
Brazilian Journal of Physics, vol. 24, no. 1, March, 1994 

Light Induced Creat ion and Annealing of Met ast able 
Defects in Hydrogenated Amorphous Silicon 

We report on the clecrease of tlie defect clensity induced by continuous illiiininat,ion after fast 
clefect creation by piilsed light. The  kinetics of creation and recovery of metastable defects 
are discusscd, as well as Lhe iii~plica.tio1-i~ for present rnodels t,rea.ting inetastable defects in 
liydrogerintecl a.inorplious silicon. 

ISytlrogenated amorplioiis silicon (a,-Si:II) is a. tecli- 

iiologically iiiiport.a.nt ma.terial['I. Tlie special atlt,ributle 

of a-Si:B wliicli malres it useful is t , l~e a.bility to cleposit 

the material iinexpensively over la.igc areas, wliile re- 

ta.iilirig good semiconduct~irig properties (low density of 

the intrinsic Si dangling bond defects). 011 thc other 

hand, its potentia.1 a.pp1icatioi-i~ liave been severely lim- 

ited by t,he existente of structura.1 metasta.bilit.ies wliicli 

occur wheii a-Si:H is electronically excit,ed for ext,ended 

periods of time. Tlie most not>orious example is the cre- 

ation of metastal~le defect ,~ st,a.tes in uridoped a-Si:H hy 

proloilged illuinination, tlie so called ,Stneblé7= Wronski 

4'ecd21. Liglit-inducecl reversil~le st,ructura.l chmges in 

an~orphous silicon are a f~~i idamcnta l  problem wliicli 

is poorly undersbood on a microscopic One 

of t,he most controversial poi~i t~s  is the  ol~servat~ion of 

ali appa.rent satura.tion in t,he density of light,-indiiced 

c~efec t s [~ -~I  mhicl-i has important implicat,ions for the  

origin of the  nieta~t~abilit~y. Saturat,ioil ca.n eitZher he  

viewed as evidence for a finite number of sites wliich can 

be converted into defects (e.& i n ~ ~ u r i t i e s [ ~ l ) ,  or as an 

ecluilibrium bet~veen defect crea.tion and annealing["". 

Various rnodels have been proposed for the Binet,ics of 

defect. creation and anneali i~g[~].  Despite of t,lie in- 

clusion of a light-induced recovery of defects in some 
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t , l ieorie~[~I,  only recently light-induced recovery of de- 

fect,s lias been observedlY]. This article descrihes in 

cletail experiment,al results concerning the Itinetics of 

clefect creation a.nd a.nnealing induced by illumination. 

Tlie samples used in this study were deposited 

by glow discliarge of sila.ne under standa.rd conditions 

for clevice quality material. The  change in the  den- 

sit,y of inetastable defects was moiiitored by measuring 

t,he photo-conduct,ivit.y and the electron-spin-resona.nce 

(ESR) of t l x  silicon dangling bond. 

For tlie pliot,o-conductivity measurements, 0.7 p m  

thiclc samples were used. Two types of illumination 

were employed: continuous illumination with a tung- 

sten lialogen l m i p  ("cw"), and light pulses with a xenon 

fiasli lamp ("A") with a. pulse width of = 2 fs and 

a. pulse repetit,ioi-i rat,e of 300 Hz,  leading to  an  av- 

erage illumination intensity of 100 mW em-' . The  

time-clependence of the plioto-conductivity was moni- 

tored with homogeneously absorbed light ('(cw" light + 
RG630 filter), with an  illumination intensity of 3 m W  

cm-' . The sample temperature variations were kept 

below 2 'C during the measurements. Temperature cal- 

ibration was performed using a 0.5 pin thick a-Si:H film 

grown over a low heat-capacity Ni resistor thermome- 

ter. The  defect density (N) was calculated from the 
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plioto-coiicluctivit,y (aplL) , as a p h  = C/N . Tlic vali(lit,y 

of t.1-ii.q relat,ion, and tlie coiistant Ç (10" cni2 W')  liad 

been previcusly found for "fl" soaked sa.mples["]. 'Tliis 

rclat,ion 1io:ds for defect deiisit.ies Iiigher t,liaii 5 x 1 0 ~ ~  

C ~ I - ~ .  

For tlie ESR n~easuren~ent,s:  1.6 pin tliiclí sa.mples 

were iised. Metastahle clefectzs mere createtl 115. a Cu- 

~ q o r - l a s e r  at, 51 1 nm using liglit piilses ~vitli a. duration 

of = 20 11s a.ncl a pulse repc?t,it,ioii rat,e of 7 l i I I~ ,  yield- 

ing an average illumina.tion i~iteiisit~y of 500 I~IJT: CIII-~.  

