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Abstract: Because of the high electron mobility and electron velocity in the channel, InAs/AlSb high
electron mobility transistors (HEMTs) have excellent physical properties, compared with the other
traditional III-V semiconductor components, such as ultra-high cut-off frequency, very low power
consumption and good noise performance. In this paper, both the structure and working principle
of InAs/AlSb HEMTs were studied, the energy band distribution of the InAs/AlSb heterojunction
epitaxy was analyzed, and the generation mechanism and scattering mechanism of two-dimensional
electron gas (2DEG) in InAs channel were demonstrated, based on the software simulation in detail.
In order to discuss the impact of different epitaxial structures on the 2DEG and electron mobility
in channel, four kinds of epitaxies with different thickness of InAs channel and AlISb upper-barrier
were manufactured. The samples were evaluated with the contact Hall test. It is found the sample
with a channel thickness of 15 nm and upper-barrier layer of 17 nm shows a best compromised sheet
carrier concentration of 2.56 x 1012 ecm=2 and electron mobility of 1.81 x 10* cm?/V's, and a low
sheet resistivity of 135 ()/0, which we considered to be the optimized thickness of channel layer and
upper-barrier layer. This study is a reference to further design InAs/AlSb HEMT, by ensuring a good
device performance.
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1. Introduction

Compared with traditional III-V semiconductor materials such as GaAs, InP and GaN,
antimonide-based compound semiconductors (ABCS) have higher electron mobility and electron
velocity, which present them with broad prospects in ultra-high speed, low power consumption and
low noise applications. InAs with a lattice constant of about 6.05 eV is a typical ABCS material.
Its electron mobility is 3 and 5 times of that of GaAs and InP materials, respectively; its electron
saturation drift velocity is about 5 times of that of GaAs and InP materials; its effective mass of electrons
is 1/3 of that of GaAs and InP materials; especially, its bandgap is only 0.35 eV, and is much more
narrow than GaN, which makes InAs have excellent electrical properties at very low bias voltage.
So InAs is often used as channel material for high-speed and low-power-consumption HEMT.

As another typical antimony material, AISb has little lattice mismatch with InAs, but its band
gap of 1.27 eV with InAs can form very deep electron potential wells, and makes the InAs/AlSb
heterogeneous structures possess a high concentration of two-dimensional electron gas density (2DEG).
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Therefore, InAs/AlISb high electron mobility transistors (HEMTs) devices, with AISb as a barrier layer
and InAs as the channel layer, have excellent physical properties, such as ultra-high cut-off frequency,
very low power consumption and good noise performance, and present a very good application
prospect in analog/digital circuit, microwave field and space communication [1-5]. As we know,
the properties of HEMTs are fundamentally determined by the performance of epitaxial materials.
So far, lots of research on III-V epitaxial materials focus on GaN/AlGaN, InAlAs/InGaAs, etc. [6-8].
However, studies on InAs/AISb epitaxial materials are not broad, with few results [9-12]. Therefore,
a further research on the structures of epitaxial materials is significant to deeply understand the
performance of devices. In this paper, the structure and working principle of InAs/AlSb HEMTs were
studied, the energy band distribution of the InAs/AlSb heterojunction epitaxy was analyzed, and the
generation mechanism and scattering mechanism of two-dimensional electron gas (2DEG) in the InAs
channel were demonstrated by simulation in detail; additionally, four kinds of epitaxy samples with
different thicknesses of InAs channel and AISb upper barrier were fabricated and tested, in order to
discuss their channel characteristics.

