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_ABSTRACT B

|

The minority carrier propertiesz of shaped-beam laser-recrystallized
__Dbolysilicon films have been studied, leading to the successful fabrication of
_l{rertical bipolar transistors in these films and to the demonstration of aj_
_novel three-dimensional merged vertical bipolar-MOS device. Experiments with[ _
_llateral transistors established a minority carrier diffusion length of 4 ym__
in p-type recrystallized films. Vertical bipolar npn transistors with al
_pase-width of 0.2 uym were fabricated in 0.75-um—thick films using a poly-}-
jilicon emitter technology. The strong dependence of the gain of the transis-~_ -
~ors on hydrogen annealing steps is described. With an Ar:H plasma anneall .
Tase-emitter space-charge region recombination, a common—emitter current galm
»f 100 was possible.

1

_t The bipolar transistor technology was then used to develop a 3-D four-
terminal merged vertical bipolar-MOS device in a recrystallized film. It
_:Lonsists of the three terminals of a bipolar transistor plus a fourth unde | —
_Pying terminal which serves to switch the collector current on or off. Al
J imple model for the device is present?d. -

i NTRODUCTION

Laser-recrystallized polysilicon films have long been of interest fu.
_Filicon—on—insulator and three—-dimensional integration applications [1]. Be-

ause of the lateral nature of the MOSFET structure, nearly all device appli-
_cations of recrystallized films have involved MOSFET's. However, there are;—
ny potential uses for minority carfier devices in recrystallized films.{—
ipolar transistors can source more current and sense lower currents than|—
heir majority carrier counterparts. To this end, several merged CMOS-bipolar}—
rocesses have been developed [2,3]. Bipolar devices are also useful for thet—
onversion of light into electrical siinals. d

To date, there has been only scattered work with minority carrier prop—=i—
_erties and devices in laser-recrystallized silicon [4,5,6]. In this paper,i—
_Fhe minority carrier properties of silicon are investigated, leading to the—-
_successful fabrication of high-gain vertical bipolar transistors in recrystal=-r—:
_1ized films. Finally, the bipolar technology is used to demonstrate a merged|—"
-MOS-bipolar device. =
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_1IN0RITY CARRIER PROPERTIES
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Srrm) :
—a P-n junction diodes are the simplest minority carrier devices. Both—
-lateral and vertical nt-p diodes were fabricated in laser-recrystallized —
_films to qualitatively evaluate the material quality. The films werer—
_recrystallized from deposited ‘polysilicon ““on " thermally oxidized silicon; -
_substrates. The film thickness was ~0.75 ym and a scanning argon ion =
_laser was used for the recrystallization. The laser beam was elliptically—
-shaped to a spot of roughly 200 um x 15 ym. No seeding technique was used, —
_hnd the typical resulting grain size! was 200 pm x 50 ym with a subgrain—

_Toundary spacing within each grain of%a few microns. An oxide cap, rather| —
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than a nitride cap, was used during the recrystallization to avoid interface MIRE
Btates on the bottom of the recrystallized film [7]. Such interface states

an act as recombination centers and affect the performance of minority

arrier devices. |

Both the lateral and vertical diodes appeared well-behaved when measured] _

n a curve-tracer, but low current measurements in forward bias showed aj
on-ideal current-voltage slope of ~100 mV/decade (diode quality factor] _

= 1,7). (See fig. 1.) The current in vertical diodes scaled as the junction|
rea, ruling out parasitic surface effects. In an ideal diode the dominant| _
urrent in forward bias results from the recombination of carriers in neutral|
egions, leading to a current-voltage slope of 60 mV/decade of current (n =
1.0). The non-ideal slope of the diodes in the recrystallized films indicatesi
xcessive recombination in the space—charge region, characteristic of material| _
_with a low minority carrier lifetime. A seeding technique was then used to; _
_leliminate grain boundaries (but not the subgrain boundaries). No improvement] _
-n the diode performance was seen. Thus, it appears that grain boundaries were
ot the dominant recombination centers in the unseeded material, leaving sub—___
—igrain boundaries or some unknown defects as the main recombination centers.|.
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Fig. 1. Current-voltage charac- Fig. 2. Dependence of collector cur=_
teristics for vertical diodes. rent on the emitter—collector spacing__

in lateral transistors.

