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ABSTRACT

We investigate the saturable absorption behavior of a 1T0-MoTe2 monolayer integrated with a silicon nitride waveguide for applications in
photonic neural networks. Using experimental transmission measurements and theoretical modeling, we characterize the nonlinear response
of the material. Our model, incorporating quasi-Fermi level separation and carrier dynamics, explains these behaviors and predicts the mate-
rial’s absorption dependence on the carrier density. Furthermore, we demonstrate a coupling efficiency of up to 20% between the 1T0-MoTe2
monolayer and the silicon nitride waveguide, with saturation achievable at input powers as low as a few microwatts. These results suggest
that 1T0-MoTe2 is a promising candidate for implementing nonlinear functions in integrated photonic neural networks.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0292255

Artificial neural networks (ANNs) have revolutionized fields such
as image recognition, natural language processing, and decision-
making by using deep learning techniques to process large amounts of
data.1–3 However, conventional electronic hardware, rooted in von
Neumann architectures, faces significant limitations in running ANNs
with the required speed and energy efficiency, fault tolerance, and par-
allel processing.4,5 Although recent developments in hardware, such as
graphics processing units (GPUs), application-specific integrated cir-
cuits (ASICs), and hybrid optical-electronic systems, have enhanced
performance, these architectures still face scalability issues for the mas-
sive parallel computations required by neural networks.6 With recent
advances in silicon photonics,7,8 optical computing has been intro-
duced as an attractive platform to carry out large-scale computational
schemes. Fully optical neural networks (ONNs) present a promising
alternative to their electronic counterparts, offering the potential for
unprecedented improvements in computational speed and power effi-
ciency.9,10 Optical systems are highly efficient at executing linear oper-
ations, such as matrix multiplications,11 which form the backbone of
neural network algorithms. However, to implement the essential non-
linear activation functions in these networks, an additional nonlinear
component is required.12

One promising approach involves the use of ring resonators,
which can introduce the necessary nonlinearity by leveraging the

resonance effects within the optical circuits.13,14 Alternatively, saturable
absorbers have been proposed as another viable nonlinear element to
perform activation functions, taking advantage of their intensity-
dependent absorption properties has been proposed recently.15 Two-
dimensional (2D) materials have emerged as excellent candidates for
this function, since they can be saturable absorbers integrated into
photonic circuits.16–18 In particular, the 1T0 phase of molybdenum
ditelluride (1T0-MoTe2) has shown great promise due to its low satura-
tion intensity and high modulation depth,19 making it ideal for use in
photonic systems that require compact and efficient nonlinear ele-
ments. Unlike the semiconducting 2H phase, 1T0-MoTe2 exhibits a
gapless band structure, which leads to a high density of available elec-
tronic states and fast carrier dynamics.20

In this work, we explore the use of 1T0-MoTe2 as a saturable
absorber for integrated photonics. To this end, we first characterized
the nonlinear response of a monolayer by placing it on the tip of an
optical fiber. We propose a model for saturable absorption of this
material based on the absorption reduction caused by the quasi-Fermi
level separation between electrons and holes as carriers are generated
by optical absorption. Using this model and the experimental data, we
determine the optical absorption dependence on carrier density,
which, combined with simple carrier dynamics, allowed us to propose
and experimentally implement an integrated saturable absorber device
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using this material on top of a silicon nitride waveguide. Importantly,
the nonlinear characterization of the integrated device was performed
using a continuous-wave (CW) laser at telecom wavelengths. This
method has been employed for probing nonlinear optical responses in
integrated structures such as waveguides and resonators.18,21–23 These
results revealed the saturable absorption behavior, a key feature for
implementing nonlinear functions in optical neural networks.

A 1T0-MoTe2 crystal was obtained by mechanical exfoliation of a
seed crystal using a low-residue tape (Nitto SPV 224).24–26 The proce-
dure is to transfer the flakes onto a PDMS stamp, turn upside down
the glass slide with the stamp, align it on top of a target substrate, press
the stamp against the substrate, and remove it very slowly. We trans-
ferred each selected flake from the PDMS stamp onto the polished face
of the optical fiber, as shown in Fig. 1(a), via adapted XYZ positioning
stages and an optical microscope. This image was obtained by coupling
a white LED to the fiber, so the bright circle in the center of the image
corresponds to the fiber core.

