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Abstract. This study presents a comprehensive analysis of the optical and electronic properties of thin films of 

molybdenum oxide and tungsten oxide to implement hole-selective contact for heterojunction solar cells. 

These contacts are currently viewed as an alternative for making doping-free solar cells. However, the 

spreading of this technology is still limited, due to the development of S-shaped J–V curves which affect the 
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electrical performance of the cells and further optimization in the material deposition process is therefore 

crucial to overcome these challenges. To improve transition metal oxide-based heterojunction technology, this 

work investigates the impact of oxygen vacancies on electrical performance, particularly their role in S-shaped 

J–V curves. Defect density evaluation through non-destructive techniques like photothermal deflection 

spectroscopy together with a detailed experimental characterization is presented in this paper to highlight the 

structural and optical properties of the films. Prototypes of solar cells incorporating hole-selective contacts 

with tungsten and molybdenum oxide are prepared to show the S-shaped J-V characteristics under AM 1.5 

illumination. An equivalent circuit modeling was used for understanding the electrical characteristics of the 

prototypes. Furthermore, this approach offers insights into the optimization of the devices performances. 

1 Introduction 

The increasing demand for reliable and cost-effective renewable energy sources has encouraged interest in 

solar energy adoption with the photovoltaic (PV) industry relying predominantly on silicon-based technology 

with crystalline-silicon (c-Si) technology alone accounted for 97% of the production1,2. In recent years, the 

development of c-Si heterojunction technology (HJT) has enabled the production of solar cells with record 

efficiencies of 27.3 % obtained by LONGi in 20243,4. The HJT technology is based on the implementation of 

passivation layers of hydrogenated-amorphous silicon (a-Si:H); however, its utilization introduces challenges 

due to defects and parasitic absorption which represent obstacles in the optimization of the solar cell5. 

In response to these challenges, researchers are exploring alternative materials, such as the TMOs (transition 

metal oxides) in substitution of the a-Si:H in HJT and implement passivating carrier selective contacts (CSC). 

Among these, molybdenum trioxide and tungsten trioxide for hole selective contacts 6–10, and titanium dioxide 

for electron selective contacts11,12, are being investigated for their potential. Transition metal oxides have also 

gained significant attention in applied energy materials due to their versatile electronic properties and catalytic 
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activity. Beyond their role in photovoltaic applications, TMOs are widely explored as efficient photocatalysts 

and electrocatalysts13,14. These materials can be deposited using various techniques, such as atomic layer 

deposition (ALD), sputtering, and pulsed laser deposition (PLD). Initial studies employing TMO-based selective 

contacts have demonstrated promising efficiencies15–20, but further optimization is necessary. Moreover, the 

development of TMO-based solar cells faces several challenges, particularly in addressing the development of 

S-shaped J–V curves21–23, which significantly lower electrical performance by reducing the fill factor and 

increasing resistivity losses.  

In this paper, sub-stoichiometric molybdenum oxide MoOx and tungsten oxide WOx (x≈3) deposited via PLD 

are investigated as hole-selective contacts. To achieve efficient hole-selective contacts, it is crucial to optimize 

the charge transport properties of transition metal oxides, which depend on oxygen stoichiometry, work 

function, and defect states. Pulsed laser deposition allows precise control over these parameters, making it a 

valuable tool for studying fundamental properties. Although PLD is not typically used for large-scale 

manufacturing, the insights gained can guide the development of scalable deposition techniques such as 

sputtering or atomic layer deposition. Furthermore, it offers excellent control over film stoichiometry and 

structure, making it ideal for fundamental investigations into defect formation and electronic behavior. This 

work is based on PLD to explore the relationship between materials, their properties, and performances that 

can be used as precursor to other scalable deposition approaches.  

Understanding the role of bandgap defects of these materials, particularly oxygen vacancies, is essential for 

addressing S-shaped J–V curves and advancing TMO-based heterojunction technology. This study 

systematically explores how deposition conditions influence defect formation and carrier selectivity to provide 

a foundation for process optimization. Defect density evaluation through techniques like photothermal 

deflection spectroscopy (PDS) provides valuable insights for optimization. Detailed experimental 

characterization, including X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and optical 
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measurements, reveals the structural and optical properties of TMO films. This comprehensive analysis aids in 

understanding material behavior to optimize the fabrication processes. Prototypes of HJT solar cells 

incorporating TMO-based hole selective contacts exhibit S-shaped J-V characteristics under AM 1.5 

illumination. To address this behavior an equivalent circuit modeling, incorporating a series Schottky junction, 

provides a framework for understanding and analyzing the electrical characteristics of the solar cells under 

study and giving insights into the optimization of the device’s performance. S-shaped J–V characteristics in 

TMO-based heterojunctions are commonly associated with charge extraction barriers, poor band alignment, or 

interface recombination12,23,24. Understanding their origin is critical to unlocking the full potential of TMOs in 

silicon photovoltaics, yet their correlation with optoelectronic properties remains insufficiently explored. 

Despite the promising application of transition metal oxides as hole-selective contacts, the fundamental 

understanding of how oxygen-related defects impact their electronic properties and device performance 

remains limited. This study aims to correlate sub-gap absorption, linked to oxygen vacancies, with key 

photovoltaic parameters in MoOx and WOx films deposited via PLD. 

