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Determination of the hydrogenated amorphous silicon
density of states parameters from photoconductivity

measurements*
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In this paper, after a short recall of the information that can be extracted from different experiments based on the
photoconductivity properties of a semiconductor, we present experimental results obtained on a thin film of hydrogenated
amorphous silicon in the as-deposited, light-soaked and annealed states. We show that, taking advantage of the apparent
discrepancies between the results of dc photoconductivity and modulated photoconductivity, density of states distributions
as well as some of their capture coefficients can be deduced. The evolution of these quantities with light-soaking and
annealing is also shown. The experimental results are also illustrated by means of numerical simulations.
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1. Introduction

Many of the experiments designed to investigate the
electronic transport parameters and densities of states
(DOS) of semiconductors are based on their
photoconductive properties. Among these, the simplest
one is the steady state photoconductivity (SSPC), for
which a dc light flux is shone onto the sample. More
sophisticated is the modulated photocurrent (MPC)
technique, in which the dc flux is modulated and the
resulting ac current recorded to give a DOS spectroscopy
[1-4]. However, none of these experiments is self
sufficient, since, to take the example of the MPC,
fundamental parameters like the capture cross sections of
the gap states, are difficult to derive when MPC is used
alone. In this paper, we first recall briefly the theoretical
background of these experiments, by means of a short
presentation of the basic equations of each technique, and
show that even the SSPC technique can reveal information
on the material DOS [5-6]. In section 3, we present
experimental results obtained on hydrogenated amorphous
silicon (a-Si:H), either in the as-deposited, light-soaked or
annealed states, and a-Si:H DOS parameters extracted
from these data will be proposed.

Finally, we illustrate the complementarity of these
three experiments — and of our experimental results — by
means of a numerical simulation.

2. Theoretical presentation

We shall not recall all the calculations since they have
already been presented in other papers [3-7]. We shall
present the basic equations and the final results instead.
Considering a semiconductor containing m species of
monovalent states in the band gap, characterized by their

capture coefficients C! and Cip for electrons and holes

respectively (1<i<m), the continuity and charge neutrality
equations are:
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To write these equations, we have assumed that the
sample is in a coplanar geometry in between two ohmic
contacts, biased with a dc voltage and uniformly
illuminated by a flux of light generating carriers by band
to band transitions. We have also assumed that the
exchange of carriers in localised states occurs mainly by
multiple trapping, i.e. hopping between defect states is
neglected. The electron (hole) concentration in the
extended states is labelled n (p), ny (po) being the
concentration under dark equilibrium, the superscript '
denotes the i" species of trap, e, (ep) is the energy-
dependent emission rates of electrons (holes) , G is the
band-to-band generation rate from the valence band below
E, to the conduction band above E; N'is the energy-
dependent density of states, f' is the occupation function
under illumination, and f, is the occupation function under
dark equilibrium.

All the experiments described in this paper are based
on the superposition of a dc flux and a small perturbation
that could be a step function (SSPC) or a small modulation
(MPC). Therefore, we can write most of the quantities of

Egs. (1-4) as Q=Qy+XQ.
2.1. DC photoconductivity

It is well known that the photoconductivity op, is
usually found proportional to the generation rate G raised
to the power 7, oprocG’. In the following, we shall assume
that electrons are the majority carriers, but all the
development would be valid assuming that holes were the
majority carriers. We have already shown that some
information on the density of states is contained in y, and
an expression for it was given, assuming that &Q is a small
step function [5]. From this expression, a relation between
the transport parameters and the experimental data was
proposed:

N(Em)Cn _ qG {1_1} 5)
Hn I(BTO-ph e

in which T is the temperature, ks the Boltzmann constant,
g the absolute value of the electron charge, p, the extended
states mobility, and C, the capture coefficient of the
dominant recombination centre and NOT necessarily the
capture coefficient of the states located around the quasi
Fermi level E;, N(Ef). The energy position can be
calculated from the photoconductivity value oy, by:

