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Abstract: Reeves, et al. in their recent work on small silicon quantum dots [Reeves, et al. Nano Lett.,
15, 6429 (2015)] found that surface passivation with fluorine atoms result in a significant slowdown of
hot electron relaxation because there exist particular electronic states that retain the hot electron for an
extended time, and the relaxation timescale is largely influenced by shuttling of the hot electron
between energetically-adjacent states by such unique electronic states. In this work, we investigate how
the quantum dot size changes this observation associated with the fluorine passivation and also
consider the effect of decoherence. With the larger size of silicon quantum dot, the distinct hot electron
shuttling behavior is no longer observed and the relaxation time constant is much shorter. At the same
time, decoherence can significantly slow down the hot electron relaxation by a factor of two or more.
Our study reveals that slow hot electron relaxation can result from the quantum Zeno effect, in addition

to the surface-specific vibronic effect for small quantum dots.

Introduction

Controlling relaxation process of hot carriers
(i.e. excited electrons and holes) in materials is of great
interest for realizing various future opto-electronic
technologies. For example, hot-carrier relaxation must
be slow enough in so-called hot carrier solar cells to
extract the carriers into the electrode before they relax
to the band edge. The carrier relaxation is the dominant
factor leading to the thermodynamic efficiency limit of
~32% in a single junction solar cell, as calculated by
Shockley-Queisser,' and any practical demonstration of
hot carrier solar cells will represent a truly game-
changing advancement. On the other hand, fast
relaxation of hot carriers is important for quantum-dot
light emitting diodes. In these systems, carriers must
relax quickly to the band edge in order to generate
narrow emission peaks centered around the energy
gap, a property that can be controlled by the quantum
dot size.”* Nano-materials are promising for controlling
relaxation process of hot carriers because various
optical/electronic properties can be tuned through
control of structural features such as size, surface
termination, etc. In particular, low-dimensional nano-
materials like quantum dots show great sensitivity of
their properties to minor structural modifications. A
systematic computational investigation based on first-

principles theory is of great use in developing a
predictive understanding on how chemical changes on
the atomistic scale influence a system’s carrier
relaxation dynamics.

One intriguing feature of hot carrier relaxation
in low-dimensional materials, particularly in quantum
dots, is the so-called phonon bottleneck.® Some works
have reported significant slowdown of carrier relaxation
in quantum dots (QDs),”® while others have reported no
such observation.'®™ Because interactions between the
excited carriers and the lattice/ion movements are
largely responsible for the relaxation, the observed
slowing down phenomenon is often called phonon
bottleneck. However, the physics behind such an
experimental observation remains unresolved. For
instance, quantum Zeno effect has been proposed as
the reason for the phonon bottleneck in the case of
CdSe QDs.' At the same time, high excited carrier
density could also influence the carrier relaxation rate
more strongly in QDs than it does in bulk, thereby
resulting in a slower relaxation rate.”™® Auger
processes could also start to dominate over the
electron-phonon relaxation when excess carrier energy
is significantly larger than the QD band gap.'” Carrier
traps introduced via molecular ligands on surface have
also been proposed to either suppress or enhance hot
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carrier relaxation rate in QDs.” It is unclear at this

point how these different factors are collectively or
individually responsible for the observed phonon
bottleneck.

In our previous work,?® the effects of surface
passivation on the excited electron relaxation were
studied on a relatively small silicon QD (Si-QD, diameter
of ~1.5 nm) with hydrogen and fluorine atoms. The first-
principles study revealed a rather unique hot electron
relaxation behavior with a significantly slower
relaxation rate when the surface was passivated with
fluorine atoms. With the fluorine surface passivation,
continuous hot electron relaxation through the
conduction band manifold is disrupted by the dynamic
fluctuation of an electronic state. The fluctuation of this
particular state was found to shuttle the excited
electron between energetically adjacent electronic
states, and the frequency of this shuttling was found to
control the overall hot electron relaxation time. This
previous work showed an intriguing role of the surface
termination in controlling the hot electron relaxation
process in the small QD. At the same time, these small
QDs exhibit rather discrete electronic energy levels due
to significant quantum confinement. To what extent the
finding is applicable to larger QDs was not explored.
Recent experiment by Lin and co-workers, for example,
shows a single-peaked distribution of Si-QD sizes,
ranging from 1.1 nm to 3.3 nm, with its median around
2.1 nm.”’ Another important consideration is the
guantum decoherence effect. In a theoretical work by
Prezhdo and co-workers on hot carrier relaxation in
CdSe quantum dots, quantum Zeno effect was proposed
as an explanation for the phonon bottleneck
observations.' In our previous study, decoherence
effect was not taken into account, and the effect might
further slow down the excited electron relaxation in the
fluorine-terminated Si-QD. Building on our previous
work with the fluorine-terminated SiQDs, we study here
how the QD size and the quantum decoherence
influence the hot electron relaxation.