2 Experimental details 

WOx and MoOx thin films were deposited onto commercially available fused silica substrates by PLD. The PLD 

system employs a frequency-tripled Nd:YAG laser from Quantel mod.-YG78C20 with λ = 355 nm25–27. As 

precursors, tablets (diameter of 1.5 inch) of stoichiometric tungsten trioxide (WO3, 99.9%) and molybdenum 

trioxide (MoO3, 99.9%) were used as targets. Before each deposition, substrates were cleaned in an ultrasonic 

bath with acetone, rinsed with isopropanol, and dried up with compressed air. Each deposition was carried out 

by varying the deposition condition in terms of substrate temperature, Tdep, and deposition chamber oxygen 

pressure, PO2. For each material, six samples were fabricated with PO2 = 3×10-2, 6×10-2, and 10×10-2 mbar at 

room temperature and at 200 °C. For comparison purposes, an additional sample was produced for each 
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material using a PO2 = 3×10-2 mbar and a deposition temperature of 400°C to induce crystallization of the films. 

The laser energy density (fluency) was maintained at 1.2 J/cm2, and the repetition rate was 20 Hz. A summary 

of the parameters regarding the PLD and the depositions are reported in Table S1 (Supporting information). 

Finally, an x–y microtranslator system was employed to ensure the target surface's uniform ablation. 

XPS measurements were carried out by a VG MicrotechESCA3000 Multilab spectrometer, equipped with a 

twin (Mg and Al) anode and a five channeltrons detection system. An Al Kα (hν= 1486.6 eV) X-Ray source and a 

hemispherical analyzer (CAE mode) operated in an ultrahigh vacuum chamber (base pressure less than 1 × 10−6 

Pa). Photoelectron signals and peak components were assigned according to XPS reference database28. The 

binding energy (BE) scale was calibrated by measuring the C 1s peak at BE = 285.1 eV from the surface 

contamination. The accuracy of the BE measure was ±0.1 eV. Photoemission data were collected and processed 

by using the VGX900 and the XPSPeak software, respectively. 

The structural evaluation of the oxide films has been assessed by Raman spectroscopy obtained through a 

Renishaw inVia Micro-Raman microscope working at the wavelength of 514 nm. 

A photothermal deflection spectroscopy setup, described elsewhere29, was used to measure the absorption 

coefficient of the samples. The PDS measures directly the absorption in thin film deposited on a substrate 

(fused silica or quartz) by measuring the deflection of a He-Ne laser beam tangent to the sample edge 

submerged in a cuvette filled with a liquid (FC-72). This deflection is proportional to the absorption within the 

sample and exhibits superior sensitivity over transmittance/reflectance spectrophotometry; as such, it has 

been extensively used to analyze electronic defects in semiconductors and amorphous transition metal 

oxides8,12,15. 

The solar cell prototypes were fabricated following the process described elsewhere17: initially, the electron 

selective contact was formed on top of a c-Si(n) wafer by Plasma Enhanced Chemical Vapor Deposition (PECVD) 

with 8 nm of a-Si:H(i) passivation layer, followed by 11 nm of nc-SiOx:H(n)/nc-Si:H(n); afterward, a passivation 



6 

 

 

layer of 9 nm of a-Si:H(i) was deposited by PECVD on the backside. Subsequently, the wafer was diced into 1.5 

× 1.5 cm2 squares for the deposition of the hole selective contact. The cells were divided into two sets of three 

cells each: MoOx was used in one set while WOx for the other one. These layers of TMO were deposited on top 

of the 9 nm a-Si:H(i) passivation layer at ambient temperature, to avoid crystallization of the amorphous 

silicon, and three different oxygen pressures of 3×10-2, 6×10-2, and 10×10-2 mbar. As a final step, the cells were 

completed by sputtering 70 nm of indium tin oxide (ITO) as an anti-reflecting coating on the front side, and by 

thermal evaporation of 1 µm-thick aluminum on both faces for metallization. The bottom contact was obtained 

with a plan Al deposition onto the nc-SiOx:H/nc-Si:H film, while the top contact, with a grid pattern, was 

deposited onto the ITO using a shadow mask. A graphical representation of the solar cell stack is depicted in 

Fig. 1. 

 

Figure 1. Graphical representation of the solar cell prototypes realized implementing a hole selective contact 

made of MoOx or WOx. The structure of the cell is composed of a stack of c-Si passivated with aSi:H, the 

electron selective contact is made of a-Si:H(n) and the hole selective contact is made, alternatively, of MoOx or 

WOx. 
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3 Results 

3.1 Surface chemical composition  

XPS survey spectra of WOx samples deposited at ambient temperature with PO2 = 3 × 10-2 mbar and PO2 = 10 × 

10-2 mbar are shown in Figure 2a and 2b, respectively. The presence of tungsten peaks (W 4f and W4d) and 

oxygen (O 1s) are detected, along with carbon (C 1s) due to surface impurity. 

The curve-fitting of W 4f spectra is shown in Figure 2c and 2d. In both samples the W 4f7/2 component of the 

(W 4f7/2 - W 4f5/2) doublet is located at BE = 37.4 eV and assigned to WO3 oxide28. The curve-fitting of O 1s 

spectra reported in Figure 2e and 2f for both samples resulted in two components, a major one located at BE = 

531.2 eV and assigned to WO3 oxide, and a minor one located at BE = 532.4 eV attributed to the sub-

stoichiometric WOx oxide28. Both samples are sub-stoichiometric, showing a very similar surface chemical 

composition, with no substantial differences. Results of XPS analysis are summarized in Table 1. For 

comparison, results of the surface XPS analysis of the WOx sample deposited at 400 °C with a pressure PO2 = 

3×10-2 mbar are shown in Figure S1-S3 (Supporting Information) and listed in Table S2 (Supporting 

Information).   
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a) b) 

c) d) 

e) f) 

Figure 2. XPS spectra for WOx samples deposited at Tamb with PO2 = 3 × 10-2 mbar: (a) wide scan, (c) curve fitting 

of the W 4f spectrum, (e) curve fitting of the O 1s spectrum; and with PO2 = 10 × 10-2 mbar: (b) wide scan, (d) 

curve fitting of the W 4f spectrum, (f) curve fitting of the O 1s spectrum. 
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XPS survey spectra of MoOx samples deposited at ambient temperature with PO2 = 3 × 10-2 mbar and PO2 = 

