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ABSTRACT
In this work, we report single- and two-photon absorption (TPA) induced transmission and resonance modulation in a multilayer gallium
selenide (GaSe) integrated silicon nitride (Si3N4) waveguide and ring resonator operating in the 700–800 nm wavelength range. Intensity
dependent saturable absorption at low optical powers followed by TPA at higher power levels in GaSe integrated Si3N4 waveguides is observed
at 785 nm pulsed laser excitation. A TPA coefficient of 0.117 cm/GW for the GaSe–Si3N4 composite waveguide and a three-photon absorption
coefficient of 7.876 × 10−6 cm3/GW2 for the bare Si3N4 waveguide are extracted from intensity dependent transmission measurements. The
single-photon absorption process induced by a blue laser incident on the multilayer GaSe transferred on top of the Si3N4 ring resonator
is used for all-optical resonance tuning through the free-carrier refraction effect. A strong blue shift of the resonance by ∼12.3 pm/mW
combined with resonance broadening is observed due to the free-carrier induced refractive index and absorption modulation. The TPA in the
GaSe integrated Si3N4 ring resonator is also shown to result in a blue shift of the resonances excited using a 785 nm pulsed laser. This work
demonstrates the all-optical control of 2D material integrated Si3N4 guided-wave structures operating in the shorter near-infrared wavelength
range with potential applications in integrated quantum photonics, miniaturized sensing devices, and biomedical imaging.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0149950

I. INTRODUCTION

Silicon nitride (Si3N4) on silicon dioxide (SiO2) is consid-
ered as a promising material platform for realizing integrated
photonic devices across a broad transparency window spanning
visible to mid-infrared, with applications in chemical/biological
sensing,1 miniaturized medical probes,2 quantum photonic cir-
cuits,3 etc. Low-loss Si3N4 integrated optics leverages the mature
silicon compatible fabrication processes, with demonstration of var-
ious high-quality passive devices, such as waveguides, interferome-
ters, resonators, and photonic circuits.4,5 The lack of light emission,
detection, efficient modulation, and switching capabilities still lim-
its the gamut of active optical functionalities that can be realized

using this platform.6 Low-loss, long Si3N4 waveguides and high-
quality factor resonant structures have been utilized to boost the
inherent weak nonlinear optical properties of Si3N4 for realizing
efficient nonlinear functionalities, such as supercontinuum gener-
ation,7 wavelength conversion,8 parametric amplification,9 and fre-
quency comb generation.10 Thermo-optic modulation using Si3N4
guided-wave structures11 and piezo-electric tuning of suspended
Si3N4 waveguides12 have also been demonstrated, albeit at low mod-
ulation speeds (few kHz to MHz). There is also interest in the hetero-
geneous integration of III–V gain media,13 silicon photodetectors,14

and lithium niobate based second-order nonlinear optical media15

on Si3N4 guided-wave structures. Such heterogeneously integrated
devices rely on precise wafer bonding to integrate the active medium
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on top of prefabricated Si3N4 photonic structures with careful con-
sideration of the mismatch in mechanical and thermal properties of
the two materials.

Another promising route to heterogeneous integration is the
addition of two-dimensional (2D) layered materials on top of Si3N4
guided-wave structures for realizing active optical functionalities.
Two-dimensional materials in metallic, semiconducting, or insulat-
ing form exhibit robust linear16 and nonlinear optical properties,17,18

making them promising candidates for realizing active photonic
devices. 2D materials can be integrated onto photonic structures
using simple dry transfer19,20 or large area deposition21,22 tech-
niques. Enhanced Kerr effect, spectral broadening, and four-wave
mixing (FWM) have been reported from 2D material integrated
guided-wave structures, such as graphene oxide,23–27 graphene,28,29

molybdenum disulfide (MoS2),30–33 and tungsten disulfide (WS2),34

with underlying silicon and Si3N4 waveguides. An FWM conversion
efficiency enhancement by 9.5 dB from a graphene oxide inte-
grated Si3N4 waveguide23 and 4 dB from a MoS2 integrated silicon
waveguide33 and a fivefold increase in the Kerr coefficient from a
gallium sulfide flake integrated Si3N4 micro-ring resonator35 have
been reported. Phase shifters and intensity modulators based on the
integration of MoS2 with Si3N4 micro-ring resonators have also been
reported.36 It is pointed out that most of the previous reports on 2D
material integrated guided-wave structures are for end-applications
in the telecommunication wavelength range. There is a clear and
compelling need to extend such hybrid active photonics devices
beyond the communication wavelength bands into visible, shorter
near-infrared, and mid-infrared wavelengths.

