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ABSTRACT

A u— switched ruby laser was used to Irradiate implanted

and un imp l an t ed  GaAs and Si .  T ime—re solved r e f l e c t i v i t y

measurements , w h i c h  de t e rm in e  the ieri~ th of t i m e  that the

surface of the samp le is me l t ed ,  were performed dur inr  the

laser anneall~~ process. l’he length of melt versus energy

dens~ ty was plotted for both the implanted and unimnianted

san’~les. t\’c’ di f fe rence  in the melt t im e  was observed between

imp lan ted  and unirr ’l~ nted sarr~les at h ig h  energy densities.

The tbresh~ ld for m e l t i n g  n the im~’lanted sam~ 1es wa~ found

to be lower than the virgin samples , and the ener&y density

renuired to produce m e lt i~~ in GaAs was about 2/5 tha t  needed j
for Si .

The results obtained were ccm Dare ’i to retorted experimental

work and numerical  ca lcula t ion on laser anneal ing . ~pti cal

r e f l e c t iv i t y  techniques , performed by Lt. ~.:ullins were used to

determine the crystallinity of the samr ~les a f te r  annealing .

vi
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, LAS~. ~ Ar~~SALI . \~ ‘. F AND ~~~~~ I N Ti ~. CT~~ N~; ~V ITH

~CN Ir ~’FL~ NT ~~~~~~ NL )~’~ TINJ MA :’ IALS

I. INT.~~iJU~~~1LN

Semic ’njucting materials like Germanium (Ge), S il i con ( S i ) ,

and Gallium Arsenide (Ga.~s) are irirortant to beth  the Ai r  Force

and lnlustrv . Se~’i c o n d u c t i n g  ma te r i a l  is used to ma ’~e

e l ec t r ica l  com ’onen ts  1’or devices  s~ ch as op t i ca l  de tec to r s ,

so lar  c e l l s , and mi c roe lec t ron i~ c i r c u i t s  such as comruter

memor ie s .  C~ t t~ :* cr”~ onen t s snch as wind ows , lenses , and

moln l ato r s  c~ n al so be m a I e  u s in~ sem i(~ n d u c t i n g  ‘~‘ -~t er ia l .

The ~e 1icondu d ’t in ~ ‘~r ite r ial  used in many of the e lectr ical

components must be doped with an imp u r i t y  to form e i t he r  ~i

n— tvc~e layer, a r — t v ’~e l I v er , or a p—n u n c t i o n . Cne o~ the

newest t ec hn i c~ues f~ r i~ak i nr these lavt ~rs ~r un c t ions  is by  icri

i~’~ la i t a t i on  (Ref. l , 2 ,3 , and 4 ) .

Ion imr~lantaticn is accomrlished by bcmhar d in -~ a piece of

se—i con du c t in ~ m ate r ial  or subst ’- it e, suc~h as sil icon , w i t h

a certain tyre  of imr~ r it y .  The depth  an:~ d i s t r ib u t i on  of t~ e

ions In the substrate is r e ilt e d  to th e energy of th e

homba r d1n~ Ions (Ref. 2 ,~~, and ~) .  The concentration of the

implanted ions is related to the ion current , the ti”e ex~’cse.I ,

and the temperature o~
’ the substrate during imrl intation

(Ref. 5 and 6). The concentratL~n , the de~’th , and the

distributthn of’ the implanted material can now be changed by

$ varying the er.ergy of the bombarding ions , the ion current ,

the time of exposure , and the temperature of the substrate

1
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during Imnlan ta t icn .

One of the object ives  of Ion i rnp lant icn is to increase the

e lec t r ical  conduct iv i ty  which depends on the number of carriers

available for conduct ion 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

im~lantien because it causes damage to the crystal lattice.

T~ increase the conduc t iv i ty  it is important the damage to the

c~-ystal la t t ice  he small and that  the impur i ty  atoms be substi-

t u t i ona l l y  placed i n t o  crystal la t t ice  sites .

Another  ob jec t ive  for ion imp lan ted  mater ia ls  is that they

can be used in infrared ( I R )  detectors . In both ex t r ins ic  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 *5 4) .  For a photon to exci te  an electron from

the valence band into the conduction band it would need at

least tha t  much energy .  Therefore , extrinsic silicon would not

be usefu l in IR detectors . In an ex t r i n s i c  semiconductor  or a

crystal wi th  impur i ty  atoms in subs t i t u t iona l  l a t t i ce  sites

the re is also an ion iza t ion  energy between the donor level and

the conduction band of an n—type layer, or the acceptor level

and the valence hand of a p—t ype laye r , In p—type Si implanted

with  indium ( Is)  the ionization energy between the acceptor

level and the valence band is about .16 eV (Ref. 7~63). Because

the ionization energy is much smaller than the band gap energy ,

the extrinsic semiconductors can be used in IR detectors to

detect longer wavelength photons .

2
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The process of ion implantation has both benefits and

disadvantages associated wi th  i t .  Some of the reported

benefits are ( R e f .  3, 6 , and ~): (1) the concentration of doparits

for laser annealed sa~rles can exceed the s ol ub i l i t y  l im i t ,

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

to produce many dopin~ configurations , (~~) known i m p u r i t y

dooant , and ( Li. ) depth of the dopants can be varied by chanc ing

the energy of the ions . The d i s a d v a n t age s  o~ the  rrocess are

(Ref. 2, 6,and Q ) s  ( 1)  the i m :o u n i t y  atoms bom bar d in g  the

substrate cause disorder in the c rystal la tt ice s~ ch as d i s —

loc~ttion loops , stacking f a u l t s , arid clusters of point ~efects ,

( 2 )  a t h it ~h concent ra t ions  of im o nr i t y  atoms c o mp l e t e  amorphi—

zation of the crystal lattice is caused , and (~~) ions  seldom go

into the lattice sites sabstitutionally.

For the implanted material to have the electrical rroperties

desired in the layers or junctions , the imo~ritios need to be

subs t i tu ted  i n t o  the l a t t i ce , and the damage to the l a t t i ce  must

be repaired. A process known as thermal  annea l ing  is the  most

common way to repair the lattice and to get the imrurities into

lattice sites.

Thermal annealin~ involves heating of the implanted substrate - 

-

to temperatures of 800_9000 C for approximately thirty minutes.

Although the substrate does not melt , the atoms w i t h i n  the

substrate are able to re-order themselves and repair much of

the dama..e caused by ion implantation . However , thermal

annealing also has~~me undesireable effects such as (~ ef. 2 and

9)* (i) degradation of the electrical properties of the

substraet , (2) redistribution of the dopants , (~~) contamination

3
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of the surface with other impurities , (4) drop in nirority

car’-ier life time , and ( 5 )  d i s l o cat i o n  b oos and s t a c k in g

faults resist thermal annealing .

Another  m e t h o i  o ” an n e a l i n g  involves us ing  a las~’r beam ,

and is called laser ar~ e i ’. irig. Fulsed neo dym ium , :~u l se d ru by ,

and cw-ar ~ on are the mo st freauently used lasers for laser

an n e a l i n g . The m e c h a n i s m  r esmon s ’.b le for laser anneal ~ is

r i o t  e n t i r e l y  u n d e r s t o o d  hu t  th ere  is ev id ence  that for mane—

second ~‘ulsed laser armoalin - the material actually “‘elts and

then recrystallizes (Ref. tC~,1~~,l2 ,and 1~~). Yor ow laser

annea l i ng  the orocess a ‘r ears to  be s i m i l a r  t o  t h e r m . i annealin~

but the t im e of he at in g  due to the laser  is les~ than that used

In thermal  a n n ea l i n g  ( R e f .  10 and Y~) .

Cred i t  for discovering laser annealing i~ given tc a gre

of Ru ssian  s c i e n t ist s  who pub l i shed  t h e i r  report  in 10~~4 . Since

that time , scientists all over the world have shown an ~n~ erest

in la se r ammo ì ling. In the ‘
~
‘mi ted States the ~iost active

s c i e n t i f i c  gr oum s are 3ell Labor ato r ies  in ~ew :erse~’, Cak

Ridge Nitiona . Laboratory in Tennessee , and Stanford ~ lec troni~ s

Laboratories in california.

The interest in laser anneiling is dae to i ts  advan ta ges

over thermal annealing . rhese idvanta-~es are: (1) most of the

laser energy is absorbed in the implanted  area;  th er e for e , the

electr icil properties of the subs t r a te are not a f f ect ed (~ ef. 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

___________ — — ——--~~ ----~~---— ~~- —



im ~ i :r i t i es ( R e f .  9::~ 7 ) ,  and ( 5 )  the process is fas t  and no

fu r n a c es are ne ede~ ma ’<in g i t ideal for industry (Ref. 2 and 3) .
‘cost of the published parers deal with work done or. s i l i con .

ThemO has also been some work or. Germanium (Ge), Ga l l i u m

Arsemide(GaAs ), and o t h e r  s e m i o o m d u c t i n - ~ m a t e r ia l s .  These

re~ orts usually examin e the observed chances in either the

r h y s i cal or e l e c t r i c a l  ~r c p c r t i e s  o ’ ~he substrate as a

f u n c t i o n  of e i t he r  the 1 aser  an n e - i T .  i ng  energy density

(~~oules/cm
2) or the rower density (r~:W/cn~ ).

In many of these rerorts , two soecific values are given:

( t ) anneal i n -  t h r e s h o l d  • and (. ) cr1 tic ~.l d ~m~l -c  threshold.

A l t h o u gh  th ese ~uan t i t i e s  are not well defined , the~ u s u a l l y

corres mond to a soec i fic  change in the r h v s i c a l  or electric al

r’rooerties o’ the imrlanted s~ bstrate . The annealing threshold

is u s u a l ly  the lowest energy or power d e n s i t y  where  a chang e in

the rhysical or electrical croperties is observed. The oritic ~~l

damage threshol~ i s where visual damage such as craters ,

m i c rocracks , and cav i t i e s  in the su r face  beg in to ar ’ear.