E,—Eq =kgT |n{q”“'\'°} : (6)
O'ph

where N¢ is the effective DOS at E.
It should be noted that the quantity NC/p in Eq. (5) is fully
determined from known experimental data. Of course, Eq.
(5) is only valid in the case y < 1, that is in a regime for
which the recombination path is well defined. Indeed, in
some materials it is observed that, keeping the same dc
flux, a temperature variation causes for instance a

quenching of the photoconductivity in a-Si:H [8, 9] or a
sudden change of the lifetime in ‘sensitizable’ crystals
(e.g. CdS) [10]. These phenomena can be attributed to a
change in the main recombination path from one type of
state to another, with very different capture cross sections.

Finally, a proper energy scaling from Eq. (6) requires
the knowledge of pyN..

2.2. AC photoconductivity

In this case, the small perturbation is a modulation of
the applied dc flux, the total flux shone onto the sample
being F = FytF4sSin(at), and the experiment based on
such an illumination is named modulated photocurrent
(MPC). Two regimes have been widely studied: a regime
for which the sample response is linked to recombination
processes and a regime linked to trapping and release
processes. Basically, it was shown that the first regime
occurs when @ is low, at least lower than the emission rate
from the quasi Fermi level of the majority carriers, e,(Esn)
[4]. For this reason, we shall name it low frequency MPC
(MPC-LF). The second regime occurs in the opposite case,
that is when o >> e\ (Ey,), and is called high frequency
MPC (MPC-HF).

A link between the MPC-LF and the dc photo-
conductivity measurements was previously underlined,
showing that the ac data measured at low frequency could
be used to calculate the yvalue [5]. Indeed, in dc, one has:

oo _, &G @)

O'ph }/G

by logarithmic differentiation of the relationship between
oprand G, and in ac, one has:

O—ph G

, ®)

in which | o and G, are the ac photoconductivity
modulus and the amplitude of the ac generation rate,
respectively. These expressions show that, though
apparently  very different, the MPC and dc
photoconductivity experiments are intimately linked. A
more refined treatment of the MPC-LF data also leads to
an estimate of the DOS at Ey, by the relation:

N(Efn>:|i—ita”0§¢’ , ©)

¢ being the phase shift of the ac current referred to the
excitation, and the energy scaling being achieved
according to Eq. (6).

The second regime of the MPC experiment was widely
studied and exemplified [1-4], and it was shown that the
NC/p value can be deduced from:
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N(E,)C, _ 20G, sing , (10)
Hn akgT ‘Gac‘

the energy of the probed states, E,,, being given by:
E.—E, =kgT |n[ﬂ) : (11)
w

The capture coefficient, C,, involved in Eq. (10) is
that of the probed states located at E,,. It can also be seen
that, as for the photoconductivity experiment, NC/u values
are fully determined from experimental data. However, a
proper energy scaling requires the knowledge of C,N..

In summary, dc photoconductivity measurements
provide an estimate of NC/u, C being the capture
coefficient of the main recombination states and N the
DOS at the quasi Fermi level. The MPC-LF, the results of
which can also be treated as the photoconductivity data,
gives information on the DOS at E;. The MPC-HF
provides an estimate of NC/p, N being the DOS at an
energy level, depending on ® and C, the capture
coefficient of these states. Another difference between the
MPC-LF and MPC-HF is the link between the DOS
parameters and the energy scaling. For the first technique,
the energy scaling depends on pu,N¢, and on C,N, for the
second. Performing these three experiments on the same
sample — and adjusting N, C and p to match the different
results — should lead not only to a better knowledge of N,
but also of some of the capture cross sections of the
different states present in the gap, and even of the
extended states mobility.

