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Hole tunneling through the emitter-base junction of a heterojunction bipolar transistor
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Starting with the 4«4 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 grade®np heterojunction bipolar transistors. The tunneling and reflection coefficients of heavy
and light holes are calculated for the upper and lowg22Hamiltonians obtained through a unitary transform
of the 4x4 Luttinger-Kohn Hamiltonian. The probability for a transition from hedlight) 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.
[S0163-18207)07431-9

[. INTRODUCTION of hole tunneling across the emitter-base junction of abrupt
and gradednp HBT’s has not been addressed so far, to our

The utility of Pnp bipolar transistors are well known knowledge. This paper presents a treatment of coherent
from silicon-integrated circuit? np transistors find applica- transport of hole through the emitter-base junctionPafp
tions as active loads where they provide higher gain wittHBT’s with abrupt and graded interfaces, while taking into
reduced parasitics and as complementary transistors in pus@ecount the effects of valence-band anisotropy and mixing
pull amplifiers for power applications. The development ofbetween heavy and light holes.

Pnp GaAs- and InP-based heterojunction bipolar transistors In the past, there have been only a few reports of the
(HBT's) has received increased interest only over the lastreatment of hole tunneling in realistic structures based on
few years: For example, Enquist, Slater, and Sthaiemon-  the transfer-matrix formalism following the origina-p
strated A}Ga,_,As/GaAsPnp transistors with gains up to model!* Starting with the Luttinger-Kohn Hamiltonian,
300 at a collector current density of K30* A/lcm? with an ~ Chuang used a transfer-matrix approach to study the problem
f; of 21 GHz and arf 5, of 23 GHz. Based on these de- of hole tunneling through simple potential stépsHe
vices, they demonstrated a low-power, high-speed, compleshowed that there is a high probability for a hole to change
mentary HBT-based, integrated injection logic with 65 pscharactefheavy to light or the reversevhile tunneling from
and 13 mW per gate for a speed-power product of 850 fithe low gap to higher band-gap material at a heterojunction
More recently, they fabricated AlGa _,As/GaAs Pnp interface. On the other hand, the probability of conversion
HBT's with thin base and collector regions and reported valfrom heavy to light or the reverse is much less for holes
ues of f; and f,, of 33 and 66 GHz, respectively. Hill incident on an interface from the higher band-gap material.
et al* and Liuet al® obtainedPnp's with a current gain of ~Other studies have investigated applications of the transfer-
200, anf; of 23 GHz, and arf,,, of 40 GHz, and demon- matrix formalism to the problem of hole tunneling in reso-
strated a push-pull power amplifier at 10 GHz with an outputnant tunneling structuré$-**These simulations showed that
power of 500 mW with a 6-dB gain and a 41.8% power-the transfer-matrix method is numerically unstable for device
added efficiency. For InP-based HBT's, there have been onlgtructures larger than a few tens of A. To circumvent the
a few reports ofPnp HBT's while high-performancéNpn  difficulties encountered in the transfer-matrix technique, Liu,
transistors have been widely reporfedStanchinaet al® ob-  Ting, and McGill recently proposed the use of the multiband
tained a current gain of 25, & of 10 GHz, and arf,,,,0f  quantum transmitting boundary meth¢MQTBM).?° This

27 GHz at 7x 10° Alcm? for an InAl,As/InGa _,As Pnp  technique is easy to implement, numerically stable, and as
transistor. Similarly, Lunardi, Chandrasekhar, and Hamm numerically efficient as the transfer-matrix technique. So far,
reported a current gain of 420 with &n of 10.5 GHz and an  Liu, Ting, and McGill have applied their MQTBM technique

f max Of 25 GHz for an InP/IpgGa, _,As Pnp HBT. only to hole transport through resonant tunneling devices.

In view of their potential for a wide variety of applica- In this paper, we develop a scattering-matrix technique to
tions, there is a need to develop accurate models of the dstudy coherent hole transport through the emitter-base junc-
vice physics ofPnp HBT's. While the importance of elec- tion of abrupt and gradefinp HBT's. The scattering-matrix
tron tunneling through the emitter-base spike of Npn HBT'stechnique has been applied extensively in the past to study
has been investigated by several grotfp>the importance electron transport through submicron and mesoscopic
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the junction, we limit our investigations of hole tunneling to

L6y | | Vgg= 0.0V the fairly large forward-bias case and to an energy range

below the maximum of the split-off band in the base region.
This corresponds to a forward-bias emitter base between 1.3
and 1.5 V for the A} ;Ga, ;As/GaAs structure shown in Fig.

