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Quantum-switched hetergjunction bistable bipolar transistor

by chemical beam epitaxy
Ming C. Wu, Long Yang, and W. T. Tsang

AT&T Bell Laboratories, Murray Hill, New Jersey 07974

(Received 4 August 1989; accepted for publication 1 May 1590)

We proposed and demonstrated a novel bistable transistor—the guantum-switched
heterojunction bistable bipolar transistor. The transistor has two current states. With
increasing base-emitter voltage, the collector current is switched from Aigh to Jow, while the
base current is switched from Jow to Aigh. Bistability is observed for a certain range of

base voltage. This device has potential applications in implementing high-speed single bipolar
transistor memories, gain gquenching in light-emitting devices, and optoelectronic switching.

The bistable bipolar transistor has great potential for
apptlications in high-speed single transistor memories and
logic. Bistability has been obtained in negative differential
resistance (NDR) bipolar and unipolar transistors by in-
corporating a resonant-tunneling doubie barrier (RTDB)
in the base (gate) or between the base/emitter junction
(gate/source).'™" The NDR in these transistors basically
inherits from that of the RTDB. In this letter, we report
the performance of a new bistable bipolar transistor—the
{-switched heterojunction bistable bipolar transistor (-
swtiched HBBT). The single guantum well between a pair
of thin barriers is placed in the center of the collector. The
minimization of charge-storing wells makes it possible to
operate at high speed. Bistability and switching between
two current states were observed. The switching can be
controlied by base potential. The present device has ON-
OFF ratio of 3.5 for I, and 1.5 for 7 at 77 K. In the ON
state (high coliector current) it has a current gain of 35.

The schematic layer structure of the device is shown in
Fig. 1. An [nP/InGaAs/InP double barrier is inserted in
the undoped collector of a double-heterojunction bipolar
transistor (DHBT). The material was prepared by chem-
ical beam epitaxy (CBE) on an n ' -InP substrate. The
details of the growth process have been reported
elsewhere.® The emitter and base consist of a 3000-A-thick
n-type InP layer (N, =5%10"7 cm~?%) and a 1500-A-
thick p-type InGaAs layer (N =2x10"% cm" 3, respec-
tively, The collector consists of two parts: the first part is
an n~ -doped InGaAs/InP (500 A /600 A) heterostruc-
ture, and the second part is formed by an InP/InGaAs/
InP double barrier sandwiched between two 1000-A-thick
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FIG. 1. Schematic structure of the InGaAs/InP O-swtiched HBBT.
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undoped InGaAs layers. Both the well and the barriers of
the double barrier are 100 A thick.

A standard two-level mesa structure, as shown in Fig.
1, was used for electric contact and isolation. Typical emit-
ter and base mesa areas are 2.5X 107> and 1.9 10" * cmZ,
respectively. The Ni/Ge/Au/Ag/Av was used for both
emitter contact and backside collector contact, and AuBe/
Ti/Au was used for the base contact. Sintering was done at
400 °C for 10 s.

The common-emitter current-voltage (-7} character-
istics at 77 K are shown in Fig. 2. Five traces are shown for
different base voltages, starting at 1 V and increasing with
a2 step of 70 mV. Unlike conventional HBTs, two collector
turn-on voltages were clearly observed. For example, for
Vpr = 1.21 V [trace (d)], the Q-switched HBBT is first
turned on at Vep=VFoy =12 V. Then at Vig=
Von,= 1.6V, the collector current is switched abruptly to
a high-current state. For V> VONZ, the collector current
saturates well. A particularly interesting phenomenon is
the hysteresis observed between the transition of the two
states at ¥,,. This is believed to be caused by the space
charges stored in the quantum well in the double barrier.”

