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Optical nonlinear refractive index measurements
of Cr,Tez with an immense photothermal effect
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In this work, the optical nonlinearity of PVD-grown Cr,Tes thin films of 33- and 100-nm thickness with
an immense thermal optical effect was investigated. By removing the thermally induced background
signal, the n, value without accumulated heat could then be estimated to be of the order of magnitude
of around 1078 cm? W™, A decrease in the n, value with the pump power was observed, leading to
increased absorption. In addition, the changing sign for the 100-nm-thick thin film as the pump power
exceeded 450 mW was investigated, exhibiting good agreement with the observed additional increasing
temperature resulting from the anomalous increasing absorption. This work paves the way to not only
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characterize the optical nonlinearity of samples with initiable thermal effects but also to evaluate
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1. Introduction

Transition metal chalcogenides (TMCs), which are composed of
the group VI transition metals (Cr, Mo, W) and chalcogenides
(S, Se, Te), have been used extensively to realize nonlinear
photonic devices, owing to their superb nonlinear optical
responses, electron mobilities, and broadband absorption."?
In particular, two-dimensional (2D) Cr,Te; has attracted attention
recently in the field of spintronics owing to its superb ferromagnet-
ism properties, including a unique skyrmion state and topological
Hall effect® and highly tunable magnetic anisotropy.” The layer-
dependent ferromagnetic properties of Cr,Te; films have also been
investigated, demonstrating that even monolayer Cr,Te; exhibits
ferromagnetic behavior.” Additionally, advanced film growth tech-
niques for Cr,Te; have been studied, highlighting the reproducible
and high-quality film.® Furthermore, the recent experimental work
by I. Kariper et al. explored the linear optical absorption and
refraction properties of Cr,Te;.” Although a variety of investigations
have been conducted to determine its wunique physical
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materials with potential for real applications through the methodology provided.

properties,”®* ™ only a few studies regarding optical nonlinearity

have been conducted.'® Recently, research on the nonlinear refrac-
tive index n, and its application for pulsed lasers has been reported,
revealing the potential of Cr,Tes;-based optical applications and
leading to the requirement for detailed investigations.'® To under-
stand the feasibility for photonic application at a wavelength of
1 pm, the nonlinear characterizations at this wavelength region is
therefore desired. In this work, the optical nonlinear coefficients of
PVD-grown Cr,Te; thin films were investigated. An immense
thermal effect due to heat accumulation was observed. By subtract-
ing the contribution of the thermal optical effect within the thin
films, the n, value of Cr,Te; thin films under various excitation
peak intensities ranging from 1.17 to 20.93 MW c¢m™ > was char-
acterized. In addition, the thickness dependence of n, was inves-
tigated and discussed. These results not only provide relevant
information regarding Cr,Te; thin films for applications but also
pave the way for investigating the optical nonlinearity of materials
with inevitable thermal effects.

2. Sample preparation and
experimental setup for optical
nonlinearity

In general, z-scan measurements are popular for studying the
nonlinear properties of thin films. Therefore, here, a conven-
tional z-scan system utilizing a fiber pulsed laser with a wave-
length, pulse width, and repetition rate of 1030 nm, 130 fs, and
28 MHz, respectively, was first constructed to investigate the n,
value of Cr,Tes. Fig. 2(a) shows the experimental setup of our
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z-scan system. By using a lens with a focal length of 50 mm,
the peak intensity of the focusing spot ranging from 2 to
207 MW cm™ 2 can be adjusted.

