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Enhancement-Mode Pseudomorphic HEMT

L. H. Chu, E. Y. Chang, Senior Member, IEEE, S. H. Chen, Y. C. Lien, and C. Y. Chang, Fellow, IEEE

Abstract—A low-voltage single power supply enhance-
ment-mode InGaP–AlGaAs–InGaAs pseudomorphic high-elec-
tron mobility transistor (PHEMT) is reported for the first time.
The fabricated 0.5 160 m2 device shows low knee voltage of
0.3 V, drain–source current ( DS) of 375 mA/mm and maximum
transconductance of 550 mS/mm when drain–source voltage
( DS) was 2.5 V. High-frequency performance was also achieved;
the cut-off frequency( ) is 60 GHz and maximum oscillation
frequency( max) is 128 GHz. The noise figure of the 160- m gate
width device at 17 GHz was measured to be 1.02 dB with 10.12 dB
associated gain. The E-mode InGaP–AlGaAs–InGaAs PHEMT
exhibits a high output power density of 453 mW/mm with a high
linear gain of 30.5 dB at 2.4 GHz. The E-mode PHEMT can also
achieve a high maximum power added efficiency (PAE) of 70%,
when tuned for maximum PAE.

Index Terms—Enhancement mode, InGaP, InGaP–InGaAs,
PHEMT, single-voltage supply.

I. INTRODUCTION

FOR cellular phone applications, microwave devices require
high power-added efficiency (PAE) and high output power

operated at low dc power supply [1]. Enhancement-mode
pseudomorphic high electron mobility transistors (E-mode
PHEMTs) are suitable for cellular phone applications due
to their single voltage supply operation and their low knee
voltage characteristic. These advantages can reduce the dc
power consumption, improve the efficiency, and increase the
operation time. In the past few years, many reports on the
enhancement-mode AlGaAs–InGaAs PHEMTs have quoted
high-power density and high PAE at low-voltage operation
[2]–[4].

Recently, the use of InGaP instead of AlGaAs in the device
structure has become very popular [5]–[7]. The InGaP–InGaAs
PHEMTs have many advantages over the AlGaAs–InGaAs
PHEMTs. These include excellent etching selectivity between
InGaP and GaAs, which increases the device manufactura-
bility, and high energy bandgap of InGaP, which results in low
microwave noise and reduces the Gunn oscillation effects [5].
In addition, InGaP does not form DX-center, and causes less
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deep level defects, which has great potential to improve the
reliability of the PHEMTs [6], [8] .

In this letter, InGaP–AlGaAs–InGaAs PHEMTs were devel-
oped to further enhance the device performance. The attempt
to use InGaP–AlGaAs–InGaAs heterojunction instead of
InGaP–InGaAs is due to: First, the conduction band discon-
tinuity of the AlGaAs–InGaAs interface is greater then the
InGaP–InGaAs interface [9], the carrier confinement is better,
which will improve the output power performance of the InGaP
PHEMTs. Second, an In Ga As layer exists in the
InGaP–InGaAs interface due to the intermixing behavior of As
and P atoms during the growth [10]. The formation of a parasitic
well in the interface reduced the electron mobility due to the
trapping effect of the transferred electrons in the parasitic well
[11]. As a result, the Hall mobility of the InGaP–AlGaAs–In-
GaAs PHEMTs is higher than the InGaP–InGaAs PHEMTs
[12]. In this letter, the electron mobility of the InGaP–Al-
GaAs–InGaAs structure is 6410 cm Vs at room temperature.

II. DEVICE STRUCTURE AND FABRICATION

The E-mode InGaP–AlGaAs–InGaAs PHEMT structure
was grown by the metal–organic chemical vapor deposition
method on a 4-in GaAs substrate. The device structure was
composed of, from bottom to top, 2500-Å GaAs buffer layer,
2200-Å GaAs–AlGaAs super-lattice, 200-Å Al Ga As
layer, followed by undoped 30-Å Al Ga As spacer,
lower Si -doped layer, 100-Å In Ga As channel, 30-Å
Al Ga As spacer, upper Si -doped layer, 120-Å undoped
In Ga P layer and 700-Å heavily doped n GaAs cap
layer. The epi-structure of the device is as shown in Fig. 1.
The In Ga P layer was used as the Schottky layer, and
the InGaP layer also achieved a high etching selectivity with
the GaAs layer during the cap layer etching process. The mesa
isolation was done by wet chemical etching. Ohmic contacts
were formed by evaporating Au–Ge–Ni–Au on n GaAs layer
and then alloyed at 350 C using rapid thermal annealing.
The contact resistance measured by the transmission line
model method was 1 cm . For T-gate definition, the
bi-layer resist structure consisting of polymethylmethacrylate
and polymethyl methacrylate-methacrylic were exposed by
E-beam lithography (Leica EBML300) with a footprint of
0.5 m. Citric acid–H O–H O solution were used for gate
recess process, and the recess was stopped at the InGaP layer.
Then, gate metals Ti–Pt–Au (100/100/300 nm) were deposited
sequentially as the Schottky metal of the T-shaped gate. After
T-gate formation, 100-nm-thick silicon nitride film was de-
posited by plasma enhanced chemical vapor deposition as the
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Fig. 1. Device structure of the enhancement-mode InGaP–AlGaAs–InGaAs
PHEMT.

