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Surface-phonon polariton on gratings of GaP thin slabs: Far-infrared reflection
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Surface-phonon polaritons on the gratings of GaP thin slabs are observed by far-infrared-
reflectivity measurement without using an attenuated-total-reflection prism. The reflectivity spectra
show a small dip at the frequency of the surface-phonon polariton. The experimental results are an-
alyzed by extending the improved first-order perturbation theory of Yamashita and Tsuji [J. Phys.
Soc. Jpn. 52, 2264 (1983)] and are interpreted by the resonance effect between the surface-phonon
polariton and the photon outside the sample. A small hump was observed in the reflectivity spectra
near the frequency of the transverse-optical phonon with the formation of the grating. This was a
new feature and interpreted also by the mixing of the photon with the surface-phonon polariton on
the grating, as was in the case of the dip. It is not due to the resonance effect but is due to the back-
scattering process via the creation of the surface-phonon polariton, which is associated with the
divergent nature of the dielectric function. All of the features were consistent with the perturbation
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theory.
I. INTRODUCTION

The surface-phonon polariton is a coupled mode of the
electromagnetic wave (photon) and an infrared-active op-
tical phonon localized near the surface. On a flat inter-
face between the air and a dielectric material, it has a
dispersion relation in the region w <ck,, where o is the
frequency, c is the light velocity, and k is the wave vec-
tor parallel to the surface. It cannot have the corre-
sponding photon mode outside the sample and is called
the nonradiative mode. Usually, we can observe a nonra-
diative mode using the attenuated-total-reflection (ATR)
method. Through the ATR prism with a large refractive
index, the photon is given a wave vector k| parallel to the
surface large enough to be coupled to the nonradiative
mode. Another method to observe a nonradiative mode
is to rule a periodic structure (grating) on the surface.
The nonradiative mode is given a k; small enough
(o <ckj) to be coupled to the photon outside the sample
by the grating diffraction, i.e., the dispersion relation of
the surface-phonon polariton is “folded” in the radiative
region by the periodicity of the grating.

The surface polaritons are quite sensitive to the condi-
tions of the surface. The surface roughness is one of the
most important surface conditions. The ruled grating is a
controlled surface roughness and a simple model of the
surface roughness. In the present experiment, we shall
show that the surface-phonon polaritons on the grating
can be observed by the conventional far-infrared-
reflectivity measurements without an ATR prism. The
experimental results on the grating surface without the
ATR prism can be more easily analyzed than those on
the grating surface with the ATR prism. We shall pro-
vide the experimental results that the grating effect can
be studied without the ATR prism for the surface-
phonon polariton.
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Although the surface-plasmon polariton on a grating is
well investigated, little attention has been paid to the ex-
perimental and theoretical studies of the surface-phonon
polariton on a periodic structure. The surface-phonon
polariton has been observed only in periodically twinning
planes of ZnSe thin film by means of conventional far-
infrared-reflectivity (FIR) measurement.! In this paper
we study experimentally the conventional FIR reflectivity
of surface-phonon polariton on GaP grating and compare
the experimental result with a theoretical reflectivity. A
perturbation theory for the surface-plasmon polariton in
a metal surface was adapted to the case of the surface-
phonon polariton.

We also investigated Raman scattering of the surface-
phonon polariton on the grating surface and shall report
its results separately. A part of the present work has
been reported briefly.?

II. EXPERIMENTAL DETAILS
A. Sample preparation

The grating structure is produced on (111) surface
(phosphorus face) of single-crystal GaP using a photol-
ithographic technique described as follows. (1) A flat sur-
face of GaP is prepared by mechanical polishing with di-
amond powder of 0.5 um in diameter. (2) A thin film
(thickness of about 0.3 um) of SiO, is made using
chemical-vapor-deposition method on the GaP surface.
(3) The grating pattern is formed on the SiO, film by
means of the photolithographic method. (4) GaP under
the opening of the SiO, mask is etched by an aqueous
solution of 0.5 mol KOH+1 mol K;Fe(CN)g per liter.
The grating pattern is formed on the GaP surface. (5) Fi-
nally, the SiO, mask is removed by an aqueous solution of
ammonium fluoride.

