Published on 30 September 2024. Downloaded by UNIVERSITY OF ALABAMA AT BIRMINGHAM on 10/14/2024 4:58:15 PM.

PCCP

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/d4cp02754;j

Received 11th July 2024,
Accepted 26th September 2024

DOI: 10.1039/d4cp02754;j

rsc.li/pccp

1. Introduction

Hollow titanium nitride nanoshells for enhanced
plasmon-driven hot electron generation and
improved photocatalytic and

photovoltaic applications

Samar Moustafa,**> Mohamed K. Zayed,” K. O. Daffallah,”” Nagih M. Shaalan, {2
Mohamed Rashad®" and Hesham Fares (2 2°

Nowadays, plasmonic titanium nitride (TiN) is widely employed as a potential alternative to noble metals in
semiconductor—metal hybrid nanoparticles (S—M HNPs) for improving the utilization efficiency of solar energy
in photocatalytic and photovoltaic systems. In semiconductor—TiN nanosystems, TiN NPs convert solar energy
into highly energetic (hot) electrons that can be transmitted to the attached semiconductor for enhanced
applications. In this paper, we propose TiN nanoshells with a nonabsorbing dielectric core as an improved
energy conversion component in S—M HNPs, compared to homogenous TiN nanospheres, with higher geo-
metrical optimization flexibility, wider absorption range tuneability, and effective hot electron generation and
utilization due to the reduced plasmonic-shell size. For understanding the impact of the core material on the
functionality of the nanoshells, we assume three core materials with different refractive indices (air, silica (SiO,),
and magnesium oxide (MgQ)). The exact Mie theory is utilized to calculate the absorption coefficient and the
plasmon field of the proposed TiN nanoshells. To quantify the absorbance effectiveness on the solar spectrum,
we calculate a relevant figure of merit (FOM) that depends on the spectral features of the absorption
coefficient. By optimizing the geometrical parameters of nanoshells, it is found that hollow TiN nanoshells with
the lowest core refractive index exhibit the highest FOM of solar energy absorption. Also, the plasmon field
intensity of hollow TiN nanoshells is higher and more concentrated in a smaller volume of TiN material in
comparison to the field intensity of other nanoshells (SiO,—TiN and MgO-TiN nanoshells) and TiN nano-
spheres. Factors affecting the utilization of the generated hot electrons, including the radiative damping of
plasmons and the spreading of the plasmon field inside the nanoparticles, have been investigated. In view of
the temporal dynamics of hot electrons, it is shown that using the hollow TiN nanoshells with thin shells
greatly enhances the effectiveness of the generated hot electrons to reach the attached semiconductor. In
fact, the reduced plasmonic-shell thickness results in a trade-off between a longer radiative relaxation time
and less solar energy absorption with regard to the selected core material.

fields of research in photocatalysis and solar energy conversion.
However, the enhancement of photochemical reactions through

Localized surface plasmon resonance (LSPR), a collective oscil-
lation of electrons at the surface of plasmonic nanoparticles
(NPs) excited by in-phase incident light, is one of the hottest
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photogenerated electrons and holes in semiconductor catalysts
by sunlight absorption exhibits a very low efficiency of solar-
chemical energy conversion (5-10%)." Thanks to its excellent
stability, low cost, and environmental friendliness, TiO, is the
most traditional semiconductor photocatalyst.>® The relatively
wide bandgap of TiO, (~3.2 eV for anatase TiO,*) imposes a
significant limitation on its photocatalytic activity where it can
only be triggered by UV light with photon energies in the range
of 3-124 eV (100-400 nm). In the so-called semiconductor-metal
hybrid nanoparticles (S-M HNPs),> noble metal NPs are attached
to the surface of a semiconductor, commonly TiO,, allowing
harvesting of solar radiation in the visible and near-infrared
(NIR) ranges. The use of S-M HNPs improves the efficiency of
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the photocatalytic and photovoltaic processes through two
mechanisms. The first mechanism is ascribed to the inhibition
of the electron-hole recombination by the Schottky barrier
formed at the metal-semiconductor interface.® The second is
the production of highly energetic (hot) electrons and holes due
to the nonradiative decay of surface plasmons. These hot elec-
trons transfer from the plasmonic metal (co-catalyst) to the low-
energy conduction band of the semiconductor (catalyst), leading
to charge separation.” The use of plasmon assisted hot electron
generation in S-M HNPs, particularly the Au/TiO, system, has
been demonstrated as a viable technique to improve the solar
cells’ efficiency and hydrogen production rate in the photoelec-
trochemical water splitting process.®’

In S-M HNPs, noble metal co-catalysts present a number of
obstacles to their use in photothermal energy conversion
applications, including their inadequate narrow-band absorp-
tion of solar radiation, high conversion to thermal energy,
thermal instability, complementary metal-oxide-semiconduc-
tor (CMOS) incompatibility, and high cost. Aluminum nano-
crystals have been proposed as possible plasmonic
photocatalysts that can generate hot electrons effectively and
affordably.'®'" The high reactivity with air and water and poor
thermal stability at high local temperatures are the main
obstacles that hinder the practical implementation of Al NPs
in large-scale plasmonic-assisted photocatalytic applications.
Transition metal nitrides (TMNs) have recently emerged as
excellent alternative plasmonic materials for transforming solar
energy into energetic electrons that can be stored in chemical
bonds for use in photocatalytic reactions or to improve the
performance of photovoltaic cells. Of all the TMN materials,
TiN is especially favored due to its broadband high absorption
cross-section across the solar spectrum.'” TiN outperforms
noble metals in terms of cost, compatibility with CMOS tech-
nology, mechanical strength and durability, and chemical and
thermal stability (i.e., a melting point of ~2930 °C). However,
the high tendency of TiN NPs to convert solar radiation to heat
is a serious drawback that reduces the efficiency of solar energy
conversion to charge carriers.'® By attaching TiN NPs to most
semiconductor metal oxides (SMOs) (e.g., TiO,), a Schottky
barrier with a very small height (almost an ohmic junction) is
formed at the TiN-SMO interface. For instance, the Schottky
barrier at the TiN/TiO, interface is only about 0.1 eV.'* This
energy band alignment in the TiN-SMO system allows for high
photocurrent due to both cold and hot electron excitation. In
experiments," the TiN/TiO, hybrid structure has been shown
to yield a 25% higher photocurrent than the Au/TiO, hybrid
structure. In addition, the potential use of TiN NPs as a cost-
effective alternative to Au and Ag NPs in plasmon-driven
chemical activities has been previously confirmed via photo-
reduction of platinum ions under visible-NIR illumination.*® In
a previous study,’” TiN NPs with controllable size (<10 nm),
narrow size distribution, high throughput, good structural
quality, and composition-tunable plasmonic resonance
(~800 nm to 1000 nm) have been effectively synthesized using
a continuous flow non-thermal plasma process. Other numer-
ous experimental studies have been conducted using different
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synthesis techniques for improving the structural characteris-
tics and plasmon resonance response of TiN NPs, which is an
essential step for their successful utilization in various
plasmonic-based applications.*®*°

