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Scattering of Millimeter Waves by
Metallic Strip Gratings on an Optically

Plasma-Induced Semiconductor Slab
Kazuo Nishimura, Student Member, IEEE, and Makoto Tsutsumi, Member, IEEE

Abstract— This paper presents the scattering characteristics
of a TE electromagnetic plane wave by metallic strip gratings
on an optically induced plasma slab in silicon at millimeter-
wave frequencies. The characteristics were analyzed by using the
spectral domain Galerkln method and estimated numerically. We
examined how to control the resonance anomaly by changing
the optically induced plasma density for metallic strip grating
structures fabricated on highly resistive silicon. The optical con-
trol characteristics of the reflection and the forward scattering
pattern of the grating structures were measured at Q band and
are discussed briefly with theory.

I. INTRODUCTION

ELECTRON-HOLE pairs in a semiconductor were induced
optically by a light with photon energy that was greater

than the semiconductor’s band gap energy. We used this

phenomena to control the millimeter waves in semiconductor

waveguides, and this also has applications in antennas, high-

speed switches, phase shifters, modulators, and filters [1], [2].
The control of millimeter waves in guided-wave systems poses

some problems, such as greater losses, smaller physical dimen-

sions, difficulty with input matching, and higher manufacturing
costs inherent in higher frequencies. These difficulties are
overcome by using quasioptical circuits that are large and
do not need external contacts, which could interfere with
millimeter-wave transmission, and by decreasing the thickness
of the substrate to reduce the losses.

Previously, the reflection and transmission of millimeter
waves from an optically induced plasma in a semiconductor
were studied as a means of optically controlling of millimeter
waves in a quasioptical system [3]. The optical control charac-

teristics of millimeter waves performed by that method were
inefficient. To enhance the efficiency of the optical control

of millimeter waves, a nipi-doped semiconductor slab was
recently demonstrated [4]. Millimeter-wave diffraction by a
photo-induced plasma grating has also been studied for ap-
plications using an optically controllable quasioptical antenna,
since the grating parameters, such as periodicity and plasma

strip width, can easily be changed by the illumination pattern

[5]. We have theoretically and experimentally investigated the
scattering characteristics of a TM electromagnetic plane wave
by metallic strip gratings on the optically induced plasma in
a semiconductor at Q baud [6]. These quasioptical systems,
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with their periodic structures, will enhance the effect of optical

control. A resonance anomaly caused by the coupling of
propagating diffracted waves with the mode of the waveguide
was observed. The propagation characteristics of TE surface
waves in an image line are equivalent to those of TE surface

waves in a dielectric waveguide with a thickness that is twice
that of the image line. The plasma with higher density changes

the ungrounded semiconductor slab waveguide into a grounded
semiconductor slab waveguide [1]. Therefore, the optically

induced plasma in the semiconductor slab waveguide will
have a greater effect on the propagation characteristics of a
TE surface wave than those of a TM surface wave.

In this paper, we analyze the scattering characteristics of a
TE electromagnetic plane wave by metallic strip gratinj:,s on
the optically induced plasma in a semiconductor slab, usin,g the
spectral domain Galerkin method. We experimentally verify

the optical control characteristics of the reflection and the

forward-scattering patterns using two types of metallic strip
gratings, fabricated on a high-resistance silicon wafer, at Q

band.

II. THEORY

A. Relative Complex Perrnittivi~ of the Optically

Induced Plasma in the Semiconductor

The relative complex permittivity of the optically induced
plasma region in the semiconductor is given by

Ep=&~—
E *(”%) “)
i=e,h a

where e, is the relative permittivity of the semiconductor with-
out the plasma and v. (vh) is the collision angular frequency

for electrons (holes). w is the angular frequency of millimeter
waves and Wpi is the plasma frequency. The plasma frequency
can be expressed as

npe22_
Wpi = (i= e, h)

m:eo

where np is the plasma density, e is the electronic charge,

m; (i = e, h) is the effective mass of electrons/holes, and so
is the free-space permittivity [1].

