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Features of photoelectric characteristics of CdS:Fe samples obtained

using various techniques
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In this paper, we investigate heterophase CdS:Fe film samples obtained by thermal evaporation in vacuum and

by a hybrid technique using the Langmuir–Blodgett technology. We conducted a comparative analysis of the

photoelectric characteristics of the obtained samples, which showed significant differences in the nature of the

change in dark currents and photocurrents when using the specified methods for obtaining samples. The observed

differences in the values of the dark current and photocurrent, photosensitivity and photocurrent changes over time

are explained by the different arrangement of the layers that are the source of Fe during diffusion, and, as a result,

the different arrangement of the heterophase region with nanoscale FeS inclusions relative to the illuminated surface

of the sample. As a result of diffusion and precipitation processes in the first case (Langmuir–Blodgett technology),
the largest nanoscale FeS precipitates are formed near the illuminated surface, and in the second case (thermal

evaporation in vacuum), they are formed near the substrate. The advantages of a hybrid method of obtained CdS:Fe

for synthesis a material with an extended range of properties and high photosensitivity have been revealed.
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Introduction

Due to their specific chemical, electronic, optical and

magnetic properties, nanocrystalline semiconductive thin

films are studied today in many fundamental and applied

research [1–3]. One of the most talked about and used

nanocrystalline semiconductor films are the films based

on cadmium sulfide (CdS) — a wideband semiconductor

of group II−VI with a band gap of 2.42 eV at room

temperature. CdS is in demand in a wide range of

applications, including optical detectors, photovoltaic cells,

sensors with extended functional capabilities [4–6].

For the fabrication of CdS thin films, both physical and

chemical methods are used [7,8]. Among the chemical

methods, chemical bath deposition method stands out,

which can be provided over large areas and at low

temperatures. By selecting the appropriate deposition

parameters such as pH, bath temperature, reaction time,

mixing duration, and the amount of doping impurities and

complexing agents introduced in a special way: This method

can be used to fabricate high-performance nanocrystalline

semiconductor films with controlled surface density and

required nanoparticle sizes [9–11]. Arrangment of the

substrate inside the reactor also plays an important role in

the formation of CdS films. In the study [12], it was shown

that selecting the substrate position allowed to lower the

number of precursor solutions and, thus, reduce the amount

of toxic waste generated. Another promising method

to obtain CdS films is the method of radio frequency

magnetron sputtering.

In [13] it was demonstrated that CdS films grown on

ultrathin glass substrates using radio frequency magnetron

sputtering were characterized by high crystallinity, large

optical band gap (2.40 eV), symmetrical surface, uniform

grain growth, low resistivity (3.16 · 104 � · cm) and high

concentration of charge carriers (5.56 · 1013 cm−3).
Alloying with metal atoms, including transition metals

such as Mn, Ni, and Fe, is successfully used to control

the chemical and physical characteristics of CdS thin

films, which create intermediate energy states in the band

structures of semiconductor films, thereby affecting their

magnetic, electrical, and optical characteristics [14–16].
Currently, CdS films doped with iron (CdS:Fe) are of

the greatest interest for research. In particular, in [17]
CdS:Fe films were obtained by aerosol pyrolysis using iron

nitrate, chloride, and sulfate as iron precursors. Based

on experimental data and thermodynamic analysis, the

authors of the article have established that the composition,

uniformity and morphology of the surface of CdS:Fe films

significantly depends on the nature of the iron precursor.

The presence of Fe dopants led to an increase in the optical

band gap of CdS:Fe to 2.44−2.49 eV. The obtained films,

according to the authors, are well suited as ligatures for

the manufacture of Fe:ZnSe laser elements. In [18], the

effect of gamma irradiation on the optical, morphological,

and structural characteristics of thin nanostructured CdS

films and CdS films doped with Fe was studied. For
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the obtained samples, a decrease in the grain size of the

films was observed with an increase in Fe concentration

and their increase with higher radiation dose. It was

found that the broadband radiation peak for the thin films

of
”
pure“ CdS was located in 500−650 nm centered at

a wavelength of 542 nm, and for CdS films doped with

Fe, three different radiation bands were characteristic with

centers at wavelengths of 400, 467 and 530−540 nm, which

corresponded to the occurrence of permitted Fe levels in

CdS band gap.

