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All optical modulation in vertically 
coupled indium tin oxide ring 
resonator employing epsilon 
near zero state
Swati Rajput 1*, Vishal Kaushik 2, Prem Babu 3, Suresh K. Pandey 3 & Mukesh Kumar 3,4

We present an innovative approach to achieve all-optical modulation within an ITO-based vertically 
coupled ring resonator. This method leverages the material’s enhanced nonlinear response in the 
near-infrared wavelengths, particularly within the epsilon-near-zero (ENZ) state. To enhance the 
interaction between light and the material while minimizing scattering losses, our approach employs 
an ITO-based vertically connected ring resonator. The vertical arrangement eliminates the need for 
etching fine gaps to separate the ring and bus waveguide. The novel waveguide design addresses 
the necessity of high sensitivity, non-linear effects and compact size opening the possibilities for 
all-optical signal processing. This unique resonator structure effectively facilitates the coupling of a 
high-intensity pump wavelength into the ITO-based micro-ring resonator. Consequently, this optical 
pumping induces electron heating within the ITO material, leading to a significant increase in its 
nonlinear optical properties. This, in turn, results in a noteworthy alteration of ITO’s refractive index, 
specifically in the unity order, thereby modifying the complex effective index of the optical beam 
propagating at 1550 nm. Our experimental findings demonstrate an impressive extinction ratio of 
18 dB for a 30 µm long device, which highlights the efficiency of our approach in achieving all-optical 
modulation through the optical pumping of an ITO-based vertically coupled ring resonator. The 
proposed all-optical modulator has outperformed as compared to conventional waveguide-based 
modulators in terms of extinction ratio and footprint. This novel technique holds immense potential 
for advancing high-speed data communication systems in the future. As the demand for advanced 
processing capabilities, such as artificial intelligence, continues to grow, all-optical modulation 
emerges as a groundbreaking technology poised to revolutionize the next generation of computing 
and communication systems.

Empowering Data at the Speed of Light: Optical Modulators Illuminate the Future. The greatest potential and 
assurance of photonics is to counteract the inherent limitations of electronics, including bandwidth and device 
heating. Numerous notable advances in this area focus solely over the use of light like an information carrier, 
laying the groundwork for light-based systems that will have a significant influence of lowered energy usage 
and competent efficiency1–4. The most popular method for providing active control of light is electro-optical 
modulators5,6. Indeed, the performance of pure Silicon-based optical modulators has increased significantly 
in recent years, most notably the bandwidth, which has now approached the GHz range. But since we clearly 
know that optical networks have unending demands, it is still uncertain whether Si alone can achieve the neces-
sary performance parameters. The weak electro-optic effect, unstable thermo-optical effect, huge device size, 
and significant propagation losses are still problems for pure Si-based modulators or hybrid Si-based optical 
modulators including plasmonic or another electro-optic material. Despite being used in industry, they have 
constrained bandwidth and high-power consumption due to the significant electronics involved7–9. To achieve 
a highly efficient and fully customizable control of optical states at scales much below the diffraction limit of 
electromagnetic radiation, novel, inexpensive, and energy-efficient solutions must be developed10,11.
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Recently, All-optical modulation has received considerable interest due to its ability to circumvent the speed 
and heat generation issues enforced by electro-optical modulators12–14. At the same time, all-optical signal 
processing is frequently viewed as a game-changing technology for the upcoming generation of computing 
and communication devices especially with the introduction of new computational requirements like artificial 
intelligence15–17. Accordingly, nonlinear optics is frequently employed these days in a variety of photonic devices, 
for implementing all-optical data modulation18,19. In perspective of potential implementation, the performance 
of these all-optical modulators employing nonlinear optics depends on extinction ratio (expressed as the con-
trast between "ON" and "OFF" states) and device footprint1,7. However, many a times these device applications 
are restricted by weak light matter interaction, with many of the incorporated materials displaying incredibly 
low optical nonlinearity20–23. As a result, the device exhibits low extinction ratio, high power consumption and 
a large device footprint making on-chip integration difficult. Furthermore, most optical modulation materials 
and geometry are inconsistent with conventional complementary metal–oxide–semiconductor manufacturing 
techniques24–28.

Henceforth, material and device engineering can be done while taking into mind the CMOS compatible 
process to achieve the necessary performance metrics, i.e., high extinction ratio and small device footprint. 
Regarding tailoring the material properties for achieving efficient all-optical modulation, Epsilon-near-zero 
(ENZ) materials have awhile back received much interest, not just for their exciting linear properties, but mostly 
for their large optical nonlinearities29–31. Furthermore, a portion of ENZ materials, transparent conductive 
oxides (TCO’s), illustrate near-infrared resonance frequencies, suggesting the possibility of integrated telecom 
applications29–34. Indium tin oxide (ITO) is a potential TCO which has shown to undergo a refractive index 
change of order unity when a thin film is optically pumped35–42. ITO absorbs photons with energies less than 
the bandgap via carrier absorption in its conduction band. Photon absorption causes hot-electron redistribution 
near the Fermi surface, resulting in a change in the real and imaginary permittivity components, resulting in 
optical nonlinearity of ITO30–32.

