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Abstract

We present an investigation of the thermal damage threshold of passivated BiySes films
upon laser illumination, with a focus on their employment in terahertz (THz) spectroscopic
applications. Passivation was achieved by depositing a thin 3 nm Al capping layer which,
exposed to the ambient, forms a natural oxide. In THz transient emission experiments, the
samples were exposed to a train of 100 fs wide laser pulses with 800 nm wavelength at
78 MHz repetition rate and peak power density up to 295 mW /um?. For the sake of com-
parison, the films were also exposed to continuous wave laser light with a wavelength of
532 nm in the average optical power density range from 5 x 1072 mW/um? to 50 mW /pm?.
In both cases, changes in film appearance, detected by optical microscopy, or even film
removal in a small area close to the center of the illuminated spot could be induced. Raman
spectroscopy provided evidence that the crystalline phase of BiySe; films is present in
areas that have been exposed but not damaged. Conversely, in the film region illuminated
with the highest peak power density no Raman signal was detected in the range under
investigation which we ascribe to material removal. At the perimeter of this ablated area,
we observed a dominant Raman mode at approximately 255 cm ™! that we can attribute
to selenium and indicates partial Bi;Se; decomposition. In contrast, we observed Raman
spectra corresponding to as-deposited Bi;Se; only a few micrometers away from the laser-
damaged area. Hence, the observed THz radiation originates from this illuminated but
undamaged region. This detailed knowledge is expected to serve as a guide for designing
the emitter’s thermal management and choosing laser parameters for optimal operation.

Keywords: Raman spectroscopy; BiySes; thermal damage threshold; THz emitters;
passivated BiySes films

1. Introduction

The reliability and long-term operation of electronic and photonic devices have at-
tracted heightened attention in recent decades. In addition to the general efforts aimed at
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reducing power consumption and ensuring efficient operation without adversely affect-
ing device functionality, it is imperative to ascertain optimal operating conditions. This
phenomenon is also evident in spintronic THz emitters based on various nanolayers [1-5],
as well as studies performed on Bi,Se; [6—10]. Terahertz emission from three-dimensional
topological insulators (TIs) arises from several nonlinear processes. These exploit either the
unique Dirac surface states or bulk carrier dynamics. One principal contribution arises from
transient surface photocurrents [8,11,12] and photogalvanic effects [9,12] among others.
Also, Zhu et al. [6] reported on polarization-resolved studies of the emitted terahertz (THz)
spectrum from the surface of Bi;Se3. Two emission mechanisms were identified: emission
generated from the transient photocurrent under the influence of the surface depletion field,
and emission resulting from nonlinear optical rectification performed at the BiySes surface.

In general, the duration of a device’s lifespan is constrained by a number of critical
factors, one of which is the generation of heat during operation. The physical effects
can, in certain instances, result in the degradation of the device’s materials. In order to
circumvent undesirable heat accumulation and/or enhance heat dissipation, strategies
have been followed inspired by laser processing, and welding parameter optimization,
as well as studies on thermal wave scattering for sub-surface defect detection [13-15]. In
addition, a plethora of unconventional heat management solutions have been devised
and implemented, including, e.g., the growth of Ill-nitrides [16-18] and III-arsenides [19]
for femtosecond photodetectors on metallic substrates and/or layers. Despite the imple-
mentation of these efforts and the integration of advanced device design and innovative
architectures, the assessment of safe operational conditions remains paramount for ensur-
ing the prolonged functionality of devices, particularly in scenarios involving high-power
pulsed optical exposure, as exemplified by the operation of thin film-based THz emitters.
In previous reports, the determination of thermal damage threshold in THz photomixer
structures and phase change evolution in chalcogenide nano-membranes was conducted
with the aid of Raman spectroscopy [20,21]. This non-destructive optical method has been
demonstrated to be well-suited for delivering significant insights into the nature of various
mechanisms, including phase change, aging, degradation, and/or corrosive processes.
Its efficacy is attributed to its high sensitivity to chemical composition and bonding and,
notably, its ability to detect impurities.

In the following, we focus on determining the optimal operational conditions of
BiySes-based THz emitters. The primary aim of our present study is estimating the thermal
damage threshold for THz emitters based on passivated BiySe; chalcogenide material, not
only for THz generation applications, but potentially also for the thermal “healing” of
structural defects/damages (to be reported in future) caused by, for example, extrater-
restrial/space/solar or nuclear radiation. Therefore, this work represents a first building
block towards emerging applications where different wavelengths for pulsed and con-
tinuous wave (cw) are required and applied to, e.g., efficient data storage and erasure of
information manifested as different phase states in chalcogenide-type materials. Recently,
Zheng et al. [22] demonstrated the use of different laser wavelengths for pulsed (800 nm)
and cw (532 nm) exposures for rewritable optical storage, incorporating recording/writing
and subsequent readout and/or erasing of surface patterns/information. We are aware
that Bi,Ses, with its bandgap of ~0.3 eV, exhibits different absorption coefficients at 532 nm
and 800 nm [23-25] and that fs excitation at 800 nm can involve nonlinear absorption
pathways [26]. Optical constants from available literature suggest that BiySes is highly
absorbing at both wavelengths and the penetration depth is on the order of ~10-18 nm
at 532 nm vs. ~30-60 nm at 800 nm, respectively. Therefore, the laser energy deposition
profiles may differ in our 70 nm film. The optical constants reported [23-26] range from
~0.39 to 0.53 and ~0.41 to 0.47 for 532 nm and 800 nm, respectively. However, we can never-
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theless evaluate the resulting film modifications using Raman spectroscopy for both pulsed
and cw laser film illumination. Determining the safe range for laser intensities is essential
for device performance improvement as well as increasing device lifetime and reliability.

