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ABSTRACT

This paper preseits the theory and design of
AsGaAs/GaAs heterojunction Ballistic Bipolar Trans-
istors(BBTs) which utilize heterojunction injection
and ballistic electron motion in GaAs. Key factors
for the successful realization of this new 3-termi-
nal EHF solid-state device are identified and dis-
cussed. We present for the first time an ideal
emitter junction structure with suitable A£ concen-
tration and doping profile as well as an "inverted"
heterojunction bipolar device structure. The pro-
posed inverted BBT structure has the advantages of
reducing both the base current and the important
emitter-base capacitances. The performance of this
new device makes it an attractive candidate for the
first realizable 3-terminal solid-state device
capable of amplification in the EHF frequency range
(60 GHz and above) as well as GaAs gigabit logic
building block. It is believed that BBT represents
a new 3-terminal device of tremendous promise for
both analog and digital MMIC and M31¢ applications.

INTRODUCTION

Heterojunction transistor has been proposed by
Shockley [1] and Kroemer [2] over twenty-five years
ago. its high freguency performance is expected to be
excellent because its emitter junction capacitance
does not increase while the base resistance de-
creases. Dumke, Woodall and Rideout [3] were the
first to present a practical design of an AfGaAs/
GaAs heterjunction transistor. A series of papers
on heterojunction transistors [4]1-[101 have been
published recently and Kroemer {11] has written an
excellent paper on the basic theory of the hetero-
junction bipolar transistor and its implication to
future high-speed IC applications. However, up to
now, no microwave GaAs bipolar with RF performance
better than the conventional silicon microwave
transistors has been reported, and no successful
GaAs bipolar with electrode dimensions less than
5 pm has been reported. The reasons for these are
due to the basic fabrication and design diffi-
culties encountered and some important device desigm
considerations are neglected.

Recently, a ballistic bipolar transistor {(BRT)-
bipolar transistor utilizing heterojunction inject-
ion and ballistic electron motion was proposed by
Zhu and Ku [12]. 1In this paper, some key steps for
the successful realization of BBT are identified
and discussed. These are (a) Ideal emitter-base
junction structure, (b) Reduction of emitter tramit
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time and delay time, (c¢) "Inverted" structure,
(d) Reduction of contact resistance.

ELECTRON BALLISTIC MOTION AND THE ESSENTIAL
PRINCIPLE OF BBT

Electron ballistic motion is investigated re-
cently by Eastman et al [13][14]. Even though
some questions have been raised [15]-[19], we can
state the basic theory as: the electrons moving
in a bulk GaAs could be accelerated rapidly by a
potential drop along the [100] direction to
obtaining a kinetic energy of 0.3 eV, they will
have a mean free path of 0.15u at room temperature.
If collisions occur for some of them, their energy
will be reduced by 1ittle more than 10%. In
addition, the deflection angle range can be small
(5°-10°). These electrons may travel a much longer
distance near ballistically.

As evidence of electron ballistic motion, an
experimental planar doped barrier transistor with
a CE D.C. current gainof about 20 was reported [20].
This fact indicates that electrons can cross the
base of thickness 0.100.4u, which is an eneray
band valley between two barriers, so the only way
the electrons could cross it is moving ballistically.
Thus sup Qrtigq conclusive evidence for tne state-
ment mentioned above.

Our proposal is that we can realize a bal-
listic bipolar transistor if the injecting
electrons through the neutral base of a conven-
tional bipolar transistor have an initial kinetic
energy. This is possible if we notice that when
the material composition varies abruptly there
will be a potential drop at the heterojunction
interface due to the difference in electron
affinities [21]-[24]. [See Figure 1]. This dis-
continuity in conduction band

BE. % 0.85 AE; = (1.06 £ 0.03) x pypq for x<0.45
(1)

where E4 is the difference in energy gaps. There-
fore, e?ectrons injected from an A1g 20Ga g As
emitter into a GaAs base will have an ini ia?
kinetic energy greater than 0.21 eV, and will move
through the base and the collector depleted Tayer
near ballistically, thus making possible the real-

ization of a BBT.