Micro ring resonance-based modulators have emerged as a valuable innovation in device engineering, 
especially when it comes to shrinking the size of optical modulators while maintaining their efficiency. These 
modulators are built around a fundamental concept that enhances their performance: the utilization of micro-
ring resonators43–47. Unlike traditional single-pass devices, where light traverses the waveguide once, micro 
rings create a closed-loop optical path, allowing the light to circulate within the ring multiple times. This cyclic 
pathway introduces a crucial element into the design: each time the light circulates through the ring, it interacts 
with the surrounding material. This repetitive interaction significantly strengthens the coupling between the 
light and the material, leading to enhanced light-matter interaction. This confinement of light within the micro 
ring allows it to interact with the material over a longer path, amplifying the opportunities for nonlinear optical 
effects and modulation48–50.

The primary highlight of the present invention is all-optical modulation, which is thought to be of greater 
interest due to its ability to avoid the speed and heat generation issues imposed by electro-optical modulators. 
We propose an approach for all-optical modulation in an ITO based vertically coupled ring resonator employing 
the enhanced nonlinear response across the ENZ state of ITO in near infrared wavelength. The novel design of 
ITO based vertically coupled ring resonator is incorporated in the proposed work to circumvent the scattering 
losses and to enhance the light matter interaction enhancing sensitivity, non-linear effects, and compactness. 
The elimination of the need for fine gap etching between the ring and bus waveguide by employing a vertically 
coupled design is a significant departure from conventional approaches. The proposed structure allows the effi-
cient coupling of high intensity pump wavelength into the ITO based micro-ring resonator, and thus this opti-
cal pumping in ITO will lead to electron heating accompanied by higher value of nonlinear optical parameters 
resulting in the change of effective mass because of the non-parabolic electron dispersion. This effect further 
leads to a change in overall refractive index of ITO in the unity order resulting in the modification of complex 
effective index of the propagating optical beam at 1550 nm. Efficient all-optical modulation is experimentally 
realized by optical pumping the ITO based vertically coupled ring resonator and a high extinction ratio of 18 dB 
for 30 µm long device is reported. The manuscript comprehensively addresses several key aspects. It begins by 
elucidating the design of the proposed device, including its modelling, which considers fabrication tolerances. 
The modelling of the vertically coupled ring resonator is done employing Lumerical Mode and Finite Differ-
ence Time Domain (FDTD) Solutions and Device. Subsequently, the paper delves into the material processing 
phase and discusses the practical realization of the nonlinear optical constants of ITO. An optimization of the 
ITO’s carrier concentration at different oxygen partial pressure is realized to attain epsilon near zero state. The 
non-linear optical constants are also measured by incorporating Z-scan measurements. Then the fabrication 
of the proposed structure is discussed which done employing ion beam sputtering, mask less lithography, and 
etching. And finally comprehensive discussions on all-optical measurements is done. Furthermore, it is worth 
mentioning here that this concept is first of its kind, incorporating vertically coupled ring resonator for realiz-
ing all-optical modulation with a simple fabrication process. We have not incorporated any of the conventional 
methods or device design to attain efficient all-optical modulation. The previously reported optical modulators 
are solely based on electro-optic effect and thermo-optic effect. The device design of such optical modulators 
usually incorporated p-i-n, pn junction geometry in Si or metal–oxide–semiconductor structure. The MOS type 
optical modulator usually leads to high propagation losses whereas the p-i-n geometry leads to slower device 
speed. The reported mechanism is of interest for the future high-speed data communication systems.
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Proposed device design and analysis
A n-type ITO based vertically coupled ring resonator is designed to operate at 1550 nm. In the proposed micro-
ring resonator, light is coupled into the ring waveguide via evanescent field coupling from the bus waveguide 
with a vertical coupled configuration. The structure is built on a silicon-on-insulator (SOI) substrate with 220 nm 
device layer thickness, 2 μm buried oxide (BOX) layer thickness, and 700 μm handle layer thickness. In order to 
avoid light leakage in Si caused by the tendency of light to propagate in materials with higher refractive indices, 
500 nm of SiO2 is positioned above the SOI substrate. Figure 1 depicts the ITO based vertically coupled ring 
resonator, where ITO’s bus waveguide is placed above the silicon dioxide (SiO2) layer. The ITO’s ring waveguide 
is placed just above the bus waveguide. SiO2 has actually been placed next to the bus waveguide to support the 
ring waveguide. For attaining the proper working of micro ring resonator, we first design the ITO’s bus waveguide 
dimension such that only a single mode can be supported. The ring-resonator and bus waveguide are developed 
in an all-pass racetrack configuration with a ITO bus and ring of width w = 1.4 µm and thickness (tITO) = 1 µm. 
The ITO racetrack ring resonator has a radius of 3.6 µm with a straight coupling region (Coupling Length) of 
2 µm. The proposed vertically coupled racetrack ring resonator has zero coupling gap.

