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Abstract

We observed strong enhancement of the Raman signal from a silicon (Si) substrate hidden
beneath nano/micro-droplets of bismuth (Bi) after exposing them to a high-power laser beam (785
nm). Confocal Raman microscopy indicated that the as-fabricated Bi droplets inhibit the Raman
signal from the underlying Si substrate. After the laser flash heating step, the intensity of Si optical
phonons was strongly enhanced at the positions of Bi droplets, becoming even more intense than
that of the bare Si substrate. Analyses of the Bi optical phonon modes, Eg and A1g, confirmed a loss
of long-range ordered crystallinity in the laser exposed droplets. Such lattice disordering can
increase the available free carrier density in semimetal Bi, as occurs in the case of its amorphous
and liquid states. And this can induce an optical phase change, which causes a marked enhancement

of Si Raman signals through an effect similar to surface-enhanced Raman scattering (SERS).



1. Introduction

The semimetals in Group V constitute an exotic class of materials where a variety of allotropes
exist depending on factors such as pressure, temperature, and their crystal growth conditions.
Among these elements, bismuth (Bi) has attracted considerable interest as the prototype semimetal,
showing extreme electronic, mechanical, and optical behavior, such as a huge magnetoresistance, a
very low Debye temperature, and a low melting point (271 °C for bulk Bi) [1-3]. Furthermore, Bi
exhibits a metal-dielectric duality in terms of its optical response and has a high refractive index in
the long wavelength limit as well as plasmonic characteristics from the near-infrared to the
ultraviolet spectral region [4]. These varied and unique features make this material attractive for a
wide range of applications within fields, such as magnetic field sensing [5], photocatalysis [6],
thermoelectric nanodevices [7], and photodetection [8]. From a structural point of view, the
electronic configuration of crystalline Bi has a low free-carrier density, where conducive electrons
and holes are located at tiny Fermi pockets of its band structure. When the crystallinity of
semimetal Bi becomes deteriorated, the available free electron density increases owing to subtle
overlap between the valence and the conduction band as in the case for amorphous Bi, which has a
free electron density four-orders of magnitude higher than semimetal Bi [9]. Thus, a change in the
crystal lattice of Bi can have considerable effects on its electrical- and optical conductivity. The
amorphous structure of Bi has many similar features to its liquid state in terms of its electrical and
optical response, and has greater metallic character [10]. The microscopic mechanism for this
behavior is an intriguing subject in condensed matter physics and of technical importance for
engineering applications in thermal and optoelectronic devices. Owing to the wide range of
attributes and potential for future applications of Bi, there is great interest in developing methods to
manipulate Bi in a controlled manner down to the nanoscale to obtain desirable properties. In order

to achieve this, laser techniques offer a powerful and effective way to change material properties



and/or structural features. Lasers allow for high-level control in modifying morphologies and
properties in nanofabrication approaches, where feature size is limited only by the spot size of the
laser beam [11,12]. Hence, laser methods offer the ability to selectively tailor nanomaterials, and in
the case of Bi, lasers can promote oxidation processes [13—15] or used to form nanoparticles by
laser ablation [16]. However, studies on the effects of laser irradiation on structural, electrical, and

optical properties of Bi have been lacking to date.

In this work, we report on a remarkable enhancement of the Raman signal from a silicon (Si1)
substrate hidden beneath Bi droplets, appearing only after exposure of Bi droplets to high-power
laser irradiation. We used confocal Raman microscopy to obtain images from the Raman active Bi
phonons and optical phonons of the Si. We detected a pronounced increase in the intensity of Si
optical phonons beneath the Bi droplets after laser exposure and considerable changes in Bi Eg and
A1z modes were simultaneously detected. Additionally, spectral features in our dark-field
microscopy shifted to shorter wavelengths after the laser flash heating of droplets. All together,
our results suggest that an optical phase change occured due to the laser irradiation, and can be
associated with an increasing metallic character in the Bi droplets, which leads to an effect similar
to surface-enhanced Raman scattering (SERS) which was suggested earlier [17,18]. We discuss the
correlation between the laser-induced metallicity enhancement and the plasmonic SERS effect

associated with the enhanced near-field and scattering.

