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In this paper, The InxAl1-xAs graded buffer was inserted between the InAlAs

buffer layer and the pseudomorphic In0.66Ga0.34As channel layer to improve

material quality in channel. The results show that the InxAl1-xAs graded buffer

layer with 50 nm thickness can obtain a good heterojunction interface and the

root mean square (RMS) of 0.154 nm. The two dimensional electron gas (2-deg)

mobility and concentration were 8570 cm2/Vs. and 2.7 cm−2 × 1012 cm−2 at

300K, respectively. InxAl1-xAs graded buffer layer can enhance the interface

quality and the electrical performance through releasing the interface strain

caused by pseudomorphic In0.52Al0.48As/In0.66Ga0.34As HEMT. This study shows

great potentials by incorporating InxAl1-xAs graded buffer layer in

pseudomorphic InP HEMT materials to improve the properties of devices.
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Introduction

InP based In0.52Al0.48As/InyGa1-yAs (y > 0.53) pseudomorphic high-electron mobility

transistors (PHEMTs) are promising millimeter wave and terahertz wave devices, because

of their high superior frequency, low power consumption and low noise characteristics

(Schleeh et al., 2012; Fatah et al., 2015; Ajayan and Nirmal, 2017; Takahashi et al., 2017;

Ajayan et al., 2018). InP PHEMTs with high mobility, high electron saturation velocity,

reasonable bandgap and low electron effective mass are widely applied in the fields of

satellite communication, collision avoidance radars, space satellite receivers, monolithic

microwave integrated circuits (MMIC) and terahertz monolithic integrated circuits

(TMIC) amplifiers etc. (Ai et al., 2017; Ajayan et al., 2020; Hamza et al., 2021).

From the material perspective, the most effective and the simplest way to improve the

performance of HEMT materials is to increase the channel indium components. Because

its results in reduced the width of the band gap and enhanced mobility of electrons in the

channel (Takahashi et al., 2008; Ajayan and Nirmal, 2015; Shi et al., 2015; Tong et al.,

2020; Zhong et al., 2020; Feng et al., 2022). However, the lattice mismatch between the

pseudomorphic InyGa1-yAs channel and the InAlAs buffer will occur. Dislocation defects,

3D islands and rough interface will lead to the decline in mobility (Lee et al., 1996; Arai
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et al., 2009; Gu et al., 2012). Various dislocation restriction

methods has been applied to reduce the interface defects, such

as graded buffer, strain-compensated supper lattice, well-

distributed thickness buffer, dilute nitride buffers, multiple

layers of self-organized quantum dots, two-step growth

technique, metamorphic lattice-mismatched growth etc.

(Hudait et al., 2009; Kirch et al., 2010; Gu et al., 2011). The

graded buffer layer was proved beneficial for the full relaxation of

residual strain.

In the study, the InP HEMT structures with and without

InxAl1-xAs graded buffer were designed. The InxAl1-xAs graded

buffer was inserted between the InAlAs buffer layer and the

pseudomorphic InyGa1-yAs channel layer to solve the problem of

lattice mismatch. Epitaxial layer structures of InP PHEMTs were

grown on a semi-insulating InP substrate by gas source molecular

beam epitaxy (GSMBE). The lattice mismatch of the InxAl1-xAs

and InyGa1-yAs epilayers to InP substrate were measured by

high-resolution X-ray diffraction (HRXRD). The electron

mobility, surface roughness and thickness of materials were

measured by Hall measurements, atomic force microscope

(AFM) and step profiler, respectively.

Experimental procedure

The InP PHEMT materials were grown by the VG Semicon

V90 GSMBE. The elemental aluminum (Al), gallium (Ga), and

indium (In) sources were used as group III sources. The silicon

(Si) was used as n-type doping source. Their fluxes were

controlled by adjusting the cell temperatures, respectively.

Phosphine (PH3) and Arsine (AsH3) were used as group V

sources. The cracking temperatures were about 1,000°C, and

fluxes were controlled by adjusting the pressure. InxAl1-xAs

graded buffer layer was designed grading through decrease in

aluminum source temperature. The growth rates of InP, InAlAs

and InGaAs were 0.5 μm/h, 1 μm/h and 1 μm/h, respectively.

Figure 1 shows the material structure of InP based PHEMTs.

