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ABSTRACT 

The application of titanium dioxide (TiO2) in the photovoltaic field is gaining traction as this material can be deployed in doping -free 

heterojunction solar cells with the role of electron selective contact. For modeling-based optimization of such contact, knowledge of the 

titanium oxide defect density of states is crucial. In this paper, we report a method to extract the defect density through n ondestructive 

optical measures, including the contribution given by small polaron optical transitions. The presence of both related to oxygen-vacancy 

defects and polarons is supported by the results of optical characterizations and the evaluation of previous observations resulting in a 

defect band fixed at 1 eV below the conduction band edge of the oxide. Solar cells employing pulsed laser deposited-TiO2 electron 

selective contacts were fabricated and characterized. The J-V curve of these cells showed, however, a S-shape, then a detailed analysis 

of the reasons of such a behavior was carried out. We use a model involving the series of a standard cell equivalent circuit with a 

Schottky junction in order to explain these atypical performances. A good matching between the experimental measurements and the 

adopted theoretical model was obtained. The extracted parameters are listed and analyzed to shade light on the reasons behind the 

low-performance cells. 

KEYWORDS 

solar cell, heterojunction, photovoltaic, defect density, small polaron, Pulsed Laser Deposition, titanium dioxide, defects 

 

1. Introduction 

The rise in renewable energy production from solar irradiation has 

led to rapid growth in the photovoltaic market, with the solar PV 

module industry gaining considerable traction as the silicon-based 

technology reached about the 95% of the total production in 2019 

and the crystalline-silicon (c-Si) technology 66% of total 

production [1]. Indeed, the c-Si heterojunction technology (HJT) 

represents an interesting innovation leading to solar cells with 

record efficiency over 26% [2,3] and at industrial level of 24.63% 

[4]. Such results were achieved thanks to the excellent passivation 

properties of the hydrogenated amorphous silicon (a-Si:H) [5]; 

despite these achievements, exploiting a-Si:H introduces some 

drawbacks due to the large presence of defects and parasitic 

absorption [6], moreover, the further optimization of the 

hydrogenated amorphous silicon layer is challenging [7]. 

Therefore, other materials such as the transition metal oxides 

(TMOs) are currently investigated to replace a-Si:H in HJT and 

implement passivating carrier selective contacts (CSC) [8]. These 

contacts are typically made of TMOs like TiO2, ZnO and TaO (for 

the electron selective contact) [9–11], MoO3, WO3 and V2O5 (for 

the hole selective contact) [12–14] and can be deposited reliably 

with a variety of different techniques such as atomic layer 

deposition, atmospheric pressure chemical vapor deposition, 

physical vapor deposition and wet chemical methods [15]. 

Examples of HJT cells implementing TMOs selective contacts 

have been reported [7,16–18], reaching efficiency up to 23.5% 

[19]. For the electron selective contact, titanium dioxide in its sub-

stoichiometric form (TiOx) (x <2) represents a suitable choice. 

Indeed, such material presents at the interface with the n-type 

silicon a large offset in the valence band, forming a barrier that 

blocks the hole transport; at the same time, it presents a good 

alignment of the conduction bands with a small offset, allowing 

the electrons to pass through the selective contact [18,20]. 

Nonetheless, TiOx can also act as a hole selective contact 

depending on the deposition process [21], with its carrier 

selectivity property strongly influenced by the post-deposition 

annealing, plasma treatment, work-function of the capping layer, 

and TiOx thickness [21].  

The formation of the sub-stoichiometric TiOx compound is 

essential to achieve adequate selectivity and passivation. The 

presence of oxygen vacancies is necessary for achieving a low 

contact resistivity; in fact, the film conductivity increases  as the 

oxygen vacancies increment provides n-type doping [22].  

TiOx is one of the most employed TMOs as an electron selective 

contact, with several studies highlighting its characteristics, 
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implementing them in HJT [9,23,24] and reaching efficiency over 

22% [25], and a significative efficiency of 21.8% when contacted 

with a low work function metal such as calcium [26]. Moreover, 

titanium dioxide has a role in the enhancement of the 

characteristics of perovskite solar cells [27,28]. Although this 

transition metal oxide was previously studied and characterized 

for various electronic devices [29–32], its performances in 

heterojunction solar cells are currently under a process of 

optimization. Thus, gaining insight into the role of the bandgap 

defects related to the oxygen vacancies is of particular importance 

[33,34], since these defect states actively contribute to the carrier 

transport in TMOs-based cells [35]. Indeed, lack of information 

on the defect density of states of TMO layers may compromise 

any optimization of such solar cell architecture leading to sub-

optimal DC characteristics with S-shaped J–V curves [14], with a 

considerable decrease in the cell electrical performances. 

