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The epitaxial growth of silicon films by chemical vapor depositi@VD) is strongly affected by tempera-
ture and hydrogeriH) termination. We report measurements mppolarized optical second-harmoni&H)
spectra generated in reflection from cleax P-reconstructed and H-terminated epitaxidD81) surfaces with
no intentional doping by Ti:sapphire femtosecond laser pulses for SH photon energiei3,6<3.5 eV near
the bulkE; resonance. Temperatures were varied from 200 to 900 K and H coverages from 0 to 1.5 mono-
layers(ML). Increases in temperature at fixed H-coverage redshift and broadé&n teeonance, as observed
in linear bulk spectroscopy. Increases in H coverage from 0 to 1 ML at fixed temperature strongly quench,
redshift, and distort the lineshape of the resonance even though reflection high-energy electron diffraction
shows that the surface maintains the dimerizedl2reconstruction. The latter spectroscopic variations cannot
be explained by vertical strain relaxation in the selvedge region, nor by bulk electric-field-induqét-£st)
effects. We instead attribute these variations to a monohydride-induced surface chemical modification, which
we parametrize as a surface EFISH effect because submonolayer H strongly alters surface electric fields by
redistributing charge from surface dimers into the bulk. The effects of vertical strain relaxation are weakly
evident as a blueshift of the, resonance accompanying dihydride terminatipr®—1.5 ML, which breaks
the surface dimer bond. This modification is parametrized as a separate field-independent alteration to the
surface dipole susceptibilitxgﬁ)ﬁace. Finally, guided by these SH spectroscopic studies, we demonstrate dy-
namic real-time(100-ms resolutionSH monitoring of H coverag€5% accuracy during temperature pro-
grammed hydrogen desorption and CVD epitaxial growth of silicon from disil8®@163-182807)07144-0

[. INTRODUCTION that domains of dihydridéwith a local coverage of 2 ML
and monohydride are present at saturation. The relevance of
The interaction of hydrogen with silicon surfaces is of these studies under ultrahigh vacugbiHV) conditions to
particular importance to the chemical vapor depositionCVD growth has recently been questioned by the work of
(CVD) chemistry of silane and disilane; the hydrogen de-Greenlief and Armstrond’ which has shown significant dif-
sorption rate places a fundamental upper limit on the growttlierences between the hydrogen desorption kinetics under
rate at any temperature in the absence of gas-phase reactio@/D growth conditions and UHV conditions. A surface-
Although it has been suggested as early as 18&83. 1) that  sensitive probe capable of operating at elevated pressures
hydrogen desorption limits the CVD growth rate from silanemay prove particularly useful in divining the nature of such
under certain conditions, it was not until kinetic studies ofdiscrepancies.
the monohydride desorption were perforfigthat the simi- Optical second-harmoni¢SH) and sum frequencySF
larity in the apparent activation barriers for low-temperaturespectroscopy offer unique advantages as noninvasive probes
CVD growth and monohydride desorption was recognizedof clean and hydrogen-covered silicon surfatesd’! Optical
Well-known work on the reconstruction and electronic struc-probes, unlike electron-beam probes, are unperturbed by am-
ture of bare and hydrogen-atom-exposed, singular surfaces bfent gases, and thus can monitor the H-Si surface in real
silicon*~® has established that hydrogen forms both a monotime during homoepitaxial and heteroepitaxial grottttf by
hydride and a dihydride phase on silicon. A fairly completeCVD. Moreover for centrosymmetric materials like Si, the
structural picture of the hydrogen($00 system has second-order nonlinear optical response, unlike the linear op-
emerged, largely as a result of the work of the following:tical responsde.g., in ellipsometry or infrared absorptipn
Feldman, Silverman, and Stensgairghowed the H- includes a highly surface-specific electric dipole component,
saturated(100) surface has a coverag®, of 1.5 ML; but contains no bulk electric dipole componéhtUn-
Chabal demonstrated that the saturated phase consists oflike  reflectance-difference (-anisotropy —spectroscopy
mixture of monohydride and dihydride; and Bol&rsthowed (RDS/RAS,'® the surface specificity of second-harmonic
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generation(SHG) does not depend on surface anisotropy,markedly different from previous interpretations of far less
and thus can be applied to isotropic surfaces such as treomplete SHG dat¥, which assumed that H termination
oriented double-domain ®01)-2x1 surface used in the changed the SH spectrum exclusively via relaxation of sub-
present study. SHG and SFG on silicon have thus beefurface tensile strain. Our results show that the strongest ob-
shown to be highly sensitive to hydrogen adsorption, desorpserved alterations of th; resonance occur for submonohy-
tion, and diffusion kineticd>?° surface structural phase dride coverage &®y<1 ML, for which strain relaxation is
transitions*?22 and temperature-dependent changes irmuch smaller than for dihydride coverage,>1 ML.?°
vibrational® and electronit® surface spectra. Moreover, monohydride-induced alterations to the bulk band
Nevertheless nonlinear spectroscopy of H-Si surfaces ré?ending and accompanying bulk electric-field-induced
mains in a primitive state for several reasons. First, mos{EFISH contributions;” though clearly evident in heavily
previous SH studies have been performed at a single fixedoped sample® can be ruled out in the present work be-
wavelength of either 1064 or 532 nfRefs. 11-14 and 26 cause of the negligible space-charge fietdl(kV/cm) in our
corresponding to the fundamental and frequency-doubletdndoped samples. Our results instead suggest that
output of pulsed Nd:YAG lasers. In such studies, surfacénonohydride-induced redistribution of charge, and thus elec-
spectroscopic information is either lacking, or at best actric field, between the surface dimers of th& 2 reconstruc-
quired indirectly through temperature variation of the bandtion and the underlying 2-3 atomic layers—i.e., surface
structuret® which simultaneously changes other surfaceEFISH—plays a major role in the SH spectroscopy, as re-
properties. Moreover, the quantitative relation between theently suggested by Xet al?® and Aktsipetrowet al?® More
SH signal and hydrogen coverage can usually be establishedibtle spectroscopic consequences of dihydride-induced
only over limited coverage ranges at these wavelen@tlis,  Strain relaxation on the surface contribution become weakly
0-0.15 ML with 1.06um fundamentaf). Secondly, in the evident only for®,,>1 ML. In addition, we demonstrate that
only spectroscopic SH study of H-terminated0®il) surface  optical interferenc® between the resonaf; and the non-
to our knowledgel’ only one uncalibrated near-saturation resonant background contributions to SHG redshifts and dis-
coverage and one temperature were examined. Surface spéerts the line shape of thi; feature when these two contri-
troscopic consequences of incremental variation®jpand  butions become comparable in magnitude. These results are
temperature, even though accompanied by significantimely in view of recent theoretical advances in the calcula-
changes in atomic and electronic surface structure, remaition of surface nonlinear optical spectfa and should
undocumented. Thirdly, acquisition of SH and SF data fromstimulate new calculations of the SH spectrum of KB81).
the technologically important, but weakly nonlinear(08il) Meanwhile, these isothermal and/or isosteric spectroscopic
surface, has been slow and laborious because of low SH&tudies provide guidance for real-time SH monitoring of
and SFG efficiencies obtainable with long-pulse, low-Si(001) surfaces during transient processes such as
repetition-rate laser sources. This in turn has limited théemperature-programmed desorptid@iPD) of hydrogen. At
number of surface parameters that could reasonably be vastrategically chosen wavelengths, SHG tracks gagdihy-
ied, as well as the speed of kinetic processes that could bdride) and 8; (monohydride desorption features, which are
monitored in real time. independently monitored by a quadrupole mass spectrometer
In this paper, we present measurements of the spectrum 69MS) during TPD. Finally, we demonstrate that SHG at
SH radiation generated in reflection from{(®)1) surfaces as these wavelengths can be used to monitor instantaneous H
a function of systematically varied temperature &hgby a  coverage during epitaxial growth by CVD, allowing the hy-
tunable femtosecond Ti:sapphire laser. The ultrashort pulsdrogen desorption kinetics during epitaxial growth to be es-
duration (-~ 10 3s) of such lasers permits us to deliver timated.
high focused peak light intensity € 10'° W/cn?) to the sur-
face with low pulse energyH~10 8 J), thus maximizing
SH efficiency (,,~12) while minimizing surface heating
(~E).?** In addition, their wide continuous wavelength  The SH spectroscopy experiments were performed in an
(0.7<A<1.0um) tunability permits broadband spectros- ultrahigh vacuum{UHV) deposition chamber, equipped with
copy of the S{001) surface and immediate subsurface regiona quadrupole mass spectromet€@®MS) and a reflection
in the vicinity of the two-photorkE, resonance. We present high-energy electron diffractiodfRHEED) apparatus. The
spectroscopic SH results, obtained with gi/p-out polar-  deposition chamber is adjoined via a load-lock to a multi-
ization configuration, for $001) surfaces under both iso- technique surface analysis chambebase pressure
thermal and/or isosteri¢constant H coverageconditions 8% 10 ! Torr) with capabilities for Auger electron spectros-
and under transient conditions. On isothermal and/or isoeopy (AES), x-ray photoelectron spectroscopfPS), TPD,
steric surfaces we track the redshifting and broadening of thand high-resolution electron-energy-loss spectroscopy
two-photonE; resonance for both clean(801)-2x1 recon- (HREELS, which has been described elsewh&reThe
structed and H-$001) surfaces as temperature increases atleposition chamber is pumped by a 450-1/s turbomolecular
fixed ®,. Our extracted temperature coefficients agreepump to a base pressurelx 10 ° Torr (the low-pressure
quantitatively with previous bulk linear spectroscopic analy-limit of the Bayard-Alpert gaugewith no special provisions
ses of thermal narrowing of thd;— A, direct gap elec- for pumping hydrogen, because of its < 107) initial
tronic transitions responsible for th®, resonancé® In ad-  sticking coefficient on $100. This chamber is also
dition, we measure the redshifting, quenching, and lineequipped with a Roots blower, capacitance manometer, and
shape distortion of this resonance @g, increases at fixed exhaust valve for operation at pressures up to 100 Torr. The
temperature. Here our results necessitate an interpretatiaeposition chamber is routinely exposed to large doses of