2. Experimental methods

The Bi droplets were fabricated from an epitaxially grown single crystal Bi(001) thin film
on silicon [2,3]. Bi films with a thickness of approximately 8 nm were deposited on a reconstructed
Si(111)-7%7 surface by molecular beam epitaxy (MBE) under ultra-high vacuum (UHV) at a base
pressure below 107° Torr. The Bi (99.9999%, NewMet) source material was evaporated from a
Knudsen effusion cell at rate of 2.5 A/min, as monitored by a quartz crystal microbalance. The Bi

droplets were prepared from the deposited film by post-annealing at roughly 300 °C, through



resistive heating of the Si substrate. The thin film deposition and resistive heating processes were
monitored by in situ reflection high energy electron diffraction (RHEED). All the other experiments
and characterization were performed at ambient temperature unless otherwise stated. A combined
atomic force microscope (AFM), confocal Raman microscope, and bright-field and dark-field
microscope was used for these studies (alpha300 system, WITec). We used a confocal setup for
laser flash heating of our sample, together with a 785-nm diode laser (Xtra II, Toptica) operated at
30 mW. The laser spot was focused to a spot diameter of ~2 um, with a 50x objective lens having a
numerical aperture of 0.8, followed by scanning across a selected area of interest.

The morphologies of the Bi droplets before and after laser irradiation were characterized
with a scanning electron microscope (SEM; SU8230, Hitachi) and AFM. The AFM topographic
information was acquired in tapping mode with the use of a cantilever having a nominal resonance
frequency of 75 kHz and a force constant of 2.5 N/m. Image processing, consisting of standard
flattening procedures, was performed in Gwyddion [17]. For the Raman measurements, a Bragg
grating coupler and a 532-nm Nd:YAG continuous wave laser source were used. The laser was
focused to a spot diameter of ~1.5 um with a 50x objective lens, and operated at a power of 6 mW.
Spatially resolved Raman spectra were acquired over a 25x25 um? area, with a total of 128x128
spectra and an integration time of 20 ms at each point. The spectra were optically resolved by a
1200 g/mm diffraction grating, and recorded by an Acton SP2300 spectrometer (Princeton
Instruments). Phonon images were constructed by Raman peak integration with background
subtraction using Project FOUR (WITec). Light scattering from the Bi droplets was characterized
by reflection dark-field microscopy in a confocal configuration using a 50x objective lens and a
white halogen lamp for illumination. The dark-field spectra were resolved with a 300 g/mm

diffraction grating and recorded by an Acton SP2300 spectrometer.

3. Results and discussion

3.1 Formation of Bi droplets and their characterization



A schematic view of the Bi droplet fabrication process is illustrated in Fig. 1(a). The
diffraction spots and streaky lines seen in the RHEED pattern (Fig. 1(b)) are characteristic of single
crystalline Bi thin films with a [001] surface orientation [3,18]. Under resistive heating, the thin
film integrity was disrupted and transformed from a continuous 2D film to 3D structures. This
transition was monitored by observing the RHEED pattern, which changed from a characteristic 2D
streaky pattern (Fig. 1(b)) to a spotted transmission pattern as 3D structures formed (Fig. 1(d)). We
verified this result by SEM, comparing the as-grown thin film (Fig. 1(c)) with a post-annealed
sample (Fig. 1(e)), where in the latter, the droplet shapes of Bi were clearly visible. The size
distribution of the Bi droplets ranged from a few tens of nm to 2-3 um in diameter. The resistive
heating process resulted in spontaneous formation of Bi droplets on the Si surface, as is typical for
thermal dewetting of a molten film with a high surface tension.

