Broadband photoluminescence of epitaxial bismuth nanowires and planar nanostructures
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Abstract

Bismuth nanostructures represent a promising material platform for semiconductor
nanooptoelectronics and colorimetry owing to the multi-colored light reflection and quantum confinement.
In this work, we study photoluminescent properties of bismuth nanostructures grown using molecular beam
epitaxy on the planar CaF,/Si(111) surface. We demonstrate different surface morphology of Bi, from
planar films obtained at a low growth temperature to island nano-arrays at elevated temperatures. The
formation of individual bismuth nanowires is also demonstrated. Broadband photoluminescence of bismuth
in the visible spectral range is revealed both for planar layers and nano-island arrays, as well as nanowires.
The role of Bi®* ions in photoluminescence was excluded by covering Bi nanostructures with epitaxial CaF,
capping layer preventing bismuth from ambient humidity and oxidation. According to the performed
density functional theory calculations, the nature of broadband photoluminescence is associated with
interband transitions, accompanied by intraband phonons scattering.

Keywords: bismuth, nano-arrays, nano-islands, nanowires, photoluminescence, DFT, interband and
intraband transitions

1. Introduction

Bismuth is a V-group element, having a number of outstanding properties [1]. It is one of the
heaviest non-radioactive elements, exhibiting strong spin-orbit interactions, resulting in significant spin
splitting of surface states due to the Rashba effect [2]. The 6s? configuration of the outer electron shell of
bismuth is close to that of dielectrics. At the same time, bismuth electronic structure in bulk crystals is
similar to a semi-metal due to the existing overlap between the valence band and conduction band, which
leads to the appearance of semi-metallic properties. Thus, the density of free charge carriers is 3 x 10cm-
8, and their mean free path is 1 mm at 100 K. Bismuth has the lowest known effective carrier mass,
Meri~0.001 mg [3], which is essential for transistor applications. The energy band structure of bulk bismuth
crystals, which determines its properties as a semimetal, is described, for example, in [4].

Bismuth is widely employed in photonics. In particular, the dependence of the spectral position of
reflected light in a broad range of 300-1200 nm on the size of bismuth nanoparticles has been demonstrated
[5,6]. This phenomenon is in demand in the development of devices with color selection based on color
rendering effects. Moreover, bismuth possesses a negative real part of the permittivity [7]. This property is
manifested in the surface plasmon resonance effects. The broadband switching of the optical parameters of
bismuth-containing systems is demonstrated [7]. In particular, the possibility of controlling the absorption
temperature in the ultraviolet (UV) range due to liquid-solid phase transitions in switchable plasmonic
metamaterials was shown. Several reports present the photoluminescent (PL) properties of bismuth films
in the spectral range of 400-800 nm [8,9]. PL response is usually associated with the inter-level transitions
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in Bi** ions [9]. Thus, bismuth can be used to develop broadband nanophotonic devices. The work [10]
reports a broadband (370-1550 nm) detector based on planar bismuth films, in which the photocurrent
passes through topologically protected surface states arising due to strong spin-orbit splitting. The authors
of Ref. [11] describe a photodetector based on a bismuth-graphene system operating due to the photocurrent
caused by the built-in field at the heterointerface. In nanoelectronics, it is suggested to move from planar
layers to nanowire (NW) geometry for more efficient photogeneration of electron-hole pairs in quasi-one-
dimensional systems [12,13]. A high electron mobility transistor based on bismuth NWs was presented in
ref. [14], since mesr OF charge carriers in bismuth is extremely low. A number of reports discuss the strong
anisotropy of the bismuth Fermi surface [15-17], as well as the quantum confinement effect in Bi NWs
[18-20]. According to the performed calculations, this effect should lead to a semimetal-semiconductor
transition in bismuth. The thermoelectric properties of bismuth NWs are described in ref. Notably, bismuth
films [21-26] and NWs [27-30] can be epitaxially grown on various substrates, such as GaAs, silicon and
glass.

In this work we study the PL properties of bismuth nanostructures with different morphologies
(planar, nano-islands and NWs) grown on Si(111) substrates with the use of molecular beam epitaxy
(MBE). MBE-grown CaF layers are employed as buffer dielectric layers during the growth, as well as the
capping layer covering Bi structures and protecting Bi from oxidation. The PL mechanism associated with
intra-band transitions is discussed.

