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Streszczenie

Niniejsza rozprawa doktorska stanowi cykl czterech artykutow naukowych, ktére koncentruja sie
na zagadnieniach zwigzanych z wykorzystaniem sSwiattowodéw optycznych jako platformy
pomiarowej do badania wtasciwosci krysztatdw van der Waalsa. Poszczegblne prace obejmuja
zarowno rozwoj i implementacje nowych technik spektroskopowych, jak i ich zastosowanie do
analizy zjawisk optycznych w dichalkogenkach metali przejsciowych (TMDC).

W pierwszym artykule opisano badania nad uktadem do fotoodbicia i bezkontaktowego
elektroodbicia wzbogaconym o swiattowody, co umozliwito fizyczne oddzielenie strefy
pomiarowej od zrédta wzbudzenia i detektoréw. Systematyczne badania nad wptywem srednicy
rdzenia oraz odlegtosci od probki ujawnity ich znaczenie dla jakosci sygnatu. Taka konfiguracja w
pomiarach dla bezkontaktowego elektroodbicia wyeliminowata efekt cienia, zwiekszyta
bezpieczenstwo pomiarowe i wzmocnita sygnat.

Kolejne prace rozwinety koncepcje spektroskopii typu lab-on-fiber poprzez przeniesienie
cienkich warstw TMDC bezposrednio na powierzchnie koncowki wtokna. Umozliwito to
opracowanie metody termotransmitancji, w ktorej lokalne nagrzewanie indukowane laserowo
prowadzito do mierzalnych przesunie¢ rezonanséw ekscytonowych i zmian wspoétczynnika
absorpcji, co opisano w drugim artykule.

Trzeci artykut opisuje dalszy rozwoj uktadu, ktdry zostat wzbogacony o pomiary kriogeniczne
dzieki integracji adaptera swiattowodowego z kriostatem helowym o obiegu zamknietym.
Konstrukcja ta zapewnita wyjatkowg stabilnos¢, odpornosé na wibracje i eliminacje problemu
dryftu temperaturowego, umozliwiajgc badania fotoluminescencji, transmisji, fotomodulowanej
transmisiji i fotoodbicia w szerokim zakresie temperatur. System z powodzeniem zastosowano do
cienkich warstw, monowarstw i heterostruktur. Waznym aspektem byta takze stosunkowo niska
cena budowy takiego uktadu dzieki wykorzystaniu popularnego kriostatu o obiegu zamknietym.

W ostatnim artykule zaprezentowano spektroskopie transmisyjng stopéw monowarstwowych na
bazie MoS,. Eksperymenty wykazaty, ze zastgpienie siarki selenem powoduje przesuniecie
przejs¢ ekscytonowych ku czerwieni, natomiast zastgpienie molibdenu wolframem prowadzi do
przesuniecia ku wyzszym energiom. Stwierdzono rdéwniez, ze wrazliwo$é temperaturowa
ekscytondw silnie zalezy od sktadu stopu: struktury bogate w wolfram i selen wykazujg wieksze
przesuniecia energetyczne wraz ze zmiang temperatury.

Wyniki uzyskane w niniejszej rozprawie wskazujag, ze techniki swiattowodowe moga rozszerzy¢
mozliwosci eksperymentalne charakteryzacji materiatéw 2D. Opracowane metody oparte na
Swiattowodach umozliwiajg precyzyjne, stabilne i wszechstronne pomiary optyczne zaréwno w
warunkach otoczenia, jak i kriogenicznych, pokazujgc potencjat tego podejscia w przysztych
zastosowaniach w spektroskopii i urzadzeniach ze zintegrowanymi swiattowodami opartych na
krysztatach van der Waalsa.



Abstract

This doctoral dissertation consists of a series of four scientific articles that focus on the use of
optical fibers as a measurement platform for investigating the properties of van der Waals
crystals. The individual studies cover both the development and implementation of new
spectroscopic techniques as well as their application to the analysis of optical phenomena in
transition metal dichalcogenides (TMDCs).

The first article describes research on a photoreflectance and contactless electroreflectance
setup enhanced with optical fibers, which allowed the physical separation of the measurement
zone from the excitation source and detectors. Systematic studies of the fiber core diameter and
sample-to-fiber distance revealed theirimpact on signal quality. This configuration in contactless
electroreflectance measurements eliminated the shadow effect, increased measurement safety
and amplified the signal.

Subsequent works expanded the concept of lab-on-fiber spectroscopy by transferring thin TMDC
layers directly onto the fiber facet. This enabled the development of a thermotransmittance
method, where local laser-induced heating led to measurable shifts in excitonic resonances and
changes in the absorption coefficient, as described in the second article.

The third article presents further development of the system, which was extended to cryogenic
measurements through the integration of a fiber-to-fiber adapter with a closed-cycle helium
cryostat. This design provided exceptional stability, vibration resistance, and eliminated
temperature drift, allowing the study of photoluminescence, transmission, photomodulated
transmission, and photoreflectance over a wide temperature range. The system was successfully
applied to thin films, monolayers, and heterostructures. An important aspect was the relatively
low cost of constructing such a setup, thanks to the use of a commercially available closed-cycle
cryostat.

In the final article, optical transmission spectroscopy of monolayer alloys based on MoS; is
presented. The experiments showed that substituting sulfur with selenium leads to a redshift of
excitonic transitions, while replacing molybdenum with tungsten results in a blueshift. It was also
found that the temperature sensitivity of excitons strongly depends on alloy composition:
tungsten- and selenium-rich structures exhibit larger energy shifts with temperature.

The results obtained in this dissertation indicate that fiber-optic techniques can expand the
experimental capabilities for characterizing 2D materials. The developed fiber-based methods
allow precise, stable, and versatile optical measurements under both ambient and cryogenic
conditions and highlight the potential of this approach for future applications in spectroscopy and
fiber-integrated devices based on van der Waals crystals.
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1. Introduction

1.1. Motivation and Hypothesis

Optical fibers, which for decades have served primarily in optical communication,’ are now
emerging as tools for precise diagnostics of matter at the micro- and nanoscale.?® At the same
time, the discovery and intensive study of van der Waals (vdW) crystals have significantly
advanced our understanding of the properties of solid-state materials.*® The convergence of
these two fields: fiber optics and the physics of two-dimensional (2D) materials,®’ forms the
starting point of this dissertation. The hypothesis proposed herein is that combining these
disciplines will not only simplify spectroscopic setups but also deepen understanding of the
properties of vdW crystals.

In recent years, 2D materials, particularly transition metal dichalcogenides (TMDCs),® " have
attracted significant attention due to their unique optical and electronic properties,''® as well as
their potential for applications in advanced optoelectronic technologies.'® The optical
properties of these materials, including their band gap, can be precisely tuned by modifying the
material’s thickness,'® applying external strain," introducing dopants into the crystal structure,®
varying the temperature,’ or forming alloys.? These features offer an exceptionally broad range
of property engineering, enabling the design of devices such as diodes,?' lasers,?* detectors,** and
sensors.? As research in this field progresses, there is a growing need for more precise, stable,
and versatile characterization techniques for ultrathin layers, particularly under varying
temperatures, electric fields, or in experimental setups requiring miniaturization. In this context,
optical fibers, until recently used mainly in telecommunications and optical sensing, are
becoming promising platforms for fundamental spectroscopic applications as well. Their
integration into measurement systems offers several advantages: mechanical stability, precise
sample positioning, compatibility with cryogenic conditions, and the miniaturization of the entire
experimental setup.

This dissertation presents a series of experiments utilizing fiber-optic techniques to investigate
primarily the optical properties of van der Waals crystals, with additional studies on IlI-V
semiconductors. The primary focus of these studies lies in the development and implementation
of measurement systems based on optical fibers, allowing light transmission or reflection
through (or from) monolayers placed directly on the fiber core, and enabling modulation
spectroscopy measurements such as photoreflectance, contactless electroreflectance, and
photomodulated transmission. It is demonstrated that the use of optical fibers not only improves
the quality and repetability of measurements but also enables access to experimental regimes,
such as studies of monolayers and few-layer systems, that were previously difficult to achieve
using modulation spectroscopy techniques conventionally employed in our laboratories. The
hypothesis of this work is that, by incorporating optical fibers, spectroscopic setups can not only
be simplified but also provide enhanced capabilities for characterizing van der Waals crystals.
The validation of this hypothesis is supported by results obtained using a range of spectroscopic
techniques which, when implemented in a novel fiber-based configuration, enable more precise,
stable, and versatile optical studies of 2D materials.
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1.1. Optical spectroscopy

Optical spectroscopy provides a tool for probing the fundamental properties of semiconductors.
When light interacts with a semiconductor, it can be absorbed, transmitted, or reflected in ways
that depend sensitively on the material’s electronic band structure, excitonic effects, impurity
states, and phonon interactions. The energies at which these processes occur reveal information
about the band gap, critical points, defect levels, and the presence of excitons or free carriers. By
analyzing the spectral features such as absorption edges, reflectance minima or maxima, and
photoluminescence (PL) peaks, under various external conditions, one can gain detailed insights
into the optical and electronic behavior of semiconductor materials.**>%*

1.2. Optical Absorption

Optical absorption is one of the most powerful and widely used tools for investigating
semiconductor materials. It relies on the interaction of light with matter, enabling the extraction
of key optical parameters such as reflectance, transmittance, and absorption coefficients, as
well as information on electronic transitions, band structure, and excitonic effects. The
fundamental principle of optical spectroscopy involves measuring changes in the intensity or
energy of electromagnetic radiation after it passes through a sample, is reflected from its surface,
oris emitted as a result of external excitation. Optical absorption in semiconductors refers to the
process in which photons are absorbed by electrons, promoting them from the valence band to
the conduction band. This phenomenon is strongly influenced by the material’s electronic band
structure and the joint density of states. Near the absorption edge, the absorption coefficient a(F)
rises steeply due to interband transitions and possible excitonic resonances. The amount of light
absorbed as it travels through a material of thickness d is described by the Lambert-Beer law:

I =1I,e%/4 (1.1)

where [ is the intensity of the incident light, /is the transmitted intensity, a is the absorption
coefficient [cm™], d is the thickness of the material. In practical applications, if the sample is
much thicker than the coherence length of the light, interference effects can be neglected. In that
case, the total transmittance T for a thin film of thickness d with absorption coefficient a and
single-pass reflectance R is expressed as:

_p\2,—ad
7=UR e (1.2)

1_Rze—2ad
For strongly absorbing materials, where internal reflections can be neglected, this simplifies to:
T =(1—R)%e (1.3)

From this, one can derive an expression for the absorption coefficient a:

1 T

Thus, in an experiment, determining the absorption coefficient requires knowledge of both the
reflectance and transmittance spectra as a function of photon energy. Analyzing these quantities



allows for accurate determination of band gap energies, excitonic features, and temperature-
dependent shifts of electronic transitions.*®

A typical optical measurement setup (Figure 1) for collecting reflectance and transmittance
spectra includes a light source (tungsten-halogen lamp) modulated by a mechanical chopper
operating at a few hundred hertz, a monochromator, and a photodetector. The light is focused
onto the sample, and depending on the configuration, either the reflected or transmitted light is
collected and directed to a monochromator for spectral dispersion. The spectrally resolved light
is then detected using a photodetector selected according to the spectral range of interest, for
example, Si photodiodes for the visible region and InGaAs detectors for the near-infrared. To
enhance the signal-to-noise ratio, the system uses lock-in detection, which isolates the signal
component modulated at the reference frequency, thereby greatly suppressing background
noise.” The setup can be modified by replacing the monochromator and detector with a
spectrometer, which enables faster measurements by recording the entire spectrum
simultaneously. In this case, the use of a chopper is also unnecessary. However, it should be
noted that the spectrometer may have a limited spectral range and introduce more noise.

a Controller b
e

Photodetector
\? Chopper
/ Sample
| I |
| |

Chopper

< I Sample

Controller

Lock-in -+ Lock-in

Figure 1. Schematic diagram of the system for measuring reflectance (a) and transmission (b).

1.3. Modulation spectroscopy

Modulation spectroscopy is an advanced optical technique that enhances sensitivity to subtle
features related to the electronic structure, particularly optical transitions. Unlike standard
absorption or photoluminescence measurements, which detect absolute signal levels,
modulation spectroscopy detects small changes in the optical response induced by an external
perturbation. In particular, modulation spectroscopy techniques provide precise information
about the energy position, broadening, and amplitude of optical transitions, making them highly
sensitive to subtle changes in a material’s electronic structure. Moreover, modulation
spectroscopy methods are typically classified based on the type of external perturbation applied
to the sample, which induces changes in the optical response near critical points in the joint
density of states, corresponding to interband transitions at high-symmetry points in the
electronic band structure. These perturbations may include: internal electric field modulation

11
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(photoreflectance, photomodulated transmission, electroreflectance, contactless
electroreflectance), temperature variations (thermoreflectance), and mechanical stress
(piezoreflectance). Such perturbations modify the internal electronic or structural properties of
the material, leading to characteristic derivative-like features in the optical spectrum at the
transition energies. These appear as resonance-like line shapes, allowing the identification of
otherwise weak or indistinct transitions that may not be clearly visible in conventional passive
spectroscopy.?®

Photoreflectance and Photomodulation Transmission

Photoreflectance (PR), as one of the modulation spectroscopy techniques, enables non-invasive
investigation of optical transitions in semiconductor materials and structures. The modulation
occurs through illumination of the sample with an additional light source, the so-called pump
beam, which generates electron-hole pairs. These photogenerated carriers screen the existing
electric field, causing a transient reduction of the band bending. As a result, the reflectance of
the sample, probed by white light, is modulated. This effect, illustrated in Figure 2a, allows for the
precise determination of the energy positions of optical transitions, their broadening, and other
parameters of the band structure, since modulation occurs only at the energies corresponding to
interband transitions.

—Laser off o . — V=0

Laser on o V=V,
o . o
CB CB
Er

Er Ee
VB

0 ve e e w

Figure 2. Band bending in photoreflectance for both n- and p-type materials (a) and
electroreflectance (b) measurements.

In atypical photoreflectance setup (Figure 3), the pump beam is provided by a laser with a photon
energy higher than the band gap of the investigated material. For TMDCs, commonly used pump
wavelengths include 532 nm or 405 nm, which efficiently generate electron-hole pairs. Sub-band
gap excitationis also possible, although itis a less common approach and requires careful tuning
of the system due to the subtler signal response. Despite the use of spectral filters, the pump
beam must be aligned such that its reflected light does not enter the monochromator slit, as its
high intensity could interfere with the detection of the probe signal. Furthermore, the pump beam
is modulated (i.e., periodically blocked and unblocked) using a mechanical chopper, typically at
frequencies of several hundred hertz. These frequencies are chosen to be lower than the inverse
of the carrier lifetime, ensuring that photogenerated carriers have sufficient time to recombine
and the built-in electric field can recover before the next pump pulse. Simultaneously, the sample
is illuminated with a probe beam, usually broadband light from a halogen lamp. The reflected
probe light passes through a monochromator, which selects specific photon energies, andis then
directed to a detector. Similar to reflection/transmission, depending on the spectral range of



interest, detectors are used either for the visible range or for the near-infrared region. The signal
is analyzed using lock-in detection, which allows the modulated (AC) component to be extracted
from the total (DC + AC) signal. This technique enables the detection of subtle changes in
reflectance, resulting in characteristic resonance-like features at the energies of optical
transitions. A closely related technique is photomodulated transmission, which differs only in the
detection of transmitted light instead of reflected light. Consequently, the experimental setup
requires slight modifications, illustrated in Figure 3b, to accommodate the transmitted beam
path and corresponding alignment of optical components.?527-%

The choice between reflectance and transmission measurements depends primarily on the
optical thickness and transparency of the sample. Photoreflectance is particularly useful for thin
films on solid substrates or multilayer structures, where transmission is not possible. It is
sensitive to regions near the surface where built-in electric fields typically exist and is commonly
used for epitaxial layers, heterostructures, and bulk materials. Photomodulated transmission, on
the other hand, is preferred when the sample is sufficiently thin and semi-transparent over the
spectral range of interest. It enables probing of the overall optical response through the sample
thickness and is especially useful for monolayers, few-layer van der Waals crystals, and free-
standing films.

b
Photodetector
/ Sample
\ Sample | I | } Lami
Chopper Chopper
sae Lock-in 0 Lock-in

—_— N N e —_— i
Controller Controller

Figure 3. Schematic diagram of the system for measuring photoreflectance (a) and
photomodulated transmission (b).

Contactless Electroreflectance

Another technique that utilizes the modulation of the internal electric field is electroreflectance.
In this work, however, | focus on its contactless (CER) version, which is considered safer for the
sample. Inthe CER technique, instead of illuminating the sample with an additional pump beam,
it is placed in a capacitor-like setup, where an alternating voltage with a frequency of several
hundred hertz is applied (Figure 4). One of the electrodes is an opaque solid substrate, to which
the sample is attached using silver paste. The other electrode is a metal mesh that is transparent
to light and separated from the sample by a narrow air gap. Together, they form a capacitor in
which the applied electric field periodically redistributes charge carriers in the sample, which
modifies the internal potential distribution and results in periodic perturbation of band bending.

13
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(Figure 2b). This modulation of the internal electric field affects the reflectance near the
absorption edge and at higher energies corresponding to critical points in the joint density of
states. The resulting changes in reflectance are detected as a modulated optical signal (so-called
resonances in the AR/R spectra), allowing for precise analysis of excitonic and band-to-band
transitions. Unlike PR/PT with a pump beam, the ER or CER approach avoids the problem of PL
signal overlap, which is particularly important when studying materials with strong
emission.2%%7:28

AC generator

[ e HENe

Sample in
capasitor

Lock-in

I
|

Figure 4. Schematic diagram of the system for measuring contactless electroreflectance.

Theory consideration

The theoretical background underlying all modulation techniques presented in this work is
essentially the same, and can be conveniently introduced using the example of PR. The core idea
of modulation spectroscopy is to periodically perturb certain parameters associated with the
sample (such as the electric field in the case of PR or CER), which in turn induces small changes
in its optical spectra. These changes arise primarily due to modifications in the imaginary part of
the complex dielectric function, &,. From this perspective, the relative change in reflectance can
be expressed as:

AR
- = a(ey, &5)Aeq + B(gq, 5)As, (1.5)
where aand Sare Seraphin coefficients that depend on the unperturbed dielectric function,? and
Ae; and Ag, represent changes in the real and imaginary parts, respectively (Figure 5). Since &;
and &, are intrinsicaly linked via the Kramers—Kronig relations, the measured changes in
reflectance are also interdependent. These relations arise from the causality and analyticity of
the material's optical response and allow one component of the dielectric function to be
reconstructed from the other. This means that knowledge of either the real or imaginary part is
sufficient to fully describe the material's complex dielectric response.
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Figure 5. A band structure diagram illustrating the allowed optical transitions and the
corresponding changes in the imaginary part of the dielectric function under perturbation of
built-in electric field.*

The nature of the electro-optic effects observed in modulation spectroscopy also depends on the
strength of the electric field applied to the sample.*® This can be characterized by the electro-
optic energy hQ, defined as:

qZhZFZ

(he) =

(1.6)
where gis the elementary charge, fis the reduced Planck constant, Fis the electric field strength,
and u is the reduced electron-hole effective mass along the field direction. In the weak-field
regime, where Al < I' (with I' denoting the broadening of the transition), the modulation induces
small, perturbative changes in the dielectric function. In the intermediate field regime, where
hQ =T but gFay < E4 (with a, being the lattice constant and E; the band gap), more complex
modifications of the band structure may occur. In strong electric fields, when qFa, = E; and
hQ =T, significant shifts of energy levels are observed due to the Franz-Keldysh or quantum-
confined Stark effects.?

Moreover, the lineshape of the optical transition is commonly approximated by a Lorentzian
function. While a Gaussian distribution may more accurately describe inhomogeneously
broadened features, especially at elevated temperatures, a Lorentzian profile is typically
sufficient for experimental fitting. Furthermore, in PR and CER spectroscopy, the perturbation of
the complex dielectric function leads to changes in the energy position, broadening, and
amplitude of the transitions, which are originally represented by lineshapes such as the
Lorentzian. These modulated responses manifest as derivative-like features in the spectrum (see
Figure 5). A standard approach to model the modulation spectrum is the so-called Aspnes third-
derivative functional form, given by:

2 (E) = Re[4e™® (E — Eq + iN)™™] (1.7)

where 0 is the phase factor, £pis the critical point energy, and m represents the type of optical
transition. Specifically, m=2 corresponds to excitonic transitions, m=2.5 is typical for band-to-
band transitions in bulk materials, and m=3 is characteristic of transitions in two-dimensional
systems or in cases of significant inhomogeneous broadening.26-28:30:31
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Thermoreflectance and its’ theory

Thermoreflectance (TR) is a modulation spectroscopy technique that employs periodic
temperature modulation to enhance the optical response of a material. By inducing small,
controlled temperature oscillations and monitoring the resulting modulated reflectance, TR
enables the sensitive detection of optical transitions. These transitions do not necessarily shift
significantly with temperature; rather, their reflectance signal becomes detectable through lock-
in amplification of the temperature-induced modulation. The experimental setup for
thermoreflectance (Figure 6) is analogous to that used in photoreflectance (Figure 3a), with one
key difference: the sample is mounted on a holder equipped with Ohmic contacts, and its
temperature is modulated by passing a pulsed current through the sample, this is referred to as
the direct heating approach. An alternative method involves indirect heating, in which the sample
is placed in good thermal contact with a heated, thermally conductive substrate coated with a
metallic layer, while silicone grease is applied to ensure efficient heat transfer. Regardless of the
heating approach, in thermoreflectance methods the modulation originates from periodic
temperature fluctuations, which induce thermal expansion and contraction of the lattice
constants. These temperature-induced changes affect the electronic band structure of the
material, specifically, they shift the band edge or, more generally, the energies of interband
transitions. Unlike in PR and CER, temperature modulation in TR has a comparatively weaker
influence on the amplitude and linewidth of transitions. However, the material's dielectric
function is still modified, which in turn affects the reflectance R of the sample.3*3*

\'P? Sample on heating
/ structure
[

/ |1 L AC generator

\ ,_r: e I e

Lock-in

Figure 6. Schematic diagram of the system for measuring thermoreflectance.

