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ABSTRACT: The advancement of solar cell technology necessitates a detailed
understanding of material heterojunctions and their interfacial properties. In hybrid
bulk heterojunction solar cells (HBHJs), light-absorbing conjugated polymers are often
interfaced with films of nanostructured TiO2 as a cheaper alternative to conventional
inorganic solar cells. The mechanism of photovoltaic action requires photoelectrons in
the polymer to transfer into the TiO2, and therefore, polymers are designed with lowest
unoccupied molecular orbital (LUMO) levels higher in energy than the conduction band
of TiO2 for thermodynamically favorable electron transfer. Currently, the energy level
values used to guide solar cell design are referenced from the separated materials,
neglecting the fact that upon heterojunction formation material energetics are altered.
With spectroelectrochemistry, we discovered that spontaneous charge transfer occurs upon heterojunction formation between
poly(3-hexylthiophene) (P3HT) and nanocrystalline TiO2. It was determined that deep trap states (0.5 eV below the conduction
band of TiO2) accept electrons from P3HT and form hole polarons in the polymer. This equilibrium charge separation alters
energetics through the formation of interfacial dipoles and results in band bending that inhibits desired photoelectron injection
into TiO2, limiting HBHJ solar cell performance. X-ray photoelectron spectroscopic studies quantified the resultant vacuum level
offset to be 0.8 eV. Further spectroelectrochemical studies indicate that 0.1 eV of this offset occurs in TiO2, whereas the balance
occurs in P3HT. New guidelines for improved photocurrent are proposed by tuning the energetics of the heterojunction to
reverse the direction of the interfacial dipole, enhancing photoelectron injection.
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■ INTRODUCTION
Next generation solar cells include low-cost, thin hybrid bulk
heterojunction solar cells (HBHJs), where nanostructured
metal oxide semiconductors act as the acceptor for conjugated
polymer light absorbers.1,2 Nanostructured metal oxides
provide high surface area for charge injection from polymers,
as well as directed electron transport to the electrode. Although
high photocurrent can potentially be collected, only efficiencies
as high as 3% have been obtained.2 Further investigations into
the optimization of the organic−inorganic interface are
required to realize the full potential of HBHJs.3−5

The alignment of donor and acceptor energy levels for
thermodynamically favorable photoelectron transfer is para-
mount for HBHJ device function.6 Upon illumination,
photoelectrons in the lowest unoccupied molecular orbital
(LUMO) of the light absorbing polymer are electrostatically
bound to the hole created in the highest occupied molecular
orbital (HOMO) by 0.1−0.3 eV.6 The LUMO energy level,
ELUMO, must be situated at least 0.3 eV above the energy of the
conduction band of TiO2, ECB, for efficient electron transfer.7−9

At the same time, a larger energy gap between ECB and the
polymer HOMO energy level, EHOMO, allows for greater
photovoltage. However, the polymer’s optical energy gap must
also be optimized to absorb sufficient sunlight (∼1.6−2.0 eV).
Therefore, ideal materials have a ΔELUMO−CB ≥ 0.3 eV while
maintaining high ΔECB−HOMO (≥1.3 eV). This ideal energy
alignment imposes requirements on both materials and
provides general guidelines for synthetically designing light-

absorbing polymers. Thus, synthesizing polymers with different
energetic properties has garnered much attention in pursuit of
HBHJs delivering high power conversion efficiencies.3−5,10,11

However, forming a heterojunction alters materials’ en-
ergetics, complicating the applicability of these general
guidelines.12 For example, at inorganic semiconductor p−n
junctions and some metal−metal junctions, two materials with
different Fermi levels (EF) are brought together, leading to
charge transfer and the generation of an interfacial dipole that
shifts energy levels at the interface (vacuum level offset).13,14 At
thermodynamic equilibrium, the Fermi level (chemical
potential of electrons) must be constant throughout the
semiconductor junction.13 Before equilibration, when two
semiconductors with different Fermi levels come into electrical
contact, an initial chemical potential gradient at the interface
exists, which results in spontaneous electron transfer down the
gradient, from the semiconductor with higher EF to the
semiconductor with lower EF.

