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Abstract 
A method has been developed for producing a photosensitive film made of 
CdSe, including thermal vacuum deposition of CdSe on a substrate with a 
transparent layer of SnO2 and thermal treatment of the freshly prepared film 
in a quasi-closed chamber in air in the presence of CdCl2 or CuCl2 vapors, 
ensuring uniform diffusion of the sensitizing substances. From the analysis of 
the longitudinal photoconductivity spectrum it is shown that freshly prepared 
cadmium selenide films have local levels with the activation energy: EV + 0.63; 
EV + 0.8; EV + 0.925; EC − 0.55 and EC − 0.41 eV. After heat treatment in air in 
the presence of CuCl2 new photosensitive centers are formed: complexes of 
the chlorine atom with a cadmium vacancy with the activation energy of (EV 
+ 0.42 ± 0.05) eV, cadmium vacancies −EV + (0.6 ± 0.05), as well as a fast 
recombination center EV − (0.95 ± 0.05) eV. 
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1. Introduction 

Among the wide-bandgap II-VI semiconductor compounds, cadmium selenide 
(CdSe) is one of the most sensitive in the visible and near-infrared regions of the 
spectrum. Recent advancements in the technology of producing polycrystalline 
CdSe films functioning in the longitudinal photoconductivity mode have led to 
the development of various optoelectronic devices for microelectronics, acousto-

How to cite this paper: Ayibzhanov, M., 
Salomov, U.R., Tuychibaev, B.K., 
Yuldashev, N.K. and Tolibjanovna, M.D. 
(2025) Spectral Distribution, Optical and 
Thermal Quenching of Longitudinal Pho-
toconductivity in CdSe/SnO₂ Films. Journal 
of Applied Mathematics and Physics, 13, 
2452-2464. 
https://doi.org/10.4236/jamp.2025.137140 
 
Received: June 11, 2025 
Accepted: July 28, 2025 
Published: July 31, 2025 
 
Copyright © 2025 by author(s) and  
Scientific Research Publishing Inc. 
This work is licensed under the Creative 
Commons Attribution International  
License (CC BY 4.0). 
http://creativecommons.org/licenses/by/4.0/   

  
Open Access

https://www.scirp.org/journal/jamp
https://doi.org/10.4236/jamp.2025.137140
http://www.scirp.org
https://www.scirp.org/
https://doi.org/10.4236/jamp.2025.137140
http://creativecommons.org/licenses/by/4.0/


M. Ayibzhanov et al. 
 

 

DOI: 10.4236/jamp.2025.137140 2453 Journal of Applied Mathematics and Physics 
 

electronics, automation, and nonlinear optics [1]-[7]. In these devices, the film 
substructure is formed in the direction perpendicular to the substrate, as is the 
current in longitudinal photosensitive structures. One of the most commonly used 
methods for producing such CdSe films is vacuum deposition at temperatures 
ranging from 200˚C to 400˚C. It is well known [6]-[9] that freshly prepared films 
typically exhibit low photosensitivity. An effective method for tuning the photoe-
lectric properties of cadmium selenide films is thermal treatment (annealing)—in 
vacuum, in air, or in the presence of vapors containing various chlorides, among 
others. During the annealing process, not only do the electrophysical properties 
change, but also the phase composition, crystal lattice parameters, preferred crys-
tallite orientation, block sizes, and internal microstrains. However, the influence 
of structural imperfections introduced by annealing on the photoelectric proper-
ties in the longitudinal photoconductivity mode has not been fully elucidated. The 
available literature data on the substructure, composition, and photoelectric prop-
erties of CdSe films remain insufficient. Therefore, the aim of this work is to study 
the influence of annealing processes in different environments on the photosen-
sitivity of freshly prepared CdSe films operating in the longitudinal photoconduc-
tivity mode with stable electrophysical characteristics. It is shown that the electri-
cal, photoelectric, and spectral properties of cadmium selenide films are signifi-
cantly affected by localized levels within the forbidden bandgap. The crystal lattice 
defects responsible for these levels act as trapping centers for majority and minor-
ity carriers, as well as recombination centers. Thus, a more detailed study of the 
activation energies of localized levels in CdSe, depending on the preparation and 
annealing conditions in various environments, allows for a deeper understanding 
of the physical processes occurring in the fabricated films. By analyzing the spec-
tral distribution curves, optical and thermal quenching of photoconductivity, as 
well as thermally stimulated current (TSC) measurements, the activation energies 
of sensitizing centers and trapping levels for electrons and holes were determined 
for films with longitudinal photoconductivity fabricated under various technolog-
ical conditions. 

