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Abstract

Antimony sulfide (Sb2S3) is a promising candidate for photoelectrochemical (PEC) water 

splitting due to its narrow band gap (~1.7 eV), high optical absorption coefficient, and earth-

abundant nature of its constituent elements. However, deep-level defects promoting charge 

carrier recombination often hinder PEC performance. In this study, we investigated the effects 

of silver (Ag) incorporation on the structural, morphological, and photoelectrochemical 

properties of thermally evaporated Sb2S3 thin films. Compared with pristine films, Ag doping 

induces a shift in the preferred crystallographic orientation from (hk0) to (hk1), with notable 

morphological modifications and a reduction in surface roughness. Despite these structural 

improvements, the photocurrent density of the Ag-doped films decreased from 0.49 to 0.27 mA 

cm-2 under standard illumination, indicating that Ag incorporation adversely affects charge 

transport and catalytic activity. These findings highlight the critical role of dopant-induced 

defects in governing the PEC performance of Sb2S3-based photoelectrodes.

Keywords: Antimony sulfide thin films, silver doping, Thermal evaporation, PEC water 

splitting.

1. Introduction

Antimony (III) sulfide (Sb2S3) has garnered considerable attention as a promising photocathode 

material for photoelectrochemical (PEC) water splitting because of its distinctive 

optoelectronic properties. It possesses a narrow optical bandgap of approximately 1.7 eV and 

a high absorption coefficient of 104-105 cm-1 for photons with energies above the bandgap, 

making it suitable for efficient solar energy absorption.[1][2][3][4][5] Additionally, Sb2S3 
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offers a high theoretical photocurrent density of ~24.5 mA cm-2 and a solar-to-hydrogen (STH) 

conversion efficiency of up to 28%, further highlighting its potential for sustainable hydrogen 

generation.[6] Despite these advantages, the practical application of Sb2S3 in PEC devices is 

hindered by several limitations. In thin films, inadequate thickness and material density can 

lead to insufficient light absorption and interference effects. Conversely, thicker films often 

suffer from inhomogeneity, increased internal scattering, and stress-induced defects, which 

collectively reduce the overall device performance.[7][8]

Elemental doping has been investigated as a viable method to modify the electrical and 

structural characteristics of Sb2S3 to overcome these obstacles.[9][10][11][12][13] Sn-doped 

Sb2S3 thin films were found to be polycrystalline, with solid grains and phase changes observed 

at higher Sn concentrations. Optical studies revealed a direct band gap in the range of 1.45–

1.80 eV and a refractive index between 3.38 and 6.39.[14] Copper (Cu) doping in Sb2S3 thin 

films via a co-evaporation route has improved crystallinity by enhancing grain size and 

promoting vertical orientation. The electrical conductivity increased from 1.28 × 10-8 to 1.20 × 

10-7 S·cm-1, while trap state density decreased from 1.05 × 1015 to 1.74 × 1015 cm-3. A slight 

upshift in valence band energy confirmed improved carrier concentration and hole extraction. 

As a result, the power conversion efficiency (PCE) increased from 4.18% to 4.61%, with a rise 

in open-circuit voltage from 0.622 V to 0.637 V. [15] Among various dopants, silver (Ag) has 

demonstrated particular promise due to its favorable ionic radius.  The ionic radius of Ag+ 

(~1.15 Å) is like that of Sb3+, allowing it to integrate smoothly into the Sb2S3 crystal lattice 

without causing structural distortion. This compatibility facilitates the incorporation of Ag+ 

through intercalation, leading to improved electrical conductivity, enhanced charge transport, 

and greater structural stability. Additionally, the electronic configuration of Ag+ supports its 

effective integration into the Sb2S3 matrix. As a result, Ag doping is expected to influence 

crystallinity, reduce defect density, and improve charge transport properties, thereby enhancing 

the photoelectrochemical (PEC) performance of Sb2S3-based material.[16] Furthermore, co-

doping Ag+ and Cu+ into Sb2S3 films via electrophoretic deposition (EPD), followed by post-

annealing at 300 °C, resulted in crystalline films with enhanced conductivity and photocurrent 

response.[16] The formation of secondary phases such as AgSbS2 and CuSbS2 was observed 

without detectable metallic or oxide impurities, and Ag doping was found to reduce the 

crystallization temperature while slightly tuning the bandgap, resulting in values of 

approximately 1.73 eV, respectively.[16] Structural and XPS analyses confirmed the 

incorporation of Ag, which resulted in a reduced crystallite size, increased lattice strain, and 

enhanced visible-light activity. The conductivity of the Sb2S3 films increased from 1.84 × 10-9 
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to 1.33 × 10-8 (Ω·cm)-1 after Ag doping, indicating improved charge transport properties.[17] 

