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ABSTRACT The dc characteristics of an InGaP/InGaAs/GaAs
pseudomorphic high-electron-mobility transistor (HEMT) with
a p-type δ-doped InGaP barrier are numerically investigated
with the ISE-TCAD simulation program. The simulation results
indicate that a HEMT with such a structure has a higher gate
turn-on voltage, better carrier confinement that results in a lower
voltage-dependent transconductance, and a larger breakdown
voltage when compared with the typical HEMT. The simulation
results also suggest that this structure is beneficial for linear and
large-signal application.

PACS 85.30.De; 73.50.-h; 02.60.Cb

1 Introduction

Over the past few years, heterostructure field-
effect transistors (HFETs), heterostructure bipolar transis-
tors (HBTs), and high-electron-mobility transistors (HEMTs)
have been widely investigated for high-power and high-
frequency integrated circuit applications. The InGaAs-based
pseudomorphic HEMTs have received much attention due
mainly to their application in high-speed transistors. How-
ever, the onset of parallel conductance in high-band-gap dop-
ing layers leads to a sharp peak in transconductance, which
becomes a limitation for linear operation. In addition, due to
the large need of high-power devices, enlarging the break-
down voltage is an important issue. Hence, much effort has
been made by many research groups to increase the Schottky-
barrier potential and to enhance the band offset between the
channel and barrier layers.

From the literature [1–6] we note that it is beneficial to use
InGaP, instead of AlGaAs, in the barrier layers. Firstly, InGaP
has lower deep-level traps and lower DX centers and ther-
mal oxidation when compared with AlGaAs. Hence, a higher
stability can be obtained with InGaP. Secondly, the band
gap of InGaP is larger than that of AlGaAs, which is ben-
eficial for improving the breakdown voltage. Moreover, the
relatively high etching selectivity between InGaP and GaAs
makes it easy to control the process. In the meantime, p+ dop-
ing in InGaP barrier layers can be used to further enlarge the
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barrier height [5–10], which in turn results in increased car-
rier confinement. Therefore, low leakage current, high break-
down voltage, and high linearity in transconductance can be
expected.

It is believed that a HEMT with a p-type δ-doped InGaP
barrier can have larger turn-on and breakdown voltages than
a typical HEMT, because the p-type doping enlarges the bar-
rier potential in the conduction band and the electric field
produced by the negative charges in the depleted p-type re-
gion may prevent electron leakage under reverse gate bias.
In this paper, the dc characteristics of a HEMT with a p-
type δ-doped InGaP barrier are numerically investigated with
the ISE (integrated system engineering)-TCAD (technology
computer-aided design) simulation program. Specifically, the
transconductances of the typical HEMT and HEMTs with p-
type δ-doped barriers of various doping concentrations are
investigated.

2 Structures of the HEMTs under study

The structures of a typical InGaP/InGaAs/GaAs
pseudomorphic HEMT and a HEMT with a p-type δ-doped
InGaP barrier are shown in Fig. 1a and b, respectively. The
channel thickness of each device is 100 Å and the indium
composition is 20%. The 50-Å-thick GaAs sub-spacer is used
for diverting hot electrons back to the upper n-type δ-doped
layer. Two 30-Å-thick AlGaAs spacers are located above
and below the channel to protect the moving electrons in
the channel from impurity scattering. The doping concentra-
tion is 2 ×1012 cm−2 for the upper n-type δ-doped layer and
3 ×1012 cm−2 for the lower one. These two n-type δ-doped
layers supply electrons to the channel. The n-type GaAs cap
layer, which has a doping concentration of 5 ×1018 cm−3, is
used to form the ohmic contact.

The barrier in the typical HEMT (Fig. 1a) consists of
a single 100-Å-thick intrinsic InGaP layer. On the other
hand, the barrier in the HEMT shown in Fig. 1b consists of
a 100-Å-thick intrinsic InGaP layer in which a p-type δ dop-
ing is located 80 Å above the bottom edge. Three different
p-type δ-doping concentrations are investigated in our simu-
lation: 1 ×1012 cm−2, 2 ×1012 cm−2, and 3 ×1012 cm−2. The
metal/InGaP Schottky potential energy is set to 0.9 eV ac-
cording to the published experimental results [10, 11]. The
gate length in both devices is 0.5 µm; the source–drain dis-
tance and the recess width (cap to cap) are 3 µm and 1 µm,
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FIGURE 1 Structures for a a typical InGaP/InGaAs/GaAs pseudomorphic
HEMT and b a HEMT with a p-type δ-doped InGaP barrier

respectively. For a two-dimensional simulation, we exclude
the influence of gate width.

3 Simulation results and discussion

Figure 2 shows the energy-band diagram and the
distribution of electron concentration for the HEMT with a p-
type δ-doped InGaP barrier that has a doping concentration
of 3 ×1012 cm−2. The biases of source, gate, and drain are all
set to 0 V. As shown in Fig. 2, the electrons tend to accumu-
late in the lower edge of the channel layer. The highest elec-
tron concentration in the channel is about 2.5 ×1019 cm−3. It
is obvious that the p-type δ-doped region is fully depleted.
The depletion is very crucial and should be maintained even

FIGURE 2 Energy-band diagram and distribution of electron concentra-
tion for the HEMT with a p-type δ-doped InGaP barrier that has a doping
concentration of 3×1012 cm−2

under biased conditions to prevent conduction between gate
and source, and gate and drain [7]. When applying a positive
bias to the gate terminal, we find that the barrier height in-
creases with the applied gate bias. One may expect that the
larger barrier height should contribute to the decrease of elec-
tron tunneling from the channel to the gate while the device is
operating in the on state.

