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ABSTRACT: Plasmonic excitations in noble metals have many
fascinating properties and give rise to a broad range of applications.
We demonstrate, using nonadiabatic molecular dynamics com-
bined with time-domain density functional theory, that the
chemical composition and stoichiometry of substrates can have a
strong influence on charge dynamics. By changing oxygen content
in TiO2, including stoichiometric, oxygen rich, and oxygen poor
phases, and Ti metal, one can alter lifetimes of charge carriers in
Au by a factor of 5 and control the ratio of electron-to-hole
relaxation rates by a factor of 10. Remarkably, a thin TiOx substrate
greatly alters charge carrier properties in much thicker Au films.
Such large variations stem from the fact that the Ti and O atoms are much lighter than Au, and their vibrations are much faster at
dissipating the energy. The control over a particular charge carrier and an energy range depends on the Au and TiOx level alignment,
and the interfacial interaction strength. These factors are easily influenced by the TiOx stoichiometry. In particular, oxygen rich and
poor TiO2 can be used to control holes and electrons, respectively, while metallic Ti affects both charge carriers. The detailed
atomistic analysis of the interfacial and electron-vibrational interactions generates the fundamental understanding of the properties of
plasmonic materials needed to design photovoltaic, photocatalytic, optoelectronic, sensing, nanomedical, and other devices.

Localized surface plasmon resonance (LSPR) of Au and
other noble metal particles has attracted great interest due

to its fascinating optical and electronic properties, which give
rise to a wide range of applications in solar energy harvesting,
catalysis, optoelectronics, nanomedicine, microelectronic ther-
mal management, biosensing, etc.1−6 LSPR stems from a
resonant interaction between electromagnetic waves and
conduction band electrons in metals.7 The LSPR frequency
is strongly sensitive to shape, size, geometry, and composition
of the nanoparticle and is governed primarily by the free
electron density of the material, adjusted by its high frequency
dielectric constant.8,9 Control of the electron density on the
nanoparticle surface, provided by composition and geometry
allows one to manipulate absorption and scattering of
light.10−12

By exciting the LSPR in noble metal nanoparticles with
ultrafast pulsed laser irradiation, one can efficiently convert
light into heat. The nontrivial electron−phonon dynamics and
heating led to spectral broadening of the surface plasmon
absorption. The rapid electron-vibrational relaxation generates
thermal energy that lends itself toward applications such as
photothermal therapy.13−16 However, this electron−phonon
relaxation should be avoided in photovoltaic and optical data
storage devices, as the relaxation leads to unfavorable energy
losses.17

The electron−phonon energy transfer and relaxation are
often described by the two-temperature model (TTM),18,19 in
which electrons and phonons are assigned different effective
temperatures, Te and Tp, and an electron−phonon coupling
constant, G, governs energy transport between the two
subsystems. Typically, electrons are excited to a hotter
temperature and transfer energy to the colder phonons.
Ultimately, the two subsystems equilibrate to the same
temperature on a time scale determined by the electron−
phonon coupling factor. The TTM provides a straightforward
and very useful description of the nonequilibrium electron-
vibrational dynamics, but it has its limitations. Rigorously, the
concept of temperature applies only to systems’ thermody-
namic equilibrium. One can define separate and time-
dependent electron and phonon temperatures, because
electrons evolve much faster than phonons and equilibrate
by electron−electron scattering on time scales significantly
shorter than electron-vibrational energy exchange. More
complicated descriptions consider an energy-dependent
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electron−phonon coupling constant, G(E), which depends on
density of electronic states, or solve quantum master or
Schrodinger equations.20 Pulsed laser measurement techniques
are often used to study electron-vibrational energy exchange
and other nonequilibrium processes.21,22

The ability to adjust carrier concentration in metal particles
constitutes an important tool to tune the optical response, in
particular, the frequency of the collective plasmon oscilla-
tion.23,24 The LSRP of metal nanoparticles can be tuned by
chemical composition or changes in geometry during nano-
particle synthesis. Changes in the carrier concentration can be
used to tune the LSRP response dynamically, as demonstrated
by Garcia et al. with doped semiconductor nanocrystals.25