The cross section of the grating was observed using a
scanning electron microscope and was confirmed to have
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FIG. 1. Schematic structure of the grating.

an approximately square-wave profile as illustrated in
Fig. 1. The average period of the grating b was 16.00
pm, and the average width of the groove was 7.86 um
which is slightly narrower than b /2. The groove depths
h were about 0.2, 0.8, and 1.2 um. The direction of the
groove lines is [112]. The thickness of the samples was
0.1 mm.
The grating profile is described by the function

z=£&(y), ’

(3+AM)h for —L(L—A)b <y <L(L—A)b
EN= | —(1—a)h for H(1—A)<y<i(3+A),
Ey +b)=Ey),

where A=0.009. Expanding it by Fourier series, we ob-
tain

2.1)

Ey)= 3 &, explilgy), g=2m/b, (2.2)
I=—o
where
h . .
— sinwl({—A) for [#0
glg = 771 (2 3)
0 for/=0. :
Fourier coefficients have the property
Eig=E g > 2.4)

which comes from the fact that our grating has mirror
symmetry with respect to the x-z plane (or y =nb/2
planes, where n is an integer). The opposite surface of
the sample was flat.

B. FIR reflection

The reflectivity measurement was carried out in the
FIR region (from 200 cm ™! to 600 cm™!) by a Fourier-
transform FIR spectrometer (Beckman IR-720M) at
room temperature. The incident and reflected angles @
were 10£10°. The incident and reflected beams were un-
polarized. The instrumental width was about 2.5 cm™!.
An aluminum slab with optical flat surface was used as a
reference mirror. The intensity of the interferrogram was
digitally stored and was transformed by a fast-Fourier-
transform program of a microcomputer. The direction of
the incident light is perpendicular to the groove lines of
the grating. The excitation of the surface polariton
occurs only for the polarization of the light perpendicular
to the grooves,® because the surface-phonon polariton is a
p-polarized wave. The diffracted angle 8 of the mth (m is
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an integer) order diffracted light is given by

sinB=mA/b +sinf , (2.5)

where A is the wavelength of the incident FIR light. The
value of A corresponding to the frequency of the surface-
phonon polariton is about 25 pum in this experiment.
Then we are led to the following condition:

[sinB|>1 for m=0 . (2.6)

Equation (2.6) shows that there exists no diffracted light
in the present condition. Under the condition of no
diffracted light, we can efficiently observe the surface-
phonon polariton without losing the intensity of the in-
cident light to the diffracted light.

III. EXPERIMENTAL RESULTS

A reflectivity spectrum R, of the grating surface of
GaP is shown in Fig. 2(a). The thickness of the sample is
about 0.1 mm, and the groove depth of the grating is 1.2
pum. The oscillations outside the reststrahlen band is the
Fabry-Perot interference pattern of the GaP slab. In the
reststrahlen band we see a small dip. For reference spec-
trum we measure the reflectivity R, of the flat sample
[see Fig. 2(b)]. The thickness of the sample was 0.5 mm
so that the interference pattern could not be observed.
To see the change of the reflectivity due to the grating we
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FIG. 2. The FIR refiectivity of the grating on the GaP sur-
face (a), the flat surface (b), and the difference (c). The
thicknesses of the samples with the grating and with the flat sur-
face are 0.1 and 0.5 mm, respectively. The interference pattern
is observed for the sample with the grating and is caused by the
reflected FIR light on the front and back surfaces.
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FIG. 3. The grating-groove-depth dependence of the FIR
spectra obtained by subtracting the reflectivity of the flat sur-
face from that of the grating on the GaP surface. Thick solid
curve, experiment; and thin solid curve, calculation. The
groove depth is indicated in each figure in um.

show the difference R, —R between the reflectivities of
the grating surface and the flat surface in Fig. 2(c). The
difference spectrum clearly has a dip at about 396 cm™ !,
which will be shown to come from the resonance between
the photon outside the samiple and the surface-phonon
polariton on the grating. On the other hand, the most
unexpected feature is the increase of the reflectivity near
the frequency of the transverse-optical phonon wyo. The
increase has never been observed before and will be also
explained for the first time in this paper by the mixing of
the photon with the surface-phonon polariton on the
grating.

In Fig. 3 we show the dependence of the difference
spectra on the groove depth. It is clear that the ampli-
tude of the dip and the hump of the difference spectrum
increase with the increase of the groove depth of the grat-
ing.

IV. DISCUSSION

We shall calculate the reflectivity on the grating in or-
der to explain the experimental results. Many authors
have theoretically studied the reflectivity of gratings.
Yamashita and Tsuji* proposed a simple perturbation
theory for surface-plasmon-polariton resonance on a
sinusoidal metal grating. We shall apply their method to
the surface-phonon polariton on the grating, because it
includes the essential aspect of the interaction between
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the photon outside the sample and the surface mode and
also because it can be easily applied to the analysis of the
experimental result.