The modal and field-propagation assessments of the ITO based ring-resonator are performed using the 
Lumerical Finite Finite difference-eigenmode and Finite-difference time-domain (FDTD) solutions, with the 
absolutely matched layer boundary settings. The proposed waveguide supports the fundamental TE-mode across 
near infrared wavelength. The structure parameters are thoroughly optimized to have a good evanescent cou-
pling between bus and ring waveguide and to assure the on and off resonance states. For vertically coupled ring 
resonators, the lateral offset between the bus and the ring waveguides play an important role in determining the 
efficiency of the evanescent light coupling process. The inset in Fig. 1 exhibits the two-dimensional mode profile 
in the ITO’s bus waveguide and optical field propagation through vertically coupled ITO based racetrack ring 
resonator at on and off resonance respectively. The optical beam of resonant wavelength is efficiently coupled 
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Figure 1.   (a) Schematic representation of an engineered ITO based vertically coupled ring resonators in all-
pass composition with a ITO bus and ring of width w = 1.4 µm and thickness (ITO) = 1 µm. The ITO racetrack 
ring resonator has a radius of 3.6 µm with a straight coupling region of 2 µm. The proposed vertically coupled 
racetrack ring resonator has zero coupling gap and length. The inset-on left shows the optical field propagation 
through ring resonator at on and off resonance. The inset on right exhibits the two-dimensional schematic of 
the device with optical mode. (b) The scanning-electron-microscope outlook of the top-view of the fabricated 
ITO based vertically coupled racetrack ring resonator along with the on-chip input and output grating coupler. 
(c) The zoomed scanning-electron microscopic image of top-view of the vertically coupled ITO based racetrack 
ring resonator.
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to the ring by optimizing the lateral offset. The optical waves in the ring create a round trip phase shift with an 
intensity equal to an integer multiplied by 2π, after which the waves constructively interfere, resulting in the 
resonance state. Figure 2(a) exhibits the optical spectrum at the through port of the ring structure at different 
ITO’s rib width varying from 1 to 1.8 µm with a rib thickness of 1 µm. The transmission exhibits resonant behav-
ior at multiple wavelengths ranging from 1.4 to 1.8 µm. The highest transmission is attained at the rib width 
of 1.4 µm. Figure 2(b) depicts the transmission characteristics where the Fullwidth-half-maximum (FWHM) 
of 8 nm and Full Spectral Range (FSR) of 45 nm is determined and finesse calculated is FSR/FWHM = 5.625. 
To calculate the group delay in the ring structure, the time monitor is placed at the through port, the field data 
extracted from a time monitor and a Fourier transform is performed. The phase information is extracted after 
the Fourier transform and subsequently the derivative is taken to generate the group delay. The group delay of 48 
psec is attained for 30 μm long device. Because light passes through the waveguide multiple times, the large group 
delay is achieved, allowing for better interaction than a conventional rib waveguide. The ring, which is connected 
to a bus waveguide, traps light independently, increasing the optical path length and light matter interaction.

In the proposed structure, we have also carried out the fabrication tolerance analysis with respect to the 
coupling length and gap of the racetrack resonator. The coupling length directly affects the resonance wave-
length of the ring resonator. A properly chosen coupling length can enhance the interaction between light and 
matter within the ring resonator. This increased interaction is beneficial for various optical signal processing 
applications, including modulation, switching, and sensing. Figure 2(c) depicts the optical transmission spec-
trum for different coupling length for the rib width of 1.4 µm. The highest transmission has been attained for 
the coupling length of 2 µm. The lateral offset between the bus and ring plays a critical role in determining the 
efficient light guidance in the structure. Parallelly, the lateral offset between bus and ring indeed enacts in the 
fabrication process as well. Thus, the fabrication tolerance of the device with respect to the lateral offset has been 
computationally checked. Figure 2(d) exhibits the optical transmission spectrum considering the lateral offset 

Figure 2.   (a) exhibits the optical spectrum at the through port of the ring structure at different ITO’s rib width 
varying from 1 to 1.8 µm with a rib thickness of 1 µm. (b) exhibits the highest transmission attained at the 
rib width of 1.4 µm. The transmission characteristics also show the Fullwidth-half-maximum (FWHM) and 
Full Spectral Range (FSR) of the proposed vertically coupled racetrack ring resonator. (c) exhibits the optical 
transmission for different coupling length at the rib width of 1.4 µm. (d) exhibits the optical transmission 
spectrum considering the lateral offset in the ring waveguide with respect to bus waveguide.
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in the ring waveguide with respect to bus waveguide. The transmission spectrum shows that the device design 
efficiently couples the light from bus to ring with an offset of ± 30 nm.

Material analysis and calculation of nonlinear optical constants of ITO
The creation of materials whose refractive index can be significantly altered by a low-power optical field has long 
been an aim in nonlinear optics. These materials should ideally work with current CMOS fabrication processes. 
Amid of various materials, ITO is CMOS compatible and has ability to undergo a refractive index change of 
order unity when a thin film is optically pumped. Simple logic reveals that for a change in permittivity �ε , the 
change in refractive index �n of ITO is denoted as �n = �ε/(2

√
ε ). As the permittivity decreases, we observe 

that this change increases, indicating that ITO’s epsilon near-zero (ENZ) frequencies should result in significant 
nonlinear optical characteristics.

In this section, we’ve examined how the ENZ condition at telecommunication wavelengths influences ITO’s 
improved optical nonlinearity. First, we experimentally confirmed the ENZ state of ITO. In order to determine 
the permittivity of ITO at 1550 nm wavelength for various ITO’s carrier density, we deposited ITO on thermally 
oxidized SOI wafer as well as quartz substate using ion beam sputtering and then conducted hall effect and 
ellipsometry measurements.

