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~ Optical Control of GaAs MESFET’s.

ALVARO AUGUSTO A. DE SALLES

Abstract —Theoretical and experimental work for the performance of
GaAs MESFET’s under illumination from light of photon energy greater
than the bandgap of the semiconductor is described. A simple model to
estimate the effects of light on the dc and RF properties of MESFET’s is
presented. Photoconductive and photovoltaic effects in the active channel
and substrate are considered to predict the change in the dc equivalent
circuit parameters of the FET, and from these the new Y- and S-parame-
ters under illumination are calculated. Comparisons with the measured
S-parameters without and under illumination show very close agreement.

Optical techniques can be used to control the gain of an FET amplifier
and the frequency of an FET oscillator. Experimental results are presented
showing that the gain of amplifiers can be varied up to around 20 dB and
that the frequency of oscillators can be varied (funing) around 10 percent
when the optical absorbed power in the active region of the FET is varied
by a few microwatts. . .

When the laser beam is amplitude-modulated to a frequency close to the
free-running FET oscillation frequency, optical injection locking can occur.
An analytical expression to estimate the locking range is presented. This
shows a fair agreement with the experiments. Some suggestions to improve
the optical locking range are presented.

I. INTRODUCTION

N THE LAST FEW YEARS, an increasing interest has.

been shown on the possibilities of using the light effects
to control the various functions of the FET’s. Conventional
methods of MESFET amplifier and oscillator control in-
volve direct electrical connection of the control source to
the device. However, in optical control, light provides the
coupling medium, allowing the control signal to be distrib-
uted using optical fiber technology. This offers consider-
able advantages, particularly where electrical isolation and
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immunity from electromagnetic interference are important
requirements.

" The injection of light provides effectively an extra termi-
nal to the device, which possesses inherent optical
isolation, no decoupling structures being required. These
decoupling structures are very often undesired because
they are usually lossy and their dimensions can be unsuit-
able for the miniaturization required. Also, in the near
infrared region (photon energies close to the GaAs band-
gap) the optical absorption depths in GaAs are of the order
of 1 pm, therefore being compatible with the microwave
device structures. '

Some experiments have shown that the FET dc char-
acteristics may alter with illumination [1] and that FET
oscillators may be tuned by varying the intensity of the
light falling on the active region of the device [2]. Also,
some authors [3]-[5] have recently reported high-speed
optical detection with GaAs MESFET’s. =

The present work has been developed elsewhere [6] in
more detail. Only commercially available GaAs MESFET’s
were used, providing therefore very poor coupling ef-
ficiency between optical and microwave energies due to the
small active region available for optical absorption. How-
ever, since more and more systems are using optical trans-
mission, direct optical interfaces become very attractive.
Thus future development with a modification of the pre-
sent available device structure for optimum optical /micro-
wave interaction is likely. ‘

The fundamental physical mechanism arising in optical
illumination of the MESFET is the production of free
carriers (electron-pairs) within the semiconductor material

'when light of photon energy equal to or greater than the

semiconductor bandgap energy is absorbed. Gaps between

0018-9480 /83 /1000-0812$01.00 ©1983 IEEE
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gate and source and between gate and drain allow penetra-
tion of light, which is absorbed in the active region, buffer
layer (if present), and substrate. Photovoltaic effects in the
gate Schottky-barrier region and in the active channel to
substrate (or buffer layer) barrier occur, as well as photo-
conductive effects in the parasitic resistances in seri¢s with
the active channel and in the substrate (and buffer layer, if
present). These change the relevant parameters of the
device, such as the transconductance, the gate-to-source
capacitance, and the drain-to-source resistance. When the
external circuits are correctly designed, these changes can
be enhanced to provide useful modification of the MESFET
terminal characteristics.

A full solution of the continuity equations in the various
regions would describe in detail the photoeffects. This can
be done using a two-dimensional numerical simulation, but
usually it is a formidable task and gives little physical
insight. Rather than that, the dc and RF properties of the
MESFET under illumination are estimated from the intro-
duction of the photovoltaic and photoconductive effects in
the well-established theory for the MESFET without il-
lumination [7]-[9]. Equivalent circuit elements and the
associated Y- and S-parameters under illumination are
predicted. These, together with conventional microwave
circuit techniques, are used to estimate the performance of
MESFET amplifiers and oscillators under illumination.

