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Second-harmonic spectroscopy of a Si„001… surface during calibrated variations in temperature
and hydrogen coverage
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The epitaxial growth of silicon films by chemical vapor deposition~CVD! is strongly affected by tempera-
ture and hydrogen~H! termination. We report measurements ofp-polarized optical second-harmonic~SH!
spectra generated in reflection from clean 231-reconstructed and H-terminated epitaxial Si~001! surfaces with
no intentional doping by Ti:sapphire femtosecond laser pulses for SH photon energies 3.0<2\v<3.5 eV near
the bulkE1 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 broaden theE1 resonance, 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 theE1 resonance even though reflection high-energy electron diffraction
shows that the surface maintains the dimerized 231 reconstruction. The latter spectroscopic variations cannot
be explained by vertical strain relaxation in the selvedge region, nor by bulk electric-field-induced SH~EFISH!
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 theE1 resonance accompanying dihydride termination~1.0–1.5 ML!, which breaks
the surface dimer bond. This modification is parametrized as a separate field-independent alteration to the
surface dipole susceptibilityxsurface

(2) . Finally, guided by these SH spectroscopic studies, we demonstrate dy-
namic real-time~100-ms resolution! SH monitoring of H coverage~5% accuracy! during temperature pro-
grammed hydrogen desorption and CVD epitaxial growth of silicon from disilane.@S0163-1829~97!07144-0#
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I. INTRODUCTION

The interaction of hydrogen with silicon surfaces is
particular importance to the chemical vapor deposit
~CVD! chemistry of silane and disilane; the hydrogen d
sorption rate places a fundamental upper limit on the gro
rate at any temperature in the absence of gas-phase reac
Although it has been suggested as early as 1963~Ref. 1! that
hydrogen desorption limits the CVD growth rate from sila
under certain conditions, it was not until kinetic studies
the monohydride desorption were performed2,3 that the simi-
larity in the apparent activation barriers for low-temperatu
CVD growth and monohydride desorption was recogniz
Well-known work on the reconstruction and electronic stru
ture of bare and hydrogen-atom-exposed, singular surface
silicon4–8 has established that hydrogen forms both a mo
hydride and a dihydride phase on silicon. A fairly comple
structural picture of the hydrogen/Si~100! system has
emerged, largely as a result of the work of the followin
Feldman, Silverman, and Stensgaard,9 showed the H-
saturated~100! surface has a coverageQH of 1.5 ML;
Chabal6 demonstrated that the saturated phase consists
mixture of monohydride and dihydride; and Boland8 showed
560163-1829/97/56~20!/13367~13!/$10.00
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that domains of dihydride~with a local coverage of 2 ML!
and monohydride are present at saturation. The relevanc
these studies under ultrahigh vacuum~UHV! conditions to
CVD growth has recently been questioned by the work
Greenlief and Armstrong,10 which has shown significant dif
ferences between the hydrogen desorption kinetics un
CVD growth conditions and UHV conditions. A surface
sensitive probe capable of operating at elevated press
may prove particularly useful in divining the nature of su
discrepancies.

Optical second-harmonic~SH! and sum frequency~SF!
spectroscopy offer unique advantages as noninvasive pr
of clean and hydrogen-covered silicon surfaces.11–17 Optical
probes, unlike electron-beam probes, are unperturbed by
bient gases, and thus can monitor the H-Si surface in
time during homoepitaxial and heteroepitaxial growth11,12by
CVD. Moreover for centrosymmetric materials like Si, th
second-order nonlinear optical response, unlike the linear
tical response~e.g., in ellipsometry or infrared absorption!,
includes a highly surface-specific electric dipole compone
but contains no bulk electric dipole component.18 Un-
like reflectance-difference ~-anisotropy! spectroscopy
~RDS/RAS!,19 the surface specificity of second-harmon
13 367 © 1997 The American Physical Society
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generation~SHG! does not depend on surface anisotrop
and thus can be applied to isotropic surfaces such as
oriented double-domain Si~001!-231 surface used in the
present study. SHG and SFG on silicon have thus b
shown to be highly sensitive to hydrogen adsorption, deso
tion, and diffusion kinetics,13,20 surface structural phas
transitions,14,21,22 and temperature-dependent changes
vibrational15 and electronic16 surface spectra.

Nevertheless nonlinear spectroscopy of H-Si surfaces
mains in a primitive state for several reasons. First, m
previous SH studies have been performed at a single fi
wavelength of either 1064 or 532 nm~Refs. 11–14 and 16!
corresponding to the fundamental and frequency-doub
output of pulsed Nd:YAG lasers. In such studies, surfa
spectroscopic information is either lacking, or at best
quired indirectly through temperature variation of the ba
structure,16 which simultaneously changes other surfa
properties. Moreover, the quantitative relation between
SH signal and hydrogen coverage can usually be establi
only over limited coverage ranges at these wavelengths~e.g.,
0–0.15 ML with 1.06-mm fundamental13!. Secondly, in the
only spectroscopic SH study of H-terminated Si~001! surface
to our knowledge,17 only one uncalibrated near-saturatio
coverage and one temperature were examined. Surface
troscopic consequences of incremental variations inQH and
temperature, even though accompanied by signific
changes in atomic and electronic surface structure, rem
undocumented. Thirdly, acquisition of SH and SF data fr
the technologically important, but weakly nonlinear, Si~001!
surface, has been slow and laborious because of low S
and SFG efficiencies obtainable with long-pulse, lo
repetition-rate laser sources. This in turn has limited
number of surface parameters that could reasonably be
ied, as well as the speed of kinetic processes that coul
monitored in real time.

In this paper, we present measurements of the spectru
SH radiation generated in reflection from Si~001! surfaces as
a function of systematically varied temperature andQH by a
tunable femtosecond Ti:sapphire laser. The ultrashort p
duration (t;10213 s) of such lasers permits us to deliv
high focused peak light intensity (I;1010 W/cm2) to the sur-
face with low pulse energy (E;1028 J), thus maximizing
SH efficiency (I 2v;I 2) while minimizing surface heating
(;E).23,24 In addition, their wide continuous waveleng
(0.7,l,1.0mm) tunability permits broadband spectro
copy of the Si~001! surface and immediate subsurface reg
in the vicinity of the two-photonE1 resonance. We presen
spectroscopic SH results, obtained with thep-in/p-out polar-
ization configuration, for Si~001! surfaces under both iso
thermal and/or isosteric~constant H coverage! conditions
and under transient conditions. On isothermal and/or
steric surfaces we track the redshifting and broadening of
two-photonE1 resonance for both clean Si~001!-231 recon-
structed and H-Si~001! surfaces as temperature increases
fixed QH . Our extracted temperature coefficients ag
quantitatively with previous bulk linear spectroscopic ana
ses of thermal narrowing of theL3→L1 direct gap elec-
tronic transitions responsible for theE1 resonance.25 In ad-
dition, we measure the redshifting, quenching, and li
shape distortion of this resonance asQH increases at fixed
temperature. Here our results necessitate an interpreta
,
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markedly different from previous interpretations of far le
complete SHG data,17 which assumed that H terminatio
changed the SH spectrum exclusively via relaxation of s
surface tensile strain. Our results show that the strongest
served alterations of theE1 resonance occur for submonoh
dride coverage 0<QH<1 ML, for which strain relaxation is
much smaller than for dihydride coverageQH.1 ML.26

