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L I G H T - I ~ C R E A T I O N O F  DEFECTS ANDRL=~TED R-ENOPE]~ 
IN SILIO:3N-BASEDAI"DRPFE)USSEHICOF[7.X3TORS 

A. Horimoto, H. Yokomichi, T. A t o j i ,  
H. Kumeda, I. Watanabe and T. Shimizu 

Dept. of E lec t ron ics ,  Kanazawa Un ivers i t y ,  Kanazawa 9L~O, Japan 

ABSTRACT 

Ligh,- induced creat ion of defects and ,he i r  annealing process 
were studied by ESR, photoconduc, i v i t y  and photoluminescence 
measurements for  a-Sil_xNx:H and a-Sil_xCx:H f i lms  besides a-Si:H 
f i lms with var ious spin dens i t ies  and H conten,s. The resu l t s  show 
that the degrada, ion of the pho,oconduct iv i ty  and the 
photoluminescence is mainly a t , r i bu ted  ,o creat ion of dangling bonds 
due ,o bond breaking. 

I NTRODLK~T I ON 

A number of s tud ies on the S,aebler-Wronski (S-W) ef fect  in 
hydrogenated amorphous Si (a-Si:H) have been car r ied  out. Various 
models have been proposed for the degradation due ,o a s,rong 
i l l umina t ion  , i . e . ,  the decrease in ,he photoconducf iv i ,y  , the 
fa,  igue of the photoluminescence, and the increase in the ESRspin 
densi ty.  The o r i g i n  of the S-W e f fec , ,  however, is s t i l l  
con t rovers ia l .  The S-W ef fect  for  o-Sil_xNx:H or a-Sil_xCx:H f i lms 
is scarcely invest iga,ed u n t i l  now. In , h i s  paper, we present ,he 
resu l ts  of our inves, igat ion on ,he changes of ,he ESRspin densi ,y ,  
the photoluminescence and ,he pho,oconduct iv i ,y  due ,o whi,e l i gh ,  
i l l umina t ion  at room ,empera,ure for a-Sil_xNx:H and a-Sil_xCx:H 
f i lms.  The re la ,  ion among ,hese changes is invesf iga,ed. 

EXPER I MB, TI'AL 

a-Si:H f i lms with var ious H contents and a-Sil_xNx:H f i lms were 
prepared both by glow discharge decomposition (GD) and react ive 
sput te r ing  (SP). a-Sil_xCx:H and a-Sil_xGex:H f i lms were prepared 
only by GD. ESR and photoconduct iv i ty  measurements were car r ied out 
both at l i qu id  N 2 temperature (LNT) and room temperature (RT). 
Photoluminescence measurement was carr ied out only at LNT w i th in  a 
few minutes. He-Ne laser l i gh t  (632.8 nm) and monochromatic l i gh t  
derived from a Xe lamp through inter ference f i l t e r s  wi th 0.1 mW/cm 2 
were used for exc i t a t i on  of photocurrent, l'he He-Ne laser l i gh t  and 
Ar + laser l i gh t  (488 and 514.5 nm) wi th a few hundred mW/cm 2 were 

i l l  used for exc i ta t i on  of the photoluminescence. Strong um ina t i on  
was carr ied out for  more than 1 h wi th more than 120 mW/cm 2 by using 
whi,e l i gh t  from ,he Xe lamp through an IR cu, f i l t e r .  

RESULTS 

I. a-Sil_xNx:H f i  Ires 

0094-243X/84/1200221-08 $3.00 Copyright 1984 American Institute of Physics 
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In order to c l a r i f y  the nature of defects in a-Sil_xNx:H f i lms,  
we carried out the l ight-induced ESR at LNT Figure l-shows how the 
spin density N s changes with white l ight i l lumination at LNT for SP 
a-Sio.68No.32:H f i lm 1. I 0 in the f igure is about 0.1 mW/cm 2. The 
g-value and the linewidth do not change with i l lumination. 
I l lumination at LNT shows a remarkable increase in the l ight-induced 
ESR signal intensify. After cessation of i l luminat ion, a 
considerable part of the increased N s remains at LNT, but disappears 
at RT. In the case of strong i l lumination, a part of N s increased at 
LNI" remains even at RT. Similar results are obtained for a-Sil_xNx:H 
f i lms with various x. 

