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Carbon tetrachloride (CCl,} has been used as a carbon doping source for the base region of a
GaAs/AlGaAs Npn heterojunction bipolar transistor (HBT) grown by low-pressure
metalorganic chemical vapor deposition (MOCVD). Transistors were fabricated and
characterized for de current gain, emitter-base junction ideality factor, base contact resistance,
and external base resistance. Microwave characterization by S-parameter measurement was
performed to determine the common emitter current gain and maximum available gain as a
function of frequency. Transistors with the base contact area self-aligned to a 310 gm
emitter finger had a dc current gain as high as 50, an emitter-base junction ideality factor of

n = 1.2, and a current gain cutoff frequency of f; = 26 GHz. Transistors of equal emitier area
without self-alignment exhibited de current gain as high as 86, n = 1.2, and f, =20 GHz. A
base contact resistance of R, = 2.85 % 107° {} cm” and an external base sheet resistance of

R, = 533.4 §3/U] were measured. These preliminary results indicate that carbon doping from
CCl, may be an attractive substitute for Zn or Mg in GaAs/AlGaAs HBT structures grown by

MOCVD.

In order to oblain GaAs/AlGaAs heterojunction bipo-
far transistors with high gain and high frequency response, a
very thin ( <1000 A), very heavily doped (p>1x10'"
cm ) p-type base layer is required."” For GaAs/AlGaAs
HBT structures grown by metalorganic chemical vapor de-
position (MOCVD), Mg and Zn are commonly used accep-
tor impurities for the base layer, while Be is typically used for
heavy p-type doping of GaAs grown by molecular beam epi-
taxy (MBE). Unfortunately, the large diffusion coefficients
associated with these impurities can lead to p-n junction re-
distribution during crystal growth or subsequent high-tem-
perature processing.”™ p-type dopant diffusion has been
shown to change the position of the base-emitter p-# junction
relative to the position of the base-emitter GaAs/AlGaAs
heterojunction, resulting in degraded HBT performance un-
fess special set back doping layers are used.’

Carbon has been identified as an alternative acceptor to
Mg, Zn, and Be.® ' Carbon incorporates primarily as a sub-
stitutional acceptor on the column V sublattice, and is ex-
pected to have a much smaller diffusion coefficient than Mg
or Zn.>" "2 High carbon acceptor concentrations in GaAs
have been obtained by MBE using carbon evaporated from a
heated graphite source,’”’ and by atomic layer epitaxy
(ALE) using carbon incorporation from trimethylgal-

grown with abrupt dopant turn-on and turn-off.'®'?

In this work, CCl, has been used as a carbon doping
source for the base region of a GaAs/AlGaAs Npn HBT
grown by low-pressure MOQCVD. Transistors with the base
contact ares either self-aligned of non-self-aligned toa 3 X 10
pm emitter finger were fabricated using wet chemical eich-
ing to expose the base and subcollector contact areas and
liftoff techniques to pattern metallized areas. dc characteri-
zation was performed to determine the gain, base contact
resistance, external base resistance, emitter-base ideality fac-
tor, and collector-base ideality factor of the transistors. Mi-
crowave S-parameter measurements were made to deter-
mine the common emitter current gain and the maximum
available gain as a function of frequency.

The epitaxial structure was grown by low-pressure
MOCVD in an Emcore GS3100 reactor on a 2° off (100)
oriented undoped liguid-encapsulated Czochraiski (LEC)
GaAs substrate. The growth was carried out at a pressure of

TABLE §L. Growth parameters for doping concentration, thickness, growth
temperature, and Al composition of the HBT epitaxial structure. A growth
temperature of 580 °C was used for the base layer to maximize carbon incor-
poraticn from the CCl,. A 2 min growth pause under arsine was used to
change the substrate temperature before and after the base layer.

Hum.'™ To this date, the intentional addition of carbon to Doping Thickness  7¢ _
GaAs grown by MOCVD using a number of hydrocarbon Layer fem ) (A) o Material
sources has not been successful, or has led to films of .iow Subcollestor  # — 1 10 S000 500 Gahs
carbon content.”® However, carbon acceptor concentrations Collector n=35x10" 5000 600 GaAs
in excess of 110" em™? have been obtained in low-pres- Base p=2x10" 1‘-;00 580 G;i/\é

- : . : . 10 Emitter grade undoped 00 760 GaAs-Al,;Gag - As
sure MOCVD grown GaAg using CCl, as a doping source. Emitter N 53 107 1400 60 Al Gy oA
Using CCly, very thin, heavily doped p-type layers have been Capgrade  n- 1x 10" 300 760 Al ,Ga,, As-GaAs

Cap 7= 1% 10" 1600 760 Gahs

* ARQ Fellow.
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FIG. 1. Scanning cleciron micrograph of a completed self-aligned carbon-
doped base HBT with a 3 X 10 ;sm emitter finger.

100 Torr, substrate rotation rate of 1500 rpm, and H, flow
rate of 9 slm. Trimethylgallium and trimethylaluminum
were the group HI growth precursors, and 100% arsine was
the group V source. The carbon doping source was a 1500
ppm mixture of CCl, in H,, and n-type doping was cbtained
with a 1000 ppm mixture of H,Se in H,. The parameters for
doping concentration, thickness, growth temperature, and
Al composition of the epitaxial structure are shown in Table
I. A growth temperature of 580 °C was used for the base
layer to maximize carbon incorporation from the CCl,. A 2
min growth pause under arsine was used to change the sub-
strate temperature before and after the base layer.

