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Pre face

The impor tance of GaAs as a 111-V semiconductor and its

derivatives cannot be overrated. Its future applications in

the microwave and the te lecommunica t ions indus try  have no t

ye t been f u l l y realized . With the advent of ion implantation

and the present exper imental research advances in laser

annea l ing ,  GaAs is guaran teed a very s tron g f o o thold in our

future world of solid-state technology .

It is a distinct honor for me to present this study as

my contribution to the present experimental research on GaAs

with the hope that this study may someday enhance the progress

made in the field of GaAs technology .

There are many people who gave up their time and energy,

thus making this study p o s s i b l e , tha t I would l ike  to thank .

I wan t to e s p e c i a l l y thank my advisor , D r .  Rober t L.  Hen geho ld ,

for the many u se fu l  and i n f o r m a t i v e  conversa t ions  du r ing  the

course of t h i s  most  in te res t ing  \‘ork.  Addi t iona l ly ,  I owe a

deb t of  thanks to Geor ge Gerga l , J im M i skimen , and Ron Gabr ie l

of  the A F I T  Ph ysics Depar tment technical staff for their un-

tiring assistance throughout the period of the experiment.

F i n a l l y ,  I wish to record my deep gratitude to Suzanne Weher

for her many valuable sugges tions and her outstanding job in

helping me to put this manuscri p t toge ther .
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Abs tract

The prim ary objective of this study was to charac te r i z e

experimen tal laser annealed samples using cathodoluminescence.

Ten Cr-doped (SI) GaAs samples were studied. These samples

included an unimplan ted-unann ealed sam p le , severa l  unimp lan ted

bu t laser  annealed samples , Ge implan ted (f l u e n c e s  of  3x l O ’3

ions/cm 2 and 3x1014 i o n s/ c m 2) thermal ly  annealed and l a se r

annealed samp les , and a Ge implan ted (f l u e n c e  of  3x10 14 ions!

cm2) unannealed sample . The results indicated the experi-

mental laser  annealed s amples  to be par ti a l l y  or comple tel y

unanneal ed .  The l a se r  annealed s am p l e s  were gene ra l l y  char -

acterized by weak luminescence with peaks at 1.514 eV due to

unresolved exci tons , 1 . 4 8 8  eV a ttribu ted to Zn As , and 1.469

eV (damage re la ted ) . I t was f u r ther observed tha t in the

thermall y annealed samples , the dominan t peak was no ted a t

1.488 eV instead of the expected 1.478 eV peak previously

associated with Ge. Finally , the unannealed sample  spec tra

emissions were characterized by a 1.493 e\T peak attribu ted to

CAS , and in all  non- l a se r  anneal ed samples  a 1 .36 eV peak

attributed to CUGa was observed .
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I .  I n t r o d u c t i o n

The p u r p o s e  of  th is s tud y wa s to examine the effects of

damag e induced in a gallium arsenide (GaAs) sample by ge rman ium

(Ge) ion implantation and to determine the consequences of laser

anneal ing on these ef f e c ts by uti l i z ing the exper imen tal labor a-

tory techn ique of  ca thodoluminesc ence.

Gal l ium a r sen ide  is a group  I l l - V  d i rec t gap s emi -c onduc tor

(see Appendix A). It is zincblende in structure and can be

considered as two in terpene tra ting face-centered-cubic (FCC)

lattices. This material has been extensively studied for many

years for two main reasons. First , i t po ss e s s e s  unique p ro p-

erties that make possible significant improvements in the

per f o rmance  of  many elec tronic devices  such as ph otoca thodes .

Proper ties such as h igher  mobi l i ties , l a rger  b and gap ,  and a

higher resistivity or semi-insulating (SI) quality make possible

higher f r e q u e n c y  and hi gher temper ature opera tion of  such d evice s.

S e c o n d l y ,  GaAs exh ibi ts in teres t ing p h y s i c a l  ph enomena such as

higher frequency electrical instabilities (Gunn effect). These

phenomena have enh anced bo th the elec tr ica l  and opt ic al app l i -

ca tions of  GaAs tr emendous ly .  Tod ay these a p p l i c a t ions inc lude

microwave osc i l la tors , am p l i f i ers , de tec tors , ul tra f a s t

swi tches , logic elemen ts , i nf r a r e d  photoemitters , secondary

emi tters , ligh t-emitting d i o d e s  and l a s e r s , and hi gh ef f i c i e n c y

so lar  c e l l s .  C l e a r l y ,  the future of GaAs is very promising ,

e s p e c i a l l y  f o r  i ts a p p l i c a t ion  to micro wave and

1
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t e l e c om m u n i c a t i o n s  (Rd 2 : 1 2 9 ;  2 4 ) .

Recen t l y  new empha si s has been p l aced 01) the inv es t i gation

of GaAs by the United States Air Force. The Air Force Avionics

Labora tory , Wright— Patterson Air Force Base , Ohio , is p r e s e n t ly

studying  ion implan ta t ion expe r imen ts of  var ious do ped GaAs

samp les. These studies are directl y rela ted with Air Force

in teres ts in microwave communic at ions .  T h i s  p re sen t stud y is

designed to provide new information on the imp lantat ion and

laser annealing of Ge implanted GaAs.

Ion implantation offers an alternate approach to the dif-

fusion of desired elements into GaAs substrates to yield

desired electrical and optical properties. Laser annealing

offers a new approach to the elimination of unwanted defects

induced durin g ion implanta tion . In  tota l , the ion implan ta tion-

laser  annealin g proces s  of f e r s  a new , rap id method o f  a s s embly

line device produc tion . Wi th the r i s in g demand f o r  GaA s doped

wi th d if f e r e n t elemen ts , the ion implant-laser anneal process

offers a distinct advantage of holding down costs considerably

while shor tening p r o c e s s i n g time si gn if i c a n tl y .

Pure GaAs , as well as ion implanted GaAs , has been exam ined

using the op tical techniques of  pho tolum inescence , elec tro-

luminescence , and cathodoluminescence (CL). In this study ,

depth resolved cathodolurninescence is used since little work

to date has been done using this technique on laser annealed

Ge implan ted GaAs. Additionally, dep th reso lved  ca thodolumin-

escence of f e r s  a uni que me thod of investigating implan ted

samples at different crystal depths without etching away layers

2

4



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

as required b y o the r  o p t i c a l  t e c h n i q ue s .  This is accoI~)1is1led

by va ry in g the acc elera t in g po ten t ia l of  the  e lec trons bom-

bard ing  the sam p l e .  Thr ough a c a r ef u l  a n a l y s i s  of  the em itt ed

spec tra , one should be ahl€- to characterize c~-ystal implants

and pr obable impl ant concen tra t ion s a t d i f f e r ent d ep ths.

I n  this  study ten GaAs sample s were  i n v e s t i g a t e d  at  pre-

se lec ted  p r o b i n g  depths  u s i n g  an elec tr on beam ener gy r an ge

of 5 keV to 15 keV . Two t h e r m a l l y  annea led  Ge i m p l a n t e d  G aAs

samples  of f l uences  3x10 ’4 ions/ cm 2 were  s t u d i e d .  These samples

were capped with Si 3N 4 .  A d d i t i o n a l ly ,  an u n ann e a l e d  3x10 14

ions/ cm 2 Ge implan ted  GaAs sample  and an u n a n n e a l e d - u n i m p l a n t e d

samp le were s t u d i e d .  These p rov ided the basi s grou p f rom w h i c h

the succeeding laser annealed  samples  were  compared .  The

succeeding samples  inc luded three  u n i m p l a n t e d  laser  annealed

chromium (Cr) compensated GaAs subs t r a t e s , one laser  annea led

sample of f luence  3xl0 14 ions/ cm 2 , and two s amples  of fluence

3x10 13 ions/ cm 2 laser annealed at different energy densi ty

values.

This  s tud y is d i v i d e d  in to f i v e  cha pte r s .  Chap ter I I  con-

tains the theory and p rev ious  work ac com p l i s h e d  neces sa ry  f o r

careful interpretation of experimental results as well as for

support of conclusions. Chap ter III contains a brief descri p-

— tion of the experimental arrangement used in this stud y .  The

analysi s and discussion of the experimental results are found

in Chap ter I V.  F i n a l l y ,  some in teres ti ng conc lus ions  and

recommenda tions are loca ted in Chap ter V.

3
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I i . Th eory

This  sec ti on con t a in s  the t h e o r y  and ba¼. k groun d n e c e s s a r y

for  the i n t e r p r e t a t i o n  of the  e x p e r i m e n t a l  r e su l t s  and the

conclusions reached. The major areas covered are : luminescence

mechani sms , ion imp lantation , laser a n n e a l i n g , elec tron beam

penetration , and f i n a l l y  impuri t ies and la tt ice vacancy compe-

tition .

Luminescence M echan isms

Luminescence  is de f ined  as “ the  emis s ion  of op t i ca l  rad i~-

tion (ultraviolet , vis ib l e , o r i nf r a r e d )  as a r esul t of  elec tro-
- nic excitation of a material , ex cludin g any rad ia ti on whi ch is

the resu lt pure l y of the temperature of the material” (Ref SO:

626). The optical radiation is produced by the recombination

of electron-hole pairs created by some excitation mechanism .