{ Lateral bipolar npn transistors were then fabricated in unseeded films,_~
-and annealed in forming gas to quantifiably measure the electron minority carT

rier diffusion length. According to simple theory, the collector curren;_,¢
ishould decrease exponentially with the emitter-collector spacing. From the
observed data (fig. 2), a minority carrier diffusion 1length of 3.9 um was_"
t{found. Surprisingly, this diffusion length is not much lower than the ob-_:
igerved diffusion lengths of 5-10 pm in strip-heater recrystallized films [8,.;
9], even though the subgrain boundary spacing in strip-heater recrystallized .
films is typically 10-100 ym [10], over an order of magnitude larger than_
ithe subgrain boundary spacing in our laser-recrystallized films. This hints.
that there is some unknown defect in addition to the subgrain boundaries .-
{responsible for the carrier recombination in recrystallized polysilicon. -

i

i

abed Wﬂf; -7— y oweu soyiny

z

- If one assumes a minority carrier diffusion coeffiecient of 20 cm?/s for
~the minority carrier electrons, the diffusion length of 4 ym translates to
—a recombination lifetime 7, of 7.5 ns. This is not a very long lifetime;-
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here s narrow—base transistors. According to elementary bipolar transistor theory, S AR

1for a base width of 0.2 ym and a diffusion length of 4 um, transport of
ielectrons across the neutal base region would limit the current gain of the
-'transistor to "only"™ 750. . !

| =

art  ta diffusion leng VIR
pi but a diffusion length of 4 um should be adequate “for high—performance ;

VERTICAL BIPOLAR TRANSISTORS

To see if high-performance bipolar transistors were indeed possible,
|vertical bipolar npn transistors were fabricated directly in recrystallized
__films 0.75 um thick. O0.75 pm is very thin for a typical bipolar structure,
_|but it was desired to keep the film thin to remain compatible with thicknesses
_!desirable for CMOS processing. The recrystallization was performed indenti-__
_lcally to that described earlier. The emitter size of the transistors was 20
_lum x 20 pym, large enough so that all emitters contained several subgrairi
_lboundaries, but small enough so that few devices contained grain boundaries.a
A cross section of the transistor structure is shown in fig. 3 [11l]. The___
_ibase width of the transistors was 0.2 pym. Because a very shallow emitter
_was required to make a vertical transistor in the thin film, a polysilicom__
emitter technology was used to maintain a high emitter efficiency. By care-'
_ifully controlling the diffusion of the emitter dopant from the polysilicon___‘
qemitter layer into the recrystallized film, excessive diffusion of the emitten__
__!dopant down the subgrain boundaries could be avoided. Excessive high-temper-
_lature annealing of the emitter implant did indeed result in emitter-collector _

_ishorts. L
] g a=
10° '
c : ] E B
teollector) (base) (smitter) { !
___——Fcontacts c / /
e ! — 102 1 f\ control {
P e - racrystallized 8
i e A S3l1tcon 8.75 um
ALY LA AN - e {
g —n cC
¥ [+}]
n . ' {/— recrystallized >
» L=t c 10! 1 1 =4
o }
(&) 3
111con dioxide 2
-
5
silicon substrate ‘00 o 5
Before After After g 5
FGR FGA  Ar:H Plasma - 4
.VJ ‘.‘q
_JFig. 3. Cross section of the ver- Fig. 4. Dependence of current gain_ c
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The current gain of the transistors, as measured on a curve tracer, - ,:\

_increased with hydrogen annealing after the fabrication. The current gain_-
_measured about 10 without annealing, increased to near 40 after a 450 °C_—
_iforming gas anneal, and increased still further to about 100 after an Ar:H-
—plasma anneal at 350 °C. The results are depicted graphically in fig 4
_|By driving off hydrogen from annealed transistors (450 °C, Ny ambient), 1
_lwas possible to reduce the gain of the anneal transistors back to ~10 an
-jthen repeat the process. The gain of control transistors fabricated in—-
—single crystal substrates was rather independent of the hydrogen annealing’.ffl