With this motivation, we report single- and two-photon
absorption (TPA) based all-optical control of transmission and
resonance characteristics in a multilayer gallium selenide (GaSe)
integrated Si3N4 waveguide and ring resonator operating in the
shorter near-infrared wavelength range (700–800 nm). GaSe is a
semiconducting monochalcogenide with an indirect bandgap of
∼2 eV,37 making it a promising material for realizing photonic
devices across a wide transparency window. The ε-polytype of GaSe
belonging to the D3h point group exhibits strong layer independent
second- and third-order optical nonlinearities.38,39 In this paper, we
first measure intensity dependent absorption processes in multi-
layer GaSe integrated Si3N4 waveguides using 785 nm pulsed laser
excitation. We observe saturable absorption due to the filling of
band-edge defect states at low optical intensity levels followed by
two-photon absorption (TPA) due to two-photon induced band-
to-band transition at higher optical intensities. A TPA coefficient
of 0.117 cm/GW for the GaSe–Si3N4 composite waveguide and a
three-photon absorption coefficient of 7.876 × 10−6 cm3/GW2 for
the bare Si3N4 waveguide are extracted from intensity dependent
transmission measurements. Single-photon absorption induced by
a blue laser selectively incident on the GaSe flake on top of the
Si3N4 ring resonator is used to demonstrate all-optical tuning of
the resonances through the free-carrier refraction effect. The mea-
sured blue shift of the resonance of ∼12.3 pm/mW and the associated
resonance broadening are used to extract the free-carrier induced
refractive index and absorption modulation. TPA in the GaSe inte-
grated Si3N4 ring resonator is also used to demonstrate spectral
tuning of resonances using 785 nm pulsed laser excitation. The
experimental study in this work is aimed at demonstrating all-optical
control of 2D material integrated Si3N4 photonic devices operating

in the shorter near-infrared wavelength with potential applications
in sensing, biomedical imaging, and quantum photonics.

II. DEVICE FABRICATION AND 2D
MATERIAL TRANSFER

The starting wafer for the fabrication of the Si3N4 waveguides
is a silicon substrate with a 2 μm thick SiO2 layer as the bottom
cladding and a 350 nm Si3N4 waveguiding layer. The SiO2 and
Si3N4 layers are deposited using the low-pressure chemical vapor
deposition (LPCVD) technique, with near stoichiometric Si:N com-
position. The starting sample is first cleaned in a piranha solution
(3:1 of H2SO4:H2O2) followed by spin coating of hexamethyldisi-
lazane (HMDS) for promoting adhesion. The waveguides and ring
resonator structures are patterned using electron beam lithography
(Raith e-LiNE) with a ma-N 2403 resist as the mask. The patterns are
subsequently transferred onto a Si3N4 film using the plasma-assisted
reactive ion etching (RIE) with oxygen and trifluoromethane (CHF3)
gas chemistry. Subsequently, grating couplers are written using e-
beam lithography with alignment to the underlying layer and etched
using RIE with a PMMA 950 A4 resist as the mask.

For transferring GaSe flakes on top of the fabricated waveguides
and ring resonators, the multilayer GaSe (source material from 2D
Semiconductors, Inc., USA) is first exfoliated using a polydimethyl-
siloxane (PDMS) sheet. Suitable flakes with a thickness of less than
20 nm are identified using a zoom lens setup through visual con-
trast. Using a dry transfer setup,40 the flakes are carefully aligned
to overlap with the waveguide or ring resonator and subsequently
transferred by pressing the PDMS sheet onto the prefabricated
structures.

III. EXPERIMENTAL STUDIES
A. Two-photon absorption measurements in GaSe
integrated silicon nitride waveguides

The optical image of a Si3N4 waveguide of length 550 μm is
shown in Fig. 1(a) after the transfer of GaSe flakes (indicated by the
gray shaded contour). A zoomed-in view of the waveguide with the
GaSe flakes is shown in Fig. 1(b) with two small flakes covering a
total waveguide length of 35.2 μm with an ∼8 μm separation. The
flake thickness in Fig. 1(b) is measured to be ∼16 nm using atomic
force microscopy (AFM), which corresponds to ∼18 to 19 layers.
The cross-sectional scanning electron microscopy (SEM) image of
the waveguide with the measured dimensions of 350 × 530 nm2

and the top-view SEM image of the grating coupler are also shown
in Figs. 1(c) and 1(d), respectively. The gratings are designed for
optimum coupling of horizontally polarized light to the transverse
electric (TE) mode of the waveguide. The measured dimensions of
the grating are as follows: pitch = 487 nm, duty cycle = 50%, and etch
depth = 180 nm. The grating of size 10 × 25 μm2 gradually tapers to
the intended waveguide width of 530 nm through an intermediate
tapered section of 200 μm length.

