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Abstract : The monolithic integration of enhancement2 and depletion2mode ( E/ D2mode) In GaP/ Al GaAs/ In GaAs

pseudomorphic high elect ron mobility t ransistors ( P H EM Ts) with a 110μm gate length is presented. Epilayers are

grown on SI GaAs subst rates using MBE. For this st ructure ,a mobility of 5410cm2 / (V ·s) and a sheet density of

1134 ×1012 cm - 2 are achieved at room temperature. During the gate fabrication of E/ D2mode P H EM Ts ,a novel two2
step technology is applied. The devices with a gate dimension of 1μm ×100μm exhibit good DC and RF perform2
ances. Threshold voltages of 012 and - 014V ,maximum drain current densities of 300 and 340mA/ mm ,and extrinsic

t ransconductances of 350 and 300mS/ mm for E2 and D2mode P H EM Ts are obtained ,respectively. The reverse gate2
drain breakdown voltage is - 14V for both E2 and D2mode. Current2gain cutoff f requencies of 1013 and 1214 GHz and

power2gain cutoff f requencies of 1218 and 1417 GHz for E2 and D2mode are reported ,respectively.
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1 　Introduction

Due to t he excellent performance of P H EM Ts

at high f requencies and noise figures , t hey have

been widely used in microwave and millimeter2
wave systems. Recently ,extensive research has fo2
cused on P H EM Ts wit h low power consumption

and low supply2voltage ,which can be achieved wit h

direct2coupled FET logic (DCFL ) ,for which bot h

E2 and D2mode devices are required. DCFL is one of

t he best logic technologies for large2scale ( L SI)

digital circuit applications because of it s advantages

over ot her technologies such as buffer FET logic

(BFL) and source2coupled FET logic (SCFL) . The

advantages of DCFL include low power consump2
tion ,high speed , design simplicity (i . e. no voltage

level shif t) ,and a single power supply[1 ,2 ] . Howev2
er ,t he main disadvantage of DCFL is it s low noise

margin ,which is sensitive to t hreshold voltage var2
iation. Therefore , a good enhancement/ depletion

( E/ D) process for DCFL must p recisely cont rol

t he t hreshold voltage. In general , t his can be a2
chieved by the optimization of p rocesses and t he
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improvement of the devices’st ruct ure. Technolo2
gies for typical E/ D2mode P H EM Ts wit h good

t hreshold voltage cont rol have been reported using

a two2level gate recess technology[3 ,4 ] .

In t his paper ,we p resent a new monolit hic in2
tegrated E/ D2mode In GaP/ Al GaAs/ In GaAs

P H EM T wit h a 110μm gate lengt h. A novel two2
step technology for t he gate fabrication of E/ D

P H EM Ts is applied. Result s for DC and RF opera2
tion of the devices are p resented and analyzed.

2 　Device structure and technology

Figure 1 shows a cross2section view of the E/

D2mode device. The material grown by MB E con2
sist s of a semi2insulating GaAs subst rate ,a 115μm

Al GaAs/ GaAs superlattice , a 50nm undoped Al0. 222
Ga0. 78 As buffer layer , a 12nm undoped In0. 2 Ga0. 82
As channel layer , a 4nm undoped Al0. 22 Ga0. 78 As

spacer layer ,a planar Si2doped layer wit h a concen2
t ration of 315 ×1012 cm - 2 ,a 10nm undoped Al0. 222
Ga0. 78 As layer ,a 20nm undoped In0. 5 Ga0. 5 P layer ,

and a 50nm n + 2GaAs cap layer doped to 5 ×1018

cm - 3 . An elect ron mobility of 5410cm2 / (V ·s) and

a two2dimensional elect ron gas (2DEG) density of

1134 ×1012 cm - 2 are obtained.

Fig. 1 　Cross2section of E/ D2mode P H EM Ts

In typical E/ D2mode P H EM Ts ,Al x Ga1 - x As is

of ten applied as an E/ D2mode Schott ky2barrier lay2
er [2 ,3 ] . However ,t his has some disadvantages , such

as DX centers and low surface potential . In overco2
ming these shortcomings , In Ga P material has re2
ceived much at tention for use in P H EM Ts and

HB T devices due to it s advantages over Al x Ga1 - x2

As ,which include : (a) the absence of deep levels

such as DX centers ; ( b) no deleterious effect s on

ohmic contact s or the FET source resistance ; (c) a

lower surface oxidation rate due to the absence of

Al ; ( d) a lower surface potential ( 0118eV versus

018eV for Al GaAs) ; and (e) excellent etching se2
lectivity with respect to GaAs and Al GaAs[5 ,6 ] . In

t his paper , In0. 5 Ga0. 5 P is applied as t he D2mode

Schot t ky2barrier layer and Al GaAs as the E2mode

Schot t ky2barrier layer . This is favorable for t he

fabrication of E2mode P H EM Ts since it makes it

po ssible to choose gate metals wit h larger work

f unctions to form t he E2mode Schott ky gate.