2. Materials and Methods

The Bi;Ses films investigated by Raman spectroscopy in this study were synthesized by
the physical vapor deposition (PVD) technique using a three-zone quartz tube furnace (OTF-
1200X-III-HVC, MTI Corporation, Richmond, CA, USA), following a procedure similar
to that described in [27]. In this study, the optimization of the deposition process was
carried out empirically. However, we envisage further process optimization in the future by
applying recently reported emerging computational methodologies [28-30]. The fabrication
process consisted of two consecutive steps. In the first step, Bi;Se; granular powder
(99.999%, Sigma Aldrich, St. Louis, MO, USA, 35 mg) was placed in a quartz boat located
in the middle of the central zone (II), as shown in Figure 1. The tube was flushed with Ar
several times and then sealed at a pressure of 1 x 107! mbar. The furnace temperature was
ramped over 45 min from room temperature to 625, 600, and 375 °C in zones I, II, and III,
respectively, and maintained at these values for 15 min. This procedure ensured complete
evaporation of the BiySe; source material. The heaters were then switched off, allowing
the furnace to cool naturally. During cooling, the evaporated species condensed on the
inner surface of the tube at the boundary between the central zone (II) and the downstream
zone (III), where the temperature falls below the sublimation point of Bi;Se;. In the second
step, once the furnace had cooled to room temperature, a quartz boat containing Se powder
(99.99%, Sigma Aldrich, St. Louis, MO, USA, 10 mg) was placed at the border between zones
II and III, where the Bi,Ses species from the first step had condensed. A glass substrate
(25 x 75 x 2 mm?) intended for thin-film deposition was loaded at the far downstream
end of zone III, outside the heated region (see Figure 1). The tube was again flushed with
Ar and sealed at a pressure of 1 x 1072 mbar. The temperature in all three zones was then
raised to 625 C within 20 min and held for 30 min to re-evaporate the condensed Bi;Ses
species and Se. The furnace was then switched off and cooled down naturally. These
re-evaporated species flowed toward the pumping system and condensed preferentially
on the cooler walls of the tube, where the glass substrate was positioned. Because of the
temperature gradient across the glass substrate, a thickness wedge formed: the layer was
thicker at the “hot” edge and thinner at the “cold” edge. Immediately after synthesis, the
sample was transferred to an electron-beam evaporator (Lesker PVD 225, Kurt J. Lesker
Company, Pittsburgh, PA, USA) for deposition of a thin (3 nm) Al capping layer. Exposure
to the ambient atmosphere induces the natural oxidation process [31,32]. The oxide layer
formed serves as a passivation layer protecting the BiySes film from oxidation.

The thickness and surface morphology of the deposited layer were examined us-
ing an atomic force microscope (AFM, Bruker Dimension ICON, Bruker Corporation,
Billerica, MA, USA) and a scanning electron microscope (SEM, Zeiss Supra 60 VP, Carl
Zeiss AG, Oberkochen, Germany) equipped with an energy-dispersive X-ray (EDX) ana-
lyzer (XFLASH 5010, Bruker Corporation, Billerica, MA, USA). X-ray diffraction (XRD) and
X-ray reflectivity (XRR) measurements were carried out on a Panalytical XPert diffractome-
ter (Malvern Panalytical, Almelo, The Netherlands) using CuK« radiation (A = 1.5406 A).
We expect the native oxidation process to have ended before we started material char-
acterization. This creates a natural protective layer on the surface of aluminum when it
is exposed to air. This dense, adherent oxide layer provides a significant barrier against
further oxidation [31,32].
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Figure 1. Schematic of the three-zone quartz tube furnace, showing the positions of the source
material and the substrate during the two growth steps.

In order to generate THz radiation, the passivated Bi,Ses films were illuminated from
the film’s front side by a train of 100 fs wide laser pulses generated by a Ti:sapphire solid
state laser oscillator (Mai Tai Spectra Physics, Milpitas, CA, USA). The laser beam was first
split into two optical paths with a 90:10 intensity ratio. The pump beam with 90% of the
intensity was focused and generated THz radiation from the passivated Bi;Ses film. The
intensity of the pump beam was additionally tuned by variable neutral density filters. The
full width at half maximum (FWHM) of the beam was approximately 300 um at the film’s
surface, which corresponds to a 1/¢? diameter of 510 um. The 10% intensity probe beam
was used to trigger a low-temperature-grown GaAs photoconductive antenna (PCA) for
stroboscopic detection of the THz transients [33]. A computer-controlled delay stage was
used to control the time delay between the pump and probe pulses. The THz radiation
generated by the pump pulse was focused on the PCA and the resulting photocurrent was
measured by a lock-in amplifier. The reference frequency for the lock-in was extracted from
a mechanical chopper placed in the optical path of the pump beam. The THz emission
experiments were obtained without the application of an external magnetic field.

