%’?
4

B | 3 2

Paar e e oy

Crwore

A

- e A

ol Y <8

g

s

v ——" nd RNt 4 i i B fard Rus it Iut JhaieC it )
i 2 L . PR S T A LN MY W NL i i A £ £ 6t ian T A a6 2 NIs p L NG A M R A L S AR R,

P m——

SOLID STATE ELECTRONICS LABORATORY

L
STANFORD ELECTRONICS LABORATORIES

AD-AI133 7659

DEPARTMENT OF ELECTRICAL ENGINEERING
STANFORD UNIVERSITY - STANFORD. CA 94305

_SSEL 11-79

INTERIM TECHNICAL REPORT
SUBMITTED TO

ADVANCED RESEARCH PROJECTS AGENCY
ARLINGTON, VIRGINIA 22209

LASER AND ELECTRON BEAM PROCESSING OF

SEMICONDUCTORS: CW BEAM PROCESSING
OF ION IMPLANTED SILICON

BY
STANFORD UNIVERSITY
STANFORD, CALIFORNIA 94305

FOR THE PERIOD APPROVED FOP PUSLIC RELEASE
JANUARY 1, 1978 THROUGH DISTRIC.TiC s U.LLIMITED
DECEMBER 31, 1980

BO 347 2 Voo

Dr. James F. Gibbons

Program Manager and Principal Investigator
Professor of Electrical Engineering

Stanford Electronics Laboratories

. OCT 1 91983

i
&
&
> TN

4 RN A ol
‘ FEE RS T R T N |

Ay At T e e et :
3 LI i
« l“"i‘.!l'l".'-’ l‘t ‘. 'I' . PR




Lﬁi;;

i
L

INTERIM TECHNICAL REPORT -- DARPA

&

MDA903-73-C-0128

: LASER AND ELECTRON BEAM PROCESSING OF SEMICONDUCTORS
& - January 1, 1978 through December 31, 1980

!' | Principal Investigator -- J. F. Gibbons

I. A INTRODUCTION

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 ion 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 on the annealing of ion
implanted silicon published during the period of time indicated above.
A brief summary of the papers has been prepared to provide an overview
of the work. Two subsequent reports will collect and summarize papers
published on polysilicon and silicide formation, respectivel;h___ffi‘la
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SUMMARY OF STANFORD PAPERS ON CW BEAM PROCESSING
OF ION IMPLANTED SILICON

Research at Stanford on the use of cw lasers and electron beams for
annealing ion implanted silicon has led to the publication of 17 original
papers and 20 reviews. The central contributions contained in this work
are summarized briefly below with reference to the attached papers:

* Paper 1 describes the construction and basic operation of the
system used to scan a focussed laser beam across a semiconductor sample
at rates appropriate for processing operations.

» Papers 2 and 3 provide the theoretical foundation for cw beam
processing under solid phase (non-melting) conditions.

* Papers 4-7 provide experimental confirmation of the cw beam
annealing mechanism and measurements of the electronic and crystallo-
graphic properties of As*t-implanted silicon annealed with both scanning
laser and scanning electron beam systems. The Ast-dose in these experi-
ments is sufficient to produce amorphicity but not sufficient to
introduce As at concentration levels above the solid solubility.

+ Papers 8-10 show that the cw beam annealing process is capable
of incorporating implanted As in Si at concentrations that exceed the
solid solubility and provide new measurements of the solid solubility of
As as a single substitutional (non-complexed) dopant in Si at temperatures
in the range 700°C - 1000°C.

* Paper 11 describes the cw laser annealing of boron implanted
silicon under implantation conditions that are typical of present appli-
cation for bipolar devices.

* Papers 12-16 describe DLTS measurements from which the energy
levels and spatial distributions of point defects remaining in Si follow-
ing cw beam annealing are inferred. Both laser and electron beam systems
are used and the results are compared (in paper 16). The annihilation of
these point defects by subsequent low temperature thermal annealing is
also measured.

« Paper 17 (a review) contains original results on the use of a cw
laser %o oxidize Si surfaces and to reduce Qgg in Si0p films deposited on
a Si substrate.
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OVERVIEW OF STANFORD PAPERS ON
CW BEAM PROCESSING OF ION IMPLANTED SILICON :}j

Paper No. 1.

"A Laser Scanning Apparatus for Annealing of Ion Implantatioh Damage
in Semiconductors, A. Cat and J. F. Gibbons, Applied Physics Letters T
32, 3, 172 (Feb. 1, 1978)." 'i
This paper describes the construction and basic operation of a
system that can be used to scan a focussed laser beam across a semi-
conductor sample at rates appropriate for processing operations. Experi-
mentation with the system described in the paper have led to the following
modifications:

(a) An improved, temperature-controlled sample holder has been
built allowing the substrate temperature to be increased to 550°C.

{(b) The 79 mm focussing lens used for the initial experiments was
found to have a focal length that was somewhat too short. Lenses with
focal lengths in the range of 136-267 mm are typically used in present
experiments.

Contribution: This paper contains the first published results on cw
laser annealing of As*-implanted-amorphized silicon. Two-point resist-
ance probe measurements were employed to show that the laser annealing
ing process can produce sheet resistivities as low as those obtained by
thermal annealing.

Paper No. 2

"Temperature Distributions Produced in Semiconductors by a Scanning
Elliptical or Circular CW Laser Beam", Y. I. Nissim, A. Lietoila, R. B.
Gold)and J. F. Gibbons, Journal of Applied Physics 51, 1, 274 (Jan
1980)."

Contribution: This paper provides a general mathematical solution for

the surface temperatures produced by a laser beam scanning over a target
having thermal conductivity K(T). Detailed numerical results are pre-
sented for silicon and gallium arsenide. The central results of the paper
are presented as a set of normalized, "linear temperature", curves, with
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temperature plotted as a function of (beam power/spot radius). The true
temperature is obtained from the "linear temperature" for each material by
use of a Kirchoff transform. The final results permit specification of
experimental conditions to achieve required processing temperatures.
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Paper No. 3

"Calculation of Solid Phase Reaction Rates Induced by a Scanning CW
Laser", R. B. Gold and J. F. Gibbons, Journal of Applied Physics 51,
2, 1256 (Feb. 1980)."

Most of the processes induced by cw laser scanning are thermally
activated. Thus, when the results of a laser treatment are to be
quantitatively evaluated, one has to account for the fact that the ;;7
temperature at each point of the sample varies rapidly with time as -
the (approximately) Gaussian beam is scanned over the point in question.

Contribution: This paper presents a formalism for treating the general
problem in which a given point on the sample surface is assumed to be
heated to the maximum possible beam-induced temperature for an effective
dwell time teff. This effective dwell time is related to the real dwell
time by a "dwell time reduction factor", which is calculated as a function
of the substrate temperature for various process activation energies (e.g.,
2.2 eV for silicon epitaxial solid phase regrowth, and 2.35 eV for palla-
dium silicide formation). The predicted growth rates are found to agree
accurately with experiment, justifying the use of the model for process
calculations.

Paper No. 4

"A Study of the Mechanism of CW Laser Annealing of Arsenic-Implanted
Silicon", A. Gat, A. Lietoila and J. F. Gibbons, J. of Appl. Phys. 50,
4, 2926 (April 1979).

Contribution: This paper demonstrates experimentally that laser anneal-
ing of implantation amorphized silicon proceeds with a temperature-time
dependence that can be accurately modelled as a thermal equilibrium
solid phase epitaxial process.
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Paper No. 5

"Physical and Electrical Properties of Laser-Annealed, Ion Implanted
Silicon", A. Gat, J. F. Gibbons, T. J. Magee, J. Peng, V. R. Deline,
P. Williams and C. A. Evans, Jr.", Appl. Phys. Letters 32, 5, 276

(1 March 1978)."

Contribution: This paper establishes the fundamental properties of cw

laser annealing of As*-implantation-amorphizes silicon, which are:

(a) Complete recovery of the crystal structure to a resolution of
50 R as judged by transmission electron microscopy and transmission
electron diffraction.

(b) Complete electrical activation of the impurities as judged by
spreading resistance measurements.

(c) Absence of any dopant redistribution during laser annealing as
judged by secondary ion mass spectroscopy compared with theoretical
impurity profiles constructed from LSS range statistics.

Paper No. 6

"Scanning Electron Beam Annealing of Arsenic Implanted Silicon", J. L.
Regolini, J. F. Gibbons, T. W. Sigmon, R. F. W. Pease, T. J. Magee and
J. Peng", Appl. Phys. Lett. 34, 6, 410 (15 March 1979).