Simulated mode profiles with and without the GaSe flake
obtained using the Lumerical finite difference time-domain
(FDTD)41 are shown in the inset of Fig. 1(e). The GaSe flake is found
to roll off along the side walls over a length of 150 nm as seen in
the top-view SEM image shown in Fig. S1 of the supplementary
material. The modal area before and after the addition of ∼16 nm
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FIG. 1. (a) Optical image of the waveguide with multilayer GaSe transferred on top. (b) Zoomed-in view of the waveguide with the overlapping GaSe region highlighted. The
AFM line scan of the GaSe flake corresponding to the region marked by arrow is also shown. (c) Cross section SEM image of the waveguide. (d) Top-view SEM image of
the grating coupler with the dimensions indicated. (e) Measured peak power at the output of the waveguide as a function of input peak power, with and without the GaSe
flake. A schematic of the waveguide and GaSe flake with the linear, two-photon, and three-photon absorption coefficients considered in each segment is shown as an inset.
The simulated TE-mode field profiles of the waveguide with and without GaSe are shown as an inset (f) Ratio of the input to output power as a function of input peak power.
The optical power measured at the input fiber tip and output fiber tip are considered here to calculate the peak power.

thick GaSe flake is calculated to be 0.086 and 0.095 μm2, respec-
tively. Introducing the multilayer GaSe results in a slight increase
in the mode field distribution as the optical mode overlaps with the
higher refractive index of the GaSe layer (n ∼ 2.8). The correspond-
ing field overlap with the GaSe layer is calculated to be ∼2.32%. The
Raman spectrum from the multilayer GaSe flake transferred onto the
Si3N4 photonic structure is shown in Fig. S2 of the supplementary
material.

The orientation of the flake with reference to the waveguide
is determined using the polarization dependent second-harmonic
generation (SHG) and third-harmonic generation (THG) measure-
ments on the GaSe flake on top of the waveguide. This is shown
in Fig. S3 of the supplementary material. The SHG polar plot
shows a characteristic sixfold symmetry as expected for GaSe with
a hexagonal lattice with the orientation of its armchair axis at
50○ to the waveguide long axis. The angular offset between the 2D
material and waveguide does not affect the third-order nonlinear
optical process as seen from the polarization independence of the
THG response. The same polarization independence is expected for
the two-photon absorption process as well due to its third-order
nonlinear optical origin.

Loss measurements performed on the straight waveguides in
the absence of the 2D material using the cut-back method with
low-power continuous-wave excitation (785 nm center wavelength
and 5.6 mW power) resulted in propagation and coupling losses of
3.5 dB/cm and 3.8 dB per coupler section, respectively. These data
are shown in Fig. S4 of the supplementary material. In the presence

of the GaSe flake on top of the waveguide, the overall insertion loss
increased by 1.2 dB. The excess loss measurements were performed
for only one GaSe flake transferred onto the Si3N4 waveguide due to
the difficulty in obtaining multiple such samples of distinct length,
similar thickness, and flake adhesion. This prevented the separation
of the excess loss into coupling and propagation losses.

For optical power dependent transmission measurements, a
pulsed laser source (frequency doubled OPO, APE GmbH) with
100 fs pulse width, 80 MHz repetition rate, and 785 nm center
wavelength is coupled into the waveguide using the grating cou-
pler. The input power coupled into the waveguide is varied, and the
average out-coupled power is measured using a powermeter (Thor-
labs, S120C). This measurement is repeated for the same waveguide
before and after the transfer of the multilayer GaSe flake. The cou-
pling losses under low-power pulsed excitation are found to increase
by an additional 2.3 dB per coupler, which can be attributed to small
perturbations to the fiber tip under pulsed excitation and wavelength
response of the grating coupler. The optical spectra at the input and
output of the waveguide both in the absence and in the presence
of the GaSe flake for three different average power levels are shown
in Fig. S5 of the supplementary material. A slight reduction in the
spectral widths is observed at the output of the waveguide for low
incident powers. This is mainly attributed to the offset in the grating
coupler transmission relative to the input excitation spectrum and
spectral modulations due to the self-phase modulation effect. With
increasing incident power, the spectral width increases at the output
of the waveguide closely following the input spectral characteris-
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tics. This points to the grating coupler not significantly altering the
light coupling. Negligible spectral broadening observed at the out-
put of the Si3N4 waveguides can be ascribed to the short length of
the waveguide considered here, their normal dispersion properties
(refer to Fig. S6 of the supplementary material), and the inherently
weak Kerr optical nonlinearity. The spectra are found to be unaltered
in the presence of the GaSe flake. The top-view optical image of the
waveguide with the coupled light propagating along the waveguide
is shown in Fig. S7 of the supplementary material.

