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Amorphous Si:F:H with desirable properties for photovol- 
talc applications can be fabricated by the glow discharge 
of SiF 4 and H 2. The preparation conditions influence the 
properties of the resultant alloy. For instance, altering 
the ratio of SiF 4 to H 2 from 80 to 5 can alter the local- 
ized state density from 1019cm-3eV-I to =-1016cm-3eV-l, 
respectively. The conduction mechanisms are altered and 
there are vast changes in the photoconductivity as the 
density of recombination centers is decreased. The lower 
density of states achieved in the a-Si:F:H alloy reflects 
in the ease of doping. In addition, the lower density of 
states in a-Si:F:H alloy should result in a wider depletion 
region than reported for the a-Si:H alloy when fabricated 
within the device configuration. Results of C-V measure- 
ments using Au Schottky barrier devices confirm this. 
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Introduction 

In earlier papers we had indicated that amorphous 
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silicon containing fluorine and hydrogen (i-4) possess 
desirable properties for photovoltaic applications. 
Amorphous elemental demiconductors ordinarily possess 
a very large density of localized states which act as 
shallow traps leading to low values for the drift mobility 
and deep traps which lead to low recombination lifetimes 
of free carriers. However, Spear and his group (5,6) 
reported that amorphous silicon decomposed from silane 
gas by radio frequency glow discharge and deposited on 
a heated substrate produces a film which has a very low 
density of states. However, materials prepared in this 
way possess a large concentration of hydrogen. Be- 
cause of the low density of states, these types of films 
can be doped p-type or n-type (7). Furthermore, the 
material has a sufficiently high carrier lifetime that ef- 
ficiencies exceeding 5% have been reported (8). In this 
paper we detail some of the properties of amorphous 
Si:F:I-I alloy. We show that the density of states is 
lower than in amorphous Si:H material and that it can 
be doped more easily. The consequence of this is that 
the depletion width in the devices is wider, which is 
crucial for obtaining high efficiency devices. 

Experimental Details 

The radio frequency glow discharge apparatus used 
was the capacitive kind described by Knights (9). All 
components of the reaction chamber and gas handling 
system were constructed of stainless steel. The system 
was pumped to a pressure of less than 20mTorr prior to 
deposition. The premixed SiF4 (Matheson, purity 
99.50%) and H 2 gases were fed into the system at a con- 
stant rate, and the pressure was maintained at~ 1 Tort 
during deposition. The plasma was generated between 
plates using a radio frequency discharge operating at 
13.56 MHz. 

The samples were deposited on a heated Coming 
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7059 glass substrates. In the remainder of the paper, we 

refer to a nominal substrate temperature, T s , although 
the actual substrate temperature is somewhat lower. This 

is because the observation of T s was made with a thermo- 
couple somewhat removed from contact with the substrate. 

The actual substrate temperature is measured to be lower 

by about 120~ for Ts> 250~ in the absence of a 
plasma. However, we expect a slight increase in the 

substrate temperature in the presence of a plasma. The 

typical deposition rates were 10~/s. 

The samples were furnished with evaporated A1 con- 
tacts in a coplanar configuration with a Imm electrode 
spacing_ Linear I-V characteristics for electric fields up 
to i0 ~V cm -I were generally observed. 

The dark conductivity (~ D) as a function of tem- 

perature on the samples was measured in a vacuum better 

than 10-5Tort; optical absorption was measured using a 

Beckmann DU spectrophotometer over the spectral range 

400-1200nm using a slit width 0. Imm. 

In the field-effect experiment, (5,6) the gate 

voltage was applied across a borosilicate (i00;~ m thick) 
glass disc or a quartz substrate (380 ~m thick). This 
experiment was conducted in a vacuum to minimize 
arcing when a large gate voltage (V F) was applied. The 
source to drain current, i, through the sample was 

measured as a function of the gate voltage, V F, using 
a Keithley Electrometer. The analysis used in deriving the 
density of states, g (E), from i (V) curves has been de- F 
tailed elsewhere (5,6). Since the effect due to the sur- 

face states has been neglected, the numbers for the 

localized state density represent an upper limit. 