Contribution: This paper provides the first experimental demonstration

that a scanning electron beam can be used to anneal ion implanted
silicon. A scanning cw electron beam obtained from a Hamilton Standard
Welder, operated at a beam voltage of 30 keV and beam current of 0.5 mA,
is shown to yield annealing results closely similar to those obtained
with the cw laser in paper No. 5 above. The analytical methods employed
in this study are similar to those used in paper No. 5 except that MeV
ion channeling is also used to study recovery of crystal structure and
lattice location of the implanted species after annealing.
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Paper No. 7

"Physical Properties of Ion Implanted, SEM-annealed Silicon", J. L.
Rego]ini N. M. Johnson, R. Sinclair, T. W. Sigmon and J. F. Gibbons,
in Laser and Electron Beam Processingﬁof Materials, editors C. W. White
and P. S. Peercy, Academic Press, New York, 1980, pg. 297 ff."

Contribution: The feasibility of a modified scanning electron microscope
for electron beam annealing purposes is demonstrated. The results
obtained and the analytical methods employed are identical to those

used in papers Nos. 5 and 6 above.

Paper No. 8

“"The Solubility of Arsenic and Silicon as Determined by Thermal Anneal-
ing of Metastable, Laser Annealed Concentrations", A. Lietoila, J. F.
Gibbons, J. L. Regolini, T. W. Sigmon, T. J. Magee, J. Peng and J. D.
Hong, 1in Laser and Electron Beam Processing of Electronic Materials,
Proceedings Vol. 80-1, The Electrochemical Society, Princeton, New
Jersey, 1980, p. 350."

Contribution: It is shown in this paper that cw laser annealing is
capable of activating metastable As-concentrations of at least 1x102l/
cm3, which is approximately three times the value obtained by thermal
processing. Thermal annealing causes the metastable laser-annealed
concentration to relax to an equilibrium value which allows the solu-
bility of arsenic in silicon to be measured. The solubility is deter-
mined as a function of temperature in the range from 700-1000°C, with
values that are substantially less than those reported by Trumbore [F.
A. Trumbore, BSTJ, Vol. 39, p. 205 (1960)].

The nature of the arsenic deactivation from the metastable state
is studied with both TEM and MeV ion channeling, and the thermal
activation energy of the deactivation process is measured. This deacti-
vation energy is found to be very nearly 1 eV, leading to the speculation
that vacancy generation is responsible for the ultimate formation of As-
V-As clusters and subsequent precipitation of rods and defect loops.
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"Metastable As Concentrations Formed by Scanned E-Beam Annealing of ,‘,}
As-implanted Silicor", J. L. Regolini, T. W. Sigmon, and J. F. Gibbons, —
Appl. Phys. Lett. 32, 2, 114 (15 July 1979). _—
Contribution: MeV ion channeling and differential van der Pauw measure- N

ments are used to show that cw electron beam annealing is also capable

D AT RN

of creating metastable arsenic concentrations of up to 1x102!/cm3 with -
3 properties very similar to results obtained in paper No. 8. : If
: o
Paper No. 10 ;;ij
"Metastable Arsenic Concentrations in Silicon Achieved by Ion Implanta- ;:ﬁ;
tion and Rapid Thermal Annealing", A. Lietoila, R. B. Gold, J. F. e

Gibbons, and T. W. Sigmon, to be published in J. of Appl. Phys."

[0 3 Ju 9=

Contribution: It is shown in this paper that conventional thermal

. annealing, when done sufficiently quickly, can also create a metastable
arsenic concentration. However, the maximum concentration obtained is
not as high as the concentration obtained with either laser or electron
beam annealing. The results of this paper, together with those of papers
8 and 9, show that arsenic atoms initially take up lattice sites during
the solid phase epitaxial regrowth of an amorphized layer. If the equil-
ibrium solubility of the dopant is exceeded, deactivation (or precipita-
tion) takes place after the recrystallization process. This is possible
because the (measured) time constant for precipitation or deactivation

is substantially greater than that for the epitaxial regrowth process.

-
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Paper No. 11

“Use of a Scanning Cw Kr Laser to Obtain Diffusion-Free Annealing of
B-implanted Silicon", A. Gat, J. F. Gibbons, T. J. Magee, J. Peng, P.
Williams, V. Deline, and C. A. Evans, Jr., Appl. Phys. Lett. 33, 5,
389 (1 Sept 1978)."
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Contribution: This is to date the only published study of cw laser
annealing of boron-implanted silicon. The case is fundamentally dif-
ferent from those described in papers 1 through 10 in that the boron
implantation does not typically produce an amorphous layer in the
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Paper No. 11 (Cont'd)

implanted silicon. Thus the annealing mechanism is not simply a solid
phase epitaxial process proceeding from the underlying crystalline
substrate toward the sample surface. Rather the annihilation of point
defects and activation of the implanted dopant take place simultaneously
throughout the damaged layer. Annealing in this case is expected to

be more difficult than in the presence of an amorphous layer. Nonethe-
less, two-point probe measurements and transmission electron microscopy
showed that the laser annealing resulted in essentially complete dopant
activation with good crystalline quality. SIMS measurements indicate
that impurity diffusion during laser annealing is negligible in contrast
to the significant dopant redistribution produced during typical thermal
annealing sequences.

Paper No. 12

"Constant-capacitance DLTS Measurement of Defect-density Profiles in
Semiconductors", N. M. Johnson and D. J. Bartelink, R. B. Gold and J. F.
Gibbons, J. Appl. Phys. 50, 7, 4828 (July 1979).

Contribution: This paper provides the theoretical foundation for the
constant capacitance DLTS measurement of defect-density profiles in

semiconductors.

Paper No. 13

"Electron Defect Levels in Self-Implanted CW Laser-Annealed Silicon",

N. M. Johnson, R. B. Gold and J. F. Gibbons, Appl. Phys. Lett. 34, 10,
704 (15 May 1979).

Contribution: This paper contains measurements of the enery levels and
spatial distribution of electron defect levels introduced by the cw laser
annealing of ion-implanted Si. The measured emission spectrum is domi-
nated by two levels near the middle of the Si forbidden energy gap, with
activation energies of 0.49 eV and 0.56 eV. An additional level at
0.28 eV appears upon subsequent thermal annealing at 450°C. Schottky
barrier techniques are used to form the rectifying barrier required for
the measurement.
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Paper No. 14

"Deep Levels in lon-Implanted, CW Laser-Annealed Silicon", N. M. Johnson, 1
R. B. Gold, A. Lietoila and J. F. Gibbons, Published in Laser-Solid —
Interactions and Laser Processing - 1978 (American Institute of Physics, f;%
New York, 1979), eds. S. D. Ferris, H. J. Leamy, and J. M. Poate, AIP o
Conference Proceedings, No. 50, pp. 550-555. .

Contribution: This paper presents a comparison of defect levels obtained :
from Schottky barrier DLTS measurements where the cw laser process is used Z;}
to anneal both Czochralski-grown and epitaxial silicon wafers. Results ‘
obtained with these two substrates are essentially identical.

Paper No. 15

“Deep Levels in Scanned Electron-Beam Annealed Silicon", N. M. Johnson,
J. L. Regolini and D. J. Bartelink, Appl. Phys. Lett. 36, 6, 425 (15 Mar
1980).

Contribution: This paper provides DLTS measurements of defect levels
introduced by scanned electron beam annealing. The trap energy and
depth distributions obtained are similar to those obtained with cw laser
annealing.

Paper No. 16

"A Comparison of Ion-Implantation Induced Deep Levels in Scanned Electron-
Beam Annealed and CW Laser-Annealed Silicon", N. M. Johnson, D. J. Bartelink
and M. D. Moyer, J. F. Gibbons, A. Lietoila, K. N. Ratnakumar and J. L.
Regoliri, presented at Materials Research Symposium, Cambridge, Mass.

Nov. 27-30, 1979. Published in Proceedings.

Contribution: This paper describes electron defect levels measured in ion
implanted p-n junction diodes annealed by both cw laser and electron beam
processing. As in the previous papers, the two annealing processes are
found to be comparable though there is some indication that the final

defect density produced with the electron beam system is lower.
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_if Paper No. 17 ]

8 “Applications of Scanning cw Lasers and Electron Beams in Silicon g

X Technology", J. F. Gibbons, Proc. 11th Conference on Solid State —

{ Devices, Tokyo 1979; Japanese J. Appl. Phys. 19 (1980), Supplement s

:':' ]9-] Y ppo ]2]"]280 . 7'.~.1

iﬁ Contribution: This paper contains a broad review of cw beam annealing _f

X as it may apply to silicon technology. Original results presented in j_j

. this paper include measurements of (1) the oxidation rate for crystalline {-y

g silicon subjected to cw laser irradiation and (2) the degree to which the "ﬁ

T% scanning cw laser can be used to reduce Qgg in Si0p films deposited on ]

55 Si substrates by CVD techniques. In both cases the results are found to

4 be similar to those obtained with conventional furnace processing.

