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Abstract. In this work, the optical properties of nanocrystalline CdS films in the initial state
and after ion-plasma treatment have been studied. The chemical bath deposition technique
was used to prepare CdS films with thickness 80—115 nm on glass substrates. The ion-plas-
ma treatment was carried out in argon plasma in a high-density low-pressure radio frequency
inductively coupled plasma reactor at an argon ion energy of 25 ¢V for 30—50 s. It has been
established that ion-plasma treatment leads to a decrease in film thickness by 10—15% of the
initial one and the formation of new nanostructures on its surface. The results showed that the
sizes of coherent scattering regions during plasma treatment decreased for a series of studied
samples from 8.2—10.0 nm to 6.3—7.7 nm. This led to an increase in the band gap energy of
the for nanocrystalline CdS films from 2.53—2.78 eV to 2.95—3.11 eV.
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AnHoraumua. B pgaHHOIT paboTe uccaeaoBaHO BIMSHHUE TIUIa3MEHHOW o00paboTKM Ha
ONTHUYECKME CBOMCTBA HAHOKpUCTANIMYECKUX TJIeHOK CdS TonmuHoi 80—115 HM, MOJIy4YeHHBIX
Ha CTEKJSHHBIX MOMIOXKAaX METOAOM OCAXIEeHUSI M3 XMMUYECKOW BaHHBI. Pe3yabraThl
TokKasaju, 4To Tia3MeHHass oopabotka ruieHok CdS mpu 25 3B B Teuenue 30—50 ¢ mpuBoauT
K YBEJIMUYCHUIO ONTUUECKON IMMPUHBI 3alpeleHHo 30HbI ¢ 2,53—2,78 3B mo 2,95—3,11 3B.
Takoe yBenmueHMe 3HAYCHWI IIMPUHBI 3aIIPEIICHHOM 30HBI IJICHOK CBSI3aHO C YMEHBIIICHUEM

pa3MepoB 00JlacTeil KOrepeHTHOro paccesiHusl (padMepa KpuctamiuroB) ¢ §,2—10,0 HM 1o
6,3—7,7 HM.

KmoueBbie ciioBa: cynbbun KaaMusi, TOHKUE TIEHKW, XMMUUYECKOe OCaxXkJIeHuWe B BaHHE,
ria3MeHHast 00paboTKa, CIEeKTPbl MPOMYCKAHUsI, SHEPTUS 3aMpPellieHHON 30HbI
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Introduction

Cadmium sulphide (CdS) is an important semiconductor of II-VI group with a band gap of
2.42 eV for the hexagonal modification, which has potential application in nanoelectronic and
optoelectronic systems, in particular thin-film solar cells and photocathodes. Today, improving
the efficiency of thin-film solar cells and photocathodes is a current research problem.

In solar cells, films of CdS are used as a buffer layer between the transparent conductive
oxide (ZnO) and the light-absorbing layer to improve their interface. The buffer layer should
have minimal absorption losses, low surface recombination, and minimal electrical resistance
during the transport of photogenerated carriers. The CdS films is the most preferred among
the known materials, but it has optical absorption losses, especially in the shortwave range. As
noted in the literature, the photogeneration of charge carriers can be maximized using buffer
materials with minimal recombination losses by a wider extension of the space charge region in
the absorbing layer [1]. Therefore, the development of methods for controlling surface properties
is of absolute relevance. And, an actual direction of CdS research in recent years is the formation
and study of nanostructured materials with controllable properties. One of the effective methods
of nanostructuring is the method of ion-plasma treatment [2]. Its effect is generally due to
both the introduction of impurity atoms and various processes associated with the action of
an ion beam (ion etching, ion-stimulated diffusion, the formation of disordered regions due to
the accumulation of point defects, etc.). For example in [3], it was shown that oxygen plasma
treatment of CdS allows to reduce parasitic absorption of the device and leads to an increase in
the short-circuit current density of Sb,(S,Se), solar cells. It was found that Ar-plasma treatment
of thermally evaporated In,S, thin films, which are also used as a buffer layer in solar cells,
leads to the formation of an array of metallic indium nanostructures on their surface and an
increase in optical absorption, but the band gap width decreases by 0.21 eV [4]. Such metallic
nanostructures on the semiconductor surface can form a Schottky barrier, which acts as an
electron trap and, accordingly, can effectively prevent the recombination of photo-generated
electron-hole pairs [4]. In [5] showed that the electrochemically deposited CdS films after cold
plasma-surface modification change their surface from hydrophobic to hydrophilic, and have a
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long average lifetime with a rapid reduction time constant, indicating a high quality films with
low trap density. In [6], in order to improve the photovoltaic characteristics of Sb,Se, films for
application as photocathodes for H, generation via solar-driven water splitting, an approach to
plasma treatment of N, and ambient air was developed. After plasma treatment, the surface of
Sb,Se, films also changed from hydrophobic to hydrophilic, which provided a significant increase
in photocurrent density by 3-fold compared to the untreated film and improved H, generation via
light-driven water splitting. Thus, plasma treatment can be an effective way to form an intrinsic
nanostructure for chalcogenide materials.

