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T
he Shockley�Queisser limit1 (∼31%)
is dictated by two energy loss mech-
anisms: (i) the chromophore does not

absorb photons with energy below the
bandgap; (ii) photons with energy exceed-
ing the bandgap creates “hot” electrons and
holes whose excess energy is quickly lost
before theyarecaptured, as shown inFigure1a.
One proposal to exceed the Shockley-Queisser
limit is to capture the hot electrons and holes
before they are cooled to the band-edges, and
the theoretical solar-to-electric power conver-
sion efficiency of such a hot carrier solar cell
can be as high as 66%.2,3 However, before this
exciting concept can be realized, two strin-
gent conditions must be met, as illustrated
in Figure 1b. The first condition concerns
hot carrier interactions. The hot electrons
(holes) need to reach a quasi-equilibrium ap-
proximatedbyanelectron (hole) temperature
higher than that of the lattice or the surround-
ing environment.2,3 This requires a sufficiently
high density of hot carriers within a scattering
volume and hot carrier cooling by phonon
scatteringmust be slower than carrier�carrier
scattering. To understand the need for hot

electron (hole) scattering, consider a photo-
excited electron above the conduction band
minimum but below the hot electron ex-
traction level. In the conventional picture,
this conduction band electron cannot be
extracted. However, in the presence of hot
electron scattering, the electron with en-
ergy below the hot electron extraction level
can scatter with one at higher energy to
bring both into resonance with the extrac-
tion level, thus increasing the photocurrent.
The second condition is on hot carrier ex-
traction. Electrons (holes) with energy in ex-
cess of the Fermi level of the electron (hole)
conductor will be lost after transfer. To mini-
mize energy loss within the electron (hole)
conductor, the hot electrons (holes) should
ideally be extracted in a narrow energy win-
dow near the Fermi level. This requires the
presenceof interfacial electronic energy levels
(“band-pass” filters), for example, frommolec-
ular orbitals, for hot carrier transfer.
Semiconductor nanocrystals or quantum

dots (QDs) have been explored as light ab-
sorbers for high-efficiency solar energy con-
version,4�6 including as chromorphores for
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ABSTRACT The Shockley�Queisser limit is the maximum power conversion efficiency

of a conventional solar cell based on a single semiconductor junction. One approach to

exceed this limit is to harvest hot electrons/holes that have achieved quasi-equilibrium in

the light absorbing material with electronic temperatures higher than the phonon

temperature. We argue that graphene based materials are viable candidates for hot

carrier chromophores. Here we probe hot electron injection and charge recombination

dynamics for graphene quantum dots (QDs, each containing 48 fused benzene rings)

anchored to the TiO2(110) surface via carboxyl linkers. We find ultrafast electron injection

from photoexcited graphene QDs to the TiO2 conduction band with time constant τi < 15 fs and charge recombination dynamics characterized by a fast

channel (τr1 = 80�130 fs) and a slow one (τr2 = 0.5�2 ps). The fast decay channel is attributed to the prompt recombination of the bound electron�hole

pair across the interface. The slow channel depends strongly on excitation photon energy or sample temperature and can be explained by a “boomerang”

mechanism, in which hot electrons are injected into bulk TiO2, cooled down due to electron�phonon scattering, drifted back to the interface under the

transient electric field, and recombine with the hole on graphene QDs. We discuss feasibilities of implementing the hot carrier solar cell using graphene

