
LBV4 L~
I SEMI-ANNUAL TECHNICAL REPORT

1 Jun e 1978 - 30 Janua ry  197 9

I
LASER ASSISTED SEf’IICONDUCTOR DEVICE PROCESSING

I
I ~~ ~~~~~~~~~~~

I \ .~~. ~t~
”$ 

~~~~~~~~~~~~1>— ~~~1 O~.. This  research  was sponsored by t h e
Defense Advanced Research ProjectsI Agency under  ARPA Order  No.  3578
C o n t r a c t  No.  M D A 9 O 3 - 7 8 - C - 0 2 8 4
Moni to red  by :  Dr .  I saac  Lagnado

I Naval  Ocean Sys tems Cen te r
Contract Duration: 1 June 1978 - 31 Ju ly 1979

I’

I [~~~1ST~ IBtmON STATEM~~~T~~~
Approved tot public ieleos~

D~tnbutiofl I.Jn.hmited

H
TRW Defense and Space Systems Group

One Space Park
Redondo Beach , CA 90278

~ I4
IL

- ~~~~~- -~~ -~



I

I
~ ~/ 

— 3 3 2 9 2 000  1~

I
)
~~

EMI-ANNUAL TECHN ICAL REP~~T. 
/

~ ~~~~~~~~~~~~~~~~ 
! 1 Jun~~~~ 78 - 3 0  Jan~~~~~~~79~

(~~
i
~~ASER ASSISTED SEMICONDUCTOR DEVICE PROCESSIN G’~~/ __ —-

~~~

-

~ 
h’

~~~~~~~~~
J _ 7 I  i ’

I This research was sponsored by the
Defense Advanced Research Pro jec ts
Agency under ARPA Order No. 357 8
Contract No. MDA903-78-C-0284’~Moni tored by: Dr. Is aac Lagnado

Naval Ocean Sys tems Cen ter
Contract Duration :ljune 1978 - 31 July 1979

(L) f l 1b t ’1,~~- ‘ / - ~ 
_ O ’ i/ ) /

~4 ~~
• [

~
,‘i ~~~~ ~~z i~; 7

The views and conclusions ~on tained in th is documen t
are those of the author and should not be interpreted
as necessar i ly  represen ting the off icial policies ,
either express or implied , or the Defense Advanced
Research Projects Agency or the United States Government.

TT
~~~ ~ TL.—

Prepared by: ,I. hj ~,f7?~Robert S. Witte
Pro ject Direc tor
(213) 536-1816

t ~ t TRW Defense and Space Systems Group
1

V ‘
~ 

One Space Park
Redondo Beach , CA 9027 8

L / /  (~9~~~~f I



TABLE OF CONTENTS

SECTION PAGE

S1ThNARY I

Task 1 LASER INDUCED SURFACE PROCESSING

1 .0 INTRODUCTION 3

2 .0 LASER HEATING OF SEMICONDUCTORS 5

2.1 Summary 5

2. 2 In troduc t ion 6

2.3 Absorption of Laser Light 7

2.4 Conversion of Absorbed
Photon Energy to Heat 10

2 .5 Tempera ture Measurem en t 16

2.5.1 Post-processing Measurement . . .  16
2 . 5 . 2  Real Time Measuremen t 18

3.0 APPLICATIONS OF LASER INDUCED HEATING . . . 2 1

3.1 Introduction 21

3.2 Laser Anneal of Implan ted
Gallium Arsenide 2 1

3.3 Ion Implan ted Sil icon 2 2
3. 4 Sil icon on Sapp hire  Experimen ts . .  29

3.5 Laser Induced Impuri ty Diffusion .  33

3.6 Summary 36

Task 2 EVALUATION OF THE LASER BLOW-OFF ION
IMPLANTAT ION SOURCE

1.0 INTRODUCTION 37

2.0 EXPERIMENTAL APPARATUS 39

3.0 RESULTS 44

REFERENCES 56

3.

~~~



, -—--~~ -. — ,-.—.-—.-

1~1 APPENDIX A - CONTRIBUTION OF FREE ELE CTRONS TO
OPTICAL ABSORPTION IN SEMICONDUCTORS

I APPENDIX B - NUMERICA L SOLUTION OF THERMAL AND
IMPURITY DIFFUSION DURING LASER-

I INDUCED PROCES SING

APPENDIX C - RUBY LASER SYSTEM USED IN LASER
PROCESSING EXPERIMENTS

I
I
I
I

.

ii

~~ 
.L —:- 

-. 
~~~~~~

-
~~~

-
~~~

-—- — -------— -.



- ---—~~~ -.-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ii-
~1

LIST OF ILLUSTRATIONS

Task i
FIGURE PAGE

i Plot of T-T at t = t for GaAs ,
Normalized 2o Unit Pu~ se Energy E ,
versus Dis tance from the Irradia ted
Surface 12

2 Plot of T-T at t t for Si ,
Normal ized  ~o Un it Pu~ se Energy. E,versus Dis tance from the Irradia ted
Surface 13

3 Tempera ture Prof i les  for GaAs for
I K = Constant and K = K(T) 15

4 Scope Traces of Laser Pulse and
Photodiode Forward Voltage at Constant
Current 20

5 Recipr ocal of Shee t Resis tance versus
Arsenic Implant Fluences as a Function
of Thermal Trea tmen t 24

6 Reverse Leakage Current Measured at
V = -15 Volts for Laser Annealed and
Thermal Annealed P and As Imp l an ted
Silcion Planar Diodes 28

7 Schematic of Experimental Set-up for
Laser Blow-Off and for Laser Treatment
of Thin Silicon Layers Ob tained in
the Blow-off Step 50

8 Sil icon Deposi t on Sapphire wi th
20 j / cm 2 and 50 j/cm 2 Laser Energy . . . . 31

9 Pho tographs of GaAs Surface Af ter Laser
Blow-off and GaAs Deposition on Glass
as in Step 1 of Figure 7 with the Glass
Subs tra te Replacing the Sapphire 32

10 High Magnification Photograph of GaAs
on Glas s 34

111

hIIIiI..A 4~~±- ~
-
~

- - -
~ 4 ~-~- -- — — :~~L —i---- ~~~~~~

-— ~~~~~~~~~~ ~ii



________

. 
i
I . 

I
Task 2

FIGURE PAGE

la Schematic Diagram of Laser Blow-Off
Ion Imp lantation System 40

lb Photograph of ‘~aser Blow-OffIon Implan tation System 4 1

2 Geometric Arrangement for the
Theoretical Model and Experiment 4 7

3 Theoretical Curves for Beam Particle
Curren t Densi ty J versus Time ,
Normalized to the Time at Which J
is a Maximum 49

4 Unaccelerated Boron Ion Pulses SO

S Theoretical Curves for f J dt versus
Detector Angle 9 at o
Cons tan t Dis tance r and Norma li zed to
the Value for 9 = 0 51

6 Applied Research Labora tories IMMA
(Ion Microprobe Mass Analyzer) 54

iv



,~~~‘—
-
~~~~~~ 

—
~~~~ --~~~~~~~~~~~~~~~~~~~~~~-. ~~ -

-
~~ SUMMARY

The objective of T-ask -l----of~this pro gram is to ev alua te and
charac te r i z e  laser indu ced process ing of semiconductor materials
and devices , wi th emphasis on the I l l - V  compoun t ser ies .  Th e
work descr ibed was performed under contract number MDA903-78-C-

02 84 during the period of June 19 78 to 31 Dece mber 1978 .

~La ser process ing comprises three p r inc ipal ph enom ena :
photon absorption , convers ion of absorbed photon energy to heat ,

and material response to the thermal stimulus. We are examining

each of these phenomena in detail both theoretically and experi-
men ta lly.

We have developed a mod el tha t include s, in addi tion to
normal band- to-band absorption , absorption due to laser generated

free car r iers .  The model assumes tha t the two effec ts are ad d
tive , and that the band-to-band absorption coefficient is con-

stant and equal to its small signal value. We have found that ,
under these condi tions , band- to-band absorption predominates when
the laser wavelength is shorter than the bandgap wavelength.

We re gard the use of the small  si gnal absorp tion coefficient ,
however , to be suspec t , espec ia l ly  when the las er wave leng th is
close to the band gap wavelen gth.  ~This issue wi ll be addr essed
in our on- going analytical studies.

The conversion of photon energy to thermal energy is a two
step process.  In the f i r s t step the pho ton energy in excess of
the bandgap energy is converted directly into lattice heat in
times of the order of seconds ; it is therefore  deposi ted
in the immediate vicinity of the photon absorption. For GaAs
irrad iated by ruby laser l igh t , this step accoun ts for approxi-
mately 40% of the absorbed ruby laser energy. The second step ,
non-radia tive recombination of the laser created hole-electron
pairs , may , in high quali ty material , occur far from where the
pho tons were absorbed .

1 
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We have developed a thermal model that treats the spatial

dependence of each step . The results described in this report

are va lid for  poor qual ity or dama ge (as by heavy ion imp lan ta-
tion) ma teria l. Pr edic t ions for  laser  i r radia ted , high quality,

long carr i er l i f e t ime ma ter ial wi l l  be presen ted in the f i n al

repor t.

We have experimen tally demons tra ted the super ior i ty of
laser proc ess ing over standard thermal  processin g f or a num ber
of silicon and gal l ium arsenide ma ter ia l  confi gura t ions.  We
have also devised an experiment having the potential for in-situ

real-time measurements of the laser induced material temperatures.

The objective of Task 2 is to evaluate the laser blow-off

ion implantation source.

This new ion implantation technique utilizes pulsed laser
irradiation of a solid surface of pure dopant material to produce

a high temper ature plasma of dopan t ions.  Th e p lasma expands
in to vacuum , reducing the charge densi ty to the poin t wher e an
externally applied electric field can be used to extract ions

from the plasma . In principle these ions can be accelerated to
an arbi trar i ly  high ener gy and can be used to implan t semicon-
duc tor ma terials . A sub tle aspec t of this me thod is the pulsed
nature of the ion beam current. For reasonable values of ion

energy and ion areal densi ty , it appears tha t ann eal in g temper-
atures can be reached in the implan ted regions for very short
times at each laser pulse.

Measurements have been made and results obtained largely in
the order of laser per formance , implan t plasma produc t ion , pl asma
plume characteris tics , ion curren t and areal uniformi ty,  implan t
material deposition without acceleration , and implan t wi th high
energy implant ions.

- _ _ _ _ _ _ _ _ _
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Task 1

LASER INDUCED SURFACE PR OCESSING

1 .0 INTRODUCTION

The appl ication of laser annealing to semiconductor device

pr ocess ing has attracted the attention of researchers throug h-
out the world. During 1978 a considerable amount of experimental

da ta was disclosed.  In addi tion to thre e ma jo r conf erence s in
Catania , Sici ly,  Budapest , Hungary and Bos ton , num erous pap ers
appeared.  Two reviews l

~
2 po inted up the potential of laser

proc ess in g ,  twenty-one short papers 3 2 3  in Applied Physics

Letters presented data and one extensive investi gation was des-

cribed in the Journal of Applied Physics.24

Most of the studies involved annealing ion imp lan ted sur-
faces , al thou gh two described laser-assisted doping ,8’10 two

11 1’describ ed the regrowth ot deposited amorphous silicon films , ‘ -

one the effect of annealing doped poly crys tal lin e s i l i con  la yers ,
2’and one the reaction of metal films with the silicon underneath.

Th e l asers used wer e pu lsed ruby , 3~ 8~ 9~ lô
~
24 pu lsed Nd :YAG

(References 6,7,10 ,11 ,12 ,13 ,19 ,20 and 22)  cw Ar 4 ’5 ’14 ’15 ’18 and
cw Nd :YAG .21 Since the radiant energy does not have to be co-

heren t , two of the studies investi ga ted the use of f lash lamps~~’
3

and found that they did indeed result in an annealing effect.

The majority of the studies of laser annealing of ion im-

planted material was performed on heavily damaged material . The
implant energies and dosages employed were sufficient to induce
amorphous surface layers . Irradiation of the surface by high
power pulsed lasers  caused me l t ing  of the amorp}x us l ayer , and
l iquid phase epitaxial regrowth occurred during re-solidification.
Redis tributio n of the impl anted dopant also too k place .  Of
particul ar interest is the observatio n that the regrown l ayers
are largel y free of crys tal l ine  defec ts .

3
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When annea li ng i s accomplish ed through th e us e of sc anned
cw Argon ion las ers , epitaxy occurs without a redistribution

of the implanted species. This suggests solid phase epitaxy ,

ra ther than li quid phase , is the regrowth mechanism.

The pr oduc t ion po ten tial of laser process in g has not as

yet been established. To do so , the rather spectacular labora-

tory demonstrations must be systematically studied and the

crit ical processing parameters characterized. For example ,
al though a number of thermal models pr ed ic ting laser indu ced
temperature profiles are available , there exists no direct experi-
men tal confirma t ion of the se pr ed ictions .

Analytic al and experimental studies of the laser induced

temperature profiles represent a significant fraction of our

effort. In addition , we repor t the resul ts of a number of
exploratory material and device processing experiments.

I
I
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2.0 LASER HEATING OF SEMICONDUCTORS

2 .1 Summar y -

Laser heating of semiconductors involves a number of physi-

cal mechanisms which may be operative in parallel or in sequence.

It is conceptually convenient to categorize the process as corn-

prisin g two major steps or events:

• absorption of the laser li ght , and

• conversion of the absorbed optical energy to heat.

The absorption of the laser lig ht by a semiconductor may

be due to a photon-phonon interaction , a photon-free carrier

interaction , a photon-bound carrier interaction creating hole-

elec tron pa irs , or a comb ination of these mechanisms .• When the

pho ton ener gy exceeds the semicondu ctor ban d gap en ergy , the dom i-

nant mechanism at low light intensities is the creation of hole-

electron pairs. At the high intensities employed in laser pro-

cessing , howev er , photogenerated carriers may become extremely
numerous , approach ing densities of 1020 / crn 3, and must be con- +

sidered as poss ib le sourc es of abso rp tion.

We hav e ana lyzed f ree  carri ers absorp tion , and conclude that
it is sufficiently small to be neglected in the presence of band-
to-band absorption . At wavelengths longer than the band gap energy,
howev er , it is the principal absorption mechanism , and may have
a coef f i c ien t as lar ge as ~~~ cm~~ . A detailed discussion of
this phenomenon is given in Section 2 .3 and Appendix A.

Absorbed optical energy is converted into heat in two ways:

• relaxation of highly excited electron-hole pairs to
thermodynamic equilibrium with the lattice ,

• non-radiat ive recombination of electron-hole pairs .

The first mechamism takes place rapidly, imparting the ex-
cess energy to the lattice in the immediate vicinity of the
pho ton absorp t ion , and its contribution to lattice heating is

