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The combination ofin situ real-time surface differential reflectivity (SDR) spectroscopy and
microscopic calculations has been used for the first time to investigate gas adsorption on a Si surface.
The optical signatures of some microscopic structural units of Si(Z1X-{) have been identified.

The development of the corresponding features in the SDR spectra upon the amount of H exposure
allowed us to demonstrate the occurrence of two different mechanisms in the hydrogenation and to
determine their relative kinetics. [S0031-9007(96)00523-6]

PACS numbers: 68.35.Bs, 68.45.Da, 73.20.At, 78.66.Db

In recent years, optical spectroscopies such as reand we follow their kinetics: (1) adsorption of H on the
flectance anisotropy spectroscopy (RAS) and surface difdangling bonds (DBs), and (2) H breaking of the Si-Si
ferential reflectivity (SDR) have proved their ability to backbonds (BBs) of the adatoms (ADS).
investigate the intrinsic electronic properties of solid sur- The SDR experiments were performed with a
faces [1,2] and to monitor the interaction of surfaces withrapid in situ spectrometer [14], which delivers
gas [1,3] or the growth of thin films [4]. However, most the change of the reflectivity upon H adsorption:
of the experimental studies are limited to a phenomenoAR /R = (R¢lean Si_gH/Si) /ReleanSi - \yhere ReleanSi gng
logical analysis, without a deep microscopic understandR /St are the reflectivities of the clean and H-covered Si
ing of the optical response of the surfaces. Although thesurfaces. This quantity is related to the optical suscep-
optical measurements are macroscopic in nature, they atibility of the surface and hence provides information on
directly linked to the microscopic structure of the surfacethe changes of its electronic structure [5]. The incidence
and to its electronic structure [5,6]. A theoretical treat-angled of the p-polarized light beam was 80 The SDR
ment of the optical response of a solid surface, based osignal was registered during the H adsorption, providing a
its microscopic structure, is therefore necessary to fullyreal-time monitoring of the process. The Si samples were
understand the experimental data and to interpret themeated during 5 min at 90C in the vacuum chamber
in terms of surface reconstruction, adsorption of atoms(base pressure of0~'° torr) for removing the oxide
growth of thin films, etc. layer, then cooled down slowly (1 K/s) to get a sharp

The interaction of hydrogen with the $i1)-(7 X 7) 7 X 7 low-energy-electron-diffraction (LEED) pattern.
surface, well described by the dimer-adatom-stackingAtomic H was produced by decomposition of, Hby
fault (DAS) model [7], is a complex process of broada tungsten filament at 1801 previously outgassed at
interest. Up to now, theoretical studies on the hydro-higher temperature.
genation of Sil11)-(7 X 7) had been hampered by its  Figure 1 shows typical experimental SDR spectra (point
very large unit cell and only a few attempts have beercurves) taken from 500 spectra registered during the H
made [8,9]. On the other hand, the hydrogenation of thigxposure, given in K exposure (note that the vertical
surface has been investigated by numerous experimentstales differ from one spectrum to another). The sample
techniques, which have shown the existence of two reaawas maintained at20 °C. Similar spectra were obtained
tion paths [10-13]. at other temperatures between40 and 300°C. Spectrum

