27 1
2006 1

CHINESEJOURNAL OF SEMICONDUCTORS

Vol.27 No.1
Jan. ,2006

Design and Fabrication of Power Si-xGex/ S Heterojunction Bipolar
Transistor for Wirdess Power Amplifier Applications”

Xue Chunlai’, ChengBuwen, Yao Fe , and Wang Qiming

(State Key L aboratory for Integrated Optoelectronics, Instituteof Semiconductors,
Chinese Academy of Sciences, Beijing 100083, China)

Abgtract : A multi-finger structure power S Ge HBT device (with an emitter area of about 166 m?) is fabricated
with very ssimple 2! m double-mesa technology. The DC current gainB is 144 25. The B-Cjunction breakdown voltage
reaches 9V with a collector doping concentration of 1 x 10”cm™ 3 and a collector thickness of 400nm. Though our da
taare influenced by large additional RF probe pads,the device exhibits a maximum oscillation frequency fme Of
10. 1GHz and a cut-off frequency fr of 1. 8GHz at a DC bias point of Ic =10mA and Vce =2 5V.
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1 Introduction

Power amplifiers (PA) are key componentsin
the wireless communications industry. Historical-
ly ,gated field-effect structures such as the MES
FET structure have been widely used in the PA
field. Now ,due to higher gain and current density
at the frequencies employed, bipolar transstors
have become as the preferred choice. Unfortunate-
ly ,the conventional low-cost slicon BJTs (bipolar
junction transistors) ,in which the frequency re-
sponse is limited by intrindc S material proper-
ties,are not suitablefor microwave and RF applicar
tions. GaAs HB Ts have dominated in such applicar
tions. However ,the high-cost ,low thermal conduc-
tivity ,and poor mechanical strength of these mate-
rials make them unsuitable for highrlevel integra
tion. A bandgap-engineered SGe HBT is an emer-
ging aternative, due to the advantages of low
cost ,superior thermal conductivity , and compati-
bility with § CMOS technology.
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The implementation of microwave monolithic
integrated circuit (MM IC) power amplifiersis use-
ful and necessary for systemronachip scenarios.
The demonstration of a MMIC power amplifier is
still lacking. With more advantages compared to

- group materia ,the S Ge HBT MM IC power
amplifier has received more great attention as a po-
tential candidate for wireless communication appli-
cations. Some efforts on the microwave power ap-
plication of S Ge-based HBTs have been repor-
ted" . The challenge faced by S Ge-based MM IC
PA technologies is to provide power HBTs with
sufficient high-voltage immunity without compro-
mising device performance'” . In this paper we de-
scribe a very ssmple fabrication technology for S Ge
HBT ,in which only 5 patterns are needed. With
2 m double-mesa technology ,multi-finger (2 cells,
4 fingers) structure power S Ge HB Ts are fabrica
ted. We also discuss and illustrate key device de-
sgn issues for power Si.« Gex/ S HBTSs suitable
for wireless PA applications.
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2 Device dtructure design and fabrica-
tion process

The heterostructure,as shown in Fig. 1,was
grown on a low-resistivity @ =2 4 x10°°Q - cm)
50mm S wafer in one step by UHV/CVD. The
maximum boron concentration of 2 x 10°cm™® in
the base layer ensures a low base access/ spreading
resgstance. The high doping substrate is directly
used as a sub-collector to achieve a smaller collec
tor accesy spreading redstance. The doping con-
centration in the emitter cap layer is also 2 x 10"
cm”® 0 as to reduce emitter contact res stance.

P 2x109%m-3 100nm
P 1x1018cm-3 100nm
10nm

B 2x10%cm-3 25nm
10nm

P 1x10%cm-3 400nm
5x1018cm-3 400 m

Emitter cap S nt
Emitter S n
Spacer S1- xGex(0.22<x<0.25) i
Base S1-xGex(022<x<025) p
Sacer S1- xGex(0.22<x<0.25) i
Collector S n-

Substrate S(110) n*

Fig.1 9 Ge S double heterostructure bipolar trans stor

In order to obtain a large current handling ca
pability ,a multiple finger structure desgn for the
emitter and base contacts is often chosen. But a
configuration , in which all emitter and base fingers
are bound together with a narrow finger spacing,
will be disadvantageous for reducing thermal
effects. All the emitter fingers can be divided into
severa subcells,in each of which several fingers
are bound together with a narrow finger spacing.
This configuration can not only reduce thermal
effects without increasing Gsc (B-C junction capaci-
tance) ,but also decrease collector spreading res st-
ance.