~~~~~~~~~ i_~~~

_+____ 
— .-
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significant (~ 37% and 
‘
~
. 20~~ for  ruby li ght absorbed in silicon

and gal l ium arsen ide , respectiv ely).

Non-radiative recombination in hig h quality materials is

a re latively slow process. Recombination may , therefore , take

place over a region considerably larger than the optical absorp-

tion volume as a result of carrier diffusion during the recom-

bination lifetime . Thus , when diffusion is appreciable , the

ene rgy deposi ted per unit volume , and hence the temperature ,

are less than those estimated assuming no charge diffusion.

The thermal model presented in Section 2.4 and Appendix B

does not include charged particle diffusion. Thus , it is pri-

marily applicable to short lifetime material. A more comp lete

mode l has been formulated but not as yet programmed.

We have applied the results of the thermal analysis to the

study of species diffusion , and conclude that the effect of single
pulse hea ting is insi gnificant.

Laser processin g is , therefore , precluded as a mean s of +

ob ta ining sens ib le sol id phase diffusion . Species diffusion in
laser induced li quid phases is not treated here.

An experimental effort to obtain data on temperatures in
laser i r radia ted semicon duc tor ma terials  has not been su cces sfu l .
A br ief  discussion of the exp erimen t and r eas ons for  its lack
of success are given in Section 2 .5. This section also contains
a description of a proposed new expe rimen t , which if succ ess ful ,
will provide temperature-time histories at a finite number of
planes located beneath the surface of the irradiated material.

2.2 Introduction

Laser heating of a solid is the transformation of pho ton
energy to phonon energy . The possible mechanisms are numerous ; 

+

+

their applicab il ity depends upon the par ticular  sys tem , and they - 
+



may be operative in pirailel or in sequence. The following sections

presen t de tailed d iscuss ion s of the mechan isms of laser  heat in g

of sem icondu cto rs .

2.3 Absorption of Laser Light

Opt ical energy may be absorbed by a material through either

of the following reactions :

+ 

• photon energy phonon energy 
-

• photon energy charge carrier energy phonon ener gy .

• The first , important at long wavelengths ~(GaAs and Si , X ~ 20 ~),
wi ll no t be cons idered here be cause h igh power lasers operating
in this spectral range do not exist. The second , in which the

photons interact with the electron structure of the material ,

is important to laser heating of semiconductors , and will be

discussed in detail.

Photon Energy ~ Charge Carrier Energy :

This transfer may occur by direct free carrier absorption ,

or , if the photon energy exceeds the semiconductor bandgap energy,
by hole-elec tron pair creation . Free carrier absorption is

normally of minor importance compared to pair creation. It can ,
however , dominate if the photon energy is less than the band gap
energy , and indeed is responsible for  therma l runaway in german ium
w indows used in h igh power inf rared  laser s. Hea tin g by free car-
rier absorption in germanium increases the number of thermally
exci ted carr iers , ther eby increasin g the absorp tion . This sequence
resul ts ul tima tely in ca tastrophic f a i lu re  of the windo w.

Free carrier  absorp t ion can also domina te when the pho to n
energy is grea ter than the band gap energy , provided the la ser
power is high enough to f i r s t eleva te the carr ier  concen tra t ion
sufficiently by pair creation . Laser processing f re quen t ly +

employs power densi ties of ~~~ to l0~ watts/cm
2,

7 L
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correspond ing to pair creation rates of the order of lO~~ sec~~
to 10 sec + 

. We have calculated carrzer concentrations ,

taking into account losses due to re ..ombination and charge car-

rier diffusion . The approach and results are reviewed briefly

in the nex t para graph; the ana lys is is in Appendix A .

The instantaneous concentration of photogenerated carriers

n(x ,t) in a semiconductor is the solution to the transport

equation ,

~n D~
2n 1

where t and D are the minori ty carrier lif et ime and diffusion
cons tant, respec tively, and g is the photogeneration rate g iven
by

+ g = c~Ee~~~ ‘

wher e ~ is the optical absorption coefficient and F = F(t) is 
+

the photon flux incident on the semiconductor (reflection is

ignored). We have calculated the carrier concentrations , n(x ,t)
for a var iety of values of laser intensity and pulse length ,
of carrier photogenera tion ra te , and of t imes required for a
carrier to recombine and to diffuse an optical absorption distance .

Our predictions span a range from 1017 cm 3 to 1020 cm~~ . We

have also es timated the free carrier absorp tion coefficient at
concentrations in this range for several laser wavelengths , and
compared it with the corresponding band-band coefficient. Our
es t imates , shown in Ta b le 1, indica te that band-band absorption
remains the primary mechanism for ruby laser light on Si , GaAs
and Ge , and for Nd laser light on Ge and Si (except, perhaps ,

* In the absence of losses pair creation at these rates
would deplete the valance band in very short 

times.8
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at carrier densities in excess of 1040 cm 3). Fre e carrier

absorp tion, however , dominates at CO 2 waveleng ths for all three
materials and at Nd wavelengths for GaAs , and , as discuss ed
earlier , is the initiating mechanisms for thermal runaway.

2.4 Conversion of Ab sorbed Photon Ener gy to Heat

The laser induced tempera ture dis tribut ion in a sem icon-
ductor is described in a one-dimensional approximation by the

thermal transpor t equation ,

aT ~ IK(T) aT l_ S(x ,t) 2
- 

- 

~~~~ ~ 

C~, ~
t) ~i j  - ‘ ~

where C~ (t) and K( t) are the specific heat and thermal conduc-
tivity, respectively, and S(x,t) is the heat source and power
density . When the laser photon energy exceeds the bandgap

energy , S(x ,t) must be decomposed into two terms . The first

describes hea ting due to relaxation of carriers from photon-
excited distributions to quasi-thermal distributions within the

conduction and valence bands. It is g iven approx imately by

S1 (x ,t) = (h~ - Eg) ~ F( t) e~~~ , (3)

where h~ is the laser photon energy and Eg is the bandgap ener gy.
S1(x ,t) is proportional to the optical absorption coefficient ,
and therefore has the same spatial dependence , because exci ted

carriers relax in times of the order of 10-13 seconds , too shor t
for significant spatial redistribution .

The second heat source term , describing nonradiat ive hole-
elec tron recombination, is

In (x , t)  - n
S2 (x ,t) = Eg .

~ 

° (4a )

10
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where n0 is the equilibrium carrier density , r is the reco mb i-
nation lifetime , and n(x ,t) is the solu t ion to ( 1) ,  the electron

transport equation. This term must be included for materials

characterized by long carrier lifetimes and diffusion lengths

such as high quali ty silicon.

Poor quality materials , such as ion-im plant damaged Si or

GaAs , have short diffusion lengths ; therefore for them S2(x,t)

like S1 (x ,t), is propor t ional to the opt ical absorp tion coef-
f icient,

S2 (x ,t) = Eg aF(t) e~~
X 

, (4b)

and Equation (2) may be written as

- _~~~~ f K (T) ~~ 
hvaF(t) e~~

X

at ax [ C~ (T ) axj C~ (T)

Numer ical solu t ions to Equa tion 5 for  s i l icon and gallium
arsenide are given in Appendix B. These solutions are for C~
cons tan t, K = ic(T) as obtained from empirical data and a laser
pulse shape given by ,

( t-t 2]

I 

Fo [1 _ ( tm
m )J  O < t < t m

F( t) = 
t-t 2 

+

(
~ 

F~, exp [ - ( t )  j t > tm

The pulse length ~~ is defined by F(t~ ) F( tm )/ 2 where
> ~~ Fi gures 1 and 2 derived from Figures 4, S, 6 and 8,

9 and 10 of Appendix B show temperature profiles at t = t for

various values of ~~~~ 
P

* Because of the tempera ture dependence of K these curves are
accurate only for the pulse energies given in Figures 8, 9, and

+ 10. Scaling to different energies will give only approxima te
temperatures. This is especially true for the long pulse
lengths , where thermal conductivity has a significant role in
determining the temperature distribution .

11 
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Fi gure 1 . Plo t of T - T at t = t for GaAs , Normal ized to
Uni t Pulse En~rgy E , ve~ sus Dis tance fro m the
Irradia ted Surface. T is the ambient temperature
of the sample . 0

12

_ _ _  • -
~~~~~~-- ~~~~~- --

~~~~
- -~~~~-



r~r 
~~~~

