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Frequency-Dependent Characteristics of
an Ion-Implanted GaAs MESFET with

Opaque Gate Under Illumination
Nandita Saha Roy, B. B. Pal, and R. U. Khan

Abstract—Commercial metal–semiconductor–field-effect tran-
sistors (MESFET’s) have opaque gate. We present here the
frequency-dependent characteristics of an ion-implanted GaAs
MESFET with opaque gate under illumination. The incident light
enters the device through the gate-source and gate-drain spacings.
Two photovoltages are developed: one across the Schottky junction
due to generation in the side walls of the depletion layer below
the gate and the other across the channel-substrate junction due
to generation in the channel-substrate depletion region. The fre-
quency dependence of the two photovoltages along with channel
charge, drain-source current, transconductance and channel
conductance of the device have been studied analytically and
compared with the published theoretical results. For the first time,
a commercially available GaAs optically illuminated field-effect
transistor (OPFET) has been analyzed for frequency-dependent
characteristics instead of the transparent/semitransparent gate
OPFET.

Index Terms—AC model optically illuminated field-effect tran-
sistor (OPFET), GaAs OPFET, optically controlled metal–semi-
conductor–field-effect transistor (MESFET).

I. INTRODUCTION

GALLIUM arsenide (GaAs) metal–semiconductor–field-
effect transistors (MESFET’s), over the recent years, have

been extensively studied and developed for its high-speed and
low-power applications. MESFET being an optically sensitive
microwave element can be treated as a dual gate device under
optically illuminated field-effect transistor (OPFET) in which
the real gate is electrical and the virtual gate is optical. The po-
tentiality of such GaAs MESFET as a high speed optical trans-
ducer was first shown by Baacket al. [1]. Application of GaAs
MESFET as an optically switched amplifier and also as optical/
microwave transformer was experimentally found by Mizuno
[2]. Analysis of GaAs OPFET has been carried out over the
years under both dc and ac conditions. Mishraet al.[3] first pre-
sented theoretically the frequency-dependent characteristics of
an ion-implanted GaAs OPFET. The analysis, however, neglects
the photovoltaic effect at the Schottky junction and the active-
layer substrate junction. The signal modulated ion-implanted
GaAs OPFET characteristics considering the photovoltage de-
veloped across the Schottky junction and the gate width modu-
lation have been reported by Palet al. [4]. In that work, the gate
has been considered transparent or semitransparent to radiation
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which is not true for commercially available MESFET’s. Com-
mercial MESFET’s have gate opaque to optical radiation.

Recently a dc analysis has been published for an ion-im-
planted GaAs MESFET under illuminated condition with
opaque gate. The light enters the device through the spacings
of source, gate and drain. Hence, the absorption of photons
takes place in the side walls of the gate depletion region (arc
region), channel neutral region, channel-substrate depletion
region and substrate neutral region. As a result, an external
photovoltage is developed across the Schottky junction and an
internal photovoltage is developed across the channel-substrate
junction. These two photovoltages lead to channel conductivity
modulation of the device. In the present paper, we propose to
study analytically the effect of frequency modulated optical
signal on the GaAs MESFET with opaque gate. The ion-im-
planted profile in the channel have been considered to be
represented by the Gaussian profile [6]. When the modulated
optical signal is incident on the device, the carriers generated
at different regions are also modulated at the same frequency.
There is no generation of electron-hole pairs just below the
gate. The excess electrons due to photogeneration move
toward the channel to contribute to the drain-source current
along with that contributed by the impurity electrons. The
photogenerated holes develop the photovoltage across the two
junctions. The variation of the drain current, the photovoltages
and the transconductance with frequency have been studied
and compared with published theoretical results. The theory is
given below.

II. THEORY

The schematic structure of the device is shown in Fig. 1(a).
The drain-source current flows along the-direction and the de-
vice is illuminated along the-direction. The gate being opaque,
the excess carriers are generated in the extended gate depletion
region (side walls), the neutral region of the channel and the
depletion region at the active layer-substrate junction (the sub-
strate thickness is such that it gets totally depleted).