V isual  dama-ae is the easiest to ~etect; howev er , o ther  tyre s

of damage r ich as decrease in rhotocondactivity, m obility, arid

carr ie r  d e n s i t y  can be caused by laser annealing (~~e f .  4 ) .

Lack of consensus ex is t s  r e c ar d in c  ho. -; the laser fl ux or energy

densi ty causes damage but several attempts have been made to

find an acceptable theory (Ref. 15:3’).

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 fo l lowing

5
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1 variables: (1) the wavelen.~zth of the laser used , (2) the
H

laser f lux or energy dens i ty ,  (3 ) ‘the time of the annealing H

oulse , (Li.) the substrate material , ( 5 )  the tempe rature in

which the annealing 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 purpose of this thesis is to examine the e f fec t  that

the wavelength , energy density, substrate material , type and

concentration of impurities , and the spatial un i fo rmi ty  of the

laser f lux  have on the annealirw process . Jy comparing the

results obtained by time—resolved reflectivity, optical

ref lect ivity ( R e f .  22), and visible microscopy with reported

experimental work and numerical calculations , information on

how these variables a f fec t  the  anneal ing process will be obtained.

Also , one oro~osed theory states that laser induced damage may

be due to a plasma at the a i r—subst ra te  interface (R e f .  16:637);

th is  will  be examined to de te r rn i,% the va l id i ty  of th is  theory .

I
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11  . ~~~~~ ~C~JN 1)

La ser Annei~flng

L aser annea l  ~ g I one me thod tha t. Is used to ann ea l

ion implante d r e m i c o n d u c t  in ~ m i t e n i a l .  Anneal lug i~; a nrocess

which irs I sts the impi an t e l  I our to occupy subs t I tut I onal

crys ta l  l:t t t  ice  s i t  es , and re pa r the d age in the cry st a l

la t t i c es  caused by the I on mpiant .at ion. For thermal n inea ii ne

the heat from a fu rnace  is used to anneal  the sa’inl es , while

for laser anne-il lug the irr ulia t ion from the laser ben t is

used for the aunei l lug nrocess

~ Inc’e the t’ irs t. na nor ~as pubi  sh ed on 1 .tser tune : Ii np

there has i~een a great deal ct 1 -lst ’ r anne:: ii nc work orformed

• The to r’i 1 asS’ r anneal I ug ; however has not- been c 1 e a r l y  de fined .

In most c! the pubi ishe l work las~’z’ umen I in ’ :  is cons ide -r & d to

occu r whenever the phys I en I or electric al prone et los of the

mater ial undergo a change that can be detected . For exam ple ,

Kha i bu l l l n , ~~~~~~ (Ref. o1.”.~c) define laser anneal lug to have

occured when the laser I rr ctd i i t - l on causes e leo tr I e:tl tot Ivat ion

of in imn i tnt od impu r I ty.

Some of the methods tuse.l t o exati Inc t’e phvs l o t I ohan es

in the sampler ire i (t ) vis ible (Ref. ~) , elect ron ( R t ’ f , Q and

14 ) ,  and phase contrast ( R ef .  t~~) m I c r e s c o n y  which art’ used

to examine ohan~ es In the su r~’.tce layer ~t’ the sinn le , ( .‘ )

optical reflectance (Re f .  10 , 11 ,1” , and t~~) and transmission

(Ref. it ) of the sam rio during the’ I a~ e r annea ii ng pr ocess  are

0 used to de te rmin e  whether  the  s u rf ac e  of the sam n i e  m e l t e d ,

( ‘3 ) Ranan Sc at t e r l n ~ ( R e f .  j t ) ) ,  ( 4 )  Ru the r fo rd  baok scat t er lng

~ 
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which  is used to exam i n e the i m n u r i t l e s  ne t  In s u bst i t u t i o n a l

lat t i c e  s i tes  of the ’ c rys tal  ( R e f .  t.T ,19,and ~‘o ) ,  (~~) e l l ipso-

metry (Ref . ~l ) , .ini (6) optical re t’lectivity w h i c h  I s used to

ex amine the ervst i ll Inc structure (Ref..~~) . Electri cal

measurements  w h i c h  d et e r m i n e  w h e t h e r  the impurit ies h ave been

e l e c t r i c a lly  ac t  iv t e d  such as she et  r e s i s t i v i t y  (Ref  ~0 and. ’t )

and lia 11 !‘Ieasu ne ”ent s  (R et ’ . 14 and ~ 3) have been nor f o r m e d

During laser ann ea l  i tag , the’ la s e r  I rr.td li t I on Is absorbed

by the material cans lug its tomne rature to rIse’ . As the  t e i —

perature I :ioreares , the a ton ic  mob i  I I  ty  of t he .: O!’I S W ii I

increase making it nosrible for the a tons t o  m o v e  I n t o  c:’ys t e l

la t t i ~ t’ s i te s  • Hen t Is then di rr I r t t ot by o i thor t hera : 1

c on tiu c t on or -re’ r a t  I ated from the r ur f ioe X e f • and _ 4  )

The exact mechan i sm of’ the aeino.i I. lug pr ocess how ev e r , I not

known . Two m.’ohan tsar that have been I dent I ~
‘ I e l  are a

solid—phas e epitaxial ant a 1 lqu1d~ phart’ en tax m l  rer rowth

(R e f .  1 ~~ ) • The difference between the sol Ii and liquid phase

being that for the liquid—pha se enitaxia l re new t h t h e  e n t i r e

I mn intel area needs to me’ 1 t .  Due to their ii I cli

outpu t pulsed Nd ThU ant ruby la ser s  are  t h .  most common

lasers used for  the 1 iquld—phase e t’1 tax In I r e growth  experiments

The process for liquid—phase ep itaxy Is that as t h e ’  s imple

ab sorbs the la ser  energy i ts  temperature r i s e r .  L~nce the

surface  temperature  is above the m e l t i n g  point  It  w i l l  beg in

to melt. The melt front will then continue to rove deepe r into

the sample. For liquid—phase epitaxial regrowth to occur the’

deoth of the melt mu st he as icon ~tr the impl ici t ed Impurities .

A ft e r  the energy absorbed drops below the energy lost by 
the8
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mater ia l , the  mel ted  f ront  w i l l  recede toward the rorfico of

the samn ie.  R e c r y s t a l l i z a t i o n  of t h e  r ann ie  then occurs

using the unmeited crystalline suhstr :ito as a seed.

Several different m et h o d s  of e x a m i n a t i o n  have been u sed

to show that for nu 1 red laser anneal ins me it In s a c t ua l l y

occurs (Ref. it ,t2 ,t3,2~ , and 26). t~flO m ethod  c a l l e d  t i m e —

resolved reflectivity (Ref. ii ) has utIli:wd the f i c t  t h at  the

reflectivit y of SI and GaAs in c r e a s e r  when they arc in :: li q u i d

state • U s in g  a HeNe probe l ire r It was shown that an increase

in  the amount of ’ the t’e f l  to ted HeNe beam Li i i  occur’ luring the

a n n e a l i ng  laser p u l se .  The in c r e a se  in refle ctivity during

the laser annealin g for ~ I and ~ :i:\s i v - e r  fo u n d  to he con o ~r c b  1 e

w i t h  the renor ted  r e f l e c t i v i ty  v a lue r  fo r  c r y s t a l l i n e  and

liquid Si and d aIs.

The solid—phase epit ::xial r e g r ’owt h  d i  ff ’~ rs fro m the

liquid—phase In that the implanted layer doer not- me lt. W ork

in the area of solid—pha se e ‘1 tax lal regrowth is he I n , tone

at both bel l  and Stanford L ab o r a t o r i e s  w i t h  a scaun I rig ow

laser beam (Ref. 2 and ii). Results obta ine d by ~el I Labora-

tories found tha t cw 1 :tser’ annealing gives s I a liar ’ no ru i  ~r as

thermal annealing (Ref. 13). Bell Laboratories also performed

exn er lments  to ver ify  that  the r egrowth procedure was s o l i d —

phase exitaxial regrowth and net liquid—ph ase . T h i s  e xn e r in e n t

was done using a HeNe laser probe as in the t ime- reso lved

reflectivity measurements. These results can he seen in

Figure 1 where the reflectivity measured below 6 W is that

3 from an am or nhoei s  layer. At about 6.~~~~ 
W the reflectivity

drops to tha t of crystalline Si. As the power is increased

,9
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Figure 1. Reflectivity vs.
Argon-Laser ,~ ower fo~ Si sA s
cO keV ~ 1O~ ions/cm
~Ref . 132114) .

a large c~ange in reflectiv ity correspondin g 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 oower levels lower than that required to melt the sam~le~

t he refore , licuid-phase epitaxy was not the annealing mechanism.

The work at Stanford (Ref. 2’) 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 impuri ty distribution is almost identical to

t he distribut ion pred icted by LSS range statistics. Howeve r,

the thermal-annealed impurity distribution due to a heating

time muc h longer than that of laser annealing is seen to have

L ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ ~ 
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Figure 2. Concentration profiles of As in Si after
laser ann ealing . A indicat es the thermally annealed
profile , O the laser annealed profile , and U the
calculated profile. (Ref. 27s276).
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a broader d i s t r i b u t i o n .

The m a j o r i t y  of the laser anneal ing work has used nano-

second laser pulses. Because the process is so fast , many

usefu l and in te res t ing  e f f ec t s  take place.  Kha ibu l l i n , et .al .

(R e f .  92 2 33 )  have stated that for  the nanosecond regime the

mechanism of laser annealing involves more than jus t  ordinary

thermal  e f f ec t s .  They have also determined that for a high

concentration of impuri t ies  the l i m i t  of solubi l i ty  of the

impurities in silicon can be exceeded. Another Interesting

result that has been suggested is tha t damage may result from

a r~lasma breakdown in the vapors of the material. This

suggestion is based on calculations showing that the pressure

of the vapor for both Si and Ge at the energy density where

dama ge is observed to occur is at about 10 atm (H ef .  16s637).

A problem with  anneal ing GaAs has been that  exposure to

heat has resulted in a Ga—rich surface ( R e f .  iS and 2 5) .  One

method used to control the loss of As has been to cap the sample

before annealing . It has been shown for uncapped GaAs 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.25:1402).