_ 
- 

~~~~~~~~~~~ ~~~~

-

~

--.- .— • 

~~~~~~~ 

• • -

~

— + 

- 
~~~~~+~r.: : ~~~~~~~~~+ -~-— -—  ‘ ‘-  

- 

~~~
-‘-- - + 

~~~~~~~~~~~~~~~~~~ r ’

10 8 s.c 
THEORY

~600 
_\~~__ ._.3x  10 8s.c t~ PULSE LENGTH

1400 -
SI L I CON

1200 —
5 x 1 0  s.c

~ 1000 —

.

0

600 -

100- 
+

200 -

0 1 I +

0 2 4 6 8 10

x (~m)

Figure 2. Plot of T - T at t - t for Si , Normalized to
• Unit Pulse En~ rgy E , ve~sus Distance from the.Irradiated Surface. T~ is the ambient temper-

ature of the Sample.
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These curves demonstrate the efficiency of short pulses

in producing high surface temperature gradients. A pulse is

defined as shor t if its length is less than or equal to the
time t = C~ /K~

2
~ it takes the deposited heat to diffuse one opti-

cal absorp tion length. For ruby laser wavelengths , pulse lengths

of the order of 5 x l0~~ sec and 100 x l0~~ sec for GaAs and Si

respec tively , sa tisfy this requirement . For Nd wavelen gths in
silicon , the absorp t ion depth l/~ is approximately 300 microns
and pulse lengths of the order of l0~~ seconds may be considered

shor t .

Figure 3 derived from Figures 8 and 8a of Appendix B , show
the effect of assuming K is constant in temperature. The thermal

conduc tivities of silicon and gallium arsenide decrease with

increasing temperature. Therefore , for a constant input flux ,

higher temperature gradients and higher surface temperatures
must be established to maintain continuity of power flow within

the sample as the surface is heated. A long pulse length was
chosen for Figure 3 to emphasize the effect of neglecting the
tempera ture dependence of K. If the pulse length is shor t com-
pared to thermal diffusion times , thermal conduc tivity has minimal
effect on the initial temperature profiles , as evidenced by the
top two curves of Figure 2.

In summary , our analyses have shown :

• Bandgap absorption predominates over free carrier

absorp tion when hv ~
+ • Laser heating efficiency, defined as the ra t io of

maximum surface temperature to laser pulse energy ,
increases with decreasing pulse length.

Nd irrad iation in silicon is perhaps a borderline case be-
cause of the small separation between the photon energy and the
bandgap energy .

14
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• The diffusion of photogenerated charge carriers can

reduce the thermal energy deposition density in the

semiconduc tor , a significant effect in high quality
material.

• Temperature profile estimates based on the assumption

of constant thermal conductivity K differ significantly

from those derived on the basis of c =

2.5 Temperature Measurement

We have performed two different kinds of experiments to

determine laser induced temperature profiles; bo th are based
on electrical measurements. The first uses thermally influenced

properties measured after the completion of laser processing ;

the second provides the real-time temperature variation during

the laser pulse.

2.5.1 Post-processing Measurement

Neutron bombardment transmutes one of the naturally occur-

ring isotopes of sil icon to phosphorus , which as an impuri ty
in a silicon crystal , can be electrically activated by heating.

The distribution of activated pho sphorus is then a measure of 
+

the temperature history of the crystal after the neutron bom

bardmen t; it can be determined as a function of depth from mea -
surements of the spreading resistance. Therefore , the temper-
atures achieved in silicon crystals during laser processing can ,
in princ iple , be inferred afterwards from electrical measurements ,
provided the crystal has previously been prepared by neutron
irradiation.

In our experiment hi gh resistivity (1O~ a-cm) intrinsic
silicon samples were prepared by neutron bombardmen t . Because
the transmutable isotope is uniformly dis tributed and the sample
thicknesses were much less than the neutron mean free path , the

16
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resu lt ing phosp horus distribu tions were assumed to be uniform .

A number of the samples were activated by oven annealing at

various temperatures and for varying lengths of time . Their

resistivities were then measured , and the activation energy cal-

culated from the measuremen ts .

The remaining samples were irradiated with 2.5 i/cm 2 to

3.5 j/cm 2 of ruby laser lig h’ . According to our thermal model

the silicon surface should have approached or exceeded melt ing

temperature . Nevertheles s, spreading resistance data contained
no evidence of phosphorus activation , and microscopic surface

examination revealed only small area, localized me lting.

The fail ure to achieve uniformly high surface temperatures
can be explathed in terms of charge carrier diffusion. Because
of the high quali ty of the silicon subs trates , the lifetimes
and hence the diffusion lengths , of the photogenera..ed carriers
are probably quite large. Thus , as discussed in Section 2.4,
the absorbed laser energy is depos ited over a larger vo lume
than the absorp tion volume and the temperature elevation is less-
ened. The observed local surface melting could be due to the
existence of discrete defects acting as non-radiative recomb i-
nation centers.

As a preliminary test of the above interpretation , we re-

peated the experiment with silicon in which surface damage had

been introduced to decrease the lifetimes and diffusion distances
of photogenerated carriers ; the surface damage was introduced

by implanting neon ions with a fluence of 1015 cm 2 . This time
we found surface activation at 1.5 j/cm2 of laser energy density,
supporting the carrier diffusion explanation.

We are continuing these experiments with the emphasis on
achieving high temperatures in high quali ty silicon. Increas ing
the laser flux by focusing the beam is the most direct approach ,
but is limited to increases of about a factor of 4 because of
the need to maintain a processed area of approx imately 0.25 cm 

+
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for measurement purposes. Other approaches , such as decreasing

the carrier lifetime through ion implantation , will also be con-

sidered.

2.5.2 Real Time Measurement

The temperature at a fixed distance inside a semiconductor 
+

can be measured during laser pulse illumination by embedding

a planar p-n junction in it , and monitoring the junction ’s diode

characteristics. The forward biased diode current is -
+

I = I~~(T) Eexp (eV/kT) - 1] , (6)
with

+ 

I0(T) ~ exP(~ Eg/kT)

where Eg is the bandgap energy, k is Boltzmann ’s constant , and

V is the voltage applied to the diode. It follows from (6)
that , if the diode current is kept fixed , the variation of the

voltage with temperature is given by

= - z x 10~~ volts/°C • ( 7 )  
+

This value is independent of the semiconductor material up to

temperatures of the order of 300°C to 500°C , and has been exper i-
men tally verified. Thus , by moni toring the diode voltages under

fixed current conditions and using Equation (7) , one can follow
the temperature variation at known junction depths.

The diode voltage will be influenced by photogenerated
charges appear ing at the junction , and this effect mus t be dis-
tinguished from the thermal effect. A natural separa tion will
probably occur because of the difference between the diffus ion
or drift times of the carriers and the diffusion time of the
thermal pulse. Interference between the two effects may be fur-
ther minimized by such methods as using material with carrier
lifetimes short enough to prevent their arrival at the junction .

18
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A preliminary experiment has been performed. A commercial

silicon solar cell was irradiated with pulsed (10 nsec) ruby

radia tion while being operated as a constant current forward

biased d- .ode . Figure 4b shows the diode voltage as a function

of time . The voltage pulse resulting from the photogenerated

carriers is not visible in this photograph , but appears as a

narrow posi tive peak at the beginning of the trace. The small

negative peak occurring at approximately 10 ~.isec is in the di-

rection expected if the junction were heated.

The appearance of the negative peak at times long after

the termination of the laser pulse , and the fact that it is F
negative in contrast to the positive optical signal are encour-

aging. Since we have no information on the structure of this cell ,
however , we refrain from analysing these data in greater detail.

We shall obtain planar diodes of known geometry , and repeat

this exper imen t. If we are successfu l in this approach , we shall
obtain the temperature history at a known distance from the sur-
face , which may then be compared with theoretical prediction s.

To summarize, the preliminary experimental efforts to de-
termine the laser induced temperature profiles did not yield
positive results. We believe that one experiment failed due
to insufficient laser power. The second showed an effect that
may be temperature related , but we have insufficient data to
confirm our hypothesis. We plan to correct the deficiencies
of these two experim ents and continue this study .

19
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3.0 APPLICATIONS OF LASER INDUCED HEATING

3.1 Introduction +

Thermal processing of semiconductors is widely employed in +

the fabrication of solid state devices. Examples include an-

nealing and electrical activation of dopant impurities , sintering +

of evaporated contacts and diffusion of dopants. In each case

the processing results in the modification of the surface or a

region located within a few mi crons of the surface. Because
laser heating is similar ily localized , it should be an ideal way
to accomplish these various processings. We have investigated

several such applica tions , and the results are described below .

The laser employed was a Q-switched ruby oscillator and amplifier

comb ination. This system delivers 0-3 j/cm 2 (unfocused) in a

l0 8 second pulse at the rate of one ptl se per minute. A com-

plete description of the ruby system is given in Appendix C.

3.2 Laser Anneal of Implanted Gallium Arsenide ++

Two sets of experiments have been performed on Si implanted
GaAs wafers, and both sets indicate successful activation of the
imp lanted species over a broad range of laser pulse energy settings.

The samples were from a semi-insulating GaAs wafer which

had been coated with a three part thin film - S1
3
N4 ,  Si02 ,  A2 ..

This film was subsequentl y patterned to give holes approximately
100 mils x 200 m ils in the film . The wafer was then ion imp lanted
with 3 x P followed by 3 x 1013 Si with energ ies about
200 keV.

This wafer was broken and 1 part was laser annealed in air
ambient with energ ies from ~ .4 to ~ 2 j/crn

2 . The second part
was laser annealed in vacuum with pulse energies ranging from
‘~- .1 to ‘~.. 3 j/cm2. These samp les are referred to by the desig-

L 

nators lOA and lOB , respec tively .
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Table 2 . Preliminary Evaluation of Si Implanted
GaAs , Laser Annealed in Air

ENERGY SURFACE BREAKDOWN ISOLATION C-V PLOT DATA

2 j/cm 2 extensive 13V @ 20 iia excellent data unreli-
orange peel , able
surface loss

1.45 j/cm 2 extensive “.ôV @ 20 lia excellent data unreli-
orange peel variable able

.4 j/crn2 some orange “..6V @ 20 ~ia excel lent data unreli-
peel , no able
apparent
material
loss

Table 2 summarizes our preliminary evaluation of samples

b A .  The C-V data indicated poor Schottky barriers at the probe

contacts. The reason for this is not known at this time .

Evaluation of wafer lOB is not yet complete , but the fol-

lowing statements can be made :

1) The high energy pulses (2-3 j/cm2) evaporat e material from

the surface.

2) The low energy pulses CE < .5 j/cTn 2) cause no surface damage .

3) A ll energies tested gave some activation of the implanted
species , but energies less than about .2 j/cm 2 are clearl y

less effective than the higher energies .

4) The isolation between implanted areas was excellent in all

cases.

3.3 Ion Implanted Silicon

Several implanted , amorphous silicon structures were studied.
In each case , laser induced regrowth and activation proved supe-
n o r  to standard thermal processing .

22
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Arsenic Implanted Silicon: Silicon wafers were imp lanted with

aresni c ion fluen ces of 2 x 1015 , 6 x 101+5, and 1 x 1016 arsenic

atoms per cm2 at 50 keV implant energies. The calculated arsenic
‘I - 21concentra tions within the crystal are 1.1 x 10 3.. x 10

and 5.5 x 1021 per cm~ , respectively. These high fluences ,

of interest to emitter technology, caus e the silicon surface

to becom e amor phous .

One set of implanted samples was subjected to standard oven

annealing procedures and another set to laser induce thermal

treatment. Sheet resistance measurements were made on all sam-

pies. The results are shown in Table 3. In all cases , the re-

sistance of the laser treated samples is lower than that of the

oven treated samples. This improvement is especially notable

for the highest implant fluence.

Some of these data are plotted in Figure 5 as h R  versus

implant dosage. This format is especi ally instructive because
h R  is proportional to conductivity, which is given by ~ = ne~.i ,
where n and ~i are the number density and mobility, respectively,

of the free carriers. Also shown is the ideal conductivity curve

based on the assump t ion of proportionality between the number
of free carriers and the arsenic fluence (assuming constant mo-

bility) . The failure of the data to follow the ideal curve can

be due to either a sub-linear dependence of n on dosage or de-
creasing mobility with increasing dosage. Both effects are

expected becaus e the equilibrium solub ility limi t of arsen ic
in sil icon is exceeded for fluences in excess of 3 x lO~~ cm 2 ,
hence limiting n , and because impuri ty scatte ring by undiss o lved
ars enic tends to decrease p.

t These are the densities at the maximum of the expected
gaussian distribution. We note that the sol id solubi lity of
As in Si under equilibrium cond itions is 1.8 x 10 2 1 cm 3 .
The higher dosages exceed this limit significan tly.

23
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Oven annealin g the laser processed samples caused the con-
ductivity to drop to approximately the thermal-anneal-only values ,

as shown in Table 4. We infer from this result that laser pro-

cessin g obtains solid solution concentrations in excess of equi-

librium limits . Similar results on B , P, Sb and As in s i l icon
16have been reported by C.W. White , et al.

The data in the last column of Table 3 show that less laser

energy is required to obtain large percentage decreases in re-

sistance as the arsenic concentration is increased. This trend

is consistent with the observation that the density of non-radi-

ative recombination sites increases witn increasing arsenic

f luences , thereby increasing the conversion efficiency of laser

energy into heat in the localized damaged reg ion.

Laser Anneal ed Silicon Diodes: Planar n/p diode structures were
f a b r i c a ted f rom arsen ic imp lan ted and phos phor implanted , p-type

15 -~~(5 ~2-cm) silicon. Implant fluences in both cases were 5 x 10 cm . +

Each of the amorp hous silicon surfaces was irradiated by a single
laser puls e, with pulse energies ranging from 0.5 to 3.0 j/cm 2 .
After irradiation , contacts were evaporated onto the structures

+ and their reverse leakage currents measured and compared to mea-
surements on diodes made by standard thermal processing techniques
with the same implanted material. The resul ts are shown in
Figure 6. These data show again the superiori ty of laser pro-
cess ing over oven processing . They also show that there exists
an optima l laser anneal energy densi ty , be low which annea l in g
is incomple te and above which the laser radiation apparently
causes damage to the material . The resistance data shown in
Table 3 do not indicate an optimum . These data are not in con-
flic t, however , since diod e performance is governed not only by
the resistance of the constituent layers but also by the quali ty
of the junction between the layers.
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Figure 6. Reverse Leakage Current Measured at V = -15 Volts
for Laser Annealed and Thermal Annealed P and As
Implanted Silicon Planar Diodes.
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3,4 Silicon on Sapphire Experiments

Experimental studies of laser processing of silicon on sap-

phire were initiated. The laser blow-off concept was employed 
+

in these preliminary experiments to obtain the silcion on sap-

phire depos it . Figure 7 shows a schematic of the experimental +

+

arrangement used for this process (Step 1), and for  the su b-
sequent step (Step 2) of laser processing of the silicon film

obtained in Step 1.

Totally unanticipa ted resul ts were ob tained throug h the
applica tion of Step 1 at high laser blow-off intensities. The

thin silicon films possess extensive long range order as evi-

denced in Figures 8b and Sc. Similar order was not observed in +

films deposited by lower blow-off intensities , or a t any in ten-
sity when glass substrates were substituted for the crystalline

sapphire . Thus the order shown in Figure 8 is definitely rel at-
abl e to the high blow-off intensities and to the presence of +

the crystalline substrate. The mechanism responsible for this

high degree of order is not known at this time .

Application of Step 2 to the silicon films of Figures 8b ,
and Sc at laser intensities of 10 j/cm 2 resul ted in a decr ease
in the order of the layers. The doma ins shown in Figure 8c ho st
the ir re gu la r  shape , appeared crumbl ed and were no longer close ly
packed.

We also irradiated single crystal GaAs throu gh a gl ass slide
placed in contact with the GaAs . Figures 9a and 9b are photo-
graphs of the irradiated GaAs surface and the blow-off deposition
on the glass. Both surfaces show a regular periodic structure.
Similar surface periodici ty has been observed by others .7’25 ’ 6

t This work was performed on IR~D funds . We include a dis-
cussion of it here because of its potential relevance to laser
processing of semiconduc tor devices.
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Si WAFER

PU LSED

RUBY LASER
RADIATION

SINGLE CRYSTAL SAPPHIR E SUBSTRAT E

STEP 1: BLOW—OFF

SAPPHIRE SUBSTRAT E -

PU LS ED

RUBY LASER

RADIATION :
AMORPHOUS SIUCON LAYER

STEP 2: LASER PROCESSING

Figure 7. Schema tic of Experimental Set-up for Laser
Blow-off and for Laser Treatment of Thin
Silicon Layers Obtained in the Blow-off Step . +
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Mar acus , et al 5ascr ibe the phenomenon to a nonlinear interaction

between simultaneously oscillating axial modes of the laser.

Others 6relate it to an interference effect between the primary

laser beam and an optical wave scattered from a surface distur-

bance. Whatever the cause , the presence of these irregulari ties

are undesirable from a device point of view.

The material deposited on the glass appears to mirror the

structure of the silicon substrate. Photograp hs at a hi gher

magnification such as Figure 10 show that the dark lines of

Figure 9b reF-’-esent highly irregular deposits of material.

3.5 Laser Induced Impurity Diffusion

We have considered the use of laser heating to activate

solid state diffusion of dopants in semiconductors; this method

is potentially superior to bulk heating because of its ability to
yield much sharper impurity profiles. In Appendix B we present

a detailed analysis comparing concentration distributions induced

by the two techniques. Here we simply indicate by nond etailed
physical reasoning why sharper profi les are to be expected from
laser heating.

In dopant diffusion the particle flux ~ is proportional to
the negative gradient of the concentration C ,

3’ = - D ( T )  VC - (8)

The propor tionality constant D(T) is the particle diffusivity,
which is very strongly dependent on temperature T. To illus-
trate the strength of this dependence we note that for a dopant
having an activation energy of 1 ev the ratio of D at l000°K
to D at 300°K is D(1000°K)/D(300°K) = 1012 . Th erefore , at tem-
peratures in the vicinity of l000°K the f low ra te is enormously
greater than at room temperature even for smaller concentration
grad ien ts -

In bulk heat ing the sample temperature is uniform , so D(T)

33+
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Fi gure 10. Hi gh Magnification Photograph of GaAs on Glass.
Scene is e n l a r g e d  v i e w  of a sec t  ion 0 1 a d a r k
l i n e  of Fi gure 9h .
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is constant throughout the sample and the diffusion rate at any

point depends exclusively on the concentration gradient. By

contrast , in laser processing the diffusivity is extremely large

in the localized heated reg ion and extremely small elsewhere.

Ther ef ore , the impurities diffuse essentially onl y within the +

reg ion of large D(T) and not outside; the result is then a sharp

concentration cut-off at the edge of the heated reg ion.

The dopant concentration C must satisfy the continuity

equation , + 
-