Figure 1(b) shows a Raman map of the fiber core region, obtained
by integrating the spectra from 250 to 268 cm�1. The spectrum in
Fig. 1(c) confirms that the transferred 1T0-MoTe2 is a monolayer.
These measurements were performed using a confocal Witec Alpha
microscope-spectrometer (532 nm, 150lW), as the Ag peak position
correlates with the number of layers.20,28 Higher counts in the core
region arise from silica fluorescence, which adds to the crystal’s Raman
signal. The map was also used to estimate the coverage of MoTe2 on
the fiber. While a few-layer 1T0-MoTe2 can also function in integrated
photonic devices due to its preserved absorption properties, increasing
the number of layers leads to higher reflectivity, which reduces the
modulation depth.29,30

In order to investigate the absorption saturation, we used a pulsed
laser source with a center wavelength of k ¼ 1560 nm and a repetition
rate of 89MHz. The pulse duration at the sample was measured using
an optical autocorrelator, yielding 2.61 ps. This corresponds to a
maximum achievable peak intensity of approximately 40MW/cm2,
although, in practice, the measurements were performed well below
this limit, within the few-MW/cm2 range where saturation was already
observed. The intensity-dependent transmittance was measured using
a pair of calibrated fiber-coupled photodetectors, as described in
Ref. 31. Figure 2 shows the measured transmission curves, where we
observe that at low intensities, the transmission increases with increas-
ing intensity until it reaches a plateau.

An important detail shown in the inset of Fig. 2 is the double-
saturation feature in the nonlinear transmission. The first saturation
occurs at approximately 2� 10�3 MW=cm2, while the second appears
near 1� 10�2 MW=cm2. The green dashed line indicates a second sat-
uration not captured by the standard phenomenological model for sat-
urable absorbers, suggesting the presence of two distinct mechanisms.
To explain this behavior, we developed a model that accounts for how
carrier generation by optical absorption modifies both the absorption
coefficient and the reflectivity of the material. First, we calculated the
quasi-Fermi levels for electrons and holes under non-equilibrium con-
ditions, which allowed us to determine the absorption coefficient. We
also evaluated the change in reflectance due to free-carrier generation
upon optical absorption. Our results show that the observed second
saturation arises from the interplay between these absorption and
reflectance changes.

It is important to note that the saturation intensity obtained for
1T0-MoTe2, approximately 2� 10�3 MW=cm2, is two to four orders
of magnitude lower than values typically reported for other 2Dmateri-
als such as MoS2,

32,33 WSe2,
34 and black phosphorus.35,36 This result

highlights the strong light–matter interaction in the semi-metallic 1T0

phase of MoTe2, which enables efficient absorption saturation at ultra-
low optical intensities.

The quasi-Fermi levels are determined from the density of states
(DOS) and the Fermi occupation function. Assuming parabolic bands,
the DOS in a 2D material is independent of energy and given by

FIG. 1. (a) Optical microscopy image of a 1T0-MoTe2 on top of a tip of a fiber. (b)
Integration of the Raman shift between 247 and 272 cm�1, showing that all the fiber
core is covered by MoTe2. (c) Raman shift measured at the center of the fiber show-
ing that the flake is a monolayer, based on the characteristic Raman peak position
reported in Ref. 27. The blue region indicates the integration region of (b).

FIG. 2. Transmission measurement of a monolayer of MoTe2 on the tip of a fiber
using a pulsed laser at 1560 nm, plotted in a semilog scale. Inset: focus on the
region between 0.002 and 0.02MW/cm2 showing a double saturation process.
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qðEÞ ¼ m=ðp�h2�Þ, where m is the effective mass of electrons in the
conduction band or holes in the valence band, � is the material thick-
ness, and �h is the reduced Planck constant. Additionally, we assumed
that the absorption process does not require a phonon. Unlike the
emission process, which requires a lattice phonon, after vertical, no-
phonon absorption, the excited electrons relax via intraband scatter-
ing to the bottom of the conduction band. The electron (n) and hole
(p) densities at a given temperature are then obtained from the
integrals,

n ¼
ð1
Ec

qðEÞf ðEÞdE ¼ m

dp�h2

ð1
Ec

1

eðE�EfcÞ=kBT þ 1
dE; (1)

p ¼
ðEv
�1

qðEÞð1� f ðEÞÞdE

¼ m

dp�h2

ðEv
�1

1

eðEfv�EÞ=kBT þ 1
dE; (2)

where Ev is the maximum energy at the valence band, Ec is the mini-
mum energy at the conduction band, Efc and Efv are the quasi-Fermi
levels for the conduction band and valence band, respectively.

In the absorption process of a photon, an electron–hole pair is
created. Therefore, as we increase the number of photons, carrier gen-
eration occurs, and the quasi-Fermi level of electrons and holes
changes. When the separation of the conduction band quasi-Fermi
level Efc and the valence band quasi-Fermi level Efv are greater than
the energy of the input photon, the material becomes transparent. To
understand this process in the MoTe2, we determine the quasi-Fermi
level for the valence and the conduction band and obtain the curves by
solving Eqs. (1) and (2) numerically, as shown in Fig. 3(a).

