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ABSTRACT 

S-parameter positron beam measurements have been done on several kinds of a-Si: 
Kr-sputtered a-Si, PECVD a-Si, MeV ion beam amorphized Si and a-Si grown in an 
MBE-system at a low deposition temperature. Kr sputtered a-Si becomes denser for 
higher Kr concentration. PECVD a-Si:H contains micro-cavities with a size depending 
on growth temperature. MeV ion beam amorphized Si contains 1.2 at.% small vacancies, 
which decreases upon annealing (relaxation) to 0.4 at.%. This effect can be mimicked 
by H-implantation and subsequent annealing, showing that at least some of the dangling 
bonds in a-Si are located at these vacancy-type defects. Finally positron measurements 
show that MBE-system grown a-Si contains large open-volume defects. The positron 
annihilation data are supplemented by data fron" some other techniques. 

INTRODUCTION 

The study of the annealing behaviour and the role of incorporated gases like H and 
noble gases in a-Si is interesting from both theoretical ('structure' of ~-Si) and practical 
standpoint (solar cells, etc.). Dangling bonds in a-Si deteriorate the electrical properties 
of the material. The carriers are trapped at these bonds. On the other hand hydrogen 
may passivate these dangling bonds. Positrons are sensitive to electric charge and are 
therefore thought to be capable of probing these defects. 

EXPERIMENTAL 

Four types of a-Si have been examined: 
1) a-Si sputter deposited at 310 ~ from a Kr-plasma at a pressure of 0.1 Pa. The 

Kr-Si atom ratio was varied, resulting in a-Si:Kr with differing Kr concentrations. The 
Kr concentration was determined by Rutherford Baxkscattering (RBS). 

2) a-Si grown by Plasma Enhanced Chemical Vapour Deposition (PECVD) at tem- 
peratures ranging from 50 ~ to 200 ~ and from a 2:1 mixture of SiH4:H2 (if-power 
during deposition was 20 W at a frequency of 13.56 MHz). 

1Present address: D~partement de Physique, Univcrsit~ de Montrdal, D~pa~tement de Physique, 
C.P. 6128, succ. ~A', Montrdal, Qudbec, H3C 3J7 Canada, 
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3) Ion beam amorphized silicon, prepared by implantation of 0.5 and 1 MeV Si+-ions 
at -100 ~ resulting in a uniform 500 nm a-Si layer. The sample has been annealed 
at 500 ~ i.e. just below the recrystallization temperature. In a similar as-implanted 
sample an additional 50 keV H+-implantation to a dose of 5 x 10 TM cm -2 has been 
performed at room temperature. This sample was annealed in vacuum at 150 ~ for 2, 
6 and 25 hours respectively (see further [1]). 

4) a-Si grown in a Molecular Beam Epitaxy (MBE) system. The first 10 nm was 
grown at room temperature, followed by 300 nm at 250 ~ and a postgrowth anneal of 
30 rain. at 350 ~ Raman measurements show that at least 99 % of the overgrowth is 
amorphous. 

Table 1. The fitted values of the S-parameters and 
the positron diffusion lengths of the Si-layers of the 
samples examined. 

scaled S diff. length 
monocrystalline Si 

c-Si 1.0000 245 nm 
K r - s p u t t e r e d  S i  

~-Si (0.55 % Kr) 1.0240 13.8 nm 
a-Si (1.0 % Kr) 1.0244 12.6 nm 
~-Si (2.7 % Kr) 1.0213 8.7 nm 
a-Si (3.0 % Kr) 1.0209 7.0 nm 
~-Si (3.9 % Kr) 1.0170 7.1 nm 
a-Si (4.8 % Kr) 1.0183 8.0 nm 

PECVD Si 
~-Si:H (50~ 1.0651 2.4 nm 
a-Si:H (100~ 1.0534 2.4 nm 
a-Si:H (150~ 1.0364 3.3 nm 
s-Si:H (200~ 1.0273 6.2 nm 

ion beam Si 
as-impl, s-Si (-100 ~ 1.0379 8.6 nm 
annealed a-Si (500 ~ 1.0257 15.5 nm 

ion beam a-Si + 50 keY H + 
- -  1.0391 6.5 nm 
25 h anneal (150 ~ 1.0249 5.3 nm 

MBE-system grown Si 
a~Si 1.1450 5.4 nm 

All samples were examiued 
with slow positrons, whereas the 
Kr-sputtered and 'MBE'-samples 
were also characterized with Ra- 
man-spectroscopy. Besides, the 
PECVD layers have been studied 
with Small Angle X-ray Scattering 
(SAXS) and the Ion beam sam- 
ples by free carrier lifetime mea- 
surements. 

