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ABSTRUCT
In this work, we demonstrate the production of pure and doped Sb2S3 thin films by electrophoretic deposition (EPD). The consequences of silver and copper doping were evaluated by measuring the films’ structural and optoelectrical properties. Sb2S3 nanoparticles (NPs) were first synthesized in ethylene glycol and stabilized by polyethylenimine (PEI). Doped NPs were obtained thanks to silver or copper precursors, added during the synthesis process. The orthorhombic Sb2S3 and extra AgSbS2 and CuSbS2 phases were identified by XRD after thermal treatment at 300°C under vacuum. Metallic Sb impurities were also found for thermal treatment under 275°C. UV-Vis-NIR spectroscopy highlighted the optical properties of amorphous and crystalline thin films as well as the variation of optical band gaps by doping. The photocurrent measurement showed an increase of conductivity for doped thin films (by 3 in the dark & by 2 under AM 1.5 illumination). Adding silver or copper also brought a slower recombination of electron-hole pairs after switching the light off.
KEYWORDS. Electrophoretic deposition, thin films, chalcogenides, coating materials

INTRODUCTION
  Generally based on chalcogenide compounds, phase-change materials (PCMs) show pronounced differences in their optoelectronic properties between at least two stable phases. The switch of properties is associated with a modification of the structural state (amorphous to crystalline, for example).1,2 As a binary chalcogenide, antimony trisulfide [metastibnite (amorphous) or stibnite (crystalline)] is a great example meeting those conditions. Compared to Se-or Te-based materials, sulfur-based materials present advantages in terms of abundance and low toxicity while being attractive for a wide range of applications.
  Antimony trisulfide’s direct bandgap(between1.5and2.2 eV for the crystalline phase)3 makes it suitable for optoelectronic applications. Furthermore, it exhibits a high absorptioncoefficient4 and has been reported as a potential thermoelectricmaterial.5 It has been integrated into multiple types of devices for different applications: inbatteries,6 in solar cells (dye-sensitized, mesoporous, and planar),7−9 and as a photoanode material for photocatalytic water splitting.10 The choice of materials involved is crucial to consider during the device engineering to tune or increase the desired properties. More generally, several methods have been investigated in order to tune the optoelectronic properties or to increase the power conversion efficiency (PCE), including affecting the structural properties by playing on the orientation of the crystal (anisotropy) by applying a stronger pressure,5,11 by doping the phase with another element,12 or, in the case of stacked devices, to work on the grain boundaries or the interfaces between Sb2S3 and other layers.8,13 In our study, we decided to focus on the doping aspect. Various metals and alkali metals have been studied as potential dopants, but this article focuses only on the case of silver and copper. The first one can lead to a decrease of the crystallization temperature and the optical bandgap value,14 while the second one allows us to reach a higher value of the optical band gap and PCE value.15 Furthermore, both AgSbS2 and CuSbS2 phases have already been studied for potential active layers in photovoltaic applications.16,17 
  Thin films of Sb2S3 are often obtained by chemical bath deposition (CBD).18 The technique is easy to setup, cheap, and doping-friendly by adding the dopants in the bath and can be used with porous substrates. One of the major drawbacks can be the presence of antimony oxide impurities (Sb2O3). For photo voltaic applications, the oxide impurities form traps that limit the VOC values and reduce the power conversion efficiency.19−23 Additional surface treatments have been designed to reduce those impurities (H2S or thioacetamide sulfurization).24 It is important to mention that a controlled addition of O2 can lead to better performance in somecases.25 Sputtering techniques are also widespread in the thin film community, enabling dense, high-quality films with controlled thicknesses.14,26 However, its scalability and cost/income balance can be limiting factors in its application.
  In this paper, Sb2S3 films were obtained by electrophoretic deposition (EPD), a versatile and efficient coating technique based on the migration of charged particles in a colloidal suspension under an applied electric field.27 Complex shapes and porous materials can be coated rapidly as long as the surface is conductive. This simple, low-energy, and cost effective process is easily scalable and can be applied to industry. Recent advancements have also shown the potential of EPD in the production of multilayered membranes,28 lithium-ionbatteries,29 robust structurally colored coatings,30 photoelectrodes,31 pathogenic bacterial films,32 or UV−NIR blocking coatings for windows,33 among others.
