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Abstract

A basic difficulty in the interpretation of photoconductivity measurements may arise from possible mixed contributions of both car-
riers to the photocurrent. In this work it is demonstrated that a universal behavior in the simulated spectra of the out of phase modulated
photocurrent signal is observed in cases where the majority carriers dominate. In these cases, a general formula can be used to evaluate
the densities of various species of states using the data from all frequencies. Deviations from the universal behavior can be observed when
there are contributions from both carriers. The applicability of our analysis is demonstrated in a-Si:H.
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1. Introduction

Various techniques based on photoconductivity mea-
surements are widely used to investigate the optoelectronic
properties of disordered semiconductors. However, there
are usually difficulties in the interpretation of the results
because of possible mixed contributions to the photocur-
rent from both carriers. In this work, it is shown that this
limitation may be overcome in the modulated photocurrent
(MPC) experiment. This is demonstrated by examining the
characteristics of simulated out of phase MPC spectra in
various cases where one or both carriers dominate. Distinct
characteristics are found in these spectra that can be used
to reveal whether the interaction of the majority carriers
with the probed states dominates. In this case, a general
formula can be used for a density of states (DOS) spectros-
copy of the various species of probed states. The applicabil-
ity of our analysis is demonstrated in a-Si:H.
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2. Results of simulations

In our theoretical analysis of the MPC experiment we
have shown [1] that the essential parameter is the out of
phase MPC Y signal which is obtained by means of phase
shift (@) and modulated photoconductivity (o,.) using
Y = ueG,sin®/o,., where u is the mobility of the majority
carriers and G,. the modulated light generation rate. If the
interaction of the majority carriers, electrons for example,
with the gap states dominate the Y signal, then this signal
can be directly related to the total effective trapping rate (1/
T.n) Of the electrons into all the probed gap state distribu-
tions D'(E!)) above the Fermi level Er at the probe trap
depths E', below the conducting states according to [1]

Y =1/t = (n/2)2;H (0, »)) D' (E!) KT, (1)

where H(w, w)) = 1 — (2/n)arctan(w!/w) is the so-called H
function [1], which is a step-like function with a step at !
and determines the effective capture rate into each E'. E',

is given by E' = kT In[¢i N¢/(w? 4 (!)*)"?], where kT is

the thermal energy and Nc is the density of states at the
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conduction band edge Ec. o is the characteristic frequency
defined by o} = nc;, + pc;, where n(p) is the density of the
free electrons (holes) and c;(c;) is the capture coefficient
for electrons (holes). Since electrons are the majority carriers
we assume o) = nc’ . The effective capture rate 1/7,,, of holes
into the D'(E')) below Ep is also given by the right hand side
of Eq. (1)if ¢} is replaced by ci,. If the Y signal is governed by
Eq. (1), then a DOS spectroscopy is possible using

DI(E,) = (2/m)(Y /n)ay/[ew,H (w, 0;)KT], (2)

w

where o}, is the dc photoconductivity. As it is shown here the
above formula has the advantage that it can provide the var-
ious species of D'(E! ) distributions using the MPC data from
all the frequencies. In this work, we examine when the Y sig-
nal is governed by Eq. (1) so that Eq. (2) can be applied. For
this purpose, the spectra of Y signal are generated at 300 K
from the exact expressions of the MPC as demonstrated in
Ref. [1]. Various models of DOS are introduced to under-
stand mainly the essential behavior of the Y signal when
one or both carriers dominate rather than to fit experimental
spectra. The so-generated Y spectra are compared with those
calculated from Eq. (1).

Fig. 1 presents the basic D(E) (closed circles) and D(E)
(open circles) distributions below and above Ef, respec-
tively, introduced in our simulations. The superscripts v
and c denote the valence and conduction band side of the
energy gap. The above states include exponential valence
and conduction band tails with characteristic energies of
35meV and Gaussian distributions, having a width of
0.3 eV and a maximum at 0.7 and 1.3 eV at the density of
10" cm 2 eV, The effect of additional species of states is
examined by incorporating the Gaussian distributions
D"(E) and D"(E) (broken lines) having a width of 0.3 and
0.1 eV, respectively. These distributions present a maximum
at 0.7 and 1.2 eV at the density 7 x 10'®and 1 x 10" cm
eV~!, respectively. The letters h and 1 in the superscripts
denote the high and low capture coefficients of these states.
All the capture coefficients of the various DOS models are
summarized in Table 1.