First we must replace the dielectric function of the
plasmon system by that of the infrared-active phonon,

€lw)=¢€( )+ [e(0)—€( 0)]wio/(0ho—0*—iTw) ,
4.1)
where €(0) and €( o0 ) are the static and optical dielectric
constants, wrg and w; are the (angular) frequencies of
the transverse- and longitudinal-optical phonons, and T’
is the broadening factor of phonon. For GaP, we have
€(0)=9.09 (Ref. 5), wro=365 cm™ !, w; =403 cm™ ],
and I'=1.71 cm~!. We have directly measured wyo and
oy by Raman scattering and calculated I using a curve
fitting of the theoretical function to the experimental
reflectivity R,. The static dielectric constant €(0) is
determined by the Lyddane-Sachs-Teller relation.

Second, we shall include the waves with the wave vec-
tors k, [=(w/c)sinf], K,=k,+g, and K_,=k,—g
parallel to the surface and perpendicular to the groove of
the grating, of which the last one was not included in
Ref. 4. In the present experiment the K _, wave as well
as the K, wave will be resonant to the k, wave. In their
formulation the plane of the incidence is taken to be
x =0. The incident wave is represented by a magnetic
field:

Bi(y,z,t)z(B,»,0,0)eikyyeikzz

elot 4.2)
The wave vectors of the incident, reflected, and diffracted
waves are represented by k,, k_,, K,, and K_,. The
solutions of Maxwell’s equations can be written approxi-
mately in the form

B =eikyy(Bieikzz+Bre—ikzz)
+eiKgyBgergz+eiK_gyB,ger“gz
ifz<&(y), (4.3)
B>=eikyyB,e_”
te " Ble T e Bt o
ifz>&yp), (4.4
where
K,,=k,+ng (n==%1), 4.5)
k}tkl=w?/c*, (4.6)
K2 —Ti,=a*/c?, 4.7
kl—y*=(w*/c*)el0) , (4.8)
and
K2 —vi,=(0*/c?)el0) . (4.9)

Equations (4.3)-(4.9) correspond to Egs. (2.3)-(2.9) of
Ref. 4. The magnetic fields of the reflected and diffracted
waves in the air [z <£(y)] are represented by B,, B,, and
B_,. And the magnetic fields of the transmitted and
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diffracted waves in GaP [z > £(y)] are represented by B,,
Bg,and B. .

Lastly the surface of the grating can be taken as fol-
lows in the first-order perturbation theory:

z =§(y)=§geigy+§_ge ’igy+é—2gei2gy+§¥2ge iy
(4.10)

where £, is given by Eq. (2.3). The inclusion of §,, and
§_,; comes from the fact that the resonance of the K,
and K _, waves will be possibly affected by £,, and §_,,,
because they are not zero (i.e., A=0.009).

With these modifications and the boundary conditions

B(=B) (4.11)
and

aB( 1 aB) .

= 4.

on €lw) on “.12)
with
3 3w 717778 ey 3
3 _ y 9 9y 9 4.13
on I+ dy oz dy ady ( )

at the surface z =£(y), and using the same approximation
given by Eq. (2.13) in Ref. 4,

iKgy —ygg(y) iK_y K y
e e

~e" 1=y, )] ~e "t b

_ygé—_ge’ y
(4.14)

etc., we can obtain a set of the equations corresponding
to Egs. (2.14)—-(2.17) of Ref. 4,

—B, =8 TB,—§, 1B,
+B,—§ gV By 5,y BLy=B;,
ik,£,B,~B,—E2, T B_ —VEB,
B~ £ 7 4B =ik,E,B; ,
ik,&_gB,—§ 2 TgBg =B _;—7E_gBi—& 5,7 By
+B. =ik,é_,B, ,

(4.15)
) »}/ §—g77+ t
tk,B, +£ 64 By +EL By —— B~ B,
- .