-y

3

e

N

e

;:

X

y

\::

3 EQ;Z

5 =2
4
&
o




e gt B S I S Jc At 2 S i S S A i et A ea SV Jit b Ae AR Ot e JRCh - BN
- A s P C N L e e A A RSACPRCRCIS ST S S A .

e

A ts hden Bodoa

. P s
e
‘ . Ve
s ’ W

Paper #]

"A Laser Scanning Apparatus for Annealing of Ion Implantation
Damage in Semiconductors." .
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Paper #2

"Temperature Distributions Produced in Semiconductors by a
Scanning Elliptical or Circular CW Laser Beam."

Paper #3

"Calculation of Solid Phase Reaction Rates Induced by a
Scanning CW Laser."

Paper #4

"A Study of the Mechanism of CW Laser Annealing of Arsenic-
Implanted Silicon."

Paper #5

"Physical and Electrical Properties of Laser-Annealed, Ion
Implanted Silicon."

Paper 6

"Scanning Electron Beam Annealing of Arsenic Implanted
Silicon."

Paper #7
"Physical Properties of Ion Implanted, SEM-Annealed Silicon."

Paper #8

"The Solubility of Arsenic and Silicon as Determined by Thermal
Annealing of Metastable, Laser Annealed Concentrations."

Paper #9

"Metastable As Concentrations Formed by Scanned E-Beam
Annealing of As-Implanted Silicon."

 paper_#10

"Metastable Arsenic Concentrations in Silicon Achieved by
Ion Implantation and Rapid Thermal Annealing."
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A laser-scanning apparatus for annealing of ion-
implantation damage in semiconductors

A. Gat and J. F. Gibbons

Sianford Electronics Laboratories, Stanford, California 94305
(Received 1S August 1977; accepted for publication 11 November 1977)

The feasidility of annealing ion-implantation damage by means of a continuous high-power laser is
demonstrated. An apparatus for the scanning of a semiconductor sample is described and a first-order set
of optimum conditions for annealing ion-implanted Si is given. A preliminary comparison between laser

and thermal annealing shows comparable results in terms of electrical activity of the annealed samples.

PACS numbers: §1.40.Ef, 61.70.Tm

A major problem associated with ion implantation in
semiconductors is that a thin layer of material at or
near the surface of the crystal is damaged during the
implantation, often being driven completely amorphous,
For most device applications some process of annealing
is needed to restore the crystallinity of the 1mplanted
layer,

Several authors!~® have reported the use of pulsed :
ruby and Nd-YAG lasers for annealing of ion-implanta-
tion damage in semiconductors. In addition, Klimenko
et al.® describe annealing that can be obtained with a
continuous argon ion laser. However Klimenko’s experi-
ments were conducted with a low power density in the
laser beam, which made it necessary to irradiate the
material for several seconds to restore the crystallinity
of the ion -implanted layer. Also Kachurin ef al.” de-
scribe a mechanical scanner for use with an argon ion
laser for annealing of implanted layers. In that system
the semiconductor sample was put out of the focal plane
of the lens and a set of optimal conditions for a 40-mm
lens was given.

The objective of this work is to prove the feasxbmty
of continuous beam laser annealing under different con-
ditions than those described by the authors cited above.
In particular, we wish to describe a system in which
the implanted sample is placed in the focal plane of the
lens. Since the laser beam has a long and narrow waist
at its focal point, small scanning angles will not alter
the peak intensity on the sample, thus assuring anneal-
ing uniformity at different scan angles., A set of anneal-
ing conditions appropriate for use with a 79-mm lens
has been determined for As-implanted Si and will be
described. The apparatus used for scanning the laser
will also be described and a preliminary comparison
of thermal and laser annealing will be given,

_ the spot size on the sample. It is essential that the
. sample be in the focal plane of the lens to minimize

0.9 deg, and the v limit to 10°.

The scanning mechanism used for these experiments
employs synchronous deflection of the laser beam by
two mirrors driven by galvanometers., A focusing lens
positioned in {ront of the first mirror is used to control

nonuniformity problems during the scan. A schematic
description of the optical system is shown in Fig. 1.
Since the optiinal conditions for the anneal were not
known at the outset, a versatile electronic system was
built to drive the mirrors. :

The block diagram of the driving electronics is shown
in Fig. 2. The sensitivity of the galvanometers used is
10°/A with linearity better than 1%. The x-scan rate
can be varied from 0.1 to 840 sec, the x amplitude
from -10° to +10°, the y -step size from 3%10°% 10
Control of the spot size
can be achieved by selecting the proper lens. The laser
used was a Spectra Physics argon ion model 171-08
with 2 maximum power rating of 15 W.

To determine appropriate annealing condmons for a
typical implantation case, As® was implanted into Sj at
100 keV to a dose of §x10" cm™’, The Si sample was
~3 Qcm p type,-oriented in the (100) direction. Using
2 79-mm lens, the optimum conditions were found to be
(1) total laser power in the multiline mode of T W, (2)
x-scan rate of 2,76 cm/sec, and (3) y increment at the
end of each x line of ~15 p (estimated). The calculated
spot size of the TEM,, mode was 38,5 uni in diameter,
which corresponds to a power density of 6 X10° W/cm?,
The width of an annealed line was 22 ym, and the ener-
gy density needed for the anneal was calculated tobe 5.4
kJ/cm?,

A critical parameter for annealing in this system is

AT LASER SEMICONOUCTOR :
A é X -MIRROR

' a* N— ﬂ FIG. 1, A general schematic of the anneal- s k
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FIG. 2. Block diagram of the galvanome-
ter drivers used for scanning the x-y
mirrors in the laser annealing apparatus.
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the power density in the scanning beam. In particular,
deviations on the order of 8% in power density were
found to give unsatisfactory annealing, i.e., a total
power of 6.5 W failed to produce annealing, while a
total power of 7.5 W produced discoloration and possibly
thermal etching in the region where adjacent scan lines
overlap. T

To compare the laser anneal with a conventional ther-
mal anneal, implanted samples identical to those used
for the laser anneal were thermally annealed in nitro-
gen at 1000°C for 30 min. Surface spreading resistance
measurements (two-point probe) were performed on
both types of annealed samples. The probes were
stepped in the x direction on the samples and the probe
to probe resistance was recorded. The results of these ’
measurements are given in Fig. 3. In the comparison
five samples were themally annealed, of which two are

UNANNEALED
AREA
3000 PO,
w . * 56-1, 86-4
g THERMAL
- 2000+ * $5-3,85%-2,
» $5-8 €59
&l LASER
ANNE AL
§ 1000+
THERMAL . LASER
<} ANNE A A
2 soopien  * Kiehieo
56-1 56-4 533 5%-25%-% 557
< 200+ -.'
lso.b-'-— \_- S o]
500 1560 7560 3500
* X (mecron)

FIG. 3. Surface spreading resistance measurements done of
implanted silicon samples subjected to laser and thermal
anneal,
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shown in Fig. 3. The resistance values for all thermally
annealed samples were 157+ 3 Q. For illustration pur-
poses sample No. S5-3 had only its right-half laser
annealed and its measurement shows a decrease of
resistivity from 3000 Q in the unannealed area to 150 Q
after a laser scan, A total of five samples were la<er
annealed. These samples were found to have resi. aunce
values of 1602.10Q.

Evidentally the electrical activity obtained from the
laser anneal is very similar to that obtained in the
thermally annealed- samples, which implies that a high
degree of electrical activation was produced by the
laser anneal. Preliminary SIMS data _indicate that the
impurity profile after laser annealing is essentially
identical to the as-implanted profile, whereas the
thermally annealed profile shows significant diffusive
redistribution.® A more thorough comparison of laser-
and thermally annealed samples including SIMS, back-
scattering, TEM, and electrical analysis of the an-
nealed layers is being performed and will be submitted
for publication shortly.

The authors would like to thank Luke Meisenbach and
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of the Ar® laser and other optical equipment. The work
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Temperature distributions produced in semiconductors by a scanning

elliptical or circular cw laser beam

Y. 1. Nissim, A. Lietoila, R. B. Gold, and J. F. Gibbons
Stanford Electronics Laboratories, Stanford, California 94305

(Received 25 June 1979; accepted for publication 6 August 1979)

Temperature profiles induced by a cw laser beam in a semiconductor are calculated. The
calculation is done for an elliptical scanning beam and covers a wide range of experimental
conditions. (The limiting case of a circular beam is also studied.) This calculation is developed in the
particular cases of silicon and gallium arsenide, where the temperature dependence of the thermal
conductivity has been taken into consideration. Using a cylindrical lens to produce an elliptical beam
with an aspect ratio of 20, a 1-mm-wide area of an ion-implanted silicon wafer was annealed in a
single scan. The experimental data are consistent with the extrapolation of solid-phase epitaxial
regrowth rates to the calculated laser-induced temperatures.