2. Results and discussion
2.1. Surface morphology and crystalline structure of Bi grown on CaF,/Si(111)

The CaF; buffer layer was produced using two-stage growth of the material at a temperature of
250°C (first 15 monolayers) and 770°C (additional 20 monolayers) without material flux interruption
during the temperature ramp from 580 to 770°C with characteristic growth rate about 1 nm/min. The
detailed description of the employed CaF, staged growth approach is presented in [31]. Being deposited on
the Si(111) substrate, calcium fluoride inherits the orientation of the main crystallographic axes, forming a
planar surface [32]. The equivalent thickness of bismuth for all studied samples was 80-100 nm. Depending
on the growth conditions, continuous bismuth films or, with an increase in temperature from room
temperature to 150°C and above, ensembles of nano-islands were formed on the CaF,(111) surface.
Beginning from a temperature of about 100°C and above, along with the formation of islands, stochastic
nucleation of long NWs with a diameter of around 70 nm and length of up to 10 um occurred. Therefore,
the growth temperature is a key factor governing the Bi nanostructure morphology. Additionally, to protect
Bi nanostructures from oxidation, a part of the grown Bi samples was covered with a 10 nm thick capping
layer of Bi grown at room temperature and growth rate of 1 nm/min. Details of the MBE growth are given
in Materials and Methods section. Fig. 1 shows the typical scanning electron microscopy (SEM) images of
the morphology of grown bismuth-based nanostructures. It should be noted that Bi nanowires nucleate on
the island layer and grow on a planar layer and/or islands (not directly on a CaF; buffer layer), therefore it
is impossible to obtain a sample containing only nanowires.



Fig. 1. Surface morphology of Bi-based nanostructures grown on Si(111) substrates using a CaF buffer
layer. (a) SEM image of a planar bismuth film grown at temperature of 25°C without a capping CaF- layer
(Bi/CaF,/Si(111) system). (b) SEM image of CaF./Bi/CaF./Si(111) system grown under similar conditions.
The insets in (a) and (b) show areas of these samples in more detail, the scale bars correspond to 200 nm.
(c) Stochastically formed NWs at an elevated bismuth growth temperature of 125°C and covered with a
protecting CaF. layer deposited at room temperature. The surface represents a planar film with nucleated
Bi nano-islands. The inset shows a single NW in more detail (scale bar corresponds to 200 nm). (d) EDX
map of the boundary region of the sample shown in (b).

For a bismuth layer (Bi/CaF, buffer/Si(111) system) grown at temperatures below 100°C, the
surface is relatively flat and smooth (see Fig. 1 (a)). The surface is almost completely planar. In the case of
a planar bismuth layer grown at the same conditions, but additionally covered with a 10 nm thick CaF
capping layer at room temperature, the surface presents a corrugated morphology corresponding to the
capping CaF layer (see Fig. 1 (b)). The insets in Fig. 1(a) and (b) show the enlarged surface areas of these
films. For the evaluated bismuth growth temperature (exceeding 100 °C), the formation of Bi NWs was
revealed (see Fig. 1 (c)). This sample was also covered with a 5-10 nm capping CaF layer at room
temperature. The inset in Fig. 1(c) shows an individual NW tip in more detail. One can notice the corrugated
nature of the NW surface, which is associated with the presence of the capping CaF; layer. To study a Bi
and CaF distribution, energy dispersive X-ray spectroscopy (SEM-EDX) measurements were performed
on the boundary area, where the coverage with the bismuth film was incomplete (see Fig. 1(d), where the
bright areas correspond to the Bi). It is evident that calcium and fluorine at’'oms (corresponding to crimson
and red colors) are presented on the entire surface sample, while bismuth atoms are found only in certain
areas. To prove that a CaF seen in the SEM-EDX corresponds not only to a buffer layer, but to a capping
layer also, additional SEM cross-section measurements have been carried out (see Supplementary
materials), and transmission electron microscopy (TEM) measurements were also performed (see Fig. 2 (e)
and S2 in Supplementary materials). Additionally, our previous study [33] experimentally showed that the
MBE-grown F-containing capping layer (CaF, and MoF,) can fully protect metal surfaces (in particular,
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cobalt) from oxidation, even being deposited at room temperature with a thickness as low as 5 nm. The
reported in [33] XAS spectra showed its continuous, with no traces of metal oxide.

