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Manipulation of epsilon‑near‑zero 
wavelength for the optimization 
of linear and nonlinear absorption 
by supercritical fluid
Jiaye Wu 1, Xuanyi Liu 2, Haishi Fu1, Kuan‑Chang Chang 1, Shengdong Zhang 1, 
H. Y. Fu 2 & Qian Li 1*

We introduce supercritical fluid (SCF) technology to epsilon‑near‑zero (ENZ) photonics for the first 
time and experimentally demonstrate the manipulation of the ENZ wavelength for the enhancement 
of linear and nonlinear optical absorption in ENZ indium tin oxide (ITO) nanolayer. Inspired by the 
SCF’s applications in repairing defects, reconnecting bonds, introducing dopants, and boosting the 
performance of microelectronic devices, here, this technique is used to exploit the influence of the 
electronic properties on optical characteristics. By reducing oxygen vacancies and electron scattering 
in the SCF oxidation process, the ENZ wavelength is shifted by 23.25 nm, the intrinsic loss is reduced 
by 20%, and the saturable absorption modulation depth is enhanced by > 30%. The proposed 
technique offers a time‑saving low‑temperature technique to optimize the linear and nonlinear 
absorption performance of plasmonics‑based ENZ nanophotonic devices.

Epsilon-near-zero (ENZ) materials have received vast scientific  attentions1–8 in the past decade, whose permit-
tivity can reach a near-zero value, enabling extraordinary optical properties such as phase  tunneling9 and pattern 
 tailoring10,  field11 and  nonlinearity12 enhancement, slow-light  effect13, pulse  shaping14, quasi-standing-wave pat-
tern in subwavelength self- and pulse-matter  interactions15,16, strong  absorption17,18, impact of  losses19, frequency 
 conversion20,21, etc. Subsequently, these features give rise to various photonic applications, for instance, on-chip 
quantum  networks22,  nanoantennas23,24, all-optical  switching25–28, electro-, and all-optical  modulators29–32, etc.

With appropriate free carrier concentration, transparent conducting oxides (TCOs) operating at the bulk 
plasmon frequency allow ENZ to be realized in different spectral regions, from ultraviolet to  infrared1,3. Among 
various kinds of TCOs, indium tin oxide (ITO) is frequently used due to its low-cost, high stability, and com-
mercial availability. It is also well acknowledged for its high Kerr  nonlinearity33, second-19,34,35, third-19,35,36, high-
order37–40 harmonic, and  terahertz41 generations. Besides these demonstrations which focus more on the ultrafast 
and light-matter interactions of the ENZ materials and the probe/pump light themselves, means to borrow and 
apply techniques that influence, control, assist, and boost the interactions are equally important and interesting 
to study. This kind of investigations can deepen people’s understanding of the underlying physical mechanisms, 
and provide opportunities for novel ideas and new optical phenomena.

Most of these exotic linear and nonlinear optical properties exist in the proximity of the ENZ wavelength 
( �ENZ ) where the real part of the complex permittivity reaches zero, which requires the alignment of the sample’s 
�ENZ with the light source. By applying a voltage  bias29, the free carrier concentration can be temporarily tuned 
to change �ENZ , but this technique requires external voltage support, limiting its application in all-optical setups. 
Another more permanent approach is to strictly control the conditions in the fabrication processes. In these 
processes, factors like the atmosphere, deposition rate, oxygen flow speed, temperature and time of annealing, 
etc., can all influence the actual free carrier concentration and mobility in many different ways, which will in turn, 
affect the optical properties of the ITO film in the ENZ region. Recently, useful controlled annealing methods 
are  demonstrated42,43 to tune �ENZ of the TCOs over a relatively wide spectral range. These techniques require 
a relatively high temperature (e.g. 350 °C) and long processing time (e.g. 2 hours), and they do not deliberately 
optimize either the linear and nonlinear optical loss. Additionally, TCOs are known to exhibit high intrinsic loss 
in the vicinity of �ENZ , which is hard to reduce and poses a great challenge in their applications in large-scale 
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integrated photonic  platforms44. Therefore, adjusting the ENZ region and its intrinsic loss to a certain value to 
fulfil a specific demand or application can be very time-consuming and inconvenient.

The state-of-the-art supercritical fluid (SCF) technology is widely applied in food science, environmental 
science, natural product extraction,  pharmaceutics45,46, and especially, micro- and nano-electronic  devices47–52. 
By applying proper pressure and temperature, carbon dioxide ( CO2 ) can easily enter the phase of  SCF53, where it 
can permeate through solid-state structures to repair lattice defects, reconnect chemical bonds, adjusting carrier 
mobility, and introduce dopants. The SCF treatment has been proved effective in improving the performance of 
microelectronic semiconductor devices with ITO  electrodes51,52, and this very technique might also shed light 
on the manipulation of its optical ENZ properties, which are also dopant- and carrier-mobility-tuning-related. 
We believe that it would be interesting and helpful to introduce this technique to optics and ENZ photonics, and 
explore the possibility of the post-fabrication optimization of the ENZ properties in ITO nanolayers.

