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ABSTRACT: Phonon-mediated charge relaxation plays a vital role in controlling
thermal transport across an interface for efficient functioning of two-dimensional (2D)
nanostructured devices. Using a combination of nonadiabatic molecular dynamics with
real-time time-dependent density functional theory, we demonstrate a strong influence of
adhesion layers at the Au/WSe2 interface on nonequilibrium charge relaxation,
rationalizing recent ultrafast time-resolved experiments. Ti oxide layers (TiOx) create a
barrier to the interaction between Au and WSe2 and extend hot carrier lifetimes, creating
benefits for photovoltaic and photocatalytic applications. In contrast, a metallic Ti layer
accelerates the energy flow, as needed for efficient heat dissipation in electronic devices.
The interaction of metallic Ti with WSe2 causes W−Se bond scissoring and pins the
Fermi level. The Ti adhesion layer enhances the electron−phonon coupling due to an
increased density of states and the light mass of the Ti atom. The conclusions are robust to presence of typical point defects. The
atomic-scale ab initio analysis of carrier relaxation at the interfaces advances our knowledge in fabricating nanodevices with
optimized electronic and thermal properties.
KEYWORDS: nonadiabatic molecular dynamics, charge carrier relaxation, time-dependent density functional theory, Au/WSe2 interface,
adhesion layer

■ INTRODUCTION
Scientific understanding of thermal transport in nanoscale
systems is crucial to tackling the problem of thermal
management in various applications including optoelectronics
and thermoelectrics.1−4 Development of improved electronic
and photoelectric devices requires high thermal conductivity
materials that can dissipate heat faster.1 On the other hand,
materials with low thermal conductivity and low electrical
resistance are important for applications in thermoelectric
devices converting waste heat into useful electrical energy.5−7

Understanding phonon transport and thermal conductivities in
materials is extremely important for the engineering of novel
nanodevices.

As a relatively new class of layered materials, 2D transition
metal dichalcogenides (TMDs) have attracted significant
attention in the last few decades due to their semiconducting
characteristics, excellent chemical stability, and tunable
mechanical and physical properties.8−10 They find applications
in a wide variety of fields: A relatively high electrical
conductivity and a relatively low thermal conductivity make
TMDs promising materials for next-generation high-perform-
ance thermoelectric devices.11−13 Monolayer WSe2, due to its
heavy atom mass and low Debye frequency, has been found to
have ultralow thermal conductivity, even lower than that in
MoS2.14,15 The observations and understanding derived from
the studies of the corresponding bulk nanostructured materials

have stimulated further research on thermoelectric energy
conversion.16

The presence of interfaces has grown more ubiquitous in the
fabrication of nanoelectronics owing to rapid miniaturization
of device dimensions.17,18 Energy exchange between phonons
and respective charge carriers in each material comprising the
interface is involved in the interfacial energy transfer.19−25

Consequently, several theoretical models have also been
developed to mimic ultrafast pulsed laser experiments that
are widely used to study nonequilibrium processes involving
such electron-vibrational energy exchange.25−30 Thermal
transport across two metal interfaces is controlled by electrons
near the Fermi energy, yielding thermal boundary conductance
values that are far higher than those across metal/nonmetal
interfaces.31 The overall thermal resistance in nanoscale
devices is dominated by scattering of phonons at boundaries
rather than the intrinsic thermal resistance of a material.32

Higher electronic conductivity at the interface is more
important than that of the adhesion layer for faster energy
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transport across the interface, provided the adhesion layer is
sufficiently narrow. At the same time, for faster energy
transport within a material (or adhesion layer, here), higher
electronic conductivity would be beneficial. It is, therefore,
critical to focus on unraveling the fundamental thermal
transport mechanisms at interfaces for building high-perform-
ance devices. This is especially true for TMD materials, which
have been shown to exhibit record setting high thermal
resistance at interfaces33 and novel electron and phonon
interfacial transport processes that have led to emergent energy
conversion devices.34

In the past, significant efforts have been made to tune the
electrical and thermal boundary resistance for optimizing the
device performance in desired applications.35−38 Several
experimental and theoretical studies have shown a decrease
in electrical contact resistance by deposition of thin oxide
layers at the metal−semiconductor interface.39−41 Conversely,
a substantial increase in thermal boundary resistance is seen
due to the presence of native oxides at the interface.18,21,42,43

