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Abstract: The surface structure and properties are different from those of the bulk, depending on the substrate materials
and deposition condition, and playing an important role in precise optical components. The conventional spectroscopic
methods to monitor the surface structure are restricted only in several layers of molecules. It is known that the penetration
depth of the incident light increases with its wavelength and decreases with the angle of incidence. Thus infrared spectros-
copy provides a powerful means for determination of surface structure and the depth profile up to micrometers. By record-
ing the reflection spectra at different angles of incidence, the surface structure and its depth profile can be monitored suc-
cessively. Further, the incident field has the subcomponents parallel and perpendicular to the surface, which excite the
transverse and longitudinal optic modes, respectively. Change of the polarization direction of the incident light provides a
practical function to study anisotropic property of the surface and the interaction between the transverse and longitudinal
optic modes. In this work, infrared spectrophotometer was applied to investigate the depth profile in microstructure of sil-
ica glass. Combining with the glass fiber system, this technique can be used for in-situ control of the deposition process.
In comparing with ellipsometry, this method reveals both structural and constitutional information.
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ished glass surface, the reflected electric field
1 Introduction component in the plane of incidence does never
disappear completely, because of the surface lay-

er structurel .

The surface structure and physical proper-
ties of condensed mater and thin films are differ-
ent from those of bulk. The gradient in micro-
structure can extend to micrometer depth, de-
pending on the preparation processes and chemi-

02 The formation of surface layers is

cal species
due to the corrosion reactions, diffusions, ion
implantation and film deposition, exhibiting the
depth profile in both microstructure and chemi-
cal composition. It has long been observed that

at the Brewster angle of incidence on the pol-
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This plays an important role in
application of optical components composed of
glasses and in micro-lithography. The conven-
tional analytical techniques (XPS, SIMS, nucle-
ar techniques etc. ) for surface structure are re-
stricted only in several layers of molecules. On
the other hand, almost all substances have the
reflection bands in the infrared frequency region.
The resonance frequency (w”=k/m, k. the force
constant, m: the reduced mass) in the infrared

range depends on the chemical species and mo-
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lecular structure. Infrared reflection spectrosco-
py at near normal incidence thus provides the
powerful means to probe the surface structure,
depth profile, and gradient in chemical composi-
tion up to micrometer range-*!. The main ad-
vantages of this method are due to the fact of
rapid, inexpensive and nondestructive perform-
ance, without vacuum system and even in-situ
condition. Further, the incident electric field has
the subcomponents parallel and perpendicular to
the surface, which excite the transverse (TO)
and longitudinal (LLO) optic modes, respective-
ly. The resonance frequencies of the TO modes
correspond to the peak positions in e, = Im(e),
where ¢ (¢ =¢, +ie,) is the complex dielectric
function, while peaks in — Im (1/¢) reveal the
resonance [requencies of the LO modest™ . In
terms of the Kramers-Kronig analysis of near-
normal infrared reflection spectrum, TO and LO
splitting frequencies can be evaluated™ . Change
of the polarization direction of the incident light
therefore provides a practical function to study
anisotropic property of the surface and the inter-
action between the TO and the LO modes.

Silica glass is an extensively investigated
object, because of its scientific and technological
importance. It has been observed that the distri-
bution of Si-O-Si angles varies from the surface
to the inside of the glass, because of different

[12.91 " The vibration ampli-

fictive temperatures
tude decreases with increasing penetration depth
of the incident waves. On the other hand, the
main TO (near 1 086 ecm ') and the LO (near
1 265 cm™ ') modes of silica glass are associated
with the asymmetric Si-O-Si vibrations, and the
penetration depth decreases with increasing an-

L76:81 - The TO mode is mainly as-

gle of incidence
sociated with the vibrations parallel to the sam-
ple surface, while the LO mode is related to the
vibrations perpendicular to the sample surface.
Study of the incident angle-dependent infrared
reflection spectra can thus provide a useful

method to probe the surface structure of glasses.