_—G(T)Bt—gzlkZBi ’

EeM+ 14
£,6+B,—T B, —&,vB_,———B,—— "B,

o) " o)
§2g” t
- B,
+e(a))B_g §g§+ i
§_g77_ :u’§—2g
§_g6-B,—§ 2vB,—I B _,— €(w) Bt é(w) é
V¢

to— )
elw) B §-g6-Bi

where
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—@ K 4.16)
§+_ C2 y ig > .
2
7= ew)—k,K., , .17
C
2
p=7>—2K.g=K,K_,—%ew) (4.18)
14 4 g8 c2 4
and
2
— 12 — @
v=T;—2Kg =K, K =5 . 4.19)

Equation (4.15) can be considered to represent the in-
teraction between the photon outside the GaP sample
and the surface-phonon polariton on the grating. In fact,
when the surface is flat, i.e., §lg:0, Eq. (4.15) is reduced
to the two independent sets of equations, one of which
gives the reflection of the light (photon) on the flat sur-
face and the other gives the dispersion relation of the
surface-phonon polariton

c’k} /o’ =€el0)/[1+ew)],

where k,=K,,. With the grating structure on the sur-
face, the photon outside the sample and the surface-
phonon polariton are mixed, and the state of the mixed
wave can be obtained by solving Eq. (4.15).

The reflectivity spectrum of the p-polarized light on
the grating is directly obtained by numerically solving the
6 X 6 matrix equation given by Eq. (4.15). The reflectivity
R, of the p-polarized component is given by |B,|*/|B;|*.
The reflectivity R; of the s-polarized component on the
grating is equal to that on the flat surface, because it does
not interact with the surface-phonon polariton, even if
there exists a grating structure. The incident light is un-
polarized, and then the reflectivity on the grating is given
by

R,=1R,+1iR, .

(4.20)

(4.21)

We obtained the calculated difference R,—R, for the
conditions of 4 =0.2, 0.8, and 1.2 um, which are shown
by the thin solid curves in Fig. 3.

The small dip in the calculated R, —R, spectrum is a
superposition of small dips at the frequencies of the
surface-phonon polaritons with K, and K _,, i.e., it ap-
pears at the frequency where the resonance condition is
satisfied between the photon outside the sample and the
surface-phonon polariton on the grating. The calculated
reflectivity dip shows the same frequency and the same
half width with the experimental spectrum. In Fig. 4, we
show the calculated results of |B,|/|B;|, |B,|/|B;l,
|B_,|/1B;l, |B,|/|B;|, |B;|/|B;|, and |B' | /|B;| for the
sample with # =1.2 um. It is clearly seen that the ampli-
tudes of the field strengths |[B_,|/|B;| and |B",|/|B,|
are enhanced at the frequency of the small reflectivity
dip. This tells us unquestionably that the surface-phonon
polaritons are strongly excited near this frequency and
that the small dip comes from the mixing of the photon
outside the sample with the surface-phonon polariton un-
der the resonant condition.

On the other hand, Fig. 3 shows that the amplitude of
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FIG. 4. The normalized magnetic field strengths of the
surface-phonon polariton on the grating with the groove depth
of 1.2 um, derived from solving Eq. (4.15).

the calculated dip is about 4 times as much as the experi-
mental dip in the case of deep groove depths # =0.8 and
1.2 pum. The attenuation coefficients of the resonant
surface-phonon polariton with K _, are represented by
' _, in the air and y_, in GaP. In the present experi-
ment, the attenuation depths FZ; and y:é can be es-
timated from Egs. (4.7)-and (4.9) using Eq. (4.1), and they
reach approximately 2 and 4 um, respectively, at 396.5
cm !, where the reflectivity dip is observed. In the sam-
ples with # =0.8 and 1.2 um, the attenuation depths are
of the same order of 4, and the surface-phonon-polariton
field is seriously affected by the periodic structure of the
surface. Then the applicability of the first-order pertur-
bation becomes worse, and we cannot compare the exper-
imental result with the calculated result quantitatively.
This, we think, is the reason why the experimental result
in the sample with 2 =0.2 um can be well fitted to the
theory, but those in the samples with larger & can be only
qualitatively explained by the theory. Thus we have
confirmed that the reflectivity dip originates from the
mixing of the surface-phonon polariton with the photon
outside the sample on the grating surface.