Substrates are commonly used to assemble nanoparticles
into more complex nanostructures, in order to achieve
advanced optical and electronic functionalities.26,27 Often,
the substrates play active roles, modifying material’s optical
and electronic response. Giri et al. reported that Ti adhesion
layers, which are used to improve interface bonding between
an Au layer and various dielectric materials, enhance electron-
vibrational interactions, and accelerate energy exchange.28

Wang et al. demonstrated that anatase TiO2 nanosheets
sensitized with Au nanoparticles show a significantly improved
photoresponse at the LSPR wavelength, enhancing the
photocatalytic reduction efficiency.29 Defects, such as oxygen
vacancies, are common in TiO2, and can be used to adjust its
electronic and optical proprieties.30,31 Olson et al. demon-
strated that the oxygen stoichiometry of the TiOx layer has a
significant influence on the thermal boundary conductance at
Au/TiOx/dielectric interfaces.32 Kumar et al. used non-
stoichiometric plasmonic Au/TiOx nanocomposites to im-
prove photocatalytic activity and utilization of the solar light
spectrum.33

In this work, we demonstrate how the stoichiometry of a
TiOx substrate can be used to control dynamics of excited
charge carriers at Au/TiOx interfaces and to rationalize why
different substrate compositions strongly influence charge
carrier relaxation. By considering a pristine Au film, and an Au
film interfaced with metallic Ti, stoichiometric TiO2, and
oxygen rich and deficient TiO2, we show that the influence of
the TiOx substrates on the properties of charge carriers inside
the Au film depends on interfacial interactions and alignment
of the Au and TiOx energy levels. Provided a good interfacial
contact and proper level alignment are achieved, Au wave
functions delocalize onto TiOx. Because the Ti and O atoms
are much lighter than the Au atoms, charges move to the TiOx
substrate and deposit their energy into TiOx phonons. Hole
dynamics are faster and more important than dynamics of
electrons, and photoexcitation energy is deposited primarily
into holes, because holes are supported by a much denser state
manifold. However, by tuning the TiOx substrate stoichiom-
etry, one can make electron and hole dynamics symmetric.
Overall, TiOx can alter the absolute values of the charge−
phonon relaxation rate by a factor of 5, and the electron-to-
hole relaxation rate ratio by a factor of 10. Holes are influenced
by oxygen rich TiO2 substrates, while electrons are affected by
oxygen deficient TiO2, as determined by the energy level
alignment. This study shows that the interfacial Au/TiOx
interactions are enhanced for nonstoichiometric TiOx,
compared to the case of perfect TiO2. The fundamental
principles uncovered by the presented theoretical study apply
to other metal/semiconductor and metal/metal interfaces and

provide a framework for understanding and designing novel
nanoscale materials for a broad range of applications.
The charge carrier relaxation dynamics are simulated using

nonadiabatic molecular dynamics (NAMD).34−38 NAMD is a
mixed quantum-classical technique that treats the heavier
nuclei classically, while maintaining a quantum-mechanical
description of the lighter electrons. The NAMD simulations
are performed using the fewest switching surface hopping
(FSSH) algorithm,39 which is one of the most popular and
efficient approaches. It is suitable for studying processes in
which electronic transitions happen faster than phonon-
induced loss of coherence within the electronic subsystem,
including intraband charge−phonon relaxation. Transitions
taking a long time, such as charge trapping by midgap states
and recombination in semiconductors, require inclusion of
decoherence effects, provided for instance by decoherence-
induced surface hopping.40 FSSH can be viewed as a first-order
theory, and it has been generalized with global flux surface
hopping41 to include higher order superexchange and many
particle processes.42,43 The NAMD methodology is formulated
within real-time time-dependent density functional theory
(TDDFT) in the Kohn−Sham framework44 and implemented
in the PYthon eXtension for Ab Initio Dynamics (PYXAID)
package,45,46 under the classical path approximation, which
allows for substantial computational savings. A description of
the theoretical methodology and the computational details are
provided in the Supporting Information. The methodology has
been successfully utilized to describe excited state dynamics in
a wide variety of nanoscale and condensed matter
systems.46−58

