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Numerical Simulation of an
Ion-Implanted GaAs OPFET
P. Chakrabarti, M. Madheswaran, A. Gupta, and N. A. Khan

Abstract—A numerical model of an ion-implanted GaAs optical
field-effect transistor (OPFET) has been presented. The model is
a physics-based one, and overcomes the major limitations of the
existing models by considering both the photoconductive effect in
the channel and photovoltaic effect at the gate Schottky barrier as
well as the channel–substrate barrier. The exact potential profile
in the channel and variation of gate depletion width and substrate
depletion width in the channel as a function of position between
source and drain have been computed for the first time for a
nonuniformly doped channel. The model can be used to obtain
the drain–current—drain–voltage characteristics, transfer char-
acteristics, transconductance and gate-to-source capacitance of
the device under dark and illuminated conditions. The model can
be used as a basic tool for accurate simulation of optoelectronic
integrated circuits (OEIC’s) using an OPFET.

Index Terms— Device simulation, GaAs MESFET, ion-
implanted OPFET, photovoltaic effect, substrate photovoltage,
photoconductive effect.

I. INTRODUCTION

T HE photosensitivity of the metal–semiconductor field-
effect transistor (MESFET) has opened up the possibility

of their use for a variety of optoelectronic applications, in-
cluding high-speed optical detection, optically controlled am-
plification, optically controlled oscillations, optical injection
locking, and optical-to-microwave conversion. The device can
be incorporated in monolithic microwave integrated circuits
(MMIC’s) and optoelectronic integrated circuits (OEIC’s) to
serve as an optical-input port.

The potential of a GaAs MESFET as a high-speed low-
power photodetector was first demonstrated experimentally
by Baacket al. [1]. Later on, the optically controlled MES-
FET was named an optical field-effect transistor (OPFET) by
Gammelet al. [2]. The effect of illumination on the dc and
microwave characteristics of the MESFET was subsequently
studied by a number of individuals [3]–[22] to have a better
understanding of the various mechanisms involved, and also
to explore the possible applications of the device. Some of
the major works carried out and reported over the past two
decades include the study of the photoresponse of the GaAs
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MESFET by Graffeuilet al. [3] and Sugetaet al. [4], the
optical control of the GaAs MESFET by De Salles [5], and [6],
microwave characteristics of the GaAs MESFET under optical
direct control by Mizuno [7], optical illumination effects on the
GaAs MESFET by Chaturvediet al. [8], measurement of the
illumination effect on static and dynamic characteristics of the
GaAs MESFET for various biasing by Gautier [9], extensive
measurements of the optical response of the MESFET, both at
dc and microwave frequencies, by Simons [10] and Simonset
al. [11], and large-signal characteristics of the GaAs MESFET
under illumination from an He–Ne source by Darlinget al.
[12].

Closed-form analytical models for determining the dc char-
acteristics of an ion-implanted Si MESFET under illuminated
condition was developed by Singhet al. [13]. The model
was later extended for an optically controlled GaAs MESFET
by Mishra et al. [14]. In these models, the photoconductive
effect was only considered, totally ignoring the photovoltaic
effect [15]. More realistic models based on the seminumerical
approach were later developed for optically controlled ion-
implanted Si and GaAs MESFET’s by Chakrabartiet al. [16],
[17]. Mohammedet al. [18] also developed a theoretical model
to determineI–V characteristics of a long and short channel
ion-implanted GaAs MESFET under optical illumination. A
model that accounts for optically generated currents in a GaAs
MESFET was proposed by Madjaret al. [19]. The model
was also validated by experimental results. The switching
characteristics of an optically controlled GaAs MESFET were
modeled by Chakrabartiet al. [20], [21] and Madjaret al.
[22]. However, the models reported so far for ion-implanted
OPFET’s are based on several simplifying and restrictive
assumptions.

Ion implantation is the most widely used process in the
semiconductor industry for introducing controlled impurity
concentration into the channels of MESFET’s. From the
theoretical point of view, the analysis of an optically con-
trolled MESFET becomes complicated when the channel of
the MESFET is assumed to be nonuniformly doped. This
paper describes a numerical simulation method for quantitative
estimation of the performance of an ion-implanted MESFET
under an optically controlled condition. In this analysis, the
ion-implanted profile has been approximated by a Gaussian
distribution. The reason for this is that the results obtained for
the Gaussian profile are quite general. Independent adjustment
of parameters (the projected range and straggle parameter

) enables one to produce different types of profiles in the
channel.
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Fig. 1. Variation of the channel voltage with the distancex along the
channel, together with the structure shown as an inset.

