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Abstract 

Def ects in semi - i nsulat i ng g a l l i um arsen i de are rev i ewed , 
espec i a l l y  these contr i but i ng to compensat ion between donQrs 
and acceptors , which are respons i b l e  for the very h igh 
e l ectr ical  r es i st i v i ty of the mater i a l . Compensat ion mechan i sm 

f i ne bal ance between nat i ve deep donors ,  cal l ed EL2 , shal low 
acceptor s , ( C ,  Zn , Be , etc . ) and shal lo� donors  ( S i , Te , Se 
etc . )  i s  d i scussed i n  det a i l s .  Spec i a l  emphas i s  i s  put on two 
sub j ects : carbon as an impur i ty i n  GaAs , wh i ch i s  be l i eved to 
be the most important sha l low impur i ty ,  and b ) ext r i ns i c  and 
i nJ r i ns ic  defects ( yet un i den t i f i ed ) i ntroduc i ng deep t r aps i n  
forb idden energy gap o f  GaAs , wh i ch do not on l y  contr i bute to 
the donor -acceptor bal ance but a l so s trong ly  i n f l uence some 
impor tant opto-e l ectron ic p ropert i es o f  S I  GaAs 
( photosens i t i v i ty ,  spectra l  
per s i stent photocur rents etc . ) . 

1 .  I NTRODUCT ION 

photoconduct i ve r esponse , 

I n  the course of  the whole  f asci nat i ng h istory of  the f ast 
deve lopment and w i der  and w ider us� o� semiconductors ,  def ects 
in crysta l l at t i ce have been cons i dered as unwanted , harmf ul  
and det r imental ; a f f ect i ng 
optoe l ectron i c  propert i es . On l y  

numerous e l ectr ica l  and 
in recent year s  th i s  att i tude 
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star ted to change i n  the case of s i l i con , when i t  was found 
that some def ects can p l ay a bene f ic ia l  rol e  as wel l  ( harden ing 
of wafers due - to the presence of res idual oxygen , e f fects of 
getter i ng of f ast d i f f us i ng res idua l s  at i ntent iona l ly 
int roduced sur f ace def ects etc . ) . S imi l a r ly ,  i n  gal l i um 
ar sen i de the i ntent ional introduct ion of  one nat i ve latt ice 
de fect , ca l l ed EL2 . enab l ed for the f i rst t ime the growth of 
undoped .semi- i nsu l at i ng cryst a l s  ( S I -GaAs ) . which are now
�xtens i ve l y  used as a substrate for f i e l d-ef f ect  t rans i stors 
ind i ntegrated c i rcuits produc t ion . So aga i n , �he emphases is 
sh i f t i ng f rom e l imi nat ion of a l l defects f rom the crystal  
toward the control  over defects and even its  use for some we l l  
de f i ned purposes . 

Proper t i es of EL2 and some other spec i f ic defects have been 
reviewed recent l y .  New deve lopments in the study of the EL2 
defect  i n  GaAs were  presented i n  twelve papers  of  the Revue de 
Phys i que App l i quee ( l ) . Exce l l ent  review of nat i ve de fects i n  
GaAs has been g i ven b y  Burgo i n  and Bar de l eben C 2 ) ,  wh i le 
di scuss ions on isol ated res i dua l impur i t i es ( 3 ) and on 
subst i tut iona l  donor impur i ty ,  which g i ves r i se to an 
add i t ional  resonant l eve l in GaAs ( 4 ) wi l l  appear soon in the 
same j ourna l . I n  t h i s  paper we w i l l  present an overwue of our 
i nvest i gat ions of some other def ects impor tant in S I  GaAs , w ith  
emphasis  
wh i ch is  
mechan i sm ,  

o n  two sub j ects : • >  carbon a s  a n  impur i ty i �  GaAs ,
beloved to p l ay a cruc i a l  role i n  the compensat ion 

and b ) ( j et un ident i f i ed ) defects int roduc i ng deep 
tr aps in the for b i dden energy gap . which not on l y  contr i bute to 
donor-acceptor ba l ance , impor tant for compensat ion . but a lso 
st rong ly  i n f l uence some optoe l ectron i c  propert i es of S I  GaAs 
( photosens i t iv i ty ,  per si stent photocur rents , l i f e-t ime of 
photo-generated car r i ers  etc . ) . 

2 . COMPENSAT ION MECHAN I SM I N  S I  GaAs 
GaAs is cons idered to be semi - i nsu l at i ng when i ts e l ectr ica l  

res i st i v i ty exceeds 107 ohm cm . Room-temperature e l ectron 
mob i l i ty in undoped mater i a l  c a n  eas i l y  exceed 5000 cm2/V s ,  
wh i ch means that free e l ectron ( and hol e ) concentrat ion is  
lower than  t08 /cm3 . We  w i l l  f i rs t  show that  such a low f ree 
car r i er concentrat ion can be obtai ned on ly through the 
compensa�ion mechanism ,  and not through pe�fect ion and pur i ty 
of GaAs crysta l :  I n  GaAs there are  2x t022  atoms of Ga and As 
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i n  each cm3 , wh i ch i s 10 14  t imes h igher t han the free 