All the present results can be explained as follows. A large 
number of Si dangling bonds with negative electron correlat ion 
energy U (D n) exist  in a-Sil_xNx:H f i lms (x ~ O) besides Si 
dangling bonds with posi t ive U (Dp), and the sign of U is changed 
i n to  a pos i t i ve  one due to i l l um ina t i on  at  LNT for some of  D n. The 
l ight-induced ESR signal arises both from Dp 0 centers created by the 
change of the sign of U and from DnO centers created by trapping 
photo-excited electrons and holes. Dn 0 centers return to the ESR 
inactive Dn + + D n- centers rapidly at LNT af ter  cessation of 
i l lumination, whereas Dp 0 centers created by the former mechanism 
remain at LNT and return to Dn + + Dn- centers with rais ing 
the temperature to RT. In a-Si:H f i lms,  such phenomena do not appear, 
because no defects with negative U ex is t .  
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In a-S i :H f i lms ,  i t  is known that a prolonged and st rong 
i l l um ina t ion  creates ESR centers o r i g i n a t i n g  from dangl ing bonds 2-4. 
In a-Si l_xNx:H f i lms ,  the photo-created ESR centers  remain at RT as 
descr ibed above. Figure 2 shows N s in the dark for  a-Si l_xNx:H f i lms  
annealed at 2(30 ~ C and s t rong ly  i l luminated at RT as a func t ion  of 
N content x. The dens i ty  of photo-created ESR centers AN s s tab le  at 
RT increases wi th  an increase in x, whereas ~ ls /N s decreases wi th  x 
because of a large increase in N s before i l l um ina t i on  wi th  x as 
shown in Fig. 2. 

The r e l a t i o n  between the increase in N s in the dark and the 
decrease in fl#T due to st rong i l l um ina t ion  is shown in Fig. 3. Data 
for  var ious a-Si l_xNx:H f i lms  wi thout  i l l um ina t ion  are a lso shown 
together.  Changes due to the i l l um ina t ion  are ind icated by the 
arrows. The r e l a t i o n  between fl#T and N s for  un i l lumina ted  f i lms  is 
represented by a formula ~#T~ Ns-~ wi th  7~ 2. Changes due to st rong 
i l l um ina t ion  are a lso represented by a formula ~#T( i l l ) / f l ~T (ann)  = 
{Ns( i l l ) /Ns (ann) } ->  wi th  7 ~ 2 .  Since the rec iprocal  l i f e t i m e  1/T is 
expected to be propor t iona l  to N s, 7 ~ 2  suggests that the decrease 
in the mob i l i t y  # wi th  an increase in N s. In a-Si l_xNx:H f i lms  
wi thout  s t rong i l l um ina t i on ,  the decrease in ~?#~ wi th  an increase in 
x can be a t t r i b u t e d  to the increase in the dens i ty  of  dangl ing 
bonds 5 and in the dens i ty  of  t a i l  s ta tes .  The s i m i l a r i t y  of 7 value 
between those wi th  and wi thout  s t rong i l l um ina t ion  suggests that the 
decrease in T~/~T wi th  st rong i l lumination can be a t t r i b u t e d  
increase in the dens i ty  of  dangl ing bonds accompanied 
increase in the dens i ty  of  t a i l  s ta tes .  
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Fig. 6 Recovery of N s {a) and O~T 
(b) due to annealing for 10 min for 
GD a-Sil-xNx:H fi lms. 

The result of the degradation of the photoconductivity due to 
strong i l lumination is shown in Fig. 4. Here, { ~ T )  - 1 / 2  is plotted 
against x in order to compare with Fig. 2, because ( ~ T ~ 1 / 2  is 
approximately proportional to N s . A(~/ IT) - I /~  = (W~T) -J /~ ! i l I ! .  - 
( ~ w ) - l / 2 ( a n n )  corresponding to the increase in the defect aenslry 
increases with an increase in x. A good correlat ion between ~ s  and 
A ( ~ T ) - I / 2  suggests that the decrease in ~ w  due to strong 
i l lumination is mainly at t r ibuted to the increase in the density of 
dangling bonds. 