II. THEORETICAL MODELING

The structure under consideration is shown, as an inset, in
Fig. 1. It consists of an ion-implanted-region formed on a
semi-insulating substrate. The metal gate has been assumed
to be semitransparent. The drain-to-source current flows in
the horizontal -direction and the optical radiation is incident
along the vertical -direction on the semitransparent metal
gate. The optical radiation is absorbed in the gate depletion
region, neutral channel region, substrate depletion region, and
bulk substrate region. The excess carriers cause a change in the
built-in potential at the Schottky contact and channel–substrate
barrier due to a photovoltaic effect, and modulates the conduc-
tivity of the channel and enhances the substrate leakage current
due to the photoconductive effect.

The one-dimensional (1-D) Poission’s equation in the gate
depletion region in the illuminated condition with the Schottky
contact as the reference can be written as

(1)

where is the potential at any point, is the electronic
charge, is the permittivity of the semiconductor, is
the incident optical-power density (watts per square meter),

is the reflection coefficient at the entrance, is the
reflection coefficient at the metal–semiconductor contact,
is the Planck’s constant, is the frequency of the incident
radiation, is the optical absorption coefficient of the semi-
conductor at the operating wavelength,is the mean lifetime
of the minority carriers in the illuminated condition [17],
is the surface recombination rate at the metal–semiconductor
interface [20], and is the surface recombination velocity.

corresponds to the donor concentration, which can be
written as a function of in the case of an ion-implanted

channel as

(2)

where is the projected range, is the straggle parameter,
and is the ion dose of the implanted profile.

Equation (1) is subjected to the following boundary condi-
tions:

(3)

where is the first derivative of potential with respect
to , is the applied gate voltage, is the built-in
potential of Schottky gate contact, is the photovoltage
developed at the contact under illumination, is the depth
of the gate depletion region in the channel measured from the
metal–semiconductor interface, is the channel voltage at
any point due to the applied drain-to-source voltage,is
the depth of the Fermi level below the conduction band in the
undepleted channel, and denotes the electric field at
the edge of the gate depletion region.

The 1-D Poission’s equation under an illuminated condition
in the space–charge region of the channel–substrate junction
with the metallurgical junction taken as the reference can be
written as

for (4)

where is the thickness of the channel, and are the
width of the substrate depletion regions in the channel and
in the substrate bulk, respectively, and is the acceptor
concentration in the -type substrate. Equation (4) is subjected
to the following boundary conditions:

(5)

(6)

where is the substrate-to-source voltage, is the built-
in potential at the channel–substrate junction, and is the
photovoltage developed across the junction in the illuminated
condition.

A. Photo-Induced Voltages

Under an illuminated condition, there is a development
of photovoltage at the Schottky contact as well as
at the junction between channel and substrate [21].
Assuming the incident radiation to decrease exponentially
with the vertical distance in the semiconductor, the total
photogeneration in the gate depletion region can be obtained
as

(7)
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where is the width of the gate and is the gate length.
The upper limit depends on the channel voltage and, thus,
also on .

In the presence of a large gate bias resistance, the photovolt-
age developed at the Schottky contact can be approximated by
the open-circuit voltage, given by

(8)

where is the ideality factor, is the Boltzmann’s constant,
is the absolute temperature, and is the reverse saturation-
current density of the Schottky contact.

The photovoltage developed across the channel–substrate
junction is determined by the photogenerated carriers in the
substrate depletion region, as well as in the bulk substrate
region (within the electron diffusion length) diffusing into the
depletion region. The photogeneration in the substrate region

has been calculated by numerically integrating (9),
shown at the bottom of this page, where is electron diffu-
sion length on the substrate side. The photovoltage developed
across the channel–substrate junction can be estimated from

(10)

where is the reverse saturation current density at the
channel–substrate junction.

B. I–V Characteristics

The drain current has been calculated by numerically
integrating the charge in the channel region, given by

(11)

where is the mobility of electrons, and is the charge
in the neutral channel region per unit area at a pointwhere
the channel voltage is , given by (12), shown at the
bottom of this page.

In the above integrals, and are functions of the
channel voltage and, hence, a function of the position

between source and drain.

C. Channel-Voltage Profile

In order to obtain the channel-voltage profile, the entire
channel is divided into a large number of elementary strips.
The differential voltage drop across the channel over the

elementary distance along the channel at any point is
given by

(13)

where is the cross-sectional area of the undepleted
channel strip at , and is the average carrier density in
each strip calculated numerically. The transconductance
and gate-to-source capacitance, of the device are given by

(14)

D. Computational Technique

The basic model equations (1) and (4) are second-order
ordinary differential equations which have been solved numer-
ically using the Adams–Moulton method. The initial values are
calculated using fourth-order Runge–Kutta method.