In this work, Cr,Te; thin films of 33- and 100-nm thickness
were prepared. The nanoscale-layered Cr,Te; thin films were
prepared by physical vapor deposition (PVD) with a high vacuum
(<5 x 107% Torr) and a co-evaporation system (Cr: 99.995%; Te:
99.999%). The nanoscale-layered Cr,Te; thin films were grown
on sapphire substrates (0001) at a growth temperature of 350 °C.
The Cr and Te fluxes were set to 0.03 and 0.7 A s, respectively.
Considering that the vaporization temperature of Te at a high
vacuum is lower than 350 °C, the Te flux was set to be sufficiently
higher than the Cr flux. Then, the deposition rate of Cr,Te; thin
film was controlled by the Cr flux. The films were post-annealed
at 400 °C for 30 min after film growth. Further details on the
film fabrication process are fully described in ref. 16. The high-
resolution transmission electron microscopy (HR-TEM) image in
Fig. 1(a) shows the high quality of the Cr,Te; film. The dark
region on the left side of Fig. 1(a) indicates the well-grown Cr,Te;
film along the c-axis of the sapphire substrate on the right side of
the Fig. 1(a). Fig. 1(b) shows the X-ray photoelectron spectro-
scopy (XPS) peaks of Cr 2p and Te 3d overlapped at 571 and 581
eV, which are characteristic peaks observed in the XPS spectrum
of Cr,Te;."” Fig. 1(c) shows the measured Raman spectrum of the
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Cr,Te; film with peaks at 99.7, 122.0, and 139.8 eV, which
correspond to the values reported in a previous study.'®
Fig. 1(d) shows the measured linear absorbance of the 100-nm-
thick Cr,Te; film in the 1.0 pm wavelength region.

Fig. 2(a) shows the typical z-scan measurement setup. Here,
an open aperture was used to conduct OA profiles, and the CA
curve was recorded by suitably adjusting the aperture. The OA and
CA curves were recorded separately, and the CA/OA curves could
be accordingly obtained to derive the n, value. Fig. 2(b) and (c)
show the z-scan measurement results of the 100-nm-thick Cr,Te;
film under focusing optical intensities ranging from 2.07 MW
em 2 to 207 MW cm . Clearly, the open aperture (OA) curves
reveal fruitful behavior; see Fig. 2(b). When the focusing optical
peak intensity was adjusted to 2.07 MW cm ™2, the transmittance
experienced reversed saturation absorption (RSA) first and chan-
ged to saturation absorption (SA) as the Cr,Te; thin film was
moved toward the focusing spot. Finally, the absorption exhibits
RSA again. This indicates that Cr,Te; possesses strong high-order
nonlinear absorption, leading to the fruitful nature of the band
structure within Cr,Te;.* In addition, the curve shows SA directly
for stronger focusing peak intensity instead of RSA. This can be
attributed to the stronger peak intensity at the same position. One
can note that the OA curves of three different focusing conditions
all exhibit an “M”-shaped profile. Moreover, the curves exhibit

—Cr-2p, Te-3d -

Intensity (arb.unit)

595 585 575 565
Binding Energy (eV)
= (d) ——Cr2Te3 Film
St — =AlpOg3 Substrate -
£
5,
Q
(&)
c
®©
¢ =
o
(2]
ot !
<

1200 1300 1400 1500 1600
Wavelength (nm)

1000 1100

(a) High-resolution TEM image, (b) XPS spectrum, (c) Raman spectrum, and (d) linear absorption spectrum of the Cr,Tes film.
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Fig. 2 (a) Diagram of the femtosecond pump z-scan setup; (b) OA and (c) CA/OA z-scan results under a peak intensity ranging from 2.07 MW cm™2 to
207 MW cm™2.

clear asymmetry around the focal point at z = 0. In the past, these
asymmetry phenomena have been discussed and can be attributed
to heat accumulation during long-term laser illumination, given
the high repetition rate of the applied pulsed laser.'*** Regarding
the CA/OA curve, as expected for the z-scan measurement under
thermal accumulation, these curves appear significantly distorted,
leading to remarkable difficulty for z-scan analysis.

3. Photothermal nonlinearity

In the past, several approaches have been proposed for investigat-
ing the z-scan result under thermal effects.”’ > Among various
approaches, reducing the repetition rate is popular and widely
used. In general, by reducing the laser repetition rate of the z-scan
measurement, heat accumulation can be efficiently reduced. How-
ever, it should be noted that the remarkable decreasing average
power will be inevitable. In this work, Fig. 2 exhibits a clear thermal
effect while using a pump power of 1, 10, and 100 mW. One can
estimate that the average power will be down to the uW level once a
laser of 1 kHz repetition rate is used to replace the laser with a
repetition rate of 28 MHz. Considering the measurement limits of
typical experimental detectors, accurately distinguishing output
power at such low average power levels is difficult. Recently, an
alternative method was proposed for dealing with the optical
nonlinearity measurement with the photothermal effect.>® The
approach has successfully been applied for characterizing the
optical nonlinear coefficient of 2D materials, such as graphene

