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(57) ABSTRACT 

An HBT having an InP collector, a GaAsSb base and an InP 
emitter in Which the base is constructed using a thin layer of 
GaAsSb. The thin base layer can be constructed of a GaAsSb 
material With a composition having a bulk lattice constant 
that matches the bulk lattice constant of the material of the 
collector. The thickness of the GaAsSb base layer is less than 
49 nm, and preferably less that about 20 nm. Alternatively, 
the thin base layer is of a GaAsSb composition that includes 
a higher As content, resulting in a loW conduction band 
energy discontinuity at the emitter-base junction. Such a 
GaAsSb base layer has a lattice constant that conforms to the 
lattice constant of the collector because it is thinly groWn so 
as to be pseudomorphically “strained” over the collector. A 
high base doping level is used to reduce the sheet resistivity 
and loWer the base series resistance that results from the 

Feb. 27, 2001. thinly groWn base layer. 

100 1 

[122 
emitter 

base 11° 112 m '"F’ 112106 
Q 11_6 mp J ) 
{- FLIA . collector lnP 

106 1 2 subcollector lnP 

11 substrate 



Patent Application Publication Jun. 3, 2004 Sheet 1 0f 7 US 2004/0104403 A1 

A nEu \ who?woo<v 

mcEoQ mwmm ow+moo._. 

0mm 

:3 3th: _. 6E A55 mmmispc. 96m 
com on? 

cow 

on 

3600 3am..\ 

0 cu ow I oo ow 

o9. ANIOV 355cm; 
ow? c3. 



Patent Application Publication Jun. 3, 2004 Sheet 2 0f 7 US 2004/0104403 A1 

:3 “2.3: N 6E. ‘ 

3mm 5:89.00 

4: 



Patent Application Publication Jun. 3, 2004 Sheet 3 0f 7 US 2004/0104403 A1 

:5 52:: m .GE 3555 , 

22 8:2; ucmm 5:03:00 

4.5 



Patent Application Publication Jun. 3, 2004 Sheet 4 0f 7 US 2004/0104403 A1 

.GE “E- Bmbwnam 3 
E: 860-333 M]? wow 

\ as 5628 . a |\ 
2: N as a J] 

N: v: as a N: .0: 83 

I w 

BQEEQ m<mmuE our aw (m0 

NN w \ 

4| cow 



Patent Application Publication Jun. 3, 2004 Sheet 5 0f 7 US 2004/0104403 A1 

m .OE RES $0525. 33 on? 00 _.. cm 0 
Q P F» Ammm? “(moi-v 

\ J 

2+moo._. I 

A "Eu \ Eo?moo? 
9300 3am 

gum-00.? §+wooe 

on Q8 84 08 08 com 



Patent Application Publication Jun. 3, 2004 Sheet 6 0f 7 US 2004/0104403 A1 

AMEQ \ Eo?mou$ 9.500 mwmm 

0 .0E 
"E5 $05.25. mmmm 

cm? 

on 

2e 3595:: 
III\III 

on 00-‘ om». com 0mm com 0mm 



Patent Application Publication Jun. 3, 2004 Sheet 7 0f 7 US 2004/0104403 A1 

22 8:2; 28m 5.8350 

33cm NFN 4 com 



US 2004/0104403 A1 

THIN GALLIUM-ARSENIDE-ANTIMONIDE BASE 
HETEROJUNCTION BIPOLAR TRANSISTOR 

(HBT) HAVING IMPROVED GAIN 

TECHNICAL FIELD 

[0001] The invention relates generally to transistors, and, 
more particularly, to a heterojunction bipolar transistor 
(HBT) having a thin gallium arsenide antimonide (GaAsSb) 
base. 

BACKGROUND OF THE INVENTION 

[0002] Heterojunction bipolar transistors (HBTs) have 
become state of the art, particularly in npn form, for appli 
cations in Which high sWitching speeds and high frequency 
operation are desired. 

