11) surface terminated
with monohydride. Clustefc) of Fig. 1 is equivalent to clus-
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FIG. 2. Raman spectra from the hydrogenated and deuterated
(111 surfaces.(a) Hydrogenated diamon¢l11) surface without
Ag. (b) Hydrogenated diamongL11) surface with Ag, SERS(c)
Beuterated diamon@L11) surface without Ag(d) Deuterated dia-
mond (111) surface with Ag, SERS.

Ag contact in the spectrungb). A small peak observed
around 2180 cm! was assigned to be a portion of second-
order Raman scattering of the bulk diamond crystal without
Ag in the spectrunic).® On the other hand, significant large
peaks were observed with thin Ag film in the region 2050—
2250 cm ! due to C-D stretching vibrations in the spectrum
(d). For the same sample, a very weak peaking due to C-H
stretching vibrations was observed in the region 2800—-3100
cm L. This very weak intensity was evaluated to be the back-
ground contamination level. Strong C-D peaks and very

ter (b). The CH of the model corresponds to the surface of\yeak C-H peaks suggested that the contamination level was
the diamond100) terminated with dihydride. Clustdd) of  negjigibly low in the spectrunic). This result clearly indi-
Fig. 1 corresponds to the dimer structure of the diamongtated that Raman scattering intensities were strongly en-
(100)-_2>< 1 terminated with monohydride. Vibrational -fre- hanced by the contact with thin Ag films. SERS with thin Ag
quencies of CH groups were calculated for the Gltermi-  fjim is generally considered useful for observing the surface
nation of the(111) surfaces by using clustéa). Frequencies species on diamond crystals.
of CH, groups were calculated for the dihydride termination = | gy energy electron diffractioflLEED) obtained from
of the (100)-1<1 surfaces by using clustér). Frequencies  he hydrogenated diamoridi11) indicated a 1 1 fundamen-
of C-H were calculatgd for the monohydride termination ofig| structure. LEED from the hydrogenated diamai@0)
the (111 surfaces using clusteb), and those for the mono- indicated a 2« 1/1x 2 reconstructed structure. These patterns
hydride termination of the (100)-21 surfaces by using \ere similar to those usually observed on the hydrogenated
cluster(d). It is well known that the HF level computation diamond surfaces. Figure(B shows the spectral difference
tends to estimate a ;0—15% higher_value be_cause of theetween the hydrogenated (111)<1 and the (100)-X 1
neglect of anharmonic effect8:” Scaling techniques are in the SERS. The spectrum observed from the triangle facet
generally considered to correct théffi*® In this study, the  of the CVD well-faceted cubo-octahedral diamond crystals
calculated frequencies are scaled uniformly by 0.9. was similar to that shown in Fig(8), and that obtained from
the square facet was quite similar to that shown in Fig).3
Figure 3a) shows strong peaks due to C-H stretching vibra-
tions of sp® carbons from 2800—3000 crh A weak peak
around 3000-3100 cnt was due to C-H stretching vibra-
Raman scattering intensities from diamond surface spetions of sp? carbons. A very weak peak observed at 2750
cies were strongly enhanced with the Ag films. Figure 2cm™! was not assigned. The main C-H stretching peaks
shows Raman scattering from the hydrogenated and deutetould be decomposed into three parts: a medium peak at
ated diamond111) surfaces in the C-H and C-D stretching 2850 cm%, a medium peak at 2870 ¢rh and a strong peak
regions without Ag in the spectri@) and(c), and with thin  at 2925 cm®. Spectrum(b) of the (100)-2<1 surface
Ag film in the spectrab) and (d). While almost no feature shows a different feature from spectrua of the (111)-1
was observed without Ag in the specif@ and (c), peaks X1 surface. The main peaks in the 2800—3000 tralso
due to C-H stretching vibrations were clearly observed withcould be decomposed into three parts: a weak peak at 2830

RESULTS
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The ab initio calculation was used to estimate the vibra-
tional frequencies. The calculated values and the Raman
spectra for the C-H stretching vibrations are shown in Figs.
4(a) and 4b), and those for the C-D stretching vibrations are
shown in Figs. &) and 4d). The C-H stretching vibrations
: | () (100): D on the diamond111) consist of three modesi) CH; sym-
metric vibration mode at 2853 ¢ (i) CH; degenerate
stretching vibration at 2905 cm; and (i) C-H stretching
vibration at 2868 cm*. These modes are in good agreement
with the SERS experimental results. Table | summarizes the
frequencies observed by the present SERS experiment and

AN ! ) those presented in previous vibrational spectroscopic experi-
3100 3000 2900 2800 2700 2300 2200 2100 2000 ments compared with the presett initio calculation results.