Furthermore, the lack of detailed knowledge of the interface 

defect parameters limits the accuracy of the model of the tunneling 

mechanism due to defects in the junction between p-Si and TiO2 

in monolithic perovskite/Si tandem cells [36]. Nonetheless, a 

quantitative study on the defect density of states in the bandgap of 

the TiOx for solar cells devices has not yet proposed. For these 

reasons, in order to avoid the undesired S-shaped current behavior 

of solar cells, it is essential to shade light to  material’s properties 

that may be responsible for these low performance devices.    

The defect density of states of a thin film can be extrapolated from 

its absorption coefficient and by evaluating the optical transitions 

between available states and the conduction band. For this purpose, 

an absolute photothermal deflection spectroscopy (PDS) setup has 

been used to measure  optical transmittance , reflectance and 

absorptance values in a wide spectral range [23,24] 

simultaneously; such technique has been extensively used to 

achieve information on the defectivity of semiconductors [37–39]. 

Furthermore, the contribution to the absorption coefficient due to 

the small polaron has also been considered; such technique was 

previously used for characterizing the sub-gap defect density in 

transition metal oxides such as molybdenum oxide [40,41]. 

2. Methodology 

Layers of titanium oxide 150 nm-thick were deposited by 

Pulsed Laser Deposition (PLD) on quartz substrates from a TiO2 

(Balzers, 99.5%) target. Depositions were carried out at two 

different temperatures (room temperature and 200 °C) and under 

three different oxygen pressures (PO2) such as  2×10-2, 1×10-2 

and 1×10-3 mbar. Three additional samples were prepared  in 

vacuum ambient (at room temperature and 200 °C) and at an 

oxygen pressure of 1×10-2 mbar (at 400 °C) for comparison 

purposes.  Films  thickness was assessed  by spectroscopic 

ellipsometry (SE) with a single Cody-Lorentz oscillator [29]. The 

mean thickness resulted  155 nm with a small variation among 

the samples deposited in  oxidating ambiance at room 

temperature and at 200 °C, whereas the TiOx film  deposited at 

400 °C resulted  thinner  (35 nm) and the samples prepared  in 

vacuum presented a film thickness of 113 nm (at room 

temperature) and  95 nm (at 200 °C).  

X-Ray Photoemission Spectroscopy (XPS) was used to 

investigate the electronic structure of TiO2 samples and to 

determine the surface relative chemical composition. Films in the 

‘as received’ condition were submitted to XPS analysis with no 

additional pre-treatment prior measurements. 
Samples were analyzed by means of a VG MicrotechESCA3000 

Multilab spectrometer, equipped with an ultrahigh vacuum 

chamber (base pressure < 1 × 10−6 Pa); a twin (Mg and Al) anode 

as X-Ray source and a five channeltrons detection system. XPS 

spectra were acquired using a standard non-monochromatized Al 

Kα (hν= 1486.6 eV) excitation source and a hemispherical 

analyser operating in CAE mode. VGX900 and XPSPEAK4.1 

software were used for the collection and processing of 

photoemission spectra, respectively. The binding energy (BE) 

scale was charge corrected by using C 1s peak (BE = 285.1 eV) 

from the adventitious carbon on the surface. The accuracy of the 

binding energy measure is ± 0.1 eV. The chemical shift of XPS 

signals was determined by a nonlinear least square curve-fitting 

procedure, using a properly weighted sum of Lorentzian and 

Gaussian component for the shape of Voight curves and a Shirley 

background subtraction [42]. The surface chemical composition, 

expressed as relative atomic percentage, was obtained by a 

standard quantification routine, including Wagner’s energy 

dependence of attenuation length [43] and a standard set of VG 

Escalab sensitivity factors. The uncertainty on the atomic 

quantitative analysis is ± 10%. Photoelectron signals and peak 

components were assigned according to XPS literature reference 

database [44]. 

The morphological evaluation of the TiOx layers has been 

investigated by Raman spectroscopy (λ=514 nm) performed with 

a Renishaw inVia Micro-Raman microscope. The absorption 

coefficient of the samples was measured by a PDS setup which is 

described elsewhere [45,46]. 

The solar cell prototype was fabricated following the process 

described in [47] in which a c-Si solar cell uses a stack of intrinsic 

hydrogenated amorphous silicon, doped hydrogenated 

nanocrystalline silicon oxide (nc-SiOx:H) and doped 

hydrogenated nanocrystalline silicon (nc-Si:H). The absorber is 

an n‐type <111> oriented c‐Si wafer (280 µm-thick, resistivity of 

2.5 Ω∙cm and doping concentration of 1.9×1015 cm−3). The 

p-contact was formed by Plasma Enhanced Chemical Vapor 

Deposition (PECVD) with a stack of 9 nm a-Si:H(i), 10 nm of nc-

SiOx:H(p) and 10 nm of nc-Si:H(p); the n-contact was prepared 

with a passivation layer of 9 nm of a-Si:H(i). A square of 1.5 

cm×1.5 cm was obtained after the dicing of the wafer and used for 

the electron selective contact deposition of 5 nm of TiO2 by Pulsed 

Laser Deposition (PLD) onto the passivation layer. The prototypes 

were finalized by sputtering of indium tin oxide (ITO) as an anti-

reflecting coating (70 nm on the front side, 140 nm on the 

backside) while metallization was obtained by thermal 

evaporation of 1 µm-thick aluminum layer on both faces of the 

devices. In particular, the bottom contact was obtained with a full 

Al deposition onto the TiOx film, while the top contact was 

deposited onto the ITO film through a shadow mask with a grid 

pattern.  