[0003] An indium gallium arsenide (InGaAs) base HBT 
typically includes an indium phosphide (InP) or aluminum 
indium arsenide (AInAs) emitter that is lattice matched to an 
InGaAs base and doped With carbon (C) or beryllium (Be) 
in the range of 3-6><1019 acceptors/cm3. This has led to the 
development of HBTs having bases of InGaAs at least as 
thick as 50 nanometers This minimum thickness has 
been arrived at due to the generally accepted upper limit of 
base doping of about 6><1019 acceptors/cm3, and the gener 
ally accepted lithography limit of about 1 micron This 
leads to the conclusion that the use of a substantially thinner 
base Would lead to an excessively large base resistance, 
rendering the HBT inadequate for high frequency operation 
due to the resultant loW maximum operational frequency 
fMAX. The approximate relationship fM AX=\/fT/8J'|§RbCc, 
Where fT is the current-gain-bandWidth product, or cutoff 
frequency, Rb is the base series resistance and Cc is the 
collector-base capacitance, shoWs that as the base resistance 
increases, fM AX is reduced. The relationship is approximate 
because it is based on a simple lumped-element model of the 
transistor. Actually, the base series resistance Rb and collec 
tor-base capacitance Co are distributed. More accurate 
expressions are algebraically complex and Would obscure, 
rather than illuminate, the points that this approximate 
expression is used to make. 

[0004] The base series resistance, Rb, can be reduced by 
scaling doWn the lithography used to fabricate the transistor, 
but the practical loWer limit is approximately 1 pm. Rb can 
also be reduced by increasing the base doping, but in 
ordinary bipolar transistors the emitter efficiency, and hence 
the current gain, Will be seriously compromised as the 
magnitude of the base doping approaches that of the emitter. 
This effect of base doping on emitter efficiency is reduced or 
removed in an HBT due to the Wider bandgap of the emitter 
material compared to the base material. The emitter having 
a Wider bandgap than the base reduces the reverse injection 
from the base into the emitter even at high base doping. 
HoWever, in existing HBTs, the base doping cannot be 
increased Without limit because the current gain becomes 
too small for other reasons. 

[0005] The doping dependence of the base sheet resis 
tance, transit time, and recombination time is given by the 
equations: 
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[0006] 

(Eq- 3) 
TT : — 

Vthemal ZDO 

[0007] The term pB is the base sheet resistance, q is the 
charge of an electron, N A is the doping concentration in the 
base, up is the hole mobility in the base, WB is the base 
thickness, K0 is a constant, and e is a constant that can be 
used to empirically describe the dependence of hole mobility 
on doping. The term "5B is the net electron lifetime in the 
base, Which has the relationship shoWn to the lifetimes 'CSRH 
for Shockley-Read-Hall recombination, ‘BRAD for radiative 
recombination, and 'CAUGER for Auger recombination. A, B, 
and C are constants that can be use to empirically describe 
the dependence of IE on the base doping. The base transit 
time "5T depends as shoWn on the base thickness, the electron 
thermal velocity vthermal, and the electron diffusion constant 
DD. 
[0008] The constants KO, 6, A, B, C, and DB in equations 
1, 2 and 3 are material dependent. Therefore, the scaling 
behavior With respect to the thickness of the base layer is 
material dependent. The values for InGaAs lattice-matched 
to InP are Well knoWn, and therefore, Will be used as an 
example When scaling the base of an HBT. For most 
degenerately doped materials (nearly alWays the case in 
HBT bases) up is Weakly dependent on the doping level, and 
e is a small positive number. Assuming that this dependence 
is negligible, and using representative numbers for the other 
material parameters obtained from R. K. Ahrenkiel et al., 
“Recombination lifetime of In0.53 Ga0.47 As as a function 
of doping density,” Appl. Phys. Lett., V.72, pp. 3470 ff. 
(1998); and from Y. Betser and D. Ritter, “Electron transport 
in heavily doped bases of InP/GaInAs HBTs probed by 
magnetotransport experiments,” IEEE Trans. Elec. Dev., 
V.43, pp. 1187 ff. (1996), the scaling behavior for an InGaAs 
base HBT is obtained. 

[0009] FIG. 1 illustrates the scaling behavior for fT, fM AX, 
and the base doping in an InGaAs base HBT constrained to 
have a current gain of 50 as a function of the base layer 
thickness. The cutoff frequency fT and the maximum oper 
ating frequency fM AX are shoWn With respect to the left axis 
and the base doping is shoWn With respect to the right axis. 
As illustrated, due to the strong dependence of base recom 
bination on doping density, scaling beloW a base thickness 
of approximately 36 nm signi?cantly degrades fM AX. This 
occurs because the base sheet resistance increases as the 
base thickness is reduced. 

[0010] Therefore, there is a need in the industry for an 
HBT having a high current gain that can be maintained at 
high operating frequencies. 