The DOS model I includes only the DY(E) and D°(E) dis-
tributions of Fig. 1 (circles) with equal densities. This
model gives comparable effective capture times 7, and
7,y Of electrons and holes, respectively. The Ep level
(arrow) is slightly above the midgap (vertical line), so that
the electrons are the majority carriers. If the mobility of
electrons (u,) and holes (u,) are equal, then the mobility
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Fig. 1. Gap state distributions used in the DOS model I (circles), model II
(circles and dotted line) and model 11T (circles and dashed line).

Table 1
Capture coefficients in units of cm>/s used in the DOS models

Model 1 Model II Model ITT
¢ 1-20 x 1078 1-20 x 107° 1x107®
¢ 1x1077 1x1077 1x1077
Cp —7 -8 -7
& 1 x 10 1x10 1 x 10
I 1x10°8 1x107° 1x10°8
che - 1x107° -
che - 1x1077 -
b - - 1x 107"
o - - 1x1078

effective capture time products of electrons and holes are
comparable, pnTe, /2 [pTep. In this case, as is shown in
Fig. 2(a) Yis not given by Eq. (1) as it differs from the effec-
tive capture rates of electrons 1/7,,, and holes 1/7,,,, due to
mixed contributions from both carriers. A similar behavior
is observed in Fig. 2(a) when the minority carriers domi-
nate. This is accomplished by assuming that u, = 10u,
and so finTen < lip Tep. The above cases can be recognized
from the behavior of the normalized ratio Y/ Y, in Fig. 2(c).
This ratio is obtained if each value of Y spectrum of a given
trap depth E¢ is divided by the respective value from the Y,
spectrum of the same trap depth. The E7 is obtained from
the above-mentioned expression of E’ if w! is replaced by
the frequency o/, which is determined as described below.
The Y, is obtained using the density n = 10%cm > near
dark equilibrium such that most frequencies become w >
% and H(w, »$) = 1. Hence from the Y spectra calculated
from Eq. (1), which in our example is dominated by the
D(E), we get Y/Yy=H(w,0f). In Fig. 2(c) the ratio
Y/Y, (dashed lines), extracted from the spectra of
Fig. 2(a), as a function of the normalized frequency
o/ differs from the universal spectrum of H function
for o> !, indicating that the Y signal cannot be
described by Eq. (1). On the other hand, if it is assumed
Un = 10p,, such that p,t,, > pp 7., then the majority
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Fig. 2. Calculated spectra of Y from the DOS model I for C, = 0.1 and
n=10%cm™ (open symbols) and 10" cm 3 (closed symbols), 1/, and 1/
Top rates (solid lines), for n = 108 cm 2 using p, < up and p, = 10y, in (a)
and (b), respectively. Normalized spectra of Y/ Y, (symbols) deduced from
the Y spectra presented in (a) and (b) and the spectrum of H function
(solid line) in (c). Evaluated DOS (circles) from the respective Y spectra
(circles) of (b) and introduced DOS (solid line) in the energy domain in (d).
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carriers dominate, providing that the capture coefficient
(c}) for the majority carriers of the states below Ep are
much lower than that (c¢) of the states above Eg. This is
demonstrated with the Y signal (symbols) of Fig. 2(b) eval-
uated for C. = ¢! /c¢ = 0.1 which agrees with the effective
capture rate of electrons 1/7,,,. This case can be recognized
from the agreement of Y/Y, spectrum (solid circles) in
Fig. 2(c) with the universal spectrum of H function, indi-
cating that the Y signal is given by Eq. (1). According to
Eq. (1) around the characteristic frequency wf the Y signal
is dominated by the decay of H function and this is used to
determine w¢. Specifically, at the frequency o = o the Y
signal in Fig. 2(b) has been decreased by a factor of 2 due
to the decay of the H function from the respective value of
the Y, spectrum with the same trap depth that is at 1.4 wf
[1]. The so-determined frequency o/ can be introduced in
the general relation

¢l = ewip/op, (3)
to determine the capture coefficient ¢¢. In this case, as it is
shown in Fig. 2(d) the probed D(E) is successfully recon-
structed (circles) using Eq. (2) by means of all the Y values
from Fig. 2(b) and replacing o’ by .

