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to thank Bill Mullins for the optical reflectivity measurements
he performed. My thanks also go to Dr. Robert Hengehold,

Maj. Michael Stamm, and Dr. Won Roh for the help they provided.
My special thanks go to my wife Kathy for the typing of this
paver, and the understanding she showed which made completion

of this vroject possible,

iii

AR £ RISt ARSI T A

= R )

e R e mee s s ]

R S DA



i
|

AT S B S EN] 1w A o5

B .

TABLE OF CONTENTS

Preface . ¢« o o e & e e & e e e ® e e e e e »

List of Fiﬂures and Tables R S R JE SON SR

ADIEXR0T & & & & & & % % »

I . INTRODUCTILN . . . . L] . . . . . . . L] . .

II . BACKGROUND DIP\TERI l\L . Y . . e e o « e e o

Laser AnnealinF « e o ¢ & & & & & @
Time-Resolved Reflectivity R TR
Laser Absorption During Annealing. . . .
Plasma Surface Damage « « « ¢ o ¢ & o &
Theoretical Work on Laser Annealing . . .

I1le

EXPE:RIN::‘:NT . . . L] . . . . . . . . L] . .

Equipment and Experimental Arrangement .
Experimental Procedures . . v s
Calibration and Reproducibllity. TR S
banpleg - . * - . - L] . . . L] . L] . - .
Analysis of Annealing « s« s « s s & s »
Error AnBlysiS « o s ¢ ¢ ¢ o & & & s s

IV. RESULTS ARD DISCUSSION ¢ « « o o o & ¢ o

laser Annealing of GaAS « « ¢ o ¢ o« ¢ & o
aser Annegling of S  « v o % ¢ s .4 % %

V. CONCLUSICNS AND RECCMMENDATIUNS . & + « &

Conclusions « « « @ o & & o e o e e o @
Recommendations s &« o« ¢« v & s & s & o o &

Bibliosraphy . .
Appendlx A o v o

Appendix B, , .

Vita .,

. L] . . .

.




LIST CF FIGURES AND TABLES

Reflectivity vs. argon laser power

Concentration profiles of As in 5i after
laser annealing

Time-resolved reflectivity trace

HeNe reflected signal from virgin GaAs at
difterent energy densities

10 Frequency devendences of the breakdown
thresholds of inert gases

11 Threshold power densities in the breakdown of
molecular and inert gases

12 Calculated surface layer temverature of
amorvhous Si vs, time

13 Predicted position devendence of temperture
for virgin Si

14 Depth of melting vs., energy density

15 Experimental setup

16 NMelt time of GaAs vs. energy density
17 HeNe reflected signal from virgin GaAs

18 HeNe reflected signal from GaAs implanted
with Te

19 Degree of damage vs. energy density

20 Laser energy dependence of the extinction
coefficient and the sheet resistivity

21 Melt time of Si vs. energy density

22 Desree of damage in Si vs. energy density

23 Energy density orofile of the annealing beam
Tables

I References to thermal and optical properties
of Si and GaAs

v

P . e 1 A P . e R A Al YR S



ABSTRACT

A Q-switched ruby laser was used to irradiate implanted
and unimplanted Gads and Si, Time-resolved reflectivity }

measurements, which determine the lensth of time that the

surface of the sample is melted, were performed durine the

laser annealing process. [he length of melt versus energy

dens:ty was plotted for both the implanted and unimplanted
samnles, No difference in the melt time was observed between
implanted and unimolanted samples at high energy densities.
The threshold for melting ‘n the imrlanted samdvles was found
to be lower than the virgin samples, and the energy density
reauired to produce meltir ~ in GaAs was about 2/5 that needed
for Si.

The results obtained were comvared to revorted experimental
work and numerical calculation on laser ' annealing. Uptical
reflectivity techniques, performed by Lt. Mullins were used to

determine the crystallinity of the samvrles after annealing.
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LASER ANNEALING OF AND LASER INTERACTICNS WITH

ION IMPLANT SENICCNDUCTING MATERIALS

I. INTRCDUCTION

Semiconducting materials like Germanium (Ge), Silicon (Si),
and Gallium Arsenide (GaAs) are important to both the Air Force

and industry. Semiconducting material is used to make

electrical comronents for devices such as optical detectors,
solar cells, and microelectronic circuits such as computer
memories, Cptical com»nonents such as windows, lenses, and
modulators can alsc bYe made using semiconducting material.
The semiconducting material used in many of the electrical
r ’ comoonents must bte doped with an impurity to form either an
n-tvpe layer, a p-type layer, or a p-n ‘unction., One of the
newest techniques for making these layers or junctions is by ion
implantation (Ref. 1,2,3,and 4).

Ion implantation is accomplished by bombardins a viece of
sem~iconducting material or substrate, such as silicon, with
a certain type of imourity. The depth and distribution of the

ions in the substrate is related to the energy of the

bombarding ions (Ref. 2,3, and 5). The concentration of the

implanted ions is related to the ion current, the time exvosed,

and the temperature o° the sudbstrate during imvlantation |

(Ref. 5 and 6). The concentration, the deonth, and the
distribution of the implanted material can now be changed by
‘ varying the energy of the bombarding ions, the ion current,

the time of exposure, and the temperature of the substrate




during imvlantaticn.

One of the objectives of ion implantion is to increase the
electrical conductivity which depends on the number of carriers
available for conduction and the mobility of the electrons.

If the impurity atoms can be substitutionally placed into lattice
sites, the number of carriers available for conduction will be
increased. However, the mobility is decreased during ion
implantion because it causes damage to the crystal lattice.

To increase the conductivity it is important the damage to the
crystal lattice be small and that the impurity atoms be substi-
tutionally placed into crystal lattice sites.

Another objective for ion implanted materials is that they
can be used in infrared (IR) detectors. In both extrinsic and
intrinsic semiconductor crystals, the valence band and conduction
band are separated by the band gap energy which in silicon is
1.12 eV (Ref. 7:54). For a photon to excite an electron from
the valence band into the conduction band it would need at
least that much energy. Therefore, extrinsic silicon would not
be useful in IR detectors. In an extrinsic semiconductor or a
crystal with impurity atoms in substitutional lattice sites
there is also an ionization energy between the donor level and
the conduction bdand of an n-type layer, or the acceptor level
and the valence band of a p-type layer, In p-type Si implanted
with indium (In) the ionization energy between the acceptor
level and the valence band is about .16 eV (Ref., 7:163). Because
the ionization enersy is much smaller than the band gap energy,
the extrinsic semiconductors can be used in IR detectors to

detect longer wavelength photons.
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The process of ion implantation has both benefits and
disadvantages associated with it, Some of the reported
benefits are (Ref. 3,6,and 8): (1) the concentration of dovants
for laser annealed samvles can exceed the solubility limit,

(2) masking of either the icn beam or the sample can be done

to produce many doping configurations, (3) known impurity
dovant, and (4) depth of the dopants can be varied by chanasing
the energy of the ions., The disadvantages of the process are
(Ref, 2, 6,and 9): (1) the impurity atoms bombarding the
substrate cause disorder in the crystal lattice such as dis-
location loops, stacking faults, and clusters of point defects,
(2) at hich concentrations of imourity atoms complete amorphi-
zation of the crystal lattice is caused, and (3) ions seldom &o
into the lattice sites substitutionally.

For the implanted material to have the electrical oroperties
desired in the layers or junctions, the impurities need to be
suhstituted into the lattice, and the damage to the lattice must
be repaired. A process known as thermal annealing is the most
common way to repair the lattice and to get the impurities into
lattice sites,

Thermal annealing involves heating of the implanted substrate
to temperatures of 800-900° C for approximately thirty minutes.
Although the substrate does not melt, the atoms within the
substrate are able to re-order themselves and revair much of
the damase caused by ion implantation. However, thermal
annealing also has some undesireable effects such as (Ref. 2 and
9): (1) degradation of the electrical properties of the

substraet, (2) redistribution of the dopants, (3) contamination
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of the surface with other impurities, (4) drop in minority
carrier life time, and (5) dislocation loovs and stacking
faults resist thermal annealing.

Another method of annealing involves using a laser beam,
and is called laser annealing. Pulsed neodymium, pulsed rubdy,
and cw-argon are the most frequently used lasers for laser
annealing. The mechanism responsible for laser annealing is
not entirely understood but there is evidence that for nano-
second pulsed laser annealinz the material actually melts and
then recrystallizes (Ref. 10,11,12,and 13). For cw laser
annealings the process anpears to be similar to thermzal annealing
but the time of heating due to the laser is less than that used
in thermal annealing (Ref. 10 and 13).

