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In-phase and in-quadrature frequency-resolved photocurrent (IP-FRPC and IQ-FRPC) measurements in amorphous (a-) 
As2Se3Te thin films are reported as a function of excitation light intensity, wavelength, and applied dc electric field at room 
temperature. These measurements provide the carrier lifetime distributions directly. The lifetime of a-As2Se3Te is found to 
be strongly dependent on excitation light intensity, but to be independent of applied electric field. This is explained in terms 
of additional gap states which act as recombination centers. We also present the exponent 𝜈 in the power-low relationship, 
𝐼𝑝ℎ ∝  𝐺𝜈, between light generation flux and photocurrent at different frequencies and wavelengths. The exponent 𝜈 is 

compared for IP-FRPC and IQ-FRPC outputs, and different materials, which supply information about recombination 
kinetics. We also discuss the results in terms of photocurrent models proposed.  
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1. Introduction                                                                                                                             
 

Chalcogenide glasses are considered to be the subject 

of a great deal of interest in the study of their basic physics 

as well as of device technology. They are appropriate 

material for optical memory disk [1,2], optical elements 

[3,4] and optical sensors working in the infrared region 

[5]. Tellurium based-glasses are suitable for the fast and 

reversible glass to crystal transformation required for 

optical storage applications such as digital versatile disk 

technology [6]. Amorphous Te-Se binary system has been 

studied in both amorphous film and bulk form, due to their 

electrophotographic applications. For instance, this binary 

system is used in fiber optics and memory devices [7-8] as 

they exhibit threshold and memory switching behaviour as 

well as infrared transmission [9-10].  

The optical properties of materials are important to 

determine their usage in optoelectronic applications. The 

optical band gap is usually dependent on the defects due to 

additional elements. The decreasing in direct band gap 

with increase in thickness is attributed to the formation of 

some defects leading to an increase in localised states in 

the band gap. Although the optical properties of a-As2Se3 

have been studied, the effect of the addition of Te has not 

been studied in detail. Therfore the Te based chalcogenide 

glasses are of particular interest nowadays.  

A-As2Se3 thin film glasses have been found to exhibit 

interesting changes with composition in properties such as 

the local structure, density, electrical switching behaviour, 

conductivity activation energy, etc., which have been 

attributed to the network topological effects. Especially 

Te-As-Se compositions are perspective materials for 

manufacturing optical fibers because of their low phonon 

energy, low optical losses and good thermal and chemical 

stability.  

The optical band gap is reduced by the deposition and 

diffusion of Te into As2Se3 film which is due to the 

increase in density of defect states in the gap region. The 

transmission is decreased, whereas the absorption 

efficiency is increased with the increase in disorderness. 

The variaty of light-induced structural transformation 

in amorphous chalcogenide films is wide and attracts 

scientific as well as technical interest [11,12]. Among 

them, photo-induced diffusion has potential application in 

optoelectronics (photoresists, optical memories, 

optoelectronic circuits, etc.). The presence of localized 

states in the gap region is the dominant factor for the 

photo-induced effects in such type of materials. The lone-

pair character of the valence tails leads to very rich 

behavior under the influence of light. The illumination by 

band gap light of many amorphous chalcogenides changes 

their internal and / or surface structure, and the optical 

absorption edge will have a red or blue shift [13]. To 

knowledge of the photo-interaction in such films is a 

crucial point in understanding the basic mechanism and its 

technological applications such as device making.  

Various device applications like rectifiers, photocells, 

xerography, switching and memory, etc., have made 

selenium attractive. Unfortunately, pure Se element has 

disadvantages like short lifetime and low sensitivity [14]. 

