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Microscopic Theory of Second Harmonic Generation at Si(100) Surfaces
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We apply a microscopic formulation to calculate the second harmonic spectra of clean and
hydrogenated Si(100) surfaces. We find a trend of the surface-allowedE1 resonance as a function
of the hydrogen coverage, which is consistent with experiment. Another resonance at lower energy,
recently observed at the clean surface, is also reproduced and explained in terms of transitions
across surface states. Its quenching is clearly demonstrated as a function of hydrogen coverage.
Our results for the energetically more favorablecs4 3 2d structure are in better agreement with low
temperature experimental data than those calculated for the2 3 1 reconstruction. We find that the
spectra are dominated by thexs

kk' component of the second-order nonlinear surface susceptibility.
[S0031-9007(98)07375-X]
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The recently developed high-power tunable laser sy
tems have opened the possibility of using nonlinear op
cal spectroscopies for the study of surface physics, as th
have a high-surface sensitivity, are noninvasive, and a
nondestructive. They can be used out of UHV condition
and even at buried interfaces [1]. In particular, the su
face sensitivity of second harmonic generation (SHG) fro
centrosymmetric materials originates from the fact that
is forbidden, within the dipole approximation, in the bulk
due to the inversion symmetry, so that only the surface c
radiate. Daumet al. [2] have shown that the bulkE1 tran-
sition of Si yields a SHG resonance at the (100), clean
oxide covered, surface. This was attributed to the stra
induced by the surface reconstruction in the first mon
layers; it was also shown that the absorption of hydro
gen quenches the resonance, probably because it relie
the surface stress. A theoretical model by Mendoza a
Mochán [3], based on the phenomenological polarizabl
bond description of the surface local-field effect, supporte
this conclusion. This SHG resonance has been used
several groups to study different aspects of the Si (100) a
(111) surfaces with different reconstructions, adatom co
erage, etc. [4,5]. Recently, Höfer [6] and Dadapet al. [7]
have done a comprehensive experimental study of the cle
and hydrogen-covered Si(100) double-domain surface
a function of hydrogen coverage and temperature. Th
demonstrate the ability of SHG to describe the dynamics
hydrogen adsorption on this surface, and that the quenc
ing of theE1 resonance as a function of hydrogen coverag
is not as strong as that found by Daumet al. [2]. These
experiments show how SHG spectroscopy is becoming
reliable surface tool, and thus the need of microscop
models to understand the underlying physics.

In this Letter we present a microscopic calculation o
surface SHG from clean and hydrogen-covered Si(10
surfaces, which, besides giving an excellent agreeme
with experiments, sheds light on nonlinear optical phe
nomena at semiconductor surfaces. We show that t
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bulk E1 resonance occurs in surface SHG spectra throu
electronic transitions across surface-perturbed bulk sta
that hydrogen adsorption modifies the SHG line shape
reducing theE1 resonance and suppressing the spec
structures due to transitions across surface states, and
contrary to what may be argued, thex

s
''' component of

the second-order surface susceptibility does not domin
the SHG signal. We find that thexs

kk' component of the
second-order surface susceptibility is mostly responsi
for the observed features. Therefore, it is the interp
of both in-plane and perpendicular components ofx

$s that
gives rise to the SH response.

We calculate the reflected SHG efficiencyR through
the second-order surface susceptibility tensorx

$s. For
an isotropic surface, such as the double-domain Si(1
surface considered here, thep-polarized SH output is
given by

Rpi ­
32p3

sn0ed2c3 v2 tan2 ujTps2vdT2
i svdrpij

2, (1)

wherei ­ s or p indicates the polarization of the incomin
photon of frequencyv. Here,

rpp ­ sin2 u xs
''' 1 scyvd2k2

'svd x
s
'kk

2 scyvd2k'svdk's2vd x
s
kk', (2)

and rps ­ x
s
'kk. The s-polarized SH is identically zero

due to symmetry considerations. Also,u is the angle of
incidence,c the speed of light,e the electron charge,n0 the
electron density of the system,Ti the transmission Fresne
factor for the i polarization, andk' ­ svycd fesvd 2

sin2 ug1y2, esvd being the bulk dielectric function. We
notice that all components ofx

$s different from zero
contribute toRpp. These expressions are strictly vali
within the dipole approximation. Nevertheless, even
quadrupolar corrections are considered, the isotropic
anisotropic bulk quadrupole terms inR have been shown
to yield negligible contributions as compared to the surfa
dipole terms [3,8].
© 1998 The American Physical Society 3781
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The key ingredient of the calculation isx
$s. Following Ref. [9], we briefly sketch the procedure taken to calcula