The Raman studies were carried out in a confocal Raman microscope (Renishaw inVia
FSM REFLEX, New Mills, Gloucestershire, UK) in backscattering geometry, which was
equipped with a frequency-doubled Nd-YAG laser (532 nm, 50 mW) and a CCD detector.
The backscattered signal was collected through a 100x objective lens and dispersed by
a grating with 2400 grooves per mm. The laser spot 1/e?>-diameter was ~1 pm and the
laser power was kept below 0.05 mW to avoid sample damage and any heating effects.
This value was experimentally evaluated by power density measurements under cw laser
illumination. The power density of ~0.05 mW/um? used for our Raman spectroscopy
investigations was reproducibly identified as a power density that does not initiate any
surface morphology or structural changes in pristine regions of the passivated Bi;Ses
specimen. Zhang et al. [34] reported that the laser power at the sample surface was less than
70 uW and confirmed that such low-power excitation effectively excludes any laser heating
effects in Raman measurements. The power density of our excitation laser is lower than
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that used by other groups [34-37]. The respective results are presented later in Section 3.
Results: The spectrometer was referenced to the transverse optical phonon of Si at 521 cm 1.
Spectra were recorded in the range between 100 cm~! and 500 cm~!. Throughout these

measurements, a Rayleigh edge filter of ~100 cm ™!

was used. Additionally, it should also
be noted here that the ambient humidity in the laboratory was controlled and monitored
throughout the experiments, reaching a value close to 29%.

The laser parameters used in the experiments for pulsed and cw laser illumination are

compiled in Table 1.

Table 1. Parameters of the laser beams used. The average power is the time-averaged total power
incident on the entire sample area. The beam area is calculated from the 1/¢?-diameter of the Gaussian
beam profile (~1 um for the cw beam and 510 um for the pulsed beam). The average power density
is the average power divided by the beam area. For comparison, the fluence is also listed. The
peak power density is the maximum laser amplitude required to achieve the given average power. It
depends on the spatial extent of the beam and, for pulsed beams, also on the temporal pulse width
(100 £s FWHM) and the pulse repetition rate (78 MHz). Therefore, the peak power density for both
continuous wave and pulsed beams is the highest power density that hits the sample, namely at the
spatial center of the beams and, in the case of pulses, at their temporal maximum. The films were
irradiated from the film’s front side.

Beam Type Average Power Beam Area Avell')aleglfsi(})’wer Pelgl;f’s(i)tv;er Fluence ** ﬁicelﬁ::;:\tii
mW pum? mW/um? mW/um? mJ/cm? mJ/cm?
Pulsed weakest 50 2.0 x 10° 25x 1074 59 32 x 1074 2.5 x 10*
Pulsed strongest 250 2.0 x 10° 1.2 x 1073 295 1.6 x 1073 1.2 x 10°
cw weakest 0.05 ~1 ~5 % 1072 ~0.1% 5.0 x 10° 5.0 x 10°
cw strongest 50 ~1 ~5 x 10! ~100 * 5.0 x 10° 5.0 x 10°

* Assuming a Gaussian profile of a cw beam, the peak power density is twice the average power density. Less
peaked profiles result in conversion factors of less than 2. ** Fluence per single pulse in pulsed experiments.

3. Results

Figure 2a presents a schematic of the BipSes film with a thickness wedge formed along
the long side of a glass substrate together with AFM images of the surface morphology
at selected positions (indicated below). Artificial scratches were introduced to accurately
determine the thickness. Representative AFM images and corresponding height profiles are
shown at the bottom of Figure 2a. The layer thickness varied from ~70 nm at the “hot” side
to ~6 nm at the “cold” side of the substrate. Figure 2b shows an SEM image of the Bi,Se;
layer at position 5 (~20 nm thick). The layer appears crack-free, continuous, and uniform
over the entire area. EDX analysis confirmed a homogeneous distribution of Bi and Se,
with an average composition of 40 =+ 2 at% of Bi and 60 £ 5 at% of Se, consistent with the
stoichiometry of Bi;Se3. XRD analysis (Figure 2c) revealed diffraction peaks corresponding
only to the (003n) family, confirming that the BiySe; layers grow with the c-axis oriented
perpendicular to the substrate surface, which is the most energetically favorable growth
direction. Pronounced XRR oscillations further indicate smooth interfaces and surfaces
(Figure 2d). Thickness values obtained from XRR fitting were in good agreement with those
measured by AFM. Taken together, these results confirm the high structural quality of the
synthesized Bi,Sej layer. For the experiments presented in this study, capped/passivated
Bi;Se; films with a thickness of ~70 nm were exposed to pulsed and cw laser illumination.
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Figure 2. (a) Schematic of the sample (glass substrate with Bi,Se; wedge) together with AFM images
of the morphology at different positions, with thickness determined from artificial scratches. (b) SEM
image of the layer at position 5. (c¢) XRD pattern from position 5, showing only peaks corresponding
to the (003n) family. (d) XRR measurements with well-pronounced oscillations, confirming the high
quality of the layer.