car r i ers  concentrat ion . I f  t h i s  ex treme ly  l ow f ree car r ier 

concent r at ion is to be obtai ned through crystal  per fect ion , the 

concentrat ion of fore ign atoms , act i ng as sha l low donor s or 
acceptors as 
should  be 

we l l  as of nat ive e l ectr i ca l ly  act i ve defects 

1Q l0/cm3 , wh ich is 4-5 order of lower than 

magni tude better than what is ach i evab l e  w i t h  today ' s  

technology and seems i nconce i vab l e  even i n  d i stant f utur e .  
I n  · previous ·generat ion of  S I  GaAs subst rates the 

semi - i nsulat i ng property used to be · obta i ned by dop i ng with  
chromium atoms , wh ich are deep acceptors i n  GaAs . Mi d-gap leve l 
of Cr i n  GaAs forbi dden energy gap i s  deep enoug� so that on ly  

10-8 f ract ion of Cr  atoms i s  ion i zed at room temper ature . 

Sever a l  t imes 1Q 1 6/cm3 chromium atoms used to be i nt roduced 

i n tent iona l l y  i n  GaAs dur i ng the cryst a l  growth ,  and they were 

dominant foreign a toms in  t he l a t t i ce .  The ma i n  res i dua l 

impur i t i es ,  usual ly i n  10 1 5/cm3 r ange , were  s i l i con atoms , 

wh i ch are  sha l l ow donors .  ( I n fact  par t of S i  atoms , typ ica l ly 

25% ,  l and at the 

sha l low acceptors , 

p l aces i s  always 

As s i te i n  the l at t ice , where they act as 

but f r act ion of donor - l i ke Si atoms at Ga 

larger ) . The ma i n  and unavo i dab l e  source of 
s i l icon contami nat ion was qua r t z  cruc i b l e , in wh i ch the crystal  

growth was car r i ed out . S i l i con donors wou l d  compensate other , 
l ess numerous res i dua l sha l low acceptors ,  wh i l e Cr deep 

acceptor s wou ld  compensate donors . 
Recogn i t ion and con t r o l  over nat i ve defect EL2 , which  acts 

as deep donor , and crys t a l  growth in pyrol i t i c  boron n i t r i de 

( PBN ) cruc i b l e  enab led g rowth of S I  GaAs crysta l s  at 

consider!bly h i gher l eve l of pur i ty .  The nature of EL2 def ect 

is st i l l  unc l ear . There i s  a consensus that t h i s  defect i nc l ude 

arsenic  atom at gal l i um s i te ( ant is i te arsen i c ,  AsGa ) . The 
other part of the de f ect coul d  be i nterst i t i a l  a r sen i c  atom , or 
As and Ga divacancy , or someth i ng e l se .  There  is a vast amount 

of  work dea l i ng w i th unusua l propert ies of t h i s  defect ,

i nc l ud i ng metastab i l i ty .  These resu l ts won ' t  b e  analyzed here ,
a� they have been reviewed i n  detai l  recent ly ( ! ) . £L2 de fects 
can be i nt roduced in cont rol l ed way in several  t imes 

1Q l 6/cm3 concentrat ions i f  As ov�r pressure i s  ma i ntai ned i n  

t h e  system dur i ng t h e  crystal  g rowt h .  The use of  PBN cruc i b l e , 
i nstead of qua r t z , r educe drast i ca l ly s i l icon contami nat ion . 
Therefore i n  t h i s  new generat ion of  S I  GaAs crysta l s  the  ma i n  
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contami nant seems to be  carbon . Graph i te heat i ng e l ements and 
other _g raph i te components in the growth chamber  are poss i b l e 
sources of the carbon and/or carbon diox i de wh ich contami nate 
the GaAs me l t .  The r esul t i ng concentrat ion of carbon acceptors 
in typ ical  l i qui d-encapsul ated-Czochra l sk i  ( LEC ) is in the 
10 l4- 1 0 1 6/cm3 r ange , and is comparab le  to the tota l  
concentrat ion o f  res i dua l donor impur i t i es .  I n  such crysta l s  
carbon and other r es i dua l acceptors compensate a l l  e l ectr ical  
act i v i ty of sha l low donors , wh i le surplus . of sha l low acceptor s 
i s  compensated b y  deep nat ive donors  EL2 . Th i s  f i ne ba l ance 
has to be ma i nt a i ned bot h in microsca le  a long the wafer  and on 
macrosca le  a l ong the GaAs boul e  in order to ma i nt a i n  the 
un i form i ty of h i gh e l ectr ica l res i st i v i ty and other re levant 
prope r t i es .  Therefore r ad i a l  and ax ia l  d istr i but ion of both 
carbon and EL2 need to be k nown i n  deta i l .  In sp i te of i ts 
obvious impor tance , the data on the dist r i but ion of carbon i n  

GaAs crysta l s  have been i ncon s i stent a n d  con t radi ctory , 
report i ng va l ues for k f rom 0 . 8 to 2 . 4 . ( 6- 10 ) . Resu l t s  of 
det a i l ed i nvest i gat ion on d i st r i but ion coe f f i c i en t  of C i n  
GaAs , wh i ch w i l l  b e  summar i zed i n  the nex t sect ion , g i ve new 
i ns ight  i n  possib le  ro l e  of carbon i n  compensat ion mechan i sm i n  
S I  GaAs . 

