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Abstract

Modulated photoconductivity measurements in amorphous selenium (a-Se) thin films were carried out. Especially, photocarrier life-
time as a function of applied electric field (d.c.) and temperature was determined by using the quadrature frequency-resolved spectros-
copy (QFRS) method. At low temperature, two different carrier lifetime channels were observed. However, only one carrier lifetime
channel was dominated at room temperature (297 K). The temperature dependence of the frequency-resolved photocurrent (FRPC)
was investigated under different applied electric fields. At high temperatures, a small field independent activation energy value of
147 ± 35 meV was determined, in which hole transport is controlled by the valence band-tail states. The exponent m in the power-law
relationship (Iph / Gm) between generating flux and photocurrent was obtained at different electric fields and excitation wavelengths.
The value of m increases very little with decreasing applied electric fields. However, m shows a little stronger dependence on the excitation
wavelengths. The applied electric field dependences of photocurrent at different excitation wavelengths were also directly measured.
However, a little non-ohmic behaviour was observed at high applied electric fields and at low excitation wavelengths measured. We
explained it in the frame of traditional models.
� 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Since 1980 amorphous semiconductors have become
increasingly important because of their applications in mod-
ern technology. The technological uses of these semiconduc-
tors can be roughly divided into two classes (Joraid et al.,
2008): (i) hydrogenated amorphous silicon (a-Si:H) type
alloys (Green, 2003, 2004; Goswami et al., 2004; Waldau,
2004; Lee, 2009; Acevedo, 2009), whose applications include
photovoltaic solar cells, thin film transistors, image scan-
ners, electrophotography, optical recording and sensors;
and (ii) amorphous chalcogenide glasses (Kessler and
Rudmann, 2004; Bhattacharya and Ramanathan, 2004;
Gorley et al., 2008), whose applications include: switching,
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electrophotography and memory devices. Recently, promis-
ing new applications of chalcogenide materials have
occurred in the fields of infrared spectroscopy, laser and fiber
techniques (Sharma et al., 2008). Amorphous selenium (a-
Se) thin film and its compounds continue to be of great inter-
est (Pawar et al., 2007; Bindu et al., 2002; Hayashi and Mit-
suishi, 2002; Zhang and Drabold, 1998; Petretis and
Balciuniene, 1998; Shirakawa et al., 2002; Li et al., 2006;
Venkatachalam et al., 2009). They play a crucial role in the
present day science and modern technology due to their wide
use in a large number of active and passive devices (Kolobov
and Tanaka, 2001).

The common feature of chalcogenide glassy semicon-
ductors is the presence of localized states in the mobility
gap due to the absence of long range order as well as inher-
ent defects. Photocurrent measurements have been widely
used for understanding the defect states in these materials
(Thakur et al., 2006; Murugvel and Asokan, 2002). Recom-
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bination is a key feature when describing carrier transport
in chalcogenide semiconductors because it strongly affects
the photoresponse of these semiconductors at all levels of
external excitation. The study of frequency-resolved photo-
current (FRPC) as a function of temperature, applied elec-
tric field, excitation wavelength and intensity is a valuable
tool in achieving a good understanding of the recombina-
tion processes and distribution of localized states which
control the FRPC kinetics (Dahson et al., 2006; Emeliano-
va et al., 2003; Lyubin et al., 2002; Petretis and Balciuniene,
2002; Nesheva, 1996; Kaplan, 1993; Mellor et al., 2009).
However, in spite of the extensive studies, the interpreta-
tion of experimental data still remains difficult.

In this work, we determined the photocarrier lifetime, the
exponent m in the power-law relationship Iph / Gm, and their
dependences on the applied electric field, temperature and
excitation wavelength for a-Se. We also attempted to inter-
pret our experimental results in the frame of predictions of
photoconductivity models proposed.
2. Experimental

The samples of a-Se were a thin film prepared by standard
thermal vacuum evaporation. The material used for these
samples was from BDH chemicals with a purity of
99.9992%. During the thermal evaporation of the films, the
work chamber pressure was less than 10�6 Torr. The sub-
strates (Corning 7059 glass) were held at room temperature
(290 K). The thicknesses of samples were of the order of
1 lm. Au or Al contacts were then evaporated on the film
in a coplanar configuration. The spacing between the con-
tacts was 0.13 mm. Copper wires were placed on Au or Al
layers with electrically conductive silver paint.