This problem can be overcome by alloying Se with some 

impurity atoms (As, Te, Bi, Ge, Ga, Sb, etc.), which gives 

higher sensitivity, higher crystallization temperature and 

smaller aging effects [11,12]. Chalcogenide glasses in 

general and vitreous Te-based alloys in particular have 

been the subject of extensive work, with an emphasis on 

structure change due to their new technological 

applications in optical data storage, memory devices, CO2 

detection [15,4]. The addition of an impurity has a 

pronounced effect on the optical properties of amorphous 

materials, and this effect can be widely different for 
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different impurities [16]. Therefore, the ternary 

compounds involving As-Se-Te have interesting properties 

as well as technological applications because they form a 

wide range of glassy region [1].  

Photocurrent measurements have been widely used 

for understanding the defect states in glassy chalcogenides. 

In most of the chalcogenide glasses, long time exposure to 

light at room temperature, leads to an appreciable decrease 

in photocurrent (photodegradation). This is found to be 

due to the formation of intimate valence alternation pairs 

under illumination. These defects are stable only at low 

temperatures and are converted by bond-switching 

reactions to random pairs of charged defects, known as 

light induced metastable defects [17,18]. These light 

induced metastable defects act as electron-hole trapping 

centers and decrease the photocurrent.  

Recombination is a key factor when describing 

photocarrier transport in chalcogenide glasses because it 

strongly affects the electrical and optical response of the 

chalgonide glass at all levels of external excitation. In 

order to determine the quality of a semiconductor, an 

important parameter is the photocarrier lifetime, because it 

provides information on the distribution of defects exist in 

the material. The defect and impurity levels affect the 

carrier lifetime directly by supplying an alternative 

recombination path or by acting as trapping centers. The 

carrier lifetime distribution of a material, therefore, 

provides a sensitive measure of sample quality.  

In the present work, we use frequency-resolved 

photocurrent (FRPC) spectroscopy on a-As2Se3Te thin 

films, at different light intensities and applied voltages. 

The exponent 𝜈 in the power-low relationship, 𝐼𝑝ℎ ∝  𝐺𝜈 , 

between photocurrent and the carrier generation rate is 

also determined at different frequencies, wavelengths, and 

materials. The results are discussed in terms of the 

proposed models that try to explain the photocurrent 

response in relation to the localizes states.  

 

 

2. Experimental details  
 

We produced the thin film of samples of a-As2Se3Te 

by using a thermal evaporation unit. The materials used for 

these samples were from BDH chemicals with a high 

purity of 99.9992 %. Mostly we put co-planar Al or Au 

electrodes on the samples by using a suitable Al foil mask 

and the thermal evaporation unit. However, instead of 

using a crucible, the Al or Au ingots were evaporated 

directly from tungsten spiral. For electrode spacing, the 

different size Cu wires ranging between 0.1 mm and 0.2 

mm were used as masks. Copper external leads were 

contacted with Ag paint. The current-voltage (I-V) 

measurements taken in dark proved that the contacts were 

perfectly ohmic. As noted previously [19], gold contacts 

perform better in injecting hole carriers and thus give 

larger photocurrents than aluminium contacts for these a-

As2Se3Te chalcogenide samples.  

The samples were excited by a HeNe or an Ar 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). The intensity of the excitation 

light was reduced by neutral density filters.  

 

 

3. Theory 
 

There are many transient photocurrent techniques [20-

22] aimed primarily at probing the thermalization of 

photoexcited carriers in amorphous materials. On a longer 

time-scale, the decay of the photocurrent in the presence of 

recombination gives information about both deep 

recombination centers and traps in thermal equilibrium 

with the band. The response time is generally measured by 

measuring the time for the photocurrent to decay to some 

fraction of its initial value. Measurement of the 

modulation frequency dependence of the photocurrent is a 

complementary method of measuring the response time. 

Oscillatory modulation allows the investigation of details 

in the steady-state system response, whereas transient 

decay measurements average over a range of system 

conditions.  

The frequency-resolved photocurrent (FRPC) 

spectroscopy technique has already been described [23-

25]. In its simplest form, the optical excitation of a sample 

is modulated with a small amplitude sinusoid and the 

sample response to this modulation is measured either in-

phase or in-quadrature to the phase of the excitation 

modulation, using a lock-in dedection. Logarithmically 

sweeping the modulation frequency then generates a 

lifetime distribution directly.  