In order to investigate the influence of the TiOx
stoichiometry on the electron−phonon dynamics, we select
the following five systems (Figure 1). The seven-layer pure Au

slab and the Au slab covered with a Ti monolayer are selected
as references. The Au slab covered with a Ti4O8 monolayer
represents interaction with stoichiometric titanium dioxide.
The oxygen-rich variation of TiOx is represented by a Ti3O8
layer, and an oxygen-deficient TiOx is represented by Ti4O4.
These systems are used to perform the quantum dynamics
calculations. Additionally, we investigated structures and
densities of states (DOS) of systems with thicker TiOx and
Au slabs, Figures S3−S6 of the Supporting Information. As
shown in Figure 1, the interaction between the Au slab and the
stoichiometric Ti4O8 substrate is purely van der Waals and
thus weak. The distance between the top Au layer and Ti4O8 is
2.628 Å. In comparison, the distances between the top Au layer
and the nonstoichiometric Ti4O4 and Ti3O8 are reduced, 2.305
and 2.049 Å, respectively, indicating that the Au/TiOx

Figure 1. Geometries of (a) pure Au(111) slab, and Au(111) slab
with absorbed (b) Ti, (c) Ti4O4, (d) Ti4O8 and (e) Ti3O8 layers at 0
K. The numbers on the left side of the structures indicate the
distances between the TiOx layer and the nearest Au layer.
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interactions become stronger for nonstoichiometric titanium
dioxide. It has been computationally demonstrated that an
increased strength of interfacial atomic interactions can change
phonon-driven thermal transport across interfaces.59 One can
expect a similar effect for electron−phonon energy transport.
In this case, however, the energy transfer depends not only on
the strength of interfacial interactions but also on the relative
alignment of electronic energy levels of the two subsystems.
TiO2 is a semiconductor and can contribute to the electron−
phonon energy exchange only if it has electronic levels within
the relevant energy range.
The dependence of the electronic structure of the Au/TiOx

interfaces on the TiOx stoichiometry can be understood by
considering the density of states (DOS), as shown in Figure 2.
The total DOS is split into the contributions from the Au (red
line), Ti (green line), and O (blue line) atoms. The Fermi level
defines the zero energy. Shown in Figures S5 and S6 of the
Supporting Information, the DOS of thicker Au slabs, as well
as of Au/TiOx interfaces with thicker TiOx slabs are similar to
the DOS shown in Figure 2. In particular, the alignment of the
TiOx levels with respect to the Fermi energy of the Au slab
depend on whether TiOx is stoichiometric, O-rich or Ti-rich,
rather than on the TiOx slab thickness. The DOS of the Au
slab undergoes a sharp drop in the energy range from −2 to −1
eV, Figure 2a. The thicker Au leads to a growth in the
contribution of DOS due to the increase in Au atoms.
Considering the Au/Ti system, Figure 2b, we observe an
increase in the Ti partial DOS (pDOS) within the same energy
range, in agreement with previous calculations.60 Notably, the
pDOS of the Ti monolayer is the same as the pDOS of the
seven-layer Au slab at energies about −1 eV, indicating that Ti
contributes many more states per atom than Au, around and
above the Fermi energy.
The pure Au and Au/Ti systems are fully metallic, with the

