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Abstract— A theoretical analysis is carried out, to describe
the performance of optically controlled dielectric resonators. A
previously developed frequency-dependent finite-difference time-

domain formulation has been used to estimate the effect that solid

state plasmas have on the resonant frequency of dielectric res-
onators. Optical generation of plasmas in contact with dielectric

resonators is being considered here as a possible means of control-

ling the resonator’s frequency. The effect that carrier diffusion

and recombination-generation have on plasma permittivity and

penetration depth are taken into account in this analyses.
The results are compared with measurement and are shown

to yield a quantitative ,estimate of the optically induced dielec-

tric resonator frequency shift as a function of the illumination,
properties of the plasma host semiconductor, and the properties
of the dielectric resonator.

I. INTRODUCTION

D ielectric resonators (DR’s) are a basic element in mi-

crowave integrated circuits. They have proven their use-

fulness in microwave band-reject and bandpass filters, slow-

wave structures, frequency converters, diode and FET oscil-

lators, as well as frequency-selective limiters [1]–[3]. They

are also compatible with TEM-line, waveguide, and microstrip

transmission line circuits [4], [5]. If one considers all of these

applications, the DR’s resonant frequency is obviously the

most important of all its parameters, in terms of the control

and adjustment that needs to be exercised once the device is in

situ. One well-known tuning method incorporates the variable

proximity of a metal plate adjusted by a screw [6], [7]. There

are several mechanical shortcomings, however, associated with

a tuning plate. These include temperature sensitivity, difficulty

of incorporation in MMIC circuits and inherently slow tuning

adjustment. Art elegant nonmechanical substitute for the plate

is an optically induced sheet of plasma on the surface of a

slab of semiconductor. This new tuning element, discussed by

Herczfeld et al. [8], defines a novel device called an optically

controlled dielectric resonator (OCDR).

Interest in optical control of microwave devices and subsys-

tems is growing rapidly [9]-[14] since it offers the potential

advantages of very high bandwidth, inherently high dc and

reverse isolation between control and RF signals, and compat-

ibility with optical fiber links.

This paper describes the frequency-dependent fmite-

difference time-domain method’s first reported application to
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modelling the performance of an OCDR. The two major effects

of a constantly illuminated semiconductor plasma which must

be analyzed are 1) the strong influence of carrier diffusion and

recombination-generation processes on the dielectric constant

and 2) the depth to which the plasma penetrates the device.

Finally, the theoretical model is compared with available

experimental results [8].

II. THEORY

A. Concept of the Optically Controlled Dielectric Resonator

Fig. l(a) depicts a dielectric resonator with a slab of intrinsic

semiconductor placed on top. Optical resonator tuning is

realized when the slab is illuminated by light of a wavelength

shorter than the semiconductor bandgap (e.g., about 880 nm

for GaAs), thus forming a sheet of plasma on the illuminated

semiconductor face. The light can be locally generated or

supplied by an optical waveguide. The diameter and height

of the dielectric resonator proper are selected so that the

resonator supports a T130M mode. The depth of injection

for the optically iduced plasma is a fuction of the host

semiconductor’s optical absorption and the wavelength of

the illumination [13]. Generally, shorter wavelengths suffer

higher semiconductor absorption and hence a thinner region

of injection.

For a sufficiently small plasma injection thickness, the final

steady state plasma thickness is determined primarily by car-

rier diffusion and recombination. The plasma layer will have a

higher microwave dielectric constant than the semiconductor

host material. One then expects to see the resonant frequency

increase with the plasma density, since the plasma acts like

a conductive tuning plate. The magnitude of the frequency

shift A j as a function of the illumination intensity (and

hence plasma density) depends on the resonator’s material

and geometric design. Deriving this relation theoretically is

the object of this paper.