Figure 3 presents optical micrographs of the Al-capped Bi,Se; films after pulsed laser
exposure (800 nm, 100 fs wide, 78 MHz repetition rate, exposure time = 120 s) for two
distinct incident laser peak power densities of 59 mW / pm? (Figure 3a) and 295 mW/ pm?
(Figure 3b). In both cases, there are visible locally melted circular black regions with
diameters of approximately 20 and 25 um, which are clearly smaller than the 1/¢?-diameter
of the pulsed beam. These regions include recrystallized rim areas up to 2 um thick.

Initially, the non-exposed film areas were examined through micro-Raman measure-
ments. The representative Raman spectra obtained from such a non-exposed area presented
in Figure 4 exhibit two characteristic peaks at ~130 cm~! and ~175 cm~!, corresponding to
the in-plane (E2g) and out-of-plane (Azlg) vibrational modes of the rhombohedral crystal
structure of Bi,Se; [38]. Additionally, Se-Se vibrations are visible at precipitates [39]. In
general, the Raman vibration frequencies in films can be governed by various thickness-
dependent factors. Except for dominant strain-related effects and charge carrier concentra-
tion, spin-orbit coupling also plays an important role, particularly in the case of topological
insulators [40,41] as was already reported by Zhang et al. [42]. In this experimental study,
the focus is on the effects caused predominantly by heating and melting, initiated by pulsed
laser exposure.
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(@) (b)

Figure 3. Representative optical micrographs of passivated BiySe; films after pulsed laser exposure
(800 nm, 100 fs wide, exposure time = 120 s) of (a) peak power density 59 mW/um? and (b) peak
power density 295 mW/um?. Disparities in surface morphology and possibly holes due to laser
ablation (circle-like “black” regions) are observed. Melted /recrystallized area/structures are visible
on the rim of the black regions in both figures.

2 T T T
E: Afg
Se-Se
vibrations

|

non-exposed area |
with Se precipitate

intensity (a.u.)

non-exposed area
100 200 300 400 500

Raman shift (cm™)

Figure 4. Representative Raman spectra collected in the non-exposed passivated BiSe; film region.
The Raman mode at ~255 cm~! corresponds to the Se-Se stretching in Se precipitate.

As evidenced by both images (Figure 3a,b), the central region of laser exposure mani-
fests substantial disparities in surface morphology and possibly holes due to laser ablation
(circle-like “black” regions) in comparison to those regions beyond. Micro-Raman measure-
ments in the “black” regions show no Raman modes within the wavenumber range of 100
to 500 cm ! (as illustrated by the black curve in Figure 5), i.e., Raman active materials are
not present. Conversely, a thorough examination of numerous laser-exposed structures
revealed the presence of melted or recrystallized areas and structures, manifesting as the
“rim”-like regions. The formation of these “rim” regions was confirmed for all inspected
structures after exposure with laser peak power densities of 59 mW/pum? and 295 mW /um?.
The corresponding average power densities (calculated using the average power and the
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beam area within the 1/¢2-radius of the Gaussian beam profile with a FWHM of 300 um)
are 2.5 x 1074+ mW/ um2 and 1.2 x 1073 mW/ pmz, respectively (Table 1). These “rim-like”
regions exhibit Raman spectra which are dominated by modes related to elemental Se.
The spectra are illustrated exemplarily in Figure 5 (blue, turquoise, green, orange). The
emergence of a pronounced increase in the Raman mode at ~255 cm™! in the “rim” regions
discernible in optical images (see Figure 3a,b), was a noteworthy observation. During
laser exposure, regions in the Gaussian laser intensity profile that reach different local
temperatures can cause surface morphology changes in the exposed films—ranging from
the melting of BiySe3, its material decomposition to selenium and “recrystallization” of the
melted products. The dominant Raman mode at ~255 cm ™! can be attributed to the Se-Se
stretching mode in molecule-like Seg rings found in monoclinic Se as well as in amorphous
Se [39,43-45]. Furthermore, the Raman mode at ~235 cm ! can be identified and is indica-
tive of the formation of trigonal selenium allotropes with chain-like structures [39,43—45].
These findings are a strong indication of a partial decomposition of the BiySe; film. For
positions still further away from the beam center, modes for Bi,Ses (the E; and Azlg modes
at ~130 cm ! and ~175 cm !, respectively) emerge and become dominant (orange and red
spectra in Figure 5). This transition from Raman-inactive material to unperturbed Bi,Se;
occurs over a radial distance of a few um, meaning that a major fraction of the illuminated
area (1/e?-area) is unperturbed.

| ST Az
I/
! \

| ¥
, i
| 4235 |

!