Some results of the experimental work carried out to
assess the effects of illumination in the control of the
relevant functions of the device, namely the gain of FET
amplifiers, the frequency tuning, and the phase locking
(synchronization) of FET oscillators, are presented. The
control of the gain of FET amplifiers and of the frequency
of FET oscillators is obtained by varying the intensity of a
CW optical signal absorbed in the active region of the
device. The phase locking of FET oscillators occurs when
an optical signal, amplitude modulated at a frequency close
to the free-running frequency of the oscillator, is absorbed
in the active region of the device.

Finally, suggestions for new FET structures and a dis-
cussion of potential systems applications are presented.

II. PHOTOVOLTAIC AND PHOTOCONDUCTIVE
EFreCTS IN THE MESFET’S

The major contribution to the gate circuit photocurrent
in the MESFET’s is due to holes generated in the depletion
region and to those generated in the undepleted region and
diffusing to the depletion region before they recombine.
The FET structure is reasonably complex, but considering
some simplifications, the following expression is obtained
for the gate photocurrent density [6]:

(1-R) o’Liw,e™ " N
Jon=q(1=R)§y| ——=——— +aw
? a2 -1

where

g electronic charge,
R reflectivity of the surface,
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Fig. 1. Schematic geometry for the estimation of the photocurrent in the
MESFET.
TABLE 1
TypPICAL PARAMETERS FOR THE FET USED IN THE EXPERIMENTAL
WORK
>L = 0.5um v = 0.9 x 107cm/s
G s
¢s = 3.5um Es = 3 kV/cm
Ly = 1.5um Voi = 0.76V
-12
a = 0.15um £ €g = 1.1 x 10 F/cm
_ 13 -3
Z = 300um Nsub = 10 “cm
17 -3 =
ND = 1.5%x10 "cm Lp = 2um
2
[ = 4500em”“/V. Tp - 10—95
T - 107%
n

¢, photon flux density per second at the surface,
a optical absorption coefficient,

L, minority-carrier (hole) diffusion length,

width of the undepleted region,

w  width of the depletion region.

Typical parameters for the FET! used in the experimen-
tal work are shown in Table I. -

Fig. 1 illustrates the schematic geometry of the MESFET
under illumination from the top.

A CW double-heterostructure GaAs/Ga AlAs stripe-
geometry laser diode (ITT type LS 7709) was used in most
of the experiments. A simple optical focusing system using
an Ealing microscope objective (type 24-9797, X20
amplification and 0.54 numerical aperture) is used. This
gives average beam diameters measured (using a Fairchild
CCD array, type CCD133) in the range 50-150 pm, de-
pending on the adjustment of the relative positions of laser,
objective, and focal plane. For the levels of illumination
used in the experiments (laser output power around 2 mW
focused to a 50-pm spot), (1) gives a photocurrent density
of the order of 10° A/m?, which in an effective area of
semiconductor of 107%m? contributing to the photocur-
rent gives

Ly=J,, X A =107°4.
This predicted photocurrent (=10 pA) is in a fair agree-
ment with the experiments (Fig. 2).

LGAT 6 GaAs MESFET’s (package P-109) from Plessey.
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Fig. 2. Measured current-voltage characteristics of the Schottky-barrier
gate junction of the GAT 6 GaAs MESFET under illumination (7, is
the laser drive current, Fig. 3).
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Fig. 3.

Fig. 2 shows the current-voltage characteristics of the
GAT 6 GaAs MESFET Schottky-barrier junction mea-
sured under different illumination levels. Fig. 3 illustrates
the laser diode power output versus drive current char-
acteristic.

The current—voltage characteristics of the Schottky junc-
tion under illumination is [10}

J=Jseqv/nkT_Jph (2)

where J; is the saturation current density and n is the
ideality factor. An approximate value for the parameters J,
and »n can be obtained from the measured current-voltage
forward characteristic of the Schottky-barrier junction (Fig.
4).