It is believed that even higher doping will
not seriously interfere with ballistic electron
motion, because electrons with energy 0.110.3 eV

encounter rather small jon scattering cross-
section. The width and doping of the base would

be selected experimentally, so that a relatively
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low value of resistance and high value of cutoff
frequency can be obtained [25].

The Trade-off Between Injection Efficiency and
Electron Ballistic Motion

As discussed by Kroemer [7], a shortcoming of a
barrier at the heterojunction intertace is re-
duction of hpg. However, the trade-off between
injection efficiency and electron ballistic motion
is possible. Ankri et al [26] have discussed this
problem, but in their calculation, hole injection
from p+-base near the interface is neglected and
the applicability of the drift-diffusion equation
for the emitter of a ballistic bipolar transistor
is questionable.

It is easy to understand that the potential
drop AE; should be large enough to Tlaunch the in-
jected electrons, but should not be so large as to
cancel the effect of the heterojunction energy-
gaps difference AEg, the D.C. gain hpe, which is
proportional to eXplAE,-AE./nKT] Wiﬁl still be
higher. For a Alg 3Gay ;As emitter. A AE. value
of 0.18 ~ 0.24 eV is expected.

In order to reach the value of AE., a
structure with suitable AL concentration and
doping profile is suggested. [See Figure 27.

Across the emitter n-pt junction, the Al
concentration is varied gradually, and the doping
changes abruptly at the point where the expected
AL concentration is reached

[for AE = 0.21 eV. XA£=O.20]

Because the variation of the valence band
edge with AL concentration in p* region is very
small (nearly no change of electrical potential
in p* base), so that the conduction band edge
varies with the variation of Aluminim
concentration, a constant potential drop is formed
in front of the base near the emitter junction.
The depleted layer of E-B junction is mainly in
the n-region, where the AL concentration varies
gradually, and the electrical potential drops
more abruptly, so that the conduction band edge
becomes Tower. Thus we obtain a barrier at
the interface with the necessary constant poten-
tial drop and the value of AE is determined only
by the AR concentration at the interface.

This proposed structure is easier to fabricate
and difficulties such as the spike and notch in the
énergy band, the quantum mechanical tunnel and
reflection effect, and the traps at abrupt varied
interface, etc., are circurnvented.

CUT-OFF FREDUENCY AND EMITTER DOPING

The cut-off frequency fT of a bipolar tran-
sistor is given by [27]

= ‘l/zw[re'H Tl +TC]. (2)

fT b ¢ e

It includes all the transit times and R-C delay

times including the emitter, base and .collector
transit-times, t¢' ,1y ,1¢ , respectively, and the
emitter delay time Ty = roCep,where re=kT/el , I
is the emitter current and cgp is the E-B cafacic
tance, and the collector delay time ¢¢ is a
relatively small quantity in general,

Evidently, if we want to obtain a small total

transit and delay time, all terms in (2) should be
minimized. When the electron kinetic energy is abow
0.20eV, the ballistic motion velocity is about
108 cm/sec and the transit time of electrons
crossing the base, T,.', and the collector depleted
layer, ', is very Short. For example, if the
thickness of base and collector depleted layer is
0.7p and 0.2y respectively, the transit time will

be T, =T.=0.1 ps. The emitter transit time Te'

and the emitter delay time,t, will impose the
major limitations for the high frequency perform-
ance of the BBT.

It should be emphasized that the emitter
transit time t.'must be considered seriously. It
seems that almost all authors have neglected this
factor [2]-[7][1T][20] and have chosen a very low
emitter doping in order to obtain a smaller emitter
base capacitance. If diffusion motion is obeyed
by the electrons moving in the emitter depleted
Tayer, the emitter transit time,t., will be con-
siderably greater because the elecCtrons travel
under a retarded electric field.