-

~~~~ 

+ V - = S , (9)

where S is the source term is particles per unit volume per unit

time. Insertion of Equation (8) for the particle flux into (9) ,
and reduction of the result to one dimension , lead to the dif-

fusion equation ,

~ ~~~~~~~~~

whose numerical solution is treated in Appendix B. The detailed ++

results presented there confirm quantitatively the above con-
tention that laser heating can produce much more sharply defined
dopant profiles than can bulk heating.

Significant diffusion requires in excess of l0~ laser pulses.
This number is , for all practical purposes , beyond the capabil-
itie s of exis ting hi gh power pulsed lasers. For this reason
we have no t perfor m ed exper imen ts on laser indu ced so l id phase +

di f fu s ion -
Development of high powe r , high repetition rate visih~ c

gas lasers is bein g pursu ed in a number of lab ora tori es . Th e
mos t prom ising candida te for las er induced d i f f u s ion is the
excimer laser. When average powers of the order of l0~ watts
are avai lable , further investigation of this application should
be pursued.  

+
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3.6 Summary

• Laser annealing of ion implanted GaAs arid Si was

demonstrated to be superior to oven anneal in a

number of experiments.

• Laser annealing obtains solid solutions of inpurities

in excess of equil ibr ium values.

• Laser induced solid phase diffusion produces steep

impur it y distribution boundaries . Application is

limited at present time due to lack of availability
or h igh  avera ge power (l 0~ watts) visible lasers.
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Task 2

EVALUATION OF THE LASER BLOW-OFF
ION IMPLANTATION SOURCE

1.0 INTRODUCTION

Ion implan tation of dopants in semiconductor materials has

become a standard practice in the manufacture of solid state

electronic devices. Ion implantation is a non-equilibrium pro-

cess that permits a degree of control over the spatial distribution

of dopant atoms in the host crystal that cannot be achieved

through thermal diffusion. Dopant species with low diffusion

ra tes even a~ elevated temperatures can often be handled with

relative ease through ion implantation . However , a deleterious

side effect of ion implantation is damage to the host crystal

cau sed by the h ig h energy ions necessary to penetrate to the
+ des ired depths. High temperature annealing is commonly used to

+ repair implant-induced damage. In some cased the annealing

process itself causes a degradation of the imp lanted material.

For examp le , high temperature annealing of implanted GaAs results
+ in m igration of As atoms from the crystal. In large scale inte-

gra ted circuits , heat treating may alter the properties of the
intrinsic material at locations remote from ion implanted sites.

+ 
The following part of this report describes progress towards
developing a new ion implantation technique which shows promise
of providing a self-annealing feature as well as being relativel y
s imple , fast , with large areal coverage and amenable to a very
wide range of dopant species.

This new ion implantat ion techn ique utilizes pulsed las er
irradiat ion of a solid surf ace of pure dopan t ma teri al to produc e
a high temperature plasma of dopant ions . The plasma expands
into vacuum , reducing the charge density to the point where an
externally applied electric field can be ‘ised to extract ions
from the plasma . In principle thes e ions can be accelera ted to
an arbitrarily high energy and can be used to implant semiconductor

3.;.
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materials. A subtle aspect of this method is the pulsed nature

of the ion beam curren t . For reasonab l e val ues of ion energy
and ion areal dens ity, it appe ars that annealing temperatures

can be reached in the imp lanted regions for very short times at

each laser pulse. Thus the possibility presents itself that the

use of high intensity short duration ion beam pulses for ion

imp lantation may be accomp anied by self-annealing of the implant

damage. One of the main objectives of this program is to care-

fully examine this possibility experimentally by systematically

+ evaluating the characteristics of semiconductor devices implanted
+ - with this laser blow-off technique over a variety of practical

condi tions . This report describes the progress to this time.

I.
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2 . 0  EXPERIMENTAL APPARATUS

A schematic diagram and picture of the  ion imp l an t a t i on
system used in these tests is shown as Figures la and lb. This

system is an adaptation of the hi gh intensi ty metal ion beam

source descr ibed in Reference 2~~. The ions to be implanted ar e
created by pulsed laser irradiation of a solid block of the im-

plant material. In the present case a Nd :YAG laser is Q-switched

with a Pockels cel l , producing a I joule laser pulse with less
than 0.1 microsecond length at a wavelength of 1.06 micron. The

laser beam passes through steering prisms and vacuum system win-

dows and is focused to a 2 mm diameter spot on the implan t material

by a 60 cm focal length lens. Tests thus far have utilized a

solid boron target . This laser targe t is loca ted in an elec tric
field-fr ee region , with the normal to its surface directed approxi-

mately toward the silicon wafer to be imp lanted . The laser beam

strikes the surface from an angle of about 250 to the normal.

The position and angle of the boron target are adjustable to

opt imi ze the intensity and uniformity of the ion beam in the
dir ection of the s ilicon wafer , since these parame te rs are comp li-

- 2 ’  ‘8cated functions of the laser beam energy and angle. ‘

The result of the rapid deposition of laser energy on the

imp lant material surface is to produce a high temperature plasma
“bubble ” of imp lant mater ial ions and elec trons , which “blow-off”
from the surface. In the present configuration this plasma bubble
expands freely until it reaches the ion acceleration reg ion .
This dis tance is presently 37 cm. In the firs t measuremen ts no
accel era tion was util ized , and the silicon wafers and an array
of current measuring Faraday cups were placed at this posi t ion.
This set-up allowed the measurement of implant ion fluence and
areal uniformi ty. This configuration may prove to be valuable
in its own right as a method for deposi t ing a thin layer of cer-
tain ma terials for subsequent las er diffusion processing , since
atoms of essentially any solid dopant can be deposited under

39
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vacuum conditions. The ion energies are a few hundred electron

vo lt s in this case , and thus barely penetrate the surface.

In the cas e wher e high energy implan tation is to be used ,

acceleration of the implant ions is necessary as they reach the

accelera tion re g ion . In the pres ent conf iguration , this accel-

eration occurs between the grids shown . The first grid is held

at the same potential as the field-free plasma expansion reg ion.

The second is held at a high negative voltage equal to the ion +
kinetic energy in eV desired . The silicon wafer is held at the

- same potential as the second grid at a distance approximately +

one cent imeter beyond. This “drift” distance is intended to

wash out any non-uniformity in implant caused by grid shadows

or focusing effects. The drift distance cannot be too long be-

cause spac e charge spreading becomes severe because the plasma
electrons ar e rejec ted by the ion accelera tion re gion . The grids

are presentl y 100 mesh stainless steel.

For initial tests , two types of silicon wafers have been
obtained from Monsanto. Both types are 3 inches in diameter

and 0.015 inches thick , are orien ted 100 , and have resistivities

of 10 ohm-centimeters. One type is N doped with phosphorus
and the other type is P doped with boron . In order to economize

on wafer material , the wafers are cut into cm-size chips for  use

+ 
when the measurements permit.-

+ The accelerating voltage is supplied by a Plastic Capacitors

Inc ., 50 kV power supp l y ,  which charges an 0.05 microfarad capac-
itor across the accelerating grids. In the event of arc break-
down , the grids would have to dissipate 60 joules of energy .
If an accelerating region area of 100 cm 2 and an implant ion
density of 1 microcoulomb/cin2/pulse is considered , the acceler-
ating voltage drops from 50 kV to 48 kV during the pulse. A
larger capacitance value would reduce the voltage change , but
the present value is safer during development.

L 

The vacuum sys tem consis ts of fairly s tandard components

A l., ‘.
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includin g a 10 inch oil diffusion pump with water-cooled baffle
and mechanic al forepump . This system should be adequate for de-
velopmental purposes , bu t final definitive quantitative device
tests may necessitate an ultra-high vacuum system to minim ize
surface contamina t ion . 
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3 . 0  RESULTS

Measurements have been made and results obtained largely

in the orde r of laser performan ce , implant plasma production ,

plasma plume characteristics , ion current and areal uniformity,

impl ant material deposition without acceleration , and implant

with high energy implant ions.

The Nd :YAG laser is operating at an output energy up to

1 joule per Q-switched pul se. This is lower than anticipated

and appears to involve a problem wi th the po larizer and Pock el s
cell. The output energy also varies more from shot to shot than

+had been expec ted , about - 5 to 10 percent. This leads to a .
roughly similar variation in implant ion fluence from shot to

shot. Although the laser energy and stability are less than

might be desired , they should be sufficient to carry out the

present tasks. So long as each ion pulse is monitored , and a

number of sho ts are used per implant dose , it shou ld be poss ibl e
to control the total implant dose within the necessary limits.

It was therefore decide d to accep t the laser perform anc e as is
for now , and move ahead with other aspects. It is certain that

better laser performance is possible , and that eventually when

high pulse repe tition rates are needed a differ ent las er will
be necessary in any event.

A piece of pure , sol id boron of dimens ion of order 1 cm
was obtained for the laser blow-off target , that is , the source
of implant ions . The actual purity is thought to be high , but
this will be checked mass spectrometrically during analysis of
the blow-off deposited material , as described be low . Even w ith
many laser shots , very little cratering of the boron occurred.
This is consistent with earlier work , which indicated that less
than one micron of material is removed per shot. No apparent
difficulty was encountered in the implant ion plasma production.

In order to examine the characteristics of the expanding
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plasma plume with regard to ion energy, cur r en t and num be r den-
sity, and angular distribution , an array of S Fa raday cups w as
placed symmetr ically along an arc perpendicular to the normal +

to the boron laser target in a plane containing the normal . The

cups were 41 cm from the tar get and wer e spac ed 4.20 apart with +
respect to the target , that is , the 5 cups observed the target

at angles of 8.40, 4.20 and 00 each side of the normal. The

distance between centers of the outer cups was 12 cm. The Fara-

day cups detected ions within the expanding plasma plume as the

ions reached the cup collectors. These cups were designed and

tested for high current operation at the plasma densities en-

countered. The effective detection area was 1 cm 2 . These cups
were of planar construction so that the ion t.ransit time within
the cup was negli gibly small compared to the transit time from

the laser target to the cup . Elements within the cup were electri- 
+

cal ly bi ased to suppress secondary electron emission. The Faraday

cups could be operated in either the current sensing mode or the

total charge collec tion mode , with the signals displayed directl y

on an oscilloscope in either case. The present results with

boron ions are cons is tent wi th earlier theore tical and experi-
mental work 2 done in this laboratory on laser blow-off plumes.
This work involved a model bas ed on the following phys ic al as-
sumpt ions.