The sample was excited by a HeNe or Ar+ dye laser. An
acousto-optic modulator (IntraAction Corp., Model
AOM-125) was used to modulate the light sinusoidally in
the frequency range of 10 Hz to 100 kHz. The modulation
amplitude amounted to 46% of the bias light intensity. The
modulated photocurrent signal excited in this way was
measured and analysed by a lock-in amplifier (SR 530
Stanford Research System). During the measurements the
sample was kept in a helium exchange-gas cryostat in
which the temperature could be varied between room tem-
perature and 20 K. The vacuum pressure of the cryostat
was about 10�6 Torr. Light intensities were varied by using
a set of neutral density filters.

The lifetime of the photocurrent was studied by means
of frequency-resolved spectroscopy (FRS) in which the
in-phase and out-of-phase components of the photocurrent
signal were obtained from the lock-in amplifier. The life-
time distribution was obtained from the out-of-phase sig-
nal. The intensity of the out-of-phase signal is
approximately proportional to the lifetime distribution at
s ¼ 1

2pf where s denotes the lifetime. However, the lifetime

distribution of the electron–hole pairs is broad and feature-
less. The FRS method will be discussed in next sections.
3. Analysis of lifetime distributions

Lifetime analysis can be carried out by making measure-
ments in the time domain (Time-Resolved Spectroscopy,
TRS) or in the frequency domain (Frequency-Resolved
Spectroscopy, FRS). In principle they are equivalent and
contain the same information (related by a Fourier trans-
form), granted they are done under the same excitation con-
ditions. For example, the build up of a metastable
population, which tends to occur with a long exposures expe-
rienced used in a FRS exponent are not necessarily produced
with a single excitation pulse. Their comparative advantages
and disadvantages was clearly given by Searle (1991),
though in a discussion of photoluminescence (PL). TRS uses
a d-function (in time) excitation pulse and follows the
response in time, while the FRS uses a sinusoidal excitation
(d-function in frequency) and follows the (complex) response
in frequency. For FRS, the modulation is most conveniently
produced with an Acousto-Optic-Modulator (AOM), and
the signal recovered with a phase sensitive detector such as
lock-in amplifier. It turns out that the quadrature response
alone closely resembles a broadened lifetime distributions:
the Fourier transform of a single well defined lifetime, which
yields a single exponential in time domain, produces a
Lorentzian just under a decade wide in the quadrature fre-
quency domain. The quadrature method is therefore not well
studied to materials exhibiting only one or two decay times,
but loses little information where lifetime distributions are
continuous and slowly varying.

Both TRS and FRS methods have a role and have been
used, particular for PL, in a-Si:H and chalcogenide glasses.
Fast processes are most easily studied in the time domain,
for commercially available lock-in amplifiers have a band-
width less than 200 kHz, limiting the quadrature methods
to lifetimes longer than 1/(2p2 � 105) � 800 ns. In contrast,
many pulsed lasers have pulsewidths less than 10 ns, and
long (20 ns and upward) but sharp edged pulses (10 s)
can easily be sliced out of a CW laser. With digital CRO
or multichannel analysers decays on this timescale can be
easily recovered so long as the signal is large (mV), and dig-
ital averaging avoids some of the restrictions of the low
repetition rate of some pulsed lasers. When the material
contains a wide range of lifetimes it is usual with the sliced
pulse method to join together the response to a set of pulses
of increasing length (Tsang and Street, 1979). This works
well as long as the excitation intensity is unchanged and
not increased to enhance the weaker long time signal.

