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Abstract : L imited by increased p arasitics and t hermal eff ects as device size increases , cur rent commercial Si Ge

p ower HB Ts are diff icult t o op erate at X2band (8～12 G Hz) f requencies wit h adequate p ower added eff iciencies at

high p ower levels . We f ind t hat , by changing t he heterost ructure and doping p rof ile of Si Ge HB Ts , t heir p ower

gain can be signif icantly imp roved wit hout resorting t o substantial late ral scaling. Furt hermore , employing a com2
mon2base configuration wit h a p roper doping p rof ile instead of a common2emit te r configuration imp roves t he

p ower gain characte ristics of Si Ge HB Ts , t hus permit ting t hese devices t o be eff iciently operated at X2band f re2
quencies . In t his p ap er ,we rep ort t he results of Si Ge p ower HB Ts and MMIC p ower amplif ie rs op erating at 8～
10 G Hz. At 10 G Hz ,a 22. 5dB m (178mW) R F outp ut p ower wit h a concur rent gain of 7 . 32dB is measured at t he

peak p ower2added eff iciency of 20 . 0 % ,and a maximum R F outp ut p ower of 24. 0dB m (250mW) is achieved f rom

a 20 emit te r f inger Si Ge p ower HB T. The demonst ration of a single2stage X2band medium2p ower linear MMIC

p ower amplif ie r is also realized at 8 G Hz. Employing a 102emit te r f inger Si Ge HB T and on2chip inp ut and outp ut

matching p assive comp onents , a linear gain of 9 . 7dB ,a maximum outp ut p ower of 23. 4dB m ,and peak p ower add2
ed eff iciency of 16 % are achieved f rom t he p ower amplif ie r . The MMIC exhibits very low dist ortion wit h 3 rd order

inte rmodulation ( IM) supp ression C/ I of 213dBc at an outp ut p ower of 21. 2dB m and over 20dB m 3 rd order outp ut

inte rcep t p oint (OIP3) .
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1 　Introduction

The f ast a dva nces of Si Ge HB T tech nology

have e na bled ma ny high f reque ncy microwave ci r2
cuits t o be built on Si subst ra tes . However , medi2
um a nd high p ower a mplif ie rs op e ra ted a t X2ba nd

a nd highe r f reque ncies have not bee n successf ully

develop ed using com me rcial Si Ge HB Ts . This is

due t o t he f act t ha t usi ng t he cur re nt Si Ge HB T

st ruct ure ( low Ge conte nt ) a nd dop i ng p rof ile
( high2t o2low f rom e mit te r t o base ) li mits t he

p ower gain of la rge a rea Si Ge HB Ts at X2ba nd

f reque ncies . As t he device a rea i nc reases , t he p ow2
e r gai n values a re f urt he r degra ded due t o i n2

creased p a rasitics (i ncluding t he a dde d ballast re2
sist ors) a nd t he r mal eff ects . As a result , w hile

t hese com me rcial Si Ge HB Ts a re cap a ble of op e r2
ati ng i n t he f reque ncy ra nge of f rom 1 . 9 t o

51 3 G Hz [ 1 ] , t hey become i ncap a ble of p owe r a m2
p lif ication beyond 8 G Hz . It is f ound t ha t wit h

p rop e r design of t he Si Ge HB T st ruct ure a nd do2
p i ng p rof ile , t he p owe r gai n values of t hese de2
vices ca n be dra matically i mp roved wit hout i nvol2
vi ng submic ron la te ral scali ng or sac rif ici ng

brea kdow n voltage c ha racte ristics . I n a ddition ,

wit h t he p rop e r conf igura tion , muc h highe r p owe r

p e rf or ma nce ca n be ext racted f rom Si Ge HB Ts

wit h p rop e rly designe d st ruct ures . I n t his p ap e r ,

we rep ort t he cha racte ristics of Si Ge p owe r HB Ts
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a nd me dium2p ower MMI C p ower a mplif ie rs op e r2
ati ng at 8～10 G Hz.

