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Hole tunneling through the emitter-base junction of a heterojunction bipolar transistor

T. Kumar, M. Cahay, and K. Roenker
Department of Electrical Engineering, University of Cincinnati, Cincinnati, Ohio 45221

~Received 18 February 1997; revised manuscript received 17 April 1997!

Starting with the 434 Luttinger-Kohn Hamiltonian, we develop a scattering-matrix approach to study
coherent hole transport through the valence-band energy profile across the emitter-base junction of typical
abrupt and gradedPnp heterojunction bipolar transistors. The tunneling and reflection coefficients of heavy
and light holes are calculated for the upper and lower 232 Hamiltonians obtained through a unitary transform
of the 434 Luttinger-Kohn Hamiltonian. The probability for a transition from heavy~light! to light ~heavy!
hole while tunneling across the emitter-base junction is calculated as a function of the value of the wave vector
parallel to the emitter-base heterointerface for both abrupt and graded heterojunctions. For holes injected from
the emitter into the base, the probability of heavy- to light-hole conversion is shown to be quite different when
calculated with the upper and lower Hamiltonians. On the other hand, the probability of light- to heavy-hole
conversion is nearly the same for the upper and lower Hamiltonians. The energy dependence of the heavy- and
light-hole tunneling coefficients is shown to be quite different from those calculated using a parabolic-band
model, in which the effects of mixing and anisotropy in the valence band are neglected.
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I. INTRODUCTION

The utility of Pnp bipolar transistors are well know
from silicon-integrated circuits.Pnp transistors find applica
tions as active loads where they provide higher gain w
reduced parasitics and as complementary transistors in p
pull amplifiers for power applications. The development
Pnp GaAs- and InP-based heterojunction bipolar transis
~HBT’s! has received increased interest only over the
few years.1 For example, Enquist, Slater, and Stuart2 demon-
strated AlxGa12xAs/GaAsPnp transistors with gains up to
300 at a collector current density of 1.53104 A/cm2 with an
f T of 21 GHz and anf max of 23 GHz. Based on these de
vices, they demonstrated a low-power, high-speed, com
mentary HBT-based, integrated injection logic with 65
and 13 mW per gate for a speed-power product of 850
More recently, they3 fabricated AlxGa12xAs/GaAs Pnp
HBT’s with thin base and collector regions and reported v
ues of f T and f max of 33 and 66 GHz, respectively. Hil
et al.4 and Liu et al.5 obtainedPnp’s with a current gain of
200, anf T of 23 GHz, and anf max of 40 GHz, and demon-
strated a push-pull power amplifier at 10 GHz with an out
power of 500 mW with a 6-dB gain and a 41.8% powe
added efficiency. For InP-based HBT’s, there have been o
a few reports ofPnp HBT’s while high-performanceNpn
transistors have been widely reported.6,7 Stanchinaet al.8 ob-
tained a current gain of 25, anf T of 10 GHz, and anf max of
27 GHz at 73103 A/cm2 for an InxAl xAs/InxGa12xAs Pnp
transistor. Similarly, Lunardi, Chandrasekhar, and Ham9

reported a current gain of 420 with anf T of 10.5 GHz and an
f max of 25 GHz for an InP/InxGa12xAs Pnp HBT.

In view of their potential for a wide variety of applica
tions, there is a need to develop accurate models of the
vice physics ofPnp HBT’s. While the importance of elec
tron tunneling through the emitter-base spike of Npn HBT
has been investigated by several groups,10–13 the importance
560163-1829/97/56~8!/4836~9!/$10.00
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of hole tunneling across the emitter-base junction of abr
and gradedPnp HBT’s has not been addressed so far, to o
knowledge. This paper presents a treatment of cohe
transport of hole through the emitter-base junction ofPnp
HBT’s with abrupt and graded interfaces, while taking in
account the effects of valence-band anisotropy and mix
between heavy and light holes.

In the past, there have been only a few reports of
treatment of hole tunneling in realistic structures based
the transfer-matrix formalism following the originalk•p
model.14 Starting with the Luttinger-Kohn Hamiltonian
Chuang used a transfer-matrix approach to study the prob
of hole tunneling through simple potential steps.15 He
showed that there is a high probability for a hole to chan
character~heavy to light or the reverse! while tunneling from
the low gap to higher band-gap material at a heterojunc
interface. On the other hand, the probability of convers
from heavy to light or the reverse is much less for ho
incident on an interface from the higher band-gap mater
Other studies have investigated applications of the trans
matrix formalism to the problem of hole tunneling in res
nant tunneling structures.16–19These simulations showed tha
the transfer-matrix method is numerically unstable for dev
structures larger than a few tens of Å. To circumvent t
difficulties encountered in the transfer-matrix technique, L
Ting, and McGill recently proposed the use of the multiba
quantum transmitting boundary method~MQTBM!.20 This
technique is easy to implement, numerically stable, and
numerically efficient as the transfer-matrix technique. So
Liu, Ting, and McGill have applied their MQTBM techniqu
only to hole transport through resonant tunneling devices