Theoretical Method and Computational Details

In recent years, first-principles theory has
gained great popularity not only for calculating opto-
electronic properties but also for explicitly simulating
dynamical phenomena at the electronic structure
level.”**” The approach here follows closely that of
previous works.”%?#?° Fewest-switches surface hopping

(FSSH) method®3! was employed in the single-particle
description using the classical-path approximation
(CPA). The CPA assumes a classical equilibrium path that
is representative of the system’s nuclei at all times, and
surface hops do not significantly influence the nuclear
dynamics.*> The hopping probability P,_,, (t, At) of an
electron from state / to state k, within time step At, is
given by

b At
Pl—>k(t' At) = max (0, %) . Blk (1)
_ Ek—E&
By = Exp[ kaT ], & > & 2)
1, Ek < &

where By, is the Boltzmann factor,®* p;(t) is the
density matrix element for the excited electron, and &
is the energy of the single-particle electronic state k.
The term by, is given by

2
blk = Elm[plkal] - ZRe[Plkal] (3)

where Dy, is the non-adiabatic coupling matrix and Hy;
is the single-particle Hamiltonian matrix. For this work,
adiabatic basis (i.e. energy eigenstates) is used so the
imaginary term in by, vanishes. The hopping
probabilities P, (t,At) are utilized within the
framework of the Monte Carlo method to perform
stochastic transitions in the numerical simulations for
an ensemble of trajectories. The density operator p(t)
of the excited electron is propagated according to the
Liouville-von Neumann (LvN) equation

p) =1p(ONP (O (4)
ih=p = [H,p] - in[D, ] (5)

where [¢(t)) is the state vector of the excited electron.
In terms of adiabatic basis we employ here, the density
matrix elements then evolve as:

L d .
lhapmn = Z[(6m151 - lthl)pln
l
— Pmi(&101, — ihDy,)]
(6)

where ¢ is the single-particle energy and D,,; is the
non-adiabatic coupling (NAC) element between states
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m and /. In this work, we use the Kohn-Sham (KS) states
from Density Functional Theory (DFT) as the single-
particle electronic states, and the density matrix of the
excited electron is represented in the adiabatic KS
states (i.e. energy eigenstates) such that

Pmn(t) = cpm () ey (t) (7)

where ¢, (t) is the expansion coefficient in terms of the
single-particle KS eigenstate, and the off-diagonal terms
(m # n) represent the coherence between two
eigenstates. In order to evolve the LvN equation for
performing the FSSH simulation, we need the single-
particle KS energies and NAC as a function of the
trajectories (i.e. lattice/ions movement). We used first-
principles molecular dynamics (FPMD) simulation®
based on DFT for this purpose. The single-particle
energies &, are obtained by solving the KS equation