The LSPR field is normally decayed due to three crucial loss
channels, radiative decay in the form of spontaneous emission,
and non-radiative decay by interband excitations (hot electrons)
and intraband excitations of single electrons.”>*' The LSPR
wavelength of NPs is influenced by the size, shape, structure,
and material of plasmonic NPs as well as the dielectric function
of the surrounding medium. By controlling these factors, the
LSPR wavelength can be tuned from the UV to the NIR range to
coincide with any desired portion of the solar spectrum. The
spectral characteristics of the absorption coefficient of NPs,
such as the resonance peak strength and its position and
broadening with respect to the solar radiation spectrum, deter-
mine the figure of merit (FoM) that quantifies the efficiency of
solar radiation absorption. Toward achieving efficient solar
energy absorption, the core-shell structure of NPs enables
more flexible control of the optical properties of plasmon
resonance by adjusting the shell thickness and/or core size as
well as their material types.””>> For effective hot electron
production and injection into the adjacent active semiconduc-
tor material, a nanoshell with a thin plasmonic shell can offer a
larger optical field concentration in the shell region. In con-
trast, large-sized plasmonic NPs can generate a plasmon field
spreading over a wider region in which the created hot elec-
trons cannot survive to reach to the attached semiconductor
during their lifetime, and unfavorably increase the fluctuations
in carrier mobility. Additionally, the use of nanoshells lessens
the plasmon radiative damping, which is significant for large-
sized plasmonic materials, giving a greater chance for hot
electron generation and utilization.”®*” Numerous previous
studies investigated plasmon-induced hot carriers in nano-
shells for developing solar-energy harvesting devices.?*>%73°
Utilizing TiN as a shell in nanoshell structures for enhanced
solar energy harvesting and photocatalytic applications is scar-
cely reported. Nevertheless, a previous study®' suggests using
hollow TiN nanoshells to accomplish efficient solar harvesting.
In any of the prior works, no investigation into optimizing the
geometrical parameters of nanoshells to achieve efficient solar
energy absorption has been reported. Furthermore, the effects
of radiative damping and optical field properties on the func-
tionality of optimized nanoshells are disregarded.

In this paper, the Mie theory is applied to calculate the LSPR
absorption spectra and the LSPR field of eccentric spherical TiN
nanoshells, assuming two surrounding media (i.e., air and
water). For TiN nanoshells, we consider three core materials
with different refractive indices and thermal conductivities (i.e.,
air, silica (SiO,), and magnesium oxide (MgO)). To quantify the
solar absorption efficiency of the proposed nanoshells (hollow
TiN, SiO,-TiN and MgO-TiN nanoshells), we compute a FoM of
an integrated absorption cross-section over the major spectral
range of sunlight. It is shown that the LSPR of TiN nanoshells
can be tuned sensitively over the entire UV-visible-IR region by
varying the shell thickness and/or core size. Then, the solar
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absorption FoM can be adjusted by varying the geometrical
parameters of the proposed TiN nanoshells. We compare the
absorption FoM of the proposed TiN nanoshells and that of
other NP composites including TiN, Au, and Ag nanospheres. It
is demonstrated that, at optimal geometrical parameters, all
structures (nanoshells and nanospheres) exhibit the maximum
absorption FoM. The calculation of the LSPR electric field of
TiN nanoshells demonstrates that the plasmon field is higher
and more concentrated in the TiN shell which has a smaller
volume than the TiN volume in TiN nanospheres. When
comparing TiN nanoshells for their ability to absorb solar
energy and their optical field properties, hollow TiN nanoshells
outperform SiO,-TiN and MgO-TiN nanoshells. It follows that
hollow TiN nanoshells are more efficient than TiN nanospheres
and other nanoshells in minimizing the unwanted scattering
losses caused by the variation in the local charge carrier
concentration and the radiative damping effects of LSPRs
linked to the use of a large volume of plasmonic materials.

2. Methods and materials

Fig. 1 shows a schematic representation of a spherical TiN
nanoshell which consists of a lossless dielectric core sur-
rounded by a TiN shell and is embedded in a non-absorbing
medium. Three different core materials (air, SiO,, and MgO) are
employed to examine the impact of the core material on the
optical response of TiN nanoshells. The assumed core materials
are nonabsorbing dielectrics with a relatively small permittivity
and large band gap energy. Consequently, it is possible to negate
the absorption of solar energy in the core as heat dissipation, and
the hot electrons generated in the plasmonic TiN shell efficiently
migrate into the attached semiconductor rather than the core
region. Furthermore, in order to regulate the increase in the
surface temperature of nanoshells, if required, the core materials
are selected so as to have different thermal conductivities (). Our
proposed core materials cover a wide range of thermal conductiv-
ities () ranging from relatively low (i, & 0.026 W m~' K~ ')*

X &  Host medium,

€m

TiN—shell, &,

(2]

Incident plane wave, §,
—

yr

Fig. 1 A plane wave incident upon a concentric spherical TiN nanoshell:
Rc is the core radius, d is the shell thickness, and R is the total particle
radius. ¢, ¢, and ¢, denote the dielectric functions of the core, shell, and
embedding medium, respectively. A plane wave with an intensity So
propagates in the positive z-direction, while Ej is the incident electric
field vector polarized in the x-direction.
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through moderate (ksio, & 1.38 W m™' K )* to high (im0 =
50 W m ' K ).** In Fig. 1, the radius of the core is R, the
thickness of the TiN shell is d, and the total radius of the
nanoshell is R, = R, + d. The dielectric functions of the core, shell,
and host medium are denoted by ¢, ¢, and ¢y, respectively. In
Fig. 1, the incident plane wave propagates in the positive
z-direction where its electric vector E, is linearly polarized in the
x-direction. In the spherical coordinate system whose origin is at
the center of the particle, the unit vectors are in the directions of r,
0, and ¢. The plasmon fields parallel and perpendicular to the
polarization direction of the incident field are computed by
assuming 6 = /2 and 60 = 0, respectively. In this work, we consider
two host media for NP structures, air and water, representing
common media in plasmon-enhanced solar energy conversion
systems, such as thin-film solar cells for which the plasmonic NPs
deposited at their top surface,*® aqueous-based solar cells,*® and
photocatalytic water splitting.*” The synthesis feasibility of the
semiconductor core-TiN shell containing TiN hollow spheres has
been reported in various previous studies.**™*°

The primary indicator of the optical response of plasmonic
NPs is the non-dimensional absorption (scattering) efficiency
Qabs(Qsca) that represents the ratio of the absorbed (scattered)
power P.p¢(Psca) to the incident power P,. In this study, we
employ the Mie theory-based approach of Aden and Kerker*'"*?
to investigate the optical response of spherical nanoshells. In a
previous study,*” the authors developed an analytical solution to
Maxwell’s equations that describe the scattering and absorption
of light by spherical nanoshells. The theoretical approach®! is
based on the Mie theory"® of light scattering by concentric
isotropic spheres. The radiation field in the core, shell, and
medium regions are calculated using Mie-like coefficients that
are denoted by a, and b,, where the scattering and extinction
coefficients are given by:*"**

0= (7) Lt D[Re(laf )]

n=1

0= (2) L n+ DReta 6. @

n=1

where o = 27(R,/2) is a size parameter and 4 is the wavelength of
light. Using eqn (1) and (2), one can obtain the absorption
coefficient Qups = Qext — Qsca- The expressions of electric field
in each region of nanoshells are given in terms of the coefficients
a, and b,.** Using the algorithms of Toon and Ackerman,** we
developed a code in MATHCAD software to calculate the absorp-
tion coefficient of spherical nanoshells and the electric field in
each of their respective regions (core, shell, and medium). The
formulations of the parameters a, and b, shown in eqn (1) and
(2), which include the Riccati-Bessel functions and their deriva-
tives, have been reformed.** Our code demonstrates that the
algorithms of Toon and Ackerman are numerically accurate and
stable for all refractive indices, large and small particles, and
cores of any relative size.

