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Abstract

We used a dipole coupling theory to calculate modulations of the Si-H vibrational mode
on a H-Si(111)1x1 surface, and analyzed the observed optical sum frequency generation (SFG)
spectra. As the hydrogen coverage decreased the peak position of the Si-H vibrational mode
shifted to the red side in the experimental SFG spectra [Hien et al, Surf. Int. Anal., 44 662 (2012)].
The calculated peak shift was quantitatively consistent with the observed redshift, indicating that the
peak shift can be attributed to dipole coupling among the Si-H oscillators. On the other hand, the
experimental peak widths at lower coverages were wider than those of the calculated peaks. This

suggests that local structural defects and/or dangling bonds modulated the vibration of the

surrounding Si-H oscillators.
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1. Introduction

One of the central processes of the chemical vapor deposition (CVD) of a high quality
amorphous Si layer (a-Si) on a Si crystal surface is hydrogen desorption from the hydrogen
terminated surface [1]. Recombinative hydrogen desorption processes from H-Si(100)3x1,
H-Si(100)2x1, H-Si(111)7x7 surfaces have been vigorously studied by several techniques, including
temperature programmed desorption (TPD) [2,3], laser-induced thermal desorption (LITD) [4-7],
scanning tunneling microscopy (STM) [8,9], optical second harmonic generation (SHG) [10-11] and
Fourier transform infrared spectroscopy (FT-IR) [12,13].

Chemical hydrogen termination on a Si surface is commonly used to protect the surface
from oxidization before the CVD process. The hydrogen layer is removed from this Si surface in
the initial process of the CVD growth. However, a number of studies report that the desorption
process from a H-Si(111)1x1 surface [17-24] is much smaller than those from Si(111)7x7 and other
surfaces. The process on the H-Si(111)1x1 surface is complicated, and still not well understood,
since the termination itself influences the structure and the chemical reactions.

Scanning tunneling microscopy (STM) of a H-Si(111)1x1 surface after electron
bombardment with an energy of 2~10 eV produced results consistent with the typical complexity of
the desorption process [17]. Namely, the bombardment induced hydrogen atomic desorption, and
then the resulting 1x1 structure changed into quasi-stable 2x1 due to the free energy of the dangling
bonds created at the vacancy site. Hence the electron-stimulated desorption (ESD) directly broke
the Si-H bonds. The direct breaking process induced the change of the electronic states and the
surface reconstruction.

Hydrogen recombinative desorption by thermal excitation from the surface should be
more complicated. Knowing how the thermal desorption proceeds on a H-Si(111) 1x1 surface is
critical for understanding the elementary steps in the CVD growth of a-Si. Renzi and his
colleagues studied the dynamics on a 1x1 surface by using low energy electron diffraction (LEED),
ultra-violet photoemission spectroscopy (UPS), and high resolution electron energy loss
spectroscopy (HREELS) [20]. Below 738 K, they found upward band bending due to the creation
of a small number of dangling bonds but they observed no structural change from 1x1. When the
temperature increased from 773 to 973 K all hydrogen was desorbed, and the surface began to
reconstruct.  Above 873 K, the band bending decreased, the 7x7 reconstruction became
predominant, and an adatom state was progressively formed. Vinh et al., who used reflection high

energy electron diffraction (RHEED) patterns, also observed no intrinsic structural change of the



surface below 823 K [18]. These studies indicate the electronic and structural change via hydrogen
desorption. However, it is still unclear how the changes of the structure and the electronic states
give feedback to the bonding states of the monohydride.

Hydrogen desorption requires the breaking of the bonds. Thus, the change of the
bonding states during the desorption process must be investigated. Si-H bonds on the Si(111)1x1
surface have big dipole moments and interact with each other via dipole coupling [22, 23]. Thus,
the bonds are influenced not only by the electronic states in the Si-H structures, but also by the
coverage and the domain structures [23]. Renzi and colleagues observed Si-H vibrational modes
by using HREELS with an energy resolution of ~100 cm™, but did not observe any modulation of
the vibrational peaks except intensity reduction.

Previously, we obtained isothermal desorption spectra of the H-Si(111)1x1 surface at
711~771 K by probing vibrationally resonant optical sum frequency generation (SFG) [24]. As a
result, redshift of the Si-H vibrational peak position and inhomogeneous broadening were observed
with the reduction of hydrogen coverage [24,25]. However, the origins of these spectral
modulations were not clarified. In this study, we analyze the modulations using a theory of dipole
coupling [26]. The results show that these modulations are caused by an increased number of

random hydrogen vacancy sites after the hydrogen desorption.

