N

N

First principles investigations of the optical selectivity of
titanium carbide-based materials for concentrating solar
power applications
W. Kim, Adel Mesbah, Xavier Deschanels, Samuel Bernard, S. Lebegue

» To cite this version:

W. Kim, Adel Mesbah, Xavier Deschanels, Samuel Bernard, S. Lebegue. First principles investigations
of the optical selectivity of titanium carbide-based materials for concentrating solar power applications.
Journal of Materials Chemistry C, 2021, 9 (24), pp.7591-7598. 10.1039/d1tc01490k . hal-03264232

HAL Id: hal-03264232
https://hal.science/hal-03264232
Submitted on 20 Oct 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03264232
https://hal.archives-ouvertes.fr

Journal Name

Cite this: DOI: 00.0000/XXXXXXXXXX

First principles investigations of the optical selectivity

of titanium carbide-based materials for concentrating
solar power applicationsy

Won June Kim,*¢* Adel Mesbah,© Xavier Deschanels,” Samuel Bernard,© and

Sébastien Lebegue*?

Received Date
Accepted Date

To improve the efficiency of concentrated solar power devices and to reach a high conversion
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rate of the solar energy into heat, a rational design of new high temperature absorber materials

is a challenge of prime importance. Ultra-high temperature ceramics can fit the requirements to
act as absorber materials, provided that their chemical composition and their properties are finely
tuned. Within this context, we investigated the optical selectivity of titanium carbide modified
with B, N, O impurity atoms or carbon vacancies, by first principles simulations. By computing
the dielectric function and the reflectivity spectra of each composition, we found that modifying
TiC can have important consequence on the optical properties of the bulk material, leading in
certain cases to an enhancement of the optical selectivity. Then, we assess the performance of
nanocomposites made of the corresponding nanoparticles embedded in a silicon carbide media
by using Mie scattering theory fed by our ab initio dielectric functions. In this case, we found that
while carbon vacancies are detrimental to selectivity, alloying TiC with boron improves notably the
performance of the composite material, with an increase in selectivity of about 50 %.

1 Introduction

As the consideration about the global energy crisis and climate
changes due to the use of fossil fuels increases, the development
and use of efficient, renewable, and sustainable energy sources
has become a great issue.l' Among the various ways to solve such
problems, solar energy is highly considered owing to the possibil-
ity that it offers for a massive generation of energy, for instance
through concentrating solar power (CSP) technologies.?< In CSP
technologies, the sunlight is firstly concentrated on the absorber
with the aid of several heliostats, followed by the conversion of
the absorbed solar radiation into heat. Then, the converted heat is
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transferred into a fluid to operate the turbine of the power plant.
Therefore, the design of an efficient absorber material is a key-
point for a successful CSP technology, with the aim to maximize
absorption of sunlight and to minimize infrared (IR) emittance at
the same time. Furthermore, since the Carnot efficiency increases
as the working temperature increases, therefore a high mechani-
cal stability and resistance to oxidation are also required for good
solar absorber materials.

In this regard, silicon carbide (SiC) has been commonly used as
the absorber material due to its high absorptance and high resis-
tance to oxidation up to 1400 °C. However, despite good sunlight
absorption, SiC has a high thermal emittance, leading to a poor
optical selectivity.**> Thus, the main challenge is the development
of novel absorber materials able to resist to damage at very high
temperatures while keeping good spectral selectivity, good ther-
mal conductivity and favorable radiative properties at the oper-
ating temperatures. Ultra-high temperature ceramics (UHTCs)
could be the most appropriate candidates as solar absorber ma-
terials. UHTCs correspond to borides, carbides, and nitrides of
transition metals in column IV, with particular chemical proper-
ties that show covalent and metallic characters simultaneously.©
Because of this bonding character, UHTC materials show both a
high reflectivity in the IR region and a high absorptance in the
UV-vis-NIR region, and the resulting optical properties are there-
fore spectrally selective. Also, their covalent bonding leads to a
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high melting temperature and makes them physically very stable.
Among various UHTC materials, titanium carbide (TiC) is one of
the most important compound. However, the major limitation of
TiC is its low resistance to oxidation, therefore it usually required
to protect it with a matrix while forming composite materials.”
In particular, embedding TiC nanoparticles in a protective silicon
carbide (SiC) matrix can compensate the limitations of the two
materials as solar absorbers working at high temperature.