In order to estimate the viability of NP structures for
solar energy conversion, we define an integrated absorption
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cross-section FoM, IQ,ps, in the form of*®

2000nm

IQups = J Qubs(/l)E()‘)d’lv (3)

300nm

where E(1) is the sun’s spectral irradiance in W m~> nm™". It is
worth noting that the FoM of solar energy absorption 1Q,ps
provides a reliable indication regarding solar energy harvesting
with little information about the extraction and transport
efficiency of the generated free charge carriers (e.g., hot elec-
trons), where the other factors play a significant role in that
process. As the volume of the plasmonic material increases,
various adverse effects that limit the effectiveness of the gen-
erated hot electrons are increased and thus the number of
electrons reaching the attached semiconductor surface could
be significantly decreased. These drawbacks are attributed to
three main factors: the first is the heat caused by the non-
radiative relaxation of surface plasmon modes. This generated
heat can distort the shape, local field, and optical response of
the NPs, thus affecting the generated hot electron density and
dynamics. The second is the increase in the electron-electron
scattering losses linked to localized variations in the mobility of
the charge carriers. The spatial variation of the carrier mobility
is due to the fluctuation in the concentration of hot electrons
produced by surface plasmon decay at various positions within
the NPs. The third is the radiative damping effects associated
with spontaneously emitted photons by the oscillating electrons.
Since hot electron generation is mainly related to nonradiative
LSPR decay, a decrease in hot electron generation and utilization
is anticipated for systems with large radiative damping rates.
The radiative damping rate is proportional to the number of free
electrons in the particle and then to the particle’s size. For
instance, the radiative damping begins to suppress the LSPR
of Au and Ag nanospheres when the nanosphere radius approxi-
mately exceeds 15 nm and 25 nm, respectively.’® The interplay
between all of the aforementioned factors can be advantageously
mitigated by employing the nanoshell structure, in which the
plasmon mode field is concentrated in the thin shell region and
the highest electron generation occurs near the shell surface.
Furthermore, compared to a solid nanosphere, the maximum
solar absorption in the nanoshell structure can be achieved at a
lower plasmonic material volume. Consequently, the radiative
damping deterioration becomes less significant giving a higher
chance for hot electron utilization.

The absorbed light eventually dissipated as heat due to the
nonradiative relaxation of the LSPR which is characterized by the
electron-phonon scattering time te_pp (Te-pn & 19.5 ps and 3 ps
for TiN and Au, respectively).”” The electron-phonon relaxation
time is independent of particle size and shape.*® When the light
absorption is significantly enhanced, the elevated temperature of
NPs possibly heats the materials surrounding them, hastening
the deterioration of the device functionality. Therefore, in this
study, we will examine the effect of temperature increase on the
production, transportation, and hence utilization of hot elec-
trons in the nanostructure.

As the steady-state temperature distribution 7(r) inside and
outside the NPs (or nanoshell) is reached under continuous-
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wave illumination, the temperature increase of NPs with dif-
ferent shapes is given by*’

_ Gabs]
- b
4T med ﬁReq

(4)

In eqn (4), Gabs = QansAp is the absorption cross-section where
A, = RS’ is the particle cross-sectional area projected onto a
plane perpendicular to the incident light and I is the irradiance
of the illuminating light (power per unit surface).’® f is a
dimensionless geometrical correction factor where f# = 1 for
spherical NPs (i.e., nanoshells or homogeneous spherical NPs).
Rq is the radius of a solid spherical particle having an equiva-
lent volume of the plasmonic region in the NP structure under
consideration. For nanoshells, considering that the heating is
primarily delivered from the shell region to the core and
surrounding medium, it can be assumed that R.q = (RS —
R>)". For homogeneous spherical NPs, R.q = R.. In the case of
nanoshells, the core region is considered as another contact
medium for heat diffusion, in addition to the host medium of
nanoshells. kp,eq is the thermal conductivity of the surrounding
medium of the NPs. When the plasmonic region (TiN shell in
the nanoshell structure) is located close to the interface of two
media with different thermal conductivities, kyeq is considered
as the average thermal conductivity of the two media.”" For
nanoshells, kye.q shown in eqn (4) is the average thermal
conductivity of the core and embedding media, while in the
homogenous spherical particles xmeq is the conductivity of the
embedding medium.’"

Involving the correction of the electron scattering at a
material surface, the dielectric function of the core (or shell)
can be calculated using the Lorentz-Drude theory by>>

2 2
L S
Pl +.ij0 ? +jwrmod/

(5)

€(refr, ) = €(w)

where ¢(w),,, is the experimental bulk dielectric function, wy is

exp
the plasma frequency, and I'yq is the corrected bulk colli-
sional frequency that includes size-dependent electron scatter-

ings, given by
e (6)
Teff

where Iy is the bulk collisional frequency, r.¢ is the mean free
path of free electrons (i.e., 7fr = 2R, for spherical plasmonic NPs
and r¢ = d for spherical nanoshells with a plasmonic shell of
thickness d), v¢ is the Fermi velocity, and A is a theory-
dependent parameter and depends on the characteristics of
the scattering process (e.g. isotropic or diffuse scattering) as
well. In this study, the parameter A is assumed to have a value
of 1.>> In eqn (5), the experimental bulk complex dielectric
function of TiN is obtained from the experimental data
reported by Edlou et al.,>® and those of Au and Ag are obtained
from the experimental data of Johnson and Christy.>* It is
worth pointing out that the experimental data of the real and
imaginary parts of TiN permittivity published in a previous
study®® exhibit approximately the average of various experi-
mental data reported by several groups worldwide.>® For the
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electron concentration n. of TiN in the range of (1.6-6.6) X
10> em ™, the effective mass of an electron m} is correspond-
ingly in the range of (1.7-3.1)m..>® By considering this range
of m and n. for estimating the Fermi velocity v =

(h/m}) (3n211e)l/3, one finds that the damping rate due to the
surface scattering (Avg/resr) becomes comparable to the bulk
electron scattering I'y ~ 0.2-0.6 eV°” when reg < 1 nm which is
smaller than the assumed TiN shell (or core) sizes in this study.
Therefore, the damping rate of electron-surface collisions for TiN,
which is represented by the second term on the right-hand side of
eqn (6), can be neglected (ie., €(rer, ) = €(w),, in eqn (5) for
TiN). In contrast, the surface damping plays a major role in the case
of Au and Ag plasmonic particles where I'; & 0.053 eV and
0.048 eV,”® and 1r ~ 1.4 x 10° ecm s ! and 1.39 x 10% cm s~ for
Au and Ag,>® respectively. In our calculations, the values of the
plasma frequency are assumed to be as reported in a previous
study,”® where hio, ~ 9.03 eV and 9.01 eV for Au and Ag, respectively.