According to the calculation results for
silicon double-diffused transistors by Retagi
et al. [28][29] when the thickness of the emitter
depleted layer is altered from about 370 A to
950 A, the corresponding emitter transit time
changes from 8 ps to 70 ps. This calculation is

verified by the fact that when arsenic is used instead

of phosphorous for an emitter diffusant and the
transit time is significantly reduced [29]. Such a
Tong emitter transit time as mentioned above is
not acceptable.

Therefore, it is necessary to ensure that the
thickness of the emitter 'depleted layer, d, is -

much less than the mean free path of the lower energy

electrons; then the value ot To' may be less than
0.1 ps. In GaAs, the mean free path for lower
energy electrons is about 10008, and_.the values
in ALGaAs will not be Jower than SOOR. A value of
about 3008 for d may be_used, corresponding to an
emitter doping of 2x10!7cm-3.

The emitter depleted layer is rather thin now
and the question is how can we reduce the emitter-
delay time Te? The emitter delay time 1is given by

T o=reCop=LkT/ele ]+ [kAe/d1=[kkT/ed]- [Te/AeT (3)
where € is dielectric constant, 1. is inverse
proportion to the current density,to will be re-
duced when I./Ag is sufficiently large.

Because the ballistic motion velocity is
greater, a larger current density is possible;
for example, if the doping of collector depleted
]aygr is 1x1016 cm=3, then Iax Mmay be 3.2x10
/cme.  Thus the emitter delay time will be as low
as 0.1 ps

Accordingly, even with the reduction of 1.
once again a heavy emitter doping is necessary.
Because the emission velocity of electronscrossing
the emitter barrier is rather small, the electron
density on the top of barrier is limited
by the emitter doping. If the emitter doping is
not heavy enough, the emission current density
will be small and the loss due to the increase
of T, is more than the gain of Cgp reduction for



Tower emitter doping. Ue have shown that the
widely adopted low-doping emitter is not a reason-
able_one and a doping concentration of at least
2x101cm=3 should be used. The optimum value of
emitter dopoing concentration has recently been
calculated by the authors [30] and this conclusion
is consistent with that due to Asbeck et al.[31].

INVERTED BBT STRUCTURE

The key to the successful realization of BBT
is the reduction of parasitic elements. "Inverted"
structures have been proposed by Beneking et al
[5] and Kroemer [11] for the conventional heter-
ojunction bipolar transistors and by Zhu and Ku
for the ballistic bipolar transistors [12]. In
this structure, the substrate is used as an
emitter and not as a collector as the conventional
structure. The emitter lead inductance is
eliminated and the collector-base feedback
capacitance is reduced. Both of these parasitics
are important for high-frequency operations. 1In
addition this structure is more suitable for
monolithic microwave matching and IC applications
such as the I2L.

For the electrode contact to the base, Be9 is
implanted from the collector side to the depth of
the GaARAs emitter layer. Because

the barrier of a

a GaAfAs p-n junction is higher than the emitter
base injecting bayrier, the injection from the
emitter to the Be” implanted p-region is expected
to be blocked [8] [11]. Our experimental work
indicated that the blocking effect is not ideal
as expected. In fact, the annealing process
after Be implantation poses some difficulties
[32][33] and a large number of defects still
remain in this region resulting in a E-B leakage
current which reduces the D ,C.gain. This is a
major difficulty in doing inverted structure.

In order to overcome this problem, an isolation
layer is formed beneath the Be implanted region,
which improved the D.C. gain and, at the same
time, the additional capacitance between emitter
and Be implanted region is reduced. A nearly
ideal structure is thus obtained by this important
fabrication step.

REDUCTION OF OHMIC CONTACT RESISTANCE
AND EMITTER LEAD INDUCTANCE

Since a smaller dimension is needed, the re-
duction of contact resistance is also necessary
which is a major difficulty encountered by previous
contributions on heterojunction bipolar transistors
Up to now, the conventional technologies for small
dimension devices still have not been used for the
fabrication of GaAs bipolar transistors. As yet,
no RF results of these devices have been reported.