3. Experimental results

These three experiments have been performed on
various thin films of a-Si:H [6]. We lack space to present
all these results, and we shall concentrate on a single
sample. This film was prepared in a radio frequency
powered plasma enhanced chemical vapour deposition (rf-
PECVD) reactor, at a substrate temperature of 423 K, from
a mixture of hydrogen and silane (97 % H,, 3% SiH,), at
high pressure (1.4 Torr) and high rf power (110 mW/cm?).
These deposition conditions lead to a material called
polymorphous silicon [11]. The film was annealed at 450
K under vacuum (10° Torr) for a few hours, before
measurements (as-deposited or in the AD state).
Accelerated light-soaking of the sample was achieved
under 300 mW/cm? red light at 80 °C (light-soaked or LS
state), the evolution of the photocurrent being monitored
to check the saturation. The annealing of the film was
performed at 450 K over 12 hours under vacuum
(annealed or ANN state). The three experiments exposed
in Section 2 were performed on this film, in each of the
states (AD, LS and ANN).

For all three experiments, the light was provided by a
set of 9 light emitting diodes with a peak wavelength at
650 nm. The dc photoconductivity measurements were
performed in the temperature range 100 < T <450 K in 10
K steps, with eight different fluxes ranging from 1.5x10%
to 3.0x10® cm?? in a 1-2-5 scale (1x1.5x10%,

2x1.5x10%, 5x1.5x10" cm?s™, ... ). The y values were
calculated according to Eq. (7) with two different fluxes: F

and 1.2xF (i. e. 6F =0.2xF). For the highest fluxes, ac
measurements were also performed, o, being recorded
with an ac flux of the order of 20 % of the dc flux (i. e. Fy
= 0.2xF) and using Eq. (8) to calculate .

The MPC-LF was performed with a high dc flux of
3.0x10" cm?s?, in the same temperature range as the
photoconductivity, in 10 K steps, with an ac flux of 20 %
the dc one. The frequencies of the modulation were in the
range 1-300 Hz. The maximum temperature was limited to
390 K, to avoid annealing during the experiment. The
density of states at the quasi Fermi level was calculated by
taking the first slope of tan(®) vs o for the very first

values of low @. However, for some temperatures, it
happens that this slope was negative due to a negative
phase shift (the phase lead regime). Hence, for these
temperatures, we have also used the first positive slope of
tan(@) vs w (the phase lag regime) to calculate the density
of states.

The MPC-HF was performed with a dc flux of 10
cm?s™, the ac flux being some 20 % of the dc one. The
frequencies of the modulation were in the range 12 Hz -
40 kHz, and the temperature varied between 120 K and
450 K in 30 K steps.

We present in Fig. 1 the NC/p values determined from
y measurements, or »NC/u, performed under ac and dc
illuminations. As predicted by our theoretical
developments, the curves agree rather well, showing that
there is definitely a link between the dc photoconductivity
and the MPC-LF experiments. It can also be seen that
there is a gap in the curves between 0.3 and 0.4 eV,
corresponding to y values larger than one, from which the
»NC/u data cannot be calculated.

o T T T T T T T T T
- F,=2x10"  5x10" cm®eV’
[
Hm L * dc
. 52"‘El [} ¥ ac
< 10%4 . E
> s m E
o2 *Um
£ s
b =
= 404 i
o 103 3
z ] O
- 1803242 Annealed =
106 T T T T

0.2 0.3 0.4 0.5 0.6 0.7
E-E (eV)

Fig. 1. »-NC/p calculated from photoconductivity
measurements performed in dc (full symbols) and ac
(open symbols) for two different fluxes.
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We display in Figs 2-4 the results of the different
experiments applied to the sample in the AD, LS and ANN
states, respectively.

MPC-HF with C N =7.5x10*" s  E,=0.80 eV

: _ -10
Nypc (C/H with C /p =1.7x10™" cmV
p N _=7.5x10% (cmVs)™*

NC/p (cm™Vev?)
Sm

803242 AD

T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8
EE (eV)

Fig. 2. NC/u vs energy determined from MPC-HF (Open
diamonds), MPC-LF (full circles) and y measurements (full
line+stars) on the AD film.