2 　SiGe HBT design and operation
conf iguration considerations

　　To ac hieve a high maxi mum oscilla tion f re2
que ncy , f max , ( > 40 ～ 50 G Hz ) suc h t ha t a suf f i2
cie nt p owe r gai n is availa ble a t 8～10 G Hz w hile

mai ntai ning a high brea kdow n voltage ( requi red

f or robust ness of p ower a mp lif ie rs ) a nd relaxi ng

t he lit hograp hy rest riction f or lowe ring t he f a bri2
ca tion cost , t he most eff icie nt met hod is t o re duce

t he base resist a nce , RB , by i nc reasi ng t he base do2
p i ng conce nt ration of Si Ge p owe r HB Ts . Howev2
e r , t he p revale nt t rap ezoidal Ge p rof ile wit h low

Ge conte nt e mp loye d in com mercial Si Ge HB Ts

sets a li mit f or t he maximum allowa ble dop i ng

conce nt ration i n t he base . Alte r na tively , by i n2
creasi ng t he Ge comp osition nea r t he base2e mit te r
(B2E) junction t o cha nge t he t rap ezoidal p rof ile

i nt o a box2t yp e one wit h a highe r t otal Ge con2
te nt , t he dop i ng conce nt ration in t he base region

ca n be muc h highe r t ha n t ha t cur re ntly used. The

reduction of RB resulti ng f rom usi ng a heavily

dop ed base region ca n signif ica ntly boost t he f max

values wit hout deep submicron scali ng of t he e2
mit te r st rip e widt hs . As a result , high p owe r gai n

ca n be achieve d at highe r f reque ncies by e mplo2
yi ng a box2t yp e Ge p rof ile wit h a heavily dop ed

base region .

I n t he hete rost ruct ure design of t he Si Ge

p ower HB Ts , t he collect or ep ilaye r is ma de t hick
(01 5μm) a nd lightly dop e d (3 ×1016 c m - 3 ) t o real2
ize a high brea kdow n voltage . The box2t yp e Ge

p rof ile (21 %) is used t o mai ntai n a la rge vale nce

ba nd offset betwee n t he e mit te r a nd t he base . This

box2typ e Ge p rof ile t hus p e r mits a high boron (B)

dop i ng conce nt ra tion (21 5 ×1019 c m - 3 ) t o be e m2
p loyed i n t he base region wit h suff icie nt D C cur2
re nt gai n values (β= 30) . D ue t o t he heavy dop i ng

conce nt ration , a low base sheet resist a nce
(～3kΩ/ □, much lower t ha n a ny rep orte d values

f rom com mercial Si Ge HB Ts) ca n be ac hieved , e2
ve n wit h a t hi n (32nm) base region . In a ddition ,

t he e mit te r f i nge r widt h ca n still be la rge wit hout

i nduci ng se rious e mit te r cur re nt crow ding ef f ect

due t o reduce d base s heet resista nce . The SIMS a2
nalysis results of t he hete rost ruct ure a re s how n i n

Fig. 1 .

Fig. 1 　Measured SIMS p rof ile in a CV D2grow n heter2
o2st ructure

A unif or mly dist ributed subcell st ruct ure
(wit h two 2 ×30μm e mit te r f i nge rs i n each sub2
cell) is use d i n t his p owe r device layout . The de2
t aile d st ruct ure ca n be f ound i n a p revious p a2
p e r [ 2 ] . Figure 2 shows t he 102f i nge r device wit h a

t otal e mit te r a rea of 600μm2 . The p ower devices

were p rocessed on 0 . 5m m2t hick Si subst rates , a nd

no exte r nal ballast resist ors or subst rate t hi n ni ng

was e mploye d. The one2step CV D2grow n hete ro2
st ruct ures we re f a brica ted int o mesa2t yp e HB Ts .

