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Abstract-- We have demonstrated a P-n-P GaAs/InGaAsN/GaAs
double heterojunction bipolar transistor (DHBT). The device
has a low turn-on voltage (Von) that is 0.27 V lower than in a
comparable P-n-p AlGaAs/GaAs HBT. The device shows near-
ideal DC characteristics with a current gain (B) greater than 45.
The high-speed performance of the device are comparable to a
similar P-n-p AlGaAs/GaAs HBT, with f; and fy,,x values are
both approximately 12 GHz. This device may be suitable for
low-power complementary HBT circuit applications, while the
aluminum-free emitter structure eliminates issues typically
associated with AlGaAs.

I. INTRODUCTION

The trend in portable electronics is to extend the battery
lifetime without sacrificing the performance. One approach
toward this goal is to reduce the operating voltages without
compromising power added efficiency, making devices with
lower turn-on voltages more desirable. For heterojunction
bipolar transistors (HBTs), a lower bandgap (Eg) base
reduces the turn-on voltage (Von), and leads to greater
efficiency at low-bias conditions. HBTSs with InGaAs bases
lattice matched to InP substrates offer one possibility that has
not been adopted by commercial foundries due to substrate
cost. concern over breakage, and possibly lack of 6" wafers.
InGaAsN lattice matched to GaAs is a new material that has
received a lot of attention lately [1-5). Incorporating small
amount of In and N would result in a significantly reduced Eg
compared to GaAs, making it very suitable for low-power
HBT applications. Recently we demonstrated both N-p-N and
P-n-p InGaAsN HBTs [4-5]. The latter device used a
AlGaAs emitter while the former used an InGaP emitter.
Both the N-p-N and P-n-P InGaAsN HBTSs show Vgy values
that are significantly lower than in the corresponding GaAs-
based HBTs, showing the potential of InGaAsN based HBTs
for low power applications.

The N-p-N HBT is of potential interest for wireless
applications. The application of P-n-P HBTs would be in
complementary applications, which have so far proven more
difficult to realize in GaAs manufacturing than for the Si
counterpart. Nevertheless, complementary GaAs-based
HBTs should some day provide the same advantages to
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wireless technology as complementary bipolar BJTs do for
analog applications today [6]. Apart from these practical
applications, development of the P-n-P HBT with InGaAsN
base material allows for some novel new devices due to the
unique band alignments present with this material. In this
work, we present a new P-n-P InGaAsN DHBT with a GaAs
emitter. The Al-free design will simplify or eliminate many
of the issues typically associated with AlGaAs.

II. THEORY

InGaAsN is a new material with unique band bowing
properties (1] that has shown promise in optoelectronic
applications [2-3]. The Eg of GaAs is reduced as In is
incorporated, while a compressive strain develops. On the
other hand, by adding N into GaAs, a tensile strain develops,
while the E; is further reduced. By incorporating the proper
amount of In and N into GaAs simultaneously, InGaAsN that
is lattice matched to GaAs can be obtained. The Eg of the
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Figure1: The effect on the band alignment
of incorporating In and N into GaAs.
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Table 1 : The layer structure of the P-n-P

GaAs/InGaAsN/GaAs DHBT.
Material |Thickness [A]|Doping [cm'3]
p* GaAs 3000° 2.00E+19
Emitter Layer | p GaAs 700 2.00E+18
Base Layer |n InGaAsN 1000 3.00E+18
Collector Layer|{ p GaAs 5000 3.00E+16
p* GaAs 7500 2.00E+19
Substrate \ S. 1. GaAs

resulting InGaAsN would be significantly lower because of
the aggregate Eg reduction from the incorporation of N and
In. The band alignment of the InGaAsN material system is
illustrated in Figure 1 {1]. InGaAsN lattice matched to GaAs
would have almost all of its Eg reduction in the form of
conduction band (E:) lowering, thus resulting in a large
conduction band offset (AE¢) with negligible valence band
offset (AEv)

This band alignment is especially suitable for P-n-p HBT
applications. The AE( offset in an HBT is used to reject
majority carrier electrons from the base from being injected
back into the emitter. For P-n-p InGaAsN HBTs, the
bandgap of the base can be reduced with nearly all of the
change in bandgap available for the barrier to back
conduction to the emitter. Theoretically larger current gain
can therefore be attained in P-n-p InGaAsN HBTs. In
practice, there will be other factors limiting current gain, such

- as defect associated recombination in the base.

In this work, we have investigated Ingg:;Gage7As0.99No01
for P-n-P DHBTs. The InGaAsN used in this work is lattice
‘matched to GaAs with an Eg of approximately 1.2 eV, with
almost 0.2 eV of AE. when it is stacked next to GaAs. Since
the AE¢ is significant while AEy is extremely small, GaAs can
be used as the emitter and the collector material. Hole
transport across the emitter-base and the base-collector
junction can be achieved without resorting to any exotic
junction grading designs. The GaAs collector would allow
this device to take advantage of the larger Eg of GaAs, thus
allowing good breakdown voltage. In addition, the hole
mobility in GaAs is almost 6 time better than in InGaAsN,
thus permitting much improved collector characteristics.
Similarly, GaAs is better than AlGaAs as the emitter material
because it allows an aluminum-free structure, with improved
material properties. AlGaAs is suspected of having impurity
or defect centers that can enhance recombination and
negatively impact reliability.
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Figure 2 : The band diagram of the P-n-P
GaAs/InGaAsN/GaAs DHBT.