We have to recall that the MPC-HF NC/u is made of
different sets of points obtained at different frequencies,
one set for each temperature. The data obtained at high
frequencies result in a superimposition of the different
sets, and it is this upper envelope that represents the ‘true’
MPC-HF NC/u. The origin of the ‘tails’ below this
envelope has been discussed elsewhere [4] and we shall
not return to this point.

10 T T T T T T T T T T T T T
MPC-HF with C N =5.0x10"" s* E,=0.75eV

. _ -10 i
Nype cC/H with C /p =5.0x10"" cmV
p N =10.0x10* (cmVs)™

NC/u (cm?VeVv™)
=
—

10"

803242 LS

10° T T T T T T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8

EE (eV)

Fig. 3. NC/u vs energy determined from MPC-HF (Open
diamonds), MPC-LF (full circles) and y measurements
(full line+stars) on the LS film.

In each figure, the values of the capture coefficient
and of the extended states mobility have been adjusted to
obtain a good match between the NC/u calculated from the
MPC-LF and the MPC-HF data for the conduction band
tail (CBT) states. Indeed, due to its exponential increase, it

is likely that at low energies the CBT states, probed at low
temperatures, are the main dominant states as far as the
MPC is concerned, and that is why MPC-HF and MPC-LF
should give the same NC/pL.

10 T T T T T T T T T T T T T
%} MPC-HF with C N =2.5x10"' s E,=0.78 eV

- _ -10 i
Nype cCM with C /p =2.5x107" cmV
p N =10.0x10" (cmVs)™*

NC/p (cm®veVv™)

'0
AN % %o QQ
; / 803242 Ann. 05 So,
10 T T

T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8
EE (eV)

Fig. 4. NC/u vs energy, determined from MPC-HF (Open
diamonds), MPC-LF (full circles) and y measurements
(full line+stars) on the ANN film.

This match is done on the horizontal axis by adjusting
the energy scaling, since this is achieved following two
different equations [Egs. (6) and (11)] in which the two
quantities C,N. and u,N, are involved. On the vertical axis,
the product NxC./u, — N, being determined by the MPC-
LF experiment is adjusted to the NC/u directly calculated
from the MPC-HF data. The values of the ratio C,/p, and
of the product p,N. to achieve this matching are displayed
in the figures.

This matching gives orders of magnitude of the
extended states mobility, choosing for N, the same value
as for crystalline silicon (c-Si), and of the electron capture
coefficient of the band tail. However, since the »~NC/u has
been plotted with the same energy scaling as for the MPC-
LF, one can see that there is a large discrepancy (a factor
of ~ 10) between the NC/p’s calculated from MPC-HF and
7NC/p in the CBT region. This behaviour is linked to the
fact that the C is certainly not the same: in MPC-HF the C
is that of the probed states. In photoconductivity, the C is
that of the main recombination states. At the low tempera-
tures at which the experiments are performed to probe the
CBT, it is highly probable that only two types of state are
involved in the recombination process, the CBT and the
valence band tail (VBT). Therefore, it is likely that the C
involved in the »~NC/u is the electron capture coefficient
of the VBT states, and thus the ratio C,"®"/ C,®" can be
estimated.

As far as the deeper states are concerned, they are
probed at higher temperatures, and it is clear from Figs 2-4
that the parameters chosen to achieve a good match
between MPC-HF and MPC-LF in the CBT region are not
convenient at all. This is simply due to the fact that the
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electron capture coefficient of the deep states may be com-
pletely different from that of the CBT.

For instance, if one bears in mind that the MPC-HF
gives NC/p values and that the MPC-LF gives N values
alone, it means that the C of the CBT used to plot the
NC/p from the MPC-LF data is probably too high. Thus,
slightly above the dark Fermi level (the position of which
is given by the activation energies E, displayed in the
figures), the defect distribution presents a rather high
density with a rather low capture cross-section. Indeed, to
set back the MPC-LF NC/u to the MPC-HF NC/u values,
one should choose a C between 5 to 10 times lower than
the C of the CBT states (CST). Note also that the deep

state density increases with light-soaking, an indication
that these states are probably dangling bonds (DB), whose
density depends on hydrogen bonding as described by the
defect pool model [12].