  Sb2S3 nanoparticles are prepared by wet-chemical synthesis based on previous work using polyethylenimine (PEI) as a charged polymeric agent.34 Various dopants have been employed to modify the optoelectronic properties of Sb2S3 thin films or solar cells.12 Here, silver and copper doping is evaluated, from a structural and optical point of view but also through photocurrent measurements, showing a slower recombination. This work confirms the viability of EPD for the obtention of pure and doped-Sb2S3 thin films and the potential applications ensuing.

METHODS
Reagents. Antimony trichloride (SbCl3; Merck>98%), thioacetamide (C2H5NS; Merck 98%), silver nitrate (AgNO3; Wako 99.8%), copper chloride dihydrate (CuCl2·2H2O; Wako 99%), and polyethylenimine (H[CH2−CH2−NH−]nH; Wako 10,000 MW) were used as starting precursors. Ethylene glycol (EG) (C2H6O2; Merck 99.8%), methanol (CH3OH; Wako 99.8%), and acetone (C3H6O; Wako 99.5%) were used as solvents. No extra steps of purification were performed on precursors or solvents. Indium doped tin oxide (ITO) glass (10 Ω/sq; Geomatec Co., Ltd., Japan) was used as the conductive substrate.
Synthesis Section. The Sb2S3 nanoparticles were synthesized following the procedure reported in a previous study.34 In brief, 1.5 g of PEI was dissolved in 22.5 mL of ethylene glycol (EG) and stirred for 24h. In a container, 0.235 g of SbCl3 was dissolved in 1 mL of the PEI solution and 9 mL of EG. In a separate container, 0.160 g of TAA was dissolved in 1 mL of the PEI solution and 9 mL of EG. After total dissolution, both containers were combined, stirred, and allowed to sit for 24 h. For doped syntheses, 8.5 mg of AgNO3 or CuCl2·2H2O was added and dissolved concomitantly with SbCl3 before the addition of the TAA solution. After the sitting period, the nanoparticles were cleaned by several centrifugation steps. Ten mL of methanol was first added to the solution before the initial centrifugation step (11,000 rpm, 30 min) using an AS185 centrifuge (ASONE) equipped with a 6×50 mL rotor (radius 9.5 cm). The powder was recovered and redispersed in 20 mL of methanol before centrifugation under the same conditions. This step was repeated before a last redispersion in 20 mL of methanol for deposition or, alternatively, drying to obtain powder samples for XRD. The orange powder was annealed at 300 °C for 1 h under vacuum.
Electrophoretic deposition was done with a large volume of solution to avoid a drastic diminution of the nanoparticles’ concentration during successive depositions. Fifteen mL of the Sb2S3 dispersion was added to a solution containing 60 mL of methanol and 75 mL of acetone. The final dispersion was then stirred before being used. The electrodes (both anode and cathode) were prepared by cutting 2.5×1 cm rectangles of ITO glass that were cleaned in three successive sonicated baths for 30 min (deionized water, ethanol, and acetone, respectively). They were connected to an electric field generator [Anatech model 3870 (Anatech, Japan)] and suspended in the Sb2S3/methanol/acetone solution, with a separation of 5 mm. Depositions were done from15 to 25 V and from 15 s to 1 min, regarding the number of layers and the desired thickness. When depositing several successive layers, samples were allowed to dry for 5min before the next deposition. Finally, the films were annealed under vacuum at 300°C for 1 h.
