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Abstract：This paper reports the material characteristics of In0. 66Ga0. 34As/InyAl1-yAs high electron mobility transis⁃
tor（HEMT）. The linearly graded InyAl1-yAs buffer layer was grown on InP substrates by gas source molecular
beam epitaxy（GSMBE）. The influence of InyAl1-yAs graded buffer layer with different thickness and different in⁃
dium contents on the surface quality，the electron mobility and the concentrations of two-dimensional electron gas

（2DEG）was studied. It was found that the electron mobility and concentration at 300 K（77 K）were 8570 cm2/
（Vs）-1（23200 cm2/（Vs）-1）and 3. 255×1012 cm-2（2. 732×1012 cm-2）. The surface morphology of the material was
also well improved and the root mean square（RMS）was 0. 154 nm when the InAlAs graded buffer layer thick⁃
ness was 50 nm. And this study can provide strong support for the improvement of HEMT performance.
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InyAl1-yAs线性渐变缓冲层对 InP基HEMT材料性能的影响
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摘要：采用气体源分子束外延（GSMBE）技术，研究了 InP衬底上 InyAl1-yAs线性渐变缓冲层对 In0.66Ga0.34As/
InyAl1-yAs高迁移率晶体管（HEMT）材料特性影响。研究了不同厚度和不同铟含量的 InyAl1-yAs线性渐变缓冲

层对材料的表面质量、电子迁移率和二维电子气浓度的影响。结果表明，在 300 K（77 K）时，电子迁移率和电

子浓度分别为 8 570 cm2/（Vs）-1（23 200 cm2/（Vs）-1）3.255E12 cm-2（2.732E12 cm-2）。当 InyAl1-yAs线性渐变缓冲

层厚度为 50 nm时，材料的表面形貌得到了很好的改善，均方根粗糙度（RMS）为 0.154 nm。本研究可以为

HEMT器件性能的提高提供强有力的支持。
关 键 词：InyAl1-yAs线性渐变缓冲层；磷化铟；高电子迁移率场效应晶体管
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Introduction
HEMT is an important solid-state device for millime‐

ter-wave and terahertz-wave application. InP based Inx⁃Ga1−xAs/InyAl1-yAs PHEMT has attracted more and moreattention due to its excellent high frequency and low

noise coefficient properties，which can be widely used inthe field of electronic device［1-11］. The high barrier ordeep well region leads to high electron saturation velocityand electron mobility of the PHEMT structure. How toimprove electron mobility becomes an important problemto be solved.
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Increasing the indium contents of the InGaAs chan‐nel is one of the ways to improve the electron mobili‐ty［12-15］. However，the problem of the lattice mismatch be‐tween the InGaAs channel with high indium contents andthe InP substrate has not been solved perfectly in the InP-based HEMT structure［3］. If the indium contents of theInGaAs channel is continuously increased the lattice mis‐match will become larger. Therefore，threading disloca‐tion defects，3D islands and rough interface will occur atthe material interface，which will lead to the decline inmobility［16-18］. There are many dislocation restrictionmechanisms has been used to release the interfacestrain，such as graded buffer，dilute nitride buffer，su‐per lattice compensated in strain layer，well-distributedthickness buffer，multiple layers of self-organized quan‐tum dots，two-step growth technique，metamorphic lat‐tice-mismatched growth［19-31］. InAlAs graded buffer layercan effectively reduce dislocation defects［32-33］. The highband gap of InAlAs can reduce the leakage current inHEMT devices［34-35］. The challenge to the growing of theInAlAs graded buffer layer is the linear graded in the in‐dium contents，which leads to local composition accumu‐lation and surface roughness［36-39］.In this paper，the influence of InyAl1-yAs graded buf‐fer layer on the characteristics of InP-HEMT is systemati‐cally studied. Material properties of the InyAl1-yAs gradedbuffer layer are mainly investigated in different thicknessand indium contents of InyAl1-yAs graded buffer layer.
1 Experiment