Bell Laboratories has also shown that by using t ime-resolved

re flec t iv i ty  and Ruther ford  Backscat ter ing (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

imp lanted impuri t ies  (Ref .  18) .

It has been determine d that para meters such as the

concentration of implanted impurities (Ref. 0 and 2 0 ) ,  the

12 
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wavelength of the annealing laser ( R ef .  ° and t~~), and the

— - substrate mate~ ial (Ref. 13 and te~) a ffec t  the laser annea l ing

process. Probably the ‘iost important parameter to he reported

for a particular wavelengt h Is the ener~’.y or power dens i t y

used to anneal t~’e sample. Several papers on laser an n e a l I ng

have reported chang~’s in the phy sIca l  or e l e c t r i c a l  proper t ies

of’ the ma ter i a l  as a furot ton of th e  energy or power dens i t i e s

used In the annea l in g  orocess (i ~ef . 0 , 12 , 1~~, and 2 1 ) .  These

paners have r eT ’ort ed t h a t  at low eners y dens i t i e s  n o cha*~~e

occured hut at  h h h  eners y d en s i t i e s  v i su a l  ~1aaa~ e such as

c ra te  ~-s , rn i cro craek r  • and c a v i l  I es In I he ~sur ”ace be rm to

apocar. A problem w i t h  the r e p o r t e d  i n f or m a t i on  Is t h a t  t h e

values given for  a rart icu l ar  chance  are not  a lw ay s  cons i s ten t

from paper to pa per.

One reason for the diffe rences in the reported informal ion

is the d i f fe rences  in the c a l i b r a t i o n  ol ’ etier~ y density used

to anneal the samples. Another reason Is that dif orerr t ~‘romins

have used different methods to examine changes in the phys~ c~ l

or e lec t r ical  nropert ies .  Although these L1i~’V erent  m e t h o d s

of ex am in at i en  are v a l i d , th ere can he d i f f e r e n c e s  in  wh at

Information can be obta n€d .  For examp le , m icrcsceny whic h

can detect physical damage in the surface and op t i ca l  r e f l e c t i v i t y

t echn inue s  which  exam no the c rysta l  1 m l  ty of ’ the surface can

give d l f t ’erent - ideas on what  has  happ ened tc  t h e  s u r fa c e  of the

samr~le. The ortical reflectivity migh t reven~ that the imp~anted

layer is cry~ tal 1 m e  but the n~ cro seope m i ght reveal t ha t

damage to the surface has also l iken nlace. Also differences

in the resolution of one microscope ever another would lead to

13 
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di f fe rences  in the  energy dens i ty  threshold  at whic h  surface

damage would be de tec ted .

In one of’ the papers , visual damage in implanted Si. is

reported to appear at about 35 t~W/cm
2 for ~ .69 ~jm and

60 MW/cm2 for 1.06 urn (Ref. 0:226). However , in a paper from

Bell Laboratories damage in implanted Si was at about

9.2 J/crn2 or 306 W.W/cm
2 for ).= 1.06 urn (Ref. 1)). The reason

for the difference between these two reported values for damage

could be in the way damage was defired . The value reported by

Khaibul]in, et.pl. (Ref. 9:.’26) for damage was determined by

examination with an electron microscope . Bell Laboratories;

however , used the value of the energy density at which there

was a loss of the time—resolved reflectivity signal. The

srot size of the Hetie probe beam on the sample was .3mm

(Ref. 11s438);therefore , the amount cf 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 energy density needed to pro-

duce damage in the sample could be due to the metho d used to r

detect the damage and In the definition of damage.

Time—Re solved ~eu1ectiyity

Time—resolved reflectivity is a method used to examine the

melting that takes place in the surface of’ a sam~1e as it is

being annealed. To accomolish this examination , a cw laser,

usually HeNe , is reflected from the surface of the sample that

is being annealed. As the sample melts its reflectivity in-

creases. The change in reflectivity as detected by a fast

1~
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Ft ~ure ~ . T i m e  d~ s~~l ved ~~~‘lee t iv I tv race
f or v i r g i n  GaAs.

ph ot odiode can be seen Ln Fj ~,ure ‘
~~.