The aim of this work was to study the effect of ion plasma treatment on the optical characteristics
of CdS films obtained by chemical bath deposition for further modification of the physical
properties of various devices based on this material.

Materials and Methods

In our experiments the chemical bath deposition (CBD) technique was used to prepare CdS
thin films (80—115 nm). The resulting solution in the bath used for CdS preparation, composed of
90 ml deionized water, 30 ml NH,OH (wt 25%), 40 ml 0.0096M CdSO, as a source of cadmium
and 40 ml 0.8M CS(NH,), as a source of sulphide [7]. The deposition is performed at a bath
temperature of 50—70 °C for 5—20 min onto pre-cleaned glass substrates. The ion-plasma treatment
was carried out in Ar plasma in a high-density low-pressure radio frequency inductively coupled
plasma reactor at an Ar ion energy of 25 eV for 30—50 s [8]. The elemental composition was
obtained using energy-dispersive X-ray spectroscopy (EDS) on AZtecLive Advanced with Ultim
Max 40 (Oxford Instruments). The structural properties of films were studied by using Ultima IV
X-ray diffractometer (Rigaku) in grazing incidence X-ray diffraction geometry at 1 degree with
CuK  radiation source (A = 1.5418 A). Morphological of films was analyzed using an H-800
scanning electron micro-scope (SEM, Hitachi) with a resolution of 0.2 nm. The transmission and
reflection spectra of the films were obtained using Photon RT (Essent Optics) spectrophotometer
with spectral resolution better than 4 nm using unpolarized light at room temperature.

Results and Discussion

The elemental composition of the deposited CdS films on glass substrate is sulphur 42.5—50.0 at.%
and cadmium 50.0—57.5 at.%. It did not change after ion-plasma treatment.

Figure 1 shows typical the X-ray diffraction patterns of the synthesized CdS films in initial
state and after plasma treatment. The three peaks observed in the XRD pattern of the deposited
CdS films: a strong reflection at (111) and two minor peaks at (220) and (311), correspond to a
cubic structure of the space group F 43m according to the Powder Diffraction File for CdS (PDF
no. 75-1546). The cubic crystal structure of the synthesized CdS films is retained after plasma
treatment no matter of its duration (30—50 s) at an ion energy of 25 eV. Moreover, for the plasma-
treated films, no additional diffraction peaks concerning the formation of secondary phases or
the hexagonal phase of CdS have been identified. It is known that the most common phase of
the bulk CdS crystal is the hexagonal structure, while the cubic phase of CdS is metastable and
appears in low-dimensional structures [9]. This indicates the nanocrystalline nature of the CdS
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Fig. 1. Typical X-ray diffraction patterns of the CdS film before and after plasma treatment
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thin films in the initial state and after ion bombardment. The presence of a broad diffraction
peaks is probably due to small grain size and/or a thin layer of CdS presenting a broad noisy
background [9].