13 Thermodynamic equilibrium is
attained when the new charge distribution generates an electric
field, extending 10−1000 nm to either side of the interface
(interfacial dipole), that prevents further electron transfer.13

Since the conduction and valence bands represent the potential
energy of electronic states in the region of the electric field,
they bend downward or upward in energy.
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Charge transfer and band bending can also occur at the
interface of polymers with nanocrystalline TiO2, but the model
of inorganic semiconductors cannot be directly applied.15−18

Whereas energy level alignment is determined by the initial
Fermi level gradient at the interface for semiconductor
junctions, it is determined by the TiO2 Fermi level and the
polymer’s polaronic energy levels for TiO2−polymer junc-
tions.19,20 Adding excess electrons or holes to organic materials
distorts the molecular geometry, and the excess charge couples
with the relaxed geometry, creating polarons with energies in
the HOMO−LUMO gap, discussed in more detail below.21

Charge transfer and band bending occurs when polaron
formation is thermodynamically favorable (vacuum level
offset).19,20 Forming hole polarons in the polymer leads to
downward band bending, which inhibits photoelectron
injection into the TiO2.

22 In contrast, forming electron
polarons in the polymer improves photoelectron injection
into the TiO2.
Herein, spontaneous charge transfer was detected in

heterojunctions of poly(3-hexylthiophene) (P3HT) and nano-
crystalline TiO2, which generates a vacuum level offset.
Spectroelectrochemical studies show that TiO2 donates holes
into P3HT upon forming the heterojunction. Charge
redistribution between the hole polaron level in P3HT
(ECT+) and the Fermi level of TiO2 creates an interfacial
dipole that bends the P3HT energy levels downward (lower
energy away from the interface). Thus, photoelectron injection
is inhibited in HBHJ solar cells based on the P3HT−TiO2

heterojunction. Additionally, raising the TiO2 Fermi level above
ECT+ prevented charge transfer and led to vacuum level
alignment, lending further support to the importance of the
polaron levels proposed by Salaneck et al.19 By controlling the
direction and magnitude of band bending, solar cells with
improved photocurrent and power conversion efficiencies can
be designed. Optimized polymers should be designed with
electron polaron levels (ECT‑) lower than the Fermi level of
TiO2, allowing for electron polaron formation and upward band
bending that should increase solar cell photocurrent.

■ EXPERIMENTAL METHODS
HPLC-grade acetonitrile (99.9%) from Spectrum Chemical was
distilled once, and tetrabutylammonium hexafluorophosphate
(TBAPF6, >98.0%) from Fluka Analytical was recrystallized four
times from ethyl acetate prior to use. 1,2-Dichlorobenzene,
tetrahydrothiophene (THT, 99%), and thiophene (>99%) from
Sigma Aldrich, 2,5-dimethylthiophene (DMT, >98%) from Alfa
Aesar, and poly(3-hexylthiophene-2,5-diyl) (P3HT, 91−94% regior-
egularity) from Rieke Metals were used without further purification.

Electrode Preparation. Fluorine-doped tin oxide-coated glass
(FTO-glass, 12−14 Ω cm−2) was purchased from Hartford Glass Co.
for transparent-conducting electrodes. FTO-glass slides (5 × 1 × 0.23
cm) were ultrasonicated for 15 min in aqueous Alconox detergent and
rinsed with deionized water. The sonication/rinsing cycle was repeated
with ethanol and acetone, respectively. After air-drying, transparent
mesoporous TiO2 films (1 cm2) were synthesized by doctor-blading
Solaronix T/SP paste (100% anatase, 15−20 nm) onto the cleaned
FTO-glass. The films were heated at 450 °C for 30 min after a 7°/min
ramp. Reduced-TiO2‑x films were prepared by further annealing TiO2
under vacuum (10−5 Torr) for 2 h. While still warm (∼80 °C), the
films were soaked in vials of 1 mg/mL P3HT in 1,2-dichlorobenzene
or 0.1 M thiophene, THT, or DMT in acetonitrile at 60 °C for 6 h to
sensitize the films. Hereafter, sensitized films are referred to as P3HT−
TiO2, thiophene−TiO2, THT−TiO2, DMT−TiO2, or unfunctional-
ized-TiO2, respectively. Prior to use, the films were air-dried and rinsed
with neat acetonitrile.

