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Photochemical Charge Separation in Poly(3-hexylthiophene) (P3HT)
Films Observed with Surface Photovoltage Spectroscopy
Frank E. Osterloh,*,† Michael A. Holmes,† Lilian Chang,‡ Adam J. Moule,́‡ and Jing Zhao†

†Department of Chemistry, University of California, Davis, California 95616, United States
‡Department of Chemical Engineering and Materials Science, University of California, Davis, California 95616, United States

ABSTRACT: Surface photovoltage spectroscopy (SPS) was used to
probe photon induced charge separation in thin films of regioregular
and regiorandom poly(3-hexylthiophene) (P3HT) as a function of
excitation energy. Both positive and negative photovoltage signals were
observed under sub-band-gap (<2.0 eV) and super-band-gap (>2.0 eV)
excitation of the polymer. The dependence of the spectra on substrate
work function, thermal annealing, film thickness, and illumination
intensity was investigated, allowing the identification of interface,
charge transfer (CT), and band-gap states in the amorphous and
crystalline regions of the polymer films. The ability to probe these
states in polymer films will aid the development and optimization of
organic electronic devices such as photovoltaics (OPVs), light-emitting
diodes (OLEDs), and field effect transistors (OFETs). The direction
and size of the observed photovoltage features can be explained using the depleted semiconductor model.

■ INTRODUCTION

Organic photovoltaic (OPV) cells, light-emitting diodes
(OLEDs), and field effect transistors (OFETs) rely on organic
semiconductor polymers for creating, separating, and convert-
ing electrical charge.1−10 The mechanism of photochemical
charge generation and transport in such materials has been of
considerable interest. Recent work suggests that the so-called
charge transfer (CT) state between the donor and the acceptor
controls the open circuit voltage and photocurrent of OPV
devices.11−20 Evidence supports that these CT states also occur
within films of pure organic semiconductors21−23 as well as at
any interfaces these polymers make with other materials.24,25

Interface and CT states have a very low absorption cross
section, making them difficult or impossible to observe in UV−
vis−NIR absorption spectra of such polymers.26 But they have
been detected through other methods including photo-
luminescence and photothermal deflection spectroscopy,27

Fourier transform photocurrent spectroscopy,15,26 electro-
luminescence,28 two-pulse femtosecond,16 and charge modu-
lation spectroscopy.29

Here we demonstrate that the CT state and other important,
but previously not detectable, interfacial states in organic
polymers can be observed using surface photovoltage spectros-
copy (SPS). SPS is a well-known tool for the observation of
photoinduced charge separation within semiconductor materi-
als.30−36 The method measures electrical potential, not current,
making it sensitive to very small changes in the distribution of
charge carriers. Also, as a contact-less technique, SPV does not
require fully assembled devices, but rather films on a conductive
substrate are sufficient. To date, there are only a few
documented cases of the use of SPS on organic semi-

conductors.37−39 For organic semiconductors the related Kelvin
probe or electrostatic force microscopy techniques are generally
preferred,40−44 even though they generally do not provide
information on the spectral dependence of the transitions.41

Figure 1A shows the SPS measurement configuration. Thin
film samples on conductive substrates are transferred into a
vacuum chamber (10−7 bar), and the contact potential
difference is measured with a vibrating Kelvin probe made of
a semitransparent gold grid. In the dark, this electrical potential
is mostly determined by the difference of the electrochemical
potentials between the sample and the gold Kelvin probe (≃
EF[1] − EF[2]) (Figure 1B).30,35 In a semiconductor sample,
illumination changes the local vacuum level of the sample due
to the production and separation of charge carriers. This results
in a photovoltage (plotted as CPD in Figures 2, 4, 5, 6, and 7A)
whose spectral dependence can aid the understanding of
photoactive states in polymer films and probe changes in
interface dipoles that are difficult to access by other means.
Detail of these processes (Figure 3C) will be discussed below.
Photovoltage measurements were conducted on thin films

(Figure 1C) of poly(3-hexylthiophene) (P3HT), an important
donor material for bulk-heterojunction (BHJ) OPVs43,45−47

and hole conductor for OFETs.48 Silver, gold, and ITO
substrates with variable work function (Φ) and interlayer
coatings were employed to probe the effect of interfacial dipoles
and charge equilibria on photochemical charge separation in
the P3HT films. Additionally, the effect of the P3HT linkage
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configuration was evaluated in the measurements. As Figure 1D
shows, two forms of P3HT, regioregular (rr) and regiorandom