The exci tation mechanism s used today include photoluminescence ,

involving excitation via optical radiation ; cathodoluminescence ,

in which exci tation is provided by an electron beam ; radio-

luminescence , which induces excitation by high-ener gy radiation ;

and e lec tro luminescence , which induces excitation by electric

field or current. In this study , the method of cathodolumines-

cence was chosen .

When a samp le is bombarded  b y ener get ic elec trons , elec tron-

hole pairs are produced. These quickl y recombine both radiatively

and non-radia tively. Radi atively, the electron-hole pairs

4

4

~~~—- -—-  — --~---—_---.~~~~~~~ _-— —---~~~—- _ _ _ _ _ _ ,  —_.-———-—--- - .-_ - - -  ~~~- - - - -.
~~~~~~~~

_— - ----  —



rr~
_ 

~~~~~ 
- -

~~~~~~~~~~~~~~ 
-~~~~_- -  — — _~~~~~~~~~~~~~~~~~

- 
- - -- -

recombine  in GaAs via two m aj o r  m e c h a n i s m s  of i n t e r e s t .  They

arc conduct ion band to acceptor  level recombination s (F-B) and

donor level to acceptor  level  r e c omb i n a t i o n s  (D-A) . These

radia tive reco mbina tion mechani sms ar i s e  f r o m  the p r e sen ce of

chemical impur ities (intentionall y or unin tent ion al l y  pu t in

the c rys ta l )  and ph y s i c a l  d ef e c ts ( l a tti ce vacancies , etc . ) .

In addi tion to the mechanisms mentioned , o ther in terh and r adia-

tive recombinatioii mechanisms exist. These are of lesser

impor tance bu t are ment ioned  since they are foun ~I in the spect ra

of GaAs . They are excitons and phonons .

Much has been written on the subject of (F-B) r~ combin at ion

theory (Ref 5:6-7; 12:96-98; 40:39-40) . The energy associated

with such a recoiiihination is approximated by the equa t ion :

E = E G~~~~E B + K T + nE p (1)

where

E = energy of free-bound transition

- EG 
= band gap energy

= acceptor b ind ing  energy

K = Boltziuann ’s cons tan t

T = tempera ture

n = in tegra l  number (0 , 1, 2 , 3 . . . )

= phonon ene rgy  -

EG represen ts the band gap energy which is temperature dep-

enden t and can be approxima ted by the equa tion ( R ef  5 1 : 2 4 ) :

2
EG

( T )  = E G (O)  - ( 2 )

S
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where

Ec(O) 
= 1.522

a = 5 .8x1 0 4

b = 300

Sin ce the expe r imen tal da ta in this  s tudy is taken a t l O ° K ,

the KT te rm in E q ( 1) is ne gl i g~ b1e. The +nE~ term repres en ts

the number of phonons .  For GaAs , lon gi tudin al op ti cal ( L O )

phonons have an approxima te energy of 36 weV (Ref 49:2450).

The donor-accep tor (D-A) recombination theory has al so  been

widely  d iscussed (Ref  13 :84 ;  4 0 : 4 0 - 4 1 ) .  This mechanism , in

which an electron bound to a donor impur i ty  recombines with a

hole bound to an acceptor impurity , is d escr ibed by the f o l l o w ing

equa t ion :

- 2
B = E G - (BA + E D) ÷ (3)

where

E = energy of (D.-A)  transi tion
- EG 

= band gap  energy

EA 
= accep tor ac tiva tion energy

E D = donor ac t iva t ion energy

e = elec tron char ge

k = static dielectric constant

R = separa tion d i s tance

When emp loy ing  E q ( 3 )  , one mu st consider the radiative

recombina tion (transition) rates W (r) approximated by the

equation (Ref 13:85):

6
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W ( r )  = W e L - ~~) (4)

where

rD 
= half the donor Bohr radius

r = separa tion dis tance be tween donor and accep tor sites

Since transi t ions of near pairs are more l i ke ly  than  those  of

far pairs , the spec tral peak ener g i es  increase  as one increases

the exc i t a t i on  i n t e n s i t y .  This is due to the fact  tha t  near

pair  t r a n s i t i o n s  are sa tura ted  at h ig h exc i t a t ion  i n t ens i t i e s

so tha t  the peak energy of the p a i r  cont inuum is displaced to

hig her energy . T ime - r e so lved  ca thodoluminescence  s tud ies  have

been used to examine such s h i f t s  (Ref 6 : 10) . Fur thermore , the

spectra of near  pa i r s  are nar rower  because they have h igher

transition probabilities (shorter transition timcs) than the

far pairs.

The f i n a l  r ad ia t ive  reco inbinat ion  mechanism of interest

is the product ion  of excitons. Excitons are e le c t r o n- h o l e

pairs  tha t  are bound toge the r  by coulombic  a t t r a c t i o n . Some

exci tons  are f ree  and , as such , propagate through the crys tal

l a t t i ce  whi le  other exci tons are bound to neutral donors ,

ion ized  donors , n e u t r a l  acceptors , or ion ized  acceptors  (Ref  23:

464 ;  4 5 : 4 5 7 7 ) .  The i o n i z a t i o n  energy of an intrinsic exciton

can be expressed (Ref  4 1 : 9 )  as

— l3.6ii  -G — 

me 2n 2 (5)

7
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where

G = ioniza t ion ener gy of an i n t r i n s i c  e x c i ton

= m efhh / 1~le~~~h

m = the elec tron effec t ive mass

mh 
= the hole effec t ive mass

m = the free e lec tron mass

c = the s tat ic die lec tric cons tant of the host sem i -conduc tor

n = 1 for  the exc i ton  ground s t a t e

Therefore , the excitation energy necessary for the cr eation

of the intrinsic exci ton is E = B - G where E is the bandex G G
gap energy (Ref 41 :9) .

When a semiconduc tor is doped wi th donor or accep tor impuri-

ties , impuri ty levels are introduced. A donor level is defined

as bein g neutral if filled by an electron , and posi tive (ionized)

if empty. An accep tor level is neutral if empty and nega t ive

(ionized) if filled by an electron (Ref 51:626).

In GaAs free exc itons have an approximate energy of 1.515

electron volts (eV) . Those exci tons , bound to neutral donors ,

ion ized  donors , neu t ra l  acceptors , and ion ized  acceptors , y i e l d

the approximate  energ ies of 1 .5 14 , 1,513 , 1.512 , and 1 .5 02 eV

respec tively (Ref 23:464; 45:4577; 56:345). Since the experi-

men tal error of this experiment is of the order ÷1 meV (milli

elec t ron  vo l t )  , the best  t ha t  can be sa id  in the i n t e r p r e t a t i o n

of the experimen tal data is that unres o lved exc it ons are obser-

ved in the spectra.

8
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N o n -r a d i a t i v e  r e c o m b i n a t i o n  m e ch a n i s m s  arc the l eas t

understood . Since they offer no insight into the concentra-

t ion  of i m p u r i t i e s  or l a t t i c e  d e f e c t s , these  n o n - r a d i a t i v e

centers will not he considered in depth. i t  should  be s ta ted ,

however , tha t a decre ase in luminesc ence can indica te , under

the proper condi t ions , an increase in non-radiative centers.

This , in turn , indica tes an increase  in c rys t a l  d a m a g e - - a  mos t

impor tant part of spectra interpretation . Beyond this  po in t,

however , n o n - r a d i a t i v e  centers  w i l l  not be cons idered  in any

more d e t a i l .

Ion I m p l a n t a t i o n

Impurity atoms mus t be introduced into sem ic onduc tors to
F gain the desired elec trical and opti cal proper t ie s r equ i r ed

for different solid state applica t ions . To achieve this goal ,

diffusion techniques have been used over the years. Diffusion

consists mainl y of diffusing a desired impuri ty into a wafer and

the redistribution of that impurity. There are problems involved ,
— 

though , that grea tly complicate this process. The distribution

of the doping agent is not always uniform and reproducible.

Localizing defec ts resul t from chemical reac t ions involving the

doping agents. Sonie applications require low doses--a variable

that cannot be controlled by diffusion techniques (Ref 14:53).

Ion implantation offers an alternative to diffusion and a

possible solu tion to some of these problems. First , a word is

in order as to just what ion implantation is. In the ion im-

plant process , ions are produced from a source material. These

ions arc then extracted electrostatica lly from the source and

4 
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directed in a uniform manner at a target wafer. Under the

i n f l u e n c e  of an a c c e l e r a t i n g  p o t e n t i a l , these  ions impact  the

wafer in a manner tha t has been descr ibed by Gibbons (Ref 20) .

As noted above , the imp lantat ion process o f fers  possible solu-

tions to the problems associ ated wi th diffusion techn iq ues.

Ion implantat ion of fers  dose control , profile control , low

temperature implantation , and simpl e impurity sources (Ref 18:

295; 44:32).

