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In this paper we first present a comparison between two grating techniques, the oscillating photocarrier grat-
ing (OPG) and the moving grating technique (MGT). The common origin of both techniques suggests that
they should give the same experimental data. In this work we present measurements performed with both
techniques and show their equivalence. Regarding the fact that the OPG method uses a lock-in amplifier to
measure the photocurrent, while the MGT uses an electrometer due to its dc nature, we show that these tech-
niques can be used in a complementary way, using the benefits that each one of them offers. Moreover, we
present measurements of the density of states (DOS) of an amorphous silicon sample, which were made
using a range of temperatures that are only achievable using both techniques. We also present a brief sum-
mary of the theory supporting these techniques, and we outline future research to improve the DOS
estimation.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Photocarrier grating techniques are based on making interference
between two coherent light beams to form a periodic pattern of light
intensity on a sample surface. Areas of high and low light intensities
result in high and low carrier concentrations, respectively, which
create an internal electric field. In the past decades these kinds of
techniques were used to estimate the diffusion length of minority
carriers in materials with photovoltaic applications [1], to study
their electrical transport properties [2] and to test the assumption of
ambipolar transport [3].

It is also well known that the density of states (DOS) in the gap of
amorphous semiconductors is of great interest because the localized
states govern the transport properties of these materials. Moreover,
procedures to extract part of the DOS from measurements involving
grating techniques have been proposed [4,5]. Very recently, the oscil-
lating photocarrier grating (OPG) technique emerged as a promising
technique to estimate the DOS of hydrogenated amorphous silicon
(a-Si:H) [6]. In that publication, the authors argue that the OPG can
be considered an ac version of the moving grating technique (MGT)
proposed some time ago by Haken et al. [2]. One of the purposes of
this work is to verify experimentally the equivalence between the
OPG and MGT techniques. We will also show that these techniques
are complementary, allowing us to measure quantities over a wide
vento@gmail.com
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range of conditions that are very difficult to achieve with only one
of these techniques. Finally, we will implement experimentally the
DOS spectroscopy that was outlined in Ref. [6].

The paper is organized as follows: In Section 2 we will explain
briefly both techniques and their experimental setup. In Section 3 a
short summary of the basic equations needed to understand the un-
derlying physics is given. Section 4 shows the experimental compar-
ison to test the equivalence between these two techniques. In
Section 5 we will outline a DOS spectroscopy and show the experi-
mental results. Finally, Section 6 presents the main conclusions of
this work.
2. Experimental setup

The experimental setup used for both techniques is shown in
Fig. 1. The light source is a He–Ne laser because its red light, although
having an energy larger than the bandgap of a-Si:H, is uniformly
absorbed. The laser light, linearly polarized in the vertical direction,
is split into two coherent beams that finally interfere on the position
of the sample. One of the beams (attenuated to an intensity I2) im-
pinges perpendicular to the sample, while the other one (of intensity
I1) forms an angle δwith the other beam. Therefore, an intensity grat-

ing with spatial period Λ ¼ λ
sin δð Þ is created, where λ is the light

wavelength. In the MGT technique, two acousto-optic modulators
are used to introduce a small frequency shift Δf between the beams,
which causes the intensity grating to move with a constant velocity
proportional to Δf. The resulting illumination intensity is found to
be I= I0+δI cos[k(x−vgrt)], where I0= I1+ I2, δI ¼ 2

ffiffiffiffiffiffiffiffi
I1I2

p
, vgr=ΛΔf,
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Fig. 1. Experimental setup for the experiment. A linearly polarized laser beam is split by
a beam splitter (BS) into two beams, I1 and I2, which are made to coincide on the sam-
ple by using the mirrors (M). Beam I2, attenuated by a neutral density filter (NDF),
passes through an electro-optic modulator (EOM) used as a phase modulator (OPG)
or through acousto-optic modulators (MGT) 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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and k ¼ 2π
Λ

[2]. The experimental quantity that is measured with an

electrometer is a dc short circuit current, resulting from the move-
ment of the intensity grating.

