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Abstract

Plasmon-induced hot-carrier transfer from a metal nanostructure to an acceptor

is known to occur via two key mechanisms: (i) indirect transfer, where the hot car-

riers are produced in the metal nanostructure and subsequently transferred to the

acceptor, and (ii) direct transfer, where the plasmons decay by directly exciting car-

riers from the metal to the acceptor. Unfortunately, an atomic-level understanding of

the direct-transfer process, especially with regard to its quantification, remains elu-

sive even though it is estimated to be more efficient compared to the indirect-transfer

process. This is due to experimental challenges in separating direct from indirect

transfer as both processes occur simultaneously at femtosecond timescales. Here, we

employ time-dependent density-functional theory simulations to isolate and study the

direct-transfer process at a model metal–acceptor (Ag147-Cd33Se33) interface. Our sim-

ulations show that, for a 10-femtosecond Gaussian laser pulse tuned to the plasmon

frequency, the plasmon formed in the Ag147-Cd33Se33 system decays within 10 fs and

induces the direct transfer with a probability of about 40%. We decompose the direct-

transfer process further and demonstrate that the direct injection of both electrons

and holes into the acceptor, termed direct hot-electron transfer (DHET) and direct

hot-hole transfer (DHHT), take place with similar probabilities of about 20% each.

Finally, effective strategies to control and tune the probabilities of DHET and DHHT

processes are proposed. We envision our work to provide guidelines toward the design

of metal-acceptor interfaces that enable more efficient plasmonic hot-carrier devices.
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The interaction of photons with a metallic nanoparticle can excite localized surface plas-

mons that subsequently decay non-radiatively to generate energetic charge carriers (referred

to as hot electrons and hot holes).1,2 Since these hot carriers can be transferred to a chem-

ically attached acceptor such as a semiconductor or a molecule, this process is potentially

useful for technologies such as photovoltaics,3 photodetection,4,5 photon upconversion,6 and

photocatalysis.2,7,8 Hot-carrier transfer is commonly believed to occur indirectly (indirect

transfer), where the hot carriers are first produced in the metal and then move to the accep-

tor (Figure 1a).1,2,9,10 Experiments11–14 and theoretical calculations15–23 that have charac-

terized this mechanism have, however, pointed out that this pathway can be inefficient. Hot

carriers generated in the metal can quickly relax back to the Fermi level via carrier-carrier

scattering before being transferred to the acceptor.

Fortunately, recent experiments at metal-semiconductor24–27 and metal-molecule28,29 in-

terfaces have provided strong evidence for another carrier-transfer mechanism that can oper-

ate simultaneously, termed direct transfer. This process is also referred to as coherent charge

transfer,25,26 plasmon-induced interfacial charge-transfer transition when the acceptor is a

semiconductor,24 and chemical interface damping in the case of adsorbed molecules.2,30–32

In this case, surface plasmons interact directly with empty acceptor states and dephase by

directly injecting carriers into the acceptor (Figure 1b). This pathway can involve two tran-

sitions across the interface: (i) carriers in occupied states in the metal transfer to unoccupied

states in the acceptor, generating electrons (holes) in the acceptor (metal), a process that

we refer to as direct hot-electron transfer (DHET), and (ii) carriers in occupied acceptor

states transfer to unoccupied states in the metal, generating holes (electrons) in the accep-

tor (metal), a process we refer to as direct hot-hole transfer (DHHT). These direct-transfer

processes overcome the problem of fast relaxation of hot carriers in the indirect-transfer

mechanism and present an opportunity to obtain more efficient plasmonic hot-carrier de-

vices.10,30,31

Since direct transfer, however, occurs on an ultrafast timescale and is experimentally
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Figure 1: Schematic representation of (a) the indirect-transfer process, (b) the direct-transfer
process, and (c) the intra-acceptor excitation at a metal-semiconductor interface (see text
for more details). The two direct-transfer transitions, direct hot-electron transfer (DHET)
and direct hot-hole transfer (DHHT), are also shown. EF, CB and VB represent Fermi level,
conduction and valence band, respectively. Full and empty circles denote electrons and the
holes, respectively. A similar scheme can be drawn for a metal-molecule interface.