An ion implantation unit integra tes the current to the

wafer and , thus , achieves an accurate count of the total number

of ion implanted. If the neutrals and secondary char ged pa r-

ticles ar e handled correc tly ,  accura te dose control is easily

accomplished. This is a most important aspect in the applica-

tion of ion imp lantation .

A second mos t impor tant aspec t of ion implantation is

p r o f i l e  con t ro l .  So long as the c rys t a l  is no t aligned in a

• m a j o r  c r y s t a l l o g r a phic d i r ec t ion  wi th the ion beam , p r o f i l e s

r e su l t i ng  from d i f f e r e n t  implan t s  are eas i ly reproduced . They

are nearly Gaussian in shape. As such , they can he descr ibed

by a mean cal led the pr oj ected range , ~~~ and the standard

devia tion of the pr ojec ted range ~~~ (Ref 18:304-7; 20).

Figures 1 and 2 represent the profiles of Ge implanted (~aAs

of fluences 3x1013 ions/cm 2 and 3x 1014 ions/cm 2 . All

implan ted at room temperature at 120 kcV (Ref 20)

Another advan tage offered by the ion implan t process is

low tempera ture implantat ion , tha t i s the sample tempera ture

at which the implanta ti on took place. Normally ions are

10
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Fig 1. LSS Profile c-f Germanium Inpianted GaAs of

Fluence 3xlO ’3 Ions/ cm 2 at 120 keV

imp lan ted  i n t o  a sample he ld  at room t e m p e r a t u r e  for  two

reasons .  F i r s t , the  m a t e r ia l  used to s e l e c t i v e l y  mask  p a r t

of the w a f e r  a g a i n s t  the i mp l a n t  need not  be ab le  to su rv ive

h i g h  t em p e r a t u r e s .  Second , the t o t a l  i m p u r i t y  c o n c e n t r a t i o n

at v a r io u s  dep ths  is s i g n i f i c a n t l y  c h a n g e d  so t h a t  unwan ted

d i f f u s i o n  is held to a minimum.

The f o u r t h  and f i n a l  m a j o r  a d v a n t a g e  of ion i m p l a n t a t i o n

is t h a t  it of fers a simp le i m p u r i t y  source. It is  some t imes

11
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Fig 2. LSS Profile of Germanium Implan ted GaAs of

Fluence 3xl 014 Ions/cm 2 at 120 keV

easier to obtain an ion beam of a par t icular impuri ty elemen t

than it is to find a diffusion source fo r  that element .

The immedia tc resul t of the implant process  is that  i t

usually crea tes a thin layer of m a t e r i a l  at or near the surface

of the crystal. The impurity atoms have penetrated the sub-

stra te and arc at res t ins ide it , but they have not been

activated nor have the d amage effects of all the displaced

subs tra te atoms , which result f rom an i m p l a n t a t i o n  step , been

12
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hea led .

For condi tions of practical importance in implantation ,

the radia tion damage p roduced by the injec ted ions is severe ,

and the crystal must be carefull y annealed if the elec tric al

effec ts of the implanted ions are to dominate the res idual

damage (Ref 19:1083) . Gibbons outlines the basic defects as

those caused by vacancies--interstitial pairs (Frenkel defec ts),

vacancies-im purity pairs , divacancies , disloca t ion lines and

loops , and vacancies wi th inters titial p latele ts (Ref 19: 1064) .

Studies have been made on GaAs that clearly indicate that the

degree of latt ice disorder depends direc tly on the implant

dose (Ref 7:279). Some of these crystal defects can cause

luminescence. Luminescence cen ters are produced when the

defects introduce electronic states within the band gap . Some

are so near the center of the band gap that they remain union-

ized even at room tempera ture and ac t as recombina t ion centers

for free elec trons and holes (Ref 13).  Once the imp lant p rocess

is comple te , residual damage exis ts in the crys tal. This is

where annea l ing  enters  the p i c tu re .

A f t e r  the GaAs s ample has been ion imp lan t ed , it must  be

annealed to remove the radiation damaged layers. This was

accomplished in this study by two me thods : thermal annealing

and laser annealing . In the following sec ti on , laser  annea l ing

is described , previous works are presen ted , and appropria te

theory is rev iewed .

Laser  A n n e a l i n g

Laser annealing is a rela tivel y new approach to the f i e l d

13
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of crystal annealing. It consists of i r r a d i a t i n g  an ion im-

p lan ted  sample  w i t h  a s i n g l e , shor t  Pulse of intense laser

r a d i a t i o n . Onl y r ecen t l y has  i t  been shown by several worker s

that  laser  r a d i a t i o n  can be s u c c e s s f u l l y  used to annea l  the

ion implanted regions of GaAs (Ref 4: 21: 27: 28: 40). This

unique method offers new advantages over the more conventional

method of thermal anneal ing .

- F i r s t , annea l i ng  t i m e  is grea tly accelera ted. Af ter ion

imp lan t a t i on , the the rmal  a n n e a l i n g  of samp les is usually

ca r r i ed  out at 6 0 0 - 1 0 0 0 ° C  for  a s p e c i f i e d  per iod , such as

15-30 m i n u t e s .  The shor t e r  annea l  times possible with laser

annea l ing  are though t  to be due to a reduct ion  in the a c t i v a t i o n

energy of de fec t  m i g r a t i o n  because  of i o n i z a t i o n  (Ref  2 8 : 9 4 6 ) .

A second advantage  of laser  annea l in g is tha t radia tion

defec ts  in implan ted  l ayers  can be annealed w i thou t  h e a t i n g

the bulk  sample .  Young and co -worke r s  (Ref  58:139) have found

that  the effects of laser annealing can be confined to the

damage region by the proper choice of wavelength  and energy

dens i ty .

The t h i r d  i m p o r t a n t  advan tage  deals w i th  the t empera tu re

of the annea l .  By employing  a focused  l i g h t  beam , local

anneal ing  at d i f f e r e n t  t empe ra tu r e s  at various parts of the

sample is poss ib le .

Not only is the i r r a d i a t i o n  accompanied  by hea t ing , hut

because pulsed l ase r  irradia tion is charac terized by a time

constant  of l0 3 ( s in g l e  pu l se )  to 10~~~ seconds , it is accom-

panied also by i oniz at ion , shock waves , and quenchin g . These

14
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f ac to r s  a f f e c t  the  removal  of u n w a n t e d  d e f e c t s  and t h e i r  inter-

ac t ion  w i t h  i m p u r i t i e s  (Re f 29:445). Young  and c o - w o r k e r s

(Ref 57:139)  observed tha t  in l ase r  annea l ed  s i l i c o n  samples

there  was s u b s t a n t i a l l y  less residual damage than in the ther-

mally annealed sam p les.

To induce the transition of an amorphous reg ion into a

s ingle  crys tal , the correct threshold laser energy densi ty mus t

be found , a s suming  one exists. Rimini , et al. (Ref 42:154)

accomplished th is  by laser  anneal ing  several  s i l icon samples

to e s t ab l i sh  boundar ies  w i t h i n  which  was located the correct

energy d e n s i t y  value. This threshold energy density is depend-

ent on the th ickness  of the  amorp hous l aye r  as well  as the

crystallographic orientation . Lower values of the energy

densi ty produce polycrystalline materials or heavily d i so rde r ed

crys ta l l i ne  re gions. Higher than threshold values produco sur-

face damage which can usually be detected usin g visual me thods

(Ref 38).

This method is the impetus for the investigative efforts

in this study of the GaAs samples 5, 6, and 7 provided by

Mason (Ref 38). It was hoped that a boundary about the thres-

hold energy density ce~u1d be established using both vi sual

methods and cathodolumninescence.

Kachurin and co-worker s (Ref 29:445) suggest that there

will be possible surface decomp osition during the laser

anr .ea l ing  of uncapped samples. Since all laser annealed samples

in this study are uncapped , this may have a direc t effec t on

the emission spec tra.

- 15
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Other relev ant phenomen a requiring research attention exist.

For example , s t u d i e s  show an a d d i t i o n a l  a b s o r p t i o n  of l i g h t  in

ion implan ted samples (Ref 38; 16:85) . A f t e r  l a s e r  a n n e a l i n g

the implanted sample , the  l igh t  t r a n s p a r e n c y  r e t u r n e d  to  i t s

o r i g i n a l  v a l u e .  The exact m e c h a n i s m  r e s p o n s i b l e  f o r  t i - c i n -

creased a b s o r p t i o n  of l i g h t  is unk n omc n . -\ p o s s H i l i ~~. is  t L A t

this phenomenon is linked with non-radiativ e c cn t rs  w h e r e i n

energy is conver ted  to heat  w i t h i n  the  crystal. Another idea

promulgated by Coates (Ref 11:96) is that due to disordcring,

optical trans it ions between densi ty of states ’ tails in the

forbidden gap cause this phenomenon to emerge.

Another example of notable interest is the mechan ism behind

which an amorphous  r eg ion  of about l000A (angstronis) is able to

crystallize in about l0~~ seconds (Ref 31). Riniini and co-

workers poin t out (Ref 42:155) that to grow a l000A thick amor-

phous layer in l0~~ seconds , a g rowth  r a t e  of i010A is required.

