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An analytical two-dimensional model tor pulsed doped HEMT is developed lor InAIAs/InGaAs heterostructure using
Greens function. Non-linear variation of sheet carrier density with quasi-Fermi energy 15 used to formulate the
characteristics, The exact vanation of sheet carrier density with gate voltage and the extension of gate boundaries with the
vartation of gate-to-drain and gate-to-source voltages are included in the analysis and the electric field profile has ulso been
extensively studied considering the short channel effects. Results so obtained are in close proximity with published data.

1 Introduction

The conduction band discontinuity' between
InAlAs and InGaAs is responsible for providing the
necessary high sheet carrier density of 2D-electron
gas within the InGaAs quantum well. The use of
InGaAs matenial as a channel material having a
large T-L valley separation’ leads to higher carrier
mobility and higher carrier saturation velocity. Ever
since their development, significant efforts have
been made to improve its speed and to optimize and
predict the device performance™. The device length
has been shrunk from 0.33 um to 0.05 pm. thereby
increasing the speed”' from 50 GHz to over 250
GHz; but short gate length devices (< 0.6 pum)
suffers from a high output conductance (g,), which
leads to reduction of the voltage gain (g,/g,) and
breakdown voltage. thereby excluding them from
power applications. In addition to kink effect'"™
shortening the gate length also leads to short
channel effects, which causes the channel charge
and current to be partially controlled by the drain
potential rather than the gate bias. Even if present to
a small extent, short channel effects degrade the
circuit  performance by degrading the output
conductance and consequently the gain. If present to
a greater extent, it creates threshold voltage control
problems. The gradual channel approximation
(GCA) fails to include this effect as it ignores the
effect of horizontal electric field penetrating from
the source to drain. In order to account for DIBL

effect the two-dimensional electric field distribution
needs to be accurately predicted by solving two-
dimensional Poisson's equation.

In the present analysis, two-dimensional
Poisson’s equation is solved using Green's function
technique. The model is then extended to predict /-
V, characteristics and conductances. The variations
of channel potential, electric field and sheet carrier
density along the channel have also been
investigated in details to give a clear insight into
device physics. Close proximity with published
results confirms the validity of the present approach

2 Model Formulation

The cross-sectional view of InAlAs/InGaAs
heterostructure is shown in Fig.1(a). Poisson's
equation is solved for the two-dimensional potential
distribution in the completely depleted InAlAs layer
under the gate for a rectangular coordinate system
shown in Fig. 1(b) and can be written as:
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under the following boundary conditions, given as
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where N, is the donor concentration in InAlAs
layer, ¢ is the electron charge, € is the dielectric
permittivity of InAlAs, Ly (= L, + L, + L)) is the
effective gate length, in which L, is the gate length
and L, (L,) is the extension of the gate boundaries
towards source (drain) end and is given by:

and L, = [— (¢, =V, —6+V,)
tﬂ\
Using Green’s theorem™, the potential
distribution can be expressed as:
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where Green's function must satisfies the equation:
VoGx v ) ==8(x =)y —1") A4

Green’s function G(x, v, &', ¥') for a rectangular
system is obtained by solving Eq.(4) in which it is
zero for the Drichlet’s boundary condition at x =0, v
= L, and y = d and its normal component 1s zero for
the Newman's boundary condition at v = 0 and 1s
obtained as:
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Substituting Eq. (5) into Eq. (3) and solving. one
can obtain:
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tial and normal electric field at the boundaries. The
values of integrals obtained, in Eq. (6) and are given
in the appendix.

1~V Model
The channel current (/) can be obtained from

quasi-Fermi energy E, us™:
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where W is the gate width, 1 is the field-dependent
mobility and is given by:
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where B is ranging from | to 2.
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Integration of Eq. (7) [rom source 1o some point
v in the channel results in:
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where R, is the resistance between source and gate.
Ef(x) and Z(y) are the position of fermi level at
some point v in the channel and a1 source end
respectively.

