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to the scale up process as it has been 
observed that the use of mass production 
printing techniques dramatically reduces 
the effi ciency of the devices. For example 
a detrimental infl exion point ( S -shape) in 
the current density-voltage ( J–V ) curves 
has been observed which destroys the 
device operation, particularly the fi ll 
factor. [ 1,2 ]  It is recognized that bridging the 
gap between lab scale and industrial scale 
solar cell performance relies upon the 
perfect understanding (from materials to 
interfaces) of the OPV working principles. 

 Much data is available regarding the 
requirements of the materials comprising 
the organic active layer. [ 3–5 ]  In a bulk-heter-
ojunction (BHJ) solar cell a polymer donor 
and fullerene acceptor form a bicon-
tinuous interpenetrated matrix where 
charge separation and transport of car-
riers towards the electrodes are enabled. 
The device works thanks to the presence 
of selective contacts at either side that can 
collect electrons and holes at their respec-

tive outer electrodes. The role of the highly selective contact is 
key as must be selective to one carrier while completely blocking 
the opposite. Interlayers selective to holes include conduc-
tive polymers such as poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate)(PEDOT:PSS) [ 6 ]  and several transition metal 
oxides (e.g., V 2 O 5 , MoO 3 , NiO, or WO 3 ). [ 7–12 ]  Alternatively, 
interfacial layers selective to electrons include alkali metal com-
pounds as LiF, other metal oxides (TiO  x  , ZnO…), or low-molec-
ular weight organic compounds (e.g., BCP). [ 10,13,14 ]  Among the 
different approaches to gain carrier selectivity self-assembled 
monolayers (SAM) or conjugated polyelectrolyte interlayers can 
be used to alter energy level alignment between the cathode 
metal and the bulk of the blend. [ 15,16 ]  It is recognized that elec-
trostatic mechanisms occurring at the interfaces have a great 
infl uence on the overall device operation. [ 17–23 ]  However, the 
light-induced electrical mechanisms at the contact in relation 
with the interaction with the bulk properties of the active layer 
is a terrain that has been much less studied. 

 TiO  x   has been widely used by many authors as an effective 
interlayer selective to electrons. [ 24,25 ]  Unfortunately, this mate-
rial requires UV-light soaking for activation in order to avoid 
 S -shaped kink in the  J–V  curves under illumination. [ 26–28 ]  It has 
been proposed that bandgap shallow charge carrier traps are 
present in titania, which are fi lled upon UV irradiation, thereby 
lowering its series resistance and enhancing photoconduc-
tivity. [ 29,30 ]  Other authors suggested explanations that involve 
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  1.     Introduction 

 In the last decade, organic photovoltaics (OPV) has become an 
attractive technology able to replace more expensive and less 
versatile solar cells. OPV offers the opportunity to use solu-
tion process deposition methods known to be compatible with 
inexpensive fabrication techniques (i.e., inkjet printing or roll 
to roll). On the other hand, effi ciencies have increased steeply 
in the recent years, that is, up to 10% in the laboratory scale 
have been obtained, which is regarded as a landmark towards 
commercialization. To this date degradation of the photovoltaic 
properties is the main factor that hinders its global implementa-
tion. One additional challenge facing this technology is related 

Adv. Funct. Mater. 2014, 
DOI: 10.1002/adfm.201401233

www.afm-journal.de
www.MaterialsViews.com

http://doi.wiley.com/10.1002/adfm.201401233


FU
LL

 P
A
P
ER

2 wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the interaction with molecular oxygen. [ 28 ]  However, exact activa-
tion mechanism is still unclear. Recently, by carefully selecting 
the synthetic method, the activated form of TiO  x   can be retained 
during several days. [ 30 ]  These titania interlayers offer a unique 
opportunity as TiO  x   can be activated/deactivated on demand. 
By carefully controlling the light soaking process TiO  x   inter-
layer activation can be stopped at different levels. This proce-
dure renders the contact/active layer interface at different ener-
getic states which allows studying the energy level alignment at 
the cathode contacts in detail by means of electrical techniques. 

