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This study explores the growth of Sb2Ses films on soda-lime glass (SLG) surfaces using the chemical molecular beam deposition (CMPD)
method at a substrate temperature of 500°C. High-purity binary compounds, Sb2Ses and Se, were employed as source materials for film
deposition. Scanning electron microscopy (SEM) was employed to investigate the morphological characteristics of the SbaSes films.
Furthermore, the influence of temperature on the grain size and crystallographic orientation in selenium films was examined. Samples were
obtained from a selenium source at temperatures of 370°C and 430°C. The results indicate that increasing the temperature of the selenium
source results in the formation of larger grains and the presence of rod-shaped grains of Sb2Ses aligned parallel to the substrate. A sample
obtained at 370°C exhibited grains larger than 2 um in size, evenly distributed across the substrate surface, indicating a uniform growth process.
In contrast, when the temperature of the selenium source was raised to 430°C, considerably larger grains measuring approximately 4 pm were
detected on the film surface substrate. X-ray diffraction analysis was conducted to gain insights into the crystalline phases and crystal structure
of the SbzSe; films synthesized under different temperatures of the selenium source. The X-ray diffraction patterns displayed prominent peaks
corresponding to the crystallographic planes (221) and (211), indicating the presence of strong crystalline phases. Additionally, peaks such as
(020), (120), and (310) were observed in the X-ray patterns, further confirming the crystallinity of the films.
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1. INTRODUCTION

Antimony selenide (Sb»Ses) has emerged as one of the most promising absorber materials for the development of next-
generation thin-film solar cells, due to its outstanding photovoltaic performance. The remarkable properties of Sb,Ses,
including its simple crystal structure, substantial absorption coefficient exceeding 10° cm™, ideal band gap within the 1.1
1.3 eV range, and significant mobility, approximately 10 cm?V~!s™! [1], make it a highly attractive candidate for advanced
thin-film solar cells. One distinct advantage of SboSes, compared to more established thin-film solar cells, specifically Copper
Indium Gallium Selenide (CulnGaSe(S)s, referred to as CIGS) and Cadmium Telluride (CdTe), is its cost-effectiveness.
Both antimony (Sb) and selenium (Se), the constituent elements of Sb,Se;s, are widely available and exhibit lower toxicity.
As such, we can anticipate that Sb,Ses technology will become a serious competitor in the mass production of thin-film
photovoltaic modules. It has been discovered that [hk1]-oriented (vertically oriented) Sb,Se; film is superior for efficient
charge carrier transfer compared to the [hkO]-oriented Sb,Ses compound film. However, controlling the orientation of the
thin film remains a significant hurdle to further enhancing the efficiency of Sb,Ses-based solar cells. It should be noted that
during the synthesis of Sb,Se; films via physical methods, a considerable amount of Se is lost due to film decomposition
into Sb, Se, and SbSe. This results in the formation of Se vacancies, which subsequently increase the density of recombination
centers in the films [2]. These changes have a negative impact on the optical and electrophysical properties of the solar cells.
To mitigate this issue, researchers propose additional heat treatment in Se vapor. Zhigiang Lee [2] has successfully produced
thin film Sb,Se; using a co-evaporation method of Sb,Ses and Se [3, 4], whilst Shongalova [5] has introduced a method for
creating Sb,Ses films by sputtering, followed by "selenized" annealing in a H,Se gas atmosphere. These innovative solutions
illustrate the ongoing advancements in the field, paving the way for the full realization of Sb,Se; potential in next-generation
solar technology.

Sb,Se; films are used various methods precipitation: thermal evaporation [6-7], gas transport evaporation [8, 9]
method sublimation in a closed vacuum [10] and magnetron sputtering [11]. In this work, first time to grows films Sb,Ses
for solar cells by chemical molecular beam deposition (CMBD) method. In this study, we investigate the growth of Sb,Ses
films on SLG substrates using the CMBD method.