SUMMARY OF THE INVENTION 

[0011] The invention is an HBT having an InP collector, a 
GaAsSb base and an InP emitter in Which the base is 
constructed using a thin layer of GaAsSb. The thin base 
layer can be constructed of a GaAsSb material With a 
composition having a bulk lattice constant that matches the 
bulk lattice constant of the material of the collector. The 
thickness of the GaAsSb base layer is less than 49 nm, and 
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preferably less that about 20 nm. A high base doping level 
is used to reduce the sheet resistivity and loWer the base 
series resistance that results from the thinly grown base 
layer. The emitter may also be constructed using AlInAs in 
a composition that results in a lattice-matched With the InP 
collector. 

[0012] In an alternative embodiment, the thin base layer is 
of a GaAsSb composition that includes a higher As content, 
resulting in a loW conduction band energy discontinuity at 
the emitter-base junction. The thin layer of GaAsSb forming 
the base of the HBT can be groWn using a composition that 
includes an arsenic fraction of as high as approximately 
65%. While providing an advantageous decrease in the 
conduction band energy discontinuity, an arsenic fraction in 
the GaAsSb of greater than about 51% changes the lattice 
parameter of the GaAsSb base layer so that, if groWn 
conventionally thick, undesirable dislocations Would occur. 
To prevent the dislocations from forming, the GaAsSb base 
layer is groWn to a thickness not to exceed the critical 
thickness at Which dislocations Would form. Such a GaAsSb 
base layer has a lattice constant that conforms to the lattice 
constant of the collector because it is pseudomorphically 
“strained” over the collector. A high base doping level is 
used to reduce the sheet resistivity and loWer the base series 
resistance that results from the thinly groWn base layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] The invention, as de?ned in the claims, can be 
better understood With reference to the folloWing draWings. 
The components Within the draWings are not necessarily to 
scale relative to each other, emphasis instead being placed 
upon clearly illustrating the principles of the invention. 

[0014] FIG. 1 illustrates the scaling behavior for fT, fM AX, 
and the base doping in an InGaAs base HBT constrained to 
have a current gain of 50 as a function of the base layer 
thickness. 

[0015] FIG. 2 is a graphical illustration shoWing an energy 
band diagram of a conventional InP emitter/GaAsSb base/ 
InP collector HBT under modest forWard electrical bias on 
the emitter-base junction. 

[0016] FIG. 3 is a graphical illustration shoWing an energy 
band diagram of the InP emitter/GaAsSb base/InP collector 
HBT of FIG. 2 at strong forWard bias on the emitter-base 
junction. 
[0017] FIG. 4 is a cross-sectional vieW illustrating an 
HBT constructed in accordance With an aspect of the inven 
tion. 

[0018] FIG. 5 is a graphical illustration of the scaling 
behavior of fT, fMAX and the base doping in an HBT 
constructed according to a ?rst embodiment having a thin 
GaAsSb base and constrained to have a current gain of 50 as 
a function of the base layer thickness. 

[0019] FIG. 6 is a graphical illustration of the scaling 
behavior of fT, fM AX and the base doping in an HBT 
constructed according to an alternative embodiment having 
a thin GaAsO_62SbO_38 base layer composition groWn pseudo 
morphically over an InP collector and constrained to have a 
current gain of 50 as a function of the base layer thickness. 

[0020] FIG. 7 is a graphical illustration 200 shoWing an 
energy band diagram of the InP emitter/GaAsSb base/hnP 
collector HBT of FIG. 6. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

[0021] While described beloW using an npn heterojunction 
bipolar transistor (HBT) the invention is equally applicable 
to an HBT having a pnp con?guration. 

[0022] The material used to fabricate the emitter in an 
HBT has a bandgap Wider than the bandgap of the material 
used to fabricate the base. This creates an energy barrier in 
the valence band at the emitter-base junction that inhibits the 
unWanted How of holes from the base region to the emitter 
region. This arrangement increases the emitter injection 
ef?ciency, current gain and operating frequency of the HBT. 

