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ABSTRACT: Most photovoltaic (PV) technologies are opaque to maximize
visible light absorption. However, see-through solar cells open additional
perspectives for PV integration. Looking beyond maximizing visible light
harvesting, this work considers the human eye photopic response to optimize
a selective near-infrared sensitizer based on a polymethine cyanine structure
(VG20-Cx) to render dye-sensitized solar cells (DSSCs) fully transparent and
colorless. This peculiarity was achieved by conferring to the dye the ability to
strongly and sharply absorb beyond 800 nm (S0−S1 transition) while
rejecting the upper S0−Sn contributions far in the blue where the human
retina is poorly sensitive. When associated with an aggregation-free anatase
TiO2 photoanode, the selective NIR-DSSC can display 3.1% power conversion efficiency, up to 76% average visible transmittance
(AVT), a value approaching the 78% AVT value of a standard double glazing window while reaching a color rendering index (CRI)
of 92.1%. The ultrafast and fast charge transfer processes are herein discussed, clarifying the different relaxation channels from the
dye monomer excited states and highlighting the limiting steps to provide future directions to enhance the performances of this
nonintrusive NIR-DSSC technology.

KEYWORDS: transparent photovoltaic (TPV), dye-sensitized solar cells (DSSC), near-infrared sensitizers, cyanine dyes,
time-resolved spectroscopies, high color rendering index TPV

■ INTRODUCTION

Energy conversion from sunlight is a sustainable approach to
solve long-term energy production, which is compatible with
current and future energy needs. Photovoltaic (PV) modules
are mostly based on silicon p−n junctions and installed on
rooftops and in solar farms, representing ca. 4% of the energy
production in Europe.1 These two segments were specifically
tailored in accordance with the strength of silicon PV
technology. However, there are still plenty of opportunities
to explore for reaching total independence from fossil fuels and
nuclear energy. This is the case of see-through solar
technologies, an old concept developed more than 30 years
ago, which offers new integration possibilities such as building-
integrated (BI) and automotive-integrated (AI) PV, electronic
displays, autonomously powered electronic-glazing, etc.
The theoretical limit of power conversion efficiency (PCE)

for a single junction NIR-selective transparent photovoltaic
(TPV) technology with an average visible transmittance
(AVT) of 100% is 20.5%.2 In practice, only 10.8% can be
expected after considering all optical losses. For the same AVT,
the PCE is theoretically lower for nonselective broadband
absorbing cells. Hence, selective TPV, i.e. selective conversion
of either the UV or NIR part of the solar spectrum, represents

an important stake for the advancement of such TPV
technologies.
Two main approaches have been proposed to reach semi- to

transparent PVs: (i) spatially segmented PV or broadband
absorbing thin film opaque absorbers such as Si, CIGS, or
perovskite solar cells3−11 and (ii) wavelength selective thin film
PVs through which only the nonvisible part of the solar
spectrum is converted.
Lunt et al. were the first to propose a real selective TPV back

in 2011 based on an organic planar heterojunction composed
of a donor chloroaluminum phtalocyanine and C60 as an
acceptor which achieved 1.3% PCE with an AVT of 65% and
1.7% PCE with 57% AVT when including a back-positioned
NIR Bragg mirror.12 This efficiency reached a PCE of 4% and
an AVT of 64% by adopting a bulk heterojunction architecture
based on PBDTT-DPP and PCBM polymers.13 The American
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company Ubiquitous Energy, who has recently announced a
TPV production line, achieved a Newport certification of 5.1%
PCE and 51.5% AVT by means of a single junction NIR-
selective excitonic semiconductors converting between 650
and 900 nm.14 Conversion of near-UV light by combining a
pair of wide-bandgap organic semiconductors has also been
proposed recently reaching a PCE of ca. 1.2%.15 A recent
review on semitransparent polymer and perovskite solar cells
provides state-of-the art progress in this field.16 Today,
luminescence solar concentrator technology reaches the
highest level of AVT, up to 88.3%; however with only 0.4%
PCE owing to the low cross-section absorption of NIR-light on
glass edges.17

The optical rendering of dye-sensitized solar cell (DSSC)
technology is particularly advantageous since both coloration
and level of transparency can be finely adjusted through
materials and electrode thickness. Extending the light
absorption from visible toward the near-infrared (NIR) region
was rapidly targeted to reach panchromatic light absorption for
improving the PCE of DSSCs.18−28 Differently, Han et al.
reported in 2014 a green-colored see-through DSSC with a
PCE of 3.66% and a peak maximum transmittance value of
60% at 560 nm. This green semitransparent technology is
based on the cosensitization between two efficient dyes
absorbing in the visible range, one short D−π−A dye (Y1)
for blue-light conversion (λ = 400 nm) and a central-modified
squaraine dye (HSQ5) absorbing in the red region (λ = 700
nm) leaving an absorption valley in the green.29 A photo-
chromic semitransparent DSSC was also proposed by
Demadrille et al., who reported an AVT value of 59% in the
dark without photovoltaic activity. The AVT value decreases to
27% under illumination affording the possibility to convert
sunlight with a maximum of PCE of 3.7%.30

Semitransparent DSSCs based on a visible absorbing dye
(N719) was also proposed recently by Mallick et al., who
reported a maximum AVT of 44% depending on the
photoanode thickness with an efficiency of 2.4%.31,32 The
authors introduced important metrics to assess the visual
comfort of DSSCs for smart glazing applications, namely the
color rendering index (CRI) and correlated color temperature
(CCT) for which they reported CRI values between 83 and
93%, and CCT values between 4647 and 5500 K in their
different publications on semitransparent DSSC technology.
Toward the development of a selective NIR sensitizer with

absorption going well-beyond 700 nm, metal-free organic
polymethine dyes are the most promising, ranging from
squaraines,33−45 croconines,46,47 to cyanines.48−52 The most
remarkable achievement has been reported by Arakawa et al.,
who proposed a heptamethine cyanine dye decorated with a
benzo-condensed heteroaromatic unit allowing the singlet-to-
singlet absorption to be shifted to 822 nm with a high molar
extinction coefficient (ε) of 146 000 L/mol·cm.50 The final
device reached a record PCE of 2.3%, however requiring an
opaque photoanode of 25 μm thickness to reach this level of
efficiency.
In this work, a series is reported of new symmetrical NIR-

selective heptamethine cyanine dyes, coded VG20-Cx, inspired
by the seminal work of Arakawa et al.50 The originality in these
new dyes lies in two aspects. First, it bears two carboxylic acid
anchoring groups conjugated to the condensed benzo-
indolenine lateral unit for stronger binding to the surface of
TiO2 nanocrystals. Second, longer side alkyl chains are
introduced to impede the formation of H-type aggregation

which are harmful not only for device performance but also for
strengthening the cell coloration, thus reducing both cell
transmittance and color rendering. As a result, a PCE record of
3.1% for selective NIR-DSSC was achieved and a maximum of
76% AVT is demonstrated thanks to a holistic reduction of
optical losses and a further red-shifted conversion maximum at
850 nm, that goes well beyond our cones’ sensitivity limit. The
rate-limiting processes and the future challenges to level up the
performances of this class of selective NIR-DSSCs are herein
discussed based on ultrafast time-resolved spectroscopies.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of VG20-C16 in Solution

This work relies on the synthesis of a series of symmetrical
heptamethine dyes, coded VG20-Cx, with x values varying
from 2 to 16 carbons on the alkyl chain (Figure 1). The trans

configuration of the polymethine bridge is stabilized by a
classical cyclohexene moiety, substituted by a chlorine atom.
The two 1H-benzo[e]indole end units, different from the
analogous dyes reported by Arakawa et al.,50 are decorated
with a carboxylic acid in position 7. The central chlorine has an
electron withdrawing property and contributes to pulling
electrons from the polymethine chain causing the dye’s
absorbance to shift in the NIR region. Besides facilitating the
ability to scale up syntheses, the rationale behind the synthesis
of symmetrical dyes, in which the anchoring groups are directly
conjugated on the lateral heteroaromatic groups, is also to
further red-shift the absorption maxima as previously
demonstrated on symmetrical squaraines.42,45,53 This molec-