We model the semi-infinite crystal by a slab. The imaginary part of the single-domain second-order surface susc
is given by

x 00
ijksvd ­

pn0e4
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where Pi
s,ns $kd is the matrix element of thei-Cartesian

component of the momentum operator ($P) between states
s and n, which may be valence (V ) or conduction (C)
states at point$k in the 2D Brillouin zone (BZ),A is the
sample area,Enr ­ Ens $kd 2 Er s $kd, Ens $kd being the one-
electron energy. The emission of SH light is describe
by the modified momentum operator$P ­ fSszd $P 1
$PSszdgy2, whereSszd is a function ofz, being 1 at the
front surface and 0 at the back surface, which avoids t
spurious destructive interference of SH light generated
the two surfaces of the slab. We remark that the abo
expression must be symmetrized in the last two indic
s jkd in order to comply with the intrinsic permutation
symmetry of x

$
. We should also mention that in the

calculation ofx
$

, the fundamental electric field oscillating
at v, which induces the nonlinear response, is taken insi
the surface [10]. Local-field and excitonic effects ar
neglected throughout.

Finally, we employ the Kramers-Kronig transform to
calculate the real part ofx

$
. The components ofx

$s for
the double-domain (100) surface are obtained throu
x

s
''' ­ xzzz , x

s
'kk ­ sxzxx 1 xzyydy2, and x

s
kk' ­

sxxxz 1 xyyzdy2, where xijk ­ xikj are calculated for
each of the two single-domain lattices [11].

We consider a slab consisting ofN atomic (100) layers.
For a given surface morphology, total energy minimiza
tion can be performed to find the equilibrium atomic pos
tions, according to the density functional theory within th
local density approximation (DFT-LDA), for acs4 3 2d
supercell [12]. With these coordinates, we calculate th
one-electron energies and momentum matrix elements
tering Eq. (3) according to the semiempirical tight-bindin
(SETB) approach described in Ref. [13]. We mentio
that the criterion for choosingN and Nk [the number
of k-points to sum up in Eq. (3)] is a good numerica
convergence of the SHG spectra with respect to them;
particular, the results shown below are forN ­ 16 and for
Nk ­ 64 specialk-points in the irreducible part of the 2D
BZ. ForSszd we have used a step function centered at th
middle of the slab. Using smoother functions yields th
same SHG line shape with only small changes in the a
solute magnitude ofR.
3782
d

he
at
ve
es

de
e

gh

-
i-
e

e
en-
g
n

l
in

e
e
b-

In Fig. 1 we showRpp vs the energy of the SH pho-
ton for a Si(100) surface with 1 H, 2 H (monohydride
phase), and 4 H (ideally terminated dihydride phase) p
Si-Si dimer, along with the room temperature experimen
tal data of Ref. [7]. In the second and third cases a
dangling bonds are hydrogen saturated, while in the fir
case one unsaturated dangling bond per surface dimer s
vives. TheE1 peak is clearly seen at 3.36 eV, and its inten
sity gets reduced by increasing the number of hydrogen
Below this peak, only the surface with unsaturated da
gling bonds shows some structures, indicating that the
small peaks come from transitions across dangling-bon
like surface states, which are suppressed by hydrogen sa
ration. A peak betweenE1 andE2 (4.3 eV) develops as the

FIG. 1. We showRpp vs the two-photon energy for the
2 3 1 Si(100) surface with 1 H (solid line), 2 H (dashed line)
and 4 H (dotted line) per Si-Si dimer. From Ref. [7] we also
show in the inset the room temperature experimental data
1 H (stars), monohydride (crosses), and dihydride (rhomb
phase, where the data are rescaled on the vertical axis. T
angle of incidenceu ­ 55± is the same as in the experiment.
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hydrogen coverage increases. For energies above the b
E2 transition, the ideally terminated surface shows well d
veloped peaks, whereas for the other two cases the int
sity is almost zero. Finally, around 5 eV a structure
present for all of the three surfaces, coincident with th
E0

1 bulk transition. We mention that these surfaces ha
2 3 1 reconstructions, although the energy minimizatio
had acs4 3 2d unit cell as the starting point.

Energy minimization reveals that the most favorab
structure for the clean Si(100) surface corresponds to
cs4 3 2d reconstruction, where the Si-Si dimers alterna
in buckling from one neighbor to another in the surfac
plane [14]. Although RHEED shows a2 3 1 unit cell
at room temperature, the local structure iscs4 3 2d [14].
In Fig. 2 we showRpp, for the cs4 3 2d and2 3 1 re-
constructed clean Si(100) surfaces, along with the lo
temperature experimental results from Ref. [7]. The di
ferences between the theoretical peak intensities calcula
for the two reconstructions are apparent; however, abo
E1 the line shapes show an evident resemblance, wher
for energies belowE1, qualitative differences are present
The three well developed peaks in thecs4 3 2d spectrum
just belowE1 are small shoulders in the2 3 1 spectrum.
An important observation from the spectrum of the clea
and hydrogen-covered surfaces is that several bulk int
band transitions known from linear optics, such asE0