B. The Frequency-Dependent Finite-Difference

Time-Domain Method

The finite-difference time-domain (FDTD) technique per-

mits a fundamental electromagnetic analysis of volumes con-

taining arbitrarily shaped dielectric and metal objects using
differential forms of Maxwell’s equations. First proposed

by Yee in 1966 [15], FDTD simulation has been applied

by many investigators to a wide range of electromagnetic

problems. Extension of the FDTD method to frequency-
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Fig. 1. (a) Optically controlled dielectric resonator schematic. (b) Definition

of simulated layers.

dependent materials has, until recently, received relatively lit-

tle attention. The most pertinent previous paper [16] is limited

to one dimension without a FDTD context. The frequency-

dependent FDTD, or (FD)2TD, method was first presented

by Luebbers et al. in 1990 [17], [18]. It allQws explicit

calculation of wide-band transient electromagnetic interactions

with frequency dependent materials. This overcomes a serious

limitation in current formulations of the FDTD method, which

must specify the electromagnetic parameters e, ~, and a as

constants, For this paper we assume that the plasma is linear,

isotropic and is adequately described by a complex frequency

dependent dielectric constant ~(w). Extension to the case of

an anisotropic plasma should be possible.

The fundamental advantage of a frequency domain numeri-

cal analysis is that the electromagnetic parameters are constant

at each frequency. In the time domain, all of the frequency

domain permittivity information is Fourier transformed into

a time domain susceptibility function. The formulation of

the (FD)2TD method incorporates the necessary convolution

into the traditional FDTD method. We assume the reader’s

familiarity with the basic Yee algorithm [15].

In the typical layered cylindrical OCDR structure of Fig.

l(b), the permittivity of the layer 1 plasma is frequency depen-

dent, while that of layers 2 and 3 are frequency independent.

The (FD)2TD algorithm is therefore applied only to layer 1.

The resonator is assumed to support Qnly TE018 modes for the

simulation. Details of the FDTD algorithm applied to layers 2

and 3 are described in the authors’ previous papers [6], [19],

[20].
The time domain electric vector equation [17] is

J
t

D(t) = EmCoE(t) + q E(t – T)X(T)&- (1)
0

where co is the permittivity of free space, x( I-) is the electric
susceptibility, and cm is the relative permittivit y as w ~ cc.

Here, we assume that em = 1 for all materials [17].

Using Yee’s notation, the relationship between D and E,

for t = nAt, is

D(t) m D(nAt) = D“ = cmeoE”

J
nAt

+ ’50 E(nAt – T)x(T) dr. (2)
o

Using a central difference scheme [15], [17], [18], Yee’s

time differential form of Maxwell’s equations [6] can be

discretized to the following form:

E;+l(i, j)

~m(i,j) + Aso(i>~)E; (i,.).—
Em(i, j) + Zo(i, j)

1
+ l%(~>j)

Em(i, j) + Zo(i, j)

At

+ [em(i,j) + Zo(i, j)]eo

“{[

(>.7’ ~
~n+(l/2) ~ + ~) _ ~:+W2)(i,j – ;)

T

A.z 1
-[
~y+(l/2)(~+~,j)–Hy+qi–~,j)

Ar 1}
(3)

()

H:+(V2) ~,j + ;

——
()

~:-(V2) ~,j + !
2

+ $&(i>j) – E:(i, j – 1)] (4)

()

~3+(V2) ~ + ;, j

()
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wc(~,j) ~c(~,j)

. (1_ ~-~.(i>~)At) (6)

()

CLJP(i,j) 2
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n—1

I#;(~>~) = ~ ~~-m(i,j)Azm(i,j) (8)
m=l

$F(i,j) = ~&-l(i,j)A%l(i,j)
+ e-@)&~:-l(i,j)

(9)

and UCis the collision frequency, WP is the plasma frequency
(in rad . s-l). The complex permittivity 6(w) for an isotropic

plasma is given by [13], [17]

(
2

e(w) = 60 EL + ‘P

W(jvc – u)
)

(lo)

where .6L is the dielectric constant of the plasma host including

the contributions of bound charges.