This is orders of magnitude higher than the maximum r a t e  nor -

mally used for growing single crystals of GaAs.

In light of these considerations and the threshold energy

densi ty values found in the amorphous to single crystal transi-

tion of Si and GaAs , Rimini (Ref 42:155) makes the suggestion

that , in la ser anneal ing , the processes involved could be

related more to liquid state than to solid state epitaxy . The

energy deposi ted by the laser pulse in the absorbing layer

increases the layer temperature up to the melting point , thus

mel ting the damaged layer.

Numerous me thods are used to compar e  laser annealed samples

16
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with thermal annealed samples. These include surface spreading

r e s i s t a n c e  m e a s u r e m e n t s  ( t w o - p o i n t  and f o u r- p o i n t  p robes) ,

Secondary Jon Ma ss  Spec tr oscopy  (SI M S ) , R u t h e r f o r d  b a c k s c a t t e r -

ing , c h a n n e l i n g ,  T r a n s m i s s i o n  E l e c t r o n  M i c r o s c o p y  (T EM ) , and

electrical analysis (Ref 34:149; 1 7 : 14 2 ) . To date , no comp ar i-

son stud ie s  have been p u b l i s h e d  on l a s e r  a n n e a l i n g  and t h e r m a l

annealing using cathodolumimies cence.

Elec t ron  Beam P e n e t r a t i o n

Ca thodo luminescence  employs  e l e c t ron  beam energy  versus

sample pene t ra t ion  depth character istics. As the electron

be am energy  is incre ased , the  penetration depth into GaAs

inc reases .  Severa l  s tud ies  have been made to determine the

p e n e t r a t i o n  depths  of e l ec t rons  i m p i n g i n g  on GaAs saniples at

an angle of 45° .

In 1973 , Norris and co workers (Ref 39:3209) used the uni-

versal stopping curve to calculate that , for electron beam ener-

gies of 5, 10 , and 20 kcV , the electrons penetrated to a depth

of about 1400 , 480 0, and l6 ,000A , respectivel y.

Martinelli and Wang (Ref 37:3351) developed an empirical

formula by investigating electron penetration of films of

various thicknesses. They determined the m a x i m u m  p e n e t r a t i o n

of dep th of 5 , 10 , amid 15 keV electrons to be about 2800, 7800 ,

and l4 , 000 A , r e s p e c t i v e l y .

In  1978 , Cone (Ref  12) i n v e s t i g a t e d  the e lec t ron  penetra-

tion depth of GaAs using the Monte-Carlo method. The results

indicated that the m a x i m u m  p e n e t r a t i o n  d e p t h s  of 5 , 10 , and

17
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Fig 3. Estimated Electron Beam Excitation
P r o f i l e s  in GaAs (Ref  12)

15 keV electrons should be approximately 1900 , 5000 , and

ll ,30 0A , respec t ivel y (see Fig 3 ) .  A s u m m a r y  of a l l  th ree

r e s u l t s  is shown in Appendix B. It  should  be eln l )ha sized  that

the g r e a t e s t  amount  of e l ec t ron  ene rgy  is los t  n e a r  the  s u r f ac e
0

( w i t h i n  2500A at  15 kcV) r a t h e r  t h a n  at the m a x i m u m  e le c t r o n

pene tration depth for that energy.

~j~~u r i t i e s  and L a t t i c e  V a c a n c y  Coi mpetftion

The s a m p l e s  used t h r o u g h o u t  t h e  p r e s e n t  s t u d y  are known to

he rela t ively low puri ty and of ten con ta i n such impuri t ies as

t8 
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copper (Cu), zinc (Zn) , silicon (Si), and c arbon (C) . ‘Ih ese

na t ive im puri ti e s under condi t ions of variou s ann eal ing tem-

peratures , will compe te for latt ice v acancy posi t ions. Hwan g

observed (Ref  25 :5353 )  tha t  with or w i t h o u t  heat  t r e a t m e n t ,

ex tern al sour ces could suppl y suff ic ien t quan tit ies of Cu to

s a t u r a t e  the crystal. Today it is widely accepted that Cu

d i f f u s e s  in to  Cr -doped  (S i )  GaAs s u b s t r a t e s  such as those used

in t h i s  s tud y .

in recen t studie s , Ashen and co-workers (Ref 1:1051) ,

Koschel , et al . (Ref 32:98) and Lidow , Ct al. (Ref 34) concluded

that Zn , C , and especially Si are na t ive impuri t ies to mos t

GaAs sam p le s , includin g the v arious epilayers .

Each of the above enumerated i m p u r i t i e s  has  a c h a r a c t e r i s t i c

vapor pressure , diffu sion ra te , and dis tribu t ion coef f ic ie n t

wh ich are t empera tu re  dependent .  Since this  t e m p e r a t u r e  depen-

dence exis ts , the d i f feren t impuri t ies are thou ght to d i f fu se

in and out of lattice vacancies at different rates. This is

especia l ly  impor tan t  when considerin g differen t annealin g

temperatures and annealing times. Hwang (Ref 25:5351) found

for  example , tha t  dur ing  t h e r m a l  anneal ing  at I < 87 0°C , Cu

thpurities replaced arsenide vacancies (VAS) g
j.\Ten up by wha t

is bel i eved to be Zn (Ashen 1 : 1051) ,  wh i le Si apparen tly re-

mained  a~ fixed to its VAS and gallium vacancies (V Ga ) la tt ice

poin ts. As the thermal annealing temperature was raised to

I > 900°C thoug h , bo th  Cu and Zn yielded 
~As vacancies to Si

and the  dominan t  p eak s h i f t e d  to one a t t r i b u t e d  to Si As , thus

conver ting the n-type Cr-doped (SI) GaAs substrate to p-type.
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In ano ther unrela ted s tudy, Koschel amid co-workers

(Ref  3 2 : 9 8 )  observed  in li quid phase  e p i t a x y  (LP1 ;) and C r - d o p e d

(SI )  GaAs a t  T = 7 4 0°C , that C atom s transferred from Ga to As

si tes . Addi t ionall y ,  experiments on Si-dopcd n-type bu]k GaAs

demonstrated that at 800°C , Si diffused from Ga to As sites.

Simil ar resu lt s are al so repor ted by I.um and t~icder (Ref 35:

213)

In 197 8, Lum and co -worke r s  (Ref  36:3333)  i n v e s t i gated

Ge-do ped GaAs grown by LPE methods. Ge is primarily a shallow

accep tor in LPE GaAs. Since it has a lower vapor pressure

than Zn , as well as a small diffusion and d is tribu t ion coeff i-

cien t , its impur ity level was easily controlled. They con-

cluded t ha t  t h e r m a l l y  genera ted  VA5 in the vicinity of the

interface were occupied by Ge atoms leadin g to a reduc t ion in

deep-level coxiplexes attributed to VA5 -CA5 and a domina ting

(F -B)  spec t ra l  peak at 1 .483 eV.
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The ca thodo lumnin escence  sys tem and the procedur es used

in thi s s tud y have been reported in previous studies (Ref 12 ;

52:18) . For a d d i t i o n a l , de tail ed i nform at ion these works

should he consu lt ed.

This chapter is divided into the following main areas:

the cooling sys tem , v acuum sys tem , elec t ron gun , luminescenc e

de tect ion , da ta di sp l a y ,  sampl e description , and experimen tal

er ro r .  For a schemat i c  of the ca thodol umin escence sys tem , see

Fig . 4 .

Coolin g Sys tem

The coolin g sy~ tem was provided by an Air Products and

Chemical , Inc . liquid Heli-Trans Cooler system . This system

provided an optimum temperature at which cathodoluminescence

spec tra induced the grea test amoun t of inf orma tion from

electron-hole recombination mechanisms without harming the

crystal sample being investigated. All measurements of spectra

were made with this system cooled down by liquid helium to

temperatures in the 10° K region .

Vacuum System

The vacuum sys tem provided pressures down to 10 ’
~ Torr

in the sampl e chamber. This pre ssur e was p rov ided  by a mech-

anical pump and two diffusion pu mps wi th a U n i o n  C a r b i d e
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N i t r o g e n  trap to act as a f i l t e r .

E l e c t r o n  Gun

The e l ec t ron  gun was of s t a n d a r d  des ign  and o r i g i n a l l y

manufac tur ed by Hughes Aircraft Compaily, Vacuum Tube Produc ts

Division . The gun cathode was operated at 5-15 keV p o t e n t i a l

wi th the anode at ground. This limi t w as p laced on the elec tron

gun since voltages higher than 15 keV were found to cause arcing

in the system . In normal operation , th e Grid 1 and Gr id  2

po tent ials were op era ted at 0 and 20 0 vol ts , respec t iv ely .

The elec tron gun housing was located in a mount under the

mirror block . An al ignmen t coil was ins talled over the mirror

block to correc t f or mis alignmen t of the gun. Addi t ionally ,

a cen ter in g coil , fo cus coil , and defle ction coil were included

to posi tion the elec tron bea m genera ted by the elec tron gun

onto a 45° angle , inc]Jned sample holder. The beam current was

measured by directing the beam from the sample into a Faraday

cup .