Moreover, monohydride-induced alterations to the bulk ba
bending and accompanying bulk electric-field-induc
~EFISH! contributions,27 though clearly evident in heavily
doped samples,28 can be ruled out in the present work b
cause of the negligible space-charge field (,1 kV/cm) in our
undoped samples. Our results instead suggest
monohydride-induced redistribution of charge, and thus e
tric field, between the surface dimers of the 231 reconstruc-
tion and the underlying 2–3 atomic layers—i.e., surfa
EFISH—plays a major role in the SH spectroscopy, as
cently suggested by Xuet al.28 and Aktsipetrovet al.28 More
subtle spectroscopic consequences of dihydride-indu
strain relaxation on the surface contribution become wea
evident only forQH.1 ML. In addition, we demonstrate tha
optical interference29 between the resonantE1 and the non-
resonant background contributions to SHG redshifts and
torts the line shape of theE1 feature when these two contr
butions become comparable in magnitude. These results
timely in view of recent theoretical advances in the calcu
tion of surface nonlinear optical spectra,30–32 and should
stimulate new calculations of the SH spectrum of H-Si~001!.
Meanwhile, these isothermal and/or isosteric spectrosco
studies provide guidance for real-time SH monitoring
Si~001! surfaces during transient processes such
temperature-programmed desorption~TPD! of hydrogen. At
strategically chosen wavelengths, SHG tracks theb2 ~dihy-
dride! andb1 ~monohydride! desorption features, which ar
independently monitored by a quadrupole mass spectrom
~QMS! during TPD. Finally, we demonstrate that SHG
these wavelengths can be used to monitor instantaneou
coverage during epitaxial growth by CVD, allowing the h
drogen desorption kinetics during epitaxial growth to be
timated.

II. EXPERIMENTAL PROCEDURE

The SH spectroscopy experiments were performed in
ultrahigh vacuum~UHV! deposition chamber, equipped wit
a quadrupole mass spectrometer~QMS! and a reflection
high-energy electron diffraction~RHEED! apparatus. The
deposition chamber is adjoined via a load-lock to a mu
technique surface analysis chamber~base pressure
8310211 Torr! with capabilities for Auger electron spectro
copy ~AES!, x-ray photoelectron spectroscopy~XPS!, TPD,
and high-resolution electron-energy-loss spectrosc
~HREELS!, which has been described elsewhere.33 The
deposition chamber is pumped by a 450-1/s turbomolec
pump to a base pressure,131029 Torr ~the low-pressure
limit of the Bayard-Alpert gauge!, with no special provisions
for pumping hydrogen, because of its low34 (,1026) initial
sticking coefficient on Si~100!. This chamber is also
equipped with a Roots blower, capacitance manometer,
exhaust valve for operation at pressures up to 100 Torr.
deposition chamber is routinely exposed to large doses
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silane and disilane during CVD growth, which helps ma
tain a low H2O partial pressure~via gettering at the chambe
walls! of approximately 5310211 Torr, estimated from re-
sidual gas analysis. The bare silicon surface can be m
tained for about 15 min under these conditions without a
accumulation of impurities detectable by XPS and TP
(,0.01 ML). A typical SH spectrum was acquired in a
proximately 3 min~vide infra!.

The orientedp-type Si~001! substrate~miscut less than
1°! was radiantly heated from the backside with a pyroly
boron nitride~PBN! encased graphite heater for temperatu
less than 1050 K. For higher temperatures, a coiled tung
filament was inserted between the PBN heater and the b
side of the crystal~using a linear motion device! to achieve
electron beam heating to temperatures as high as 140
Temperature was routinely monitored via a thermocoup
mounted to the sample holder, that was previously calibra
to the crystal temperature~to within 620 K!. To achieve
better accuracy in the temperature measurement~to within
65 K!, all of the experiments reported here used aK-type
thermocouple, spot welded to the inside of a thin roll
tantalum foil, then inserted into a 0.5-mm hole through
crystal and fastened with a drop of zirconia-based adhe
~Aremco, Ultratemp 516!. The native oxide was removed a
SiO by 1-K/s heating to 1275 K, followed by 1-K/s coolin
to ambient. This procedure has been shown to produce
atomically smooth 231 reconstructed surface8 as verified by
a characteristically sharp, streaky RHEED pattern, with
impurities detectable by XPS and AES.35 Our SH measure-
ments were performed on an undoped, epitaxial silicon la
that was grown by UHV-CVD using disilane~Airco, elec-
tronic grade mixture consisting of4%-Si2H6/balance He! at
900 K to bury any trace contaminants present at this surf
and conceal the initial interface far beyond the extinct
length of the SH radiation~typically a 0.3-mm layer was
grown!. As surface contaminants accumulated over
course of several days, the epitaxial growth procedure
routinely repeated to recover a pristine surface, with no d
radation in the crystallinity nor surface roughness, as mo
tored by the RHEED pattern.

Hydrogen coverage was controlled by exposing the b
crystal to atomic hydrogen produced by cracking molecu
hydrogen on a 2000-K tungsten filament, placed in line-
site with the crystal face at a distance of 3–4 cm. The
drogen~Matheson, UHP! was purified by slowly filling an
evacuated, liquid-nitrogen-cooled U tube to a pressure o
psi ~gauge!, before backfilling the chamber to the desir
pressure, resulting in an H2O partial pressure rise in th
chamber to no more than 2310210 Torr at hydrogen pres
sures as high as 531024 Torr. A resistively heated crysta
and a line-of-site QMS were installed in the depositi
chamber to quantify hydrogen coverages by TPD, while
SH spectroscopy experiments were performed concurre
on the same crystal. By normalizing them/e 2 TPD peak
areas to the area under the saturated monohydride peak
drogen coverages in ML were obtained with a relative ac
racy of approximately 5%. Cracking of background impu
ties ~CO, H2O! was minimized by keeping the filament h
for no more than 30 s for each dose and varying the pres
to control the exposure. A 15 000 L~531024 Torr, 30 s!
molecular hydrogen exposure produced a saturation co
-
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age of 1.5 ML at 375 K. Hydrogen exposure was perform
at no less than 375 K to minimize the formation of et
products that might lead to surface roughening.36 Following
each exposure and SH spectroscopy experiment, the
heating program annealed the crystal at 1050 K to reco
the smooth, double-domain (231)-reconstructed surface.