Hgs(R() [om (7, R(®))) = em(R(6)) [ (r, R(£)))
(8)

where Hyg is the KS Hamiltonian at each time step in
FPMD simulation. The NAC matrix D,,, is calculated
numerically as the time derivative in the FPMD
simulation

dR
Dy = (Ipn(R(t))llelpm(R(t))) or

dt
= (bn(R@)| 2 [$m(R(D)
()

by enforcing the phase continuity.**

This FSSH-based approach provides a statistical
description of the dynamics of a single excited electron
for an ensemble of the system (i.e. many quantum dots),
and it is suitable when coupling of the excited electron
dynamics to the lattice movement (i.e. ions) is the
dominant factor in controlling the relaxation of the
excited hot electron.”® In such a situation, the time-
dependence of the probabilistic distribution can be
modeled by performing FSSH stochastic simulation runs,
and the algorithm is designed to satisfy the detailed
balance for the ensemble,® approximately reaching
Boltzmann distribution for the ensemble in a long time
limit.>> 3 Specific to our FSSH simulation in the single-
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particle framework, carrier-carrier scattering is not
present unlike in the recent first-principles Boltzmann
transport equation approach, which describes the
guasi-classical flow of collective electrons and phonons
in phase space.®® Further discussion on the difference
can be found in Ref. 29.

Decoherence - In general, a total density matrix can be
written as a tensor product of the system and bath
components if they are not entangled. This theoretical
framework allows us to develop various mixed
guantum-classical methods, like the FSSH method, such
that the electronic degrees of freedom are treated as
the quantum-mechanical system, while the nuclei
degrees of freedom are treated as the classical bath.
Since mixed quantum-classical methods treat the
motion of nuclei at the level of classical mechanics, any
guantum-mechanical effects of nuclei on electrons are
consequently neglected. One problem that arises from
this common approximation in the FSSH simulation is
the resulting dynamics suffers from “over-coherence” of
the system’s density matrix.>’** In other words, off-
diagonal elements of the electronic density matrix along
each classical nuclear trajectory do not decay naturally
without an additional correction. A few different
mechanisms could contribute to this loss of coherence
in general, as discussed by Fiete and Heller.*”? Despite its
key role, clear understanding of different contributions
to this electronic decoherence has not been fully
developed in general except for some simple two-state
models.*”

Since we remain at the level of the
computationally-convenient mixed quantum-classical
FSSH method, we restrict ourselves to including the
decoherence effect only as a phenomenological
correction, without explicitly considering quantum
dynamics of the lattice nuclei. When pure dephasing is
primarily responsible for decoherence, the decay of off-
diagonal density matrix elements is closely related to
the nuclear overlap function.*” ***  Then, the
decoherence function takes a Gaussian form under the
frozen Gaussian approximation.”® Using the FPMD
simulation trajectories, the correlation between
electronic states can be obtained, and the unnormalized
autocorrelation function of their energies is calculated
as

Cr(t) = (85 (t) 5 (0)) (10)
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where &g, (t) is the fluctuation of the energy
separation between electronic states k and /, given by

S (t) = &1 (t) — (ex) (11)

where gi;(t) is the instantaneous energy difference and
(&) is its mean value. The angled brackets in the
autocorrelation function in Eq. 10 represent the
ensemble averaging. The decoherence function, Fy;(t)
is defined in terms of the second order cumulant
approximation® of the autocorrelation function

1ot gt "
Fa(t) = Exp |- 7 dt’ [, dt" Cu(t)]  (12)

For practical calculations, it is numerically convenient to
rewrite this expression, by changing the order of
integration of the double integral, so that integration of
the correlation function (Eq. 12) is simpler

Fia(t) = Exp [— 5 [T dt"(t = t)Cu ()] (13)

where the autocorrelation function Cy;(t"") can be
evaluated in terms of t”. The decoherence time 7y is
obtained by fitting the decoherence function Fj;(t) to a
Gaussian function.”*® The decoherence is then taken
into account within the FSSH simulation in terms of the
wave function expansion coefficients (see Eq. 7) via the
modified non-linear decay of mixing (NLDM)>**? scheme
proposed by Granucci and Persico.”® The decoherence
correction is applied to the expansion coefficients (Eqg.
7). We show a mathematical relationship between the
original®® and the modified versions of the NLDM
method by Granucci and Persico™ in Appendix. The
NLDM-corrected coefficients, ¢;, and ¢/, are

2
C,’€=ck*Exp[—%(§l) ],Vkil (14)

2.1/2

1-Y cr
e =[] 2

where Ty; is the decoherence time. ¢, and c; are the
uncorrected expansion coefficients. The index |/
represents the single-particle electronic state the
excited electron occupies at a specific instance of time
while index k represents all the other states. We adopt

here the Gaussian form for the decoherence function
which characterizes the decay of the off-diagonal
elements in the density matrix (rather than the
exponential decay as often used), following the work by
Prezhdo and Rossky.** For completeness, we show the
comparison of using Gaussian and exponential function
forms for the decoherence function in the Supporting
Information, but no significant qualitative differences
are found in the relaxation trend of the excited electron.