A sketch of the solar cell prototype is depicted in Figure 1, 

showing the hole selective contact made with a stack of doped 

hydrogenated nanocrystalline silicon oxide and the electron 

selective contact made with the titania film. 
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Figure 1 Sketch of the solar cell prototype exploiting titanium dioxide as 

electron selective contact 

3. Results and discussion 

3.1 Chemical and structural characterization 

The surface composition of the deposited films was analyzed by 

X-ray photoemission spectroscopy (XPS). Ti 2p spectra shown in 

Fig. 2 refer to the samples deposited at ambient temperature with 

a partial pressure of oxygen PO2 of 1×10-3 mbar (Fig. 2(a)) and 

2×10-2 mbar (Fig. 2(b)), respectively. The presence of a doublet 

peak with the Ti 2p3/2 located at BE = 458.6 eV and Ti 2p1/2 at BE 

= 464.4 eV is assigned to Ti4+ oxidation state, which corresponds 

to the TiO2 compound [48,49].  

Figure 2 Curve fitting of Ti 2p spectra for TiO2 films deposited at: (a)PO2 = 

1×10-3 mbar , (b) PO2 = 2×10-2 mbar. 

The curve-fitting of O 1s spectra is reported in Fig. 3(a) for the 

sample deposited at PO2=1×10-3 mbar, and in Fig. 3(b) for the 

sample deposited at PO2=2×10-2 mbar, respectively. Results are 

summarized in Table 1. The two different components located at 

BE = 530.0 eV and at BE = 531.4 eV correspond to oxides and 

defective oxides or adsorbed hydroxyl species, respectively [49]. 

The evidence that both the samples are sub-stochiometric is 

confirmed by the relative chemical composition of the surface 

listed in Table 2. Ti 2p and O 1s photoelectron signals can be used 

in combination to determine the stoichiometry of the TiO2 films. 

For the determination of the O/Ti atomic ratio, the contribution of 

the –OH component resulting from the curve-fitting of the O 1s 

peak with two components can be neglected in the calculation [50]. 

Results are reported in Table 2 for the detected O/Ti and calculated 

O/Ti* ratio. The surface relative chemical composition determined 

by XPS confirmed that TiO2 is sub-stoichiometric in both the 

investigated films. 

 

 

 

 

 

 

 

 

Figure 3 Curve fitting of O 1s spectra for TiO2 films deposited at: (a) PO2 = 

1×10-3 mbar , (b) PO2 = 2×10-2 mbar. 

(a) 

(b) 

(a) 

(b) 
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Table 1. XPS results of Ti 2p and O 1s curve-fitting in the investigated samples. 

The two spin-orbit components (2p3/2 and 2p1/2) of Ti 2p spectrum resulted 

energy split by Δoxide=5.7 eV. 

PO2 (mbar) XPS signal BE (eV) Peak area (%) 

1×10-3 Ti 2p3/2 458.6 100 

1×10-3 O 1s 
530.0 

531.5 

90.6 

9.4 

2×10-2 Ti 2p3/2 458.6 100 

2×10-2 O 1s 
530.0 

531.6 

88.8 

11.2 

Table 2. XPS surface relative chemical composition in the investigated 

samples. Elemental concentration is expressed as atomic percentage (at. %). 

The O/Ti* ratio was calculated after removing the contribution of the –OH 

component from the O 1s peak. 

PO2 (mbar) Ti 2p (%) O 1s (%) O/Ti  O/Ti+ 

1×10-3 34.3 65.7 1.9 1.7 

2×10-2 36.9 63.1 1.7 1.5 

Structure and composition of the deposited oxides was analyzed 

by evaluating the Raman spectrum. The results are highlighted in 

Fig. 4; in particular, Fig. 4(a) shows the Raman spectra for the 

samples prepared with PO2 equal to 1×10-3 mbar and 2×10-2 mbar 

at ambient temperature and 200 °C. Similar behavior was 

measured for the samples obtained  with PO2=1×10-2 mbar (not 

reported here). No sharp peaks are observed in the spectra, 

confirming that the material is amorphous even when deposited at 

200°C. Indeed, a higher temperature is required to start 

crystallization [51–55]. For comparison purposes, Fig. 4(b) shows 

the Raman spectrum of a TiOx sample deposited at 400°C with 

PO2=1×10-2 mbar in which the presence of sharp peaks (145, 198, 

399, 516, 640 cm-1) is highlighted; such peaks are correlated to the 

anatase crystalline phase [56,57]. 