Fig. 2 　Phot omicrograp h of 102f inger Si Ge/ Si HB T

The device op e ra tion conf iguration also needs

t o be reconside red f or p owe r a mplif ica tions at 8～
10 G Hz. To date , t he com mon2e mit te r ( C E) con2
f igura tion has bee n ge ne rally e mployed f or p owe r

a mplif ica tions f or Si Ge HB Ts ( e . g. , 1 . 9 ～
21 4 G Hz) i ntegra ted i n Si Ge Bi CMOS. Nevert he2
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less , our rece nt st udy [ 3 ] shows t ha t f or Si Ge HB Ts

havi ng a t yp ical Si bip ola r junction t ra nsist or
(BJ T) dop i ng p rof ile i n conjunction wit h a t rap e2
zoidal Ge p rof ile , t he C E conf iguration always of2
f e rs highe r p ower gain ( Gmax ) t ha n t he com mon2
base ( CB) conf iguration in t he low op eration f re2
que ncy ra nge ( e . g. , < 6 G Hz) [ 3 ] . As a result , t he

com mon p ractice of usi ng t he C E conf igura tion

f or t hese Si Ge HB Ts in t he 1 . 9～5 . 3 G Hz is justi2
f ied. However , at highe r op e ration f reque ncies , no

mat te r w hat t yp e of dop i ng p rof ile or Ge p rof ile

is used f or Si Ge HB Ts , t he CB conf iguration te nds

t o p rovide highe r Gmax values t ha n t he C E conf ig2
uration [ 3 ] . Furt he r more , we also revealed t ha t

wit h a s mall ( t otal) base resist a nce , w hich ca n be

ef f ectively ma de p ossible wit h a heavy base do2
p i ng conce nt ra tion as described ea rlie r , a highe r

Gmax ca n be obtai ne d f rom t he CB t ha n f rom t he

C E conf iguration over a wide r f reque ncy ra nge .

Theref ore , f or Si Ge HB Ts e mployi ng a heavily

dop ed base region , t he CB conf iguration ought t o

be judiciously conside re d f or p ower a mplif ications

at 8～10 G Hz (cont ra ry t o com mon p ractice) . Fig2
ure 3 s hows t he measured p ower gai n ( Gmax ) cha r2
acte ristics of 102e mit te r f i nge r Si Ge HB Ts unde r

C E a nd CB conf igura tions , resp ectively. D ue t o

t he heavy base dop i ng conce nt ration e mployed i n

t he hete rost ruct ure ( Fig. 1) ,w hich is p e r mit ted by

e mployi ng a box t yp e Ge p rof ile wit h high Ge

conte nt , a s mall base resist a nce is achieve d a nd

t hus , i n a wide f reque ncy ra nge ( measured f re2
que ncy ra nge : 2～40 G Hz) , t he CB conf igura tion

p rovides highe r p owe r gain values t ha n t he C E

conf igura tion .

3 　Power HBT performance at 8 and
10 GHz

　　The p ower p e rf or ma nce of a 202f inge r CB

Si Ge HB T was tested on waf e r a t 10 G Hz using a

si ngle2t one f ocus mic rowave loa d2p ull syste m un2
de r class2AB op eration in continuous wave ( CW)

mode . N o sp ecial a r ra nge me nt f or heat dissip a tion

was e mployed i n t he measure me nts . The device

was biase d at V EB = - 0 . 9V a nd VCB = 6V (class2
AB) ,a nd t he source (ΓS = 01 77 < 185°) a nd loa d
(ΓL = 0. 78 < 141°) matchi ng was op ti mize d f or

maxi mum outp ut p ower . The measured outp ut

p ower Pout , gai n a nd PA E a re p lot te d as a f unction

Fig. 3 　Measured small2signal p ower gain characteris2
tics of 102emit te r f inger Si Ge p ower HB Ts ( A E =

600μm2 ) in common2emit ter and common2base conf ig2
urations ,showing t hat a much higher p ower gain is a2
vailable f rom common2base t han common2emit te r con2
f iguration BV CBO = 24V