Credit for discovering laser annealing is given to a group

of Russian scientists who published their report in 1974, Since

that time, scientists all over the world have shown an interest

in laser annealing., In the United States the most active ‘
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scientific groups are Bell Laboratories in New Jersey, Cak
Ridge National lLaboratory in Tennessee, and Stanford Electronics

Laboratories in California.

The interest in laser annealing is due to its advantages
over thermal annealing. These advantaces are: (1) most of the {
laser energy is absorbded in the implanted area; therefore, the
electrical properties of the substrate are not affected (Ref. 14),

(2) since the process is rapid, the amount of contamination
from the environment is reduced, (3) dislocation loops and
stacking faults are removed (Ref. 3 and 14), (4) the carrier

concentrations can exceed the limit of solubility of the




imourities (Ref. 9:227), and (5) the process is fast and no
furnaces are needed making it ideal for industry (Ref, 2 and 3).

Most of the published pavners deal with work done on silicon.
There has also been some work on Germanium (Ge), Gallium
Arsenide(GaAs), and other semiconducting materials, These
renorts usually examine the observed changes in either the
physical or electrical »roperties of the substrate as a

function of either the laser annealing energy density

(joules/cmz) or the power density (Nw/cmz).

In many of these reports, two specific values are given:
(1) annealing threshold, and (2) critical damase threshold.
Although these quantities are not well defined, they usually
correspond to a specific change in the physical or electrical
proverties of the implanted substrate. The annealing threshold
is usually the lowest energy or power density where a change in
the physical or electrical properties is observed. The critical
damace threshold is where visual damace such as craters,
microcracks, and cavities in the surface begin to apnear.

Visual damage is the easiest to detect; however, other types
of damage such as decrease in photoconductivity, mobility, and
carrier density can be caused by laser annealing (Ref. 4).

Lack of consensus exists regarding how the laser flux or energy
density causes damage but several attempts have been made to
find an acceptable theory (Ref. 15:37).

Most of the theoretical work has dealt not only with the
laser induced damage but also with the mechanisms of laser
annealing. A universal theory is very difficult since the

laser annealing process is dependent upon the following




variables: (1) the wavelenzth of the laser used, (2) the
laser flux or energy density, (3) the time of the annealing
pulse, (4) the substrate material, (5) the temperature in
which the annealineg is done, (6) the orientation of the
substrate, (7) the concentration and distribution of the
implanted impurities, and (8) the spatial uniformity of the
laser flux.

The purvose of this thesis is to examine the effect that
the wavelength, energy density, substrate material, type and
concentration of impurities, and the spatial uniformity of the
laser flux have on the annealing process. 3y comparing the
results obtained by time-resolved reflectivity, optical
reflectivity (Ref., 22), and visible microscopy with reported
experimental wor% and numerical calculations, information on
how these variables affect the annealing process will be obtained.
Also, one proposed theory states that laser induced damage may
pe due to a plasma at the air-subsirate interface (Ref. 16:637);

this will be examined to determ%ﬂé the validity of this theory.




11, BACKGROUND

Las Anne W

Laser annealing is one method that is used to anneal
ion implanted semiconducting material. Annealing is a process
which assists the implanted ions to occupy substitutional
crystal lattice sites, and repair the damage in the crystal
lattices caused by the ion implantation. For thermal annealing,
the heat from a furnace is used to anneal the samples, while

for laser annealing the irradiation from the laser beam is

used for the annealing vrocess.,
Since the first paper was published on laser annealing
there has been a great deal of laser annealing work verformed.
) The term laser annealing; however, has not been clearly defined.
In most of the published work laser annealing is considered to
occur whenever the physical or electrical properties of the
material undergo a change that can be detected. For example,
Khaibullin, et.al, (Ref. 9:225) define laser annealing to have
occured when the laser irradiation causes electrical activation
of an imvlanted impurity.
Some of the methods used to examine the physical changes
in the samples are: (1) visible (Ref. 5), electron (Ref.9 and
14), and phase contrast (Ref. 10) microscopy which are used
to examine changes in the surface layer of the sample, (2)
optical reflectance (Ref, 10,11,17, and 18) and transmission
(Ref,11) of the samvle during the laser annealing process are
. used to determine whether the surface of the sample melted,

(3) Raman Scattering (Ref. 19), (4) Rutherford backscattering




which is used to examine the impurities not in substitutional
lattice sites of the crystal (Ref. 12,19,and 20), (5) ellipso-
metry (Ref, 21), and (6) optical reflectivity which is used to
examine the crystalline structure (Ref,.22), Electrical
measurements which determine whether the impurities have been
electrically activited such as sheet resistivity (Ref.,9 and21)
and Hall measurements (Ref., 14 and 23) have been verformed.
During laser annealing, the laser irradiation is absorbed
by the material causing its temverature to rise. As the tem-
perature increases, the atomic mobility of the atoms will
increase making it vossible for the atoms to move into crystal
lattice sites. Heat is then dissipated dy either thermal
conduction or reradiated from the surface (Ref, 3 and 24),
The exact mechanism of the annealing process; however, is not
known. Two mechanisms that have been identified are a
solid-phase epitaxial and a liquid-phase epitaxial regrowth
(Ref. 13). The difference between the solid and liquid phase
being that for the liquid-phase evitaxial regrowth the entire
implanted area needs to melt. Due to their high energy
output pulsed Nd:YAG and rudby lasers are the most common
lasers used for the liquid-phase evitaxial regrowth experiments,
The process for liquid-phase epitaxy is that as the sample
absorbs the laser energy its temperature rises, Once the
surface temperature is above the melting point it will degin
to melt, The melt front will then continue to move deeper into
the samvle. For liquid-phase epitaxial regrowth to occur the

depth of the melt must be as deep as the implanted impurities.

After the energy absorbed drops below the energy lost by the
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material, the melted front will recede toward the surface of
the samnle, Recrystallization of the samvle then occurs
using the unmelted crystalline substrate as a seed,

Several different methods of examination have been used
to show that for vulsed laser annealing melting actually
occurs (Ref, 11,12,13,25, and 26), One method called time-
resolved reflectivity (Ref, 11) has utilized the fact that the
reflectivity of Si and GaAs increases when they are in a liquid
state. Using a HeNe probe laser it was shown that an increase
in the amount of the reflected HeNe beam did occur during the
annealing laser pulse. The increase in reflectivity during
the laser annealing for Si and GaAs was found to be comparable
with the revorted reflectivity values for crystalline and
liquid Si and GaAas,

The solid-phase epitaxial regrowth differs from the
liquid-phase in that the implanted layer does not melt. Work
in the area of solid-phase enitaxial regrowth is beins done
at both Bell and Stanford Labdoratories with a scanning ow
laser beam (Ref. 2 and 13). Results obtained by Bell Labdora-
tories found that cw laser annealing gives similar resulls as
thermal annealing (Ref. 13). Bell Laboratories also performed
exveriments to verify that the regrowth procedure was solid-
phase exitaxial regrowth and not liquid-phase. This experiment
was done using a HeNe laser probe as in the time-resolved
reflectivity measurements. These results can be seen in
Figure 1 where the reflectivity measured below 6 W is that
from an amorvhous layer. At about 6.5 W the reflectivity

drops to that of crystalline Si. As the power is increased,
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Figure 1. Reflectivity vs,
Argon-Laserlfower fos SiiAs
?O keV @ 10" "ions/cm
Ref, 13:114),
a large ctange in reflectivity corresponding to Si melting is
observed. The dashed line was recorded from a sample which

was previously annealed. Comparison of the dashed line and

the solid line supports the theory that the sample was annealed
at power levels lower than that required to melt the sample;
therefore, liouid-phase epitaxy was not the annealing mechanism.
The work at Stanford (Ref. 27) also shows results of laser
annealed samples to be similar to those of thermally annealed
as seen in Figure 2. It can be seen in Figure 2 that the
laser-annealed impurity distribution is almost identical to

the distribution predicted by LSS range statistics. However,

7 ‘. the thermal-annealed impurity distribution due to a heating

time much longer than that of laser annealing is seen to have
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Figure 2, Concentration profiles of As in Si after
laser annealing. A indicates the thermally annealed
profile, O the laser annecaled profile, and O the
calculated profile. (Ref, 27:1276).
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a broader distribution.