Figure 1. General chemical structure of VG20-Cx dye with R1 = R2 =
C2H5, C8H17, or C16H33 investigated in this study. Normalized UV−
visible absorption spectrum of VG20-C16 in solution (blue curve) and
steady-state photoluminescence (red curve) in 9/1 (v/v) ethanol/
DMSO solvent mixture (dye concentration 100 μmol/L, CDCA
concentration 50 mmol/L). The photopic response of the human eye
is represented as a black dashed line for comparison.
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ular design, inspired by Arakawa’s work and our previous work
on squaraines, affords a better overlap between the lowest
unoccupied molecular orbital (LUMO) of the dye and the
conduction band (CB) of TiO2 to favor charge injection.42

VG20-C16 in solution exhibits a sharp and intense
absorption band in the NIR region with a maximum at λmax
= 834 nm (ε = 154 000 L/mol·cm) corresponding to the S0−
S1 electronic transition (Figure 1). The shoulder at 765 nm
principally relates to vibronic states in the molecule. However,
as it will be discussed in the following, H-aggregation of
molecules composing the self-assembled monolayer also
influences the relative intensity ratio of this shoulder with
respect to the main electronic transition. Higher energy singlet
transitions (S0−Sn) only lead to a residual broad and relatively
weak absorption in the blue region (ca. 410 nm), thus suitable
for light transparency purposes. The fluorescence of VG20-C16
exhibits a sharp emission band at λmax = 850 nm leading to a
narrow Stokes shift of 225 cm−1. The vertical excitation energy
is E0−0 = 1.47 eV, a value remarkably close to the optical
bandgap (Eg = 1.49 eV) which means that VG20-type dyes in
solution undergo negligible structural rearrangements in the
excited-state, thus limiting intramolecular energy losses. It has
a high photoluminescence quantum yield (PLQY) of 47%,
which makes this class of cyanine dyes also attractive for NIR
fluorescent labeling.54−56

The systematic increase of the chenodeoxycholic acid
(CDCA) concentration into VG20 dye solution has no
influence either on the shoulder amplitude or on the width
of the absorption band (Figure S1). This indicates that H-type
aggregates are unlikely to form in the EtOH/DMSO solvent
mixture (9/1 ratio, v/v) at a dye concentration of 100 μmol/L.
Electronic structure calculations point out that the VG20

dye can coexist in two stable conformational isomers (cis and
trans) given by the double bonds of the polymethine chain.
The trans-conformation is 1.3 kcal·mol−1 higher in energy than
the cis-isomer. Hence, the latter represents more than 90% of
the entire population in solution at room temperature. The
electronic spectrum in vacuum of the cis-VG20 has been
computed using the second-order algebraic-diagrammatic-
construction ADC(2) level of theory. It shows a strong
absorption at 832 nm corresponding to the first excited singlet

state S0 → S1 in agreement with the experimental data. The S1
singlet state is assigned to a π−π* HOMO to LUMO
transition. The calculated molecular frontier orbitals involve
almost exclusively the polymethine chain (Figure S2). The
theoretical analysis does not show any additional electronic
transition at around 750 nm, in agreement with the above
assignment of a vibronic transition. Computational details and
further spectral assignments are provided in Table S1. The
HOMO and LUMO energy positions were determined by
cyclic voltammetry (Figure S3). The two quasi-reversible peaks
at +0.24 V (vs Fc+/Fc) and +0.57 V (vs Fc+/Fc) are attributed
to the HOMO and HOMO + 1 energy levels. The LUMO
level is situated at −1.06 V (vs Fc+/Fc). These values lead to
the HOMO and HOMO + 1 at +0.87 and +1.20 V (vs NHE),
respectively, and the LUMO level at −0.43 V (vs NHE),
considering the Fc+/Fc redox potential at +0.63 V vs NHE.57

The dye regeneration is thus thermodynamically favorable with
both I3

−/I− (+0.35 V vs NHE) and Co(bpy)3
3+/2+ (+0.56 V vs

NHE) redox couples. However, we can postulate more
difficulties for the electron injection step (ECB,TiO2 ≈ −0.45
V vs NHE58) owing to a lack of an energetic driving force.
The photodynamic study of VG20-C16 in solution has been

carried out combining picosecond time-correlated single
photon counting (TCSPC) and femtosecond time-resolved
transient absorption spectroscopy (TAS) to assess the kinetics
of both radiative and nonradiative deactivation processes
(Figure 2). The photoluminescence (PL) decay shows two
subnanosecond components: τ1 = 391 ps ( f = 93%) and τ2 =
925 ps attributed to the coexistence between the cis (τ1) and
trans (τ2) forms in solution (Figure 2a). These values are
significantly faster compared to the benchmark ruthenium or
organic dyes used in DSSCs which lie between 2 and 100
ns.45,59−61 This is due to the highly bound Frenkel excitons in
the cyanine backbone structure leading to a comparatively
poorer electron/hole delocalization in the excited states as it is
also indicated by the calculation of the molecular frontier
orbitals. The side-alkyl chain length and the CDCA content in
solution have no noticeable influence on the excited-state
dynamics (Figures S4−S5). Similar kinetics were measured by
fs-TAS. Upon excitation with a 50 fs pulse at 810 nm, VG20-
C16 exhibits pronounced excited state signatures, such as

Figure 2. Time-resolved study of VG20-C16 dye (100 μmol/L) in 9/1 ethanol/DMSO solvent mixture including 50 mmol/L of CDCA by (a)
time-correlated single photon counting with an excitation at 640 nm, emission probed at 860 nm, and (b) femtosecond pump−probe transient
absorption spectra at different delays. The excitation was at 810 nm with a 90 μJ/cm2 pulse energy.
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excited state absorption (ESA) below 670 nm and beyond 1.3
μm (positive signal) and stimulated emission (SE) between
850 and 1100 nm, partially overlapping with ground state
bleach (GSB) in the 700−900 nm range (Figures 2b, S6).
Kinetic traces taken in the maximum of ESA, SE, and GSB
decay in parallel, and individual wavelength fits give decay
times in the range of 360 to 410 ps (Table S2). An additional
rise component, in the range of 1−2 ps is also observed, most
likely due to intramolecular relaxation and solvation dynamics
in the EtOH/DMSO (9/1) mixture.

Rational Optimization of the Device Performance and
Transparency

Since cyanines molecules are notorious for forming aggregates,
the above results indicating the absence of aggregation in
solution when combining ethanol/DMSO solvent mixture and
low dye concentration of 100 μmol/L is important. However,
the addition of CDCA as a deaggregating agent in the dyeing
solution remains compulsory for the device performance to
avoid quenching of the excited states that penalizes high yield
of electron injection62−64 and to maintain a colorless aspect of
the photoanode (Figure S7). This work raises multiple points
of evidence that strong H-type and J-type aggregates are
formed within the self-assembled monolayer (SAM). This
constitutes a major limitation not only for the device
performance but also for the aesthetic as will be further
discussed. The best conversion performances are obtained
using a highly diluted dye solution (100 μmol/L) including 50
mmol/L of CDCA (1/500 ratio). Increasing the CDCA
concentration to such an extent reduces the level of
aggregation but also decreases the dye loading because the

dye chemisorption enters into competition with CDCA
coadsorption.65

Different alkyl chain lengths from C2 to C16 were
synthesized to hamper tail-to-tail dye aggregation.66 It has no
influence on the energy positions of both HOMO and LUMO
orbitals. However, the longer the alkyl chain, the higher the
molar extinction coefficient. A very slight red-shift by 6 nm of
the singlet-to-singlet transition is also noticed (Figure S8).
Optimizing the alkyl chain length contributes noticeably to the
device performance, i.e., from 1.5% PCE for VG20-C2, 1.9%
for VG20-C8, and 2.5% PCE for VG20-C16 (Figure 3a, Table
S3). This improvement stems mainly from the photocurrent,
increasing from 7.1 to 12.0 mA/cm2, and to the cell
photovoltage to a lower extent. To achieve these performances,
the typical Lewis acid 4-tert-butylpyridine (4-TBP) and the
guanidinium thiocyanate (GuSCN) are removed from the
electrolyte to downshift the TiO2 conduction band edge.67−70

The electrolyte also includes a high concentration of lithium (1
mol/L) as will be discussed in the following. The incident
photon to current efficiency (IPCE) spectrum shows a
maximum of 60% at 850 nm leading after integration to a
maximum Jsc value of 11.6 mA/cm2 (Figure 3b). Although the
S0−Sn transitions are only weakly absorbing, they still provide
ca. 30% IPCE indicating that conversion of high energy
photons is an efficient process within this type of dye.
Intensity modulated photovoltage/photocurrent spectrosco-

py (IMVS/PS) experiments highlight that the alkyl chain
length affects both nongeminate recombination and electron
transport (Figure 3c, d). Indeed, whereas C8 and C16 behave
very comparably, reducing the number of carbon to C2 leads to