Stronger chemical and electronic interactions across the
interface are responsible for higher thermal boundary
conductance, as observed in a theoretical study.18,44 Recently,
the experimental work by Freedy et al. has demonstrated
∼20% lower thermal boundary conductance in Au/TiOx/
MoS2 as compared to Au/Ti/MoS2 and Au/Ti/TiOx/MoS2
due to the different interfaces with the top Au contact.32

Further, reduced thermal boundary conductance and higher
electrical resistance are observed in Au−TiOx−WSe2−HOPG
(highly oriented pyrolytic graphite) interfaces due to lack of
reactivity of the interfacial oxide with the semiconductor layer
than in the corresponding pure metal Ti interlayer.45 These
observations indicate diminished thermal transport in the
presence of an oxide layer and, thus, lay an emphasis on the
dependence of boundary resistance on interface chemistry of
related materials. To advance our understanding of this
interfacial behavior, a detailed theoretical description explain-
ing the differences in energy transport at various interfaces is
required. The description should account for the atomistic
details of the interfacial interactions and consider the far-from-
equilibrium nature of the energy exchange processes.

In the present work, we report a time−domain ab initio
analysis of phonon-induced nonradiative charge carrier
relaxation in the presence of pure metallic Ti and TiOx
oxide layers at the Au/WSe2 interface. The simulations are
performed using a state-of-the-art nonadiabatic molecular
dynamics (NAMD) approach formulated within the frame-

work of real-time time-dependent density functional theory
(TDDFT) in the Kohn Sham (KS) representation. The
methodology used mimics the ultrafast pump-probe optical
experiments of charge carrier dynamics and provides an
atomistic insight into the nonequilibrium nature of the charge
scattering and relaxation processes at interfaces. A schematic of
the relaxation of hot charge carriers from the initial high energy
state to the Fermi level in the presence of different interfacial
layers is shown in Figure 1. The charge relaxation is
significantly slower in the presence of Ti oxide layers at the
metal/semiconductor interface than in the presence of a
metallic Ti adhesion layer, as rationalized by differences in the
interfacial chemical interactions, local densities of states
(DOSs), energy level alignment, participation of particular
phonon modes, and presence of atomic defects. The study
indicates that metallic adhesion layers are beneficial for
electronic devices, while oxide layers are more appropriate
for solar energy applications.

■ COMPUTATIONAL DETAILS
The simulations are performed using a mixed quantum-
classical technique.46 Here, electronic evolution is modeled
using real-time TDDFT47 while classical MD describes the
nuclear motions. The electron−nuclear interactions in charge
relaxation processes are investigated using fewest-switches
surface hopping (FSSH),48,49 one of the most common
NAMD methods, as implemented in the PYXAID code
under the classical path approximation (CPA).50,51 The
methodology has been successfully applied to study excited-
state dynamics in various nanoscale systems.52−60 A more
detailed description of the time−domain DFT and NAMD
methods used can be found in the Supporting Information.

The electronic structure calculations and adiabatic MD are
carried out using the Vienna Ab initio Simulation Package
(VASP).61 The generalized gradient approximation (GGA)
with the Perdew−Burke−Ernzerhof (PBE)62 exchange−
correlation functional and the projector-augmented wave
(PAW)63 pseudopotentials are used. The van der Waals
(vdW) interactions at the interface are described by the
Grimme DFT-D3 method.64 VDW-D2/D3 and opt-B86/88b-
DF are routinely applied to account for van der Waals
interactions in bilayers and multilayers. A comparison of
VDW-D2 and VDW-D3 shows that PBE-D3 performs better
than PBE-D2 in materials such as MoS2.65 In some other cases,
the VDW-D2 method provides the strongest dispersion
interaction, whereas optB86b-vdW gives the weakest.66