Using this technique, values of n~14 and J ~0.2
mA /cm? are estimated. For a short-circuit photocurrent of
the order of 10 pA, an open-circuit photovoltage around
0.4 V is measured (Fig. 2), which is in close agreement with
the 0.39 V obtained using (2)

J (4

nkT
—In—=. 3
g ®)
Since the photovoltage developed across the Schottky
barrier is known, its introduction in some simple analytical
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Fig. 4. Forward characteristic of the Schottky-barrier junction.
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Fig. 5. Schematic diagram of the active channel profile with --- and

without —— illumination.

models for the FET under dark conditions [7]-[9] enables
us to estimate the change of the FET basic parameters due
to the photovoltaic effect, such as the gate capacitance,
opening of the active channel, and transconductance.

Fig. 5 illustrates the change in the depleted—undepleted
boundary profile due to the photovoltaic effect in the gate
depletion region of the MESFET.

Following [7] and {8], the reduced “potentials” under
illumination

. @)

prPo

W, \/Vs"'Vbi“VGs_Vph

. 5)

po

&=\/VD+Vbz-VGS_Vph

in the source and drain ends of the active channel are
introduced. Here

Von

» photovoltage developed across the junction (V,,

> 0),
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Vs voltage at the source end of the gradual channel,
Vp voltage at the drain end of the gradual channel,

Vi, gate junction built-in potential,

Vos  gate-to-source bias voltage (Vs < 0),

w, opening of the active channel in the source end

of the active channel, ,
Wy opening of the active channel in the drain end of
' the active channel,

a thickness of the epilayer

and
q-N;a?
I/po - 2 €€, (6)

is the pinchoff potential. The voltages Vs +V,, — Vo5 =V,
and V,+V,,—V;5—V,, are the total channel-to-gate

potential in the source and drain ends of the gradual
channel, respectively. When saturation drift velocity oc-
curs, V, =V, and u,=u,,. The quantity a (1—u,,,) is a
measure of channel opening at saturation.

Therefore, following an analysis similar to that applied
to the MESFET without illumination, analogous expres-
sions are found for the active channel behavior. Actually,
the photovoltage V,, developed is superimposed on the
gate bias voltage Vg, the active channel parameters chang-
ing accordingly.

Then, the channel current is [7], [6]

_ 8Vpo | 3(u} = 12)=2(u} - 1))

I, = 7
3 1+ z(u? —1?) @)
where
’ q-N;-p,a-Z
o= T (8)
G

is the open-channel conductance and

My Vpo
z= e 9)
is a reduced velocity. Here, v, is the majority-carrier satura-
tion drift velocity, g, is the majority-carrier mobility, and
L and Z are the length and width of the gate, respectively.

Photoconductive effects in the resistances associated with -

the FET equivalent model are calculated using the dark
values given in [11]. For the levels of illumination used in
the experiments, a decrease of around 10 percent in the
parasitic resistances in series with the active channel is
obtained.

Fig. 6 illustrates comparisons between predicted and
measured -V characteristics for the MESFET with and
without illumination. A fair agreement is achieved with this
simplified model.

When -a high external resistance (Rg > 50 k) is con-
nected to the gate circuit, the gate junction under illu-
mination operates near to its open-circuit condition, the
photovoltage developed being close to V.. This is superim-
posed on the reverse gate bias V¢ and the overall effect is
that the gate depletion region is “pinned” to a forward
bias near to ¥, ( ~ 0.38 V). This is shown in Fig. 7.
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Fig. 6. Theoretical and measured 7~V characteristics of GAT 6 GaAs
MESFET with and without illumination (laser drive current I; =
155 mA, V,, ~ 0.4, I¢c ~15 pA).
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Fig. 7. Schottky-barrier photovoltage versus laser drive current for dif-
ferent gate bias V; (R =1 MQ).
III. RF PERFORMANCE UNDER ILLUMINATION

A simplified circuit model for the MESFET [12], [6] in
the common-source configuration under illumination is
used (Fig. 8).

It is adopted similar representation as for the solar cell
model to account for the photovolatic effect, the current
sources producing the same current as the photocurrent
associated with the correspondent depletion layer.
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Fig. 8. Small signal equivalent circuit for the intrinsic MESFET under
illumination.

Lumped circuit elements have physical origins within the
device

Cs gate-to-channel depletion capacitance,

R, charging channel resistance to C,,,

Cyue drain-to-gate feedback capacitance,

Yo transadmittance of magnitude g, , and phase

delay 7 reflecting delay between input and out-
put signals,

R, channel resistance,

R, source-to-channel resistance,
R, drain-to-channel resistance,
R, gate—metal resistance,

Cys drain-to-source capacitance,
R substrate resistance.

