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Short Paper

Bias-Dependent Microwave Characteristics of Atomic
Planar-Doped AlGaAs/InGaAs/GaAs Double
Heterojunction MODFET’s

Y K.CHEN, G W. WANG, D. C. RADULESCU, A. N. LEPORE,
P.J. TASKER, L. F. EASTMAN, FELLOW, IEEE,
AND ERIC STRID. MEMBER, 1EEE

Abstract —Double heterojunction AlGaAs/InGaAs/GaAs modulation-
doped field effect transistors (MODFET’s) using lattice-strained AlGaAs/
InGaAs/GaAs layer structure have been fabricated and evaluated at
microwave frequencies for various bias conditions. MODFET’s with a
1-pm gate length show a room-temperature peak extrinsic dc transconduc-
tance (g,,) of 400 mS/mm with a full channel current of 610 mA /mm.
For 0.3-pm-gate MODFET’s an extrinsic de g,, of 505 mS/mm and a full
channel current of 720 mA/mm were obtained. Devices having a 1-pm
gate length show a maximum available gain cutoff frequency ( f,,,, ) of 85
GHz and a current-gain cutoff frequency ( f;) of 22 GHz from S -parame-
ter measurements. The 0.3-pm devices show an f, of 45 GHz and an f
of 120 GHz. Bias-dependent equivalent circuit models are also discussed.

I. INTRODUCTION

Modulation-doped field-effect transistors (MODFET’s) have
demonstrated excellent microwave performance with very high
cutoff frequency and very good low-noise performance [1]. How-
ever, the current-driving capability of conventional single-hetero-
Junction MODFET’s is limited by their sheet charge density of
less than 1.0 X 10'%em™?; therefore their power performance and
switching speed, which are directly related to current-driving
capability, were not much better than the MESFET’s. Multiple
heterojunction devices [2-4] were then investigated to increase
the current density. So far, the highest maximum channel current
reported is 600 mA /mm from sixfold GaAs/AlGaAs heterojunc-
tions 2] and 430 mA/mm from lattice-strained AlGaAs/In-
GaAs/GaAs double heterojunction {4]. Since all these muitiple
heterojunction devices rely on uniformly doped AlGaAs layers to
supply the two-dimensional electron gas (2DEG), the AlGaAs
layer has to be highly doped to achieve high 2DEG sheet charge
density. This highly doped AlGaAs layer leads to problems such
as low breakdown voltage, low activation efficiency of dopants,
and poor pinch-off characteristics.

We have reported double heterojunction MODFET structures
[5] which utilize two silicon atomic planar-doped AlGaAs layers.
This doping technique offers good charge control of the 2DEG
density as well as good breakdown behavior. Very little light
sensitivity was observed at low temperature (77 K) because of the
much reduced region of the heavily doped AlGaAs layer. In this
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paper, we report the fabrication and characterization of lattice-
strained AlGaAs/InGaAs/GaAs double heterojunction MOD-
FET’s under various bias conditions for microwave applications.

II. DEVICE STRUCTURE AND FABRICATION

The structure is grown by MBE on top of a semi-insulating
GaAs substrate in the following sequence: 5000 A of superlattice
buffer layer, 50 A undoped AiGaAs, Si doping plane with a
density of 2x10'> cm~2, 85 A undoped AlGaAs, 200 A undoped
InGaAs channel, 30 A undoped AlGaAs spacer layer, Si doping
plane with a density of 6x10'2 cm™~2, 250 A undoped AlGaAs,
and 400 A GaAs cap layer doped to 1x10' cm™?. The mole
fractions of aluminum and indium are 30 percent and 15 percent,
respectively.

The grown wafers were fabricated with a recess gate FET
process. After device isolation by mesa etch, source and drain
ohmic contacts were defined by optical lithography. Ni/AuGe/
Pd/Au were subsequently evaporated and lifted off. Rapid ther-
mal annealer was used to alloy the metals at 450°C for 10
seconds to form the ohmic contacts. A typical specific contact
resistivity of 0.1 Q-mm was obtained from the transmission line
measurement. A mid-UV contact aligner is used to define the
1l-pm gate, while the electron beam lithography is used to write
the 0.3-pm gate pattern. Channel current was adjusted by recess
etch before evaporation of Ti/Pd/Au to form the gate elec-
trodes.

