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Vertical Bipolar Transistors in
Laser-Recrystallized Polysilicon

J. C. STURM, STUDENT MEMBER, IEEE, AND J. F. GIBBONS, FELLOW, IEEE

Abstract—Vertical bipelar n-p-n transistors with a base width of 0.2
um have been fabricated in laser-recrystallized polysilicon films on
thermally oxidized silicon substrates. With proper hydrogen annealing
steps, common-emitter current gains on the order of 100 were possible.
Recombination in the base-emitter space-charge region was found to be
the dominant source of base current.

I. INTRODUCTION

TO DATE, almost all work in laser-recrystallized films
has been with majority-carrier devices, i.e., MOSFET’s.
This is not surprising considering the inherent suitability of a
thin film to the MOSFET structure. However,
silicon-on-insulator (SOI) films have potential for bipolar
transistors as well. An SOI bipolar transistor could have a
lower collector-substrate capacitance than a conventional
transistor and the isolation for a complementary process
would be greatly simplified. Due to a high drive capability
and the ability to sense low currents, bipolar transistors have
recently found applications in merged CMOS-bipolar circuits
[1]-[3], and a SOI CMOS-bipolar process has been demon-
strated in strip-heater recrystallized silicon [4]. Bipolar
transistors have also been fabricated in SOI layers created by
ion implantation of a buried insulator [5], [6]. However,
neither of these techniques is adaptable to three-dimensional
integration [7]. In order to explore the possibilities of bipolar
transistors in three-dimensional (3-D) structures, we have
fabricated vertical bipolar transistors in laser-recrystallized
polysilicon films.

The electron minority-carrier diffusion length in 10V
cm~3 p-type laser-recrystallized polysilicon after a forming
gas anneal has been measured in this laboratory to be roughly
4 um. Thus, according to elementary bipolar transistor
theory, for a transistor with a base width of 0.2 um, base
transport would ‘‘limit’’ the current gain to 750. Hence,
high-performance bipolar transistors in laser-recrystallized
polysilicon would not be limited by the minority-carrier
diffusion length.

II. FABRICATION

The transistors were fabricated in 0.75-um-thick
laser-recrystallized polysilicon films on 1500 A of thermal
oxide. The films were implanted with phosphorus before
recrystallization so that a uniform n-type doping of 10'7
cm 3 resulted after the laser processing. This was chosen as

Manuscript received April 22, 1985; revised May 23, 1985. This work
was supported by DARPA under Contract ONR-N00014-84-K007.

The authors are with Stanford Electronics Laboratories, Stanford Univer-
sity, Stanford, CA 94305.

a compromise between breakdown voltage and collector
series resistance. The recrystallization was performed with
an oxide cap and a scanning argon-ion laser with the beam
shaped to an elliptical spot of roughly 200 um X 15 um,
resulting in a thermal gradient similar to that described by
Stultz [8]. The laser scan rate was 10-20 cm/s and substrates
were held at 350°C. The beam power was approximately 15
W and adjacent scans were overlapped by 40 percent. A
Secco etch [9] determined that the recrystallized films had a
typical grain size of 50 um X 200 pm and had a low-angle
grain boundary (subgrain boundary) spacing within each
grain of a few micrometers. These defects extended verti-
cally through the films and ran parallel to the thermal
gradient from the shaped laser beam.

Conventional processing was then carried out to achieve
the structure in Fig. 1. The n* collector contact regions were
diffused before the base and emitter regions were created.
Initial experiments with an implanted emitter and a
base-emitter metallurgical junction depth of only 1000 A
indicated excessive hole recombination at the metal emitter
contact, so a polysilicon emitter process was used [10], [11].
The chemical oxide resulting from the wafer cleaning was
not etched off before the polysilicon deposition. After a base
implant and anneal, 1000 A of polysilicon was deposited and
implanted with 50-keV As* ata dose of 1 X 105 cm~2. This
was annealed at 600°C for 1 h and then 1000°C for 3 min,
but due to the thermal mass of the furnace boat only 1 min’at
1000°C was estimated. A doping profile calculated by
SUPREM-III is shown in Fig. 2.