[0023] FIG. 2 is a graphical illustration shoWing an energy 
band diagram 11 of a conventional InP emitter/GaAsSb 
base/IP collector HBT under modest forWard electrical bias 
on the emitter-base junction. The vertical axis 12 represents 
the energy level and the horiZontal axis 14 represents 
distance. That is, the thickness of the material that respec 
tively comprises the emitter region 22, the base region 24 
and the collector region 26. An HBT With a GaAsSb base 
and InP collector has a type-II band lineup at the collector 
base junction 32 as shoWn. The energy discontinuity AEC, in 
the conduction band 16 is about 0.18 electron Volts (eV) and 
the energy discontinuity AEV in the valence band 18 is about 
0.76 eV. This is an essentially ideal band lineup for this 
junction for the folloWing reasons. A small ballistic energy 
AEc is imparted to collected electrons and there is a large 
valence-band discontinuity AEV at the base-collector junc 
tion 32 that minimiZes hole injection into the collector 
region 26 even at loW or positive collector bias. Since the 
Wide-bandgap UiP extends throughout the collector region 
26, avalanche breakdoWn is minimiZed. 

[0024] Other variations of InP collector HBTs fail to offer 
these advantages. For example, the use of the same structure, 
but With an InGaAs base retains the large valence band 
discontinuity AEV at the collector-base junction and includes 
the bene?t of the Wide-bandgap InP. Unfortunately, the 
InGaAs base presents a barrier to electron collection, Which 
could result in undesirable stored charge in the base. This 
compromises the frequency response and maximum current 
capability of the device. Any scheme to eliminate this barrier 
compromises the desired features of the large valence band 
discontinuity AEV at the collector-base junction and the 
bene?t of the Wide-bandgap InP. 

[0025] HoWever, in HBTs having a GaAsSb base and InP 
emitter (the characteristics of Which are shoWn in FIG. 2) 
the type II band lineup leads to tWo undesirable features. 
Both are related to the discontinuity in the electron concen 
tration across the heterojunction of exp (—qAEc/kT), Where 
q is the electron charge, AEc is the conduction band discon 
tinuity, k is BoltZmann’s constant, and T is the absolute 
junction temperature. Since AEc is approximately 0.18+/— 
0.1 eV, the ratio of electron concentration across the dis 
continuity is in the range of 2x10“5 to 5x10“2 at room 
temperature. 

[0026] The ?rst undesirable feature is loWered current 
gain. BeloW some limiting injection level, it can be shoWn 
that interface recombination at the emitter-base junction 28 
depends on the electron concentration on the emitter side of 
the junction, and on the interface trap properties. 

[0027] The interface current density jinmfacfqn 
Where n 

emitter‘, 
is the electron density on the emitter interface’ emitter 
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side of the interface and Where vinterface is the interface 
recombination velocity. The interface recombination veloc 

Vinterface=oinvtherrnalNtraps-i-Ksiiirad phase’ Where on is the 
cross-section for capture of an electron by an interface trap, 
vthermal is the thermal velocity of electrons, Ntraps is the trap 
concentration as a density per unit area, Ksdwd is a constant 
that describes the proportionality of spatially indirect radia 
tive recombination at the interface. The term pbase is the hole 
concentration on the base side of the interface. 

[0028] The total interface recombination velocity is thus 
due to recombination through traps, and through spatially 
indirect radiative recombination. The material interface, as it 
can be practically groWn, Will not be electrically perfect. For 
example, there may be impurities or imperfections at the 
interface that lead to spatially localiZed states inside the 
energy gap. Electrons or holes that land in these spatially 
localiZed states cannot move around (unlike electrons or 
holes in the conduction or valence bands). These spatially 
localiZed states have a potential energy betWeen that of the 
valence and conduction bands. These spatially localiZed 
states can alternately trap electrons and holes, thereby pro 
viding a path for recombination. This is conceptually similar 
to Schockley-Read-Hall recombination. 

[0029] Spatially indirect recombination is band-to-band 
recombination betWeen electrons that are localiZed on one 

side of a type-II heterojunction (in this example the InP side) 
and holes that are localiZed on the other side (in this example 
the GaAsSb side). The recombination is referred to as 
spatially indirect because the electrons and holes are sepa 
rated according to classical physics. According to quantum 
physics the electrons and holes are not perfectly localiZed. 
They are represented by Wave functions that slightly over 
lap. Therefore, some recombination occurs. Both of these 
effects are knoWn to those having ordinary skill in the art. 

[0030] The injection current density jinjec?on=qnbasevbase, 
Where nbase is the injected electron concentration on the base 
side of the emitter-base junction and Where vbase is the 
electron velocity through the base. The ratio jinjection/jinterface= 
vbasenbase/vinterfacenemitter represents an upper limit to the 
current gain of the transistor. The ratio of electron density on 
either side of the emitter-base junction leads to an effective 
multiplication of the interface recombination velocity by exp 
(qAEc/kT), directly affecting the current gain. 

