
第 26 卷 　第 6 期
2005 年 6 月

半 　导 　体 　学 　报
CHIN ESE J OURNAL OF SEMICONDUCTORS

Vol. 26 　No. 6
J une ,2005

3 Project supported by t he Key Innovation Program of Chinese Academy of Sciences ,t he National Natural Science Foundation of China ( No .

60136020) ,t he Special Funds for Major State Basic Research Project (Nos. G20000683 ,2002CB300903) ,and t he National High Tech2

nology R &D Program of China (No . 2002AA305304)

　Wang Xiaoliang 　male ,was born in 1963 ,professor . His current research interest s are in metal2organic chemical vapor deposition (MOCVD)

and molecular beam epitaxy (MBE) growt h of Ⅲ2Ⅴnit ride materials and devices.

　Wang Cuimei 　female ,was born in 1977 ,PhD candidate. She is engaged in research on Ⅲ2Ⅴnit ride materials and devices.

　Received 2 J une 2004 ,revised manuscript received 2 March 2005 Ζ 2005 Chinese Institute of Elect ronics

RF2MBE Grown Al Ga N/ Ga N HEMT Structure with High Al Content 3

Wang Xiaoliang1 , Wang Cuimei1 , Hu Guoxin1 , Wang J unxi1 , Liu Xinyu2 ,

Liu Jian2 , Ran J unxue1 , Qian He2 , Zeng Yiping1 , and Li J inmin1

(1 I nstit ute of Semiconductors , Chinese A cadem y of Sciences , B ei j ing 　100083 , China)

(2 I nsti t ute of Microelect ronics , Chinese A cadem y of Sciences , Bei j ing 　100029 , China)

Abstract : A Si doped Al GaN/ GaN H EM T structure with high Al content ( x = 43 %) in the barrier layer is grown

on sapphire subst rate by RF2MBE. The st ructural and elect rical properties of the heterost ructure are investigated by

the t riple axis X2ray diff raction and Van der Pauw2Hall measurement , respectively. The observed prominent Bragg

peaks of the GaN and Al GaN and the Hall result s show that the st ructure is of high quality with smooth interface.

The high 2DEG mobility in excess of 1260cm2 / (V ·s) is achieved with an elect ron density of 11429 ×1013 cm - 2 at

297 K ,corresponding to a sheet2density2mobility product of 118 ×1016 V - 1 ·s - 1 . Devices based on the st ructure are

fabricated and characterized. Better DC characteristics ,maximum drain current of 110A/ mm and extrinsic t ranscon2
ductance of 218mS/ mm are obtained when compared with H EM Ts fabricated using st ructures with lower Al mole

f raction in the Al GaN barrier layer. The result s suggest that the high Al content in the Al GaN barrier layer is p rom2
ising in improving material elect rical properties and device performance.
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1 　Introduction

High elect ron mobility t ransistors ( H EM Ts)

based on Al GaN/ GaN heterost ructures have been

t he focus of intense research for t he past several

years as p romising devices for high temperature ,

high f requency ,and high power microwave applica2
tions because of large sat uration velocity , high

t hermal stability ,and large band2gap of GaN [1～3 ] .

Their out standing performance is at t ributed to be2
ing able to achieve two2dimensional elect ron gas

(2DEG) wit h density higher than 1013 cm - 2 at the

interface of Al GaN/ GaN even wit hout intentionally

doping ,which is well in excess of t hose achievable

in conventional Ⅲ2Ⅴ material systems , such as

GaAs and InP2based hterost uct ures. A number of

studies have confirmed t hat the large conduction

band discontinuities at t he Al GaN/ GaN interface

and t he large piezoelect ric and spontaneous polari2
zation of t he materials[ 4 ,5 ] are the two dominant or2
igins of t he high 2D EG density. Up to now ,investi2
gations on GaN2based H EM Ts have mainly focused

on Al GaN/ GaN with low Al f raction ( typically in

t he range of 15 %～ 30 %) ; however , t he hetero2
st ruct ures wit h high Al content have been less

studied. Increasing Al content in the Al GaN barrier

layer will enhance t he spontaneous and piezoelec2
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t ric polarization and , therefore , induce a higher

2D EG density in t he channel [5 ] . Furt hermore , a

higher Al content result s in a larger conduction

band discontinuity ,which will result in bet ter con2
finement to t he elect rons at t he channel , allowing

high mobility to coexist with the large carrier den2
sity[6 ] . In addition ,high Al content can get a higher

breakdown field and Schot t ky barrier . However ,

Zhang et al . [7 ] reported , wit h t he Al content in2
creasing ,t he effect s of t he interface roughness on

t he 2DEG mobility become more serious. Increas2
ing Al content could also make it easy to int roduce

deep levels in the epi2layers and to degrade it s crys2
tal quality. Therefore , growt h of and research on

t he Al GaN/ GaN H EM T st ruct ure wit h high Al

content in t he barrier layer are necessary to im2
prove H EM T performance f urt her .

