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Hydrogenated amorphous silicon films have been reactively sputtered with different flow rates of hydrogen in a n  A r - H  2 

gas mixture. The films have been characterized by optoelectronic and structural properties. The susceptibility to lighl induced 
changes has been studied. The effects of variation of the rf power density and the total pressure on the film properties have 
also been examined. Each of the deposition parameters have been found to exercise considerable control on the film 
characteristics. Parametric optimisation has yielded encouraging results in terms of film quality. 

1. Introduction 

I t  has been possible to prepare low defect den- 
sity films of a-Si : H by the rf magnetron sputter- 
ing method [1,2]. So it has started receiving atten- 
tion as an alternative to film deposition by the 
glow discharge decomposition of silane. A detailed 
study of the effect of deposition temperature (Ts) 
on magnetron sputtered a - S i : H  films has been 
carried out in this laboratory [3]. With an arbi- 
trarily chosen (17%) flow rate of hydrogen in an 
Ar + H 2 gas mixture, fairly encouraging results 
have been obtained in terms of the dark conduc- 
tivity, at) , photoconductivity, aph, spectral re- 
sponse and neutral dangling bond density for Ts = 
180 o C. In this work, further optimisation in terms 
of hydrogen flow rate, power density and pressure 
has been carried out for films deposited at 180 o C. 
Light induced effects in selected films have been 
studied since presence of photo induced changes is 
considered as an index of quality for the material 
[4]. Different light soaking temperatures have been 
used to understand the process better. 

It has been shown that fabrication of a - S i : H  
solar cells by glow discharge decomposition of 
silane should preferably be carried out at low 
temperatures, to prevent the degradation of the 
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transparent, conducting base layer by the hydro- 
gen plasma [5-7]. RF  magnetron sputtering has 
also been tried as an alternative method for the 
fabrication of a - S i : H  solar cells [8]. Therefore, it 
has been thought worthwhile to do some optimis- 
ation work on a - S i : H  films deposited at 6 0 ° C  
also. In this case, mainly the effect of different 
hydrogen concentration has been studied. 

2. Experiment 

Films have been fabricated in a rf magnetron 
sputtering system (CVC Inc., USA). Details have 
been described elsewhere [9]. The electrodes are in 
a parallel plate configuration and the gas mixture 
(Ar + H2) has been introduced directly into the 
plasma region in the form of a shower through the 
upper electrode which serves as the substrate 
holder. In such a system the composition of the 
gas mixture can be closely approximated from the 
ratio of the flow rates of the gases. The parameter  
that has mainly been varied is R H, which is the 
flow rate of hydrogen (sccm) expressed as a per- 
centage of the total flow rate of Ar and H 2. R H 
has been varied between 0 to 80%. The other 
deposition parameters which have been varied in- 
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clude the rf power density (0.5-2.2 W/cm 2, target 
dia 20.9 cm) and the total pressure (0.8-7.8 
mTorr). The substrate temperature, T~, has been 
maintained at 180°C. Rrt variations for T~= 
60 °C have also been carried out over a limited 
region. 

Films have been characterized by dark conduc- 
tivity and its temperature dependence, photocon- 
ductivity (tungsten halogen lamp, 50 mW/cm2), 
optical band gap, IR spectrum and ESR spin 
density. Light induced changes on selected sam- 
ples have been studied after illumination of films 
with white light from a tungsten halogen lamp 
(intensity= 100 mW/cm 2) for one hour. Light 
soaking has been carried out at different tempera- 
tures, T I, and recovery effect tested by subsequent 
annealing at 150 o C. Exposure has also been done 
at 150 °C itself to observe resultant changes. 

3. Results and discussion 

3.1. Effect of hydrogen concentration 

The effect of increasing R H on the properties 
of magnetron sputtered a-Si : H films deposited at 

180 °C have been tabulated (table 1). The power 
density has been maintained at 1.2 W/cm 2 and 
the pressure at 2mTorr. The room temperature 
dark conductivity, OD, progressively decreases (fig. 
1) and the optical band gap increases with R H, 
(table 1). This is consistent with the role of hydro- 
gen as a compensator of dangling bonds. With 
increasing RH, more and more hydrogen is incor- 
porated into the silicon network of the film. This 
is also found from IR studies by calculating the 
amount of bonded hydrogen of some samples 
from the wagging mode absorption (table 1). An 
extreme value of Rrl = 80% has also been tried 
which shows a virtual saturation in o D beyond 
R H = 30%. 