In this paper, we develop a scattering-matrix technique
study coherent hole transport through the emitter-base ju
tion of abrupt and gradedPnp HBT’s. The scattering-matrix
technique has been applied extensively in the past to s
electron transport through submicron and mesosco
4836 © 1997 The American Physical Society
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56 4837HOLE TUNNELING THROUGH THE EMITTER-BASE . . .
systems21,22 and is known to remain stable and accurate
large systems. A scattering-matrix approach was used ea
by Ko and Ickson23 to study multiband electron transport
extended nonperiodic structures. They applied their te
nique to study resonant tunneling in GaAs/AlxGa12xAs
multilayer systems with the higher band-structure mini
included. Their results show that the resonance transmiss
are readily separated into the GaAsG-well resonances and
the AlAs X-well resonances. The scattering matrix to d
scribe hole transport has also been used recently by San
and Proetto,24 but they only considered the tunneling of hol
across simple barriers and above quantum wells about 5
wide.

Hereafter, we consider hole tunneling through the emit
base valence-band energy profile of typicalPnp HBT’s,
such as the one shown in Fig. 1. In this figure, the valen
band energy profile is drawn such that the incident~kinetic!
energy of the hole is positive, as indicated in the figure w
the top of the valence-band energy profile in the emitter
lected as the zero of energy. For the III-V compound ma
rials considered here, the presence of the split-off band, t
cally over 300 meV below the maximum of the valence-ba
region, could lead to a finite probability for heavy~or light!
hole to split-off band transitions for holes tunneling from t
emitter to base, especially at a large forward emitter-b
bias. At a low forward emitter-base bias, the tunneling
holes from emitter to base should also include the prese
of the split-off band in the emitter, since the maximum of t
latter is located below the maximum of the valence band
the base at low bias. Therefore, to avoid complicatio
linked to the presence of the split-off bands on either side

FIG. 1. Valence-band energy profile across the emitter-b
junction of typical abrupt and gradedPnp HBT under forward-bias
operation. Hole energies are measured positive, as indicated o
figure, while taking the valence-band energy profile in the bulk
the emitter region as the zero of energy. In the graded HBT,
emitter consists of a 700-Å-longP-type Al0.3Ga0.7As region doped
at 231017 cm23 on top of a 300-Å AlxGa12xAs graded region with
the same doping level. The graded region consists of two region
Al xGa12xAs with x50.2 and 0.1 going from emitter to base, ea
region being 150 Å wide. The base region consists of a 60
heavily doped (531018 cm23) N-type region. Also shown is the
valence-band profile in an abrupt HBT in which the emitter cons
of 1000 Å of P-type Al0.3Ga0.7As doped at 231017 cm23, the rest
of the structure being unchanged.
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the junction, we limit our investigations of hole tunneling
the fairly large forward-bias case and to an energy ra
below the maximum of the split-off band in the base regio
This corresponds to a forward-bias emitter base between
and 1.5 V for the Al0.3Ga0.7As/GaAs structure shown in Fig
1, and between 0.7 and 0.9 V for the In0.52Al0.48As/
In0.53Ga0.47As structure considered in our numerical e
amples. These are the practical ranges of bias at which t
Pnp HBT’s must be operated to show large dc current g
and unity gain cut-off frequency.

This paper is organized as follows. In Sec. II, the tran
mission and reflection coefficients of heavy and light ho
are calculated for the upper and lower 232 Hamiltonians
obtained through a unitary transform of the 434 Luttinger-
Kohn Hamiltonian. Starting with the 232 Hamiltonians, we
develop the scattering-matrix formalism to describe hole t
neling through an arbitrary valence-band energy profile.
Sec. III, we discuss numerical examples illustrating the
fects of band mixing between heavy and light holes on
tunneling of holes through the emitter-base junction of ty
cal Pnp HBT’s. Finally, Sec. IV contains our conclusions

II. APPROACH

Following Chuang,15 we start with the well-known
Luttinger-Kohn Hamiltonian25 describing the top of the va
lence band while ignoring the split-off band,

H5F P1Q 2S R 0

2S† P2Q 0 R

R† 0 P2Q S

0 R† S† P1Q

G , ~1!

where † stands for the complex conjugate. In writing t
Hamiltonian above, the energy of holes is measured posi
as indicated in Fig. 1. The explicit expressions for the abo
matrix elements are

P5G1~kx
21ky

21kz
2!, Q5G2~kx

21ky
222kz

2!, ~2!