In this section we shall discuss the properties of the 

amorphous films as a function of the premix gas ratio 

SiF4/H 2 = r. These films exhibit reproducible character- 
istics, and for a gas ratior =~I0 possess a low density 
of localized states and exhibit a high photoconductiv- 
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ity. All the samples were deposited with a nominal radio 
frequency power of =" 50W and at a nominal substrate 
temperature of T s = 380~ 

ElecVical and O~tical Properties 

Fig. 1 shows log ffD vs 103/T for several samples 
using gas ratios (r) in the range 10 to 99. As the ratio 
r is increased, the conduction mechanism changes from 
a well-defined process to an unactivated process. Sam- 
ples C and D can be described by the equation, 

= ~ exp -J[-(AE)T/KT7 
o 

and the pre-exponent fro = e~og(E)kT, where ~o is the mo- 
bility of the carriers, g(E) the density of states in which 
they move, and the conductivity activation energy (~E) T = 
AE O - ~T, where 8 is assumed to be ='2 x 10-4eVK-I(10). 
As will be discussed later, these samples were n type. 

For C, the2PrelexPlonent (;o ~ 103(~ . cm) -I and since 
/~o < i0 cm s- V- yields N(Ec) >1021 cm-3eV -I. It 
follows that the dominant conduction mechanism is ex- 
tended state conduction at the band edge E c- 

As shown in the inset of Fig. I, samples A and B 
can be fitted to Mott's (ii) formula, 

where T O = 2 [~3/g(E)k3 I/4, and g(E) is the density of 
localized states, k is the Boltzmann constant, and ~ is 
the decay of the electronic wave function. Assuming 
-I ~. 10~results in an estimate of the density at the 
Fermi level to be greater than 1019cm-3eV -I. This value 
is in close agreement with the density of states derived 
from the field-effect data as will be discussed below. 
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Fig. i. The dark conductivity, ~5, is plot- 
ted against reciprocal temperature for samples 
fabricated from different gas ratios, r +~ SiF4/H 2 . 
The inset shows lID as a function of T -I/4 for 
high values of r. 

Fig. 2 summarizes the following parameters: room 
temperature dark conductivity ~ (l'Icm) -I, the conduct- 
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text plotted as a function of gas ratio r = SLF4/H 2. 
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ivity activation energy ~ E (eV) and the pre-exponent (Yo 
as a function of r. For samples A and B and similar 
specimens, a tangent was drawn to the curve of ~ D vs 
reciprocal temperature at room temperature to obtain an 
approximate value of ,% E. However, A E should not be 

interpreted as an activation energy in this region. The 
Figure shows quite clearly that the conduction mechanism 

changes quite markedly with r, the reason for which is 

explained below. 

F i e l d  E f f e c t  

The analysis used in deriving the density of states, 

g(E), from i (V F) curves neglects the effects of surface 
states and consequently the numbers for the density of 
states represent an upper limit. Also, the choice of the 
flat band position can somewhat alter g(E). We should em- 
phasize that the same procedure has been used for the 
a-Si:F:H as was used for the a-Si:H alloy (6). As a further 

check, g(E) was measured for a sample deposited using 
Sill 4 gas at T s = 380oc, and power= 10W. The electrical 
properties were ~D ~10-8 (Q cm)-I and tie = 0.60 eV, and 

its density of states spectrum was in substantial agree- 
meat with the curve obtained by Madan et al. (6) for a 
sample deposited at a nominal temperature of 570K. 

A typical source to drain current (i) as a function of 
gate voltage (V F) for a-Si:F:H alloy is shown in the inset 
of Fig. 3. The arrow indicates the assumed flat band 
position. For samples fabricated with 5 < r < 99, n-type 
response was observed. The experimental g(E) have been 
crudely extrapolated to the conduction band edge, E c , 
whose g(E) ~ 1021 cm-3eV -i, as estimated earlier. 