2. Experimental Results and Discussion 

A method has been developed for producing photosensitive CdSe films, which 
includes thermal vacuum deposition of CdSe with a thickness of 3 - 5 µm onto a 
glass substrate pre-coated with a transparent SnO2 layer, followed by thermal 
treatment of the freshly prepared film in a quasi-closed chamber in air in the pres-
ence of CdCl2 or CuCl2 vapors. This ensures uniform diffusion of sensitizing 
agents [10] [11]. By varying the deposition time (5 - 50 minutes) and the amount 
of antimony introduced as an impurity, SnO2 films were obtained with thicknesses 
ranging from 0.1 to 1 µm, resistances of 150 - 200 Ohms, and transmittance be-
tween 70% - 85%, which meets the requirements for transparent contacts used in 
longitudinal photoconductive devices. 

Studies of the spectral distribution of photoconductivity (σph) showed that the 
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initial films, prepared at different substrate temperatures, have similar localized 
level spectra. The spectral dependence curves for films obtained at a substrate 
temperature of 350˚C and measured at 300 K are shown in Figure 1. Based on 
comparison of experimental results (curve 1) with theoretical curves (curve 2) cal-
culated using the Lukovsky formula [12], and from graphical analysis, it was 
found that freshly prepared films contain localized levels with activation energies: 
EV + 0.63 eV, EV + 0.8 eV, EV + 0.925 eV, EC − 0.55 eV, and EC − 0.41 eV. In all 
freshly prepared films deposited at different substrate temperatures, small steps 
are observed in the spectral curves near photon energies of ~0.6 eV and ~1.2 eV. 
Graphical analysis showed that these steps are due to localized levels at (EV + 0.63) 
eV and (EC − 0.41) eV.  

 

 
Figure 1. Spectral dependence σphc of CdSe films obtained at Ts = 350˚C. Curves 1—exper-
iment, solid-theory, 2—difference between experiment and theory. 

 
To increase the photosensitivity, the freshly prepared films were subjected to 

thermal treatment in various environments. Even after short-term annealing in 
air in the presence of CdCl₂ vapors, an additional localized level near the bottom 
of the conduction band (EC − 0.24 eV) becomes evident in the spectral photocon-
ductivity distribution (Figure 2), and a level at (EV + 0.43) eV near the top of the 
valence band is observed in the optical quenching curves (Figure 3). 

Points labeled “2” in Figure 1 and Figure 2 were obtained by subtracting the 
theoretical curves from experimental data. Arrows on the figures indicate the op-
tical ionization energies used in the theoretical model (solid lines). With increas-
ing annealing time, the spectrum of localized levels changes insignificantly (see 
Figures 4-6). In the long-wavelength region of the spectrum (hν < 1 eV), the be-
havior of the photoconductivity spectra is governed by localized levels located in 
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both the upper and lower halves of the forbidden bandgap. Increased concentra-
tion of such levels results in higher photosensitivity in this spectral region. Levels 
responsible for this behavior were confirmed by infrared quenching bands. Based 
on the spectral curves, electron trapping levels were determined as EC − (0.19 ± 
0.03) eV and EC − (0.42 ± 0.02) eV (see Figure 4 and Figure 5). 

 

 
Figure 2. Spectral dependence σphc of CdSe films heat-treated 
in air in the presence of CdCl2 vapor for 4 min. 