3 .  CARBON I N  GaAs 

3 . 1 D i str i but ion coe f f i c ient of carbon i n  GaAs 
A l l GaAs i ngots used i n  t h i s  study wer e  grown by the LEC 

method us i ng PBN cruc i b l es .  Cryst a l s  were pul l ed in < 1 1 1> 
d i rect ions . The g rowth rate  var ied f rom 6cm/h for the 
f astest-pul l ed boule  to on ly 0 . 626 cm/ h for the s lowest growth . 
The concen t r at ion of  carbon was determi ned us i ng FT I R  ( Four ier
Transform I n f rared Spectroscopy , where the sens i t i v i ty l im i t  is  
i n  the range  of 10 14 C-atoms/ cm3 . The loss  or accret ion of  
carbon f rom the me l t  and  sol i d dur i ng the crystal  growth was 
neg l i g i b l e , as  analyzed i n  deta i l s in Ref . ( 10 ) . 
3 . 1 . 1 .  Resu l ts 

The d i s t r i but ion of  carbon a long the pu l l i ng d i rect ion 
( ax i a l  d i st r i but ion ) was measur ed ,  and p l otted aga i nst ( 1 -g ) , 
where  g denotes the f ract ion of GaAs me l t  wh ich has been 
soi i d i f i ed .  Changes of carbon concent r at ion a long the i ngots 
are presented in Fi g . I ,  w i th the pul li ng r ate , R ,  as the 
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parameter .  We have found that  the concent rat ion of  carbon . · 

Cs . decreases f rom the seed towa rd the tang end i n  a l l  GaAs 
i ngots 

pronounced 

i nd i cat i ng 

I t  i s  obvious that sma l l pul i ng rate causes more 
carbon concentrat ion . changes 

that 

i n  

the measured . e f fect i ve 
and v i ce ver sa . 

di st r i but ion 
coef f i c i ent  of carbon depends st rong ly  on  the pul l i ng rate . 

For every pul l i ng rate the  e f f ect i ve di st r i but ion 
coef f i c i ent can be determi ned from the s l ope of  l og Cs vs . 

( 1 -g ) p lots . wh i l e 

can be eva luated 

equ i l i br ium d i s t r i but ion coe f f i c i ent . ko . 

by ex trapo lat i on for R=O . Name l y . the 

r e l a t ionsh i p  between e f f ect i ve and equ i l i b r i um d i s t r ibut ion 
coe f f i c ients  can be expressed as : 

ko 
( 1 )

k
0 

+ ( 1 -k
0

)exp ( -Rd/D )

where d i s  the  e f fect i ve d i f fusion l ayer t h i ck ness and D is 
d i f fusion constant of  the  impur i ty i n  the  d i l ute l i qu i d .  

Consequent ly :  

ke f f - 1  ko- 1  
l n ( ---- ----- )  a l n ( ------- - )  - Rd/0 

ke f f ko
( 2 )  

F ig . 2 .  dep icts  the dependence o f  l n ( ( Ke f f - 1 ) /� e f f ) on R .
To the l im i t s  o f  exper imental  er ror t h i s  dependence i s  l i near . 

TANG EN) GaAs INGOT SEED END 

10 ,----------,,,,.., -

:�� 
5 C: 

.!2 -
ia !! 5 Q5 2.... ·-
- C: K eff - 1i :::, Ra2.S K et-u ..d 1.5 C

._ /6 K etf o ea U -
C: Ill 2 Ral2S R:0.63 Q2 0 <( .o U  .... 

0.t 0.2 0.5 1.0 00 2.5 · s  
(1 -g) Pulling Rate; R (cm/h)

r 1 g . 1 Car bon  concentrat ion ( sca led to the same i n i t i a l  
concent rat ion i n  sol i d )  a l ong t h e  LEC-g rown GaAs i ngots , 
pul l�d at  d i f ferent rates R ( 0 . 625� cm/h ) 

F i g . 2 " E f f ect i ve d i s t r i but ion coef f ic ient  of  car bon i n  LEC-grown 
GaAs as a funct ion of pul l i ng r ate . Ful l dot represents 
resul t f rom Ref . 7 .  The cross refers  to the crysta l  grown 
f rom d i f ferent charge mater i a l . 
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The ex t rapo l a t ion to Rao y i e l ds a va lue for ko of about 3 . 5 . 
3 . 1 . 2 .  D i scuss i on 

The va lue of 3 . 5  obta i ned for ko i s  considerab ly  h i gher 
than ear l i er  pub l i shed data of ke f f . However ,  we have shown 
that k ef f i s  st rong l y  dependent on the pul l i ng rate . The 
va l ue of  k e f f = l . 44+0 . 08 obtai ned by Kobayash i and Osak a ( 7 ) 

at a pul l i ng rate  of 2cm/ h i s  in  good agreement  w i th our 
resul ts , as shown by the so l i d c i rc l e  i n  F i g . 2 .  The carbon 
d ist r i but ion i n  the 
Asbeck ( 5 )  a l so showed 
Un for tunate ly , t hey d i d  
quant i tat i ve compar i son 

i ngots 
that 

not 
w i th 

grown by Chen , Holmeas and 
k must be l arger than 1 .

spec i fy the i r  pul l i ng rate , so a 
our resu l t s  i s  not poss i b l e . 