2. MATERIALS AND METHODS
Installed technological mode optimal grow Sb,Se; films on surfaces SLG (soda- lime glass ) by the method chemical
molecular beam precipitation (Fig. 1). The experimental system was prepared by purging hydrogen to eliminate atmospheric
pollutants. The SLG substrates with dimensions of 2.0x2.0 cm? were used for film deposition. To obtain Sb,Se; films with
enriched selenium content and stoichiometric composition, the partial pressure of Se in the steam phase was adjusted during
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the growth process. The substrate temperature was maintained at 500°C, while the temperatures of the source elements were
varied within the ranges of 350°C to 430°C for Se and 700°C for Sb,Se;. The growth rate was controlled between 0.1 to
1 A/sec, and a hydrogen flow rate of WH, = 20 cm?/min was maintained.

Granules of Sb,Ses and high-purity Se (99.999%) were utilized as the source materials. These compounds were placed
in separate containers within the experimental setup. The morphological properties of the films were examined using a
scanning electron microscope (SEM-EVO MA 10). The film compositions were determined by energy-dispersive elemental
analysis (EDX) using an Oxford Instrument Aztec Energy Advanced X-act SDD detector. The crystal structure and phase
composition were analyzed using X-ray diffraction (XRD) with a Panalytical Empyrean diffract meter, employing CuKa
radiation (L = 1.5418 A) and 20 measurements in the range of 20° to 80° with a step size of 0.01°. The phase composition
analysis was conducted using the Joint Committee on Powder Diffraction Standards (JCPDS) database.
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Figure 1. a) Schematic diagram of the system; b) Schematic image method chemical molecular beam deposition 1, 2 — substrate
and its holder , 3- heater substrates , 4- heaters sources , 5-sources evaporated component (Sb2Ses; and Se), 6- hydrogen gas
carriers (Hz), 7- flange holder, 8-hydrogen inlet, 9-hydrogen outlet, 10-thermocouple

3. RESULTS AND DISCUSSION

Morphological properties. The obtained SEM images revealed the morphological characteristics of the SboSes films,
while the EDX analysis confirmed their elemental composition.

This study investigates the influence of temperature on grain size and crystallographic orientation in selenium films.
A sample was obtained from a selenium source at temperatures of 370°C and 430°C. The characterization of the samples
was performed using microscopy techniques, and the results were analyzed to understand the relationship between
temperature and the observed grain size and crystallographic orientation. Our findings indicate that increasing the
temperature of the selenium source leads to the formation of larger grains and the presence of rod-shaped grains of Sb,Ses
aligned parallel to the substrate. These observations are consistent with the collected data, which also revealed an increase
in the peak texture coefficients (hk0) at the temperature of 430°C.

Upon analyzing the sample obtained at 370°C, grains larger than 2 um in size were observed. These grains exhibited a
uniform distribution across the substrate surface, indicating a uniform growth process. However, when the temperature of the
selenium source was raised to 430°C, considerably larger grains measuring approximately 4 um were detected on the film
surface substrate. The increase in temperature led to the formation of larger grains, which can be attributed to enhanced
diffusion and coalescence processes during film growth.

Furthermore, rod-shaped grains of Sb,Se; were observed in the sample obtained at 430°C. These grains aligned
themselves parallel to the substrate, as depicted in Figure 2. The formation of Sb,Se; grains can be attributed to the reaction
between antimony (Sb) impurities present in the selenium source and the substrate material. The alignment of these rod-
shaped grains suggests an epitaxial growth mechanism on the substrate surface.

The XRD analysis revealed that the peak texture coefficients (hk0) began to exhibit an increase at the temperature
of 430°C. This finding indicates a preferential crystallographic orientation in the film, which can be attributed to the growth
conditions and the interaction between the deposited selenium and the substrate material. The increased peak texture
coefficients further support the observed larger grain size and the presence of Sb,Se; rod-shaped grains.