(rra), can be distinguished depending on the connectivity
between thiophene monomers (through the head at the 2-

Figure 1. (A) Diagram of SPS measurement configuration. (B) Energy diagram for Kelvin probe (2) and a metallic sample (1) before and after
electric contact with respective work functions ϕi. The electrochemical equilibrium between 1 and 2 shifts the local vacuum levels and gives rise to
the observed contact potential difference CPD. Adapted from Kronik.30,35 The energy scheme for P3HT films is shown in Figure 3C. (C) General
makeup of sample films for SPS. Interlayers of PEDOT:PSS or amorphous TiOx were present only when specifically noted in text. (D) Structure
formulas of rr- and rra-P3HT. Monomer linkages occur through either the 2-position of the ring, the “head” (H), or the 5-position, the “tail” (T).

Figure 2. (A) Photovoltage spectrum (not normalized for light intensity) of a 120 nm thick, as-cast and annealed, rr-P3HT film on ITO with feature
ranges color-coded and numbered. Feature 1 corresponds to the rise of the CPD value from 0 to 0.02 V, feature 2 to the rise from 0.02 to 0.16 V, and
feature 3 to the decrease from 0.16 to 0.08 V. (B) Photovoltage spectrum along with normalized UV−vis absorption and photoluminescence spectra
of the annealed P3HT film in (A). (C) Photovoltage spectrum of rr-P3HT on ITO and of ITO-only background. (D) Xenon lamp emission and
photovoltage spectra of rr-P3HT.
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position or through the tail at the 5-position) (Figure 1D). Rr-
P3HT with its many HT−HT linkages has a lower interchain
distance (0.38 nm)29 and higher crystallinity than rra-P3HT,
allowing strong interchain interactions to occur which can
enhance interchain charge transport. Lastly, the SPV measure-
ments probe the effect of thermal processing on the SPV
spectra of P3HT. Heating is known to promote the formation
of crystalline domains in P3HT films and to modify charge
transport in the polymer.49−51

■ RESULTS AND DISCUSSION
Figure 2A shows SPV spectra for a 120 nm thick film of rr-
P3HT on ITO, before and after annealing at 120 °C. Spectra
were corrected for background effects (drift, desorption of gas
and solvent molecules) by subtracting a background scan in the
dark. The spectra were recorded under steady-state conditions;
i.e., neither changing the scan time length nor reversing the
scan direction had an effect on the observed signals. Four main
features can be distinguished, of which three (henceforth
labeled 1, 2, and 3) originate from the polymer.
Feature 1 is a weak positive ΔCPD signal (0−26 mV) that

begins at 1.0−1.2 eV, depending on substrate, and reaches to
1.7 eV. This signal is not present in the optical spectra of the
polymer films. The fine structure of the signal is not due to the
polymer but can be attributed to the spectral emission pattern
of the xenon arc lamp (Figure 2D). Feature 2 is a positive CPD
change in the spectrum (26−136 mV) and occurs in the 1.7−
2.0 eV energy range. This feature coincides with the energy
interval of the photoluminescence emission of rr-P3HT films
(Figure 2B), which has been previously ascribed to the polaron,
or charge transfer state, in rr-P3HT.49,52,53 Feature 3 is found at
photon energies of 2.0−2.4 eV as a negative CPD change of
intermediate size (85−136 mV). It overlaps with the optical
absorption of P3HT (Figure 2B) and can be assigned to the
direct excitation of the HOMO−LUMO transition of the
P3HT polymer chain. Feature 4 is observed at illumination
energies >2.4 eV; it was also observed, although weaker on a
bare ITO substrate (Figure 2C), indicating that it does not
originate from the polymer but is an artifact of the instrument.
As will be shown in the following, features 1−3 vary

considerably with substrate, film thickness, polymer type and
on the basis of these observations can be assigned to specific
excitation processes in the film, as shown in Figure 3A. A
justification for the assignment is given in the following.
The low excitation energy of feature 1 rules out band gap