A commercially available 99.99% pure ITO’s ceramic target is used to carry out deposition on respective 
substrates by varying the oxygen partial pressure from 0.2 sccm to 0.7 sccm and Argon partial pressure is kept 
constant at 40 sccm. The background and working pressures are set at 5.7E−7 mbar and 7.5E−3 mbar respectively, 
while the ion-beam voltage and power are fixed at 180 V and 40 W, respectively. Deposition happens at a speed 
of 0.5 Å/s. After the deposition, on every quartz substrate the hall-effect measurement has been performed to 
estimate the carrier density of ITO. The ITO deposited at the lower oxygen flow rate of 0.2 sccm exhibited the 
metallic behaviour with a carrier density of about 1.178 × 1021/cm3 and the ITO deposited at the higher oxygen 
flow rate of 0.7 sccm exhibited the carrier density of 4.4 × 1020/cm3. The optical constants of the deposited ITO 
sample are measured using a J. A. Woollam M-2000 DI spectroscopic ellipsometer because it can characterize 
thin films quickly and accurately across a wide spectroscopic range. For three different angles of 65°, 70°, and 75°, 
VASE data are extracted. The VASE data is fitted with an ITO general-oscillator model, and the associated optical 
attribute of ITO i.e. Real part of the permittivity are discovered. The fit is strengthened by a mean-square error of 
4.33, the originality of the calculated thickness parameter, thickness matching from deposition, and these factors 
combined. Figure 3 depicts the real part of permittivity with respect to different carrier density of ITO at a wave-
length of 1550 nm. At the carrier density between 6 × 1020/cm3 to 7 × 1020/cm3, the real component of permittivity 
rapidly declines and comes close to zero. The ENZ state is identified as the wavelength when the permittivity is 
very close to zero. The deposited ITO layer has a real permittivity of ITO is 0.6 at 1550 nm at the carrier density 
of 6.5 × 1020/cm3, as shown in Fig. 3. Thus, ENZ state has been attained at the operating wavelength.

After attaining the ENZ state, Z-scan measurements have been done on the ITO sample exhibiting ENZ state 
i.e. the one having the carrier density of 6.5 × 1020/cm3 to calculate the nonlinear optical constants. To determine 
the nonlinear optical parameters, Z-scan proves to be the most versatile technique. From Z-scan technique we 
can examine the nonlinear absorption coefficient as well as nonlinear refractive index. Figure 4(a) exhibits the 
Z-scan setup which consists of tunable intense near infrared laser source, beam expander assembly, sample 
holder, lens, photodetector, and a digital power meter. In Z-scan experiment, a gaussian laser beam in a tight 
focused geometry is used to measure the transmittance of the deposited ITO sample as a function of the sample 
position (z) measured with respect to focal plane. Z-scan measurement has been performed in two ways viz open 
aperture and closed aperture z-scan measurement. In open aperture measurement, all the transmitted light is 
collected to the detector using a convex lens of large aperture to measure the nonlinear absorption coefficient of 
ITO. The measured normalized transmittance T (z) as a function of distance from the beam focus is then fitted 

Figure 3.   ITO optical attribute i.e., Plot of the real part of ITO permittivity as a function of ITO’s carrier density 
at � = 1550 nm with shaded region exhibiting epsilon near zero state in ITO.
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using nonlinear curve fitting. For curve fitting, we define the normalized transmittance in open aperture by the 
equation:T(z) =

∑∞
m=0

[−q0(z)]m

(m+1)
3
2

 ; q0(z) < 1 . Here z is sample position, m is integer, q0(z) is the fitting parameter 

denoted as.
q0(z) = βI0Leff /(1+ z2

z2R
) and Leff =

[

1−exp(−α0L)
α0

]

. Here β, I0, Leff being the nonlinear absorption coefficient, 
laser light radiance at focal point and effective length of the ITO deposited sample respectively. Knowing the value of 
q0 from the theoretical fit of the experimental data, we have calculated the nonlinear absorption coefficient at different 
intensities of light. Figure 4(b) exhibits the nonlinear absorption coefficient of ITO at different laser intensities. With 
the increasing laser intensity there is decrease in the nonlinear absorption coefficient of ITO.

In closed aperture measurement, only the on-axis light is allowed to enter the detector to determine the 
nonlinear refractive index of deposited ITO. We have measured the normalized transmittance as a function of 
distance near the focal region of the lens. Under close aperture Z-scan condition, the normalized transmittance 
as a function of distance is denoted as: T(x,�∅0) =

(

1+ 4�∅0x

(x2+1)(x2+9)

)

 . Here x is the dimensionless sample 
position given by z/zR , �∅0 represents the induced phase shift denoted as �∅0 = n2I0Leff  , where n2 is the 
nonlinear refractive index and k is propagation vector. Using the above equation in nonlinear curve fitting �∅0 
is theoretically obtained. Using �∅0 , the nonlinear refractive index n2 of deposited ITO sample is calculated at 
different laser intensities. Figure 4(c) exhibits the nonlinear absorption coefficient of ITO at different laser 
intensities. With the increasing laser intensity there is increase in the nonlinear refractive index of ITO.

The main cause of the observed nonlinearity in Fig. 4(b) and (c) is the laser-induced electron heating, which 
changes the conduction-band electrons’ energy distribution. Two things set ITO’s hot-electron-induced optical 
nonlinearity at ENZ wavelengths apart from noble metals under infrared irradiation. First, as previously stated, 
the ENZ region always has a bigger nonlinear change in refractive index than non-ENZ regions for a given 
change in permittivity. Second, compared to a noble metal like gold, the free-electron heat capacity of ITO is 
lower. As a result, the difference in ITO’s refractive index and the increase in the free-electron temperature over 
the Fermi temperature are substantially bigger. The nonlinear response of ITO at ENZ wavelengths can result 
in variations in its refractive index that are greater than the linear refractive index for sufficiently high optical 
intensities. This alteration of ITO’s refractive via intense optical pumping opens gateways for the realization of 
efficient all-optical modulation in vertically coupled ITO based racetrack ring resonator.