Spectroelectrochemistry. The working electrodes, as prepared
above, were used in a ground-glass joint quartz cuvette (Quark) with a
Pt mesh counter electrode and an Ag/AgCl saturated KCl reference
electrode, calibrated with K4[Fe(CN)6] from Fisher Scientific. All
electrochemistry experiments were performed with 0.1 M TBAPF6 in
acetonitrile as the electrolyte. The electrochemical cells were sealed
and purged with argon for 20 min to remove dissolved oxygen.
Potentials were applied with a BASi Epsilon potentiostat while
monitoring the absorbance of the working electrodes with a Cary 5000
UV−vis-NIR spectrophotometer. The molar absorptivity at 950 nm of
TiO2(e

−)s (electrons occupying shallow traps in TiO2) was
determined by comparing their absorbance at 800 and 950 nm,
knowing that ε = 1300 M−1 cm−1 at 800 nm.23

X-ray Photoelectron Spectroscopy (XPS). XPS was conducted
using a PHI 5300 spectrometer with a Perkin-Elmer Dual Anode X-ray
source operating with magnesium radiation with monochromatic Mg
Kα radiation (hν 1253.6 eV) at 13 kV and 250 W and a pass energy of

Figure 1. Band diagrams illustrating the possible energy alignment regimes in polymer−TiO2 heterojunctions. The TiO2 Fermi level between ECT‑
and ECT+ prevents charge transfer and leads to vacuum level alignment, whether EF in TiO2 is below deep traps (a) or above deep traps (b). The
TiO2 Fermi level below ECT+ (c) or above ECT‑ (d) results in charge transfer and vacuum level offset. The portion of the vacuum level offset
occurring in mesoporous TiO2 is homogeneous throughout the film because band bending is limited by the nanoparticle size (15−20 nm), vide infra.
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17.9 eV. Emitted photoelectrons were detected by a hemispherical
analyzer, and the operating pressure in the sampling chamber was
below 10−7 Torr. The instrument work function was calibrated to
adventitious carbon (C 1s peak at 284.8 eV) and an external Ag
sample (Ag 3d5/2 peak at 383.3 eV).

24 The spectral scanning range for
the valence region was 0−35 eV, with a step size of 0.125 eV and 10
sweeps averaged.

■ RESULTS AND DISCUSSION

Energy Level Alignment Regimes. Energy level align-
ment at polymer−TiO2 heterojunctions is characterized by
vacuum level alignment or vacuum level offset. In hetero-
junctions where charge transfer is thermodynamically unfavor-
able, upon interfacing the materials, the energy levels of the
separated materials are maintained at the interface and their
vacuum levels align. In materials where spontaneous charge
transfer occurs, an interfacial dipole forms that offsets the
respective vacuum levels and bends energy levels near the
interface. For vacuum level offset to occur in the polymer−
TiO2 heterojunction, charge transfer into unoccupied states
must be thermodynamically favorable.
The relevant charge transfer states in the polymer are not the

HOMO and LUMO, but the energy of electron or hole
polarons, ECT‑ and ECT+, respectively.