excitation of the polymer or excitation of the CT state. The
signal is instead assigned to the excitation of interfacial charge
transfer states (ICT) at the polymer−substrate interface.
Accordingly, the size and magnitude of the photovoltage vary
with the work function of the substrate material. For example,
the signal is small (30 mV) for ITO and occurs at 1.2 eV,
whereas the voltage is large (80 mV) on gold and red-shifted to
1.1 eV (Figure 4A). On silver, the photovoltage begins at 1.0
eV, but again is small (20 mV, Figure 4B). When a 40 nm thick
PEDOT:PSS layer is inserted between the P3HT film and the
ITO substrate, the photovoltage doubles (44 mV), in
comparison to the bare ITO sample (Figure 4C). Conversely,
when a 20 nm annealed layer of amorphous TiOx is deposited
onto ITO before the addition of P3HT, the sign of the
photovoltage reverses and its size increases to −160 mV
(Figure 4D). As we will show below, these changes are due to
modification of the built-in voltage at the interlayer−P3HT
interface. Interestingly, without thermal annealing of the TiOx

interlayer, the photovoltage does not change in comparison to
ITO, suggesting that a heat-induced chemical change is taking
place at the interface. Similarly, heating of the PEDOT:PSS-

Figure 3. (A) Energy diagram for P3HT film and electronic transitions
under illumination. (B) Morphology of P3HT film (see also Chen et
al.58 and Roehling et al.59) including locations of excitons and CT
states, F1 (interfacial charge transfer, ICT state), F2 (CT or
autoionized state), F3 (band gap excited state). (C) Energy diagram
for the P3HT film on ITO substrate (adapted from Ishii).60 For a low
work function substrate like TiO2, the bands bend the opposite way.
Photochemically generated charge carriers and polaron pairs move
under the influence of electric fields created by the interfacial dipole
and by Fermi level equilibration of substrate and P3HT. In addition,
injection of charge carriers into the substrate is possible. These light-
induced processes alter the local vacuum level (VL) at the P3HT
surface and cause the observed photovoltage, ΔCPD. W: space charge
layer width; ϕi: work functions of polymer, substrate, and Kelvin
probe; Vbi: built-in voltage; VDip: potential drop from interfacial dipole;
EF: Fermi level.
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P3HT system results in an 75% voltage increase of F1 (Figure
4C). Previous work in our laboratory showed that thermal
annealing promotes mixing between P3HT and PSS and
formation of a doped interlayer.54 A final observation is that
feature 1 is larger in rr-P3HT (30 mV) than in rra-P3HT (18
mV) (Figure 5A). This could be a result of the greater density
of states of rr-P3HT near the Fermi level and consequentially a
greater number of interfacial states.
Feature 2 is assigned to direct excitation of the autoionized

charge transfer (CT) state in P3HT, based on its spectral
overlap with the P3HT film photoluminescence spectrum
(Figure 2B). As expected, the photovoltage strongly depends
on the thermal annealing state and the polymer isomer, rr- or
rra-P3HT (Figure 5A). A change from rr- to rra-P3HT causes
feature 2 to shift from 1.7 to 1.9 eV and the photovoltage to
drop from 110 to 30 mV for the as-cast films and from 144 to 8
mV for the thermally annealed films. This is due to the lower
concentration and larger HOMO−LUMO separation of CT
states in rra-P3HT. The formation of the CT state is inhibited
because the loose packing of the disordered (rra) poly-
thiophene weakens the electronic interactions between
chains.49,53 On the contrary, rr-P3HT has strong interchain
π−π interactions that produce CT states about 0.8 eV below
the polymer band gap.49,55 Thermal annealing of rr-P3HT films
increases the fraction of crystalline P3HT regions in the
film56,57 and therefore raises the photovoltage (Figure 5A). In
contrast, for rra-P3HT, thermal treatment leads to a reduction
of the photovoltage because the annealed film is more
homogeneous and so cannot support CT states at domain
interfaces.
Feature 3 is assigned to direct band gap (EG) excitation of

the P3HT. This is confirmed by the shift of the feature from 2.0
to 2.2 eV in going from rr- to rra-P3HT (Figure 5A). The larger
band gap of the latter can be seen in the absorption spectrum in
the figure inset. It is a consequence of the greater isolation of
electronic states in rra-P3HT, resulting from the loose packing
of the polymer chains. This also causes a lower mobility of

charge carriers in rra-P3HT and is the reason for the smaller
size of F3 in the regiorandom film.
Wide-angle X-ray scattering, high-resolution X-ray reflectivity

data, and TEM suggest that P3HT−PCBM bulk heterojunction

Figure 4. (A) SPV spectra of P3HT, as cast and after annealing, on Au, (B) on Ag, (C) on PEDOT:PSS, and (D) on sol−gel TiOx. All P3HT films
had the same thickness. The annealed ITO sample spectrum is shown for comparison.