In our seminar  work54, we preliminarily demonstrated that SCF extraction can have an impact on the linear 
optical properties of ENZ TCOs. Here, we further present a more in-depth investigation and analyses on the SCF 
oxidation’s manipulation of �ENZ for the optimization of the linear and nonlinear optical absorption characteris-
tics of ENZ ITO nanolayer, as well as its underlying physical mechanisms. A competing mechanism theorem is 
proposed and analyzed to hypothesize different processes involved, which might cause contradicting outcomes 
in the directions of �ENZ shifting and the variation of loss. It is demonstrated that by the stable, time-saving (1 
hour), and low-temperature ( 120◦C ) SCF oxidation technique, �ENZ of the ITO nanolayer is stably shifted by 
23.25 nm, the intrinsic loss in ENZ region is reduced by 20%, and the modulation depth (MD) of the saturable 
absorption (SA) is enhanced by > 30%. This work also demonstrates the first-time direct observation of the influ-
ences of multiple electrical parameters on the linear and nonlinear properties via Drude model, which could 
bring deeper understandings and insights into optical physics, ENZ photonics, TCOs, and further explorations 
in ENZ SCF techniques.

Results and discussions
Theory and hypothesis. In theory, for ITO nanolayer, its complex permittivity can be well-described by 
the Drude  model55 in the ENZ region:

where εr and εi are the real and imaginary part of the permittivity, and the imaginary part denotes the intrinsic 
loss of the material. εb is the background (high frequency) permittivity, ω is the angular frequency of the elec-
tromagnetic wave, ωp is the plasma frequency, and γ is the Drude relaxation rate which represents the damping 
rate of the free electrons related to the scattering loss and scales directly with εi . ωp and γ are determined by the 
following relations.

Here, N is the free carrier concentration, e = 1.6× 10−19 C is the amount of charge for an electron, 
ε0 = 8.85× 10−12 F/m is the vacuum permittivity, m∗ is the effective mass of an electron, and µ is the mobility 
of free carrier.

As a popular material for realizing ENZ, ITO often exhibits a spectral ENZ point ( �ENZ ) where εr reaches zero 
at NIR and a non-zero εi which is not small. Tuning the wavelength of �ENZ to a specific value requires multiple 
attempts to find the optimal deposition conditions. This can be very time consuming and inconvenient, and by 
this technique the fine-tune control ( < 100 nm ) of �ENZ is nearly impossible. On the other hand, the non-zero 
large absorption also limits its applications in integrated photonics, which is a difficulty yet to tackle in the field 
of optics. Therefore, in this work we focus on the manipulation and enhancement of the linear and nonlinear 
optical ENZ properties in its ENZ regime.

In light of its ability to affect dopants, chemical bonds, and carrier mobility, we consider SCF treatment a 
promising choice to manipulate the ENZ properties of ITO. Here we present SCF oxidation technique (see 
“Methods” section). The hypothesis is: SCF oxidation will reduce the oxygen vacancies (which indicates excessive 
metal ions and dangling chemical bonds) in ITO and thus reduce the free carrier concentration N. By repairing 
and re-connecting broken bonds, the scattering of electrons can be reduced, leading to a better mobility µ . For 
the real permittivity, according to Eq. (2) this will decrease ωp and lead to an increase in εr (corresponding to 
the red-shift of �ENZ ) in Eq. (1). For the loss part, in Eq. (1), the loss εi is predicted to decrease with ωp , and an 
improved µ can also contribute to a lower loss. However, another competing mechanism exists. Supercritical 
CO2 ( SCCO2 ) can carry the initial dopant, H2O molecules, into the ITO nanolayer, which is known to provide 
extra free carriers, resulting in an increased N and a blue-shifted �ENZ . H2O has a strong absorption peak near 
1200 nm, which lies in ITO’s ENZ regime and can cause a higher loss εi . These two contradicting mechanisms 
compete under the given experimental conditions, and it is hard to identify the dominant one by the theory 
alone. This hypothesis is called the “competing mechanism theorem” of TCO SCF processing, and the dominant 
effect will determine the actual change in optical ENZ properties. This theorem can exist in TCOs for nearly all 
known SCF techniques, not limited to SCF oxidation.
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ENZ property manipulation by SCF oxidation. The 250-nm thick ITO nanolayers were deposited on 
pure silica glass by DC magnetron sputtering using 99.99% purity 10 wt% ITO target. The samples were then 
annealed in vacuum at 350 °C  for 2 h to elevate free electron concentration so as to exhibit optical ENZ. The 
complex permittivity curves of the samples are measured by a variable angle spectroscopic ellipsometer (VASE) 
and �ENZ is observed at 1200 nm (see Supplementary Information). Figure  1a illustrates the fabricated ITO 
nanolayer sample under VASE measurement, and Fig. 1b shows the schematic diagram of the SCF setup. Pure 
CO2 is pressurized to 3000 psi by the pump. Subsequently, the chamber is heated to 120 °C, and the compressed 
CO2 is pumped into it, turning into SCCO2 , and starts the reaction. The temperature and pressure monitors 
ensure the experiments are kept under correct conditions. The processing lasts for 1 hour, and when the reaction 
is finished, SCCO2 is depressurized via a two-level valve system. Before and after the SCF processing, the ITO 
nanolayer samples are measured by VASE, Fourier-transform infrared (FTIR) spectrometer, Hall effect, and a 
figure-9 fiber laser SA testing system (see “Methods” section). Scanning electron microscope (SEM) and X-ray 
photoelectron spectroscopy (XPS) are also used to aid the elemental analyses.

