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High Electron Mobility Transistors (HEMT), also known as HFETs or modulation doped Field Effect Transistors
(MODFETSs), is a form of field effect transistor, which is capable of providing high levels of performances at microwave
frequencies.
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| 1. Introduction

The high electron mobility transistor (HEMT) was first demonstrated by Takashi Mimura and colleagues at Fujitsu Labs in
1980 . The HEMT based on the concept of modulation doping was first demonstrated by Ray Dingle and collaborators at
Bell Labs in 1978 2. Beneficial of the development of band gap engineering, a modulation-doped structure creates two-
dimensional electron gas (2-DEG) systems at the interface between two kinds of Ill-V compound semiconductors of
different band gaps. The 2-DEG shows outstanding electron transport characteristics in HEMT, making the device suitable
for high speed circuit application. Over the last three decades, HEMTs have been demonstrated in several material
systems such as AlGaAs/GaAs, AlGaN/GaN B4 and InAlAs/InGaAs B, HEMTs are mainly available in two flavors-
pseudomorphic HEMT (pHEMT) and metamorphic HEMT (mHEMT) . Nowadays, with the cost cut down, HEMTs are
more widely used in the mobile telecommunications as well as a variety of microwave radio communications links, and
many other RF design applications.

| 2. InP based HEMT

InAlAs/InGaAs HEMTs on InP substrate, also called InP based HEMT, show outstanding low noise and high-frequency
and high power added efficiency characteristics . They are the first transistors in material systems, which simultaneously
exhibit current gain cut off frequency (ft) in excess of 600GHz and maximum oscillation frequency (fmax) values in excess
of 1THz [¥. Increasing the content of InAs in InGaAs alloy largely improves the electron transport properties and increases
conduction band discontinuity which results in enhanced carrier confinement at the interface (channel). InP based HEMTs
are promising devices to gain ultrahigh-speed operation because of their large carrier concentration and high carrier
mobility achieved by this system of material. Nowadays, the demand for the high frequency transistors is becoming
greater because the work frequency of high speed applications is becoming higher and higher, such as high-frequency
wireless systems, satellite communications, high-speed optical-fiber communication system, critical semiconductor IC
applications and so on. Since InP-based high electron mobility transistors (HEMTs) show excellent low noise and ratio
frequency performances, therefore, they are considered as the key components for Monolithic Millimeter-Wave Integrated
Circuits (MMICs), furthermore, they have obvious advantages in the application of low noise amplifiers at extremely low
temperature 19,

InP based HEMT devices are fabricated by epitaxial structure on semi-insulated InP substrate. From bottom to top, the
epitaxial structures are usually InAlAs buffer layer, InGaAs channel layer, InAlAs isolation layer, Si & doping layer, InAlAs
barrier layer, InP etch stopper layer and InGaAs cap layer. The heterojunction in InP based HEMT devices is formed by &
doping InAlAs layer and undoped InGaAs layer: the donor impurity Si in the InAlAs layer releases electrons which are
transferred from the wide band gap InAlAs side to the narrow band gap InGaAs side to form two dimensional electron gas
(2DEG). The transferring process realizes space separation between 2DEG and Si atoms, which increases the carrier
concentration in the channel and reduces the influence of the donor impurities on transporting carrier. Therefore, carrier
mobility in InP based HEMTs is very high, which makes the devices have obvious advantages in high-speed circuits. The
InAlAs isolation layer is helpful for the complete separation of ionized impurities and 2DEG in space. The function of
InAIAs buffer layer is to realize the transition from InP layer to InGaAs layer, which relieves the stress caused by lattice
mismatch between the substrate and the channel and prevents the defects of substrate from extending to channel. T
shape gate usually forms Schottky contact with InAlAs barrier layer or InP etch stopper layer.



| 3. Working Principle

The working principle of InP based HEMT is very similar with Metal Oxide Semiconductor Field Effect Transistor
(MOSFET): when the gate voltage is zero, the Fermi levels in the barrier layer and the channel layer are balanced thus a
certain concentration of 2DEG is formed in the channel, so the traditional HEMT device is normally on; When the gate is
negatively biased, the Fermi level in barrier layer rises up while the Fermi level in channel falls, the concentration of 2DEG
in channel begins to decrease until zero. Oppositely, when the gate is positively biased, the Fermi level in barrier layer
falls and the Fermi level in channel rises, so the concentration of 2DEG increases until it reaches a saturated value.

| 4. Research Progress

Due to the continuous development of the gate technology of InP based HEMTs from 1980s to 2020s, gate length of the
device has been reduced from 1 uym to 25 nm. Up to know, the maximum transconductance of InP based HEMTs can
reach 3000 ms/mm, the maximum ft can reach 703GHz, and the maximum fmax can reach 1.5THz (11, The leading
international researching institutes for InP based HEMTs include Northrop Grumman, Massachusetts Institute of
Technology (MIT), Nippon Telegraph & Telephone (NTT), Chalmers University of technology, etc. Apart from shortening
the gate length of device, many other methods can be tried to fully improve the frequency performance of InP based
HEMTSs, such as inserting a thin InAs layer into the channel InGaAs layer to form a composite channel to increase In
content in the channel thus improving the carrier transport characteristics in the channel, optimizing the ohmic contact
technology to reduce the contact parasitic resistance of the device; reducing the gate recess width (i.e. the distance
between source and drain) to effectively reduce the on state resistance and improve the response delay of the device 12
(13114 | the foreseeable future, INP based HEMT will always be the solid-state three port device with the highest cutoff
frequency.
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