Figure 5. (A) SPV spectra of rr- and rra-P3HT films (ca. 120 nm
thick) on ITO. Solid: as cast; dashed: after annealing. Inset: UV−vis
absorption spectra of as cast rr- and rra-P3HT films. (B) SPV signal
trends for as cast (solid) and for annealed rr-P3HT films (dotted)
versus substrate work function. All data are from Table 1.
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films contain a mixture of amorphous and crystalline
regions.58,61 On the basis of the signal interpretation above,
photovoltage features 1−3 can then be assigned to discrete
regions in the P3HT film, as shown in Figure 3B. Surface
photovoltage feature 1 originates from states at the polymer−
substrate interface. The number of these states is relatively
small due to the spatial restriction to the interface. Photo-
voltage feature 2 involves states between the amorphous and
crystalline regions of the P3HT. Here the interchain
interactions are stronger due to efficient packing of the chains.
We hypothesize that the hole is stabilized in the crystalline
regions while the electron resides either in the amorphous
domain or at the domain interface. Lastly, surface photovoltage
feature 3 originates from both amorphous and crystalline
regions in the film. The formed carriers are free to move
through the film and to pass through the substrate−polymer
interface, as shown in Figure 3B, thus giving rise to the
observed photovoltage.
Next we examine the physical reason for the observed light-

induced charge separation in the polymer film. According to the
depleted semiconductor model,62 charge carriers in the excited
P3HT film move under a built-in electric field that results from
the electrochemical equilibrium between P3HT and the
substrate and from dipoles at the substrate−P3HT interface
(Figure 3C).35,60,63 An intraf ilm surface photovoltage can be
generated either by polarization of Coulombically bound
electron−hole pairs (polarons) or by movement of free charge
carriers through the P3HT film. Carrier movement stops when
the electric field that acts on the film has been neutralized, and
the potential variation across the P3HT film becomes flat.
Additionally, an interfacial photovoltage can occur by selective
transfer of free charge carriers across the film−substrate
interface. Such charge transfer is driven by the concentration
of free carriers and their chemical potential, and it depends on
the overlap of wave functions between substrate and polymer at
the interface.64 According to this interpretation, SPV features 1
and 2 are assigned to intraf ilm polarization processes and SPV
feature 3 to a charge transfer process within the film and
through the polymer−substrate interface. Support for this
assignment comes from a deeper analysis on the dependence of
the SPV features on substrate, film thickness, and light
intensity.
Figure 5B plots all photovoltage signals as a function of the

substrate work function before and after annealing. Several
observations can be made: Except for TiOx, F1 and F2 are
positive (negative side of polaron points to film surface), while
F3 is negative (electrons move to substrate). Annealing does
increase F2 but has only minor effects on F1 and F3. Only F1
and F3 display a systematic increase with the substrate work
function, whereas F2 shows more erratic behavior. The TiOx-
coated substrate causes inversion of the photovoltage sign for
all SPV features.
This data can be explained with the model in Figure 3C.

Charge carriers created under subgap illumination (1 and 2) are
bound together by Coulomb forces. They cannot move by drift
under the built-in electric field but they can orient/distort
under it, producing a photovoltage. The built-in field at the
substrate−polymer interface is a function of the Fermi level
difference between the substrate and the P3HT film, which
explains the variation of feature 1 with the substrate work
function. Polaron pairs generated under CT excitation (feature
2) also orient in the direction of the field generated at the
substrate−polymer interface. The size of feature 2, however, is

not only a function of the field but also of the polaron
concentration in the film, as determined by the generation and
recombination rateshence the strong dependence on thermal
annealing, which promotes these carriers through the creation
of more interfaces between crystalline and amorphous domains.
Charge carriers created under band-gap excitation (feature 3)
are free and can diffuse through the P3HT film and inject into
the substrate, as long as their electrochemical potential exceeds
that of the substrate.35 This explains the increase of the size of
F3 with increasing substrate work function. However, the true
size of F3 is masked by the cocreation of bound CT states (F1
and F2) that oppose the field created by free charges. A notable
exception for the work function dependence occurs for the gold
substrate. Tentatively, we attribute this to optical excitation of
the gold plasmon band (>2.4 eV). Plasmon resonance-induced
charge transfer processes have been previously hypothesized for
silver nanoprisms.65 Among all substrates, the TiOx interlayer
has the lowest work function. Using the model in Figure 3C,
this inverts the electrical field at the TiOx−P3HT interface and
hence all photovoltage signals. Based on the inversion point,
the effective work function of P3HT is between 4.5 and 4.2 eV.
We note that the work function of P3HT has been measured at
4.2−4.5 eV using both ultraviolet photoelectron spectroscopy
and Kelvin force probe measurements.66−68 It is not at 5.2 eV
as commonly stated, but rather this is the HOMO level of
P3HT.69