The quantity Rb in FIgure 
‘
~ corresponds te the ref ecti vity

of the sol id surface b efero  ann ealIng . The value of at

~~~~~~ .6 1  urn is 3 5~~~ 
and ~~~ at room temperature fer  v irg i n Si

and GaAs respect ively  (Ref . 20:c23). Amorphous Si h i s  a

r e f l e c tiv i t y  of ~~~~~~~~ (Ref. 3Ox 6~~~) ,  and GaAs Im r l a r t e d  at

t O~~ ions/cm 2 has a r e f l e c t i v i ty  of ~ ‘4 ( R e f .  2 t s ~~~~) .  As

the  samp le hea t s , t he  r e f l e c t i v i t y  will increase until it

reaches a value R 1 which corresponds to the r e f l e c t i v i t y  of

a l i o n i d  m e l t  at least - coo opt ical  depth t h i c k .  The value of

at A .61 urn is ‘4~ for liquid Si at 1600 0 C and the opt ic ’al

dept h riven by the reciprocal ef the absorption coefficient

( a 1) is 112 2 (Ref. 31:2111). The reflectivity will remain

at the value R 1 until the melt depth duo to recrystallt~.ation

15



becomes less than one optical depth. As recrystalli7aticn

continues and the surface temperature decreases , the reflectivity

will  drop to Ra which is the r e f l e c t i v i t y  of the solid a f te r

annealing .

Little information was found on the r e f l e c t i v i t y  of Si

or GaAs as a function of tempe rature from 3000 K to the melting

point. References to information on the r e f l e c t i v i t y  for Si

and GaAs for d i f f e rent  wavelengths  and temperatures can be

found in Appendix A . In one paper the reflectivity of Si was

reported to increase to ~‘C~ just be l ow the mel ting point

(Ref. i2~ t~~ )~ however , another paper stated that the reflectiv ity

was only ~7•~~ at the melt ing ~cint (Ref. 1~ :~ t0). Due to the

lack of information of the reflectiv ity as a function of

temperr~ture , an exact interpretation a” Figure ‘
~ is not  pos~-ible .

‘V 
Bell Laboratories in one pape r in terpre ted  t~~e t ime that  the

mater ia l  was in a m e l t e d  or l i o~~i~ st : m t e  ( T )  to be just the

flat portion ~~~~~ t~Ie signal shown In Figure ~ ( R ef .  t’ :~~’3Q).

In a more recent a r t i c l e  they have I ter~reted T to be the tine

from Rb to Ra (Ref. t~~s l6). In this last art Icle , Bell

Laboratories has also Interpreted the fall tim e i.T~ ) in

Figure 1 to be the length of tim e required for  one op t ica l

deoth to recrystallize. The value of Tf can then be related

to the velocity that the melt— solid uterface moves toward

the surface of the smrle. Bell ~aboratories also found T4~

to be deoendent upon minute dust particles and other surface

irregularities (i~ef. 11~2.’i.

In Figures 4—9 the tirne-resolved reflectivity signal from

virgin GaA s at different energy densities is shown. Figure 4

16
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Figure ~ Figure 9.

Figures 4—9. The HeNe reflected signal from virg in GaAs 24’ at enercy densities of .2, .24, .~ 6, .5, .~ 5, and ,Q5 J/cn
and melt times of 0, 47, ~‘7 , 127 , .50 , and ~O (~ ) nsec
respectively.
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shows that at .2 ~/ cm2 r.o me1 t i n ~: 0r the surface occurred . As

the enercy density was increased the reflected signal became

larger until , as s~’own in F igures  4 an~I ~~, the height of the

reflectiv ity sirna~ reached a m aximum corresronding to in

Figure ~~. As t~’e enerry densit y was increased from , ~‘irure 4

to  Fi~ ure c , the  flat nortion of the s nal becomes longer.

Finally , the enerr d e n s i ty  w i l l  bec om e so lara~e th~-it t h e

surface o” the s -vinle will be destroyed , and a si~ nal l ike

Figure ~ will he obtaired .

By r l o t t i n~’ T versus energy de n s ity, oharac tonistic s such

as the  d i f f e r e n c e in the  ener ~ v density require~ to st a rt

melt~nr in in clanted -%n-d virg~n s i”n les can be obtained. i’ has

been comz~ red to observed oh au ~ es in samples by i’~~~~~~ ‘to determine

the ortimum conditi ons fL~r : n n e a l in g  ~a’-~s (~ ef.1~~). Therefore ,

T can be re l ated  t~ the  rhv sic1l or e l e c t r i ca l  chnn’es in the

m ater~ al as a r e s ult  of c he an n e a f l n g  process in the same way

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

Laser Absorption Durinr,~Anmea linr

Due to the absorption of the laser enerry , the  temperature

of the s a m n l e  w i l l  in crease  during the annea l ing  rrocess.  ~s

the temperature increases the atomic mobility of k-he atoms in

~he semiconductor will increase allowing the impurity atoms to

move into substitutional la t t i c e  s i tes .

Most of the theoretical examination of the absorption of

the laser radiation has dealt with crystalline semiconductors .

One of the most imrortant parameters that must be considered

when examining the absorpt ion in crystalline semiconductors is

18
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the nhoton energy (hv). For an hv > erter- -y ~~~ (E g). tin e laser

energy will be strcn~ ly absorbed as in metals. :-~ -.~ever , if

h v  <~~~~~~, 
the absorntion will be gove rned by Ttultiphoton

absorction and by extrinsic material properties such as impur i -

t ie s , in c l usi~ ns , and surface preparations (Ref. 4:1). rrhe

measured absorption coefficients (a ) for slightly disordered

and amorphous Si bear out this fact.

Khai bu llin , et.al. (Ref. 9222?) report that for ~~ > ~ig

(1. .69 urn) slightly disordered Si a 69 urn 4x103 crn~~~, and

for amorp hous Si = 4x 104 crn~~ or an incre ase of an crdc:~

of r a~ni tuie. For hv~~ Eg (X = 1.~~ urn ) sli~~htiy diuordered

urn = 20 cm~~~, and for  amorphous Sj a1~~~ = 1~x10
4 cr~~

or an increase in a of three orders of magnitude. herefcre ,

it can be seen that the effect of  the extrinsic m— teria2 m oper-

ties on a is much larger for hv ~ Eg then when hv > Eg. The

importance of the extrinsic properties of the material when

hv ~ Eg is also seen from reported information t hat i t  is

difficult to obtain uniform annealing in Si when 1.06 urn

irradiation is used (Ref. 17z55~).

Khaibullin, e t . a l .  ( R e f .  9~ 23 1 ) s ta te  that  if the wave —

length of the laser used for annealing is in the fundamen tal

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 enerry

hv > Eg are absorbed arid generate electron—hole oairs. When

these electron—hole pairs recombine in a nonradiative process ,

the absorbed energy is transferred to the lattice causing it to

19 
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heat. The me t all i c m echanism takes p l a c e  whenever the ener~—y

Is abs rbed by f ree  el ec t rons . The pho t on  energy ab sorbed by

the e lectrons roes I n t o  k i n e t i c  energy and is  t r ans fe r r ed

from the elec t rons  to the l a t t i c e  by c o l U s i o n s  wh ich results

in  the h e a t i n g  of the  la t tic e . A c c or d in ’~ to Kru e r , et~~ 1.

( R e f .  4 :2 ) , the b ind—to—band r :enerat i  on I s  usu: i i i  y the  dom sn an t

~neo han I sm whenever hv > Eg . U ow ever  , for n:tnost’ e end pu I se

th e metal 1 c m e e h u n  S sri can be very  import ant since t he materi al

me l  ts . Cn c e the mu t e n i . i l  m e l t s , hv does not nred to ~e

gre ’;: t er  th ui t h e  energy ~‘ap 0 1 t ho sum ~lt’ to be o ft ’eet S v il y

: thso r~ ed . ~1el1 Iabcn’atori c:; have shown th~-t t . t he  optI cal

r~rot~e r tI e s  of ’ the mel  ted m a t e n i  - i i  ir e  m et a f l  Sc si  nec b o th

S n fr a n e d  un :1 v i~~~hle  l a se r  i rradiu t~ion are abs o rbed  w i t h  abou t

the  same e f f i c i e n c y  ( R e f .  l7~~b ’;1l) .

One of the probl ems w i t h  t h e  p u b l i sh e d  thee  r ot  I ca] work

is  tha t c r y s t a l lin e  s :tmpl  en n ra ’ eons ide ‘‘ed • At ener~’y dens ties

he l  ow t ha t  requ I red to ich S eve m el  t I ng , f ac t ors su c h is the

r e f l ect  lvi  ty and the ;tbsorpt i on c o e f f i c  S e n t  of l m plnntt’d and

c r y s t al l i ne  sw-~n l e s  ar e u s u a l l y  d i  ! ‘e ren  t .  Us I n~’ t I m e — r e s o l v e d

ref ’iectivlty techn iques , the energy i e n s i  ty rt’c w i  red to s t a r t .

me lting (melting threshold) in ~ i im~ ln n t ed w i t h  ~O keV A s a t

~ I ons/cm 2 wi th A = . ‘~3 urn wan de term i ned to he ab o u t  2/3

tha t req i: S red to produ ce m e l t i n g  in  un I mp l  an ted ~; I ( i-<ef ,  13 : 20 ) .

The reason for the d i f f e r e n c e  In  m e l t i n g  t h r e s h o l d  Is  not known

but lower meltIng t enpe ra tur tn- ;  or therm -il conduc tivity , or

both have been sug~ es ted ( R e f .  1 3 s 2 0 ) .  Other  f ac tors  th at

might also produce the l ower m elting threshold are the

diffe rence in refl~ ctiv1ty and absorption coefficient of the

20
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Imp i t a n t e d  and un r in i  ‘inted I

Al though :1 ~i I f fe t ’ent ’e cx l  s tu  ‘in  the thr eshol d fo r  ~r ’  - a-

between I mp l an ted and un I mt~l ant ed SI , the  d I f f e  i’ t n i c  e S n t h e

m e l t  t i m e  ( T ) ra ni dl y d 5:: ~e:i~’s in the energy lens i t y I

incre ased (Ref. I ‘~ I ~‘) . ~1nce the sample In in a me I ted ut

the d o m i n a n t  ab sorpt ion cc -i m m  Is no lencer a h a n d — t o — b  m u

absorption but t me t a l  Ic : tbsorp  t. I on • l’he re fore , t he  r o a n  - ‘n

T becomes tt-te sam e for both Implant ed intl unimplun ted i in

thu t the ‘icehan I urn t’er abserpt I on and the r e f l e c t  i v i t y wi I ‘ 
-

t h e  same • As the enem’c v densi t ~ I s  ir t o r e ~m u e d  a b ov e  the ~i~ ’ I

th renhol ci , the ne neon  t u’ t ’ c t ’ ene ‘‘gy absorbed  in’ S o ’  t o  me

wi l l dcci’c::se making the dl t’~
’e renee In T he tween the in m ’l a’’ -

afl~i mm im nl  . i n i  e~j sum ci en de cr e a se  .

Fl~~~~~ 3,~~~~a Sm,(rf9~~ ~~~~~~

One t’c ’ss ible c m t n ; o  of dnr’,i ‘e su ch an cm’ ,i t em in t h e

sur face  of a l iner  annealed sammi e t }ui t h - i n  been u~’ - e n t  ci I

tha t - t he d im a g e  ‘right be dac to a plasma formed at the air —

narirl e lnt ’’rf:tc c ( 
~~ “ V • I r~ r ’ r ) . ‘rhe f orma t ion  ci ’ a r i  . i5i” ;  ‘ 0~

resul t  In an e n ha n c ed  c o u p l i n g  ci the  l iner c ergy t c the

of the sample (th ’ f • 1,~~ ~‘c) ) .  l i t  h o ’ ~gh the  r iechan S s~ n f or  t

i g n i t i n g  of’ a r l  :sm :m are not  well uncieru toed , r o n u l  bl e c a u s e s

are t h er m i o n i c  e m i s s i o n  and v a p o r S  ~a t 1 on o f s u r fa ce  ~‘ mr t - Ic “os

(Ref. ~~~~ ~
-
~ t ) )  . The reason fo r  t he sa~’~- e n  t ion th at ti m ”~uge \~.ms

due to a elasm:i Is t h i t  the  ~n eo r p r essure  of t he vaceri ~ed

sur face p ar t i c l e s  In C~~ :~~,id  ~1 , where chmage was observ ed  t o

occur . wns cm I ciii i t  ed t o  be tO A t m ( bef . i~’ * r~ 1’) . c e m p a r I son

between reported I nt’orrna t i on  I n  n~~ dcd to determ Ine whe t h er  or

21
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not a olasma will he formed.

The energy or power density required to produce a plasma

in air (air breakdown) depends uron the ambient gas, the

pressu’-e , the laser wavelength , the focal spot size , and partly

on the pulse length and distribution of the intensity across

the laser beam (def. 34*65). An example of how pressure ,

ambient gas, and wavelength affect the breakdown threshold can

be seen in Figure 10. This work wan don e us 1n~ the f i r s t  and

second harmonics of ruby and neodymium lasers . The pulse l en g t h

for A = 1.06 urn and .69 urn was 40 nsec , while A = .53 urn and

.‘7~i urn had pulse lengths of 28 and 20 nsec respect ivly.

9uscher , Tomllnson , and Damon (Ref. 34~6’-~) have also

measured the breakdown threshold  for several m o l e c u l a r  and Inert

~~ gases using 40 nsec pulsed ruby and neodymium lasers . From

these results seen in Figure 11 , the breakdown th resho ld  in

air at “60 torr (1 atm) is about 2 x io~l W/crn’ and ~‘.5 x 10
10 ~ / 2

for A = .9 urn and 1.06 urn respectively.

Khaibullin , et.al. (Ref. 9~226) reported observ i ng damage

in Si at m~ c x ~~~ W/cm2 for A .60 Urn and S,P x 10 .~/cm
2 for

A = 1.06 urn. Therefore , from Figure II a r —hre ak do wn occurs

at about three orders of mai~iiitude more than the damage threshold

reported by Khaibullirt , et.al., and at about two orders of’

magnitude more than Bell l aboratories re ported damage threshold

value,

For laser beams striking a solid surface , pl ismas have

been observed to occur at more than two orders of magnitude

4 below that required for air—breakdown (Ref. 30~6,7). A factor

of two orders of’ magnitude lower would place plasma formation

22
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F igure 10 . Fr eq uency clependenees of th~~~reakdown
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Figure 11. Threshold power densitIes In thi bre~’k—
down of molecular ( a )  and inert (b) gases (Ref. 3*s
6 6 ) .  The dashed lines represent the effects of a
ruby laser, tnd the continuous lines the effects of
a neodymium laser. 
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for A 1.06 urn at about 6.5 x io8 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 ~ en 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 ~ork 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

4- 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

the mass density (
~p). and the thermal conductivity (K) are

temperature dependent. The heat flow equation

- (1/D)~T/3t =

where the thermal diffusivity (D) = K/C~~ and A ( x ,y,z,t ) is

the heat generation rate, becomes nonlinear when ~~ ~~ , 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 t~erformed for laser annealing of sermiconducting material

with nanosecond pulses (Ref. 32,32,37, and 38). To simp l ify

the calcu lations , 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 (2Dt~ )~~. where

t~ is the pulse length of the laser. Using the one dimensional

heat flow equation , the numerical solutions were performed by

dividing the sample into 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 , Ci,, ~~ , a, and the reflectivity (R)

changed with changing temperature were also included. However ,

estimates of how R and a changed differed from paper to paper.

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 io~~
2

to io~~ cm2/sec , solid-phase epitaxy can not explain the

L 

regrowth that has been observed (Ref. 32:1.37). However , liquid

Si has a diffusion coefficient of’ about 10”~ cm2/sec and so

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

explain the regrowth observed (Ref. 38).

The result of numerical solutions have shown that for

nanosecond pulses the material does melt and that the depth

o~
’ melt Is dependent on the energy density (Ref. 32,33,37,and 3 8 ) ,

These results agree with experimental work that has shown that

the material melts (Ref. 12 and 13) and that the regrowth

mechanism is a linuid-phase epitaxy for laser annealing with

nanosecond pulses.

Baer i , 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 tc~~r e r at a r e  of
amorphous Si vs. tine for a flat and a Gaussian laser
pulse shape . Lower curves for room temperature thermal
conductivity (K) and upper curve for a variable K. (Ref. *~~)

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. 13) 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 
~~~ 

the temperature

rise is ir~ rrupted 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

pulse is finished.