 By using capacitance–voltage measurements a complete 
picture of the energetics at cathode interfaces is drawn in 
this work. Here interfacial properties are responsible for the 
observed photovoltaic parameters. We observe that deactivated 
TiO  x   interlayers show a strong light-dependent interface dipole 
that increases dramatically up to 1.2 eV under 1 sun irradia-
tion. The dipole layer induces a change in the band bending 
sign at the active layer blend from electron extracting to elec-
tron blocking, which is behind the  S -shaped  J–V  curves. 
Although the sign of the dipole would favour the extraction of 
electrons the concomitant modifi cation of the band bending in 
the organic semiconductor hinders an effi cient extraction of 
carriers. Activated TiO  x   interlayers do not produce  S  kink fea-
tures and consequently high fi ll factors (≈60%) are observed. 
The devices studied here represent a unique opportunity of 
analyzing light-induced effects on outer interfaces. This work 
provides insights on the contact operation for optimum device 
engineering which can be applied to other contact structures.  

  2.     Results and Discussion 

  2.1.     Interlayer Activation and Current Density−Voltage Curves 

 Solar cells have been fabricated using the following inverted archi-
tecture Glass/ITO/TiO  x  /P3HT:PCBM/MoO 3 /Ag as described 
in the Experimental section. Activation of TiO  x   electron selective 
layer by UV light was promoted by using the xenon lamp of the 
solar simulator and this activation occurs as previously reported 
for other light sources ( Figure    1  ). [ 30 ]   J−V  curves at different acti-
vation times were measured using the same solar simulator 
coupled with a UV light fi lter (400 nm cutoff) (Figure  1 a). As 
reported previously  S -shaped kinks are observed when TiO  x   
has not been activated leading to poor device performances 
(see  Table    1  ).  S -shape evolves with the activation time, and after 
2 min the  S  kink is no present any longer. After UV-light activa-
tion when no UV fi lter is used the power conversion effi ciencies 
are in the order of 4.13% ( J  sc  = 12.97 mA cm −2 ,  V  oc  = 0.530 V, 
and FF = 60%). Moreover, under dark conditions (Figure  1 b) 
the device behaves as a pure resistor when no activation has 
taken place, and a rectifying behavior becomes apparent upon 
activation by UV light.    

  2.2.     Capacitance–Voltage Measurements: Mott-Schottky 
Analysis 

 We have previously reported on the energy level equilibration 
at the active layer/electrode interface accounting for the energy 

mismatch between the workfunction of the cathode  Φ  c  and the 
Fermi level of the organic layer  E F  . [ 31 ]  This equilibration takes 
place by generation of an interface dipole (with strength Δ) 
being the remaining energy offset accommodated as a band 
bending in the organic layer. This approach assumes that the 
anode forms an ohmic contact with the active blend, in such a 
way that the energy equilibration basically occurs at the cathode. 
Capacitance-voltage measurements have proved very useful at 
discerning between active layer band bending and dipole for-
mation. [ 32 ]  In this technique a DC voltage is applied on working 
devices, while a small AC perturbation (typically at 100 Hz–
1 kHz) is overimposed. The differential displacement current is 
measured, and the DC voltage is swept over a wide range, that 
is, −1 V to +1 V. In OPV devices the capacitance is usually fl at at 
negative bias and increases as attainable  V  oc  under illumination 
is approached (see Figure  1 c). At low frequencies the capaci-
tance response is related to the width of the depletion zone at 
the vicinity of the cathode. By examining Mott-Schottky plots 
 C  −2 ( V ) in Figure  1 d one can observe straight lines originated by 
the voltage-modulation of the depletion-zone width. [ 33 ]  Charge-
depleted zones appear as a consequence of the polymer doping 
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 Figure 1.    Electrical response of the device as a function of the UV-light 
activation time. a) Measurements at 1 sun light illumination and b) under 
dark conditions. c) Capacitance–voltage response and d) Mott-Schottky 
plots under dark conditions.