Device fabrication
The fabrication of the vertically coupled ITO based racetrack ring resonator started with a conventional clean-
ing of the SOI wafer. After the wafer cleaning, ion beam sputtering is employed for the deposition of 500 nm of 
SiO2 using a commercially available SiO2 target. The deposition is carried out at a Argon partial pressure of 30 
sccm with ion beam voltage of 100 V and power 20 W. Followed by this, a 1 µm thick ITO is deposited at oxygen 
partial pressure of 1 sccm and Argon partial pressure of 30 sccm. The ITO’s deposition parameters remain the 

Figure 4.   (a) Schematic exhibits the Z-scan setup which consists of tunable intense near infrared laser source, 
beam expander assembly, sample holder, lens, photodetector, and a digital power meter. (b) Plot exhibits the 
nonlinear absorption coefficient of ITO at different laser intensities. (c) Plot exhibits the nonlinear absorption 
coefficient of ITO at different laser intensities.
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same as mentioned in Section III. Further for the patterning of rib waveguide in ITO along with the input and 
output coupler, a positive photoresist S1813 is spin coated at 4000 rpm for 45 s followed by baking of photoresist 
at 115℃ for 60 s. Then PICOMASTER maskless lithography is employed for exposing the wafer with the desired 
mask of bus waveguide (width 1.4 µm) with proper alignment marks and couplers. The photolithography is 
performed with a dose of 100 µC/cm2, accelerating voltage of 10 kV and spot size of 300 nm. After the exposure 
the wafer is developed in 100% concentrated solution for 40 s. After development sample is post baked at 110℃ 
for 30 min. Then ITO is wet etched HCl Aqueous solution (4:1 HCl to DI water volumetric ratio, where HCl is 
the standard 37% HCl Solution) to attain the desired depth of 1 µm in bus waveguide. The etch rate for the wet 
etching of ITO is calculated as ≈ 48 nm/min. Moving ahead SiO2 is deposited on the sideways of bus waveguide 
to give the height to the ring waveguide utilizing a metal mask. Again, the same ITO deposition is carried out 
followed by photolithography to transfer the pattern of racetrack ring waveguide (over the bus waveguide with 
precise alignment marks. desired dimension of ring waveguide (radius of 3.6 µm with a straight coupling region 
of 2 µm). And again, the ITO’ wet etching has been carried out to attain the desired depth in ring waveguide. 
Figure 1(b) exhibits the scanning electron microscopic image of the fabricated vertically coupled ring resonator 
with alignment marks.

All optical measurements
Figure 5 displays a schematic illustration of the all-optical measuring system (a). The system includes a polariza-
tion controller, a microscope, a tunable intense near-infrared laser source as a pump, a high-resolution optical 
spectrum analyzer, and a laser source with a wavelength of 1527–1566 nm as a probe. The optical mode at the 
input grating coupler of the device under test, an ITO-based vertically coupled racetrack ring resonator, is 
excited by the fiber-optic output from the probe laser source. A single-mode lensed fibre at the opposite end of 
the device is used to gather the transmitted light. The input and output single-mode lensed fibres are oriented 
at a 10° angle with respect to the surface normal of the test device in order to maximize the coupled power. In 
order to increase the nonlinearity of the material, an intense tunable infrared laser pump is projected from the 
top over the ITO’s ring resonator. ITO’s nonlinear optical constants will change when the pump wavelength is 
applied from above at various intensities because laser-induced electron heating alters the energy distribution of 
the conduction-band electrons. Due to this modification in ITO’s refractive index, the complex effective index 
of the propagating optical beam at 1552 nm will be modulated.

Figure 5(b) exhibits the measured change in the transmission spectrum at different laser intensities. With the 
increasing laser intensities there is an increase in the transmission through the ring resonator at 1552 nm. From 
Fig. 5(c) we have observed an extinction ratio of 18 dB for 30 µm long device. So, in the suggested all-optical 
ITO based ring resonator, a high extinction ratio with a small footprint has been achieved.

Figure 5.   (a) displays a schematic illustration of the all-optical measuring system. The system includes a 
polarization controller, a microscope, a tunable intense near-infrared laser source as a pump, a high-resolution 
optical spectrum analyzer, and a laser source with a wavelength of 1527–1566 nm as a probe. (b) Plot exhibits 
the measured change in the transmission spectrum at different laser intensities. (c) Plot depicts an extinction 
ratio of 18 dB for 30 µm long device.
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Since ITO’s nonlinear absorption coefficient is decreasing and its nonlinear refractive index is rising with 
increasing optical intensity, the rise in transmission with increasing laser intensity is explained by both of these 
phenomena. As a result, the described method for achieving effective all-optical modulation in a vertically 
coupled ITO-based racetrack resonator constitutes a workable substitute for alternative, less effective Si and 
LiNbO3 state-of-the-art optical modulators. We have not incorporated any of the conventional methods or device 
design to attain efficient all-optical modulation. The previously reported optical modulators are solely based on 
electro-optic effect and thermo-optic effect. The device design of such optical modulators usually incorporated 
p-i-n, pn junction geometry in Si or metal–oxide–semiconductor structure. The MOS type optical modulator 
usually leads to slower device speed.

Table 1 presents a comparative analysis of the proposed all-optical modulator in terms of the extinction ratio 
(ER) and the physical size of the device, considering other works in the field of optical modulation. Our current 
work is juxtaposed with existing devices, including the ITO-based MOS modulator, the conventional Si-ITO 
heterojunction-based intensity modulator.