[0031] The second undesirable feature in an HBT having 
a GaAsSb base and InP emitter is a reduction of the current 
at Which current gain compression occurs. In a typical HBT, 
a relatively loW emitter doping N6 is used to reduce the 
emitter-base capacitance. The use of a certain emitter doping 
concentration places a hard upper limit, of N6 exp (—qAEc/ 
kT), on the injected electron density in the base. This is 
illustrated by the energy band diagram 51 in FIG. 3, Which 
represents the characteristics of the InP/GaAsSb/InP HBT of 
FIG. 2 at a strong forWard bias on the emitter-base junction 
68. As this bias is approached, the emitter capacitance 
becomes quite large and the frequency response is rapidly 
loWered. For purely diffusive transport, the electron velocity 
through the base, denoted by vbase, is on the order of 107 
cm/sec in a typical microWave transistor. This leads to gain 
compression, in the presence of the electron discontinuity, at 
a current density in the range of 20 amperes/square centi 
meter (A/cm2) to 5><104 A/cm2. The experimental values are 
closer to the high end of this range, but still seriously limit 
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the device operation by limiting the emitter charging fre 
quency gm/(ZJ'IZCS), Where grn is the dynamic emitter con 
ductance and C6 is the emitter junction capacitance. 

[0032] FIG. 4 is a cross-sectional vieW illustrating a 
simpli?ed HBT 100 constructed in accordance With the 
invention. The HBT 100 includes an InP substrate 101 over 
Which a heavily n-doped subcollector layer 102 is groWn. An 
n-doped InP collector layer 104 is groWn over the subcol 
lector layer 102. Metal contacts 106 are applied over por 
tions of the subcollector layer 102 as shoWn. 

[0033] A heavily p-doped GaAsSb base layer 110 having 
a thickness of less than 49 nm, and preferably about 20 nm, 
is groWn over the InP collector layer 104 and metal contacts 
112 are applied to portions of the base layer 110 as shoWn. 
The base layer 110 can be groWn having different compo 
sitions. 

[0034] In accordance With one embodiment of the inven 
tion, the material of the base layer 110 has a composition that 
results in a bulk lattice constant that matches the bulk lattice 
constant of the InP collector layer 104. This lattice match is 
achieved using GaAsSb With an arsenic fraction in the range 
from approximately 50 to approximately 51%. GroWing 
such a thin base layer structure increases the base series 
resistance Rb. Therefore, the thin lattice matched GaAsSb 
base layer 110 is preferably highly doped to a concentration 
of approximately 6><1019 acceptors/cm3. Because of the 
doping behavior of the GaAsSb, the base layer 110 can be 
made thin and highly doped, thus maintaining a high current 
gain. 

[0035] In an alternative embodiment, the thin GaAsSb 
base layer 110 is groWn having an arsenic fraction generally 
in the range from more than 51% to about 65%, preferably 
in the range from more than 51% to about 60%, more 
preferably in the range from about 54% to 56% and most 
preferably about 55%. These arsenic fractions result in a 
base layer material having a bulk lattice constant that differs 
from the bulk lattice constant of the InP collector layer 104. 
With an arsenic fraction in the above ranges and a thickness 
as de?ned above, the GaAsSb base layer 110 Will groW 
pseudomorphically, referred to as “strained,” Without cracks. 
In this manner, the lattice parameter of the GaAsSb base 
layer 110 conforms to the lattice parameter of the InP 
collector 104 and to the InP emitter 114. 

[0036] As knoWn to those having ordinary skill in the art, 
the lattice constant in a pseudomorphic layer is stretched or 
compressed so that it matches the substrate lattice in the tWo 
dimensions perpendicular to the groWth direction. Although 
the lattice parameter in the groWth direction Will be com 
pletely different, the lattice constant presented by the 
pseudomorphic surface to incoming constituent atoms dur 
ing groWth is the same as a lattice-matched surface. There 
fore, physically, the use of a thin pseudomorphic layer as the 
base layer 110 is very similar to the use of a perfectly 
lattice-matched base layer 110. 

