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ABSTRACT. Organic photovoltaics (OPV) has recently reached power conversion efficiencies 

of 17.3%, making it a green technology that not only offers short energy payback times and new 

photovoltaic integration schemes, but also can deliver competitive power outputs. OPV typically 

employs electron selective contact layers made from low work function n-type metal oxide 

semiconductors, such as titanium oxide (TiO2) or zinc oxide (ZnO), developed from a variety of 



deposition techniques. However, in the case of TiO2 interlayers, the appearance of unwanted s-

shape characteristics has been reported extensively in the literature in the past, for a variety of 

different deposition method used. It has been shown that the s-shape arises from negatively 

charged chemisorbed oxygen, and that it can be deactivated by UV light illumination, which, 

however, is hardly compatible with real-life OPV application. In this work, we introduce 

sputtered crystalline titanium oxide layers as efficient s-shape-free electron selective extraction 

layers in organic solar-cell devices. We demonstrate that the onset of crystallization takes place 

at substrate growth temperatures of around 100°C for the TiOx thin films, and that the 

crystallization onset temperature correlates well with a strong increase in device performance, 

and the removal of any s-shape characteristics. Optical, structural, compositional and electronic 

energy-level characterizations of the TiOx layers are shown in the present work, and point to the 

formation of an oxide with a low surface-defect density, developed from the sputter-

crystallization process. Importantly, well-functioning s-shape free PTB7:PC70BM devices are 

demonstrated for TiOx growth temperatures of 155°C.  

INTRODUCTION. Organic Photovoltaics (OPV) represent an unprecedented class of solar 

energy technology that offers large cost reductions for flexible panels, using potentially 

inexpensive materials and especially low cost printing techniques from Roll-to-Roll (R2R) 

processing technology1-2. Their lightweight, mechanical flexibility and semitransparency allow 

for completely new photovoltaic integration schemes, also targeting aesthetic design aspects3. 

Recently, significant improvements have been made in the power conversion efficiency (PCE) of 

OPV, particularly achieved through the development of new non-fullerene acceptor materials4-5, 

leading to world record PCE values of 15.8% (certified) for organic single-junction solar cells5. 

The use of interfacial layers in organic solar cells has been investigated intensively over the past 



years, as it has a strong impact on both the power conversion efficiency and stability of the 

devices6. For electron selective transport layers (ETL), low work function wide band gap 

semiconductors are required.  Thin organic or hybrid ETL have been demonstrated to improve 

the performance of PTB7 based inverted7 and standard8 configuration OPV devices. Among the 

investigated ETL, n–type metal oxides have drawn a lot of attention due to their chemical 

stability, high optical transmittance and favorable energy-level alignment with many commonly 

used organic electron acceptor materials. To date, effective binary and ternary oxides such as 

ZnO9, TiOx
10, Nb2O5

11, SnOx
12, Al-doped ZnO13, Mg-doped ZnO14, and Cs-doped metal oxides15 

have been investigated as ETL for organic solar cell devices. With work function values around 

4.4 eV16 and a deep lying valence band, titanium oxide (TiOx) has been demonstrated as an 

efficient electron-selective contact, which has been extensively used in both standard and 

inverted OPV device configurations17-19. There are several methods available for fabricating 

TiOx thin films for organic solar cells, including solution processing10,19,20 and atomic-layer 

deposition21. However, a typical challenge when using TiOx as electron selective contact layers, 

is the formation of the well-known s-shape current-voltage characteristics that lowers the initial 

fill factor values, and thus also the power conversion efficiency16. This has resulted in the need 

for a UV light-soaking procedure to activate the metal-oxide surface and remove the s-shape16. 

This is, however, far from ideal for real operating solar OPV modules, also since UV filters are 

typically employed to protect the organic active layer from UV degradation. Strategies pursued 

to remove the observed s-shape in TiOx based OPV cells include chemical doping of the TiOx 

layer22 or application of thin functionalized layers to modify the surface properties of the TiOx 

layer23-24.  