3.2 Optical characterization 

The optical absorption spectra of the TiOx samples are shown in 

Fig. 5. As a reference, we report the spectra of the films  

deposited in vacuum ambient (e.g., without introducing oxygen 

within the PLD deposition chamber) at ambient temperature and 

200 °C. The spectra of these two samples are similar, meaning that 

the absorption coefficient (α ≈ 105 cm-1) is almost constant 

throughout the whole measurement range. It should be noted that 

the deposition of the films  in the absence of O2 led to very 

different samples with opaque-black coloration and a high 

absorption spectrum (Fig. 5); such behavior is typical of the black-

TiO2 [58,59] and is caused by a large defect concentration due to 

the oxygen vacancies. 

The other samples, prepared in a O2 environment, present a similar 

trend of the absorption in accordance with previous observations 

[60]. Each spectrum increases from lower energies to a small, 

broad peak in the region located around 1.4 eV; it then decreases 

to a lower value at 3 eV and then rises up again exponentially. 

From 1 eV to 3 eV, the absorption spectra of the films  deposited 

at ambient temperature are slightly higher than the ones deposited 

with the same PO2 at 200°C. The sample deposited with 

PO2=1×10-3 mbar at 200°C exhibits significantly lower absorption 

than the sample deposited for the same oxygen pressure at ambient 

temperature.  

Figure 4. (a) Raman spectra of the deposited TiOx samples for different PO2 

and deposition temperature; (b) Raman spectrum of the TiOx sample deposited 

at 400°C with PO2=1×10-2 mbar. 

 

This behavior can be attributed to a less defective lattice than the 

materials deposited at ambient temperature, giving a minor 

oxygen vacancy content, which leads to a lower absorption 

coefficient. In the 3-4 eV range, the absorption coefficient of the 

samples deposited at 200°C is slightly lower than the sample 

obtained at ambient temperature, regardless of the oxygen 

pressure used. Finally, as a general trend, the higher is the oxygen 

pressure, the lower is the absorption coefficient. A minor content 

of oxygen vacancies in the lattice can explain this behavior; 

indeed, the higher PO2 improves the stoichiometric ratio of the 

compound [61], reducing the defects due to the oxygen vacancies, 

thus reducing the absorption. 

The optical band gaps, Eopt, of the samples were evaluated by 

Tauc’s law [62]: 

(𝛼ℎ𝜈)
1
𝑛 ∝ (ℎ𝜈 − 𝐸𝑜𝑝𝑡) (1) 

where hν is the photon energy and n is equal to ½ for the direct 

allowed transition. 

The resulting values are summarized in Table 3 and range between 

3.31 and 3.38 eV. This means that there is a slight difference 

between the optical band gap values, with the film deposited at the 

highest oxygen pressure (PO2=2×10-2 mbar) exhibiting the largest 

optical band gap deviation from the other samples.  

(b) 

(a) 

(b) 
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The Urbach energy, EU of the samples was evaluated using 

Urbach’s relation (2) [63] and the results are reported in Table 3.  

𝛼 ∝ exp (
ℎ𝜈

𝐸𝑈
) (2) 

Under the same oxygen pressure conditions, the samples grown at 

ambient temperature are characterized by a higher EU with respect 

to the ones deposited at 200 °C. The increase in Urbach’s energy 

and the narrowing of the optical gap can be related to the increased 

defect density induced by the oxygen vacancies in the oxide film 

[64,65].  

 

Figure 5 Absorption spectra for TiOx samples deposited at different conditions 

of temperature and pressure (expressed in mbar) 

 

Table 3. Tauc Gap, Eopt, and Urbach Energy, EU, evaluation 

PO2 (mbar) Temperature (°C) Eopt (eV) EU (meV) 

1×10-3 Amb. 3.31 185 

1×10-3 200°C 3.31 143 

1×10-2 Amb. 3.32 124 

1×10-2 200°C 3.30 110 

2×10-2 Amb. 3.38 142 

2×10-2 200°C 3.34 131 

3.3 Density of States extrapolation 

The density of states (DOS) can be described as the superposition 

of different elements assuming a parabolic distribution for the 

valence and conduction bands (NVB, NCB), an exponential 

distribution for the valence and conduction band tails (NVBT, NCBT), 

and a Gaussian distribution for the defects states in the bandgap 

(ND) [40,66]. 