Figure 3. (a) J−V curve under illumination at A.M. 1.5G conditions of VG20 dye as a function of the alkyl chain length for C2 (black curve), C8
(red curve), and C16 (blue curve). (b) IPCE spectrum of a VG20-C16 based DSSC and (c) IMVS, (d) IMPS, and (e) dark charge extraction
measurements of VG20 dye as a function of the alkyl chain length for C2 (black curves), C8 (red curves), and C16 (blue curves) (the electrolyte
composition is 1 mol/L DMII, 0.03 mol/L I2, and 1 mol/L LiI in the acetonitrile/valeronitrile solvent mixture (85/15 v/v), and the devices are
made of 8 μm thick 20 nm-based TiO2 nanoparticles sheltered by 5.5 μm thick 400 nm TiO2 particles).
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a shortening of electron lifetime by ca. 1 order of magnitude
and the transport time to a lesser extent. The electron
transport is affected since the surface trapped electrons and the
chemisorbed lithium are forming a quasi-particle contributing
to an ambipolar transport of carriers toward the collection.71,72

The charge collection efficiency (ηcc), expressed as the time
ratio between the electron lifetime and the sum of electron
lifetime and transport time, is enhanced by extending the
length of the alkyl chain, from ηcc = 70% for C2 to ηcc = 80%
for C8 and C16. These results suggest, in agreement with
previous literature, that longer alkyl chain length helps to repel
tri-iodide species from the TiO2 surface. Additional charge
extraction experiments confirm that it modifies the SAM
molecular packing based on the movement of the trap state
energy driven by a different interfacial electric field strength
(Figure 3e). The 15 mV gain in photovoltage experimentally
observed is thus the result of the combination between the 1
order of magnitude longer electron lifetime (+59 mV
expected) and 40 mV energy downshift of the traps.
Small alkali cations, such as Li+, are known for their specific

adsorption properties upon TiO2 surfaces. Its Coulombic
interaction with the surface of TiO2 nanocrystals increases the
flat band potential value, which moves the conduction band
edge and surface traps down proportionally to the Nernst
equation, i.e. 59 mV per decade of concentration.45,71,72 In the
case of the VG20-C16 dye, a high concentration of 1 mol/L of
Li+ in the electrolyte is required to reach a short-circuit current
density of 12.1 mA/cm2 (Figure S9, Table 1). Nevertheless,

this enhancement is at the expense of the cell photovoltage,
which decreases by a value close to the 59 mV expected
thermodynamically from Nernst equation (from 395 to 347
mV).
In addition to the CDCA and the alkyl chain length, the

sensitization temperature modifies the dye packing as
previously demonstrated on ruthenium-based complexes and
also showed here by different data.73 Three different
temperatures have been investigated: room-temperature
(RT), 4, and −20 °C. To compensate for the slower dye
chemisorption, the sensitization time has been prolonged from
12 h to 7 days at −20 °C to maintain similar dye loading on
the photoanode (Figure S10). Without dramatically losing the
cell photocurrent, it increases both the fill factor and the cell
photovoltage, thanks to a reduction of the nongeminate
recombination kinetics (Figures 4 and S11). A PCE maximum
of 3.1% can be achieved after sensitizing the electrodes at −20
°C while applying rigorously all aforementioned optimization
steps (Table 2).
The stability of polymethine-based sensitizers has never

been demonstrated so far in the literature. This is one
drawback of this family of dyes. We identified water molecules

as one major factor impacting the device stability. An
enhancement of shelf life stability can be attained by
assembling the devices in dry room (dew point temperature
below −75 °C), drying solvents and electrolyte components
carefully before using. Replacing the EtOH/DMSO solvent
mixture for sensitization by DCM/DMSO affords improve-
ment in the devices shelf life stability with a PCE retention
over 92% for 400 h (Figure S12).
Replacing the tri-iodide/iodide redox mediator by Co(+III/

+II) complexes affords reducing energy losses for the dye
regeneration and circumventing the device orange colora-
tion.74−80 NIR photosensitizers associated with cobalt-based
electrolytes have not been explored so far. Using a
Co(bpy)3

3+/2+ redox couple, the optimized concentration of
lithium for the device performance can be reduced down to 0.1
mol/L of LiTFSI (Table S4). This has the further advantage
that, while maintaining the JSC constant, the open circuit
photovoltage (VOC) increases from 358 to 387 mV. As a result,
the best PCE is obtained with 0.1 mol/L LiTFSI in the
electrolyte leading to 1.9%. However, one drawback in the
utilization of cobalt(+III/+II) complexes stems from the faster
nongeminate recombination kinetics which herein limit the
possible gain in photovoltage.81−84 To alleviate this issue,
atomic layer deposition (ALD) has been employed to retard
loss reactions at the TiO2/dye/electrolyte interfaces.

81,84−86 In
this case, the best performances were obtained with an
optimized subnanometric-thick Ga2O3 overlayer which acts as
a tunnelling barrier to effectively balance injection and

Table 1. Cell Characteristics Depending on the Lithium
Concentration in the Electrolyte for VG20-C16-Based
DSSCsa

Li+ concentration Voc (mV) Jsc (mA/cm2) fill factor (%) PCE (%)

0.1 mol/L 395 5.5 66 1.6
0.25 mol/L 375 8.4 58 1.9
0.5 mol/L 368 9.6 56 2.2
1.0 mol/L 347 12.1 58 2.5

aElectrolyte composition is 1 mol/L DMII, 0.03 mol/L I2, and 1 mol/
L LiI in acetonitrile/valeronitrile solvent mixture 85/15 v/v.

Figure 4. J−V curve under illumination at A.M. 1.5G conditions of
the VG20-C16-based DSSC as a function of the temperature of
sensitization, RT (red), 4 °C (light blue), and −20 °C (blue dark)
(the electrolyte composition is 1 mol/L DMII, 0.03 mol/L I2, and 1
mol/L LiI in the acetonitrile/valeronitrile solvent mixture (85/15 v/
v), and the devices are made of 8 μm thick 20 nm-based TiO2
nanoparticles sheltered by 5.5 μm thick 400 nm TiO2 particles).

Table 2. Cell Characteristics Depending on the
Sensitization Temperature VG20-C16-Based DSSCs

temperature Voc (mV) Jsc (mA/cm2) fill factor (%) PCE (%)

RT 343 12.0 58 2.5
4 °C 402 11.5 58 2.6
−20 °C 422 11.2 65 3.1
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recombination (Figure 5a).86 As a result, production of dark
current is significantly blocked due to the kinetic hindrance of
nongeminate recombination. With the deposition of a single
layer, both the photovoltage and the photocurrent values are
increased to VOC = 406 mV, JSC = 8.6 mA/cm2 leading to a
PCE of 2.3%. The IPCE spectrum is very similar to tri-iodide/
iodide redox mediator with a maximum of 54% at 840 nm.
This latter is slightly blue-shifted due to existing electrostatic
interactions between the dye and the redox mediator (Figure
5b). Thicker Ga2O3 deposition led to an increase of the
photovoltage to 423 mV; however, the photocurrent dropped
dramatically to 5.9 mA/cm2 after 3 cycles, leading to a PCE of
1.7% (Table S5).

