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ABSTRACT: Dye-sensitized solar cells constitute a promising
approach to sustainable and low-cost solar energy conversion. Their
overall efficiency crucially depends on the effective coupling of the
photosensitizers to the photoelectrode and the details of the dye’s
energy levels at the interface. Despite great efforts, the specific binding
of prototypical ruthenium-based dyes to TiO2, their potential
supramolecular interaction, and the interrelation between adsorption
geometry and electron injection efficiency lack experimental evidence.
Here we demonstrate multiconformational adsorption and energy level
alignment of single N3 dyes on TiO2 anatase (101) revealed by
scanning tunnelling microscopy and spectroscopy. The distinctly bound molecules show significant variations of their excited
state levels associated with different driving forces for photoelectron injection. These findings emphasize the critical role of the
interfacial coupling and suggest that further designs of dye-sensitized solar cells should target a higher selectivity in the dye-
substrate binding conformations in order to ensure efficient electron injection from all photosensitizers.

KEYWORDS: Chromophore-semiconductor interface, energy level alignment, dye-sensitized solar cells,
scanning tunnelling microscopy and spectroscopy, density functional theory

In dye-sensitized solar cells (DSSCs), ultrafast electron
injection from a photoexcited dye into the conduction

band of an oxide semiconductor and subsequent dye
regeneration by a redox electrolyte result in photocurrent
generation.1,2 The overall performance of DSSCs strongly
depends on the electron injection efficiency3 that is linked to
the electronic dye-substrate coupling4−7 as well as the
aggregation state of the photosensitizers.8,9 Hence, a rational
optimization of DSSCs would greatly benefit from the
possibility of resolving and correlating photosensitizer
adsorption geometries to the electronic properties of the dye-
substrate interface as well as providing insights into the dye-
aggregation.9 Accordingly, apart from studying the electron
injection dynamics by integral time-resolved optical spectros-
copy,10−12 much effort has been dedicated over the last decades
to elucidate the structural and electronic properties of single
prototypical ruthenium-based dye molecules adsorbed on oxide
surfaces. In working devices, the photoelectrodes primarily
consist of mesoporous nanocrystalline TiO2 anatase films
predominantly exposing the low-energy (101) surface.13,14

Among the many photosensitizers developed for DSSCs over
the past two decades, the N3 dye (cis-di(thiocyanato)-bis(2,2′-
bipyridyl-4,4′-dicarboxylate)ruthenium(II))15,16 and its deriva-
tives17,18 have shown consistently high performance. Previous
works proposed a variety of possible N3 binding geometries
and many fundamental issues, for example, the influence of the
coordination geometry on the sensitizer performance, are still
beyond present understanding. Studies on TiO2 rutile
immersed in N3 solution propose N3 anchoring via two
carboxylic groups of the N3 biisonicotinic acid (BINA)
ligands,7,19 whereas a recent investigation on rutile substrates
prepared in ultrahigh vacuum (UHV) using electrospray ion
beam deposition suggests mixed-binding of the N3 molecules
involving both carboxylate groups and sulfur atoms of the
thiocyanate ligand.20 Experimental data for the relevant TiO2
anatase is scarce. Raman spectroscopy and density functional
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theory (DFT) based studies indicate that the N3 molecules are
bonded to the 5-fold coordinated titanium sites of the (101)
surface via the carboxyl groups.21−23 However, there is
profound uncertainty about the number and mode of the
carboxyl moieties binding to the substrate, that is, mono-
dentate, bidentate bridging, and bidentate chelating.16,24

Vibrational- and X-ray photoelectron spectroscopy indicate
adsorption of the Ru-based dyes via two deprotonated
carboxylate groups either in a bidentate chelating or in a
bridging coordination.25−27 According to the computational
study of ref 28 the most stable model on the proton-free surface
has two bidentate bridges on different BINA ligands. Instead,
the calculations of ref 29 showed that three groups with
monodentate linkages stabilized by surface protons represent
the most stable adsorption configuration. For N719, the lowest
energy configuration was found to be a bidentate/monodentate
mix involving three COOH groups,30 which was found to
rearrange on anatase (101) under illumination.31 Further,
theoretical studies have cast doubt on the kinetic accessibility of
the thermodynamically most-stable binding configuration of the
dye molecules.29