Emitter resistance is larger in some earlier
devices and is considered as the main limitation
of its high-frequency performance. This could be
solved by adding a n+-GaAs cap on the AfGaAs
emitter and the resistance due to the AfGaAs-GaAs
interface could be avoided by heavy doping and
using a gradual AZ concentration. The contact
resistance on n+-GaAs layer 1is no longer a probliem
and a specific resistivity value of less than
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1x1076 m? s obtainable [34].

Kroemer has recently discussed in detail the
base resistance of a microwave transistor and a
digital switching transistor [11]. However,
difficulty comes from the contact resistance on
the p-layer. Reported values of sp_£1f1c 2
resistivity are of the order of 1x1077 ‘to.1x10~ Qcm,
which is too large. Further work is needed to
reduce the contact resistance on p+ GaAs. Instead
of GaAs, GalnAs may be used as the base-collector
material in our proposed inverted BBT structure
to overcome the difficulty discussed above.

As an alternative method, it is noted that
there is a capacitance C'at the interface in
parallel with the contact res1stan9e r . The
equivalent series resistance 1/w2c 2y wil] be
small at high frequency if the value of C is
large enough. For example, suppose the depleted
larger thickness is 100 between the metal
electrode and p+-surface and c' is 1. 105pf/§m
The value of 1/wc’ is equal to 1.6x10-5
10 GHz. A larger parallel contact resistance
of 1x10'4 Qcmé will correspond to a smaller value
of series resistance of less than 2.5x10~%qcm2.
Therefore, we can reduce the high-frequency
equivalent interface resistance and a larger Tow-
frequency value of r' is permissive due to the
higher DC gain and smaller base current.

EXPERIMENTAL RESULTS

An inverted structure BBT with the electrode
width of 2u is fabricated as shown in Figure 3.
The area of the two collector fingers is 2ux10u
and the emitter area is 12ux18u. It is believed
that the dimensions of this device arethe smallest
reported to date. The material was grown by
molecular beam epitaxy on a N*-GaAs substrate
As shown in Figure 4, the en1tter doping con-
centration is 2. 5x1017 cm-3, base doping concen-
tration is 3-5x1018 ¢fi® and the collector N - N
layer dop1ng concentration is 1x1016 cm=3 and
1-2x1017 em-3, respectively.

Double Be 1mp}antation (40 kev, 3x1014cm—2;

100 keV, 6x101 4em } was used for base contact and
a proton implantation in front of the Be-implanted
layer is used. Our experimental results on a test
diode show that the forward current is blocked by
proton 1mp1antat1on ?9 dog1ng concentration of
n-AgGaAs region is 2x10 and the p+ regjon is
formed by Be- mp]antat‘non (40 kev,

100 keV, 3-10'%cm-2),

After Be implantation and annealing at 700°¢C,
30 min., the D.C. gain of the transistor is very
Tow. This is improved by about two (2) orders of
magnitude by proton implantation. The surface was
covered by sputtering Si0, and conventional
Au-Ge-Ni electrode is used for the emitter and the
collector and alloyed at 450°C. Finally Cr-Au
Schottky barrier electrode is used for base contact

Figure 5 presents the D.C. out-put I-V
characteristics of the BBT. The curves are more
perfect with a D.C. gain of 20 and rather low value
of collector and emitter resistance, It is worthy

1.5x10T4cm-



to n%te that an operation current as high as
4x10%/cm could be reached. An emitter-grounded
100 mi1 package was used. Rased on measured equiva-
lent circuit element values and careful RF device
model and calculated scattaering parameters of the
“inverted" structure BAT, a f;, exceedina 60 fHz
can be predicted. Detailed experimental results
will be presented in the naper.
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Fig.2. Proposed A% Concentration, Doping Profile
and the Enernay Diaaram at the E-B Junction.
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Fig.3.The Inverted Ballistic Bipolar Transistor(BBT).
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Fig.4.Layer Structure of the BBT.

Fig.5. Measured I-V Characteristics of the BBT.
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