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Abstract : The epi material growt h of GaAsSb based D HB Ts wit h InAlAs emit te rs are investigated using a 4 ×
100mm multi2waf er p roduction Riber 49 MB E react or f ully equipp ed wit h real2time in2situ sensors including an ab2
sorp tion band edge spect roscope and an op tical2based f lux monit or . The state2of2t he2art hole mobilities are ob2
tained f rom 100nm t hick carbon2doped GaAsSb. A Sb comp osition variation of less t han ±011 at omic percent

across a 4 ×100mm platen conf iguration has been achieved. The la rge area InAlAs/ GaAsSb/ InP D HB T device

demonst rates excellent D C characte ristics ,such as BV CEO > 6V and a D C current gain of 45 at 1kA/ cm2 f or an e2
mit ter size of 50μm ×50μm. The devices have a 40nm t hick GaAsSb base wit h p2doping of 415 ×1019 cm - 3 . Devices

wit h an emit te r size of 4μm ×30μm have a cur rent gain variation less t han 2 % across t he f ully p rocessed 100mm

waf er . f t and f max are over 50 G Hz ,wit h a p ower eff iciency of 50 % ,w hich are comp arable t o standard p ower GaAs

HB T results . These results demonst rate t he p otential application of GaAsSb/ InP D HB T f or p ower amplif iers and

t he f easibility of multi2waf er MB E f or mass p roduction of GaAsSb2based HB Ts.
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1 　Introduction

InP/ In GaAs2based D HB Ts have demonst rated
excellent microwave characteristics for OC2768
communication system applications. However , a
complicated collector2base design is required to o2
vercome the collector current blockage problem re2
sulting f rom t he type Ⅰ band alignment between
t he In GaAs base and InP collector . When t he con2
ventional In GaAs base is replaced with GaAsSb ,
t he type Ⅱ band alignment ( staggered) between
InP and GaAs0. 51 Sb0. 49 permit s the use of a single
InP layer as t he collector wit hout t he p roblem of
collector current blockage[1～3 ] . Therefore InP/
GaAsSb/ InP D HB Ts simplify device design and
have high breakdown voltages ,low off set and knee
voltages ,and ext remely high current driving capa2
bility. Recent MOCVD2grown D HB T result s wit h
abrupt InP/ GaAsSb/ InP heterojunctions have
demonst rated f t and f max values as high as 300 GHz

at high current densities[4 ] . InP has typically been
t he preferred emit ter material for InP/ GaAsSb
D HB Ts for it s superior etching selectivity. Howev2

er ,t he negative conduction band discontinuity be2
tween the InP emit ter and the GaAsSb base is an
inherent disadvantage of an InP/ GaAsSb emitter2
base junction. In addition , it has been difficult to
grow good InP on GaAsSb by MB E. Therefore ,it is
important to explore different emit ter material de2
sign for MB E. Moreover , because GaAsSb is a
mixed group Ⅴ compound semiconductor , good
composition uniformity has been difficult to achieve
even wit h small single wafer MB E systems , let a2
lone large multi2wafer system.

Multi2wafer growt h of uniform GaAsSb wit h a
proper emit ter material is t he key for t he success of
InP/ GaAsSb/ InP D HB T technology.

In this paper ,we first demonst rate highly uni2
form GaAsSb across a 100mm wafer wit h state2of2
t he2art hole mobility using a 4 ×100mm multi2wa2
fer MB E reactor . Then we will discuss t he details
of the use of various emit ter materials for t he
growt h of GaAsSb/ InP D HB Ts based on band
lineup considerations and growth2related issues. Fi2
nally , large and small area device characteristics
f rom t hese GaAsSb/ InP power amplifier D HB Ts
will be p resented. Various circuit s will be used to
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compare power performance and current carrying
capability. Result s will be discussed in t he end.

2 　Experiment

The epi materials are grown using a multi2wa2
fer Riber 49 MB E system. The reactor is equipped
with Al , Ga ,and In solid source eff usion cells for
group Ⅲelement s and As ,P ,and Sb valve crackers
for group Ⅴelement s. Silicon is used for t he n2type
dopant ,and a gas source CBr4 for p2type dopant .
The epi2ready InP subst rate was used in t his pa2
per . The optimal growt h conditions are obtained by
systematically varying t he subst rate temperature ,
total group Ⅴpressure ,and As/ Sb flux ratio . The
wafers are heated to 520 ℃for t hermal removal of
t he oxidation layer before growt h. The growt h
temperat ure is measured by absorption band edge
spect roscopy (AB ES) [5 ,6 ] . The group Ⅲfluxes are
monitored by an optical2based flux monitor
(O FM) [ 7 ,8 ] .

