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An analytical 2D model to predict the potential distribution of short-channel ion-
implanted GaAs MESFETs has been presented. The 2D potential distribution in the
channel of the short-channel device has been obtained by solving the 2D Poisson’s
equation in conjunction with suitable boundary conditions using superposition method.
The remarkable feature of the proposed model is that the implanted doping profile has
been treated in completely analytical manner. A double-integrable Gaussian-like
function has been assumed as the doping distribution profile in the vertical direction
of the channel. 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 photovoltage developed across the gate metal has
also been modeled. The proposed model has been verified by comparing the
theoretically predicted results with simulated data obtained by using the commercially
available ATLASTM2D device simulator.
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1. 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 [1-6]. When the light is
incident on the transparent/semi-transparent gate of the device excess
electron-hole pairs are generated in the channel due to the incident optical
radiation which can be 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[7].

Optically controlled microwave devices and systems 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 [8-9]. Due to such properties, high-speed, low-
cost, monolithically integrated optically gated GaAs MESFETSs are presently in
high demand for low-wavelength high-frequency optical communication
systems [7, 10].

868


http://jnep.sumdu.edu.ua/
http://sumdu.edu.ua/
mailto:sjit.ece@itbhu.ac.in

A TWO-DIMENSIONAL (2D) POTENTIAL DISTRIBUTION... 869

Analytical models are generally limited by the mathematical treatment
when multidimensional geometry is considered. The complexity is increased
further if the modeling is carried out for device operating under illuminated
condition where the additional effects of incident illumination on the device
characteristics are required to be included in the model. A number of
investigations [11-15] have been reported to study the photo effects on
potential distribution of GaAs-MESFET to describe its operation and
application under dark and illuminated conditions. A closed form analytical
model of an optically controlled Si-MESFET was proposed by Singh et al.
[11]. The model was later extended by Mishra et al. [12] for a GaAs OPFET.
They considered the main contribution of the optically generated carriers to
be photoconductive in nature. Chakrabarti et al. [13] later modified this
model and included gate photovoltaic effect. All the above mentioned models
lacks the short geometry effects and account only for the long channel
MESFET device under illumination. Taking this into account, Bose et al.
[14] later presented a potential distribution and threshold voltage model for
uniformly doped GaAs MESFETs under illuminated condition by solving the
2D Poisson’s equation. Mishra et al. [15] presented two-dimensional (2D)
numerical model of non-uniformly doped MESFET under illumination using
Monte Carlo finite difference method. However, a number of works have
been reported for the modeling of potential distribution of optically biased
GaAs MESFETSs. To the best of our knowledge, no work has been reported so
far in the literature for the analysis of potential distribution of ion-
implanted short-channel GaAs MESFETs under dark and illuminated
condition considering optical carrier generation and recombination effects.

When optical illumination is incident, due to generation of carriers in the
channel, there is an increase in the drain saturation current that can be
increased further by the non-uniform heavily doped channel region [16]. In
general, number of techniques are there to produce non-uniform doping
profile techniques among those techniques ion-implantation is the effective
one for improved GaAs MESFET performance [17]. Since ion-implanted
technique produces Gaussian doping profile that can not be integrated
analytically within finite limits hence in the present analysis Gaussian-like
analytic function proposed by Dasgupta et al. [18], has been used in place of
actual Gaussian function to represent doping profile in the channel.

In the present paper an effort has been made to analytically model the
channel potential distribution of the short channel optically biased GaAs
MESFETs .The 2D potential distribution in the channel of the short-channel
device has been obtained by solving the 2D Poisson’s equation with suitable
boundary conditions. Photoeffects have been included by incorporating proper
parameters in the Poisson’s equation. The photovoltage developed across the
gate metal has also been modeled for the Gaussian doped channel. The
theoretically predicted results are compared with the numerical sy-axis.
Indium Tin Oxide (ITO) has been used as the Schottky-gate metal due to its
high optical transmittance of incident illumination on its gate surface [20].
An undoped high pure LEC semi-insulating GaAs material is assumed as
substrate of the device. The active channel region of the device is an n-GaAs
layer which can be obtained by ion implanting Si into semi-insulating
substrate.
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Fig. 1 — Schematic diagram of a GaAs MESFET where, L and a are the channel
length and thickness respectively

The ion-implanted profile in the channel region can be given as [21]
2 2
exp| — =N, exp|—
oN2rx [ o2 P o2

where @ is the dose, R, is the projected range, o is the projected straggle,

N(y) =

(1)

and N, = Q/ o2 is peak ion concentration in the substrate.

If the undoped substrate is assumed to have a uniform doping
concentration of N, the doping distribution in the channel can
approximately be described by [22]

]2

where Ny4(y) is an analytically non-integrable function of y because of the
exponential function F(y). Therefore, we have used an approximate analytic
form of F(y) as [18]

2
. 2.8 _p ol _ JaB il R
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where a, = 1.7857142, b, = 0.6460853, c, = 0.24857142Vz and f=+ 1 for
y> R, B=-1 for y < R,. Now, the net doping concentration Np(y) in the
active channel region under illuminated condition which can be given as [23]

Rz,

y—-R

p
o2

Nd(y):Ns+(Np_Ns)eXp[_[ :Ns+(Np_Ns)F(y) (2)

Np(y) = Na(y) + GW)r, -

(4)
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where N4(y) represents the doping profile defined by Eq.(2). R is the surface
recombination rate, a is the absorption coefficient of GaAs material, 7, and
7, are the life time of electrons and holes, respectively and G(y) is the photo-
generation rate given as Ref. [21].

