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I. 'HINTRODUCTION

Research on the use of directed energy sources, particularly cw
lasers and electron beams, for semiconductor processing operations has
been carried out at Stanford under the principal sponsorship of DARPA
since January 1, 1978, Over the two years from January 1, 1978 to
December 31, 1980, research effort has been concentrated on three

principal topics:

(1) Use of lasers and electron beams for annealing jon implanted
silicon under solid phase conditions;

(2) Use of lasers and arc sources for recrystallization of thin
) polysilicon films and a study of the device potential of this material;
and

(3) Use of cw lasers and electron beams for promoting metal
silicide reactions.

In the following report we collect papers that describe the cw
beam recrystallization of thin polysilicon films and the use of this
material for device and integrated circuit fabrication. A subsequent
report will collect and summarize papers on silicide formation.
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SUMMARY OF STANFORD PAPERS ON CW BEAM RECRYSTALLTZATI N

OF POLYSILICON FILMS WITH DEVICE APPLICATIONS

Research at Stanford on the use of cw lasers for recrystallization
of polysilicon films has led to the publication of 18 oiiginal papers
and more than 20 reviews. The certral contributions contained in this
work are summarized briefly below with reference to the attached papers:

* Papers 1 and 2 describe the effects of varying the power level
in the cw beam recrystallization of LPCVD polycrystalline silicon films,
leading to an experimental determination of the meckanism by which large
grains (2ux25u) can be caused to grow from continuous films in which the
original grain size is 200-500 k. Preliminary measurements of the
resistivity of these beam-recrystallized films are also included in
these papers.

* Papers 3 and 4 describe experiments performed to measure the
resistivity reduction obtainable in heavily doped polycrystalline films,
using both cw and pulsed laser recrystallization techniques, together with
a study of the effect of subsequent heat treatment on resistivity changes
produced by the laser processing.

* Paper No. 5 describes the crystal structure and thermal oxidation
characteristics of laser-recrystallized polycrystalline silicon, providing
1ata which are essential for the application of this material to device
fabrication.

* Papers 6 and 7 describe experiments performed to determine the
interface properties at both the back surface of a laser-recrystallized
polysilicon film on an insulator and at the underlying interface betwcen
the insulator and a single crystal silicon substrate. These measurements
show that interface charge densities can be low enough to permit fabrica-
tion of high quality devices.

* Papers 8 through 12 describe the fabrication of thin film
MOSFETs and MESFETs on the top surface of a laser annealed polycrystalline
silicon film. In all cases the results are comparable to those obtained
when similar devices are fabricated on single crystal silicon substrates,
and in some cases superior to devices fabricated in silicon-on-sapphire
substrates.
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* Paper 13 describes a one-gate-wide CMOS inverter in which a

S single gate is used for both n-channel and p-channel devices by using

3 bulk silicon for the p-channel device and an overlying laser-recrystal-

lized silicon film for the n-channel device. This is believed to be

. the first active device fabricated on separate, vertically-arranged
films of material.

*+ Papers 14 through 16 describe experiments in which a scanning
cw laser system is used to fabricate single-crystal <100> silicon
islands on amorphous substrates and to promote the lateral epitaxial
recrystallization of amorphous silicon films deposited over exposed
regions of single crystal silicon substrates.

* Paper 17 gives a review of work on thin film MOSFETs carried
out in collaboration with a number of industrial laboratories and |
includes original material on minority carrier lifetimes and generation
rates in laser recrystallized polysilicon films,

* Paper 18 gives a review of the field of thin film MOSFET
fabrication prepared as an invited paper for the Laser and Electron
Beam Processing Symposium (Material Researcnh Society Meeting, Boston,
1981) and includes original material the velocity-electric field
characteristics of the material and the first use of a scanning xenon
arc source for recrystallization of polysilicon films,
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OVERVIEW OF STANFORD PAPERS ON
CW BEAM-RECRYSTALLIZED POLYSILICON AS A DEVICE-WORTHY MATERIAL

Paper No. 1.

"CW Laser Anneal of Polycrystalline Silicon: Crystalline Structure,
Electrical Properties", A. Gat, L. Gerzberg, J. F. Gibbons, T. J. Magee,
J. Peng, and J. D. Hong, Applied Physics Letters 33, 8, (Oct. 15, 1978).

0.4-um-thick polycrystalline silicon deposited in a low-pressure
CVD reactor was implanted with B to a dose of 5x1014/cm and then irradi-
ated in a cw laser scanning apparatus. The laser annealing produced an
increase in grain size from ~ 500 A to long narrow crystals of the order
of ~ 25x2 u, as observed by TEM. Each grain was found to be defect free
and extended all the way to the underlying Si3Ng. Electrical measure-
ments show 100% doping activity with a Hall mobility of about 45 emé/V
sec, which is close to single-crystal mobility at the same carrier
concentration. Thermal annealing produces material with an average
gain size of 1000 A and a resistivity higher by a factor of 2.2 than
that obtained with the laser anneal. Laser annealing performed after a
thermal anneal reduces the resistivity to approximately the same value
obtained by Taser annealing only.

Paper No. 2.

"Effect of Power Level in CW Laser Annealing of Polycrystalline Silicon",
L. Gerzberg, A. Gat, K. F. Lee, J. F. Gibbons, J. Peng, T. J. Magee,

V. R. Deline, and C. A. Evans, Jr., (Submitted for publication to the
Electrochemical Society).

Continuous-wave argon laser annealing and recrystallization of
polycrystalline silicon is investigated as a function of laser power in
samples implanted with arsenic and boron. The analysis is based on
optical microscopy, TEM, SIMS, and Hall measurements. The data obtained
reveal three distinct regimes of laser processing:

(1) a Tow power regime, where the anneal is performed without melting,
with no dopant redistribution and with dopant activation similar to
thermal annealing; (2) a medium power regime, with moderate dopant
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redistribution occurs, probably as a result of partial melting through
the layer; and (3) a high power regime, where the melt reaches the
underlying amorphous oxide. Large grains are then observed, with the .
accompanying characteristics of high mobility, complete dopant redis-
tribution, and decreased surface roughness.

Paper No. 3.

"Resistivity Reduction in Heavily Doped Polycrystalline Silicon Using
CW-Laser and Pulsed Laser Annealing“, T. Shibata, K. F. Lee, J. F. Gibbons,
T. J. Magee, J. Peng and J. D. Hong, (Submitted for publication to
Journal of Applied Physics).

The resistivity reduction in heavily doped polycrystalline Si by laser
annealing and its increase during subsequent heat processing have been
studied. Both cw and pulsed lasers are used and the results are compared. |
In both cases laser annealing reduces the resistivity of doped films by ‘
a factor of 2-3 compared to the furnace anrealing. A limited resistivity
increase is observed in all laser-annealed samples during subsequent
thermal annealing, with the final values for resistivity being lowest
for cw-laser annealed Si. The subsequent annealing behaviour observed
for cw and pulsed laser annealed Si is interpreted in terms of the
different grain structures found in these films. It is demonstrated by
TEM studies that the resistivity instability is caused by the precipitation
of dopants in the form of rod shaped structures localized at the grain
boundaries as well as within the crystallites.

Paper No. 4.

“Resistivity Changes in Laser-Annealed Polycrystalline Silicon During Thermal
Annealing", T. Shibata, H. Lizuka, S. Kohyama, and J. F. Gibbons, Applied
Physics Letters 35, 1, (July 1, 1979).

Polycrystalline silicon layers heavily doped with phosphorus or
arsenic were irradiated with a Nd: YAG pulsed laser beam. A 40-50%
reduction in sheet resistivity was obtained by laser annealing. However,
during subsequent heat treatments the resistivity increased to a value
which was higher than the initial value before the laser anneal. The
instability of the resistivity is tentatively explained by reprecipitation
of dopants both within the grains and at the grain boundaries.
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Paper No. 5.

“Crystal Structure and Thermal Oxidation of Laser-Recrystallized
Polycrystalline Silicon", T. I. Kamins, K. F. Lee, and J. F. Gibbons,
Applied Physics Letters 36, 7, (April 1, 1980).

Laser-recrystallized polycrystalline silicon exhibits a weak <111>
preferred orientation, in contrast to the strong <110> texture seen in
fine-grain poly-silicon. The oxide thickness thermally grown on laser-
recrystallized poly-silicon is much greater than that on fine-grain poly-
silicon when both are heavily phosphorus doped but is approximately the
same when both films are lightly doped.

Paper No. 6.

"Charges at a Laser-Recrystallized-Polycrystalline-Silicon/Insulator Interface",
T. I. Kamins, K. F. Lee, and J. F. Gibbons, IEEE Electron Device Letters,
Vol. EDL-1, No. 1, (January 1980).

Capacitance-voltage characteristics have been measured to determine
and interface properties at the back surface of a layer of laser-recrystal-
lized polycrystalline silicon. The interface between the recrystallized
poly-silicon and an underlying oxide layer can be characterized by an
effective fixed-charge density and a fast-state density, both in the
low-to-middle-1011 ¢m-2 range. Charge trapping at poly-silicon/silicon-
nitride interface precludes the determination of a meaningful value of
interface charge.

Paper No. 7.

"Interface Charges Beneath Laser-Annealed Insulators on Silicon", T. I.
Kamins, K. F. Lee, and J. F. Gibbons, Solid-State Electronics Vol. 23,
pp. 1037-1039 (1980).

Laser annealing of a thermally grown, silicon-dioxide layer reduces
an initially high fixed-charge density. Similar annealing of a silicon-
nitride-covered silicon wafer does not markedly improve the interface
characteristics. Laser melting and recrystallization of polycrystalline
silicon above a thermally grown oxide does not appreciably increase the
interface charges at the underlying silicon-dioxide/single-crystal-silicon
interface.
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Paper No. 8.

"Thin Film MOSFET's Fabricated in Laser-Annealed Polycrystalline Silicon",
K. F. Lee, J. F. Gibbons, K. C. Saraswat, and T. I. Kamins, Applied
Physics Letters 35, 2, (July 15, 1979).

Both depletion- and enhancement-mode MOSFET's have been fabricated -
with the active transistor channels in laser-annealed polycrystalline-
silicon films. A dose of 3x10'2 31p/cm? was implanted at 100 keV into
0.5-um-thick poly-silicon films for the depletion-mode device, and a
'j dose of 3x10'1 118/cm2 was used for the enhancement-mode device. The
; transistors fabricated in the poly-silicon films show electrical char-
acteristics comparable to those of devices in single-crystal silicon.

In the depletion-mode device, an electron mobility of ~ 450 cmz/Vsec
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ﬁ was obtained, and approximately 80% of the phosphorus was electrically

ﬁ active. The surface mobility of electrons was about 340 cmz/V sec in

f the enhancement-mode device, and a threshold voltage of approximately

” 2.5 V was obtained.
Paper No. 9.

N "Silicon-On-Insulator M.0.S.F.E.T.S Fabricated on Laser-Annealed -
Polysilicon on Si02", A. F. Tasch, T. C. Holloway, K. F. Lee, and
J. F. Gibbons, Electronics Letters, Vol. 15, No. 14, (July 5, 1979).

v "

! N-channel-enhancement and light-depletion-mode m.o.s.f.e.t.s have

. been fabricated on laser-annealed 0-5 um polysilicon films, deposited
on 1 ym of Si02 grown on single-crystal silicon substrates. Threshold

&y voltages of 0°35-0°45 V and -0°5--0°7 V and surface mobilities of 170

L. cmZ/Vs and 215 cm2/Vs were obtained n the enhancement and depletion

f devices, respectively. These results compare favourably with values

o realised in silicon-on-sapphire (s.o.s) and bulk N-m.o.s. devices. In

’ addition, the measured source-drain leakage currents match the best

. reported values for s.o.s. device.
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Paper No. 10.

"A Monolithic Integrated Circuit Fabricated in Laser-Annealed Polysilicon",
T. I. Kamins, K. F. Lee, J. F. Gibbons, and K. C. Saraswat, IEEE
Transactions on Electron Devices, Vol. ED-27, No. 1, (January 1980).

An integrated-circuit (IC) fabrication process has been used to
construct small-geomatry MOS transistors and a ring oscillator with the
active transistor channels in a thin layer of laser-annealed poly-silicon.
Both enhancement-mode and depletion-mode n-channel, silicon-gate trans-
istors have been fabricated with dimensions compatible with high-
performance MOS technology (gate lengths as short as 3 um). A modified
LOCOS process was used to fabricate the devices so that each transistor
was contained within a pocket of silicon completely isolated from
adjacent elements by dielectrics. The transistors were well behaved,
with mobilities approaching those in single-crystal silicon, reasonably
abrupt subthreshold characteristics, and low leakage current. An oper-
ating, nine-stage ring oscillator was also fabricated, and its behavior
suggests the approach for further optimization. The technology offers
the possibility of high-performance IC's on potentially inexpensive
substrates, as well as the possibility of additional levels of devices
on monolithic silicon IC's.

Paper No. 11.

"Ring Oscillators Fabricated in Laser-Annealed Silicon-On-Insulator",
H. W. Lam, A. F. Tasch, Jr., T. C. Holloway, K. F. Lee, and J. F. Gibbons,
IEEE Electron Device Letters, Vol. EDL-1, No. 6, (June 1980).

Both seven and eleven stage n-MOS ring oscillators with 6 um
channel length have been successfully fabricated in scanning. CW argon
laser-annealed polycrystalline silicon islands, which are defined prior
to the laser annealing step, on oxide substrates. The ring oscillators,
which have a fan-out of three, have a switching delay per stage of 58
nsec and a power-delay product of about 7 pJ operating at a supply
voltage (Vpp) of 5 volts and switching between Vpp and ground. The
most serious difficulty encountered during circuit fabrication was the
deformation of the silicon islands resulting from laser annealing with
extensive laser power density.
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Paper No. 12.

"Micrometre-Gate M.E.S.F.E.T.S. cn Laser-Annealed Polysilicon", J. Barnard,
J. Frey, K. F. Lee, and J. F. Gibbons, Electronics Letters, Vol. 16,
No. 8, (April 10, 1980).

Schottky-barrier field-effect transistors (m.e.s.f.e.t.s) have
been fabricated on uniformly doped laser-annealed polycrystalline
silicon deposited on a silicon nitride insulator. The devices, which
had aluminium Schottky-barrier gates and diffused n* sources and drains
but nonoptimised channel profiles, had about 65% the gy values of
similar but optimised devices made on s.o.s. layers. Performance of
these devices is considered adequate for certain innovative integrated-
circuit technologies.

" Paper No. 13.

"One-Gate Wide CMOS Inverter on Laser-Recrystallized Polysilicon",
J. F. Gibbons and K. F. Lee, IEEE Electron Device Letters, Vol. EDL-1,
No. 6, (June 1980).

A CMOS inverter having a single gate for both n and p channel devices
has been fabricated using bulk silicon for the p channel device and a
laser-recrystallized silicon film for the n channel device. The fabrica-
tion details and dc electrical performance of this device are described.

Paper No. 14,

“CW Laser Recrystallization of <100> Si on Amorphous Substrates", J. F.
Gibbons, K. F. Lee, T. J. Magee, J. Peng, and R. Ormond, Applied Physics
Letters 34, 12, (June 15, 1979).

A polycrystalline silicon film 0.55 um thick was deposited in a
Tow-pressure CVD reactor on a Si3Ng4 substrate. Islands of various sizes
(2x20 ym up to 20x160 um) were prepared by standard photolithographic
techniques. Laser annealing was then performed under conditions which
are known to cause an increase in grain size from ~ 500 A to long narrow
crystals of 2x25 um in a continuous polysilicon film. These same
conditions were found to produce single-crystal <100> material in the
(2x20 ym) islands. However, 25x25-um and 20x160-um islands remain
polycrystalline after the laser scan.

...................................
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Paper No. 15.

"LPE Growth of Silicon From Poly Si/Si Structure Using CW Argon-Laser",
S. Minagawa, K. F. Lee, J. F. Gibbons, T. J. Magee, and R. Ormond,
Journal of Electrochemical Society, Vol. 28, No. 4, (April 1981).

Epitaxial layers were grown by melting the surface of polysilicon/
silicon structure with a scanning cw argon laser beam. Topographical
features and crystalline perfection assoicated with the laser induced
recrystallization were investigated by transmission electron microscopy
(TEM) and optical microscopy. The regrown layers obtained were relatively
free of defects, as revealed by TEM analysis. Large concentrations of
dislocation lines and twinning zones were not detected in these studies:
however dense dislocation networks were observed in the substrate bencath
the epitaxial layer.

Paper No. 16. |

"Lateral Epitaxial Recrystallization of Deposited Silicon Films on Silicon
Dioxide", T. I. Kamins, T. R. Cass, C. J. Dell'Oca, K. F. Lee, R. F. W.
Pease, and J. F. Gibbons.

A scanning CW argon laser has been used to epitaxially recrystallize
silicon films deposited over exposed regions of single-crystal silicon
substrates and cause the lateral extension of these epitaxial regions into
the portions of the silicon film deposited over oxide-covered regions of
the substrate. Planar and cross-sectional transmission electron miroscopy
were used to investigate the microstructure, which is consistent with
melting and liquid-phase regrowth.

Paper No. 17.

"Properties of MOSFETS Fabricated in Laser-Annealed Polysilicon Films",
K. F. Lee, J. F. Gibbons, K. C. Saraswat, T. I. Kamins, H. W. Lam,

A. F. Tasch, Jr., and T. C. Holloway, presented at Materials Research
Symposium, Cambridge, Mass., November 27-30, 1979. To be published

in Proceedings.

Enhancement-mode and depletion-mode MOSFETs of 3 um gate lengths
have been fabricated with the transistor channels in thin films of
polycrystalline silicon annealed with a scanning cw argon laser. Device

-10 -
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performance of the transistors was comparable to those fabricated in
single crystal silicon. A nine-stage ring oscillator was also fabricated.
Minority carrier generation lifetime of the order of 10-9 sec. was
measured in the laser-annealed polysilicon.

Paper No. 18

"CW Laser-Recrystallized Polysilicon as a Device-Worthy Material",
J. F. Gibbons, presented at Materials Research Symposium, Boston,
Massachusetts, November 16, 1980. To be published in Proceedings.

The basic crystallographic and electronic properties of cw laser
recrystallized thin polysilicon films are presented and shown to be
suitable for fabrication of MOSFET devices. Devices and simple integrated
circuits fabricated to explore the potential of this material have
electrical characteristics similar to devices fabricated on single
crystal material and offer significant promise for future applications.
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“CW Laser Anneal of Polycrystalline Silicon: Crystalline
Structure, Electrical Properties".

Paper #2

“Effect of Power Level in CW Laser Annealing of Polycrystalline
Silicon".

Paper #3

"Resistivity Reduction in Heavily Doped Polycrystalline Silicon
Using CW-Laser and Pulsed Laser Annealing".

- Paper #4

"Resistivity Changes in Laser-Annealed Polycrystalline Silicon
During Thermal Annealing".

Paper #5

“Crystal Structure and Thermal Oxidation of Laser-Recrystallized
Polycrystalline Silicon".

1 Paper #6

"Charges at a Laser-Recrystallized-Polycrystalline-Silicon/
Insulator Interface".

Paper #7

"Interface Charges Beneath Laser-Annealed Insulators on
Silicon”.

X Paper #8

"Thin Film MOSFET's Fabricated in Laser-Annealed Polycrystalline
Silicon".

! - Paper #9

*Stlicon-On-Insulator M.0.S.F.E.T.S. Fabricated on Laser-Annealed
* Polysilicon on Si0p".




R Paper #10

“A Monolithic Integrated Circuit Fabricated in Laser-
Annealed Polysilicon".

Paper #11

“Ring Oscillators Fabricated in Laser-Annealed Silicon-
On-Insulator".

Paper #12

“Micrometre-Gate M.E.S.F.E.T.S. on Laser-Annealed Polysilicon".

Paper #13

“One-Gate Wide CMOS Inverter on Laser-Recrystallized Polysilicon".

Paper #14
"CW Laser Recrystallization of <100> Si on Amorphous Substrates".

Paper #15

"LPE Growth of Silicon From Poly Si/Si Structure Using CW Argon
Laser".

Paper #16

“Lateral Epitaxial Recrystallization of Deposited Silicon Films
on Silicon Dioxide".

Paper #17

E
b
b,
F- "Properties of MOSFETS Fabricated in Laser-Annealed Polysilicon
f‘ Films".
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Paper #18

"CW Laser-Recrystallized Polysilicon as a Device-Worthy Material".
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cw laser anneal of polycrystalline silicon: Crystalline

structure, electrical properties

A. Gat, L. Gerzberg, and J. F. Gibbons
Stanford Electronics Laboratories, Stanford, California 94305

T. J. Magee, J. Peng, and J. D. Hong

Advanced Research and Applications Corporation, Sunnyvale, California 94086

(Received 15 June 1978; accepted for publication 16 August 1978)

0.4-um-thick polycrystalline silicon deposited in a low-pressure CVD reactor was implanted with B to a
dose of $x 10'*/cm? and then irradiated in a cw laser scanning apparatus. The laser annealing produced an
increase in grain size from ~300 A to long narrow crystals of the order of ~25X2 p, as observed by
TEM. Each grain was found to be defect free and extended all the way to the underlying Si;N,. Electrical

measurements show 100% doping activity with a Hall mobility of about 45 cm?/Vsec, which is close to
single-crystal mobility at the same carrier concentration. Thermal annealing produces material with an

average grain size of 1000 A and a resistivity higher by a factor of 2.2 than that obtained with the laser

anneal. Laser annealing performed after a thermal anneal reduces the resistivity to approximately the

same value obtained by laser annealing only.
PACS numbers: 72.80.Cw, 81.40.Rs, 72.20.Fr, 81.40.Ef

Recent literature describes the use of both pulsed and
cw laser irradiation to anneal ion implantation damage
in semiconductors®=® and to recrystallize amorphous
semiconductor films. In particular, the present authors
have shown®=" that, using a cw-scanned system, laser
annealing of implantation-amorphized crystalline silicon
completely restores crystalline perfection while activat-
ing the implanted dopants. Another advantage which is
thus far unique to the continuous scan is the lack of
diffusion of impurities during the anneal process® in the
case of annealing ion-implanted single-crystal silicon,

Most studies to date have been concerned with the use
of the cw laser system to anneal damaged single crys-
tals or shallow amorphized layers on top of single-crys-

775 Appl. Phys. Lett. 33(8), 15 October 1978
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tal material, though Laff and Hutchins® also report on
the use of a cw laser for recrystallization of CVD sili-
con films on silica.

In this paper we investigate the interaction of a con-
tinuous laser scan with polysilicon layers deposited on
top of amorphous substrates such as Si,N, and SiO0,. We
have found that the major structural effects of the laser
scan is to increase the grain size of the polycrystalline
material. Electrical measurements performed on
thermal, laser, and laser-after-thermal annealed sam-
ples show that essentially 100% electrical activation of
the implanted dopant is obtained. Carrier mobilities
that are consistent with bulk values for the given doping
level are also achieved.

0003-6951/78/3308 07 75$00.50 © 1978 American Institute of Physics 775
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The polvsilicon samples use | were obtained by low -
pressure chemical vapor deposttion (L CVDY of sih-
con. Paolvsilicon lavers approxinuitely 0.4 ,.m thick
were deposited i a vommercial Tempress reactur, The
substrates used were cryvstalline i onto which had been
deposited a 1000-A laver of Si N,

After deposition of the poly, the wafers were ion im-
planted with 5 - 10" B* ¢m” at 60 keV at room tempera-
ture. After implantation, the wafers were cut into a set
of 5+ 5-mm samples. Several samples were subjected
to a 1100 C 30-min thermal anneal in flowing dry N, to
provide standards of comparison for the laser-annealed
samples.

The laser-annealed samples were irradiated in the
scanniny apparatus described in Ref, 5. A cw argon
laser (Spectra Phyvsics Model 171-09) was used in the
multiline mode. The laser output was focused by a 136-
mm lens onto a sample placed in the focal plane of this
lens. Two perpendicular mirrors driven by galvano-
meters were used to scan the laser spot across the
sample in the v and v directions The calculated laser
beam width at the 1 ¢ points for a TEM,, mode and a
wavelength of 5145 A is 37.2,.. However. in these ex-
periments the laser was used in the multiline mode with
a full aperture. This mav cause exitation of hizher
modes than TEM, and will increase the beam width so
that 37.2 ;. can only be considered as a lower estimate
of the actual beam size.

The samples were held to a brass sample holder by a
vacuum chuck during annealing, The holder was heated
by an ac heating ccil, and its temperature was monitor-
ed with a thermocouple mounted 1 mm from the backside
of the sample. A constant v-scan rate of 12,5 cm sec
was used. The laser power and the backside tempera-
ture were varied to investigate their effect on structural
and electrical properties. Samples annealed by laser
only were held at a backside temperature of 250 °C with
a laser power of 14 W, while those that were subjected
to laser-after-thermal annealing were held at 350 °C and
the laser power was 11 W, It was found that the annealed
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FIG, 1. Surface st ture (SEAD of one lnser scan line on
polysilicon,
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FIG. 2. Transmission electron micrograph of ivn-implanted
laser-annealed poly-si film at bo mdary of laser scan line;
insets show selected area diffraction patterns characteristic
of each region,

line width, which was measured optically, was approxi-
mately 40 ;. and had little sensitivity to the v-scan rate.

For TEM structural analvsis, separate anneal lines
were obtained by stepping the + scan by 100 ,. after ¢ach
v scan. For electrical measurements, stepping of the v
scan was reduced to 25 4. so that each line overlapped
the previous line by ~40, . In each case, several sam-
ples were annealed to identify any possible statistical
fluctuations.

Most of the samples reported on were boron doped
directly by ion implantation However, a single anneal-
ing experiment was performed on a conventional heavily
phosphorous -doped polysilicon material used in the
silicon gate process. Samples for these experiments
consisted of polysilicon that had been deposited directly
on 1000 A of 5i0,. The deposition was done ina LP CVD
reactor and gave a laver thickness of 0.57 ;.. After
deposition, the wafers were thermally diffused to obtain
a P concentration of 1.5x10" cm'. Electrical measure-
ments made on this material before and after laser
annealing are also reported helow,

Laser-annealed lines were examined bv SEM to inves-
tigate their surface structure. Ficure 1 shows a single
laser line surrounded by unannealed polv. The laser-
annealed region is characterized by a darker appearance
in the SEM (in an optical microscope, the annealed line
is brighter), The streaks in the annealed area are
powted in the direction ol the scan. The lony hines in
the center of the annealed area correlated with TEM
results  which show long narrow single-crvstal grains
that extend all the wav to the sihicon mitride . Comparing
the two recions in Fig, 1, we conclude that the laser
scan decreases the microscopic roughness of the sur-
face,

We used transmission electron mcroscopy and dif -
traction analvsis to investigate the relative structare
of control, thermally .mnealed, and laser -annealed
samples, samples were jet thinned from the back sur-
face before examination with the THM.

Gater af 7176

IR T N Ce e w a e .. L . . -
PO PGP IPGIPS PR P VI /A W VIR YR g VP VP P P G P Ul U O PP S P s B B




o ahhAttotests ¥

& LS AA

1 SRR

s

588 I

LALLM 54 o

& PO

e

|0’
o POLY (5-108°/cm?)
>

o POLY(5:10'*8"/cm?)

g 1HO0°C  30mMmin
w o LASER SCAN
z -
a sk
&
w .
3
] LASER SCAN
8 . } - B
a
o K-
- ]
w ot
D soo- .
£ . ;

300~ Yapfosnns R eDRPRTD

2004

f L L 1 —

200 600 1000
X {micron)

FIG. 3. Surface spreading resistance measurements done on
5x 104 B*/cm? implanted polysilicon. Samples were subjected
to laser and laser-after-thermal anneal.

Examination of control samples showed a fine-grained
structure with an average grain size =550 A. Inall
samples, we observed a significant number of disloca-
tions and stacking faults within individual grains. After
an 1100°C 30-min thermal anneal of the implanted sam-
ples, the average grain size increased to ~1060 A. De-
fects remained within grains of the annealed film in the
form of dislocation loops, stacking faults, and disloca-
tion lines, implying that conventional high-temperature
annealing did not effectively remove residual defects in
the polycrystalline layer.

Figure 2 shows a bright-field transmission electron
micrograph of a boron-implanted laser -annealed siruc-
ture at the boundary of the laser scan linc. selected
area diffraction patterns obtaincd within the unscanned
area (left inset, Fig. 2) show the anticipated ring pat-
tern with no observable change from control samples.
Within the laser-scanned region, however, there is
dramatic evidenc:2 of crystal growth, as observed in the
right portion of Fig. 2. Columnar crystallites extending
from the laser-scan boundaries to the interior of the
scanned region are noted in all samples examined. The
crystallites are typically developed at an angle to the
laser scan boundaries, producing a chevron structure
in the direction f the laser line scan. In the center of
the laser-scan region, crystallites are long and narrow
and are aligned parallel to the laser line with maximum
length ~32 um and an average width of ~2 u. Selected
area diffraction patterns obtained within the scanned
section (right inset of Fig. 2) show no evidence of fine-
grained polycrystalline structure remaining in the re-
gion, However, the columnar crystallites display a
number of crystal orientations with no indication of a
preferred orientation.

Diifraction patterns obtained using the entire thick-
ness of the polycrystalline film showed only single-crys-
tal patterns and Kikuchi lines, with no detectable evid-
ence of (fine grained) polycrystalline diffraction rings.
This data suggested that the columnar crystallites were
continuous structures extending from the Si,N, interface
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TABLE I. Electrical properties and structure comparison of
different laser anneal condition on 5x 10'* B*/cm? implanted
polysilicon.

Laser after
Anneal As- Thermal Laser thermal
condition implanted anneal anneal anneal
orain 300—600 8 900—1200& 25x3u I5x3 4
Sheet
resistivity 12.5 MQ/0C 623 Q/C 269 Q/ 260 §2/
/7
Sheet
carrier unmea- 4.7x 101 5.2 101 5,17~ 10"
ccncentra-  surable cm? cm? cm®
tion (cm”)
Mobility unmea-
(cm?/V sec) surable 24 44.5 46

to the surface of the film, To further substantiate this
observation, we then removed a portion of the front
surface by chemical thinning to produce a 1000-A -thick
layer at the Si/Si,N, interface. Diffraction patterns
again showed only single-crystal spots, thereby verify-
ing that columnar growth extends throughout the thick-
ness of the Si film.