For the slower parts of the lifetime distribution the
quadrature technique has a number of advantages. First,
excitation conditions are well defined and frequency inde-
pendent: in particular, the excitation intensity is constant,
making it straight-forward to investigate intensity depen-
dence of the distribution. Second, these excitation condi-
tions are the same as used to measure (in-phase) PC
efficiencies, or in the limit of zero frequency (d.c.) the total
PC efficiency g. Third, the method can be easily modified to
examine the kinetics under small signal conditions, which
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Fig. 1. Frequency-resolved photocurrent (FRPC) response function for
the in-phase and in-quadrature of a-Se with a single well defined lifetime at
room temperature.
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may ease the analysis, or to look at the effects of a steady
background of electron–hole pairs. One can, for example
easily use the zero order beam from the modulator rather
than the first order beam with its almost true intensity
zeros.

The experimental aspect of the method which requires
the most care is keeping exactly in-quadrature as the fre-
quency is swept: one approach is to obtain a phase correc-
tion versus frequency correction curve for a particular
detector–amplifier combination. This correction can then
be held by the same computer which controls the frequency
(via the voltage controlled oscillator) and used to correct
the phase through an external phase input to the lock-in
during the sweep. The quadrature signal is, of course much
more sensitive to phase inaccuracies than the in-phase for
small /.

We used FRS method to measure the lifetime distribu-
tions of a-Se. All of our lifetime measurements and data
storages are fully computer controlled. The acousto-optic
device driven by a sinewave voltage signal provides the
laser modulation in the system, the magnitude of the volt-
age signal (16Vpp in our case) determines the modulation
depth and thus the value of modulated component (Fm)
of excitation intensity. The maximum value of Fm available
for HeNe laser light is about 46%. However, the voltage
magnitude bigger than 16Vpp causes the modulation depth
to saturate. This can be easily examined on the CRO by
using Si detector. It should be noted that the modulation
depth has no important influence on our PC results.

The mathematical analysis of FRS method has already
been described by Depinna et al. for PL (Depinna and
Dunstan, 1984), and will only be summarized here. The
in-phase FRS gives the integral of the lifetime distribution,
between the limits s / ð2pxÞ�1 and 1, while the in-quad-
rature FRS gives the lifetime distribution directly. This
in-quadrature form of FRS, thus, provides the bulk of
our lifetime measurements. For a system with a single char-
acteristics lifetime s, the in-quadrature FRS spectrum is a
symmetric band, of half width 0.7 decades peaked at the
frequency

fp ¼
1

2ps
ð1Þ

According to Depinna and Dunstan (1984), the lock-in out-
put from all lifetimes components as the frequency is swept
is given by

SðxÞ ¼
Z 1

0

P ðsÞsðx; sÞds ð2Þ

where P ðsÞ is the lifetime distribution, and sðx; sÞ is the re-
sponse function. For quadrature the lock-in response func-
tion is given by

sðx; sÞ ¼ gr

xsþ 1
xs

ð3Þ

while in-phase FRS, it takes the following form
sðx; sÞ ¼ gr

1þ x2s2
ð4Þ

where gr is the excitation rate. For comparison, the in-
phase and quadrature response functions of a-Se used are
represented together in Fig. 1. Although the in-quadrature
FRS is the most useful form, the in-phase version can also
give important additional information on the existence of
fast processes beyond the time domain of the in-quadrature
measurements.

It is worth remembering that if one knows the quadrature
response from x ¼ 0!1 (which one does not), a Kramers–
Kronig transform will give the in-phase response. That is all
the information is in either response, if complete in x.
4. Results and discussion

In-quadrature ð/ ¼ 90�Þ frequency-resolved photocur-
rent (FRPC) responses of a-Se thin films in the frequency
interval between 10 Hz and 100 kHz were measured as a
function of the temperature, excitation wavelength and
applied electric field (d.c.). Since the energy of the excita-
tion light is much higher than the optical band gap of this
material, we assume that the carriers are photo-excited
between extended states and then a trap limited recombina-
tion occurs.

Fig. 2 shows the FRPC response at various applied elec-
tric fields. The light intensity (632.8 nm, from HeNe laser)
and temperature were kept constant at 2.31 mW
(�2.3 � 1019 photons cm�2 s�1) and room temperature
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Fig. 2. FRPC response of a-Se thin films under various applied electric
fields. Excitation light intensity is 2.31 mW with the wavelength of
632.8 nm. Data were taken at room temperature (297 K).
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(297 K) respectively during measurements. As seen, there is
only a single and broad distribution peaked at around
14,125 Hz.