B. Spectral Domain Galerkin Method [6]-[9]

The metallic strip gratings, which are placed on an optically
induced plasma semiconductor slab, are illustrated in Fig. 1.
The thickness of the semiconductor and the optically induced
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Fig. 1. Geometry of a metatlic strip grating on the optically induced plasma
silicon slab and TE wave incidence.

plasma are d and tp.The light illumination from the region IV
(the lower side with metallic strip gratings) induces the plasma
not only in the silicon region between the metallic strips, but
also in the silicon region beneath the metallic strips, because
of plasma diffusion and light diffraction into the silicon region.
Although the plasma distribution has a periodic variation along

z and is nonuniform with g in the layer, to simplify the

analysis of the grating structures we assumed the plasma was
uniformly induced in region III of the semiconductor slab.
The metallic strips have a surface resistance R[Q], width

w, and the periodicity of the gratings is T. The thickness
of the strip is ignored. The electromagnetic field distribution
is, by assumption, uniform in z direction (d/8z = O). We
analyzed the scattering characteristics when the metallic strip
gratings are illuminated by a TE electromagnetic plane wave
(H;, If;, E;) with an angle of incidence 0, The incident wave
is described by

~:=_cosQ ~–jk~(sin6’x-c0s 6’y)
Z13

E; = ~–j~o (sin 6k–COS 91J) (2)

where k. is the free-space wavenumber and 20 is the free-
space intrinsic impedance.

Next, we

The current
satisfies the

defined a Fourier transform pair as

Ji(k. ) = r A(z)e~kzz dz. (3)
—cc

distribution JZ (z) on the metallic strip gratings
periodicity relation

‘.(Z + 7Z~) = Jz(~)e–~~0’Tsin6

n=O, +1, +2, +3,.... (4)

The electromagnetic field scattered by the metallic strip
gratings are

where j. (~.) is the Fourier transform of J,($), and G(P., y)

is the Green’s function in the spectral domain. J. (/3n) and
G(/3n, y) are given by

/

w/2

~z (/3.) = Jz (z)e~p”z dz
-(w/2)

G(C%> Y) =
‘-;i:d’{fl(gifln)}f::d

r~(pn) = 71’ – ~c-(p”)
‘yin + X-(ii)

{1 - r~(A)}ej7,nd
T,; (/3.) = ~lm

je~

where

C-(p.) =:,
n

sin 7111ntp
cl; = b; cos TIIIn tp – C; ~llln

e.– = b; yIIIm Sin ylII~tP + C. COS ~IIImtP,

sin ~lln(d – tP)
b– = COS ~lln(d – $J) + j71n

n

TIIn

(7)

(8)

(9)

where 17~ and Tl~ are the reflection and transmission coef-
ficients of a TE electromagnetic plane wave from region IV,
without the metallic strip gratings.

For this paper, we considered the resistive boundary con-
dition to be the boundary condition on the metallic strip [7],

[9]. The boundary condition is represented by

E;($, y = –d) + E:(x, y = –d)

= RJZ (~) on the metallic strips (11)

‘~(x, y) = ~~(ko sin ~)e-~~o(’’ner-cos /ly) (12)

where E: denotes the transmitted wave without metallic strip
gratings. When we substitute (6), (8), and (12) into (11),
we obtained the following integral equation for the current
distribution on the metallic strip:

‘T+(lc~sin O)
= II

Zo
~–~ko(sinOz+cos 8d) (13)

where T+ is the transmission coefficients of a TE electro-
11

magnetic plane wave from region I without the metallic strip
gratings. TIT was obtained by interchanging es and SP, (d– tp)

and tp in (9) and (10). The surface current Jz (z) is expanded
in series with unknown coefficients Im [8]

?n=l
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~o, (m-l)n _.+y

(_j)m-1 w () 2
@m(z) =

/7

2
Iil < ;

1– ~
w

o otherwise
~=x—uT > (V=O, +1,+2,... )...)