Recent theoretical studies also discussed possible supra-
molecular interactions between the photosensitizers through
hydrogen bonds and the stabilizing role of surface hydroxyl
groups.28,29,32 A further significant factor determining the
device performance is the position of the lowest unoccupied
molecular orbital (LUMO) of the photosensitizer with respect
to the substrate Fermi level, which strongly affects the electron
injection rate.33 Thus, clarifying the question on how the dye
adsorption mode influences the electronic properties is pivotal
for the design of efficient sensitizers and thereby for the
improvement of DSSCs. However, the direct experimental
investigation of individual N3 molecules to determine the dye
binding configuration and the associated electronic properties
on atomically well-defined TiO2 rutile and anatase surfaces has
not been achieved so far.
Here, we investigate both the adsorption geometry and

electronic characteristics of single photosensitizer N3 adsorbed
on the technologically relevant TiO2 anatase (101) substrate. In
our study, atomically clean TiO2 anatase (101) surfaces were
prepared in UHV employing natural single crystals (see
Methods). Electrospray ion beam deposition (ES-IBD)34,35

was employed for gentle deposition of the thermally fragile N3

molecules onto atomically well-defined surfaces in ultrahigh
vacuum at room temperature. The intactness of the deposited
molecules was verified by means of soft cluster-induced
desorption/ionization mass spectrometry36 (see Methods and
Supporting Information). The structural and electronic proper-
ties of the dye molecules were studied in situ by scanning
tunnelling microscopy (STM) and spectroscopy (STS) at 5 K.
The experimental findings are rationalized by first-principles
DFT calculations.
The time-of-flight mass spectra of the N3 ion beam are

presented in Figure 1a. Only single-ionized N3 molecules at
705 Th were mass-selected for deposition (bottom). Figure 1b
shows mass spectra obtained by SO2-cluster impact on gold
substrates onto which N3 molecules were deposited by ES-IBD
at a kinetic energy of ∼5 eV (top, ES-IBD) and by drop casting
(bottom, reference). They both show the same peak pattern
representing the intact molecule and a dimer structure. This
demonstrates that N3 fragmentation upon ion beam deposition
can be excluded (for details see Supporting Information).
Figure 1c,d shows large scale STM images of N3 adsorbed on

TiO2 anatase (101). The substrate reveals characteristic
trapezoidal islands with monatomic steps preferentially
orientated along the [010], [111 ̅], and [1 ̅11] directions.37

The bright protrusions in the STM images have diameters of
∼2.0 nm with an apparent height of ∼6 Å and are assigned to
single intact N3 molecules. At low N3 coverage (deposition
charge 15 pAh = picoampere hour, Figure 1c), initial N3
adsorption is evidently preferred close to step edges without
any preference of a particular step orientation. Only few N3
molecules adsorb isolated on terraces. As the coverage is
increased (30 pAh, Figure 1d), N3 molecules assemble into
larger two-dimensional clusters and chains both close to step
edges and on terraces. In absence of molecular diffusion, a
spatially random adsorption of N3 molecules would be
expected due to the relatively strong anchoring via the
carboxylic groups. The preferred N3 binding close to step
edges and the formation of assemblies thus indicates transient
mobility of the molecules.
Figure 2a shows a high-resolution STM image of a single N3

molecule on the atomically resolved TiO2 anatase (101)
surface. The molecule reveals an asymmetric shape where
several submolecular lobes can be distinguished. The precise
position of the molecular features with respect to the substrate