O s £

Voo

A -0.5um
~

intensity (a.u.)

middle of the circle-like laser exposed area

100 200 300 400 500

Raman shift (cm™)

Figure 5. Representative Raman spectra collected in the middle of the circle-like “black” regions
of the laser/thermally exposed passivated Bi;Se; film area and at different positions on the rim
(corresponding to the melted /recrystallized region in Figure 3b) and slightly beyond. Raman modes
clearly visible at ~235 and at ~255 cm ™! correspond to the trigonal allotrope and to Se-Se stretching
in Seg rings in monoclinic and amorphous Se allotropes, respectively [39]. The closer the position
is towards the visually undamaged area, the more the modes for Bi;Sez—the E2g and A21g modes
at~130 cm~! and ~175 em™1, respectively—become visible (orange and red spectra). Just a few pm
further away, only modes related to the Ezg and A21g modes of BiySes are visible.
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At this point, it is important to notice that any observed alterations in structural
and/or surface morphology of the films investigated were induced by the laser exposure
prior to the Raman spectroscopy studies. It is widely accepted that Raman spectroscopic
analysis of thin chalcogenide films necessitates the performance of experiments at power
levels that are below the threshold capable of inducing phase transitions and/or melting or
thermal decomposition due to the heating effects during the investigation. This necessity
arises from the fact that the “family” of these materials exhibits remarkably low thermal
conductivity. Therefore, it is imperative that measurement conditions are selected with
meticulous care to eliminate any external thermal effects that could exert a deleterious
influence on the determination of the thermal damage threshold due to laser excitation
in operation.

After having studied the middle of the circular-like object and its rim with Raman
spectroscopy and obtained an overview of the important modes of the compounds present
on the illuminated passivated BiySe; film sample, we focused our attention on the distri-
bution of the BiySe; and selenium compounds. Figure 6 presents micro-Raman intensity

mappings exemplarily for two distinct peaks: one at ~130 cm ™!

, corresponding to the
in-plane (E2;) mode of Bi,Ses, and the other at ~255 cm™!, assigned to Se-Se stretching
in Seg rings of monoclinic and amorphous Se [39,43-45]. It should be noted here that the
data collected for both micro-Raman mappings are derived from the structure presented in
Figure 3b. As previously stated, the results obtained demonstrate that the central region
does not display any Raman modes within the measured wavenumber range of 100 to
500 cm~!. Therefore, there are also none that could be attributed to characteristic modes
for BiySes;. Furthermore, the presence of a narrow (up to 2.5 um) rim-like structure has
been observed. Outside of the hole/circular-like structure, the intensity of the in-plane
(Ezg) mode of BiySes at ~130 cm ™! abruptly increases and is uniform as the intensity map
displays. The mode at ~255 cm ™!, assigned to Se-Se stretching (Figure 6b) is only found at
the rim and its intensity decreases abruptly beyond the rim.

) 2

S

(a) (b)

Figure 6. Micro-Raman intensity mappings performed at two characteristic peaks (a) at ~130 cm ™!

corresponding to the in-plane (E2g) mode of BiySez and (b) ~255 cm ™! assigned to Se-Se stretching in

Seg rings of monoclinic or amorphous Se. Data collected for both micro-Raman mappings originate
from the structure presented in Figure 3b.

In contrast to pulsed laser illumination, in the following, we illuminated the passivated
BiySejs films with a cw laser (532 nm wavelength) with the aim of experimentally estimating
the laser power level at which the material does not undergo structural changes. These
changes would be detectable by Raman spectroscopy. It is important to avoid sample dam-
age and any heating effects to the pulsed laser illuminated (passivated Bi;Se3) films which
would additionally affect the material characteristics of the sample regions unintentionally.
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The passivated BiySes films were exposed within the average optical power density range
from 5 x 1072 mW/um? to 50 mW/pum? (Table 1). The thermally initiated changes in
surface morphology and material characteristics were then systematically investigated to
determine the thermal damage threshold. This limit is surpassed when the commencement
of BiySe3 decomposition becomes visible, i.e., modes ascribed to Se-Se stretching evolve.
Representative optical micro-graphs of passivated BiySes films following laser exposure
for 10, 100 and 1000 min are presented in Figure 7a—c, respectively. As demonstrated
by the optical images, substantial alterations in the surface morphology of the material
under investigation are evident following laser exposure at an average power density of
approximately 10 mW/um?. As illustrated in Figure 7b and the related Figure 8 (bottom
spectrum), the film reveals the formation of amorphous selenium indicative of partial
thermal decomposition. Upon even longer exposure times (Figure 7c) a ring of amorphous
selenium around the central area is observed. This phenomenon bears a resemblance to the
outcomes demonstrated in Figures 3, 5 and 6b. Note that the diameter of the modified area
is of the same order of magnitude as the 1/¢?-diameter of the cw beam spot, in contrast to
the case of pulsed illumination.

exposure time= 1000 min

exposure time= 10 min > . exposure time= 100 min
'

A

10 mW/pm? 5 mWium?

k R,
10mWhmE  0.05 mwim? 10 mWipm? 0.05 mWim?

0.25 mWim? 0.5 mWium? 0.25 mWium? 0.5 mW/m? 0.5 mWium?

2.5 mWipm?

10 pm {10 m|

(a) (b) (c)

Figure 7. Representative optical micrographs of passivated BiySej films (a—c) after cw laser exposure
at 532 nm for 10 min, 100 min, and 1000 min, respectively. It should be noted that the dashed red
circles are intended merely as a visual reference.

10 pem}

time= 10 min 25mW/pm?
2

Eg

P

119

intensity (a.u.)

time= 100 min 10mW/pm?