In Figure 14, the depth of mel t versus inci dent 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 diffe rence
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observed for the amor phous and virgin Si is due to a difference
in the absorption coefficient (s). From Figure 121 it can also
be seen that GaAs me lted 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 diffe rences

in Cr,, ~~ , K , R , and a for the two materia ls. The values

that were used for GaAs are no t therefore , the quantities

that contributed the most to the difference can not be deter-

mined.
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I l l .  EXF E ,RI~:ENT

E quip m ent and _ Exp er inenta l  Arr i~~~~~~~

The laser used for this experiment was a Holobeam series

300 ruby laser equipped with a 3/8 in. by 3 in. long ruby rod ,

and pumped with a Xenon-filled arc dischar~’-e lamp. The laser

was operated In the Q-switch mode with an output that can -;

exceed 100 MW. A 60 cm lonr cavity was used for all experi~’iental

work , and the measured pulse w i d t h  at half maximum (FWHM ) was

27 to 10 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—resolved

reflectivity measurements (Ref. 1.0, 11 , and is).

The HeNe laser used for the time—resolved reflectivity

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

the TEM00 mode. The diameter of the HeNe beam on the satnr~le

was .72 mm , and the angle of incidents of the laser beam on the

samr~le was 360. The bean reflected from the sarn~le was

monitored by a !~RD—5O0 ~hotodiode made by ~otorola Semiconductor

Frodu cts, Inc. The phetod i ode was placed behind a .63 ~m

trarsmissicn filter and a pinhole so tha t the ruby laser

pulse would not affect the signal  detected by the photod iode .

The photodiode has a rise tine 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 homogeneity, a piece of glass which was frosted on

one side was used as a diffuser. Two different diffusers , a

l i~’, . .t ly f rosted d i f f u s e r  for  anneal ing Si and a heavily frosted

diffuser for GaAs , were made for this process. 3oth were

frosted w i t h  Buehel Alumunium Oxide 600 gr i t  powder ~‘Thced on

a niece of 600 gri t  paper. The l igh t ly  f ros ted  dV 4~user was

made by mixin-~ the 600 grit powder with enough water to make

a liquid suspension , while the heavily frosted d~ ffuser was

made by mixing only enough water  to make the  powder in to  a paste.

Light sensi t ive paper was used to examine the spa t ia l  cha rac t e r—

istics of the ruby laser beam transmitted through the diffuser.

The burr. patterns or . th is  pape r showed the  spatial  homogenei ty

from the heavily frosted diffuser to be more uniform ; however ,

the energy density transmitted was about 50% less than the

lightly frosted diffuser. The diffuser was mounted at an

anile of 100 from the ruby beam wi th  the frosted side closest

to the sam~ le. The unfrosted sLrface was fac ing  away from the - i

samp le , and could be used -~s a re f lec tor  so that  the energ y

density used to anneal the samples could be monitored.

The moni tor ing  o ” the energy dens i ty  was done wi th  a

radiometer. The reading from the radiometer  was a - easurement

of the amount of energy ref lected from the front  surface of the

diffuser. This reading was then relates to the energy dens i ty

at the sanDle. The energy density was i’easured with an energy
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receiver which was placed behind a 4 mm aperture . Pulses from

the m i l l i — i c u l e  range to 1000 joules cur. be detected by the

energy receiver which senses a rise in temperature of the

receiving uni t  and comp ares i t  w i t h  the ambient  t empera ture .

The accuracy of the enerry measurements is + 3%. The energy

receiver is also equipped with a Hewlett Fackard 422C) fas t

ohotodiode (rise time of apnroximately 2 nsec) for measuring

the pulse wid th  of the laser.

To examine the e f fec t s  of laser a ’ne a1 in ~~, i t  is necessary

to be able to chance t h e  er.erg den s i ty .  This  ou ’.d be

acconrlished by chan~ i,w the Xenon uum~ vol tage ; however , this

also changes the laser pulse w i d t h .  To make it poss ible  to

chanre only the energy dens i t y ,  th e Xenon nump vol ta ;e  W as

kept constant and part of the laser beam was attenuated.

Attenuation was accomplished by using pieces of  glas~ to reflect

part of the laser energ into an energy dump.

To protect the ruby laser , the total energy out~ ut was kent

below 1.5 J . Due to the energy loss caused by the di~ fuser

and non—h omorereity of the laser beam , an a l u m i n u m  fl h t r ipe

was u sed.  The in te r io r  of the n ir e  was pol ished w i t . h a cot ton

swab and the same 600 gr i t  powder used to f rost  the glass

d i f fuse rs . The l ight  ~ioe was m ounte d  d i rec t ly  beh ind  the

glass diffuser , and it was found that by usinv the light pipe

it was mossible  to ~et the energy d e n s i t y  greater  than one jou le

per square centimeter. However , due to srectral reflections ,

the annealing beam ~rof I le  or the energy d e n s i t y  a~ a f u n c t i o n

of distance from the center of the beam changed denending upon

the distance from the end of the light pipe . From burn patterns
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and from mea r~ - -’ t~~e - .~~~~~~~~~~~ de;uity across th e annealing

beam , it was fcun d that 4 cm behind the pipe gave the most

uniform beam profile. Examples cf this can be seen in Appendix B.

This position was then chosen as the place for the sample to be

annealed.

Ex~ eri~ ent a l Proc edures

The f i r s t  th ing  that  was done was to a l ign  the ruby laser

with an autocollimator. S~m e t i m e~ the al ignment  of the cavity

would change and t he  cav i ty  would be r ea l i~~ned.  The need for

re~~~j gn inr  the cav i ty  was de t er m i n e d  by observing a drop in

energy or an increase in pulse w i d t h  as detected by the radio-

meter.

A f t e r  the ruby laser cav i ty  was al igned , l igh t  sensitive

oa~er was used to make a burn pattern of the ou tpu t  of the  ruby

laser.  The bu rr. pat tern was then used to pos i t i on  the HeN e

al ignment laser so that it was travelino the same path as the

ruby laser beam . The a l ignmen t  laser was then used to al i&n the

d i ffu s e r , the sample , the radiometer , and the t ime—reso lved

reflectivity laser.

The alignment o~ t h e  items above was relatively stable and

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

the energy density was ch ed by using tr .e enercy attenuator,

these items needed to be real~gned. The reason this realignment

was necessary was because of the displacement in the ruby laser

beam caused by the tilted pieces of glass used in the attenuator.

Each t ime  the l igh t  pipe was realigned , a burn pattern on

light sensitive paper placed 1.0 cm from the end of the pipe was
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taken. This burn pattern was used to determine whether or not

the lirht pipe was properly alh-~ned. If It was properly aligned,

the burn pattern would appear as a dark ring with a dark burn

soot in the center. If the light pipe was not properly aligned ,

the burn spot would not be. in the center of the ring .

After the system was aligned , the 4 mm aperture and the

enerry receiver were used to measure the energy density. The

aper tu re  was pos i t i oned  in the  center  of the  ruby laser beam ,

4 cm behind the end of the l igh t  pipe . The energy receiver  was

t,ositioned directly behin~i the aoerture . Four -to six laser

pulses were then measured with the radiometer and th e  energy

receiver , and an average ratio of these two road i rurs was

calculated. The ratio was compared with the calibrated results

to see If any change In the ratio had occurred. During the time
I -

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

C al i b r a t i o n  and Re pro duci b i1it~
To be able to examine the results an~ make comparisons with

reported work , an accurate measure of the energy density and the

laser pulse width used to anneal each sam~ ie was needed .

The pum o voltage on the Xenon-filled arc lamp was kept

constant during the experiments , and only a small fluctuation

in the laser pulse w id th  was observed . The average pulse wid th

of the ruby laser was measured to he 28 nsec (FWHT~).

In order to avoid calibratin ’ the attenuator and because

of variations in the outpu t 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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amount o~

’ energy rt”’leot ed  by the front surface of the diffusers

the re fore , a c a l ib r at e d  r at i o  of the  er ier~ y d en s i t y  4 cm behind

the  l igh t  pi i ’e divided by the energy measured with t h e  radio-

meter w~is needed to convert the  energy measured  by the radiometer

to ene rgy d e n s i t y  on the  s- i ~ i n ie  . To measure the ene r~’y density

4 cm b eh ind  the end of the  I igh t  p ine , a 4 mm ape r tu r e  w i t h  the

ener ~ y r ece ive r  was used .  The ener gy  dotectecl by t h e  ene”~’y

receiver was t~’en !lul t I r~ led by the ar e t 0 1’ t h e  a rt ’r t  u ’’e to ~et

the ene r~-:y density .

Ati ass’tmt~t~ on used in ‘~i~~~ 
-

- th ca lc ul ~t on w that the

ene~ rv defls i tv a c r o s s  h I s  ~ a t ’e rt  ~ ‘e  ~ ~s in”rox ‘~ e ly

cons t. m t  . Fro m burn pat t * ‘ “ns and m e a s u  nernen t- s 0r t he beam

~ro fi le f o u n 1  in  A p p e n d i x  d , i t  c tn hr seen th at t ~
‘ is s;u~,pt ion

is vol 11 . ~
‘sing the 1nforriat- i~ ii ob t ained fro’~ the b~~:i’i u r o f i  Ic

me:isurer~ent , the en er~ v dens i t v oh un -en I ess ~-han I 0~ over the

4 mm area.  The be im prof i 1 e measuremon t was  d one with a 1 • 14 mm

arerture , and is just an a n~rox imat i n .