Electrical properties were measured on as-implanted,
thermally annealed, laser-annealed, and laser-after-
thermal annealed samples. The properties measured
included both two-point probe spreading resistance and
Van der Pauw measurements, from which carrier con-
centration and Hall mobility were calculated. The
spreading resistance was measured on samples which
had ovorlapping laser line scans over one-half of the
wafer, The 100-u spaced probes were scanned from the
unannealed to the laser-annealed area. The probe-to-
probe resistance is shown in Fig. 3. A one-to-one cor-
relation was observed between the spreading resistance
reading and the sheet resistivity. Figure 3 shows that
the sheet resistivity of the samples dropped from an as-
implanted value of 12.5 MQ/Z to 625 /" after thermal
anneal. A sheet resistivity of 280 2/ was observed
when laser annealing was performed directly on the as-
implanted samples, while samples which were thermal
annealed first and then annealed by laser showed a
slightly lower resistivity of 260§/,

Resistivity measurements were also performed using
a Van der Pauw configuration. Measurements were
pcrformed with the probes placed at the four corners
of the samples and then repeated with the probe connec-
tions rotated by 90°. Based on the two measurements,
a correction factor was calculated to account for geo-
metrical asymmetry. The difference in the two readings
which can be explained by geometrical asymmetry was
up to 25% in the case of thermal-annealed samples.
Distinctive differences of up to 4007 were observed in
the samples subjected to laser anneal. A summary of
the measurements results, together with the correspon-
ding grain size measured by TEM, is given in Table I.

The measured sheet carrier concentration was close
to the implanted dose of 5> 10'* cm™ in the case of
laser-annealed samples with or without tharmal anneal-
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ing, and 4. 7x10" cm* in thermal-annealed samples.
A Hall mobility of 24 cm?/V sec was obtained in ther-
mally annealed samples, compared to a value of 46
cm?/V sec in the laser— after — thermal-annealed case.
It is seen from Table I that the reduction in sheet re-
gistivity and the increase of mobility correlate with a
significant increase of grain size. The resistivity mea-
sured on the heavily P-doped polysilicon obtained by
thermal diffusion was 31 £2/0 after doping and 13.8
§/0 after laser anneal. This is accompanied by an in-
crease of Hall mobility from 24. 8 to 43,3 cm?/V sec.
The correlation between the increase in grain size and
the changes in electrical properties is in direct agree-
ment with the grain-boundary trapping model proposed
by Kamins'® and confirmed by Seto.!' The observed
200— 400% asymmetry in the resistivity measures
parallel to and across the annealed lines is explained by
the directional nature of the crystallized grains. We
believe that this effect causes the observed asymmetry
in the Van der Pauw measurements.
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MDA903-78-C0128) for support of the work reported
here, to Dr. R. Reynolds for his personal interest, and
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ABSTRACT

Continuous-wave argon laser annealing and recrystallization
of polycrystalline silicon is investigated as a function of laser
power in samples implanted with arsenic and boron. The analysis is
based on optical microscopy, TEM, SIMS, and Hall measurements. The
data obtained reveal three distinct regimes of laser processing:
(1) a Tow power regime, where the anneal is performed without melting,
with no dopant redistribution and with dopant activation similar to
thermal annealing; (2) medium power regime, with moderate dopant redis-
tribution occurs, probably as a result of partial melting through the
layer, and (3) a high power regime, where the melt reaches the underlying
amorphous oxide. Large grains are then observed, with the accompanying
characteristics of high mobility, complete dopant redistribution, and

decreased surface roughness.

I. INTRODUCTION

The interest in CW laser annealing of polycrystalline silicon
(polysilicon) has increased substantially because of its potential use
in device and circuit applications. CW laser annealing has been applied
for diode-array fabrication [1], and amorphous silicon has been converted
into polycrystailine silicon for photovoltaic applications [2]. The
reduction of polysilicon resistivity in interconnection lines was pro-
posed [3], and resistivity control has been improved through CW laser
annealing [4]. MOS transistors have been fabricated in laser-annealed
polysilicon [5]. In these studies, the polysilicon layer was com-
letely melted to achieve large grains and, in some applications [4],

lTow-power annealing was aiso investigated. The effect of laser power
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on the annealing process and related dopant redistribution, however,
has not been reported.

This paper describes the annealing of polysilicon irradiated by
a CW argon laser, with emphasis on the relation between laser power and
surface morphology, crystal structure, dopant distribution, and electrical
properties. Three power levels (low, medium, and high) have been iden-
tified, with the general effects described in Fig. 1. It can be
seen that complete dopant activation already occurs at low-power levels.
A moderate grain-size increase with dopant redistribution is observed at
higher irradiation intensities. In the medium-power range, partial
melting causes a gradual growth in grain size and some dopant redistri-
bution. High-power anneals result in complete layer melting with its.
attendant drastic increase in grain size, uniform dopant redistribution,
and sharp reduction in electrical resistivity. In what follows we give
further details on the process and also describe features that are
observed where single line annealing is compared to annealing obtained

with overlapped scans.

II. EXPERIMENTAL SETUP AND RESULTS

0.57 um polycrystalline silicon (polysilicon) was deposited in a
low-pressure CVD reactor on top of 1000 R of thermally grown
silicon dioxide. After deposition, the wafers were ion-implanted
with either As* at 170 keV with a 5 x 1015/cm2 dose or B* at 100
keV with a 5 x 1014/em? dose. They were then cut into 5 x 5 mm
samples.

The samples were irradiated in the scanning apparatus described
in Ref. 6. A CW argon laser was operated in the multiline mode, with

its output focused by a 136 mm lens onto a sample placed in the focal
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plane of that lens. Two perpendicular mirrors driven by galvanometers
scanned the laser spot across the sample in the x and y directions.
The laser beamwidth was estimated to be 37.2 um at the 1/e points for
a TEMOO mode and a wavelength of 5145 X. However, because the

laser was used in the multiline mode with a full aperture which may
excite modes higher than TEMgg and increase the beam-width, 37.2 um
can only be considered as a lower estimate of the actual size.

The samples were held to a brass sample holder by vacuum during
annealing. The holder was heated by an ac coil, and its temperature
was monitored by a thermocouple mounted 1 mm from the back surface of
the sample. A constant x-scan rate of 12.5 cm/sec was selected.

These conditions remained constant; the only parameters that varied
were substrate temperature, laser power, and the distance between two
adjacent lines (amount of overlap). It was found to be advantageous to
increase the substrate temperature to 350°C. The laser power was
varied in 1 W increments from 5 W up to approximately 8.5 W for the
boron samples and 13 W for arsenic. The polysilicon was stripped
away to expose the underlying oxide for larger laser power levels.

Optiéal micrographs of the annealed lines in the polysilicon showed
a linewidth of 40 um. Because this investigation was directed toward
applications in device processing, it was desirable to cover large
areas uniformly. Stepping in the y direction was 25 ym so that each
line overlapped the previous one by 40 percent.

It should be emphasized that this is not the only set of optimal
annealing conditions; a different laser spot, scan rate, and substrate

temperature can yield similar results.
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Structure Analysis

For both the arsenic- and boron-implanted samples, the laser power
was varied and the surface was examined throuch a Nomarski interference
contrast microscope and SEM. Two distinct regions having a sharp tran-
sition were observed. The arsenic samples at low and medium power (5
and 9 W respectively) displayed no significant change in surface morpho-
logy (Fig. 2a,b). Above 10 W, distinct lines were apparent in the non-
overlapping sample with the microstructure inside the line pointing in
the direction of the scan. Figure 2¢ is a SEM micrograph of the high-
power region, showing the directionality in the line, smoothing
of the original fine surface roughness and the formation of large
surface structures. The surface smoothing of small structures, through
laser annealing, has Ted others to investigate the quality of oxide
thermally grown on the polysilicon surface [7,8], as well as the orien-
tation of the various crystallites [8].

Grain size was analyzed through transmission electron microscopy
(TEM) and diffraction analysis. Samples were jet thinned from the back
surface before examination. Figure 3 presents TEM micrographs of boron-
implanted-po1ysilicon irradiated with single and overlapping lines.

The long crystallites in the single-line scan are characteristic of
the high-power region. These crystallites are continuous structures
extending from the Si02 interface to the surface of the film [3]. The
difference between the single and overlapping Tines is explained in
Section III in terms of thermal-conductivity variations.

Figure 4 is a series of TEM photomicrographs of arsenic-implanted
polysilicon laser annealed at low-, medium-, and high-power levels.

The as-deposited samples display fine-grained structure with an average

........




grain size of approximately 550 A. The laser-amnealing results

obtained at 7 and 9 W do not deviate significantly from the as-deposited
sample. A sharp change is observed at the high-power level of 10 W and
above, as evidenced by the 15 to 25 um grain size in the 11 W sample.
The nature of this high threshold and its implications are discussed in
Section III.

Further understanding of the process can be gained from the plots
of average grain size vs laser power of the boron- and arsenic-implanted
samples in Figs. 5 and 6. In Fig. 5, the grain size of the boron-
implanted sample is seen to increase monotonically in the medium-power
range of 6 to 8 W. The transition to the high-power level occurs only
in the single-line scan when the power is greater than 9 W. In this
narrow window (8 to 9 W), grain size increases from 1 to 10 um and, at
11 W, it grows to 20 um.

Figure 6 is a plot for arsenic-implanted polysilicon. As was the

~case for the boron-implanted samples, grain size increases monotonically
at 6 to 9 W. The transition to the high-power level occurs between 9
and 10 W, above which a 20 ym grain size is commonly observed. In
contrast tE boron, however, there is no significant difference between

the single and overlapping lines.

Dopant Distribution

Secondary ion-mass spectrometry (SIMS) was used to obtain dopant-
profile measurements. Oxygen primary ion-bombardment and positive
secondary ion-mass spectrometry (Bt and As*) were employed, using
the CAMECA IMS-3f ion microanalyzer. The boron profiles were determined

through standard depth profiling; however, sensitive measurements of

the As profiles required secondary ion initial kinetic discrimination
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to reduce the amount of (3051’2951150)+ detected at the same nominal
mass as /9As*. This analysis was sufficient to determine the As
detection limits of 3 to 5 x10!8 atoms/cm3. As can be seen in Fig.
: 7, the high oxygen content of Si02 and the minor surface-charging
effects produce an anomolously high mass-75 intensity that misrepresent
the true arsenic content in the oxide region. This problem, however,
did not hinder the measurements in the poly-Si layer.

In the 6 W sample in Fig. 7, the dopants did not move from their
as-implanted position. The profile is approximately Gaussian and can
be adequately predicted from Lindhard-Scharff-Schiott (LSS) range
calculations [9]. Increased laser power results in deeper impurity
penetration into the polysilicon.

When the power level was raised to 11 W, the dopant profiles became

P
PR ]

- flat throughout the polysilicon layer. The inserts in Fig. 7 are the
TEM micrographs measured at 9 and 11 W. It can be seen that, although
partial melting occurred at 9 W, the grains are still small (~ 0.3 um);
their growth is considerable (~ 20 um) only when the melt front reaches

the underlying oxide layer.

y
g Figufe 8 plots the boron concentration in the polysilicon layer
3 after laser irradiation. The artificial boron intensity observed in
the oxide could be the result of a change in the ionization yield of the
; boron atoms implanted in the oxide. This boron redistribution further
substantiates the theory of surface melting. The 5 W level is identical
" to the as-implanted distribution and, again, it can be calculated by
i LSS theory. As the power is increased, the region wherein the boron
; profile is flat also increases. At 8.5 W, 0.2 um of the polysilicon
¢

is molten and the dopants redistribute in the molten region whereas
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their remaining positions are unchanged.
For boron-implanted samples, power cannot be raised beyond 8.5 W

because the polysilicon would peel off from the underlying oxide.
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Electrical Properties

Sheet resistivity, carrier concentration, and Hall mobility were
measured as a function of laser power by means of a Van der Pauw
configuration.

Figure 9 plots the sheet resistance, mobility, and active-carrier
concentration (Ng) in the arsenic-implanted laser-annealed polysilicon.
The most important observation is that the carrier concentration is
fixed at an approximate level of 3.5 x 1015 em-2 (implantation dose was
5 x 1015 em-2), independent of laser power. This graph also shows
that, even at the lower power level (5 to 6 W) for which the SIMS data
indicate no diffusion, the dopants are almost all active. This is in
agreement with our earlier work on CW annealing of ion-implanted single
crystals wherein the implanted dopant in the solid-phase state can be
activated with no diffusion [10]. At the medium-power level (6 to 9
W), sheet resistance decreases because of greater mobility and with no
change in the number of active carriers. This increase in mobility
drops at 9 W and, as power is raised to 10 W, a sharp transition to the
high-power region is accompanied by a rapid rise in mobility. In this
region, as power is raised to 10 to 12 W, the trend toward greater
mobility decreases, but with no effect on Ng.

In the boron samples, the laser power could not be raised above
8.5 W without peeling the polysilicon from the oxide. As a result,

. the high-power region where mobility approaches that of single-crystal

silicon is missing in Fig. 10. It is important to note that, in an
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earlier experiment [3] where the polysilicon was deposited over Si3Ng
with the same boron dose at 11 W, a grain size of approximately 25 um,
resistivity of 269 9/o , and mobility of 44.5 cm?/V/sec were achieved.
This means that, when polysilicon is deposited over nitride, it is
possible to reach the high-power level. After the above experiment was
performed, the problem of the peeling of the polysilicon from the oxide
has been solved. It was observed that by carrying out a 1100°C N2
anneal for 1 hour immediately prior to the laser annealing the laser

power level could be increased without the occurrence of peeling [11].

IIT. DISCUSSION
The results obtained from the structure analysis, plus dopant
distributions and electrical properties, serve as the basis in this
section for a proposed explanation for the effect of laser power on
polysilicon annealing. The following three laser power levels have

been identified (for a 0.57 um film):

Low Power. This range is characterized by no change in
surface morphology, no increase in grain size or dopant
redistribution and complete dopant activation with low
carrier mobility. Laser heating without melting is respon-
sible for these results, under conditions similar to CW
laser annealing of ion-implanted single crystal silicon
[10]). A power level of 5 W is characteristic of this
region.

Medium Power. When the laser power is raised from 5 to 9 W,
the electrical properties in the top layer are changed.
Surface roughness increases as does grain_size, and dopant
diffusion occurs in the top 1000 to 3000 K. This region is
marked by greater mobility, reduced resistivity, and active
implanted dopants.
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A1l of these factors suggest that the polysilicon layer begins
to melt from the surface downward. Because the actual

annealing time is on the order of 1 msec, it is impossible

to explain such phenomena with simple solid-state diffusion.

If partial melting of the polysilicon at this power level

is asixmed and an impurity diffusion coefficient on the order
of 1" cm2/sec is postulated, it follows that diffusion in

the | quid phase is responsible for the dopant redistribution --
a phencmenon closely similar to that observed in pulsed-laser
annealing [12,13].

It is important to note that, although melting occurs, no
significant change in grain size is observed. This may
be explained by a crystallization process that begins in
the fine-grained polysilcion substrate that serves as the
nucleating layer.

High Power. A1l electrical properties change in the power

range between 9 and 10 W. In this narrow region, there is

a significant change in surface structure, a very large

increase in grain size (from 1 to 20 um) a steep rise in

mobility, and a uniform dopant distribtuion throughout

the layer. Large grains develop when the layer is com-

pletely molten all the way to the underlying substrate

Complete melting, therefore, is essential for the develop-

ment of such grains. If samples are lightly doped and com-

plete melting cannot occur without damage to the samples,

then large grains will not develop.

In all of the above experiments, the maximum laser power that could
be used on the boron-implanted samples was limited to 8.5 W for overlapped
scans and 11 W for single scans. Above these levels the polysilicon
peels off and the underlying oxide is exposed. This is in contrast to
the arsenic-implanted polysilicon, where the maximum power levels were
found to be 12 and 13 W for overlapped and non-overlapped scans, respec-
tively. However, if the boron-implanted samples are first thermally
annealed, the difference just noted disappears [13]. Furthermore, if
the polysilicon is deposited on nitride rather than oxide, the difference
between boron and arsenic implanted samples again disappears.

Another interesting phenomenon in the boron-implanted samples is

that the critical power (above which polysilicon peels off) is 8.5 W
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samples, the corresponding power levels are 12 and 13 W, respectively.

An additional effect which could be related to different cooling rates of
single and overlapping lines is the different grain size obtained in

these two cases in the boron implanted samples (Fig. 5). The difference
in cooling rates may be attributed to the low thermal conductivity of
fine-grain polysilicon which exists only on one side of the line in the
case of overlapping scan. In single line scan the low thermal conductivity
material exists on both sides which results in a slower heat extraction
than in the previous case. Additional experiments are required, however,

to verify the explanations of these phenomena.

IV. SUMMARY

In this paper, the properties of CW laser-annealed polysilicon
jon-implanted with boron and arsenic have been reported. Three distinct
power levels were identified and correlated with TEM, SIMS, and electrical
measurements based on thermal heating/melting of the polysilicon layers.
The formation of large columnar crystallites is obtained only when the
polysilicon is melted completely to the silicon/insulator interface.
The diffeﬁénces between polysilicon deposited over Si3Ng and over Si0;
and the stripping of boron-implanted material have been noted. More
work is required to understand the stripping mechanism and thus to

achieve a more complete understanding of laser-recrystallized polysilicon.
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FIGURE CAPTIONS

Summary ot the effects of laser power on the annealing of

polysilicon and the corresponding measurement methods.

Surface structure (SEM) of one laser scan line on arsenic
implanted polysilicon.

a. Low power (5 W)

b. Medium power (9 W)

c. High power (12 W)

TEM photomicrographs of single and overlapping lines on

boron-implanted polysilicon.

TEM photomicrographs of arsenic-implanted laser-annealed

samples at the three power levels.

Average grain size of boron-implanted laser-annealed poly-
silicon as a function of annealing power levels for single

and overlapping lines.

Average grain size of arsenic-implanted laser-annealed
polysilicon as a function of annealing power levels for

single and overlapping lines.

SIMS profile of arsenic-implanted polysilicon after laser
annealing at different power levels. Inserts are the

corresponding TEMS for 9 and 11 W.

SIMS profile of boron-implanted polysilicon after laser

annealing with different power levels.
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Sheet resistance, Hall mobility, and total active carriers
of 5 x 1015 As* implanted in polysilicon with 170 keV and

cw laser annealed as a function of laser power.

Sheet resistance, Hall mobility, and total active carriers
of 5 x 1014 B* implanted in polysilicon with 100 keV and

cw laser annealed as a function of laser power.
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RESISTIVITY REDUCTION IN HEAVILY DOPED POLYCRYSTALLINE SILICON
USING CW-LASER AND PULSED LASER ANNEALING

T. Shibata,a) K. F. Lee and J. F. Gibbons
Stanford Electronics Laboratories
Stanford, CA 94305

T. J. Magee, J. Peng and J. D. Hong
Advanced Research and Applications Corporation
Sunnyvale, CA 94086

ABSTRACT

The resistivity reduction in heavily doped polycrystalline Si by laser
annealing and its increase during subsequent heat processing have been
studied. Both cw and pulsed lasers have been used for the experiments and
-the results are compared. In both cases laser annealing reduces the Si
resistivity by a factor of 2-3 compared to the furnace annealing. A limited
resistivity increase is observed in all laser-annealed Si samples during
subsequent thermal annealing, with the final values for resistivity being
lowest for cw-laser annealed Si. The subsequent annealing behaviour observed
for cw and pulsed laser annealed Si is interpreted in terms of the different
grain structures found in these films. It is demonstrated by TEM studies
that the resistivity instability is caused by the precipitation of dopants
in the form of rod shaped structures localized at the grain boundaries as

well as within the crystallites.




I INTRODUCTION

Polycrystalline silicon (denoted hereafter by "silicon") is a commonly
used material in integrated circuit technology. Since gates and inter-
connection lines in MOS integrated circuits are usually formed by a thin
layer of doped Si, the reduction of its resistivity is a basic requirement
for the high speed operation of circuits. Doping of the Si film is usually
done by such techniques as in situ incorporation during the deposition, ion
implantation or thermal diffusion. The lowest resistivity obtainable, for
instance, by POC13 diffusion at 1000°C, is 450 u@-cm. It is very difficult
to obtain any additional reduction in resistivity by the conventional
methods. 7

Gat et al. [1] demonstrated that cw-Ar laser annealing can be applied
to reduce the sheet resistivity of the doped Si films. They obtained
smaller values, by more than a factor of two, for the laser annealed Si
compared to that obtained by the thermal annealing. Wu and Magee [2], and
Shibata et al. [3], also reported a similar effect using pulsed lasers.
However, it was also pointed out that the resistivity reduction by pulsed
laser annealing was not thermally stable [3]. It was shown that the resis-
tivity was substantially increased above the initial values during subsequent
thermal annealing after the laser anneal. Some examples of this problem
are presented in Fig. 1. The samples were heavily phosphorus doped Si
films that were annealed with a Q switched Nd:YAG laser, and then subjected
to the thermal annealing at 450°C or 1000°C. The observed increase in
resistivity can present a serious problem when the laser annealing is
introduced in an IC manufacturing process.

The purpose of this paper is to investigate and discuss the mechanism

of the sheet resistivity reduction in heavily doped Si by laser annealing
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F and its thermal stability during the post-laser anneal heat treatments.
E , Special emphasis is placed on the varying behavior of pulsed laser or cw
! laser-annealed Si films. The minimum resistivity of phosphorus doped Si
E ' practically obtainable by laser processing is also discussed.
5

!
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.
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IT  EXPERIMENTAL

Si films of 1800 A thick were deposited in a LP-CVD reactor onto 1000
R SigNg films which were deposited on <100> single crystal silicon wafers.
Phosphorus ions were implanted at 90 keV to varying dose levels (2 x 1015
to 3 x 1016 cm-2). After the implantation, samples were laser annealed
using either a cw laser or a pulsed laéér. Some of the samples were subjected
to thermal annealing only at 1000°C for 30 min., and subsequently used as
controls to compare with laser annealed samples.

It is known from the SIMS analysis [4] that the impurity concentration
after laser annealing is uniformly distributed within the film. The doping
concentration of the Si after the laser anneal can then be calculated from
the implant dose divided by the film thickness. In the present experiments,
volume concentrations of 1.1 x 1020 em=3 to 1.7 x 1021 em=3 can be
anticipated for the implant doses mentioned above. The highest concentration,
1.7 x 1021 cm'3, is comparable to the typical value which can be obtained
by conventional POC13 diffusion.

The cw-1laser annealing was performed with a cw-Ar laser operating in

the multi-1ine mode. The laser output was focussed by a 135 mm lens onto

the sample and scanned by the apparatus described in Ref. [1]. Typical

K A0

parameters used in this experiment were » 50 u spot size, 12.0 cm/sec beam

scan speed and 350°C substrate temperature. The laser powers of 11 - 13W

were typically used, at which powers long grains were formed in the film

8 A T U UE
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w
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along the beam scan direction. For the pulsed laser annealing, an acousti-
cally Q-switched Nd:YAG laser (1.064yu) was utilized. The typical laser
parameters were 10 kHz repetition rate, 200 nsec pulse length and approxi-
mately 50 u spot size after focussing by a 30 mm lens. The substrate was
held at room temperature. The wafer was scanned by moving the X-Y stage

in order that the entire film was covered by successive overlapping pulses.
The laser power was adjusted to yield the lowest resistivity of the film
without causing any damage to the film. Tre optimum power was dependent

on the doping conditions and was typically used in the range 1 ~ 1.5MW.

Both laser annealed samples and controls were subjected to isothermal
annealing at 1000°C in a flowing Ny amﬁ%ent. Sheet resistivity, carrier
concentration and Hall mobility were measured by the Van der Pauw method.
Transmission electron microscope (TEM) studies were performed to aid in
explaining the processes occurring within the film after laser and/or

thermal annealing.

IIT RESULTS

A. Electrical Properties

In this section the electrical properties measured by the Van der Pauw
method are presented in detail. For simplicity, the abbreviations, CA, PA
and TA will be used for cw laser annealing, pulsed laser annealing and
thermal annealing, respectively, in the remainder of the paper.

Figure 2 shows the resistivity changes in the ion-implanted (3x1016 p+
1ons/cm2), laser annealed Si during thermal annealing at 1000°C. Following
laser annealing, the cw laser-annealed Si (CA) exhibited a measured resis-
tivity of 14 g/o , and the pulsed laser annealed Si (PA), 17 @/ . In

each case, the resistivity is smaller than that of the thermal annealed

-

abdadadadodc s ant ool 2l al e a ol o8ih 'l aatata e ‘aNalactac.s




control sample (31 @/0 ). However, it can be noted that the resistivity

of either CA or PA increases rapid]y in the first stage of thermal annealing.
The stable resistivity of PA is ~ 40 @/o, and is much higher than that of
TA. On the other hand, CA rises to only ~ 20 /0 with the thermal treat-
ment, and remains lower than the control sample. The reason for this

large variation presents an interesting problem, and can be further inves-
tigated by measuring carrier concentration and mobility.

The changes in the sheet carrier concentration during thermal annealing
are shown in Fig. 3. The measured carrier concentration after the laser
anneal is approximately the same as the implanted ion dose (3 x 1016 cm'z),
implying that almost all the impuritie§ in the film were activated by laser
irradiation. The reduced activation for CA (2.2 x 1016 cm-2) will be
discussed later.

Figure 3 shows that a rapid deactivation of carriers occurs after a
very short duration of thermél annealing. The sheet carrier concentration of
CA and PA both relax to the value of about 7 ~ 9 x 1015 cm-2 (4 ~5 x

1020 em-3) which is in the same range as TA. It should be noted that

the carrier concentration of CA after the deactivation is larger than that

of PA or TA. These differences, however, are not large enough to explain

E the large variations in sheet resistivity shown in Fig. 2.

! Figure 4 shows the Hall mobility as a function of thermal annealing

S time. It can be seen that the mobility of the laser annealed polycrystalline
é Si increases rapidly during the first stage of the thermal annealing.

? This increase can be related to the decrease in the carrier concentration

i (Fig. 3) leading to a reduction in the number of the charged scattering

; centers. The mobility of CA after the initial increase is approximately

! : 33 cm2/V-sec and is close to the single crystal mobility of 38 cm?/V-sec,

i

;
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calculated from the Irvin curve [5] at the carrier concentration of the

film (5 x 1020 cm‘3). However, the mobility of PA is 21 cml/Ve sec,

which is much lower than that of CA. This substantial difference in mobility
explains the varying stable resistivities of CA and PA. It is shown in

the next section that the different values of mobility can be attributed

to the difference in the CA and PA grain structures after annealing.

In the following, the implant dose dependences of parameters before
and after the heat treatment are presented. Thermal annealing, after the
laser anneal, was performed at 1000°C in Ny ambient for fixed periods of
30 min.

Figure 5 shows the sheet resistivity as a function of the phosphorus
implant dose. Open circles (o) and open triangles (A) represent resis-
tivities of CA and PA, respectively, before thermal annealing. In case of
PA, data is shown only for implant doses greater than 1016 em-2,

Pulsed laser annealing of the Si with lower implant doses always led to
severe etching of the film when the laser power was increased to get the
resistivity lower than TA. The cause of such a difference in etching
behavior is not known. The resistivities after the thermal annealing are
shown by solid circles (e) and solid triangles (A) for CA and PA, respectively.
The figure shows that the cw laser annealiny always gives the lowest resis-
tivity compared to pulsed laser annealing or the thermal annealing (only).
Thermal instability of CA is observed only at implant doses higher

than 7 x 1015 ecm=2. The lowest thermally stable resistivity obtained

by cw laser annealing is ~ 20 @/0 (~ 350un-cm), which represents the lowest
resistivity that we can practically achieve by cw-laser annealing in an
1800 A film. In a 0.5 ym film, which is somewhat more typical of IC

fabrication, we expect a minimum sheet resistance of approximately 7 /o .
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The implant dose dependence of the sheet carrier concentration and the
Hall mobility are given in Fig. 6. The data are shown for the implant dose
range 1 ~ 3 x 1016 em=2 where the resistivity instability occurs. The symbols
used here are the same as those used in Fig. 5. In Fig. 6(a), it is shown
that almost all the impurities implanted were activated either by cw or
pulsed laser annealing. Only the CA with the highest implant dose
(3 x 1016 cm-2) exhibits a noncomplete activation. The deactivation of
impurities after the subsequent thermal annealing is, however, observed
for all laser annealed samples examined here. It is seen from the figure
that the maximum concentration of the thermally stable activated impurity
is approximately 9 x 1015 cm-2 (5 x 1020 ¢m-3), and is achieved
by the cw laser annealing. The implant dose dependence of Hall mobility
is shown in Fig. 6(b). The increase in mobility after the thermal annealing
is most probably associated with the deactivation of impurities which
decreases the number of charged scattering centers. Quantitative analysis
of mobility is given in the discussion section.

From the electrical measurements presented above, we can summarize the
results as follows: the sheet resistivity reduction in doped Si films by
laser annealing is achieved by two separate processes; one is the (nearly)
complete activation of impurities and the other is the mobility increase
due to the grain growth by the laser. However, the activation of impurities
in excess of a solid solubility is not thermally stable, and only the
resistivity reduction due to the increase in mobility survives after the
subsequent thermal annealing. It is shown in the next section that the
cw-laser annealing can form long grains in the Si film, while the pulsed
laser annealing produces a complicated grain structure with no substantial

grain growth. That leads to a larger mobility for CA, namely the lowest




resistivity which is thermally stable. It was suggested in Ref. 3 that the

deactivation of carriers happens via precipitation of dopants within the grain

crystallites and also at the grain boundaries. If this is true, the largest

stable carrier concentration for CA can be easily understood, because the

3

[

o small grain structures found in PA and TA provide larger areas of the grain
_— boundary which serve as sinks for impurity atoms. This postulate has been

carefully examined by transmission electron microscopy, and the results are

presented in Section III-B.

Conventional jet thinning techniqd@s were used to prepare samples for

TEM analysis as described in an earlier publication [1]. Control TA, PA,

'!!
o B. Transmission Electron Microscopy
»:'_;
;ﬁ%

and CA samples ion implanted to various dose levels were examined and

the data compared to results obtained from laser annealed samples subjected

to subsequent thermal anneal treatments.

In Fig. 7 we show representative bright field electron micrographs
obtained on as-deposited and ion implanted (3 x 1016/cm2) TA, PA, and
CA samples. The as-deposited film [Fig. 7(a)] exhibits a fine grained
polycrystalline structure with average grain size, ~ 500 A. After implant-
ation and annealing at 1000°C for 30 min., the average grain size increased
to ~ 0.3 ym, as shown in Fig. 7(b). In contrast, PA exhibited a relatively
~ non-uniform pattern of grain growth, characterized by the presence
: of annular zones of grain enlargement surrounded by a matrix of smaller
grains [Fig. 7(c)]. In all cases, there was no significant differences in
the sizes of grains observed within the annular grain enlargement regions
and the average grain size of TA. The CA [Fig. 7(d)] exhibited grains of

average dimensions, 2 uym x 20 um, arranged in a chevron pattern
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along the laser scan direction. Selected area diffraction patterns obtained |

through the entire film thickness and from sectioned samples show that the
grains are single crystal columnar structures extending from the nitride
layer to the surface of the film with no evidence of an idantifiable preferred
orientation.