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 I2, while beam I1 remains unaltered. In order to
have control of the phase of beam I2, the EOM is positioned with
the axes of the crystal vertical and horizontal. In this ‘phase modula-
tion’ configuration, the output amplitude and polarization remain
unchanged, but the phase of the wave (ϕ) can be varied as a function
of the signal applied to the modulator. When this function is a trian-
gular wave function, the calculation of the resulting illumination in-
tensity impinging the sample gives I= I0+δI cos(kx±ωt), where ω
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 velocity in one direction for the first half
of each period (therefore for half a grating period) and then moves
in the opposite direction for the second half of each period. In this
way we can think of OPG as an ac version of MGT, allowing us to
use synchronous detection with a lock-in amplifier, and therefore im-
proving the signal to noise ratio.

3. Basic equations

The transport equations for electrons and holes are:

∂n x;tð Þ
∂t ¼ G x;tð Þ−Rn x;tð Þ þ μn

∂
∂x n x;tð Þξ x;tð Þ½ � þ Dn

∂2n x;tð Þ
∂x2

;

∂p x;tð Þ
∂t ¼ G x;tð Þ−Rp x;tð Þ−μp

∂
∂x p x;tð Þξ x;tð Þ½ � þ Dp

∂2p x;tð Þ
∂x2

:

Here, n(x,t) and p(x,t) are the free electrons and holes concentra-
tions, G(x,t) is the generation rate, Rn,p(x,t) is the electron (hole) re-
combination rate, μn,p is the electron (hole) mobility, and Dn,p is the
electron (hole) diffusion constant. ξ(x,t) is the total electric field,
composed by an (optional) external electric field and an internal
Please cite this article as: F. Ventosinos, et al., Density of states evaluati
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electric field related to the electrons and holes concentrations via
Poisson's equation

dξ int xð Þ
dx

¼ q
εε0

p xð Þ þ ∫
Ec

Ev

1−f E;x;tð Þ½ �NDON Eð ÞdE−n xð Þ−∫
Ec

Ev

f E;x;tð ÞNACC Eð ÞdE
8<
:

9=
;

where ε is the dielectric constant of the sample, ε0 is the dielectric per-
mittivity of vacuum, Ev is the energy at the top of the valence band, Ec
is the energy at the bottom of the conduction band, f(E,x,t) is the occu-
pation function, NDON(E) is the density of donor states (neutral when
occupied and positively charged when unoccupied), and NACC(E) is
the density of acceptor states (neutral when empty and negatively
charged when occupied). The recombination terms are:

Rn x; tð Þ ¼ ∫
Ec

Ev

cnn x;tð Þ 1−f E;x;tð Þ½ �−en Eð Þf E;x;tð Þf gN Eð ÞdE;

Rp x; tð Þ ¼ ∫
Ec

Ev

cpp x;tð Þf E;x;tð Þ−ep Eð Þ 1−f E;x;tð Þ½ �
n o

N Eð ÞdE;

where c is the capture coefficient, e(E) is the emission rate and N(E) is
the DOS. The expression for the generation rate depends on the tech-
nique that we consider. As can be seen in Ref. [6], for OPG the genera-
tion rate can we written as G� x; tð ÞOPG ¼ G0 þ δG cos kx�ωtð Þ ¼
G0 þRe δGei kx�ωtð Þ

h i
, where G0 and δG relate to the homogeneous

and modulated parts of the illumination I0 and δI, respectively, i2=
−1, and Re means the real part of the complex number. For MGT [2]
the term becomes G x;tð ÞMGT ¼ G0 þ δG cos k x−vgrt

� �� �
¼ G0þ

Re δGei k x−vgr tð Þð Þ�
h

.

To solve the transport equations we will assume low-modulation
condition (i.e., I1≫ I2, granted by the use of a neutral density filter).
This means that it is expected that the relevant physical parameters
vary sinusoidally as G(x,t) does. In general, however, there will be
variable phase shifts, and any quantity A can be expressed as
A x; tð Þ ¼ A0 þRe δA ei kxþωtð Þ� �

, where A0 is the value under uniform
illumination G0, and δA is a complex magnitude originating from the
modulated term of the generation rate δG. Introducing these expres-
sions for n(x,t), p(x,t) and ξ(x,t) into the differential transport equa-
tions, together with Poisson's equation, linearizes the system. The
solutions for n(x,t) and p(x,t) are complicated functions of the DOS in-
volving integrals over the gap. To handle these solutions we devel-
oped a computer code, which calculates the generated photocurrent
as

j tð Þ ¼ 1
Λ
∫
Λ

0

qμnn x;tð Þ þ qμpp x;tð Þ
h i

ξext þ ξ int x;tð Þ½ �dx ¼ j0 þ Δj tð Þ:

In Ref. [6] we made a complete analysis of the physics involved in
the OPG experiment, explaining the origin of the photocurrent, its de-
pendence on the frequency ω and the typical shape of the OPG/MGT
curves.