The absorption coefficient for a given photon energy E as a func-
tion of the quasi-Fermi levels was calculated considering transitions

between the conduction band (Ec and ~kc ) and the valence band (Ev
and ~kv ), where electrons (holes) are in quasi-equilibrium with the
quasi-Fermi levels Efc (Efv). We also consider that there are NðEÞ reso-
nant states with photon energy between E and E þ dE in a volume V.

The probability of an electron occupying the Ec level is given by
f2 ¼ 1=eðEc�EfcÞ=kBT þ 1, and the probability of a hole occupying the Ev
level is given by f1 ¼ 1=eðEv�EfvÞ=kBT þ 1. Using Fermi’s golden rule
and the relation between absorption and the quasi-Fermi levels,37 we
can obtain the final expression for the absorption coefficient,

a ¼ n f2ðk0Þ½1� f1ðk0Þ� 1� eðE�ðEfc�EfvÞ=kBTð Þ; (3)

where

n ¼ q2h

p�h2dvgm

1
eEp

� �
M; (4)

and kð0Þ ¼ k0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mðE � ðEfc � EfvÞÞ=�h2

q
, q is the electron charge, d

is the material thickness, vg is the group velocity, m is the effective
mass of electrons and holes, e is the permittivity of the material, Ep is
the photon energy, andM is a matrix element of the momentum oper-
ator between initial and final states.

The carrier dynamics can be written as

@dnðx; tÞ
@t

¼ Gðnðx; tÞÞ � dnðx; tÞ
s

þ Dr2dnðx; tÞ; (5)

where Gðnðx; tÞÞ is the carrier generation rate, s is the carrier life-
time, and D is the diffusion coefficient. Although sub-picosecond
relaxation components have been reported for 1T0-MoTe2, the effec-
tive carrier lifetime relevant to steady-state saturation can be consid-
erably longer, around tens to hundreds of picoseconds.29,30 To a first
approximation, for the material at the fiber tip, the carrier density
does not depend on the position within the material because the
pulse passes through the monolayer in approximately 3� 10�18 s, so
we neglect the diffusion term.

The time-dependent solution for a Gaussian laser pulse is given
by

ddnðtÞ
dt

¼ gaIðtÞ
Ep

� dnðtÞ
s

; (6)

where IðtÞ ¼ I0e
�1

2ð
t�t0
r=2 Þ2 , I0 is the maximum intensity, t0 is the time

when the center of the pulse coincides with the center of the mono-
layer, Ep is the incident photon energy, and r is the pulse width. Figure
3(b) shows the laser pulse and the carrier density changing at the cen-
ter of the monolayer as a function of time, where we can see that the
carrier density decays slowly and has a peak dislocated from the pulse
peak.

FIG. 3. (a) Quasi-Fermi level calculation using the gap energy Eg ¼ Ec � Ev, with
Eg ¼ �0.2 eV,38 m ¼ 0:462m0,

39 and a monolayer thickness of 1 nm for 1T0-
MoTe2. The dashed line represents when the absorption is saturated, because the
separation of the quasi-Fermi levels is higher than the photon energy Ep ¼ 0.8 eV
(� 1550 nm). (b) Carrier density (blue) and laser pulse (red dashed line). For this
calculations, we used s ¼ 200 ps, r ¼ 2 ps, a ¼ 1� 106 1=m, I0 ¼ 30MW/cm2,
Ep ¼ 0.8 eV, and g ¼ 1; these values are based on the experiment.
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Integrating the carrier density as the pulse passes through the
material, we can obtain the mean carrier density. With this value, we
can use the Drude–Lorentz model40 to determine the refractive index
of the monolayer for different pump intensities. For modeling
the experiment, we have to consider that there is a reflection in the
MoTe2/tip of the fiber—which is made of silica—interface. So, the
reflectance RðIÞ of this interface is given by

RðIÞ ¼ �nðIÞ � �n1
�nðIÞ þ �n1

� �2

; (7)

where �nðIÞ is the refractive index of the monolayer, and �n1 is the
refractive index of the silica.

The complete model can be obtained by adding both effects in
the transmission calculations, as

TðIÞ ¼ 1� T0 � e�aðIÞe � RðIÞ; (8)

where T0 is the transmission at low light intensity, and aðIÞ is the
absorption coefficient as a function of the peak intensity of the pulse.

