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Abstract. In the presented work, a theoretical study of the effect of -FeSi, lattice deformation
on the type and magnitude of the first transition in the electronic band structure was carried
out. Images of nanocrystallites obtained using high-resolution transmission electron microscopy
were used as a source of deformation data. All in all, 137 variants of p-FeSi, lattice deformation
were considered in the work. Six types of first transitions different from the first transition in
unstrained B-FeSi, were discovered. The values of the first transitions from 0.02 to 0.64 eV
(direct) and from 0.01 to 1.12 eV (indirect) were obtained.
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AnHoranuga. B npeacraBieHHOI paboTe OBLIO MPOBEAEHO TEOPETUUYECKUE HCCIedO0BaHUe
BIMAHMA JeopManny pelneTky B-FeSi, Ha TUI 1 BeTMYMHY MEPBOTO MEPEXo/ia B 2JIEKTPOHHON
30HHOI CTpyKType. B KauecTBe WCTOYHMKA MAaHHBIX O AedopMaluu MCIOJb30BaIUCh
M300paKeHNs HAHOKPUCTAJITUTOB, TTOJTYYEHHBIX C TTIOMOIIBIO TTPOCBEYMBAIOIIEH JIEKTPOHHOU
MHUKPOCKOTIIMM BBICOKOTO pa3pelneHusi. Bcero B pabore paccMorpeHo 137 BapumaHTOB
nedopmauuu pewretku B-FeSi,. O6HapykeHo 6 TUIIOB NMePBbIX MEPEXOI0B, OTIMYAIOLIMXCA OT
nepBoro nepexona B HeaedopmuposanHoM B-FeSi,. TTonydyeHbl BeIMUUHBI MEPBLIX TIEPEXOIOB
ot 0.02 10 0.64 5B (npsmbie) u ot 0.01 1o 1.12 3B (HenpsMble).

Knmouesbie cioBa: kpemMHuil, 6eta nucwnuiui Fe, mepBONpUHUIMUITHBIE PACYETHI

®unancupoBanmne: Pabora BhIMoJIHEHA B paMKax rocyaapcrBeHHoro 3amanus MAITY JIBO
PAH (tema Ne FWFW-2022-0003).
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Introduction

In accordance with modern investigations B-FeSi, can be applied in light emitting, light absorb-
ing and thermoelectric devices [1—5]. In all of these cases, it is significant to understand electron
band structure nature of the material. Previous studies have shown that B-FeSi, light emitting
ability depends on change of the fundamental transition as a consequence of lattice deformation.
Lattice parameter variation is especially pronounced, when nanocrystallites (NCs) are embedded
under different conditions. Within this investigation a wide range of high-resolution transmission
electron microscopy (HRTEM) data was analyzed to extract information about B-FeSi, lattice
deformation embedded into Si under different conditions. Based on the data obtained, ab initio
calculations were carried out and the results will be discussed below.

Calculation details

The density-functional theory calculations were performed with the package VASP [6]. The
plane-wave basis with the ultra-soft Vanderbilt pseudopotential [7] and the generalized gra-
dient approximation (GGA) to the exchange-correlation functional were used. Non-spherical
contributions from the gradient corrections were included. Monkhorst—Pack k-points grid [8]
of 8x8x8 was used. The cut-off energy was of 350 eV. Relaxation was performed with respect
to the atoms’ positions, volume, and the shape of the cell. The obtained lattice constants were
a=9907 A, b=17.781 A, and ¢ = 7.833 A (experimental values are a = 9.863 A, b = 7.791 A,
and ¢ = 7.833 A [9]). The indirect fundamental energy gap was found of 0.60 eV (the GGA the-
oretical value of Ref. [10] is 0.62 eV and the experimental value is 0.839 eV [11]).