PACS numbers: $1.80. — x, 44.90. 4 ¢

I. INTRODUCTION

Recently, the use of a scanning cw laser to anneal ion-
implanted semiconductors has been reported by several au-
thors.'-2 It has been shown that, in silicon, if the layer is
driven amorphous by the implantation, the annealing
mechanism is a solid-phase epitaxial regrowth which pro-
ceeds at rates comparable to those obtained for conventional
thermal annealing.’ The function of the laser (or electron
beam) in this case is simply to heat the implantation-dam-
aged region to a high temperature (~ 11001200 °C) so that
complete solid-phase regrowth of the entire damaged layer
can occur during the dwell time of the laser (typically 1
msec). Because the annealing time is short and the implanted
material is never melted in this process, diffusion of the im-
planted impurity is negligible during the annealing cycle.

To calculate recrystallization rates and a variety of oth-
er phenomena related to cw-beam annealing, it is necessary
to know accurately the temperature distribution produced
by the beam in the material being annealed. A formalism for
calculating the temperature distribution produced by an ir-
radiated beam has already been developed for the case of a
stationary* and moving® circular beam, and calculations
based on this formalism have been found to agree well with
experimental data. However, there are a number of situa-
tions in which a ribbon beam with an elliptical rather than a
circular cross section would be desirable. Such a beam could
be modeled as having an elliptical profiie which is narrow in
the direction of the scan and large in the direction perpen-
dicular to the scan. Such an intensity distribution can easily
be obtained with a cylindrical lens. Moreover, any ratio be-
tween large and small axes of the elliptical beam can be
achieved by using the correct set of spherical and cylindrical
lenses. In view of its potential importance, we have calculat-
ed temperature profiles to be expected for beams having an
elliptical cross section. In this paper we present these results
as an aid to those who wish to explore the use of elliptical
laser beams for heating and annealing experiments.

To minimize the amount of data to be presented, and to
make the results valid for any kind of material, we present
the calculations in two parts. We develop first an expression
for the linear temperature rise induced by a moving elliptical

274 J. Appl. Phys. 81(1), January 1980

..............

0021-8979/80/010274-06801.10

beam in a material that is assumed to have constant thermal
conductivity. This calculation is based on the formalism pro-
posed by Cline and Anthony. An analytical expression is
obtained for the maximum temperature at the center of the
moving beam, and a numerical integration is carried out to
obtain all the relevant parameter dependences. A different
approach, using the formalism developed by Lax,* leads to
the same maximum temperature rise.

We next present a more refined set of calculations that
take into account the temperature dependence of the ther-
mal conductivity. A Kirchoff transform®’ is used with ex-
perimental data on the thermal conductivity of Si ® and
GaAs ° to obtain the “true” temperature profiles for these
cases.
Finally, as an application of the results, we compare the
theory with an experiment in which laser conditions were
arranged so that lines of various widths could be annealed in
a single pass of a cw Ar laser over an implantation-amor-
phized layer. The agreement between the theoretical predic-
tions and the experimental data is found to be excellent.

Il. SOLUTION TO THE HEAT EQUATION

We assume that the laser beam is elliptical in an (x,p)
plane perpendicular to the direction of laser propagation (z).
The ratio between the large axis (7, ) and the small axis (7, ) of
the ellipse will be an important parameter in our analysis,
defined as: B = r, /r,. We assume a Gaussian laser intensity
distribution in both directions, X and y:

I=1, exp(— x*/27) exp( — y*/272). )

I, can be determined as a function of the power absorbed by
the material assuming an infinite surface:

I, =P(1 - R)/27r,r,, )

where Pis the total incident power and R is the coefficient of

reflection of the irradiated material. Finally, we write the
energy absorbed in the solid if the beam is moving with the
velocity v in the x direction:
P(1-R) ( x—vt) )
=—exp| ———— — — z). 3
0= T T J ®
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In Eq. (3) f(2) gives the z dependence of the total absorbed
energy.

To solve the heat equation, we use a standard Green’s
function analysis. The source function for the heat
equation,'°

at C,
is
G= G("'J".z'.t')
xy2t
=e,p( _e=xy¥+ 0 —y)P+—2)] )
4D —1)
X [4=D (¢ — )] ~ . o

We define our coordinate axes in the following way:

x = y = z = 0 will be the center of the beam at the surface of
the material, with the x and y axes lying at the surface of the
material, pointing along the small and large axes, respective-
ly, of the elliptical beam. The z axis is along the direction of
propagation of the laser beam (i.c., perpendicular to the sur-
face of the material).

In the first step, we are going to consider a constant
thermal conductivity with respect to temperature which will
lead to the linear temperature rise.

Making our observation at a time ¢ at a point (x,y,z), the
linear temperature rise is as follows:

o[ [ [ [ @rxcyza
XGx'y.2Zt'/xyzt)dx' dy dz' dt'. 6)

Theintegration over the different variables can be done sepa-
rately. The integrals over x’ and y’ are Gaussian tabulated
integrals.

To make the integration over 2’, we need to define the
function f(z) which expresses the penetration of laser energy
into the material with respect to depth. Since in most cases of
interesta ~'«¢r,, r,, we choose f(z) to be a § function at the
surface of the material. To account for the discontinuity at
z = 0, we have carried out the integration over z’' from — oo
to + o, and then taken twice its value from mirror image
considerations.

Affter carrying out the integration over x, y, z, the linear
temperature is the following:

J
o0 2P(I—R)f 1
C,w? J_ . {aD@— 14D —1)+22)[4D(c 1) + 22 ]}~
[ _G—uY) y z .
Xexp (w(x-z')+2ri 4D(t—1t)+27 +4D(:—x'))d" ™

In order to simplify the writing of this expression, we intro-
duce t}- following dimensionless parameters:
X=x/ry; Y=y/r,; Z=2/r; B=r,/1,;
and we define
p=[P(1—=R))V/r,, V=vr/2D.
After the two successive changes of variables,t” = —¢'and
u = (2Dt */r2)', the linear temperature at ¢ = 0 can be
written:
1 ® 1
6= _L_L ex
CDVapah [+ +BI7 T
1{(X + Va?) y? Z’)
- + —)du. 8
2\ & 41 +u’+ﬂ’ u “ ®)
We can now determine, analytically, the maximum lin-
ear temperature, obtained at the center of the ellipse
X = Y = Z = 0) for a stationary beam (¥ = 0). The inte-
gration leads to the following result:
1 1 B —1\1\2
6..=L x(——) , ©
BCD\pn \ B
where X is the complete elliptical integral of the first kind.
A similar result can be found by considering the ellipti-
cal beam as a superposition of circular beams. We can then
write the intensity of an elliptical spot in the following way:

Tam @ = [ Lusay =9SO (10)
We have to find the weighting function S () so that the above

275 J. Appl. Phys., Vol. §1, No. 1, January 1880

--------------------------

...............................
.....................
..............

intensity distribution gives the correct elliptical intensity
written earlier. An identification leads to:

“(— L\ __i_)
s(')'(zwriw‘—l)) o wer-n) Y

Using now the expression for the linear temperature for a
circular beam presented by Lax,* and realizing that the same
weighting function will distribute the linear temperature, we
have

O =[O 0150)dy, (12)
which leads to
P(1—R) B —1\2
6,.. = K : (13)
C,pr.8\V2r ( B’ )
or with our p notation:
=L 1 1 K Bz—l 172 1«
Oras B C, D/, ( B ) ' 4

which is identical to the result of Eq. (9).
This above result can be used to find the maximum tem-
perature for a circular beam by setting 8 =r, /r, = 1, then

Qs =p/C,D2V 27 (15)

The analytical integration has now been carried as far as
possible. To analyze the dependence of the actual tempera-
ture on beam and substrate parameters, a numerical integra-
tion must be performed. To make the results valid for any

Nissim et a/. 275

........
- S e

. ‘L L.;;;‘_".."’.,' -_'.~' R

oo 4 i L)

