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Abstract 

The potential of cerium oxide (CeOx) as electron transport layer (ETL) was explored in inverted 

bulk heterojunction organic solar cells (BHJ OSCs), using a mixture of P3HT and PC61BM as 

photoactive layer, and compared with the benchmark zinc oxide (ZnO). CeOx layers on indium 

tin oxide or glass were obtained by spin-coating a solution prepared from Ce(OAc)3.yH2O 

followed by thermal annealing which was optimized. CeOx layers were characterized by 

different analytical techniques such as X-ray photoelectron spectroscopy showing that thermal 

annealing at 200°C for 15 minutes led to the formation of CeOx, with a value of x reaching 

1.70. These optimized thin layers of CeOx were successfully used as ETL in P3HT-PC61BM 

inverted OSCs exhibiting power conversion efficiencies (PCEs) reaching 1.7% whereas ZnO-

based devices showed a maximum PCE of 3.2%. Although annealing at 450°C led to CeOx 

layers with a higher x value of 1.79, the PCEs of the devices became significantly lower due to 

the appearance of large crystalline clusters in the CeOx layer, as shown by AFM, likely 

producing short circuits. ZnO thin films doped with 3 mol % of CeOx were tested leading to a 

slight decrease of the photovoltaic efficiency. Importantly, the efficiency of the CeOx-based 

OSCs increased up to 2.1% after two weeks and remained higher than the initial value after one 

month, while OSCs based on ZnO doped with CeOx retained 85% of its initial PCE after five 

month’s storage. These results open up interesting perspectives for the development of stable 

electronic devices. 
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Introduction 

Bulk heterojunction organic solar cells (BHJ OSCs) have attracted a considerable interest as a 

promising technology for photovoltaic conversion owing to their light weight, mechanical 

flexibility and lower environmental impact.1,2 In addition, power conversion efficiencies (PCE) 

higher than 18% have been recently reported for single-junction BHJ OSCs.3-5 These 

photovoltaic performance result from the optimization of different parameters. The 

development of innovative multi-component (binary, ternary or quaternary) photoactive layers 

based on new conjugated donor polymers 6,7 and non-fullerene acceptor materials 8-10 has led to 

better complementary absorption properties and energy level alignment. The introduction of 

efficient electron and hole transport materials have also been shown to be critical to improving 

the transport of photogenerated charges and extracting them at the electrodes of OSCs,11-16 

while heterointerface engineering in OSCs, as well as in Perovskite solar cells,17-19 is also 

decisive in increasing both their efficiency and stability. Processing optimization of OSCs plays 

a key role on the nanoscale morphology of the organic layers, and hence on the photovoltaic 

performance.20,21  

The architecture of the devices can also impact the performance of OSCs. Inverted OSCs, which 

extract electrons from the transparent indium tin oxide (ITO) electrode by depositing an 

electron transport layer (ETL), have the advantage of using more stable top electrodes such as 

silver and hence the potential to exhibit both high efficiency and enhanced device lifetime over 

that of conventional architectures.22-24 

Due to its high electron mobility (102 cm2/V.s),25 high transmission in the visible (90%),26 wide 

band gap (3.2-3.4 eV) and high chemical stability,27,28 zinc oxide (ZnO) remains the most 

studied material used as ETL in inverted OSCs.29,30 In the case of P3HT:PC61BM-based 

inverted OSCs, the bottom of the ZnO conduction band (ca. - 4.3 eV) is ideally located between 

the work function of ITO (ca. - 4.7 eV) and the LUMO level of the PC61BM acceptor (ca. - 3.9 

eV).31-33  

On the other hand, cerium oxide (CeO2), one of the most abundant rare earth oxides on earth, 

has remarkable optical properties similar to those of ZnO, such as a wide bandgap of 3.2 eV34 

that can be modulated (3-3.6 eV),35 a good transparency in the visible region, a high dielectric 

constant  (24.5)34 and a high refractive index (2.2-2.8).36,37 It also exhibits high absorption in 

the ultraviolet region, 38 as well as high thermal (550°C) and chemical stability.39-41 Thanks to 

the absence of the 4f electron in Ce4+, CeO2 has exceptional photoluminescent properties.42 It 



has been used in toxic gas detection,43 UV filters,44 medical diagnostics,45 white light-emitting 

diodes 46 and electronics (capacitors,47 RRAM resistive memories,48 gate dielectric materials in 

CMOS devices 49 and fuel cells 50). Although ZnO was long considered as a standard material 

for photocatalysis, cerium oxide is now the most widely used semiconductor for the destruction 

of organic pollutants under solar irradiation,51,52 particularly for water treatment.53 

In recent years, the doping of ZnO with other metal oxides such as cerium oxide CeOx, has 

attracted considerable attention from researchers. CeO2 can be reduced to its non-stoichiometric 

form CeO2-x with a value of x varying between 0 and 0.5.54,55 Mixed ZnO:CeOx layers have 

been developed for gas sensors,56 antibacterial applications 57 and UV filters.58  

