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In this paper, we show that the combination of different characterization techniques based on the
photoconductivity of hydrogenated amorphous silicon can be a tool to investigate on the density of
states and transport parameters of this material. We insist mainly on two techniques in which one
records a photocurrent resulting from the movement of an interference grating onto a sample. We
describe the experimental set-ups and provide a theoretical explanation of the observed behaviors
of these photocurrents. We demonstrate that a density of state spectroscopy can be done with these
techniques. Additionally, comparing this spectroscopy to that performed with modulated
photocurrent experiment, we show that it is possible to derive a good order of magnitude estimate
of the electron capture coefficient of the conduction band tail states as well as the electronic
extended states mobility. The derived parameters are compared with previous results. © 2072
American Institute of Physics. [http://dx.doi.org/10.1063/1.4737790]

. INTRODUCTION

Hydrogenated amorphous silicon (a-Si:H) being one of
the major thin film materials used for solar energy conver-
sion, much research has been involved in measuring its trans-
port parameters to optimize the deposition conditions and its
properties. Determination of the density of localized states
(DOS) distribution has been one of the topics of these inves-
tigations, and many techniques have been proposed, using
the photoconductivity properties of the studied material. For
the four techniques considered in this paper the samples
were built in coplanar geometry by deposition on glass sub-
strates and fitted with two parallel and ohmic electrodes. The
simplest one is the steady state photoconductivity (SSPC) in
which the part of the sample in between the biased electrodes
is maintained at a given temperature and uniformly illumi-
nated by a steady flux of light, the wavelength of which is
chosen to provide band to band generation.' A time com-
ponent can be added to the SSPC experiment either by study-
ing transient photoconductivity after the light is switched
off* or by modulating part of the flux at an angular frequency
o that results in the modulated photocurrent (MPC)
technique.” On the other hand, a spatial distribution of light
in between the electrodes under steady illumination provides
information on the minority carrier diffusion length, this
technique being known as the steady state photocarrier gra-
ting (SSPG).* Again, a time component can be added to this
latter technique, either by modulation of the grating,” or with
a grating moving at a constant speed (the moving grating
technique, MGT),'” or even with a grating oscillating at an
angular frequency  (the oscillating photocarrier grating
technique, OPG).ll In the last two cases, the measurements
can be performed without applying an external electric field
to the sample. All these techniques can provide pieces of in-
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formation on the studied material, but a combination of them
can give a deeper insight into its transport properties.

For instance, SSPC was used to derive an order of mag-
nitude of the characteristic temperature of the a-Si:H conduc-
tion band tail' or a DOS map in micro-crystalline silicon
with the help of numerical simulations.” We would like to
underline that the MPC technique offers the possibility to
achieve a DOS spectroscopy in two different regimes
depending on w, called low frequency (LF-MPC) and high
frequency (HF-MPC) regimes. However, the energy scaling
of the spectroscopy in these two regimes can be done accu-
rately only if the extended states mobility and the capture
coefficients of the probed states are known, respectively. In
an earlier paper,'” we compared and combined the results
coming from SSPC, HF-MPC, and LF-MPC and showed
that, in addition to the DOS spectroscopy, one can deduce
from these experiments orders of magnitude of the electron
extended states mobility and the capture coefficients of the
probed states.

In this paper, we propose to combine the SSPC, HF-
MPC (that we shall call simply MPC in the following),
MGT, and OPG techniques, showing that their application to
the a-Si:H study leads also to an accurate DOS spectroscopy
as well as to the determination of electron conduction band
tail capture cross section and extended states mobility. As far
as the conduction band tail is concerned, we shall show that
MGT and OPG techniques are good alternative techniques to
the LF-MPC experiment.

SSPC and MPC techniques are rather well-known and
have been described in the literature.'™” Therefore, we shall
not detail them in this paper. The two other techniques,
MGT and OPG, have not received as much attention. That is
why, in the first part of this paper, we shall recall the bases
of these techniques, show and explain that they provide
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basically the same information, though with peculiar advan-
tages and drawbacks that make them complementary, and
that a DOS spectroscopy can be achieved with them. In a
second part, we shall show how to combine all these techni-
ques to derive an accurate DOS spectroscopy as well as
transport parameters. We shall also compare the parameters
we obtained on different samples with those we have previ-
ously found.'*"?

Il. EXPERIMENTAL SET-UP FOR THE MGT AND OPG
TECHNIQUES

The experimental set-up used for both techniques is
shown in Fig. 1. The light source is a He-Ne laser, the wave-
length of which satisfies two requirements: a photon energy
(1.96eV) slightly larger than the a-Si:H band gap and a
rather uniform absorption through the thickness of the sam-
ples (~0.5 um). The laser light, linearly polarized in the ver-
tical direction, is split into two coherent beams that finally
interfere at the sample position. One of the beams, attenuated
by a neutral density filter to an intensity /», impinges the
sample perpendicularly, while the other one, of intensity /;
> I, forms an angle § with the former beam. Therefore, an
intensity grating with a spatial period A = m is created,
where 1 is the light wavelength. In the MGT technique, two
acousto-optic modulators (AOM) are used to introduce a
small frequency shift Af between the light frequencies of the
beams, which causes the intensity grating to move parallel to
the sample surface with a constant velocity proportional to
Af. The resulting illumination intensity is found to be

