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Abstract

This paper presents a novel model for
the optical switching of the MESFET. The
model is based on basic principles, and
predicts the optical awitching
performance as function of the optical
signal parameters, ‘the bias level and
the device physics and geomebtry. The
results and conclusions from the theory
are verified by measwrements. The new

model can serve as a design tool for
designing an optimal MESFET for optical
switching purposes.
Introduction
The GaAs MESFET, the basic building

block of MRICs, can be used as a
photodetector embedded on the monolithic
chip itself, and thus serve as anh
optical input port. A  comprehensive
model for the response under constant
illumination has been presented recently

by the authors <L13). In the present
paper theoretical and experimental
investigations of  the MESFET under

pulsed light conditions are presented.
Several authors have investigated the
optical suwitching properties of  the
MESFET and demonstrated its feasibility
(L2]1-L&l). The modelling presented heve
predicts the response of the MESFET to
pulsed illumination. The model is based
on basic principles, namely, the device
physics. It predicts the pevformance as
function of the optical excitation
(intensity, wavelength, pulse
properties), electrical bias and device
physical parameters and geometvy. Our
theoretical as well as esperimental
results indicate that
commercially available microwave MESFETs

standard

are not fast optical switches, and their

response time runs in the microsecond

range.
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Our analysis of the MESFET (L1710 has
shown that the optically induced drain
curvrent is made up  of  three main
componentss 1iphotoconductive current in
the active channel. 2lexcess curvent due
to the internal photovoltaic effect.
Brexcess current due to the external
photovoltaic effect. The photoconductive
current is very small (submicroamp) due
to the small size of the chanpel. The
internal photovoltaic affect is
appreciable Cmilliamp ranged. The
external photovoltaic effect is the
largest C(tens of milliampsd, and is the
only effect that allows complete
switching of the device. In view of the
above, the analysis of the optical
switching includes the internal and
gxternal photovoltaic effects.

The internal photovoltaic effect

The internal photovoltaic effect is
associated with the barvier which exists
at the epi/substrate interface due to
the large doping step. The exact nature
pf this effect and its properties for
constant illumination are explained in
L1d. When the illumination is pulsed,
there are rise and Tall times associated
with this process due to the existence
of the barrier capacitance.

Petailed analysis of the pulsed-
illuminated epi/substrate interface
yields a nonlinear differential equation
for the photovoltage across the barrier:

AV /db=wg (1=Vp 3 2mwgVpj (1-Vp 3 91/2~
~wp (1= 23 2enp gy Vpid -1 (1)

where Vpi is the normalized
photovoltage. The three characteristic
frequencies associated with this effect:
wp related to the optical signal of the
light pulse, wy velated to the substrate
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properties and 63 velated tbto  the
epi/substrate barriev. Eq. 1 is A
nonlinear diffevential equation for Vg,
the solution to which
waveform., For a given

vields ite time
device o, and wp
are constants, howevar, wy  depends on
the oplical powsr and wavelength. For a
pulced excitation, aw ig the cas Tor
wwitohing, tho selution  to Eg. 1 is  a
distorted square wave with Jinite rise
and fall times. The Uph waveform is used

to generate the drain current waveform,
whi ¢l is the measurakile opbical
FEGBONSE. The solubron to Lg. 1 is
achieved numerically by use of MATLAR
routine QUE4S with W o5 (E=00=0. For low
level illumination Eqg. 1 simplifies to:
dVpi/dttiag + wg *+ oy Bpi) Ypi = wp (22

The solution to Eg. 2 for
portion of the pulse is:

Vpi = Cwplloy + wg + ap Bpy 0L -
expi~twy + wy + ay Bpit tF 1 £32

and for
pulses

Vpi = {ap/lag + wg * oy Bpile

expi- fwy + ) B3 L2 €43

the rising

the falling portion of the

From Egs. 3,49 the rise Lime is around
el Cwy v ey v wyy By and  the fall

Blyi e
aptical

time ds  around LM/ w, v wy

proportional to the

1

Since wy i
power Lt is possible to reduce the riss
time by dncreacing the optical powers
hawever, for a given device the fall
time  is  independent of  the optical
signal. For a  typical microwave MEBFET
with High resictivity substrate Loy
buffer layer) w. is usually negligible.
Inserting typical numbers in the above
equations  yields fall dime arcund 1
microsecond, while the risge time can be
decreased down to the nanosecond  vanqge
by increasing bthe optical power.

The external photovoltaic effect

l.arge optical response of the MESFET
can he achieved by introducing a large
resistor  din the gates oivcuil, L
wtilizing the optically induced gate
current to generate photovoltage acrvoss
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the gate Junction, which causes change
in the drain curvent.