  Table 1.    Photovoltaic parameters of TiO  x   based organic solar cells at dif-
ferent UV-light activation time.  

Activation time 
[s]

 J  sc  
[mA cm −2 ]

 V  oc  
[V]

FF 
[%]

PCE 
[%]

0 0.06 0.077 23.8 0.00

5 0.83 0.347 17.0 0.05

30 5.17 0.517 17.7 0.47

60 8.04 0.517 47.5 1.97

120 8.04 0.510 60.1 2.47

120 (w/o fi lter) 12.97 0.530 60.0 4.13
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which can be calculated from the slope of the 
straight line. Measurable electrical defects 
arise from external agents such as oxygen 
traces, [ 34 ]  residual solvent or intrinsic impu-
rities connected with the domain size of the 
P3HT. [ 35 ]  On the other hand, the intercept of 
the straight line signals the fl at band poten-
tial  V  fb , defi ned as the applied voltage bias 
required to produce fl at bands in the organic 
semiconductor. The value of  V  fb  is related to 
the contact energetics by means of the next 
expression [ 31 ] 

   fb F cqV E φ= − − Δ   (1)     

 Equation   1   is easily viewed when 
 V  app  =  V  fb  as explained later. Here it is 
assumed that the electrode contact Fermi 
level (workfunction of the cathode  φ  c ) equals 
the TiO  x   interlayer Fermi level  E  FTiOx . [ 31 ]  The 
dipole is formed because the TiO  x   inter-
layer is negatively charged and compensated 
by positive charge located at the electrode 
side. For a given system a shift in the meas-
ured  V  fb  may be related to any of the three 
parameters in the right side of Equation   1  , 
and understanding its origin provides key 
information. For example, recently we have 
been able to correlate shifts in  V  fb  with varia-
tions in fullerene composition at the organic 
layer/cathode interface, which modulates the 
amplitude of the interface dipole. [ 32 ]  

 Regarding devices fabricated with TiO  x   
interlayers activated under different UV 

light exposure times, Mott-Schottky plots under dark condi-
tions show a shift in the fl at band potential of about 300 mV 
towards more positive voltages for activated devices (Figure  1 d 
and  Table    2  ).  V  fb  of activated samples is very similar to those 
obtained with other contacts such as Ca or Al. [ 31 ]  This fact sug-
gests that the Fermi level of the organic semiconductor should 
remain constant upon UV exposure, being the interlayer Fermi 
level  E  FTiOx  shifted to an upper position. This process can be 
regarded as a sort of UV-light photodoping of the TiO  x   inter-
layer. We will discuss latter on the energetics of the activation 
mechanism.  

 Additionally,  C–V  measurements as a function of the light 
intensity have been carried out. When an activated device is 
illuminated the position of the fl at band potential does not 
change signifi cantly (Figure   2  b). Both  E  FTiOx  and Δ remain 
unaltered. However, if a deactivated device is measured under 
different illumination intensities (w/o UV), the  V  fb  shifts 
strongly. Indeed, when measurements under dark conditions 
and those at 1 sun light intensity are compared a shift of over 
1.2 V occurs (Figure  2 d). Moreover  V  fb  attains even negative 
values indicating a change in the band bending sign. It occurs 
that  V  fb  shifts depending on whether titania has been activated 
or not, and this effect is pronounced for deactivated devices 
under illumination. As this is an intrinsic effect of the TiO  x   
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  Table 2.    Parameters extracted from Mott-Schottky analysis. Doping 
density  N  calculated from the Mott-Schottky plot, and fl at-band voltage 
 V  fb . Dipole calculations include interlayer work function  E  FTiOx  = 4.0 or 
4.65 eV, activated and not activated respectively, and active layer Fermi 
level  E  F  = 4.9 eV.  