Computational Details - Two fluorinated silicon
guantum dots (QDs) of different sizes were considered
in this work: SiyoF120 and SiggFae, with diameters
approximately 2.2 nm and 1.5 nm, respectively as
shown in Figure 1. The simulations were performed
using a cubic cell of length 55 a.u. (2.91 nm) for the
SiyoF120 QD, and 45 a.u. (2.38 nm) for the SigsF4 QD.
First-principles molecular dynamics (FPMD) simulations
were performed using a modified QBox>* code for the
NAC calculation, with a time step of 0.484 fs at 295 K for
the total simulation time of 1 ps and 1.6 ps for the large
and smalls QDs, respectively. The generalized gradient
approximation parameterized by Perdew, Burke, and
Ernzerhof (PBE)>® was used for the exchange-correlation
functional. The Kohn-Sham (KS) wave functions were
represented in plane wave basis using norm-conserving
pseudopotentials®® with the kinetic energy cutoff of 50
Ry. The electronic states within the energy range of ~3.5
eV above the conduction band minimum (CBM) were
included in the simulation, which approximately
corresponds to 80 states for the SigsFso QD and 240
states for the SiyyoF120 QD. Numerical calculations of
NACs were done as described in our previous work®
using the prescription by Hammes-Schiffer and Tully.>’
1000 trajectories of 0.5 ps and 1.1 ps in length were
generated from the FPMD simulation with different
starting points for the SiyoFi0 QD and SiggFso QD,
respectively. For achieving convergence of the Monte
Carlo sampling of the hopping probabilities in FSSH
simulation, 500 runs were performed for each
trajectory. Individual FSSH run begins by having the hot
electron occupy a specific single-particle electronic
state of interest. A second-order finite difference
scheme was used for the time propagation with 1
attosecond time step in the FSSH runs, and both
energies and NACs are interpolated between the
steps.ss Unlike for the small SigsF4 QD,% trivial crossings
are not negligible for the large Siy»oF10 QD. Trivial
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crossings of KS electronic state energies were identified
by setting pre-defined NAC and energy thresholds, and
they were corrected for as described in Appendix.

Results and Discussion

Having observed interesting hot electron
relaxation behavior for the small fluorinated silicon QD
(SigsF40, ~1.5 nm) in our previous work,”® we start by
discussing the extent to which this behavior persists in a
larger silicon QD (SiyooF120, ~2.2 nm), which is more
accessible experimentally. For example, synthesis of
silicon QDs shows a peak at ~2.1 nm in the distribution
of silicon QD sizes.?! For consistency, we first discuss the
simulations without including the decoherence effect.
Figure 2(a-c) shows the probability of locating the hot
electron at specific energies as a function of time for an
ensemble of the small silicon QDs, with the initial
energies of 1, 2, and 3 eV above the conduction band
minimum (CBM) state. A phonon-modulated break in
the otherwise continuous/monotonic  relaxation
behavior is observed, elongating the relaxation time as
discussed in our previous work.”® In the case of the
small QD, some electronic states retain significant hot
electron probability for an extended time in the
relaxation process. These electronic states have large
energy separations to their energetically closest
electronic states, but they “shuttle” the hot electron by
alternating between the adjacent states. As a result, the
frequency of this shuttling can largely influence the hot
electron relaxation time scale. In the case of the large
QD, however, such hot electron retention by particular
electronic states is not observed. Figure 2(d-f) shows
the probability of finding the hot electron at specific
energies as a function of time for an ensemble of the
large silicon QDs. In addition to having a rather
continuous density of states (DOS), as shown in Figure 3,
the large QD has a reduced surface area to volume ratio
compared to the small QD, and thus the effect of
fluorine passivation, which is the chemical/atomistic
reason for the hot electron retention as discussed in our
previous work,”® is lessened. For the larger QD,
approximately 90% of the hot electrons have already
relaxed to the states within one kgT (0.025 eV) above
the CBM in 0.5 ps. The relaxation behavior can be
guantified by taking the ensemble-averaged energy of
the hot electron over time