As discussed earlier, these effects are experimentally measured as the relative change in
reflectance, given by:

AR R(T+AT)—R(T

R ( R(;‘) = (1.8)
where AT is the amplitude of the temperature modulation (i.e., the small periodic variation
around the equilibrium temperature 7), and R(7) is the reflectance at equilibrium. The periodic
temperature modulation acts as a perturbation that modifies lattice parameters (e.g., via thermal
expansion) but preserves the overall crystal lattice periodicity. The resulting changes, primarily in
the transition energy, are small compared to the transition energy itself, making this a first-order
perturbation. In TR, the modulated reflectance signal is approximately proportional to the first
derivative of the unperturbed dielectric function with respect to energy (Figure 7), whereas in



electromodulation techniques such as PR and CER, it is typically proportional to the third
derivative (Figure 5).%®

unperturbed
_____ perturbed

— diffrence

Figure 7. Aband structure diagram illustrating the allowed optical transitions and the
corresponding changes in the imaginary part of the dielectric function under perturbation of
temperature.*®

Photoluminescence

Photoluminescence (PL) is a form of emission spectroscopy in which a material emits light as a
result of optical excitation. This method provides valuable insight into the electronic structure,
excitonic properties, and defect states of semiconductors and other optoelectronic materials.
The process begins when a photon, typically from a laser source and in the visible or ultraviolet
spectralrange (i.e., with energy above the band gap), is absorbed by the material. This absorption
promotes an electron from the valence band to the conduction band, or from a lower to a higher
electronic state, resulting in the formation of an electron-hole pair. Following excitation, the
excited carriers undergo relaxation, during which they lose excess energy by interacting with
lattice vibrations. These interactions with phonons bring the carriers to lower energy states within
the conduction and valence bands. Once relaxed, the electron and hole may recombine
radiatively, emitting a photon whose energy can correspond to the energy of, e.g., the bandgap.
Moreover, the emitted light can originate from band-to-band recombination, excitonic
transitions, or recombination processes involving localized states such as defects, impurities, or
surface traps.*®

The PL measurement setup shown in Figure 8 consists of a pump beam, typically provided by a
laser, which is directed onto the sample under investigation. In the illustrated configuration, the
emitted PL is collected and directed toward a spectrometer that simultaneously records the
entire emission spectrum. To prevent the intense excitation laser light from reaching the detector
and overwhelming the PL signal, a long-pass filter is placed in the optical path. This filter blocks
wavelengths shorter than a specified cutoff, effectively suppressing the laser line and allowing
only the longer-wavelength luminescence emission to pass through to the spectrometer.

17



18

Beam splitter

m | I Sample

Long-pass
filter

Figure 8. Schematic diagram of the system for measuring photoluminescence.

External stimuli

One part of this study involves applying external stimuli in the form of temperature to induce and
characterize the evolution of the optical properties of layered materials. In this context, the major
changes include shifts in the energies of optical transitions and narrowing of their linewidths,
which also helps distinguish differentinterband transitions at low temperatures. The temperature
dependence of the dielectric function & reflects not only the shift in band gap energy E; (T) but
also changes in the positions of individual bands contributing to different optical transitions. This
behavior can be described using the Varshni equation:
aT?

Eg(T) =Ey———

T+p (1.9)

where E; (T) is the transition energy at temperature 7, E; is the energy at 0 K, and ais a material-
specific coefficient that quantifies the strength of the band gap reduction with temperature
related to electron—phonon coupling and thermal expansion effects; fis a parameter that can be
interpreted as an effective temperature scale at which the band gap energy changes more rapidly.
Alternatively, the Bose-Einstein model provides a more physically grounded description by
explicitly incorporating exciton—-phonon interactions:

E,(T) = Eg — —&— (1.10)
Xp

where apis a coupling constant that represents the strength of the exciton—-phonon interaction,
and Gz is an effective phonon temperature and is related to the average energy of the phonons
involved in the interaction. This model better captures the low-temperature behavior, where the
phonon population follows Bose-Einstein statistics. It is particularly well-suited for materials
with pronounced exciton—-phonon coupling, such as 2D TMDCs.***



Broadening

The temperature dependence of the broadening of interband critical point transitions in
semiconductors is commonly described using the Bose-Einstein statistical model:

T'Lo
'T)=Ty+———— 1.1
( ) 0 exp(el%o)—l ( )

Where I'(T) is the temperature-dependent broadening (linewidth), 'y is the inhomogeneous
broadening at 0K, I';, reflects the strength of the exciton—-phonon coupling, 0, is the effective
phonon temperature, related to the average LO phonon energy, T is the absolute temperature.
This expression, based on the Bose-Einstein distribution, captures the increase in linewidth with
rising temperature due to the thermal occupation of optical phonon modes. The parameter 8;,
extracted from the fits reflects the dominant phonon modes interacting with electronic
transitions, while I'; 5 quantifies the strength of this interaction. This formulation provides a
microscopic description of exciton—-phonon coupling effects and complements empirical models
like the Varshni equation used for the temperature dependence of the transition energies.3¢38

1.1. Investigated Materials

Semiconductors play a fundamental role in the technology of the modern world. Their unique
properties form the basis of modern photonics and optoelectronics.''%%3° Technological advances
are fueling a growing need for in-depth research into new classes of semiconductor materials,
particularly 2D materials, which reveal increasingly complex mechanisms determining their optical
and electronic properties. This doctoral dissertation examines selected semiconductor materials,
particularly compounds from groups |llI-V and layered van der Waals crystals. These two groups
represent distinct classes of materials, differing in their crystalline structure and bonding patterns,
which translates into significant differences in their physical properties.

I1I-V Semiconductors

I1I-V semiconductors constitute a broad class of compounds formed by elements from group Il
and group V. Most of them crystallize in the zinc-blende structure’® (e.g., arsenides and
phosphides) or the wurtzite structure*' (e.g., nitrides), shown in Figure 9. The crystal structure
determines optical, mechanical, and transport properties, including their anisotropy, and, most

importantly, the nature of the band structure.
a b

@

Figure 9. Two crystalline polymorphs of GaN: (a) wurtzite, (b) zinc-blende, Ga atoms are shown
in brown and N in blue color.*? Reproduced from Ref. 42 licensed under CC BY 4.0.
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Many llI-V semiconductors exhibit a direct fundamental band gap. In such a case, the maximum
of the valence band and the minimum of the conduction band lie at the same point in reciprocal
space (usually the I point), enabling, e.g., efficient radiative recombination of electrons and holes
or strong light absorption. In some materials, such as AlAs or high-aluminum-content AlGaAs, the
fundamental band gap becomes indirect, which suppresses radiative transitions and makes
optical absorption less efficient due to the need for phonon assistance. Moreover, itis well known
that the band gap energy and its nature (direct or indirect) depend strongly on chemical
composition. In this context, it is useful to refer to a familiar diagram that shows the dependence
of the band gap energy on the lattice constant for various IlI-V materials, as presented in Figure
10.%® This graph represents an important aspect of material science: the continuous tuning of
band gap energy by adjusting the composition of ternary compounds. Moreover, another crucial
factoris the evolution of the electronic band structure with temperature, which affects the optical
properties of materials. With increasing temperature, a systematic decrease in band gap is
usually observed, due to electron—-phonon interactions and thermal expansion of the crystal
lattice. This behavior is commonly described empirically by the Varshni equation or the Bose-
Einstein model. llI-V semiconductors also exhibit low effective carrier masses and high mobility,
especially for electrons, resulting from the curvature of the conduction band minimum in the
band structure. The band structure also determines strong nonlinear optical responses, such as
refractive index modulation, absorption modulation, and electro-optic effects. Furthermore, in
the presence of an external electric field, phenomena such as the Franz-Keldysh effect
(modification of the absorption edge) and the quantum-confined Stark effect (shift of optical
transitions) can be observed.3*4*#4||I-V materials are grown using epitaxial techniques that allow
for high-quality crystalline layers with controlled composition and thickness. The most commonly
used methods are molecular beam epitaxy (MBE), metalorganic chemical vapor deposition
(MOCVD), and hydride vapor phase epitaxy (HVPE). Each of these methods enables the growth of
layers with different purity levels, growth rates, and compositional uniformity. Precise growth
conditions are crucial to minimizing lattice defects that can significantly affect the material's
optical and electrical properties.*®
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Figure 10. Band gap energy as a function of lattice constant for different [lI-V materials. Black

solid dots represent direct band gap materials, and white dots represent indirect band gap
materials.®*® Reproduced from Ref. 39, licensed under CC BY 4.0.



Van der Waals Crystals

Van der Waals (vdW) crystals are a group of materials with a characteristic layered structure, in
which atoms within a single layer are bound by strong covalent bonds, while adjacent layers are
held together by much weaker, non-directional van der Waals forces.' This unique structure
allows for easy separation (exfoliation) of individual layers down to the level of a single monolayer.
The anisotropy in bond strength initiated the dynamic development of 2D materials, pioneered by
graphene, i.e., a monolayer of carbon atoms arranged in a honeycomb lattice, first isolated in
2004 by Novoselov and Geim.* 2D materials are defined as structures with a thickness of one or
a few atomic layer, where charge carriers are confined to two dimensions. The layered nature of
vdW crystals leads to remarkable optical anisotropy, stemming from the fundamental difference
between strong in-plane covalent bonding and weak interlayer interactions.*® Furthermore, van
der Waals materials display a wide range of physical properties — from insulators (hexagonal
boron nitride, h-BN), through semiconductors (TMDCs), to metals and superconductors
(NbSe,).*”**® Accordingly, their band gaps span from ~6 eV in h-BN, through 1-2.5 eV in TMDCs,
down to the gapless graphene, as shown in Figure 11. Such diversity has led to broad applications
in fields such as nanotechnology, optoelectronics, spintronics, and correlated electron systems.
Thanks to the absence of dangling bonds on their surfaces, these materials can be stacked into
vdW heterostructures — systems built from different 2D materials that preserve their individual
layer properties but exhibit new phenomena due to interlayer interactions.’®* The mechanical
and chemical stability of many vdW crystals, as well as the ability to precisely control the number
of layers and their relative orientation, enables sophisticated tailoring of their properties.
Consequently, vdW materials are regarded as a promising platform for future quantum devices
and post-silicon electronics, including next-generation transparent and flexible systems.*°
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Figure 11. Electronic band structure in 2D materials. ¢ Reproduced from ref. 48 with permission
from Springer Nature.
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Transition Metal Dichalcogenides

TMDCs, with the general formula MX,, where M is a transition metal (e.g., Mo, W) and X is a
chalcogen element (S, Se, Te), form layered crystal structures exhibiting a range of unusual
optical and electronic properties in the 2D limit.*’ In Figure 12a, in the periodic table, elements
from these groups are marked in green (transition metals) and orange (chalcogens). The
fundamental structural unitof TMDCs is a so-called “trilayer”, in which the transition metal atoms
are sandwiched between two layers of chalcogen atoms. A single such trilayer corresponds to
what is commonly referred to as a monolayer, with a typical thickness of approximately 0.7
nm.*”*" In the most commonly encountered 2H (hexagonal) structure, the metal exhibits trigonal
prismatic coordination, each metal atom is surrounded by six chalcogen atoms arranged in a
geometry resembling a triangular prism. Within a single layer, strong covalent bonds dominate,
while adjacent layers are held together by weak vdW interactions, enabling exfoliation down to
monolayers (Figure 12b).

Figure 12. Periodic table with transition metals (green) and chalcogens (orange) forming TMDCs
marked (a), and Schematic of a TMDC layer in the 2H phase, showing a structure with a
transition metal atom sandwiched between two chalcogen layers (b).®

¢ o

In bulk form, most TMDCs are indirect band gap semiconductors, the valence band maximum is
located at the I' point, while the conduction band minimum lies at the Q point or between I and
K. As the number of layers is reduced to one, a fundamental band structure transition occurs:
both the valence band maximum and conduction band minimum shift to the K (and K') points in
the Brillouin zone, resulting in a transition from an indirect to a direct band gap (Figure 13a). This
mechanism is attributed to the reduction of interlayer interactions and to the different thickness
dependencies of the energy positions of individual bands. As a result, monolayer TMDCs exhibit
significantly enhanced PL, up to two orders of magnitude stronger than their bulk counterparts.®
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Figure 13. Change of band gap from indirect to direct as a function of layer number in MoS.. In
the bulk, the valence band maximum lies at the I point and the conduction band minimum at
the Q point (or between I' and K), resulting in an indirect band gap. As the number of layers
decreases, interlayer interaction is reduced, and the band structure evolves. In a monolayer,
both the conduction band minimum and valence band maximum are located at the K point,
leading to a direct band gap.*” Reproduced from ref. 47 with permission from Springer Nature.
(a) Momentum-forbidden dark excitons have electrons and holes in different momentum-space
valleys, while spin-forbidden dark excitons have opposite spins. Localized excitons are trapped
by impurity-induced potentials.®® Reproduced from Ref. 53, licensed under CC BY 4.0. (b)

Despite their atomically thin structure, TMDC monolayers display exceptionally strong light
absorption, reaching up to 20% in the visible range, due to the strong coupling of light with
excitonic transitions. The main absorption resonances are associated with the A and B excitons,
which result from the spin—-orbit coupling-induced splitting of the valence band. Since optical
transitions between the valence and conduction bands are spin-conserving, this splitting gives
rise to two well-separated interband optical transitions, identified as A (originating from the upper
valence band) and B (from the lower valence band). This leads to distinct excitonic features in
both absorption and PL spectra, which are particularly prominent in monolayer TMDCs.*

Moreover, in monolayers, exciton-related phenomena dominate the optical response. This stems
from limited dielectric screening and strong quantum confinement, leading to a high exciton
binding energy on the order of 0.5-0.7 eV, ensuring exciton stability at room temperature. In
addition to neutral excitons, trions (charged excitons), biexcitons, and, within heterostructures,
interlayer excitons (where the electron and hole reside in different layers) are observed. These
interlayer excitons exhibit longer lifetimes and lower recombination energies. TMDC PL spectra
often show multiple excitonic features, which reflect local potential fluctuations, compositional
inhomogeneities, defects, and many-body interactions. At the K and K' points of the Brillouin
zone, strong spin—-orbit coupling leads to valence band splitting (especially pronounced in MoSe,
and WS,), resulting in, as already mentioned, the emergence of two exciton types: A and B.
Depending on the spin and momentum configuration of the electron and hole, excitons can be
classified as bright or dark, only the former couple efficiently to light and contribute directly to
photoluminescence. In contrast, dark excitons remain optically inactive under direct excitation
(Figure 14b). In addition, owing to the lack of inversion symmetry and the time-reversal
degeneracy of the K and K' valleys, it is possible to selectively excite excitons in a specific valley
using circularly polarized light. This effect, known as valley polarization, lies the foundation for
the emerging field of valleytronics, where information is encoded not only in charge and spin but

also in momentum-space location.'*2
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Using the CVD technique, it is also possible to create multicomponent TMDC alloys, such as Mo;.
W, S, or MoS,1Ses, enabling continuous tuning of the band gap, band structure, and excitonic
resonances. Introducing a second metal or chalcogen induces nanoscale potential fluctuations,
which can induce partial exciton localization. This localization may manifest as substructures in
the PL and alter carrier recombination dynamics. In this case, the PL peak position often shows
an S-shaped dependence on temperature, due to a competition between thermal band gap
shrinkage and thermal redistribution of excitons among local potential minima associated with
defects or strain. These effects are particularly pronounced in alloys and monolayers, where
compositional inhomogeneities create an energy landscape conducive to carrier trapping.5+>’
Alloys also allow tailoring of material properties for specific applications, for example, in
designing heterojunctions with desired band alignments (straddling, staggered, or broken gap),
which are crucial for efficient optoelectronic device performance.®®*°

Moreover, TMDCs find widespread applications in nanotechnology and photonics. Thanks to the
combination of direct band gap, high absorption, mechanical flexibility, and compatibility with
photonic platforms, they are used as active materials in photodetectors, nanoscale lasers, light
modulators, as well as in spintronic and valleytronic devices. Their atomic thickness and the
ability to precisely engineer their properties (via strain, electric field, or doping) also make them
attractive candidates for future 2D electronics and neuromorphic computing.>

Top-down methods for obtaining thin layers of van der Waals crystals

As already mentioned, layered materials owe their unique properties to the anisotropic nature of
their chemical bonding. While atoms within each layer are tightly bound by strong covalent
bonds, the interaction between adjacent layers is much weaker (up to a thousand times weaker)
and governed by vdW forces. This bonding scheme, illustrated schematically for graphene in
Figure 14, is a defining feature of layered crystals. It enables the use of mechanical exfoliation
techniques to isolate individual atomic layers, opening the door to the study of exotic physical
phenomena in two-dimensional systems. The resulting vdW surfaces are essentially free of
dangling bonds and exhibit exceptional stability under ambient conditions.®
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Figure 14. Layered graphene structure with schematically marked van der Waals and covalent
bonds.*?

Mechanical exfoliation was already known in the 90s, however, it was Andre Geim and Konstantin
Novoselov who first successfully obtained a single layer of graphene using this method.* For this
groundbreaking achievement, they were awarded the Nobel Prize in Physics in 2010. Today, this



technique is used not only for isolating graphene but also for obtaining monolayers of other
layered materials, such as TMDC,®" hexagonal boron nitride,®? black phosphorus,® and various
metal oxides.® The method involves mechanically separating thin layers from a bulk crystal using
adhesive tape, most commonly Scotch or Nitto tape. The process typically requires repeated
exfoliation until monolayers or flakes of the desired thickness are obtained. The exfoliated
material is then transferred onto a flexible substrate, typically polydimethylsiloxane (PDMS),®®
from which it can be further transferred onto the target structure. The individual steps of the
exfoliation process are illustrated in Figure 15.
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Figure 15. Schematic representation of the mechanical exfoliation process. A bulk crystalis
repeatedly cleaved using adhesive tape to produce thin flakes (a,b). Selected flakes are then
transferred onto a flexible substrate, usually PDMS (c), and the tape is then detached from the
PDMS (d).%® Reproduced from Ref. 66, licensed under CC BY 4.0. Microscopic image of
exfoliated MoS, showing stepped layers from monolayer to bulk (e)."® Reproduced from Ref. 16,
licensed under CC BY 4.0.
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Although dry exfoliation allows for obtaining good-quality flakes, they are limited in scale, usually
reaching sizes of several dozen to several hundred micrometers. In addition to classical
mechanical exfoliation, other methods are also widely used in studies on layered materials, such
as wet, chemical, and electrochemical exfoliation.®¢’

Liquid-phase exfoliation is a widely used technique for obtaining 2D materials from their bulk
counterparts. The process involves suspending the bulk crystal in a suitable solvent such as N-
methyl-2-pyrrolidone (NMP), N,N-dimethylformamide (DMF), or isopropanol (IPA) and applying
ultrasonic energy to overcome the interlayer forces. The key mechanism enabling exfoliation is
the weakening of interlayer van der Waals interactions, particularly London dispersion forces, in
the presence of a liquid medium. In a liquid environment, the potential energy between adjacent
layers is significantly reduced compared to vacuum (air) conditions, making delamination easier.
Optimal exfoliation efficiency is achieved when the surface tension of the solvent closely
matches that of the target material.®® After sonication, the resulting suspensions are typically
centrifuged to remove unexfoliated material.®®

Chemical exfoliation, also referred to as intercalation exfoliation, involves overcoming interlayer
adhesion by introducing appropriate molecules between the layers of the material. This process
weakens the van der Waals forces responsible for maintaining structural cohesion and enables
the separation of atomic layers. A key role is played by the effects following intercalation, such as
increased interlayer spacing, gas release, or energetically favorable solvation, a process in which
dissolved molecules are surrounded by solvent molecules. This solvation helps prevent the
exfoliated flakes from reaggregating.®®’°
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Electrochemical exfoliation involves introducing ions (e.g., alkali metal ions or protons) between
the layers of a material through electrochemical reactions in a controlled setup. This process is
carried out in an electrochemical cell consisting of three electrodes: a working electrode (WE),
which is made of the exfoliated material (e.g., graphite or MoS,), a counter electrode (CE),
typically a platinum wire, and a reference electrode (e.g., Ag/AgCl), allimmersed in an electrolyte
containing ions capable of intercalation. Depending on the applied potential, cation intercalation
(e.g., Li*, THA", TBA") occurs under a positive potential (when the exfoliated material acts as the
cathode), while anion intercalation (e.g., SO4*, NOs, PFs) occurs under a negative potential
(when the material acts as the anode). As ions enter the interlayer spaces, the van der Waals
forces are weakened, facilitating the separation of individual atomic layers. Additional processes
such as gas evolution (e.g., hydrogen release) may also occur, and sonication is often applied to
improve exfoliation efficiency. The resulting suspensions can be centrifuged and used for further
applications. Figure 16 below illustrates both anodic (anion-based) and cathodic (cation-based)
electrochemical exfoliation routes, as well as how they lead to the formation of exfoliated 2D
nanosheets.%5"7"
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Figure 16. Schematic diagram of electrochemical exfoliation of van der Waals crystals with
representation of anions and cations.®” Reproduced from Ref. 68, licensed under Creative
Commons Attribution-NonCommercial 3.0 Unported Licence.