The majority of the laser annealing work has used nano-
second laser pulses. Because the process is so fast, many
useful and interesting effects take place. Khaibullin, et.al.
(Ref. 9:233) have stated that for the nanosecond regime the
mechanism of laser annealing involves more than just ordinary
thermal effects. They have also determined that for a high
concentration of impurities the limit of solubility of the
impurities in silicon can be exceeded. Another interesting
result that has been sugsested is that damage may result from
a plasma breakdown in the vapors of the material. This
susgestion is based on calculations showing that the pressure
of the vapor for both Si and Ge at the energy density where
damage is observed to occur is at about 10 atm (Ref. 16:637),

A problem with annealing GaAs has been that exposure to
heat has resulted in a Ga-rich surface (Ref. 18 and 28). One
method used to control the loss of As has been to cap the sample
before annealing. It has been shown for uncapped Gads that the
concentration of the Ga at the surface is less when a nanosecond
pulse is used than when a millisecond pulse is used (Ref.28:3402),
Bell Laboratories has also shown that by using time-resolved
reflectivity and Rutherford Backscattering (RBS) that good
crystallinity and minimal loss of As for the nanosecond pulse
regime could be obtained. They also determined that the optimum
for the melt time was dependent upon the concentration of
implanted impurities (Ref. 18).

It has been determined that parameters such as the

concentration of implanted impurities (Ref. @ and 20), the

12




- .

wavelength of the annealing laser (Ref. © and 13), and the
substrate material (Ref. 13 and 16) affect the laser annealing
process., Probably the most important parameter to be reported
for a particular wavelength is the energy or power density
used to anneal tre sample.. Several papers on laser annealing
have reported changes in the physical or electrical properties
of the material as a function of tre energy or power densitles
used in the annealins vrocess (Ref, 9,12,13, and 21). These
pavers have reported that at low energy densities no change
occured but at high enercy densities visual damage such as
craters, microcracks, and cavities in the surface began to
aprear, A problem with the reported information is that the
values given for a varticular change are not always consistent
from paper to paper.

One reason for the differences in the reported information
is the differences in the calibration of enerry density used
to anneal the samples. Another reason is that dif‘“erent groups
have used different methods to examine changes in the physical
or electrical vroperties. Although these different methods
of examination are valid, there can bde differences in what
information can bYe obta'ned. For example, microscovy which
can detect physical damace in the surface and optical reflectivity
technicues which examine the crystallinity of the surface can
give different ideas on what has happened to the surface of the
samvle., The ovtical reflectivity might reveal that the implanted
layer is crystalline dbut the microscope might reveal that
damage to the surface has also taken place. Also differences

in the resclution of one microscope over another wculd lead to

13




differences in the energy density threshold at which surface
damage would be detected.

In one of the papers, visual damage in implanted Si is
reported to appear at about 35 MW/cm2 for A= .69 um and
60 MW/cm2 for 1.06 ym (Ref, 91226). However, in a paper from
Bell Laboratories damage in implanted Si was at about
9.2 J/cm2 or 306 N.W/cm2 for A= 1,06 um (Ref., 13). The reason
for the difference between these two reported values for damage
could be in the way damage was defired. The value reported by
Khaibullin, et,al. (Ref. 9:226) for damage was determined by
examination with an electron microscope. Bell lLaboratories;
however, used the value of the energy density at which there
was a loss of the time-resolved reflectivity signal. The
svot size of the HeNe probe beam on the sample was .3mm
(Ref. 11:438);therefore, the amount of surface damage required
to lose the reflectivity signal would be much larger than that
required to form small craters in the surface of the sample.
Much of the discrepancy in the enersy density needed to pro-
duce damage in the sample could be due to the method used to

detect the damage and in the definition of damace.

Time-Resolved Reflectivit

Time-resolved reflectivity is a method used to examine the
melting that takes vlace in the surface of a sample as it is
being annealed. To accomvlish this examination, a cw laser,
usually HeNe, is reflected from the surface of the sample that
is being annealed. As the samvle melts its reflectivity in-

creases., The change in reflectivity as detected by a fast

14
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Figure 3. Time Resolved Reflectivity Irace
for virgin GaAs.

photodiode can be seen in Figure 3,
The quantity Rb in Figure 3 corresponds to the reflectivity
of the solid surface bdefore annealing., The value of Rb at

A= .63 um is 35% and 33% at room temperature for virgin Si

and GaAs respectively (Ref, 29:523). Amorphous Si has a

reflectivity of 45% (Ref. 30:648), and GaAs implanted at

14

10 ions/sz has a reflectivity of 37% (Ref. 21:578), As

the sample heats, the reflectivity will increase until it

reaches a value Rl which corresponds to the reflectivity of

e g o 2

a liquid melt at least one optical depth thick. The value of |
R1 at A= .63 um is ?4% for liquid Si at 14007 C and the optical !
depth given by the reciprocal of the absorption coefficient

( a=!) is 112 R (Ret. 31:2111), The reflectivity will remain

at the value R1 until the melt depth due to recrystalligation ;

15




becomes less than one optical depth. As recrystallizaticn
continues and the surface temperature decreases, the reflectivity
will drop to Ra which is the reflectivity of the solid after
annealing.

Little information was found on the reflectivity of Si

or GaAs as a function of temperature from 300o K to the melting
point, References to information on the reflectivity for Si

and GaAs for different wavelengths and temperatures can bdbe

found in Apvendix A, In one paper the reflectivity of Si was
reported to increase to 60% just below the melting point

(Ref. 32:13]); however, another paper stated that the reflectivity
was only 137,5% at the melting point (Ref, 33:319), Due to the
lack of information of the reflectivity as a function of
temperature, an exact interpretation of Figure 3 is not poscibdle.
Bell Laboratories in cne paper interpreted the time that the
material was in a melted or licuid state (T) to be just the

flat portion of the signal shown in Figure 3 (Ref. 11:439),

In a more recent article they have intervreted T to be the time

from Ry to R, (Ref. 13:16)s In this last article, 3ell |
Laboratories has also interpreted the fall time (Tf) in
Figure 3 to be the lensth of time required for one optical
deoth to recrystallize. The value of Tf can then be related
to the velocity that the melt-solid interface moves toward
the surface of the sample. Bell Laboratories also found T¢
to be devendent upon minute dust particles and other surface
irregularities (Ref. 13:22).

In Figures 4-9 the time-resolved reflectivity signal from

virgin GaAs at different energy densities is shown., Figure &

16
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Figure 4, Figure S,
Fieure 6. Figure 7,
Figure 8. Figure 9.

Figures 49, The HeNe reflected signal from virgin Gads
at energy densities of .2, .24, .3, .5, .75, and ,95 J/cn”,
and melt times of 0, 47, 77, 127, 250, and 220 (%) nsec
respectively.
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shows that at ,2 J/cm2 no melting of the surface occurred. As
the enersy density was increased the reflected signal became
larger until, as shown in Figures &4 and 5, the height of the
reflectivity signal reached a maximum corresvonding to Rl in
Figure 3. As the energy density was increased from Figure &4
to Figure 5, the flat vortion of the signal becomes longer.
Finally, the energy density will become so large that the
surface o the samrle will b%e destroyed, and a sicnal like
Figure é will be obtained.

By plotting T versus energy density, characteristics such
as the difference in the energy density required to start
melting in imolanted and virgin samrles can be obtained. T has
been compared to observed changes in samples by RBS to determine
the ootimum conditions for annealing Gaas (Ref.18). Therefore,
T can be related tc the vhysical or electrical chanees in the
material as a result of the annealing process in the sane way

that the energy density has bdeen used (Ref. 9,19, and 21).

ins Annealing

Due to the absorption of the laser energy, the temperature
of the sample will increase during the annealing process. as
the temperature increases the atomic mobility of the atoms in
the semiconductor will increase allowing the impurity atoms to
move into substitutional lattice sites.