NWE

LRI IR TR APRNEE TN
) PRSI POVRY-

. N
. IR PP

. . S e

L. ot e ety




RS i A e 2 ead Il S M
N L B R

1.0
& B
I
S
g
3
W o6l 2
[
«
¥
S 04k
o S
w
N
g o2 0 o~
§ [= ——
z 0 ﬂ"o i L L

2 4 [} 8 10

FIG. 1. Linear normalized temperature rise nat X = Z = ¥ =0 as a func-
tion of the ¥ position (Y = y/r,) for different values of 8(8 = r,/r ) rang-
ing from 1 to 40.

kind of material, we define the following quantity:

=_9_=£f‘” du
emE@=1 7k [@+D@+89]"

1 (X + Vu?) y? Zz)]
X - + +—)| Q6
exp[ 2\ W41 w+p u 16
Il. CALCULATED NORMALIZED LINEAR
TEMPERATURE CURVES

The numerical integration of Eq. (16) leads to a set of
curvesthat can be chosen to cover a wide range of experi-
mental conditions. A representative set of such curvesis pre-
sented here. Figure 1 shows the linearized normal tempera-
ture 7 as a function of the Y (¥ = y/r,) position for different
values of the ratio S ranging from 1 to 40. We see that large
values of 8 give a more uniform temperature distribution.
Under most experimental cor.ditions, we cannot readily de-
crease 7, so the only way to obtain high values of 8 is to
increase 7,. A substitution of numbers shows that the power
needed to reach an annealing temperature at high values of 8
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FIG. 2..Linur normalized temperature rise nat Y = Z = V' = O as a func-
tion of the X position (X = x/r) for different values of (8 =r,/r,) rang-
ing from 1 to 40.
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.is very high, in fact, above the limit of currently practical cw

Ar or Kr lasers, but certainly within the limits of an electron
beam.

Similarly, in Figs. 2 and 3, the variations of 7 in the X
(X =x/r,) and Z (Z = z/r,) directions are presented.

An extended scale in the Z direction has been taken in
Fig. 4 (for r, = 20 um, the full scale represents 1 um). This
curve shows clearly that the variations near the surface are
insignificant and that, for instance, the temperature at the
interface of an implanted layer in a semiconductor and un-
derlying substrate is essentially the same as at the surface.

A similar study has been done using beam scanning
speed as the parameter for two fixed values of 5: 8 = | and
B = 20. Figures 5 and 6 represent the variation 7 in the Y
direction. Again, in Fig. 6, we can see that if we have enough
power for annealing, high speed at 8 = 20 gives a uniform
temperature distribution along the Y axis. Similarly, Figs. 7
and 8 represent the variations of # in the X direction. Since
the beam is moving in this direction the nonsymmetrical
behavior with respect to the point X = O appears clearly in

B

0.6
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02| 0
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Br40 | 1 1 ]
00 002 003 004 00%

NORMALIZED LINEAR TEMPERATURE 7

[}

2
FIG. 4. Linear normalized temperature risc nat X = ¥ = ¥ = O as a func-
tion of depth close to the surface Z (Z = z/r,) for different values of 8
(B = r,/r,) ranging from 1 to 40.
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these curves. Finally, the variation along Z in Fig. 9 shows
again the weak changes of temperature as a function of depth
into the material.

In order to allow the reader to use the curves for any
combination of speed and ratio 5, we have plotted the vari-
ation of 7 as a function of speed with £ as a parameter in Figs.
10and 11. Figure 11 emphasizes the fact that for the typical
values of the speed used in a cw laser system, the solid easily
reaches thermal equilibrium.

IV. THE TRUE TEMPERATURE RISE IN SILICON AND
GALLIUM ARSENIDE

We are now ready to use the Kirchoff transformation®-’
which leads to the true temperature rise induced by the laser
beam. We have chosen to develop these calculations for sili-
con and gallium arsenide. The temperature-dependent ther-
mal conductivity X (T') has been taken from the literature.

]
>

Vi00 T B:20

2 2 o o
& 8 &3 &

o
3

NORMALIZED LINEAR TEMPERATURE 7
[<]
Q
[

o

FIG. 6. Linear normalized temperature rise n at X = Z = 0 as a function of
the Y position (¥ = y/r,) for different values of the normalized scan speed
V(V=ur,/2D) ranging fromOto 10and flor = 20(B =r,/r,).
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We have been able to fit a rational function to the ex-
perimental data by using the form:

K(T)=C,D(T)=A /(T —B). am

Using this form the relation between the true and linear tem-
peratures is then

T=B+ (Tpu —B)exp(CLD—f‘MQ), (18)

where T,,., is the temperature of the backsurface of the
semiconductor.

For silicon we have averaged the experimental data in
Ref. 8 to obtain values of: 4 = 299 W/cm and B = 99 K. We
have verified that a step-by-step numerical integration using
published data for D (T') gives a temperature profile which is
essentially identical to that obtained using Eq. (17).

For gallium arsenide, we have used experimental data
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FIG. 8. Linear normalized temperature rise 7at ¥ = Z = O as a function of
the X position (X = x/r,) for different values of the normalized scan speed
V(V =uvr /2D) ranging fromOto | and for B = 20 (8 =r,/r)).
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FIG. 9. Linear normalized temperature rise n at X = ¥ = Oas a function of
depth near the surface Z (Z = z/r,) for different values of the normalized
scan speed V(¥ = vr /2D ) ranging fromOto 10and for B = 1 (B =r,/r,).

given by Maycock,’ which resulted in the following num-
bers: 4 = 91 W/cm and B = 91 K. Since nc data are avail-
able above T = 900 K, we have extr-polated the behavior of
D(T) using the same function for higher temperature.

We are now able to obtain the real temperature as a
function of p[p = (1 — R )P /r, ] for both silicon and gallium
arsenide. Figures 12 and 13 present these variations (for
B = 1) for silicon and gallium arsenide, respectively.

V. AN EXPERIMENTAL APPLICATION

The use of an elliptical laser beam to anneal gallium
arsenide has already been reported.' Such a technique also
offers the potential for annealing large areas of ion-implant-
ed silicon in a single scan. Here we have used a 150-mm
cylindrical lens to anneal (100) silicon which was arsenic
implanted at 100 keV to dose of 6 10" cm ~ 2, The lens
employed produces a beam with 7, = 18 um and 8 = 20,
The annealing parameters were as follows: beam power from
14 t0 21 W, back-surface temperature of $50 °C, and scan
rate of |1 cm/sec. The reflectivity of the material was mea-
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FIG. 10. Linesr normalized risenatX = Y= Z = Qasafunc-
tion of the normalized scan speed ¥ (V = vr, /2D ) for different values of

(8 = r,/r,) ranging from 1 to 40.
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sured at room temperature to be R = 0.38. Since no melting

-occurs we will assume R to be constant.

The first annealed area appears at P = 14.5 W, which
corresponds to a calculated temperature of 967 °C. At
P = 17 W wecan seea line of widthd = 0.4 mm, as shown in
Fig. 14(a). At 21 W of incident power using the same scan-
ning and back-surface temperature setting, we have been
able to anneal a 1-mm-wide area, as shown in Fig. 14(b). We
can compare these results with those to be expeeted from the
temperature calculations just presented in the following
way. First, we assume that the regrowth rate is described by
the equation:

U= U, exp( — E,/kT), (19)

in which U, = 1.79X10'* A/sec and E, = 2.35 eV, as de-
termined by Csepregi and Kennedy."

We have regrown a 1000-A-thick amorphous layer.
The dwell time is approximately ¢ = 1.7 msec. The required
regrowth temperature is then 7= 977 °C. Figure 15 shows
the temperature profile at the center of the beam (T'= 7, )
and at the edge of the beam (¥ = 20) for our experimental
conditions. Knowing that the beam is 1| mm wide we can
estimate from this curve the regrown width for temperatures
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FIG. 12. The true maximum temperature (X =Y =2Z = V' =0) in Si is
plotted versus the normalized power p {p = [P(1 — R))/r, } for different
substrate back-surface temperatures.
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larger than the calculated one. We can then evaluate that
40% of the beam width has been regrown at 17 W and 100%
of the beam width at 21 W. This shows an excellent agree-
ment with our experimental data.