The fluxes of group Ⅲ elements indium（In），galli‐um（Ga），aluminum（Al）were controlled by adjusting ef‐fusion cell temperatures，respectively. The silicon（Si）was used as n-type doping source and the groupⅤ ele‐ments P2 and As2 were obtained by cracking phosphineand arsine at 1000℃.InP substrate was pre-degassed at about 350 °C inthe preparation chamber for 1 hour. Using P2 flux to pro‐tect substrate surface when the substrate temperature ap‐proaches to 300℃. The substrate temperature is approxi‐mately 425℃ for 3 minutes until the（4×2）-（100）In-sta‐ble reconstruction occurs. It uses situ reflected high ener‐gy electron diffraction（RHEED） to monitor substratesurface reconstruction［40］. The structure quality，electronmobility，surface morphology，cross-sectional of all sam‐ples were characterized by Philips High Resolution X-rayDiffraction（HRXRD），Hall HL-5500，Bruker AtomicForce Microscopy（AFM）， JEM-2100F TransmissionElectron Microscope（TEM），respectively.

InP-HEMT structure illustrated in table 1 consists ofa z nm InyAl1-yAs graded buffer layer， a 500-z nmIn0. 52Al0. 48As buffer layer，a 10 nm In0. 66Ga0. 34As channellayer，a 3 nm In0. 52Al0. 48As spacer layer，a Si-doping con‐centration of 2-4×1012 cm-2，a 8 nm In0. 52Al0. 48As barrierlayer，a 4 nm InP etch stop layer，a 15 nm In0. 52Al0. 48Ascontact layer，a 25 nm In0. 65Ga0. 35As contact layer.

2 Results and discussion
2. 1 InAlAs graded buffer with different thicknessThe mobility and electron concentration was studiedin different indium contents of InGaAs channel. The re‐sults of four different indium contents channel are shownin Fig. 1. The highest electron mobility of 8020 cm2

（vs）-1 was achieved. Increasing the indium contents of In‐GaAs channel can deepen the potential well，which con‐fine more electrons and improve the mobility. As isshown in Table 2，different InAlAs graded buffer withthickness of 0 nm，10 nm，30 nm，50 nm，70 nm and90 nm were designed. The aluminum contents of Iny⁃Al1-yAs was graded from 48% to 38%.According to the HRXRD image in Fig. 2，the sin‐gle peak of sample a1 means that InAlAs and InP sub‐strate is match lattice. Epitaxial peaks FWHM of samplea2，a3 and a5 are not a good result due to varying de‐grees of mismatch in the InAlAs material. Multiple epi‐taxial peaks appear in sample a6，which is caused by theInAlAs graded buffer layer interface strain. The FWHMof sample a4 is the best about 39. 7 s，which indicatesthat the 50 nm InAlAs graded buffer layer can acquirebetter crystal quality.The InAlAs graded buffer layer with different thick‐

Table 1 InP-HEMT structure
表1 InP-HEMT结构

Layer
Contact layer
Contact layer
Etch stop layer
Barrier layer
Doped layer
Spacer layer
Channel layer

Graded buffer layer
Buffer layer

S. I InP Substrate

Material
In0. 65Ga0. 35As
In0. 52Al0. 48As

InP
In0. 52Al0. 48As
Si concentration
In0. 52Al0. 48As
In0. 66Ga0. 34As
InyAl1-yAs
In0. 52Al0. 48As

Thickness /nm
25
15
4
8

（2-4）×1012 cm-2
3
10

z（0，10，30，50，70，90）
500-z

Table 2 Properties of InAlAs graded buffer layer with different thickness
表2 不同厚度的 InAlAs渐变缓冲层的性能

Thincness/nm
FWHM/s
μ/cm2（vs）-1
Ns/1012 cm-2

InAlAs RMS/nm
InAlAs+InGaAs RMS/nm

0
-

8 020
2. 735
0. 117
0. 185

10
131. 2
8 030
3. 242
0. 241
0. 283

30
207
8 260
3. 255
0. 376
0. 275

50
39. 7
8 570
2. 7
0. 154
0. 17

70
188. 9
8 230
2. 756
0. 195
0. 223

90
168. 3
7 710
3. 199
0. 337
0. 23
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ness and the InGaAs channel layer were grown. AFMtapping mode on 5 μm×5 μm area was used to character‐ize the surface morphology of these samples. As is shownin Fig. 3，the RMS of sample t=0 nm is 0. 117 nm andobviously better than that of other samples，which is dueto the material lattice-matched. The best RMS is 0. 154nm when the thickness is 50 nm. In the 3D images of thesample t=50 nm can be seen the InAlAs surface issmooth and has no defects introduced. The surface quali‐