Average Visible Transmittance and Color Rendering

The level of device transparency was evaluated based on the
average visible transmittance (AVT) considering not only the
transmittance spectrum (T) but also the visual perception of
human eyes through the photopic response (P) and the solar
photon flux (S) in A.M. 1.5G conditions according to the
following equation:87

T P S

P S
AVT

( ) ( ) ( ) d( )

( ) ( ) d( )

∫
∫

λ λ λ λ

λ λ λ
=

AVT is the most recommended assessment by the windows
industry to evaluate the transparency level of TPVs. Figure 6a
shows the total transmittance spectrum of full devices without
dye and electrolyte (black curve) and with VG20-C16 dye in
either I3

−/I− or Co(bpy)3
3+/2+ redox mediators. Taking

advantage of VG20-C16 design, we matched remarkably the
higher cell transmittance region to the maximum of the human
eye’s photopic response leading for the first time to completely
transparent and colorless DSSC devices (Figure 6a). The
electrolyte absorption shows up in the UV and blue region
(<500 nm): a region in which the human cones are much less
sensitive. On the other hand, dye aggregation, featured by a
broadening of the S0−S1 transition, has a slight effect in the red
part tail of the photopic response (Figures S7, S13). The AVT
of the reference device, i.e. complete cell without the dye,
reaches a maximum value of 74% without subtraction of glass
reflections; this latter accounts for 9.5−11% depending on the
incident wavelength (Figure S14). The sensitization of the

photoanode decreases the AVT value to 65% as a result of the
aggregation-induced broadening of the S0−S1 transition and
the S0−Sn transition in the blue part competing with the
electrolyte absorption (Figure S13).
Devices based on tri-iodide/iodide redox couple has x,y

coordinates of 0.370 and 0.416 in the CIE1931 chromaticity
diagram (Figure 6b). It corresponds to the light yellowish part
of the color space in agreement with the visual aspect of the
device reported in the inset of Figure 6a. It reaches a color
rendering index (CRI) value of 88%, and the correlated color
temperature (CCT) is 5612 K. The CRI is also an important
metric to consider in TPV applications as it describes the
quantitative accuracy of the color rendered through a
transparent medium. A value greater than 85% is considered
excellent for TPV technologies applied to building facades.
The utilization of cobalt complexes avoids this slight orange

coloration of the electrolyte given by tri-iodide. It leads to a
noticeable shift of the x,y coordinates in the chromaticity
diagram toward the center corresponding to the colorless
region, i.e. x = 0.349 and y = 0.360 (Figure 6b). The CRI value
increases to 92.1%, and the CCT value is 5553 K. The change
to cobalt complexes influences a little of the absorption
fingerprint of the dye. The S0−S1 maximum shifts from 848 nm
for an I3

−/I−-based electrolyte to 844 nm for Co(bpy)3
3+/2+.

The main absorption band becomes narrower, and the
shoulder containing the spectroscopic signature of the H-
aggregates is less pronounced. These results suggest that the
dye interacts very intimately with the redox mediator,
influencing the SAM geometry and packing. Consequently,
the AVT of devices based on Co(bpy)3

3+/2+ reaches a value of
68% up to an electrode thickness of 4 μm. With this AVT
value, our devices appear totally transparent and close to
colorless, in agreement with that found by Lunt et al., who
pointed out that an AVT value of 60% constitutes a threshold
value from which the PV device becomes clear.14,88 Following
a spin-coated layer of SiO2 nanoparticles as an antireflecting
coating (ARC), we achieved an AVT value of 76% (Figure
S15). Such a number achieved with a selective NIR-DSSC lies
well beyond the values reported so far in semitransparent
visible DSSCs.29−32 It approaches very closely the AVT
characteristic of a standard double glazed window which is
78%.32 Optimizing the number of layers of SiO2 depositing

Figure 5. (a) J−V curves for DSSC photoanodes subjected to different numbers of Ga2O3 ALD cycles under A.M. 1.5G conditions. (b) IPCE
spectrum and integrated current density. (the electrolyte composition is 0.25 mol/L Co(bpy)3

2+, 0.05 mol/L Co(bpy)3
3+, and 0.1 mol/L LiTFSI in

the acetonitrile/valeronitrile solvent mixture (85/15 v/v), and the devices are made of 8 μm thick 20 nm-based TiO2 nanoparticles sheltered by 5.5
μm thick 400 nm TiO2 particles).
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allows increased cell transmittance in the NIR region and,
therefore, a gain 0.2% PCE in the final device performance.

Dye Regeneration and Electron Injection Kinetics

Dye regeneration kinetics have been evaluated using transient
absorption spectroscopy associated with a streak camera for
both spectral and temporal resolution of the transient dye
radical cation. Figure 7 depicts the kinetic evolution depending
on the electrolyte composition: i.e. I3

−/I− redox mediator
(Figure 7a), Co(bpy)3

3+/2+ (Figure 7b), or for a redox couple-
free electrolyte (Figure 7c). The VG20-C16 radical cation
absorbs in the visible range in agreement with the literature.89

It shows up as a broad absorption spectrum between ca. 500
and 720 nm (Figure 7, Figure S16) for which the kinetics differ
for the two redox mediators. The molar absorption coefficient
of the dye radical cation in solution is about 25 times weaker

compared to the reduced form in the same solution (ε ≈ 6200
L/mol·cm) (Figure S17).
The related transient decay corresponds to the depopulation

of the dye radical cation after a 30 ps pump pulse at 830 nm
(Figure 8). The exponential decay requires systematically two
components to account for fast and slower processes in
regeneration involving HOMO and HOMO + 1 levels. For a
I3
−/I− redox couple, dye regeneration takes place within τ1 =

1.5 μs (±0.09 μs) and τ2 = 19.4 μs (±1.3 μs). These values are
the same order of magnitude as those reported for conven-
tional ruthenium and D−π−A dyes.45,90−92 Although the
cobalt complex is a fast one-electron redox couple, the halftime
for dye regeneration is about 1 order of magnitude longer, i.e.
τ1 = 15.6 μs (±0.4 μs) and τ2 = 100.7 μs (±4.2 μs) as a result
of the reduced driving force for the hole transfer, i.e. −ΔGreg° =
520 mV for I3

−/I− and −ΔGreg° = 310 mV for Co(bpy)3
3+/2+.

Figure 6. (a) Comparison of total cell transmittance measured using an integration sphere of a reference cell without dye and with an optimized
electrolyte based on I3

−/I− redox couple (black curve) and VG20-C16 based devices constituted by an optimized electrolyte formulation based on
the I3

−/I− redox couple (red curve) and Co(bpy)3
3+/2+ redox couple (blue curve) with the aforementioned composition. The photoanode thickness

is 4.0 μm. The human eye photopic response is included for comparison with the eye’s sensitivity. Two pictures of the transparent NIR-DSSC are
also provided: (top) with the I3

−/I− redox couple and (bottom) with the Co(bpy)3
3+/2+ redox couple. (b) CIE 1931 color space diagram for VG20-

C16 devices based on the I3
−/I− or Co(bpy)3

3+/2+ redox couples in the electrolyte.
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This range of values is also in agreement with the typical
kinetics reported in the literature.93 On the other hand, a long-
lived radical dye cation is observed for an electrolyte free of
redox couple (Figures 7c and S18). The geminate recombi-
nation takes place within 0.94 ms (± 0.02 ms) and does not
totally decay even beyond the technical limit of the 5 ms time
scale of the streak camera. Based on these results, we can
conclude that dye regeneration yield is close to being
quantitative and does not constitute the step limiting the
IPCE, i.e. Φreg > 98% in I3

−/I− and Φreg > 90% in
Co(bpy)3

3+/2+.
The femtosecond dynamics of the excited state of VG20-C16

has also been investigated. Figure 9a shows the differential
absorption spectra obtained in an average-representing data set
characteristic for TiO2 devices. The transient absorption
kinetics are presented for selected wavelengths in Figure S19.
These spectra are characterized by a prominent ESA peaking at
580 nm, which, unlike the data obtained in solution, decays
rapidly within 25 ps leaving behind a broad, red-shifted
absorption with a maximum at 660 nm and a long tail spanning
the visible part of the spectrum (cf. 100 ps delay). Such a

residual long-lived signature is assigned to the absorption of
the VG20-C16 radical cation (VG20+) in good agreement with
the transient spectra measured using the picosecond TAS
experiment (Figures 7 and S16).
In the near-IR part, SE is observed in the 850−1030 nm

range, which decays on a picosecond time scale up to 25 ps.
The GSB signal, between 730 and 900 nm, shows a double
peak structure, akin to the steady-state absorption spectra due
to monomers and aggregates. According to the ground state
absorption spectra (SSA) of VG20-C16 in solution and on
TiO2 (Figures 2b and S7), one infers that the high-energy band
at 770 nm is dominated by aggregates, while the low-energy
band is a combination of GSB bleach of monomers and
aggregates and SE from monomers. The 880 nm band has
decayed by half its amplitude within 10 ps and reaches a stable
level of ≈20% of the initial value by 100 ps. While the fast
decay is due to SE decay and partial ground state recovery, the
long-time asymptote is due to the radical dye cation.
The 770 nm band shows different kinetics. A small rise of

this aggregate-dominated band is observed until 2 ps (Figure
S19), which is a clear signature of excitation of aggregates due

Figure 7. Time-resolved transient absorption spectral streak image of the VG20-C16 based DSSC for (a) the I3
−/I− redox couple, (b) the

Co(bpy)3
3+/2+ redox couple, and (c) the redox couple-free electrolyte. Note the difference of time delay between the different electrolytes.