CONCLUSIONS

These calculated results cover a wide range of experi-
mental conditions and can be applied for a laser beam as well

P=17W

P=21W

1mm

——'

(b)

FIG. 14. Photomicrographs (55 X ) of laser-annealed line in silicon using a
150-mm focal length cylindrical lens at (a) P= 17 W and (b) P= 21 W,
T.... = 550°C, and v = | cm/sec. The waviness at the edge of the lines is
due to the feedback of the laser working in a light controlled mode.
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FIG. 15. The true temperature in silicon is plotted at the center of the beam,
Y = 0, and at the Y edge of the beam, ¥ = 20, for 8 = 20(8 =r,/r,). With
our experimental conditions, the temperature required for solid-phase epi-
taxial regrowth is indicated so that the expected width of an annealed line
can be determined as a function of laser power. The 17-and 21-W points are
shown.

as an electron beam. The calculated linear temperature is
valid for any material. With knowledge of the temperature-
dependent thermal conductivity, a simple transformation
leads to the true temperature. The use of elliptical beam per-
mits large areas to be laser annealed in a single scan. Further-
more, it has the advantage of producing the same annealing
as a large radius circular spot will produce but with substan-
tially less laser power.
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Calculation of solid-phase reaction rates induced by a scanning cw laser

R.B. Gold and J.F. Gibbons

Stanford Electronics Laboratories, Stanford, California 94305
(Received 27 August 1979; accepted for publication 8 October 1971)

An analytical model is presented for solid-phase reactions induced by a scanning cw laser. The
results are applicable for both rate-limited reactions, such as the regrowth of implanted
amorphous Si, and diffusion-limited reactions, such as the formation of metal silicides. The effect
of the laser is interpreted in terms of a furnace anneal at an “effective temperature,” 7., for an
“effectivetime,” t.4. T, is shown to be equal to the maximum laser-induced surface temperature,
while ¢, equals the laser dwell time multiplied by a “dwell-time reduction factor” which is a
rational function of several material and annealing parameters and is typically on the order of |. A
comparison of theory and experiment is made for the specific case of the formation of Pd,Si.

PACS numbers: 82.40 — g, 61.80 — x,

Irradiation with a scanned cw laser has been shown to
be an attractive alternative to conventional thermal process-
ing for the annealing of the damage induced by ion implanta-
tion in semiconductors'"* and for the formation of metal sili-
cides. In the first case, a model based on solid-phase
epitaxial regrowth of the amorphous implanted layer has
been proposed to account for the observed behavior.** This
model is supported by data obtained using in situ reflectivity’
and glancing-angle Rutherford backscattering,* which
show, respectively. the absence of the liquid phase and the
presence of an intermediate partial regrowth stage. In addi-
tion, it has been shown that complete regrowth during the
dwell time of a scanning laser beam’* as well as the diameter
of the annealed region in a stagnant beam experiment* are
consistent with the extrapolation of epitaxial growth rates
obtained from furnace-annealing experiments to the calcu-
lated laser-induced surface temperatures. A solid-phase re-
action mechanism has also been proposed to explain the for-
mation of Pd,Si by a scanning cw laser.*

Although the solid-phase nature of these processes
seems well established, an accurate analysis of reaction rate
in the scanning-beam case has not yet been carried out. In a
typical furnace anneal, the growth interface can be consid-
ered to be at a constant temperature throughout the duration
of the anneal. This is not true for anneals by a scanning cw
laser, however, since the temperature in this case is a rapidly
changing function of time. We calculate here the expected
laser-anneal regrown-layer thickness, including the depen-
dence of temperature on time and assuming that the growth
process can be described by a simple activation energy. The
results of these calculations then permit a comparison of
observed laser-anneal growth rates with extrapolated fur-
nace-anneal data.

For a constant-temperature furnace anneal of amor-
phous implanted Si, the regrown-layer thickness can be ex-
pressed as

z=R,texp(— E,’kT), )
where ¢ and T are the anneal time and temperature, respec-
tively, and E, is the activation energy. Pure (100) Si has
been shown to have an activation energy of 2.35 eV and a
value for the preexponential constant, R,, of 3.2 X 10"
A/sec.” For diffusion-controlled reactions, such as the for-
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mation of metal silicides, the zin Eq. (1) is replaced by 2%, but
all other features of the following discussion are still
applicable.

The strong dependence of temperature on time in the
case of laser annealing means that we must replace Eq. (1) by

. —E
z=R, exp( kT(lu )dl. 2)

Liau ez al.* have shown that, for the case of irradiation
by a laser pulse, Eq. (2) can be reduced to Eq. (1) by the
determination of an “‘effective annealing temperature,” T .
and an “effective annealing time,” ¢, . While the technique
of the present calculation is quite similar to that of Liau et
al., there are three major differences due to the nature of the
temperature rise due to scanned cw laser irradiation:

(a) The maximum surface temperature, T, . , is a func-
tion of the ratio of absorbed power to spot radius, rather than
the ratio of absorbed power to spot area.’ This is a conse-
quence of the three-dimensional spreading of heat in the
scanned case as opposed to the one-dimensional flow as-
sumed in the pulse case.

(b) The temperature rise induced by a scanning cw laser
reaches a constant value in times shorter than typical laser
dwell times. The problem can thus be treated analytically as
a steady-state temperature distribution in a moving frame of
reference. The time dependence of the temperature at any
given point is determined indirectly by T'(x) and x(t ), where
x represents the distance from the beam center to the point of
interest, rather than by an explicit 7(¢).

(c) The thermal conductivity of Si exhibits a very strong
temperature dependence.'® It is impossible to incorporate
this effect into an analytical solution for the one-dimensional
time-devendent case. It has been shown, however, that in the
time-independent case, the true nonlinear temperature can
be analytically related to the linear temperature rise, calcu-
lated assuming constant thermal conductivity, by means of
the Kirchhoff transformation.''-'2

We assume that the spatial intensity distribution of the
laser can be represented as [ = (P /7w?) exp( — /w?),
where r is the distance from the center of the beam and P is
the total absorbed power. For typical experimental condi-
tions, both the laser beam penetration depth, 1/a, and the
amorphous-layer thickness, z,, are much less than the Gaus-
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0.3 ! ! 1 where I,(x) is the modified Bessel function of order zero. The
maximum linear temperature rise at 7 = 0 is given by
0., = (P/2r'"wK,), where K, is the thermal conductivity

0.4 at the wafer back-surface temperature, T,. This linear tem-
perature rise, 8 (¢ ), is then related to the true temperature,
T (t), by the relation
0.3 T ’
()= f (@) dr". @
T, K,

This expression can be numerically integrated using pub-

DWELL-TIME REDUCTION FACTOR, f

02 lished thermal conductivity data for Si.'* However, we have
= —— Tmax = 800 C — found that an excellent fit to this data is obtained by the
=== Tmax 1000 °C approximation
0.1 —-— Trmax = 1200°C N K(T) =
(TY=4/(T-T)) (5)
i T with the constants 4 and T, equal to 299 W/cm and 99 K,
Oo A 1(|)0 L 5 (‘)o 1 3 <‘)O L 200 respectively, for Si. Equation (4) thus yields the following

closed-form expression for T'(t ):
T@)=T, + (T, — T,)exp[0 ()T, — T})]. 6)

'l-*'lG. 1. :Zalculated fire;pende.nce.on T, anc_i T,,,;.\losf thz clzwsesl)l-t‘i/me reductk:’n The results of Eqgs. (3) and (6) can now be inserted into

o of 4. (1) Th st e 13 4nd 233 ¥ coreond: . (2)and integrated to calculate th regrown-layer thick-

phous Si. : ness. Since the growth rate is an extremely strong function of
temperature, very little loss of accuracy is introduced '’ by a

sian beam radius, w. The temperature at the regrowing-layer first-order expansion of 6 (¢) near 6,,,,,,

interface is thus essentially equal to the surface temperautre it

calculated assuming a penetration depth of zero. 6(t)=0,,,. — 0. (—z) . N

We stipulate furthermore that the beam is moving with 2w )
a velocity v in the x direction, and that it is centered on the The true temperature T'(¢) is then approximately

SUBSTRATE TEMPERATURE, Ty (°C)

point of interest, (x,y) (0,0), at time ¢ = 0. Using the results of T T P v\ dT
Lax,’ the linear temperature rise 8 () at this point can be () =T = Ornas ( 2w ) do o
Shown to be vzt 2 ama‘ dT
0(t) = 6,... exp( — v’t /2w (V’t 2/ 2w?), &) = T, ( T wr T, dé u,“,.) ' ®
J a
Equation (6) can be used to eliminate 8, with the result
22 (To— T,)WMKT,,, — T)NT,-T, T, —T.
T(t)BTm“ (l_ vt ( o k) “[( max k) ( [ k)] ( max A)) (93)
2uw? Tmax (TO - Tk)
and
Ty =T, +(To—T, P 9%
max k+( [ Hams k)exp 27 wA . ( )

The expression for T (¢ ) can now be inserted into Eq. (2) to calculate the total regrown-layer thickness produced by a
single scan through the point of interest. A final approximation, T,,,(1 — a)=T,,,./(1 + a), justified as above, permits the
integral to be solved analytically, yielding

kT2 . 172
zaRoz—w( bkl ) exp(— 2 ) (10)
v ZEG(TIHII - Tk) In [(Tmnu - Tk )/(T° - Tk)] kTmla