These observations are consistent with our data, as the presence of larger grains can positively impact the
performance of solar cells by reducing recombination losses. Larger grains tend to have fewer defects along their
boundaries, which can lead to improved efficiency in converting solar energy. In conclusion, our results demonstrate that
temperature influences grain size and texture in the selenium film. The larger grain size observed at higher temperatures
suggests the potential for enhanced solar cell performance.

Table 1 presents the chemical composition of the elements in the deposited Sb,Ses films. The analysis using an
energy dispersive elemental analyzer revealed that the Sb/Se atomic concentration ratio decreased as the selenium
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temperature increased from 350°C to 430°C, approaching the stoichiometric composition of Sb/Se~0.66. This indicates
that the selenium content in the Sb,Se; thin films increased with higher selenium flow. At a selenium source temperature
of 350°C, the Sb,Ses film was selenium-poor. However, at higher temperatures, the compound films approached a
stoichiometric composition with an Sb/Se ratio of 0.68, which was achieved at a selenium source temperature of 430°C.
It is evident that the temperature of the selenium source plays an important role in obtaining high-quality Sb,Ses films.

Stoichiometric, vertically oriented Sb,Se; grains larger than 4 um were successfully obtained at a selenium
temperature of 430°C, which are considered beneficial for charge carrier transport.

Figure 2. SEM images of SbaSe; films at different selenium temperatures: a) 350°C; b) 370°C; ¢) 400 °C; d) 430°C

It is worth noting that Sb,Se; films exhibit p-type conductivity. However, some samples of Sb,Se; may exhibit n-
type conductivity due to the presence of Sb impurities. Additionally, the presence of (Vs.) defects can also contribute to
n-type conductivity or act as donors [12].

Table 1. Chemical compound Sb2Ses films at various temperatures selenium source

Tse, T substrate, weight percentage, % Atomic percentage, % Sb/Se
(Temperatures of °C Sb Se Sb Se
Selenium source °C)
350 500 53.3 46.7 0.43 0.59 0.74
370 500 52.6 474 0.43 0.60 0.72
400 500 51.8 48.2 0.42 0.61 0.70
430 500 51.2 48.8 0.42 0.618 0.68

The implications of the Sb/Se atomic concentration ratio approaching the stoichiometric composition in Sb,Se; films
are significant. The stoichiometric composition represents the ideal ratio of antimony (Sb) to selenium (Se) atoms in
Sb,Ses. When the Sb/Se ratio approaches this stoichiometric composition, the film exhibits optimal electrical properties.
This means that the film is more likely to have the desired characteristics for its intended applications, such as solar cells.
Achieving the stoichiometric composition helps in attaining the desired electronic band structure and charge transport
properties. Reduced Defects: Deviations from the stoichiometric composition can introduce defects in the crystal structure
of the material. By approaching the stoichiometric composition, the number of defects, such as vacancies or impurities,
can be minimized. Fewer defects lead to improved electrical and optical properties, as defects act as recombination centers
for charge carriers, reducing their lifetime and overall device performance.

