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Abstract—

Recent research shows the tremendous potential for the development of optical devices viz. photo-detector,
optical sources, connectors and applications etc. This is mainly because of the success of optical communication
in the recent for gigabit transmission and is intended for terabits transmission in future. In this paper,
mathematical model for the optical dependence of 1-V, C-V characteristics of MISFET structure (to be used as
photo-detector) is reported. Model is based on solution of Poisson’s and current continuity equation. Proposed
structure of MISFET includes, Ings3Gag47As used as substrate material and InP as insulator. Light is made to
incident perpendicular to the surface. Drain current can be controlled optically by means of varying light
intensity of incident radiation. There is significant effect of intensity modulation on IV and CV characteristics of
MISFET. As a result of intensity modulation, drain current increases significantly in presence of illumination
mainly due to change in carrier concentration of channel results from photo-generated carriers. Simulation of

mathematical model is carried out in MATLAB.
Keywords—MISFET; Modeling; Optical

l. INTRODUCTION

Ever since ancient times, people had a principle
need to communicate with one another. This need
created interests in devicing communication system
for sending messages from one distant place to
another. Optical communication methods were of
special interest among the many systems. The basic
function of an optical fiber link is to transport a
signal from communication equipment at one
location to corresponding equipment at another
location with a high degree of reliability and
accuracy.The main constituents of an optical fiber
communication link are transmitter consisting of
optical source, an optical cable and a receiver
consisting of a photo-detector. Photo-detector is the
first element of the photo receiver circuit which
interprets the information contained in the optical
signal. They demodulate the optical signal that are
subsequently amplified and processed to obtain the
actual information signal. For such applications,
photo-detectors must have high sensitivity, high
responsivity and minimum noise. In addition, the
photo-detectors should be compact in size, use low
biasing voltage and current, reliable under operating
condition, and preferably integrated circuit
compatible[1,2].
Field effect transistors (FET) devices are sensitive to
light, having high package density and are suitable
for microwave applications. Lots of efforts are
carried out in the development of microwave
transistors from 1l1-VV compound semiconductor
material systems [4]. Presently the GaAs Schottky-
gate FET (MESFET) is the only such device
commercially available. Irrespective of remarkable

microwave gain and noise performance, this device
suffers from the limitations of a restricted range of
enhancement operations. Schottky contact gate
structure of GaAs MESFET produces large gate
leakage current, when used on InP and InGaAs. MIS
structure offers very low leakage current and reduces
gate capacitances. In,Ga;,As is a promising material
for advanced optoelectronic devices. Ings3Gag 47AS is
a good substrate for such circuits. Ings3Gags7AS
lattice matched to semi-insulating InP has higher low
field mobility, high drift mobility and peak electron
velocity [5,6]. Therefore, InGaAs MISFETs have
potential for better microwave performance.

In the paper an optically gated Metal-Insulator-Semi
conductor Field-Effect-Transistor (MISFET)
structure has been characterized theoretically to
examine its potential as an photo-detector in 1 to 1.6
pm wavelength region. Numerical calculations have
been carried out to determine the 1-V characteristics
of the device in various illuminated conditions.
Quantum efficiency of MISFET is also calculated.

1. THEORY

The schematic structure of the MISFET under
consideration is shown in fig.1 for the case of a n-
channel formed on a p-type substrate. The n* source
and drain regions can be formed by using ion-
implantation into the relatively lightly doped p-type
substrate. A thin semi-insulating InP (InP:Fe) layer
separates the semi-transparent metal gate from the
InGaAs surface. The thickness of the device is
considered along the x-axis, length along the y-axis
and width along the z-axis. The optical radiation is
incident in the x-direction and drain to source current
flows in y direction. The doping concentration of p-
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InP has been assumed to be 10*//m>. The thickness of
the insulator has been assumed to be 390nm. The
length and width of the device is 0.2 pm and 100 pm
respectively.
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Fig. 1 Structure of InGaAs MISFET

A. Device Mechanism

In the absence of illumination, when a sufficiently
large positive bias is applied to the gate so that
surface inversion layer is formed between the two n*
regions, the source and the drain are connected by a
conducting n-channel surface through which a large
current can flow. The conductivity of the channel can
be modulated by the gate bias voltage.