This type of mixed layer has recently been used as an ETL in perovskite-based hybrid solar 

cells. Doping of ZnO with CeOx improves the stability of the ZnO/perovskite interface, reduces 

the work function of the ETL leading to a lowering the energy barrier between the ETL and the 

perovskite, hence resulting in more efficient photovoltaic devices.59 ETL thin films based on 

pure CeOx have also been shown to improve the photovoltaic efficiency and stability of 

perovskite hybrid cells.60-65 Thus, since 2017, CeOx has been used as an ETL in hybrid 

perovskite solar cells 59,66,67 and more recently as a transparent conductive layer based on 

cerium-doped ITO with a view to preparing tandem hybrid perovskite cells.68 

To our knowledge, CeOx has been used much less frequently as an ETL in OSCs. The work of 

Li et al.33 in 2014 showed that the introduction of a nanostructured CeOx layer, prior to the 

deposition of the aluminium top electrode in a direct architecture 

ITO/PEDOT:PSS/BHJ/CeOx/Al, led to efficient light trapping to improve light absorption by 

the photoactive BHJ layer and thus photovoltaic performance; a conversion efficiency of 8.52% 

was achieved with PBDTBDD and PC61BM, representing an increase of 48% compared with 

the device prepared with a planar aluminium layer without CeOx. A second article dedicated to 

OCSs incorporating CeOx as ETL was then published in 2015 and focused on P3HT:PC61BM-

based inverted cells, showing however very low photovoltaic performances (PCE < 0.7%).69 In 

this case, the ETL layer was deposited from a colloidal solution of CeOx nanoparticles prepared 

from cerium nitrate. 

Given the good performance associated with CeOx in the field of hybrid perovskite solar cells 

since 2017, we thought it would be interesting to reconsider the development of P3HT:PC61BM-

based inverted OSCs using a new formulation for the deposition of the CeOx layer. In this work, 

the formation of the CeOx layer has been optimized and characterized by different analytical 



techniques such as X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). 

Inverted OSCs based on P3HT:PC61BM as the photoactive layer70 and ZnO as the electron 

transport layer, have been then prepared and used as reference devices. ZnO has been either 

replaced with or doped with CeOx, and the corresponding solar cells have been tested and 

compared with ZnO-based reference devices. 

 

Experimental 

Preparation of CeOx layers (ETL). The precursor solution of CeOx was obtained by 

dissolving 196 mg of cerium (III) acetate hydrate Ce(OAc)3.yH2O (99.9%, Aldrich) in 6 mL of 

isopropanol (99.9 %, Merck) and 2 mL of acetic acid. The transparent solution was stirred on a 

hot plate overnight at 45°C to give a white colloidal suspension. The introduction of acetic acid 

is known to accelerate the hydrolysis process.33,71 The suspension (80 µL) was deposited by 

spin-coating on cleaned glass slides or ITO substrates under rotation at a speed of 2000 rpm for 

60 s. Thermal annealing (TA) at different temperature was tested to generate the formation of  

CeOx. Optimized conditions found for the fabrication of the best OSCs correspond to a thermal 

treatment at 200°C for 15 min.  

Preparation of ZnO layers (Reference ETL). A sol-gel was obtained by mixing zinc (II) 

acetate dihydrate Zn(OAc)2.2H2O (98%, Acros Organics) (196 mg) and ethanolamine (54 𝜇L, 

1 equiv.) in absolute ethanol (6 mL).72 The mixture was stirred overnight at 45°C to produce a 

transparent solution. 80 µL of the latter were then deposited by spin coating on cleaned ITO or 

glass substrates rotating at a speed of 2000 rpm for 60 s. Finally, the prepared samples were 

annealed in an oven at 180°C for 15 min. The thickness of the ZnO layer measured by 

profilometry was 25 +/- 1 nm. 

Preparation of ZnO layer doped with CeOx as ETL. This mixed ZnO:CeOx layer was 

prepared using the procedure reported by Meng et al.59 from a solution of 193 mg of 

Zn(OAc)2.2H2O in 2 mL of 2-methoxyethanol in the presence of 56 μL of ethanolamine and 

ca. 3 mol % of Ce(OAc)3.yH2O (10 mg). Note that the molar percentage of cerium acetate vs 

zinc acetate has been calculated on an anhydrous basis. This solution was stirred overnight at 

room temperature before deposition (80 μL) by spin coating onto ITO substrates subjected to a 

rotational speed of 4000 rpm for 30 seconds. The resulting thin films were annealed at 200°C 

for one hour. During this study, cells with a pure ZnO layer were also prepared using the same 

procedure without the presence of cerium acetate. 



Preparation of the photoactive P3HT-PC61BM layer. P3HT (74000 Daltons, 97.3% of 

regioregularity) and PC61BM (purity > 99%) were purchased from Ossila. The photoactive layer 

was prepared from a solution consisting of a 1:0.6 mass ratio of donor to acceptor in chloroform 

at a total concentration of 25 mg/mL. This mixture was stirred for 2 h at 35°C until the products 

were completely dissolved. Then, 80 μL of this mixture were deposited by spin coating on glass 

or on the ETL of the inverted OSCs. Deposition was carried out in air on the substrate under a 

rotation speed of 2000 rpm for 35 seconds. The resulting photoactive thin film was then 

annealed on a hot plate at 110°C for 3 minutes in a glove box under an inert atmosphere (Argon). 

