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P H Y S I C S

Suppressed terahertz dynamics of water confined in 
nanometer gaps
Hyosim Yang1†, Gangseon Ji1†, Min Choi2, Seondo Park3, Hyeonjun An1, Hyoung-Taek Lee1, 
Joonwoo Jeong1, Yun Daniel Park3, Kyungwan Kim4, Noejung Park1, Jeeyoon Jeong5*,  
Dai-Sik Kim1,3*, Hyeong-Ryeol Park1*

Nanoconfined waters exhibit low static permittivity mainly due to interfacial effects that span about one nanometer. 
The characteristic length scale may be much longer in the terahertz (THz) regime where long-range collective 
dynamics occur; however, the THz dynamics have been largely unexplored because of the lack of a robust platform. 
Here, we use metallic loop nanogaps to sharply enhance light-matter interactions and precisely measure real and 
imaginary THz refractive indices of nanoconfined water at gap widths ranging from 2 to 20 nanometers, spanning 
mostly interfacial waters all the way to quasi-bulk waters. We find that, in addition to the well-known interfacial 
effect, the confinement effect also contributes substantially to the decrease in the complex refractive indices of the 
nanoconfined water by cutting off low-energy vibrational modes, even at gap widths as large as 10 nanometers. 
Our findings provide valuable insights into the collective dynamics of water molecules which is crucial to under-
standing water-mediated processes.

INTRODUCTION
The behaviors of water molecules confined in nanoscale structures 
underlie various processes in our everyday life such as solvation of 
ions and biomolecules (1–7), molecular transport through nano-
pores (8, 9), formation of electric double layer on electrodes (10, 11), 
and chemical reactions (12, 13). On this stance, understanding the 
properties of nanoconfined water is of paramount importance in all 
fields of natural science and has attracted many theoretical and ex-
perimental studies (14–28). Thus far, most studies have agreed on 
the rule of thumb that the nanoconfinement effect comes from the 
unique response of interfacial water, which forms an ordered state 
parallel to face of the interface up to 1-nm thickness (approximately 
four layers of water molecules), leading to a suppressed reorienta-
tion of molecular dipole moment under external field bias and con-
sequently a decreased permittivity (29–32).

Decades of efforts have been paid to experimentally identify the 
permittivity of interfacial water in natural nanoporous materials (8, 
19, 33). However, a direct systematic measurement of the permittivity 
of controlled nanoconfined waters was achieved only very recently 
(34). In this seminal work done in (34), a van der Waals assembly of 
two-dimensional (2D) materials was used to precisely control the 
thickness of water, and the permittivity is measured with an electro-
static force microscopy, which provides subpiconewton resolution to 
detect molecules with ultralow polarizabilities.

Static permittivity of nanoconfined water has been studied exten-
sively in the past few years; however, similar progresses in its high-
frequency counterpart have been lacking. Most optical measurements 

on nanoconfined water have been performed in systems whereby a 
sufficient surface area can be provided, such as with beryl crystals 
(35, 36), silica aerosols (8, 37), and metallic waveguides (38–41), yet 
without a reliable way to control the thickness of water below 10-nm 
regime. Thus far, the best way to control thickness of water at the 
nanometer scale is leak-controlled deposition of water vapor under 
ultrahigh vacuum and cryogenic temperatures (42, 43). However, to be 
relevant to biological phenomena, where optical characterization and 
manipulation of biomolecules are becoming increasingly important, 
it would be ideal to have a platform where optical properties of 
nanowater can be systematically studied under ambient environ-
ment (44).

Optical nanoantennas are ideal for such purpose, as it can pro-
vide both nanoconfinement and an increased sensitivity at the same 
time. In particular, loop nanogap antennas support strong dipolar 
resonance and transmit light only through the gap without back-
ground transmission (44–47), allowing us to analyze light-matter 
interaction exclusively in the gap (48–50). Recently, it has also been 
demonstrated that liquid water can be filled into 10-nm-wide loop 
nanogaps by replacing a spacing dielectric layer with water mole-
cules via etch-and-dilute process (39). Because the gap width is 
determined by thickness of the spacing dielectric layer (44, 51), 
which can be nanometrically controlled in the deposition step, the 
loop nanogaps are ideal for systematic investigation of nanocon-
fined water at different thicknesses. In addition, the loop nanogap 
antenna, which can be fabricated on a wafer scale using atomic 
layer lithography, enables optical measurements of the vertically 
oriented nanometer-thick water layers in the long-wavelength 
regime to investigate long-range hydrogen bond networks, which 
could not be reached previously.