The effect of variation in R H for films deposited 
at 60°C has also been studied. The results have 
been given in table 2. Here, the special feature is 
the higher activation energy at low temperatures 
compared to films deposited at 180 o C. For R n = 
5%, the two activation energies are nearly equal. 
However the photoconductive gain (Oph/OD) 
decreases. The density of dangling bonds has been 
calculated from ESR spectra. For R H = 5% it is 
higher (5.9 x 1017cm -3) than that, for example, of 
a film deposited with R H = 17% (1.2 x 1017cm-3). 

Table 1 

Properties of magnetron sputtered a-Si : H films deposited at 180 ° C 

R H o D Oph Gain Activation energy Optical band gap Hwa s 
(%) (f~- i  c m - 1 )  (f~-~ cm -1)  (eV) (eV) (at%) 

unhydro- 2.6 × 10 -5 - - 0.18 

genated 0.30, 
5 2 .9×10 -8 6 .9x  10 -5 2.4×103 0.25 q 

0.76 
10 4 .8x  10 -9 3 .2×10 - s  6 .7x103  0.23, 

0.78 
13 2.0)<10 -9 3.0X10 -5 1.5X104 0.20~ 

0.86q 
15 1.7X10 -9 2.5)<10 -5 1 .5×104 0.18~ 

0.92 
17 2.7X 10 -9 3.4X 10 -5 1.3X104 0.17~ 

0.84 
20 5 .6x10  -1° 1 .5×10 - s  2.7×10'* 0.24 

0.91 
30 1.1)< 10 - l °  3.1)<10 -6 2 .8x104  0.19 

0.92 
80 1 .1x10  -1° 1 .6×10 -6 1.4× 10 a 0.58~ 

0.92 

below 100 ° C) 1.53 
above 100 ° C) 
below 25 o C) 1.71 8.6 

above 25 ° C) 
below 40 o C) 1.78 12.2 

above 40 ° C) 

below 40 o C) 1.80 13.2 

above 40 ° C) 

below 40 ° C) 1.94 19.3 
above 40 ° C) 

below 40 ° C) 1.91 19.1 
above 40 o C) 

below 45 o C) 1.88 19.0 

above 45 ° C) 

below 45 o C) 1.92 19.3 

above 45 ° C) 

below 65 ° C) 2.07 25.5 
above 65 o C) 
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Fig. 1. Variations of dark conductivity (OD) and photoconduc- 
tivity (Oph) with hydrogen dilution (RH) for magnetron 
sputtered a-Si:H films prepared at different temperature (T~). 
Curve-1 (A): OD for T~=60°C; curve-2 (0) :  O D for T,= 

180 o C; curve-3 (e): Oph for T~ = 180 o C. 

So insp i t e  o f  the  p r e s e n c e  o f  two  la rge ly  d i f f e r ing  

va lues  o f  a c t i v a t i o n  energy ,  f i lms  wi th  R H > 5% 

s h o w  supe r io r i t y  in  o t h e r  p roper t i e s .  A n  e x t r e m e  

case  o f  R H = 80% has  a lso  b e e n  s tudied .  A l t h o u g h  

a v e r y  low va lue  o f  o D a n d  a l a rge  p h o t o c o n d u c -  

t ive  ga in  has  b e e n  o b t a i n e d ,  the  Oph v a l u e  i t se l f  is 

qu i t e  l o w  ( t ab le  2). 

I n  genera l ,  f i lms  d e p o s i t e d  a t  1 8 0 ° C  s h o w  a 

h i g h e r  va lue  o f  Oph c o m p a r e d  to  f i lms d e p o s i t e d  at  

60 o C.  I t  is r e l a t ed  to  the  n a t u r e  o f  S i - H  b o n d i n g .  

W i t h  i nc rea s ing  d e p o s i t i o n  t e m p e r a t u r e ,  i t  has  

b e e n  f o u n d  f r o m  I R  a b s o r p t i o n  spec t ra  tha t  the  

h y d r o g e n  b o n d i n g  e q u i l i b r i u m  shif ts  t owards  the  
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Fig. 2. Variations of dark conductivity (OD) and photoconduc- 
tivity (Oph) with power density for magnetron sputtered a-Si : H 

films prepared at 180 o C. 
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m o n o h y d r i d e  c o n f i g u r a t i o n .  Th i s  c o u l d  resu l t  in 

the  r e d u c t i o n  in de fec t  gap  s ta tes  [10]. 

3.2. Effect o f  power and pressure 

T h e  e f fec t  o f  v a r i a t i o n  in  r f  p o w e r  dens i ty ,  P ,  

on  the  r o o m  t e m p e r a t u r e  or D a n d  Oph for  m a g -  

n e t r o n  s p u t t e r e d  a-Si  : H f i lms  d e p o s i t e d  at  180 o C 

( R  H = 13%, p r e s su re  = 2 m T o r r )  is s h o w n  in  fig. 