Figure 1. N3 molecules adsorbed on TiO2 anatase (101). (a) Electrospray ionization time-of-flight mass spectra of the N3 ion beam before (top)
and after (bottom) mass-selection of the singly ionized N3 molecules (F, fragment; C, cluster). (b) Negative ion mass spectra of N3 desorbed by
neutral SO2 clusters from gold surfaces onto which the dye was deposited by ES-IBD (top) and by drop-casting (bottom). (c) STM image of low N3
coverage on TiO2 anatase (101) (deposited charge 15 pAh; 2.04 V, 0.06 nA, 5 K). (d) STM image of intermediate N3 coverage on TiO2 anatase
(101) (dep. charge 30 pAh; 1.99 V, 0.15 nA, 5 K). The crystallographic directions of the substrate were assigned according to ref 37. (Scale bar: (c)
20 nm and (d) 5 nm.)
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lattice can be readily determined. Comparing the experimental
data to STM simulations (see below and Methods) performed
for the monomers studied in ref 29 shows close agreement with
a model where three carboxylic groups bind to the substrate via
monodentate linkages as shown in the corresponding ball-stick
model in Figure 2d. This configuration was found to be the
energetically most favorable N3 adsorption mode in ref 29,
owing to the minimum strain exerted on the dye molecule.
However, in our experiments this adsorption configuration was
observed only very rarely. In general, we observe a wealth of
different N3 configurations on the surface signifying that the
molecules assume a broad spectrum of possible binding modes.
Figure 3a shows a high-resolution STM image of different

N3 molecules adsorbed on the TiO2 anatase (101) surface.
Each N3 molecule reveals a different shape and dissimilar
submolecular features whereas the corresponding apparent
heights are homogeneous (∼6 Å). While the N3 molecules 1
and 4 (see Figure 3a) are characterized by broad protrusions,
molecules 2 and 3 show oval shapes. These observations hint at

multiple binding conformations of the N3 dyes with different
adsorption energies and separating barriers, indicating that in
many cases the N3 molecules are trapped in local energy
minimum configurations. To analyze the experimental ob-
servations we performed DFT calculations investigating a large
number of different N3 geometries by randomly varying the
orientation of the N3 molecule with respect to the substrate
(see Methods section for details about DFT modeling). Using
the Tersoff-Hamann approximation, for each case the STM
image was calculated on a plane located 2 Å above the furthest
atom from the TiO2 surface. The calculations allowed us to
assign some of the observed STM motifs to specific chemical
subunits of the N3 molecule. For instance, COOH groups
pointing away from the substrate consistently show two
prominent lobes (bottom of Figure 3b). These lobes
correspond to O 2p states. Similarly the thiocyanate ligands
give rise to a single spot of 1 nm diameter (middle),
corresponding to S 2p states. By matching these features to
our calculated STM images (Figure 3b) we were able to
reconstruct the interface models displayed in Figure 3c
(detailed view see Supporting Information). Note that this
procedure provides an efficient and consistent approach to
obtain the molecular geometries. Because of the complexity of
the semiconductor−molecule−tip junction, the comparison
between STM height profiles (constant current) and constant-
height Tersoff-Hamann maps is not straightforward as the tip
displacement amounts to 6 Å across the molecules. The N3
molecules bind in energetically much less favorable config-
urations such as the monodentate mode involving a hydrogen
bond to the surface or the bidentate bridging mode including
only one out of four N3 carboxyl groups. Further, we cannot
exclude the participation of the thiocyanato ligands in the
substrate bonding for other not identified N3 adsorbates. These
findings demonstrate that the N3 adsorption behavior is not
solely determined by the adsorption energetics but that kinetics
plays a fundamental role. The access of the energetically most
favorable N3 configuration appears to be kinetically hindered
due to pronounced barriers originating from bond opening of
anchoring carboxylic groups. The multitude of configurations
observed in our study is even more surprising considering the
residual ion kinetic energy of approximately 5 eV that could
provide for the transient mobility after deposition giving
additional impetus to overcome energy barriers.
Examining the N3 molecules 1 and 2 (Figure 3a) in more

detail, the close spacing of the molecules with an elongated
intermolecular protrusion indicate a dimeric supramolecular
assembly. The simulated STM image and structure model are
presented in Figure 3b,c (top), respectively. A plausible
atomistic model of this dimer consists of two dyes anchored
to the TiO2 surface via a monodentate linkage and a bidentate
bridge, respectively, with a hydrogen bond formed between two
carboxylic groups facing each other. This finding is of particular
importance because the electron injection efficiency is expected
to be crucially influenced by the aggregation of the photo-
sensitizers.9 Our findings favor the recently proposed supra-
molecular interactions between N3 molecules based on packing
considerations28 and the reverse-engineering of core-level
spectra.29 In regard to the occurrence of various anchoring
modes found for isolated dye molecules, supramolecular
interactions may stabilize metastable configurations and thereby
increase the number of possible adsorption geometries.
To understand the occurrence of different N3 adsorption

