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In this paper we review some of the techniques based on the photoconductivity property of hydrogenated
amorphous silicon (a-Si:H) from which it is possible to extract transport parameters as well as density of
states (DOS) spectroscopies. We also present a new experiment based on the steady state photocarrier grat-
ing technique. We show that combined with simple steady state photoconductivity it gives information on
the DOS. The comparison of these results with those of other techniques used for DOS measurements theo-
retically allows determination of transport parameters in a-Si:H.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogenated amorphous silicon (a-Si:H) is one of the major thin
film materials used for solar energy conversion and lots of researches
have been carried on for measuring its transport parameters to opti-
mize the deposition conditions and its properties. Several techniques
developed to determine a-Si:H transport parameters are based on its
photoconductivity property and only the light excitation spatial and
temporal distributions are varied from one experiment to the other.
Considering the subset of experiments in which carrier generation is
achieved by band to band excitation we can quote the following
methods. The simplest one is the steady-state photoconductivity
(SSPC) in which one records the evolution of the film photoconduc-
tivity with temperature T and/or generation rate G. More sophisticat-
ed techniques were designed as the modulated photocurrent (MPC)
technique [1]. Other experiments are based on illuminating the film
with interferences created by two laser beams. The grating can be
fixed as in the steady state photocarrier grating (SSPG) [2], moving
at a constant velocity along the film surface [3], or be modulated at
a given frequency [4]. Each of these techniques brings some insight
on the transport parameters and/or density of states (DOS) of the
studied thin film.

In this paper we review some of them and show what information
they bring and how complementary they are. Besides, we propose a
new method, we show which information can be extracted from it,
and demonstrate that an accurate DOS spectroscopy can be done
with it. Combined with MPC it should also lead to the determination
of important parameters as the electronic extended states mobility p,.
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2. Experiments
2.1. Theoretical background

The MPC technique was first proposed by Oheda [1]. Basically, the
sample is illuminated by a light flux, modulated at an angular fre-
quency o, giving an expression of G= Gqc+ G, cos(wt), where the
indexes dc and ac stand for steady and alternating components and
Gac<< Gyc. Starting from the continuity equations, and after some cal-
culations, one finally finds that [5,6]

N(E,)c, 2 sing
TR T (”
with
N,
E.—E, =kgTIn <TC>, (2)

where kg is the Boltzmann constant, g the electron charge, N(E,,) the
DOS at the energy E,, , ¢, the electron capture coefficient of the states
at E, , E. the conduction band edge energy, N, the equivalent density
of states at E., 0, the modulus of the photoconductivity resulting
from G, and ¢ its phase shift referred to the excitation. All the quan-
tities on the right hand side of Eq. (1) being known, Egs. (1)-(2)
would offer an easy DOS spectroscopy by varying T and w, provided
¢n and u, were known and assuming for N, the same value as for crys-
talline silicon. Since this is not the case, we should look for other ex-
periments to estimate these transport parameters.

Egs. (1)-(2) are derived assuming that the carrier contribution to
the alternating current is controlled by trapping/release of carriers
from the states at E,. This regime is obtained with high frequency
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of excitation, hence its name: the high frequency (HF) MPC. If the fre-
quency is lowered the carrier contribution is controlled by recombi-
nation and one reaches the low frequency (LF) regime of the MPC
technique. In this regime we have shown that a DOS spectroscopy is
also possible according to the following equations [7]

~ 2Gy, tan(o)
N(Efn) - kBT o ) (3)
with
E.—E; = kyTln {q’(‘%d’vc} @)
C

Er, being the position of the electron quasi Fermi level and oy the
steady-state photoconductivity.

The reader can note that if both techniques, HF- and LF-MPC, are
applied to the same sample, by adjusting both the energy scales and
the DOS it should be possible to estimate ¢, and p,. However, exper-
imentally we have found that there was often a temperature range in
which tan(¢) was negative and therefore the LF-MPC DOS spectros-
copy was impossible.