R52)G̃~kx2 iky!21)FG32G2

2 G~kx1 iky!2,

S52)G3~kx2 iky!kz , ~3!

whereG15\2g1/2m0 , G25\2g2/2m0 , G35\2g3/2m0 , and
G̃5(G21G3)/2, theg i ’s are the Luttinger parameters,25 and
m0 is the free-electron mass.

The Hamiltonian in Eq.~1! is a 434 matrix in the basis
~u 3

2,
3
2&, u 3

2,
1
2&, u 3

2,2
1
2&, u 3

2,2
3
2&! of the four degenerate Bloch

wave functions at the center of the Brillouin zone. The
basis functions are given explicitly in the appendix of R
15. The 434 Luttinger-Kohn Hamiltonian~1! can be block
diagonalized using a unitary transformation15

H5FHU 0

0 HLG ,
where the upper and the lower blocks are given by
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Hs5F P6Q R̃

R̃† P7Q
G , ~4!

wheres5U ~or L! refers to the upper~or lower! 6 signs. In
the expressions ofHL and HU, R̃ is equal to uRu2 i uSu,
whereR andS have been defined above.

In the numerical examples below, the diagonal eleme
in Eq. ~4! will usually contain an extra potential-energy ter
which can easily be incorporated in the expressions gi
below for the energy eigenvalues and corresponding w
vectors for heavy and light holes. Hereafter, we focus o
on theHU part of the Hamiltonian, whose eigenvalues a
given by

E~k!5Ak26@B2k41C2~kx
2ky

21ky
2kz

21kx
2kz

2!#1/2, ~5!

whereA5G1 , B52G2 , C2512(G3
22G2

2), andk25kx
21ky

2

1kz
2 and the1 and 2 signs refer to light~LH! and heavy

~HH! holes, respectively. For simplicity, we consider t
(kx ,kz) plane, and setky equal to zero. As a result, rearran
ing Eq. ~5!, we obtain

kz
2~kx ,E!5

1

A22B2 H AE2S A22B22
C2

2 D kx
2

7FB2E21AC2Ekx
2

2C2S A22B22
C2

4 D kx
4G1/2J , ~6!

where the1 is for the heavy hole and the2 is for the light
hole. We chose thez axis as the direction of growth of th
heterostructure, and we focus on hole injection from emi
to base.

The corresponding eigenvectors for the HH and LH wa
functions are15

cHH~r !5
1

N F U

2R̃†G5FF1H

F2H
Geik•r ~7!

and

cLH~r !5
1

N F R̃
UG5FF1L

F2L
Geik•r, ~8!

where

U5~Q21R̃R̃†!1/22Q5 H P2Q2E~HH!

E2P2Q~LH! J , ~9!

and

N5~ uUu21uR̃u2!1/2 ~10!

is a normalization constant.
An arbitrary valence-band energy profile can always

approximated as a series of small steps in which the vale
band edge is assumed to be a constant. While conside
tunneling between the contacts sandwiching an arbitrary
erostructure, the wave function of a heavy hole incident fr
the left contact can be written15
ts
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cHH~r !5FF1H

F2H
Gei ~kxx1kz

~h!z!, ~11!

where F1H5UH /NH5(PH2QH2E)/NH , F2H5RH
† /NH ,

and NH5AuPH2QH2Eu21uR̃Hu2. The quantities PH ,
QH , UH , andR̃H are the expressions given above evalua
for kz5kz

(H) in Eq. ~6!. The reflected wave can be written a

c refl~r !5GHHFF1H

F2H
2 Gei ~kxx2kz

~h!z!1GLHFF1L
2

F2L
Gei ~kxx2kz

~ l !z!,

~12!

where GHH and GLH are the reflection amplitudes for th
heavy and light holes, respectively,F1L

2 5R̃L(2kz
(L))/NL ,

F2H
2 52R̃H

† (2kz
(H))/NH , andF2L5UL /NL . The quantities

PL , QL , RL , UL , and NL are the values of the
(P,Q,R,U,N) expressions evaluated forkz5kz

(L) . On the
other hand, the transmitted wave function can be written

c trans~r !5tHHFF1H
t

F2H
t Gei ~kxx1ktz

~h!z!1tLHFF1L
t

F2L
t Gei ~kxx1ktz

~ l !z!,

~13!

where the superscriptt is a reminder that the quantities mu
be evaluated in the transmitted region~the base of the tran
sistor in our case!. In Eq. ~13!, tLH andtHH are the transmis-
sion coefficients for the light and heavy holes, respective

At the interface between any two steps approximating
valence-band energy profile, the envelope functionsF1,2(z)
must be chosen such that

FF1~z!

F~z! G and F ~G122G2!
]

]z
)G3kx

2)G3kx ~G112G2!
]

]z

G FF1~z!