The optically generated electrons flow toward the channel
by diffusion and recombination in the neutral region and by
drift and recombination in the depletion region and contribute
to the drain-source current when a drain source voltage is ap-
plied. The holes on the other hand move in the opposite direc-
tion, developing a forward voltage across the junctions: an ex-
ternal photovoltage across the Schottky junction due to gener-
ation in the sidewalls of the gate depletion regions and an in-
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(a)

(b)

Fig. 1. (a) Schematic structure of the device and (b) Gaussian profile and its equivalent constant doping distribution of impurities in the active layer.

ternal photovoltage across the channel-substrate depletion re-
gion due to generation of holes in the corresponding depletion
region. Two photovoltages greatly modulate the channel thick-
ness enhancing the flow of carriers significantly due to impurity
electrons in addition to photogenerated electrons.

The ion-implanted profile in the active region of the device is
represented by the Gaussian distribution, given by [6]

(1)

where
implanted dose;
straggle parameter;
projected range.

The number of photogenerated electrons and holes are ob-
tained by solving the continuity equations [9],

(2)

for electrons

(3)

for holes, where
lifetime for electrons;
lifetime for holes;
electron current densities;
hole current densities;

and are represented by

(4)

(5)

volume generation rate;
and diffusion coefficients for electrons and holes;

and excess electron and hole concentrations;
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carrier velocity along the vertical-direction
perpendicular to the surface of the device and
is assumed same as the scattering limited ve-
locity [3];

and surface recombination velocities for electrons
and holes;
surface recombination rate.

The term is calculated using the expression [3]

(6)

where
;
;

and other terms have the same meaning as in [3].
The optical flux density being assumed to be modulated by

the signal frequency, under small signal condition we write

(7.a)

(7.b)

(7.c)

(7.d)

where “zero” indicates the dc value and “one” indicates the ac
value.

Assuming that only negative trap centers are present and that
the traps close to the surface are important, (6) may be approx-
imated as

or

(8)

Substitution of (4), (5), (7), and (8) into (2) and (3) provides two
sets of differential equations under dc and ac conditions.

A. Calculation of the Photovoltage

Due to illumination, the photovoltage is developed across i)
the Schottky junction ( ) called the external photovoltage
and ii) the active layer-substrate junction ( ) called the in-
ternal photovoltage.

The transport mechanism in the depletion region being drift
and recombination, the continuity equation for the carriers is
given by a first order differential equation. For holes it is written
as

(9)

Equation (9) is solved under ac condition resulting a solution
for hole density as

(10)

where

;
lifetime of holes under ac condition;
is independent of if .

The constant of (10) is evaluated using the boundary con-
dition at

where is the extension of the gate depletion region in the
channel measured from the surface.

The sidewalls of the gate depletion region are assumed
quarter arcs.

Considering the arcs at the source and drain ends to have radii
and , respectively, where

the number of holes crossing the junction at is given by
[5]

(11)

where

and

The external photovoltage across the Schottky junction is ob-
tained using the relation

(12)

where is the reverse saturation current density across the
Schottky junction.

Similarly, the photovoltage developed across the active layer-
substrate junction is calculated from the relation

(13)

where
number of holes crossing the junction at ;
reverse saturation current density for the channel-sub-
strate junction.

is calculated considering only the region from which the
generated holes cross the junction at . In the present struc-
ture it is the depletion region of the channel-substrate junction
extended in the channel. The corresponding differential equa-
tion is given by

(14)

where the recombination due to traps in the substrate region is
neglected.

Equation (14) has the solution given by

(15)

where is a constant and is evaluated using the condition at
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is the extension of the n–p junction depletion region in the
channel measured from the surface. The calculation of the pho-
tovoltages is important because they modify the depletion width

and . Using the abrupt junction approximation and
under dark and illumination are calculated as given below

[6]

(16)

where is the constant doping concentration in the active
region equivalent to the ion-implanted profile. is calculated
using the relation [Fig. 1(b)]

(17)

where
distance for which is same as that of implanted
charge in the channel;
junction depth of the active region from the surface
which is same as “,” the active layer thickness.

Under illumination is modified to given by

(18)

is expressed as

(19)

under dark and becomes

(20)

under illumination. Thus, the drain-source current changes
as the photovoltage gets modified by the signal frequency.
In (16)–(20), is the channel voltage, is the Schottky
barrier height, is the position of fermi level at the neutral
region below the conduction band, is the built in voltage
across the n–p junction, is the substrate potential and
is the substrate concentration.