The reason for this behavior was found after a study of the SSPC
technique. This experiment is well known for the relation between
Oye and Gyc: Oye < Gae. For some semiconductors one may observe
v>1 in some temperature range, a situation detailed by Rose and
called sensitization [8]. This phenomenon occurs when different
types of states with different capture coefficients are present in the
gap. A new analysis of the MPC experiment in the LF regime has
shown that if the gap states are such that the sensitization phenome-
non occurs then, in a given range of temperature close to that in
which the sensitization appears, one may observe a negative phase
shift instead of a positive one [9].

The SSPG technique was designed by Ritter et al.[2] to estimate the
minority carrier diffusion length Ly. In this experiment the sample is
illuminated by two laser beams, interfering if they are both vertically
polarized or just superimposing if the polarizations are crossed. The
grating spacing Ais fixed by the angle between the beams and one re-
cords the variations of the ratio 3 of the current flowing in the sample
with and without interferences as function of Ato deduce the Ly value.

The SSPG configuration can be used to perform measurements
adding a temporal variation to the excitation as in the moving grating
technique (MGT) [3] or the modulated photocarrier grating (MPG)
[4] techniques. Using the same set-up as for SSPG, placing an
Electro-Optic Modulator (EOM) on the trajectory of one beam, the
phase of the light can be modulated, the resulting intensity of the
light impinging the surface of the film being

I(x,t) = I, + I, + 2,/I,I cos (2—7\xia)t>, (5)

where I; and I are the respective intensities of each light beam, x the
space coordinate, @ the angular frequency driving the EOM and the
plus sign is for the first half of a period and the minus sign for the sec-
ond half. According to Eq. (5) the grating is periodically moving with
a constant velocity in one direction for half a period and in the other
direction for the second half of the period. The current density §Jopg
flowing in the film as a result of this oscillating photocarrier grating
(OPG) can be measured with a lock-in amplifier synchronized at the
frequency of the signal driving the EOM.

2.2. Experimental results

MPC and SSPC experiments were performed on a polymorphous
a-Si:H film deposited onto a glass substrate and fitted with two paral-
lel ohmic electrodes 1 mm apart. Details on the deposition conditions
can be found in ref. [10] (sample #803242).

The LF-MPC was performed illuminating the sample with red light
emitting diodes (A=650 nm) at a high Gg. of the order of 3x10'°
cm~3s™ ! in a frequency range 1-300 Hz, and varying the tempera-
ture in the 100-450 K range in 10 K steps. Two data treatment proce-
dures were applied, a first one in which the DOS was deduced from
the slope of tan(¢) versus o at low o values, and a second treatment
in which the DOS was deduced from the first positive slope of the var-
iation of tan(¢) versus @. The HF-MPC was achieved with the same
red light as for the LF-MPC, with Gg of the order of 10" cm~3s~!
and G, 3 times lower. The frequency of the modulation was varied
in the range 12 Hz-40 kHz, and the temperature was varied from
450K to 120K in 30K steps. For both experiments, each data point
for a couple (w, T) is the average of 10 successive measurements, one
each second, and the error was estimated to be of the order of 4-8% of
the average value.

The SSPC measurements were performed with the same light
source and the same generation rate as for LF-MPC to check for the
occurrence of a sensitization.