In a manner similar to that proposed by Liau et al.* for the one dimensional long-pulse case, we interpret the growth

predicted by Eq (10) as equivalent to a furnace annealing at an “‘effective temprrature,” T',.., , for an “effective time,” ¢4, i.c.,

E
ZxRot exp(— - ), (11a)
kT
where
Ty =T, (11b)

2 172
2w kT ;ux ) - _2_w_ﬁ (11¢)

tt’ = T (2E¢(Tmn - Tk) l“[(Tmn - Tk)/(To - Tk)]
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g 02 T T T oa -+ of absm.'bed laser power and subs_trate temperature which

T 2> should induce the growth of Pd,Si layers with thicknesses of
12708 2%:Ry tott OXP(~E o /kTon] 100 and lOOQ A. These refults are shownin Fig. 2; a lager-
REF. 6 (Eg=1.5ev J beam dwell time of 4 X 10 sec was assumed, corresponding,

for instance, to a beam radius of 20 um and scan speed of 10
cm/sec. The extremely strong dependence of thickness on
- laser power is evident. Also shown is the experimental data

} Ro=3%10"78%/sec

g. point of Ref. 6; it can be seen that good agreement between
Toi 1000 & theoretical (1500 A) and experimental (1270 &) thicknesses

is obtained.

The authors are grateful to ARPA (Contract
MDA903-78-C-0128) for supporting this work, and to Ds.
R. Reynolds for his personal interest.
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A study of the mechanism of cw laser annealing of arsenic-

implanted silicon
A. Gat, A. Lietoila, and J. F. Gibbons

Stanford Electronics Laboratories, Stanford, California 94305
(Received 8 June 1978; accepted for publication 13 September 1978)

In this paper we report on experiments designed to study the mechanism by which a
continuous scanning laser anneals implantation-amorphized silicon. A stationary Ar laser
beam was used to irradiate an As-implanted Si sample at constant power for different
anneal times. The size of the annealed spot was found to increase with exposure time.
The annealing spot size was also calculated for each exposure time by assuming the
laser annealing mechanism to be a simple solid-phase epitaxial regrowth. Comparison of
experiment and theory suggests that, at least for amorphous layers, the cw laser simply
heats the substrate to a temperature where solid-phase epitaxial regrowth can occur

quickly.

PACS numbers: 79.20.Ds, 61.80.Jh, 81.40.Ef, 68,55.+b

I. INTRODUCTION

Recently a number of authors'* have reported on the
use of laser irradiation for annealing ion-implanted silicon.
The laser systems used for this work can be broadly divided
into two classes: those utilizing a pulsed laser output and
those using a scanned cw laser output.

The pulsed system'™ utilizes a high-power Q-switched
laser (either ruby or Nd : YAG) operated at energy levels on
the order of 1-2 J/cm? per pulse in the case of ruby and 5--10
J/cm? per pulse when Nd : YAG is used. This energy is sup-
plied in a 50-MW/cm? 20-ns pulse and succeeds in melting
the silicon to a depth of ~0.5-1.0 um.>**

The molten layer then freezes epitaxially on the under-
lying substrate. The implanted impurities diffuse rapidly
through this molten layer with the result that they are dis-
tributed essentially uniformly over the recrystallized region.

In contrast to this behavior, the scanning cw laser sys-
tem has been shown to anneal the implanted impurities di-
rectly into their As-implanted sites; i.e., there is essentially
no diffusive redistribution, no evidence of melting and at the
same time essentially perfect recrystallization.®

These results suggest that the mechanism of annealing
for the scanning cw laser may be closely akin to a solid-phase
epitaxial regrowth such as that described by Csepregi et al.*
In this paper we report on indirect measurements of the re-
growth rate of amorphous layers obtained under conditions
similar to those we have used in previously reported anneal-
ing experiments.”* Theoretical analysis shows that the data
are consistent with the hypothesis that the annealing mecha-
nism for our experimental conditions is a solid-phase exitax-
ial regrowth process.

Il. EXPERIMENTAL

A test of the solid-phase epitaxy hypothesis requires
calculating the temperature distribution in the implanted la-
ser-irradiated sample. Cline et a/." show that, for a slowly
moving beam, the instantaneous temperature distribution is

2926 J. Appl. Phys. 50(4), April 1979
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equivalent to the temperature distribution for a stationary
beam. Since the scanning rates we employ are very  + com-
pared to the velocity of propagation of heat in silicon, we
conclude that the annealing mechanism will be the same for
a scanning beam as for a stationary beam. We have therefore
chosen to study the annealing mechanism by irradiating the
implanted silicon with a stationary beam and measuring the
size of the annealed spot as a function of the exposure time.

We have used a cw argon laser (Spectra Physics Model
171-09) with a flat total reflector and a 6-m front output
coupler. The output beam is focused by a 267-mm lens onto a
sample holder positioned in the focal plane of this lens. The
samples used were 10-20-£2 cm¢ 100} p-type silicon wafers
that were implanted with 3 < 10" arsenic’/cm® at 100 keV at
room temperature. This dose and energy amorphize the first
800 A of the silicon. The implanted sample was placed on the
sample holder referred to above and heated to a temperaturc

of 150 +- - °C prior and during laser irradiation.

The experiment was divided into two parts. First, the
laser was used in the multiline mode. The sample was ex-

= 100u —

FI1G. 1. Laser-annealed spots for constant exposure time and different pow-
e
e! levei.
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FIG. 2. Laser-annealed spots for constant power level of 7 W and different
exposure time

posed for a constant time of 8 s in each exposure, with the
laser power being varied from 7 to 12 W in steps of 1 W.
After each exposure the sample was moved upwards by 200
u to avoid the overlap of spots annealed at different laser
power levels.

Since the reflection coefficient of single-crystal silicon is
lower than that of implantation-amorphized layers, the an-
nealed single-crystal spots appear dark on a lighter back-
ground. The results of this experiment are given in Fig. 1. We
have used this part of the experiment to calibrate the maxi-
mum temperature achieved in the laser-beam center.

In Fig. 1 the spot that results from a 11-W 8-s exposure,
has only slip lines, while the 12-W spot shows distinctive
damage in the center. We assume that this damage occurs
because of melting and we can therefore set a power level of
approximately 11.5 W as being the value at which the center
of the beam reaches the melting point of the material. A
reasonable assumption is that in our case the silicon has re-
crystallized before melting so we assume the melting tem-
perature to be 1415 °C. This data will be used in the subse-
quent theoretical calculations.

In the second part of the experiment (performed on
identically implanted samples) the laser was operated in the
single-line mode at 5145 A with a power level of 7 W. We
used a single line to obtain better beam symmetry, and a spot
size which is closer to the theoretical value.

The sample was exposed to the 7-W irradiation for dif-
ferent anneal times. As before, the sample was moved up-
wards after each exposure by 200 u to avoid overlap of the
annealed spots.

The results of this experiment are given in Fig. 2. The
spot sizes were measured from Fig. 2 and are plotted as a

2027 J. Appl. Phys., Vol. 50, No. 4, April 1979

function of exposure time in Fig. 5. The slightly nonsymme-
trical character of the spots arises from low-frequency drift
in the laser output. This is one of the major reasons for the
difference between experiment and theory.

The annealed spot size in the two parts of the experi-
ment were measured optically based on the difference in the
reflection coefficient between the single-crystal and the
amorphous regions. To prove that the annealed dark region
is crystalline Si, a TEM/TED study was carried out. Figure
3 shows diffraction patterns obtained from the annealed spot
as well as from the nonexposed area. In all cases examined,
single-crystal diffraction patterns were obtained within the
annealed spots in contrast to amorphous diffraction patterns
recorded outside of the anneal area.

The surface of the annealed spots was also examined by
an ellipsometer to measure the thickness of a possible $10,
layer. No trace of any oxide was found which shows that,
even with prolonged annealing times, cw-laser annealing
does not cause the silicon surface to oxidize. This combined
evidence indicates that the annealed spot is an oxide-free
surface with single-crystal structure.