Structural properties of Sb2Ses films. Figure 3 present the outcomes of the X-ray diffraction analysis, providing
insights into the crystalline phases and crystal structure of the Sb,Se; films synthesized under different temperatures of the
selenium source. The X-ray patterns exhibit distinct features, with notable observations regarding the intensity variations
of specific peaks in response to increasing temperature of the selenium source. The X-ray diffraction patterns display
prominent peaks corresponding to the crystallographic planes (221) and (211), indicating the presence of strong crystalline
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phases. Additionally, peaks such as (020), (120), and (310), are also obviously in the X-ray patterns. Notably, these peak
intensities demonstrate a dependence on the temperature of the selenium source, with alterations observed as the
temperature increases. The selenium source temperature of Ts.= 370°C, the XRD analysis reveals the disappearance of
weak peaks, including (020), (120), (310), (230), (240), (002), and (320), while the strong peaks (221) and (211) remain
raised. This suggests a distinct influence of the temperature on the crystal structure, leading to the elimination of certain
crystallographic planes at temperatures up to Tse = 370°C. Furthermore, a subsequent increase in temperature to
Tse =430°C induces a decrease in the intensities of the (221) and (211) peaks, while the weak peaks (020), (120), (230),
and (240) become significantly more pronounced. This temperature-dependent variation highlights the dynamic nature
of the crystal structure and phase composition of the Sb,Ses films. Moreover, an additional observation is made at
20 =29.66°, where a low-intensity reflex is detected in correspondence to the (101) peak. This reflex indicates the
formation of the Se phase, providing evidence of a distinct phase transition or phase presence within the Sb,Se; films
under the given experimental conditions. In summary, the XRD analysis of the Sb,Ses films elucidated valuable
information regarding their crystal structure and phase composition. The obtained results demonstrate the influence of
the selenium source temperature on the intensities of specific peaks, emphasizing the temperature-dependent alterations
in the crystal structure. Additionally, the identification of the Se phase further contributes to the understanding of the
film's structural properties.
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Figure 3. X-ray diffraction pattern of Sba2Ses films at different temperatures of the selenium source

To quantitate vela, study the orientation of Sb,Se; films, the texture coefficients (Tc¢) of diffraction peaks were
calculated based on the following equation [13]:

T = L) /(121: Loy j )
Loy N =" Lo

The intensities of the diffraction peaks, denoted as /s and Iymi), respectively, correspond to the measured and
standard X-ray diffraction patterns of SboSes; (JCPDS 15-0861) for the crystallographic planes (hkl). The determination
of the peak intensity is crucial for analyzing the crystal orientation and structural properties of the material under
investigation. Notably, the texture coefficient, TK, associated with the diffraction peaks signifies the level of orientation
prevalence along a specific direction. In the case of the examined samples, the high TK values observed for the diffraction
peaks indicate a pronounced orientation in the corresponding direction. Interestingly, at a selenium source temperature of
370°C, the TC values for crystallographic planes (hk0) in our samples tend to decrease. This initial decrease suggests a
deviation from the dominant orientation, possibly due to the effect of elevated temperature on the crystal lattice
arrangement. However, as the temperature of the selenium source continues to rise 370°C, a subsequent increase in the
TK values for the (hk0) planes is observed. The temperature of the selenium source plays a significant role in influencing
the crystal orientation and can result in distinct variations in the diffraction patterns of Sb,Ses. Further investigation is
necessary to comprehensively understand the underlying mechanisms behind these observed temperature-dependent
changes in crystal orientation and their implications for the materials properties.

4. CONCLUSIONS

In this study, we investigated the effect of temperature on grain size and crystallographic orientation in selenium
films. The results indicate that increasing the temperature of the selenium source leads to the formation of larger grains
and the presence of rod-shaped grains of SboSe; aligned parallel to the substrate. The observed grain sizes and
crystallographic orientations are in line with the collected data, as evidenced by the increased peak texture coefficients at
the temperature of 430°C. These findings contribute to a better understanding of the growth mechanisms and properties
of selenium films, which can aid in the development of tailored thin film technologies for various applications. Further
studies exploring the influence of other parameters on grain formation and crystallographic orientation are warranted to
expand our knowledge in this field. At a selenium source temperature of 430°C, large rod-like grains can be observed on
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the surface of the Sb,Ses film. Sb,Se; films Se -deficient at a selenium source temperature of 350°C. As the temperature
of the selenium source increases, the composition of the Sb,Ses sim approaches stoichiometric.
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BHUPOILIYBAHHSI IIVIIBOK Sb2Ses, SBATAYEHUX CEJIEHOM, 3A JOITOMOI'O10 XIMIYHOT'O
MOJIEKYJISIPHOT O OCAKEHHSI
Taxupm:kon M. Paszikos, Cyatannama A. My3adaposa, Pyxigain T. IOagomos, 3apapaxon M. XycaHos,
Mapryo6a K. XycanoBa, 3.C. Ken:xaea, B.B. Ioparimosa
Incmumym ¢hizuxu nanienpogionuxie i mixpoenexkmpouiku Hayionanvnozo ynieepcumemy Y3zoexucmany,
100057, Tawxenm, Y36exucman, eyn. Aneu Anmaszap, 20