The performed X-ray diffraction (XRD) measurements (Fig. 2(a)) showed that in all three cases the
bismuth nanostructures form a rhombohedral crystal structure of the R3mH space group, typical for bulk
crystals. This structure can be represented in both the rhombohedral and hexagonal bases. A complex
multidomain structure for both the planar layer and the array of nano-islands is demonstrated. It was shown
that during the transition from planar film to island geometry, the growth plane changes the orientation
from (001) to (012) (in the hexagonal representation). Fig. 2(a) shows the intensity distribution over the
specular reflection (lower part of the figure) and the corresponding reciprocal space map in the region of
this reflection (upper part of the figure) for the sample containing a planar Bi film and Bi nano-islands.
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Fig. 2. (a) Intensity distribution profile over the specular reflection and the reciprocal space map in the
region of this reflection. Red, green and orange colors mark reflections from the family of Si(111), Bi(012)
and Bi(001) planes, respectively. (b) Bright-field TEM image of bismuth NWs. (¢) HR-TEM image of the
NW surface. (d) SAED pattern of the NW, the dashed arrow shows the orientation direction of the NW
corresponding to the [110] growth direction. Strong Bi and weak CaF reflection groups are marked by the
text notations. (¢) TEM-EDX images of Bi, Ca and F elements showing an uniform coverage of the NWs
with calcium fluoride.

Several series of XRD reflections are clearly visible in Fig. 2a. The reflections corresponding to the (111)
surface of Si and CaF, are shown in red, the reflections from the (012) and (001) planes of bismuth are
shown in green and orange, respectively. It should be noted that the (001) plane set predominates for
samples with a planar bismuth surface, while the (012) set is more pronounced for nano-island arrays.

TEM was applied to study the crystal structure of Bi NWs. Fig. 2(b-d) show the results of bright-field
(BF-TEM) and selective area electron diffraction (TEM-SAED) measurements. The different grey zones,
seen in Fig. 2(b), are related to specific crystalline features. The darker motley grey zone is related to a
crystalline part of NW. A longitudinal color inhomogeneity may be attributed to a diffraction contrast
related to probable thickness inhomogeneity and slight bending of NW. High resolution TEM (HR-TEM)
images demonstrate a continuous polycrystalline CaF. layer covering the NW (Fig. 2 (c) and Fig. S2 in
Supplementary materials) with an estimated thickness of 5-10 nm. Similarly, the thickness of the CaF;
capping layer can be measured using cross-sectional SEM images (see Figure S3 of Supplementary
materials), giving the same estimation. It is evident from the SAED pattern (Fig. 2(d)) that the NWs grow
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along the [110] direction. The reflections corresponding to the polycrystalline CaF, layer are also
distinguishable. To prove the formation of a capping CaF; layer on the NW surface, measured TEM-EDX
maps are shown in Fig. 2 (e). It is clearly seen that CaF, completely covers the NW body, and both Ca and
F atoms are uniformly distributed over the entire surface of the Bi nanocrystal. A more detailed description
of the growth modes of Bi/CaF2/Si(111) nanostructures not covered by a calcium fluoride capping layer
can be found in [34]. Generally, high crystalline quality of NWs was confirmed by HR-TEM, which is
shown in Fig. S1 of Supplementary materials.

Finally, we carried out X-ray photoelectron spectroscopy (XPS) measurements. This direct analytical
method shows the surface chemical composition, including the presence of oxides. The obtained results
(see Fig. S9 in the Supplementary information) clearly show the peaks associated with Ca and F, as well as
O and C always presented in all surfaces as adsorbates and contaminators. Strong signals corresponding to
the Ca2p and F1s doublets are direct evidence of the presence of the capping layer. At the same time there
are no pronounced peaks associated with Bi and Bi-O. As known, the surface-sensitive XPS provides the
information about very surface of the studied sample (3-5 nm depth). It means that CaF layer thickness
exceeds this value (about 5-10 nm according to the used growth regime) and this layer is continuous. Thus,
a CaF layer efficiently covers the Bi nanostructures preventing it from oxidation. The measurements were
carried out at several points, and the results were identical.