F2~z!G
~14!

are continuous.26 Applying these boundary conditions acro
each potential step in the valence band, the unknown refl
tion and transmission amplitudesGHH , GLH , tHH , andtLH
can then be found as solutions of the matrix equation

M @GHH ,GLH ,tHH ,tLH#T5Vh , ~15!

whereT stands for the transpose operation, and the exp
forms of M and Vh are given in Ref. 17. Repeating th
analysis above while shooting the heavy hole from right
left, the corresponding reflection and transmission am
tudes can be found to obey an equation similar to Eq.~15!.
We denote these reverse reflection and transmission co
cients with a prime. After repeating the above analysis fo
light hole incident from either side, we then can form t
scattering matrixS across a potential step which relates t
incoming and outgoing amplitudes of the hole wave fun
tions on either side of each potential step as follows:

S5F t
r

r8
t8 G , ~16!

where
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t5FtHH

tLH

tHL

tLL
G and r5FGHH

GLH

GHL

GLL
G . ~17!

The matricest8 andr8 can be defined similarly by priming
all the elements in Eq.~17!. In the matrices above, the firs
index characterizes the hole character upon reflection
transmission, and the second index is a reminder of wh
hole is incident on the interface. The overall scattering m
trix across the emitter-base junction is then obtained us
the cascading rules for scattering matrices described in
21. As described above, the valence band must first be
proximated by segmenting the potential-energy profile int
number of small intervals in which the potential is appro
mated as a constant. Intervals should be sufficiently sma
represent the potential profile accurately. At the interface
tween steps, the scattering matrix must be determined as
lined above. For the regions where the valence band is
proximated by a constant, the scattering matrices have
nonzero elements on the diagonal which are the corresp
ing phase shifts for the heavy and light holes as they tra
across the regions.

In order to calculate the transmission and reflection co
ficients for heavy and light holes incident from the left co
tact ~see Fig. 1!, the probability current density must be ca
culated along the growth direction~selected to be thez axis!.
This expression has been derived previously,15,24

j z,a5Re
2

\
$@~ uF1,au21uF2,au2!G1

2~ uF1,au22uF2,au2!2G2#kz,a

12i)kxG3F1,aF2,a
† %, ~18!

where a5H or L for the incident heavy and light holes
respectively. Using Eq.~18!, the transmission coefficients fo
a heavy hole incident from the left are calculated
follows:24

THH5
utHHu2 j z,H

trans

j z,H
inc , TLH5

utLHu2 j z,L
trans

j z,H
inc , ~19!

and the reflection coefficients are

RHH52
uGHHu2 j 2z,H

inc

j z,h
inc , RLH52

uGLHu2 j 2z,L
inc

j z,H
inc . ~20!

where a5L and H for the light and heavy holes, respe
tively. In Eqs.~19! and ~20!, the labels inc and trans mea
that the probability current density must be evaluated in
incident and transmitted regions, respectively. Furtherm
the relationshipj 2z,a52 j z,a holds between the probabilit
current densities corresponding to left (j 2z,a) and right
( j z,a) propagating states. Current conservation further
quires thatTHH1TLH1RHH1RLH51, which is helpful to
check the accuracy of the numerical simulations.

Since we will be looking at the coherent transport of ho
across the emitter-base junction of aPnp HBT under for-
ward bias, we will only consider the case of heavy and lig
holes incident from the left contact hereafter. Finally, t
formalism described above can be reworked easily w
starting with the lower Hamiltonian in Eq.~4!. In this case,
the analysis outlined above must be repeated with the
or
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plicit forms of the eigenvectors of the lower Hamiltonia
given in Table I of Ref. 27 and the appropriate bounda
conditions.26 For asymmetric structures, the transmission a
reflection coefficients for heavy and light holes are known
be different while starting with either the upper or low
Hamiltonian in Eq.~4!. This has been shown numerically b
several authors,17,18,20,24 while using a transfer-matrix ap
proach to describe hole tunneling through resonant tunne
structures under bias. The transmission and reflection co
cients for holes through the highly asymmetric valence-ba
energy profile across the emitter-base junction of a typ
HBT are therefore expected to be different while starti
with the upper and lower Hamiltonian in Eq.~4!. This will be
illustrated in the numerical examples below for two typic
Pnp abrupt HBTs using In0.52Al0.48As/In0.53Ga0.47As and
Al0.3Ga0.7As/GaAs heterostructures.

III. RESULTS

For simplicity, we assume in all the numerical examp
below thatky50. First, the valence-band energy profile for
given structure is computed as a function of the forwa
emitter-base bias using the programFISH1D.28 We approxi-
mate a given valence-band energy profile as a series of s
steps 10 Å wide. The valence-band energy profile in
emitter is used as the zero of energy and the valence-b
energy is assumed to be constant throughout the hea
doped base. This amounts to neglecting the band bendin
the base at the proximity of the emitter-base junction. This
a good approximation at large forward emitter-base bias
illustrated in Fig. 1. All calculations are performed assumi
room-temperature operation for all devices.