1, and between 0.7 and 0.9 V for the Al 46AS/

Ing 54Gay 47AS structure considered in our numerical ex-
amples. These are the practical ranges of bias at which these
Pnp HBT’s must be operated to show large dc current gain
and unity gain cut-off frequency.

This paper is organized as follows. In Sec. Il, the trans-
mission and reflection coefficients of heavy and light holes
are calculated for the upper and lowex2 Hamiltonians
K , , ‘ , ‘ , obtained through a unitary transform of the4 Luttinger-

000 002 004 °B?stan°(~:‘:: ( r%;o o1z 014 016 Kohn Hamiltonian. Starting with the’22 Hamiltonians, we
K develop the scattering-matrix formalism to describe hole tun-

FIG. 1. Valence-band energy profile across the emitter-bas8€ling through an arbitrary valence-band energy profile. In
junction of typical abrupt and gradeé®hp HBT under forward-bias Sec. lll, we dlsqu§s numerical examples |I.Iustrat|ng the ef-
operation. Hole energies are measured positive, as indicated on th@cts of band mixing between heavy and light holes on the
figure, while taking the valence-band energy profile in the bulk oftunneling of holes through the emitter-base junction of typi-
the emitter region as the zero of energy. In the graded HBT, th€al Pnp HBT's. Finally, Sec. IV contains our conclusions.
emitter consists of a 700-A-long-type Al, ;Ga, -As region doped
at 2x 101" cm~2 on top of a 300-A A|Ga,_,As graded region with
the same doping level. The graded region consists of two regions of
Al Ga,_,As with x=0.2 and 0.1 going from emitter to base, each  Following Chuand® we start with the well-known
region being 150 A wide. The base region consists of a 600-ALuttinger-Kohn Hamiltoniaf? describing the top of the va-
heavily doped (510" cm% N-type region. Also shown is the |ence band while ignoring the split-off band,
valence-band profile in an abrupt HBT in which the emitter consists
of 1000 A of P-type Al ;Ga, /As doped at X 10'7 cm™3, the rest P+Q -S R 0
of the structure being unchanged.

Energy (eV)

Il. APPROACH

-s" P-Q 0 R
system$??and is known to remain stable and accurate for H=| _; : 1)
: ; ; R 0 P-Q S
large systems. A scattering-matrix approach was used earlier
by Ko and Icksof® to study multiband electron transport in 0 R s" P+Q

extended nonperiodic structures. They applied their tech- i .

nique to study resonant tunneling in GaAs/B& _As Wher_e T_stands for the complex conjugate. In writing 'Fhe
multilayer systems with the higher band-structure minimaHamiltonian above, the energy of holes is measured positive
included. Their results show that the resonance transmissio®$ indicated in Fig. 1. The explicit expressions for the above
are readily separated into the GaRswell resonances and Matrix elements are

the AlAs X-well resonances. The scattering matrix to de- s o by s 5

scribe hole transport has also been used recently by Sanchez ~ P=Ta(ki+ki+k37), Q=Ty(k;+ky—2kz), (2

and Proettd? but they only considered the tunneling of holes

across simple barriers and above quantum wells about 5 nm

= . 2 F3_F2
wide. R=—v3I'(ky—ik,)“+Vv3

2
Hereafter, we consider hole tunneling through the emitter-
base valence-band energy profile of typiddhp HBT's, _ .
such as the one shown in Fig. 1. In this figure, the valence- S=2v3T5(ke—iky)ks, )

band energy profile is drawn such that the incidgietic) _ 2 _72 —72
energy of the hole is positive, as indicated in the figure Withvaierl?rirh/gl/timo’,rz ﬁthn/frf:(t)_, La=t 73/2Te%’%ang
the top of the valence-band energy profile in the emitter se- =(I'2+T5)/2, they;’s are the Luttinger parametersan

lected as the zero of energy. For the 11I-V compound mate™o is the fre_e-el_ectr_on mass. L .
9y P The Hamiltonian in Eq(1) is a 4X4 matrix in the basis

rials considered here, the presence of the split-off band, typi-

cally over 300 meV below the maximum of the vaIence—banodg’% 122 ' 2= 2), [3,—3)) of the four degenerate Bloch
region, could lead to a finite probability for heagyr lighty ~ Wave functions at the center of the Brillouin zone. These
hole to split-off band transitions for holes tunneling from the basis functions are given exphcnly |n.the appendix of Ref.
emitter to base, especially at a large forward emitter-basé_s' The fb<4 Lu.ttlnger-K'ohn Hamiltoniar{1) can be block
bias. At a low forward emitter-base bias, the tunneling ofdiagonalized using a unitary transformafion

holes from emitter to base should also include the presence
of the split-off band in the emitter, since the maximum of the
latter is located below the maximum of the valence band in
the base at low bias. Therefore, to avoid complications
linked to the presence of the split-off bands on either side ofvhere the upper and the lower blocks are given by