At low intensities, the quasi-Fermi level separation and the effect
of carrier dynamics on the reflectance are negligible. So we can obtain
the absorption coefficient from the fiber tip measurements at low
intensities. Using quasi-Fermi level separation, as obtained from car-
rier dynamics and Fermi statistics, we then calculated the absorption
for different light intensities, as shown in Fig. 4(a). Absorption satura-
tion is clearly predicted for higher light intensity.

Figure 4(b) shows the experimental results and the curve fits
considering only the variation of the absorption coefficient and a
full model considering the absorption coefficient and reflectance
for different carrier densities. For this plot, we manually fitted the
theoretical curves to qualitatively match the experimental data,
indicating that the full model can accommodate both sharp and
smooth transitions depending on the chosen parameter set. The
effective mass for transport calculations—used in the reflectance
calculation—and for the density of states calculation—used for the
quasi-Fermi level calculations—were used as fitting parameters.
The effective mass for the absorption and reflectance are equal to
m ¼ 0:005m0 and for m ¼ m0, respectively. The sharp transition
in the transmission curve observed in the full model (red dashed
line) reflects an abrupt change in absorption with increasing light
intensity. In particular, parameters such as the saturation intensity,
carrier lifetime, and broadening mechanisms significantly influence
the slope of the transition.

Given the complex structure of the valence and conduction
bands, also, considering the 2D nature of the material, the effective
mass values related to transport properties are certainly different from
those to be employed in a simplified single parabolic band density of
states calculation. Also, the effective mass given by electrical measure-
ments is different from the effective mass measured by optical
methods.42 For electron transport, the effective mass, derived from the
band structure curvature near the conduction band minimum, deter-
mines the electron’s response to electric fields, affecting mobility and
conductivity. Conversely, the optical effective mass involves the com-
bined mass of excitons relevant to optical transitions and is crucial for
understanding absorption, emission spectra, and exciton binding
energy. Moreover, the density of states for a 2D material requires the
determination of the thickness of the layer, which, for a single atomic

layer, would require a refined model for the mesoscopic structure. In
order to consider all these effects, we have assumed that two sets of val-
ues for the effective masses need to be considered, one for transport
used for the Drude–Lorentz model, and one for the quasi-Fermi level
calculation. Both values were used as the fitting parameter.

After studying the behavior of the 1T0-MoTe2 as a saturable
absorber, we proceeded to use the obtained parameters and simulation
results to design and then fabricate an integrated device for testing.
The proposed device, as shown in Fig. 5(a), is obtained by placing a
monolayer of MoTe2 on top of a waveguide. This structure offers the
opportunity to make integrated saturable absorbers compatible with
foundry Multi-ProjectWafer (MPW),43 making it a significant alterna-
tive for on-chip saturable absorbers.

For an integrated saturable absorber, the wave vector of the inci-
dent light is perpendicular to the normal vector of the 2D material, so
we will neglect the reflectance of the material. For the steady state, i.e.,
using a CW laser as input power, the carrier density can be calculated
as a function of the intensity at the origin—which corresponds to one
edge of the material—minus the intensity at position x, that is

FIG. 4. (a) Calculated absorption coefficient as a function of the carrier density. (b)
Experimental results in black, calculated transmission considering only the variation
of the absorption coefficient in green and calculated transmission considering the
variation of the absorption coefficient and the reflectance for different carrier densi-
ties. The fitted parameters for the absorption model were meff ¼ 0:005 and
a ¼ 1� 1010 1=m. Reprinted with permission from Volpato et al., “Analysis 1T0-
MoTe2 saturable absorber integrated to a silicon nitride waveguide,” in SBFoton
International Optics and Photonics Conference (SBFoton IOPC) (IEEE, 2024).41

Copyright 2024 IEEE.
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dnðxÞ ¼ sg
Ep

Ið0Þ � IðxÞ
x

� �
: (9)

Assuming IðxÞ ¼ I0e�aðnðxÞÞx , where nðxÞ ¼ n0 þ dnðxÞ, we obtain
the transmission for each position as

T ¼ Iout
Iin

¼ IðLÞ
I0

¼ e�aðnðLÞÞL; (10)

where Iout is the output light intensity, Iin is the input light intensity,
and L is the length of the monolayer.

We calculate the coupling between the 2D material and the opti-
cal mode using finite difference time domain (FDTD) simulations. A
transmission monitor was placed 10lm from a dipole positioned at
the center of the waveguide, representing the monolayer exciton,44 to
quantify the fraction of emitted light guided by the waveguide. It is
important to note that we are examining intralayer carriers, oriented
within the plane of the waveguide surface, as depicted in Fig. 5(a).
Figure 5(b) shows that the maximum coupling for the saturable
absorber reached approximately 20% for a waveguide 300 nm thick
and 900nm wide.