Figure 8. Transient absorption kinetics of the VG20-C16 based DSSC: (a) at 650 nm in the presence of the I3
−/I− redox couple and (b) at 550 nm

in the presence the Co(bpy)3
3+/2+ redox couple (E810 nm ≈ 0.18 mJ/cm2).
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to energy transfer (ET) from monomers. In addition, a sharp
absorption feature develops at λ ≈ 535 nm on a 2 ps time scale.
Since it is not observed in monomers, it is attributed to ESA of
aggregates, rising according to the monomer−aggregate energy
transfer process.
If all molecules (monomers and aggregates) became photo-

oxidized, and since the cation absorption is negligible in the
region of dominant GSB (800−900 nm), the negative ΔA

signal should not decay with time, contrary to what is herein
observed, meaning that the carrier injection yield (Φinj) is well-
below 100%. Hence, the ratio GSB(t = 0.2 ps)/GSB(t = 5 ns)
provides an estimate of Φinj. However, part of ΔA is due to SE,
thus making the determination of the pure GSB component
difficult. Nevertheless, analyzing the ΔA(t = 0)/ΔA(t = 5 ns)
ratio at different wavelengths (770−850 nm) provides an
upper limit of Φinj ≈ 30−35%. Although lower, this value is

Figure 9. Transient spectra of VG20-C16 dye anchored on (a) injecting TiO2 nanocrystals and (b) noninjecting ZrO2 nanocrystals. The devices
were pumped at 800 nm with an energy of 90 μJ/cm2. The electrolyte is composed of 1 mol/L DMII, 30 mmol/L I2, and 1 mol/L LiI in
acetonitrile. SSA and SSE are steady-state absorption and emission spectra arbitrarily scaled for comparison and allow identification of the regions
where ground state bleach (GSB) and stimulated emission (SE) dominate the signal. The SSE spectrum is available only for λ < 920 nm, due to the
limited sensitivity of the fluorimeter used.

Figure 10. Comparison of normalized transient absorption kinetic profiles for the VG20-C16-based DSSC using either ZrO2 or TiO2 nanocrystals at
(a) 570 nm (ZrO2) and 585 nm (TiO2), (b) 640 nm (ZrO2) and 650 nm (TiO2), (c) 860 nm (ZrO2) and 880 nm (TiO2), and (d) 960 nm (ZrO2)
and 975 nm (TiO2). All DSSC devices were excited at 800 nm with 90 μJ/cm2. The kinetics are averaged over seven samples for TiO2 and three
samples for ZrO2. Error bars indicate the statistical standard error.
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relatively consistent with the IPCE at 810 nm (≈40−45%)
(Figure 3b). The discrepancy is explained first by the TAS
experimental conditions which are different than those of the
IPCE and J−V experiments in terms of excitation power (i.e.
nonlinear response of DSSCs between cell photocurrent and
incident light power) and the absence of a scattering layer in
the device made for TAS measurements.
We have also studied the excited state dynamics in

noninjecting ZrO2-based devices, which serve as a reference
to identify excited state processes, e.g. energy transfer which
may be in kinetic competition with the electron injection in
TiO2 devices with an equivalent degree of aggregation. The
differential spectra for ZrO2-based devices show clear differ-
ences compared with TiO2 (Figure 9b). Indeed, the radical
cation signature is absent and the GSB fully recovers (zero
signal) by ca. 1 ns. The SE (>900 nm) decays slower than in
TiO2 devices, since a weak signature can still be observed at a
delay of 150 ps. The monomer-to-aggregate energy transfer
(ET) is also observed for ZrO2, as a small increase of the
bleach band at 760 nm. Plots of kinetic traces and detailed
multiexponential fits are gathered in Figures S19−21.
In order to highlight the carrier injection processes and their

kinetics, Figure 10 shows kinetic traces obtained by averaging
seven TiO2-based and three ZrO2-based devices. Selected
wavelengths represent the monomer ESA (A), dye radical
cation absorption (B), the low-energy GSB band (C), and SE
(D). The prominent long-time signal for TiO2 is due to the
VG20-C16 radical cation absorption (580 and 650 nm) and
incomplete GSB recovery (880 nm). Note a small positive
absorption in the SE trace of TiO2 (λ ≈ 975 nm) most likely
due to absorption by free carriers in TiO2 or to a near-IR tail of
the radical cation absorption.
The data suggest two distinct reaction scenarios for VG20-

C16 on TiO2 and ZrO2, as summarized in Scheme S1 starting
from photoexcited monomers (VG20*) and aggregates
(Agg*).
As summarized in Tables S6−S7, characteristic lifetimes for

TiO2 are in the 0.5−1, 4−8, and 20−40 ps range, in addition
to a fixed 100 ns time accounting for the nondecaying signals

at long delays. In order to identify the most relevant
characteristic lifetimes and processes, a global fit approach
was carried out, i.e. the wavelength-dependent decay times are
approximated by four wavelength-independent values. For
TiO2 (Figure 11a), the global decay constants obtained are 0.4
ps, 4.3 ps, 25 ps, and 100 ns, this latter value being fixed for the
fit. Special features in the decay-associated difference spectra
(DADS) allow identifying the main excited state processes, i.e.
monomer-to-aggregate energy transfer and carrier injection/
radical cation formation and their respective lifetimes. For the
former, and as discussed above, the rise of the 770 nm GSB
band and the 530 nm aggregate−ESA peak are the fingerprint,
reflected in the DADS with dominating positive and negative
signals, respectively. Hence, the energy transfer with rate kET is
operative during the subpicosecond (0.4 ps) and the ≈4 ps
phases (Figure 11a). Charge injection/radical cation formation
is best identified as a rise of the absorption at the radical cation
peak wavelength (660−670 nm) and monomer excited state
decay, i.e. the decay of SE (>950 nm). The DADS of Figure
11a shows that charge injection, rate kinj, occurs concomitantly
with the energy transfer, dominantly during the ≈4 ps time
scale and to a lesser extent at shorter times (0.4 ps DADS).
The 25 ps DADS is characterized by SE and ESA decay both
for monomers and aggregates (peak at 530 nm), but these
decay amplitudes hide possibly weaker signatures of radical
cation formation since the 25 ps DADS at 660 nm is purely
positive (i.e., ESA decay).
The same global analysis on ZrO2 is reported in Figure 11b.

It reveals four time constants: 1.7, 22, and 200 ps in addition to
a long-lived but almost vanishing 100 ns, used for consistency
with fits of the TiO2 data, its amplitude being in the noise level.
The fastest 1.7 ps component (black line) displays a DADS
very similar to that of TiO2, with all the features consistent
with monomer-to-aggregate energy transfer (kET). The ca. 24
ps component (red curve) displays signatures of both
monomer and aggregate excited state decay: monomer SE >
850 nm, monomer and aggregate ESA decay (450−680 nm),
with the weak sharp feature at 530 nm already identified for
TiO2 as due to aggregate ESA (kagg). Note that the fast sub-10

Figure 11. Wavelength-dependent amplitudes of VG20-C16-based devices including (a) injecting TiO2 nanocrystals and (b) noninjecting ZrO2
nanocrystals. The devices were pumped at 800 nm with an energy of 90 μJ/cm2. The electrolyte is composed of 1 mol/L DMII, 30 mmol/L I2, and
1 mol/L LiI in acetonitrile
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ps component observed for electron injection (DADS negative
at 660−680 nm) is absent as expected. Remarkably, the longer
≈200 ps component (blue curve) is due to a second slower
monomer excited state decay (knr), since it displays SE, ESA,
and GSB recovery very similarly, although with a shorter
lifetime, to VG20-C16 in solution (Figure 2).
In summary, the comparison of VG20-C16 on TiO2 and

ZrO2 allows to identify the kinetic signatures of electron
injection within dominantly 4 ps most probably from
monomers (kinj), competing with monomer-to-aggregate
energy transfer (kET) identified already on a 0.4 ps time
scale, but also on the slower 4 ps lifetime (Table 3). This

kinetic competition limits the electron injection efficiency from
the monomer to ca. 30%. Injection from the monomers and
aggregates may also take place on the 25 ps time scale since
prominent excited state decay is observed, but a clear radical
cation formation signature is missing possibly due to
compensating for ESA decay/radical cation formation. Based
on all of these important results, we can clearly confirm that
aggregate formation and the related energy transfer from
monomer to the aggregates limits the injection efficiency and
the performances of this type of NIR-DSSC using polymethine
cyanine dyes.