Wi t h i n  the narro_w r ange of  the i n i t i a l  carbon concentrat ion in  
the  me l t  ( 1 -4x l0 15/cm3 ) , we  d i d  not observe the i n f luence 
of carbon concentrat ion on e f f ect ive d i st r i bution  coe f f i c ient , 
as repor ted by Ki rkpatr ick et a l :( 8 ) . However ,  even i f  there
is some concen t r at i on dependence for 
i ns ign i f i cant  in compar i son w i th much 
pul l i ng rate on car bon d ist r i but ion 

ke f f  i t  i s  obv ious ly 
st ronger i n f l uence of 

a l ong the i ngot . The 
0 . 8 and 0 . 9 ( 6 , 1 1 ) were ear l i er  pub l i shed k e f f  val ues of 

est imated f rom Ha l l -ef f ect ana lys i s .  The presence of other 
donors  and acceptor s can eas i ly mis lead the i nterpretat ion of 
exper imental  data in Ha l l  measurements . 

I n  order to compare  the exper imen ta l l y obt ai ned d i st r i but ion 
coe f f i c i ent  of carbon w i th a p redict ions based on chemical  
trends , 
e l ements  

we 
i n  

and aga inst  

p lotted measured k ( ke f ( and ko ) for group IV
GaAs aga i nst the i r  heat of  sub l imat ion va l ues ( lO )  

the i r  cova lent  r ad i i ( 12 ) . I n  both  cases 
w 

ex t rapo l at ion of 
i nd i cated t hat 

these t r ends f rom Pb , $n . Ge and S i  to C
one shoul d  i ndeed expect h i gh k va lues for C i n  

GaAs ; i n  accordance w i th our expe r imenta l f i nd i ng o f  koa3 . 5 .

3 . 2  Consequences of h igh va l ue o f  d istr i but ion coef f i c ient  of 
Carboh on i ts ro l e in compensat ion mechan i sm in SI GaAs 

A l arge equ i l i br i um d ist r i but i on coef f i c i ent of C i n  GaAs 
can have ser ious pract i ca l  consequences for the compensat ion 
mechan i sm i n  SI GaAs and espec i a l l � for a sem i - i nsu l at i ng to 
p-type convers ion . Wafers  cut f rom the tang end of the i ngot
w i l l  have a considerab ly lower carbon concent rat ion than wafers
cut f rom the seed end . espec i a l l y in  i ngots grown at low
pul l i ng rates . I f  car bon i s  r ea l ly the ma i n  sha l low acceptor ,
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and thus 
donors , 

responsible  
then i ts 

semi - insu l at i ng 
concen trat ion at 

GaAs . 
the 

for compensat ion of  res idual  sha l low 
presence i s  cruc i a l  i n  obta i n i ng 

A con s i de r ab l e  decr ease i n  its · 
tang end shou ld  l ead to n-type 

conduct iv ity in th is  par t of i ngots . Th i s  e f f ect shoul d  be 
f ur ther enhanced by the f act that a l l important shal low donor 
impur i t ies ( S1 , Se , Te ) have d i st r i but ion coef f i c i ents lower 
than 1 .  and hence tend to accumu late . toward  the tang end of the 
i ngot . Exper imenta l l y ,  howeve r ,  j ust  the oppos i te behav ior is 
observed ; LEC-grown GaAs i ngots of ten tend to become p-type at 
the tang end . Our resul ts obvious ly  ru le  out the poss i b i l i ty 
that the accumulat ion of carbon at the tang end can contr i bute 
to the semi - i nsulat i ng to p-type conve r s ion . 

We have to conc lude that some other acceptor s  ( nat ive 
de fects or B comp lexes , for ex amp l e )  have to p l ay an impor tant 
ro le in the compensat ion mechan i sm observed in GaAs , and that 
the question of ma i n  acceptor s in S I  GaAs is st i l l  ( or  better 
to say aga i n )  unresolved and open to f ur ther i nvest igat ion . 

4 .  DEFECTS W I TH DEEP TRAPS IN  S I  GaAs 
GaAs has r e l at ive ly l arge for b i dden energy gap ( 1 . 42 eV at 

room temperature ) . Some ext r i ns i c  and i nt r i n s i c  def ects 
int roduce loca l i zed l eve l s  in t h i s  gap , cont r i but i ng to 
donor -acceptor ba l anace and compensat ion mechan ism .  Bes i de 
that , these defects seem to be a l so respon s i b l e  for some 
pecu l i ar opto-e l ect ron ic  prope r t i es , wh ich w i l l  be descr ibed 
and i nterpreted in th is  sect ion . 