When biased at constant collector voltage, the switch-
ing between the two current states can be controlled by the
base voltage. Figure 3 shows the /. and the f; vs Fpy for
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FIG. 2. Common-emitter I-V characteristics of the (-switched HBBT at
77 K for Vpp = (a) L.OOV, (b) 107V, {c) 1.14 V, (d) 1.21 V, and (e)
1.28 V. The emitter size is 2.5 10 ° cm® The transistor has two sets of

turn-on voltages, and bistability was observed at the second turn-on.
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FIG. 3. Measured (a) collector current f- and (b) base current Iz as
functions of base voltage Vg at Vg = 1.6 V. Bistability is observed for
¥gp = 1.25-1.32 V. It should be noted that fp and [ switch in the op-
posite direction.

Vep = 1.6 V. Bistable operation is observed for Vyp be-
tween 1.25 and 1.32 V. Initiglly, . stays in the high-
current state as ¥y increases from zero. As Fyp exceeds
1.32 V, . drops abruptly to the low-current state. When
Vae decreases, however, I~ does not switch back to high-
current state until Fgp is less than 1.25 V. Another inter-
esting phenomenon is the switching of the base current /.
It switches in the opposite direction to /. The relation
between [, and I; will be explained in more detail later.
The ON-OFF ratios for {. and Iz were 1.5 and 3.5, respec-
tively, for the present device.

The physical mechanism of the switching can be un-
derstood qualitatively by the schematic band diagrams in
Fig. 4. Figure 4(a) illustrates the band diagram of the
transistor for ¥op < Voy,- Because the transmission proba-

4

FIG. 4. Schematic band diagrams of the Q-switched HBBT (a) at the first
turn-on and (b) after the second turn-on. In condition (a), the B/C
barrier partially blocks electrons from entering the collector. In condition
(b} that barrier is completely lowered and the electron transport effi-
ciency through the base is greatly enhanced.
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bility of the double barrier is small for small Vg, space
charges are accumulated in front of the double barrier. As
& result, most ¥p drops between the double barrier and
the collector contact. The base/collector (B/C) heteroin-
terface barrier is not completely lowered and partially
blocks electrons from entering the collector. The collector
current is small in this case. On the other hand, the accu-
mulated electrons in the base result in a large recombina-
tion component in the base current, as shown in Fig. 3 for
Vpe> 1.32 V. As Vg increases and reaches the resonance
of the double barrier, a plateau shows up in the f-vs Fop
plot (at ¥y in Fig. 2). When Vg, reaches Py, the B/C
heterointerface barrier is completely lowered down, as
shown in Fig. 4(b}. The collector current increases
abruptly because of a2 much improved electron transport
efficiency through the base. The base current drops dra-
matically at the same time. This is because now electrons
stop accumulating in the base, and the recombination com-
ponent in the base current is greatly reduced.

A theoretical analysis is also performed using a simple
model. The electric field and the distance between the B/C
heterointerface and the double barrier are denoted by E|
and d,, respectively, and those between the double barrier
and the collector contact are denoted by £, and d,, respec-
tively. For fixed ¥y, the current fiowing through the B/C
heterointerface, denoted by J,;, depends on the B/C hetero-
interface barrier height, and thus the field £, J, (&) is an
exponentially increasing function when E, is below the
critical field £, at which the B/C heterointerface barrier
is completely lowered down. It saturates for £, larger than
E,,. The current flowing through the double barrier can be
modeled by

J=0T(E,), (1)
where o is the sheet electron concentration in front of the
double barrier, and 7 is the overall transmission probabil-
ity through the double barrier. it has a peak corresponding
to resonant tunneling and a subsequent increase due to
thermionic emission. Neglecting the charges in the well,
the sheet charge concentration in front of the double bar-
rier is

og=eAE=¢e{E,—E,), {2}
where € is the dielectic constant. Current continuity re-
quires J(E)) = JL{E;), or

di [ Vis )

J1<E1)=e<§; + 1) (r - dz«—El)

V’éﬁ - dlEl
g ( d, ) |

where Vig = d\E; + d,F,. Using explicit functions J, (&)
and 7(E,}, Eg. (3) will determine the electric fields £,
and £,, and the sheet charge concentration ¢ for any given
Vs

The calculated I vs Vg for a fixed Vpp is shown in
Fig. 5(a), assuming that J, is dominated by thermionic
emission. A moderate peak-to-valley ratio of 1.6 is used for
the transmission probability 7. (A current peak-to-valley
ratio of 1.9 at 77 K was reported for similar InP/InGaAs/
InP double barriers.'") Reasonable qualitative agreement