19 When organic materials
are ionized by electron or hole transfer, the molecular geometry
distorts near the excess charge.21 The charge couples with the
local molecular distortion and forms a polaron, with lower
energy than an excess charge on the undistorted molecule.
Charge coupling with relaxed molecular distortions creates
electron or hole polaronic states that lie within the HOMO−
LUMO gap. For example, electron transfer from the HOMO of
neutral P3HT transforms aromatic thiophene units into their
quinoid-like counterparts, and the resulting hole polarons are
localized to 5−15 thiophene units, positioned 0.2−1 eV above
the HOMO energy level.15,20,25 The presence of hole polarons
in films of oxidized P3HT•+ and similar conjugated polymers
can be detected by visible light absorption changes, in addition
to Raman and electron paramagnetic resonance spectroscopies
(EPR).26−29

Energy level alignment in the case of TiO2 and polymers
depends on the possibility of charge transfer between TiO2 and
the polaronic levels. If the Fermi level of TiO2 is situated in-
between ECT‑ and ECT+, charge transfer between the materials is
thermodynamically unfavorable and will not contribute to

interfacial dipoles.18 Therefore, the energy levels will align
according to vacuum level alignment, Figure 1a,b. If the Fermi
level in TiO2 is situated below ECT+, holes will transfer to the
polymer, creating hole polarons, Figure 1c. The resultant
interfacial dipole will bend the bands in the polymer downward,
inhibiting photoelectron injection. If the Fermi level is situated
above ECT‑, electrons will transfer to the polymer, creating
electron polarons, Figure 1d. In this case, the interfacial dipole
will bend the bands in the polymer upward, improving
photoelectron injection and charge separation.

Charge Transfer between P3HT and TiO2. Spectroelec-
trochemistry was utilized to investigate spontaneous charge
transfer at P3HT−TiO2 heterojunctions. Upon forming the
P3HT−TiO2 heterojunction, the P3HT absorbance spectrum
exhibits two features different than films of P3HT alone. P3HT
on TiO2 displays reduced π−π* absorbance and increased
subgap absorbance as compared to P3HT on FTO-glass. After
applying −0.5 V vs Ag/AgCl, the ground state absorbance is
observed in P3HT−TiO2, i.e., full π−π* absorbance, Figure 2a.
The spectroelectrochemical response of P3HT films on

FTO-glass was studied to determine the absorbance spectra of
the neutral and oxidized states of P3HT. The onset of P3HT
oxidation occurs at +0.2 V vs Ag/AgCl (0.1 M TBAPF6 in
MeCN), in accord with the onset of absorbance changes. Due
to electronic transitions within the HOMO−LUMO gap,
formation of hole polarons in P3HT•+ leads to increased
subgap absorbance of near-infrared light and a concomitant
bleach of ground state absorbance from π−π* transitions in
neutral P3HT, Figure 2b (black).26 Unlike P3HT−TiO2,
application of −0.5 V did not affect the absorbance spectrum
of P3HT alone, Figure S1a, Supporting Information.
Spectroelectrochemistry of P3HT−TiO2 heterojunctions

showed features consistent with P3HT oxidation, i.e., increased
near-infrared absorbance and decreased absorbance around 500
nm. Applying reductive potentials to the heterojunction leads
to an increase in absorbance from π−π* transitions and a
decrease in subgap absorbance, Figure 2a (blue). Fresh P3HT
films on FTO-glass display their fully neutral absorbance and
are not affected by application of potentials <0.2 V vs Ag/AgCl.
In contrast, P3HT on TiO2 is spontaneously oxidized and
application of reductive potentials is necessary to observe the
fully neutral absorbance, Figure 2a (blue). Therefore, upon
making the heterojunction, electron transfer from P3HT into

