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Inverted bulk-heterojunction polymer solar cells have been fabricated applying non-metal doped

TiO2 as electron extraction buffer layers. Spin-coated films from nitrogen, sulphur, and iodine

doped TiO2 nanoparticles dispersed in dimethyl sulphoxide showed comparable roughness and

uniformity as those from the pure TiO2 nanoparticles. The highest power conversion efficiency

(PCE) of 1.67% was obtained for N-doped TiO2, whereas in the case of pure TiO2, PCE was

around 1%. The highest short circuit current density (Jsc¼ 10.66 mA cm�2) was achieved for I-

doped TiO2. Moreover, it was observed that devices with doped TiO2 exhibit better stability under

constant illumination comparing to the control devices with pure TiO2. VC 2012 American Institute
of Physics. [http://dx.doi.org/10.1063/1.4770490]

I. INTRODUCTION

In recent years, there have been impressive progresses in

the performance of organic solar cells with the applications of

novel materials or device structures.1,2 Generally, conven-

tional device architecture includes poly(3,4-ethylenedioxythio-

phene) doped with poly(styrenesulfonate) (PEDOT:PSS) as

hole transport layer and aluminum as electron collecting elec-

trode, both of which are sensitive to water and oxygen, thus

limiting device stability in ambient condition. An alternative

approach is to use an inverted structure where indium tin oxide

(ITO) acts as electron collecting and high work function met-

als such as Ag and Au as hole collecting electrodes, respec-

tively. Oxide buffer layers (TiO2, ZnO, MoO3, etc.) are

usually inserted to improve charge extraction either for elec-

trons or holes. In this way, both PEDOT:PSS and Al can be

discarded, which result in better long term stability and effi-

ciency.3 A thoughtful control over these interfaces could

enhance the performance of the devices significantly. A few

examples are: the deposition of self-assembly monolayer on

the titania surface;4 control of the morphology of titania layer

(i.e., nanotubes5); and direct modification of the electronic

structure by doping.6

Metal doped titania with Mn or Nb atoms were pro-

posed for application in inverted organic photovoltaic cells.

Aplarslan et al.7 reported buffer layers of Mn-doped TiO2

with different contents of dopant atoms using P3HT: PCBM

as active layer. Despite higher absorbance of Mn-TiO2 layers,

the solar cells’ efficiency with doped titania increased by 38%

in comparison to layer without Mn-dopant. The inverted solar

cells with Nb-doped titania were proposed by Lira-Cantu

et al.,8,9 using MEH-PPV (Poly[2-methoxy-5-(2-ethylhexy-

loxy)-1,4-phenylenevinylene]) as an active layer. In the case

of 20% atomic content of Nb, the efficiency reached 0.074%

(for pure titania layer, power conversion efficiency (PCE) was

0.042%). Both studies showed better stability of the devices

for doped titania as a buffer layer.

Until now, no study has been reported for non-metal

doped titania for inverted organic solar cells. However, non-

metal doped titanium dioxides have been successfully

applied in dye sensitized solar cells. Strong effects were

observed in the efficiencies of these types of cells, when io-

dine doped,10 nitrogen doped,11,12 and nitrogen and sulphur

co-doped titania13 were compared to pure TiO2. In these sys-

tems, occurrence of dopant atoms was responsible for higher

absorption of visible light, a higher rate of dye adsorption

and recombination retardation.14

In this paper, we present our studies concerning the

replacement of pure titanium dioxide by non-metal (sulphur,

nitrogen, iodine) doped titania in inverted organic solar cell

devices with the aim to control the interface between the

active layer and ITO for efficient charge collection. Film

morphology, solar cell parameters, and device stability were

compared to the control devices based on pure TiO2.

II. EXPERIMENTAL

Commercially available regioregular Poly(3-hexylthio-

phene-2,5-diyl) (P3HT) (Plextronics) and Phenyl-C61-

butyric acid methyl ester (PCBM) (>99.5%, Solaris) have

been used without further purification. Organic solar cells

were prepared according to the following procedure: ITO-

coated glass electrodes (10 X/sq, Kintec Company) were par-

tially etched followed by ultrasonic cleaning in successive

solutions of de-ionized water, acetone, ethanol, and iso-

propanol. In each solvent, substrates were immersed for

15 min. Then, the ITO substrates were subjected to UV-

ozone treatment in order to increase the hydrophilic naturea)E-mail: mamatimin.abbas@ims-bordeaux.fr.
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of the surface and to remove any residual organic contamina-

