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In this article the characteristics of In0.49Ga0.51P/GaAs/GaAs0.975Bi0.025 and In0.49Ga0.51P/GaAs heterojunction

bipolar transistor (HBTs) are demonstrated and compared by two-dimensional simulated analysis. As compared to

the traditional InGaP/GaAs HBT, the studied InGaP/GaAs/GaAsBi HBT exhibits a higher collector current, a lower

base-emitter (B−E) turn-on voltage, and a relatively lower collector-emitter offset voltage of only 7mV. Because

the more electrons stored in the base is further increased in the InGaP/GaAs/GaAsBi HBT, it introduces the

collector current to increase and the B−E turn-on voltage to decrease for low input power applications. However,

the current gain is slightly smaller than the traditional InGaP/GaAs HBT attributed to the increase of base current

for the minority carriers stored in the GaAsBi base.

1. Introduction

GaAs-based heterojunction bipolar transistors (HBTs)
have widely used as key devices on microwave circuit due

to their superior carrier transport properties [1,2]. However,
the turn-on voltage difference between base-emitter (B−E)
heterojunction and base-collector (B−C) homojunction still

is a significant factor to cause a large collector-emitter

(C−E) offset voltage (1VCE), which will substantially

increase unnecessary power consumption in circuit applica-

tions [3]. For the requirement of low input power, InP-based

HBTs are useful for the small energy-gap InGaAs material

generally employed as the base layer. Nevertheless, InP

substrates are expensive, fragile and easily broken during

processing than the transistors based on GaAs substrates.

Therefore, the development of HBTs with a small energy-

gap InGaAs base grown on GaAs substrates has attracted

significant interest for the low cost and low input power [4].
Nevertheless, the thickness of InGaAs base layer is severely

limited due to the lattice mismatch with the GaAs layer [5].
Among of the GaAs-based HBTs, InGaP/GaAs has been

a dominated material system for high-speed semiconductor

devices because of the low DX center density, low surface

recombination velocity, high etching selectively between

InGaP and GaAs material layers, and high ratio of valence

band discontinuity (1EV ≈ 0.3 eV) to conduction band

discontinuity (1EC ≈ 0.2 eV) at heterojunction [4,6,7]. The
hole confinement effect of InGaP/GaAs HBTs is good for

the larger 1EV value at B−E heterojunction. Moreover,

the considerable 1EC will introduce a potential barrier for

electron injection from emitter into base and then it will

cause a large C−E offset voltage. Recently, another material

system, i. e., InGaP/GaAs/GaAsBi, has a significant potential

for high-performance HBTs attributed that the band-gap

discontinuity is almost equal to the 1EV at GaAs/GaAsBi

heterojunction [8–10]. The GaAs1−xBix layer with low
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Figure 1. Schematic cross sections of the (a) device A and (b)
device B .
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mismatch had been grown on GaAs substrates with Bi

concentrations between 0 and 5% and up to 12% [9].
In particular, the incorporation of Bi atoms into GaAs,

i. e., GaAs1−xBix , only alters the valence band and shrink

the energy gap of GaAs, while the electron mobility and

conduction band are unchanged [8]. However, though

GaAs1−xBix material could be acted as a base layer for the

narrow energy gap, the difference of device characteristics

between GaAs1−xBix and GaAs base layers have not

reported until now.

In this article, the performance of InGaP/GaAs/GaAsBi

and InGaP/GaAs HBTs is comparatively demonstrated.

As compared with the conventional InGaP/GaAs HBT,

the simulated results exhibits that the InGaP/GaAs/GaAsBi

Figure 2. a — common-emitter current-voltage characteristics at

room temperature of devices A and B ; b — enlarged view near

the origin of the current-voltage characteristics.

Figure 3. Gummel plots of devices A and B at VBC = 0.

HBT with a smaller energy-gap GaAsBi base layer has a

higher collector current and a lower B−E turn-on voltage

for the potential application on low input-power signal

amplifiers and circuits.

2. Device structures

The device structure of the studied InGaP/GaAs/GaAsBi

HBT (labeled device A) includes a 5000 Å n+ = 1019 cm−3

GaAs subcollector layer, a 5000 Å n− = 2 · 1016 cm−3 GaAs

collector layer, a 950 Å p+ = 5 · 1018 cm−3 GaAs0.975Bi0.025
bulk base layer, a 300 Å undoped GaAs spacer layer, a

1000 Å n = 5 · 1017 cm−3 In0.49Ga0.51P emitter layer, and

a 3000 Å n+ = 1019 cm−3 GaAs cap layer. For comparison,

the conventional InGaP/GaAs HBT (labeled device B), has
the similar structure as the device A except that a 950 Å
p+ = 5 · 1018 cm−3 GaAs bulk base layer is employed to

replace the GaAsBi base layer. A two-dimensional (2D)
semiconductor simulation package SILVACO was used to

analyze the energy band, distributions of electrons and

holes, and DC performance of the two devices [11]. The 2D
analysis takes into account the Poisson equation, continuity

equation of electrons and holes, Shockley−Read−Hall

(SRH) recombination, Auger recombination, and Boltz-

mann statistics, simultaneously. Fig. 1 illustrates the

schematic cross sections of the devices A and B , respec-

tively. The emitter and collector areas are 50 × 50 and

100× 100µm, respectively.