Fig. 2. I–V characteristics of the 0.5 �m� 160 �m E-mode
InGaP–AlGaAs–InGaAs PHEMT .

passivation layer. Finally, 2- m-thick Au plated air-bridges
were formed for multifinger device interconnections.

III. DEVICE PERFORMANCE

The current–voltage (I–V) characteristics of the fabricated
0.5 160 m E-mode InGaP–AlGaAs–InGaAs PHEMTs as
shown in Fig. 2. The drain–to-source current ( ) was 375
mA/mm at V and a low knee voltage of 0.3 V. The
device has a threshold voltage ( ) of 0.14 V with small stan-
dard deviation of 30 mV across the 4-in wafer. The threshold
voltage is defined as when the is 1 mA/mm.The high
threshold voltage uniformity of the E-mode PHEMT was due
to the high etching selectivity between InGaP and GaAs layer.
The maximum transconductance measured at V was
550 mS/mm, as shown in Fig. 3.The drain–to-gate breakdown
voltage ( ) was 10 V, which was defined at a gate current of
1 mA/mm.

For RF performance, the parameters of the E-mode
PHEMTs were measured by on-wafer testing from 1 to 35

Fig. 3. Transconductance and drain–source current versus V of the 0.5
� 160 �m E-mode PHEMT.

Fig. 4. Typical H , and MAG/MSG, as a function of the frequency for the
0.5� 160 �m E-mode PHEMT biased at V = 2:5 V and V = 0:5 V.

GHz. The current gain (H ) and the maximum available
gain/maximum stable gain (MAG/MSG) as a function of
frequency are shown in Fig. 4. The calculated and
of the E-mode PHEMT measured at the V and

V were 60 GHz and 128 GHz, respectively, by
a slope extrapolation. The outstanding RF
performance of the Enhancement-mode device is due to the
use of InGaP–AlGaAs–InGaAs heterojunction which produce
high electron mobility in the channel region. The measured
minimum noise figure ( ) was 1.02 dB with 10.12 dB
associated gain at 17 GHz under V and V.

The power performance measurement was also performed
by an ATN load-pull system. The power performances of the
0.5 160 m devices measured at 2.4 GHz are shown in
Fig. 5(a). When tuned for maximum PAE match, the output
power ( ) was 10.88 dBm and the maximum PAE was 70%,
when the dc bias condition was V, V. If
the device was biased at V, V and tuned
for maximum output power match, the output power ( ) of
18.61 dBm (453 mW/mm) with 32.5% PAE was obtained and
the device had a linear gain of 30.5 dB, as shown in Fig. 5(b).
Overall, the state-of-the-art, InGaP–AlGaAs–InGaAs E-mode
PHEMT is demonstrated with a much lower operating voltage
than the reported AlGaAs–InGaAs [1]–[4] and InGaP–InGaAs
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Fig. 5. The 2.4 GHz power performance as a function of the input power for the 0.5� 160 �m E-mode PHEMT. (a) V = 2 V, V = 0:2 V. The device was
tuned for maximum PAE. (b) V = 2 V, V = 0:4 V. The device was tuned for maximum output power.

E-mode PHEMTs [5], [10]. The developed E-mode InGaP
PHEMT shows excellent dc and RF performance. We believed
the improved device performance is the results of the introduc-
tion of the InGaP–AlGaAs–InGaAs heterojunction.

IV. CONCLUSION

A single-voltage supply, high frequency and high-power den-
sity Enhancement-mode InGaP–AlGaAs–InGaAs PHEMT was
developed for low-voltage wireless application. The calculated

and of the E-mode PHEMT were 60 and 128 GHz.
The at 17 GHz was measured to be 1.02 dB with 10.12
dB associated gain. High power performance was achieved, the
E-mode PHEMT exhibited maximum PAE of 70%, and max-
imum power density of 453 mW/mm at 2.4 GHz. The excellent
threshold voltage uniformity and performance of the E-mode
PHEMT were due to the use of InGaP–AlGaAs–InGaAs layer
structure which took advantages of high etching electivity be-
tween InGaP–GaAs and high electron mobility due to the use
of AlGaAs spacer layer.
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