It was assumed that the deposited laser energy vaporizes
and ionizes N0 particl es from a small reg ion of the sourc e ma te-
rial surface . Th is hot plasma “bubble ” of N0 ions beg ins  to

exp and agains t the subs trate and impar ts momentum to it , thereby
giving the center of mass of the N0 ions a veloci ty V cm in the
laboratory coordina te fr ame. Becaus e of symmetry, vcm is normal
to the surface. After the center of mass of the N0 ions has
moved a distance from the surface , the number density of ions +

remains high enough so that most of the N0 ions equilibrate at
a temperature T ielative to their center of mass , which con t inues



to move at That is , an obs erver moving with the center of

mass would observe an essentially spherically symmetric plasma

“bubble” in equilibrium at T, and f r e e l y  expand ing .  As the  number
dens ity con t inu es to decrease , the ion velocity distr ibution

corr espondin g to equ il i b r ium at temper atur e T b ecomes “ f r o z e n ”

in the center-of-mass system . A laboratory observer at a larger

distance from the source laser spot observes ions arriving with

velocity essentially along a line from source spot to observer ,
but with a plume-like angular distribution due to the center-of-

mass veloc ity vcm super imposed on the pure ly therma l vel oc it y
dis tribution.

The theory thus consists simply of calculating the number

dens ity ~ and current density ~ of ions to be observed in the
labora tory fram e r esul t in g from N0 ions expanding with spherical
symmetry and hav ing equilibrium ve loc ity distribution corresponding
to T in their center-of-mass system , and with a superimposed
center-of-mass velocity V cm +

Figure 2 shows the coordinate system for the theoretical

model. The present adaptation differs in that a solid target

is struck by the laser beam on the front surface. The current

densi ty of ions in ions per unit area per unit time is given

by 

~ (r ,9,A ,n) = (sl’)(2)
3/2

(kT
)

1/2 
~~ exp (~~3x 2 ) . (~~~

)

4

x exp 
~ [-4~ 

(
~ Y 21 [ l - 3 ( A  cos 0) (~ n ) / 4  J r

wher e
0 = ~ J(A cos 9) 2 + - (A  cos 9) ,

tmax = 3/8 0 Vm/3kT r

fl t/tma ‘

and 
_______

A Vcm = A V3 kT/ m
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g ives the r e l a t i o n  d e f i n i n g  the “ b l o w - o f f ”  p a r a m e t e r - A .  Smal l  A
impl ies  small  Vcm and hence a broad angu lar d i s t r i b u t i o n , wh i le

large  A impl ies  a nar row “plume ” . The other parameters above

include t ime t , ion m iss  m , B o l t z m a n n ’ s cons t an t  k , t e m p e r a t u r e
T, and time of 

~max ’ 
tmax~ 

Figure 3 shows these results graphi-

ca lly in terms of 
~‘~max versus n , and therefore represents an

expect ed picture of ~ versu s t on an o sc i l l o scope  t r ace  of a
cur ren t  sens ing  Faraday cup . P i c t u r e  A of F igu re  4 shows an
actual trace of a boron ion pulse from the present measurement.

The points on Figure 3 are the same data plotted there. The

skewness away from the theoretical curves has been noted before

for  ions , while the agreement is quite good for neutral atom

blow-off .28 The A values depends on laser energy density and

the target materials , and are thus subject to some control. The

general agreement with theory is sufficiently good to predict

currents and densities as functions of time , distance and angles.
Of particular importance is the sensitivity of the angular dis-
tribution to A , as seen next. The total number of ions passing
across uni t area normal to ~ per pulse is given by

f dt = 
4irr2 

~~ exp(-3A
2/2)

x < + /~ ( l/ 2  + X
2)(l + erf x) e>

~

where x = /~72~ (A cos 0)

2 X
and erf x = ~~ f

exp(-u 2) du

Figure 5 shows these theoretical angular distributions as functions
of A . Also included are previous experimental points ob tained
for alum inum ions and present points obtained for boron ions.
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it is obvious that small values of A are necessary if one is to

implant large areas with high u n i f o r m i t y  w i t h o u t  “ r a s t e r i n g ”
the wafer between shots. The ion arrival time profiles may also

be very important in self-annealing aspects , since the thermal

pulse will reflect the arrival time pulse. Figures 4 and 5 from

Reference 27 show examples of widely differing angular distributions

depending on laser beam c o n d i t i o n s .  The p resen t ly  o b t a i n e d  angu-
lar dis tributions are adequate for present purposes and w i l l  be
optimized further , but it is clear that variations in ion fluence

as a func t ion of angle put eventual limit s on the s ize of wafers
which can be implanted wi th high un ifo rm ity ov er the su r face .

Measurements have been made to de term ine the actual ion cur-
rent and area! implant ion density by combining Faraday cup array

current measurements with implant ion deposition without accel-

eration. The currents and charge collected are displayed directly

on an oscilloscope for the two outer and the middle Faraday cups
in the array . The apertures of the other two cups are covered
with s ilicon wafer chips . A number of laser shot s are then made
to deposi t boron on the silicon chips , at the same time summing
the charge collected on either side of the chips. Table 1 shows
the results of one such run . In this particular case , cup A was
on the side of the normal toward the las er beam , and the resul ts
show the asymmetry toward the laser beam which was reported
earlier. ’7 The uniformity of ~ 2% over the 3 cm interval between
cups A and M is accep table for now , but the ~ 8% variation between
cups B and M is not. This run shows a particular strong depedence
on angle , a dependence itself dependent on laser conditions as
noted above.

The silicon chips deposi ted wi th boron in runs like Tab le 1
are presen tly being analyzed on an Applied Research Labora tor ie s
IMMA (Ion Microprobe Mass Analyzer ). A schematic diagram of
this instrument is shown as Figure 6. It will be used extensively
in early work befor e ac tual semiconductor dev ices are imp lanted ,
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in order to determin e implant uniformity, purity , and dep th pro-
+ f iles . Ac tual semiconduc tor devic e imp lan ts wil l of course b e

necessary to prov e the effectiveness of the blow-off imp lant

me thod in the f inal analys is.

Tes ts using high energy accelerated ions have just commenced

and no me anin gful report can be made at this time.
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I. INTRODUCTION

The purpose of this report is to establish whether free carrier

contribution to optical absorption in semiconductors will significant l y

modi fy absor pti on charac ter i s ti cs of intr ins i c sem i conduc tors . The wo rk +

which is described in this report has been stimulated by an idea of using

lasers for processing of surface regions of semiconductor materials.

Laser- induced surface processing (LISP) is based on the notion that ,

when i rradiated by a laser whose radiation is strongly absorbed in the

processed ma ter ial , the surface of the irradiated material is elevated to +

high temperatures in controllable manners . In the usual mode of operation , +

LISP uses a hi gh—power laser whose frequency is higher than the semiconductor

band gap frequency , thus causing in it band-to-band transitions. High densi-

t i es of free carriers may result due to photoexc itation of elec trons into +
the conduction band . One then asks whether these high densities wil l

contribute signifi cantly to the optical properties of the absorbing material ,

specifically , to its absorption characteristics. Significant changes in the

opt ical properti es of the sem i conductor woul d in turn affec t absorption.
of the laser beam, i.e., the process through wh i ch the carr iers have been
created .

ft is well known that high concentrations of free carriers in
metals may cause sign i ficant absorption in visible or infrared , due to -

collec tive motion of the carriers. The absorpti on peaks up just below the
plasma frequency . In semiconductors , high carrier concentrations may be ob-
ta i ned by heavy dop ing of the sem i conductors , thermal excitation at elevated
temperatures , carrier photo—generation and current injection , amon g other
things . The relati ve importance of the contribution of the free carriers to
optical absorption will depend on the radiation frequency . In the frequency
region below the band gap energy , free carrier absorption may be the major +
mechanism of optica l absorption . In the frequency region above the band gap
energy, band-to—band transitions may be expected to be stronger than collec-
tive excitations unless the carrier concentration is very high. Thus, the
strength of the absorption Is expected to depend on the number of free car-
riers , carri er lifetimes and frequency . It is the carrier contribution to
opti cal absorption in the frequency region above the bandgap frequency
which is of Interest in LISP.
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The increase in the number of free carriers in strongly absorbing

semiconductors during LISP is due to (i) carrier photogeneration and
(ii) thermal excitation of a large number of free carriers . As has alrEady
been noted , the primary mechanisms for optical absorption in strong ly—
absorbing semiconductors are band—to—band transitions , creating (for long
pulse length and long carrier lifetimes) large instantaneous concentrations
of photo-electrons. The source of the thermally excited electrons is heat ;

thermal excitations occur after carriers photo—excited into the conduction
band relax back into the valence band , transferring optical energy to
thermal vibrations of the lattice.

It may be of i nteres t to note here that therma l runaway i n sem ic onduc tor
laser windows is caused by thermal excitations. These windows are fabricated
from intrinsic semiconductors transparent to the laser frequency . However , for
hi gh power lasers , even a very low residual absorption causes the wi ndow to
heat up, thus thermally exciting carriers i nto the conduction band and rapidly
increasing absorption with temperature .

This report will be organized as follows . The number of photo-excited
and thermally—generated carriers during LISP will be calculated in Section II.

The di ffusion equation will be used for estimating values of instantaneous

densities of the ~hotogenerated carriers . A theory of optica l absorption
through collec t-lye motion of free electrons is developed in Section III. In

Section IV we calcula te the absorption coefficient due to the free el ectrons as

a function of frequenc y and further discuss our resul ts.
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II. CARRIER CONCENTRATION

11 .1 TRANSPORT OF PHOTOGENERATED CARRIERS

The instantaneous concentration of photogenerated carriers n(x ,t) in a +

semiconductor in the absence of an accelerating electric field is obtained

in the low carrier concentration approximation by solving the following

diffusion equation ,

dn _ 
~~ ÷ D ~~~

n1 (1
~~~~~~~~~~~~~~ 

___ �-

where the generati on function g gives the photogeneration rate of the carriers , +

g~~~~ Fe~~ , (2)

where ~ is optical absorption coefficient and F = F(t) gives the rate of the

photon fl ux inc id ent at a unit surface of the sem i con ductor.

= n(x,t) — n , (3)

w here n0 is the equilibrium carrier concentration , -r and D are mi nority carr i er
lifetimes and di ffusion constant , respectively.

Assuming that g, -r and D are independent of carrier concentration , Eq. (1)

can be solved by using Green function techniques . For the boundary conditions ,

j( x O ,t) ~~- D ~~~ I = 0 (4)
fx= O

and
n(x = ~.) 

= n~ , (5) - -

the Green function is

I I 1
G(x ,x ,t—t ) = ___________

y’4irD(t-t’)

+OD ~x—x
’—2nL)2 (x+x’—2nL)2 (t— ~~)

~~~ (e 
- 40(t—t’) 

+ e 
- 4D(t-t’) ) e .