Device fabrication started wit h simultaneous

mesa2isolation for t he E2 and D2mode devices using

a conventional wet etching process. Since H3 PO4 ∶

H2 O2 ∶H2 O = 3 ∶1 ∶50 and HCl ∶H2 O = 1 ∶1 so2
lutions have a high selection rate for GaAs/ In GaP

and In Ga P/ Al GaAs , t hey were used to etch t he

GaAs and In GaP , respectively. U sing conventional

evaporation and lif t2off p rocesses followed by rapid

t hermal annealing ,ohmic contact s were formed u2
sing a new six2layer ohmic system (Ni/ Ge/ Au/ Ge/

Ni/ Au) . The ohmic contact resistance is typically

212 ×10 - 7Ω ·cm2 af ter annealing at 420 ℃ for

1min in N2 ambient . Gate metals were sequentially

e2beam evaporated. In general , t he gate fabrication

of E/ D2mode P H EM Ts uses what is called two2
level gate recess technology[ 2～4 ] . However , t his

technology requires complicated processes such as

t hree p hotolit hograp hy alignment s. Furt hermore

t he E2 and D2mode gates are fabricated wit h t he

same gate metals using t his p rocess ,but it is disad2
vantageous for t he E2mode gate to use metals wit h

larger work f unctions. Therefore ,we present a two2
step process for t he gate fabrication of E2 and D2
mode P H EM Ts. The two step s are : ( 1 ) Apply

p hotolit hograp hy to t he E2mode gate recess and

wet2etch t he barrier layers In GaP and Al GaAs in

t urn ;t hen evaporate t he metals to form t he E2mode

Schot t ky gate ; (2) af ter lif ting off t he excess metal

of E2mode on t he p hoto2resist ,apply p hotolit hogra2
p hy to t he D2mode gate recess and wet2etch t he
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barrier layer In GaP ;t hen evaporate t he gate metals

to form t he D2mode Schot t ky gate.

It is wort h noting t hat t he two2step technolo2
gy only needs two p hotolit hograp hy alignment s to

t he source and drain. Since the space between the

source and drain is relatively large , t he p rocess is

easy to implement . However ,it is difficult for two2
level gate recess technology to be p hotolit hogra2
p hy2aligned because the widt hs of the first and sec2
ond gate recesses are of ten rat her small .

3 　Results and analysis

Drain current s as a f unction of source2drain

voltage for E2 and D2mode P H EM Ts wit h a typical

1. 0μm gate lengt h are shown in Figs. 2 ( a) and

( b ) . Most devices exhibit excellent cut2off and

pinch2off characteristics , t hus indicating good con2
finement to t he 2DEG in t he channel . A maximum

sat uration drain current ( Idss ) of 300mA/ mm is

typically recorded for E2mode P H EM Ts at a drain

voltage of 115V and a gate voltage of 115V ,where2
as for t he D2mode P H EM Ts ,an Idss of 340mA/ mm

is obtained at a drain voltage of 210V and a gate

voltage of 116V. It is wort h noting t hat t he maxi2
mum gate2to2source supply voltages for E2 and D2
mode devices are as large as 115 and 116V ,respec2
tively. It is found t hat the Idss of D2mode P H EM Ts

is larger t han t hat of E2mode. This is reasonable

since t he total carrier density should be smaller in

t he E2mode P H EM Ts.

Fig. 2 　Drain current characteristics of E2mode P H EM Ts (a) and D2mode P H EM Ts (b)

　　Figures 3 (a) and ( b) show typical t ranscon2
ductance and outp ut current ( Ids ) characteristics of

E2 and D2mode P H EM Ts ,respectively. For a fixed

drain bias of 210V ,a maximum ext rinsic t ranscon2

ductance around 350mS/ mm ( 300mS/ mm ) at a

voltage of about 0155V (0115V) and a drain cur2
rent of about 120mA/ mm ( 135mA/ mm ) is a2
chieved for E2mode (D2mode) P H EM Ts.