In the mathematical analyses of frequency-resolved 

spectroscopy (FRS) method, the in-phase FRS gives the 

integral of lifetime distribution, between the limits 

𝜏~(2𝜋𝜔)−1 and ∞, while the in-quadrature FRS gives the 

lifetime distribution directly. For a system with a single 

characteristic lifetime 𝜏, the in-quadrature FRS spectrum is 

a symmetric band, of half width 0.7 decades peaked at the 

frequency 

 

𝑓𝑝𝑒𝑎𝑘 =
1

2𝜋𝜏
  .                              (1) 

 
The lock-in output from all lifetime components as 

the frequency is swept is given by 

 

𝑆(𝜔) =  ∫ 𝑃(𝜏)𝑠(𝜔, 𝜏)𝑑𝜏
∞

0
                  (2) 

 
where 𝑃(𝜏) is the lifetime distribution, and 𝑠(𝜔, 𝜏) is the 

response function. For quadrature the lock-in response 

function is given by 

 

𝑠(𝜔, 𝜏) =
𝑔𝑟

(𝜔𝜏+
1

𝜔𝜏
)
                      (3) 
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while in-phase FRS, it takes the following form 

 

𝑠(𝜔, 𝜏) =  
𝑔𝑟

(1+𝜔2𝜏2)
                        (4) 

 
where 𝑔𝑟 is the excitation rate. For comparison, the in-

quadrature and phase response functions are represented 

together in Fig. 1. Althoug 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 𝜔 = 0 → ∞ (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 𝜔. 

 

 
 

Fig. 1. Freqency-resolved photocurrent (FRPC) response 

function for the in-quadrature (Eq. (3)) and in-phase (Eq. 

(4)) of a-As2Se3Te with a single well defined lifetime. 

Excitation: HeNe laser (632.8 nm, 2314 μW). Applied  

            voltage: 500 V. (a.u, arbitrary units) 

 

 
4. Results and discussion  
 

The in-phase and in-quadrature frequency-resolved 

photocurrent (IP-FRPC and IQ-FRPC)) responses of the 

samples in the frequency interval between 10 Hz and 100 

kHz were measured as a function of the intensity of the 

excitation light and applied voltages. Since the energy of 

the excitation light is much higher than the optical band 

gap of these materials (1.75 eV), we assume that the 

carriers are photoexcited between extended states and then 

a trap limited recombination occurs at room temperature. 

Fig. 2 shows IQ-FRPC and IP-FRPC spectra of a-

As2Se3Te for different excitation intensities of HeNe laser 

(632.8 nm). Applied voltage was 500 V. As seen from the 

IQ-FRPC spectra, there is only one single broad spectra in 

which the peak frequency shifts to lower modulation 

frequencies with decreasing excitation intensities. This 

means that there is only one characteristic lifetime.  

 

 

 
 

 
 

Fig. 2. (a) IQ-FRPC and (b) IP-FRPC spectra of a-

As2Se3Te for different excitation intensities of HeNe laser  

              (632.8 nm). Applied voltage is 500 V 

 
Using Eq. (1), the lifetime 𝜏 is calculated, and plotted 

in Fig. 3 as a function of excitation intensity. Obviously 

the 𝜏 decreases with increasing excitation intensity. This 
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decrease is fast below about 200 μW, and above about 

1000 μW. This is consistent with a sublinear intensity 

dependence of the photocurrent. The little variation in 

lifetime in the range 200 – 1000 μW indicates that free 

holes are rapidly trapped into the same type of centre in 

the gap from which electrons can be optically excited. 

 

 
Fig. 3. Excitation intensity dependence of lifetime  

of a-As2Se3Te. 

 

 
Fig. 4 shows the effect of applied voltage on the IQ-

FRPC and IP-FRPC spectra in a-As2Se3Te. The excitation 

intensity was 2314 μW, from HeNe laser (632.8 nm). 

