GalnAs/GalnAsP/InP heterostructure bipolar transistors with very thin base
{150 A} grown by chemical beam epitaxy
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It is demonstrated that chemical beam epitaxy (CBE) is suitable for growing high quality
GalnAs(P)/InP heterostructure bipolar transistors. Step-graded double-heterosiruciure
bipolar transistors with very thin base (150 A) and very high p doping (~5x 10" cm *), and
with an added “grading layer” of 200 A GalnAsP (£, = 0.94 ¢V ) between the GalnAs/InP
base-collector junction, have shown good current drive capability and excellent current gain

{ B = 2500). In addition, CBE-grown standard single-heterostructure bipolar transistors with
a 1000 A base and 2 10" em ** p doping arc characterized by high gain, £~ 3500, which is

only weakly dependent on the collector current.

Heterojunction bipolar transistors (HBT’s) made from
TEE-V compound semiconductors are important for micro-
wave and high-speed switching applications.'™ GalnAs/
InP HBT’s are particularly attractive for optoelectronic in-
tegrated circuit applications because of their material com-
patibility with long-wavelength sources and detectors in the
1.3-1.55 pm wavelength range. Compared with GaAlAs/
GaAs HBT’s, superior high-frequency performance is also
expected because of the higher electron mobility of GalnAs
and greater drift velocity at high fields of InP relative to
Gahs. The low surface recombination velocity of GalnAs/
InP also ensures an excellent current gain at low collector
current densities,” making the device very attractive for ana-
fog applications.

Todate, most of the HBT’s studied ™ have the thickness
of the GalnAs base in the range of 0.1-0.2 pem and p dopings
~ 1% 107-1x 10" em™ *. These parameters were chosen
for achieving high current gains. The low p-doping level in
the base increases the minority-carrier diffusion length and
hence increases the gain, while the relatively thick base layer
is needed for reducing the base resistance. For microwave
performance it is desirable to have a thin base layer to reduce
the base transit time. To keep the base sheet resistance at a
low value {and hence minimize the base charging time), the
base doping has to be increased to ~5% 10" cm ™. How-
ever, at these very high base doping levels the reduced mi-
nority-carrier lifetime limits the base transport efficiency
and thus the current gain, if a thick base layer is used; this
was shown by Nottenberg e al.'"? They studied the base dop-
ing effects in step-graded double-heterostructure bipolar
transistors (IDHBT’s) and obtained current gains, 5~ 100,
at base doping levels of ~3x 10" em 7% with a 0.12-um-
thick base. In order to increase the current gain, we investi-
gate the static transistor characteristics of DHBT’s having a
very thin base (150 A) and very high p doping of ~5x 10"
cm Y. A 200-A-thick GalnAsP (£, =094 ¢V} “grading
fayer” is also grown between the GalnAs/InP base-collector
junction. This effectively reduces the conduction-band spike
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at this heterointerface |see Fig. 1(a)] and hence improves
the collection efficiency of the electrons injected into the
base, making it capabie of higher current drive over standard
DHETs.

Previcusly, a few bipolar-type transistors have been pro-
posed which employ a veltage-induced two-dimensional
hole base as in the bipolar inversion channel field-effect tran-
sistor'' and inversion base bipolar transistor.'” Recently,
Maiik er al.'? also proposed a planar-doped base HBT in
which the base is formed by depositicin of Be atoms on a
(aAs surface during growth interruption by molecular
beam epitaxy (MBE). The effective neutral base width was
estimated to be ~ 100 A.

Reduction of device dimensions to such short-length
scales imposes special demands on crystal growth. High
guality emitter/base heterojunction diodes require exact
spatial placement of the necessarily heavily doped p-# junc-
tion at the heterointerface. The purpose of this letier is to
demonsirate that high-purity, low-temperature chemical
beam epitaxy (CBE) ™" is 2 suitable method for preparing
sophisticated, high-performance GalnAs(P)/InP hetero-
Junction bipolar transistors. We present results from studies
of both single- and double-heterojunction bipolar transistors
(SHBT and DHBT, respectively).