As mentioned previous section, the experimental tech-
niques of time-resolved spectroscopy (TRS) and frequency-
resolved spectroscopy (FRS) have quite commonly been
used for measurements of the lifetime distribution (Fuhs,
2008). While TRS records the photoluminescence decay as
response to a short laser pulse excitation, FRS measures
the 90�-phase-shifted frequency response under stationary
excitation conditions and therefore often the term of quadra-
ture frequency-resolved spectra (QFRS) is used. An advan-
tage of the latter method is that the QFRS signal intensity
directly yields the distribution function of the logarithm of
lifetimes. Although equivalent in theory, these two methods
led to conflicting results. Based on TRS data the geminate-
pair model was developed (Tsang and Street, 1979) accord-
ing to which the recombining electron–hole pairs are corre-
lated, being created in the same absorption process. The
QFRS data, however, seemed to indicate that there is no such
correlation, which led to the distant-pair model, which pro-
poses that electrons and holes are randomly distributed in
space and recombine non-geminately (Dunstan, 1982). This
discrepancy was finally resolved when it was demonstrated
that geminate recombination is observable in QFRS once
the generation rate is decreased below a critical value of
about GC � 5� 1018 cm�3 s�1 (Bort et al., 1991). Actually,
the radiative-tunneling model predicts the existence of two
recombination regimes with different recombination kinet-
ics. In the geminate-pair model it is assumed that diffusion
during thermalization does not separate the photo-excited
electrons and holes such that recombination occurs between
electron–hole pairs that have been created in the same
absorption event. In the distant-pair model it is supposed
that the carriers are able to diffuse apart and recombine rad-
iatively with the nearest available partner in a non-geminate
process. Hence, when the generation rate G increases, there
should be a transition from geminate to non-geminate
recombination connected with a change in the kinetics: At
low G the lifetime distribution of geminate pairs is indepen-
dent of the generation rate, whereas at high G the lifetime dis-
tributions is expected to shift to shorter times with increasing
G due to the strong decrease of the lifetime with increasing
carrier concentration (Fuhs, 2008).

The frequency-resolved spectroscopy methods were
developed for interpreting photoluminescence measure-
ments. It can also be used to analyse modulated photocon-
ductivity data. While photoluminescence reflects the
(radiative) recombination of photo-excited carriers, photo-
conductivity reflects the transport of those carriers that do
not recombine.

FRS has been widely applied to the study of lifetime and
recombination processes (Depinna and Dunstan, 1984;
Schubert et al., 1996; Ogihara et al., 1996; Oheda, 1995).
According to FRS method, the in-phase and quadrature
photoluminescence response in amorphous materials have
been treated in detail. This treatment has been applied to
frequency-resolved photocurrent (FRPC) response in
amorphous materials (Wagner et al., 1984; Searle et al.,
1987; Main et al., 1991; Kaplan, 2005).

Using Eq. (1), from Fig. 2 the lifetime of �11.3 ls was
calculated for all curves. As seen, the applied electric field
has no important effects on lifetime distributions except
for FRPC magnitude. This results was also valid at low
temperatures measured.

Fig. 3 shows the temperature dependences of lifetime for
the excitation intensity of 2.3 mW (632.8 nm). Now the
applied electric field was kept constant at 5 � 104 V/cm.
Obviously a second peak appears at the low temperature
of 25 K. It peaked at around 1000 Hz, which corresponds
to a lifetime of 159.2 ls. This result provides a way of dis-
tinguishing between capture and recombination rates. If
the carriers move in extended states, and detrapping is
not important, then only one peak is expected in the quad-
rature FRPC, corresponding to the total capture rate into
localized levels. At higher temperatures, the carriers may be
thermally ionised from recombination or trapping states.
Simple models indicate that a second lifetime proportional
to the detrapping rate will be seen even if only one recom-
bination path is present. However, because the release rate
is thermally activated both the second lifetime and the
strength of its contribution will be strongly temperature
dependent (Searle et al., 1987; Ambros et al., 1991).