Notably, our all-optical modulation approach showcases competitive performance in both extinction ratio 
and device footprint. Consequently, our work introduces an appealing alternative to state-of-the-art optical 
modulators. It’s important to highlight that our approach employs a novel ring resonator design to achieve 
resonance-enhanced optical confinement without the need for metallic components or plasmonic interactions.

In contrast, many photonic designs often incorporate techniques like surface plasmon excitation or ring 
resonators to enhance light-matter interactions for efficient optical systems and devices. While surface plasmon 
polaritons (SPP) can significantly enhance the optical field at the metal–dielectric interface, they suffer from 
limited propagation distances, which restrict their practical usability. Various strategies have been developed to 
extend SPP propagation, but this often comes at the cost of reduced field enhancement, resulting in a trade-off 
between light-matter interaction and optical losses. Henceforth, our novel ring resonator design for all-optical 
modulation leverages the nonlinear properties of ITO, enabling effective light-matter interaction without the 
need for metals or incurring optical losses and simplifies the fabrication process, making it more cost-effective 
and accessible. This approach holds promise for a wide range of high-speed applications.

Conclusions
Efficient all-optical modulation is experimentally realized by optical pumping the ITO based vertically coupled 
ring resonator and a high extinction ratio of 18 dB for 30 µm long device is reported. This is an innovative 
approach for attaining all-optical modulation by employing the enhanced nonlinear response across the ENZ 
state of ITO in near infrared wavelength. The vertically coupled ring resonator is incorporated in the proposed 
work to circumvent the scattering losses and to enhance the light matter interaction. To achieve epsilon near 
zero, the ITO carrier concentration is optimized at different oxygen partial pressures. Detailed material engi-
neering has been carried out in order to explore material whose refractive index can be significantly altered by a 
low-power optical field, which has been a goal in nonlinear optics. It is worth mentioning here that this concept 
is the first of its kind, incorporating vertically coupled ring resonator for realizing all-optical modulation with 
a simple fabrication process. The proposed technique holds a great promise for the development of high-speed 
data communication systems in the future. The device and material engineering used in this study places a strong 
emphasis on the creation and testing of the photonic devices, which offers significant benefits for the Internet 
of the Things due to their power efficiency, low cost, increased intelligence, and smaller size. One-of-a-kind 
optical modulation is made possible by the employed vertically coupled ring resonator using the ENZ state of 
ITO. In conclusion, all-optical modulation has enormous potential for the development of computing and com-
munication technology, especially for addressing the computational challenges offered by artificial intelligence. 
It is a game-changing technology with the potential for ultra-high-speed processing, increased bandwidth and 

Table 1.   Comparison of the performance of the proposed device with state-of-the-art devices in terms of ER 
and linear device footprint.

Material Device Configuration Linear Footprint (µm) Extinction ratio ER (dB)

ITO39 Multiple Si-ITO heterojunctions based subwave-
length grating in a rib waveguide 80 24

Si41 Hybrid plasmonic waveguide 1 1

ITO42 Hybrid waveguide based on Si-ITO heterojunction 1000 7

Graphene51 Stereo Graphene Microfiber Structure Not Available 7.5

Graphene52 Plasmon Enhanced Graphene All-Optical Modula-
tor 12 3.5

ITO53 Grating based All-Optical Modulator Not Available 6.45

Lithium Niobate (LiNbO3)54 Mach–Zehnder modulator 7000 8

Si55 Mach–Zehnder modulator 3000 3

ENZ-Si56 ITO-HfO2-silicon metal–oxide–semiconductor 
(MOS) capacitor with ITO 1 0.1

Graphene57 Monolayer graphene on Si bus waveguide 1 0.1

Graphene58 Double-layer graphene on Si bus waveguide 1 0.16

ITO [This Work] Vertically Coupled Micro-Ring Resonator 30 18
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capacity, improved energy efficiency, and the ability to enable new computing paradigms that could revolution-
ize a variety of industries and applications while enhancing the capabilities of AI systems and making it easier 
to realize complex computational tasks.

Data availability
All data generated or analyzed during this study are included in this published article [and its supplementary 
information files].

Received: 5 July 2023; Accepted: 8 October 2023

References
	 1.	 Zhen, C. et al. Ultrafast all-optical switching. Adv. Opt. Mater. 5, 1600665 (2017).
	 2.	 Riccardo, M., Lacava, C., Carroll, L., Gradkowski, K. & Minzioni, P. Coupling strategies for silicon photonics integrated chips. 

Photonics Res. 7, 201–239 (2019).
	 3.	 Mehdi, A. & Krishnamoorthy, A. V. Energy-efficient communication. Nat. Photonics 5, 268–270 (2011).
	 4.	 Lars, T. & Wosinski, L. Integrated photonics in the 21st century. Photonics Research 2, 75–81 (2014).
	 5.	 Reed, G. T., Mashanovich, G., Gardes, F. Y. & Thomson, D. Silicon optical modulators. Nat. Photonics 4, 518–526 (2010).
	 6.	 Xu, Q., Schmidt, B., Pradhan, S. & Lipson, M. Micrometre-scale silicon electro-optic modulator. Nature 435, 325–327 (2005).
	 7.	 Lie, K., Ye, C. R., Khan, S. & Sorger, V. J. Review and perspective on ultrafast wavelength-size electro-optic modulators. Laser 

Photonics Rev. 9, 172–194 (2015).
	 8.	 Ye, C., Khan, S., Li, Z. R., Simsek, E. & Sorger, V. J. λ-size ITO and graphene-based electro-optic modulators on SOI. IEEE J. Sel. 