Figure 1(e) shows the variation in the out-coupled peak opti-
cal power as a function of input peak optical power measured at
the output and input fiber tips, respectively. The out-coupled power
is found to noticeably saturate in the presence of the GaSe layer
in comparison with the waveguide without the GaSe layer. The
saturation of transmission in the presence of the 2D material is
attributed to enhanced multiphoton absorption, in particular, two-
photon absorption.42,43 Figure 1(f) shows the ratio of the input to
output power, R = Pin

Pout
, as a function of varying input peak opti-

cal power (Pin). For the case of the Si3N4 waveguide without the
GaSe flake, the power ratio shows a slight super-linear increase with
increasing input power. This increase in the power ratio is attributed
to three-photon absorption (3PA) occurring in the Si3N4 waveguide.
The large bandgap observed for stoichiometric LPCVD Si3N4 (∼3.25
eV44 and even higher45) results in negligible TPA at the excita-
tion wavelength with the observed nonlinear absorption attributed
to the 3PA process. In the presence of the GaSe layer, the power
ratio shows a very different behavior with an initial decrease fol-
lowed by an increase. This is attributed to saturable absorption due
to the filling of defect states at low power levels followed by reverse
saturable absorption due to the multiphoton absorption process at
higher power levels. A similar trend has previously been reported
in intensity dependent absorption measurements from stand-alone
TMDC (transition-metal dichalcogenide) flakes46 but, to the best of
our knowledge, not reported in waveguide integrated 2D materials.

The TPA and 3PA coefficients can be quantitatively extracted
from the power ratio plots. The evolution of the peak optical power
along the waveguide in the presence of linear absorption, saturable
absorption, TPA from the GaSe integrated section, and 3PA from
the bare Si3N4 waveguide can be modeled using the following
differential equation:42,47

dP
dz
= −
⎛
⎝

α + Δα
1 + P

Psat

⎞
⎠

P − βTPA−SiN−GaSe

aeff
P2 − γ3PA−SiN

a2
eff

P3, (1)

where P(z) denotes the optical power along the waveguide and
α and Δα refer to the linear propagation losses from the bare Si3N4
waveguide and any excess propagation loss due to the transferred
2D material, respectively. βTPA–SiN–GaSe and γ3PA–SiN refer to the TPA
coefficient of the waveguide with the GaSe flake on top and 3PA
from the bare Si3N4 waveguide, respectively, with the effective modal
area given as aeff .

The above model ignores the effect of free-carrier absorption
(FCA),48 which is pronounced for pulsed excitation when the free-
carrier lifetimes are longer than the temporal separation of the
optical pulses, thereby resulting in carrier accumulation between
successive pulses. Carrier lifetimes as short as 25 ps have been
reported for monolayer 2D materials,49–51 which increase to ∼1 ns
for multilayer 2D materials.49 In the context of multilayer GaSe with

tens of nm thickness, the carrier lifetimes reported are in the range
of 150–300 ps.50 These numbers are much smaller in comparison
with the period of the incident optical pulses (12.5 ns), thereby jus-
tifying the omission of FCA in this model and considering only
multiphoton absorption processes.

The determination of TPA and 3PA coefficients for the two
small GaSe flakes integrated on top of a small section of the Si3N4
waveguide requires Eq. (1) to be solved considering the spatial vari-
ation of optical nonlinearities for the different sections, as indicated
in the lumped model shown in the inset of Fig. 1(e). For light propa-
gation along the waveguide, we consider the linear propagation loss
and 3PA in the waveguide sections without the GaSe flake (α ≠ 0,
Δα = 0, and γ3PA–SiN ≠ 0) and linear propagation losses, TPA, and
3PA in the waveguide sections with the GaSe flake (α ≠ 0, Δα ≠ 0,
βTPA–SiN–GaSe ≠ 0, and γ3PA–SiN ≠ 0). We also consider an additional
coupling loss at the beginning and end of the GaSe section of the
waveguide due to possible mode mismatch. Optical nonlinearities
are considered in the tapered waveguide sections but are ignored for
the two grating couplers. This is due to the lower optical intensity of
light incident on the gratings when compared to the straight wave-
guide, the short length scale of the grating section, and negligible
field enhancement within the gratings due to the use of broadband,
low quality factor resonant coupler design. This is further discussed
in Fig. S8 of the supplementary material. We numerically solve
Eq. (1) to estimate the TPA and 3PA coefficients that result in the
best fit for the R vs Pin plot shown in Fig. 1(f). The quality of the
fit for the experimental data is quantified using a mean square error
(MSE) metric, defined as 1

N∑
N
i=1 (Rexpt − Rfit)

2, with N referring to
the number of data points fitted.

For the Si3N4 waveguide without the GaSe layer, the 3PA
coefficient for the bare Si3N4 waveguide is extracted as 7.876
× 10−6 cm3/GW2. The corresponding fit to the experimental data
points is shown in Fig. 1(f) as the green solid curve. The 3PA coeffi-
cient for the guided-wave structure can be related to that of the bulk
medium using the following overlap integral:

γ3PA−SiN = γ3PA−SiNbulk

∬ h,w
0,0 ∣E(x, y)∣2dxdy

∬ ∞,∞
−∞,−∞∣E(x, y)∣2dxdy

, (2)

where γ3PA−SiNbulk and γ3PA–SiN denote the 3PA coefficient of the bulk
Si3N4 and Si3N4 waveguides, respectively, and h and w are the height
and width of the waveguide, respectively. A similar approach has
been used to calculate the refractive index change due to self-phase
modulation in the context of optical fibers.52 Considering the modal
overlap with the Si3N4 waveguide core (80.1%), the 3PA coefficient
of bulk Si3N4 is obtained as 9.832 × 10−6 cm3/GW2.

