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The paper discusses likely future developments in heterostructure bipolar technology, especially 
by MBE. This written version concentrates on two new conceptual developments extending 
earlier concepts. One of these pertains to the problem of emitterlbase junction grading. A grading 
scheme is proposed that extends the grading through the base region and creates a graded-gap 
base. The other proposes an extension of permeable base transistor technology to bipolar 
transistors in what is called a gridded-base bipolar transistor. Both promise a further increase in 
device speed, largely by addressing themselves to the persistent problem of base resistance 
reduction. Several other topics, already contained in the author's January 1982 review paper and 
presented orally at the Workshop, have been omitted from this printed version. 

PACS numbers: 85.30.Pq, 73.40.Lq 

I. INTRODUCTION 

This is a sequel to a recent paper I-hereafter called HK82-
which discussed the mid-1981 state of the development of 
the heterostructure bipolar transistor ( = HBT). That paper 
stressed the post-1978 development of ideas rather than spe
cific technological achievements implementing those ideas. 
It preceded the first published reports of HBT's prepared by 
MBE, but was written in anticipation of extensive MBE de
velopments in this area. The first published reports on MBE
prepared HBT's have by now appeared.2

-4 However, the in
tent of the present paper is not to review those early MBE 
achievements: The situation is developing so rapidly that 
such a review would be outdated by the time it appears in 
print. The intent is rather to contribute to further advances 
in the conceptual development of the HBT. Much of this is 
technology independent, yet is a highly appropriate subject 
matter for an MBE Workshop: It is hoped that the paper will 
help the MBE technologist in deciding what to attempt 
building. As shall be seen, some of this will be quite specific, 
and perhaps unexpected. 

Because of space limitations, the paper will discuss only 
two selected areas, in which significant conceptual progress 
has been made since HK82: (a) the question of abrupt versus 
graded emitterlbase heterojunctions, culminating in a pro
posal for grading not only the emitterlbase junction, but to 
resurrect the old idea5

•
6 of grading the entire base region as 

well (Sec. II), (b) the concept of a gridded-base bipolar tran
sistor, an application of permeable base transistor (PBT) 
technology7 to HBT's (Sec. III). 

II. THE EMITTER/BASE GRADING PROBLEM 
A. The problem 

Although the first proposal for a wide-gap emitter, by 
Shockley,8 assumed an abrupt heterojunction, until recently 
most subsequent work, following Kroemer,9 assumed a 
graded junction in which both band edges vary monotonical
ly across the emitterlbase interface. If all parameters other 
than the emitter energy gap were kept constant, the effect of 
the wide-gap emitter would then simply be to increase the 

injection ratio I n / Jp by the inverse Boltzmann factor involv
ing the energy gap difference 

(In/Jp)hetero = (In/JphlOmo Xexp(LiEg/kT). (1) 

Here, Jp is the hole current density injected from the base 
into the electrically neutral part of the emitter body, exclud
ing that portion of the total hole outflow from the base that 
recombines with electrons in the emitterlbase space charge 
region. Similarly, I n is the electron current density injected 
from the emitter into the base. For large values of LiEg/kT, 
which are readily obtainable, the increase in injection ratio 
can be many orders of magnitude. As was discussed exten
sively in HK82, the central idea ofHBT design is to trade off 
this increase in injection ratio for various other design 
changes that lead to several major improvements in device 
performance. The first and most important design change 
made possible is a large increase in base doping, which low
ers the base resistance and thereby drastically improves both 
the high current and the high frequency properties of the 
device. This base resistance problem continues to play an 
important role in the present paper. 

Heterojunctions grown by MBE tend to be quite abrupt, 
unless specific measures are taken to grade the transition. As 
was discussed in HK82, an abrupt emitterlbase junction in
troduces a potential barrier LiEn = LiEc - LiEN into the path 
of the electron flow (Fig. 1), the height of which tends to be 
very close to the conduction band offset LiEc that is charac
teristic of the semiconductor pair employed. As a result, the 
improvement in injection ratio is much less than for a graded 
junction. To the first order, for a sufficiently thin and suffi
ciently heavily doped base region, the energy gap difference 
LiEg in Eq. (1) is simply replaced by LiEg - LiEn = LiEg 
- LiEc + LiEN ;::::LiEg - LiEc' that is, by the valence band off

setLiEv ' which tends to be much smaller than LiEg, leading to 
a large reduction in the magnitude of the exponential factor 
in Eq. (1), and hence in the injection ratio. The simple first
order replacement LiEg--+LiEv is quantitatively valid only if 
the base is sufficiently thin that the speed of diffusive elec
tron flow across the base is supply limited, as is the flow 
across the spike barrier. This is a reasonable approximation 
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for transistors of greatest interest, with base thicknesses of 
the order lO-s cm. 

