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A B S T R A C T   

Under the challenge of growing a single bilayer of Bi oriented in the (111) crystallographic direction over 
amorphous substrates, we have studied different thicknesses of Bi thermally evaporated onto silicon oxide in 
order to shed light on the dominant atomic structures and their oxidation. We have employed atomic force 
microscope, X-ray diffraction, and scanning electron microscope approaches to demonstrate that Bi is crystalline 
and oriented in the (111) direction for thicknesses over 20 nm. Surprisingly, Raman spectroscopy indicates that 
the rhombohedral structure is preserved even for ultra-thin layers of Bi, down to ∼ 5 nm. Moreover, the signals 
also reveal that bismuth films exposed to ambient conditions do not suffer major surface oxidation.   

1. Introduction 

The element of the periodic table bismuth (Bi), in bulk, is a fasci
nating semi-metal, for which the electronic properties and band struc
ture [1,2] are unique. Exotic effects such as spin textures and Rashba 
interactions emerge in this element when its thickness is close to ∼ 20 
nm [3]. Moreover, when Bi is reduced to a single bilayer oriented in the 
(111) crystallographic direction (see Fig. 1a)) and is connected by 
electrodes, the quantum spin Hall effect appears [4,5]. In other words, 
for this two-dimensional (2D) material, also called a 2D Topological 
Insulator (2D-TI) [6], electronic transport is only possible via metallic 
edge-states. From a technological perspective, 2D-TI are very attractive 
for applications in spintronics [7]. 

Measurements of the electronic transport in point contact experi
ments employing a Scanning Tunneling Microscope (STM) under 
ambient conditions [8] suggested that a Bi bilayer can be formed be
tween two Bi electrodes after continuous cycles of indentation and 
retraction. However, a bilayer suspended between electrodes is quite 
unstable and not suitable for industrialized processing. For this reason, it 
is more interesting to explore and characterize Bi deposited on surfaces. 
While experimental growth of a single layer of Bi in the hexagonal phase 

has been failed on Si(111) surfaces [9,10], first results were obtained for 
the growth of a single Bi monolayer on silicon carbide by F. Reis et al. 
[11]. Since electronic devices in industry, and many technical and 
condensed matter physics laboratory systems, use wafers of silicon with 
a top layer of silicon oxide (SiO2) as electrical insulator it would be very 
attractive to use these substrates, in order to deposit, grow, or synthesize 
a bilayer of Bi (111). Currently, we are not aware of any reports that 
demonstrate that a single bilayer of Bi was grown via thermal evapo
rated on SiO2, however using another expensive and sophisticated ap
proaches as Pulsed Laser Deposition (PLD) the bismuth can be deposited 
[12,13]. Some studies based in thermal evaporation technique on 
amorphous substrates show that the crystallographic orientation of the 
Bi grains are governed by the surface morphology and by the energy of 
the impinging atoms. For instance, Rodil et al. reported that low depo
sition energies lead to (111)-oriented growth, high deposition energies 
provide a (012)-orientation, and intermediate energies give random 
orientations [14]. 

One of the significant challenges for obtaining pure Bi thin films on 
amorphous substrates is to avoid the oxidation during the process, 
otherwise crystallographic orientation and structure are strongly 
affected. In Bi thin films, this topic is still under debate. There are early 
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reports where Bi thin films become covered by a monolayer of BiO, not 
by Bi2O3 Ref. [15], reports that showed that Bi nanostructures oxidize 
from the edges and their top surfaces remain unoxidized [16], or papers 
that show that Bi (111) has a very limited degradation even after being 
exposed to air for weeks [13]. Bismuth oxide exhibits strong poly
morphism, consisting of the major part of phases of stoichiometric na
ture, including α-Bi2O3 with monoclinic symmetry, β-Bi2O3 with 
tetragonal structure or γ-Bi2O3 with cubic (bcc) symmetry, among 
others. By comparison, pure Bi crystallizes in the A7 rhombohedral 
lattice structure, which belongs to the R3m space group with two atoms 
per trigonal unit cell [17] (Fig. 1). Alternatively, the structure can be 
described as hexagonal with six atoms per unit cell (three primitive R3m 
unit cells) [1]. In this structure, we can find two optical phonon modes. 
The first one, the Eg-mode, is a transverse optical mode doubly degen
erate in the x-y-plane and consists of a displacement of the two atoms in 
opposite directions (Fig. 1 b)). The second one, the A1g-mode, is a lon
gitudinal optical mode, which consists of a displacement of the two 
atoms along the body diagonal in opposite directions (also referred to as 
breathing mode). Therefore, the incorporation of oxygen by thermal 
oxidation of Bi, or oxidation during any other growth methods will 
involve a modification of the structural properties affecting the lattice 
dynamics. These changes will hence be visible by crystal analysis, e.g., 
by XRD or Raman scattering. 