Most of the theoretical examination of the absorption of
the laser radiation has dealt with crystalline semiconductors.
One of the most important parameters that must be considered

when examining the absorption in crystalline semiconductors is

18




the photon energy (hv). For an hv > enercy zapn (Eg), the laser
energy will be streongly absorbed as in metals. However, if

hv Eg, the absorption will be governed by multiphoton
absorotion and by extrinsic material properties such as impuri-
ties, inclusions, and surface preparations (Ref, 4:1). The
measured absorption coefficients (@) for slightly disordered
and amorphous Si bear out this fact,

Khaibullin, et.al. (Ref. 9:227) report that for hy > Eg

(A = .69 um) slightly disordered Si a g5 = 4x107 en™!, ana

for amorphous Si a (o o= sx10% em~1

or an increase of an order
of magnitude. For hv = Eg (A = 1.06 um) slicshtly disordered Si

-l » ol % o
= £ moYr S = U N
a1'06 s 20 cm ~, and for amorvhous Si a x10" em

1.06 um
or an increase in a of three orders of magnitude. Therefore,
it can be seen that the effect of the extrinsic m=terial proper-
ties on a is much larger for hv & Eg then when hv > Eg. The

importance of the extrinsic proverties of the material when

hv & Eg is also seen from reported information that it is
difficult to obtain uniform annealing in Si when 1.06 um o
irradiation is used (Ref., 17:558),

Khaibullin, et.al. (Ref., 9:231) state that if the wave-

length of the laser used for annealing is in the fundamental
absorption band then two mechanisms for absorption dominate:
(1) a semiconductor mechanism and (2) an induced metallic
mechanism. The semiconductor mechanism is a band-to-band
absorption, and results whenever photons having energy i
hv > Eg are absorbed and generate electron-hole pairs. When
these electron-hole pairs recombine in a nonradiative process,

the absorbed energy is transferred to the lattice causing it to
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heat, The metallic mechanism takes place whenever the energy
" is absorded by free electrons. The photon energy absorbed by

the electrons goes into kinetic energy and is transferred

from the electrons to the lattice by collisions which results

in the heating of the lattice. According to Kruer, et,al.

(Ref., 4:2), the band-to-band generation is usually the domanant

mechanism whenever hv > Eg. lHowever, for nanosecond pulses

the metallic mechanism can be very important since the material

melts., COnce the material melts, hv does not need to be

greater than the energy gap of the sample to be effectivily

e T —

absorbed. Bell lLaboratories have shown that the optical
proverties of the melted material are metallic since both
infrared and visible laser irradiation are absorbed with abdbout
the same efficiency (Ref, 17:1558).

One of the problems with the published theoretical work
is that crystalline samples are considered. At energy densities
helow that required to achieve melting, factors such as the
reflectivity and the absorption coefficient of implanted and
crystalline samples are usually different. Using time-resolved
reflectivity techniques, the energy density required to start
melting (melting threshold) in Si implanted with 30 keV As at

1015 1ons/cm2 with A = .83 um was determined to be about 2/3

that required to produce melting in unimplanted Si (Ref, 13:120).
The reason for the difference in melting threshold is not known }
but lower melting temperatures or thermal conductivity, or
both have been sugrested (Ref. 13:20). Other factors that

‘ might also produce the lower melting threshold are the

difference in reflectivity and absorption coefficient of the
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implanted and unimnlanted Si,

Although a difference exists in the threshold for meltine

between implanted and unimvlanted Si, the difference in the

melt time (T) ravidly disappears as the energy density is

increased (Ref, 13:117), Since the sample is in a melted sta<.,

the dominant absorption mechanism is no longer a band-to-band
absorption dbut a metalic adbsorption. Therefore, the reason
T becomes the same for both implanted and unimplanted Si is

that the mechanism for abdbsorption and the reflectivity will

the same. As the eneryy density lis increased above the melti-

threshold, the percentase of energy absorded prior to meltine

m

will decrease making the difference in T between the implant. -

and unimplanted samvles decrease.

Plasma Surface Damage
One vossible cause of damase such as craters in the
surface of a laser annealed sample that has been suggested is

that the damage might be due to a plasma formed at the air-

samvle interface (Ref. 16:637), The formation of a vlasma o

result in an enhanced coupling of the laser energy to the sur”

of the sample (Ref. 35:70)., Although the mechanisms for the
feniting of a plasma are not well understood, possidle causes
are thermionic emission and vaporization of surface particles
(Ref, 15:6Q), The reason for the suggestion that damage was
due to a plasma is that the vapor pressure of the vavoriszed
surface particles in Ge and S5i, where damage was observed to

occur, was calculated to be 10 Atm (Ref, 16:637), Comparison

between reported information is needed to determine whether or
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not a nlasma will be formed.

The energy or power density required to produce a plasma
in air (air breakdown) depends uvon the ambient gas, the
pressure, the laser wavelength, the focal spot size, and partly
on the pulse length and distribution of the intensity across
the laser beam (Ref., 34:165). An example of how pressure,
ambient gas, and wavelength affect the breakdown threshold can
be seen in Figure 10. This work was done using the first and
second harmonics of rudy and neodymium lasers. The pulse length
for » = 1,06 um and .69 ym was 40 nsec, while A = .53 um and
«374 ym had pulse lengths of 28 and 20 nsec respectivly.

Buscher, Tomlinson, and Damon (Ref. 34:164) have also
measured the breakdown threshold for several molecular and inert
gases using 40 nsec pulsed ruby and neodymium lasers. From
these results seen in Figure 11, the breakdown threshold in
air at 760 torr (1 atm) is about 2 x 10! W/cm2 and 6.5 x 1010 w/cm2
for A = .69 um and 1.06 um respectively.

Khaibullin, et.al. (Ref., 9:1226) reported observing damage
in Si at 3.5 x 107 W/em® for A = .69 um and 5.8 x 10’ W/cm® for
A = 1,06 um. Therefore, from Figure 11 air-breakdown occurs
at about three orders of magnitude more than the damage threshold
reported by Khaibullin, et,al., and at about two orders of
magnitude more than Bell lLaboratories reported damage threshold
value.

For laser beams striking a solid surface, plasmas have
been observed to occur at more than two orders of magnitude

below that required for air-breakdown (Ref., 30:6,7). A factor

of two orders of magnitude lower would place plasma formation
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for A = 1,06 um at about 6.5 x 108 W/cm2 which is close to

the damage threshold reported by Bell Laboratories. Therefore,
the suggestion that damage is due to a plasma formed at the
air-sample interface is valid and should be investigated.
Methods that have teen used to verify that a plasma has been
formed in air or on metal targets such as Aluminum (Al) are a
visable flash, a decrease in laser energy transmitted through
the focal volume, or an increase in reflection of the laser

radiation (Ref. 34:64,72),

Theoretical Work on Laser Annealing

The purpose of a theoretical treatment of laser annealing
is that it can be used to obtain a better understanding of the
heating and melting effects that take place. To obtain a
detailed analysis of the effects of heating, the heat flow
equation must be solved for the case where the heat capacity (Cp).
the mass density (p), and the thermal conductivity (K) are
temperature dependent. The heat flow equation

V°T - (1/D)3T/3t = -A(x,y,z,t)/K
where the thermal diffusivity (D) = K/CpP and A(x,y,z,t) is
the heat generation rate, becomes nonlinear when Cp. P and K
are temperature dependent and most of the time must be solved
numerically (Ref. 36:10).

Several numerical solutions of the heat flow equation have
been verformed for laser annealing of semiconducting material
with nanosecond pulses (Ref. 32,32,37, and 38). To simplify
the calculations, the heat flow equation can be reduced to

one dimensional by assuming that the radius of the laser beam
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is much larger than the thermal diffusion length (2Dtp)é. where

tp is the pulse length of the laser., Using the one dimensional

heat flow equation, the numerical solutions were performed by
4 dividing the sample intc slices az thick and the time into

a number of small time intervals at long. The solutions were

then obtained by using an iterative process for each cell and
time at, The latent heat of fussion at the melt-solid interface

and estimates of how K, Cp, pr a, and the reflectivity (R)

changed with changing temperature were also included. However,

i

estimates of how R and a changed differed from vaper to parper.

DU
phe )

One of the purposes of the numerical work was to determine :

whether liquid or solid-phase epitaxy was the regrowth mechanism.,

Since the diffusion coefficient for solid Si is about 10'12

14

to 10~ cmz/sec. solid-phase epitaxy can not explain the

regrowth that has been observed (Ref, 32:137)., However, liquid

4

Si has a diffusion coefficient of about 10~ cmz/sec and so

% % 1o

the growth rate could be as high as 1010 X/sec which could

explain the regrowth observed (Ref. 38).

iy oy R

— ey T

The result of numerical solutions have shown that for

nanosecond pulses the material does melt and that the depth
of melt is dependent on the energy density (Ref. 32,33,37,and 38). \

These results agree with experimental work that has shown that

the material melts (Ref. 12 and 13) and that the regrowth i
mechanism is a liouid-phase epitaxy for laser annealing with ‘
nanosecond pulses.