The dependence of the SPV signal and optical absorption on
film thickness is explored in Figure 6 for as cast and annealed
films on ITO. Overall, photovoltage features only weakly
depend on film thickness, especially when the films are above
120 nm. For as-cast films (feature 6A), F1 and F2 mildly
decrease and F3 mildly increases. Annealing (feature 6B)
reverses the trends for F1 and F2, which now slowly decrease
with thickness, but not for F3 (feature 6C).
The data conform well to the model in Figure 3C.

Photovoltage features 1 and 2 are controlled by the built-in-
field at the substrate−polymer interface, which changes little
with film thickness. In contrast, F3 is limited by the
concentration of free charge carriers in the film, which depends
not on film thickness, but on film quality, as the latter controls
the exciton lifetime via the concentration of recombination
sites. This dependence also explains the near doubling of the F3
signal upon annealing. The observed changes in F1 and F2

Table 1. Experimental ΔCPD Values for rr-P3HT Films on
Various Substrates

substrate
work function

[eV]
F1

[mV]
F2

[mV]
F3

[mV]

Au, as cast 5.3a 65 105 −36
PEDOT:PSS, as cast 5.0b 44 133 −103
ITO, as cast 4.8a 20 110 −52
Ag, as cast 4.5a 20 116 0
TiOx, as cast 3.9c 24 −160 28
Au, annealed 5.3a 62 117 −16
PEDOT:PSS, annealed 5.0b 64 164 −94
ITO, annealed 4.8a 20 144 −54
Ag, annealed 4.5a 41 183 −7
TiOx, annealed 3.9c −163 −170 48
aFrom CRC Handbook of Chemistry and Physics.70 bFrom Xu et al.71
cMeasured with Kelvin probe.
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upon annealing are due to modification of the polymer
substrate interface, as discussed above.
Lastly, to determine the effect of illumination on charge

separation, variable intensity SPV measurements were con-
ducted on as-cast and annealed rr-P3HT films on ITO. Figure
7A shows SPV spectra for several illumination intensities, while
the graph in Figure 7B shows the dependence of individual
photovoltage features on the incident photon flux. On a per
photon basis, the photovoltage signals decrease in the order F2
> F3 > F1. Feature 1 linearly increases with photon flux,
whereas F2 and F3 show a near-logarithmic dependence on the
flux. Annealing increases F3, especially at high photon densities,
and F2 at intermediate photon densities. Annealing does not
increase F1. These results support the basic assumptions of the
model in Figure 3. As an interfacial process, F1 is limited by the
finite density of states at the polymer−substrate interface. Thus,
it is less dependent on the number of incident photons. Feature

2 depends on the number of states in and around the P3HT
crystal domains and so increases upon annealing. Because the
absorption cross section of these sub-band-gap states is very
low, a strong increase with photon flux is observed. On the
contrary, the size of F3 is mostly determined by the
generation−recombination equilibrium of the free charge
carriers. For this situation, the Shockley diode equation72

predicts the observed logarithmic dependence on the photon
flux. Thermal annealing raises the carrier concentrations by
reducing defect concentrations in the polymer film.

■ CONCLUSION
In summary, we present surface photovoltage spectra of P3HT
films, as a function of polymer type (rr- or rra-), film thickness,
substrate type, and illumination intensity. Three different
photovoltage processes could be resolved as a function of the
excitation energy and are assigned to distinct polymer states in
the film. This includes excitation of interfacial states at the
substrate P3HT interface (F1), excitation of CT states between
P3HT chains (F2), and excitation of the band gap transition of
individual P3HT chains (F3). Only F3 is due to motion of free
charge carriers, whereas F1 and F2 are due to polarization of
Coulombically bound polarons from the electric field at the
substrate−polymer interface. The dependence of these features
on film thickness, substrate work function, and polymer type
can be explained with the depleted semiconductor model in
Figure 3C.
The results confirm that the CT state can be effectively

populated with light of sub-band-gap energy. They also
highlight the importance of interfacial and CT states in
attenuating the electric field across the organic film. And they
emphasize the ability of TiOx and PEDOT:PSS layers to

Figure 6. SPV spectra on variable thickness as-cast (A) and thermally
annealed (B) rr-P3HT films on ITO. (C) ΔCPD values for features 1,
2, and 3 (measured from the beginning to the end of each feature).

