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Numerical Simulation of an
lon-Implanted GaAs OPFET

P. Chakrabarti, M. Madheswaran, A. Gupta, and N. A. Khan

Abstract—A numerical model of an ion-implanted GaAs optical  MESFET by Graffeuilet al. [3] and Sugetaet al. [4], the
field-effect transistor (OPFET) has been presented. The model is gptical control of the GaAs MESFET by De Salles [5], and [6],
a physics-based one, and overcomes the major limitations of the iy q\vave characteristics of the GaAs MESFET under optical
existing models by considering both the photoconductive effectin . . S N
the channel and photovoltaic effect at the gate Schottky barrier as direct control by Mizuno [7], Op_t'cal illumination effects on the
well as the channel-substrate barrier. The exact potential profle GaAs MESFET by Chaturvedit al. [8], measurement of the
in the channel and variation of gate depletion width and substrate illumination effect on static and dynamic characteristics of the
depletion width in the channel as a function of position between GaAs MESFET for various biasing by Gautier [9], extensive
source and drain have been computed for the first time for a measurements of the optical response of the MESFET, both at
nonuniformly doped channel. The model can be used to obtain . . . L
the drain—current—drain—voltage characteristics, transfer char- dC and microwave frequencies, by Simons [10] and Singins
acteristics, transconductance and gate-to-source capacitance ofal. [11], and large-signal characteristics of the GaAs MESFET
the device under dark and illuminated conditions. The model can under illumination from an He—Ne source by Darlieg al.
be used as a basic tool for accurate simulation of optoelectronic [12],
integrated circuits (OEIC's) using an OPFET. Closed-form analytical models for determining the dc char-

Index Terms— Device simulation, GaAs MESFET, ion- acteristics of an ion-implanted Si MESFET under illuminated
implanted OPFET, photovoltaic effect, substrate photovoltage, ¢gndition was developed by Singtt al. [13]. The model
photoconductive effect. .

was later extended for an optically controlled GaAs MESFET
by Mishraet al. [14]. In these models, the photoconductive
|. INTRODUCTION effect was only considered, totally ignoring the photovoltaic

T HE photosensitivity of the metal—semiconductor ﬁe|d(_effect [15]. More realistic models based on the seminumerical

effect transistor (MESFET) has opened up the possib”@pproach were later developed for optically con_trolled ion-
of their use for a variety of optoelectronic applications, ininPlanted Si and GaAs MESFET's by Chakrabatial. [16],

cluding high-speed optical detection, optically controlled amd/]- Mohammedet al.[18] also developed a theoretical model
plification, optically controlled oscillations, optical injectiont© determinel—V characteristics of a long and short channel

locking, and optical-to-microwave conversion. The device ca@n-implanted GaAs MESFET under optical illumination. A
be incorporated in monolithic microwave integrated circuit@0del that accounts for optically generated currents in a GaAs
(MMIC’s) and optoelectronic integrated circuits (OEIC’s) tdMESFET was proposed by Madjat al. [19]. The model
serve as an optical-input port. was also_ vglldated by .experlmental results. The switching
The potential of a GaAs MESFET as a high-speed lovEharacteristics of an optl_cally controlled GaAs ME_SFET were
power photodetector was first demonstrated experimentaiiPdeled by Chakrabargt al. [20], [21] and Madjaret al.
by Baacket al. [1]. Later on, the optically controlled MES- [22]. However, the models reported so far for ion-implanted
FET was named an optical field-effect transistor (OPFET) i§PFET'S are based on several simplifying and restrictive
Gammelet al. [2]. The effect of illumination on the dc andassumptions. . .
microwave characteristics of the MESFET was subsequently!On implantation is the most widely used process in the
studied by a number of individuals [3]-[22] to have a betteg€miconductor industry for introducing controlled impurity
understanding of the various mechanisms involved, and ag@ncentration into the channels of MESFET's. From the
to explore the possible applications of the device. Some beoretical point of view, the analysis of an optically con-
the major works carried out and reported over the past t#@lled MESFET becomes complicated when the channel of

decades include the study of the photoresponse of the G4A& MESFET is assumed to be nonuniformly doped. This

] ) ) ) paper describes a numerical simulation method for quantitative
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whereR,, is the projected range, is the straggle parameter,
and Dy is the ion dose of the implanted profile.