Unamplified Ti:sapphire laser pulses of duration 120
wavelength range 705–935 nm, spectral bandwidth 5–10
@full width at half maximum~FWHM!#, average power 150
mW, and repetition rate 76 MHz were focused through
fused-silica viewport onto the~001!-oriented silicon crystal
in vacuoat a 55° angle of incidence. The reflected SH sig
was monitored through a second optical port using a ga
photon-counting system. A fraction of the fundamental la
beam was split off outside the chamber to generate a
reference signal from a crystalline quartz plate, which n
malized against drifts in average laser power or pulse du
tion during data acquisition. Transient surface heating by
dividual laser pulses was negligible~,0.5 K at 0.5 mJ/cm2

per pulse!. However, cumulative surface heating by the 7
MHz pulse train caused a steady-state temperature differe
as high as 40 to 50 K~Ref. 23! between the sampled spot o
the crystal and the thermocouple, mounted several mm aw
when the laser operated at 200 mW average power. T
extra heating noticeably perturbed H desorption kineti
which providedin situ calibration of the temperature offse
as discussed in Sec. IV. Attenuation of the incident beam
,50 mW with neutral density filters minimized lase
induced heating while maintaining adequate SH signal lev
for most measurements.

Two types of SH measurement are reported:~1! isother-
mal and isosteric spectroscopic measurements and~2! real-
time fixed wavelength measurements during heating, hyd
gen desorption, and epitaxial growth~time resolution,0.1
s!. For surface spectroscopy, the laser wavelength was tu
between 705 and 820 nm in pulse bandwidth~5–10 nm!
increments in less than 3 min, yielding a two-photon spec
energy resolution 2\Dv;0.02– 0.03 eV. With a change in
laser optics, the longer wavelength range from 800 to 9
nm was scanned in a similar manner. Spectral scans w
repeated with increasing, then decreasing wavelength
verify that contaminant adsorption did not influence the S
spectroscopy measurements during data acquisition. Per
RHEED and XPS measurements indicated no appreci
contamination even after performing experiments for seve
days.

III. PHENOMENOLOGICAL FRAMEWORK

The two major sources of nonlinear polarizationPS(2v)
responsible for generating SH radiation from the undop
Si~001!-231 surface will be expressed as

PS~2v!5xJs
~2! :E~v!E~v!1xJs

~3! :E~v!E~v!Edc
surf, ~1!

wherePS(2v) has been related to the fundamental elec
field E~v! and an effective surface dc fieldEdc

surf5Edc
surfz ~Ref.

28! via the second-order surface dipole (xJs
(2)) and third-

order surface (xJs
(3)) nonlinear susceptibility tensors, wherez

is a unit vector normal to the surface. Both terms descr
sources localized at the surface, generally including sev
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subsurface atomic layers, and possessing macroscopicC4v
symmetry as well as isotropic dependence on azimuthal c
tal rotation for Si~001!.37 Surface fieldsEdc

surf.103 kV/cm
arise within the top few atomic layers of the clea
231-reconstructed surface because the formation of sur
dimers, even symmetric ones, induces electron transfer f
the bulk into the uppermost atomic layers.38 Jahn-Teller dis-
tortion ~‘‘tilting’’ ! of the dimers can cause additional ele
tron transfer into the upper silicon atom of the dimer pa
resulting in even stronger surface fields.39,40 Monohydride
termination redistributes charge into the bulk and symm
trizes the dimers,40,41 thereby quenching the surface field42

with only a slight effect on surface strain.26 Dihydride termi-
nation breaks the dimer bond, thereby almost completely
laxing dimer-induced strain.26 We therefore anticipate tha
variations in the second term in Eq.~1! dominate
monohydride-induced SH spectroscopic effects, while va
tions in the first term dominate dihydride effects. Neverth
less the assumed separation of these terms is an approx
tion, since surface strain and electric fields are not entir
independent.43

Two additional SH polarizations have been omitted fro
Eq. ~1! and will be neglected in this paper:~1! a bulk quad-
rupole polarizationPBQ(2v)5xJbulk

(2)Q :E(v)¹E(v), a source
distributed throughout the SH escape depth~10,dSH

,100 nm depending on wavelength!, and a region possess
ing the bulkOh symmetry of silicon. One component of th
term is distinguished by its fourfold anisotropic dependen
on azimuthal crystal rotation.37 Elsewhere28 we show that the
amplitude of the fourfold rotational component of the S
signal is only about one-tenth of the isotropic componen
Si~001!-231 for wavelengths used in this study, and can
rendered negligible by choosing an incidence plane orie
tion for which it vanishes. There is also an isotropic comp
nent of PBQ(2v).37 Because we have observed previou
that theE1 peak of the total field-independent isotropic co
tribution is strongly redshifted from its bulk energy,27 this
component is believed to be small with respect to the iso
pic surface component. To the extent that it contributes
will be incorporated into the first term in Eq.~1! in this
paper. ~2! A bulk EFISH polarization PBE(2v)
5xJbulk

~3! :E(v)E(v)Edc
bulk can also be neglected for low dopin

levels. At Si~001!-231 the Fermi level is pinned at 0.3 o
0.63 eV above the valence band forp and n type,
respectively.42 With an estimated unintentional doping lev
,1015 cm23 in our epitaxial film, the band bending is n
more than 0.1 eV for either type of doping, while the thic
ness of the space-charge region is at least 1024 cm, assum-
ing a Schottky barrier model. ThusEdc

bulk,1 kV/cm over the
SH escape depth, whereas previous SH spectroscopy
Si~001! metal-oxide-semiconductor~MOS! structure showed
that bulk EFISH contributions are negligible compared
surface contributions forEdc

bulk,10 kV/cm.27 On the other
hand, sinceEdc

surf exceedsEdc
bulk by 3–4 orders of magnitude

it can produce observable EFISH signals in spite of its 2
order of magnitude shorter spatial extent.

With these assumptions the magnitude of the to
p-polarized SH field,Ep(2v)5uEp(2v)u, can be expresse
as37
s-

ce
m

,

-
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-
it

f a

3

l

Ep~2v!5@~ f 1xzzz
eff 1 f 2xxzx

eff 1 f 3xzxx
eff !cos2c

1 f 4xzxx
eff sin2c#E2~v!, ~2!

where

x i jk
eff 5xs,i jk

~2! 1xs,i jkz
~3! E

0

1`

Edc
surf~z!exp~ iDz!dz

>xs,i jk
~2! 1xs,i jkz

~3! ~Edc
surf!effLeff ~2a!

represent the three effective nonvanishing, independent,
linear susceptibility tensor components@ i jk 5zzz,xzx
(5xxz),zxx], 18 f n (n51,2,3,4) are coefficients that conta
the local field correction and Fresnel factors of the incom
fields,18,37 c is the angle between the incident plane and
vector E~v! inside the sample, andD5(2v/c)@(nv

1 ikv)cosuv1(n2v1ik2v)cosu2v#, whereni ,ki ,u i are the re-
fractive index, extinction coefficient, and refraction ang
respectively, at the fundamental (i 5v) or SH (i 52v) fre-
quencies.c50°, 45°, and 90° correspond top, q, and s
fundamental polarizations, respectively. The middle expr
sion of Eq.~2a! takes into account a small vertical spread
Edc

surf(z) over a thin surface region that has been assigne
uniform xs

(3). If Edc
surf(z) is approximated as a uniform fiel

(Edc
surf)eff extending to depthLeff beneath the surface, then th

simplified expression on the right side of Eq.~2a! is valid as
long asuDuLeff!1. This limit certainly holds for our wave-
lengths sincedSH'uDu21>100 Å, whereasLeff is at most a
few angstroms. When a strong bulk space charge fieldEdc

bulk

is present, bulk EFISH field contributions of the for
Ep

BE(2v)5 f 5xbulk,i jkz
(3) *0

1`Edc
bulk(z)exp(iDz)dz are also

present. When, as is commonly the case,dSH is much less
than depthW of the depletion field~e.g.,dSH'100 Å near
the E1 resonance,W;3000 Å for the MOS structures use
in Ref. 27!, Ep

BE(2v) can be approximated a
f 5xbulk,i jkz

(3) Edc
intdSH, analogous to the right-hand expression

Eq. ~2a!, whereEdc
int is the value of the depletion field at th

interface. ExpressingEp
BE(2v) in this form facilitates com-

parisons of bulk EFISH, surface EFISH, and fiel
independent surface contributions, as discussed furthe
Sec. IV.