Example 1:First, we study hole tunneling through th
emitter-base junction of aPnp HBT similar to the one in-
vestigated by Hutchby.29 The emitter consists of a 700-Å
long P-type Al0.3Ga0.7As region doped at 231017 cm23 on
top of a 300-Å AlxGa12xAs graded region with the sam
doping level. The graded region consists of two regions
Al xGa12xAs with x50.2 and 0.1 going from emitter to bas
each region being 150 Å wide. The base region consists
600-Å heavily doped (531018 cm23) N-type region. For
comparison, hole tunneling was also considered for an ab
structure in which the emitter consists of 1000 Å ofP-type
Al0.3Ga0.7As doped at 231017 cm23, the rest of the structure
being unchanged. The following Luttinger parameters w
used: g156.85, g252.1, andg352.9 for GaAs, andg1
53.45,g250.68, andg351.29 for AlAs.15 The correspond-
ing values for AlxGa12xAs were obtained by linear interpo
lation. For both structures, the valence-band energy pro
were calculated forVEB ranging from 0 to 1.5 V, and the
results are displayed in Fig. 1.

First, in Fig. 2 we plot the real (Rekz
(H)) and imaginary

(Imkz
(H)) parts of the heavy-hole wave numberkz

(H) in the
Al0.3Ga0.7As region as a function of energy for transver
wave vectorkx equal to 0.04 (2p/a), wherea55.65 Å is
the lattice constant of GaAs. Figure 2 also shows the co
sponding real and imaginary parts of the light-hole wa
numberkz

(L) in GaAs. In Fig. 2, the zero of energy is the to
of the valence band in the emitter region and the bias ac
the emitter-base junction is assumed to be 1.5 V. The crit
energies (Eh

2 ,Eh
1 ,E1) at which there is a sudden break
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the energy dependence of the real and imaginary wa
vector components of the heavy and light holes were ca
lated explicitly in Ref. 24. These expressions are repea
here for the sake of completeness:

E15~g112g2!
\2kx

2

2m0
, ~21!

Eh
15~g122g2!

\2kx
2

2m0
, ~22!

and

Eh
25G1

\2kx
2

2m0
, ~23!

where

G15
3

2

g1~g3
22g2

2!

g2
2

3H 211F11
4

3

g2
2

g1
2~g3

22g2
2!

~g1
22g2

223g3
2!G1/2J .

~24!

The kx dependence of the energies (Eh
2 ,Eh

1 ,E1) in the
Al xGa12xAs and GaAs regions for the HBT structure d
scribed above are plotted in Fig. 3. The energiesEh

2 ,E1 are
the energy thresholds for the existence of propagating he
and light holes, respectively, as a function ofkx . The inter-
val (Eh

2 ,Eh
1) corresponds to a small range of energy

which Rekz
(L) is negative while Imkz

(L) is zero.24 As discussed
by Chao and Chuang,17 within the energy range (Eh

2 ,Eh
1),

both roots of Eq.~6! for kz lie on the heavy-hole energ

FIG. 2. Real and imaginary parts of the heavy-hole wave nu
ber kz

(H) in the Al0.3Ga0.7As region as a function of energy for
value ofkx50.04 (2p/a). Also shown are the real and imagina
parts of the light-hole wave vector in the GaAs region. A bias of
V was applied across the emitter-base junction of the structure
sidered. The zero of energy is the top of the valence band in
emitter region. The real and imaginary parts of both heavy and l
holes are expressed in units of 2p/a, wherea55.65 Å is the lattice
constant of GaAs. For clarity, the real parts have been shifted
tically by an amount equal to 0.1 (2p/a).
e-
u-
d

vy

r

surface and there are no light-hole waves at all. In that c
labeling them kz

(H) and kz
(L) is just a matter of

convenience.17,24 From Fig. 2, we expect the probability o
conversion from heavy to light hole while crossing a
Al xGa12xAs/GaAs interface to be small since, for a give
energy above the thresholdE1 for light-hole propagation in
GaAs, Rekz

(L) in the GaAs region is much smaller in magn
tude than Rekz

(H) in the AlxGa12xAs region.
The lack of efficiency for heavy- to light-hole conversio

is illustrated in Figs. 4 and 5, where we plot the vario
reflection and transmission coefficients for a heavy hole
cident from the emitter into the base in the abrupt HBT str
ture described above. The results in Figs. 4 and 5 are ca
lated using upper and lower Hamiltonians, respectively.