VY upoMy OCIIPKEHHI BUBYEHO PIcT IUTiBOK SbaSe3 Ha MOBepXHAX BalHAHO-HATpieBoro ckia (SLG) 3a J0MOMOror MeToay XiMiyHOTO
MOJIeKyJsipHO-TIpoMeHeBoro ocapkeHnst (CMPD) npu temneparypi nigknaaku 500°C. BuxigauMu Matepianamu Uist 0CaKSHHS IUTIBOK
Oy BUKOPHCTaHI BHCOKOYHMCTI OiHapHi criomyku SbaSes ta Se. s mocimimkeHHss MOP(OIOTiYHUX XapaKTepUCTHK ILTIBOK SbaSes
BHUKOPHCTOBYBAJIH CKaHyIOUy eJeKTpoHHY Mikpockorito (SEM). Kpim Toro, Oyino ZociigKeHO BIUIMB TEMIIEpATypH Ha po3Mip 3epeH i
KpHCcTanorpadiyHy Opi€HTAalilo B IUTIBKaxX ceJieHy. 3pa3ku OTPUMYBAJIH 3 JDKepena ceneHy npu temmneparypax 370°C 1430°C. Pesynsratn
TIOKa3yIoTh, 1[0 MiJBUIIEHHS TEMIICPATYpH PKEPENa CeJICHY IPU3BOAUTE 0 YTBOPEHHS OUIBIINX 3€peH 1 HABHOCTI CTPYDKHEIIONIOHIX
3epeH Sba2Ses, po3ranioBaHnx HapaneIbHo MiAKIaaLi. 3pa3ok, orpumanuii mpu 370°C, mokas3as 3epHa pO3MipOM ITOHA]] 2 MKM, PiBHOMIPHO
PO3MOiIeH] 10 MOBEPXHI MiJKJIAIKH, 0 CBIAYMTH PO PIBHOMIPHUN mpouec pocTy. HaBmaky, komu TeMnepatypy JDKepena CelleHy
migasun g0 430°C, Ha mMOBEpXHI IUTIBKM IJKIAJKKH OyJM BHUSBICHI 3HAYHO OUIBII 3¢pHA PO3MIPOM TMPHOIM3HO 4 MKM.
PeHTreHOCTpYKTYpHUIA aHaii3 OyB NpOBENEHHMH, 100 OTPUMATH YSBICHHS NP0 KPUCTaIi4Hi (a3u Ta KpUCTANIYHY CTPYKTYpPY IUTIBOK
Sb2Ses, cHHTE30BaHMX 3a PI3HUX TEMIEpaTyp Jukepena ceneHy. Ha peHTreHiBChbkuX HupakiifiHiX KapTHHAX BiZloOpaskeHi OMITHI ITiKH,
110 BIANOBIAAI0Th KpHcTasorpadivnuM mwionmuam (221) i (211), o Bkasye Ha HasBHICTb CHIBHUX KpHcTaniuHux ¢a3. Kpim toro, Taki
ik, sk (020), (120) i (310), cocTrepiraincs Ha PEHTTeHIBCHKIX KapTHHAX, IO JOJATKOBO MiATBEPIKY€E KPHCTATIYHICTh ILTIBOK.
KurouoBi cinoBa: penmeeniscoka ougpaxyia, ximiune MoneKyisAspHO-npomeHese ocadxcents; ShaSes; memnepamypa ceneny