I f  S I  GaAs i s  i l l umi nated at low temperature w i t h photons i n  
t h e  1 - 1 . 35 eV range , the decrease ( quench i ng )  o f  several  
opto-e l ectron ic  proper t i es has  bee� observed , par t icular ly  that 
of photocapac i tance ( 14 ) , photoconduc t i v i ty ( 1 5 ) , opt ica l  
t r ansm i ss ion ( 16 )  and lumi nescence ( l7 . 1 8 ) . Al l these changes 
have been conv i nc i ng l y  att r i buted to the metastab i l i ty of EL2 

def ect canter . 
i ncrease i n  

However ,  i n  several  very 
photoconduct i v i ty ( 1 9-2 6 )  and 

recent papers  an 
absorpt ion ( 27 , 28 ) 

i s  repor ted for some spec i f ic i l l um i nat ion cond i t ions . The 
consistent expl anat i on for these phenomena st i l l  does not 
ex i st , and they have been tentat i ve l y  i nterpreted e i ther as a 
resu l t  of  photogeneration of · compl ex def ects ( l 9 , 23 ) or due to 
the change of populat ion of EL2 l ev� l ( 27 )  or due to the
swi tch i ng of  EL2 def ect i nto i ts metastab l e  state ( 2 2 ) .
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The other pecul i ar phenomenon , observed i n  S I  GaA·s a fter low 

temper ature i l l umi nat ion i s  " per s i stent photocur rent " 

( l pff) . I t  was 
conf i gurat ions , 
recent ly i n  bu l k  

d i scovered f i rst i n  nonhomogeneous 
l i ke  n-n+ structures ( 29 , 30 ) , and more 

SI  GaAs as we l l ( 23 ) . Bas i ca l l y ,  this ef fect 
consi sts of an anoma lously long decay of photogenerated f ree 
car r i ers  dens i ty af ter the i l l um i nat ion is sw itched of f .  Two 
conf l i c t i ng i nterpretat ions present ly ex i st ( 3 1 ) . The f i rst 
assumes macroscopic  potent i a l  barr i ers , wh i ch spat i a l ly 
separate photogenerated e l ect ron-hole  pa i r s  and suppress thei r 
recomb i nat i on ( 29 ) . The second i nterpretat ion postul ates 
microscopi c  bar r i ers aga i nst recomb i nat ion . e i ther  due to 

Cou lomb i an repuls ion ( 3 1 ) or due to l ar ge lat t i ce 
re l ax at ions ( 3 2 ) . One i nterpretat ion ( 23 ) suggests that 
metastab l e  states w i th the repu l s ive potent ia l  bar r iers are 
created by the very same photons which cause photoex c i tat ion , 
i f  t he energy of those photons i s  i n  the 1 - 1 . 25 eV range . 

I n  our recent i nvest i gat ion ( 3 3 ) we have fou�d that both 
ef fects , the · photosens i t i v i ty and pers istent cur rent are 
connected w i th the pr esence of defects act i ng as e l ectron or 
ho l e  t r aps , and wi th the i r  charge state . Th i s  type of  de fects 
is a lways p resent in w i de-gap semi conductors , GaAs 
i nc l uded ( l5 , 2 1 , 34-3 7 ) . 

We i nvest i gated deep traps and the i r  trapp ing dynam ics us i ng 
therma l ly  st imul ated cur rent ( TSC ) method . High qua l i ty wa fers 
cut f rom commercia l , Choch r a l sk i  grown undoped SI  GaAs 
mater i a l , were used in th is  study . Al l samp les were  s l igh t l y  

room 
cm-3 , 

temper ature f r ee 
and mobi l i ty 

carr ier 
around 

concen trat ion was 
5000 

n-type ,
2-3x l08
with  dark 
regu lar ly  

conduct i v i ty domi nated by Ec-0 . 76 eV l evel , 
ascr i bed to the EL2 def ect ( 36 ) .  The non- ioni zed EL2 

concentrat ion ( determi ned by standard absorpt ion measurement i n  
near i n f ra-red ) was 2x l0 1 6cm-3 . T ime evo l ut ion of 
photoconduct i v i ty 
Vol t ) . as we l l  

( i . e .  photo-generated cur rent lpc , per 
as TSC measurements after the f i l l i nQ of t raps 

was car r ied out . The app l i ed b i as was 10 V, for wh ich 
e lect r ical  contacts showed ohmic  behavior , and the e l ect r i c  
f i e l d  was 
f i l l i ng ( 1 5 ) . 

weak 
L i ght  

enough so 
exc i tat ion 

and a · set of nar row-band f i l ters . 
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4 . 1 Resu l t s  
Simi lar ly 

observed the 
to previous l y  c i ted papers ( l 9-25 ) , we a l so 
i ncreases 

photoconduct ivity per un i t  
dur i ng the i l lumi nat ion 

of photosens i t i vi ty ( def i ned as 
i nc i dent photon f l ux dens i ty ) , 

w i th low l i ght i ntens i t i es ( 26 ) . 

Several  char acter i st ic  curves dep i ct i ng t he t ime evolut ion of 
I pc are presented i n  F i g . 3 ,  for two above-the-gap ( curves a 
and b ) and three be low-the-�ap photon ener g i es ( curve c ,  d and 
e ) . Photon f l ux dens i ty was around lx l0 1 3  cm-2s- 1 , and 
temperature 85K . The above-the-gap photons i nduce an abrupt r i se 
of I pc fol lowed by s low and con t i nuous f ur t her i nc rease ( for 
another order 
i l l umi nat ion . On 

of 
the 

magn i tude ) 
other hand , 

dur ing  nex t ! 40 
below-the-gap 

mi nutes of 
i l l umi nat ion 

causes con t i nuous i ncrease i n  I pc for up to s ix orders of 
magn i tude . However ,  t h i s  r i se i s  not steady and  severa l  stages 
can be d i st i ngui shed . 