The exact analysis af  the gate
circuit under pulsed illumination yields
a nonlinear differential equation for
bhe noranlized souwrce to  gate voltage
under illumination:

dV/dt=wa(Vggn-V)V1/2 + V! 2Lexp by fydexp(-bgVp¥d-11 -
- w12 (5

wheyre Uw(U5g+¢hJﬂUp ie the novrmalized

source to gate voltage, uggnmcugg+¢b)/up

¢y is the

huilt~in potential of the gabe Junction,

vp is  the pinchoff wvoltage. The three

ig the normalized gate bias,

characteristic frequencies governing the
aspeed of the external photovoltaic
effects the external gate circuit
frequoncy,  wgyy The  gate  junction
barrier frequency, wy,, and the optical

signal velated frequency, wp. The
Treguencies G and wy,, are constant for
A given device, while WYy is
proportional ko the light intensity. If
the bias and illumination level are such
that khe gate Junction is reverse biased
undey illumination the exponential term
e negligible and Fg. 9 simplifies to:
AU/ ., -ty 1/2 -
(dridL n%m{avggn Yy Y

(nmx+mbx)U1/3 (6D
The sclution to Eqg. & for the rising
part of the pulse iss

V=Uggnk2LL1#KEanh (o ) 1/ TKetanh (u £ 132 %)

R . e . 3
wheres h:{1*£amn+n%x)/lvggnnmx)}1f~ and
o P LA -
nk:Qubnpkaqunxl'Mu From Eq. 7 we
state (%
. . . - oy . .
approaches infinity? V=V go.K=, which is
the boundary  condition for the falling
part of the pulse. b)Y the rise time is
in the order of "1/ w., and is an
incyeasing  funchion of  the optical
power. Conclusion b)) is explained by
the fact that the gate resistor is
constant while the gate capacitance is
an increasing  funcktion of the optical
power. It should be emphasized that Lhi
conclusion is valid only for reve
bhinsed gate Jjunction . When the

concludes: a2 in  the steady

rse
gate is




forward biased by the illumination the
above trend in fact reverses because
then the effeclive resistance 1%
dominated by the low forward biased gate
Junction vresistance, uwhich decreases
strongly with the applied optical pouer.
For the falling part of the pulse the
solution to Eq. & is:

VVggn{ (1K pexpl-vpy (Vggn) /24107 (1 ekgexpl-
WRxWggn) /241022 (8)
wheve K1=(1-K3/C1+K). From Eg. 8 it is
seen that the fall time is in the order
of  1/0 wpytVgqnit/?1, which ig
independent on the optical signal.

Simulation

The results of the numerical solution
to Egs. 1 and 3 are depicted in Fig. 1.
The optical power density is 5110% w/m?
(Fig. 1€a2? and 1x10 9 w/m? (Fig. 1¢bdd.
The optical pulse width is 1
micvrosecond. The response due to the
internal photovoltaic effect alone is
depicted by a dashed line as well as in
an enlarged version in the insert. The
response associated with the total
photovoltaic effect is shown by soclid
line. The response corvesponding to the
internal effect alone is limited in size
to a few milliamps. The total response,
however, is seen to be much larger (tens
of milliampsd. For the total vresponse
the rise and fall times are in the
skbmicrosec range for reasonable optical
power levels, For  the internal
photoveltaic effect alone -~ the rise
time is around 0.1 micvosec and the fall
time is about 2 microsec for large
optical power density. A large increase
in rise time occurs for lower optical
power levels, as shown in Fig. 1dbog
however, the fall time is the same for
the two power levels.

Experimental results

The conclusions from the theoretical
modelling above are verified by
experimental results. The measurements
were performed on a FUJITSU  FSXUH1X
MESFET. The MESFET was illuminated by a
puleed GaAs diode laser operating at 830
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1. The light pulse  was 20-30
microsecond long to allow the RESFET to
veach  wsleady state condition. The
rasuwlting dradn curvent pulse was
monitored by an ostilloscope. The

measured rise and fall times are
depicted in Fig. 2 for two values of
gate-to-source voltage. The results for
no gate resistor Cinternal p. v. effect
alone) are shown in Fig. 2¢ad and those
for 470k gate resistor are shown in Fig.
2(hr. The experimental vresults show that
the rise time is a decreasing function
of the optical poweyr, while the fall
Lime is a very weak function of optical
power, which agrees with the theory.
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Fig. 2 Rise and fall times for the FUJITSU MESFET operated under pulsed illumination
(a) without gate resistor (b with a 470k gate resistor.

1402