Characterization. For photocurrent measurement, a three electrode setup was used, with a Ag/AgCl reference electrode, a Pt wire as a counter electrode, and the Sb2S3 film as the working electrode. Because the borders of the films are the most prone to cracking, leading to the exposure of ITO to the electrolyte, the area was covered with epoxy resin. The working surfaces of each sample were measured using image analysis software (ImageJ). A solution of Na2SO4 (0.1 M, pH=7) served as a supporting electrolyte and was replaced before the new measurement. A Keithley model 2400 source meter (Keithley, USA) was used to measure the photocurrent response of the films under one sun illumination (AM 1.5 G illumination, HAL-320, Asahi Spectra USA, Inc.). Dynamic light scattering (DLS) and zeta potential measurements were taken using a diluted dispersion of nanoparticles in methanol (0.5mg·mL−1). An ELSZ-2000ZS (Otsuka Electronics Co. Ltd., Japan) and a Malvern Zetasizer Nano Z (Malvern Instruments Ltd., U.K.) were respectively used. XRD characterization was done with a θ−θ Rigaku Smart Lab 3 diffractometer (Rigaku, Japan) for the powder samples and with a Rigaku SmartLab (Rigaku, Japan) for the thin film ones. Both powder and film measurements were taken from 10 to 55°, with a 0.02° step width, a scan speed of 1°·min−1, and Cu Kα radiation. The Le Bail method was used for the full-profile fitting of XRD patterns obtained, performed using WinPlotr, within the FullProf software suite.35 TG−DTA experiments were done on a TG−DTA6200 (SII Inc., Japan) with a heating rate of 10 °C·min−1, from 25 to 300 °C and under N2 flow. The initial mass of the samples was 15±2 mg. UV−vis transmittance and reflectance measurements were taken using a V-770 UV−vis−NIR spectrophotometer (JASCO Co., Japan), and absorbance spectra were obtained following those measurements. SCOUT software36 was used to model the thickness of control and doped Sb2S3 thin films and to calculate their relative bandgaps. Details on the used model can be found in our previous work.34 SEM pictures were obtained with a TM3000 SEM instrument (Hitachi High-Tech Co., Japan), with an accelerating voltage of 15 kV.

RESULTS AND DISCUSSION
As observed previously,34 the addition of the TAA solution to the SbCl3 solution leads to the formation of Sb2S3. Initially transparent, the solution becomes totally opaque after 24 h without any precipitation, suggesting the stability of the suspension, confirmed later by zetapotential measurement. In the case of Cu-doping, the dissolution of CuCl2·2H2O leads to a dark blue color of the solution that finally fades to colorless after a minimum of 30 min of stirring and sonication (Figure S1). Ethylene glycol acted both as a solvent and a reductant for the Cu2+ ions,37,38 following eq 1. It was noted that both doping cations have similar oxidation states (i.e., Ag+ and Cu+) at the end of the first stirring step and before the addition of TAA. 
4Cu2+ + HO-CH2-CH2-OH  4Cu+ + 4H+ + CHO-CHO  (1)
After the addition of TAA and the 24 h of sitting, the doped solutions present a darker color than the control (FigureS2), but no precipitation was observed in either.
DLS and zeta potential characterization of the solutions confirm the stability observed quantitatively. The control nanoparticles’ diameter measured by DLS in methanol is 110 nm, in agreement with previous work,34 while doped ones are slightly larger at 135−140 nm (Figure1, left). It seems that adding dopant does not allow obtaining nanoparticles with a narrow dispersity, increasing from 0.15 to 0.25 when silver or copper dopants are added (Figure1, left). However, the zeta potential remains constant, ranging between 60 and 65 mV (Figure1, right). PEI is added in excess during the synthesis and surrounds the Sb2S3 nanoparticles, leading to a positively charged surface that is constant over the synthesis (i.e., with and without dopants). Those values indicate the stability of the colloidal solution and the feasibility of EPD as a deposition method.
Initially dispersed in a methanol solution, the EPD of Sb2S3 nanoparticles was performed with a volume ratio of 1:1 (methanol/acetone) in order to improve the film quality by speeding up the drying, leading to smooth and crack-free thin films. Higher voltage and longer deposition time were found to increase the thickness of the film but also irremediably damage the film or substrate in return. Doing multiple short depositions, interspersed with drying steps, was a good alternative to increase the thickness without significantly affecting the film quality (i.e., cracks or delamination). No significant differences were observed between and the doped films during the deposition process.
Structural characterizations were performed on both powder samples and thin films. It is important tomentionthatSb2S3 crystallizes in an orthorhombic structure and belongs to the Pnma space group (62). However, it iscommon39 to permute the axes and use the Pbnm space group (62) instead because the crystal tends to grow and to stack in one direction. For the rest of this study, the Pbnm system will be used in order to have the infinite (Sb4S6)n chain along the [001] direction. Data were refined by the Le Bail refinement method, starting from the standard PDF card (JCPDS no. 42-1393), and are compiled inTable1. Figure 2 gathers the XRD powder and thin film patterns of Sb2S3, Sb2S3/Ag, and Sb2S3/Cu, respectively. 
Diffraction peak intensities of Sb2S3 phases vary based on the sample nature (powder or thin film). In thin film samples, the intensity of the (hk0) planes is higher than that of the (hkl) ones. While for powder, the highest intensities correspond to the (211), (221), and (130) planes, attesting a stronger perpendicular interaction (van der Waals) between the (Sb4S6)n infinite ribbons that grows along the [001] direction.