(E)) = Xi&(O)p:(t) (16)
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where the energy of each electronic state g (t) is
weighed by its hot electron probability p;(t).?® As seen
in Figure 4, the hot electron relaxation is faster for the
large QD. At the same time, the energy decay for both
small and large QDs does not follow a simple
exponential function, as expected, since the hot
electron relaxes through a large number of different
sequences of electronic states. The energy decay of the
hot electron is better characterized by fitting to a
generalized exponential function of the form

9(®) = £ Exp [ ()] (17)

where (E(0)) is the initial energy of the hot electron.
The parameters are the relaxation time T and exponent
B. The results are summarized in Table 1. The exponent
P phenomenologically describes the trend of energy
decay, and the f obtained for both QDs show a
relaxation trend that is in between a Gaussian and an
exponential. Notably, the energy decay curve does not
obey the conventional stretched exponential with f <
1,°°%° put rather the compressed exponential decay
with 1 < B < 2.°*® Overall, the relaxation process is
roughly 1.6 to 2 times faster in the large QD than in the
small QD. This faster relaxation can be attributed to
several factors including the absence of the unique
“shuttling” mechanism in the large QD as discussed
above and also to the closely-spaced energy levels.
Since there are no surface-sensitive electronic states for
retaining the hot electron for an extended time,” the
relaxation time is certainly expected to be faster for the
large QD. Additionally, given that the DOS of the large
QD is much denser and the energies are more closely
spaced as shown in the atom-projected DOS of the
conduction band (i.e. unoccupied) electronic states
(Figure 3), “mixing” of the states, as reflected in the off-
diagonal elements of the density matrix, is more
significant. Furthermore, the smaller energy separations
between (energetically) adjacent electronic states also
lead to larger NAC magnitudes,”® as shown in Figure 5,
facilitating transitions between the states for the large
QD case. Yet the relaxation time for the large QD (260-
280 fs) is still noticeably slower than the silicon surface
case of around 150-170 fs.?®

Role of Decoherence
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We now discuss the role of decoherence by
performing the FSSH simulations for the same systems
while incorporating the modified NLDM correction for
decoherence as discussed in Theoretical Methods and
Computational Details section. As seen in Figure 6, the
relaxation is slowed down noticeably with the
decoherence correction. Decoherence influences the
hot electron relaxation more significantly for the cases
with higher initial excited electron energies while it is
not so important for the case with the initial energy of
~1 eV above the CBM. Significant hot electron
probability remains for the states well above the CBM
even at the end of the simulation time (0.5 ps for the
large QD and 1.1 ps for the small QD). Such slowing
down of the excited energy relaxation due to
decoherence was previously observed in a first-
principles simulation study on cadmium selenide
quantum dots by Prezhdo and co-workers,™* and the
guantum Zeno effect was proposed to be partly
responsible for the experimentally-observed “phonon-
bottleneck” behavior. By investigating silicon QDs of
different sizes and with different initial energies of hot
electron, we also show that decoherence indeed slows
down the hot electron relaxation but the relaxation
time does not change by an order of magnitude like in
electron-hole recombination.®® The overall energy
decay of the hot electron is compared with and without
the decoherence correction, as shown in Table 2 and
Figure 7, by fitting the energy decay to Eq. 17. The
effect of decoherence on the relaxation time becomes
more significant when the hot electron initially resides
at a higher energy above the CBM. In addition, the
exponent values 8 become smaller when decoherence
is taken into account, trending toward an exponential
decay in character. Even with the decoherence effect,
the hot electron relaxation is still slower for the small
QD than for the large QD due to the shuttling
mechanism discussed above.”