~ (-1 )n

~~~ ~~~~~~~~~ +~
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where z is the semiconductor thickness. The boundary conditions (4) and (5)

describe the physical situation when there is no flux of carriers across

the semiconductor front surface, and carr ier concentra ti on a t the sla b bac k
boundary is constant (r~~ is the equilibrium minority carrier concentration).

The sol ution of Eq. (1) is then given by

n(x,t) = fdx fdt’ G(x ,x ’ , t-t ’ ) g(x ’ ,t ’ ) , (6)

where the generation function g(x,t) is given by Eq. (2).

For the slab thickness g~ such that

L >> ~~~ , (7)

the semiconducto r can be replaced by a semi -infinite medium , with the result

that the summation E in Eq. (6) is reduced to one term , namel y, term n=O.
Carrier concentratign is then equal to

t

n(x,t) = Jdx ’ fdt’ G(x ,x ’ , t—t ’) ciF(t ’ )
~ 

(
~

)

where the Green funct ion is

- ‘ \ (x—x ’
~~ (x+x ’

?
2

1 
~‘ / - 

4D (t-t ) - 
4D(t-t )

G (x ,x ’ , t — t ’ )  = 
________ e (e + e . (9)
,(4i~D(t-t )

Our reason for solv ing the transport equation is to find out whether the
instantaneous concentration of pho toexcited carriers is sufficiently large so
that the strength of free carrier-induced optical absorption becomes compa rable
with band-to-band absorption . In order to estimate the strength of the effect,

we have evalua ted the concentration of carriers photoexcited at the
semiconductor front surface for a square shape laser pulse (see Figure 1).
Carrier concentration at x = 0 gIves an upper estimate for concentrations
Inside the semiconductor (x > 0).
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Fi gure 1. Photogeneration and trans port of carr i ers i n a sem i conductor sla b .
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For the square—shape laser pulse, the generation function F(t) is

equal to

F( t ) = F0 0 < t < t~ , (10)

F( t) = 0

where t~ is the length of the laser pulse and F0 is a (constant) number of

arriving photons at the semiconductor front surface. Using Eqs . (9) and (10),

Eq. (8) then reduces to

t ‘ 1  2

n(x=0,t) = fdt ’ e
_t 

T erf c (c~/~~~ ’
) , (11)

t- tp

where erf c (z) is the complementary error function .

Clearly , the number of the photogenerated carriers is largest at the end

of the laser pulse. Since , for our pur poses , we are i nteres ted i n the max imum . -

values of the concentration of the photo-excite d carriers , in what follows , +

+

we shall be concerned with the integral ,

-t(1 - ~~2) 

+

n(O1 t~) = aF
oJ

dt e erf c (c~V’5~~~) . (12)

Inspecting Eq. (12), we find that there exist various physical regimes of our interest

characterized by relative length of three time constants : laser pul se length

carrier l ifet ime CT ) and “diffusion ” time (l/Dcz2). In order to obtain approximate
expressions for the concen trat ions , i n wha t follows , we shall therefore eval uate +

Eq. (12) In the following lim its :

1. Steady state or a very long pulse limi t: ~ >> t, t~ >> l/Dcz’.

Setting the integral upper boundary to infinity , t~, . ~, Eq. (10)

yiel ds
riF t +

n tO t ‘ — 
___ Q__ 

~13
‘ ‘ p ’ l +riL ‘
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where the di ffus i on len gt h L = . That is , photocarrier concentration
is limited by the length of the carrier lifetime or the length of the diffusion time ,
whichever is smaller. Here, the “diffusion time ” is defined as the length of time

i t takes the carrier to diffuse away from the surface region (of the depth

1/ri), where the carrier was originally created , into the semiconductor interior.

2. Short pulse.

2.1 Pulse shor ter than di ffus i on time: t~~ < l/Dcz2.

Expanding the error function for small arguments, Eq. (12) yields

n(O1t~) aF0~~~~~~2 1 2 , (14)

In order to better understand the physical content of this result , we
further reduce Eq. (14) in the fol l owing limits:

2.1.1 < t~~(t~ < l/ri20).

n (01t~ ) a F~r . ( 15)

For the carrier lifetime shortest of the three time constant , carrier
concentration is carrier lifetime-limited .

+ 2. 1.2 ~~~~ -r ( - r < l / c L 2D or t < l / a 2D > t ~ ).

n(0~t~) a F
0 

t~ . (16)

For the pulse length shorter than the carrier lifetime , the concentration
is pulse length—limited .

2.2 Pulse longer than diff usion time: t~ > 1/Dcz2.

In this limit, the-Integral in Eq. (12) is broken into two intervals ,
namel y, t < I/Dcz2 and t > 1/Ocx2. In the first interval , the error function
is expanded for small arguments . In the second interval , the error function
is expanded for large arguments . We obtain
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t
U 

—t (~- — Da’)
n(0,t ) aF I dt e (1 - .J. ai/5fl-+ I dt e

p 0
) 

l7~i
2D 

y’~~av’~t
0

(17)
1 1  2

= aF
QE 

2 1  
1 

+ 1Q
~ 

~~~~~~~~ - erf (
~

A further insight into Eq. (17)  is obtained by reducing it into simpler

expressions for the following limi ting cases :

2.2.1 t~ < -r (t~ > l/Da2).

Equation (17) reduces to

n(O1t~ ) FQ~~~ ’ . ( 18)

This result, Eq. (18), can be better understood by rewriting it into the

follow ing form,

F
n(O,t ) = ° . (18 ’)p

tp

Noti ce that the denominator of Eq. (18 ’ ) has the dimension of velocity . That
is, for t~-c -r.carrier concentrati on is limited by carrier diffusion wi thin the

time interva l equa l to the length of the laser pulse.

2.2 .2 1/0a2 < -r < t.~~

Equation (17) reduces to

n(O~t~) ~~~~ , ( 19)

which can be rewritten as

F
n( 0 ,t ) = ° . (19 ’ )p

T

B
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That is, by analogy wi th Eq. (18’ ), for -r < t~, the concentration is limited

by carrier diffusion within the time interval equal to the carrier lifetime .

2.2.3 t < i/Da2 <

Equation (17) reduces to

n(O ~t~) = aF
0
t . (20)

That is, carrier concentration is limi ted by carrier lifetime.. (I t should

be noted here that Eqs. (19) and (20) in fact reproduced the steady state

resul t, v iz., Eq. (13)).

The resul ts , Eqs. (13) through (20), are summarized in Tabl e 1. It is

seen that the following “rule-of-thum b” applies . The surface concentration

of the photoexcited carriers is limited by the length of the shortest time
interval in the probl em , t~ or -r, i f these are the shor tes t time i n tervals ;

or , i n the case of fas t carr i er d i ffus i on , by diffusion of carriers within the

time interval t~ or r , whichever is shorter. Comments in the third col umn of

Table 1 refer to real physica l cases to which the respective limiting expres-

sions apply. The values of the representative parameters (i.e., time constants ,

mobiliti es, diffusivities) used for identi fying the various physical regimes

are also listed in Table 1. In the last column of Table 1 are listed plasma fre- +

quencies correspond ing to -the maximum concentrations (column four). The plasma
frequencies were ofrtained by evaluating the expression ,

2 l
~
’2

~~~~ 
‘ 

(2 1 )

where e is the dielectric constant and me is electron effective mass . The maximum
concentrations were evaluated for the photon flux F0 = 3xl025 cm 2s~~, where

P~/hv . P0 Is the peak powe r of the ruby laser (~~~ 
= .6943 urn ) and was taken

P0 
= 1O~W/cm2. The pulse width was 30 nanoseconds . The pulse was square-shaped .

11.2 SURFACE RECOMBINATION VELOCITY

The effect of the presence of the surface in the vicinity of the active
region is to introduce additional carrier—loss mechanism into the problem . It
is customary to define an effective surface recombination velocity s of mi nority
carriers by the expression:

L

O -
~~/ = t ~n(O)  = s(n(O) — n ) , 

(22) 9
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where n0 is equilibrium concentration of minority carriers . Th us, j f  one
wishes to account for the effect of the surface recombination on carrier
concentration , Eq.  (22)  w i l l  re p lace t he boun dary con diti on , Eq. (4), of
the previous section.

The transport equation , Eq. (1), with the boundary conditions, Eqs . (5) and

(22) may be solved using again the Green function techniqu es. We have not
constructed compl ete Green function for this problem . However , we have
solved Eq. (1) directly for the case of the steady state . In the steady state,

sol ution to Eq. (1) with the boundary conditions Eq. (5) and (22) and with

the source term Eq. (2) applied over a long period of time , is

- aF-r f (s + aD) -x/L 
+ 

-ax\
2, 2 ( s + L/t 

e e 11 — r i L  +

where all parameters were defined in Section 2.1.

Taking the limi t of large s, S > aD and s > Lit , Eq. (23) reduces at
x 0 to the simp le  ex press ion:

F

~n ( 0) s ( l + 1/La) (24)

Thus , in the case of a rapid surface recombination , concentratio n of
photoexcited carriers is limited by surface recombination velocity , s , as
expected . Intuitively, one expects a similar result also for the transient
case: For a finite pulse l ength , carrier concentration will be surface re-
combination-limi ted if the surface velocity is higher than any of the other
characteristic velocities in the problem , i.e., if

s > (
~~

•, -
~, -4k—-, aD) . (25)

In the other cases, i.e., for the surface recombi nation slower than any
of the characteristic velocities, carrier concentrations will be limited by
the corresponding vel ocities , viz., Eqs . (15) through (20).

11.3 THERMAL EXCITATIONS

Heating the semiconductor to hi gh temperatures will have a threefold
effect on the semiconductor properties : (I) increase of Intrinsic carrier

11
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densit ies , (ii) increase of extrinsi c carrier densities , and (iii) tempera-
ture dependance of carrier lifetimes , mobi lities and diffu sivities .

11.3 .1- Intrinsic Carrier Densities

Intrins ic carrier densities of Ge , Si and GaAs as a function of
rec ip rocal tempera ture are s hown i n F ig ure 2. +

11.3.2 Extrinsic Carrier Densities

In the l imi t of low tempera ture ( kT < Eg - Ed )+ or a hi gh dopi n g concen tra-
tion , the ratio of ipnized dopants at temperature 11 and 12 is

exp[ 

Eq~
Ed (

~ 
- 

IT )] ,  (2 6)

where Eg - Ed is the 
positio n of the dopant level be l ow the bottom of the conduction

band. In the limit of high temperature , or low doping, the ionized dopant con-
centration is approximately constant, equal to the total dopant concentration ,

n = N

Thus , at elevated temperatures , the maximum concentration of extrinsi c electrons
is equal to the dopant concentration , yielding the following plasma frequencies

2 1/2
~~~~~~ = (4ir ne /cm ) ) :

GaAs LI~~= 6.2 x l04 v’W (27a)

~j.. 2 x l0~ 41 (27b)

11.3.3 Temperature Dependence of Physical Constants

Temperature dependence of semiconductor parameters such as lifetimes,
mobi liti es and diffusivities is rather complex . In the context of the present
Investi gation , changes In temperature will modify interva ls of physical
regimes defined in Table 1 of Section 11.2. Due to their complexity , and
their comparatively small effect, we shall negl ect these temperature changes
in the present problem .

12
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III. EFFECTS OF FREE ELECTRONS ON SEMICONDUCTOR ABSORPTION

111.1 PROPAGATION OF ELECTROMAGNETIC WAVES IN A LOSSY MEDIUM

Attenuation of electromagnetic waves in semiconductors follows from

solv ing Maxwell Equations in a conducting medium . Solving the Maxwell Equa-

ti ons for the elec troma gne ti c wave ,

E = E 0 exp [i(~x - U t)] , (28)

propagating in a lossy medium , one obtains for the complex (frequency-dependant)
wave vector K, -

2
(29)

where ~., is the angular frequency and the generalized complex dielectric constant

~ is
— -
C = ~ + i — . (30) +

LI

Al ternativel y, since the generalized complex conductivity is

~ + ~~~~~
- (1 — C)  . (31 )

Equation (31) can be rewritten as

= l  ~~~~~~~~~~~~~ 
. ( 32)

In Eqs . (29) - (32), ~~ and c,o are complex and real quantities, respec—
tively, and are functions of angular frequency ~~. Using Eq. 30, the gener-
al ized refractive index ~ ,

E = n + i1~ , (33)

can be wri tten as

( 34) +

( 35)

‘4 
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where n is the real part of the generalized refractive index ~ and ~ (the

imaginary part of ~
) is related to the extinction coefficient a (extinction

of energy carri ed by the el ectromagneti c wave), by

(36)

Hence , the absorption coefficient ~ (descri bing attenuation of the amplitude

of the elec troma gneti c wave)  i s equal to

(37)

and the electromagneti c wave is

- 
E = E e~~~

_wt) — ~x (38)

We note that Eqs . (34) and (35) can be rewri tten alternativel y as

n2 = ~ . %

!~~~~2 + 161~
2 

~~~~

. ) - 

( 39)

= C +%
1
E
2 
+ 16112 

~
.) (40)

giving n and K directly in terms of c and a. Once the dielectric constant and
conductivity are known , the above Equations completely describe disper sion

and attenuation of electromagnetic waves propagating in a lossy medium .

111.2 ELECTRON SUSCEPTIBILITY AND CONDUCTIVITY

In a ra di at ion f i el d, the current of the free carriers has a component in

phase and a component out of phase with the electri c field. The in-phase +
current contri butes to the conductivity and the out—of—phase component con-
tributes to the susceptibility . - -In order to estimate the free carrier con-
tri bution to a and ~ , it is convenient to employ a model of a damped
oscillator. In this model , carri er motion is described by the following
equation of motion ,

15
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2x)  = eE0 e~~~

t (41)

where the damping constant -r is electron “ re la xa ti on ” time and is the
res tor i n g force. Since, for free carriers , there is no local restriction on
their motion , in what follows , the restoring force will be neg lec ted .
Putting 

~ 
= 0, and using the definitions polarization P = nex and current

j  = ne~, we obtain

C
0 
+ 4~r ~ (l + (1 - 

, (42)

j.. ne t  (43)— 
E m ( 1 -

where is the plasma frequency , = (
4~~~~ ) ,  an d n i s the fr ee el ectron

density . It is straightforward to verify that Eqs . (42) and (43) satisfy
the relations of Section 111.1. Rewriting Eqs . (42) and (43) as

2 2
L I T  +

— 2 2  C
0

l + W T

and

= ne2t (4 5 )
m (1 + LI T )

and substituting them into Eqs . (39) and (40, the absor pti on coeff i c i en t can now
be evaluated .

The final remark will concern time constant t- . -r is the relaxation time ,
which, i n the con text of the dam ped osc i l l a tor mo del , is related to carrier
mobility , +

, (46)

where m an d e are elec tron effe ctive mass and char ge , res pecti vel y.

16
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IV . ABSORPTION COEFFICIENT

The refraction and absorption coefficients associated with free electrons

are calculated by substituting Eqs . (44) and (45) into Eqs. (39) and (40).

The results are sketched in Figures 2 through 4.

In Figure 3, we plot the qualitative behavior of both the real and

imaginary parts of the generalized refractive index versus frequency for the

case of -r = ~~. This is a rather illustrative case. It shows that, in the

absence of any loss mechan i sm , there is a total reflection at frequencies

~~ 
< ~~~~. At LI < LI~~1 the wave is evanescent wi th the skin depth 6(6 ~~l )

approaching infinity as frequency LI approaches LI
P
.. In the frequency region

a bove the p lasma frequency, LI > 

~~~ 
there is zero absorption (K  = 0), the wave

being partially reflected and pa rtially transmitted . There is a practicall y

com p l ete transmiss i on at very high frequencies .