[0037] When the base layer 110 is constructed using 
GaAsXSb1_X, Where X is 0.51, as in the ?rst embodiment, 
the base layer Will be nearly unstrained and almost perfectly 
lattice-matched to the InP collector layer 104. HoWever, if X 
is substantially different from 0.51 the bulk lattice constant 
of the GaAsSb base layer 110 Would be mismatched With 
respect to the InP collector layer 104. In such a case, the 



US 2004/0104403 A1 

GaAsSb base layer 110 can be grown suf?ciently thin and 
Without cracks to be pseudomorphic so that its lattice 
constant conforms to the lattice constant of the InP collector 
layer 104 and the InP layers in the emitter 114. Increasing 
the arsenic fraction in the GaAsSb base layer 110 from about 
51% to about 60% reduces the conduction band disconti 
nuity, AEC, by approximately 0.05 eV relative to a lattice 
matched base. 

[0038] Ahigh base doping level of the GaAsSb base layer 
110 is used to reduce the sheet resistivity and loWer the base 
series resistance, Rb, that results from the thinly groWn base 
layer 110. In essence, the high base-doping that is possible 
in GaAsSb, and the small value of C, in Eq. (2) above, 
associated With GaAsSb enables the use of thin bases to 
reduce base transit time and provide good current gain While 
maintaining reasonably loW base series resistance, Rb. The 
thinness of the base permits the use of GaAsSb compositions 
that are not lattice-matched to InP, but that can be groWn 
sufficiently thin and pseudomorphic With good crystalline 
quality. The freedom to make adjustments to the composi 
tion of the base material alloWs adjustment of the conduction 
band discontinuity betWeen the base and the emitter. In this 
manner, the current gain can be increased and current 
operation higher than that possible in transistors having 
lattice-matched bases can be achieved. Preferably, the base 
layer 110 is 20-40 nm thick and is doped With carbon (C) or 
beryllium (Be) to a concentration in the range of 6><1019 to 
4><102O acceptors/cm3. 
[0039] The emitter 114 comprises a lightly n-doped InP 
layer 116 groWn over the base layer 110. A heavier n-doped 
InP layer 118 is groWn over the InP layer 116, and a heavily 
n-doped InGaAs layer 120 is groWn over the InP layer 118. 
These tWo layers 118 and 120 provide an ohmic contact 
betWeen the emitter 114 and the metal contact 122. The 
layers 116 and 118 may also be constructed using AlInAs. 
The composition of the AlInAs is chosen to result in a lattice 
constant that matches the lattice constant of the collector 
layer 104. Because the base layer 110 has a lattice constant 
that conforms to the lattice constant of the InP collector layer 
104, the lattice constant of the AlInAs layers 116 and 118 in 
the emitter 114 Will also conform to the lattice constant of 
the base layer 110. The subcollector layer 102, collector 
layer 104, base layer 108, intermediate layer 110 and the 
emitter 114 can be groWn using, for example but not limited 
to, molecular beam epitaxy (MBE). 

[0040] Based on experimental realiZations of GaAsSb 
base HBTs, it is believed that the material constants that go 
into Equations 1, 2 and 3 above are quite different from the 
values for InGaAs. The dependence of hole mobility on hole 
concentration in the 5><1019 to 5><102O range appears to be 
small, so e~0. Base recombination is dominated by a com 
bination of interface recombination and radiative recombi 
nation, While Auger recombination is negligible. 

[0041] Hence, for an GaAsSb base HBT, Eq. (2) becomes: 

(Eq. 4). 

[0042] FIG. 5 is a graphical illustration of the scaling 
behavior of fT, fM AX and the base doping in an HBT 
constructed according to the ?rst embodiment having a thin 
GaAsSb base and constrained to have a current gain of 50 as 
a function of the base layer thickness. The electron mobility, 
and hence diffusivity, of electrons in highly p-doped 
GaAsSb is less than in InGaAs so that the transit time is a 
stronger function of base thickness. As illustrated, both 
fMAX and fT are greatly improved by scaling to small base 
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thickness. The cutoff frequency fT and the maximum opera 
tional frequency fM AX are shoWn With respect to the left axis 
and the base doping is shoWn With respect to the right axis. 
For reference, the fT and fM AX scaling behavior of the 
InGaAs base transistor, illustrated in FIG. 1, is shoWn as 
dashed lines. 