In spite of the many experimental studies on the optical prop-
erties of different UHTC materials and their nanocomposites, the-
oretical studies so far focused on the stability and electronic prop-
erties of such materials and their alloys.®*22/ To our knowledge,
only few theoretical studies have been conducted to explore the
optical properties of pure UHTC materials,23"27 and there are no
theoretical studies on the effect of alloying elements or impuri-
ties on their optical properties. In this paper, we study the optical
properties of TiC and the effect of alloying elements B, N, O or
carbon vacancy using first principles calculations. Our choice is
motivated by the fact that TiC has a strong tendency to form non
stoichiometric compositions,?® while B, N, and O atoms have a
size close to the one of carbon, and therefore upon alloying the
crystal structure of TiC will be mostly preserved. We searched var-
ious compositions based on TiC up to four-component alloy sys-
tems, then assessed their performance for CSP absorbers by inves-
tigating their reflectivity spectra. Then, to be as close as possible
to experimental conditions, we studied their spectral selectivity
when they are embedded as nanoparticles in a SiC substrate.

2 Computational Details

Our calculations have been performed using density func-
tional theory (DFT) with the projector augmented wave method
as implemented in the Vienna ab initio simulation package
(VASP), 221300 except for the calculation of the electron-phonon
interaction part of the electron scattering rate (see below).
The generalized gradient approximation (GGA) designed by
Perdew, Burke, and Ernzerhof (PBE) was used for the exchange-
correlation functional,®! and an energy cutoff of 550 eV was cho-
sen for the the plane wave basis set. The electronic total en-
ergy has been converged until the total energy difference between
electronic steps became smaller than a threshold of 10~7 €V, and a
geometry optimization was performed until all atomic forces be-
came smaller than 5.0 x 103 eV/A. For the geometry relaxation,
we used a I'-centered k-mesh with a grid step of 0.2 A~!, which
corresponds to 13 x 13 x 13 and 7 x 7 x 7 k-points for the primitive
cell of TiC and its 2 x 2 x 2 supercell, respectively.
Experimentally, it has been shown that carbon vacancies
or the incorporation of other 2p-block elements22-3> can be real-
ized in TiC. Following these facts, our structural models have been
designed using the following procedure: firstly, we obtained the
equilibrium lattice parameter of TiC with the rock-salt structure
(space group No. 225, Fm3m). Our calculated lattice parameter
a=4.33Ais close to the experimental value of 4.329 AB%Then to
study the effect of alloying elements on the optical properties of
TiC, we constructed a 2 x 2 x 2 supercell to model the following
systems: 1) singly doped systems (see Figure [Ij(a)) in which one
carbon atom is replaced with a vacancy (V¢) or a B, N, or O atom,
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Fig. 1 Atomic structures of (a) singly and (b) doubly doped configurations
of TiC used in the present study.

and 2) doubly doped systems (see Figure b)) in which two car-
bon atoms are replaced by Vc-Vc, B-B, N-N, 0-O, V¢-B, Vc-N,
Vc-O, B-N, B-O, or N-O pairs of atoms. For the doubly doped
systems, when considering the crystal symmetry of TiC, there are
only two possible configuration for the dopants: nearest neighbor
(NN) or next nearest neighbor (2NN), respectively. We relaxed
the two possible geometries for each system, and then the most
stable configuration was selected for the calculation of the optical
properties.

To study the optical properties of TiC and its alloys, we
calculated the frequency dependent dielectric function, &(w) =
e () +ie® (w). For metallic systems, the total dielectric func-
tion can be divided into interband and intraband terms, £(w) =
glner (@) 4 1" (), The first term is written in the independent
particle approximation (IPA) and in the limit of long wavelength
as:

. 4722
8(2),1nter(w) _ e

op lim — Z 2Wk5 (Eck — Evk — a))

1
2
Q a-0q c,vk (1)

x <uck+euq |uvk> <uvk |uck+qu>

where e is the electron charge, Q is the cell volume, wy is the
weight of the k-points, e; is a unit vector in cartesian coordinates,
and ¢ and v are the indices for the conduction and valence states,
whereas uj, and Ej are the one-electron Bloch functions and
eigenvalues, respectively. Then we can apply a Kramers—Kronig
relation to calculate the real part, e(1):""(), by using:
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where P is the principal value and 7 is an infinitesimal complex
shift. It is noteworthy to mention that our calculated dielectric
function could be affected by the level of theory used, within DFT
or beyond, like with the GW approximation. Here, the metal-
lic nature of TiC makes the effect of the self-energy correction



on optical properties negligible, with a GW density of states very
close to the one obtained with GGA (data not shown here). A
similar finding has been made by M. Kumar et al.2%, for Au and
TiN. Therefore, all the dielectric functions in this study have been
calculated within the GGA formalism.