Images from a selected region of interest were captured by optical bright-field microscopy,
SEM, and AFM before and after exposure to the high-power focused laser beam (785 nm), referred
to here as laser flash heating. Before laser flashing, the pristine Bi droplets were smooth,
hemispherical, and separately distributed throughout the substrate (Fig. 2(b), (c) and (d)). After the
laser flashing step (Fig. 2(e), (), and (g)), the appearance and morphology of the droplets changed
compared with their original features. From the bright-field images, all the laser-exposed droplets
appeared darker and the larger droplets widened, indicating that the scattering cross section was
enhanced after the flashing (Fig. 2(b) and (e)). In the SEM images (Fig. 2(¢) and (f)), the smaller
droplets (< 1 um) were less affected by laser exposure; however the height of larger droplets
decreased and smaller particles appeared around them. These observations suggest that “volatile
boiling” occurred during the laser flash heating step. These observations are furthermore supported

by AFM results (Fig. 2(d) and (g)).

3.2 Spatially resolved optical phonons of Si



We used spatially resolved Raman microscopy to investigate any modifications to the
inherent features of the system following high-power laser exposure. Raman spectra from an
individual Bi droplet, under pristine and laser-flashed conditions, are shown in Fig. 3(a). To
highlight the effects of the Bi droplets on the Si Raman signal (520 cm™"), the signal of the bare Si
substrate is subtracted from the spectra obtained from the Bi droplet. The Raman spectra (Fig. 3(a))
shows the two first-order optical phonon modes of Bi, namely the E; (transverse) and Ajg
(longitudinal) modes appearing at ~67 cm ' and ~92 cm !, respectively. For the pristine Bi, we
observed that the Raman signal from the Si substrate was much weaker at the droplet position than
at the bare substrate (i.e. the peak was lower than the baseline). However, to our surprise, it
increased dramatically after the laser flash heating (the Si peak become higher than the bare Si
surface). These results can be seen clearly in the Raman images. For the pristine droplets (Fig. 3(b)
and (d)), the intensity of the Si optical phonons was dark (low intensity) where the Bi Az was bright
(high intensity). This observation indicates that the presence of Bi inhibits Raman scattering from
the substrate. Conversely, for laser flashed droplets (Fig. 3(c) and (e)), the intensity of the Si optical
phonons became bright where the Bi Ag phonon was bright. The sharp increase in the Si Raman
signal suggests that the laser flashing modulated the optical response of Bi to enhance the local
electromagnetic field in proximity to the droplets, and hence the signal from the substrate. These
findings will be discussed in more detail later (subsection 3.4 and 3.5).

To further connect the relationship between the optical scattering and morphology of the Bi
droplets, we obtained line profiles and 3D mappings from a single micrometer-scale particle, as
shown in Fig. 4. Line profiles of the Si Raman intensity, dark-field scattering intensity and AFM
height measurements are given for a single droplet under pristine (Fig. 4(a)) and laser-flashed
condition (Fig. 4(b)), respectively. The overlaid line profiles show good agreement between the
different techniques. At the position of the Bi droplet, the Si Raman signal intensity gradually
decreased towards the center of the droplet. Conversely, for the laser-flashed droplet, the Si signal

intensity was greater at the droplet position, than at the bare substrate. As for the larger particles, the



Si phonon intensity did not show a uniform intensity distribution across the droplet but rather
stronger enhancement was found along the edges than at the center. Interestingly, these ring-like
features were observed in both Raman and dark-field results across the particle area in the 3D
mappings (Fig. 4(c-¢)), suggesting a common origin for this optical scattering.

To elucidate the dependence of the Si Raman signal on droplet size, the intensities of
droplets of different sizes under pristine and laser flashed conditions are plotted in Fig. 5. The
intensities were calculated by integrating and averaging the Si peaks over the whole droplet area for
each single particle and normalized to the bare Si substrate Raman intensity. For pristine Bi droplets,
the plot showed a steady decrease in the Si intensity with increasing size. Larger droplets
suppressed the Si signal more completely, decreasing from approximately 0.87 to 0.12 as the size
decreased from 0.5 pm to 2.7 um, respectively. However, after laser-flashing, the Si phonon signal
at the position of the Bi droplets became even greater than that of the Si substrate itself, ranging
from 1.2—1.7, indicating that the irradiated Bi droplets acted as signal amplifiers. There is a steep
increase in the relative intensity from droplets with sizes around 0.8 um, followed by saturation at
larger sizes. This steep increase is most likely associated with the change in total available free
carriers in the droplet volume, which is linked with droplet size. Although the relative intensity for
the laser flashed droplets saturated at 1.7, the ratio of the Si peak intensities of the laser-flashed to
pristine droplets (enhancement factor) showed an almost linear increase as the droplet size

increased.