The results of SCF processing are shown in Fig. 2. In Fig. 2a, the solid line is the original εr curve and the 
dashed line denotes the one after SCF treatment. Due to the fact that the intrinsic loss highly depends on fab-
rication processes, for clarity and without loss of generality, the absolute difference of εi before and after SCF 
process, and the portion of improvement are plotted in Fig. 2b. The triangles denote the absolute differences of 
the measured εi data, and the diamonds represent the percentage of εi change in the 100-nm-wide ENZ region 
in the proximity of �ENZ . The curves of εi values can be found in Fig. S1 in Supplementary Information. As 
shown in the figure, after the SCF oxidation processing, �ENZ of the sample red-shifts 23.25 nm, while its linear 
loss in the 100-nm proximity of �ENZ represented by the ratio between �εi change and the pre-SCF value εi,pre 
reduced by 20%. These results are stable in our repeated experiments (see Supplementary Information) and they 
indicate that, in the hypothesis, the dominant effect here is the occupation of oxygen vacancies. The reduction 
of defects and free carrier concentration N lead to a reduction of ωp and an improvement of µ , which translates 
to a red-shifted �ENZ and a declined loss. It is worth noting that the reduction of loss not only exists in the ENZ 
region, but extends from ∼ 1100 nm towards 1690 nm (the maximum wavelength that could be measured by 
VASE). This is particularly useful for TCO-based photonic applications that are limited by the huge optical loss. 
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Figure 1.  Schematic diagrams of the sample and the SCF processing. (a) The ITO nanolayer sample under 
VASE measurement; (b) The SCF processing system with pressure and temperature control and monitoring.

(a) (b)

Figure 2.  Linear ENZ properties manipulated and improved by SCF. (a) The change in �ENZ after SCF 
oxidation process. The solid line represents the real part of permittivity εr before the SCF processing, and 
the dashed line denotes that after SCF. (b) The change in loss within the ENZ region. The triangles represent 
the changes of imaginary parts �εi = εi,post − εi,pre (refer to the left y-axis), and the diamonds denote the 
proportions of changes compared with the εi values before SCF (refer to the right y-axis).
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Additional Hall effect measurement show that the mobility µ of the sample increases from 9.36 cm2/(V · s) to 
12.25 cm2/(V · s) , and the free carrier concentration decreases from 1.834× 1021 cm−3 to 1.391× 1021 cm−3 . By 
Eq. (2), it can be calculated that ωp drops from 3.9139× 1015 rad/s to 3.4085× 1015 rad/s , while γ declines from 
4.9387× 1014 rad/s to 3.7731× 1014 rad/s , which is consistent with the provided explanation and hypothesis. 
This partially confirms the analyses above, and the success in dopant introduction can be seen in the FTIR spectra 
and XPS results, which will be discussed in “Elemental analyses” section.

Nonlinear saturable absorption properties. Besides SCF’s ability to manipulate the linear ENZ opti-
cal properties, it can also improve the samples’ nonlinear SA properties. Here we test the SA properties at 1550 
nm, the telecommunication window, which belongs to the greater ENZ region ( εr ≈ −1 ). A figure-9 40.3-MHz 
repetition rate 4.82-ps fiber laser adapted from our previous  work56 is used to obtain the SA characteristics. The 
scheme of the laser system is shown in Fig. 3a with further information in the “Methods” section, and the SA 
results are shown in Fig. 3b where the circles denote the measured data before SCF processing, and the triangles 
are those after the treatment.

The difference between the initial transmission and the saturated transmission is defined as the MD, which 
denotes the ON–OFF contrast ratio of a modulation or switching device, with the higher the MD, the better the 
performance. Before SCF oxidation, the transmission starts at 8.76% and saturates at 19.92%, yielding an MD of 
11.16%. After processing, the saturated transmission is 23.28%, indicating an MD of 14.52% and an improvement 
of 30.11%. The SA phenomenon happens when the intensity of the incident light is sufficiently high that it excites 
atoms from the ground state to an upper energy state at an ultrafast rate. The rate is so fast such that the atoms 
have no time to fall back to the ground state; thus, the ground state is depleted when the nonlinear absorption 
saturates. Similar to the excitation of electrons from the valence band into the conduction band in semiconduc-
tors, when lattice defects exist, electrons can be trapped in a middle state, the defect-induced “deep state”, which 
reduces the number of electrons that can be excited to conduction band. Here in the SA phenomenon of ITO, 
oxygen vacancies and dangling chemical bonds form a metastable energy band between the upper stable state 
and the ground state. When those defects are reduced, the intermediate metastable energy band will split into two 
tailing bands which expand the density of states for the ground and upper state (See Supplementary Information). 
This helps improve the SA characteristics and results in a greater MD. The enhancement shown here is significant, 
and can be potentially beneficial for loss-operated nanophotonic devices like all-optical switches and modulators.

Elemental analyses. The reaction processes of SCF oxidation can account for the linear and nonlinear 
optical property changes in the ENZ ITO nanolayer. Figure 4 is a schematic diagram of the reactions in SCF 
oxidation, which mainly consists of three steps: (i) the SCCO2 dissolves H2O , and they permeate into the ITO 
structure (Fig. 4a); (ii) H2O interacts with the dangling bonds and lattice defects (Fig. 4b); (iii) dihydroxylation 
process re-produces H2O and leaves oxygen in ITO, and the oxidation is completed (Fig. 4c). Detailed reaction 
formula can be found in the “Methods” section.