Of particular interest for the PA and CA [Figs. 7(c) and 7(d)] is
the fact that there is no evidence of precipitation at either the grain
boundaries or within individual grains immediately after laser annealing.
For samples implanted to dose levels less than 1016/cm2, TA, PA, and CA poly
also exhibited no clear indication of precipitation or dopant segregation at
grain boundaries. In addition, after §Lbsequent thermal anneals at 1000°C,
these films showed no additional evidence of second phase structures appearing
within the grains or at the grain boundaries. The results suggest that

precipitation is either absent or the density of precipitates sufficiently

low so as to escape detection by TEM.

In comparison, for higher dose levels of 3 x 1016/cm2, we obtained
evidence of precipitation at the grain boundaries of both CA and PA subjected
to a 1000°C thermal anneal. However, the detection of precipitates by
diffraction contrast techniques is severely restricted in fine grained
poly structures. The superposition of strain fields from adjacent grain
boundary regions will necessitate either a large precipitate or a sufficiently
large precipitate strain field to render the segregation region "visible"
above background intensity levels in most fine grained poly samples. In
comparison, precipitation within CA is more easily detected because of
extremely large grain sizes and adequate separation of adjacent boundary

regions, thereby yielding a relative relaxation in visibility/contrast

criteria.
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In Fig. 8(a), we show a representative bright field electron micrograph
of a sample implanted to a dose level of 3 x 10'6/cmZ, followed by a CA +
1000°C thermal anneal. We observe the presence of rod shaped precipitates
~ 1000 R to 5000 R in length within the interior of individual grains.
These linear precipitates were observed repeatedly in CA samples subjected
to subsequent thermal anneals. To further investigate the spatial distri-
bution of the rod-shaped structures, we immersed another set of samples in
HF acid (undiluted) for approximately 30 minutes. After cleaning, the
structures were then jet thinned from the back of the wafer and the Si
layer examined in the electron microscope. In Fig. 8(b), we observe that
immersion in the HF acid solution left the Si intact but selectively etched
the precipitate regions (white lines) to reveal their positioning within
the interior of the grain and at the grain boundaries. It is interesting
to note that the precipitate density at the grain boundaries greatly exceeds
the rod density within the individual grains, implying that a substantial
fraction of the segregated impurity concentration is localized at the
grain boundaries.

To obtain additional comparative data, samples implanted to a dose
level of 3 x 1016/cm? were also exposed to the etch solution immediately
after laser annealing (no thermal anneal) and subsequently prepared for TEM
analysis. The results showed no evidence of selected e..: features or
precipitates occurring in any of the samples examined, confirming that
precipitation occurs only after thermal treatment of the laser annealed
poly.

From the data o**ained in these experiments, we can conclude from
direct TEM observation that thermal annealing at 1000°C after pulsed or cw

laser annealing of phosphorus ion implanted (> 1016/cm?) samples produces

-10 -
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clear evidence of impurity precipitation in the form of rod shaped structures

localized within grains and at the grain boundaries.

IV. DISCUSSION

We have demonstrated that the sheet resistivity changes in Si films
by laser annealing and subsequent thermal annealing can be satisfactorily
interpreted in terms of changes in crystallographic structure of the film
and activation/deactivation of dopants.

The dramatic decrease in sheet resistivity by laser annealing is

~achieved by a nearly 100% activation of implanted impurities. The highest

carrier concentration (which is also edﬁal to the number of activated
impurities) achieved by the laser is more than 1021 cm-3 which exceeds the
solid solubility limit of phosphorous (+~ 4 x 1020 cm=3 [6]) in single
crystal silicon.

The activated impurities in excess of the solid solubility are, of course,
thermally unstable, resulting in the formation of precipitates during sub-
sequent heat treatments. Precipitation occurs at the grain boundaries
as well as in the grain crystallites. Precipitation has been verified
through the TEM studies in Section III-B. The grain boundary precipitation
explains why the carrier concentration of PA after the thermal annealing
(Fig. 3) is the smallest, since the fine grain structure found in PA
provides a largest area of grain boundary.

The incomplete activation of implanted impurities found in CA
at the highest dose of 3 x 1016 cm-2 [Fig. 6(a)] can be understood by the
precipitation of impurity occuring during the laser scan. In cw laser
annealing, each of the line scans are overlapped to cover a large area.

During each single scan the adjacent, already laser-annealed region is

-11 -
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subjected to a lower temperature laser anneal due to the Gaussian-like

temperature distribution produced by the laser beam. We believe this

short time (of the order of beam dwell time, ~ msec) is nonetheless sufficient
to cause precipitation to occur. This has been verified by performing

cw laser annealing on a sample in which impurities were fully activated to
about 3 x 1016 cm=2 by a pulsed laser anneal. The cw-laser scan with

a lower power of 9W reduced the carrier concentration to 1.6 x 1016 cm-2.

The varying values of mobility shown in Figs. 4 and 6(b) can be attributed
to the differences in the average grain size of the Si film. It is instruc-
tive to replot the data of Fig. 6(b) in such a manner that mobility is
shown as a function of active impurity‘Eoncentration. The results are
given in Fig. 9. The symbols used are the same as in Figs. 5-6, where
the solid line indicates the mobility calculated from the Irvin curve
assuming 100% activation of dopants. It is seen that the mobility of CA
is nearly equal to the single crystal mobifity (Irvin mobility) within the
experimental error, while that of PA or TA is fairly small.

The dotted lines in Fig. 9 represent the calculated mobility of
heavily doped Si with the grain size as a parameter. The previous theoretical
calculations on Si resistivity [7,8] cannot be applied to the heavily
doped Si discussed here. Recently, a detailed calculation which can be
used at this high doping concentration range was developed [9]. However,
we used a simplified model here. We assume that the electrical conduction
through the grain boundary is given by the thermionic emission current,

kT 12 qVg Va
Jth = gn (7p%) exp (- kT) [exp (7%T) - 1] (1)

where V, is the applied voltage, q is the electronic charge, n is the carrier

density, m* is the electronic effective mass and Vg is the potential barrier
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height at the grain boundary. For small applied voltage, qV5 << kT, Eq. (1)

reduces to
Jth = 1=V, (2)
9
where
. 1/2 avy
rgl = qzn (iﬁ?;ff) exp - kT G-Na (3)

which gives the effective grain boundary resistance, rg (n/cmz). The carriers
near the grain boundary are trapped by the trap states existing at the boundary,
leading to a depletion layer. This depletion layer width was calculated

for the most 1ightly doped sample (Vv 1’; 1015 am=Z, orn5 x 1019 cm‘3) assuming
the trap density of 3 x 1012 cm-2 giveh in Ref. [7]). The depletion width
obtained was 6 A, which is much smaller than the typical grain size (0.5 u

~ 20u) and can be neglected for doping concentrations which we are concerned
with here (> 5 x 1019 cm'3). Thus the Si with average grain size of L

(cm) can be approximated as a chain of uniformly doped single crystals of

size L which are separated from each other by infinitesimally thin resistive

sheets. As a result the effective resistivity of Si can be written as,

perf = (rg + o * L)L
where p is the resistivity of a single crystal. The effective mobility of the

Si is given by

1 1
N R T 4
veff La Yo (4)

where yu, is the Irvin mobility and a is defined in Eq. (3). a can, in
principle, be calculated if we know the potential barrier height Vg. Here,

we experimentally determined the value of a as a function of doping
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concentration by fitting Eq. (4) to the data of TA in Fig. 10, where we used the

average grain size (L = 3300 A) determined from the TEM measurements.

The calculated results for L = 1y, 5y and 10y are shown in Fig. 10 by dot-
ted lines. It is easily seen that the mobility of sheet Si is essentially the
same as the Irvin mobility when the grain size is larger than 5u. This is
approximately the case for CA which has long grains with a typical size of
2u x 20u.

The apparently different behavior of cw or pulsed laser annealed Si can
be simply attributed to the different grain structures of these films shown by
the TEM pictures (Fig. 7). The formation of different grain structure by cw-
laser or pulsed laser anneal can be exﬁiained by the difference in the cooling
rates. It should be remembered that the laser powers used in the experiments
were high enough to melt the Si in either case.

In the case of a cw-laser, the laser beam is scanned across the wafer with
a constant scan speed (12 cm/sec). The molten region in the Si film moves
with the scanned beam and solid-1iquid interface advances with the same speed
with the beam. This situation is analogous to that in floating zone crystal
growth and allows long grains to form along the beam scan direction. F

However, the situation is totally different in the case of a pulsed laser.
The annealing is performed by successive overlapping of laser pulses. The
cooling rate produced by a pulsed laser is very large (~ 1010 degree/sec) and the {
crystal growth is governed by a heterogeneous nucleation from a super-cooled

melt, which explains the fine grain matrix of PA shown in Fig. 8.

The occurrence of relatively larger grains (~ 1 um) in an angular pattern
is also shown in the same figure, which can be explained qualitatively with
reference to Fig. 10. A single laser shot produces a Gaussian-like temperature

distribution in the film. In the region where the temperature is higher than
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the Si melting temperature, the material passes to the liquid phase. Grain
growth within the liquid region can then occur only after sufficient cooling
to reduce the temperature below the melting temperature.

A qualitative sketch of the time changes in the temperature profile is
given in Fig. 10, where tg, t} and t2 are assumed to be a time sequence with
the same time intervals. The intersection of the temperature profile with
the melting temperature line thus moves toward the center of the beam (A~ C)
during the cooling. The speed for this point to move can be expected to be
very large when it approaches the center (B + C). Here the heterogeneous
nucleation occurs, leading to a fine grain structure. However, the speed is
presumably slow enough in the beginniné'of cooling (A +~ B) for homogenous
nucleation to occur, which allows relatively large grains (~ 1 u) to form
in a radial direction, possibly nucleating on adjacent grains in the un-
melted region outside A. Successive overlapping pulses would then form
overlapping rings of relatively large grains surrounding areas of fine
grains. This can account for the occurrence of the peculiar grain structure
found in PA films.

However, it should be noted that this discussion holds only for the case
where each laser pulse melts the whole irradiated area. If the laser power is
carefully adjusted to melt only the fine grain region without melting the already
recrystallized region, we may also get a large grain structure by overlapping

pulsed laser beams.

V. CONCLUSIONS
The resistivity reduction in heavily doped Si by laser annealing and its
increase during subsequent thermal annealing have been studied. Although both

cw and pulsed lasers were used for the experiments, the quantity of priMary
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importance is not the type of the laser used but the grain structure of Si
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produced by the laser.

In the resistivity reduction of Si film by laser annealing, two separate
processes are involved: the increase of carrier mobility by forming large
grains and the increase of carrier concentration through (nearly) 100% activation
of dopants. The mobility increase due to grain growth is thermally stable,
while the activation of dopants over the solid solubility is not thermally
stable, leading to the deactivation of dopants during the subsequent thermal

process. The TEM studies showed that the deactivation occurs by forming rod-

oA
-?E shaped precipitates at the grain boundaries as well as within the grain
> crystallites. The cw laser can form ldrge grains (+ 2u x 20u), which

increases the mobility of heavily dciad Si up to almost a single crystal value.
23. However, the pulsed laser annealing produces a complicated grain structure
? including the very fine grains, which reduces tha mobility, and further provides
: increased area of grain boundaries that act as sinks for dopants. We belijeve
i;% this accounts for the fact that the pulsed laser annealed Si exhibits the
o highest resistivity after thermal annealing.
- Finally, we conclude that the lowest, thermally stable resistivity
éf of the phosphorus doped Si that we can achieve by laser annealing is the single
2 crystal resistivity at a doping level of ~ 5 x 1020 cm-3.
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FIGURE CAPTIONS

Examples which illustrate the thermal instability occurring in
resistivity of pulsed-laser annealed Si. The resistivity of
laser-annealed Si (0) and non-laser annealed Si (®) are given as
a function of thermal annealing time. The thermal annealing
temperatures are: (a) 450°C, (b) 1000°C [Fig. 1(a) was taken
from Ref. 3].

Sheet resistivity of cw-laser-annealed (0) and pulsed laser-annealed
(6) Si as a function of thermal annealing time. The samples are
18008 Si, 3 x 1016 cm-2 P+ implanted with 90 keV. The thermal
annealed controls (X) are also shown. The thermal annealing was

performed at 1000°C in Ny ambient.

Sheet carrier concentration as a function thermal annealing time.
The data were taken from the same samples shown in Fig. 2. The

symbols used are also the same as appear in Fig. 2.

Hall mobility as a function of thermal annealing time. The samples

and the symbols are the same as in Fig. 2.

Sheet resistivity of cw laser-annealed Si (0,0) and pulsed laser-
annealed Si (A,a) as a function of implant dose. Open symbols
(0,4) refer to the values following the laser annealing, and
solid symbols (0,A) to the value after the subsequent thermal
annealing (30 min, 1000°C). The samples are 1800R Si films,
P*-implanted at 90 keV. The data for thermal anneal only

controls are also shown in the figure.
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Fig. 6 Sheet carrier concentration (a), and Hall mobility (b) as a funtion of

implant dose. The samples and symbols are the same as in Fig. 5.

Fig. 7 Transmission electron micrographs of 1800R Si deposited on
nitride: (a) as-deposited; (b) thermal annealed only (30 min,

1000°C); (c) pulsed laser-annealed; and (d) cw laser-annealed.

Fig. 8 Transmission electron micrographs of Si subjected to cw laser
anneal + 1000°C thermal anneal. a) after laser + thermal anneals;

b) after HF etch.

Fig. 9 Hall mobility of Si films p]g;ted as a function of sheet carrier
concentration (cm=2) and volume carrier concentration (cm-3).
Open (0,a) and solid (®,a) symbols refer to the values before
and after the subsequent thermal anneal, respectively. The
solid Tine represents single crystal mobility calculated from
the Irvin curve. Calculated mobilities of Si for a variety of

grain sizes are also shown by dotted lines.

Fig. 10 Schematical explanation for the grain structure produced by pulsed
laser annealing. The upper part of the figure shows the temperature
distribution at consecutive sequences, tg, t} and t2 (the time
intervals are assumed to be equal). The intersect of the melting
temperature line and the temperature distribution is the solid-
liquid interface. Larger grains are formed in region A+ B, where
the interface movement is slow enough, while fine grains appear

in region B -~ C where the movement is rapid.
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Resistivity changes in laser-annealed polycrystalline silicon during thermal

Tadashi Shibata,® Hisakazu lizuka, and Susumu Kohyama

Toshiba Research and Development Center, Kawasaki, Japan

J. F. Gibbons

Stanford Electronics Laboratories, Stanford, California 94305

(Received 11 January 1979; accepted for publication 22 March 1979)

Polycrystalline silicon layers heavily doped with phosphorus or arsenic were irradiated with a
Nd: YAG pulsed laser beam. A 40-50% reduction in sheet resistivity was obtained by laser
annealing. However, during subsequent heat treatments the resistivity increased to a value which
was higher than the initial value before the laser anneal. The instability of the resistivity is
tentatively explained by reprecipitation of dopants both within the grains and at the grain

boundaries.
PACS numbers: 72.20.Jv, 81.40.Ef, 79.20.Ds

The deposition of concentrated energy on semiconduc-
tor materials using laser or electron beams is of current inter-
est for many semiconductor investigators. Especially the la-
ser annealing of ion-implanted silicon has been very
extensively studied.'”’

Polycrystalline silicon (poly Si) is a commonly used ma-
terial for gates and interconnects of MOS integrated circuits,
and lowering its resistivity is a basic requirement for high-
speed operation of LSI's. Recently, Gat et al.* reported that
cw-Ar laser annealing of poly Si produces a marked increase
in grain size, leading to an increase in carrier mobility and a
reduciton in sheet resistivity.

We have used a @-switched Nd-YAG laser to anneal
poly Si layers which were heavily doped with phosphorous
or arsenic by thermal diffusion. We also obtained reduced
resistivity but it was not accompanied by either large grain
growth or an increase in carrier mobility, which was report-
ed by previous authors.

In this study, special attention was paid to the resistivity
changes in the laser-annealed poly Si during various heat
treatments after laser annealing. The changes in surface
morphology and grain structure were also investigated by
transmission electron microscopy.

A poly Si layer about 3500 A thick was deposited by
thermal decomposition of SiH, (silane) at 550 °C onto a
1000-A thermal oxide which was grown on a p-type (100)
silicon wafer. Phosphorus diffusion was performed at
1000 *C from a POCI, source. Arsenic was diffused in an
oxidizing ambient at 1100 °C from a double-layer source
(DLS)” deposited on top of the poly Si, which consists of a
thin (200 A) As-doped poly Si layer covered with an As-
doped silica film 1000 A thick. Samples which were P or As
implanted up to doses of 10" cm ~ ? were also prepared for
comparison with the diffused samples.

The laser irradiation was performed with an acoustical-
ly @-switched Nd : YAG laser (1.064 um). Typical laser pa-
rameters were a 10-kHz repetition rate, a 200-nsec pulse

“'Present address: Stanford Electronics Laboratories, Stanford, Calif.
94308,
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length, and an approximately 50-um optical spot diameter
after focusing by a 30-mm lens. The 3-in. wafer was vacuum
checked on an x-y stage which was scanned by numerical
control. The scan rate was fixed at 80 mm/sec, which result-
ed in each laser spot being scparated by an 8-um spacing.
After each scan, the scanning line was displaced by 10 um.

The resistivity decreased continuously with increasing
laser power, reaching its lowest value at a laser power level
between 1.7-2.0 W, which corresponds to a power density of
45-53 MW/cm?. The laser-annealed area exhibited an easily
visible bright region. Careful observations of the region us-
ing a Nomarski interference contrast microscope showed
miniscus lines formed by successive overlapping laser pulses.
At lower laser power, for instance, at 1.0 W, the parallel
surface ripples of 1-um wavelength similar to those reported
in Ref. 4 were also observed. These results show that the poly
Si actually melts by laser irradiation.

The sheet resistivity of P-diffused poly Si, both before
and after laser anneal, is shown in Fig. | as a function of
diffusion time. Before laser anneal, about 20 min of diffusion
at 1000 *°C yields the minimum resistivity of 14 £2 /0. Pro-
longed diffusion does not further lower the value. Itis clearly
shown that the laser anneal reduces the minimum sheet re-
sistivity by about 40%, namely, to 8 2 /0. The arsenic-dif-
fused poly Si showed a sheet resistivity of 38-40 42 /0, nearly
independent of the diffusion time, which was varied from

3

Sheet resstivety (Q/0)
<)

Dittusion time (min )
FIG . 1. Sheet resistivity of a 3500-A-thick poly Si layer, phosphorus dif-

fused at 1000 °C, as a function of diffusion time, before (@) and after (O)
laser anneal

¢ 1979 Amaerican Institute of Physics 21




%l
-

- Pt
Pl e

o Loser annecied "l o=
| PSR IR (E o= ¥
= o e \
> - | ———
5 _‘5:___,_.- =y
i '." Not loser annecied
oy
l; P-doped poly Si
Thermal onneal 450°C. Ny
A A
0 30 6 120
(a) Thermal anneal time (min )
o Not loser annecied
gaof .l e
=
E
I T e
s 2 Laser annaled
g As-doped poly S
Thermal onneal 450°C. Np
A
0 30 60 ' 120
(b) Thermol onneal time (min)

FIG. 2. Sheet resistivity of laser-annealed (O) and unannealed (@) poly Si as
a function of subsequent thermal annealing time (450 °C); (a) P-diffused
poly Si, (b) As-diffused poly Si. (a) (b)

15-60 min at 1100 °C. The laser anneal also reduced the re-
sistivity to =20 £2 /0J, or to about 50% of the initial value.

It is of practical importance to study the stability of the
resistivity during various heat treatments after laser anneal-
ing. Two temperatures, 1000 and 450 °C, were chosen for
this study, which are typical temperatures encountered in
conventional MOS processing and correspond, for instance,
to the phosphorus gettering and postmetallization anneal,
respectively. The thermal anneal was performed in N,
ambient.

The results of a 450 °C thermal anneal are shown in
Figs. 2(a) and 2(b). For the P-diffused poly Si [Fig. 2(a)], the
resistivity of the laser-annealed sample shows a rapid in-
crease in the first stage of thermal anneal and reaches a value
which is higher than the initial value before laser anneal. A
slight increase in resistivity with increasing thermal anneal-
ing time follows, which is also found in the non-laser-an-
nealed sample. The results for the As-diffused poly Si are in
marked contrast to those of the P-diffused samples. In this
case the resistivity of laser-annealed poly Si does not show
the rapid increase at 450 °C that is observed for the P-doped
poly Si [Fig. 2(b)]. However, thermal annealing at 1000 °C
shows similar instability for both P- and As-diffused sam-
ples. At this temperature, the resistivity of the laser-annealed
poly Si exceeds the resistivity of unannealed poly Si in the
first 10~15 min. No further increase of resistivity with in-
creasing annealing time was found in either laser-annealed
or unannealed samples.

Figure 3 shows the changes in surface morphology and
grain structure of P-diffused poly Si both before and after
laser annealing, and after 1-h thermal anneal at 450 °C fol-
lowing laser anneal. The replica electron micrograph [Figs.
3(a)-3(c)] shows that the mounds which appeared after ther-
mal diffusion disappear as a result of laser anneal, and reap-
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FIG. 3. Replica electron micrographs [(a)-(c)] and transmission electron
micrographs [(d)—(1] of P-diffused poly Si, both before and after laser an-
neal, and after a 1-h subsequent thermal anneal at 450 °C.

pear after thermal annealing. The TEM photographs shown
in Figs. 3(d)-3(f) reveal interesting changes in the grain
structure. The average grain size of poly Si after P diffusion
is about 0.64 um. The laser irradiation melts the poly Si layer
and produces a new structure where the relatively large
grains (~0.7-0.8 um by ~ 1.2-1.5 um) align to form the
annular pattern which corresponds to the miniscus lines dis-
cussed previously. The regions both inside and outside of the
annular pattern consist of a matrix of small grains of average
size 1200 A. The thermal annealing after laser anneal does
not change the structure essentially, and only the small
grains show a slight increase in grain size to about 2000 A.
The results for the As-diffused poly Si were almost the same
except for the fact that the mounds did not reappear aftera 1-
h thermal anneal at 1000 °C.

The changes in the carrier mobility and the carrier con-
centration of the P-doped poly Si are shown in Fig. 4. The
mobility does not essentially change, and only the carrier
concentration changes drastically by laser annealing and by
thermal annealing after laser anneal. These results are quite
different from those obtained by Gat er a/., where the mobil-
ity is increased by laser annealing.
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FIG. 4. Hall mobility and carrier concentration changes in P-diffused poly
Si caused by laser annealing and by thermal annealing after laser anneal
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The carrier concentration after P diffusion is about one-
half order smaller than the phosphorus concentration in
poly Si (= 1.6 10*") measured by Auger electron spectros-
copy, which suggests that a considerable amount of phos-
phorus is probably precipitated at grain boundaries. The la-
ser irradiation causes melting of the poly Si after which
phosphorus atoms are incorporated in substitutional sites
during recrystallization. This process appears to cause phos-
phorus atoms near the grain boundaries to become electri-
cally active, thus reducing the sheet resistivity. The activated
impurities may, however, be thermodynamically unstable if
their concentration is sufficiently high. In this case they tend
to form electrically inactive precipitates during subsequent
thermal annealing, which accounts for the rapid increase in
sheet resistivity during thermal annealing.

Recently, Lietoila et al.'® observed a similar thermal
instability in high-dose (7 X 10"* cm ~ ?) As-implanted cw
laser-annealed single-crystal silicon. They pointed out that
the maximum active arsenic concentration relaxes to 3 x 10%
cm ~* during thermal annealing, and excess arsenic atoms
form small rod-shaped precipitates aligned along {001,
<010}, <011, and (011 directions.

The same precipitation process can be expected to oc-
cur in the grains of poly Si film where excess phosphorus
atoms were activated by pulsed-laser irradition. The driving
force for the rod-shaped precipitate formation may be the
strain in the crystal induced by excess impurity activation
and thus would be impurity-concentration dependent. Qur
failure to observe thermal instability at 450 °C in As-doped
poly Si might be explained by the smaller strain due to the
arsenic concentration [(3.5-4) X 10*° cm ~ *] compared to
the P-doped poly Si where more than 102! c¢cm ~ * phospho-
rus atoms were activated by laser anneal. In addition to the
precipitation process within the grains, the precipitation
might occur also at grain boundaries. The large number of

23 Appi. Phys. Lett., Vol. 35, No. 1, 1 July 1978
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small grains shown in Fig. 3(e), which were produced by
laser annealing, provide a large number of sinks for impurity
atoms. Precipitation on grain boundaries can explain the in-
crease in resistivity in excess of the pre-laser-anneal value.

It should be noted that the results are not the character-
istics of the thermally diffused sample because the similar
instability is also observed in the P- or As-implanted and
laser-annealed poly Si.

The authors are pleased to acknowledge their indebted-
ness to Professor W. Tiller, A. Lietoila, and K.F. Lee of
Stanford University for valuable discussions, to T. Yoshii
and H. Yako (Toshiba Corp.) for the electron microscope
observations, and to T. Inoue (Toshiba Corp.) for Auger
measurements. One of us (J.F. Gibbons) wishes to acknowl-
edge ARPA (Contract MDA903-78-C-0128) for supportiig
this work.
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Crystal structure and thermal oxidation of laser-recrystallized polycrystalline

gilicon
T.l. Kamins

Heuwlett-Packard Laboratories, Palo Alto, California 94304

K.F. Lee and J.F. Gibbons
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Laser-recrystallized polycrystalline silicon exhibits a weak (111) preferred orientation, in
contrast to the strong {110) texture seen in fine-grain poly-silicon. The oxide thickness thermally
grown on laser-recrystallized poly-silicon is much greater than that on fine-grain poly-silicon
when both are heavily phosphorus doped but is approximately the same when both films are

lightly doped.

PACS numbers: 81.40.Ef, 61.50.Jr, 81.60. — j, 79.20.Ds

Although the fabrication of metal-oxide-semiconduc-
tor field-effect transistors (MOSFET's) with their active
channels in a layer of polycrystalline silicon was investigated
some time ago, ' the device properties were greatly inferior to
those of transistors fabricated in single-crystal silicon be-
cause of the small grain size and high trap density. Recently,
the technique of laser melting and recrystallization of poly-
silicon? has allowed the fabrication of MOSFET’s with their
active channels in the large grains formed by laser recrystal-
lization.'* The transistor properties of these devices have
been found to approach those of devices fabricated in single-
crystal silicon.

Transmission electron microscopy has shown that long
grains of dimensions approximately 2 x 20 um are formed
under optimum conditions.’ The early study suggested that
the grains had a mixture of crystal orientations. In this letter

550 Appl. Phys. Lett. 38(7), 1 Apnl 1980
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the structural changes caused by laser recrystallization will
be examined more quantitatively by x-ray diffraction, and
the effect of the heat treatment often used before laser recrys-
tallization will also be investigated. Poly-silicon films depos-
ited both on silicon dioxide and on silicon nitride will be
considered. Since the thickness of the oxide subsequently
formed during device fabrication may depend on the struc-
ture of the poly-silicon, the thermal oxidation of laser-re-
crystallized poly-silicon will also be briefly examined.
Lightly doped, p-type, (111) oriented silicon wafers
were used as substrates in this experiment. Some were ther-
mally oxidized at 1000 °C in a TCE/O, ambient to obtain an
oxide thickness of 1000 A, while others were coated with
1000 A of low-pressure CVD silicon nitride. Films of low-
pressure CVD poly-silicon about 5500 A thick were then
deposited at 625 °C on both types of substrate. Some samples
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of each type were thermally annealed at 1100 °C in a nitro-
gen ambient since this heat treatment has been found to ease
control of the laser recrystallization process. The samples
were then laser processed at Stanford University with a cw
scanning argon laser to melt and recrystallize the poly-sili-
con films as described previously,” forming a large-grain
structure in most cases. A focusing lens of 135-mm focal
length was used, resulting in a beam diameter of about 40
um. Each scanned line was stepped 18 um from the previous
line. A sample-holder temperature of 350 °C was used. The
samples were then returned to Hewlett-Packard for further
processing and evaluation.

A conventional x-ray diffractometer was used. Mea-
surements were taken with the samples mounted both paral-
lel and perpendicular to the laser scan direction, but no ani-
sotropy was seen. The results reported are the average of the
two measurements. The intensities of the signals from the
{111}, {220}, {311}, {400}, and |331] peaks were mea-
sured and normalized to indicate the relative amount of crys-
tallites with (111), (110), (311), (100), and (331) orienta-
tion in each film. The measured signals were normalized to
account for the signal strengths expected in a thick, random-
ly oriented sample, and also for the finite film thickness.®

While the surface structure observed in poly-silicon by
optical microscopy does not always correlate with the grain
structure, some general observations can be made from Ta-
ble I and Fig. 1. The films which were not laser processed
had a fine-grain appearance. Those laser processed, but not
thermally annealed (14-1, 16-1, 16-3) appeared to have a
featherlike, long-grain structure, while those which were
also thermally annealed (13-3, 15-1) indicated a large-
grained appearance on the surface. One sample (13-1) indi-
cated a less regular appearance, probably related to a mixed
structure obtained because of less complete
recrystallization.

The normalized x-ray results are also shown in Table I.
As expected,’ the {(110) orientation is dominant in all the
films immediately after deposition, with the normalized in-
tensity being about ten times larger than that from any other
orientation. Thermally annealing the samples at 1100 °C de-
creases the preference for (110) texture, although this orien-

FIG 1. Dark-field photomicrographs of laser-recrvstallized poly-silicon on
Si,N, [(a) and (b)] and on $10,, [(¢) and (d)]; (b) and (d) show samples
thermally annealed before laser recrystallization. Markers are 50 um long

tations all increase significantly, with little difference seen
between the films deposited on silicon nitride and those de-
posited on silicon dioxide.