3.3 Laser flash heating and lattice disordering in Bi

We adopted Raman mapping to investigate any changes in the structural properties of the Bi
droplets. The scattered light detected by Raman spectroscopy gives information about a material’s
vibrational modes, and details concerning the crystal phase, stress, and structural point defects can
be obtained. We examined the intensities and linewidths of the Bi optical phonon modes in the

Raman spectra, and can discuss the changes of crystallinity and local atomic rearrangement caused



by the laser-flashed heating. Micro-Raman spectra obtained from a representative Bi droplet, for
pristine and laser-flashed condition, are given in Fig. 6(a). As previously mentioned, the E; and A
modes of rhombohedral Bi were detected at 67 cm ™! and at 92 cm™!, respectively. The two-fold
degenerate Eg transverse optical mode is produced by atomic displacement occurring within the
plane of the Bi interlayer (parallel with the (001) plane). The displacement of the symmetric Ajg
longitudinal mode occurs in between the bilayers (perpendicular to the (001) plane), as shown in
Fig. 6(b) and (c). The sharp Raman peaks of the Eg and A1z modes indicate that the pristine droplets
were highly crystalline, and the E; signal was approximately twice as intense as the A signal (Fig.
6(a)). After high-power laser irradiation, the Eg and A1, signals exhibited a comparable intensity and
their peak width broadened considerably. Because of the sensitivity of Raman spectroscopy to
crystallinity, these peak changes indicate a change in the preferential structure orientation of the
laser flashed droplets compared with the pristine droplets. The relative peak intensity between
optical phonon modes is useful as an indicator for studying disorder and phase changes, and has
been frequently used for determining defects in and phase of carbon materials and others [19,20].
For example, Raman peak broadening in Bi correlate with crystal point defects, as has previously
been shown for the A1z mode where the vibrational decay rate/damping increases as more defects
are introduced [21]. For our Raman spectra, by applying Lorentzian peak fitting to the observable
Bi phonon modes, we measured full-width at half-maximum (FWHM) broadening from 14.2 to
25.6 cm ! and a frequency shift from 66.7 to 68.1 cm ™! for the E; mode. For the A1, mode, we
observed a FWHM broadening from 13.1 to 24.8 cm™ ! and a frequency shift from 92.6 to 91.8 cm ™.
The intensity ratio of Eg/A1y decreased from 2.07 to 0.99. The peak shifts, broadening, and Eg/A 1,
intensity ratio change for the laser flashed Bi droplets suggest: 1) deterioration of long-range order
by defect formation; and 2) changes in the local bonding character or atomic remodeling, caused by
the high-power laser irradiation. Most likely, the laser-flash heating transformed the crystalline Bi
microdroplets into a more amorphous- or liquid-like state, which can increase the metallic character

of Bi, as has been previously reported [9,10] and is inferred above. Another observation from the



Raman spectra of the laser irradiated droplets is the appearance of two new peaks, indicating the
formation of bismuth oxide (Bi2O3). Many phases of Bi,O3 exist, however, only the $-Bi2O3 phase
was reported to form through laser flashing, which was confirmed by the peak positions at 125 and
314 cm ! characteristic of B-Bi2O;3 [14,15]. According to preceding work, the onset of B-Bi>O3
formation under ambient conditions takes place only above the melting point of Bi [14]. The
presence of Bi oxide peaks thus confirmed that Bi droplets underwent local melting and
resolidification induced by the laser flashing step. This rapid resolidification distorts the pristine Bi

lattice, as observed from the changes in optical phonon modes of Bi.