Fig. 4 shows the FRPC response vs 1000=T under vari-
ous applied electric fields. The excitation intensity
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Fig. 3. FRPC response of a-Se thin films at various temperatures.
Excitation light intensity is 2.31 mW with the wavelength of 632.8 nm.
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(632.8 nm) and the modulation frequency were kept con-
stant at 2.31 mW and 1 kHz respectively. As can be seen,
there exists three regions for the temperature dependence
of FRPC response: (i) at low temperature (below 60 K)
FRPC response is nearly constant and proportional to
applied electric field. The low temperature FRPC response
can be associated with hopping in the band-tail (Hoheisel
et al., 1984; Johanson et al., 1989). The theory of hopping
0 10 20 30 40 50
10-1

100

101

102

103

104

 5x104  V/cm

 3x104  V/cm

 2x104  V/cm

 1x104  V/cm

 0.5x104  V/cm

Ph
ot

oc
ur

re
nt

 (a
.u

.)

1000/T (1/K)

Fig. 4. Frequency-resolved FRPC response vs 1=T for a-Se thin films
under various applied electric fields. Excitation light intensity was kept
constant at 2.31 mW with the wavelength of 632.8 nm. The modulation
frequency is 1 kHz. The lines are here as guide to the eye.
photoconductivity (Shklovskii et al., 1982) suggests that at
low temperature (T ¼ 0 K approach) photo-excited carri-
ers can only hop down in energy through the localized
band-tail states before they recombine. Only those carriers
which escape geminate recombination contribute to the
photoconductivity; (ii) at intermediate temperatures
(60 K < T < 100 K) FRPC response is enhanced with T.
(iii) at high temperatures (above 100 K) the magnitude of
FRPC and the kinetics are determined by the Fermi level
position and the density of occupancy of localized gap
states. In other words, the transport occurs in the extended
states and the carrier lifetime is controlled as in crystalline
photoconductors by multiple trapping model, the occu-
pancy and capture cross-sections of the deep gap states
which act as recombination centers. At high temperature
region, the FRPC response increases almost linearly with
increasing temperatures. It produced by the thermal activa-
tion of photocarriers, follows the exponential relation,

Iph ¼ I0 exp
�Ea

kT

� �
ð5Þ

where I0 is a pre-factor, k is the Boltzmann’s constant, and
Ea is the activation energy. An average value of
Ea ¼ 147� 35 meV was determined. It does not depend
on the applied electric fields. Our result for Ea is in agree-
ment with the d.c. photocurrent results (Nesheva, 1996).
In order to explain this low value of the activation energy,
one can assume that the hole transport in a-Se thin films is
probably controlled by the valence band-tail states.

The main interest for the kinetics of carrier recombina-
tion in chalcogenide glasses is the dependence of photocur-
rent Iph on the photogeneration rate G:

Iph / Gm ð6Þ

The exponent m is defined by

m ¼ d½lnðlphÞ�
d½lnðGÞ� ð7Þ

It is now well known that the value of the exponent m differs in
various chalcogenide materials. In most cases, a sublinear
dependence is found and the exponent m in this power-law
relation has quite complicated variations with temperature,
excitation light intensity and wavelength, and applied elec-
tric field (Kaplan, 2005; Rose, 1978; Sahin and Kaplan,
2006).

Fig. 5 shows the excitation light intensity dependence of
FRPC for six applied electric fields determined at a con-
stant modulation frequency of 10 Hz and at a temperature
of 290 K. Obviously, there is a minor increase in the expo-
nent m with decreasing applied electric fields due to domi-
nated recombination effect at low fields.

