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The effect of doping on the electronic structure and optical
properties of silicon biprismanes: DFT and TD-DFT studies
M. A. Salem"*, M. A. Gimaldinova'?, A.I. Kochaev’, M. M. Maslov"!?
"Mike.Maslov@gmail.com

"National Research Nuclear University MEPhI, 31 Kashirskoe shosse, Moscow, 115409, Russia
ty
2Research Institute for the Development of Scientific and Educational Potential of Youth,
P
14/55 Aviatorov St., Moscow, 119620, Russia
*Ulyanovsk State University, 42 Leo Tolstoy St., Ulyanovsk 432017, Russia
*Zagazig University, Zagazig, 44519, Sharkia, Egypt

We present the results of a study of three-layered silicon biprismanes doped with methyl radicals and fluorine atoms by means
of the density functional theory. Pentagonal, hexagonal, heptagonal, and octagonal doped systems were simulated in this
study. We found that larger biprismanes demonstrate weaker interaction with dopants because they are less strained, and their
surfaces are “flatter”. The weakening of interaction manifests itself by elongation of bond lengths between the silicon cage and
the attached radicals. However, the energy gain/loss due to the reaction of substitutional doping is practically independent
of the size of the system. The calculated partial Mulliken charges of fluorine atoms are about —0.3 of elementary charges. The
corresponding value for methyl radicals is approximately three times smaller. HOMO-LUMO gaps of doped biprismanes
demonstrate oscillations with increasing biprismane diameter with a general downward trend. The value of the gaps of the
doped biprismanes is in the range from 2 to 3 eV and slightly differs from the gaps of the pristine biprismanes. The optical
properties and excited states of doped biprismanes were calculated using the time-dependent density functional theory.
Ultra-violet and visible spectra were determined for all considered systems. The absorption frequencies slightly depend on
the radical type and the size of the system. However, the presence of radicals results in significant changes in the relative
adsorption intensities of biprismanes with different shapes. We found that doping with methyl radicals and fluorine provided
prevalent adsorption intensities of octagonal and hexagonal biprismanes, respectively. The observed effect can be used for
optical detection of biprismanes with specific shapes or diameters in their mixture with other silicon structures.
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B nHacrosmeit pabore MbI IpefcTaB/AeM pe3y/IbTaTbl aHA/IN3a TPEXCIIOMHBIX KPeMHMEBBIX OMIIPU3MAHOB, JTETMPOBAHHBIX
METWIbHBIMM TPYIIIaMM M aToMaMy (Topa C MCIOIb30BaHVeM Teopuu (YHKIMOHANA IUIOTHOCTU. MBI paccMoTpenn
TOIMPOBaHHBIE CYICTEMBI, 00pa30BaHHbIe IIATHU-, IECTH-, CEMM- ¥ BOCBMIWICHHBIMY KPeMHVEBBIMI KO/IbIIAMI. YCTaHOBJIEHO,
4TO O0JIee KPyIHble OMIIPYU3MaHbI ClTabee B3aIMOAEIICTBYIOT C JIETUPYIOIIMMY T00aBKaMy, M3-3a MEHbIIIell HaPsXKeHHOCTU