The analysis of the data was 
done with the VEPFIT-program [2]. 
All S-values presented in this arti- 
cle, have been scaled to the fitted 
c-Si S-value and are therefore prop- 
erly S/ Sc_Si-Values. 

RESULTS AND DISCUSSION 

The results of the measurements 
are shown in figs. 1-4 and the fit 
results are summarized in table 1. 

The S-parameter of Kr-sputter- 
ed a-Si ranges linearly between 
1.024 for low Kr-concentrations 
(0.5 and 1%) to 1.018 for high con- 

centrations (3-5 %). The positron diffusion length in the latter a-Si:Kr-layers is signifi- 
cantly lower than the one in a-Si with a low Kr-concentration. 

Apparently, the 50 eV Kr creates Si self-interstitials which fill the grown-in vacancy- 
type defects, thereby reducing their size. On the other hand the electrically inactive 
Kr-atoms themselves fill the positron-traps. Both effects result in dense a-Si for a 
high Kr-concentration, corresponding to a lowering of the S-parameter. Nevertheless, 
the decrease of the diffusion length evidences more positron traps in the case of high 
Kr-concentrations. Though the Kr atoms and the Si self-interstitials have completely 
occupied the vacancies in the material, the oversized Kr atoms induce smaller positron 
traps due to the straining of the lattice. 

This explanation is consistent with Raman-measurements, which show that the the 
hwhm of the Transverse Optical (TO) peak increases from 38.5 cm -1 for a-Si with 
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Figure 1. S-parameter vs. positron inci- 
dent energy for Kr-sputtered a-Si contain- 
ing 0.55 % (top curve) to 4.8 % Kr (lowest 
curve) .  
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Figure 2. S-parameter vs. positron inci- 
dent energy for PECVD a-Si grown at 50 ~ 
(top curve), 100 ~ 150 ~ and 200 ~ (bot- 
tom curve) .  

L .  
(D 

(D 

E 
O 
L- 

O 
t~ 

I 
( / )  

1 . 0 4  

1 . 0 2  

1 . 0 0  

0 . 9 8  

0 . 9 6  

0 . 9 4  

. . . .  I . . . .  I . . . .  I . . . .  I . . . .  

= l , l , , , , I , , , , l , , , , l * , , ,  

0 5 10  15  2 0  2 5  

1 . 1 6  . - " " l  . . . .  i . . . .  I . . . .  ~ . . . .  : 

1 . 1 4  . ~ j _ ~  

112 

1.o8 ; : 
1 . 0 6  i- ee 

1 . 0 4  etb 

1 . 0 2  i � 9  

1 . 0 0  . . . . . . . . . . . . . . . . . . . . . . . . . . .  _1_ 

0 . 9 8  , , , I  . . . .  I . . . .  I . . . .  I , l ~  

0 5 10 15 20 25 

t cD 
- ~  1 . 1 0  

I 

energy (keY) 
Figure 3. S-parameter vs. positron in- 
cident energy for c-Si (bottom) and as- 
implanted and annealed ion beam amor- 
phized Si (top and middle curve). 
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Figure 4. S-parameter vs. positron inci- 
dent energy for MBE-system grown a-Si.  



R. A. H a k v o o r t  et al. 51 

0.55 % Kr to 43.5 cm -1 for a-Si with 4.8 % Kr. Therefore, the mean bond angle 
distortion of a-Si is larger for a-Si with much Kr, corresponding to less ordering on the 
short range. As a reference: MBE a-Si has a TObwh~ of 37.2 cm -1, while it contains 
large voids. We conclude: More Kr in the lattice leads to a larger bond angle distortion, 
which corresponds to less short-range order and results in a shorter positron diffusion 
length [3]. 

The S-parameter of PECVD a-Si:H ranges between 1.027 for material grown at 
200 oC and 1.065 for 50 ~ a-Si. The diffusion length decreases for these samples from 
2.4 nm to 6.2 nm. 