Fig. 4 　Measured Pout , Gain , and PA E of 202f inger CB

Si Ge/ Si HB T at 10 G Hz

of i np ut p ower Pin i n Fig. 4 . The measured li nea r

gai n is 9 . 37dB . At 1 a nd 3dB gai n comp ression ,

t he R F outp ut p ower P - 1dB a nd P - 3dB a re

211 2dB m (132m W) a nd 23 . 1dB m ( 204m W ) , re2
sp ectively. The maxi mum PA E , i . e . , 20 . 0 % , is a2
chieved at a 2dB gai n comp ression wit h a n associ2
ate d R F outp ut p ower of 22 . 5dB m (178m W) . The

la rgest R F outp ut p owe r t ha t t he device ca n ge n2
e ra te is 24 . 0dB m ( 251m W , 0 . 21m W/μm2 p owe r

de nsit y) . A highe r PA E could be obtai ne d if t he

measure me nt is op ti mize d f or t he highest PA E. N o

t he r mal or elect rical insta bilit y was obse rved un2
de r t hese op e ra ting conditions . The t he rmal sta bil2
i t y is mai nly at t ributed t o t he high t he r mal con2
ductivity of t he silicon subst rate a nd t he dist ribu2
ted layout design [ 2 ] .

For comp a rison , t he p ower p e rf or ma nce of

t he sa me device op e rati ng a t 8 G Hz is also meas2
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ured , a nd t he result is s how n i n Fig. 5 . The device

exhibits 221 7dB m ( 186m W ) R F outp ut p owe r

wit h concur re nt gai n of 8 . 65dB at t he p ea k p ow2
e r2a dded ef f icie ncy ( 25 . 3 %) . The highe r p owe r

p e rf or ma nce measured at 8 G Hz is due t o t he i m2
p roved p owe r gai n a t lowe r f reque ncies as s how n

i n Fig. 3 . D ue t o much lower p ower gai n values a t

8 a nd 10 G Hz f or t he C E conf iguration ( Fig. 3 ) ,

t he la rge2signal p ower p e rf or ma nce could not be

measured ,i ndica ti ng t he necessit y of e mploying a

p rop e r conf iguration . Theref ore , it is evide nt t ha t

t he p ower a mp lif ication f reque ncy is exte nde d by

usi ng t he CB conf iguration . It is noted , f urt he r2
more , t hat t he CB conf iguration ca n ef f ectively

exte nd t he op e ra tion f reque ncy w he n a low base

resist a nce is realize d ( by e mployi ng a high Ge

conte nt wit h a box shap e a nd heavy dop ing level

i n t he base region) .

Fig. 5 　Measured Pout , Gain , and PA E of 202f inger CB

Si Ge/ Si HB T at 8 G Hz

4 　On2chip spiral inductors and SiO
MIM capacitors

　　The p assive comp one nts , i ncludi ng sp iral i n2
duct ors a nd MIM cap acit ors , a re i mp orta nt ci rcuit

comp one nts t hat a re use d as matc hi ng ele me nts ,

bias chokes a nd f ilte r comp one nts . The lump ed

f orm of t hese comp one nts has t he a dva ntage of a

s malle r f orm f act or t ha n t he dist ributed t ra nsmis2
sion li ne comp one nts at 8 ～ 10 G Hz. The qualit y

f act ors of t hese comp one nts , w hic h is li mite d by

t he p a rasitic resist a nce a nd cap acit a nce ( f or i n2
duct ors) or p a rasitic i nducta nce (f or cap acit ors) ,

di rectly af f ect t he matc hi ng ci rcuit design a nd

p ower a mp lif ie r p e rf or ma nce . In p a rticula r , t he

se ries resist a nce associa ted wit h sp i ral i nduct ors

ca n substa ntially degra de t he p owe r p e rf orma nce

of p owe r a mplif ie rs . Fort unately , i n moder n Si Ge

Bi CMOS p rocesses , t he t hick copp e r tec h nology

use d i n t he t op levels of multilevel i nte rconnects

along wit h t he a dva nces of“wi nding”tech niques

has greatly alleviated t his issue . In t his st udy , t he

lump ed i nduct ors , consisti ng of Ti/ Al/ Ti/ Au/ Ni
(2 . 5μm t hick) f il ms , were ma de on t op of 1μm

P ECV D oxide dep osite d on high2resistivity Si sub2
st ra tes . The resona nce f reque ncy of t hese sp i ral

i nduct ors was i mp roved usi ng isot rop ic deep RI E

etc h t o re move t he majorit y of t he mate rial un2
de rnea t h t he metal li nes a nd re duce t he p a rasitic

cap acit a nce associated wit h t he i nduct ors . The re2
sulti ng induct ors de monst ra te a qualit y f act or of