Assuming th a t t he ene r y ~1e ns i t y  meas u i ’e  with the 14 mm

a oer tur e i s :i good a otn’cx I m t I on , t he t o t  I o of t ncr~ y den s i t y

at  the samnl  e i lv lde&i by t he re 1’ e~ t~ d energy can he (‘hta I nod .

Th s r a t i o  wa~ de t o r ” i ? . e l  to he • l ’~ + .001 x t o lO ( i/ em ’ — c o u l o m b )

when the I 1~ h t  lv fro’~trd d i  f ’ u s i ’r w as  used. Whe n t h e  h env i  i v

frosted ~j f f ~~~~ ’ was os*~i he ri t Ic  w is . 0~~0 4 .000~ x 10~~

(J/cm ’ —c o  1 ~r’~b), However , ti ffe rence of u n to ~ ‘~ f r om these

average vi ’ues were ~-easa re 1. The ma , or reasons f o r  t h i s  9%

it f~ e’-,~nce In the m e ’  ~suror- .~nts were mi s:il i o n r w n t  of the 1 ight

ol ~e Rnd in ico u r - it r .‘n. r .’- v  d en s  i t ’ ~- m.v t s u r e m e n t  s r e s u l t in g  from

the enerry re~ -ei ver not be i w’ ni l ow~~ i to  therrs i 1 ~e ~‘ropcrIy.
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To mlnimI?e the effe - ’ts of this Inaccuracy, the first laser

pulse  was not used to get the average , and at le~ist five minutes

were a l lowe d for the energy receiver to thermaIl7~e betweer . each

laser  pulse .

The energy rece iver  was ca l ib r a ted  wi th  a T~ G l0~ thermop l le .

From tha t  c a l i b ra t i o n  the enercy measured by the energy receiver

was only ~0’~ of that mea sure d  w i t h  the  t h er n o n i le .  The accuracy

o r t h e  t h e r m op i l e  Is n o t  known .

Each t i i~e a sannl e was a n n ea l e d  the ener o y d e n s i t y  ari d a

o le ture  of the time— resol vc-~ reflect ivit y s i g n a l  were rec-~-rded.

From this picture the melt time (T) of the  samule  cou d he

establi shed . In detormiH rir T a c r i t e r i a  of  full width at 90%

of the m a x i m u m  h e i gh t  was used .  A ccur acy of T was + ? nsec

due t o  errors In th e  measurerients •

The samples  tha t  were used for  the  e x p e r i m en t  were v i r g i n

GaAs comnensat ed  wi th c h r c m i u m  ( C r ) ,  virg in SI , GaAs imp lan t ed

w i t h  1~~0 keV t e l l u r i u m  ( Te ) and argon ( A r )  at io l4 ion s/ cm~~,

and indium (in) at tO~~ l ons/cm ’~. The Imrlanted samples wore

c l ean ed  w~ th dehydrated alcohol and hL~wn d ry w h i l e the  virg in

SI s amnles  were  c l e r n e d  in h y d r o — f l u o r i c  (HF ) acid  and t hen

wa shed I n de hydr a ted a lc oh o l  and blown dry . The r~ethod used to

c lean  the  v f t g i n  GaAs was to wash the samnie ~n hydroch lor ic

ac id  and then wa te r .  The v i r g i n  GaAs sa m o le s  were then etched

for one minute In a so lu t ion  of three parts  H2504, one part

H~0.,, ant one part H~0 at room temperature . The rate of t h i s

etching solution was 10 ~m/m1n. The sam~’1es were then cleaned 
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I
with dehy~ir-~ted alcohol and blown dry.

The reason for usi ~ the HF ac~d on the virgin SI and the

etching solution on the virgin GaAs was to remove an~’ oxides

that were on the surface of the samples . Efforts to remove

the o x i d e s  f rom the  i mp l a n t e d  samples  were not m a de  because

par t of the im plant ed layer  woul d have also been removed. The

methods  that-  were used to cl e a n  both the v i r r i n  and i m n i a nt e d

SI and GaAs rave :i clean surfa ce w h i c h  is needed f or the  a n ne a l in g

orocess.

A n a 1 v si s~~~of i~~~e a l in g

Analysis of the annealin g was done u s in g  time—resolved

r e f le ct s  v i  ty ~‘easurem ent s , and o nt - i c a l  r e f l e c t i v i t y .  The t i m e —

resolved ref~ect - i v i ty m e a s ur e m e n t s  were used to d e t e r m in e  how

long the sair ole was in a mel ted state. These measurements were

then comnare d w i t h  results ob t a in e d  w i t h  the o p t i cal  r e f l e c t i v i t y

techn iques  performed by Lt .  Y u i l ln s .  A detailed description of

the o p t i c a l  r e f l e c t i v i t y  techn~ quc can he found i n  Re fe rence  ~d .

Error Analysis

Error analysis is used to determine the accuracy of the

experimental data. The analysis is seperated into the errors

in th e measurement of the melt times (T) and the errors in the

measurement of the energy densit y.

The measurements that were performed on T used the fu l l

width at 00% of the height of the signal from the fast photo-

diode. Since the value of T is related to the ohysical 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 r ise

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

th~ 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 A ppendix B . H
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 DISCU~SICN

Laser Annealing of GpA~

The GaAs samples were annealed with a ruby laser ( A= .694 ~.im)

and pulse width of about 28 nsec (FWH.M). The energy density

used for annealing was varied from .09 J/cm2 (3.2 MW ) to .95 J/crn
2

(34 MW )~ Analysis of the effect that the energy density had on

the samoles was done with time—resolved reflectivity (Ref. it

and 13). visual m icoscopy , and optical reflectivity techniques

(Re f. 22).

Results from the time—resolved reflectivity measurements

for implanted and virgin GaAs can be seen In Figure 16. Measure-

ments obtained by ~3eil Laboratories (Ref. 13~l7) using GaAs

Implanted with 50 keV Te at io16 ions/cm
2 and annealed with

~ = .530 pm 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 .

Measuring T as the flat portion having a reflectivity N1 ~-r~

FIgure 3 gave poor results. These results showed large changes

in P for samples annealed at apt~roximately the same energy

density. These inconsistencies are similar to those t h a t  have

been reported (Ref, 1i~438). Measur ing P as the length of time

from Rb to Ra in Figure 3 was not always possible due to the

electrical nois e in the reflectivity signal. Measurements

fr om Rb to Ra on the implanted s:tmnles gave a curve very close

to that of Bell Laboratories In Figure t6. Accuracy of the

measurements made from Rb to Ra of the implanted samples is

questionable because of the noise problem. Due to problems
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with the noise arid the poor results obtained from measuring - -

the flat portion of the reflectivity signal , the measurement

of P used in Figure 16 was obtained by taking the full width

at 10% of the height above Rb and Since information was

not found on the reflectivi ty of seriiconducting materials as

a function of temperature , it was nct possible to determine

whether or not T actually represents the time that the material

was melted .

To determine whether or not melting occurred , volt-a~’e

measurements were taken for  values of and R1 from the

reflectivity si~na1. Using the chanc-e in ~-cl t~ge from Ra to

R1 and a value of ~3L~% for Rb (1~ef. 20s52T), the value of ~~
was determined to be approximately 59% . The value of R1
obtained from the voltage measurements i s srr.aller than that

measured for liquid Si by about 15% (Ref. 31~ 2tt1 ). However ,

the value of R1 obtained is probably that of liquid GaAs , and

the dif4’erence between R1 for GaAs and that of Si is probably

due to differences in the material.

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

planted and virgin GaAs have the same shape . At low energy

— density no change in reflectivity or T wa~ observed , hut 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 tim e 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 P threshold at about .21 J/cm2

to about .4 J/cm2. At .4 .7/cm2 the slope of the melt time
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versus energy density curve became much steeper.

L. The basic shape of the implanted melt time versus energy

density curve was established from T for GaAs implanted with
14 .  2120 keV Te at 10 ions/cm . However , P for GaAs samples

implanted wi th 120 keV Te and Argon (Ar) at l0~
5 ions/cm2 and

tot4 ions/cm2 respectively were also measured . Comparing the

time—resolved reflectivity measurements c~n the implanted Te and

Ar samples , it apnears that the type of implant does not affect

the annea ’
~ing process since both have the same P. Cnly one

GaAs sample implanted with Te at t0~~ ions/cm
2 was annealed .

The sample was annealed at .35 J/cm2 and no differeuoe in the

melt times of the 1015 ions/cm2 and the ~~~ ions/cm2 Te

implanted samples was observed.

Above .4 J/cm’ the curve for the implanted samples is the

same as that for the virgin within the error of measurements :

however , below .4 J/cm~ 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 possibility of error, a virgin sample was

~irst irradiate-i ard then an implanted sample at the same

energy density. The difference in T at .35 .7/cm
2 for a virgin

and implanted sa’nole can be seen in Figures 1” and iS . Three

reasons that have been suggested for the differences in T of

the implanted and virgin samples below..4 J/cm’ are s ( t ) m ore

of the laser energy is absorbed due to the amorph c~us layer,

(2) that the melting temperature of the amorphous layer is

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

layer is less (Ref. 13s2C’).
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Ji gu re 17. he N e TeTTh 5T~ dsignal from vir~~n GaAs
annealed with .15 J/cm~ . 