By doping CdS with iron it is possible to obtain the

so called diluted magnetic semiconductors (DMS) both,

as solid solutions and as heterophase structures on its

basis. Depending on the technologies used, the researchers

were able to obtain both, solid solutions CdxFe1−xS and

CdS-FeS [19] nanocomposites with various ferromagnetic,

optical, and photoelectric properties. Since Fe doping

should lead to the occurrence of magnetic properties,

these properties, as a rule, were studied primarily in [20].

The magnetic properties of fabricated CdS:Fe are outlined

in [21,22]. Such DMS are promising candidates for cre-

ating magneto-optical devices, non-volatile storage devices,

biosensors, and spintronic devices on their basis [23,24].

Photovoltaic characteristics of CdS:Fe has been given

attention in a number of papers [25–27], and the results

obtained indicate the prospects for their study. The

analysis of these papers indicates a significant influence of

the fabrication method on the photovoltaic characteristics

of CDs:Fe material. For example, [25] describes the

suppression of photoconductivity in CdS thin films doped

with iron obtained by spray pyrolysis. The authors showed

that Fe dopants in a certain concentration act as centers

of quenching of CdS photoconductivity, and with a large

fraction of FeS phase, the photosensitivity of material in

the visible wavelength range almost disappears. Since

photosensitivity was maintained and performance increased

at low concentrations of Fe as a dopant, the authors of [25]

suggested that CdS:Fe film structures may be used in

optical sensors that require a fast response and return to

normal when illumination was switched off. It should be

emphasized that the authors did not pay attention to possible

heterogeneity of the chemical and phase compositions of the

structures when analyzing the photovoltaic characteristics.

Thus, it was demonstrated earlier that it was possible

to obtain new functionality or significantly improve the

characteristics of CdS-based materials by using iron as a

doping agent. In particular, we obtained CdS:Fe materials

using both, thermal vacuum evaporation (TVE) [21], and

Langmuir-Blodgett (LB) methods [28]. The prospects

of both methods for creating magneto and photosensitive

samples were shown, but no comparison and analysis of the

photovoltaic characteristics was made for CdS:Fe samples

fabricated using various techniques, which was the purpose

of this article.

1. Materials and technologies

In this study, modified and unmodified polycrystalline

film structures based on CdS films fabricated by TVE

method on a mica substrate were obtained and studied. The

CdS film was modified by creating a nanometer-thick iron-

containing layer adjacent to the CdS film and subsequent

annealing of the structure. Moreover, the iron-containing

layer was created either in the same way as the CdS layer

using TVE method or using LB method.

Let’s consider each method in detail.

The basis of each studied structure was a polycrystalline

CdS film with a thickness of about 2 µm, deposited on a

mica substrate using TVE method. Thermal spraying of

the films took place in
”
open volume“ on a multipurpose

setup VUP-5. Powdered CdS of semiconductor purity class

was used to prepare the blend. CuCl2 in the amount of

0.1 wt.% was added to the blend as an activator. Next, the

blend was placed in a crucible and thoroughly mixed. The

mentioned films were fabricated at a substrate temperature

of 80 ◦C−100 ◦C and evaporator temperature of 780 ◦C.

The evaporator coil was heated by a gradual increase in

voltage across it from 0 to 200V. The sputtering was

made in the chamber at a pressure of 6.5 · 10−4 Torr. As

a result, films with a nanocrystalline structure of cubic

modification, insensitive to illumination, were obtained. The

sensing was carried out by annealing in air at a temperature

of (540 ± 5) ◦C for 15min. During thermal annealing in

air, a phase transition from cubic modification (sphalerite)
to hexagonal (wurtzite) was observed for CdS, which

occurred gradually in the temperature range from 250 ◦C

to 700 ◦C [29,30].

Thus, the first batch of
”
pure“ CdS film samples was

obtained, with the photoelectric characteristics and light

stability of which the corresponding characteristics of

heterophase CdS:Fe samples were compared, with their

fabrication and research described in this paper.