UV Light Exposure 
[s]

Light intensity 
[Wm −2 ]

 N  
[× 10 17  cm −3 ]

 V  fb  
[V]

Δ 
[eV]

0 Dark 3.2 0.26 0.00

5 Dark 2.0 0.42 0.16

30 Dark 1.8 0.51 0.40

60 Dark 1.6 0.54 0.36

120 Dark 1.7 0.56 0.38

120 Dark 2.1 0.55 0.35

 120 1000 3.5 0.56 0.35

0 Dark 3.5 0.26 0.00

 0 50 2.8 0.054 0.20

 0 80 2.4 –0.36 0.61

 0 250 2.7 –0.46 0.71

 0 400 3.2 –0.66 0.90

 0 1000 3.0 –0.94 1.19

 Figure 2.    a,b) Capacitance–voltage measurements of an activated device under dark and 1 sun 
light intensity conditions. c,d) Capacitance–voltage measurements of a device that has not 
been UV-light activated as a function of the light intensity.
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interlayer one can exclude a modifi cation 
in the active layer  E  F  position. This would 
imply that it is the alteration of the dipole 
height Δ that lies behind the  V  fb  shifts of 
deactivated samples. In summary it is pro-
posed that UV-light exposure modifi es the 
TiO  x   interlayer work function  E  FTiOx , while 
white-light irradiation of deactivated cells 
induces a change in the dipole strength Δ 
according to Equation   1  .  

  2.3.     Energy Band Profi le for Deactivated TiO x  

 Considering the large negative shift in  V  fb  
observed after illumination in Figure  2 d, an 
energy diagram as that shown in  Figure    3   
reproduces the energetic band profi le of a 
device comprising a deactivated TiO  x   inter-
layer. Under dark conditions and at  V  app  = 0 V 
(Figure3a) band bending would favour the 
extraction of electrons at the cathode, while a 
relatively small dipole is present. In the dark 
a positive applied bias is required to attain fl at 
bands in the organic semiconductor. If the 
device is illuminated using low intensities, 
i.e. 50 Wm −2 , the photogenerated electrons 
coming from the active layer accumulate 
at the TiO x  interface increasing the dipole 
strength (Figure3b). The energy mismatch 
between TiO  x   and active layer is reduced 
thanks to the presence of a larger dipole, and 
the band bending consequently decreases. 
The required potential to have fl at bands 
will be smaller than under dark conditions. 
Since the electrical fi eld in the organic side 
of the selective layer is decreased the extrac-
tion of electrons is reduced in comparison to 
the dark case. Upon further increase of the 
irradiation intensity, the accumulated charge 
density at the TiO  x   interlayer increases. It 
then modifi es the energetic levels in the bulk 
of the active layer. Under high illumination 
conditions (Figure  3 c) bands in the organic 
semiconductors are inverted and would 
facilitate the extraction of holes across the 
cathode, then impeding a correct operation 
of the solar cell. In this last case fl at bands 
are attained at negative bias values. Intui-
tively one might expect that having a larger 
dipole with the correct sign should favor the 
extraction of carriers, however, this does not 
occur as the energetic profi le at the organic 
semiconductor changes sign. As TiO x  workfunction does not 
change upon illumination without UV (see Kelvin probe experi-
ments in Supporting Information), the large shift of 1.2 V 
observed in  V  fb  during UV-fi ltered white-light illumination of 
the deactivated device cannot be related to a modifi cation of the 
workfunction of TiO  x  , and must be originated by the change in 

magnitude of a dipole that opposes the effi cient extraction of 
carriers. 

