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Abstract : A multi2finger st ructure power Si Ge HB T device (with an emitter area of about 166μm2 ) is fabricated

with very simple 2μm double2mesa technology. The DC current gainβis 144125. The B2C junction breakdown voltage

reaches 9V with a collector doping concentration of 1 ×1017 cm - 3 and a collector thickness of 400nm. Though our da2
ta are influenced by large additional RF probe pads , the device exhibit s a maximum oscillation f requency f max of

1011 GHz and a cut2off f requency f T of 118 GHz at a DC bias point of IC = 10mA and V CE = 215V.
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1 　Introduction

Power amplifiers ( PA) are key component s in
t he wireless communications indust ry. Historical2
ly ,gated field2effect st ructures such as t he M ES2
FET st ruct ure have been widely used in t he PA
field. Now ,due to higher gain and current density
at t he f requencies employed , bipolar t ransistors
have become as t he preferred choice. U nfort unate2
ly ,t he conventional low2cost silicon BJ Ts ( bipolar
junction t ransistors) , in which t he f requency re2
sponse is limited by int rinsic Si material p roper2
ties ,are not suitable for microwave and RF applica2
tions. GaAs HB Ts have dominated in such applica2
tions. However ,t he high2cost ,low t hermal conduc2
tivity ,and poor mechanical st rengt h of t hese mate2
rials make t hem unsuitable for high2level integra2
tion. A bandgap2engineered Si Ge HB T is an emer2
ging alternative , due to t he advantages of low
cost , superior thermal conductivity , and compati2
bility wit h Si CMOS technology.

The implementation of microwave monolit hic
integrated circuit (MMIC) power amplifiers is use2
f ul and necessary for system2on2a2chip scenarios.
The demonst ration of a MMIC power amplifier is
still lacking. Wit h more advantages compared to
Ⅲ2Ⅴgroup material ,t he Si Ge HB T MMIC power

amplifier has received more great at tention as a po2
tential candidate for wireless communication appli2
cations. Some effort s on t he microwave power ap2
plication of Si Ge2based HB Ts have been repor2
ted[1～6 ] . The challenge faced by Si Ge2based MMIC
PA technologies is to p rovide power HB Ts wit h
sufficient high2voltage immunity without compro2
mising device performance[ 7 ] . In t his paper we de2
scribe a very simple fabrication technology for Si Ge
HB T , in which only 5 pat terns are needed. Wit h
2μm double2mesa technology ,multi2finger (2 cells ,
4 fingers) st ruct ure power Si Ge HB Ts are fabrica2
ted. We also discuss and illust rate key device de2
sign issues for power Si1 - x Ge x / Si HB Ts suitable
for wireless PA applications.
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2 　Device structure design and fabrica2
tion process

　　The heterost ructure , as shown in Fig. 1 , was
grown on a low2resistivity (ρ= 214 ×10 - 3Ω·cm)

50mm Si wafer in one step by U HV/ CVD. The
maximum boron concent ration of 2 ×1019 cm - 3 in
t he base layer ensures a low base access/ sp reading
resistance. The high doping subst rate is directly
used as a sub2collector to achieve a smaller collec2
tor access/ sp reading resistance. The doping con2
cent ration in t he emit ter cap layer is also 2 ×1019

cm - 3 so as to reduce emit ter contact resistance.

Emitter cap Si n + P 2 ×1019cm - 3 100nm

Emitter Si n P 1 ×1018cm - 3 100nm

Spacer Si1 - x Ge x (01 22 ≤x ≤0. 25) i 10nm

Base Si1 - x Ge x (01 22 ≤x ≤01 25) p B 2 ×1019cm - 3 25nm

Spacer Si1 - x Ge x (0. 22 ≤x ≤0. 25) i 10nm

Collector Si n - P 1 ×1017cm - 3 400nm

Subst rate Si (110) n + 5 ×1018cm - 3 400μm

Fig. 1 　Si Ge/ Si double2heterost ructure bipolar t ransistor

In order to obtain a large current handling ca2
pability ,a multiple finger st ruct ure design for the
emit ter and base contact s is of ten chosen. But a
configuration , in which all emit ter and base fingers
are bound toget her with a narrow finger spacing ,
will be disadvantageous for reducing t hermal
effect s. All t he emit ter fingers can be divided into
several subcells , in each of which several fingers
are bound toget her with a narrow finger spacing.
This configuration can not only reduce t hermal
effect s without increasing CBC (B2C junction capaci2
tance) ,but also decrease collector sp reading resist2
ance.

