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Analysis of Optically Controlled
Microwave/Millinneter-Wave

Device Structures

RAINEE N. SIMONS, MEMBER, IEEE, AND KUL B. BHASIN, MEMBER, IEEE

Abstract —Light-indnced voltage and the change in the source-to-drain

channel current nnder opticaf illumination bigher than the semiconductor

band gap for GaAs MESFET, InP MESFET, %@%AS/GAS %h
eleetron mobitity transistor (HEMT), and GaAspermeablebasetransistor
(PBT) are analytically obtained. The GaAs PBT and GaAs MESFET have

higher sensitivity than the InP MESFET. However, the Alo3Gao7As/

GaAs HEMT is observed to have the highest sensitivity.

Variations in the smafl-signai parameters, such as channel conductance,

gate-to-source capacitance, and transeonductance, as weff as transient

parameters, such as switching time and power-delay product, of GaAs

MESFET with illumination are computed. The computed capacitance and

transconductance are compared with the experimentally obtained vafues

and are found to be in fair agreement. Based on these results, the design

considerations for an optically controlled MESFET switch are discussed.

Fhudly, variation in device parameter due to optical illumination and its

effect on the cutoff frequencies jr and j~= are afso investigated.

I. INTRODUCTION

D IRECT OPTICAL CONTROL of microwave devices

and monolithic microwave integrated circuits

(MMIC’S) can result in better switching, amplitude, phase

control, and frequency control [1]. It allows the use of

optical fiber technology for interconnection of microwave

devices and circuits, thereby reducing crosstalk and elec-

tromagnetic interference. It can also reduce weight, en-

hance efficiency, and increase the speed of operation ~of

microwave systems [2]. Furthermore, in the case of III–V

compound semiconductor devices and circuits, the optical

absorption coefficient and energy band gap can be tailored

to a particular wavelength by adjusting the mole fraction

(x) of its constituents [3]. Besides, the III-V compound

semiconductor devices can be integrated with other MMIC

components on a single semi-insulating GaAs or InP sub-

strate [4]. These offer further advantages for direct optical

control of microwave devices and circuits in microwave

systems.

Several authors have experimentally investigated the ef-

fect of optical illumination on the drain characteristics, the

gate-to-source capacitance, the transconductance, and the

scattering parameters of GaAs metal–semiconductor

field-effect transistor MESFET’S [5]-[9]. However, the ef-

fect of illumination on the small-signal parameters and the
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transient parameters has not been fully investigated. lBe-
sides, the effect of optical illumination on other III–V

compound semiconductor field-effect transistors, such as

InP MIESFET, AIXGal _XAs/GaAs high electron mobility

transistor (HEMT), and the permeable base transistor
(PBT), for microwave and millimeter-wave applications

has not been considered.

In this paper, we investigate the effect of light on several

III–V compound semiconductor devices, such as GaAs

MESFIET, InP MESFET, AIXGal _XAs/GaAs HEMT, and

GaAs PBT. The computed results illustrate a) the light-

induced voltage as a function of the incident optical power

density; b) the change in the drain current with change in

optical power density as a function of the drain-to-source

voltage; and c) the variation in the small-signal parame-

ters, such as channel conductance, gate-to-source capaci-

tance, and transconductance, and in transient parameters,

such as switching time and power-delay product, of GaAs

MESFIET with illumination. The computed gate-to-source

capacitance and transconductance are compared with the

experimentally measured values for GaAs MESFET. Based

on these results, the design aspects of an optically

controlled MESFET switch are discussed. Besides, its

equival~ent circuit parameters under switching conditions

are computed and the figure of merit is determined.

Finally, the variation in the device parasitic due to

optical illumination, and its effect on the cutoff frequ en-

cies $~ and ~~= are qualitatively discussed.