 The previous scheme explains the observed  S -shaped kink 
in the  J–V  characteristics of Figure  1 a. Light irradiation pro-
motes electrons to accumulate at the TiO  x   interface, changing 
as a consequence the dipole strength and the active layer 
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 Figure 3.    Energy level diagram of a device containing TiO  x   deactivated layer that a) under dark 
conditions, b) low illumination, and c) high illumination. The dipole increases with the light 
intensity. The degree and sign of the band bending under equilibrium conditions are therefore 
modifi ed with the white-light intensity. There is a clear shift in  V  fb  indicating that the magni-
tude of the dipole increases with the light intensity. The band bending is reversed hindering an 
effi cient extraction of electrons.
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band bending. A detailed analytical model accounting for the 
observed both  J–V  and  C–V  curves was proposed by Bisquert 
et al. [ 36 ]  The model stressed the role of the occupancy of inter-
layer states (mediating charge transfer across the contact) as a 
function of bias or illumination. 

 To gain further insight into the device operation, imped-
ance spectroscopy measurements were performed on samples 
activated over different exposure times by UV light, and these 
results are shown and discussed as Supporting Information. 
For deactivated sample an additional resistance and capaci-
tance is observed at low frequencies indicating the presence of 
charge accumulation at the TiO  x   layer. Interestingly, it appears 
that each of the voltage dependence of capacitive and resistive 
responses are shifted with the UV light exposure time. Indeed, 
if the voltage axis is displaced using the value of the dipole cal-
culated in Table  2  (see below), the different responses collapse. 
The implications of this observation are very important as this 
entails that once the energy offset of the dipole has been over-
come by applying an external voltage, the carrier density and 
recombination properties in the active layer become very sim-
ilar independently of the activation degree.  

  2.4.     Origin of UV Light Activation of TiO x  

 Activation of TiO  x   interlayer by UV light is not totally under-
stood and is still under discussion. Whilst Schmidt et al. [ 28 ]  sug-
gested that activation is related to adsorbed molecular oxygen, 
Kim et al. [ 27 ]  supported that shallow charge carrier traps are pre-
sent in the bandgap of TiO  x  , being responsible for the  S -shaped 
 J–V  curves. In this second case traps may be fi lled upon UV 
irradiation of the TiO  x   interlayer therefore improving its series 
resistance and photoconductivity. [ 30 ]  In order to further under-
stand this effect, Kelvin probe (KP) measurements have been 
carried out aiming at determining the titania interlayer work 
function variation under UV light exposure.  Figure    4   shows a 
representative KP measurement on substrates with the confi gu-
ration Glass/ITO/TiO  x   where the contact potential difference 
(CPD) is monitored over a period of 4000 s. A freshly evapo-
rated gold layer (100 nm) has been used as a reference. Under 
dark conditions the work function is stable and after exposing 
the sample to UV light (365 nm) its value decreases about 
650 mV over a period of 3000 s. On the other hand, when the 
TiO  x   layer is illuminated with a green LED (538 nm) no change 
in the work function is observed (see Supporting Information). 
The shift in work function with UV exposure agrees with the 
increment in  V  fb  observed in Figure  1 d, although full activation 
is attained much faster in devices because of the use of intense 
UV source. This is qualitative indication that a displacement of 
the TiO  x   interlayer Fermi level  E  FTiOx  is the responsible for the 
 V  fb  offset upon UV light exposure. Once the light is switched 
off the work function slowly recovers its original value.  

 TiO  x   work function values for deactivated (4.65 eV), and full 
activated (4.0 eV) have been calculated from KP measurements 
using a reference gold specimen (considering gold work func-
tion at 4.8 eV). This change qualitative agrees with the shift in 
the fl at band potential of about 300 mV towards negative values 
for deactivated devices (see Figure  1 d). Nonetheless it should 
be stressed that changes in the titania work function can also 

occur after deposition of the organic layer. The dipole strength 
Δ is then calculated using Equation   1  , and its values are sum-
marized in Table  2 . Here the active layer Fermi level  E  F  ≈ 4.9 eV 
is estimated from the doping density  N  in Table  2  and the 
polymer HOMO position ( E  HOMO  = 5.0 eV). It is interesting to 
note that Δ is not present in dark conditions using deactivated 
samples. The contact equilibration is assured by the active layer 
band bending. Δ value increases as a function of the white-light 
intensity that completely accounts for the negative shift in  V  fb . 
The contact energetics changes radically for activated samples. 
In this last case the dipole strength is not modulated by the 
light intensity exhibiting similar values in the dark and under 
1 sun irradiation. 

