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Abstract- Optoelectronic is one of the thrust areas for the recent
research activity. One of the key components of the
optoelectronic family is photo detector to be widely used in
broadband communication, optical computing, optical
transformer, optical control etc. Result’s that theoretical
predicted for device and using MATLAB are quite similar.
Present paper includes Id–Vd characteristics and Numerical
model (3D)of a GaAs MESFET Photo detector has been
presented in this paper. The model takes into account all the
major effects that determine the device characteristics in the
illuminated condition. It has been found that in a short channel
MESFET photo detector, the drain current saturation is caused by
the velocity saturation of the carriers rather than the pinch off
condition. By considering both the photo conductive effect in the
channel and photo voltaic effect at the gate Schottky barrier, the
major limitations of the existing model have been overcome. A
three dimensional Poisson’s equation has been solved with
suitable boundary conditions to obtain the potential profile in the
channel. The electric field profile along the length, width and
thickness of the channel and mobility of the carriers has also
been studied extensively under illuminated condition.
Calculations are being carried out to examine the effect of
illumination on the current-voltage characteristics, internal gateto-source capacitance (Cgs ), drain to source capacitance(Cds ),
drain to source resistance (Rds)and tranconductance(gm) Due to
effect of photo generation in the semi insulating substrate, the
device characteristics are strongly influenced. The results of
numerical calculations show that there is an increase in electron
mobility and switching speed under the illumination condition.
The proposed model is fairly accurate and can be used for
accurate simulation of Opto Electronic Integrated Circuits
(OEIC) using uniformly doped GaAs MESFET photo detector.
Index Terms- Numerical 3D modeling, Poisson’s equation GaAs
MESFET, Photo detector , MATLAB

I. INTRODUCTION

O

ptoelectronic is one of the thrust areas for the recent
research activity. One of the key components of the
optoelectronic family is photo detector to be widely used in
broadband communication, optical computing, optical
transformer, optical control etc.
Information technology has had an exponential growth
through the modern telecommunication systems. Particularly,
optical communication system play an vital role in the
development of high quality and high speed communication