Top. Quantum Electron. 20, 40–49 (2014).
	 9.	 Xu, M. & Cai, X. Advances in integrated ultra-wideband electro-optic modulators. Opt. Express 30, 7253–7274 (2022).
	10.	 David, T. et al. Roadmap on silicon photonics. J. Opt. 18, 073003 (2016).
	11.	 Gramotnev, D. K. & Bozhevolnyi, S. I. Plasmonics beyond the diffraction limit. Nat. Photonics 4, 83–91 (2010).
	12.	 Mohammad, T. & Cai, W. All-optical control of light in micro-and nanophotonics. ACS Photonics 6, 1082–1093 (2019).
	13.	 Haitao, C., Wang, C., Ouyang, H., Song, Y. & Jiang, T. All-optical modulation with 2D layered materials: status and prospects. 

Nanophotonics 9, 2107–2124 (2020).
	14.	 Wei, Li. et al. Ultrafast all-optical graphene modulator. Nano Lett. 14, 955–959 (2014).
	15.	 Xu, M. et al. Reconfigurable neuromorphic computing: materials, devices and integration. Adv. Mater. 2023, 2301063 (2023).
	16.	 Christian, K., Jacome, L., Poulton, C., Leuthold, J. & Freude, W. Nonlinear silicon-on-insulator waveguides for all-optical signal 

processing. Opt. Express 15, 5976–5990 (2007).
	17.	 Dorren, H. J. S. et al. Optical packet switching and buffering by using all-optical signal processing methods. J. Lightw. Technol. 21, 

2–12 (2003).
	18.	 Juerg, L., Koos, C. & Freude, W. Nonlinear silicon photonics. Nat. Photonics 4, 535–544 (2010).
	19.	 Cassan, E., Grillet, C., Neshev, D. N. & Moss, D. J. Nonlinear integrated photonics. Photonics Res. 6, 1–2 (2018).
	20.	 Rahim, A. et al. Taking silicon photonics modulators to a higher performance level: state-of-the-art and a review of new technolo-

gies. Adv. Photonics 3, 024003 (2021).
	21.	 Bogaerts, W., Fiers, M. & Dumon, P. Design challenges in silicon photonics. IEEE J. Sel. Top. Quantum Electron. 20, 1–8 (2014).
	22.	 Tang, C. K. & Reed, G. T. Highly efficient optical phase modulator in SOI waveguides. Electron. Lett. 31, 451–452 (1995).
	23.	 Hu, T. et al. Silicon photonic platforms for mid-infrared applications [Invited]. Photonics Res. 5, 417 (2017).
	24.	 Baek, J., You, J.-B. & Yu, K. Free-carrier electro-refraction modulation based on a silicon slot waveguide with ITO. Opt. Express 

23, 15863 (2015).
	25.	 Rajput, S., Kaushik, V., Jain, S. & Kumar, M. Slow light enhanced phase shifter based on low-loss silicon-ITO hollow waveguide. 

IEEE Photonics J. 11, 1–8 (2019).
	26.	 Sun, S. et al. Hybrid Silicon and Lithium Niobate Modulator. IEEE J. Sel. Top. Quantum Electron. 27, 1–12 (2020).
	27.	 Rajput, S., Kaushik, V., Jain, S. & Kumar, M. Slow-light-assisted electrical tuning in hollow optical waveguide via carrier depletion 

in silicon and indium tin oxide subwavelength gratings. J. Opt. Soc. Am. B 37, 2360–2365 (2020).
	28.	 Yu, S., Xiaoqin, Wu., Wang, Y., Guo, X. & Tong, L. 2D materials for optical modulation: challenges and opportunities. Adv. Mater. 

29, 1606128 (2017).
	29.	 Khurgin, J. B., Clerici, M. & Kinsey, N. Fast and slow nonlinearities in epsilon-near-zero materials. Laser Photonics Rev. 15, 2000291 

(2021).
	30.	 Reshef, O., De Leon, I., Alam, M. Z. & Boyd, R. W. Nonlinear optical effects in epsilon-near-zero media. Nat. Rev. Mater. 4, 535–551 

(2019).
	31.	 Alam, M. Z., Schulz, S. A., Upham, J., De Leon, I. & Boyd, R. W. Large optical nonlinearity of nanoantennas coupled to an epsilon-

near-zero material. Nat. Photonics 12, 79–83 (2018).
	32.	 Alam, M. Z., De Leon, I. & Boyd, R. W. Large optical nonlinearity of indium tin oxide in its epsilon-near-zero region. Science 352, 

795–797 (2016).
	33.	 Li, E. & Wang, A. X. Femto-Joule all-optical switching using epsilon-near-zero high-mobility conductive oxide. IEEE J. Sel. Top. 

Quantum Electron. 27, 1–9 (2020).
	34.	 Jaffray, W., Saha, S., Shalaev, V. M., Boltasseva, A. & Ferrera, M. Transparent conducting oxides: from all-dielectric plasmonics to 

a new paradigm in integrated photonics. Adv. Opt. Photonics 14, 148–208 (2022).
	35.	 Bohn, J. et al. All-optical switching of an epsilon-near-zero plasmon resonance in indium tin oxide. Nat. Commun. 12, 1017 (2021).
	36.	 Jiang, H. et al. Broad-band ultrafast all-optical switching based on enhanced nonlinear absorption in corrugated indium tin oxide 

films. ACS Nano 16, 12878–12888 (2022).
	37.	 Guo, P. et al. Large optical nonlinearity of ITO nanorods for sub-picosecond all-optical modulation of the full-visible spectrum. 