When the illumination is incident on the gate metal of the GaAs MESFET
device a photovoltage is developed across the gate given as [24]

v, = %ln[l + J’jo)) . (5)

Following the methodology used in Ref. [24] hole current density at the
gate-channel interface J,(0) has been obtained as

T5(0) = qvp Pay),_y» ©)

where v, is the saturation velocity of hole and p,(y) is the hole density in the
depletion region.Using boundary condition p,(y = ko) can be obtained as in
Ref. [24]. hy is the height of depletion layer at any distance x under
unbiased condition of the device. It can be written as,

ho = b () (7

(2=0,V,5=0,V4,=0) ~

1.1 Channel Potential distribution

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
partially depleted channel region under the gate:

p(xy) d*(xy) _ aNoW)
dx? dy? &

(8)

where ¢ is the dielectric permittivity of GaAs semiconductor and ¢ is
electron charge.
We can use the following boundary conditions for solving Eq.(10):

go(x, O) =V — Vgs - Vop (9)

?(0,y) =Vy (10)

oL, y) = Vi + Vs (11)
ay y=hye

where V3; is the Schottky-barrier built-in potential, V,, is the applied gate
bias and V,, is the photovoltage developed at the Schottky junction due to
illumination.

The solution of 2D Poisson’s equation ¢(x, y) can be expressed using
superposition technique [26] as:
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o(x, y) = p1p(y) + e2p(%, Y), (13)

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

Following the method used by the Kabra et al. [27], the long channel
potential function (¢p(y)) and the short channel potential function
(pap(x, y)) can be expressed as

o ()= q (af)z _Rr, [yﬁip ]2 , ®otn exp (_ajlil.jz))(_a (y-R,)) .
-y (%T + o (Np =N, )exp {—{ ‘ [yé?’} b, (%ﬂ} +

( If j+3} (14)

where A, B are the arbitrary constants expressed as

oo 255 2]

)0 [ ()
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(15)

p(aR,) [Iaj ¢ (oV2) " &, (Vi ~ Vs ~Vip) |.(16)

ex
i sin(k,y)

pop (%,y) = Snh(h. L) —— "2 A, sinh[E, (L - x)] + B, sinh(k,x)}, 17
where
k, = (2n + 1)7/[2h(x)] (18)
=(Cip = Cay — C3,, + Cyp, — Csp + Cgy + Crp ) M (19)
B, =(Cy, +Ci1p — Cyy — C3, + Cyy — Csp + Cgy + Crp ) M (20)

Cin =—q(02 )3 co(Np — N)es ;2 [ 20, + B2 + ~2b,ke2 cos (k,h (x)) +
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- (Vbi Ve = Vo ) (MJ (28)
1 sin (Zh (x) kn)
M, _Elh(x)_Z—kn (29)

@(x, y) can be obtained by using the expressions of ¢;p(y) and @op(x, y) from
Eqgs.(14) and Eq. (17) in Eq.(13), respectively. As Eq.(17) is an infinite series
hence it is not possible to use it for computing the value of gop(x, y). Since,
sinh[&,(L — x)], sinh(k,L), A, and B, are also decreased with the increase
inn. Thus only the fundamental term (n = 1) is used to express ¢(x, y) as

sin(ky)

Sh(h 7y (A sinhl (L =1 + By sinh()]  (30)

@ (x, y) ~ oip(y) +
Where k1, A;, and B; can be determined by using n =1 in Eq. (18), (19) and
(20) respectively. Channel potential ¢.;(x) can be given by

vor (%) =9 (5:0) . (31)

Where depletion region width is obtained by solving Eq.(29) and Eq.(30)
under certain approximations as

h(x) = (%jl {—(D1 + Dy - 2R,)-

1

[(D1+D2—2Rp)2+2qus[coch(x)w—vbi+I@s+%p%+%—%ﬂz (32)
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Where D, D; and Dy can be given as.
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2. 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: a = 0.2 um,
Z=1pm, L=0.3 um, Vy; =1.01 V, R, = 0.1 ym, 6= 0.02 um, N, = 41023 m™3,
T,, = 0.9 and N, = 1021 m~3. The channel potential variation as a function of
channel length (L) has been shown in Figs. 2(a)-(c) for different peak con-
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Fig. 2 (a) — Variation of channel potential (¢.(x)) along the channel length for
different peak doping concentration (Np) in dark and illuminated conditions
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Fig. 2 (b) — Variation of channel potential (., (x)) along the channel length for
different straggle parameter (op) in dark and illuminated conditions
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Fig. 2(c) — Variation of channel potential(p.,(x)) along the channel length for
different projected range (R,) in dark and illuminated conditions

centration (N,), straggle parameter (o,) and projected range (R,) of the
doping profile. It is observed that source-channel barrier height is decreased
with the increase in the value of N, R, and o,, due to the increase in the
average implanted ion density in the active channel region of the MESFET
with the increase in above profile parameters under both dark and
illuminated condition. It is also evident from the Figs. 2(a)-(c) that for a
given gate length, the source-channel barrier height 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 height.

3. CONCLUSION

In this paper, analysis of short gate length GaAs MESFET with a Gaussian-
like doping profile in the vertical direction has been done under dark and
illumination. The 2D potential distribution has been derived by solving the
2D Poisson’s equation using the separation of variable technique. The
proposed model results are found to be well-matched with the ATLAST™
simulation data verifying the validity of the model. This model can be well-
implemented in design of photonic MMICs.
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