Using this 20% coupling in Eq. (10), we determine the transmis-
sion as a function of input intensity for different monolayer lengths.
Figure 5(c) illustrates the expected saturation behavior at various
pump powers, showing that longer devices require higher powers to
reach saturation. For a typical 1T0-MoTe2 membrane of 10lm, satura-
tion can be achieved with only a few microwatts of power.

To validate these predictions experimentally, we transferred a
1T0-MoTe2 monolayer near a bulk flake onto a silicon nitride wave-
guide patterned by e-beam lithography and RIE etching, as shown in
the inset of Fig. 6. Figure 6 presents the measured saturation response
using a CW 1550nm laser, with incident power varied by a digital vari-
able attenuator. For calibration, the same device was measured before
the TMD transfer, so the reported transmission values correspond to
the transmitted power with the 2D material divided by the transmis-
sion in the calibration measurement. This procedure assumes that
insertion losses, primarily due to coupling between the fiber and the
waveguide via grating couplers, remain approximately constant
between measurements.

Fitting the experimental results on Fig. 6, we obtained a satura-
tion power of 0.15(9)lW, which is in reasonable agreement with a
9lm length 1T0-MoTe2. Additionally, the measured transmission

varies from approximately 8% to 36%, rather than reaching 100%.
This partial modulation may be caused by different fiber-to-grating
alignment before and after the transfer, which can affect the insertion
loss estimation. Another possible contributing factor is scattering
caused by the bulk portion of the MoTe2 flake located near the wave-
guide core. Considering the submicrometer mode area of the silicon
nitride waveguide, the corresponding optical intensity is comparable to
that observed in the fiber-tip configuration, confirming that true satu-
rable absorption occurs in the integrated platform. The low saturation
threshold demonstrates that modest optical powers are sufficient to
induce nonlinear absorption, reinforcing the potential of 1T0-MoTe2
as an on-chip nonlinear element—a key requirement for scalable pho-
tonic machine learning architectures.15

We have demonstrated the potential of 1T0-MoTe2 as a saturable
absorber integrated with silicon nitride waveguides, specifically target-
ing applications in photonic neural networks. Through a combination
of experimental transmission measurements and theoretical modeling,
we investigated the absorption characteristics of 1T0-MoTe2 under

FIG. 5. (a) Cross section of the simulated structure with indications: the silicon nitride waveguide in purple, the SiO2 substrate in gray is the dipole on top of the waveguide in
green. (b) Simulation of coupling the dipole radiation with the SiNx waveguide for different thicknesses. (c) Calculated transmission as a function of pump power for different
device lengths. (a) and (c) Reprinted with permission from Volpato et al., “Analysis 1T0-MoTe2 saturable absorber integrated to a silicon nitride waveguide,” in SBFoton
International Optics and Photonics Conference (SBFoton IOPC) (IEEE, 2024).41 Copyright 2024 IEEE.

FIG. 6. Transmission measurement of a monolayer of 1T0-MoTe2 on top of a silicon
nitride waveguide, plotted on a semi-logarithmic scale. The fitted saturation power is
0.15(9) lW. Transmission values are calculated as the ratio between the measured
power after and before the material transfer, representing a relative transmission.
The power in the waveguide was estimated based on the measured insertion loss,
assuming symmetric coupling losses at the input and output grating couplers. Inset:
optical microscopy image of the 1T0-MoTe2 transferred onto the waveguide.
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varying light intensities. The development of a model incorporating
quasi-Fermi level separation and carrier dynamics allowed us to
explain the “second” saturation observed experimentally. This model
was then extended to predict the performance of an integrated satura-
ble absorber device using 1T0-MoTe2. We showed that the coupling
efficiency between the monolayer and the silicon nitride waveguide
could reach up to 20%, and that saturation could be achieved with
only a few microwatts of input power, making it a compact and effi-
cient nonlinear component.
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Estado de S~ao Paulo (FAPESP) through Grant No. 2018/25339-4; and
Air Force Office of Scientific Research (AFOSR) through Grant No.
FA9550-20-1-0002.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Maria Carolina Volpato: Formal analysis (lead); Investigation (lead);
Methodology (lead); Writing – original draft (lead). Henrique G.
Rosa: Methodology (equal). Tom Reep: Methodology (supporting).
Pierre-Louis de Assis: Conceptualization (equal); Funding acquisi-
tion (equal); Supervision (supporting). Newton C. Frateschi:
Conceptualization (equal); Funding acquisition (equal); Supervision
(lead); Writing – original draft (equal).

DATA AVAILABILITY

The data that support the findings of this study are available from
the corresponding author upon reasonable request.