In Fig. 1, we show the Nc/u values (open diamonds) obtained for
different couples (w, T) in the HF-MPC experiment. We shall recall
that the DOS shape is given by the upper envelope of all the spectra
obtained at different T, one for each color. The departure of the spec-
tra from the upper envelope originates from the influence of G4 as
shown elsewhere [6]. The DOS is made of a conduction band tail
(CBT) visible at low energies, probed at low T, and deep states at
higher energies, probed at high T. In the LF-MPC technique (circles
in Fig. 1) we determine the N values (Eq. (3)) and at low T we may
assume that LF-MPC and HF-MPC are probing only the CBT. We
have then adjusted the c¢,N. and u,N. parameters, following Eqgs.
(1-4), so as to obtain the same Nc/u in the CBT region for both exper-
iments. The final values are displayed in Fig. 1 and the energy scales
coming from Eqgs. (2) and (4) were fixed according to this. It can be
seen that the Nc/u obtained at high T for both experiments do not
match. This indicates that the deep states capture coefficient is clearly
different from that of the CBT. To obtain a good match, at say 0.6 eV,
between the Nc/udetermined from the HF-MPC and the Nc/u calculat-
ed from the N values of the LF-MPC we should choose a ¢ approxi-
mately ten times lower. In between the CBT and the deep states we
obtained negative values of the phase shift in the LF-MPC experiment.
This peculiar region is shown by open circles and N was calculated
taking the first positive values of tan(¢). This behavior indicates
that the studied film presented a sensitization phenomenon in a
given range of temperature, a result confirmed by the SSPC measure-
ments giving y values higher than one for temperatures in between
say 200-260 K.
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Fig. 1. Nc/u determined from HF-MPC (open diamonds) and LF-MPC (circles) measure-
ments. Error bars are within the size of a symbol.
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It can be also seen that the energy at which all the Nc/u curves
drop is in agreement with the activation energy E,=0.78 eV mea-
sured from an Arrhenius plot of dark conductivity.

Concerning the OPG technique the experiments were performed
at T=300 K with a 1 um thick undoped a-Si:H film deposited onto a
glass substrate. Two parallel aluminium ohmic electrodes, 1 mm
apart, were deposited on top of the film. Fig. 2 displays the variations
of §Jopg Vs @ measured for two different external electric fields ey ap-
plied to the sample: £ey =0 and ., =40 V/cm. The generation rate
was equal to Gge=4x10%°cm~3s~! and the grating period equal
to A=8.6 um. A clear maximum appears on the curve §Jopc(®) that
we shall explain in the next section. Each data point is the average
of 90 acquisitions, one each second, and the error was estimated to
be + 5% of the mean value.

3. Discussion

The results of the MPC experiments can be summarized the fol-
lowing way. Matching the LF-MPC and HF-MPC in the CBT region
leads to c,=10"8cm~3s~ ' and p, =40 cm? V= !s~! (assuming
N.=2.5x10"" cm?), two reasonable values expected for a-Si:H.
Considering the LF-MPC and HF-MPC results for the deep states
(Ec—E>0.5eV), from the comparison of the Nc/u one can estimate
the value of the capture coefficient (cpgeep= 1x107%cm™3s™ 1)
as well as the shape and magnitude (Nmax=~ 5x107 cm™3eV™1)
of the N(E. — E) distribution of these states. Some other parameters
can be experimentally deduced, as for instance the characteristic
temperature T, of the CBT (T.~275 K) or the dark Fermi level posi-
tion (E. — Es =~ 0.78 eV). The reader can note that according to the
state distributions deduced from the LF-MPC a gap appears between
the CBT and the deep states (0.35eV<E.—E<0.5eV) that is not
seen in the HF-MPC. This suggests that there exist in this energy
range a distribution of states with low N values but high capture co-
efficient to give the proper Nc/u values measured in HF-MPC.

To check these assumptions we have developed numerical calcula-
tions simulating the HF and LF-MPC experiments. The user can
introduce DOS distributions and transport parameters (mobilities,
band gap, ...) and choose ‘experimental’ parameters as Gg. and the
temperature range. The results of the calculation are treated as
experimental results afterward. We present in Fig. 3 the distributions
of states introduced in this numerical calculation along with the
capture coefficients, some of them (in bold) coming directly from the
experimental results.
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Fig. 2. §Jopc Vs o of the signal applied to the EOM, for an external electric field equal to
zero (diamonds) and equal to 40 V/cm (circles). Error bars are within the size of a
symbol.
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Fig. 3. DOS introduced in the numerical simulation to reproduce the experimental re-
sults (lines). As a matter of comparison the simulated results for the LF-MPC are
shown (symbols).