The relation between quasi-Fermi level and
channel potential for a HEMT is given as:
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where AE is the conduction band discontinuity, £
is the position of Fermi level with respect to the

bottom of the conduction band in InGaAs, V.(x) is
the channel potential and can be calculated by
substituting y = 0 in Eq.(6).
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Fig. 1(a) — Schematic cross-section of u recessed-gate HEMT
showing approximate extension of a depleted region (shaded
region)
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Fig. 1(h)— Boundary conditions for the depleted InAlAs
region under the gate

Comparing Egs (9) and (10), one can gel:
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The drain  current  for InAIAS/ InGaAs/Inl?
HEMT can also be obtained from:
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Eliminating 7, from Egs (11) and (12) one can which is the required integral equation for ..
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Fig. 2— Channel potential along the channel for V, =-0.2 and for V; varying from 0 10 0.25 V in steps of 0.05 V. Inset shows 2-

DEG sheet carrier density along the channel corresponding to V, = -0.2 V for V; varying from (10 0.25 Vin steps of (005 V
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Fig. 4 — Variation of drain current with drain voltage for the assumed 0.25 pm gate length MODFET structure
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In order to solve Eq.(14) the authors used the  where k, k, and &, are constants.
simplified expression relating 2-DEG concentration
with quasi-Fermi level reported in their earlier
paper ', and is given as:

Substituting Eq.(15) in Eq.(14) and assuming Vi
=V, =0, one can get:
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The above equation is a simple non-linear
Volterra integral equation and can be easily solved
for n,. But for other values of V,, Eq. (14) becomes
too, complicated and thus solution is obtained by
Newton-Raphson’s method considering the solution
of above equation as initial guess. Once the correct
expression for 2-DEG sheet carrier density is
obtained, channel potential, electric field and /,-V,
characteristics can be found.

Trans-conductance and drain-conductance are
obtained using drain current expression (12) and are
expressed as:

= LA
g!" aVL' vd ( )
and
dl
=—0| (18
8d EJVJ V_L- ( )
Cut-off frequency of InAlAs/InGaAs/InP
HEMT can be calculated as:
g 1,
== 5519
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where C, is the gate capacitance.
3 Results and Discussion

Fig. 2 shows the variation of channel potential
along the channel length for different drain voltages
ranging from V, =0V to V,;=0.25 V. The variation
of potential distribution with drain voltage at a
constant gate bias indicates the drain-induced barrier
lowering (DIBL) effect. From the figure it is also
evident that the channel potential at the source end
increases slightly and is due to the extension of
depletion width below n* region. Inset of Fig. 2
shows the variation of 2-DEG concentration along
the chunnel length with variation of drain voltage
ranging from V, =0 V to V, = 0.25 V. It can be seen
from the figure that after saturation, sheet carrier
density increases rapidly in the region nearer to the
drain. Thus, most of the applied drain voltage
appears across this narrow region of small
conductance, which leads to larger electric field and
can also be seen in Fig. 3. This sudden increase in
electric field in this region makes the electron drift
velocity to reach its scattering limiting value
(3.2¢10" m/sec).

Fig. 3 shows the variation of electric field along
the channel. Towards the source end electric field is
negative and increases gradually under the gate and
then becomes significant in the region nearer to the
drain, reaches it's maximum and then decreases.
This decrease is due to change in channel potential
towards the drain end. The electric field shows a
large variation towards the drain end thus showing
the importance of solving two-dimensional
Poisson’s equation in the saturation region.

Fig. 4 shows the variation of drain current with
drain voltage with gate voltage as parameter.
Results have been plotted for gate voltage ranging
from O to -0.5 V and have been compared with the
model proposed by Chen et al.' Close proximity
with published results shows the validity of our
model.

Variations of drain current and trans-
conductance with gate voltage at a constant drain
voltage are shown in Fig. 5. For a set of parameters,
the threshold voltage obtained from the graph 1s
—0.5 V. The maximum value of trans-conductance is
33 mS at 0.1 V of the applied gate voltage. The cut-
off frequency is found to be 84 GHz, which makes
InAlAs/InGaAs/InP HEMT suitable for microwave
frequency applications. Inset of Fig. 5 shows the
dependence of output conductance on drain voltages
for various gate biases. Drain conductance falls
appreciably as drain bias is increased and finally
approaches zero as the applied drain bias is
increased further. It can be seen from the graph that
as the applied gate bias is increased, the saturation
drain conductance increases.

4 Conclusion

A two-dimensional charge-control model for 2-
D potential distribution, sheet carrier density and
electric field distribution of a short-channel
InAlAs/InGaAs/InP MODFET has been developed
using Green's function approach. Further the model
has been extended to calculate trans-conductance
and drain conductance. Thus, the model provides
clear insight of current saturation that considers
channel potential, 2-DEG sheet carrier concentration
and electric field characteristics.
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