REFERENCES
1Y. LeCun, Y. Bengio, and G. Hinton, “Deep learning,” Nature 521, 436–444
(2015).
2D. Silver, A. Huang, C. J. Maddison, A. Guez, L. Sifre, G. Van Den Driessche, J.
Schrittwieser, I. Antonoglou, V. Panneershelvam, M. Lanctot et al., “Mastering
the game of go with deep neural networks and tree search,” Nature 529, 484–
489 (2016).

3V. Mnih, K. Kavukcuoglu, D. Silver, A. A. Rusu, J. Veness, M. G. Bellemare, A.
Graves, M. Riedmiller, A. K. Fidjeland, G. Ostrovski et al., “Human-level con-
trol through deep reinforcement learning,” Nature 518, 529–533 (2015).

4G. Indiveri, B. Linares-Barranco, T. J. Hamilton, A. v Schaik, R. Etienne-
Cummings, T. Delbruck, S.-C. Liu, P. Dudek, P. H€afliger, S. Renaud et al.,
“Neuromorphic silicon neuron circuits,” Front. Neurosci. 5, 73 (2011).

5P. A. Merolla, J. V. Arthur, R. Alvarez-Icaza, A. S. Cassidy, J. Sawada, F.
Akopyan, B. L. Jackson, N. Imam, C. Guo, Y. Nakamura et al., “A million

spiking-neuron integrated circuit with a scalable communication network and
interface,” Science 345, 668–673 (2014).

6A. F. Benner, M. Ignatowski, J. A. Kash, D. M. Kuchta, and M. B. Ritter,
“Exploitation of optical interconnects in future server architectures,” IBM J.
Res. Dev. 49, 755–775 (2005).

7V. R. Almeida, C. A. Barrios, R. R. Panepucci, and M. Lipson, “All-optical con-
trol of light on a silicon chip,” Nature 431, 1081–1084 (2004).

8J. Wang, F. Sciarrino, A. Laing, and M. G. Thompson, “Integrated photonic
quantum technologies,” Nat. Photonics 14, 273–284 (2020).

9J. Cardenas, C. B. Poitras, J. T. Robinson, K. Preston, L. Chen, and M. Lipson,
“Low loss etchless silicon photonic waveguides,” Opt. Express 17, 4752–4757
(2009).

10P. R. Prucnal and B. J. Shastri, Neuromorphic Photonics (CRC Press, 2017).
11W. Bogaerts, D. P�erez, J. Capmany, D. A. Miller, J. Poon, D. Englund, F.
Morichetti, and A. Melloni, “Programmable photonic circuits,” Nature 586,
207–216 (2020).

12B. J. Shastri, A. N. Tait, T. Ferreira de Lima, W. H. Pernice, H. Bhaskaran, C. D.
Wright, and P. R. Prucnal, “Photonics for artificial intelligence and neuromor-
phic computing,” Nat. Photonics 15, 102–114 (2021).

13J. R. Basani, M. Heuck, D. R. Englund, and S. Krastanov, “All-photonic artifi-
cial-neural-network processor via nonlinear optics,” Phys. Rev. Appl. 22,
014009 (2024).

14J. Garcia-Echeverria, D. Musat, A. Mahsafar, K. Mojaver, D. Rolston, G. Cowan,
and O. Liboiron-Ladouceur, “Self-calibrated microring weight function for neu-
romorphic optical computing,” arXiv:2409.06604 (2024).

15Y. Shen, N. C. Harris, S. Skirlo, M. Prabhu, T. Baehr-Jones, M. Hochberg, X.
Sun, S. Zhao, H. Larochelle, D. Englund et al., “Deep learning with coherent
nanophotonic circuits,” Nat. Photonics 11, 441–446 (2017).

16Q. Bao, H. Zhang, Y. Wang, Z. Ni, Y. Yan, Z. X. Shen, K. P. Loh, and D. Y.
Tang, “Atomic-layer graphene as a saturable absorber for ultrafast pulsed
lasers,” Adv. Funct. Mater. 19, 3077–3083 (2009).

17H. Chen, J. Yin, J. Yang, X. Zhang, M. Liu, Z. Jiang, J. Wang, Z. Sun, T. Guo, W.
Liu et al., “Transition-metal dichalcogenides heterostructure saturable absorbers
for ultrafast photonics,” Opt. Lett. 42, 4279–4282 (2017).

18C. Chen, Z. Yang, T. Wang, Y. Wang, K. Gao, J. Wu, J. Wang, J. Qiu, and D.
Tan, “Ultra-broadband all-optical nonlinear activation function enabled by
MoTe2/optical waveguide integrated devices,” Nat. Commun. 15, 9047
(2024).