*m(n) 1 ‘/2—
/

@n(x)e~n(2mlT)’ dx
w = w –(w/2)

‘ =;{Jo(@@;)

+ (-l)~-’Jo(n; -(m - 1);)} (14)

where @m(x) is the current basis function and Jo(x)
denotes the zero order Bessel function. By substituting
(14) into (13) and multiplying both sides of the result by
(@~(z)/w)e~~O .ine~, and then integrating through the entire
strip, the following system of linear equations were obtained:

[Z][I] = [V], (15)

q(n) &m(n).——
w w

~~(ko sin d)

%=
+.osed~?(o) .

z,
(16)

w

lm was obtained by solving (15) numerically; the surface cur-
rent was determined from (14). The scattered electromagnetic

field was obtained from (5) and (6) [7], [8]. The transmission

and reflection coefficients for the individual modes are defined
by [7]

~Re
/R.= 2T j

‘(E: x H:) ydz

.
~Re

1
(J?? X ~“) . (-g) dx

o

~Re J‘(E:X ~~) ~ (-y) dz

T.= 2T ‘~ (17)

~Re
/

(E’ x H’*). (-y) dx
o

where E;, H;, E:, and H; are the reflected and transmitted

fields for mode n. Ei, Hz are the incident fields and y is the
unit vector along the y axis.

III. NUMERICAL RESULTS

We considered silicon to be the substrate of the metallic
strip grating structures in numerical calculations. The ma-
terial constants of silicon are ES = 11.8, me = 0.259 X

mo [kg], mh = 0.380xmo [kg], m. = 9.11 x10–31 [kg], v. =
4.52 x 1012 [s-l], uh = 7.71 x 1012 [s-l] [1]. We assumed
that the thickness of the optically induced plasma layer was
tp= 20 pm [2]. The surface resistance R of the metallic strips
is O fl. In calculations of (16), we set the absolute value N
of the upper and lower limit of n at 100 or more (the number
of the mode expansion 2N + 1 was set at 201 or more). The
number of the basis functions M of the surface current in

50

43.83

10

.. ----

i
np = 0.0m-3 \

I I
\0: # 1 I

o 1000 2000 3000
Propagation constant[rad/m] Re(~)

Fig. 2. Transverse wavenumber ,kZ = kOsin 0 of the incident plane wave
and the dispersion curves of a TE surface wave in the silicon slab waveguide
with metallic strip gratings.

(14) was 11. A satisfactory convergence of the solution was
assured with this number of the expansion modes and these
basis functions.

In Figs. 2-4, we show numerical calculations for the silicon
thickness of d = 1.0 mm, the period of T = 2.0 mm,

and the strip width of w = 500 pm. Fig. 2 shows the
transverse wave number kz = kO sin 0 of the incident @me

wave and the real part of the propagation constant Re(@,

with which TE surface waves propagate in the silicon slab
waveguide with the metallic strip gratings, but without induced
plasma (nP = 0.0 m-3). ,fl was calculated by the spectral
domain method [10], [11]. From this figure we found that, near
~ = 43.83 GHz in the leaky wave region, the transverse wave
number curve of the plane wave kx = k. sin 6’for the angl[eof
incidence O = 45° intersects the dispersion curve –-~– 1 af the
n = – 1 space harmonic of the surface wave mode traveling
in the –z direction in Fig. 1. We expected that, in the vicinity

of this frequency, the plane wave of n = O will couple with

the n = – 1 space harmonic, and Wood’s anomalies will occur
[12], [13]. Fig. 3 shows the frequency dependence of power
reflection coefficients of (17) as a function of plasma density
nP. As mentioned above sharp notch filter, characteristics
were caused by the resonance anomaly near ~ = 43.83 GHz.
As the plasma density nP increased, the resonant frequency

shifted slightly to a higher frequency, while shifting to a
lower frequency for TM wave [6]. We also found that when

the plasma density nP was 1.0 x 1023 m–3, the incident
plane wave was completely reflected, because the optically
induced plasma layer in the silicon functions almost as a

perfect conductor. Fig. 4 shows the incident angle dependence
of power reflection coefficients as a function of plasma density
at ~ = 43.83 GHz. The sharp notch filter characteristic was
caused by the resonance anomaly around 6 = 45°. As plasma
density nP increased, the incident angle at which the resorlance
occured increased, while the incident angle decreased for the
TM wave [6].
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Fig. 3. Frequency dependence of power reflection coefficients as a function
of plasma density.
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Fig. 4. Incident angle dependence of power reflection coefficients as a
function of plasma density.

