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Abstract—The uniformly doped and the δ-doped
In0.52Al0.48As/In0.6Ga0.4As metamorphic high-electron
mobility transistors (MHEMTs) were fabricated, and the dc
characteristics and the third-order intercept point (IP3) of these
devices were measured and compared. Due to more uniform
electron distribution in the quantum-well region, the uniformly
doped MHEMT exhibits a flatter transconductance (Gm) versus
drain-to-source current (IDS) curve and much better linearity
with higher IP3 and higher IP3-to-Pdc ratio as compared to
the δ-doped MHEMT, even though the δ-doped device exhibits
higher peak transconductance. As a result, the uniformly doped
MHEMT is more suitable for communication systems that require
high linearity operation.

Index Terms—In0.52Al0.48As/In0.6Ga0.4As, linearity, meta-
morphic high-electron mobility transistor (MHEMT), uniformly
doped MHEMT, δ-doped MHEMT.

I. INTRODUCTION

FOR WIRELESS communication applications, it is im-

portant to consider that the devices used in the system

may produce nonlinear distortion and thus degrade the signal-

to-noise of the system. Consequently, the device structures

need to be tailored to improve the RF performance of the

system. In recent years, metamorphic high-electron mobility

transistors (MHEMTs) have been widely investigated for low-

noise and high-power applications [1]–[4]. The main advantage

of MHEMT is that it uses a high-indium content InxGa1−xAs

channel with In composition ranging from 30% to 80%, which

results in higher electron mobility for the device. Therefore,

MHEMT offers a low-cost alternative to the high performing

but more expensive InP HEMTs.

Delta doping and uniform doping are two typical dop-

ing types for HEMTs. The performances of HEMT with

these two different types of dopings had been studied be-
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fore [5], [6]. However, no paper on the linearity performance

of these two kinds of HEMTs has ever been reported. The

In0.52Al0.48As/In0.6Ga0.4As MHEMTs with different doping

profiles are studied in this letter for device linearity comparison.

Fig. 1 shows the two kinds of device structures studied: one

with uniform doping in the In0.3Al0.7As layer and another one

with δ doping between the In0.3Al0.7As and In0.52Al0.48As

layers. These wafers were grown by molecular beam epitaxy

(MBE) on 3-in GaAs substrates with a InAlAs-graded meta-

morphic buffer. The In0.52Ga0.48As layer was used as the cap

layer with a doping concentration of 3 × 1018 cm−3 to get

good ohmic contacts. The In0.3Al0.7As Schottky layer has

high etch selectivity with the In0.52Ga0.48As cap layer, which

provides excellent gate recess uniformity. Dual channels with

In0.52Al0.48As spacer layers are designed to increase the cur-

rent density, provide uniform electron distribution, and improve

the device linearity [4], [7].

II. DEVICE FABRICATION

The In0.52Al0.48As/In0.6Ga0.4As MHEMT process can be

divided into five major steps:

1) device active region definition;

2) ohmic metal deposition and annealing;

3) wet chemical recess;

4) gate formation by electron beam (EB) lithography;

5) air-bridge formation.

The mesa etch was achieved by using H3PO4/H2O2/H2O

(5 ml: 1 ml: 40 ml) solution, and ohmic contacts were formed

by AuGe/Ni/Au with 30-s 310 ◦C annealing using hot plates

annealing. The gate recess was performed using a highly se-

lective SA/H2O2/H2O (5 g: 1 ml: 90 ml) solution, and the gate

length of the devices was 0.3 µm, which was formed by electron

beam lithography. The gate metal used was Ti/Pt/Au. Device

passivation was performed using plasma-enhanced chemical

vapor deposition (PECVD) silicon nitride, and the intercon-

nects were formed using gold-plated air-bridges.

III. RESULTS AND DISCUSSION

The electrical characteristics of the two structures in Fig. 1

were studied and analyzed. Fig. 2 shows the drain-to-source

current IDS versus the gate-to-source voltage VGS curves of the

0.3 × 160 µm2 In0.52Al0.48As/In0.6Ga0.4As MHEMT devices

when biased at VDS = 1.5 V. The gate-to-drain breakdown
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Fig. 1. Structure of the In0.52Al0.48As/In0.6Ga0.4As MHEMT. (a) Uni-
formly doped. (b) δ-doped.

