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A Two-Dimensional (2D) Analytical Model for the
Potential Distribution and Threshold Voltage of
Short-Channel Ion-Implanted GaAs MESFETs

under Dark and Illuminated Conditions

Shweta Tripathi and S. Jit

Abstract—A two-dimensional (2D) analytical model
for the potential distribution and threshold voltage of
short-channel ion-implanted GaAs MESFETs operating
in the sub-threshold regime has been presented. A
double-integrable Gaussian-like function has been
assumed as the doping distribution profile in the
vertical direction of the channel. The Schottky gate
has been assumed to be semi-transparent through
which optical radiation is coupled into the device. The
2D potential distribution in the channel of the short-
channel device has been obtained by solving the 2D
Poisson’s equation by using suitable boundary
conditions. The effects of excess carrier generation
due to the incident optical radiation in channel region
have been included in the Poisson’s equation to study
the optical effects on the device. The potential
function has been utilized to model the threshold
voltage of the device under dark and illuminated
conditions. The proposed model has been verified by
comparing the theoretically predicted results with
simulated data obtained by using the commercially
available ATLAS™ 2D device simulator.
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I. INTRODUCTION

GaAs Metal-Semiconductor Field Effect Transistors
(GaAs MESFETs) have drawn considerable attention for
the designing of high-speed digital/analog integrated
circuits and microwave monolithic ICs [1-9]. A number
of studies have illustrated that both the dc and
microwave characteristics of a GaAs MESFET can be
modified by coupling a fraction of the optical power
radiated by an external source into the channel of the
device [10-17]. The excess electron-hole pair generation
due to the optical radiation in the channel is utilized to
control the device characteristics. Since these excess
electron-hole pairs can be controlled by the radiated
power level of the external optical source, the radiated
power level has direct control on the device
characteristics. The optical radiation incident on the
device can thus be viewed as an extra input terminal of
the MESFET through which the microwave device or
circuit (e.g. MMIC) performance can be governed. A
MESFET with a
Schottky-metal (at the gate) to the desired incident
radiation is known as optically controlled field effect
transistor (OPFET).

Optically controlled microwave devices and systems

transparent or semi-transparent

exhibit certain advantages such as size reduction, signal
isolation, large bandwidth and immunity to electromagnetic
interference. It has also been shown that the incident
illumination reduces the noise figure but increases the
unilateral power gain of a GaAs OPFET [18-19]. Due to
such properties, high-speed, low-cost, monolithically
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integrated optically gated GaAs MESFETs are presently
in high demand for low-wavelength high-frequency
optical communication systems [10, 12]. A number of
investigations [20-25] have previously been performed to
study the photo effects on GaAs-MESFET to describe its
operation and application under dark and illuminated
conditions. GaAs MESFETs with gate length values in
the range of 0.2-0.5 pm show high drain-source current
and large transconductance values at microwave
frequencies [26]. The one dimensional (1D) Poisson’s
equation will fail to provide potential distribution of such
MESFETs with a channel length in the above mentioned
range since the electrical characteristics of these scaled-
down devices are known to be greatly influenced by the
two-dimensional potential distribution and high electric
field effects [27]. Thus, the 2D Poisson’s equation is
required to be solved to obtain the channel potential and
threshold voltage of short-channel devices which can be
further
characteristics of the device.

A number of studies have [28-29] demonstrated that
shortening of channel length leads to small-geometry

utilized for modeling of the electrical

transistors for denser as well as faster integrated circuits;
and non uniform heavy doping in the channel region can
provide higher drain saturation current and transcon-
ductance. In general, various techniques can be used for
producing non-uniform doping in the channel region of
the device among which ion-implantation is found to be
very effective for improved GaAs MESFET performance
[30]. It may be mentioned that the ion-implantation
method produces a Gaussian doping profile which is an
analytically non-integrable function. In other words,
integration of the Gaussian function within finite limits
introduces the error function which is not analytical in
Thus,
distribution and threshold voltage of short-channel ion-
implanted GaAs MESFETs is always a difficult and
challenging task. The complexity is increased further if