difficult to distinguish from indirect transfer that operates in parallel, the direct-transfer

mechanism remains poorly understood at the atomic scale.2,8,24–26 It has been particularly

challenging to isolate direct-transfer transitions (DHET and DHHT), understand their char-

acteristics, and quantify them accurately. While theoretical calculations could help in this

direction, a clear methodology to address these issues rooted in a rigorous first-principles

approach is missing.

Here, we present an ab initio approach based on real-time time-dependent density-

functional theory33 (RT-TDDFT) to capture the direct-transfer process at a model metal-

acceptor interface formed by a metallic Ag147 nanoparticle and a semiconducting Cd33Se33

cluster (see Figure 2). The icosahedral Ag147 nanoparticle supports a strong plasmon and

has been previously studied by some of the authors.34,35 The model semiconductor Cd33Se33

structure has been studied in Refs. 36 and 37.

Among other candidates, Ag/CdSe assemblies have been utilized as plasmonic photocat-

alysts,38 thus justifying their choice as a model system in our simulations. We demonstrate

that the plasmon formed in the Ag147-Cd33Se33 system due to the application of a laser pulse

decays within 10 fs and induces direct-transfer transitions across the interface with significant
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Figure 2: Structural model of the Ag147-Cd33Se33 metal-semiconductor interface used in our
calculations.

probabilities. DHET occurs from the occupied states of Ag147 to the unoccupied states of

Cd33Se33 with a probability of 23.0%, and DHHT occurs from the occupied states of Cd33Se33

to the unoccupied states of Ag147 with a probability of 21.4%. Our results provide funda-

mental insights on the direct-transfer process, underscore the importance of both DHET and

DHHT transitions, and have important implications for the field of plasmonics, as discussed

below.

Results and Discussion

The relaxed combined Ag147-Cd33Se33 system is shown in Figure 2, with the interface normal

along the x-axis. The relaxation is carried out with DFT39,40 using the GPAW code41,42

and structural optimizers in the ASE package.43 The wave functions are represented using a

linear combination of atomic orbitals (LCAO)44 and the projector augmented-wave (PAW)

method45 is utilized. Optical properties are computed using the LCAO-RT-TDDFT method

as implemented in GPAW34,35 (see Methods section for more details). The photoabsorption

spectrum is obtained using the δ-kick technique46 to determine the position of the plasmon

peak in our system.

Figure 3a shows the spectra for individual Ag147 and Cd33Se33 nanoparticles as well as the
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combined system when the electric field is applied along the x-axis, i.e. along the interface

normal. Gaussian broadening of 0.2 eV full width at half maximum was applied to the

spectra. We observe a strong plasmon peak at 3.71 eV for Ag147, which is consistent with

previous calculations.34,35 On the other hand, we observe negligible absorption for Cd33Se33 in

the energy range shown. Note that the used exchange-correlation functional is not expected

to capture excitons in the semiconductor accurately. Therefore, we cannot rule out the

possibility of photoabsorption due to exciton formation for Cd33Se33 in the energy range

considered.

For the combined system, we observe a strong absorption peak at 3.60 eV. Compared to

Ag147, this peak is red-shifted and broader, indicating dielectric screening due to the semi-

conductor and the presence of additional decay channels for the plasmon due to formation

of the metal-semiconductor interface.

To study plasmon generation and decay to hot carriers at the Ag147-Cd33Se33 interface, we

excite the combined system along the x-axis with a laser pulse at the plasmon frequency. The

external electric field takes on the form E(t) = E0 sin(ωp(t− t0)) exp(−σ2(t− t0)
2/2), where

t represents time, E0 is the field intensity (set to 1× 10−6 au to be weak enough to probe the

linear-response regime), ωp is the pulse frequency (set to the plasmon resonance frequency

3.60 eV), and σ describes the pulse width (set to a value corresponding to pulse duration

of ∼ 10 fs). The latter was chosen to cover the broad plasmon peak of the Ag147-Cd33Se33

system.