Baeri, et,al. (Ref. 38) have performed numerical calculations *
for the temperature of the surface layer of an amorphous Si

versus time for a flat and gaussian laser pulse. They have
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Figure 12, Calculated surface layer temperature of
amorphous Si vs, time for a flat and a Gaussian laser

pulse shave, Lower curves for room temperature thermal
conductivity (K) and upper curve for a variable K, (Ref. 38)

also shown in Figure 12 that for a variable K the surface of the
material will melt but for K at room temperature the material
will not melt,

Some of the results of Bell, et,al. (Ref., 33) can be seen
in Figures 13 and 14. In Figure 13 the temperature versus
depth in the sample is plotted for different times during
the laser pulse. At the melting temperature (Tm) the temperature
rise is inerrupted until the latent heat of fusion can be added
to cause the phase change from solid to liquid. It can also
be seen that the material is still in a liquid phase when the
oulse is finished.

In Figure 14, the depth of melt versus incident energy
density is plotted for several different materials. From
Figure 14, it can be seen that amorphous Si melts at a lower

energy density than that of virgin Si, The difference
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observed for the amorphous and virgin Si is due to a difference
in the absorption coefficient (a). From Figure 14 it can also
be seen that GaAs melted sooner than Si and the slope of the
melt depth versus energy density is smaller than Si, The
differences between Si and GaAs are caused by the differences
in Cp, p. K, R, and g for the two materials., The values

that were used for GaAs are not ; therefore, the quantities
that contributed the most to the difference can not be deter-

mined.
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111, EXFERIMENT

Equipment and_Experimental Arrangement

The laser used for this experiment was a Holobeam series
300 rubdby laser equipped with a 3/8 in. by 3 in. long rudy red,
and pumped with a Xenon-filled arc discharce lamp. The laser
was operated in the Q-switch mode with an output that can
exceed 100 MW, A 60 cm lone cavity was used for all experimental
work, and the measured pulse width at half maximum (FWHM) was
27 to 30 nsec. The output of this ruby laser is multimode and
horizontally polarized,

Two HeNe lasers were used in the experimental set up
which can be seen in Figure 15. One HeNe laser was used for
alignment purposes, while the other was used for the time-resclved
reflectivity measurements (Ref. 10, 11, and 1%),

The HeNe laser used for the time-resolved reflectivity

measurements was not polarized, and had an output of 2 mW in

the TEMOO mode. The diameter of the HeNe beam on the sample
was .72 mm, and the angle of incidents of the laser beam on the

sample was 36°., The beam reflected from the sambvle was

- - -

monitored by a NRD-500 vhotodiode made bv Notorola Semiconductor |

Products, Inc. The vhctodiode was placed behind a .63 ym

transmission filter and a pinhole so that the ruby laser
pulse wculd not affect the signal detected by the photodiode.

The photodiode has a rise time of about 2 nsec. The voltage

across this resistor was monitored with an oscilloscope whose

rise time was 3.5 nsec.
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For laser annealing, the spatial homogeneity of the laser
beam is important (Ref. 24), Since the ruby laser operation
is multimode, the spatial homogeneity is not uniform. To
improve the homogeneéity, a piece of glass which was frosted on
one side was used as a diffuser. Two different diffusers, a
lig .tly frosted diffuser for annealing Si and a heavily frosted
diffuser for GaAs, were made for this process. Both were
frosted with Buehel Alumunium Oxide 600 grit powder vlaced on
a piece of €600 grit paper. The lightly frosted diffuser was
made by mixinc the €00 srit powder with enough water to make
a liquid suspension, while the heavily frosted diffuser was
made by mixing only enough water to make the powder into a paste.
Light sensitive paper was used tc examine the spatial character-
istics of the ruby laser beam transmitted through the diffuser.
The burr patterns on this paper showed the spatial homogeneity
from the heavily frosted diffuser to be more uniform; however,
the energy density transmitted was about 50% less than the
liehtly frosted diffuser. The diffuser was mounted at an
anzle of 10° from the ruby beam with the frosted side closest
to the samnle. The unfrosted surface was facine away from the
samole, and could be used as a reflector so that the energy
density used to anneal the samples could be monitored.

The monitoring of the energy density was done with a
radiometer., The reading from the radiometer was a measurement
of the amount of energy reflected from the front surface of the
diffuser. This reading was then related to the energy density

at the sample. The energy density was measured with an energy
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receiver which was placed behind a 4 mm aperture. Pulses from
the milli-joule range to 1000 joules can be detected by the
energy receiver which senses a rise in temperature of the
receiving unit and compares it with the ambient temperzature.
The accuracy of the energy measurements is + 3%. The energy
receiver is also equipped with a Hewlett Packard 4220 fast
ohotodiode (rise time of apvroximately 2 nsec) for measuring
the pulse width of the laser.

To examine the effects of laser arnealing, it is necessary
to be able to chance the energy density. This oculd be
accomvlished by changing the Xenon pump veltace; however, this
also chances the laser pulse width. To make it possible to
chance only the energy density, the Xenon vbump voltace was
kept constant and part of the laser beam was attenuated.
Attenuation was accomplished by using pieces of glass to reflect
part of the laser energy into an energy dump.

To protect the ruby laser, the total energy outrut was kept
below 1.5 J. Due to the energy loss caused by the diffuser
and non-homoseneity of the laser beam, an aluminum light pvipe
was used. The interior of the vive was polished with a cotton
swab and the same 600 grit powder used to frost the glass

diffusers. The light pipe was mounted directly behind the

£lass diffuser, and it was found that by using the light pipe
it was possible to get the energy density greater than one joule

per square centimeter. However, due to spectral reflections, ?

the annealing beam drofile or the energy density as a function
of distance from the center of the beam changed devending upon @

the distance from the end of the light pipe. From burn patterns
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and from measurire the crergy density across the annealing

beam, it was fcund that 4 cm behind the pipe gave the most
uniform beam profile. Examples cof this can be seen in Appendix 8.
This vosition was then chosen as the place for the sample to be

annealed,

Experimental Procedures

The first thing that was done was to alisn the ruby laser
with an autocollimator. Sometimes the alignment of the cavity
would chance and the cavity would be realisned. The need for
realienine the cavity was determined by observing a drop in
enerey or an increase in pulse width as detected by the radio-
meter.

After the ruby laser cavity was aligned, light sensitive
vaver was used to make a burn pattern of the output of the ruby
laser. The burn pattern was then used to position the HeNe
alignment laser so that it was traveling the same path as the
rudby laser beam. The alienment laser was then used to align the

diffuser, the samvle, the radiometer, and the time-resolved

reflectivity laser.

The alignment of the items above was relatively stable and

did not need to be changed from vulse to pulse. However, when

the energy density was changed by using tne enersy attenuator,

}
1
these items needed to be realigned. The reascn this realignment |
\
. . !
was necessary was because of the displacement in the ruby laser i

beam caused by the tilted pieces of glass used in the attenuator,
Each time the light pipe was realigned, a burn pattern on

light sensitive paper vplaced 10 cm from the end of the pipe was

:i2n--n-u--m-n--n-u-u-u-iiiiuiﬁliiﬁl‘.li




taken, This burn pattern was used to determine whether or not
the licht pipe was properly aligned. If it was properly aligned,
the burn pattern would appear as a dark ring with a dark burn
svot in the center. If the lisht pipe was not properly alisned,
the burn spot would not be. in the center of the ring.

After the system was aliened, the 4 mm aperture and the
energy receiver were used to measure the energy density. The
aperture was positioned in the center of the ruby laser beam,

L em behind the end of the light pipe. The energy receiver was
vositioned directly behind the averture. Four to six laser
vulses were then measured with the radiometer and the energy
receiver, and an averace ratio of these two readings was
calculated. The ratio was compared with the calibrated results
to see if any change in the ratio had occurred, During the time

of the exverimental work, no change in the ratio occurred.

Calibration and Reproducibility

To be able to examine the results ani make comparisons with
reported work, an accurate measure of the energy density and the
laser pulse width used to anneal each sample was needed.

The pumov voltage on the Xenon-filled arc lamp was kept
constant durine the experiments, and only a small fluctuation
in the laser pulse width was observed. The average pulse width
of the ruby laser was measured to be 28 nsec (FWHNM).