Bottom-up growth technique

In contrast to the previously discussed exfoliation techniques, which rely on the separation of
existing layers from bulk materials, chemical vapor deposition (CVD) is a growth technique that
enables the synthesis of thin layers directly on a substrate. It is one of the most widely used
methods for obtaining thin films of TMDCs, such as MoS,, WS,, and their alloys. The CVD process
involves the reaction of gaseous or sublimed precursors at elevated temperatures, resulting in
the deposition of a thin layer of the target material on a heated substrate. A typical setup includes
a tube furnace with a heating zone containing a metal precursor (e.g., MoO; or WO3), a source of
sulfur or selenium in powder form, and a carrier gas that transports the reactants to the growth
zone. Through precise control of process parameters like temperature, precursor concentration,
pressure, and substrate type, it is possible to synthesize large-area monolayers of TMDCs with
high crystalline quality. The resulting domains typically exhibit regular hexagonal or triangular
shapes and uniform thickness, making CVD particularly attractive for both fundamental research
and industrial applications, where scalable production of uniform and high-quality monolayers is
essential.”7”3



Van der Waals Heterostructures

2D materials reveal a wide range of physical,” optical,”® and mechanical'® properties, which can
be further tailored and expanded by constructing heterostructures, enabling even multifunctional
behavior. Two main types of heterostructures are considered: in-plane and vertical (out-of-plane)
arrangements. For better illustration, vertical structures are often compared to stacking LEGO
blocks, whereas in-plane heterostructures resemble assembling puzzle pieces (Figure 17).
Strong covalent bonds ensure in-layer stability, while van der Waals-like forces are sufficient to
keep the layers stacked together.”®* The most popular techniques for constructing such
heterostructures include direct synthesis via CVD or mechanical exfoliation and transfer (Figure
18). Van der Waals heterostructures allow for the combination of various 2D materials, such as
TMDCs, graphene, or h-BN, without the need for lattice matching.'® A key aspect is that layers are
held together by van der Waals forces, which minimize strain arising from differences in their
crystal lattice parameters. From a physical point of view, each layer retains its own band
structure, but in the strong-coupling regime, hybridization of electronic states can occur, and
adjacent layers can induce electrostatic potential tuning.””
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Figure 17. Vertical and lateral van der Waals heterostructures. Vertical stacking resembles
LEGO blocks due to its layered construction, while lateral heterostructures resemble puzzle
pieces, reflecting the edge-to-edge joining of materials.”® Reproduced from ref. 77 with
permission from Springer Nature.
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The electronic properties of heterostructures can also be tuned by twistronics, i.e., changing the
relative twist angle between layers. At small twist angles, a moiré superlattice forms, leading to
the formation of minibands and strong modulation of the potential in real space. This, in turn,
causes localization of electrons and holes in regions with a specific atomic registry, effectively
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forming moiré traps.’® Interlayer interactions involve not only classical van der Waals forces but
also interlayer charge transfer, band offset engineering, and the formation of hybrid states. For
instance, in type-ll heterostructures (e.g., MoSe,/WSe,), the conduction and valence bands are
offset relative to each other, which facilitates charge separation - electrons localize in one layer
and holes in another. This leads to the formation of interlayer excitons, where the wavefunction
is spatially separated.”” As a result, their lifetimes can reach nanoseconds, in contrast to
picoseconds for intralayer excitons.®' The dielectric environment and differences in the
effective masses of carriers also play a key role in shaping the spatial distribution and binding
energy of excitons, leading to effects such as band renormalization and shifts of optical
resonance energies. %

Mechanically-assembled stacks

Figure 18. Schematic illustration of heterostructure fabrication methods. The top part shows
mechanically assembled stacks, while the bottom part presents structures grown via
physical epitaxy and CVD. From Novoselov, K. S., Mishchenko, A., Carvalho, A. & Castro Neto,
A. H. 2D materials and van der Waals heterostructures. Science 353, aac9439 (2016).

Reprinted with permission from AAAS.™

Van der Waals heterostructures find application in advanced optoelectronic and quantum
devices.??8% Specifically, thanks to precise control over their composition and layer configuration,
they are used in photodetectors,? light emitters,?' optical modulators,?* field-effect transistors,®
and non-volatile memory devices.® Of particular interest are their interlayer excitonic properties,
enabling the development of optoelectronic elements with extended carrier lifetimes, as well as
in spintronic and valeytronic devices that exploit additional particle degrees of freedom (spin,
valley).®” Moiré heterostructures are also promising platforms for realizing artificial quantum
lattices and for simulating strongly correlated materials.®®

1.2. Lab-on-fiber: Light-matter interaction in miniaturized optical systems and TMDC applications

An optical fiber is a dielectric waveguide structure that enables light propagation through the
phenomenon of total internal reflection at the boundary between the core and the cladding —two



layers with carefully selected refractive indices. Light travels along the fiber in the form of so-
called propagation modes, which are stable distributions of the electromagnetic field. The
number and nature of these modes depend on the core diameter, the wavelength, and the
refractive index contrast. Single-mode fibers support only one fundamental mode, ensuring high
stability and minimal pulse broadening. In contrast, multimode fibers allow the simultaneous
propagation of multiple modes, increasing the information-carrying capacity but introducing
greater dispersion.” Understanding modal properties is crucial in designing optical sensors,
filtering elements, resonators, and spectroscopic systems.

Although optical fibers are most commonly associated with telecommunications and long-
distance signal transmission,®® their application potential is much broader. In modern photonics,
optical fibers can serve as passive light guides or as active components of optical systems. This
diversity stems from the possibility of modifying their geometry, material properties, and
structure. Fibers exist not only in the classical cylindrical form but also as D-shaped structures,®
waveguides,® or photonic crystal fibers with modified cores.®® The fiber end can also be
functionally modified: tapered tips act as focusing lenses,®** angled cleaves reduce back
reflections (important, for example, in lasers or sensors),® and spherical ends are used in
focusing systems and optical traps.®® The fiber core itself can undergo various mechanical and
optical modifications: side polishing enables coupling of waves with the environment,*”-% micro-
and macro-bending allow for selective wavelength filtering,®*'® and tapering alters propagation
conditions and facilitates light coupling with other structures.’' There are also hollow-core
fibers, where light is guided through an empty space filled with gas or vacuum, reducing losses
and enabling unique optical interactions.’®>'% A special case is fiber Bragg gratings, formed by
periodic changes in the refractive index along the fiber core. These structures reflect selected
wavelengths and are widely used in temperature and strain sensors, as well as in selective
components in lasers and optical filters."*

Beyond their passive function, optical fibers can also serve as active components. Examples
include fibers doped with rare-earth ions, such as erbium or ytterbium, which enable light
amplification or laser emission.’® Nonlinear fibers, exploiting higher-order optical effects, are
used for supercontinuum generation and oscillators.'®' This wide variety of modifications and
functions has givenrise to a newresearch trend in which the fiberis no longer just a passive carrier
but becomes a functional measurement element. This led to the emergence of the lab-on-fiber
concept, miniaturized analytical systems in which the optical fiber simultaneously functions as
a transmission medium, a coupling element, and an active sensor or spectroscopic platform. In
each application, the fiber acts as a versatile platform for conducting spectroscopic, chemical,
biological, or nonlinear photonics research. Moreover, in certain experimental configurations,
lab-on-fiber (LOF) technology can also replace conventional optomechanical components,

offering compactness, stability, and enhanced integration with fiber-based systems (Figure
1 9).3,6,108,109
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Figure 19. Representative configurations for integrating and miniaturizing components on the
optical fiber tip.® Reproduced from Ref. 6, licensed under CC BY 4.0.

The physical operation of LOF systems is based on the interaction of the electromagnetic field of
light propagating in the fiber with media located in the immediate vicinity of the core. Of key
importance is the phenomenon of the evanescent wave — the optical field that "leaks" beyond the
fiber core and allows coupling with a material placed on its surface or nearby. This makes it
possible to detect changes in refractive index, absorption, or nonlinear properties without
breaking the continuity of the fiber. Light-matter interaction in such systems enables highly
sensitive probing of local optical properties, which can be applied in absorption, plasmonic, and
Raman spectroscopy.''® There are many methods for manufacturing such devices, as shown in
Figure 20.
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Figure 20. Overview of fabrication technologies for LOF platforms, categorized into tree main
approaches: (1) top-down methods (e.g., laser ablation, focused ion beam milling, lithography),
(2) bottom-up techniques (e.g., self-assembly, CVD/PVD processing, 3D direct laser writing),
and (3) material transfer strategies (direct and nano-transfer). These methods enable the
integration and miniaturization of functional elements on the end face of optical fibers.®
Reproduced from Ref. 6, licensed under CC BY 4.0.
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In recent years, particular attention has been paid to the integration of optical fibers with 2D
materials, especially graphene and TMDCs, such as MoS; or WS,.""""""2 Their integration with the
fiber tip creates unique conditions for studying light-matter interactions on the nanometer scale,
with high spectral and temporal sensitivity. The placement of materials on the fiber is usually
achieved via CVD/PVD techniques or deterministic transfer.® When light propagating through the
fiber reach a functionalized tip covered with a TMDC layer, direct interaction occurs between the
optical wave and excitons or other excitations in the material. This coupling can occur via
evanescent wave interaction or direct transmission through the material, depending on the
system geometry (Figure 21).'%°

2D materials structures
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Wﬂ\\‘ #ﬁ’yl”‘*& 30528 scattering, wave mixing, harmonics...

Microstructured fiber Optical microfiber

Fiber endface D-shaped fiber

Figure 21. Schematic representation of the integration of 2D materials (e.g., graphene, TMDCs,
black phosphorus, and heterostructures) with various types of optical fibers, including
microstructured, end face-functionalized, D-shaped, and microfibers. The unique optical,
electronic, and nonlinear properties of 2D materials, such as light absorption, PL, exciton
dynamics, and nonlinear interactions, enable a broad range of fiber-integrated photonic
functionalities.” Reproduced from Ref. 6, licensed under CC BY 4.0.

This configuration, i.e., a fiber with layered materials on top, enables, among other things, precise
measurements of transmission changes as a function of temperature, allowing for monitoring of
band gap shifts and other quantum effects in 2D systems. In the case of tapered or D-shaped
fibers, a significant portion of the propagating field can be coupled to the material surface.’
Thanks to their versatility and ability to operate under cryogenic conditions, high vacuum, or
chemically aggressive environments, LOF systems are used not only in biological and chemical
sensors but also in fundamental studies of modern materials.'®""®

Integrating optical fibers with TMDC layers opens up new experimental possibilities in
environments where traditional optical systems would be impractical due to their size, fragility,
or sensitivity to external disturbances. Despite the dielectric nature of silica-based fibers, which
limits direct integration of electrical functionality, hybrid systems combining fibers with
electrodes and 2D materials, such as graphene or MoS,, have already been demonstrated. These
include fiber-integrated nanoelectromechanical system (NEMS)'"® devices and
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photodetectors,’? as well as laser systems in which graphene serves as a saturable absorber.?

Moreover, light propagating through the fiber can be efficiently modulated by various external
stimuli, including electric or magnetic fields, temperature changes, mechanical deformation, or
interaction with other optical fields. The small core size and the ability to tailor the fiber’s
geometry enhance light-matter interactions, positioning optical fibers as a highly versatile
platform for building miniaturized modulators, sensors, and laser sources. With the development
of electrode deposition techniques on fiber tips, it is now possible to design electro-optic and
thermo-optic modulators.®

The use of optical fibers enabled the development of measurement techniques employed in our
research group, leading to increased precision and the expansion of studies on monolayers and
heterostructures. The implementation of a fiber-compatible setup, along with temperature-
controlled measurements, allowed for more versatile and sensitive analyses. Although this area
still offers ample opportunities for further development, in the following sections, we present the
results already achieved through these advancements.



2. Scientific Articles

The following part of the dissertation consists of four peer-reviewed scientific articles that
constitute the core of the research conducted during the doctoral studies. Each article presents
experimental studies on the optical properties of 2D materials, in particular TMDCs, using
advanced fiber-based spectroscopy techniques developed and implemented as the main part of
this work.

The articles are included in their published or accepted form, without modification. Before each
article, a short section describes the author's specific contribution to the work, highlighting the
scope of individual involvement in the design, execution, analysis, and authorship of the study.

Together, the four articles provide a coherent and multifaceted insight into the use of fiber-
integrated systems for optical spectroscopy of 2D materials. The studies cover modulation
techniques such as PR and CER, PL, thermotransmittance, conventional absorption
spectroscopy, and demonstrate how optical fibers can enhance experimental control and
precision in cryogenic and variable-temperature conditions.
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ARTICLE INFO ABSTRACT

Keywords:
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Among many different applications, optical fibers have not been widely utilized in fundamental optical studies of
semiconductors. Their integration into different scientific domains typically leads to the miniaturization and
simplification of measurement systems. Here, the optical fiber is integrated into a modulation spectroscopy

Photoreflectance setup, allowing for the optical characterization of semiconductor materials including van der Waals crystals.
Contactless electroreflectance L. N . . . . . .
Dichalcogenide Investigating fibers with different core diameters in photoreflectance experiments revealed distinct advantages:

fibers with smaller cores are suitable for scanning samples with micrometer spatial resolution, while larger cores
facilitate maintaining a greater distance from the sample. In contactless electroreflectance measurements, using
fibers enhances the signal and allows for precise electrode positioning, significantly reducing the risk of electrical
breakdown. Most importantly, integrating fiber allowed for decoupling the measurement zone from the exper-
imental setup. This pioneering approach not only refines optical spectroscopy methodologies but also optimizes
experimental conditions while prioritizing safety and integrity.

1II-V semiconductors

1. Introduction
1.1. Modulation spectroscopy for optical characterization of 2D materials

In recent years, there has been a growing interest in the development
and study of new 2D materials [1-3]. The field of van der Waals mate-
rials is continually evolving as unique mechanical [4,5], optical [6,7],
and electronic [8,9] properties are explored, making them promising for
next-generation devices [10-12]. With an increasing number of new
materials being synthesized [13], the need for advancing and refining
characterization methods becomes paramount. Optical spectroscopy
plays a crucial role in this context as it offers insights into the electronic
band structure, phonon modes, and optical response of these materials
[14-17]. Most importantly, the use of modulation techniques in spec-
troscopy enables the precise extraction of information on the properties
of the studied crystal by modulating an internal parameter while
measuring a change in the optical response [18,19]. The small pertur-
bation induced in the studied material can be related to the built-in
electric field [20,21], strain [22], or temperature [23], which, as a
result, leads to a measurable variation in the reflectance of the crystal.
Two related modulation spectroscopy techniques, photoreflectance and
electroreflectance, which rely on a built-in electric field perturbation,

* Corresponding author.

are commonly employed to study the optical properties of semi-
conductors and other materials [17]. Photoreflectance (PR) involves
illuminating a sample with modulated laser light, where the built-in
electric field is affected by a photogenerated electron-hole pair, and
measuring the changes in the reflected light as a function of the energy
[6,9]. On the other hand, electroreflectance, or contactless electro-
reflectance (CER), relies on directly applying an external electric field to
the sample and also measuring the changes in reflected light as a func-
tion of the energy [17]. Both techniques (PR and CER) are based on the
perturbation of the internal parameter, the built-in electric field, in turn
causing changes in the complex dielectric function which leads to a
variation in the reflection coefficient at energies corresponding to op-
tical transitions [24]. Analyzing the modulated signal obtained by the
PR or CER technique allows for extracting information about the
bandgap energy of the studied material, built-in electric field, carrier
concentration, and other properties [21,25,26,27]. Both PR and CER
serve as powerful tools for studying semiconductors and other material
properties. They are non-destructive, non-invasive techniques that
facilitate in-situ sample studies, making them well-suited for device
fabrication and testing. Moreover, they are complementary techniques
that provide valuable insights into the optical properties of materials
[28].
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1.2. Applications of Optical Fibers in Sensing and Spectroscopy

Studies related to fiber optics cover a wide range of fields and ap-
plications [29,30]. One of the primary research areas within the optical
fibers field is the development of technologies for transmitting data in
the form of light [31]. They are also extensively employed in various
sensor applications, including temperature sensing, monitoring changes
in the refractive index of liquids [32] and gases [33], as well as pressure
[34] and humidity measurements [35]. Additionally, fibers play a
crucial role in light-emitting sources such as lasers [36]. Research in this
domain is focused on enhancing the efficiency, stability, and availability
of the mentioned light sources. Furthermore, when fibers are integrated
with specific functional materials possessing unique physical, mechan-
ical, and biological properties, they provide an attractive platform for
creating 'lab-on-fiber’ (LOF) micro-laboratories [37-39].

1.3. Integrating optical fibers with modulation spectroscopy

Over recent decades, numerous methods for structuring fiber optics
terminations have been developed, thereby expanding their applications
to encompass both measurement and semiconductor devices, which are
based on optical fibers and van der Waals crystals [40,41]. In the ma-
terials characterization field, optical fibers are mainly used to guide light
through a system. They are responsible for illuminating the sample or
transmitting a signal from a sample [42]. So far, a limited number of
studies have shown the use of optical fibers in experimental setups for
modulation spectroscopy measurements [20,43,44]. Optical systems
used for both PR and CER techniques, enriched with fibers, could allow
for microscopic measurements compatible not only with bulk materials
but also exfoliated micro-flakes. The advantage of having a fiber-based
probe is freedom of movement and decoupling of the measurement
zone from the experimental setup, hence making it less prone to vibra-
tions. For modulation spectroscopy measurements used in fundamental
studies of semiconductors, the optical fiber may be used to deliver a light
beam to the surface of a crystal being deposited on different substrates,
or alternatively, the crystals may be placed directly on the optical fiber.

This work demonstrates, for the first time, the use of optical fibers in
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both PR and CER spectroscopy techniques. As mentioned before, this
approach allowed us to decouple the signal detection area from the
experimental setup and perform measurements on representative
semiconductor materials including van der Waals crystals. In all ex-
periments, the studied samples were kept on a separate holder, which
allowed for precise control of the distance between the sample and the
fiber. The presented PR and CER results were obtained using fibers with
different core diameters (50 pm, 105 pm, and 400 pm). Moreover, in
order to perform CER measurements, a custom holder has been devel-
oped. In that holder, the sample was placed on a metal base that served
as one of the capacitor plates, while the other plate was located directly
on the optical fiber. Additionally, CER sensitivity enhancement has been
achieved by inserting a sapphire plate between the optical fiber with the
electrode and the sample, enabling the reduction of the sample-fiber
distance without the risk of dielectric breakdown. In the next step, the
different measurement configurations will be explored, and the studied
materials will be placed directly on the core of the flat fiber tip. Locating
samples directly at the fiber tip can provide additional advantages in
various measurements, such as eliminating the need for system align-
ment or reducing substrate vibrations. Therefore, further developments
in this area are expected.

2. Experimental methods

In the built measurement setup, the probe light is emitted by a quartz
tungsten halogen (QTH) lamp known for its good temporal stability
[45,46]. This probe beam is subsequently coupled, through a 10x
objective lens, to the optical fiber along which it travels until the studied
material reflects it, as depicted in the scheme in Fig. 1b. The reflected
light is then directed to a spectrometer consisting of a monochromator
(Horiba Jobin YvonTriax 550) dispersing the light beam and a photo-
detector (InGaAs amplified photodiode module). Moreover, to simulta-
neously evoke changes in the reflectance spectra, the sample can be
either (i) illuminated by a laser, which acts as a pump beam and excites
electron-hole pairs, leading to a variation of the built-in electric field or
(ii) subjected to the external alternating electric field by placing it inside
a capacitor which also causes modulation of the built-in electric field.

Monohromator

Lens
Dichroic
4 Longpass
mirror :
filter Chopper
/
/ Beam
\ splitter
Mirrors Lens
Objective
Chopper 10x
\ / . Sample
\—
N 5320m
Mirror Fiber
Capacitor

Fig. 1. Experimental setup for PR and CER measurements with an integrated optical fiber. (a) Picture of the measurement setup (in the inset photo, the location of
the sample is shown to which probe and pump beam are provided through optical fiber — this part of the setup is located on the separate optical breadboards), and (b)

schematic representation of the measurement system.
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These two approaches represent PR and CER techniques, respectively. In
the case of PR measurements, the pump laser beam is redirected to the
main optical axis with a dichroic mirror and coupled to the optical fiber
through the same 10x objective lens. Furthermore, in both PR and CER
measurements, we used multimode fibers with different core diameters
(50 pm, 105 pm, and 400 pm) to thoroughly test the amplitude of the
generated signal. The numerical aperture of the 10x objective lens and
fibers is compatible, amounting to 0.22. This compatibility ensures
optimal light coupling between these two elements. In Fig. 1a, a picture
of the experimental setup is also shown.

In the PR configuration, a continuous-wave laser emitting at 532 nm
was employed. The pump beam intensity was controlled using a neutral
density (grey) filter, and an edge filter was used to prevent the laser
beam from entering the monochromator and illuminating the photo-
detector. To achieve pump beam modulation and thereby modulate the
electric field within the studied sample, a mechanical chopper was uti-
lized, modulating the laser beam with a frequency of 280 Hz.

Considering CER measurements, the only change made was in the
way modulation of the built-in electric field was evoked. For that pur-
pose, a homemade capacitor was used, allowing for direct perturbation
of the electric field inside a sample. The studied sample was mounted on
a solid metal substrate, which acted as one of the capacitor plates. In the
so-called standard configuration [17], the second plate was a metal
mesh positioned in front of the sample (Fig. 2a), where an alternating
voltage of ~ 2 kV was applied between the capacitor plates at the fre-
quency of ~ 280 Hz.

In both types of measurements, i.e., PR and CER, we used a lock-in
amplifier, which allows for a phase-sensitive detection of very small
changes in the analyzed signal (the change in the reflectance on the sixth
or seventh decimal can be detected). The lock-in amplifier operates by
extracting the AC signal at a specific frequency and phase, which is
chosen arbitrarily. In our studies, it is the frequency with which the
built-in electric field is modulated. Importantly, for the primary studies
involving optical fiber, the metal ferrule was placed directly on the
measuring fiber, serving as a second electrode of the capacitor, thereby
enabling modulation of the built-in electric field (Fig. 2b). Both elec-
trodes, i.e., the ferrule and solid substrate with the sample on it, were
placed on the x-y-z stages to control distance between them precisely.
The use of a ferrule as a second electrode, located directly on the optical
fibers, offers an advantage over standard solutions (metal mesh) by
avoiding the *shadow effect’ [47] and modulating/probing only a small
area of the studied sample.