In this study, the dielectric functions of core materials are
computed using the expressions:

0696166372 0.4079426/> 089747947
J2-(0.0684043)2 " 72— (0.1162414)2 " 72— (9.896161)'

)

0.02195770

=1+

€. =2.956362—0.01062387,> —0.0000204968.1* +
(8)

for Si0,°° and MgO,°" respectively. 1 in eqn (7) and (8) is in um.

3. Results and discussion

3.1. Geometrical optimization

First, we spot on the geometrical optimization of the TiN
nanoshell for achieving maximum solar absorption. The com-
monly reported dielectric SiO, core is initially used as a core
material for exploring the common absorption characteristics
of the optimized TiN nanoshells. Next, other selected core
materials, air and MgO, are employed to explore the influence
of the core material on the plasmonic and thermal properties of
the TiN nanoshell. Based on the observed results and taking
into account the temporal dynamics of photoexcited electrons
in TiN, we present detailed discussions on the superiority of
employing TiN nanoshells over TiN homogenous spheres in
hot-carrier devices.

For SiO,-TiN core-shell NPs, Fig. 2a and b illustrates the
variation of the FoM for solar energy absorption (IQ,ps) with the
normalized shell thickness with respect to the core radius d/R.
at different values of R. and in the limit of d < R.. In Fig. 2a and
b, IQ.ps is calculated when the surrounding medium is air
(nm = /ém = 1.0) and water (n, = 1.333), respectively. It is
shown that when R, > 40 nm, 1Q, exhibits a peak at a specific
d/R. ratio based on the embedding medium. When R, < 40 nm,
the peak of IQ,,s does not appear in the assumed range of the
shell thickness (d < R.). The latter behavior will be explained in
detail in Fig. 3 and 4. It is evident from Fig. 2a and b that IQ,p,
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reaches its highest maximum magnitude when R. = 80 nm and
d = 16 nm (d/R. = 0.2) and when R, = 50 nm and d = 20 nm
(d/R. = 0.4) in air and water media, respectively. The increase in
the refractive index of the surrounding medium leads to a red
shift of the LSPR band and an enhancement in the absorption
efficiency associated with a reduction in the scattering
efficiency.®” Therefore, the magnitude of the absorption coeffi-
cient Q,ps(4) obtained in water, and consequently IQups, is
larger than that obtained in air. Fig. 2c and d shows the
variation of the IQ,,s of TiN, Au, and Ag nanospheres with a
radius of R. when immersed in air and in water, respectively. It
is shown that TiN nanospheres exhibit a higher maximum of
IQaps compared to those of Au and Ag nanospheres in air and
water media. In the case of TiN nanospheres, the maximum of
1Q,ps occurs when R, = 80 nm and R. = 60 nm in air and water,
respectively. From Fig. 2c and d, one finds that the maximum of
IQaps of TiN nanospheres is greater than that of Au nano-
spheres by a factor of ~1.48 and ~1.33 in air and water,
respectively. When R. = 80 nm and R. = 50 nm, SiO,-TiN
nanoshells reveal the highest maximum of IQ.,s which is
about ~1.25 and ~1.12 greater than the maximum values of
IQaps for TIN nanospheres in air and water, respectively.
Interestingly, in Fig. 2a and b, it is shown that the highest
maximum of IQ,,s occurs at thinner shell thicknesses
in comparison to those at which the maximum of IQ,s is
found. For instance, in Fig. 2a, when the medium is air,
IQ.ps reaches its highest maximum (~1386) at d = 16 nm
when R, = 80 nm, while its other maximums at other different
values of R. (R. # 80 nm) occur at larger values of d. For the
water medium, Fig. 2b shows a similar trend. In water, IQ.ps
reaches its highest maximum (~2761) at d = 20 nm when
R. =50 nm.

The absorption FoM IQ,ps is obtained by the convolution
integral in eqn (3) which represents the overlap amount of the
absorption coefficient Q,»s and the spectral irradiance of the
sun E. Therefore, the spectral distribution matching between
Qaps and E, in addition to the large magnitude of Qgps, is a
crucial factor to achieve a high IQ,,s and hence high solar
energy harvesting. For SiO,-TiN nanoshells, Fig. 3a and b
shows the spectra of the absorption coefficient Qs calculated
using the Mie theory when R. = 80 nm and R. = 50 nm in air and
water media, respectively, at different shell thicknesses. At
these core radiuses, the highest maximum of 1Q,,s for SiO,—
TiN nanoshells is achieved in air and water, respectively. From
Fig. 3a and b, it is observed that the LSPR peak blueshifts as the
shell thickness d increases, permitting a controllable spectral
overlap between Q,ps and E. The blueshift of the LSPR peak in
Fig. 3a and b reflects the dominant role of increasing TiN
material amount whose LSPR peak tends to locate in the visible
range at approximately 600 nm. In Fig. 3a and b, there are two
peaks in the absorption spectra of thick TiN shells of d = 32 nm
and 25 nm in air and water (red-colored lines), respectively; the
first peak is associated with the dipolar LSPR mode at 1 =~
600 nm, while the second peak corresponds to the quadrupole
mode at 2 &~ 800 nm. With increasing the TiN shell thickness d,
Qaps is increased in magnitude and reaches the maximum at
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Fig. 2 For SiO,—TiN nanoshells, the FoM of solar energy absorption IQ,ps versus the normalized shell thickness with respect to the core radius d/R.. at different
values of R. when the embedding medium is (a) air and (b) water. For TiN, Au, and Ag nanospheres, IQ,ps versus the core radius R in (c) air and (d) water.

d =16 nm and 15 nm in the case of air and water media (green-
colored lines), respectively. As the TiN shell thickness d
increases further, the scattering efficiency surpasses the
absorption efficiency. Concurrently, as the thickness of the
shell increases, the plasmon resonance peak broadens due to
multipolar LSPR modes. As shown in Fig. 3a and b, IQups
reaches its maximum when d = 16 nm and 20 nm in air and
water, respectively. As previously indicated, the maximum of
Qapbs does not always imply the maximum of 1Q,,s for the given
NP structure parameters where the good overlapping between
the spectral distribution of Q,,s and that of the sun’s spectral
irradiance E plays an important role in determining IQ,ps. For
instance, in the case of SiO,-TiN nanoshells embedded in
water, the maximum of Q,;,s and IQ,s occurs at different values
of the shell thickness. In Fig. 3c and d devoted to TiN nano-
spheres, the maximum of IQ,ps occurs at R, = 80 nm and 60 nm.

Phys. Chem. Chem. Phys.

At these R. values, the spectral distributions of Q.5 and E are
well matched, and in spite of Q,ps not being the maximum, the
convolution integral of IQ,ps is the maximum. From Fig. 3a-d,
it can also be observed that the full width at half-maximum
(FWHM) of the absorption spectrum of SiO,-TiN nanoshells is
wider than that of TiN nanospheres, approximately by a factor
of 1.35 and 1.25 when the highest maximum of IQ.ps is
achieved in air and water, respectively. Therefore, the convolu-
tion of Q.ps and E in eqn (3) becomes more efficient, and
consequently 1Q,,s becomes higher, in the cases of nanoshells
compared to the cases of nanospheres as shown in Fig. 2.