The p-polarized second-harmonic intensity is

I p~2v!}uEp~2v!u2. ~3!

In this paper, we will present data taken usingp-in/p-out
configuration at a fixed sample azimuth. Since the SH sig
for this configuration includes contributions from three ind
pendent effective susceptibility tensor components@see Eq.
~2!#, we have also measured the tenfold weaker SH sign
generated ins-in/p-out andq-in/s-out configurations, which
isolate thezxx and xzx components, respectively. From
these measurements we determined that thexzzz

eff component
strongly dominates thep-in/p-out SH signal, confirming pre-
vious similar findings by others.17

The spectrumI pp(2v) of SH radiation in our wavelength
range consists of a two-photon resonance peak at 2\v
;3.35 eV from the surface-modifiedE1 direct gap and a
nonresonant background. For clean Si~001!-231, our back-
groundI pp(2v) is approximately 20% of theE1 peak height
intensity below resonance (2\v;3.0 eV), then rises sharply
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in magnitude above resonance (2\v.3.45 eV), suggesting
that it originates primarily from a nearby higher-energy re
nance. A background below theE1 resonance with similar
properties was reported by Daumet al. @see Fig. 2~e! of 17#
for this surface. The existence of a broad higher-energy re
nance that occurs around 3.6–3.8 eV, attributed to the di
dering of the Si atoms at the interface, has recently b
observed at oxidized Si~001!.44 Thus we shall represent ou
observed SH spectra phenomenologically by the express

I pp~2v!;U A

2v2vSD1 iGSD
1

B

2v2vSE1 iGSE
1C~2v!U2

,

~4!

where the background termC(2v) is the tail of a higher-
energy resonance centered near 3.6 eV, and theE1 resonance
has been written as a sum of two Lorentzians represen
surface dipole~SD! and surface EFISH~SE! contributions,
respectively. This separation allows for theE1 resonance of
the SD contribution to differ slightly in frequency and broa
ening factor~G! from the SE contribution to optimize fits t
the data. Physically, such a difference could arise if, for
ample, the former contribution is dominated by step ed
and the latter by dimers on terraces and/or if the two po
izations differ in vertical spatial distribution. However, a ri
orous physical interpretation of such differences will not
attempted in this paper.

A polarizable-bond model of SHG, advanced recently
Mendoza and Mocha´n,30 is a promising future direction for a
more complete theoretical description of the effects of
termination on SH spectroscopy of Si~001!. In this formal-
ism, surface EFISH effects would be described as change
the nonlinear polarizability of surface bonds, while latti
distortions would change SHG via a nonlinear local fie
effect.

IV. RESULTS AND DISCUSSION

A. SH spectroscopy of isothermal and isosteric Si„001…
surfaces

1. Temperature dependence of SH spectra:
Clean Si(001)-231 and 1 ML H-Si(001)-231

Figure 1 shows a series of isothermalp-in/p-out SH spec-
tra of the clean Si~001!-231 reconstructed surface, as dete
mined by RHEED, at eight fixed temperatures ranging fr
200 to 900 K. A broad peak, attributable to the two-phot
E1 resonance,17 is evident in each spectrum. As the tempe
ture increases this peak redshifts from about 3.4 eV~at 200
K! to 3.05 eV~at 900 K!, and broadens. The solid curves a
fits to each spectrum using Eq.~4! with a weak
SD(A,vSD,GSD) and strong SE(B,vSE,GSE) resonant terms
and backgroundC(2v) modeled as a Lorentzian peak ce
tered near 3.6 eV. This model is discussed further in Sec
A 3 below. The resonant energy (\vSD,SE5E1) and broad-
ening ~G! parameters extracted from these fits have b
plotted in Fig. 2 as filled squares and open circles, resp
tively. For comparison, the corresponding Lorentzian ene
and broadening parameters of theE1 critical point obtained
by Lautenschlageret al.25 from spectral ellipsometric analy
sis of bulk silicon have been plotted as dashed and do
curves, respectively, in Fig. 2. The temperature-depend
-
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resonant energies agree within experimental error. OurG pa-
rameters are approximately 30% smaller than the co
sponding bulk parameters, but follow the same tempera
coefficient within experimental error. A weak, narrow pe
at temperature-independent two-photon energy 2\v
53.02 eV is also evident in the spectra of Fig. 1.

Figure 3 shows a similar series of isothermalp-in/p-out
SH spectra of 1-ML hydrogen-covered Si~001!-231, the re-
construction again confirmed by RHEED. For comparis
the SH response of the bare surface at 200 and 600 K
shown in the inset. In order to maintain constant mono
dride coverage while acquiring these spectra, the tempera
range was restricted from 200 to 600 K, since hydrogen
sorbs too quickly above about 700 K. The two-photonE1
resonance peak is also evident in these spectra, but with t
differences from the corresponding clean surface spectra~1!
SH intensity at the peak is about three times weaker;~2! the
peak is redshifted about 0.1 eV from its clean surface ene
~3! the line shape is asymmetrically distorted~enhanced from
Lorentzian on the low-energy side, suppressed on the h
energy side!. Apart from these differences, the redshift a
broadening of theE1 peak with increasing temperatur
closely resemble the behavior of the corresponding bare
con spectra. Each spectrum was fit~solid curves! to Eq. ~4!
with the same SD and backgroundC(2v) terms as used in
Fig. 1, but with a much weaker SE term. The underlyi
physical justification is discussed in Sec. IV A 3 below. The
fitted resonant energy and broadening~G! parameters of the
E1 peak have been plotted in Fig. 2 as cross and plus s
bols, respectively. Apart from the 0.1-eV redshift of the pe
energy, the temperature dependence agrees with that o
bare surface within experimental error. The weak feature

FIG. 1. Isothermalp-in/p-out SH spectra of a clean Si~001!-
231 reconstructed surface. The broad peak is theE1 two-photon
resonance, which redshifts and broadens with increasing temp
ture. Solid curves are Lorentz oscillator model fits to the data
described in text. Bars on the right vertical scale indicate the c
responding zero SH intensity level.
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13 372 56J. I. DADAP et al.
2\v53.02 eV is completely quenched in the spectra
H-Si~001!-231.