In the literature there is a common agreement that physisorbed oxygen from the environment 



leads to negatively charged chemisorbed oxygen species in TiOx layers, which results in the 

hampered charge transport properties that cause the s-shape current-voltage characteristics25-26. It 

has also been shown that the illumination with UV light leads to a neutralization of the charged 

oxygen species, followed by desorption of molecular oxygen and lowered TiOx work function 

values16. The exact position of the energy barrier arising across the TiOx interface in an OPV 

layer stack, as an effect from the negatively charged chemisorbed oxygen, has been debated. 

Kim et al. reported on an energy barrier at the ITO/TiOx interface due to traps distributed in the 

bulk of the TiOx layer25, whereas Trost et al. showed that for atomic layer deposited TiOx, the 

interface adjacent to the organic layer is the origin of the UV-light-activation effect26. Strikingly, 

the s-shape characteristics and thus UV-light-soaking effect have been shown to appear for a 

variety of TiOx deposition method employed, thus making it a challenge of some general validity 

for TiOx interlayers26. 

In this work, we introduce sputter-processed TiOx interlayers possessing structural and electronic 

properties that result in high performance organic solar cells. Importantly, the prepared TiOx 

based organic solar cells are free of initial s-shape characteristics, without introducing any 

surface functionalization of the TiOx layer, and thus result in high initial fill-factor values. We 

show that the crystalline sputtered TiOx layers result in power conversion efficiency values of up 

to 7.5% for a blend of PTB7 and PC70BM as the active layer, which is close to the maximum 

achievable efficiency for the PTB7: PC70BM material system. In addition, we report on the effect 

of different TiOx deposition temperatures on the organic solar cell device performance, and 

investigate the crystallographic phase and surface morphology of the TiOx layers for the various 

growth temperatures leading to the OPV performance trends. Finally, ultra-violet photoelectron 

spectroscopy (UPS) studies were conducted to probe the work function as well as valence band 



position, and X-ray photoelectron spectroscopy (XPS) were employed to characterize the thin 

film composition. Our study thus presents TiOx electron transport layers for OPV that does not 

require light soaking, and still allows for the use of relatively low temperature fabrication 

processes of around 150°C. 

RESULTS AND DISCUSSION. Organic solar cells having the device configuration of 

ITO/TiOx(40 nm)/PTB7: PC70BM/MoO3(8 nm)/Ag(100 nm), see figure 1a, were investigated in 

this study. The transmission spectra of the TiOx thin film deposited on ITO substrates at different 

temperatures are shown in figure 1b. The relatively high optical transmittance in the visible 

range is obtained for all sputter deposited TiOx films.  

 

Figure 1: a: The inverted solar cell structure: ITO/TiOx (40 nm)/PTB7: PC70BM / MoO3 (8 nm)/Ag 

(100 nm) employed in this work. b: Transmission spectra of 40 nm TiOx grown at different substrate 

temperatures on glass/ITO. The reference spectrum for glass/ITO is also shown. c) Representative Tauc 

plot (fitted between 3.5 – 3.7 eV) resulting in an extracted band gap energy of approx. 3.2 eV for the 

355C TiOx layer, similar to previously reported value for anatase TiOx
27. 

By measuring the transmission and reflection spectra as well as the thickness of the films on the 

ITO substrate, and correcting for substrate effects, the optical absorption coefficient (α) of the 

TiOx films can be determined. The band gap is then calculated using the following relation:  
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 𝛼 =  
𝛽

ℎ𝜗
(ℎ𝜗 − 𝐸𝑔)𝑛,   

where β is a band tailing parameter, Eg is the optical band gap energy, h is Planks constant and n 

is the transition mode power factor, which depends on the nature of the material (direct vs. 

indirect bandgap). Plotting of (αhν)1/n versus hν, i.e. the Tauc plot, considering n = 2 typically 

used for anatase titanium oxide films (indirect bandgap structure) thus provides the band gap 

energy. As shown in figure 1c, the optical band gap was found to be around 3.2 eV for the 355C 

prepared TiOx films, which is similar to the band gap of 3.2 eV reported by Tang et al. for 

anatase TiOx thin films27. The solar cell performance parameters of the OPV devices based on 

the sputtered TiOx ETL are listed in table 1, and representative J-V characteristics for OPV 

devices made from different growth temperatures of the TiOx layers are shown in figure 2. The 

short-circuit current densities (Jsc) calculated from the external quantum efficiency (EQE) 

spectra, figure S1, for OPV cells prepared by TiOx (355C) and TiOx (155C) are 15.9 mA/cm2, 

which is in good agreement with the Jsc extracted from the J-V characteristics. 