tion. Different doped titania were obtained on the basis of origi-

nal synthesis methods. Preparation methods were described in

detail in previous works.15–19 Doping concentrations are

1.21%, 1.21%, and 3.21%, respectively, for N-, S-, and I-doped

titania evidenced from XPS studies. Doped and pure titania dis-

persion (5 mg/ml) in dimethyl sulphoxide (DMSO) (FLUKA)

were spin coated on ITO sheets (5000 rpm, 60 s), followed by

thermal treatment under vacuum (10 mbar) at 100 �C for

10 min to remove any residual solvent. Active layers were de-

posited from a 20 mg/ml concentrated solution of P3HT:PCBM

(1:1) in 1,2-dichlorobenzene. The layers were cast by spin-

coating at 1000 rpm for 25 s. After deposition, the layers were

dried in the nitrogen glove box and the trace solvent underwent

slow evaporation (solvent annealing). Finally, a 10 nm-thick

molybdenum oxide and then a 100 nm-thick silver electrode

were thermally evaporated under vacuum (10�6 mbar) through

a shadow mask determining the active surface area of 10 mm2.

The thicknesses of titania layers were estimated on

the basis of ellipsometry measurement performed using an

imaging null-ellipsometer EP3 (Nanofilm). The instrument

was used in total internal reflection mode and both the inten-

sity and the phase changes of the reflected light were

monitored and converted into two ellipsometric angles

W and D. Spectroscopic ellipsometry data were recorded at

constant angle of incidence (AOI¼ 55�) and different wave-

lengths (k¼ 360–900 nm). Contrast ellipsometry images

were recorded at AOI¼ 55� and k¼ 658 nm. Each titania

layer was measured twice at different regions of interest

(ROIs) with spatial resolution of 2 lm. The data collected

from 300 lm� 300 lm areas were evaluated by EP3View

V235 software (Nanofilm). For modeling, EP4Model 1.0.1

software (Nanofilm) was used. All the titania films had

very similar thickness varying from 96 to 109 nm. The thick-

ness of the active layer measured using profilometer Alfa

Tencor was 175 6 10 nm. Optical absorption of titania and

P3HT:PCBM deposited onto titania layers has been investi-

gated using UV-vis spectroscopy. Spectra were recorded

over the spectral range of 300-800 nm using a SAFAS

UVMC2 spectrometer on samples spin coated on ITO/glass

substrates. Atomic force microscopy has been performed

under ambient conditions using a commercial optical deflec-

tion microscope (stand-alone configuration for a large sam-

ple, AFM VEECO DI-3100 with a Nanoscope IIIa, Digital

Instrument). Current density-voltage (J-V) characteristics of

devices were examined using a Keithley 4200 semiconductor

analyzer under illumination of an AM1.5 solar simulator set

at 100 mWcm�2, which was calibrated using an IL1400BL
radiometer. Samples were measured in dry nitrogen glove-

box. The stability measurements were performed under

continuous illumination. The current density-voltage charac-

teristics were measured at every 2 min, 5 min, and after

20 min of illumination, until clear decrease in the solar cell

parameters was observed.

III. RESULTS AND DISCUSSION

In Fig. 1, the energy diagram and the device structure

of the solar cell are presented. Energy levels were refer-

enced to the vacuum level. Special note should be given to

very deep ionization energy of the MoO3, which was

revealed in recent studies.20,21 The value of conduction

band energy for each titania was determined using imped-

ance spectroscopy and Mott-Schottky analysis with respect

to the assumption that flatband potential is very close to the

energy value of conduction band.22 The position of each va-

lence band was estimated taking into the account the band

gap energy value. The detailed description of the band gap

energy determination, impedance measurements, and their

interpretation was given in the previous works.15–17 The

pure and doped titania materials are characterized by differ-

ent positions of conduction and valence bands. The posi-

tions of the conduction band of all the doped titania are

located below the conduction band energy of pure titania.

Additionally, the iodine, nitrogen, and sulphur doped titania

have narrower band gap energies (2.98 eV for N-TiO2,

2.93 eV for S-TiO2, and 2.80 eV for I-TiO2) than pure TiO2.