[0043] It should be mentioned that an HBT having an 
InGaAs base exhibits improved fT compared to an HBT 
having a GaAsSb base of the same thickness throughout the 
scaling range. As such, the thickness of the GaAsSb base of 
an HBT, the characteristics of Which are shoWn in FIG. 5, 
can alWays be made thinner in order to achieve the same fT 
and a signi?cantly better fM AX. The preferred base thickness 
is in the range of 10-49 nm With a doping concentration of 
about 6><1019 acceptors/cm3 up to about 4><102O acceptors/ 
cm3. The upper end of this range may be limited by material 
problems associated With very heavy carbon doping, but 
problem-free doping up to 1><102O has been demonstrated. 

[0044] Above it Was demonstrated that the conduction 
band discontinuity AEc can lead to increased recombination 
current at the emitter-base metallurgical junction because of 
increased radiative and trap-assisted recombination. The 
radiative recombination problem can nearly alWays be miti 
gated by reducing that discontinuity. The term Ksdwd base 
for spatially indirect radiative recombination contributes to 
the radiative term 1/"ERAD=BNA in Eq. 2 as does bulk 
radiative recombination. The term Ks_i_md Pbase comes from 
the overlap of the electron and hole Wave functions near the 
metallurgical junction. Qualitatively, the spatially indirect 
radiative recombination comes from holes tunneling into the 
emitter and overlapping With real electrons, and from elec 
trons tunneling into the base, and overlapping With real 
holes. The term for spatially indirect radiative recombina 
tion takes the form that it does because the relative siZes of 
the conduction and valence band discontinuities lead to 
much stronger tunneling of electrons than of holes. Thus, the 
constant Ks_i_md re?ects the integral of the tunneling electron 
Wave functions into the base. The value of Ks_i_md increases 
sloWly as AEc is reduced When compared to the exponential 
decrease of ne (at constant nb, and hence injection current) 
as AEc is reduced. This holds true as long as AEc is large 
compared to kT/q. The trap-assisted recombination is 
equally sensitive to reduction of AEc since it also depends on 
ne, but that reduction is accomplished Without substantially 
increasing the interface trap density NT. Therefore, the 
scalability of the GaAsSb base HBT makes it possible to 
reduce the conduction band discontinuity AEc by increasing 
the As content in the base layer. 

[0045] FIG. 6 is a graphical illustration of the scaling 
behavior of fT, fM AX and the base doping in an HBT 
according to the alternative embodiment having a thin 
GaAs0_62SbO_38 base layer composition groWn pseudomorphi 
cally over an InP collector and constrained to have a current 
gain of 50 as a function of the base layer thickness. The 
cutoff frequency fT and the maximum operational frequency 
fM AX are shoWn With respect to the left axis and the base 
doping is shoWn With respect to the right axis. For reference, 
the base doping and fM AX scaling behavior of the unstrained 
GaAsSb base transistor, illustrated in FIG. 5, is shoWn as 
dashed lines. The fT scaling behavior is nearly unchanged 
With respect to FIG. 5. 

[0046] The strained GaAsSb base layer 110 exhibits a high 
degree of crystalline perfection both in the bulk and at the 
emitter base interface. By using alloys that are rich in As, the 
conduction band discontinuity, AEC, can be reduced. Using 
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alloys in the range of 0.60 As for 20 nm thick bases results 
in an HBT having better gain at the same doping concen 
tration than an HBT having a base layer that is lattice 
matched to the collector layer and the emitter. This in turn 
leads to the possibility of using a higher doping density in 
the base to improve fM AX. FIG. 6 illustrates the improve 
ment in both fT and fM AX for a 0.05 eV reduction of ABC. 

[0047] FIG. 7 is a graphical illustration shoWing an energy 
band diagram 200 of the InP emitter/GaAsSb base/InP 
collector HBT of FIG. 6. The vertical axis 212 represents 
the energy level and the horiZontal axis 214 represents 
distance. That is, the thickness of the material that respec 
tively comprises the emitter region 114, the base region 110 
and the collector region 104. The energy discontinuity AEc 
in the conduction band 216 is about 0.13 eV and the energy 
discontinuity AEV in the valence band 218 is about 0.71 eV. 
The 0.13 eV discontinuity in the conduction band 216 
represents an approximate 0.05 eV improvement With 
respect to that shoWn in FIG. 3. 

[0048] It Will be apparent to those skilled in the art that 
many modi?cations and variations may be made to the 
preferred embodiments of the present invention, as set forth 
above, Without departing substantially from the principles of 
the present invention. For example, both npn and pnp HBTs 
can bene?t from the concepts of the invention. All such 
modi?cations and variations are intended to be included 
herein Within the scope of the present invention, as de?ned 
in the claims that folloW. 