We can also compare the »~NC/p values and the MPC-
HF NC/u values found in the same energy region. It can be
seen that close to the Fermi level, there is a rather good
agreement between these values. In a previous paper, we
have shown [5] that the ratio between »-NC/p and MPC-
HF-NC/u values is of the same order as the ratio between
the neutral DB and positive DB electron capture
coefficients (cPB® and cPB+, respectively). Thus, our

results indicate that these two coefficients are not very dif-
P CDBO
ferent, giving Cy %Dm ~0.25_1-
n

The most difficult energy range to extract information
about is located between the CBT states and the DB states.
Indeed, this region corresponds to measurement tempera-
tures leading to y values larger than one. Thus, Eq. (5) is
no longer valid. In this temperature range, we observe a
quenching of the photoconductivity, corresponding to a
transition of the main recombination path from the deep
states towards the VBT states. Note that in almost the
same temperature range, we have obtained negative values
of tan(g) for the lowest frequencies of the MPC-LF
experiment. This is why in the energy range 0.3-0.45 eV
we observe a gap for both »NC/p and MPC-LF NC/u as
displayed in Fig. 2. We have already shown that both
behaviours, the negative tan(¢) and y>1, originate from a
sensitization of the material [13]. This shows again that
both techniques are closely linked to the same
mechanisms.

However, we have also extracted N values from the
MPC-LF data, taking the first positive slope of the
variations of tan(¢) vs o, and this results in the plot of
MPC-LF NC/u displayed in Fig. 4, where the gap between
the CBT and the DB states has obviously disappeared.
However, there is still a discrepancy between MPC-LF
and MPC-HF NC/y, and, if we assume that the MPC-LF
experiment is still giving N values, it would mean that in
this region the defect density is low, according to the
MPC-LF results, but its C is high enough to give the MPC-
HF NC/u values. We shall come back to this point in
Section 4 where we present numerical simulation results.

In summary, the analysis of the discrepancies between
the different NC/p’s extracted from several experiments,

based on the different theoretical developments, leads to
the knowledge of the DOS distributions, as well as some
of the capture coefficients. Experimentally we can deduce:
(@) the cCBTN as well as the , N values from the

adjustment of the MPC-LF and MPC-HF NC/u values in
the CBT region,

(b) the DOS shape in the CBT region and close to the
Fermi level, and thus the maximum value of the deep
defect density NP5,

(c) an estimate of CYBTN_ from the ratio of the MPC-HF

NC/p and »NC/p values in the CBT region,
(d) an estimate of the cPEN, value from the ratio of the

MPC-LF and MPC-HF NC/u values at deep energies, and
(e) an order of magnitude of the ratio between the capture
coefficients of charged and neutral DB states from the
ratio of the MPC-HF NC/u and »NC/u values at deep
energies.

We have summarized, in Table 1, the values of the
different DOS parameters that could be extracted from the
data of the three experiments performed on the same film.
The C and p values have been calculated assuming that
N=2.5x10" cm™ as for c-Si. This choice leads to rather
high mobility values, though still reasonable [14]. A
choice of N, three times higher would have lead to the
commonly quoted value of p,=10 cm®v's? [15], but
would also give capture coefficients three times lower.

Table 1. Summary of the different DOS parameters determined
from the experimental results.

803242 AD LS Annealed
Uy (cm’/VI/s) 30 50 50
CCeT (cm’s™?) | 5.0x10° | 2.5x10° | 1.2x10°
CYBT (cm’s™) | 6x10™° | 5x107° | 7x107
N°ET(0.25) | 3.5x10% | 7.2x10™® | 6.4x10"
(cmZeVv?)
cPB(em’™) | 1.2x10° | 4.0x10° | 2.4x10°
NP® (cm?eV?) | 4x107 | 8x10Y | 5x10%

From the results in Table 1, we can comment on the
evolution of the DOS parameters following the different
treatments applied to the a-Si:H film.