■ CONCLUSIONS
In this work, a family of NIR-selective polymethine cyanine
dyes coded as VG20-Cx was developed. The main attribute of
VG20-Cx is its strong and sharp S0−S1 transition in the near-
infrared region (λ = 832 nm) and a minimized S0−Sn
contribution in the far blue where the human retina is poorly
sensitive. By bringing the NIR-selective dye-sensitized solar cell
transmittance in the maximum region of the photopic
response, we herein demonstrated a never reached level of
aesthetic performance with an AVT value of 76%, CRI of
92.1%, and CCT of 4223 K when associated with Co-
(bpy)3

3+/2+ redox mediator in the electrolyte.

After a carefully led optimization of the dye structure and all
device fabrication parameters, we demonstrated a PCE as high
as 3.1% under A.M. 1.5G conditions. As a result of the
absorber bandgap narrowing, making less overpotential for
both injection and dye regeneration, we revealed that the
electron injection is in kinetic competition with nonproductive
monomer-to-aggregate energy transfer which limits the device
performance based on such polymethine cyanine dyes.43,94

Nevertheless, this first proof-of-concept of selective NIR-dye-
sensitized solar cells opens up new scientific and technological
directions for the field of transparent PVs filling the gap
between organic photovoltaic (OPV) having high perform-
ances with relatively lower AVT in the range of 50% and LSC
reaching above 80% AVT but with very poor performances.
Based on this first work, we estimate that NIR-DSSCs can
reach (i) AVT values greater than 80% by developing more
transparent redox mediators and by abating molecular
aggregation in the SAM and (ii) power conversion efficiencies
greater than 7% can rapidly obtained after a complete redesign
of all the DSSC components to reduce internal energy losses
during the photon-to-electron conversion and once again by
limiting the formation of harmful aggregates in the SAM thus
turning the unproductive monomer-to-aggregate energy trans-
fer into useful electron injection from reactive monomer
excited states.

■ EXPERIMENTAL SECTION
The synthetic procedure to obtain the symmetrical heptamethine
cyanine dyes, VG20, is reported in Scheme 1. It involves the
condensation of the quaternary heterocyclic salts (2), bearing an
activated methyl group, with the Vilsmeier−Haack reagent 3.95

The 1,1,2-trimethyl-1H-benzo[e]indole-7-carboxylic acid (1) was
readily obtained exploiting the Fischer indole synthesis, as previously
described.96 The subsequent quaternization of the benzoindolenine
ring, performed under microwave irradiation,97 led to increased
acidity of the methyl group which enabled the cyanine bridge
formation (see the first step in Scheme 1). All the symmetrical
cyanine dyes were synthesized in a one-step reaction under microwave
heating by reacting 2 equiv of quaternary heterocyclic salts 2 with the
Vilsmeier−Haack reagent 3 in the presence of potassium acetate and
ethanol (see Scheme 1). The brownish solid in the reaction mixture
was filtered and washed with diethyl ether. Unreacted potassium
acetate crystals were then removed by DCM. Finally, a recrystalliza-
tion in acetonitrile was performed, and once all the precipitate was
dissolved, a few drops of acetic acid were added to completely
protonate the carboxylic moieties.

All microwave reactions were performed in a single-mode Biotage
Initiator 2.5. TLC was performed on silica gel 60 F254 plates. GC-MS
spectra were recorded on a Thermo Finnigan Trace GC with a cross-
linked methyl silicone capillary column, coupled to a Thermo

Table 3. Average Lifetimes Characterizing the Main Photo-
physical Processes for VG20-C16 on ZrO2 and TiO2 DSSCs
Obtained from Femtosecond Transient Absorption Studiesa

VG20-C16 DSSCs τ1 (ps) τ2 (ps) τ3 (ps) τ4 (ns)

TiO2 + 50 mM CDCA 0.4 4.3 25 100
ZrO2 + 50 mM CDCA 1.7 22 200 100

aτ1 is dominated by monomer-to-aggregate energy transfer. For TiO2
devices, electron injection occurs on both the τ1 and τ2 time scales.

Scheme 1. Synthesis of the VG20 Cyanine Seriesa

aExperimental conditions: (i) anhydrous acetonitrile, iodoalkane, MW, 40 min, 155 °C; (ii) potassium acetate, absolute ethanol, MW, 10 min, 120
°C.
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Finnigan Trace MS mass spectrometer equipped with an electronic
impact source (EI). UV−visible absorption spectra were recorded on
a Shimadzu UV-1700 spectrometer. 1H NMR spectra were recorded
on a Jeol ECZR 600 MHz NMR. The purity of the final compounds
was evaluated through HPLC using a Shimadzu LC 10 AD equipped
with a C18 Altech C18 250 × 4. Each VG20 dye was dissolved in
methanol and 20 μL of the solution was injected. The mobile phase
(water/methanol) was used in gradient concentration: 80−20 at time
0 min, 80−20 at time 5 min, 0−100 at time 20 min, and 0−100 at
time 30 min. It was pumped at a flow rate of 1 mL/min. The
temperature of the column was set at 35 °C. The UV detector was set
at the maximum absorbance wavelength of the sample.
All the chemicals were purchased from Sigma-Aldrich, except for

the Vilsmeier−Haack reagent 3 which was obtained from Cyanine
Technologies and was used without any further purification. The
intermediate 1,1,2-trimethyl-1H-benzo[e]indole-7-carboxylic acid was
prepared as described in the literature. The 7-carboxy-1,1,2-trimethyl-
1H-benzo[e]indol-3-ium salts 2a and 2b are known compounds and
were prepared as reported in the literature.95,96 The carboxy-1H-
benzo[e]indol-3-ium salt 2c was synthesized according to the
previously reported method.97

Synthesis of
7-Carboxy-1,1,2-trimethyl-3-hexadecyl-1H-benzo[e]-
indol-3-ium Iodide 2c

1,1,2-Trimethyl-1H-benzo[e]indole-7-carboxylic 1 (1g, 3.95 mmol),
1-iodohexadecane (4.97 mL, 5.57 g, 15.8 mmol), and 8 mL of
CH3CN were introduced in a 10−20 mL microwave reaction vial.
The reaction is carried out at 155 °C for 40 min under microwave
irradiation. The resulting mixture was evaporated under vacuum, and
the raw material was repeatedly washed under stirring with diethyl
ether (3 × 100 mL), filtered, and then crystallized with acetonitrile. 2c
was obtained as a yellow powder (50 mg, 21%).

1H NMR (600 MHz, DMSO-d6) δ 8.88 (d, J = 1.7 Hz, 1H), 8.50
(dd, J = 16.9, 8.9 Hz, 2H), 8.24 (d, J = 9.0 Hz, 1H), 8.20 (dd, J = 8.8,
1.8 Hz, 1H), 4.57 (t, J = 7.8 Hz, 2H), 2.96 (s, 3H), 1.88 (p, J = 7.9
Hz, 2H), 1.77 (s, 6H), 1.27−1.14 (m, 26H), 0.84 (t, J = 7.0 Hz, 3H).
ESI [M+]: 478.34 m/z.
ESI [M − I − M]+: 1082.54 m/z.

General Synthetic Procedure of VG20 Dyes

7-Carboxy-1,1,2-trimethyl-1H-benzo[e]indol-3-ium salt 2, Vilsmeier−
Haack reagent 3, and potassium acetate in a 2:1:2 ratio were
introduced with absolute ethanol in a microwave reaction vial. The
reaction was carried out at 120 °C for 10 min under microwave
irradiation until TLC and UV showed reaction completion. At the end
of the reaction a brownish precipitate and a dark green solution was
observed. The precipitate was then filtered and washed with diethyl
ether. The crude was dissolved in dichloromethane to remove the
potassium acetate. Then, a recrystallization was performed with
acetonitrile and a few drops of acetic acid were added. The precipitate
was then filtered and washed several times with diethyl ether to obtain
a dark powder.