Ti substrate contributing states at the Fermi energy. In
contrast, the TiOx substrate in the Au/TiOx interfaces is a
semiconductor and contains a large gap in its electronic energy
spectrum. The Fermi energy in the Au/TiOx systems is
controlled by Au. Notably, the alignment of the TiOx bandgap
relative to the Au Fermi energy is strongly dependent on the
TiOx stoichiometry. Generally, the TiOx valence band (VB) is
formed by O atomic orbitals, while the conduction band (CB)

arises from Ti atomic orbitals. Defects in TiO2 can be regarded
as dopants that shift the TiO2 Fermi level. Such intrinsic
doping influences alignment of the Au and TiOx Fermi levels.
Specifically, the Ti-rich Ti4O4 can be viewed as either Ti-doped
TiO2 or as TiO2 with O vacancies. In this case, the TiO2 CB
contains electrons; i.e., the TiO2 Fermi energy moves to the
CB, and the Ti4O4 bandgap resides below the Au Fermi
energy, Figure 2c. In contrast, the O-rich Ti3O8 is missing
electrons in the VB, because the extra O atoms did not receive
electrons from Ti. As a result, the Ti3O8 Fermi level resides in
the VB and the Ti3O8 bandgap is above the Au Fermi level.
Photon absorption by the Au slab generates both electrons

and holes. The large asymmetry in the Au DOS above and
below the Fermi level, Figure 2, indicates that most of the
photon energy is deposited into holes rather than electrons,
because statistically the number of excitation from deep hole
levels into shallow electron levels is larger than the number of
excitation from shallow hole levels to deep electron levels.23,24

Therefore, the hole relaxation largely decides the time scale
observed in experiments. The DOS of pure Au suggests that
holes should relax faster than electrons, because the hole DOS
is larger. However, as holes approach the Fermi energy,
relaxing from −1 to 0 eV, they should slow down significantly.
By introducing electronic states at −1 eV and above, Figure 2b,
the Ti adhesion layer should accelerate both electron
relaxation and hole relaxation close to the Fermi energy.
Considering the alignment of the pDOS of the TiOx

substrates with the Au pDOS, one can anticipate that
stoichiometric TiO2 should accelerate the electron relaxation
without influencing the holes too much, Figure 2d. The Ti-rich
Ti4O4 introduces states both above and below the Fermi level,
Figure 2c, and therefore, it should accelerate relaxation of both
electrons and holes, but mostly electrons. In contrast, the O-
rich Ti3O8 should influence hole relaxation, but not electron
relaxation, Figure 2e. Similar conclusions can be drawn from
the thicker Ti-rich and O-rich TiOx slabs, Figure S6. The
pDOS analysis does not provide a complete picture, because
the electron−phonon relaxation depends on other factors as
well, most notably on the velocity of the nuclei that couple to
the electronic subsystem. Note the nonadiabatic coupling
(NAC) dependence on the nuclear velocity, eq S5 of the
Supporting Information. Thus, even if TiOx has no electronic

Figure 2. Projected density of states (PDOS) of (a) Au, (b) Au/Ti, (c) Au/Ti4O4, (d) Au/Ti4O8, and (e) Au/Ti3O8 for the optimized ground-
state structure. The Fermi levels are set to 0 eV.
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states within a certain energy range, it can still accelerate the
relaxation if the much lighter Ti and especially O atoms couple
to the heavy Au atoms and introduce fast, high frequency
vibrations.
The hot carrier relaxation is governed by electron−phonon

coupling, which in the NAMD simulation is reflected in the
NAC. The NAC matrix element, eq S5, depends on overlap of
initial and final wave functions, motivating one to investigate
wave function delocalization between the Au and TiOx
subsystems. Figure 3 depicts distributions of averaged charge

densities for hole states over several energy ranges below the
Fermi energy. The corresponding data for electron states are
shown in Figure S1. The charge density distributions in the
Au/TiOx interfaces is a good match to the pDOS, Figure 2. We
focus on the holes, because photons absorbed by Au deposit
most of their energy into holes rather than electrons, due to
the higher hole DOS.61 Figure 3 shows that the wave functions
of the pure Au film are symmetric and are distributed either
within the core or surface regions of the slabs as the energy
changes. The charge densities of the Au/Ti system are
delocalized inside Au at energies below −2 eV. At energies
above −2 eV, the Au wave functions can strongly hybridize