  Figure    5  a sketches the origin of the dipole strength change 
in relation to the presence of interface sites. For deactivated 
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 Figure 4.    Kelvin probe measurement under dark and after exposure to 
UV light (365 nm). The contact potential difference (CPD) is monitored 
over a period of 4000 s. A freshly evaporated gold layer (100 nm) has been 
used as a reference.

 Figure 5.    a) Charge built-up at TiO  x   interface after illumination in its 
deactivated form, and blocking of the electron extraction. b) Activation 
and deactivation process of the TiO  x   interlayer by the action of UV light 
and temperature, respectively.
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TiO  x  , once the active layer is illuminated with white light (with 
UV fi lter) photogenerated electrons accumulate at the organic 
layer/metal oxide interface. Electrons cannot go through the 
TiO  x   due to its very low conductivity before activation. [ 30 ]  This 
process piles up negative charge at the TiO  x   interlayer, and 
enlarges the magnitude of the dipole. At a given white-light irra-
diation electron accumulation stops by the formation of reverse 
bandbending. In the extreme case when 1 sun light illumina-
tion is used a shift of up to 1.2 eV in the dipole is observed. 
This interfacial mechanism is highly reversible and the dipole 
height is rapidly reduced upon light switch-off. Alternatively, 
when the TiO  x   is illuminated with UV light electrons are pro-
moted from the valence band to the trap states (Figure  5 b). UV-
light induced charge modifi es both  E  FTiOx  and Δ, presumably 
because processes occur either in the TiO  x   bulk traps ( E  FTiOx ) 
or interface sites (Δ). In other words, a capacitor is formed with 
the deactivated TiO  x   as dielectric, which is polarized under UV-
fi ltered white light illumination. In case of activated TiO  x  , its 
work function is reduced and this layer becomes more conduc-
tive assisting then electron collection. Deactivation of the TiO  x   
may be induced by a thermal treatment where the electrons 
fi lling the traps thermalize to the ground state. It is concluded 
that the activation mechanism inferred here agrees with that 
proposed previously. [ 27,30 ]     

  3.     Conclusion 

 In this work we have studied the operation mechanism of an 
interfacial layer selective to electrons, and its relationship with 
the energetics of the organic semiconductor/electrode interface. 
We use TiO  x   in working devices as a model where the electron 
selectivity can be tuned by the activation through UV-light expo-
sure. Here we observe that upon full activation of TiO  x   the work 
function of the oxide decreases about 650 meV in complete 
devices. It is remarkable the increase in the magnitude of the 
dipole present at the TiO  x  /active layer interface, up to 1.2 eV 
under 1 sun light illumination in deactivated cells. The sign of 
the dipole would favour the extraction of electrons, however, the 
concomitant modifi cation of the energy levels in the organic 
semiconductor hinders an effi cient extraction of carriers. After 
contact activation the dipole strength does not change with 
the light intensity. This work provides insights on the contact 
operation for optimum device engineering and modeling.  