VG20-C2

7-Carboxy-3-ethyl-1,1,2-trimethyl-1H-benzo[e]indol-3-ium iodide 2a
(500 mg, 1.22 mmol), Vilsmeier−Haack reagent 3 (176 mg, 0.49
mmol), potassium acetate (119 mg, 1.22 mmol), and 5 mL of
absolute ethanol were reacted as described in the general procedure.
VG20-C2 was obtained as a bronze precipitate (81 mg, 20%).
MS (ESI) m/z calculated for [M − I]+ 699.2984, found 699.30.
1H NMR (600 MHz, DMSO-d6): δ 8.73 (s, 2H), 8.41−8.38 (m,

4H), 8.33 (d, J = 6 Hz, 2H), 8.10 (dd, J = 6 Hz, J = 1.68 Hz, 2H),
7.88 (d, J = 6, 2H), 6.43 (d, J = 18 Hz, 2H), 4.41 (m, 4H), 2.78 (m,
4H), 1.96 (s, 12H), 1.91 (m, 2H), 1.37 (t, J = 6 Hz, 6H).
The compound solubility was too low to record a 13C NMR

spectrum.
λmax = 825 nm, λem = 839 nm, ε = 118 000 1/M·cm (measured in

absolute ethanol).

VG20-C8

7-Carboxy-1,1,2-trimethyl-3-octyl-1H-benzo[e]indol-3-ium iodide 2b
(500 mg, 1.01 mmol), N-(((E)-2-chloro-3-((phenylamino)-
methylene)cyclohex-1-en-1-yl)methylene)benzenaminium chloride 3
(145 mg, 0.40 mmol), potassium acetate (99 mg, 1.01 mmol), and
absolute ethanol (5 mL) were introduced in a microwave vial and
reacted as described in the general procedure.

MS (ESI) m/z calculated for [M − I]+ 867.4862, found 867.57.
The final compound VG20-C8 was obtained as a brown-dark red

solid (223 mg, 56%).
1H NMR (600 MHz, DMSO-d6): δ 8.72 (s, 2H), 8.38 (d, J = 12

Hz, 4H), 8.31 (d, J = 6 Hz, 2H), 8.10 (d, J = 6 Hz, 2H), 7.87 (d, J = 6
Hz, 2H), 6.41 (d, J = 12 Hz, 2H), 4.36 (m, 4H), 2.78 (m, 4H), 1.96
(s, 12H), 1.89 (m, 2H), 1.79 (m, 4H), 1.41 (m, 4H), 1.34 (m, 4H),
1.24 (m, 12H), 0.83 (t, J = 6 Hz, 6H).

The compound solubility was too low to record a 13C NMR
spectrum.

λmax = 829 nm, λem = 845 nm, ε = 136 000 1/M·cm (measured in
absolute ethanol).

VG20-C16

7-Carboxy-3-hexadecyl-1,1,2-trimethyl-1H-benzo[e]indol-3-ium io-
dide 2c (500 mg, 0.82 mmol), Vilsmeier−Haack reagent 3 (119
mg, 0.33 mmol), potassium acetate (81 mg, 0.82 mmol), and 5 mL of
absolute ethanol were reacted as described in the general procedure. A
bronze precipitate was obtained (96 mg, yield: 24%).

MS (ESI) m/z calculated for [M − I]+ m/z: 1091.7366, found
1091.695.

1H NMR (600 MHz, DMSO) δ 8.69 (s, 2H), 8.40 (d, J = 12 Hz,
2H), 8.32 (d, J = 6 Hz, 2H), 8.24 (d, J = 6 Hz, 2H), 8.09 (dd, J = 12
Hz, 2H), 7.79 (d, J = 6 Hz, 2H), 6.36 (d, J = 12 Hz, 2H), 4.32 (t, J =
6 Hz, 4H), 2.72 (m, 4H), 1.95 (s, 12H), 1.89 (m, 2H) 1.79 (m, 4H),
1.39 (m, 4H), 1.32 (m, 4H), 1.16 (m, 42H), 0.78 (t, J = 6 Hz, 6H).

The compound solubility was too low to record a 13C NMR
spectrum.

λmax = 831 nm, λem = 848 nm, ε = 154 000 M·cm (measured in
absolute ethanol).

Determination of Molar Extinction Coefficient

A concentrated solution of each dye was prepared by weighting the
dye (5−7 mg) and dissolving it into 10 mL of absolute ethanol
(EtOH). Three diluted solution (25 mL) of EtOH were prepared by
taking aliquots (0.2, 0.1, and 0.05 mL) of the stock solution. The
diluted solutions were measured by steady-state UV−visible
absorption spectroscopy (Shimadzu UV-1700) using a quartz cuvette
(1 cm pathway length). The absorbance intensities of each solution at
the λmax were plotted versus the sample concentration. A linear fit was
applied to determine the molar extinction coefficient (ε) using the
Beer−Lambert equation. The analysis was duplicated. The obtained
data were considered acceptable when the difference between the
determined log ε was less or equal to 0.02 in respect to their average.
Otherwise, new concentrated dye stock solution in absolute EtOH
was prepared and the protocol repeated.

Materials. Dimethyl sulfoxide (DMSO), ethanol (EtOH),
acetonitrile (ACN), chenodeoxycholic acid (CDCA), and lithium
bis(trifuoromethanesulfonyl)imide (LiTFSI) were purchased from
Sigma-Aldrich. Tris(2,2′-bipyridine)cobalt(II) di[bis(trifluoro-
methanesulfonyl)imide] and tris(2,2′-bipyridine)cobalt(III) tris[bis-
(trifluoromethanesulfonyl)imide] were purchased from Dyenamo AB.

Fabrication of Solar Cells. The mesoporous TiO2 electrodes are
prepared as previously described yielding 8 μm thick transparent
electrode.98 For the device performance it was sheltered with a 5 μm
thick 400 nm-based TiO2 scattering layer. The fluorine-doped SnO2
(FTO) conducting glass (NSG-10, Nippon Sheet Glass) was
thoroughly cleaned with a detergent solution, acetone, and ethanol
solvents. The initial step was followed by an 18 min ultraviolet/O3
treatment. Then the substrates were treated with 40 mM TiCl4
aqueous solution at 70 °C for 45 min in order to make a thin and
compact TiO2 underlayer. The colloidal TiO2 paste of Dyenamo DN-
EP03 was used in conjunction with tri-iodide/iodide redox couple
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and DSL30 NR-D (Greatcell Solar) with cobalt complexes. The layers
were sequentially deposited on the TiCl4 solution-treated FTO glass
via screen printing technology, which results in a different thickness of
TiO2. The TiO2 film was sintered at 500 °C under dry air flow and
cooled down to room temperature to a obtain mesoporous, electronic
conductive film. The mesoporous TiO2 film was treated in TiCl4 (40
mmol/L) and kept at 70 °C in an oven for 30 min. After sintering at
500 °C in air and cooled down to 80 °C, the mesoporous TiO2
electrodes were stained by immersing them into the dye solution at
room temperature or 4 °C for 12 h and 7 days for experiments at −20
°C. The Ga2O3 passivated mesoporous TiO2 electrodes were made
according to prior literature.85 The growth rate of Ga2O3 was
estimated to be ∼1 Å per cycle as deduced from ellipsometry on the
Si wafer. The dye solution is composed of VG20-C16 (100 μmol/L)
and CDCA (50 mmol/L) in DMSO/EtOH (1:9, v/v). The dye-
coated TiO2 film working electrode and thermally low-concentrated
platinized conducting glass counter electrode were assembled using a
25 μm thick Surlyn hot-melt ring (DuPont, USA) heated at 125 °C.
The internal space was filled with electrolyte using a vacuum pump
through a predrilled hole on the counter electrode. The hole was
sealed with a Bynel sheet and a thin glass cover by heating. All
fabrication and assembling devices using the tri-iodide/iodide redox
couple were carried out in a dry room (dew point of ca. −75 °C). The
Co(III/II)tris(bipyridyl)-based redox electrolyte is made from
tris(2,2′-bipyridine)cobalt(II) di[bis(trifluoromethanesulfonyl)imide]
(0.25 mol/L), tris(2,2′-bipyridine)cobalt(III) tris[bis(trifluoro-
methanesulfonyl)imide] (0.05 mol/L), and LiTFSI (0.1, 0.5, or 1.0
mol/L) in acetonitrile. All PCE values have been reproduced. The
reproducibility over cells is in the range of 0.1% in power conversion
efficiencies. W.N., F.G., and V.N. reproduced the 3.1% PCE record.
Optical and Electrical Characterization of Solar Cells. During