Comparison of Fig. 1 and 2 shows that there are differ-
ences between the multiline and single-line mode of oper-
ation. For example, the 7-W spot in Fig. 1 and th 8-s spot in
Fig. 2 are different even though the anneal conditions are the
same. We believe this is caused primarily by the difference in
the laser beam width in the two modes of operation. To take
this effect into account we have measured the beamwidths in
the two modes. The beam-intensity distribution at the focal
plane of the 267-mm lens was imaged with an 8-mm lens
placed 8 mm away from the sample surface. After passing
through this lens, the beam was projected on a screen 10 m
away from the lens. The beam intensity (as a function of x
and y) on the screen was measured using a photodiode and
the distance between the 1/e points was taken as the beam-
width. This measurement was performed for both the multi-
line and single-line mode and its accuracy was estimated to
be ~ 15%. Due to the inaccuracy in the absolute values of

FIG. 3. TEM diffraction patterns from in and out of the annealed spot
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FIG. 4. Steady-state temperature distribution as a function of distance from
the beam center for the 5145-A line, power level of 7W, and a laser-spot size
of 37.3 um.

this measurement, we have used only the ratio between the
two cases, which is

willlines) _ 5, @
w(5 145-A line)
To obtain an absolute value of w for the single-line mode we
have calculated the theoretical beam size from the laser mir-
rors and spacing specifications.'? After passing through the
267-mm lens the calculated beam size is 37.3 um.

Ill. THEORETICAL CALCULATIONS

In this paper, we would like to show that the recrystalli-
zation process responsible for the results above is consistent
with the assumption that the regrowth mechanism is solid-
phase epitaxy. The regrowth starts at the interface between
the amorphous layer and the underlying single crystal. This
process has been investigated by Csepregi et al.,'° and was
found to have a well-defined activation energy of 2.3 eV. In
the experiment described above we have obtained the depen-
dence of the annealed spot size on exposure time. To explain
this behavior in terms of the proposed model, we must first
calculate the temperature distribution in the laser-illuminat-
ed silicon sample as a function of r, the distance from the
beam center. Clearly the temperature will decrease mono-
tonically with ». For each point in the radial coordinate, we
associate a growth rate determined by its temperature. Giv-
en the exposure time we then look for the maximum radius
7,..x at which the temperature is sufficient to completely re-
grow the amorphized layer in the given exposure time. This
7mar 18 the theoretical radius of the annealed spot. (As a prac-
tical matter, it was found easier to reverse the order and
calculate the required exposure time for given r_,,.)

A. Temperature distribution

The calculation of the temperature distribution is based
on a paper by Lax."’ He deals with the steady-state tempera-
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ture distribution in a semi-infinite sample. The sample is as-
sumed to have a constant thermal conductivity and the laser
beam is assumed to be radially symmetric.

We assume Lax’s conditions to be valid for our case. A
steady state is obviously achieved, at least for the longer ex-
posure times. The sample can be considered semi-infinite
since its dimensions are large compared with the beamwidth.
The ambient temperature is the back-surface temperature,
150 °C. The beam is assumed to have an intensity distribu-
tion given by

I = I, exp( — r/w?), 3.1

where w is the beamwidth parameter and r is the distance
from the beam center. The weakest assumption for our appli-
cation is that of constant thermal conductivity since for sili-
con the thermal conductivity is approximately proportional
to 1/T, when T> 450 K. This will probably be the main
source of error in the temperature calculations that follow,
though our experimental procedure is designed to minimize
the error by using an appropriate temperature-calibration
technique.

In Ref. (13), the temperature rise AT is shown to be

AT =AT N (rz.w), 3.2
where
AT = 4P (1 — R )Y/ (m)"*Kw, 3.3)

K is the thermal conductivity, z is the depth, P is the total
incident power, and R is the reflectivity. The function N is
normalized to have a maximum value of unity. For the sur-
face, 2 =0, N (r,0,w) will be

w Jo(rr/w) exp( — 17%)
N(row) =22 $ ar,
T Jo aw+ T
where a is the absorption coefficient for the laser irradiation
and J, is the zero-order Bessel function of the first kind.

4T, ,, cannot be calculated directly from Eq. (3.4) be-
cause K is not constant. Therefore, the actual maximum
temperature rise will be determined on the basis of the first
part of the experiment, annealing for a constant time at dif-
ferent power levels. As indicated there, we have chosen 11.5
W to be the laser power level at which the temperature in the
center of the spot is 1415 °C. This estimate can then be used
to evaluate the maximum temperature rise in the second part
of the experiment, where we used the 5145-A line at the
constant power of 7 W. According to Eq. (3.2),4T,,,, is
linearly proportional to P and inversely proportional to w.
We have measured the ratio between beamwidths in the two
parts of the experiment (multiline, 5145-A line). This ratio is
given by Eq. (2.1). The ratio between powers in these two
cases is 11.5/7. Recalling that the substrate is held at 150 °C,
we then obtain for the actual maximum temperature of the
sample

(3.4)

Toa(TW, 5145-A line) = 1082 °C. (3.5)

The next step in the calculation is to evaluate Eq. (3.4)
which gives the temperature distribution as a function of ».
To do this, we use @ of Si for 5145 A, 11 800 cm', and the
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ing behavior when a cw laser is used. This explanation is .
%120 consistent with other data we have obtained, including both 4
o the absence of redistribution of implanted impurities during B
'é 100 the process, and TEM studies which give evidence of a re- -1

- growth process that starts from the interface of the amor-
% 80 phous and crystalline silicon.* —d
5 Based on the data presented above, we concluded that _j
o 60~ T conventional solid-phase epitaxial regrowth can occur when R
THEORY ) L N
o . e——e EXPERIMENT i implanted amorphized s1l|co_n is annealed by a scanned cw 3
w 4o laser. Since the temperature involved is relatively high, the . 3
] short time (of the order of 1 ms) that it takes for a laser beam T~ )
g 20~ ] to move a distance equal to its spot size is enough to allow -4
- \ \ L complete regrowth of the amorphous layer but insufficient 1
i 01 s 10 50 100 500 to permit significant diffusion of the implanted impurities. ot
-~ EXPOSURE TIME (sec) Hence, the main effect of the laser radiation is to supply the N
- . : . ) . energy needed to raise the temperature of the material that is :
FIG. 5. Experimental and theoretical annealed spot sizes for 5145-A line 7 being annealed :
W and different exposure time. : K
In conclusion, we want to point out the sensitivity of '_}
- our model to the temperature profile in the sample. Increas- y
n calculated value of w, 37.3 um." The final surface-tempera- ing the maximum temperature at the center of the spot from ]
- ture profile is given in Fig. 4. 1080 to 1182 °C increases the spot size by 10%. In contrast, 5
¥ the model is insensitive to the preexponential term in the -
s B. Epitaxial growth rate and theoretical spot growth rate, Eq. (3.6). Tripling this term increases the calcu- " 3

size

We have used the following equation from Ref. (10) for
-the epitaxial growth rate v as a function of temperature:

v=1.55x10" exp[ — 2.3 eV/KT(r). (A/s). (3.6)

For further calculations we assume the temperature of the
amorphous layer to be independent of depth. To verify this
assumption, the temperature difference between the surface
and a point 800 A deep into the silicon was calculated using a
very low value (0.02 W/cm °C) for the thermal conductivity
of amorphous silicon. This temperature difference (across
the layer) was found to be less than 0.5 °C.

For a given annealed spot radius we can calculate the
required exposure time by dividing the amorphous-layer
thickness, 800 A, by the growth rate at the edge of the an-
nealed spot. The result, together with the experimental data,
is presented in Fig. 5, where we give the spot size versus
annealing time. For the exposure times employed, the theo-
retical spot diameter is approximately linearly dependent on
the log of the annealing time (this is not true for shorter
exposure times).

IV. DISCUSSION AND CONCLUSIONS

In spite of some rather crude approximations made in
the calculations above, the experimental and theoretical spot
sizes match to within 109 over the entire range of exposure

lated spot size by only 10%. Therefore, an ionization en-
hancement of the growth rate can neither be verified nor
ruled out. Another factor which effects the preexponential
growth rate constant is type and concentration of impurities.
We believe that this effect is neutralized by the high density
of electron-hole pairs generated by the incoming radiation
which tend to shift the Fermi level to midgap independent of
sample doping.
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The use of a laser ss a tool for annealing of ion-implantation damage is described. The principal results
obtained are as follows: (1) electrical measurements show that activity comparable to that of s 1000°C
30-min anneal can be obtained; (2) TEM measurements show that complete recrystallization of the
damaged layer occurs during the laser anneal; (3) impurity profiles obtained from SIMS measurments
show that the dopant atoms remain in the LSS profile during anncaling. Simple diodes were fabricated to
examine the feasibility of the method for device fabrication.
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., When ions are implanted into a crystalline target, a spacing between adjacent scan lines can be controlled,
b region near the surface of the target is damaged, and permitting study of both overlapping and nonoverlapping
3", in some cases driven totally amorphous. For the scan geometries.

majority of device applications some process of anneal-

ing is needed to restore the perfection of the crystal, Laser-annealed samples in which adjacent scan lines

were made to overlap by approximately 20