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

 (3) 

Considering the zero-energy reference level at the edge of the 

conduction band, NV = 7.09∙1019 cm-3eV-3/2 and NC = 6.77∙1020 

cm-3eV-3/2 are the DOS of the valence and conduction band, 

respectively. These values have been calculated considering the 

values of the effective masses for electrons and holes reported in 

[67]. E0V and E0C are the slopes of the valence and conduction band 

tails, and EG is the energy gap. The inter-bands defects are 

modeled with a Gaussian distribution defined by the mean energy 

position of the defects ED (which reflects the distance of the defect 

distribution from the conduction band edge) and the full width at 

half maximum (FWHM) WD. With this model, the Gaussian 

distribution is normalized; therefore, to fit this distribution with 

the experimental data, a multiplicative term AD [eV-1cm-3] is 

introduced, the area of the defect density of states. The number of 

defect states at a specific energy [cm-3] in the bandgap is obtained 

by evaluating ND at the desired energy. As such, the defect area AD 

is directly proportional to the number of trap states for a cm3. 

The absorption spectra α(hν) could be modeled by the one-

electron approximation [38]: 

𝛼(ℎ𝜈) =
𝐶

ℎ𝜈
∫𝑁𝑖(𝐸)𝐹(𝐸)𝑁𝑓(𝐸 + ℎ𝜈)[1 − 𝐹(𝐸 + ℎ𝜈)]𝑑𝐸 (4) 

where hν is the photon energy, C is a parameter which depends on 

both the refractive index and the momentum matrix elements and 

is assumed constant for all the optical transitions [38,66,68], Ni(E) 

is the density of the initial occupied states, Nf(E) is the density of 

final empty states, while F(E) is the Fermi-Dirac function. 

However, since the absorption spectra of the TiOx samples shows 

a peak in the sub-gap absorption region, the one-electron 

approximation is not suitable for this analysis and an extension of 

this model is needed by introducing an additive term modeling the 

absorption due to the small polarons [40,41], which is a quasi-

particle used to model the interaction of trapped electrons with the 

surrounding atoms [69,70] and is responsible for the peak in the 

NIR region of the absorption spectrum [71–73]; furthermore, the 

presence of the small polarons has been previously evaluated in 

TiO2 [74–76] and in other TMOs [71,75,77,78]. The small 

polarons give a contribution to the absorption modeled as a 

weakly asymmetric Gaussian peak [71,72] with Ap pre-

exponential factor, Ep polaron binding energy and Eop 

longitudinal-optical phonon energy: 

𝛼𝑝(ℎ𝜈) =
𝐴𝑝

ℎ𝜈
exp(−

(ℎ𝜈 − 2𝐸𝑝)
2

8𝐸𝑝 𝐸𝑜𝑝
) (5) 

Introducing the polaron contribution in (4) gives the following 

equation: 

𝛼(ℎ𝜈) =  
𝐶

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

+
𝐴𝑝

ℎ𝜈
exp(−

(ℎ𝜈 − 2𝐸𝑝)
2

8𝐸𝑝 𝐸𝑜𝑝
) 

(6) 

The constant C was evaluated for each spectrum from (6) by 

calculating it at 4 eV. It should be noted that, at this energy, the 

optical transition from the valence to the conduction band gives 

the most prominent contribution to the absorption; therefore, only 

this contribution is considered for the constant calculation. The 

resulting C values lay within the range (1.11-2.02)×10-34 cm5·eV2 

and are listed in Table 4. 
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Table 4. Constant C values for different deposition conditions 

PO2 (mbar) Temperature (°C) C (cm5·eV2) 

1×10-3 Ambient 1.31×10-34 

1×10-3 200°C 2.02×10-34 

1×10-2 Ambient 1.13×10-34 

1×10-2 200°C 1.37×10-34 

2×10-2 Ambient 1.11×10-34 

2×10-2 200°C 1.18×10-34 

Figure 6 Absorption spectrum deconvolution for the TiOx film deposited at 

PO2=1×10-3 mbar and 200 °C.  

Figure 6 presents an example of the absorption fit for the sample 

prepared  with PO2=1×10-3 mbar at 200 °C. The absorption 

spectrum is composed of many elements representing the 

contribution due to the optical transitions from the valence to the 

conduction band (TVB-CB): from the valence band tail to the 

conduction band tail (TVBT-CBT); from the valence band tail to the 

conduction band (TVBT-CB); from the valence band to the 

conduction band tail (TVB-CBT); from the inter-band defects to the 

conduction band (TD-CB); from the defects in the bandgap to the 

conduction band tail (TD-CBT), and finally to the transition due to 

the polaron (TPolaron).  

The parameters obtained by the deconvolution of the absorption 

spectra are listed in Table 5 and are related to the layers  of 

titanium dioxide deposited with PO2 of 1×10-3, 1×10-2 and 2×10-2 

mbar at ambient temperature and 200 °C.  