Il. EXPERIMENTAL PROCEDURE
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silane and disilane during CVD growth, which helps main-age of 1.5 ML at 375 K. Hydrogen exposure was performed
tain a low HO partial pressurévia gettering at the chamber at no less than 375 K to minimize the formation of etch
walls) of approximately 5 10~ Torr, estimated from re- products that might lead to surface roughenih§ollowing
sidual gas analysis. The bare silicon surface can be mairgach exposure and SH spectroscopy experiment, the TPD
tained for about 15 min under these conditions without any€ating program annealed the crystal at 1050 K to recover
accumulation of impurities detectable by XPS and TPDthe smooth, double-domain &21)-reconstructed surface.
(<0.01 ML). A typical SH spectrum was acquired in ap- Unamplified Ti:sapphire laser pulses of dura}tlon 120 fs,
proximately 3 min(vide infra). wavelength range 705-935 nm, spectral bandwidth 5-10 nm
The orientedp-type S{001) substrate(miscut less than [full width at half maximum(FWHM)], average power 150
1°) was radiantly heated from the backside with a pyrolytic™W, and repetition rate 76 MHz were focused through a
boron nitride(PBN) encased graphite heater for temperaturedused-silica viewport onto th€001)-oriented silicon crystal
less than 1050 K. For higher temperatures, a coiled tungstéfl Vacuoat a 55° angle of incidence. The reflected SH signal
filament was inserted between the PBN heater and the back@s monitored through a second optical port using a gated
side of the crysta(using a linear motion devigeo achieve photon-countln_g system._A fraction of the fundamental laser
electron beam heating to temperatures as high as 1400 €am was split off outside the chamber to generate a SH
Temperature was routinely monitored via a thermocouplef€férence signal from a crystalline quartz plate, which nor-
mounted to the sample holder, that was previously calibratefl@lized against drifts in average laser power or pulse dura-
to the crystal temperaturéio within =20 K). To achieve tlpr_l during data acquisition. Tran_S|ent surface heating by in-
better accuracy in the temperature measuren@ntvithin dividual laser pulses was negl|g|b(e<0.5 Kat 0.5 mJ/crh
+5K), all of the experiments reported here used#ype  Per pulse. However, cumulative surface heating by t_he 76-
thermocouple, spot welded to the inside of a thin roll ofMHz_ pulse train caused a steady-state temperature difference
tantalum foil, then inserted into a 0.5-mm hole through the2S high as 40 to 50 KRef. 23 between the sampled spot on
crystal and fastened with a drop of zirconia-based adhesivie crystal and the thermocouple, mounted several mm away,
(Aremco, Ultratemp 516 The native oxide was removed as When the laser operated at 200 mW average power. This
SiO by 1-K/s heating to 1275 K, followed by 1-K/s cooling €Xtra heat|.ng notheably pe_rturbed H desorption kinetics,
to ambient. This procedure has been shown to produce dHhIC.h prowdedm situ calibration o_f the temperature offset,
atomically smooth X 1 reconstructed surfaas verified by @S discussed in Sec. IV. Attenuation of the incident beam to
a characteristically sharp, streaky RHEED pattern, with no=~20 MW with neutral density filters minimized laser-
impurities detectable by XPS and ABSOur SH measure- induced heating while maintaining adequate SH signal levels
ments were performed on an undoped, epitaxial silicon layefor Most measurements. _
that was grown by UHV-CVD using disilan@irco, elec- Two types of SH measurement are reportéd:isother-
tronic grade mixture consisting @%-SiHg/balance Hpat ~ Mal and isosteric spectroscopic measurements(andeal-
900 K to bury any trace contaminants present at this surfacdime fixed wavelength measurements during heating, hydro-
and conceal the initial interface far beyond the extinctionden desorption, and epitaxial growttime resolution<<0.1
length of the SH radiatioritypically a 0.3um layer was s). For surface spectroscopy, the laser Wave[ength was tuned
grown). As surface contaminants accumulated over th&tween 705 and 820 nm in pulse bandwid-10 nm
course of several days, the epitaxial growth procedure wa§icrements in less than 3 min, yielding a two-photon spectral
routinely repeated to recover a pristine surface, with no degenergy resolution 2A w~0.02—0.03 eV. With a change in
radation in the crystallinity nor surface roughness, as monil@ser optics, the longer wavelength range from 800 to 935
tored by the RHEED pattern. nm was scgnn_ed in a_5|m|lar manner. S_pectral scans were
Hydrogen coverage was controlled by exposing the baréep_eated with increasing, then dec_reasm_g wavelengths to
crystal to atomic hydrogen produced by cracking molecula¥®rify that contaminant adsorption did not influence the SH
hydrogen on a 2000-K tungsten filament, placed in line-of-SPECtroscopy measurements dunng_da}a acquisition. Perlod|c
site with the crystal face at a distance of 3—4 cm. The hyRHEED and XPS measurements indicated no appreciable
drogen(Matheson, UHP was purified by slowly filling an contamination even after performing experiments for several
evacuated, liquid-nitrogen-cooled U tube to a pressure of 5@ays.
psi (gauge, before backfilling the chamber to the desired
pressure, resulting in an,B partial pressure rise in the I1l. PHENOMENOLOGICAL FRAMEWORK
chamber to no more thanx210™ ° Torr at hydrogen pres- ) ) L
sures as high as>10 4 Torr. A resistively heated crystal 1€ two major sources of nonlinear polarizatiBf(2w)
and a line-of-site QMS were installed in the depositionre,Spons'b'e for genergtmg SH radiation from the undoped
chamber to quantify hydrogen coverages by TPD, while the>((001)-2X1 surface will be expressed as
SH spectroscopy experiments were performed concurrently S ~2) =3) surt
on the same crystal. By normalizing tiie’e 2 TPD peak P (2w)=xs" E(0)E(w)+ x5 [E(w)E(w)Eg, (1)
areas to the area under the saturated monohydride peak, hy- s .
drogen coverages in ML were obtained with a relative accuVNere P~(2w) has been related to the funeiamenftal electric
racy of approximately 5%. Cracking of background impuri- field E(w) and an effective surface dc fieff."= Egc'z (Ref.
ties (CO, H,0) was minimized by keeping the filament hot 28) via the second-order surface dipolg¥’) and third-
for no more than 30 s for each dose and varying the pressum@der surfacej(f)) nonlinear susceptibility tensors, where
to control the exposure. A 15000 (5x 104 Torr, 30 9 is a unit vector normal to the surface. Both terms describe
molecular hydrogen exposure produced a saturation covesources localized at the surface, generally including several
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subsurface atomic layers, and possessing macrospic Ep(20) =[(f1x50,+ faxioet faxsx) COS Y
symmetry as well as isotropic dependence on azimuthal crys- o )
tal rotation for ${001).%” Surface fieldsES:™10° kv/cm +faX5ax SIPYIEX(w), 2