nature. the 2D modeling of the potential

the modeling is carried out for a short-gate length GaAs
MESFETs operating under illuminated condition where
the additional effects of incident illumination on the
device characteristics is required to be included in the
model. Bose et al [25] presented the modeling of short
channel GaAs MESFETs under illuminated condition.
However, they assumed uniformly distributed device
channel and results presented by them are not validated

by any experimental or numerical simulation data. To the
best of our knowledge, no work has been reported so far
in the literature for the two-dimensional analytical model
of an ion-implanted short-channel GaAs MESFETs
under dark and illuminations.

In the present paper, an attempt has been made to
analytically model the channel potential and threshold
voltage of short channel optically biased GaAs MESFETs
with vertical Gaussian profile to achieve faster and
denser components for photonic MMICs. The model uses
a Gaussian-like analytic function proposed by Dasgupta
et al [31] in place of the actual non-analytic Gaussian
function for making the model purely analytical one. The
model is simplified further by assuming that the vertical
channel doping is Gaussian in nature whereas it is
uniform in the lateral direction. The 2D potential
distribution function is obtained by solving the 2D
Poisson’s equation using superposition method in
conjunction with appropriate boundary conditions.
Appropriate modification has been incorporated in the
Poisson’s equation to include the photo effects on the
device characteristics of the GaAs MESFETs under
illuminated condition. Since the threshold voltage is the
key parameter in both the dc and microwave circuit
design using GaAs MESFETs, the effect of optical
illumination on threshold voltage of GaAs OPFET has
also been investigated. Theoretically predicted results are
compared with the simulation data obtained from
ATLAS™, a commercially available 2D device simulator
[32].

I1. DEVICE DETAILS

The schematic structure of fully depleted optically
biased GaAs MESFET used for modeling is shown in
Fig. 1 where, a and L are active layer thickness and gate
length respectively. The substrate of the device is
assumed to be an undoped high pure LEC (Liquid-
Encapsulated Czochralski) semi-insulating GaAs material.
The active channel region of the device is an n-GaAs
layer which can be obtained by ion implanting Si into
semi-insulating substrate. Monochromatic light of energy
greater than or equal to the band gap energy of GaAs is
allowed to fall upon the gate area of the device along the
y-axis. Indium Tin Oxide (ITO) has been used as the
Schottky-gate metal due to its high optical trans-mittance
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x=0 x=L

Semi-insulating GaAs substrate

Fig. 1. Schematic diagram of the GaAs MESFET where L ,
a, Vgs , Vi and @, are the channel length, channel

thickness, gate to source voltage, drain to source voltage and
photon density of the illumination respectively.

of incident illumination on its gate surface [33].
The undoped substrate is assumed to have a uniform

doping concentration of N . The implantation is

assumed from an infinitesimal beam that scanned
uniformly across the substrate surface so that the ion
distribution profile becomes 1D Gaussian function
described by [34]

0 “%]LNPJ[%H (1)

N(y)=

e
oN2r1

where O is the dose, R, is the projected range, O

. ‘ [
is the projected straggle, and N, = is peak
proj 1244 P ﬂ p

ion concentration in the substrate.
Taking the substrate doping concentration N, into

account, the doping distribution in the channel can
approximately be described by [35]
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{54]] z
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Note that N,(y) is an analytically non-integrable
function of Y because of the exponential function
F(y). To remove this difficulty, we have used an

approximate analytic form of F(y) as[31]

where

a, =1.7857142, b, =0.6460835, ¢ =028z and

+1 for y>R,
-1 for y<R,

The channel region of the device is considered to be a
fully depleted one and electron-hole pairs are generated
due to the incident optical radiation in the depletion
region below the semi-transparent Schottky gate. The
photo-generated holes are swept out into the metal side
through the gate-channel junction due to the presence of
the static electric field in the depletion region. This
results in a photocurrent flowing from the active layer of
the MESFET to the metal at the gate and consequently

develops a photovoltage V,, at the Schottky junction,

which makes the junction forward biased.