  

Table 1: PTB7:PC70BM organic solar cell performance parameters using TiOx as ETL interlayer. The 

values shown are average values based on eight cells for each of the investigated interlayers. The TiOx 

thin films were grown at different substrate temperatures. Reference devices using standard ZnO ETL is 

also shown. 

Temperature (°C) Voc(V) Jsc (mA/cm2) FF (%) PCE (%) 

355 0.73 ± 0.01 15.7 ± 1.0 60.3 ± 2.0 6.8 ± 0.6 

255 0.72 ± 0.02 13.8 ± 0.6 59.6 ± 3.0 5.7 ± 0.6 

205 0.71 ± 0.01 14.0 ± 0.7 60.7 ± 2.0 6.0 ± 0.5 

155 0.73 ± 0.01 15.5 ± 1.0 61.4 ± 3.0 6.5 ± 0.3 

100 0.70 ± 0.02 12.1 ± 1.2 52.6 ± 2.9 4.5 ± 0.4 

RT Not working devices 

ZnO reference 0.74 ± 0.01 15.1 ± 0.2 70.5 ± 2.5 7.8 ± 0.4 

 



 

Figure 2: The J-V characteristics of representative organic solar cells for different TiOx substrate growth 

temperatures.  

Devices prepared at room temperature show only non-functioning cells. At TiOx substrate 

temperatures of 100°C, devices start to work, however, with the well-known s-shape 

characteristics typically seen for TiOx ETL layers, and a limited Jsc value compared to reference 

values for PTB7:PC70BM solar cells. At 155°C, however, the s-shape curve is no longer present 

at the initial J-V scan, and well-functioning devices are seen without any light soaking of the 

cells. The improvements arise mainly in the FF and slightly in Jsc parameters, as they are directly 

affected by the otherwise formed s-shape. When increasing the temperature further, small 

variations occur, but at 355°C, the performance resembles that of the 155°C devices, leading to 

an average device efficiency of 6.8% with 7.65% for the best performing cell. The maximum 

performance cell for the ZnO reference devices was 8.12%, see Suppl. Information for further 

details.  We note that although the TiOx based cells are relatively close in performance to the 

ZnO reference cells, the TiOx cells suffer from lower FF and slightly lower Voc, which could be 

indicative of some additional interface recombination effects taking place in these cells. 
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In order to understand these promising device results, structural analyses in terms of atomic force 

microscopy (AFM) and x-ray diffraction (XRD) investigations were made. The film surface 

morphology on glass/ITO substrates were characterized by AFM, see figure 3. The root mean 

square (RMS) roughness of the TiOx films grown at elevated substrate temperatures was found to 

be homogeneous at around 4 nm, with only a minor substrate-temperature dependency. 

 

Figure 3: AFM images (2 μm x 2 μm) of the TiOx thin films (40 nm) grown at the different substrate 

tempratures of: a) 155°C, b) 205°C, c) 255°C and d) 355°C.  

Anatase and rutile crystalline phases are the main polymorphs for TiO2. For TiOx prepared by 

various synthesis methods, it has been shown that the initial crystalline phase that generally 

forms is anatase, and that the metastable anatase phase transforms to stable rutile phase at higher 

temperatures28. The transition temperatures between the different phases depend on the 



concentration of doping, as previously demonstrated29-30. The XRD measurements of the 40 nm 

TiOx layers sputtered on ITO at different temperature are shown in figure 4.  

 
Figure 4: X-ray diffraction spectra of TiOx films sputtered at different substrate growth temperatures. 

TiOx grown at room temperature shows amorphous characteristics. When increasing the temperature to 

100°C, the anatase TiOx (101) peak appears (marked in red). A further increase of the temperature to 

355°C results in mixed anatase (101) and rutile (110) crystalline phases for the TiOx layers, marked in red 

and green, repectively. The remaining peaks (marked in black) arise from the ITO substrate. 