-

5
n-
e
t

r-

FIG. 3. Dependence ofkx of the energies (Eh
2 ,Eh

1 ,E1). DE is
the energy difference between the top of the valence band in
bulk of the emitter, and that in the base region for a biasVEB of 1.5
V across the Al0.3Ga0.7As emitter-base junction considered.

FIG. 4. Plot of the reflection (RHH ,RLH) and transmission
(THH ,TLH) coefficients for a heavy hole incident from emitter in
base forVEB51.5V and kx50.04(2p/a). The results are for the
upper Hamiltonian. The zero of energy is the maximum of t
valence band in the emitter region. The location of the energyE1 in
the GaAs base above which free propagating holes exist in the
region is indicated. This threshold energyE1(GaAs) increases for
larger values ofkx , as indicated in Fig. 3.
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56 4841HOLE TUNNELING THROUGH THE EMITTER-BASE . . .
both figures,VEB was set equal to 1.5 V, andkx was chosen
equal to 0.04 (2p/a). The probability for conversion from
heavy- to light-holeTLH is nonzero only past the thresho
energyE1(GaAs). Above that energy,TLH reaches a maxi-
mum of 0.1 and 0.3 when the upper~Fig. 4! or lower~Fig. 5!
Hamiltonians is used, respectively. In the energy ran
(Eh

2 ,Eh
1), we found thatTLH and THH are negligible, and

that RLH1RHH51. Heavy holes incident within that rang
are therefore totally reflected while keeping their heavy-h
character. Indeed, as discussed above, both roots in Eq~6!
for kz lie on the heavy-hole energy surface within the ene
range (Eh

2 ,Eh
1).

Figures 6 and 7 show the reflection and transmission
efficients for an incident light hole calculated using the up
and lower Hamiltonians, respectively. The transmiss
probability TLL is non-zero above the threshold ener
E1(Al xGa12xAs) for light-hole propagation in the emitte
As seen in Figs. 6 and 7, the probability of conversion fro
light to heavy holes is quite small while crossing the emitt

FIG. 5. Same as Fig. 4 for a light hole incident from the emitt
E1(Al xGa12xAs) is the threshold energy for free propagating lig
holes in the emitter. There is no propagating light hole in the ene
range@Eh

1(Al xGa12xAs)2E1(Al xGa12xAs)#.

FIG. 6. Same as Fig. 4 for the lower Hamiltonian. The ma
mum of TLH is around 0.3, compared to 0.1 in Fig. 4.
e

e

y

o-
r
n

-

base interface from the emitter side. A comparison of Figs
and 7 show that the energy dependence of the transmis
and reflection coefficients for the light hole is nearly t
same when calculated with the upper and lower Hami
nians. We also found thatTHL and TLL are negligible and
RHL1RLL51 within the energy range (Eh

2 ,Eh
1), a result in

agreement with the one observed in Fig. 4 for heavy-hol
To illustrate the difference between abrupt and grad

heterojunctions, in Fig. 8 we plot the energy dependence
the transmission coefficients (THH ,TLH ,THL ,TLL) in the
graded structure shown in Fig. 1, forkx equal to 0.04
(2p/a). The transmission coefficients for heavy and lig
holes are calculated for the upper Hamiltonian only. A co

.

y

-

FIG. 7. Same as Fig. 5 for the lower Hamiltonian. The resu
are plotted for a total energyE aboveE1(Al xGa12xAs), the thresh-
old energy for free propagating light holes in the emitter. The
sults are nearly identical to those obtained in Fig. 5 with the up
Hamiltonian.

FIG. 8. Plot of the transmission coefficien
(THH ,TLH ,TLL ,THL) as a function of energy for a heavy hole inc
dent from the emitter in the graded junction of Fig. 1. The resu
are for the upper Hamiltonian. The wave vectorkx is equal to
0.04(2p/a). The emitter-base voltage is set to 1.5 V. The thresh
energiesE1(GaAs), Eh

2(Al xGa12xAs), and E1(Al xGa12xAs) are
shown in Fig. 3.
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4842 56T. KUMAR, M. CAHAY, AND K. ROENKER
parison of Figs. 8 and 4 indicates that heavy- to light-h
conversion is as inefficient in a graded junction as in
abrupt junction. Though not shown here, the same con
sion was reached starting with the lower Hamiltonian. In
graded junction, the tunneling coefficient for heavy ho
approaches unity much faster than in an abrupt junction
at lower energy, a feature similar to that observed for el
trons crossing the emitter-base junction of graded ver
abruptNpn HBT’s at the same emitter-base bias. Since
heavy- to light-hole conversion is quite inefficient for hol
crossing an emitter-base junction, abrupt junctions are m
suited forPnp HBT’s, since hole injection occurs at a high
energy in the base for the more predominant heavy-h
population incident from the emitter. This higher-energy d
tribution helps reducing the heavy-hole base transit time