2. o D dec reases  u p t o  P = 1.5 W / c m  2 a f te r  w h i c h  

it  inc reases  again .  C o m b i n i n g  w i t h  aph da ta ,  the  

ga in  is h ighes t  (2.7 X 10 4) for  P = 1.5 W / c m  2. 

T h e  in i t ia l  dec rea se  in Or) w i t h  an  inc rease  in  r f  

p o w e r  c o u l d  be  a t t r i b u t e d  to  the  h i g h e r  k ine t i c  

Table 2 
Properties of magnetron sputtered a-Si : H films deposited at 60 o C 

R H OI) O1, h Gain Activation energy Optical band 
(%) (£-1 cm-1) ( f l - I  cm-1) (eV) gap (eV) 

urthydrogenated 3.2 × 10 .4 - - 0.17 1.56 
5 1.7 x 10-9 9.1 X 10  - 6  5.2 x 103 0.72 (below 30 o C) 1.72 

0.87 (above 30 ° C) 
7 1.7 X 1 0  - 9  1.8 × 10 -5 1.1 X 104 0.41 (below 40 o C) 1.78 

0.89 (above 40 o C) 
10 4.3 x 10-1o 2.0 x 10 -6 4.6 x 10 3 0.40 (below 35 o C) 1.85 

0.85 (above 35 * C) 
17 1.2 x 10-10 1.3 z 10- 6 1.0 x 10 4 0.35 (below 40 o C) 1.98 

0.89 (above 40 o C) 
80 5.0 x 10-13 2.7 x 10-s 5.3 x 10 4 _ 2.22 



146 D. Das et al. / Hydrogenated amorphous silicon films 

Table 3 
Effect of power (P )  and pressure (P )  on the properties of a-Si: H films deposited at 180 ° C  (R n = 13~) 

P P o D Oph Activation Optical band 
( W / c m  2) (mTorr) ( [2-1 c m -  1 ) ( fl - 1 cm - 1 ) energy (eV) gap (eV) 

0.5 2 3.8X 10 -7 4.3 x 10 -6 0.46(T ~< 50°C)  2.15 

0.64(T > 50°C) 
1.2 2 2.0 × 10- 9 3.0 x 10- s 0.20(T ~ 40 o C) 1.80 

0.86(T > 40°C) 
1.5 2 1.7 × 10 - 9 4.5 × 10- s 0.22(T ~ 40 o C) 1.82 

0.90(T > 40°C) 
1.8 2 2.5 × 10 - 9  6.1 x 10 -5 0.40(T ~ 35 ° C) 1.84 

0.85(T > 35°C) 
2.2 2 1.4× 10 -s 8.3 × 10 -s 0.40(T < 35°C) - 

0.75(T > 35°C) 
1.2 0.8 1.0 x 10 - s 1.9 × 10- 5 0.23(T < 70 ° C) 2.00 

0.82(T > 70°C) 
1.2 7.8 1.7 x 10- s 1.5 × 10- 5 0.79 1.91 
1.5 7.8 7.1 x 10-10 9.7 x 10- 6 0.87 

energy of silicon atoms arriving at the substrate 
which could help in the migration of atoms along 
the substrate surface and consequently in the for- 
mation of a better amorphous network. However, 
after a certain point, further increase in the power 
density is likely to produce damage, specially by 
Ar + bombardment. So, o D shows a gradual in- 
crease after a minimum. Our results agree in part 
with those obtained by Webb and Das [11], where 
a progressive increase in the room temperature o o 
has been obtained with increasing power density 
in the range 1.3-6.4 W / c m  2. However, their lower 
limit of P corresponds to the value at which o o 
starts increasing in the present study. So the de- 
crease of o D with P in the region of still lower 
powers has not been observed by them. 

The effect of variation of the system pressure, 
p, has also been studied and the results are given 
in table 3. Photoconductive gain-wise, the best 
result has been obtained at p = 2 mTorr. How- 
ever, for p = 7.8 mTorr the conduction throughout 
the range of measurement is characterized by a 
single activation energy. Now at high pressure, the 
velocity of the ions bombarding the substrate, 
decreases and this leads to extended state conduc- 
tion with single slope in the log o o versus 103/T 
plot. This leads us to speculate that bombardment 
by Ar + ions may cause the formation of two 
phases during the growth of the film. The more 
defective second phase may be randomly distrib- 

uted on each monolayer of the matrix and con- 
nected in a random fashion through different 
layers so that a parallel conduction path is formed 
in between the electrodes. The conductivity of this 
phase (comparitively defective one) may dominate 
at low temperatures. 