© 2025 The Author(s). Published by the Royal Society of Chemistry

and Bi,Tes. This method is based on the process that removes the
contribution of thermally induced nonlinearity from both the
substrate and the sample. Fig. 3(a) illustrates the flowchart of the
process for estimating n, values. In step 1, a pulsed laser is used as
the pump beam source to induce the photothermal nonlinearity at
various pump beam powers, and the power-dependent NPT value is
then determined. In step 2, a thermal camera is used to visualize
the sample temperature under excitation at each pump beam
power, and NPT can be redrawn with its corresponding tempera-
ture. Next, to determine the purely thermally induced nonlinearity
nyy over the same temperature range in step 2, a heater is applied to
the sample to adjust and increase the background temperature. In
step 4, the thermally induced signal is removed by subtracting 7y
from NPT, and the purely photon-induced nonlinearity 7,1 is then
obtained. Finally, n,I is divided by the peak intensity of the pump
beam to obtain the estimated n, value. Three different experiments
were used to record the data required for analysis. The photother-
mal effect was initially verified by monitoring the surface tempera-
ture of our sample using a thermal camera. Fig. 3(b) shows the
experimental setup for visualizing the sample temperature under
excitation at each pump beam power. Regarding the values of 7y
and NPT, pump-probe spectroscopy was then used to assess the
degree of the photothermal nonlinearity, and the experimental
setup is shown in Fig. 3(c). The same pulsed laser utilized in
Fig. 3(b) was used as the pump beam source to induce photo-
thermal nonlinearity at varying average powers. A continuous-wave
He-Ne laser was used as the probe beam source for detecting the
optical responses of the sample. The pump beam spot size was

Mater. Adv., 2025, 6,1345-1352 | 1347
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(a) Flowchart of the process for estimating n, values. (b) Experiment setup of the thermal camera system. (c) Pump-probe spectroscopy for

assessing the degree of the photothermal nonlinearity. (d) Pump—probe setup for thermally induced nonlinearity.

1.6 mm, and the sample was fixed onto a heater stage. A polarizing
beam splitter (PBS), a half-waveplate, and a mechanical shutter
were used to control the average power and illumination time of
the pump beam, respectively. In addition, a black baffle and a low-
pass filter were placed in front of the photodetector to prevent any
scattering pump light from reaching the photodetector.

To measure the thermally induced optical responses, the
heater was used to create different background temperature
conditions. As shown in Fig. 3(d), the heater temperature was
adjusted precisely using a temperature controller (Model
335, Lake Shore Cryotronics, OH, USA). A thermal camera
(TVX 100EX, Nippon Avionics Co., Ltd, Yokohama, Japan) was
then used to monitor the sample’s surface temperature. The
same as for detecting photothermally induced nonlinearity, a
continuous-wave He-Ne laser was used as the probe beam
source for detecting the optical responses of the sample.

4. Results and discussion

The change in temperature AT at various pump beam powers
ranging from 50 mW to 800 mW was recorded, as depicted in
Fig. 4. The surface temperature of 33- and 100-nm-thick Cr,Te;
thin films exhibits an increasing tendency with the pump beam
power, and variations of 15 and 33 K were obtained while
pumping with a power of 800 mW, respectively. This indicates
a significant photothermal effect within Cr,Te; thin films and
echoes the results of the asymmetric OA curve shown in
Fig. 2(b) and the distortion CA/OA curve shown in Fig. 2(c),
which represent the heat accumulation rate within the samples.
Following the procedure sketched in Fig. 3(a), pump-probe
spectroscopy was then used to assess the degree of the photo-
thermal nonlinearity. In addition, to ascertain the purely ther-
mally induced nonlinearity over the same temperature range in

1348 | Mater. Adv,, 2025, 6,1345-1352
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powers due to the photothermal effect.