100 150 200 250 300

Raman shift (cm™")

Figure 8. Representative Raman spectra collected in the middle of the cw laser-exposed passivated
Bi,Se; film surfaces for average optical power densities ~10 and ~25 mW /um? for 100 and 10 min,
respectively. The broad mode around ~255 cm~! indicates the partial decomposition of BiSes
to selenium. Optical images in Figure 7 confirm melting processes with irreversible changes in
surface morphology.
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Subsequent micro-Raman spectroscopy investigations confirmed degradation effects
and structural changes (i.e., melting effects) in the investigated target areas at average
optical power density levels (cw laser exposure, 532 nm wavelength) at ~10 mW /um?
for all exposure times (i.e., 10, 100, and 1000 min). Typical Raman spectra collected for
average optical power densities of approximately 10 and 25 mW/um? for 100 and 10 min
are presented in Figure 8. The broad mode around ~255 cm ™! indicates the Se-Se stretching
vibrations of the Seg in more disordered monoclinic and amorphous selenium allotropes.
Conversely, the films exposed for approximately 1000 min at average optical power den-
sities of up to 0.5 mW/um? did not demonstrate any alterations in surface morphology
(see Figure 7c). As demonstrated in Figure 9, a representative Raman spectrum collected
from the middle of the cw laser-exposed area (after ~1000 min with an average optical
power density of 0.5 mW/um?) clearly indicates that no changes in the phase state were
detected. Conversely, laser exposure with average optical power densities approximating
50 mW /pum? and an exposure duration of approximately 30 s leads to the thermal decom-
position of the passivated Bi,Ses films. As illustrated in Figure 9, the collection of a Raman
signal was not possible in the designated area. This result is similar to the measurements
presented in Figure 5 (black trace).

thermal decom'position'
~.

time= 30sec
time= 20sec
time= 10sec

intensity (a.u.)

time= 1000 min
0.5mW/um?

100 150 200 250 300
Raman shift (cm™)

Figure 9. Representative Raman spectra collected in the middle of the cw laser-exposed area after
~1000 min with an average optical power density 0.5 mW/ pum? (lower spectrum). Optical inspection
before and after exposure did not reveal alterations in surface morphology. The upper four Raman
spectra were collected after the four separate exposures of the passivated BiySes film using an average
optical power density ~50 mW /um? for durations of 5, 10, 20 and 30 s.

As illustrated in Figure 10, the position of the Raman A21g and E?; modes for a Bi,Ses
exposure time of 1000 min hardly depends on the incident average optical power density
(wavelength 532 nm). In contrast to both characteristic modes at ~130 em ™! and ~175 cm ™!
(Ezg) and (Azlg) of Bi,Ses, the Raman modes at ~110 cm ™! (visible in Figures 8 and 9
but not discussed in detail in this study) and at ~255 cm~! can be detected after cw laser
exposure above ~0.5 mW /um? for 1000 min. These modes are related to amorphous
and/or monoclinic selenium [43-45]. A substantial increase in their intensity can serve as
an indicator of degradation effects.
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Figure 10. Position of the Raman A21g and Ezg modes for passivated BiySe; and the Se-Se stretching
mode as a function of incident average optical power density (wavelength 532 nm). Each data point
was acquired by recording a Raman spectrum after exposing the material for 1000 min time at the
respective average optical power density. It should be noted here that all the data points included in
this figure correspond to the average of six measurements and are within the range of +1 cm~!. Filled
symbols indicate the peak positions (left scale) and half-filled symbols the corresponding FWHM
(right scale). The lines through the measurement data are only a guide to the eye.

The THz transients generated by pulsed laser illumination of the Al-capped Bi,Se3
film at peak power densities from 59 mW /um? to 295 mW /um? are presented in Figure 11
showing an about three-fold difference between the THz peak amplitude triggered by
the lowest and highest employed power. Furthermore, it is evident that for the highest
peak power densities 295 mW /um? and 236 mW/um?, corresponding to the black and
red-brown traces, respectively, the measured THz peak amplitudes reach a maximum. We
note that the measurement of a single THz transient takes about 120 s and that all transients
were recorded at the same position. Clear THz transients could be recorded despite the
substantial material modifications described above. We ascribe this to the fact that the
visible material degradation and modification at the center of the illuminated laser spot
affects only a tiny part of the illuminated area.

— 295 mW/um?
—— 236 mW/um?
— 177 mW/um?
— 118 mW/um?
e 50 MW/um?

-—
o
1
—
——

&
(3}
——

=
o
T

THz Peak Amplitude (norm.)

Time (2ps/div)

Figure 11. THz transients generated by irradiating passivated BiySes films with a train of 100 fs laser
pulses with a peak power range from 59 mW/ pm? to 295 mW / um?. It should be noted here that each
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THz transient was measured in a different position. The THz transient recorded at 295 mW / um?
(black trace) exhibits an approximately 3-fold increased THz peak amplitude in contrast to the
transients recorded at 59 mW/um?. Furthermore, the THz transients recorded at 295 mW/pum? and
236 mW/pm?2, (corresponding to the black and red—brown traces) exhibit approximately similar THz
peak amplitudes, i.e., saturate in contrast to the transients recorded at lower optical peak power
densities (green, blue and pink traces). For clarity, the transients are shifted on the time axis.