Per s i stent photocu r rent , I pp ,  was determi ned for d i f ferent 
stages of photosensi t i v i ty in the fo l l ow i ng way : 
The samp le  was coo led i n  dark f rom 330K to 85K , where i t  was 
i l l umi nated for . spec i f i e length of t ime ;  the l i ght  was sw i tched 

10·' 
�on 

::!. 1cr9 

_o. 

1cr11 

10·13 
0 500

t ime ( s )
1000 1cr3 O 1000 2000

time (s) 
F ig . 3  T ime evo l ut ion of phy3ocoQ�U2i i v i ty at  85K for

i l l umi nat ion w i th 10 cm s f l ux dens i ty of 
photons w i t h  d i f ferent energ ies : a- 1 . 77 eV ; b- 1 . 65 eV ; 
c- 1 . 38 eV ; d- 1 . 18 eV ; e- 0 . 70 eV . Curve f ,
cor r y�pong� _ 1a l so to 0 . 70 eV photon energy , but for
2x l0  cm s f l ux dens i ty .  

F i g . 4  T ime evolut ion of photoconduc t i v i ty and per s i stent 
photocur rents for d i f f erent , t imes of i l \ijm i n!2 ig� , t i ' 
at 86 K .  Photon f l ux dens i ty- was 2x 1 0  cm s , and 
photon energy 0 . 7  eV . 
a- t . •45s ; b- t . • lOOs ; c- t . • 140s ; d- t . • 2 1 5s ; e-
t . •300s ; f- t . • 700s ; g- t i • 1000s ; 1 
h! t . • 1220s ; 1 i - t . a 1 900s . 

1 1 
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of f and decay of  cur rent was mon i tored up to several  hours . The 

samp l e  was then heated up �o 330K w i t h  constant heat ing rate ; 
dur i ng that sequence t he TSC spectra .were taken . The whole  cycle 

was repeated aga i n  and aga i n  w i th d i f f erent i l l umi nat ion t imes . 

An examp le of  I pp measurements per formed i n  t h�t way i s  shown
on F i g . 4 . Decay of the cur rent af ter t he l ight  was tur ned off  

regu l ar ly  had two components - very  fast i n i t i a l  decay , and  than 
s l ower and s lower f urther  decrease , so that after  several  hour s 

cur r ent reached a lmost constant value . I t  i s  obv ious f rom Fig . 4 

that t hese per s i stent cur rents are a lways l arger for h igher 

photosensi t iv i ty stages . 

An examp l e  o f  TSC measurements  is  shown i n  F i g , 5 for photon
energy 1 . 38 eV ; ana logous curves were obtai ned for other photon 

energ i es . TSC spectra  were taken ,fter d i f ferent  i l l umi nat ion 

t imes i n  order to mon i tor trap f i l l ing r ate ( curves a to e ) .  At 

leas� s ix d i f ferent t raps can be d i st i nguish  i n  F i g . 5 ,  denoted 
by T t , . T2 , . . T5 . Al l of these 6 traps were found in al l 
samp l es ; r e l at i ve amp l i tude of d i f f erent peaks as we l l  as tota l 
trap concent r at i on var ied only  s l ight ly f rom samp l e  to samp le 

( i nc l ud i ng t hose f rom d i f ferent wa fers ) . I t  is  obvious f rom 

Fi g . 5  t hat t r aps f i l l ing  rates , i . e .  the i r  f ree car r i er  capture 
cross sect ions , are qu i te d i f f erent ; for examp l e  t rap T5 needs

�ons i derably shor ter i l lumi nat ion t ime then T l  or T6 to be
comp l ete ly  f i l led . Traps T t , T3 , T4 , T5 and Ta 
cor respond to t hose found by L i n  et a l . ( 15 ) , denoted i n  the i r  

paper as a ,  d ,  e ,  f and g ,  respect ively . By e labor ate reason ing 

L i n  et  a l . ( 15 ) deduced t hat a l l these traP.S shoul d  be e l ectron 

t r aps . The tot a l  concentrat ion of  charge trapped i n  a l l  t raps , 
NT , can be eva luated ca lcu l at i ng the area under TSC curves , 

cor rected for  dark cur rent . Max ima ! NT , a f ter  longer
i l l umi nat ion , was around 8x to 14 cm-3 ; most of  t h i s  charge 

was t r apped i n  T t  - T3 t raps . 

The t ime evo l ut ion of NT ( showing the f i l l i ng r ate of  a l l  
t raps ) i s  presented i n  Fig . 6 for several  photon energies 
( c i rc l es ) .  For each photon energy the absorpt ion coe f f ici ent  i s  
d i f f erent , t herefore l i ght i ntens i t ies were adj usted t o  g i ve 
comparab le  f i l l i ng r ate . ( photon f l ux dens i t ies were se lected to 
be lx t 0 13 , 3x to 1 2 and 2x to 14cm-2s- 1 , for  photon 
energ ies  Eph• l . 55eV , 
t ime dependences of 

I pc ( dashed l i nes ) : 
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1 . 38eV and 0 . 7eV , respec t i ve l y ) .  These 

NT are compared w i t h  t ime ·evolut ion of  
and  w i t h  I pp ,  ( crosses ) ;  F i g . 6 , ( a ) . 