HY 0

H:
0 H-
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P+tQ R

H=| ~ _
RY P+Q

: (4)

wherea=U (or L) refers to the uppefor lowen = signs. In

the expressions oH" and HY, R is equal to|R|—i|S],
whereR and S have been defined above.
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I:lH
Fan

gitkoctk2). (11)

Yn(r)=

Where FlH:UH/NH:(PH_QH_E)/NH! FZH:RI{/NH!
and Ny=1/| Py—Qu—E|*+|Ry|?. The quantities Py,
Qu., Uy, andR,, are the expressions given above evaluated

In the numerical examples below, the diagonal elementfor kZ=k§H) in EqQ. (6). The reflected wave can be written as

in Eq. (4) will usually contain an extra potential-energy term

which can easily be incorporated in the expressions given Fin (kox— kM) FiL (kox—kz)
below for the energy eigenvalues and corresponding wave Prei(1) =T'h Fop e Ty = e T
vectors for heavy and light holes. Hereafter, we focus only (12

on theHY part of the Hamiltonian, whose eigenvalues are

given by
E(k)=Ak?=[BZk*+ CH(KZkS+ KK +KZk2) Y2 (5)
whereA=T';, B=2I",, C2=12(I'3—T3), andk?=kZ+k’

+k§ and the+ and — signs refer to light(LH) and heavy
(HH) holes, respectively. For simplicity, we consider the
(kx,k;) plane, and sek, equal to zero. As a result, rearrang-

ing Eq. (5), we obtain

1 c?
k2(Ky,E)= ATg? AE—(AZ— B2— ?) kS

Z_BZ

I[BZE2+AC2Ek§

2 172
—CZ<A2—BZ— CT) k;‘} ] (6)

where the+ is for the heavy hole and the is for the light
hole. We chose the axis as the direction of growth of the
heterostructure, and we focus on hole injection from emitte

to base.

The corresponding eigenvectors for the HH and LH wav

functions aré®

1| U F )
wHH(r):N[_ﬁT}: F;: ek (7)
and
1[R] [F,] .
¢LH(r)=N|:U:|={F;t}elk»r, (8)
where
~— P—-Q—E(HH
U:(Q2+RRT)1/2_Q:{E—g—Q((LH))]’ (9)
and
N=(JU[2+|R[})Y2 (10

is a normalization constant.

TFl(Z)
e — V3T 3k,

where I'yy and I' ; are the reflection amplitudes for the
heavy and light holes, respectivelf;, =R (—k{")/N_,
Fou=—RL(—kM)/Ny, andF, =U_ /N, . The quantities
P., Q., R, U_, and N_ are the values of the
(P,Q,R,U,N) expressions evaluated fdach:k(Z"). On the
other hand, the transmitted wave function can be written
Fin
Fou

t

i (h) TR o
irand 1) = Thn ik tkiz 2) 4 TLH FtlL gi(kextki; 7).
2L

(13

where the superscriptis a reminder that the quantities must
be evaluated in the transmitted regitthe base of the tran-
sistor in our case In Eq.(13), 7,y and 7y are the transmis-
sion coefficients for the light and heavy holes, respectively.

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

I'—2T J
(I'y 2)&

and

F(2)

3T 5k,
[Fl(z)
Fa(2)

J
(F1+203) —
(14)

are continuoug® Applying these boundary conditions across
each potential step in the valence band, the unknown reflec-
tion and transmission amplitudég,y, I' y, Tan, and 7y

can then be found as solutions of the matrix equation

(I PP RO I ) LR VA (15

whereT stands for the transpose operation, and the explicit
forms of M and V,, are given in Ref. 17. Repeating the
analysis above while shooting the heavy hole from right to
left, the corresponding reflection and transmission ampli-
tudes can be found to obey an equation similar to &8§).