Detec t ion  System

From the sample chamber , the induced luminescence from the

sample traveled throu gh a qu ar tz window and was focused on to

the spec trome ter sli t by a plan o convex quar tz lens and two

spher ica l  qua r t z  lenses mounted  on an Ealin g 5 0 cen t ime ter

op t ical bench. One conv ex lens ha s a fo cal len gth of 10 cen ti-

me ters and wa s posi t ion ed at approxima te ly ~his di stance from

the sampl es. The o ther two lenses of 25 cm and 6 . 5  cm focal

l eng th  were  in the same mount with a fixed separation of 8 cm ,
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and they were posi tioned near the spec trome ter sl it . A Spec tra-

coat Varipass number 650 filter of set 6193 was also placed in

the mount to prevent radiation of wavelengths below 6500A from

entering the spec trome ter (Ref 5:23).

The luminescence  was examined by a Spex 1702 3/4-r.ietcr

Czerny-Turner spectrometer. The spectrometer was equipped .

with a 1200 lines/mm grating which was blazed to S000A. A

Spex Model 1752- 3 motor drive unit and Interface/Control box ,

designed and constructed by C. Gergal , provided external

stepp ing signals to the spectrometer (Ref 6:27; 15:19). An

RCA C70007A photomultiplier tube , operating at 50°C with Si

response , was used to detect the radiation emission scanned by

the spec t rometer .

Data Display

The photomult ip l ie r  tube converted the incident radiation

into electr ical  pulses which were then processed by a Model

1121 Pr inceton Applied Research Ampl i f i e r  D i sc r imina to r  and

Discr iminator  Control Un i t .  The s ignal  was then ampl i f i ed  by

a Hewlett-Packard amplifier. From the Hewlett-Packard ampli-

fier , the signal was passed to a Hewlett-Packard Model 5400

multi-channel analyzer (1024 channels) for counting .

Sample Description

In t h i s  exper imer 1t 10 samples were i nves t iga t ed  us ing

various electron beam energies. Samples 1, 2, 3, and 4

(Group #1) were intended to provide a basis from which laser

annealed samples could be properl y interpreted using comparison
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TABLE I

Samp le De sc r i p t ion

Fluence/ Annea ls
Type Implant Energy

Con trol Type  I m p l a n t2 Impl ant Energy  Densi~yGroup Sample Code Anneal m (ions/cni ) Temp 2 (keV) (j/cm )

#1 1 48 U.A. none - -  - -  - -

2 47 U.A. 3E14/Ge RI 120 - -

3 4 39 T.A. 3El3/Ge RT 120 - -

4 4 40 T.A. 3E14/Ge RI --

#2 5 51 L.A. None --  - -  > . 24

6 49 L.A. None - -  - -  .24

7 50 L . A .  None -- -- >> . 24

#3 8 42 L.A. 3E14/Ge RI 120 .24

9 43 L.A. 3E13/Ge RT 120 .252

10 41 L.A. 3El3/Ge RI 120 .24

‘U.A. = Unannealed; T.A. = Thermal Annealed ; L.A. = Laser
• Annealed2RT = Room Tempera ture

3Calibrated Laser Annealed Density Values (Ref 38)
4These samples were annealed at 850°C for 15 minutes

techni ques.  Samples  5 , 6, and 7 (Group #2) were examined to

provide threshold density information in addition to laser

annealed spectra information . Finally, Samples 8, 9, and 10

(Group #3) provided the core of the investigative efforts.

Table I provides a summary of specific sample information .

All samples are characterized by Cr-doped , semi- insu la ting

( S I ) ,  as-grown GaAs substrates. Samples 3 and 4 have l000A
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S13N4 ca ps , while all other samples are uncapped .

All the samples investigated were provided by the Air Force

Avionics Laboratory , Wrigh t-Patterson AFB , Ohio. Samples 5-10

were laser annea led by Mason in a concurrent s tudy (Ref 38).

His work should be consul ted for a more comprehensive look at

the me thods used .

Experimen tal Error

To determine the degree of experimental error , the following

error analysis was performed. From

A = [(x + n) - (y + n)]L + (6)

where

A = wavelength of spectrum data point

x = channel number of data point

y = channel number of calibration line peak
t

n = possible error in MCA = ÷ 1 channel

L = 
wavelength reg ion inves tigated 

= 
1777.8 1 73611number of channels used in MCA l024

= 8014.8A (calibration line wavelength)

Substituting in the above applicable information y ields

A = [(x + 1) - (y + 1)11.73611 + 80l4.8A

Case I. Peaks in the first half of MCA (for example ,

x = 186 , y = 7)

- A = [(186 + 1) - (7 + l)]1.7361l + 8014.8A

A = [179 ÷ 2]l.736l1 + 8014.8A
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A 1 
= 8322.0 9 14 1\  ( fo r  -2 )

A 2 
= 8329.0359A (for +2)

Therefore , since E~ = 
l 23~ 8.54 (ev) where is the spec-

tral peak energy, a maximum possible error of 1.24 nieV exists

for this case.

Case II. Peaks in the second half of the MCA (for example ,

x = 652 and y = 7)

A = [(652 ÷ 1) - (7 + 1)J1.7361l + 8 0l4 . 8 A

A = [645 + 2]l.736ll + 80 14.8A

A
1 

= 9131.i187A (for -2)

A 2 
= 9138.Oô3lA (for +2)

Therefore , a maximum possible error of 1.03 meV exists for

this case. Hence , these results indicate that recorded emission

spectra are accurate to within approximately ÷1 meV .
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IV .  Resu l t s  and Discuss ion

The data presen ted in this chap ter was obtained from ten

samples. These samples , descr ibed individually in the previous

chapter , are divided into three areas labeled Group #1 , Group

#2 , and Group #3. The Group #1 samples represent the basis

group which , through comparison wi th the o ther two groups ,

will yield more informa t ive observa tions . Group #2 represents

unimplanted samples examined in a effort to establish the thres-

hold ener gy density for laser damage in low purity Cr-doped

(SI) GaAs . Finally, Group #3 contains the laser annealed ion

implanted (Ge) samples. As noted in Chapter II , the samples

used throughout the present study were Cr+doped , semi-insula t-

ing crystals of GaAs . Such crystals are known to be of

relatively low purity - and to often contain such impurities as

copper (Cu) , zinc (Zn), silicon (Si), and carbon (C). Further ,

under various annealing tempera tures , annealing t imes , and

quenching times , the different native impurities will compete

for lattice vacancy positions induced by the annealing process.

In addit ion, the various fluences of the added implant element

induce damage defec ts by the implantation process. Therefore ,

the emission spectra of unannealed , thermally annealed , and

laser annealed samples mus t be interpre ted by considering all

of these fac tors.

Cathodoluminescence of Group #1

Group #1 is composed of Samples 1 , 2, 3, and 4. Samples 1

28
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and 2 are the unannealed unimuplanted , and unannealed 3x 1U~

ions/ cm 2 Ge implan ted  samples , r e spec t i ve ly .  Samples  3 am p :

are the thermally annealed Ge implanted samples of fluencc~

3x1013 ions/cm 2 and 3x1014 ions/ cm 2 , respec t~ vely . The CI.

results of each of these samples , describ ed in Chap ter 111 ,

will be discussed individually (see Table I).

Sample 1. A typical spectrum for Sample 1 at 10°K ,

obtained with an electron beam energy of 10 keV , is shown i.

Fig 5(a). The near band edge peak located at 1.515 eV is

attributed to unresolved exciton recombinations (Ref 23; 4 - ;

55). The spectrum indicates additional peaks at 1.492 , l. -~

1.471 , 1 .407 , and 1.36 eV. From past  s tud ies , these are

attributed , respec tively, to (F-B) CA5 , (F-B) GeAS from tr :i-.

elements , VA5 related defec ts , VAS -accep tor complexes , and

weak peak due to CUGa (Ref 1:1051; 9:1421; 26:4; 47:423).

dominant peak appears to be due to the native impurity car~~ .

As can be seen from Appendix B , this emission excited with

10 keV electrons is characteristic of luminescence from the

surface to a maximum depth of about 5400A.

Sample 2. This sample was probed at lO°K using electrc - .-

beam energies of 5, 10 , and 15 keV . Typical emission specL

(see Fig 5(b)) indicated surface damage at the 5 keV range.

10 keV (maximum depth of about 5400A), the luminescence was

characteristic of the native impurities C (1.494 eV) and :~

(1.49 eV); also observed here were peaks at 1.515 , 1.469 , l .

and 1.36 eV (see Fig 5(c)). Luminescence at 15 keV (a max i:

depth of about 1.1 jim), shown in Fig 5(d), essen t ially m u
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the same observed pe aks w i th the dif fer ence being the latte r

spec tra were much lower in intensity. Since the imp lant dep th

is about l000A , these results seem to support the contention

that the spectral results are characteristic of native impuri-

t ies , and that the Ge imp lanted atoms are on non-r adia t ive

sites. At 15 keV , the observed peak at 1.477 eV is attributed
- - 

to Ge. As was noted in Sample 1, the 1.47 eV peak att ributed

to VAS related defects was also observed in this sample. It

should also be noted that at 10 keV only, a 1.36 peak attri-

buted to CuAS was observed (Ref 25:5331; 54:254; 57:271).