In order to avoid calibratino the attenuator and because
of variations in the output of the ruby laser, it was necessary
to measure the energy density for each laser pulse. The radio-

meter was used for this purpose. The radiometer measured the
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t amount of enercy reflected by the front surface of the diffuser;

| therefore, a calidrated ratio of the energy density 4 cm behind
the light pive divided by the energy measured with the radio-
meter was needed to convert the energy measured by the radiometer

to energy density on the sample. To measure the energy density

"

4 cm behind the end of the light pive, a 4 mm aperture with the

L S,

enercy receiver was used. The energy detected by the energy

receiver was then multinlied by the area of the arerture to get
the energy density.

An assumbtion used in makine this calculation was that the

B T e

enerry density across this 4 mm aperture was apvrroximately

constaint., From burn patterns and measurements of the beam
profile found in Appendix 3, it can be seen that this assumption
is valid. Using the information obtaired from the beam vrofile
measurement, the enersy density changes less than 10% over the
4 mm area. The bdeam profile measurement was done with a 1.4 mm
averture, and is just an avproximation.

Assuming that the eneryy density measured with the 4 mm
averture is a good approximition, the ratio of energy density
at the samvle divided by the reflected energy can bde odbtained.

This ratio was determined to be 173 ¢+ .001 x 101O (J/em” =coulomd)

when the lightly frosted diffuser was used., When the heavily
frosted diffuser was used the ratio was .0870 + ,0002 x 101°
(J/cm:-coulomh). However, differences of up to 8% from these
averare values were measured., The major reasons for this 8%
difference in the measurements were misalignment of the light \
pipe and inaccurate energy density measurements resulting from

the energy receiver not bdeing allowed to thermalize properly.
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To minimize the effects of this inaccuracy, the first laser
pulse was not used to get the average, and at least five minutes
were allowed for the energy receiver to thermalize between each
laser pulse.

The energy receiver was calibrated with a TRG 108 thermopile.
From that calibration the energy measured by the energy receiver
was only 0% of that measured with the thermopile. The accuracy
of the thermopile is not known.

Each time a samprle was annealed the enercy density and a
picture of the time-resolved reflectivity signal were recorded.
From this picture the melt time (T) of the sample could be
established. In determining T a criteria of full width at Q0%
of the maximum height was used. Accuracy of T was + 7 nsec

due to errors in the measurements.

Samvles
The samples that were used for the experiment were virgin
GaAs comvensated with chremium (Cr), virgin Si, Gads implanted

14 ions/cmz.

with 120 keV tellurium (Te) and argon (Ar) at 10
and indium (In) at o' ions/cmz. The implanted samples were
cleaned with dehydrated alcohol and blown dry while the virgin
Si samnles were cleaned in hydro-fluoric (HF) acid and then
washed in dehydrated alcohol and blown dry. The method used to
clean the virgin Gads was to wash the sample in hydrochloric
acid and then water. The virgin Gads samvles were then etched
for one minute in a solution of three parts H,50,, one part

Hzoz. and one part H20 at room temperature. The rate of this

etching solution was 10 um/min, The samnles were then cleaned
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with dehydrated alcohol and blown dry.
The reason for using the HF acid on the virgin 5i and the
etching solution on the virgin GaAs was to remove anv oxides
that were on the surface of the samvles. Efforts to remove
the oxides from the imvlanted samples were not made because
part of the implanted layer would have also been removed. The
methods that were used to clean both the viregin and implanted
Si and GaAs gave a clean surface which is needed for the annealing

Drocess.

Analysis of Annealing

Analysis of the annealing was done using time-resolved
reflectvity measurements, and odtical reflectivity. The time-
resolved reflectivity measurements were used to determine how
lone the samvle was in a melted state. These measurements were
then compared with results obtained with the optical reflectivity
techniques performed by Lt. Mullins. A detailed description of

the optical reflectivity technique can be found in Reference 22.

Error Analysis

Error analysis is used to determine the accuracy of the
experimental data. The analysis is seperated into the errors
in the measurement of the melt times (T) and the errors in the
measurement of the energy density.

The measurements that were performed on T used the full
width at 90% of the height of the signal from the fast photo-
diode. Since the value of T is related to the physical or

electrical changes that occur in the material by other techniques,
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only the errors in the difference of T from sample to sample
are of interest. Therefore, if T is large compared to the rise
time of the oscilloscope (3.5 nsec) and the rise time of the
fast photodiode (2 nsec) only errors due to the measuring of
the length of T will be considered. The error in the measure-
ment of the length of T was determined to be + 7 nsec.

Errors in the measurement of the energy density result
from the beam profile, the accuracy of the energy receiver, and
the ratio of the energy density incident upon the sample to
that reflected into the radiometer, The beam profile was found
to change about 10% over a 4mm area as shown in Appendix B,

The accuracy of the energy receiver was given as 3% and the
ratio of the energy density incident upon the sample to that
reflected into the radiometer had a deviation of 1%. The error
in the energy density measurements is then taken to be 13%.

The accuracy of the measurements is not known since the energy
receiver was not calibrated against a calibrated energy meter.
Therefore, the error of 13% is just the possible error in the

energy density measurement from one sample to the next.
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IV, RESULTS AND DISCUSSION

L Anne GaA

The GaAs samples were annealed with a ruby laser ( A= 694 um)
and pulse width of about 28 nsec (FWHM)., The energy density
used for annealing was varied from .09 J/cm2 (3.2 MW) to .95 J/cm2
(3% MW), Analysis of the effect that the energy density had on
the samples was done with time-resolved reflectivity (Ref. 11 i
and 13), visual micoscopy, and optical reflectivity techniques

(Ref. 22).

Results from the time-resolved reflectivity measurements

for implanted and virgin GaAs can be seen in Figure 16. Measure-
ments obtained by Bell Laboratories (Ref. 13:17) using GaAs
implanted with 50 keV Te at 1016 ions/cm2 and annealed with

A= <530 uym are also shown.

The interpretation of the melt time (T) in Figure 16 was

found to affect the shape of the T versus energy density curve, P

Measuring T as the flat portion having a reflectivity Rl in

g

Figure 3 gave poor results., These results showed large changes

in T for samples annealed at apvroximately the same energy

density. These inconsistencies are similar to those that have
been revorted (Ref., 11:438), Measuring T as the length of time
from Rb to Ra in Figure 3 was not always possible due to the

electrical ncise in the reflectivity signal. Measurements ;

from Rb to Ra on the implanted samrles gave a curve very close
to that of Bell Laboratories in Figure 1€6. Accuracy of the
measurements made from Rb to R. of the implanted samples is

questionable because of the noise problem. Due to problems
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with the noise and the poor results obtained from measuring
the flat portion of the reflectivity signal, the measurement
of T used in Figure 1€ was cbtained by taking the full width
at 10% of the height above Rb and Ra‘ Since information was
not found on the reflectivity of semiconducting materials as

a function of temperature, it was nct possidle to determine

whether or not T actually represents the time that the material

was melted,
To determine whether or nct melting occurred, veltage

measurements were taken for values of Ra and R1 from the

st e g

reflectivity signal. Using the chance in voltage from Ra to
Rl and a value of W% for Rb (Ref. 29:1522), the value of Rl

was determined to be approximately 59%. The value of Rl
obtained from the voltage measurements is smaller than that

measured for liquid Si by about 15% (Ref, 31:2111), However,
the value of Rl obtained is prodbably that of liquid GaAs, and
the difference between Rl for GaAs and that of Si is probably i

due to differences in the material.,

In Figure 16 it can be seen that the curves of the im-

planted and virein GaAs have the same shape. At low energy
density no change in reflectivity or T was observed, but as the
energy density was increased there was a rapid rise in the

melt time versus energy density curve, After the initial rise
in the reflectivity signal (T threshcld), the melt time versus

energy density curve then goes through two linear increase

regions as the energy density increases. In virgin GaAs the
curve became somewhat flat from T threshold at about .21 J/cm2

to about .4 J/cmz. At .4 J/cm2 the slope of the melt time
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versus energy density curve became much steeper.

. The basic shape of the implanted melt time versus energy

density curve was established from T for GaAs implanted with

14

120 keV Te at 10 ions/cmz. However, T for GaAs samples

implanted with 120 keV Te and Argon (Ar) at 1013 ions/cm2 and

ions/cm2 respectively were also measured. Comparing the
time-resclved reflectivity measurements on the implanted Te and

Ar samples, it apvears that the tyvpe of implant does not affect

the annealing process since both have the same T. Cnly one
GaAs sample implanted with Te at 1015 ions/cm2 was annealed.
The sample was annealed at .35 J/cm2 and no difference in the
melt times of the 1015 ions/cmz and the 101& ions/cm2 Te
implanted samples was observed.