Double mesa2type HB Ts were fabricated wit h
standard lif toff and etching techniques. The fabri2
cation p rocess was initiated by ICP etching wit h
p hotoresist p rotection to form a base mesa. The
etching dept h was about 500nm. Then t he Cr/ Au
(50nm/ 100nm) films were evaporated on top of the
wafers. The emit ter elect rode was formed wit h
standard lit hograp hy and lif toff techniques. The
pat terned emit ter elect rode served as t he mask for
base exposure. Then wet etching wit h KO H2based
solution ( KO H ∶K2 Cr2 O7 ∶propanol ∶H2 O =
100g ∶4g ∶100mL ∶400mL ) was used to expose
t he Si Ge base layer and form t he emit ter mesa.
Then base elect rode metal and collector elect rode

metal Cr/ Au ( 40nm/ 60nm ) deposition was per2
formed simultaneously wit h standard lit hograp hy
and lif toff techniques. Device passivation was a2
chieved by the PECVD deposition of 650nm SiO2 at
300 ℃. This layer also was served as t he dielect ric
layer for t he metal layer st ruct ure during intercon2
nection depo sition. Via2holes were t hen opened u2
sing wet etching , and 600nm Al was evaporated.
Wet etching was used to form a metal layer st ruc2
t ure for interconnection. Figure 2 shows the micro2
graph of a finished two2cell four2finger common2emit2
ter HBT. The emitter finger width is 2μm , and the
length is 26μm. The space between the fingers is 2μm.
Figure 3 shows the schematic cross2section of a cell of
Si Ge/ Si DHB T. The space between the base mesa and
the collector metal is 3μm. The space between the e2
mitter mesa and the base metal is 2μm.

Fig. 2 　Micrograph of a two2cell four2finger D HB T

Fig. 3 　Schematic cross2section of a cell of Si Ge/ Si

D HB T

3 　Results and discussion

The DC characteristics of t he devices have
been measured wit h an H P4155A semiconductor
parameter analyzer . The I2V curves of a 4 finger
HB T are shown in Fig. 5. It exhibit s a maximum
DC current gain β of 144125. The measured B2C
junction breakdown voltage is over 9V with a col2
lector t hickness of 400nm. The off set voltage of t he
common emitter configuration is about 011V. The
off set voltage is small , which is an advantage in
terms of t he power added efficiency ( PA E) . The
knee ( sat uration) voltage of the CE configuration is
only 112V ,which is attributed to the reduced collector
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access resistance from the vertical heterostructure de2
sign (much thicker subcollector layer) and layout de2
sign (3μm separation between the base mesa and col2
lector metal) . With the increasing of the collector cur2
rent ,no notable current gain fall2off is found. No ther2
mal effects are observed in the I2V curves , mainly be2
cause of the novel distributed layout .

Fig. 4 　I2V curves of BE junction Si Ge/ Si D HB T

Fig. 5 　I2V characteristics of a 4 finger HB T

The high base leakage current is commonly
observed in double2mesa Si/ Si Ge HB T , which
mainly arises f rom t he insufficiently passivated
surface states and the noncoincidence between the
B E p n junction and t he Si/ Si Ge heterojunction. The
B E junction I2V curves are shown in Fig. 4. The B E
junction saturation leakage current is only 311 ×
10 - 9 A , which indicates excellent interface quality
and sufficiently passivated surface states.

For small signal RF characteristic , on2wafer
p robing S2parameter measurement was performed
using an HP8510C network analyzer . Figure 6
shows t he current gain | h21 | , t he unilateral power
gain U ,and maximum stable gain of t he device at a
DC bias point of IC = 10mA and V CE = 215V.
Though t he measured result s are influenced by the

large additional RF p robe pads ,t he device exhibit s
a maximum oscillation f requency f max of 1011 GHz
and a cut2off f requency f T of 118 GHz. In order to
make the HB T testable ,additional RF probe pads
must be connected to it ,and t hey can have a signifi2
cant influence on t he measurement result s [7 ] . If
t heir influence on the data is removed , f T and f max

will be much larger . The maximum power gain is
MSG(maximum stable gain) = 2419dB and U (Ma2
son unilateral gain) = 2516dB.

Fig. 6 　Measured small signal f requency response of

the device

The design goal for a power HB T is to achieve
high2f requency operation while maintaining high
breakdown voltages and high current density for
high outp ut power operation. These requirement s
are interrelated , and an optimal design has to be
performed. For wireless PA applications , Si Ge
HB T device design is const rained by t he perform2
ance t radeoff defined by t he well known Johnson
Limit [ 8 ] . It states that due to material limitations in
carrier t ransient velocity and avalanche generation ,
t he p roduct of current2gain cutoff f requency and
open2base breakdown voltage should be kept rela2
tively constant . Thus , it is challenging to achieve
high BVCBO and high f T simultaneously.