I =1y + 0l cos[k (x — v 1)], ()

where Iy =11 + I, 8 = 2\/I\I, vy = AAf, and k =220
The dc short circuit current, resulting from the movement of
the intensity grating, is measured with an electrometer. Prior
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FIG. 1. Experimental setup for the experiments. A linearly polarized laser
beam is split by a beam splitter (BS) into two beams, /;, and /,, which are
made to coincide on the sample by using the mirrors (M). Beam /5, attenu-
ated by a neutral density filter (NDF), passes through an electro-optic modu-
lator (EOM) used as a phase modulator (OPG technique); or both beams go
through acousto-optic modulators (AOM, MGT technique) to obtain a small
shift in their frequencies. The lock-in amplifier measures the ac photocurrent
due to the oscillating grating, whereas the electrometer is used to read the dc
current generated in MGT configuration.
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to these measurements, one has to verify that the contacts are
ohmic to check that no built-in field at the contacts would al-
ter the short circuit current data.

In the OPG technique, the two acousto-optic modulators
are replaced by a single electro-optic modulator (EOM) used
to control the phase of beam /5, while beam /, remains unal-
tered. In order to control the phase of beam /,, the EOM is
positioned with the axes of the crystal vertical and horizon-
tal. In this “phase modulation” configuration, the output am-
plitude and polarization remain unchanged, but the phase of
the wave can be varied as a function of the signal applied to
the modulator. When this function is a triangular wave func-
tion, the calculation of the resulting illumination intensity
impinging the sample gives''

I=1Iy+ dlcos(kx = wt), 2)

where o is the angular frequency of the triangular wave and
the other symbols have the same meaning as before. The
result is an intensity grating that moves with a constant ve-
locity in one direction for the first half of a period (therefore
for half a grating period) and then moves in the opposite
direction for the second half of a period. In this way, OPG
can be seen as an ac version of MGT, the current being
measured with a lock-in amplifier, and therefore should pro-
vide a better signal to noise ratio compared to MGT.

lll. EXPERIMENTAL MEASUREMENTS

As mentioned in Sec. II, both techniques have a com-
mon origin, which is a grating moving over the sample. For
the MGT technique, the grating is moving in one direction at
a constant speed, whereas for the OPG the grating is moving
at a constant velocity on one direction during the first half of
a period of the signal driving the EOM and at a constant ve-
locity toward the other direction during the second half of a
period. Therefore, we expect to find similar behaviors for the
measured excess current in both techniques. This property
can be used to explore the material response on a large range
of operational conditions, since the accuracy of OPG and
MPG techniques depends on the experimental conditions as
explained below.

Experiments were performed on 0.5 ym thick samples de-
posited onto glass substrates by radio frequency (13.5 MHz)
powered plasma enhanced chemical vapour deposition at a
temperature of 190 °C. The electrodes were made of parallel
strips of silver paste, 1 mm apart and 1 cm long. For these two
techniques, no bias was applied in between the electrodes
(short-circuit conditions). To check for an influence of possi-
ble built-in fields close to the electrodes, we have first verified
that the electrodes were ohmic in a large range of biases
(0-100V), and we also performed MGT measurements with
the grating moving in one direction and then the other. We
did not observe sensible differences between both MGT
curves, and under each condition, the maximum was found at
the same position. Therefore, we concluded that the contact
potentials, if any, had no influence on our measurements.

Figure 2 displays the evolution of the excess current
measured under short circuit conditions on the same sample
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as function of the difference in frequencies (MGT) or of the
EOM driving frequency (OPG), for different temperatures
indicated in the inset. The grating period was A ~ 5 um, and
the ratio of the two beam fluxes was fixed to 20. In this fig-
ure, it is clear that both techniques give the same excess cur-
rent evolution for the same temperatures, 7= 220 and 250 K.

However, for lower temperatures, the excess current is
very small, of the order of a few pA, and turns to be very dif-
ficult to record accurately even with an electrometer. Never-
theless, given the fact that OPG uses a current/voltage
amplifier and a lock-in amplifier, small values of photocur-
rent can still be measured for low temperatures. Therefore,
OPG appears to be the most suitable technique when the sig-
nal level is low, as shown in Fig. 2 for T= 170 K.

On the other hand, as can be seen in Fig. 2, an increase
in the temperature results in a shift of the maximum of the
curves towards higher frequencies. At these frequencies, the
bandwidths of the current/voltage amplifier and of the lock-
in amplifier start to limit the applicability of the OPG tech-
nique, whereas the increase of the excess current makes the
dc current easier to measure. Hence, the MGT seems to be a
more suitable method for high temperatures, as shown in
Fig. 2 for T=300K.

The same experiments were also performed at different
photon fluxes keeping constant the temperature.'* The varia-
tion of the photon flux causes a similar effect as the variation
of the temperature. For low generation rates, OPG is best
suited because of the small currents involved. Increasing the
photon flux, a range of fluxes appears where both techniques
can be used, and for high generation rates, MGT is more
appropriate because it avoids the bandwidth limitations of
OPG.