with the Ti substrate, Figure 3b, matching the decrease of the
Au pDOS and increase of the Ti pDOS, Figure 2b.
The electronic coupling between Au and perfect Ti4O8 is

very weak below the Fermi energy, because the Ti4O8 bandgap
is located in this energy window, Figure 2d. As a result, the
hole charge densities are localized entirely on the Au slab.
However, significant mixing between the Au and TiOx states is
seen in the nonstoichiometric TiOx systems. The state mixing
is less pronounced for Au/Ti4O4 than Au/Ti3O8, because
Ti3O8 has higher pDOS below the Fermi energy. The charge
density trends are quite different above the Fermi energy,
Figure S1, compared to the energies below the Fermi level,
Figure 3. In particular, the Ti4O8 and Ti3O8 systems show the
opposite trends for electrons and holes.
Generally, the TiOx stoichiometry at the Au/TiOx interfaces

has a strong influence on both the DOS, Figure 2, and the
orbital localization, Figure 3. Because the TiOx substrates are
composed of much lighter atoms than the Au slab, and since
the NAC depends on the nuclear velocity, eq S5, one can
expect that mixing of Au wave functions with TiOx states
should modify the charge relaxation dynamics.
We consider nonradiative electron and hole relaxation

dynamics starting at energies around 3.1 eV away from the
Fermi energy. Such excitation energy corresponds to the
violet/near UV part of the solar spectrum, representing the
higher end of the energies harvested in solar applications.
Thus, the simulated charge relaxation covers the whole energy
range encountered in solar energy applications. The electronic
relaxation occurs by coupling to phonons, and the light energy
is converted into electronic energy and then heat.62 Figure 4
presents the energy relaxation curves for both holes and
electrons. Table 1 reports the hole and electron relaxation time
scales obtained through exponential fitting of the data. The
hole relaxation is faster than the electron relaxation in all
systems, because of the higher hole DOS, Figure 2. Compared
to results for pure Au, the hole relaxation is accelerated by all
substrates, except for the stoichiometric Ti4O8, Figure 4a,
because Ti4O8 has no states below the Fermi level. The hole is
accelerated most by Ti3O8, because the O-rich system pins the
TiOx VB edge to the Au Fermi energy and introduces many
new states below the Fermi level. Even though the relative
contribution of the narrow Ti3O8 layer to the overall DOS is
small, compared to the contribution to the Au pDOS, Ti3O8
has a strong influence on the charge−phonon relaxation
dynamics, because O and Ti atoms are much lighter than Au.
The trend is reversed for the electron relaxation, Figure 4b.
The O-rich Ti3O8 substrate has no influence on the electron
relaxation, because the Ti3O8 layer has the bandgap in that
energy range.
The TiOx stoichiometry can change the ratio of the electron

and hole relaxation rates. Although in most systems holes relax
much faster than electrons due to the higher hole DOS, Figure
2, electrons relax at the same rate as holes in Au/Ti4O4, Figure
4 and Table 1. Overall, changes in the TiOx stoichiometry can
have very pronounced effects on both absolute and relative
values of the charge−phonon relaxation rates. The narrow O-
rich Ti3O8 substrate layer accelerates hole relaxation by a factor
of 4.5 relative to pristine Au. The ratio of hole-to-electron
relaxation rates changes from 1 for Ti4O4 to 10 in Ti3O8.
Interestingly, the semiconducting Ti3O8 accelerates hole
relaxation in the Au slab more than the metallic Ti4. This is
because the former contains O atoms, which are much lighter

Figure 3. Charge densities of the electronic state at the Fermi energy
and average charge densities within energy ranges from −3 to −2 eV,
−2 to −1 eV, and −1 to 0 eV for (a) Au, (b) Au/Ti, (c) Au/Ti4O4,
(d) Au/Ti4O8, and (e) Au/Ti3O8. The results for states above the
Fermi energy are shown in Figure S1.
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than both Ti and Au and has states in the relevant energy
range.
The NAMD simulations show that stoichiometry of the