III. THEORETICAL MODEL

1. Modeling of the 2D Channel Potential Function

Let @(x,y) be the 2D potential distribution of the
channel. Now, @(x,y) can be determined by solving

the following 2D Poisson’s equation in the fully depleted
rectangular channel region:

2 2
d ¢();,y) . ¢(>;,y) __aNp() 5)
dx dy &

where &g is the dielectric permittivity of GaAs
semiconductor, ¢ is electron charge and Np(y) is the

net doping concentration in the active channel region
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under illuminated condition which can be expressed as [25]

Rt
Np(»)=N,(»)+G(y)7, - ap (6)

where N,(y) represents the doping profile defined by
Eq. (2). R is the surface recombination rate, @ is the
absorption coefficient of GaAs material, 7, and 7,

are the life time of electrons and holes, respectively and

G(») is the photo-generation rate given by [34]
G(y) = Dyae™ (7
where @, is the photon flux density expressed as

P.T
@ — m-m 8
0" hozL ®)

where £, is the incident optical power, Z is the
width of the gate-metal, L is the gate length, T, is

the optical transmission coefficient for the gate metal, #
is Planck’s constant and U is the frequency of the
incident light.

We can use the following boundary conditions [36] for
solving Eq. (5):

P(x,0) =Vy =Ves =V oy ©)
#(0,) =V, (10)
(Lo y) =V + Vs (11)

where Vj; is the Schottky-barrier built-in potential,
Ves is the applied gate bias and V,, is the photo-

voltage developed at the Schottky junction due to
illumination which can be described by [37]

Vp :”kTTm[HJPJ—(O)] (13)

S

where J; is reverse saturation current density at the

gate depletion layer interface, k is the Boltzman
constant, 7 is room temperature(i.c., 300 K), 7 is the
ideality factor of Schottky junction, ¢ isthe charge of

an electron, and J,(0) is the hole current density

crossing the gate-channel interface given by [37]
Jp(0)=qv,pa ()], _, (14)

where V, is the saturation velocity of hole and F,; ()
is the photo-generated hole density in the depletion
region and pd()’)|y=0 is described by [37]

@
a0,y = [_O—p][l_e(—aa)] (15)
P

Applying the superposition technique [38] to solve the
2D Poisson’s equation described by Eq. (5), #(x,») can

be expressed as
P$(x,¥)=Pip(V)+@rp(x,y) (16)

where, @p(y) is 1D potential function of the long-
channel MESFETs and (ozD(x,y) is the 2D potential
function responsible for the short channel effects.

The long-channel potential function @p(y) can be

obtained by solving following 1D Poisson’s equation

op(y) _ aNp(»)

= 17
e e a7
with the following boundary conditions:
P, =V ~Ves =Vop (18)
Op1p(¥)
— =0
o . 19)

The function @;p(y) can be obtained by integrating
Eq. (17) twice and can be written as
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where 4, B are the arbitrary constants expressed as
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Now, the (Pzp(xsy) can be obtained by the 2D

o

& (Vbt Ve =V )} 22)
q(a\/E )Z
Laplace’s equation

82¢2D(Xa)’) n 52¢2D(X,J/) -0
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(23)

By using the following boundary conditions derived

from Eqs.(9)-(12) in conjunction with Eq.(18)-(19)

$2p(x,0)=0 @24

02p(0,) =V —o1p(¥) (25

Pop(L,y) =V + Vo —@1p(¥) (26)

d¢2D ('x’ y) — O

p @7)

Applying the standard technique of separation of
variables [39] and using the boundary conditions

described by Eqgs. (24-27), (DZD(x, y) can be expressed

as

oap(6.9)=> sin(k, y ) {4, sinh[k, (L - x)]+ B, sinh(k,x)} (28)

“~ sinh(k,L)
where
2n+1
j =2tz (29)
2a
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Thus, the resultant expression ¢(X, y) can be obtained

by using the expressions of @p(¥) and @p(x,y)
from Eq. (20) and Eq. (28) in Eq. (16), respectively.

