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Abstract

We present a method to obtain the density of states of photoconductive semiconductors based on the light-intensity dependence of the steady-
state photoconductivity. A simple expression—relating the density of states at the electron quasi-Fermi level to measurable quantities—is
deduced by performing suitable approximations from the analytical solution of the generalized equations that describe the photoconductivity of
semiconductors. The validity of the approximations and the applicability of the final expression are verified from numerical simulations of the
process. The usefulness of the method is demonstrated by performing measurements on a standard hydrogenated amorphous silicon sample.
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1. Introduction

The steady-state photoconductivity is one of the most
widely studied properties of semiconductors. Light absorp-
tion increases the concentration of free carriers, whose
lifetime is ultimately limited by recombination. Except for
pure single crystalline semiconductors, a considerable density
of localized states within the forbidden gap is known to exist.
These defect states are usually the most efficient recombina-
tion centers which determine the transport properties and the
photoconductivity. Therefore, many papers in the literature
concern the photoconductivity and its dependence upon light
flux or generation rate, with the aim to derive defect
parameters of the material. For different semiconductor
materials, like CdS, Sb,S; or hydrogenated amorphous
silicon (a-Si:H), a power-law dependence of the photo-
conductivity ¢, on the light flux @ has been observed:
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opn © @7, Several models have been proposed to explain this
odd behavior of the photoconductivity, and to try to correlate
the y exponent to some part of the density of states (DOS) of
the material. Rose [1] was the first to show that in an
exponentially varying DOS, the exponent would be given by
y=Tc/(T+Tc), where T is the temperature and 7¢ is the
characteristic temperature that describes the exponentially
decreasing conduction band tail. Following the work of Rose,
many authors investigated the y exponent in a-Si: H and com-
mented on the link with the DOS [2—7]. While some authors
suggested the possibility to estimate the DOS as a function of
energy directly from photoconductivity measurements [4],
other authors concluded that the y coefficient is more sensitive
to the total number of defects rather than to their distribution
[7], thus throwing doubt on the possibility to develop a DOS
spectroscopy from the dependence of the y coefficient.

In this work we show that a DOS spectroscopy is indeed
possible by using the dependence of the y coefficient upon
the temperature and the light flux, and we illustrate this
concept on the basis of both numerical calculations and
experimental results.
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2. Theoretical background

We will consider an arbitrary distribution of defect states
throughout the gap of the semiconductor, characterized by the
DOS function N(E). When the solid is uniformly illuminated
with photons of energy larger than the band gap, a constant
generation rate per unit volume G of electron-hole pairs will
result. Simmons and Taylor [8] have described the non-
equilibrium steady-state statistics for such an arbitrary
distribution of gap states. In the steady-state, the optical
generation rate is balanced by recombination, according to
the following rate equations:
dn Ec
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where n and p are the concentrations of electrons and holes in
extended states, ¢, and c,, are the capture coefficients, e, (E)
and e,(E) are the emission coefficients for electrons and
holes, respectively, # is the time, E'y is the energy at the top of
the valence band, Ec is the energy at the bottom of the
conduction band, f(E) is the occupation function, and the
term fnp is the rate of bimolecular recombination, which we
will assume in the following to be much lower than the rate of
recombination through localized states. As remarked in Ref.
[8], if all the states belong to a single species of traps, so that
the ratio ¢, /c, is energy-independent, a single occupation
function describes the occupancy of all the traps,

ean + e, (E)
E)= 2 : 3
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Replacing Eq. (3) into Eq. (2) we get G=
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to give [9]
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where Ey, and Ey, are the quasi-Fermi levels for trapped
electrons and holes, respectively.

