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Optimization of InAlAs/InGaAs HEMT Performance
for Microwave Frequency Applications and
Reliability

Ritesh Gupta, Sandeep Kumar Aggarwal,
Mridula Gupta, and R. S. Gupta

Abstract—In the present paper efforts have been
made to optimize InAlAs/InGaAs HEMT by enhancing
the effective gate voltage (V.-V ) using pulsed doped
structure from uniformly doped to delta doped for
microwave frequency applications and reliability.
The detailed design criteria to select the proper
design parameters have also been discussed in detail
to exclude parallel conduction without affecting the
device performance. Then the optimized value of V-
Vor and breakdown voltages corresponding to
maximum value of transconductance has been
obtained. These values are then used to predict the
transconductance and cut-off frequency of the device
for different channel depths and gate lengths.

Index Terms—InAlAs/InGaAs heterostructure, delta
doped, uniformly doped, pulsed doped, parallel
conduction, channel confinement and breakdown
voltage

I. INTRODUCTION

InAlAs/InGaAs high electron mobility transistors
(HEMTs) play a key role in optical fibre communication
and millimeter wave power applications subject to
higher transport properties of InGaAs and larger sheet

Manuscript received July 1, 2004; revised September 3, 2004.
Semiconductor Device Research Laboratory

Department of Electronic Science, University of Delhi South
Campus New Delhi — 110 021, India

E-mail: rsgu@bol.net.in

carrier density in the two-dimensional quantum well.
However, some analog applications of HEMTs are still
limited by the reduced breakdown voltage of these
devices, which limits the power applications of HEMTs.
In general, this problem is related to the properties of
InAlAs/InGaAs material systems, in particular due to
enhance impact ionization effects in the narrow bandgap
(0.73eV) of Ings3GagqrAs or tunneling due to low
Schottky barrier height (0.66eV) of Ings,AlyqgAs [1-8].
Ever since its development, significant efforts have been
made to improve the breakdown voltage and speed of the
device. The effect of low breakdown voltage due to
tunneling can be lowered by the enhancement of the
effective gate Schottky barrier height and has been done
by using an undoped InAlAs layer (Schottky layer)
directly beneath the gate [9] or by increasing the Al-
mole fraction in the insulator [10-13] or by moving a
portion of the dopants from the top InAlAs layer to the
buffer layer [14]. Introduction of Schottky layer also
enhances the device performance by increasing 2-DEG
electron density, improved threshold voltage control [15-
17]. But use of this layer raises the potential across it
which could lead to early impact ionization [18]. The
breakdown mechanism and speed of the device depends
on the details of the device design i.e. the Schottky layer
thickness, recess width, channel composition etc and an
optimization is needed for its required applications.

In this paper an IngsyAlg4gAs/Ings;Gags;As HEMT
with a wide gate recess is considered for obtaining a high
breakdown voltage, as the wide recess structure will
reduce both the transverse electric field in the channel
and the vertical electric field at the edge of the gate
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electrode. The insulator thickness has been varied
together with doping concentration from uniformly-
doped to pulsed-doped to delta-doped structure for
identical threshold voltages and for identical doping-
thickness product to exclude parallel conduction
(conduction through low mobility path that can lead to
decrease in transconductance of the device at higher gate
voltages) without affecting the device performance.
Then the optimized value of V.-V,; and breakdown
voltages [8] corresponding to maximum value of
transconductance has been obtained. These enhanced
values then used to predict the enhancement in
transconductance and cut-off frequency for different
channel depths and gate lengths. For this, a non-linear
device model already developed by the authors [19] for a
pulsed doped InAlAs/InGaAs HEMT has been used
having an accuracy upto 100nm gate length and is valid

from subthreshold to high conduction region.