HBTs with the base metal contact area both self-aligned
and non-self-aligned to a 3 X 10 um emitter finger were fabri-
cated using wet chemical etching to expose the base and sub-
coliector, and metal liftoff to pattern the areas for contacts.
The area for each device was defined by a ~ I-um-deep mesa
etch and an O™ implant. Evaporation and liftoff of Pd/Ge/
Au (300 A/400 A /4000 A) for metallization of the collector
and emitter contacts was followed by a low-temperature sin-
ter under H,. Evaporation and liftoff of Pt/Ti/Au (200 A/
1000 A/1500 Z\) for metallization of the base contact was
followed by a flash alloy. The conductivity of the sintered
contacts was not affected by the flash alloy. For S-parameter
measurements, two identical transistors were connected in
parallel using air bridges. A scanning electron micrograph of
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FIG. 2. Collector I-¥ characteristic of a non-self-aligned carbon-doped base
HBT with a current gain as high as 86, a voltage offset of 400 mV, and a
breakdown voltage of 3.3 V. The low breakdown voltage is caused by the
doping of the collector layer (7~5>10'cm *) and the large current gain.
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FIG. 3. Dependence of current gain on collector current for self-aligned and
non-self-aligned HBTSs.

a completed self-aligned device (top view) isshown in Fig. 1.

The collector I-V characteristic of carbon-doped base
HBT is shown in Fig. 2. The 3 X 10 um emitter non-self-
aligned transistors exhibit a current gain of 86. Self-aligned
devices of the same size had a current gain as high as 50. A
voltage offset of 400 mV was observed for both types of de-
vices, and is believed to resuit from the difference in thresh-
old voltage between the emitter-base and collector-base in-
terfaces. '’ The transistor breakdown voltage was ~ 3.0 V for
both transistor types. The relatively low breakdown voltage
is caused by the doping (n~ 35X 10'® cm ™) of the collector
layer and the large current gain. The base-emitter junction
ideality factor was deduced from the p-n junction character-
istics of devices tested with the collector open. A base-emit-
ter junction ideality factor of # = 1.2 was obtained for both
self-aligned and non-self-aligned transistors. The base-col-
lector junction ideality factor for both self-aligned and non-
self-aligned transistors, determined from gummel plots, is
n = 1.1. The near-unity values indicate that the g-r currents
in the emitter-base and collector-base junction depletion re-
gions are small.

Using transmission line measurement (TLM) patterns,
a base contact resistance of R, = 2.85X 10 ® {2 cm® and an
external base sheet resistance of R, = 533.4 (}/[1 were mea-
sured. This external sheet resistance corresponds to a base
doping of p~1.5X 10" cm—°.

The dependence of current gain on collector current is
shown in Fig. 3 for both self-aligned and non-self-aligned
HRBTs. Both types of devices attain maximum current gain at
approximately the same collector current. However, the self-
aligned transistors have greater current gain at low collector
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FIG. 4. Frequency dependence of the common emitter current gain (H,,)
and maximum available gain (G, ), derived from S-parameter measure-
ments, for self-aligned HBT's with 3 10 um emitter fingers. Assuming a 6
dB/octave rolloff from the measured values, f; = 26 GHz and f,,,, ~ 15
GHz were obtained.
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FIG. 5. Frequency dependence of the common emitter current gain (H,,)
and maximum available gain (G, ), derived from S-parameter measure-
ments, for non-self-aligned HBTs with 3 10 um emitter fingers. Assuming
& 6 dB/octave rollof from the measured values, f, =20 GHz
angd fi... = 10 GHz were obtained.

current. The difference in the slopes of the #vs [, character-
istics is due to differences in the actual emitter-base junction
area caused by undercutting of the wet chemical etch in the
fabrication of the self-aligned devices. The reduced junction
area results in increased current density in the self-aligned
HBTs. The higher peak current gain in the non-self-aligned
HBTs may result from less recombination of emitter current
at the base contact metal.'® The self-aligned device, with less
lateral separation between the base contact and the emitter-
base junction, will experience larger recombination currents.

Microwave performance of the HBTs was characterized
by S-parameter measurement of two transistors connected
in paraliel and contacted with Cascade probes using an HP
8510 calibrated with standards on alumina substrates. The
frequency dependence of the common emitter current gain
(#,,), and the maximum available gain (G,,,, ), derived
from the S-parameter measurements, are shown for the self-
aligned and non-self-aligned HBTs in Figs. 4 and 5, respec-
tively. The transistor bias was set at ¥, = 3.0 V for all mea-
surements, while the current density was J. =6.0x 10* A/
cm’. By assuming a 6 dB/octave rolloff from the measured
gain valaes, a cutoff frequency of f, = 26 GHz for the self-
aligned HBTs was obtained, while f, = 20 GHz for the non-
seif-aligned transistors. The frequency at which the maxi-
mum availabie gain reached unity was £, = 15 GHz for
the seif-aligned devices and £, = 10 GHz for the non-self-
aligned devices. The higher frequency operation of the self-
aligned device arises from reduced external base resistance.

In conclusion, CCl, has been used as a carbon doping
source for the base region of a GaAs/AlGaAs Npr HBT
grown by low-pressure MOCVD. Transistors with a 3 < 10
pm emitter finger self-aligned tc the base contact had dc
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current gain as high as 50 and a current gain cutoff frequency
of f, = 26 GHz. Transistors of equal emitter area without
self-alignment had dc current gain as high as 86 and f, = 20
GHz. Both types of devices exhibited low base contact resis-
tance and external base sheet resistance, as well as excellent
ideality factors for the emitter-base and collector-base junc-
tions. Improved gain and frequency response may be ob-
tained in future devices by heavier carbon doping of the base
region, and lighter n-type doping of the collector layer.
These preliminary results indicate that carbon doping from
CCl, may be an attractive substitute for Zn or Mg in GaAs/
AlGaAs HBT structures grown by MOCVD.
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