For the intraband contribution to the dielectric function, we
employed the Drude expression: 2637538l for a given plasma fre-
quency, ®,, and a scattering rate, ¥, €""(w) can be approximated
by the following equation:

o7

intra(

€ w)=1 3)

0’ +iyo
where the plasma frequency can be obtained from the electronic
structure by tracing the following tensor:38
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The second parameter, the electron scattering rate, can be
calculated from the imaginary part of the electron-phonon self-
energy, L, (T).273832 From the electronic band structure and
phonon dispersion, the self-energy is expressed as: 49
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where gy is the phonon frequency of branch v and wave vector
q, nqy (T) is the Bose-Einstein distribution, and f,q(T) is the
Fermi-Dirac distribution. g,fﬁ_’v (k,q) is the electron-phonon ma-
trix element. Then the scattering rate of electron in the band n
and wave vector k is given by 7, (nk,T) = 2ImX, (T). For the
calculation of the dielectric function, we averaged ¥, (nk,T) over
the Fermi surface as follows: 142

Fee d
Yep (T) = e (e,T) <_£) de (6)

where 7., (¢,T) is the energy-dependent scattering rate obtained
by integrating ¥., (nk,T) over the first Brillouin zone.

An other contribution to the electron scattering rate is due to
electron-electron scattering, which can be modeled from the self-
energy in the GW approximation. In the study of M. Xu el al.,8
the effect of electron-electron scattering rate on the total dielec-
tric functions of noble metals (Au, Ag, and Cu) has been shown
to be negligible. Likewise, our test showed that the contribution
of the electron-electron scattering rate in pure TiC is also small.
Therefore, we neglected this contribution in the calculations of
the other compounds.

The calculation of the electron-phonon interaction has been
done by using the Quantum Espresso code#34% and the EPW*404>
package. The plane waves were expanded up to a kinetic en-
ergy of 70 Ry, and the same k-grid as in the VASP calculations
was used for the self-consistent calculations. The phonon disper-
sion has been obtained with a 3 x 3 x 3 g-grid, then the electron-
phonon coupling has been calculated with a finer BZ sampling

Table 1 Configuration, plasma frequencies, scattering rate, and
crossover frequency of TiC and its alloys.

Composition Configuration @, (eV) 7%, (meV) . (eV)
TigCg - 3.55 17.09 0.70
TigCy - 2.22 26.34 0.31
TigC;B - 3.93 31.24 1.11
TigC7N - 3.99 28.74 0.90
TigC;0 - 4.43 45.91 1.11
TigCq NN 3.38 54.86 0.79
TigCgB» NN 4.88 35.71 1.21
TigCg N>y 2NN 4.63 48.85 1.14
TigCeOn NN 4.71 51.42 1.54
TigC¢B NN 3.45 41.51 0.72
TigCeN NN 3.37 57.01 0.54
TigCsO NN 3.40 53.20 0.93
TigC¢BN NN 2.92 23.80 0.70
TigCeBO NN 3.64 28.25 0.95
TigCeNO NN 4.70 52.66 1.36

(12 x 12 x 12 k-points and 20 x 20 x 20 g-points) through a Wan-
nier functions representation.

3 Results and Discussion

3.1 Bulk electronic and dielectric properties

Table |1 shows our calculated plasma frequencies and scattering
rates for TiC and its alloys. The plasma frequency of pure TiC is
3.55 €V, which is similar to the previous result of Kumar et al.2®
Compared with pure TiC, the compounds with a carbon vacancy
(Ve), i.e., TigCq, TigCq and TigCeX (X = B, N, O) show smaller
o, values due to the deficiency of electrons. On the other hand,
there are two behaviors when the carbon atoms are substituted
with other elements without a vacancy: the plasma frequencies of
TigC;X and TigCeX, are larger than the one of pure TiC, whereas
the substitution of two different elements (BN, BO, and NO pairs)
does not present a systematic trend. For singly-doped systems, the
plasma frequency increases as the number of electrons increases,
i.e., from TigC;B to TigC;O. For doubly-doped systems with differ-
ent dopants, the same trend is seen with w), increasing from BN
to BO and NO. Concerning the scattering rates, it is seen from our
results that they are always larger for the alloys than for pure TiC,
a fact that can be intuitively understood by the increased disorder
in the alloys in comparison with the perfect TiC crystal.