These results show that both techniques are complemen-
tary, not because they provide different information on the
studied material but because the use of both techniques
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FIG. 2. Measurements of OPG (stars) and MGT (circles) techniques, per-
formed for four different temperatures. As can be seen, there is a range of
temperatures where both techniques can be used, giving the same results.
For lower temperatures, the photoconductivity is too low to be measured by
an electrometer. For higher values, the OPG has bandwidth limitations. The
lines are fits with Eq. (18), while the arrow indicates the shift of the
maximum.
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extends the range of accessible frequencies and tempera-
tures, leading to a wider domain of investigation. Indeed,
one can choose the method that is best adapted to the temper-
ature/photon flux conditions under which the measurements
are done. However, these experimental results need to be
explained before more information can be extracted from
them. In Sec. IV, we shall clarify why an excess current can
be measured the sample being short circuited, why both tech-
niques are leading to the same behavior and underline the or-
igin of the bell-shape curves we obtain. We shall insist on
the origin of the maximum of these curves and finally show
that the knowledge of this maximum opens the possibility to
perform a DOS spectroscopy.

IV. THEORETICAL BACKGROUND AND DOS
SPECTROSCOPY

Though the basic principles of the calculation of the
excess current density dJ(w) measured with the OPG or
MGT experiment have been already presented elsewhere,'’
we give in the Appendix a more detailed calculation. This
calculation starts from the continuity equation for electrons
and holes along with the Poisson equation. From these equa-
tions, one can calculate the final expression of 0J(w), assum-
ing that the attenuated beam creates only a small
perturbation of the steady state of the sample fixed by the
main beam. These equations were also introduced into nu-
merical calculations from which, after introducing DOS dis-
tributions and parameters, we could study the evolution of
the OPG and MGT currents with the frequency, temperature,
and flux for different transport parameters.

As can be seen in Fig. 2, a clear maximum appears on
the curves 6J(w) that can be explained in the following way.
The light grating impinging on the sample creates several
arrays, in particular, an array of free carriers n(x) and an
array of trapped carriers N ,(x). With a large A, N,,(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, as in the SSPG technique, n(x)
and &;,/(x) are in quadrature, implying that the current is null
without an external electric field. When the light array is
moving along the film surface with a relatively low velocity,
the free carriers grating follows it almost instantaneously,
whereas the space charge array lies behind due to the neces-
sary 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 (mostly elec-
trons in a-Si:H) in the internal field, which occurs even
though the external field &,,, =0 V/cm. With a low external
electric field applied, the alternating current is still mainly
due to the internal field, and we have obtained the same var-
iations of 8/ vs. w as with zero field applied."’

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 or MGT
currents. However, if the time needed for the light to cover a
distance A becomes 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
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of the local internal field. The competition between the
decrease of the phase shift between n(x) and &,,,(x), and the
blurring of the space charge, eventually ends with a decrease
of the OPG or MGT current density with increasing .

The above explanation of the dJ(w) behaviour is of
course reflected in its expression given in the appendix
(Eqg. (A17)). This expression shows that even with no applied
external field one should measure a current flowing in the
sample because of the movement of free carriers in the inter-
nal field as underlined above. Besides, from Ref. 7, it can be
seen that the square of the MPC conductivity, J,anc, is the ra-
tio of a constant divided by a second order polynomial in o.
Therefore, Eq. (A17) is similar to a band-pass filter equation:
0J(w) tends toward zero for very small or very large w and
must present a maximum somewhere in between.

This maximum of the 6J(w) curve, obtained for @,
must be linked to a characteristic time of the material. Sev-
eral characteristic times can be considered: the dielectric
relaxation time 74, the free electron lifetime t,, and the
small signal lifetime 7/, that is, the lifetime of the small
excess of free plus trapped electrons.'” To find out to which
time corresponds the maximum of the dJ(w) curve, we have
used numerical calculations that simulate the OPG tech-
nique. In these simulations, we have introduced a typical
a-Si:H DOS made of two band tails and deep defects repre-
sented by two Gaussian distributions of monovalent states.
As a matter of example, the expression of the conduction
band tail (CBT) DOS was

N(E) =N(EJexp( ~ (E.~E) [T.), @)

where E. is the energy of the conduction band edge, kp the
Boltzmann constant, and T, the characteristic temperature of
the conduction band tail.

We have reproduced all the experimental behaviours, as
those displayed in Fig. 2, and we were also able to determine
all the characteristic times and compare them to 1/®,,,,,. We
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FIG. 3. Calculated results showing the evolution of different characteristic
times with the generation rate G,. The dashed line indicates the transition
between the dielectric (left) and recombination (right) regimes.
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present in Fig. 3 the variations of these times with the genera-
tion rate G. At low generation rates, we observe that 1/,
is close to 7,4, whereas at high generation rates 1/, . 18
close to 7/,. These two cases correspond to the well-known
dielectric and lifetime regimes and the transition between
them is indicated by a vertical dashed line in Fig. 3.