Above .4 J/cm2 the curve for the implanted samples is the
same as that for the virgin within the error of measurements;
however, below .4 J/cm2 the melt time is longer than that of
the virgin GaAs. T threshold for the implanted GaAs was
determined to be about .1 J lower than that of virgin GaAs.
To decrease the vossibility of error, a virgin sample was
first irradiated and then an implanted sample at the same

energy density. The difference in T at .35 J/cm2 for a virgin

—— % e A ARt NSl . 4 o

and implanted sample can be seen in Figures 17 and 18, Three

reasons that have been suggested for the differences in T of

the implanted and virgin samvles below..4 J/cm2 aret (1) more ﬁ

!
of the laser energy is absorbed due to the amorphcus layer, w
(2) that the melting temperature of the amorphous layer is !

less, or (3) that the thermal conductivity of the amorphous

layer is less (Ref. 13:120).
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Figure 17, HelNe re:lected
signal from virgin GaA§
annealed with .35 J/cm
Felt time 77 nsec,

Figure 18, HeNe reflected
signal from GaAs impl@nted
with 12Q keV Te at 10

ions/cm“,annealed with
«35 J/em®, Melt time 93nsec.
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In Figure 14, numerical solutions for melt depth versus
energy density can be seen. Examinine the curves for amorphcus

and virgin Si in Figure 14 shows that a difference in the

absorption coefficient will result in a difference in the melting

threshold. Therefore, the lower melt threshold observed for
the implanted GaAs is expected. Figure 14 also shows the
melting threshold for GaAs annealed with a 25 nsec ruby laser
pulse to occur at about .25 J/cm2 for virgin GaAs which agrees
with that found in Figure 1€,

The reason that the melt time versus energy curves for
the implanted and virgin GaAs become the same at high erergy
densities is not explainable from the numerical sclutions in
Figure 14, However, one explanation for why T becomes the
same at high energy densities is that once the material has
melted both the implanted and virgin material have the same
properties. At high energy densities, the melting occurs
very early in the laser pulse and sc most of the energy is
absorbed in the melted material. Therefore, little difference
in T should be observed between the implanted and virgin
material. As the energy density is decreased, the amount of
energy being absorbed in the melted materiasl will decrease
and differences in the properties of the material such as the
reflectivity and the absorption coefficient will cause more
noticable differences in T,

A good explanation for the differences between Bell
Laboratories results and that of this thesis is not available.
This is due to the fact that there are several differences in

the experiments such ast (1) Bell Laboratories used A= .53 um
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Figure 19, Degree of Damage vs, Laser
Annealing Energy Density for Gads, (Ref. 22)

radiation instead of .69 um, and (2) the pulse lensth used by
Bell Laboratories was 40 nsec and that for this thesis was 28
nsec. Because Bell Laboratories used .53 um radiation, the
absorption coefficient is larger (Ref. 29:510) and the melt
threshold should be lower, However, the pulse length is longer
which would tend to cause the melting threshold to increase.
Another possible cause is in the measurement of T, because of

these differences it is hard to obtain a good explanation for
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the differences between the two experiments.,

. Another method of examining the laser irradiated samples
is optical reflectivity techniques (Ref. 22).. These results, |
seen in Figure 19 show the degree of noncrystallinity or damage
(D) versus energy density for both the laser irradiated implanted

and virgin GaAs. A piece of crystalline material will have a

value of D of zero, and an amorphous piece of material will

have a D of one (Ref., 22). It can be seen in Figure 19 that
14

D for GaAs implanted with Te at 10 ions/cm2 decreases until !
at .35 J/cm2 it is as small or smaller than the irradiated
virgin. From Figures 17 and 18 it can b»e seen that the virgin L
1 and the implanted GaAs did not have the same T. From Figure 16

it can be seen that the melt time of the implanted sample

riid 68

annealed at .35 J/cm2 was approximately that of the virgin

GaAs at .4 J/cmz. Evaluation of D above .35 J/cm2 seems to

indicate that the laser irradiation is causing damage to the f

crystallinity of the sample.

! From examination of the samples with a microscope the t
«35 J/cm2 annealed implanted sample showed almest no surface
damage. As the enerey density was increased above .35 J/cm2

cratering in the aurface of the implanted samples became more

NrT—

noticeable. In crystalline GaAs surface damage was not

observed until about .59 J/cmz. Surface damage in the form of
scattered craters was reported by Mason (Ref. 5:46) to occur

2 in GaAs implanted with Te at 107 ions/cmz. The

at .27 J/cm
reason for the lower damage threshold could be due to differences
in the beam profile.

Using the sheet resistivity measurements in Figure 20 for
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Figure 20. Laser energy dependence
of the extinction coefficient and
the sheet resistivity. (Ref. 21:601).

[ e

CaAs imoplanted with 120 keV Mg at 1015 ions/cmz. a large drop

in resistivity at abvout .28 J/cm2 can be seen. Comparing the k

results in Figure 20 with time-resolved reflectivity measurements

in Figure 16 place the drop in sheet resistivity at the energy

Therefore, there is a

density above the melting threshold.

larce increase in electrically activated impurities due to the

melting of the imvplanted layer of the samvle. Also, the initial

dreop in the extinction coefficient seen in Figure 20 occurring

at about .1 J/cm2 which is just above the melt threshold.

- e e e

The drop in the extincticn coefficient, which is provortional

to the absorption coefficient, just above the melt threshold.

would indicate that the absorption coefficient decreases at

From optical reflectivity techniques, it

the start of melting.

apoears that the energy density required for the lowest

extinction coefficient and for the sudden drov in sheet
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resistivity in Figure 20 (.38 J/cmz) is close to that required

for good crystallinity.

Laser Annealine of Si

Both virgin 51 and 51 implanted with 30 keV In at 10'5 ions/cm2
were annenled with the Q-switched ruby laser used to anneal the
GaAds, The analysis of the annealing was the same as that of
the GaAs,

Results from the time-resolved reflectivity measurement
alons with those ohtained by Bell Laboratories (Ref., 13:17) can
be seen in Pigure 21. Comparison of the results in Figure 21
with Figure 16 shows similar curves but at about 2.5 times the
energy density.

Meltineg threshold of the implanted Si is about 200 lower
than that of the virgin Si but the difference in T decreases
until at .0 J/cm2 when they are approximately the same. Bell
Labvoratories, using A= .83 um found that the difference of
meltine threshold between virgin and implanted Si to be about
0% (Ref, 13:20), Comparine Bell laboratories reported values
for T versus energy density with the experimental results
obtained, it can be seen that Bell Laboratories curve is
shifted to lower enercy densities. The slopes and general
shaves 07 the melt time versus energy density curves stayed
the same. Differences in the data revorted by Bell lLaboratories
and the experimental values ohtained along with differences
observed between the virgin and implanted Si can be due to
differences in the absorvtion coefficient,

Bell, et,al. (Ref. 331310) have shown that for Si the
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O——C0O— Si virgin, A =.53 pm, (Ref.13:17)
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the higher absorption coefficient causes amorphous Si to melt
at lower energy densities. These results are shown in Figure 14
and amorphous Si is observed to melt at .5 J/cm2 and virgin Si
at .9 J/cmz. The value for amorphous Si is close to that
shown in Figure 21 to be the melt threshold. However, the
difference between the implanted and the virgin S and the
meltine threshold for the virgin Si do not agree with the results
obtained (Ref., 33:319),

The results of the examination of the Si by ontical
reflectivity can be seen in Figure 22, These results show
that no chanee in crystallinity occurs at .§ J/cm2 which
corresvonds to very little meltine having taken vlace., As
the energy density is increased and more melting occurs,
the parameter D continues to decrease. No increase in D due
to laser induced damage in the crystallinity was observed to
about 1.3 J/cmz.

From observations with a microscope, there was one crater
formed in the center of the annealing at enercy densities of
oS J/cmz. This crater showed little increase in sigze from
.95 J/cm2 to 1.3 J/cmz. and non-uniformities in the annealing
beam are probably the cause of the crater. Therefore, the
exverimental set up used to anneal the Si needs to be changed
so that the beam profile would be more homogenous.