FTIR and XPS results of the ENZ ITO nanolayer before and after SCF processing are shown in Fig. 5, where 
the solid lines show the pre-SCF data, and the dashed lines denote the post-SCF data. The FTIR results in Fig. 5a 
show typical oscillating absorption peaks of H2O and O-H from 3600 cm−1 to 3900 cm−1 for the sample after 
SCF processing. Stronger evidence can be found in the XPS results. In Fig. 5b, the peak of binding energy of O 1s 
increases from 530.5 to 531 eV, exhibiting a decrease in its average chemical valence. This means that the amount 
of suspending non-lattice oxygen increases, which is the result of oxygen introduction by SCF. In the meantime, 
from Fig. 5c and d, In 3d5/2 and Sn 3d5/2 also see increases in their binding energy. The binding energy for In 3d5/2 
rises to 445.3 eV from 444.9 eV, and that for Sn 3d5/2 reaches 487.1 eV from 486.8 eV. From the XPS analysis, 
the atomic ratio between the two major elements O:In also climbs from 1.5255 to 1.5357. These results indicate 
that the “degrees of oxidation” for In and Sn become higher after the SCF processing, which are another two 

Figure-9 mode-locked fiber laser
40.3 MHz, 4.82 ps
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Power meters

(a) (b)

Figure 3.  Enhancement of the SA characteristics. (a) Scheme of the fiber laser SA testing system. (b) Saturable 
absorption characteristics of the SCF-processed sample.
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Figure 4.  The SCF oxidation reaction processes. (a) The H2O dissolved in SCCO2 ; (b) The lattice-H2O 
interactions; (c) The dihydroxylation process and the occupation of oxygen vacancy.
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Figure 5.  FTIR and XPS analyses. (a) The FTIR results before and after SCF processing. The XPS results of (b) 
O 1s, (c) In 3d5/2 , and (d) Sn 3d5/2 before and after SCF processing.
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strong proofs of a successful oxygen introduction. Additionally, SEM results (see Supplementary Information) 
show no significant change occurs on the surface profile of the ITO nanolayer, meaning that the SCF treatment 
is a damage-free method that can be safely implemented in future applications.

Conclusions
In summary, we introduce the techniques of SCF into ENZ photonics for the first time as a time-saving, low-
temperature, and higher precision manipulation method. We experimentally demonstrate the manipulation 
of the �ENZ , the reduction of the linear loss, and the improvement of the SA modulation depth for the 250-nm 
thick ENZ ITO nanolayer. By analyzing and hypothesizing the distinctive competing mechanisms with oppo-
site results, one can obtain a clear idea of the physical processes involved from the results of the experiments. 
The dominant one will dictate the shifting direction of �ENZ and the change of optical loss. By exploiting the 
defect-repairing and doping function of SCF treatment, it is demonstrated that the oxidation process can shift 
�ENZ of the ITO nanolayer by 23.25 nm, reduce the intrinsic loss in ENZ region by 20%, and increase the MD 
of its nonlinear SA characteristics at 1550 nm by 30.11%, which is very useful in boosting the performance of 
ENZ TCO nanophotonic devices. Conclusively, the proposed technique has a significant effect on the linear and 
nonlinear optical properties on ENZ ITO nanolayer, and similar behaviors are expected in other ENZ TCOs. 
This work also reveals a practical, time-saving, and low-temperature technique that could be used in plasmonic 
photonics and inspire further endeavors.

Methods
Permittivity measurement. A J.A. Woollam M-2000UI variable angle spectroscopic ellipsometer (VASE) 
is used to measure and transform the results into complex permittivity from 246.2–1689.2 nm. Each sample is 
measured 4 times independently to rule out the measurement errors. The mean squared error (MSE) between 
the data and fitting model in the ENZ region is around 22.286–34.041. The determination of �ENZ is explained 
in Supplementary Information. Bare silica glass substrates go through the same SCF treatment with the ITO 
samples. Measurements are performed on both the ITO and the glass before and after the SCF treatment. No 
changes are observed in the glass substrate that would affect the optical properties of ITO.

Hall effect measurement. An HMS-3000 Hall effect measurement system by Ecopia is used to measure 
the mobility of the samples before and after SCF processing.

Nonlinear SA characterization. The measurement on the SA characterization of the ITO nanolayers are 
performed using a figure-9 40.3-MHz repetition rate 4.82-ps fiber laser at 1550 nm. The laser system consists 
of a figure-9 laser cavity, an optical isolator, an EDFA, a 90:10 coupler, sample holders, and power meters. The 
output power of the system is adjusted by the turning the waveplate in the cavity and controlling the pump power 
in the EDFA.

FTIR measurement. PerkinElmer FTIR spectrometer is used to determine whether there are changes of 
functional groups before and after SCF processing (dopant introduction). FTIR results on the substrate can be 
found in Supplementary Information.

XPS characterization. An ESCALAB 250Xi XPS by Thermo Fisher is used to probe the changes in binding 
energy for oxygen, indium, and stannum (tin).

SEM characterization. A ZEISS SUPRA 55 SEM from Carl Zeiss is used to observe the surface profile of 
the ENZ ITO nanolayer before and after SCF processing. The purpose is to see whether SCF can cause any sur-
face damage that might compromise its optical performance in application. Detailed comparisons of the SEM 
photographs (pre- and post-SCF) are shown in Supplementary Information.