ty of the sample lower than other thickness. The InAlAssurface has great fluctuation due to interfacial strainwhen t=90 nm. From the 3D image of t =90 nm，it canbe observed that both sides of InAlAs graded buffer layerhave obviously crimped，which indicates that the inter‐face strain has occurred.The channel material quality plays a critical role inthe HEMT performance. Therefore，In0. 66Ga0. 34As chan‐nel materials grown on different thickness of InAlAs grad‐ed buffer layer were studied. Figure 4 demonstrate thatthe variation trend of samples RMS is roughly consistentwith Fig. 3. It can be found that the sample t=50 nmRMS is 0. 17 nm，which is obviously smaller than that ofother samples. According to the 3D images of sample t=0nm and t=50 nm，which shows the surface smooth andatomic layer particle size of sample t=50 nm is much bet‐ter than sample t=0 nm. It can be explained that latticemismatch between In0. 66Ga0. 34As channel and In0. 52Al0. 48Asbuffer layer causes surface defects in the HEMT. The In‐AlAs graded buffer layer can significantly release thestress caused by lattice mismatch.The mobility and electron concentration of InAlAsgraded buffer layer with different thickness were charac‐terized by HALL. Ultimately it can be found from theFig. 5，when the InAlAs graded buffer layer thickness is50 nm the electron mobility of 8 570 cm2（vs）-1 is higher.It verifies that the 50 nm InAlAs graded buffer can re‐lease the interface stress and provide a smooth interfaceto improve electron mobility. This is a good method toprovide material performance based on the result of theexperiment.
2. 2 InAlAs graded buffer with different indium
contentsIn order to more comprehensively characterize theeffect of InAlAs graded buffer layer on material perfor‐mance. The influence of different indium contents on ma‐terial performance was investigated when InAlAs gradedbuffer layer thickness was 50 nm. The indium and alumi‐num contents of InyAl1-yAs were adjusted through the lin‐ear decreasing of aluminum source cell temperature. The

Fig. 1 Hall mobility and electron concentrations in different
channel indium contents
图1 不同沟道铟含量的霍尔迁移率和电子密度

Fig. 2 HRXRD（004）ω-2θ scans for InAlAs graded buffer lay‐
er with different thickness
图 2 不同厚度 InAlAs渐变缓冲层的HRXRD（004）ω-2θ扫描
曲线

Fig. 3 The surface morphology of the InAlAs graded buffer layer with different thickness
图3 不同厚度的 InAlAs渐变缓冲层的表面形貌
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results were shown in Table 3.The surface quality of 50 nm InAlAs graded bufferlayer with different aluminum contents and In0. 66Ga0. 34Aschannel layer above InAlAs graded buffer layer werestudied. The AFM images shown in Fig. 6 and Fig. 7，Itcan be seen the changing trend of four groups samplessurface roughness approximately consistent. In Fig. 6，itillustrates that the RMS of In0. 52Al0. 48As is 0. 117 nm.The 3D images show that atomic particles distributionuniformly，which indicated strain has not occurred on thematerial layer. The surface morphology is slightly worseafter graded buffer layer was inserted. The RMS of