 Extra peaks corresponding to the metallic Sb phase were detected when the annealing temperature was set to 275 °C. In agreement with Parize et al.,20 Sb acts as an intermediate during the crystallization process. Reflection (110) at 42.0° does not overlay any reflection of the Sb2S3 phase; its absence confirmed the obtaining of pure stibnite or with Sb impurities at low concentrations, below the detection limit. Indium oxide peaks were detected for thin film samples due to ITO glass substrates required for EPD. When dopant was added during the synthesis, extra peaks and phases were observed, no matter the temperature of annealing (275 or 300 °C) nor the nature of the phase (powder or thin film). The identification of phases is easier on powder because the number and the peak intensity are higher; however, those phases were also found on thin film samples.
In the case of copper doping, the CuSbS2 phase (JCPDS no. 44-1417) was identified and in agreement with other studies.15,40,41 In powder samples, 5 peaks were detected at 12.22, 19.18, 29.68, 29.90, and 39.09°, corresponding to the reflections (002), (102), (200), (013), and (015), respectively. For films beyond 4.0 at % of Cu-doping (up to 8.7 at %), only a broad peak was detected at 30.0° for thin film samples, as observed by Chalapathi et al. 40 The obtaining of the CuSbS2 phase confirms the reduction of Cu2+ ions (CuCl2·2H2O) into ones by EG. For samples doped with silver, powder and thin films contain the cubic AgSbS2 phase (JCPDS no. 53 0842), as reported by Diliegros-Godines and Chalapathi’s studies42,43 and indicated by the (111), (200), and (220) peaks were detected on powder samples at 30.73 and 32.85°. Similar peaks were observed by Chalapathi et al.43 and identified as the monoclinic AgSbS2 phase (JCPDS no. 019-1137). Even if the precursors and the synthesis techniques are very different, they first obtain a mixture of Sb2S3 and Ag3SbS3 phases at 300°C, the pure cubic AgSbS2 phase at 350 °C, and a mixture of both cubic and monoclinic AgSbS2 phases at 400 °C. It is surprising that both cubic and monoclinic AgSbS2 phases were obtained at 275 °C in our case. Only the cubic phase was observed in thin film samples, with a lattice parameter of 0.563 nm, in agreement with Geller et al.’s44 reported values (0.5652nm).
No extra peaks corresponding to oxide phase Sb2O3 (JCPDS no. 05-0534) or metallic Cu/Ag were detected in either powder or film samples. Furthermore, for both silver and copper doping, no significant shift in diffraction patterns was noticed. Because AgSbS2 and CuSbS2 phases were detected, it is unlikely that Ag and Cu, respectively, entered the Sb2S3 crystal lattice. The fwhm values were evaluated over 10 reflections: (020), (120), (220), (310), (120), (220), (310), (320), (240), (421), (431), (351), and (061). The average crystalline size (D) was calculated from the Debye−Scherrer equation using the fwhm values determined before. Table 2 shows the values of 5 samples for each composition. The doping of Sb2S3 leads to an increase in the crystallite size, in agreement with nanoparticle size measured by DLS, and a diminution of the fwhm value. Overall, doping ensured the better crystallinity of thin films.
TG−DTA analysis was used to study the crystallization temperature of Sb2S3 (Figure 3). An exothermic peak was observed at 267 °C, with an onset around 250 °C in agreement with the literature.10,20 The in situ analysis of the crystallization process of Sb2S3 by Parizeet al.20 showed that crystallization appears between 250 and 260 °C with an optimal annealing temperature of 270 °C for larger crystallites without impurities. Similar results were observed for Sb2S3/Cu, with an exothermic peak at 265 °C. For Sb2S3/Ag, the crystallization temperature was lowered to 251 °C, with an onset around 240 °C, in agreement with Dong et al.’s45 work on silver doping of Sb2S3.