nanomaterials.
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hot electron injection.7 However, there are fundamen-
tal limitations in using semiconductor QDs for a hot
carrier solar cell. This is because achieving quasi-
equilibration of hot carriers requires not only long hot
carrier lifetime, but also sufficient excitation density and
electronic delocalization to ensure inter-electron (or
hole) scattering before they are extracted or cooled
down by phonons. This is exceptionally challenging
because the perceived advantage of semiconductor
QDs in slowing down hot carrier cooling via the so-
called “phonon bottleneck” effect8,9 does not exist for
highly excited electron/holes that behave essentially
bulk-like.10,11 The phonon bottleneck has been found
only for the lowest excited levels in QDs with exception-
allywell-engineered interfaces12but absent inmost other
cases.13�19 Further more, ensuring carrier�carrier scat-
tering to reachquasi-equilibrium requires thepresenceof
more than one excitation within the limited lifetime of
a hot carrier, but the low photon flux from solar
radiation presents a formidable challenge. The solar
radiation on the surface of the earth is ∼1 kW/m2,
corresponding to a spectrally integrated photon flux
of ∼10�8 photons nm�2 ps�1 in the broad range from
near-IR to UV. Given a typical photoabsorption cross
section of 1 nm2 for a QD, even with a hot electron
lifetime of 100 ps, one would need a solar concentra-
tion of >106 to obtainmore than one excitation per QD.
This is the photon flux challenge. Meeting this challenge
would necessitate sufficient electronic delocalization
and high carrier velocity to ensure scattering at low
densities. In principle, the formation of hot carrier mini-
bands with large bandwidth in QD solids may provide
the electronic delocalization, but the inevitable pre-
sence of intrinsic disorder makes this unlikely.
Here we explore graphene nanomaterials20 as hot

carrier chromophores, particularly bottom up synthe-
sized and solution processable graphene-like mol-
ecules that have been called large polycyclic aromatic
hydrocarbons21 or colloidal graphene QDs,22 with high
extinction coefficients and tunable optical gaps. Li and
co-workers reported hot electron lifetimes in graphene
GDs as long as 102 ps,23 which is reminiscent of the
“phonon bottleneck”, and demonstrated their applica-
tions as light absorbers in dye-sensitized solar cells.22 As
the size of these graphene QDs (now typically consisting
ofe100 fused benzene rings) increases further, some of
their physical properties may start to approach those of

graphene. Particularly desirable properties of graphene
for hot carrier solar cells include the highly delocalized
nature of excited electrons/holes with exceptionally
high velocity of 106 m s�1, inefficient electron�
phonon scattering, but exceptionally efficient intra-
band electron�electron (hole�hole) scattering.24,25 The
latter results from the linear dispersion which guarantees
the conservation of both energy and momentum
simultaneously during carrier�carrier scattering. These
properties lead to transient equilibration of hot elec-
trons (holes) on the ultrafast time scale (e100 fs), which
is 1 order of magnitude shorter than the hot carrier
cooling time.26�29 The efficient equilibration of hot
electrons (holes) in optically excited30 or electrically
biased graphene31 has been shown to yield light
emission characteristic of blackbody radiation at high
electronic temperatures (e.g., g 1500 K). Hot carrier
equilibration is even possible under solar radiation as
illustrated in the following. With a realistic solar concen-
tration of 102, the solar photon flux is 10�6 photons nm�2

ps�1 in the IR-UV range. For a graphene flake of ∼μm2,
the optical absorption cross-section and carrier scattering
area are of the same order. There are 102 hot carriers in
this scattering volume (area) within the hot carrier life-
time of∼100 ps. Hot carrier scattering and equilibrium is
possible at such a density. Thus, we canmeet the photon
flux challenge using graphene based materials.
In this report, we demonstrate the feasibility of hot

electron harvesting from graphene QDs chemically
anchored in the monolayer region to a single crystal
TiO2(110) surface. Using time-resolved second harmo-
nic generation, we find ultrafast electron injection from
photoexcited graphene QDs to the TiO2 conduction
band with time constant <15 fs at all exciton photon
energies and sample temperatures used. In contrast to
electron injection, charge recombination depends
strongly on excitation photon energy or sample tem-
perature and can be explained by hot electron injec-
tion and cold polaron recombination.

RESULTS AND DISCUSSION

We use a graphene QD molecule (referred to as
C132A) consisting of a 132-C graphene core (48 fused
benzene rings), functionalized with two 2,4,6-trialkyl-
substituted phenyl groups for solubility and a car-
boxylic acid group for attachment to TiO2 surface
(Figure 2a).22 Figure 2b shows an absorption spectrum
of C132A solution in chloroform. As detailed before,23

the main absorption peak in the visible region consists
of four electronic transitions (S1�4), with the most
intense peak at S3. Adsorption of C132A molecules
from chloroform solution onto a clean single crystal
TiO2(110) surface results in two-dimensional islands of
height ∼4 nm (see height histogram in Figure 2d),
which corresponds to the C132A molecules adopting
the standing-up conformation with the�COOH group
forming bidentate linkages to the TiO2 surface and