Notably, the Mo/Ag: Sb2S3/CdS/Pt photocathode achieved a photocurrent density of 9.4 mA 

cm-2, illustrating the performance benefits of Ag incorporation. Films fabricated by sulfurizing 

Ag/Sb bimetallic precursors via dual-source electron beam evaporation resulted in the 

formation of AgSbS2 units and [hk1]-oriented Sb2S3 crystals. This preferred orientation 

suppressed [hk0] stacking faults, leading to films with lower defect densities, enhanced 

conductivity, and improved carrier mobility. The engineered crystallographic orientation 

significantly increased the charge separation and injection efficiencies, highlighting the 

potential of orientation-controlled Ag doping strategies for high-efficiency Sb2S3-based PEC 

devices.[18]

In this study, Ag-doped Sb2S3 (Ag: Sb2S3) thin films were employed, for the first time, as bare 

photoanodes for photoelectrochemical (PEC) water-splitting applications. Unlike prior reports 

where Sb2S3 primarily served as a photocathode or required complex heterostructures, our work 

demonstrated its direct applicability as a standalone photoanode upon Ag incorporation. By 

systematically varying the Ag doping concentration, we successfully induced a preferential 

[hk1] crystallographic orientation in Sb2S3 films, which is known to promote efficient charge 

separation and transport. When Sb2S3 films exhibit a predominantly parallel orientation relative 

to the substrate, stacking along the [hk0] direction through weak van der Waals interactions, 

the resulting PEC performance is limited. This is primarily due to inefficient charge transport 

caused by interchain or interlayer hopping of photogenerated carriers. In contrast, a mixed 

orientation that includes vertical growth along the [hk1] direction, where chains are 

interconnected by strong covalent Sb–S bonds, facilitates more efficient intra-ribbon carrier 

transport and significantly reduces recombination losses. This favorable crystallographic 

alignment leads to enhanced PEC performance in Ag-doped Sb2S3 films.[6]

A thorough grasp of how Ag doping affects the structural, morphological, optical, and 

electrochemical properties of Sb2S3 films is provided by this work. While previous studies have 

reported increased surface roughness and photocurrent densities due to Ag incorporation, our 

findings extend this knowledge by correlating these studies with changes in surface wettability, 

optical absorption, and interface defects that are critical for optimizing the PEC water splitting 

efficiency. The observed improvements in the linear sweep voltammetry (LSV) response and 

overall PEC performance are attributed to enhanced light harvesting, improved charge carrier 

mobility, and reduced recombination losses due to Ag-induced lattice modifications and 

crystallographic alignment. 
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2. Experimental Details

Antimony sulfide (Sb2S3) thin films were deposited by using the thermal evaporation 

technique, with a molybdenum boat serving as the source holder and fluorine-doped tin oxide 

(FTO)-coated glass substrates as the deposition surface. Before deposition, the substrates were 

subjected to ultrasonic cleaning in isopropyl alcohol for 10 minutes, followed by drying with 

nitrogen. The cleaned substrates and high-purity Sb2S3 powder (Thermo Fisher, 99.9%) were 

subsequently loaded into the thermal evaporation chamber.

The deposition process was carried out at an average pressure of 5 × 10-6 mbar, which was 

achieved via liquid nitrogen. The source-to-substrate distance was set to 16 cm, and the 

substrate temperature was maintained at 150 °C during deposition. A digital quartz crystal 

monitor was employed to monitor and control the deposition rate and film thickness. The 

deposition rate was maintained at 3.5–4 Å/s by adjusting the filament current to 85 A, resulting 

in a final Sb2S3 film thickness of 450 nm. Concurrently, silver (Ag) layers with thicknesses 

ranging from approximately 20 to 80 nm were deposited.

Postdeposition, the films were sulfurized at 400 °C for 30 minutes in a vacuum of 900 mbar 

via a customized chemical vapor deposition (CVD) setup. Sulfur (100 mg, Thermo Fisher, 

99.9998% purity) was evaporated in a single-zone furnace under a nitrogen atmosphere. After 

sulfurization, the films were cooled to room temperature under vacuum conditions, consistent 

with the procedure described in our previous study.[19] Table 1 presents the details of the 

deposited films.