In this work, we report the application of infra-
red spectrophotometer to study the surface

structure and its depth profile of silica glass.

2 Principle of the measurements

The physical basis for determination of the
surface structure and the depth profile of glasses
is due to the facts that the shifts in the infrared
reflection peaks are associated with the change in
the chemical composition and surface structure,
and the penetration depth decreases with in-
creasing angle of incidence. In the absorptive in-
frared range, the intensity of the incident light

1

will drop by a factor e ' after the wave has prop-

agated a distance d, =2 (4me) ', known as the

ht'1" . where A is the wave-

penetration dept
length of the incident light in vacuum, and « is
the extinction coefficient. The penetration depth
d, is therefore the function of the wavelength.
For anisotropic materials, the two eigenmodes
(ordinary wave; o-ray, and extraordinary wave;
e-ray) have different extinction coefficients and
thus different penetration depths for a given
wavelength. Note that at oblique incidence, the
penetration depth may be approximately ex-
pressed by d,cos(p), here g denotes the complex

1] - as schematically shown in

angle of refraction
Fig. 1. The penetration depth is found to de-
crease with increasing angle of refraction (hence
with the angle of incidence a; sin(a) =n.sin(p) ,
n.: the complex refractive index, n, =n-+ix)".
This feature provides the possibility to monitor
the surface structure and its depth profile by re-
cording the reflection spectra at different angles
of incidence. In the case that the thickness of the
sample is much larger than the penetration depth
of the incident light, the reflection spectrum re-
veals only the surface layer information, namely
the average spectrum over the distance of the
penetration depth approximately. However, if

the thickness of a thin film is much smaller than

the penetration depth, the reflection spectrum
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carries information from the film and the sub-

stratel!,
sin(a)=(n+ik)sin(f)
Re[d,(o))-A/(4m)[ 1-sin’(a)/(m+1)] >
o
W~ /,cos(B)
dy=7/(476) B K
Fig. 1 Schematic depiction of the dependence of

penetration depth on the angle of incidence
a. The angle of refraction is a complex
quantity in the absorptive frequency region.
The penetration depth decreases with in-

creasing angle of incidence.

Infrared radiation is normally absorbed only
when the vibration mode has a change in dipole
moment with a component perpendicular to the
direction of propagation. In the case of transmis-
sion measurement, the density of state (DOS) of
the LO mode is very small, because the propaga-
tion direction of the transmitted light is parallel
to that of the incident wave, and the LO mode is
normally infrared inactive under such a condi-
tion"!. For oblique incidence, however, the
densities of state of the excited LO and the TO
modes depend on the polarization state of the in-
cident light, as schematically shown in Fig. 2.
The electric field component (E,) perpendicular
to the plane of incidence only interacts with vi-
brations whose change in dipole moment has a
component parallel to the sample surface, and
thus only excites the TO modes, whereas the
component (E,) parallel to the plane of inci-
dence has subcomponents of electric field vectors
parallel and perpendicular to the sample surface,
which can excite both TO and LO modes. Note
that the direction of vector E, is in general not
parallel to the direction of vibrations of excited
TO modes in anisotropic crystals'®. Change of
the polarization direction of the incident light

therefore provides a practical function to study

anisotropic property of the surface and the inter-

action between the TO and the LO modes.

EEEERRERERE

Fig. 2 Schematic depiction of vibrations of excited
LO and the TO modes at oblique incidence.
The electric field component (E,) perpendic-
ular to the plane of incidence only interacts
with vibrations whose change in dipole mo-
ment has a component parallel to the sample
surface, and thus only excites the TO
modes, whereas the component (E,) paral-
lel to the plane of incidence has subcompo-
nents of electric field vectors parallel and
perpendicular to the sample surface, which
can excite both TO and LO modes. Note
that the direction of vector E, is in general
not parallel to the direction of vibrations of

excited TO modes in anisotropic crystals.