Figure 1. Schematic illustration of a conventional solar cell
(a) and a hot-carrier solar cell (b).
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with packing density as high as one QD per 2 nm2.32 By
integrating the histogram data in Figure 2d, we deter-
mined the surface coverage to be 0.5 monolayer (ML).
Photoinduced electron transfer from graphene QDs to
TiO2 is known to occur from solar cell measurement.22

The workfunction of TiO2(110) is 5.2 eV and the con-
duction band minimum (CBM) lies 0.3 eV above the
Fermi level;33,7 the CBM lies at 4.9 eV below the vacuum
level. The threshold ionization potential of C132A is
5.3 eV (below vacuum level).34 In the absence of sig-
nificant surface dipole formation upon the assembly of
C132A on TiO2(110), the threshold optical gap of∼1.6 eV
(Figure 2b) puts excitonic states at g1.2 eV above the
CBM of TiO2. Thus, we expect hot electron injection
significantly above the TiO2 CBM from photoexcited
C132A. Figure 3 shows an energy level diagram of the
graphene QD/TiO2 interface. We use ionization poten-
tial (referenced to the vacuum level) to include the
quasi-particle excitonic states in C132A and the TiO2

valence band on the same scale. Note that the con-
duction band of TiO2 (dashed box) is included here as
an approximation. The ionization potential of an elec-
tron in the conduction band is higher than the single-
electron transport energy (i.e., vertical electron affinity)
by the electron polaron binding energy, which is∼0.3 eV
in TiO2.

35

To determine the dynamics of charge transfer from
photoexcited graphene QDs to TiO2, we apply the
experimental technique of femtosecond time-resolved
second harmonic generation (TR-SHG), particularly
electric field induced SHG (EFISH).36�38 EFISH is a four-
wave mixing process in which two optical fields of
frequencyωmix with a quasi-DC field to give a resultant
signal at frequency 2ω. In this approach, the pump-
induced change in the SHG signalmeasures the transient
(quasi-DC) electric field induced by interfacial charge
transfer and is directly proportional to the number of
separated charge, as we recently demonstrate for photo-
induced electron transfer at the PbSe QDs/TiO2 and an

organic donor/acceptor interface.7,39 Figure 4 shows
TR-SHG spectra at two pump photon energies, hν =
2.00 and 2.41 eV, corresponding to the excitation of the
GQD S1�S2 and S3 transitions, respectively. In both
cases, we see an ultrafast rise in the SHG signal (and
thus interfacial electric field). Within the time resolution
givenby thepump�probe cross correlation (∼60 fs), we
are not able to resolve the rise time. We conclude that
photoinduced electron transfer from the graphene QD
to the TiO2 conduction band occurs on the ultrashort
time scale of <15 fs. We attribute the ultrafast electron
injection to strong electronic coupling between the
graphene QD and the TiO2 conduction band through
the carboxylate linker. Ultrafast photoinduced electron
injection has also been observed before for other dye
molecules anchored to the TiO2 surface via the carbox-
ylate linker.40 Note that at the excitation photon

Figure 3. Energy level diagram of the C132A molecule
(GQD) on the TiO2 surfaces. VBM, valence band maximum;
CBM, conduction band minimum. See text for a discussion
on the approximate position of the conduction band
(dashed box). The thick arrow illustrates hot electron injec-
tion into TiO2 conduction, cooling and localization of the
electron into an electronpolaron, and recombination across
the interface of the electronpolaronwith the hole on aGQD.

Figure 4. TR-SHG spectra (dots) for 0.5 ML C132A/TiO2(110)
at 300 K and pump photon energies of hν = 2.41 eV (upper)
and 2.00 eV (lower). The solid curves are biexponential fits
with fitting parameters indicated on each spectrum. The
error range represents statistical variations from repeated
fits. The probe photon energy for SHG is at 1.53 eV, with
second harmonic detected at 3.06 eV.