Table 1: Details of the silver-doped antimony sulfide thin films.

3. Characterizations

The structural properties of the Silver-doped antimony sulfide (Sb2S3) films were analyzed by 

grazing incidence X-ray diffraction (GIXRD). Measurements were performed at room 

Sample Name
Thickness (nm) of Silver (Ag) 

± 5 nm

SA0 -

SA1 20

SA2 40

SA3 60

SA4 80
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temperature with a Bruker AXS D8 Advance Diffractometer, employing Cu Kα radiation over 

a 2θ angular range of 10–60° at a scanning rate of 0.1°/min.

The crystallite size was calculated using the Scherrer equation:
𝐷 = 𝐾𝜆

𝛽𝑐𝑜𝑠𝜃                              

The microstrain and dislocation densities were calculated using the following 
equations,

𝜀 = 𝛽
4𝑡𝑎𝑛𝜃       &    𝛿 = 1

𝐷2

The interplanar spacing (d-spacing) was determined using Bragg’s Law:
𝑑 = 𝜆

2𝑠𝑖𝑛𝜃                              

Where D is the average crystallite size (in nm),  is the full-width at half maximum (FWHM) 
of the diffraction peak (in radians), K is a constant nearly equal to 0.9,  is the wavelength of 
incident radiation approximately equal to 1.542Å, and  is Bragg’s angle (in radians). ɛ is lattice 
strain.  is dislocation density, d is the interplanar spacing.

Raman spectroscopy was conducted in a backscattering configuration using a Nd: YVO4 diode-

pumped solid-state laser with a 532 nm excitation wavelength. The surface morphology was 

examined by scanning electron microscopy (SEM) (Zeiss EVO MA18) operated at an 

acceleration voltage of 10 kV, whereas the elemental composition was analyzed via energy-

dispersive X-ray spectroscopy (EDS) (Oxford INCA X-act). The surface topography was 

characterized via atomic force microscopy (AFM) in tapping mode with a Flex-Axiom AFM 

system. A wettability test was performed to determine the contact angle of the films. Optical 

absorption spectra were recorded via a UV-Visible spectrophotometer (Shimadzu UV-1900) 

over a wavelength range of 190–1100 nm. Photoluminescence (PL) measurements were carried 

out with a fluorescence spectrometer using a Nd: YVO4 diode-pumped solid-state laser with 

an excitation wavelength of 260 nm.

The photoelectrochemical (PEC) performance of the photoelectrodes was evaluated via a 

CompactStat.h potentiostat (IVIUM) in conjunction with a standard three-electrode PEC H-

cell (Redox.me). The silver-doped antimony sulfide film served as the working electrode, a 

platinum (Pt) wire was used as the counter electrode, and an Ag/AgCl electrode functioned as 

the reference electrode. A 0.5 M Na2SO4 aqueous solution (pH = 7) was used as the electrolyte. 

The potential versus the reversible hydrogen electrode (RHE) was calculated via the 

appropriate conversion formula.
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ERHE = EAg/AgCl+ E°Ag/AgCl +0.059×pH

where E°Ag/AgCl= 0.197 V vs. NHE at 28 °C.

The light source for the PEC experiments was a 1-Sun LED solar simulator (Redox.me), 

delivering a light intensity of 100 mWcm-2. The films were illuminated in a backside 

illumination configuration, with an exposed area of 0.5 cm2. Linear sweep voltammetry (LSV) 

and cyclic voltammetry (CV) measurements were conducted at a scan rate of 50 mV/s. 

Electrochemical impedance spectroscopy (EIS) was carried out over a frequency range of 0.1 

Hz to 100 kHz using a sinusoidal voltage of 0.5 V.

4. Results and discussion

Structural analysis

Figure 1: GIXRD patterns of silver-doped antimony sulfide thin films.

The structure of all the samples confirms that antimony sulfide (Sb2S3) crystallizes in an 

orthorhombic structure, belonging to the Pnma space group (No. 62). This crystallographic 
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configuration influences the material’s preferred growth orientation and stacking behavior. 