3.4 Optical phase change in Bi and Si Raman signal enhancement

To further investigate the correlation between the structural transition in Bi droplets and
observed strong Raman signal enhancement of Si, we collected dark-field microscopy spectra and
constructed spectral images from scattered white light by pristine and laser flashed Bi droplets, as
shown in Fig. 7. The dark-field spectra exhibited clear feature in the visible to the near infrared
region, and their peak positions shift to lower wavelengths after the laser-flashing of Bi droplets
(Fig. 7(a)). We attribute this spectral blue shifts to lower wavelengths to an increase in the free
carrier concentration, as well as size and shape effects. Because the morphology was not markedly
changed after laser flashing, based on AFM and SEM observations, a change in the available carrier
density would be the most possible contributing factor to the altered scattering properties of the
laser flashed Bi droplets. As for the bright-field images shown in Fig. 2, the droplets in the dark-
field images (Fig. 7(b) and (c)) became darker after laser flashing, also indicative of a modulation of
the scattering properties.

On the basis of the present results, we discuss the origin of the Si Raman signal
enhancement by Bi droplets on the Si substrate. A previous study by Hunderi on the optical
properties of Bi reported that in its amorphous state, Bi has properties similar to its liquid state, i.e.,

a higher density of available carriers and its optical properties that are well described by the Drude



model [9]. Similarly, a more recent study has shown that at the transition from solid to liquid phase,
the real part of the dielectric function (€1) becomes more negative and the imaginary part (&2)
increases [10], which is a characteristic of a Drude metals. In the case of disordered Bi, it is
expected that it becomes more metallic in nature as its amorphousness increases. When the
crystalline structure of semimetal Bi becomes distorted, subtle overlap between the valence and
conduction band occurs, leading to a sharp increase in metallic character and an altered electrical
and optical response. In other words, the absorption coefficient and refractive index of Bi are
strongly influenced by the state of its crystal lattice. These arguments can consistently explain our
findings, where in the Raman spectra we detected a lattice disorder in Bi, strong enhancement in Si
phonons beneath the Bi droplets, as well as blueshifts in dark-field scattering spectra, which all
occuring only after the laser flash heating step. Especially, the strong enhancenet of Si Raman
signal at the position of Bi droplets strongly suggests an optical phase change occurring in Bi
[9,10,22,23]. The local heating and subsequent melting of Bi droplets, induced by the high-power
laser irradiation, are followed by rapid cooling through the Si substrate, which has high thermal
conductivity to dissipate the heat. Under these conditions the Bi droplets resolidify with a low
degree of crystallinity. Thus, the laser flashed Bi droplets is transformed into a state with properties
closer to those of liquid or amorphous Bi, which have metallic rather than semimetallic
characteristics.

Our observations of the optical phase change are possibly related to surface enhanced
Raman scattering (SERS) effects, which arises from an increase in free available carriers in the
disordered Bi [9,18]. Compared to the pristine Bi droplets, laser flashing introduces lattice disorder
which relax from an open-packed covalent-like lattice to a more close-packed metal-like lattice
driving it to a more conductive state. Thus disordering thrusts the dielectric function of Bi converted
to a more plasmonic one, leading to stronger light scattering as well as local near-field
enhancements compared to the pristine case. Therefore laser induced phase chage makes the Bi

droplets exhibit dramatic change in bright/dark-field micrographs, spectral blue shifts, and the



pronounced SERS-like behavioirs as observed in this study. Such phase change phenomena in
optical properties are an interesting topic for future studies in terms of fundamental science and for
potential device applications. The melting and quench cooling of nano-/microscale objects, such as
Bi in the current study, will open a new route to tuning the optical/electrical functionality of

nanosystems and expand the range of studies in materials science and nanotechnology.