When the change in the equivalent circuit parameters
due to the photovoltaic and photoconductive effects is
estimated, Y- and S-parameters of the intrinsic device are
calculated from usual relationships [12], [13].

The transconductance in the saturation region under
illumination is found to be [7], [6]

_ Uy, — 1 10
gm'—‘gol—l-z(u%n'—-t?). ( )

For short gate devices (L /a < 5) and when the voltage
Vi, —Vss — V,, in the gate is not too near the pinchoff
value V,,, the gate-to-source capacitance under illumina-

tion is given by [9], [6]

+1.56

au : (11)

L
C,, = 2(06,2[ <

Simple computer programs [6] are used to calculate the
FET equivalent circuit parameters from the S-parameters
and vice versa. S-parameters with and without illumination
are measured and compared with the estimated.

Tables II and III show the measured S,; parameter for
the GaAs MESFET with and without illumination for gate
bias voltages of 0 V and —1 V, respectively. External gate
resistance R is changed from 1 k{ to 1 M to show
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TABLEII
SMALL SIGNAL S;-PARAMETER WITH AND WITHOUT ILLUMINATION
FOR HIGH (1 MQ) AND Low (1 k@) GATE LoAaD

RESISTANCES
Vgs=0V.
RG = 1KQ RG = 1M
AMBIENT ILLUMIN. AMBIENT ILLUMIN,
FREQ MAG PHASE MAG PHASE MAG PHASE MAG PHASE
(GHz)
2 2.40 141 2.40 141 2.57 B 140 2.63 138
3 2.24 120 2.24 120 2.24 120 2.32 119
4 2.40 99 2.40 99 2.43 99 2.54 97
5 2.29 81 2.29 81 2.32 81 2.37 79
6 2.34 63 2.32 63 2.29 63 2.34 61
7 1.97 53 1.97 53 2.00 53 2.02 51
8 1.55 30 1.55 30 1.57 30 1.58 28
VG - 0.02V - 0.02v + 0.06V + 0.33V
IDS 69mA 79mA 68mA 85mA
IGS 0.2uA -3.5pA 0.0uA - 0.2uA
TABLE III

SMALL SIGNAL S,;-PARAMETER WITH AND WITHOUT [LLUMINATION
FOR HiGH (1 M) aND Low (1 kQ) Gate Loap

RESISTANCES
Ves=—1V.
RG = 1KQ RG = 1MQ
AMBIENT TILLUMIN. AMBIENT ILLUMIN.
FREQ. MAG PHASE MAG PHASE MAG PHASE MAG PHASE
(GHz)
2 2.37 133 2.37 133 2.34 133 2.60 132
3 2.19 117 2.19 117 2.16 116 2.40 115
4 2.26 110 2.26 110 2.32 100 2.57 97
5 2.24 83 2.24 83 2.21 81 2.43 78
6 2.07 66 2.07 65 2.11 67 2.29 64
7 1.80 54 1.80 54 1.80 54 1.97 51
8 1.48 29 1.48 29 1.48 28 1.64 25
VG - 1v - 0.98v - 1v - 0.23v
IDS 38mA 46mA 3%mA 69mA
IGS -4uh -9.7HA -4,0uA - 4.7uA

the significant influence of the photovoltage developed in
the gate junction. It is seen that the major variation in the
S,,-parameters with illumination occurs when a high resis-
tance (R; =1 MQ) is connected to the gate circuit. The
gate junction operates near the open-circuit condition with
a photovoltage (close to V,, ~ 0.4 V) forward biasing the
Schottky junction. The transconductance of the device is
therefore increased. No significant variations were ob-
served in the S};, S;,, and S,, parameters under similar
conditions.

From the measured S-parameters with and without il-
lumination, with high (R; =1 M) and low (R, =1 kQ)
gate resistances, the FET equivalent circuit parameters are
calculated. It was noticed that the transconductance g,
and the gate-to-source capacitance C,, have a significant
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increase (10 to 20 percent) with illumination only when the
gate resistance is high (R; =1 M), in agreement with the
previous observations.

The changes of the transconductance and of the gate-to-
source capacitance of the device with illumination can,
therefore, be predicted and measured, and this is now used
to estimate the performance of FET amplifiers and oscilla-
tors under illumination.