In this study, the Pnma system is considered, wherein the infinite (Sb₄S₆)n chains extend 

along the [hk1] direction.[13]

Figure 1 presents the grazing incidence X-ray diffraction (GIXRD) patterns of silver-doped 

Sb₂S₃ thin films, referenced against the standard JCPDS Card No. 42—1393.[20] The 

diffraction peak intensities corresponding to Sb2S3 phases exhibit variation across the 

samples, with the (hk0) planes generally showing greater intensity in the thin films 

compared to the (hkl) planes, indicating a preferential in-plane orientation. Notably, in 

sample SA4, the most intense peaks are observed at the (111), (021), and (221) planes, 

indicating a stronger perpendicular van der Waals interaction between the (Sb4S6)n infinite 

ribbons, which preferentially grow along the [hk1] direction.[18]

For the silver-doped samples, the presence of the Ag2S phase is confirmed by distinct peaks 

at 27.51°, 30.73°, and 45.60°, which correspond to the monoclinic AgSbS2 phase (JCPDS 

No. 019-1137).[16] The presence of Ag2S peaks was also confirmed, and no additional 

peaks associated with Sb2O3 (JCPDS No. 05-0534) were observed.[21] or metallic Ag were 

detected, confirming the absence of oxide impurities or unreacted silver. Furthermore, no 

significant shift in the diffraction peak was observed upon silver doping, suggesting that 

Ag incorporation does not induce substantial structural distortions in the Sb2S3 lattice.

Table 2 presents the crystallographic parameters obtained from the GIXRD patterns. The 

pristine SA0 sample exhibits a relatively small crystallite size. With increasing silver 

doping, the crystallite size progressively increases, reaching a maximum at the SA3 sample. 

Beyond this point, a reduction in crystallite size is observed. A similar trend is seen in the 

microstrain and dislocation density: both are initially high in the undoped SA0 sample, 

decrease with increasing silver concentration up to SA3, and then begin to increase again 

with further doping. This trend can be attributed to the role of silver doping in enhancing 

crystallite growth by reducing the number of lattice defects. This behavior suggests that 

moderate Ag incorporation enhances crystallinity by reducing structural defects and 

promoting grain growth. However, at higher doping levels (beyond SA3), excessive silver 

incorporation may introduce structural strain, limiting further crystallite growth. This effect 

is likely due to the solubility limit of Ag within the Sb2S3 lattice, potentially leading to 

phase segregation or the formation of secondary Ag-containing phases, which in turn 

degrade the overall crystal quality [22]  as indicated by the GIXRD patterns. The initial 

reduction in microstrain and dislocation density at lower silver concentrations suggests that 

silver atoms may occupy substitutional or interstitial sites, stabilizing the crystal 
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structure.[17][23] Beyond a critical level of silver doping, strain can result in lattice 

distortions and an increase in structural defects, thereby reducing the overall 

crystallinity.[24]
Table 2: Crystal parameters of silver-doped antimony sulfide films.

Figure 2 represents the Raman spectra of silver (Ag)-doped antimony sulfide (Sb2S3) thin films, 

providing insights into their vibrational characteristics and structural modifications. The 

characteristic modes observed at 144, 192, 251, 280, and 322 cm-1 correspond to Sb2S3 

vibrations, indicative of its stibnite phase. Specifically, the peaks at 280 and 322 cm-1 are 

attributed to antisymmetric and symmetric Sb–S stretching vibrations, respectively.[25] The 

modes at 144, 192, and 251 represent the antisymmetric bending vibrations S-Sb-S and were 

attributed to symmetric bending vibrations S-Sb-S.[26] The peak at 450 cm-1 is attributed to 

the FTO substrate.[27] The Raman modes at 144 and 192 cm-1 also suggest the presence of 

Ag2S, with the 144 cm-1 peak corresponding to Ag lattice vibrations and the 192 cm-1 peak 

attributed to Ag–S stretching vibrations.[28] Furthermore, additional peaks at 491, 1246, and 

1443 cm-1 are characteristic of Ag2S.[29][30] An increase in the Ag concentration results in a 

corresponding increase in the intensity of these peaks, indicating increased incorporation of Ag 

into the Sb2S3 matrix. These Raman results further confirm the structural and crystallinity 

changes in the film, as they align well with the XRD measurements.

Sample
Crystallite size

(D in nm)

Microstrain

(ε in 10-3)

Dislocation density

(δ in 1015/m2)

Interplanar distance

(dhkl) in Å

SA0 15.7 10.8 4.0 3.56

SA1 16.3 9.7 3.7 3.54

SA2 20.0 7.4 2.3 3.42

SA3 21.8 7.0 2.1 3.43

SA4 18.7 8.5 2.8 3.55
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Figure 2: Raman spectra of silver-doped antimony sulfide thin films.