Figure 2. Spectroelectrochemistry of P3HT−TiO2 and P3HT alone. (a) Oxidized P3HT−TiO2 with no applied potential (red) and neutral P3HT−
TiO2 after applying −0.5 V (blue). (b) Neutral P3HT (black) and oxidized P3HT after applying +0.2 V vs Ag/AgCl (green), +0.4 V (magenta), and
+0.6 V (cyan).
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mesoporous TiO2 films is spontaneous and forms hole polarons
in P3HT.
Electron transfer is energetically favorable if unoccupied

states in the TiO2 band gap are located below the hole polaron
energy level, ECT+. Oxygen vacancies in TiO2 create deep traps
∼0.5−1 eV below the conduction band that can accept
electrons, assuming the traps are partially unoccupied.30 By
annealing TiO2 films in an oxygen-deficient atmosphere (450
°C, vacuum), reduced-TiO2‑x forms, wherein excess negative
charge on Ti3+sites increases the Fermi level, leading to
occupied deep traps.31,32 Unlike stoichiometric TiO2, the
higher Fermi level in reduced-TiO2‑x does not allow
spontaneous electron transfer from P3HT, Figure S1b,
Supporting Information. In this case, P3HT remains neutral,
evidenced by an absorbance spectrum unaffected by applying
reductive potentials. Reduction of TiO2 and the resultant
increase in EF above ECT+ precludes favorable charge transfer, as
in Figure 1b. Preventing oxidation by increasing the Fermi level
to form reduced-TiO2‑x corroborates the assignment of P3HT
oxidation to charge transfer, rather than chemical doping by
atmospheric O2 and ambient UV radiation catalyzed by the
TiO2 surface.33−36 Additionally, P3HT films alone were not
significantly oxidized by ambient conditions in the experimental
time frame, Figure S1b, Supporting Information.
For the first time, charge transfer was detected upon making

P3HT−TiO2 heterojunctions. Absorbance features indicative of
hole polarons in P3HT were created when interfacing the
polymer with TiO2. Illustrated by Figure 1c, unoccupied deep
traps in TiO2 can transfer holes forming hole polarons at the
ECT+ level in P3HT. However, reduced-TiO2‑x, with a higher EF
and occupied deep traps, does not allow for the oxidative
charge transfer. As discussed below, the Fermi level in TiO2
with and without P3HT can be determined by XPS, providing
additional support to the charge transfer and vacuum level
offset.
Vacuum Level Offset. As in semiconductor p−n junctions,

upon making heterojunctions with organic layers, charge
transfer results in an interfacial dipole that offsets the respective
vacuum levels, Δ, Figure 1c,d.16 Experimentally, vacuum levels
are measured by the energy required to eject electrons from
bulk materials to a location near the surface of the sample,
Evac(s), although theoretically the vacuum level is defined by
the energy of free electrons infinitely far from the sample,
Evac(∞).25,37 In the heterojunction, electrons near the surface
feel greater affinity for the positively charged material, which
has a lower Evac(s) than the negatively charged material,
representing a vacuum level offset.15

Vacuum level offsets are commonly determined by photo-
emission spectroscopy by elucidating EF and Evac(s) of the
heterojunction and separated materials.17,20,38 In XPS spectra,
photoemitted electrons from the occupied valence band
comprise the signal intensity near EF (zero binding energy).
In TiO2, the valence band begins 2.0 eV below EF, and an
optical band gap of 3.17 ± 0.02 eV (Figure S2, Supporting
Information) places the conduction band 1.17 eV above EF,
Figure 3 (blue). In accord with n-type materials, EF rests closer
to the conduction band, although its exact value depends on the
synthetic and annealing procedure of the TiO2.

39 Therefore,
deep traps from oxygen vacancies (∼0.5−1 eV below the
conduction band) would be unoccupied and available to accept
electrons from P3HT.30

Compared to 2.0 eV in bare TiO2, the valence band in the
P3HT−TiO2 heterojunction is 2.8 eV below EF, Figure 3 (red).