10×10-2 mbar are shown in Figure 3a and 3b, respectively. The presence of the photoelectron signals of 

Molybdenum (Mo 3p and Mo 3d) and oxygen (O 1s) are detected, along with C 1s due to surface impurity. The 

curve-fitting of Mo 3d spectra is shown in Figure 3c and 3d. In both samples the Mo 3d5/2 component of the 

(Mo 3d5/2 - Mo 3d3/2) doublet peak is located at BE = 233.4 eV and assigned to MoO3 oxide28. The curve-fitting 

of O 1s spectra for both the samples deposited at room temperature is reported in Figure 3e and 3f. Two peak 

components were found, a major one located at BE = 530.9 eV and assigned to MoO3 oxide, and a minor one 

located at BE = 532.5 eV and assigned to the sub-stoichiometric MoOx oxide28. The presence of sub-

stoichiometric oxide is confirmed for all the samples. Results of XPS analysis are summarized in Table 1. For 

comparison, results of the XPS analysis of the sample deposited at 400 °C with a pressure PO2 = 3×10-2 mbar are 

shown in Figures S4-S6 (Supporting Information) and summarized in Table S3 (Supporting Information). 

Previous studies report that the work function of MoOx and WOx is strongly influenced by oxygen 

stoichiometry, typically ranging from 5.4 eV to 6.9 eV for MoOx and 5.1 eV to 6.8 eV for WOx
30–37. The XPS 

analysis confirms a variation in oxidation states with increasing oxygen pressure, suggesting an improvement in 

work function alignment with the silicon substrate. This is crucial for hole transport, as a higher work function 

reduces the energy barrier at the TMO/c-Si interface, thus enhancing charge extraction and mitigating resistive 

losses. 
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Table 1. XPS curve-fitting of tungsten oxide and molybdenum oxide samples. The two spin-orbit components 

(W 4f7/2 and W 4f5/2) of W 4f spectrum resulted energy split by Δ =2.14 eV. The two spin-orbit components (Mo 

3d5/2 and Mo 3d3/2) of Mo 3d spectrum were energy split by Δ~3.15 eV. Elemental concentration is expressed as 

atomic percentage (at. %). 

 WOx MoOx 

SAMPLE BE 

(eV) 

Concentration 

(at. %) 

BE 

(eV) 

Concentration 

(at. %) 

PO2, Tdep W 4f7/2      W 4f5/2  

O 1s 

W               O 

                O/W 

Mo 3d5/2      Mo 3d3/2 

O 1s 

Mo             O   

                O/Mo 

10×10-2 mbar, 

Tamb 

37.2          39.3         

530.9 

532.2 

55.2          44.8 

     0.8 

233.4        236.6        

530.9 

532.5 

48.9          51.1 

       1.1 

3×10-2 mbar, 

Tamb 

37.3          39.5         

531.1 

531.9 

55.3          44.7 

       0.8 

233.4          236.5         

530.9 

532.4 

49.5          50.5 

                   1.0 

 

.  
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a) b) 

c) d) 

e) f) 

Figure 3. XPS spectra for MoOx samples deposited at Tamb with PO2 = 3×10-2 mbar: (a) wide scan, (c) curve fitting 

of the Mo 3d spectrum, (e) curve fitting of the O 1s spectrum; and with PO2 = 10×10-2 mbar: (b) wide scan, (d) 

curve fitting of the Mo 3d spectrum, (f) curve fitting of the O 1s spectrum. 
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3.2 Structural Characterization 

Figure 4a shows the Raman spectra of the tungsten oxide samples. The absence of any peaks deposited at 

ambient temperature and 200 °C highlights that these samples are amorphous. Instead, Figure 4b depicts the 

Raman spectrum of the sample deposited at 400 °C which shows several sharp peaks at 273 cm-1,712 cm-1, and 

805 cm-1, highlighting a crystalline phase with a structure made of clusters of WO4 tetrahedral cells and WO6 

octahedron cells38. The peak at 273 cm-1 represents the vibrations δ(O-W-O), those at 712 cm-1 and 805 cm-1 

represent the vibrational modes of the O-W-O bonds. In the spectrum, there is also a small peak around 950 

cm-1 attributable to the W = O bonds39. 

Figure 4c shows the Raman spectra of the molybdenum oxide samples. The sample deposited at ambient 

temperature shows two small and broad peaks at 879 cm-1 and 952 cm-1, which are not indicative of a 

crystalline phase but most likely a local cluster of polycrystalline sub-stoichiometric MoOx
40,41. Furthermore, the 

samples deposited at 200 °C show no peaks, except that one deposited with the highest oxygen pressure, 

which exhibits a similar spectrum to those deposited at ambient temperature. Besides, the spectra shown in 

Figure 4c cannot be associated with any crystalline phase, concluding that all these films are amorphous. 

Finally, the Raman spectrum of a crystalline sample is shown in Figure 4d where the deposition temperature is 

raised to 400 °C. Such spectrum shows several sharp peaks at 289 cm-1, 664 cm-1, 817 cm-1, and 995 cm-1 

referred to the Mo=O bonds40,41 of the monocrystalline orthorhombic α-MoO3 phase40.   
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a) b) 

c) d) 

Figure 4. Raman spectra of the sub-stochiometric tungsten oxide samples deposited at (a) ambient 

temperature and 200 °C, compared with (c) the tungsten trioxide deposited at 400 °C. Raman spectra of the 

sub-stochiometric molybdenum oxide samples deposited at (b) ambient temperature and 200 °C compared 

with (d) the molybdenum trioxide deposited at 400 °C. 