The second batch of samples was obtained using only

TVE technology alone when applying the film structure

layer by layer. Compared to fabrication of
”
pure“ CdS

described above, first, a layer of chemically pure Fe

30−50 nm thick was applied onto the mica substrate and

only after that — CdS layer. Thus, the film, which was the

source of iron during diffusion, was located between the

mica substrate and the CdS film. After that, the multi-layer

film structures were also subjected to a high-temperature

annealing in the air at a temperature of (450± 5) ◦C during

15min. During the process of annealing, photosensitive

crystallites CdS [29,30] grew and recrystallized, Fe atoms

diffused deep into CdS, the solid solution of CdxFe1−xS

was formed, and Fe and Cd were oxidized in open surface,

which was confirmed by our research using electron and

atomic force microscopy, secondary ion mass spectrometry,

and Auger spectroscopy, energy dispersion analysis, and

outlined in [21]. These structures are schematically shown

in Fig. 1, a.
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Figure 1. Schematic representation of samples obtained using: a — TVE method; b — hybrid method of TVE/LB. The vertical arrows

show the direction of diffusion and the gradient of Fe concentrations that occur during annealing. Region I — region of CdS:Fe solid

solution, region II — region of FeS nanoparticles precipitation.

The third batch of samples was fabricated using TVE/LB

hybrid method, when the CdS layer was obtained by

TVE on a mica substrate using the above-described mode,

and then an iron-containing coating was applied to the

surface of the CdS layer by LB method. These structures

are schematically shown in Fig. 1, b.

LB technology and its capabilities are described in [31].
The studied samples were obtained as follows. To obtain

organic coatings structured with iron, a film of monolayers

of iron arachinate (ArchFe), obtained by LB method, was

deposited on CdS. To form the monolayers, arachic acid

(produced by Sigma Aldrich) was used, which was diluted

in chloroform to a concentration of 10−3 mol/l. Deionized

water and salt FeCl3 (Sigma Aldrich, chemically pure class)
were used in fabrication of the sub-phase. The concentration

and pH FeCl3 in water solution was 10−3 mol/l and

(4.2 ± 0.05) respectively. The indicated concentrations,

amounts, and pH of FeCl3 aqueous solution were selected

based on previous experiments and literature data [28],
which ensured the formation of a tightly packed monolayer

of ArchFe on the surface of the aqueous subphase. The

arachic acid in chloroform was introduced on the surface of

water subphase FeCl3 in the amount of 50 µl.

To fabricate, control the quality and transfer the mono-

layers they used KSV-Nima LB Through Medium KN 2002

(KSV-Nima, Finland) setup fitted with two movable barriers.

The monolayer on the surface of the aqueous subphase

was compressed at a rate of 25 mm/min until a tightly

packed monolayer was formed. The quality of obtained

monolayers was checked using π-A-isotherms. The transfer

of iron-containing monolayers to a solid substrate was

carried out while maintaining the given surface pressure of

17mN/m, which was determined by weighing the Wilhelmi

plate with an accuracy of 0.01mN/m. The air and subphase

temperature (23± 1) ◦C was kept constant. ArchFe

monolayers were transferred to a polycrystalline CdS film

by the Langmuir-Schaeffer method, in which the substrate

is oriented almost horizontally and is brought into easy

contact with the monolayer. A multilayer of X -type could be

obtained by repeating this operation. To increase the surface

density of Fe, 30 monolayers of ArchFe were deposited on

CdS surface. The presence of Fe and its surface density

were controlled by energy dispersion analysis methods

at all stages of [27]. After that CdS films with ArchFe

coating were annealed at a temperature of (545± 5) ◦C

during 15min. During annealing, organic matter was

oxidized and decomposed to form volatile compounds, and

Fe atoms were diffused deep into CdS. The presence of

Fe and its surface density were also controlled by energy

dispersion analysis methods. At the end of annealing,

ArchFe layer shown in Fig. 1, b practically disappeared and

lost its continuity — the organic component sublimated,

the density of Fe atoms registered on the surface decreased

by more than an order of magnitude, while the distribution

of Fe atoms over the sample depth was registered by the

secondary ion mass method-spectrometry [27].

Figure 1 shows the differences in the structures of the

obtained samples and their phase heterogeneity in depth,

depending on the fabrication method. In the first case, when

using only TVE method to create the studied structures

(Fig. 1, a), the diffusion of iron atoms took place from a

limited source located between the mica substrate and CdS

film, deep into CdS and was directed to the surface of the

film. The gradient of Fe concentration in the final (annealed)
structure is oriented in the opposite direction — from the

illuminated (working) surface of CdS to the substrate. In

this case, the precipitation of Fe atoms and the formation of

FeS nanoclusions occur at the substrate (i.e., in the depth of

CdS), and the formation of a solid solution of substitution

CdxFe1−xS — at the surface due to the low concentration

of Fe, which does not exceed its limiting solubility in CdS.