The knowledge of 7', is very interesting because, since
this time is linked to the trapped carriers, we expect to extract
information on the DOS from it. An expression of /,, is'’

e o) [n + J fo NACC dE]
~9Gy 9Go ’

“

Tn

in which 7™ is the total concentration of electrons, i.e., the
free (n) plus trapped concentrations, f; the occupation func-
tion, and N*C the density of acceptor states (negative when
occupied). Operating with Eq. (4) we obtain

,_ O J ofy OEr,

L= 1 NACC R 5
W= 9Ge T | 5Em, 3Go ’ )

where Er, is the electron quasi-Fermi level. In the following,
we will assume an n-type semiconductor for which n>> p,
thus Ef,, can be calculated for from!!

N,
E, — Ep, = ksTIn [‘”‘—C} : 6)

a0

where ¢ is the electron charge, N, is the equivalent density of
states at the conduction band edge, and g, the photoconduc-
tivity with a generation rate Go. Taking account of the
power-law relationship between photoconductivity and G,
g0 x Gy, a straightforward calculation leads to

on  yn

on rn 8EF,, - VkBT
0Gy Gy’ '

dGy Gy

)

The occupation function under illumination can be written'®

Cull + €
- b)
cpn+e, +cpp ey

Jo(E) ®)

where ¢, (¢,) and ¢, (e),) are the electron (hole) capture coef-
ficient and emission rate, respectively. In the proximity of
Er,, after some simplifications assuming that n>> p and that
e,, is negligible, one ends with

1
fOZ 1+ (E_EFn). (9)
exp| ———
kgT
Therefore,
e (E - EFn)
xp | — ="
o 1 TP\ Tt 10

1
OEp, kT 1+ E—Ep\1*
exp| ———=
PU ket

This function presents a sharp maximum at E=Ef, and a
full width at half maximum of the order of 3.6 kgT.

Downloaded 01 Aug 2012 to 200.9.237.254. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



023709-5 Longeaud, Ventosinos, and Schmidt

Therefore, it can be replaced by a Dirac-delta function, pro-
vided N*““(E) changes with energy with a slope smaller

than 1/kgT, and, after substitution of Eqgs. (7) and (10) into
Eq. (5), it leads to

AL “/kBTJ ACC
1oy I S(E — Ep,) N*C(E) dE
e L T (506 — ) N )
= " [n+ kyT NAC(Ep,)), (11)
Gy

a “classical” approximate expression.” As usually done in
disordered semiconductors where the density of trapped car-
riers is much larger than the density of free carriers, we can
neglect n in Eq. (11), obtaining

GO ‘Cn/
Y kgT '

NACC(Ep,) = (12)

Eq. (12) coupled with Eq. (6) allows a DOS spectroscopy if
the experiment is performed at different temperatures.

Calculations of 7/, and y were achieved with our simula-
tions for temperatures ranging from 100 to 460 K with a gen-
eration rate Gy = 10*' cm > s~ '. The OPG-DOS spectroscopy
based on the simplified Eq. (12) is displayed in Fig. 4 (circles),
where the general trends of the original DOS (displayed by
full lines) are well reproduced, but the precision is rather poor.

When one deals with materials such as a-Si:H, in which
the band tails are assumed to decrease exponentially with
energy, the OPG/MGT-DOS spectroscopy of the band tail
states can be refined if one calculates more accurately the in-
tegral of Eq. (4). For that purpose, we shall use the CBT ana-
lytical expression [Eq. (3)], and the very good approximation
for the occupation function presented before [Eq. (9)]. The
concentration of trapped electrons in the conduction band
tail is therefore

N trap — J

E.—E
N(E.)exp| — T
b < / 4k, (13)

E— Ep,
1 + eXp T
b

DOS (cm’eV™")

FIG. 4. DOS spectroscopy from the OPG or MGT techniques with a simple
procedure (circles) or after correction (stars). Full lines display the original
DOS.
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where if T <T,, the integral can be taken from —oco to +o00
without making a large error. Derivation of N,,,, with respect
to Ep, gives, after simple calculations,

exp(xa) i
(Ef”)J 1+ exp(x)]2d ' 14

ON, trap
B} Efn trap

writing x = (E — Ez,) /kyT, and oo = 147 /7. If o is lower
than 2, for temperatures lower than T, the integral is equal
to M, giving a refined expression for the DOS in the CBT

sin(o)
_ Got (1 —o)m

NCBT E . kAl Sl
(Ern) ykgT sin(om)

(15)

Consequently, for measurement temperatures below say
200K (T, is believed to be larger than 250K for device-
grade a-Si:H), we can imagine a recurrent procedure to
determine the shape of the band tail: extract an order of mag-
nitude of T, from the OPG/MGT-DOS values obtained by
the simple treatment and correct these values with the above
expression, check if the final T, determined from the cor-
rected values of the OPG/MGT-DOS is the same as the intro-
duced one and repeat this procedure until there is a
convergence toward the CBT shape. For higher measurement
temperatures, we can use this shape to numerically calculate
the integral of Eq. (13) and subtract this contribution to the
total contribution of the trapping states estimated by means
of Eq. (12). Following this procedure, we find the OPG/
MGT-DOS displayed by stars in Fig. 4, for which the agree-
ment with the introduced DOS is excellent.