Figure 3b shows the applied pulse and the dipole-moment response of the Ag147-Cd33Se33

system as a function of time. The pulse is turned on at ∼ 5 fs, reaches a maximum at

10 fs, and fades away after 15 fs. In response to this oscillating electric field, the dipole

moment shows amplitude oscillations reaching a maximum at ∼ 11 fs before decaying to a

small value at ∼21 fs (see Figure S1 in the Supporting Information for dipole moment over

a longer time span). The dipole moment persists even after the pulse is switched off and the

observed dipole-moment response is suggestive of a plasmon-mode excitation that decays to
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Figure 3: (a) Photoabsorption spectra of Ag147-Cd33Se33, Ag147, and Cd33Se33 systems. (b)
Applied pulse and corresponding dipole-moment response in the time-domain for the Ag147-
Cd33Se33 system. The two full red circles denote time points at 11 and 21 fs, corresponding to
plasmon formation and decay to hot carriers, respectively. (c) Induced charge densities at 11
and 21 fs. Positive (purple) and negative (blue) isosurfaces are shown using the same isovalues
in both the plots. (d) The corresponding Kohn–Sham electron-hole transition probability
presented as transition-contribution maps at 11 and 21 fs (see text for more details). Kohn–
Sham energy eigenvalues are referenced to the Fermi level. The partial density of states
(DOS) for Ag147 and Cd33Se33 are also shown.

single-particle excitations (hot carriers).19

To assess the plasmonic character, we visualize the induced charge density in real space

at 11 and 21 fs (Figure 3c). At 11 fs the charge density undergoes collective oscillations,

reminiscent of the classical picture of a plasmon in which charge moves from one side of

the metal nanoparticle surface to the other. We also observe a significant portion of the

charge density on the Cd33Se33 cluster, indicating that the excitation can delocalize onto the

chemically attached acceptor. On the other hand, at 21 fs, the charge-density distribution is

mostly fragmented showing no clear feature of collective oscillations, indicative of plasmon

decay and consequent generation of hot carriers.

We analyzed plasmon formation and hot-carrier generation in terms of the Kohn–Sham

(KS) electron-hole transition contributions at 11 and 21 fs, respectively. To this end, we
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construct the KS transition density matrix, δρxia(t) = ρxia(t)− ρxia(0), in the basis of occupied

(i) and unoccupied (a) KS states as described in Ref. 35. Then, following Ref. 47, we

consider the transition probability Pia(t) =
∣∣δρxia(t)/√fi − fa

∣∣2, where fi and fa are the

ground-state occupations of KS states i and a, respectively. We present this quantity as a

transition-contribution map (TCM), which is a useful visualization for large systems where

resonances arise from the superposition of multiple electron-hole excitations.35,48,49 Briefly,

in the TCM, the elements of the matrix Pia(t) are plotted as Gaussian-broadened dots at the

corresponding KS eigenvalue pair (ϵi, ϵa) on a two-dimensional plane spanned by the energy

axes for occupied and unoccupied states, see Ref. 35 for details on TCM construction.

TCMs of the Ag147-Cd33Se33 system at 11 and 21 fs are shown in Figure 3d, along with

the partial density of states (DOS) for Ag147 and Cd33Se33 components (see Figure S2 in

the Supporting Information for a larger DOS plot). In the TCM at 11 fs, we notice a

strong contribution arising from low-energy transitions, whose eigenvalue differences are

much smaller than the frequencies included in the laser pulse. This is indicated by the

many features that appear in the TCM in the bottom right of the plot. Such a constructive

coupling of low-energy transitions is a signature of the localized surface plasmon resonance.35