In this report we present results of our investigation of the structural 
and optical properties of Bi thin films grown onto amorphous SiO2. 
Different thicknesses of Bi coatings are systematically studied by scan
ning electron microscopy (SEM), atomic force microscopy (AFM), and X- 
ray diffraction (XRD). These approaches reveal that Bi crystals grow 
preferentially in (111) orientation for film thicknesses starting from 20 
nm and larger. Moreover, crystal properties and symmetry are analyzed 
by Raman Spectroscopy. This last contactless and nondestructive 

technique has arisen as an excellent tool for studying crystallinity, mo
lecular interactions and phase and polymorphism, and allows to iden
tify, with a high degree of certainty, the structure of Bi. It also gives 
evidence of possible incorporation of oxygen into the lattice, even if the 
layer is not fully covered by a single layer of oxygen. Surprisingly, our 
study suggests that Bi films preserve crystal quality, even for the thinner 
samples, by the observation of the optical phonons related to the 
trigonal unit cell of Bi. Furthermore, the absence of bismuth oxide fea
tures in the Raman spectra suggests that the surface remains free of 
oxidation. 

2. Experimental details 

The substrates whose nominal dimensions are 5 × 5 × 1 mm, with 
285 nm of SiO2 on Si, were selected for growing Bi thin films. Before 
starting the process of growth, all the substrates were cleaned in ultra
sonic bath sequences with acetone, ethanol, and finally isopropanol. The 
substrates were rinsed with MilliQ-water and then dried with pressur
ized nitrogen. Bismuth pellets with a purity of 99.99%, having a melting 
point of ∼ 544 K, were placed in a tungsten crucible inside of a vacuum 
chamber and pumped to 5⋅10− 8 mbar. The pellets were heated indirectly 
by passing an electrical current through the crucible. A quartz balance 
monitored the deposition rate that was kept at 0.1 Å s− 1. With this 
common thermal evaporation procedure, the bismuth was deposited 
onto the silicon oxide substrates, which initially were at ∼ 298 K. Under 
these conditions, we grew samples with different thicknesses (5, 10, 20, 
and 40 nm). To analyze the grain size, shape, crystallinity, and oxida
tion, we have used SEM, AFM, XRD, and Raman spectroscopy. 

We used SEM and AFM images to observe the shape of the grains and 
to measure their sizes in terms of the length of the edges surrounding 
them. We took the SEM images using an FEI Nova NanoSEM 200 in
strument. Images were analyzed using the Image-J code [18]. Topog
raphy and grain profiles were analyzed by tapping mode AFM using a 
Bruker Multimode V8 and Olympus brand silicon cantilevers with a 
nominal resonance frequency of 300 kHz and a spring constant of 26 N/ 
m. WSM software [19] was used for performing the data analysis. 
Crystallography characterization was done by XRD experiments in a 
Philips X’Pert-MRD instrument. The incident rays on the detector were 
attenuated for all the samples with a thickness equal to or bigger than 
20 nm. The spectra obtained via this approach were compared with the 
established database at Ref. [20], which assigns crystallographic di
rections for every peak observed in the incident angle. 

For Raman spectroscopy measurements at room temperature we 
used the 647 nm line of an Ar/Kr laser as excitation, a T64000 Jobin- 
Yvon spectrometer, coupled to an open electrode liquid-N2 cooled Si- 
CCD detector, and an Olympus optical microscope. We used a 100×
optical objective (numerical aperture 0.95), both for focusing the laser 
beam, and for collecting the scattered light. Optical characterization was 
performed using the triple spectrometer in subtractive mode, in order to 
achieve maximum resolution. Additionally, using the triple spectrom
eter, it is possible to go below 80 cm− 1 for the purposes of measuring the 
optical phonon modes of Bi. All measurements were calibrated with a Si 
sample by the characteristic phonon peak at 519.5 cm− 1. After 
measuring the Si phonon peak, the spectrometer was not moved from its 
position in order to avoid displacements in the calibration; thus, our 
experimental values have a maximum error of 0.5 cm− 1. Special care 
was taken during Raman measurements to prevent thermal effects. 
Specifically, the laser power was kept relatively low with long waiting 
times for data acquisition in order to avoid sample heating on the 
thinnest samples (5 nm). Finally, we apply Raman spectroscopy to 
analyze randomly selected points of the sample. 