The thickness of this layer on glass was 174 +/- 3 nm as determined by profilometry. 

Inverted OSCs fabrication and characterization. Pre-patterned indium-tin oxide (ITO) 

coated glass slides of 24 × 25 × 1.1 mm with a sheet resistance of Rs = 7 Ω sq-1 were purchased 

from Visiontek Systems. The ITO substrates were cleaned in ultrasonic baths for at least 15 

minutes for each step in the following order: deionized water with detergent (Deconex® 12 PA-

x solution, 2 drops), then acetone and finally ethanol. Once dried under a steam of air, a UV-

ozone plasma treatment (Ossila UV/Ozone cleaner E511) was performed for 15 minutes 

ensuring elimination of residual organic contaminants of the ITO substrates which were used 

rapidly for the next step. As described above, a layer of ZnO, CeOx or ZnO:CeOx and a layer 

of P3HT:PC61BM were successively deposited in ambient atmosphere. After TA of the latter at 

110°C for 3 minutes under inert atmosphere, the substrates were fixed to a holder before being 

covered with masks featuring discoidal patterns with a surface area of 0.28 cm2 and transferred 

to a chamber under a vacuum of between 10-6 and 10-7 mbar. Finally, a layer of molybdenum 

oxide MoO3 (6 nm), used as a hole transporter, and a layer of silver Ag (100 nm), used as top 

electrode, were successively deposited by thermal evaporation. 

J-V curves of organic solar cells were recorded on devices within a glove-box using a Keithley 

236 source-measure unit (Beaverton, USA) and a home-made acquisition program. The light 

source is an AM1.5 Solar Constant 575 PV simulator (Steuernagel Lichttechnik, equipped with 

a metal halogen lamp, 100 mW cm-2, Morfelden-Walldorf, Germany). The light intensity was 

measured by a broad-band power meter (13PEM001, Melles Griot, Rochester, USA). No mask 

was used during the measurement of the J-V characteristics to define the active area of the cells. 

However, the architecture of the OSCs has been designed to neglect or minimize the impact of 

the edge effect and device layout on the PV performance. Thus, our cells exhibit a discoidal 

shape and a large surface area of 0.28 cm2 which allow to neglect or limit the overestimation of 

the photovoltaic performance in agreement with results from the literature.73 External quantum 



efficiency (EQE) spectra were measured under an inert atmosphere with a QUESA–1200 

(TFSC Instrument) using monochromatic wavelengths emitted by LEDs. 

 

Results and discussion 

Preparation of CeOx and ZnO layers and their characterization 

CeOx layers have been already prepared in the literature from cerium (IV) isopropoxide,33 

cerium (III) nitrate61 or cerium (III) acetylacetonate.60,62,66 Inspired by the recent work of Meng 

et al. on the doping of ZnO with CeOx in perovskite-type solar cells,59 we have used cerium 

(III) acetate. A solution of the latter, dissolved in isopropanol in the presence of acetic acid, was 

stirred at 45°C overnight, producing a white colloidal suspension. 

From this suspension, a solid sample obtained after solvent evaporation and vacuum drying, 

was analysed by thermogravimetric analysis (TGA) to determine the temperature at which 

cerium oxide was formed. The TGA curve showed that the transformation of the precursor 

powder into CeOx started just after 200°C and was complete above 450°C (Figure 1). 

 

 

Figure 1. Synthesis of CeOx and TGA curve of the CeOx precursor solid (2.77 mg) recorded under 

nitrogen at 10°C/min. 

 

XRD analysis was first carried out on a film deposited on glass by drop-casting the colloidal 

solution followed by thermal annealing (TA) at 450°C for 15 minutes. Figure 2 showed 

diffraction peaks located at 2 values of 28.57°, 33.13°, 47.53°, 56.40° and 59.30° which could 

be assigned to the (111), (200), (220), (311) and (222) peaks of the CeO2 structure74,75 in 

agreement with the powder diffraction file of crystalline CeO2 (PDF2 00-043-1102). This result 

Temperature (°C)

0 200 400 600 800 1000

W
e

ig
h

t 
(%

)

50

60

70

80

90

100

110



highlights the formation of crystalline CeO2 when the film is annealed at 450°C. In contrast, 

the diffractogram of a drop cast or spin coated film treated at 200°C for 15 minutes shows the 

absence of peaks indicating the amorphous character of the film. 

 
 

Figure 2. XRD diagrams of films obtained by deposition of the colloidal suspension on glass by i) 

drop casting followed by TA at 450°C/15 min (black curve, in the presence of the theoretical XRD 

peaks for CeO2) or at 200°C/15 min (red curve) and ii) spin coating followed by TA at 200°C/15 min 

(blue curve). 