Fig. 3 　Transconductance and output current characteristics of E2mode devices (a) and D2mode devices (b)
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　　The threshold voltages of the E2 and D2mode de2
vices are 012 and - 014V. Our measurements show

that most devices’threshold voltages swing within ±

011V due to the use of a highly selective InGaP etching

layer. Off2state gate2drain breakdown voltages ,defined

as the reverse gate2drain voltage for a gate2drain cur2
rent less than 1mA/ mm while the source is kept float2
ing ,are measured. As illustrated in Figs. 4 (a) and (b) ,

the reverse gate2drain breakdown voltage is - 14V for

both E2 and D2mode PHEMTs .

On2wafer RF measurement s were carried out

using a Cascade Micro2tech H P8510C network ana2
lyzer in t he f requency range of 1 to 10 GHz. S2pa2
rameters are measured for each device at different

biasing conditions ,and optimum bias conditions for

current2gain cutoff f requency ( f T ) and power2gain

f requency ( f max ) are determined and presented in

Fig. 5. The voltages for t his measurement are V gs =

- 016V and V ds = 215V for D2mode P H EM Ts and

V gs = 013V and V ds = 215V for E2mode P H EM Ts.

The measured values of f T and f max are 1013/

1218 GHz and 1214/ 1417 GHz for t he E/ D2mode

devices , respectively. In comparison wit h the re2
sult s of similar works[7 ] ,all measured devices wit h

a 110μm gate lengt h exhibit excellent DC and RF

characteristics , p robably due to t he reduced source

resistance achieved by the application of the two2
step technology. U nfort unately , t his technology

leads to a lower drain2gate breakdown voltage than

t he two2level gate recess technology[7 ,8 ] .

Fig. 4 　Reverse gate2drain breakdown voltage characteristics of E2mode (a) and D2mode (b) devices

Fig. 5 　Measured gains at microwave frequencies of f T≈1013 GHz , f max≈1214 GHz for the E2mode

device (a) and f T≈1218 GHz , f max≈1417 GHz for the D2mode device (b)

4 　Conclusion

In t his paper ,t he monolit hic integration of In2

GaP/ Al GaAs/ In GaAs E2 and D2mode P H EM Ts

with a 110μm gate lengt h is p resented. Excellent

DC and RF performances have been achieved wit h

maximum Idss , gm , f T , and f max values of 300mA/
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mm ,350mS/ mm , 1013 GHz , and 1214 GHz , respec2
tively for E2mode devices , and 340mA/ mm ,

300mS/ mm ,1218 GHz , and 1417 GHz , respectively

for D2mode devices. The reverse gate2drain break2
down voltage for bot h E2 and D2mode P H EM Ts is

- 14V. Meanwhile ,a novel two2step technology for

t he gate fabrication of E2 and D2mode P H EM Ts is

applied ,which yields larger Idss , gm and higher f T ,

f max . However , t he p rocess is disadvantageous to

t he gate2drain breakdown voltage , and f urt her

st udy is currently underway ,and f urt her investiga2
tion of t he applications of DCFL circuit s is being

conducted.
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GaAs 基单片集成 In Ga P/ Al GaAs/ In GaAs 增强/ 耗尽型 PHEMTs 3

李海鸥 　张海英 　尹军舰 　叶甜春

(中国科学院微电子研究所 , 北京　100029)

摘要 : 提出了一种新结构单片集成增强/ 耗尽型 ( E/ D) In GaP/ Al GaAs/ In GaAs 赝配高电子迁移率晶体管

( P H EM Ts) . 外延层材料通过分子束外延技术生长 ,在室温下 ,其电子迁移率和二维电子气浓度分别为 5410cm2 /

(V ·s)和 1134 ×1012 cm - 2 . 首次提出了普通光学接触曝光分步制作增强与耗尽型的栅技术方法. 研制出了单片集

成 E/ D 型 P H EM Ts ,获得良好的直流和交流特性 ,最大饱和漏电流密度分别为 300 和 340mA/ mm ,跨导为 350 和

300mS/ mm ,阈值电压为 012 和 - 014V ,增强型的 f T 和 f max为 1013 和 1214 GHz ,耗尽型的 f T 和 f max为 1218 和

1417 GHz. 增强/ 耗尽型 P H EM Ts 的栅漏反向击穿电压都为 - 14V.

关键词 : 赝配高电子迁移率晶体管 ; 增强型 ; 耗尽型 ; 阈值电压 ; GaAs
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