1. THEORETICAL CONSIDERATION

The operation of submicrometer heterostructure
devices involves several effects and requires a powerful
device model to accurately describe carrier transport
behavior and device performance. In the present analysis
we have used a non-linear device model [19] having
accuracy upto 100nm gate length and is valid from
subthreshold region to high conduction region. The
model has been extended to predict drain current in the
saturation region incorporating the effect of channel
length modulation. Furthermore, the expression for
capacitance has been obtained to fairly predict the cut-
off frequency. The drain current and transconductance in
linear region used for the analysis are
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in which v, is the saturation velocity, Ry and Ry are

the parasitic resistances (0.3Q2 and 1Q respectively), and
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Bk3), Vgetr =Vgs - Vogr and Ve is the pinchoff voltage of
the device and at room temperature, k; =-0.139547 V, k,
=2.94189 x 10™ V m and k; = 3.49867 x 107 V m’,

Drain current in saturation region is obtained from (1)
replacing Vg5 by Vg and L by L - AL. Where AL is
obtained from [22]
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The expression for cutoff frequency used in the
analysis is given by
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where C, is the gate capacitance and is obtained as
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following the same approach proposed by Laurence P.
Sadwick et al [23].

Threshold veltage (V)

The basic structure of an InAlAs/InGaAs HEMT (Fig.
(1)) used in the analysis is a pulsed doped structure, in
which d,, d, and d; are the thicknesses of spacer-layer,
doped layer and Schottky layer respectively. The
threshold voltage of pulsed doped structure depends on
d, and d; and is given by

Npd'/, 24
Vo= - A - LR ) g ©)

where ¢, is the barrier height of Schottky gate (0.4V),
AE. is  the
heterojunction (0.52eV) and N is the doping density in
InAlAs region of thickness d,.

conduction band discontinuity at
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Maximum 2-DEG Sheet Carrier Density (n,,)

An expression for maximum sheet carrier density (#,,)
used is, given by [20]

—
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Fig. 1. Device structure for pulsed doped InAlAs/InGaAs/InP
HEMT.
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where ny, is obtained iteratively. Here, it is noted that the

maximum value of sheet carrier density is limited by the

product of doping concentration with doped layer thickness,
i.e., sheet carrier density can not exceed this value.

Parallel conduction Voltage (V.)

The corresponding gate voltage at which parallel
conduction starts is given by

2
Ngd? gN n
T R ®)

Maximum effective parallel conduction voltage (V. -
Vo) can be found from the above equation.

Breakdown Voltage (BV )

The breakdown voltage BV,; can be defined as the
gate-to-drain voltage when lateral electric field (E.)
equalizes the critical electric field £, (700kV/cm) and is
given by [24-26]
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where x; is the distance when £ equalize E,, L, (0.22
pm [24]) is the effective thickness of the channel where
all electric field lines associated with lateral spreading of

the depletion region exists and Ly is the gate recess

width, where its optimized value is 0.3pm [24]. The

expression of breakdown voltage changes to
2
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I11. OpTiMIZATION OF DEVICE STRUCTURE

Transconductance increases to its maximum value and
then decreases with increase in gate voltage. At constant
channel depth (d) the same variation has been observed
with effective gate voltage (Vo = Vs - Vo), in which,
Vo is the threshold voltage of the device independent of
the vertical thickness and doping concentration. In
HEMT, the decrease in transconductance is either due to
high value of parasitic resistances or due to parallel
conduction. The decrease in transconductance due to
parasitic resistance can be controlled by decreasing the
value of parasitic resistances while the effect of parallel
conduction is uncontrollable but can be pushed towards
higher gate voltage by increasing the parallel conduction
voltage. One expects an increase in transconductance
and cut-off frequency by increasing parallel conduction
voltage (V,) and maintaining constant threshold voltage
or by increasing the threshold voltage and maintaining
the maximum gate voltage constant or by increasing V-
Vog- This can be made possible through variation of
Schottky layer thickness with doping concentration.