After equilibrating the Fermi level in TiO2 with ECT+, charge
transfer between P3HT and TiO2 results in an interfacial dipole
offsetting the vacuum levels by Δ = 0.8 eV. As in Figure 1c, the
vacuum level is higher at the surface of TiO2 with a downward
gradient toward P3HT. Thus, the barrier inhibits photoelectron
injection from P3HT, and the energy level alignment is
unfavorable for solar cells. In accord with our XPS data,
McGehee et al. used a Kelvin probe technique to determine
that a 5 nm layer of P3HT on flat TiO2 shifted its work
function by 0.06 eV toward the vacuum level.40 The difference
in magnitude between these two independent measurements
can be attributed to the thickness of the P3HT layer (5 nm vs 1
μm) and the accessible surface area for mesoporous vs flat
TiO2.

41

Vacuum Level Offsets from Spectroelectrochemistry.
Spectroelectrochemistry has previously been utilized to
quantify shifts in TiO2 energetics upon the formation of
TiO2/molecular interfaces.

23,42,43 Because this technique is only
sensitive to absorbance changes attributed to filled TiO2 states,
it allows for isolation of the shift within the TiO2 alone, not
across the whole junction as measured with XPS. Therefore, it
is used to determine the portion of the 0.8 eV vacuum level
offset that occurs in TiO2. Specifically, this technique probes
the energetic position of shallow traps that lie 0−0.5 eV below
the TiO2 conduction band. Reductive potentials more negative
than −0.6 V (vs Ag/AgCl) inject electrons into the shallow trap
states, which are quantified by their absorbance of light >400
nm. With increasing negative potential, additional electrons are
injected which corresponds to higher absorbance across the
visible-near-infrared region, Figure S3, Supporting Information.
In the P3HT−TiO2 heterojunction, more negative potentials
are required to achieve the same absorbance as TiO2 alone,
indicating a shift of the shallow traps toward the vacuum level,
Figure 4.
From the modified Beer−Lambert law in eq 1, the molar

density of electronic states, Γ, is calculated from the absorbance
by electrons occupying the shallow trap states,23

εΔ = Γ
− −

⎜ ⎟⎛
⎝

⎞
⎠A

(M cm )
1000 cm /L

mol
cm950 nm

1 1

3 2 (1)

Figure 3. XPS spectra of the valence region of TiO2 (blue) and
P3HT−TiO2 (red). EVB is the valence band maximum and EF is the
Fermi level, while Δ is the vacuum level offset, 0.8 eV. The work
functions ΦTio2 and ΦP3HT/Tio2 and Evac are not determined from the
XPS data but are represented qualitatively.
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where the molar absorptivity of TiO2(e
−)s is taken as 3300 M−1

cm−1 at 950 nm. Faraday’s constant translates molar densities
into the density of states, g, eq 2.

Γ × =⎜ ⎟ ⎜ ⎟⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
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⎛
⎝

⎞
⎠g

mol
cm

96485
C

mol
C

cm2 2 (2)

The energetic position of the density of states is illustrated by
plotting g as a function of potential. Compared to bare TiO2 in
Figure 5 (blue), the onset of shallow traps is shifted toward the

vacuum level from −0.6 to −0.7 V when functionalized with
P3HT, Figure 5 (red). The spectroelectrochemical results were
also confirmed with capacitance measurements using cyclic
voltammetry, Figure S5, Supporting Information. Spectroelec-
trochemistry was a more sensitive technique providing a higher
level of signal-to-noise.
The total vacuum level offset (0.8 eV) is composed of the

energy shift that occurs in the TiO2 layer and that which occurs
in the P3HT layer. As spectroelectrochemistry indicates, the

shift of TiO2 energetics on the vacuum scale contributes 0.1 eV;
band bending in the P3HT comprises the rest of the offset (0.7
eV). The 0.1 eV shift in TiO2 is assumed to be homogeneous
over each individual nanoparticle and, therefore, the entire
mesoporous film, i.e., there is no observed band bending.44−46

In contrast to planar TiO2 films, mesoporous films cannot
support an electric field because space charge gradients are
limited by the radius of the nanoparticles.47−49 However,
organic materials, including P3HT, can support band bending
of the measured 0.7 eV magnitude, which can extend up to 700
nm from the interface.19,20,50

To investigate if P3HT has structure-dependent properties
contributing to vacuum level offsets other than charge transfer,
molecular thiophene derivatives were used to functionalize
TiO2. By the same mechanism that interfacial dipoles created
from charge transfer lead to vacuum level offsets, permanent
dipoles at the surface of TiO2 are known to shift the energetics
of its states.19,51−53 Shifts reported previously have been
attributed to the direction and magnitude of dipole moments in
molecular monolayers chemisorbed to planar TiO2.