arise within the top few atomic layers of the cleanyhere
2% 1-reconstructed surface because the formation of surface

dimers, even symmetric ones, induces electron transfer from eff _ (2) (3) e .

the bulk into the uppermost atomic layéfslahn-Teller dis- Xijk=Xsijk T Xsijkz | - Ede z)expiAz)dz
tortion (“tilting” ) of the dimers can cause additional elec- @ . .

tron transfer into the upper silicon atom of the dimer pair, =X+ XSk (B etLett (2a)

resulltlng. in even §tronger surfaqe fiefd$° Monohydride represent the three effective nonvanishing, independent, non-
termination redistributes charge into the bulk and symmeyinagr susceptibility tensor componentgijk =zzzxzx

trizes the din_1er§?'41 thereby quenching the surface fi‘éad (=xx2),2x¥, B, (n=1,2,3,4) are coefficients that contain
with only a slight effect on surface straffiDihydride termi-  the |ocal field correction and Fresnel factors of the incoming
nation breaks the dimer bond, thereby almost completely refig|ds 1837 4 is the angle between the incident plane and the
laxing dimer-induced straiff. We therefore anticipate that yector E(w) inside the sample, andA=(2w/c)[(n,
variations in the second term in Eql) dominate  +ik,)cosd,+(ny,+iko,)cOSh,, ], Wheren; k;,6; are the re-
monohydride-induced SH spectroscopic effects, while variafractive index, extinction coefficient, and refraction angle,
tions in the first term dominate dihydride effects. Neverthe-respectively, at the fundamentadl= w) or SH (=2w) fre-
less the assumed separation of these terms is an approximguencies.y=0°, 45°, and 90° correspond 1, q, ands
tion, since surface strain and electric fields are not entirelfjundamental polarizations, respectively. The middle expres-
independent® sion of Eq.(2a) takes into account a small vertical spread of
Two additional SH polarizations have been omitted fromES="(z) over a thin surface region that has been assigned a
Eq. (1) and will be neglected in this papdit) a bulk quad-  uniform ng)- If Ej‘c‘rf(z) is approximated as a uniform field
rupole polarizatiorP®(2w) = Y22 :E(w) VE(w), a source  (ESM™ 4 extending to depth . beneath the surface, then the
distributed throughout the SH escape deptt0<édg,  simplified expression on the right side of Ea) is valid as
<100 nm depending on wavelengttand a region possess- long as|A[Lgy<1. This limit certainly holds for our wave-
ing the bulkO;, symmetry of silicon. One component of this lengths sinceSs~|A|~'=100 A, wheread ¢ is at most a
term is distinguished by its fourfold anisotropic dependencdew angstroms. When a strong bulk space charge Egtf
on azimuthal crystal rotatiotl.Elsewheré® we show that the is_present, bulk EFISH field contributions of the form
amplitude of the fourfold rotational component of the SHES(2w)=fsxiuliiz/ o Eoe (2)exp{Az)dz  are  also
signal is only about one-tenth of the isotropic component apresent. When, as is commonly the ca8g, is much less
Si(001)-2x1 for wavelengths used in this study, and can bethan depthw of the depletion fielde.g., 55~100 A near
rendered negligible by choosing an incidence plane orientathe E; resonanceW~3000 A for the MOS structures used
tion for which it vanishes. There is also an isotropic compodn Ref. 27, Ep5(20) can be approximated as
nent of PP(2w).%” Because we have observed previouslyfsxiukijkEdedsH, analogous to the right-hand expression in
that theE, peak of the total field-independent isotropic con- Eq. (28), whereE; is the value of the depletion field at the
tribution is strongly redshifted from its bulk energythis interface. Expressing.-(2w) in this form facilitates com-
component is believed to be small with respect to the isotroparisons of bulk EFISH, surface EFISH, and field-
pic surface component. To the extent that it contributes, itndependent surface contributions, as discussed further in
will be incorporated into the first term in Eql) in this  Sec. IV.
paper. (2) A bulk EFISH polarization PEE(2w) The p-polarized second-harmonic intensity is
=Y E(w)E(w)E can also be neglected for low doping 5
levels. At S{001)-2x1 the Fermi level is pinned at 0.3 or (20)[Ep(20)]%. &)
0.63 eV above the valence band fgr and n type, In this paper, we will present data taken usipgn/p-out
respectively*? With an estimated unintentional doping level configuration at a fixed sample azimuth. Since the SH signal
<10* cm2 in our epitaxial film, the band bending is no for this configuration includes contributions from three inde-
more than 0.1 eV for either type of doping, while the thick- pendent effective susceptibility tensor compondste Eq.
ness of the space-charge region is at least'ifin, assum- (2)], we have also measured the tenfold weaker SH signals
ing a Schottky barrier model. ThugY*<1 kv/cm over the  generated irs-in/p-out andg-in/s-out configurations, which
SH escape depth, whereas previous SH spectroscopy ofigolate thezxx and xzx components, respectively. From
Si(001) metal-oxide-semiconductgMOS) structure showed these measurements we determined thatyje component
that bulk EFISH contributions are negligible compared tostrongly dominates thg-in/p-out SH signal, confirming pre-
surface contributions foE “¥<10 kV/cm?’ On the other vious similar findings by other¥.
hand, sinceESe" exceedsESL by 3—4 orders of magnitude, ~ The spectrum ,,(2w) of SH radiation in our wavelength
it can produce observable EFISH signals in spite of its 2—3ange consists of a two-photon resonance peak 7ab 2
order of magnitude shorter spatial extent. ~3.35eV from the surface-modifiel; direct gap and a
With these assumptions the magnitude of the totahonresonant background. For cleatiOB)-2x1, our back-
p-polarized SH fieIdEp(Zw)=|Ep(2w)|, can be expressed groundl, (2w) is approximately 20% of th&, peak height
as’ intensity below resonance 2~ 3.0 eV), then rises sharply
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in magnitude above resonancef(@> 3.45 eV), suggesting