Conclusion

In our previous work on small silicon quantum dots
(~1.5 nm diameter),”® we found that surface passivation
with fluorine atoms result in a significant slowdown of
hot electron relaxation because there exist particular
electronic states that retain the hot electron for an
extended time, and the relaxation timescale is largely
influenced by shuttling of the hot electron between
energetically-adjacent states by such unique electronic

states. Surface-specific vibronic coupling was found to
be responsible for this rather distinctive behavior. In the
present work, we studied how the quantum dot size
changes this observation, and we also considered the
effect of decoherence. With the larger size of ~2.2 nm
silicon quantum dot, the distinct slowdown of the hot
electron relaxation is no longer observed and the
relaxation time constant is nearly 50% shorter than the
smaller ~1.5 nm quantum dot. At the same time, our
study shows that decoherence effect can significantly
slow down the hot electron relaxation by a factor of
two or more. There have been conflicting reports on the
experimental observation of significant slowdown of
energy/charge relaxation behavior known as “phonon
bottleneck”,”*® and several different mechanisms have
been proposed to explain the phenomenon. Our study
revealed the quantum Zeno effect as proposed earlier
by Prezhdo and co-workers'* in addition to the surface-
induced vibronic coupling effect for small quantum dots
as we discussed earlier.® Our current and earlier
studies together indicate that these effects can be quite
sensitive to atomistic features and also to the excitation
energy range considered. Having demonstrated how
sensitive the hot electron relaxation can be to atomistic
details, effect of mechanical strains on the quantum
dots could be an interesting avenue for further
investigation in a future work since such structural
deformation are often unavoidable in experiments.
These rather fundamental inquiries into the

origins of the experimentally-observed phonon
bottleneck phenomenon could possibly benefit

. 15-16
development of conceptual hot carrier solar cells. In

such technological context, fast transfer of hot carriers
out of/from photon-absorbing area/material s
necessary before the hot carriers lose their energy to
the lattice/ion movement in the hot carrier relaxation.
While significant slowdown of hot carrier relaxation due
to the quantum Zeno effect has been reported for some
materials like CdSe quantum dot,** continuous efforts
are also necessary for developing a molecular-level
understanding of how hot carriers can be transferred
out from photo-active area/materials.

Author Information
Corresponding Author
*E-mail: ykanai@unc.edu

ACS Paragon Plus Environment

Page 6 of 19



Page 7 of 19

oNOYTULT D WN =

Present Address

TDepartment of Mechanical and Aerospace Engineering,
Princeton University, Princeton, New Jersey 08544,
United States.

Notes
The authors declare no competing financial interest.

Acknowledgement

This material is based upon work solely supported as
part of the Alliance for Molecular PhotoElectrode
Design for Solar Fuels (AMPED), an Energy Frontier
Research Center (EFRC) funded by the U.S. Department
of Energy, Office of Science, Office of Basic Energy
Sciences under Award Number DE-SC0001011. We
thank the National Energy Research Scientific
Computing Center, which is supported by the U.S.
Department of Energy, Office of Science, under Contract
No. DE AC02-05CH11231 for computational resources.

APPENDIX:

Identification of Trivial Crossings

The issue of encountering trivial crossings remains a
practical challenge in performing surface hopping simulations
even though some remedies have been proposed in recent
years.64_67 Having a finite time-step in numerical simulations
makes it complicated to determine whether a crossing of two
energy surfaces represents trivial crossing or avoided crossing
without adapting certain numerical/physical criteria. Unlike
heterogeneous semiconductor-molecule interfaces we have
studied previously,28 for homogeneous systems like QDs, it is
difficult to characterize crossings from spatial localization
(and/or bonding type) of electronic states before and after
the crossing by visually inspecting and/or by projecting them
onto atomic orbitals. Instead, trivial crossings are identified
numerically in this work by adapting the criteria of having
NAC magnitude greater than 0.4 a.u. and the energy
difference of smaller than 10 meV between two energetically
adjacent electronic states. Once trivial crossings are identified,
a permutation matrix at each time step P(t,) is generated to
track changes in the state indices due to the trivial crossings.
If there are no index swaps, then P(t,) is a diagonal matrix.
However, the permutation matrix P(t,) generated based on
index swaps between subsequent time steps does not
contain any history of the swaps done at previous time steps.
In order to include the history on index swaps performed at
previous time steps, an updated permutation matrix P'(t,) is
generated as follow