Fur thermore , the 1 .40 eV VAS -accep tor complex peak and the

1.37 eV V Ga defect related peaks were not observed in this

sample. At 10 keV , the 1.4 9 eV (Zn) and 1.47 eV (VA5 defec ts)

peaks were nearly equal in dominance , while at 15 keV , the 1 .47

eV band was the predominant peak .

Sample 3. Typical spectra for Sample 3 at l0°K for the

different excitation energies of 5-15 keV are shown in Figs 6

and 7. At 5 keV , the dominant peak was the 1.398 eV band . As

the excitation energy was increased to 7.5 keV , the 1.398 eV

peak became less dominan t in comparison to the 1.36 eV band

until finally at 15 keV , the 1.36 eV band dominated the 1.398

eV band.

The literature indicates that the 1.398 eV band is associ-

ated with VAS-acceptor complexes (Ref 8:144). T i s  present

data tends to support this contention. A~ one probes deeper

into the sample , the relative intensity of the 1.398 eV band

compared to the 1.36 eV band significantly decreases in

L 
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agreemen t with the above contention that arsenide diffuses

outward leaving arsenide vacart. ies behind (Ref 9:1422) .

Since the Cu impurity is assumed to be pres ent in this

sample as a nat ive impuri ty, the Cu peak (1.36 eV) was chosen

to normalize all other peaks . The literature indicates that

the 1.36 eV band is due to a Cu impurity migrating onto gallium

vacancies (Ref 54:253). Chang and co-workers (Ref 8:145),

however , contend that this band is due to V Ga ) while a 1 .37 eV

band is due to CUGa Since these are within the limits of the

experimental error of this experiment , the 1.36 eV will be

referred to as an unresolved V Ga defec t and CUGa band when

there is doubt one way or the other. In different situations ,

such as SiO 2 or Si3N4 capped samples versus uncapped samples ,

one seems to be favored over the other , thus reducing the sig-

nificance of the controversy in the literature (Ref 10:317).

At 5 keV , the 1.4~ 7 eV and 1.474 eV bands are totally

dominated by the VA5 -accep tor complex related band (1.398 eV)

and the CUGa (1.36 eV) band . (In this case , the 1.36 eV band

is designated as a CUGa since it is consistently strong at all

depths.) At 7.5 keV , the 1.488 eV and 1.475 eV bands increase

in intensity with the 1.488 eV peak the dominant of the two .

At 10 keV , the 1.488 eV peak exceeds the intensity level of

the V~5-accep tor complex related peak , while the 1.478 eV peak

remains at half the intensity of the 1.488 eV hand . Lumines-

cence from 13 keV electrons indicates the 1.488 eV band has

increased in intensity, while the 1.476 eV band remained at

the same intensity relative to the 1.398 eV band. At 15 keV ,
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the 1.488 eV band increased still more in intensity compared

to the 1.398 eV band , whil e the 1.477 eV level remained essen-

tially at the same relative position noted in the 10 keV and

13 keV probes.

The 1.488 eV band appears to increase in intensity as one

probes deeper into the crys tal. Ashen , et al. (Ref 1:1051)

assi gn a peak at 1.488 eV to a (F-B) transition with a Zn

accep tor. Since the s amp les probed in this experiment are of

lower purity than those inves t igated by Ashen , one might expec t

to find Zn at a lower energy as a resul t of band tailing .

Although this sample is capped , Zn still out-diffuses since the

densities of the cap and sample are nearly the same . This

supports the observation of an increasing 1.488 eV level as one

probes deeper. This idea applies also to the 1.398 eV band

since As is known to diffuse outward if the sample is not Si02

capped or under As pressure during thermal annealing (Ref 51:

54). Figure 7 shows that at the different excitation energies ,

the position of the 1.488 eV peak remains constant. This seems

to indicate the existance of an unintentionally doped impurity

in the sample. For these reasons , then , it appears that the

1.488 eV peak is due to residual Zn impurities found in the

GaAs substrate.

Ashen , et ai. (Ref 1:1051) identify the Ge (F-B) peak at

1.479 eV. Because the energy is expected to be shifted to a

lower value in a low purity sample , the 1.475 eV peak observed

in the spectra is attributed to GeAS . Figure 7 shows the fact

that as the excitation energy increased , the 1.475 band
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shifted (increased) about 3 meV in ener gy. From Eq (3),

using a value of ED 
= 6 meV (Ref 4 6 : 2 2 2 5 )  and E

A 
= 38 meV

(Ref 43:263), the spectral emission for a (D-A) is 1.475 eV.

Schairer identifies the 1.478 band as a possibl e LO phonon

replica of the 1.5)4 eV exciton related band (Ref 47:423).

Throughout all the measurements , the 1.514 eV band has been

present. Based on the intensity levels of the 1.514 band

versus the 1.478 eV bands , however , one discounts the possibil-

ity of the phonon replica contention.

Sample 4. This sample was investigated using electron

beam energies of 5, 10, and 15 keV (see Figs 9 and 10). These

correspond to maximum depths of penetration of approximatel y

l900A , 5400A , and 1.1 jim, respectively. Since this sample has

a l000A S13N4 cap, the ac tual sub s trate penetra tion depths are

estimated to be 900A , 4400A , and 1 jim(Ref 12).

At 5 keV , the 1.515, 1.492, 1.489 , 1.474, 1.445, 1.403 ,

1.36 and 1.322 eV bands were observed. As the excitation energy

increased to 10 keV , the 1.515 eV and 1.489 eV band intensities

increased significantly above those of the previously observed

peaks. At 15 keV , the 1.489 eV peak dominated all other peaks .

Evaluation of the simple center peaks shown in Fig 11 pro-

duced similar information as that found in Sample 3. The

1.515 eV was constant throughout the investigations at differ-

ent excitation energies. This peak is , of course , attributed

to an unresolved exciton complex. Within the limits of the

experimental error , this peak could be due to free excitons or

exciton s bound to neutral donors (Ref 23:464). The 1.491 eV
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shoulder observed a t S keV , shown in Fig 9 (b ) , is attributed

to CAS (Ref 1:10 51).  The 1 . 47 5 eV , no ted in Sample 3 , is again

observed in these spectra . It is attributed to a possible Ge

donor band-Ge acceptor band recombination . One should note

that in Fig 9, again the 1.475 e\T band was observed to increase

in energy about 3 meV over an excitation energy range of 5-15

keV .

The 1.459 eV band is thought to be a LO phonon from an

unresolved 1.494 eV carbon acceptor recombination. This claim

is based on the observed low intensity of the 1.459 eV peak.

In addition , the 1.491 eV peak seems to indicate the presence

of CA5.

The 1.403-8 eV band indicates a distinct increasing shift

with increasing excitation energies. This peak is generally

considered to be due to VAS~
acceptor complexes . The acceptor

is possibly Ge since it is the primary dopant. Koschel and

co-workers attributed CAs~VAs to the 1.413 eV , while Si As-
VAS corresponds to the 1.409 (Ref 32:99). Therefore , it is

possible that the 1.403-8 corresponds to GeAS-VAS , but more

research is required to harden this plausibility argument. At

5 keV , the 1.40 eV and 1.36 eV peaks are of equal intensities.

As the penetration depth is increased , the 1.40 eV band de-

creases while the 1.36 eV band remains essentially constant.

This clearly supports the claim that the 1.40 eV is attributed

to VAS —acceptor complexes , possible Ge as noted above . The

1.36 eV is attributed to CUGa~ 
Since the S13N4 cap serves the

purpose of containing gallium atoms , spectral characteristics

4 1
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associated with gallium vacancies are not to be expec ted (Ref  9:

1421)

The orig in of the 1.445 eV peak is not certain at this

time . However , at 20°1( a new Ge line was identified at 1.454

eV in Ge doped GaAS by Williams and Ellio t (Ref 55:1657). This

line was attributed to VAS -Ge AS complexes and may account for

the 1.457 eV observed at 10 keV and 15 keV . At l0°K this may

explain the 1.445 eV , bu t more tempera ture var ia tion experi-

ments are required to substantiate this possibility . Another

possibility is that a native impurity is involved on the surface

layer with the VA5 -
~
cceptor complex causing the 1.445 eV peak.

Kusano suggests in a recent study (Ref 30:4021) a diatomic

donor or acceptor complex model that may explain the 1.445 eV

and/or 1.471 eV in more detail. Finally, the 1.322 eV band is

attributed to a LO phonon replica of the 1.36 eV CUGa band ,

based on its approximate separation energy of 36 meV .

Cathodoluminescence of Group #2

Grou p #2 Consists of samples 5, 6, and 7. These samples

are all unimplanted and laser annealed at various energy den-

sity values as noted in Table I , page 25. The CL results of

each of these samples will be discussed individually.