Thus, the TCM at 11 fs mainly reflects the formation of a plasmon in the Ag147-Cd33Se33

system, consistent with the strong dipole-moment oscillations and the cumulative charge

density computed at 11 fs.47

On the other hand, the TCM at 21 fs shows a different behavior. We observe a single

prominent contribution stemming from transitions whose eigenvalue differences are equal

to the frequencies of the laser pulse. These resemble single-particle excitations and are

consistent with the hot-carrier picture emerging in recent literature.19,47 The absence of

constructive low-energy features that constitute a plasmon suggests that the plasmon formed

at 11 fs has decayed to yield hot carriers,47 consistent with the weak dipole moment and the

fragmented charge density computed at 21 fs.

From the transition probability Pia(t), we can compute the hot-carrier distributions as
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well.47 Following Ref. 47, the induced occupations of electrons in state a and holes in state

i are given by P e
a (t) =

∑
i Pia(t) and P h

i (t) =
∑

a Pia(t), respectively. The corresponding

hot-electron distribution Pe(E, t) presents the occupation with respect to the eigenvalues of

the states, Pe(E, t) =
∑

a P
e
a (t)Ga(E), where a Gaussian broadening function is employed.

The hot-hole distribution Ph(E, t) is computed analogously. The total number of generated

carriers is given by N(t) =
∑

a P
e
a (t) =

∑
i P

h
i (t) =

∑
ia Pia(t), which is equal for electrons

and holes.

Figure 4a shows the total hot-carrier distributions, Pe(E, t) and Ph(E, t), in the Ag147-

Cd33Se33 system at 21 fs, i.e., immediately after plasmon decay. The distribution reveals that

hot holes and electrons with energies up to the laser pulse frequency (∼4 eV) are generated.

For reference, we consider the joint density of states and show also the electron and hole

distributions of the transitions that are covered by the used pulse in the joint DOS. In

comparison to the hot-carrier distributions, the joint-DOS-based distributions have different

relative weights demonstrating that the actual matrix elements play an important role in

the distributions. The hole and electron distributions exhibit slightly different shapes due

to the spectral width of the pulse.

The total hot-carrier distribution can be divided into four parts resulting from four partial

processes: (i) PAg→Ag
e/h transitions from occupied states of Ag to unoccupied states of Ag,

(ii) PCdSe→CdSe
e/h transitions from occupied states of CdSe to unoccupied states of CdSe, (iii)

PAg→CdSe
e/h transitions from occupied states of Ag to unoccupied states of CdSe, and (iv)

PCdSe→Ag
e/h transitions from occupied states of CdSe to unoccupied states of Ag. Therefore,

Pe/h = PAg→Ag
e/h + PCdSe→CdSe

e/h + PAg→CdSe
e/h + PCdSe→Ag

e/h .

Here, the separation into Ag and CdSe subsystems is done by dividing the simulation

cell into two complementary spatial regions determined by the boundary between Ag and

CdSe atoms. For each KS state n, Ag and CdSe weights are calculated from the ground-

state KS wave function ψn(r) as wAg
n =

∫
r∈Ag

|ψn(r)|2dr, and wCdSe
n =

∫
r∈CdSe

|ψn(r)|2dr,

respectively, satisfying wAg
n + wCdSe

n = 1. Then, the partial hot-carrier distributions are
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Figure 4: (a) Total (in blue) and joint-DOS-based (in grey), and (b-e) partial hot-electron
(solid lines and shaded) and hot-hole (dotted lines and unshaded) distributions for the Ag147-
Cd33Se33 system. The total probabilities of the four partial transitions are 43.4%, 12.2%,
23.0% and 21.4%, from b to e, respectively. The relative probabilities in (c-e) are multiplied
by a factor 2 for visual clarity, as indicated.