Nat. Commun. 7, 12892 (2016).
	38.	 Abb, M., Albella, P., Aizpurua, J. & Muskens, O. L. All-optical control of a single plasmonic nanoantenna–ITO hybrid. Nano Lett. 

11, 2457–2463 (2011).
	39.	 Rajput, S. et al. Optical modulation via coupling of distributed semiconductor heterojunctions in a Si-ITO-based subwavelength 

grating. Phys. Rev. Appl. 15, 054029 (2021).
	40.	 Tahersima, M. H. et al. Coupling-enhanced dual ITO layer electro-absorption modulator in silicon photonics. Nanophotonics 8, 

2019 (2019).
	41.	 Sorger, V. J., Lanzillotti-Kimura, N. D., Ma, R.-M. & Zhang, X. Ultra-compact silicon nanophotonic modulator with broadband 

response. Nanophotonics 1, 17–22 (2012).
	42.	 Rajput, S. et al. Optical modulation in hybrid waveguide based on Si-ITO heterojunction. J. Lightw. Technol. 38, 1365–1371 (2019).
	43.	 Shi, W. et al. Grating-coupled silicon microring resonators. Appl. Phys. Lett. 100, 121118 (2012).



10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:18379  | https://doi.org/10.1038/s41598-023-44438-3

www.nature.com/scientificreports/

	44.	 Malka, D., Cohen, M., Zalevsky, Z. & Turkiewicz, J. Optical micro-multi-racetrack resonator filter based on SOI waveguide. In 
2014 IEEE 28th Convention of Electrical & Electronics Engineers in Israel (IEEEI), 1–5 (2014).

	45.	 Rajput, S. et al. Efficient optical modulation in ring structure based on Silicon-ITO heterojunction with low voltage and high 
extinction ratio. Opt. Commun. 545, 129562 (2023).

	46.	 Pugachov, Y., Gulitski, M., Mizrahi, O. & Malka, D. Design of all-optical logic half-adder based on photonic crystal multi-ring 
resonator. Symmetry 15, 1063 (2023).

	47.	 Xu, Q., Fattal, D. & Beausoleil, R. G. Silicon microring resonators with 1.5-μm radius. Opt. Express 16, 4309–4315 (2008).
	48.	 Xu, Q. & Lipson, M. All-optical logic based on silicon micro-ring resonators. Opt. Express 15, 924–929 (2007).
	49.	 Swati, R., Kaushik, V., Singh, L., Srivastava, S. & Kumar, M. Optical modulator based on a silicon-ITO grating embedded rib 

structure with a tunable group delay. Optics Letters 46, 3468–3471 (2021).
	50.	 Choi, J. M., Lee, R. K. & Yariv, A. Control of critical coupling in a ring resonator–fiber configuration: application to wavelength-

selective switching, modulation, amplification, and oscillation. Opt. Lett. 26, 1236–1238 (2001).
	51.	 Chen, J.-H. et al. An all-optical modulator based on a stereo graphene–microfiber structure. Light Sci. Appl. 4, e360 (2015).
	52.	 AlAloul, M. & Rasras, M. Low insertion loss plasmon-enhanced graphene all-optical modulator. ACS Omega 6, 7576–7584 (2021).
	53.	 Kelley, M., Lee, A., Mozumdar, M., Dajani, K. & Ahmed, A. Design and modeling of sub picosecond all-optical modulator using 

the nonlinear response of indium tin oxide. JOSA B 36, F149–F153 (2019).
	54.	 Wang, C., Zhang, M., Stern, B., Lipson, M. & Lončar, M. Nanophotonic lithium niobate electro-optic modulators. Opt. Express 26, 

1547–1555 (2018).
	55.	 Streshinsky, M. et al. Low power 50 Gb/s silicon traveling wave Mach-Zehnder modulator near 1300 nm. Opt. Express 21, 30350–

30357 (2013).
	56.	 Vasudev, A. P., Kang, J.-H., Park, J., Liu, X. & Brongersma, M. L. Electro-optical modulation of a silicon waveguide with an “epsilon-

near-zero” material. Opt. Express 21, 26387–26397 (2013).
	57.	 Liu, M. et al. A graphene-based broadband optical modulator. Nature 474, 64 (2011).
	58.	 Liu, M., Yin, X. & Zhang, X. Double-layer graphene optical modulator. Nano Lett. 12, 1482–1485 (2012).

Acknowledgements
The authors acknowledge the financial aid received from Science and Engineering Research Board, Government 
of India with Grant No. CRG/2020/000144 and from the Ministry of Electronics and Information Technology, 
Government of India, through Grant No. 3(41)/2020-CC&BT.

Author contributions
S.R. and M.K. developed the device concept and carried out theoretical analysis. S.R., and P.B. fabricated the 
device. S.R., V.K. and S.K.P. carried out device measurements. S.R., V.K., P.B., S.K.P., and M.K. analyzed data 
and wrote the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	All optical modulation in vertically coupled indium tin oxide ring resonator employing epsilon near zero state
	Proposed device design and analysis
	Material analysis and calculation of nonlinear optical constants of ITO
	Device fabrication
	All optical measurements
	Conclusions
	References
	Acknowledgements