SCF oxidation technique. SCCO2 as the solvent with 125µLH2O . The temperature is set to 120◦C , and 
the pressure is 3000 psi ( ∼ 20MPa ), with 1 hour of reaction time. In the reaction chamber, the amount of 
the added H2O is excessive, and the possible oxidation bonding  reactions47–52 are: 2Sn/In-O+H2O (SC) → 
2Sn/In-OH and 2Sn/In-OH → Sn/In-O-Sn/In+H2O(SC). The determination and selection of SCF reaction 
parameters is explained in Supplementary Information.

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

Received: 30 April 2021; Accepted: 23 July 2021

References
 1. Naik, G. V., Shalaev, V. M. & Boltasseva, A. Alternative plasmonic materials: Beyond gold and silver. Adv. Mater. 25, 3264–3294. 

https:// doi. org/ 10. 1002/ adma. 20120 5076 (2013).
 2. Liberal, I. & Engheta, N. Near-zero refractive index photonics. Nat. Photon. 11, 149–158. https:// doi. org/ 10. 1038/ nphot on. 2017. 

13 (2017).

https://doi.org/10.1002/adma.201205076
https://doi.org/10.1038/nphoton.2017.13
https://doi.org/10.1038/nphoton.2017.13


7

Vol.:(0123456789)

Scientific Reports |        (2021) 11:15936  | https://doi.org/10.1038/s41598-021-95513-6

www.nature.com/scientificreports/

 3. Niu, X., Hu, X., Chu, S. & Gong, Q. Epsilon-near-zero photonics: A new platform for integrated devices. Adv. Opt. Mater. 6, 
1701292. https:// doi. org/ 10. 1002/ adom. 20170 1292 (2018).

 4. Liberal, I. & Engheta, N. Manipulating thermal emission with spatially static fluctuating fields in arbitrarily shaped epsilon-near-
zero bodies. Proc. Natl. Acad. Sci. 115, 2878–2883. https:// doi. org/ 10. 1073/ pnas. 17182 64115 (2018).

 5. 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. 
https:// doi. org/ 10. 1038/ s41578- 019- 0120-5 (2019).

 6. Liberal, I., Lobet, M., Li, Y. & Engheta, N. Near-zero-index media as electromagnetic ideal fluids. Proc. Natl. Acad. Sci. 117, 
24050–24054. https:// doi. org/ 10. 1073/ pnas. 20081 43117 (2020).

 7. Coppolaro, M., Moccia, M., Castaldi, G., Engheta, N. & Galdi, V. Non-Hermitian doping of epsilon-near-zero media. Proc. Natl. 
Acad. Sci. 117, 13921–13928. https:// doi. org/ 10. 1073/ pnas. 20011 25117 (2020).

 8. Wu, J., Xie, Z. T., Sha, Y., Fu, H. Y. & Li, Q. Epsilon-near-zero photonics: Infinite potentials. Photon. Res. 9(8): 1616–1644 https:// 
doi. org/ 10. 1364/ PRJ. 427246 (2021).

 9. Enoch, S., Tayeb, G., Sabouroux, P., Guérin, N. & Vincent, P. A metamaterial for directive emission. Phys. Rev. Lett. 89, 213902. 
https:// doi. org/ 10. 1103/ PhysR evLett. 89. 213902 (2002).

 10. Alù, A., Silveirinha, M. G., Salandrino, A. & Engheta, N. Epsilon-near-zero metamaterials and electromagnetic sources: Tailoring 
the radiation phase pattern. Phys. Rev. B 75, 155410. https:// doi. org/ 10. 1103/ PhysR evB. 75. 155410 (2007).

 11. Campione, S., de Ceglia, D., Vincenti, M. A., Scalora, M. & Capolino, F. Electric field enhancement in ǫ-near-zero slabs under 
TM-polarized oblique incidence. Phys. Rev. B 87, 035120. https:// doi. org/ 10. 1103/ PhysR evB. 87. 035120 (2013).

 12. Ciattoni, A. et al. Enhanced nonlinear effects in pulse propagation through epsilon-near-zero media. Laser Photon. Rev. 10, 
517–525. https:// doi. org/ 10. 1002/ lpor. 20150 0326 (2016).

 13. Ciattoni, A., Marini, A., Rizza, C., Scalora, M. & Biancalana, F. Polariton excitation in epsilon-near-zero slabs: Transient trapping 
of slow light. Phys. Rev. A 87, 053853. https:// doi. org/ 10. 1103/ PhysR evA. 87. 053853 (2013).

 14. Zhai, T. & Zhang, X. Epsilon-near-zero metamaterials for tailoring ultrashort pulses. Appl. Phys. B 113, 185–189. https:// doi. org/ 
10. 1007/ s00340- 013- 5455-9 (2013).

 15. Wu, J., Malomed, B. A., Fu, H. Y. & Li, Q. Self-interaction of ultrashort pulses in an epsilon-near-zero nonlinear material at the 
telecom wavelength. Opt. Express 27, 37298–37306. https:// doi. org/ 10. 1364/ OE. 27. 037298 (2019).

 16. Wu, J., Xie, Z. T., Sha, Y., Fu, H. Y. & Li, Q. Comparative study on epsilon-near-zero transparent conducting oxides: High-order 
chromatic dispersions and modeling of ultrashort pulse interactions. Phys. Rev. A 102, 053503. https:// doi. org/ 10. 1103/ PhysR evA. 
102. 053503 (2020).