It is worth pointing out that E0V of the samples deposited at 

ambient temperature is always higher than the samples deposited 

at the same oxygen pressure and  200 °C; a different trend is 

reported for E0C, which for the samples prepared at ambient 

temperature is lower than the samples deposited with the same 

PO2 at 200 °C. These results are consistent with the Urbach energy 

reported in Table 3; indeed the Urbach energy is a measure of the 

disorder and the defectivity of the material and is related to the 

slope of extended tails in the valence and conduction band [79]. 

For the defects distribution in the bandgap, ED ranges around a 

mean value of 1 eV below the conduction band edge, with 

standard deviations varying from 50 to 80 meV. 

 

 

 

Figure 7 (a) defects area of the distributions centered 1 eV below the 

conduction band and (b) pre-exponential factor of the polaron absorption as a 

function of the oxygen deposition pressure at ambient temperature and 200 °C. 

The electronic states of defects are spatially localized and 

energetically positioned within the bandgap. The energy position 

value agrees with other results reporting a localized oxygen 

vacancy in TiOx at about 1 eV below the conduction band 

[74,76,80]. The localization energy of these states is fixed since it 

is directly related to the chemical nature of such defects [81]. 

Moreover, , a theoretical study has shown that the energy position 

of the defect states can be tuned by doping the TiO2 with 3d 

transition metal-oxides [82]. Such a study highlighted that as the 

atomic number of the dopant increased, the localized level shifted 

to lower energy. 

The defects area shows a significant trend with both  deposition 

temperature and  pressure. In particular, as shown in Fig. 5, the 

raise of the deposition temperature reduces the value of AD 

regardless of the used oxygen pressure. However, this effect is 

more evident for the sample deposited at 1×10-3 mbar and Tamb, 

which presents a defects area roughly three times larger  than for 

the samples prepared  at 200 °C. 

Fig. 7(a) shows that the AD values decrease with the oxygen 

pressure for both deposition temperatures. As a consequence, one 

can say that the deposition of these oxides in a high oxygen-

content environment reduces the formation of oxygen vacancies; 

furthermore, this effect is enhanced by a high deposition 

temperature. 

(a) 

(b) 
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Table 5 The density of states and small polaron parameters for different deposition conditions. 

PO2 (mbar) Temp (°C) E0V (meV) E0C (meV) AD (ev-1cm-3) ED (eV) WD (eV) AP (ev-1cm-3) EP (eV) Eop (meV) 

1×10-3 Amb. 136 609 4.96×1016 1.02 0.08 5.17×104 0.94 86.41 

1×10-3 200°C 128 628 1.54×1016 1.05 0.06 4.58×106 0.93 117.10 

1×10-2 Amb. 114 585 7.33×1015 1.05 0.08 3.05×102 0.91 105.60 

1×10-2 200°C 104 568 6.37×1015 1 0.08 1.19×102 0.93 110.11 

2×10-2 Amb. 136 592 1.34×1015 1.05 0.05 1.23×102 0.94 112.37 

2×10-2 200°C 130 602 1.12×1015 1.08 0.08 1.08×102 0.94 120.03 

 

Figure 7(b) also shows the data extrapolated from the fitting 

relative to the pre-exponential factor of the polaron absorption, 

which presents a similar trend to the defects area with a 

descending Ap for both increasing deposition oxygen pressure and 

temperature; furthermore, at 1×10-3 mbar the film  deposited at 

200 °C presented a much larger pre-exponential factor. Finally, EP 

results unchanged by the deposition conditions, with mean value 

0.93 eV; Eop, instead, fluctuates between 86 and 120 meV with 

mean value of 113.4 eV. 

3.4 Application in c-Si heterojunction solar cell 

The energy band diagram of a cell exploiting titania as electron 

selective contact is sketched in Figure 8. The defects states in the 

forbidden band of the TiOx close to the conduction and valence 

bands (extended states or band-tails with blue dots) and the defects 

localized at 1 eV below the conduction band edge (red stripes) are 

represented. The arrows represent the flow of the carriers through 

the heterojunction (full circles for the electrons and void circles 

for the holes). The heterojunction c Si(n)/a-Si:H(i)/TiOx provides 

an electron selective contact repelling the holes with an energy 

barrier in the valence band while it shows a viable path for the 

electron flow through tunneling mechanism such as the direct 

tunneling and the trap-assisted tunneling.  

Figure 8 Band diagram of a c-Si cell with a TiOx layer as selective contact 

Figure 9(a) presents the experimental J-V curve characteristics 

under AM 1.5 illumination for the heterojunction solar cells 

realized using a film of TiOx as electron selective carrier contacts. 