Morphological analysis

The effect of Ag incorporation on the surface morphology is demonstrated by scanning electron 

microscopy (SEM) pictures of silver-doped antimony sulfide (Sb2S3) thin films in Figure 3. 

The undoped sample (SA0) has a porous grain structure, indicating irregular crystallization. 

With increasing Ag concentration, the grains become more compact and well-defined, as 

observed in samples SA1 and SA2, suggesting improved grain growth and enhanced 

crystallinity.[31]

At an intermediate doping level (sample SA3), the grain structure appears less compact, likely 

because the excessive Ag content alters nucleation and inhibits uniform grain growth. 

However, at a higher doping concentration (sample SA4), the compact morphology is restored, 

possibly due to dopant-induced recrystallization or the formation of secondary phases 

influencing the grain boundary energy.[32]
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Figure 3: SEM images of silver-doped antimony sulfide thin films.

Atomic force microscopy (AFM) pictures in Figure 4 show the surface morphology across the 

different samples. Changes in silver concentration correspond to fluctuations in surface 

roughness, as reflected in the roughness parameters: average roughness (Ra) and root mean 

square roughness (Rq), as shown in Table 3. The differences in roughness are likely linked to 

the morphological changes observed in Figure 3. Compared with the silver-doped samples 

(SA1 to SA4), the undoped sample (SA0) has a rougher surface. Upon initial silver doping 

(sample SA1), the surface roughness decreases, likely due to enhanced film uniformity and 

improved crystallinity.[33] However, as the silver doping concentration increased (sample 

SA2), the development of larger agglomerates or the uneven distribution of silver atoms may 

have contributed to the surface roughness's subsequent growth. the surface roughness increased 

again, possibly due to the formation of larger agglomerates or the nonuniform distribution of 

silver atoms. In sample SA3, the roughness decreases as wel, which may be attributed to an 

optimal balance between silver incorporation and surface morphology. In the final sample 

(SA4), the roughness increases again, possibly due to the oversaturation of silver, which leads 

to a rise in the number of grain boundaries and defects. These fluctuations in surface roughness 

are influenced by changes in silver content during deposition, which can alter molecular 

adhesion, nucleation rates, and growth dynamics on the substrate surface.[34]
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Figure 4: AFM images of antimony sulfide films

Table 3: Surface roughness parameters of antimony sulfide films.

Wettability test:

The wettability of silver-doped antimony sulfide (Sb2S3) thin films was assessed through 

contact angle measurements, as shown in Figure 5. The contact angle indicates the hydrophilic 

or hydrophobic nature of the samples. A contact angle greater than 90° suggests a hydrophobic 

surface, while an angle less than 90° indicates hydrophilicity. Hydrophilic surfaces tend to wet 

more easily with electrolyte,  which can lead to reduced charge transfer resistance.[35] The 

results indicate that all the films exhibit hydrophobic behavior, with contact angles exceeding 

90°. However, as the silver doping concentration increases, the contact angle progressively 

decreases, indicating a reduction in hydrophobicity.

Notably, sample SA3 has the lowest contact angle of 90°, suggesting a significant change in 

surface wettability at higher doping levels. This trend can be attributed to modifications in the 

surface energy and roughness induced by the incorporation of Ag. An increased Ag content 

Sample Name Rq (nm) Ra (nm)

SA0 121.0 96.1

SA1 78.4 61.9

SA2 81.9 65.2

SA3 55.0 36.5

SA4 62.3 48.0
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likely alters the microstructure of the film, affecting the grain boundaries and surface texture, 

which in turn enhances water interactions.[36]

Figure 5: Contact angle of silver-doped antimony sulfide thin films

Compositional analysis

Energy-dispersive spectroscopy (EDS) was used to analyze the elemental composition of 

silver-doped antimony sulfide thin films. Table 4 presents the atomic percentage compositions, 

illustrating the impact of Ag doping on the relative concentrations of antimony (Sb) and sulfur 

(S). These results specify that as the Ag concentration increases, the sulfur content 

progressively decreases, whereas the antimony content remains relatively unchanged.