Fig. 4, a heater was applied to the sample to adjust and increase
the background temperature. The temperature-dependent
reflections and transmittances were subsequently obtained.
Moreover, in this work, the primary source of error stems from
the instability of the probe beam. To quantify this error, the
instability of the He-Ne laser was measured over a 10-minute
period and determined to be 2.3%. We can therefore determine
the power-dependent reflections and transmittances resulting
from photothermal nonlinearity and the thermally induced
reflections and transmittances at various heater temperatures
for 33- and 100-nm-thick Cr,Te; thin films, as shown in Fig. 5.
Fig. 5(a) and (c) show the power-dependent reflections and
transmittances that resulted from photothermal nonlinearity
of the samples. Meanwhile, the thermally induced reflections
and transmittances at various heater temperatures were also

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Power-dependent reflections and transmittances resulted from photothermal nonlinearity for 33 nm Cr,Tes thin film. (b) Thermally induced

reflections and transmittances at various heater temperature for 33 nm Cr,Tes thin film. (c) Power-dependent reflections and transmittances resulted
from photothermal nonlinearity for 100 nm Cr,Tes thin film. (d) Thermally induced reflections and transmittances at various heater temperature for

100 nm Cr,Tes thin film.

plotted, as shown in Fig. 5(b) and (d). All the plots show an
error bar by considering the instability. Clearly, photothermal
nonlinearity measurements show that the transmittance of the
100-nm-thick thin film, ranging from 9 to 12%, is smaller than
that of the 33-nm-thick thin film, ranging from 31.5 to 37.5%.
This can be due to the thickness being three times longer. An
interesting point is that the transmittance of the 100-nm-thick
thin film begins to decrease after 300-400 mW, unlike the
monotonic increasing behavior of the 33-nm-thick thin film.
Similar behavior was also observed within the plots of ther-
mally induced measurements; see Fig. 5(b) and (d). This might
be the additional absorption for the 100-nm-thick thin film
and agrees quite well with the variation of increasing tempera-
ture under various pump powers; see the green dashed line in
Fig. 4.

After recording the power-dependent reflections and trans-
mittances resulting from photothermal nonlinearity and the
thermally induced reflections and transmittances at various
heater temperatures for 33- and 100-nm-thick Cr,Te; thin films
(see Fig. 5), the refractive index n and extinction coefficient «
resulting from photothermal and thermally induced nonlinear-
ity could be accordingly calculated based on the equation

© 2025 The Author(s). Published by the Royal Society of Chemistry

below?®:

A 1 1 — Reflection
— X — x In -
4m  thickness Transmittance

14+ V1 = Transmittance?
- Transmittance

where / is the wavelength of the probe beam.

Fig. 6 shows the power-dependent refractive index (NPT) and
extinction coefficient (kpy) with error bars for the 33- and 100-
nm-thick Cr,Te; thin films. Clearly, these two optical para-
meters for the two samples show similar tendencies. For the 33-
nm-thick Cr,Te; thin film, the initial xpy value is 1.3, and it
decreases to 1.15 at a pump beam power of 700 mW. After 700
mW, xpr slightly increases. As for the refractive index NPT, the
initial value of NPT is 6.15, but it decreases drastically to 5.25 at
a pump beam power of 800 mW. In addition, we have to note
that NPT shows a tremendous increase for the 100-nm-thick
thin film. In the past, layered Cr,Te; has been reported to
possess a hexagonal NiAs structure based on a space group of
P31 with metallic conductivity.® Therefore, this might reflect

the metallic state tendency as thickness increases.

Mater. Adv., 2025, 6, 1345-1352 | 1349
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absorption for the Cr,Tes thin films.

Furthermore, NPT and kpy for the 100-nm-thick thin film also
reveal a power-dependent change from decreasing to increasing
at around 400 mW. This again reflects the characteristic of the
increasing temperature shown in Fig. 4 and the decreasing
transmittance shown in Fig. 5. To further characterize this, one
can estimate the merit of absorption using the equation below:

kxdx(1-R)

where «, d, and R are the extinction coefficient, thickness, and
reflection, respectively. This is semi-quantitatively related to
the absorption since (1 — R), and x and d are the percentage
and absorption when entering the thin film, respectively.
Fig. 6(c) shows the merit for 33- and 100-nm-thick thin films.
For the 100-nm-thick thin film, a merit of nearly three times that
of the 33-nm-thick sample was obtained. Recalling the increas-
ing temperature shown in Fig. 4, the proposed merit provides a
reasonable and good evaluation. In addition, this exhibits the
reliability of the retrieved parameter. Since the photothermal
nonlinearity comprises both thermally induced and photo-
induced optical responses, the thermally induced signal can
therefore be removed by subtracting nr; from NPT. This subtrac-
tion yields the purely photo-induced nonlinearity n,I. Here,
using the equations mentioned above, the refractive index nqy
resulting from thermally induced nonlinearity can be calculated
accordingly. Fig. 7(a) and (b) show the temperature-dependent
refractive index due to photothermally and thermally induced