We denote these reverse reflection and transmission coeffi-
cients with a prime. After repeating the above analysis for a
light hole incident from either side, we then can form the
scattering matrixS across a potential step which relates the
incoming and outgoing amplitudes of the hole wave func-

An arbitrary valence-band energy profile can always beions on either side of each potential step as follows:
approximated as a series of small steps in which the valence-
band edge is assumed to be a constant. While considering
tunneling between the contacts sandwiching an arbitrary het- S=
erostructure, the wave function of a heavy hole incident from
the left contact can be writtén where

: (16)
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Ty T plicit forms of the eigenvectors of the lower Hamiltonian
Ty Tl (17)  given in Table | of Ref. 27 and the appropriate boundary
conditions?® For asymmetric structures, the transmission and
The matricesr’ andp’ can be defined similarly by priming  reflection coefficients for heavy and light holes are known to
all the elements in Eq17). In the matrices above, the first pe different while starting with either the upper or lower
index characterizes the hole character upon reflection aqamiltonian in Eq.4). This has been shown numerically by
transmission, and the second index is a reminder of whicReyeral author§’'®2°?*while using a transfer-matrix ap-
hole is incident on the interface. The overall scattering maproach to describe hole tunneling through resonant tunneling
trix across the emitter-base junction is then obtained usingtryctures under bias. The transmission and reflection coeffi-
the cascading rules for scattering matrices described in Regients for holes through the highly asymmetric valence-band
21. As described above, the valence band must first be agmergy profile across the emitter-base junction of a typical
proximated by segmenting the potential-energy profile into a4BT are therefore expected to be different while starting
number of small intervals in which the potential is approxi- with the upper and lower Hamiltonian in E@l). This will be
mated as a constant. Intervals should be sufficiently small tQjustrated in the numerical examples below for two typical

represent the potential profile accurately. At the interface bepnp abrupt HBTs using Ifs,Alg 46AS/INg s6G& 4As and
tween steps, the scattering matrix must be determined as ouky , .Ga, ,As/GaAs heterostructures. ' '

lined above. For the regions where the valence band is ap-
proximated by a constant, the scattering matrices have only
nonzero elements on the diagonal which are the correspond-
ing phase shifts for the heavy and light holes as they transit For simplicity, we assume in all the numerical examples
across the regions. below thatk, = 0. First, the valence-band energy profile for a
In order to calculate the transmission and reflection coefgiven structure is computed as a function of the forward
ficients for heavy and light holes incident from the left con- emitter-base bias using the programsHip?® We approxi-
tact (see Fig. 1, the probability current density must be cal- mate a given valence-band energy profile as a series of small
culated along the growth directideelected to be the axis). steps 10 A wide. The valence-band energy profile in the
This expression has been derived previod3f/, emitter is used as the zero of energy and the valence-band
energy is assumed to be constant throughout the heavily
doped base. This amounts to neglecting the band bending in
the base at the proximity of the emitter-base junction. This is
5 ) a good approximation at large forward emitter-base bias as
—([Fral®—[F24l9)20 2]k, 4 illustrated in Fig. 1. All calculations are performed assuming
; i room-temperature operation for all devices.

F2V3Kd P12l (18) Example 1:First, we study hole tunneling through the
where a=H or L for the incident heavy and light holes, emitter-base junction of np HBT similar to the one in-
respectively. Using Eq18), the transmission coefficients for vestigated by Hutchb$® The emitter consists of a 700-A-

a heavy hole incident from the left are calculated aslong P-type Al sGa,-As region doped at 10" cm 2 on
follows:** top of a 300-A AlGa,_,As graded region with the same
5. trans 5. trans doping level. The graded region consists of two regions of
_|7'HH| Izn _|T|_H| JzL (19 AlL,Ga _,As with x=0.2 and 0.1 going from emitter to base,
AR jine 0 THRE e each region being 150 A wide. The base region consists of a
. o ' 600-A heavily doped (%10 cm 3 N-type region. For
and the reflection coefficients are comparison, hole tunneling was also considered for an abrupt
IT 2] inc IT 2] inc structure in which the emitter consists of 1000 ARttype
Ruy= — LHIHC*_ZH Ruy=— imc*_“ (200  AlosGay-As doped at X 10" cm™, the rest of the structure
zh Jzh being unchanged. The following Luttinger parameters were
used: y;=6.85, y,=2.1, andy;=2.9 for GaAs, andy;
=3.45, y,=0.68, andy;=1.29 for AlAs!® The correspond-

THH  THL
TLH 7L

T= and p=

Ill. RESULTS

) 2
JZ,a:Re?l {[(|F1,a|2+|F2,a|2)Fl

where =L andH for the light and heavy holes, respec-

tively. In Egs.(19) and (20), the labels inc and trans mean | | ; biained by I X
that the probability current density must be evaluated in th ng vaiues for AlGa - ,As were obtained by linear Interpo-
ation. For both structures, the valence-band energy profiles