The Journal of Physical Chemistry

P'(t,)
= P(tg)P(ty) ... P(tn_1)P(t)PT (tn—1) ... PT(t1)PT (to)

(18)

where the superscript T indicates a matrix transpose. The KS
eigenvalues &,(t,) and non-adiabatic coupling matrices
Dy, (t,) are then corrected for the index swaps that stem
from the trivial crossings. This can be done by operating with
P'(t,,) to change the order of the subscript state indices

gn(k)(tn) = P'(ty)er(tn)

Doyey(tn) = P' () D (£) (P'(8))"
(19)

where  in the subscript represents the permutation on the
state indices.

Relation between the original Non-Linear Decay of Mixing
approach and the modified scheme by Granucci and Persico

The original non-linear decay of mixing (NLDM) by
Zhu et al>® was formulated in the density matrix
representation, and Granucci and Persico proposed a
modified version of NLDM based on the wavefunction
coefﬁcients,53 which is computationally more convenient. We
detail here the relationship between the two NLDM
approaches.

It is instructive to express the time derivative of the density

. . Complete
matrix element p;; P

as a sum of the coherent term from
the Liouville-von Neumann equation pLC] and the decoherent
term /')5-

. Complete

Pij = plC] + 103 (20)
In the modified NLDM (m-NLDM) scheme,53 the decoherence-
corrected expansion coefficients, ¢, and ¢, are obtained at

each time step as the wavefunction expansion coefficients
are propagated

c,'€=ck-Exp(—T%),Vk¢l (212)
1/2
, 1-Y cr
L= Cl[ |kc7|12| : (22)

where [ designates a particular state the system (i.e. hot
electron) occupies in the surface hopping simulation. The
corresponding density matrix elements p{j obtained in terms
of the corrected expansion coefficients are therefore
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pi; = ci(c))" (23)

Assuming the decoherent term is small with respect to the
coherent term in Eq. 20, the corrected density matrix p{j can
be written using a first-order Taylor expansion

piy=p) +pi At (24)

where the zeroth-order term, pl.(] and first-order term, p(l)

represent the coherent and decoherent terms, respectively.
Then, Eq. 20 is

.Complete __ d

ij T (23]

In the density matrix representation (i.e.py;’ = cp(cy)™),
the m-NLDM correction for the diagonal matrix elements is

24t
Pkk = Pri " EXp (‘ 7) Vk # 1

24t
Tkt
(26)

The original NLDM formulation is obtained by truncating the
series to the first order in Eq. 26 so that we have

. )
pllc)k = Prk

2
—— Prio Vk # 1
Tkt

(27)
For the diagonal matrix element with k = [, we have
- Zk# pllck
pu=pu|l———
=1- Z Pk
k=l
24t
=1- Z (pkk - _E_pkk>
k=l el
24t
=pu+ Z _Pkk
k=l
(28)
Thus, for the decoherent term, we have
(€]
PR = py
Z 2
= — Pk
ezl KL
(29)
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For the off-diagonal matrix elements, the m-NLDM scheme

yields
At At ,
Pri’ = Pri’ " EXp (————) Vi k' #1
Tt Tr't
(1 At At)
= p !
ok Tt Tkt
(30)
Then, for the decoherent term, we have
-D (€]
Pik' = P!
(1 + ! ) Vi, k' #1
= _— p ’,
Tkt T/t ke
(31)

For the off-diagonal matrix elements involving the [ state, we

have

Pri = Prt * Exp <—_
Tkt

(1-2)
= p —_——
kl T

(1-2)
= p —_——
kl T

|
= Pr (1 —_>

Tkt

At) [1 = Y= Py

1/2
] ,Vk #1

Pu
24t 1/2
1=Ykre P + Zk’ilmpk'k'
Pu
[ 24t 1/2
put+ Zk’il-ck_,lpk'k'
Pu
24t Yz
14228 pk’k’]
T/
Pu = W
(32)