Furthermore, it is important to note that the primary limitation for
CER measurements is the maximum voltage that can be applied without
causing an electric breakdown in the air gap. This breakdown occurs

a b
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when the electric field strength exceeds the dielectric strength of air,
which stands at approximately 3 kV/mm under standard atmospheric
conditions [48]. Voltages exceeding this threshold result in an electrical
breakdown, which could be detrimental for both the studied sample and
the tip of measuring fiber. To circumvent this issue and enhance the
capability of the setup, a different dielectric environment was intro-
duced into the capacitor (Fig. 2c). Notably, sapphire is recognized for its
exceptional electrical insulating properties and high dielectric strength,
typically 48 kV/mm [49]. This high dielectric strength enables sapphire
to withstand remarkably high electric field strengths before reaching the
point of electrical breakdown, thereby limiting the possibility of
damaging the sample and optical fiber.

3. Results and discussion

3.1. Variation of an optical fiber distance from a sample in PR
measurements

To thoroughly assess the impact of integrating optical fibers into our
PR experimental setup, we conducted a series of measurements. These
involved not only placing the fiber in direct contact with the sample but
also systematically increasing the distance between the sample and the
fiber tip (schematics in Fig. 3d), continuing until we observed a signif-
icant decrease in the resonance amplitude. Additionally, the effect of the
core diameter on the PR signal was explored using fibers with various
core diameters (50 pm, 105 pm, and 400 pm). PR spectra collected on a
bulk ReSe; crystal sample and are presented in Fig. 3. The obtained
resonance corresponds to the A exciton transition in this material and is
associated with the J1 point in the Brillouin zone [50].

In conducting our measurements, each experiment with a fiber of
different core diameters was started from an initial distance of 0 pm,
corresponding to the fiber ferrule touching the sample surface. The air
gaps between the fiber and the sample were increased by a micrometer
screw. As shown in Fig. 3a, several initial spectra reveal oscillations in
the air gap (Fabry-Perot oscillations) created by light reflections be-
tween the optical fiber tip and the sample surface. These oscillations are
directly related to the width of the air gap, with their period increasing
as the gap widens. Notably, for fiber cores with diameters of 50 pm and
105 pm, the initial amplitude of the optical transition exhibited a swift
reduction (as shown by the green and blue points in Fig. 3d). In contrast,
for the fiber with a 400 pm core diameter, the amplitude of the PR signal
remained consistent up to a distance of 500 pm, as indicated by the
magenta points in Fig. 3d. As the distance was further increased, a
simultaneous decrease was observed in both the amplitude of the PR
signal and the intensity of the reflected white light. This reduction in
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Fig. 2. Different configurations of a homemade capacitor for CER measurements: (a) the conventional configuration where the top electrode consists of a finely
structured metal mesh, (b) a capacitor featuring one electrode (ferrule) directly placed in a close proximity to a fiber that passes through it, allowing for separate
positioning of each (the direct contact between the electrode and the fiber is crucial for optimizing the sensitivity and accuracy of the measurements), and (c) the
third configuration with a sapphire plate added between the capacitor electrodes. By incorporating the sapphire plate, we aimed to capitalize on its superior
insulating characteristics to enhance the modulation and control of the electric field within the capacitor.
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Fig. 3. Photoreflectance spectra of the ReSe; sample obtained with increasing distances between the sample and fibers of different core diameters (a) 50 pm, (b) 105
pm, and (c) 400 pm. (d) Relationship between the amplitude of the PR signal and distance for each experimental configuration. It can be seen that the signal is still

detectable for fiber being moved away from the sample by up to 5200 pm.

amplitude is attributed to weaker modulation, as increasing the distance
between the fiber tip and the sample leads to a decrease in the power
density of the laser (pump beam). The maximum distance at which
optical resonance was still measurable differed across fiber cores. For the
50 pm core, this distance was determined to be 450 pm, and the 105 pm
core exhibited resonance up to a distance of 1100 pm. For the 400 pm
core diameter, resonance persisted over a much larger distance, reach-
ing 5200 pm. A summary of these measurements is presented in Fig. 3d.
It can be clearly seen that in the experiment with the fiber of 400 ym core
diameter, the signal amplitude corresponding to the optical transition is
the largest. This large amplitude of the PR signal simultaneously results
in a better signal-to-noise ratio, which remains constant up to a distance
of approximately 600 um between the fiber tip and the sample surface.
This is important in the context of measuring signals from transitions
characterized by weak oscillatory strength and from samples with non-
uniform surfaces that may affect the contact between the sample and the
fiber.

Providing light by optical fibers allowed us to separate the sample
from the experimental setup, so we were able to place the studied ma-
terial independently from the rest of the measuring equipment and
demonstrate a configuration enabling remote detection. A comparison
of optical fibers with different core diameters revealed that fibers with
smaller core diameters could facilitate raster scanning of samples,
allowing for the determination of a map of optical properties. On the
other hand, fibers with larger core diameters are advantageous for
maintaining a greater distance between the fiber tip and the studied
material. The choice between these approaches depends on specific
experimental requirements.

3.2. CER measurements with different configurations of a capacitor

Another objective of these studies was to utilize fiber optics in CER,
aiming to achieve stronger resonance signal in comparison to the
amplitude of noise, which corresponds to optical transitions. For that
purpose, we have collected CER spectra for the three different samples
(ReSey, MoTesy, and InP) using various designs of capacitors, enabling a
direct comparison and evaluation of the benefits offered by fiber optics
integration. As previously mentioned, the main part of the typical setup
for CER measurements is a capacitor, which in the conventional
configuration [17] consists of two electrodes: one made of solid metal,
serving as the platform for the sample placement, and the other con-
sisting of a metal mesh that exhibits quasi-transparency to white probe

light (Fig. 4d). In our experimental investigation, this standard capacitor
were compared with the other design based on the fiber optics where the
second electrode was a metal ferrule Fig. 4e. The CER spectra obtained
with these two different capacitor designs are presented in Fig. 4 and
were collected for representative samples from two distinct material
systems: transition metal dichalcogenides (TMDCs) and III-V semi-
conductors. For representative TMDC ReSe; crystals (Fig. 4a) the ob-
tained optical transition is located at ~ 1.34 eV, which is consistent with
the results of our PR measurements as well as previous studies [50].
Regarding CER spectra of MoTe; and InP, Fig. 4b and c, the positions of
observed resonances are in near-infrared at 1.06 eV and 1.35 eV,
respectively, which is in good agreement with literature [51,52]. As
evident in Fig. 4, the amplitude of resonance for each sample is much
stronger than for the standard capacitor (b lue line) when a fiber of a
bigger core was used (400 pm - green line). The significant increase in
the amplitude of optical transitions in the experiment with 400 pm fiber
is related to the stronger modulation of the built-in electric field as well
as more light being reflected from the surface of the sample. Addition-
ally, our uniquely designed capacitor depicted in Fig. 4e, with one of its
electrodes placed on a fiber, exhibits a distinctive advantage by effec-
tively circumventing the occurrence of the *shadow’, which can impact
the measurements and, as already mentioned, the amplitude of the CER
signal. Moreover, it is important to note that all spectra were measured
with the same voltage applied to the plates of the capacitor, which was
2000 V. Based on the conducted experiments, it can be seen (blue vs.
green spectra in Fig. 4a, 4b, and 4c) that the CER setup equipped with an
optical fiber provides a stronger amplitude for optical transitions than
the traditional non-fiber-based setup.

The fiber optic-based solution gives significantly better results,
although it is necessary to remember certain limitations of such a sys-
tem. The limitations of this approach include the fact that light diverges
after exiting the optical fiber. As a result, when the fiber is moved further
from the sample, the beam becomes less focused, leading to reduced
light intensity on the sample surface. Additionally, the reflected signal
may not fully couple back into the fiber, affecting the measurement ef-
ficiency. Moreover, the fiber must be precisely aligned perpendicular to
the sample surface to ensure optimal signal collection. For the
mentioned purposes, it is important to pay careful attention to the
positioning of the optical fiber relative to the sample surface.
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3.3. Variation of the distance between electrodes of a capacitor in CER
measurements

To further evaluate the usefulness of our new fiber-optics-based
capacitor design, we conducted additional experiments. In this case,
for a selected material, namely ReSes, CER spectra were collected in a
configuration where the distance between the electrodes of the capacitor
was systematically increased while the applied voltage was kept con-
stant. At the same time, the fiber remained fixed in its original position,
i.e., in contact with the surface of the sample. Initially, the distance
between electrodes was set at 250 pm to avoid a breakdown in the air
(Fig. 5a). Subsequently, the mentioned gap was extended to 500 pm for a
fiber with a core dimension of 105 pm (Fig. 5b) above that distance, the
amplitude of the optical transition for ReSey significantly diminished,
becoming indistinguishable from the noise. Regarding the same exper-
iment but for a fiber with a core dimension of 400 pm, the distance
between plates of the capacitor was increased up to 4500 pm (Fig. 5¢),
after which the CER resonance weakened beyond measurable levels. The
dependence of the amplitude of the resonance on distance for both ex-
periments is shown in Fig. 5d. This variation in the electrode spacing had
a direct impact on the decrease in amplitude of the measured optical

4t

air gap
250pum
sapphire
plate
500pum
sapphire
plate b
100pum

CER (10 AR/R)

6

8}

134 136 1.38

Energy (eV)

130 1.32 1.40

Measurement 253 (2025) 117678

transition, which was attributed to the reduction of the electric field
strength between the capacitor plates as they moved further apart. This
conclusion is confirmed since the amount of reflected light to the fiber
remained constant throughout the experiment as the fiber tip was placed
in contact with the sample and remained unchanged. Therefore, the
electric field drop, which leads to weaker internal parameter modulation
(built-in electric field), is the primary factor impacting the resonance
amplitude. Moreover, by increasing the distance between the electrodes
and consequently reducing the electric field strength, we minimized the
risk of electrical breakdown, thereby enhancing the safety and protect-
ing both the sample and the fiber tip.

3.4. Comparison of a capacitor with air gap and sapphire plate in CER
measurements

In the latest capacitor configuration, Fig. 2c, a significant change was
made in the dielectric environment between capacitor plates, tran-
sitioning from an air gap to a sapphire. That approach allowed us to
increase the amplitude of measured CER resonance further and holds the
potential to facilitate CER measurements at low temperatures. The idea
of change in the dielectric environment is related to the distinct

0.3 T T T T
b ReSe, ]
3
~
o
<
N
o
Z
o 0.1 air gap
L 250um
o 02l sapphire 1
' plate
500um
-0.3+ sapphire 1
plate
100um
-0.4 + g
1.2 1.3 1.4 1.5
Energy (eV)
d 100/500 pm

|

sample

‘ sapphire

*F

Fig. 6. CER spectra of (a) InP and (b) ReSe, samples were measured using a capacitor setup with a 250 pm air gap between the electrodes (c) or with a sapphire plate
(100/500 pm) placed between the electrodes (d). The inclusion of the 100 pm thick sapphire resulted in notable changes in the spectra for both samples.



K. Ciesiotkiewicz et al.

electrical breakdown points exhibited by different materials and
described by dielectric strength. Air, for instance, experiences break-
down when the electric field is greater than approximately 3 kV/mm
under standard atmospheric conditions [48]. However, sapphire, known
for its remarkable electrical insulating properties, has a notably higher
dielectric strength, typically reaching 48 kV/mm [48]. Within this
context, the alteration in dielectric material from air to sapphire is a
crucial change in the setup. Throughout this series of experiments, the
distance from the sample to the fiber tip remained fixed at 250 pm as
well as the voltage applied to capacitor plates. In contrast, when the
sapphire plates were employed, that distance was fixed by the thick-
nesses of the plates, which were 500 pym and 100 pm. The introduction of
sapphire, with its increased dielectric strength, evidently influences the
amplitude of the observed resonance for InP and ReSe; crystals. This
influence is primarily due to the substantial impact of the dielectric
environment on the modulation of the built-in electric field within the
studied material [47].

The measured CER spectra, as depicted in Fig. 6a and b, represent the
effects of the above-mentioned changes. The purple line corresponds to
the configuration with an air gap, while the blue line represents the
setup with an integrated 500 pm-thick sapphire plate. Notably, despite
the increased distance between the electrodes of the capacitor when
employing the sapphire with a larger thickness, a stronger amplitude of
resonance is observed for both samples. This behavior is related to a
stronger modulation of the built-in electric field in the investigated
sample after inserting the sapphire plate. Furthermore, the observed
difference in resonance amplitudes can be elucidated by considering the
characteristics of sapphire, such as higher relative permittivity affecting
the capacitance of the used capacitor [53]. When employing sapphire
with a thickness of 100 pm, a gap between the electrodes is reduced,
consequently leading to higher perturbation of the built-in electric field.
As a result of this increased perturbation, a visibly stronger resonance is
observed in the spectra. At the same time, the use of sapphire protects
the sample and fiber from damage. This is related to its inherent prop-
erties, including exceptional dielectric strength, which shields both the
sample and the fiber from potential damage due to electric breakdown.
The protective role of sapphire is paramount in ensuring the integrity
and longevity of the components involved in the experimental setup.
While sapphire offers distinct advantages in terms of high dielectric
strength and relative permittivity, other dielectric materials could also
be considered for similar setups. For instance, quartz (SiO2), with a
dielectric strength of approximately 20-40 kV/mm and a relative
permittivity of around 3.8[54], provides reasonable electrical insu-
lation, but it would result in a weaker modulation of the electric field
compared to sapphire due to its lower permittivity. Additionally, mag-
nesium oxide (MgO), with a dielectric strength of 10-35 kV/mm[55],
offers good stability and insulation properties. However, its lower
dielectric constant and increased hygroscopic nature could pose chal-
lenges in maintaining a stable setup. Another potential candidate is
hafnium oxide (HfO3), which boasts a high dielectric constant (~25)
[56] but is often more difficult to procure and may not be as thermally
stable as sapphire in certain conditions. Boron nitride (BN), known for
its high thermal stability, could be used as a dielectric but has a rela-
tively lower dielectric strength (40 kV/mm)[57]. In contrast, sapphire
stands out not only due to its superior dielectric strength and high
relative permittivity but also for its excellent mechanical properties,
such as high thermal stability and resistance to electrical breakdown,
making it the optimal choice for this experimental setup. Therefore,
while the alteration to sapphire not only influences the observed reso-
nance amplitude, its role as a protective barrier against damage to
sensitive components like the sample and the fiber cannot be under-
stated. In this dual capacity of influencing resonance characteristics and
providing protection, the selection of sapphire emerges as a critical and
beneficial choice within this experimental framework. Overall, all the
obtained experimental results are highly reproducible, provided that the
studied materials remain stable under ambient conditions.
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4. Summary

The results of the studies presented here can advance the method-
ology of optical spectroscopy for the characterization of semiconductor
materials including van der Waals crystals. Incorporating optical fibers
into both PR and CER setups allows for decoupling the measurement
area, where the sample is located, from the rest of the experimental
equipment. In the PR experiments, optical fibers of various core di-
ameters (50 pm, 105 pm, and 400 pm) were used to examine the signal
amplitude at different distances of a fiber tip from the sample surface.
These measurements demonstrate that smaller core diameter fibers
could allow for scanning the optical properties of a sample across it. In
comparison, optical fibers with larger core diameters enable maintain-
ing larger distances between the fiber tip and the material. These
comprehensive studies together with a diversity of optical fibers, offer
valuable insights into selecting the ideal approach based on specific
experimental needs.

Moreover, in CER measurements, the comparison between the con-
ventional mesh-type electrode capacitors and fiber-integrated capacitors
showed significantly stronger signals when fibers with larger core di-
ameters were used. Additionally, such a capacitor with one electrode
(metal ferrule) directly placed on a fiber presents distinct advantages by
overcoming the ’shadow effect’ and effectively probing only a small area
of the studied sample. Variations in the distance between capacitor
electrodes in CER experiments showed a direct impact on signal
amplitude, emphasizing the importance of precise control over the
electrode spacing. Notably, increasing the electrode distance can
enhance safety measures against electrical breakdown, thus safeguard-
ing both the sample and measuring fiber. Moreover, the transition from
an air gap to sapphire as a dielectric material for the capacitor in CER
measurements demonstrated notable improvements in the amplitude of
optical transition and protective measures. This is related to the high
dielectric strength of sapphire, which acts as a shield, safeguarding the
sample and fiber from potential damage due to electric breakdown, a
critical issue in fiber-based experimental setups.

Overall, this work introduces a novel approach by integrating optical
fibers into PR and CER measurement setups, enabling independent
sample positioning/locating and offering comprehensive insights into
optimizing experimental conditions. Our findings pave the way for
enhanced methodologies in optical spectroscopy, benefiting the char-
acterization and understanding of diverse materials, including van der
Waals crystals and group III-V semiconductors while ensuring the safety
and integrity of sensitive components within the experimental setup.
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Transition metal dichalcogenides are extensively studied for their unique optical properties, with emission
and reflectance techniques commonly used to probe optical transitions. In this context, a thermotrans-
mittance technique is introduced as a novel method to investigate the transmission and absorption pro-
perties of thin TMDC crystals transferred onto the core of multimode optical fibers. Using transmission
and photomodulated transmission techniques, significant changes in the amount of transmitted light,
reaching almost 60%, were detected. These changes, evoked by laser heating and subsequent heat
accumulation, correspond to excitonic transitions. The obtained results indicate significant red shifts and
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changes in absorption coefficients around optical transitions, highlighting the materials’ sensitivity to
temperature variations. As the laser illumination of the sample causes either an energy shift of optical
transition or a change in the amount of transmitted light, these findings demonstrate that the TMDC-
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Introduction

The discovery of graphene in 2004 by scientists Andre Geim
and Konstantin Novoselov at the University of Manchester’
marked the beginning of a new era in materials science and
nanotechnology.>™ Following the discovery of graphene, inter-
est in other 2D materials soared, leading to the investigation
of various materials with unique electronic,” optical,’ and
mechanical” properties. Among layered materials, transition
metal dichalcogenides (TMDCs) have emerged as up-and-
coming candidates for a wide range of optoelectronic
applications.®® Notable examples include molybdenum (Mo)
and tungsten (W) combined with sulfur (S) or selenium (Se),
which exhibit intriguing properties that make them attractive
for technological advancements. TMDCs are characterized by
strong covalent bonds within the layer and weak van der Waals
bonds between adjoining layers, which makes them, like gra-
phene, easy to isolate as monolayers through mechanical exfo-
liation.’® One of the most important features of TMDCs is
their ability to transition from an indirect to a direct bandgap
semiconductor when thinned down to monolayer form,'"?
while still strongly interacting with light."* This transition has
significant implications for their optoelectronic properties and
potential applications.®*'*'* In particular, the spectral range
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coated optical fibers could be utilized as light modulators or temperature sensors.

for these materials typically falls between 1.55 to 2.00 eV, ren-
dering them suitable for various optoelectronic devices.®*
Furthermore, TMDCs exhibit compatibility with silicon sub-
strates, facilitating their integration into existing semi-
conductor technologies.”’® The mentioned properties, com-
bined with their ease of manipulation and unique electronic
structure,’” position TMDCs as promising candidates for the
development of optoelectronic devices.'®"’

Another commonly used platform that is highly compatible
with TMDC materials is optical fibers. These two scientific
areas are increasingly being integrated.”® Optical fibers,
renowned for their proficiency in light propagation, have
limited use in applications such as photodetectors and
sensors due to their material properties. However, integrating
TMDC materials can overcome these limitations and enable
new functionalities in optoelectronics.>?° Moreover, fiber
optics provide an excellent platform for light-matter coupling
and, when integrated with 2D materials, allow the fabrication
of compact and flexible optoelectronic devices.*>?°* The
popular ones are optical modulators,>*>* photodetectors>>>®
and sensors.>*?7?®

On the other hand, fiber optics, with their numerous advan-
tages, can also be valuable for material characterization. One
group of techniques widely used to study the optical properties
of semiconductors is modulation spectroscopy, which, due to
its differential nature, provides precise information about
the optical transitions of the studied materials.>® Modulation
spectroscopy, in its traditional approach, can be performed in
both transmission and reflection modes,>*® where
internal parameters such as built-in electric field,** strain,** or

This journal is © The Royal Society of Chemistry 2025
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temperature®® are slightly perturbed to obtain differential-like
spectra with so-called resonances corresponding to optical
transitions. Moreover, modulation techniques, alongside other
commonly used optical methods such as PL, reflectance, or
Raman spectroscopy, can be equally well employed to study
material properties under the influence of various external
factors, such as strain,** temperature,®® and pressure,’>>° as
well as magnetic fields,?”*® with each parameter varied across
a broad range. These techniques provide detailed insights into
the optical response of semiconductors and other materials.
As mentioned, a commonly used approach to obtain modu-
lation spectra is temperature perturbation (thermoreflectance),
where the material is typically heated using a Peltier element®®
or resistive heater.*® In addition, it has been shown that lasers
can also be used to induce both significant and subtle
changes in material properties.*'*?

In this work, we propose a novel approach to lab-on-fiber
measurements. Here, one of the methods that could benefit
from combining it with optical fibers is optical transmission,
based on which it is possible to estimate the absorption
characteristics of studied materials.** Furthermore, photomo-
dulated transmission, a differential technique that allows
obtaining information about direct optical transitions over a
broad spectral range,”® could also be coupled with fibers. So
far, these techniques have primarily been used to determine
the fundamental band gap of semiconducting materials, as it
is challenging to obtain a sample thin enough to allow light
with energy higher than the band gap to transmit through due
to stronger absorption.*® As mentioned, this phenomenon is
related to the energy dependence of the absorption coefficient.
Namely, a large increase in absorption is observed just above
the bandgap and at higher energies, significantly reducing the
initial intensity of light to a non-measurable level. Thinning
down materials like van der Waals (vdW) crystals allows higher
energy light to pass through and, therefore, to observe the
transmission signal for this spectral range. In such a case,
when analyzing the absorption spectra, optical transitions A
and B (and even C) in TMDC crystals can be clearly observed,
as shown in our studies. One of the approaches to the pro-
blems discussed above is the use of optical fibers in trans-
mission measurements. Optical fiber, when light is introduced
into its core, provides an attractive platform for creating micro-
laboratories, known as lab-on-fiber (LOF).>"*® In our study, the
standard surface of a flat optical fiber tip is 125 pm in dia-
meter, and the core itself is 50 pm. Generally, obtaining a thin
sample of these dimensions is not challenging. By covering
the entire surface of the core with a thin layer of vdW crystals,
the absorption of the light transmitted through it can be easily
measured across a broad spectral range. Moreover, this
approach allows for the measurement from a few layers down
to even monolayers. Additionally, using fibers in optical
measurements can simplify the experimental setup and enable
the decoupling of the measurement zone from the sample
location. So far, this approach, i.e., placing TMDCs on fiber,
has been utilized once in optical measurements of WSe,
monolayer in a magnetic field.”” However, modulation spec-

This journal is © The Royal Society of Chemistry 2025
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troscopy techniques in such an experimental configuration
have not been studied and reported.