At room temperature, the sputtered TiOx films show no diffraction peaks arising from the 

titanium oxide layer, demonstrating that the sputtered film is amorphous or slightly 

polycrystalline (below the XRD detection limit). The TiOx diffraction peak at 25.24° (marked in 

red on figure 4) arising for the substrate temperatures of 100°C, 155°C, 205°C and 255°C 

corresponds to the anatase (101) crystal plane30. When increasing the temperature to 355°C, the 
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rutile crystal plane of (110) appears (marked in green on figure 4)32
. All other diffraction peaks 

observed in the spectra originate from the ITO layer. The reflection from the (200) crystalline 

plane resulted in the characteristic peak at 2θ =30.18°, which is close to the reference ITO peak 

(2θ =30.58°)32. 

Clearly, a strong correlation between the appearances of crystalline phases in the TiOx layers and 

the device performance is observed. Similar trends have recently been demonstrated for 

sputtered molybdenum oxide films, used as hole contacts in organic photovoltaic devices, and 

was attributed to modified work function and transport properties upon crystallization of the 

material33-36. The crystallization was shown to take place for super-oxidized metal oxide films, 

i.e. films that possess an excess amount of oxygen during the sputtering process35-36. For the 

TiOx films developed as OPV electron selective contacts in this work, the XRD peaks arise at the 

point where the devices start functioning, and close to where the s-shape characteristics 

disappear, namely for TiOx substrate temperatures of 100-155°C. In order to elaborate further on 

this, we investigated the TiOx layers with photoelectron spectroscopy measurements. 



 

 

Figure 5: (a) XPS of Ti2p3/2 of RT sputtered TiOx, 155°C sputtered TiOx, 355°C sputtered TiOx, (b) 

Secondary electron cut-off spectrum of the 155°C and 355°C sputtered TiOx film, annealed before the 

UPS measurement, and (c) Valence band spectrum of the 155°C and 355°C sputtered TiOx film after 

annealing. 

Fig. 5 displays XPS measurements of the RT, 155°C and 355°C sputtered sample (Fig. 5a) and 

secondary electron cut-off and valence band on the 155°C and 355°C sputtered samples (Fig. 5b 

and 5c). In order to remove residual surface contaminations on the sputtered samples at 155°C 

and 355°C, annealing prior to valence band and secondary electron cut-off measurements at 

about 150°C and 250°C, respectively, has been conducted. The composition of the TiOx layer for 

the 355°C sputtered sample, post-annealed at 250°C, is evaluated to be x=2.2 ± 0.1 (see Suppl. 

Information). This finding shows that the composition of the high temperature sputtered oxide 

remains nearly stoichiometric or even slightly super-oxidized, also following the post-annealing 

process. 



In Fig. 5a, the Ti2p3/2 is found at a binding energy of 459.18 eV for the 355°C sputtered sample 

spectrum, and at 459.0 eV for the 155°C and RT sputtered sample spectrum, corresponding to a 

Ti4+ oxidation state as shown e.g. by Kashiwaya et. al37. The small energy shift may arise from 

slight differences in the electron chemical potential for the two preparations, following a very 

comprehensive study from Greiner et al.38 on transition metal oxides. To elaborate the analysis, 

both spectra have been decomposed using Gaussian-Lorentzian functions to fit experimental 

XPS spectra using Shirley background (See Suppl. Information for details on analysis). The best 

agreement is obtained with the introduction of an additional component around 456.1 eV for all 

samples, corresponding to Ti2+ contributions (i.e. TiO species) separated by about 3 eV from the 

Ti4+ component39. The Ti2+ component represents respectively 1.3 % - 2.1 % - 2.5 % of Ti2p3/2   

intensity for the RT – 155°C - 355°C sputtered samples. This indicates a slight reduction of the 

TiOx thin films upon annealing, as also seen for post-annealed crystallization of sputtered, super-

oxidized molybdenum oxide layers35.  