On the other hand, the condition of charge conservation
between dark equilibrium and steady-state under illumina-
tion gives the following condition

Ec Ec
no—pot | J(E)N(E)AE =n—p+ i f(E)N(E)LE,

(5)

where the subscript “zero” stands for dark equilibrium
values. In defective semiconductors, where the concentra-
tion of excess free carriers is negligible compared to the
concentration of trapped carriers, the terms (ng—po) and
(n—p) can be neglected compared to the integrals in Eq.
(5). This is true even for device-quality a-Si:H [5].
Moreover, in a low-temperature approximation we have
that f(E)=~0 for E>E,; f(E)=~c,n/(c,n+c,p) for
Ep<E<Eu; and fIE)~1 for E>Ey, Following the work
of Taylor and Simmons [9] and combining Egs. (4) and (5)
with the preceding approximate expressions for f(E), after
some easy calculations we can write
En
G = LIPS can
Tn Ero
and, as well, G = £ chpr:fN(E)dE, where 7,(7,) is the
free electron (hole) fifetime and Exo 1s the dark equilibrium
Fermi level. Without lost of generality we will consider in
the following a semiconductor where electrons are the
majority carriers, so that nOp and c,n Ocp,p, and we will
derive a simple expression relating the DOS at E, to
measurable quantities. If holes were the dominant type of
carriers, a similar relation could be derived for the DOS at
Ey,. Under this assumption of n-type character, the photo-
conductivity can be approximated by o,,=qu,(n —no),
where p,, is the mobility of the electrons in the extended
states. Also, the quasi-Fermi level for trapped electrons is
almost equal to that for free electrons, EF,,,

(E)dE, (6)

n
En= Efy —EF0+kBT1n<n—>7 (7)
0
where kg is the Boltzmann’s constant and 7 is the absolute
temperature.
Thus, Eq. (6) expresses the generation rate as a function
of n. By taking the logarithmic derivative, we get

d(InG) e d Ern dEg,
=1 N(E)dE
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=1+ CZ;” N(Ep)ksT. (8)
Defining the parameter y,, as
_; d(InG)
1
= 9
1= d(Inn) ®)

from the combination of Egs. (8) and (9) we obtain the very
simple expression N(Er,) = - |- — 1|. Since under
the usual illumination conditions n =>n, we have

opn=qu,n, and hence

_amG |1 (10)
kgTc,opn |V,

N(EFH) -

Eq. (10) expresses the DOS at the quasi-Fermi energy as a
function of material parameters (¢, and p,) and exper-
imental magnitudes that can be easily measured (temper-
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ature, generation rate, photoconductivity, and 7y,). The
quasi-Fermi energy Ep, can be evaluated from oy, as
Er,=E.—kgTln [LT:\](E) , and it can be varied either
from a temperature scan or a generation rate scan. That
gives the basis for a DOS spectroscopy in the upper half of
the band gap. Note that Eq. (9) defines the y, coefficient
locally around the G value that determines the photo-
conductivity. For an exponentially varying DOS, the 7y,
coefficient is constant over decades of the generation rate
[1], while for other DOS distributions it may depend on G.
However, our analysis is independent of a peculiar DOS
shape and valid regardless of the constancy of y,,.

3. Results and discussion

To test the applicability of our method we have
performed a numerical simulation of the experiment,
starting from a typical DOS for hydrogenated amorphous
silicon (Fig. 1, lines). We have assumed equal values for the
DOS at the band edges, N(Ec)=N(Ey)=10*" cm™2 eV,
band tails of characteristic temperatures 7¢=250 K and
Tv=600 K, and Gaussian defect distributions with a
standard deviation of =150 meV. We have taken standard
values for the material parameters, like the extended-states
mobilities y,=10 cm® V™' s7! and py=1 em? V!
obtained from time-of-flight experiments [10], and the
capture coefficients ¢,=2x 10~ % cm® s~ ! and c,=1x 1078
em® s™ ! also deduced from time-of-flight measurements
[11]. We have solved numerically the continuity and
charge neutrality equations [Egs. (1), (2) and (5)] to obtain
the steady-state densities of free electrons and holes at
each temperature and generation rate, computing then the
photoconductivity as o (7, G) = qu,[n(T,G) — no(T)]+
qu,[P(T,G) = po(T)].

