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Direct Plasmonic Excitation of the Hybridized Surface States in

Metal Nanoparticles

Jacob B Khurgin,* Alexander Petrov, Manfred Eich, and Alexander V. Uskov

ABSTRACT: Plasmon driven chemical reactions are a subject that is currently
capturing the attention of the research community and generates a fair amount of
arguments about their origin. Taking into account that the lifetime of excited hot
carriers in metals is very short, some mechanism is required to store carriers long Metal Nanoparticle
enough and in sites that allow chemical reactions with the environment. One

established mechanism is the injection of charges into either the valence or /

conduction band of a semiconductor, followed by a chemical reaction at the
semiconductor surface. Here, we consider a somewhat less explored pathway by
which plasmon decay can cause a chemical reaction: the direct excitation of
hybridized surface states by plasmons. Using a simple model, we evaluate

theoretically the rate of direct excitation and find that it can be comparable and
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often exceed the rate of indirect excitation of surface states. Our findings

correspond to prior experimental results. We also identify the conditions under which one can enhance the direct excitation efficiency
and, thus, bring plasmon driven photochemistry closer to practical applications.

S ince the turn of the millennium, the interdisciplinary field
of plasmonics has been attracting the growing interest of

scientists and engineers from different walks of life, mostly
because plasmonics potentially enables the concentration of

optical fields into volumes well below the diffraction limit, thus,
opening a plethora of potential applications in nanoscale
interconnects, sources, detectors, sensors, and other integrated
optoelectronic devices.” In recent years, though, the
enthusiasm has somewhat cooled off, as it was recognized that
the subwavelength concentration of optical energy in the metal
nanostructures is inevitably accompanied by the massive loss
that limits the plasmon (or, more precisely, surface plasmon
polariton — SPP) lifetime to tens of femtoseconds.” With losses
on that scale, plasmonic devices can only be competitive in
very specific applications, where energy efficiency is not the

defining factor, such as sensing,** quantum emitters, and a few
others. Fortunately, as the inconvenient truth of the inherently

large loss in metals had settled in, it was realized by many in the
community that, rather than being an impediment, this loss can
be harnessed to perform useful functions,” such as infrared
detection,® photothermal therapy,” and, most appealing,
photocataly sis.'* ">

Significant advances have been made in the plasmon derived
catalysis, however, the subject remains controversial, and so far,

there has emerged no universally accepted physical picture of
what processes actually lead to the observed acceleration of
chemical reactions."” Perhaps, the least controversial is the
situation when the carriers excited by plasmon decay get

injected into the established catalytic material, typically a
semiconductor or dielectric such as TiO, and all the
subsequent chemical activity takes place on the surface of that
catalyst.'* In TiO, direct UV excitation revealed life times of
carriers at the crystal surface exceeding several hundred
nanoseconds and that photocatalytic activity linearly scales with
these lifetimes."> The fact that plasmon excited carriers can
surpass potential barriers and get injected into the adjacent
semiconductor'® is well established and confirmed by
measuring substantial photocurrent in numerous plasmonic
detectors.”'” In other cases, quite often chemical reaction takes
place on the surface of the metal itself,'’ or on the molecules
(adsorbates) attached to the metal surface as shown in Figure
la. That requires the excited carriers to have large energy
(nearly) resonant with the discrete energy level of the surface
complex, and, crucially, it requires the injection to take place
before the energy of the carriers is depleted by the carrier—
carrier scattering that occurs on the scale of tens of
femtoseconds.'® Once a few carrier—carrier interactions take
place the quasi equilibrium that lasts for a few picoseconds
(time of energy transfer from carriers to the lattice) is



Figure 1. (a) Indirect excitation: Chemical reaction initiated by a plasmon excited ballistic carrier tunneling into the hybrid adsorbate state on the
surface. Dashed lines indicate energy relaxation via camrier—carrier scattering (b) Direct excitation: Chemical reaction initiated by direct transfer of
carriers onto the surface states. The process leads to additional plasmon damping, so called chemical interface damping (CID).