By expanding up to the first order in the binomial series, the
square-root term in the above equation can be simplified and

we have

A Aty Pk
Pla = Pri (1 tkz) [1 plleil - (33)
and then, for the decoherent term, we have
®
P = Pri
1 1 1
=|-—4+— pkk pkl,Vkil
Tkt Pu e= Ty
k'l
(34)
Similarly, we have
. D N 1
P = [ - pHZk#l ]Pk k' #1 (35)
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The equations (Egs. 27, 29, 31, 34, 35) constitute the original
NLDM scheme.” The % factor difference to the equations
given in the original NLDM work by Zhu et al** results from %
factor difference how the decoherence time is used in the
modified NLDM scheme by Granucci and Persico.”
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Tables

Table 1. Fit Parameter Values of Hot Electron Relaxation Time  and Exponent f for Different Hot
Electron Initial Energies of SiggF40 and SiyyoF 120 (Figure 4) from Eq. 17.

The Journal of Physical Chemistry

SigsFa0

SizoF120

initial Energy (eV)

1.0
2.0
3.0

1.403
1.276
1.690

T (fs)
444.3
472.4
528.9

1.441
1.452
1.793

T (fs)
268.5
277.2
263.2

Table 2: Fit Parameter Values of Hot Electron Relaxation Time t and Exponent § with the Decoherence
Correction using the Modified NLDM (Eq. 14-15) for Different Hot Electron Initial Energies of SiggF40 and

SiyoF120 (Figure 7) from Eq. 17.

SigsFa0

SizoF120

initial Energy (eV)

1.0
2.0
3.0

1.368
1.008
1.026

T (fs)

493.1
704.2
1136.3

1.348
1.020
0.975

T (fs)
290.4
442.3
623.2
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Figure 1: Quantum dot structures of (a) SiggFs0 and (b) SixoF120. The diameters of SiyygF150 and SigeF4o are

approximately 1.5 nm and 2.2 nm, respectively.
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Figure 2: Probability of hot electron over the conduction band electronic states of SigsF4o (a,b,c) and
SixoF120 (d,e,f) with initial hot electron energies of 1 eV (a,d), 2 eV (b,e), and 3 eV (c,f). The y-axis
represents the time-averaged energies, and the x-axis represents the time in the unit of femtosecond.
Note that the maximum simulation time shown are different between the small SigeF4 (a,b,c) and the
large SiyoFi20 (d,e,f), which are 1.1 ps and 0.5 ps respectively. In both cases, more than 90% of the
probability has relaxed to within the 1 kgT energy range above conduction band minimum (CBM) by the

end of the simulations.
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27 Figure 3: Atom-projected density of states (DOS) of the conduction band electronic states for (a) SigsFao
28 and (b) SiyyoF10 with the CBM set at 0 eV. The red and blue colors represent the respective contributions
29 from F and Si atoms in the projected DOS.
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Figure 4: Ensemble-averaged energy decay of the hot electron over time for Si,gF150 and SiggF4o from the
initial energies of 1 eV (a), 2 eV (b), and 3 eV (c) above the CBM.
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Figure 5: Time-averaged non-adiabatic coupling (NAC) magnitudes for (a) SigsFs0 and (b) SixoFi20
guantum dots for the conduction band electronics states. State index 1 corresponds to the CBM state,
and the electronic states are ordered in terms of the time-averaged energies within the range of ~3.5 eV
above CBM.
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Figure 6: Probability of hot electron over the conduction band electronic states of SiggF4o (a,b,c) and
SioF120 (d,e,f), for the decoherence-corrected case using the modifed NLDM method (Eq. 14—15),53 from
1 eV (a,d), 2 eV (b,e), and 3 eV (c,f). Similar to Figure 2, the maximum simulation time for SigsF4o (a,b,c)

and SiyoF120 (d,e,f) are different, which are 1.1 ps and 0.5 ps, respectively.
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Figure 7: Ensemble-averaged energy decay of the hot electron over time for SigsF40 (a,b,c) and SiyyoF120
(d,e,f), with and without the modified NLDM decoherence correction (Eq. 14-15), from the initial
energies of 1 eV (a,d), 2 eV (b,e), and 3 eV (c,f).
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