Figure 7. (A) SPV spectra for 120 nm as-cast rr-P3HT on ITO. (B)
Relative size of photovoltage signals for F1−F3 before (solid lines)
and after annealing (dashed lines) versus incident light flux. ΔCPD
values were extracted from the full spectra at 1.45, 1.90, and 2.20 eV.
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modify the electric field at the substrate polymer interface and
thus to control the orientation of the photodipoles. Lastly, this
work shows that SPS is a useful technique for the character-
ization of charge separation in organic films. Results of a SPS
study on P3HT−PCBM bulk heterojunctions will be reported
in a separate paper.

■ EXPERIMENTAL SECTION

UV−vis absorption measurements were performed using a
Thermo Scientific Evolution 220 UV−vis spectrophotometer
equipped with an integrating sphere. Film thicknesses were
determined with a Dektak surface profiler calibrated to a Si−
SiO2 ellipsometry standard. Monochromatic light intensity
measurements were performed using an International Light
Technologies IL400BL photometer with an IR−visible
detector. Work function measurements were made under
ambient conditions using a Kelvin probe from KP Tech-
nologies, Inc. Surface photovoltage spectra (SPS) were
recorded on a home-built instrument that utilizes a Kelvin
probe and controller (Besocke Delta Phi GmbH), a custom-
built high vacuum measurement chamber, a voltmeter (Keithley
2700), a monochromator (Oriel Cornerstone 130), a Pfeiffer
HiCube 80 Eco turbo pump, a 100 W Xe arc lamp as the light
source, and a neutral density optical filter. For the measure-
ments, samples were mounted inside the vacuum chamber, and
the Kelvin probe (Au grid, 3 mm diameter, 60% transparent)
was placed 1.0 mm above the sample. The chamber was
evacuated to 10−7 bar, and steady-state photovoltage spectra
were obtained by scanning from low- to high-energy radiation
in 100 cm−1 steps with a period interval of 5 s. Light spectra
were corrected for background effects (drift, desorption of gas
and solvent molecules) by subtracting a background scan in the
dark. The sign convention is chosen so that a positive ΔCPD
value will correspond to dipole with a negative pole at the
surface and the positive side toward the back electrode. Based
on repeat measurements, the approximate voltage error is 10%
and the approximate photon energy error is 0.05 eV. All film
samples were prepared using commercial indium−tin oxide
(ITO) coated glass (ca. 140 nm thick and 15 Ω sheet
resistance), unless noted otherwise. The ITO was cleaned by
scrubbing with acetone and exposed to UV-ozone for 30 min
before use. For the substrate variation tests commercial gold-
coated glass (Thermo Scientific, ca. 80 nm) was cleaned with
the same method above before use. Silver-coated glass
substrates (100 nm) were prepared in-house by vapor
deposition. Poly(3-hexylthiophene) (P3HT) was generously
donated by Plextronics Inc., with MW ≈ 70 kDa and a reported
regioregularity of ≥95%; regiorandom P3HT with MW ≈ 40
kDa (50% regioregular) was purchased from Aldrich. Polymers
were dissolved in chlorobenzene (Fisher Scientific, >99.9%) at
60 °C overnight (20 mg/mL), and the solutions were spin-
coated (800 rpm) under a nitrogen atmosphere to give ∼120
nm thick films. The thickest P3HT film (ca. 750 ± 100 nm)
was drop-cast from solution. Each of the films was tested before
and after annealing. Annealing was performed under a nitrogen
atmosphere at 120 °C for 10 min. TiOx sol−gel was
synthesized from titanium isopropoxide (TIP, 97%, Sigma-
Aldrich) according to the published procedure73 and diluted in
methanol for spin-coating to desired thicknesses. In certain
cases, samples were spin-coated with 40 nm of PEDOT:PSS
(Clevios P AI 4083).
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