What is claimed is: 
1. A heterojunction bipolar transistor (HBT), comprising: 

a collector; 

an emitter; and 

a base located betWeen the collector and the emitter, the 
base including a layer of gallium arsenide antimonide 
(GaAsSb) less than 49 nanometers (nm) thick. 

2. The SBT of claim 1, Wherein the gallium arsenide 
antimonide of the base has an arsenic fraction in a range 
from about 50% to about 51%. 

3. The HBT of claim 1, Wherein the gallium arsenide 
antimonide of the base has an arsenic fraction in a range 
from about 50% to about 65%. 

4. The HBT of claim 1, Wherein the gallium arsenide 
antimonide of the base has an arsenic fraction in a range 
from about 50% to about 60%. 

5. The HBT of claim 1, Wherein the gallium arsenide 
antimonide of the base has an arsenic fraction in a range 
from about 54% to about 56%. 

6. The HBT of claim 1, Wherein the gallium arsenide 
antimonide of the base has an arsenic fraction of 
approximately 55%. 

7. The HBT of claim 1, Wherein the base layer of GaAsSb 
is less than 20 nm thick. 

8. The HBT of claim 1, Wherein the base layer of GaAsSb 
is strained so that its lattice constant conforms to the lattice 
constant of the collector and the emitter. 

9. The HBT of claim 1, Wherein the base layer of GaAsSb 
is doped With beryllium (Be) at a doping concentration of 
betWeen approximately 6><1019 and 4><102O acceptors/cm3. 

10. The HBT of claim 1, Wherein the base layer of 
GaAsSb is doped With carbon (C) at a doping concentration 
of between approximately 6><1019 and 4><102O acceptors/ 
cm . 
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11. The HBT of claim 7, Wherein the base layer of 
GaAsSb is doped With carbon (C) at a doping concentration 
of betWeen approximately 6><1019 and 4><102O acceptors/ 

3 
cm . 

12. A method for making a heterojunction bipolar tran 
sistor (HBT), the method comprising: 

forming a collector; 

forming an emitter; and 

forming a base located betWeen the collector and the 
emitter, the base including a layer of gallium arsenide 
antimonide (GaAsSb) less than 49 nanometers (nm) 
thick. 

13. The method of claim 12, Wherein the base is formed 

of gallium arsenide antimonide having an arsenic fraction in a range from about 50% to about 51%. 

14. The method of claim 12, Wherein the base is formed 

of gallium arsenide antimonide having an arsenic fraction in a range from about 50% to about 65%. 

15. The method of claim 12, Wherein the base is formed 
gallium arsenide antimonide having an arsenic fraction 
in a range from about 50% to about 60%. 

16. The method of claim 12, Wherein the base is formed 

of gallium arsenide antimonide having an arsenic fraction in a range from about 54% to about 56%. 

17. The method of claim 12, Wherein the base is formed 

of gallium arsenide antimonide having an arsenic fraction of approximately 55%. 

18. The method of claim 12, Wherein the base layer of 
GaAsSb is less than 20 nm thick. 

19. The method of claim 12, further comprising the step 
of straining the base layer of GaAsSb so that its lattice 
constant conforms to the lattice constant of the collector and 
the emitter. 

20. The method of claim 12, further comprising the step 
of doping the base layer of GaAsSb With beryllium (Be) at 
a doping concentration of betWeen approximately 6><1019 
and 4><102O acceptors/cm3. 

21. The method of claim 12, further comprising the step 
of doping the base layer of GaAsSb With carbon (C at a 
doping concentration of betWeen approximately 6x10 9 and 
4><102O acceptors/cm3. 

22. A heterojunction bipolar transistor (HBT), compris 
mg: 

a collector including indium phosphide (InP); 

an emitter including InP; and 

a base including a layer of gallium arsenide antimonide 
(GaAsSb) located betWeen the collector and the emit 
ter, the base layer being less than 49 nanometers (mn) 
thick and having an arsenic fraction of approximately 
55% and a doping concentration of betWeen approxi 
mately 6><1019 and 4><102O acceptors/cm3. 

23. The HBT of claim 22, Wherein the base layer of 
GaAsSb is less than 20 nm thick. 

24. The HBT of claim 22, Wherein the base layer of 
GaAsSb is strained so that its lattice constant conforms to 
the lattice constant of the collector and the emitter. 

25. The BBT of claim 22, Where the HBT is con?gured as 
an npn transistor. 