Furthermore and most importantly, we demonstrate the use
of an illuminating laser beam in transmission measurements
to induce reversible changes in absorption spectra through
controlled heating, thereby providing insight into the effects of
temperature changes in the studied sample. All the measure-
ments were conducted on the four most commonly studied
TMD crystals, namely, MoS,, MoSe,, WS,, and WSe,, allowing
us to focus on the thermal effects evoked by laser heating, as
their optical properties are already well known. Each sample
was measured at room temperature, with the power of the
backlighting laser varying from 0 to 40 mW. The changes in
the optical response, in terms of light absorbed by the studied
material and induced by laser heating, were measured using a
portable spectrometer. Moreover, modulation measurements,
in which the laser light was periodically blocked and
unblocked using a mechanical chopper, were employed. This
approach subsequently allowed us to directly measure the
effect of temperature variations on the intensity of transmitted
light using the lock-in technique. We, therefore, propose a new
thermotransmittance method that involves directly heating the
sample using only a laser, eliminating the need for an
additional heater. This approach allows precise local tempera-
ture control and uniquely enables these measurements to be
performed in transmission mode using optical fibers.

Sample preparation and experimental
setup

In this study, we employed a widely utilized multimode optical
fiber characterized by a core dimension of 50 pm and a clad-
ding of 125 pm, the selected for this study optical fibers
operate in the spectral range of 400-2400 nm. To prepare the
crystals for measurements, the mechanical exfoliation method
was used, as it is known for its efficiency in obtaining thin
layers of vdW materials.'® Through this method, it was poss-
ible to achieve the desired reduction in sample thickness in
order to make them semitransparent for light. Following the
preparation stage, samples with optimal dimensions to align
with the core diameter of the fiber and reduced thickness,
enabling light to transmit through the crystals and still be
detectable, were selected. Once the appropriate samples were
identified on PDMS, a transfer process was carried out under
the microscope. In this case, we relied on the well-known
deterministic transfer method, commonly used for placing
crystals on desired substrates such as e.g, Si/Si0,.*®
Establishing this approach in the context of optical fibers
yields good results and demonstrates new possibilities. The
materials were positioned onto the cleaved end-face of the
optical fiber, a task that required precision to ensure proper
alignment and adherence. The final alignment procedure was
performed using a stage equipped with x-y-z adjustments con-
trolled by micrometer screws.

Nanoscale, 2025,17,16818-16828 | 16819
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(a) Schematic of the experimental setup for transmission measurements using an integrated optical fiber. Blue elements in dashed frames

correspond to the configuration of the setup for modulated transmission. (b) Detailed view of the end face of the optical fiber, showing the
measured sample. The bright orange circle represents the light transmitted through the sample. (c) Close-up schematic of the fiber tip, illustrating
how the thin samples of the measured materials are positioned to cover the core of the optical fiber. The green and yellow cones represent the laser
(pump beam, inducing changes in the transmitted light) and the light emitted from the halogen lamp (probe beam), respectively.

The optical fiber with the sample placed on it using the
methodology described above was integrated into a trans-
mission setup (Fig. 1). In this setup, a quartz tungsten halogen
(QTH) lamp was used as the source of the probe beam, and
the light transmitted through the sample was directly detected
by a portable CCD spectrometer. On the other hand, conduct-
ing a modulated experiment requires adding the elements
enclosed in the blue dotted frame to the setup. The continu-
ous wave (CW) laser operating at 532 nm was used to induce
changes in the internal parameters of the studied materials,
thereby causing modulation of the transmitted light.
Moreover, the lock-in technique was utilized to collect men-
tioned changes in the transmission spectra, which correspond
to optical transitions. Both the light from the laser and the
QTH lamp were precisely focused onto the end face of the
optical fiber, with the sample on it, using a 20x micro-objec-
tive lens. The size of the laser spot focused on the sample is
10 pm in diameter (this value is above the diffraction limit and
is attributed to the underfilling effect*®>°). To ensure that the
laser did not disturb the spectral range of interest, a 550 nm
long-pass filter was implemented. The use of optical fiber in
the experimental setup offered several significant advantages,
including improved signal quality and flexibility in positioning
the sample zone. Additionally, it allowed us to eliminate
numerous optical components, such as mirrors and lenses,
which are typically necessary to direct light in conventional
setups without optical fibers. This simplified experimental
arrangement and also reduced potential sources of alignment

16820 | Nanoscale, 2025, 17, 16818-16828

errors. Consequently, the optical fiber facilitated the direct gui-
dance of the signal from the sample to the detector, thereby
enhancing the efficiency of our measurements.

Rapid optical transmission
determination and thermal effects in
TMDCs integrated with optical fiber

Firstly, transmission measurements on several well-known
TMDC crystals using a spectrometer configuration (Fig. 1a)
were conducted. The materials investigated included thin film
(10-100 nm) of MoS,, MoSe,, WS,, and WSe,, which are semi-
transparent for light. In the absorption spectra shown in
Fig. 2, we observed distinct excitonic transitions, exciton Ax
and exciton Bk for MoS, and MoSe,, and exciton Agx for WS,
and WSe,. Observing these features indicates strong excitonic
absorption within the studied materials and provides insight
into their optical properties. For MoS, Fig. 2a, in the room
temperature absorption spectra, the two measured features
corresponding to the Ax and By excitonic transitions are
located at approximately 1.843 eV and 2.003 eV, respectively.
Similarly, MoSe, exhibited A and B excitonic transitions but at
lower energies, around 1.543 eV and 1.803 eV, Fig. 2b. All these
transitions are characterized by a significant increase in
absorption coefficient, highlighting the presence of strong
excitonic absorption. The absorption spectra calculated from

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Absorption spectra of the MoS; (a), MoSe; (b), WS, (c), and WSe; (d) obtained with the increasing power of the backlight laser beam. The
dependence of energy of excitonic transitions and the absorption coefficient at these energies on applied laser power is shown in the panel: (e) for

MoS,, (f) for MoSe,, (g) for WS;, and (h) for WSe;.

transmission measurements of WS, and WSe, (Fig. 2c and d)
showed a single excitonic transition, the A exciton, at 1.958 eV
for WS, and 1.632 eV for WSe,. The absence of the B transition
for tungsten-based crystals is related to a lower sensitivity of
the experimental setup in this spectral range. All the energies
of the excitonic transitions estimated from room temperature
absorption spectra are summarized in Table 1.

Table 1 Energies (Ep) of excitonic transitions obtained at room temp-
erature. The a and g coefficients describe energy shifts induced by
temperature or laser power. The y coefficient indicates the relationship
between laser power and the temperature change it evokes

a B
E, (107*evKk™) (1077 y

Sample Transition (eV) (ref. 51) evmw ) (Kmw™)
MoS, Ag 1.843 4.8 3.7 7.8

Bk 2.003 6.2 3.8 6.1
MoSe,  Ax 1.543 4.4 2.1 4.8

Bk 1.803 5.7 3.1 5.4
WS, Ag 1.958 4.5 2.5 5.5
WSe, Ax 1.632 4.4 3.4 7.7

This journal is © The Royal Society of Chemistry 2025

To induce and study changes in optical response, specifi-
cally in the absorption coefficient, a laser beam was employed
with incremental power steps tailored to each material: a
2 mW step for MoS,, WSe,, and WS,, and a finer 0.25 mW step
for MoSe,. The laser beam illuminated the sample while trans-
mission spectra were collected using a portable spectrometer,
allowing the entire spectrum to be obtained at once after a set
accumulation time. Throughout these measurements, a red-
shift in the energy of excitonic transitions for all studied
materials was consistently observed, as shown in Fig. 2e-h.
This redshift was attributed to the heating of the samples that
were located at the tip of the optical fiber. In this case, the
focused laser beam induces localized heating, leading to
observed changes in the optical properties of the materials,
referred to later in the text as the thermal effect. Despite the
redshift of exciton energies with temperatures, a decrease in
absorption coefficient at these energies was observed and is
shown quantitatively in the bottom part of Fig. 2e-h. The
changes in both energy and amplitude induced by heating the
studied crystals were accompanied by spectral broadening of
the optical transitions. To investigate this effect further, the
linewidth of a selected TMDC sample (WSe,) was analyzed at
different laser powers corresponding to increasingly higher

Nanoscale, 2025, 17, 16818-16828 | 16821
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temperatures. For example, at 0 mW, the linewidth was calcu-
lated to be 84 meV. At 10 mW, it increased to 107 meV, reach-
ing a maximum value of 153 meV at 40 mW (which corres-
ponds to ~607 K). Fig. S2 of the ESI} presents the excitonic
transitions with increasing broadening.

The mentioned thermal effect was observed because (i) the
studied thin TMDC materials have a low heat capacity, result-
ing from the small volume of the crystals due to their low
thickness, and (ii) poor thermal conductivity between the
crystal and the optical fiber. In such a situation, when a laser
illuminates material, the absorbed energy causes rapid and
high temperature variations. This occurs since, as mentioned,
limited thickness restricts heat conduction away from the spot
where the laser illuminates the material. Moreover, the small
area of the sample, which is only slightly larger than the dia-
meter of the core of the optical fiber and laser beam, further
limits lateral heat dissipation. These spatial constraints,
specifically the small sample volume, result in high heat
accumulation, significantly increasing the local temperature.
Additionally, the optical fiber on which the TMDC thin layer is
placed is made of glass, which has low thermal conductivity.
This makes it less effective at drawing heat away from the vdW
crystal. Consequently, the heat generated by the laser also
remains within the TMDC layer rather than being conducted
away through the glass substrate. In this case, the glass sub-
strate acts more like an insulator, hindering the transfer of
heat away from the material (a more detailed discussion on
thermal effect is added in the ESIf). The maximum laser
power reached in this study was 40 mW, corresponding to a
temperature of 607 K, as estimated based on the energy shift
of optical transitions and their temperature coefficients
reported in previous studies.>® Above this threshold, sample
degradation or thinning was observed. Importantly, within the
0-40 mW range, no damage is expected. Moreover, the
observed degradation at 40 mW (~607 K) is consistent with
other studies reporting that temperatures exceeding 600 K are
required to induce sample thinning.”> For these reasons, it
can be concluded that the observed energy shift of excitonic
transitions is primarily related to thermal effects.

For the purpose of quantifying the thermal effect on the
exciton energy redshift shown in Fig. 2, a linear fit was used
for each dependency. Table 1 shows the f coefficients repre-
senting the energy shift per 1 mW of laser power obtained
from the linear fit for each optical transition and material. For
example, for MoS,, the energy shift, i.e., § coefficient, is equal
to 3.72 meV mW ™ for transition A, and 3.8 meV mW ' for
transition By. These values highlight the pronounced respon-
siveness of the studied materials to changes in laser power. On
the other hand, the temperature coefficient a, which describes
the energy shift in TMDC materials with temperature, was
determined in our previous studies.>! This allowed us to estab-
lish a direct relationship between laser power and the induced
temperature changes, represented by the y coefficient in
Table 1. The performed analysis indicated that MoS, is highly
sensitive to both laser power and, at the same time, tempera-
ture fluctuations, as evidenced by the largest energy shift.

16822 | Nanoscale, 2025, 17, 16818-16828
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Additionally, we observed that for MoS, and WSe,, the
changes in absorption spectra were most prominent, with
optical features corresponding to excitonic transitions comple-
tely diminishing at the highest laser power.

The findings described above show that an optical fiber
with a TMDC crystal placed on its tip could serve as either a
light modulator or a sensor. For light modulation, it was
demonstrated that the amount of transmitted light can be sig-
nificantly reduced by simply illuminating the material with a
laser. On the other hand, tracking the energy position could
possibly allow for temperature determination. However,
regardless of the application, it is crucial to calibrate such a
device, as its optical response can vary slightly based on
material composition or thickness.

Modulated transmission for optical
transition analysis in TMDC crystals

Modulated transmission is one of the methods used to
measure optical transitions of semiconductors. These tran-
sitions are represented in spectra by features that correspond
to changes in absorption coefficient.*>**** Moreover, the men-
tioned changes are obtained with respect to the amount of
light transmitted when the sample is not illuminated by the
laser, i.e., the unperturbed absorption coefficient shown by the
thick blue lines in Fig. 2a-d. The modulated measurements
were performed at room temperature using the experimental
system configuration, incorporating elements from the blue-
dashed frame shown in Fig. 1. In this case, the spectrometer
was replaced by a monochromator (Triax 320), to which an
optical fiber was coupled. The dispersed signal from the
monochromator was detected subsequently by a Si diode in
the point-by-point mode. Furthermore, the signal, represent-
ing a change in the intensity of light transmitted through the
sample, was measured using the lock-in technique with a
reference signal from a mechanical chopper. Finally, the
obtained results were compared with their simulated spectra
obtained using (T — To)/T formula, where T and T, are trans-
mission spectra collected with and without the backlight
532 nm laser beam, respectively. Notably, both T and T, were
collected across the entire spectral range at once using the por-
table spectrometer.

Moreover, it is important to note that the shape of the
spectra collected using the two approaches mentioned above
will, in general, differ (compare, e.g., Fig. 3a vs. 3b). In the case
of the method based on a portable spectrometer, the rapidly
determined AT/T spectrum is also influenced by background
signals across the entire energy range, which is not fully elimi-
nated by normalization to a reference spectrum. In contrast,
modulated transmission measurements rely on lock-in detec-
tion, where only the signal modulated at the chopper fre-
quency (280 Hz in this case) is recorded. Furthermore,
changes in the transmission spectrum appear only at energies
corresponding to optical transitions. As a result, the back-
ground signal is suppressed, and the resonance appears cen-
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Fig. 3 Modulation spectra of four different transition metal dichalcogenides: MoS, (a), MoSe; (b), WS, (c), and WSe; (d) collected at different laser
powers, and results of simulated modulation experiments performed for the MoS, (e), MoSe; (f), WS, (g), and WSe, (h) with the use of a spectro-
meter. The gray rectangular area represents the energy position of the A and B excitonic transitions obtained with low laser power.

tered around zero on the signal (y) axis, leading to a different
spectral shape.

The results of the modulated experiment conducted with
different laser powers for each of the studied crystals are
shown in Fig. 3. As previously mentioned, the observed
changes in the intensity of transmitted light in the spectra
correspond to direct optical transitions. Here, these are the A
and B excitonic transitions for Mo-based TMDCs and the A
transition for W-based crystals. The energies of observed tran-
sitions agree well with the absorption spectra (Fig. 2) derived
from measurements obtained using the first experimental con-
figuration with a CCD spectrometer. It is also worth noting
that the amplitude of the optical features/resonances is signifi-
cant. Changes in the transmitted light for MoS, are the largest,
reaching up to 60% with a laser beam power of 40 mW, and
even at 4 mW, they are around 20% at the energy of the A tran-
sitions. This was also observed in Fig. 2 for MoS,, where the
reduction of the absorption coefficient at higher laser power
was significant. In the modulation experiment, that change,
i.e., between the amount of light transmitted at, e.g., 0 and
40 mW, was directly measured. Additionally, each optical tran-
sition is redshifted due to the increased laser power and stron-
ger heating. These results demonstrate the high efficiency of
the modulation method in directly determining changes in the
intensity of transmitted light and observing optical transitions.
Furthermore, the measurements revealed that, in addition to
built-in electric field modulation, thermomodulation is the

This journal is © The Royal Society of Chemistry 2025

dominant factor in inducing changes in the transmission
spectra (this aspect is discussed in the following section).

When comparing the two experimental methods, namely,
modulation measurements and their simulated counterparts,
it was concluded that the results and observed effects were
highly consistent. However, for a quick assessment and deter-
mination of any changes in the material properties, the simu-
lated approach using a spectrometer takes much less time,
completing measurements within milliseconds. The only
requirement is that the measured changes are at least on the
order of around 0.3%. On the other hand, the modulation
method, which utilizes the lock-in technique, is very sensitive,
as modulated reflectance, detecting changes at the level of
107 to 107°. However, collecting each spectrum requires more
time, ranging from minutes to hours. Lastly and most impor-
tantly, the evoked changes are reversible within the applied
laser power range, allowing for re-measurement and re-use of
the fiber with the sample on it.

Effect of temperature and built-in
electric field modulation on
absorption

In order to separate the influences of internal electric field
modulation and thermal effects induced by laser heating, com-
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prehensive experiments were devised. This is because illuminat-
ing the studied crystal with a laser induces not only temperature
changes but also modulates the internal built-in electric field in
the semiconductor crystal. The presence of the built-in field
arises from the difference in the Fermi level position at the
surface compared to its energy location within the sample
caused by surface states.’® As a result, when the laser shines on
the sample and excites the electron-hole pairs, they are separ-
ated spatially by the internal electric field, causing a reduction
in the strength of that built-in field. This is the basic principle
of photoreflectance spectroscopy.’® Here, in the first experi-
ment, two laser beams were directed onto the MoSe, sample
simultaneously: one with 1 mW power modulated by a mechani-
cal chopper for direct determination of absorption changes
using the lock-in technique and the second unmodulated back-
light beam but with incrementally increased power for each sep-
arate measurement (from 0 to 16 mW with steps of 4 mW). The

View Article Online
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results of this experiment are presented in Fig. 4a, with the
quantitative analysis included in Fig. 4d. It was revealed that the
additional backlight (not modulated) beam is causing a redshift
of optical transitions due to the laser heating. At higher back-
light beam power (e.g., 16 mW), the amplitude of both tran-
sitions decreases because the energy provided by the modulated
beam (1 mW), which induces changes in transmission, no
longer causes significant temperature modulation compared to
the constant temperature increase from the backlight beam.
Furthermore, due to the photovoltaic effect, the reduction of the
internal electric field would also lead to a smaller amplitude of
optical transitions. However, such a large energy shift, as
observed in Fig. 4d, is not expected in this case, suggesting that
temperature modulation plays a more dominant role in evoking
absorption changes.

Results of the second experiment, where only one beam,
modulated by a mechanical chopper, was used to illuminate
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Fig. 4 (a) Modulation spectra of MoSe; crystal obtained in the configuration with an additional heating (backlight) laser beam. (b) Dependence of

the spectra on the laser power of one modulated laser beam. (c) Modulation spectra obtained at different frequencies in the one-beam experiment.
(d), (e) and (f) present the results of the analysis for the spectra included in panels (a), (b), and (c), respectively.
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the sample, are shown in Fig. 4b. The presented spectra were
collected with laser power steps of 3 mW. It can be seen that
changes in the amount of transmitted light increase with the
power of the laser beam, reaching around 12% for 30 mW.
These changes occur at the energy of optical transitions, which
redshift as a result of the thermal effect, as shown in the top
panel of Fig. 4e. Moreover, the amplitude of these changes
increases and then starts to saturate at around 15 mW (Fig. 4e,
bottom panel). At this power, the rate of energy redshift also
decreases. Such behavior may indicate that the maximum
temperature variation is reached at a power of around 15 mW.
Remarkably, even at relatively low powers, like 100 pW, signifi-
cant changes are observed in the spectrum, including the
amount of transmitted light and the redshift of the corres-
ponding optical transitions. The observed changes in trans-
mitted light at the energy of the optical transition in the
experiment with 100 pW laser power reached approximately
3% (Fig. S5 in the ESIt). This proves the high sensitivity of the
studied system, which consists of a TMDC crystal placed on
top of the fiber tip. Furthermore, the applied range of low
laser powers ensures the safety of the sample from potential
damage due to overheating, making it invaluable for experi-
mental and practical applications. It is also important to note
that all of the observed changes were reversible.

Further studies focused on measurements with varying
modulation frequencies in the one-beam experiment, the
results of which are included in Fig. 4c and f. The spectra were
collected with frequencies in the range of 80 to 480 Hz, while
the power of the laser was set to 4 mW. It was shown that the
observed changes in transmission do not shift spectrally, and
the energy of the optical transitions remains nearly constant.
This indicates that the average temperature of the sample is
independent of the modulation frequencies, as shown schema-
tically in Fig. S1 in the ESI.{ Although the energy of the tran-
sitions remained constant, the signal amplitude started to
decrease at 280 Hz following initial saturation (Fig. 4f, bottom
panel). The decrease in signal amplitude can be caused by the
decrease in the modulation amplitude of temperature and/or
the modulation amplitude of the built-in electric field. In
general, it can be expected that thermal processes are slower
than electrical processes, which in this case are determined by
the dynamics of occupation of defect states at the crystal
surface/interface. To check this, photoreflectance measure-
ments were performed for various frequencies for bulk MoSe,
crystals. In this experiment, the studied samples were milli-
meter-sized and placed on a copper holder using silver paint
to minimize thermal effects. Similarly, the results obtained for
the bulk crystal showed decreased signal intensity with fre-
quency (Fig. S2t). Since temperature modulation can be
excluded, the reduction in signal is attributed to changes in
the modulation amplitude of the built-in electric field. This
occurs because when the excited electron-hole pair is spatially
separated by the internal electric field, causing its simul-
taneous reduction, one of the carriers moves toward the
surface, where a trap state captures it. However, at higher fre-
quencies, this trap state may not empty before the next laser

This journal is © The Royal Society of Chemistry 2025
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pulse illuminates the sample due to time constraints, reducing
signal intensity.>® That observation indicates that in addition
to temperature modulation, internal electric field perturbation
contributes to the measured changes in the intensity of trans-
mitted light. The contributions of both effects cannot be easily
quantified; nonetheless, it is expected that temperature modu-
lation will become increasingly dominant at higher laser
power. For these reasons - ie., the unknown relative contri-
butions of temperature modulation (the dominant com-
ponent) versus built-in electric field modulation - it is difficult
to predict the maximum modulation frequency at which the
signal will remain detectable. This is especially true given that
other factors, such as the quality of the interface between the
fiber and the studied crystal or the volume of the crystal, can
affect temperature modulation. However, based on the con-
ducted experiment, it can be estimated that for a thin MoSe,
crystal, the maximum frequency at which it is still possible to
distinguish the signal corresponding to optical transitions
from background noise could reach around 800 Hz.