In contrast, the comparison of the transient photoconductivity 
at LNT to the transient l ight-induced ESR at LNT shows no good 
correlat ion between them. The reason is not clear at present, but i t  
is possible that the low temperature photoconductivity is not 
largely affected by the density of recombination centers ~, 

In order to c l a r i f y  what kind of dangling bonds are created by 
strong i l lumination, we carried out l ight-induced ESR both for the 
films annealed and strongly il luminated at Rq'. The result is shown 
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in Fig. 5. For SP a-SIo68N 0 q~:H f i lm  annealed at 200 " C fo r  1 h, 
the dens i ty  of Dp 0 is 2.7 x iO -'T7 cm -3  and that of Dn + and D n-  is 
1.4 • 1018 cm -3.  Strong i l l um ina t ion  causes a remarkable increase 
only in Dp dens i ty ,  though i t  does not cause any increase in D n 
dens i ty .  

An experiment of the photoluminescence fa t i gue  was also ca r r i ed  
out. The r e l a t i v e  decrement of the photoluminescence i n t e n s i t y  due 
to st rong i l l um ina t ion ,  A lpk / IpL  = { I p k ( a n n ) - I p k ( i l l ) } / I p L ( a n n ) ,  
increases wi th  x. I t  might appear that the increase in AIpk / IpL  wi th  
an increase in x is incons is tent  wi th  the decrease in ANs/N s wi th  an 
increase in x. However, we can show that the changes of A Ipk / IpL  and 
ANs/N s wi th x are q u a l i t a t i v e l y  cons is tent  on the basis of the 
re l a t i on  between IpL and N s , IpL = I exp(-4~Rc3Ns/3), proposed by 
St reet  et  a l .  7, because N s increases la rge ly  wi th  x. Here, R c is the 
c r i t i c a l  d is tance between defec ts  and" photo-exc i ted  c a r r i e r s  at 
which rad ia t i ve  and non- rad ia t i ve  recombination rates are equal. The 
t r a n s i t i o n  from D + + D- to 2130 is expected to occur dur ing the 
photoluminescence measurement. I t  is,  however, not c lear  at present 
how such a t rans t ion  a f f e c t s  IpL. 

I t  is important to inves t iga te  a recovery process as well  as the 
degradation process of ~pr and N s in order to c l a r i f y  the o r i g i n  of 
the degradat ion. F igure 6 shows the recovery processes of N s (a) and 
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~#T (b) by isochronal annealing for  10 min at each annealing 
temperature T a. {Ns(Ta)-Ns(ann)} / {Ns( i l l ) -Ns(ann)}  represents the 
ra t i o  of the remaining N s a f te r  annealing at T a to the increased Ns. 
(~#T)-1/2 is used in Fig. 6(b) because of the same reason as in 
Fig.3. ~#T for GO a-Sil_xNx:H f i lms shows a recovery process 
s im i la r  to N s. These resu l t s  also support that the degradation of 
fl#T is mainly a t t r i bu ted  to the increase in N s. The incorporat ion of 
N atoms is found to prevent the recovery of the f i lms  from the 
degradation state.  

I I .  a-Si l_xCx:H f i lms  
Also in a-Sil_xOx:H f i lms,  the l igh t - induced ESR measurement was 

carr ied out at LNT. Figure 7 shovs hov the spin densi ty  changes with 
a white l i gh t  i l l umina t ion  for  (;13 a-Sio.66CO.34:H f i lm.  I 0 in the 
f igure  is about O.1 mW/cm 2. Though the g-value and the l inewidth do 
not largely change wi th i l l um ina t ion ,  a s l i g h t  asymmetry appears 
with strong i l l umina t ion .  This shows that the l igh t - induced ESR 
signal poss ib ly  contains the band t a i l  ESR s igna ls  as well as the 
ESR signal of Dn O and Dp O centers. Therefore the densi ty  of to ta l  
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dangl ing bonds, Dp and D n, may be less than the N s values shown in 
t h i s  f i g u r e .  

Figure 8 shows N s in the dark fo r  annealed and s t rong l y  
i l luminated a-Si l_xCx:H f i lms  as a func t ion  of x. AN s increases wi th  
x, whereas ~ ls /N s decreases wi th x, as in the case of a-Si l_xNx:H 
f i lms.  