 

XPS analyses were carried out to determine the chemical composition of the thin films. XPS 

spectra were recorded on a commercial cerium acetate powder Ce(III)(OAc)3.yH2O and on 

three thin films on glass, the first without TA and the other two annealed at 200°C or 450°C for 

15 minutes (Figure S1). The thin films were prepared by depositing the CeOx precursor solution 

(80 µL) by spin coating on cleaned glass slides rotating at 2000 rpm for 60 s. 

The Ce3d XPS core-level spectrum of the thin film without annealing showed the two 3d 

electron components of Ce3+, 3d3/2 (901.9 eV) and 3d5/2 (883.3 eV), resulting from spin-orbit 

coupling (Figure 3b).76,77 For each of these components, a significant shoulder was observed at 

lower energies at 897.9 eV and 879.3 eV, for 3d3/2 and 3d5/2 respectively, as shown by the 

deconvolution of the spectrum (Figure 3b). These shoulders, associated with blue peaks in the 

3d electron region of the XPS spectrum, are characteristic of cerium and result from 

hybridization of its 4f electronic levels with the 2p orbitals of neighbouring oxygen atoms (Ce-
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O).78 Thus, for Ce3+, each 3d3/2 and 3d5/2 component consists of two doublets at 901.9 eV/897.9 

eV and 883.3 eV/879.3 eV, respectively. For each doublet, the two most intense peaks at the 

highest energy correspond to the Ce3d94f1O2p6 electronic structure, while the shoulders at the 

lowest energy correspond to the Ce3d94f2O2p5 electronic structure. As expected, without TA 

of the film, there was no trace of Ce4+ and therefore no formation of cerium dioxide CeO2. In 

the case of cerium acetate, each 3d3/2 and 3d5/2 component consisted of two doublets at 902.1 

eV/898.1 eV and 883.5 eV/879.5 eV, respectively (Figure 3a). The XPS spectra of the cerium 

acetate and that of the unheated thin film are very close for the part of the spectrum relating to 

the 3d electronic levels of cerium. 

 

Figure 3. XPS core level spectra of cerium 3d electronic levels for cerium(III) acetate (a), thin films of 

the CeOx precursor without TA (b), and after treatment at 200°C (c) or 450°C (d) for 15 min. 

 

On the other hand, the carbon C1s XPS core-level spectrum of cerium(III) acetate showed an 

intense band centred at 288.3 eV corresponding to the carbon atoms of the -O-C=O type from 

the acetate groups whereas this band nearly disappeared for the thin film obtained directly after 



deposition of the CeOx precursor solution (Figure S2). As expected, this result clearly showed 

the efficiency of the hydrolysis of the acetate groups. 

After treatment of the thin films at 200°C for 15 minutes, the XPS spectrum of the 3d electron 

region became more complex and new peaks characteristic of Ce4+ appeared in addition to those 

of Ce3+ described previously, confirming the partial formation of cerium dioxide CeO2 (Figure 

3c). Using deconvolution, two new systems could be observed, consisting of three peaks at 

916.7 eV/907.2 eV/901.2 eV for the 3d3/2 component and 898.8 eV/888.5 eV/882.7 eV for the 

3d5/2 component, peaks corresponding to the electronic structures Ce3d94f0O2p6, Ce3d94f1O2p5 

and Ce3d94f2O2p4, respectively. The isolated peak at 916.7 eV in the 3d3/2 component, 

unequivocally indicates the formation of Ce4+. Thus, these XPS results clearly showed that TA 

at 200°C for 15 min was sufficient to form CeO2. Deconvolution of the spectrum and integration 

of the peaks enabled us to estimate the percentage of Ce4+ formed at 40%, in agreement with a 

CeO1.70 stoichiometry (x = 1.70). This stoichiometry is relatively close to those obtained for 

CeOx layers used to produce organic solar cells (x = 1.72).33 Finally, TA at 450°C for 15 min 

increased the proportion of Ce4+ from 40% to 59%, leading to a CeO1.79 (x = 1.79) stoichiometry 

(Figure 3d). 

Finally, oxygen O1s XPS core-level spectra of thin films thermally annealed at 200°C and 

450°C are displayed in Figure S3, showing a main band at 532.2 eV with a shoulder at lower 

energy indicating the presence of at least two types of oxygen species. This main band is due 

to the presence of hydroxyl OH groups and adsorbed water or O2 molecules on the surface. 

After deconvolution of the XPS spectra of thin films thermally annealed at 200°C and 450°C, 

the less intense bands at 530.3 eV and 530.1 eV, associated to the shoulder, are characteristic 

of oxygen species O2- bound to Ce3+ or Ce4+.74 The small difference of energy for these two 

bands results from the binding energy difference of 0.3 eV between oxygen bound to Ce3+ and 

Ce4+. Comparing the surface area of the latter band (O1s-Ce) with the whole signals of Ce 3d, 

allowed us to estimate the relative O/Ce ratio for the thin films thermally annealed at 200°C 

(O/Ce = 2.03) and 450°C (O/Ce = 2.40). As expected, the O/Ce ratio was higher for thin films 

annealed at 450°C. However, these ratios were higher than expected and differed from the O/Ce 

values, 1.70 and 1.79 respectively, obtained from the integration of the 3d signals characteristic 

of Ce3+ and Ce4+. This difference could be due to the lack of accuracy in deconvoluting the O1s 

XPS spectra because of the presence of the intense band attributed to OH and H2O/O2 pollution. 