In this study, we optically measured water-filled rectangular loop 
nanogaps with gap widths of 2 to 20 nm to determine refractive in-
dices of nanoconfined water at terahertz (THz) frequencies between 
0.1 and 1.5 THz, from which one can access long-range collective 
dynamics responsible for solvation dynamics (52–56) (Fig. 1A). By 
way of the high sensitivity of loop nanogaps, together with the small 
spectral dispersion of water at THz frequencies, water-induced 
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changes in the resonant frequencies and amplitudes of the loop na-
nogaps could be unambiguously converted into complex refractive 
indices of the gap-filling nanoconfined water (39). The retrieved 
complex refractive indices of nanoconfined water were anomalously 
low compared to their bulk counterparts (Fig. 1B), being even lower 
at smaller gap widths (Fig. 1C). At the gap width of 2 nm, the real 
index was only 60% of the bulk value, and the imaginary index nearly 
approached zero. From complementary analyses, comprising ab initio 
calculation, coupled-mode calculation, effective medium theory, 
and vibrational density of states (VDOS) model, the suppressed 
Debye relaxation dynamics of quasi-bulk water at the center (Fig. 1C), 
which are not quite bulk-like despite being 10 nm away from the 
interface, explain the overall anomalously low complex refractive 
indices of the nanoconfined water at THz frequencies.

RESULTS
Preparation of nanoconfined water in metal gaps with 
various widths
Water-filled nanogap loops are realized in two steps; first, metal-
insulator-metal gaps are fabricated using atomic layer lithography 
(44), and then the gap-filling insulator is substituted with liquid wa-
ter using a wet-etch-and-dilution process (39). First, a 200-nm-thick 
gold layer with rectangular holes is patterned on a 500-μm-thick 
high-resistivity silicon wafer using conventional photolithography 
(Fig. 2A). In Fig. 2B, aluminum oxide is deposited conformally over 
the entire metallic pattern using atomic layer deposition (ALD) with 
an angstrom-scale precision. Aluminum oxide thickness varies 
from 2 to 20 nm. After the ALD process, a 200-nm-thick gold layer 
is secondly deposited to fill the rectangular hole, and the excess gold 
layer on top of the first metal pattern is exfoliated using an adhesive 
tape. Thus, vertically aligned nanogaps between the metals are formed, 
whose width is determined by the thickness of aluminum oxide 
deposited using ALD. The nanogap fabrication is completed by 

polishing the surface using Ar ion milling at an oblique angle 
(Fig. 2C). Next, to wet-etch the aluminum oxide on top of and inside 
the gap, nanogap samples are immersed in 1 M potassium hydroxide 
(KOH) solution for 1 to 10 min, depending on the gap width (Fig. 2D). 
Then, the samples are transferred to a deionized (DI) water bath 
(R = 18.2 megohm·cm) for dilution process. The wet-etch residues 
were completely replaced with water molecules after more than an 
hour (Fig. 2E). To prevent gap-filling water from vaporizing, a sap-
phire cover is attached to the sample with a 100-μm-thick double-
sided Kapton tape as a spacer (Fig. 2F). The reservoir is further 
sealed on the sides with GE varnish during temperature-dependent 
measurements in a cryostat, preventing the gap water from leaking. 
It should be noted that the gap is always filled with aluminum oxide, 
KOH, or water, so that liquid water can be guaranteed to fill the gap 
after the whole process is completed. An empty gap is prepared as a 
reference by vaporizing the gap-filling water by critical point drying 
(CPD) (57). Detailed fabrication processes are shown in Materials and 
Methods. Cross-sectional scanning transmission electron microscopy 
(TEM) images and energy-dispersive spectroscopy (EDS) maps of 
Al2O3-filled and empty nanogaps (Fig. 2, G and H) suggest that the 
wet-etch process successfully removes aluminum oxide without 
damaging the gap, further confirming that our nanogaps are com-
pletely filled with water.