2. Experimental and Calculation

A detailed description of the experimental methodology has already been published
[24,25]. Briefly, the n-type Si(111) wafer was terminated by a well-known chemical treatment [14].
After that, the sample was immediately introduced into an ultra-high vacuum (UHV) chamber with
pressure of ~10° Pa.  The sample was heated for ~10 s several times. ~ After each heating, the SFG
spectrum of the Si surface at room temperature was taken. The polarizations of the SFG, visible
and IR light beams were s, s, and p, respectively. The peaks attributed to the Si-H stretching

vibration in the SFG spectra were fitted using the equation
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Here x"®. ... t,, and y are nonlinear susceptibility, total hyperpolarizability of the Si-H

molecules, phase difference between the resonant and non-resonant terms, the resonant frequency,
and the damping constant of the resonant mode, respectively [21].

The line width of our IR probe light was ~3 cm™, but the energy fluctuation limit in




practice has been reported as *0.15cm™ [26]. In order to find the fluctuation of the probe light

tuning in our system, we took SFG spectra of eight different samples, and determined the center

peak positions and the widths of the Si-H vibrational peaks. The standard deviations of the peak

positions and widths were 0.15 and 0.23 cm™, respectively. In addition, peak shift and width

broadening with 0.1 cm™ order were clearly measured in our previous report [24]. Thus, we

suggest that in practice, the fluctuation limit of our system was at least better than 0.3 cm™.

A simulation of the dipole-dipole interaction using coherent potential approximation

(CPA) was developed by Persson and Ryberg [27]. The calculation of nonlinear susceptibility

based on the CPA method has been reported by Backus [28], Backus and Bonn[29], and Cho, Hess,

and Bonn [30]. The calculated susceptibility well described an experimental SFG spectrum. We

calculated the nonlinear susceptibility using their method; the Appendix shows how we chose the

detailed parameters for simulating the H-Si(111)1x1 surface.

3. Results and discussion
We calculated the 6-y, relation of the hydrogenated Si surface and the result is shown as
the solid curve in Fig. 1. The coverage £ of the hydrogen atoms on the H-Si(111) surface could be

approximately expressed as [21, 24]

g o -'.,"IE o X . (2)

However, the relation in Eq. (2) does not hold, especially in the presence of strong dipole coupling
between oscillators [28-31]. The value of y, is not proportional to the coverage 6 in a precise sense.
We use this relation in Fig. 1 for determining the coverage in this study.

Figure 2 shows an experimental isothermal desorption spectrum of the H-Si(111)1x1
surface at 722 K. The detailed description of the spectrum was reported in Ref. [24]. The plots
show the coverage and the error bars are standard deviations when we fit the SFG signals to Eq. (1).

The solid curve represents the result of fitting by second-order hydrogen desorption as

A @3)
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Eq. (3) yields & = P Here t is the heating time and k represents the desorption rate. The

reduction of the coverage is well-described as second-order desorption, and thus at least the
desorption process is consistent with that on the Si(111)7x7 surface [4,7,10]. In the second-order

process, one hydrogen atom leaves a Si atom and diffuses toward another Si-H site where they



combine to form a dihydride (Si-Hy). For a while, the dihydride state sustains. Finally the
hydrogen atoms go beyond the highest potential barrier in the reaction coordinate, associate
themselves with each other and desorb from the Si atom [32]. In this way, the hydrogen
recombinative desorption occurs at a single Si atom. The vacancy sites are thus created randomly
on the Si surface in a microscopic scale. The remaining Si-H bonds on the surface do not have
translational invariance due to the random vacancy sites, and theoretically their vibration should be
reproducible by the CPA method.

In order to study the modulation of the polarizability, we investigated the change of the
Si-H vibrational peak shapes in the SFG spectra. Figures 3 (a) and (b) show experimental and
theoretical SFG spectra as a function of the coverage. While the SFG spectra in Fig. 3(a) are in the
region from 2070 to 2100 cm™, the SFG spectra in Fig. 3(b) were drawn in the region from 2080 to
2085 cm™.  In both panels, peaks are seen at 2083.7 cm™ at 1ML, and then the peak intensities
weaken at lower hydrogen coverages. The peak positions of the spectra are shifted toward the
lower frequency side. The experimental peaks broadened significantly at coverages below 0.85
ML, while the theoretical peaks maintained their sharpness. A peak shift and inhomogeneous
broadening were observed in the SFG spectra at temperatures from 711 to 771 K [24]. We note that
the SFG measurements were performed at room temperature with sufficient cooling down after the
heating, and thus these modulations are not due to coupling with phonons [33].