4. Conclusions

We prepared well-defined Bi droplets on a Si(111) substrate by thermal dewetting of an
epitaxially grown Bi thin film. We demonstrated that the Bi droplets show a large change in their
optical response after laser flashing, as visualized by Raman microscopy. After laser flashing, the Si
Raman signals increased markedly at Bi droplet locations. The drastic change in Raman spectra
indicate that the droplets underwent an optical phase change from inhibiting to enhancing the
Raman signal intensity of underlying Si substrate. The white light scattering spectra of Bi droplets,
collected by dark-field microscopy, exhibited systematic spectral shifts towards shorter wavelengths
after laser exposure. These observations clearly indicate a change in the optical response of Bi, as it
shifted to a highly metallic phase, exhibiting a SERS-like effect. We propose that this transition in
the optical phase arises because of lattice distortions, introduced by melting and quench-cooling by
laser flashing, which influence the available carrier concentration of Bi. Our study demonstrates the
potential for tailoring the optical response of nano/micro-scale objects by laser irradiation, which

might open new paths of exploration in controlling the optical functionalities of materials.
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Figure captions

Fig. 1. (a) Schematic diagram of Bi droplet preparation by thermal dewetting of Bi thin film.
RHEED patterns were recorded (b) before and (d) after resistive heating of Si substrate. (c) A SEM
image of an as-grown Bi film with a 0.5um scale bar. (¢) A SEM image of the pristine Bi droplets

with a 1um scale bar.

Fig. 2. (a) Schematic illustration of the laser irradiation process of Bi droplets. Droplets were
characterized before and after high-power laser exposure, respectively, by (b) and (e) an optical
bright field microscope, (¢) and (f) SEM, and (d) and (g) AFM imaging. Scale bars in all images are

5 pm. Insets in (c¢) and (f) show close-up SEM images tilted at 45°, with a 1-um scale bar.

Fig. 3. (a) Micro-Raman spectra of a single Bi droplet in pristine (blue) and after laser flashing
(red). Background signal from Si substrate (i) has been subtracted from the Raman spectra.

Spectrum from pristine droplet has been offset. 2D images of Bi A1z and Si phonon integrated



intensities across a single Bi droplet are also shown as insets. Raman mapping images constructed
by integration of the Bi Az and Si peaks for (b),(c) pristine and (d),(e) laser-flashed droplets,

respectively. Scale bars in Raman images are 5 um.

Fig. 4. Raman, dark-field, and AFM line profiles, from a single Bi droplet, (a) for pristine and (b)
for laser-flashed conditions. Corresponding 3D maps of the Bi droplet are shown, in (¢) for Raman

Si intensity, (d) for dark-field intensity, and (e) for AFM topography, before and after laser flashing.
AFM height color scale bar ranges from 0 to 1 um. The dotted horizontal lines in (a) and (b)

indicates the Si Raman peak intensity of the bare Si substrate.

Fig. 5. Si Raman peak intensities at Bi droplets positions plotted as a function of droplet size for
pristine (blue) and laser-flashed (red) droplets. The Si intensities are obtained by averaging across
droplet area and are normalized to the Si substrate intensity (calculated as Intensitys; at the droplets
divided by Intensity*s; for the substrate). Inset shows the enhancement, calculated as the ratio of the
Si intensity for the same individual particles before and after irradiation as a function of Bi droplet

size (ratio between the blue and the red plots).

Fig. 6. (a) Raman spectra of an individual Bi droplet showing the Eg and A1z modes. The Eg and
A1 peaks are fitted with a Lorentzian curve (dashed line). The peak located at 125 cm ! belongs to
B-Bi20s. Change in the intensity ratio, peak broadening, and increased background is clearly seen.
(b) The rhombohedral unit cell of Bi is shown within a hexagonal framework, where the
displacement vectors for E; and Az modes are given for two atoms. Red surface indicates the (001)
plane. Atoms outside of the rhombohedral cell are omitted. (c) Side view along the x-axis of a slice
from the Bi crystal showing its bilayer stacking along the z-axis. E¢ displacement occurs within
bilayer plane whereas A1 displacement is normal to the bilayer. Crystal structure parameters of Bi

were used from [24] and imported to VESTA [25].



Fig. 7. Dark-field scattering spectra from three Bi droplets are given in (a). Dark-field images
before and after laser exposure are shown in (b) and (c), taken from the same area. The spectra in (a)
are taken from, pristine (I, I, III) and laser flashed (I*, IT* and II1*) droplets as shown in (b) and (c),

respectively.



Fig. 1. (colour) O. S. Handegird et al.



Fig. 2. (colour) Q. S. Handegérd et al.
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