Laser recrystallization of the poly-silicon films deposit-
ed on silicon nitride decreases the amount of (110) texture
significantly; the crystallites with (111) and (311) orienta-
tion increase especially, with the (111) being generally
dominant. Similar trends are seen on both samples which
were thermally annealed and those which were not, with the
thermally annealed samples showing an especially marked
decrease in the (110) texture but little further increase in the
(331) texture

The poly-silicon films deposited on silicon dioxide and
not thermally annealed showcd the same trends as those de-
posited on silicon nitride, with, perhaps, somewhat less pro-
nounced changes; there was less decrease in the (110) tex-
ture and less increase in the (311) texture. This difference
may be partially related to the different laser recr | stalliza-
tion conditions, which were optimized for each type of insu-
lator. The thermally annealed sample which was laser re-
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tation is still dominant. The (111), (311), and (311) orien- crystallized to produce a large-grain structure (13-3) also
TABLE L. Preferred orientation in laser-recrystallized poly-silicon
Laser
Insulating Thermal Laser power Normalized x-ray textur
Sample film anneal processing (W) Grains 1 11)
16-U Si.N, no no fine 5 ) . S8
) 16-1 Si,N, no ves 8 long 135 1 5¢ 168
' 16-3 Si,N, no ves 10 long 145 § ) < 174
s 15-U Si.N, yes no fine E 474 M 194
« 15:1 Si\N, yes yes : arge )8 . 219
. 14-U Si10, no no fine 5 L ¢ 65
w i4-1 Si0, no ves X ng ¢ ¢ X 245
‘
! 13.U SiO, yes no fine 58 4 % 126
. 131 Si0 ves yes 8 mixed 1 . i 67 168
-~ 13-3 Si0, ves yes 11 large 485 )34 7S Y6} 194
-
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showed similar trends to those found on the silicon-nitride-
containing sample. The other sample (13-1) was treated at a
lower laser power so that the large-grain structure was not

obtained, and the film probably contained a mixture of large
and small grains. The increase in the amount of (110) tex-

ture is probably related to some growth of the structure ini-
tially found in the as-deposited films. This mixed case is, of
course, of less interest than the fully recrystallized films.

A significant increase in (100) texture is seen in many
cases, but in no case does (100) become the dominant orien-
tation. In general, the laser-recrystallized samples exhibit
less-strong preferred orientation than do the as-deposited
films. The presence of this mixed orientation may signifi-
cantly influence the oxidation rate and interface charges of
structures containing laser-recrystallized poly-silicon.

To complement the structural investigation, a brief ex-
periment was conducted to determine the oxide thickness
grown on laser-recrystallized poly-silicon under conditions
which might be used in an integrated-circuit process. During
this portion of the investigation, only poly-silicon films de-
posited onto silicon nitride with no subsequent nitrogen an-
neal were studied. After laser recrystallization, some of the
wafers were doped by a 950 °C, POCI, predeposition which
produced a sheet resistance of 10 £2 /0 in single-crystal sili-
con. Both undoped and doped films were then oxidized.

Two different oxidation cycles were used. A 125-min,
1000 °C TCE/O, oxidation, which forms 1000 A of oxide on
(100) oriented, single-crystal silicon, was used in some
cases. A 210-min, 800 °C steam oxidation was also investi-
gated in order to emphasize the effects of the silicon orienta-
tion and structure. The oxide thicknesses were measured on
the poly-silicon and single-crystal control wafers with a uv
spectrophotometer.® After the oxide thicknesses were mea-
sured, the oxidation cycles were repeated without stripping
the oxide so that thicker oxides, which could be measured
more easily, were grown.

The oxide thicknesses after the first oxidation cycle are
shown in Table I1. The oxide thicknesses grown on the un-
doped poly-silicon with the 1000 ‘C TCE/Q, oxidation fall
between those on the (100) and (111) oriented. single crys-
tal silicon oxidized simultaneously, being about 69 greater
than that on (100} oriented silicon after the first oxidation.
After the second oxidation the oxide thicknesses continued
to fall between those of the two orientations of single-crystal
silicon. Oxidation under these coaditions is influenced by
diffusion of oxygen through the already formed oxide, as
well as by surface reaction, so the effect of the silicon struc-
ture and orientation is small.

TABLE Il Oxide thickness on laser-recrystallized poly-silicon

The 800 °C steam oxidation is controlled primarnily hy
the surface reaction so the effects of orientation and struc-
ture should be more significant, as observed, with the oxide
thickness on (111) oriented, single-crystal silicon 46%
greater than that on {100) silicon. The oxide thickness on
the fine-grain poly-silicon appears to be slightly greater than
that on (110) silicon, with the oxide on the laser-annealed
regions probably even slightly thicker. Thus the oxide thick-
ness grown on undoped, laser-recrystallized poly-silicon un-
der surface-reaction-controlled conditions differs only
slightly from that on fine-grain poly-silicon and is similar to
that on the fast-oxidizing orientations of single-crystal
silicon.

The influence of the laser recrystallization on heavily
phosphorus doped poly-silicon is more dramatic. Under
these conditions, the oxidation rate is controlled by the do-
pant concentration at the surface, and the effect of crystal
orientation is less significant, as can be seen by comparing
the oxide thicknesses on the two orientations of doped, sin-
gle-crystal silicon in Table I. The oxide thickness on the
doped, fine-grain poly-silicon is markedly less than that on
the single-crystal silicon or on the laser-recrystallized poly-
silicon, while that on the laser-recrystallized poly-silicon is
close to that on the single-crystal silicon.

Thinner oxides on heavily doped, fine-grain poly-sili-
con than on simultaneously doped single-crystal silicon have
been observed before and have been related to the lower ac-
tive dopant concentration near the surface of the poly-sili-
con.” During the doping cycle, the dopant can diffuse farther
into the poly-silicon than into the single-crystal silicon so
that the average surface concentration is lower, and the ox-
ide subsequently grown is thinner. In addition, even if the
dopant-atom concentration were the same, the lower electri-
cal activity in the poly-silicon would keep the Fermi level
closer to midgap so that the dopant-enhanced oxidation
would not be as significant.

Similar reasoning can account for the thicker oxide
grown on the laser-recrystallized poly-silicon than on fine-
grain poly-silicon. The dopant appears to diffuse away from
the surface of the laser-recrystallized poly-silicon at about
the same rate as in single-crystal silicon and less rapidly than
in fine-grain poly-silicon since grain-boundary diffusion is
less important; consequently, the oxide grown is thicker
than on fine-grain poly-silicon.

While fine-grain poly-silicon films exhibit a strong
{110) preferred orientation, the preference for a particular
orientation is less pronounced in laser-recrystallized poly-
silicon, although there is some preference for (111) orienta-

Onde thickness (A)

Onidation
temprerature Ondirmyg Poly siliwon Single-crystal silicen

Doping C) amnbient Recrystaliieed Fine-grue SHOm AN [SRLN

undoped 1000 1CH/O mso 1060 Nt} 1100 -~ 10

undoped 00 seam 1930 T830 1140 1670 1770

phosphorus ROO steam 6190 R0 6030 o000

doped
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Charges at a Laser-Recrystallized-
Polycrystalline-Silicon/Insulator Interface

T.1. KAMINS, SENIOR MEMBER, IEEE, K.F. LEE, STUDENT MEMBER, IEEE,
AND J.F. GIBBONS, FELLOW, IEEE

Abstract — Capscitance-voltage characteristics have been measured to
determine the interface properties at the back surface of a layer of laser-
recrystallized polycrystalline silicon. The interface between the
recrysiallized poly-silicon and an underlying oxide layer can be
characterized by an effective fixed-charge density and a fast-state density,
both in the low-to-middle-10'' ¢cm™* range. Charge trapping at a poly-
silicon/silicon-nitride interface precludes the determination of a mean-
ingful value of interface charge.

INTRODUCTION

recent report [1] has described the fabrication of

MOS transistors with their active channels within a
layer of laser-recrystallized polycrystalline silicon. The
possibility nf obtaining useful semiconductor devices in
poly-silicon offers the opportunity for constructing new
device structures, as well as removing some of the limita-
tions encountered with conventional devices in single-crystal
silicon. The characteristics of devices fabricated in laser-
recrystallized poly-silicon films will be strongly dependent
on the properties of the interface between the poly-silicon
film and the underlying insulator. In conventional silicon-
gate MOS applications, the polysilicon is very heavily
doped, and the poly-silicon near the insulator is never
depleted. When the active element of a device is placed in
the laser-recrystallized poly-silicon film itself, the film is on-
ly moderately doped, so that depletion and inversion layers
can easily be formed by charges in the insulator or at the
poly-silicon/insulator interface. In order to investigate the
behavior of this interface, capacitor structures were
fabricated, and capacitance-voltage measurements were
made with the depletion regions extending into films of
moderately doped, laser-recrystallized poly-silicon. Both
thermally grown silicon dioxide and low-pressure CVD
silicon nitride were investigated as the insulating layer.

EXPERIMENTAL STRUCTURES

All of the structures to be studied (Fig 1) were fabricated
on 0.01 2-cm, n-type silicon wafers, which subsequently
served as the gate electrode. A 1000 A -thick, TCE/0, gate
oxide was grown on some wafers at 1000°C, while others
were covered with 1000 A of low-pressure CVD silicon

Manuscript received October 15, 1979, revised November 9, 1979,
T.1. Kamins is with Hewlett-Packard Laboratories, Palo Alto, CA
94304; K.F. Lee and ].F. Gibbons are with Stanford Electronics
Laboratories, Stanford, CA 94305.

nitride. A 5500 A-thick film of LPCVD poly-silicon was
then deposited at 625°C on all wafers. The wafers which
contained an oxide layer were next annealed at 1100°C in N,
for one hour to ease control of the subsequent laser
recrystallization process, while the wafers which contained a
nitride layer did not require this thermal anneal. All poly-
silicon films were implanted with 1x10'? boron ions cm™* at
100 keV. Portions of each wafer were then recrystallized
with a scanning cw argon laser, as described previously [2].
The substrate temperature was held at 350°C, and the power
of the approximately 70 um-diameter laser beam was varied,
with different laser powers being used on different regions
of each wafer. At the higher laser powers the poly-silicon
was melted, both activating and redistributing the dopant
and forming a large-grained structure in the poly-silicon.
Aluminum was then deposited and defined into squares 300
or 900 um on a side; the aluminum served as a contact to the
poly-silicon *‘substrate’’. The poly-silicon was plasma etch-
ed using the metal as a mask. After a final 450°C H, anneal,
the high-frequency (1 MHz), capacitance-voltage
characteristics were measured, with the depletion regions ex-
tending into the poly-silicon. To facilitate discussion, all
‘‘gate’’ voltages mentioned in the discussion below argthose
applied to the n* single-crystal wafer which served as the
gate electrode.

RESULTS AND Discussion

The structures with silicon dioxide beneath the poly-
silicon will be considered first. Laser powers of 14-16 W
produced overlapping scans and the desired large-grain
structure in the poly-silicon. In the laser-recrystallized areas
well-defined accumulation and inversion regions are observ-
ed in the capacitance-voltage characteristics. The
capacitance with the poly-silicon surface accumulated cor-
responds to an oxide thickness very close to the 1000 A
target thickness. When the opposite polarity voltage is ap-
plied, the capacitance decreases to a value indicating a
depletion region approximately 2000 A wide in the poly-
silicon. This polarity voltage also tends to deplete the n* gate
wafer, but the heavy doping in this wafer increases the
voltage necessary for significant depletion and also limits
the width of the depletion region so that the effect of deple-
tion into the n* wafer can be neglected in the following
discussion.

0193-8576/80/0100-0005300.75 < 1980 IEEE
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The depletion-region width in the poly-silicon cor-
responds to a dopant concentration of approximately (2.2
-2.6)x10'® cm™, confirming that virtually all the dopant is
activated by the laser recrystallization. The dopant concen-
tration is somewhat higher than the average dopant concen-
tration of 1.8 x 10" cm™ expected if all the 1 x 10'* ¢cm™?
boron atoms implanted were active and were uniformly
distributed through the 5500 A-thick poly-silicon film.
(Laser recrystallization does not appear to change the
average film thickness.) This anomalously high apparent
concentration may possibly be related to dopant segregation
near the bottom of the poly-silicon film as it recrystallizes or
to residual defect stages which limit the depletion-region
width.

In the regions of the same wafer not affected by the laser,
the minimum capacitance is considerably less than in the
recrystallized regions, corresponding to a maximum
depletion-region width of about 4500 A, close to the
thickness of the poly-silicon film, suggesting that the high
resistance of the unaffected poly-silicon may cause the entire
thickness of the film to act as a dielectric when attempts are
made to deplete the surface. (Aluminum from the deposited
electrode may have penetrated into the poly-silicon slightly,
causing the apparent maximum depletion-region width to be
slightly smaller than the poly-silicon film thickness.)
Samples which received neither the 1100°C thermal anneal
nor the laser processing showed very little dependence of the
capacitance on the gate voltage.

After a negative bias-temperature stress to insure that any
positive mobile ions present did not influence the results, the
flatband voltage in the laser-recrystallized regions was
found to be in the range -2.9t0 -3.4 V. If ¢us is taken to be
-0.90V, the fixed-charge density is calculated to be about 4
x 10" ¢cm™?, which is somewhat higher than that expected
in single-crystal silicon but not unreasonable since the pro-
cessing was not optimized for this unconventional structure.
(X-ray measurements indicate a crystal structure containing
grains of various orientations, with a weak preference for
(111) orientation under the conditions employed here [3], so
that the minimum fixed-charge density would be higher than
that expected for (100) silicon,)

The voltage between the measured flatband and inversion
points of the C-V characteristic was greater than calculated,
however, suggesting the presence of some fast states or
lateral nonuniformities. If this distortion in the curve were
entirely related to fast states, their density between flatband
and inversion would be about 2 x 10'' cm™. A portion of
the distortion in the C-V characteristic may be related to
nonuniformities since a region treated under conditions
which produced incompletely overlapped recrystallized
regions, showed distorted C-V characteristics corresponding
to a parallel combination of the recrystallized and unaf-
fected curves.

In the regions which were not affected by the laser, the
magnitude of the flatband voltage varied significantly and
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was generally greater than 10V, suggesting an effective
charge density greater than 10'* cm™?.

Thus, the properties of the silicon-dioxide / poly-silicon in-
terface under a layer of laser-recrystallized poly-silicon
resemble, but are inferior 1o, those at the interface between
a thermally grown oxide and single-crystal silicon. This in-
terface 1s, however, of much higher quality than most
semiconductor-insulator interfaces not formed by thermal
oxidation. For example, the interface between single-crystal
stheon and a deposited ovide faver is generally unstable and
can, at best, be characterized by very high tived-charge and
interface-state densities.

Capacrtors contaming an insulating laver ot silicon nitrite
were also tested. The polyv-silicon deposited on the silicon
nitride contained a wide range of crystal structure after laser
recrystallization depending on the laser power used, which
varied from 14 to 17 W. No long grains were seen at the
lowest power, while the highest power produced totally
overlapped recrystallized regions containing long grains.
The capacitance-voltage characteristics were also quite dif-
ferent 1n regions annealed at different powers.

In all cases, the maximum capacitance corresponded to a
silicon-nitride layer with a relative permittivity of 7.0 for the
1000 A thickness deposited. The behavior of the
capacitance-voltage characteristics in depletion was marked-
ly different in the differently processed regions (Fig. 2). The
minimum value of capacitance was lowest in the region
recrysiallized at the lowest power (approximately 44% of
the nitride capacitance); the minimum capacitance increased
with increasing laser power to about 60% of the nitride
capacitance for the highest laser power. In addition, at large
positive gate voltages (> 30 V) (in the direction tending to
invert the poly-silicon), the capacitance again increased
toward its maximum value, suggesting the presence of a
source of minority carriers to charge the inversion laver
rapidly. In the region processed at the lowest laser power,
there was no flat portion of the C-V curve at the minimum
capacitance. As the laser power and the minimum
capacitance increased, a flat region developed in the C-V
characteristic. (Rapid minority-carrier generation was also
seen in samples with a silicon-dioxide insulator at high
positive gate voltages.)

This behavior of the minimum capacitaice wouid not be
consistent with defects within the poly-silicon film, since a
higher defect concentration at higher laser powers would
have to be postulated, in contrast to the reduced defect den-
sity expected as the long-grain structure becomes more fully
developed.

No meaningful value of the fixed-charge or fast-state den-
sity can be extracted from the capacitance-voltage
measurements because of electron trapping in the insulator.
Even before a bias-temperature stress, the flatband voltage
changes significantly when large voltage ramps are applied.
(In contrast, no change was seen in samples containing a
silicon-dioxide insulator when tested with similar, high-
magnitude voltages.)
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Limited tests indicated no significant improvement by
laser annealing the nitride before the poly-silicon was
deposited, in addition to recrystallizing the poly-silicon with
the laser after the poly-silicon deposition. The results ob-
tained from the structures containing silicon nitride show
that the poly-silicon/silicon-nitride interface is not well
behaved, a situation similar to that of a silicon-
nitride/single-crystal-silicon interface.

SUMMARY

Capacitance-voltage characteristics have been measured
to determine the interface properties at the back surface of a
layer of laser-recrystallized poly-silicon. The interface be-
tween the recrystallized poly-silicon and an underlying oxide
layer can be characterized by an effective fixed-charge densi-
ty and a fast-state density, both in the low-to-middle-10""
cm™? range. The poly-silicon/silicon nitride interface is not
as well behaved. The minimum capacitance depends on the
laser power used to recrystallize the poly-silicon, and charge
trapping at the interface precludes the determination of a
meaningful value of interface charge.
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Fig. 2. Experimental capacitance-voltage characteristics of structures
containing a silicon-nitride insulator under poly-silicon films
recrystallized at three different laser powers.
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Abstract—1L aser annealing of a thermally grown, silicon-dioxide layer reduces an initially high fixed-charge density.
Similar annealing of a silicon-nitride-covered silicon wafer does not markedly improve the interface characteristics.
Laser melting and recrystallization of polycrystalline silicon above a thermally grown oxide does not appreciably
increase the interface charges at the underlying silicon-dioxide/single-crystal-silicon interface.
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The characteristics of MOS transistors are strongly
dependent on the properties of the silicon-insulator in-
terface. Fixed charge changes the threshold voltage of
the transistor while fast states degrade its transconduc-
tance and subthreshold behavior. When unconventional
processing is employed, the effect of the process on
these charges must be determined. Since laser annealing
of MOS structures and laser recrystallization of poly-
crystalline-silicon gate electrodes are being contem-
plated, the effect of laser processing on MOS device
behavior must be assessed. High interface-charge den-
sities may be reduced by energy from the laser beam
allowing the relaxation of strained bonds by either
thermal processes or, more directly, by photon-defect
interactions. On the other hand, low interface-charge
densities may possibly increase if the laser energy breaks
bonds at the interface rather than allowing them to relax
further.

In an attempt to determine the effect on MOS charac-
teristics of processing with a cw scanning argon laser,
several different types of MOS capacitors were fabri-
cated, and the capacitance-voltage characteristics were
measured. The effect of laser annealing on the charges at
an insulator/single-crystal interface are reported here. All
three different structures examined in this experiment
(Fig. 1) were fabricated on 1-3 {}cm, (100)-oriented, n-
type silicon wafers so that the depletion regions exten-
ded into the silicon substrate.

The first experiment was designed to determine if laser
melting and recrystallization of a poly-silicon gate elec-
trode would degrade the interface characteristics at an
underlying silicon-dioxide/single-crystal-silicon interface.
To fabricate this structure (Fig. 1a), a 5500 A-thick layer
of low-pressure CVD polysilicon was deposited at 625°C
onto a 1000 A-thick, TCE/O, gate oxide; the polysilicon
was next annealed at 1100°C in N, and then phosphorus
doped at 950°C from a POCI, source. (The high-tem-
perature nitrogen anneal makes control of the laser
parameters less critical(1], probably by affecting the top
surface of the polysilicon. A wider range of laser power

can be used to recrystallize the polysilicon after the
thermal anneal without agglomeration of the molten sili-
con). Portions of each wafer were then laser processed
to melt and recrystallize the polysilicon, forming a large-
grain structure as described previously[2). A laser power
of 8W was used with a focusing lens of 135 mm focal
length, resulting in a beam diameter of ~40 um on the
sample. A sample-holder temperature of 350°C was used.
The sheet resistance of the recrystallized polysilicon was
7-9 0/0J, compared to 12 Q/0 for the original, fine-grain
polysilicon. Aluminum was then deposited and defined to
form squares 300 and 900 .«m on each side. The polysili-
con was plasma etched, and the structure was annealed
at 450°C in a hydrogen ambient before the high-
frequency (1 MHz), capacitance-voltage characteristics
were measured. All measurements quoted were taken
after a negative bias-temperature stress to ensure that
any mobile ions which may have been present would not
affect the magnitude of the charges measured.

The processing employed assured low interface-charge
densities, as found in high-quality MOS transistors, and
the experiment was undertaken to see if laser melting of

ALUMINUM
0.5 um n* LPCVD POLY -SILICON
tLaser Recrystallized)
0.1 um THERMAL SiO;
<— n-SILICON

(a}

ALUMINUM
0.1 ym THERMAL Si0,
o - SILICON

b)

ALUMINUM
0.1um LPCVD SigN,
n- SILICON

()

Fig. 1. Cross sections of the three experimental structures used
in this investigation.
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the polysilicon would degrade the devices by disrupting 3r
bonds at the Si-SiO, interface, with a consequent in-
crease in the interface charges. The fixed-charge density
was found to be in the mid-10° cm™2 range on devices
located outside of the laser-recrystallized regions of the
polysilicon and also on control wafers which were not
exposed to the laser, with an average value of (6.2+
31 x10°cm™2 The fixed-charge density was con-
sistently increased to the mid-10'®cm™? range by laser
melting of the polysilicon, with an average value of
(3.421.0)x 10" cm™2 These values correspond to vol-
tages of 0.03 and 0.17V, respectively, for the present
1000 A-thick oxide, and the former is probably within the
uncertainty of the data reduction. No distortion was seen +
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in the shape of the C-V curve after laser processing,
with both the recrystallized and unexposed regions
showing the characteristic expected when no appreciable
fast-state density is present. (The 0.1V resolution of the
measurement technique indicates that the fast-state den-
sity between flatband and inversion was less than about
2x 10" cm™?). From these results, we may, therefore,
conclude that laser recrystallization of a polysilicon gate
does not appreciably increase the interface-charge den-
sities at the underlying silicon-dioxide/single-crystal-sili-
con interface, although a slight increase in the fixed-
charge density is seen.

The other structures considered in this investigation
did not involve polysilicon. The second experiment was
designed to determine if laser annealing would reduce a
moderately high fixed-charge density at a silicon-diox-
ide/single-crystal-silicon interface. In this experiment
(Fig. 1b), a 1000 A-thick, TCE/O, gate oxide was grown
at 1000°C and thermally annealed at 1100°C in N, before
laser annealing. The processing employed assured a
moderately high fixed-charge density. The wafers were
then laser annealed with laser powers varying from 7 to
12 W with a focusing lens of 250 mm focal length, resul-
ting in a beam "diameter of approximately 70 um on the
sample. Aluminum was next deposited and defined to
form aluminum-gate MOS capacitors. Device fabrication
was completed with a 450°C, H, anneal.

The control wafer and unannealed portions of the
device wafers had a moderately high fixed-charge density
of about 2.3 x 10'' cm2, as expected from the processing
employed. The magnitude of this fixed charge decreased
with increasing laser power, as seen in Fig. 2, to a
minimum value of about 5 x 10'° cm~? at the highest laser
powers on two different wafers. (Different laser powers
were used on different regions of each wafer. The
reflection from the oxide-coated wafer and consequently
the effectiveness of a given laser power depends, of
course, on the thickness of the oxide.) Bias-temperature
stress showed that the decrease in fixed-charge density is
not related to mobile ions. The shape of the C-V curve
indicated a moderate fast-state density. A density of
approximately (5.0 1.3) x 10'®cm~? was seen in the un-
annealed regions, while the fast-state density was (7.6 =
1.7 % 10" cm™? in the laser-annealed regions. Thus, from
this experiment we see that laser annealing can reduce
the magnitude of an initially high fixed-charge density at
the  silicon-dioxide/single-crystal-silicon  interface
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Fig. 2. Fixed-charge density at a silicon-dioxide/single-crystal-
silicon interface as a function of laser power.

beneath a thermally grown oxide while only slightly
increasing the fast-state density. This result is consistent
with the decrease of the fixed-charge density beneath a
layer of deposited oxide seen after laser annealing[3).

The third experimental structure investigated (Fig. lc)
contained a layer of low-pressure CVD silicon nitride
deposited directly on silicon and was designed to see if
laser annealing would improve the normally poor
characteristics of a silicon-nitride/single-crystal-silicon
interface. After the 0.1 um-thick layer of silicon nitride
was deposited, the wafers were laser annealed. No high-
temperature thermal anneal was used before laser
annealing since laser parameters for structures with
polysilicon deposited on nitride are generally less critical
than those with polysilicon deposited on oxide. After
laser annealing at powers ranging from 3 to 10 W, with a
focusing lens of 135mm focal length, aluminum was
deposited, defined. and annealed in H, at 450°C, as
described above.

Unlike the case of silicon dioxide. these devices
showed a very high fixed-charge density for all laser
powers used, with an average of (1.1 +0.)x 10" c¢m™?
before any bias-temperature stress. A negative bias-
temperature stress changed the C-V characteristics very
little, with only a slight negative change in the flatband
voltage (~ -0.06 V). A subsequent positive bias-tem-
perature stress (I x 10°V cm™' at 300°C) significantly in-
creased the flatband voltage. with the amount of the
change increasing with increasing laser power (Fig. 3).
The direction of these shifts is opposite to that expected
from mobile ion contanimation and is consisteat with the
injection of electrons into the insulator by a positive
stress. These electrons may easily pass through a thin,
residual oxide layer between the silicon and the silicon
nitride to remain at the oxide/nitride interface or to be
distributed into the silicon nitride. We might speculate
that the increasing flatband-voltage change with increas-
ing laser power results from the laser annealing disrupt-
ing the thin, residual oxide layer, making electron in-
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Fig. 3. Flatband-voltage change caused by positive bias-tem-
perature stress as a function of laser power for a laser-annealed,
silicon-nitride capacitor.

jection into the insulator or trapping there easier. The
shape of the C-V curves indicates a fast-state density of
approximately 1.0 x 10'' cm™2 in both the laser-annealed
and unannealed regions. Thus, observations on this
structure suggest that laser annealing does not
significantly improve the quality of a silicon/silicon-
nitride interface.

The results of this series of experiments allow the
following three conclusions to be drawn: (1) Laser melt-
ing and recrystallization of a polysilicon gate above a
thermal oxide does not appreciably increase the interface
charges at the underlying silicon-dioxide/single-crystal-
silicon interface. (2) Laser annealing of a thermally
grown silicon-dioxide layer significantly reduces an in-
itially high fixed-charge density. (3) Similar annealing of
a silicon-nitride-covered silicon wafer does not markedly
reduce the fixed-charge density but may make electron
injection into or trapping in the insulators easier.
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Thin film MOSFET’s fabricated in laser-annealed polycrystalline silicon
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Both depletion- and enhancement-mode MOSFET’s have been fabricated with the active
transistor channels in laser-annealed polycrystalline-silicon films. A dose of 3 X 10" *P/cm’ was
implanted at 100 keV into 0.5-um-thick poly-silicon films for the depletion-mode device, and a
dose of 3x 10" ''B/cm’ was used for the enhancement-mode device. The transistors fabricated in
the poly-silicon films show electrical characteristics comparable to those of devices in single-
crystal silicon. In the depletion-mode device, an electron mobility of ~450 cm’/Vsec was
obtained, and approximately 80% of the phosp!:orus was electrically active. The surface mobility
of electrons was about 340 cm*/V sec in the enhancement-mode device, and a threshold voltage of

approximately 2.5 V was obtained.
PACS numbers: 73.60.Fw, 83.30.Tv, 68.55. + w

Polycrystalline silicon formed by chemical vapor depo-
sition is commonly used in integrated circuits for intercon-
nections, gate electrodes, and resistors. The material is easy
to prepare and is compatible with monolithic silicon inte-
grated circuit technology; however, the relatively smali
grain size tends to limit its application since the grain bound-
aries usually affect the transport properties. For example, p-
n junction diodes in poly-silicon exhibit minority-carrier li-
fetimes of the order of 20 psec. ' MOSFET's fabricated to
date on thin films of poly-silicon have also exhibited poor
transconductance. !

It has been recently demonstrated that the grain size of
poly-silicon can be increased dramatically by annealing the
material with a scanning argon cw laser. * With 0.5-um-
thick poly-silicon films formed by chemical vapor deposition
on a substrate of 1000 A Si,N, deposited on a single-crystal
silicon wafer, TEM observation showed a grain size of
~2X 30 m after laser annealing, while the original grain
size was ~ 500 A. The grains extended through the entire
thickness of the film and were found to be defect free. With a
boron implantation dose of § X 10 '*/cm ?, the implanted im-
purities were found to be 100% activated, and the Hall mo-
bility was essentially that of single-crystal material.

These results suggested that laser-annealed poly-silicon
may be useful as an active device material. MOS field-effect
transistors were chosen as a suitable experimental vehicle for
the study since they utilize majority-carrier properties and
are important in MOS integrated circuits. Channel lengths
of, or smaller than, the grain size in laser-annealed poly-
silicon may be expected to yield device performance compa-
rable to that of devices fabricated in single-crystal silicon,
whereas the properties of the grain boundaries have been
found to dominate the device behavior in fine-grained poly-
silicon. 2

The poly-silicon samples used were 5500 A thick, and
were prepared by low-pressure chemical vapor deposition
(LPCVD). The substrates were single-crystal silicon onto
which a 1000-A layer of Si,N, had been deposited. Phospho-
rus was implanted at an energy of 100 keV with a dose of
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3% 10'¥/cm? to form the channel for the depletion-mode
devices. Boron was implanted at an energy of 100 keV with a
dose of 3 10''/cm ? for the enhancement-mode devices.
The wafers were then annealed by an argon cw scanning
laser so that long grains were formed. The annealing condi-
tions were similar to those in Ref. 3.

The subsequent processing steps for the depletion-
mode devices were as follows: First, 5000 A of low-tempera-
ture CVD oxide was deposited and densified at 900 °C.
Source and drain regions were then photolithographically
defined. Phosphorus was added to these regions by a 950 °C
30-min POCI, predeposition, followed by a 900 °C 10-min
dry-O, drive-in. An additional 2000 A of oxide was then
deposited to cover the n° source and drain regions. Isolation
photolithography defined mesas for the depletion-mode de-
vices, and the oxide and poly-silicon were etched to isolate
each transistor. The deposited oxides were then etched
away, and 5000 A of oxide was deposited to ensure that steps
formed by the isolation pattern were covered during subse-
quent processing. The gate area was photolithographically
defined, and the oxide was etched. A 1000-A gate oxide was
grown at 1100 °C in dry O, for 42 min, and contact holes

FIG. |. Photograph of a dcpietion-mode device (channel length = 50 um:;
magnification = 220 x ).
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FIG. 2. (a) Source-drain /-¥ characteristics for a depletion-mode device
(Vi =010 — 12 V). (b) Source-drain J-¥ characteristics for an enhance-
ment-mode device (¥, =010 7 V).

were etched above the source and drain regions. Aluminum
metallization was formed by e-beam deposition. The alumi-
num was defined and etched to form the gate electrode and
connections to the other electrodes. The devices were then
annealed in N, at 450 °C for 30 min. A photograph of the
final depletion-mode device structure is shown in Fig. 1.
Fabrication of the enhancement-mode devices was similar
except that steps related to the mesa formation were omitted
since no isolation is required between devices.