obtained by using the weights for occupied (i) and unoccupied (a) states in the transi-

tion probability. As an example, the hot-electron distribution PAg→CdSe
e is obtained from

the weighted transition probability PAg→CdSe
ia (t) = wAg

i wCdSe
a Pia(t) analogously as above,

PAg→CdSe
e (E, t) =

∑
ia P

Ag→CdSe
ia (t)Ga(E). The hot-hole distribution, PAg→CdSe

h is computed

analogously. Using similar arguments, we obtain PAg→Ag
e/h , PCdSe→CdSe

e/h , and PCdSe→Ag
e/h . The

number of carriers generated by a partial process is calculated in equivalent fashion, for ex-

ample NAg→CdSe(t) =
∑

ia P
Ag→CdSe
ia (t). Note that the present spatial division approach can

be developed further to account also for the coherent contributions from the off-diagonal of

the electron-electron part of the time-dependent density matrix.

The total probability of a particular partial process is calculated as the ratio between the

number of carriers generated by the partial process and the total number of carriers generated
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by all processes. This probability value is given as a percentage in the discussion below and

should not be confused with the previously-mentioned transition probability between two

particular KS states.

Figure 4b shows the PAg→Ag
e/h partial hot-carrier distribution. We observe that a large

part (corresponding to a total probability of 43.4%) of the plasmon decays within the Ag147

nanoparticle, inducing intraband (sp → sp) and interband (d → sp) transitions commonly

observed in Ag nanoparticles.19,35,47 We do not, however, consider subsequent transport

processes involving hot carriers generated in this manner that could facilitate their transfer

to the semiconductor; this would constitute the indirect-transfer process. These transport

processes are expected to occur on timescales beyond those relevant to the present work.13

Figure 4c shows the PCdSe→CdSe
e/h partial hot-carrier distribution. This transition, com-

monly known as intra-acceptor excitation (see Figure 1c), occurs when plasmons directly ex-

cite electrons from occupied states of the acceptor to unoccupied states of the acceptor.50,51

Our computation shows that about 12.2% of the plasmon decays through this channel in our

structure.

We also examine the direct-transfer process in our simulations. Figures 4d,e show the

PAg→CdSe
e/h and PCdSe→Ag

e/h partial hot-carrier distributions, corresponding to the direct-transfer

processes, DHET and DHHT, respectively. They both lead to different carrier distributions

in the system. We find that the probabilities of these two processes are 23.0% and 21.4%,

respectively. Thus, direct transfer contributes up to 44.4% of the total plasmon decay,

demonstrating that it could play a significant role at metal-acceptor interfaces.

To check if the choice of the plasmon decay time point has any influence on the results, we

computed the probabilities of the four partial processes as a function of time (see Figure S3

in the Supporting Information). Our results showed little variation in the probability values

beyond ∼ 21 fs, indicating that the plasmon decay has reached a steady state beyond this

time point.

We carried out additional simulations with another pulse with a longer duration of ∼24 fs

11



tuned to the plasmon frequency. For this case, the total probabilities of the four partial

transitions, PAg→Ag
e/h , PCdSe→CdSe

e/h , PAg→CdSe
e/h and PCdSe→Ag

e/h , computed after plasmon decay

are 41.2%, 12.6%, 24.5%, and 21.7%, respectively. These values do not differ significantly

from the ones obtained for the 10-fs pulse.

We note that the values obtained here are for a particular interface configuration. In

experiments, one can, however, expect several different interface structures to be present

(see Figure S4 in the Supporting Information for additional simulations with different system

sizes). Furthermore, different material combinations can be employed in experiments. In all

of these cases, one could obtain the corresponding probabilities by utilizing the method

described here with the relevant structure as input. This then becomes case-specific and

goes beyond the scope of this study. Although the probabilities are expected to change, the

underlying physics of plasmon decay and hot-carrier generation can be expected to remain

the same.