This trend suggests that Ag atoms may preferentially substitute for sulfur sites within the Sb2S3 

crystal lattice. This substitution leads to a reduction in the number of sulfur atoms without 

significantly altering the Sb concentration, which may modify the electronic and structural 

properties of the material. The observed elemental variations provide insight into the dopant-

induced compositional changes.

Table 4: Atomic percentages of silver-doped antimony sulfide thin films.

Atomic Percentage (%)Sample Name

Antimony (Sb) Sulfur (S) Silver (Ag)

SA0 32 68 0

SA1 33 65 2
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SA2 32 63 5

SA3 32 60 8

SA4 30 58 12

Figure 6: (a) & (b) XPS survey spectra, (c), (d) & (e) core spectra of Ag 3d, Sb 3d, and S 2p of the silver-doped 

antimony sulfide film.

Figure 6(a) presents the X-ray photoelectron spectroscopy (XPS) survey and core-level spectra 

of silver-doped antimony sulfide thin films, providing insights into their surface chemical 

composition. The binding energy peaks were deconvoluted via a Gaussian–Lorentzian 

function, and all the spectra were calibrated by referencing the C 1s peak at 284.6 eV. The 

survey spectrum confirms the presence of Sb, S, and Ag from the sample, whereas the C and 

O signals originate from adventitious carbon and surface-absorbed oxygen.

The Ag 3d core-level spectrum displays distinct doublets at 373.8 eV (Ag 3d3/2) and 367.8 eV 

(Ag 3d5/2), with a spin-orbital splitting energy of 6.0 eV, confirming the presence of Ag+ 
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species. The sharp nature of these peaks suggests that Ag has not undergone oxidation, 

indicating that it exists in either a metallic state or as Ag-S bonds. [37][38]

The Sb 3d core-level spectrum exhibited clear doublets at binding energies of 539.0 eV and 

529.6 eV, corresponding to the Sb 3d3/2 and Sb 3d5/2 components of Sb2S3, respectively, with a 

spin‒orbit splitting energy of 9.4 eV. The area ratio of the 3d5/2 peak to the 3d3/2 peak is 

approximately 1.5 (3:2), aligning with the expected ratio.[39][40][41] Furthermore, weak 

peaks observed at binding energies of 540.0 eV and 530.4 eV can be attributed to Sb2O3.[42] 

Notably, in the pristine sample (SA0), no oxide-related peaks of antimony are detected, 

indicating the absence of Sb2O3. With increasing silver (Ag) doping concentration, the intensity 

of these oxide peaks becomes progressively more pronounced, especially in samples SA3 and 

SA4, indicating a higher degree of Sb2O3 formation at elevated doping levels. A plausible 

explanation is that after Ag deposition on Sb2S3, surface oxidation occurred, leading to the 

formation of Ag2O. During the subsequent sulfurization process, conducted at 400 °C for 30 

minutes, the surface Ag2O may have thermally decomposed into metallic Ag and 

oxygen.[43][44] The released oxygen could have reacted with antimony at the surface, 

resulting in the formation of Sb2O3 during the sulfurization. Additionally, the O 1s peak 

observed near 532 eV supports the presence of oxygen species. However, the overlap in 

binding energies between antimony and oxygen in this region makes it difficult to accurately 

distinguish and resolve the individual contributions.[45][46] 

The S 2p core-level spectrum reveals doublets at 160.8 eV and 161.9 eV, corresponding to the 

S 2p3/2 and S 2p1/2 components of sulfur (S). The area under the curve ratio of 2p3/2 to 2p1/2 is 

2:1, with an energy separation of 1.1 eV, indicating the S2- oxidation state.[47][48]  

Additionally, the peaks at 163.0 eV and 164.0 eV correspond to sulfur species associated with 

oxidation, such as sulfur oxides and sulfates.[49] As Ag doping increases, the intensity of these 

oxidation-related peaks decreases, further suggesting that Ag incorporation increases surface 

oxidation. According to both core spectra, a higher binding energy generally correlates with 

higher oxidation states of the material.[47]

XPS analysis confirmed the presence of oxide species on the sample surface, particularly for 

Sb 3d and S 2p, which was likely due to ambient oxidation. However, this surface oxidation is 

not reflected in the bulk phase characterization, as corroborated by X-ray diffraction (XRD) 

and Raman spectroscopy, which show no evidence of oxide formation. Furthermore, the 

incorporation of Ag into the Sb2S3 matrix was validated by the observed phase formation of 

Ag2S, confirming successful doping.
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Optical analysis

Figure 7: (a) Absorbance spectra, (b) absorption coefficient spectra, (c) Tauc plots, and (d) photoluminescence 

spectra of silver-doped antimony sulfide films.