The change in the conduction mechanism with r, as 

shown in Figs. 1 and 2 , becomes understandable in view 

of the field-effect data. We previously noted that in Fig. 

I, as r decreases from 80 to i0, the predominant trans- 
port mechanism changes from a variable range hopping- 
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Fig.  3 .  The l o c a l i z e d  d e n s i t y  of  
s t a t e s  g(E) (cm-3eV-1)  p lo t t ed  for 
d i f f e ren t  gas  r a t i o s ,  r = S i F 4 / H  2. 
The inse t  s h o w s  a t y p i c a l  i(V F) 
curve  and the arrow i n d i c a t e s  the  
a s s u m e d  flat  band p o s i t i o n s .  
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type conduction to a well-defined activated process. As 
shown above, both samples were n-type and for r = 10, 
g(E) is orders of magnitude lower than that possessed by 
r = 80. Since for large values r the density of states 

is high, the dominant conduction is via localized states in 

the vicinity of the Fermi level. As r is decreased, as 

shown in Fig. 3, the density of states decreases suffi- 

ciently so that the conduction changes to an activated 
process. 

Fig. 4 shows a more complete density of states 
spectrum over the energy gap for a-Si:F:H alloy as deter- 
mined by doping the material n-type and p-type, using 

P and B as the dopant species. The arrows indicate the 
extent of the experimental results. Further, the results 
have been crudely extrapolated to the band edges. For 
comparison purposes we have also included the density of 
states spectrum for the a-Si:H alloys which was derived 

in a similar fashion. We should note that apart from a re- 
duction in g(E) for a-Si:F:H alloys, the peak ing(E) ob- 
served for a-Si:H is absent in a-Si:F:H alloys. Further 

evidence for this lowering in the density of states is pro- 
vided when we consider the n-type doping characteris- 
tics of the two types of materials. 

Optical Absorption 

Fig. 5 shows the absorption coefficient as a func- 
tion of wavelength and superimposed is the AM-I solar 
spectrum. For comparison purposes, we have included 
the absorption coefficient for crystalline Si. 

Photoconductivity 

Amorphous films fabricated from r > 30 did not 

exhibit any significant photoconductivity. This is not 

surprising since g(E) is quite large for these types of 
films, as shown in Fig. 3. 
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Fig. 4. The variation of the density of states 
for a-Si:H (6) and a-Si:F:H alloys. The arrows 

indicate the extent of the experimental data for 

a-Si:F:H alloy. 

With  d e c r e a s i n g  r the  p h o t o c o n d u c t i v i t y  of  the  
s a m p l e s  i n c r e a s e s  m a r k e d l y ,  as  shown in Fig.  6. The 
Figure s h o w s  the p h o t o c o n d u c t i v i t y  p a r a m e t e r  era = cr L - 
Cry, where  c; L is  the p h o t o c o n d u c t i v i t y  under  i l l t /mina-  
t f6n  for i nc ide n t  i l l umina t ion  at ).= 600nm with  pho ton  
f lux of  N o = 1 0 1 5 s - l c m  - 2 .  

Fig. 7 shows the parameter y as a function of the 
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Fig. 5. The absorption coefficient, ~ , is plotted as a 
function of wavelength for a-Si:F:H and crystalline Si. 
Included in the diagram is the AM-I solar spectrum. 

gas ratio r, where ,/ is defined byip = kF v, where F is 

the intensity of the incident radiation and k is a constant. 
The measurements were made at ), = 600nm and the inten- 
sity varied from 1012cm-2s -I to 1015cm-2s -I. 