Fig. 2. Drain-to-source current (IDS) versus gate-to-source voltage (VGS) of
the 0.3× 16 µm2 In0.52Al0.48As/In0.6Ga0.4As MHEMT devices.

voltages (BVs) of the δ-doped and the uniformly doped device

were 7.2 and 3.8 V, respectively. Compared to the δ-doped

device, the uniformly doped device has lower IDSS (IDS at

VGS = 0) with a more straight IDS−VGS curve. Extrinsic

Fig. 3. Extrinsic transconductance (Gm) versus drain-to-source current
(IDS) of the 0.3× 160 µm2 In0.6Ga0.4As MHEMT devices.

TABLE I
COMPARISONS OF DEVICE PARAMETERS BETWEEN SPC AND MILC TFTS

transconductance (Gm) versus gate-to-source voltage (VGS)
curves are shown in Fig. 3. Even though the δ-doped device has

higher peak Gm, the Gm−IDS curve of the uniformly doped

device is flatter than that of the δ-doped device. According to

the device simulation results, the uniformly doped device has

more uniform electron distribution in the quantum-well region

than the δ-doped device. This explains why the uniformly

doped device has a flatter Gm−IDS curve. To investigate the

linearity performance, the IDS−VGS curves were expressed in

terms of a fifth-order polynomial as [8], [9]

IDS = a0 + a1VGS + a2V
2

GS + a3V
3

GS + a4V
4

GS + a5V
5

GS.
(1)

The device linearity is related to the flatness of the derivative of

Gm with VGS, i.e., a1 should be larger and a3/a1 and a5/a1

should be minimized. The coefficients of these two devices,

which were extracted from the measured data, are listed in

Table I. The uniformly doped MHEMT shows higher a1, lower

a3/a1, and lower a5/a1. Finally, the third-order intercept point

(IP3) of these devices were measured to investigate the effect of

different types of doping on the device linearity. Because IP3 is

a function of several parameters, for comparison, we kept the

VDS at 1.5 V, tuning maximum power with different IDS bias

for IP3 comparison. Fig. 4 shows the device IP3 with different
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Fig. 4. Comparison of the device linearity of the uniformly doped and the
δ-doped In0.52Al0.48As/In0.6Ga0.4As MHEMTs when tested at 6 GHz.

TABLE II
COMPARISON OF THE IP3 OF THE UNIFORMLY DOPED AND THE δ-DOPED

In0.52Al0.48As/In0.6Ga0.4As MHEMTS

bias currents. For IP3 measurement, the load impedance was

first tuned for maximum power for each individual device.

Then, the third-order intermodulation distortion level (IMD3)

was measured and plotted as a function of input power under

given dc bias conditions. IP3 was determined by the intercept

point of the Pout and IMD3 curves (as functions of input power)

after extrapolation. Two signals with the same amplitude but

1 MHz apart in frequency at 6 GHz were used as the input for

IMD3 measurement. The uniformly doped MHEMT has higher

IP3 as compared to the δ-doped device at a wide range of bias

currents. The measured maximum IP3 of the uniformly doped

MHEMT was 19.83 dBm, and that of the δ-doped device was

16.98 dBm. A higher ∆ (IP3-P1 dB) of 13.66 dB was observed

for the uniformly doped MHEMT, compared to the 12.1 dB

that was observed for the δ-doped one. In addition, the uni-

formly doped MHEMT demonstrates a much higher IP3-to-dc

power consumption ratio (IP3/Pdc) of 6.21, as compared to the

δ-doped device, which has 1.96 (Table II).

IV. CONCLUSION

The uniformly doped and δ-doped In0.52Al0.48As/
In0.6Ga0.4As MHEMTs were fabricated, and the device

linearity was compared. Even though the δ-doped device has

higher peak transconductance, the uniformly doped MHEMT

shows much better device linearity. This is because the

uniformly doped device has more uniform electron distribution

in the quantum-well region, which enables the device to

possess a straight IDS−VGS curve and a flatter Gm−IDS curve,

and in turn results in much higher IP3 levels, higher ∆, and

higher IP3/Pdc. Thus, the uniformly doped MHEMT device

is more suitable for modern digital wireless communication

systems, which impose very stringent linearity requirements

for the devices.
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