Sample 5. A typical spectrum of Sample 5 is shown in

Fig 12(a). This spectrum was made at lO°K using an electron

beam energy of 10 keV . A 1.515 eV band attributed to unre-

solved excitons , a 1.489 eV band thought to be due to Zn , and

a 1.468 eV band possibly attributed to VA5 defects were the

42

4 ~~~~~~~~~~~~~~~~~~~~~~~~~~

_ _  _ _  
_ _ _  

_ _
_________  - - -—--—------ -.~~~~~ - -•—-- --- — ---- ___ ___ _* I _ __



.-- -
~~

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

(a)
E B = l 0 keV

1.468 i = UKN
1.489 :~ 

B

% I •~4.-
1.5154

•r4
.M’’•~

-
~

• ?-~ ~~~..S.. ._. — 
~ .. ‘ ~~~~~~~~ 

. .. •  . • .~ 
• ..— ~~~~~~~~~~~~- -

5-4

Energy (eV)

1.470
(b) E = l 0 keV

1.486 ~ B

I~~= l ~~amPl.489~ :•

• l ! s
, 

.•
.

U) .
4 .

~ 1.515 ~; ;
~~~~~. :

s-i .

FL,
S.., 

•

....
Energy (eV)

Fig 12. The CL Spectra Obtained at 10°K on
(a) Sample S and (b) Sample 6

43

4 

- -—- - - - - ~ , - - - - - - -  -~~



only spectral peaks obtained. ‘Ihe intensity of this spectrum

was extremely low , indica t ing tha t n o n - r a d i a t ive cen ters char-

acteristic of heavy dam age were dominan t in this  sample .  The

dominant peak was the 1.468 eV (damage related VAS) peak .

This sample has a luminescent intensity two orders of mag-

nitude less than that obtained in Sample 1. The 1.515 eV band

is observed in bo th spec tra as is the 1.468 eV band . A distinc—

tive difference though is the lack of a CAS induced band in

this sample. It should also be pointed out that the lower

energy peaks (below 1.468 eV) observed in Sample 1 are not

observed in this sample.

Sample 6. This sample was investigated at lO°K using an

electron beam of 10 keV (see Fig 12(b)). This sample was

characterized by the 1.515 , 1.489, 1.486 , 1.470 , and 1.433 eV

bands . These correspond to , respectively , unresolved excitons ,

ZflAs , S1AS , damage related VA5 , and a LO phonon of the 1.470

band . The spectra showed an order of magnitude more intensity

than Sample 5. Again though , the 1.47 eV peak was the predomi-

nant peak. It should be noted that in this sample , the laser

anneal seems to have induced SiAs to become an observable peak ,

totally dominating the ZnAs related peak.

Noticeable differences between this sample and Sample 1

exist. For example , the CAS peak which was dominant in Sample

1 is no longer observed in this sample. Additionally, the

1.470 eV peak observed in Sample 1 is the dominant peak in this

sample. Finally, as was noted in Sample 5, no luminescence was

observed below 1.433 eV.
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Sample 7-. This sample was totally non-radiative in the

1.2 eV to 1.52 eV range. At 1O°K and at various excitation

energ ies in the range 5-15 keV at 1 pamp , no luminescence i~as

detected.

Cathodoluminescence of Group #3

This section contains the observations of the emission

spectra obtained from three laser annealed samples. These

samples are Sample 8, Sample 9, and Sample 10. These will be

described individually.

Sample 8. Figure 13 presen ts the typical  spec tra ob ta ined

at lO°K using electron beam energies of 5, 10 , and 15 keV . The

spectra obtained from the surface to about l900A contained the

1.447 eV and 1.36 eV peaks. Higher energy peaks were not

observed in this sample at 5 keV beam energies.

The 1.447 eV is thought to be possibly related to

complexes or diatomic complexes involving donors or acceptors

(Ref 30:4021; 55 :1657) . The only basis for this con ten t ion is

that it is known that this sample has been heavily implanted.

If no annealing has taken place or even partial annealing has

taken place , then the formation of diatomic donor or acceptor

complexes from a heavy resource of interstitial Ge atoms is

within the realm of possibility. It should be noted that the

1.447 eV has not been observed in unimplanted samples.

The 1.36 eV is attributed to the CUGa band. This claim

is based on several factors. First , this sample is uncapped.

This allows the out-diffusion of gallium atom s to go unchecked.
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A second fac tor is the presence of Cu i m p u r i t i e s .  Since Cu Ga
induced  peak s were observ ed in the Si 3N4 capped thermal annealed

samples , the statement tha t Cu is indeed present is fu l l y jus ti-

fied. Therefore , since V Ga defec ts are expec ted to be lo w , the

1.36 eV band is attributed to CuGa .

From the surface to a depth of about 5400A , the lumines-

cence pe ak s observed were the 1 . 513 , 1.493 , 1.490 , 1.483 , 1.471.

and the 1 . 36 eV peaks .  These correspond , respec ti ve ly ,  to un-

resolved excitons , CA5 , ZnAs , S1AS , VAS damage (defect related) ,

and CUGa • These have been described in previous samples.

Especially noteworthy here is the fact that this spectrum , at

10 keV , provided the same peak information as that obtained

from Sample 2 at 10 keV , except that the intensity from this

sample was an order of magnitude less.

At 15 keV (a maximum penetration depth of about 1.1 pm),

the intensity dropped again by nearly an order of magnitude .

In this spectrum , the 1.514 , 1.491 , 1.469, and 1.36 eV peaks

were observed. These have been previously described. Again

this extremely low intensity count seems to indicate severe

damage since there is an excessive number of non-radiative

centers.

Sample 9. Typical spectra of Sample 9, measured at l0~K ,

produced by 5, 10, and 15 keV electron beam energies are shown

in Fig 14. The significant surface layer peaks obtained at

5 keV were 1.480, 1.455 , 1.448, and 1.36 eV.

The 1.480 eV band is attributed to GeAS (Ref 1:1051).

The 1.455 eV and 1.448 eV peaks have been previously attributed
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to poss ible  V A5 -G C AS complexes  and d i a t o m i c  complexes , respec-

tively. The 1.36 eV hand is attributed to CU
~ a~ 

as no ted in

the previous sample. It should be noted that the intensity of

this spectrum is very low , indica t ing probable  severe surface

damage.

At 10 keV the 1.514 , 1.484 , 1 .468 , and 1.432 eV bands are

observed. The 1.484 is attributed to SIAS (Rcf  1).  The domi-

nan t peak , 1 .468 eV , is thou gh t to be VAS defect related as

noted earlier. The 1.432 appears to be a LO phonon replica of

the 1.468 eV band since it has a roug h separation energy of

36 meV . it is noteworthy that this spectra is similar to the

spectrum of Sample 2 , excep t tha t SiAS has seemingly  replaced

the ZflAS peak and the intensity of this spectrum is an order of

magni tude less. One should also note that the ion implant
F 

concentrations are different by an order of magnitude .

At 15 keV the 1.513 , 1.495 , 1.489 , 1.470 , 1.432, and 1.36

eV bands are observed. They have been previously attributed

to unresolved excitons , CAS , ZflAS , VAS defect related , LO

phonon replica , and CuGa. At this maximum penetration depth

of 1.1 pm , the dominant peak is observed to be due to ZflAs
(1.489 eV). At this penetration depth , the luminescence inten-

sity was found to be moderately high , surpassed only by

(thermally annealed) Sample 3.

This spectrum closely approximates that of Sample 4. The

main difference , aside from the luminescence intensities , is

that this sample has a characteristic 1.468 eV VA5 damage

related peak. Since the luminescence intensity is moderatel y
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hig h and this  spec t rum near l y coincides with that of Sample 4,

one mi ght contend that som e laser annealing in this region

took place. The criteria used here is that of hi gh concentra-

tions of radiative centers and low damage rela ted peak

intensities.

Comparing the spectra of the various penetration depths of

this sample , one notes some interesting observations. At 5 keV

the spectrum was characterized by the GeAs (1.480 eV) and

probable VA5 diatomic donor or acceptor complex related (1.447

eV) peaks . At 10 keV a complete change took place. The

spectrum was characterized by the S
~As 

(1 .484 eV) and VAS damage

related (1.468 eV) peaks. Then , at 15 keV , a change took place

again . This time the spectrum was characterized by the ZflAS
(1.489 eV) and VAS damage related (1.468 eV) peaks. These

results seem to indicate that temperature plays a very important

role in laser annealing , if indeed , temperature is responsible

for the lattice vacancy competition among the various impuri-

ties.

Sample 10. Sample 10 was investigated using an electron

beam energy of 10 keV at l0°K. The spectrum , shown on the next

page in Fig 15, is characterized by only two main peaks of mod-

erate luminescence intensity. These were the 1.489 eV peak

attributed to ZnAS and the 1.409 eV peak attributed to VAs~
acceptor complexes. Lower energy , but unresolved , peaks were

present . These contributed no usefu l information and were ,

therefore , not considered any further.

Especially noteworthy in this sample was the observation
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Fig 15. The CL Spectrum Obtained at
l O °K on Sample 10

that above 1.409 eV , the non-radiative centers dominated the

normally radiative centers , except at 1.489 eV.

This sample is similar to Sample 3 in the region of the

1.409 eV peak through lower energies. For energies above

1.409 eV , this sample is similar in that the 1.489 eV band is

also found in Sample 3. The major difference between the two

samples lies in the fact that this sample has no observed