2. H-coverage dependence of SH spectrum: Room temperatu

Figure 4~top panel! shows a series of room-temperatu
p-in/p-out SH spectra of Si~001! for ten H coverages rangin
from 0 to 1.5 ML. As coverageQH increases, three trend
are evident:~1! from 0 to 1 ML theE1 resonance is sharpl
quenched, while from 1 to 1.5 ML there is hardly any furth
decrease in its amplitude;~2! from 0 to 1 ML, the peak
redshifts monotonically away from the peak energy at 0 M
while from 1 to 1.5 ML, the peak blueshifts slightly bac
toward its 0-ML peak energy~3.36 eV!; and~3! as the reso-
nance quenches, its line shape distorts asymmetrically
pronounced dip develops on its high energy side, as
shown in Fig. 3. RHEED patterns show that the dimeriz
231 reconstruction persists for coverages up to 1 ML, a
converts to 131 for higher coverages. The solid curve
through each spectrum were fit to the data based on Eq.~4!.
The SD and SE Lorentz oscillators that underlie this fit
depicted in the bottom panel of Fig. 4. TheQH50 ML spec-
trum was fit with the same Lorentzian oscillator model us
to fit the 300-K spectrum of clean Si~001! in Fig. 1. Likewise
theQH51 ML spectrum was fit with the same model used
fit the 300-K spectrum of H-Si~001! in Fig. 3. For interme-
diate coverages 0,QH,1.0 ML, the SE oscillator strength
B was decreased fromB(QH50 ML) to B(QH51 ML), as
depicted by the relative resonant peak heights shown in
bottom panel Fig. 4, withA, vSD, andvSE held constant. In

FIG. 2. Temperature-dependentE1 resonant energy~left vertical
scale! obtained from isothermal SH spectroscopy of clean Si~001!-
231 ~j! and H-Si~001!-231 surfaces~3!, from single wavelength
SH response during programmed heating~L!, and from bulk linear
spectroscopy~dashed line!. Temperature-dependentE1 broadening
coefficients~right vertical scale! obtained from isothermal SH spec
troscopy of clean Si~001!-231 ~s! and H-Si~001!-231 surfaces
~1!, and from bulk linear spectroscopy~dotted line!.
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addition slight adjustments toC(2v) ~not shown! were re-
quired to optimize the fits in thisQH range. For 1
<QH<1.5 ML, vSD was increased as indicated by the a
rows in the bottom panel of Fig. 4 while other paramete
remained at theirQH51 ML values. The physical basis o
these parameter variations is discussed below.

3. Discussion of isothermal and isosteric SH spectra

The E1 critical point of bulk Si, which originates from
L3-L1 electronic transitions, redshifts and broadens with
creasing temperature because of the combined effect of
tice thermal expansion and electron-phonon interaction25

The quantitative agreement between its temperature shift
broadening coefficients25 and those determined from the S
data in Figs. 1–3 suggests that their temperature shifts ar
identical origin, and confirms theE1 assignment of the SH
peak. The lack of strong temperature dependence to the
plitude of the spectra in Fig. 1 justifies the neglect of the b
EFISH mechanism. Since the bulk Fermi level depen
strongly on temperature, while the surface Fermi level
nearly independent of temperature,40 the temperature depen
dence of the band bending would cause modulations of
SH signal amplitude that are not observed. For example,

FIG. 3. Main panel: isothermalp-in/p-out SH spectra of a
monohydride-terminated Si~001!-231 reconstructed surface. Th
broad peak is theE1 two-photon resonance, which redshifts an
broadens with increasing temperature. The resonances are we
redshifted, and asymetrically distorted compared to correspon
clean surface resonances shown in Fig. 1. Solid curves are Lor
oscillator model fits to the data as described in text. Inset: comp
son of isothermal SH spectra for bare and 1 ML H-termina
Si~001! at 200 and 600 K.
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p doping at np51015 cm23 the bulk Fermi level change
from 0.17 to 0.28 eV above the valence band as tempera
changes from 200 to 300 K, changing band bending fr
0.12 to 0.04 eV. This would cause a decrease of a factor
in SH intensity if bulk EFISH were dominant, which is no
observed.

TheE1 shifts induced by H coverage appear to be of le
straightforward origin than those induced by temperat

FIG. 4. Top panel: isothermalp-in/p-out SH spectra of 10 isos
teric Si~001! surfaces with hydrogen coverages varying from 0
1.5 ML at room temperature. Note quenching, redshift~indicated by
the dashed line through the SH peaks!, and line shape distortion o
E1 resonance as coverage increases from 0 to 1.0 ML, and blue
as coverage increases from 1.0 to 1.5 ML. Bottom panel: sur
dipole and surface EFISH Lorentz oscillators underlying fit~solid
curves! to top panel data. Note strong quenching of surface EFI
E1 resonance~fixed at 3.38 eV indicated by the vertical dotted line!,
and nearly constant surfaceE1 resonance~indicated by the arrows!
between 0 and 1 ML; blueshift of surface resonance for>1 ML
coverage. Bars on the right vertical scale indicate the correspon
zero SH intensity level.
re

3

s
e

change. Daumet al.17 proposed that the SHE1 peak at clean
Si~001!-231 acquires both its amplitude and redshift prim
rily from near-surface vertical tensile strain induced by t
dimerized reconstruction, which enhances the surface dip
polarization45 @first term in Eqs.~1! and ~4!# and decreases
the E1 gap.46 The complete quenching of the resonance
saturated H termination was invoked in support of this int
pretation, since dihydride termination breaks the surfa
dimer bonds responsible for the 231 reconstruction.4–8 The
SH spectra presented in Fig. 4, by including finer increme
in H coverage, now force us to revise this interpretatio
Two observations are critical. First, the major influence of
on the SHE1 peak occurs for 0<QH<1 ML, where RHEED
observations by us and others show8,35 that the surface main
tains its 231 dimerized reconstruction. Consequent
changes in atomic positions, and therefore strain, are m
mal. On the other hand, dihydride termination (QH.1 ML),
which induces a much more drastic structural change,4–8 af-
fects the SH spectrum only slightly~see bottom three spectr
in Fig. 4!. Thus strain relaxation can hardly be the exclusi
or even primary, mechanism responsible for changing the
spectrum. Secondly, the top eight spectra in Fig. 4
<QH<1 ML) show that monohydride termination redshif
the SHE1 peakaway fromthe bulkE1 energy, contrary to
the expected effect of relaxing near-surface tensile str
The expected blueshift toward the bulkE1 energy is weakly
evident only in the bottom three spectra of Fig. 4, where s
a strain relaxation is expected from dihydride terminatio
We must conclude that the much larger changes in the
spectrum observed for 0<QH<1 cannot be related simply
to changes in subsurface strain.