4. Discussion

Due to their different response times to pulsed optical illumination, the electron and
phonon subsystems in solid thin films are often treated separately, and their transient
behavior is described by a two-temperature model [46-48]. Here, illuminating a thin film
with a femtosecond laser pulse leads to nearly instantaneous heating of the free electron
subsystem. After a delay depending on electron-phonon coupling [49-51] heat transfers
from the electron subsystem to the phonon subsystem, resulting in local lattice heating.
Depending on the material, this process can lead to thermal expansion, local stress, the
generation of acoustic waves, non-thermal melting, phase transition, or material ablation.
Surprisingly, this is associated with only limited heating of the surrounding area [52,53].
In contrast, during cw laser illumination, the electron and phonon subsystems remain
in equilibrium. This results in slow, diffusive heating, which typically results in a quasi-
steady temperature distribution. The heat-affected zone is dominated by thermally induced
melting, oxidation, or evaporation. Our studies examine extreme cases of pulsed and
cw illumination, in which instantaneous and equilibrium processes both play a role in
material modification.

For cw laser illumination, the correlation between the average power density (or peak
power density, see Table 1) levels and the results presented in Figure 7 indicate the existence
of a power density threshold for material damage. This observation has been substantiated
through optical inspection and Raman measurements conducted in the targeted regions. As
previously mentioned, within the safe average optical power density range, the (Ezg) and
(Azlg) Raman modes of BiySes prevail in the recorded Raman spectra up to ~0.5 mW/ pm?.
Conversely, at elevated average optical power density levels (surpassing ~10 mW /um?), the
emergence or intensification of the Raman mode at ~255 cm ™!, ascribed to Se-Se stretching
vibrations [39,43-45], can serve as a hallmark of irreversible structural transformations, as
previously delineated.

For pulsed laser illumination, Raman spectra presented in Figure 5 demonstrate that
peak power densities ranging from 59 mW /pum? to 295 mW /um? (corresponding to average
power densities from 2.5 x 107* mW/um? to 1.2 x 1073 mW/um?, respectively) are
adequate to induce local damage. Note that the peak and average power density differ
for cw illumination by at most a factor of two, whereas they differ by about five orders
of magnitude for the pulsed laser beam. This is due to the strong compression of the
laser power in the ultrashort pulses. Therefore, we consider the peak power density
for the comparison of the cw and pulsed illumination. Damage occurs for peak power
densities exceeding similar values of about 20 mW/ um? for cw and 50 mW/um? for
pulsed illumination.

Although the energy deposition mechanisms differ substantially between cw and
pulsed excitation, the final lattice state probed by Raman spectroscopy is governed primarily
by the maximum lattice temperature and subsequent cooling rather than by the initial
energy transfer. In both regimes, once the local lattice temperature exceeds the threshold
for melting or structural decomposition, the material undergoes irreversible modification.
The subsequent cooling, determined mainly by heat diffusion into the substrate, leads to
recrystallization into a similar structurally modified phase at the rim of the damaged area.
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In this picture, the rim region corresponds to locations where the maximum lattice
temperature approaches the film morphology transformation threshold. As a result, despite
the distinct excitation pathways (steady-state thermal diffusion in the cw case versus ultra-
fast electron-lattice thermalization in the pulsed case), the material may reach comparable
states, leading to similar Raman signatures.

In our pulsed experiments, the diameter of the regions with thermally destroyed
material is much smaller than the laser spot 1/e?-diameter, as presented in Figures 3 and 6.
Both optical and Raman measurements show that the damaged and undamaged regions
are separated by a few pm wide rim regions. The large undamaged fraction in the flank and
tail of the Gaussian laser profile is where unperturbed THz generation occurs (Figure 11).
Micro-Raman mapping in Figure 6 reveals in addition the partial decomposition of BiySe3
and the development of selenium allotropes in the so-called rim region. In the flank and
tail of the Gaussian distribution, we did not detect any structural or compositional changes.

It is widely accepted that the position of the (Ezg) and (Azlg) Raman modes is
temperature-dependent [54] and accompanied by linewidth broadening with tempera-
ture increase. In contrast, the Raman spectra presented in this study were collected under
an average optical power density of less than 0.05 mW /um?. Therefore, it can be assumed
that the temperature effects reported in earlier studies did not contribute significantly to
the broadening of the characteristic Raman modes presented in this work. As presented
by the findings in Figure 10, this assertion is confirmed. The extracted values for the
peak positions of the (Ezg) and (Azlg) Raman modes, as determined from the measured
Raman spectra, deviate only minimally from ~130 cm~! and ~175 cm ™!, respectively. It
is important to note that different sample positions on the passivated BiySe; films were
exposed to the respective average optical power densities ranging from 5 x 10~2 mW/um?
to 25 mW /pum? for 1000 min. Explicitly, in Figure 10, each data point was derived from a
different sample position. After the exposure procedure, Raman spectra were collected on
the sample at the differently exposed positions.