There is an apparent increase in the extended state
electron mobility, but we believe that this is mostly due to
the uncertainty in the matching between the MPC-LF and
MPC-HF results in the CBT region. A mean mobility of
40 cm?V's? probably would have also led to a good
matching in all the states of the film. Hence, we can
estimate that the data in Table 1 are given with an
uncertainty of ~ 30%. Despite this uncertainty, it is rather
apparent that light-soaking seems to result both in an
increase of the density of states — both in the deep states
and the CBT states — and in an increase of some of the C,,
as already reported in the literature [16-17]. It is the
combination of both processes that results in a material
with degraded properties. Besides this, it seems that the
increase in the capture coefficients is more pronounced
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than the increase in the DOS. For instance, CSBT increases

by a factor of the order of 5 whereas the CBT DOS at 0.25
eV, N°87(0.25), increases by a factor of the order of 2. It
can also be seen, as already shown elsewhere for many a-
Si:H samples [18], that annealing does not restore the
initial properties of the CBT and the deep defects, the
capture coefficients remaining higher than in the AD state.
Surprisingly, there is no evolution of c'®" upon light-

soaking and annealing, but this result is based on only two
points obtained from y measurements at a very high flux
(see Fig. 3), so it should be taken very cautiously.

4. Numerical simulation

As seen in the previous section, it seems that from the
experimental data coming from the three
photoconductivity experiments, it is possible to extract a
lot of information both on the density of defects and on the
capture coefficients of a-Si:H films. However, there is still
a point that remains unclear: the presence of a defect
density in between the CBT and the DB that would
account for the MPC-HF and LF results in the energy
range 0.35-0.5 eV, if one takes the first positive variations
of tan(¢) vs w to calculate N from the MPC-LF technique.
To clarify this point, and also to illustrate the DOS
parameter determinations, we have used a numerical
simulation. Actually, two simulations were developed, one
in Argentina and one in France, with different
programming languages, but both based on the theoretical
developments presented in Section 1, in order to cross
check the numerical results. One of these simulations is
available on the internet [19]. In these simulation
programs, the user can introduce parameters of a given
semiconductor — such as the band gap width, extended
states mobilities, equivalent densities of states at the band
edges, capture coefficients, etc. — as well as gap states
distributions — either monovalent, as the band tail states, or
amphoteric, as for the DB. The user can also introduce
‘experimental’ data as for the flux, the temperature, the
frequencies of the modulation, etc. Taking account the
very large number of parameters involved, these
simulations were not intended to reproduce carefully the
experimental results, but rather to understand the processes
involved in each of the experiments. For each
‘experiment” the continuity and charge neutrality
equations are numerically solved, taking account of the
‘experimental’ conditions, and the resulting data are
treated afterwards as we have proceeded with true
experimental data. Most of the orders of magnitude of the
parameters that we have introduced in the simulations
come either from our experimental results or from the
literature.

We present in Fig. 5 the density of states as well as the
capture coefficients of the different distributions
introduced in the simulation, to try to reproduce the results
obtained on the AD or ANN states. The gap width was
fixed at 1.8 eV. To obtain almost the same NC/u
distribution in the CBT region as the experimental one, the

CBT was made of two exponential distributions; the
deeper part representing a characteristic temperature of T,
= 275 K and the upper part a T, = 440 K. For the VBT
distribution, we have also used two exponential
distributions, with a characteristic temperature of T, = 600
K (as for device grade material [20]) for the deeper part,
and T, = 780 K for the shallowest part of the tail. In both
cases, the band tails reach a maximum value of 10% cm
eV at the band edges. The reader may note that these
shapes correspond to previous results obtained from time
of flight measurements [14, 21]. The capture coefficients
were all taken to be equal to 10° cm’s™, except cY8T that

was chosen to be 10 times lower. These values
corresponding, to within an order of magnitude, to the data
displayed in Table 1.