On the other hand, the Fig. 4 data can be explained c
sistently by assuming that the SHE1 peak at clean
Si~001!-231 acquires most of its amplitude from the surfa
dc electric field@via the second term in Eq.~1!# associated
with dimer bond formation38 and tilting39 rather than from
the near-surface strain field. Energy minimizatio
calculations38 that predict a symmetric dimer structure ind
cate electron enrichment of approximatelye/6 in the top two
atomic layers, implying surface charge densityss

51025 C/cm2 and field strength on the order ofEdc
surf

;ss /e;104 kV/cm immediately beneath the surface, whe
the bulk dielectric constante511.9 has been used as an a
proximation. Calculations that predict a tilted dimer indica
an even larger charge transfer of approximatelye/3 into the
upper silicon atom of each buckled dimer,39 implying pro-
portionately larger charge density and field strength in so
portions of the immediate subsurface region, depending
details of the charge redistribution. SimilarEdc

surf values and
vertical extent are implied by the decrease of 0.35 eV of
ionization energy of the Si~001!-231 surface, which is ob-
served when monohydride termination passivates and s
metrizes the surface dimer and quenches the surface fie42

The latter result implies (Edc
surf)effLeff50.35 V, a parameter

@see Eq.~2a!# that is proportional to the surface EFISH com
ponent Ep

SE(2v) of the total surface SH fieldEp(2v).
To compareEp

SE(2v) to the bulk EFISH fieldEp
BE(2v)

measured in a Si~001! MOS structure27 and to the
field-independent component of the surface SH field, we
sume xs

(3)'xbulk
(3) , f 1' f 5 , and xs

(2)@Si~001!/SiO2#'xs
(2)

ift
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3@Si~001!-231#, In the MOS structure measurements, S
signals near theE1 resonance were enhanced approximat
fourfold over their flat-band values—the same enhancem
observed at the clean, compared to the monohydr
terminated, Si~001!-231 surface—when the MOS structur
was externally biased approximately 1 V from flat-band con-
dition. This bias corresponded to a depletion fieldEdc

int

'105 V/cm immediately beneath the Si/SiO2 interface for
the structures used.47 Since dSH'100 Å near theE1 reso-
nance, the bulk EFISH signal responsible for this enhan
ment is proportional toEdc

intdSH'0.1 V, the same order o
magnitude as (Edc

surf)effLeff50.35 V at the clean Si~001!-231
surface. This approximate comparison demonstrates that
face EFISH associated with surface dimer formation a
buckling can produce the observed SH signal enhancem
at the clean Si~001!-231 surface.

The above interpretation does not, of course, rule out
existence of direct monohydride-induced alterations to
field-independent componentxs

(2) :E(v)E(v) of the surface
nonlinear polarization, which can be caused either by al
ing the energy of surface dimer electronic bands32 or by
changing subsurface equilibrium atomic structure. Howev
available calculations together with the experimental e
dence presented above suggest that both of these effec
the SH spectrum are smaller than the surface EFISH eff
Self-consistent tight-binding calculations for Si~001!-231
show that significant resonant enhancements ofxs,zzz

(2) attrib-
utable to surface dimer bands occur only at photon ener
(1.0,2\v,3.0 eV) lower than those used in the curre
study.32 At these infrared photon energies, the calcula
xs,zzz

(2) is indeed sensitive to monohydride termination,32 and
will be an interesting subject of future experiments. Ho
ever, in our current photon energy range,xs,zzz

(2) derives en-
tirely from surface projections of bulk bands, and is theref
insensitive to surface dimer bands and monohydride ter
nation. Regarding changes in subsurface structure, an en
minimization calculation based on a three-layer cluster w
fixed Si-Si back bond lengths26 showed that monohydride
termination of clean Si~001!-231 alters the dimer bond
length by less than 3% with no perceptible change in sub
face Si-Si bond angles. Dihydride termination, on the ot
hand, by breaking the dimer bond, increases the separatio
the surface Si atoms by over 70% with significant alterat
of subsurface Si-Si bond angles.26 Although a self-consisten
calculation of hydrogenated Si~111! ~Ref. 43! has shown that
H-induced electronic charge transfer, similar to that wh
accompanies monohydride termination of Si~001!-231, can
induce slight changes in Si-Si back bond lengt
monohydride-induced changes of the structure
Si~001!-231 are clearly negligible in general compared
those induced by dihydride termination.26 Since we observe
the latter to influence the SH spectrum only slightly, we m
conclude that monohydride-induced subsurface relaxat
though present, affectsxs,zzz

(2) even less than the much larg
dihydride-induced subsurface relaxation. Thus the cha
transfer effect~i.e., surface EFISH! must dominate over
structural effects in determining SH spectral properties d
ing monohydride termination of Si~001!-231. In fitting the
Fig. 4 data with Eq.~4!, we are therefore justified in holdin
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the surface dipole oscillator strength (A) and frequency
(vSD) constant over the range 0<QH<1 ML.

The relationship between the redshift and line-shape
tortion of the surface resonance deserves brief comment.
E1 redshifts observed in several recent SH spectrosco
studies of Si-SiO2,

27,44,48,49 reconstructed Si~001!,17,50 and
Si~111!-737 ~Ref. 17! interfaces in some cases implied loc
volume expansion far exceeding that produced by kno
interfacial bond distortion mechanisms.17,51 The weak spec-
tral blueshift that we observe upon increasingQH from 1 to
1.5 ML ~Fig. 4! suggests that intrinsic tensile strain exis
and does contribute to the surfaceE1 redshift. However, the
line-shape distortion evident in theQH51 ML scans of Figs.
3 and 4 demonstrates that interference between resonanE1
and nonresonant background contributions creates an a
tional redshift that augments the intrinsic shift. Such app
ent peak shifts are well known in nonlinear spectroscop29

In the present case, the off-resonant contribution to the
facexs,zzz

(2) @C(2v) term in Eq.~4!# originate from electronic
resonances at higher energy than the surface-modifiedE1
resonance. Thus below the surfaceE1 energy (2v,vSD),
the resonant~first! and nonresonant~last two! terms in Eq.
~4! are in phase and constructively interfere, while abo
resonance (2v.vSD), they are out of phase and destru
tively interfere, simultaneously creating the apparent reds
of the surface resonance peak\vSD and an asymmetric line
shape distortion inI pp(2v). Since the weaker surface dipo
resonance~dominant for 1 ML coverage! is comparable in
magnitude to the nonresonant background, it is m
strongly influenced by the interference than the stronger
face EFISH resonance~dominant for 0 ML!. The Lorentz
oscillator fit to the Fig. 4 data reproduces these trends,
shows that the peak SH signal for the 1 ML case is redshi
0.04 eV from the true surface resonance energy (\vSD) by

FIG. 5. A series of fixed wavelengthp-in/p-out SH responses o
a clean Si~001!-231 surface as temperature is ramped upward a
K/s. The broad peaks results from theE1 resonance thermally red
shifting through the fixed two-photon energy. Each SH trace
vertically offset for clarity.
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the interference mechanism described above. Thus an in
sic shift of approximately 0.0860.02 eV from strain and
other mechanisms is also present.