In the above, we note that as the gas ratio r is 

decreased, the photoconductivity, ~ p, rapidly increases 
whereas the factor y remains constant (< 0.70). Gener- 

ally, at low level and high level illumination intensities, 

y should change from 1.0 to 0.5., respectively. This 
type of transition could not be distinguished (v remained 
constant at =- 0.6.) even when we extended the illumina- 
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tion intensity ~ver a wider range from N o = i0 II s -I cm -2 

to 5 x 1015 s- cm -I at ). = 600nm for a sample fabricated 

using fas ratio r = 10. We, therefore, suggest that the 
predominant recombination does not occur via the deep 

states around the Fermi energy level. It is possible that 
the main recombination could occur between trap levels 
just below the conduction band edge to levels situated 

just above the valence band edge. As Fig. 6 shows, by 
changing the gas ratio, and hence the final composition 
of the alloy, marked changes in (;p occur, and this could 

be associated with the change in the above-mentioned 
trap level densities. 
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Fig. 7. The constant v , as defined in the text, 

is plotted as a function of the gas ratio r = SLF4/H 2. 

N-Type Doping 

Earlier, we had indicated a reduction in the density 
of states for the a-Si:F:H, especially in the upper half of 

the band gap. This reduction reflects in the ease of dop- 
ing as shown in Fig. 8. The Figure shows the variation 
of the parameters c; D and ~%E with the controlled addi- 
tion of AsH 3 and PH 3 introduced into the premix. We 
note that very high dark conductivities (~> 5 (O cm) -I) 
with correspondingly low activation energies can be a- 
chieved with the addition of very small amounts of dop- 
ants. The apparent difference in the two n-type dopant 
curves shown in Fig. 8 can be explained by recalling that 
As-H bond is weaker than the P-H bond and hence for a 
particular power employed, As would therefore be pre- 
ferentially deposited in relation to P. 

These doping characteristics represent a signifi- 

cant improvement over the reported doping character- 

istics of a-Si:H alloy, (7) as can be clearly seen in Fig. 
9, which shows the (;D and ,% E as a function vppm of PH 3. 

The improved doping characteristics are a consequence of 
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PH 3 and AsH 3, which is introduced into the pre- 

mix gas ratio of r = SiF4/H 2 = i0. 

a reduction in the density of states for a-Si:F:H alloy. 

However, it is also possible that the donor species P/As 
were utilized more effectively in a-Si:F:H alloy. 
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conductivity, ~ O (Q cm)-I and activation energy ~E 
(eV) is shown for a-Si:H (6) and a-Si:F:H alloy. 

C-V Measurements 

These types of measurements can provide valuable 
information about the density of states and the width of the 
depletion layers. In amorphous materials containing large 
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Fig. I0. Analytical approximation, as defined in the 
text, for the density of states in amorphous silicon-based 
materials yields the dotted line for a-Si:H material and 
the solid line for a-Si:F:H material. The inset shows 
the comparison between the assumed density of states 
and the measured density of states for a-Si:H alloy (6) 

localized state densities, we have to distinguish between 
two limiting cases: (I) the low frequency region, in 
which case the space charge density within the depletion 
layer related to the deep levels has sufficient time to 
respond to the ac signal variation, and (2) the high fre- 
quency region, in which case the space charge distribu- 
tion is frozen and the response to the applied voltage 
comes from mobile carriers in the semiconductor at the 
boundary of the depletion layer. 

In order to interpret, we present a very simple model 
for the density of states (12). ~vVe assume that the density 
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of states can be approximated by, 

E J g =  g r o i n  x p  - ~  + e x p  r 

2 r r ch 

where r is relative to the minimum density of states and 

ch is a characteristic energy. For a-Si:H, ~ch = 
0.094eV and for a-Si:F:H, ech = 0.066eV. Fig. i0 shows 
the density of states which is assumed for the two types 
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Capacitance as a function of bias at low fre- 
U refers to doping density. (12) 

of alloys. The inset shows that a reasonable comparison 
exists between the assumed density of states and the 
measured density of states for a-Si:H. (6) The donor den- 
sity is defined by, 

gn = gmir~ exp ( -  ,~, ) 
2 ~ch 

and the acceptor density by, 

gp = ,gmin exp ( J . [ _ _ )  
2 ~ ch 

From this we can work out the space charge densiW as a 
function of the Fermi level posi t ion,  which is controlled 
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Fig. 13. Capacitance as a function of voltage at 
high frequencies. 17 refers to the doping densi- 
~. (12) 

by the doping. The shape and the width of the barrier can 
be analyzed by solving Poisson's equation. The solution 
to these equations can be described in a graphical form as 
shown in Fig. ii. In this Figure we show the width of 
the depletion layer as a function of the Fermi level posi- 
tion for a-Si:H and the points represent the results of the 
C-V interpretation of Spear et al. (13) 