established and can be (approximately) characterized by the
electron temperature T,. But the energy of the thermalized
electrons under practical (i.e., not high power laser pulse)
illumination is low, and calling them “hot” is a misnomer, as
they are “lukewarm” at best,'” as demonstrated in recent
experimental measurements.”’ It is easy to see that each
collision of “hot” and “cold” carriers generates three new
carriers (as shown by dashed lines in Figure 1a), so the energy
of the initial hot carrier is split three ways which typically
makes it too low for one of the carriers to be injected into
surface complex and cause a chemical reaction. That is why in
a number of recent publications”' ~** the entire concept of “hot
carrier induced photocatalysis” has been put in doubt, and all
the numerous observations of plasmon enhanced chemical
reactions have been attributed to the conventional thermal
effects, that is, associated with the lattice and not due to the
generation of hot electrons. This declaration, while possibly
correct for some specific experimental results, is generally
erroneous, as it confuses the “not so hot” carriers thermalized
at T, and incapable of any catalytic action with the “ballistic”
carriers that have not yet experienced carrier—carrier collisions,
and, having energies of up to Aw, are perfectly capable of
reaching the surface states where chemical reactions take place.
This difference has been discussed at length in'**

The aforementioned ballistic carriers are excited when the
SPP decays via different mechanisms, such as interband
absorption, phonon assisted absorption, electron—electron
scattering assisted absorption via Umklapp process, and
Landau damping (LD), also known as surface scattering
assisted absorption."****” Of all these processes, it is the last
one that contributes most to the injection and chemical
reactions taking place at the surface, because the carriers are
excited directly near the surface rather than in bulk where, on
their way toward the surface, they would likely encounter an
electron—electron scattering event. In case of small nano
particles with dimensions comparable or less than mean free
path of electron—phonon collision (about 10—20 nm) and of
the mean free path of electron—electron scattering which, for a
few eV of electron energy is of the same magnitude, LD is the
dominant decay mechanism, but since only a small fraction of
carriers gets excited at a right place (where the chemically

active adsorbate resides) and with a right energy, the
efficiencies of plasmon driven reactions remain abysmally
low. The situation is explained in Figure la where one can
see how only a very few of the excited carriers get transferred
to the surface states while most of them will decay as shown by
dashed lines.

But, as the adsorbate state, molecular moiety, is hybridized
with the metal states and thus has nonzero overlap with them,
as shown in Figure 1b, there exists an alternative mechanism by
which the electrons can be directly transferred from below
Fermi level into the hybridized surface state.”* " Since this
additional energy loss channel accelerates plasmon decay it
also broadens the line width of the plasmon resonance and,
hence, is often referred to as chemical interface damping
(CID)*" as well as “Coherent electron transfer”.*” It should be
mentioned that CID might be a result of two effects. First,
there might be an electron transfer into the adsorbate,”** and
second, there might be additional plasmon decay due to
electron scattering caused by an adsorbate induced effective
roughness of the surface. Differentiation between these two
mechanisms can be done by spectral investigation of damping,
as electron transfer mechanism jumps in only at certain
minimal photon energy and surface roughness mechanism is
broadband and is present even at DC excitations where it
shows up as resistivity increase.” ™’ But due to the
concentration on nanoparticles, the CID was investigated up
to now only at frequencies of SPP resonance, and a
differentiation between the two effects is difficult. Recently it
was shown that CID due to thiol adsorbates might be
connected to the dipole moment of the adsorbed thiol
molecules.”® Based on a theoretical estimation, a charge
transfer mechanism was excluded as the reason for CID in this
case.”® Here we present a new theoretical approximation for
the mechanism connected to charge transfer. There is also a
prior estimation by Persson.”” We go beyond this study by
evaluating the strength of transition by applying the Fermi
golden rule and estimating quantum mechanical matrix
elements for the indirect in real space transition.

Possibility of direct excitation of adsorbates has been raised
in a number of works, and the experimental evidence has been
accumulating.******™* Recently, for example, it was shown



that the photocurrent from nanoporous gold depends on the
existence of —OH adsorbates at the surface.’” But no
theoretical estimate, no matter how rough, has been made of
the efficiency of this direct process in comparison to the
sequential process shown in Figure 1a. In this work we provide
such an estimate by introducing a very simple, yet not
unreasonable model based on Fermi Golden rule, test it against
available experimental data, and conclude that direct process
can be at least as efficient as sequential one, especially for the
elongated nanoparticles. We show that the CID due to charge
transfer can also explain additional plasmon damping observed
in experimental works.***"*® In addition, we show in the
Supporting Information (SI) that the other component of CID
due to transition into the free carrier states assisted by the
effective roughness of the surface state is significantly weaker
than the direct absorption process.