The oxide layer was deposited with PO2=1×10-3 mbar at ambient 

temperature. The measurement shows an S-shaped J-V 

characteristic, a phenomenon associated with a barrier for electron 

transport through the TiOx layer due to the mismatch between the 

work functions of the TiOx and the passivation layer. The presence 

of such a barrier has been reported in refs. [83,84] likely caused 

by the non-optimal alignment of the band structure in the cell, 

particularly between the layers of the carrier selective contact and 

the a-Si:H(i).Therefore, optimizing the titanium oxide deposition 

is needed to improve the DC characteristic of any solar cells 

exploiting TiOx carrier selective contact. Indeed, the properties of 

transition metal oxides, such as optical band gap, work function, 

crystallinity and stoichiometry, depend on the deposition 

technique, the substrate temperature and the deposition oxygen 

pressure. For this purpose, the current density-voltage curve 

information is useful to increase awareness regarding the use of 

TiOx as carrier selective contact in heterojunction solar cells 

technology. Such information can be extrapolated from the 

parameters of the DC model of the solar cell. Several model have 

been validated for the solar cells for static and dynamic behavior 

[85]; however, the S-shape J-V characteristic cannot be explained 

with a standard model and therefore, a more complex model has 

been proposed [86,87] modeling the barrier as shown in Fig. 9(b) 

with a rectifying Schottky junction connected in series with the 

heterojunction cell top model as in [88] and applied previously to 

solar cells with TMO-based hole-selective contact [13]. Hence, 

the model, represented in Fig. 9(b), is described by the equations 

(7-9), with the following parameters for the heterojunction: J 

current density, V1 bias voltage, JPH photogenerated current 

density, J01 leakage current density, n1 ideal factor of the diode, VT 

thermal voltage (about 0.02585 V at 300 K), RS1 series resistance, 

RP1 shunt resistance, V2 is the bias voltage; and for the rectifying 

junction: J02 leakage current density, n2 ideal factor of the diode 

and RP2 shunt resistance. 

𝐽 = 𝐽01 (𝑒𝑥𝑝 (
𝑉1 − 𝐽𝑅𝑆1

𝑛1𝑉𝑇
) − 1) +

𝑉1 − 𝐽𝑅𝑆1

𝑅𝑃1
− 𝐽𝑃𝐻 (7) 

𝐽 = 𝐽02 (𝑒𝑥𝑝 (
𝑉2

𝑛2𝑉𝑇
) − 1) +

𝑉2

𝑅𝑃2
 (8) 

𝑉 = 𝑉1 + 𝑉2 (9) 

It should be remarked that the current density J is the same for 

both heterojunction and rectifying junction while the applied bias 

voltage V is split among the junctions. To evaluate (7), an 

expression of V2 was obtained through the Lambert W function 

[89] providing a direct expression as in (9). 

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

𝑒𝑥𝑝 (
𝑅𝑃2(𝐽02 + 𝐽)

𝑛2𝑉𝑇
))     (10) 
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The DC model parameters of the solar cell device were obtained 

through a fitting procedure of (7, 9, 10) with the experimental J-V 

curve. The result of this procedure is shown in Fig. 8 where a good 

fitting of the model with the experimental data is highlighted in 

the entire voltage range. Moreover, the extrapolated cell 

parameters are listed in Table 6.  

The large ideality factor n2 of the Schottky diode means that the 

effective recombination lifetime in the depletion layer increases 

with an increasing recombination rate. Many interpretations of 

large ideality factors exist and are based on trap-assisted tunneling 

or field-enhanced recombination via single levels or even flowing 

at the edge of the diode and in certain shunt positions [90]. The 

presence of a large concentration of defects in the TiOx layer 

allows for transport mechanisms such as trap-assisted tunneling 

which could increase the recombination current and rise the 

ideality factor of this Schottky contact. 

The characteristic shown in Figure 10 gives an insight into the 

capabilities of the TiOx-based solar cells, since it excludes the 

negative effect introduced by the Schottky junction. It is obtained 

considering only the HJT section of Fig. 9(b) (i.e., calculating (7), 

nulling the contribution of the rectifying junction, setting V2 to 

zero). Results show that the HJT curves and the experimental ones 

share the same open-circuit voltage VOC. Indeed, at open-circuit 

voltage, the current density in the whole device is null and the total 

bias voltage is therefore provided by the heterojunction section of 

the model (Fig. 9(b)) since the open-circuit voltage generation is 

independent of the Schottky junction. It is worth noting that, for 

voltages close to VOC, the slope of the J-V curve is different for the 

two curves of Figure 10; this effect relies on the differential 

conductance of the device which, for the device with the S-shape, 

is dominated by the conductance of the rectifying junction at the 

open-circuit voltage (1/RP2), that is much lower than the 

differential conductance of the heterojunction (1/RP1) and is the 

reason for the formation of the S-shaped characteristic. For bias 

voltage higher than the open-circuit value, D2 begin to conduct 

shortening RP2 and the J-V curve slope is dominated by the 

conductance (1/RP1) as in the HJT simulated cell. Finally, for bias 

voltages lower than VOC, the current density of the solar cell device 

is lower (for the same voltage) than the one obtained considering 

only the model parameters of the HJT cell reducing the fill factor. 