hz
"2 %% Equation (1) is subjected to the following boundary condi-

£ . :
% 1 n n-Channel n thﬂS
©
‘_E 0.8 / #(0) = Vg — Vi + Vor
% 06 L (/)/(ydg) =0
3 . Semi-insulating Substrate Vgs: -0.4V
5 ° tom o $yag) = V(@) = A 3)
04 ”'ummatedDark N.=1x10m2  Wwhere ¢’ is the first derivative of potential with respect
- to y, V, is the applied gate voltagey,; is the built-in
0.2 r Ve i
potential of Schottky gate contactpr is the photovoltage
%?,, oa 06 0‘8 ; ’fz developed at the contact under illuminatiga,is the depth
' ' Txwm ' of the gate depletion region in the channel measured from the

metal-semiconductor interfacg(x) is the channel voltage at
Fig. 1. Variation of the channel voltage with the distancealong the any pointz due to the applied drain-to-source voltage,is
channel, together with the structure shown as an inset. . . o
the depth of the Fermi level below the conduction band in the
undepleted channel, anpl(yq4,) denotes the electric field at
II. THEORETICAL MODELING the edge of the gate depletion region.

The structure under consideration is shown, as an inset, inl "€ 1-D Poission’s equation under an illuminated condition
Fig. 1. It consists of an ion-implanteetregion formed on a N the space—charge region of the channel-substrate junction
semi-insulating substrate. The metal gate has been assudyéf the metallurgical junction taken as the reference can be
to be semitransparent. The drain-to-source current flows ‘fttén as
the horizontalz-direction and the optical radiation is incident d?¢(y)
along the verticaly-direction on the semitransparent metal g2

gate. The optical radiation is absorbed in the gate depletion q Popt(1 = 7)(1 — 7, )exp(—aa)ary,
region, neutral channel region, substrate depletion region, and = —g[Nd(a -y + T
bulk substrate region. The excess carriers cause a change in the -exp(—aly|) — N, for —y, <y<uy (4

built-in potential at the Schottky contact and channel-substrate

barrier due to a photovoltaic effect, and modulates the condwgiere a is the thickness of the channej, andy, are the

tivity of the channel and enhances the substrate leakage curiwigith of the substrate depletion regions in the channel and

due to the photoconductive effect. in the substrate bulk, respectively, add, is the acceptor
The one-dimensional (1-D) Poission’s equation in the gat@ncentration in the-type substrate. Equation (4) is subjected

depletion region in the illuminated condition with the Schottkjo the following boundary conditions:

contact as the reference can be written as S(—un) = V(z) = A, #(—y) =0 (5)

p(y) d(yp) = Vis + Viio +Vors, ¢ (yp) =0  (6)

2
dy P11 R whereV,, is the substrate-to-source voltadé,. is the built-
+ opt (L = 7m)(1 —75)ar exp(—ay) Ry (1) in potential at the channel-substrate junction, &pgl is the
hv S photovoltage developed across the junction in the illuminated

) ) ] ] ~condition.
where¢(y) is the potential at any poinf, ¢ is the electronic

charge,e is the permittivity of the semiconductof’op: IS A photo-Induced Voltages

the incident optical-power density (watts per square meter), _ i . i
.., is the reflection coefficient at the entrance, is the Under an illuminated condition, there is a development

reflection coefficient at the metal-semiconductor contact, ©f Photovoltage(Vor) at the Schottky contact as well as
is the Planck’s constant is the frequency of the incident @t the junction between channel and subst@tgrs) [21].
radiation, « is the optical absorption coefficient of the semi#SSuming the incident radiation to decrease exponentially
conductor at the operating wavelength, is the mean lifetime with the vertl_cal _dlstancey in the ;emlconductor, the totgl

of the minority carriers in the illuminated condition [17R, photogeneration in the gate depletion region can be obtained
is the surface recombination rate at the metal-semiconducfor

interface [20], andS is the surface recombination velocity. Popt L ruag(e)

Ny(y) corresponds to the donor concentration, which can feor =2 hy “(1_%)(1_78)/0 /0 exp(—ay) dydz
written as a function ofy in the case of an ion-implanted @)

=~ 1[Nu(v)
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where Z is the width of the gate and. is the gate length. elementary distancdx along the channel at any poiat is
The upper limityy, depends on the channel voltage and, thugiven by

also onz. I
In the presence of a large gate bias resistance, the photovolt- dVv = N—SA(a:) dx (13)
age developed at the Schottky contact can be approximated by Ui Nav
the open-circuit voltage, given by where A(z) is the cross-sectional area of the undepleted
o channel strip atz, and NV, is the average carrier density in
nkT £ _ R.q . ,
Vop = ln| 2L (8) each strip calculated numerically. The transconductapge
q Isc and gate-to-source capacitancg, of the device are given by
wheren is the ideality factork is the Boltzmann’s constan; dl s dQq
; ; ; 9m = 7 Cgs = s (14)
is the absolute temperature, aig is the reverse saturation- Vs |y, —constant Vs |y, —constant

current density of the Schottky contact.
The photovoltage developed across the channel-subst@teComputational Technique
junction is determined by the photogenerated carriers in the.l.