2.2. Photoluminescence properties of Bi nanostructures

Previous studies of photoluminescence properties of Bi films, reported in [8], associate the optical
response with radiative transitions in Bi ions. These ions appear due to the oxidation of the Bi structures.
In our work, the Bi films and NWs were covered with a capping CaF; layer, preventing the formation of Bi
ions. PL of bismuth films, nano-islands, as well as NWSs, was detected upon the excitation by a blue laser
with a wavelength A = 457 nm and a power of 0.09-0.93 mW. The excitation laser beam was focused onto
the surface of the sample using a 100X objective lens, forming a spot with a diameter of approximately 0.5
um in diameter. The optical pump power density in the spot was in the range of 46-474 kW/cm?. The PL
intensity (1) was high enough to record the spectrum with a signal-to-noise ratio of 3-5, using a grating
monochromator, equipped with a 150/475 grating and the CCD matrix detector (Sol instruments HS 101H-
2048/122-HR2). The optical signal was registered during multiple recordings. The collected radiation was
characterized by a wide spectral distribution dl/d\. Fig. 3 shows the PL spectra of bismuth nanostructures
grown on silicon substrates ((a) and (b) — thin films and films with Bi islands, respectively; (c) — NWs
separately transferred to an auxiliary quartz substrate). Note, the “wavelength” argument is converted to
the more convenient “photon energy” argument (according to the formula di/d[®] = dI/dA-A%/(2rAc), [Am]
= 2nhclh, where ¢ is the speed of light in vacuum, and [fiow]ev = 1240/Anm for simplicity). Although the
spectra in Fig. 3 are mainly correspond to the visible spectral range, the optical response also covers the
long-wave edge, corresponding to the near infrared region. On the contrary, for the short-wave boundary
coincided with A, at shorter wavelengths the intensity dropped sharply. The features near the short-wave
edge of the spectrum are associated with the Raman bands. These bands represent the superposition of Si
and quartz bands, since Bi Raman lies out of the range [8], shown in Fig. 3. No other pronounced features
were observed. The spectra of the background illumination of the silicon and quartz substrates are also
presented as references. It should be noted that the acquired spectra do not demonstrate the pronounced
peaks close to 500 nm, which is ascribed in [8] to PL of Bi®* ions. This proves the absence of ions in our
samples and emphasize a CaF capping layer protection role.
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Fig. 3. Normalized to maximum differential PL spectra dl/d[Am] = dI/dA-A2%/(2rAc) of (a) thin bismuth films,
(b) thin Bi films with nucleated Bi islands on CaF/Si substrates, and (c) separately transferred bismuth
NWs onto a quartz substrate at different points. An excitation wavelength of 457 nm (2.71 eV) is marked
with the dashed lines. The insets show corresponding schematic presentations of the Bi structures’
morphology.

Measurements for each of the Bi-structure samples were performed at three different points,
indicated as Point 1, 2 and 3. The measurements at different points were aimed to estimate the PL response
homogeneity over the samples. One can see that the PL spectra correspond to each other and have the same
spectral position of maxima and shapes. They only differ in intensity, which can be explained by the
difference in the material volume excited under laser beam. This corresponds well to the SEM morphology
study revealing the variation of Bi layer thickness (see Fig. S4). Thus, the observed results confirm the
homogeneous and conformal covering the Bi structures by CaF. capping layers over the whole samples’
surface. The estimated full width at half maximum (FWHM) values are 0.66-0.67, 0.68-0.69 and 0.60-0.61
eV for planar Bi film, nano-islands and NWs, respectively.

We should additionally note that no any correlation between morphology and PL spectral shape
was observed. This correlation may appear via quantum-confinement effects. But quantum-confinement
effects in Bi nanostructures become observable when the characteristic dimension is lower than ~50—70 nm
at cryogenic temperatures [35-38]. This critical size decreases with temperature, reaching approximately
20-30 nm at room temperature [39,40]. In the current study we worked with Bi layers or islands having
significantly larger dimensions (see the corresponding SEM and TEM images), therefore we do not expect
any quantum-sized effects. It explains the independence of PL signals on the morphology of the studied
structures.

The nature of the observed PL may be explained by interband electron transitions from different
energy bands. We consider the possible transitions within the electronic band structure E(k), where
radiative transitions may occur either (i) between distinct bands (with or without electron-phonon
interaction) or (ii) within a single band (requiring electron-phonon scattering). Some of these transitions
are associated with photon emission. Under laser excitation (with energy %), electrons can unoccupy
states above the Fermi level. These excited carriers subsequently relax via two primary pathways: (1) non-
radiative energy dissipation through phonon scattering (dominant) or (2) radiative recombination, emitting
photons. The latter process may occur from any intermediate states in the bands above the Fermi level,
yielding photons with energies <fm.. This broad emission spectrum can be observed because electrons can
undergo partial phonon-mediated energy loss within the unoccupied states prior to radiative decay,
facilitating both intraband and interband optical transitions. To better assess the probability of radiative
recombination processes, we computed the electronic structure of bulk bismuth in its rhombohedral
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structural phase using density functional theory (DFT). First, we optimized the geometric parameters of the
structure, obtaining the lattice constant am,=4.734 A and angle om=57.691°, which agree well with
experimental values [41,42]. Next, we calculated the electronic structure of the system using the TB09
(mBJ) exchange-correlation potential [43]. The calculated band structure is shown in Fig. 4(a). The
employed approach yields a direct band gap (Eg) value of 40 meV at the L-point and an indirect band gap
(Eo) value of -31 meV between the T- and L-points. These results demonstrate that the TB09 method
provides significantly improved accuracy for electronic structure calculations compared to standard LDA
or GGA methods, approaching the precision of more computationally intensive quasiparticle GW methods
[44].
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Fig. 4. (a) Band structure E(K) of bulk Bi calculated using the mGGA-TBO09 exchange-correlation potential.
Red, blue and black arrows indicate the optical transitions involved in momentum matrix element
calculations. (b) Squared momentum matrix element |pam(K)I? as a function of k. (c) The dependence of
the squared momentum matrix element |p.m(K)|% on the transition energy. Note: blue, red and black curves
in (b) and (c) correspond to transitions between the correspondence bands in (a).