3 Results

Fig. 3 shows the reflection spectra of silica
glass (Suprasil W2, thickness 0. 51 mm) at dif-
ferent angles of incidence, recorded by incidence
of randomly polarized light (Perkin Elmer,
Spectrum GX).

work were obtained by averaging 100 scans of

All spectra reported in this

measurements. The resolution was selected to

be 8 em !,

The thickness of the sample is much
larger than the penetration depth of the incident
light in this case. The spectra thus represent the
average results of the surface layers. Near nor-
mal incidence, it is demonstrated that the inci-
dent field excites mainly the TO mode in the vic-

inity of 1 122 cm™'.

The frequency wro of the
main TO mode is found to be independent of the
angle of incidence. However, the ratio R, o/Ro

(R,y: the reflectance of the main LO mode;
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Ryo: the reflectance of the main TO mode), and
the frequency wyo of the LO mode near 1 265
cm ' are shown to increase with increasing angle
of incidence, as the results shown in Fig. 4. At
large angles of incidence, the electric field ex-

cites both LO and TO modes.
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Fig. 3  Reflection spectra of silica glass (Suprasil
W, , thickness 0. 51 mm) at different angles
of incidence, recorded by incidence of ran-
domly polarized light. The reflectance and
resonance frequency of the LO mode are

found to increase with increasing angle of in-

cidence.
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Fig.4 Dependence of wio (a) and Rio/Rro (b) on
the angle of incidence, evaluated by incidence

of randomly polarized light.

The dependence of the reflection spectra on
the azimuth angle of polarization direction of the
incident light is shown in Fig. 5. The angle of
incidence is set to be at 60°, and the azimuth an-
gle of the polarization direction of the incident
light ranges from 0°(the incident s-wave) to 90°
(the incident p-wave). It is demonstrated that
the reflection spectra of silica glass depend not
only on the angle of incidence, but also on the
polarization direction of the incident light. The
frequency wi, in the vicinity of 1 122 cm™ ' re-
mains a constant under different conditions.
However the ratio R y/Rto, and the frequency
wio near 1 265 em ™! is found to be the function
of the angle of incidence and the polarization di-
rection of the incident light, as the results
shown in Fig. 6, and 7. A correlated effect of
the polarization direction and the angle of inci-
dence on the frequency w; of the LO mode and
on the ratio of R;,/Rto exhibit two opposite
tendencies on two sides of a critical angle of inci-
dence near 45°;: below this critical angle both w
and R,,/Rto increase with increasing azimuth
angle of the polarizer, and above this angle they
are found to decrease with increasing azimuth
angle of the polarizer. Both w;o and R, /R re-
main unchanged at different directions of polari-
zation of the incident light at the critical angle of
incidence. Note the facts that the incident elec-
tric field component perpendicular to the glass
surface shows the same variation tendency with
the angle of incidence as that of w., and R,/
Ry, and the vibration amplitude of the surface
bands is much larger than that of the bulk.
Therefore we can draw a conclusion from these
observations that vibrations of the LO mode are
perpendicular to the surface of the glass, in-
duced by electric field component in normal di-
rection of the surface. These observations also
indicate that there exist the surface layer struc-

ture and the depth profile in silica glass.
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vibrating in normal direction, and the excited
TO mode vibrates perpendicular to the normal
direction.

The frequencies of the principal infrared ab-
sorption bands reflect the modes of vibration of
the amorphous network and are consequently di-
rectly related to the Si-O-Si bonding force con-
stants on a local scale in silica glass. Long-range
correlated vibrations are likely to be present only

]

in a limited frequency range'’*. The frequency

wro of the main TO mode near 1 086 cm ™' is giv-

en by

maw’ =2 f1sin? <g)+2fzcosz (g) )

TO

where f) is the central force constant (~600 N/
m), f, is the non-central force constant (~100
N/m), m is the oxygen mass, and 0 is the mean
Si-O-Si bridging bond angle.
crystalline state, the Si-O-Si bridging bond angle