Figure 1 shows the cnergy-band diagrams and layer
structures for the SHBT's and DHBT's studied. These
heterostructures were grown by CBE at 540 °Con (100) n *-
inP substrates. Details of the growth conditions were de-
scribed previcusly.'®'"” Trimethylindium, triethylgallium,
arsine, and phosphine were used as the main vapor sources.
Tin and beryllium evaporated from solid elements in Knud-
sen cells were used as the n and p dopants, respectively. The
relatively low growth temperature results in minimal Be out-
diffusion from the base layer even at the high doping levels
employed. After epitaxial growth, 100-um-diam emitter
mesa structures were formed with standard selective wet
chemical etching and chmic contact formation.

Figure 2 shows the common emitter current gain 2 plot-
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FIG. 1. Schematic energy-band diagrams of (a) a step-graded double-het-
erostructure bipolar transistor and (b} a standard single-heterostructure
bipolar transistor. The layer thicknesses and doping levels are given in the
figures.

ted as a function of collector current 7. for a SHBT. At
current densities as low as I mA/cm?, £2 100 is measured.
Such high 7 values at these very low current levels attest to
the high quality of the emitter-base heterojunction. This is
afso confirmed by the InP/GalnAs »-p junction dicde char-
acteristics measured from these SHBTs. A typical current-
voltage (I-V) characteristic measured at 300 K is shown in
Fig. 3. The ideality factor is 1 = 1.07, and the best ideality
value we have measured is # = 1.03. Such an ideal #-p emit-
ter-base heterojunction is consistent with the observed weak
dependence of gain on the collector current.” At a very high
current density of ~6.4kA/em? ( ~500mA), S~ 3500 was
obtained. These performance characteristics obtained from
standard SHBT s confirm that CBE is capable of producing
high quality HBT’s.

We then fabricated the more sophisticated step-graded
DHBT structure shown in Fig. 1(b). Note that these are the
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FIG. 2. Plot of current gain vs collector current of a GalnAs/InP SHBT.
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FIG. 3. Current-voltage characteristics of the emitier-base junction. Ideal-
ity factor # is typically 1.07, with 1 =: 1.03 measured from the best diodes.

first DHBT s having such thin base layes. Figure 4 shows the
common-emitter characteristic of such a DHBT with a 150
A GalnAs base and a 200 A GalnAsP “grading layer” at
high collector currents. The important resuits obtained from
this step-graded DHBT are the greatly increased current
zain due to the use of thin base and maximum current drive
capability over the standard BDHBT’s. From Fig. 4 it is seen
that £, > 350 mA ( 2 4.5kA/cm?) can be obtained. The cur-
rent drive capability of these devices is comparable with
step-graded DHBT’s.'” The conduction-band spike at the
base/collector interface can impair the performance of stan-
dard DHBT in that the maximum current gain peaks at rela-
tively low current densities.'® Transistors with high current
drive propertics are very attractive in applications such as

Ip =20 A/step
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FIG. 4. Common-emitter characteristic for a step-graded DHBT with a 150
Abase, ~5x 10" cm * pdoping, and 2 200 A GalnAsP “grating layer” at
high collector drive currents.
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semiconductor laser drivers where high-speed modulation of
large currents is required. Note that the current drive capa-
bility of step-graded DHBT is similar to that of SHBT’s
which has a GalnAs base-collector homojunction. This indi-
caics that the step grading is effective in reducing the con-
duction spike at the base-collector hetercjunction.

In summary, the above results serve to demonstrate that
CBE is suitable for growing high quality sophisticated bipo-
lar transistors especially when a very thin base layer and a
very high base p doping with minimum interdiffusion are
required. Step-graded DHBT’s with 150-A-thick base and
~5X% 10" em™* doping have shown greatly improved maxi-
mum current drive capability and current gain (8~ 2500)
compared to standard DHBT s with thick base. Convention-
al SHBT s are characterized by high gain, S~ 3500, which is
only weakly dependent on the collector current. The cur-
reni-voltage characteristics of the emitter-base junction are
near ideal, with the best diodes exhibiting an ideality factor
n=1.03.

The authors would like to thank R. N. Nottenburg for
useful discussions.
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