 17. Park, J., Kang, J.-H., Liu, X. & Brongersma, M. L. Electrically tunable epsilon-near-zero (ENZ) metafilm absorbers. Sci. Rep. 5, 
15754. https:// doi. org/ 10. 1038/ srep1 5754 (2015).

 18. Yoon, J. et al. Broadband epsilon-near-zero perfect absorption in the near-infrared. Sci. Rep. 5, 12788. https:// doi. org/ 10. 1038/ 
srep1 2788 (2015).

 19. Vincenti, M. A., de Ceglia, D. & Scalora, M. Nonlinear dynamics in low permittivity media: The impact of losses. Opt. Express 21, 
29949. https:// doi. org/ 10. 1364/ OE. 21. 029949 (2013).

 20. Khurgin, J. B. et al. Adiabatic frequency shifting in epsilon-near-zero materials: The role of group velocity. Optica 7, 226. https:// 
doi. org/ 10. 1364/ OPTICA. 374788 (2020).

 21. Zhou, Y. et al. Broadband frequency translation through time refraction in an epsilon-near-zero material. Nat. Commun. 11, 2180. 
https:// doi. org/ 10. 1038/ s41467- 020- 15682-2 (2020).

 22. Vertchenko, L., Akopian, N. & Lavrinenko, A. V. Epsilon-near-zero grids for on-chip quantum networks. Sci. Rep. 9, 6053. https:// 
doi. org/ 10. 1038/ s41598- 019- 42477-3 (2019).

 23. 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. Photon. 12, 79–83. https:// doi. org/ 10. 1038/ s41566- 017- 0089-9 (2018).

 24. DeVault, C. T. et al. Suppression of near-field coupling in plasmonic antennas on epsilon-near-zero substrates. Optica 5, 1557. 
https:// doi. org/ 10. 1364/ OPTICA. 5. 001557 (2018).

 25. Guo, Q. et al. A solution-processed ultrafast optical switch based on a nanostructured epsilon-near-zero medium. Adv. Mater. 29, 
1700754. https:// doi. org/ 10. 1002/ adma. 20170 0754 (2017).

 26. Neira, A. D., Wurtz, G. A. & Zayats, A. V. All-optical switching in silicon photonic waveguides with an epsilon-near-zero resonant 
cavity. Photon. Res. 6, B1. https:// doi. org/ 10. 1364/ PRJ.6. 0000B1 (2018).

 27. Xie, Z. T., Wu, J., Fu, H. Y. & Li, Q. Tunable electro- and all-optical switch based on epsilon-near-zero metasurface. IEEE Photon. 
J. 12, 1–10. https:// doi. org/ 10. 1109/ JPHOT. 2020. 30102 84 (2020).

 28. Kuttruff, J. et al. Ultrafast all-optical switching enabled by epsilon-near-zero-tailored absorption in metal-insulator nanocavities. 
Commun. Phys. 3, 114. https:// doi. org/ 10. 1038/ s42005- 020- 0379-2 (2020).

 29. Wood, M. G. et al. Gigahertz speed operation of epsilon-near-zero silicon photonic modulators. Optica 5, 233. https:// doi. org/ 10. 
1364/ OPTICA. 5. 000233 (2018).

 30. Liu, X. et al. Epsilon-near-zero si slot-waveguide modulator. ACS Photon. 5, 4484–4490. https:// doi. org/ 10. 1021/ acsph otoni cs. 
8b009 45 (2018).

 31. Kelley, M., Lee, A., Mozumdar, M., Dajani, K. & Ahmed, A. Design and modeling of subpicosecond all-optical modulator using 
the nonlinear response of indium tin oxide. J. Opt. Soc. Am. B 36, F149. https:// doi. org/ 10. 1364/ JOSAB. 36. 00F149 (2019).

 32. Sha, Y., Wu, J., Xie, Z. T., Fu, H. Y. & Li, Q. Comparison study of multi-slot designs in epsilon-near-zero waveguide-based electro-
optical modulators. IEEE Photon. J. 13, 1–12. https:// doi. org/ 10. 1109/ JPHOT. 2021. 30849 43 (2021).

 33. 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. https:// doi. org/ 10. 1126/ scien ce. aae03 30 (2016).

 34. Capretti, A., Wang, Y., Engheta, N. & Dal Negro, L. Comparative study of second-harmonic generation from epsilon-near-zero 
indium tin oxide and titanium nitride nanolayers excited in the near-infrared spectral range. ACS Photon. 2, 1584–1591. https:// 
doi. org/ 10. 1021/ acsph otoni cs. 5b003 55 (2015).

 35. Rodríguez-Suné, L. et al. Study of second and third harmonic generation from an indium tin oxide nanolayer: Influence of nonlocal 
effects and hot electrons. APL Photon. 5, 010801. https:// doi. org/ 10. 1063/1. 51296 27 (2020).

 36. Luk, T. S. et al. Enhanced third harmonic generation from the epsilon-near-zero modes of ultrathin films. Appl. Phys. Lett. 106, 
151103. https:// doi. org/ 10. 1063/1. 49174 57 (2015).

 37. Yang, Y. et al. High-harmonic generation from an epsilon-near-zero material. Nat. Phys. 15, 1022–1026. https:// doi. org/ 10. 1038/ 
s41567- 019- 0584-7 (2019).