We also perform an analytical fit to the 3PA data in the case of
the uniform cross section Si3N4 waveguide without the GaSe flake
by solving Eq. (1) in the presence of propagation losses and 3PA
coefficient terms only. The analytical solution to the above equa-
tion relating the power ratio, R, and the 3PA coefficient, γ3PA–SiN,
is obtained as

R2 =
1 + γ3PA−SiN

a2
eff

P2
inL(2)eff

exp (−2αL) , (3)
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with L(2)eff given as 1−exp (−2αL)
α for a waveguide length of L. The ana-

lytical expression can be solved considering a piecewise uniform
waveguide to model the tapered section. The piecewise uniform
waveguide model for the tapered section and the corresponding
3PA coefficient extracted are shown in Fig. S9 of the supplementary
material. We compare the numerical fit to an analytical model
(black dashed curve) in Fig. 1(f), with the value of γ3PA–SiN obtained
as 7.793 × 10−6 cm3/GW2. A very good agreement is obtained
between the experimental data, numerical fit, and analytical fit,
pointing to the accuracy of the parameter extraction using the
numerical fitting procedure.

For the Si3N4 waveguides in the presence of the GaSe flake, the
initial decrease in the power ratio due to saturable absorption fol-
lowed by a subsequent increase due to two-photon absorption can be
numerically fitted by including all the terms in Eq. (1) with the 3PA
coefficient value for the bare Si3N4 waveguide obtained above. The
best fit that minimizes the MSE is shown in Fig. 1(f) by the brown
solid curve. The extracted values for βTPA–SiN–GaSe, Psat , Δα, and cou-
pling loss into the GaSe section are 0.117 ± 0.05 cm/GW, 95 ± 5 W,
70 ± 2 dB/mm, and 0.175 ± 0.043 dB, respectively. The uncertain-
ties in the parameters are obtained by considering the variation in
the measured optical power of ∼1%. The numerical fit that mini-
mizes the MSE is found to follow the experimental trend with very
good agreement for the TPA part of the data and some deviation
observed for the saturable absorption region. Nonetheless, the power
evolution model shown in Eq. (1) is found to capture the essential
physics of the intensity dependent transmission process. The TPA
coefficient of the stand-alone GaSe flake can be obtained using the
following overlap integral:

βTPA−SiN−GaSe = βTPA−GaSe
∬ h′ ,w′

0,0 ∣E(x, y)∣2dxdy

∬ ∞,∞
−∞,−∞∣E(x, y)∣2dxdy

, (4)

where βTPA–GaSe and βTPA–SiN–GaSe denote the TPA coefficients for the
bulk GaSe and GaSe-on-Si3N4 waveguides, respectively, and h′ and
w′ are the height and width of the GaSe flake, respectively. The ratio
of the two integrals in Eq. (4) represents the overlap factor of the
optical mode with the GaSe layer, which is estimated to be ∼2.32%.
The TPA coefficient for the stand-alone GaSe flake is extracted to be
βTPA–GaSe = 5.0425 ± 0.215 cm/GW. The value of the TPA coefficient
is in very good agreement with the previous reports of TPA from a
bulk GaSe crystal in the near-infrared wavelength range.53,54

The GaSe flake is found to exhibit a significant excess absorp-
tion loss in the shorter near-infrared wavelength range due to the
presence of defect states within the bandgap. Losses of the same
order of magnitude have previously been reported for multilayer
MoS2 on silicon waveguides.55,56 The defect states subsequently get
filled up with increasing optical intensity, resulting in the observed
saturable absorption behavior.55 The saturable absorption effect
has previously been reported in few-layer GaSe57 and multilayer
TMDC47 by performing Z-scan measurements and has also been
used to demonstrate mode-locking in fiber lasers.55,56

B. Single-photon absorption induced resonance
tuning in GaSe integrated silicon nitride
ring resonator

The multilayer GaSe flake is also transferred on top of Si3N4
ring resonators using the procedure described in Sec. II. The optical
image of the Si3N4 ring resonator with a ring-to-waveguide spacing
and coupling length of 110 nm and 1.6 μm, respectively, is shown
in Fig. 2(a). The GaSe flake on top of the ring resonator is shown in
the optical image of Fig. 2(a). A zoomed-in view of a portion of the
ring with the transferred GaSe flake (highlighted by the gray shaded
region) is shown in Fig. 2(b) with an AFM line scan (at the location
indicated by the arrow) showing a flake thickness of ∼15 nm. The

FIG. 2. (a) Optical image of the ring resonator with the GaSe flake transferred on top. (b) Zoomed-in view of the ring with the overlapping GaSe region highlighted. The AFM
line scan across the region indicated by the solid line is also shown. (c) Ring resonator spectra without (red curve) and with (blue curve) the GaSe flake. (d) Zoomed-in view
of one of the resonances [indicated by the dashed box in (c)] and the corresponding resonance fit shown by the dashed–dotted curves. The Q-factor and spectral width are
also shown for the two resonances.
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GaSe flake covers ∼35.1 μm of the length of the ring resonator as
measured using the optical image.