Double mesatype HB Ts were fabricated with
standard liftoff and etching techniques. The fabri-
cation process was initiated by ICP etching with
photoresist protection to form a base mesa. The
etching depth was about 500nm. Then the Cr/ Au
(50nm/ 100nm) films were evaporated on top of the
wafers. The emitter electrode was formed with
standard lithography and liftoff techniques. The
patterned emitter electrode served as the mask for
base exposure. Then wet etching with KO H-based
wolution (KOH  K:Cr:O; propanol H.0 =
100g 4g 100mL 400mL) was used to expose
the S Ge base layer and form the emitter mesa.
Then base electrode metal and collector electrode

metal Cr/ Au (40nm/60nm) deposition was per-
formed smultaneousy with standard lithography
and liftoff techniques. Device passvation was a
chieved by the PECVD deposition of 650nm SO: at
300 . Thislayer a0 was served as the dielectric
layer for the metal layer structure during intercon-
nection depostion. Viarholes were then opened u-
sng wet etching,and 600nm Al was evaporated.
Wet etching was used to form a metal layer struc
ture for interconnection. Fgure 2 shows the micro-
graph of afinished two-cdl four-finger common-emit-
ter HBT. The emitter finger width is 21 m,and the
length is 261 m. The gace between thefingersis 2i m.
Fgure 3 shows the schematic cross section of a cdll of
3Gy 9 DHBT. The gace between the base mesa and
the collector metal is 31 m. The space between the e
mitter mesa and the base meta is 31 m.

Fg.2 Micrograph of atwo-cell four-finger DHBT

Fig.3 Schematic cross section of a cell of SGe/ S
DHBT

3 Resultsand discussion

The DC characteristics of the devices have
been measured with an HP4155A semiconductor
parameter analyzer. The I-V curves of a 4 finger
HBT are shown in Fig. 5. It exhibits a maximum
DC current gain of 144 25. The measured B-C
junction breakdown voltage is over 9V with a col-
lector thicknessof 400nm. The off set voltage of the
common emitter configuration is about 0. 1V. The
off set voltage is small ,which is an advantage in
terms of the power added efficiency (PAE). The
knee (saturation) voltage of the CE corfiguration is
only 1 2V ,which is attributed to the reduced collector
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access red stance from the vertica heterostructure de-
dgn (much thicker suboollector layer) and layout de-
dgn (3 m separation between the base mesa and col-
lector metal) . With the increasng of the collector cur-
rent ,no notable current gain fal-off isfound. No ther-
mal efects are observed in the I-V curves, mainly be-
cause of the novd distributed layout.
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Fig.4 |-V curvesof BE junction SGe/ S DHBT
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Fg.5 IV characteristicsof a4 finger HBT

The high base leakage current is commonly
observed in doublemesa S/SGe HBT, which
mainly arises from the insufficiently pasdsvated
surface states and the noncoincidence between the
BEpnjunction and the S/ S Ge heterojunction. The
BE junction |-V curvesare shownin Fig.4. TheBE
junction saturation leakage current is only 3 1 x
10" ° A ,which indicates excellent interface quality
and sufficiently passvated surface states.

For small sgnal RF characteristic, onrwafer
probing Sparameter measurement was performed
usng an HP8510C network analyzer. Figure 6
shows the current gain | ha| ,the unilateral power
gain U ,and maximum stable gain of the device at a
DC bias point of Ic = 10mA and Vce = 2 5V.
Though the measured results are influenced by the

large additional RF probe pads,the device exhibits
a maximum oscillation frequency fmax of 10 1GHz
and a cut-off frequency fr of 1. 8GHz. In order to
make the HB T testable,additional RF probe pads
must be connected to it ,and they can have a s gnifi-
cant influence on the measurement results . If
their influence on the datais removed,fr and fma
will be much larger. The maximum power gain is
M SG(maximum stable gain) =24 9dB and U (Ma
son unilateral gain) =25 6dB.
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Fig. 6 Measured small signal frequency response of
the device

The design goal for a power HBT isto achieve
high-frequency operation while maintaining high
breakdown voltages and high current density for
high output power operation. These requirements
are interrelated ,and an optimal desgn has to be
performed. For wireless PA applications, S Ge
HB T device design is constrained by the perfornr
ance tradeoff defined by the well known Johnson
Limit'™® . It states that due to material limitationsin
carrier transent velocity and avalanche generation,
the product of current-gain cutoff frequency and
open-base breakdown voltage should be kept rela
tively constant. Thus,it is chalenging to achieve
high BVwo and high f+ smultaneoudy.