(a) Power-dependent refractive index and extinction coefficient for 33-nm-thick and (b) 100-nm-thick Cr,Tes thin films; (c) estimated merit of

nonlinearity of 33- and 100-nm-thick thin films. Clearly, the
variations of refractive index exhibit different behavior with
photothermal effect or thermally induced nonlinearity. Addition-
ally, the extinction coefficient for 33- and 100-nm-thick thin film
samples all exhibit the increasing trend with power while the
pump power exceeds 400 mW, leading to the extra absorption.

Finally, the n, value of Cr,Te; can therefore be estimated by
dividing the obtained n,I by the peak intensity of the pump
beam. The n, values are shown in Fig. 7(c). The n, values all
reveal a decreasing tendency with pump power. For example, 7,
of the 33-nm-thick thin film decreases from 10.32 to 0.38 x
108 em® W . In addition, n, of the 100-nm-thick Cr,Te; thin film
becomes negative while the peak intensity exceeds 12 MW c¢m ™2,
corresponding to a power of 450 mW. Typically, the absorption will
result in a decreasing n, value, and the sign of 7, might change
with the additional absorption.”>*"*” This can be used to interpret
the decreasing tendency observed since the temperature of thin
film increases monotonically with the pump power. Furthermore,
the changing sign of n, for the 100-nm-thick thin film will also be
expectable as the pump power exceeds 450 mW. Meanwhile, the
phenomenon caused by this additional absorption corresponds to
the decreasing transmittance trend observed for the 100 nm
sample in Fig. 5 and the increasing trend of NPT and xpr in
Fig. 6. Similarly, the extra increase in temperature variation
observed in Fig. 4 also aligns with this result.

Typically, z-scan measurements, which are a popular
approach for characterizing optical nonlinearity, have been
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(a) Refractive indices due to photothermally and thermally induced nonlinearity of 33-nm-thick and (b) 100-nm-thick thin films. (c) Estimated n,
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widely used to evaluate the feasibility of various applications,
such as optical limiters or saturable absorbers for pulsing
lasers.”®*? However, the distortion of the z-scan profile resulting
from the thermal effect leads to difficulties in investigation.
Despite this, the thermal effects can be ignored by reducing the
repetition rate of the pump laser. The remarkable reduced average
power results in the detection limit when recording the z-scan
profile with lasers of low repetition rates. In this work, an
immense photothermal effect within Cr,Te; thin films was
observed. By removing the thermally induced nonlinearity, the
n, value could therefore be estimated. In addition, the clear
thickness dependency of optical nonlinearity was investigated.
The strong thickness and power-dependent absorption revealed a
direct relationship with the optical nonlinearity, providing an
alternative method to handle optical nonlinearity measurements
that are subject to the photothermal effect. In the last decade, 2D
materials have attracted considerable attention due to their fruit-
ful potential for application.***” However, the inevitable thermal
effects, such as thermal electric properties, limit their optical
applications. This work paves the way for more reliable applica-
tions by directly understanding the role of the thermal effect and
the nature of the optical nonlinearity.

5. Conclusions

In this work, the optical nonlinearity of PVD-grown Cr,Te; thin
films of 33 and 100 nm thickness with an immense thermal
optical effect was investigated. A decreasing n, value with the
pump power was observed, leading to increasing absorption.
The changing sign for the 100-nm-thick thin film as the pump
power exceeded 450 mW was characterized. This agrees quite
well with the observed additional increasing temperature
resulting from the anomalous increasing absorption. Moreover,
the merit of absorption was proposed, exhibiting the reason-
able guide about the thermal effect. As a summary, this work
provides a way to characterize the optical nonlinearity of the
sample with initiable thermal effect.
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