 

 
Figure 3. Optical quenching curves of photoconductivity for 
CdSe films, annealed in air in the presence of CdCl2 (t = 4 min). 
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Figure 4. Spectral dependence σphc of CdSe films heat-treated 
in air in the presence of CdCl2 vapor for 6 min. 

 

 
Figure 5. Spectral dependence σphc of CdSe films heat-treated in 
air in the presence of CdCl2 vapor for 8 min. 
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As is known, the possible types of simple intrinsic defects in CdSe include in-
terstitial cadmium and selenium atoms (Cdi, Sei) and their vacancies (VCd, VSe). At 
temperatures close to room temperature, significant concentrations of defect 
complexes and impurity-defect complexes may form. Prior studies [13] [14] have 
shown that donor levels can be singly or doubly charged, and the same applies to 
acceptor levels [15]. Thus, even basic intrinsic defects in CdSe can give rise to eight 
distinct types of localized levels. 

In the freshly prepared films studied here, the localized levels are evidently as-
sociated with intrinsic defects of the CdSe crystal, since highly pure cadmium sele-
nide was used for deposition. For example, the donor level (EC − 0.41) eV is at-
tributed to complexes of doubly charged selenium vacancies with interstitial cad-
mium or selenium atoms, while the level (EC − 0.55) eV is due to doubly charged 
selenium vacancies, consistent with the literature [15]. The acceptor levels (EV + 
0.95) and (EV + 0.63) eV are known to be associated with cadmium vacancies [16]. 

Thermal treatment in various environments alters the concentration of these 
defects, and thus the concentration of the associated localized levels. It also leads 
to the formation of new levels associated with dopant impurities. An impurity 
atom may occupy a lattice site, an interstitial site, or reside in the intercrystallite 
regions. Its location is mainly determined by the size of its ionic radius. If the 
radius is smaller than that of the film components, it will likely occupy a lattice 
site of the component whose ionic radius is not smaller than the impurity’s. 
Whether the impurity acts as a donor or acceptor depends on the number of va-
lence electrons relative to the substituted atom. If it has more, it behaves as a do-
nor; if fewer, as an acceptor.  

In the early stages of thermal treatment in air with CdCl2 vapors, dissociated 
chlorine atoms diffuse into the volume of the crystallites and substitute selenium 
or fill selenium vacancies. This leads to the formation of a shallow donor level. 
Some chlorine atoms also react with cadmium atoms and cadmium vacancies, re-
sulting in the formation of a compensating acceptor level (EV + 0.42 eV), associ-
ated with cadmium vacancy-chlorine ( )Cd SeV D−− +  complexes (Figure 6). The ap-
pearance of photosensitive centers with this activation energy (EV + 0.42 eV) con-
tributes to an increase in the photosensitivity (Figure 4). Increasing the annealing 
time to 6 - 8 minutes leads to a higher concentration of cadmium vacancies and 
cadmium-chlorine complexes, i.e., a higher concentration of sensitizing centers 
(EV + 0.42 eV and EV + 0.6 ± 0.05 eV), and consequently further enhances the 
photosensitivity.  

In the case of annealing in air with CuCl2 vapors, dissociated copper and chlo-
rine atoms diffuse into the crystallites and intercrystallite regions of the film. Since 
the covalent radius of copper is smaller than that of cadmium, the copper atom 
substitutes cadmium in the crystal lattice. Chlorine atoms facilitate this process by 
reacting with cadmium and increasing the concentration of cadmium vacancies, 
making it easier for copper atoms to occupy these vacancies. This leads to the 
formation of a compensating acceptor level (EV + 0.66 eV) (Figure 7), and an in-
crease in its concentration enhances the photosensitivity.  
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Figure 6. Spectral dependence σphc of CdSe films heat-treated 
in air in the presence of CdCl2 vapor for 12 min. 