—

~lelt time 77 nsec.

~~~~~~ T~. HeN e re f lec ted
signal from GaAs im~l~~tedwith t2~ keV Te at 10ions/cm 2annealed with.35 J/cm . ~elt time 3nsec.
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In Figure 14, num erical solut ions for melt de pth versus

energy density can be seen. Exam inina the curves f or amor ph~us

and virgin Si in Figure ILl, 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 risec ruby laser —

pulse to occur at about .25 J/cm2 for virgin GaAs which agrees

with that found in Figure 16.

The reason that the melt time versus energy curves for - 
-

the implanted and virgin GaAs become the same at high energy

dens~ ties is not explainable from the numerical solutions in

Figure 14. However , one explanation for why P becomes the

same at hi~ h 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 so most of the energy is

absorbed in the melted material. Therefore , little differt’rce

in P should be observed between the implanted and virgin

material. As the energy density is decreased , the amcunt of

energy being absorbed in the nelted material w i l l  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 as: (1) Bell Laboratories used X= .53  ~m
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1.0  10~~ Te/cm 2 
~ 120 KeV

10~~ To/cm2 
~ 1~~O KeV
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~~~~ 0.6
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0.0 0.2 0.1k. 0.6

E:~-c Y ~~fl~’~’ t~ /crn
2
~

Fi gure 19. Degree of Dama~ e vs. Laser
Anneal in g Energy Density for GaAs, (i~ef. 2 2 )

radiation instead of .6o ~m , and ( 7 )  the pulse length used by

Be],], Laboratories was 40 nsec ar.d that for this thesis was 2~
nsec. Because Bell Laboratories used ~~~~ u-~ radi:~t ion , the

absorption coe~’ficient Is larger (R e f .  2 9& 5 10 )  anti the melt

threshold should be lower. However, the pulse length is longer

which would tend to cause the melting threshold to ircrea~ e.
Another possIble cause is in t~e measurement of T, because of

these differences it is hard to obtain a good explanation for

1e5 
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the differences  between the two experiments.

U An other metho d of examining the laser i r r ad i a t ed  samples

is optical r e f l e c t i v it y  techniques (Re f .  2 2 ) . .  These results ,

seen in Figure 19 show the degree of noncrystal l~ r .i ty or damage

( D ) versus en ergy dens i ty  fo r both the laser i r radia ted  implanted

and virgin GaAs. A piece of crystall ine mate rial wi l l  have a

value of D of zero , and an amorphou s piece of ma te r i a l  wil l

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

D for GaAs implanted with Te at to 14 ions/cm 2 decreases un t i l

at .~~5 J/cm 2 i t  is as small or smaller  than the i r r ad i a t ed

virgin. From FiEures 17 and 1~ it can be seen tha t  the v i rgin

and the implanted GaAs did not have the same T. From Figure 16

it can be seen that the melt t ime of the implanted sample

annealed at .35 J/cm2 was approx imate ly  that  of the virgin
2 . 2GaAs at .11 J/cm . Evaluat ion of D above •~~c J/cm seems to

indicate that the laser irradi’~tion is causing damage to the

c rys t a l l i n i t y  cf the sample.

From examination of the samples with a &croscope the

,3~ J/cm
2 annealed imr~lanted samD le showed alr’.cst no surface

damage. As the enerFy density was increased above .~~ J/cm
2 

- 

-

cratering in the airface of the implanted samples became more

noticeable.  In c rys ta l line  GaAs surface damage was not

observed until about .59 .7/cm2. Surface dama~ e in the form of

scattered craters was reported by :~ason (Ref. 5:14f ~) t o occu r

at .2? J/crn2 in GaAs implanted with Te at 1015 ions/cm2. The

reason for the lower damage threshold could be due to differences

in the beam profile.

Using the sheet resistivity measurements in i”igure 20 for
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Figure 20. Laser energy dependence
of the extinction coefficient and
the sheet resistivity. (Ref. 21z601).

CaAs imt~lanted with 120 keV :.:g at io’5 loris/cm
2, a large drop

in resistivity at about .28 J,’cm2 can he seen. Comparing the

results in Figure 20 with time—resolved reflectivity measurements

in Fig’~re 1E place the drop in sheet resistivity at the energy

density above the neltir.g threshold. Therefore , there is a

lart’e increase in e l e c t r i c a l l y  activ-~tei impurities due to the

-‘e I t i n ~ of the imDlanted layer of the samr~le. Also , the initia l

drc~ in t~e extinction coefficient seen in Figu re 20 occurring

at about .1 .7/cm2 which is ~ust above the melt threshold.

The drop in the extinction coefficient , which is proportional

to the absorption coefficient , ~just above the nelt threshold .
‘- I

would indicate that the absorption coefficient decreases at

the start of moI tin~ . From optical reflectivity techni ques , it

apDears that the energy density required for the lowest

extinction coefficient and for the sudden droo in sheet

______ ~~~~~~~~~~~~~~~ -~~~*: ~~~~~ i . 
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resistivity In F’ I ~ur t ~ 2C~ ( . ~ J/~’m ’ ) I s  close to t~ i~t t re~ u 1 re~i

for good c r y s t a l l i n i t y .

1. aner ~~~~~~~~~~~~~~~
Both v i  ri ’. I n  I ~tnd ~

; I I plan ted with 10 ko V In at t O~ ~ i ?is/cm ’

were ann en led w i th the ~—swI tch’d ruby 1 :~so r U 5 t ’~~ t o  :~ t i e ~t I the

G a As . The :ur ~1ys i  s of ’ Uu ’ annea l  i ns’, w~w the  ~;an ’ as t h a t  of I -

the  ~aAs .

~v sU ]  t .s ‘cm t h t ’ t i m e — r e ~~o 1 ve~I roVl ec t - v t y t ’n s u r cp i o nt

a I on~’ w th  tho~~’ o ’  t~ I nc~t by ~~‘ i i  Lftorrt  t ci’ t ’s ( ~ef’ • I I ‘‘ ) c. ~n

he ~eeu r’ ~‘i~~ut’e .‘I
_ • ~~~~ u’ison o” ~.he r~’su 1 ts in Fi ~ui’e ~~

with Fl gur*’ 1 e~ shows I m i  l t r  c rvtn~ but ni. abou t • r~ ~ ~~~~~~~~ t h e  L
enf~r~’y dens I ty •

Me it I i i~ threshold c t ’ t he i mpl an ted ~ i I i bou t .‘ft lower

~.hat\ tha t o ¶ t h e  v ~
‘
~~

‘ n ~ i but t h o  d 1’ ‘ronce  In  1’ dcc r ’o~ t s rs

unt- I at • 0 J/cm ’ whon t h oy art ’  a prox~ r~:t t e I y t ho s:tme • 1~c 1)

t ioratorl e~ , usl np ’. A ’~ • ‘~~ ~m *‘O llfld tha t  the d it ’ :‘e r n ~’e of

mel t l n ’~ threshold between vi g i n  m~ I m i ’ I tn  t~~i ~ to be ab o u t

‘
~~ (~~~‘ f .  I i .~o) , Com pa r I ne-’. be l l I a bcr-~ t or I ~‘s rt ’ ror t o d  va I aes

for  P v~~ n~ s t ’ ’~’~~y .~etn ~i ty  w~ t.h the t’x ‘ri t~nt :t l rtn;u lt s

ohtrt I ned , I t can be t ’en t. h.t  t ~e 1] i ibor - i  tOn on nvt ’

sh I f t e d  to lower cue r-~ y dens  I t i es . l’he sic pes rind no ra 1

sha ~‘~‘ o ‘ t ho me I t tim e V t ’ ;in~ e~ a’ in V ~li-~ns I ty cu i’ve t: tyoci

t .he snme, DI t’ ro: ’vs I n  t~a’ Lid ta t’tn~orte~t by ~‘1 1 l a h or a  t o r i e s

an d th e o x p o r l m o a t ; i  I v . I nes oh t ~ I ned al oti ~’ w i  th d l  1’ ~~ rences

observed between the v i r g i n  and im p l an t e d  ~ I can he duo to

differences In the thsorr,tion eoeff’iclent .

Bell, et.a1. (i’~ef. fl,ltQ ) have shown t hat  f o r  ~i the
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Figure 2 1.  Melt Pi me of Silicon VS Energy Density
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the higher absorption coefficient causes amorphous SI to m e l t

at lower energy densities. These results are shown in Figure 1.4

and amorphous Si Is observed to melt at .~~ J/cm
2 and virgin Si

2at , .  J/cm . The value for amorphous ~i is close to that

shown in Figure 21. to be the melt threshold. However , the

difference between the lmtilar.ted and the v i r g in  SI a nd the

m e l t i n g  th resho ld  for  the  v i rg i n  Si do not agree With the resu l ts

obtained (Ref. 33s319).

The results of the examinatio n of the Si by o”tical

reflectivity can be seen in Figure ~
‘‘ , These result s show

that no chnn~e In crystalflnity occurs at .6 ~/cri’ w~’lch

corresnonds to very l i t t l e  m e l t i n u  h a v in g  t aken “lace . A~

the energy dens i ty is increased and more melt i rig occur s,

the parameter D continues to decrease. No Inc r ea se  in L) due

to laser induced damage in the crystallini ty  was o h s i - r v e d  to

about 1.3 .7/cm2 .

From observations wi th a &croscope . there was one crater

formed In the center of the annealin~’ at ener.-y den sit ie s of

~c J/cm
2
. This crater showed littl e increase In shn~ from

.O~ .7/cm2 to 1.3 .7/cm2. and non-uniformities In the nnneal~ ng

beam are probably the cause of the crater. i~hr’refore , the

experimental set up used to anneal the Si needs to he changed

so that the beam profile would be more homogenous.

Using a reflectivity of ~l% ( r ~ef. 20:1.11) for vir gin and

45% (Ref. 30s64~) for amorphous SI , and the voltage measurements ,

was calculat ed to be 69% and ‘~1~ for  v i rg in  and amorphous

SI r es~ ec t lv e ly .  The se values ar e In agreement wi th  the reported

value for l iqu id  of 74% ( R e f .  3 1 s . ’ t t t ) .
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V. C 0N C L U ~~~I L - N A N D  R~~~CC~~~~~ E N D AT I L ~~~S

CpncJu sio~
Both virgin and ion im~lanted .ii and GaAs were annealed

with a Q-zwitched ruby laser having a pulse length (T
n
) of

aDproxlmately 2P nsec (FW H i~1). Examination of the annealed

samoles was accomplished using time—resolved reflectivity

measurements , v isua l  microscopy , and opt ica l  r e f l e c t i v i t y

techniaues (Ref. 2”). The results obtained were then compared

w i t h  reported exper menta i  work and n u m e r i c a l  ca lc ula t i en s .

Using the time—resolved reflectivity ‘i-easurer~ents , it was

determined that the surface of the riaterial did “ielt above

a cer ta in  energy d e n s i t y .  An exact  in te rp re ta t ion  of m e l t i n g

is not possible due to lack of Information on the r e f l e c t i v i t y

of Si and GaAs as a function of temperature . The maximum

reflected s1~nal (R1) was calculated to be 6Q~ for GaAs and

~o% and 71% for v i rg i n  and imr ’lanted SI respect ive ly .  The

value ob t a ined  for  H 1 of Si. is in agreement w i t h  the  reported

value of 74% for liquid Si at 1600 °C (R e f .  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 by

Bell Laboratories. For SI , the curve obta~ ned by :~e11

Laborator es was shifted to lower energy density values. The

s h Vt i ng  to lower energy d e n s i t y  is expected due to n um e r i c a l

calc’zl~ t1ons that have been performed (Ref. 33s 348). These

calcu lit ion  show tha t  am orp hous  ~i will melt before virgin Si

due to a higher absorotion coefficient. Bell Laboratories
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results were ob ta ined  using A= .53 ~m radiat ion w h i c h  does

4 have a ht~her absorption coef4’icient in Si than )* .69 ~tm

(Ref. 29:519). Differences between Bell Laboratories results

and that of this paoer for GaAs are not as easily explained.

The dif4 ’erence in the slope of’ the mel t  t ime versus energy

density curves result  from the way tha t  the melt  t ime ( T )  was

measured.

The t ime—r esolved r e f l e c t i v i t y  measurem ents  were also

used to de te rmine  what a f f e c t  the energy densi ty  had on the

samples. The resu l ts  were found to be usefu l in d e t e r m ir r i n g

that there is an energy dens~ty t h re sho ld  that  mus t  be reached

before melting wi l l  occur , and that  at very  h igh  energy densities

damare can be detected. The threshold for detectinr damage by

this techniaue was found to be much higher than that r e q u i red

to produce scattered craters. Comparing the  resul t s  w i t h

in fo rma t ion  obtained by ort ical  r e f l e c t i v i t y  measurements ( R e f .  22 )

revealed that the time—resolved reflectivity measurements by

themselves do not give an exact understand i ng of the degree of

anneal.

From optical reflectivity techniques (r~ef. 22). it was

determined that  GaAs Is very sensitive to the amount of energy

densi ty  used In annealing. At too low of an energy density the

mater ia l  was not annealed but at h igher  energy d e n s i t i e s  damage

to the crystallinity of the surface caused by annea lin g  was - :
observed. Si was not found to be as sensi t ive  to the energy

densi ty  but an ideal value for the energy density needed to

anneal Si was not found . It  apoeared tha t  the crystallinity

of Si would be restored above 1.35 .7/cm2 , wh ich  was the maximum

__  _____ 
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enercv density used.

The melt  time of samples imolanted wi th  Ar was found to

be the same as samples implanted with Te. Therefore , the

damage 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 mater ia l.  Only one

sample with a different imp1anta~ on concentration was annealed ,

and its melt time fell on the melt time versus energy density

curve for the implanted GaAs . More samples implanted at

different concentration would need to be examined before any

conclusions can be reached regarding the effect that the

concentration has on the annealinr process.

Craterlng in .3i 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 n o n — u n i f o r m i t i e s  in the beam profile . The non- —

uniformities in the beam profile in Appendix B are not seen;

however , from burn patterns taken at low energy densities a hot

soot 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 de tec tab le  in the beam pro f i l e  easuremert .

An e f fo r t  was made to try and detect  whether  or not a

plasma was formed at the surface of the sample when damage

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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Recpmmendatj on~
4. Because of non—uniformities in the beam profi le  it is

not possible to determine  whether cratering is due to the

surface of the sam ple or due to hot spots. By using a single

mode laser , d i f fe ren t  values for the energy density required to

produce visual damage might  be obtained.  Since the center of

the beam would probably have the highest enervy density, the

time—resolve ’~ reflectivity measurements taken at the center

may be used to detect when danaae occurs.

S~ nce there is a poss ib i l i t y  that  a plasma is formed at L

the surface of the sanole , it would be benef ic ia l  to determ i ne

whether  or not the plasma is formed. Using a Neody mium laser

for the f i rs t  examination nay be better because the breakdown

threshold is lower for )~= 1.06 ~~~
Time—resolved r e f l ec t iv i ty  measurements should he taken

using A~ .53 ~m to verify published reports and to exam i ne

differences between Bell Laboratories results and that of this

thesis . The samples should also be examined with other methods

• such as ootical r e f l e c t i v i ty  and sheet res is t iv i ty  to determine

the differences that occur because a different wavelen~ th is

used. Samoles irnolanted with different concentrations , dis-

tribution, and types of imourities can be examined to see what

af4 ’ect the  imour i t i es  have on the annealing process. To obtain

a better idea of what can be determined from the t ime—resolved

re f lec t iv i ty  signal, informat ion  on the r e f l ec t iv i ty  of semi —

conducting materials  as a function of temperature needs to be

obtained.

Exam ination of the numerical  work that  has been accomplished
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could reveal more information about what occurs during laser

t .  annealing.  Also, modeling the annealing process on a computer

could be useful if information about the thermal and optical

pro~ erties of both implanted and virgin samples as a function

of’ temoe rature can be obtained.
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APPEN DIX A

Table I

:~efer ences to thermal and optical prooerties of SI and GaAs

PR OPERTY INF~~~1ATlON MATERIAL ~EFE~ENCECONTAINED

Absorpt ion  funct ion  of phot on virgin 20 ;174
Coefficient energy (by) at 300 °i~ GaAs

at ~0O 
O~~ and 77 °K v i rg in  :54

GaAs and
_______________________ Si

for 1.06 ~m and virgin an- 0:2:6
.69 ~tn amorphous

_________________  _______________________ Si

E x t i n c t i~ n for d i f f e r en t  Concert — amorrhous 2l~~9F~Coeff ic ien t  and trat ions of inDur it ies  GaAsIndex of _ _ _ _ _ _ _ _ _

~ef rac t ion  for d i f fe ren t  temper — vi rg in  2° :~~1~ — 2 3
ature and wavelength GaAs

for liquid Si at 
~ 

liquid 31:2111
_________________ 

1450 C and 1600 C sj

Mass Density at 300 °K virgin 7: 57
GaAs and

_________________ Si
Mel t ing  GaAs and 7~ 5S
Temperature Si

Refl ec t iv ity  functio n of hy GaAs and 20:111-.2
_______________________ Si
fine structure from GaAs and 40
103 °K t o 600 °K Si

amorphous 30:64~
_________________  

Si
Speci f ic  Heat at 300 °K GaAs and T :58

________________________ Si

f rom 20 to 10~ °K Si 30:00

61



~ .- .—  -
~~~
--- - -