The weak resonant feature at 2\v53.02 eV~see Fig. 1!
has not been identified. Its temperature independence
sensitivity to H coverage suggest that it involves one- (\v
51.51 eV) or two-photon transitions between surface sta
Single-photon transitions at\v51.15 and 1.3 eV betwee
the rest atom and adatom dangling bond states at the c
Si~111!-737 have recently been reported.20

B. SH monitoring of transient phenomena at Si„001… surfaces

1. Programmed heating of clean Si(001)-231

Figure 5 shows thep-in/p-out SH response of clea
Si~001!-231 at a series of fixed wavelengths ranging fro
710 to 910 nm as temperature is ramped linearly at 1
from 200 to 1000 K. For each wavelength a broad pe
occurs at a particular temperatureTmax. This peak shifts to
higher temperatures as the wavelength is increased. T
wavelengths~converted to two-photon energies! have been
plotted against the correspondingTmax as open diamonds in
Fig. 2. The resulting plotted points coincide, within expe
mental error, with the temperature-dependent two-photonE1
peaks~filled squares in Fig. 2! extracted from the isotherma
SH spectra of clean Si~001!-231 ~Fig. 1!. Hence we con-
clude that this feature results from the temperature shif
the E1 resonance through the fixed two-photon energy. T
additional features from Fig. 5 data are noteworthy. First
the shorter wavelengths~710–720 nm!, the SH signal is
nearly temperature independent at temperaturesT.500 K.
This feature is advantageous in studies of hydrogen des

FIG. 6. A series of fixed wavelengthp-in/p-out SH responses o
an initially hydrogen-saturated (QH51.5 ML! Si~001! surface as
temperature is ramped upward at 2 K/s.b2 desorption rate is maxi
mum between 600 and 700 K,b1 desorption rate between 700 an
850 K. Each SH trace is vertically offset for clarity.
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tion dynamics described below. Secondly, at the lon
wavelengths (810<l<910 nm), the SH signal decreases
temperature increases from 200 to 400 K. This feature,
related to theE1 resonance, may be caused by incipient fo
mation of a new low-temperature surface reconstruction52

however, it plays no role in the studies described below.
features shown in Fig. 5 are reproduced when the direc
of the temperature ramp is reversed.

2. Temperature-programmed hydrogen desorption

Figure 6 shows thep-in/p-out SH response of initially
H-saturated Si~001! at a series of fixed wavelengths rangin
from 705 to 935 nm as temperature is ramped linearly a
K/s from 500 to 900 K. During this rampQH decreases
monotonically from 1.5 to 0 ML. On the other hand, most
the SH responses are not monotonic. Some~e.g., 780 nm!
display complicated oscillations and are convolved respon
to simultaneous changes in substrate temperature and H
erage. Nevertheless, the 815-nm SH signal does incr
monotonically in two discernible steps reminiscent of theb2
~dihydride! andb1 ~monohydride! hydrogen desorption fea
tures. Moreover the short wavelength~705–720 nm! re-
sponse, although not monotonic, varies quite strongly at
temperatures~600–800 K! where most of the hydrogen i
desorbing; this temperature dependence is connected s
with hydrogen desorption since the bare surface SH respo
is invariant with temperature~Fig. 5!. These two response
were therefore investigated in greater detail as promis
candidates for real-time SH probing of H coverage.

In Fig. 7 ~main panel! the dynamic 815-nm SH respons
obtained with 200-mW average incident laser power is p
ted on an expanded vertical scale. In the inset of Fig. 7,
time derivative of the smoothed square root of the SH int
sity @}uP(2v)u# is plotted and compared to the hydroge
desorption rate monitored by a differentially pumped QM
The SH derivative signal shows two well-defined peaks w
the same relative amplitudes and temperature separatio
the well-knownb2 andb1 desorption features evident in th

FIG. 7. Main panel: square root ofp-in/p-out response at 200
mW average power,l5815 nm, during temperature-programme
desorption. Inset: time derivative of square root of SH respons
l5815 nm, compared to quadrupole mass spectrometer data.
good agreement ofb2 and b1 relative peak heights, with 50 K
temperature offset due to laser heating.
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FIG. 8. A series ofp-in/p-out SH responses of an initially clean Si~001!-231 surface using 715 nm fundamental wavelength as disil
pressure in the growth chamber is periodically modulated at several different substrate temperatures. Note rapid~,0.2 s! rise time of each
pulse, corresponding to disilane adsorption; temperature-dependent fall times, corresponding to isothermal hydrogen d
temperature-dependent plateau levels, corresponding to epitaxial growth.
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QMS data. However, they are shifted about 50 K lower
temperature, as monitored by a thermocouple several
away from the illuminated spot on the crystal. As the avera
power of the fundamental beam is attenuated, however,
temperature of the desorption features shifts up linearly
ward the QMS response at a rate of approximately 0.2
mW. For example, at incident average laser powers
<50 mW we have obtained a SH derivative scan that,
though noisier, yieldsb2 and b1 desorption peaks nearl
coincident with the QMS data. The cumulative steady-st
local heating of the photoexcited area introduced by lin
absorption of the 815-nm light has been calculated by s
ing the thermal diffusion equation,23 and agrees with the
temperature offsets shown in Fig. 7~inset!. We conclude that
the temperature offsets are caused by local laser heatin
the surface not detected by the thermocouple. The temp
ture scale of Fig. 6~but not Fig. 7! has been corrected for thi
measured laser-induced temperature offset. This local h
ing is a shortcoming of our current monitoring laser, but n
a fundamental limitation of the SH monitoring techniqu
The laser heating can be reduced substantially by shorte
the laser pulse duration to 30–50 fs,53 cavity dumping the
laser,54 or scanning the silicon surface23 without sacrificing
SH signal (}t21). The similarity of the QMS and SH de
rivative curves in Fig. 7~inset! demonstrates that the squa
root of the 815-nm SH intensity can monitorQH on Si~001!
in real time ~0.1-s resolution! from 0 to 1.3 ML with an
estimated accuracy of 5% over a temperature range from
to 900 K.

3. Epitaxial growth

The short wavelength~705–720 nm! SH signals~see top
two traces in Fig. 6! increase monotonically in theb2 de-
sorption range~600–700 K!, decrease monotonically in th
b1 desorption range ~700–850 K!, and maintain
temperature-independent plateau levels outside these
perature ranges. This observation suggests their utility a
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coverage monitors within the ranges 1.5.QH.1 ML or
1.QH.0 ML. Here we illustrate the use of 715-nm SH si
nals to monitorQH between 0 and 1 ML (875.T.750 K)
during isothermal disilane adsorption and hydrogen deso
tion, which accompany epitaxial film growth via CVD.

Figure 8 shows the raw 715-nm SH data obtained
modulating the pressure of disilane at a series of decrea
substrate temperatures~solid line, right axis!. At the rising
edge of each pulse in Fig. 8, a valve was opened to bac
the chamber to 531024 Torr total pressure~4% disilane/
helium mixture!, causing H coverage and SH intensity to ri
within 0.2 s to a steady-state level, corresponding to the c
erage at which the rates of disilane adsorption and hydro
desorption balance. While the valve is open, an epita
silicon film is growing. When the valve is closed, the dis
lane partial pressure falls at approximately 2 decades
second to its residual gas analysis~RGA! detection limit
(,1310212 Torr), resulting in a decrease at the trailin
edge of each pulse that is determined by the rate of hydro
desorption.