In Figure 4, we sketch the qualitative behavior of real and imaginary

parts of the generalized refractive index, n an d K, respectivel y, versus

frequency for both , the case > -r
1 and < -r~

1 . Also noted in Figure 4

are lea di ng terms of ex pans i ons of n and K versus LI i n var i ous frequenc y
regimes ; that is, regimes defi ned by rela tive magnitudes of paramete —s L I,

Up and -r~
1 . The leading terms were obtained by expanding expressions for

n .and K in terms of smallness parameters appropriate to the various regimes .

It is seen that finite values of n and K are obtained at all frequencies

indicating partial transmission , refl ection an d a bsor pti on of elec trom ag-
netic waves in all the frequency regions.

In Fi gure 5, we sketch qualitatively the imaginary part of the refractive
index , K ,  an d the absor pti on coeffi c i en t ~; Figure 5.1 shows the case of < -~~~

and Fi gure 4.2 the case LI~ > -r~~. By comparing Figure 5.1 and 5.2, it is seen
that the qualitative behavior of s in the two cases is the same . The absorption
coefficient starts from zero at LI = 0 an d grows ap prox ima tel y w it h frequenc y
as (LI)

1’2 unt i l + w approaches frequency LI = or -r~~, wh ichever is smaller.
Absorption then levels off (attains maximum value) until the frequency reaches

or 
~~~

, whichever is larger . Thereafter ,~~ decays inversely proportional
to the second power of the frequency , ~ ~ LI

Thus, we can see that there exist several frequency relions in which the
absorption coefficient behaves differently. It is easy to verify that , for

+ ~~~~~~~~~ — + - 
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FIgure 3. Real (n) and imaginary (k) parts of the general i zed refractive
Index in the absence of any absorpt ion mechanism . (Good me tal
approximation : ¶~1 << ~ 1.3 1am .)
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Figure 4. Qualitati ve plot of the real (n) and imaginary (k) parts of the
general ized refractive index , a) > t~~ (extrinsic semiconductor);
b) ~ ~ -r~ (intrinsic semiconductor).
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sem i con duc tors , unless the semiconductor is intrinsic , the lim it of
1 

< ~ us ua l l y applies. Using Eq. (46), one fi nds that typical values
of -r ran ge from 4 x l O~ to 4 x io 2 secon ds ( SI , InAs , GaAs and Ge);
therefore , -r’1 < LI~ for elec tron concentrations above, typically, 1014 crn~

3.
Hen ce, for most semi conductors , the absorption coefficient $ = 

~~/c in the
+ +  frequency region of 

_ l 
LI < an d B = LI~~/2cT(.~

2 for fre quenc i es >

A l ist of calcul ate d values  of ~ at the ruby fre quenc y ( x  = .694 ~m) and at
7
~
m for silicon , InAs , GaAs and germanium for dopin g concentrations of 1017 ,

io l8 and 1019 cm 3 is given in Tabl e 2.

In Table 2, th e effect of fre quenc y an d carr ier concen tra ti on
on values of B is clearly seen . Absorption peaks up in the vicinity

of c~ 
= 

~~~~~ 

With frequencies increasing into the near infrared

region of the spectrum , the absorption decreases unti l , in the visibl e region

+ of the spectrum , i t becomes very small. We note that this region also coin-

c-ides with the region of the onset of strong band—to— band transitions, hence ,
in semiconductors , the effect of free carr i ers on the opti cal pro perti es be-
comes important really only at frequencies l ower than the bandgap frequency .

Whereas at frequencies U , the absorption coefficient B ~ /c l 0~ cm~
for elec tron concen tra tion of n 10 cm , the value of the absorption

coefficient at the band gap frequency is l ower than this maximum value by

several orders of magn itude .

We note, finally, that in the near infrared region , where the frequency

LI > w~, it holds that

2 2  2

and hence,

n = v ~ , (48 )

In addition , if the carrier concentration is not too high , the dielectric
constant c may be approximated by its va lue i n the absence of free electrons ,

n~
2 . Therefore , electrons affect optical properties only through

their contribution to conductivity , influenc i n g K or B~ 
but no t n:

2
U 

_ _ _ _ _B K —  — 

2o 2c w - r

which is the expression written in Figure 4 for the limi t of ~ > (- r d , ~~~

21
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In the usual mode of i ts opera ti on , LISP utilizes lasers whose radiation

+ is strongly absorbed i n the p rocesse d ma teria l , necessitating frequency

regimes above the band gap frequencies . The ruby laser is used for irradia-

tion of semiconduc tor surfaces in our laboratory . The instantaneous concen-

trations of free electrons induced at the semiconductor surface by the laser

irra diation were calculated in Section I to be on the order or less than io l 9

cm 3. Hence , as has already been noted , in the frequency regime above the
band gap frequency where the semiconductor is strongly absorbing (

~~~ 
? ~~~ cm~~),

optical absorption due to the photoexcited el ectrons is less than the band-to-
ban d absorp tion , an d hence , the effect of free electrons on the absorption

+ coeffic-ien t can be neglected .
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A P P E N D I X  B

NUMERICAL SOLUTION OF THERMAL AND

IMPUR ITY DIFFUSION DURING LASER-INDUCED PROCESSING

Abstract 
+

The temperature pro files obtained in heavfly damage d
semiconductors after the application of a strongly absorbed

laser pulse to the semiconductor surface have been eval uated

numerically . The profiles were obtained for several pulse shapes ,

wid ths and powers . The laser power required to raise the surface

temperature close to the semiconductor melting temperature is a

strong functior- of the opti cal absorption coefficient , ~ , of the

semiconduc tor. For ~ = lO~ cm , the required powers are on the

order of ~~ W/cm2 for a 10 nsec pulse. The temperature profiles

were eval uated with the help of an advanced code PDECØL which

solves a set of nonlinear partial differential “quations . This

was the first time PDECØL was used in DSSG.

The impurity profiles in the semiconductor after the applica-
tion of the laser pulses to the semiconductor have also been

obtained . However , impurity di ffusion in the semiconductor solid

state is very slow . Therefore, numerical methods have been devel-

oped which seek redistribution of impurities as a function of the
number of the applied pulses , rather than of time . A typical

number of the pulses required to i nduce impurity diffusion of

100 A is on the order of lO~ pulses . This large number practically

elimina tes the use of pulsed lasers for inducing impurity di ffusion

In the semiconductor solid state.
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I. TEMPERATURE DISTRIBUiION

PROBLEM 
+

The temperature distribution in the semiconductor after the application

of the laser pulse in the one—dimensiona l approximation is obtained by solving

the thermal trans por t equa ti on
aT a /K aT\ — S(x ,tl

- iE•
~ ~~~~ ax) 

— 

c~ ‘ 
- 

(1)

where c~ and K are the speci fic heat and thermal conductivity , respectively,
and where the source function S is equal to the rate 0f the density of the

absorbed power per unit length ,

S(x ,t) = aF(t) e~~ , (2)

where ~ is the optical absorption coefficient and F(t) describes the shape of

the laser pulse. Equation (2) assumes that the laser energy converts t~ the

thermal energy instantaneously, aich as in heavily damaged materials. Thus ,

for the square , trianagular , and “Gaussian ” pulse  shape , respectively , F(t) is ,

Square Sha pe Pu lse
O < t < t  ,

F(t)c~~~ 
I’ (3)

0 otherw ise

Tr i an gular  Pulse
Fo(t/tm) 0 < t < tm

+ F(t~~~~ F0~~~~~~ tm < t < t p (4)

0 otherwise

“Gaussian ” Pulse

(t t )2

~ ) O < t < t  ~
F(t) ( tm ( 5 )

\. -(t-t~
2)/t 2

F0 e 
m otherwise

where t~ Is the pulse len gth an d tm des i gnates peaks of the tr ian gu la r  an d

+ “gauss i an ” pulse. Negl ecting the loss of the heat irradiated from the

2 -

‘

. . 
- 

- 

- ______



- -

r

front surface (it has been estimated to be typically six orders of
magnitude smaller than the incoming fl ux), Eq. (l) is solved subject to
the following initial and boundary conditions :

T(x ,t=O) = T~ (6)

aTLx=O,tI = 
(7)

T(x=p.,t~ = T0 , (8)

where z is the .sample thickness arid T
0 i s tempera ture of the hea t s i nk a t

the back side of the sample.

It is possible to develop analytical methods for solving Eq. (1) by

using Green ’s function techniques if c~ an d < are cons tan ts ; however ,
these are no t a pp l ica ble  i f c~ or K are functions of temperature . There-

fore , in order to solve Eq. (1), com putati onal methods were use d .
These are descr ib ed in Attachmen t 1 , uPro gram THDIFFS .” The shapes of the
thermal conductivity K = K(T) used for silicon and GaAs , are shown i n
Fi gure la and lb , respectively . +

RESULTS

Thermal distributions for several cases of interest were obtained . The

distributions were obtained for GaAs and silicon for various values of the

opti cal absorption coefficient , inciden t laser power , pulse length and shape.
+ 

The temperature was calculated as a function of the distance away from the
+ + semiconductor surface,for yarious times after the application of the laser

pulse. Several representative cases are listed in Tdble 1. The corresponding

graphical plots are shown in Figures 2-10.

The first case (Figure 2) is for ~ = 102 cm~~. This comparativel y weak
absorption corresponds to the tail of the silicon absorption edge , such as
for the absorption of Nd :Yag laser in silicon. Figures 3-6 correspond to
ruby laser absorption in silicon (a 5x103 cm~~), and Fi gures 7-10 to ruby
laser absorption In GaAs (a = 5xl O4 cm 1 ). The cases shown are for the
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Figure 1. Measured therma l conductivity vs. temperature for pure Ge , Si , GaAs , Cu
and diamond type II. The thermal conductivity is lower than indicated
here for samples with hig h impur ity concen tra ti ons .
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Ta b le I

THERMAL DISTRIBUTION CASES

Material a (cm~~) ~ 
tm (sec) F

0(W /cm2) Pulse  Sha pe

- io 2 5x 10 5 5x10 5 
Gaussian

5x l O 9 3xl07

Silicon 5xl 03 5xl0 9 2x107 Gauss i an

l .5xl0 8 2xl 07+ 2.5x!0 7 2xl 07

l .5xl0 8 
5x10 6

GaAs Sxl O 4 1 .5xl 0 8 ~~~~ Gaussian
5x1 0 9 .lxl 07

__________ - ___________ 

lx1 0 9 l x l O 7

“Gauss ian ” pulse shape . Temperature profiles created by the triangular

pulse have also been evaluated . As expected , there is no significant

difference between prof i les create d by the var ious pulse  sha pes . No
losses such as the reflection losses were considered ; therefore , the

l isted powers are the actually absorbed powers .

The profi l es are shown as a function of the distance away from the

fron t surface, with time (in fractions and multipl es of the pulse length ,

t~) as a parameter . The initial rise and decay of the temperature pulse

af ter the en d of the laser pulse are clearl y seen. In the cases shown ,
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the surface temperature reaches the maximum value at the “end” of the
laser pulse, i.e., at the time t~ — 2tm~ 

where tm designates the pulse peak.
After the end of the laser pulse, the surface temperature rapidly drops ,
to about 1/3 of its maximum value in the time Interval of 10 t~. Simul-
taneously with the application of the laser pulse, the created heat propa-
gates Into the crystal bulk. In all cases shown (except Fi gure 2), the
thermal profile broadens after the end of the laser pulse, according to the
thermal-transport relation , x2 4c~~t /C~~. Figure 2 does not show this
type of broadening of the thermal pul se; this is because of the overall
rather wide temperature distribution , in this case due to the comparatively
weak absorption .