B MODEL

The model is illustrated in Figure 2, and for the purpose of
simplicity, following ref 47, we start with just a single metal
surface and then generalize our results for more complex

shapes. The molecular orbital Imo) of the adsorbate with
energy E,, is assumed to have an ellipsoid like shape with the

Figure 2. Energy levels and wave functions involved in direct
absorption.

long half axis @ and short half axis b described by a wave
function

¥, = (I)(x)‘l’yz(y, z) (1)
where the in plane wave function is taken to be Gaussian
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and the normal to interface wave function is

where
G= '/(; Qz(x)dx/[wQZ(x)dx @

is the fraction of the electron charge of the molecular orbital
overlapping with the states in the metal. If the wave function is
continuous exponential both inside and outside the metal
@, (x) ~ exp(—lx — x,|/b), C, = 1/2 exp(—2x,/b). It should be
noted that these wave functions were chosen to obtain analytic
expressions, but as we have verified experimentally, the end
order of magnitude result does not depend much on the exact
shapes of wave function as long as the values of 4, b, and C,
remain the same. For example, replacing Gaussian function (eq
2) with the Hermit Gaussian function or replacing the
exponential function (eq 3) with a Gaussian one does not
affect the end result by more than 15—-20%, as shown in SI,
Figure S3.

The free electron state in the metal |k) has the wave function

exp

P = ;_/22 sin(kx)expli(ky + k.2)]

(%)

where L3 is the quantization volume. The boundary condition
taken here @u(x = 0) = 0 does not include the effect of
spillover of electrons outside a nominal metal boundary by the
distance of about 1/kg, that is, on the order of 1 A, but this
effect can be incorporated into the overlap factor, C,.

Due to wave function overlap, Imo) is coupled to the
continuum of states lk,,) nearly resonant with it. The
interference between the light absorbed into the continuum
and into the Imo) results in Fano resonances similar to the ones
observed in all “autoionizing” discrete sates coupled to
continuum.***’ But since in our case absorption occurs not
from a discrete layer but from a continuum, all the spectral
features of Fano resonance will not be observed. Furthermore,
the transition between a below Fermi level state |k) to a state |
k.s) coupled to |mo) is forbidden in bulk and only allowed due
to discontinuity of normal electric field and wavefunction at
the surface, that is, it constitutes LD, which is followed by
instant (i.e. coherent) injection into |mo). This process has
already been treated in the established model,'® and now we
concentrate our attention on less explored direct transition
into Imo).

The matrix element of interaction Hamiltonian for the
transition from the state below Fermi level |k) to the surface
sate Imo) caused by optical field E(r)cos(wt) is

H,, = ——(klA-plmo) = he (KIV1mo)-E
2my 2myw (6)
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Figure 3. Overlap factors F), F| for normal and F;, F} in plane polarizations.

where A = E/iw is a vector potential, p = —ifiV is momentum,
and mj is a free electron mass. We employ A-p rather than E-r
Hamiltonian®® because the states |k) and lmo) are not
orthogonal, hence, using A-p Hamiltonian in place of dipole
Hamiltonian assures that the result does not depend on the
choice of the origin of coordinates. Let us evaluate the
momentum matrix elements for two orthogonal polarizations
of the electric field. For the polarization normal to the surface

22
e—kua /4

= (KIV,Imo) = (kIV.IB)(k, |

C, kb
M) =24, | —5 —3——
ey b (kb) +1
(7)

whezre ki = kf + k2, and for the in plane polarization, where ki

X

22C, kb
(k, IV, % )(k D) = 2a \/ it (kxl;v)#e—kuzazﬂ
(8)
The transition rate to a given molecular orbital can be found
using the Fermi Golden rule
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since integrating over k with a delta function is equivalent to
averaging over the direction of k and multiplying by the
density of states p(E,, — hw) = pp = kpmo/mh*, where
Heaviside step function H and volume L* are used. Averaging
over the direction means (k2) = (kf,) = (k¥ = k}/3, and
therefore, the transition rate for the normal and parallel
polarization is