The reduction of injection ratio by the conduction band 
spike barrier is particularly severe for Alx Gal _ x As/GaAs 
heterojunctions, because of their small valence band discon
tinuity, only aboutLitu ~0.15Litg (this equals~0.176Lite' or 
about 1.87 meV per percent of Al in the AI:Ga ratio). Now, 
in order to avoid injection of electrons into the low mobility 
upper valleys of the GaAs band structure, it is necessary to 
keep the height of this spike below 0.3 eV. In an abrupt 
AlxGal_xAs/GaAs emitter with Lite = 0.3 eV, corre
sponding to x ~ 0.28, this implies a valence band offset Li t u of 
only ~ 0.053 e V (~2kT), which is too small to permit the full 
range of device design adjustments (especially the high base 
doping) that are the essence of HBT design. 

One possible way out of this dilemma has been to deliber
ately grade the emitter/base junction, which reduces the 
height of the electron barrier. In fact, the first successful 
MBE-grown HBT's, reported by Asbeck et al.,2 incorporate 
just such grading. We will return to this point shortly. 

On the other hand, it has been argued I.W that the injection 
of electrons into the base from a "ballistic launching ramp" 
would actually be desirable, so long as this does not lead to 
transfer into higher valleys. The high speed of such ballistic 
electrons would lead to higher speed transport through the 
base. Such ballistic effects would make up for some (but not 
all) of the disadvantages of the greatly reduced injection ra
tio. However, there is actually no need to sacrifice any of 
these desirable properties to obtain the others: They can be 
obtained simultaneously, and it is evidently desirable to do 
so. 

To this end it is necessary either to choose a different semi
conductor pair with a higher Litu :Lite ratio, or to modify the 
energy gap grading procedure. 

B. (Ga, In)P/GaAs as an alternate 

The undesirably small valence band offset in the (AI,Ga) 
As/GaAs system is not an accident: It is a direct conse
quence of the two semiconductors having the same anion, 
namely arsenic. Replacing the emitter by a semiconductor 
that contains a different anion with a higher electronegati
vity, namely phosphorus, would automatically increase the 
valence band offset. II The ternary alloy Gao.s Ino.s P is lattice 

FIG. I. Band structure of an abrupt wide-gap emitter, showing the electron 
spike barrier. No interface charge is assumed. (From Ref. 1. ) 
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matched to GaAs. Using the Harrison theory l2 of hetero
junction band lineups, we estimate a valence band offset of 
0.29 eV (~llkT), which should yield an injection ratio equal 
to that of a graded AlxGal _xAs emitter with x~O.27. But 
in contrast to the latter, a (Ga, In)P abrupt emitter would 
still retain a conduction band offset estimated at ~0.16 eV, 
available as a significant ballistic launching ramp. 

The first few published reports l3- 16 of MBE growth of 
Gao.s Ino.s P on GaAs have appeared. Although the papers 
reveal the usual startup problems one expects for a new ma
terials system, these difficulties appear, if anything, less se
vere than those exhibited by (AI, Ga)As at the same stage of 
its development, and they contain nothing suggesting any 
really serious problems. I propose that we take (Ga, In)P very 
seriously for HBT's. 

c. Graded emitter/base junctions 

If the conduction band spike barrier is lowered, through 
compositional grading, by an amount Litl' the effect on the 
injection ratio is the same as if Litl were added to the valence 
band offset, leading to the energy Litu + Litl to appear in
stead of either Litg or Litu alone in the exponential in Eq. (1). 
The HBT's reported by the Rockwell group2 have employed 
this principle with results that appear promising. However, 
such barrier lowering also reduces the benefits of ballistic 
carrier injection. One may obtain both a large injection ratio 
and strong ballistic effects by combining the grading with an 
increase of the Al fraction, to somewhere near 40%. In the 
absence of grading, this would yield conduction and valence 
band offsets of about 0.42 and 0.07 eV. Reducing the con
duction band barrier by grading, to between 0.20 and 0.25 
eV, would increase the effective energy in the injection ratio 
enhancement factor to between 0.24 and 0.29 eV, a more 
than adequate value. 