 38. Wu, J., Xie, Z. T., Fu, H. Y. & Li, Q. High-Order Harmonic Generations in Epsilon-Near-Zero Aluminum-Doped Zinc Oxide 
Nanopyramid Array. in 2020 12th International Conference on Advanced Infocomm Technology (ICAIT) 5–9 (IEEE, Taipa, Macau, 
2020). https:// doi. org/ 10. 1109/ ICAIT 51223. 2020. 93154 19.

 39. Wu, J., Xie, Z. T., Fu, H. & Li, Q. Numerical investigations on the cascaded high harmonic and quasi-supercontinuum generations 
in epsilon-near-zero aluminum-doped zinc oxide nanolayers. Results Phys. 24, 104086. https:// doi. org/ 10. 1016/j. rinp. 2021. 104086 
(2021).

 40. Tian, W., Liang, F., Lu, D., Yu, H. & Zhang, H. Highly efficient ultraviolet high-harmonic generation from epsilon-near-zero indium 
tin oxide films. Photon. Res. 9, 317–323. https:// doi. org/ 10. 1364/ PRJ. 414570 (2021).

https://doi.org/10.1002/adom.201701292
https://doi.org/10.1073/pnas.1718264115
https://doi.org/10.1038/s41578-019-0120-5
https://doi.org/10.1073/pnas.2008143117
https://doi.org/10.1073/pnas.2001125117
https://doi.org/10.1364/PRJ.427246
https://doi.org/10.1364/PRJ.427246
https://doi.org/10.1103/PhysRevLett.89.213902
https://doi.org/10.1103/PhysRevB.75.155410
https://doi.org/10.1103/PhysRevB.87.035120
https://doi.org/10.1002/lpor.201500326
https://doi.org/10.1103/PhysRevA.87.053853
https://doi.org/10.1007/s00340-013-5455-9
https://doi.org/10.1007/s00340-013-5455-9
https://doi.org/10.1364/OE.27.037298
https://doi.org/10.1103/PhysRevA.102.053503
https://doi.org/10.1103/PhysRevA.102.053503
https://doi.org/10.1038/srep15754
https://doi.org/10.1038/srep12788
https://doi.org/10.1038/srep12788
https://doi.org/10.1364/OE.21.029949
https://doi.org/10.1364/OPTICA.374788
https://doi.org/10.1364/OPTICA.374788
https://doi.org/10.1038/s41467-020-15682-2
https://doi.org/10.1038/s41598-019-42477-3
https://doi.org/10.1038/s41598-019-42477-3
https://doi.org/10.1038/s41566-017-0089-9
https://doi.org/10.1364/OPTICA.5.001557
https://doi.org/10.1002/adma.201700754
https://doi.org/10.1364/PRJ.6.0000B1
https://doi.org/10.1109/JPHOT.2020.3010284
https://doi.org/10.1038/s42005-020-0379-2
https://doi.org/10.1364/OPTICA.5.000233
https://doi.org/10.1364/OPTICA.5.000233
https://doi.org/10.1021/acsphotonics.8b00945
https://doi.org/10.1021/acsphotonics.8b00945
https://doi.org/10.1364/JOSAB.36.00F149
https://doi.org/10.1109/JPHOT.2021.3084943
https://doi.org/10.1126/science.aae0330
https://doi.org/10.1021/acsphotonics.5b00355
https://doi.org/10.1021/acsphotonics.5b00355
https://doi.org/10.1063/1.5129627
https://doi.org/10.1063/1.4917457
https://doi.org/10.1038/s41567-019-0584-7
https://doi.org/10.1038/s41567-019-0584-7
https://doi.org/10.1109/ICAIT51223.2020.9315419
https://doi.org/10.1016/j.rinp.2021.104086
https://doi.org/10.1364/PRJ.414570


8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:15936  | https://doi.org/10.1038/s41598-021-95513-6

www.nature.com/scientificreports/

 41. Jia, W. et al. Broadband terahertz wave generation from an epsilon-near-zero material. Light Sci. Appl. 10, 11. https:// doi. org/ 10. 
1038/ s41377- 020- 00452-y (2021).

 42. Johns, B. et al. Epsilon-near-zero response in indium tin oxide thin films: Octave span tuning and IR plasmonics. J. Appl. Phys. 
127, 043102. https:// doi. org/ 10. 1063/1. 51288 73 (2020).

 43. Wang, H. et al. Tuning epsilon-near-zero wavelength of indium tin oxide film via annealing. J. Phys. D 53, 225108. https:// doi. org/ 
10. 1088/ 1361- 6463/ ab78d8 (2020).

 44. Li, Y., Liberal, I. & Engheta, N. Structural dispersion-based reduction of loss in epsilon-near-zero and surface plasmon polariton 
waves. Sci. Adv. 5, eaav3764. https:// doi. org/ 10. 1126/ sciadv. aav37 64 (2019).

 45. Herrero, M., Mendiola, J. A., Cifuentes, A. & Ibáñez, E. Supercritical fluid extraction: Recent advances and applications. J. Chro-
matogr. A 1217, 2495–2511. https:// doi. org/ 10. 1016/j. chroma. 2009. 12. 019 (2010).

 46. Maxim, F. et al. Visualization of supercritical water pseudo-boiling at Widom line crossover. Nat. Commun. 10, 4114. https:// doi. 
org/ 10. 1038/ s41467- 019- 12117-5 (2019).