Table 5: Band gap value of silver-doped antimony sulfide thin films.

Figure 7 presents the optical characterization of silver-doped antimony sulfide (Sb2S3) thin 

films, including (a) absorbance spectra, (b) absorption coefficient spectra, (c) Tauc plots, and 

(d) photoluminescence (PL) spectra. The variation in the silver doping concentration 

significantly influences the optical properties, particularly the film absorbance, absorption 

coefficient, and optical band gap.

Sample Name Band Gap (eV) ± 0.02 eV

SA0  1.79

SA1 1.66

SA2 1.75

SA3 1.75

SA4 1.72
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The absorbances and absorption coefficients of the Sb2S3 thin films remain relatively stable up 

to sample SA2, beyond which a noticeable decline is observed. This reduction can be attributed 

to the increased incorporation of Ag, which alters the material's electronic structure and optical 

transitions. At lower doping concentrations (up to SA2), Ag atoms likely integrate into the 

Sb2S3 lattice without causing significant disruptions to the electronic band structure, thereby 

maintaining a stable absorption profile.[50][51] However, at higher doping levels (SA3 and 

SA4), excessive Ag incorporation may introduce structural defects, modify the carrier 

concentration, and promote the formation of secondary phases such as Ag2S. These changes 

can reduce the density of optically active states, thereby decreasing the overall absorbance and 

absorption coefficient. Furthermore, increased Ag content may influence crystallinity and 

surface roughness, contributing to enhanced light scattering losses and further diminishing 

optical absorption.[52]

The change in absorbance and absorption coefficient is closely related to the variation in the 

optical band gap, as calculated using the Tauc plots. As shown in Table 5, the undoped sample 

(SA0) has a band gap of around 1.79 eV. With the introduction of Ag dopant, the band gap 

reduces to 1.66 eV for sample SA1. After this, a gradual increase in band gap is observed, 

reaching around 1.75 eV for samples SA3 and SA4.[53][54][55] The initial decrease in band 

gap can be explained by the formation of localized energy states within the band structure due 

to the substitution of Ag in the Sb2S3 lattice. These states lead to band tailing, which narrows 

the effective band gap.[56][57] At higher doping levels, the increase in band gap may result 

from the Burstein–Moss effect. This effect occurs when increased carrier concentration shifts 

the conduction band and valence band edges, leading to a widening of the band gap.[58] In 

addition, higher Ag doping may introduce more crystal defects, structural changes, and 

secondary phases. These changes can influence carrier mobility and transition probability, 

which also affect the band gap. Variations in crystallinity, grain boundaries, and surface texture 

at higher doping levels may cause increased light scattering and reduced absorption, further 

impacting the optical properties of the films.[59][53]

The photoluminescence (PL) spectra of silver-doped antimony sulfide thin films, shown in 

Figure 7(d), display emission peaks at 410, 440, 498, 550, and 630 nm. The emissions at 410, 

440, and 498 nm correspond to blue emission, which is likely caused by defects and trap 

states.[60][61] The green emission at 550 nm is thought to arise from sulfur depletion or surface 

defects.[62] The 630 nm emission is attributed to the band-edge luminescence of Sb2S3.[63] 

The PL intensity is observed to be lowest for the undoped sample (SA0). Upon doping (SA1), 

Page 16 of 29Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/5
/2

02
5 

12
:2

0:
43

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MA00616C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00616c


the emission intensity increases, but with further doping, it begins to decrease. The initial 

increase in the PL intensity can be explained by the enhanced recombination of charge carriers, 

as the introduction of dopants creates energy levels that promote radiative recombination. 

However, as the doping concentration continues to increase, nonradiative recombination 

pathways, such as those associated with defects or impurities, become more dominant. These 

defects trap carriers, reducing the number of electrons and holes available for radiative 

recombination, which leads to a decrease in the PL emission intensity.[64] Hence, excessive 

doping eventually suppresses PL emission due to increased nonradiative losses.

Electrochemical analysis

Figure 8: (a) Nyquist plots, (b) cyclic voltammograms, and (c) LSV curves of silver-doped antimony sulfide 

films.