As mentioned previously, Sb2S3 thin films were obtained from the EPD of nanoparticles after their dispersion in a volume ratio of 1:1 (methanol/acetone). Amorphous phases are transparent, from pale yellow to deep orange, as the thickness increases, while the annealed phase varies from transparent brown to opaque black, depending on the thickness (Figure S3). Thin film microstructure was studied before and after annealing, revealing a smooth and homogeneous surface in the first case and a more or less dense layer of needles in the second case, similar to the natural mineral (i.e., stibnite). The Sb2S3 nanorod arrangement differs within the samples we made. We observed either free needles, without any order, or a self-assembly of the needles (Figure S4). The self-assembly can be described as “farfalle pasta” shape. Similar organized shapes were reported as twin flowers46 or pellet drum-type47 in the literature. Most of the time, the self-assembly of nanorods is observed, while free needles are often observed on the edge of the substrate or for very thin films (<200nm). Previousstudies47,48 attributed this morphology to the structural anisotropy of Sb2S3.With or without self-assembly of the nanorods, thin film XRD patterns revealed a strong intensity of (hk0) planes, confirming the presence of (Sb4S6)n infinite ribbons that grow along the [001] direction.
The optical properties of control and doped Sb2S3 were evaluated by UV−vis−NIR spectroscopy (transmittance, absorption, and reflectance) and confirmed the strong disparity between amorphous and crystalline films. For a deposition at 25 V, Figure4 shows two different deposition times (15 and 30 s) of control Sb2S3. Amorphous spectra (solid lines) show a high transparency above 600 nm and a significant absorption below 600 nm, which becomes total in the ultraviolet range (under 400 nm). Absorption in NIR comes from the ITO substrate. The spectrum at 15 s presents a slightly different shape compared to the one at 30 s. The decrease in transmission can be correlated with the increase of thickness, whereas the modification of the shape is associated with the displacement of the interference pattern (also affected by the increase of thickness). After thermal treatment, the spectra (dashed lines) present a stronger absorption in the visible range, in agreement with the brown to opaque black aspect of crystalline films. Both amorphous and crystalline thin films’ colors are extracted from transmission spectra and displayed in Figure 4. Similar spectra were obtained with the SCOUT software36 by modeling a Sb2S3 layer over an ITO glass system; the thickness of the ITO layer was evaluated at 153 nm, and the thickness of the Sb2S3 layers was evaluated through the fitting of the model (Figure S5).
Band gap values were first extracted from absorption measurement by extrapolating the linear part of the Tauc plot ((αhν)1/γ vs hν), where γ depends on the band gap transition nature (γ=2 in the case of allowed indirect and γ= 1/2 for allowed direct). As mentioned by Joschko et al.,49 different opinions coexist in the scientific community regarding the nature of the transition for both the amorphous and crystalline Sb2S3 phases. In this work, we considered an allowed indirect transition and an allowed direct transition for the amorphous and crystalline phases, respectively. The values of band gap found in the literature are quite broad and reflect the material obtained (film, nanoparticle) and, more generally, its conditions of obtaining. In our study, we also observed band gap variations ±0.03 eV, but the trends that are shown below were found for every synthesis and batch of samples. Figure 5 f ilms, with extracted band gaps of 2.05 and 1.74 eV, respectively. As expected, the crystallization comes with a decrease in band gap energy. Band gap values were also estimated by using the models obtained via SCOUT and compared to the extrapolated Tauc plot ones. For indirect allowed transitions, we find similar values (around 2.0 eV), but for direct allowed transitions, Tauc plot values are higher than those obtained by modeling (Table 3). Experimental data undervalue the total secondary reflectance, roughness, and interference fringes that can lead to an overestimation of the band gap, as well as the extrapolation technique itself, which is not very quantitative. We also observed a strong disparity between the measured and modeled thicknesses of the films that can be attributed to the presence of PEI or the porosity it generates after thermal treatment.
Figures 6 and S6 depict the calculated band gap of two different batches of control and doped thin films after annealing, showing a decrease of the band gap energy in the case of Ag and an increase for Cu, which were also observed by Diliegros-Godines et al.42 and Lei et al.,17 respectively. 
Photoconductivity of control and doped films was evaluated in the dark and under an AM 1.5 illumination. After a 10 min step of stability at 0.5 V, the light was switched on for 30 s and then switched off during another 30 s step. No significant current variation was observed over 10 cycles. Photocurrent, conductivity, and photosensitivity [S = (σlight − σdark) /σdark] are shown in Table 4. It was noted that both dark and light photo currents and, by extension, dark and light conductivities increase in doped composition, in agreement with the literature (silver42 and copper17,40). Rodrıguez-Lazcano et al.41 found that the annealed CuSbS2 (400 °C) samples showed a photocurrent 2 orders of magnitude higher than that of the as-prepared Sb2S3−CuS (room temperature) and 1 order compared with the that of Sb2S3−CuS (350 °C). In our study, the presence of CuSbS2 is also the reason considered for the enhancement of photoelectrical properties, more than the insertion of Cu in the lattice. It is suggested that similar behavior also happens with the presence of AgSbS2, regarding the photoelectrical property evolution. 