 47. Chang, K.-C. et al. Reducing operation current of Ni-doped silicon oxide resistance random access memory by supercritical CO 2 
fluid treatment. Appl. Phys. Lett. 99, 263501. https:// doi. org/ 10. 1063/1. 36719 91 (2011).

 48. Tsai, T.-M. et al. Dehydroxyl effect of Sn-doped silicon oxide resistance random access memory with supercritical CO 2 fluid 
treatment. Appl. Phys. Lett. 101, 112906. https:// doi. org/ 10. 1063/1. 47502 35 (2012).

 49. Chang, K.-C. et al. Electrical conduction mechanism of Zn:SiO x resistance random access memory with supercritical CO 2 fluid 
process. Appl. Phys. Lett. 103, 083509. https:// doi. org/ 10. 1063/1. 48191 62 (2013).

 50. Chang, K.-C. et al. Hopping effect of hydrogen-doped silicon oxide insert RRAM by supercritical CO 2 fluid treatment. IEEE 
Electron. Dev. Lett. 34, 617–619. https:// doi. org/ 10. 1109/ LED. 2013. 22519 95 (2013).

 51. Chen, K.-H. et al. Improvement of bipolar switching properties of Gd:SiO x RRAM devices on indium tin oxide electrode by low-
temperature supercritical CO 2 treatment. Nanoscale Res. Lett. 11, 52. https:// doi. org/ 10. 1186/ s11671- 016- 1272-5 (2016).

 52. Ye, C. et al. Boosting the performance of resistive switching memory with a transparent ITO electrode using supercritical fluid 
nitridation. RSC Adv. 7, 11585–11590. https:// doi. org/ 10. 1039/ C7RA0 1104K (2017).

 53. Span, R. & Wagner, W. A new equation of state for carbon dioxide covering the fluid region from the triple-point temperature to 
1100 K at pressures up to 800 MPa. J. Phys. Chem. Ref. Data 25, 1509–1596. https:// doi. org/ 10. 1063/1. 555991 (1996).

 54. Wu, J. et al. Precise Tuning of Epsilon-Near-Zero Properties in Indium Tin Oxide Nanolayer by Supercritical Carbon Dioxide. in 
14th Pacific Rim Conference on Lasers and Electro-Optics (CLEO PR 2020), C4G_3 (OSA, Sydney, 2020). https:// doi. org/ 10. 1364/ 
CLEOPR. 2020. C4G_3.

 55. Drude, P. Zur elektronentheorie der metalle. Ann. Phys. 306, 566–613. https:// doi. org/ 10. 1002/ andp. 19003 060312 (1900).
 56. Liu, X. et al. An all polarization-maintaining fiber laser mode locked by nonlinear amplifying loop mirror with different biases. 

Laser Phys. 30, 085104. https:// doi. org/ 10. 1088/ 1555- 6611/ ab964b (2020).

Acknowledgements
This work is supported by Guangdong Basic and Applied Basic Research Foundation (Grant 
No. 2021A1515012176), Youth Science and Technology Innovation Talent of Guangdong Prov-
ince (Grant No. 2019TQ05X227), and Shenzhen Fundamental Research Program (Grant No. 
GXWD20201231165807007-20200827130534001).

Author contributions
J.W., K.C.C., and Q.L. conceived the idea and the experiments. H.F. and J.W. prepared the samples. J.W. conducted 
the VASE, FTIR, SEM, XPS, and SCF experiments. X.L. and J.W. conducted the SA experiments. S.Z., K.C.C., 
and H.Y.F. provided experimental resources. All authors discussed the data. J.W. and Q.L. wrote the manuscript 
with input from others. Q.L. supervised the project. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 95513-6.

Correspondence and requests for materials should be addressed to Q.L.

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) 2021

https://doi.org/10.1038/s41377-020-00452-y
https://doi.org/10.1038/s41377-020-00452-y
https://doi.org/10.1063/1.5128873
https://doi.org/10.1088/1361-6463/ab78d8
https://doi.org/10.1088/1361-6463/ab78d8
https://doi.org/10.1126/sciadv.aav3764
https://doi.org/10.1016/j.chroma.2009.12.019
https://doi.org/10.1038/s41467-019-12117-5
https://doi.org/10.1038/s41467-019-12117-5
https://doi.org/10.1063/1.3671991
https://doi.org/10.1063/1.4750235
https://doi.org/10.1063/1.4819162
https://doi.org/10.1109/LED.2013.2251995
https://doi.org/10.1186/s11671-016-1272-5
https://doi.org/10.1039/C7RA01104K
https://doi.org/10.1063/1.555991
https://doi.org/10.1364/CLEOPR.2020.C4G_3
https://doi.org/10.1364/CLEOPR.2020.C4G_3
https://doi.org/10.1002/andp.19003060312
https://doi.org/10.1088/1555-6611/ab964b
https://doi.org/10.1038/s41598-021-95513-6
https://doi.org/10.1038/s41598-021-95513-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Manipulation of epsilon-near-zero wavelength for the optimization of linear and nonlinear absorption by supercritical fluid
	Results and discussions
	Theory and hypothesis. 
	ENZ property manipulation by SCF oxidation. 
	Nonlinear saturable absorption properties. 
	Elemental analyses. 

	Conclusions
	Methods
	Permittivity measurement. 
	Hall effect measurement. 
	Nonlinear SA characterization. 
	FTIR measurement. 
	XPS characterization. 
	SEM characterization. 
	SCF oxidation technique. 

	References
	Acknowledgements