As the bias voltage further decreases, the photogenerated current 

density is dominant and the current density reaches its minimum 

value, which is equal to the solar cell prototype and the one 

simulated without the Schottky barrier. 

Although the solar cell prototype shows low performances, the 

data presented in this study can be used in an advanced 

semiconductor simulator to optimize the next solar cells. One 

crucial aspect that needs to be examined in future studies is, 

indeed, the role of the thickness of the titania film. The presence 

of a Schottky barrier (which degraded  the performance of the 

device) can be overcome by improving the conductivity of the 

carrier selective contact and reducing its thickness. Another 

possible approach is inserting a thin layer of a low work function 

metal, i.e., calcium, between the TiO2 and the back metallization, 

forming the so-called ATOM contact [9]. This approach may be 

applied to improve the performance of the titania layers reducing 

the optoelectrical losses.  

           

Figure 9 (a) Experimental J-V curve for a solar cell exploiting a TiOx film as electron selective contact;(b) equivalent circuit of a heterojunction solar cell with a 

series Schottky junction. 

 

Table 6. The equivalent circuit model parameters. 

 Heterojunction Schottky Junction 

PO2 (mbar) J01 (A/cm2) RS1 (Ω∙cm2) RP1 (Ω∙cm2) N1 JPH (A/cm2) J02 (A/cm2) RP2 (Ω∙cm2) N2 

1×10-3 1.15×10-4 4.38 1000 1.68 2.83×10-2 1.92×10-4 5.50 2.70 

 

 

(a) 
(b) 
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Figure 10 Experimental J-V curve of a heterojunction solar cell exploiting a 

TiOx layer as an electron selective contact (squares). The red line represents 

the fitting obtained with the model described in (8-9),  whilst the blue line 

with circles is the extrapolation of the J-V curve obtained considering only the 

parameters of the heterojunction solar cell without the rectifying junction.. The 

oxide layer was deposited with PO2 = 1×10-3 mbar at Tamb. 

4. Conclusion 

In this work, the synthesis  and the characterization of 

amorphous titanium dioxide films have been performed to 

investigate its use as a selective contact in an HJT solar cell. For 

this purpose, thin films of sub-stoichiometric amorphous TiOx 

were deposited by PLD with different deposition conditions (in 

terms of both oxygen pressure and substrate temperature). The 

surface analysis performed by XPS confirmed the composition of 

the films and highlighted the presence of the substoichiometric 

oxide. Optical spectra displayed a pronounced absorption peak in 

the near-infrared range associated to a small polaron, the energy 

positions of which remained constant independently from the 

deposition conditions. In contrast, the peak values decreased with 

the oxygen pressure during deposition. The defect area showed a 

similar trend as a function of both deposition temperature and 

pressure. From the fitting of the experimental absorption spectra, 

and from the polaron theory, it was found that the inter-band 

defect density is centered around 1 eV below the edge of the 

conduction band with amplitude decreasing with increasing 

temperature and oxygen pressure. The energy position of the 

defect density remained constant among the samples, highlighting 

that the chemical nature of the defect is the same within the 

samples. This result is consistent with the XPS analysis that 

shown the presence of sub-stoichiometric oxides in the samples. 

The polaron binding energy resulted approximately in 0.93 eV 

while the longitudinal-optical phonon energy in 85 meV. From 

this analysis, it was possible to obtain parameters functional to 

simulate TiOx appropriately in advanced device simulators. The 

proposed method can be applied to other materials exhibiting 

similar absorption coefficients, such as transition metal oxides. By 

using the results from the small polaron theory, it was possible to 

improve an existing approach in the defects density 

characterization. This approach and the data are of great interest 

in the field of solar cells simulation. Information and analysis on 

the defects DOS in many materials likewise the transition metal 

oxides are still missing and without these data, the simulation of 

transition metal oxides-based solar cells may not be accurate. 

Indeed, for transport mechanisms such as the trap-assisted 

tunneling (which occurs in the carrier selective contact of these 

solar cells) rely on the defect distribution near the edge of the 

TMO conduction band. Therefore, the knowledge of the TiOx 

defect DOS is essential to achieve the optimization of solar cells 

involving this TMO as electron selective contact.  

The impact of TiOx as an electron selective contact in c-Si 

heterojunction solar cells was successively tested by realizing a 

prototype with TiOx deposited by PLD at room temperature with 

an oxygen pressure of 1×10-3 mbar. This device was then 

electrically characterized, exhibiting an S-shaped DC J-V curve. 

Such behavior was analyzed by implementing a previously 

developed model for solar cells presenting anomalous electrical 

characteristics. The experimental data were used to determine a 

quantitative parameter for the solar cell equivalent parameters. 

The simulated characteristics resulted in a good fit with the 

measured data for a broad voltage range, giving input to further 

optimize the TiOx contact. 
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