TiOx substrate is a very powerful tool for controlling the
charge−phonon relaxation behavior. The stoichiometry can be
used to influence lifetimes of hot charge carriers and to
determine which carriers, positive or negative, live longer.
In order to provide further insights into the origin of the

strong dependence of the charge−phonon relaxation rates on
the TiOx substrate stoichiometry, we analyze the magnitude of
the NAC matrix elements and the frequencies of the phonon
modes that couple to the charges. The influence of the

substrate stoichiometry on the electronic structure of the Au/
TiOx interfaces is expected to impact the NAC. Table 1
presents the absolute NAC values averaged over electronic
states within different energy ranges, covering both the whole
span of charge relaxation, and its high, intermediate, and low
energy parts. Generally, there is a good correlation between the
average absolute NAC value and the relaxation time. The
larger the NAC, the faster the relaxation.63,64 For instance, the
hole relaxation is the fastest in Au/Ti3O8, and the NAC is the
largest. The hole relaxation time scale in pure Au is similar to
that in Au/Ti4O8, and the NAC values are similar in the two
systems.

Figure 4. Energy decay of (a) hole and (b) electron in investigated systems. Holes relax faster than electrons because of the higher DOS, Figure 2.
The decay time shows strong dependence on the TiOx layer stoichiometry, which determines at what energies TiOx contributes to the DOS, Figure
2.

Table 1. Absolute Value of Nonadiabatic Coupling Averaged over Different Energy Ranges and Hole and Electron Relaxation
Times, τ, in the Five Systems at 300 K

hole relaxation electron relaxation

0 to −1 eV −1 to −2 eV −2 to −3 eV 0 to −3 eV τ ps 0 to 1 eV 1 to 2 eV 2 to 3 eV 0 to 3 eV τ ps

Au 1.49 0.48 1.12 1.25 1.29 2.29 0.49 1.10 1.21 2.75
Au/Ti 2.04 2.62 2.85 1.75 0.55 2.33 2.77 2.57 1.41 0.75
Au/Ti4O4 2.85 1.42 1.33 1.33 0.81 1.56 1.07 1.89 1.32 0.87
Au/Ti4O8 1.40 0.45 1.88 1.30 1.20 2.56 1.62 1.09 1.24 1.88
Au/Ti3O8 1.18 6.68 3.14 2.72 0.29 1.22 0.98 1.60 1.19 2.85

Figure 5. Phonon influence spectra of the energy gaps from the Fermi level to the electronic levels at −1, −2, and −3 eV below it for the hole
relaxation in (a) Au, (b) Au/Ti, (c) Au/Ti4O4, (d) Au/Ti4O8, and (e) Au/Ti3O8. The corresponding results for the electron relaxation are shown
in Figure S2.
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The NAC values exhibit strong energy dependence,
indicating that the TTM constitutes a rather crude
approximation.64,65 For example, the NAC in Au/Ti3O8,
exhibiting the fastest hole relaxation, is the smallest for the 0
to −1 eV energy range, the largest for −1 to −2 eV, and
intermediate for −2 to −3 eV. The NAC is large for the
energies deep below the Fermi level because of the high Au
DOS, Figure 2e. The NAC peaks in the intermediate range
from −1 to −2 eV, because the Ti3O8 pDOS is highest there.
TiOx has such a strong influence on the NAC because it is
composed of light atoms that have large velocities that enter
the NAC, eq S5 of the Supporting Information.
To characterize the frequencies of the phonon modes that