294



Salem et al. / Letters on Materials 10 (3), 2020 pp. 294-298

KapKaca, TO eCTb UX IIOBEPXHOCTM ABMIAIOTCA «bomee mmockumm». OcrmabneHne B3aVMOJENCTBYUSA NPOSBIAETCA B TOM
YKcie B YAIMHEHUM KOBAJIEHTHBIX CBA3ell MeXJy KpeMHMEBBIM KapKacoM U NPUCOeIMHEeHHbIMM pajukanamu. OmHako
BBIUTPBILI/ TIOTePsI SHEPTHUM B Pe3y/IbTaTe PeaKIUIi 3aMellalolero JTerpOBaHNUs IPAKTUYECKN He 3aBUCHUT OT 9P PEKTIBHOTO
pasMepa cucTembl. PacueTHble MapIianbHble Ma/IMKEHOBCKIE 3apANbl aTOMOB (PTOpPa OTPUIIATENIBHBI U COCTABAT —0.3
37IeMEeHTApHBIX 3apAfoB. COOTBETCTBYIOIlee 3HAUEHNMe NI METUIEHOBBIX IPYII IPUMEPHO B Tpu pasa MeHblue. Illenn
HOMO-LUMO nerupoBaHHbIX OMIPU3MaHOB MCIIBITBIBAIOT KOJIEOAHNMA C YBeIMYEHNEM UX AuaMeTpa ¢ 001Iell TeHjeHIyel
K yMeHbIIEHNI0. BennunHa Imenu JomMpoBaHHBIX GMIPU3MaHOB HAXOAWUTCA B IMANa3oHe OT 2 10 3 3B U He3HaYMTeTbHO
OT/IMYAEeTCs OT COOTBETCTBYIOI[UX 3HA4eHMII I He3aMelleHHBIX cucTeM. ONTHYECKVE CBONCTBA M BO30OYKIEHHBIe
COCTOSTHMA IONMVPOBAHHBIX OMITPU3MaHOB PaCcCUMTHIBATNCH C MCIOMb30BAaHMEM HECTAL[MOHAPHON Teopuu (QyHKIVOHAsA
miotHocTu (TD-DFT). JInsa Bcex paccCMOTPEHHBIX CHCTEM Mbl OIPENeNIN YIbTPadUONIETOBbI ¥ BUAVMBIA CHEKTPHI.
YcTaHOBJIEHO, YTO YaCTOTBI IOMIOIIEHNS CMab0 3aBUCAT OT THUIIA pajiuKana U apQeKTNBHOTO pasMepa cucTeMbl. OfHAKO
IPUCYTCTBME PafKaJIOB IPUBOJNT K 3HAYUTEIbHLIM M3MeHEHMAM OTHOCUTE/IbHbIX MHTEHCUBHOCTE CIIEKTPOB ITOITIOLeHM A
OUNPNM3MaHOB Pa3MMYHON (GOPMBI. MBI OOHAPYXXWIM, YTO JONMMPOBAHNE METWILHBIMU pafiMKaaaMy M aToMaMu ¢Topa
obecreyrBaeT MpeoO/IajAloNIyI0 MHTEHCUBHOCTD CIIEKTPOB IOITIOMIEHNs OKTa- M IeKca-OUIPM3MaHOB COOTBETCTBEHHO.
Hab6mionaemslit 3¢ ekt MO>KeT ObITh MCIOIb30BaH /IS ONTUYECKOTO 0OHAPYKeHMA OMITPU3MAaHOB C KOHKPETHOM CTPYKTY POl
WY IMaMeTPOM B CMECH C [PYTUMM KpPeMHMEBBIMM CUCTEMaMI.

KiroueBbie cmoBa: Teopys GyHKIMOHA/IA INIOTHOCTY, IPU3MaH, cunanpusMas, unpusmad, HOMO-LUMO ujenb, onTu4ecKye CeKTpsl.

1. Introduction

Silicon polyprismanes (SPP) [1] are a novel class of strained
silicon nanoclusters. Despite the existence of other systems
with a highly-strained framework, such as fullerites [2,3] or
curved nanotubes [4,5], silaprismanes have a special silicon
morphology that affects their physicochemical characteristics.
The smallest SPPs consist of two conjugated polygonal rings,
located in parallel planes and bound with each other by
covalent bonds (the simplest example is the cubic-shaped
silicon cubane Si H, [6]). Biprismanes are SPPs consisting of
three polygonal rings. Long SPPs contain more rings, and their
number is not restricted. In the bulk limit, SPPs are elongated
quasi-1D nanostructures with polygonal cross-sections
and sp® type of hybridization. Note that the elementary
representatives of the silicon polyprismanes, as well as their
carbon analogs, have already been synthesized [7-10].

The unusual form of SPPs results in their unique electronic
structure. They demonstrate a cylinder type of aromaticity,
which provides their stability [11]. Also, bulk SPPs possess
metallic conductivity [12], not typical for sp’-hybridized
compounds. One-dimensional vibrations of a foreign atom
trapped inside the SPP can provide both terahertz and
gigahertz emissions [13].

Besides interest to SPPs itself, they are considered as
promising building blocks for novel materials with more
complicated structures. Carbon analogous of SPPs [14] are
embedded into some new diamond-like allotropes [15,16]
and form stable 1D [17,18], 2D [19,20] and 3D [18,21]
structures. Similarly, SPPs can produce a family of silicon
clusters and crystal forms with different dimensionalities.