Fig. 1. a) Illustration two bilayers of Bi(111) and their atomic distances.b) 
Trigonal unit cell of Bi crystal. Pale blue and pale red rhombs represent the 
upper and bottom part respectively. Blue, red and green arrows show the unit 
vectors spanning the lattice. Bi atoms are illustrated by the grey spheres. In the 
upper and lower atoms, purple and orange bidirectional rows show the modes 
of vibration labeled as Eg and A1g . (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 
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3. Results and discussion 

3.1. Structural analysis by microscopy 

The properties of Bi thin films are influenced by the thickness of the 
layer and by the substrate temperature during deposition [21–23]. The 
deposition conditions strongly influence the structure and crystallog
raphy of the Bi layers [14,21–23]. We studied the morphology of the 
samples via SEM and AFM images. Homogeneous coating of the sub
strate and grain structures are illustrated in Fig. 2. Panel a) displays a 
SEM image for a film of 5 nm Bi thickness; panel b) shows an AFM 
topographic image of a 40 nm thick Bi sample. Both panels have in 
common that Bi covers all the substrate homogeneously; however, they 
show that the grain sizes and shapes are completely different. 

The SEM image of the panel a) shows tiny grains with different types 
of quadrilateral geometries, the most commonly observed are rhom
buses, kites, and trapezoids. We have measured, independently of the 
shape, the perimeter length of the edges of 30 different grains. The mean 
value and the standard deviation obtained for the edge lengths were 
26 ± 9 nm. 

Topographic images taken by AFM, Fig. 2 b), show a clear texture 
formed by geometrical triangular structures, that indicates the 
crystalline-like structure. Following the methodology employed for the 
panel 2(b), we calculated the mean value and standard deviation of the 

length of the edges for a selection of triangles, whose values are 100 ±

40 nm. This confirms the impression obtained from the images that the 
grain sizes for the 40 nm film are significantly larger than those for the 5 
nm film. 

Our results obtained via SEM and AFM techniques are in good 
agreement with another studies [24]. The geometrical shapes observed 
for different thickness suggest the existence of crystallites on the 
amorphous substrates [23]. However crystallographic studies and 
Raman should bring more information to confirm this point. 

3.2. Crystallographic analysis by XRD 

The full coating of the Bi onto the SiO2 and the appearance of the 
geometrical shapes (quadrilateral and triangular) suggest that the Bi 
films grow in a preferential crystallographic orientation. We have 
analyzed the crystallography data for all layer thicknesses. In Fig. 3 we 
show in a stacked graph the X-ray intensity registered by the detector vs. 
the angle of incidence. The spectra are shown in four panels, with the 
green, blue, red, and black solid curves corresponding to 40, 20, 10, and 
5 nm layer thickness, respectively. As first observation, the spectra show 
more pronounced peaks (higher and narrower) when the Bi coating is 
thicker. 

Fig. 3 shows clear diffraction peaks corresponding to the positions of 
the (111) and (222) planes, supporting the interpretation of predomi
nantly (111) textured crystallites. Going to 20 nm film thickness and 
above, the XRD spectra show peaks located at 22.5 and 45.8 degrees. 
According to Ref. [20] the crystallographic (111) and (222) planes are 
located at 2θ = 22.5◦ and 45.9◦, respectively. Yellow shades centered at 
22.5 and 45.0 degrees help to visualize regions of the expected peaks for 

Fig. 2. Images of thermally grown Bi films on silicon oxide. a) SEM image for a 
5 nm Bi film taken at 15 keV electron beam energy. b) AFM image of the surface 
of a 40 nm Bi film. The scale of the images is indicated at the lower right corner. 
The scales are similar, so that the images illustrate the great difference in 
grain sizes. 

Fig. 3. X-ray diffraction spectra for Bi thin films on top of SiO2. The four panels 
show XRD spectra for different thickness of Bi, as indicated in the legends. 
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Bi (111) and (222). Moreover, the corresponding Miller index are shown 
in the upper parts of the yellow stripes. 

The 5 nm thickness sample does not show a preferential crystallo
graphic orientation, and it seems amorphous. In the panel for the 10 nm 
film a small protuberance around 22.5 degrees suggests the formation of 
crystallites in the (111) crystallographic directions. By subtraction of a 
smooth background we find that the evidence for the presence of a peak 
is fairly clear. 