that it originates primarily from a nearby higher-energy reso- Si(001)-2x1
nance. A background below tHe; resonance with similar T (K)

properties was reported by Dawehal. [see Fig. 2e) of 17]

for this surface. The existence of a broad higher-energy reso-

nance that occurs around 3.6—3.8 eV, attributed to the disor-
dering of the Si atoms at the interface, has recently been
observed at oxidized &01).** Thus we shall represent our

observed SH spectra phenomenologically by the expression

A B 2
+C(2w)| ,

4)

where the background ter@(2w) is the tail of a higher-
energy resonance centered near 3.6 eV, an&thesonance
has been written as a sum of two Lorentzians representing
surface dipole(SD) and surface EFISHSE) contributions,
respectively. This separation allows for tke resonance of
the SD contribution to differ slightly in frequency and broad- e
ening factor(I") from the SE contribution to optimize fits to 28 3.0 39 3.4 36
the data. Physically, such a difference could arise if, for ex- Two-photon energy (eV)
ample, the former contribution is dominated by step edges
and the latter by dimers on terraces and/or if the two polar- FIG. 1. Isothermalp-in/p-out SH spectra of a clean (8D1)-
izations differ in vertical spatial distribution. However, a rig- 2x1 reconstructed surface. The broad peak is Ehewo-photon
orous physical interpretation of such differences will not beresonance, which redshifts and broadens with increasing tempera-
attempted in this paper. ture. Solid curves are Lorentz oscillator model fits to the data as
A polarizable-bond model of SHG, advanced recently bydescribed in text. Bars on the right vertical scale indicate the cor-
Mendoza and Mochg™ is a promising future direction for a responding zero SH intensity level.
more complete theoretical description of the effects of H ) o .
termination on SH spectroscopy of(@2). In this formal- ~ '€Sonant energies agree within experimental error.IOp@&-
ism, surface EFISH effects wouid be described as changes [@Meters are approximately 30% smaller than the corre-
the nonlinear polarizability of surface bonds, while lattice SPONding bulk parameters, but follow the same temperature

distortions would change SHG via a nonlinear local fielgcoefficient within .experimental error. A weak, narrow peak
effect. at temperature-independent two-photon energyiw?2

=3.02 eV is also evident in the spectra of Fig. 1.
Figure 3 shows a similar series of isothernpain/p-out
SH spectra of 1-ML hydrogen-covered®1)-2x1, the re-
A. SH spectroscopy of isothermal and isosteric $001) construction again confirmed by RHEED. For comparison,
surfaces the SH response of the bare surface at 200 and 600 K are
shown in the inset. In order to maintain constant monohy-
dride coverage while acquiring these spectra, the temperature
range was restricted from 200 to 600 K, since hydrogen de-
Figure 1 shows a series of isothernpain/p-out SH spec-  sorbs too quickly above about 700 K. The two-photep
tra of the clean $001)-2X1 reconstructed surface, as deter-resonance peak is also evident in these spectra, but with three
mined by RHEED, at eight fixed temperatures ranging fromdifferences from the corresponding clean surface spedra:
200 to 900 K. A broad peak, attributable to the two-photonSH intensity at the peak is about three times weai@rthe
E, resonanceé! is evident in each spectrum. As the tempera-peak is redshifted about 0.1 eV from its clean surface energy;
ture increases this peak redshifts from about 3.4@&\V200 (3) the line shape is asymmetrically distort@hhanced from
K) to 3.05 eV(at 900 K), and broadens. The solid curves are Lorentzian on the low-energy side, suppressed on the high-
fits to each spectrum using Eq@4) with a weak energy sidg Apart from these differences, the redshift and
SD(A,wsp,I'sp) and strong SEE, wse,I'sg) resonant terms  broadening of theE; peak with increasing temperature
and backgrouncC(2w) modeled as a Lorentzian peak cen- closely resemble the behavior of the corresponding bare sili-
tered near 3.6 eV. This model is discussed further in Sec. I\éon spectra. Each spectrum was(§iblid curve$ to Eq. (4)
A 3 below. The resonant energyt ¢sp se=E;) and broad- with the same SD and backgrou@{2w) terms as used in
ening (I') parameters extracted from these fits have beelfFig. 1, but with a much weaker SE term. The underlying
plotted in Fig. 2 as filled squares and open circles, respeghysical justification is discussed in Se¥. A 3 below. The
tively. For comparison, the corresponding Lorentzian energyitted resonant energy and broadenihg parameters of the
and broadening parameters of tBe critical point obtained E; peak have been plotted in Fig. 2 as cross and plus sym-
by Lautenschlageet al from spectral ellipsometric analy- bols, respectively. Apart from the 0.1-eV redshift of the peak
sis of bulk silicon have been plotted as dashed and dottednergy, the temperature dependence agrees with that of the
curves, respectively, in Fig. 2. The temperature-dependertiare surface within experimental error. The weak feature at

Ipp(zw)w 2w-w5D+irSD+ Zw_wSE+iFSE

p-in/p-out SHG Intensity

IV. RESULTS AND DISCUSSION

1. Temperature dependence of SH spectra:
Clean Si(001)-1 and 1 ML H-Si(001)-2x1
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FIG. 2. Temperature-dependd®f resonant energgleft vertical ‘ . ' . . .
scalg obtained from isothermal SH spectroscopy of cleai®Ei)- ' ! ! ! ! ’
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troscopy of clean $001)-2x1 (O) and H-S{001)-2Xx1 surfaces
(+), and from bulk linear spectroscoggotted ling.