systems. Today optical communication systems not only used in
telecommunication systems but also in Internets and Local Area
Networks (LAN) to achieve high signaling rate.
In fiber optical communication system. The input electrical
signal modulates the light from the optical source. The optical
carrier can be modulated internally or externally by electro-optic
modulator or acousto-optic modulator. In digital optical
communication systems the input electrical signals is in the form
of coded digital pulses from the encoder and these electric pulses
modulates the intensity of light from the laser diode or LED and
convert them into optical pulses. In the receiver stage, like FET
photo detector or PIN diode converts the optical pulses into
electrical signals. A large number of works has be reported
concerning the use of field effect transistor in Optically
controlled amplification, oscillations and optical detection
especially in Optoelectronic Integrated Circuit (OEIC) receivers.
The optical circuits are advantageous because they can be
integrated into the microwave circuits without interfering with
them and they have low losses and small dimensions, short
reaction time and wide band.
[1.A]Modeling and Simulation
Modeling of devices is probably the most intensive and time
consuming part of the development process. Goal of the
modeling process is to make sure that all the parameters that are
needed for the characterization of the device are completely and
accurately represented.
Integration of billions of transistors in a single chip beyond
the year 2000 will require that the dimensions be reduced to
below 0.1 micrometer levels. However, as
dimensions are
reduced, two- and three dimensional electrostatic effects tend to
degrade the performance. Therefore, accurate, physical and
analytical/numerical models are useful to predict the behavior of
the small geometry semiconductor devices, and to give insights
into device design and their scaling limits.
The electrical characteristics of the semiconductor devices
are sensitive to the device structure and the Operational condition
due to the multi dimensional effects. In general, fundamental
device modeling may provide some valuable information for
understanding the physics of semiconductor devices. An accurate
analytical model becomes difficult to develop because of the
complexity of mathematical treatment for the multi dimensional
effects and cannot be generalized for any device structure
[1].Therefore the device numerical simulation based on the Selfconsistent calculation of the semiconductor device equation has
become important in device modeling.
Due to the mutual coupling effect between the Poisson’s
equation and the current continuity equation it is very difficult to
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develop an efficient solution for solving the full set of
semiconductor device equation. For any device structure and bias
condition, no method can guarantee to the stable and efficient in
solving the semiconductor equations. From this point of view,
the development of a fundamental solution method for the
semiconductor equation is necessary to enhance the flexibility in
the selection of an iteration algorithm.
3D models are necessary to address the geometric
dependencies of such structure. It is almost impossible to deal
analytically with certain problem like short channel effect or
narrow width effect without resorting to some sort of
assumptions or approximations. In numerical approach, the
solution is readily available to any 2D or 3Dproblems such as
short channel effect and narrow width effect. Therefore it is
worthwhile to realize a device using a numerical device model to
make a full use of the numerical model’s accuracy in simulation
[1].
[1.B]. why MESFET Photo detector:METAL
SEMICONDUCTOR
FIELD
EFFECTTRANSISTORS (MESFETs) have been looked upon
for the applications in optical communication and optical
computing as detector devices. Compound semiconductor field effect transistors occupy an importance’s in the electronic
industry. An extremely important class of photo detectors
involves the use of Schottky barrier produced between a metal
and a lightly doped semiconductor
3D models are necessary to address the geometric
dependencies of such structure. It is almost impossible to deal
analytically with certain problem like short channel effect or
narrow width effect sort of assumptions or approximations. In
numerical approach, the solution is readily available to any 2D or
3D problems such as short channel effect and narrow width
effect. Therefore it is worthwhile to realize a device using a
numerical device model to make a full use of the numerical
model’s accuracy in simulation [1]. MESFETs has drawn
considerable attention in recent years due to its potentiality as a
good contender of MOSFET in VLSI/ULSI technology because
of the following device characteristics: (1) enhanced radiation
hardness, (2) immunity to hot carrier aging, (3) scaling well, and
less mobility degradation [3] A high speed low power photo
detector was first demonstrated experimentally by Baack et al
[4]. Although Si MESFETs are suitable for high speed
applications GaAs MESFETs are more suitable than the former
one for optical receivers .GaAs MESFETs are the most
commonly used active devices in microwave circuits.
This paper describes a 3D numerical simulation method for
quantitative estimation of the performance of uniformly doped
MESFET under illuminated condition. In order to understand and
optimize the device characteristics with dimensions in the
nanometer range, there is a need to develop a model for the
potential distribution functions by solving the 3-D Poisson’s
equation. This paper provides a simple but fairly accurate model
suitable for use in integrated optoelectronic circuit simulation
purposes.
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II. THEORETICAL MODELING
The GaAs MESFET structure under consideration is similar
to the conventional one except that the metal gate has been
assumed to the semi-transparent and is presented in Fig.1 This
facilitates the transmission of radiation incident on the gate. For
the present analysis, the epitaxial layer is considered to the
uniformly doped with n-type material. The drain-to-source
current flows in the horizontal x-direction and the incident
optical radiation along vertical y-direction for the
semitransparent metal gate. The incident radiation undergoes
reflection at the metal gate entrance and is absorbed in the gate
depletion region, render channel region, substrate depletion
region, and bulk substrate region. Absorption of the radiation in
the semiconductor results in the generation of excess electron
hole pairs. These excess carriers change the charge distribution
below the gate and the channel due to photoconductive effect.
The minority carrier life time is decreased due to this excess
carriers also cause a change in the built-in potential at the
Schottky contact and channel substrate barrier due to a photo
voltaic effect, and modulation the conductivity of the channel
and enhances the substrate leakage current due to the photo
conductive effect.