For GaAsSb material characterization , 100nm
t hick carbon2doped GaAsSb was grown on (100)

semi2insulating InP ∶Fe subst rates. Carrier con2
cent ration and mobility were measured wit h a Hall
set up . GaAsSb material composition was character2
ized wit h double crystal X2ray diff raction in the
(400) orientation.

The step s of t he D HB T large area device
(L AD) fabrication consist of emit ter and base etch2
ing followed by Ti/ Au non2alloy ohmic evapora2
tion. The LAD measurement s were taken f rom de2
vices wit h a 50μm ×50μm emit ter . The small area
devices ( SAD) wit h a size of 4μm ×30μm were
fabricated by a commercial GaAs foundry. RF test s
were performed on un2t hinned wafers.

3 　Results and discussion

3. 1 　Sb cracker setup and its stabil ity

Figure 1 shows Sb flux versus valve position
measured initially and repeated several times dur2
ing a period of several months. As we can see , t he
flux profile is not as linear as for the As or P
cracker cells. Even af ter several mont hs , t he Sb
flux still falls onto t he same calibration curve ,indi2
cating that t he Sb flux is rep roducible and cont rol2
lable.

Fig. 1 　Sb flux versus valve position of Sb cracker

measured at different dates 　The fluxes measured at

different times fall into one line ,which means the flux is

very reproducible.

3. 2 　Determination of growth conditions

In order to find conditions in which t he Sb
composition can be easily cont rolled , fir st we fix
t he Ga growt h rate and find t he lattice matching
conditions at a low temperat ure (400 ℃) wit h t he
adjust ment of As and Sb fluxes. Then we evaluate
t he effect of subst rate growth temperature at fixed
As and Sb flux rates by X2ray diff raction. The plot
of Sb composition versus temperature is shown in
Fig. 2. Sb composition remains almost unchanged
below 460 ℃. The Sb start s to desorb at about
455 ℃, so we keep t he growt h temperat ure of t he
GaAsSb below 455 ℃. Figure 3 shows the PL in2
tensity versus growt h temperat ure. During t his se2

Fig. 2 　Dependence of Sb composition in GaAsSb on

the growth temperature 　Sb composition in GaAsSb is

very stable until the temperature exceeds 455 ℃.

Fig. 3 　PL intensity of GaAsSb doped with carbon at

different subst rate growth temperatures 　Growth tem2
perature of 440 ℃produces the brightest PL ,which in2
dicates the best crystal quality.
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ries of test s ,t he growt h temperat ure changes while
t he doping level and Sb composition are cont rolled
as closely as possible. Peak PL intensity was ob2
served around 440 ℃, which means t he highest
crystal quality is achieved at t hat temperature.
Thus ,we use 440 ℃ for t he GaAsSb growt h tem2
perat ure. Then the Hall mobility is measured at
different carbon doping concent rations while main2
taining lat tice matching conditions. The X2ray dif2
f raction peak po sition for t he GaAs1 - x Sb x was well
cont rolled below a 200arcsec separation f rom the
InP subst rate peak. This corresponds to a mis2
match of less t han 1 atomic percentage at x = 01487
to InP.

Figure 4 shows t he room temperature hole
mobility of the carbon2doped GaAsSb as a f unction
of hole concent ration. A hole concent ration as high
as 1 ×1020 cm - 3 has been achieved. However , t he
hole mobility decreases f rom 46 to 36cm2 / (V ·s)

as t he hole concent ration increases f rom 413 ×1019

to 1 ×1020 cm - 3 . This shows a weak dependence of
t he hole mobility at t he higher doping level . We at2
t ribute the relatively low hole mobility compared to
t hat of In GaAs to st rong alloy scattering wit h the
GaAsSb material system[9 ,10 ] . Compared to t he re2
ported data f rom MOCVD[10 ,11 ] and GSMB E[11 ] ,fa2
vorable hole mobility values were obtained.

Fig. 4 　Hall mobility versus carbon doping level of

GaAsSb studied in this paper and previously published

papers

3. 3 　Uniformity

U nder normal MB E growth conditions wit h a
unity sticking coefficient for t he group Ⅲ ele2
ment s ,t he GaAsSb growth rate is limited by the
Ga growt h rate. The only unknown is t he composi2
tion of the mixed group Ⅴ,i . e. t he ratio between
As and Sb across t he platen. From experience , t he

Ga growt h rate for t he Riber 49 under normal plat2
en rotation is within ±1 % across t he subst rate
platen wit h an app roximate shape of a 225mm2 . For
a Riber 49 wit h a 4 ×100mm platen configuration ,
t he 100mm subst rates are placed symmet rically in a
square configuration.