An increase in Schottky layer thickness allows charges
to move away from the gate electrode thereby reducing
the vertical electric field or reducing the effect of gate
potential and depleting them at higher gate voltages.
Furthermore, at constant doping concentration this
variation leads to the decrease in carriers in doped region,
and will result in reduced threshold voltage. In order to
achieve the same threshold voltage, doping concentration
has to be increased. The increase in doping concentration
near heterointerface increases the maximum sheet carrier
density and results in the increase in the penetration depth
of conduction band below the Fermi level in the quantum
well. This results in better channel confinement giving rise
to higher mobility for carriers. These effects altogether
forces parallel conduction to take place at higher gate
Although using delta-doped
uniformly doped structure increases the doping concentration

voltages. structure  over

near heterointerface but consequently decreases the
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thickness of doping region which was resulted in limited
sheet carrier concentration despite of higher doping
concentration. Moreover larger doping-thickness product
in comparison with 2-DEG sheet carrier density gives rise
to parallel conduction. So it is important to study the
device behavior with the effect of doping-thickness
product to eliminate parallel conduction completely
without affecting the device performance.

Maximum Effective Gate Voitage

- iBMOﬁ?‘Z

X R

Threshold Voltage (V)

Schottky Layer Thickness

Fig. 2. Contour for effective parallel conduction voltage (V)
{ ) and maximum effective gate voltage (V) (....... ) for
various values of threshold voltage and Schottky layer
thickness for channel depth of 200 A.
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Fig. 3. Contour for effective parallel conduction voltage (V)
(___ ) and maximum effective gate voltage (V) (....... ) for
various values of threshold voltage and Schottky layer
thickness for channel depth of 300 A.
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Fig. 4. Contours for Breakdown Voltage (V) () and
allowed Breakdown Voltage (V) (...... ) for various values of
threshold voltage and Schottky layer thickness for channel
depth of 200 A.

The basic structure of an InAlAs/InGaAs HEMT (Fig.
1) used in the analysis is a pulsed doped structure. The
variation of Schottky layer thickness with doping has
been studied for different threshold voltages (Figs. 2 - 4)
varying from -1.6V to -0.3V to include every possibility
and for identical doping-thickness product (Figs. 5 - 8)
varying from 0.5 x 10'® m? to 5.0 x 10'® m™. Though
higher doping and threshold voltage do not suit
uniformly doped structures but can suit delta-doped
structure and are considered for simplicity. The
optimized value of spacer layer thickness lies between
15A ~ 20A and is taken to be 20A. The thickness of
delta doped layer is taken to be 10A.

Analysis for Identical Threshold Voltage

The variation of effective parallel conduction voltage
(Ve-Vop) and the corresponding maximum effective gate
voltage (@, - V.5 which can be applied to undeplete the
doped region are shown in Fig.2 and Fig.3 for various
values of threshold voltage and Schottky layer thickness
for two different channel depths of 200A and 300A
respectively. It can be seen from the figures that increase
in threshold voltage and Schottky layer thickness are
favorable conditions for higher effective gate voltage
and this increase is more prominent in case of higher
channel depth. Figures also show the existence of
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parallel conduction in the devices having maximum
effective gate voltage greater than the effective parallel
conduction voltage (Device A). Otherwise, the InAlAs
depleted before
conduction voltage and limits the maximum sheet carrier

layer will be attaining parallel
density (Device C). The best-suited device corresponds
to that threshold voltage and Schottky layer thickness at
which effective parallel conduction voltage equalizes the
maximum effective gate voltage to eliminate parallel
conduction without affecting the sheet carrier density
(Device B). Further increase in Schottky layer thickness
at identical threshold voltage i.e. reaching towards delta
doped structure leads to device characteristics identical
to device C, which is not required. So, in this case pulsed
doped structure may found to be useful then delta doped
structure.