Then, we evaluated possible interband transitions near the Fermi level, with the wavelengths from the
excitation at 457 nm to the near-infrared range, where Bi exhibits significant absorption. The relevant
transitions, indicated by color-coded arrows in the band structure, are shown in Fig. 4(a). Within the dipole
approximation, the transition probability P is proportional to the squared momentum matrix element
(Pe<Ipnml?). Fig. 4(b) shows the direction-averaged and normalized |p.m(K)I?, revealing sharp peaks near the
T and L high-symmetry points. This indicates a higher probability of interband transitions involving these
states. To further compare the experimental results with our theoretical model, we calculated the momentum
matrix element on a 4 times shifted 25x25x25 Monkhorst-Pack k-grid. This allowed us to plot the
dependence of |pnm(K)I?0n the transition energy (see Fig. 4c). Note that the small oscillations on the spectra
are due to finite k-point sampling. Analyzing Fig. 4b and c, the main spectrum of emission should
correspond to (500-700) nm band, which correlates well with the experimentally observed PL range of
500-700 nm. It is worth noting that direct quantitative comparison between experimental data and our
theoretical results is not possible, since our model relies only on simple dipole approximation and does not
account for the electron-phonon interaction. Thus, theoretically predicted high energy transitions can be
weakened by electron-phonon scattering. However, the performed DFT calculations can be used as a first
qualitative estimate that supports the relevance of interband optical transition in bulk Bi.



The described mechanism of luminescence is quite exotic, but not unique. A similar behavior was
previously reported for semiconductors [45,46]. This mechanism is weakly realized in metals due to
nonradiative relaxation on free carriers [47]. However, bismuth is a semimetal with a relatively low density
of free carriers n ~ 10%7/cm- (see Ref. [48]), which is several orders of magnitude lower compared to metals.
It should be noted the radiative transition does not necessarily begin from the upper state of the excited
electron, since its energy may be firstly partially relaxed non-radiatively to lower states via phonon
scattering.

The observed effect seems to be a very curious property of the studied Bi nanostructures. Due to
its nature, the PL brightness is relatively low, however it can be enhanced by the Purcell effect. The proper
choice of nanostructure sizes in the array can provide the optical resonances at wavelengths corresponding
to the broadband PL emission. The presence of Mie resonances, the Purcell effect and surface plasmon
resonances at different wavelengths in Bi films and nanoparticles make them attractive in colorimetry and
photonics [5,6].

3. Conclusion

In this study, we have observed PL from epitaxial bismuth nanostructures, including thin films, nano-island
arrays, and nanowires grown on CaF,/Si(111) substrates. Comprehensive structural characterization reveals
the crystalline quality of these nanostructures. Our findings demonstrate that PL response originates from
the bismuth nanostructures themselves, with a negligible contribution from the substrate. By employing an
in situ CaF, capping layer, we have prevented the Bi surface oxidation and the formation of Bi ions
luminescent centers.

The performed DFT analysis attributes the observed PL to radiative interband transitions, while
phonon mediated scattering explains the observed broad emission spectrum with moderate intensity. This
phenomenon provide the broadband light emission in semimetal systems. These findings open new
possibilities for developing bismuth-based photonic components while providing fundamental insights into
light-matter interactions in semimetal systems.