4 )
Rigp= P CoF(yEL(yH(hw + Eg — E,,)

(10)

where the spatial overlap factors (which are proportional to the
square of the transition momentum and thus related to the
collective oscillator strength of all the transitions between the
continuum states in the metal and a discrete adsorbate state)
are

o’ ﬁ2/3 —-a?/3
=L LB
e = s r
/);2
FH(“; b) = ?FJ_(‘I) b) (11)

a = aky, f = bkg, and for gold, ky = 1.2 A7

Typically, molecular orbital dimensions a and b are of the
same order, so we assume a = b and plot the factors (eq 11) in
Figure 3. For realistic values of molecular orbital radii of 1-2
A, the overlap factors are similar for both polarizations and are
on the scale of 0.1. Essentially, the results in Figure 3 indicate
that, in order to have a viable direct transition from the
extended states in the metal to localized surface states, the
spatial Fourier spectrum of the surface state wave function
should have a considerable magnitude around the Fermi
wavevector. The actual shape of the wave function is not nearly
as important as the size of it.

Next, we estimate the CID damping rate if the optical field
E(r) is confined, then the total rate of energy loss due to
absorption into adsorbate states is

CI[JCID —

_hoN, /R + RS
dt ss ( L ||)

NG, [(BE) + FEX)AS .

where N is the density of surface states and integration is over
the metal surface. Note that 7 cancels out, which is a good sign
as other than overlap factor (“oscillator strength”) the result
should be classical. At the same time, using the classical Drude
formula for the case when the damping rate y < ®, we can
write the equation for energy loss in the metal particle as

Ne'y

du 1 ? ’
w_ 1 /‘ EX(r)dV = E“(r)dv
dt ngo m[g((”)] metal (r) mo(ﬂz metal (r) (13)

where N, is the density of electrons, the integral is taken over
the field spread inside the metal, and y is the total damping rate
that is the sum of the bulk damping rate y;, and the surface
scattering induced damping rate (Landau damping) 7;p. It is
only natural to add CID rate due to direct absorption y¢p to
these processes, that is, set ¥ = Yy + Yip + Vo + ¥, where
v is a CID contribution due to added surface roughness
estimated in SM, so that comparison of eqs 12 and 13
immediately yields a CID rate due to direct absorption

d N, [(EE(r) + FE}(r))dS
S VBT
€ metal r (14)

Note that the last term in eq 14 is an effective surface to

volume ratio; hence, the damping rate depends on the ratio of
the total number of surface states to the total number of free
electron states inside the optical mode volume. To gain further
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Figure 4. (a) Effective size of the ellipsoid for normal and in plane fields. (b) Form factor and (c) ratio of CID to LD rates as a function of aspect

ratio of ellipsoidal nanoparticle.

insight, note that the electron density in the metal is N, = kg/
37% and one can also introduce the fraction of the surface
covered by the adsorbate states f,, = 7a’N,,, the one can rewrite
eq 14 as

d _ 20 Fi Fﬁ
Top = 247 k_fss CP[_ + _]
F

deffJ. deffH (15)
where the modified overlap factors are defined as
7 _ l ﬂ2/3 —a2/3, 7 _ ﬁ_z 7
Fi(a, b) = ﬂ—[ﬂ2/3 " l]Ze i Fa, b) = 3 Fi(a, b) (16)

and are plotted in Figure 3b, while effective surface to volume
ratios for two polarizations are

1 JEgnads
deffl(”) [netal Ez(r)dV (17>

Then, what amounts to be “effective sizes” of elliptical
nanoparticles with axes d and md, de, () can be plotted
relative to diameter d as a function of aspect ratio m, as shown
in Figure 4a, where also the effective size under the assumption
that F| ~ Fj, dg = 1/(d, + dgy) is shown with a dashed
line. As one can see, for more or less prolate ellipsoids with m
> 2, deg) << degy, most of CID occurs due to the in plane
polarized field, which is precisely the opposite from the LD
where it is the normal field that is responsible for hot carrier
excitation. Thus, studying samples with oriented prolate
nanoparticles, LD and CID can be differentiated by varying
the aspect ratio m.