When a voltage is applied across the source-drain
contacts, the structure is in non-equilibrium condition
and current flows from drain to source. Absorption of
suitable wavelength in the semiconductor causes
additional generation of electron-hole pairs. The hole
move towards the bulk while the electrons
accumulate near the surface causing a change in the
conductivity of the surface channel. The excess photo
generated carriers also cause a change in the minority
carrier lifetime. The overall effect is a net increase in
drain current under illumination in the steady-state
for a particular drain to source voltage.

The change in the conductivity of the surface channel
under the illumination however, depends on the value
of incident optical power. It is thus possible to vary
the conductivity of the channel by changing the
incident optical power without changing the gate bias
voltage. This particular feature of the device enables
one to use it as an optical detector and / or optically
controlled amplifier.

I, MODELING OF THE DEVICE
A. Calculation of Photovoltage
The optical radiation has been assumed incident in
the vertical x-direction Py, the total photo-
generation, Gpin the gate depletion region can be
obtained as

PD t
Gop (y) = hpY (1 - Rm)(l - Rl)(l (1)

Ydg (x)

1
—Rs)f f ae” dydx
° 3%

The upper limit yg4, () depends on the channel
voltage and, thus, also on channel length,

_ 2¢e 2
Yy = sqrt N—d(tbg -A4+v(x)— I/;s)

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

by

= KTyle = KT (122 P © ®
P q I Is q In( Js1 )
Where, p(0) is number of holes crossing the junction
at y=0 and is given by
p(0) = % 2 (pyrEtp,rs)

Vo

4)
Where p;= a®;7,,, e %", po= a®; T, e

The sidewalls of the gate depletion region are
assumed quarter arcs. Considering, the arcs at the
source and drain ends to have radii rl and r2,
respectively, where

n = ng at V(X):O

rn = ng at V(X):Vd

Js1is the minority carrier current density of the
Schottky junction and is given by

Js1 = ATTexp(-qV,/KT) (5)
. AmgK*m; (6)
A =—

ePermitivity of the semiconductor

m, Effective mass of the electron

K Boltzman constant

T Room Temperature

g Charge of an electron

V,iBUilt in voltage across the n-p junction

Popt Incident optical power density

h Planck’s constant

V4 Drain to source voltage

v(x) channel voltage

@5 Schottky barrier height

Aposition of Fermi level at the neutral region below
the conduction band

Vs gate to source voltage

N substrate concentration

Yis the operating frequency

a is the absorption coefficient of the semiconductor at
the operating wavelength,

Rm, R; and R, are the reflection coefficient at the
metal gate entrance, gate-insulator interface and the
insulator-semiconductor interface respectively.

B. Three dimensional Poisson’s equation
0%w(x,y,z) 0°w(x,y,z) 0%*w(x,y,2) @)
0x? dy? 0z2

_ 9 WNa () +4n)
s
w is the three dimensional potential distribution
across the channel.
whereN, (y) is the non uniform doping density along
x direction and is given by

N (y)=—s=exp(-(=2)?)
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where  Q lon implanted dose
o Straggle parameter

R, Projected range

The boundary conditions are taken from [gawri] to
solve equation (7). The electric fields E,, E, and E,,
along x, y and z direction respectively have been
obtained by solving equation(7) using Leibmann’s
iterative method [8].