We present the first combination of theoretical and real{a) (20 L [1 L (langmuiy = 10~° torr s]) is dominated by
time experimental optical studies of(811)-(7 X 7) and a peakA at 1.8 eV, with a small negative minimu at
of the H adsorption. Our experimental SDR spectra ar8.2 eV. A second peaB is developing around 2.8 eV
described by means of a theoretical microscopic modein spectrum (b) (90 L), together with a double structure
in terms of electronic transitions involving the bulk and D at 3.7-4.1 eV. While peald saturates after about
surface states of @ill1)-(7 X 7). This permits us to 150 L, structureB and D continue growing and become
understand the intrinsic optical response dfl 81)-(7 X progressively dominant, as shown in spectrum (e), where
7), and to gain deep information on the hydrogenatiorpeakA now reduces to a shoulder. The edge of another
process. We clearly distinguish the two main mechanismstructureE appears above 5 eV in spectra (d) and (e). Our
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LEED studies, performed at room temperature, show a sp>s™ semiempirical tight-binding approach [18]. For
progressive change from thie X 7 pattern for the clean the clean surface we used a slab with 400 Si atoms in
and lightly exposed surfaces to & X 1” one for large ten layers with both sides terminated by the< 7 DAS
exposures. The X 1 pattern corresponds to the completestructure, where the coordinates of the atoms of the four
etching of the Si ADs [10,15], resulting in @ monohydride upper layers were taken from Ref. [19]. For both hydro-
phase with preservation of the stacking fault (SF). Muchgenated surfaces, we used slabs of 366 [378] atoms, where
larger amounts of H at high temperature are needed tone side of the slab was terminated by {fAex 7) : 19H
get al X 1 surface [16], leading to additional optical [(7 X 7) : 43H] phase, and the other side was saturated
features [17]. with H in the ideall X 1 geometry. A slab with ideal H
For the theoretical calculations, we have chosen twdermination at both surfaces has also been considered, in
different models for the microstructures of the hydro-order to extract by subtraction the optical properties of the
genated surfaces: (i) th¢ X 7) : 19H phase, obtained 7 X 7 hydrogenated surfaces. The geometries of the re-
by saturating the 19 surface DBs with H atoms; (ii) thelaxed hydrogenated phases were taken from Ref. [9]. The
(7 X 7) : 43H phase, where the ADs have been removedptical properties were determined at three (one) special
from the surface and the resulting 43 DBs have been satyoint(s) of the7 X 7 surface Brillouin zone for the clean
rated with H atoms, which corresponds to the 1 sur-  (hydrogenated) surface [18].
face. The surface optical responses of both phases andThe SDR forp-polarized light is given by
of the clean7 X 7 surface have been determined With‘n

AR 4dw 9| [ep(w) — sir? 6]Ag(w) + si(a)) sit 6A[e | (w)]™!
R oovm [65(w) — 1][es(w) COZ 6 — SIN 0 ’