D. Graded-base long-gradient HBT 

Given the desirability of grading the energy gap, what 
should be the tg-vs-position profile? We argue here in favor 
of a design that grades not only the emitter/base junction 
proper, but that extends grading through the base, to the 
edge of the base/collector depletion layer, as shown in Fig. 2. 
The idea of base grading is to introduce a strong quasielectric 
field 6 into the base to aid the minority carrier transport. Such 
a design was first proposed by this writer in 1954s and 1957.6 

It was recently taken up again by Levine et al.,17 and by 
Asbeck et al. 18 For a given base thickness, such a quasielec
tric field can greatly reduce the base transit time T b . Now, in 
a well-designed bipolar transistor, the base transit time is 
only a relatively small fraction of the total signal propaga
tion delay. Hence, the improvement obtainable by incorpor
ating a drift field into a base with fixed thickness is quite 
limited. But the high electron drift velocity can be traded off 
to retain afixed transit time for a much thicker base region, 
which would have a much lower base resistance, which in 
turn increases the speed of the transistor. 

If one keeps the total potential energy drop Li t b within the 
base below the energy at which electrons can transfer into 
higher low mobility valleys, the electric field in the base may 
be allowed to exceed the threshold field above which such 
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FIG. 2. Proposed heterostructure bipolar transistor structure with graded
gap base region. (a) Band diagram. (b) <"g-vs-position profile. 

transfer would take place in a long sample. It is then justified 
to use the below-threshold mobility f..lb to estimate the drift 
velocity. For given values of 7 b , Litb' andf..lb one easily finds 
a base width 

(2) 

It is not obvious which mobility value to use. Because of the 
high base doping, it would be unrealistic to assume low field 
mobilities as high as those in high purity GaAs. At the same 
time, because the electrons in such a structure tend to be hot 
electrons less subject to impurity scattering then lattice-tem
perature electrons, it would also be incorrect to assume the 
low field mobilities of heavily doped GaAs. Assuming the 
adhoc value f..lb =2500 cm2y- 1s- 1

, together with Litb 
= 0.25 eY and 7b = 1 ps, one finds Wb = 2.5 X 10-5 cm, 

far above current design practices for high speed bipolar 
transistors. The associated quasielectric field is Eb = Litb/ 
qWb = 104y /cm, far above the intervalley transfer field in a 
long GaAs specimen. The drift velocity would be Vb = f..lbEb 

~2.5x 107 cm/s. 
Because of the high drift field inside the base, any ballistic 

launching ramp at the entrance into the base should be kept 
low. In effect the electrons are traveling under near-ballistic 
conditions in the high field anyway, and a high launching 
ramp would only introduce the danger of transfering elec
trons to the higher low mobility valleys. What is probably 
desirable is a shallow (~ lkT) ballistic "kicker," to bring the 
electrons up to the desired high base drift velocity instanta
neously. If the energy gap gradient in the base is achieved by 
controlled temperature ramping of the MBE beam sources 
during growth, such a shallow kicker may be easily obtained 
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by simply shuttering the column-III sources for an appropri
ate time while the temperature ramping proceeds. 

The remainder of the energy gap variation shown in Fig. 2 
takes place inside the emitterlbase space charge layer, possi
bly extending into the neutral emitter body itself. It is only 
this energy gap variation to the left of the kicker step that 
contributes to the desirable high injection ratio enhance
ment factor in Eq. (1), and it should therefore be kept large 
compared to kT, preferably no less that 9kT (e9 

- 8000). In 
Fig. 2 we have shown linear gap variations with position 
(with different slopes on the two sides of the ballistic kicker 
step). The width of the transition on the emitter side was 
chosen to coincide with the width of the emitterlbase space 
charge layer; the optimal grading width is expected to be 
close to this value. 

The structure discussed here differs from the ballistic 
HBT recently discussed by Ankri and Eastman. 10 In their 
structure the initial electron launching energy is just below 
the intervalley transfer energy, but the base region is of uni
form gap. The initial injection velocity in the Ankri/East
man device is much higher, but electrons of such a high ener
gy can lose energy very rapidly. Following the earlier 
proposal in HK82, Ankri and Eastman argue that, because 
of the forward-directed nature of polar scattering, the elec
tron retains a high forward velocity for a large distance. This 
would presumably make a fairly thick base possible. But it is 
not clear to what extent this remains valid in a base region as 
heavily doped as would be desirable in an HBT, in which· 
other scattering mechanisms may be very important. In our 
present long-gradient design, a natural "sloping floor" limit
ing the energy loss is placed underneath the electron. It is 
believed that in this way a larger distance can be traversed in 
a given transit time, and at higher doping level, two factors 
that should combine to yield a most desirable lower base 
resistance. 