couple to the charge relaxation, we compute Fourier
transforms (FTs) of the energy gaps between the Fermi level
and the hole states at −1, −2, and −3 eV below the Fermi
level, Figure 5. The corresponding data for electrons are shown
in Figure S2. Because electronic energy levels and energy gaps
fluctuate as atoms move, the FTs identify the vibrational
frequencies that induce these fluctuations. Such FTs are known
as the influence spectra, or spectral densities.66−68 The height
of a spectral peak characterizes the strength of the charge−
phonon coupling at that particular frequency. In all systems,
the spectral densities exhibit strong peaks below 100 cm−1.
These frequencies have been assigned to phonon modes of Au
atoms.51,69 The higher frequency peaks, seen in the Au/TiOx
systems, arise from vibrations of the lighter Ti and O atoms.
The stoichiometry of the TiOx substrate can notably change
the influence spectra. In particular, the O-rich Ti3O8 substrate
exhibits significant signals at high frequencies up to 400 cm−1,
because it contains the highest fraction of the lightest O atoms.
Participation of the high frequency vibrations correlates with
the larger relaxation rate. This observation suggests that
substrates and adhesion layers containing light chemical
elements should be avoided if one desires to keep charge
carriers hot, for instance, in photovoltaic and photocatalytic
applications. In contrast, strong coupling of noble metal
nanoparticles to biomolecules containing light chemical
elements is beneficial in photothermal therapy treatments
that rely on rapid transfer of photon energy to heat.
To summarize, we have reported a state-of-the-art time-

domain ab initio study of charge carrier dynamics in Au films
supported by TiOx substrates with a broad range of
stoichiometries. The simulations mimic most directly time-
resolved spectroscopic experiments and provide detailed
information on the geometric and electronic structure of Au/
TiOx interfaces, the charge−phonon interactions, and the
energy relaxation dynamics. Analysis of the simulation results
explains why stoichiometry of the TiOx substrate can have such
a strong influence on the properties of charge carriers in Au
films. First, the alignment of the fundamental energy gap of
TiOx with respect to the Au Fermi level depends strongly on
TiOx composition. Second, the Au/TiOx interaction is
enhanced when TiO2 is nonstoichiometric. Third, TiOx,
compared to Au, presents higher frequency phonons because
it is composed of much lighter atoms.
Given a proper energy level alignment and a good interfacial

contact, Au electronic wave functions delocalize onto TiOx.
Hot charges generated inside Au by photonic excitations move
to TiOx, deposit their energy into TiOx phonons, and once
cooled, move back into the Au film. Because the density of
electronic states in Au is highly asymmetric with respect to the
Fermi level, the photoexcitation energy is deposited mostly

into holes, and holes relax faster than electrons. The substrate
can either enhance or diminish this asymmetry by a factor of
10 and change the absolute values of the relaxation rates by a
factor of 5. Remarkably, a thin TiOx substrate can have such a
strong influence on the charge carrier properties in much
thicker Au films. On the basis of the doping principles, oxygen
rich and oxygen deficient TiO2 influences holes and electrons
in Au, respectively. The charge−phonon relaxation times
obtained in the simulations show good agreement with the
experimental data.
The simulations demonstrate that a narrow TiOx substrate

or a Ti adhesion layer can be more important than the Au film
itself. By controlling the imbalance between hot electrons and
holes in the Au film using the TiOx stoichiometry, one can
influence hot carrier concentration and steer the system toward
hole or electron catalysis. The TiOx stoichiometry can also be
used to shift the plasmon frequency and to tune the optical
response, since it allows one to change charge carrier
concentration inside Au. By modifying charge−phonon
relaxation rates at Au/TiOx and related interfaces, one can
adapt the system for a particular application type. For instance,
slow relaxation is favorable for photocatalysis and photo-
voltaics, while fast response is needed in nanomedical and
optoelectronic applications. Shifting the plasmon frequency is
important for optical modulation and smart windows. The
conclusions obtained in this work apply to other metal/
semiconductor and metal/metal composites. The fundamental
scientific principles underlying the charge carrier dynamics
allow one to greatly expand the range of desirable material
properties and to design novel functional materials toward
specific applications.
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