Using the Eq. (1), a lifetime of about 1.13 μs was 

calculated. However this lifetime is found to be 

independent of applied voltage and thus electric field. The 

magnitude of IQ- and IP-FRPC decreases with decreasing 

voltages as expected. At room temperature, the 

photocarriers may be thermally ionized from 

recombination or trapping states, in which only one 

recombination path is present.  

 

 
 

 
 

Fig. 4. (a) IQ-FRPC and (b)  IP-FRPC spectra in a-

As2Se3Te at different applied voltages. Excitation: HeNe  

                           (632.8 nm, 2314 μW) 

 

 

Table 1. Comparison of peak frequencies and carrier 

lifetimes of different materials under identical conditions.  

     Exc.: HeNe (2314 μW), Vapp = 500 V, T = 290 K 

 

Material a-Se a-As a-As2Se3 a-As2Se3Te 

𝑓𝑝𝑒𝑎𝑘 (Hz) 14125 28183 25118 22387 

𝜏 (μs) 11.267 5.647 6.336 7.109 

 

 
In Table 1, we compared the peak frequency and thus 

the carrier lifetime of different compounds at the same 

experimental conditions. As seen, a-Se has the largest 

carrier lifetime, but a-As has the smallest carrier lifetime. 

The compounds have lifetimes between them as expected. 
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On the other hand, the addition of Te to the compound of 

a-As2Se3 increases its carrier lifetime due to the smaller 

energy band gap of Te (0.32 eV at 300 K).  

The next series of our experiments concerns the light 

intensity dependence of photocurrent, 𝐼𝑝ℎ. For these 

measurements, the light intensity was increased in steps 

from 23.1 μW up to 2314 μW. Fig. 5 shows the light 

intensity dependence of photocurrent at two different 

outputs (IP and IQ) and modulation frequencies (10 Hz 

and 1 kHz). According to the power-law relatioship, 

𝐼𝑝ℎ ∝  𝐺𝜈, between light generation flux and photocurrent, 

the plot between 𝑙𝑛(𝐼𝑝ℎ) and 𝑙𝑛(𝐺) should be straight line. 

The exponent 𝜈 is calculated from the slope of the curve 

plotted in Fig. 5. The values of 𝜈 are found to be close 

each other (0.5-0.6) for both IP and IQ outputs except for 

𝜈 = 0.33 for 10 Hz of IQ. However the result of 10 Hz of 

IQ for 𝜈 is not reliable in this type of experiment, so we 

can not use it due to very small signal dedected at this 

frequency.   

 

 
 

Fig. 5. Excitation (HeNe) intensity dependence of 

photocurrent of a-As2Se3Te at different IP and IQ 

outputs, and frequencies. The calculated values of 

exponent 𝜈  in 𝐼𝑝ℎ ∝  𝐺𝜈  are also shown on the figure 

 

 
Rose [26] suggests that 𝜈 = 1 corresponds to 

monomolecular recombination and 𝜈 = 0.5 to bimolecular 

recombination. However, in the case of continuous 

distribution of traps the value of 𝜈 may be anywhere 

between 0.5 and 1.0 depending on the light intensity and 

temperature range. As can be seen from Fig. 5, the value 

of 𝜈 is close to 0.5-0.6, which corresponds to bimolecular 

recombination.  

It is now well known that the value of the exponent 𝜈 

differs in various materials. In most cases, a sublinear 

dependence is found and the exponent 𝜈 in the power-law 

relation (𝐼𝑝ℎ ∝  𝐺𝜈)  has quite complicated variations with 

photon energy, light intensity, temperature and applied 

field [16]. Fig. 6 shows the excitation wavelength 

dependence of exponent 𝜈 for different materials. As will 

be seen, a-As has the highest 𝜈 values, a-As2Se3 has the 

middle 𝜈 values, and a-As2Se3Te has the lowest 𝜈 values 

for both IP (10 Hz) and IQ (1 kHz) outputs. Also, the 𝜈 

values are different a little and they follow different trends 

with wavelength for both outputs. There may be a little 

frequency effect on the 𝜈 values.  