Figure 2. (a) Structure of the C132AgrapheneQDmolecule;
(b) optical absorption spectrum of C132A in chloroform
solution. Note the approximate positions of the excitonic
states; (c) 2 μm � 2 μm AFM image of a C132A submono-
layer assembledon TiO2 (110); (d) histogramof heights from
the AFM image in panel c.
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energies used here (hν = 2.00 and 2.41 eV), TiO2

(bandgap ∼3.0 eV) is not optically excited.
As negative control, we find no measurable electron

injection (pump-induced SHG) for the C132 GQDs
without the carboxyl anchoring groups but physically
adsorbed on the TiO2 surface. Yan et al. showed that,
when these physisorbed GQSs were used as dye mol-
ecules in dye-sensitized solar cells (DSSCs) based on
nanocrystalline TiO2, photovoltaic actionwas observed.

22

However, the measured photocurrent was nearly two-
orders of magnitude lower than those of state-of-the-art
DSSCs based on chemically anchored ruthenium com-
plexes. The very low photocurrent of the DSSC with
physisorbed GQDs was attributed to slow electron injec-
tion from GQDs to TiO2 in the absence of chemical
anchors. Supporting this interpretation, Yan et al. found
more recently that the photocurrent was increased by
more than 1 order of magnitude when the GQD mol-
ecules were chemically anchored to the TiO2 surface
through carboxyl functional groups.41 Compared to the
ultrafast electron injection observed in Figure 4 for chem-
ically anchored GQDs, a slow electron injection process
forphysisorbedGQDs is expected to spreadout theEFISH
signal over a large time window, thus, diminishing TR-
SHG signal to a level below our detection limit.
We now focus on the charge recombination rates

that are dependent on excitation photon energy. Since
the experiment does not involve a complete circuit for
photoelectron extraction, each excited electron in-
jected into the conduction band of TiO2 returns to
the interface and recombines with the positive hole on
a graphene QD molecule. This recombination process
is reflected in the decay of the transient interfacial
electric field and, thus, SHG signal. The SHG signal
decay rate is clearly slower at the higher excitation
photon energy. In each spectrum, the decay process is
not a single exponential. The gray curves in Figure 4
show biexponential fits that give the indicated popula-
tions and decay time constants. At hν = 2.00 eV, charge
recombination dynamics can be described by a major
channel with τ1 = 80( 20 fs (86%, relative population)
and a minor channel with τ2 = 0.9( 0.1 ps (14%). Both
channels slow down when hν is increased to 2.41 eV:
τ1 = 130 ( 20 fs (74%) and τ2 = 2.2 ( 0.2 ps (26%). We
take the inverse dependence of charge recombination
rate on excitation photon energy as evidence for hot
electron injection from graphene QDs to the TiO2

conduction band. At higher hν, the excited electron
in the GQD possesses higher kinetic energy (above the
TiO2 CBM) and is, thus, injected deeper into TiO2 from
the interface, before being cooled down and localized
as an electron polaron.42 As a result, the electron polaron
further away from the interface takes longer to return to
the interface for recombination with the hole. The actual
dynamics of electron injection/recombination is com-
plex, as it is under the influence of both the electric field
due to the positive hole and hot electron cooling due to

scatteringwithphonons in TiO2. Suchacomplexdynamic
process may explain the multiexponential behavior in
recombination dynamics. In a simplified interpretation,
the fast recombination channel may be attributed to a
nonequilibrium electron population staying in the inter-
face region and recombine promptly, while the slow
recombination channel can be due to the thermally
equilibratedelectronpopulationwhichhasbeen injected
into regions away from the interface, relaxed as electron
polarons, and returned to the interface for recombina-
tion. Hot electron injection from photoexcited graphene
QDs to TiO2 is also expected as the electron injection time
(<15 fs) is much faster than the hot electron cooling time
(102 ps) within each graphene QD molecule.23

Further support for the hot electron injection mech-
anism can be found in the temperature-dependent

Figure 5. TR-SHG spectra (dots) for 0.5 ML C132A/TiO2(110)
at a pump photon energy of hν = 2.41 eV and the indicated
sample temperatures, from bottom to top, T = 77, 160, 200,
and 300K. The solid curves are biexponential fitswith fitting
parameters indicated on each spectrum. The error range
represents statistical variations from repeated fits. The
probe photon energy for SHG is at 1.53 eV, with second
harmonic detected at 3.06 eV.