 

3.3 Optical characterization 

Figure 5a shows the absorption coefficients of the sub-stochiometric WOx samples. The data are color-coded 

according to the oxygen partial pressure used during deposition. Furthermore, solid lines correspond to 

ambient temperature depositions, while dashed lines represent films deposited at 200°C. Generally, it can be 
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noted that all spectra progressively increase from lower energies, and beyond 3 eV, rises exponentially to a 

final plateau in the UV region for energy above 3.8 eV. Notably, from 3 eV to 4 eV, the absorption spectra of 

the films deposited at ambient temperature are lower than those deposited under the same PO2 conditions at 

200°C. The sample deposited with oxygen pressure of 10×10-2 mbar at 200 °C exhibits the highest absorption 

for a broad energy range, whereas the lowest absorption is achieved with the sample deposited at room 

temperature and 10×10-2 mbar oxygen pressure.  

For the tungsten oxide samples the observed absorption increase in sub-gap region (below 3 eV) with higher 

deposition temperature and intermediate PO₂ values suggests a greater density of defect-related states, likely 

due to oxygen vacancies or structural disorder. The enhanced absorption below the optical bandgap is 

consistent with the presence of localized states in the bandgap, which facilitate transitions observable in PDS. 

These trends indicate that thermal energy during deposition plays a critical role in enhancing the defectivity of 

the deposited WOx samples contributing to sub-gap absorption and therefore, highlighting a peak in the 

absorption spectrum. 

Figure 5b shows the absorption coefficients of the sub-stochiometric MoOx samples. The experimental data are 

grouped by a color for a specific oxygen deposition pressure whereas the full line groups the data with the 

same deposition temperature (ambient temperature full line and dashed line 200°C). The film deposited with 

PO2 = 3×10-2 mbar at 200 °C shows the highest absorption for nearly all energy ranges. Notably, the samples 

deposited at PO2 = 6×10-2 mbar and PO2 = 10×10-2 mbar at ambient temperature exhibit a comparable 

spectrum. 

The absorption behavior of the MoOx samples reveals a non-monotonic dependence on the deposition oxygen 

partial pressure. The film deposited at PO₂ = 3×10⁻² mbar and 200 °C shows the highest sub-gap absorption, 

suggesting a relatively high density of localized states, likely associated with oxygen deficiency and structural 

disorder. However, further increasing the oxygen pressure to 6×10⁻² and 10×10⁻² mbar during ambient 
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temperature deposition appears to reduce this effect, as evidenced by the superposition of the absorption 

spectra. This saturation behavior implies that beyond a certain oxygen threshold, additional oxygen 

incorporation may have limited influence on sub-gap state formation under low-temperature conditions. 

Differently, when the deposition temperature is at 200 °C, the saturation of the sub-gap absorption is less 

evident with the sample with intermediate pressure presenting the lowest value of absorption. These trends 

highlight a complex relationship between deposition temperature and oxygen availability in defect formation in 

MoOx films. 

a) b) 

Figure 5. The absorption coefficient of the sub-stochiometric (a) WOx and (b) MoOx samples grown under 

different deposition conditions. 

3.3.1 Optical gap and Urbach Energy 

The films were studied using absorption spectra obtained through the PDS setup. From these spectra, the 

optical energy gap, Eopt, can be obtained from the Tauc’s relation42: 

(𝛼ℎ𝜈)𝑛 = 𝐵(ℎ𝜈 − 𝐸𝑜𝑝𝑡) (1) 

where α is the absorption coefficient, hν is the photon energy, n is a coefficient dependent on the material (½ 

for the materials with an indirect bandgap, such as MoO3 and WO3
43,44) and B is a constant. The Tauc plots of 

the tungsten oxide samples deposited at ambient temperature and at 200 °C with PO2=10×10-2 mbar are 
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presented in Fig. S7 (Supporting information), and the Tauc plots of the molybdenum oxide samples deposited 

at ambient temperature and at 200 °C with PO2=10×10-2 mbar are presented in Fig. S8 (Supporting 

information). In both figures the red arrow represents graphically the linear regression with the intercept on 

the x-axis highlighting the estimated gap value.  

Another parameter used to evaluate the quality of the films is the Urbach Energy, Eu, which can also be derived 

from the absorption coefficient42: 

𝛼 = 𝛼0𝑒𝑥𝑝 (
ℎ𝜈

𝐸𝑢
) 

(2) 

where α0 is a constant.  

The resulting values of the optical gaps and the Urbach energy are presented in Table 2.  

The tungsten oxide samples exhibit an optical bandgap higher than 3.12 eV with the samples deposited at 

ambient temperature presenting a value above 3.2 eV. The samples deposited at 200 °C present a slightly 

lower optical bandgap which highlights a higher defectivity in the samples deposited at higher temperature. 

This trend is in accordance with the results of the PDS spectroscopy and the values of Urbach energy which are, 

generally higher, for the tungsten oxide samples deposited at 200 °C. 

For the molybdenum oxide samples, the film deposited at PO₂ = 3×10⁻² mbar and 200 °C shows the lowest 

optical bandgap and the highest Urbach energy, highlighting a relatively high density of localized states, likely 

associated with oxygen deficiency and structural disorder. The sample which exhibits the higher optical gap is 

the one deposited at PO₂ = 6×10⁻² mbar at ambient temperature, this sample presents also a relatively low 

value of Urbach energy when compared with the other MoOx samples. These trends confirm the suggestion 

given by the PDS analysis in defect formation in MoOx films due to temperature and oxygen pressure 

conditions. 
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Table 2. Optical gap and Urbach energy of the WOx and MoOx samples deposited under different conditions. 