Figures 4 (a) and (b) show the peak positions and the widths of the SFG spectra in Fig. 3
as a function of coverage. The points represent experimental results, while solid curves show

theoretical ones. The full width of half maximum (FWHM) of the experimental peak width is 3.2

cm® at 1 ML, as shown in Fig. 4(b). The incident line width was incorporated in the theoretical

width in Fig. 4(b) using the Voigt function as:
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Here G(w) is a Gaussian function with the full width at half maximum of 3 cm™. The inset in Fig.
4(b) shows the calculated peak width with a magnified vertical scale.

In Fig. 4(a), the red-shifting theoretical curve is quantitatively consistent with the
experimental peak positions.  This indicates that the peak shift is attributed to the modulation of the
polarizability of the singular Si-H oscillators via dipole coupling with the increase of vacancy sites.

On the other hand, in Fig. 4(b), the experimental peak widths are far wider than the
theoretical ones. In the inset of Fig. 4(b), the calculated width is seen to increase only by 0.001

cm™ order as a function of the hydrogen deficiency via dipole coupling. The calculated width is



~3.25cm™ at 0.45 ML. However, the experimental width broadenings at coverages below 0.79 ML
are far wider than the calculated ones. As an example, the experimental width was ~8 cm™ at 0.48
ML.

We would like to note that the width broadening of ~1 cm™ in the IR spectra of the H and
D terminated Si(111) surface was mainly due to the dipole couplings of Si-H and Si-D molecules
[22]. The experimental broadening of ~8cm™ observed in this study is much larger than ~1 cm™,
and thus, the observed broadening at low coverages in Fig. 3(a) cannot be explained by the dipole
coupling effect.

As the first step toward understanding the origin of the width broadening, we needed to
ascertain whether the broadening should be classified as homogeneous or inhomogeneous. We
fitted the experimental vibrational peaks by Gaussian and Lorentzian functions, and then evaluated
the Pearson’s correlation coefficient r among the experimental and fitted curves [34]. At 1 ML, the
coefficient r for the case of a Gaussian curve was 0.980, while the r for the case of a Lorentzian
curve was 0.993. Thus, the experimental peak at 1 ML was judged to have pure homogeneous
broadening. With reduction of coverage, the coefficient r for the case of Gaussian curves gradually
increased, becoming ~0.99 at 0.58 ML. This value is the same as the r for the case of Lorentzian
curves. This indicates that the spectra contained inhomogeneous broadenings at coverages lower
than 0.58 ML.

According to Chabal et al., there are three candidate origins of the inhomogeneous
broadening of hydrogen vibration on a Si surface [23].

(a) Point defects such as foreign atoms and local structural defects in the microscopic scale.

(b) Mesoscopic defects due to finite size domains and the boundary

(c) Extrinsic macroscopic inhomogeneities such as spatial and/or temporal variations of temperature,
coverage, distribution, domain size, and density of point defects.

Considering these candidates in reverse order, the inhomogeneous broadening observed in this study

is not due to macroscopic inhomogeneities. With ~5 um resolution, we observed SFG microscopic

images of an area 200X 200 um’ on the Si(111) surface at several surface temperatures [24]. The

SFG intensity decreased at higher temperatures but showed isotropic spatial distribution at and

below 728 K.  This result indicates that candidate (c) is not feasible as the origin of the broadening.

Next, we discuss candidate (b). According to the simulation by Chabal et al., the
vibrational peak of Si-H moves with dipole coupling between domains toward the red side with
decrease of the domain size [23]. Due to the coupling between the domains, a Si-H peak on the

H-Si(111) surface can have asymmetric inhomogeneous broadening. However, this



inhomogeneous width was 0.07 cm™ at 70 K on the surface observed by ATR-FTIR measurement
with 0.04 cm™ resolution [22], and it was far smaller than the width ~8 cm™ at 0.48 ML in this study.
In fact, no modulation of the Si-H vibrational mode caused by the change of domain size was
observed by Luo et al. [22]. Thus, candidate (b) also can be excluded as the origin of the
broadening.