In summary, the XPS analyses demonstrated that it was possible to partially generate cerium 

dioxide CeO2 after treatment of a thin film at 200°C for 15 min, this process leading to the 



formation of amorphous CeO2, in agreement with the absence of diffraction peaks noted during 

the XRD analysis. Indeed, amorphous CeO2-based heterostructures have already been 

described in the literature for the electrochemical reduction of CO2,
79 the catalysis of propane 

dehydrogenation80 or the electroreduction of CO2 into HCOOR formate.81 It is therefore 

conceivable to use these CeOx thin films produced at a relatively low temperature for 

applications in organic electronics. 

 
 

Figure 4. Attenuated total reflection mode FT-IR spectra of cerium acetate Ce(OAc)3.yH2O (a) and 

CeOx thin films annealed at 200°C (b) and 450°C (c) for 15 min. 

 



CeOx thin films on glass, obtained after annealing at 200°C or 450°C for 15 minutes, and 

commercial cerium acetate hydrate (Ce(OAc)3.yH2O) powder were also studied by Fourier 

transform infrared spectroscopy (FT-IR) in attenuated total reflection mode. The FT-IR spectra 

recorded between 400 and 4000 cm-1 are shown in Figure 4. For hydrated cerium acetate 

powder, the broad band centred at 3224 cm-1 was associated with the O-H stretching mode 

(presence of water). Based on infrared spectroscopy data for sodium acetate in the solid state,82 

the peaks at 1550 cm-1 and 1399 cm-1 could be attributed to the antisymmetric and symmetric 

stretching vibrations of the C-O group (C−O) of the acetate group respectively, while the peak 

at 664 cm-1 corresponded to deformation (C−O). 

Assuming that the IR spectra of a powder and of a thin film on glass could be compared, the 

film treated at 200°C showed a significant decrease in the peak at 664 cm-1 (C−O) as well as 

that of the band linked to the O-H stretching frequency present in cerium acetate. This result 

suggested the partial transformation of cerium acetate. The three peaks at 1342 cm-1, 

1411 cm-1 and 1532 cm-1 could result from different contributions, both from the remaining 

cerium acetate and from new signals corresponding to the formation of cerium oxide. In the 

case of the thin film annealed at 450°C, there was a significant decrease in the bands in the 

1300-1700 cm-1 region suggesting greater conversion to CeO2, the peaks present could be 

related to the formation of carbonate species formed by coordination of CO2 on the CeO2 

surface.83 In addition, broad and intense signals between 500 cm-1 and 750 cm-1, already present 

in the thin film annealed at 200°C, were characteristic of Ce-O stretching vibrations according 

to the literature,83 confirming the formation of cerium oxide. These results agree with the 

measurements made by XPS spectroscopy. 

The transmittance and wettability of ZnO and CeOx thin films were evaluated by UV-visible 

spectroscopy and contact angle measurements, respectively. CeOx thin films were prepared by 

spin-coating the CeOx precursor solution followed by TA at 200°C for 15 minutes. As shown 

in Figure S4, both oxides show good transparency in the visible range, with an optical 

transmission of over 95% between 400 and 1000 nm. However, the CeOx thin film exhibited a 

better transmission at 300 nm than the ZnO film. The bandgap energy values Eg were 

determined using the Tauc method affording values of 3.50 and 3.55 eV for ZnO and CeOx, 

respectively. The value of Eg for CeOx was consistent with a value of x lower than 2 and 

therefore the presence of Ce3+ ion.34,66 Contact angles measured on a drop of water deposited 

on the ZnO and CeOx layers were 46° and 51°, respectively (Figure S5), indicating that these 



two layers exhibited similar surface properties, although the CeOx layer was slightly more 

hydrophobic. 

 

P3HT:PC61BM inverted OSCs with ZnO or CeOx as ETL 

The reference photoactive layer composed of poly(3-hexylthiophene) (P3HT) and methyl [6,6]-

phenyl-C61-butanoate (PC61BM) was chosen for the evaluation of CeOx as ETL in inverted 

OSCs.84,70 It was prepared by spin-coating a solution consisting of a 1:0.6 mass ratio of P3HT 

and PC61BM in chloroform at a total concentration of 25 mg/mL. The optical spectrum of a 

thin-film spin-coated on glass showed a broad absorption band with a maximum at 493 nm 

associated to the absorption of P3HT (Figure S6). After TA at 110°C for 3 minutes, a 

bathochromic shift of the absorption maxima by 23 nm and an increase in the intensity of the 

absorption band together with the appearance of a shoulder at 597 nm were observed, leading 

to an improvement in the absorption of the active layer in the visible range. The bandgap of 

P3HT was estimated from the edge of the main band at lower energy leading to a value of 1.90 

eV (Figure S6). As expected, these results showed that TA led to a reorganization of the film, 

resulting in stronger intermolecular π-π interactions and an increase in the crystallinity of 

P3HT.21,85,86 Accordingly, AFM analysis of the P3HT:PC61BM active layer showed that TA 

increased the surface roughness of the photoactive layer from 0.76 nm to 2.86 nm. This 

observation together with the appearance of a more structured surface for the annealed layer 

agrees with the higher crystallinity of the material (Figure S7). 