In order to solve a second-order differential equation of the
form given by (1) and (4), the initial values of potentialand
its first derivative are needed. We have adopted an iterative
approach to calculate these values with the help of available
boundary conditions. The solution of these equations provides
the values of , , and . The variations of and
with the channel voltage have been calculated numerically
by increasing the channel voltage in steps and repeating the
computation.

In order to obtain the channel-voltage profile, we divide the
channel into elementary strips and calculate the voltage drop
across each strip using (13). The channel potential at the source
end of the gate has been assumed to be zero. The potential at
subsequent points toward the drain end separated byis then
calculated using (13) until the drain end of the gate is reached
for an assumed value of drain-to-source current. The values
are used to numerically evaluate the integrals in (12) and (11)
to find the drain current. The value of drain current obtained in
this method is subsequently used for determining the channel-
voltage profile from (13). The accurate values of and the
channel-voltage profile are finally determined iteratively.

From previous computations, the variations of and
with channel voltage is known. The channel-voltage profile is
then used to obtain the variation of the gate depletion width
and the substrate depletion width in the channel with the
distance . These results are used to estimate , , and

by numerically evaluating the integrals in (7), (9), and
(12), respectively, which are subsequently used for the numer-
ical evaluation of , , and drain-to-source current .

(9)

(12)
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The I–V characteristics of the device has been obtained by the
numerical integration of (11) for different values of drain-to-
source voltage. The transfer characteristics of the device can be
obtained by changing and computing the drain current for
a given drain-to-source voltage by repeating the above method.
The channel transconductance and gate-to-source capacitance
have been numerically obtained as a function of gate voltage
by using the following forms of (14):

(15)

(16)

where , , and denote the value of the
corresponding parameters at theth step. In order to obtain
the characteristics of the device in the dark condition, the
above procedure is repeated by putting at appropriate
places.

III. RESULTS AND DISCUSSION

Computations have been carried out for ion-implanted GaAs
MESFET’s at 300 K under dark and illuminated conditions.
The gate metallization has been assumed to be thin enough
to allow 90% of the incident radiation to pass through. The
reflection coefficients at the metal–semiconductor interface
has been calculated using [17]. The implant projected range
parameter and the straggle parameter are taken to
be 0.20 and 0.10 m, respectively. The implant dose
and substrate concentration have been taken as 1.48

10 m and 5 10 m , respectively. The absorption
coefficient is assumed to be 10/m. The gate length ,
thickness of the epi-layer, and device width have been
assumed to be 1.20, 0.25, and 25m, respectively. Values of
the parameters used in the calculation of recombination rate
has been taken from [14]. The other parameters are taken from
[14], [17], and [23].

Fig. 1 shows the voltage profile in the channel, which
depicts the variation of the channel voltage with the distance

measured along the channel from the gate end on the source
side along with the structure under consideration shown as
an inset. It has been assumed that there is a negligible voltage
drop between the source and gate end on the source side. Fig. 1
also shows the redistribution of the channel voltage along the

-direction in the presence of illumination (with recombina-
tion). It can be seen that while the channel voltage remains the
same at the source and drain end of the gate in both dark and
illuminated conditions, the channel voltages at intermediate
points are more in the illuminated condition compared to those
in the dark condition. Two mechanisms are responsible for the
change in the channel voltage under the illuminated condition.
In the presence of illumination, the conductivity of the channel
increases due to the excess photogenerated carriers, which
reduces the resistance of the channel. Further illumination
causes a change in the conductance (through modulation of
depletion depths), which results in an increase in the drain
current in the illuminated condition. These two processes are
competitive. However, the increase in the drain current under

Fig. 2. Variation of the gate depletion widthydg and substrate depletion
width yn in the channel with distancex.

illuminated condition dominates the reduction in the channel
resistance, resulting in an increase in the channel voltage.
The reason is that the channel conductivity is decided by the
majority carrier charges, which change insignificantly in the
presence of illumination.

Fig. 2 shows the variation of gate depletion width and
substrate depletion width in the channel with distance
along the channel under dark and illuminated conditions (with
surface recombination). It is seen that the width of the gate
depletion region at any point in the channel decreases in
the presence of illumination. It is interesting to note that at
a given point in the channel, the channel voltage increases
in the presence of illumination (e.g., Fig. 1) while the width
of the gate depletion region decreases in the presence of
illumination for a given applied gate voltage. This may be
accounted for by the fact that the photovoltaic effect in the
illuminated condition reduces the applied gate bias and causes
the net reduction in the width of the gate depletion region
in the illuminated condition. Surface recombination has been
found to have little effect on this variation. At a given point
in the channel, the width of the substrate depletion region
decreases in the presence of illumination. It is also seen that
for the assumed level of illumination W/m , the
percentage change in the value of the substrate depletion width
in the channel is more than the corresponding change in the
gate depletion width. This is due to the large photogeneration
in the substrate–channel depletion region, which is wider
than the gate depletion region, and also due to the diffusion
of photogenerated carriers from the substrate bulk region
into the channel–substrate depletion region because of the
absence of any field in the-direction in the substrate. This
makes the photovoltaic effect much more pronounced at that
substrate–channel junction.