Conversely, a moderate increase in the line width (FWHM) of the measured Raman
modes was observed for average cw optical power densities exceeding ~0.5 mW /pum?
(see Figure 10). In contrast, the FWHM of the ~255 cm~! Raman mode related to Se-
Se stretching in Seg rings [39,43-45] in monoclinic and/or amorphous Se increases is
about twice as large at ~0.5 mW/um? and increases rapidly in the range above from
~0.5 mW/pum? to ~25 mW /um?. This behavior unmistakably signifies dramatic structural
and/or compositional, irreversible, alterations in the target sample regions.

Furthermore, the passivated Bi;Se; films were subjected to the maximal average opti-
cal power density of ~50 mW /um?, however we could not collect any Raman spectrum
after 1000 min of exposure. The underlying cause of this phenomenon was thermal de-
composition, which was initiated after a mere 30 s of exposure (Figure 9). As illustrated in
Figure 7, representative optical micrographs of passivated BiySe; films, before and after
laser exposure confirmed irreversible surface morphology changes at all sample positions
for exposure with an average optical power density of 10 mW/um? after 10, 100 and
1000 min. Furthermore, the “border case” of maximum laser power levels which induced
thermal decomposition (visible as circle-like “black” regions in Figures 3 and 7) of the Bi,Ses
film for both (cw and pulsed) lasers is fully comparable and presented. In both cases, this
results in irreversible changes to the illuminated area, manifested as a “disappearance” of
Raman modes—see Figure 5 (middle position, pulsed illumination, exposure time = 120 s)
and Figure 9 (cw illumination, exposure time = 30 s). Although our micro-Raman mea-
surements and investigations confirmed that optical power densities of 10 mW/um? (and
higher) and 30 s (and longer) exposure operation conditions exceeded the thermal damage
threshold, there are still many open questions, e.g., whether the onset of the Se-Se Raman
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peak correlates with the saturation or degradation of the THz emission. Additionally, we
need to identify regions characterized by predominant and/or partial decomposition of
BiySej to selenium and regions where possibly the amorphous phase of BiySe3 occurs. This
will be the subject of our future studies based on TEM investigations. Nonetheless, the
structural changes indicated by Raman spectra and the absence of visible changes in surface
morphology suggest alterations in the material properties. Consequently, damage-free cw
illumination of BiySes films can be achieved only at average optical power densities below
0.5 mW/um?. Besides serving as a guide for designing the emitter’s thermal management
and choosing laser parameters for long-term operation, future developments in design and
operation of sophisticated micrometer-sized THz emitters arranged in arrays [55] would
benefit from this knowledge. Nevertheless, further investigations of the impact of material
degradation on, e.g., frequency bandwidth, signal-to-noise ratio, spectral uniformity, and
conversion efficiency of the THz emitters should be provided. Finally, it must be noted
that using different excitation wavelengths with the Bi;Se; material, which has different
absorption coefficients [23-26], results in different penetration depths. Therefore, power
density comparisons under these conditions must be considered, which will be the focus of
our future study. This will ultimately enable us to determine ‘safe’ operating conditions,
thereby significantly increasing the lifetime and reliability of Bi;Ses-based THz emitters.

5. Conclusions

Our investigation has centered on degradation effects caused by both cw and fem-
tosecond pulsed laser exposure in THz emitter structures based on passivated BiySes films.
Raman spectroscopy was utilized to conduct this investigation. The experimental findings
have demonstrated that thermal damage induced by both 100 fs wide optical pulses, as well
as by cw laser exposure, was reproducible. For cw laser illumination, this phenomenon
was manifested at average optical power density levels exceeding approximately 10 and
25 mW /um? for 100 and 10 min of exposure, respectively. In the case of femtosecond pulse
illumination, even the smallest used average laser power density leads to irreversible film
modification or even to film ablation in the core region of the exposed area due to the high
peak power density at the center of the beam. Nevertheless, the affected area constitutes a
small fraction of the entire illuminated spot, thus allowing THz generation.

The optical inspection and micro-Raman measurements performed on the targeted
regions confirmed the irreversible structural changes in the materials. For the cw mode,
long-term illumination up to 1000 min reveals that the passivated BiySe; films can with-
stand an average cw optical power density up to ~0.5 mW/um? without any indications
of degradation.

In both cw and pulsed illumination modes the resulting Raman spectra at the rim
of the damaged area show very similar features. This observation is surprising given the
different underlying physical mechanisms. For cw illumination, near-equilibrium diffusive
heating leads to a steady-state temperature distribution, whereas for pulsed illumination,
far-from-equilibrium sequential heating of electron and phonon subsystems results in
extremely steep spatial and temporal thermal gradients. The associated extreme heating
and cooling rates are likely to account for the small size and sharp boundaries of the ablated
(black) areas.

Long-term operation of THz emitters requires a deep understanding of thermal man-
agement and damage mechanisms in the involved materials, resulting from both equi-
librium and transient laser-driven processes. Here, we showed that the combination of
Raman spectroscopy and THz generation can significantly extend knowledge about this in-
terplay. We conclude that these insights could be beneficial for future/emerging, advanced,
highly efficient, micrometer-sized, and in particular durable THz emitters—also designed
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in arrays—for spectroscopic applications in hard-to-access environments, including, e.g.,
material inspection in fusion and nuclear facilities, as well as Arctic and extraterrestrial
applications, where long-term reliability of devices and materials is required.
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