THz transmissions through empty and water-filled nanogaps
The nanogaps are characterized by THz time-domain spectroscopy 
(THz-TDS), as detailed in Materials and Methods. In Fig. 3A, the 
time-domain transmission signals of empty and water-filled nanogaps 
as well as their respective reference signals are presented (see the 
estimated THz near-field amplitudes at the gap in fig. S1 of the Sup-
plementary Materials). It is evident from the time traces of narrower 
gaps that oscillation periods are longer than those of their 10-nm-gap 
counterparts, implying that resonances exist at lower frequencies due 
to stronger gap plasmon coupling at narrower gaps. Upon filling the 
gap with water, we observe a notable suppression of the tailing oscil-
lation, which results from absorption introduced by the water filling 
the gap. In Fig. 3B, the corresponding frequency-domain transmis-
sion spectra are shown after Fourier-transforming the time traces in 
Fig. 3A. The introduction of water into the nanogap causes a red 
shift in all the resonant peaks of the samples and a decrease in peak 
amplitude. Noticeably, the decrease in amplitude is less pronounced 
in narrower gaps, which is counterintuitive because narrower gaps 
tend to exhibit larger spectral responses to changes in the dielectric 
environment near the gap. This is also evident from the blue dashed 
lines in Fig. 3B, which are analytically calculated spectra using the 
coupled-mode method with the refractive indices of bulk water 
(please refer to the details of coupled-mode method and THz com-
plex refractive indices of bulk water in Supplementary Materials, 
figs. S3 and S4, respectively). These experimental results suggest that 
the gap-filling water can have a lower dielectric permittivity in THz 
region when the gap is narrower, similar to the earlier results in 
static and infrared regimes (34, 40).

Estimation of THz complex refractive index of 
nanoconfined water
To quantitatively estimate refractive indices of the gap-filling water 
in THz region, we calculated transmission spectra of the nanogap 
sample (see the Supplementary Materials, fig. S5) and created 2D maps 
of the relative peak amplitudes and relative resonance frequencies as 

Fig. 1. Rectangular loop nanogaps filled with water. (A) Schematic diagram of a 
p-polarized THz electromagnetic wave incident on the confined water in metal na-
nogap loops for measuring long-range correlation of hydrogen bond networks 
depending on the gap width. The gap width w varies from 2 to 20 nm in different 
samples with the same metal thickness of h = 200 nm. Parameters of the nanogap 
loop array are as follows: Lx and Ly are the horizontal and vertical lengths of the 
rectangular loop, and dx and dy are the horizontal and vertical periods of the loop 
array. (B and C) The concepts of ordinary water and nanoconfined water are illus-
trated in (B) and (C), respectively.
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Fig. 2. Fabrication process of water-filled nanogap loops. (A) A gold frame patterned using conventional photolithography and lift-off process. (B) Atomic layer depo-
sition of aluminum oxide at thicknesses ranging from 2 to 20 nm. (C) Exfoliation of excess metals following deposition of the second gold layer reveals planarized metal 
nanogaps with gap widths ranging from 2 to 20 nm. (D) By wet-etching the gap-filling aluminium oxide, the gap is filled with water and reaction intermediates. (E) By 
diluting the gap-filling solution using DI water, water-filled nanogaps can be achieved. (F) Water-filled nanogaps are sealed with a sapphire cover and a double-sided 
Kapton tape. (G and H) Cross-sectional scanning TEM images and EDS maps of the 5-nm gap (G) before and (H) after wet etching are shown.
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Fig. 3. THz transmissions of empty and water-filled nanogaps with different gap widths. (A) Time traces of THz pulses transmitted through nanogap samples with 
empty and water-filled gaps, as well as through a bare silicon substrate with and without a water reservoir. The time traces have been vertically offset for clarity. The time 
traces of 2-, 5-, and 10-nm gaps have been magnified 10 times to enhance visibility and highlight their small-scale fluctuations. As indicated by the arrows, each sample 
schematic is shown in the right panel of the graph. a.u., arbitrary units. (B) Normalized THz amplitude (transmitted electric field) spectra of empty (black solid) and water-
filled (orange solid) nanogaps with the gap widths of 2, 5, and 10 nm, obtained by the THz-TDS. The blue dashed lines represent the normalized field spectra, calculated 
analytically by using the coupled-mode method assuming that the gap-filling water is bulk-like. In all cases, nanogap loop arrays contain the same parameters as follows: 
Lx = 20 μm, Ly = 80 μm, dx = 40 μm, and dy = 100 μm.
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a function of complex refractive indices ( ̃n = n + iκ ) of the gap-
filling medium using the coupled-mode method, as shown in Fig. 4 
(C and D). It should be noted that the relative peak amplitude and 
relative resonance frequency are normalized with respect to the val-
ues obtained from an empty gap. Because the resonance frequency 
is predominantly affected by the real part of the refractive index n, 
and the transmitted amplitude by the extinction coefficient κ (fig. S5), 
one can unanimously determine (n, κ) of the gap-filling water by 
analyzing the relative changes in peak amplitude and resonant fre-
quency of the corresponding transmission spectrum. For example, a 
water-filled gap with a width (w) of 5 nm and a loop length [L = 2(Lx + 
Ly)] of 200 μm, as shown in Fig. 4 (A and B), exhibits a relative peak 
amplitude and resonance frequency of 63 and 73%, respectively, 
compared to an empty gap, representing a complex refractive index 
of ñ = 1.5 + i 0.082 for the nanoconfined water at the resonance of 
the loop nanogap. Figure 4 (E and F) indicates a gradual decrease in 
the complex refractive indices of the residual water at thickness of 
around 10 nm and below. In the smallest gap at THz frequencies, the 
refractive index decreases by 40%, similar to the trend observed at 
infrared frequencies (40), while the extinction coefficient changes 
more markedly and reaches zero. It should be noted that in spite of 
the same loop length, the resonance peak in the spectrum varies 