In Fig. 5, numerical calculations of the power reflection

coefficients were carried out for a silicon thickness of d =

560 km, a period of T = 5.3 mm, a strip width of w = 3.0

mm, and an incident angle of O = 45°. Fig. 5(a) and (b)

shows the frequency dependence of the zero and – 1 order
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“f
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n I # +
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(b)

Fig. 5. Frequency dependence of power reflection coefficients for blazing
effect as a function of plasma density. (a) Zero-order mode. (b) – 1-order
mode.

power reflection coefficients as a function of plasma density

n~. At nP = 0.0 m–3 in Fig. 5(a), the zero-order reflected

wave is seen to be suppressed to a power level under –20

dB in a frequency band from 37.09–37.47 GHz, due to the

blazing effect [14], [15]. This corresponds to –0.43 dB for

the power conversion from the incident wave to the – 1-order

refleced wave. The blazing effect is the power conversion

from the incident plane wave to the – 1-order diffracted wave
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Fig. 6. Experiment on quasi-optical grating circuits using silicon wafer.
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Fig. 7. Frequency dependence of the zero-order reflected power as a function
of optical power. (a) Measured zero-order reflected power. (b) Calculated
zero-order power reflection coefficients.

and was optimized for the computations shown in Fig. 5 by
the structure parameters of the grating: the thickness of the
substrates, the strip width, the periodicity of the grating, and
the Brawz condition. sin 19= An /2T [141. r151. The blazirw

f=46.854GHz—-

m >

18
0

de

90°

— o w (off)

‘----” 2.2 W (on)

Fig. 8. Measured optical control characteristics of forward scattering pattern.

effect is applied to frequency-scanning antennas because the

propagation direction of the higher-order diffracted wave is
frequency-dependent. As the plasma density nP increases, the
frequency giving the minimum value of the zero-order power
reflection coefficients, which is 37.28 GHz at nP = 0.0 ~1–3,
shifts to the higher frequency. The zero-order power reflection
coefficients become minimum at nP = 6.5 x 1021 11–3, as
seen in Fig. 5. The higher the plasma density nP, the more the
– l-order reflected wave attenuates for whole frequency range.
For nP = 1023 m–3, the metallic strip gratings are shortened

and have no effect on the gratings because the plasma layer

approaches an almost perfect conductor state.

IV. EXPERIMENTALRESULTS

Fig. 6 shows the experiment situation. Two types of metallic
strip grating structures were fabricated on a highly resistive
silicon wafer, with a resistance of more than 5 k~ . cm and
a 100 mm diameter. The parameters of the grating structures
were

Grating Structure I:

d (silicon thickness) = 1.045 mm
T (period of the grating) = 2.3 mm

w (metallic strip width) = 0.95 mm
number of metallic strips = 40

Grating Structure II:
d = 400 pm

T = 4.2 mm
w = 1.8 mm
number of metallic strips = 19.

A surface without grating structures was illuminated by a TE
wave through a 7.5-cm-caliber dielectric lens. The grating

structures were illuminated by a xenon arc lamp with an optical
output of 2.2 W. The scattering characteristics of the grating
structures of a TE wave were measured over a frequency
of 33–50 GHz, with a fixed incident angle of the TE wave
(Fig. 6).

To examine the effect of the light illumination on the
resonance anomaly, we measured the power of the zero-order

“e -,-- ---
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reflected wave from grating structure I. The distances between
the grating structure and the transmitting and receiving horns

were 17 cm and the distance between the transmitting horn and

the dielectric lens was 8 cm. Fig. 7(a) shows the measured

power of the zero-order reflected wave from the grating
structure illuminated by a TE wave with an incident angle
6 = 45°. Fig. 7(b) shows the calculated results of the zero-
order power reflection coefficients, where the parameters of the
grating structure used for our calculations were the same as
those in the experiment in Fig. 7(a). In the results of Fig. 7(a),
the notch filter characteristic near 40.31 GHz was caused by

a resonance anomaly. The resonant frequency was about 310
MHz higher than theoretically predicted. The measured notch