_W(i+1,),k)-¥Y(i-1,j,k) (8)
Ey =
2my
_ W, j+LE)-P(i,j-1k) 9)
E, =
Zmy
E Wi k+1)-P (i, ,k—1) (10)
;=
2m,

These equations have been utilized for estimating the
field dependent mobility and the drain current
characteristics equation. The field dependent mobility

is given
2(—28gEc+3vgyt ) 11
Un(Ey) = UO+%Ey+ ()
3(BoEc—2vsat ) 12
E3 Ey
where
Mo Low field electron mobility
Vsat Saturation velocity
Ec Critical field

V. CURRENT MODELING
Optically generated voltage increases the
potential across the insulator. Let V, is the potential
across the insulator considering optical effect is given
by [7],

Vo =2 and Vo = Vg s (12)

whereVgsop = (Vgs +Vop )
Total induced charge in the semiconductor per unit
area Qs, under illumination is given by,

Qs=(Vo.C) = (Vgsop' w,) G (13)

Where wiis the surface potential

Ci=¢ *glt;

t; thickness of insulator

gopermitivity of the air

g;permitivity of the insulator material, InP

The charge within the surface depletion region is
given by

Qs =-y2q N, &,¥s (14)
Total charge in the inversion layer is given by:

Qn(y) = -(Qs(y)+ Qsc(y)) (15)

Let dR be the channel resistance of an element
section ‘dy’ is given as
_ dy (16)
_Zn(y)Q;z(y)

Voltage drop across element section is given by

— Iddy (17)
28, (5)Qn ()

Drain current at element section ‘dy’ is given by
Iqdy = 28,,) 0, () dv (18)

Integrating from source (y=0, V=0) to the drain
(y=I, V=Vd) we get,
Id f()x dx =127 f()v[%sop
[2qN, &5 (¥)ldv
Solving equation 4.24 with Taylor’s series,

— WG+ 9

Z 8,C; v Ng &5/Vii 20
Ay — W, = 20, (LTl (20)

I, =

For smaller values of drain voltages i.e. whenV,; <
(Vgsop — V) , drain current is given as,

ZB,C; 21
! (Vgsop - Vt)Vd (e1)

I, =

where V, is the threshold voltage.

The drain voltage when increased to a point, such
that the charge in the inversion layer Q(y) at y=I
becomes zero, this point is called as pinch-off point.
The drain voltage and drain current at this point
designated as Vyg,, and I, respectively. Beyond the
pinch-off point it is saturation region.

_ 2 2Vgsop 22)
Vdsat - [{qsop - 2Vbi+K [1' 1+ (T)]

where k= Y=ot obe qu“CES(ZV“) and
i
Z Byg; 23
Idsat = " l(Vqsop - Vt)z @3)

2t;1

Quantum efficiency of the device is calculated using
_ I, hc (24)
= Pyed
Computations and simulations have been carried out
for InGaAs MISFET at 300K under various
illuminated conditions using 3D modeling. The gate
metallization has been assumed to be thin enough to
allow 90% of the incident radiation to pass through.
The parameters used in the calculations are shown in
Tablel.

Table 1 Parameters used in modeling of the device

Parameter Values

Channel length, L 0.2 um
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Active layer thickness of 390 nm
MISFET, ti

Channel width, w 100 pm
Reflection coefficient at 10 % of Py
entrance, metal, insulator, R, Ry,

Ri

Intrinsic doping concentration, n; | 2.47x10"" m®
Temperature, T 300 K
Drain voltage, Vy4 1.5V

Gate voltage, Vg 0.6V
Absorption coefficient, o 10° /cm

Wavelength of incident radiation, | 1.65 pm
A

Operating frequency, f 1 GHz
Minority Carrier lifetime, 10°s
Straggle Parameter, o 0.1x10° m
Projected Range, R, 0.2x10° m
Position of Fermi level below 0.02 eV

conduction band, A

V. RESULTS AND DISSCUSSION
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Fig. 2 Variation of photo-voltage with
frequency