Materials and methods

MBE growth. Bi/CaF heterostructures were grown on Si(111) substrates by molecular beam epitaxy
(MBE) using a Veeco GEN Il system. Three-inch silicon substrates (with resistivity of 0.1-0.01 Q-cm)
were pre-cleaned using a modified Shiraki procedure followed by the formation of a thin surface oxide
layer in a boiling solution of ammonia, hydrogen peroxide and water (NHsOH/H.0./H,0; 1:1:3) [49,50].
The Bi and CaF; fluxes were provided using the effusion cells. Bayard-Alpert ion gauge was used to
measure the beam equivalent pressure (BEP) of the Bi flux. This flux was maintained at the pressure around
7x1078 Torr, corresponding to a planar layer growth rate of 90 nm/h. The CaF, growth rate was maintained
at the value about 1 nm/min and calibrated by a SEM measurement of a CaF; layer cleavage. The substrate
was continuously rotated during the growth at a speed of 5 rpm. The growth process was monitored in-situ
using reflection high-energy electron diffraction (RHEED) technique. CaF, sub-layer on Si substrate was
grown using a two stage method [31], where 15 monolayers of CaF, were grown at 200°C, and further 20
monolayers - at 770°C. As a result, flat CaF, with a relief height of up to 2 nm is formed. Samples with
bismuth were covered with a capping CaF; layer, which completely excluded the oxidation of bismuth and,
accordingly, the formation of an oxide containing bismuth ions capable to participate in PL.

X-ray diffraction analysis. X-ray diffraction reciprocal space map (XRD-RSM) analysis was carried out to
characterize the crystal structure of the Bi/CaF,; nanoheterostructures using a monocrystal X-ray
diffractometer Bruker Kappa Apex Il with an Incoatec IuS 1.0 Cu-Ko. X-ray source (A= 1.5418 A) and 2D
detector Apex CCD. A set of 2D X-ray diffraction images obtained by measuring w-rocking (£10°) scans
with the 0.1° angular step and 10 s exposure time was assembled into a single reciprocal space map to study
the mirror Bragg reflections.

SEM measurements and TEM characterization. The morphology of the synthesized Bi nanostructures was
investigated using scanning electron microscopy (SEM) with a Zeiss SUPRA 25 system (D-73446,
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Oberkochen, Germany). The crystal structure and homogeneity of the nanowires were studied by
transmission electron microscopy in both high-resolution (HR-TEM) and high-angle annular dark-field
(HAADF-STEM) modes using a JEOL JEM-2100F (Tokyo, Japan) microscope operating at 200 kV. For
TEM characterization, the nanowires were mechanically detached from the growth substrate and transferred
onto a TEM grid.

Photoluminescence measurements. PL spectra were acquired using Confotec NR500 confocal optical
system. Optical pumping was performed using a 457 nm solid-state laser (CW), focused into spot with a
diameter of 0.5 pm using a Nikon CF Plan Apo 100x 0.95 EPI objective. PL signal from the sample was
collected using the same objective. PL spectra were investigated with a SOL instruments MS 5004i
monochromator with a 150 gr/mm grating and a SOL instruments HS 101H-2048/122-HR2 CCD camera.
The measurements were done at room temperature. The measurements were performed both for planar
films, nano-arrays of islands and NWs grown on CaF2/Si(111) substrates and NWs transferred onto an
auxiliary quartz substrate. The samples were cut into pieces using a scalpel. The sample dimensions were
1x1 cm? area and dictated by the requirements of the used setup. For PL measurements of the isolated NWs,
the NWs were transferred onto an auxiliary quartz substrate by dry transfer method (the substrate with NWs
was mechanically contacted with an auxiliary substrate and then shifted). The latter completely eliminated
parasitic PL from the substrate.

DFT calculations. We performed density functional theory (DFT) calculations using the ABINIT software
package [51,52]. All calculations were carried out using the projector-augmented wave (PAW) method [53]
with JTH PAW containing 5 valence electrons [54] and including spin-orbit coupling self-consistently. For
structural optimization, we employed the PBE+D3 van der Waals functional [55], which has been shown
to accurately predict bismuth's crystal structure [56]. The electronic structure of the system was calculated
using the TB09 (mBJ) exchange-correlation potential [43].

XPS measurements. The XPS measurements were conducted using the photoelectron spectrometer
“Escalab 250Xi” with AlKa radiation (photon energy 1486.6 eV). Spectra were recorded in the constant
pass energy mode at 50 eV, using XPS spot size of 650 um. A total energy resolution of the experiment
was about 0.3 eV. Investigations were carried out at room temperature in an ultrahigh vacuum of the order
of 1x10° mbar. The combined ion-electronic charge compensation system was used to remove the sample
charge.
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