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ABSTRACT: All-optical nonlinear modulators, capable of femtosecond-scale signal modulation, are pivotal for high-speed data transmis-
sion in next-generation space optical communications. However, the inherently weak third-order optical nonlinearity of conventional
materials remains a significant bottleneck for efficient nonlinear signal processing. In this work, we unveil the extraordinary third-order
nonlinear susceptibility x(3) of atomically thin two-dimensional (2D) indium tin oxide (ITO) films within the 1550-nm telecommunica-
tions band. By leveraging quantum confinement effects, these 2D ITO layers form discrete electronic subbands that dramatically enhance
intersubband transition dipole moments and thus the optical responses. Experimental measurements reveal a record-high angle-averaged
x® value of 2.0 x 107 m? / V2, representing an approximately 300-fold enhancement over bulk ITO and surpassing graphene by a
factor of five. Furthermore, the 2D ITO films maintain high transparency and possess the potential for ultrafast response speeds inherent
to electronic nonlinear processes, making them ideal candidates for compact nonlinear photonic integration. These findings demonstrate
that 2D ITO, as a representative example of bandgap-engineered transparent conductive oxides (TCOs), provides a versatile platform for
high-performance all-optical switching and signal processing in optical networks.

1. INTRODUCTION

igh-speed data transmission technology is increasingly re-
Hquired for embodied intelligence to leverage vast compu-
tational resources during real-time interactions with dynamic
environments [1,2]. However, this capability is currently con-
strained by the inherent limitations of traditional electronic
communication. To address these limitations, all-optical mod-
ulators [3] have emerged as a versatile class of devices that
operate through a range of physical processes such as carrier
dynamics, excitonic effects, and phase transitions. Within this
broad landscape, modulators based on optical nonlinearities,
such as saturable absorption and the Kerr effect [4-6], have
attracted considerable interest. Their inherently instantaneous
light-matter interaction enables the manipulation of optical sig-
nals on femtosecond timescales, supporting data throughput far
exceeding that of conventional electronic or carrier-based mod-
ulators. In these nonlinear processes, a switching beam tran-
siently modifies the refractive index or absorption coefficient,
providing a direct pathway for ultrafast all-optical signal pro-
cessing.
To date, all-optical modulators have been experimentally val-
idated across a diverse range of nonlinear materials. For in-
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stance, semiconductors such as silicon [7-9] remain the pri-
mary choice due to their mature fabrication processes, lead-
ing to extensive research and widespread adoption in integrated
photonics. However, their inherently low nonlinear efficien-
cies necessitate complex structural designs to amplify light-
matter interactions through resonant field enhancement; such
designs include chains of silicon nano-antennas [7], Mie-type
resonance nanoparticles [10], and nanostructured silicon mem-
branes [11]. Meanwhile, lithium niobate (LiNbOg), renowned
for its strong optical nonlinearity [ 12, 13], has spurred extensive
research into advanced modulators for supercontinuum gener-
ation [14], optical frequency combs [15], and four-wave mix-
ing [16]. Despite these advantages, LiNbOg still faces fabri-
cation challenges, such as etching difficulties that lead to non-
vertical sidewalls, reduced device density, and integration hur-
dles with silicon photonics platforms [17].

Additionally, two-dimensional (2D) materials [10, 18], such
as graphene and transition metal dichalcogenides (TMDs), have
emerged as promising candidates for nonlinear photonicde-
vices. These materials support enhanced harmonic genera-
tion, enabling efficient and broadly tunable nonlinear optical
responses spanning from visible to mid-infrared ranges. Re-
cent advancements in 2D material-based modulators, includ-
ing graphene-clad microfibers [19], graphene saturable ab-
sorbers [20], and WSs integrated with silicon-nitride waveg-
uides [20], have paved the way for next-generation all-optical
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FIGURE 1. Fabrication and morphology of 2D ITO. (a) Schematic illustration of the synthesis process for 2D ITO samples. (b) Optical microscope
images, (c) SEM images, and (d) AFM topographic maps of 2D ITO samples on a SiO2/Si substrate. (e) Height distribution histogram and (f) linear
thickness profile corresponding to the region indicated in (d), confirming a uniform thickness of ~4.5 nm.

modulators suitable for high-speed space optical communica-
tion systems. However, practical applications are still hindered
by the high optical absorption of graphene and the relatively
complex synthesis of TMDs.