The high S-parameter indicates Positronlum (Ps) formation, at least in the 50 ~ 
sample, showing the a-Si:H contains large voids. Positrons trapped in small open- 
volume defects in a-Si have S-parameters of about 1.035 [4]. Extremely high S-values 
can only be the result of zero-momentum annihilations of para-Ps in (large) voids, 
which has indeed been observed in PECVD a-Si:H via both 2D-ACAK and positron 
lifetime measurements [5-6]. The rather low S-parameter for the 150 ~ and 200 ~ 
a-Si, even lower than the S-parameter for vacancy-type defects mentioned above, can 
be explained by the presence of Si-H bonds in the small voids. These bonds change the 
electron momentum density in the neighbourhood of the trapped annihilating positrons, 
apparently leading to a lower S. This explanation is consistent with the much higher S- 
parameter found for MBE-system grown a-Si, where no hydrogen is present (see below). 

Small Angle X-ray Diffraction (SAXS) measurements have shown that the free vol- 
ume fraction of this a-Si increases from a few percent for the 200 oC growth up to 12 % 
for the poor-quality 50 ~ growth [7]. This is in accordance with our measurements, 
which show that both the size of the voids (,~ S) and the number of the voids (,,~diffusion 
length) reduce for higher deposition temperatures. 

The S-parameter of ion beam amorphized Si is 1.038 after the implantation, but 
decreases upon annealing (500 ~ to 1.026. The diffusion length increases from 8.6 
to 15.5 nan. After H-implantation in the as-implanted a-Si the S-parameter remains at 
1.039 and decreases only after prolonged heating at 150 ~ The diffusion length slightly 
decreases from 6.5 to 5.3 nan, although these values are not completely beyond doubt, 
because the diffusion length is obtained from positron measurements in the surface 
region of the a-Si where there should be no implanted H. 

By the Si-implantation defects are introduced in the Si, which eventually leads to a 
complete amorphization. The resulting network of structural defects of the a-Si contains 
many dangling and/or strained bonds. Positrons are trapped in the vacancy-type defects 
present in the lattice. Upon thermal annealing the strained bonds relax, while the 
dangling-bonds can be passivated by hydrogen. In the former case the number of defects 
decreases in accordance with the increase of the positron diffusion length. Prom the 
decrease of S it can be concluded that the mean radius of the vacancy-type defects 
lowers by the anneal. 

Assuming the divacancy trapping rate of c-Si (3• [8]) to be a typical positron 
trapping rate in damaged Si, we can estimate the concentration of positron traps. The 
trap-density in the as-implanted a-Si would correspond to 1.2 at.%, while the defect 
density in 500 oC annealed a-Si is found to be 0.4 at.% [1]. 

H-implantation and subsequent annealing at 150 ~ also leads to a lowering of the S- 
parameter. This temperature is too low for any significant structural changes to occur. 
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It is well-known that  H passivates dangling bonds, which according to photocarrier  
lifetime measurements has also taken place in the H-implanted and annealed sample 
[1]. This passivation can be related to the measured decrease in S,  probably due to 
reduced trapping in the larger 'voids'. It  appears,  therefore, that  some of the vacancy- 
type defects which were able to t rap positrons no longer serve as those traps after the 
dangling bonds have been passivated with H. This means that  at  least some of the 
original dangling bonds were located at vacancy-type defects. 

Finally, the S-parameter  of MBF_,-system grown a-Si amounts to 1.145, which is 
really very large, but  in accordance with the value of 1.15 for MBE grown Si with large 
voids [4]. The only adequate explanation of this value is para-Ps formation in large 
cavities. Simpson et al. found voids of 3 to 6 nm diameter [4]. The diffusion length 
of 5.4 nm is rather  small, indicating poor-quali ty material ,  although it is not as small 
as in some of the PECVD a-Si:H-layers. Raman-measurements show a rather  small 
bond-angle distortion (TOhwhm=37.2 cm -1).  

In conclusion it has been shown that  positrons are sensitive probes for a characteri- 
zation of several types of a-Si. Changes in the S-parameter  and diffusion length can be 
related to the presence of incorporated gases and voids or vacancy-type defects. 
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