IV. CoNTRrROL OF THE GAIN OF MESFET
AMPLIFIERS

The change in the transconductance of the device with
illumination can be used to control the gain of MESFET
amplifiers. In this case, therefore, it is equivalent to having
a fourth terminal in the MESFET, highly isolated from the
other ports due to the inherent isolation of the optical
input. The amount of change in the .gain and the time
constant associated are functions of the device parameters,
the bias conditions, and the input and output matching
circuits. These matching circuits are designed using con-
ventional techniques [13], [14] for the FET without il-
lumination.

Measurements of the S-parameters with and without
illumination have shown that the device input and output
impedance change very little with illumination. Therefore,
the dominant effect in the control of the gain is due to the
significant change in the transconductance of the device
with illumination.

The change in the MESFET equivalent circuit parame-
ters and the correspondent S-parameters are calculated as
described in the previous section. The change in the trans-
conductance of the device can also be obtained from the
measured S-parameters. Comparisons between the mea-
sured and the estimated values of the forward transmission
coefficient S,; and of the transconductance g,, are made,
and good agreement is found. The magnitude of the for-
ward transmission coefficient |S,;| and of the transconduc-
tance g,,, can be varied from ~ 0 to ~ 2.5 and to ~ 40 mS,
respectively, when the gate bias voltage is adjusted near the
pinchoff and the illumination is increased.

Fig. 9 illustrates the change of the gain of the MESFET
amplifier with illumination, when a high (R; =100 k)
resistance is connected to the gate bias circuit. On the
horizontal scale is the bias voltage Vg applied to the gate
before illumination.

When a low (e.g., R; =1 kQ) resistance is connected to
the gate bias circuit, the measured gains under illumination
and without illumination are very close for any V¢ value.

From Fig. 9 it can be observed that up to 20 dB of
change in the gain can be obtained when the bias gate
voltage V¢ is chosen close to the pinchoff voltage (V5 ~
V,,)- Without illumination the device provides a high
isolation, ( 210 dB) and under illumination the gain is
around 10 dB. The rate at which the gain can be changed is
basically limited by the product of the gate-to-source
capacitance (C,, ~ 0.5 pF) with the gate series resistance
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Fig. 9. Change in the gain of the MESFET with illumination (Vg =3
V; F=2.8 GHz; R; =100 k). V¢ is the gate bias voltage as measured
before illumination.
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Fig. 10. Measured optical tuning of X-band GaAs MESFET oscillator
(Vps=2V; Vgs=—2V).

Rg. For R;=100 k@, 7=C,-R;~ 50 ns which may be
adequate in many applications.

Given the small amount of optical power (a few micro- .
watts) needed to control the gain, simple and inexpensive
optical sources (such as LED’s) can be used to control the
gain of FET amplifiers.

V. OprticaL TUNING OF FET OSCILLATORS

Optical techniques where the device is illuminated by a
focused laser (or LED) beam can be used to optically tune
FET oscillators.

Several configurations can be adopted for the design of
FET oscillators, such as using series or shunt feedback and
any of the three terminals connected to the ground [6]. One
usual configuration is the source series feedback. In this
case, the gate circuit being the frequency determining
element, the change of the gate-to-source capacitance G,
with illumination has a significant effect in the frequency
of oscillation. Then the change in the gate-to-source capa-
citance C,; has a dominant effect in the tuning of the
oscillator. Together with the change in the frequency of
oscillation, some variation in the output power may occur.
Fig. 10 shows the change in the frequency of operation of a
X-band oscillator versus the total voltage Vior =V, — Vss
appearing across the gate and the laser drive current 7, .
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These show ~ 10-percent optical tuning range, the opti-
cal absorbed power being a few hundred nanowatts (laser
characteristics in Fig. 3). It is shown (Fig. 10) that a
reasonable flat output power (~+5 dBm+0.5 dB) is
obtained within ~ 5-percent tuning range. Similar results
were obtained using a 2.8-GHz FET oscillator.

Observations in the spectrum show that in some cases
the FM noise performance of the FET oscillator can be
significantly improved with illumination. The reasons for
this improvement are still not well understood. It is a
function of the bias point of the FET oscillator, and may
well be related to the light effects changing the trapping
: and detrappmg process in different regions of the device.