In the second case, when using TVE/LB hybrid technique

to create the studied structures (Fig. 1, b), an iron-containing

film being a source for diffusion, was applied over a

polycrystalline CdS film. In this case, the diffusion of iron

atoms was directed deep into CdS towards the substrate.

Technical Physics, 2026, Vol. 71, No. 5
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Figure 2. . VAC curves measured in darkness (curves 1, 2) and under illumination (curves 3, 4) plotted in a semilogarithmic scale, for

samples of
”
pure“ CdS (curves 1,3) and heterophase film samples of CdS:Fe (curves 2, 4) obtained using: a — TVE technology; b —

TVE/LB hybrid method..

Larger iron-containing inclusions were formed near the

surface; their sizes diminished with depth, and a region of

solid solution CdxFe1−xS was located closer to the substrate.

All the described processes of Fe diffusion in CdS and the

precipitation of FeS nanoinclusions with an estimate of the

precipitates’ geometry depending on their occurrence depth

were modeled and experimentally proved in [27].

It is expected that the location of the heterophase region

closer to the surface or substrate of the sample should

have a different effect on the photovoltaic characteristics

and their light stability. At the same time, the expected

change is not trivial and is completely predictable, since the

result is jointly affected by several processes that depend

on the chemical and phase compositions of the CdS:Fe film

material that are heterogeneous in depth, as well as the level

of its exposure.

2. Study of photoelectric dependencies

The photovoltaic characteristics were measured using a

probe station Cascade Microtech RM-5 probe and Agi-

lent B1500A analyzer. The probe station made it possible

to measure the volt-ampere characteristics (VAC) with a

required precision without applying metal contact pads

to the surface of hybrid structures: the distance on the

studied samples surface between the probe contacts was

maintained constant and equal to 0.8mm. Motic MLK-150C

halogen lamp was used to illuminate the samples during

measurements, providing an illumination intensity in the

plane of the sample surface of 20,000 lx . The directions

of the luminous flux and the lines of electric field strength

shown as dotted lines in Fig. 1 in the corresponding samples

were mutually perpendicular, which corresponded to the

transverse mode of photoconductivity. The transverse mode

of photoconductivity is outlined in more detail in [29].
The electric field strength lines shown in Fig. 1, together

with the directions of illumination, shed light not only on

the transverse mode of photoconductivity, but also on the

sample areas through which current flows predominantly in

this mode.

It should be stressed that in case of transverse photo-

conductivity, current flows through the near-surface layers

of the semiconductor (up to 1µm thick), in which the

resistance changes most effectively when illuminated (the
light absorption coefficient for CdS in visible range is

(5.5−7.0) · 104 cm−1) [29]. The voltage between the

contacts varied from −10 to +10V with a step of 0.1 V.

Figure 2 shows typical VAC measured under illumination

and in the dark for
”
pure“ CdS samples and heterophase

CdS:Fe film samples obtained using TVE technology and

TVE/LB hybrid method. Due to significant photosensitivity

of the samples and the current values, which vary by

orders of magnitude with modification of CdS composition

and illumination, semilogarithmic scale of the graphs was

used. From Fig. 2, a it can be seen that dark currents

and currents under illumination in CdS:Fe samples were

obtained using only TVE method and having an equivalent

structure Fig. 1, a, are slightly less than for
”
pure“ CdS,

especially at low voltages. For CdS:Fe samples fabricated by

TVE/LB hybrid method (Fig. 2, b), dark and
”
light“ currents

exceed the currents for
”
pure“ CdS over the entire voltage

range, and more noticeably at high voltage values.