On the other hand, if C. = ¢} /c{ > 0.1, then the Y signal
is lower than the 1/,,,. This is demonstrated by the spectra
of Fig. 2(b) (dotted lines), generated from the DOS model I
by assuming that C. = 1 and 2 obtained by increasing c}.
These spectra are not appropriate for a DOS spectroscopy.
This can be recognized in Fig. 2(c) from the fact that the
respective Y/ Y, ratio (open symbols) is below the H func-
tion for o > /.

Next the effect of various species of probed states is
examined using the DOS model 11, which apart from the
D(E) and DY(FE) distributions of Fig. 1 includes also the
D"(E) distribution above E with a relatively low density.
This distribution has a capture coefficient ' for the major-
ity carriers by 2 orders of magnitude higher than the respec-
tive ¢¢ of the D(E), as indicated in Table 1. Thus the
capture rate of electrons into the states of D"(E) with the
lower density dominates over that into the states of D(E).
It is assumed that p, = 10y, and SO pnTe,, > pip Tep- The
capture coefficient ¢! for the majority carriers of the gap
states below Ef is taken much lower than the capture coef-
ficients of the states above midgap, namely C.< 0.1,
whereas ¢ > ¢, (see Table 1). In this case, the calculated
Y signal (symbols) of Fig. 3(a) agrees with the effective cap-
ture rate 1/7,,, of electrons (majority carriers). In addition,
for w < w! the Y spectrum of Fig. 3(a) presents a decay well
above that calculated from Eq. (1) (dashed-dotted line) by
assuming the single type of states D"(E). This behavior is
the signature of the existence of various species of states.
The frequency w!, determined according to the method
mentioned above, coincides with the characteristic fre-
quency o™ of the states with the higher capture coefficient
. Thus !’ can be introduced in Eq. (3) to determine ch°.

The DOS is evaluated from the formula of Eq. (2) by
means of Y signal of Fig. 3(a) and by replacing ! with
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Fig. 3. Calculated spectra of Y from the DOS model II for n = 10% cm™>
(open circles) and n = 10" cm > (solid circles) cm >, 1/7,,, and 1 [T, rates
(solid lines) for n = 108 cm ™ in (a). DOS distributions evaluated from the
Y spectra of (a) (circles) in the frequency domain in (b) and energy domain
in (c¢) and introduced DOS (solid lines) in (c). Experimental Y spectra (d)
of a-Si:H from Ref. [2] and calculated DOS in the frequency domain in ()
and energy domain in (f). Comparison of the experimental Y/Y, spectra
(symbols) of lightly p-type doped a-Si:H of Ref. [3] with the spectrum of H
function in (g).

¥ . The results are demonstrated in Fig. 3(b) and (c) in
the frequency and energy domains, respectively. As it can
be seen from Fig. 3(c) the calculated DOS from the data
of higher frequencies ® > w! reproduces the D"“(E) with
the higher capture coefficient ¢'. Upon decreasing o in
the interval of < w < o™ Eq. (2) gives a growing DOS.
This DOS results from the fact that the frequency depen-
dence of H function dominates in Eq. (2) over the weaker
dependence of Y signal arising from the effective capture
rates of electrons into the D(E) and D"(E) distributions.
Note that such a growing DOS is not observed in the exam-
ple of Fig. 2(d), because a single type of states is probed.
Finally, in the low frequency (LF) regime, which is practi-
cally for w < wf/4, the calculated DOS presents a satura-
tion in Fig. 3(c) and a plateau in Fig. 3(b), which can be
used to define the LF regime. Thus the frequency w" which
is by a factor of 4 above the onset of the LF regime can be
used to determine the characteristic frequency w$ and sub-
sequently the ¢ from Eq. (3). The saturated value of the
calculated DOS in the LF regime gives practically the
D(E) with the lower capture coefficient dominating in this
regime. The accuracy of the extracted DOS of Figs. 2(d)
and 3(c) is verified from the fact that the respective recon-
structed Y spectra (dashed lines) in Figs. 2(b) and 3(a),
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evaluated from Eq. (1) and the extracted DOS parameters,
agree with the introduced Y spectra.