Given the low optlcal power involved in the tuning
process ( ~ a few microwatts) it is believed that simple and
inexpensive optical sources (such as LED’s) could be used
with similar results.

VL. OpticAL INJECTION LOCKING OF FET
‘ OSCILLATORS

Optical injection locking of GaAs MESFET oscillators
has recently been observed [15]. Optical injection locking
of oscillators in principle is almost identical to electrical
injection locking. The only difference is in the way the
locking signal is introduced into the oscillator circuit. In
the optical approach, the locking signal takes the form of
an amplitude modulation of the laser optical carrier which
is then coupled into the active region of the FET oscillator.
High isolation between output signal and locking signal is
obtained due to the inherent isolation of the optical pro-
cess. However, as it has been ‘mentioned before, for the
geometry of the MESFET used, the efficiency of the opti-
cal absorption in its active region is poor. Therefore,
considering the small optical power absorbed, high locking
gains and limited locking ranges are expected. For low
injection levels of the locking signal, an approximate analy-
sis gives the following expression for the locking range [6]:

280= 5 2 Hl (12)
Qi (2 out GL) /
where
2Aw locking range,
(3] center frequency,
0, Q of the gate circuit,
&m transconductance of the device,
Cys gate-to-source capacitance,
I, locking photocurrent,
P, free-running output power,
G, conductance of the load presented to the FET

terminals.

For the typical values used in the experiments (e.g.,
gn~ 40 ms,C, ~ 08 pF, P, ~2 mW, I, ~10 pA), (12)
gives a lockmg range around one megahertz, in quite fair
agreement with the few MHz locking range found experi-
mentally. For the estimation of the optical power con-
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Block diagram of FET oscillator optical injection-locking ex-
periment.
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Fig. 12. Spectrum of the free-running FET oscillator (F, ~2.8. GHz,
BW =10 kHz, P, ~ 2 mW).

200 ‘KHz

Fig. 13.. FET oscillator locked to stable klystron source (same condi-
‘tions as in Fig. 12).

verted in electrical power, a quantum efficiency close to
unity is assumed (each absorbed photon produces one
electron-hole pair). This has been confirmed by dc mea-
surements [6]. The modulation depths of the optical in-
jected signal are typically in the range 70-90 percent up to
around 3 GHz, showing a fast decrease above this frequency
[16].

Fig. 11 illustrates the block diagram of the FET oscilla-
tor optical injection locking experiment. As in the previous
experiments, a GaAs GAT 6 MESFET from Plessey and a
GaAlAs laser diode type LS7709 from ITT were used.

The optical locking performance of the FET was mea-
sured by adjusting the laser modulation frequency to a
value ( ~ 2.8 GHz) close to the FET free-running frequency.
Fig. 12 shows the free-running FET oscillator (F,~ 2.8



DE SALLES: OPTICAL CONTROL OF GaAs MESFET’S

AF¢ms )
(Hz/yHz) }

100 ]

1\
LS

! o\,o
o

I I 1 A I -

5 10 20 100 200 F({KHz)

Fig. 14. FM noise of (a) free-running FET oscillator and (b) optically
injection locked to the more stable klystron signal.

20 |-

(a)
0,
2F 0\

O o

5k
—_ [
i AN
it \\
8 ' o
z ~
< ~
« ~
© ~
Z 05r- No
g AN
3 S
oA No
i 1 L 1 —
0 20 30 40

LOCKING GAIN P, /P; (dB)

Fig. 15. Optical injection locking characteristics of the FET oscillator.

GHz, P, ~ 2mW); Fig. 13 shows the FET oscillator locked
to the laser modulation, so that adjustments of the modula-
tion frequency causes a corresponding shift in the FET
oscillator frequency. To ensure that locking was from
optical carrier injection and not stray RF leakage, the laser
beam was interrupted and it was found that no locking
effects would be observed. Conventional electrical injection
locking measurements give a loaded Q of around 70 for
this oscillator. )

Measurements from Fig. 12 indicate [17] an rms FM
noise deviation of 80 Hz (1-Hz bandwidth) at 10 kHz from
the carrier in accordance with expected performance for
free-running FET oscillators which are known to be gener-
ally noisy. The locked output FM noise level was substan-
tially reduced, as shown in Fig. 13, to an rms deviation of
less than a few hertz at 10 kHz from the carrier. This is to
be expected, owing to the superior noise performance of
the klystron oscillator to which the FET is locked. Fig. 14
illustrates the reduction of the rms FM noise when the
free-running FET oscillator is locked to the more stable
klystron signal.