Tlie liglil-a.iiiea.ling n7as doiie 1jy ali Ar+ -ion Inser at, 

514.5 n m ,  ~ ~ i t l i  an iiit.ensit,y of 60 rnL,l: em-'. For lliis 

experiment tlie sa.mple temperature was Iiept below 20' 

C. Tlie reversibility o i  8.11 lig1it.-incluced c1efect.s wa.s ver- 

ified by annealing a i  160' C for 411. 

Uat.a. foi the light-iilcliiced aililealiiig of defects are 

sliown iii Fig. 1. After illumina.ting tlie sa.mple with 
::fl:; libl 11. i t  foi 12000 s? 111e pliot,o-conclirc~ivity droppecl 

fi.0117 0 . 5 ~ 1 ( , - ~  1.0 5 . 5 ~ 1 0 - ~  ( R  ciii)-'. By clianging 

tl-ie illuiiiiiiat.ion froin pulsed l ig l~t  to "cw" liglit. (50 

111JY em-"), t,lie pliot,o-coiicluct.ivily incrcasecl a.ga.iii to 

6 . 5 ~ 1 0 - ~  ((2 c111 )-I (i.c. approximat.ely a. 50 % cliange), 

after 150UUC s (triangle). Theriilai effects are ruled out 

siiice: for th r  same teinpera.ture a. iiegligible clia.nge i11 

t,he plioto-c<~iicluct,ivity is observed when tlie sample is 

left in the chrk (crosses). For coinpa.rison, tlie light- 

inducecl tlegrada.tioii of tlie p1iot.o-conductivity usiiig 

tlie same liglit intensity is also plot-t.ed (circles). BotOl 

curves approa.cli a st,eacly state plioto-coilduc.tivity of 

approxin~at,t ly l . l ~ l O - ~  (R cni ) - I .  

111 order ,o clearly observe tlie plienon~enoii of light,- 

indiiced annzaling, grea.t care lias t,o he t,a.líen t,o inin- 

iinize t1ierma.l annealing effects. Results on tIliermal 

annealing 01' clefect obtained from pliot,o-conduct,ivity 

mea.surements a.re sliown i11 Fig. 2. Tlie creation of 

defect,s ljy "fl" and "cw" illumiiiation are represeiit,ed 

by the filled dot,s. Slie rcsults iiidicat,e tliat tlierma.1 

annealing is nepligible wlien the samplc is Iícpt a.t 20'C 

or below but starts  to be significant a t  temperatures 

of 30°C a.nd Iiigl-ier. To avoid the intermixing of light- 

iiiducecl ancl therina.1 annealing, all light-induced an- 

nea.liiig experiments were performed a t  20°C or below. 
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Figure 1: Plioto-coiidiictivity clianges due to the light- 
iiducctl creation and annealing of defects: (circles) light- 
inducetl creat,ion witli "cw" illumination; (triangles) light- 
indiiccd annealing wit,li "cw" illurninat,ion aft,er fast creation 
of defect,s by "fl" illuminatioii. A negligible thermal an- 
nealing is observed at SO°C (crosses). Tlie arrow on the 
riglit edge represents tlie calculated steady-state value for 
tlie photo-conductivity usiiig the solution of Eq. 1. 

Two initial defect densities were used for the light 

annealing experimei~ts: 1 . 6 ~ 1  017 and 3 . 1 ~ 1 0 ~ ~  ~ n - i - ~ .  

In Fig. 3, the depenclence of light-induced annealing 

on initial defect densities ancl on illumination intensi- 

ties are presented. Tlie lines are t3heoretical fits t o  the 

clat,a points discussed in the following. For low initial 

defect clensity, we notice that  as the illumination inten- 

sity increases, tlie light-induced annealing effect seems 

to be smaller. 111 fact, the largest decrease in the de- 

fect clei~sit~y is observed for illumination intensities of 50 

ii1W em-' , wliile practically no change is observed for 

200 mW cm-'. For the experiments with a higher ini- 
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Figure 2: Defect. rlensity cfianges as obt,aiiied froin plioto- 
conductivit.y iiicasiireinent,s for: (filled circlcs) li.&,-intliiccd 
crcat,ion using Yl" and "c+ illiiiriiiiat,ioii; tliernial aiinealing 
of defect.s after "11" illiiininat.ioii at. 20°C: (open circlcs). 30°C 
(triangles) antl ~ 1 0 ~ C  (rrosses). Tlie plot,t,ed lines are giiides 
to tlie cye. 
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Figure 3 :  Defect tleiisity cliaiigcs as obtainetl honi pliot,o- 
conductivit\; n~easiireiiieiits for: (filletl circles) liglit,-iiirl~iced 
creation of tlefect,~ iisiiig "fl" aiitl "c\s" illii~iiinatioi~: liglit,- 
indiicctl aiinealing of tlcfcct,~ iising "cw" il11iiiiiiiat.ion wit.11 
differciit intensities, 50 iriW crri-"cresses). 100 iril\ '  crii-' 
(open circlcs ) and 200 1n\11 ~ i n - ~  (t~ianples). hlso plott,c<l 
as lities, are tlic t,lieoret,ical fit.s t,o tlie dat.a points for tlie 
solutions of Eq. 1:  as a iiiiictioii of illiiininat,ion int,eiisit,y. 
Tlie calciilat,etl st,eatl.v state tlefect. deiisit,y as a fuiict.ioii of 
illurnination intensity ar? inclicatetl b!; arrows at. tlie right, 
edgc of tlic figure. 