Figure 8(a) presents the Nyquist plots obtained from electrochemical impedance spectroscopy 

(EIS) under dark conditions. The semicircle radius in these plots represents the charge transfer 

resistance at the semiconductor−electrolyte interface, as well as the total resistance of the 

electrode. For the pristine sample, a smaller semicircle radius is observed, indicating a lower 

charge transfer resistance.[65][66] Upon doping, the radius initially increases, suggesting an 
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increase in resistance, but beyond a certain point, it decreases again. The lower charge transfer 

resistance of the pristine sample can be attributed to its porous morphology, as observed in the 

SEM images, along with its high absorbance and absorption coefficient, low 

photoluminescence (PL) emission intensity, and increased surface roughness. These factors 

collectively enhance charge transport and reduce interfacial resistance.[48]

Figures 8(b) and 8(c) present the cyclic voltammetry (CV) and linear sweep voltammetry 

(LSV) curves of silver-doped antimony sulfide thin films. The onset potential and current 

density are key indicators of photoelectrochemical (PEC) performance, where a lower onset 

potential and higher current density signify enhanced water-splitting efficiency.

The pristine antimony sulfide sample exhibited the highest current density, reaching 11.87 mA 

cm-2 in the CV curve and 0.38 mA cm-2 in the LSV curve. However, after silver doping, a 

noticeable decrease in the current density is observed. In the CV curve, the current density 

decreases to 3 mA cm-2, while in the LSV curve, it drops to a minimum of 0.29 mA cm-2. The 

decrease in photoelectrochemical performance after silver doping is mainly due to changes in 

band gap, surface morphology, and chemical composition. Doping with silver modifies the 

surface morphology and roughness, as seen in morphological studies. These changes affect the 

distribution of electrochemically active sites. A smoother surface may reduce the number of 

reactive sites, which can lower charge transfer efficiency. The undoped sample had a band gap 

of 1.79 eV. With initial silver doping, the band gap decreased to 1.66 eV. This reduction 

allowed better absorption of visible light and led to the generation of more charge carriers. 

However, with a further increase in silver concentration, the band gap increased again to about 

1.75 eV. This increase is likely due to the Burstein–Moss effect, where a higher carrier 

concentration shifts the Fermi level and increases the energy required for electronic transitions. 

A wider band gap reduces light absorption and limits the generation of charge 

carriers.[67][68][24] Another contributing factor to the reduction in current density may be the 

formation of Sb2O3, as evidenced by the appearance of oxide-related peaks in the XPS spectra 

of doped samples. The presence of Sb2O3 can introduce insulating domains or surface states 

that trap carriers, further impeding efficient charge transport and contributing to the overall 

decline in sample performance.[69] Additionally, an increase in the contact angle indicates a 

decrease in wettability, which can impede electrolyte penetration and hinder charge transfer at 

the electrode‒electrolyte interface.[70] The photoluminescence (PL) spectra reveal enhanced 

emission intensity and variations in absorbance after doping, suggesting that alterations in 

defect states and recombination dynamics could negatively affect charge carrier transport. [71]

Page 18 of 29Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/5
/2

02
5 

12
:2

0:
43

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MA00616C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00616c


Conclusions

Silver-doped antimony sulfide (Sb2S3) thin films were successfully fabricated on FTO 

substrates via thermal evaporation and chemical vapor deposition techniques. Structural 

analysis via GIXRD revealed a shift in the preferred orientation from the (hk0) to (hk1) planes 

after doping. SEM and AFM analyses demonstrated a morphological transition from a porous 

to a denser structure, accompanied by a reduction in surface roughness from 96.1 nm to 59.6 

nm.. Optical analysis revealed a consistent bandgap of ~1.7 eV across all the samples, with the 

pristine film exhibiting the highest absorbance. Electrochemical characterization via CV and 

LSV demonstrated that the pristine Sb2S3 film achieved the highest current density (11.87 mA 

cm-2 and 0.38 mA cm-2, respectively), whereas doping led to a noticeable decrease, which was 

attributed to a reduced electroactive surface area and hindered electrolyte interaction due to 

increased hydrophobicity. The enhanced PL emission intensity in the doped films suggests 

changes in the defect state and increased carrier recombination, further impacting the charge 

transport and PEC performance. Overall, silver doping significantly alters the physicochemical 

properties of Sb2S3 thin films, and while it improves surface compactness, it adversely affects 

the photoelectrochemical water-splitting efficiency, emphasizing the need for balanced surface 

modification strategies.
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