3.2. Effects of the core material

The type of dielectric core material plays a crucial role in the
performance and characteristics of core-shell plasmonic
systems.*>®* The choice of the dielectric core can significantly

This journal is © the Owner Societies 2024
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Fig. 3 The spectra of the absorption coefficient Q,ps for SiO,—TiN nanoshells at different values of the shell thickness d in air (a) and water (b) and for TiN
nanospheres at different values of the particle radius R, in air (c) and water (d). For SiO,-TiN nanoshells, we choose the core radius R. = 80 nm and 50 nm
for air and water media, respectively, at which 1Q,,s shows the highest maximum at a specific value of d. The solar irradiance on the earth is also shown in
these figures. Using different maxima, the scale of the vertical axis for air and for water makes the solar spectrum look different particularly for (c) and (d);
also the x-axis scale is deceiving between (a) and (b) on one hand and between (c) and (d) on the other. In unifying the horizontal and vertical axis ranges,
it will show well how the optical characteristics of the TiN nanoshell are tuned and broadened over the solar spectrum relative to the nanosphere system
and how the external medium significantly affects the absorption intensity of LSPR systems.

influence the optical, plasmonic, and energy-related properties.
The polarizability of the core material can alter the local electric
field distribution around the plasmonic shell, affecting the
plasmonic resonance frequency, intensity and broadening.
Now, let us attempt to attain greater solar energy absorption
at optimum geometrical parameters of TiN nanoshells by
utilizing various core dielectric materials. In Fig. 4a and b, we
plot IQ,ps for hollow TiN (air core) and MgO-TiN nanoshells
embedded in water versus d/R. at different core radii, R,
respectively. To reduce the number of figures in this paper,
we do not show the variation between IQ,,s and d/R. for hollow
TiN and MgO-TiN nanoshells embedded in air; however, the

This journal is © the Owner Societies 2024

key findings will be provided in Table 1a and b. In the cases of
air and water media, it is observed that the hollow TiN nano-
shells exhibit larger maximums of IQ,;s in comparison to SiO,-
TiN and MgO-TiN nanoshells. For SiO,-TiN and MgO-TiN
nanoshells in the water medium, the highest maximum of
IQ.ps is attained when R, = 50 nm and d = 20 nm (d/R. = 0.4),
while for hollow TiN nanoshells the highest maximum of 1Q.s
is attained when R. = 50 nm and d = 15 nm (d/R. = 0.3).
The highest maxima of 1Q,us are 2861 W m™ 2, 2761 W m ™2,
and 2711 W m™~> for hollow TiN, SiO,-TiN, and MgO-TiN
nanoshells, respectively. The highest maxima of IQ,ps of these
nanoshells are higher than the maximum of IQ,,s of TiN
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Fig. 4 The FoM of solar energy absorption 1Q,ps against d/R. at different values of R. for (a) hollow TiN nanoshells and (b) MgO-TiN nanoshells

embedded in water.

homogeneous nanospheres embedded in water by factors of
~1.16, 1.12, and 1.1, respectively. For the air medium, it is
found that the highest maximum of IQ, for hollow TiN, SiO,-
TiN, and MgO-TiN nanoshells occurs at the same geometrical
parameters, namely R. = 80 nm and d = 16 nm (d/R. = 0.2). The
highest maxima of IQups are 1513 W m ™2, 1386 W m™>, and
1336 W m~? for hollow TiN, SiO,-TiN, and MgO-TiN nano-
shells, respectively. The highest maxima of IQ,ps of the nano-
shells are ~1.35, 1.24, and 1.2 times the maximum of IQ,;s of
TiN homogeneous nanospheres embedded in air, respectively.

In core-shell nanostructures, the hybridization theory®®
suggests that the surface plasmons are generated at the inner
(cavity mode) and on the outer plasmonic shell (sphere mode).
The sphere and cavity plasmons hybridize to form a red-shifted
coupled (symmetric or dipole-like) plasmon mode and a blue-
shifted anti-coupled (asymmetric) mode. It is worth noting that

the asymmetric mode is not apparent in the computed spectra
in Fig. 3, which shows only the symmetric plasmon mode
(lower frequency sphere plasmon mode). The strength of plas-
mon coupling depends on the plasmonic shell thickness and
the dielectric constant of the core material. As the shell thick-
ness and/or the core dielectric constant decrease, the strength
of the coupling and the energy difference between the two
resulting plasmon modes increase.®® Furthermore, the LSPR
peaks of nanoshells are broadened and the intensity of the
LSPR peaks is slightly decreased with decreasing the shell
thickness and/or the core dielectric constant.** The latter
behavior can be observed in Fig. 3a and b. Based on this, as
the core dielectric constant decreases, the profile of the absorp-
tion spectra of TiN nanoshells can be efficiently well-matched
with the irradiance spectra of the sun over a wider spectrum
range. Therefore, the absorption FoM of hollow TiN with the

Table 1 (a) For hollow TiN, SiO,-TiN, and MgO-TiN nanoshells, the optimized geometrical parameters of nanoshells and the corresponding highest

H-max

maximum of 1Qas(IQLEM?) in both air and water media. The core radius R. and the shell thickness d are in nm and IQ55M* is in W m~2. (b) For TiN, Au, and

Max

Ag homogeneous nanospheres, the optimized geometrical parameters of nanospheres and the corresponding maximum of 1Q,s(IQ5p%) in both air and

water media. The core radius R. and the shell thickness d are in nm and 1Q

Maxis in W m™

2

@

Hollow TiN nanoshells Si0,-TiN nanoshells MgO-TiN nanoshells

In air In water In air In water In air In water

Re d 1Qu™ R d  1Qu™ R 4 IQuy™ R d IQuy™ R d IQuy™ R d o IQus™
80 16 1513 50 15 2861 80 16 1386 50 20 2761 80 16 1336 50 20 2711
(b)

TiN nanospheres Au nanospheres Ag nanospheres

In air In water In air In water In air In water

R Qi R IQabs' R IQabs" R IQabs" R IQabs" R IQabs"
80 1115 60 2470 60 751.95 50 1744 40 375.34 30 1208

Phys. Chem. Chem. Phys.
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lowest core dielectric constant is higher than that of other
nanoshells, as shown in Fig. 2b and 4a, b.

In Table 1a and b, we list the optimized geometrical para-
meters of the proposed nanoshells and homogenous nano-
spheres at which the highest maximum of 1Q,s(IQ5;e*) and
the maximum of 1Q,,s(IQYY) are achieved, respectively, in both
air and water media. Let us close this section by pointing out
the fundamental observation that the hollow TiN nanoshells
with the lowest core refractive index, and consequently the
highest light trapping capability in the core, exhibit the highest
FoM of solar energy absorption than the other nanoshells
(SiO,-TiN and MgO-TiN nanoshells) and TiN nanospheres.