The epitaxial layers from bottom to top consist of a semi-

insulating InP substrate over which a (500-z)nm thickness

In0.52Al0.48As buffer layer was employed. Above the buffer

layer a (500-z) thickness InxAl1-xAs graded buffer layer was

placed. The 10 nm thickness InyGa1-yAs channel layer was

grown. The thickness of the In0.52Al0.48As spacer layer was

3 nm. A Si-δ doping layer with a doping concentration of

5 cm−2 × 1012 cm−2 was placed above the upper In0.52Al0.48As

spacer layer, over which a 8 nm In0.52Al0.48As barrier layer and

4 nm InP etch-stop layer were placed, respectively. An n-type

In0.52Al0.48As cap layer of 15 nm thickness and n-type

In0.65Ga0.35As cap layer of a 25 nm thickness were grown on

the top layer.

The lattice mismatch of the InGaAs and In1-yGayAs1-xBix

epilayers to InP substrate were measured by high-resolution

X-ray diffraction (HRXRD).

Results and discussion

For investigating high mismatch InGaAs channel materials,

the InGaAs channel materials with 64, 66, 68, 70% of the indium

FIGURE 1
InP PHEMT material structure with and without InxAl1-xAs
graded buffer.

TABLE 1 The 2-deg properties with different channel indium contents at 300K (77K).

Channel indium (%) 300K 77K

µ (cm2/Vs.) Ns (1012cm−2) µ (cm2/Vs.) Ns (1012cm−2)

64 6,440 2.973 18,700 2.77

66 8,020 2.735 24,000 2.366

68 7,210 2.927 22,200 2.739

70 6,640 3.137 20,900 2.669
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contents were designed. The design is because 64% of the indium

contents has a large mismatch with InP substrate and 70% of the

indium is almost the highest contents with a good 2-deg

properties in reported previously (Ajayan and Nirmal, 2015;

Zhong et al., 2020).

Firstly, the effect of different indium contents of InyGa1-yAs

channel on the 2-deg properties of HEMT materials without

InxAl1-xAs graded buffer layer were investigated as shown in

Table 1. It can be seen from Figure 2 hall data, the increasing

mobility with the channel indium contents increases first and then

decreases at 300K (77K). The highest mobility was 8020cm2/v·s
(24000cm2/v·s), and the surface density was 2.735 cm2 × 1012 cm2

(2.366 cm2 × 1012 cm2), when the indium content was 66%.

Because increasing the indium contents of the InyGa1-yAs

channel can reduce the gapband width and imprison more

electrons for higher mobility. However, when indium contents

increases to a certain extent, the lattice constant of the InyGa1-yAs

channel material becomes large and the InAlAs barrier tends to

mismatch to produce the interface strain. The interface rough

scattering can lead to the reduced mobility. Experimental results

show that 66% of the indium contents was the best. Alloy

disordered scattering can lead to the reduced mobility when

indium content was 68%. In the ternary III-V semiconductor

alloy InxGa1−xAs, the alloy disorder at and near the interface

arising due to chemical intermixing gives a significant

contribution to the electron scattering. For well layers made of

a ternary alloy, the alloy disorder scattering in the well is shown to

yield a dominant contribution to electron scattering (Ogale and

Madhukar, 1984). The semiempirical expression model describing

the effects of alloy scattering can be expressed as

1
τalloy(E) �

2π
Z
Ω0U

2
0x(1 − x)g3D(E)O(E)

FIGURE 2
The 2-deg properties with different channel indium contents at 300K (77K).

FIGURE 3
The HRXRD swing curve and the AFM images of In0.66Ga0.34As.
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FIGURE 4
AFM images of InxAl1-xAs graded buffer layer with different thickness.

FIGURE 5
The HRXRD swing curve and the AFM images of In0.66Ga0.34As.
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Where Ω0 is the wurtzite unit cell volume, x the alloy molar

fraction, g3D(E) the bulk density of states, U0 the alloy scattering

potential, and O(E) an energy-dependent parameter (Bellotti

and Goano, 2007).

As shown in Figure 3, HRXRD swing curve and atomic force

microscope (AFM) images. The indium content of 66%, gallium

content of 34%, the mismatch of 4,443, the full-width-at-half-

maximum (FWHM) of 48.8s in the In0.66Ga0.34As epitaxial peak

were achieved. The root mean square roughness (RMS) was

0.212nm, and the surface was smooth. The indium content of

71%, gallium content of 29%, the mismatch of 5,656, FWHM of

96.55s, RMS of 1.02 nm in the In0.7Ga0.3As epitaxial peak were

achieved. It can be seen from the AFM image, the strain had

occurred on the material surface.