II. LIGHT-INDUCED VOLTAGE

The operation of these microwave devices as photclde-

tectors and amplifiers depends on the photo-generation of

electron–hole pairs in their active layer. Fig. 1 illustrates

several techniques for direct optical control of microwave

solid-s tate devices. In these techniques, light from a laser

[10], a light-emitting diode (LED) [11], or an optical wave-

guide [12] is incident on the active layer of the device. The

incident optical power increases the concentration of the

minority carriers, for example, the holes in a n-type Chan-

nel. This increase in hole concentration Ap is proportional
to ad if ad <<1. Mathematically, Ap is expressed as [13],

[14]

[1‘r POPJ
Ap = ~ ~ (1– e-”d) (1)
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Fig. 1. Proposed techniques for direct optlcaf control of microwave
devices. (a) Optical fiber illuminating a MESFET. (b) LED illuminating
a MESFET. (c) Optical waveguide coupling hght to a MESFET.

where h is Planck’s constant, POPt is the incident optical

power per unit area (and is the same as P in all the

figures), A is the wavelength of the incident light, a is the

optical absorption coefficient of the semiconductor, d is

the thickness of the active layer, ~ is the minority carrier

lifetime, and c is the speed of light in vacuum. The

quantity inside the square brackets represents the number

of photons of wavelength A incident on a unit area per

second.
The light-induced voltage Vfi, is expressed as [13], [14]

(2)

where k is Boltzmann’s constant, T is the temperature in

degrees Kelvin, and q is the electronic charge. The variable

p is the equilibrium minority carrier concentration in the

active layer, for example, holes in a n-type channel, and is

given by [13]

(3)

where n, is the intrinsic carrier concentration, and n is the

carrier concentration (and is the same as ND in all the

figures).

III. EFFECT OF LIGHT ON THE DRAIN CHARACTERISTICS,

CHANNEL CONDUCTANCE, GATE-TO-SOURCE

CAPACITANCE, TRANSCONDUCTANCE,

SWITCHING TIME, AND POWER–

DELAY PRODUCT OF GaAs

AND InP MESFET’S

The drain current Id, as a function of the applied gate

bias voltage Vg, and the drain-to-source voltage V& for a

MESFET is expressed as [13], [14]

-( V,- Q’}] (4)

.
where v is the electron mobility, W and 1 are the gate

width and length, respectively, V, is the built-in Schottky

barrier voltage, and V, is the pinchoff voltage required to
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Fig. 2. Cross-sectional view with materiaf parameters of various micro-
wave device structures for direct opticaf control of monlithic microwave

and millimeter-wave integrated circuits. (a) GaAs MESFET. (b) InP
MESFET. (C) AIGaAs/GaAs HEMT. (d) GaAs PBT.

completely deplete the active layer. VP is given by [13]

qnd 2
~=—

26.6,
(5)

where ~o is the permittivity in vacuum and c, is the

relative permittivity of the active layer. Illuminating the

MESFET is equivalent to forward biasing the gate of the

MESFET by a voltage source equal to Vllt. The net voltage

at the gate is therefore a superposition of the gate bias V8,

and V~,. The drain conductance g~ is given by [15], [16]

‘d”=l+’bivgsr’l‘6)
The gate-to-source and drain-to-gate capacitances Cg, and

Cdg are given by [15], [16]

wl (1qncoe, 1/2

Cg.= Cdg= —
20 v, – Vg,

The transconductance g~ in the saturation

by [15], [16]

(7)

region is given

(8)

where V, is the saturation electron drift velocity. The

assumption that is made while deriving the above equa-

tions is that the current saturation occurs when the average

electric field under the gate reaches the domain-sustaining

field

Es=%.
P

(9)
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Fig. 3. Computed light-induced voltage versus the incident optical

power for various microwave device structures.