PO2  

(mbar) 

Tdep  

(°C) 

WOX MoOX 

Eopt (eV) Eu (meV) Eopt (eV) Eu (meV) 

3×10-2 Tamb 3.20 158 3.05 187 

6×10-2 Tamb 3.21 112 3.16 159 

10×10-2 Tamb 3.29 137 3.15 142 

3×10-2 200 3.16 143 2.75 423 

6×10-2 200 3.20 175 3.00 220 

10×10-2 200 3.12 139 2.92 235 

 

3.4 Defect density evaluation 

The absorption coefficient as measured by PDS, is modeled using the one-electron approximation as 

expressed in Eq. (3), which assumes that each absorbed photon promotes an electron from an occupied state 

to an unoccupied one8. To account for the observed sub-gap absorption peak in the near-infrared, an 

additional term representing small polaron absorption is included, which arises from localized electron-

lattice8,9. Polarons are quasi-particles used to model the interaction of trapped electrons with the surrounding 

atoms45, and cause of the peak in the near-infrared region of the absorption spectrum40,46,47. Moreover, small 

polarons have previously been assessed in TMOs46,48,49. Their contribution to absorption is modeled with an 

additive term in equation (3) expressing a weakly asymmetric Gaussian peak46,47 with pre-exponential factor Ap, 

polaron binding energy Ep, and longitudinal-optical phonon energy Eop: 

𝛼(ℎ𝜈) =  
𝐶

ℎ𝜈
∫𝑁𝑖(𝐸)𝐹(𝐸)𝑁𝑓(𝐸 + ℎ𝜈)[1 − 𝐹(𝐸 + ℎ𝜈)]𝑑𝐸 +

𝐴𝑝

ℎ𝜈
𝑒
(−
(ℎ𝜈−2𝐸𝑝)

2

8𝐸𝑝 𝐸𝑜𝑝
)

 (3) 

 

the photon energy is represented by hν, while C is a parameter influenced by the refractive index and 

momentum matrix elements, assumed constant for all optical transitions50, Ni(E) represents the density of 

initial occupied states, Nf(E) the density of final empty states, and F(E) is the Fermi-Dirac function. The constant 
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C was determined for each spectrum using equation (3) at 4 eV, with the values provided in Tables 3 and 4 for 

the various WOx and MoOx samples. At this energy level, the optical transition from the valence band to the 

conduction band predominates, so only this transition is considered for the calculation of C. 

The density of states in equation (3)  can be modeled through the sum of several distributions as in equation 

(4) with a parabolic trend for valence and conduction bands (NVB, NCB), exponential trend for the band tails 

(NVBT, NCBT), and a Gaussian distribution for localized mid-gap defect states (ND)8,9,12,50. 

𝐷𝑂𝑆(𝐸) →

{
 
 
 
 
 

 
 
 
 
 𝑁𝑉𝐵(𝐸) = 𝑁𝑉√−𝐸 + 𝐸𝐺 + 𝐸0𝑉                        𝐸 < 0

𝑁𝐶𝐵(𝐸) = 𝑁𝐶√𝐸 − 𝐸0𝐶                                       𝐸 ≥ 0

𝑁𝑉𝐵𝑇(𝐸) = 𝑁𝑉√
𝐸0𝑉
2
  exp (−

𝐸 + 𝐸𝐺
𝐸0𝑉

)           𝐸 > 𝐸𝐺

𝑁𝐶𝐵𝑇(𝐸) = 𝑁𝐶√
𝐸0𝐶
2
exp (

𝐸

𝐸0𝐶
)                        𝐸 < 0

𝑁𝐷(𝐸) =
𝐴𝐷

√2𝜋𝑊𝐷
2
exp [−

1

2
(
𝐸 + 𝐸𝐷
𝑊𝐷

)
2

]        𝐸𝐺 < 𝐸 < 0

 (4) 

 

Here, the energy reference level was considered at the conduction band limit, the density of states of the 

valence and conduction bands are NV, and NC, respectively. The slopes of the valence and conduction band tails 

are E0V and E0C, and the bandgap is EG. The defects are modeled by the area of the Gaussian distribution AD, the 

mean ED, and the FWHM WD.  

For the tungsten oxide samples, the results are listed in Table 3. The valence band slope E0V shows a mean 

value of 117 meV with a peak of 134 meV for the sample deposited at room temperature at PO2 = 3×10-2 mbar. 

Similarly, E0C shows a mean value of 68 meV with a peak of 84 meV for the sample deposited at 200 °C and 

6×10-2 mbar. It should be noted that the samples deposited at room temperature with PO2 = 3×10-2  and 6×10-2 

mbar show a slightly lower value than the ones deposited at 200 °C with the same pressure. Regarding the 

parameters of the defect distribution, the ED is on average 0.9 eV below the conduction band edge, with 

standard deviations within 20 meV. This energy position agrees with other studies which connected this defect 
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to oxygen vacanices51 . The defects area, AD, is also reported in Figure 6a where it can be seen that, for each 

deposition pressure, the sample grown at a higher temperature always shows a higher value; moreover, there 

is an ascending trend as the pressure rises. Figure 6b shows the data extrapolated from the fitting relative to 

polaron factor Ap. A similar trend to the area of the defects is observed by increasing oxygen pressure at 200°C 

whereas at room temperature, Ap decreases with increasing oxygen pressure. Finally, EP and Eop show low 

variation for different conditions with mean values of 0.37 eV and 0.27 meV. 

 

Table 3. C constant, DOS, and small polaron coefficients for the WOx samples deposited under different 

conditions of temperature and pressure. 