II1. DC CHARACTERISTICS

Fig. 1 shows the room-temperature J—V characteristics of a
fabricated 1X100 pm MODFET. The peak extrinsic dc g,, is
400 mS/mm with a maximum channel current of 610 mA /mm.
The T-V characteristics of a 0.3 X100 pm MODFET are shown
in Fig. 2. A peak extrinsic g, of 505 mS/mm is obtained. This
0.3-pm device shows very good output conductance and pinch-off
characteristics because of the improved carrier confinement in
the quantum well [6]. Fig. 3 shows the conduction band diagram
of the planar-doped quantum well structure. The threshold volt-
age (V7) of the double heterojunction MODFET can be derived
by solving a one-dimensional Poisson’s equation with the help of
the band diagram:

V=@, —[qNydy /e, + (€3 /6, (dy + W)

+e;3L /s + Wy) gNy /€5
“(6+AE<1‘AE¢-2+E0)/‘I (1)

where @ is the Schottky barrier height and E, is the ground-state
energy of 2DEG. N, and N, are the silicon sheet doping
densities in the AlGaAs and GaAs layers; w, and w, are the
corresponding spacer layer thickness; and d;, and L are the
thickness for the undoped AlGaAs layer and the quantum well,
AE, and AE,, are the discontinuities of the conduction bands;
d is the difference of the doped GaAs conduction band minimum
and the Fermi energy; and ¢, €,, and ¢, are the permittivities of
AlGaAs, InGaAs, and GaAs, respectively. From this equation,
V7 is a linear function of d, in this planar-doped MODFET
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Fig 3 Conduction band diagram of the planar-doped quantum-well

MODFET structure.

structure in comparison with the conventional square rule depen-
dence of the uniformly doped structures.

IV. MICROWAVE PERFORMANCE

Microwave measurements have been performed from 0.5 to
26.5 GHz in 0.5-GHz steps with a pair of Cascade Microtech’s
microwave wafer probes and an HP8510 automatic network
analyzer. S-parameter data have been taken with the gate and
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Fig 4. MODFET equivalent circuit model.
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Fig. 5 Measured and modeled S-parameters of a 1-um MODFET.
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Fig. 6. Current gain cutoff frequency ( f;-) at various bias points.

drain biased at various voltages, and fitted to the equivalent
circuit model depicted in Fig. 4 through the computer optimiza-
tion program FETFITTER. Good agreement between the mea-
sured and modeled S parameters of a 1 X200 pm MODFET is
shown in Fig. 5. Figs. 6 and 7 show the bias-dependent f;’s and
Jone s of the 1 X200 pm MODFET, calculated by using [7]
g"l
fr 2aC @)
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and
.fl“il\ =

fr
[4( Rm + Rv + R(:)/Rd\ +4WfTqu(Rln + RA + RG)]I/z

©)

because the stability factor (k) may not be greater than unity
over the whole measured frequency for certain bias points. The
1-pm device is biased at ¥, =0.6 V and V,;, =2 V for a maxi-
mum f; of 22 GHz. The maximum f, of 85 GHz is obtained
at V,, =06 Vand V, = 4 V. This is the highest reported f,,,, of
either GaAs MESFET’s or MODFET’s with 1-pm gate length.
The drain voltage for the maximum f,_ . is higher than that for
the maximum f; because of higher R, and lower C,, from the
wider AlGaAs depletion region between gate and drain. The
measured and modeled S-parameters of the 0.3 X100 pm device
are shown in Fig. §, with an f; of 45 GHz and an f,, of 120
GHz. The excellent dc and microwave performances are the
result of good charge control and good carrier confinement
through the planar-doped quantum well structure.
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Fig. 9. Transconductance (g,,) versus gate and drain bias.
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Fig. 10. Gate-to-source capacitance (Cy, ) versus gate and drain bias.