Fig. 6 shows the same dependence for different wave-
lengths at the modulation frequency of 100 Hz. The data
were taken at room temperature (290 K) and the applied
electric field was kept constant at 5 � 104 V/cm. Clearly, m
increases with increasing wavelengths, and reaches a maxi-
mum value of 0.78 at around 514.5 nm, and then it decreases
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Fig. 5. Excitation light intensity dependence of FRPC response of a-Se
thin films at various applied electric fields. Data were taken at 297 K and
10 Hz.
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with increasing wavelengths. Rose (1978) suggests that m ¼ 1
corresponds to monomolecular recombination and m ¼ 0:5
to bimolecular recombination. However, in the case of con-
tinuous distribution of traps the value of m may be anywhere
between 0.5 and 1.0 depending on the intensity and the tem-
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Fig. 6. Excitation light intensity dependence of FRPC response of a-Se
thin films for different excitation wavelengths. Data were taken at 297 K
and 100 Hz. The applied electric field was 5 � 104 V/cm.
perature range. As can be seen from Figs. 5 and 6, the values
of exponent m lie between 0.50 and 0.78 depending on applied
electric fields and excitation wavelengths. These results indi-
cate the presence of a continuous distribution of localized
states in the energy gap.

Fig. 7 shows the electric field dependence of FRPC
response at different excitation wavelengths. The intensity
of excitation light was kept constant at around 1.2 mW for
all wavelengths. Data were taken at 290 K and at 10 Hz.
We must report that I–V (current–voltage) measurement
taken in the dark proved that the contacts (Au or Al) depos-
ited on a-Se were perfectly ohmic. The dark conductivity of
a-Se was found to be around 10�12 ohm�1 cm�1 at 290 K.
From Fig. 7, it is obvious that the current–voltage relation
is not linear at high applied fields (>2 � 104 V/cm) and at
low wavelengths (<514.5 nm) under the illumination.

In the case of the space charge limited current (Petretis
and Balciuniene, 2002), the deep centers of the charge
transfer generation become deep trapping centers. So,
when the energy spectrum of deep centers changes the posi-
tions of characteristics break points of the current depen-
dence on the voltage must change, because these points
are caused by the mechanism of the charge transfer. When
the value of the voltage reaches a critical point voltage, the
deep localized states recharge under the influence of the
electric field and the quasi-Fermi level moves to a new ener-
getic position. With the increase of illumination and thus
absorption, the concentration of injected carriers increases,
and the influence of recharge of deep levels manifest itself
only when the external electric field is stronger. It should
be pointed out that the light in the region of the electrode
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forms a reservoir not only of main carriers (holes) of the
current but of the electrons as well. Since the electrons in
a-Se are less mobile as compared with holes, they are
trapped into deep states and have an influence on the
recharge of states and can cause inhomogeneous distribu-
tion of the field in the area near the electrodes.

5. Conclusion

The modulated (10 Hz to 100 kHz) photocurrent
responses of a-Se thin film samples were measured as a
function of temperature, excitation wavelength of light
intensity, and applied electric fields. From the quadrature
o/p of the lock-in amplifier, we observed that modulated
photocurrent response shows a single broad peak distribu-
tion at room temperature, and its peak frequency
(14125 Hz) and thus its corresponding lifetime (11.3 ls) is
found to be almost independent of applied electric field
and temperature. However, at the very low temperature
measured (25 K), a second peak was discovered in the
QFRS at low frequency range, in addition to the room
temperature result. Its lifetime was found to be 159.2 ls,
which can be related to detrapping rate.

At high temperatures, the FRPC vs 1=T curves at vari-
ous applied electric fields show an activated behaviour with
a small activation energy value of 147� 35 meV for an
excitation intensity of 2.31 mW. We explained that the hole
transport in a-Se thin films is probably controlled by the
valence band-tail states.

The effects of applied electric field and excitation wave-
length on the exponent mðIph / GmÞ were investigated. Its
values were determined in the range m ffi 0:59–0:65 for dif-
ferent applied electric fields, and m ¼ 0:50–0:78 for different
wavelengths of excitation light. This suggests that in a-Se
thin film the quasi-Fermi level is shifting in a more or less
exponential distribution of localized states.

The effects of excitation wavelength and temperature on
the current–voltage (I–V) measurements were also studied.
The results show that a very little non-ohmic contact
behaviour at high applied electric fields (>2 � 104 V/cm)
and at low wavelengths (<514.5 nm). This is confirmed at
all temperatures measured.
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