The only remaining candidate for the origin of the inhomogeneous broadening is point
defects, as categorized in (a). Since the 1x1 structure remains at least below 738 K, only local
structural defects can influence the Si-H vibration. Point defects such as oxidization due to
adsorption of impurities are not applicable here because the sample was kept in a high vacuum of
10® Pa. Ye and his colleagues used SFG to study laser-induced oxidization of the Si surface in
ambient conditions [21]. With an increase of laser irradiation time, the nonlinear susceptibility y,
of the SFG signal reduced, but neither peak shift nor width broadening was observed in the spectra.
Thus, oxidization due to impurities adsorption does not modify the peak shape, and local structural
defects at the vacancy sites remain as the origin of the broadening.

In their discussion of candidate origins, Chabal et al. [23] note that point defects could be

the main origin of the experimental inhomogeneity. In addition, we point out that the dangling

bonds created after hydrogen desorption may influence the electronic states and orientation of

neighboring Si-H bonds. The frequency of a Si-H oscillator could be changed with an increase of

neighboring dangling bonds. Hence, we suggest that while oxidization on the surface is not

adaptable, the point defects and/or the dangling bonds are feasible candidates as origins of the

inhomogeneity. In order to understand the inhomogeneity more clearly, we should use a quantum

mechanical simulation to analyze the frequency change of a Si-H oscillator as a function of the

number of neighboring dangling bonds.  This will be the subject of a future study:.

The experimental inhomogeneity indicates that many kinds of Si-H oscillators emerged

on the surface at lower coverages. On the other hand, the peak position shift observed by the

experiment is in good agreement with our calculations. Thus, we suqggest that the many kinds of

oscillators corresponding to the experimental inhomogeneity could be approximately treated as a

single oscillator modeled by our calculation, so far as their mean susceptibility is concerned.

4. Conclusions
In this study, we have calculated modulation of the Si-H vibrational mode on a Si(111)

1x1 surface by a partial absence of Si-H bonds, and made a comparison between modulations in the



experimental and theoretical SFG spectra of the surface. A theoretical peak shift reproduced the
experiment quantitatively, and thus the peak shift was due to the modulation of average
polarizability of the Si-H oscillators via dipole coupling. On the other hand, inhomogeneous
broadenings of the theoretical peaks in the SFG spectra at lower coverages were much larger than

those of the calculated peaks.

5. Appendix

The derivation of nonlinear susceptibility y by a simulation of dipole-dipole interaction

has already been reported elsewhere [28-30]. Thus, here we only explain how we chose parameters

for the calculation of a H-Si(111)1x1 surface.

When an outer field E; irradiates the sample, the dipole moment of an oscillator at x, on
a surface is written as

pi = al(E; — X2 U;p;), (A1)
where U;;p; is the electric field at %; from a dipole p; at % Ujis written as

Ui=—"s+... (A2)
J &

|%;
If the system has translational invariance, the Fourier transformed dipole moment p, and the total

polarizability «, are

Py = #m E, =ag (4. w)E,. (A3)
The U(d) is written as
U(g) = X; Usyexp(—ig - (%; — ;). (A4)

Here 4 is a vector in the momentum space [26].

If the translational invariance of the system is broken due to the coexistence of isotopes
or the existence of vacancy sites, it is difficult to obtain the polarizability analytically. Thus,
Persson and Ryberg proposed a simplified method using coherent potential approximation (CPA)
[27]. In CPA, the ensemble of all possible configurations is represented by a system based on an
average molecule at each site.

According to CPA theory, the ensemble average polarizability o on a surface can be



calculated by the self-consistent equation [27-30]

Z Cully = (A5)
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Here a, is the polarizability of an oscillator p, and ¢, represents the coverage of the oscillator 1 on a
solid surface. When we calculated the average polarizability <, we assumed that oscillators with

only one singular Si-H vibrational mode are on the H-Si(111) surface. The Q value [27-30] is
_ 1 2 i (q)
Q= a--BZ d q1+aﬁ(q"]. (A6)
where, A* is the area of the 1st Brillouin zone.  In order to calculate the Q value, we
approximated (@) as the quadratic function

U@ = Uol1+42+B(2)] (A7)

with the direction q[10]=q[11] in case of the Si surface. The g is the radius of a circular area Tgq3,

and the latter is the same as the area A* = [%T]‘ Here a is the distance among the Si-H oscillators,

and itis 3.84 A [23]. We used eq. (A4) to calculate the values of ] {Ef} from the distance. The

results are shown as solid dots in Fig. 5. The vertical axis is the strength of J(g), and the

horizontal axis represents the wavenumber g along [11] direction. By fitting ] {Ef} with eq. (A7),

we obtained Uy=0.17 A® A=-3.04, and B=1.56. We note that we calculated the (7} while

changing the height of the image plane, but there were few differences in E{t’f}. Thus, we neglect

dipoles on the image plane in this calculation.