attenuation, excepting insertion loss of –20 dB is close to 16.4

dB for optical power of O mW, smaller than the calculated
notch attenuation 34.5 dB for nP = 0.0 m–3 in Fig. 7(b).
The measured notch attenuation, excepting the insertion loss
is close to 27.8 dB for an optical power of 21 mW and shows
the maximum notch as depicted in nP = 4.2 x 1019 m–3 in
Fig. 7(b). The measured notch attenuation for an optical power
of 2.2 W, expecting the insertion loss, is approximately 3 dB
and is similar to the calculated notch attenuation of 2.6 dB for

nP = 5.0 x 1021 m–3 in Fig. 7(b). The discrepancy between

theory and experiment is primarily attributable to the high tan

r5 value of the silicon wafer and the Gaussian distribution of

the TE plane wave, which are neglected in theory. Thus, it
seems that the measured dependence of the notch attenuation
on the optical control is similar to the computed characteristics
in Fig. 7(b). Throughout our experiments, the density of the
plasma induced by the light of optical output 2.2 W was
presumed to be np s 5.0 x 1021 m-3 and nptp R 1.0 x

1017 m–z. This presumed plasma density is the same order as
the plasma density reported in previous work [2], [6].

Next, the optical control characteristics of the forward

scattering pattern for grating structure II were measured for a
TE wave incident at an angle 9 = 60° and having f = 46.854

GHz. The scattering was measured by rotating the receiving
horn antenna from 25–155° and is shown in Fig. 8. The
distances of the grating structure II from the transmitting
and receiving horns were 27 cm, and the distance between
the transmitting horn and the dielectric lens was 13 cm.
For an optical output of O W, the lobe of the zero-order
transmitted wave was observed at 36° and the lobe of the
– l-order transmitted wave observed at 1310. As predicted in
theory, when the frequency sweeps from 41.646.9 GHz, a 20°

frequency scanning of the lobe of the – l-order transmitted
wave, from 15 1–13 10, was observed. The plasma density
dependence of the forward scattering pattern was calculated
for the same parameters used in Fig. 8. The difference of the
lobe of the zero-order transmitted wave with and without an
optical power of 2.2 W is 1.04 dB in the experiment depicted
in Fig. 8; the difference in the zero-order power transmission
coefficient at nP = 0.0 m–3 and nP = 1.3 x 1021 m–3 was
1.039 dB in theory. While the difference of the lobe of the – 1-

order transmitted wave with and without an optical power of
2.2 W is 5.29 dB in the experiment in Fig. 8, the difference of

the – l-order power transmission coefficient at nP = 0.0 m–3

and nP = 5.6 x 1021 m-3 was 5.28 dB in theory. Thus, the

density of plasma density induced by the light of 2.2 W was
roughly estimated to lie between nP = 1.3 x 1021 m–3 and

nP = 5.6 x 1021 m–3 (nPtP between 2.6 x 101’ m-3 and

1.12 x 1017 m–3). This density, presumed from the forward
scattering patterns of grating structure 11, is the same order
as the plasma density presumed from the measured zero-order
reflection characteristics of grating structure 1.

V. CONCLUSION

We have analyzed the scattering characteristics of a TE

electromagnetic plane wave by using metallic strip gratings

on an optically induced plasma in a semiconductor, utilizing

the spectral domain Galerkin method. We have explained

the effect of the optically induced plasma on the scattering

characteristics of the TE electromagnetic plane wave through

a numerical technique. From the numerical calculation of

the reflection characteristics, we found that when the plasma

is induced optically in a semiconductor, the frequency and

incident angle at which the resonance occurs increase. Two

types of metallic strip gratings on highly resistive silicon

were fabricated and were used to measure the frequency

dependence of the zero-order reflected power, and the forward

scattering pattern and diffracted wave from the gratings over a

frequency band from 33–50 GHz. Throughout the experiments,

we demonstrated that the resonance anomaly and the forward

scattering pattern could be controlled by the light illumination,

as discussed in the theory. The experimental results do not,

however, demonstrate as great an optical control as predicted

theoretically, due to the high tan 8 value of silicon wafer.

The characteristics shown in this paper will be the basis

for designing and studying new circuit elements designated

as optical control of quasioptical circuits and devices, such

as filters and frequency scannable antennas at submillimeter-

wave frequencies.
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