We have previously reported 1035cm2 / ( V ·

s) [8 ] elect ron mobility at room temperat ure wit h a

sheet elect ron density of 110 ×1013 cm - 2 for the

RF2MB E grown H EM T st ruct ures. In t his paper ,

we report t he RF2MB E growt h of a high Al con2
tent ( x = 43 %) Al GaN/ GaN H EM T st ructure on

sapp hire subst rate. The high Al content st ruct ure

yields a sheet carrier density in excess of 114 ×1013

cm - 2 at 297 K wit h elect ron mobility about

1268cm2 / (V ·s) . To t he best of our knowledge ,

t he achieved product of ns ×μis one of t he highest

ever reported values for Al GaN/ GaN H EM T

st ruct ures grown on sapp hire by MB E. Devices fab2
ricated with t he st ruct ure also exhibite t he im2
proved DC performance.

2 　Experiment

The Al GaN/ GaN H EM T st ruct ure with high

Al content was grown on 3715mm C2plane sapp hire

subst rates by a modified home2made MB E system

with a RF plasma nit rogen source. The st ruct ure is

composed of a 1nm GaN cap layer ,a 21nm2silicon2
doped Al GaN carrier supply layer ( n = 2 ×1018

cm - 2 ) ,a 3nm2undoped Al GaN spacer layer and a

210μm2t hick undoped semi2insulating ( SI) GaN

buffer layer grown on a 20nm AlN nucleation lay2
er ,as shown in Fig. 1. The AlN nucleation layer ,

deposited at 600～700 ℃, was used to cont rol t he

polarity of t he epi2layers and to improve t he GaN

buffer layer quality. More details about t he growt h

conditions for the epi2layers can be found else2
where[8 ] . The subsequent device p rocessing consis2
ted of mesa isolation , Ti/ Al/ Ti/ Au source and

drain ohmic contact , and Pt/ Ti/ Au gate contact .

Gate lengt h and width were 018μm and 80μm ,re2
spectively.

Fig. 1 　 Al GaN/ GaN H EM T structure grown on

(0001) sapphire subst rate by RF2MBE

Our previously reported Al GaN/ GaN H EM T

st ruct ure materials have an Al content in t he Al2
GaN barrier of about 20 %[8 ] . However , for t he

p resent st ruct ure , t he Al mole f raction in t he Al2
GaN barrier is increased to about 43 % ,about two

times higher t han the previous one. In addition ,t he

t hickness of t he GaN buffer layer has also been in2
creased ,f rom 115μm in t he previous st ruct ure to

2μm in t he present one. The motivation of raising

t he Al content in t he Al GaN barrier is mainly to

enhance t he sheet elect ron concent ration in t he

channel. The p urpose for choosing a t hicker SI2
GaN buffer layer is to improve t he overall perform2
ance of t he H EM T st ruct ure.

The epi2layers quality of the H EM T st ruct ure

and t he Al mole f raction of Al GaN barrier layer are

estimated by the t riple axis X2ray diff raction

( TAXRD) measurement . The Van der Pauw2Hall

measurement is used to estimate t he 2D EG density

and elect ron mobility of the samples at various

temperat ures between 80 K and 580 K. H P4142 and
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H P4155 semiconductor parameter analyzers were

used for device DC measurement .

3 　Results and discussion

Figure 2 is the TAXRD spect rum for the

grown Al GaN/ GaN H EM T st ructure. From this

figure t he prominent Bragg peaks for t he GaN

(0002) at 2θ= 34156°and Al GaN (0002) at 2θ=

3517°are observed. The intense GaN (0002) peak

with small diff raction width shows t hat t he SI2GaN

buffer layer is of high quality , which is att ributed

to t he optimized growt h parameters and t he t hicker

SI2GaN buffer layer . For t he high Al mole f raction

Al GaN barrier layer ,as it s t hickness is very t hin ,a2
bout 24nm ,it s (0002) diff raction peak has a com2
paratively weaker intensity wit h wide diff raction

widt h. This p henomenon is also observed by ot her

research group s[9 ,10 ] . U sing Vegard’s Law , t he Al

content in t he Al GaN layer can be estimated to be

43 % ,about two times higher t han t hat of the p re2
vious H EM T st ructure[8 ] . It should be noticed t hat

t he in2plane biaxial st rain in the Al GaN barrier lay2
er has not been taken into account when estimating

it s Al mole f raction. If t he stain is considered , the

act ual Al content in t he Al GaN barrier layer will

be a lit tle smaller t han t he estimated value of 43 %.