2. Simulation and Principle Analysis

In order to study the working principle and performance of the InAs/AlISb heterojunction in detail,
a simulation is applied based on the typical device structure as shown in Figure 1 [4,13,14]. A 200 nm
GaAs material is settled as substrate. The lattice constant of GaAs as 5.653 A presents a significant
deviation from the value of InAs as 6.058 A, leading to a lattice mismatch degree of 7.1%. This mismatch
makes it easy to generate defects. Therefore, a 700 nm AlGaSb layer with a lattice constant of 6.1 A,
chosen as a buffer to release the mismatch, is settled on GaAs substrate. Then an AlSb/InAs/AlSb
laminated layer as a quantum well structure is settled to form the down-barriers/channel/upper-barriers.
InAs forms the channel and the 2DEG is located on the side of the InAs channel near the InAs/AlISb
(upper-barrier) heterojunction. An Si-doped InAs layer with a 10’ cm ™ doping density is inserted into
the AlSb upper-barrier layer in order to make the semiconductor exhibit as an n-type semiconductor to
completely ionize, in order to form positive ionized donors and free electrons. Because the band-gap
width of InAs is much smaller than AlSb, leading electrons in the heavy doped n-type AlSb to shift
from the AISb region, where it is with higher energy, to the non-doped InAs channel, where it is with
lower electron energy. This effect makes the electrons accumulating on the opposite side of the InAs
channel to form 2DEG. Meanwhile, these positive ionized donors are left on the AlSb side, making a
space charge zone formed at the junction to induce an electric field. This electric field causes the band
to bend.
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Figure 1. Structure of InAs/AISb high electron mobility transistor (HEMT).
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Therefore, the modulation-doped structure formed by heavily doped n-type wide-band-gap
semiconductor (AlSb region), and no-doping narrow-band-gap semiconductor (InAs region), can ensure
the electron supply process happening in AlSb area, and the electron transport process happening
in the InAs channel. These two processes are separated in space, which can effectively eliminate the
impact of ionized impurity scattering during electrons transportation, and greatly improve the electron
mobility and 2DEG in the channel [15-17]. Finally, an InAlAs protection layer is settled to reduce hole
gate leakage current, and an InAs layer is settled as the cap layer. A heavy doping was applied on the
ohmic contact region of InAs cap layer in order to reduce the contact resistant [18]. A Schottky contact
forms between the gate metal electrode and the InAlAs protection layer [19], to prevent the electrons
continually spreading to the metal. Controlling the gate bias voltage can change the Schottky barrier,
thus controlling the 2DEG density in channel.

In this paper, we used Sentaurus Technology Computer Aided Design (TCAD) (2010 version,
Synopsys Inc., Mountain View, CA, USA) to study the generation mechanism and scattering mechanism
of 2DEG in the InAs channel [20]. In the simulation, the hydrodynamic model was chosen for
electron transport, the drift-diffusion model was chosen for hole transport, the high-field-saturation
mobility was chosen to be the mobility model, and the SRH recombination module was chosen to
be the generation-recombination module. The simulated result of the conduction band of InAs/AlSb
(upper-barrier) heterojunction is shown in Figure 2. It is found that a triangle electronic potential well
is indeed formed near the heterojunction. AlSb with higher barrier height works well to limit the
electrons in the InAs channel in order to form a high 2DEG.
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Figure 2. Longitudinal distribution of conductive band in heterojunction zone from simulation.

The key parameters of epitaxy such as 2DEG density, electron mobility and electron velocity were
simulated as well. As shown in Figure 3, the maximum electron concentration in the channel reaches
to the order of 10! cm™3. The sheet carrier concentration which can be obtained by integrating the
curve of electron concentration is generally at the order of 10'?> cm~2. The electron mobility at the
channel is simulated as shown in Figure 4. It is found the electron mobility on the side of the InAs
channel near the AISb upper-barrier presents a relatively high value with the order of 10* cm?/V's,
which is obviously higher than the other side of the InAs channel. This is consistent with the region of
2DEG location that we analyzed above.
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Figure 3. Distribution of electron concentration from simulation.
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Figure 4. Distribution of electron mobility from simulation.
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As can be seen in Figure 5, the electronic velocity is stable in the channel, but appears an increase
in the area of the AlSb upper barrier near the source and drain. This is due to the high field strength
formation between the ionized donors in the upper barrier and the electrode. Electron concentration
in this part is not large, but electrons would be instantly accelerated to higher speed under the high

field strength.
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Figure 5. Distribution of electron velocity from simulation.

3. Experiments and Analysis

Four kinds of InAs/AlSb epitaxies with different thicknesses of InAs channel layer and AlSb
upper-barrier layer were manufactured in this paper. Sample #1, with the structure in Figure 6a as the
same as the epitaxy module in above simulation, is to be the reference structure: The InAs channel is
set with 15 nm, and the AlSb upper barrier is set with 15 nm (the part below Si-doping InAs thin film
is 5 nm). In order to verify the impact of channel thickness, the sample #2, with a reduced channel
thickness of 12 nm, is designed as in Figure 6b; in order to explore the impact of the thickness of
the AISb upper barrier layer, 17 and 13 nm upper barriers are applied in sample #3 and sample #4,
respectively, and their structures are as shown in Figure 6¢,d.
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Figure 6. Epitaxy structure diagram of 4 different samples: (a) is for Sample #1, (b) is for Sample #2,
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Molecular beam epitaxy (MBE) was chosen to grow the epitaxy in this study [21]. First, a semi-insulated
GaAs substrate was treated by de-oxygenation, then a GaAs buffer layer with a thickness of 200 nm
was grown at 610 degree centigrade. A 700 nm AlGaSb layer was grown on the GaAs epitaxial layer to
be the buffer under 580 degrees centigrade. Subsequently, we cooled the temperature to 540 degrees
centigrade to grow the AlSb/InAs/AlSb layer, including inserting a thin Si-doping InAs film with four
atomic layer thickness in the AISb upper barrier layer. Finally, the InAlAs protection layer and InAs cap
layer was grown at 540 degree centigrade, as well. The surface is observed by atomic force microscope
(AFM) with the test area of 10 um X 10 um. The AFM graph is shown in Figure 7. It is found that the
surface roughness is good, and the Root-mean-square value of surface roughness (RMS) is tested as
around 1.4 nm, as shown in Table 1. It indicates that the epitaxy is grown with a good compactness
and uniformity.
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Figure 7. Atomic force microscope (AFM) test result: (a) Photograph of the surface; (b) Surface