To address these challenges, transparent conductive oxides
(TCOs) have emerged as a versatile material platform. In
particular, 2D indium tin oxide (ITO) has garnered signifi-
cant attention in nonlinear photonic devices due to its advan-
tageous properties, including low optical losses, high electri-
cal conductivity, and enhanced light-matter interactions facili-
tated by quantum confinement effects [21]. An exceptionally
high second-order nonlinear susceptibility (x(* ~ 1800 pm/V)
has been demonstrated in 2D ITO, surpassing that of tradi-
tional LiNbOg crystals by a factor of approximately 20. Despite
this progress, a comprehensive understanding of its third-order
nonlinear susceptibility x® remains elusive. As x(® is the
key parameter governing all-optical modulation schemes such
as Kerr-based switching, saturable absorption, and four-wave
mixing, its lack of characterization creates a critical disconnect
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between the material’s proven capabilities and its practical im-
plementations. This gap consequently hinders accurate model-
ing and performance prediction, severely limiting the develop-
ment of efficient 2D ITO-based all-optical modulators.

In this work, we investigate the third-order nonlinear optical
properties of 2D ITO, specifically focusing on the quantum-
confinement phenomena that enable superior nonlinear effi-
ciency within the 1550-nm telecommunications window. The
atomically thin ITO films (~4.5 nm) induce discrete electronic
subband formation, which effectively intensifies the intersub-
band transition matrix elements and consequently augments
the magnitude of y(®). Quantitative experimental characteriza-
tion reveals an unprecedented x(®) value of 2 x 10~ m?/V2,
demonstrating a ~300-fold enhancement relative to bulk ITO
and a 5-fold improvement over graphene. The reported en-
hancement is primarily an intrinsic attribute of the 2D ITO
quantum-well system, where quantum confinement modifies
the electronic density of states to yield a distinct nonlinear iden-
tity. While the oblique-incidence configuration is employed
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FIGURE 2. Atomic structure, electronic structure and quantum confinement in 2D ITO. (a) Schematic illustration of the 2D ITO film on a SiO2/Si
substrate in the van der Waals regime under optical excitation. (b) Electronic band diagram (left panel) overlaid with calculated subband wave-
functions, and subband dispersion (right panel) illustrating the intersubband transition pathways responsible for enhanced third-harmonic generation
(THG). The electronic subband structure is obtained through theoretical calculations of the quantum-confined states, and the superimposed THG
transition paths serve as a diagrammatic illustration of the nonlinear optical process.

to access the relevant perpendicular field component, the re-
markable nonlinear response remains fundamentally rooted in
the quantum-confined nature of the material. The synergy of
enhanced nonlinear efficiency and maintained optical trans-
parency establishes 2D ITO as a candidate material for ultra-
compact nonlinear photonic components.

2. RESULTS

2.1. Sample Fabrication and Characterization

To fabricate 2D ITO films, we employed a rapid printing
method [22] utilizing a liquid In-Sn alloy, as illustrated in Fig-
ure 1(a). The alloy, composed of 95 wt% indium and 5 wt%
tin, was prepared and melted by heating to 200°C. This tem-
perature was optimized based on prior studies to enhance both
the crystallization and electrical conductivity of the resulting
films. Droplets of the molten alloy were pipetted onto pre-
heated SiO, substrates — either thermally grown silicon diox-
ide or crystalline quartz — maintained at the same temperature
to ensure uniform wetting. The liquid alloy underwent rapid
oxidation via the self-limiting Cabrera-Mott mechanism [23],
forming nanometer-scale oxide films within seconds. Sub-
sequently, a second preheated substrate was pressed firmly
onto the oxidized droplet, expelling excess liquid alloy later-
ally while maintaining the contact necessary for film formation.
Careful separation of the substrates, with minimal horizontal
shear, yielded ultrathin ITO films adhered to both surfaces via
van der Waals forces. Residual metallic components were re-
moved through an ethanol rinse, ensuring pristine oxide layers
(see details in Methods). This fabrication process, illustrated
in Figure 1(a), enables the scalable production of large-area,
atomically thin ITO films tailored for nonlinear optical appli-
cations.

The morphology and uniformity of the fabricated 2D ITO
films were assessed using optical and electron microscopy.
An optical microscope image (Figure 1(b)) reveals a distinct
contrast between the highly conductive ITO films and the di-
electric SiOy substrate, confirming the presence of continu-
ous, millimeter-scale films. The scanning electron microscopy
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(SEM) image (Figure 1(c)) further distinguishes the 2D ITO
regions with a high clarity. For precise thickness determina-
tion, atomic force microscopy (AFM) was employed, as shown
in Figures 1(d) and (f), respectively. Figure 1(d) presents an
AFM topographic map, and the corresponding height distribu-
tion analysis in Figure 1(e) exhibits two distinct peaks — rep-
resenting the substrate and the ITO film — with a separation
of ~4.5 nm. This measurement was corroborated by the height
profile in Figure 1(f), which consistently indicates a film thick-
ness of approximately 4.5 nm. In addition, the surface morphol-
ogy of the printed 2D ITO films was evaluated, yielding a root-
mean-square (RMS) roughness of approximately 0.8 nm. This
exceptional level of surface uniformity, together with the struc-
tural continuity of the film, substantiates the effectiveness of
the proposed rapid printing method for the realization of high-
quality nonlinear optical platforms.