( b )  and ( c ) . S imi l ar i t i es are obv ious for  a l l photon energ i es .  
Some d i f f erences 
O f i 1 1  um i n at ion , 

cor relat ions are 

can be observed on ly dur i ng t he f i r s t  mi nutes 
but for longer  i l l umi nat i on t imes both 
excel lent . The t ime needed to reach 

steady-state I pc , I p p  and NT in d i f ferent runs as we l l  as 
the i r  t ime evolut ions were dependent on both photon f l ux and the 

energy of photons . However ,  i n  a l l  cases the cor r e l at ions 

between 
good . 

t ime evolut ions of I pc , I pp and NT wer e  very 

ho le  

t r aps 

we l l  

TSC , i n  pr i nc i ple , cannot d i st i nguish elect ron t r aps f rom 

t r aps . However , i f  we adopt L i n ' s  ass ig�ments ( 1 5 ) , T t

( i n which  most of NT i s  tr apped ) are electron t r aps , as 

as most of other obser ved t r aps .. Under t h i s  assumpt ion 

i ncr eases in photosens i t i v i ty and i n  per s i stent cur rent  dur i ng 
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Fig . 5  TSC J�ectc� 2t samp le  i l l umi nated w i t h
3x 10 cm s f l ux dens i ty of 1 . 38 eV photons at  
85 K for  d i f ferent t imes of i l l umi nat ion :
a- 50 s ;  b- 100 s ;  c- 200 s ;  d - 300 s ;  e - 400 s ;
f -700 s ;  g - 1050 s ;  h - 1 200 s ;  · i - 1 500 s

� 
C: 
J 
CU >

:p 
n, -
L. 

-

Fi g . 6  Cor r e l at ions between t ime evo lutions of the  concent r at ion 
of charge tr apped in deep t r aps , NT ( open c i r cles ) ,
per s i stent photocurrents , l pp ( c rosses } and 
photosens i t i v i ty ( brok en l i ne ) for d i f fer ent photon 
energ i es , Eph : ( a ) - 1 . 55 eV ; ( b ) - 1 . 38 eV ; ( c ) - 0 . 70 eV
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the i l l umi nat ion can be tentat �vel y  expl a i ned i n  the fol low i ng 
way : 

a )  abov�-the-gap i l l um i nat ion 
When �h� l ight i s  tur ned on , some star t i ng photoconduct i v i ty 

i s  estab l i shed pract ical ly _ momentar i ly ( i n j ust a few ns , as 
typ i ca l f ree car r ier  l i f e t ime i n  S I  GaAs i s  i n  the 
10-9- 10-Ss range ( 36 ) ) ,  ref l ect i ng an equi l i br i um between 
photogenerat ion of e l ectrons  and holes and the i r  recomb i nat ion . 
As long as the tota l concentrat ion o f  t rapped charge ( i n 
T 1 -Te ) i s  sma l l the concentrat ion of  f ree e l ectrons i n  
conduct ion band i s  pract ica l ly equa l to t h e  concen trat ion o f  
hol es i n  va l ence band a n d  t h e  photoconduct i v i ty a l so rema i ns 
constant .  However , as more and more e l ect rons become trapped , 
the imbal ance between concent rat ions of  f r ee e l ectrons and f ree 
ho l es becomes l arger and larger . Therefore more  and more hol es 
i n  va l ence band cannot be recomb i ned and the i r  l i fet ime 
i ncreases , l ead i ng to the gradua l i ncrease i n  photoconduct ivi ty 
and g radua l i ncrease of pers i stent cur rent . .  When a l l  traps are 
f i l l ed the photoconduct iv ity and l pp reach the i r  steady-state 
va lues , which are cons i derab l y  h i gher than the star t i ng va lues , 
wh i ch cor respond to the samp l e  w i th empty t r aps . 
b )  Be low-the-gap i l lumi nat ion 

We bel ieve that for these photon energ i es the same mechan ism 
l ead i ng to the gr adua l i ncrease of  photosensi t i v i ty and l pp i s  
operat iona l , but t h e  dynamics of  t h e  process i s  much more 
comp l i cated . A� f i rst ma i n l y  f ree e l ect rons are created by EL2 

photoi on i zat i�n process , but most of them get caught i n  traps , 
what may exp l a i n  why the I pc and l pp i ncreases l ag beh i nd 
the t r ap f i l l i ng at the beg i n n i ng of  the i l l umi nat ion ( F i g . 6 b 
and 6 c ) . Later , both e lectrons and ho les  are photogenerated 
through the two step process v i a  EL2 centers ( 22 , 27 ) . F i nal ly
crysta l ends up aga i n  w i t h  a l l  traps f i l l ed . As most of trapped 
charge are aga i n  e l ectrons , some excess of f ree ho l es rema in  i n  
t h e  val ence band wh i ch do not have f ree e l ect rons ava i lable  for 
recomb i nat ion . 