C. Complex Permittivity of the Plasma Region

Due to contributions from free charges, the plasma layer

differs from that of the remainder of the plasma host. For a

classical electron-hole plasma, we expect the permittivity to
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TABLE I TABLE II
PLASMA FREQUENCYAND COLLISION TIME FOR DIFFSRENT CARRIERS NUMERICAL PARAMETERSFOR Si AND

—
I I I 1

i (i=l,2,3,4,5) UP; T~

1: intrinsic holes EPQ?l 7-Pcom;

2: intrinsic electrons ZkQ$z ~e
corn:

3: photoinduced electrons Z& Te
.som~

4: photoinduced light holes X@ Tp
eom*L

5: photoinduced heavy holes ~ Tp
P

follow the theoretical predictions of the Drude theory [13],

[20], which defines a collision frequency v. = l/T and a

plasma frequency WP such that

ne2
w:=—

Eom*
(11)

where T is the collision time, n is the plasma density, e is the

electric charge, and m* the carrier effective mass. Equation

(10) can now be written as

This shows that the difference between the plasma permit-

tivity and that of the host depends on plasma density, the

collision frequency of the plasma, and the frequency of the

microwave signal. Substituting for WP and VC, assuming an
intrinsic host, and assuming high level injection conditions

(n. = nP), yields the following expansions for (12):

(14)

where i = 1,2,3,4,5, respectively, correspond to intrinsic

holes, intrinsic electrons, photoinduced electrons, and photoin-

duced light and heavy holes. Table I gives wP~ and T~ for each

of these cases.

Collision times for electrons and holes are

(15)

where M., MD are the respective electron and hole nobilities.
Combining the effects of illumination as described in

(13)-(15) with (6) and (7) yields
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GSAS AT ~ = 300 K

parameters Si (T=300 K) [13] GaAs (T=300 K) [23]-[25]

m: 0.259 m. 0.07 mo

% 0.38 m. 0.713 mo

I m~l I 0.16 m. ‘ I 0.12 mo I
m~h 0.49 mo 0.68 mo

P. 1500 cm2/V.s 8500 cm2/V.s

PP 600 cm2/V.s 400 cm2/v.s

1 [

I npo 1011 cm-3 1.1 * 107 cm-3

I I

n; 1.18 * 1010 cm–3 2.25 * 106 cm-3

P/ o.14np 0.13np ,
1 I

Ph 0.86np 0.87np

e 1.6 * 10-19 COU1 1.6 * 10-19 COU1

m. 9.11 * 10-31 kg 9.11 * 10-31 kg

6L 11.8 10.9
I I

E, 1.12 eV 1.43 eV

[
Axm(i,j) = ~ -(~) 2e-m”c’A’(1 - .-”c’A’)’

i=l 1
(17)

D. Recombination-Generation Processes

and Skin Depth in Plasma Host

The net steady-state recombination rate for an semiconduc-

tor illuminated strongly enough to support high level injection

where ne = np >> nPO m neo, can be written [21], [22]

~= ‘e (18]
TP + ‘T.

while the electron-hole generation rate is

~=ql-q

EgeA6
(19)

where P is the input light power, R is the reflection coefficient

at the air-semiconductor interface, Eg is the semiconductor

bandgap, A is the area of the plasma (which is normally

equal to the illuminated area), and 6 is the l/e illumination

penetration depth. Note that the product Ad is the volume

occupied by the plasma.
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Frequency (GHz)

Fig. 2. Predicted TEOIS mode resonant frequency shift for a X-band res-
onator (e. = 36) versus plasma density for various plasma depths of 100,
200, and 400 pm in silicon.

Frequency (GHz)

Fig. 3. Predicted TEol b mode resonant frequency shift for a Ka-band

resonator (c, = 29.1) versus plasma density for plasma depths of 100, 200,

and 400 ~m in GaAs.

Under equilibrium conditions, the recombination rate is

equal to the generation rate. It follows, then, that the rela-

tionship between plasma density n. and the input power P

is

EgeA6

p = (Tp +7.)(1 -Ii)ne”
(20)

III. RESULTS

A. Theoretical Results

The simulated OCDR was subjected to a modeled abrupt

electric field excitation so that many resonant modes were
excited. A Fourier transform was then applied to the response

to extract the resonant frequencies from the simulated results.

Two types of OCDR’S were considered: an X-band resonator

tuned by a silicon (Si) semiconductor wafer; and a K-band

resonator with a wafer of gallium arsenide (GaAs). Properties

of the semiconductors are listed in Table II.

