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ABSTRACT

The characteristics of InGaP/GaAs heterostructure-emitter bipolar transistors (HEBTs) including conven-
tional GaAs bulk base, InGaAs/GaAs superlattice-base, and InGaAs quantum-well base structures are pre-
sented and compared by two-dimensional simulation analysis. Among of the devices, the superlattice-
base device exhibits a highest collector current, a highest current gain and a lowest base-emitter turn-
on voltage attributed to the increased charge storage of minority carriers in the InGaAs/GaAs superlat-
tice-base region by tunneling behavior. The relatively low turn-on voltage can reduce the operating volt-
age and collector-emitter offset voltage for low power consumption in circuit applications. However, as
to the quantum-well base device, the electrons injecting into the InGaAs well are blocked by the p*-GaAs
bulk base and it causes a great quantity of electron storage within the small energy-gap n-type GaAs
emitter layer, which significantly increases the base recombination current as well as degrades the col-
lector current and current gain.
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1. Introduction

Heterojunction bipolar transistors (HBTs) have attracted signif-
icant interest of high-speed digital and microwave circuit applica-
tions due to their superior performance [1,2]. However, the
conventional HBTs suffered from a large collector-emitter offset
voltage (AVcg) resulting from a considerable base-emitter (B-E)
turn-on voltage, which severely limits the minimum operated volt-
age and causes high power consumption in circuit applications
[3,4]. It is well known that two usual approaches, i.e., the reduction
of potential spike at B-E junction [5-7] and the employment of a
small energy-gap material as base layer [8-10], have been used
for the reduction of the turn-on voltage.

First, in order to decrease the potential spike at B-E junction,
some improved npn transistors, e.g., setback HBTs [5] and hetero-
structure-emitter bipolar transistor (HEBTs) [6,7], have been ad-
dressed and fabricated. As to the setback HBTs, an undoped
setback layer added at B-E junction is entirely depleted and helps
to lower the energy-band at the emitter side. However, the poten-
tial spike might be not completely eliminated unless the setback

* Corresponding author. Tel.: +886 7 7172930; fax: +886 7 6051383.
E-mail address: jhtsai@nknucc.nknu.edu.tw (J.-H. Tsai).

0038-1101/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.s5e.2008.02.006

layer is thick enough. Then, it will result in large spacer recombina-
tion current and degrade the current gain [5]. For the HEBTS, a
small energy-gap n-type emitter layer is added at B-E junction
for reducing the potential spike and offset voltage. Nevertheless,
if the small energy-gap emitter layer is too thick, the transistor will
perform with inferior confinement effect for holes. Then, the
charge storage in neutral-emitter region will enhance the base
recombination current and increase the total base current. In other
words, though a relatively low offset voltage could be achieved, the
current gain might be decreased particularly under large forward
B-E bias [6]. On the other hand, if a thinner as well as small
energy-gap emitter layer is employed, the device will serve as
conventional HBTs and the undesirable offset voltage is still
considerably large.

The second approach to improve the turn-on voltage is to adopt
small energy-gap InGaAs or GaAsSb ternary alloys as base layer,
however, they introduces compressive strain and the base layer
thickness is critical due to a lattice mismatch with GaAs material
[8,9]. In addition, the use of the In,Ga;_xAs;_,N, as base layer have
been demonstrated to further reduce the energy-gap of base and it
effectively improved the problem associated with excess strain
[10]. Unfortunately, the blocking effect of collector current at
base-collector heterojunction could induce a large knee voltage
and reduce the collector current.
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due to the high strain resulting from the lattice mismatch [8]. Pre-
viously, the electronic and photonic properties of InGaAs/GaAs
long-period superlattices have been demonstrated because the
strain of the superlattices could be released [11-13]. Thus, the
thickness of the studied device with the superlattice-base is appli-
cable. A two-dimensional (2D) semiconductor simulation package
SILVACO was employed to analyze the energy-band diagrams, dis-
tributions of electrons and holes, and dc performance of the de-
vices [14]. The two-dimensional analysis takes into account the
Poisson equation, continuity equation of electrons and holes,
Shockley-Read-Hall (SRH) recombination, Auger recombination,
and Boltzmann statistics, simultaneously. In the three devices,
the emitter and collector areas are 50 x 50 and 100 x 100 um?,
respectively.

In this paper, InGaP/GaAs heterostructure-emitter bipolar tran-
sistors (HEBTs) with InGaAs/GaAs superlattice and quantum-well
base structures are demonstrated and compared. Similar to the
conventional HEBTSs, the addition of a thinner as well as small en-
ergy-gap emitter layer helps to eliminate the potential spike at B-E
junction. Significantly, the average energy-gap in the base region is
decreased by the use of the superlattice or quantum-well base
structures. The influence of superlattice and quantum-well bases
on the device characteristics will be illustrated.

2. Device structures

The device structure of the superlattice-base device (labeled de-
vice A) consists of a 0.5 um n* =1 x 10'® cm~3 GaAs subcollector
layer,a 0.5 um n~ =5 x 10'® cm~ GaAs collector layer, a p* =5 x
10" cm > InGaAs/GaAs superlattice-base, a 300A n=5 x 10"
cm~> GaAs emitter layer, a 0.1 pm n=5 x 10" cm ™ Ing4eGags; P
confinement layer, and a 0.3 pm n* = 1 x 10'® cm~> GaAs cap layer.
The superlattice-base consists of ten-period 50 A Ing,Gag gAs lay-
ers and nine-period 50 A GaAs layers. As to the quantum-well base
device (labeled device B), its structure is similar to the device A ex-
cept that a 50 A p* =5 x 10'® cm~3 Ing,GagsAs quantum-well and
a900 A p*=5 x 10" cm 3 GaAs base layer are employed to replace
the superlattice-base. For comparison, the conventional InGaP/
GaAs HEBT (labeled device C) witha 950 A p* =5 x 10'® cm 3 GaAs
material is used as base bulk layer. The concentration and the total
thickness in the base region of the three devices are estimated as
the same. In general, as the base layer is made with InGaAs bulk
material, the thickness of the InGaAs layer is severely limited

3. Result and discussion

In the studied devices, a 300 A n-GaAs emitter layer inserted be-
tween confinement and base layers enables the pn junction to act
as a homojunction, and its thickness is sufficient to lower the en-
ergy-band at emitter side for eliminating the potential spike.
Fig. 1(a)-(c) illustrate the energy-band diagrams near the B-E
junction for the devices A-C, respectively. Obviously, the potential
spikes at B-E junction of all devices are entirely eliminated, even at
VEB =1.0V.

Fig. 2 shows the simulated common-emitter current-voltage (I-
V) characteristics of the three devices at room temperature. Clearly,
the device A (superlattice-base device) exhibits a highest collector
current and a largest current gain, while the device B (quantum-
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Fig. 1. Energy-band diagrams near the base-emitter junction of (a) device A (superlattice-base HEBT), (b) device B (quantum-well base HEBT), and (c) device C (traditional
HEBT). The solid and dashed lines represent the diagrams at equilibrium and under base-emitter forward biases, respectively.
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