Example 2:We have repeated the simulations describ
in the previous example for an InP-basedPnp transistor
similar to the one recently fabricated in Ref. 8. The emit
consists of a 1100 ÅP-type In12xAl xAs region doped at 8
31017 cm23 on top of a 300-Å-wide base dopedN type at
731018 cm23. The valence-band energy profile across
emitter-base junction was computed over a set of forw
biases ranging from 0.0 to 0.9 V, and the results are
played in Fig. 9. The following Luttinger parameters we
used:g156.85, g252.1, andg352.9 for GaAs;g1520.4,
g258.3, andg359.1 for InAs;27 and g153.45, g250.68,
and g351.29 for AlAs. The corresponding values fo
In0.52Al0.48As and In0.53Ga0.47As were obtained by linear in
terpolation.

Figure 10 shows a plot of the tunneling coefficien
(THH ,TLH ,THL ,TLL) versus energy for a fixedkx equal to
0.04 (2p/a) for two different values of the emitter-base b
ases~0.7 and 0.9 V!. The tunneling coefficients were calcu
lated using the upper Hamiltonian. Figure 11 shows the
sults obtained with the lower Hamiltonian. For both bias
the zero of energy in Figs. 10 and 11 is the maximum of

FIG. 9. Valence-band energy profile across the emitter-b
junction of an InP-based abruptPnp HBT. The emitter consists o
a 1100 Å P-type In0.52Al0.48As region doped at 831017 cm23 on
top of a 300-Å-wide base dopedN type at 731018 cm23. The
valence-band energy profile across the emitter-base junction
computed over a set of forward biases ranging from 0.0 to 0.9
Hole energies are measured positive, as indicated on the fi
while taking the valence-band energy profile in the bulk of t
emitter region as the zero of energy.
e
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valence band in the emitter region. As in the first examp
the probability for hole conversion (TLH) from heavy to light
holes above the threshold energyE1 in the In0.53Ga0.47As
region is larger~maximum equal to 37%! when calculated
with the lower Hamiltonian. Above the threshold energy f
heavy-hole propagation, the maximum of the transmiss
coefficientsTLH and THL is slightly increased at a large
forward emitter-base bias as a result of the reduction of
energy spike at the emitter-base junction as illustrated in F
9.

Effects of anisotropy:Since the hole conversion seems
be of little significance for hole tunneling across eith
abrupt or graded emitter-base junctions, one last issue t
addressed is the importance of the anisotropy of both he
and light holes on their tunneling probabilities. If there we
no mixing nor anisotropy, the heavy and light holes could

e

as
.
re

FIG. 10. Bias dependence of the transmission coefficientsTHH

andTLH for a heavy hole incident from the emitter across the abr
In0.52Al0.48As/In0.53Ga0.47As emitter-base junction described in e
ample 2. The wave vectorkx is equal to 0.04(2p/a). The results
are for the upper Hamiltonian. The zero of energy is the maxim
of the valence band in the emitter region. The results are for
upper Hamiltonian.

FIG. 11. Same as Fig. 10, for the lower Hamiltonian.
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56 4843HOLE TUNNELING THROUGH THE EMITTER-BASE . . .
treated as independent particles with effective masses g
by

mHH5m0 /~g122g2!, ~25!

mLH5m0 /~g112g2!, ~26!

respectively. This is referred as the parabolic band mo
hereafter.

For the In12xAl xAs/InxGa12xAs HBT considered above
with VEB50.9 V, we compare in Figures 12 and 13 the tu

FIG. 12. Energy dependence of the transmission coeffic
(THH) for heavy holes from emitter to base across the abrupt em
junction of the In0.52Al0.48As/In0.53Ga0.47As structure in example 2
The bias across the emitter-base junction is equal to 0.9 V.THH is
plotted as dashed lines for several values ofkx . The full lines are
the heavy-hole transmission coefficients calculated in the parab
band approximation. From left to right, the full lines correspond
kx50.02, 0.04, and 0.06 in units of 2p/a. The results are shown
for the upper Hamiltonian.