Wave mumber (em ) Wave number (cm’) Previous FTIR studies also support the present results. SERS

@ @ peaks due to C-H and C-D species appeared in the same

FIG. 3. SERS spectra from the diamofttlll) and (100 sur- Wave number region as FTIR pedksdowever, reported
faces.(I) Hydrogenated surfaces with Agl) Deuterated surfaces FTIR studies cannot distinguish the crystal plane information
with Ag. (a) Hydrogenated diamon@l11) surface.(b) Hydroge- Pecause powder polycrystal diamond surfaces were used.
nated diamond100) surface(c) Deuterated diamong.11) surface. HREELS studies have revealed that the diamo¢htil)

(d) Deuterated diamon¢iL00 surface. surface can be covered with Gidgroups by the angular de-
pendence of the vibratiofsHREELS has less resolution to
divide the C-H stretching peaks corresponding to each vibra-
em L tional mode, though HREELS can distinguish the different

Figure 3(I1) shows SERS spectra from the deuterated diayibration modes _by diff_erent scatt_ering me(_:hanisms such as
mond (111 and (100. Peaks due to C-D stretching vibra- a long distance dipole field scattering or an |mpa}ct scattering.
tions were observed in the region 2050-2250 &iim both 1 1€ SERS spectrum suggested that the intensity of the CH
spectra. The peaks consisted of three peaks: at 2136, 21g4Prations was much greater than that of C-H vibrations.
and 2223 cm?, respectively, in the spectrum of th@11) This res_ult |nd|qates that a significant numper of {roups
surface. The peak feature of the C-D stretching was differerfOnclusively exist on the hydrogenated diamdadl) sur-
from that of the C-H stretching on the diamoftill) sur- aces.
face. The main component of the C-D stretching vibrations _
was a peak at 2136 cm. In contrast, the peak feature on the Diamond (100-2x 1
(100 surface was very similar to that between the C-H and As LEED suggested, the hydrogenated diamgh@0)

C-D stretching vibrations. surface has been reconstructed to 2 periodicity. HREELS

Wi

() (100): H

2928

905
2195

Raman Intensity
2223
2

Raman Intensity

2165 2180
2102

2
2865
2830
/=

1

cm !, a weak peak at 2865 cm, and a strong peak at 2928

TABLE I. Assignment of C-H chemisorbed species on the diamond surfaces.

CH str.

Mode¥cm ™! CH; sym. str.  CH deg. str. CHsym. str. CH asym. str. (111) surface (100 surface References
SERS§111) 2850 2925 2870 This work
HREELS11)) 2840 2912 3,9
SFQ11)) 2830 8,9
SERS100 2835 2865 2928 This work
HREELS100 2927 3,9
SFQ100 2900 8,9
FTIR powder 2858 2952 2835 2935 2880 4
Ab initio MO calc? p q 2903(3225 v, _

2 17 2 22 2844(3161°  2884(3204° 2 187 out Th k
X 0.F (1) 853(3170 905(3228 844(316)) 884 (3204 868(3187 2020(3243 v, is worl

aSym.: symmetric; deg.: degenerate; asym.: asymmetric; str.: stretching.

PHartree Fock level with 6—32G(d,p) basis set.

Scaling factor, Refs. 16-18.

dFigure 1a).

Figure 1c).

fFigure 1b).