19W. Yu, Z. Dong, I. Abdelwahab, X. Zhao, J. Shi, Y. Shao, J. Li, X. Hu, R. Li, T.
Ma et al., “High-yield exfoliation of monolayer 1T’-MoTe2 as saturable absorber
for ultrafast photonics,” ACS Nano 15, 18448–18457 (2021).

20P. Song, C. Hsu, M. Zhao, X. Zhao, T.-R. Chang, J. Teng, H. Lin, and K. P. Loh,
“Few-layer 1T’ MoTe2 as gapless semimetal with thickness dependent carrier
transport,” 2D Mater. 5, 031010 (2018).

21T. Carmon and K. J. Vahala, “Visible continuous emission from a silica
microphotonic device by third-harmonic generation,” Nat. Phys. 3, 430–435
(2007).

22J. S. Levy, M. A. Foster, A. L. Gaeta, and M. Lipson, “Harmonic generation in
silicon nitride ring resonators,” Opt. Express 19, 11415–11421 (2011).

23H. Chen, V. Corboliou, A. S. Solntsev, D.-Y. Choi, M. A. Vincenti, D. De
Ceglia, C. De Angelis, Y. Lu, and D. N. Neshev, “Enhanced second-harmonic
generation from two-dimensional MoSe2 on a silicon waveguide,” Light: Sci.
Appl. 6, e17060 (2017).

24A. Castellanos-Gomez, M. Buscema, R. Molenaar, V. Singh, L. Janssen, H. S.
Van Der Zant, and G. A. Steele, “Deterministic transfer of two-dimensional
materials by all-dry viscoelastic stamping,” 2D Mater. 1, 011002 (2014).

25Y. Liu, N. O. Weiss, X. Duan, H.-C. Cheng, Y. Huang, and X. Duan, “Van der
Waals heterostructures and devices,” Nat. Rev. Mater. 1, 16042 (2016).

26M. Onodera, S. Masubuchi, R. Moriya, and T. Machida, “Assembly of van der
Waals heterostructures: Exfoliation, searching, and stacking of 2D materials,”
Jpn. J. Appl. Phys., Part 1 59, 010101 (2020).

27X. Luo, F. Chen, J. Zhang, Q. Pei, G. Lin, W. Lu, Y. Han, C. Xi, W. Song, and Y.
Sun, “1T-MoTe2 single crystal: A possible topological superconductor,”
arXiv:1602.01549 (2016).

28M. C. Volpato, H. G. Rosa, P.-L. de Assis, and N. Ces�ario Frateschi, “Saturable
absorption in the C-band employing 2D 1T’-MoTe2,” in IEEE Photonics
Conference (IPC) (IEEE, 2023).

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 127, 221103 (2025); doi: 10.1063/5.0292255 127, 221103-6

Published under an exclusive license by AIP Publishing

 05 D
ecem

ber 2025 14:01:25

https://doi.org/10.1038/nature14539
https://doi.org/10.1038/nature16961
https://doi.org/10.1038/nature14236
https://doi.org/10.3389/fnins.2011.00073
https://doi.org/10.1126/science.1254642
https://doi.org/10.1147/rd.494.0755
https://doi.org/10.1147/rd.494.0755
https://doi.org/10.1038/nature02921
https://doi.org/10.1038/s41566-019-0532-1
https://doi.org/10.1364/OE.17.004752
https://doi.org/10.1038/s41586-020-2764-0
https://doi.org/10.1038/s41566-020-00754-y
https://doi.org/10.1103/PhysRevApplied.22.014009
http://arxiv.org/abs/2409.06604
https://doi.org/10.1038/nphoton.2017.93
https://doi.org/10.1002/adfm.200901007
https://doi.org/10.1364/OL.42.004279
https://doi.org/10.1038/s41467-024-53371-6
https://doi.org/10.1021/acsnano.1c08093
https://doi.org/10.1088/2053-1583/aac78d
https://doi.org/10.1038/nphys601
https://doi.org/10.1364/OE.19.011415
https://doi.org/10.1038/lsa.2017.60
https://doi.org/10.1038/lsa.2017.60
https://doi.org/10.1088/2053-1583/1/1/011002
https://doi.org/10.1038/natrevmats.2016.42
https://doi.org/10.7567/1347-4065/ab5ee0
http://arxiv.org/abs/1602.01549
pubs.aip.org/aip/apl


29X. Han, X. Liang, D. He, L. Jiao, Y. Wang, and H. Zhao, “Photocarrier dynam-
ics in MoTe2 nanofilms with 2H and distorted 1T lattice structures,” ACS Appl.
Mater. Interfaces 13, 44703–44710 (2021).