Upon increasing ¢, in the DOS model 1I, the Y signal
becomes lower than the effective capture rate of electrons
1/7,, at low w. This is demonstrated with the examples
of Fig. 3(a) (dotted lines) obtained for C.=c)/c¢ =1
and 2. By introducing the so-generated Y in Eq. (2), the
D"(E) is reproduced, whereas the D(E) is underestimated,
especially for C, = 2. This case can be recognized from the
calculated DOS in the LF regime of Fig. 3(b) which pre-
sents a decay instead of a plateau, because of the stronger
decay of Y than that of H function.

Finally, it is examined the case of various species of
states below Ep as in the DOS model III. In this model
apart from the DE) and DY(E) distributions of Fig. 1
the DV(E) distribution below Ep is incorporated. A similar
general behavior was observed with that found in the
above examples. Specifically, if ¢! and ¢! are both lower
than ¢¢ and u, = 10y, the Y signal agrees with the 1/7,,
whereas Y becomes lower than 1/7,, when ¢! and ! are
equal or higher than ¢ (not shown). However, in the
extreme case where the ¢ of the DY(E), having the lower
capture coefficient for the minority carriers (¢ < ct), is
more than 10 times lower than the ¢} as indicated in Table
1, the Y signal presents a clear additional step at low w as is
shown in Fig. 2(b) (thick solid line). The spectra present a
step-like behavior as that of the spectra of model IT and can
be attributed erroneously to various species of states above
Er. However, the additional step is so sharp so that the
reconstructed Y spectrum (dashed-dotted line) evaluated
from Eq. (1) using the DOS deduced from Eq. (2) differs
from the original Y spectrum, indicating that the evaluated
DOS is not reliable. Similarly, a step-like behavior in the Y
spectra sharper than that calculated by Eq. (1) was also
observed in the case of DOS model Il assuming that
¢y < ¢, (not shown). In general, our simulations showed
that if the Y signal differs from the effective trapping rate
of the majority carriers, then the Y spectra cannot be
reconstructed by means of Eq. (1) and the extracted DOS.

3. Comparison with experimental spectra

Fig. 3(d) presents typical experimental Y spectra of
undoped a-Si:H presented in Fig. 1 of Ref. [2]. It can be seen
a qualitatively very similar behavior with that of the respec-
tive simulated spectra presented in Fig. 3(a), indicating that
the majority carriers interact with various species of states.
Indeed, the DOS evaluated from Eq. (2) presented in the

frequency and energy domains in Fig. 3(e) and (f), respec-
tively, consists of two species of states D°(E) and D"(E).
These states have very different capture coefficients ¢ =
1.7 x 10~° cm’/s and e =1x 107% ¢cm?/s, which are evalu-
ated from the frequencies @ and w’ determined from the
spectra of Fig. 3(d) and (e) according to the above described
methods. Based on the derived DOS parameters the
experimental Y spectra are successfully reconstructed by
means of Eq. (1) (solid lines in Fig. 3(d)). This verifies that
the majority carriers (electrons) dominate MPC, and Y =
1/ 4, so that our DOS spectroscopy is reliable.

Finally, Fig. 3(g) shows the normalized Y/Y, spectra of
lightly p-type doped a-Si:H extracted from the MPC data
of Kleider et al [3]. It can be seen that the Y/Y, spectra
are very different from the universal spectrum of the H
function. This indicates that the experimental Y signal can-
not described by Eq. (1), suggesting that there are contribu-
tions from both carriers, which are reasonable for this
lightly doped material.

4. Conclusion

A DOS spectroscopy based on Eq. (2) can be applied to
determine the DOS parameters of the various species of
states with which the majority carriers interact, as far as
the Y signal agrees with the effective trapping rate of the
majority carriers into the probed states. It is deduced that
this limitation is fulfilled as far as the experimental Y signal
can be reconstructed by means of Eq. (1) and the extracted
DOS parameters. In such a case, the Y signal is found to
follow the universal frequency dependence of the H func-
tion around each characteristic frequency '. By contrast,
if the reconstructed Y signal differs from the experimental
Y signal, the above limitation is not fulfilled and a DOS
cannot be extracted. The applicability of our analysis was
demonstrated in the experimental spectra of undoped and
lightly p-type doped a-Si:H.
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