Figure 6. A comparison of the charge recombination rate
constants in the slow channel at the C132A/TiO2(110) inter-
face (solid squares, left axis) with electron polaron mobili-
ties in TiO2 (open triangles, right axis, ref 42) in the
temperature window of 77�300 K.
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recombination dynamics, as shown in Figure 5 for an
excitation photon energy of hν = 2.41 eV. While the
electron injection times (rises in SHG intensity) are too
fast to be measured (<15 fs) at all temperatures
(77�300 K), the charge recombination rates are clearly
temperature dependent. This is most obvious in the
time constant of the slow channel which presumably
corresponds to hot electrons that have been injected
into the bulk TiO2, cooled down by electron�phonon
scattering, and returned to the interface as electron
polarons for recombination with holes on GQDs. Be-
cause the mobility of electron polarons decreases with
increasing temperature,42 the recombination process
slows down, from 0.5 ps at 77 K, to 0.9, 1.7, and 2.2 ps
when the temperature is increased to160, 200, and300K.
This temperature dependence in recombination time
is in excellent agreement with the temperature depen-
dence in electron polaronmobility in TiO2, as determined
by terahertz spectroscopy42 and shown in Figure 6. Note
that, within experimental uncertainty, the charge recom-
bination time constant for the fast channel (τ1 = 120�
130 fs) is independent of temperature. This further
supports the interpretation that the fast recombination
channel corresponds to the injected electron staying at
the interface, likely bound by the hole in the form
of charge transfer exciton across the interface,43 and
promptly recombines.
It is instructive to compare the findings presented

here on graphene QDs/TiO2 to previous experiments
and theoretical calculations on the PbSe QDs/TiO2

system. For PbSe QDs capped with small molecules
(e.g., ethanedithiols), TR-SHG measurements revealed
ultrafast hot electron injection from photoexcited QDs
to TiO2 with time constant e 30 fs.7 The interfacial
electron injection rates are faster than hot electron
cooling rates in both PbSe and graphene QDs,11,23 in
agreement with time-domain ab initio calculations of
Prezhdo and co-workers who showed that hot electron
injection into the TiO2 conduction band is more com-
petitive than cooling due to electron�phonon scatter-
ing in PbSe QDs or in single layer graphene adsorbed
on the TiO2 surface.44,45 Note that for graphene ad-
sorbed parallel to a bulk semiconductor surface, there
is a momentum barrier for electron injection. Excited
electrons in graphene are near the K point in momen-
tum space, while for a typical crystalline semiconductor
electron acceptor, such as TiO2, the conduction band
minimum is at the Γ point. Interfacial electron transfer
must be accompanied by scattering with phonons to
compensate for the momentum change (from k|| ≈
1.7 Å�1 near the K point in graphene to k||≈ 0 near the
Γ point in electron acceptor). This momentum require-
ment is relaxed when at least one of the two materials
is in a nanoscale format, such as the graphene QDs
used here or colloidal titania nanosheets demonstrated
recently in graphene�titania multilayer composites for
ultrafast electron transfer.46

In contrast to electron injection, charge recombina-
tion dynamics at the graphene QDs/TiO2 interface is
very different than that at the PbSe QDs/TiO2 interface.
In the latter, the fast recombination channel is absent
and the recombination process is single exponential,
with time constants∼5 times longer than those of the
slow channels at the graphene QDs/TiO2 interface. We
attribute the difference at the two interfaces to the
much larger (more than 1 order of magnitude) di-
electric constant of PbSe than that of graphene QDs;
the large dielectric constant effectively screens the
positive hole, thus preventing the formation of inter-
facial charge transfer excitons and reducing the mag-
nitude of the transient electric field responsible for the
drift of electron polarons back to the interface for
recombination. In an actual device, such as the dye-
sensitized solar cell, the hole on the graphene QDmay
be effectively screened by the presence of electrolytes,
thus reducing or eliminating the prompt recombina-
tion channel attributed to the bound electron�hole
pair across the interface. It is desirable to apply the
TR-SHG technique to probe charge recombination dy-
namics for the QDs/TiO2 interface in the presence of
electrolytes, but this would be technically very challeng-
ing because the addition of another interface signifi-
cantly complicates the analysis of nonlinear optical
responses. Note that the picosecond charge recombi-
nation dynamics observed at the GQD/TiO2 interface is
faster than (by as much as 1�2 orders of magnitude in
some cases) those at other dye/TiO2 interfaces mea-
sured previously.40 We speculate that the difference
might be attributed to differences in reorganization
energies. A GQD molecule is much more rigid than a
conventional dye molecule; as a result, we expect a
much larger reorganization energy in the latter and a
higher activation energy for back electron transfer
from TiO2 to the molecule.