Photoelectron spectroscopy in air (PESA) measurements were carried out on thin films of P3HT 

and PC61BM (Figure S8). The energy of their HOMO levels has been determined at the 

threshold of current detection of a logarithmic representation (Figure 5) and after a subsequent 

fitting procedure described in Supporting Information. This method which differs significantly 

from the widely used tangent method applied in the high energy region of the PESA spectrum, 

allows for a more accurate determination of the HOMO level which is related to the minimal 

energy required for the extraction of electrons from the considered material upon UV excitation. 

A value of - 4.70 eV was measured for P3HT which is in good agreement with that measured 

by Baran and co-workers in their review (- 4.55 eV).87 The LUMO level of P3HT was then 

calculated at - 2.80 eV by considering its optical band gap. On the other hand, the energy of the 

HOMO level of PC61BM was determined at - 6.05 eV while the energy of its LUMO level (- 

3.90 eV) was taken from the literature.33  



 

Figure 5. Logarithmic representations of PESA spectra together with the fitted curves obtained for 

P3HT (a) and PC61BM (b) using an empirical model to determine the HOMO levels. 

 

To assess the potential of CeOx as an ETL in inverted OSCs, we first fabricated and 

characterized reference devices based on ITO/ZnO/P3HT:PC61BM/MoO3/Ag and then replaced 

ZnO with CeOx. The energy levels of the materials involved in the devices are displayed in 

Figure 6. The valence band maximum measured by ultraviolet photoelectron spectroscopy 

(UPS) at - 7.50 eV was taken from literature for ZnO88 and CeOx,
66 respectively. Considering 

the observed optical band gap Eg, the conduction band energy minimum was determined to be 

- 4.00 eV and - 3.95 eV, respectively. Thus, CeOx exhibited a suitable energy level which was 

expected to facilitate the electron extraction from the P3HT-PC61BM photoactive layer to the 

ETL. 
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Figure 6. Inverted BHJ OSC architectures and corresponding energy diagram. 

 



Figure 7a shows the J-V current-voltage density characteristics of the cells based on ZnO before 

and after TA of the P3HT:PC61BM active layer. The photovoltaic parameters extracted from 

the J-V curves are summarized in Table 1. The best results were obtained after TA, leading to 

a PCE conversion efficiency of 3.21%, associated with an increase in the short-circuit current 

density Jsc and the fill factor FF, which rose from 4.08 to 9.20 mA cm-2 and from 31 to 60% 

respectively. This result could be explained by improvements in: i) the absorption properties of 

the active layer, ii) the interfaces between the active layer and the electrodes (lower series 

resistance Rs and higher shunt resistance Rsh) and iii) the morphology of the active layer. In 

addition, an average PCE value of 3.09% was obtained for a series of 11 cells produced under 

the same conditions, indicating a good reproducibility. These performances are those expected 

for the P3HT:PC61BM pair, which validates our experimental conditions.72 

Table 1. Photovoltaic parameters of the best ITO/ZnO/P3HT:PC61BM/MoO3/Ag cell before and after 

TA at 110°C for 3 min. 

 

 

 

Figure 7. a) J-V characteristics of the best ITO/ZnO/P3HT:PC61BM/MoO3/Ag cell under illumination 

(solid line) and in the dark (dashed line) with and without TA of the photoactive layer. b) EQE spectra 

of the best ITO/ZnO/P3HT:PC61BM/MoO3/Ag cell before and after TA. 

 

The external quantum efficiency (EQE) spectrum of the device whose photoactive layer has 

undergone TA showed a broad band centred at 540 nm with a maximum of 54% and a Jsc value 

of 8.68 mA cm-2 calculated by integrating the area under the curve. On the other hand, the 

photoresponse of the device that had not undergone TA was less intense, with a maximum EQE 
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(%) 
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4.08 0.66 31 0.85 99 258 0.80 4 

TA 

 

9.20 0.57 60 3.21 9 735 3.09 11 



value of 34% at 522 nm and a calculated Jsc value of 4.29 mA cm-2 (Figure 7b). These Jsc values 

calculated from the EQE spectra agreed with those obtained from the J-V curves under 

illumination. 

ZnO was then replaced with CeOx to evaluate its potential as ETL in inverted BHJ OSC with 

the following architecture ITO/CeOx/P3HT:PC61BM/MoO3/Ag (Figure 6). CeOx layers were 

prepared by depositing the precursor solution (80 µL) onto ITO substrates rotating at 2000 rpm. 