We can compare this DOS spectroscopy with the DOS
spectroscopy achieved with MPC. In this experiment, one
obtains the quantity Nc,/u, (Ref. 7)

N(Ey)cn 2
W, " wkgT

sin ¢

b
|Gacl

4Gac (16)

where N(E,,) is the DOS at the energy E,,, |o,.| the modulus
of the photoconductivity resulting from G, and ¢ its phase
shift referred to the excitation. This quantity Nc,/u, is com-
pletely known from experimental data and can be plotted as
function of the energy, which is scaled with

N,
E.—E, = kgTIn {C" C} ,
w

a7

where o is the angular frequency of the modulation. The
probed DOS being the same in all the experiments consid-
ered here, at least in the conduction band tail region, the
adjustment of the densities [Eq. (12) or (15) and (16)] and
energy scaling [Egs. (6) and (17)] found in each technique
should lead to the determination of N(E), ¢, and p, independ-
ently. Indeed, for all the techniques, it is possible to choose
experimental conditions such that they probe the CBT states.
From the OPG/MGT techniques one obtains N values, either
from the simple or the “refined” procedure, distributed along
the energy axis following Eq. (6) in which p,, is an important
parameter. From the MPC technique, one obtains Nc,/u,
scaled on the energy axis by means of Eq. (17) in which ¢, is
the main parameter. The adjustment of the DOS spectra
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playing with ¢, and p, to eventually end with a single DOS
distribution, as expected, may lead to a good estimate of
N(E), ¢,, and p, (assuming a value for N, that can be taken
equal to that of crystalline silicon at first approximation).

V. DOS SPECTROSCOPIES AND TRANSPORT
PARAMETERS IN a-Si:H

The samples studied in this section were the same as
those described in Sec. III. The OPG and MPG experiments
being performed with large fluxes (to ensure being in the
lifetime regime, see Fig. 3), the samples were light-soaked
before measurements to avoid evolution of the DOS while
measuring it. The accelerated light-soaking was achieved
during more than 50 h at 80 °C under red light with a flux of
300 mW/cm?. Subsequently, for all the experiments, samples
were set onto the cold finger of a cryostat under dynamically
pumped vacuum (10~ Torr).

The MPC experiment was carried out with red light (at
650 nm) with a dc flux of 10" cm ™2 s7! and an ac flux three
times lower. The applied bias was 100 V. The temperature
was varied from 390 K down to 110K each 20K and at each
temperature the frequency f of the modulation was varied
from 12 Hz to 40kHz in a way such that f;, ; =f; x 1.5. The
maximum temperature was chosen so as to have no anneal-
ing of the sample during the experiment.

The OPG and MGT experiments were carried out with a
He-Ne laser, the flux of the main beam impinging the sample
being equal to 1.5 x 107 cm™2 s™', the other beam being
attenuated by a factor of 20. The grating period was of the
order of 5 um. Despite the use of a lock-in amplifier in the
OPG technique or currents largely above the detection limits
of the electrometer in the MGT technique, the correct detec-
tion of a maximum of the 6J(w) curve can be problematic or
simply inaccurate because of noise or simply because the
measured points at different frequencies do not draw clearly
the maximum position. To solve this problem, we used curve
fitting. Indeed, as shown in the description of Sec. IV, the
system behaves exactly as a band pass filter. Therefore, we
have chosen to fit the 6J(w) curve following

5Jmax

) b
\/1+Q2|:wmax_ © ]
w Dmax

where 0J,,4c, Wpmax, and Q correspond, respectively, to the
maximum values of the current and angular frequency and
of the “quality factor” of the band pass filter. All these
quantities have been estimated from the experimental
results and have been introduced as an input for a standard
least-squares fitting algorithm, from which a rather precise
value for w,,,, has been extracted. We would like to insist
on two points. First, the above expression can be consid-
ered valid for fitting only in the case where wtp is much
lower than one. If this is not the case, according to Eq.
(A17), the order of the equivalent band pass filter would be
higher, and Eq. (18) would not be convenient anymore.
Second, Eq. (18), when it can be used, is only a help, or a
guide, to refine the determination of w,,,,. Indeed, the links
between @ and some material parameters are far too

57 (w) = (18)
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complex to extract any valuable information from the Q
values we have obtained.

At low temperature, the measurements were performed
each 10K using the OPG technique because of the small am-
plitude of the signal. For temperatures above 250K, meas-
urements were performed each 20K. In the temperature
range of 250-300 K, both techniques were used, leading to
the same results. Above 300K, only the MGT would give
appropriate results, the frequency of the maximum of the
dJ(w) curves being at the border of or even well above the
band width of the lock-in amplifier. The y coefficient was
calculated at each temperature from the measurements of the
SSPC currents with a flux 7 and a flux 7/2.