FIG. 3. Main panel: isothermap-in/p-out SH spectra of a
monohydride-terminated &i01)-2X1 reconstructed surface. The
broad peak is thé&,; two-photon resonance, which redshifts and
broadens with increasing temperature. The resonances are weaker,
2fiw=3.02 eV is completely quenched in the spectra ofredshifted, and asymetrically distorted compared to corresponding
H-Si(001)-2x 1. clean surface resonances shown in Fig. 1. Solid curves are Lorentz
oscillator model fits to the data as described in text. Inset: compari-
son of isothermal SH spectra for bare and 1 ML H-terminated

2. H-coverage de de f SH spect : Room temperat )
coverag pendence o spectrum: Room perature Si(001) at 200 and 600 K,

Figure 4(top panel shows a series of room-temperature

p-in/p-out SH spectra of $D01) for ten H coverages ranging 5 qgition slight adjustments t6(2w) (not shown were re-
from 0_ to 1.5 ML. As coverag® increases, three trends quired to optimize the fits in this®, range. For 1
are ewdent(l)_from 0to 1 ML theE; resonance is sharply <®,=1.5ML, wgp was increased as indicated by the ar-
quenched,_whlle from_l t0 1.5 ML there is hardly any furtherrows in the bottom panel of Fig. 4 while other parameters
decrease in its amplitudg?) from 0 to 1 ML, the peak remained at thei®,=1 ML values. The physical basis of

redshifts monotonically away from the peak energy at O ML, h o PO |
while from 1 to 1.5 ML, the peak blueshifts slightly back these parameter variations is discussed below.

toward its O-ML peak energ¢3.36 eVj; and(3) as the reso-
nance quenches, its line shape distorts asymmetrically as a
pronounced dip develops on its high energy side, as was The E; critical point of bulk Si, which originates from
shown in Fig. 3. RHEED patterns show that the dimerizedA ;- A, electronic transitions, redshifts and broadens with in-
2X 1 reconstruction persists for coverages up to 1 ML, anctreasing temperature because of the combined effect of lat-
converts to X1 for higher coverages. The solid curves tice thermal expansion and electron-phonon interactions.
through each spectrum were fit to the data based ori4tq. The quantitative agreement between its temperature shift and
The SD and SE Lorentz oscillators that underlie this fit arebroadening coefficientd and those determined from the SH
depicted in the bottom panel of Fig. 4. Thg,=0 ML spec-  data in Figs. 1-3 suggests that their temperature shifts are of
trum was fit with the same Lorentzian oscillator model useddentical origin, and confirms th&,; assignment of the SH

to fit the 300-K spectrum of clean®D01) in Fig. 1. Likewise  peak. The lack of strong temperature dependence to the am-
the® =1 ML spectrum was fit with the same model used toplitude of the spectra in Fig. 1 justifies the neglect of the bulk
fit the 300-K spectrum of H-8001) in Fig. 3. For interme- EFISH mechanism. Since the bulk Fermi level depends
diate coverages 9®,<1.0 ML, the SE oscillator strength strongly on temperature, while the surface Fermi level is
B was decreased froB(®,=0 ML) to B(@,=1 ML), as  nearly independent of temperatdfehe temperature depen-
depicted by the relative resonant peak heights shown in thdence of the band bending would cause modulations of the
bottom panel Fig. 4, witlA, wgp, andwsg held constant. In SH signal amplitude that are not observed. For example, for

3. Discussion of isothermal and isosteric SH spectra
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L B L L change. Daunet all’ proposed that the SH; peak at clean
Si(001)-2x1 acquires both its amplitude and redshift prima-

T=300 K rily from near-surface vertical tensile strain induced by the
dimerized reconstruction, which enhances the surface dipole
polarizatior® [first term in Eqgs.(1) and (4)] and decreases

Oy (ML) the E; gap?® The complete quenching of the resonance by
> |0 saturated H termination was invoked in support of this inter-
‘2 0.10 pretation, since dihydride termination breaks the surface
2 |o12 dimer bonds responsible for the<2L reconstructiod~8 The
£ 0.30 SH spectra presented in Fig. 4, by including finer increments
o in H coverage, now force us to revise this interpretation.
I . . . -

v | 043 Two observations are critical. First, the major influence of H
s {051 on the SHE; peak occurs for &0 <1 ML, where RHEED

g_ observations by us and others sfidWthat the surface main-

= |07° tains its 2<1 dimerized reconstruction. Consequently,
Py 1'?2 changes in atomic positions, and therefore strain, are mini-

1:50 ma_l. O_n the other hand, dihydride .terminatidm(>1 ML),

Ry g sevars ey o ——t which induces a much more drastic structural ch&hfef-

5 Surface EFISH term P2 R fects the SH spectrgm only §I|ght{§:ee bottom three spect_ra

H “—»‘/\ in Fig. 4). Thus strain relaxation can hardly be the exclusive,
0.00 ..- AT or even primary, mechanism responsible for changing the SH
”\ spectrum. Secondly, the top eight spectra in Fig. 4 (0

0.10 //\ e <®,=<1 ML) show that monohydride termination redshifts

the SHE, peakaway fromthe bulk E; energy, contrary to

the expected effect of relaxing near-surface tensile strain.
The expected blueshift toward the bl energy is weakly
evident only in the bottom three spectra of Fig. 4, where such
a strain relaxation is expected from dihydride termination.
We must conclude that the much larger changes in the SH
spectrum observed for€©90®,=<1 cannot be related simply
to changes in subsurface strain.

On the other hand, the Fig. 4 data can be explained con-
sistently by assuming that the SIE; peak at clean
Si(001)-2x1 acquires most of its amplitude from the surface
dc electric field[via the second term in Eq1)] associated

A S S R with dimer bond formatioff and tilting®® rather than from
29 30 31 32 33 34 35 the near-surface strain field. Energy minimization

Two-Photon Energy (eV) calculationd® that predict a symmetric dimer structure indi-
cate electron enrichment of approximatef3 in the top two
FIG. 4. TOp panel: iSOtherqu-in/p-Out SH spectra of 10 isos- atomic |ayerS, |mp|y|ng surface Charge densitys

teric S(001 surfaces with hydrogen coverages varying from 0 to — 15-5 c/cn? and field strength on the order ggsurt

. L dc
1.5 ML at room temperature. Note quenching, redgfifficated by Je~10* kV/em immediatelv beneath the surface. where
the dashed line through the SH pegkand line shape distortion of Isie y '

. Ithe bulk dielectric constard=11.9 has been used as an ap-
E, resonance as coverage increases from 0o 1.0 ML, and blueshi troximation Calculations that predict a tilted dimer indicate
as coverage increases from 1.0 to 1.5 ML. Bottom panel: surfacg ) P

dipole and surface EFISH Lorentz oscillators underlyingdilid an even. ]arger charge transfer of appr.OXInTIaE‘IBI.Into the
curves to top panel data. Note strong quenching of surface EFISI—Ppmar silicon atom of each buqkled derf’éerpIylng F?ro'
E, resonancefixed at 3.38 eV indicated by the vertical dotted Jine POrtionately larger charge density and field strength in some
and nearly constant surfagg resonancéindicated by the arrows ~ Portions of the immediate subsurface region, depending on
between 0 and 1 ML: blueshift of surface resonancesfdr ML  details of the charge redistribution. Similg§." values and
coverage. Bars on the right vertical scale indicate the correspondingertical extent are implied by the decrease of 0.35 eV of the
zero SH intensity level. ionization energy of the 801)-2Xx1 surface, which is ob-
served when monohydride termination passivates and sym-

p doping atnp=1015 cm™3 the bulk Fermi level changes Metrizes the surface dimer and quenches the surface*field.
from 0.17 to 0.28 eV above the valence band as temperaturEhe latter result implies B5") enler=0.35V, a parameter

changes from 200 to 300 K, changing band bending fromsee Eq(2a)] that is proportional to the surface EFISH com-