Although the Si-Si single bond is somewhat weaker than
the similar C-C bond [22], SPPs are quite robust compounds.
It was shown that substituted Si atoms included in prismatic
carbon cages increase the stability of the hybrid carbon-
silicon prismatic cluster [23]. SPPs are more stable than
carbon analogous [24] and keep their identities even at rather
high temperatures [25,26]. For these reasons, manipulations
with SPPs are preferable from the practical point of view in
comparison with carbon polyprismanes.

Doping is the traditional way to modify the characteristics
of any material for chosen applications. In SPPs, all atoms
are tetra-coordinated, i.e., all four bonds of each silicon
atom are totally saturated. Therefore, only two types of
doping are possible: trapping of foreign atoms inside the SPP
with the formation of endohedral “host-guest” complexes
and substitutional doping of prismane’s ends. Although
endohedral SPPs can be spontaneously formed in the
plasma reactor [27], guest atoms decrease the stability of the
system [28]. Therefore, we restrict our study by the case of
ends doping. In this case, the hydrogen atoms passivating
the system are replaced by any other atoms or radicals. In the
present Letter, we study the doping effect on the electronic
properties and optical spectra of SPPs via the ab initio
density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) calculations. The concentration
of dopants strongly depends on the number of rings in the
SPP. For the case of infinitely long SPPs, the fraction of end
atoms that can be doped is negligible. In the opposite case of
the simplest SPPs, consisting of only two rings, this fraction
is equal to unity. Here we consider silicon biprismanes as the
elementary members of the SPP family, which include both
terminal and internal silicon rings.

2. Materials and methods

We considered four silicon biprismanes Si, H, (n=5+38),
consisting of three polygonal rings. In contrast to other
polyaromatic silicon structures (for example, silicene), all
rings in biprismanes are “flat” (see their atomic structures
in Fig. 1). In the doped biprismanes, all hydrogen atoms
are substituted by radicals R. We restricted our study by
two ordinary radicals: R=F that is the most electronegative
element, and R=CH, that was previously considered as a
dopant to the hydrocarbon cubane [29].

We applied GAMESS software [30] for all DFT and
TD-DFT investigations described below. Geometry
optimization, energy, and electronic structure calculations
were performed with hybrid B3LYP functional [31,32] with
the 6-31G(d) electronic basis set [33]. Time-dependent DFT
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Fig. 1. (Color online) Atomic structures of pristine silicon biprismanes Si

calculations were done using CAM-B3LYP functional with
the same basis set. The latter functional provides an account
of long-range electronic interactions, which are essential for
excited states. Twenty excited states were considered.

The energy of substitution Esub for each radical R(R=CH,, F)
is defined as

E. - 2L{E(SisﬂRz”)+2nE(H)—E(Si3nHzn)—2"E(R)}’ (1)

sub
where E(Si, R) ) and E(Si, H, ) are the total energies of
doped and pristine biprismanes, respectively; E(H) and E(R)
are the total energies of the radical and hydrogen atom; 2n
is the total number of the attached radicals. The energy of
substitution reaction E_is calculated as the energy difference
between products and reactants of the hypothetical reaction

Si, H,, +nR, = Si; R, +nH,. (2)
For obtaining the value of E_per one radical R, this energy
difference is divided by the number of attached radicals R:
E =

’ zin{E(SiMR“ﬁ nE(H,)-E(Si,H,,)-nE(R,)}. (3)
Energy value E indicates the energy gain (E <0) or loss
(E_>0) due to the passing of the reaction. The HOMO-LUMO
gap is defined as the energy gap between the highest occupied
molecular orbital and the lowest unoccupied molecular
orbital.

3. Results and discussions

The calculated substitutional energies, reaction energies,
partial atomic charges, HOMO-LUMO gaps, and bond
lengths between radicals and biprismanes are collected in
Table 1. One can see that E , and E_ values are positive for
doping with methyl radicals and negative for doping with
fluorine. This indicates that the fluorination of biprismanes
is energetically feasible and can pass spontaneously. Such
a result is predictable based on the well-known strength of
Si-F bonds, which manifests itself in a very negative enthalpy
of formation of SiF, and similar compounds. For CH,-doped
biprismanes, both E , and E  increase with n, whereas
F-doped biprismanes demonstrate oscillation behavior of
these energies on n. However, variations of E_, and E_have
amplitudes of tens of meV that is comparable with the energy
of thermal vibrations and close to the accuracy of the applied

c d
H, forn=5(a), 6 (b),7 (c) and 8 (d).