30X. Huang, Y. Su, J. Dong, Z. Zhang, Z. Shen, J. Pei, J. Zheng, and H. Zhan,
“Unveiling distinct ultrafast photocarrier dynamics and tailored nonlinear opti-
cal absorption in phase-engineered two-dimensional MoTe2,” ACS Nano 19,
33644–33654 (2025).

31F. de Freitas, D. Steinberg, H. Rosa, and E. T. de Souza, “Study on the mechani-
cally exfoliated graphene saturable absorption dependence on the number of
layers and its influence on passive mode-locking erbium-doped fiber laser
dynamics,” Opt. Mater. Express 12, 4506–4517 (2022).

32K. Wang, J. Wang, J. Fan, M. Lotya, A. O’Neill, D. Fox, Y. Feng, X. Zhang, B.
Jiang, Q. Zhao et al., “Ultrafast saturable absorption of two-dimensional MoS2
nanosheets,” ACS Nano 7, 9260–9267 (2013).

33S. Wang, H. Yu, H. Zhang, A. Wang, M. Zhao, Y. Chen, L. Mei, and J. Wang,
“Broadband few-layer MoS2 saturable absorbers,” Adv. Mater. 26, 3538–3544
(2014).

34L. Cao, W. Tang, S. Zhao, Y. Li, X. Zhang, N. Qi, and D. Li, “2 lm passively
Q-switched all-solid-state laser based on WSe2 saturable absorber,” Opt. Laser
Technol. 113, 72–76 (2019).

35M. B. Hisyam, M. F. M. Rusdi, A. A. Latiff, and S. W. Harun, “Generation of
mode-locked ytterbium doped fiber ring laser using few-layer black phosphorus
as a saturable absorber,” IEEE J. Sel. Top. Quantum Electron. 23, 39–43 (2017).

36M. Zhang, Q. Wu, F. Zhang, L. Chen, X. Jin, Y. Hu, Z. Zheng, and H. Zhang,
“2D black phosphorus saturable absorbers for ultrafast photonics,” Adv. Opt.
Mater. 7, 1800224 (2019).

37G. P. Agrawal, “Nonlinear fiber optics,” in Nonlinear Science at the Dawn of the
21st Century (Springer, 2000), pp. 195–211.

38H. Huang, X. Fan, D. J. Singh, H. Chen, Q. Jiang, and W. Zheng, “Controlling
phase transition for single-layer MTe2 (M¼Mo and W): modulation of the
potential barrier under strain,” Phys. Chem. Chem. Phys. 18, 4086–4094
(2016).

39D. H. Keum, S. Cho, J. H. Kim, D.-H. Choe, H.-J. Sung, M. Kan, H. Kang, J.-Y.
Hwang, S. W. Kim, H. Yang et al., “Bandgap opening in few-layered mono-
clinic MoTe2,” Nat. Phys. 11, 482–486 (2015).

40M. Fox, Optical Properties of Solids (Oxford University Press, 2010), Vol. 3.
41M. C. Volpato, H. G. Rosa, P.-L. de Assis, and N. C. Frateschi, “Analysis 1T0-
MoTe2 saturable absorber integrated to a silicon nitride waveguide,” in
SBFoton International Optics and Photonics Conference (SBFoton IOPC) (IEEE,
2024).

42N. W. Ashcroft and N. Mermin, “Solid state,” in Physics (Holt, Rinehart and
Winston, New York, 1976).

43At least ANT, Imec and Ligentec offer the process of opening cladding win-
dows to waveguides in their MPW runs.

44L. Liebermeister, “Photonic waveguides evanescently coupled with single NV-
centers,” Ph.D. thesis (LMU, 2015).

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 127, 221103 (2025); doi: 10.1063/5.0292255 127, 221103-7

Published under an exclusive license by AIP Publishing

 05 D
ecem

ber 2025 14:01:25

https://doi.org/10.1021/acsami.1c09698
https://doi.org/10.1021/acsami.1c09698
https://doi.org/10.1021/acsnano.5c12402
https://doi.org/10.1364/OME.473808
https://doi.org/10.1021/nn403886t
https://doi.org/10.1002/adma.201306322
https://doi.org/10.1016/j.optlastec.2018.12.015
https://doi.org/10.1016/j.optlastec.2018.12.015
https://doi.org/10.1109/JSTQE.2016.2532270
https://doi.org/10.1002/adom.201800224
https://doi.org/10.1002/adom.201800224
https://doi.org/10.1039/C5CP06706E
https://doi.org/10.1038/nphys3314
pubs.aip.org/aip/apl