Doping of the titania with various dopants introduces addi-

tional electronic states in the gap of titania, which was

evidenced by the electronic structure study of different dop-

ants in the titania.23

The absorption spectra of the ITO/x-TiO2/P3HT:PCBM

films are shown in Fig. 2. As titania thin layers are semi-

transparent, the main contributions for the spectra come

from the active layer and there are no significant differences

between each spectrum. However, slightly stronger absorb-

ance was observed for active layers deposited onto N-TiO2

and I-TiO2 buffer layers. It should be noted that the feature

at around 600 nm, which comes from p-p interchain interac-

tions between P3HT chains, is rather strong and similar to all

the films, confirming optimized active layers through solvent

annealing process. Moreover, the observation excludes any

influence of the different buffer layers on the P3HT:PCBM

FIG. 1. (a) Chemical structure of P3HT and PCBM; (b) scheme of the

energy levels of the materials with respect to the vacuum level involved in

the inverted solar cells; (c) photovoltaic device structure in the inverted

arrangement used in this work.

123110-2 Siuzdak et al. J. Appl. Phys. 112, 123110 (2012)
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organization, which could play a role in the final device

performances.

In Fig. 3, AFM images of pure and doped titania films

are displayed. Despite the fact that the layers were deposited

from the dispersion of nanoparticles, the morphologies of

obtained films are rather satisfactory. All the deposited layers

are quite uniform and their root mean square roughnesses

vary from 3.33 to 4.47 nm. Film from pure TiO2 exhibits a

slightly higher roughness, which can be due to stronger

aggregation of the nanoparticles comparing to the doped

ones. A reasonable explanation could be that the doped

nanoparticles have surface groups that could facilitate the

interaction of the nanoparticles with the polar solvent.

Repulsion force between the particles due to the presence of

surface groups could also inhibit stronger aggregation in

doped titania nanoparticles comparing to undoped ones.

Larger areas of different titania layers were investigated

using ellipsometry contrast images as shown in Fig. 4.

Although major parts of the film morphologies are compara-

ble for different films, much larger and more distributed

agglomerates were evidenced in the case of S-TiO2 layer,

which came from relatively poor dispersion of S-TiO2 in

DMSO.

In Fig. 5, the solar cell performance parameters (Jsc, Voc,

FF, and PCE) for the devices with and without titania layer

under continuous illumination are displayed as a function of

time. At the beginning of the measurements (up to 20 min),

gradual increase in short-circuit current and open circuit volt-

age was observed. Such light soaking effect took place also in

case of the titania free devices, suggesting this effect origi-

nates from the interface between the active layer and the

MoO3, probably due to the enrichment of the P3HT phase at

this interface following light soaking, as suggested by the

work of Wang et al.24 Nevertheless, the effect of dopants

manifests during further illumination. For the device with

pure titania layer, a clear decrease in the device parameters is

observed after about 30 min of illumination and further meas-

urements were stopped after 55 min. In the case of doped tita-

nia, a higher stability is noticed even for device with S-doped

titania layer, which exhibits lower efficiency than that of pure

TiO2. Probably the dopant atoms act as electron traps. Once

the traps are filled by negative carriers, electrons can easily

transfer to the ITO contact,7 thus gradually increasing the so-

lar cell performance. For the device including an N-doped tita-

nia layer, a progressive increase in the efficiency during the

whole irradiation time was observed.

Apart from the changes in the electronic structure,

doped materials can also modify the surface in comparison

to pure titania. On the basis of Fourier Transform Infrared

Attenuated Total Reflectance (FTIR ATR) spectra presented

in the former publications,16–19 the presence of N-Ti-O and

N-H species in N-doped TiO2 and S¼O, S-O, SO4
2� in

S-doped TiO2 powder was observed. The researches devoted

to the interface modification between titania and P3HT layer

showed that certain groups could strongly affect the perform-

ance of solar cells.25 The surface species could act as media-

tors of charge transfer between the polymer and the titania

layer. Furthermore, the crystalline phases of pure and iodine

doped titania were anatase, whereas in the XRD pattern for

sulphur doped TiO2, apart from the anatase signals, small

FIG. 2. Absorption spectra of P3HT:PCBM films deposited on different tita-

nia layers.

FIG. 3. AFM images of the surfaces of (a) TiO2 (RMS¼ 4.47 nm); (b) N-TiO2

(RMS¼ 3.36 nm); (c) S-TiO2 (RMS¼ 3.33 nm); (d) I-TiO2 (RMS¼ 3.37 nm)

thin layers spin coated onto ITO substrate from a 5 mg/ml dispersion in

DMSO.

FIG. 4. Ellipsometry contrast images (526 lm� 392 lm) of (a) pure TiO2,

(b) N-TiO2, (c) S-TiO2, (d) I-TiO2 layers deposited onto ITO substrate.