AlGaAs/InGaAsN also has a small but significant AEy
comparable to that in AlGaAs/GaAs that is a barrier to hole
injection into the base. This barrier is not typicalily thought to
cause any problems in conventional P-n-p HBTs, but its
elimination may lead to some advantages under low voltage
biasing conditions. A DHBT design of this type is unique in
having no barriers to the desired current flow from emitter to
collector, while maintaining a barrier to back injection in to
the emitter. The GaAs/InGaAsN/GaAs P-n-P DHBT
structure is shown in Table 1. The corresponding band
diagram of this structure shown in Figure 2.

III. EXPERIMENT

The P-n-P DHBT shown in Table I was grown by an
Emcore DI80 turbodisk reactor. Trimethylindium.
trimethylgallium, 100% arsine (AsH;), and 1,1-
dimethythydrazine (DMHy) were used as the In, Ga. As, and
N precursors, respectively, for the growth of InGaAsN base
layer. The indium and nitrogen compositions were
determined by secondary ion mass spectroscopy and high-
resolution x-ray diffraction measurements. The doping
concentrations in epilayers were confirmed with Polaron and
Hall measurements. A comparable P-n-p AlGaAs/GaAs HBT
structure was also grown for comparison purposes.

Both devices have been fabricated using a triple mesa
process with emitter area of 3x25um’. All three mesa etching
processes were performed by wet etching using
H;PO,:H>0,:H,0 as the etchant. Sputtered WSi served as the
emitter metal, while evaporated PdGeAu and TiPtAu were
used as the base and collector contact, respectively. A 4000
A thick layer of SiOxNy was deposited by ECR for device
passivation. The devices are then tested by HP-4145 for
device DC characteristics, and HP-8510 for device rf
characteristics.
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Figure 3 : The common emitter IV characteristics of the
3x25 um’ P-n-P GaAs/InGaAsN/GaAs HBT. The base

current varies from 20 pA to 100 pA at 20 pA/step.
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Figure 4 : The Gummel plot of the 3x25 um® P-n-P
GaAs/InGaAsN/GaAs HBT. The B bias is set at 0
V.

IV. RESULTS

The GaAs/InGaAsN/GaAs DHBT has a functional
current gain () that is greater than 45, and the device has
nearly ideal IV characteristics as shown in Figures 3 and 4.
Compared to the P-n-p AlGaAs/GaAs HBT, a significantly
reduced B was observed, 45 compared to 130. The base-
emitter junction for GaAs/InGaAsN does have a reduced AE¢
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Figure 5 : The fr and fyux of the GaAs/InGaAsN/GaAs
P-n-P HBT, and of the AlGaAs/GaAs P-n-p HBT.

compared to AlGaAs/GaAs. However, it is more likely that
the B difference is due to excess base recombination in
InGaAsN compared to GaAs. In our earlier work, a
AlGaAs/InGaAsN P-n-P DHBT showed lower B than the
AlGaAs/GaAs HBT in spite of a larger AEc [7]. Despite
recent advances in the InGaAsN material, the crystal quality
of the InGaAsN base is still inferior to that of a GaAs base,
showing lower photoluminescence intensity, for example.
However, the Vgoy of the InGaAsN DHBT is about 0.27 V
lower than in the comparable GaAs HBT, and even slightly
lower than the 0.25 V for a comparable AlGaAs/InGaAsN
HBT reported previously [7]). The resulting offset voltage
(Voitse) Of 0.06 V is also significantly lower than the 0.13 V
observed in the GaAs HBT. These low voltage are an
expected characteristic of the reduced Eg in the base material,
and from the near-ideal band alignment of the base-emitter
and the base-collector junctions.

The f7 of the P-n-P GaAs/InGaAsN/GaAs DHBT is about
12 GHz, comparable to that of a similar AlGaAs/GaAs P-n-p
HBT. The fyax of about 12 GHz observed in the InGaAsN
device, however, is almost 2 GHz higher than in a similar
GaAs based P-n-p HBT. The rf characteristics of these
devices are compared in Figure 5. These are excellent results
considering that they are either comparable to or better than
in the comparable AlGaAs/GaAs device. The comparable fr
values are expected considering that the base layer constitute
only a small portion of the total HBT structure, while the
GaAs emitter actually provides better hole transport
properties than in a AlGaAs emitter, thus the total transit time
required for transport a hole thru the HBT structure is not
significantly affected. The improved fuax value, however, is




somewhat surprising since the GaAs base was expected to be
of better material quality than the InGaAsN, but may be due
to the advantage of a GaAs emitter over AlGaAs and an
improved base-emitter junction.

V. CONCLUSION

In  conclusion, we  have  demonstrated a
GaAs/InGaAsN/GaAs P-n-P DHBT that has shown near-ideal
DC characteristics with a functional B of 45, while its rf
characteristics are comparable or better than in a similar
AlGaAs/GaAs HBT. The GaAs emitter in this design
eliminates the problems associated with AlGaAs emitters.
And the reduced Vg of 0.27 V makes it very useful for low-

voltage complementary electronics that can take advantage of
the maturing GaAs foundries.
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