2.2. Principle of THG Enhancement in 2D ITO

As shown in Figure 2(a), the 2D ITO layer is placed on an
Si0,/Si substrate in the van der Waals regime, providing the
structural basis for the quantum-confined electronic system
considered here. The schematic also illustrates the optical ex-
citation geometry associated with the nonlinear harmonic re-
sponse. Figure 2(b) shows the electronic band diagram within
the 2D ITO film. The film is sandwiched between air and an
SiO4/Si substrate, forming a quantum well that constrains the
electron motion in the z-direction while allowing free in-plane
movement. This quantum confinement leads to the discretiza-
tion of energy levels and formation of discrete electronic sub-
bands. The physical mechanism for the dramatic enhancement
of third-order nonlinearities lies in the resonance effect between
these quantized states. Specifically, when the incident photon
energy matches the energy spacing between the subbands, the
intersubband transitions are significantly amplified, creating a
tailored energy landscape that maximizes light-matter interac-
tions. This resonance mechanism fundamentally mirrors the
principles underlying the previously reported enhancement of
the second-order optical nonlinearity in 2D ITO [21].
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To further quantify this enhancement and its symmetry prop-
erties, the third-order susceptibility x(®) can be derived based
on the resonant density matrix formalism [24]:
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Here, N, €, and A represent the electron density, vacuum per-
mittivity, and reduced Planck constant, respectively. The ma-
trix element z;; = (i|Z|j) represents the transition dipole length
along the quantum-well direction, so that the corresponding
dipole matrix element is p;; = —ez;;. The decay rate I';;
accounts for the linewidth or dephasing of the optical transi-
tion between subbands |¢) and |j). These are associated with
optically active subbands, which are crucial for understanding
light-matter interactions. The transition frequency is defined as
wi; = (E; — Ej) /h, where E; and E; are the eigenenergies of
the discrete subband states |¢) and |j ), respectively.

This expression highlights two critical insights. First, the
dipole matrix elements involved in these transitions are on the
order of e - dyey1, which is much larger than those in bulk mate-
rials, typically on the order of e - djayice. Here, djagtice and dye
denote the characteristic length scales of the lattice constant and
quantum well thickness, respectively. Consequently, the third-
order intersubband transition susceptibility can be enhanced
by a factor of (dyen/ dlattice)4 compared with the corresponding
bulk nonlinearity. For 2D ITO quantum wells, dyeii/djattice =
4.5, resulting in theoretical enhancements of up to 410 for the
third-order susceptibility, consistent with the order of magni-
tude observed in our experiments. Second, the formula dictates
strict intersubband transition selection rules; specifically, only
the longitudinal field component (z-direction) can trigger these

transitions. Consequently, XE;LZ (hereafter denoted as x(%)) is
the only non-vanishing component, which fundamentally gov-
erns the unique angular dependence of the nonlinear response
observed in our experiments. Note that the depicted THG pro-
cess is a coherent parametric process primarily mediated by vir-
tual states, which exempts it from the strict parity selection rules
that typically govern real transitions.

Using a self-consistent Poisson-Schrodinger solver for the
4.5nm ITO quantum well, the calculated energy spacing be-
tween the quantized states matches the 1550 nm photon energy,
satisfying the near-resonant condition. In addition, the intersub-
band transition linewidth in 2D transparent conducting oxides
is broadened by carrier scattering, the resonant enhancement
profile is relatively broad. Consequently, the x(®) is expected
to maintain a consistently high magnitude across the telecom
C-band (1530 to 1565 nm) without abrupt spectral degradation.

2.3. Experimental Nonlinear Optical Measurements

To bridge the gap between the theoretical predictions of x (%)
and the practical material performance, we employed third-
harmonic generation (THG) — a fundamental third-order non-
linear optical process — as a precise probe to characterize the
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nonlinear susceptibility of the 2D ITO quantum wells. The
THG process, which involves the conversion of three funda-
mental photons into a single photon at triple the frequency, pro-

vides a direct and unambiguous measurement of the x(3) mag-
nitude. The experimental setup used for these measurements is
illustrated in Figure 3(a). A 1550-nm femtosecond laser, fea-
turing a 150-fs pulse duration and a 100-MHz repetition rate,
served as the fundamental pump source to excite the nonlinear
response. The pump beam was reflected by a dichroic mirror
and focused onto the 2D ITO sample through a 20 x objective,
while the generated THG signal was collected through the same
dichroic mirror and recorded by a spectrometer coupled to an
electron-multiplying charge-coupled device (EMCCD). Addi-
tionally, a flip mirror was utilized to redirect the optical path
for in-situ imaging via a separate CCD camera, ensuring pre-
cise alignment and monitoring of the THG spots.