First of all, we would like to show that the model
calculations that we are using reproduce the experimentally
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Fig. 1. Comparison between the introduced DOS (lines) and the DOS
calculated from Eq. (10) for different temperatures and generation rates
(symbols).

measured behavior of the photoconductivity. A very
stringent requirement for a model that attempts to describe
the photoconductivity behavior has been proposed by I
Balberg [3]. The requirement is based on the analysis of
four phototransport properties as a function of temperature,
namely the two carriers mobility-lifetime products p,7,
and u,t7,, and their light intensity exponents y, and y,,
where the first coefficient is the same that we have already
defined in Eq. (9), or equivalently as p,7,°<G"~1, and
the second coefficient is defined from MPIPOCG(VP_I). The
solution of the steady-state continuity and charge neutrality
equations, which provides the electrons and holes densities
at each temperature and generation rate, allows us to obtain
the model-computed temperature dependencies of u,t,,
UpTp, Vs and y,. These values are calculated as 7, = (”2;”0),
T, = (PGI’O) y, =1 _|_ G S(Iénf»r) Vp = I_A'_L% where
8(/1,, ») and &(u, p) are the (small) variations of the
mobility-lifetime products for electrons and holes caused
by a very small change 6G of the generation rate. These four
computed phototransport properties can be compared to the
experimental results obtained by us and by other authors
[3,5,12,13]. The computed dependence is shown in Fig.
2(a)—(d) as circles. In Fig. 2(a) and (b) we also present our
own experimental results for u,t, and 7y, as triangles (the
experimental conditions will be described below). Although
a disagreement between our calculations and the exper-
imental results can be appreciated, we would like to clarify
that our intention is not to fit our experimental results, but
rather to show that the main experimental trends are well
reproduced by our simulation. The results of our calculations
can also be compared with other typical measurements on a-
Si:H samples, like the ones presented in Fig. 1 of Ref. [3].
This comparison shows that once again the main features of
the measured behavior are well described. The mobility-
lifetime product for electrons p,,7,, is approximately constant
up to 1000/7~5 K~ ', then decreasing strongly as the
temperature decreases further, just like typically measured
values (see also Ref. [5]). The mobility-lifetime product for
holes 1,7, shows a monotonic decrease as the temperature
decreases, tending gradually towards a constant value for
low temperatures, also in agreement with typical measure-
ments [12,13]. The calculated y, coefficient exhibits a
maximum around 1000/7~4 K~ ' as the measured one.
Note that the present values for the parameters introduced in
our calculations do not give the supralinear behavior
measured in some a-Si:H samples. With other values for
the capture coefficients, particularly introducing two species
of traps, we have been able to reproduce the larger-than-unity
v, values.

Concerning the behavior of y,, we would like to
comment on the experimental procedure used to extract
this coefficient. What is measured experimentally [3,12,13]
is the light-intensity dependence of the ambipolar diffusion
length (L,n,) as obtained from steady-state photocarrier
grating (SSPG) measurements. The accurate determination
of L.y, from SSPG data is still a matter of debate, but it
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Fig. 2. Model-computed temperature dependence (circles) of the four phototransport properties arising from a “sample” with the DOS shown in Fig. 1. All the
values have been calculated for a generation rate around 10°° cm™3s™'. In (d) we present the 7p values calculated by using two different procedures (see text
for discussion). Lines are guides to the eye. In (a) and (b) we also present for comparison the experimental results obtained in our sample (triangles).

seems to be clear that the formula originally proposed by
Ritter, Zeldov and Weiser (RZW) [14,15] is not accurate
enough. Hattori et al. [16] have shown that a fit with this
formula provides an apparent diffusion length that can even
have a light-intensity dependence opposite to the real one.
Based on the solution of the complete equations that
describe the SSPG phenomenon, we have recently obtained
similar results showing that the method cannot be trusted
[17]. In Fig. 2(d) we show as stars the y, coefficient that
would be obtained “experimentally” from the light-intensity
dependence LambOCG(VFl)/ 2 (as done in Ref. [3]), where
L.y, 1s in turn obtained by fitting the numerically calculated
SSPG curves with the RZW formula. On the other hand, the
circles of Fig. 2(d) show the 7y, coefficient that is calculated
from y,7,°<GU»~"), where u,7, is obtained as described
above from the numerical solution of the steady-state
transport equations. As can be seen, the behavior of both
curves is quite dissimilar, meaning that trying to extract the
DOS from a fit of the y,(7) curve (obtaining y,, from a fit of
SSPG results with the RZW formula) can lead to completely
erroneous results. For that reason, we consider that a better
approach to estimate the DOS is to use a formula like Eq.
(10), which directly links the DOS to measurable quantities.