We present in Fig. 5 the DOS spectroscopies achieved
with the different techniques. The OPG/MGT-DOS was
calculated both from the approximate expression given by
Eq. (12) (circles) or by means of the refined expression of
Eq. (15) (stars). This last expression is valid only when
probing the conduction band tail, and among all the meas-
ured points only the first 7 points measured at low tempera-
tures (T < 190K) seem to fulfil this condition. Concerning
the MPC, the spectra obtained at different temperatures are
depicted by solid lines. We should recall that the DOS
shape is given by the upper envelop of the MPC spectra.
The deviations from it result from an influence of the mean
dc flux used to perform the experiment as described else-
where.” According to Eq. (16), the MPC experiment pro-
vides the Nc/u values. Therefore, to match the different
DOS spectroscopies we have varied the ¢, and p, values.
To do so, we have adjusted the N values, either directly
obtained from OPG/MGT or calculated form MPC, as well
as the energy scaling with Egs. (6) and (17), to eventually
obtain the best agreement between both sets of data. The o
value in i‘l&:g was also adjusted so that the final data for
the first 7 points measured by OPG fit onto an exponential
distribution corresponding to the conduction band tail

\
20 \
107 F $110323-2-5D 3
c,=4x10° cm’s”
19
o~ 1% =40 cm’V's” 3
>
GJ 18
@ 10"E 4
e
o
17 [ i
n ° @ Eq. (12
@) * Eq.(15)
O el |===cBT ]
\
1015 N 1 R 1 N 1 N 1 \*| 1 N
0.10 020 0.30 040 050 0.60 070 0.80
[EC-E] (eV)

FIG. 5. DOS spectroscopies achieved with the MPC technique (solid lines),
the simplified equation for the OPG/MGT techniques (circles) and the
“refined” calculation (stars). The straight line represents the conduction
band tail distribution exponentially decreasing with a characteristic tempera-
ture equal to 400 K. The values of ¢, and p, that match the DOS distribu-
tions are displayed in the figure.
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distribution with a characteristic temperature of 400K
(straight line).

We would like to mention that in the present case all the
data measured with OPG/MGT could be and were treated by
means of Eq. (15). However, for T > 200 K, OPG/MGT tech-
niques are probing deep states that are not varying exponen-
tially, which is one of the requirements for Eq. (15) to be
applicable, and the final DOS spectroscopy, displayed by
stars in Fig. 5, is clearly far from what one would have
expected according to the MPC results. This result under-
lines the fact that Eq. (15) should be used very cautiously
and that Eq. (12) is certainly more appropriate to derive a
DOS spectroscopy, as far as deep states are concerned. The
reader shall also note that we have not strictly followed the
refined procedure described in Sec. IV, subtracting the CBT
contribution to the deep states distribution estimated from
Eq. (12). It would have loaded the figure without bringing
much more information.

The value of the characteristic temperature of the con-
duction band tail seems to be rather high since one would
expect an order of magnitude of 7. ~ 300 K. However, we
have shown in a previous paper that light-soaking resulted
both in an increase of the deep defect density and in a widen-
ing of the conduction band tail.'” Since we are dealing with
light-soaked sample, a T, of the order of 400 K seems to be a
reasonable value.

The adjustment of the different curves, in the CBT
region, leads to ¢, =4 x 1078 ¢cm® s~! for the CBT states
and g1, =40 cm? V' s7!, assuming a value of the equivalent
density of states of the conduction band equal to that of crys-
talline silicon, N.=2.5 x 10°cm™ at room temperature.
These values are in good agreement with previous measure-
ments combining the MPC measurements in the high and in
the low frequency regimes,'’ measurements from which we
had found ¢, =2.5 x 10 ¥ cm® s and W, =50 em? Vsl
Hence, OPG/MGT provides an alternative and/or comple-
mentary mean to derive these parameters.

Considering the adjustment between the MPC spectra
and the OPG/MGT data for (E--E) > 0.45¢V, it is clear that
the DOS points obtained from MPC and from Eq. (12)
applied to the OPG/MGT data do not agree. The reason is
that for the plot of Fig. 5, the DOS distributions obtained
with MPC and OPG have been adjusted so as to match in the
CBT region. The capture coefficient(s) of the deep states is
(are) probably different from that of the conduction band
tail. In previous works, we have also found different capture
coefficients between the deep states and the band tails,"
what seems to be a characteristic of a-Si:H. From the present
measurements, the difference between both capture coeffi-
cients seems to be a factor of the order of 3, which is the
ratio of the DOS distributions deduced from OPG/MGT
and MPC techniques in the energy range of 0.5-0.55¢eV (see
Fig. 5).

Finally, we have introduced as an input in our simula-
tions the DOS and the transport parameters obtained from the
OPG/MGT/MPC measurements. The DOS introduced in the
simulations is presented in Fig. 6 (thick solid line), and is
composed of a CBT having a characteristic temperature
Tc=400K, and two Gaussian functions representing the

J. Appl. Phys. 112, 023709 (2012)

102k = Introduced DOS | |
3 === CBT, deep states
[ @ Eq.(12)
—~ 10"°E * Eq.(15) E
‘T> lines MPC
o 10"}
E E
o [
17
n 10
o i
D 1016-_
015 N | N < . 1 N 1 | s 1 N
0.10 020 0.30 040 050 0.60 0.70 0.8

[E.-E] (eV)

FIG. 6. DOS spectroscopies based on computer-generated data. The DOS
used as a basis for the calculation (thick solid line) is shown decomposed in
the CBT and the deep states (dashed lines). The thin lines are the results of
the application of Eq. (16) to the MPC data, while the circles and the stars
result from the application of Eqs. (12) and (15) to the OPG/MGT data,
respectively.