0.12 to 0.04 eV. This would cause a decrease of a factor of Bonent E;(2w) of the total surface SH fieldE,(2w).

in SH intensity if bulk EFISH were dominant, which is not To compareE;Y2w) to the bulk EFISH fieldE;%(2w)

observed. measured in a $01) MOS structur®’ and to the
The E, shifts induced by H coverage appear to be of lesdield-independent component of the surface SH field, we as-

straightforward origin than those induced by temperatursume 3~ y3), fi~fs, and x2[Si(001)/Si0,]~ x?
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X[Si(00D)-2%x1], In the MOS structure measurements, SH L L L

signals near th&; resonance were enhanced approximately 910
fourfold over their flat-band values—the same enhancement 870
observed at the clean, compared to the monohydride- '\-«‘M

terminated, §D01)-2X1 surface—when the MOS structure M 228

was externally biased approximatd V from flat-band con-
dition. This bias corresponded to a depletion fiet]!
~10° V/cm immediately beneath the Si/SiGnterface for
the structures usel. Since 85,~100 A near theE; reso-
nance, the bulk EFISH signal responsible for this enhance-

ment is proportional tdEi(?ct&SHwo.l V, the same order of

magnitude asES2™ «L.=0.35 V at the clean §001)-2x 1
surface. This approximate comparison demonstrates that sur-
face EFISH associated with surface dimer formation and
buckling can produce the observed SH signal enhancement % ;gg
at the clean $001)-2x 1 surface. 720

The above interpretation does not, of course, rule out the 710

. . . . . 1 " 1 I 1 M | n 1 "
gmstgnce of direct monohydride-induced alterations to the 200 400 600 800 1000
field-independent componegt? :E(w)E(w) of the surface T

. o . . emperature (K)

nonlinear polarization, which can be caused either by alter-
ing the energy of surface dimer electronic bafidsr by FIG. 5. A series of fixed wavelengfivin/p-out SH responses of
changing subsurface equilibrium atomic structure. Howevera clean Sj001)-2x1 surface as temperature is ramped upward at 2
available calculations together with the experimental eviK/s. The broad peaks results from thg resonance thermally red-
dence presented above suggest that both of these effects #hifting through the fixed two-photon energy. Each SH trace is
the SH spectrum are smaller than the surface EFISH effecyertically offset for clarity.

Self-consistent tight-binding calculations for (@1)-2x1 . .
show that significant resonant enhancement,ﬁ(@g attrib- the surface dipole oscillator strengti) and frequency

: S22 . (wgp) constant over the rangesO® <1 ML.
utable to surface dimer bands occur only at photon energies The relationship between the redshift and line-shape dis-
(1-0<322h"’<3-0 eV) lower than those used in the current,ion of the surface resonance deserves brief comment. The
study:* At these infrared photon energies, the calculated: redshifts observed in several recent SH spectroscopic
x$),.is indeed sensitive to monohydride terminatiérand  studies of Si-SiQ2"**34 reconstructed §901),*"%° and
will be an interesting subject of future experiments. How-Sij(111)-7x7 (Ref. 17 interfaces in some cases implied local
ever, in our current photon energy rangéfz)zz derives en- volume expansion far exceeding that produced by known
tirely from surface projections of bulk bands, and is thereforenterfacial bond distortion mechanisrs>* The weak spec-
insensitive to surface dimer bands and monohydride termitral blueshift that we observe upon increasfig from 1 to
nation. Regarding changes in subsurface structure, an enerdy> ML (Fig. 4) suggests that intrinsic tensile strain exists
minimization calculation based on a three-layer cluster withand does contribute to the surfag redshift. However, the
fixed Si-Si back bond length% showed that monohydride line-shape distortion evident in th&,=1 ML scans of Figs.
termination of clean $001)-2x1 alters the dimer bond 3 and 4 demonstrates that interference between resé@iant
length by less than 3% with no perceptible change in subsuand nonresonant background contributions creates an addi-
face Si-Si bond angles. Dihydride termination, on the othetional redshift that augments the intrinsic shift. Such appar-
hand, by breaking the dimer bond, increases the separation efit peak shifts are well known in nonlinear spectroscopy.
the surface Si atoms by over 70% with significant alterationin the present case, the off-resonant contribution to the sur-
of subsurface Si-Si bond angl&Although a self-consistent facex{2),,[C(2w) term in Eq.(4)] originate from electronic
calculation of hydrogenated @il1) (Ref. 43 has shown that resonances at higher energy than the surface-modgied
H-induced electronic charge transfer, similar to that whichresonance. Thus below the surfaée energy (< wgp),
accompanies monohydride termination of0Bi)-2X1, can  the resonantfirst) and nonresonandast two terms in Eq.
induce slight changes in Si-Si back bond lengths,(4) are in phase and constructively interfere, while above
monohydride-induced changes of the structure ofresonance (2> wgp), they are out of phase and destruc-
Si(001)-2Xx1 are clearly negligible in_general compared totively interfere, simultaneously creating the apparent redshift
those induced by dihydride terminatiéhSince we observe of the surface resonance pelaksp and an asymmetric line-
the latter to influence the SH spectrum only slightly, we mustshape distortion im,,(20). Since the weaker surface dipole
conclude that monohydride-induced subsurface relaxatiornresonancgdominant for 1 ML coverageis comparable in
though present, affecbsg?z)zzeven less than the much larger magnitude to the nonresonant background, it is more
dihydride-induced subsurface relaxation. Thus the chargestrongly influenced by the interference than the stronger sur-
transfer effect(i.e., surface EFISH must dominate over face EFISH resonanc@ominant for 0 ML. The Lorentz
structural effects in determining SH spectral properties durescillator fit to the Fig. 4 data reproduces these trends, and
ing monohydride termination of &01)-2x1. In fitting the  shows that the peak SH signal for the 1 ML case is redshifted
Fig. 4 data with Eq(4), we are therefore justified in holding 0.04 eV from the true surface resonance energydp) by

p-in/p-out SHG Intensity
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FIG. 6. A series of fixed wavelengfhvin/p-out SH responses of tion dynamics described below. Secondly, at the longer
an initially hydrogen-saturatedd=1.5 ML) Si(001) surface as wavelengths (818 X=<910 nm), the SH signal decreases as
temperature is ramped upward at 2 KA desorption rate is maxi- temperature increases from 200 to 400 K. This feature, un-
mum between 600 and 700 I8, desorption rate between 700 and related to theE; resonance, may be caused by incipient for-
850 K. Each SH trace is vertically offset for clarity. mation of a new low-temperature surface reconstructfon;

however, it plays no role in the studies described below. All
the interference mechanism described above. Thus an intrifieatures shown in Fig. 5 are reproduced when the direction
sic shift of approximately 0.080.02 eV from strain and of the temperature ramp is reversed.
other mechanisms is also present.