The switching time r is expressed as [15], [16]

(Vb - vgJ/2‘=+[JY’-(%w’]“ ‘(lo)

Finally, the power-delay product is equal to [15], [16]

P~ = W12E, [2cOcFqn(V, - v,,)] 1’2. (11)

IV. EFFECT OF LIGHT ON THE DRAIN CHARACTERISTICS

OF A10,3Ga0,TAs/GaAs HEMT

The drain current Id, for a depletion-mode (normally-

ON) HEMT is expressed as [17]

Ids = (37.8V# – 158V; –360V; +18.5)

“1 vds

“‘an-l 0.07+ O.lvg, 1+0.25Vd, (12)

and for an enhancement-mode (norrnally-om) HEMT is

expressed as [17]

[

Vd$ 1~~, = (49.8V~, – 13.64) Xtan-l o ~43v +0.5Vds - (13)
gs

The net voltage at the gate is a superposition of V~~ and

Vlit.

V. COMPUTED RESULTS AND DISCUSSIONS

A. Light Sensitivity

The thickness of the active layer, the gate width and

length, and the doping density are presented in Fig. 2 for

GaAs MESFET, InP MESFET, A103Ga ~7As/GaAs

HEMT, and GaAs PBT. The properties of the semiconduc-

tors used in the fabrication of these microwave devices are

presented in Table I. The computed light-induced voltage

using (2) is presented in Fig. 3 as a function of the incident

optical power density for the devices shown in Fig. 2. The

light-induced voltage increases linearly with the incident

optical power. At a fixed incident optical power density,

the Alo3Ga 07As/GaAs HEMT has the highest sensitivity

TABLE I
PROPERTIES OF SEMICONDUCTORS USED IN THE FABRICATION OF

MICROWAVE DEVTCES AT 300 K

MATERIAL

K

ELECTRON INTRINSIC
MOBILITY CARRIER

u CONCEN-
cm21Vsec TRATION

nt.
~m-3

GaAs 530C 1.?Bd

OPTICAL
ABSORPTION
COEFFICIENT

a: ~
cm

—

1,O3X1O4

1.M3X104

1.25x104 T
WAVELENGTH MINORIN

A, CARRIER
vm LIFETIME

T,
sec

D.B7 lXIO-8

1.Lm L 10-8
0,653 2XI0-8

RELATIVE SCHOT7KY
PERMIT- BARRICR
TIVITY, VOLTAG[,

% ‘b

1.
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1100. %
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Fig. 4. Computed drain current versus the drain-to-source voltage for

GaAs MESFET with ITO/(n) GaAs Schottky gate for VW1OUSi~cid.ent

optical power levels.

and the InP MESFET the lowest sensitivity. The sensitivi-

ties of GaAs PBT and GaAs MESFET are almost identical

and fall midway between those of HEMT and llnP

MESFET.

B. GaAs MESFET Drain Characteristics Under

Illumination

The gate metallization in a conventional MESFET is

gold; hence, the gate is not transparent to light. This

limitation can be overcome if the gate metallization is

iridium tin -oxide. Iridium tin oxide, is transparent to visible

light [18] and also forms a good Schottky contact with

GaAs 119]. The computed drain characteristics using (4)

for a (GaAs MESFET with iridium tin oxide gate are

shown in Fig. 4. In Fig. 5, the ratio of the saturation drain

current with and without illumination as a function of the

gate-to-source voltage at a fixed incident optical power

density of 1 pW/cm2 for a GRAS MESFET is shown.

From this figure, it is observed that the optical gain of a

normally-OFF MESFET is a maximum if the gate-to-source

bias is such that the MESFET is in pinchoff condition.
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Fig. 5. Computed ratio of drain saturation current with and without
dlumination versus the gate voltage for a GaAs MESFET. The incident
optical power level is kept constant at 1 pW/cm2.
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Fig. 6. Computed channel conductance versus device active layer
thickness.

C. GaAs A4ESFET Small-Signal and Transiefit Parameters

Under Illumination

Equation (6) is used for computing the channel conduc-

tance gd with and without illumination. The computed

results are illustrated in Fig. 6, which shows that the

channel conductance increases by about 15 percent under

illumination. Computations by DeSalles and Forest [20]

show a 10-percent decrease in the parasitic series resistance

at the ends of the channel under illumination, which is in

fair agreement with our results.