We have already seen that the experimental reflectivity
increases near the frequency of the TO phonon on the
grating surface. The difference R, —R, of the experi-
mental reflectivities between the sample with the grating
and the flat sample has a small hump near the frequency
of the TO phonon as shown in Fig. 3. The experimental
hump height depends on the groove depth. The calculat-
ed difference spectra shown in Fig. 3 have also a small
hump near the frequency of the TO phonon. It moves to
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higher frequency as the grating groove becomes deeper.
The height of the hump also depends on the groove
depth. Although the calculated half-width and frequency
of the hump are different from the experimental results,
the appearance of the hump and its behavior are qualita-
tively interpreted by the calculation. Then, we can see
that the hump also comes from the interaction of the
photon outside the sample and the surface-phonon polari-
ton due to the existence of the grating. In contrast with
the case of the reflectivity dip, which occurs owing to the
resonance of the surface-phonon polariton with the pho-
ton outside the sample, we cannot easily understand what
types of microscopic processes brings about the
reflectivity hump. In fact, the photon outside the sample
cannot resonate to the surface-phonon polariton near the
frequency of the TO phonon, because the dispersion rela-
tion of the photon outside the sample does not cross that
of the surface-phonon polariton even if we take into ac-
count the “folding” of the dispersion relation due to the
grating. This prevents us from the clear explanation of
the reflectivity hump. We can, however, explain the ori-
gin of the hump as follows.

The present formulation includes the process that the
surface-phonon polariton excited by the incident photon
is backscattered to the reflected photon.* This process
causes the radiation damping of the surface-phonon po-
lariton. The radiation damping of the surface-phonon
polariton has a maximum at the frequency of the TO
phonon in the case of the flat surface, because the imagi-
nary part of the dielectric function given by Eq. (4.1)
diverges near the frequency of the TO phonon.’ In Fig.
4, the calculated magnitudes |B,|/|B;|, |B;|/|B;|, and
|B_,|/|B;| have maxima at the frequency of the small
reflectivity hump. This fact suggests that the field
strength of the surface phonon polariton in GaP reaches
a maximum value, i.e., the surface-phonon polaritons are
strongly excited possibly owing to the divergent nature of
the dielectric function but not owing to the resonance due
to the “folding.”

The excitation of the surface-phonon polaritons does
not necessarily mean the decrease of the reflectivity. Its
excitation and the dissipation of its energy may induce
the decrease of the reflectivity, as was observed at the
reflectivity dip near 396.5 cm~!. But the backscattering
process via the excitation of the surface-phonon polari-
ton, which is implicitly included in Eq. (4.15), can induce
the increase of the reflectivity under some limited cir-
cumstances. The condition for the increase of the
reflectivity is that the energy dissipation through the
backscattering process via the excitation of the surface-
phonon polariton is less than that of the usual reflection
process on the flat surface. As we can see from Fig. 4, a
weak hump of calculated reflectivity of the grating sur-
face near the TO phonon is evidently accompanied by the
increase of the field strength of the surface-phonon polar-
iton. This fact unquestionably means that the energy dis-
sipation is really reduced by the occurrence of the back-
scattering via the excitation of the surface-phonon polari-
ton. Therefore, we conclude that the backscattering pro-
cess via the creation of the surface-phonon polariton
gives rise to the hump of the reflectivity near the frequen-
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cy of the TO phonon, where the divergent nature of the
dielectric function strongly contributes to the excitation
of the surface-phonon polariton.

V. CONCLUSION

The surface-phonon polariton on the gratings has been
investigated by far-infrared-reflectivity measurement
without using an ATR prism. Reflectivity spectra show a
small dip at the frequency of the surface-phonon polari-
ton whose wave vector parallel to the surface is equal to
that of the incident photon plus or minus the reciprocal
lattice vector of the grating, i.e., it comes from the reso-
nance effect between the surface-phonon polariton and
the photon outside the sample, whose coupling is induced
by the formation of the grating on the surface and the ac-
companying “folding” of the dispersion relation. The ex-
perimental results were analyzed by extending the im-
proved perturbation theory of Yamashita and Tsuji origi-
nally applied to the surface plasmon polariton on a metal

grating. The agreement between the experimental results

and the theory confirms this interpretation, although the
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agreement was only qualitative when the depth of the
grating is large. In addition, a new feature of the
reflectivity spectra was discovered. A small hump was
observed in the reflectivity spectra near the frequency of
the transverse-optical phonon with the formation of the
grating. The experimental results clearly show that the
hump also comes from the mixing of the surface-phonon
polariton and the photon outside the sample. But at this
frequency the resonance effect cannot occur. By using
the calculation based on the perturbation, we interpreted
this phenomenon by the backscattering process via the
creation of the surface-phonon polariton, which is associ-
ated with the divergent nature of the dielectric function
near this frequency.
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