The power dependence of the THG signals from the 2D ITO
sample, shown in Figure 3(b), follows a clear cubic power law,
unequivocally confirming the third-order nature of the nonlin-
ear process. This precise scaling not only aligns with the theo-
retical expectations for THG but also effectively rules out po-
tential interference from lower-order nonlinearities or extrane-
ous thermal artifacts. Figure 3(c) presents the THG spectra for
different samples under p-polarized incidence at a 30° angle,
with the inset displaying the corresponding THG emission spot
from the 2D ITO sample. Remarkably, despite its atomic thick-
ness (~4.5nm), the 2D ITO film generates THG signals ap-
proximately seven times stronger than those from a 300 nm bulk
ITO film and exhibits a higher nonlinear conversion efficiency
than a 700 nm LiNbOj crystal — a conventional benchmark in
nonlinear optics.

2.4. Characterization of the Third-order Nonlinear Susceptibil-
ity

The calculation of x(®) from the measured THG intensity was
based on the formula: Eyy = iwl/2nc - X(3)«E§1, where [ de-
notes the light-matter interaction length. Given that the film
thickness (4.5 nm) is significantly smaller than the coherence
length in reflection, the nonlinear interaction occurs within the
phase-matched regime, ensuring that phase mismatch is negli-
gible. This allows for a direct, accurate extraction of x ®) based
on the physical film thickness. In addition, n is the refractive
index of ITO, c is the speed of light, and E,,; and Ej, represent
the electric field amplitudes of the THG signal and fundamental
pump, respectively. Crucially, due to z-axis subband quantiza-
tion, intersubband selection rules limit dipole transitions strictly
to out-of-plane polarization. This renders XS’;LZ the primary
tensor component (Xg)zz > Xi(fzplane). Therefore, the nonlin-
ear response is predominantly driven by the longitudinal elec-
tric field component (E,). Since the magnitude of E, is in-
herently coupled to the projection of the incident p-polarized
beam, the measured x(®) exhibits a strong dependence on the
incidence angle 6. Due to the finite numerical aperture of the
objective lens, the maximum achievable incidence angle at the
sample surface was limited to approximately 30°. As shown in
Figure 4(a), experimental measurements reveal a representative
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FIGURE 3. Nonlinear optical measurements of 2D ITO. (a) Schematic of the THG measurement setup. (b) THG signal counts as a function of
incident laser power. The power-law fitted results confirm the expected cubic dependence on the incident power, thereby verifying that the observed
signal originates from a third-order nonlinear process. (c) THG spectra of ~4.5-nm 2D ITO, compared with 300-nm ITO, 700-nm LiNbO3, and
the substrate under 30° p-polarized incidence. Inset: Optical image of the THG spot. Note that, the comparisons were measured under the same
excitation conditions — including identical pump wavelength (1550 nm), average excitation power (27 mW) and intensity (1.5 GW/cm?). Also, the
THG conversion efficiency (If‘—:) is annotated alongside, where I3, is the generated third-harmonic intensity and /., is the incident intensity. In

addition, statistical analysis of the extracted third-order nonlinear susceptibility x) yields a relative standard deviation (RSD < 10%) across the

measured 2D ITO regions.

angle-averaged x®) value of 2.0 x 10~ '* m?V? (reaching up to

3.2 x 107"* m?V? at a 30° incidence angle). Furthermore, the
experimentally measured x(®) follows a sin # trend [25], in ex-
cellent agreement with the theoretical predictions for intersub-
band transitions that rely on the longitudinal field component.
This pronounced angular dependence provides compelling ev-
idence for the quantum-confined nature of the enhanced non-
linearity in the 2D ITO structure, clearly distinguishing it from
the isotropic response expected in bulk materials. It should be
noted that while the x() values reported here are determined
via THG measurements (corresponding to x ) (3w; w, w, w)),
they provide a reliable benchmark for the material’s nonlinear
strength. Our intensity-dependent reflectivity measurements
(Figure 4(b)) further confirm that this nonlinearity translates
effectively to significant optical modulation at the fundamen-
tal frequency.