41 There-
fore, small molecule thiophene mimics (tetrahydrothiophene
(THT), thiophene, and dimethylthiophene (DMT)) were used
to determine if dipole effects could contribute to the observed
shift in TiO2 energy levels. Whereas THT has a 1.87 D dipole
moment and two lone pairs localized on the sulfur atom,
thiophene has a smaller dipole moment (0.54 D) and only one
lone pair. DMT has an even smaller dipole moment (0.51 D),
and its sulfur atom is sterically hindered by methyl groups from
attaining close contact with TiO2 and chemisorbing through
sulfur.54 Similarly, P3HT has hexyl groups sterically hindering
chemisorption through sulfur.
In accord with the shift illustrated in Figure 6a, sulfur lone

pairs on THT can donate electron density toward the shallow
traps in TiO2, thus requiring higher potentials to further reduce
TiO2 by injecting electrons. However, when the sulfur atom is
sterically hindered or the dipole moment is reduced, as in DMT
and thiophene, respectively, there is no significant effect, Figure
6b,c. P3HT is most analogous to DMT, in which bulky groups
sterically hinder the one lone pair localized on sulfur.
Therefore, P3HT is not expected to significantly contribute
to energy shifts through a dipole−surface interaction.

Energy Level Diagrams. From the combination of
spectroelectrochemical and XPS data, energy level diagrams
on the vacuum scale are generated to summarize the energy
level alignment in P3HT−TiO2 heterojunctions, Figure 7a.
Electrode potentials are translated to the vacuum scale by
considering that 0 V vs Ag/AgCl is −4.7 eV vs the vacuum
level, Figure S6, Supporting Information.55 The conduction
band minimum is 0.5 eV above the onset of the shallow traps in
TiO2 (−4.1 eV), while deep traps extend 0.5−1 eV below the
conduction band (−4.1 to −4.6 eV).30 UV−vis measurements
of the optical gap of TiO2 places the valence band 3.17 ± 0.02
eV below the conduction band at −6.8 eV, Figure S3,
Supporting Information. The onset of oxidation of P3HT
(HOMO) places the Fermi level of TiO2 below ECT+, which is
0.5−0.9 eV above the HOMO.19 Downward band bending in
the polymer layer, due to the interfacial dipole, imparts a
thermodynamic barrier inhibiting photoelectron injection into
TiO2, contributing to low photocurrents in HBHJs based on
P3HT−TiO2 heterojunctions.
Ideal energy level alignment would result in upward band

bending and, in turn, higher photocurrent, Figure 7b. For
upward band bending, the Fermi level in TiO2 must be above

Figure 4. Absorbance of 950 nm light during potential-step
spectrolelectrochemistry is due to electrons being injected into shallow
traps in TiO2 by application of the indicated potentials (blue). In
P3HT−TiO2, more negative potentials are required to achieve the
same absorbance change from TiO2(e

−)s (red). At these potentials,
electron injection into P3HT itself does not occur, Figure S4,
Supporting Information.

Figure 5. Spectroelectrochemistry maps the shallow traps that tail
below the conduction band of TiO2. Compared to unfunctionalized-
TiO2 (blue), P3HT shifts the potential of the density of states toward
the vacuum level (red).
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ECT‑ but below the LUMO level. Upon making the
heterojunction, charge transfer from TiO2 would create
electron polarons in the polymer, forming an electric field in
the polymer that would assist photoelectron injection.
Optimized energy level alignment for efficient HBHJs requires
the TiO2 EF to be close to ECB, ΔELUMO−CB ≥ 0.3 eV, and EF >
ECT‑ in the separated materials.
These requirements can be met by doping TiO2 to raise EF

and by rationally designing polymers with electron polaron
levels >0.3 eV below the LUMO energy level. A possible
method to raise the EF of TiO2 is to dope the material with
Nb5+ forming NbxTi1‑xO2.