III. THE GRIDDED-BASE BIPOLAR TRANSISTOR 
A. Bipolars vs FET's 

No discussion on the merits of HBT's can ignore their 
principal competitors, field effect transistors (FET's). 
Hence, HK82 contained an extensive discussion on this 
comparison. Two new developments have entered and 
changed the picture since then: The sudden emergence of the 
new High Electron Mobility Transistor l9 (HEMT), and the 
striking technological progress that has been made in imple
menting the permeable base transistor (PBT) idea. 7 

It is assumed that the reader is sufficiently familiar with 
the HEMT to be aware that it is basically a FET with higher 
electron mobilities and hence higher speed than convention
al FET's, and that the mobilities and the device speeds in
crease drastically with decreasing temperature. Therefore, if 
highest raw speed at any cost is desired, and if "at any cost" 
includes a willingness to go to cryogenic operation, the 
HEMT is unquestionably preferable to any form of bipolar 
transistor, and probably even superior to Josephson devices. 
However, for operation under more common conditions, at 
or above room temperature, the comparisons between 
HBT's and FET's made in HK82 largely carryover to the 
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HEMT version ofFET's, with only some quantitative shifts 
in favor of the HEMT in borderline cases. 

B. The PBT: The best of both worlds? 

From a bipolar perspective, the progress in PBT techno
logy 7 is perhaps more important. The PBT is basically a ver
tical FET, in which the current flows vertically through a 
thin epitaxial layer, and in which the controlling gate elec
trodes have been embedded into the semiconductor in the 
form of narrow and very closely spaced metal figures. The 
vertical flow geometry permits a much closer source-to
drain spacing and hence a higher speed than in horizontal 
FET's, including HEMT's. In some ways the PBT resembles 
a bipolar device, but without the base resistance that is the 
nemesis of the latter. However, this speed improvement 
comes at a very high technological cost: The finger spacing 
must not only be very close, requiring x-ray or electron beam 
lithography but-worse-it must be very uniform within a 
device, and in Ie's also from device to device. Even small 
fractional variations in this spacing cause large variations in 
turn-on voltage. Variations within a single device smear out 
the turn-on characteristics and reduce the transconductance 
of the device. Variations from device to device reduce their 
integratability. Quite possibly, there does not, at this time, 
exist a device that is more demanding on horizontallithog
raphy. 

C. Applying PBT technology to bipolars 

If one contemplates the reaons for this difficulty, one real
izes that it is not so much related to the PBT technology itself 
as to the fact that the PBT is a vertical FET rather than some 
other kind of device less sensitive to lithography tolerances. 
But this connection need not exist! Divorced from its con
nection to a specific kind of device, PBT technology may be 
viewed as being simply a technology to embed a conductive 
metal grid into a single-crystalline semiconductor body 
without compromising the device quality of the semiconduc
tor. The remarkable fact that the PBT works as well as it 
does means nothing less than that such embedded-metal 
structures must be considered as very serious contenders for 
all kinds offuture device structures. This includes specifical
ly their use to create improved internal electrical access to 
the base region of a bipolar transistor, significantly improv-

BASE p+ 

COLLECTOR n 

SUBSTRATE 

FIG. 3. Proposed gridded-base bipolar transistor. 
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ing what has always been the main bottleneck of bipolar 
transistor design, the base resistance. Figure 3 shows the 
envisaged configuration, which I would like to call agridded 
bipolar transistor. It differs from the PBT principally by the 
insertion of a very heavily p-type doped base region in low 
resistance electrical contact with the metal grid. And of 
course the emitter region has been changed to a wide-gap 
emitter, making the structure a heterostructure bipolar de
vice. It may (or may not) be desirable to surround the grid 
metal by a very thin heavily p-type doped wide-gap 
"sheath," as shown. This would suppress parasitic current 
flow across the forward-biased grid-to-emitter Schottky bar
rier, as well as loss of injected electrons from the base into the 
grid. It should be readily possible to create such a sheath-if 
in fact necessary-by outdiffusion of a suitable dopant (Be?) 
from the metal during subsequent semiconductor growth. 

Except for possible unforseen difficulties with this p-type 
sheath-which might not be needed anyway-the structure 
should not be much more difficult to build than a conven
tional PBT, and it might have significantly better properties: 
(a) Being a true bipolar, it should have the higher transcon
ductance of a bipolar compared to an FET. (b) The turn-on 
voltage should no longer be highly sensitive to the exact val
ue of the grid finger spacing, but should depend principally 
on the well-defined energy gap of the base region semicon
ductor. 

In contrast to halide-VPE, MBE has so far exhibited diffi
culties in growing high quality crystals on top of a metal. 
Progress in this direction has recently been made,20 but it is 
not all clear whether, say, semi-insulating overgrowth 
between the emitter contact and the base grid fingers would 
even be a drawback. 
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