We have introduced two band tails and deep states made of a de-
fect pool [11] around the Fermi level and a low acceptor state centred
at E—E,=1.4 eV with a high electron capture coefficient of the order
of 1077 cm3eV~ ! (for more details see [10]). Fig. 4 displays the re-
sults of the simulation of the HF-MPC and LF-MPC techniques. It is
clear that the analogy with the experimental results is excellent. We
are therefore quite confident on the potentialities of the techniques
described above to provide a good insight of the a-Si:H properties
and knowledge of its transport properties.

Concerning the OPG techniques we can explain the experimental
results of Fig. 2 the following way. The light grating impinging the
sample creates several arrays, in particular an array of free carriers
n(x) and an array of trapped carriers Nyp(X). With a large A, Nirap(X)
does not vanish by diffusion and eventually creates a space charge
array that results in an internal electric field array &;,.(x). With a static
grating n(x) and &;,.(x) are in quadrature, implying that the current is
null if .4 =0 V/cm. When the light array is moving along the film
surface, the free carriers grating follows it almost instantaneously,
whereas the space charge array lies behind due to the necessary
delay the trapped carriers need to reorganize. The n(x) and &¢(x)
arrays are no longer in quadrature and a current may appear
from the movement of free carriers in the internal field, that is even
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Fig. 4. Reproduction with a numerical calculation of the experimental results displayed
in Fig. 1 (same symbols).
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though &exe =0 V/cm. With a low external electric field applied, the
alternating current is still mainly due to the internal field and one ob-
tains the same variations of §Jopg Vs. ® as with zero field applied (see
Fig. 2).

As o increases the velocity of the light grating increases too, and
the phase lag between n(x) and §;,(x) tends to decrease, resulting
in a steady increase of the OPG current. However, if the time needed
for the light to cover Abecomes too small, the trapped charges do not
have time to reorganize and to follow the light array. The space
charge array starts to blur, and the result is a decrease of the local in-
ternal field. The competition between the decrease of the phase shift
between n(x) and §;,.(x), and the blurring of the space charge, even-
tually ends with a decrease of the OPG current density with increas-
ing . Therefore, the maximum of the §Jopg(®) curve, obtained for
max Must be linked to a characteristic time of the material.

Several characteristic times can be considered: the dielectric re-
laxation time T, the free electron lifetime 7, and the small signal
lifetime 7', that is the lifetime of the excess free plus trapped elec-
trons created by a small increase 6Gq. of the generation rate. To find
out to which time corresponds the maximum of the §/opg(®) curve,
we have developed numerical calculations simulating the OPG tech-
nique, calculations in which we have introduced the same distribu-
tions and parameters as those shown in Fig. 3.

We have reproduced all the experimental behaviors, as those dis-
played in Fig. 2, calculated all the characteristic times and compared
them to 1/wm.. We present in Fig. 5 the variations of these times
with the generation rate Ggq.. At low generation rates we observe that
1/ ®max is close to Tgie; Whereas at high generation rates 1/ ®max is
close to 7',. These two cases correspond to the well-known dielectric
and lifetime regimes, the transition between them being indicated by
a vertical dashed line in Fig. 5.

The knowledge of 7', is very interesting because, being this time
linked to the trapped carriers, we expect to extract information on
the DOS from it. To illustrate this point we can perform a simple cal-
culation considering that the DOS distribution is made of monovalent
states. An expression of 7', is

antet {no + J.fo NACC dE}
~ e 3Ca. : ©

in which n*®* is the total concentration of electrons, i.e. the free (1)
plus trapped concentrations, f, the occupation function and N*€ the
density of acceptor states. For a given Gq4. one can calculate the posi-
tion of the electron quasi Fermi level Eg, from Eq. (4). Taking account
10
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Fig. 5. Calculated results showing the evolution of different characteristic times with
the generation rate Gg. at T=300 K (lines are guide to the eye).