4. Results

4.1. Comparison between both techniques

When solving the transport equations for electrons and holes, it is
clear that the only difference between both methods is the expression
of the generation rate. But if we analyze carefully these terms we will
see, as already explained, that both techniques have a common origin,
which is a grating moving with constant velocity. In OPG this happens
for the first half of the period; then the grating travels in the opposite
direction—but with the same grating speed. Therefore, by using both
ons from oscillating/moving grating techniques, J. Non-Cryst. Solids
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Fig. 2. Measurements of OPG (solid symbols) and MGT (open symbols) techniques,
performed for four different photon fluxes. For MGT the frequency is Δf ¼ vgr =Λ . As
can be seen, there is a range of fluxes where both techniques can be used, giving the
same results. For lower generation rates the photoconductivity is too low to be mea-
sured by an electrometer. For higher values the OPG has bandwidth limitations.
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Fig. 3. Measured DOS (symbols) using OPG and MGT techniques. The triangles were
measured with a photon flux of 2.98×1017 cm−2 s−1 while for the stars it was
1.5×1017 cm−2 s−1. The open circles are the measurements for the conduction band
tail corrected by the application of Eq. (2), while the solid line is the DOS suggested
by the measurements.
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techniques we should obtain the same current. In Fig. 2 we show
measurements performed on the same a-Si:H sample using both
techniques. Every point in the graph is the result of 60 measurements
taken every 1 s. The error bars are smaller than the size of the points.

From Fig. 2 it is clear that, when the same photon flux is used, both
techniques give the same curve (Φ=2.3 and 3.6×1015 cm−2 s−1).
For lower values of the generation rate the photoconductivity is
very small (of the order of a few pA), which are very difficult to
read with an electrometer. Given the fact that OPG uses a current am-
plifier and a lock in amplifier, these small values of photocurrent can
still be measured. Therefore, OPG is the most suitable technique
when the level of the signal is low, as shown in Fig. 2 for Φ=6.2×
1014 cm−2 s−1.

As can be seen in Fig. 2, an increase in the photon flux causes the
maximum of the curves to shift to higher angular frequencies. At high
frequencies some problems with the bandwidths of the current am-
plifier and the lock-in amplifier start to appear, limiting the applica-
bility of the OPG technique. On the other hand, the MGT does not
suffer from these problems, because it gives a dc current. Moreover,
the increase of the signal makes the dc current easier to measure,
making the MGT the most suitable method for the higher photon
fluxes, as shown in Fig. 2 for Φ=8.4×1015 cm−2 s−1. We have also
made measurements varying the temperature at which the experi-
ment is performed, keeping constant the photon flux. The variation
of the temperature causes a similar effect as the variation of the gen-
eration rate. For lower temperatures, OPG is best suited because of
the small currents involved. There is a range of temperatures where
both techniques can be used, and for higher temperatures MGT is
more appropriate because it avoids the bandwidth limitations of OPG.

The combination of temperature and photon flux defines which
technique is better to use, but as can be seen these techniques can
be used in a complementary way, covering a wide range of tempera-
ture/photon flux conditions. This will be very useful in the next sec-
tion, when trying to achieve a DOS spectroscopy by using the value
of angular frequency that gives the maximum conductivity (ωmax).

5. Discussion

5.1. DOS spectroscopy from OPG/MGT measurements

In Ref. [6] we have demonstrated that ωmax
−1 is related to some

characteristic time of the sample, which can be the dielectric relaxa-
tion time (τdiel) or the small signal lifetime for electrons (τn′). We
Please cite this article as: F. Ventosinos, et al., Density of states evaluati
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have also shown that the small signal lifetime is related to the density
of states at the electrons quasi-Fermi level, EFn, by the approximate
equation

N EFnð Þ≅ G0τn′

kBTγ
: ð1Þ

Here, G0 is the homogenous generation rate, T is the absolute tem-
perature, kB is Boltzman's constant and γ is the exponent of the pro-
portionality relation between photoconductivity and generation
rate, i.e., σ0∝G0

γ. Since the electron's quasi-Fermi level is sensitive
to changes in temperature and/or photon flux, a DOS spectroscopy
can be achieved by varying any of these parameters.