We expect our results to have important implications for the field of plasmonics. An

approximate way to obtain the contribution of the direct-transfer process in experiments is

by measuring the plasmon linewidth in the photoabsorption spectra with and without the

acceptor attached, and by taking their difference (see Refs. 30 and 52). This method cannot,

however, distinguish between the two direct-transfer processes, DHET and DHHT. As such,

the relative importance of DHET and DHHT has remained unclear. Consequently, in the

existing literature, the direct-transfer process is commonly discussed in terms of DHET,

which produces hot electrons in the acceptor, while DHHT, which produces hot holes in the

acceptor, is often overlooked. Here, we find that both of these transitions occur with similar

probability. This could also be the case in other systems of interest. Therefore, it would be

necessary to treat both of these possibilities and consider their probabilities in future studies.

It is also expected that an increase in the direct-transfer contribution will improve the

efficiency of a plasmonic hot-carrier device. While this statement could be true for applica-

tions such as photocatalysis and photon upconversion, it may not necessarily hold true for
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devices such as photodetectors and photovoltaics, where not only carrier generation, but also

carrier separation is important. Our results show that although a significant proportion of

carriers are generated through the direct-transfer process at the metal-semiconductor inter-

face (44.4% of total), the difference in the probabilities of DHET and DHHT is rather small

(23.0% vs. 21.4% of total), resulting in low net-carrier separation, i.e. a large number of

electrons generated in the acceptor by DHET is counterbalanced by a large number of holes

generated in the acceptor by DHHT. Therefore, for direct transfer to have a positive impact

in such applications, one of these transitions must be favored at the expense of the other.

Given the importance of DHET and DHHT toward efficient charge transfer across metal-

acceptor interfaces, the development of strategies for controlling and tuning these two partial

processes is critical for obtaining useful plasmonic hot-carrier devices. Specifically, we con-

sidered via the presented approach whether such tuning is possible by altering the interface

electronic structure with strain. We applied compressive strains of −6% and −3% on the

Ag147 nanoparticle, while maintaining the Cd33Se33 cluster unstrained. The resulting Ag147-

Cd33Se33 configurations are relaxed and the optical properties are studied as described in the

Methods section.

The plasmon peak positions shifted only slightly from 3.60 eV for the unstrained system

to 3.59 eV and 3.63 eV for the −3% and −6% strained cases, respectively (Figure 5a). The

plasmon peak values were changed accordingly in our laser simulations, while all the other

parameters were kept the same as described earlier. Interestingly, with compression, we find

that there is a crossover between the number of carriers generated via DHET and DHHT

(Figure 5b). We also find that the absolute difference in the number of carriers induced by

DHET and DHHT increases from 8.60 × 10−5 to about 1.80 × 10−4 (by a factor of ∼ 2).

This result shows that the application of external stimuli, such as strain, could be promising

for controlling DHET and DHHT, and thus for obtaining a handle on the direct-transfer

process.

While we have attempted to analyze the nature of the above observed changes, we find
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Figure 5: (a) Photoabsorption spectra of the unstrained and strained Ag147-Cd33Se33 systems.
(b) Tuning the number of carriers induced by the two direct-transfer transitions, DHET (Ag
→ CdSe) and DHHT (CdSe → Ag), by applying compressive strain on the Ag147 nanoparticle.
The corresponding differences between them are indicated by double-headed arrows.

that a complicated interplay of the changes in the matrix elements and the density of states

could be the cause. It should be noted that strain also lead to changes in phonon interactions,

which may impact the processes considered here. Although neglected here, care must be

taken to account for such effects in the future. Other experimentally controllable parameters

such as the size, shape, and composition of the metallic nanoparticle could also provide

enhanced control. For example, the two processes might be controllable independently, and

the difference in the probabilities of DHET and DHHT could be further improved. These

topics are planned to be examined in future work.
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Conclusions

In summary, we report a TDDFT study of the direct charge-transfer process at a model

Ag147-Cd33Se33 metal-semiconductor interface. Our work isolates and quantifies this fun-

damental charge-transfer mechanism at metal-acceptor interfaces that has been difficult to

access through experiments. For a 10-femtosecond Gaussian laser pulse tuned to the plasmon

frequency, our TDDFT simulations clearly reveal plasmon formation in the Ag147-Cd33Se33

system, which decays within 10 fs and induces direct transfer with a probability of 44.4%.