Coming back to the procedure that we have used to test
our method for DOS evaluation, we have worked on the
simulated results as we would have treated the experimental
data. We have calculated the y,, coefficient from the steady-
state photoconductivity, changing the generation rate in
£5% relative to each central value. Eg,, has been calculated
from Eq. (7), where we have approximated the ratio n/n, by
the ratio between the photoconductivity and the dark
conductivity. Then we applied Eq. (10) to reconstruct the
DOS, changing EF, from a variation of 7 and G. In Fig. 1

the symbols show the reconstruction of the initially
introduced DOS. As can be seen, Eq. (10) is able to
reconstruct the DOS with excellent accuracy over a wide
energy range. Similar results have been obtained from
several simulations for different DOSs.

In order to show that the method is not limited to
amorphous materials, we performed a simulation starting
from a DOS representing a possible distribution for a
crystalline material with some defect levels in the gap (Fig.
3, lines). The defect states are represented by Gaussian
functions having a width of 50 meV, with capture
coefficients ¢,=2x10"% cm® s~ ! and c,=1x 107 % cm?
s~ . The equilibrium (dark) Fermi level that ensures charge
neutrality for this DOS lies at 1 eV. As before, we solved
numerically the continuity and charge neutrality equations
to obtain the photoconductivity and the y, coefficient as a
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Fig. 3. DOS reconstruction from Eq. (10) for a crystalline-like DOS.
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function of temperature, and we applied Eq. (10) to
calculate the DOS at the electron quasi-Fermi level. The
result is also shown in Fig. 3 (stars), where it can be seen
that the y-DOS follows the introduced DOS with a
remarkable accuracy.

4. Experimental details

To prove the experimental usefulness of the technique,
preliminary measurements on a hydrogenated amorphous
silicon sample have been made. Note that according to Eq.
(10) we do not obtain directly the density of states from the
experimental data, but rather the quantity N(E,) X ¢,/ i,,.
This quantity is also obtained from the modulated photo-
current (MPC) technique performed in the high frequency
range and from the recently proposed method to extract the
DOS from SSPG measurements [17,18]. Thus, the validity
of the y-DOS determination can be confirmed by compar-
ing it to the MPC-DOS and SSPG-DOS obtained on the
same a-Si:H sample by using the same standard values for
¢, and u,.

We applied the new technique to a standard hydro-
genated amorphous silicon sample prepared under condi-
tions described elsewhere [19]. The sample has a thickness
of 0.65 um, a room-temperature dark conductivity of
6.5x107% Q' cm ! and an activation energy of 0.62
eV. We deposited parallel coplanar aluminum contacts 1 mm
apart, and we measured the photoconductivity and the 7y,
coefficient as functions of temperature. Measurements were
performed under vacuum, with a pressure lower than 10>
Torr. We performed a temperature scan from 100 to 370 K in
30 K steps, at a fixed generation rate G=2 x 10*' cm * s~ .
The behavior of u,7, and 7y, as a function of the inverse
temperature has already been presented in Fig. 2 (triangles).
The application of Eq. (10) to these data is shown in Fig. 4,
where our new technique based on the y coefficient is
compared with the MPC methods, performed on the same
sample both in the high frequency (HFMPC) [20] and the
low frequency (LFMPC) [21] limits, and with the SSPG-
DOS method [17,18]. Note that energies are now referred to
the conduction band edge to avoid uncertainties in the value
of the mobility gap of the sample. For the HFMPC method,
each curve corresponds to a frequency scan performed at a
different temperature. As demonstrated in Ref. [20], the
actual DOS is reproduced by the upper envelope of all the
frequency scans performed at different temperatures. The
maxima exhibited by the curves at low temperatures (low
energies) are due to a bad signal to noise ratio appearing at
high frequencies, i.e., when the DOS is high and the sample
response is proportionally low. The departure of the curves
from the upper envelope at high temperatures (high
energies) results from the influence of the continuous flux
used in the method. For a detailed discussion of the HFMPC
method, and in particular on the DOS shape determination,
the reader is referred to Ref. [20].
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Fig. 4. Comparison between DOS determinations on the same a-Si:H
sample from modulated photoconductivity in the high frequency (HFMPC)
and low frequency (LFMPC) regimes, from steady-state photocurrent
grating (SSPG) measurements, and from y-coefficient measurements. For
HFMPC data, each line corresponds to a frequency scan performed at a
different temperature (see text).