3.3. Optimized TiN nanoshells for enhancing hot electron
generation

Above, in order to achieve greater solar energy absorption, we
focused on optimizing the geometrical parameters of TiN

‘3\634
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nanoshells embedded in air and water assuming various core
dielectric materials (air, SiO,, and MgO). It is found that hollow
TiN nanoshells with the lowest core permittivity of air exhibit
the highest solar absorption in comparison to SiO,-TiN and
MgO-TiN nanoshells. While the highly solar energy absorption
is undoubtedly an important factor, other optical and thermal
phenomena also play a fundamental role in determining the
effectiveness of utilizing these TiN nanoshells in hot-electron-
related applications. These factors are related to the decaying
mechanisms of the LSPR and the temporal dynamics of gener-
ated hot electrons within the plasmonic nanoshells depicted in
Fig. 5a and b. As shown in Fig. 5a, LSPR is decayed through two
main mechanisms, the radiative damping in the form of
spontaneous emission and nonradiative damping, generating
hot electrons. The hot electrons can be injected into the
conduction band of the attached semiconductor in photoelec-
tric conversion devices, where they gain a much longer lifetime

Hot
electrons

Energy

adjacent

active medium

Occupancy

Electron Nanoparticle heating
thermalization due to due to electron-phonon
e-e collisions 2 scattering

%J

t=10ps

t=0.15—=0.8ps

Fig. 5 Illustration of the decay processes of LSPR and the temporal dynamics of generated hot electrons in the dielectric—TiN core—shell system. (a) The

photoinduced LSPR in the TiN conductive shell is decayed through two possible mechanisms: (i) energy-wasted radiative damping, in which photons are
spontaneously emitted from the coherently oscillating electrons, or (i) hot electron generation in which an electron near the Fermi energy (Ef) absorbs
LSPR photons and gets excited far above Er. Theses hot electrons can be utilized in activating an adjacent active medium for enhanced catalytic and
photovoltaic applications. (b) Dynamical processes of the short-lived hot electrons in the dielectric=TiN core-shell system, i.e., from formation to
nanoparticle heating.
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Table 2 () 1,59 and 1Qgps Of hollow TiN nanoshells and TiN nanospheres in air medium. For hollow TiN nanoshells, we assume R. = 60 nm, 70 nm, and
80 nm and the shell thickness d is variable. For TiN nanospheres, we assume R. = 20-80 nm. (b) t,ag and 1Qaps of hollow TiN nanoshells and TiN
nanospheres in water medium. For hollow TiN nanoshells, we assume R. = 30 nm, 40 nm, and 50 nm and the shell thickness d is variable. For TiN

nanospheres, we assume R. = 35-65 nm

@)

Hollow TiN nanoshells in air

R. = 60 nm R. =70 nm R, =80 nm TiN nanospheres in air
d/Rc Trad (fS) IQabs (W miz) Trad (fS) IQabs (W miz) Trad (fS) IQabs (W miz) R. (1’11’1’1) Trad (fS) IQabs (W miz)
0.6 0.65 1236 0.56 1183 0.42 1129 20 32.77 296.5
0.5 0.88 1292 0.70 1249 0.51 1194 30 10.12 480.01
0.4 1.28 1355 0.88 1332 0.64 1283 40 4.45 682.84
0.3 1.98 1416 1.36 1426 0.99 1397 50 2.37 874
0.2 3.75 1445 2.56 1502 1.86 1513 60 4.81 1016
0.1 12.0 1275 7.94 1381 5.56 1452 70 1.00 1092
0.05 41.2 860 26.88 960 18.65 1044 80 1.59 1115
(b)
Hollow TiN nanoshells in water
R. =30 nm R. =40 nm R. =50 nm TiN nanospheres in water
d/Rc Trad (fS) IQabs (W miz) Trad (fS) IQabs (W miz) Trad (fS) IQabs (W miz) Rc (1’11’1’1) Trad (fS) IQabs (W miz)
0.6 4.98 2578 2.47 2706 1.49 2617 35 7.08 1951
0.5 6.69 2543 3.27 2751 1.97 2713 40 5 2157
0.4 9.67 2484 4.58 2773 2.68 2805 45 3.63 2309
0.3 16 2378 7.24 2741 4.22 2861 50 2.79 2407
0.2 31 2149 14.22 2560 7.92 2777 55 2.2 2457
0.1 108 1525 47.46 1892 25.77 2162 60 1.81 2470
0.05 400 842 172.8 1074 91.84 1270 65 1.49 2460

(up to milliseconds). As shown in Fig. 5b, the plasmonic
hot electrons/holes are excited as a result of the nonradiative
decay of surface plasmons. Then, the excess energy in the
hot electrons, which are sometimes called nonthermal elec-
trons, is subsequently distributed amongst the thermal elec-
trons via electron-electron scattering processes. This process is
characterized by a thermalization time, 7¢,. The electron-phonon
scattering mechanism characterized by an electron-phonon
scattering time, t._ph, leads to a lattice thermalization process
in which the hot electrons lose their energy to the lattice
resulting in an increase in the local nanoshell temperature.
The energy of phonons is lost until the electron and lattice
temperatures approach an equilibrium value, at a rate equal to
the phonon-phonon scattering rate influenced by the tempera-
ture gradient and thermal conductivity of the NP material.
To comprehend the viability of using the hot electrons produced
in the TiN nanoshell structure for beneficial purposes, we will
embark to investigate the restrictions on the nanoshell design
for eliminating (or minimizing) the effect of energy loss channels
on the dynamics of hot electrons. In addition, the optical field
distribution of the LSPR will be computed in order to address
how the nanoshell design affects the creation and propagation of
hot electrons within the 1Q,ps optimized TiN nanoshells.

In view of the previously described temporal dynamics of hot
electrons, hot electrons require fast carrier extraction and
utilization, at least within the thermalization time .. Therefore,
the relaxation time associated with energy loss channels in the
TiN nanoshell should be smaller than or at least comparable to
the thermalization time 7, as much as possible. In the literature,

Phys. Chem. Chem. Phys.

inconsistent reports on the value of 1y, have been reported for
TiN ranging from ~0.15 to 0.8 ps.®*® It has been reported that
the thermalization time can be increased by introducing nitro-
gen vacancies that reduce the electron density in the band
structure and exhibit smaller linewidths of optical phonon
bands indicating weaker electron-phonon coupling.®® In this
paper, we accept the lowest value of 7y, = 0.15 ps® to guarantee
the highest utilization of the generated hot electrons. The central
damping mechanism of the surface plasmons is the radiative
damping of the oscillating electrons by the spontaneous emis-
sion. The radiation damping time of the plasmon oscillations
Traa 1S inversely proportional to the number of free electrons in
the particle N,, and consequently the volume of the plasmonic
material, given by”®

* .3
2regmic’ 1

_— 9
2e2wgp%\/em Ne )