A super-luminescent diode (SLD) (QPhotonics, QSDM-780-
15D) spanning 770–805 nm wavelength is used as the excita-
tion source to measure the resonances. A polarization controller
is used to maximize light coupling through the grating coupler
for the straight waveguides with the same settings used for the
ring resonator measurements. The resonance spectra are acquired
using a fiber-coupled optical spectrum analyzer (OSA, Yokogawa,
AQ6370). Figure 2(c) shows the spectra of the ring resonator without
(red curve) and with (blue curve) the GaSe flake. Figure 2(d) shows
a zoomed-in view of one of the resonances [denoted by the dashed
box in Fig. 2(c)]. The spectral width is measured as 48 and 55 pm
full width at half maximum (FWHM), with the corresponding qual-
ity factor (Q-factor) calculated as 16 790 and 14 349, respectively.
The small reduction in Q-factor in the presence of the GaSe flake is
attributed to the increase in linear losses.55,56 The resonance contrast
is, however, found to improve slightly in the presence of GaSe, which
is attributed to the change under coupling condition in the presence
of the 2D material.55,56 The top-view optical image of the ring res-
onator with the light coupled from the bus waveguide is shown in
Fig. S7 of the supplementary material.

For single-photon absorption studies, a continuous-wave blue
laser at 450 nm is focused on the GaSe flake using a 10×/0.28
NA objective lens through the side port of the zoom lens system
(No. 89-888, in-line illumination, Edmund Optics) used for visualiz-
ing the ring resonators during testing. The spot diameter of the blue
laser beam is estimated to be ∼2 μm on the GaSe flake. Figure 3(a)
shows the resonance spectra measured for varying blue laser powers

(Pb). Figure 3(b) shows a zoomed-in view of one of the resonances
[indicated by the dashed rectangle box in Fig. 3(a)]. The blue shift
of the resonance wavelength is observed with increasing blue laser
power. Figure 3(c) shows the plot of resonance wavelength (λres) for
the chosen resonance with increasing blue laser power (data points)
and the corresponding linear fit (solid lines). The resonance shift is
measured both before (red data points) and after (blue data points)
the transfer of the GaSe flake. The resonance wavelength shift with
increasing blue laser power is estimated to be −12.3 pm/mW. For
the measurements in the absence of the GaSe flake, a much smaller
red shift of +0.9 pm/mW slope is observed. Figure 3(d) shows the
change in Q-factor with increasing blue laser power for the chosen
resonance. The Q-factor is found to exhibit a small but measurable
decrease from the maximum value of 1.45 × 104–1.23 × 104 with
an increase in the blue laser power. The other resonances that are
measured over the SLD wavelength range also exhibit a very similar
change in the resonance wavelength and Q-factor with increasing
blue laser power and hence are not explicitly shown here.

The blue shift observed in the resonances with blue laser
excitation is attributed to the free-carrier refraction effect due to
single-photon absorption induced free carriers.58 This results in the
modulation of the refractive index within the ring segment with the
GaSe flake. In the absence of the GaSe flake, a small red shift is
observed in the resonances, which is attributed to the thermo-optic
effect55,56 due to local heating of the resonator. With increasing blue
laser power incident on the GaSe flake, free-carrier refraction effects
dominate over thermal effects, resulting in a dominant blue shift
of the resonance. The single-photon absorption process also results
in increased free-carrier absorption for the SLD light guided along

FIG. 3. (a) Si3N4 ring resonator resonance spectra shown as a function of varying blue laser power. (b) Zoomed-in view of one of the resonances indicated by the dashed
rectangular box in (a). (c) Variation in the resonance wavelength as a function of increasing blue laser power in the presence (blue data points) and absence (red data points)
of the GaSe flake on top of the ring resonator. The linear fit to the data points is shown by the solid lines. (d) Variation in the extracted Q-factor of the resonances as a function
of increasing blue laser power. The linear fit to the data points is also shown.
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the ring resonator. This blue laser power dependent absorption pro-
cess leads to resonance broadening and an overall reduction in the
Q-factor of the resonances.