The resu l t  of  the degradation of the photoconduc t iv i t y  due to 
st rong i l l um ina t ion  is shown in Fig. g. Here, ( f l~T)- l /2  is p l o t t ed  
as in the case of a-Si l_xNx:H f i lms.  A( f l#T) - I /2  = ( f l # ~ ) - l / 2 ( i l l )  - 
(npT) - l /2 (ann)  corresponding to the increment of the defect  dens i ty  
increases wi th  an increase in x. The resu l t  o f  the photoluminescence 
measurement also shows a c lose r e l a t i o n  between IpL and N s as in the 
case of a-Si l_xNx:H f i lms .  The good c o r r e l a t i o n s  between AN s and 
A(O#T)- I /2 and between ~1 s and IpL suggest that  the degradat ion due 
to strong i l l um ina t ion  is mainly a t t r i b u t e d  to the increase in the 
dens i ty  of dangl ing bonds. 

The resu l t s  of  the experiment on the recovery process from the 
degradation s ta te  are shown in Figs. lO(a) and lO(b).  The resu l t s  
are s im i l a r  to those shown in Fig. 6 fo r  a-Si l_xNx:H f i lms .  

I I I .  EFFECT OF HYDR(OB~ 
In order to reveal what causes the c rea t ion  of dangl ing bonds, 

we invest igated a r e l a t i o n  between ~1 s due to st rong i l l um ina t ion  at 
RT and the H content of the f i lms Nil. The resu l t  is shown in Fig. 
11. ~1 s and Nil fo r  a-Si :H f i lms ,  a-Si l_xOex:H and a-Si l_xCx:H f i lms  
have a good c o r r e l a t i o n ,  i nd ica t ing  that H atoms in the f i lms  p lay 
an important ro le  in the degradat ion due to s t rong i l l um ina t ion .  In 
the case of a-Si l_xNx:H f i lms ,  N atoms , in add i t i on  to H atoms, 
p lay an important ro le  in the degradat ion. This is probably 
a t t r i b u t e d  to the low coord inat ion  number of N atoms. 
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DISCUSSION.~kND ~USION 

The resu l ts  of the l ight - induced ESR at LNT in a-Sil_xNx:H and 
a-Sil_xCx:H f i lms without strong i l l um ina t ion  suggest the fo l lowing 
idea. The binary a l l oy  f i lms with N or C atoms have both Dp and D n. 
Without i l l umina t ion ,  only D~ 0 are ESR act ive,  whereas wi th 
i l l umina t ion  at L_NT, both DpO'and DnO become ESR act ive.  The ra t i o  
of the densi ty  of D n to the densi ty  of Dp for a-Sil_xNx:H f i lm  is 
much larger than that for  a-Si!_xCx:H f i lm  as can be seen from Figs. 
1 and 7. The presence of D n =n a-Si 1 xNx:H f i lms is presumably 
a t t r i bu ted  to 3 - fo ld  coordinat ion of N atoms with lone pai r  
e lect rons.  An o r ig in  of  the presence of  D n in a-S i ]  .Cv:H f i lms is 

In these f l lm=~ not c lear ,  though i t  might be due to a large N H " -^ ^ " 
The invest igat ion of the strong i l l um ina t ion  e f fec t  on ~ T  and 

IpL for a-Sil_xNx:H and a-Sil_xCx:H f i lms shows that the degradation 
of q/sT and IpL due to strong i l l um ina t ion  can mainly be a t t r i bu ted  
to the creat ion of dangling bonds due to bond breaking. The increase 
of N or C content x increases the densi ty  of dangling bonds created 
by bond breaking due to strong i l l um ina t ion  and prevents the 
recovery from the degradation state.  This suppression of the 
recovery has a good correspondence with the resu l t  that the 
incorporat ion of  N or C atoms makes the f i lm  hea t - res is ten t  8,9. 

In conclusion, ESR with var ious i l l um ina t ion  i n t e s i t i e s  at I_NT 
in the present work can reasonably be explained by both the change 
of D + + D- centers into 2D 0 centers and bond breaking. The 
degradation of the photoconduct iv i ty  at RT and the photoluminescence 
can mainly be a t t r i bu ted  to the creat ion of dangling bonds due to 
bond breaking in contrast  wi th the Ad le r ' s  proposal 10 that the S-W 
ef fect  is brought about by the change of D + and D- into 2D O. 
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