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points are obtained.

Based on the employments of an InGaP/GaAs superlattice emitter and a thin InGaAs pseudomorphic base
structure, the device with excellent transistor action and multiple S-shaped negative-differential-resistance
(NDR) switching behavior are achieved. Under normal transistor operation mode, the tunneling electrons
could easily transport from InGaP/GaAs superlattice over the n-GaAs emitter layer into the thin InGaAs pseu-
domorphic base region for reducing the base-emitter turn-on voltage and promoting the current gain. In par-
ticular, an interesting multiple S-shaped NDR behavior is observed under inverted operation mode due to the
avalanche multiplication and confinement effect for electrons at the interface between superlattice and emit-
ter layer, respectively. As an appropriate voltage source and a load resistor are applied, three stable operation
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1. Introduction

Heterojunction bipolar transistors (HBTs) fabricated by IlI-V com-
pound semiconductors had attracted considerable interest in high-
speed digital circuit applications due to the superior performance
[1, 2]. However, the conventional HBTs suffered from a large collec-
tor-emitter (C-E) offset voltage (AV(g) resulting from the difference
of turn-on voltages between base-emitter (B-E) and base-collector
(B-C) junctions. It will cause unnecessary power consumption in signal
amplification application [3, 4]. Previously, GaAs based HBTs utilizing a
small energy-gap InGaAs ternary alloys material as base layer is an im-
proved method to decrease the B-E turn-on voltage and C-E offset volt-
age [5]. However, the thickness of InGaAs base layer is limited due to the
lattice mismatch with GaAs material.

On the other hand, switching devices exhibiting N or S-shaped
negative-differential-resistance (NDR) characteristics had been widely
used in high-speed switches and high-frequency oscillators [6-11]. In
general, the S-shaped NDR devices, e.g., bulk barrier switches, only
provide two stable operation regions, i.e., initial off and final on states.
In order to obtain more stable operation points for multiple-value
logic circuit application, the research and development of multiple
S-shaped NDR devices are considerably important.

In this article, the performance of a functional InGaP/GaAs superlat-
tice-emitter HBT (SEHBT) employing a thin InGaAs pseudomorphic
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base layer is experimentally demonstrated. Excellent transistor charac-
teristics are obtained under normal operation mode and an interesting
two-route S-shaped NDR behavior is observed under inverted opera-
tion mode, respectively. The SEHBT/NDR combining devices can greatly
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Fig. 1. Corresponding energy band diagrams near base-emitter junction of the SEHBT
at equilibrium and Vgg = 1.0V, respectively.
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reduce the number of elements and process steps, and could provide
great design flexibility in circuit applications.

2. Experiments

The studied functional SEHBT was grown on an (100) oriented semi-
insulating GaAs substrate by low-pressure metal-organic chemical-vapor
deposition system. The epitaxial layers consisted of a 0.5 um n™=1x
10" cm ™2 GaAs subcollector layer, a 0.5 um n~ =2x10'® cm™3 GaAs
collector layer, a 100 A p*=1x10" cm ™2 Ing;5GaggsAs base layer, a
300A n=5x10" cm™2 small energy-gap GaAs emitter layer, and an
n=5x10"7 cm™3 Ing49 Gags;P/GaAs superlattice layer. Finally, a
03 um n*=1x10" cm™3 GaAs cap layer was deposited on the super-
lattice. The superlattice structure included five-period 50 A Ing .49 Gags:P
layers and four-period 50 A GaAs layers. Trimethylindium, trimethylgal-
lium, phosphine (PHs), and arsine (AsHs3) were used as the In, Ga, P,
and As sources, respectively. The dopants used for n and p layers were si-
lane (SiH,) and dimethylzine, respectively. After the epitaxial growth, the
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Fig. 2. (a) Common-emitter current-voltage characteristics of the studied device at room
temperature. (b) Enlarged view near the origin of the current-voltage characteristics.

conventional photolithography, vacuum evaporation, and wet selective
etching processes were used to fabricate the device. In particular, due to
the thin thickness of the base layer, the patterned V-grooves were etched
through the p "-Ing 15Gag sAs base layer into the n~-GaAs collector layer.
Ohmic contact was formed by alloying AuGeNi metal for n-type emitter
and collector. AuZn metal was deposited on the V-grooves to facilitate
the p-type ohmic contact. The emitter area is 50 x 50 um?>.

3. Experimental results and discussion

The energy band diagrams near the B-E junction of the studied
SEHBT at equilibrium and under normal operation mode are illustrated
in Fig. 1. Obviously, the potential spike at B-E junction is completely
eliminated, even at Vge=1.0 V. This condition can be attributed that
the use of a thin n-GaAs emitter layer between superlattice and base
layer could help to lower the energy band at emitter side and eliminate
the potential spike. Fig. 2(a) shows the common-emitter current-volt-
age (I-V) characteristics at room temperature. It exhibits a maximum
collector current of 91 mA and a maximum current gain of about 580.
The enlarged view near the origin of the [-V characteristics is illustrated
in Fig. 2(b). A relatively low AV of only 31 mV at base current of 20 pA
is observed. The low offset voltage can be attributed that (i) the poten-
tial spike has been completely eliminated to reduce the B-E turn-on
voltage, and (ii) the B-E and B-C junctions are nearly symmetric homo-
junctions. Under normal transistor operation mode, part of the injecting
electrons by tunneling behavior could easily transport over the small
energy-gap GaAs emitter layer from the superlattice to decrease the
neutral-emitter recombination current, as compared with the conven-
tional HEBTs [12]. Furthermore, the “effective” valence band disconti-
nuity at B-E junction could be enhanced for the use of a thin InGaAs
pseudomorphic base layer, and it is approximately equivalent to the
summation at Ing49 Gags:P/GaAs and Ing5GaggsAs/GaAs interfaces
[13], which can provide good confinement effect for holes to promote
the emitter injection efficiency. Also, the bulk-base recombination
current of the traditional HBTs with a thick base layer can be reduced
to increase the current gain.

When the base terminal is open, the two-terminal [-V characteris-
tics under inverted operation mode at room temperature are revealed
in Fig. 3. Clearly, an interesting two-route S-shaped NDR behavior is ob-
served. The corresponding switching parameters, such as switching
voltages Vs;=3.83V and Vs, =3.19V, holding voltages Vi;; =3.36V
and Vg, =2.80V, holding currents Iy; =1.96 mA and I, =5.15 mA,
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Fig. 3. Two-terminal current-voltage characteristics of the studied device under
inverted operation mode at room temperature.
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