123110-3 Siuzdak et al. J. Appl. Phys. 112, 123110 (2012)
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rutile peak was also present. In the case of nitrogen doped

titania, the crystalline phase was a mixture of anatase, rutile,

and amorphous phases.19 According to Kang et al.,26 the

solar cell with titania buffer layer possessing the amorphous

phase exhibited a continuous increase in the performance

and it was attributed to the filling up of shallow traps within

the amorphous phase during irradiation. Besides, the pres-

ence of rutile also plays a role and the increase was observed

in current and open circuit voltage for devices with titania

layer where the rutile crystalline phase appeared.8

Another reason which could affect the device perform-

ance upon long term illumination may be the presence of dop-

ants in the lattice structure. The layers of non-stoichiometric

TiOx structure (i.e., obtained by introduction of dopants) are

known to show a stronger variation of the work function under

irradiation than pure stoichiometric titania.27 During illumina-

tion, O2
� surface species could be neutralized and conse-

quently oxygen desorption could take place, which causes

lowering of barrier for electron extraction leading to the

observed increase in fill factor.

Current density-voltage curves of the devices with dif-

ferent titania layers as well as without titania buffer layer are

given in Fig. 6. Here, the results are shown when the device

performances were stabilized (at the time when the maxi-

mum PCE was reached). The associated photovoltaic charac-

teristics are displayed in Table I. All the tested devices with

buffer titania layer exhibited better performances than solar

cells in which the active layer was directly deposited on

ITO. This highlights that the presence of an electron extrac-

tion layer helps to improve device efficiencies

Devices based on S-TiO2 showed slightly lower efficien-

cies in comparison to pure titania due to poor morphological

quality of the film as evidenced in microscopic images.

However, Voc and Jsc are higher for iodine and nitrogen

doped TiO2. Devices with I-doped TiO2 reached the highest

current density, whereas the maximum Voc and efficiency

were obtained for the devices with N-doped TiO2. Values of

each parameter are provided in Table I. The increase in PCE

for iodine and nitrogen doped titania in comparison to pure

titania layer equals to 20% and 67%, respectively.

We suggest that when a morphological effect is excluded

(as in the case of S-TiO2), doping of titania buffer layer

FIG. 5. Stability test under continuous

illumination (100 mW cm�2) for inverted

solar cells with different titania layers.

The changes in terms of solar cell para-

meters: (a) short-circuit current density,

(b) open circuit voltage, (c) fill factor,

(d) power-conversion efficiency are

shown.

FIG. 6. The current density-voltage (J-V) characteristics of inverted ITO/

x-TiO2/P3HT:PCBM/MoOx/Ag solar cells with different titania layers.

TABLE I. Device performance parameters for inverted solar cells with

the structure: ITO/x-TiO2/P3HT:PCBM/MoOx/Ag.

Titania layer JSC (mA cm�2) Voc (V) FF PCE (%)

Without TiO2 8.59 0.21 0.30 0.54

TiO2 9.51 0.29 0.36 1.00

N-TiO2 10.09 0.35 0.47 1.67

S-TiO2 9.27 0.23 0.34 0.73

I-TiO2 10.66 0.31 0.36 1.20

123110-4 Siuzdak et al. J. Appl. Phys. 112, 123110 (2012)
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optimizes the interface between the active layer and ITO,

mainly through the mechanism of better energy level align-

ment for charge extraction or enhanced charge transport

within the layer itself. Better device stability under continuous

illumination of the devices with doped titania can be attributed

to charge trapping at the intrinsic dopant sites or to the pres-

ence of an amorphous or a rutile phase.

IV. CONCLUSIONS

In this work, we studied the effect of different non-

metal doped titania buffer layers on the performance of

inverted polymer solar cells. Non-metal doped titania layers

were successfully adapted to inverted polymer solar cells for

the first time. The effect of doping on device properties was

clearly visible. Light soaking effect was observed and quite

stable performances after about 10 min of illumination were

achieved. Among all tested materials, nitrogen doped TiO2

exhibits the highest efficiency (1.67%) and stability under

continuous illumination for 150 min. The increase in PCE

for iodine and nitrogen doped titania with respect to pure

titania layer is 20% and 67%, respectively. Our results show

that when the buffer layer morphologies are comparable,

doping of the buffer layer in the inverted polymer solar cells

plays significant role in enhancing device performances as

well as stability under continuous illumination. Device

efficiency could be further increased by optimizing the mor-

phology of the layers using doped precursors rather than

nanoparticles or other alternative oxides (such as ZnO).
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