On another aspect, photosensitivity is higher for the control film (Table 4) than for the doped ones, as observed by Diliegros-Godinesetal.42 It was noted that photosensitivity is directly related to the conductivity of the film but also depends onthecrystallinity.50 In our study, the photosensitivity values between the control film (Scont =4.7) and doped one (SAg= 1.7 and SCu=2.6) are similar in terms of order of magnitude and close to the one reported by Aslan et al. Scont =7.7.51 Higher values were also reported elsewhere in the literature by Diliegros-Godines et al.42 Scont=65 and SAg=12, suggesting that the decrease in photosensitivity can be attributed to the increase in dark conductivity and the introduction of silver ions. They also observe a reduction of crystallinity (smaller crystallites and an increase of fwhm), while it is the opposite in our study. Similar values of photosensitivity among control and doped films could result from a counterbalancing effect between the increase of photocurrent (especially the dark one) and a better crystallinity.
It was observed that control and doped films do not show the same response to photocurrent measurement and, more precisely, the current evolution after switching off the light (Figure 7). Sb2S3 films show an instantaneous decrease of current to its dark value.10,42,48,52 However, for both Sb2S3/Ag (5%) and Sb2S3/Cu (5%) films, the current decreased slower and cannot reach its dark photocurrent value in 30 s. The presence of AgSbS2 and CuSbS2, respectively, makes the recombination slower and might act as a charge trap center.42,53

CONCLUSIONS
In this work, Sb2S3 thin films were successfully deposited on ITO glass by EPD. The effect of Ag+ and Cu+ doping was studied from the synthesis (without extra steps) to the structural and optoelectronic properties. Annealing of the obtained amorphous films leads to crystalline structures with no significant modification in the lattice parameters of the Sb2S3 phase. Instead, AgSbS2 and CuSbS2 phases were detected, providing slightly bigger Sb2S3 crystallites and a better crystallinity overall. No metallic (Sb, Ag, and Cu) or oxide (Sb2O3) peaks were detected after a thermal treatment at 300 °C under vacuum. Annealed films showed a photocurrent response under the sun illumination and in dark conditions; conductivity increased in both cases for doped films. Bandgap values were estimated using the Tauc equation for indirect allowed and direct allowed transitions for amorphous and crystalline phases, respectively, revealing a slight tunability via doping. A decrease in the crystallization temperature was also observed for the silver-doped samples. This low-cost and simple method shows promise for the exploration of inexpensive devices by replacing the sputtering or chemical bath deposition methods.
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Figure 1. Left: Size distribution analysis of Sb2S3, Sb2S3/Ag, and Sb2S3/Cu nanoparticles surrounded by PEI in methanol. Right: Zetapotential of the same nanoparticles in methanol.[image: グラフィカル ユーザー インターフェイス, グラフ
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Figure 2. XRD patterns of annealed powder and thin films of Sb2S3 (a), Sb2S3 /Ag (b), and Sb2S3 /Cu (c).
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Figure 3. TG and DTA curves of free powder of Sb2S3, Sb2S3/Ag, and Sb2S3/Cu nanoparticles.
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Figure 4. Transmission (left) and reflectance (right) spectra of control Sb2S3 before and after annealing.
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Figure 5. Tauc plot of crystalline and amorphous control Sb films.
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Figure 6. Tauc plots of crystalline control and doped Sb2S3 thin films.
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Figure7. Photocurrent responses of crystalline control and doped Sb2S3 thin films.





Table 1. Summary of Refined Crystallographic Unit Cell Parameters of Sb2S3 Thin Films and Powders Annealed at 300 °C Reported in This Work
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Table 2. Calculated Average FWHM and D Values for 5 Samples of Sb2S3, Sb2S3/Ag(5%), and Sb2S3/Cu(5%) Thin Films
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Table 3. Photoelectrical Properties of Control and Doped Annealed Thin Films
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Table 4. Photoelectrical Properties of Control and Doped Annealed Thin Films
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