Devices with channel lengths of 10, 20, and 50 um were
fabricated; the channel widths were 250 um for the deple-
tion-mode devices and 270 um for the enhancement-mode
devices. Since the grains formed by laser annealing tend to
align themselves with the laser scan directions, the channels
were fabricated both parallel and perpendicular to the laser
scan direction.

The source-drain /-¥ characteristics of both the en-
hancement- and depletion-mode devices are shown in Fig. 2.
Since the current in a depletion-mode transistor flows
through the entire thickness of the conducting layer, film
properties can be calculated from the transconductance and
drain current. In the linear region the transconductance is as
follows *:

alp
gm - 3VG =
From the transistor channel geometry (L = 50 um, W =

W
“Chl 'Z‘ (VD - VS)

174 Appl. Phys. Lett., Vol. 35, No. 2, 15 July 1979

250 pzm). the mobility is calculated to be 450 cm” " Vesec,
compared to a mobility of 750 ¢t /V sec i siagle erystal
silicon at a dopant concentration of 6 = 10" cm ' corre
sponding to the dose implanted int the poly-silicon tilm.
(Because the film melted duning luser annealing, * the phos-
phorus can be assumed 10 be uniformly distributed through
the thickness of the film, and, as will be shown below, most of
the implanted phosphorus contributed electrically active
carriers. Therefore, the entire implanted dose can be used to
calculate the average dopant concentration.) Because of the
high oxidation temperature, the gate-oxide thickness can be
assumed to be the same as that on single-crystal silicon (1000
A).

One can also calculate the carrier concentration in the
channel from the geometry of the device and the flatband
voltage, *

Q. 1

Vig =0y — — — —
FB MS c. c_

v

px)dx.

If most of the dopant in the poly-silicon is active, dy,, is
equal to that of single-crystal silicon ( — 0.21 V), and the
gate-oxide thickness may again be assumed to be the same as
that on single-crystal silicon. Since Q,, /g was found to be
1x10'" cm - 2 on enhancement-mode transistors fabricat-
ed on (100)-oriented single-crystal wafers in the present ex-
periment, and a value three times as high would be expected
on (111)-oriented silicon, @, /¢ = 2x 10" cm  Zisused in
the calculation of Vg for the poly-silicon device to account
for the random orientation of the crystallites. Assuming the
third term to be negligible, a flatband voltage of — 1.1 V is
obtained with an uncertainty of + 0.5 V because of possible
deviations of @, /¢ from the value used.

From the resistance at ¥V; = Vi.y = — 1.1V, an aver-
age carrier concentration of $x 10'*cm  * can be calculat-
ed from

N =L /quWdR,

where d = 0.5 um is the thickness of the film. Since this
value is comparable to the average dopant concentration of
6x10'®cm * added by ion implantation, it is seen that a
high percentage of the dopant is electrically active, and little
has been lost during processing. The film properties ob-
served in these laser-annealed poly-silicon films are com-
pared to the bulk properties of single-crystal silicon and also
to those of fine-grained poly-silicon at a dopant concentra-
tionof 6x10'*cm 'in Table 1.

For the enhancement-mode device the field-effect mo-

TABLE I Electrical properties of poly-sthcon and single-crystal slicon at

an average dopant concentration of 6 - 10" cm
Lascr-
anncaled Single-crystal - Fine-gramned

poly -stheon  siheon poly-siheon *

Carrier conc. (cm ) S~ 10" 6 10" ~ 110
Mobility (cm °/V sec) 450 750 ~60
Resistivity (£2 cm) 0.28 014 ~ 1w

LYW Seto. ] Appl. Phys. 46, $247 (1975), for holes
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bility is similarly calculated from the source-drain charac-
teristics in the linear region and the device geometry (L = 50
pm, W =270 um) to be 340 cm 2/V sec. This value may be
compared to the value of 630 cm 2/V sec expected for the
field-effect mobility in single-crystal silicon of the same do-
pant concentration (50% of the bulk mobility °).

The threshold voltage (defined to be the gate voltage
which induces a drain current of 1zA) is measured to be

+ 2.5 V. Again, assuming Q.. /g = 2X 10" cm ? the

threshold voltage is calculated to be — 0.2 V in the absence
of defect levels in the poly-silicon. The difference bet:veen
the measured and calculated threshold voltages may be at-
tributed to the charging of defect levels before the surface
can be inverted, as well as to uncertainties in the value of
Q.. /q used in the calculations. This difference represents a
significant improvement over previous poly-silicon
MOSFET's, where differences about one order of magnitude
larger were observed.

Both depletion- and enhancement-mode MOSFET’s
have been fabricated with the active transistor channels in
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films of laser-annealed poly-silicon. The devices showed
electrical characteristics reasonably close to those expected
in transistors constructed in single-crystal silicon. These re-
sults suggest that high-quality integrated circuits can be fab-
ricated using laser-annealed poly-silicon as the semiconduc-
tor layer either in addition to, or in place of, bulk single-
crystal silicon.

The authors are indebted to ARPA (Contract MDA
903-78-C-0290) and to Dr. R. Reynolds for the support of
this work.
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from the results of the 60 W clectron-beam-anncaled diode only
in having a slightly lower niercept voltage of 0-55 V. This
intercept value for the thermally anncaled diode is close to that
expected lor the built-in potential of a high-doping-ratio p* -n
junction.® The higher values of intercept observed for the
electron-beam-annealed diodes (0'8 065 V) are probably asso-
ciated with the residual damage present in the junction region
from partial annealing.

The characteristics of 60 W scanning-clectron-beam-
anncaled junctions compare favourably with those published
for continuous-laser-anncaled diodes. In the forward-bias
region, the laser anncaled diodes show nonlinear behaviour®
or large vaniations in the diode-idcality factor.* whereas the
clectron-beam-annealed diodes approximate to the ideal over
four decades of forward current. The inferior reverse charac-
teristics*'3 of laser-annealed diodes have been attributed to
residual damage created by the annealing process at the Si/SiO,
interface. In contrast to these results, leakage measurements
on clectron-beam-anncaled diodes imply that interfacial or
peripheral diode damage is minimal.

At 30 keV beam potential, the range of cloctrons in Si is
6-3 pm, with maximum energy loss occurring at 2:5 um. Thus
for all the diode structures studied in the present work, the
maximum encrgy loss will have occurred below the combined
junction and zero-bias-depletion depth. The observation of uni-
form doping profiles at the depth of maximum energy loss
indicates that the beam irradiation necessary to induce solid-
phase cpitaxial regrowth of the shallower-implant damage
region does not perturb the substrate material. Further, the
present diode measurements suggest that the most likely loca-
tion of residual damage is within the p* or junction regions.
T.E.M. and s.e.m. studics are currently in progress to investi-
gate this possibility. Further scanning-clectron-beam-annealing
experiments will be conducted at lower beam potentials to
explore the effects of matching the maximum energy dissipation
with the ion-implant damage profile.

The results of the present work show that diodes with
characteristics close to those of identical thermally annealed
structures can be fabricated using scanning-clectron-beam
anncaling. Diode characteristics produced by scanning-
electron-beam anncaling are dependent on clectron-beam
parameters, especially beam power and cxposure, and it has
been stiown that for a 100 keV B-implant, optimum annealing
conditions are close to the 60 W (30 keV, 2 mA) results
reported.

It is foreseen that scanning-clectron-beam annecaling can be
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developed for the practical formation of device junctions and
for localised thermal modification of other semiconductor-
device material layers.

Acknowledgments: It is a pleasure to acknowledge the help of
D. Machin and P. O'Sullivan with the electrical measurements.
The Director of Research, British Post Office, is thanked for
permission to publish these results. Partial financial support
for this work was provided by the UK Central Electricity
Generating Board.
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SILICON-ON-INSULATOR M.O.S.F.ETS
FABRICATED ON LASER-ANNEALED
POLYSILICON ON SiO;

Indexing term: Insulated-gate field-effect transistor

N-channecl-enhancement and light-depletion-mode m.os.fe.ts
have been (abricated on laser-anncaled 05 um polysilicon
films, deposited on | um of SiO, grown on single-crystal
silicon substrates. Threshold vollages of 035 045 V and
~05 -07 Vand surface mobilities of 170 cm?/Vs and
215 cm?/Vs were oi d on the enhanccment and depletion
devices, respectively. These results compare favourably with
values realised in silicon-on-sapphire (s.0s) and buk
N-m.os. devices. In addition, the measured source-drain leak-
age curreats maich the best reported values for 3.0.3. devices.

The fabrication of cnhancement- and depiction mode
m.osfcts in laser-recrystallised polysilicon films has been
reported in recent literature.' The devices described were con-
structed on s polysilicon film 5500 A thick. The film was grown
by low-pressure chemical vapour deposition (1.pc.v.d.) onto a
layer of Si;N, 1000 A thick that had been previously deposited
on {100) single-crystal silicon. From the device performances,
the laser-annealed material showed clectrical properties far
superior to those of as-deposited material, and comparable to
those of single-crystal silicon. However, the thin nitride layer
used presented problems of isolation from the substrate, nor
was it an ideal choice ays an insulating layer because of surface
states at the nitridc-silicon interface. In addition the devices
fabricated had larger dimensions (of SO um, 20 um and 10 um),

ELECTRONICS LETTERS 5th July 1979 Vol 15 No. 14

and they exhibited substantial source-drain leakage currents in
the 10 ym-channel-length devices.

These problems Iead to the question of whether a thick oxide
layer is a better choice as an insulating material. It is also of
interest to determine whether the laser-anncaled material is
uscful for device [abrication with geometries that are more
typical of current technology. In this communication, results
are presented for silicon-on-insulator m.os.fe.ts fabnicated on
laser-anncaled 0-S pem polysilicon films deposited on an amor-
phous film of silicon dioxide grown on single-crystal silicon
substrates.

The sampies used in this study consist of 500 nm-thick
undoped polysilicon films deposited on 1 um of SiO,; grown on
p-type (100) single-crystal silicon substrates having a resis-

/undoptd polysiicon (0-Spm)

AN S

Fig. 1 Cross-section of polysilicon/SiO, [Si substrate samples prepared
for laser annealing study
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tivity of 6-8 Qcm (Fig. 1). The SiO, layer was grown by steam
oxidation at 1000°C, and the polysilicon was deposited
undoped onto the silicon dioxide by Lpcv.d.

The wafers were then thermally annealed .at 1100°C in
flowing N, for one hour. This treatment has been found to
improve the surface quality of polysilicon films deposited on
SiO; during subsequent laser anneal. Without the thermal
anneal, severe etching of the polysilicon surface occurs during
the laser-initiated melting and regrowth of the polysilicon that
leads to the formation of long grains. For the laser anneal, a
c.w. Ar* laser (Spectra Physics Model 171-09) was used in a
scanning system previously reported for laser-annealing exper-
iments on polysilicon.” A lens of focal length 136 mm was used
resulting in a spot size of * 40 um. The scan rate was 12 cm/s,
and the step size was 18 um. A sample holder temperature of
350°C was used. The laser power was chosen such that long
grains were observed under a Nomarski interference micro-
scope, yet without etching of the wafer surface, and differed
from 10 W to 12 W with various wafers. . he long grains had
been previously established to be of dimensions = 2 um x 30
um,? and were of mixed crystal orientations

After laser annealing, the wafers were processed to form
N-channel mosfets using a previously established high-
density (gate oxide = 35-40 nm) process. The sequence of steps
was as follows. The laser-annealed polysilicon was first pat-
terned to define silicon islands in a manner similar to the
silicon-island-patterning step for silicon-on-sapphire (s.0..)
devices.® The patterning was accomplished with plasma
etching. Next, a 3540 nm gate oxide was grown at 1000°C
using 5, HCl in O,. This step was followed by a photolitho-
graphic resist patterning step, to allow a threshold voltage-
adjustment implant to be made into selected devices. A boron
implant at an energy of 60 keV and a dose of 5 x 10'' cm ?
was used to form enhancement devices. In this way, devices
could be fabricated and evaluated on both undoped and lightly
doped (using implanted boron) silicon. Following the implan-
tation, a 500 nm-thick undoped polysilicon layer was
deposited over the gate oxide using | p.c.v.d. The polysilicon
was heavily doped to N' by phosphorus-ion implantation,
and annealed. The polysilicon was then patterned, using
plasma etching. to form the gate electrode and its connections
The gate oxide over the source and drain regions was also
plasma-etched, and an arsenic-ion implantation was per-
formed at an energy of 120 keV and a dose of 1 x 10'® ¢m *
to form the source and drain junctions. This implant was then
annealed at 1000°C for 30 min in an oxygen /nitrogen ambient
The final step was a 30 min sinter in H; at 450°C for minimis-
ing the surface state density at the SiO,-Si interface

Enhancement-mode and depletion-mode transistors having
W/L ratios of 25/5, 25/10 and 25/25 (um pm) were fabricated
on both annealed and unannealed areas of the wafers to pro
vide a direct comparison of device type and annealed against
unannealed polysilicon on the same waler

The IV characteristics of enhancement (boron-implanted)
and depletion (undoped polysilicon) devices, fabricated on
laser-annealed arcas, are shown in Fig. 2. The threshold vol-
tages (V;) determined from measurements of | [, against ¥,
were 0035 0:45 V for the enhancement devices, and — 05 to

07 V for the depletion devices. In the unannealed areas of
the wafer, the measured threshold voltages of the polysilicon
transistors ranged from 7 to 10 V, wiath httle if any difference
between implanted and umimplanted devices. The mobilities
were determined from the measured slope of the drain-source
current (I,5) aganst gate voltage (V) curves at low drain vol
tage (Vp = 01 V) using the well known expression

gm = jCq Vi (1)

where s the surface mobility, and C, is the gate-oxide capac
tance per unit area. The measured surface mobilities were 170
and 215 em? Vs, respectively, for the N-channel enhancement
and depletion devices. These values compare favourably with
400 500 ¢cm? Vs and 600 650 cm® Vs which are obtained in
present N-channel s.os. devices (using 005 um silicon layers)
and bulk N-m.os. devices. respectively. The measured surface
mobilities on polysilicon devices (arcas of waler which did not
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receive laser-annealing) ranged from 2329 cm?/Vs, which is in
agreement with previous reported results *
Assuming the metal-semiconductor work-function differ-

ence Py to be —08 to — 09 V for a heavily doped N * silicon
gate, and assuming the fixed charge at the Si0,-Si interface to
be Q. /q *2-6 x 10'” em ? (typical of the process used to

fabricate the devices in this study), then from the measured V;
of ~05to —0-7 V, avalue of 10"2-10'* ¢m ~ ? is inferred for the
average doping level of the undoped laser-annealed polysili-
con, using the following equation for the threshold voliage:®

Vi s + 2y — 2t D) @)
(
where
Qs gN 4t
In this equation, ¢, is the Fermi level in the sihicon film, N , is
the average doping i the film and 1y is the silicon-film
thickness. The value of 10" 10" cm ~ for the average doping
of the undoped polysil tent with measured resist-
ances of load resistors fabrn I on undoped polysilicon
deposited by the same proces
Eqn. 2 can also be applied determine the average carrier
concentration in the silicon film for the enhancement devices
Using ¢y 09 V., Qs /g $ < 10" ¢em ¢, and the mea-
sured V; value of +04 V., a concentration of 8 x 10'*
em ° is obtained. This is in good agreement with the average
value of 1 x 10 em alculated from the boron-
implantation dose and energy, when account is taken of partial
diffusion of boron into the SiO ibsequent processing. A
more accurale prediction of 1 ancement device threshold
voltage, based on the implantation and subsequent process
conditions, can b ¢ with the aid of the SUPREM process
modelling programme.® For the jor plantation and fabrica
tion conditions (temperatus ind times) described carlier

SUPREM predicts a threshold voltage of 0-38 V. Also, the final

B e

ELECTRONN TES No. 14



T T T T ———

calculated boron profile drops off rapidly beyond 300 nm and
isdown to 5 x 10** cm " at 500 nm. Therefore, for the 500 nm
silicon film on SiO,, the SUPREM prediction is expected to be
quite valid, since a negligible amount of diffusion of boron
across the underlying SiQ,-Si interface is involved.

The leakage current between the source and drain in the off
condition was examined. in view of the difficulty in achieving
low leakage in s.os. devices. With the gate and source
grounded and 5 V on the drain, the measured source-drain
leakage currents were 25, 50, and 160 pA for gate lengths of 25,
10 and 5 um, respectively. All devices had channel widths of 25
um. These results correspond to leakages of 1 6 pA per
micrometre of channel width, and match the best reported
values for s.oss.

In conclusion, enhancement- and light-depletion-mode
m.osfets have been fabricated on laser-annealed, 0-5 um
polysilicon films on 1 um of SiO, grown on single-crystal sili-
con substrates. These devices are similar in structure to silicon-
on-sapphire (s.05.) devices. and exhibit reasonably good
clectrical characteristics. These results for transistors fab-
ricated on silicon dioxide grown on silicon substrates indicate
the distinct possibility of fabricating silicon-on-insulator in-
tegrated circuits, with lower cost than is possible for silicon-on-
sapphire, in view of the higher cost of sapphire substrates. In
addition, because an SiO,-Si interface replaces the sapphire-
silicon interface, there also cxists the possibility of achieving
improved device characteristics, in particular at very high den-
sities on thinner silicon films.

A. F. TASCH. JUN. 31st May 1979
T. C. HOLLOWAY

Texas Instruments Inc
Dullas, Texas 75265

K. F. LFE
J. F. GIBBONS

Stanford Elcctronics Laboratories
Stanford. California 94305
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A Monolithic Integrated Circuit Fabric.ated in
Laser-Annealed Polysilicon

T. I. KAMINS, K. F. LEE, J. F. GIBBONS, aAND
KRISHNA C. SARASWAT

Abstract — An integrated-circuit (IC) fabrication process has been used
to construct small-geometry MOS transistors and a ring oscillator with
the active transistor chaanels in a thin layer of laser-annealed poly-
silicon. Both enhancement-mode and depletion-mode n-<channel,
silicon-gate transistors have been fabricated with dimensions com-
patible with high-performance MOS technology (gate lengths as short
as 3 um). A modified Locos process was used to fabricate the devices
30 that each transistor was contained within a pocket of silicon com-
pletely isolated from adjacent elements by dielectrics. The transistors
were well behaved, with mobilities approaching those in single-crystal
silicon, ressonably abrupt subthreshold characteristics, and low leakage
current. An operating, nine-stage ring oscillator was also fabricated,
and its behavior suggests the approach for further optimization. The
technology offers the possibility of high-performance IC's on poten-
tially inexpensive substrates, as well as the possibility of additional
fevels of devices on monolithic silicon IC’s.

INTRODUCTION

A recent report of the fabrication of MOS devices with their
active channels in a layer of laser-annealed polysilicon opens
the possibility of fabricating high-performance integrated cis-
cuits (IC's) in thin layers of polysilicon {1]. Use of such a
layer on potentially inexpensive insulating substrates would re-
sult in low-cost large arrays, while the fabrication of devices in
a polysilicon layer above and insulated from a conventional,
single-crystal silicon IC would offer the opportunity for almost
doubling IC component density, as well as the possibility of
novel vertical structures.

The first report [1] described the fabrication of large-
geometry, aluminum-gate MOS transistors. The present brief
describes the fabrication of silicon-gate MOS transistors of di-
mensions compatible with high-performance MOS IC tech-
nology. both enhancement-mode and depletion-mode tran-
sistors were fabricated with an IC process. A functioning,
integrated ring oscillator containing both enhancement-mode
driver transisiums and depletion-mode load ¢lements was con-
structed; the performance of this circuit suggests the approach
for process cptimization.

Manuscript received June 1, 1979: revised August 17, 1979, The
work of two authors (K. F. Lee and J. I Giibbons) was supported by
the ARPA under Contract MDA903-78-C-01 28

T. 1. Kamins is with the Hewlett-Packard Laboratories. Palo Alto.
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Fig. 1. Schematic representation of transistor cross section showing

complete dielectric isolation formed by tocos oxide and insulator
under the laser-annealed polysilicon.

DeVICE FABRICATION

The 0.5-um-thick layer of polysilicon to be laser annealed
was formed by LPCVD on top of a 1000-A-thick layer of in-
sulating silicon nitride deposited on a single<crystal silicon
wafer. Previous experience has indicated that the Jaser anneal-
ing proceeds most readily above silicon nitride [2], although
recent work has achieved similar annealing above silicon di-
oxide [3], which would be preferred for optimal device be-
havior. After the polysilicon was implanted with boron (doses
of 2 X 10" or 3 X 10" cm™ at 100 keV), it was laser an-
nealed . Stanford University with a scanned argon laser as
described previously [2]. Laser annealing melted and re-
crystallized the fine-grain polysilicon to form large-grained
material [1].

To remain compatible with standard monolithic silicon IC
technology as much as possible, subsequent processing at
Hewlett-Packard followed LOCOS [4) technology with suitable
modifications to account for the structure of the polysilicon.
A layer of silicon nitride was deposited above a thin stress-
relief oxide and patterned to retain the nitride in the active
device regions. Projection alignment was used for all photo-
masking operations. The exposed polysilicon was then oxi-
dized until the oxide reached the insulator beneath the poly-
silicon so that each device island of polysilicon was completely
isolated from adjacent islands and from the substrate by dielec-
trics, as shown in Fig. |. Completion of the oxidation process
is easily determined since a thin layver of unoxidized poly-
silicon is readilv ohservable when it is present between the
insulators above and below. (Alternatively, the polysihcon
between device islands could be removed by etching.) Atfter
the remaining nitride was removed, the gate oxide was grown
at 1000°C in a TCE/dry O, ambient. The oxide grown on the
polysilicon under these conditions was found by an ultra-
violet interference technique [5] to be approximately 6 per-
cent thicker than the 1000-A-thick oxide simultaneously
grown on (100)-oriented, single<crystal siticon. No significant
difference in oxide thickness was found between the laser-
annealed and the unannealed regions. After the gate oxida-
tion, the depletion-mode load transistors were selectively im-
planted with phosphorus while the enhancement-mode
transistors were protected with photoresist. Doses of 7 X 10"
and 1.4 X 10'? ¢cm~? were implanted at 150 keV so that the
phosphorus penetrated through the gate oxide.

The gate polysilicon was then deposited by LPCVD, doped
by a POCl; predeposition, and defined by chemical etching.
Even though the surface of the underlying laser-annealed poly-
silicon is rougher than a polished single-crystal substrate, no
difficulties were encountered in defining lengths of 3 um in
the gate polysilicon. The source and drain regions were then
implanted with phosphorus, and the entire structure was pro-
tected with a low-temperature deposited oxide to minimize

0018-9383/80/0100-0290800.75 © 1980 IEEE
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(a)

(c) d)
Fig. 2. Source-drain characteristics of transistors fabricated in polysilicon. (a) [ = W ser
annealed region; 5 1-Vgate steps; (b) [ 4 yum, W = 5 um in annealed re r V i
(c) L = 3 um, W= 4 um in annealed region: 5 1-V-gate steps; (d) L = 4 um, b K I caled

region; 10 2-V-gate steps (note different current scale)

further high-temperature heat treatment. After an anneal to
activate the source and drain dopant atoms and to improve
the source and drain junction characteristics, contact windows
were opened, and | um of conventional aluminum-silicon
alloy was deposited and defined. A hydrogen anneal com-
pleted ‘he fabrication process

Capacitance-voltage measurements ween large-area dif
fusions and the underlying substrate indicate that the source-
drain dopant reached the underlying dielectn wce the
maximum capacitance corresponded to that of the deposited
nitride.

TR ANSISTOR BEHAVIOR

Both large-area and small-geometry t
determine the threshold voltages :
ters. On a curve tracer the transistors
with well-saturated square-law characteristics seen on t
geometry transistors (Fig. 2(a)) at modera Irain v
At higher drain voltages, the current began increasing with in-
creasing drain voltage. This so-called “kink effect™ has been
observed in silicon-on-sapphire transistors and attriby
a forward bias appearing on the floating fi
nel depletion region [6] At these
lanching near the drain end of the transistor creat
hole pairs. The holes flow to the neutral regior

were tested to

irge

1 pe

film, causing this floating region t com rward |
with a consequent decrease in effective channel-to-f voltage
and increase in channel current. The kink effect was not seen
in devices simultaneously fabricated on single-crystal control
wafers

For shorter gate lengths. short-chann ffect rot
those seen on the single-crvstal ntrol wafers prevented ob
taining a well-saturated region. The set of the kink effect
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was still easily
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as 3 um (mask dimensio I
here for small-geometry t
with mask dimer
length is used in t}
nel was measured
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annealed transistors by -2.5 V. The current flowing in the
depletion-mode transistors was measured at zero gate voltage
on the large-area transistors to be 3.6 A in the saturation re-
gion (Vp = 2.5 V). On small-geometry transistors, the average
current was 27 mA, with considerable variation from device
to device.

The subthreshold current was characterized by an inverse
slope of approximately 200 mV/decade of current on both
the enhancement-mode and depletion-mode transistors. Simi-
lar subthreshold measurements on the unannealed portion of
the polysilicon film indicate a subthreshold slope of 2.4 V/
decade over a limited range of drain current, again demon-
strating the dramatic changes caused by the laser recrystalliza-
tion. The subthreshold slope on the single-crystal control
wafer varied from 142 to 113 mV/decade as the substrate volt-
age was changed from 0 to -6 V. When the gate in the laser-
annealed polysilicon region was biased below threshold, the
substrate voltage could be used to induce transistor action at
the bottom of the silicon film. The subthreshold slope in this
mode of operation was approximately 530-600 mV/decade on
the enhancement- and depletion-mode transistors, consistent
with the assumption of a high density of surface states at the
polysilicon/silicon-nitride interface. A portion of this high
density will also increase the front-surface subthreshold slope
when the entire film is depleted.

The channel electron mobility was calculated from the large-
geometry transistors operated in the linear region to be about
270 cm?/V - s for the enhancement-mode devices and 300 ¢cm?/
V s for the depletion-mode devices. These values are about
an order of magnitude larger than the 20 em?/V + s observed
for transistors fabricated in similarly doped, fine-grained poly-
silicon [8]. The large difference in device behavior appears to
be correlated with obtaining the large-grained structure by
melting and recrystallization since similar results were ob-
tained for all laser powers that E’)roduced the large-grained
structure. The mobility of 270 cm*/V - s may be compared to
that in transistors fabricated simultaneously in single-crystal
control wafers, which varied from 700 to 580 ¢cm?/V - s as the
substrate bias was changed from 0 to -6V.

The source-drain leakage current at ¥ =0.1 V with the
gate biased below threshold was a fraction of 1 pA (typically
0.2-0.9 pA) for small-geometry transistors, while SO-um-wide
devices with I =4 um indicated a leakage current of 0.06 pA/
um of gate width. At 5-V drain voltage, the leakage current in
the small-geometry transistors averaged 10 pA.

RING OSCILLATOR

The monolithic ring oscillator consisted of nine nearly
identical oscillator stages and three output buffer stages. Each
oscillator stage contained an enhancement-mode driver tran-
sistor with L = 4 um and W = 9 ym and a depletion-mode load
transistor with /. = 8 um and W = 4 um (dimensions measured
optically on the wafer). The output buffer contained
enhancement-mode transistors with L = 4 um and W = 9_ 30,
and 133 um on successive stages, and similarly scaled depletion-
mode load transistors. Both devices of each stage were con-
tained in one dielectrically isolated silicon island since the
intermediate node is common to both transistors

The output waveform is shown in Fig. 3. Oscillations were
consistently observed with a supply voltage of approximately
14-16 V. This high operating voltage resulted from the non-
optimum thresholds of both the enhancement- and depletion-
mode transistors. At moderate supply voltages, the voltage at
the intermediate node of the ON stage was too high to fully
turn off the succeeding stage. At higher supply voltages, the
intermediate-node voltage of the OFF stage increased so that
the enhancement-mode transistor of the following ON stage
was more conductive, and the intermediate-node voltage above
this transistor became low enough to turn off the next

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. ED-27, NO. 1. JANUARY 1980

Fig. 3. Output waveform of ring oscillator; horizontal scale: 50 ns/div;
vertical scale: 0.2 V/div: Vpp =14 V: Vgup=-6V

enhancement-mode transistor, allowing oscillations to occur
because of the odd number of stages. The authors believe that
a higher threshold voltage for the enhancement-mode transistor
coupled with a lower zero-bias current for the d »letion-mode
transistor would decrease the required supply vollages to those
commonly used for IC operation.