 

 
Figure 7. Spectral dependence σphc of CdSe films heat-treated 
in air in the presence of CdCl2 vapor for 4 min (Тs = 350˚С). 
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Thus, during photosensitization by thermal treatment in air with CuCl2, chlo-
rine atoms play the dominant role by forming and increasing the concentration 
of photosensitive centers. When a chlorine atom forms a complex with a cadmium 
vacancy, a level with an activation energy of (EV + 0.42) eV appears. When a cad-
mium vacancy forms independently, a level at EV + (0.6 ± 0.06) eV is formed. In 
addition, a fast recombination center at EV – (0.95 ± 0.05) eV may arise [17]-[19]. 
The formation of selenium vacancies due to chlorine incorporation and its reac-
tion with cadmium leads to the appearance of a trapping level at EC – (0.19 ± 0.03) 
eV. In the case of CuCl2 treatment, both copper and chlorine atoms contribute to 
the formation of compensating acceptor levels and an increase in donor center 
concentration. 

The activation energy of sensitizing centers was determined from photocon-
ductivity thermal quenching (TQ) curves. It was found that in CdSe films fabri-
cated under various conditions, pronounced TQ effects occur only after a certain 
threshold value of photoconductivity is achieved. TQ curves for CdSe films an-
nealed in air in the presence of CdCl2 at different illumination levels are shown in 
Figure 8. As seen in the figure, as the temperature increases up to about 250 K, 
the conductivity does not change significantly. However, upon further heating, 
the photoconductivity sharply decreases, indicating quenching. With increasing 
illumination intensity, the temperature at which quenching begins also increases. 

 

 
Figure 8. TQ curves for a CdSe film obtained by thermal treat-
ment in air in the presence of CdCl2 at different illumination 
intensities L, lx: 1-10; 2-50; 3-100; 3-200; 4-300; 5-400; 6-500. 

 
This behavior can be explained as follows. Under constant light intensity at low 

temperatures, the probability of hole capture at r-centers exceeds their thermal 
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excitation probability into the valence band. As a result, r-centers become prefer-
entially occupied by holes, and s-centers by electrons, since the capture cross sec-
tions satisfy the condition Spr, Sps, Sns  Snr (where Snr and Spr are the capture cross 
sections for electrons and holes by r-centers, respectively, and Sns and Sps for s-
centers). Under these conditions, recombination of electrons occurs mainly via r-
centers. As the temperature increases under constant illumination, the demarca-
tion level for holes shifts upward and intersects the s-center level, making them 
effective trapping centers for holes. This causes holes to relocalize to s-centers. 
Since Snr  Sns, the recombination rate of free carriers increases, which reduces 
the lifetime of electrons in the conduction band—this results in thermal quench-
ing of photoconductivity. 

The thermal ionization energy T
rE  was determined using Bube’s method [16], 

where the transition from high to low sensitivity with increasing temperature un-
der constant light intensity is described by the equation: 

 ln ln
T

V pr r

nr

N S En
S kT

 
= − 

 
,  (1) 

where NV—is the effective density of states in the valence band, pr

nr

S
S

—is the ratio  

of hole to electron capture cross sections at the recombination center, k—is Boltz-
mann’s constant, T-is absolute temperature, and n-is the concentration of free 
carriers. 

To determine the sensitivity parameters using the method [16], sections of the 
curves were used where the TQ process just begins or ends. The activation energy  

of the r-center was determined from the slope of curves 1ln p f
T

σ  =  
 

 con-

structed at the points where the TQ begins or ends, taken at different illumination 
intensities. 

Based on the experimental results, it was established that the value of T
rE  for 

films produced by heat treatment in air in the presence of CdCl2 was equal to 0.48  

eV. From the point of intersection of the curve 
310ln p T

σ
 
 
 

 with the angular co-

efficient rE
k

− , constructed according to the points where the TQ begins, with the 

ordinate axis 
310 0
Т

= , the values of ln lnV pr nrN S S−  were found. At  

19 310 cmVN −= , the ratios of the capture cross-sections of electrons and holes were 
determined. They turned out to be equal to ~105 ÷ 106. 