Fig. 2 　Triple axis X2ray diff raction pattern of the Al2
GaN/ GaN heterost ructure grown on ( 0001) sapphire

subst rate by RF2MBE

Figure 3 shows t he temperat ure dependence of

t he 2D EG mobility and it s corresponding sheet

density in t he Al GaN/ GaN H EM T st ruct ure sam2

ple. The measurement temperat ure varies f rom 80 K

to 580 K. From this figure we can see t hat t he

2D EG mobility reaches as high as 1268cm2 / (V ·s)

with a very high sheet elect ron concent ration of

11429 ×1013 cm - 2 at room temperat ure. When tem2
perat ure decreases f rom t he room temperat ure ,t he

Fig. 3 　Variable2temperature Hall effect measurements

for the Al GaN/ GaN H EM T material grown on (0001)

sapphire subst rate by RF2MBE

mobility increases rapidly. At about 100 K , t he

mobility reaches it s maximum value of 2500cm2 /

(V ·s) and changes lit tle when t he temperat ure is

f urt her decreased. When t he temperature increases

f rom room temperat ure , t he mobility decreases

slowly. Even at 500 K ,it is still as high as 552cm2 /

(V ·s) ,which indicates t hat the material st ruct ure

is potentially capable of high temperat ure device

applications. The sheet elect ron density is almost

independent of temperat ure when t he temperat ure

is lower than 440 K. When t he temperature increa2
ses f rom 440 K to 580 K ,t he sheet elect ron concen2
t ration will increase slowly. At 580 K , t he sheet e2
lect ron density is 11621 ×1013 cm - 2 . The variable

temperat ure Hall measurement clearly shows t he

typical behavior of t he 2D EG ,confirming t he for2
mation of 2D EG at the Al GaN/ GaN interface in

t he GaN side. Since t he 2D EG is almost completely

confined in the channel for t he large conduction

band discontinuity between Al GaN and GaN lay2
ers ,t he sheet elect ron density is almost independ2
ent of t he temperat ure variation. The achieved

product of ns ×μat room temperat ure is 118 ×1016

V - 1 ·s - 1 ,one of t he highest ever reported values
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for Al GaN/ GaN H EM T st ructures grown on sap2
p hire subst rates by MB E. These result s show t hat

t he high Al2content Al GaN/ GaN H EM T st ruct ure

materials wit h t hick SI2GaN buffer layer grown un2
der t he optimized conditions have high elect rical

performance and are p romising for high f requency

and high power H EM T applications.

Devices are fabricated using t he st ruct ure wit h

high Al mole f raction and characterized. Figure 4

illust rates the typical I2V ( a ) and t ransfer ( b )

characteristics. A maximum drain current of 110A/

mm at V gs = 1V and a peak ext rinsic t ransconduct2
ance of 218mS/ mm are obtained on devices wit h

gate lengt h L g = 018μm and gate widt h W g = 80μm.

Compared wit h our p reviously fabricated devices

with a lower Al mole f raction[8 ] , t he drain current

is a lit tle higher ,but the peak t ransconductance in2
creases f rom 186mS/ mm to 218mS/ mm , about

117 % of t hat wit h t he lower Al mole f raction. The

improved DC performance confirms the improve2

Fig. 4 　Typical I2V (a) and transfer (b) characteristics

for H EM T devices fabricated using the st ructure with

high Al mole f raction (43 %) in the barrier layer.

ment of t he elect rical p roperties ,resulting f rom t he

increased Al mole f raction.

4 　Summary

A high Al content Si2doped Al GaN/ GaN

H EM T st ructure is grown on sapp hire subst rate

by plasma2assisted MB E and it s st ruct ural and e2
lect rical p roperties are investigated. TA XRD analy2
sis suggested t hat the Al content of t he Al GaN

barrier layer is 43 % and t he H EM T st ruct ure has a

high quality. Sheet carrier density in excess of 114

×1013 cm - 2 wit h elect ron mobility about 1268cm2 /

(V ·s) at room temperat ure has been achieved ,in2
dicating t he high elect rical p roperties of t he st ruc2
t ure. To t he best of our knowledge , t he achieved

product of ns ×μ,about 118 ×1016 V - 1 ·s - 1 ,is one

of t he highest ever reported values for Al GaN/ GaN

H EM T st ruct ures grown on sapp hire by MB E.

H EM Ts fabricated wit h t his st ruct ure have maxi2
mum ext rinsic t ransconductance of about 218mS/

mm and sat uration drain current of 110A/ mm at

V gs = 1V ,exhibiting improved DC performance. The

result s show t hat increasing the Al content in t he

barrier layer will help to increase t he product of ns

×μ and to realize high performance H EM T de2
vices.
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RF2MBE生长的高 Al 势垒层 Al Ga N/ Ga N HEMT结构 3

王晓亮1 　王翠梅1 　胡国新1 　王军喜1 　刘新宇2 　刘 　键2
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(2 中国科学院微电子研究所 , 北京　100029)

摘要 : 采用 RF2MBE 技术 ,在蓝宝石衬底上生长了高 Al 组分势垒层 Al GaN/ GaN H EM T 结构. 用三晶 X 射线衍

射分析得到 Al GaN 势垒层的 Al 组分约为 43 % ,异质结构晶体质量较高 ,界面比较光滑. 变温霍尔测量显示此结构

具有良好的电学性能 ,室温时电子迁移率和电子浓度分别高达 1246cm2 / (V ·s) 和 11429 ×1013 cm - 2 ,二者的乘积

为 118 ×1016 V - 1 ·s - 1 . 用此材料研制的器件 ,直流特性得到了提高 ,最大漏极输出电流为 110A/ mm ,非本征跨导

为 218mS/ mm.结果表明 ,提高 Al GaN 势垒层 Al 的组分有助于提高 Al GaN/ GaN H EM T 结构材料的电学性能和

器件性能.
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