X2ray diff raction is used to quantify t he com2
position uniformity of t he 100nm CBr42doped
GaAsSb epilayer grown on a 100mm semi2insula2
ting InP ∶Fe subst rate in a 4 ×100mm platen. The
uniformity of GaAsSb ∶C is an important criterion
for any GaAsSb2based HB T circuit develop ment in
t he indust ry.

Non2uniformity in the composition and doping
concent ration cont rol of t he GaAsSb ∶C will affect
t he V be of t he HB T ,and hence t he performance of
t he HB T circuit s. Figure 5 (a) shows the rocking
curves of t he 100mm GaAsSb ∶C wafer measured
at multiple point s across t he diameter of the wafer
along t he radial direction of t he platen. The
GaAsSb epilayer was p urposely grown wit h a
　　　　

Fig. 5 　( a) X2ray rocking curve of GaAsSb material

grown at different locations of 4 ×100mm platen ; ( b)

Sb composition dist ribution from center of platen to the

side 　The fluctuation of Sb atomic composition is less

than 011 % ,which guarantees uniform dist ribution of Sb

for whole device growth on MBE production system.

736



半 　导 　体 　学 　报 第 27 卷

lat tice mismatch so t hat t he diff raction peak of
GaAsSb could be easily distinguished f rom the InP
subst rate peak. The GaAsSb diff raction peaks are
～500arcsec away f rom t he InP subst rate peak. The
measured X2ray spect ra are almost identical at each
point across t he wafer . This indicates t hat t he sub2
st rate temperat ure dist ribution in t he radial direc2
tion of t he 4 ×100mm platen is uniform. Figure 5
(b) summarizes t he compositional uniformity vari2
ation of t he 100mm GaAsSb ∶C grown on t his 4 ×
100mm platen. The Sb composition fluct uation is
less than ±011 atomic percentage across the
100mm wafer and the whole platen. This high com2
position uniformity assures t hat 4 × 100mm
GaAsSb HB Ts can be grown in one growt h run ,
which is very important for t he fabrication process2
ing develop ment of HB T circuit s and technology.

The uniformity of carbon doping across this
100mm GaAsSb epilayer was measured wit h the
Lehighton sheet resistivity mapping wit h a 362
point pat tern across t he 100mm wafer shown in
Fig. 6. The average sheet resistance was ～34711Ω/ □,
with a cross2wafer standard deviation of less t han
213 %. The sheet resistivity uniformity should be

Test File :70030B4BA01 C2 W01. t st 　Test Time

Statistical summary

Number of test point s 36
Average value 347. 0932
Maximum value 360. 2149
Minimum value 331. 6035
Sample spread ( %) 8. 63
Std Dev value 8. 0469
Wafer uniformity value ( %) 2. 32

Fig. 6 　Leighton resistance dist ribution of carbon

doped GaAsSb material 　The standard deviation of the

resistance is 215 % , which makes the dist ribution uni2
form enough for production growth.

adequate for GaAsSb2based D HB T circuit develop2
ment . Improvement s could be made wit h f urt her
optimization of t he CBr4 injector showerhead.

3. 4 　InAlAs/ GaAsSb/ InP D HBTs

To f urt her evaluate the material quality of our
GaAsSb ∶C grown in our multi2wafer MB E ,we ex2
plored t he growt h of InAlAs/ GaAsSb/ InP D HB Ts
with the help of in2sit u AB ES and OFM sensors.
We were able to rep roduce t he HB T characteristics
f rom run to run by repeating t he AB ES growt h
temperat ure p rofile in bot h In GaAs and GaAsSb2
based HB Ts. Note t hat t he inf rared pyrometer does
not work for subst rate temperat ures much below
500 ℃for a multi2wafer p roduction MB E reactor .
During t he low subst rate temperat ure growt h ,
t hermal reflection signals f rom group Ⅲor dopant
cells can easily drown out t he act ual thermal emis2
sion f rom t he subst rate.

We f urt her fabricated and tested L ADs of In2
AlAs/ GaAsSb/ InP D HB Ts wit h a 50μm ×50μm e2
mitter mesa. Figure 7 shows t he common emitter
Ic2V ce curves of an InAlAs/ GaAsSb/ InP D HB T

Fig. 7 　Common emitter Ic2V ce curves of an InAlAs/

GaAsSb/ InP D HB T with 40nm base thickness and 415

×1019 cm - 3 base doping

with 40nm base t hickness and 415 ×1019 cm - 3 base
doping. The InP ∶Si collector thickness is 200nm.
The LAD has BVceo > 6V wit h a DC current gain of
45 at 1kA/ cm2 . The base sheet resistivity is
～1000Ω/ □as measured by t he t ransmission line
met hod ( TL M ) . The collector and base ideality
factors are 1135 and 1191 ,respectively. A Gummel
plot is shown in Fig. 8. The performance verifies
t he high quality of t he material . Af ter t he simple
st ruct ure test ,we f urt her develop t he power ampli2
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fier st ruct ure.