In figure 5, the secondary electron cut-off spectrum (b) and valence-band region (c) have been 

recorded for the 155°C and 355°C sputtered samples, which display a sharp cut-off attributed to 

the TiOx layer, corresponding to work functions of 4.0 eV and 4.20 eV, respectively. It should be 

noted that the sample presents small contamination of residual carbon even after the post-

annealing procedure, which potentially underestimates slightly the work function40, the 

contamination being greater for 155°C sputtered sample due to the limited post-annealing 

temperature. The pre-edge feature, visible for the 355°C sputtered sample, is a signature of the 

ITO substrate that is surrounding the TiOX layers. Our finding is in-line with work functions 

obtained on TiOx films presenting oxygen vacancies. From the spectra displayed in Fig. 5c, the 

position of the valence band can be extracted by extrapolating the slope of photoemission edge to 



zero intensity. The corresponding value obtained is 3.1+/-0.1 eV for both samples, which is close 

to valence band positions found in the literature38. 

From the XPS and UPS investigations it is demonstrated that the sputtered films prepared at 

155°C and 355°C possess very similar electronic structure, and that the high temperature 

sputtered sample remains nearly stoichiometric, or even slightly super-oxidized, and that a low 

density of oxygen-deficient defect states appear upon crystallization of the films. This is similar 

to recently reported sputtered molybdenum oxide layers, where improved OPV device 

performances were also seen upon crystallization of the super-oxidized films36. As noted 

previously, the s-shape curve appearing for titanium oxide OPV devices is due to negatively 

charged chemisorbed oxygen, forming defect states in the band gap of the oxide25-26. The 

charged oxygen species have shown to lead to upward band bending in the oxide, as well as to 

downward band bending in an interfaced organic electron acceptor layer26, and thus an energy 

barrier for charge extraction at that interface. Although the band alignment to the organic PCBM 

layer should be investigated to fully understand the origin of the s-shape free characteristics 

observed, the electronic energy scheme presented, displaying a relatively low TiOx work 

function value (4.0 eV - 4.2 eV) and a valence band position (3.1 eV) and Eg value (3.2 eV) that 

places the Fermi level close to TiOx conduction band, resembles that previously reported on for 

TiOx
25 and ETL metal oxide layer26 with low trap and defect densities. It can thus be assumed 

that the crystalline TiOx layers formed from the sputtering process demonstrate a low density of 

surface defects and traps, otherwise leading to the well-known s-shape characteristics.  

CONCLUSIONS. In this work, we have introduced sputtered titanium oxide layers as efficient 

electron selective contact layers in organic solar cell devices. The composition of the sputtered 

TiOx layers is x=2.2 ± 0.1 (analyzed for the 355°C prepared sample post-annealed), and 



crystallization during growth at elevated substrate temperatures is demonstrated, starting as low 

as 100°C. Strikingly, upon further crystallization of the TiOx layer, s-shape free device 

characteristics are seen, which is otherwise known to be a typical problem for pure TiOx 

interlayers in OPV devices. Combined optical, structural, compositional and electronic energy 

level investigations of the TiOx layers grown at different surface temperatures reveal the 

electronic energy level scheme for the TiOx layers, as well as the temperature onset for the 

crystallization process resulting in the appealing device properties. The PTB7:PC70BM OPV 

devices show PCE values of up to 7.65% using the sputtered TiOx contact layers, which is 

relatively close to the PCE of reference ZnO based cells (max at 8.12%). However, lower FF and 

slightly lower Voc values are still seen in these TiOx based cells, which could be indicative of 

some additional interface recombination effects. Importantly though, at 155°C TiOx growth 

temperature well-functioning OPV devices are developed, making it a relatively low temperature 

fabrication process.  

ACKNOWLEDGEMENTS. M.M. acknowledges Danmarks Frie Forskningsfond, DFF FTP for 

funding of the project React-PV, No. 8022-00389B. The research leading to these results has 

received funding from the People Programme (Marie Curie Actions) of the European Union’s 

Seventh Framework Programme FP7/ 2007-2013/under REA Grant Agreement No. 607232, 

THINFACE. PJ, HL, JL, BJ, PB, M.Mi, M.M, acknowledge the Innovation Fund Denmark for 

support of the ‘SunTune’ project. 