PO2 

(mbar) 

Tdep 

(°C) 

C 

(cm5·eV2) 

E0V 

(meV) 

E0C 

(meV) 

AD 

(eV-1cm-3) 

ED 

(eV) 

WD 

(eV) 

AP 

(eV-1cm-3) 

EP 

(eV) 

Eop 

(meV) 

3×10-2 Tamb 1.61E-30 134 62 1.96E+13 0.96 0.02 2.79E+02 0.35 0.29 

6×10-2 Tamb 1.69E-30 101 81 1.48E+13 0.88 0.02 6.38E+02 0.38 0.27 

10×10-2 Tamb 4.59E-31 92 56 3.25E+12 0.89 0.03 3.99E+02 0.44 0.23 

3×10-2 200 1.46E-30 126 82 1.94E+13 0.94 0.02 3.72E+02 0.37 0.27 

6×10-2 200 1.70E-30 110 84 8.65E+13 0.83 0.02 3.69E+03 0.35 0.29 

10×10-2 200 1.33E-30 127 45  1.24E+14 0.91 0.02 3.93E+03 0.35 0.29 

For the molybdenum oxide samples, the results are listed in Table 4. The valence band slope E0V shows a 

mean value of 208 meV with a peak of 550 meV for the sample deposited at ambient temperature and 6×10-2 

mbar. Except for the sample deposited with 3×10-2 mbar , the sample at room temperature shows a value that 

is slightly lower than the samples deposited at 200 °C. Similarly, E0C shows a mean value of 64 meV with a peak 

of 94 meV for the sample deposited at 200 °C and 3×10-2 mbar. It should be noted that all the samples 

deposited at room temperature show a value that is slightly lower than the samples deposited at 200 °C except 

for the sample deposited with 10×10-2 mbar. Regarding the parameters of the defect distribution, the ED is on 

average 1.2 eV below the conduction band edge, with standard deviations within 60 meV. This energy position 

agrees with other studies that linked these defects to the oxygen vacancies52. The defects area is also reported 
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in Figure 6c where a small variation is shown for the samples deposited at room temperature while at higher 

temperatures there is a descending trend as the oxygen pressure rises. Figure 6d presents the data obtained 

from the fitting of the Ap factor. This parameter shows a trend similar to one of the defect areas for rising PO2 

and temperature. Lastly, EP and Eop show low variation for different conditions with mean values of 0.43 eV and 

1.68 meV. 

 

Table 4. C constant, DOS, and small polaron coefficients for the MoOx samples deposited under different 

conditions of temperature and pressure. 

PO2 

(mbar) 

Tdep 

(°C) 

C 

(cm5·eV2) 

E0V 

(meV) 

E0C 

(meV) 

AD 

(eV-1cm-3) 

ED 

(eV) 

WD 

(eV) 

AP 

(eV-1cm-3) 

EP 

(eV) 

Eop 

(meV) 

3×10-2 Tamb 7.19E-32 137 88 1.97E+15 1.20 0.05 7.09E+04 0.41 1.54 

6×10-2 Tamb 8.41E-32 550 51 1.93E+15 1.25 0.06 4.59E+03 0.48 1.89 

10×10-2 Tamb 1.25E-31 107 54 1.53E+15 1.27 0.08 6.46E+03 0.47 1.91 

3×10-2 200 6.23E-32 200 94 2.89E+16 1.20 0.04 2.82E+05 0.38 1.47 

6×10-2 200 1.28E-31 119 59 3.34E+13 1.10 0.06 3.59E+02 0.40 1.56 

10×10-2 200 1.11E-31 137 46 4.34E+14 1.01 0.08 2.67E+03 0.43 1.67 

 

 

 

 

 

 



21 

 

 

a) b) 

c) d) 

 

Figure 6. Resulting parameters for the samples for different deposition conditions: WOx (a) AD and (b) Ap; 

MoOx: (c) AD and (d) Ap. 

Although direct electrical characterization was not provided, the defect density evaluation obtained through 

PDS provides indirect insights into charge transport limitations. Higher defect densities correlate with increased 

carrier trapping, which likely contributes to the observed transport behavior of these films. This highlights the 

importance of optimizing stoichiometry and deposition conditions to minimize defect-related recombination 

losses. 

To further illustrate the distribution of defect states in MoOx and WOx, Fig. 7 presents the density of states of 

the samples deposited at room temperature with 6×10-2 mbar. Figure 7 also shows the single contribution for 
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each distribution: the valence band and band-tail, the gaussian defect states within the bandgap and the 

conduction band and band-tail. This diagram provides a visual interpretation of the absorption-derived density 

of states, highlighting the role of oxygen vacancies in sub-gap absorption and charge trapping. The density of 

state is positioned relative to the conduction band limit.  

The defectivity of the samples is quantitatively represented by the parameter 𝐴𝐷, which corresponds to the 

area under the Gaussian defect distribution. This area is directly related to the overall defect density, while the 

other parameters 𝐸𝐷 and 𝑊𝐷 describe the energy location and spread of the defect states within the bandgap. 

A comparative analysis of the fitted AD values is shown in Fig. 6a for the tungsten oxide samples and in Fig. 6b 

for the molybdenum oxide samples.  

For tungsten oxide, the samples deposited at 200 °C consistently exhibit higher defect density than their 

room-temperature counterparts. A clear trend of increasing 𝐴𝐷 with increasing oxygen pressure is observed at 

200 °C, whereas the room-temperature samples show the opposite behavior. The sample deposited at 200 °C 

and PO₂ = 10×10⁻² mbar shows the highest defectivity, with 𝐴𝐷  of 1.24×1014 eV-1cm-3, while the corresponding 

room-temperature sample has the lowest value, 𝐴𝐷  of 3.25×1012 eV-1cm-3. These trends are consistent with the 

qualitative differences observed in the PDS-measured absorption spectra. 