Trad =
In eqn (9), oy is the resonance plasmon frequency and N, = 1.V,
where n. is the electron density and V}, is the volume of the
plasmonic material, so that V,, = (41/3)(Rs’> — R.’) for nanoshells
and V, = (4n/3)R.’> for nanospheres. It is worth noting that the
expression of 1.4’ is given using the CGS system, while we
use the MKS system in eqn (9). In Table 2a and b, assuming n, =
1.6 x 10*> em® (@58% N) where m = 1.7m,,”® we report the
radiative damping time 7,4 and IQ,s for hollow TiN nanoshells
and TiN nanospheres, respectively, in air and water. In Table 2a
and b, we list the values of 7., and IQ,s for hollow TiN
nanoshells and TiN homogenous nanospheres in air and water,
respectively. For hollow TiN nanoshells, we vary the shell
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thickness at each core radius R. where R. = 60 nm, 70 nm, and
80 nm in air and R. = 30 nm, 40 nm, and 50 nm in water. In
Table 2a and b, we consider the ranges of the core radius and
shell thickness of TiN nanoshells in which the best geometrical
parameters for TiN nanoshells that meet the requirements of
long radiative relaxation times, high absorption of solar radia-
tion, and thin shell thicknesses can be realized. It is evident from
Table 2a and b that, for TiN nanoshells in air and water, IQ,ps
reaches its maximum at a particular value of the shell thickness,
whereas 1,,4 increases as the shell thickness is reduced accord-
ing to eqn (9). On the other hand, as the radius of TiN nano-
spheres increases, 7,,q continually decreases. In the case of TiN
nanoshells and nanospheres, 1..4 is less than 7y, in most cases
except for TiN nanoshells embedded in water when R. = 30-
50 nm and d/R. = 0.05. Additionally, a trade-off is demonstrated
between realizing a longer radiative relaxation time and achiev-
ing high absorption FoM IQ,ps. Overall, compared to TiN nano-
spheres, TiN nanoshells exhibit significantly longer radiative
relaxation times 7,,q at the same values of IQ,,s or significantly
higher 1Q,s values at the same values of ;4.

Assuming an average hot electron energy of Ej =

e + (1/2)hag, where ¢ = (1*/2m}) (37[2115)2/3 is the Fermi
energy, the transit distance of hot electrons in the TiN region
during the thermalization time 71y, is

l~ ,/2Eh/m§rm. Since KgT « hwg, even at the highest max-

imum absorption IQ,ns of nanoshells where T is the tempera-
ture of the particle after illumination, we neglect the variation
in the energy of electrons due to the temperature increase of
the particle. In light of this, it is necessary to take into account
the demand that the shell thickness be less than to the transit
distance / of the hot electrons during a time ¢ < 7,. When the
size of the TiN shell is less than /, the LSPR will be more
concentrated in the TiN region and can be exploited to generate
hot electrons that are able to feasibly reach the attached active
semiconductor. Additional essential issues, such as the radia-
tive damping of LSPR and the mobility fluctuation of charge
carriers, related to the LSPR field spreading over a sizable
inactive region inside the particle, can be resolved. In the range
of n. = (1.6-6.6) x 10*> cm™> where m} = (1.7 — 3.1)m.>® and
assuming 7y, = 0.15 ps,*® one finds / = (40-45) nm. As the
effective lifetime of hot electrons should be shorter than the
thermalization time 7, the minimum possible shell thickness
d is chosen so that d < / keeping an eye on the absorption
efficiency. However, in this study, the optimal thicknesses of
the TiN shell will not be greater than 10 nm.

Based on the above-mentioned discussion and analysis, one
can recognize the criteria of the developed TiN nanoshells for
hot-electron-related applications. These criteria for optimal TiN
nanoshell performance are built upon the geometrical optimi-
zation for maximum solar energy absorption, which are as
follows: (i) the IQ,ps of the nanoshells is greater than the
maximum of IQ,ss of TiN nanospheres as a reference of
performance in this study; (ii) 7,.q is as long as possible; and
(iii) the shell thickness d is as minimal as possible such that
d < /. From Table 2a and b, one can find optimal design

approximately
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parameters complying to these three criteria, i.e., the numbers
in bold in Table 2a and b correspond to the optimal design
parameters for the plasmonic systems. For hollow TiN nano-
shells in air, the first and second sets are (R, d) = (60 nm, 6 nm)
and (70 nm, 7 nm) (i.e., d/R. = 0.1 in both sets), respectively. For
hollow TiN nanoshells in water, the first and second sets are
(R, d) = (40 nm, 8 nm) and (50 nm, 10 nm) (i.e., d/R. = 0.2 in
both sets), respectively. Based on the requirement that the TiN
region size should be less than /, it is evident that employing
TiN nanoshells is preferable to using TiN nanospheres, whose
core radius is usually greater than / for acceptable values of
IQ.ps. However, in the case of TiN nanoshells which exhibit
longer radiation relaxation times 7,,4 at thin shell thicknesses,
Trad < Tth Dy one order of magnitude as we limit ourselves by
the three conditions described above. The improvement in t;,q
to be longer will be correlated with a drop in IQ,ys. For instance,
for TiN nanoshells embedded in water, 7,4 = 0.172 ps which is
longer than ty, when (R, d) = (40 nm, 2 nm) (i.e., d/R. = 0.05)
and IQups = 1074 W m 2 which is approximately smaller than
the best value of IQ,ps of TiN nanospheres (2470 W m™2) by a
factor of 0.4.

The FoM of solar energy absorption IQ,ns quantifies the
amount of absorbed solar energy regardless of the effectiveness
of generated hot electrons. Indeed, as IQ,ps increases, the
temperature of NPs will increase. Now, let us examine whether
the hot electron dynamics would be affected significantly by the
temperature increase of NPs. In Fig. 6, we illustrate the steady
state temperature change AT calculated using eqn (4) at the
highest maximum of IQ.p,(IQ5E™) for hollow TiN, SiO,-TiN,
and MgO-TiN nanoshells relative to Au and TiN nanospheres in
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water. The geometrical parameters of all these structures are
given in Table 1a and b. To calculate AT given by eqn (4), we
assume the illumination intensity 7 = 1 mW pm™ > that corre-
sponds to a laser power of 12.5 mW and a laser spot diameter of
4 um. In the TiN nanoshells, the surface plasmons are mainly
stimulated in the TiN region in which heat flows so fast, and
then heat diffuses away through the host medium and core.
Therefore, in eqn (4), kmeq in the case of homogenous spherical
particles represents the thermal conductivity of the host med-
ium, while x,.q represents the average thermal conductivity of
the host medium and core material in the case of nanoshells.
Fig. 6 demonstrates that as hollow TiN nanoshells are char-
acterized by the highest 1Q,,s, compared to other structures,
these nanoshells exhibit the highest temperature increase AT.
However, the maximum of temperature increase ATp,,y, Which
corresponds to a thermal energy of approximately 0.01 eV, is far
smaller than the energy of hot electrons E;, (E}, is approximately
2 eV for hollow TiN structures). Consequently, the dynamics of
the hot electrons will not be significantly affected by the
temperature rise in hollow TiN structures. As shown in Fig. 6,
the utilization of MgO with a high thermal conductivity as the
core of MgO-TiN nanoshells considerably reduces particle
heating. Comparing hollow TiN nanoshells to other studied
nanoshells and nanospheres, Fig. 6 shows that these nano-
shells have the highest NP temperature increase, i.e., the AT ax
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Normalized intensity of parallel field, |[E(r)/E,|*

View Article Online

PCCP

of hollow TiN nanoshells is approximately three times higher
than those of the other nanostructures. This notable tempera-
ture increase of hollow TiN nanoshells is mainly attributed to
the observation shown in Fig. 4 and discussed therein, that is,
an enhanced level of Q,,s of hollow TiN nanoshells can be
achieved at relatively smaller TiN shell thicknesses (R. = 50 nm
and d = 15 nm). Therefore, for hollow TiN nanoshells, the
equivalent radius Req in the denominator of eqn (4) is compara-
tively smaller than that of the other particles, leading to
effective heat diffusion and a larger temperature increase
inside the TiN shell. In addition to the efficiency of using
hollow TiN nanoshells for enhancing hot electron generation,
this study also reveals that hollow TiN nanoshells are promis-
ing nanostructures for efficient light-to-heat conversion appli-
cations such as photochemistry, photodetection, and solar
thermal energy conversion.