Line shape of thermotransmittance

As discussed in the previous section, the influence of both the
modulation of the internal electric field and the thermal effect
induced by the laser are observed in the transmission spectra.
The thermal effect resulting from localized heating of the
material leads to changes in the absorption coefficients and
other optical properties. These effects have a significantly
stronger impact on the transmission spectrum compared to
electric field modulation. As the laser power increases, the
heat generated by the absorbed laser energy becomes the
dominant factor driving changes in the optical characteristics
of the studied materials, making the electric field modulation
irrelevant at higher powers. The total contribution to the
changes in the transmission spectrum can be described by the
following equation:

AT (AT) n (AT)
T T AF T ATk

where T represents transmission, AT denotes changes in the
transmission, AF indicates perturbation of the electric field,
and ATk represents the temperature variation. In our case, as
previously mentioned, the following inequality can be

assumed.
AF ATx

The resonance profile (related to optical transition) follows
a Lorentzian shape, characterized by three key parameters: the
center energy E, (corresponding to the energy measured
without the laser), the resonance broadening I' (peak half-
width, FWHM), and the resonance strength A (oscillator
strength)®”>® (3);:

(1)

(2)
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A
L(E) = B — B2+ iTE (3)
All these three parameters change due to the temperature
variation induced by illuminating the studied sample with the
laser beam. While Gaussian functions may better describe
material inhomogeneities in some cases, Lorentzian fitting is
commonly employed due to its simpler mathematical struc-
ture, which enables more efficient computation and faster con-
vergence of fitting algorithms. For van der Waals crystals,
which under ideal conditions exhibit high structural uniform-
ity, Lorentzian fitting provides sufficiently accurate results
while allowing effective analysis of experimental data.’® In the
results, relative changes in transmission can also be described
by the following equation:

AT ot on
T 0A 0Tk

T ——AT; ——AT 4
K+ OE, 0T« K+ K (4)

Below, in Fig. 5, the A optical transition measured for WS,
is presented. This excitonic transition was obtained from
transmission measurements with a laser beam of 0 mW and
20 mW power illuminating the studied sample. The graph
clearly shows how the spectrum shifts towards lower energies,
broadens, and decreases in intensity as the laser power
increases according to the expectation. Both of the obtained
transitions were fitted with the Lorentzian function to quantify
the changes induced by heating. The fitting highlights the
gradual broadening of the resonance peak and the reduction
in peak intensity, consistent with the expected thermal effects
induced by laser heating. Differential signal has the resonance
shape, which is approximated by the Aspnes formula:*’

Thermoreflectance difference resonance
Spectra collected at: .~

0Omw

20mwW

- — — LorentzFit  #
AspnesFit ¢

Optical transition (arb.u.)

1.8 1.9 2.0 21
Energy (eV)

Fig. 5 The optical transition of WS, obtained from transmission
measurements conducted with laser powers of 0 mW and 20 mW. The
spectra exhibit a shift towards lower energies, broadening, and a
decrease in amplitude with increasing laser power. The overlaid
Lorentzian fitting (dashed lines) was applied to illustrate the changes in
the transition shape.
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A_TT (E) = RelAe” (E — By + i)™ 5)

where 6 is the phase factor, and m represents the type of
optical transition.>® The effect of varying individual para-
meters of the Lorentzian function (Fig. S4) is discussed in the
ESLt

Summary

This study introduces a novel measurement technique, ie.,
thermotransmittance spectroscopy of layered crystals, using a
lab-on-fiber approach. Thin, semitransparent samples of
MoS,, MoSe,, WS,, and WSe, were prepared using mechanical
exfoliation and deterministically transferred onto the fiber
end-face. Subsequently, rapid transmission measurements,
performed using a portable spectrometer, allowed for the
extraction of absorption spectra while the studied samples
were illuminated with increasingly higher laser power. Due to
the low heat capacity of thin TMDC materials and poor
thermal dissipation to glass optical fibers, the laser caused
localized heating, leading to a significant temperature
increase. This thermal effect resulted in the redshift of A and
B excitonic transitions and a decrease in the absorption coeffi-
cient (reaching almost 60%) at energies corresponding to
these transitions.

The laser-induced changes in transmitted light were also
directly measured using modulated transmission spectroscopy,
employing different configurations and varying laser powers.
The obtained results were compared with their simulated
counterparts, both of which demonstrated significant changes
in light transmission at energies corresponding to optical tran-
sitions. Furthermore, the laser power strongly affected the
spectral position of these transitions, with the shift associated
with thermal effects. Additionally, changes in transmitted
light were primarily driven by temperature modulation, with a
negligible contribution from internal electric field modulation,
which is why the applied method is referred to as thermotrans-
mittance. Moreover, in the studied material system, the sensi-
tivity of the spectrometer measurements enabled the rapid
determination of spectral shifts or changes in transmitted
light intensity.

Overall, our comprehensive study demonstrated that TMDC
crystals positioned on the core of an optical fiber tip could
serve as temperature sensors or optical modulators. In the
future, this system holds potential for further development in
various applications, including measurements under external
electric and magnetic fields, where the interaction between the
magnetic field and excitonic transitions as a function of temp-
erature could be explored. Lastly, it can expand the range of
experimental conditions available for the study of TMDC
materials.
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Data availability

The data supporting this article are included in the ESI.} This
includes a diagram illustrating temperature variations over
time at two different modulation frequencies, as well as a
figure presenting the photoreflectance spectra of MoSe,
obtained in the one-beam experiment.
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Figure S1. The diagram illustrates the temperature variations over time at two different frequencies.
At lower frequencies, the fluctuations have a larger amplitude, leading to stronger resonance, while
at higher frequencies, the amplitude decreases, resulting in weaker resonance. The average
temperature stays consistent, maintaining the same energy position.
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Figure S2. Variation of broadening in the WSe, sample with the change of laser power, at 0 mW, the
linewidth is 84 meV, increasing to 107 meV at 10 mW, and further widening to 153 meV at 40 mW.
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Figure S3. (a) Photoreflectance spectra of MoSe, obtained at different frequencies in the one-beam
experiment, (b) present the results of the analysis for the spectra included in panel (a), i.e., energy
and amplitude of optical transitions in the function of frequency.
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Detailed Discussion on the Thermal Effects in the TMDC Samples
1. Low Heat Capacity and Rapid Heating

The thermal behavior of the TMDC sample is strongly influenced by its low heat capacity, given its small
volume due to the thinness of the material and limited lateral size. The heat capacity (C) of the material
can be described by:

C=c,m=c,pV

where ¢, is the specific heat capacity, p is the material density, and V is the volume. Due to the
extremely small volume of the TMDC layer, the energy required to raise its temperature is minimal. As
aresult, even small amounts of absorbed laser radiation can cause significant temperature fluctuations
in the material. This relationship can be further understood by the equation:

Q=CAT

where Q is the energy absorbed by the sample, and AT represents the temperature change. Since, as
already mentioned, the TMDC layer has a low heat capacity, even a small amount of absorbed energy
leads to a large temperature increase, resulting in rapid heating.

2. Limited Thermal Conductivity and Heat Diffusion

The other important factor is the limited thermal conductivity in TMDC materials, which significantly
contributes to the thermal effects observed during the experiments. Heat conduction is described by
Fourier’s law:

qg=kVT

where q is the heat flux, k is the thermal conductivity, and VT is the temperature gradient. In the case
of TMDC materials, the thermal conductivity is much lower in the direction perpendicular to the plane
compared to the direction parallel to the plane due to the weak van der Waals bonds between the
layers. This affects the heat dissipation from the spot illuminated by the laser. The last factor that also
plays a critical role in the thermal effect is the quality of the interface between the studied crystal and
the fiber, which, together with the poor thermal conductivity of the fiber, leads to heat accumulation
within the TMDC material.
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Figure S4. The impact of varying individual parameters of the Lorentzian function on the spectral
shape related to temperature variation, along with their corresponding differential spectra (purple
line). Results of: (a) a decrease in amplitude A, (b) an increase of broadening I, which progresses with
temperature, and (c) a change in energy position, specifically, a redshift of the resonance energy EO.

In Fig. S4, we present the impact of varying individual parameters of the Lorentzian function o the
spectral shape as a function of temperature, along with their corresponding differential spectra. This
analysis helps to illustrate how each parameter contributes to the observed changes in the measured
transmission spectra under varying thermal conditions. The first parameter, shown in Fig. 5a, is the
amplitude A. As temperature increases, a gradual decrease in the amplitude of the optical transition
(light blue line) is observed, resulting in a higher resonance intensity (purple line). This behavior is
accompanied by the thermal broadening of the optical transitions and is attributed to a weakening of
oscillator strength at elevated temperatures. The second parameter (Fig. Sb), which, as mentioned, is
the broadening I, increases significantly with temperature. This broadening arises from enhanced
phonon interactions and other scattering mechanisms at elevated temperatures, which effectively smear
the resonance peak and reduce its sharpness. Finally, Fig. Sc illustrates the shift in the resonance energy
EO with temperature. In our measurements, this parameter exhibits a redshift as the temperature rises,
corresponding to the temperature-dependent bandgap narrowing commonly observed in van der Waals
crystals and other semiconducting materials.!?
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Figure S5. Modulated transmission spectra collected for the WSe, crystal at low laser power, showing
that even at lower powers, the changes in transmitted light can be significant (e.g., ~3% for 100 pW
and ~15% for 1000 pW).
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An optical fiber-based system is presented for
investigating the optical properties of layered van der Waals
materials. This approach enables precise transmission, photo-
luminescence, photomodulated transmission, and photoreflectance
measurements of monolayers and thin films, even at cryogenic
temperatures. By placing the samples directly on the core of an
optical fiber inside a cryostat, stable and reproducible measurements
are achieved while minimizing thermal drift and mechanical
vibrations. Using WSe, as a model system, excitonic transitions,
trions, and interlayer excitons are observed. The results highlight the
advantages of fiber-based spectroscopy in studying ultrathin
materials, offering a versatile platform for exploring fundamental
optical phenomena and band structure modifications in 2D
materials.
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Semiconductors play a fundamental role in the technology of
the modern world. We are surrounded by them-from
smartphones and solar panels to advanced electronic
devices.' > Their unique properties, such as the ability to
control the flow of electrical charges and absorb light, form the
foundation of modern photonics and optoelectronics.*”® This
enhances the need for progress in research on two-dimensional
materials, which reveal increasingly complex mechanisms
governing their optical and electronic properties.”® Recently
discovered two-dimensional materials, such as transition metal
dichalcogenides (TMDs), represent a unique class of materials
where reducing the thickness to a single atomic layer leads to
fundamental changes in their electronic band structure.”'
Monolayers of these materials transition from an indirect to a
direct bandgap, significantly influencing their optical proper-
ties, such as strong photoluminescence (PL) associated with
excitonic transitions.' "'

Optical methods play a crucial role in the study of two-
dimensional materials, providing insights into their electronic
band structure, carrier dynamics, and the influence of the
environment on their properties."” Transmission/reflectance
methods are commonly used to determine absorption
coeflicients and analyze excitonic transitions.'* "¢ Moreover,
PL measurements enable the study of optical emission as a
function of temperature, facilitating the identification of carrier
localization processes, exciton—phonon interactions, and the

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

effects of defects on emission.'”"® Among different methods,
modulated optical techniques, such as photomodulated
transmission (PT) and photoreﬂectance (PR), offer even
more advanced analyses.'”*’ These techniques involve optical
modulation of the sample using an external light source,
leading to changes in its optical properties, thus allowing the
study of the electronic transitions across a broad spectral range
and even their dynamics."* Optical transitions can also be
modulated by an external electric field'>'**'™** but this
requires appropriate electrical contacts™* or placing the sample
in a suitable capacitor.”’

One of the fundamental challenges in optical studies of two-
dimensional materials is conducting measurements at low
temperatures, which reduce thermal effects and allow for a
more precise examination of excitonic transitions and the
influence of defects.”>*® This, however, introduces techno-
logical challenges. Mechanical exfoliation is one of the most
commonly used methods to obtain sufficiently thin samples,
allowing for the isolation of monolayers from bulk crystals. In
the initial stages of exfoliation, large fragments of material are
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Figure 1. Microsetup to transfer TMDC on the flat tip of the fiber (a), fiber core with monolayer MoS, (b), with white light core illumination (c),

and with laser core illumination (d).

obtained, but as the process progresses, flakes become smaller
and thinner.””** As mentioned, monolayer dimensions are
often small, ranging from a few to several tens of micrometers,
which significantly complicates precise measurements. For that
reason, monolayers are more sensitive to vibrations, and
accurate optical alignment becomes more challenging. In that
case, the traditional cryogenic systems, although widely used in
optical studies, introduce additional limitations. Cryostat
pumps generate vibrations that can interfere with measure-
ments, especially for small monolayers. Moreover, sample drift
often occurs during long-term experiments, such as temper-
ature-dependent measurements. This is a significant problem
because obtaining consistent results requires studying the exact
same fragment of the material, which may contain different
densities of local defects affecting the signal. Traditional
cryostats, while widely used in microscale measurements,
require expensive vibration-reducing equipment or complex
alignment systems, which consume a lot of cryogenic liquid
and make the measurements very costly.

Currently, several studies report the use of fiber-based
measurement systems, primarily for PL and transmission
experiments under magnetic fields.””~"* In those works, the
main focus was placed on the properties of the studied
materials rather than on the methodology or the measurement
system itself, which was typically based on a continuous-flow
cryostat. Moreover, there is a lack of studies employing fiber-
based systems in which the material is placed directly on the
fiber core to investigate how the transmission spectra evolve
with thickness, starting from the bulk regime, where signal
saturation occurs above the absorption edge. Finally, there is
little to no information regarding the application of such
systems in modulation spectroscopy techniques, which can
reveal direct optical transitions with enhanced sensitivity.

In this work, we developed and described in details
innovative measurement system that integrates optical
techniques using an optical fiber core as a research platform
coupled with the coldfinger of a helium cryostat operating in a
closed cycle. The fiber enables stable placement of monolayers

and thin layers of van der Waals materials onto its core,
minimizing the impact of mechanical vibrations. The
constructed system allows for easy integration with various
spectroscopic methods. Here, we demonstrate transmission/
reflection measurements, PL, and more advanced modulated
optical techniques. Selected experiments were conducted over
a wide temperature range, opening new possibilities in the
optical study of 2D materials. The presented approach not only
simplifies the measurement process of monolayer or thin
crystals but also enables the study of more complex
heterostructures, such as TMDs encapsulated with hBN layers
or consisting of layers of different materials. An additional goal
of our studies was to provide a detailed description of the
system, as previously mentioned, to facilitate reproducibility by
other researchers.

The monolayers or thin films of the investigated materials were
prepared by mechanical exfoliation and subsequently transferred onto
the fiber tip under a microscope using PDMS (Figure 1). To ensure
precise alignment of the sample with the fiber, a laser or white light
was coupled into the fiber. This approach enabled accurate
localization of the fiber core and verification of whether the material
fully covered its surface. To enhance adhesion and minimize
mechanical stress, the optical fiber was heated to approximately 60
°C during transfer using a Peltier module. An additional advantage of
this configuration is the ability to observe photoluminescence on the
camera when a laser is directed onto the sample from the fiber side,
which can be useful for identifying monolayers.

The designed measurement system, shown in Figure 2, is
multifunctional, adapting both transmission and reflection measure-
ment configurations. Moreover, its modular configuration facilitates
straightforward coupling with other experimental methods, such as
PL. The easy replacement of detectors and light sources enables
adaptation to various spectral ranges. Additionally, the system
integrates light source modulation, which is essential for modulated
transmission/reflection measurements and other advanced spectro-
scopic techniques. The main part of the setup consists of a standard
cryostat working with a helium closed-cycle refrigerator. Such
cryostat, typically employed in macroscopic measurements due to

https://doi.org/10.1021/acsaom.5c00220
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Figure 2. Schematic diagram of the experimental setup for measurements: red arrows indicate the signal pathway in the reflection configuration for
photoreflectance, while dark blue arrows represent the transmission configuration for photomodulated transmission (a). Photograph of the
experimental setup; yellow lines indicate the white light path, and green lines indicate the laser beam (b). Photographs of the vacuum shroud of the

cryostat with fiber adapters, shown from different angles (c) and (d).

significant mechanical vibrations, has been adapted here for precise
microscale measurements. This adaptation provides a cost-effective
alternative to flow or closed-cycle cryostats with reduced vibrations. A
key feature of this adaptation is the use of optical fibers, which
optically connect the experimental setup with the cryostat and
another fiber located within the cryostat with the studied sample
placed on its core. The employment of fibers minimizes optical
alignment issues and allows for efficient measurements under
cryogenic conditions. All the optical fibers used in the system are
interchangeable, further enhancing its flexibility.

The two main components of the measurement system are (1) the
experimental setup adopted for selected spectroscopic techniques and
(2) the previously mentioned low-temperature cryostat. The light
coupling, one of the major parts of the experimental setup, is
positioned on the optical table with light sources and beam
modulation systems. Optical elements, including a objective lens,
are used to introduce white light and laser beams into the fiber.
Moreover, portable spectrometers and a monochromator with
interchangeable detectors enable signal acquisition over a wide
spectral range. Another central component is the cryostat, along with

a compressor and cryogenic pump system that enable the attainment
of low temperatures. The vacuum shroud of the cryostat is equipped
with adapters that connect external fibers to internal ones, ensuring
measurement stability. Inside the vacuum chamber, a fiber optic
holder is mounted directly on the coldfinger. The holder comprises a
metal tube designed to ensure optimal thermal contact with the
coldfinger, facilitating efficient temperature transfer from fiber with
the sample on it. It is crucial that the temperature sensor maintains
direct contact with the holder to provide accurate measurements of
the sample’s temperature. Local heating of the sample at the fiber
core, caused by excessive illumination, can easily occur due to the low
thermal conductivity of the fiber. However, such heating is also readily
detectable through the spectral shift in the emission or absorp-
tion.>>** To prevent this, all measurements were conducted at
illumination intensities at least an order of magnitude lower than
those for which such sample heating was observed.

As a probe beam, either for transmission or reflection measure-
ment, a quartz tungsten halogen (QTH) lamp was employed,
providing stable white Iight.‘}'5 Furthermore, a continuous wave (CW)
laser with a wavelength of 532 nm was used as a pump beam in
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Figure 3. Schematics and photograph of a vacuum shroud window equipped with optical fiber adapters. The cryostat insert connects the outer
atmospheric part of the measurement system to the vacuum section. The four adapters are compatible with optical fibers featuring the following
specifications: a 10 ym core with a 125 ym cladding, a 50 m core with a 125 ym cladding, a 105 ym core with a 125 um cladding, and a 200 ym

core with a 220 ym cladding.

modulation experiments or as an excitation source in PL measure-
ments. Both sources are combined using a dichroic mirror and then
focused into the fiber input via an objective lens. During most
measurements, the light was introduced through an external input
fiber with a 50 ym core. The external fiber was then connected to the
internal one (inside the cryostat) by an adapter located in the cryostat
window. The first internal fiber held the sample directly on its core. If
a reflection signal was being collected, it returned along the same path
and was directed to the monochromator via a beam splitter (BS). In
transmission mode, the signal was collected by a second internal fiber
with a 105 ym core, which effectively captured the divergent light
cone transmitted through the sample. The adapter then connected the
internal fiber to the second of the external ones, directing the signal to
either the spectrometer or monochromator. A flip mirror allowed for
the selection of whether the monochromator received the reflection
or transmission signal.

In PR and PT measurements, which are differential techniques, the
laser beam was modulated using a chopper. At the same time, the
sample was illuminated by a white beam detecting any changes
evoked by the laser in a reflected/transmitted light. Subsequently, the
signal collected by the fiber was directed to the monochromator for
spectral analysis and recorded using the lock-in technique. The
mentioned changes in the reflected/transmitted light correspond to
optical transition. For PL or standard transmission measurements, the
signal could alternatively be analyzed using a portable spectrometer.
Depending on the measurement type, a long pass 550 nm filter was
positioned in front of the appropriate detector to suppress spectral
components originating from the laser.

Custom multimode (MM) optical fibers from Thorlabs (model
FGO10LDA Low-Autofluorescence Custom Patch Cord) with unique
properties were employed to significantly enhance measurement
accuracy. These fibers were designed to minimize autofluorescence
(by photobleaching), which could interfere with PL signals.
Furthermore, the employed fibers are more resistant to degradation
under intense light exposure, ensuring signal stability during
prolonged measurements. The spectral range of the fibers spans
from 400 to 2400 nm, enabling the study of a wide variety of
materials. Additionally, one of the windows in the vacuum shroud was
replaced with a specially designed insert with fiber optic adapters,
ensuring the vacuum integrity of the cryostat. Additionally, having
four adapters allows for various experimental configurations, as
described earlier. The insert, as illustrated in Figure 3, was equipped
with four adapters dedicated to MM optical fibers with core diameters
of 10, 50, 105, and 200 um. The sample was directly deposited on the
polished end of the optical fiber, which served as both the carrier and
the optical element in the measurement system.