Fig. 2 shows the graph of photo-voltage versus
frequency at constant illumination.The photo-
voltageremain constant upto100 GHz after which the
value decreases with increase in signal frequency.
This is because the co-efficient associated with the
exponential term contributes significantly at a
frequency above 100 GHz. The recombination term
has very little contribution.
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Fig. 3 Variation of Surface Potential with Length
for various illumination

Fig. 3 shows the variation of the surface potential
along the channel length under illumination (Pgp =
0.25mW, 0.025W and 0.25W). It can be clearly seen
that the channel potential increases with the increase
in illumination. This is because with the illumination
a forward biasing potential is developed at the gate
which increases the surface potential as the
illumination increases.
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Fig.4 Variation of Surface Potential with Length
for various V4

Fig. 4 shows the variation of surface potential versus
length at the illumination of 0.25Mw and gate voltage
of 0.6V. The curve shows that with increase in V4 the
surface potential increases at the drain and the curve
shifts upwards on the drain side and there is no
change in surface potential at the source side. This is
because the potential barrier is increased by the
increase in drain bias at the drain side.

Fig. 5 shows the variation of E,with length for
various Vy at the illumination of 0.25mW and gate
voltage of 0.6V. The plot shows that field is
maximum near drain and also the plot shows that E,
increases with V4 and the effect is prominent near the
drain. This is because the biasing potential is applied
along Y direction and at the drain.

Fig. 7 shows the variation of E, with L, for various
Vg. The plot shows that the field is maximum in the
depletion region and increases with increase in V.
Fig. 8 shows the variation of E, with L, for various
illumination. It is observed that the change in the
field with illumination is more prominent as
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compared with E, because the field E, and
illumination are along same direction. It is also
observed that the effect of illumination is prominent
near the source as compared to drain. This is because
biasing is applied at the drain.
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Fig. 5E,Vs Length for various V4

E VsL
Yoy
T T T

E (v/m)

K I I I I | | I I I
0 02 04 06 08 1 12 14 16 18 2

y x10”
Fig.6 E,Vs L, for variousillumination

6 EVsL,
T

E_(V/m)

Fig. 7 Ex Vs L, for various V4

1o E Vsl
X
5

—P_=0.25mW
o

E_(v/m)

Fig. 8 E, Vs L, for various illumination

Fig.9 shows the variation of the drain current with the
drain voltage for different gate voltages at the
illumination of 0.25mW. It shows that the current
increases with increase in gate voltage. The current
plot shows good variation in the current as the device
enters from linear into saturation with the increase in
V.
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Fig. 9 Drain current Vs drain voltage for various
gate voltages

Fig. 5.10 shows the variation of drain current with the
drain voltage for various illuminations at the gate
voltage of 0.4V. It can be seen that the saturation
drain current of the device increases with the increase
in illumination. It is also seen that the change in the
saturation drain current is significant when incident
optical power is large. The saturation drain current in
the illuminated condition depends on the surface
potential value which changes exponentially with
excess photo-generated carriers which in turn
increases linearly with the incident optical power. It
is thus possible to vary the saturation drain current of
the device by using the incident optical power as a
controlling parameter and keeping V4 constant. This
feature will enable the device to be used as an
optically controlled device.

Quantum efficiency of the device is found to be 87%
using equation (24) which is better as compared to
60-70% efficiency of InGaAs p-i-n diode [12].
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Fig. 10 Drain current Vs drain voltage for various
illumination

VI. CONCLUSION

A three-dimensional simulation program for
InGaAs has been developed. The program solves
numerically the basic continuity equations. The
model has been applied to simulate the characteristics
under different illuminated conditions. The numerical
model developed here computes the various d.c.
characteristics, including photo-voltage, variation of
gate depletion width in the channel and the current-
voltage characteristics. Quantum efficiency of the
model represented is better than p-i-n photo-diode.
The model presented here can be used to characterize
MISFET for optically controlled applications. The
results obtained from the simulation are comparable
with reported results for similar structures.
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