III. RESULTS

Extensive measurements by direct probing of the silicon
prior to metallization were then performed on devices with
20 pm X 20 pm emitters. Initial common-emitter current
gains of about 10 were measured on a curve-tracer, but they
increased to near 40 after a 450°C forming gas anneal. A
subsequent Ar:H (99:1) plasma anneal (still before metalliza-
tion) at 350°C for 15 min further improved the gains to
rougly 100 (Fig. 3). Gummel plots revealed that the forming
gas and plasma anneals did not change the collector current
(which had the ideal 60-mV/decade characteristic), but that

‘the increases in gain were due to decreases in the base

current. Even after the plasma anneal, a Gummel plot (Fig.
4) shows a nonideal base characteristic of 85-mV/decade.
Control transistors with identical doping profiles fabricated
simultaneously in n-type single-crystal silicon substrates had
a gain of roughly 300 that was independent of the anneals and
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Fig. 1. Cross section of vertical bipolar SOI transistors.
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Fig. 2. Calculated doping profile of the polysilicon emitter transistors.
Fig. 3. Curve-tracer common-emitter characteristics of an SOI transistor

after an Ar:H plasma anneal. The substrate-emitter voltage was —5 V.
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Fig. 4. Gummel plot of an SOI transistor after an Ar:H anneal. The
collector-base voltage was 0.0 V and the substrate-base voltage was 0.0
V.
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displayed 60-mV/decade characteristics for both the base and
collector currents. Since recrystallized devices with an
emitter size of 200 um X 200 um (giving a larger
area/perimeter ratio) actually had a lower gain, a dominant
perimeter parasitic component of base current in the smaller

_ transistors is unlikely. Thus, the 85-mV/decade base current

in Fig. 4 indicates that the dominant source of base current
(and limit on gain) is recombination in the base-emitter
space-charge region.

The decrease in base currents caused by the forming gas
and plasma anneals is probably due to hydrogen passivation
of defects in the laser-recrystallized material and the corres-
ponding decrease in the recombination rate. Efforts to further
reduce the base current with more Ar:H plasma annealing
actually sputtered away the emitter entirely so that metalliza-
tion was not possible. A second wafer lot processed
identically and metallized without any plasma anneal exhib-
ited gains of 20-40 after a forming gas anneal.

A comparison of Gummel plots for the single-crystal and
recrystallized transistors shows identical collector currents.
This indicates that the minority-carrier diffusion coefficient
(and hence mobility) of the electrons in the base is the same
in laser-recrystallized and single-crystal silicon. Since the
subgrain boundaries extend vertically through the film, this
minority-carrier transport does not involve crossing subgrain
boundaries. Majority-carrier mobility measurements in re-
crystallized films with no grain boundaries have shown
similar agreement with bulk single-crystal values [12].

Since the subgrain boundary spacing was only a few
micrometers and the emitter size was 20 pm X 20 pm, all
devices contained these vertical defect structures, and many
probably contained grain boundaries as well. However, no
yield loss from collector-emitter shorts due to subgrain
boundary or grain boundary diffusion of the emitter dopant
was observed for the 1000°C drive-in, although for higher
drive-in temperatures (1050 or 1100°C) many such shorts
were seen. Grain and subgrain boundaries can be eliminated
by using seeding techniques [13].

The transistors exhibited a considerable (~ 5-kQ) series
resistance which increased with a negative substrate bias.
This can be explained by the resistance of the thin, lightly
doped collector layer under the base. This layer can be
depleted by the collector-base bias and by substrate gating
effects. Further experiments to create a heavily doped n*
region on the bottom of the recrystallized film are in
progress.

IV. CONCLUSION

High-performance vertical bipolar transistors are indeed
possible in laser-recrystallized polysilicon films, and
base-emitter space-charge region recombination is the limit
on the current gain. The nonideal base current characteristics
in laser-recrystallized films may preclude low-current appli-
cations, but a gain of 100 at higher currents is more than
adequate for current-driver or logic applications. Since laser
recrystallization is suitable for three-dimensional structures,
3-D bipolar devices should be possible.
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