Fig.1. Physical structure of GaAs MESFET photo detector.
In order to analyze the structure we need to solve both
Poisson’s equation and current continuity equation. However, in
the sub threshold region, the currents are small and Poisson’s
equation alone is sufficient. The three dimensional (3-D)
Poisson’s equation in the gate depletion region in the illuminated
condition can be written as
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reflection coefficient at entrance,

Rs

is reflection coefficient at

metal contact, α is absorption coefficient,

N

d is the uniform

doping concentration and  ( x , y , z ) is the potential at a
particular point (x, y, z) in the gate, h is the Planck’s constant, 
is the frequency of the incident radiation, , is the mean lifetime
of the minority carriers
and q is the electron charge.
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Where
concentration in the channel and b is the thickness of active
layer.
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Boundary conditions along the width of the device

V
ds is the drain to source voltage and

bi is the built in voltage of the Schottky barrier gate

The excess carriers generated per unit volume n in the
semiconductor due to the absorption of incident optical power
density is given by,
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The source and the drain junction are located at

1

T T
T
an m and 1 , 2 are the optical transmission coefficients for the
gate metal and spacing between the gate and source
(drain),respectively. Boundary conditions required to solve the 3D Poisson’s equation can be written as
Boundary conditions along the thickness of the device
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G(y) is the photo-generation rate, given by [4]
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Where i is the mean lifetime is the reflection coefficient at

W
the insulator metal surface interface and m is the maximum
width of the depletion layer and is given by
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permittivity of the semiconductor,
K being the Boltzmann’s constant, T is the ambient
temperature
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direction respectively .The drain current
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Is calculated by integrating the charge in channel region , which
is given by

The mean lifetime of the minority carriers in the illuminated



condition, 1 can be written as
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Where  is the life time of carriers for intrinsic semiconductor
In order to obtain electric field profile equations under dark
conditions (9a)(9b)(9c)are solved respectively for the
corresponding profiles in x, y and z directions
The electric field in the respective direction is given by
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III. RESULTS&DISCUSSION

 (15 )

Quantitative calculations of parameters have been carried out
for a GaAs MESFET photo detector at300K.The channel has
been assumed to be uniformly doped with = d N 1.1x1023/m3
.The gate length and the device width have been assumed to be
100nm and 40nmrespectively. The depth of the channel has been
assumed to be 80nm. The parameters used for calculating various
values have been given in Table1.
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Table 1.

Where λ is the operating wavelength.
The 3D Gaussian’s distribution function is used to find the
carrier concentration of the channel assuming the channel is
uniformly doped. The calculated carrier concentration is verified
by calculating the width of depletion layer both at the drain end
and source end. The basic 3D Poisson’s equation is solved using
Liebmann’s iteration method to determine the potential
distribution throughout the channel
The potential at every point in the channel and its variation
along the length and width of the channel is calculated as

 ( i , j , l )   ( i  1, j , l )   ( i  1, j , l )   ( i , j  1, l )   ( i , j  1, l )
  ( i , j , l  1)   ( i , j , l  1)  (( q ( N a  n ) /  ) / 6 )  (17 a )
si
 ( i , j , l )   ( i  1, j , l )   ( i  1, j , l )   ( i , j  1, l )   ( i , j  1, l )

PARAMETER
Drain voltage, Vds
Gate Voltage,Vgs
Doping concentration, Nd

VALUE
PARAMETER
2V
-0.3V
23
1.1 * 10

Temperature, T
Reflection coefficient at metal
contact Rm
Reflection coefficient at entrance
Rs
Incident optical power, POP
Built-in voltage of Schottky gate,
φb
Intrinsic carrier concentration, ni

In order to solve a second-order differential equation of the
form given by (1) the initial values of potential y is needed. An
interactive approach has adopted to calculate these values with
the help of available boundary conditions. The surface potential
at the source end of the gate has been assumed to be zero. The
potential at subsequent nodes toward drain end is calculated until
the drain end of the gate is reached for an assumed value of
drain-to-source current. The numerically estimated channel
potential is used to calculate the electric field intensity along x,y
and z directions and the electric field at every point is used to
calculate the mobility of the carrier in all the three directions
x,y,z. The drain current through the channel is obtained by
solving Simson’s rule.
The current-voltage characteristics of the device have been
obtained by the numerical integration for different values of
drain-to-source voltage. The transfer characteristics of the device