B RESULTS

To ascertain the order of magnitude of y¢p, we first assume a

spherical nanoparticle, so that the integration (eq 17) gives

H= 6d_1(c0520)9,¢ =2d7% and dgf) = 6d_1(sin20)9,¢ =4d73,
leading to d.g = 1/2d.g, = 0.25d. Thus, we obtain

d 2 W ! ’

Yo & 481" —f C,(F| + 2F))

CID dkF ss Py L II (18)

If we assume realistically F| ~ Fj = 0.05, C, = 0.05, f, = 0.1,

and d = 10 nm; then, for 4 = 700 nm, we obtain yc;p ~ 8 X

10" s7', which is of course quite small compared to typical

damping rates of yy ~ 10" s7', as well as'®

“ip = (3/8)VF/deff,J_ = 1014 s_l (19)

It is also important to the consider the frequency dependence
of the CID effect. As we can see, the CID damping rate is

proportional to the frequency of light @ in contrast to the
frequency independent LD. Also, CID damping should drop to
zero for hw < E,,, — Eg, which would be a foremost criterion to
confirm CID by charge transfer.

To compare with the available experimental data, we
consider the results in ref 38, where CID of 15—25 meV has
been observed for 66 nm long Au nanorods with 22 nm
diameter, 100% covered by thiol adsorbate. We assume that
the sulfur atom forms the interface state of radius 1 A.
Approximating the particle shape by an ellipsoid with aspect
ratio m = 3, increasing f,; to 1 and keeping the same overlap
and penetration factors as before, we obtain from eq 15, ycp ~
3.0 X 10" s7! or Aycpp ~ 20 meV, that is, indeed very close to
the results of ref 38.

Comparing eq 15 with eq 19, we can obtain the relationship
between the rates for CID and LD

d

Ycp 2 @ , ,

— = 64n"—Ff C 1+ Gy ~ 100f C 1+ G
l,Fkass pF( » ), CoFL( ) (20)

yLD
where the same A = 700 nm has been assumed, and the “form
factor” Gy = (kpb/3)d.g/des1 is plotted as a function of the
aspect ratio for different adsorbate molecular orbital radius b =
a in Figure 4b. Once again, for C, = 0.05, f,, = 0.1, ycip/¥1p ~
0.5F| (1 + G), the relation is shown in Figure 4c. One can see
that, as long as the aspect ratio exceeds 2, the CID rate reaches
10% of the LD rate, and if the surface of the nanoparticle is
densely covered (f,, approaching 1), the CID may become the
dominant damping mechanism. Of course, at 100% coverage,
the state in orbitals will couple into 2D extended states on the
surface in which the orbitals will play the role of the periodic
part of the Bloch states. The extended states will have
somewhat reduced responsivity to electric fields parallel to the
surface, but Ry will still be distinct from zero, since the Bloch
states have spatial Fourier components on the scale of kg
required for the direct transition. In fact, one can consider
extended states in energy bands of the semiconductor as the
ultimate case of adsorbates with 100% coverage; no wonder
then that high efficiencies of direct transfer have been observed
on metal—semiconductor interfaces*"! for normal fields. But,
the adsorbates with dense but not complete coverage might
still bare the potential for elongated particles due to additional
response to in plane electric fields. One should note that the
curve for a = 0.5 A looks different from the curves for larger
sizes because, according to Figure 3b, it has large F) but a very
small Fj, which means that the absorption rate does not
increase much for the prolate nanoparticles with large aspect
ratios.
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While comparing the different damping rates it is important
to appreciate the fact that while all the absorbed carriers
directly end up on the adsorbate and can cause chemical
reactions, only a small fraction of hot carriers excited by the
Landau damping (and even less by other mechanisms'”) end
up on the adsorbate states, let alone participating in chemical
reactions. First of all, only the hot carriers excited close to the
attached molecule can tunnel onto it. Second, the excited hot
carriers must have their energy close to E,,,. We can therefore
introduce a factor C;; to describe the fraction of the carriers
that have energies ensuring the transfer into the surface state as
well as the efficiency of tunneling (i.e., including probability of
reflection back into the metal). Then we can obtain the
expression for the injection rate via LD as ¥;yi1 p = f,Cinj7Lp and
therefore