FIG. 13. Same as Fig. 12 for the transmission coefficient of li
holesTLL . From left to right, the full lines represent the light-ho
transmission coefficients calculated in the parabolic band appr
mation for kx50.02, 0.04, and 0.06 in units of 2p/a. The results
are shown for the upper Hamiltonian. The zero of energy is
maximum of the valence band in the base region.
en

el

-

neling coefficients for heavy (THH) and light holes (TLL),
respectively, calculated using the fullE2k relationship@Eq.
~5!# and in the parabolic approximation for different valu
of kx ~while assumingky50!. In Figs. 12 and 13, the zero o
energy is the maximum of the valence band in the base
gion. A comparison of Figs. 12 and 13 shows that bo
THH andTLL are sensitive to the value ofkx . This is due to
the difference between the heavy- and light-hole effect
masses in In0.52Al0.48As ~mHH50.336m0 , mLH50.046m0!
and In0.53Ga0.47As ~mHH50.307m0 , mLH50.04m0!. The
fractional change across the interface formLH is more impor-
tant than formHH , which explains the less sensitive depe
dence ofTHH on kx . The kx dependence ofTLL is quite
dramatic, since thekx dependence of the threshold ener
E1 for light-hole propagation is more pronounced than t
kx dependence ofEh

2 , the threshold energy for heavy-ho
propagation. Figure 13 shows that the parabolic band mo
is a fairly good approximation to thekx dependence ofTLL
obtained in the more completek•p energy-band model. Con
versely, the variation of the transmission coefficientTHH
with energy in thek•p model is not as smooth as in th
parabolic band model, an effect linked to the strong anis
ropy of the heavy-hole energy dispersion relation in t
k•p approximation. Thekx dependence ofTHH andTLL will
affect the total transmitted current across the emitter-b
junction. This was illustrated in the past in the case of el
tron tunneling through a structure with a variable effecti
mass,30–32 and similar results are expected for holes. T
calculation of the heavy- and light-hole emitter currents v
sus emitter-base bias will be published elsewhere.

IV. CONCLUSIONS

While neglecting the effects of the split-off band, we ha
used the 434 Luttinger-Kohn Hamiltonian and developed
scattering-matrix approach to study the effects of valen
band mixing and anisotropy on the tunneling of heavy a
light holes across the emitter-base heterointerface of typ
Pnp heterojunction bipolar transistors. The tunneling a
reflection coefficients of heavy and light holes were calc
lated for the upper and lower Hamiltonians obtained throu
a unitary transform of the 434 Luttinger-Kohn Hamiltonian.

For both abrupt and graded heterojunctions, the effect
mixing between the heavy and light holes appear only a
the channel for light hole transmission opens up in the b
region. Past that energy threshold, the probability for h
conversion is found to be more important for a heavy-
light-hole transition compared to the reverse for holes t
neling form emitter to base in both abrupt and gradedPnp
HBT’s. For the Al0.3Ga0.7As/GaAs ~In0.52Al0.48As/
In0.53Ga0.47As! abrupt HBT’s analyzed here, the probabili
of heavy- to light-hole transition reaches a maximum arou
10% ~10%! and 30%~37%! in the simulations performed
with the upper and lower Hamiltonians, respectively.

For practicalPnp HBTs, the lack of efficient conversion
from heavy to light holes for heavy holes incident from t
emitter leads to an injection of carriers into the base mo
composed of heavy holes. The choice of an abrupt junc
leads to injection of heavy holes at a higher energy in
base region, which helps in reducing the base transit ti
The benefit of injecting the heavy holes across an abr
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4844 56T. KUMAR, M. CAHAY, AND K. ROENKER
emitter-base junction for improving the high-frequency p
formance ofPnp HBT’s is in good agreement with the re
cent experimental results of Slateret al.3 who reported a
unity gain cutoff frequency of 33 GHz at a current density
5.33104 A/cm2 in an Al0.4Ga0.6As/GaAs. In that structure
heavy holes are injected in a 325-Å-wide base with an
ergy close to a ramp energy of 196 meV~compared to 142
meV for an Al0.3Ga0.7As/GaAs heterojunction! and the hole
base transit time was estimated to be around 1.5 ps. Fu
improvement in the high-frequency performance ofPnp
HBT’s would require eventually shortening the base reg
and/or using compositional grading in the base region to
duce the base transit time.

Finally, we have shown that the effects of anisotropy
theE2k dispersion relation for holes have a profound effe
on the parallel wave-vector dependence of the tunneling
efficients of heavy and light holes, the variation being qu
drastic for light holes. The importance of anisotropy w
illustrated by comparing heavy and light hole tunneling c
efficients calculated in thek•p model to the results of a
simple parabolic band model. The heavy- and light-hole c
rents injected across the emitter-base junction are there
on
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expected to be quite different from the results obtained us
a simple parabolic band treatment. The light-hole compon
of the emitter current is expected to be much smaller than
heavy-hole counterpart since~1! the emitter is mostly popu-
lated with heavy holes,~2! the efficiency of the heavy- to
light-hole conversion across the emitter-base junction
poor, and~3! the threshold energy for light-hole propagatio
in the base is much higher than for heavy holes. As a res
holes entering the base have a predominant heavy-hole c
acter. This must have a profound effect on the base
collector transport of holes and so onPnp HBT’s overall
high-frequency performance. These issues will be addres
in a forthcoming publication.
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