Deep defects, corresponding to DB states, have been
introduced following the defect pool model described by
Powell and Deane [12]. Of course, the proper statistics for
amphoteric states was used and taken into account, both in
the continuity and charge neutrality equations. In the
simulation, we have used a pool position of E.-E=0.72 eV,
a standard deviation of 0.11 eV, a hydrogen concentration
of 5x10% cm™, and a correlation energy of 0.15 eV. These
parameters set the dark Fermi level at 0.755 eV and gave a
total concentration of neutral DB of 2.5x10% cm™ [20].
The capture coefficients were taken equal to C,’=1.5x107
cm’™ and C,’=3.0x10° cm®™, with ratios of 1 for C,"
(Co" = C,Y) and 10 for C, (C,=10x C,0).
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Fig. 5. DOS distributions and their capture coefficients

introduced in the simulation. A defect pool model has

been used to defined the DB’s whose three states of

charge are shown: D" with dotted line, D in dashed line

and D in dash dotted line. Additional acceptor states are
presented in a dash-dot-dotted line.

As we suspect, the presence of an additional density of
states in between the CBT and the DB distribution, we
have added Gaussian shape acceptor states peaked at 0.4
eV below E;, with a maximum value of 10 cm2eV! and
a standard deviation of 0.2 eV. The capture coefficients
were fixed at C,=10" (i.e. rather high) and C,=10® cm’
eV™.
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The extended state mobilities were taken equal to
H,=10 cm?V'st and p,=1 cm?V7's™,

The results of the simulations are displayed in Fig. 6.
The analogy with the experimental behaviour is obvious
(see Fig. 2 or Fig. 4). It can also be seen that if the MPC-
LF data are treated taking, for the first slope of tan(¢) vs @
one obtains a gap in the energy range 0.35-0.45 eV,
whereas taking the first positive slope of tan(¢) vs @ (open
circles), this fills this gap with NC/u values corresponding
to the extra Gaussian distribution we have introduced
between the CBT and the DB states. Thus, although this
result cannot be considered as direct evidence of the
presence of some extra states in the gap, it is likely that
these states do exist; the question of their origin remaining
unanswered.

NC/u (cm™Vvev?)

0.9

Fig. 6. Plots of the various NC/u from the results of the

numerical simulation, using the parameters of an

as-deposited “film’. The symbols are the same as for the
experimental results.

Following the experimental data we have obtained
after light-soaking, we have also performed a simulation in
which the parameters have been modified accordingly,
trying to mimic the experimental behaviours of a light-
soaked film. Hence, we have increased C,°®" by a factor of
five and C,° by a factor of 3. Though we have
experimentally found that C,"®" seemed to be constant, we
have increased this parameter by a factor of 2 in the
simulation, for it would be rather strange that this
parameter does not evolve with light-soaking. The CBT
density of states, as well as the deep defect density, were
also raised by a factor of 2. The other parameters on which
we have no information were kept the same. We present in
Fig. 7 the results of the simulation of the MPC-LF and
MPC-HF experiments. Again the analogy with the
experimental results displayed in Fig. 3 is obvious.
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) 0 000
& 10° SR ey 1
£ % <\<;~<>.
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N2 %, o

8 % %«%&
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Fig. 7. Plots of the various NC/u from the results of the

numerical simulation, using the parameters of a light-

soaked ‘film’. The symbols are the same as for the
experimental results.

5. Conclusions

From the theoretical developments of three different
experiments based on the photoconductivity properties of
a semiconductor, three DOS spectroscopies have been
proposed. Taking advantage of the fact that these different
spectroscopies are not sensitive to the same parameters,
we have derived some parameters of the DOS of an a-Si:H
film in the as-deposited, light-soaked and annealed states.
Comparing these results, we have found that light-soaking
resulted both in an increase of some capture coefficients
and of the density of states.

Besides this, all the experimental behaviours have been
reproduced by means of numerical simulations, in which
the parameters deduced from the experiments in the as-
deposited and light soaked states of the film have been
introduced. From these simulations, we have also
confirmed that an additional distribution of defects
between the conduction band tail and the dangling bond
states may exist.
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