The systematic comparison presented in Figure 4(c) provides
comprehensive insights into the third-order nonlinear merits of
2D ITO relative to other benchmark materials [26—32]. Quanti-
tatively, the x(®) value of the 2D ITO demonstrates an approx-

16

imately 300-fold enhancement over 300-nm bulk ITO films, as
predicted by the theoretical scaling in Equation (1). The tran-
sition from quantum-confined to bulk-like nonlinear behavior
was investigated, revealing that the prominent-subband signa-
tures in our 4.5 nm films rapidly diminish as the thickness ex-
ceeds a certain threshold which is comparable to the de Broglie
wavelength of electrons [33]. Furthermore, it outperforms the
nonlinear responses of widely investigated 2D materials, in-
cluding graphene and MoS2, by more than a factor of five.
Such a leap in material performance directly translates to im-
proved metrics in nonlinear applications, such as all-optical
modulators. This work thus establishes 2D ITO as a trans-
formative candidate in nonlinear optics, paving the way for a
new paradigm in designing ultra-compact and highly efficient
functional devices for next-generation space optical communi-
cation.

To provide a rigorous evaluation of the practical performance
of our platform, we have quantified its optical attenuation and
evaluated comprehensive figures of merit (FOMs). Incorporat-
ing the established optical absorption coefficient for 2D ITO at

WWwWw.jpier.org
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TABLE 1. Comparison of FOM.

Material FOM Working wavelength
Si 7.1 x 1072 m3 /v? 1560 nm
Graphene 5.7 x 10722 m3/V? 760-860 nm
Bulk ITO 4.3 x 107 m?3/V? 1120 nm
2DITO 2.0 x 1072 m?3/V? 1550 nm

1550 nm (o = 1.6 x10* cm™") [34], the figure of merit is deter-
mined to be FOM = x®) /o ~ 2.0 x 1072 m?3/V2. A perfor-
mance benchmark comparing 2D ITO against mainstream non-
linear materials is summarized in Table 1. As compiled in the
table, while conventional integrated platforms such as silicon
(Si) feature low linear optical loss, their x(®) values are orders
of magnitude lower. Conversely, graphene provides a large
x® but suffers from substantial optical absorption. Driven by
quantum confinement, 2D ITO exhibits a high FOM, demon-
strating a favorable trade-off between optical nonlinearity and
absorption loss.

3. CONCLUSION

In conclusion, we have demonstrated a significant enhance-
ment in the third-order nonlinear susceptibility of 2D ITO
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systems, validated through the THG effect. A record-high
angle-averaged x (%) value of 2 x 10~ m?/V? at the 1550-nm
telecommunication wavelength has been realized, representing
an approximately 300-fold improvement over 300-nm bulk ITO
films and a 5-fold enhancement compared to graphene. This
remarkable performance is attributed to the discretization of
electronic states into subbands, which amplifies the intersub-
band transition strengths and enhances the light-matter interac-
tions. These exceptional nonlinear properties, combined with
maintained optical transparency, position 2D ITO as a promis-
ing material for developing compact, low-loss, and high-speed
photonic modulators for next-generation Al-driven spatial op-
tical communication systems.
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METHODS

Materials

Thermally grown SiO5 (200 nm) on Si (100) and crystalline
quartz (z-cut) substrates were acquired from Nanjing MK-
NANO Tech. Co., Ltd.. High-purity metal particles, including
indium (99.995% In) and tin (99.999% Sn), were sourced from
SinoSantech Materials Tech. Co., Ltd. and used as received for
the synthesis of the precursor alloy.

Cleaning procedure

Residual metal was removed from the substrates by first heat-
ing the samples to maintain the metal in a liquid state. The ITO
surface was then meticulously cleaned using lint-free swabs
soaked in ethanol. The efficacy of this procedure stems from
the interfacial energetic difference: the ITO film is strongly
bound to the substrate through van der Waals interactions, while
the liquid metal exhibits preferential adhesion to the swab upon
solidification — this process is accelerated by ethanol-induced
evaporative cooling.

2D ITO characterizations

Themicrostructure of the 2D ITO films was characterized us-
ing a field emission SEM (Zeiss Sigma 300) operated at an
accelerating voltage of 1kV. AFM measurements were per-
formed using a Bruker Dimension Icon system equipped with
‘ScanAsyst-air’ tips to obtain high-resolution topographic data.
All AFM images were processed using the Gwyddion software
package for thickness profiling, surface roughness analysis, and
false-color rendering to enhance visualization.

DATA AVAILABILITY

The data that supports the plots within this paper and other find-
ings of this study are available from the corresponding author
upon reasonable request.
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