As substrate temperature decreases from 875 to 75
~left to right in Fig. 8!, two trends are evident:~1! the SH
signal at the trailing edge of each pressure pulse falls m
slowly, as a result of slower H2 desorption;~2! the steady-
state SH signal during epitaxial growth increases, as a re
of higher steady-state hydrogen coverage caused by slo
H2 desorption. Consistent with these trends, we observe
SH intensity is unperturbed by pressure modulation aT
.900 K, suggesting that the steady-state hydrogen cove
becomes vanishingly small~the growth is adsorption limited
under these conditions!. For T,750 K, the steady-state hy
drogen coverage saturates at 1 ML~where the growth rate is
desorption limited!. Throughout the sequence of pressu
pulses shown in Fig. 8, the background 715-nm SH sig
before and after each pulse~corresponding to a bare surfac!
remains at a nearly constant level, even though the temp
ture decreases and the film thickness increases.
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FIG. 9. Main panel: detail of desorption transients at 4 different substrate temperatures from SH data at 715 nm fundamental wa
Solid curves are fits of data to exponential decay curves, which assume first-order desorption kinetics. Inset: Arrhenius plot of deso
constant. Solid line is a fit to the data, and corresponds to the activation energy and preexponential factor given in the box.
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Figure 9 shows a series of desorption transients from
trailing edges of the pressure pulses in Fig. 8 in greater
tail. Assuming first-order desorption kinetics, which is a
proximately valid forQH.0.1 ML,13 a series of exponentia
decay curves were fit to the data~solid lines! using I (2v)
}uQHu2}uexp(2kdt)u2. Desorption rate constants obtained
this manner are plotted in an Arrhenius fashion in the inse
Fig. 9, including a 50-K temperature offset in the recipro
temperature scale, as described earlier. The Arrhenius pl
somewhat sublinear, probably because the first-order m
does not fit the high-temperature and low-coverage d
However, the magnitude of the activation energy, 2.53
~58.2 kcal/mol!, and preexponential factor, 1.331015 s21,
compare favorably to published values for the monohydr
desorption kinetics.13,55

Variations in the backfill pressure help to calibrate t
vertical scale of Fig. 8 in terms of H coverage. For examp
by increasing the pressure to 100 mTorr, we observed
further increase in the 715-nm SH intensity beyond the le
approached in the 775-K and 750-K pulses shown in Fig
This demonstrates that this SH signal corresponds
QH'1 ML, with growth rate controlled by the monohydrid
desorption kinetics. We rule out the possibility of a signi
cant dihydride population under these conditions, as the
hydride desorption kinetics are too fast at these temperatu
We further rule out a submonolayer saturation of the
intensity, as there is no time lag between the cessation o
pressure pulse, and the onset of the SH desorption trans

Results qualitatively similar to those shown in Fig. 8 we
obtained forl5815 nm. However, the strong temperatu
dependence of the SH intensity from both the bare
hydrogen-covered surfaces complicate quantitative analy
since the effects of temperature and hydrogen coverage
be deconvolved.

4. Discussion of real-time, fixed wavelength SH measuremen

The 815-nm SH signal is, like most of the signals sho
in Fig. 6, a convolved response to H coverage and temp
e
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ture during temperature-programmed H2 desorption. Specifi-
cally, the first ‘‘step’’ of the 815-nm (2\v53.04 eV) SH
response shown in Fig. 7 is caused by the redshift of theE1

resonance, which in turn is caused partly by the increa
surface dimerization strain accompanying theb2 hydrogen
desorption~evident in the bottom 3 traces of Fig. 4! and
partly by the thermal redshift accompanying the increase
temperature from 600 to 700 K~evident in Figs. 1 and 3!.
The strong second ‘‘step’’ of the response is caused partly
the growth of the electric-field-induced contribution acco
panying theb1 hydrogen desorption~the effect evident in the
top 7 traces of Fig. 4! and partly by continuing thermalE1
redshift. As the TPD experiment represents only a sin
‘‘curve,’’ QH(T) in the two-dimensionalQH-T parameter
space, the simple proportionality of the 815-nm SH intens
to H coverage~apparent in Fig. 7! masks the complicated
temperature and coverage dependence of the 815-nm SH
sponse evident in isothermal and isosteric studies betw
700 and 900 K. On the other hand the 705–720-nm~2\v
.E1 for T.700 K! signal appears selectively sensitive to
coverage and insensitive to temperature changes fo
,QH,1 ML and 700,T,900 K. Thus it proves more ver
satile as a monitor of the complex adsorption and/or deso
tion dynamics involved in epitaxial growth. Use of infrare
femtosecond sources56 may provide additional opportunitie
for monitoring H coverage by exploiting electronic res
nances from surface dimer bands32 or Si-H vibrational
resonances.15,57

These studies point to several conclusions regarding
monitoring of H coverage during CVD. First the SH signa
should initially be independently calibrated using QMS a
pressure variation techniques such as those described a
Secondly, a tunable laser source such as Ti:sapphire o
flexibility in finding effective monitoring wavelengths a
which adsorption, desorption, and growth dynamics can
monitored over significantly largerQH and T ranges than
achieved in past SH studies with fixed wavelength laser13

Thirdly, complete SH spectroscopic databases that track
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dependence of the contributing susceptibilities on tempe
ture,QH , doping, and alloy material composition—of whic
Figs. 1 and 3–5 represent a beginning—must be compi
analogous to dielectric function databases, which unde
ellipsometric analysis of growth surfaces.19 Femtosecond la-
sers provide the data acquisition speed and tunability
quired for such compilations. In addition, by monitorin
changes in H coverage with,0.1-s resolution, SHG can
provide an early warning of changes in growth rate, and t
may provide a useful error signal in active feedback cont
of CVD growth.

V. CONCLUSION

We have presented a comprehensive SH spectrosc
study of the Si~001! surface in the presence of calibrate
variations of temperature and hydrogen coverage. A Ti:s
phire femtosecond laser provided wide tunability (0
,l,1.0mm), high SH signal acquisition rate
(.103 counts/s), and low surface heating (,50 K). The
principal spectroscopic finding on isothermal-isosteric s
faces was the strong quenching, redshift, and line-shape
tortion of the two-photonE1 resonance, which occurred a
hydrogen coverage increased from 0 to 1 ML, when str
tural modifications to the dimerized 231 reconstruction
were negligible. Based on this finding, we proposed that s
face electric fields associated with dimer formation and t
ing, rather than strain, were the dominant source
p-polarized SH from the clean Si(001)-231 surface, and
that monohydride termination quenched this contributi
through chemical modification of the surface. SH spect
/

E
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scopic consequences of strain relief were weakly evide
only at coverages (.1 ML) at which dimer bonds were bro-
ken. Thermal shifts ofE1 and line-shape distortions from
interference between resonant and off-resonant SH sour
were also clearly evident in the isothermal and isosteric s
face spectroscopy.

We then demonstrated two wavelength ranges in whi
SH could dynamically monitor H coverage during
temperature-programmed hydrogen desorption or epitax
film growth over much larger coverage ranges than we
achieved in previous SH studies with fixed frequency lase
The real-time SH signals were calibrated by QMS measu
ments of desorption products, and yielded kinetic rate co
stants for hydrogen desorption in good agreement with ind
pendent measurements. The results demonstrate the pote
of femtosecond-laser-generated SH for applications to re
time monitoring of epitaxial growth by chemical vapor depo
sition.
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