0. 154 nm of sample Al 48%→38% was acquired. In the3D image of sample Al 48%→34%，it shows the surfaceis undulation and the edge of the material rise and fall.The material layer is subjected to compressive stress withthe linear of Al contents reduce to 34%. It indicates thatthe interface strain has occurred.In sample Al contents 48%→34% of Fig. 7. TheRMS of 0. 217 nm is not the best among the four sam‐ples. It can be seen from the 3D image，the InGaAs ma‐terial layer tends to enlarge the lattice to compensate forthe defects caused by the interface strain on the InAlAsgraded buffer layer，and eventually forms a relativelyrough InGaAs interface. In 3D image in sample Al con‐tents 48%→43%，it shows that obvious strain has oc‐curred at the edge of InGaAs material layer. The RMS ofsample Al contents 48%→38% is significantly smallerthan that of other samples. The reason is that the gradedbuffer layer In0. 62Al0. 38As and the channel layerIn0. 66Ga0. 34As are approximately matched. The film quali‐ty can be improved by releasing interface strain. Accord‐ing to the corresponding 3D image，it can be clearlyseen that the InGaAs interface smooth reach to atomiclevel.Figure 8 and Fig. 9 shows that the TEM energyband spectrum and cross-sectional of InP-HEMT with 50nm InAlAs graded buffer layer. The 50 nm InAlAs grad‐ed buffer layer is obtained by linearly reducing the alumi‐
Table 3 Properties of InAlAs graded buffer layer with different aluminum contents
表3 不同铝含量的 InAlAs渐变缓冲层的性能

Graded InAlAsaluminum contents/（%）
Graded InAlAsindium contents/（%）
μ/cm2（vs）-1
Ns/1012cm-2
InAlAsRMS/nm

InAlAs+InGaAs RMS/nm

48

52
8020
2. 735
0. 117
0. 185

48→43

52→57
8070
3. 485
0. 197
0. 293

48→38

52→62
8570
2. 7
0. 154
0. 17

48→34

52→66
7800
2. 987
0. 287
0. 217

Fig. 4 The surface morphology of the InGaAs channel with different InAlAs graded buffer layer thickness
图4 带不同厚度 InAlAs渐变缓冲层的 InGaAs的表面形貌

Fig. 5 Hall mobility and electron concentrations in different In‐
AlAs graded buffer layer thickness
图5 不同厚度 InAlAs渐变缓冲层霍尔迁移率和电子密度
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num contents. According to the cross-sectional of the ma‐terial，It can be seen from Fig. 9，material layers thick‐ness corresponds to the design thickness. The interfaceof InAlAs graded buffer layer and InGaAs channel layeris smooth and has no related strain defects.

According to the Fig. 10，four groups different alu‐
minum contents were compared. It can be found that the
mobility was improved with the aluminum contents de‐
creases from 48% to 38%. Because there is no strain be‐

Fig. 6 The surface morphology of the InAlAs graded buffer layer with different aluminum contents
图6 不同铝含量的 InAlAs渐变缓冲层的表面形貌

Fig. 7 The surface morphology of the InGaAs channel with different aluminum contents
图7 带不同铝含量 InAlAs渐变缓冲层的 InGaAs的表面形貌

Fig. 8 TEM energy spectrum image of InP-HEMT with InAlAs
graded buffer layer
图8 带 InAlAs渐变缓冲层的 InP-HEMT的TEM能图

Fig. 9 TEM Cross-sectional image of InP-HEMT with InAlAs
graded buffer layer
图9 带 InAlAs渐变缓冲层的 InP-HEMT的TEM截面图
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tween the InAlAs graded buffer layer and the InGaAschannel layer. In addition，the higher smooth and quali‐ty of the InGaAs channel layer interface promote the mi‐gration of 2DEG. The mobility and concentration of 300K（77 K）were 8570 cm2/（Vs）-1（23200 cm2/（Vs）-1）and3. 255×1012 cm-2（2. 732×1012 cm-2）.

3 Conclusion
In this paper，the influence of different thicknessand different indium contents of InyAl1-yAs graded bufferlayer on the surface quality，the mobility and the concen‐trations of two-dimensional electron gas（2DEG） wasdemonstrated. It is found that the mobility and concentra‐tion at 300 K（77 K）were 8570 cm2/（Vs）-1（23200 cm2/

（Vs）-1）and 3. 255×1012 cm-2（2. 732×1012 cm-2）. The sur‐face morphology of the material was also well improvedand the RMS was 0. 154 nm when the InAlAs graded buf‐fer layer thickness was 50 nm. These results support thatInAlAs graded buffer layer can reduce the residual strainvalue，decrease the dislocation defects，enhance the in‐terface quality，and improve the hall mobility，signifi‐cantly.
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