The spectrum for the thinnest sample does not show characteristic 
peaks, which could induce us to think that the Bi layer is amorphous. 
However, Raman spectroscopy (see below) reveals that the structure is 
hidden by the XRD background signal of the silicon oxide substrate. 
Table 1 summarizes the results of Fig. 3, and discussed in this section. 

3.3. Raman spectroscopy 

The previous section leaves an open question on whether crystal 
symmetry is lost in the thinner samples when Bi is grown by thermal 
evaporation. To clarify this assertion, the structural and optical prop
erties of these samples were evaluated by Raman spectroscopy. 

The Raman spectra shown in Fig. 4 were acquired for the four Bi thin 
films with different thicknesses (5, 10, 20, and 40 nm). Concerning the 
crystal structure of Bi, two clear peaks appear in all samples: the first- 
order Raman bands assigned to the Eg and A1g phonon modes, in 
agreement with the literature [25–27]. Because of the centrosymmetric 
structure of the Bi lattice, these modes (i.e., the Eg and A1g gerade modes) 
do not show a dipole moment, but a change in the polarizability [28]. 
They are polarized in the hexagonal close-packed plane and, thus, in the 
rhombohedral structure. Compared with the sample of 40 nm thickness, 
where the phonon modes are centered at 69 and 94 cm− 1 (for Eg and A1g, 
respectively), we can appreciate a slight shift in the other samples, 
where phonons are located at 73 and 98 cm− 1. This blue-shift can be 
ascribed to phonon confinement due to the relaxation of selection rules 
for reduced grain sizes [26,29]. In particular, for the thinnest sample (5 
nm), one can observe in the Raman spectra a broadening of the phonon 
peaks with a full width at half maximum (FWHM) of about 12 and 7 
cm− 1 for the Eg and A1g phonon mode, respectively. For Bi samples with 
thicknesses of 40, 20 and 10 nm, the FWHM of the Eg and A1g band are 
about 7–8 cm− 1 and 4–5 cm− 1, respectively. This appears to be a sig
nificant result, since these are the clearest peaks found in the literature 
for pure thin films of Bi grown by thermal evaporation. Recent work 
reported Raman spectra for 1, 5, 10, and 30 nm Bi samples, which are 
comparable to this work [13]. However, these samples were grown 
under UHV conditions by PLD, a technique that is widely employed for 
fabricating high-quality complex oxide films [30]. Therefore, while XRD 
does not provide information on Bi crystallinity for 10 and 5 nm, we can 
appreciate that the crystallinity of the grains is preserved, based on the 
observation of the Eg and A1g Raman modes for the thinnest layers. 

It is worth highlighting that no peaks related to oxygen impurities 
are observed in the Raman spectra. It is known that Bi oxidizes more 
slowly according to the crystallographic facets due to the differing 
number of dangling bonds on each surface, which are the highest for 
(101) and lowest for (111) [16,33]. Accordingly, in the case of Bi, the 
(111) facets are the most resistant to oxidation. The observation of the 
Raman phonon peaks for Bi (111) suggests that (111) facets remain the 

preferred orientation for 5 and 10 nm. In order to observe possible oxide 
impurities, we measured in the range of 40 to 360 cm− 1. For the purpose 
of this research, we have summarized the most characteristic Raman 
frequencies known for some Bi2O3 phases in Table 2. 

The Raman scattering process involves the excitation of the material 
by a polarized laser beam. This means that the laser beam is focused to a 
spot size on the sample with a diameter of approximately 1–2 μm (using 
a 100× objective), where the absorption of radiation causes an increase 
in the temperature of the sample, which depends on thermal conduc
tivity of the layer and substrate material. If the power intensity is highly 
increased, it can alter the lattice of the material, and result in breaking of 
the symmetry and loss of crystal quality; the material can even become 
amorphous [34]. This effect is more pronounced in thinner samples 
because thermal conductivity decreases as the size of the material scale 

Table 1 
Summary of the position the peaks in 2θ, for the spectra shown in Fig. 3.  

Fig. 4. Room-temperature Raman-scattering spectra of Bi thin films with a 
thickness of 5, 10, 20 and 40 nm (from the upper to lower panel). The green 
curves show Lorentzian line shapes fit to the spectra, for the two lines corre
sponding to the Eg and A1g phonon modes of Bi. The red curve shows the cu
mulative fit, combining both lines. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Literature values of Raman frequencies for pure Bi and for some Bi2O3 phases.  