CONLCUSIONS

We establish hot electron injection and charge
recombination dynamics for graphene QDs, anchored
to the TiO2(110) surface via carboxyl linkers using
femtosecond time-resolved second harmonic genera-
tion. We find ultrafast electron injection from photo-
excited graphene QDs to the TiO2 conduction band
with time constant τi < 15 fs. Electron�hole recombina-
tion is characterized by a fast channel (τr1 = 80�130 fs)
and a slow one (τr2 = 0.5�2 ps); the former is attributed
to the prompt recombination of the bound electron�
hole pair across the interface while the latter depends
strongly on excitation photon energy or sample tem-
perature, and can be explained by a “boomerang”
mechanism consisting of hot electrons injection and
cooled electron-polaron transport and recombination.
Given the size of each graphene QD molecule, the
photon flux challenge is still not met: it is impossible
to have multiple excitations in each molecule under
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solar radiation. We need to increase the size of each
graphenenanostructure to reach the scales of hundreds
of nanometers to micrometer; this may be feasible with
graphene flakes or graphene nanoribbons. These gra-
phene structures in the 102 nm to μm size range may
serve as an ideal hot carrier chromophore, allowing
multiple electronic excitations under reasonable solar
concentration and ultrafast equilibration of hot electrons

(holes) to yield quasi-thermal distributions. With these
properties, when combinedwith the equally important
energy-selective transfer of hot electrons and holes to
corresponding accepting materials through proper
interfacial engineering, as well as dielectric screening
to minimize competitive recombination channels, the
conceptual sketch in Figure 1bmay eventually become
an experimental reality.

METHODS
We assembled C132A onto the surface of a rutile TiO2(110)

single crystal surface (MTI Corp). Briefly, we cleaned the TiO2

surface using the procedure of Parkinson and co-workers (1 M
HCl under UV irradiation for 30 min, followed by rinsing with
deionized water and acetone).47 The TiO2 was submerged in a
nearly saturated C132A/chloroform solution in a capped vial
and the chloroformwas allowed to slowly evaporate in excess of
24 h. We then added enough chloroform to redissolve the
precipitated C132A and let chloroform evaporate for 24 h. After
repeating this procedure for the third time, we removed the
TiO2 sample from the chloroform solution, rinsed the surface
with chloroform and dried it under a stream of nitrogen. This
procedure resulted in a submonolayer of surface assembled
C132A molecules, as shown by atomic force microscopy (AFM)
image in Figure 2c.
For TR-SHG measurements, the C132A/TiO2(110) sample was

mounted in a cryostat evacuated to 10�7 Torr with sample tem-
perature controlled by liquid nitrogen cooling and resistive
heating. The light for TR-SHG comes from a pulsed Ti-sapphire
laser (Coherent, RegA 9050, 250 kHz, λ = 810 nm), whose output
is split into two beams, one as probe, and the other to generate
a tunable pump beam (500 � 750 nm) via optical parametric
amplification. The pump and time-delayed probe laser pulse
energy densities on the sample surface are in the range of a few
to a few tens of μJ cm�2. Cross-correlation analysis gives pump
and probe laser pulse widths of∼60 fs. The two laser beams are
directed at the sample surface noncollinearly (5�), with a
0.26 mm � 0.36 mm elliptical spot on the surface. The plane
of incidence is defined by the (110) and the (110) crystalline
directions of the rutile TiO2(110) sample, with incident probe
and reflected light 45� from surface normal. The reflected SHG
light, almost entirely of p-polarization, is detected with a photo-
multiplier tube and a gated photon counter. We controlled the
pump laser fluence to give an estimated excitation densities of
∼50% of C132A molecules, calculated using a molar absorptiv-
ity at 520 nm of ε = 1 � 105 M�1 cm�1. Note that there is no
pump-induced SHG signal for bare TiO2(110) surface under
otherwise identical experimental conditions.7
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