Equation (7) is used for computing the gate-to-source

and drain-to-gate capacitance Cg~ and C~g with and also

without illumination. The computed gate-to-source capaci-

tance Cg, is compared with the experimentally measured

GaAs MESFET

l“Or d . 0.3am

1
v~ = 0.8 “V

.9 Nd = 1.0x1071cm3

M= 53@lcmzl!l-sec
W-5GObm

.8 i -.lum
V~ = 1.OX107cmIsec

~
‘r - 125

“% ,7
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.6

i
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1 mWlcm2 ANO

.5
a=o. s7w ]

,4 —

.3 —
@

.2
COMPUTEDUSING
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,~o
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Fig. 7. Computed and measured gate-to-source capacitance versus the
gate-to-source voltage.
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Fig. 8. Computed and measured dc transconductance versus the gate-
to-source voltage.

values of Cg~ in Fig. 7. The experimentally measured

values of Cg, are taken from Sun et al. [5], [21]. Equation

(8) is used for computing the dc transconductance g~ with

and also without illumination. The cotnputed dc g~ is

compared with the experimentally determined values in

Fig. 8. The experimentally determined values of dc gm are

taken from Gautier et al. [8]. The discrepancy between the

computed and the measured values of Cg, and g~ is due to

the fact that the simple analytical model used in predicting

their values is based on assumptions [15], [16] which may

not be fully justified in the above case. However, the

model requires very small computer time as compared to a

rigorous two-dimensional numerical technique. The cros-

sover observed in the experimental plot of Cg, has been

explained in [8].

Switching time ~ with and without illumination is

computed using (10) as a function of the device active
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Fig. 9. Computed switching time versus the active layer thickness.
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Fig. 10. Computed switching time versus the power.

layer thickness (Fig. 9) and also as a function of the gate

power dissipation (Fig. 10). In Fig. 10, the constant

power-delay product Pr in femtojoules is’ indicated by a

dash-and-dot line. From Figs. 9 and 10, it is observed that

illumination improves the switching time and lowers the

switching energy. It may also be mentioned” that our ob-

servations are in agreement with the qualitative discussions

by Goronkin et al. [22] regarding the effect of light on the

switching time and switching energy.

D. InP MESFET Drain Characteristic Under Illumination

The drain current characteristic of a InP MESFET

computed using (4) is shown in ,Fig. 11.

~. Alo3Ga0,7As/GaAs HEMT Drain Characteristic Under

Illumination

The drain current characteristics of a depletion-mode

and an enhancement-mode Al 03Ga 07As/GaAs HEMT

computed using (12) and (13) are shown in Figs. 12 and
13, respectively.
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Fig. 11. Computed drain current versus the drain-to-source voltage for
InP M13SFET with Au/(n) InP Schottky gate for various incident

optical

Fig. 12.

power levels.
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Fig. 13. Computed drain current versus the drain-to-source voltage of
an {enhancement-mode (nOrIIIdly-OFF) AIGaAs/C@% HEMT.
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(a)
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Fig. 14, Schematic cross section of a GaAs MESFET illustrating vari-

ous resistive and capacitive regions. (a) ON state. (b) OFF state.

VI. DESIGN CONSIDERATIONS FOR AN OPTICALLY

CONTROLLED DEPLETION-MODE MESFET SWITCH

When no gate bias is applied to the MESFET, it is said

to be in the ON state. The oN-state resistance of the

MESFET is a series combination of the drain and source

contact resistance R CO,the gate-to-source and drain-to-gate

parasitic resistance, and the channel resistance R.. These

resistances are shown in Fig. 14(a) and the following

closed-form expressions can be used for calculating their

values [23], [24]

2.1
R,O= —Q

J,.Jqn;66
(14)

1.lT 1.1 A–a 05
RI=

()
—+— — L?
~ln;82 ~n0.82

(15)
a

l.l(t+ xl-a)
R2= Q

~an0.82

1.lL
RC= Q

Wizono’gz

(16)