where g, (w) is the bulk dielectric function and is the | positive and negative featu’-C" in spectrum (l). Peak
depth of the surface layer [18]Ag|(w) andAle, (w)]™! B’ is therefore expected to occur also when only a part
are given by Agj(w) = &) (w) — glll—I/Sl(a)) and of the BBs is broken, even without etching of the ADs.
Ale ()] ! = [e77(w)] ! — [sll{/sl(w)]q, where | (3) Above 3 eV, transitions are from bulk to bu(k-bl)
and e, are the dielectric functions of the surface layer@nd s-b states, which lead to the structur®s and E.
for light polarized parallel and perpendicular to the sur-It iS indeed known that surface-perturbed bulk states can
face for the clear(7 x 7) and hydrogenated (H/Si) sur- Yield alarge contribution to the surface optical response in
faces [20]. the energy range of strong bulk absorption [22]. The dip
The results of the calculations for both phases (Fig. 2pccurring at 3.5 eV in the higher-coverage curves of Fig. 1
have to be compared with the experimental curves ins due to the effect of surface perturbations on Zhebulk
Fig. 1. Besides an overall shift of about 0.4 eV, the samétructure.
features are observed in both figures, but with different Comparison between experiment and theory allows us
relative intensities and different widths. In particular, to point out two different mechanisms in the process of
peakA is larger in theory than in the experiment. Suchhydrogenation. The first one is the adsorption of H on
discrepancies between calculated and measured spectra tre DBs, which is the dominant mechanism for small H
also common in the simpler case of bulk systems and arexposures, as shown by the similarity of the experimental
due to the neglect of many-body and local-field effects inspectrum (a) in Fig. 1 and the calculated spectrum (l) in
the calculations [21]. The observed features are essentiallyig. 2. The second one, evidentiated by p&aks the H
due to the progressive removing of electronic states obreaking of the BBs of the ADs, an obligatory intermediate
the clean7 X 7 surface, caused by H adsorption. As it step for AD etching [11]. It becomes dominant for larger
follows from the calculated band structure [18], the opticalexposures. Our measurements allow us to follow quantita-
transitions giving rise to the SDR structures in Fig. 2 cartively both mechanisms in real time and to understand their
be separated into three parts. (1) Up to 2 eV, the opticakinetics. The good agreement between spectrum (a) of
response (peak’) originates from surface-state to surface-Fig. 1 and spectrum (I) of Fig. 2 shows that, in our experi-
state transitions, involving AD states below and abBye mental conditions, the H adsorption of ADs occurs alone,
(in particular, AD DBs). These transitions are suppressedr almost alone, in the very initial hydrogenation. Conse-
when DBs are saturated by H, yielding peHkn spectrum  quently, spectrum (a) of Fig. 1 gives the optical contribu-
() of Fig. 2. (2) From 2 to 3 eV, the features are duetion of the first mechanism alone, which will be callg&d
mainly to mixed transitions from surface to bulk-b) in the following. The contributiors, of the second mech-
states, in particular, from AD BBs to bulk states in theanism alone is given by the changes in SDR from 200 to
conduction band. These transitions are suppressed wh&00 L [Fig. 3(a)]. It is dominated by th&, D, and E
the ADs are removed, yielding the broad pékcentered structures, due te-b andb-b transitions. Apart from the
around 2.2 eV, in spectrum (II). On the contrary, theseshift of 0.4 eV, it compares very well with the theoreti-
transitions are not suppressed but only slightly shifted t@al spectrum drawn in Fig. 3(b) giving the SDR change
larger energies by the H saturation of the DBs, giving thdrom the: 19H phase to the 43H one, hence involving
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FIG. 2. Theoretical SDR: Reflectivity of  the
clean Sf111)-(7 X 7) surface minus that of (I) the
o Si(111)-(7 X 7) : 19H and (I) the S{111)-(7 X 7) : 43H
surface.
butions of the H adsorption onto the DBs and of the BB
0.01 breaking by H, respectively. The data points of Fig. 1 are
] very well fitted by this functionS(D) (thick lines). The
7] separated contributionsS; andbS, are also drawn in the
0 graphs of Fig. 1 (thin lines). The kinetics of each mecha-
nism is given by Fig. 4, where the parameterandb are
plotted as a function of the {tlose. This shows that H ad-
0.01 B sorption on the DBs is the fast process and saturates com-
’ pletely at 150 L, while BB breaking is slower and reaches
D the saturation (i.e., the complete etching of the ADs) at
about 800 L. The very early stage of the adsorption (inset
0 in Fig. 4) shows that the BB breaking initially occurs very
weakly. This is the indication of the existence of a large
0008 = @) barrier which prevents H from being directly bound to the
. ia
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FIG. 1. SDR spectra for different exposures of atomic H on 0 ey

Si(111)-(7 X 7) maintained at—20°C. (a) 20 L of H, (b)
90 L, (c) 140L, (d) 250L, and (e) 1200 L, experimental.
Thick lines, fitting of the experimental data; thin lines,
decomposition in the optical contributioas; andbS,.

the second mechanism alone. This is one of the best agree-
ments ever obtained by comparing theoretical and experi-
mental SDR spectra [6], which is a clear confirmation of
the nature of the second step of the hydrogenation process.
A similar shape of the optical response has been obtained
from ellipsometric measurements or(1$0)-(2 X 1) and
Si(111)-(2 X 1), for which the same assignment of BB
breaking may be proposed [23]. TiSe and S, spectra
are theexperimental optical signatures the two mecha-
nisms. Now, each experimental spectr§®), obtained

combination ofS; and S, : S(D) = a(D)S; + b(D)S,.
The coefficientsa(D) and b(D) give the relative contri-

for a doseD of hydrogen, can be decomposed as a Iineagﬁéﬁén
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(a) Experimental SDR spectrum of the second hydro-
mechanism at20 °C: spectrum at 300 L minus spec-
trum at 200 L of H, exposure. (b) Calculated contribution of
the second mechanism to the SDR spectrum.
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