. ; : he basic model equations (1) and (4) are second-order

substrate depletion region, as well as in the bulk substrate,. . : ! .
region (within the electron diffusion length) diffusing into theordlnary differential equations which have been solved numer-
9 9 g ically using the Adams—Moulton method. The initial values are

?Ce:pletl)o l’;]arlts%gtl)oergnTzzlcpuf;gttggeS err?ﬂgqr;:ir;;ﬂe isnutgs'[rgtii re(%'sga culated using fourth-order Runge—Kutta method.
ors y y INtegrating (), 11 order to solve a second-order differential equation of the

shown at the bottom of this page, whelig, is electron diffu form given by (1) and (4), the initial values of potentiahnd
sion length on the substrate side. The photovoltage developed.,. N . .
) . X its first derivative are needed. We have adopted an iterative
across the channel-substrate junction can be estimated from . .
approach to calculate these values with the help of available

nkT iCors boundary conditions. The solution of these equations provides
Vors = [T}l T (10)  the values ofyag, ¥n, andy,. The variations ofya, andy,

with the channel voltage have been calculated numerically
where J,,. is the reverse saturation current density at tHay increasing the channel voltage in steps and repeating the

channel-substrate junction. computation.
In order to obtain the channel-voltage profile, we divide the
B. -V Characteristics channel into elementary strips and calculate the voltage drop

cross 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 separatett iy 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 valuesigf and the

The drain currentl,; has been calculated by numericall
integrating the charge in the channel region, given by

Iy, = 2 / T Qu(v)av (11)
L 0

wherey,, is the mobility of electrons, an@,,(V) is the charge
in the neutral channel region per unit area at a poimthere
the channel voltage i3’(x), given by (12), shown at the

bottom of this page. _ channel-voltage profile are finally determined iteratively.

In the above integralsy., and y, are _funct|ons of t_h_e From previous computations, the variationsyqf, andy,,
channel voltag/’(z) and, h_ence, a function of the POSIIONith channel voltage is known. The channel-voltage profile is
x between source and drain. then used to obtain the variation of the gate depletion wjdth
and the substrate depletion width in the channel with the
distancer. These results are used to estim@igr, Gops, and

In order to obtain the channel-voltage profile, the entir@, (V') by numerically evaluating the integrals in (7), (9), and
channel is divided into a large number of elementary strip&l.2), respectively, which are subsequently used for the numer-
The differential voltage drop across the channel over theal evaluation ofVop, Vops, and drain-to-source currey;.

C. Channel-Voltage Profile

P . L a L a+ILp
Gops = %Zoz(l —Tm)(1 —75) / / exp(—ay) dydz + / / exp(—ay) dydx (9)
4 0 a—yn(z) 0 a
aTYn Popf aTYn
Qn(V) = Q/ Na(y) dy + q= ~arr(l = 7n)(1 ~ Ts)/ exp(—ay) dy (12)
Ydg 0
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The -V characteristics of the device has been obtained by the -10.052
numerical integration of (11) for different values of drain-to- 0.194

source voltage. The transfer characteristics of the device can be Pop=1Wm?
obtained by changing,, and computing the drain current for Ny=1x10""m? -0.047
a given drain-to-source voltage by repeating the above method. y74|  Ve= 04V
The channel transconductance and gate-to-source capacitance Vo, = 0.6Y

have been numerically obtained as a function of gate volta%e 0.042

by using the following forms of (14): 2 o154 g
o das(@+1) = Ig (i — 1) = 0037
Vo) = P ey 9
. Qa(i+1)—Qu(i —1) 0.134 -0.032
C ] Vs 1 = s . 16 K
g{ g(L)} ‘/gs(l‘i‘l)—‘/gs(l—l) ( ) b

where 14.(7), Va(5), and Qq(j) denote the value of the 01114;/ T R Muminated 0.027
2

corresponding parameters at tlith step. In order to obtain 0 0.2 0.4 0.6 0.8 1 1.
the characteristics of the device in the dark condition, the X (um)

above procedure is repeated by puttiig, = 0 at appropriate Fig. 2. Variation of the gate depletion widthy, and substrate depletion
places. width v, in the channel with distance.