deep states (dashed lines). The CBT and the Gaussian centred
at 0.35eV have capture coefficients ¢, =4 X 1078 cm?® st
while the Gaussian centred at 0.60eV has a capture coeffi-
cient ¢,=1.2x 10”7 cm’ s~ ', Introducing also the same ex-
perimental parameters of the measurements, like temperature
range (130-390K) and generation rate (2.5 x 10 em 3 s,
we have solved the transport equations and have computer-
generated the OPG curves dJ(w), which were then treated as
experimental data. We were able to reproduce quite accu-
rately the general behaviour of our measurements. Indeed,
the application of Eq. (12) to these data leads to the DOS
reconstruction shown as circles in Fig. 6, and the application
of Eq. (15) to the corrected values (valid for the CBT) shown
as stars. Also, the solution of the MPC transport equations
leads to the MPC-DOS shown as thin lines. If we compare
with the experimental results of Fig. 5, we can see that all the
features of the measurements are well reproduced.

From Fig. 5 or 6, it is apparent that the energy range
covered by the MPC and OPG/MGT techniques is quite
different. Because of the high flux needed to perform the
OPG/MGT measurements in the lifetime regime, the posi-
tion of the quasi-Fermi level is always rather high in the
bandgap and it is difficult with this technique to get close
to the dark Fermi level. To probe the midgap region, the
temperature should be increased further or the dc flux
should be decreased. Since we used light-soaked samples,
we did not try to go to higher temperatures to avoid an
annealing effect. However, even in the present conditions,
the OPG/MGT method covers an interesting energy range
between 0.22 and 0.58 eV from the conduction band edge
(Fig. 5).

VI. CONCLUSION

We have described two characterisation techniques
based on the measurement of the current resulting from the
movement of an interference pattern onto the studied
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sample. In one experiment, the moving grating technique,
the pattern is moving at a constant velocity in one direc-
tion. In the other experiment, the oscillating photocarrier
grating technique, the pattern is oscillating onto the sam-
ple, moving at a steady velocity in one direction during
half a period of the driving frequency and in the other
direction during the other half. The OPG technique can
then be considered as an ac version of the MGT. However,
from theoretical developments and numerical calculations,
we have shown that the currents behaviours measured in
both techniques have the same origin. We have then under-
lined that this property offers the possibility to use one
technique or the other depending on the operational condi-
tions and extends the range of fluxes and temperatures in
which sample properties can be investigated. Indeed, we
have demonstrated that with a proper treatment of the
OPG/MGT data a density of states spectroscopy could be
achieved performing these experiments at different temper-
atures. Two possible treatments have been proposed, a gen-
eral one that can be applied to probe any distribution of
states and a more refined treatment that is well suited for
exponentially decreasing band tails. Finally, combining the
results of these techniques with those of other experiments
like MPC and SSPC, it is possible to derive good order of
magnitude of the electron capture coefficient ¢, of the con-
duction band tail states as well as the electron extended
states mobility p,. We have applied all these experiments
to some a-Si:H samples and found values of ¢, and pu, in
good agreement with those found previously with a-Si:H
samples studied with other techniques. OPG and MGT
techniques can therefore be considered as useful techni-
ques that provide good insight on some of the a-Si:H elec-
tronic transport parameters.
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APPENDIX: CALCULATION OF THE OPG EXCESS
CURRENT DENSITY

We consider a sample built in coplanar geometry fitted
with two ohmic parallel electrodes. An external electric field
Eext can be applied in between the electrodes. The illumina-
tion is made of two polarized laser beams of intensity /; and
I, I, being smaller than /;, say a tenth of /;. The phase of
one of the beams is modulated at an angular frequency w by
an electro-optic modulator that creates an oscillating grating.
The two beams interfere on the sample, and the flux imping-
ing it can be written

I(x,1) = Iy + oI cos(kx + awt), (A1)
in which k = 21/A, A being the grating period, 6/ = \/T; 15,
Io=1,+1,, t the time, « = * 1 and x the position on the sam-
ple taken on an axis perpendicular to the electrodes.

The resulting generation rate in the sample can be
written

J. Appl. Phys. 112, 023709 (2012)

G(X; l) = Gy + 0G COS(kX + OCQ)[) =Gy + ?Re[éG e/lcc+ocj(:)r]7
(A2)

in which Gy = G| + G, G| resulting from I, and G, resulting
from /,, and j2 = —1.

For simplicity, the following calculation will assume
that only a single species of monovalent states is present in
the band gap of the material and we shall use the notations of
the paper.'” It can be shown that considering the presence of
different species of dangling bonds and monovalent states
does not modify the general line of the calculation but it
would be too long to give the complete calculation.