Results and Discussion

HRTEM data of one sample was analyzed to obtain NCs sizes and lattice deformation value.
Fig. 1, a shows broad NCs size distribution. For theoretical investigation bulk p-FeSi, cell was
deformed in accordance with NCs deformation: 14 NCs in diameter range from 3.5 nm to 10 nm were
considered. Calculation results are shown in (Fig 1, b, ¢). The first conclusion is even within one
sample NCs with different first transition type can be observed. The second one is NC size is related
to the first transition type, but this is not a determining factor, since there is a wide NC diameters
range, where both direct and indirect first transition types coexist. The third one is general lattice
strain expressed as a change in cell volume as well is not a determining factor for similar reason.
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Fig. 1. Distribution of p-FeSi, nanocrystallite diameter within one sample (a)
and calculated first transition type: depending on nanocrystallite diameter (5),
depending on unit cell volume change (c)
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4 Simulation of Physical Processes

The next step was to check how B-FeSi, band structure changes with a particular deformation
with a significant data collection. HRTEM data were collected from literature and our previous
experiments. All in all, 137 NCs were analyzed within this work to determine lattice deformation
and then electron band structure was calculated for each strained cell. 113 of them had indirect
type band gap and 24 ones had direct type band gap. Structures with direct band gap type are in
deformations range of Aa from +0.6 to +7.3%, Ab from —8.1 to +6.2%, Ac from —4.1 to +1.8%.
Structures with indirect band gap types are in deformations range of Aa from —9.7 to +10.4%,
Ab from —6.0 to +7.3%, Ac from —7.7 to +5.3% as shown in Fig. 2. Positive A value corresponds
to tension and negative one corresponds to compression. Thus B-FeSi, has narrow range of a and
¢ lattice constants deformation, which allow existence of band structure with the first transition of
direct type. On the other hand, B-FeSi, shows flexible band structure depending on deformation
allowing to obtain band gap in range from 0.02 to 0.64 eV (direct type) and in range from 0.01
to 1.12 eV (indirect type), that is opportunity to create light emitting and receiving devices of
different frequency ranges using different creation conditions, but same material.

b) ¢) d)

11 " = Indirect " = Indirect " = Indirect

1.0 . « Direct . « Direct . «  Direct
0.9

T T — T T e T T T T T oL T T
-10 5 0 5 10 -10 5 0 5 10 -10 5 0 5 10
a deformation, % b deformation, % c deformation, %

Fig. 2. First transition type in p-FeSi, depending on deformation: 3D plot
of transition type (@) and band gap value depending on the deformation: lattice parameter a (b),
lattice parameter b (c), lattice parameter ¢ (d). Positive deformation corresponds to tension
and negative one corresponds to compression. Points on a plot correspond to ones on b—d.
Band gap axis on b plot is common for b—d ones
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Fig. 3. Electron band structure in p-FeSi, depending on the deformation (Aa, Ab and Ac
are specified for each plot): +4.6%, -4.8%, +0.1% (a), +0.6%, -1.3%, -4.0% (b), +2.9%, -1.2%,
+3.2% (¢), +4.5%, -1.3%, +1.9% (d), +6.6%, -0.5%, -3.2% (e), +8.4%, 1.7%, -2.0% (f)

The Fermi level is taken as the zero-energy point. Arrows show the first transition

The other side of B-FeSi, band structure flexibility is location of the first transitions in recip-
rocal space. Fig. 3 shows obtained band structures with examples of fundamentally different first
transitions: 2 direct (I'—I', Y—Y) and 4 indirect ones (Y—I', A*—I', A*>Y, A*-T). Unstrained
bulk B-FeSi, has Y—A* first transition. On the one hand direct-indirect type change is a reason
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why light radiation can be observed from some NCs, but not from others of similar size, on the
other hand different direct transition positions in reciprocal space explain different experimentally
observed luminescence spectra: band walleyes located in various points have various charge carrier
effective mass, oscillator strength and energy with regard to Fermi level.

Conclusion

It was demonstrated that within one sample p-FeSi, NCs with both direct and indirect first
transition type can coexist. Neither NC diameter nor cell volume change are not a factor deter-
mining the first transition types. There was shown that the first transition of direct type exists in
narrow deformation range of 7.9%, 14.3% and 5.9% for a, b and c lattice constants, respectively.
Whereas indirect one exists in wide range of 20.1%, 13.3% and 13.0% for a, b and c lattice
constants, respectively. Six first transition types differed from fully relaxed bulk p-FeSi, were
observed: 2 direct (I'—I', Y=Y) and 4 indirect ones (Y—I', A*>I', A*>Y, A*>T).
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