B. Calculation of Channel Charge

The total channel charge is due to the carriers present because
of ion-implantation and optical generation, i.e

(21)

The charge is calculated using the relation

1) Charge Due to Ion-Implantation:The channel charge
due to ion-implantation is given by

(22)

being given by (1). Substituting in (22), we obtain

(23)

2) Charge Due to Carriers Generated in the Neutral Channel
Region: When the frequency modulated optical signal is inci-
dent on the device, the number of generated electrons are ob-
tained by solving (3). Since the transport mechanism is diffu-
sion and recombination for the neutral region in absence of any
drain-source voltage the continuity equation is a second order
differential equation.

The ac equation is given by

(24)

in which . is the lifetime of electrons
under ac condition. is independent of if .

Since only the presence of negative traps have been assumed
at or close to the surface the surface recombination term is ab-
sent in the continuity equation for electrons.

The solution to the above equation is,

(25)

where the boundary condition applied is at , ,
and is called the ac diffusion length of elec-

trons.
The charge developed due to the electrons generated in this

region is given by,

Substituting and integrating we get

(26)

3) Charge Due to Carriers Generated in the Depletion Re-
gion: The number of carriers generated in the depletion re-
gion is obtained by solving the continuity equation for electrons
which is similar to (10), except that the surface recombination
term is absent.
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The solution is given by

(27)

The charge developed due to electrons contributed from the side
walls of the gate depletion region (arc regions) is given by,

(28)

and is evaluated as

(29)

The charge in the n–pjunction depletion region due to gener-
ation of electrons is given by

(30)

where is the extension of the channel-substrate depletion
region in the substrate measured from the surface. is same
as in (27). Substituting (27) in (30) one obtains

(31)

is given by

in which

C. Calculation of Drain-Source Current

The drain-source current is calculated from gradual channel
approximation using the relation,

(32)

where is given by (21).
Thus, substituting (23), (26), (29), and (31) in (32) and inte-

grating we obtain the total drain-source current of the opaque
gate OPFET.

The contribution to the drain-source current () due to ion-
implantation is given by

(33)

where and are given in the Appendix.
In the neutral channel region, the ac drain-source current is

obtained as

(34)

, , , and being given in the Appendix and
.

The current contribution due to generation in the sidewalls of
the gate depletion layer is given by,

where

and

(35)

drift velocity of carriers at the source end and equals
to ;
low field mobility ;
applied field ;
saturated velocity at the drain end.

Substituting (27) in (35), we obtain

(36)
and

(37)

drain current contributed by the arc regions at the
source end;
drain current due to the arc region at the drain end of
the gate depletion region.

The drain-source current due to generation at the n–p junction
depletion region is calculated substituting (31) in (32).

Thus

(38)

where and are given in the Appendix.
So the total drain-source current () is obtained by summing

up the (33), (34), (36)–(38)

(39)

The dependence of frequency of through different compo-
nents arises due to the ac lifetime and ac diffusion length of
electrons and holes. The frequency limitation depends on the
conditions that , . When is larger than or
comparable with or , the frequency effect dominates.
Further, (39) represents the current for an opaque gate OPFET.
For transparent or semitransparent gate OPFET, the component

will be modified. In that case, it will also include the
generation of carriers just below the gate depletion region in ad-
dition to that of the extended arc regions. This has already been
discussed in [10] under dc condition.

D. Calculation of Transconductance and Channel
Conductance

The transconductance and channel conductance of the device
are calculated using the following relations,
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and

(40)

III. RESULTS AND DISCUSSIONS

Numerical calculations have been performed to evaluate the
two photovoltages, the total channel charge, the drain-source
current, the channel conductance and the transconductance of
the GaAs OPFET with opaque gate under ac condition. The
device parameters and values of different constants have been
listed in Table I.

Fig. 2(a) and (b) shows the plots of external and internal
photovoltages against signal frequency at different optical flux
densities. Both external photovoltage ( ) and internal photo-
voltage ( ), remain more or less constant and independent of
signal frequency upto 1 MHz. Above 1 MHz the values of
and decrease with the increase in the modulating frequency.
These variations of photovoltages are similar to those reported
by earlier workers [4]. is larger than for a particular
flux density and frequency. This is because the reverse satura-
tion current density in the active layer-substrate junction is less
compared to that for the Schottky junction. Further, the number
of holes generated in the side walls of the Schottky depletion
region is much less than that generated in the n–p junction de-
pletion region. The reason for the constant photovoltage upto
1 MHz is that the ac lifetime for holes (16) is constant when

. It starts decreasing for .
Fig. 3 represents the variation of total channel charge with

frequency for different flux densities. At a particular frequency,
channel charge increases with the increase in flux density. For
a particular incident, optical flux density the channel charge re-
mains unchanged upto 0.1 MHz after which it decreases with
the increase in frequency. Here the ac lifetime for electrons play
the important role. The charge is constant for and
when it starts reducing with frequency.