Bi (rhombohedral structure) 
Phonon modes ω (cm− 1)  

Eg  69 (This work)/ 70 [27] 
A1g  94 (This work)/ 97 [27]  

α,β, γ-Bi2O3  

Polymorphic Raman peaks 
phase (cm− 1) 

α-Bi2O3  65,83,93,102,118,138,151,183  
(monoclinic) 210,279,313,410, 449… [31]  

β-Bi2O3  127,314, 446 [24]  
(tetragonal)  

γ-Bi2O3  58,89,145,166,208,250  
(bcc) 278, 329,370,461… [32]   
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down. Additionally, as in the case of Bi, the laser beam can induce 
oxidation and phase transitions [24]. The observation of the bulk Bi 
phonon lines and the absence of any bismuth oxide lines evidence that 
our precautions of using low laser power were sufficient to prevent 
alteration of the sample by laser irradiation. 

4. Conclusion 

In summary, we have grown Bi films of various thicknesses by 
thermal evaporation onto amorphous Silicon Oxide substrates. 
Morphological characterization by SEM and AFM shows that the 
amorphous substrate is fully coated by grains. Moreover, the geomet
rical structure of the grains was measured. For the thinnest sample, the 
shape of these grains was quadrilateral, and the mean value was 26 ± 9 
nm, which suggests the existence of crystalline Bi. However, for the 
thicker layer, the shape was triangular with edges of 100 ± 40 nm, 
indicating a (111) orientation. We confirm this through XRD spectra, 
which demonstrate beyond doubt that the crystallographic direction of 
the grains is (111) for film thicknesses of 20 nm and higher. However, 
for 10 nm film thickness the data requires some fitting to elucidate the 
peak related to this orientation. In the case of 5 nm no signal was found 
in the XRD spectrum. 

On the other hand, Raman spectroscopy measurements confirm the 
high crystallinity, even for the thinnest Bi films grown (thicknesses 5 and 
10 nm). Moreover, we clarify that the Bi films are not strongly oxidized, 
even though they have been exposed to ambient conditions for more 
than one week. The Raman results contribute to the debate of the surface 
oxidation of Bi. Our results confirm that the crystallinity is preserved in 
the grains, even for the thinnest sample (5 nm), and give as predominant 
crystallographic direction the (111) orientation, which exposes the face 
that is most resistant to the oxidation. The results presented here for 
non-oxidized ultra-thin thermally evaporated Bi on SiO2 offer new op
portunities for obtaining Bi (111) bilayers and support that this tech
nique is as an excellent, simple and scalable to large areas for developing 
spintronics applications. Furthermore, we can take advantage of the 
work developed here, knowing that Bi bilayers are separated by a van 
der Waals gap forces [35]. As a future work, we propose to explore 
electrochemical dissociation or polymer stamping methods for extract
ing Bi bilayers in future research. 
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R. Claessen, Bismuth on a SiC substrate: A candidate for a high-temperature 
quantum spin Hall material, Science (2017). 

[12] Z. Wu, J. Hao, Electrical transport properties in group-v elemental ultrathin 2d 
layers, npj 2D Mater. Appl. 4 (2020). 

[13] Z. Yang, Z. Wu, Y. Lyu, J. Hao, Centimeter-scale growth of two-dimensional 
layered high-mobility bismuth films by pulsed laser deposition, InfoMat 1 (2019) 
98–107. 

[14] S. Rodil, O. Garcia-Zarco, E. Camps, H. Estrada, M. Lejeune, L. Bourja, A. Zeinert, 
Preferential orientation in bismuth thin films as a function of growth conditions, 
Thin Solid Films 636 (2017) 384–391. 

[15] E. Puckrin, A.J. Slavin, Comparison of the oxidation of polycrystalline bulk 
bismuth and thin bismuth films on the Au(111) surface, Phys. Rev. B 42 (1990) 
1168–1176. 

[16] P.J. Kowalczyk, D. Belic, O. Mahapatra, S.A. Brown, E.S. Kadantsev, T.K. Woo, 
B. Ingham, W. Kozlowski, Anisotropic oxidation of bismuth nanostructures: 
Evidence for a thin film allotrope of bismuth, Appl. Phys. Lett. 100 (2012), 151904. 

[17] P. Cucka, C.S. Barrett, The crystal structure of Bi and of solid solutions of Pb, Sn, Sb 
and Te in Bi, Acta Crystallogr. A 15 (1962) 865–872. 

[18] C. Schneider, W. Rasband, K. Eliceiri, NIH Image to ImageJ: 25 years of image 
analysis, Nat Methods 9 (2012) 671–675. 

[19] I. Horcas, R. Fernández, J.M. Gósmez-Rodríguez, J. Colchero, J. Gómez-Herrero, A. 
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