Table 1. List of Optimized Devices for channel length of 300
A and 200 A

Devices 1 2 3 4 5 6

Threshold Voltage (V) -04]-05( -06 | -0.7 [-0.8] -0.9

Schottky layer Thickness (4) | 20 | 80 | 127 | 165|196 | 221

Effective gate Voltage (V) 08109} 1.0 | L1 |1.2] 13

300 A

Sheet Carrier Density (x 10'9,72){1.286/1.453| 1.623 |1.794(1.967 2.141

Breakdown Voltage (V) 1721167 162 | 157 {15.2] 146

Threshold Voltage (V) 04]-05]| -0.6

Channel Depth

Schottky layer Thickness () | 45 | 90 | 125

Effective gate Voltage (V) 08109 | 1.0

200 A

Sheet Carrier Density (x 10'¢m?)[1.704{1.934 2.168

Breakdown Voltage (V) 1591153 14.6

Contours for breakdown voltage and allowed
breakdown voltage (calculated from doping-thickness
product) are shown in Fig. 4 for various values of
Schottky layer thickness and threshold voltage. With that
variation breakdown voltage varies from 14V to 22V,
where the optimized value of breakdown voltage
corresponding to maximum sheet carrier concentration is
14.6V. It can be seen from the figure that decrease in
threshold voltage and Schottky layer thickness are the
favorable conditions for enhancing the breakdown

voltage i.e., contradictory statement as reported for

maximum sheet carrier density/effective gate voltage. If
we are trying to increase the sheet carrier concentration/
effective gate voltage, we are at the same time reducing
the breakdown voltage or vice versa. So the effect of
breakdown voltage has to be considered in the analysis.

The list of optimized devices is tabulated in Table 1.
From Table-1 the maximum achievable effective gate
voltage is 1.0V and 1.3V and maximum breakdown voltage
of 14.6V for delta doped structures corresponding to
optimized threshold voltage of -0.6V and -0.9V for
channel depth of 200A and 300A respectively.

Analysis for Identical Doping-Thickness Product

The above analysis shows the importance of doping-
thickness product in generating desired sheet carrier
density and has been analyzed and discussed in later part
of this paper. The wvariation of effective parallel
conduction voltage and the corresponding maximum
effective gate voltage for identical doping-thickness
product with Schottky layer thickness is shown in Fig.5
and Fig.6. An increase in Schottky layer thickness
increases the effective parallel conduction voltage as
well as maximum effective gate voltage. In this case,
both type of variations show almost similar trends and
allow the effective gate voltage to increase more
effectively than the earlier variations.

Maximum Effective Gate Voltage

T -1,

R

3 T T T T T
o 17 34 51 68 85 102 19 136 153 170

Schottky Layer Thickness (A)

Doping -Thickness Product X 1016 (m-2)

Fig. 5. Contour for effective parallel conduction voltage (V)
( ) and maximum effective gate voltage (V) (....... ) for
various values of doping-thickness product and Schottky layer
thickness for channel depth of 200 A.
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Fig. 6. Contour for effective parallel conduction voltage (V)

(___ ) and maximum effective gate voltage (V) (....... ) for

various values of doping-thickness product and Schottky layer
thickness for channel depth of 300 A.
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Fig. 7. Contours for threshold voltage (V) for various values of
doping-thickness product and Schottky layer thickness for
channel depth of 200 A.

The threshold voltage controllability is shown in Fig.7
for various values of Schottky layer thickness and at
channel depth of 200A. The optimized value of threshold
voltage is —0.8V. Threshold voltage increases with
increase in doping thickness product and Schottky layer
thickness shows the importance of delta doped structure
for achieving higher value of threshold voltage.

Breahdown Voltage

Doping -Thickness Product x 106 (m-2)

) o] 17 34 51 58 B‘S 152 1‘19 136 153 170
Schottky Layer Thickness A

Fig. 8. Contours for Breakdown Voltage (V) (___ ) and
allowed Breakdown Voltage (V) (...... ) for various values of
doping-thickness product and Schottky layer thickness for
channel depth of 200 A.

The corresponding value of breakdown voltage for
various values of Schottky layer thickness and threshold
voltage can be seen in Fig.8 for channel depth of 200A.
With that variation the breakdown voltage varies from
13.5V to 17.5V where the optimized value of breakdown
voltage corresponding to maximum sheet carrier
concentration is 14.8V.