In order to obtain information about the parameters of electron traps, TSC in 
films were studied. Measurements were carried out in a vacuum of 10−3 mm Hg 
with a linear increase in temperature at a rate of 0.1β =  deg/s. 

It is known that the TSC is caused by the thermal release of free carriers cap-
tured in traps into the conduction zone. The depth of the traps was determined 
by the method [16] 
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 ln c
t m

m

e NE kT µ
σ

∆ =  (2) 

and the method [13] [14], which is based on the analysis of the initial sections of 
the TSC increase, where the current increases exponentially with temperature as 
follows:  

 ~ exp EI
kT
∆ − 

 
  (3) 

and the conductivity:  

 
0

expn t n nt t c
Eg n S N

kT
σ µ τ ϑ ∆ = − 

 
.  (4) 

Then for the electron concentration we can write  

 expc
En Q

kT
γ ∆ = − 

 
  (5) 

where, nt nrS Sγ = , g—is the electron charge, Q—is the stat. factor of the con-
duction band, Snr—is the cross section of electron capture by the r-center, Snt—is 
the cross section of electron capture by the t-center of attachment. 

With further increase in temperature, the decreasing section of the TSC is de-
scribed by the expression  

 2
rt

n nr

En
S kT
β

ϑ
′ = ,  (6) 

where β —is the heating rate, nϑ —is the thermal velocity of the charge carriers. 
The cross section of electron capture by traps was determined by the formula 

 o
nt

ТSC с

IS
Q N

β
ϑ

= ,  (7) 

where Io—is the value of current extrapolated to the exponential initial section of 
the TSC at (1/T) = 0, Qtsc—is the area under the maximum of the TSC. 

 

 
Figure 9. TSC curves for a CdSe film obtained by thermal treat-
ment in air in the presence of CdCl2 vapor.  
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The concentration of traps Nt was determined using the expression for the area 
under the TST curve [16] 

 
2

1

1 d
T

ТSC n n t
T

Q T g Nβ σ µ ε−= =∫ .  (8) 

Figure 9 shows the TSC curves for films annealed in air in the presence of 
CdCl2. It was found that the ionization energy of the traps for the films under 
study lies in the range of (0.21 ÷ 0.41) eV. Their concentration is 1013 ÷ 1014 cm3, 
and the electron capture cross section by traps Snt is 10−18 ÷ 10−19 cm2. As we can 
see, the depths of the sensing centers and traps, determined from optical and ther-
mal measurements, coincide. 

3. Conclusions 

1) A method has been developed for fabricating polycrystalline CdSe films with 
longitudinal photoconductivity. The method includes thermal vacuum deposition 
of CdSe onto a glass substrate pre-coated with a transparent SnO2 layer, followed 
by thermal treatment of the freshly prepared film in a quasi-closed chamber in air 
in the presence of CdCl2 or CuCl2 vapors. This process ensures uniform diffusion 
of photosensitizing impurities into the film structure. 

2) Based on the analysis of spectral distribution curves, optical and thermal 
quenching of photoconductivity, as well as thermally stimulated current (TSC) 
measurements, the activation energies of photosensitizing centers and trapping 
levels for electrons and holes were determined in CdSe/SnO2 films fabricated un-
der different technological conditions. 

3) Freshly prepared films obtained at a substrate temperature of 350˚C exhibit 
localized energy levels with activation energies: EV + 0.63 eV; EV + 0.8 eV; EV + 
0.925 eV; EC − 0.55 eV, and EC − 0.41 eV. During photosensitization by thermal 
treatment of CdSe films in air in the presence of CuCl₂, chlorine atoms play a 
dominant role in forming and increasing the concentration of photosensitive cen-
ters. When a chlorine atom forms a complex with a cadmium vacancy, a center 
with activation energy (EV + 0.42 eV) appears. Formation of cadmium vacancies 
leads to a level at EV + (0.6 ± 0.06) eV. Additionally, a fast recombination center 
form at EV − (0.95 ± 0.05) eV. 
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