incident and transmitted regions, respectively. Furthermore, !
the relationship _, ,= —j,, holds between the probability were calculated foVeg ranging from 0 to 1.5 V, and the
current densities corresponding to left_(,) and right 'esults are displayed in Fig. 1. ) S
(i2) propagating states. Current conservation further re- F|rHst, in Fig. 2 we plot the real (R¢") and Imaginary
quires thatT,+ Tuy+Ruy+ Rug=1, which is helpful to  (ImK™) parts of the heavy-hole wave numbief” in the
check the accuracy of the numerical simulations. Al 3G sAs region as a function of energy for transverse
Since we will be looking at the coherent transport of holeswave vectork, equal to 0.04 (Z/a), wherea=5.65 A is
across the emitter-base junction ofPmp HBT under for-  the lattice constant of GaAs. Figure 2 also shows the corre-
ward bias, we will only consider the case of heavy and lightsponding real and imaginary parts of the light-hole wave
holes incident from the left contact hereafter. Finally, thenumberk{") in GaAs. In Fig. 2, the zero of energy is the top
formalism described above can be reworked easily whilef the valence band in the emitter region and the bias across
starting with the lower Hamiltonian in Ed4). In this case, the emitter-base junction is assumed to be 1.5 V. The critical
the analysis outlined above must be repeated with the exenergies Ej, ,E; ,E;) at which there is a sudden break in
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FIG. 2. Real and imaginary parts of the heavy-hole wave num- F|G. 3. Dependence df, of the energiesk,, ,E,T ,E;). AE is
ber k") in the AlyGa,-As region as a function of energy for a the energy difference between the top of the valence band in the
value ofk,=0.04 (2rr/a). Also shown are the real and imaginary bulk of the emitter, and that in the base region for a Mag of 1.5
parts of the light-hole wave vector in the GaAs region. A bias of 1.5V across the AJGa, -As emitter-base junction considered.
V was applied across the emitter-base junction of the structure con-
sidered. The zero of energy is the top of the valence band in thgyrface and there are no light-hole waves at all. In that case,
emitter region. The real and imaginary parts of both heavy and “ghfabeling them kgH) and kgL) is just a matter of

holes are expressed in units of-2a, wherea="5.65 A is the lattice conveniencé’24 From Fig. 2, we expect the probability of

c_onstant of GaAs. For clarity, the real parts have been shifted Vel onversion from heavy to light hole while crossing an
tically by an amount equal to 0.1 {Za).

AlL,Ga _,As/GaAs interface to be small since, for a given

the energy dependence of the real and imaginary waveEnergy above the thresholh for light-hole propagation in

vector components of the heavy and light holes were calcu®aAS; R n the GaAs region is much smaller in magni-

lated explicitly in Ref. 24. These expressions are repeatefiide than Re” in the AL Ga ,As region.

here for the sake of completeness: The lack of efficiency for heavy- to light-hole conversion
is illustrated in Figs. 4 and 5, where we plot the various

22 reflection and transmission coefficients for a heavy hole in-
Ei=(y1+272) 2m,” (21)  cident from the emitter into the base in the abrupt HBT struc-
ture described above. The results in Figs. 4 and 5 are calcu-
h2k§ lated using upper and lower Hamiltonians, respectively. In
+_ —
En=(y1—272) T (22 |
and | {AlGaAs)
E,=T" z—k)z( (23
h 2mg’
where
. 3n(¥%)
=5 ———
2 Y2
'}’% 1/2
X{—1+|1+ 5 55— (Y2—y5—3%3) ]
3 yi(v3— 7)) v *
(29)
The k, dependence of the energieg,(,E, ,E;) in the ' Energy (meV)
AlLGa _,As and GaAs regions for the HBT structure de- ] o
scribed above are plotted in Fig. 3. The enerdigs E; are FIG. 4. Plot of the reflection Ryy,R ) and transmission

the energy thresholds for the existence of propagating hea\éﬁ“" , T n) coefficients for a heavy hole incident from emitter into
and light holes, respectively, as a functionkgf, The inter-  C2o¢ forVes=1.5 andk,=0.04(2n/a). The resits are for the

| (E- EF ds t I f f upper Hamiltonian. The zero of energy is the maximum of the
val (E, ,E,) corresponds to a small range of energy OTvalence band in the emitter region. The location of the enErgin

. L . . . L . 24 .
which R is negative while Ikl is zero? As discussed  the Gaas base above which free propagating holes exist in the base

by Chao and Chuantf,within the energy rangeEj, ,E;),  region is indicated. This threshold enerBy(GaAs) increases for
both roots of Eq.(6) for k, lie on the heavy-hole energy larger values ok, , as indicated in Fig. 3.
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(AlGaAs)
1.0 |- 10 F
/ E‘\ .0
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FIG. 5. Same as Fig. 4 for a light hole incident from the emitter. ~ FIG. 7. Same as Fig. 5 for the lower Hamiltonian. The results
E.(Al,Ga_,As) is the threshold energy for free propagating light are plotted for a total enerdy aboveE;(Al,Ga, ,As), the thresh-

holes in the emitter. There is no propagating light hole in the energyld energy for free propagating light holes in the emitter. The re-
range[ E; (Al Ga, _,As)—E;(Al,Ga _,As)]. sults are nearly identical to those obtained in Fig. 5 with the upper