of the power-law relationship between photoconductivity and Gq,
Ode o G, a straightforward calculation, based on the derivative of
Eq. (4), leads to

aGdc = aEFn (7)

kT

Usually, in disordered semiconductors, the density of trapped car-
riers is much larger than the density of free carriers, and we can ne-
glect ng in Eq. (6). Another straightforward calculation leads to

on'* Gio Ty
OE |E=Em = ,g;(-)r ,; = fo(Ern)

Ntrap (EFn)' (8)

Eq. (8) coupled with Eq. (4) allows a DOS spectroscopy if the ex-
periment is performed at different temperatures, provided fo(Es,) is
known. Electrons being the majority carriers in a-Si:H, an abrupt sim-
plification is: fo(Eg) =1.

Calculations of 7', and y were achieved with our simulations
for temperatures ranging from 100 to 460 K with a generation rate
of Gge=10%"cm 35~ 1. The OPG-DOS spectroscopy based on the
oversimplified Eq. (8) is displayed in Fig. 6 (circles), where the gener-
al trends of the original DOS (full lines) are well reproduced but the
precision is rather poor.

The OPG-DOS spectroscopy can be refined if one calculates a prop-
er value for the coefficient fy(Ef,). Let us consider the CBT probed at
low temperatures. Starting from the expression of the occupation
function under illumination given in ref. [12], after some simplifica-
tions one ends with

1

fo(E) = - exp((E’Efn)/kBT) .

9)

Assuming that the CBT is exponentially decreasing from the band
edge with a characteristic temperature T, the derivation of concen-
tration of trapped electrons in the CBT with respect to Eg, gives,
after simple calculations,

BNtrap ) J- exp(xa)
0, ) e

(10)

writing x = E_Ef“/ ,anda =1+ /T If ac is lower than 2 (for tem-

(1 [l

peratures lower than T.) the integral is equal to oy an

giving the
exact value of fy(Eg,). Consequently, for measurement temperatures

below say 200 K, we can imagine a recurrent procedure to determine
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Fig. 6. DOS spectroscopy from the OPG technique with a simple procedure (circles) or
after correction (stars). Full lines display the original DOS.
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the shape of the band tail: assuming a T, correcting the simplified
OPG-DOS values with the above expression, checking if the final T,
determined from the corrected values of the OPG-DOS is the same
as the introduced one and repeating this procedure until there is a
convergence. For higher measurement temperatures we can subtract
this contribution to the total contribution of the estimated DOS. Fol-
lowing this procedure we find the OPG-DOS displayed by stars in
Fig. 6. The agreement with the introduced CBT is excellent but not re-
ally satisfying concerning the deep states for which we obtain the
proper magnitude but not the proper distribution. This behavior is
due to the fact that we are dealing with amphoteric states. In this
case we probe the D°/D ™ contribution and more work is needed to
check if a proper spectroscopy of the deep states is possible.

However, transport parameters can be extracted by comparing the
results obtained from the OPG and HF-MPC techniques when probing
the CBT states, exactly as we did with the HF-MPC and LF-MPC. The
OPG technique is an alternative to the LF-MPC technique in this re-
spect. As far as the deep states are concerned, though we still have
to investigate on the possibility to achieve a DOS spectroscopy of
the deep states if they are amphoteric, the OPG technique allows
the determination of an order of magnitude of the D™ concentration,
a piece of information that was not available up to now.

4. Conclusion

We have reviewed some of the existing techniques based on the
photoconductivity properties of a-SiH. In addition to the achievement
of DOS spectroscopies for some of them, we have shown that many
parameters can be deduced by cross checking their respective results.

We have also described a new technique based on the same set-up as
the SSPG that, combined with measurements of v, provides an easy
means to perform a DOS spectroscopy of the CBT. We have shown
theoretically that the determination of the CBT DOS is really accurate
and that we may estimate the D™ concentration. Besides, combined
with other experiments as MPC, it should lead to the determination
of important a-Si:H transport parameters such as the extended states
mobility and CBT capture coefficient. Experiments are under way to
check all the potentialities of this technique.
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