Figure 1. Schematic of the photoinduced hot charge carrier relaxation processes from the initial high energy state to the Fermi level in the presence
of different adhesion layers at the Au/WSe2 interface. (a) Photogenerated in Au, hot charge carriers transfer from Au to WSe2, in which they relax
faster by coupling to the lighter Se atoms and then transfer back to Au and recombine. (b) The photogenerated charges travel from Au, through Ti
to WSe2. They relax fast by coupling to lighter Ti and Se atoms and recombine inside Ti. (c) Generated with sufficiently high energy, charge
carriers travel through TiO2 to WSe2, in which they relax to the band edges and cannot travel back to Au, if TiO2 is sufficiently thick and creates a
tunneling barrier.
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Different vdW corrections would only slightly affect the
quantitative interlayer distances and interactions reported here.
The qualitative trends and NAMD results and conclusions
drawn in this work would remain the same. The energy cutoff
for the plane-wave basis is set to 400 eV. A 5 × 5 × 1
Monkhorst−Pack k-point mesh is used for geometry relaxation
and DOS and MD calculations. To model the Au/Ti/WSe2
system, a supercell of the Au (111) surface with five layers
containing forty Au atoms, a WSe2 monolayer with six W and
twelve Se atoms, and a single Ti(001) layer with eight atoms
sandwiched between Au and WSe2 is constructed using
VESTA.67 In the Au/TiO2/WSe2 system, four Ti and eight
O atoms are used while in Au/TiOx/WSe2, one O of TiO2 is
switched with a Se of WSe2, representing a common defect.45

A vacuum layer of 20 Å is introduced perpendicular to the
surface to eliminate interactions between periodic images of
the slabs.

The systems are optimized and then heated to 300 K using
repeated velocity rescaling to obtain thermally equilibrated
structures. Then, 4 ps adiabatic MD trajectories are generated
in the microcanonical ensemble with a 1 fs time step and are
used for the NA coupling (NAC) calculations.68,69 Five
hundred geometries selected from the adiabatic MD trajectory
are used as initial conditions for NAMD, and 1000 stochastic
realizations are sampled for each initial condition. The 4 ps
trajectories are repeated twice to obtain longer NAMD
trajectories.

The employed approach has several advantages over the
more traditional techniques, such as the quantum transport
calculations.70−72 Real-time TDDFT makes no assumptions
that the evolution is determined by a particular form of
kinetics, e.g., exponential, which allows one to determine a
transport rate. The calculated results show that the dynamics
are neither exponential nor Gaussian. The evolution is
obtained by solving the time-dependent Schrodinger equation
in the KS form, including memory effects and electron-
vibrational coupling that depends on evolving atomic
geometry. The calculations do not assume that the electron-
vibrational coupling is weak. The weak coupling assumption is
typically used to obtain rates for the quantum transport
calculations. The calculated coupling shows significant energy
dependence. The method does not assume that vibrations are
harmonic. This is particularly important for systems with
surfaces, interfaces, and defects, which exhibit anharmonic
motions dynamics. Anharmonicity relaxes electron−phonon
coupling selection rules and allows more vibrational modes to
couple to the electronic subsystem.

■ RESULTS AND DISCUSSION
The optimized structures of Au/Ti/ WSe2, Au/TiO2/WSe2,
and Au/TiOx/WSe2 are illustrated in Figure 2. The three
structures differ in the interlayer present between Au slab and
WSe2 monolayer. We use two types of titanium oxide layers in
two different structures: TiO2 and TiOx. TiO2 is the most
stable and common form of stoichiometric titanium oxide, in
which Ti is in the +4 oxidation state. TiOx is a sub-
stoichiometric interlayer with x slightly less than 2. Such
composition is encountered commonly in experiments.45 In
our study, the sub-stoichiometric TiOx is modeled by
introduction of the common structural defect, in which one
oxygen of TiO2 is interchanged with a Se of WSe2, resulting in
the formation of a W−O bond and a Ti−Se bond. The nearest
Au−Ti and Ti−WSe2 distance in Au/Ti/WSe2 is smaller than

the interlayer distances of the other two systems with
interfacial oxide layers, indicating that the interlayer chemical
interactions is the strongest in the system with metallic Ti.
This strong interaction of the pure Ti layer in Au/Ti/WSe2
with WSe2 leads to scissoring of W−Se bonds and formation of
metallic W. The trend of the interlayer distances remains the
same in both the optimized structures and the ambient
temperature. The values of adjacent layer distances averaged
over the entire trajectories at 300 K are presented in Table S1
of the Supporting Information. The dependence of interfacial
interaction strength on the type of adhesion layer influences
the electronic structure of the systems and in turn affects the
electron−phonon energy transfer and charge carrier relaxation.