Table I continued

Thermal as a function of GaAs and 
-

Conductivity temperature Si

f r om 100 to 10~ °K GaAs 39:99

from 3 to iO~ 
0K Si 39:99

at the melting point Si 42:447

62

~ IIIr:- — ~~~~~~~~~~~~ 
- -

~~~~~~~~
-
~~ 

--• - —
~
- 

~~~~ --



- 
~~~~~~ --‘~-‘ ---- ~~~—-- 

~~~~~~~~~~~~
‘
~~~~

---
~~~~~~~~~ ~~w ’~~-~-~~ - -  —-- ~ ---- ---- -—- - --—--- - - -  .

~~~~~
---—------- ---— ~~~~~

- . -
~~~~~~~~

——-- —

AF’~SNIJJX i3

I~eam Profile

Due to nonhomogeneities in the ruby laser beam , :i d i f f u s e r

and lIght ni ’e were used in an e ffo r t  to m ake the be am more

homogeneous. The light oi~ e was ~t1so used in an effort- to get

the energy density high enough for a n nea l in g .

The nroblern With u s i ng  the  I ~‘ht  ~i ~e wns t hat 1~ e to

sr ’ectral r e f l e c t i o n s  from the  i n s i d e  of ’ t h e  IN ’  the ‘e’ tr~ p ro—

fIle was denenda t upon the ‘Ustance from the end of the  pipe .

From burn pat terns i t  was de t e rm i ned tha t the  ~e t m  ~rot ’i1e w~n;

the most uniform at 4 cm behind th~ light pi pe .

To obtain a rough Idea of the d i st r i b u t i o n  of th e ’  en ergy

d ens i ty ,  the energy t r a n s m i t t e d  through a 1 .4 mm ape r tu re

placed 4 cm behind the light ni pe .was measured. The energy

measured was then mu l t ip l i ed by the  area of the  ape r tu r e  to

obtain  an aver:: e for the energy dem~ity. Due to symmetry in

the laser beam , the eiorgy dens ty ve:n~~~ I i  tanoc rrom the (‘en tc ’ r

of the beam out to 3 mm is shown in Pi~’ur t ’ .‘~~~~ . At each  l o c a t i o n

four  shots were taken and av er- u ’tri to nc rease the  re h i  ftl i i  ty

of the measurements .

Due to the s ize  of the aper ture  the beam p r o f i l e  In

Figure  23 is not comple te ly  a c c u r at e .  E v i d e nce 0!’ the in-

accuracy is  tha t  when Si samp le s  w e e  annea led  :•i c r a te r  was

formed n the cen ter  of the  sample , Th~~ e’ ~‘r at e ’~ sug-es t that

the energy d e n s i t y  in the center  i s  much h i g h e r  t h an  measured.

The size of the hot spot is probably much sm al ler than the aper ture ;

therefore , it would not be detected In the beam p r o f i l e  measurements .
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The threshold for melting in the implanted samples was
found to be lower than the virgin samples , and the energy
density required to oroduce melting in GaAs was about
2/5 that needed for Si.

The results obtained were com pared to reported
experimental work and numerical calculation on laser
annealin g. Ootic-al reflectivity technioue s , performed
by Lt. ~ullins were used to determine the cryst alitnity
of the samples after annealing.
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