Using a reflectivity of 3% (Ref. 29:111) for virgin and
Ls% (Ref., 30:1648) for amorphous Si, and the voltage measurements,
Ry was calculated to be 69% and 71% for virgin and amorphous

Si resvectively. These values are in agreement with the reported

value for liquid of 74% (Ref. 31:2111),

50

= 2

¢ R ——— m—-“- 4



(22 *33%)

*1g 03 £31susg £BJsuz PFulTesuly Jese ] S 8FEWeg JO s3JFsq ‘22 8aNnZ1g
(;45/f) AL1ISNZC AS¥IENG
f*L 2°t 0°1L 8°0 9°0 f*0 2°o 0°0
L] v | L) LA Lg v

PRI o°e
! |
&
3]
{120 E
=
c
"z
©
o £
] £
o
ts
C

{9°0

4 Qoo

‘w
- OOF
upBaIA ﬁl

51




V, CONCLUSION AND RECCMIENDATICNS

Conclusion

Both virgin and ion imvlanted Si and GaAs were annealed
with a Q-switched ruby laser having a pulse length (Tp) of
approximately 28 nsec (FWHM). Examination of the annealed
samvles was accomplished using time-resolved reflectivity
measurements, visual microscopy, and optical reflectivity
technioues (Ref. 27). The results obtained were then compared
with reported experimental work and numerical calculations.

Using the time-resolved reflectivity measurements, it was
determined that the surface of the material did melt above
a certain enerpgy density. An exact interpretation of melting
is not possible due to lack of information on the reflectivity
of Si and GaAs as a function of temperature. The maximum
reflected signal (Rl) was calculated to be 59% for GaAs and
€Q% and 71% for virgin and imnlanted Si respectively. The
value obtained for Rl of Si is in agreement with the reported
value of 74% for liquid Si at 1600°C (Ref. 31:2111).

From the time-resolved measurement, a melt time (T) was
defined and plotted against the energy density. The T versus
energy density curves were then compared with those obtained bdy
Bell Laboratories. For Si, the curve obtained by 3ell
Laboratories was shifted to lower energy density values. The
shi€ting to lower energy density is exvected due to numerical
calculations that have been performed (Ref. 33: 348), These
calculation show that amorphous Si will melt before virgin Si

due to a higher absorotion coefficient. Bell Laboratories
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results were obtained using A= .53 um radiation which does
have a higher abtsorption coefficient in Si than A= ,69 um
(Ref, 29:519), Differences between Bell laboratories results
and that of this paver for GaAs are not as easily explained.
The difference in the slope of the melt time versus energy
density curves result from the way that the melt time (T) was
measured.

The time-resolved reflectivity measurements were also
used to determine what affect the energy density had on the
samples. The results were found to be useful in determining
that there is an energy density threshold that must be reached
before melting will occur, and that at very high energy densities
damare can be detected. The threshold for detecting damage by
this techniaque was found to be much higher than that required
to produce scattered craters. Comparing the results with
information obtained by optical reflectivity measurements (Ref, 22)
revealed that the time-resolved reflectivity measurements by
themselves do not give an exact understanding of the degree of
anneal.

From optical reflectivity techniques (RrRef. 22), it was
determined that GaAs is very sensitive to the amount of energy
density used in annealing. At too low of an energy density the
material was not annealed but at higher energy densities damage
to the crystallinity of the surface caused by annealing was
observed. Si was not found to be as sensitive to the energy
density but an ideal value for the energy density needed to
anneal Si was not found. It apveared that the crystallinity

of Si would be restored above 1.35 J/cmz. which was the maximum
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enereyv density used.

The melt time of samples imvlanted with Ar was found to
be the same as samples implanted with Te. Therefore, the
damace to the surface of the sample from ion implantation and
not the type of implanted material is believed to cause the
lower melting threshold in the implanted material. Cnly one

sample with a different implantation concentration was annealed, !

and its melt time fell on the melt time versus energy density
curve for the implanted GaAs. DMore samples implanted at
different concentration would need to be examined bhefore any

conclusions can be reached regarding the effect that the

concentration has on the annealine process.

Cratering in Si was observed to occur at energy densities
below that required for annealing. These craters were always
formed in the center of the sample, and are believed to be
caused by non-uniformities in the beam profile. The non-
uniformities in the beam profile in Aprendix 3 are not seenj;
however, from burn patterns taken at low energy densities a hot
svot in the center of the burn was observed. The hot spot is
small compared with the size of the annealing beam and so it is
not detectable in the beam profile measurement,

An effort was made to try and detect whether or not a
plasma was formed at the surface of the sample when damare
occurred. The method used to detect the plasma was to look
for a bright spark. No signs of a plasma were seen even when

the surface was completely destroyed.
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R nmendations

Because of non-uniformities in the beam profile it is
not possible to determine whether cratering is due to the
surface of the sample or due to hot spots. By using a single
mode laser, different values for the energy density recuired to
produce visual damage might be obtained. Since the center of
the heam would probably have the highest energy density, the
time-resolved reflectivity measurements taken at the center
may be used to detect when damase occurs,

Since there is a possibility that a plasma is formed at
the surface of the samvle, it would be beneficial to determine
whether or not the plasma is formed. Using a Neodymium laser
for the first examination may be better tecause the breakdown
threshold is lower for A= 1,06 um.

Time-resolved reflectivity measurements should be taken
using A= ,53 um to verify published reports and to examine
differences between Bell laboratories results and that of this
thesis. The samples should also be examined with other methods
such as ovtical reflectivity and sheet resistivity to determine
the differences that occur because a different wavelencth is
used. Samvles imnlanted with different concentrations, dis-
tribution, and types of imourities can be examined to see what
affect the imourities have on the annealing process. To obtain
a better idea of what can be determined from the time-resolved
reflectivity signal, information on the reflectivity of semi=-
conductineg materials as a function of temperature needs to be
obtained.

Examination of the numerical work that has been accomplished
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could reveal more information about what occurs during laser
annealing. Also, modeling the annealing process on a computer
could be useful if information about the thermal and optical
proverties of both implanted and virgin samvles as a function

of temperature can be obtained.,
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aprears that the energy density reguired for the l

extinction ¢

References to thermal and optical proverties of Si and GaAs

APPENDIX A

Table I

owest

cefficient and for the sudden drop in sheet

FROPERTY INFORMATION MATERIAL [REFERENCE
CONTAINED
Absorption function of photon & virgin 293174
Coefficient energy (hv) at 300 °K[GaAs
at 300 °K and 77 %K virgin 7:54
GaAs and
Si
for 1.06 ym and virgin ang9:226
+69 um amorphous
Si
Extincticn for different concen-{amorvhous 21: 598
Coefficient and |trations of impurities|GaAs
Index of
Refraction for different temper-|virgin 29:518-23
ature and wavelength |GaAs
for lgquid Si at 5 liquid 31:2111
1450 “C and 1600 “C Si
Mass Density at 300 °K virgin 7157
GaAs and
Si i
Nelting GaAs and |7:58
Temperature Si
Reflectivity function of hv GaAs and §29:111-2
Si
fineostructureofrom GaAs and 40
103 “K to 600 K Si
amorphous [30: 648
Si
Specific Heat at 300 °x GaAs and |7:58
Si
from 20 to 107 %k si 39:99
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Table I continued

Thermal as a function of GaAs and (41
Conductivity temperature Si
from 100 to 100 °%K  [GaAs 39:99
from 3 to 10° K si 39199
at the melting point |51 421447

“
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APFENDIX B

Beam Profile

Due to nonhomogeneities in the ruby laser beam, a diffuser .

and light pire were used in an effort to make the beam more

homoseneous. The light pipe was also used in an effort to get

b

‘ the energy density high enough for annealing.
The vroblem with using the light vive was that due to

svectral reflections from the inside of the pipe the »eam pro-

PRPPRPPSPERE

file was dependant upon tre distance from the end of the pipe.

From burn patterns it was determined that the beam profile was ]

the most uniform at & cm behind the light pipe.
To obtain a rough idea of the distribution of the energy

density, the energy transmitted through a 1.4 mm aperture

g, CAF v

placed 4 cm behind the light pipe.was measured. The energy
measured was then multiplied by the area of the aperture to

obtain an averace for the energy density. Due to symmetry in

the laser bdeam, the energy density versus distance from the center

of the heam out to 3 mm is shown in Figure 23. At each location

S ———

four shots were taken and averaged to increase the reliability

of the measurements.

e N i v g A N S L N e Bk e NG SNl A N VS RSt it B AN 4 0
E A n——

Due to the size of the aperture the beam profile in
Figure 23 is not completely accurate. Evidence of the in=-
accuracy is that when Si samples were annealed a crater was
formed in the center of the sample, These craters suguest that

the energy density in the center is much higher than measured.

The size of the hot spot is probably much smaller than the aperture;

me——

therefore, it would not be detected in the beam profile measurements. i
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