To understand the dependence of the electronic structure
on the nature of interlayer present in the systems studied, we
have shown the projected DOS (PDOS) along with the charge
densities at the Fermi level in Figure 3. There is no band gap in
the DOS of Au owing to its fully metallic nature in all the three
systems. It is interesting to note that the appearance of metallic
W due to the interaction of elemental Ti and WSe2 and W−Se
bond scissoring in Au/Ti/WSe2 results in an almost negligible
band gap of WSe2, characteristic of a metallic system. The
strong Ti−Se interaction weakens the nearest W−Se covalent
bonding, leading to the introduction of new electronic states in
the WSe2 band gap, resulting in Fermi-level pinning. In
contrast, the presence of an interfacial oxide layer, i.e., TiO2 or
TiOx, prevents the chemical reaction between Ti and the
monolayer, keeping the structure of WSe2 intact. In the
absence of any interfacial reaction products, WSe2 retains its
intrinsic band structure with a band gap ∼1.5 eV due to no
appearance of any new states, which can pin the Fermi level.
Addition of the interfacial oxide layer has only a minor
influence on the electronic structure of the WSe2 layer. In
particular, the band gap of WSe2 is maintained. Further, the
TiO2 layer has a larger band gap than the WSe2 layer73 (Figure
1c). Therefore, if photogenerated charges enter from Au to
WSe2 through the TiO2 layer and the TiO2 layer is sufficiently
thick, the charges relax to the WSe2 band edges and cannot go
back to Au, because TiO2 creates a tunneling barrier, i.e., there
are no states inside TiO2 at the relevant energy to facilitate
electron transport from the WSe2 band edge to Au. This diode
effect is not seen in the current simulation, because the TiO2

Figure 2. Top and side views of the simulation cells showing the
optimized structures of (a) Au/Ti/WSe2, (b) Au/TiO2/WSe2, and
(c) Au/TiOx/WSe2. To make the TiOx system, one O of TiO2 is
switched with a Se of WSe2 representing a typical defect. The
numbers on the right side of the structures indicate the distances
between the two adhesion layers. The Ti layer has similar thickness
compared to the TiO2 and TiOx layers. Ti provides stronger adhesion
than TiO2.
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layer is too thin. These results are consistent with the
experimental studies on similar systems.32,45 The correspond-
ing PDOS and atomic structures for a thicker interlayer
(double the thickness of the original interlayer), shown in
Figure S1, demonstrate similar results. The interlayer thickness
comparison exhibits that the electronic properties here depend
on the type of interlayer present rather than on the thickness of
the middle layers used. This observation has also been
reported in the previous studies.32 Hence, further calculations

were done using a single layer of Ti, TiO2, or TiOx, due to high
computational cost of the real-time TDDFT/NAMD calcu-
lations.

The DOS at energies below −2 eV is large, and it
significantly decreases above −2 eV. This asymmetry in DOS
implies that the relaxation of holes deep in the valence band
(VB) in the high-DOS region should be much faster as
compared to both the relaxation of excited holes closer to the
Fermi energy and the relaxation of electrons above the Fermi
level. The PDOS for structures with oxide layers is quite
similar with very minute differences; therefore, we expect
similar results for the TiO2 and TiOx systems. In all systems,
the PDOS of Au decreases drastically in the energy range
between −2 and −1 eV and remains almost the same
throughout the energy range shown. In Au/Ti/WSe2, the
PDOS of Ti starts increasing beyond −2 eV to higher energy
states and goes above the PDOS of Au. At energies above −1.5
eV, the PDOS of a single Ti layer is higher than the PDOS of
the five-layer Au slab. In the energy range of −1.55 to 1.55 eV,
high PDOS of Ti and small contributions from WSe2 around
the Fermi level for the system with the metallic Ti layer will
favor faster charge carrier relaxation as compared to the other
two systems with the interfacial oxide layer, which have
negligible PDOSs near the Fermi level. The DOS is slightly
higher above 0 eV than below 0 eV. This would, thus, favor
faster electron relaxation as compared to hole relaxation. For
further understanding of electronic structure of the systems
studied, we have also plotted the electronic band structures of
all the systems in Figure S2 of the SI.