  4.     Experimental Section 
 Solar cells have been fabricated using the following inverted architecture 
Glass/ITO/TiO  x  /P3HT:PCBM/MoO 3 /Ag. 15 mm × 15 mm (indium 
tin oxide) ITO-coated glass sheets (10 Ω/�, Visiontek Systems) 
are successively cleaned in acetone, ethanol and isopropanol in an 
ultrasonic bath and exposed to UV-ozone for 15 min. Titanium oxide 
is prepared as followed: Titanium (IV) isopropoxide (TIPT, Aldrich, 
99.999%) is diluted in absolute ethanol at a concentration of 0.05  M , to 
which HCl is added in order to have a water to TIPT molar ratio (rw) of 
0.82 and a pH of 1.9. The precursor solution is stirred for 72 h at room 
temperature. 40 µL of TiO  x   solution is spin coated on the substrate in 
air (ambient atmosphere) at 1000 rpm for 60 s and kept in air at room 
temperature for 2 hours. Subsequently the substrates were transferred 
to a nitrogen-fi lled glovebox (O 2  and H 2 0 < 0.1 ppm). Starting from this 

point, the rest of the fabrication process and all the  J–V  characterizations 
are carried out under inert atmosphere. TiO  x   coated ITO sheets were 
then thermally treated at 80 °C for 10 min on temperature-controlled 
hot plate. We choose low annealing temperature as a processing 
compatible with printed fl exible electronics. TiO  x   layer thickness was 
measured to be 20 ± 5 nm using a Tencor IQ profi lometer. Poly(3-
hexylthiophene) (P3HT, Plexcore OS2100) and 1-(3-methoxycarbonyl)
propyl-1-phenyl[6,6]C61 (PCBM, 99.5%) were supplied from Plextronics 
and Solaris-Chem Inc. respectively and used as received. Solutions were 
prepared in o-dichlorobenzene, at a 1:1 weight ratio and a concentration 
of 20 mg mL −1 . Solutions were fi rst stirred at 90 °C for 10 min and 
subsequently at 50 °C for 24 h. P3HT:PCBM was spincoated at 1000 rpm 
during 50 s. Instantly after spin-coating, the substrates were individually 
placed in small closed petri dishes overnight at room temperature for 
solvent annealing. The resulting P3HT:PCBMthickness was 240 ± 10 nm. 
10 nm of molybdenum trioxide (MoO 3 , Serac) and 80 nm of silver (Ag) 
were successively thermally-evaporated under a secondary vacuum 
(10 −6  mbar) onto the P3HT:PCBM layer through a shadow mask to defi ne 
a 10 mm 2  active area. Devices were encapsulated using a microscopy 
slide and epoxy for further electrical characterization outside the 
glovebox. The devices were characterized using an ATLAS Solarconstant 
1200 solar simulator (metal-halide 1200 W lamp) with AM1.5G fi lters 
set at 100 mW cm –2  with a calibrated radiometer (IL 1400BL). Labview-
controlled Keithley 2400 SMU enabled the measurement of current 
density–voltage ( J–V ) curves. The solar simulator was used to activate 
the devices during specifi c times and a UV-fi lter (400 nm cutoff) was 
used to characterize the devices under illumination at those different 
activation times. We would like to emphasize that the light intensity has 
been measured without fi lter meaning that the  J–V  characteristics with 
UV fi lter are affected by the absorption and refl ection of the fi lter. It is 
the reason why the short-circuit current (Table  1 ) with and without fi lter 
is different. 

 The contact potential difference (CPD) of the TiO  x   layer was 
determined using Besocke Delta Phi Kelvin Probe (Kelvin probe S and 
Kelvin control 07). Gold substrate was used to calibrate the equipment. 
UV light-emitting diode (LED Engin) emitting at 365 nm was used to 
illuminate the TiO  x   layer during the CPD experiment. 

 Capacitance–voltage ( C–V ) measurements were performed with 
an Autolab PGSTAT-30 equipped with a frequency analyzer module, 
and was recorded by applying a small voltage perturbation (20 mV). 
Measurements were carried out at different light intensity and bias 
voltage at a fi xed frequency of 1 kHz. A UV light fi lter with cutoff 
wavelength of 400 nm (Thorn Labs FGL 400s) was used between 
light source and sample to avoid undesired TiO  x   activation. The light 
intensity was measured using an optical power meter 70310 from Oriel 
Instruments where a certifi ed Si photodiode was used to calibrate the 
system.  
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