After plasma treatment of CdS films, the intensity of all peaks on the X-ray pattern is
significantly reduced, while the predominant orientation still remains in the direction of the
(111) plane (Fig. 1). The Full Width at Half Maximum values of the main diffraction peak for
the deposited films are about 1.9, which increases to ~5.4 after plasma treatment. At the same
time, a shift of the main diffraction peak towards higher diffraction angle values (0.19°) compared
to that of the untreated films and a slightly decrease in the interplanar spacing from 0.334 to
0.331 nm according to the Bragg’s equation (24, sin® = A) are observed. The calculated value of
the interplanar spacing for the deposited films is less than the theoretical value (d = 0.33601 nm,
PDF no. 75-1546), indicating the appearance of compressive strain in the crystal lattice, which
increases after ion bombardment of films. It is the explanation for the decrease in intensity,
broadening and shift of the diffraction peaks in the X-ray pattern for the plasma-treated films.
An average size of coherent scattering regions (crystallite sizes), calculated using the Scherrer
equation, decreased from 8.2—10.0 nm to 6.3—7.7 nm during plasma treatment for a series of
studied CdS films.

It was found that ion-plasma treatment leads to modification of morphology of nanocrystalline
CdS films (Fig. 2).

before (@) and after plasma treatment (b)

In the process of ion sputtering, a decrease in the film thickness by 10—15% of the initial one
and the appearance of new nanostructures on their surface are observed. It is the result of the
etching in plasma. As an example, the cross-section SEM images of CdS films shown in Fig. 2
demonstrate the reduction in film thickness after plasma treatment, and it is also seen that the
cadmium sulphide layer becomes denser with smaller crystals. The surface of the initial deposited
films is a collection of spherical CdS nanoparticles with sizes ranging from 30 to 100 nm (Fig. 2, a).
Whereas ion-plasma treatment leads to nanostructuring of the surface in the form of formation
of a homogeneous ensemble of vertical nanorods up to 20—30 nm high with lateral dimensions at
the base of less than 15 nm (Fig. 2, b), the surface density of which is about 2-10'' cm™.

Changing the structural parameters and morphology of the CdS films leads to a change in
their optical properties, which is shown on the example of one of the samples in Fig. 3. The
presented optical spectra show that plasma treatment of the films results in a slight increase in
transmission and, accordingly, a decrease in reflection (Fig. 3, a). All CdS films before and after
plasma treatment were characterized by a sloping fundamental absorption edge, which shifts to
high energies (smallest wavelength) as a result of ion bombardment.

Based on the analysis of the transmission and reflection spectra, the values of the band gap
energy (Eg) were determined (Fig. 3, ). The obtained value of £ = 2.53—2.78 eV for deposited
CdS films differs from the reported values for the hexagonal (2.4f eV) and cubic (2.34—2.58 eV)
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Fig. 3. Reflection and transmission spectra for CdS film before and after plasma treatment (a). Tauc
plots and band gap values evaluation for as prepared and after plasma treatment CdS (b)

phases of CdS [7,9]. An increase in the E from 2.53—2.78 to 2.95—3.11 eV was observed for
all samples after ion-plasma treatment. An increase in E as a result of plasma treatment is
due to the manifestation of the quantum-size effect (the quantum confinement of carriers
inside the grains) [10, 11]. For example, Cortes et al. report a clear increase in the band gap with
decreasing grain size in CdS films, which is associated with quantum confinement and confirm by
calculations of an inverse square dependence of the shifting band gap energy with grain sizes [9].
In our case, as noted above, during the ion bombardment of the CdS films, the grain sizes
decrease and new nanostructures are formed on the surface of films in the form of ensembles of
nanorods, smaller in size compared to the nanocrystals before plasma treatment. For example,
such an increase in the optical band gap of the CdS films is useful for thin-films solar cells, where
it is used as a buffer layer. An increasing the band gap energy of CdS minimizes optical absorption
losses in the buffer layer, especially in the shortwave range. This will lead to increased current
generation at lower wavelengths and, accordingly, can improve the efficiency of solar cells [12].

Conclusion

The results of this work showed that ion-plasma treatment of nanocrystalline films of cadmium
sulphide with 80—115 nm thickness promotes the formation of nanostructures of smaller sizes,
which provides an increase in the band gap energy due to the realization of quantum size effects.
The report compares the obtained data with literature data and analyzes the physical reasons for
the changes in the structural parameters of films during ion-plasma treatment.