1, are
present and, in contrast with the linear case, show a co
parable magnitude with respect toE1 andE2. We remark
that the intensity of theE1 peak for thecs4 3 2d surface

FIG. 2. Same as Fig. 1, for thecs4 3 2d (solid line) and for
the 2 3 1 (dotted line) reconstructions of the clean Si(100
surface. The inset shows the low-temperature experimen
results of Ref. [7] (rhombi, rescaled on the vertical axis), alon
with the calculatedcs4 3 2d spectrum.
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is almost a factor of 5 larger than that of the hydrogen
saturated ideal termination, in agreement with experime

The experimental spectra of Ref. [7] cover only th
two-photon energy range from 3 to 3.5 eV, while that o
Ref. [6] goes from 2.1 to 3.6 eV. However, the latte
shows only a model dependent experimental susceptib
ity, which makes comparison with our results more subtl
thus we directly compare with the former which show
experimental spectra ofRpp. We have shifted upward
in energy the theoretical curves by 0.24 eV, in order t
have a better correspondence in energy between calcula
and measured structures. Differences of this order, oft
occurring in SETB calculations [15], could be related t
surface effects on the electron self-energies. In carryin
out the Kramers-Kronig transform, a finite broadening o
25 meV was used; a larger (smaller) broadening will era
(sharpen) some of the small structures. With this broa
ening the comparison with experiment is quite good. In
deed, for the hydrogen-covered surfaces the position of t
E1 peak and its intensity correlate quite well with the ex
periments. For the clean surface, we find that the low
temperature experimental spectrum shows, besides theE1
peak, a peak at 3.02 eV. The calculation carried out f
the cs4 3 2d structure nicely reproduces its line shape;
is present, although weaker, also in the calculated spec
for the clean and partially hydrogenated2 3 1 structures,
while it disappears after complete hydrogenation. Hen
we assign it to transitions across dangling-bond-like su
face states. The experiments of Ref. [6] nicely confirm
this assignment.

Another important experimental finding is a shift of the
E1 peak as a function of the hydrogen coverage: it re
shifts by 0.1 eV in going from the clean surface to th
monohydrade phase, and then there is a blueshift of
smaller magnitude when proceeding towards the dihydri
phase [7]. Indeed, we find that by including suitable su
face localized static electric fields of the order of106 Vy
cm in the calculations carried out for the various su
faces, theE1 peak shows the correct experimental beha
ior. This suggests the presence of built-in electric field
whose strength depends on the hydrogen coverage [16

The excellent agreement of the present theory with th
experimental spectra allows us to answer a very importa
question: Which components ofx

$s are responsible for the
observed spectra? To answer, one must be very care
because of the fact thatRpp depends onx

$s throughrpp

of Eq. (2), and thus the relevant quantities to analyze a
x
$s multiplied by theradiation factors, and not the bare
susceptibilities alone. Indeed, in Fig. 3 we show the ba
susceptibilities and their values multiplied by the corre
sponding radiation factors [17]. Although the barex

$s

components are all of the same order of magnitude a
display structures at similar energy positions, when mult
plied by the radiation factors they are substantially mod
fied in their relative magnitude [18]. For this particula
surface, we obtain thatxs

kk' is mostly responsible for the
3783



VOLUME 81, NUMBER 17 P H Y S I C A L R E V I E W L E T T E R S 26 OCTOBER1998

n.

r

.

l
l

s
t

.

-

FIG. 3. In the top panel we plot the absolute values ofxs
'''

(dashed line),xs
'kk (dotted line),xs

kk' (solid line) vs the two-
photon energy. Likewise, in the bottom panel we plot the sam
susceptibilities, but multiplied by their corresponding radiation
factors given by Eq. (2).

observed spectra, and that the contributions ofx
s
'kk and

(in particular) ofxs
''' are negligible [19]. Also,Rps is

an order of magnitude smaller thanRpp, not becausexs
'kk

is smaller, but because of the combination of the Fresn
and radiation factors. These conclusions may be alter
by local-field effects, which are here neglected. Howeve
the agreement shown here suggests that local-field effe
play a minor role in determining SH line shapes.

In summary, we have presented a microscopic ca
culation of surface SHG which shows an excellen
agreement with the experimental spectra of clean an
hydrogen-covered Si(100) surfaces. Besides reproduci
and explaining the measured resonant peaks in terms
transitions involving bulk or surface states, we conclud
that the spectrum of the energetically favorablecs4 3 2d
reconstruction well resembles the experimental one, pr
viding an optical proof of its existence. Also, the behavio
of theE1 peak is related not only to the vertical strain bu
also to the in-plane reconstruction of the surface. We fin
structures outside the frequency range investigated so f
which would be very interesting to study experimentally
especially the ones related to surface states, as in Ref. [
and to the specific bulk transitions, which are difficul
to observe in linear optics. With this Letter it is clearly
demonstrated that surface SHG is indeed a very fruitf
optical spectroscopy.
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