The period of the output signal averaged 70 ns for this nine-
stage ring oscillator. Calculation of the capacitances from the
device dimensions indicates that 60 percent of the 0.8-pF
capacitance which must be charged to change the state of each
stage is associated with the thin nitride under the polysilicon
Reducing this contribution by the use of a thick oxide or an
insulating substrate would significantly reduce the overall
capacitance, with a corresponding decrease of the propagation
delay time. For a 1.4-um-thick oxide under the polysilicon,
the overall capacitance would be reduced to about 0.035 pF.
In addition, the use of either a thick oxide or an insulating
substrate beneath the polysilicon would reduce the intercon-
nection capacitance below that of a conventional IC. An in-
sulating substrate with a low permittivity would even decrease
the capacitance below that of silicon-on-sapphire, which suf-
fers from the high permittivity of sapphire contributing to
fringing capacitance between adjacent parallel interconnection
lines

CONCLUSION

Small-geometry transistors and a simple monolithic circuit
have been fabricated in a layer of large-grained laser-annealed
polysilicon with an I The transistors were well-
behaved. the mobilities were much greater than those in fine-
grained polysilicon and approached single-crystal
silicon; the transistors exhibited reasonably abrupt subthresh-
old characteristics and low leakage current

A functioning ring oscillator has been
the possibility of IC’s in laser-annealed
operation suggests the direction for process optimization to
improve circuit performance. Calculation of the capacitances
associated with the structure indicates that significant speed
improvement could be achieved by the use of a thick oxide or
an insulating substrate layer, under
the active layer of polysilicon to reduce the capacitance to the
substrate. Eliminating the polysilicon/silicon-nitride interface
should also reduce the leakage

With these improvements, fabrication of I

process

those in

fabricated, showing

polvsilicon, and its

rather than a thin nitride

urrent

s within a layer

of laser-annealed polysilicon offers the possibility of high-
performance IC’s on potentially inexpensive substrates, as well
as the possibility of additional levels of devices on monaulithic

single-crystal silicon 1('s
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Ring Oscillators Fabricated in
Laser-Annealed Silicon-On-Insulator

H.W. LAM, A.F. TASCH, JR., MEMBER, IEe, T.C. HOLLOWAY
K.F. LEE, anp J.F. GIBBONS, FELLOW, IEEE

Abstract — Both seven and eleven stage n-MOS ring oscillators with 6
um channel length have been successfully fabricated in scanning. CW argon
laser-annealed polycrystaliine silicon islands, which are defined prior to
the laser sanesling step, on oxide substrates. The ring oscillators, which
have a fan-out of three, have s switching delay per stage of 58 nsec and a
power-delay product of about 7 pJ operating at a supply voltage (Vpp) of §
volts and switching between Vpp and ground. The most serious difficulty
encountered during circuit fabrication was the deformation of the silicon
islands resulting from laser annealing with extensive laser power density.

esults of devices fabricated in laser-annealed silicon-
on-insulator (SOI) have shown that SOI can be a
potential material for integrated circuit applications [1], (2],
[3]. Recently, a functional nine-stage ring oscillator was suc-
cessfully fabricated in laser-annealed polysilicon-on-nitride
[4]. However, a 16 volt supply was needed to drive the ring
oscillator. In this letter, we report our results on ring
oscillators fabricated in laser-annealed silicon-on-oxide
substrates that operate at a supply voltage of 5 volts.
The starting material (Figure 1) was prepared by growing
a 1 pm thick layer of oxide (SiO,) on p-type < 100> single
crystal silicon substrates with bulk resistivity of 6 Q-cm. Five
hundred nanometers of LPCVD undoped polysilicon were
deposited on the oxide substrate at 620°C. Standard
photolithographic and plasma etching techniques were
utilized to define the polysilicon islands. This differs from
all previous work, where the polysilicon islands are defined
after the laser annealing. The samples were annealed in a
nitrogen ambient at 1100°C for one hour. This thermal an-
nealing step has been shown to improve the adhesion of the
polysilicon onto the oxide substrate during laser annealing
f1]. The sample was then laser annealed, using a scanning
CW argon laser operating at 4W with a scan velocity of 12
cm per second and a line-to-line step-size of about 18 um. A
135 mm focal length lens was used to focus the beam to a
spot size of 40 pm. The substrate was kept at 350°C. The
devices and circuits on the sample were fabricated by a stan-
dard depletion load, silicon gate n-MOS process which re-
quires nine mask levels. A SO0A gate oxide thickness was
used. Because the polysilicon islands were defined and

Manuscript received Feb, 22, 1980; revised received March 31, 1980.
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ctched prior to the laser annealing, a channel stop implant
was not performed in the circuit fabrication.

We have observed that the window of bearn power for
proper laser annealing of the polysilicon islands is small. At
the above stated laser annealing condition, the laser beam
does not significantly alter the shape of the polycilicon
islands. However, polysilicon islands annealed at a higher
beam power resulted in rounding at the edges of the islands.
Further increase in the beam power resulted in the complete
loss of the original shape of the polysilicon islands, probably
due to extensive melting.

There are two ring oscillator circuits on each die, a seven
and an eleven stage circuit. The individual inverter stage in
the ring oscillator circuits consists of a 6 um channel length
enhancement mode driver device and a deep depletion device
as the load. Each stage has a fan-out of three and there is a
two-stage source-follower at each output as the buffer.

A total of five dies were obtained from the laser-annealed
area, which was about 1 cm?. Among the five dies we found
that both the seven and the eleven stage ring oscillators on
two dies were functional and had very similar performance.

In Figure 2, the dela_ per stage and the power-delay pro-

duct of an eleven stage ring oscillator is plotted as a function

of the supply voltage (Vpp). These results were obtained for
the ring oscillator operating in the large signal regime,
namely, inverting between Vpp and ground. The minimum
propagation delay obtainable was 44 nsec per stage at 10
volts Vpp and the minimum power-delay product for sustain-
ing oscillation was 4.1 pJ. At § volts Vpp, the propagation
delay and the power delay product are 57.5 nsec and 7 pJ,
respectively.

Isolated enhancement mode devices, which have the same
geometry as the driver in the ring oscillator circuit, were also
characterized. A surface electron mobility of about 300
cm?/ V-sec (compared 10 640 cm?/ V-sec measured in devices
fabricated in bulk silicon slices), a threshold voltage of about
-2 volts and a subthreshold leakage current of about 10 nA
per micron channel width with —§ volts gate voltages and §
volts supply voltage were measured. Isolated depletion mode
devices having the same geometry as the load device in the
ring oscillator exhibited a typical threshold voltage of —3.6
volts and a drain current of typically 196 uA at 5 volts supply
and with the gate grounded. The subthreshold current
decreased by about 3-1/2 decades per volt gate voltage. The
shape of the subthreshold 1-V characteristics and the fact
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that the leakage current did not scale with the channel width
indicate that the edge-related leakage current dominates, a
result not surprising since no channel stop implant was used.
As a reference, the propagation delay in similar ring
oscillators fabricated in bulk silicon, with a depletion width
of 3 um between the n+ region and the substrate (and thus
the same n+ to substrate capacitance compared to that pro-
vided by the 1 um thick oxide layer), and operating in the
large signal mode is typically 36 nsec at 5 volt Vpp.

As aresult of the - 2 volt threshold voltage encountered in
the enhancement mode device, 2 volts was applied to the
source and 7 volts to the drain. The bulk substrate was
grounded. The threshold of the enhancement mode devices
was chosen to be 0.6 volt in the device fabrication. The unex-
pected shift in the threshold voltage was probably due to an
accidental contamination in our laboratory which affected
this and several other lots.

CONCLUSION

We have successfully fabricated and tested ring oscillator
circuits in laser-annealed polysilicon islands, which are defin-
ed prior to the laser annealing, on an amorphous oxide
substrate. The ring oscillator has a 57.5 nsec switching delay
and a 7 pJ power-delay product at 5 volts supply voltage. A
surface electron mobility of 300 cm?/V-sec has been
measured from isolated devices. The major problem en-
countered is the deformation of the polysilicon islands when
the laser beam power is too high. This deformation causes
significant difficulties in subsequent processing.
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MICROMETRE-GATE M.E.S.F.E.-T.S ON
LASER-ANNEALED POLYSILICON

Indexing terms: Field-effect transistors, Schottky-barrier
derices

Schottky-barrier field-effect transistors (m.c.s.[.e.t.s) have been
fabricated on uniformly doped laser-annealed polycrysialline
silicon deposited on a silicon nitride insulator. The devices,
which had aluminium Schottky-barrier gaies and diffused n*
sources and drains but ptimised ch I profiles, had
ahout 659, the g_ values of similar but optimised devices
made on s.0s. layers. Performance of these devices 1 con-
sidercd adequaie for certuin innovative integrated-circuit
technologices. '

Imroduction: Polycrystalline silicon, in which the crystallite
structure has been altered by Jaser or eleciron beam annealing,
has arouscd considerable interest as a material offering poten-
tial for realisation of novel semiconductor device and circuit
structures, such as muliilevel integrated circuits. Tasch et al.’
made lascr-anncaled polysilicon (La.p.) d.m.os.fe.ts, in which
they measured an average mobility of 215 em?/Vs. Kamins et
al® made a 9-stage La.p. m.os. ring oscillator, measuring a
mobility of 300 cm?®/Vs for their d.m.os.fe.ls. We report here
the d.c. characieristics of a short-channe! La.p. mes.let., and
compare them with those of u similar device made on s.o.s.
D.M.ES.F.E.-Ts are relatively casy to make,” and may be
faster than mosfets with similar gate dimensions, but
dm.eslet digital circuins are gencrally more complex than
their cnhancement deplenion-mode m.o.s.l.e.t. counterparts.

Processing- The starting material, prepared at Stanford
University. was 500 nm of intnnsic Lp.cv.d. polysilicon
deposited on 100 nim of silicon nitride, which isolated the poly-
silicon from the underlying silicon substrate. A 1-5 x 10" /em?
dose of phosphorus was implanted into the polysilicon at 100
kV.An 11 Wargen ion luser with a 30 ym diameter beam was
raster-scanned ucross the polysilicon, held at 350°C, at 12
emys; centrc-cenire spacing of the scans was 15 ym, The beam
melted the polysihcon. uniformly distributing the dopant 10 a
measured density of A x 10'%/em?. Surlace profilc measure-
ments indicated that a surface ripple with an average peak-
peak amnplitude of about X0 nm remained after anncahng.

The three-mask lLa.p. mes.let. process, developed at Cor-
nell University, began with the jon milling of source and drain
windows in 180 nm of oxide. These n* regions were diffused
from densified spun-on phosphorus-doped glass at 900°C for
20 min. L.A.P. mesas were then defined by wet etching, after
which all the oxide was removed. The metallisation pattern
was defined by lift-off of 250 nm of evaporated aluminivm. The
wafer was finally sintered in hydrogen at 500°C for 7 min.

1mA per vert
div

1V per horiz
div

SO0 mV per step

Borg,
2mS perdiv

1mA per vert
div

1V perhoriz
div

500 mV per step

Borg,
2mS per div

|

b

Fig. 1 Drain characierisnes of La.p. and 0.8 mes Lot s with alnnniun:
Schonth v-bareier gares 1 pm long w X0 pm wide, and source Jdram spoc-
my of 4 ym
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Results: The 1/V characteristics of 2 4 um long x 5V um wide
test resistor exhibited conduction similar to that of two back-
t0-back diodes which had ‘turn-on’ voltages considerably less
than 05 V. This phenomenon may be associated with the trans-
port of clectrons across the potential barriers at grain bound-
aries. The mecasured sheet resistance was 16 d/jsquare; the
lateral diffusion of 400 nm yielded an cflcclive source-drain
spacing of 32 um. Using the resistor mcasurcments, the aver-
age electron mobility in the layer was found to be 250 cm?/Vs.
For comparison, mcasurements of mobility made in 600 nm
thick s.os. layers implanted with 1-5 x 10'%/em? of phos-
phorus at 150k V resulted in a mobility value of 300 cm?/Vs in
the implanted region, which had its peak concentration about
400 nm above the Sifsapphire interface.* Hsu® has quoted simi-
lar results for s.0.s. layers. Average mobility values in the poly-
silicon layers are thus quite good.

Schottky-gate performance on these layers was also satisfac-
tory. A test diode 32 um long, 0'S microns wide, and spaced
from an n*-diffused contact by 3-0 um, exhibited 100 nA/um?
reverse leakage at —38 V bias. On mestfets, the reverse-
biased Schottky-gate leakage equalled this value at a drain bias
of only —8:1 V. a result of the extremely high electric ficlds
which exist at the drain edge of the gate in planar m.es.fe.l,
structures.* J/V measurements indicated that the barrier
height was about 06 V for the Al Schottky diodes on la.p.,
virtually the same as has been measured for s.0.s.?

The performance of L.a.p. m.c.s.fe.t.s was comparable to that
of similar devices made on s.0.s. Drain characteristics of both
types of devices are shown in Fig. 1. The La.p. m.e.s.le.t. had an
offset-T centre-fed gate with a length of 1 ym and a width of
200 um. The source-drain diffusion mask spacing was nom-
inally 4 um. After processing, it was found that 80 nm of the
original 500 nm la.p. had been oxidised. resulting in 8 phos-
phorus pile-up at the surface, which could be deduced from
the drain characteristics of the transistor at low drain voltages.
The pile-up increases the g,, slightly compared with that of a
device made on a uniformly doped layer of La.p. The saturaied
transconductance at ¥, = 0 and V, = 5 V was 125 ms per cen-
timetre of gate width. The drain conductance g, at ¥, = 0 and
V, = 7V was 200 mS, while the pinchofl voltage was —4-8 V.
The s.0s. mes.lel of similar layout, but with a shallower
ion-implanted channel, had a g,, of 200 mS/cm of gate width, a
drain conduciance of 140 uS and a pinchoff voltage of —~3-8 V.

There is a noticeable kink in the drain characteristics of the
la.p. m.e.s.fet. at a drain vohage of about 7 V. Kamins et al.?
observed a similar kink &t drain voliages of about 55 V for
m.osfe.ts on La.p. with a source-drain spacing of 4 um. This
kink may be caused by a back-gating effect, in which electrons
are accumulated at the botiom of the channel underneath the
gate clectrode. or by electron injection from the Si substrate
through the thin nitride insulator. Two-dimensional simula-
tions of these devices using CUPID* show that a field of
several tens of thousands of kV/em can exist in a direction
normal to the interface. under the drain edge of the gate.

Discussion: The measured mobility of 250 em?/Vs is compar-
able 1o that measured by other workers for depletion-mode
la.p. mosfets and 837, of that measured on implanted 600
nm s.os. films. The potential barricrs introduced by the grain
boundaries causc the drain curves for conduction at low vol-
tages to exhibit diode-like behaviour, which might make La.p.
meslets unsuitable for use in very-low-voltage integrated
circuits. Despite the grain boundaries. the Schottky barrier
gates had low lcakage and a rcasonable breakdown voltage,
comparable with that of gates made on s.o.s.

The saturaied transconductance g. of the la.p. mes.le.l.
can be increased by optimising the channel doping profile,
either by ion implantation or by channcl thinning. The pinch-
off voltage of the l.a p. device would also be reduced by these
measures. More scrious problems in these particular devices
inciude the relatively large hnce voltage of the La.p. m.es.ledt.
and the hink 1n the drain characteristics, which nught be a
function of the nature of the insulating laver under the La.p.
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Conclusions: The d.c. characteristics of an unoptimised La p.
m.csfel. are good. compared with those of s.0s. meslets
Despite the influence of the grain boundarics on carrier trans-
port at low electric ficlds, the La.p. m.cs.fet has potential for
usc in both analoguc and digital circuns and 1n novel siruc-
tures, c.g. multilevel integrated circuits.
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One-Gate-Wide CMOS Inverter
on Laser-Recrystallized Polysilicon

J.F. GIBBONS, reLLow, IEEE, AND K.F. LEE

Abstract—A CMOS invérter having a single gate for both m and p chan-
nel devices has been fabricated using bulk silicoa for the p channel device
and a laser-recrystallized silicon fiim for the n channel device. The fabrica-
tion details and de electrical performance of this device are described.

INTRODUCTION

everal recent publications have shown that 0.5 um thick

CVD Si films can be recrystallized by a scanning cw
argon laser beam to produce material in which MOS devices
can be fabricated directly [1]-[4]. In particular, Lee et al. [1]
showed that both enhancement and depletion mode devices
could be made on the top surface of such films using conven-
tional techniques for fabrication of source and drain wells,
gate oxidation, and so on. The channel mobilities deduced
from the drain characteristics of these devices gave values
that were found to be 60-70% of the values obtained on
single crystal substrates. Qss values at the oxide/recrystalliz-
ed polysilicon interface were found to be 10'!/cm?, which is
device-worthy even though it is somewhat more than an
order of magnitude higher than Qs for a high-quality ox-
ide/single crystal silicon interface.

In a more recent paper, Kamins et al. 5] measured the in-
terface properties that are obtained when a single
crystal/SiO;/polysilicon sandwich is exposed to laser radia-
tion under conditions that recrystallize the polysilicon layer.
They found that under appropriate processing conditions,
Qss values at both the crystalline silicon/SiO; interface and
the SiO;/laser recrystallized polysilicon interface could be
kept at or below the mid-10"°/cm? level. These results
together with the previous results of Lee et al. led us to at-
tempt to make a one-gate-wide CMOS inverter in which the
bulk silicon is used for the ‘p-channel device and the botrom
of the laser recrystallized polysilicon film is used for its
n-channel complement.

The basic device structure is shown in Fig. 1. The joint use
of a single gate to drive both the n- and p-channel devices led
Kleitman [6) to suggest the term JMOS to describe this struc-
ture. In what follows we discuss the fabrication and basic
electrical characteristics of JMOS structures that were made
to explore the central idea. The electrical characteristics ob-
tained appear to warrant further investigation of the JMOS
structure as a high packing density form of CMOS.

Manuscript received April 21, 1980.
The authors are with Stanford Electronics Laboratories, Stanford, CA
94305

EXPERIMENTAL

To obtain the highest surface mobility for the particle
with the lower bulk mobility, it is preferable to build the
p-channel device in the single crystal substrate. According-
ly, fabrication is performed on an n-type <100> single
crystal of Si of resistivity 1-4 Q-cm. A layer of 5000 A of
field oxide was thermally grown on this material, after
which source and drain regions were defined by
photolithographic patterning and chemical etching. A
boron predeposition was then done at 950°C for 30 min.,
followed by a 900°C, 15 min. dry O, oxidation. The field
oxide was removed at the gate region by another patterning
step, and 1000 A gate oxide was grown at 1000°C in dry
O,. A layer of 1 um of CVD polysilicon was then deposited
as the gate material, followed Uy a POCl; predeposition at
975°C for 30 min. to dope the gate. 2000 A of CVD SiO,
was then deposited and the gate was defined by a
photolithographic patterning step plus chemical etching of
the CVD SiO, and polysilicon. The gate dimensions util-
ized in these experiments were 100x/50u (W/L). After
fabrication of the gate, the CVD SiO; was removed by
chemical etching, and 1000 A SiO, was grown on the gate
polysilicon at 1100°C in dry O,. A layer of 0.5 gm of CVD
polysilicon was then deposited, followed by a B* implant
of 1 x 10'*/cm? at 100 keV. This layer of CVD polysilicon
acted as device material for the n-channel device on the top
level. A thermal anneal at 1100°C in N; for 1 hour was car-
ried out to improve the surface structure during subse-
quent laser recrystallization [3]. A scanning cw argon laser
was used, with a laser power of 10W, a spot size of 40um, a
scan speed of 12 cm/sec, a step size of 15um, and a
substrate temperature of 350°C. The top level device
region was defined by deposition of 2000A of CVD SiO,,
a patterning step, and chemical etching of the CVD SiO,
and laser recrystallized polysilicon. The CVD SiO, was
then removed. S000A of CVD SiO, was deposited to cover
up the structure and densified at 900°C. Source and drain
regions to the top level devices were defined and formed by
a POCI, predeposition at 975°C for 30 min. Contact holes
were then defined. Al was evaporated, patterned and
alloyed at 450°C in N, for 30 min. to complete the struc-
ture.

DEvViCE CHARACTERISTICS

The drain characteristics of devices obtained from the

0193-8576/80/0600-0117500.75 ©1980 IEEE
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fabrication schedule outlined above are shown in Fig. 2(a)
and 2(b). In part (a) we show the drain characteristics for the
p-channel device, which was made on the single crystal
silicon. From analysis of these drain characteristics we find a
threshold voltage of —2.2 volts and a surface mobility for
holes of 180 cm?/V-sec. These values are consistent with a
Qss value of approximately 1.6 x 10**; threshold shifting
could be performed using conventional implantation tech-
niques and thermal annealing prior to fabrication of the gate
as outlined above.

The drain characteristics for the n-channel device are
shown in Fig. 2(b), and lead to a threshold voltage of 2.1
volts and a surface mobility for electrons in the laser
recrystallized film of 160 cm?/V-sec. These values are
somewhat lower than those obtained in previous experiments
[4) but nonetheless sufficient to indicate that well-machined
CMOS devices can be made in the two-level (‘‘high-rise’’)
configuration envisaged as JMOS.
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Fig. 1. Schematic of a JMOS structure.
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Fig. 2. (a) I-V characteristics of upper-level n-channel enhancement
mode device fabricated in laser-recrystallized polysilicon, V¢ = 7V100
V.

(b) 1-V characteristics of lower level p-channel enhancement mode
device fabricated in single crysial, Vg = -7 Vo O V.
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cw laser recrystallization of (100> Si on amorphous substrates

J.F.Gibbonsand K. F. Lee
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A polycrystalline silicon film 0.55 um thick was deposited in a low-pressure CVD reactor on a
Si,N, substrate. Islands of various sizes (2 <20 pm up to 20 X 160 um) were prepared by standard
photolithographic techniques. Laser annealing was then performed under conditions which are
known to cause an increase in grain size from ~ S00 A to long narrow crystals of 2X 25 um in a
continuous polysilicon film. These same conditions were found to produce single-crystal 100>
material in the (2X 20 pm) islands. However, 25X 25-um and 20X 160-um islands remain

polycrystalline after the laser scan.
PACS numbers: 72.80.Ng, 81.15.Gh, 81.40.Ef

Recent literature describes the use of both pulsed and
cw laser and electron beams to anneal ion-implantation
damage in semiconductors'~* and to recrystallize amorphous
films.** Most studies of the cw laser system have been con-
cerned with the annealing of shallow implantation-amor-
phized layers on top of single-crystal material, though Laff
and Hutchins’ and Gat et al." also report on the use of a cw
laser for recrystallization of CVD silicon films on amor-
phous substrates.

In the study of Gat et al.,"* ~0.4-um-thick continuous
polycrystalline films having an initial average grain size of
~$00 A were prepared by low-pressure chemical vapor de-
position on a Si, N, substrate. The films were held at a tem-
perature of 350 °C during laser annealing. The annealing was
accomplished with an Ar * laser having an output of 11 W
focused into a 40-um spot and scanned across the film at a
rate of ~ 12 cm/sec. Under these conditions, major structur-
al changes in the polycrystalline film were found to occur.
Using TEM, columnar crystallites were found to extend
completely through the film to the nitride interface. The
crystallites had a typical surface geometry of ~2X 10 um
and were found to develop at an angle to the direction of the
scan, producing a chevronlike structure. In the center of a
laser-scan line the crystallites were aligned parallel to the
scan direction and had a maximum lengthof ~32umandan
average width of ~ 2 um. The crystallites displayed a num-
ber of crystal orientations with no indication of a perferred
orientation. Subsequent work by Lee ez al.'" has shown that
melting must occur throughout the film for the long crystal-
lites to form.

The objective of the present study was to determine
whether single-orientation single-crystal material could be
formed by patterning the polycrystalline film prior to an-
nealing. This possibility is suggested by the work of Smith e/
al.,'* who found that single-crystal KCl could be grown by
depositing the KCl on very finely engraved quartz sub-
strates. It should be emphasized, however, that in the pre-
sent experiments the substrates were nor engraved or special-
ly prepared in any way. Rather, the polycrystalline film was
simply etched to define islands of various sizes.

The polysilicon samples used for this study were essen-
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tially identical to those used by Gat et al.,® Polysilicon fayers
approximately 0.55 um thick were deposited in a commer-
cial Tempress reactor. The substrates were crystalline Si
onto which had been deposited a 1000-A layer of Si, N,
(LPCVD). Islands of polycrystalline Si were then formed by
standard photolithographic techniques. The islands ranged
in size from 2X 20 um to 20X 160 um. The 2 X 20-um is-
lands were arranged with the long dimension both parallel
and perpendicular to the laser scan direction.

After formation of the islands, some of the wafers were
multiply implanted with phosphorus according to the fol-
lowing schedule: 310 '*/cm ? at 50 keV, 6 10'*/cm? at
100keV, 10'3/cm? at 150keV, and 6 % 10'*/cm? at 100 keV.

The samples were then irradiated in the scanning appa-
ratus described in Ref. 6. A cw Ar * laser (Spectra Physics

FI1G 1 Electron micrograph of as-deposited (unannealed) island structure
and selected arca diffraction pattern (right inset) typcal of region
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FI1G 2 Electron micrographs of laser-annealed islund areays. (a) Scanning
electron micrograph of laser-annealed islands on 81, N, film: (b) bright-
field transmisston electron micrograph of laser-annealed sland structure
and selected area difftaction pattern (right iset) typical of regron.

Model 171-09) was used in the multiline mode. The samples
were held to a heated brass sample holder by a vacuum
chuck during annealing. Sample temperatures of 350 °C
were used for all experiments reported here. The laser was
focused into a 40-um spot. Two laser power/scan rate condi-
tions were used: 9 W at ~0.15cm/sec and 11 Wat ~12
cm/sec.

Nomarsky optical observation of the annealed films re-
vealed smooth featureless surfaces in all 2 X 20-um islands,
independent of their orientation with respect to the scanning
direction. Featureless surfaces were also observed on
12 % 30-um L-shaped islands. However, the 20 X 160-um is-
lands show surface structure similar to that obtained by Gat
et al."” on continuous films, independent of the orientation of
the island with respect to the beam.

In Fig. 2(a) a representative scanning electron micro-
graph of a patterned poly-Si stripe (2 X 20 um) array after
scanning laser annealing is shown. No significant alterations
in the morphology or geometric features of the stripe pat-
terns were observed in any of the individual island structures
examined after laser annealing for either of the laser
power/scan rate conditions employed. In addition, the sur-
faces of the stripes shown in Fig. 2(a) appear smooth and
structureless with an apparent absence of surface roughness
typically noted in as-deposited polycrystalline films.

To examine the internal microstructure and crystallin-
ity of the island structures, we prepared samples for
TEM/TED analysis using a jet thinning technique. In all
cases a thin (~300 A) nitride layer remained suspended
across a central hole with the poly-Si islands available for
observation in the electron microscope. The as-deposited is-
land structures were composed of polycrystalline grains
ranging from 200 to 500 A in average size. In all cases select-
ed area diffraction patterns showed continuous ring patterns
that are typically of (fine grained) polycrystalline films (see
Fig. 1.). In contrast, the ion-implanted structures showed an
absence of structure and the recorded diffraction plates ex-
hibit the expected amorphous patterns.

After laser annealing, the 2 X 20-um islands show an
absence of fine-grained or amorphous structure and are
completely recrystallized to form single-crystal stripes on
the amorphous Si, N, substrate [Fig. 2(b)]. Identical results

832 App! Phys Lett, Vol 34. No. 12, 15 June 1979
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were abtained in both the as-deposited (polycrystalline) and
ion-implanted (amorphous) stripes, suggesting that the for-
mation of recrystallized single-crystal islands is relatively
independent of the initial crsytalline state of the starting ma-
terial for the experimental conditions used in this study.

Throughout the entire length of the stripe shown in Fig.
2(b) there are no microscopic defects, and selected area dif-
fraction patterns (right inset) indicate that the island is single
crystal and of (100) orientation. In all of the island structures
examined thus far we have detected only the (100) orienta-
tion. Of additional interest is the fact that the recrystalliza-
tion is not dependent on the relative positioning of the island
structure with respect to laser scan direction. Experiments
conducted on samples in which the laser scan direction was
parallel or perpendicular to the long axis of the strip exhibit
identical results with no apparent differences in structure.

To further investigate the crystallinity of the island
structures we then removed approximately one-half of the
thickness of the island structures by chemical thinning, leav-
ing the Si; N, film intact as a support membrane. Selected
area diffraction again showed only single-crystal (100) pat-
terns, confirming that recrystallization occurred throughout
the entire thickness of the island.

Examination of the larger (20 X 160 zm) island struc-
tures and “*L-shaped™ arrays (12 X 30 um) showed that laser
annealing resulted in the formation of large polycrystalline
grains of 10-um maximum length, typically arranged in a
chevron pattern pointing in the direction of the laser scan.
This is similar to results reported by Gat ¢z al."” The occur-
rence of stacking faults was also noted in some structures,
independent of island dimensions. The nucleation of stack-
ing faults is not thought to be essential for regrowth since
smaller single-crystal islands arrays and large columnar
structures are observed containing no stacking faults or oth-
er microscopic defects.

From the data obtained we can conclude that defect-
free single-crystal Si stripes of (100) orientation can be
formed on amorphous Si; N, films by laser annealing. It is
apparent that the formation of these single-crystal arrays
may be size restricted. Additional experiments are currently
in progress to determine both the limiting parameters influ-
encing single-crystal nucleation and the influence of pattern
dimensions on the mechanisms of regrowth. Parameters be-
ing considered are the surface roughness of the nitride film
and the stresses generated by the island/nitride interface. the
influence of the polysilicon film thickness, and the effects of
the power/scan rate condition.

The authors are grateful to ARPA (Contract
MDA903-78-C-0290) for supporting this work and to Dr. R.
Reynolds for his personal interest. We would also like to
thank Nancy Latta for carrying out the implant.
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LPE Growth of Silicon from Poly Si/Si

Structure Using CW Argon Laser

S. Minagawa,* K. F. Lee, and J. F. Gibbons*
Stanford Electronics Laboratories, Stanford University, Stanford, California 94305

and T. J. Magee and R. Ormond

Advanced Research and Applications Corporation, Sunnyvale, California 94086

ABSTRACT

Epitaxial layers were grown by melting the surface of a polysilicon/silicon
structure with a scanning cw argon laser beam. Topographical features and
crystalline perfection associated with the laser-induced recrystallization were
investigated by transmission electron microscopy (TEM) and optical micros-
copy. The regrown layers obtained were relatively free of defects, as revealed
by TEM analysis. Large concentrations of dislocation lines and twinning zones
were not detected in these studies; however, dense dislocation networks were
observed in the substrate beneath the epitaxial layer.

Laser annealing, particularly by cw laser scanning,
has been used in a variety of experiments to grow
thin layers of silicon crystal. Recrystallization of an
ion-implanted amorphized layer (1-4), grain growth of
both poly and single crystal silicon on an insulating
layer (5, 6), and graphoepitaxy (7, 8) are the major
achievements obtained to date.

However, epitaxial growth from the polysilicon/
single crystal silicon structure, utilizing cw laser scan
techniques has not been reported, although epitaxial
growth (9-12) and bridging epitaxial growth (13) are
known to occur by melting the surface with a high
energy density (107 ~ 108 W/cm?) laser pulse.

This paper describes the grain growth obtained when
a poly-Si/Si structure is scanned by a separated single
beam of a cw Ar laser, with an energy density high
enough to melt the surface. Under appropriate con-
ditions, epitaxial growth of silicon is obtained.

* Electrochemical Society Active Member.
Key words: semiconductor, epitaxy.
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Fig. 1. Optical micrographs showing the surface topography in-
duced after single line scans: (A) 10W, (B) 9W, (C) 8W, (D) 7TW

Experimental

The scanning laser setup has been described else-
where (14). It consists of a 25W cw Ar laser operated
in a multiline mode, an X-, Y-beam deflection system
implemented with galvanomirrors, a heated vacuum-
chuck sample holder, and control electronics.

The samples were prepared by depositing 2000A
polysilicon layers on (100) Si wafers using the hydro-
gen reduction of silane at 630°C at 0.8 Torr (LPCVD).
The grain size was on the order of 500A or less as
measured by transmission electron microscopy (TEM).