The list of optimized devices is tabulated in Table 2.
From Table 2 the maximum achievable effective gate
voltage is 1.1 V for channel depth of 200A and changes
to 1.4V with the increase in channel depth to 300A
corresponding to maximum breakdown voltage of

14.8V.

Table 2. List of Optimized Devices for channel length of 300 4
and 200 A

d VeVl  L=0.pm L=015pm | L=025pum
Lo 8= 1.38 S/mm gn=1.17 S/mm gn=0.9 S/mm
o |fe = 596 GHz f. = 337 GHz f, =155 GHz
200 A
L1 gn=1.41 S/mm gn= 1.2 S/mm gm =0.92 S/mm
©|f. = 598 GHz f. = 339 GHz f. =157 GHz
13 |8~ 1.09 S/mm gn=0.93 S/mm gm=0.72 S/mm
7 |f. = 625 GHz f. = 355 GHz f. =165 GHz
300 A
14 |Bn= 1.1 S/mm gn=0.94 S/mm gn=0.73 S/mm
. = 627 GHz f. = 357 GHz f. =166 GHz
Vot (10° m/s)
[21] 4.5 4.0 32
B (W*/V s)
21] 0.8 0.9 1.0
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Table 3. Optimized Values of Transconductance and Cut-off
Frequency

Devices 1 2 3 4 5167

ﬂiﬂ’ij};ﬁfg 05| 1.1 |1.387|1.56 [1.73| 19] 2.1

S;r:(;nknkzsl:(yjf; 100 30 | 58 | 110|150 184|212

g Ef{fg;::;gf; 0809|1011 |12{13|14

VZ:’{:;'“?E 04[-05]-06|-07]-08[-09[-1.0

E‘ 5:2;‘1"(“’,/‘)‘19.5 178|169 [ 164{159[15.4]148
E Piﬂi‘fgfg}?:?om 1.6151.843[2.075
sl o[ [
:g: Ef\ffs;:;’;g?; 08] 09|10 |11
VE:?;:E’}% 04)-05]-06[-07
5;?;1;10:\';)18.4 162|155 ] 14.8

Transconductance and Cut-off Frequency

With these variations the maximum effective gate
voltage (V.-V,5) obtained is 1.0V and 1.3V for channel
depth of 200A and 300A respectively for identical
threshold voltages and 1.1V and 1.4V for identical
doping-thickness product. The corresponding value of
maximum Transconductance and Cut-off frequency is
obtained by considering the effect of variation of
[21],
maximum value so obtained are tabulated in Table-3.

saturation velocity with gate length where

IV. CONCLUSION

Variation of doping concentration with Schottky layer
thickness has been studied for identical threshold voltage
and identical doping-thickness product by varying the
pulsed doped structure from uniformly doped to delta
doped structure. Increasing the Schottky layer thickness
at constant threshold voltage leads to increase in doping
concentration and gate-carrier separation resulted in high
sheet carrier density and higher effective gate voltage.
Reverse analysis has to be adopted to increase the
breakdown voltage. This variation is controlled by
doping-thickness product for the optimized performance
of the device as it limits the maximum sheet carrier
concentration in 2-DEG quantum well. Delta doped

structure enhances the characteristics but is also limited
by doping-thickness product. For lower threshold
voltages pulsed doped structure is found to be useful
than delta doped structure. Parallel conduction can be
controlled in pulsed doped structure and can even occur
in delta doped structure. The variation of channel depth
affects these characteristics by varying the gate-carrier
separation. Moreover, these enhanced characteristics,
increase the effective parallel conduction voltage and
cut-off
frequency. With these variations the maximum effective
gate voltage (V.-V,;) obtained is 1.0V and 1.3V for
channel depth of 200A and 300A respectively for
identical threshold voltages and 1.1V and 1.4V for
identical doping-thickness product corresponding to the

results in increase transconductance and

maximum transconductance of 1.41S/mm for channel
depth of 200A and a cut-off frequency of 627GHz for
channel depth of 300A can be achieved corresponding to
gate length of 0.1 pm with breakdown voltage of 14.8V.
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