geometries, we turn to the anchoring ligand BINA because its

Figure 2. Photosensitizer N3 adsorbed on TiO2 anatase (101). (a)
High-resolution STM image of an individual N3 on atomically
resolved substrate. The anatase (101) unit cell is indicated (red,
oxygen; yellow, titanium) with the substrate lattice overlaid (each line
crossing corresponds to titanium atom position); (2.0 V, 0.2 nA, 5 K).
(b) Corresponding Tersoff-Hamann STM simulation. (c) N3 model
overlaid to STM topograph. (d) Corresponding ball-stick N3
coordination geometry including three carboxylic groups binding to
the substrate in monodentate modes. This configuration corresponds
to the model “I3b” introduced in ref 29. (Scale bar: (a) 1 nm, (b) 0.7
nm, and (c) 0.7 nm; color bar for a−c see Figure 3.)
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carboxylate groups are expected to dominate the N3 substrate
binding and the electron transfer to the conduction band.38−40

Figure 4a shows a high-resolution STM overview image of
BINA molecules on anatase (101) deposited by thermal
sublimation. Numerous different molecular adsorption geo-
metries are revealed. One frequently observed structure is
highlighted in Figure 4a and shown in greater detail in Figure
4b. This BINA configuration reveals a circular feature in the

molecule center surrounded by an extended U-shaped
protrusion. The binding angle amounts to ∼45° relative to
the [010] direction (Figure 4b). Figure 4c,d shows the best
fitting STM simulation and the corresponding adsorption
model, respectively. In this particular configuration, both
carboxylic groups are deprotonated with one group adsorbed
in a bidentate bridge configuration and the other monodentate.
A substantial twist of 40° between the pyridine rings is found27

that is likely reduced when complexed to the N3 ruthenium.
The calculated adsorption energy of this configuration is 0.88
eV and can be further stabilized in the presence of surface
hydroxyls. Observing multiple BINA adsorption geometries on
TiO2 anatase (101) represents again an unexpected finding and
demonstrates that also the majority of the BINA ligands cannot
reach the lowest energy adsorption configuration.41 This result
suggests that the observation of multiconformational N3
adsorption can be partially attributed to a complex combination
of multiple BINA coordination modes.
The occurrence of multiple adsorption geometries of N3

allows studying the influence of the binding on the electronic
properties of the adsorbed dyes. Figure 5a shows an STM
overview of N3 molecules adsorbed in different configurations
and bound as monomers and dimers both on terraces and at
step edges representing a realistic scenario for DSSCs
(however, at a lower N3 coverage; for a full N3 monolayer
see Supporting Information). Figure 5b shows STS data of the
unoccupied states recorded for the individual N3 molecules
marked in Figure 5a (corresponding color code). The
differential conductance spectrum of the pristine TiO2 anatase
(101) surface is shown in black. This spectrum exhibits an
onset of the TiO2 conduction band at about +0.75 eV above the
Fermi level (see Supporting Information). The LUMO peak
positions of the N3 molecules vary substantially from 1.6 to 2
V. Note that for some molecules no STS peak was observed in
the bias window in Figure 5b, in which STS measurements and
tip conditions are stable. These spectra exemplify a series of
STS data acquired on tens of N3 molecules that exhibit a wide

Figure 3. Individual N3 molecules on TiO2 anatase (101). (a) High-resolution STM image revealing multiconformational N3 adsorption geometries
and submolecular resolution of N3 on an atomically resolved substrate. Top two N3 molecules form a dimeric supramolecular assembly (1.72 V,
0.06 nA, 5 K). The range of the color bar is from 0 (bottom) to 6 Å (top). (b) Best matching STM simulations for the dyes in panel a. The range of
the color bar is from 10−12 (bottom) to 10−5 states/Å3 (top). (c) Corresponding ball-and-stick models of the N3 coordination geometries. (Scale
bar: (a) 1 nm, (b) 1 nm, and (c) 1 nm.)