The described system enables the investigation of a wide range of
materials, including thin films and monolayers, focusing on their
optical and PL properties. With innovations such as reduced
autofluorescence fibers and the adaptation of the cryostat for
microscale measurements, the system represents a significant
advancement in precise optical measurements under cryogenic
conditions. Furthermore, in the design setup, the measurement

zone was decoupled from the rest of the experimental setup. The most
important aspect of the proposed system is its ability to utilize an
optical system with a standard cryogenic refrigerator, where the
coldfinger vibrates, thereby preventing measurements with micro-
meter spatial resolution. The cost of adopting such a system includes
the purchase of appropriate optical fibers, connectors, and other
optical components, the total cost of which is less than $1,000.

Here, we demonstrate the application of a low-temperature
cryostat equipped with optical fibers, where a fiber with a
monolayer transferred on its core is in thermal contact with the
coldfinger. In this configuration, the external fibers (on the
ambient side) connected to the adapter (Figure 3) enable PL
measurements, i.e., the experimental setup is configured for PL
studies. A CW laser at 532 nm serves as the excitation source,
introduced into the system through one of the optical fibers.
The emitted PL is then collected by a separate fiber and
directed to a spectrometer for spectral analysis. This dual-fiber
approach minimizes optical losses and ensures efficient signal
collection while maintaining stable cryogenic conditions,
enabling precise temperature-dependent PL measurements.
All the measurements included in this and later sections
were performed on WSe,, a TMD material. The choice of this
material was dictated by the fact that it is a well-known and
extensively studied semiconductor. This allowed us to focus
strictly on the novel methodology proposed in this work to
study optical properties and to evaluate whether the obtained
results are as detailed as those from conventional approaches.
The PL spectra were collected as a function of temperature,
from 20 to 320 K (Figure 4a). In this case, the area of the flake
that covers the core of the optical fiber is excited, and PL is
collected from this area. In the low-temperature range, two
peaks are visible in the spectra: one corresponding to the
exciton (X,), which is observed across the entire temperature
range, and the other corresponding to the trion (T), detectable
up to 100 K. At 20 K, the position of the trion and excitonic
transition are approximately 1.704 and 1.737 eV, resEectively,
which is in good agreement with previous work.”****” The
overall temperature dependence of the exciton and trion
energy positions, shown in Figure 4b, reveals a decrease in
energy with increasing temperature, where the energy shift of
neutral exciton is around 70 meV from low to room
temperature. Moreover, the emission intensity of the exciton
is consistently stronger than that of the trion. Additionally, it is
important to note that at low temperatures, PL spectra are free
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ence of the PL intensity (c).

from defect-related (trapped exciton) recombination, which
indicates that the studied monolayer is of good quality.

The observed intensity of the exciton emission (Figure 4c)
exhibits a nonmonotonic behavior: first, it increases up to 100
K, remains relatively stable until 180 K, and then begins to
decrease. This behavior reflects the interplay of several factors
influencing the recombination dynamics in 2D materials. At
low temperatures, excitons and excess charge carriers tend to
thermalize at specific sites, which promotes trion formation
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and enhances their emission relative to excitons. However, as
the temperature increases, trions may dissociate into excitons
and free carriers, leading to a gradual reduction in trion
intensity and a more prominent exciton emission. Further-
more, since the excitonic ground state in W-based TMD
materials is dark, an increase in temperature can populate a
higher-energy bright state, resulting in increased emission.*®™*
The observed drop in intensity beyond 180 K may be
attributed to a stronger contribution of nonradiative
recombination processes. When comparing these results with
those from the literature, it is also important to remember that
the WSe, flake is not coated with an hBN layer, which typically
improves optical properties by narrowinzg the line width and
reducing nonradiative recombination.*"*

The results described above demonstrate the viability of the
proposed configuration, where PL spectra are collected using a
set of optical fibers. This approach eliminates the need for
systems with reduced vibration and drift, as the studied
monolayer is located directly on the core of the optical fiber,
through which the excitation laser is simultaneously delivered.
Additionally, the use of optical fibers decouples the
experimental setup from the measurement zone, ie., the
location of the sample from a detector, which in this case is a
portable spectrometer. Lastly, and most importantly, the
obtained results were as detailed as those from a typical
experimental setup dedicated to micro-PL studies.

In transmission measurements, the system utilizes a broadband
QTH lamp as the probe beam, ensuring stable illumination.
The incident light is coupled into an external optical fiber and
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13 1.4 15 16
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Figure S. Evolution of the transmission spectrum of WSe, as a function of sample thickness, from bulk material to bilayer (2L) and monolayer
(1L), left panel. For each sample, the dark blue line represents the spectrum measured at 20 K, while the light blue line corresponds to the
spectrum measured at room temperature (RT). The right panel shows how the absorption spectrum changes with sample thickness for samples of
20, 40, and 90 um, respectively. The spectral range in which light is transmitted through the sample varies with thickness. T, is the light

transmission through the system without a flake on the fiber.
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Figure 6. Temperature-dependent transmission spectra for monolayer (1L) (a), bilayer (2L) (c), and bulk (e) WSe,, along with the corresponding

exciton energy positions as a function of temperature (b, d, f).

directed onto the monolayer sample positioned on the fiber
core inside the cryostat. A second internal fiber collects the
transmitted light, which is then analyzed using either a
spectrometer or a monochromator. This fiber-integrated setup
ensures efficient light collection while maintaining stable
cryogenic conditions, enabling precise studies of absorption
features and optical transitions in van der Waals materials.

According to the Beer—Lambert law, the intensity of light
transmitted through a material depends on the initial intensity
(before passing through the material) and the thickness of the
sample.” Therefore, preparing samples for such measurements
often involves thinning them to maximize the observable
spectral range. For indirect bandgap measurements, a thickness
of tens of micrometers is typically sufficient. The relationship
between sample thickness and the transmission spectrum is
experimentally illustrated in Figure 5. However, to measure
direct transitions in the semiconducting materials, the sample
thickness, depending on the absorption coefficient, must not
exceed hundreds of nanometers. This poses challenges in
sample preparation and in focusing light to ensure it fully
passes through the sample area.

To overcome these challenges, we propose a solution where
a thin layer, bilayer, and monolayer of WSe, were deposited
onto an optical fiber with a 10 ym core, which was then placed
in a cryostat in direct contact with a coldfinger. Moreover, this
setup allowed us to measure such thin and small samples even
at low temperatures. The results of transmission experiments
conducted at 20 K for samples of different thicknesses are
shown in Figure 5. The positions of excitons A, B, and C shift
with layer thickness, with each optical transition observed at
the highest energy for the monolayer compared to samples of
other thicknesses.** For example, the position of exciton A is
1.747 eV for the monolayer, 1.706 eV for the bilayer, and 1.686
eV for the bulk (a similar trend is observed at room
temperature, Figure 6). Exciton B shifts from 2.185 eV in
the monolayer to 2.167 eV in the bilayer at 20 K, while exciton

C shifts from 2.544 to 2.529 eV. This observed redshift is
associated with changes in the band structure as the number of
layers increases.”>~*” In monolayer WSe,, the material exhibits
a direct bandgap at the K-point of the Brillouin zone, where
electrons in the conduction band and holes in the valence band
are located at the same momentum point. Moreover, the
monolayer has the largest bandgap among all structures due to
the absence of interlayer interactions, which allows for stronger
quantum confinement. In bilayer WSe,, the band structure
begins to exhibit characteristics of an indirect bandgap. The
transition from a direct bandgap in monolayers to an indirect
bandgap in bulk is a key structural change driven by interlayer
interactions, which modify the distribution of electronic
states.*®

Temperature-dependent changes in transmission spectra are
presented in Figure 6, with measurements performed for the
monolayer, bilayer, and bulk. For all samples, a blueshift of
exciton energies is observed as the temperature decreases,
which is consistent with the typical temperature dependence of
the bandgap in semiconductors including WSe,.””* In the
case of the monolayer, Figure 6b also includes energy positions
obtained from PL measurements. These positions align well
with the exciton A energy observed in transmission measure-
ments, indicating that the same excitonic transitions are being
probed in both experimental techniques. This alignment
highlights the direct bandgap nature of the monolayer, where
excitons dominate both absorption and emission processes.
The blueshift observed in the bilayer, and bulk samples follow
a similar trend with the decrease in temperature. Additionally,
as discussed earlier, increasing the number of layers causes the
excitonic features to shift to lower energies due to interlayer
interactions that modify the band structure. Despite this, the
temperature dependence of the excitonic transitions remains
evident, underscoring the intrinsic properties of the material
across different thicknesses.
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Figure 7. A summary of the results obtained using different measurement techniques: transmission (a), the resulting absorption (b), and
photomodulated transmission (c). The observed trion, exciton, and interlayer exciton in WSe, are schematically illustrated on a bilayer crystal (d).
Additionally, contrast reflectance (e) and PR (f) are shown. The signal noise level in PT/PR was on the order of 10™* All techniques consistently
confirmed the position of the Ay transition at room temperature and 20 K, while PT and PR further revealed the presence of the trion and
interlayer exciton at 20 K. Absorption spectra were determined from transmission spectra.’” T,/R, is the light transmission/reflection through/

from the system without a flake on the fiber.

The temperature dependencies in Figure 6 were analyzed
using the Varshni model, given by the equation

aT?
p+T

EO(T) = Eo(o) -

where Ey(0) represents the bandgap or optical transition
energy at 0 K, while the parameters @ and f# correspond,
respectively, to the energy shift per kelvin related to electron—
phonon coupling and the characteristic phonon temperature.*’
The fits presented in Figure 6 indicate that the values of a are
lower in the monolayer, which aligns with the general trend
observed for TMDs: exciton transitions in 2D layers exhibit
less temperature sensitivity compared to the bulk material.
Moreover, the significantly higher o value for transition Ay in
the bulk compared to the monolayer suggests stronger
electron—phonon coupling. These results confirm that the
transition from bulk to monolayer not only shifts the energy
band positions but also affects phonon interactions.®”

The experimental setup, which involved transferring the
studied material onto an optical fiber with a 10 pm core,
enabled precise measurements of transmission for such thin
samples, including monolayers. This approach ensured that the
light fully interacted with the sample while minimizing
scattering and maximizing the collected signal. The inclusion
of a cryostat allowed for accurate control of the temperature
over a broad range, from cryogenic conditions to room
temperature, facilitating a detailed investigation of the
temperature-dependent optical properties of WSe,.

The measurements described in this section were performed
using a spectroscopic setup that included a monochromator
and a detection system based on a lock-in amplifier, where the
chopping frequency of a laser beam determined the reference
signal. A CW laser at 532 nm was used to induce periodic
perturbations of the internal parameter, which was a built-in
electric field, while the probe beam (white light) was
simultaneously introduced to monitor changes in the reflected
(PR) or transmitted (PT) signal. The collected modulated
signal was then directed to the monochromator and analyzed
using a lock-in technique, allowing for enhanced signal
detection and noise suppression. This configuration is
particularly suited for detecting subtle changes (AR/R (AT/
T) ~ 107°=107°) in reflection or transmission signal related to
optical transitions, making it a powerful tool for studying
excitonic and band-structure modifications in 2D materi-
als.'*"??**! Burthermore, modulation spectroscopy, which is
the primary research method in our laboratory, provides
additional insights into the studied materials, particularly in the
context of various optical transitions that are not always easily
identified using other spectroscopic techniques. This method is
primarily sensitive to direct optical transitions, allowing for the
identification of so-called resonance features in modulation
spectra associated with band-to-band transitions related to,
e.g., direct bandgap or excitonic complexes. Most importantly,
modulation spectroscopy allows for precise (spectrally
resolved) and direct observation of these transitions, which is
particularly evident in low-temperature PR and PT measure-
ments. This is due to the differential-like character of these
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monolayer is placed on top, also covering the core. (e) A schematic representation of the multimode optical fiber, illustrating the placement of

exfoliated crystals used in the experiment.

techniques and, consequently, the lack of background
signal.”>?

For very thin samples, such as those used in our study,
transmission-mode measurements prove to be more effective
than reflection-mode measurements in terms of the signal
strength corresponding to optical transitions. This is because,
in thin samples, the transmitted signal is determined by
absorption through the entire crystal, whereas in reflection, the
signal is influenced primarily by the surface and is also affected
by a phase shift. As a result, transitions in transmission
measurements are more pronounced, enabling better spectral
separation of these resonances/optical features. In thicker
samples (bulk crystals), transmission mode cannot be
effectively used because the light, after passing through the
material, is reduced to a nonmeasurable level. At the same
time, the reflection signal can be weaker (due to the reasons
described above), making the separation of transitions less
clear. For these reasons, when comparing our results with data
obtained from thicker samples presented in the works of refs
49 and 22, where a reflection configuration was applied, we
observed a clearer separation of neutral exciton and trion for
thin-film samples, Figure 7c (PT) and 7f (PR). Additionally, in
this case, we also observe interlayer exciton (XIL).S4_57
Moreover, all the results obtained here are, to some extent,
consistent when comparing transmission, absorption, and
contrast reflection measurements, as shown in Figure 7a, 7b,
and 7e, respectively. However, in these results, not all optical
transitions are as easily distinguishable as in the case of
modulation measurements (Figure 7c and 7f). The use of
modulation spectroscopy in conjunction with thin-film samples
allows for more precise results, particularly in studying optical
transitions in two-dimensional materials such as WSe,. These

results are crucial for understanding the mechanisms
responsible for optical transitions and can contribute to the
further development of measurement techniques that enable
more accurate investigations of the electronic structures of
these materials.

Figure 7 presents a detailed comparison of various
spectroscopic techniques, providing comprehensive results
from our investigations. The left panels illustrate the
transmission, absorption, and PT spectra recorded at room
temperature and 20 K, while panels (e) and (f) display the
contrast reflectance (CR) and PR spectra under the same
temperature conditions. Across all these methods, the observed
optical transitions consistently occur at the same energies, with
a clear trend of shifting toward higher energies as the
temperature decreases. The Aspnes formula was fitted to the
PT results in panel (c) and PR spectra in panel (f) to extract
energy and broadening of optical transitions:

%(E) = Re[Ae”(E — E, + il)™]

where 0 is the phase factor, while m is related to the type of
optical transition; for excitonic transitions, it is equal to 2.8
Moreover, A, E, and I" represent the amplitude, energy, and
broadening of optical transitions, respectively.

This behavior, i.e, the temperature-induced energy shift,
reflects the fundamental temperature dependence of the
electronic band structure and the associated optical transitions.
Moreover, due to an increased phonon population at higher
temperatures, the optical transitions become weaker and
broader, making them less spectrally distinguishable. Despite
the agreement in transition energies, each technique exhibits
unique characteristics that make it particularly advantageous
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for specific experimental contexts. For instance, PT offers
enhanced sensitivity to subtle optical features, while contrast
reflectance provides a straightforward and quick method for
identifying transitions in materials with high reflectivity.
Similarly to PT, PR excels at spectrally separating transitions
by leveraging its modulation nature, which, in this case, is the
modulation of the built-in electric field. As a result, the
obtained PR and PT spectra have a differential character with
so-called resonances corresponding to optical transitions.
These complementary strengths underscore the importance
of having a versatile experimental setup capable of accom-
modating multiple measurement techniques.

In general, our system has been specifically designed to
support a wide range of spectroscopic techniques, ensuring the
flexibility needed to tailor experiments to the specific
properties of the materials under investigation. This adapt-
ability not only enhances the reliability of our results but also
allows for a more comprehensive characterization of the
materials, enabling us to capture a complete picture of their
optical and electronic properties under varying experimental
conditions. Such versatility is essential for advancing our
understanding of complex materials and optimizing their
potential for various technological applications.

To demonstrate the versatility of the approach presented in
this work for optical studies of layered materials, we also
prepared a WSe,/MoS, heterostructure directly on the optical
fiber tip using the same transfer technique as before (Figure
8d,e). Transmission measurements at 20 K reveal that the
heterostructure exhibits a superposition of excitonic transitions
from both WSe, and MoS,, with increased broadening of A
exciton in the constituent monolayers, indicating strong
interlayer coupling (Figure 8a-c).°”®" Notably, the A excitonic
transition of WSe, undergoes a significant redshift compared to
its monolayer form, while the MoS, excitonic transitions
remain nearly unchanged. Additionally, the excitonic peaks in
the heterostructure, observed through transmission and PL
measurements, are broader than those in the individual
monolayers. Furthermore, the B exciton transitions of both
WSe, and MoS, merge in the heterostructure, forming a single
broadened peak at approximately 2.08 eV. Moreover, as
previously mentioned, the A exciton of WSe, shifts from 1.74S
eV in the monolayer to 1.683 eV in the heterostructure, while
the A exciton of MoS, remains nearly unchanged at
approximately 1.923 eV. The redshift in transmission for
WSe, in the heterostructure is primarily due to the change in
the dielectric environment. This is because the experimental
system consisted of an optical fiber core, on which WSe, was
placed, followed by MoS,, and finally, vacuum/air. As a result,
WSe, in the heterostructure experienced a significant change in
its surrounding dielectric constant, leading to the observed
energy shift. In contrast, the change in the dielectric
environment had a much weaker effect on MoS, because the
dielectric constants of the fiber core and WSe, are more similar
to each other compared to the difference between the
dielectric constants of MoS, and vacuum/air when WSe, on
the fiber is considered either as an individual monolayer or as
part of the heterostructure.”’ Such an approach, using an
optical fiber as a platform for heterostructure assembly and PL
measurements, has been demonstrated in the literature for
WSe, encapsulated in hBN.”"~*

We present, a comprehensive optical fiber-based system
dedicated to investigating and characterizing layered van der
Waals materials, such as dichalcogenides, trichalcogenides, or
monochalcogenides. This system offers a cost-effective and
versatile solution, leveraging conventional optical techniques
while enabling precise measurements of thin layers and
monolayers, even at cryogenic temperatures. Here, the studied
samples are placed directly on the flat end of an optical fiber,
which is in contact with a coldfinger inside a cryostat operating
in a helium closed-cycle refrigerator. Such a setup minimizes
common challenges, including thermal drift and mechanical
vibrations. The use of a fiber-to-fiber adapter, which directly
couples the light-delivering fiber with the signal-collecting
fiber, ensures stable alignment and eliminates signal fluctua-
tions caused by external disturbances. The fiber-to-fiber
adapters are integrated into an element placed within the
vacuum shroud, in the position typically used for optical
windows. Additionally, sample preparation and transfer onto
the optical fiber are straightforward, and the prepared crystals
adhere well to the fiber surface, ensuring stable and
reproducible measurements.

Using this approach, we successfully performed photo-
luminescence, transmission, photomodulated transmission, and
photoreflectance measurements. In each case, experiments
were conducted at both room temperature and low temper-
atures around 20 K. The high sensitivity of the system allowed
us to clearly resolve the most common excitonic optical
transitions in layered materials. In WSe,, used as a well-known
example of TMD crystals, we identified direct A, B, and C
excitonic transitions, observed the presence of not only
excitons but trions, and detected an interlayer k-exciton in a
thin sample. The results demonstrate that even extremely thin
samples can be effectively studied with this setup, highlighting
its capability for exploring excitonic phenomena and band
structure modifications in two-dimensional materials.
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Context within the dissertation:

This article presents a comprehensive optical transmission study of monolayer alloys based on
MoS,, focusing on the temperature evolution of excitonic transitions in Mo WS, and
Mo(S1..Sex)2. Using a lab-on-fiber system placed in a cryostat, the work provides detailed insights
into the effects of composition and temperature on the band structure, exciton energies, and
spin-orbit coupling strength. The findings contribute to the broader understanding of band gap
engineering in TMDC monolayers and demonstrate the experimental capabilities of fiber-based

transmission spectroscopy across a wide temperature range.
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Two-dimensional transition metal dichalcogenides (TMDs) offer tunable optical and electronic
properties, making them highly promising for next-generation optoelectronic devices. One effective
approach to engineering these properties is through alloying, which enables continuous control over the
bandgap energy and excitonic transitions. In this study, we perform temperature-dependent transmission
spectroscopy on monolayers of Mo1.«WyS, and Mo(SixSey), alloys, transferred onto the core of an
optical fiber and measured within a cryostat over a temperature range of 20—320 K. The use of an all-
fiber configuration allowed us to probe interband transitions A, B, and C with high stability and
precision. We observe a systematic redshift of excitonic transitions with increasing Se content, and a
blueshift when Mo is replaced with W. These spectral shifts correlate with alloy composition and enable
the tuning of bandgap energies between ~1.6 eV and ~2.0 eV at room temperature. Furthermore, we
analyze the temperature sensitivity of the excitonic transitions, revealing that Se incorporation enhances
thermal response in a non-monotonic manner, while W substitution results in a more monotonic and
stronger temperature dependence. The splitting between A and B transitions, associated with spin-orbit
coupling, also varies with composition. Our findings underscore the potential of compositional
engineering in 2D TMD alloys to achieve both spectral and thermal control of optical properties, relevant
for the design of robust and tunable optoelectronic systems.
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Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDs) materials have attracted considerable
attention due to their unique electronic'™ and optical properties®, as well as their potential for
applications in modern optoelectronic devices.’ A key aspect in designing such devices — including light-
emitting diodes, lasers, sensors, and modulators — is the ability to control the bandgap.®’ This control
can be achieved either externally, through parameters such as temperature,® mechanical strain,” or
internally, by modifying the material itself. Such internal modifications include the introduction of
defects'®'? or dopants,'*!* variation in the number of layers'>!, or alloying.'*!”!¥ For instance, it is well
known that reducing the thickness of TMDs from bulk to a monolayer changes their band structure from
indirect to direct.!”** Commonly studied TMDs such as MoS, and WS, exhibit a fundamental direct
bandgap at the K point of the Brillouin zone in the monolayer limit, with pronounced optical transitions
labeled A and B.?""*? These transitions arise from the valence band splitting caused by strong spin-orbit
coupling.?