Inspecting Figures 2=10, the effects of varying the laser power, pulse

length, and optical absorption coefficient are clearly seen . Comparing

Figures 3 and 4, and 7 and 8, it is clear that for all other parameters

being equal , the maximum surface temperature Increases linearl y with the

laser peak power. Compari son of Figures 4, 5 and 6, and 8, 9 and 10 shows

the effect of pulse length on hal fwidth of the thermal distribution and

the surface temperature. The maximum surface temperature follows the

approximate relationship,

(9)
S 0 Cp Leff

where is the effective hal -fwidth of the thermal distribution at ~ = t~,

teff “~
[
(2~)

2 + . (10)

That Is, i. Is the larger of the quantities (23)~ and (~c t /2c )l/2 •
For fast thermal diffusion (ci < ~W t~/c~ ), the region of the hi gh
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temperature is limited by the thermal diffusion length (within the pulse
duration). For slow thermal diffusia~ the region is limited by the pene-
tration depth of the laser radiation. The widths of the profiles (silicon)
in Fi gures 3, 4 and 5 are optical absorption depth-limited (t~ ~ l0~ sec).
The profile in Fi gure 6 is thermal diffusion — limited (t~ ~~, lo~ sec). For
GaAs , the wi dths of the curves in Figures 7, 8 and 9 are thermal diffusion—
limi ted (t~ ~ l0~ sec), and in Figure 10 optical penetration depth -limited
(t~ ~ l0~ sec), The . opticai ‘pènetration depth—limited profi l es (short
pulses ) are generally narrower than the thermal di ffusion—limi ted profiles.

Equations 9 and 10 say that for sOfficiently short pulses , T5 grows
linearly with ~~ That this is indeed the case is immediately seen by com-
paring Figures 4 with 5 and 8 with 9. For long pulses , this i ncrease is
slower , the surface temperature approaching saturation for very long pulses .
Cl early, the heati ng is most efficient when t~ = tth c~/Kct2.

II. IMPURITY REDISTIRBUTTON

PROBLEM

Redistri bution of impurities induced by the el evated temperature during
the appl ication of the laser pulse to the semiconductor surface is obtained
by solving Fick’s laws for impuri ty diffusion ,

aN a , aN~at ax (11)

where the diffusion coefficient D is a material parameter characterizing the
rate of the di ffusion , which , for solids , increases steeply with temperature
according to the exponential law,

E
D(t~ = n ~~~~~~~~~~~ 

_Ai -

o “‘ kT’

where EA Is activation energy for Impurity diffusion) and the temperature Inside
the semlconductor,T — T(x,t) is the solution of Eq. (1). EquatIon (11)
describes time development of the Impuri ty concentration, whatever the initial
distribution may be. In the absence of an external source of the Impurities ,
Eq. (1]) Is subject to the following boundary conditions ,

16
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3N(x=0~~ = 0 (13)ax

aN(x =L,t)
ax = (14)

The initial condition is distribution of impurities before the application
of the laser pulse ,

N(x ,t=O) = N0 (x) . (15)

Since Eq. (11) is a nonlinear second order partial differential equation ,
It again has to be solved numeri cally.

NUMERICAL METHODS

Equation (11) can be solved by using the same numerical code which was
used for computation of the thermal diffusion , Eq. (1), and described in the
preceding section . However, there is one important difference between the
thermal and impurity diffusion. Whereas there is a very rapid thermal diffu-
sion after the application of a single laser pulse, the impurity diffusion
is very slow. Before applying the code to Eq. (1.1), it is therefore very
important to realize that Eq. (1.1 )~ with the initial condition , Eq. (14),
describes time development of impurity distribution during the application of

one laser pulse. Due to the very slow impurity diffusion (in the solid - 

-

phase of the semiconductor), the diffused distances during one laser pulse
will be very small. Assuming an average- diffusion constant of
o 10=10 cm2 ~~ during the pulse duration of t~ 25 nsec , the number of
pulses, n, which have to be applied to the semiconductor in order to achieve
impurity diffusion of, say, 100 A , is

2 1 12 5
~~~4Dt 10

0 
_8 10 , (16 )

- 
p 4x10 x 2.5xlO

which is rather large. Since it is quite unreasonable to ask the computer
to solve Eq. (U) repeatedly 10~ or more times, we have reformulated the
problem such that, In the new formulation, we seek development of Impuri ty
concentration as a function of the number of the applied pulses , rather
than in time. This has been done as follows.

- 
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Assuming that solution of Eq. (10) ..t time t t
o i s N(x ,t0) , the formal

solution of distribution N(x ,t) at some later time t Is

2
N(x,t) = U(t,t0, fr , 1~ , ...

~~~ 
N(x ,t0) , (17)

where the time-development operator U is

U = ex~~J~t
’ 
~~ 

CD . (18)

Assuming that the n—th laser pulse was applied at time to = 0, and (n+l)th
pulse at the later time t, and that the length of the laser pulse t~ is much
shorter than the time interval between the application of the pu1s~s,

(19)

the distribution which is obtained as the result of the application of the
nth pulse is then equal to

2
N(x , cm) = tJ(=,O, L, L~.,...) N (x,O) , (20 )ax

where N(x,=) and N(x,O) are the final distribution resulting from the app li—
cation of the nth ar.rt (n—1)th pulse, respectively (final distribution after
the application of the (n—1)th pulse is the initial distribution before the
ap~lication of the nth pulse). Equati on (20) may then be rewritten as

Nn(X) = U(~ ,0, fr, ~~~~~~ N~~1 (x) 
, (21 )

where the operator

u — ex~(j~ dt
’ 
~i(D~i)) (22)

and where N~(x) is the final distribution after the appl ication of the nth
pulse . Equations (21) and (22) describe the development of impurity distribu-
tion as a function of the number of applied pulses .
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Equation (21 ) is evaluated by expanding the time development operator U
into the power series ,

- 

U = 1 + j d t
’ 

~~~~
. (Dfr ) + hi gher order terms . (23 )

Using Eq. (.23), Eq. (24) then becomes

N (x) = 

(

~ + fr/dt
’ D~~
) 

N 1 (x ) , (24)

where we have negl ected the higher order terms of Eq. (23 ) due to the extreme
slowness of the diffusion. Defining “integrated diffusivity ” M(x) by the
expression ,

M(x) = fdt’ D(x,t’) , ~ 5)

Equation (22 ) is finally rewritten as

3N(x,v) 
= ~.(M(x) frN(x~v)) , (26 )

where , for small changes in Nn 1 (x) to Nn (x ) , we have replaced the discrete
steps in n by the continuous variabl e v.

Equation (26), with the integrated di ffusivity , Eq. (23), i s our final
equation used for computation of the impurity distribution. It gives dis-

tribution of impuri ties as a function of the number of the appl ied pulses , v ,
and is solved numerically by using the same numerical code which was used for

solution of the thermal equation , Eq. (1). The computational methods are

descri bed in Attachment 1 , “Program IMPDIFS.”
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RESULTS

Impur ity distributions were obtained for several cases of interest.
Three examples of the calculated distributions are shown in Figures 11 , 12
and 13.

Figures 11 and 12 show distributions obtained after the application
of IO~ laser pulses to silicon in the absence of an external impurity
source. The initial impurity profiles were assumed Gaussian with halfwidths
of ~ = 0.1 and 0.5 i.im , respectively. The activation energy for diffusion ,
Q, was assumed to be 2 eV , and the diffusion constant , 0 , was 1 cm2/sec.
The peak laser power utilized for heating the material was F = 1.5 x 10
W/cm , the pulse was triangular with length t = 30 nsec . The optical ab-

4 1 p
sorption coefficient ~ = 10 cm . The material was silicon. The distri-
butions are plotted as a function of the distance away from the semiconductor
surface. Both the initial and the fin-a l (1O 4 pulses) distributions are
shown . -

The comon feature of Figures 11 and 12 -is the qualitative change in
the shape of the modified distributions . In both cases, the impurities dif-
fuse away from the semiconductor surface into the bulk , However, since
the semiconductor i nterior is ‘cold” , thus preventing it in any significant
impurity diffusion , impurity profiles tend to “bu lge ” beneath the semicon-
ductor surface at a distance which depends on the opti cal penetration depth ,
pulse length and halfwidth of the initial impurity distribution , This re-
sults in profiles which (after application of many laser pulses ) are steep ,
approaching an abrupt “step” junction .

There are quantitative differences between Figures 11 and 12. The
figures differ in the degree of modification of the initial profiles. For
the initial halfwidth much smaller than the optical penetration depth , the
high temperature affects all impurities . For the initial halfwidth on the
order of, or wider than, the optical penetration depth , impurities located
somewhat farther away from the surface will not be affected by the high
temperature. Thus, in the former case (Figure 11)-, the profiles will be
modified considerably more than in the latter case (Figure 12). In the latter

20
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Figure 11 . Impurity profiles before and after laser—induced diffusion .
Laser parameters : F = 1 .5  x io~ W/cm2 , t = 20 nsec, number
of laser pulses lO~ ~ulses . Optical absorption coefficient
a = 10’ cnr1. Diffusion activation energy Q = 2 eV , diffusion
coefficIent 0 = 1 cm2 s ’. The initial distribution halfwidth
a O.l~ im. ~
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Figure 12. Impurity prnfiles before and after laser-induced diffusion .
- L aser parameters : F = 1 . 5  x lO~ W/cm2 , t = 30 nsec , number of

laser ~u1ses 10’ pu?ses. Optical absorpt?on coefficient
a = 10 cm~~. Diffusion activation energy Q = 2 eV, diffusion
coeff icient D = 1 cm2 s~~. The initial distribution halfwidth
o 0.5 um . °
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case, impurities located at the distance beneath the semicondictor
surface will in effect, have been stopped. We have calculated profiles for
the initial depths a~~, and also thicker than a~~. For lO~ pulses , there
was practically no change in the initial impurity distribution.

Figure 13 shows the distribution obtained after the application of
lO~ and io6 pulses . The material was GaAs with Q = 2 eV , D = 1 cm2/sec ,
and a = 2 x ‘10 cm . The initial impurity profile was gaussian with half-
width c = .5 ~.nn. The laser pulse shape was gaussian , the effective pulse
length was t~ = 10 nsec, and the peak laser power was F0 = 3 x lO~ W/cm

2.
The max imum temperature ac hi eved in the semiconductor was its melting tem-
perature.

The corrinon feature of the ~~ and i06 pulse curves is the qualitative
change in the shape of the modified distributi on. After the appl ication of
many laser pulses , the profiles become more abrupt than the initial dis-
tribution . Similarly, as in Figures 11 and 12, there is little quantitative
change for l0~ pulses . The provile clearly becomes an abrupt “step” junction
after the appl ication of 106 pulses . Thus , the application of many laser
pulses with the optical absorption depth, a1, matching the impurity pro-
file halfwidth , ~~, results in abrupt impurity profiles .
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Figure 13. Impurity profile before and after laser-induced diffusion.
Laser parameters: F = 3 x lo’ W/cm2, t = 10 nsec, a = 2 x 10’ cm ’
Material parameters? GaAs, Q = 2 eV, D ~~ = 1 cm 2 s~~. The
initial Impurity distribution halfwidtR a = .5 urn (a
The laser pulse length is equal to the thermal diffusion time,
tp tth C~~/ IlU .
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APPENDIX C

RUBY LASER SYSTEM USED IN
LASER PROCESSING EXPERIMENTS

1.0 REQUIREMENTS

Desirable properties in a laser system for semiconductor
processing are: controllable and spatially uniform energy den-

sity of 0 to 2.5 j/cm2 at the semiconductor surface. Pulse
widths should be less than SO or 100 nanoseconds , with even
shorter pulses preferred. With the possible exception of beam
unifo rmity , the ruby laser used in the LISP program performs
nicely on all these counts.

2.0 LASER SYSTEM DESCRIPTION

Figures 1 and 2 illustrate the optical layout of the laser.
Not shown in the diagram are the flashlamp and Kerr cell drivers
and the refrigerator and pump for the cooling water. The laser
itself , the sample to be exposed and the beam monitoring instru-
mentation mount on one steel rail and a He-Ne alignment laser
and an autocollimator mount on a parallel rail.

The laser consists of two parts , an oscillator and an ampli-
fier. The mode of operation which has proved most effective in
this program is to drive the oscillator hard to keep the pulse
short and to obtain outputs of varying energy density (but con-
stant pulse width) by adjusting the drive to the amplifier.
The pulse width is unusually short for a laser of this type.
By intention , the laser cavity was made as short as possible
(40 cm), the outcoupling fraction is high (72% transmission)
and the oscillator flashlamp is driven very hard. The pulse
width from the oscillator varies from 8 nanoseconds at 4.8 kilo-
volts drive to 20 nsec at 4.3 kv drive (see Figure 3).
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The amplifier provides 3X gain at 4.0 kv drive and lx at

3.0 kv. Below 3 kv , the output is attenuated about a factor of

two per 500 volts reduction in amplifier band voltage. Table 1
shows the range of energy densities available. The exact numbers

for pulse width and output energy vary considerably when ruby

rods or flashlamp s are changed , but the qualitative behavior

stays the same .

Table 1 .
Energy Density of Laser Pulse vs Amplifier Bank Voltage h

Wi th Oscillator Drive at 4.8 kv.

Pulse Width = 10 nsec FWHM For All Shots

Ampl ifier Drive Energy Density
kv j/cm 2

4.0 2.5].

3 .5  1.56
3.0 .83
2.5 .36
2.0 .125
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