AUTHOR INFORMATION 

Corresponding Author 

*madsen@mci.sdu.dk 



EXPERIMENTAL SECTION. TiOx preparation by RF magnetron sputtering: The TiOx thin 

films were fabricated in a 13.56 MHz rf-MS system from AJA ATC Orion system. The 

sputtering was performed in confocal geometry with the target-substrate distance fixed at 10 cm 

and the tilt angle of the magnetron at 10. The substrates were placed horizontally in a substrate 

holder having a rotation feature to ensure uniform film deposition. The vertical and horizontal 

positions of the center of the substrate holder with respect to the target are 9.8 cm and 1.7 cm, 

respectively. The sputtering target used in this work was 99.99 % pure TiO2 ceramic target of 5 

cm in diameter (from Able Target Limited). The substrates used in this work were ITO coated 

glass substrates, BOROFLOAT® 33 glass substrates and c-Si wafers. The substrates were 

cleaned consecutively in ultrasonic bath for 10 min using acetone, isopropanol, and deionized 

water, and completely dried out with N2 gas followed by baking at 100 C in an oven for 1 hour, 

to ensure complete dryness prior to deposition. The base pressure of the system was typically 

maintained in the range of 10-7 mTorr prior to the deposition. A mixed gas flow of Ar 

(99.999%):13 sccm and O2 (99.9999%):0.25 sccm was used. The rf power was kept constant at 

100 W and the plasma pressure during the deposition was fixed at 3 mTorr.   

Device fabrication: Blends of the active layer PTB7: PC70BM (purchased from 1-material and 

Solenne) were spin coated at 1000 rpm for 2 minutes on top of ITO substrates (Lumtec, sheet 

resistance of 9-15 Ω/sq) covered with 40 nm of sputter deposited TiOx thin film and dried out in 

a slight vacuum (10-1 mbar) for 20 min. The blend of PTB7:PC70BM was prepared by dissolving 

PTB7 and PC70BM in a weight ratio of 1:1.5 in chlorobenzene, and subsequently adding small 

amount (3 % v/v) of 1, 8-diiodooctane (DIO) additive to the solution. The solution was stirred 

overnight at room temperature. Finally, 8 nm of MoO3 and 100 nm of Ag were thermally 



evaporated (without an intermediate vacuum break) with the growth rate of 0.02 nm s-1 and 0.05 

nm s-1 at 5×10-7 mbar on the active layer, respectively. 

External quantum efficiency was measured using a 150 W Xenon lamp connected to a 

monochromator (VIS-NIR Newport Cornerstone 1/4m), which was connected to a microscope 

(Mitoyo FS-70) by an optical fiber. The measurement was carried out in air at room temperature, 

at the wavelength range from 300 nm to 800 nm. A certified silicon photodiode (Hamamatsu 

S2386-44 K) was used for calibration at each wavelength.  

J-V characteristics were measured using a solar simulator (class AAA, Sun 3000, Abet 

Technologies Inc., USA) with the lamp intensity of 100 mWcm−2, which closely resembles the 

AM1.5 spectrum. The solar cells were characterized under dark and illumination by applying 

voltage sweeps of -1 V to 1 V. For this purpose, a 2400 source measure unit (Keithley 

Instruments Inc., USA) was used. 

Surface morphology images were obtained using atomic force microscope (Veeco Dimention 

3100) in tapping mode. 

XRD.. 

Optical transmittance measurements were carried out using an UV-VIS-IR spectrophotometer 

with an integrated sphere attachment (SHIMADZU-UV2700). 

Photoemission spectra (core levels, valence band and secondary electron cut-off) have been 

measured at Institut des NanoSciences de Paris on a hemispherical photoemission spectrometer 

(EA 125 Omicron) using ultraviolet He I (hν = 21.2 eV) excitation, UPS, and AlK-α (hν = 

1486.6 eV), XPS, with an overall resolution around 0.1 eV. Experiments have been carried out 

on the 40 nm TiOx layers sputtered on ITO at 355°C and 155°C, and annealed to 250°C and 



150°C, respectively, prior to UPS measurement in a preparation chamber connected to the 

analysis chamber, in order to remove carbon contamination arising from atmosphere exposure. 

The secondary electron cut-off spectrum has been obtained by applying a negative bias of -10V 

on the sample and spectra are plotted relatively to the Fermi energy. The work function was 

calculated by extrapolating the linear part of the electron cut-off energy to zero intensity and by 

subtracting this energy from the photon energy (21.2 eV). 
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