1% o G ¢
B = 6ar’—F L (1 + G)) ~ 100F (a) ==[1 + Gy(a, m)]
Yinj, LD vekg Cinj Cia

(21)

The injection factor Cy, is relatively easy to calculate for the
case of injection from the metal into semiconductor, as in
photodetectors, where all the hot electron has to do is to have
energy exceeding the potential barrier, and depending on
whether the lateral momentum is conserved or not at the
boundary, it should have the direction of propagation with a
certain solid angle.'"” Depending on the height of the barrier
and excess energy this efficiency can be as high as 10—15%.
But when it comes to injection into the surface states, the
situation is different, as only the carriers with kinetic energies
in a relatively narrow range of energies E,, = AE/2 can
transfer to the surface state and C;; ~ AE/hw. Of course,
there exists a possibility that the injection will occur into the
higher states of the adsorbate state with the subsequent
relaxation to the ground level or to higher states in metal that
relax by collision with another electron, but even with that
possibility, one cannot expect C;; to exceed 10%. What is also
obvious is that the increase in penetration depth C, and
probability of injection C;, occur concurrently, and it is not
unreasonable to set their ratio to unity. With that, we can plot
the ratio (eq 21) for the aforementioned 700 nm wavelength
and for various aspect ratios and adsorbate orbital sizes. We
plot for two values of the ratio: C,/C;;; = 1 in Figure Sa and
C,/Cy = 0.1 in Figure Sb. The second case is probably
absolutely the worst case scenario, as it assumes, let us say C, =

0.01, and the latter being highly unrealistic since small C,
implies a very weak hybridization coupling, thus, a narrow
resonance for tunneling AE, which also brings C;,; down. But
even for this scenario, there exists a very wide range of
parameters within which direct excitation via CID exceeds the
excitation via injection of hot carrier, while for a more realistic
case of Figure Sa, direct excitation dominates for aspect ratios
exceeding 1 and orbital radii ab < 2.5 A. The situation
becomes more dramatic for the elongated geometries, in which
such cylindrical nanowires excited by the light polarized along
the axis where the normal component of field is very small
compared to the in plane one.

B DISCUSSION

So, what is the useful lesson that can be extracted from this
relatively straightforward exercise? While the results obtained
here are based on a number of assumptions, these assumptions
(such as molecular orbital dimension and overlap with metal)
look very reasonable to us, and thus, we believe that our results
provide a right order of magnitude estimate of the direct
absorption of carriers (electrons or holes) from the extended
states in the metal to the molecules attached to the surface.
What seems to be beyond the doubt to us is that since 100% of
the carriers excited by direct absorption may contribute to
chemical reaction, the rate of this process is easily comparable
or exceeds the rate of the indirect injection of photoexcited
carriers, where most of the carriers end up on the Fermi level
within tens of femtoseconds. Our results are corresponding
quantitatively to the experimental observations of CID from
thiol adsorbates,*®*"*® especially the strong effect on
elongated particles.

And what is the actual charge transfer efficiency? Though
several attempts exist to characterize direct charge trans
fer,’>?>*9*>°! the quantum efficiency of this process had only
been determined for the cases of semiconductors only.””*">!
From our theory, we can estimate the efficiency of charge
transfer by comparison to all possible excitations:

+v + G

d st
yCID inj,LD lﬂj}/CID

- d sr
Yoo Yoo T %o T You (22)

Met

Now, for the elongated nanoparticles 7, p < Yip in
accordance with eq 21 and following SM y¢&p < Yen. The
latter is a consequence of direct absorption being a first order



excitation process, and roughness assisted excitation being a
second order process with virtual states involved. Expressing
Ybulk Via 71p from eq 19, we obtain using eq 20
100f C,Fi (1 + Gy
Ny & y
¢ 100f CFI(1+ G + 1 +02dq, (23)