Locally, the electric field can be decomposed in two
components, the externally applied field &,,, and a local field
&~ The neutrality equation can be written, taking into
account of thermal equilibrium (indexes 0)

déim(xa t) _q
dx 7880 p(xvt) Po n(x,t)+n0

E,
- J [f(E,x,1) fo]N(E)dE}. (A3)
E,
The continuity equations are
on d
E = G(X, t) - Rﬂ(x7 t) + My E [n(x, t) é(xv t)]
d*n(x,t)
+ Dn 7 ) (A4)
0, d
5= G000 = Rylo.0) =ty 2 [p(x,1) £, 1)]
d*p(x,t)
+ Dp T ) (AS)
with the recombination terms
E.
Ro(2.0) = [ {eunls )1~ (B0 - 0 BV (B, W(E)GE.
E,
(A6)
E,
Rp(x7 t) = J {c,,p(x,t)f(E,x,t) - el?(E>[1 7f(E,x,t>}}N(E>dE,
E,
(A7)
and
TELD _ cont )+ ¢,(0) (B, Dfeant)
+e,(1) + cpp(x, 1) + e, (1)]. (A8)

Following the complex expression of the generation rate,
most of the quantities can be written Q = Q,+ AQe’*”'e/*
and one has for the states occupancy
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Of (E,x,t B B
f(aat ) ): Cn(n0+6ne/awrejkx) +ep o (f0+5fejawte/kx)

X {cn(no + dne’*'eP) + e,

+ ¢p(po + Ope”™ /™) + ep}

(A9)
and ZEX — jyendfel”@ e which leads to
115 1— — po,
5f: C i’l( 1 fO) Cp pfO ’ (AIO)
— 4+ jaw
T
|
A, =KD, +M,| 1 +J + AP,
2

n
Bn = 7:unkaéext - anJ + B;npc’
3
n

Ay =-M,[1 —l—J + A"
2

n
R
3

J. Appl. Phys. 112, 023709 (2012)

in which one has % = cung + cppo + e, + ep.
If one writes on = n, + ajn; and dp = p, + ajp;, then
one ends with a system of equations

Aun, — B,n; —I—A;pr —|—B; .= 0G

Bun, +Apn; — B;pr +A; =0,

Aun, +Byn; +A,p, — B,p; = G,
—Byn, +Ayn; +B,p, +A,p, =0.

(A11)

The expressions of the coefficients of the system (All) can
be written

p
A, =KD, +M,| 1+ J + AP,
2

BP = :upkaéext - MP(D + B;”mv

W —_

P
AP =-M,|1 +J +Ap’”P",
2

P
3

where the coefficients with a superscript mpc are those found in a previous paper concerning this technique [see for instance
Ref. 7, being careful that the notations are not the same in both papers, the * being shifted for the A, and B,, coefficients], and
with M, = nou, ﬁ M, = pop, i M, +M,=1 /7D, Tp being the dielectric relaxation time. Besides, the integrals are written as

j - [ LR1NE),

1 4 w212

)4

[ [ NE)

Pl w22
2

The reader may note that in the above expressions one
has to take &, into account and not simply ¢&,... All
the integrals are taken between E, and E., the energies
of the top of the valence and bottom of the conduction
bands, respectively.

Solving the system (Al1l) provides expressions for 7,
n;, p,, and p;. These expressions are rather heavy and we
shall not provide them here. As in Ref. 18, the current den-
sity is given by

A
1
JCOh = Kj[q ,unn'(x) + qlupp(x)] [éext + gint(x)] dx = ](] + 5.]7
0

&;(x) can be calculated from Eq. (A3) and one has

j [0 ~f)ENE)

1 4 w212

p

for’N(E)
J = Jm"E
3

(X)) = §Re{ —8{0;% {5p —on— JéfN(E)dE} exp(jkx + jowt) },

and

o = qlu,ny + o) + Re (Q[#nén + ,6p] exp(jkx +jocw1)),

the expression of dJ is given by 6/ = %e(é(z)%e(fim) and
can also be calculated from dJ = %%e(éc’r*iim), in which
0¢*is the conjugated complex of da. It gives

P2
o7 =1/ Re (_SJZF [5,, —on— J(SfN(E)dE} [, 0n" + ,up5p*]> :
(A12)
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If one introduces the expressions of An, Ap and Af in this
expression (A12) and writing Ag and iy as 06 = g, + 0jo;
and &, = &, + jo&; one ends with

1
8 = a5 (&0, + Eian), (A13)
with
o, = q(un, + p,pr), i = q(u,ni + wpi),  (Al4)
p n P n
o
ér:i Pi 1+J —n; 1+J _prwj+nrwj )
eepk
2 2 3 3
(A15)
P n P n
o
&= - Pr 1+J —ny 1+J +piwj—ﬂiwj
sepk
2 2 3 3
(A16)

Some simplifications can be done in the expressions
(A14)—(A16) if we assume that the external field is equal to
zero and if one performs the experiment with large grating
period leading to small k value. Finally, we end with

- _M(_nm
eeok | 1+ (01p)*
kQDP‘L'D

1+ (w1p)*

mpc
+ wtpn’)

r

(P + omop™)|

g k*D,tp

o o mpc')
"oesok |14 (w1p)

mpc
(n"¢ + wtpn;

ksz‘C]_)

—L = - (p" + wrpp!™*
1+(w‘cD)2 (P, DPi )
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If we take only into account the electron contribution then
we have, from Eq. (A13)

k2 ksl wrlz) 2
q 2 m 52 mpc?
oJ -4 7 np np ,
(@) i + (wp)* 2880k A )
that is,
kT 2
(w) = F—L— " ez, (A17)

N 1 + (CL)‘L'D)2 265;,
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