V. Bias-DEPENDENT EQUIVALENT CIRCUIT MODEL

In order to investigate the nonlinear behavior of the double
heterojunction MODFET for large-signal applications, the ele-
ments of the equivalent circuit have to be examined closely for
their bias dependence [8). The measured S-parameters of the
1x200 pm MODFET at various gate and drain biases are used
to determine the bias-dependent equivalent circuit parameters.
All these S-parameter measurements are performed while the
MODFET is biased in the current saturation region. The external
device parasitics such as L,, R,, L;, R,, L, and R, are
assumed to be linear and invariant to the biases. The bias
dependence of other elements, including g,,, G, C,,, 7, Cy,
R,.,and R,,, are depicted in Figs. 9-14.

Because of the high aspect ratio (ratio of the gate length to the
thickness of active layer) of MODFET’s [9], the bias dependence
of g, in Fig. 9 shows less sensitivity to the V,, variation.
However, g,, decreases as ¥, increases at positive gate bias. This
deterioration of g, is caused by the real-space transfer of hot
electrons from the quantum well into the AlGaAs layer and their
subsequent removal through the forward-biased gate {10], [11].

For a given drain voltage, C,, increases monotonically with
increasing V,,, as shown in Fig. 10. The influence of ¥, on C
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cannot be fully explained by the basic charge-control theory of
2DEG [12]. The stronger dependence of C,; on ¥, is possibly
due to additional charge modulation in the AlGaAs layer [13].
When the gate is biased above 0.2 V, the parallel conduction in
the AlGaAs layer starts and ¥, only modulates the charges in
AlGaAs layer [14]. The slight increase of C,, with increasing V,,
is therefore due to the increase of the depletion region between
gate and drain as in the case of GaAs MESFET [8].

C,. is dominated by the parasitic capacitance from drain to
source through the active layers and the substrate, and is much
less sensitive to the changes of the gate and drain biases (Fig. 11).
Similar bias dependence of C,, was also found in the MESFET
structures [8]. The capacitive coupling (C,,) between gate and
drain is through the gate fringing field. C,, is reduced as the gate
depletion region penetrates toward the drain with increasing
potential difference, as shown in Fig. 12.

The values of R, shown in Fig. 13 are very high due to the
excellent carrier confinement through the quantum well structure.
This kind of confinement is very essential for the high-frequency
performance of devices with short ‘gate length, The increase of
R, with increasing ¥, is caused by extended depletion region
between gate and drain. Nevertheless, the increasing gate current
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Fig. 4. Transit time (1) versus gate and drain bias.

due to real-space-transfer hot electrons comes into play when V,,
is above 0.2V, and R, shows abnormal behavior.

The carrier transit time effect under the gate is denoted by 7.
As effective gate length is determined by the depletion region, the
bias dependence of 7 in Fig. 14 is due to the variation of
depletion region controlled by |V, — V,,|.

V1. CONCLUSIONS

We have fabricated and charactetized AlGaAs/InGaAs/GaAs
double heterojunction MODFET’s with 1-um and 0.3-pm gate
lengths. Excellent microwave performance has been achieved,
with an f, of 22 GHz and an f_, of 85 GHz from the 1-um
device, and an f; of 45 GHz and an f,,, of 120 GHz from the
0.3-pm device.

Bias-dependent equivalent circuit models have been de-
termined to study the nonlinear behavior of the 1-um device
under large-signal conditions. In general, the bias-dependent
circuit parameters of MODFET’s behave in a way quite similar
to those of GaAs MESFET's. Distinctive features of MODFET’s,
such as heterojunction charge control, AlGaAs parallel conduc-
tion, quantum well carrier confinement, and real-space transfer,
make the bias dependence of circuit parameters more com-
plicated. This study will be helpful in understanding the device
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physics and in optimizing MODFET structures. It also provides
valuable information for constructing the large-signal model for
computer-aided design and simulation of nonlinear microwave
and high-speed digital MODFET integrated circuits.
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