(3)
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FIG. 5. Calculated collector current I-vs Frp. (b} The calculated slectric
field vs ¥ip. The E| is the field between the B/C interface and the double
barrier, whereas £, is the field between the double barrier and the collec-
tor contact. Both E| and F, vary nounlinearly with .

with the experimental data is obtained. The experimentally
observed second turn-on is more abrupt than that pre-
dicted theoretically, partly because the base recombination
component of the injected electrons are now forced to enter
the collector. Another reason is the feedback effect from
the base resistance. The dramatic decrease of fp at the
second turn-on reduces the voltage drop across the base
resistance. The intrinsic ¥gg thus increases, causing more
electrons to be injected from the emiiter. The collector
current does not decrease after the first turn-on (resonance
of the double barrier} due to two reasons: first, the peak-
to-valley ratio of the double barrier is small in the InP/
InGaAs material system and second, the decrease in trans-
mission probability 7 is partially compensated by the
increase of the sheet charge concentration o [see Eq. {(1)].
The caiculated electric fields £, and E, are shown in Fig.
5(b). Bue to the space charges stored in the double-barrier
region, both £; and E, vary nonlinearly with V{y. Before
the second turn-on E; increases slowly toward the critical
ficld E|, at which the B/C barrier is completely lowered.
When E, exceeds E,, f, increases rapidly and then satu-
rates.

The @-switched HBBT has potential applications in
high-speed single bipolar transistor memory cells or flip
flops. For example, if' ¥y is biased inside the bistability
loop of Fig. 3, the current state can be set by a negative
Vg puise and reset by a positive Vpe pulse. A high-density
static bipolar memory can thus be realized. Another inter-
esting application is gain guenching in light-emitting de-
vices. Before the second turn-on, the electrons and holes
are confined by the DH and form efficient light-emitting
sources, as in DFH lasers or light-emitting diodes
(LEDs).!! The second turn-on lowers the B/C barrier, or
equivalently, guenches the electron accumulation in the
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base (sece the switching of {5 in Fig. 3). The optical gain is
thus quenched effectively. This is an intrinsically much
faster process than the spontaneous recombination of car-
riers in conventional lasers on LEDs. With proper designs
of the device geometries (for either lasers or LEDs), the
@-switched HBBT can also be used for optoelectronic
switches because of the bistability of the radiative recom-
bination current in {3

It is important to emphasize the differences between
the @-switched HBBT and the previously reported
resonant-tunneling bipolar or hot-electron transistors.
Those transistors incorporated a double-barrier resonant
tunneling ( DBRT) structure in the base, between base and
emitter, or in the emitter. The double barrier’s main func-
tion is controlling the injecticn of electrons from emitter.
Base current and collector current usually switch in the
same polarity. In @-switched HBBT, the B/C heterointer-
face barrier height is most important in determining I In
addition, f5 and . switch in the opposite direction. The
double barrier here is used to control the field distribution
inn the collector. The bistability comes from the space
charges stored in the double barriers. By changing the po-
sition of the double barrier in the collector, the switching
veitages can be designed to suit a particuiar application.
Furthermore, the gain guenching of light-emitting device is
& unigue property of the O-switched HBBT.

In conclusion, we have proposed and demonsirated a
ncvel quantum-switched hetercjunction bistable bipolar
transistor. It has two current states: one with low collector
current and high base recombination current, and the
other one with high collector current and low base current.
Bistable operation is observed for a certain range of base
voitage. The switching can be controlled by the base po-
tential. The present device has ON-OFF ratics of 1.5 and 3.5
for the collector and the base currents at 77 K, respec-
tively. Theoretical study shows that larger ON-OFF ratios
and room-temperature operation are possible with double
barriers with higher current peak-to-valiey ratics. The g-
switched HBBT has potential applications in high-speed
single bipolar transistor memories, gain-quenched light-
emitting devices, and optoelectronic switches.
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