The resulting layers were then subjected to a TA by varying the annealing temperature and 

time. The inorganic layers were annealed at 150°C, 200°C, 300°C or 450°C for 15 minutes. 

The J-V characteristics of the cells under illumination at 100 mW cm-² are shown in Figure 8a 

and all the parameters are listed in Table 2. A photovoltaic effect with a PCE of 0.88% was 

observed when the ETL was annealed at 150°C. Devices with an ITO/P3HT:PC61BM/MoO3/Ag 

structure, in which the P3HT:PC61BM active layer was directly deposited on the ITO substrate, 

showed no photovoltaic effect. These results evidenced the interest of the CeOx layer for 

electron transport in inverted OSCs. In addition, an annealing at 200°C significantly improved 

cell performance, with a PCE reaching 1.71% (1.63% on average over 4 cells) associated with 

a current density Jsc of 8.60 mA cm-2, a voltage Voc of 0.45 V and a fill factor FF of 44% (Rs = 

10 Ω cm2, Rsh = 300 Ω cm2). On the other hand, a TA above 200°C led to performance drops 

down to a PCE value of 0.35% after annealing at 450°C. 

In a second step, the TA time was increased to 30 minutes. Figure 8b and the data in Table 2 

showed that the photovoltaic conversion efficiencies were weakly affected. However, the 

annealing at 200°C for 30 minutes resulted in a decrease of the PCE value. 

 

Figure 8. J-V characteristics of ITO/CeOx/P3HT:PC61BM/MoO3/Ag devices under illumination at 100 

mW cm-² after annealing the CeOx layer at different temperatures for 15 min (a) or 30 min (b). 



 

Table 2. Photovoltaic parameters of ITO/CeOx/P3HT:PC61BM/MoO3/Ag cells as a function of 

temperature and annealing time of the CeOx layer. 

 

 

This work on optimizing the TA of the CeOx layer showed that treatment at 200°C for 15 

minutes led to the best photovoltaic performance. It appeared that the annealing temperature of 

450°C, which produces a pure CeO2 ceria phase, as shown by the X-ray powder diffraction 

pattern (Figure 2), led to a very low photovoltaic efficiency value (PCE = 0.35%). This result 

suggested that a crystalline character for the CeOx layer is not conducive to the proper 

functioning of inverted OSCs. On the contrary, annealing at a lower temperature of 200°C led 

to more efficient cells that could achieve a PCE value of 1.71%.  

To better understand this result, AFM analysis of ITO substrates coated with CeOx films, 

annealed for 15 minutes at 200°C or 450°C, was carried out giving information on the effect of 

annealing on the layer morphology. AFM images (20 m × 20 m) showed no major change 

in the surface morphology of the films as a function of the TA temperature. In addition, the 

roughness of the films annealed at 200°C and 450°C were close at 3.7 nm and 3.2 nm, 

respectively (Figure S9). However, observation by AFM at larger scales (100 m × 100 m or 

50 m × 50 m) showed that thin films annealed at 200°C led to a more homogeneous surface, 

whereas the ones annealed at 450°C exhibited isolated large crystalline clusters (Figures S9 and 

9) likely associated with the growth of CeO2 crystals, in agreement with XRD results. Figure 9 

(5 m × 5 m) shows the growth of crystals with the presence of grain boundaries. The height 

of these crystalline clusters could reach 635 nm (Figure S10), a value much higher than the 

thickness of the P3HT:PC61BM active layer (173 nm). This result suggested that short circuits 
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could form in the device between the two electrodes. They also confirmed the low photovoltaic 

efficiency obtained with CeOx films annealed at 450°C.  

 

 

Figure 9. AFM images of different resolutions in size of the CeOx layer annealed at 450°C for 15 min 

showing crystalline clusters. 

 

The stability of the best devices with a ZnO or CeOx layer was also tested during one month's 

storage in a glove box under 2.5 mbar of argon in ambient light at 20°C in the absence of organic 

solvents, with the amount of water and oxygen being less than 0.1 ppm for both (Tables S1 and 

S2). Interestingly, the photovoltaic efficiency of both ZnO- and CeOx-based cells slightly 

increases reaching 110% and 125% of its initial PCE values after a storage period of 168 h and 

384 h, respectively (Figure S11). For example, a maximum PCE value of 2.12% was obtained 

for CeOx-based OSCs as compared to the initial PCE value of 1.71%. These variations can be 

explained in terms of ultraviolet (UV) activation of metal oxides, during storage in ambient 

light or J-V characteristic measurements under illumination. Indeed, UV light is often needed 

to activate inverted OSCs with ZnO as ETL for enhanced efficiency leading to increased 

conductivity and electron mobility.89,90 In addition, after one month of storage, the PCE values 

for both types of cells were still higher than the initial ones, highlighting their good stability 

over time.  