Here, we investigate the local field distribution inside and
outside the NP models, TiN nanoshells and TiN and Au nano-
spheres, demonstrating that the TiN nanoshell structure can
offer a higher concentration of LSPR fields in a compact volume
of TiN, improving the efficiency of generating hot electrons.”*
In Fig. 7a-c, we plot the distribution of the normalized field
intensity of parallel electric fields |E(r)/Eo|> along the radial
direction r for hollow TiN, SiO,-TiN, and MgO-TiN nanoshells
in air and water (Fig. 7a and b, respectively) and for Au and TiN
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Fig. 7 The radial distribution of the normalized intensity of parallel electric fields |E(r)/Eo|? for hollow TiN, SiO,—TiN, and MgO-TiN nanoshells in air (a)
and water (b) and for Au and TiN nanospheres in air (c) and water (d). For both structures, we select the structural geometrical parameters at which 1Q,ps
exhibits the best maximum value. The electric fields are assumed to be operated at the resonance wavelength of the absorption coefficient Qps.
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nanospheres in air and water (Fig. 7c and d, respectively). The
optical field parallel to the polarized incident field is computed
assuming 0 = n/2 in Fig. 1. The perpendicular fields at 6 = 0 are
insignificant in our structures. For all structures assumed in
Fig. 7, we choose the geometrical parameters of the structure
where the highest maximum value of IQ,us is attained. The
electric fields are calculated at the resonance wavelength of the
absorption coefficient Q,ps. From Fig. 7a-c, it is observed that
the normalized field intensity |E(r)/E,|*> of hollow TiN nano-
shells in the TiN shell region is higher than those of SiO,-TiN
and MgO-TiN nanoshells. Considering the same size of TiN
region of 16 nm and 20 nm in air and water, respectively, the
average of |E(r)/E,|* of the hollow TiN nanoshells is higher than
those of Au and TiN nanospheres. The |E(r)/Eo|* of the hollow
TiN nanoshells drops from ~3.1 and ~8.2 at the core-shell
surface to ~1.42 and ~ 1.44 at the shell-medium surface in air
and water, respectively. For the same size of TiN region of
16 nm and 20 nm in air and water, |E(r)/Eo|* in the Au core
region of the Au nanosphere drops from ~2.06 and ~3.56 at
the core-medium surface to ~0.98 and ~1.23 in air and water,
respectively. In the TiN core region of the TiN nanospheres,
|E(r)/Eo|* drops from ~1.6 and ~1.76 at the core-medium
surface to ~0.92 and ~0.78 in air and water, respectively.
Based on this, it can be concluded that the hollow TiN nano-
shells concentrate the LSPR field in a very small region com-
pared to the nanospheres. The highly confined LSPR field in a
small volume can be sustained for a longer time, where it is less
affected by the radiative damping effect associated with the
energy loss of the oscillating electrons in the form of sponta-
neous emission. Also, in such small volume-sized LSPRs, the
fluctuation in carrier density is insignificant due to the insig-
nificant fluctuation in carrier density, and then enhances the
swift mobility of generated electrons to reach the operative
surface in photocatalysis and solar cell systems.

It is important to note that, despite the high FoM of solar
energy absorption of TiN nanoshells relative to that of Au
nanoshells, as shown in Fig. 2c and d, their field intensity
enhancement is lower than that of Au nanoshells. Therefore,
the superiority of incident photon-to-current efficiency (IPCE)
of the TiN-semiconductor system over an Au-semiconductor
system observed in experiments'® can be attributed to the
longer radiative relaxation time of TiN nanospheres compared
to that of Au nanospheres. For instance, in the cases in which
the highest maximum IQ,p; is achieved, t,,q = 1.59 fs when R, =
80 nm and 7,4 = 1.81 fs when R, = 60 nm for TiN nanospheres
embedded in air and water as provided in Table 2a and b,
respectively. In the cases of Au nanospheres embedded in air
and water, T;,q = 0.18 fs when R, = 60 nm and 7,4 = 0.39 fs when
R. =50 nm. To calculate t,,4 for Au using eqn (9), we assumed
the plasma frequency energy to be 9.06 eV and nz} = 0.99m..>* It
is shown that even though the size of Au nanospheres is smaller
than that of TiN nanospheres, the 7,,4 of Au nanospheres is
almost one order of magnitude smaller than that of TiN nano-
spheres, which leads to a deterioration in the effectiveness of
utilization of generated hot electrons. This demonstrates the
significance of our main objective in this work, which is to
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minimize radiative damping on an equal footing of maximizing
solar energy absorption through adopting core-shell systems
rather than homogenous NP systems.

4. Conclusion

In this work, we demonstrate that TiN nanoshells with a non-
absorbing dielectric core can be utilized as an improved energy
conversion component in S-M HNPs, with higher geometrical
optimization flexibility, wider absorption range tuneability, and
effective hot electron generation and utilization ability. Due to
the reduced plasmonic-shell dimension, TiN nanoshells pro-
vide an effective approach to plasmon-driven hot electron
generation and utilization for enhanced photocatalysis and
photovoltaic applications. Relative to homogenous plasmonic
nanospheres (Au, Ag, and TiN), these TiN nanoshells can be
designed to concurrently satisfy the criteria for optimized
plasmonic-assisted hot-electron generation, which are (i) a
greater FoM for energy absorption, (ii) a longer radiative
damping relaxation time, and (iii) a convenient reduced shell
thickness shorter than the possible hot electron survival dis-
tance. In addition, among the three investigated core materials
(air, SiO,, and MgO), hollow-TiN nanoshells showed a promis-
ing and better functionality.

For systematic studies, we initially optimize the geometrical
parameters of all NP models (nanosphere and nanoshell
models) to achieve the maximum FoM of solar energy absorp-
tion. It is demonstrated that TiN nanoshells absorb solar
energy more efficiently than TiN and noble metal nanospheres.
Among the proposed TiN nanoshells with a core of air, SiO,,
and MgO, the hollow TiN nanoshells with the lowest possible
studied dielectric constant show the highest solar energy
absorption. Next, we carefully examine the effect of other
crucial factors on the generation and transport of hot electrons
including the radiative damping, the plasmon field features,
and the temperature increase of the NPs.

Investigating the optical field features of TiN nanoshells and
TiN nanospheres, it is shown that the plasmon field intensity of
hollow TiN nanoshells is highest and most concentrated in a
smaller volume of TiN. We further clarify that, despite the high
solar absorption realized by hollow nanoshells, the associated
temperature rise of these nanoshells has no discernible impact
on their performance. In light of the temporal dynamics of hot
electrons, it is demonstrated that employing hollow TiN nano-
shells with thin shells significantly resolves the issues that
restrict the amount of charge carriers that reach the attached
photocatalyst semiconductor. The reduction in the shell thick-
ness enhances the localization of the plasmon field intensity
and suppresses the radiative damping effects while leading to a
deterioration of the efficiency of solar energy absorption. There-
fore, the eventual optimal structural parameters of optimized
hollow nanoshells must take into account the tradeoff between
all factors that control the creation and extraction of hot
electrons.
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