12～16 wit h ove r 30 G Hz resona nce f reque ncies ,

dep e ndi ng on t he size of t he i nduct ors . The MIM

cap acit ors ,consisti ng of a n evap orate d SiO dielec2
t ric laye r sa ndwic hed betwee n t he t op metal Ti/

Al/ Ti/ A u/ Ni a nd t he bot t om metal Ti/ A u (sa me

as t he ce nte r conduct or of t he sp i ral i nduct ors ) ,

exhibit a qualit y f act or ove r 40 a nd resona nce f re2
que ncy of ove r 40 G Hz af te r deep RI E etc h . The

p rocessi ng tech niques used he re a re si mila r t o

t hose desc ribed p reviously [ 4 ] .

5 　Linear MMIC medium power am2
plif ier demonstration at 8 GHz

　　A si ngle2stage p owe r a mplif ie r ci rcuit was de2
signed usi ng t he la rge2signal model of Si Ge HB Ts

a nd p assive comp one nt models ( ext racted a nd

ve rif ie d wit h measure d S2p a ra mete rs ) . The on2
chip i np ut a nd outp ut matching networks we re de2
signed f or high outp ut p owe r a nd bot h were

matche d t o 50Ω i mp eda nce . I n orde r t o ac hieve

high linea rit y wit h t he availa ble p assive comp o2
ne nts , a si mple L2C s hort ci rcuit was imple me nted

at t he outp ut stage of t he p ower a mp lif ie r . W hile

t he sta bility of t he ci rcuit was signif ica ntly i m2
p roved along wit h high li nea rit y a t high i np ut

p owe r levels , t he p ower a dded ef f icie ncy was sub2
sta ntially sac rif iced . Alte r native a nd more sop his2
t icated ci rcuit design tech niques need t o be e m2
p loyed t o mai ntai n bot h high li nea rity a nd high

p owe r a dded eff icie ncy. The MMIC ci rcuits a re

f a bricated wit h hete rost ruct ure HB T waf e rs ide n2
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t ical t o t hose use d t o f a bricate disc rete devices a nd

by usi ng ide ntical lit hograp hy ,lif t2of f a nd etchi ng

tec h niques . A f a brica tion p rocess of t he MMIC

ci rcuits simila r t o t ha t desc ribed by Rie h et al . [ 4 ]

was used. The p hot omic rograp h of t he f a brica ted

si ngle2stage MMI C medium p owe r a mp lif ie r is

s how n i n Fig. 6 . The use of lump ed p assive ele2
me nts has resulte d i n a small f or m f act or of a bout

01 6m m2 of c hip a rea . I t is note d t hat f urt he r re2
duction of t he chip a rea is still f easible usi ng p rop2
e rly valued i nduct ors .

Fig. 6 　Phot omicrograp h of a f abricated MMIC sin2
gle2stage medium p ower amplif ie r wit h bot h inp ut and

outp ut matching networks f abricated on chip ( chip

size : 0 . 6mm2 )

6 　Power amplif ier performance

The MMI C p ower a mplif ie r was measured

on2waf e r unde r conti nuous wave ( CW) op e ra tion
(class AB ) , a nd no waf e r t hi nni ng or ext ra hea t

si nki ng was e mployed. Figure 7 s hows t he meas2
ured small2signal gai n a nd i np ut/ outp ut ret ur n los2
ses of t he p ower a mplif ie r . At 8 G Hz a nd wit h a

bias of I E = - 90mA a nd VCB = 7V , t he small2sig2
nal gai n is 8 . 98dB , wit h inp ut a nd outp ut ret ur n

loss of 5 . 7 a nd 5 . 0dB , resp ectively. These values

va ry wit h bias . The goal of t hese measure me nts

was t o op ti mize t he matc hi ng at bot h i np ut a nd

outp ut .

Figure 8 s hows t he measured outp ut p ower ,

gai n a nd p owe r a dde d ef f icie ncy ( PA E) as a f unc2
t ion of i np ut p ower , measured at 8 G Hz , wit h t he

HB T biased at VCB = 7V a nd V EB = - 11 15V
(class AB ) . The li nea r p ower gai n is as high as

91 7dB wit h nea rly 20dB m of li nea r outp ut p owe r

Pout . The outp ut p ower a t t he p ea k PA E value
( 16 %) is 211 2dB m ( 133m W ) a nd 231 4dB m
(219m W) at its sat ura tion .