Note that Eq. (28) is an infinite series and hence
impossible to use for computation of the values of

©,p(x,¥) by taking all the terms into consideration. It

may be mentioned that any hyperbolic sine function, say
sinh(z) , decreases exponentially with the increase in z .
Thus, both sin(kn (L - x)) and sin(k,,L) in Eq. (28)
decreases very rapidly with the increase in 7 since &,
is increased with 7 . Further, it may be verified that both
A, and B, are also decreased with the increase in 7.

Therefore, it may be a quite reasonable assumption to
consider only the fundamental term for n=1 of the

series to approximately express ¢(x,y) as

sm( ) {4 sinhlk, (L - )]+ B, sinh(c,x)) (41)

¢(x J’) “p(N+ sinh(k, L)

Where ki, A, and B, can be determined by using
n=1 inEgs. (29-31) respectively.

2. Modeling of Threshold Voltage

The threshold voltage, ¥, , of a short channel optically
biased MESFET can be obtained as [40],

kL
Vin =Vino — sec( ) jAl (42)

where & and 4, are obtained from Eq. (29) and Eq.
(30) with n =1, respectively, and V), is the threshold

voltage of the long-channel MESFET which can be
obtained as [40]:

Vtho = Vbi - Vp -V, (43)

0 op

where V), is the pinch-off voltage defined as [41],

=L [Ny )y (44)
&g 0

i dlci+ (v, - N Jov2(crresrey)|

&

(45)

C - N,a* Rrpa+{(1—(l+aa)e(_““))®orn (46)
a
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| [ [

C,=-

(49)

IV. OUTLINE OF ATLAS™ SIMULATION

ATLAS™ device simulation software has been used to
obtain the numerical simulation data for the validation of
our proposed model. The device has been simulated by
assuming ITO (with work function=4.7 eV [42],
refractive index=1.96 [43]) as the gate electrode. The
transmission property of the gate has been set using
INTERFACE keyword in the ATLAS program. The drift-
diffusion (DD) model available in ATLAS library has
been used. To turn on the optical recombination model,
the OPTR keyword on the MODELS statement has been
turned ON. Other models used for the recombination are
SRH (Shockley-Read-Hall recombination), and AUGER
(Auger recombination). The mobility models used are
CONMOB (concentration field dependent mobility model)
and FLDMOB (electric field dependent mobility model).

V. RESULTS AND DISCUSSION

In this section, we will compare our model results with
those obtained by using the commercially available 2D
device simulator ATLAS™. The values of the parameters
used for computation of the model results are: ¢=0.2 pm,
Ve=0.1 'V, R=0.06 um, V,=0.67 V, ¢=0.05 pm,

N=1X10% m?, N=1x10"" m?, 1,=10° s, 1,=10% s

a=10%m, A=8700 A and 7,,=0.9.
First of all, we have compared

F(Y)=c, {(ac +2b,BY ) - 2bc}exp [— {acﬂY + bL,YZ}]
of Eq. (4) with F,(Y)=F(c+2 Y+R,)= exp(— Yz)
of Eq. (3) in Fig 2 for showing the validity of the Eq. (4)

with Y =

. It is observed that the two curves are

af
well-matched for —2.2 <Y <2.2. Since, the value of the
functions fall by nearly two order of magnitude for

—2.2<Y <22, the approximated function F3(y) can

considered to be valid for most of the practical
applications.
Fig. 3 shows the variation of channel potential with

the gate length (L) in dark and illuminated conditions

for different gate to source voltages (V). It can be seen

that, for a given gate length, the source-channel potential
barrier is reduced due to the incident optical radiation on
the device. This is due to the fact that the photovoltage
developed across the junction due to illumination
forward biases the Schottky gate—channel junction and
thereby decreasing the source-channel barrier potential.
This implies that the height of the depletion region below
the gate is decreased with the increase in the level of
incident illumination on the device.