The calculations show that the direct-transfer step to consist of two key processes that inject

electrons and holes into the acceptor, namely the direct hot-electron transfer (DHET) and

the direct hot-hole transfer (DHHT). These occur with considerable probability of 23.0%

and 21.4%, respectively. Our analysis further demonstrate that the probabilities of DHET

and DHHT are sensitive to external stimuli such as strain. The methodology described here

could not only help understand and determine the probability of the direct-transfer process

at a given metal-acceptor interface, but also assist in designing interfaces that can favor the

direct-transfer pathway over the indirect-transfer pathway that is generally lossy. Collec-

tively, our work has important implications for the field of plasmonics and could lead to

more efficient plasmonic hot-carrier devices in the future.

Methods

Relaxation calculations. First, the Ag147 nanoparticle and the Cd33Se33 cluster were

relaxed separately. Then, the combined Ag147-Cd33Se33 system was assembled and relaxed

keeping the atoms of the Ag147 nanoparticle fixed, while the atoms of the Cd33Se33 cluster

were allowed to relax. All the structures were relaxed to less than 0.03 eV/Å residual forces.

The Perdew-Burke-Ernzerhof (PBE) exchange-correlation (xc) functional was used.53 A grid

spacing parameter of 0.3 Å for densities and potentials was used, and the structure was

surrounded by a vacuum spacing of at least 6 Å. The default double-ζ polarized basis sets
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were used. Within the PAW description, 11, 12, and 6 valence electrons were included to

model Ag, Cd, and Se atoms, respectively.

TDDFT calculations. The orbital-dependent GLLB-SC xc potential54 was used to

improve the description of d-electron states in silver.34,55 A Fermi-Dirac smearing of 0.15 eV

was used to facilitate the convergence with this xc potential. The basis set of Ag atoms

contained the diffuse 5p orbital and its split-valence function instead of the standard p-type

polarization function in order to describe the plasmon accurately in the Ag nanoparticle.34,56

A time step of 20 as was used in the time propagation. Other numerical parameters were

similar to those in the relaxation calculations. More details on the LCAO-RT-TDDFT

methodology can be found in Ref. 35.
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Figure S1: Dipole moment plot at longer timescales shows that the dipole moment vanishes
around 30 fs, but is thereafter restored partially, possibly due to the back energy transfer
from the hot carriers to the plasmon.1

Figure S2: The partial density of states (DOS) for the Ag147 and Cd33Se33 components are
shown. The Kohn-Sham energy eigenvalues are referenced to the Fermi level.
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Figure S3: (a) The number of carriers generated by the four partial processes as a function of
time. (b) The probabilities of the four partial processes as a function of time show constant
values beyond ∼ 20 fs. This plot shows that our choice of the plasmon decay time point
(21 fs) does not influence our results.

Figure S4: The probabilities of the four partial processes obtained with different systems.
(a) The Cd33Se33 semiconductor particle is interfaced with Ag55, Ag147, and Ag309 metal parti-
cles. We observe that the probability of hot-carrier generation within the metal nanoparticle
shows a steep increase from about 30% to 60% (Ag→ Ag), while that within the semicon-
ductor particle decreases (CdSe→ CdSe). On the other hand, the direct transfer processes
present smaller decreases in this range (Ag→ CdSe and CdSe→ Ag). (b) The Ag147 metal
particle is interfaced with Cd6Se6, Cd15Se15, and Cd33Se33 semiconductor particles. Since
the interface area increases with increasing semiconductor particle size, we observe a drop
in the probability of Ag → Ag transitions and an increase in the direct transfer processes
(Ag → CdSe and CdSe → Ag). The probability of hot-carrier generation within the semi-
conductor particle also increases (CdSe→ CdSe). While these simulations give an estimate
of the probabilities of the partial processes across different systems, a more in-depth study
is certainly necessary in the future to understand these trends fully and across a wider range
of system sizes.
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