In the case of molybdenum oxide, the defect density of the ambient-temperature samples is relatively 

insensitive to increasing PO₂, while for the 200 °C samples, AD decreases significantly with higher oxygen 

pressure. The most defective sample was deposited at 200 °C with PO₂ = 3×10⁻² mbar, exhibiting 𝐴𝐷  =2.89×1016 

eV-1cm-3. The lowest value among the MoOx samples is found in the 200 °C sample deposited at PO₂ = 

6×10⁻² mbar, with AD =3.34×1013 eV-1cm-3. These findings are again in agreement with the qualitative PDS 

trends, confirming that the model accurately captures the impact of processing conditions on sub-gap defect 

formation. 
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a) b) 

Figure 7. Resulting DOS (black line) with gaussian defect distributions, the valence, conduction bands and tails 

for the samples deposited at ambient temperature and 6×10-2 mbar: (a) WOx and (b) MoOx.  

3.5 Solar cell prototypes study 

The J–V curve characteristics experimentally evaluated under AM 1.5 illumination for the heterojunction 

solar cells prototypes with transition-metal oxides as selective carrier contacts present an S-shaped J-V 

characteristic. It should be noted that the oxide layers used in the solar cell prototypes were deposited at 

ambient temperature. This limitation is due to the use of hydrogenated amorphous silicon (a-Si:H) in the device 

architecture, which has a low thermal budget of approximately 130 °C. Higher deposition temperatures, such 

as 400 °C, would lead to hydrogen effusion and partial crystallization of the a-Si:H layer, compromising its 

passivation quality and the overall performance of the heterojunction solar cell. 

The experimental J-V characteristics of the cells with tungsten and molybdenum oxide hole selective contact 

are presented in Figure 8 to show the S-shape behavior for the cell implementing the TMO hole selective 

contact. The observed S-shaped J–V curves suggest a barrier to charge extraction, likely resulting from 

misalignment between the band structures of TMOs and hydrogenated amorphous silicon, as discussed in 

previous studies23,53.  
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Figure 8. Experimental J-V curves of a TMO-based HJT solar cells showing S-Shape curve under AM 1.5. The 

black line with squares is referred to WOX, while the red line with circles is referred to MoOx. 

The charge extraction barrier indicated by S-shaped J–V curves can be attributed to band misalignment and 

defect-assisted recombination. In particular, sub-gap absorption from oxygen vacancies introduces additional 

carrier traps, which contribute to recombination losses. Addressing these limitations may require interface 

engineering strategies, such as optimizing TMO stoichiometry or introducing buffer layers to facilitate 

smoother band transitions.  

As observed in the defect density analysis, sub-stoichiometric films exhibit increased Urbach energy, which 

correlates with higher defect densities. These findings suggest that further optimization of stoichiometry and 

interface engineering is necessary to mitigate these losses. 

This phenomenon brings limitations in the optimal design of transition-metal oxide-based heterojunction 

solar cells. Parameters like the optical band gap, work function, crystallinity, and stoichiometry, depend on the 

deposition technique, substrate temperature and oxygen pressure potentially leading to non-optimal electrical 

characteristics. 



25 

 

 

The equivalent electrical model of a heterojunction solar cell is typically based on p–n junctions. However, 

the presence of an S-shape J-V characteristic cannot be accurately modeled using this approach. For including 

this anomalous S-shape DC electrical characteristics, different models exist in the literature12,54,55. For this 

study, we adopted the equivalent electrical model as depicted in Figure 9 and developed in the literature56,57. In 

this model, a rectifying Schottky junction (SJ) is connected in series with the heterojunction to introduce a 

Schottky barrier. 

The S-shaped observation in the J–V characteristics, indicates the presence of non-ideal charge extraction 

mechanisms. This behavior can be attributed to a combination of interfacial barriers and recombination 

processes. The factors that could lead to such a behavior are: i) incomplete or unfavorable energy level 

alignment between the TMO and the adjacent layers, as it can create a transport barrier for holes, especially if 

the TMO work function is too low or not matched to the valence band of a-Si:H(i); ii) the presence of defect 

states at the TMO/a-Si:H(i) interface, as it can facilitate non-radiative recombination; iii) the band bending at 

the TMO/ a-Si:H(i) interface, as it can result in band misalignment that opposes carrier extraction.  

This is effectively modeled in the presented equivalent circuit via a barrier element in series with the main 

junction, which allows reproducing the observed S-shaped curve. These effects may act simultaneously, with 

varying dominance depending on the deposition conditions.  
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Figure 9. Equivalent electrical model of a HJT solar cell including a SJ. 

The equivalent model of the solar cell is described by the following equations: 

𝐽 = 𝐽01 (exp (
𝑉1 − 𝐽𝑅𝑆1
𝑛1𝑉𝑇

) − 1) +
𝑉1 − 𝐽𝑅𝑆1
𝑅𝑃1

− 𝐽𝑃𝐻  (5) 

𝐽 = 𝐽02 (𝑒𝑥𝑝 (
𝑉2
𝑛2𝑉𝑇

) − 1) +
𝑉2
𝑅𝑃2

 (6) 

𝑉 = 𝑉1 + 𝑉2 (7) 

where the current density through the solar cell is denoted with J, the bias voltage of the cell is V. For the HJT, 

the bias voltage is V1, the dark saturation current density is J01, the ideal factor is n1, the thermal voltage is VT, 

the JPH is the photogenerated current density and RS1, and RP1 are the series resistance and the shunt 

resistance, respectively. Regarding the SJ, the leakage current density is J02, the bias voltage is V2, the ideal 

factor is n2 and the shunt resistance is RP2. The derivation of V2 as a function of J is obtained through the 

Lambert W function as expressed in (8). 