In the frame of this model, we show in Fig. 12 the 
low frequency capacitance (CLF) as a function of forward 
and reverse bias for different doping densities 17 , where 

17 = ND/~chgmin , where NDCm-3 is the doping density 
and the dimensionless bias U = qV/~ch, where V is the 
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as defined in the text. 
(b) The variation of measured ca- 
pacitance, C~, as a function of 
reverse bias for samples with dif- 
ferent activation energy, (e c - r F), 
where ~ c is the conduction band and 
~F is the Fermi level. (12) 

bias voltage. (12) Cch is a characteristic capacitance 
and is proportional to (gmin)I/2 . The change of shape at 
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zero bias with increasing doping density is a characteris- 
tic behavior of amorphous materials and is directly attrib- 
utable to deep localized states. 

At high frequencies, the space charge does not res- 
pond to ac voltage variation. Thus, the depletion region 
behaves like a dielectric of thickness W B sandwiched bet- 
ween two parallel plates. Therefore, the capacitance at 
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high frequency is simply 

CHF ,-~., 1 
WB 

where W B is the barrier width. In the frame of this model, 
we can predict the C-V curves as a function of doping den- 
sity D and is shown in Fig. 13 (12). 

To test this we prepared devices in the following 
configuration. A thin n + layer (iT D > 10 (O cm) -I) was de- 
posited on stainless steel substrate, followed by a 5000 

thick active layer of a-Si:F:H with activation energy rang- 

ing from 0.71eV to 0.39eV. Finally, a thick Au layer was 

deposited to provide a Schottky barrier contact. The in- 

phase and out-of-phase components of these samples were 
measured and interpreted using the equivalent diagram 

shown in Fig. 14a. At high frequency, the dependence of 

the barrier capacitance C I as a function of bias for different 
samples is shown in Fig. 14b. We should note that the 

general shape of the C-V is in quantitative agreement with 
the predictions of the model. This can now be reduced to 
the depletion width as function of the Fermi level position, 
as shown in Fig. 15. Our results suggest that the deple- 
tion width for a-Si:F:H is ~ 4000 ~, and for a-Si:H alloy, 
it is ~ 1500 ~ . 

Conclusion 

We have shown above that an amorphous Si material 

containing F and H has a low density of states, possesses 
a high photoconductivity, can be easily doped, and pos- 
sesses a wide depletion region. 

In conclusion, we should mention that the photo- 
voltaic devices fabricated from a-Si:H are often quoted to 
possess a depletion width of about 0.2;~m (14) which is in 
good agreement with our results for a-Si:H. The inherently 
large density of states near the band edges leads to low 
values for the drift mobility and hence to low values for 
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the  d i f f u s i o n  l eng th  of ho les  and e l e c t r o n s .  C o n s e q u e n t l y ,  
the  p redominan t  component  of  s h o r t - c i r c u i t  current  d e n s i t y  
is due to  the  dr i f t  w i tn in  tne  dep l e t i on  width  ra ther  than  
the  d i f f u s i o n  of  c a r r i e r s .  The dr i f t  current  is relazed to 
the  amount  of e f f ec t i ve  abso rp t i on  occurr ing wi th in  the 
d e p l e t i o n  l a y e r  w h o s e  wid th  in turn is l imited by the d e n -  
s i t y  of  s t a t e s .  

In the a b o v e ,  we have shown tha t  in the  a - S i : F : H ,  
the  d e p l e t i o n  wid th  is indeed w i d e n e d .  It is th i s  a s p e c t  
w h i c h  p rov ides  for a po t en t i a l  for t h i s  mate r ia l  in pho to-  
vol ta  ic dev ice  s .  
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