90ut: Two CH out-of-phase stretching modes of the H-C-C-H dimer portigyn; Two CH in-phase stretching modes of the H-C-C-H dimer
portion [Fig. 1(d)].
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200l@ (I):H o 1 sl am:p ] (1 meV=8.066 cm?), which is less than those of Raman
150k g I 25 | sl e o spectroscopy. The resolution of the HREELS also depends

8 g s =Y @ Q on the surface smoothness of the atomic order. For this rea-

- 1o S g 149" < 5 ] son, only HREELS spectra with 5-meV resolution have pre-

’i’ 5o | T :,S S0 T °|' 7 sented one peak of the C-H stretching vibration on the dia-

2 0k 4 < oL i . .

£ 200} b) (100):H 1 % sol@ ao0)o i mond(100) surface. SERS has_ a much hlghgr resolution and

g T z o could show two C-H stretching modes. Figuré)3also

2 8% 0§ 129 8%% § 1 shows two peaks; one at 2830 chrand one at 2865 cnt,

100 8] g " ; e ; 1 which were assigned to the Gldymmetric and Chlasym-
50} g | & 50} alg & . metric stretching vibrations. These peaks, due to,CH
ok ; ! A 0 . o 4 stretching vibrations, arose from the step edges, ledges,
3000 %0 B0 R WM ;o 20 AW 2P 2000 inks, and disordering of the dimer rows and missing rows.
ave number (cm) Wave number (cm )

The intensity ratio of the C-H peaks to the gpkaks should

FIG. 4. Calculated Raman spectra for the diam@htll) and  suggest the degree of perfection achieved by the surface
(100 surfaces byab initio MO calculations(a) Hydrogenated dia- atomic structure.
mond (111) surface by using clustel) and (b) of Fig. 1. (b) Hy- The isotope shift was predicted by thaé initio calcula-
drogenated diamon@l00) surface by using clusteic) and (d) of  tion. Recently, Mantel and co-workers successfully observed
Fig. 1. (c) Deuterated diamondl1l) surface by using clustel®) ~ C-D stretching vibrations on the diamond (100)2 sur-
and (b) of Fig. 1. (d) Deuterated diamon@00 surface by using face using the FTIR attenuated total reflectioATR)
cluster(c) and(d) of Fig. 1. method® They presented C-D stretching at 2181 ¢mThe

present SERS indicates a main peak at 2195'cmhe ob-
and STM studies proposed a structure with dimer rows byerved frequencies by FTIR-ATR and SERS are in good
monohydride termination for the (100)>2L surface A agreement. Although the prediction of the C-H stretching
main peak at 2928 ciit was a dominant characteristic in the vibration frequencies byab initio calculation are in good
SERS spectrurfFig. 3(1)], and a weak board shoulder tailed agreement with the experimental data, the calculated fre-
in the lower wave number region. Thab initio calculation  quencies of C-D stretching vibrations tend to be lower than
results suggest that the main peak at 2928 tim due to the  the experimental results of SERS.
C-H stretching vibrations, and tailed peaks are due tg CH
stretching vibrations as shown in Figbd. The main peak at
2928 cm! was assigned to the C-H in-phase stretchings.
The ab initio calculations indicated that the C-H stretching SERS spectra on the hydrogenated and deuterated dia-
should have two modes, one at 2920 and one at 2903.cm mond (111) and (100) were presented first. SERS peaks of
In principle, C-H monohydride species has only one modeC-H and C-D stretching vibrations were compared to vibra-
for the stretching vibration. However, the diamond (100)-2tional spectroscopic results previously reported and to values
X1 surface has dimer rows, and they should have twassigned byab initio MO calculations. The present results
stretching vibration modes. One is the in-phase stretchinghow that SERS has a potential advantage for demonstrating
mode which is a symmetric stretching, and the other is thesurface vibrations of small crystals, which are difficult to
out-of-phase stretching mode which is an asymmetrimbserve using other vibrational spectroscopies.
stretching.

HREELS study has indicated that the hydrogenated dia-
mond (100 surface was a terminated C-H monohydride
species. HREELS has the highest resolution among electron We would like to thank K. Watanabe for his assistance in
spectroscopies, but the resolution is about 1-2 me\Raman measurements.

SUMMARY
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