where dog, is in nm. For dyg, < 5 nm, the bulk damping
becomes insignificant, and according to Figure 4c for such
small spherical particles with 10% surface coverage by
adsorbate charge transfer efficiency is less than 10%, but for
the elongated particles with aspect ratio of 3, it can be
increased to 15—18%. With 100% coverage, though 50% can
be within reach. The use of transferred charges for chemical
reactions being the final goal for plasmonic catalysis, it should
also be mentioned that far from all directly excited carriers later
participate in chemical reactions as there is a strong possibility
for the charge to return into the metal before the reaction takes
place. Recently, the photocurrent with quantum efficiency of
only 0.1% was measured by the direct charge transfer from
nanoporous gold into —OH adsorbates.”® It should be noted
that the transferred carrier may also cause vibrational heating
in the adsorbate, which by itself can accelerate the chemical
reaction even if the carrier eventually returns to the metal,*
but that process would also benefit if the electrons stay in the
adsorbate for the appreciable period of time. Unfortunately,
the return mechanism also depends on the overlap between
molecular orbital and metal electron states, that is, the coupling
works bidirectionally. The unavoidable fact is that the density
of states available for carriers in the metal is much larger than
density of states in adsorbate, so the carriers would always tend
to leak back into the metal. That is why the carrier transfer into
the semiconductor, with its relatively large density of states and
100% coverage, is more promising for achieving higher
efficiencies. Also, in semiconductors, the existence of the
Schottky barrier allows to keep the charges in the semi
conductor by fast thermalization to the lower band edge.
Accordingly, to increase the photocatalytic efficiency in
adsorbates, mechanisms should be identified that quickly
transfer the electron to a lower, metastable state with reduced
coupling to the metal states. Also, for isolated, not electrically
connected, particles both oxidation and reduction reactions
should run to balance the charge, which additionally reduces
efficiency. More promising in this respect is the application of
conductive photoelectrodes, where only one partial reaction
has to run on one electrode.”***>*

The beneficial role of plasmons as pertained to the
acceleration of chemical reactions is 2 fold. First, the presence
of metal nanoparticles provides local field enhancement, so
more light gets absorbed by adsorbates, and second, since the
direct transitions originate at the continuum of electron states
below the Fermi level, even though the energy eigenvalues E,,,
of the hybrid state are discrete, the direct process is still
broadband, that is, can be driven by the white light coming
from the sun. What is particularly important is that even a
relatively long wavelength radiation can still be used as long as
hw > E,,, — Eg. Thus, the metal nanoparticles enable efficient
electron transfer even below the HOMO—LUMO resonance,
that is, when no photochemical reaction can take place on
isolated molecules. In the calculation presented here we have
considered free electrons inside metal that represent s band
electrons. At higher photon energies, also, d band electrons can
be excited, which we have not considered and which require a

different approach. Of course, everything said about the
excitation of an electron from the conduction band into the
adsorbate state, ultimately causing a reductive chemical
reaction, can be equally well applied to the excitation from
the adsorbate state into the empty state in the conduction
band, creating a hole in the adsorbate state, available for a
further oxidative chemical reaction. Due to the availability of
empty states in the conduction band above Eg, also, this
process is broadband.

Next comes the question of how can one enhance the
efficiency of the directly plasmon induced chemical reactions?
On the basis of our analysis, a set of recommendations can be
made. (1) Use smaller nanoparticles with larger surface to
volume ratio so that surface absorption dominates the bulk
absorption. (2) The particles should be prolate with aspect
ratios exceeding 2 or 3 to enhance the direct absorption
relative to LD. (3) Most obviously, the coverage of the
nanoparticle by the adsorbate f, must be optimized, perhaps
taking into account shifts of the hybrid state energies and
coupling. (4) The transferred charge should stay in the
adsorbate until it is consumed in the chemical reaction. Thus,
the charge should lead to chemical transformation of the
adsorbate itself or lead to detachment of the adsorbate with the
charge which would make it necessary to later redeposit the
adsorbates on the metal surface in a cycle. Such concepts and
questions are beyond the scope of this paper.

B CONCLUSIONS

It is our conclusion then that direct absorption from metal into
adsorbate states must never be overlooked in plasmonic
assisted chemical reaction studies. This conclusion may help in
explining a number of the experimental results, where the
observed rates of reaction were too high to be explained solely
by the hot carrier injection. This work also should serve as a
motivation for the experimental community to find new and
better ways of distinguishing between direct absorption and
injection and then to optimize the nanoparticle geometries and
nature of adsorbate states to further enhance the reaction rates
and efficiencies.
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