Hamiltonian.

both figuresVgg was set equal to 1.5 V, arld was chosen . ) . ) .
equal to 0.04 (2/a). The probability for conversion from base interface from the emitter side. A comparison of Figs. 6

heavy- to light-holeT,,; is nonzero only past the threshold and 7 show that the energy dependence of the transmission
energyE,;(GaAs). Above that energyl, ., reaches a maxi- and reflection coefficients for the light hole is nearly the
mum of 6_1 and 0.3 when the Upr(eﬁig.,j)' or lower(Fig. 5 ~ same when calculated with the upper and lower Hamilto-
Hamiltonians is used, respectively. In the energy rangdlians: We aiso found thafy, andT,, are negligible and
(Eq E{), we found thatT,,; and Ty, are negligible, and ~RrtRu =1 within the energy rangei, ,E,,), a resuilt in

that R .+ Ryy=1. Heavy holes incident within that range 29reement with the one observed in Fig. 4 for heavy-hole.
are therefore totally reflected while keeping their heavy-hole TO illustrate the difference between abrupt and graded
character. Indeed, as discussed above, both roots ifGEg. Neterojunctions, in Fig. 8 we plot the energy dependence of

for k, lie on the heavy-hole energy surface within the energ)me transmission CoeﬁiCie_ntST'('H’TLH’THL’TLL) in the
range €;, ErT) graded structure shown in Fig. 1, fdg equal to 0.04

Figures 6 and 7 show the reflection and transmission Co(27-r/a). The transmission coefficients for heavy and light

efficients for an incident light hole calculated using the uppelholeS are calculated for the upper Hamiltonian only. A com-

and lower Hamiltonians, respectively. The transmission
1.1

probability T, is non-zero above the threshold energy
E.(Al,Ga _,As) for light-hole propagation in the emitter. 10
As seen in Figs. 6 and 7, the probability of conversion from o9}
light to heavy holes is quite small while crossing the emitter- 45 |
0.7
(AlGaAs) 0.6 -
05
0.4 -
03 r
02| 00
) (AlGaAs) E1 (GaAs)
0.1 L
0.0 /E:(—AEE aA_)""
-0'10.0 20I.0 46.0 66.0 8(5.0 106.0 12|0.0 146.0
Energy (meV)
FIG. 8. Plot of the transmission coefficients
(Tun»TLn T, Ty as a function of energy for a heavy hole inci-
dent from the emitter in the graded junction of Fig. 1. The results

are for the upper Hamiltonian. The wave vectgr is equal to
0.04(27/a). The emitter-base voltage is set to 1.5 V. The threshold

FIG. 6. Same as Fig. 4 for the lower Hamiltonian. The maxi- energies,(GaAs), E,, (Al,Ga _,As), andE;(Al,Ga _,As) are
mum of T, is around 0.3, compared to 0.1 in Fig. 4. shown in Fig. 3.

Energy (meV)
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FIG. 9. Valence-band energy profile across the emitter-base

junction of an InP-based abrupnp HBT. The emitter consists of

; 7 a3
a 110]‘0 AP-typ; I.rb-52A|°-48A‘S region doped at 80}801 c_n; ?1“ andT,y for a heavy hole incident from the emitter across the abrupt
top of a 300-A-wide base dope type at 7<10™cm = The Ing 50Al g agAS/INg 54G &y 47/AS emitter-base junction described in ex-

valence-band energy profile across the emitter-base junction Waémple 2. The wave vectde, is equal to 0.04(2/a). The results
. - . .

computed overa set of forward b@ses ranging from 0.0 to 0'9 Vare for the upper Hamiltonian. The zero of energy is the maximum
Hole energies are measured positive, as indicated on the f|gurgf the valence band in the emitter region. The results are for the
while taking the valence-band energy profile in the bulk of the

- ; upper Hamiltonian.
emitter region as the zero of energy.