Figure 3 shows the dc I–V characteristics of the typical
HEMT and the HEMT with a p-type δ-doped InGaP barrier
that has a doping concentration of 3 ×1012 cm−2. The source
and drain terminals are both grounded. The gate tunneling
effect and the impact ionization effect have been taken into
account in this simulation. If we define the voltages at which
the leakage current reaches ±1 mA/mm as the turn-on and
breakdown voltages, the turn-on voltage is 0.42 V for the typ-
ical HEMT and 1.13 V for the one of our design. The higher
turn-on voltage for the HEMT with a p-type δ-doped InGaP
barrier is due mainly to its larger barrier height. The break-
down voltage for the device with a p-type δ-doped InGaP
barrier is 7.2 V, which is two times higher than 3.5 V for the
typical HEMT. However, under a negative gate bias condi-
tion the barrier height of our device is not higher than that
of the typical HEMT. The relatively high breakdown volt-
age originates from the electric field produced by the negative
charges in the depleted p-type region. In principle, a higher
barrier height would certainly be beneficial for carrier con-
finement, such that good linearity of device operation could be
expected [5, 7, 9, 12].

The transconductances of the typical HEMT and the
HEMTs with p-type δ-doped barriers of various doping con-
centrations are shown in Fig. 4. The drain to source voltage
for the typical HEMT is set to 1.8 V and the others are set to
2.2 V, because electrons leak to the gate easily in the typical
HEMT when the drain to source voltage exceeds 2.0 V. Figure
4 indicates that, for high reverse gate bias (a gate bias smaller
than −0.4 V), all devices have almost equal transconduc-
tance. However, for the device with a p-type δ-doped InGaP

FIGURE 3 Direct-current I–V characteristics of the typical HEMT and the
HEMT with a p-type δ-doped InGaP barrier that has a doping concentration
of 3×1012 cm−2
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FIGURE 4 Transconductance of the typical HEMT and the HEMTs with p-
type δ-doped barriers of various doping concentrations

barrier, the depletion width of the channel is less dependent
on gate bias; thus a relatively voltage-independent transcon-
ductance may be obtained. This phenomenon is more evident
at high p-type doping concentration [7, 12]. It is believed that
the use of p-type δ doping leads to a higher barrier potential
and better carrier confinement.

In addition to the smaller and relatively voltage-independent
transconductance, we have also observed that the device with
a p-type δ-doped InGaP barrier has a smaller gate capacitance
(not shown here). This is consistent with the result reported
in [12]. Moreover, for short-channel devices, the ratio of
transconductance to gate capacitance, gm/Cgs, depends on
material parameters and geometrical factors only, not on layer
structure. Therefore, the high-frequency performance of the
device with a p-type δ-doped InGaP barrier should be similar
to that of a typical one [12].

FIGURE 5 Drain-current density and transconductance as a function of
gate to source voltage for the HEMT with a p-type δ-doped InGaP barrier that
has a doping concentration of 3×1012 cm−2

Figure 5 shows the drain-current density and the transcon-
ductance as a function of gate to source voltage for the HEMT
with a p-type δ-doped InGaP barrier that has a doping con-
centration of 3 ×1012 cm−2. The drain voltage is 2.2 V, which
is identical to that used in Fig. 4. When the gate bias reaches
−1.3 V, the device would be pinched off. The transconduc-
tance has a maximum value of 282 mS/mm for this device.
The swing range in which the transconductance exceeds 80%
of the maximum is about 1.2 V (from −0.5 V to 0.7 V). This
swing range is two times larger than 0.56 V for the typical
HEMT. After the gate voltage goes beyond 1.0 V, the drain
current no longer increases with gate voltage; instead, it de-
creases with gate voltage. This is caused by the real-space
transfer (RST) of hot electrons at high gate voltage. As a con-
sequence, negative differential resistance (NDR) and negative
transconductance are observed [13].

4 Conclusion

We have numerically investigated the dc charac-
teristics of an InGaP/InGaAs/GaAs pseudomorphic HEMT
with a p-type δ-doped InGaP barrier by using the ISE-TCAD
simulation program. Attributed to the employment of a p-type
δ-doped InGaP barrier, a higher barrier potential is obtained.
The simulation results suggest that, when compared with the
typical HEMT, the HEMT with a p-type δ-doped InGaP bar-
rier has a higher gate turn-on voltage, better carrier confine-
ment, and a relatively broader gate swing range. Furthermore,
for the HEMT with a p-type δ-doped InGaP barrier, the elec-
tric field caused by the negative charges in the depleted p-type
region helps to improve the breakdown voltage. These re-
sults are promising for linear and large-signal application of
the HEMTs with this structure. The HEMT design suggested
in this paper may be of great interest for the device-physics
community.
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