The scanning speed of the laser beam was 12 cm/sec.
In area scan experiments, the separation between the
two successive scanning lines was set to about 11 um
so that the melted zones were well overlapped to as-
sure the occurrence of uniform growth over the total
area scanned. This assures overlap of more than 50%
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Fig. 2. Laser traces on a beveled and etched sample
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of the laser traces. The substrate temperature was
350°C in all anneal experiments. Bevel polishing was
done at an angle of 1°9 on a Plexiglas plate with
Metadi grits. The etchant used to delineate the poly-
silicon/silicon substrate boundary was a diluted Sirtl
etch with the composition CrO;3: H,O: HF = 5g:10 ml:
1ml
Results

The samples were annealed under various output
powers in the single line scan mode. The development
of surface topographic features with the output power
of the cw laser is shown in Fig. 1. At low power, the
trace of a laser beam shows a dotted surface structure
[Fig. 1D)], which was found to be a result of the grain
growth of polycrystalline silicon when examined by
TEM. Increasing the laser power to a threshold value
turned the center portion of the beam trace band into
a ripple pattern [Fig. 1(C)]. Further increase in laser
power smeared out the ripples into a rather coarse
and irregular pattern (Fig. 1(A) and (B)]. Although
the dotted and ripple structures have already been re-
ported in pulse experiments (12), the latter irregular
feature was not known. It did not disappear even at an
output power level as high as 15W which is the maxi-
mum output of the cw laser used in this experiment.
This can be associated with the longer melt duration jn
the cw laser irradiation than that in the short pulse
case,

.
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Fig. 3. A schematic diagrom of a cross section of o laser an-
nealed region {c) (not to scale) with transmission electron micro-
graphs and selected area electron diffraction pottern obtained
within the epitaxial region (a) and zone containing dislocation net-
works beneath the epitaxial layer (b).

The bevel polish and etching show the existence of
the polysilicon/single silicon substrate boundary in
samples annealed at low laser powers. However, the
boundary disappeared under the ripple pattern indi-
cating that melting occurred into the substrate and
suggesting the epitaxial regrowth of the polysilicon
layer (Fig. 2). The beveling also shows the minute
variation of the cross-sectional height of the beam
trace as illustrated in Fig. 3(c). TEM examination of
these single line scanned samples was employed to
study the possible occurrence of epitaxial growth.

The change in the crystal structure brought about by
cw laser anneal is shown in Fig. 3(a) for an 8W an-
nealed sample with the ripple structure. The grain size
of polycrystals increases from the edge toward the
center of the laser beam trace and turns into single
crystal epitaxial layer at the onset front of the ripple
structure. The quality of the epitaxial layer is good
as judged by the (100) transmissian electron diffrac-
tion pattern, and by the absence of twin boundaries or
dislocation lines. However, the electron micrograph of
the epitaxial layer shows a periodic contrast associ-
ated with surface undulations, thereby duplicating the
characteristic ripples observed on the surface of the
regrown layer. This periodic ripple (thickness) con-
trast can probably be ascribed to the periouic change
of stress accompanying crystal regrowth. The regu-
larly defined (thickness) contrast variations disap-
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peared in the sample annealed at 10W. The layer
grown at 10W was also shown to be single crystal by
diffraction, with no structural irregularity observed
by TEM.

Another feature revealed by the TEM observation
is the dislocation network which appeared in the sub-
strate crystal below the epitaxial layer [Fig. 3(b)].
From micrographs obtained on a large number of
samples, we observed that the dislocation lines extend
from the epitaxial layer to the transition region where
polycrystals develop, depending on the laser energy
they receive. Since no periodic variation in contrast is
observed for long dislocation lines, with the foil ori-
ented at the exact Bragg condition (Sg ~ 0), these
lines are believed to lie on (100) planes extending in
<110> directions. All these results are summarized
in Fig. 3(c), which schematically shows the crystal-
lographic changes when a surface of a polysilicon/
silicon structure is swept by a laser beam.

Area scanning was used in an attempt to obtain
large epitaxial layers. Scan conditions were chosen as
stated in the Experimental section, using the results
obtained for single line scan experiments. The surfaces
of the area scanned sample are seen to reflect the
topographical features of single line scans. One exam-
ple is shown in Fig. 4, which retains the ripple struc-
ture observed in a single line sample. Electron diffrac-
tion demonstrates that the polysilicon layer was re-
grown as an epitaxial layer by area laser beam scan-
ning.

Discussion
A lower bound on the propagation velocity of the
recrystallization front along the direction of scan can

be estimated, postulating that the ripples are generated
by standing waves from interference of laser beam on
crystal surface (12, 16, 17).

This propagation velocity should be an order of
magnitude faster than the scan speed, because the
crystal growth pattern (the ripples) caused by the
variation of laser power distribution by interference

——-
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Fig. 4. An optical micrograph showing the surface topography of
on epitaxial layer grown by overlapping laoser scans (8W)

April 1981

is not smeared out by scanning. Therefore, the lower
limit of this velocity is estimated to be around 1 m/sec
in the ripple growth condition. This value is well
within a reasonable range for the laser-induced liquid
phase epitaxial growth, from the discussion on the
crystal growth velocity in a previously published paper
(15).
Conclusion
Liquid phase epitaxial growth from polysilicon/
single crystal structures utilizing a cw Ar laser was
demonstrated. The epitaxial layer was of relatively
good crystal perfection in that the layer included few
dislocations and twins. However periodic pile up of
stress at some power levels, surface roughness, and
high density dislocations under the epitaxial layer in-
dicate the need for further study.
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In a recent report, Tamura et al. (1) have demon-
strated the possibility of “bridging epitaxy” in which a
single crystal silicon substrate is used as a seed for the
laser recrystallization of a silicon film over silicon di-
oxide. The regrowth of the deposited film starts where
the film contacts the substrate and extends laterally
into the portion of the silicon film on top of the insulat-
ing oxide layer. Such a single crystal film would find
many applications in integrated circuit technology.

In their experiments, Tamura et al. used a Q-
switched ruby laser to melt the silicon layer deposited
on the single crystal silicon wafer which was partially
covered with oxide stripes. Using planar transmission
electron microscopy, they observed the vertical epi-
taxial growth of the deposited silicon as it solidified
over the exposed silicon substrate and some lateral ex-
tension of the single crystal material over the oxide-
coated areas.

A pulsed laser, however, melts a large region of ma-
terial which then solidifies in a manner primarily de-
termined by heat transfer away from the molten areas.
In this manner, Tamura et al. proposed that the regions
over the exposed single crystal substrate crystallized
before the silicon over the oxide because the low
thermal conductivity of the oxide layer kept the film in
these regions above the melting point for a longer time.
The use of a scanning cw laser would appear to be an
attr. :tive alternative to the pulsed laser for this appli-
cation. The epitaxial regrowth process could start over
the exposed silicon substrate, and then the molten zone
could be moved into the film over the oxide-covered
regions in a more controlled manner.

In this report we describe the use of a cw argon laser
to epitaxially recrystallize silicon films over exposed
regions of a single crystal silicon substrate and the
lateral extension of these epitaxial regions into the de-
posited silicon film over oxide-covered regions of the
substrate. Planar and cross-sectional transmission
electron microscopy were used to reveal the structure
both in the plane of the film and perpendicular to it.

Sample Preparation

Silicon wafers with (100) orientation were oxidized
at 1000°C in a TCE/O, atmosphere to form a 1000A
thick oxide layer. The oxide was then patterned using
a mask containing rectangles of varying sizes from
50 x 50 um to 150 x 300 um, and the oxide was re-
moved from the orthogonal, 12 um-wide grid lines
separating the oxide rectangles. Silicon films were then
deposited in a low pressure, chemical vapor deposition
reactor onto both exposed substrate and the oxide-
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Lateral Epitaxial Recrystallization of Deposited
Silicon Films on Silicon Dioxide

T. I. Kamins,* T. R. Cass, and C. J. Dell’Oca*
Hewlett-Packard Laboratories, Palo Alto, California 94304

and K. F. Lee,* R. F. W. Pease, and J. F. Gibbons*
Stanford Electronics Laboratory, Stanford, California 94305

ABSTRACT

A scanning cw argon laser has been used to epitaxially recrystallize silicon
films deposited over exposed regions of single crystal silicon substrates and
cause the lateral extension of these epitaxial regions into the portions of the
silicon film deposited over oxide-covered regions of the substrate. Planar and
cross-sectional transmission electron microscopy were used to investigate the
microstructure, which is consistent with melting and liquid-phase regrowth.

covered regions. (The wafers were cleaned with dilute
HF no longer than 5 min before insertion into the
LPCVD reactor.) Two different deposition tempera-
tures were used: 550° and 625°C. Films deposited at
625°C have been shown to have a columnar, poly-
crystalline structure, while those deposited at 550°C
are initially amorphous (2). Both types of film were
deposited to a thickness of approximately 2000A. For
comparison with the regrown structure to be discussed
below, Fig. 1 shows a cross-sectional TEM of an unre-
crystallized area of 625°C polysilicon from one of the
same wafers as the laser-recrystallized samples. The
expected columnar, (110)-oriented grains are apparent
(2, 3).

In an attempt to make the deposited layer and the
surface region of the underlying single crystal sub-
strate amorphous and facilitate regrowth, some of the
structures were then implanted with a dose of 3 x 105
cm~—2 silicon ions while the substrate was held on a
liquid-nitrogen-cooled support. The implant energy of
135 keV placed the peak of the implant close to the
substrate-film interface.

After implantation, the deposited films were re-
crystallized with a cw argon laser at Stanford (4). The
laser beam was moved by galvanometer-controlled
mirrors. A 135 mm focal length lens was used, and the
spot size on the wafer surface was 40 um. The retrace
was blanked so that the trace of the laser beam on the
wafer surface was always in one direction. The scan
speed was 12 em/sec, and a power of 9.5W was used.
With the given scan speed and spot size, this power ap-
pears to be optimum. At significantly lower powers, the

POLY-SILICON

| SILICON.
| SUBSTRATE

Fig. 1. Cross-sectional TEM of unrecrystallized polysilicon film
deposited on silicon dioxide.

S
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large-grained regions do not overlap, especially over
the single crystal silicon with its high thermal conduc-
tivity. At much higher laser powers, the silicon over
the oxide tends to agglomerate, and the substrate may
be damaged. Other satisfactory combinations of laser
parameters are, of course, possible.

After completion of the recrystallization, the wafers
were returned to Hewlett-Packard for analysis. Suit-
able control wafers were thermally annealed for com-
parison with laser-recrystallized samples. These wafers
were inserted into a standard diffusion furnace at
550°C and annealed for 5 hr before the temperature
was ramped to 650°C for 2 hr and then to 950°C for
1hr.

After preliminary observation with optical and
scanning electron microscopes, planar and cross-
sectional samples were prepared (5) from the various
wafers and examined in a Siemens Model 101 trans-
mission electron microscope. Some samples were also
chemically etched using Secco etch to reveal grain
boundaries.

Results and Discussion

Optical microscopy and SEM analysis of the re-
grown material showed regions of varying thickness
over the oxide-covered areas of the substrate (deduced
from interference colors) and also surface ripples,
especially over the exposed substrate, probably due to
optical interference effects, as has been described
previously (6). The silicon film extending into the
oxide-covered regions in the direction of the laser scan
appeared to be especially smooth. Etching to delineate
grain boundaries revealed fewer boundaries near the
oxide step than farther onto the oxide-coated rec-
tangles. These preliminary observations support the
more detailed TEM analysis, although they cannot be
considered definitive. A scanning electron micrograph
of an unetched sample is shown in Fig. 2 to place the
transmission electron micrographs to be discussed next
in context. The laser scanned the sample from left to
right. Thickness nonuniformities perpendicular to the
scan direction are seen at the trailing edge (left side of
oxide cut).

Cross-sectional TEM’s of one sample are shown in
Fig. 3. This sample contained a deposited layer of ini-
tially polycrystalline silicon and was implanted with
silicon to disrupt any barrier to recrystallization at the
film-substrate interface. The scan direction was again
from left to right. Figure 3c shows the deposited film
directly over the exposed single crystal substrate, and

LASER SCAN DIRECTION

Fig. 2. Scanning electron micrograph of laser-recrystallized sili-
con film deposited over exposed silicon lines and oxide-covered
rectangles. The laser beam scanned the sample from left to right.
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the other portions of the figure show the silicon film
extending over the oxide steps. (The speckled region
above the deposited film is the epoxy used in preparing
the cross-sectional TEM'’s). Figure 3 and detailed com-
parison of the relevant electron diffraction patterns
confirm that the film directly over the single crystal
substrate has recrystallized epitaxially; the crystal
orientation is the same in the film as in the substrate,
and the film contains few defects. The planar TEM of
Fig. 3d reveals that the defects at the substrate-film
interface seen in Fig. 3d are an orthogonal array of
misfit dislocations propagating from the oxide step.
These misfit dislocations were not observed in all re-
gions, suggesting that they can be avoided by proper
processing conditions, Occasionally, twins and inclined
dislocations were seen extending from the substrate-
film interface, as schematically indicated in Fig. 3f.

Figure 3e shows the silicon film extending onto the
oxide layer. Detailed examination in the TEM reveals
that the crystal orientation of the film is the same as
that of the substrate, although variation of the thick-
ness of the cross section makes comparison of the
orientations directly from the photomicrographs diffi-
cult. Although some defects are seen in the film, no
grain boundaries are visible within the portion of the
film seen in the micrograph. Since this is the leading
edge of the laser scan, where the laser moves from the
part of the film over the substrate onto that over the
oxide, the scanning beam is expected to extend the
single crystal region of the film significantly in the
lateral direction. Optical microscopy after grain bound-
ary etching does, indeed, suggest that the single crystal
region extends farther on this side of the oxide cut
than on the other side, although the asymmetry is not
clearly revealed by the cross-sectional TEM’s, which
sample only one isolated area. This observation sug-
gests that two different mechanisms may dominate on
the two sides of the oxide cut.

These cross-sectional TEM's reveal several other im-
portant features. Most obvious is the mass transport
caused by the laser recrystallization. Since the depos-
ited film initially has a uniform thickness of approxi-
mately 2000A, a 1000A-high step should appear at the
top of the deposited film, replicating the oxide step
This step is not seen in Fig. 3e. On the thermally an-
nealed samples, which remained solid during the re-
crystallization, the expected step of 1000A was ob-
served.

The opposite side of the oxide cut is seen in Fig. 3a
and b. As on the right side, the crystal extends con-
tinuously over the oxide step. In this case the grain is
seen to terminate at the left approximately 0.5 um from
the edge of the oxide step. Because the laser beam
approaches this region from the area which contains a
buried oxide layer, rather than from the region with
the exposed substrate, the recrystall ion mechanism
may be quite different than on the » side. On the
trailing edge there should be no n tendency of
the laser beam to ‘‘drag” a single y
from the oxide edge. The con anism on

region aw

this side could be similar to that bed in experi-
ments with the pulsed laser (1) where the low thermal
conductivity of the oxide causes the silicon above it to
remain molten longer than that « the exposed sub-
strate. If the major heat loss is by lateral heat transfer
toward the oxide cut, the solid con would propa-

gate from the oxide edge,
growth is possible. Although

crystal

tep is seen at the top

of the silicon film where it crosses the edge of the ox-
ide, the step is much less abrupt and of less height than
the oxide step. For comparisor pe seen on the
thermally annealed sample howr ashed line
superimposed on Fig. 3a. The filr 1 top of the
oxide is also seen to be much thinner than that directly
over the substrate, indicating significant mass trans
port, as is shown by the SEM of y

Near both edges of the oxide cut, defects are seen in

@

the substrate. One might spe
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SILICON FILM

Si0y
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(e)

Shallow Step
No Step

(Silicon Film

Defects —~ { Twin I
Misfit Dislocations ) Silicon Substrate
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(e) (f)

Fig. 3. Cross-sectional and planar TEM’s of laser recrystallized silicon film: (a) and (b) over oxide steps at left of oxide cut (b is o
dark-field micrograph); (c) over exposed single-crystal substrate; (d) planar section, primarily over exposed substrate: (e) over oxide step
at right. (f) Schematic representation of features observed. The scan direction was from left to right in all except (d)

arise from relaxation of stress discontinuities caused by
the different thermal expansion coefficients of silicon
and silicon dioxide (3 x 108 compared to 0.5 x 10-6/
°C), as well as by temperature differences over silicon-
and oxide-covered regions. Not only are defects ob-
served extending into the substrate, but slip disloca-
tions parallel to the wafer surface have also been seen
several microns beneath the surface of the substrate
These have been observed both under the oxide and
under the oxide cuts. These deep-lying dislocations are
probably caused by thermal stresses associated with

that the implant dose was insufficient to disrupt the
interfacial 1 present ause of the deposition con-
ditions and low solid-phase re h, even though
the dose was sufficient to amo face regions
of the silicon substrate beneath t! nterface. We spec-
ulate that a se of 10! cm—2 might produce the neces-
sary disruption of the interfacial layer to allow solid-
pha,\e regrowth

The different behavior on t
cut leads us to sugges
experimental

sides of the oxide
ydification of the
licon is etched

scanned beam recrystallization from part of the oxide « laser scanning
The regrowth of the initially amorphous films was direction is such that laser-assis rowth is started
similar to that of polycrystalline films in the regions where the polysilicor ntact nly the derlying
which were melted. Surrounding the melted regions, of single crystal and proceeds over a gi beve
course, were regions where the initially amorphous oxide step, superior results might be achieved, includ-
. film was converted to polycrystalline silicon, probably ing the possibility of id-phase regrowth
by solid-phase crystallization
Observation of laser-recrystallized samples with and Conclusion
without the silicon implant showed little difference '
with epitaxial regrowth over the single crystal sub- A scanr aser has been used to epitaxi-
strate and defects at the interface. This suggests that ver exposed regions
the implantation is not needed in the case of liquid- ibstrate and cause the lateral
phase recrystallization. The lack of epitaxial regrowth the epitaxia glor nto the deposited
in the case of the thermally annealed sample indicates silicon film over ¢ ered regions of the substrate
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This process occurred by melting and liquid-phase re-

growth,
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Laser and Electron Beam Processing of Materials

PROPERTIES OF MOSFETS FABRICATED IN
LASER-ANNEALED POLYSILICON FILMS

K. F. Lee, J. F. Gibbong, K. C. Saraswat
Stanford Electronics Laboratories
Stanford, California

T. I. Kamins
Hewlett-Packard Laboratories
Palo Alto, Califormia

H. W. Lam, A. F. Tasch, Jr., T. C. Holloway
Texas Instruments, Inc.
Dallas, Texas

Enhancement-mode and depletion-mode MOSFETs of 3 um gate
lengths have been fabricated with the transistor channels in
thin films of polycrystalline silicon annealed with a scanning
cw argon laser. Device performance of the transistors was
comparable to those fabricated in single crystal gilicon. A4
nine-stage ring oscillator was also fabricated. Minority car-
rier generation lifetime of the order of 10-9 sec. was mea-
sured in the laser-annealed polysilicon.

1. INTRODUCTION

Previous experiments with a scanned cw argon laser on poly-
silicon as prepared by low pressure chemical vapor deposition
(LPCVD) has produced a significant increase of grain size,
from 500 A to 2u x 25u, and a reduction of resistivity by
about a factor of two (1).

Enhancement-mode and depletion-mode MOSFETs have been
fabricated with che channels in the laser-annealed polysilicon
(2). Device performance of the laser-annealed polysilicon was
comparable to single crystal silicon and far superior to
conventionally prepared polysilicon. To test the feasibility
of fabricating such devices of smaller dimensions, subsequent
fabrication was done at Hewlett-Packard and Texas Instruments.

IT. EXPERIMENTAL

The devices fabricated at Hewlett-Packard (3) have the
structure as shown in Fig. 1. Polysilicon of 0.5 ym thickness
was formed by LPCVD on top of a 1000 A thick layer of silicon

Copyright ® 1960 by Academic Press, Inc
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PART X1: DEVICE APPLICATIONS 633

. nitride previously deposited on a single-crystal silicon wafer.
{ After t‘e polysih‘c?n was implanted with boron (doses of .
2x 101h or 3 x 1011/cm¢ at 100 kev), it was laser-annealed

at Stanford with a scanned cw argon laser (1). Subsequent
processing at Hewlett-Packard followed a modified LOCOS (4)
technology. The depletion-mode load transistors were formed
by a selective .implant through] the 2gate oxide with phosphorous
doses of 7 x 1011 ‘and 1.4 x 1012/cm at 150 kevV.

Devices of 2 geometries (large geometry with W = L = 20 um,
- and small with W =5 um, L = 4 ym) were tested. While most of
the tests were carried out in the above devices, functional
devices of W =4 ym, L = 3 um have also been obtained. On a
curve tracer these transistors appeared well behaved, with
well-saturated, square-law characteristics seen on the large-
geometry transistors at moderate drain voltages. At higher
drain voltage the current began increasing with increasing
drain voltage. This so-called "kink effect" has been observed
in silicon-on-sapphire transistors (5). For the small ge-
ometry devices, short-channel effects similar to those seen on
single crystal control wafers prevented the occurrence of a
well-saturated region. The onset of the kink effect was still
easily observed (Fig. 2).

Some source-drain leakage current was observed in the
- enhancement-mode devices which could be eliminated by applying
- a negative bias {~ -2V to -6V) to the single crystal substrate.
Such a bias tends to accumulate the bottom surface of the
polysilicon, which eliminates the effect of possible high
fixed charges at the polysilicon/silicon-nitride interface,
and the generation of current through generation centers in
the polysilicon near the interface. Subsequent measurements
were made with a substrate bias, unless otherwise noted.
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The threshold voltages of the enhancement-mode devices
(measured at 1 pA in the saturation region, VD = 2.5V) were
1.4 V on the large-area devices and 1.1V on the small-geometry
devices. The depletion-mode implant of 1.4 x 10 Z/cm? shifted
the threshold voltage of the large-area transistors by -2.5V.
There is a variation in the threshold voltage in both the
enhancement-mode and depletion-mode transistors of about 1V.

The channel electron mobility was cg]culated from the large
geometry transistors to be about 270 cm¢/V-sec, with variations
generally in the range of 200-300 cm¢/V-sec. The depletion-
mode transistors showed similar mobility values.

The source-drain leakage current at Vp = 5V with the gate
biased below threshold was generally in the range of 1-10
pA/um of gate width for the small geometry devices. Under a
small value of Vp, lower leakage currents have been measured.
At Vp = 0.1V, the small geometry devices indicated a leakage
of 0.2 - 0.9 pA. Without a substrate bias, leakage current
could be as high as 1 yA/um of gate width.

A nine stage monolithic ring oscillator was fabricated.
Each oscillator stage contained an enhancement-mode driver
transistor with L = 4 ym and W = 9 ym and a depletion-mode load
transistor with L = 8 ym and W = 4 ym. Oscillations were
consistently observe. with a supply voltage of approximately
14 - 16V. The period of oscillation averaged 70 nsec, giving
a propagation delay of about 4 nsec per stage. The high oper-
ating voltage resulted from the nonoptimum thresholds of both
the enhancement and depletion-mode transistors. A higher
threshold voltage for the enhancement-mode transistor coupled
with a lower zero bias current for the depletion-mode transis-
tor would decrease the required supply voltage.

Replacement of the nitride layer in the above structure
with a thick oxide layer would reduce the corresponding parasi-
tic capacitance. Devices at Texas Instruments (6) were fabri-
cated with 0.5 um thick polysilicon deposited by LPCVD on 1 um
of Si02 grown on p-type <100> single-crystal silicon substrates
having a resistivity of 6-8 g-cm. The wafers were then ther-
mally annealed at 1100°C in flowing N, for one hour, which

FIGURE 3. I-V charac-
terigtics of enhancement-
mode device, with W=85 um,
5-—[;5 um, t0x=400A, VG=0 to
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PART XI: DEVICE APPLICATIONS 635
significantly improved the surface quality of the polysilicon
films during subsequent laser anneal. They were then laser
annealed at Stanford (1). The wafers were then processed to
form N-channel WMOSFETs wusing a previously established high-
density (gate oxide 35-40 nm) process. The patterning of
the device islands was done by plasma etching in a manner
similar for silicon-on-sapphire deviﬁs (7%. Boron at an
energy of 60 keV and a dose of 5 x 10'!/cm~¢ was selectively
implanted through the gate oxide to form enhancement devices,
while depletion-mode devices were fabricated from the unimplan-
ted regions. Transistors having W/L ratios of 25/5, 25/10,
and 25/25 (um/um) were fabricated. The threshold voltages
determined from measurements of ¥Ipg against Vpg were 0.4V for
the enhancement mode devices and -0.6V for the depletion mode
devices.  Surface mobilities were 170 and 215 cmé/V-sec,
respectively. An example of a 25/5 (um/um) enhancement mode
device is shown in Fig. 3. In subsequent runs, devices of W
=L =40 ym, and W = 10 um, L = 3 um were fabricated. For the
devices with W = lz = 40 um, surface mobility generally ranged
from 350 - 400 cm“/V-sec, and the leakage current at Vp 5V
with no substrate bias applied ranged from 1 - 10 pA/um gate
width. The devices with W =10 ym, L = 3 um showed more vari-
ation. The surface mobility ranged from 350 - 600 cm?/V-sec.
The lTeakage current at Vp = 5V with no substrate bias applied
ranged from 1 wA - 1 pA/um gate width, with typical leakage
around 1 nA/um gate width. A variation of threshold voltage
of about 1V was also observed.

ITI. MINORITY CARRIER GENERATION LIFETIM: MEASUREMENT
Different structures and fabrication procedures were used
in the above devices. However, they showed no major differ-
ences in their performance. There is variation in individual
device performance, particularly at small device dimensions.
The best devices performed comparably to the best devices
in $0S. The low leakage current obtainable led us to inves-
tigate the minority carrier lifetime of the laser-annealed
polysilicon (8). Transient capacitance measurements were
made on MOS capacitors with the structure in Fig. 4. The
polysilicon was 0.5 um thick and was implanted with boron at a

Neutral
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FIGURE 4 Schematic
of MOS capacitor.
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dose of 1 x 1012/cm at 100 keV before annealing. The n*
silicon wafer served as the gate to the laser-annealed poly-

silicon.

From the time constant of the response (Fig. 5),

o

Figure 5. Transient response of MOS
eapacitor upper trace: capacitance 40
pf/div; lower trace: Ve 10V/div; zero
of both traces: bottom line of scale;
horizontal: 1 msec/div.
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a minority carrier generation lifetime of 0.4x10-9 sec was cal-
culated (9). In the above calculation surface effects have not .
been included. The minority carrier generation lifetime was
also estimated from a n*p planar diode. The structure of the
diode was similar to that of an enhancement mode MOSFET, except -
that one of the source and drain regions remained the same
doping as_the bulk (where boron was implanted at a dose of
1x1013/cm? at an energy of 100 kevV before laser annealing).
The forward I-V characteristic of such a diode, with a width
of 100 um and a length of 75 um, is shown in Fig. 6. Up to
600 mV, the slope was about q/1.6 kT, above which voltage
series resistance in the diode became dominant. By an extra-
polation of the current to around zero bias, where the recom-
bination-generation current in the depletion region became
dominant, the minority carrier_ generation lifetime was
calculated to be about 5 x 109 sec, as compared to about
10-11 sec obtained from diodes fabricated in conventionally
prepared polysilicon (10). Such a calculation also did not
: include surface components, and also depended on extrapolation
., of the I-V curve. Hence it can only be regarded as an approx-
: imate estimate to the bulk minority carrier generation life-
¥ time. However, the values obtained from the capacitor and the
diode measurement are in fair order-of-magnitude agreement.

V. CONCLUSION

Enhancement-mode and depletion-mode MOSFETs have been
fabricated in laser-annealed polysilicon films using procedures
compatible with current MOS technology. Such devices show per-
formances comparable to those achieved in single crystal silicon
oy or silicon-on-sapphire. A ring oscillator has been fabricated
] showing the possibility of integrated circuits in laser-annealed
4 polysilicon. Leakage current of the transistors match the best
. reported vatues for SOS. Minority carrier generation lifetime
measurements indicate a value comparable to, or better than,
that obtained in SOS.
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OW LASER-RECRYSTALLIZED POLYSILICON AS A DEVICE-WORTHY MATERIAL

JAMES F. GIBBONS
Stanford Electronics laboratories, Stanford, California 94305

ABSTRACT

The basic crystallographic and electronic properties of cw
laser recrystallized thin polysilicon films are presented and
shown to be suitable for fabrication of MOSFET devices. De~
vices and simple integrated circuits fabricated to explore
the potential of this material have electrical characteris-
tics similar to devices fabricated on single crystal material
and offer significant promise for future applications.

INTRODUCTION

Heavily doped polycrystalline silicon (polysilicon) is a material that is
widely used in present day silicon integrated circuit technology for gates
and interconnection lines in MOS integrated circuits. Initial interest in the
beam annealing of polysilicon arose because of its potential as a process that
could be used to promote grain growth and hence obtain resistivity reduction in
these thin, heavily~doped films. Experiments undertaken to explore that poten=~
tial [1] show that substantial reductions in resistivity can indeed be obtained
and further that the electronic properties of cw beam-recrystallized, heavily
doped polysilicon films closely approximate those of single crystal material.
This latter result led us to what proved to be successful attempts to fabricate
MOS transistors and integrated circuits directly in beam recrystallized poly-
silicon [2-4]. A substantial interest now exists in t{he potential of beam
recrystallized silicon-~on-insulators (SOI) as a substrate for integrated cir-
cuit fabrication. The purpose of this paper is to review the present state of
this field.

Our development of this subject will begin with a discussion of the
mechanism by which thin films of polycrystalline Si are recrystallized by a
scanning cw beam. In Section 2 we discuss carrier velocity-vs-electric field
measurements made on laser recrystallized films. We then describe the oxidation
kinetice and interface properties of oxides grown on recrystallized polysilicon
films, leading to a discussion of the electrical characteristics of MOSFETs
fabricated directly on this material.

l. BEAM RECRYSTALLIZATION OF THIN POLYCRYSTALLINE FIIMS

We describe first the annealing of thin polysilicon films irradiated by a
cw argon laser, with emphasis on the relation between laser power and the
surface morphology, dopant distribution and crystal structure of the annealed
£ilms.

Sample Preparation. The polysilicon films used for these studies were
0.57um thiclc layers deposited by low pressure chemical vapor deposition (LPCVD)
on a 1000 A thick layer of either thermally grown §i0, or CVD Si;N, on a
Si substrate. In most cases the depositions were performed in commerciai LPCVD
reactors currently used for integrated circuit fabrication. After deposition,
the wafers were doped by either ion implantation or thermal diffusion and then
subjected to the beam processing operations.

Beam processing was performed in the scanning apparatus described in [S].
For laser processing, a cw argon laser was operated in the multiline mode with
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a laser beam width on the sample surface of ~40 .m. This spot was scanned across

the surface at a rate of 12.5 cm/sec in all cases to be discussed. The vari-

ables employed were substrate temperature, laser power, and the amount of A
overlap between adjacent scan lines. It is advantageous to use substantial i
substrate thermal bias (350°C) so that relatively small in laser power will
produce substantial surface temperature of the irradiated film. For the experi-
ments reported below, laser power was increased in 1 W increments from 5 W to
13 W, corresponding to a range of surface temperatures from -~ 600°C to 1500°C.