Fig. 7 　Measured small2signal perf ormance of single2
stage MMIC p ower amplif ie r wit h 8 . 98dB gain at

8 G Hz 　The inp ut and outp ut return losses are 5. 7 and

5. 0dB , respectively , at t he same f requency.

Fig. 8 　Measured p ower p erf ormance of t he Si Ge

HB T single stage MMIC p ower amplif ier biased at

VCB = 7V and V EB = - 1 . 15V 　21. 24dB m outp ut

p ower at peak eff iciency (16 %) and 23. 4dB m in satu2
ration are obtained.

A tw o2t one test was p e rf ormed at 8 G Hz wit h

f reque ncies of two signals sep a ra ted by 2M Hz u2
si ng a Te kt ronix 2754 sp ect rum a nalyze r . L ow dis2
t ortion wit h 3 rd orde r i nte rmodulation ( IM ) sup2
p ression C/ I of 213dBc at a n outp ut p owe r of

211 2dB m , 16 % PA E , a nd a bias voltage , VCB , of

7V was measure d a nd is show n i n Fig. 9 . The

measure d outp ut t hi rd orde r i nte rcep t p oi nt
(O I P3) is ove r 20dB m . These results de monst rate

t he p ote ntial of medium p owe r level a mplif ication

usi ng Si Ge HB Ts wit h reduced f orm f act or f or

s hort2ra nge wi reless com munications at X2ba nd

f reque ncies . It is note d , howeve r , t ha t muc h bet te r

p owe r a mplif ie r p e rf or ma nce t ha n p rese nte d i n

t his study ca n be ac hieved by usi ng i ndust ry Si Ge

Bi CMOS wit h smalle r f eat ure size ,f urt he r op ti mi2
zation of Si Ge HB T st ruct ures , a nd e mployi ng
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highe r qualit y p assive comp one nts . Rega rdless of

t hese p ote ntial i mp rove me nts , t his st udy has de m2
onst rate d t he f easibility of eff icie nt X2ba nd p owe r

a mplif ica tion using Si Ge HB Ts wit h p rop e r device

design a nd op e ra tion conf igura tion . Furt he r op ti2
mization of t he Si Ge HB T hete rost ruct ure will al2
low i mp roved p ower p e rf or ma nce a nd may allow

Si Ge p owe r a mplif ie rs t o be use d at highe r f re2
que ncies . Furt he rmore , based on t he de monst ra2
t ion of t he MMI C p owe r a mplif ie r , highe r f re2
que ncy ( > 5 G Hz ) a nd highe r p ower ( > 1 W )

MMI C p ower a mplif ie rs on Si also see m p ossible .

Fig. 9 　Measured two2t one linearity characte ristics of

single2stage Si Ge HB T MMIC medium p ower amplif ier

at 8 G Hz 　OI P3 is over 20dB m.

7 　Conclusion

Si Ge p ower HB Ts op erati ng a t 8 ～ 10 G Hz

have bee n de monst ra te d usi ng p rop e rly designed

device st ruct ure a nd e mployi ng a p rop e r op e ration

conf igura tion . It is s how n t hat a box2typ e Ge p ro2
f ile wit h high Ge conte nt ca n allow a high base

dop i ng level w hile still mai ntai ning high brea k2
dow n voltages a nd wit hout usi ng submicron e mit2
te r st rip es . The high dop i ng level dra matically i m2
p roves t he p ower gain of Si Ge HB Ts a nd ma kes

t he CB conf igura tion more f avora ble f or p owe r

a mplif ica tion t ha n t he C E conf igura tion . High

p owe r p e rf or ma nce has t hus bee n ac hieved f rom

Si Ge HB Ts at 8 a nd 10 G Hz. Si ngle2stage medium

p owe r a mplif ie rs op e ra ti ng a t 8 G Hz have also

bee n de monst ra ted usi ng t hese Si Ge HB Ts .
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