Then, we calculated the integral Q after having (g [27-30].

The polarizability w, in Eq. (6) is written as

oy

=a, + (A8)
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Here «. is the electronic polarizability, c, is the vibrational polarizability, ¢, is the resonance

frequency and y is the damping constant. Chabal et al. estimated the value of @, as 5.7 A*®[23].

The dynamic dipole moment was also measured as 0.1D [13], and thus ¢, should be 0.043 A [35].

We chose a theoretical peak width of 0.1 cm™.  The experimental peak width is

observed as 3.2 cm™ at 1ML, but this is an extrinsic width due to our optical system, especially our

OPG/DFG source. The intrinsic width of the Si-H bond is 0.9 cm™ at room temperature [14].  The

width is broadened due to the coupling of the Si-H stretching vibration with a bending mode and an

optical phonon [33]. In this calculation, we treat only one Si-H oscillator, and thus we should

consider only lifetime broadening. The observed lifetime broadening of the Si-H vibrational peak

width is less than 0.005cm™ [23].  However, this width is much smaller than the limitation of

wavenumber step size in our calculation. We therefore set the width as 0.1cm™ in this calculation.

We set another adjustable parameter ¢, as 2079.8 cm™.  After obtaining the average polarizability

o by calculating Egs. (A5) and (A6), we got the total polarizability ¢y by inserting a into Eq. (A3).
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Figure Captions

Fig. 1. Nonlinear susceptibility as a function of coverage on a Si(111)1 X1 surface calculated by

coherent potential approximation (CPA) method. The horizontal axis represents coverage, and the

vertical one shows the absolute value of the nonlinear susceptibility y. In this calculation, we set

the wavenumber of an isolated Si-H oscillator as 2079.8 cm™, and the peak width as 0.1 cm™.  We

also set the distance between Si-H oscillators as 3.84 A, and the permanent and dynamic dipoles as

5.7 and 0.043 A3, respectively.  We simulated the nonlinear susceptibility using the calculation

method reported by Backus and Bonn [29].

Fig. 2. An isothermal desorption spectrum from a Si(111)1x1 surface at 722 K. The horizontal

axis shows time and the vertical represents hydrogen coverage on the Si surface. We fitted the SFG

spectra_at each time by eq. (1), obtained the nonlinear susceptibility 7y, and then calculated the

coverage using the y-coverage relation shown in Fig.1. The solid dots are experimental results, and

the error bars represent the standard deviation. The solid curve was fitted to the experiment by eq.

3).

Fig. 3. (a) Experimental and (b) calculated SFG spectra as a function of the coverage. The

horizontal axis represents the wavenumber of the IR probe light and the vertical axis shows the SFG

intensity. Hydrogen coverage is denoted on the left side of each SFG spectrum. The solid dots

represent the observed SFG intensity and the curve represents the fitting by eq. (1). The SFG

spectra were observed at room temperature after heating the sample to 722K. The polarizations of

SFG, visible, and IR light were s, s, and p, respectively. The wavelength of the visible light was

532.1nm. The solid curves shown in (b) represent the SFG intensity calculated by the CPA method.

Fig. 4. (a) Peak position and (b) peak width of Si-H stretching vibration as a function of coverage.

The horizontal axis shows the coverage obtained by fitting with eq. (1). Solid dots shown in (a)

and (b) are the observed peak positions and widths. The error bars are standard deviations. _Solid

curves shown in (a) and (b) represent theoretical peak width and position, respectively. In (b), we

show the width of a Voigt function convoluting intrinsic theoretical width and extrinsic width ~3cm™

corresponding to the optical system. The inset shows theoretical peak width with the magnified

13



vertical scale of Fig. 4(b).

Fig. 5. U(qg) of the dipole field for [11] direction in the two-dimensional Brillouin-zone on a

Si(111) surface. The horizontal axis represents the wavenumber q along [11] direction and the

vertical axis shows the strength of Fourier transformed () We obtained U(&)by calculating eq.

(A4) from the distance between 3.84 A of the Si-H oscillators. The results are shown as solid dots.

By fitting them with eq. (A7), we obtained the parameters U=0.17 A, A=-3.04, and B=1.56.
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