As seen from the Fig. 2 the dark currents passing through

the samples of
”
pure“ CdS (Idark 0) and modified samples

of CdS:Fe (Idark ,) obtained by various methods were

compared. D, L, and k parameters have been introduced

to help quantify changes in the photovoltaic characteristics

of the studied samples. Parameter D, corresponding to

the ratio Idark 0/Idark , illustrates how CdS modification
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Parameters D, L, k for the samples of
”
pure“ CdS and heterophase film samples of CdS:Fe fabricated using TVE method (CdS:Fe (TVE))

and hybrid method of TVE/LB (CdS:Fe (TVE/LB))

Sample type D L k

CdS − − 2.4 · 104−4.5 · 104

CdS:Fe (TVE) 1.1−1.4 3.0−6.0 1.8 · 104−3.2 · 104

CdS:Fe (TVE/LB) 0.49−0.55 0.09−0.14 7.0 · 104−14.6 · 104

method influences the dark currents and the dark resis-

tances, accordingly. Also, the values of L were analyzed

corresponding to the ratio I light 0/I light , where I light 0 —
value of photocurrent under illumination of 20 000 lx ,

passing through
”
pure“ CdS, and I light — photocurrent

passing through the modified CdS:Fe sample at the same

level of illumination. The values of these parameters are

given in the Table below. Since the changes in dark currents

and photocurrents vary depending on the voltages, the table

shows the range of values obtained. Also, the table gives the

values of parameter k — ratios of photocurrent I light under

illumination of 20 000 lx — to the value of dark current

Idark for each of the studied structures. The values of k

parameter indicate the photosensitivity of the test sample,

i.e. a change in the electrical conductivity of the test film

when exposed to light.

Apparently, the values of D and L, which are less than

one, evidence an increase in the corresponding currents in

CdS:Fe samples compared to the initial unmodified CdS

films.

It follows from the table that in CdS:Fe (TVE) samples

the dark current decreased by 10%−40% compared to

the initial CdS film, which may be associated with a

higher resistance due to the formation of additional Fe

recombination levels in CdS band gap during the formation

of CdxFe1−xS substitution solid solution in the near-surface

region of the sample (Fig. 1, a). Light current values

also decreased due to the increased recombination rate,

resulting in a diminished photosensitivity at 25%−28%.

The formation of recombination levels during introduction of

Fe into CdS and the formation of a solid solution is indirectly

proved by publications [25,32,33], in which the authors

studied the luminescence and absorption spectra of CdS and

CdS:Fe. Thus, in the article [32] based on the change in the

absorption and luminescence spectra, the authors concluded

that energy levels of the dopant Fe appeared, corresponding

to the red emission peak near 640 nm, and the number of

induced sublevels increased with a growing concentration

of Fe. The authors [25] found that doping of CdS with

iron is an important parameter for the occurrence of new

photoluminescence peaks and quenching of the main peak

in CdS crystals with Fe. The authors associate this effect

with positively charged excited centers of Fe. Following the

authors [33], who observed a luminescence band caused by

divalent iron ions with a maximum peak at 707.9 nm, the

authors [25] concluded that Fe acts as a killer center (a

recombination center, capturing electrons and holes) in CdS

and quenches or significantly diminishes the luminescence

phenomena.

For CdS:Fe (TVE/LB) samples, the dark current did not

decrease compared to the initial unmodified CdS sample,

but grew by approximately 1.8−2.0 times, which can be

explained by a lower resistance in CdS:Fe (TVE/LB) film

because of formation of more conductive, compared to CdS,

iron-containing nanoclusters on its surface (Fig. 1, b), but,
as follows from the table and Fig. 2, b, the photocurrents

in the modified sample also increased significantly, and a

way more significantly than the dark currents, which led

to the growth of photosensitivity of CdS:Fe compared to

the initial
”
pure“ CdS film by 7−14 times. The effect of

increasing photosensitivity can be explained by the fact that

light absorption occurs in the region of FeS precipitates

formation (Fig. 1, b). The effect of current change in

multiple times upon illumination in heterophase materials

and structures can be caused by various mechanisms and

was observed earlier for both organic [34] and inorganic [35]
and hybrid materials. For example, a similar effect was

previously observed in heterophase materials CdS–PbS [36]
and was explained by a decline in the recombination rate

of nonequilibrium charge carriers due to the outflow of

radiation and technological defects into nanosized inclusions

of PbS [37,38].
In addition to the analysis of the current-voltage char-

acteristics (stationary approach), also, the kinetic charac-

teristics of the current were studied to determine their

light instability peculiar to many photosensitive materials.

The measurements were carried out with the switched on

illumination with intensity of 20 000 lx for 7.5min with

a periodic light switching off for 7.5min under constant

voltage −6V. The total time of illumination was 30min.