We extract the free-carrier induced refractive index and
absorption change as a function of the blue laser power. A schematic
of the ring resonator with a GaSe flake and incident blue laser is
shown in Fig. 4(a). We consider the ring resonator to be divided
into three segments, with segments 1 and 3 without the GaSe flake
(lengths L1 and L3) with identical effective indices (neff 1 = neff 3)
and absorption coefficients (α1 = α3). Segment 2 of length L2 with
the GaSe flake on top is considered to have a modified effec-
tive index (neff 2 = neff 2−o + ΔnFC) and an absorption coefficient
(α2 = α2−o + ΔαFC). ΔnFC and ΔαFC refer to the free carrier induced
change in the refractive index and absorption coefficient, respec-
tively, in segment 2. The transmission characteristic of the ring
resonator is given as59

T = a2 + r2 − 2ar cos ϕ
1 + a2r2 − 2ar cos ϕ

, (5)

where a and r refer to the loss factor and self-coupling coefficient,
respectively. The total phase shift, ϕ, and total loss factor, a, are
defined as

ϕ = ϕ1 + ϕ2 + ϕ3, (6)

a = a1a2a3, (7)

where the phase shifts for the individual section are given as
ϕi = 2πneffi

λres
Li and the loss factor for the individual section written as a

function of propagation loss is a2
i = e−αiLi .

From the optical image of the GaSe flake of the integrated
Si3N4 ring resonator shown in Fig. 2(a), we extract L1 = 140 μm,
L2 = 35.1 μm, and L3 = 141.8 μm. Figure 2(d) shows the theoretical fit
(dashed–dotted curves) to the experimentally measured resonances
with good fit obtained for (r, a) of (0.877, 0.784) and (0.846, 0.762)
in the absence and presence of GaSe, respectively. The decrease in
the self-coupling coefficient is observed in the presence of the GaSe
flake, which is attributed to the modification in the waveguide-to-
ring coupler during the dry transfer process. The decrease in the
loss factor is used to extract the excess loss in the presence of the
GaSe flake, which is ∼0.247 dB. It is pointed out that the excess
loss in the presence of the GaSe flake for the straight waveguide
(∼1.2 dB) is higher than that for the ring resonator for similar cover-
age length and thickness. This is attributed to possible differences in
the adhesion of the flake to the two devices during the dry transfer
process, resulting in a reduced interaction of the optical mode with
the GaSe flake for the ring resonator and increased on-resonance
optical power within the ring, resulting in a small reduction in linear
losses due to saturable absorption. Figure 4(b) shows the theoret-
ical fit (solid curves) to the measured resonance spectra for two
different blue laser powers, which is used to extract the effective
refractive index and absorption within the ring. Figures 4(c) and
4(d) show the change in the effective index and absorption coef-
ficient for all the ranges of incident blue laser powers considered.
With increasing blue laser power, the effective refractive index of
the ring 2D material section decreases due to single-photon absorp-
tion induced free-carrier refraction, which results in the observed
blue shift of the resonance.58 The absorption coefficient obtained for
the ring 2D material section increases due to associated free-carrier
absorption.

FIG. 4. (a) Schematic of the Si3N4 ring resonator with the GaSe flake integrated showing the three different segments along the ring. (b) The measured resonance spectra
(data points) and theoretical fit (solid curves) for an incident blue laser power of 0 mW (pink curve), 8.2 mW (green curve), and 12.7 mW (blue curve). (c) Extracted effective
refractive index change as a function of increasing blue laser power. (d) Extracted absorption coefficient change as a function of increasing blue laser power. The black lines
shown in (c) and (d) are the linear fits to the data points.
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C. Two-photon absorption induced resonance tuning
in GaSe integrated silicon nitride ring resonator

For the multiphoton absorption experiments, we use a Si3N4
ring resonator with a ring-to-waveguide spacing of 115 nm, a
coupling length of 1.6 μm, and an ∼14 nm thick GaSe flake dry-
transferred on top of the ring. The optical image of the ring and a
zoomed-in view of the region with three small GaSe flakes on top are
shown in Figs. 5(a) and 5(b), respectively. The AFM image indicat-
ing the thickness of the GaSe flake is shown as an inset in Fig. 5(b).
The freshly exfoliated GaSe flake is transferred on top of the ring
resonator for these experiments rather than using the same devices
as in Sec. III B to ensure that the optical properties of the GaSe are
not modified due to continuous ambient exposure.60 The GaSe flake
is found to break down into three smaller sections during the dry
transfer process as shown in the optical image of Fig. 5(b). This can
result in increased coupling losses but still exhibit resonance tuning
due to multiphoton absorption. The pulsed light source used for the
two-photon absorption studies discussed in Sec. III A is used here
as the excitation source to measure the resonance spectra at varying
input power levels. The excitation pulse width used here is shorter
than the cavity round trip time. The out-coupled light is expected to
show cavity ring down-like temporal characteristics with an expo-
nential decay of the train of pulses. The Fourier transform of such
a pulse train still shows resonance features in the spectral domain
similar to the continuous wave or long pulse excitation.61 The

resonance spectra and their power dependence measured using an
OSA are shown in Fig. 5(c). The measured resonance spectra show
clear resonance characteristics from the ring resonator with a promi-
nent oscillatory background due to the multiple spectral modes of
the pulsed excitation source used. The comparison of the incident
pulsed laser source and the ring resonator spectra is shown in Fig.
S9 of the supplementary material. At low incident power levels, the
Q-factors extracted from the resonance profiles are in the range of
8.5 × 103–1.5 × 104, which are comparable to the measurements
shown in Fig. 2 under SLD excitation. This shows that the inherent
oscillatory behavior of the pulsed excitation source has a negligible
effect on the measured ring resonator resonances.