Using the parameters presented in table [1| and the interband
contribution of the dielectric function, we calculated the total
dielectric function for the whole set of compounds investigated
here, the results being presented in Figure |2l Among the compo-
sitions that we studied, the dielectric functions of pure TiC and
(Vc)-containing TiC compares well with available experimental
data: for instance, Pfliiger and co-workers have measured the
bulk dielectric function of stoichiometric TiC by electron-energy-
loss spectroscopy (EELS).4€ Also, Koide and co-workers studied
the effect of the concentration of (V) on the dielectric properties
of TiC.28 Here, TigCq has a vacancy concentration close to the
TiCy.¢ sample of their work.

In terms of the optical selectivity of the photothermal absorber,
an important parameter is the frequency where the total reflec-
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Fig. 2 Calculated total dielectric functions of TiC and its alloys. The black and red solid lines correspond to the real and imaginary parts of the dielectric
function, respectively. The magenta dashed line is to guide to the eyes corresponding to zero.

tion turns off. To figure this out, we investigated the crossover
frequency, @, at which the real part of the dielectric function
crosses zero for the first time. The last column of table [1] shows
the value of @, for each system. The crossover frequency of pure
TiC, 0.70 eV, is in good agreement with the value (0.68 eV) of
Kumar et al.2% By comparing with pure TiC, the effect of alloying
can be classified following three patterns. Firstly, when one or
two carbon vacancies are introduced, the crossover frequency is
either decreased or stable, with TigCgO, which has a value of @, of
0.93 eV, being an exception. Secondly, the crossover frequency is
increased when the carbon atoms are substituted by an other sin-
gle type of element (TigC;X and TigC¢X5), with a larger increase
of w, by doping with B or O than with N. The last case is when
doping with two different elements, the crossover frequency in-
creases in the order BN < BO < NO, following the trends of both
the plasma frequency and the scattering rate.

Figure [3| shows our calculated reflectivity spectra for TiC and
its alloys, with the frequency-dependent reflectivity calculated as
2
/2 (w)—1

e/2(w)+1 )

R(w) =

Henning and Mutschke have measured the reflectivity spectrum
of bulk TiC using infrared reflectivity spectroscopy.4Z More re-
cently, Aréna and co-workers conducted more elaborate measure-
ments of the reflectivity spectra, as varying the relative density
of the TiC sample.48 Our calculated reflectivity spectrum of TiC
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shows a good agreement with their experimental data (See fig-
ure S1 in the ESIf for direct comparison.). For photothermal
applications, an optimal selectivity at room temperature (which
is the temperature at which our phonons calculations were con-
ducted) is obtained when a relatively sharp drop of the reflectiv-
ity at around 2.5 um is observed.!' While certain systems (TigCg,
TigCeB, TigCeN, or TigCqO) show a reflectivity in the IR region
which is roughly similar to the one of TiC, for TigC; and TigCsBN)
it appears to be significantly lower. However, for TigC7B, and
TigCe¢BO a small increase of the reflectivity around A = 2.5 um
can be observed, while for the remaining compounds (TigCsN,
TigC;0, TigCeB,, TigCeNy , TigCqO, , and TigCeNO), the changes
are more drastic, with either a displacement of the transition to-
wards shorter wavelengths and/or an increased value of the IR
reflectivity, showing that a modification of TiC can affect signifi-
cantly its reflectivity.

3.2 Optical properties of nanoparticles

For applications in concentrating solar power (CSP) units, transi-
tion metal carbides are usually included in the form of nanopar-
ticles in a matrix, such as SiC.4842 Since such systems cannot be
directly investigated using density functional theory for computa-
tional reasons, we have investigated the optical properties of the
nanoparticles using the scattering theory of Mie,”%>L which we
outline briefly below. When the size a of a nanoparticle is com-
parably smaller than the wavelength of the incident light A, Mie
theory states that the extinction, scattering, and absorption cross
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Fig. 3 Calculated reflectivity spectra of TiC and its alloys, as a function of wavelength. The magenta dashed line in each plot is the wavelength where

the reflectivity should turn off for an ideal photothermal absorber (A = 2.5 um.)

sections (Qext, Osca, and Q,ps, respectively) of this particle can be
calculated using the following equations:

) =
= Z (2L+1)Refar +by] (8

CXt

N‘N

Qsca— Z (2L+1) <|aL|2+\bL|2> 9

Qabs = Qext — Osca (10)

In the equations above, the coefficients a; and b; are written
by using spherical Riccati-Bessel functions ¥, and &, and their
derivatives:

_ m¥p (mx) ‘PIL (x) =¥ (x) ‘I’/L (mx)
=L () &) (x) — & (1) ¥, (mo) ()
W () W, (1) — B, (1) ()
= WL )& ()~ méL (1) ¥, (my) (12)

where x = 27a/A is the reduced particle size and m = npmet/ngie
is the ratio between the refraction index of the nanoparticle and
that of the surrounding dielectric media. With the help of the
package PyMieScatt,?Z the scattering and absorption cross sec-
tion, Qsca and Q,ps, have been calculated by using the complex
refractive index obtained form the dielectric function presented
earlier in figure[2] For the host material surrounding the nanopar-
ticle, we set &, = 2.63, which corresponds to SiC. The diameter of

the nanoparticles was set to 50 nm.

Figure |4/ shows our calculated scattering and absorption cross
section of nanoparticles of TiC and its alloys. Comparing with the
reflectivity spectra in figure (3] two patterns are observed in the
behavior of Q.. Firstly, if the reflectivity increases slowly, as in
pure TiC, Qs has only one peak below 1 um. TigC¢BN and the
systems with a C-vacancy (except for TigCsN) show this behavior.
On the other hand, if the reflectivity decreases rapidly, there is
a second peak between 1 um and 2.5 um. This second peak is
observed when nitrogen or oxygen (or both of them) is present in
the composition. Some systems, including boron-doped compo-
sitions and TigCgN, show an intermediate behavior: only a small
shoulder appears after the first peak. In terms of reflectivity, this
behavior is related to the small increase of the reflectivity in the
IR region compared to that of pure TiC.

The selectivity of the different compounds can be directly ac-
cessed if we use a parameter that can quantify the absorbance in
the UV/visible versus the absorbance in the IR region. This can
be achieved by integrating Q,ys, weighted by either the solar and
or blackbody intensities as:

polar — / Qv (M) P(A)dA (13)

Ie */ Qups (A)B(A)dA 14

where P(A) and B(A) are the solar and blackbody spectrum, re-
spectively. To cover both the UV/visible and IR regions, the in-
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ded in SiC matrix at 300 K.

tegration has been done for a range between 0.28 and 16 um,
and with a blackbody temperature of T = 300 K, which corre-
sponds mostly to infrared radiations. Then, a large Iflgiaf /Iﬁg’ will
correspond to a high selectivity .

Figure [5| shows 75214 /1BB for TiC and its alloys in the form of
nanoparticles. Compared with pure TiC, the alloys containing car-
bon vacancies as well as TigCsBN show a very low optical selectiv-
ity. This is due to two factors: 1) a lower value of the maximum
of Q,,s compared to TiC and 2) a more smeared Q. above 2.5

6| Journal Name, [year], [vol.],1

um compared to TiC (see figure . While most of the substituted
alloys shows a selectivity similar to that of TiC, TigC¢B, shows a
noticeably larger selectivity. In this case, Q. is on the overall
larger than for TiC in the UV/visible region (A < 2.5 um), and
also shows very small area in the IR region (A > 2.5 um). These
facts leads to both a larger UV/visible absorbance and a lower IR
emission, making the composition TigCg¢B, the best candidate for
a photothermal absorber material among the formulations that
we have investigated, with a selectivity which is roughly 50 %
better than the one of TiC.

4 Conclusion

In this work, we have studied the effect of doping on the optical
properties of TiC using first principles calculations. By substitut-
ing carbon by B, N, O atoms or by introducing a carbon vacancy,
we calculated the dielectric function and reflectivity spectra of TiC
and its alloys in the bulk phase. For the 15 different compositions
of TiC and its alloys, the crossover frequency for the real part of
dielectric function is highly related to the transition of reflectiv-
ity near A = 2.5 um, at which the reflectivity should be truned
off for the ideal photothermal absorbers; the higher the crossover
frequency is, the better the reflectivity behavior is. From this anal-
ysis, we found that the IR reflectivity decreases when the carbon
vacancy is introduced.

Then, the overall performance of the different compounds has
been accessed through Mie scattering theory by simulating the
properties of the corresponding nanoparticles embedded in a SiC



host. It was shown that while carbon vacancies are detrimental
to the selectivty of the material, the TigCsB, composition shows a
selectivity which is 50 % larger than the one of TiC, a fact which
is promising in the aim of increasing the efficiency of concentrat-
ing solar power devices, and can serve as a guideline for future
experimental studies in this field.
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