REFERENCES

1. Ruiz-Ortega R.C., Esquivel-Mendez L.A., Gonzalez-Trujilo M.A., Hernandez-Vasquez C.,
Matsumoto Y., Albor-Aguilera M.L., Comprehensive Analysis of CdS Ultrathin Films Modified by the
Substrate Position inside the Reactor Container Using the CBD Technique, ACS Omega. 8 (2023)
31725-31737.

2. Levchenko 1., Ostrikov K., Nanostructures of various dimensionalities from plasma and neutral
fluxes, J. Phys. D: Appl. Phys. 40 (8) (2007) 2308—2319.

3. Zang R., Wang H., Peng X., Li K., Gu Y., Dong Y., Yan Z., Cai Z., Gao H., Sheng S., Tang R.,
Chen T., Effect of substrate temperature and oxygen plasma treatment on the properties of magnetron-
sputtered CdS for solar cell applications, JUSTC. 54 (6) (2024) 0604.

4. Rasool S., Saritha K., Ramakrishna Reddy K.T., Tivanov M.S., Korolik O.V., Gremenok V.F.,
Zimin S.P., Amirov L.1., Effect of Ar-plasma treatment and annealing on thermally evaporated 3-In2S3
thin films, Adv. Nat. Sci.: Nanosci. Nanotechnol. 14 (2023) 025010.

5. Khadayeira A.A., Najima F.A., Wanasa A.H., Modification in morphological, structural,
photoluminescence and antibacterial properties of SnS and CdS thin films by cold plasma treatment,
Chalcogenide Letters. 18 (7) (2021) 385—396.

56



4 Condensed matter physics >

6. Costa M.B., Araujo M.A., Paiva R., Cruz S.A., Mascaro L.H., Plasma treatment of electrodeposited
Sb,Se, thin films for improvement of solar-driven hydrogen evolution reaction, Chemical Engineering
Journal. 485 (2024) 149526.

7. Gremenok V.F., Zaretskaya E.P., Stanchik A.V., Buskis K.P., Pashayan S.T., Tokmajya A.S.,
Musayelyan A.S., Petrosyan S.G., Study of structural and optical properties of CdS thin films
depending on chemical deposition time, Optics and Spectroscopy. 132 (2024) 161—168. (in Russian).

8. Zimin S., Gorlachev E., Amirov I., Inductively Coupled Plasma Sputtering: Structure of IV-VI
Semiconductors, Encyclopedia of Plasma Technology, CRC Press, New York, 2017.

9. Cortes A., Gomez H., Marotti R.E., Riveros G., Dalchiele E.A., Grain size dependence of the
bandgap in chemical bath deposited CdS thin films, Solar Energy Materials & Solar Cells. 82 (2004)
21-34.

10. Brus L., Electronic wave functions in semiconductor clusters: experiment and theory, J. Phys.
Chem. 90 (12) (1986) 2555—2560.

11. Yoffe A.D., Low-dimensional systems: quantum size effects and electronic properties of
semiconductor microcrystallites (zero-dimensional systems) and some quasi-two-dimensional systems,
Advances in Physics. 42 (2) (1993) 173—262.

12. Siebentritt S., Alternative buffers for chalcopyrite solar cells, Solar Energy. 77 (2004) 767—775.

THE AUTHORS

STANCHIK Aliona V. KHOROSHKO Vitaliy V.
alena.stanchik@bk.ru khoroshko1986@gmail.com
ORCID: 0000-0001-8222-8030

ZIMIN Sergey P.

BUSKIS Konstantin P. zimin@uniyar.ac.ru

konstantinbuskis@gmail.com

ORCID: 0000-0001-9920-8159 AMIROV Ildar 1.
ildamirov@yandex.ru

GREMENOK Valery F. ORCID: 0000-0001-5273-3298

gremenok@physics.by

ORCID: 0000-0002-3442-5299

KABYLIATSKI Aliaksandr V.
kobylyackiy.sasha@mail.ru

Received 12.07.2024. Approved after reviewing 29.07.2024. Accepted 30.07.2024.

© Ppeter the Great St. Petersburg Polytechnic University, 2024
57