For T~ = 60 ° C, it has been observed that the 
low temperature slope has higher values than for 
films deposited with T~ = 180°C. At low tempera- 
tures, since the deposition rate of silicon is higher, 
it could be that Ar + ions are not as effectively 
implanted in the films as in case of higher T v 
From ESCA survey scans too it has been con- 
firmed that the Ar content in the film increases 
with increasing T~. So for lower Ts, this may lead 
to a less defective second phase, although the 
matrix improves with increasing T~. For deposi- 
tion at high pressures, the detrimental effect of 
Ar + bombardment could be minimized leading to 
a more homogeneous growth. So, when a film is 
deposited with the optimum power density of 1.5 
W / c m  2 at a system pressure of 7.8 mTorr, better 
results are obtained in terms of o D, Oph and 
activation energy (table 3). 

3.3. Light induced changes 

The influence of extended illumination on the 
electrical properties of selected films has been 
investigated. Defects have been generated by il- 
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Table 4 
Light induced changes in a-Si : H films 

T s R H o D Oph T! (OD)A// (OPh)A// AEA AEB (UD)R (OPh)R 
(oC) (%) (fl-1 cm-l) (fl-1 cm-1) (°C) (OD) a (oPh)B (eV) (eV) (~-1 cm-1) (fl-i cm-t) 

180 5 2.9×10 -8 6.9×10 -5 30 3.7 3.9 0.76 0.81 3.2x10 -8 6.5×10 -5 
15 1.7×10 -9 2.5×10 -5 30 26.2 8.1 0.92 1.17 2.2x10 -9 2.1×10 -5 

- 90 2.7 2.0 0.92 0.97 
150 0.8 2.0 0.92 0.81 

80 1.1 × 10 -1° 1.6 × 10 - 6  30 13.0 3.4 0.92 0.98 9.9 × 10 -lt  1.6 × 10 - 6  

60 7 1.7×10 -9 1.8×10 -5 30 22.8 30.7 0.89 0.99 1.9×10 -9 1.6×10 -5 
- 90 2.0 7.5 0.89 0.94 
150 0.7 3.0 0.89 0.79 

luminat ion with white light f rom a tungsten halo- 
gen lamp (intensity = 100 mW/cm 2) for one hour  
and the recovery effect tested by  subsequent an- 
nealing at 150°C .  The samples have been found 
to nearly regain their original dark conductivi ty as 
well as photoconduct iv i ty  (table 4). Light soaking 
at different temperatures,  T I, has been carried out 
(including T I = 150 ° C) for samples deposited with 
T , - - -180°C  and R H =  15%. This is because, for 
these, the change in o o and Oph for T I = 30 ° C  is 
more  prominent  compared  to other  values of  R H 
(table 4). Samples deposited at 6 0 ° C  with R H = 
7% have also been tested on account  of  their 
initially good ot~ and Oph values, matching those 
obta ined for T ~ = 1 8 0 ° C ,  R H = 1 5 % .  A and B 
refer to states before and after exposure, respec- 
tively. AE  is the activation energy for conduction.  
o D and oph refer to room temperature values. 
( o o )  R and (OPh)R indicates the recovery values 
after annealing. 

The results support  the model  given by  Kumeda  
et al. [12] who have proposed the format ion of  an 
unstable state A',  just  after the breaking of  a Si-Si  
bond  by illumination. There is a barrier between 
A'  and the metastable state B. The height of  this 
barrier  has a distribution, varying f rom site to site. 
At  T I = - 9 0 ° C ,  as seen f rom table 4, the net 
S taebler -Wronski  effect is smaller, as carriers do 
not  have sufficient energy to cross the higher 
barrier  sites. 

For  T l = 1 5 0 ° C ,  the trend changes, o o in- 
creases and A E  decreases, a l though Oph decreases 
as usual. The decrease in ova indicates photocrea-  
t ion of  dangling bonds.  However,  here some S i - H  
bonds  could also break. That  is, i l lumination at 

1 5 0 ° C  could in a way expedite hydrogen  evolu- 
tion, leading to the observed effects. I R  studies 
too show a marginal decrease (by 1 at%) in the 
concentra t ion of  bonded  hydrogen after light 
soaking at 150 o C, support ing the above view. 

4 .  C o n c l u s i o n s  

In  this paper,  results f rom characterization ex- 
periments on rf magnet ron  sputtered a-Si : H films 
have been reported. Opt imizat ion of  hydrogen 
flow rate, power density and pressure have yielded 
films characterized by  high photoconduct iv i ty  as 
well as large photoconduct ive  gain. 

Light induced changes on selected films have 
been studied. Light soaking at 150 ° C  has resulted 
in unusual  changes in film properties which may  
be at tr ibuted to the breaking of  S i - H  bonds.  

This work has been done  under  a project funded 
by the Depar tment  of  Non-Conven t iona l  Energy 
Sources, Govt .  of  India. 
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