The design of t he collector region has a more
profound effect on t he overall performance of a

power HB T[ 9 ] . Device performance such as collec2
tor2base avalanche breakdown voltage , maximum
collector current density ,carrier total t ransit delay
time f rom emitter to collector , and base2collector
junction capacitance are mainly determined by col2
lector thickness and doping concent ration. A p +

(Si0. 75 Ge0. 25 , doping concent ration 2 ×1019 cm - 3 )2
n - ( Si , as collector )2n + ( Si ) junction avalanche
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breakdown voltage and maximum collector current
density ( J max ) as f unctions of collector t hickness at
various doping concent rations were simulated by
commercial software MA TLAB. The simulated re2
sult s are shown in Figs. 7 and 8 ,which show t hat
t he design of t he collector region is critical for a2
chieving high performance.

Fig. 7 　Breakdown voltage as a function of collector

thickness at various doping concentrations

Fig. 8 　J max as a function of collector thickness at vari2
ous doping concentrations

In Fig. 7 ,it can be seen t hat generally ,lighter
collector layer doping concent ration and larger lay2
er t hickness can result in higher breakdown voltage
and lower maximum collector current density and
vice versa. However ,t he maximum collector thick2
ness should not exceed the collector2side depletion
widt h of the base2collector junction under normal
operating conditions ( the B2C junction maximum

depletion widt h
εSi EC

qN C
( EC is t he critical elect rical

field ,εSi is t he Si dielect ric constant , N C is t he col2
lector doping concent ration ) , as the undepleted
portion of t he collector layer will lead to parasitic

collector resistance ,which can cause a dramatic de2
crease in t he maximum breakdown voltage. Wit h
respect to t he f requency response ,a t hicker collec2
tor layer will also result in a larger delay time
when carriers are moving at t heir sat uration veloci2
ty in the f ully depleted collector layer .

In Fig. 8 ,it can be seen t hat the maximum cur2
rent density that t he device can handle is very sen2
sitive to t he collector doping concent ration , which
is rest ricted by t he Kirk effect . If t he collector do2
ping concent ration is especially low , J max will nota2
bly decrease wit h t he increase of the collector
t hickness. Increased collector doping raises t he col2
lector capacitance , which degrades f max and Umax .
Therefore , t he doping concent ration must be prop2
erly selected and well2cont rolled during the growt h
t he of material st ruct ure.

The simulation shows t he B2C junction break2
down voltage reaches 11V ,and the measured result
is 9V. The measured result is in good agreement
with t he simulation. The simulation shows t hat t he
maximum collector current density is about 112 ×
105 A/ cm2 . Because t he maximum current and max2
imum voltage are limited to avoid a possible break2
down when t he device is measured , the maximum
collector current in Fig. 5 is not the act ual maxi2
mum collector current t hat t he device can handle.
In Fig. 5 , ICmax is 26mA ,so we know t hat t he act ual
maximum collector current density is larger than
116 ×104 A/ cm2 .

The simulated result s show t hat device per2
formance ,including collector2base avalanche break2
down voltage and maximum collector current den2
sity , is mainly determined by collector t hickness
and doping concent ration. The design goal for a
power HB T is to achieve high2f requency operation
while maintaining high breakdown voltages and
high current density for high outp ut power opera2
tion. A high outp ut power can be realized in two
ways :employing a higher breakdown voltage wit h
a lower current density or a lower breakdown volt2
age wit h a higher current density. The former also
offers t he advantage of bet ter outp ut linearity. The
latter ,in it s ext reme , can result in excessive heat
generation acro ss the device wit h a very high and
nonuniformly dist ributed junction temperature.
The nonuniform temperat ure dist ribution deterio2
rates t he power performance by rendering t he cen2
ter part of t he device useless for high2power opera2
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tion[12 ] . As a consequence ,a high breakdown volt2
age with low current density , which can be ob2
tained by designing a thick and lightly doped col2
lector layer ( limited by the Kirk effect ) , is p re2
ferred for power HB T design. The doping concen2
t ration is usually selected f rom 1 ×1016 to 1 ×1017

cm - 3 for t he collector design of power Si1 - x Ge x / Si
HB T for wireless power amplifier applications. An
appropriate maximum collector thickness can be
selected f rom Fig. 7. It is usually f rom 400nm to
2μm. If t he thickness is much larger ,it can increase
t he carrier total t ransit delay time f rom the emit ter
to t he collector and base2collector junction capaci2
tance.
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用于无线 PA 的高频大功率 Si1 - x Ge x/ Si HBT的设计和制作 3

薛春来 　成步文 　姚 　飞 　王启明

(中国科学院半导体研究所 集成光电子国家重点联合实验室 , 北京　100083)

摘要 : 采用简单的双台面工艺制作了完全平面结构的 2 个单元 4 个发射极指的 Si Ge HB T. 在没有扣除测试结构
的影响下 ,当直流偏置 IC = 10mA ,V CE = 215V 时 , f T 和 f max分别为 118 和 1011 GHz. 增益β为 144125 ,BVCBO 为
9V.
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