peaks at 1.478 eV or 1.455 eV. The lack of these peaks ,

attributed to Ge , seems to indicate the lack of sufficient

laser annealing .
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V. Conclus ions  and R e c o m m e n d a t i o n s

Conclusions

Ca thodoluminescence  was u t i l i zed  to inves t iga te germanium

implanted GaAs with an emphasis on the effects of laser anneal-

ing . The laser annealed samples were provided from a thesis

study performed concurrently with this experiment (Ref 37).

Due to the ma gni tude of this research pro jec t , this study repre-

sen ts only a por t ion of the total e f f o r t to ch arac ter ize  Ge

implanted-laser annealed GaAs . Therefore , any conclusions

presented at this time are tentative and , in fact , are basically

the significant observations obtained from the study . Presently ,

experimental data is still being collected , and a more complete

set of conclusions concerning recombination theory of laser

annealed Ge:GaAs is thus anticipated in the near future. The

primary observations drawn from this study are the following :

(1) At 10 keV and 15 keV the U.A. sample was strongly

characterized by the 1.47 eV VAS -defect related peak. At these

same electron irradiation energ ies , the thermal annealed

samples showed no evidence of the damage related 1.47 eV peak.

The thermal annealed samples showed Ge related peaks . Although

low in intensity , no Ge related peaks were observed in the U.A.

implanted sample.

(2) At 10 keV and 15 keV the laser annealed implanted

samples were characterized by extremely low luminescence in

comparison to the thermal annealed samples. Additionally , the
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spec tra of the laser  annealed samples were charac ter ized  by

dominan t 1.47 eV ener gy peak s .

The laser annealed samp le spectra in comparison to the

spec tra of the unannealed samples were charac ter ized by near ly

the same energy peaks . Thus , it is highly suggested that due

to the above noted obse rva t ions , the laser anneal  samples  are

not sufficiently annealed. Ge related energy peaks due to

imp lant annealing were not observed in the laser annealed Ge

imp lanted samples.

(3) The unimplan ted laser annealed samples were character-

ized by very low to no detectable luminescence. When irradiated

with 10 keV electrons , the luminescence of the samples was

charac ter ized by a dominan t peak at 1.47 eV. Thus , the very

low level of luminescence , coupled wi th the dominan t 1.47 eV

energy peak , strongly indicates a heavily damaged area in these

samples within a depth of about 5400A.

The secondary observa tions are the following :

(1) The laser annealed samples were characterized by

severe surface damage. This fact was ascertained by noting the

dramatic changes between spectral emissions obtained at 5 keV

and those obtained at 10 and 15 keV . These results seem to

indicate that the laser anneal temperature might play a very

important role in the annealing process. Additionall y, these

results suggest that capping samples prior to laser annealing

or etching the surface layer (approximately l900A) following

the laser anneal process may be necessary .

(2) The 1.493 eV peak was observed only in the unannealed

- -
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samples and in the  (3E l4  and 3E13) l ase r  annealed  s a m p l e s  (8 and

9) .  I t is att r ibu ted to a CA5 (F-B) recombina tion mechanism.

The fac t tha t CAS ‘.-:as observed in only laser annealed samples ,

and then onl y as a shoulder , sugges ts tha t an nea l ing  causes

carbon to yield its radiation centers to another impurity.

(3) The 1.489 eV peak was present in all samples except

Sample 1 and Sample 9 at 10 keV. This peak was att r ibu ted to a

(F-B) ZflAS recombina tion mechanism . The presence of ZflAs in

nearly all samples suggests that carbon yields its VAS to Zn

during annealing or heavy ion dose implantations . In the case

of the 3El3 laser annealed sample (Sample 9), the 1.484 eV

peak attributed to Si seems to have dominated the C and Zn

previously controlled radiation centers . This peak remained

essentially constant over an electron beam excitation energy

range of 5-15 keV.

(4) The 1.479 eV peak was present only in the thermally

annealed samples with a possible peak due to Ge traces observed

in the unimplanted-unannealed sample. This peak is presently

attributed to a (D-A) pair recombination involving GeGa and

GeAS , but more experiments in temperature variation are required

to confirm this contention . The presence of this peak only in

the thermal annealed samples strongly suggests the possibility

that the induced disorder and damage in the laser annealed

implanted samples was not removed by the laser annealing . A

second possibility is that the lattice order has been restored

by the laser annealing but that the Ge ions did not move into

substitutional sites.
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(5) The 1.469 eV peak , attributed to damage related defects ,

was presen t in a l l  hu t the  t h e r m a l l y  annealed  samples  and Sample

10. Again , this suggests the possibility of insufficient an-

nealing in the laser annealed samples.

(6) The 1.455-9 eV peak , attributed to Ge , was present

only in the thermal anneal samples. The literature indicates

this peak to be attributed to a V AS -Ge AS complex.  Therefore ,

this peak appears to be possibly yet another indication of a

fully annealed ion implanted sample.

(7) The 1.407-9 eV peak , attributed to VAS -acceptor

complexes , was present only in the 3El3 thermal annealed sample

and the second 3E13 laser annealed sample (Sample 10).

(8) The 1.36 eV peak was present in all non-lasec annealed

samples and in the 3El4 laser annealed sample. This appears to

indicate the presence of Cu in most samples. Since no Cu peak

was observed in Samples 5, 6, and 9, this probably indica tes

a lack of thermally generated gallium vacancies. This , of

course , can be explained by the time frame in which the laser

— anneal process takes place .

(9) Probably the mos t no table of all  observa tions is tha t

concerning the dominant peaks (1.489 eV) in the thermal

annealed samples. The spectral emissions of these samples were

expected to reflect strong Ge peaks at 1.478 eV rather than at

1.489 eV.

- In summary then , the following points should be noted. Due

to observation (1), items (2) - (9) are the result of the

spectral emissions generated by 10 keV and 15 keV electron beam
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energies on ly .  Also , the f ac t tha t Sample 7 pr esen ted no

radiative luminescence information appears to be due to the

extensive laser energy density deposited on this sample.

Recommenda t ions

As a resu]t of this study, several recommenda tions are

suggested in areas requiring a more extensive research effort.

These recommendations include the following :

(1) To provide additioflal evidence of the originating

recombination mechanisms of the observed energy peaks , addition-

al spectra emissions need to be obtained over different tem-

perature ranges.

(2) Hall measurements should be made on the various samples

to yield further evidence on the impurities responsible for the

observed energy peaks .

(3) Because of the heavy surface damage on the laser

annealed samples , it is highly recommended that the first

approximate 1900A layer be etched off and then to have the

samples probed again . Sample 7, for example , may then be found

to yield luminescence spectra .

(4) A wider range of fluences of unannealed , thermal

annealed , and laser annealed samples should be examined.

(5) To provide additional insight into thermal annealed

Ge implanted GaAs , it is recommended that the 1000A Si3N4 caps

be etched from such samples. This would allow deeper penetra-

tion of the electron beam for the energies used in this study.

This would yield more information that would more clearly
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delineate the trends of peak energ ies versus excitation

energies. It would also yield much more information concerning

the recombination mechanisms involving Ge.
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APPENDIX A

GaAs Values of Interest

Band Gap (E g)
lO°K 1.521

300°K 1.43 1

Dielectric Constant (e) 10.9 1

12.5 2

Absorption Coefficient (u)

• He-Ne laser line 4.6 x l04cm 1 at 2 eV 3

Rub y laser l ine 2 x l0~ cm 1 at 1.7857 eV

5 - = A for SI GaAs 0 .3  - 0 . 5  cm 1 at . 2 4 -  .62  eV
5 - 2~~i 

= A for Te:GaAs 3 -l(unannealed) 5 x 10 cm at .248- .62  eV

Donor Energy (ED) 6 .0  6

6.08

Acceptor Energy (EA)

Isolated , atomic complexes 30 ,70 meV 8

1-lall measurements , photoluminescence 35,38 meV
Ep itaxial GaAs layers 41.2 meV 10

Vapor Phase Epitaxy , I < 20°K 42±1 meV h 1

Density of GaAs 5.3 g/cm 3 12

‘(Ref 51:20) 5 (Ref 4:339) 9 (Ref 43:264)
2 (Ref 50:1603) ‘(Ref 46:2228) ‘-°(Ref 53:L243)
3(Ref 22:123) 7(Ref 50:1603) ‘‘(Ref 46:2227)
“ (Ref 28:946) °(Ref 33:4059) ‘2 (Ref 28:946)
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APPENDIX B

Various Estimates of Electron Beam Penetrations

Beam
Energy (keV) Depth1 (pm) Depth2 (pm) Depth’(pm) Greatest Loss’(pm)

5 .1400 .283 .1960 .0245

7 . 5  .5116

10 .4800 .7780 .5392 .0735

13 1.1420

15 1.4075 1.1275 .]078

20 1.6000 1.6897 1.7 156 .147

‘(Ref 39:3210)

2 (Ref 37:3351)

‘(Ref 12)
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