Charge densities of the HOMO, shown on the right panels
of Figure 3, support the observations from the PDOS. In case
of Au/Ti/WSe2, the charge density of the HOMO shows
maximum electron density localization on Ti followed by
localization on W of WSe2. This is attributed to the increased
DOS of WSe2 near the Fermi energy, resulting from Fermi-
level pinning due to Ti−WSe2 interlayer interaction and
scissoring of the W−Se bonds. The localization of the charge
density on Au is smaller than on Ti, which matches the smaller
PDOS of Au near the Fermi level. On the other hand, for the
systems with the interfacial oxide layers, the maximum charge
density localizes on Au as compared to density localization on
TiO2 or WSe2. This is again consistent with the PDOS
observations where contribution of TiO2 or WSe2 is negligible
near the Fermi energy due to a weak interlayer interaction in
these two systems.

Figure 3. Projected density of states (PDOS) in the left panel and
charge densities of the highest occupied molecular orbitals (HOMO)
in the right panel of (a) Au/Ti/WSe2, (b) Au/TiO2/WSe2, and (c)
Au/TiOx/WSe2. The Fermi level is set to zero. Ti contributes strongly
to the PDOS around the Fermi level, while TiO2 has an energy gap.
The O/Se switch defect has little influence on the PDOS and charge
densities. The Fermi level charge density of the Au/Ti/WSe2 system
is delocalized over Au, Ti, and even W, while the charge densities of
the other systems are localized solely on Au.

Figure 4. Visualization of the averaged absolute nonadiabatic couplings (NACs) between states labeled by orbital indices for (a) Au/Ti/WSe2, (b)
Au/TiO2/WSe2, and (c) Au/TiOx/WSe2. The orbitals cover the energy range from about −1.5 eV to about 1.5 eV relative to the Fermi level,
corresponding to the energy range of the quantum dynamics calculations (Figure 5). The NACs are largest near the diagonal, indicating that the
electron−phonon relaxation occurs by frequent transitions between nearby states. In the presence of Ti, the NACs are large across the whole
energy range, while regions of small NACs are seen in the other two systems.
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Both elastic and inelastic electron−phonon scatterings are
known to influence the charge carrier dynamics. Elastic
scattering leads to loss of quantum coherence in the electronic
subsystem, whereas inelastic scattering dissipates electronic
energy to heat through nonradiative relaxation pathways.
Elastic scattering, reflected by the pure-dephasing time,
becomes generally important for study of processes occurring
across large energy gaps,74 such as charge recombination in
semiconductors.46,75 On the other hand, elastic scattering is
less important for hot carrier relaxation that takes place over
dense manifold of states. Such intraband relaxation is governed
by inelastic electron−phonon coupling, which is characterized
by the NAC that serves as the primary focus of the analysis
here. The NAC strength depends on the electron−phonon
coupling matrix element and the nuclear velocity, as shown in
eq S5 given in the Supporting Information. Figure 4 visualizes
the average NAC values for all pairs of orbitals in the relevant
energy window around the Fermi level. The NAC is maximum
for pairs of nearest states and is much smaller for all other pairs
of states. This fact indicates that NA transitions between
adjacent states close in energy contribute most to the hot
carrier relaxation pathway.

Figure 4 illustrates consistently larger NAC values for Au/
Ti/WSe2 in the observed energy range as compared to the
other two systems with interfacial oxide layers. This
observation strongly correlates with the corresponding PDOS
results. By introducing additional states near the Fermi level,
the metallic Ti layer increases the DOS as compared to the
other systems. The NAC is inversely proportional to the
energy gap between the corresponding pair of states, and the
larger DOS decreases the energy level spacing. In addition, the
larger number of states provides more relaxation channels.
Further, we also notice a higher NAC for orbitals above the
Fermi level (Figure 4), which would influence the difference in
electron and hole relaxation dynamics. The higher NAC above
the Fermi level correlates with the more significant
contribution of Ti and TiO2 at the higher energies (Figure
3). The lightest atoms in the systems, Ti and O, create a strong
NAC, since the NAC is proportional to the nuclear velocity
(eq S5).