[16-17]
b

Differing from

in silica glass distributes in a wide range
with its mean value of ~144°, According to the
Lyddane-Sachs-Teller (LST) relation"'®

2
wWLO &,

2 = ’ (3)
wWTO €oo

where ¢, and e.. denote the static and optical die-
lectric constants, respectively, the ratio of wi o/
wro 1s thus a constant (~1 265/1 086=1. 165,
for silica glass) under different conditions.
Hence the change in w;o and in wro is associated
with variation in the mean Si-O-Si bridging bond
angle 0.

It is demonstrated that the frequency of the
TO mode remains a constant at different azimuth
angles of polarization of the incident light, indi-
cating the molecular structure on the surface is i-
sotropic, because the excited TO mode vibrates
in the directions parallel to the glass surface.

Therefore, TO mode reveals no information con-

cerning the surface layer structure and its depth
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Fig. 9  Dependence of the mean Si-O-Si bridging
bond angle @ in normal direction on the an-
gle of incidence.
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Fig. 10 Dependence of the mean density (a) and the
mean refractive index (at A=589. 3 nm) (b)
of the layer structure in normal direction on

the angle of incidence.

profile. However, the LO mode vibrates in the
direction perpendicular to the glass surface.
Variation in the frequency w;pand hence in wro in
the direction perpendicular to the glass surface
indicates the change in the mean Si-O-Si bridging
bond angle in normal direction. In terms of the
evaluated values of w;, shown in Fig. 4, depend-
ence of the mean Si-O-Si bridging bond angle § in

normal direction on the angle of incidence can be



No. 4 C. Z. Tan;Determination of surface structure and the depth profiles--+-+ 419

calculated by Eq. (2), which is shown in Fig. 9.
The mean Si-O-Si bond angle in normal direction
varies from ~140° to ~180°, as the angle of in-
cidence changes from ~0° to 90°, showing the
depth profile in microstructure of silica glass. In
terms of the evaluated Griineisen constant y (¥
= —dln(wro) /dIn(V) =dIn(wro) /dIn(e) s, V:the
volume, p: the density) for the main TO
mode 7 from permanently densified silica glas-
ses (y=—0.19), we can even quantitatively es-
timate the mean density of the layer structure in
normal direction by incident angle-dependent wy
(and hence wro) » as the result shown in Fig. 10
(a). It is demonstrated that the density decrea-
ses with increasing angle of incidence, indicating
that the surface layer is the less dense structure.
From the relationship between the refractive in-
dex and density (n=1. 037 +0. 191 p, at A =

0.5893 um) of densified silica glasses"

22-
21, we

can further calculate the mean refractive index of
the surface layer structure at different angles of
incidence, as the result shown in Fig. 10 (b).
The monitored surface layer structure may play
an important role in application of precise optical
components composed of silica glass and in mi-
cro-lithography. In terms of the glass fiber sys-
tem, we may apply the infrared spectrophotome-

ter for in-situ monitoring deposition condition of

5 Conclusions

In terms of the infrared reflection measure-
ments, TO-LO splitting was monitored in silica
glass at oblique incidence. The resonance fre-
quency wro of the main LO mode was found to
depend on the angle of incidence and polarization
direction of the polarized incident light, whereas
the resonance frequency wro of the main TO
mode remains a constant under different condi-
tions. The excited TO mode vibrates in the di-
rections parallel to the glass surface, and the LO
mode vibrates in the direction perpendicular to
the glass surface, exited by the electric field
component in normal direction. Variation in the
frequency wio and hence in wro in the direction
perpendicular to glass surface indicates the
change in the mean Si-O-Si bridging bond angle
in this direction, the depth profile in microstruc-
ture of silica glass. In terms of the evaluated
shift in w;, with the angle of incidence and the
mode Griineisen constant, the density of the sur-
face layer was calculated, indicating the less
dense structure on the surface.
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