The desgn of the collector region has a more
profound effect on the overall performance of a
power HB T . Device performance such as collec-
tor-base avalanche breakdown voltage, maximum
collector current densty ,carrier total transit delay
time from emitter to collector ,and base-collector
junction capacitance are mainly determined by col-
lector thickness and doping concentration. A p”
(Sio.7s Geo.2s , doping concentration 2 x 10" cm™®)-
n° (9, as collector)-n" (S) junction avalanche
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breakdown voltage and maximum collector current
density (Jmx) asfunctions of collector thickness at
various doping concentrations were smulated by
commercial software MA TLAB. The smulated re-
sults are shown in Figs. 7 and 8 ,which show that
the design of the collector region is critical for a
chieving high performance.

—+N=1x10"cm

-1
@10 Lo N=3x1077em?
; - N=5x10""cm*
102} ‘ 'ﬁ'N(-=1X10]60m"‘
—N=3x10cm?
N=5x10'cn
]0-.‘4 A s i i i
107 100 10!

Collector thickness/pum

Fg. 7 Breakdown voltage as a function of collector
thickness at various doping concentrations

Fig.8 Jmx asafunction of collector thickness at vari-
ous doping concentrations

In Fig.7,it can be seen that generally ,lighter
collector layer doping concentration and larger lay-
er thickness can result in higher breakdown voltage
and lower maximum collector current densty and
vice versa. However ,the maximum collector thick-
ness should not exceed the collector-sde depletion
width of the base-collector junction under normal
operating conditions (the B-C junction maximum
€9 B¢

qNc
field§ s is the S dielectric constant , Nc is the col-
lector doping concentration) , as the undepleted
portion of the collector layer will lead to paradgtic

depletion width ( Ec is the critical electrica

collector red stance ,which can cause a dramatic de-
crease in the maximum breakdown voltage. With
respect to the frequency response ,a thicker collec
tor layer will also result in a larger delay time
when carriers are moving at their saturation veloci-
ty in thefully depleted collector layer.

In Fig. 8 ,it can be seen that the maximum cur-
rent density that the device can handleis very sen-
sitive to the collector doping concentration ,which
is restricted by the Kirk effect. If the collector do-
ping concentration is egpecialy low ,Jmx Will noter
bly decrease with the increase of the collector
thickness. Increased collector doping rai ses the col-
lector capacitance ,which degrades fmax and U mx.
Therefore, the doping concentration must be prop-
erly selected and well-controlled during the growth
the of material structure.

The smulation shows the B-C junction break-
down voltage reaches 11V ,and the measured result
is9V. The measured result is in good agreement
with the smulation. The smulation shows that the
maxi mum collector current density is about 1. 2 X
10°A/ cm’®. Because the maximum current and max-
imum voltage are limited to avoid a possble break-
down when the device is measured ,the maximum
collector current in Fig.5 is not the actual maxi-
mum collector current that the device can handle.
In Fig.5, lomax iS26mMA ,50 we know that the actual
maximum collector current dendty is larger than
1 6x10"A/cm’.

The dmulated results show that device per-
formance ,including collector-base avalanche break-
down voltage and maximum collector current den-
Sty ,is mainly determined by collector thickness
and doping concentration. The design goal for a
power HBT is to achieve high-frequency operation
while maintaining high breakdown voltages and
high current density for high output power opera
tion. A high output power can be realized in two
ways:employing a higher breakdown voltage with
alower current density or a lower breakdown volt-
age with a higher current density. The former also
offers the advantage of better output linearity. The
latter ,in its extreme,can result in excessve heat
generation across the device with a very high and
nonuniformly distributed junction temperature.
The nonuniform temperature distribution deterio-
rates the power performance by rendering the cen-
ter part of the device uselessfor high-power opera
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tion'? . As a consequence ,a high breakdown volt-
age with low current density , which can be ob-
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