I1l. RESULTS AND DISCUSSION illuminated condition dominates the reduction in the channel

Computations have been carried out for ion-implanted GaA%sistance, resulting in an increase in the channel voltage.

MESEET's at 300 K under dark and illuminated conditionsThe reason is that the channel conductivity is decided by the
ﬂjority carrier charges, which change insignificantly in the

The gate metallization has been assumed to be thin enoﬁ@ ; It
to allow 90% of the incident radiation to pass through. Theresence of illumination. . _
reflection coefficients at the metal—semiconductor interfacel19- 2 shows the variation of gate depletion width and
has been calculated using [17]. The implant projected rangPstrate depletion width in the channel with distance
parameter(R,) and the straggle parametér,) are taken to along the chann'el u'nder dqu and illuminated f:ondltlons (with
be 0.20 and 0.1Qum, respectively. The implant doseD;) surfac_e recomblnatlon). It is seen that the width of the gate
and substrate concentratiiV,) have been taken as 1.4gdepletion region at any point in the channel decreases in
x 1016 /m? and 5x 10%°/m?, respectively. The absorptionthe.presen_ce Qf illumination. It is interesting to not.e that at
coefficient(a) is assumed to be $n. The gate lengtiiL), & 9iven pointz in th_e chgnn_el, the char_mel voltqge increases
thickness of the epi-layer, and device widt#) have been I the presence of _|Ilum|na_t|on (e.g., Fig. 1_) while the width
assumed to be 1.20, 0.25, and 2%, respectively. Values of of the gate depletion region decreases in the presence of
the parameters used in the calculation of recombination rdfgmination for a given applied gate voltage. This may be
has been taken from [14]. The other parameters are taken fraggounted for by the fact that the photovoltaic effect in the
[14], [17], and [23]. illuminated condition reduces the applied gate bias and causes
Fig. 1 shows the voltage profile in the channel, whicHe net reduction in the width of the gate depletion region
depicts the variation of the channel voltage with the distan#ie the illuminated condition. Surface recombination has been
x measured along the channel from the gate end on the sodfind to have little effect on this variation. At a given point
side along with the structure under consideration shown #sthe channel, the width of the substrate depletion region
an inset. It has been assumed that there is a negligible volt&§sreases in the presence of illumination. It is also seen that
drop between the source and gate end on the source side. Fifprthe assumed level of illuminatiofP.,. = 1 W/m?), the
also shows the redistribution of the channel voltage along tRercentage change in the value of the substrate depletion width
z-direction in the presence of illumination (with recombinain the channel is more than the corresponding change in the
tion). It can be seen that while the channel voltage remains ti@te depletion width. This is due to the large photogeneration
same at the source and drain end of the gate in both dark &hdthe substrate—channel depletion region, which is wider
illuminated conditions, the channel voltages at intermediaiean the gate depletion region, and also due to the diffusion
points are more in the illuminated condition compared to tho&& photogenerated carriers from the substrate bulk region
in the dark condition. Two mechanisms are responsible for th#o the channel-substrate depletion region because of the
change in the channel voltage under the illuminated conditictbsence of any field in the-direction in the substrate. This
In the presence of illumination, the conductivity of the channghakes the photovoltaic effect much more pronounced at that
increases due to the excess photogenerated carriers, wisighstrate—channel junction.
reduces the resistance of the channel. Further illuminationFig. 3 shows the variations of the photovoltage developed
causes a change in the conductance (through modulationabfthe Schottky contact and that at the channel-substrate
depletion depths), which results in an increase in the drgimction, respectively, with the optical power density. Surface
current in the illuminated condition. These two processes aexombination has been taken into consideration in calculating
competitive. However, the increase in the drain current unddse photovoltage at the Schottky contact only. It is seen that
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Fig. 3. Variation of the photovoltagéop across the Schottky barrier (with Fig. 4. Drain-to-source current;, versus applied drain-to-source voltage
and without surface recombination) and,s across the channel-substratel, in dark and illuminated conditions.
barrier with the incident optical power density.