3n" " 2n

Table 1. Substitutional energies E_,, reaction energies E, total
Mulliken charges dyp the HOMO-LUMO gaps E , and interatomic
distances [ between Si atom and radical R for the doped silicon
biprismanes Si, R, .

n | E,eV E,eV | q,/le| E, eV I A
R=CH,
5 0.314 0059 | -0.106 | 2.294 1.917
6 0321 0.066 | -0.117 | 2.468 1.919
7 0.324 0070 | -0.126 | 2.063 1.920
8 0.333 0078 | -0.131 | 2215 1.922
R=F
5 | -2341 | -3.786 | -0.303 | 2.795 1.632
6 | -2332 | -3778 | -0.302 | 2.697 1.633
7 | -2356 | -3.802 | —0.301 | 2.503 1.634
8 | -2348 | -3.794 | -0.300 | 2.568 1.634

density functional method. So, the diameter of biprismane
slightly affects the energy gain from the doping.

The Si-R bond length increases with # for both regarded
radicals. This fact indicates a weakening of the chemical bond
between the biprismane skeleton and the doping radical.
Such behavior was expected because biprismanes with larger
diameters are less strained, and their surfaces are flatter.
It is well known that the flatter surface is less reactive. For
example, a similar effect was experimentally observed for
graphene [34]. However, silicon cages with larger diameters
interact slighter not only with radicals but also with hydrogen
atoms approximately in the same way. Therefore, the
elongations of Si-R bonds with # do not result in a change in
the E_, and E_values.

Partial Mulliken charges of different radicals g,, possess
different dependences on n. The absolute value of g,
increases with # for the methyl-doped systems and remains
unchanged for the fluorine-doped systems. In both cases,
q,, is negative because the electronegativity of Si is lower
than the corresponding value for carbon and fluorine. The
higher absolute value of g,, for fluorine-doped systems is a
consequence of the higher electronegativity of fluorine.

The HOMO-LUMO gaps demonstrate oscillation
behavior during increasing of biprismane diameter with
a general downward trend. Their values are in the ranges
2+2.5 eV and 2.5+2.8 eV for methyl- and fluorine-doped
biprismanes, respectively. It should be noted that the
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HOMO-LUMO gaps of pristine biprismanes are close to these
values and lie in the range of 2+2.5 eV [1]. The visualization
of HOMO and LUMO molecular orbitals can be found in
Supplementary Material. So considered radicals cannot be
used for decreasing the HOMO-LUMO gaps of biprismanes.
Other radicals or their combinations should be tried for this
purpose.

The optical ultra-violet and visible spectra of doped
biprismanes are presented in Fig. 2. We found that the maximal
adsorption intensity was determined by the diameter of the
system. The dependence of the optimal adsorption frequency
on n is complicated and non-monotonic. As a rule, increasing
the system size results in a red shift in its spectrum. Remarkably
that different doping radicals provide the highest intensity for
biprismanes with varying values of n. So, for fluorine-doped
systems, hexagon biprismanes possess a prevalent optical
response. In contrast, among the methyl-doped systems, the
most optically active are octagonal biprismanes. This effect
can be used to distinguish biprismanes with a certain » from
their mixtures with other silicon structures. Other radicals
can probably activate biprismanes with different values of .
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Fig. 2. (Color online) UV-Vis spectra of silicon biprismanes Si, R
(n=5+8) doped with fluorine (a) and methyl radicals (b).
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4. Conclusions

Doping is a very powerful tool for tuning the properties
of nanostructures and other materials. The utility of any
compound is primarily determined by its interaction
with dopants. From this point of view, SPPs are rather
inconvenient materials, because they are chemically inert
and can not adsorb functional groups on their surfaces.
Thus, the substitution of hydrogen atoms at the ends of SPPs
by any other radicals is the most feasible way of doping them.
In contrast to the formation of host-guest compounds by
encapsulation inside the silicon framework or substitution
of the silicon atoms of the latter, the edge doping conserves
the form of SPP and keeps them stable. In the presented
study, we demonstrate the ability of two ordinary radicals
(methyl radical and fluorine atom) to modify the electronic
structure and optical spectra of biprismanes. Further
extensive calculations involving more radicals can provide
broad variations in the SPP characteristics and their tuning.
We hope that our research will stimulate such studies in the
future.

Supplementary Materials. The online version of this paper
contains supplementary material available free of charge at the
journal's Web site (lettersonmaterials.com).
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