Typical locking ranges were around a few megahertz, in
line with (12). Fig. 15 illustrates the locking range 2Af
versus locking gain (P, /P;,dB) obtained experimentally.
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The locking range so far achieved could be substantially
improved by more efficient coupling of the modulated laser
light to the FET chip and by more efficient coupling of the
microwave locking signal to the laser chip. The use of a
lower Q-factor oscillator circuit could also be of moderate
benefit in increasing the locking range. Also, control of the
intensity of the optical carrier could be used to pretune the
FET oscillator to a frequency close to that of the locking
signal. This would provide large operational bandwidths.

The possibility of locking with optical modulation fre-
quencies close to subharmonics of the oscillator frequency
is suggested by the inherent nonlinearity of the FET active
channel.

VIL

Photovoltaic and photoconductive effects in the various
regions of the device were considered and the change in the
dc and RF characteristics of the MESFET under illumina-
tion were predicted. The reduction in the resistivity of the
illuminated regions was found to be around 10 percent for
the levels of illumination used. However, dramatic changes
in the gate depletion width are found when the external
gate circuit resistance is high. This requires an external
resistance much larger than the internal resistance of the
illuminated Schottky barrier acting as a solar cell. Under
these conditions, significant changes in the device trans-
conductance and around 20-percent change in the input
capacitance are obtained.

The S-parameters estimated from the equivalent circuit
parameters with and without illumination are in quite fair
agreement with those measured. These are used, together
with conventional microwave techniques, to estimate the
performance of FET amplifiers and oscillators under il-
lumination. It has been found that when a voltage close to
the open-circuit photovoltage of the gate Schottky barrier
is allowed to develop, the opening of the FET active
channel is pinned to a fixed value. This allows large control
of the gain (many decibels) of FET amplifiers and of the
frequency (up to 10-percent tuning range) of FET oscilla-
tors with a change of a few microwatts of the absorbed
optical power. The rate at which the gain and the frequency
can be varied is largely limited by the time constant of the
gate circuit. Given the low optical power involved in the
control of gain and in the tuning process, it is believed that
simple and inexpensive optical sources (such as LED’s)
could be used in several applications where moderate rates
of change in those control functions are tolerated.

Optical injection locking of a FET oscillator has been
demonstrated. This was first reported in [15]. The experi-
ment used the output of a GaAs/GaAlAs laser diode
amplitude modulated at a frequency close to the free-run-
ning frequency ( ~ 2.8 GHz) of the FET oscillator. The
noise performance of the FET oscillator is substantially
improved, taking on the noise characteristics of the master
oscillator to which it is synchronized. A locking range of a
few megahertz was obtained. This is in fair agreement with

CONCLUSIONS
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the value predicted by the approximate optical locking

equation presented. It is believed that using a suitable

structure for optimal optical absorption and pretuning the

FET oscillator (by controlling the intensity of the optical
carrier) will provide optical locking over bandwidths ade-
quate for practical applications. Fig. 16 (a) and (b) il-
lustrates two possible alternatives to improve the optical
absorption in the active area of the MESFET [6].

The possibilities of fabricating these structures need to
be closely assessed. Interdigitated-gate FET structures, as
those used in power FET’s, offer another possibility. These
would allow larger absorption surfaces and wider toler-
ances in the focusing optical system. A diffraction grid
- could perhaps also be used on the top of the interdigitated
structure to redlrect the optical energy to the desired
regions.

It seems that the first applications of the optical control
techniques will be in the area of phased array antennas in
which the locking signal could be distributed to individual
elements by means of optical fibers, with considerable
savings in complexity over conventional systems. An addi-
tional advantage of the optical-fiber distribution approach
is the low losses associated with the actual single-mode
optical fibers.

It can be expected also that the MESFET’s will play an
important role in the near future in the direct demodu-
lation of high bit-rate optical communication systems and
in optical signal processing. Optical techniques may, as
well, find considerable importance in GaAs monolithic
microwave integrated circuits, where the optical sources,
optical guiding structures, and microwave devices can be
fabricated in the same chip.
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