 

 
 

 
 

Fig. 6. A comparison of the exponent 𝜈 as a function of 

excitation wavelength for different thin film materials 

used. (a) IP o/p (10 Hz), (b) IQ o/p (1 kHz) 
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In Fig. 6, the values of exponent 𝜈 lie between about 

0.50 and 0.95, indicating the presence of a continuous 

distribution of localized states in the energy gap. The 

exponet 𝜈 in power-law could qualitatively be associated 

with the amount of recombination centers located in 

energy gap; a higher value of 𝜈, in general, implies a 

higher rate of carrier recombination. In this respect, the 

pure a-As has a larger photocarrier recombination rate than 

others a-As2Se3 and a-As2Se3Te due to different 

wavelength of light absorption. The addition of Se and Te 

to As increases the charged defects. The intensity and the 

photon energy dependence at room temperature may be 

interpreted through the kinetics of photoinduced 

transitions and thermal relaxations between the extended 

and localized states, or in terms of the charged defect 

concept (VAP). 

In Fig. 6, when the 𝜈 values of different compounds 

are compared, unfortunately they show very complicated 

behaviours with wavelength for both IP and IQ outputs. 

However a full interpretation of this result clearly needs a 

sufficiently detailed knowledge of the recombination 

mechanism which is not presently available.  

 

 
5. Conclusions 
 

 Amorphous semiconductors and in particular 

chalcogenide glasses are drawing a lot of attention due to 

manifold applications in different fields. To optimise these 

materials for possible applications it is essential to 

understand the carrier lifetime, recombination and 

transport mechanisms that operate in them. Measurement 

of photocurrent serves as an important tool to understand 

the recombination kinetics, which in turn gives 

information about the localized states present in 

amorphous semiconductors. 

Recombination is influenced both by material 

properties and by external parameters, such as excitation 

light intensity, wavelength, and modulation frequency. 

Especially the recombination lifetime is one of the critical 

parameters in the search for cost-competitive photovoltaic 

technologies. Each technology has specific materials 

issues with respect to the role of recombination lifetime in 

potential success of that technology. In a-As2Se3Te, a 

small single lifetime of 1.13 μs was determined for the 

excitation intensity of 2314 μW at room temperature. It is 

found to be excitation intensity- and material-dependent. It 

increases with decreasing excitation intensities due to the 

increase of recombination which is a dominant effect at 

low light intensities. However, the lifetime is found to be 

independent of the applied electric field for all compounds 

used. 

We also measured the exponent 𝜈 in the power-law, 

𝐼𝑝ℎ ∝  𝐺𝜈. At room temperature the photocurrent is found 

to be sublinear in photon flux, with the exponent of 0.50-

0.67 in the measured frequency and intensity ranges. This 

result implies that the bimolecular recombination is a 

dominant effect at room temperature. The exponent, 𝜈 was 

also compared for different compounds of a-As, a-As2Se3 

and a-As2Se3Te under the same experimental conditions. It 

was found to be excitation wavelength dependent for all 

materials used. However, IP and IQ outputs of the lock-in 

amplifier give a little different, but complicated results for 

𝜈. Despite this, for both outputs, the compound of a-

As2Se3Te has the smallest 𝜈 values than those of others (a-

As and a-As2Se3) in the whole wavelength range, due to 

the increase of coordination and light induced defect states 

in the energy gap. The excitation wavelength dependence 

of 𝜈 of the materials used can be related to the their light 

absorption profiles. The larger values of 𝜈 of a-As and a-

As2Se3 show the presence of a continuous distribution of 

localized states in their band gap.  

Our presented results of the carrier lifetime and 

intensity dependence of photocurrent show that the 

recombination occurs through the trap states at room 

temperature. Therefore the release rate from traps controls 

both the lifetime and photocurrent.   
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