t,ial defcct clensity, no clear dependence on illuminat,ion 

int,cnsity is o11sc:rvetl withii~ experimental accuracy. \Ire 

woiild like to poiiit. out Iiere t,lia.t the large error bars 

arc ina.iiily clue to the long illuminat,ion and annealing 

periotls ovrr sevcral days anil the small relative clia.nges 

of tlie coplanar condilctivity. 

As discusscd elsew~iere['~], thc kiiietics of light- 

jntliiced tlegra.cla.t~ion using pulsed light cannot be 

expla.inet1 with models iiivolving linear or sub liii- 

car carrier-dmsit,y clepciiclence of the defect creation 

rnt.e[7ai']. Based ori this experiniental fact, a reasoil- 

able est.eiisions to  t,lie model of Stut,zniann, Jackson 

and i~'sai["l is presented. 

IR tliese ext.ension the light-induced annealing term 

is -BGNl,,,t/N, wliere ?Jlnet is the density of metastable 

defect-s, antl G t,he geriera.t,ion rate of free carriers. The  

itiiderlyi~ig iclca is thnt  tlie capture of excess electrons 

(or Iioles) wit.11 deiisity n($ x G/N into metastable 

clnngling boiicls triggers t,he light,-induced annealing of 

t,ht: h t t e r .  111 olir case, since to  a good approximation 

N,,,,t N 8:  this t,erm is siinply -BG. In this case: 

wliere 1 is tlie time. From the steady-state condition 

dN/dt,=U, one fi11d N,, = (AG/R)'/'. 

The const,aiits A niid B are fitting parameters. From 

thc experii-nenta.1 result,s in Fig. 3, N,, for 100míV cnl-' 

"cw" illuinination is estiinated to  1x2 1 . 2 ~ 1 0 ~ ~  cr11-~, so 

t(l1a.t. in rea1it.y: oidy oile pa.ranieter in Eq. 1 is free to 

atljiist. The leasl. sclua.re fit of t,lie experiment,al data. to 

Eg. 1 is plott,ed iii Fig. 3 ( A  = 11500 cm-3 s) .  A good 

agrccn~ent is found witli the experimental data.  

Finallyj one coiilcl iniaging that  t.he same two-carrier 

process cnusirig clefect creation also could give risc to 

tlefect annea.liiig. 111 t.liis ca.se hoivevcr it is easy to see 

t,liat the steacly-state defect density would be indepen- 

dent of liglit intensity, cont,ra,ry to  bhe experimental re- 

sults. Therefore trhis possibility ca.n be rulecl out. 

Tlie light,-inducecl a.nnea.ling of nietastablc defect 

was a.lso otwrvetl iii tlie ESR. sigiial iiitensity of the 
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l;igiirc> 4: DelCct densify iticasiired bj- ESlI as a fiinctioil of  
time. Opeii c rcles corresporitl t o  tlic saniple Icft iii the tlark 
ai T < 0 ° C  ~~fte i .  faat. defect creat.iori bj- piilsrd ill~ir~iiiiaiior~ 
(500 in\V c m - 7  for 2h). Fillrtl circlrs sliow ilir clmiiges 
in t  he spiii tl-iisity of t he sanie sarnplr rluring i;uhseqiirnt 
coiitinuoux i11 iminat.ion nith 60 m\\' cni-'. Tlie daslied liiir 
is a giiide to  Iie ?yr. 

IV. Coilclu jioiis 

Liglit--ind icecl annealiiig of iiiet ast.able cl~fect,s i i i  :i- 

Si:II nTas obsci\,ed i11 both! ~ ~ l i o t o - c o i ~ d i ~ ~ t i ~ i t ~ ~  a.nd ESR, 

experiment,s. Slie txperinlent,al data cnn be rcasoiiably 

explained by est.endiiig tlici defwt crt:atZioil eqiiíit,ioii of 

Stiitzniaiiii. ,. ac1isoi-i and Tsai["], adcling a siniple a.ii- 

iiealing t r rm proportiona1 to (; (genclration iata(:). This 

resiilt siippor t,s the iiiterpret,at,ion of defect. satura.tio11 

as a n  stracly jtatc hetween defert creation and aniieal- 

111g. 
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