Fig. 3 shows the variations of the photovoltage developed
at the Schottky contact and that at the channel–substrate
junction, respectively, with the optical power density. Surface
recombination has been taken into consideration in calculating
the photovoltage at the Schottky contact only. It is seen that
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Fig. 3. Variation of the photovoltageVOP across the Schottky barrier (with
and without surface recombination) andVops across the channel–substrate
barrier with the incident optical power density.

both the photovoltage at the Schottky barrier (with and with-
out recombination) and that at the channel–substrate barrier
increase with an increase in the incident optical power density,

and, finally, saturates at higher values of . The
saturation of these photovoltages for higher values of optical
power density is due to the reduction in the lifetime of the
carrier in the presence of illumination, which limits the excess
photogeneration under intense illumination. It can also be seen
from the Fig. 3 that the effect of surface recombination on the
photovoltage developed at the Schottky barrier is dominant
at lower values of . This is due to the fact that for
the assumed value of trap density m ,
the surface recombination becomes significant compared to
photogeneration, which is low at a low optical power density.
It can also be seen that for a given optical power density,
the photovoltage developed at the channel–substrate barrier is
much more than that developed across the Schottky barrier.
This is due to a larger photogeneration in the substrate
depletion region.

Fig. 4 shows the current–voltage characteristics of the de-
vice in dark and illuminated condition (with and without
recombination) for an applied gate-to-source voltage of0.4
V. It is seen that for the applied gate-to-source voltage, the
drain current increases significantly in presence of illumination

W/m . However, surface recombination tends to
reduce the current in the illuminated condition. It is also
seen that the saturation of the drain current in the illuminated
condition takes place at a higher drain-to-source voltage (for
a given ) than that in the dark condition. This is due to
the reduction of the width of the gate and substrate depletion
region in the channel in the illuminated condition, which calls
for a higher drain voltage for the channel pinchoff to occur.
In this model, the saturation has been assumed to be set in
at a drain voltage for which the gate depletion region in the
channel touches the substrate depletion region in the channel.
The I–V characteristics obtained by the numerical method has
been found to be consistent with those of the seminumerical
model reported by Chakrabartiet al. [17].

Fig. 4. Drain-to-source currentIds versus applied drain-to-source voltage
Vds in dark and illuminated conditions.

Fig. 5. Variation of transconductancegm and gate-to-source capacitance
Cgs with the applied gate-to-source voltageVgs.

Fig. 5 shows the variation of the transconductance and the
gate-to-source capacitance of the device in the dark and illu-
minated condition (with and without recombination) with the
applied gate voltage. The transconductance of the device de-
creases with increase in the reverse voltage for a given

V . It is also seen that the transconductance increases in
the illuminated condition for a fixed . This behavior is in
agreement with those reported by Simons [10]. The surface
recombination has a similar effect as before. The variation of
the gate-to-source capacitance of the device with gate-
to-source voltage in dark and illuminated conditions (with
and without recombination) reveals that decreases with
an increase in . However, for a particular value of ,
the gate-to-source capacitance increases in the presence of
illumination. The increase in the value of in the presence
of illumination is due to the photovoltaic effect at the Schottky
barrier. The assumption of a semitransparent metal gate in
our case overestimates the optical effects and shows larger
variations of various parameters in the illuminated condition
compared to the experimentally reported results [10]. The
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increase in the value of in the illuminated condition tends
to increase the inputRC time constant of the device, while the
decrease in the value of in the illuminated condition has
an opposing effect.

IV. CONCLUSION

The model presented here can be used as a basic tool for
simulation of OPFET’s having a nonuniformly doped channel.
It enables one to characterize an ion-implanted MESFET
grown on a semi-insulating substrate for optically controlled
applications. The numerical model developed here can be used
to compute accurately the various dc characteristics of the
device, including the channel-voltage profile and the variation
of the gate and substrate depletion region in the channel as a
function of distance between the source and drain. The model
is entirely based on the physics of the device and takes into
account all the major effects of illumination without making
any simplifying assumptions. The model can be utilized to
provide useful design guidelines for fabrication of optically
controlled ion-implanted MESFET’s for use in OEIC’s.
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