In the simulations, the electrons and holes are photoexcited
to 1.55 eV above and below the Fermi level, respectively,
representing a typical Ti:sapphire laser excitation. The
phonon-assisted energy relaxation of the hot charge carriers
from the initial high energy states to the Fermi energy is shown
in Figure 5. The time constants reported in the figure are

obtained by fitting the data to exponential functions, E = E0
exp.(−t/τ), where the E0 initial energy can be positive or
negative. Figure 5 demonstrates that both electrons and holes
relax two to three times faster in Au/Ti/WSe2 as compared to
the other two systems and that the hot electron relaxation is
faster than the hole relaxation in all systems. Figure S3 presents
electron and hole relaxation dynamics in the Au/WSe2 system.
The relaxation in the absence of the adhesion layers is
significantly slower, because the adhesion layers increase the
interfacial interactions and contain light atoms, both factors
enhancing the electron-vibrational interactions. It is quite
remarkable that thin Ti and TiOx adhesion layers can have
such a significant influence on the hot carrier relaxation at the
metal/semiconductor interface.

The difference in the relaxation times can be rationalized by
considering the fact that the transition rate depends on the
NAC and DOS, as represented, for instance, by Fermi’s golden
rule. The metallic Ti system has a higher PDOS and a larger
NAC as compared to the other two systems with oxide layer,
seen in Figures 3 and 4. On the other hand, the relaxation
timescales for the TiO2 and TiOx interlayer systems are of the
same order of magnitude because of similar DOS and NAC.
The ab initio quantum dynamics simulation results are, thus, in
alignment with the expectations based on the DOS and NAC
strength. A similar reasoning holds true for explaining the
difference in electron and hole relaxation timescales. The DOS
and NAC in the 0 to 1.55 eV range are higher than those in the
−1.55 to 0 eV range. On the one hand, the slow charge
relaxation observed in the presence of the oxide interlayer can
be exploited to extract hot charge carriers for various
photovoltaic and photocatalytic applications.76 On the other
hand, systems containing metallic adhesion layers made of light
elements provide strong benefits for electronics applications
requiring rapid heat dissipation.

Interfacial defects can play an important role in the
electron−phonon relaxation process. An example of an
interfacial defect is shown in Figure 2c. An O atom of the
TiO2 adhesion layer and a Se atom of WSe2 are switched.
Figure 3b,c demonstrates that the defect has little influence on
the overall DOS. On the other hand, Figure 5 shows that both
electron and hole relaxation are accelerated by about 10%. The
faster charge relaxation in the defective system is due to
participation of additional vibrational modes, which are
activated by the introduced disorder and symmetry breaking,
as analyzed in Figure 6 below.

Figure 5. Evolution of the (a) electron and (b) hole energy starting from initial states at 1.55 eV and −1.55 eV, respectively. Electrons decay faster
than holes because of the larger NAC above vs below the Fermi energy (Figure 4), correlated with the larger contribution of Ti and TiO2 to the
PDOS at 1.55 vs −1.55 eV (Figure 3). Ti and O are the lightest atoms in the systems, generating the strongest electron−phonon coupling. Both
electrons and holes relax two to three times faster in the presence of Ti vs TiO2 because of the large contribution of Ti to the PDOS in the −1.55 to
1.55 eV energy range (Figure 3). The O/Se switch defect accelerates the relaxation by about 10%.
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To gain more insights into the difference in the electron−
phonon scattering in the three systems, we compute Fourier
transforms (FT) of the autocorrelation functions of the energy
gaps between the initial and final pairs of states, shown in
Figure 6. The FTs, also known as phonon influence spectra,
characterize the phonon modes that couple to the electronic
subsystem and lead to loss of energy during the corresponding
nonradiative transitions. FTs identify the vibrational frequen-
cies that induce fluctuations of energy gaps due to movement
of atoms. The amplitude of a spectral peak reflects the strength
of the charge-phonon coupling corresponding to that specific
frequency.