Figure 4. N3 anchoring ligand BINA adsorbed on TiO2 anatase (101).
(a) High-resolution STM overview image of BINA ligands revealing
different adsorption geometries on the atomically resolved substrate
(1.75 V, 0.08 nA, 5 K). (b) Magnification of a frequently observed u-
shaped BINA configuration (marked in (a) by white circle). (c)
Corresponding STM simulation with BINA model and substrate
lattice (red, oxygen; yellow, titanium) overlaid. (d) Ball-stick model of
the respective BINA adsorption geometry. (Scale bar: (a) 2 nm, (b)
0.4 nm, and (c) 0.4 nm.)
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range of LUMO positions from 1.3 to 2.3 V. Hence, the data
reveals a fundamental dependence of the N3 LUMO positions
on the specific N3 binding mode to its environment. The width
of the individual LUMO peaks amounts to about 400 mV.
Previously performed molecular dynamics simulations identi-
fied a strong vibronic coupling of the occupied frontier N3
orbitals, introducing a thermal broadening of 180 meV.42 Even
at low temperature we expect a similarly strong broadening for
the LUMO arising from the zero-point ionic motion.
Furthermore since the LUMO and LUMO+1 energies are
separated by less than 100 meV for N3 in the gas phase, this
peak will consist of contributions from both states.
Across the range of STS spectra obtained here the N3

LUMO lies at least 0.5 eV above the conduction band edge,
showing that fast electron injection should be possible for a
range of binding geometries. On the other hand, adsorption
geometries with high LUMO energies (such as spectrum 1 in
Figure 5b) can be expected to suffer from reduced performance.
The phonon-induced relaxation of the injected electron to the
conduction band edge causes a “loss-in-potential”, which is
larger when the LUMO is higher in energy.2 In order to
minimize the loss-in-potential it is crucial to understand the
atomistic mechanisms which determine the energy offset
between conduction band edge and LUMO level. From
calculations of the energy-level alignments for a set of candidate
models of the N3/anatase interface (shown in Supporting
Information Figure S5),29,42 we found a substantial (0.88 eV)
variation of the LUMO/conduction band edge offset across the
adsorption geometries considered. This variation results from
the interplay of several factors, namely the intrinsic electric
dipole moment of the dye molecule,4 the charge transfer at the
interface,42,43 and the screening of the photoexcited electron
through image charge effects.44 In addition to the above factors
that have already been discussed in the literature, our
calculations indicate that the energetics of the N3 LUMO
can be sensitive to the distortion of the bipyridine units within
the dye. Indeed, when N3 binds to the surface through two
carboxylate anchor groups on the same BINA units, the strong
Ti−O bonds induce an 11° tilt between the pyridine rings.43

This tilt is responsible for a blueshift of the LUMO by 190
meV, as we checked by subjecting an isolated N3 molecule to
the same distortion. These observations can be rationalized by
noting that the N3 LUMO contains sizable contributions from

the π* manifold of the pyridines and that the strain disrupts the
conjugation across the BINA unit.
Taken together our experimental observations and our

calculations we provide new physical insights into the
complexity of the N3/TiO2 interface. The delicate interplay
of several factors makes the identification of simple design rules
for reducing the loss-in-potential challenging. Furthermore,
even if one were able to minimize the loss-in-potential by
engineering improved molecular chromophores, there would
still remain the important questions of electron injection and
recombination: a good dye needs to have its LUMO located
near the substrate for efficient electron injection, and its highest
occupied molecular orbital far from the substrate in order to
prevent electron−hole recombination. This criterion has
recently been implemented in a new class of push−pull dyes
based on porphyrin derivatives.45 Most importantly our work
suggests that optimization strategies based solely on the
electrochemical properties of the dye should be replaced by a
more comprehensive approach where the focus is on the
engineering of the chromophore−semiconductor interface at
the atomic scale. This work shows unambiguously that in order
to design more efficient photosensitizers it is crucial to consider
kinetic aspects in the dye-substrate coupling, possible strain in
the molecular chromophore, and the atomic-scale structure of
the dye−semiconductor interface in such a way to achieve
optimal photoelectron injection from all adsorbed photo-
sensitizers.