An explanation for the effedt "of ‘the hydrogen annealing can be found by
—{considering the physics of bipolar transistors and examining the low current -
_imeasurements of the collector and base currents as a function of the base- - 9
—lemitter bias (Gummel plots). Before annealing, the collector current showed:’{—; K\
lan inverse slope of 60 mV/decade (as it must in a true bipolar transistor),—
—{but the base characteristics were rather poor (~100 mV/decade). The poor base—
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“typing )—fﬂcharacteristics were similar to the characteristics of the n*-p diodes seen
%arlier. The current gain in the unannealed transistors increased with the

here —]

]

—_

-

_jcurrent level to ~10 at the current levels seen on the curve tracer. The
ﬂnon—ideal slope of the base current means that recombination in the base—

emitter space-charge region was the primary source of base current and the
limit to the current gain. | L

Lt

The hydrogen annealing in the SOI transistors was seen to reduce the base

_jeurrent but to leave the collector current unchanged, leading directly to an_
_jincrease in the current gain of the device (fig. 5). The improvement (reduc-.

tion) in the base current is presumably due to the hydrogen passivation oﬁ_

defects in the base-emitter space—charge region and the corresponding decrease__
—jin recombination. Even after the plasma annealing, however, the improved basq__

characteristics were still not ideal (~85 mV/decade), implying that base
emitter space-charge region recombination was still the limit to the transis— _
tor gain. While such non-ideal characteristics may rule out low current or _

.analog applications, the high current gain of 100 is ample for digital or cur-

_.rent driver applications. ] [:
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Fig. 5. Gummel plot of collector
and base current for a plasma-
annealed transistor.

MERGED 3-D VERTICAL BIPOLAR-MOS DEVICE

The new device was created by fabricating the bipolar structure of fig. 3

in a p-type film rather than in an n-type film. The device as fabricated has

no collector underneath the emitter to collect electrons injected into the
base by the emitter (fig. 6). Because the lateral transistor is very inef- -

ficient, operating the device with zero substrate bias results in essentially
zero collector current, independent of the base current; electrons injected
into the base from the emitter will recombine before reaching the collector-

contact on the side (fig. 7a). |
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Flg. 7.
_| ubstrate-emitter voltage of 0 V (a) and for 20 V (b). L

Bipolar curve-tracer characteristics of the merged device for a

However, applying a positive bias to the substrate will change the -
_|situation. A sufficient positive bias will invert the bottom of the p-type
_Ifilm (fig. 8), just as the positive bias on the gate of a conventional n-chané_-
_4ne1 MOSFET will create an inversion layer of electrons. The inversion layer -
__will be in quasi-equilibrium with the n% collector contact on the side of the —
_ldevice. The electric field in the space—-charge region above the inversion—-
_|layer can then sweep injected electrons from the base to the inversion layer{—-
_Once in the inversion layer, the electrons can flow to the collector contactes—

—

Since an efficient collector has now been created, the bipolar transistor has—

t een switched "ON" (fig. 7b), and the E, B, and C terminals now function as in—

a conventional bipolar transistor. With a 5-V swing on the fourth terminal, an—
N/OFF current ratio of 102 has been observed.
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—

Fig. 9. First order model for the
merged bipolar-MOS device. i
The collector of the conventional vertical bipolar transistors was
-idescribed earlier as a depletion mode n—channel MOSFET gated by the substrate.
In this merged bipolar-MOS device, the depletion mode MOSFET-collector has
been replaced with an enhancement mode MOSFET; i.e. the substrate bias must
be above some positive threshold voltage to turn the device "ON". As a first
order model for the device, one may consider an npn bipolar transistor in ser- §
—jles with an enhancement mode MOSFET (fig 9). At low substrate voltagggl.ghé:
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[Follector current is limited by the MOS transistor (fig. 7a), whereas at larger
J_ate voltages the collector current is limited by the base current (fig. 7b).

'UMMARY

Minority carrier devices in laser-recrystallized films are indeed limited

"'y recombination at defects in the films. Whether these limiting defects are _
—| ubgrain boundaries or other defects is not known. However, with proper hydro-._
—| en passivation, the effect of these defects can be reduced to the point such_
—| hat high-gain vertical bipolar transistors are possible. The operation of __

—| nderlying layers on vertical devices in thin films can be very important._
-] The ability to fabricate useful minority carrier devices, such as optical__
{ 2tectors, for example, in a material suitable for three-dimensional 1ntegra-'
—| Lon should make exciting new device structures and circuit concepts possible.._
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