3
/m

300K
20% of Pop
20% of Pop
0.3, 0.6W/ m2
0.85V
12
1.79 * 10

  ( i , j , l  1)   ( i , j , l  1)  (( q ( N a ) /  ) / 6 )  (17 b )
si

OF

Minority Carrier Life time, τ
Absorption coefficient, α
Device thickness, t
Channel width, w
Channel Length ,L

3
/m

10-8 s
106/m
1000nm
50nm
120nm

With the increase influx, the current increases because the
number of free carrier’s increases as mentioned above which lead
to the increase in current. The plot of Id versus Vd is shown in
Fig. 3. we have assumed the light radiation to fall only on the
gate metal. As a result a photo voltage is developed at the
Schottky junction, which reduces the barrier width and depletion
layer width and increases the channel width and hence current.

V

can be obtained by changing gs and computing the drain
current for a given drain-to source voltage by repeating the above
method. The channel transconductance and gate-to-source
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Variation of electric fields under illuminated condition along
the channel length and thickness has been obtained as shown in
Fig. 5 and it is found that the electric field along the length of the
channel is more dominant than electric field along the thickness
of the device and also it is observed that the electric field
increases rapidly near the drain end. Because the carrier density
near the drain end experiences a rapid decrease in surface
concentration which calls for a rapid increase in the electric field
to maintain the constant drain current.

Fig.3. Id–Vd characteristics for MESFET in dark and
illuminated condition
As the drain of the n channel device is biased positively with
respect to the gate, the gate depletion region is asymmetrically
shifted towards the drain. Hence it is found that the potential
decreases near the source end where as it linearly increases near
the drain end. And also it is also proven that from Fig 4. The
illuminated potential is slightly higher than that of the potential
under dark condition due to the photo generated carriers (excess
generated electron and hole pair

Fig.(5)- Variation of electric field profile under Illuminated
condition along the channel length and thickness
Variation of electric field profile along the channel width

E

Z rapidly decreases near the drain end as opposite to that of

Ey (along the length) as shown in Fig 6.This is due to the fact

V

as if the gs applied at the gate side, the electron acquires more
energy to move along the length of the channel.

Fig.(4)- Potential Distribution in the channel under dark and
illuminated condition

Fig.(6)- Variation of electric field profile under illuminated
condition along the width of the channel
www.ijsrp.org
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As field dependent mobility is directly proportional to the
electric fields in their respective directions. Similar mobility
profiles are obtained to that of the electric field profile as shown
in Fig. 7 when an optical signal is illuminated on the device more
and more electron hole pairs are generated. As the charge carriers
are more crowded under illuminated condition, their mobility
gets reduced in all three directions.

Fig.(9) Transconductance in illumination condition
From Fig.9, it is observed that the transconductance of the
device decreases with increase in the reverse voltage for a

V
given ds and increases in the illuminated condition for a fixed
V

Fig.(7)- Mobility distribution under illuminated condition
along the channel length and thickness
It is seen that the as the applied drain-to-source voltage
increases, the drain current initially increases significantly as

gs . Also, the transconductance is affected by the source
resistance. Beyond the saturation voltage the increasing value of

V
ds does not affect the drain current and therefore the drain
resistance has no further effect on the transconductance.

V

shown in Fig 8. For the fixed value of gs = -0.2V. When drain
voltage increases further, more charge carriers try to pass through
the channel due to which drain current increases that is created
earlier which is not enough. Hence the drain current saturates
after a certain limit even if drain voltage is increased further.

IV. CONCLUSIONS
The Device characteristics like potential distribution, field
distribution and mobility distribution under dark and illuminated
condition have been numerically estimated for uniformly doped
GaAs MESFET. Other parameters such as drain characteristics,
transfer characteristics, relationship between transconductance
and gate voltage are also calculated numerically. It is seen that
the device has all qualities to be used as a photo detector. The
easy realization on GaAs MESFET provides accurate control on
the gate length and channel thickness. The present work is
confined to modeling of uniformly doped three dimensional
GaAs MESFET photo detectors.
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