A zoomed-in view of one of the resonances denoted by the
dashed rectangular box is shown in Fig. 5(d). The change in the reso-
nance wavelength with increasing power is shown in Fig. 5(e) both in
the absence and in the presence of GaSe flake on top of the ring res-
onator. In the absence of the GaSe flake, a red shift in the resonance
wavelength with a slope of 0.141 pm/mW is observed. The small red
shift is attributed to the thermo-optic effect62 from the pulsed input
excitation, similar to the single-photon absorption case shown in
Fig. 3(c). In the presence of the GaSe flake, a slight red shift compara-
ble to the above case followed by a strong blue shift of the resonances
is observed. The slope of the observed blue shift is estimated to
be −0.4755 pm/mW. This blue shift of the resonances is attributed
to the two-photon absorption induced free-carrier refraction effect

FIG. 5. (a) Optical image of the ring resonator with GaSe transferred on top. (b) Zoomed-in view of the ring with the overlapping GaSe region highlighted. (c) Ring resonator
resonance spectra shown as a function of varying input power. (d) Close-up view of one of the resonances. (e) Change in the resonance wavelength as a function of varying
input power with (blue data points) and without (red data points) GaSe on the ring. The solid lines indicate the linear fit to the data.
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resulting in the modulation of the refractive index within the ring
structure.58 As expected, the blue shift of the resonances due to two-
photon absorption is smaller in comparison with the single-photon
absorption studies discussed previously. The measured resonance
spectra exhibit spectral shifts and do not show any spectral distor-
tion or bistability with increasing two-photon absorption strength.63

This points to the nonlinear absorption process being significant to
cause the spectral shift but still weak enough to not result in spec-
tral distortion or hysteresis over the range of incident optical powers
used in this study.

IV. CONCLUSIONS
In this work, we have presented single- and multiphoton

absorption studies in multilayer GaSe integrated Si3N4 waveguides
and ring resonator structures. GaSe is a promising layered material
with strong optical nonlinearities, making it attractive for realizing
active optical functionalities when integrated with a Si3N4 inte-
grated photon platform in the shorter near-infrared wavelength
range. A straight waveguide integrated with multilayer GaSe exhibits
saturable absorption at low power levels followed by two-photon
absorption at higher power levels. A TPA coefficient of 0.117
cm/GW for the GaSe–Si3N4 composite waveguide and a 3PA coef-
ficient of 7.876 × 10−6 cm3/GW2 for the bare Si3N4 waveguide are
obtained from intensity dependent transmission measurements. The
multiphoton absorption process in such hybrid waveguide struc-
tures can find potential applications as on-chip saturable absorbers,
optical power limiters,64 and multiphoton detectors.65 Ring res-
onators integrated with multilayer GaSe are used to demonstrate
single- and multiphoton absorption induced resonance tuning.
Single-photon absorption induced resonance tuning is achieved
using a blue laser incident on top of GaSe to include free-carrier gen-
eration using the band-to-band absorption. Free-carrier refraction
and absorption effects result in a strong blue shift of the resonance
and a reduction in the Q-factor as a function of increasing blue
laser power. The two-photon absorption induced resonance tun-
ing is achieved using a near-infrared pulsed laser coupled to the
Si3N4 waveguide. The resonance tuning mechanisms studied here
are particularly promising for realizing all-optical control of light
for optical modulation and switching applications.66 The present
study is aimed at studying the effect of single- and two-photon
absorption induced modulation of optical properties in Si3N4 inte-
grated photonic devices in the presence of 2D materials. A further
improvement to the optical losses67 and Q-factor of the resonant
structures68 is expected to boost the overall efficiency of all-optical
control in such devices, which would be useful for transition-
ing from these proof-of-concept demonstrations to useful device
applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details on the follow-
ing: the SEM image of the waveguide with multilayer GaSe on top,
Raman spectra, and second and third harmonic generation images of
the GaSe flake on top of the Si3N4 waveguide; the cut-back measure-
ments of the Si3N4 waveguide with and without the GaSe flake; the
measured optical spectra at the input and output of the waveguide

with and without the GaSe flake; the simulated dispersion profile
of the Si3N4 waveguide with and without GaSe on top; the optical
image of light coupling into the Si3N4 waveguide and ring resonator;
the simulated electric field of the light coupled into the waveguide
through the grating coupler, estimate of the optical intensity of
the light incident on the grating coupler and waveguide section;
the piecewise uniform waveguide model for the tapered section and
its effect on the extracted 3PA coefficient from the Si3N4 waveguide
and measured optical spectra for the pulsed laser source used in the
two-photon absorption studies; and the measured optical spectra of
the pulsed excitation and the ring resonator resonances.
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