In Fig. 3 we showwith solid symbols the DOS that results from ap-
plying Eq. (1) to the experimental curves (like those of Fig. 2). The
measurements were made on a light-soaked a-Si:H sample to avoid
changes in the DOS during the experiment. The temperature was var-
ied between 133 and 413 K in steps of 20 K. OPG was used for the
points at lower temperatures (133 to 203 K), while the rest of the
data were measured with the MGT. The error bars displayed in Fig. 3,
which have almost the same size of the points, are primarily due to
the uncertainty in the estimation of ωmax. To estimate this error, we
calculate the frequency difference between two consecutive points
in the surroundings of ωmax. For temperatures higher than 423 K the
contribution of the dark current to the photocurrent ceases to be neg-
ligible, putting an upper limit to the temperatures that can be used. In
order to be in the lifetime regime, where we have ωmax

−1 ≈τn′, we have
used high photon fluxes of 2.98×1017 cm−2 s−1 (triangles) and
1.49×1017 cm−2 s−1 (stars).

In Ref. [7] we have shown that the approximate Eq. (1) can be fur-
ther refined, obtaining for the conduction band tail region

NCBT EFnð Þ ¼ G0τn′

kBTγF
; ð2Þ

where the correction factor is given by F ¼ 1−αð Þπ
sin απð Þ, with α ¼ 1þ T

TC
,

being TC the characteristic temperature of the conduction band tail.
Application of Eq. (2) to the measured data leads to the DOS plotted
with open circles in Fig. 3. Using this data we are able to estimate im-
portant parameters of the DOS in the upper half of the bandgap. For
this sample the experimental results suggest an exponential conduc-
tion band tail with a slope of ~0.042 meV, and a distribution of deep
states that can characterized by a Gaussian having a maximum
value around 1.7×1017 cm−3 eV−1, a standard deviation of ~0.1 eV
ons from oscillating/moving grating techniques, J. Non-Cryst. Solids
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and centered at ~1.30 eV. The slope of the conduction band tail may
be considered rather high compared to previously reported values,
which range between 25 and 34 meV [8]. However, we note that
the sample used in these experiments was fully light-soaked, and as
pointed out in Ref. [9] the conduction band tail may take higher
values after light soaking, also increasing the characteristic slope. Re-
gardless of these facts, we should point out that the technique that we
propose to recover information on the DOS is in a preliminary stage
and should be tested against other techniques to assess its power of
resolution. In particular, modulated photoconductivity (MPC) mea-
surements [10] will be performed to confirm and compare the DOSs
obtained by both techniques.

To have access to other parameters, such as electron mobility or
capture coefficients, the OPG-MGT measurements can be comple-
mented with data from other techniques. The MPC technique, for ex-
ample, gives a relative DOS that includes the ratio between the
capture coefficient and the electron mobility [10]. Using both mea-
surements we are confident to be able to estimate more parameters
that are needed to characterize amorphous semiconductors materials.

6. Conclusions

The first aim of this work was to check that OPG and MGT tech-
niques were able to be use together, so as to take advantage of the
benefits that each one can offer. OPG technique can deal with noisy
situations such as low photon fluxes or low temperatures, but it is
bandwidth limited. On the other hand, while MGT fails to measure
when the flux or the temperature is too low, it does not have any
bandwidth limitation since it is a dc technique. The result of this com-
parison was satisfying, i.e., there is a range of photon fluxes in which
Please cite this article as: F. Ventosinos, et al., Density of states evaluati
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both techniques give the same curve; for lower values OPG gives bet-
ter results, and for higher values only MGT can be used.

The other aim of this work was to implement experimentally the
DOS spectroscopy outlined in Ref. [6]. We made measurements
using both techniques and we were able to obtain the DOS of the a-
Si:H sample used for these experiments. We could characterize the
conduction band tail and part of the deep states. To go further in
the characterization of the material we will link these grating
methods to other techniques such as the MPC.
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