I t  i s  impor tant to note  that the previous reason i ng woul d  be 
equa l ly val id i f  hol e  t raps wer e  domi nant traps . I n  that case 
the f i l l i ng of t r aps woul d  lead to an excess of e l ect rons in the 
conduct ion band wh i ch woul d  cause an i ncrease of the i r  l i f etime 
and aga i n  a consequent  i ncreases of photosens i t i v i ty and I pp .  
Due to the charge neut ra l i ty requ i rement , total  concent rat ion of 
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f ree and tr apped hol es has to be equa l to the sum of  f ree and 
tr apped e l ect rons . I f  there is a s i gn i f icant imbal ance between 
the concentrat ions of trapped e l ect rons and tr apped holes , the 
imba l ance of 6oncent r at ions of f r ee e l ectrons and hol es i s  
i nevi t ab l e .  T h e  presence of  t r aps wou l d  not a f f ect 
photosens i t i v i ty on ly  if the concentrat ions of t r apped ho l es and 
e lect rons are s imi l a r , or i f  the tot a l  concent rat ion of t r aps is 
smal l in compa r i son w i t h  the concentrat ion of photo-gener ated 
f ree car r iers  i n  the mater i a l . 

We be l i eve t hat  the same exp l anat ion can be successful ly 
app l ied to the other pub l i shed resu l ts o'\ per s i stent 
photocur rents and opt i ca l ly enhanced photosens i t ivi ty .  I t  seems 
that the photo-memory state or "on-stat� " ,  as author s named­
i t ( 23 ) , cou l d  be i nterpr eted as a state of S I  GaAs 1:�·ystal 
when t r aps are f ul l ,  wh i le the "of f -state"  wou l d  cor respond to 
empty t raps . In t hat  case t he assumpt ion of low temper ature 
photo- i nduced comp l ex de fect  creat ion and ann i h i l at i on may not 
be necessary . 

S imi l ar ana lys i s  and compar i son w i th prev ious exp l anat ions 
for ex i stence of I pp ( 23 , 30 , 3 1 ) can be made . As we obta i ned 
the e f f ect for both  above-the-gap and be low-the-gap photons ,  and 
l ater are absor bed th roughout the bul k  of the crysta l ,  any type 
of sur f ace connected , macroscop i c  potent i a l  bar r i er ( 30 )  does 
not seem p l aus i b l e  - at l east not i n  bulk  S I  GaAs . S imi lar ly , i n  
our mode l  I pp depends o n  the ex i stence of l arge enough 
concent rat ion of e l ectron or hol e  traps in the materi a l  and 
the i r  charge states ( i . e .  whether those traps are f ul l or not ) ,  
so an assumpt ion of  photo- i nduced comp l ex defect 
creat ion ( l 5 , 23 ) is not necessary .  In our mode l the 
prolongat ion of l i fet ime of one type of f ree car r iers  i s  caused 
by the f act that t he other type of car r i er s ,  be i ng t r apped , i s  
not ava i l ab l e  for recomb i nat ion . Traps , b y  de f i n i t ion , 
commun i cate w i t h  one band on ly , and the i r  probab i l i ty to 
i n teract w i th the oppos i te band ( i . e .  to act as recomb i nat ion 
canter ) i s  very low . That i s  espec i a l l y  t r ue for  t r aps wh ich are 
f ar f rom mi d-gap , wh i ch i s  the case w i th T 1 -T4 t raps , in 
wh i ch most of t rapped charge is stored . So . in  the  present mode l 
there is  
bar r i er ( 32 ) 

no i nherent need for any - add i t ional potent ia l  
e i ther , i n  order to  exp l a i n  very long 

recomb i nat ion t ime constants . However , a deta i l ed quan t i tative 
computat ion is needed to be abl e  to eva l uate  whether observed 
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per s i stent cur rents cou l d  be comp letely exp la i ned · i n  th i s  way , 
or some sor t  of mi croscop i c  potent i a l  ba rr ier  is  s t i l l  needed . 

I n  conc l us ion of t h i s  sect ion , we have found a l arge 
i ncrease of  photosens i t i v i ty and pers i stent cur rents in SI GaAs 
dur i ng the i l l uminat i on w i th low - i ntens i ty monoch romat i c  l ight 
in the 0 . 7- 1 . 8  eV r ange ; For d i f ferent photosens i t i v i ty stages 
the concentrat ion of  charge trapped in deep traps was determi ned 
by measur i ng therma l ly  st imulated currents . Very good 
cor r e l at 1on between both photosensi t i v i ty and per s i stent 
cur rent , and total  concent rat ion of trapped charge was found for 
most stages of photosens i t i v i ty and a l l photon energ ies . 
Assum i ng that most of  t r apped charge are e l ectrons the increases 
of both photosensi t i v i ty and pers i stent cur r ent are i nterpreted 
as the i ncrease of  l i f et ime of opt i ca l l y created f r e� ho l es i n  
valence band . The process of hol e  recomb i nation i s  s lowed down 
due to the trapp i ng o f  the e l ectrons , wh ich t herefore are not 
ava i l ab l e  for recomb i nat ion . 
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