The phonon influence spectra (Figure 6) show that the
prominent modes involved in the nonradiative charge
relaxation have frequencies below 200 cm−1, except for the
electron relaxation in Au/Ti/WSe2. Additional higher
frequencies participate in electron relaxation as compared to
hole relaxation in all three systems. This result supports the
faster relaxation timescale observed for electrons as supposed
to holes, because higher-frequency phonons generate large
velocities and strengthen the NAC that is proportional to the
velocity (eq S5). The intense peak below 100 cm−1 has been
assigned to acoustic phonons of Au.37 The higher-frequency
modes arise from the lighter Ti and O atoms in the systems.
The peak heights of different phonon modes suggest that the
lower-frequency acoustic modes provide stronger coupling
than the higher-frequency optical phonons. This is because the
phase of atomic oscillation changes rapidly across the system
for optical modes. In particular, the nuclear velocities of
adjacent atoms have opposite signs for optical modes, and
contributions of different atoms to the overall NAC cancel
each other (eq S5). In comparison, nearby atoms move in the
same direction during acoustic motions and their contributions
to the NAC add up. Participation of multiple higher energy
modes in case of the elemental Ti interlayer rationalizes the
faster charge relaxation compared to the system with the oxide
layers (Figure 5). Compared to the defect-free Au/TiO2/WSe2
system, the symmetry breaking and disorder introduced by the
defect in the Au/TiOx/WSe2 system activates additional
vibrational modes and also accelerates the charge relaxation,
although to a much lesser extent than the metallic Ti adhesion
layer.

■ CONCLUSIONS
We have performed ab initio quantum dynamics investigation
of electron−phonon relaxation at the Au−WSe2 interface
containing metallic and semiconducting adhesion layers and
have demonstrated a strong dependence of the rate of energy
flow on the adhesion layer. The simulations have been carried
out using a state-of-the-art technique developed in our group
combining TDDFT and NAMD, mimicking most directly the
nonequilibrium nature of the relaxation processes. The
difference in the charge carrier dynamics timescales in the
presence of the pure metallic adhesion layer versus the oxide
layers is rationalized through various factors governing the
quantum dynamics. The results obtained in this work
rationalize the experimental observation that the presence of
an oxide layer in the interface of Au and WSe2 lead to a lower
thermal boundary conductance, compared to a metallic
adhesion layer, implying slower hot charge relaxation across
the interface. The suppressed charge relaxation in the systems
with the TiO2 and TiOx interlayers is attributed to two major
factors. First, the oxide layer prevents the interaction of the
WSe2 semiconductor with the Au metal, keeping the intrinsic
band gap of WSe2 intact. In comparison, the interaction of
metallic Ti with WSe2 leads to formation of metallic W and
introduces additional electronic states around the Fermi energy
and causes Fermi-level pinning. Second, since Ti atoms are
lighter than Au, W, and Se atoms, and pure Ti contributes
electronic states near the Fermi energy, the Ti adhesion layer
introduces higher-frequency phonon modes enhance electron−
phonon coupling. The results are robust to introduction of
typical point defects: The electron-vibrational relaxation in the
system with a sub-stoichiometric TiOx is only slightly faster
than in the system with the stoichiometric TiO2 layer. Thus,
oxide layers create a barrier for the flow of charges and energy
across the interface and, therefore, increase the thermal
boundary resistance in optoelectronic devices. On the other
hand, adhesion layers composed of light metals increase the
thermal boundary conductance. The control of the interfacial
energy flow by stoichiometry of the adhesion layer can be used
to tune the systems for a particular application. Fast energy
flow, facilitated by metallic adhesion layers, is beneficial for
thermal energy dissipation in electronic devices, while slow
electron-vibrational relaxation in the presence of oxide layers
extends lifetimes of hot charge carriers and can be useful in
photovoltaic and photocatalytic applications. The work
presented here facilitates the understanding of the fundamental
mechanisms underlying far-from-equilibrium phonon-mediated
relaxation of hot charge carriers in multilayer systems, guiding
the design of novel materials toward various optoelectronic
applications.
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Figure 6. Phonon influence spectra for the (a) electron and (b) hole
relaxations in the three investigated systems. The high frequencies
arising from Ti motions dominate the spectra for electron relaxation
and are present for hole relaxation in Au/Ti/WSe2. The system Au/
TiO2/WSe2 shows no such modes. Ti signals are seen in the Au/
TiOx/WSe2 system containing the O/Se switch defect.
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