The current versus voltage (– ) characteristics of the device
for different signal frequencies is shown in Fig. 4. With the in-
crease in frequency the drain-source current decreases which is
similar to the observation already reported [4].

Fig. 5 represents the– characteristics of the present model
and that of Zebdaet al. [8] at a frequency of 0.1 GHz and
flux density /m -s. The present model shows much higher
current because in [8] the effect of photovoltage has not been
taken into account which contributes more prominently to the
enhancement of the drain-source current, because of channel
width modulation. The plot of versus frequency is shown
in Fig. 6. It is observed that with the increase in frequency the
drain-source current gradually decreases, the change being 0.44
mA/decade at a frequency of Hz. The opaque gate model is
more frequency sensitive compared to the previous results [4],
where the change is 0.03 mA/decade. The better sensitivity of
the device to frequency changes in the present model is due to
the substrate effect which is not considered in [4].

The variation of transconductance of the device with fre-
quency is plotted in Fig. 7. Transconductance remains constant
upto Hz and decreases rapidly above that frequency. With
the increase in flux density the transconductance increases but

TABLE I
VALUES OF DIFFERENT PARAMETERS

ASSUMED FORCALCULATION

beyond Hz it remains more or less unaffected by a change
in the flux density.

The channel conductance of the device is also calculated and
plotted against frequency (Fig. 8) for different flux densities.
The channel conductance decreases with the increase in modu-
lating frequency above 0.1 MHz and below 0.1 MHz it remains
more or less independent of frequency. Hence it is observed that
upto 0.1 MHz the device intrinsic parameters remain unaffected
by the signal frequency and above 0.1 MHz when the
intrinsic parameters start decreasing with frequency.

IV. CONCLUSION

An ac analysis of the commercial GaAs MESFET with im-
planted profile having opaque gate has been carried out consid-
ering Gaussian distribution of impurity profile under the illu-
minating condition. The signal modulated light enters the de-
vice through the spacings of source, gate and drain. We con-
sider the carrier generation in the side walls of the gate deple-
tion region, the channel neutral region and the n–p junction de-
pletion region (the substrate is assumed to be totally depleted).
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(a)

(b)

Fig. 2. (a) Variation of external photovoltage with frequency under different
flux densities. (b) Variation of internal photovoltage with frequency under
different flux densities.

Fig. 3. Channel charge versus frequency for varying flux densities.

Results show significant effect of frequency on the device char-
acteristics. The photovoltages: the external photovoltage across
the Schottky junction and the internal photovoltage across the
channel- substrate junction reduce with the signal frequency.
The – curves, – and – curves show that , , and

are independent of frequency upto 1 MHz above which they

Fig. 4. I–V characteristics of the device for different signal frequencies.

Fig. 5. Comparison ofI–V characteristics of the present model with those of
[8].

Fig. 6. Drain-source current against frequency for varying flux densities.

reduce sharply with frequency. This nature of variation is sim-
ilar as reported in [4] and is due to the ac lifetime of the car-
riers. – characteristics has also been compared with those of
[8] and the discrepancies have been explained. Even though the
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Fig. 7. Transconductance versus frequency for different incident flux
densities.

Fig. 8. Channel conductance versus frequency for different flux densities.

results are similar to other published theoretical work, the ac
analysis is new for the opaque gate model of GaAs MESFET
under illumination. Experimental results on the frequency de-
pendence of GaAs MESFET characteristics under illumination
are also available. However, they are mostly on the measure-
ments of - and -parameters of the device [11], [12] which is
beyond the scope of the present paper.

APPENDIX

The drain-source current due to ion-implanted profile is given
by (33) in which the terms and are defined as

They are evaluated as

In the above expressions

In (34), the drain-source current due to generation of carriers in
the neutral channel region has the terms, , , and . They
are expressed as

where

and in (37) are of the form
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In the above expression and are written as

and

is the equivalent concentration of p-n region given by
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