The weak resonant feature ak @=3.02 eV (see Fig. 1 2. Temperature-programmed hydrogen desorption
has not been identified. Its temperature independence and
sensitivity to H coverage suggest that it involves onee (
=1.51 eV) or two-photon transitions between surface state
Single-photon transitions diw=1.15 and 1.3 eV between
the rest atom and adatom dangling bond states at the cle
Si(111)-7x 7 have recently been report&}.

Figure 6 shows theg-in/p-out SH response of initially
51}—|—saturated $001) at a series of fixed wavelengths ranging
rom 705 to 935 nm as temperature is ramped linearly at 2
éﬂs from 500 to 900 K. During this ram@®, decreases
monotonically from 1.5 to 0 ML. On the other hand, most of
the SH responses are not monotonic. Sameg., 780 nm
display complicated oscillations and are convolved responses
B. SH monitoring of transient phenomena at S001) surfaces to simultaneous changes in substrate temperature and H cov-
erage. Nevertheless, the 815-nm SH signal does increase
monotonically in two discernible steps reminiscent of ghe
Figure 5 shows thep-in/p-out SH response of clean (dihydride and3; (monohydridé hydrogen desorption fea-
Si(001)-2X 1 at a series of fixed wavelengths ranging fromtures. Moreover the short wavelengtii05—-720 nm re-
710 to 910 nm as temperature is ramped linearly at 1 K/sponse, although not monotonic, varies quite strongly at the
from 200 to 1000 K. For each wavelength a broad peakemperature$600—800 K where most of the hydrogen is
occurs at a particular temperatufg,,,. This peak shifts to desorbing; this temperature dependence is connected solely
higher temperatures as the wavelength is increased. Theséth hydrogen desorption since the bare surface SH response
wavelengths(converted to two-photon energjesave been is invariant with temperaturéFig. 5. These two responses
plotted against the correspondifig,,, as open diamonds in were therefore investigated in greater detail as promising
Fig. 2. The resulting plotted points coincide, within experi- candidates for real-time SH probing of H coverage.
mental error, with the temperature-dependent two-ph&tpn In Fig. 7 (main panel the dynamic 815-nm SH response
peaks(filled squares in Fig. Rextracted from the isothermal obtained with 200-mW average incident laser power is plot-
SH spectra of clean §01)-2x1 (Fig. 1). Hence we con- ted on an expanded vertical scale. In the inset of Fig. 7, the
clude that this feature results from the temperature shift ofime derivative of the smoothed square root of the SH inten-
the E; resonance through the fixed two-photon energy. Twasity [«<|P(2w)|] is plotted and compared to the hydrogen
additional features from Fig. 5 data are noteworthy. First, atlesorption rate monitored by a differentially pumped QMS.
the shorter wavelength6710-720 nmy the SH signal is The SH derivative signal shows two well-defined peaks with
nearly temperature independent at temperatdre$00 K.  the same relative amplitudes and temperature separation as
This feature is advantageous in studies of hydrogen desorphe well-knowng, and 8; desorption features evident in the

1. Programmed heating of clean Si(001)»x2L
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FIG. 8. A series op-in/p-out SH responses of an initially clean(®1)-2x1 surface using 715 nm fundamental wavelength as disilane
pressure in the growth chamber is periodically modulated at several different substrate temperatures. Net® /Agidise time of each
pulse, corresponding to disilane adsorption; temperature-dependent fall times, corresponding to isothermal hydrogen desorption;
temperature-dependent plateau levels, corresponding to epitaxial growth.

QMS data. However,_they are shifted about 50 K lower incoverage monitors within the ranges +®,>1 ML or
temperature, as monitored by a thermocouple several mm>@,,>0 ML. Here we illustrate the use of 715-nm SH sig-
away from the illuminated spot on the crystal. As the averaggya|s to monitor®, between 0 and 1 ML (875T>750 K)
power of the fundamental beam is attenuated, however, thgring isothermal disilane adsorption and hydrogen desorp-
temperature of the desorption features shifts up linearly to;ion which accompany epitaxial film growth via CVD.

ward the QMS response at a rate of approximately 0.2 K Figure 8 shows the raw 715-nm SH data obtained by

mW. For example, at incident average laser powers Ofn ; L : .
' . o odulating the pressure of disilane at a series of decreasin
<50 mW we have obtained a SH derivative scan that, al- 9 P 9

though noisier, yields3, and 8, desorption peaks nearly substrate temperatu_reéso_lid line, right axig. At the rising _
coincident with the QMS data. The cumulative steady-stat ehdge r? f egch fUI;elglf '_? 8, ta tv?lve was ;)Zf/nedq tlo ba/Ckﬂ”
local heating of the photoexcited area introduced by Iineai € chamber fo X orr total pressurasvo distiane/
absorption of the 815-nm light has been calculated by solv- ?“L_Jm mixturg, causing H coverage and SH Intensity to rise
ing the thermal diffusion equatich,and agrees with the within 0.2 sFo asteady—state.le.vel, correqundlng to the cov-
temperature offsets shown in Fig(ifise). We conclude that ©rage a} which the rates _of disilane ad§orpt|on and hydrogen
the temperature offsets are caused by local laser heating g€Sorption balance. While the valve is open, an epitaxial
the surface not detected by the thermocouple. The temperdllicon film is growing. When the valve is closed, the disi-
ture scale of Fig. §but not Fig. 7 has been corrected for this 1ane partial pressure falls at approximately 2 decades per
measured laser-induced temperature offset. This local heat€cond t_012|ts residual gas analysRGA) detection limit

ing is a shortcoming of our current monitoring laser, but not{ <1X10""“Torr), resulting in a decrease at the trailing

a fundamental limitation of the SH monitoring technique. €dg€ of each pulse that is determined by the rate of hydrogen

The laser heating can be reduced substantially by shortenirfgSOrption.
the laser pulse duration to 30—50%Fscavity dumping the As substrate temperature decreases from 875 to 750 K

laser™ or scanning the silicon surfa@ewithout sacrificing ~ (€ft to right in Fig. 8, two trends are evident1) the SH
SH signal (<7~ 1). The similarity of the QMS and SH de- signal at the trailing edge of each pressure pulse falls more
rivative curves in Fig. Tinse) demonstrates that the square SIOWly, as a result of slower Hdesorption;(2) the steady-
root of the 815-nm SH intensity can moniter, on S(00) state SH signal during epitaxial growth increases, as a result
in real time (0.1-s resolutiop from 0 to 1.3 ML with an of higher steady-state hydrogen coverage caused by slower

estimated accuracy of 5% over a temperature range from 60d- desorption. Consistent with these trends, we observe that
to 900 K. SH intensity is unperturbed by pressure modulationTat

>900 K, suggesting that the steady-state hydrogen coverage
becomes vanishingly smalihe growth is adsorption limited
under these conditionsFor T<750 K, the steady-state hy-

The short wavelengtli705—720 nm SH signals(see top  drogen coverage saturates at 1 Mihere the growth rate is
two traces in Fig. Bincrease monotonically in thg, de-  desorption limitel Throughout the sequence of pressure
sorption rangg600—700 K, decrease monotonically in the pulses shown in Fig. 8, the background 715-nm SH signal
B, desorption range (700-850 K, and maintain before and after each pulseorresponding to a bare surface
temperature-independent plateau levels outside these tememains at a nearly constant level, even though the tempera-
perature ranges. This observation suggests their utility as fure decreases and the film thickness increases.