21 19
both the photovoltage at the Schottky barrier (with and with- 5
out recombination) and that at the channel-substrate barrier ,\¥;;-\, , Pop=1Wm-
increase with an increase in the incident optical power density} ‘% » V.. = 0.6V 47
P,pe and, finally, saturates at higher values Bf,,. The © TNl el *

. . . 19— SO S
saturation of these photovoltages for higher values of op'ucaé IR

power density is due to the reduction in the lifetime of the §

carrier in the presence of illumination, which limits the excessg o

photogeneration under intense illumination. It can also be seeg N .

from the Fig. 3 that the effect of surface recombination on theg 7

photovoltage developed at the Schottky barrier is dominang  park

at lower values ofP,. This is due to the fact that for & 161 _

the assumed value of trap densitf; = 1 x 10'°/m?), I'llllum.'”atteg (:\\:Tf?)mw .

the surface recombination becomes significant compared to 15 uminated (N,=1x707m™

photogeneration, which is low at a low optical power density. VPP 04

It can also be seen that for a given optical power density, >

the photovoltage developed at the channel-substrate barrie'éigs5-_ Variation of transconductanasi, and gate-to-source capacitance

much more than that developed across the Schottky barriéf’ with the applied gate-to-source voltagg..

This is due to a larger photogeneration in the substrate

depletion region. Fig. 5 shows the variation of the transconductance and the
Fig. 4 shows the current—voltage characteristics of the dgate-to-source capacitance of the device in the dark and illu-

vice in dark and illuminated condition (with and withoutminated condition (with and without recombination) with the

recombination) for an applied gate-to-source voltage-6f4 applied gate voltage. The transconductance of the device de-

V. It is seen that for the applied gate-to-source voltage, tleeeases with increase in the reverse voltage for a gitgt=

drain current increases significantly in presence of illuminatidn6 V). It is also seen that the transconductance increases in

(Pops =1 W/m2). However, surface recombination tends tthe illuminated condition for a fixed,s. This behavior is in

reduce the current in the illuminated condition. It is alsagreement with those reported by Simons [10]. The surface

seen that the saturation of the drain current in the illuminateecombination has a similar effect as before. The variation of

condition takes place at a higher drain-to-source voltage (fitre gate-to-source capacitan@é,.) of the device with gate-

a given Vg,) than that in the dark condition. This is due tdo-source voltagé’,, in dark and illuminated conditions (with

the reduction of the width of the gate and substrate depletiand without recombination) reveals th&}, decreases with

region in the channel in the illuminated condition, which callan increase inV,,. However, for a particular value oFg,

for a higher drain voltage for the channel pinchoff to occuthe gate-to-source capacitance increases in the presence of

In this model, the saturation has been assumed to be setllimination. The increase in the value 6f; in the presence

at a drain voltage for which the gate depletion region in the illumination is due to the photovoltaic effect at the Schottky

channel touches the substrate depletion region in the chanbakrier. The assumption of a semitransparent metal gate in

The |-V characteristics obtained by the numerical method hasr case overestimates the optical effects and shows larger

been found to be consistent with those of the seminumerieariations of various parameters in the illuminated condition

model reported by Chakrabast al. [17]. compared to the experimentally reported results [10]. The

15
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increase in the value @y, in the illuminated condition tends [18] S. N. Mohamed, M. S. Unlu, and H. Morkoc, “Optically controlled

to increase the inplRCtime constant of the device, while the current voltage characteristics of an ion-implanted MESFESglid
State Electron.vol. 33, pp. 1499-1509, Dec. 1990.

decrease _in the value gf,, in the illuminated condition has [19] A. Madjar, A. Paolella and P. R. Herczfeld, “Analytical model for opti-
an opposing effect. cally generated currents in GaAs MESFET'#2EE Trans. Microwave
Theory Tech.vol. 40, pp. 1681-1691, Aug. 1992.
[20] P. Chakrabarti, S. K. Srestha, A. Srivastava, and D. Saxena, “Switching
characteristics of an optically controlled GaAs MESFEIEEE Trans.
IV.- CONCLUSION Microwave Theory Techvol. 42, pp. 365-375, Mar. 1994.

The model presented here can be used as a basic tOOl[?é} P. Chakr’aba_rti,A. Gupta, and N. A. Khan, “An analytical model of GaAs
. . . . OPFET,” Solid State Electronvol. 39, pp. 1481-1490, Oct. 1996.
simulation of OPFET's having a nonuniformly doped channekz) a. Madjar, A. Paolella, and P. R. Herczfeld, “Modeling the optical
It enables one to characterize an ion-implanted MESFET switching of MESFET's considering the external and internal photo-
grown on a semi-insulating substrate for optically controlled ‘ég'f;'? 32‘?]“%9'5'5'5 Trans. Microwave Theory Tegfvol. 42, pp.
applications. The numerical model developed here can be ugeq s. M. sze,Physics of Semiconductor DeviceZnd ed. New York:
to compute accurately the various dc characteristics of the Wiley, 1980.
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
provide useful design guidelines for fabrication of opticall

controlled ion-implanted MESFET's for use in OEIC's.
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