The channel potential variation as a function of
channel length (L) has been shown in Fig. 4 for

different values of projected straggle o . It is observed
that source-channel barrier height is decreased with the

100

a, =1.7857142
b, = 0.6460835

c, =028Jx

Gaussian Like function
= = = ' Gaussian Curve

2.5 =2 1.5 1 -0.5 0 0.5 1 1.5 2 25
Y

Fig. 2. Comparison of Gaussian and New Gaussian like
function curves.
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Fig. 3. Variation of channel potential along the channel
length for different gate to source voltages ( Vgs ) in dark and

illuminated conditions.
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Fig. 4. Variation of channel potential along the channel
length for different standard deviation ( O ) in dark and
illuminated conditions.

increase in the value of 0 due to the increase in the
average implanted ion density in the active channel
region of the MESFET with the increase in O of the

profile for a constant peak doping N, .

Fig. 5 shows the threshold voltage (V) variation
with gate length for dark and illuminated conditions. It
has been observed that, for gate length less than 0.2 pm,
drain induced barrier lowering (DIBL) effect becomes
prominent which, in turn, reduces the threshold voltage
of the device. It is also found that the threshold voltage
under illuminated condition is smaller that that obtained
under the dark condition of the device. This is due to the
development of photovoltage at the Schottky gate owing
to the incident optical radiation which makes the junction
forward biased.

Variation of the threshold voltage (V) with incident

optical power (F,) on the device is shown in Fig. 6.
The figure shows that the threshold voltage is decreased
with the increase in the incident optical power. The
abrupt change in threshold voltage at 0.1 mW is due to
the fact that the developed photovoltage is too small to
make a change in the device characteristics below the
mentioned power level. Once the incident optical power
is increased beyond the above level, the photo-generated
carriers become sufficient in numbers to develop a
significant amount of photovoltage which forward biases
the gate-channel junction and reduces the threshold
voltage of the device.

Fig. 7 shows the variation of threshold voltage (V)

with gate length (L) under illuminated condition of the

Dark condition

Tlluminated condition

'
—_
N

Threshold Voltage. Vg, (V)

eeee ATLAS
Model
2
1/® rve=ov
23 P, = 0.1mW
1 7, = 0.67V
=)
01 02 03 04 05 06 07 08 09 1

Gate Length, L (pum)

Fig. 5. Threshold voltage (V) variation with gate length
( L) for dark and illuminated conditions.

Threshold Voltage, Vi, (V)

L = 0.2um

02 03 04 05 06 07 08 09 1
Incident Optical Power, Py, (mW)

0 01

Fig. 6. Variation of threshold voltage (V) with incident
optical power (B, ) for different gate lengths (L ).
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Threshold ¥ oltage, Vi, (V)

01 02 03 04 05 04 07 08 09 1

Gate Length, L (pm)

Fig. 7. Variation of threshold voltage (¥}, ) with gate length
( L) for different channel thickness.

device for different channel thickness (@) . It is observed
that threshold voltage degradation due to short-channel
effect can be optimized by reducing the channel
thickness.

VI. CONCLUSIONS

In this paper, a 2D channel potential has been modeled
for fully depleted optically biased GaAs MESFET device
with a Gaussian-like doping profile in the vertical
direction. The 2D potential distribution has been derived
by solving the 2D Poisson’s equation using the
separation of wvariable technique. Optical radiation
dependent threshold voltage expression has also been
The

observed threshold voltage degradation due to short-

derived and compared with dark condition.

channel effects can be minimized by reducing channel
thickness of a GaAs MESFET. The proposed model
results are found to be well-matched with the ATLAS™

simulation data.
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