3. Epitaxial growth
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FIG. 9. Main panel: detail of desorption transients at 4 different substrate temperatures from SH data at 715 nm fundamental wavelength.
Solid curves are fits of data to exponential decay curves, which assume first-order desorption kinetics. Inset: Arrhenius plot of desorption rate
constant. Solid line is a fit to the data, and corresponds to the activation energy and preexponential factor given in the box.

Figure 9 shows a series of desorption transients from theure during temperature-programmed desorption. Specifi-
trailing edges of the pressure pulses in Fig. 8 in greater dq;a"y, the first “step” of the 815-nm (Rw=23.04 eV) SH
tail. Assuming first-order desorption kinetics, which is ap-response shown in Fig. 7 is caused by the redshift ofthe
proximately valid for®,,>0.1 ML, ** a series of exponential resonance, which in turn is caused partly by the increased
decayzcurves were fit to the datsolid line9 usingI(20)  gyrface dimerization strain accompanying e hydrogen
|0 "o |exp(—kyt)|". Desorption rate constants obtained in yogqntion(evident in the bottom 3 traces of Fig) 4nd
this manner are plotted in an Arrhenius fashion in the inset Ogartly by the thermal redshift accompanying the increase in

Fig. 9, including a 50-K temperature offset in the rec'procaltemperature from 600 to 700 Kevident in Figs. 1 and)3

temperature scale, as described earlier. The Arrhenius plot Phe strong second “step” of the response is caused partly by
somewhat sublinear, probably because the first-order mOdﬁlwe growth of the electric-field-induced contribution accom-

does not fit the high-temperature and low-coverage data. . . . .
However, the magr?itude gf the activation energy, 3.53 ePanying theg, hydrogen desorptiofthe effect evident in the

(58.2 kcal/mo), and preexponential factor, 0 s ! top 7 traces of Fig. and partly by continuing thermdt,
’ ’ ) dshift. As the TPD experiment represents only a single

compare favorably to published values for the monohydride® . . .
desoprption kinetic)é/?'%p 4 é‘curve,” O4(T) in the two-dimensional®-T parameter
Variations in the backfill pressure help to calibrate theSPace, the simple proport'ionglity of the 815-nm SH i'ntensity
vertical scale of Fig. 8 in terms of H coverage. For examplet0 H coverage(apparent in Fig. ¥ masks the complicated
Bemperature and coverage dependence of the 815-nm SH re-

by increasing the pressure to 100 mTorr, we observed n ) T ; . X
further increase in the 715-nm SH intensity beyond the leveEPONSe evident in isothermal and isosteric studies between

approached in the 775-K and 750-K pulses shown in Fig. 8700 and 900 K. On the other hand the 705-720{@hw
This demonstrates that this SH signal corresponds tg E1 for T>700K) signal appears selectively sensitive to H

®,,~1 ML, with growth rate controlled by the monohydride coverage and insensitive to temperature changes for 0O
desorption kinetics. We rule out the possibility of a signifi- <®+<1 ML and 700<T<900 K. Thus it proves more ver-

cant dihydride population under these conditions, as the di&tile as a monitor of the complex adsorption and/or desorp-

hydride desorption kinetics are too fast at these temperatur}e_%On dynamics involved in epitaxial growth. Use of infrared

We further rule out a submonolayer saturation of the S emtosecond sourcésmay provide additional opportunities
intensity, as there is no time lag between the cessation of thig" monitoring H coverage by egglomng_ electronic reso-
pressure pulse, and the onset of the SH desorption transief@nNces from surface dimer bardsor Si-H vibrational

57
Results qualitatively similar to those shown in Fig. 8 wereresonance&:®’ _ . :
obtained forx =815 nm. However, the strong temperature These studies point to several conclusions regarding SH

dependence of the SH intensity from both the bare andOnitoring of H coverage during CVD. First the SH signals
hydrogen-covered surfaces complicate quantitative analysigould initially be independently calibrated using QMS and

since the effects of temperature and hydrogen coverage muRfessure variation techniques such as those described above.
be deconvolved. Secondly, a tunable laser source such as Ti:sapphire offers

flexibility in finding effective monitoring wavelengths at
which adsorption, desorption, and growth dynamics can be
monitored over significantly large®, and T ranges than
The 815-nm SH signal is, like most of the signals shownachieved in past SH studies with fixed wavelength lakers.
in Fig. 6, a convolved response to H coverage and temperarhirdly, complete SH spectroscopic databases that track the

4. Discussion of real-time, fixed wavelength SH measurements
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dependence of the contributing susceptibilities on temperascopic consequences of strain relief were weakly evident
ture,®y, doping, and alloy material composition—of which only at coverages>*1 ML) at which dimer bonds were bro-
Figs. 1 and 3-5 represent a beginning—must be compilecken. Thermal shifts oE; and line-shape distortions from
analogous to dielectric function databases, which underliénterference between resonant and off-resonant SH sources
ellipsometric analysis of growth surfacEsEemtosecond la- were also clearly evident in the isothermal and isosteric sur-
sers provide the data acquisition speed and tunability reface spectroscopy.
quired for such compilations. In addition, by monitoring We then demonstrated two wavelength ranges in which
changes in H coverage witkc0.1-s resolution, SHG can SH could dynamically monitor H coverage during
provide an early warning of changes in growth rate, and thusemperature-programmed hydrogen desorption or epitaxial
may provide a useful error signal in active feedback controfilm growth over much larger coverage ranges than were
of CVD growth. achieved in previous SH studies with fixed frequency lasers.
The real-time SH signals were calibrated by QMS measure-
V. CONCLUSION ments of desorption products, and yielded kinetic rate con-
) stants for hydrogen desorption in good agreement with inde-
We have presented a comprehensive SH spectroscopifendent measurements. The results demonstrate the potential
study of the Si001) surface in the presence of calibrated of femtosecond-laser-generated SH for applications to real-

variations of temperature and hydrogen coverage. A Ti:SaPime monitoring of epitaxial growth by chemical vapor depo-
phire femtosecond laser provided wide tunability (0.7gjtion.

<A<1l.0um), high SH signal acquisition rate
(>10° counts/s), and low surface heatingz%0 K). The
principal spectroscopic finding on isothermal-isosteric sur-
faces was the strong quenching, redshift, and line-shape dis- We acknowledge useful discussions with M. McEllistrem
tortion of the two-photorE; resonance, which occurred as and technical assistance from R. Barber. This work was sup-
hydrogen coverage increased from 0 to 1 ML, when strucported by the NSF Science and Technology Center Program
tural modifications to the dimerized 21 reconstruction (CHE-8920210, the Office of Naval ResearcHONR
were negligible. Based on this finding, we proposed that surN00014-91-J1513 the Texas Advanced Technology Pro-
face electric fields associated with dimer formation and tilt-gram (ATPD-354), the Air Force Office of Scientific Re-
ing, rather than strain, were the dominant source ofearch (AFOSR Contract F49620-95-C-0045AFOSR/
p-polarized SH from the clean Si(001)>x2l surface, and DARPA Multidisciplinary University Research Initiative
that monohydride termination quenched this contribution(Contract F49620-95-1-0475and the Robert Welch Foun-
through chemical modification of the surface. SH spectro-dation (F-1038.
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