Fig. 2 shows the TEolt mode resonant frequency shift

for an illuminated Si slab (with dimensions D, x L. =

1.76 x 0.60 mmz) on an X-band (f. = 10.92 GHz) dielectric

resonator (D x L = 5.46 x 2.46 mm2, G- = 36), as a function

of plasma density for various thicknesses of the plasma layer.

Figure 3 is a similar plot for the case of a GaAs tuning slab

Ioq
/

110

11 12 13 {4 {6 +7 18 19°

Ioqo Plaama Density (cm+)

Fig. 4. Spectrum for a X-band resonator without a wafer (solid line), with

a Si wafer (dashed line), and with GaAs wafer (dotted line).
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Fig. 5. Spectrum for an Si wafer tuned resonator without illumination (solid

line), with illumination and n, = 1014 cm–3 (dashed line), and with
illumination and nc = 1018 cm–3 (dotted line).

(D. xLS = 0.77x0.60 mm’) on a Ka-band (~. = 30.91 GHz)

dielectric resonator (D x L = 1.93x 0.86 mm2, q. = 29.1).

No significant frequency shift occurs until a critical quantity of

photoinduced plasma is created, after which it rises rapidly and

saturates, Note that Aj is only weakly affected by the plasma

thickness, This is expected, since the electrical skin depths

at the resonator frequencies are less than the given plasma

thickness. For these configurations, the relative maximum
frequency shift for the X-band OCDR (70 ppm) is almost

twice as great as that for the Ka-based OCDR (40 ppm).

The influence of the semiconductor on the X-band DR

spectrum is shown in Fig. 4. A semiconductor layer strongly

affects the high-order resonance modes, and both Si and GaAs

have about the same effect on the fundamental mode. Fig.

5 shows the resonance frequency changes in an illuminated

OCDR. As in the case of metal plate tuning, the resonator

frequency goes up and the Q decreases as plasma density

increases.

Fig. 6 shows the relationship between optical illumination

irradiance and photoinduced plasma density. For a fixed pho-
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Fig. 6.

technique lends itself to previously intractable problems of

electromagnetic field simulations of optically induced solid

state plasmas, allowing predictions Qf a host of two and three

dimensional optically controlled micmwave devices.. .

H ‘0g2GHz~/
This paper describes the application of the (I?D)2Z’D

method to the simulation and determinatirm’t of the resonance

frequencies of an optically controlled dielectric resonator.

Comparison of calculations to an experimental result shows

‘001w=30’’GHz
0.001

1 {2 { i {6 +7 Al

l~qo PlasAa Oen;ty (cm+ )

Irradiance versus photoinduced carrier density (T = 300 K) for
silicon wafer (solid line) and GaAs wafer (dashed line).

fair agreement.

The authors intend on performing experiments to further

test theoretical results and to apply the method to optically

controlled micmwave phase shifters. Also, this method can be

used to analyze the active devices in MMIC circuits.
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Fig. 7. Predicted shift in resonant frequency as a function of irradiance and

experimental results of Herczfeld et al. [8].

toinduced plasma density and resonator tuning range, higher

resonator frequencies require lower illumination irradiance.

B. Comparison with Experimental Results

The ‘modified FDTD technique that we have developed

was applied to an actual experiment by Herczfeld et al. [8]

in an attempt to emulate their results. In the experiment,

the TEOM mode frequency of an X-band DR was measured

when overlaid with a Si slab. The plasma layer thickness and

density was calculated from the parameters of Table II and

the illumination reported in [8]. Our simulated results for a

DR identical to that in [8] are compared with measurement

in Fig. 7 and they are shown to agree within 870. This result

is encouraging, but it should be noted that the experimental

material parameters were not available and not necessarily

equal to the values in Table II.

IV. CONCLUSION

A frequency dependent form of the finite-difference time

domain (FDTD) methQd has been developed for electro-

magnetic field calculations in materials which exhibit fre-

quency dependent electrical constitutive parameters. This new

University of Science and Technology. The authors also t~ank

the reviewers who have significantly improved this paper

through their helpful criticism.
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