3. Results and discussion

The common-emitter current-voltage (I−V ) characteris-

tics of the two devices at room temperature are shown in

Fig. 2, a. The base currents IB are applied by 50µA/step.

Физика и техника полупроводников, 2015, том 49, вып. 10



Comparative Investigation of InGaP/GaAs/GaAsBi and InGaP/GaAs Heterojunction Bipolar Transistors 1409

Figure 4. Energy band diagrams near base-emitter junction at

VBE = 0 and +0.8V of the (a) device A and (b) device B .

Clearly, the device A exhibits a higher current than the

device B . An enlarged view near the origin of the I−V
characteristics is depicted in Fig. 2, b. As seen in the

figure, a relatively low C−E offset voltage of only 7mV at

IB = 50µA is observed in the device A, while the device B
shows a larger value of about 50mV. Fig. 3 depicts the

Gummel plots of the devices at VBC = 0V. At collector

current level of 1µA, the B−E turn-on voltage of the

device A is only 0.77V, which is lower than that of 1.01V

in the device B . The low B−E turn-on voltage of the

device A can reduce the input voltage and C−E offset

voltage for substantially decreasing the power consumption

in circuit applications. Though the maximum current gain

of 154 in the device A is lightly smaller than that of 206

in the device B , it exhibits a relatively low B−E input

voltage of 0.445 V as the current gain is unity. In both

devices, the ideality factors nc of collector currents are near

equal to unity at low current level. This means that the

diffusion mechanism dominates the electron transportation

across the E−B junction and the potential spike at this

B−E junction has been eliminated. On the other hand, the

ideality factors nb of base currents are of about 1.86 and 1.89

at low current level for the devices A and B , respectively,

which denotes that recombination dominates the total base

currents and the difference of the two devices is small at this

current level. The characteristic comparison of the devices

with GaAs0.975Bi0.025 and GaAs bases will be explained as

follows.

The energy band diagrams near the B−E junction at

equilibrium and under forward B−E bias for the devices A
and B are plotted in Figs. 4, a and b, respectively. Obviously,

the potential spikes at B−E junction of the both devices are

completely eliminated, even at VEB = +0.8V. The employ-

Figure 5. Charge distributions near the base-emitter junction (a)
at VBE = 0 and (b) at VBE = +0.8V.
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ment of a 300 Å undoped GaAs spacer layer between the

n-InGaP emitter and p+-GaAs (and p+-GaAs0.975Bi0.025)
base layers can enable the p−n junction to act as a

homojunction, and it helps to lower the energy band

at emitter side for eliminating the potential spike and

reducing the offset voltage. The charge distributions near

the B−E junction at VBE = 0 and +0.8V are depicted in

Figs. 5, a and b, respectively. In the device A, due to the

presence of another 1EV at GaAs/GaAsBi heterojunction,

it will strengthen the confinement effect for holes at B−E
junction and the hole concentrations in the i-GaAs spacer

and n-InGaP emitter region are sufficiently suppressed as

compared with the device B . Nevertheless, it is worthy to

note that the electron (minority carrier) concentration in the

base region of the device A is higher when compared with

the device B , which can be attributed to the higher intrinsic

concentration ni of the GaAsBi base layer at the same base

doping concentration, as seen in Figs. 5, a and b. This

will substantially cause the 1 kT base bulk recombination

current and total base current to slightly increase. Thus,

the ideality factor nb of device A is somewhat small than

the device B at low current level. On the other hand, the

more electrons stored in the p+-GaAsBi base layer could

promote the collector current. In general, the minority

carrier (electrons) Qn in the base region can be given by

Qn = τnJn(x p), (1)

where τn is lifetime of minority carriers, and Jn(x p) is

the electron current density at the depletion boundary of

pn junction at p-type base side. According to the above

equation, the more minority carriers in the base will result

in the emitter (and collector) current to increase and the

B−E turn-on voltage to decrease. Therefore, the device A
exhibits a higher collector current and a lower B−E turn-on

voltage when the current gain is unity.

4. Conclusion

We have successfully demonstrated the characteris-

tic difference of In0.49Ga0.51P/GaAs/GaAs0.975Bi0.025 and

In0.49Ga0.51P/GaAs HBTs. Attributed to the different of

minority carrier stored in the GaAs0.975Bi0.025 and GaAs

base region, obvious variation in device characteristics are

observed. As compared with the traditional InGaP/GaAs

HBT, The studied InGaP/GaAs/GaAsBi HBT exhibits a

higher collector current, a lower turn-on voltage, a lower

C−E offset voltage, and a somewhat lower current gain.

Consequentially, the demonstration and comparison of the

studied transistors provide a promise for application in low-

power consumption circuits.
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