56 Unlike other transition metals used
to dope TiO2, Nb-doping has previously been shown to
maintain the overall crystal structure and ECB, while raising EF
within 0.1 eV of the conduction band.57 Likewise, doping with

Ta5+ can raise EF without significantly affecting the crystal
structure or optical properties of TiO2.

56,58 In contrast, even
lightly doping with V5+ (<0.1% V/Ti ratio) significantly alters
the optical properties, which would complicate the analysis of
modifying EF to optimize the polymer−TiO2 heterojunction.

59

To fulfill the energetic requirements for the LUMO of the
optimized polymer and ensure that ECT‑ is below EF, the ECT‑ of
the ideal polymer needs to be lower compared to P3HT. This is
possible since forming ECT‑ in the range of 0.3−1 eV below the
LUMO has been reported.19,60 In conjugated polymers, the
offset between the LUMO and ECT‑ is partly determined by the
aromaticity of the ring system, since adding an electron
transforms aromatic rings to their quinoid counterparts when
forming polarons. Highly aromatic homocyclic oligomers, such
as pentacene, have ΔELUMO−CT‑ > 1 eV.60 Therefore, light-

Figure 6. The shallow traps in TiO2 films functionalized with (a) tetrahydrothiophene (dark red) are shifted toward the vacuum level compared to
unfunctionalized-TiO2 (blue). (b) 2,5-Dimethylthiophene (magenta) and (c) thiophene (cyan) do not have a significant effect.

Figure 7. Energy level diagram of (a) the P3HT−TiO2 heterojunction and (b) the optimum heterojunction. Band bending in P3HTcontributes 0.7
eV to the total 0.8 eV vacuum level offset after EF equilibrates to the hole polaron level in P3HT, ECT+. In the optimized heterojunction, EF in TiO2
should equilibrate in the opposite direction, to the electron polaron level, ECT‑.
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absorbing polymers containing highly aromatic units with
ΔELUMO−CB ≥ 0.3 eV are potential candidates to achieve
upward band bending in polymer−TiO2 heterojunctions and
are the subject of continued research.

■ CONCLUSIONS
For the first time, charge transfer in the absence of illumination
or an applied potential was detected upon making P3HT−TiO2
heterojunctions, by spectroelectrochemistry. The resultant
vacuum level offset and hole polarons in P3HT illustrate the
relevance of polaronic energy levels, ECT+ and ECT‑, when
designing materials for HBHJs. Due to the polaronic nature of
organic materials, HBHJs cannot be modeled as a hetero-
junction of inorganic semiconductors, nor can vacuum level
alignment be assumed to occur in all cases. Additionally,
spectroelectrochemistry shows that most of the vacuum level
offset is manifested as band bending in P3HT, whereas the
energetics of TiO2 are shifted by 0.1 eV throughout the
mesoporous film.
Although downward band bending in P3HT−TiO2 hetero-

junctions introduces a barrier toward interfacial photoelectron
transport, an ideal heterojunction can be designed to impart
upward band bending. To fulfill the guidelines developed above
for the relative energies of the Fermi level, conduction band,
and polarons, synthetic modifications, which includes TiO2
doping and employing aromatized polymer structures, provide
conditions for the thermodynamically favorable formation of
electron polarons in the polymer. The resultant interfacial
dipole at the ideal heterojunction assists the LUMO-ECB
gradient in splitting excitons into free charge carriers that
produce photocurrent. By this route, the efficiency of HBHJs,
currently plagued by low photocurrent (<5 mA/cm2), can be
maximized.
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