the photovoltaic performance measurements, a black metal mask with
an aperture area of 0.158 cm2 covered the solar cells. The solar cells
were measured under radiation at 100 mW/cm2 provided by a 450 W
xenon lamp of the Oriel solar simulator (USA). The spectral output of
the lamp passed a Schott K113 Tempax sunlight filter (Praz̈isions
Glas & Optik GmbH, Germany) reducing the mismatch between the
simulated and true solar spectra to less than 2%. The light intensity
was determined using a calibrated Si reference diode equipped with
an infrared cutoff filter (KG-3, Schott). The J−V curves were
recorded by a Keithley 2400 source meter. The voltage scan rate was
set to 20 mV/s. IPCE spectra were measured with a lock-in amplifier
(Stanford Research System SR830 DSP) under chopped mono-
chromatic light (2 Hz) generated by a white light source from a 300W
xenon lamp passing through a Gemini-180 double monochromator
(Jobin Yvon Ltd.). The optical properties of the dye in solution and in
the device were measured using an Agilent Cary 5000 spectropho-
tometer. A quartz cuvette with 1 cm light path was used for solution
in dual beam transmission mode. For devices, all measurements were
carried out in total transmittance mode using a 150 mm integration
sphere. Background and zero were corrected, however without
subtracting any external contributions such as glass absorption and
reflection. All AVT measurements therefore correspond to a complete
device assessment. CRI and CCT values were determined accordingly
to the literature.99,100

Picosecond Pump−Probe Transient Absorption Spectros-
copy (TAS) Measurements. The picosecond setup for the TAS
measurements was used to investigate regeneration and recombina-
tion kinetics of the dye radical cation. The setup is composed of (1) a
Nd:YAG laser (EKSPLA, PL2550, 10 Hz repetition rate, 30 ps pulse
duration, 532 or 355 nm excitation) in combination with an optical
parametric generator (EKSPLA, PG400 with broad excitation range
420−2300 nm) which is pumped by the third harmonic of Nd:YAG;
(2) three different probe systems (Hamamatsu Photonics): Xe
breakdown cell for the shortest 0.5−20 ns time scale; Xe Flash lamp
for the 50 ns to 2 μs time scale; and continuous 150 W Xe lamp for
the 5 μs to 10 ms time scale; (3) detector part: spectrograph
(Princeton Instruments, SP2300), high dynamic range streak camera
(Hamamatsu Photonics, C13410) with digital readout camera
(Hamamatsu Photonics, ORCA Flash4, C11440); (4) delay generator

(Stanford Research Systems, DG645), delay unit, and shutters control
unit (Hamamatsu Photonics) to synchronize all the setup parts
controlled by computer through the HPD-TA software (Hamamatsu
Phonics); and (5) white light input optics, excitation optics, pump
and probe shutters, moving sample holder, and motorized 12-position
optical density filter wheel for attenuation of laser excitation pulse
energy.

For the TAS measurements of the DSSC, the probe light was
focused perpendicular to the sample and the pump light was focused
45° to the sample. The probe light was attenuated with different
optical density filters (Newport or Thorlabs) and transmitted through
the sample. The resulting light was introduced into the spectrograph
and analyzed by the streak camera. The energy of the pump pulse in
the excitation wavelength range 810−830 nm was set to ca. 0.2 mJ. A
750 nm short pass cutoff filter (Thorlabs) was placed before the
spectrograph to cut scattering light from the pump. Transient
absorption is calculated from four streak images according to the
equation:

A log
data emission
monitor dark

i
k
jjj

y
{
zzzΔ = − −

−

where data is the intensity of the image obtained where both pump
and probe are on, emission where only pump is on, monitor where
only probe is on, and dark when both pump and probe are off in order
to subtract the contribution of stray light. Each of these four images
consisted of N integrated camera images. Measurements are
performed in the sequence, data, emission, monitor, dark, and this
sequence is repeated M times. In order to obtain a satisfactory signal-
to-noise ratio, N was 500 and M = 5−10.

Femtosecond Pump−Probe Transient Absorption Spec-
troscopy (TAS) Measurements. The experimental pump−probe
setup was already described in detail in previous papers.101,102 To
record the TA spectra, a home-built setup fs-TA spectrometer was
utilized based on a Ti:sapphire regenerative amplifier laser system
(Pulsar, Amplitude Technology) delivering 40 fs-long pulses, at 5
kHz, centered at 800 nm. One portion of the 800 nm beam is used
directly as the pump beam, and the second for the white light
generation (460−1030 nm) utilizing a 3 mm sapphire crystal. The
residual fundamental at 800 nm was filtered by a conveniently
concentrated solution of the IR125 dye (Lambda Physik) in EtOH in
a 1 mm quartz cell. The relative linear polarization between pump and
probe beams is set at the magic angle (54.7°), and the fwhm of the
instrument response function (IRF) is 35 fs. To ensure sufficient
reduction of the noise level, for every time point 200 spectra are
averaged and the final data result from averaging 8 different scans in
solution and 6−8 in the DSSC samples, changing the 2 mm long
excitation line every 3−4 scans to avoid degradation. Every individual
scan lasts 7 min and over 4−5 scans no change of the kinetics is
observed due to possible degradation. For solution samples, in order
to avoid re-exciting the same molecules in the 0.5 mm quartz cuvette,
we sufficiently circulate the sample using a peristaltic pump. The
pump pulse intensity was set so as to ensure a linear dependence of
the ground state bleach signals in all experiments reported here. A 90
μJ/cm2 pump energy fluence was used both on the solution samples,
as well as on the complete DSSC samples. The DSSC samples for the
TA measurements were prepared under similar conditions as
described above, restricted on single-TiO2 or ZrO2 layers and
sensitization was carried out overnight (14 h) using the same
composition of the dye solution. The optical density (OD) of TiO2
DSSCs was ∼0.4, and it was ∼0.2 for ZrO2. The concentration of the
solution sample was 5 × 10−5 M and the OD/mm = 0.75.

Data are processed to correct the effects of group velocity
dispersion (chirp) in the white light continuum and to subtract the
nonlinear signal from the solvent and the presence of any delay-
independent background.101,102 All transient spectra presented in this
work are obtained by appending two data sets covering two adjacent
spectral windows, from 460 to 1030 nm. After chirp correction, the
zero time-delay is defined with an error bar of 30 fs over the entire
observation spectral window. Single wavelength fits are made with
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ORIGIN (eq 1), and global analysis, with the GLOTARAN
software.103

t A( , ) ( )e IRFi
t

i

/ i∑λ λΔΑ = ⊗τ−

(1)

Time-Correlated Single Photon Counting Measurements.
Excited state lifetimes were monitored using a time-correlated single
photon counting (TCSPC) technique using an Edinburgh Instrument
FLS980 spectrometer. The same spectrometer was used for steady-
state measurements using a continuous Xe light source and double
excitation/emission monochromator. TCSPC experiments were
carried out using a 70 ps width laser diode as an excitation source
(20 MHz repetition rate, 5 pJ/cm2 average energy, instrument
response in the range of 90−100 ps fwhm) and a microchannel plate
photomultiplier tube (MCP-PMT) Hamamatsu detector set after the
first emission monochromator. A 780 nm long pass filter was used in
emission to reject light scattering from the glass of the device. The
emission was monitored at 840 nm with a slit opening of 10 nm in the
emission monochromator. The numerical analysis of the excited-state
lifetime has been determined after reconvolution of the photo-
luminescence decay considering the instrumental response function
(IRF). The PLQY was measured with an integration sphere based on
indirect and direct method.
Note for Device Optimization. All PCEs presented in this work

include a scattering layer of 5.5 μm thickness in the device to
determine the maximum power conversion efficiency which can be
obtained for this type of dye (transparent layer thickness is 8 μm).
Comparison with a scattering layer (Jsc = 11.6 mA/cm2, Voc = 359
mV, ff = 0.62, PCE = 2.6%) and without scattering layer (Jsc = 9.7
mA/cm2, Voc = 348 mV, ff = 0.61, PCE = 2.1%) provides the reader
the information that the scattering layer enhances the photocurrent by
ca. 2 mA/cm2. Most of this additional current originates from an
enhancement in the blue region for which the particles scatter the
most. Scattering of the TiO2 particles decreases substantially beyond
800 nm in accordance with Mie scattering theory. The J−V and IPCE
comparison based on the VG20-C8 DSSC is reported in Figure S22.
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