To obtain absolute DOS values, an electron mobility
1,=10 cm® V! s7! and a capture coefficient ¢,=10""%
cm’ s~ ! have been assumed in all the methods. Other values
for these parameters would essentially shift the HFMPC-
DOS, SSPG-DOS and y-DOS curves vertically, without
significantly changing the shapes and with only a slight
change in the energy position (see below). The LFMPC-
DOS curve, however, would not be affected, since this
method provides directly the DOS distribution [21].
Therefore, the close agreement between the methods
shown in Fig. 4 allows us to ensure that the ¢, /u, ratio

is close to 107"V cm for this sample. To set the energy
scale we have used Ey,~Ef, = E. — kgTln [M} for

7-DOS, SSPG-DOS and LEMPC-DOS (see Ref. [21]); and
Eop = Ee — ke Tin [#2TYE] for HFMPC-DOS (see Ref,
[20]), where the pulsation of the excitation was varied in
the range 10> s~ '<w<6x10° s~ '. The preceding
equations show that the energy scale of the HFMPC-
DOS is affected by the value of ¢, but not by the value
of u,, while for the other methods the reverse is true, the
energy scale is affected by pu, and not by c,.
Consequently, the very good agreement between the
methods shown in Fig. 4 is an indication that the
individual values of ¢,=10"% cm® s~ ! and w,=10 cm?
V= 's™! are good estimates for the values of these
parameters, and at the same time give us confidence on
the new technique. A fit of the band-tail region with an
exponential function gives a characteristic energy of
23+2 meV, meaning a characteristic temperature of 270
K, in agreement with previous determinations [22]. The
present temperature variation from 100 to 370 K provides
a DOS reconstruction over an energy range of ~0.25 eV,
which can be further expanded performing experiments as
a function of the generation rate (see Fig. 1). We would
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like to stress the simplicity of the DOS estimations from
measurements of the 7y coefficient as a function of
temperature, since only steady-state photoconductivity
measurements are needed. The experimental technique is
really straightforward, and the accuracy of the DOS
determination is comparable to the one of the MPC and
SSPG techniques.

Our preceding analysis assumes a single species of traps
within the gap of the semiconductor. When different species
of traps are present, Eq. (10) is no longer valid and it has to
be replaced by a more complex expression. Obviously, a
supralinear dependence of the photoconductivity on the
generation rate (y>1), such as the one observed in some a-
Si:H samples at low temperatures, would cause Eq. (10) to
give unreasonable negative values. This sensitization effect,
however, appears when different species of traps are present,
a situation that is not considered in the simple treatment that
we present in this paper. The case of different species of
traps will be treated in detail elsewhere.

5. Conclusion

In conclusion, we have developed an extremely simple
method for DOS determinations in photoconductive semi-
conductors based on measurements of the light-intensity
dependence of the steady-state photoconductivity. The DOS
could in principle be evaluated between the dark Fermi level
and the conduction band edge, and is obtained in the form of
the ¢,N/u, product, meaning that to get absolute DOS
values it is required to know the values of the capture
coefficient and the electron mobility. A good order of
magnitude for these parameters can be obtained when using
this method in combination with other techniques (like
MPC) that also provide DOS estimations over the same
energy range. We have performed simulations starting from
DOS distributions typical for amorphous and crystalline
materials, and we have shown that the method is able to
reproduce the introduced DOS. We have presented prelimi-
nary measurements on an a-Si:H sample, which demon-
strate that the method is applicable, experimentally simple,

and capable of providing DOS determinations compatible
with the ones obtained from the modulated photoconduc-
tivity and steady-state photocarrier grating methods.
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