 

P3HT:PC61BM inverted OSCs using a mixed ZnO:CeOx layer as ETL 

In order to benefit from the positive impact of CeOx on the stability of the devices while 

maintaining the photovoltaic performance obtained with ZnO, we attempted to dope the ZnO 

layer with a small amount of CeOx. This approach was inspired by the recent results from Meng 

et al. who showed that doping ZnO with 3 mol % of CeOx, as an ETL, improved the 

photovoltaic efficiency of perovskite-based hybrid cells (PCE > 19.5%) as well as their thermal 



and UV stability.59 The authors indicated that the addition of CeOx stabilized the interface 

between the electron transport layer and the perovskite material, by creating an upward shift in 

the ZnO conduction band from - 4.43 eV (pure ZnO) to - 4.06 eV (ZnO with 3 mol % of CeOx), 

facilitating electron transport to the electrode and reducing charge recombination at the 

interface. 

Thus, P3HT:PC61BM-based OSCs were prepared using a mixed ZnO:CeOx layer as ETL (see 

Experimental Section). For comparison, cells with a pure ZnO layer were also prepared using 

the procedure described by Meng et al,59 which slightly differed from our aforementioned 

procedure. The J-V characteristics of the cells under illumination at 

100 mW cm-² are shown in Figure 10 and the photovoltaic parameters extracted from the J-V 

curves are summarized in Table 3.  

 
Figure 10. J-V characteristics of the best ITO/ZnO/P3HT:PC61BM/MoO3/Ag (a) and 

ITO/ZnO:CeOx/P3HT:PC61BM/MoO3/Ag (b) cells under illumination and in the dark. 

 

 

 

Table 3. Photovoltaic parameters of ITO/ETL/P3HT:PC61BM/MoO3/Ag cells. 

 

 

Cells with a pure ZnO layer achieved a maximum photovoltaic efficiency of 2.65% (2.54% on 

average over 4 cells) associated with a current density Jsc of 9.03 mA cm-2, a voltage Voc of 0.56 

V and a fill factor FF of 53%. In our case, contrary to literature results for perovskite-based 

devices,59 the introduction of 3 mol % of CeOx in the ZnO layer led to a decrease in photovoltaic 
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ZnO 

 

9.03 0.56 53 2.65 12 578 2.54 4 

ZnO/CeOx 

 

8.25 0.50 50 2.08 15 476 1.90 4 



performance of inverted OSCs. Indeed, the best ZnO:CeOx-based cell produced a slightly lower 

conversion efficiency of 2.08% (1.90% on average over 4 cells) associated with a Jsc value of 

8.25 mA cm-2, a Voc voltage of 0.50 V and a fill factor of 50%. 

The stability of the devices was also tested after one- and five-months’ storage in a glove box 

in the same conditions as described above (Tables S3 and S4). It was interesting to note that the 

PCE of the best cell based on ZnO:CeOx decreased very slowly to 2.03% after one month and 

then 1.77% after five months, hence retaining 97% and 85% of its initial PCE, respectively. In 

the case of the cell based on pure ZnO, the PCE value fell from 2.65% to 2.49% (93%) after 

one month and then to 2.01% (76%) after five months. Accordingly, the decrease in 

photovoltaic efficiency was slightly slower for ZnO:CeOx-based devices than for pure ZnO-

based cells. As described in Perovskite solar cells,59 this result showed that the introduction of 

CeOx helped improving the stability of the devices over time. This behaviour could be related 

to the higher chemical stability of CeOx over ZnO,66 the long-term stability of CeOx under UV 

irradiation or the presence of 4f electrons in CeOx limiting the UV-photodegradation of the 

organic photoactive layer of the OSCs.59 

 

Conclusions 

Solution-processed CeOx layers were successfully prepared by spin coating on ITO substrates 

followed by a thermal annealing which was optimized. The formation of CeOx was monitored 

and confirmed by TGA, XRD and FT-IR and XPS spectroscopy. These analytical techniques 

showed that a thermal annealing at moderate temperatures such as 200°C for 15 min was 

sufficient to form Ce4+ ions leading to an amorphous CeOx layer, with a value of x reaching 

1.70. Under these conditions, P3HT:PC61BM inverted OSCs based on CeOx achieved a 

photovoltaic efficiency of ca. 1.7%, as compared to the parent ZnO-based devices showing a 

maximum efficiency of ca. 3.2%. The analysis of the photovoltaic performances of the two 

types of devices over time showed an increase in PCE which can reach 125% after two weeks 

of storage in the case of CeOx-based devices, however their stability over one month is close. 

ZnO layers doped with 3 mol % of CeOx were also used as ETL layers. Although the presence 

of few amounts of CeOx induced a slight decrease of photovoltaic performance, a gain in 

stability was observed. Thus, this work showed that CeOx could be effectively used as an ETL 

layer in inverted OSCs, potentially offering better stability than that achieved with ZnO. This 

preliminary work on the use of CeOx as ETL could be extended to inverted BHJ OSCs with 



new photoactive layers such as PM6-Y6 and, more generally, to other organic electronic 

devices. 
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