The obtained current versus time curves are given in

Fig. 3.

By light instability we mean the change in the pho-

toelectric characteristics of a semiconductor sample over

time at constant illumination, depending on the sample’s

illumination history or duration of illumination. One of the

signs of light instability is photofatigue of a semiconductor

material that was exposed to a light flux for a long

time [38]. Photofatigue is understood as a decline in

photocurrent through a sample during illumination with

a constant intensity. Photofatigue is calculated as the

ratio of photocurrents at a given voltage before and after

Technical Physics, 2026, Vol. 71, No. 5
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Figure 3. Dependences of current on time during periodic switching on of illumination with the same intensity for CdS:Fe obtained:

a — by the TVE method; b — by method using LB technology (TVE/LB).

illumination of the sample. If the photofatigue coefficient

is greater than one, this usually indicates degradation of

photosensitivity (a decline in photocurrent and an increase

in dark current). There are known cases of the so-

called negative photofatigue [37,38], when after prolonged

exposure the photocurrent rises, but the photosensitivity (the
ratio of photocurrent to dark current at a given voltage)
increases or remains constant.

For CdS:Fe obtained by TVE method, when the illumi-

nation is turned on, a small (up to 5%) photofatigue (a
decrease in current over time at a fixed illumination) typical
for CdS is observed, which is clearly visible in Fig. 3, a. This

adversely affects the material photosensitivity. At the same

time, the values of light and dark currents also decreased

slightly from pulse to pulse.

For a heterophase CdS:Fe (TVE/LB) sample at the

surface, obtained using a hybrid method, the type of

current dependence on time with periodic switching on of

illumination is noticeably different (Fig. 3, b). When the light

was switched on, both during one pulse and from pulse

to pulse, the photocurrent tended to increase rather than

decrease — during the pulsed illumination (a total of 30

min), the photocurrent grew on average 60% of the initial

value every time the light was switched on, and over the

entire illumination period this increase was 200%. A similar

effect, called
”
negative photofatigue“ [37], was previously

observed by several groups of authors in heterophase

materials based on CdS [37,38] and was explained by

the presence of narrow-band nanoscale inclusions [37] and
the occurrence of specific photochemical reactions [38].
Significant changes in photocurrents can be associated

with such a photochemical reaction as the photostimulated

release of donors from drains (FeS) into the main volume

of CdS film. This reaction is characterized by a fairly long

characteristic process time, but further research is required

to confirm this assumption.

Conclusion

Thus, in this study, the photoelectric characteristics of

CdS:Fe film samples obtained by TVE and using a technique

including the LB method. A comparative analysis of

dark currents and photocurrents in stationary and kinetic

modes was carried out for the
”
pure“ polycrystalline CdS

films and heterophase CdS:Fe samples. A comparison of

the photoelectric characteristics and parameters of CdS:Fe

samples obtained by different methods showed that both

batches of samples have photosensitivity in the visible region

of the spectrum, but the nature of the change in currents is

diametrically opposed: the dark currents and photocurrents

of heterophase CdS:Fe samples fabricated by TVE method

decline, while for the films obtained by hybrid technology

they increase. Over time, under constant illumination, the

sensitivity of CdS:Fe samples obtained using TVE method

decreases slightly. For CdS:Fe samples obtained using

the hybrid TVE/LB method, the phenomenon of negative

photofatigue is observed in the kinetic dependences. The

observed differences are explained by different location of

the precipitation region of FeS nanoinclusions relative to the

illuminated surface of the sample. After diffusion in the first

case (LB technology), the largest nanosized FeS precipitates

are formed near the illuminated surface, and in the second

case (thermal evaporation in a vacuum) they are formed

closer to the substrate.

Thus, the prospects of a hybrid technique using LB

method for the formation of CdS–FeS heterophase structure

are highlighted, the use of which made it possible to create

a material with an extended range of properties and not

only preserve, but also increase the material photosensitivity

by more than an order of magnitude. The algorithm

for obtaining heterophase CdS–FeS films using only TVE

method, considered herein, may turn out to be effective

only for ultra-thin CdS films (thickness less than 1µm),

Technical Physics, 2026, Vol. 71, No. 5
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since in this case it is possible to expand the precipitation

region to the thickness of the entire film.
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