It should be emphasized that, while these conditions can produce very
desirable changes in the properties of the film, they are certainly not the
only set of conditions that would achieve these results; a different laser spot
size, scan rate, laser power and substrate temperature can be chosen to yield
very similar results.

Growth Mechanism. To study the mechanism of crystallite growth, arsenic
ions were implanted into separate samples to serve both as a dopant and a marker
which could be used to investigate the recrystallization process. The results
of laser processing on surface morphology were studied by Nomarski interference
contrast microscopy. For samples annealed at low and medium laser power levels
(5 and 9 W respectively), no significant change in surface morphology was obser-
ved. Above 12 W, however, distinct lines were apparent in the nonoverlapped
sample with the microstructure inside the line pointing in the direction of the
scan. Figure 1 is a SEM micrograph of an annealed line obtained in this high
power region, showing the directionality in the line, the smoothing of the
original finely-textured surface, and the formation of large surface structures.

Figs l. Summary of the effects
of laser power on the annealing
of polysilicon and the corres-
ponding measurement methods.

12 W

A qualitative description of the recrystallization process can be developed
from a consideration of surface temperatures obtained during recrystallization.
For the experimental parameters listed above, the surface of the film first
reaches its melting temperature at a power per unit radius of ~1000 W/cm,
- which occurs at a laser power of ~5 W. However, when the surface melts, the
T reflection coefficient R changes from ~0.4 to ~0.6, thus reducing the power
absorbed by the film. Increasing the power level above 5 W will therefore
increase the thickness of the melted layer only slowly, until a power level of
10 W is reached, at which point the power absorbed in the film is still suffi-
cient to produce surface melting even for the increased value of R corresponding
to the molten surface. Melting may then proceed rapidly throughout the film.

Dopant Distribution. [6] Secondary ion-mass spectrometry (SIMS) was used to
obtain dopant-profile measurements corresponding to the various power levels
described in the previous section. Oxygen primary ion-bomardment and positive
secondary ion-mass spectrometry were employed, using the CAMECA IMS-3f ion
microanalyzer. Sensitive measurements of the As profiles required secondary
ion initial kinetic discrimination to reduce the amount of (305i295i160)*
detected at the sgame nominal mass as as*. This analysis was sufficient
< n to provide an As detection limit of 3-5 x 1018 atoms/cm3. As can be seen
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in Fig. 2, the high oxygen content of S$i0; and minor surface-charging effects
produce an anomolously high mass-75 intensity that misrepresents the true
arsenic content in the oxide region. This problem, however, did not hinder the
measurements in the polysilicon layer.

10°' ¢ 6w

ARSENIC CONCENTRATION cm-3,

n 1
0.2u 0.4u 0.6u
POLY —Si0p —
Fig. 2. Impurity redistribution in laser recrystallized polysilicon films.

As can be seen in Fige. 2, the dopants did not move from their as-implanted
positions when the laser power was 6 W. The profile is approximately Gaussian
and can be adequately predicted from Lindhard-Scharff-Schiott (LSS) range cal-
culations [7]. Increased laser power results in deeper impurity penetration
into the polysilicon.

vwhen the power level was raised to 11 W, the dopant profiles became flat
throughout the polysilicon layer. From TEM micrographs measured at 9 and 11 W
it can be seen that, although partial melting occurred at 9 W, the grains are
still small (~0.3 um). Their growth is considerable (~ 20 um) only when the
melt front reaches the underlying oxide layer.

Crystal Orientation of the Beam Recrystallized Films [8]. In this section
we describe the structural changes produced by cw laser recrystallization as
they are meagured by X-ray diffraction. Data will be presented for polysilicon
films deposited on both silicon dioxide and silicon nitride since these are the
most common films employed in present technology.

For these experiments films of low pressure CVD polysilicon were deposited
at 625°C to a thickness of ~ 5500 A. Some samples of each type were thermally
annealed at 1100°C employing nitrogen since this heat treatment has been found
to ease control of the laser recrystallization process. The samples were laser
laser processed with the cw scanning argon laser under the melting conditions
just described so as to form large grain structures.

A conventional X-ray diffractometer was used to analyze the samples. Mea-
surements were taken with the samples mounted both parallel and perpendicular
to the laser scan direction, but no anisotropy was seen. The results reported
in Table 1 are the average of the two meagurements. The intensities of the
signals from the (111)-, (220)-, (311)-, (400)-, and (331) peaks were measured
and normalized to indicate the relative amounts of crystallites with (1l1l1)-,
(110)-, (311)-, (l00)-, and (331)orientation in each film. The measured
signals were normalized to account for the signal strengths expected in a
thick, randomly oriented sample, and also for the finite film thickness.
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The normalized X-ray results show that the (1l10) orientation is dominant in
all the films immediately after deposition, with the normalized intensity being
about ten times larger than that from any other orjentation. Thermal annealing
of the samples at 1100°C decreases the preference for (110) texture, although
this orientation is still dominant. After laser recrystallization the (111},
(311), and (311) orientations all increase significantly, with little differ-
ence seen between the films deposited on silicon nitride and those deposited
on silicon dioxide. The influence of this mixed orientation on the oxidation
rate and interface charges of structures containing laser~recrystallized poly-
silicon will be discussed below.

2. VELOCITY-FIELD CHARACTERISTICS

To assess the potential of these films for MOSFET applications, it is useful
to know at least empirically how grain boundary scattering will affect the
carrier velocity-vs-electric field characteristics, especially in the high
electric field region. Measurements of election velocity in both laser recrys-
tallized and silicon-on-sapphire films made by Cook et al. (9] are shown in
Fig. 3, where we also include for comparison measurements made on single crystal
material by Norris and Gibbons [10]. As can be seen, the electron velocity in
heavily doped, laser recrystallized polysilicon films is actually larger than
that in SOS films, even though the S0S films are more lightly doped. Neither
of the films gives the sharp saturation and high terminal velocity that are
characteristic of single crystal material, though adequate velocity is obtained
for device purposes.

ELECTRON : :
VELOC T sz Yo

10~

NCRRIS & GBBONS

~ 7 GHTLY-DOPED LASER-RECRYSTA L 2EC
< POLYSILICON ESTMATED FROM

™ e MOSFET DATA

& s _ - PRESENT WORK
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Fig. 3. Electron velocity vs. electric field in Si, SOS and laser-recrystal-
lized polysilicon.

3. OXIDATION CHARACTERISTICS [8].

To complement the structural investigation, experiments were conducted to
to determine the oxide thickness grown on laser-recrystallized polysilicon
under conditions which might be used in an integrated-circuit process. For
this investigation, only polysilicon films deposited onto silicon nitride with
no subsequent nitrogen anneal were studied. After laser recrystallization,
some of the wafers were doped by a 950°C, POCly predeposition which produced
a sheet resistance of 10 ~ /o in single crystal silicon. Both undoped and
doped films were then oxidized.
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Two different oxidation cycles were used. A 125 min, 1000°C TCE/O2 oxida-~
tion, which forms 1000 X of oxide on (100)-oriented, single crystal silicon,
was used in some cases. A 210 min, 800°C steam oxidation was also investigated
to emphasize the effects of the silicon orientation and structure. The oxide
thickn 8 vwere mea ed on the polysilicon and single crystal control wafers
with a UV spectrophotometer. After the oxide thicknesses were measured, the
oxidation cycles were repeated without stripping the oxide so that thicker
oxides, which could be meagured more easily, were grown.

The oxide thicknesses after the first oxidation cycle are shown in Table 2.
Analysis of these data lead to the conclusion that the oxide thickness grown on
laser-recrystallized polysilicon is roughly the same as would be grown on the
fastest-oxidizing direction of single crystal material under the same oxidation
conditions.

TABLE I
Preferred orientation in laser-recrystallized polysilicon.

Lawer

Insulating Thennal 1aser power Normahized x-1ay teature
Samplc film anneal pPriwessig (W) Grams G gy A oy (3D
16-U SN, no no . fine 2 Rt 78 1] ~ 58
16-1 SN, no yes N long ERY) [RE] a3 ~15 168
16.3 SN, o ves 10 fong 448 8 RN ~ 115 174
15U SN, W o . finc 280 478 AN i} 94
161 SN, ‘s yos [ tange 395 o8 WR s 2
14-U S0, uo no - e 50 6ls 62 1] ~ 65
14-1 S0, no yos L Tong s kel 202 198 245
1y S0, yeu no fine 8 49 150 ~83 22
131 $i0), yes e 8 anved 193 sqs 249 167 1608
133 $i0, yes yes 1 large 438 24 278 260 194

TABLE II
Oxide thickness on laser-recrystallized polysilicon

Ondation Onide thickness (A}

femprerature Owmlizrng Poly sileon Single-crystsl silvon

Doping Cr anmbient Revrystallized e grat {tom Qary 10
undaped 1000 TCH/0, jose [ NGy Hoo ~ 1120
uindoped ROO steam i 150 (1Rt o700 ~ 1770
phosphorus KK Meam €19 4830 6030 6000

doped

4. INTEKFACE STATES (10).

Device measurements made by Lee et al. [2-4] show that when the top surface
of a laser recrystallized polysilicon film is oxidized, a Qg value in the range
1.2 x 101]'/<,1n2 is obtained. To investigate the behavior of the lower insulator/
polysilicon interface, capacitor structures were fabricated and capacitance-
voltage measurements were made with the depletion region extending into either
the film or the underlying substrate, depending on the doping conditions em-
ployed. Both thermally grown silicon dioxide and low pressure CVD silicon
nitride were investigated as the insulating layer.

All of the structures studied in these experiments were fabricated on n-type
silicon wafer substrates. A 1000 A thick, TCE/O, gate oxide was grown on some
substrates at 1000°C, while others were covered with 1000 & of low pressure CVD
silicon nitride. A 5500 &-thick film of LPCVD polysilicon was then deposited
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at 625°C on all wafers. The wafers which contained an oxide layer were next an-
nealed at 1100°C in Np for 1 hour to ease control of the subsequent laser recrys-
tallization process. Wafers containing a nitride layer did not require this
thermal annealing step. All polysilicon films were then implanted with boron at
100 keV. Portions of each wafer were recrystallized with a scanning cw argon
laser, as described previously. Aluminum was then deposited and defined into
squares 300 or 900 .um on a side, the aluminum serving as a contact to the recrys-
tallized polysilicon. The polysilicon was plasma etched using the metal as a
mask to provide the final geometry. After a 450°C H, anneal, the high frequency
(1 MHz) capacitance voltage characteristics were measured. By using a lightly
doped film on a heavily doped substrate, depletion regions can be made to extend
into the polysilicon so that the properties of the polysilicon/ insulator inter=-
face can be measured. By using a heavily doped polysilicon film and a lightly
doped substrate the properties of the Si0,/Si(XTAL) interface can be probed to
measure changes resulting from melting the overlying polysilicon film.

(a) Recrystallized Films on SiOs. The structures with silicon dioxide
beneath the polysilicon will be considered first. Laser powers of 14-16 W
produced overlapping scans and the desired large-grain structure in the poly-
silicon. In the laser-recrystallized areas well-defined accumulation and
inversion regions are observed in the capacitance-voltage characteristics.
The capacitance with the polysilicon surface accumulated corresponded to an
oxide thickness very close to the 1000 A target thickness. When the opposite
poiarity voltage was applied, the capacitance decreased to a value indicating a
depletion region approximately 2000 % wide in the polysilicon. This deplet~-
ion width is consistent with the hypothesis that all the dopant is activated
by the laser recrystallization.

After a negative bias-temperature stress to insure that any positive mobile
ions present did not influence the results, the flatband voltage in the laser-
recrystallized regions was found to be in the range -2.,9 to -3.4 V. If 'pyg
is taken to be -0.90 V, the fixed-charge density is calculated to be about
4 x 1011 eom=2, which is somewhat higher than that expected in single-crystal
silicon but not unreasonable since the X-ray measurements described earlier
indicate a crystal structure containing grains of various orientations (and
therefore various values of Qgc)e

The voltage between the measured flatband and inversion points of the C-v
characteristic was greater than calculated, however, suggesting the presence
of some fast states or lateral nonuniformities. If this distortion in the
curve were entirely related to fast states, their density between flatband and
inversion would be about 2 x 101! am-2,

Thus, the properties of the silicon dioxide/polysilicon interface under a
layer ot laser-recrystallized poly-silicon resemble, but are inferior to, those
at the interface between a thermally grown oxide and single crystal silicon.

(b) Polysilicon Films on Sij3N4. Capacitors containing an insulating layer
of silicon nitride were also tested. In all cases, the maximum capacitance
corresponded to a silicon nitride layer with a relative permittivity of 7.0
for the 1000 } thickness deposited. However, no meaningful value of the
fixed charge or fast-state density could be extracted from the capacitance
voltage measurements because of apparent electron trapping in the insulator.
Furthermore, even before a bias~temperature stress, the flatband voltage changes
significantly when large voltage ramps are applied. These results show that the
polysilicon/silicon nitride interface is not well behaved, a situation similar
to that of a silicon nitride/single crystal silicon interface.

{c) Interface Properties at the Si0,/Si{XTAL) iInterface. Capacitance-
voltage characteristics were also measured to determine the interface proper-
ties at the underlying Si0,/Si(XTAL) interface. When a device-quality Si0p
layer wags grown as the insulator, this interface had an as-prepared value of
st~5x109/cm2. After laser processing of the polysilicon film to form long
grain structures, at the siOz/Si(XTAL) interface increased to 5x10
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1wll/em?, which is higher than the original value but still suffic
to permit device fabrication in the underlying Si.

5. CHARACTERISTICS OF MOS DEVICES AND INTEGRATED CIRCUITS FABRICATED ON LASER
RECRYSTALLIZED POLYSILICON FIIMS

The electronic properties of cw beam annealed poly “rystalline films just des-
cribea strongly suggest that these films can be used lire y fabrica=-

tion of active devices. A number of studies have been evaluate

this possibility. Most of these evaluations ha» n per fc 1sing s
field effect transistor structures, since ese levices uti majo Yy

carrier properties and should be minimally sensitive to lifetime and grain
boundary effects that could dominate the characteristics of bipolar levices.
Channel lengths for MOS transistors that are on r smaller than,
the grain size in the laser recrystallized fi
device performance that is comparable to that of devices fabricated in single
been found to

the order
lms may be expected to yield

boundaries

crystal silicon, whereas the properties of
dominate device behavior when devices are fabricated on fine gra
films [11]. In what follows we discuss the electrical )aracteristics of MOSFETs
tabricated on such films under a variety of different conditic

MOSFETs Fabricated on Polysilicon/Si3Ng Substrates (2].
devices made on laser recrystallized polysilicon fil
essing steps utilized for botk

polysilicon

MOSFET

y Lee

cement

et al. [2]. The
devices are described in that reference.

Devices with
widths were 250

the channel

lengths of 10, 20, and 50 .m

tion mode devices and enhancement

; formed by laser annealir end to align them-

mode devices.
selves with the lLaser scan directions, the channels were

lel and perpendicular to the laser scan direction. No difference in drain

i both paral-

rientati

characteristics was observed for these t

The source-drain I-V characteristics of both the and depletion
mode devices are shown in Fig. « Since the current in a letion mode tr
sistor flows through the entire thickness of the conducting layer, f ¥
ties can be calculated from the transconductance and drain current, In
linear region the transconductance is as follows:

Fig. 4. (a) Source~-drain I-V for a plet - e
to =12 V). (b) Source-drain for a -3 ! nt iev
(v, 0 to 7 V).
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From the transistor channel geometry (L = 50 .m, W = 250 um), the mobility is
calculatea to be 450 cm?/V-sec, compared to a mobility of 750 em2/V sec in
single crystal silicon at a dopant concentration of 6 x 1016 an~3, which
corresponds to the dose implanted into the polysilicon film.

For the enhancement mode device the field effect mobility was similarly
calculated from the source drain characteristics in the linear region and the
device geometry (L = 50 um, W = 270 um) to be 340 cm?/V sec. This value may
be compared to the value of 630 cm2/V-sec expected for the field effect
mobility in single crystal silicon of the same dopant concentration.

The threshold voltage (defined to be the gate voltage which induces a drain
current of 1 . A) was measured to be +2.5 V. Again, assuming st/q =2 x 10
an~2, the threshold voltage is calculated to be =0.2 V in the absence of defect
levels in the polysilicon. The difference between the measured and calculated
threshold voltages may be attributed to the charging of defect levels before
the surface can be inverted, as well as to uncertainties in the value of Qgg/q
used in the calculations.

Ring Oscillators on Polysilicon/Si3N4 Substrates. The gate lengths utilized
in the MOSFETs described in the previous section were sufficiently large to
cover many grain boundaries, and in addition the devices were not constructed
in such a way as to permit basic speed of response measurements to be made. To
study such characteristics, ring osciliators were fabricated using transistor
geometry compatible with current high performance MOS I-C technology. Both
enhancement and depletion mode transistors were fabricated using a production
I-C process, and a functioning, integrated ring oscillator containing both
enhancement mode driver transistors and depletion mode load elements was con-
structed. Details of the device construction process and the 1-V character-
istics of separate transistors are given in Ref. [4]).

The monolithic ring oscillator consisted of nine nearly identical oscillator
stages and three output buffer stages. Each oscillator stage contained an
enhancement mode driver transistor with L =4 .m and W = 9, 30, and 133 um on
successive stages, and similarly scaled depletion mode load transistors. Both
devices of each stage were contained in one dielectrically isolated silicon
island since the intermediate node is common to both transistors.

Oscillations were consistently observed with a supply voltage of approxi-
mately 14 - 16 V. The period of the output signal averaged 70 ns. Calculation
of the capacitances from the device dimensions indicates that 60 percent of the
0.8 pF capacitance which must be charged to change the state of each stage is
asgociated with the thin nitride under the polysilicon. Reducing this contri-
bution by the use of a thick oxide or an insulating substrate would signifi-
cantly reduce the overall capacitance, with a corresponding decrease of the
propagation delay time.

MOSFETs and Ring Oscillators on Polysilicon/SiO; Substrates. The experi-
ments described in the previous section show that MOS devices can be fabricated
on the top surface of laser recrystallized films with electrical properties
that are far superior to those obtained in as deposited material, and compara-
ble to similar device characteristics obtained when single crystal silicon sub-
strates are employed. However, as suggested earlier, the thin nitride layer
employed makes electrical isolation from the substrate difficult, and is fur-
thermore not an ideal choice as an insulating layer because of the surface
states at the nitride-silicon interface. For integrated circuit applications,
a thick oxide layer is a better choice as an insulating material. Hence both
MOSFETs and ring oscillators have been fabricated on laser recrystallized films
prepared on SiO; substrates. The fabrication details of these devices are
discussed in Refs. [3,4].

(a) MOSFETs. Enhancement and depletion mode transistors having W/L ratios
of 25/5, 25/10 and 25/25 (um/ym) were fabricated on both lagser annealed and
unannealed areas of the wafers to provide a direct comparison of device type
and annealed against unannealed polysilicon on the same wafer.
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‘the threshold voltages for these devices, determined from measurements of Ipg
against Vg, were 0.35 - 0.45 V for the enhancement devices, and -0.5 to -0.7 V

L4 for the depletion devices. In the unannealed areas of the wafer, the measured

threshold voltages of the polysilicon transistors ranged from 7 to 10 V, with
little if any difference between implanted and unimplanted devices. The mobili-
ties were determined from the measured slope of the drain-source current (Ipg)
against gate voltage (V) curves at low drain voltage (Vp = 0.1 V). The meas-
ured surface mobilities were 170 and 215 cm“/V_ ., respectively, for the n-chan-
nel enhancement and depletion devices. These values compare favorably with 400~
500 cmzlvsec and 600 - 650 cmz/vsec which are obtained in present n-channel SOS
devices (using 0.5 ym silicon layers) and bulk NMOS devices, respectively. The
measured surface mobilities on unrecrystallized polysilicon devices ranged from
23 - 29 om /Vse , which is in agreement with previous reported results.

The leakage current between the source and drain in the off condition was also
examined, in view of the difficulty in achieving low leakage in SOS devices.
With the gate and source grounded and 5 V on the drain, the measured source-
drain leakage currents were 25, 50, and 160 pA for gate lengths of 25, 10 and
S .m, respectively. All devices had channel widths of 25 :m. These results
correspond to leakages of 1 - & pA per micrometer of channel width, and match
the best reported values for SOS.

(b) Ring Oscillators {4b]. Ring oscillators have also been fabricated
on laser recrystallized films deposited on thick oxide layers. The individual
inverter stages in these ring oscillator circuits consisted of 6 .m channel
enhancement mode driver devices with a deep depletion device as load. Each stage
was constructed with a fan out of three, with a two stage source follower output
on each ring oscillator as a buffer. Both seven and eleven stage ring oscil-
lators were fabricated, both being functional and of very similar performance.

The delay per stage and the power delay product of an eleven stage ring oscil-
lator were plotted as a function of the supply voltage (Vpp). These results were
obtained for the ring oscillator operating in the large signal regime, namely,
inverting between Vpn and ground. The minimum propagation delay obtainable was
44 nsec per stage at 10 volts Vpp and the minimum power delay product for sus-
taining oscillation was 4.1 pJ. At 5 volts V5, the propagation delay and the
power delay product were 57.5 nsec and 7 pJ, respectively.

Isolated enhancement mode devices, which have the same geometry as the driver
d in the ring oscillator circuit, were also characterized. A surface electron
mobility of abovt 300 cm2/V-sec (compared to 640 cm2/V-sec measured in devices
tabricated in bu.k silicon slices), a threshold voltage of about -2 V and a sub-
threshold leakage current of about 10 nA per micron channel width with -5 volts
gate voltage and 5 volts supply voltage were measured. Isolated depletion mode
devices having the same geometry as the load device in the ring oscillator exhi-
pited a typical threshold voltage of ~3.6 volts and a drain current of typically
196 A at 5 volts supply and with the gate grounded. The subthreshold current
decreased by about 3-1/2 decades per volt gate voltage. The shape of the sub-
threshold 1-V characteristics and the fact that the leakage current did not scale
with the channel width indicate that edge-related leakage current dominates, a
result not surprising since no channel stop implant was used. As a reference,
the propagation delay in similar ring osciliators fabricated in bulk silicon,
with a depletion width of 3 um between the n* region and the substrate (and thus
the same n* to substrate capacitance compared to that provided by the 1 um thick
oxide layer), and operating in the large signal mode is typically 36 ns at 5
volt Vm-

Improvements Obtained with LOCOS Technology. The devices described so far
were tabricated on continuous polysilicon films that were recrystallized prior
to any subsequent device fabrication steps. Devices can of course also be fab-
ricated on polysilicon islands that are defined prior to laser recrystalliza-
tion; the possibility of fabricating single crystal islands {12] makes this pro-
cedure especially attractive. However, surface tension effects often cause the
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initially rectangular polysilicon islands to take on a rounded, "loaf-of~-bread"
appearance after laser processing, especially if too much laser power is employ-
ed. lam et al. [13]) have recently shown that LOCOS technology can be employed
to extend the range of laser powers for acceptable surface morphology after re-
crystallization. At the same time they obtained improved surface channel
mobilities.

The basic LOCOS process as applied to the present problem is described in Fig.
5. A layer of SiaNg is first deposited on the polysilicon film and patterned to
produce the structure shown in Fig. 5(b). Next the polysilicon film is plasma
etched to a depth such that a subsequent oxidation cycle will convert the re-
maining polysilicon completely to Si0, and at the same time return the oxidized
surface to the original polysilicon surface. lateral oxidation underneath the
SijN4 will produce the "birds beak” shown in Fig. S5(c). This process then
yields dielectrically isolated polysilicon islands in which the edges
are clamped by the surrounding Si0z. laser recrystallization and device fabri-
cation are then carried out as before.

LOCOS ISLAND DEFINITION PROCESS
RO.S/.un Polysiticon

S 7

Insulator

0.27 um Polysilicon Removed
(plosmo etch.)

Thermally Grown SiO;

Polysilicon islond with Oxide Moot
SigNg Removed

Fig. 5. LOCOS process for defining oxide-clamped polysilicon islands.

Devices tabricated on these films have surface mobilities that are generally
superior to those obtained from laser recrystallized continuous polysilicon
films. The basic results are summarized in Table 3, where it can be seen
that surface channel mobilities comparable to the best obtained on single
crystal silicon can be achieved.

One-Gate-Wide CMOS Inverters on Laser Recrystallized Polysilicon {14].
The experiments described in the previous subsections show that MOSFETs and
ring oscillators can be fabricated on the free surface of a laser recrystallized
polysilicon fiim to obtain devices with characteristics very similar to those
that would be obtained with single crystal silicon. The interface charge mea-
surements discussed in Section 4 also indicate that Qgg values at both the crys-
tailine silicon/Si0, interface and the sioi/laser recrystallized pclysilicon
interface can be kept at or below the mid=-1011/cm? level. These results suggest
that devices can be made in which the bulk silicon is used for one device and the
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TABLE IIX
Gate defect density and surface electron mobility for MOSFETs on oxide-clamped
laser annealed polysilicon islands

Substrate Lawr ¥ of Device s With Number o) Devices that Extubit Surface Electron
Material Power (W) Measured Gate Defect Mobiity sn the Rasge of (cni'1V-5)

>600 30010 40010 0w 20010
60N S0 400 300
6 20 45 3} S 2 !

3.5 49 43 ¥ 13 6 2

Onide 3 bi) 24 3 " 13 (] 4
4.5 22 2) 4 8 4 1
4 3) 42 |

bottom of the laser recrystallized polysilicon film is used for a second device.
One structure that would benefit directly from this possibility is a one-gate-
wide CMOS inverter in which the bulk silicon is used for the p channel device
and the laser recrystallized polysilicon film for its n channel complement.

The basic device structure is shown in Fig. 6. The joint use of a single
gate to drive both the n- and p-channel devices led Kleitman (15) to suggest
the term JMOS to describe this structure.

To obtain the highest surface mobility for the particle with the lower bulk
mobility, it is preferable to build the p-channel device in the single crystal
substrate. Accordingly, fabrication was performed on an n-type <100> single
crystal of Si of resistivity 1 ~ 4 "=cm. The fabrication sequence is described
by Gibbons and lee, Ref. [14].

LASER-RECRYSTALLISED
CvD POLYSILICON

Al
CONTACTS GATE OXIDE FOR
- R TOP LEVEL DEVICE
& 2]
n* n*

A S
BN Y YR

p* [\ e
Moo \ care oxioe For
BOTTOM LEVEL DEVICE

Fig. 6. Geometry of one-gate-wide CMOS inverter.

The drain characteristics of devices obtained by these authors ghow, for the
p-channel device, which was made on the single crystal silicon, a threshold volt-
age of -2.2 volts and a surface mobility for holes of 180 cm2/ V-sec. These
values are consistent with a st value of approximately 1.6 x 101 +« Threshold
shifting could be performed using conventional implantation techniques and ther-
mal annealing prior to fabrication of the gate as outlined above. For the n-
chanrel device, a threshold voltage of 2.1 volts and a surface mobility for
electrons in the laser recrystallized film of 160 cm /vsec were obtained. These
values are somewhat lower than those obtained in previous experiments but none-
theless sufficient to indicate that well-matched CMOS devices can be made in the
two level ("high-rise") configuration envisaged as JMOS.
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Polysilicon on Quartz. As a final example we discuss briefly the recent work
of Kamins and Pianetta, [16] who have successfully fabricated MOSFETS on poly-
silicon islands that were deposited directly on quartz substrates. This process
18 ot interest since it may permit the fabrication of image sensing devices and
integrated circuits on potentially low cost substrates.

The main differences between these experiments and those discussed earlier
arise from the different thermal conductivity and thermal expansion coefficient
of the quartz substrate compared to a single crystal silicon substrate. The dif~
ference in thermal expansion normally causes substantial cracking of the poly-
silicon films upon laser recrystallization, leading to unstable film character-
istics and surface morphologies. To circumvent this problem, stress relief
grooves were etched through the polysilicon films to form polysilicon islands
that could then be recrystallized successfully, A form of LOCOS technology was
also employed, as suggested in Fig., 7, without first etching the polysilicon
film to produce a uniform surface height after the oxidation cycle. The geom-
etry employed to assess the device potential of these films is shown in Fig.
7(c). Devices fabricated to date on these islands have I-V characteristics that
are simiiar to those fabricated on Sij;Ng substrates, though little has been done
as yet to optimize the processing parameters. It is possible that optimization
studies could lead to a very useful technology for a number of important
applications.

6. USE OF ARC SOURCES FOR RECRYSTALLIZATION OF POLYSILICON FIIMS ON QUARTZ

One interesting feature of the recrystallization process on quartz substrates
is that, since the substrate thermal conductivity of quartz is much lower than
that of silicon, much lower beam power is required for long grain recrystalliza-
tion. This idea has been exploited recently by Gibbons et al. [17), who use a

Stress-Rel:fe

Gmove«x r‘_ 50-300, __1
- 50- 3004 m
P I ISSOnm Poly - Siicon I I’—;

QUARTZ SUBSTRATE

Locos 5102 hY Poly - Siticon
" Device 1310ng

QUARTZ SUBSTRATE

Deposited Oride Afuminum

n n*

LY
N
/ \ Loser-Recrystollizea
tl’oly S«con Poiy-Stiicon \

Gare
QUART? SUBSTRATE ‘

Fig. 7. Cross-sections of experimental device structures. (a) stress-relief
grooves etched into polysilicon film on quartz before laser recrystallization.
(b) Silicon fiim defined into device islands by LOCOS oxidation before laser
recrystallization. (c) Completed transistor structure.
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CWw Xenon arc source to recrystallize continuous polysilicon films deposited on
quartz. The system used for these studies is indicated schematically in Fig.
8; it congists of a stationary source focussed to a lmm spot, and a heated,
mechanically scanned sample holder.

Schematic of CW Arc Lamp Annes ng Appardtus

e \\‘ TS»JD
~— { : Vaguum
| Eem— —

-

) Heg* |
EIMAC VIX-8OOF  Focussing Jea‘ed Somple
Xenon Arc Lamp Lerses oder wi
Scanning Stage

with Built-in =

Parabolic Reflector Sﬁg?sofgjlg??m/sec
input Power BOOW Teun® GDOO°C

QOutput Power sub

~180W (400-2i100 nm})

Fig. 8. Schematic of CW arc lamp annealing apparatus.

A Nomarsky micrograpn of an arc-source recrystallized film is shown in Fig. 9
as an existence proof. The surface topology is clearly unacceptable for device
fabrication. However, the use of stress relief grooves such as those employed by
Kamins and Pianetta [16] and the development of optics that will produce a ribbon
beam will most probably produce acceptable recrystallization at a substantially
lower vost than can be obtained with laser-based recrystallization.

1 mm

Fig. 9. Nomarsky micrograph of polysilicon film recrystallized by cw xenon arc
source. ’
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