One promising route for tailoring the properties of 2D materials is through alloying, either on the
cationic or the anionic sublattice.'® This allows for continuous tuning of optical and electronic properties,
including band edge positions, bandgap energies, spin-orbit interaction strength, and transition
intensities.'®?* While photoluminescence (PL) studies of two-dimensional alloys have been extensive,
providing insights into neutral exciton, bound states, and carrier dynamics,” relatively little attention
has been paid to absorption properties, particularly as a function of temperature and for well-defined
monolayers.?*?” Transmission spectroscopy enables the estimation of absorption spectra and offers a
direct probe of the band structure, which can reveal phenomena that may be inaccessible through
emission-based techniques, such as higher-energy interband transitions.?® Additionally, temperature-
dependent studies can reveal the strength of electron-phonon interactions and how they evolve across
alloys of different compositions.

Performing transmission measurements over a broad temperature range remains technically challenging,
especially for atomically thin layers. In this study, we utilize an optical fiber-based configuration, in
which mechanically exfoliated monolayers of either MoxWxS, or Mo(S1xSex), are transferred onto the
flat tip of the fiber, covering the entire core region. The fiber with a 2D crystal is placed inside a
temperature-controlled cryostat, enabling stable and precise measurements in the range of 20 to 320 K.
This allowed us to extract the energies of the interband transitions A, B, and C, and analyze temperature
evolution of transition A and B using both Varshni and Bose-Einstein models.?’° Moreover, we show
that by mixing materials such as MoS,, WS, and MoSe;, the bandgap can be tuned in the range of
approximately 1.6 eV to 2.0 eV at room temperature, and from 1.65 eV to 2.09 eV at cryogenic
temperatures. Special attention is also given to the temperature- and composition-dependent splitting
between transitions A and B, which provides insights into the variation of spin-orbit interaction strength.
Furthermore, we investigate how the choice of transition metal and chalcogen atoms influences the
temperature sensitivity of the excitonic transitions and the overall tunability of the optical properties.

Experimental methods

Studied materials were obtained from commercially available bulk crystals with known compositions.
However, to confirm the composition and crystalline quality of the materials, the Mo(S;.xSex)> and Mo;.
«WxS alloys were investigated by X-ray diffraction (XRD) spectroscopy on a Malvern Panalytical
Empyrean diffractometer equipped with a copper X-ray tube (A = 1.540598 A, CuKa; radiation). Data
were collected in the Bragg—Brentano geometry over a 20 range of 10° - 80°. For the Mo(SixSex):
sample, a fragment of the bulk crystal was placed on a Si/SiO, substrate and measured over the
previously specified scan range. For the Moi1.«WyS; alloy, thin flakes were mechanically exfoliated from
the bulk crystal, transferred onto the same type of substrate, and then measured. The exfoliation step
was necessary because compositional inhomogeneity in the bulk Mo;«WxS: crystal led to ambiguous
results when the intact crystal was measured. Lattice parameters were calculated from the (00.6)
reflection of Mo(SixSex), and the (00.2) reflection of Mo;xWxS,. Assuming a linear dependence of the
lattice constant on composition, and taking the lattice parameter of MoS; as the 0% reference and that
of WS, (or MoSe;) as the 100% reference, the alloy compositions were determined to be 17, 43, 64 and
79% W in Mo1xW,S; and 16, 26, 44, and 55% S in Mo(S1.«Sex)2, respectively (Figure S1).



The monolayer samples were prepared by mechanical exfoliation and transferred onto the flat end-face
of an optical fiber. To improve the adhesion and ensure clean transfer, the fiber tip was gently heated
during the process. The fiber with a monolayer was then mounted on the cold finger inside a closed-
cycle helium cryostat, allowing for stable temperature control during the experiment. Transmission
measurements were carried out by coupling light from a quartz tungsten halogen lamp into the fiber,
guiding it through the exfoliated monolayer positioned at the fiber tip, and collecting the transmitted
signal with a second fiber aligned at the output. The transmitted spectra were recorded using an optical
portable spectrometer. This setup enabled temperature-dependent measurements to be performed across
a broad range, from 20 to 320 K.

Results and discussion

In this study, we investigated how alloying molybdenum disulfide (MoS,) with either tungsten (cationic
alloying) or selenium (anionic alloying) affects its optical properties, as revealed by transmission
spectroscopy. Specifically, samples with varying compositions of Mo;xWS, and Mo(Si.xSex), were
investigated to understand how changes in chemical composition influence the positions of
characteristic optical transitions, i.e., A, B, and C excitons. Figures 1b and 1c present the transmission
spectra recorded at 20 K for both alloys of selected compositions. For all samples, transitions A and B
are clearly resolved, while the high-energy C transition, associated with band nesting,*' is significantly
broader and less pronounced, thus limiting the precision in determining its peak position. This is likely
due to its origin away from high-symmetry points of the Brillouin zone, where the band structure is
more complex and the density of states is higher.>* The A excitonic transition, corresponding to the
direct bandgap at the K point of the Brillouin zone, shifts in energy depending on the material
composition, from 1.63 eV in MoSe; to 2.09 eV in WS,. The simplified schematic of the TMD alloy
monolayers discussed here is presented in Figure 1a. A clear trend is observed depending on the type of
alloying: chalcogen substitution (Se for S) results in a redshift of the spectral features, whereas metal
substitution (W for Mo) leads to a blueshift. This behavior can be understood by considering the atomic
properties of the substituting elements. Selenium has a larger atomic radius and lower electronegativity
than sulfur, leading to weaker orbital overlap and a reduced crystal field strength around the transition
metal, which, in turn, lowers the bandgap and results in a redshift of optical transitions.*>*¢ In contrast,
although molybdenum and tungsten have similar atomic radii, tungsten has a higher atomic number and
significantly stronger spin—orbit coupling. This leads to greater splitting of the valence bands and a
modified electronic band structure that increases the bandgap energy, manifesting as a blueshift in the
optical spectra.’ These trends are illustrated in Figure 1d, which shows the energies of A and B excitonic
transitions as a function of alloy composition. The extracted bowing parameters for the A excitonic
transition were ba=0.024+0.014°% for the Mo(S1xSex): alloy and ba=0.17+0.05%° for the Mo1.xWS,
system, while for the B exciton, the bowing values were bg=0.018+0.012% and bg=0.054+0.037>,
respectively. These values are consistent with previously reported data for similar alloy systems,
indicating that the variation in excitonic transition energies with composition follows nonlinear
behavior. However, it is important to note that in both cases, the bowing parameters are close to zero,
which implies structural and electronic similarity between the alloy constituents. Moreover, the energy
separation between transitions A and B, corresponding to the spin-orbit splitting of the valence band, is
also considered, as shown in Figure le. The smallest A—B splitting is observed for pure MoS; and
increases with both chalcogen and metal alloying. However, the effect is significantly stronger for metal
substitution: for WS,, the splitting reaches up to 0.4 eV. This observation is consistent with theoretical
expectations, as tungsten atoms exhibit stronger spin—orbit coupling than molybdenum, resulting in
greater splitting of the valence bands at the K point.*! In contrast, the substitution of sulfur with selenium
also influences the spin—orbit interaction, but to a lesser extent due to the smaller difference in atomic
mass and spin—orbit coupling strength between S and Se.”
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Figure 1. (a) Schematic representation of the studied TMD alloy monolayers: Mo1xWxS», with blue
Mo, yellow S, and purple W atoms; and Mo(SixSex)2, with orange Se atoms. Transmission spectra of
(b) Mo xW,S; and (c) Mo(SixSex)2 samples measured at 20 K. (d) Composition-dependent energies of
A and B excitons for Mo xW,S, and Mo(S;.xSex).. (¢) Composition-dependent energy splitting
between A and B transitions for Mo1.xWyS, and Mo(Si-x<Sex)>.

As described earlier, a monolayer of each alloy composition was transferred onto the flat-cleaved facet
of a multimode optical fiber and placed in a closed-cycle cryostat. To study the impact of external
stimuli, transmission spectra were recorded over a wide temperature range from 320 down to 20 K.
Representative results are presented in Figure 2 for the Mo(SixSex): alloy series, from pure MoS»
through intermediate compositions to pure MoSe;. A systematic blueshift of transitions A, B, and C is
observed as the temperature decreases. For most compositions, transitions A and B remain clearly
resolved up to room temperature, allowing reliable peak extraction across the entire range. In contrast,
the C transition appears significantly broadened and exhibits minimal temperature-dependent shift. Due
to the increased uncertainty in determining its peak position, this feature was excluded from further

quantitative analysis.
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Figure 2. Transmission spectra of Mo(Si.«Sex)» alloys with varying selenium content, measured in the

temperature range 20-320 K. Panels (a)—(f) correspond to increasing Se concentration. A clear shift of

the transmission minimum with increasing temperature and Se content is observed, reflecting changes
in the optical transition energies of the studied materials.

Furthermore, Figure 3 shows the analogous results for Mo;«WS: alloy monolayers, following the same
trend. A pronounced blueshift of the A and B excitonic transitions is again observed as temperature
decreases. The energy of excitonic transitions was extracted using a Gaussian fitting procedure applied
to each peak. As expected from excitonic behavior, the amplitude of the features increases at lower
temperatures, while their linewidths decrease due to reduced electron—phonon interaction strength and
a lower phonon population.
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Figure 3. Transmission spectra of Mo1.xWxS; alloys with varying selenium content, measured in the
temperature range 20-320 K. Panels (a)—(f) correspond to increasing W concentration. A clear shift of
the transmission minimum with increasing temperature and W content is observed, reflecting changes

in the optical transition energies of the studied materials.

The extracted A and B exciton energies as a function of temperature are plotted in Figure 4 for all
compositions and for both alloys. For the A transition in the Mo(S;.xSex): series, we observe that the rate
of energy decrease with increasing temperature is directly correlated with the chalcogen content. It can
be seen that pure MoS: shows the smallest thermal shift, and MoSe; the largest, which is consistent with
previous studies.® Similarly, the Mo xWxS; alloy exhibits a systematic evolution: WS, undergoes the
strongest thermal shift, and this effect gradually diminishes toward MoS, as the W content decreases.
In all investigated materials trend is more pronounced for transition A than for B, where the
incorporation of tungsten increases the temperature sensitivity of the B exciton to a lesser extent. This
suggests that the A exciton is more sensitive to changes in the electronic band structure and exciton-
phonon coupling introduced by metal substitution.

To quantitatively describe the temperature dependence of the excitonic transitions, the data were fitted
using both the Varshni model (Figure 4) and a Bose-Einstein-type model. The Varshni equation is an
empirical model commonly used to describe the temperature-induced bandgap shrinkage:

aT?
Eg(T) =Ey — T+p (1)
where E, (T) is the transition energy at temperature T, E is the energy at 0 K, and a is a material-specific

coefficient that quantifies the strength of the bandgap reduction with temperature related to electron-



phonon coupling and thermal expansion effects; 5 is a parameter that can be interpreted as an effective
temperature scale at which the bandgap energy changes more rapidly.?’ Additionally, we employed a
Bose-Einstein model that accounts more explicitly for exciton-phonon interactions:

E,(T) = Eg — —— 2

g( ) 0 eXp(eTB)—l ( )
Where asp is a coupling constant that represents the strength of the exciton—phonon interaction, and 65 is
an effective phonon temperature and is related to the average energy of the phonons involved in the

interaction.>® Both models were applied to the extracted A and B transition energies across the whole
temperature range. The resulting fitting parameters are summarized in Table 1.
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Figure 4. The temperature dependence of the excitonic transition energies, along with the
corresponding Varshni fits, reveals how the thermal sensitivity of these materials varies systematically
with composition: in the Mo(S.xSex), alloy, transitions A (a) and B (b), and in MoixW,S; transitions A

(c) and B (d).

These observations are also illustrated in Figure 5, which shows the total energy shifts of the A and B
excitonic transitions as a function of temperature for all the studied materials. For the A transition in
pure MoS,, the shift is only about 35 meV, indicating low sensitivity to temperature changes, consistent
with expectations and the trends discussed earlier for this material. In contrast, the B transitions exhibit
more variability, possibly due to how the lower valence band (split by spin-orbit interaction) interacts
with phonons or responds to alloy disorder.* For the Mo(S1xSex). alloys, the A transition shifts range
from 35 to 60 meV, while the B transitions span from 10 to 47 meV. This reflects a higher temperature
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sensitivity compared to pure MoS,, particularly for the A exciton. The Mo1.«W,S; alloys show even more
pronounced temperature-induced shifts: from 35 to 75 meV for the A transition, and from 10 to 67 meV
for the B transition when Mo is replaced with W. These large shifts indicate stronger exciton—phonon
interactions, likely due to both the heavier atomic mass of W compared to Mo (affecting optical phonon
modes) and more delocalized electronic states that enhance coupling with lattice vibrations.**** The
increasing range of energy shifts with higher W or Se content suggests that the temperature sensitivity
of the bandgap can be tuned through composition, which is relevant for designing optoelectronic devices
operating under variable thermal conditions.
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Figure 5. Total energy shift of the A and B excitonic transitions between 20 and 320 K for
Mo(SixSey)2 and Moi«W,S; alloys.

In the case of the A transition in Mo;xWS; alloys, both a and ap parameters increase significantly with
increasing W content. This indicates that the sensitivity of exciton energy to temperature is stronger in
WS;-rich samples and gradually weakens as the composition shifts toward MoS,.These trends show that
MoS: has a more thermally stable bandgap, which, considering its less stiff lattice compared to WS,*
further supports the dominant role of exciton-phonon coupling in thermally induced bandgap changes.
Moreover, the Mo(S1.xSex): alloys, where the chalcogen atom is gradually substituted from S to Se, also
display systematic behavior. The Se-rich alloy shows the highest values of a and ag, indicating strong
exciton-phonon interaction and significant energy shifts with temperature, which decrease
monotonically for the intermediate compositions of the ternary alloy. However, when considering both
alloy systems, the temperature-induced energy shift is greater upon W substitution, indicating that metal



substitution has a stronger impact on the lattice structure and exciton-phonon coupling than chalcogen
substitution, at least in the context of temperature-dependent optical properties.

Table 1. Varshni and Bose-Einstein fitting results for the temperature-induced energy shifts of A and B
excitons.

Material transition Eg (eV) a (10% eV/K) Ey(eV) ap (mev)
MoS: | A 1.9207(15) 1.33(30) 1.92222(64) 2.89(2.0)
B 2.0706(11) 1.26(15) 2.071(94) 5.6(1.6)
MoS:0.s95ex1s | A 1.9073(15) 2.34(30) 1.9034(17) 15.1(2.0)
MoS:0.798ex0.2¢) | A 1.8845(54) 2.68(37) 1.8829(13) 20.6(4.0)
B 2.0560(10) 1.826(62) 2.05335(92) 8.93(94)
MoS:056Sex0.49 | A 1.8297(49) 2.49(22) 1.83031(74) 17.2(2.7)
B 2.0089(64) 1.949(46) 2.0082(74) 9.56(85)
MoS>0.45Sex0.55 | A 1.8022(77) 3.12(29) 1.80016(98) 26.7(4.3)
B 1.9826(12) 2.152(42) 1.9830(12) 10.6(1.4)
MoSe; | A 1.6480(11) 3.62(56) 1.6460(13) 30.6(6.2)
B 1.8606(39) 1.85(55) 1.86090(30) 12(3)
Mow.syWw.17)S2 | A 1.9425(25) 1.40(34) 1.9413(67) 3.51(4.85)
B 2.1469(48) 1.247(96) 2.14778(41) 6.06(76)
MowsyW.43)S2 | A 1.95827(87) 2.34(27) 1.9572(95) 15.0(3.5)
B 2.2343(67) 1.38(22) 2.2354(11) 7.17(60)
MowsesWw.enS2 | A 1.9965(13) 3.17(41) 1.9942(11) 28.1(4.7)
B 2.3231(73) 1.655(92) 2.3217(67) 8.14(88)
Mo 0W0.79S2 | A 2.0502(12) 4.15(26) 2.0420(11) 36.7(1.2)
B 2.4247(31) 1.85(38) 2.4222(12) 9.4(1.5)
ws: | A 2.09269(96) 4.43(48) 2.09003(59) 40.6(3.2)
B 2.4828(25) 2.52(38) 2.4829(25) 11.1(1.6)

To better visualize the temperature-dependent behavior of the excitonic transitions, both the a and as
parameters are presented graphically in Figure 6, where the left Y-axis corresponds to the values
obtained from the Varshni model, while the right Y-axis reflects those from the Bose-Einstein model. As
shown, both models reveal the same qualitative trends for each material system, confirming their
consistency in describing the exciton-phonon interaction strength. Although the temperature dependence
of excitonic transitions in TMDCs has been extensively studied in bulk crystals, the behavior observed
in monolayers is distinct due to their reduced dimensionality. In monolayer systems, both the Varshni
and Bose—FEinstein parameters tend to be systematically lower than in bulk counterparts, reflecting
weaker exciton—phonon coupling. Our results confirm this trend across all studied compounds. The
temperature-induced redshift of excitonic transitions is less pronounced in monolayers, and the
associated parameters show a clear dependence on material composition. In Mo xW,S, alloys,
increasing tungsten content leads to higher sensitivity to temperature, with the most significant changes
occurring in WS,-rich samples. This suggests that lattice composition can partially compensate for the
dimensional reduction by enhancing coupling to specific phonon modes.
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Figure 6. Comparison of the parameters a (Varshni model) and as (Bose—Einstein model) for different
compositions of Mo1xWS, and Mo(S1xSey)a.

Summary

In this article, we investigated the shift of the fundamental excitonic transitions A, B, and C in monolayer
alloys derived from MoS; as the base material. Introducing selenium (Se) on a chalcogen site leads to a
redshift of the transitions (i.e., lower energy), while substituting molybdenum (Mo) with tungsten (W)
on a transition metal site causes a blueshift (i.e., higher energy). These trends provide valuable insights
into how the chemical composition can be tuned to achieve excitonic transitions at desired wavelengths
in a controlled and stable manner. Another key aspect of our study was the investigation of temperature-
dependent behavior. It was found that replacing sulfur with selenium increases the material’s sensitivity
to temperature. On the other hand, substituting Mo with W results in a stronger temperature dependence,
likely due to the heavier atomic mass of tungsten. In this case, the energy shifts exhibit more monotonic
behavior with respect to the alloy composition. These findings highlight the importance of composition
engineering for both spectral and thermal control in transition metal dichalcogenide alloys.
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Figure S1. X-ray diffraction (XRD) patterns of Mo(Si«Sex)2 (a) and Mo1.«WxS; (b) alloys measured
using CuKo, radiation (A = 1.540598 A) in Bragg—Brentano geometry. For Mo(S1xSex)2, bulk
fragments were measured directly, while Mo;<WxS, required exfoliation to obtain homogeneous
regions. The alloy compositions were determined based on the positions of the (00.6) and (00.2)
reflections for Mo(S;.xSex)> and Mo1.xWxS,, respectively, assuming a linear variation of lattice
parameters between the binary endpoints (i.e., MoS,—MoSe; and MoS,—-WS»).
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3. Conclusions

This doctoral thesis presents a coherent concept for the application of fiber optic technology for
the spectroscopic characterization of bulk materials, thin films, and monolayers of vdW crystals
and group llI-V semiconductors. The experimental platform, based on optical fibers, has been
successfully developed and used in a variety of measurement configurations, enabling studies
from room temperature to cryogenic temperatures, with high stability and precision.

In the first stage of the work, the fiber optics were integrated with classical PR and CER systems,
allowing for the physical separation of the measurement zone from other instrument
components. Although fiber optics have been occasionally used in PR configurations, the
available literature has not yet described a systematic analysis of the effect of the fiber core
diameter or its distance from the sample on signal parameters. The studies presented here, using
optical fibers with core diameters of 50, 105, and 400 um, provide new insights into the
possibilities of spatially mapping optical properties and selecting the appropriate experimental
setup. To the best of our knowledge, this is the first reported integration of an optical fiber with a
CER system, where the fiber ferrule also serves as an active capacitor electrode. This design
eliminated the shadow effect, increased sample and operator safety, and significantly amplified
the signal. Furthermore, the beneficial effect of a sapphire dielectric between the electrodes on
signal amplitude and protection against electrical breakdown was demonstrated.

The remainder of this thesis focuses on the development of an optical platform in which the
investigated samples are coupled to optical fibers. Among the techniques implemented, a
thermal transmittance spectroscopy method was developed based on a LOF configuration,
where thin layers of MoS,, MoSe,, WS,, and WSe, were transferred directly onto the fiber end
facet. Due to the low heat capacity of the tested materials and the poor thermal conductivity of
the glass fiber, laser illumination resulted in a local increase in sample temperature. Immediate
shiftsin the Aand B excitonic transitions and a reduction in the absorption coefficient (up to 60%)
were observed, indicating the potential use of this type of configuration in fiber-optic optical
modulators and temperature sensors.

The third stage of the studies involved the development of a complete system for measurements
at low temperatures (~20 K), based on a closed-cycle helium cryostat. Using a fiber-to-fiber
adapter mounted in place of a standard optical window on the vacuum shroud, high positioning
stability, resistance to mechanical vibrations, and no temperature drift were achieved. This
system enabled measurements of PL, transmission, PT, and PR as a function of temperature.
Samples of various dimensionalities and architectures were successfully studied: from thin
films, through monolayers, to heterostructures.

In the final part of the thesis, a developed system was used to analyze the positions of A, B, and
C transitions in monolayer alloys of MoS,-based dichalcogenides. It was observed that
substituting sulfur with selenium leads to a redshift of the excitonic transitions, while replacing
molybdenum with tungsten results in a shift toward higher energies. Furthermore, it was shown
that the temperature sensitivity of excitons also depends on the material's chemical
composition, the degree of change in transition energy with temperature is significantly greaterin
the presence of tungsten or selenium.

All of the results obtained in this work confirm the central hypothesis that integrating optical
fibers with spectroscopic systems expands the experimental capabilities for characterizing 2D
materials. The developed fiber-based techniques enable precise, stable, and flexible
measurements under both ambient and cryogenic conditions, offering strong potential for
applications in spectroscopy, optical sensing, and fiber-integrated photonic devices.
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