Secondly, the effect of six groups InxAl1-xAs graded buffer

layers on the HEMT materials with InxAl1-xAs graded buffer

layer were investigated. Figure 4 shows the performance of six

groups InxAl1-xAs graded buffer layers with different

thicknesses which were 0 nm (without buffer layer), 10, 30,

50, 70 and 90 nm, respectively. The indium contents of InxAl1-

xAs was graded from 52 to 62%. AFM tapping mode on 5 µm2 ×

5 µm2 area was used to characterize the surface morphology of

FIGURE 6
The HRXRD swing curve and the AFM images of In0.7Ga0.3As.

FIGURE 7
The HRXRD swing curve and the AFM images of In0.7Ga0.3As.
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the InxAl1-xAs graded buffer layer with different thicknesses as

shown in Figure 4. The sample that graded buffer layer of 0 nm

had a minimum RMS of 0.117nm, and the surface quality was

significantly better than the other samples. Because the InAlAs

and InP substrate lattice match. As the thickness of the InxAl1-

xAs graded buffer layer increased, the RMS tended to decrease

first and then increase. The best RMS was 0.154 nm when the

thickness was 50 nm. The InxAl1-xAs grade buffer layer surface

had great fluctuation due to interface strain when the thickness

was 90 nm.

The In0.66Ga0.34As and In0.7Ga0.3As channel materials which

grown on 50 nm InxAl1-xAs graded buffer layer were

investigated. HRXRD swing curve and AFM images were

shown in Figures 5, 6. From the XRD image of In0.66Ga0.34As

epitaxial peak, indium content of 66%, gallium content of 34%,

mismatch of 4,363, FWHM of t 43.6s and the RMS of 0.212 nm

were achieved. In Figure 6, indium content of 70%, gallium

content of 30%, mismatch of 5,301, FWHM of 56.9 s and RMS of

1.02 nm were achieved in the InGaAs epitaxial peak. Contrast to

Figures 3, 7, the In0.66Ga0.34As and In0.7Ga0.3As channel

materials quality have been significantly improved with the

50 nm InxAl1-xAs graded buffer layer was inserted. The design

of InxAl1-xAs graded buffer layer can improve channel materials

quality significantly, which shows great potentials to improve the

properties of devices in pseudomorphic HEMT.

Hall characterizations of the In0.66Ga0.34As channel HEMTwith

the InxAl1-xAs graded buffer layers from 0 to 90 nm thickness were

investigated. Hall characterization of the experimental samples as

shown in Table 2 and Figure 8. The highest 2-deg mobility of

8570cm2/(v·s) and best RMS of 0.154 nm were achieved when the

buffer is 50 nm. It can be showed that the design of 50 nm InxAl1-

xAs graded buffer layer can enhance the interface quality and the

electrical performance through releasing the interface strain.

Figure 9 shows the TEM image of InP PHEMT material

structure with 50 nm thickness InxAl1-xAs graded buffer layer. It

can be seen that good channel material surface and material

interface qualities were achieved.

Conclusion

In the study, the pseudomorphic In0.52Al0.48As/In0.66Ga0.34As

HEMT structures with and without InxAl1-xAs graded buffer were

designed and grown. The InxAl1-xAs graded buffer was inserted

between the InAlAs buffer layer and the pseudomorphic InyGa1-

yAs channel layer to solve the problem of lattice mismatch. The

results show that the InxAl1-xAs graded buffer layer with 50 nm

thickness can obtain a good heterojunction interface and the root

mean square (RMS) of 0.154 nm. The two dimensional electron

gas (2-deg) mobility and concentration were 8570 cm2/Vs. and

2.7cm−2 × 1012 cm−2 at 300K, respectively. InxAl1-xAs graded buffer

layer can enhance the interface quality and the electrical

performance through releasing the interface strain. This study

shows great potentials by incorporating InxAl1-xAs graded buffer

TABLE 2 The performance of the different InxAl1-xAs graded buffer
layers with In0.66Ga0.34As channel.

Thinckness/nm 0 10 30 50 70 90

µ/cm2 (vs.)−1 8,020 8,030 8,260 8,570 8,230 7,710

Ns/10
12cm−2 2.735 3.242 3.255 2.7 2.756 3.199

InAlAs RMS/nm 0.117 0.241 0.376 0.154 0.195 0.337

FIGURE 8
The 2-deg properties of different InxAl1-xAs graded buffer
layers with In0.66Ga0.34As channel.

FIGURE 9
The TEM image of In0.66Ga0.34As channel PHEMT with 50 nm
InxAl1-xAs graded buffer layer.
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layer in pseudomorphic HEMT materials to improve the

properties of materials.
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