(17)

where

0.378
~. = ~ [(~ +0.85 )0’5- (0.85)0”5] (18)

and W is the gate width in millimeters, t is the thickness

of the n + region below the source and drain contacts in

pm, n + is the doping density of the contact layer ex-

pressed in units of 101G/cm3, A is the thickness of the

active layer, and a is the thickness of the active layer

below the recessed gate. The oN-state resistance is there-

fore

RON =RC+2(RCO+R1+R2). (19)

When a gate voltage V., is applied such that [Vg,l > [~1,

the MESFET is said to be in the OFF state. The oiw-state

impedance is a parallel combination of the source-to-drain

fringing capacitance C,d, drain-to-gate and gate-to-source

capacitance Cg, charging resistor R ~, and loss resistance

R ,~. The equivalent circuit is shown in Fig. 14(b). The

TABLE II

ON-STATE AND OFF-STATE EQUIVALENT CIRCUIT PARAMETERS FOR
A TYPICAL l-pm GaAs MESFET OPTICAL SWITCH

PHYSICALPARAMETERS ELECTRICALPARAMETERS OPTICALPARAMETERS

w -Iarlwm ON-STATE A -0.87#m

L -lpm RCO=0.22 Q P ~ 1 W/cmz

k -03pm RI =0.2SQ a - 10%

T .l,9pm R2 .0.41(2 T = MO-8 sec

S =0.m pm Rc =3.@3Q Vlit ~0.9v

t -O,lpm ROn.5.31 Q

a =0.l15um

,0 -0, W3p“ OFF STATE

n+ . lx1019/cm3 Rg .2.65Q

n . IxI017fcm3 RSd -3 kfl

Vp --0.9V
=9

=0. 52 PF

+ -13.1 C%d-0,14 PF

EFFECTIVEROff=2.4 KQAT10GHz

source-to-drain capacitance is estimated to be about

0.14 pF from geometrical considerations [24]; Cg is

computed using the closed-form expression [24]

WL
C~=0.06— a pF (20)

where L is the gate length in pm. The resistances R ~~ and

Rg are estimated to be about 3 kfl and one-half of RON,

respectively [24]. Normally, in the OFF state, l/tiCgR ~ >> 1;

hence, the effective drain-to-source capacitance is C,~ + 0.5

Cg, and the effective em-state resistance is a parallel

combination clf R ~~ and l/2 R~ti2(0.5C~ + C$~)2. Table II
presents the assumed and calculated physical, electrical,

and optical parameters of the MESFET.

The pinchoff voltage and” the light-induced voltage

computed usi]mg (2) and (5) are – 0.9 V and +0.9 V,

respectively, for the above MESFET. Hence, a voltage

equal to – 0.9 V pinches off the channel and turns the

MESFET off. By illuminating the MESFET, a voltage

equal to +0.51 V is generated at the Schottky gate which

overcomes the pinchoff voltage and turns the MESFET on.

The figure of merit of a MESFET switch is defined as

the ratio of the effective em-state resistance to the oN-state

resistance. For the MESFET switch under consideration,

the figure of merit is about 450 at 10 GHz, which is

considered to be a good figure since it translates to an

insertion loss of 0.50 dB and an isolation greater than

25 dB for a single SPST switch [25].

VII, EFFECT OF ILLUMINATION ON j~ AND ~~a

The gate-to-source capacitance Cg, increases with il-

lumination by as much as 28 percent [5], [21]. The increase

in Cg, tends to lower the unity current gain frequency ~~

and the unity maximum available gain frequency $~=.

VIII. CONCLUSIONS

The computed results show that the Alo,gGa o,TAs/GaAs

HEMT has the highest sensitivity to optical illumination of

photon energy greater than the semiconductor band gap.

Besides, numerical computations show that the channel

conductance and also the gate-to-source capacitance in-

crease, and the switching time decreases, with optical
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illumination. Further, the transconductance is insensitive

to optical illumination. Lastly, the design considerations

are presented for realizing an optically switchable GaAs

MESFET SPST switch with insertion loss of about 0.50 dB

and
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