FIG. 10. Bias dependence of the transmission coeffici€pts

parison of Figs. 8 and 4 indicates that heavy- to light-holevalence band in the emitter region. As in the first example,
conversion is as inefficient in a graded junction as in arthe probability for hole conversionl{,;) from heavy to light
abrupt junction. Though not shown here, the same concluholes above the threshold ener§y in the InysGay 4AS

sion was reached starting with the lower Hamiltonian. In aregion is largermaximum equal to 37%when calculated
graded junction, the tunneling coefficient for heavy holeswith the lower Hamiltonian. Above the threshold energy for
approaches unity much faster than in an abrupt junction antieavy-hole propagation, the maximum of the transmission
at lower energy, a feature similar to that observed for elececoefficients T, and Ty is slightly increased at a larger
trons crossing the emitter-base junction of graded versutorward emitter-base bias as a result of the reduction of the
abruptNpn HBT’s at the same emitter-base bias. Since theenergy spike at the emitter-base junction as illustrated in Fig.
heavy- to light-hole conversion is quite inefficient for holes 9.

crossing an emitter-base junction, abrupt junctions are more Effects of anisotropySince the hole conversion seems to
suited forPnp HBT’s, since hole injection occurs at a higher be of little significance for hole tunneling across either
energy in the base for the more predominant heavy-hol@brupt or graded emitter-base junctions, one last issue to be
population incident from the emitter. This higher-energy dis-addressed is the importance of the anisotropy of both heavy
tribution helps reducing the heavy-hole base transit time. and light holes on their tunneling probabilities. If there were

Example 2:We have repeated the simulations describedno mixing nor anisotropy, the heavy and light holes could be
in the previous example for an InP-bas€adhp transistor
similar to the one recently fabricated in Ref. 8. The emitter
consists of a 1100 A-type In,_,Al,As region doped at 8
X 10" cm™2 on top of a 300-A-wide base dopéditype at 'O T g @9V)
7x10"® cm3. The valence-band energy profile across the
emitter-base junction was computed over a set of forward ;|
biases ranging from 0.0 to 0.9 V, and the results are dis-
played in Fig. 9. The following Luttinger parameters were
used:y;=6.85, y,=2.1, andy;=2.9 for GaAs;y,=20.4, 0.6 -
¥,=8.3, andy;=9.1 for InAs?’ and y,;=3.45, y,=0.68,
and y3=1.29 for AlAs. The corresponding values for
Ing 5Al g 46AS and Iny s4Ga&, 4AS were obtained by linear in-
terpolation.

Figure 10 shows a plot of the tunneling coefficients g2}
(ThH, Tn THL, TLL) versus energy for a fixeld, equal to
0.04 (2w/a) for two different values of the emitter-base bi-
ases(0.7 and 0.9 V. The tunneling coefficients were calcu- %%3 100.0 200.0 300.0
lated using the upper Hamiltonian. Figure 11 shows the re- Energy (meV)
sults obtained with the lower Hamiltonian. For both biases,
the zero of energy in Figs. 10 and 11 is the maximum of the FIG. 11. Same as Fig. 10, for the lower Hamiltonian.
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neling coefficients for heavyTyy) and light holes T,,),
respectively, calculated using the fl@lk relationship[Eq.

(5)] and in the parabolic approximation for different values
of ky (while assumingk,=0). In Figs. 12 and 13, the zero of
energy is the maximum of the valence band in the base re-
gion. A comparison of Figs. 12 and 13 shows that both
Tyy and T, are sensitive to the value &f. This is due to

the difference between the heavy- and light-hole effective
masses in IpsAlg4As (Myy=0.336ny, m y=0.046n,)

and |I’b_53G80‘4;AS (mHH:O.3OWn0, mLH:0.04no). The
fractional change across the interfaceruqf, is more impor-
tant than formyy, which explains the less sensitive depen-
dence of Tyy on k.. The k, dependence off | is quite
dramatic, since thé, dependence of the threshold energy
E, for light-hole propagation is more pronounced than the
k., dependence ofE,, , the threshold energy for heavy-hole
propagation. Figure 13 shows that the parabolic band model

FIG. 12. Energy dependence of the transmission coefficienfs g fairly good approximation to thie, dependence of |
(Tww) for heavy holes from emitter to base across the abrupt emittepptained in the more compleke p energy-band model. Con-

junction of the I 5,Al 5 4gAS/INg 548G & 47AS Structure in example 2.
The bias across the emitter-base junction is equal to 0.Bp\.is
plotted as dashed lines for several valuekpf The full lines are

the heavy-hole transmission coefficients calculated in the paraboli

band approximation. From left to right, the full lines correspond to
k,=0.02, 0.04, and 0.06 in units ofida. The results are shown
for the upper Hamiltonian.