Fig. 8 　Gummel plot f rom InAlAs/ GaAsSb/ InP D HB T

with 415 ×1019 cm - 3 base doping

　　The small area devices wit h a 4μm ×30μm e2
mitter size were fabricated wit h t he power
GaAsSb/ InP D HB T epi2st ruct ure. The epi2st ruc2
t ure is shown in Table 1. Figure 9 is a map of t he
current gain at 10kA/ cm2 across the 100mm InP
wafer . The gain is 30 ±0159 ,which corresponds to
a variation of about 2 % , which is consistent wit h
t he Sb composition and carbon doping efficiency u2
niformity mentioned above. Figure 10 is a plot of
MSG/ MA G versus f requency , the f t and f max are
both over 50 GHz. For comparison ,Professor Feng’
s group at the U niversity of Illinois at
Urbana Champaign demonst rated f t and f max of

Table 1 　InAlAs/ GaAsSb/ InP power amplifier D HB T structure

Layer Comment Material x Thickness/ nm Dopant Level/ cm - 3 Type

9 Cap In x Ga1 - x As 0. 532 100 Si 3. 0 ×1019 n +

8 Emitter InP 20 Si 3. 0 ×1019 n +

7 Emitter In x Al1 - x As 0. 522 30 Si 5. 0 ×1017 n

6 Interfacial InP Thin Si 5. 0 ×1017 n

5 Base GaAs1 - x Sb x 0. 487 50 C 6. 0 ×1019 p +

4 Collector doping spike InP 9 Si 2. 0 ×1017 n

3 Collector InP 750 Si 2. 0 ×1016 n

2 Sub2collector In x Ga1 - x As 0. 532 10 Si 3. 0 ×1019 n +

1 Sub2collector InP 400 Si 3. 0 ×1019 n +

Statistical summary

Number of test point s 　　　　　31

Average value 30. 5

Maximum value 32. 3

Minimum value 29. 7

Sample spread( %) 8. 54

Std Dev value 0. 59

Wafer uniformity value ( %) 1. 94

Fig. 9 　Gain dist ribution across the whole 100mm InP

wafer ,which confirmed uniform dist ribution of Sb and

carbon cross the whole 100mm InP wafer

350/ 250 GHz for high f requency D HB T devices[12 ] .

The reason for t he low f t and f max is t hat t he st ruc2
t ure in this paper was designed for power amplifier
application and not for high speed. Figure 11 shows
f t versus collector current at different V ce biases.

Fig. 10 　Plot MSG/ MA G versus f requency 　 The

measured f t and f max are all over 50 GHz.

As seen in the figure ,t he peak f t stop s changing at
V ce above 115V. This indicates lit tle or no BC junc2
tion current blockage as expected f rom a type2Ⅱ
band alignment for t he GaAsSb/ InP BC junction.
Figure 12 is t he load p ull data for t his device. The
RF gain of 23 is comparable to a GaAs PA HB T at
low Pin . The peak power amplifier efficiency is
50 %. For comparison , Professor Feng’s group at
t he University of Illinois at Urbana Champaign
demonst rated an amplifier efficiency of 41 % at
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10 GHz for high f requency D HB T devices[13 ] . Since
t his work on GaAsSb power amplifier HB T is p re2
liminary ,t here is still much room for improvement
t hrough f urt her optimization of t he epi2st ruct ure
and device p rocessing.

Fig. 11 　 f t versus collector current at different V ce

biases

Fig. 12 　Load pull data for power amplifier D HB T

4 　Conclusion

In summary , we have investigated GaAsSb
D HB Ts wit h an InAlAs emit ter using multi2wafer
p roduction MB E. State2of2t he2art hole mobilities
were obtained for 100nm t hick carbon2doped
GaAsSb. We have also demonst rated t he Sb com2
position variation to be less t han ±011 atomic per2
centage across a 100mm wafer grown on a 4 ×
100mm platen. The uniformity of GaAsSb and the
excellent elect rical p roperties of InAlAs/ GaAsSb/
InP D HB Ts demonst rate t hat t he multi2wafer MB E
mass production of GaAsSb based D HB Ts is
　　　

feasible. The preliminary power amplifier HB T
st ruct ure shows similar performance to GaAs PA
HB Ts and In GaAs/ InP PA HB Ts.
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