longitudinal photograph.

Table 1. RMA value of the four samples.

Sample Number RMS (nm)

#1 1.432
#2 1.328
#3 1.435
#4 1.394

The samples were evaluated with the contact Hall test. Four indium points were added on the
surface of the epitaxy to be the external electrodes, and the performance parameters were tested. The test
data of the four samples are summarized in Table 2. It is found that the mobility and sheet carrier
concentration vary obviously. The sample #1 presents a sheet carrier concentration of 2.57 X 10!2 cm =2
and an electron mobility of 1.58 x 10* cm?/Vs. The sample #2 shows an obviously increased mobility
of 1.71 x 10* cm?/V's. This is because the reduced thickness of the channel would suppress the lattice
mismatch dislocation, leading to a reduced interfacial scattering, thus the mobility of channel carriers
is enhanced. However, it shows the lowest sheet carrier concentration of 2.29 x 1012 cm~2, because the
reduced thickness of channel layer causes the quantum well energy level to increase, and quantum well
depth to decrease, thus the 2DEG density is reduced. The electron mobility of sample #4 is relatively
lowest, the reason is that the upper barrier layer is much thinner, and the scattering of impurities
on the interface is enhanced, so the electron velocity is degraded. Sample #3 shows a compromised
sheet carrier concentration of 2.56 x 10'> cm~2 and electron mobility of 1.81 x 10* cm?/V's, and the
lowest sheet resistivity of 135 ()/0. It is found that the 2DEG density and electron mobility are conflict
parameters in general, i.e., an increased 2DEG density always accompanies a decreased electron
mobility. This can be explained as following: The volume of the electrons penetrating to the AISb/InAs
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interface would increase if the 2DEG density increases, which would induce the chaos and confusion
of the lattice arrangement in the interface, thus making the interface roughness scattering effect more
obvious. In this condition, electron momentum relaxation would occur at the interface, and the
direction and speed of the electron motion would change. Therefore, the electron mobility decreases
significantly. This indicates that it is difficult to obtain the most optimal value of 2DEG and electron
mobility at the same time, and it is necessary to compromise the two parameters in real applications.

Table 2. Hall test result of the four kinds of samples.

Sample Sheet Carrier Concentration  Electron Mobility Sheet Resistivity
Number (cm™2) (cm?2/V-s) [Q/a]

#1 2.57 x 1012 15776.53 154

#2 2.29 x 1012 17101.36 159

#3 2.56 x 1012 18088.44 135

#4 2.81 x 1012 14312.70 155

4. Conclusion

The thickness of InAs channel and AlISb barrier layer obviously impact the performance of the
InAs/AlSb heterojunction epitaxy. In general, the 2DEG density and electron mobility are conflict
parameters. When the channel thickness is decreased from 15 to 12 nm, electron mobility is reduced
from 1.77 x 10* to 1.51 x 10* cm?/V-s. When the thickness of upper barrier is reduced from 15 to 13 nm,
the sheet carrier concentration increases from 2.57 x 10'2 t0 2.91 x 10'2 cm~2; however, electron mobility
decreased obviously to 1.43 X 10%* cm?/V's; conversely, when the thickness of the AISb upper barrier
layer is increased from 15 to 17 nm, the device shows a compromised sheet carrier concentration of
2.56 x 10'2 cm™2 and an electron mobility of 1.81 X 10* cm?/Vs, and a low sheet resistivity of 135 Q/nO.
Therefore, we choose the channel thickness of 15 nm, and the upper-barrier layer of 17 nm, to be the
optimized thickness, which is a reference to further design InAs/AlSb HEMT, by ensuring a good
device performance.
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