treated as independent particles with effective masses givet

by
Myy=Mo/(y1—272), (29

my=mg/(y1+27v,), (26)

respectively. This is referred as the parabolic band model

hereafter.
For the In_,Al,As/In,Ga _,As HBT considered above
with Vgg=0.9 V, we compare in Figures 12 and 13 the tun-

11
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versely, the variation of the transmission coeffici@ny
with energy in thek-p model is not as smooth as in the
arabolic band model, an effect linked to the strong anisot-
opy of the heavy-hole energy dispersion relation in the
k- p approximation. Theé, dependence of 4, and T will
affect the total transmitted current across the emitter-base
junction. This was illustrated in the past in the case of elec-
fon tunneling through a structure with a variable effective
mass:’~32 and similar results are expected for holes. The
calculation of the heavy- and light-hole emitter currents ver-
sus emitter-base bias will be published elsewhere.

IV. CONCLUSIONS

While neglecting the effects of the split-off band, we have
used the &4 Luttinger-Kohn Hamiltonian and developed a
scattering-matrix approach to study the effects of valence-
band mixing and anisotropy on the tunneling of heavy and
light holes across the emitter-base heterointerface of typical
Pnp heterojunction bipolar transistors. The tunneling and
reflection coefficients of heavy and light holes were calcu-
lated for the upper and lower Hamiltonians obtained through
a unitary transform of the ¥ 4 Luttinger-Kohn Hamiltonian.
For both abrupt and graded heterojunctions, the effects of
mixing between the heavy and light holes appear only after
the channel for light hole transmission opens up in the base
region. Past that energy threshold, the probability for hole
conversion is found to be more important for a heavy- to
light-hole transition compared to the reverse for holes tun-
neling form emitter to base in both abrupt and graéatp
HBT's. For the A} Ga-As/GaAs (IngsAlgagAs/
Ing 548G & 47AS) abrupt HBT's analyzed here, the probability
of heavy- to light-hole transition reaches a maximum around
10% (10% and 30%(37%) in the simulations performed
with the upper and lower Hamiltonians, respectively.
For practicalPnp HBTS, the lack of efficient conversion

FIG. 13. Same as Fig. 12 for the transmission coefficient of lighfffom heavy to light holes for heavy holes incident from the

holesT,, . From left to right, the full lines represent the light-hole €Mitter leads to an injection of carriers into the base mostly
transmission coefficients calculated in the parabolic band approxicOmposed of heavy holes. The choice of an abrupt junction
mation fork,=0.02, 0.04, and 0.06 in units of#a. The results leads to injection of heavy holes at a higher energy in the
are shown for the upper Hamiltonian. The zero of energy is thddase region, which helps in reducing the base transit time.
maximum of the valence band in the base region. The benefit of injecting the heavy holes across an abrupt
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emitter-base junction for improving the high-frequency per-expected to be quite different from the results obtained using
formance ofPnp HBT's is in good agreement with the re- a simple parabolic band treatment. The light-hole component
cent experimental results of Slatet al®> who reported a of the emitter current is expected to be much smaller than its
unity gain cutoff frequency of 33 GHz at a current density of heavy-hole counterpart sin¢#) the emitter is mostly popu-
5.3x 10" Alem? in an Al Gay gAs/GaAs. In that structure, |ated with heavy holes(2) the efficiency of the heavy- to
heavy holes are injected in a 325-A-wide base with an enfight-hole conversion across the emitter-base junction is
ergy close to a ramp energy of 196 mésompared to 142 001, and(3) the threshold energy for light-hole propagation
meV for an Ab iG& 7As/GaAs heterojunctionand the hole in the base is much higher than for heavy holes. As a result,
base transit time was estimated to be around 1.5 Ps. Furthﬂb|es entering the base have a predominant heavy_ho|e char-
improvement in the high-frequency performance PAp  acter. This must have a profound effect on the base and
HBT's would require eventually shortening the base regiorcol|lector transport of holes and so ¢&mp HBT's overall
and/or using compositional grading in the base region to repigh-frequency performance. These issues will be addressed

duce the base transit time. _ _in a forthcoming publication.
Finally, we have shown that the effects of anisotropy in

the E—k dispersion relation for holes have a profound effect
on the parallel wave-vector dependence of the tunneling co-
efficients of heavy and light holes, the variation being quite
drastic for light holes. The importance of anisotropy was This work was supported by the National Science Foun-
illustrated by comparing heavy and light hole tunneling co-dation(ECS-952594p T.K. acknowledges support from the
efficients calculated in thé&-p model to the results of a University Research Council at the University of Cincinnati.
simple parabolic band model. The heavy- and light-hole curWe also acknowledge the Ohio-Cray supercomputing center
rents injected across the emitter-base junction are therefoffer the use of their facilities.
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