𝑉2 = 𝑅𝑃2(𝐽02 + 𝐽) + 𝑛2𝑉𝑇 𝑊 (
𝐽02𝑅𝑃2
𝑛2𝑉𝑇

exp (
𝑅𝑃2(𝐽02 + 𝐽)

𝑛2𝑉𝑇
)) (8) 

The model presented in Fig. 9 and in Eq.s (5-8) allows for an interpretation of the J–V characteristics 

observed in the devices affected by the S-shape. The diode D1 is for describing the ideal behavior of the 

junction, while the resistor RS1 reflects the resistive losses due to carrier transport in the solar cell stack and 
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contacts. The shunt resistors, which are RP1 and RP2, account for leakage pathways and interface 

recombination; both these leakages can be of particular significance in devices with a high defect density. The 

second diode D2 is used to address the bias-voltage-dependent carrier recombination by modeling the 

rectifying properties induced by the Schottky barrier, interfacial dipole and unbalanced charge transport56. The 

ideality factor n2 of the Schottky diode is usually large and it means that the effective recombination lifetime in 

the depletion layer increases with an increasing recombination rate due to trap-assisted tunneling or field-

enhanced recombination via single levels or even flowing at the edge of the diode and in certain shunt 

positions12,58. 

The previous parameters were obtained by fitting the J-V curves of the prototypes with the model. The 

resulting parameters allow for in-depth analysis and comprehension of the device and its underlying 

mechanisms. Figure 10 shows a comparison of the dark saturation current J0 for solar cells based on the two 

different TMOs investigated above. It can be noted that the highest value of J0 is obtained for both WOx the 

MoOx hole contacts deposited with the lowest oxygen pressure. As PO2 increases, J0, for both TMOs, is reduced 

by order of magnitude.  

Additionally, a clear correlation is observed between the sub-gap defect density, quantified by both the 

defect area and the Urbach energy, and the electrical performance of the devices. 

For both TMOs defectivity and Urbach energy decrease with increasing oxygen pressure, which corresponds 

to improved electrical parameters (higher short-circuit current-density JSC and open circuit voltage VOC). In 

contrast, MoOx samples show more complex behavior, leading to less predictable trends. Nonetheless the 

highest open-circuit voltage is obtained with the lowest oxygen deposition pressure. Interestingly, in both 

TMOs-based solar cells, an increase in localized defect states appears to coincide with improved electrical 

characteristics, suggesting the possible involvement of trap-assisted tunneling mechanisms that enhance hole 

extraction. However, excess defect density can also increase recombination losses, highlighting the need for a 
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careful balance between improving transport and minimizing recombination. These results emphasize that 

optimizing the defect within TMOs is crucial for achieving optimal energy level alignment and efficient carrier 

extraction in heterojunction solar cells. 

 

Figure 10. Dark saturation current vs oxygen pressure of the prototypes of solar cells. 

Finally, a simulation of the electrical characteristics, including only the HJT without the SJ, is presented in 

Figures 11(a) for WOx and 11(b) MoOx hole contacts, deposited under the oxygen pressure that corresponds to 

the lower value of J0. The J-V curves of Figure 11 share the same VOC of experimental J-V. When the current is 

zero the total voltage drop across the cell is given by the section of the equivalent circuit model referred to as 

the heterojunction cell. For negative bias voltage, the current density is the photogenerated current density. 

For positive bias voltage, the slope of the J-V curve is slightly higher for the sample with the hole selective 

contact made of molybdenum oxide. The characteristic presented in Fig. 11 forecasts the behavior of the solar 

cells implementing the doping-free hole selective contact without the presence of the barrier introduced by a 

mismatch in the band structure of the device between the layers of TMO and the a-Si:H(i). Such a simulation is 

retrieved considering only the section of the model with the heterojunction parameters and zeroing the 

Schottky region voltage drop. 
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a) b) 

Figure 11. Simulation of the electrical characteristic of the solar cells prototype with hole contacts based on: (a) 

WOx deposited at an oxygen pressure of 6×10-2 mbar, (b) MoOx deposited at an oxygen pressure of 10×10-2 

mbar. 

 

4 Conclusions  

This study presented a comprehensive analysis of substoichiometric MoOx and WOx thin films deposited by 

pulsed laser deposition as hole-selective contacts for silicon heterojunction solar cells. While these materials 

offer potential for doping-free carrier-selective contacts, their performance is influenced by defect states that 

contribute to charge extraction barriers and the emergence of S-shaped J–V characteristics. 

To investigate these limitations, we performed combined structural, optical, and electrical analyses using X-

ray photoelectron spectroscopy, Raman spectroscopy, photothermal deflection spectroscopy, and J–V 

characterization of solar cell prototypes. PDS revealed that defect-related sub-gap absorption is closely tied to 

deposition temperature and oxygen partial pressure, with higher oxygen content generally reducing defect 

density. The Gaussian defect area and Urbach energy extracted from density of states modeling provided a 
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semi-quantitative link between material properties and device metrics. Devices with higher defectivity 

exhibited increased saturation current density and open-circuit voltage, consistent with enhanced trap-assisted 

tunneling at the TMO/a-Si:H(i) interface. 

The observed S-shaped J–V characteristics were further analyzed using an equivalent circuit model, which 

revealed that a combination of interface recombination, back-barrier formation, and defect-induced transport 

limitations contribute to the non-ideal behavior. These findings highlight that deposition conditions, 

particularly oxygen pressure and substrate temperature, play a critical role in determining the defect density, 

energy level alignment, and charge transport behavior of these transition metal oxides. 

Future work should focus on direct experimental measurements of key electronic properties, such as work 

function and carrier transport, using techniques like Kelvin probe and transfer length method measurements. 

Besides, alternative deposition techniques could be evaluated for scalability and industrial feasibility. Finally, 

investigating interface engineering strategies, including passivation layers or doping schemes, to tune the work 

function of the TMOs optimizing the band alignment and reducing the recombination losses. 

Although this study focuses on hole-selective contacts for silicon heterojunction solar cells, transition metal 

oxides play an active role for other functional energy applications, such as photocatalysis and electrocatalysis 

where these results may also have relevance. 
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