Methods. Sample preparation and characterization were
conducted in a UHV system (base pressure <2 × 10−10 mbar)
equipped with a home-built low-temperature STM. The STM
measurements were performed in constant current mode (bias
voltage, 1.7− 2.0 V; tunnelling current, 0.06− 0.2 nA) at 5 K
using electrochemically etched Pt−Ir tips. The dI/dV spectra
were acquired using a lock-in amplifier modulating the bias
voltage at a frequency of 2.5 kHz above the cutoff frequency of
the feedback loop with an amplitude Vrms = 20 mV. Natural
TiO2 anatase single crystals with (101) surface orientation were
prepared following reported protocols (see Supporting
Information).14,37 The cleaned substrates were transferred via
a UHV suitcase to the soft landing, electrospray ion beam
deposition (ES-IBD) source for the deposition of the
nonvolatile N3 dye onto TiO2 anatase (101) under UHV
conditions at room temperature.34 Intact, gas phase N3 ions are

Figure 5. STS of individual N3 molecules on TiO2 anatase (101). (a) STM overview image of various different N3 adsorption configurations (1.98
V, 0.08 nA, 5 K). (b) Corresponding dI/dV spectra taken at positions indicated in panel a (I = 0.08 nA, 5 K). The substrate conduction band
minimum (CBM) was determined to +0.75 V. The N3 LUMO levels with respect to the substrate Fermi level vary strongly dependent on the
specific N3 adsorption geometry. (Scale bar: (a) 2 nm.)
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generated at ambient conditions by electrospray ionization
(ESI)46 of solutions of N3 dissolved in acetonitrile (analytical
grade) at a concentration of 10−4 M. A home-built, highly
efficient nanoelectrospray ionization source was used in
negative ion mode at a spray voltage of −3500 V applied via
a liquid junction to the electrospray emitter. Through a
differentially pumped vacuum system of six stages, guided by
radio frequency and dc-ion optics, the ions are conveyed to the
sample in UHV. Time-of-flight mass spectrometry together
with a quadrupole mass filter ensures the chemical purity of the
beam (see Figure 1a). The ion beam was mass-selected to
transmit only the singly charged N3 anion at 705 Th. A
retarding grid energy detector is used to measure the kinetic
energy of the beam. The kinetic energy was found in the range
of 35−50 eV with a width of ±3 eV. The bias at the sample was
set to +30 to +45 V, respectively, which lead to collision
energies of (5 ± 3) eV. Under these conditions at the target in
UHV, mass-selected currents of 60−150 pA are measured. The
molecular coverage is controlled by online deposition current
monitoring and integration. For a submonolayer coverage, a
charge of 15 picoampere hours (pAh) is deposited. Subsequent
to the N3 deposition, the sample was transferred to the STM
using a home-built UHV transport suitcase. The intactness of
the deposited N3 molecules was verified by SO2-cluster
induced desorption/ionization mass spectrometry experiments
(see Figure 1b and Supporting Information). BINA molecules
were deposited in situ at room temperature onto the substrate
by organic molecular beam epitaxy from a quartz crucible
heated to 522 K.
The theoretical modeling was performed within the

generalized-gradient approximation to density functional
theory.47 The core−valence interaction was taken into account
using ultrasoft pseudopotentials.48 Periodic boundary con-
ditions and plane-wave basis sets were used as implemented in
the Quantum ESPRESSO package.49 The electronic wave
functions and densities were expanded up to kinetic energy
cutoffs of 35 and 200 Ry, respectively. For the calculations on
the isolated N3 dye, a simulation cell of dimensions 32 × 32 ×
32 Å3 was used. The relaxed structure of the gas-phase molecule
was obtained by minimizing the forces until the total force on
each atom was less than 25 meV/Å. STM images of the dye
were simulated in the Tersoff-Hamann approximation50 with
the local density-of-states (LDOS) integrated up to 0.2 eV
above the N3 LUMO and plotted on a logarithmic scale.
For calculations of the BINA molecule on the TiO2 surface, a

twelve-layer anatase TiO2 slab of dimensions 20.9 × 19.0 A2

was used as in ref 29. Periodic images of the slab were separated
by a vacuum region of 22 Å. A single BINA molecule was
adsorbed on the slab and relaxed with the same 25 meV/A
force criterion as for the isolated dye. The Tersoff-Hamann
STM images were obtained by integrating the LDOS up to 1.2
eV above the anatase conduction band edge. This integration
bound correctly captures the contribution from the LUMO of
BINA, whose energy is calculated to be 1 eV above the
conduction band edge. The map was calculated on a plane
located 2 Å above the extremal BINA atom.
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