when passing through a narrow gap of tens of nanometers or less, 
because of the gap plasmon effect (46). However, the observed phe-
nomena are the result of confinement and are minimally affected by 
spectral dispersion; this is confirmed by an additional measurement 
at different resonant frequencies using smaller loop nanogaps with a 
loop length of L = 100 μm, while maintaining the same gap sizes at 
5 and 20 nm (see the Supplementary Materials, fig. S6).

There is active debate as to why nanoconfined water has a low 
refractive index (15, 34, 40, 53, 58). One of the most widely accepted 
explanation is that the interfacial water, representing an ordered 
layer of water molecules on the surface, exhibits very low refractive 
index due to suppressed rotation at the solid-liquid interface. To in-
corporate the above model, we first attempt to determine thickness 
and refractive index of the interfacial water on the sidewall of our 
metal nanogap. From a hybrid-type approach with molecular dy-
namics and density functional theory calculations (see the Supple-
mentary Materials, fig. S8), we estimate 0.75 nm as the thickness of 
the interfacial water layer. Here, we assumed that the gold surface is 
hydrophilic judging from the contact angle measurement; however, 
hydrophilicity of the surface minimally affects the calculated thick-
ness of the interfacial water layer (see the Supplementary Materials, 
fig.  S7). Therefore, the spectral response of a 2-nm gap will be 

A B

C D

E F

Fig. 4. Quantitative estimation of the complex refractive index, ñ = n + i� , of gap-filling water within a gap width range of 2 to 20 nm. (A and B) The measured 
relative resonance frequency [ f Water

0
∕ f Air

0
 = 0.73; (A)] and measured relative peak amplitude [ tWater

0
∕ tAir

0
 = 0.63; (B)] for the water-filled nanogap loop with respect to those 

of an empty gap (i. e., n = 1, κ = 0). (C and D) The 2D maps of the relative resonance peak amplitude [in (C)] and the relative resonance frequency [in (D)] with respect to 
those of an empty gap. The gap width (w) is 5 nm, and the loop length [(L = 2(Lx + Ly)] is 200 μm. The star symbols in (C) and (D) indicate the estimated refractive index of 
gap-filling water, satisfying both the experimentally obtained relative resonance frequency and relative peak amplitude simultaneously. (E and F) Estimated relative re-
fractive indices [n⊥/nbulk; (E)] and relative extinction coefficients [ κ⊥ ∕κbulk ; (F)] of the nanoconfined water at each resonance ( f w=2 nm

L=200 μm
 = 0.24 THz, f w=5 nm

L=200 μm
 = 0.23 THz, 

f w=10 nm

L=200 μm
 = 0.32 THz, f w=5 nm

L=100 μm
 = 0.46 THz, f w=20 nm

L=100 μm
 = 0.7 THz) as a function of the gap width. Both n⊥ and κ⊥ are x-direction refractive indices, being perpendicular to the 

metal surface, namely, the sidewall of the first metal pattern shown in Fig. 2A.
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dominated by the refractive indices of the interfacial water whose 
thickness is 0.75 nm by 2 = 1.5 nm; �n⊥ estimated from the 2-nm gap 
sample sets an upper limit for the refractive index of the interfacial 
water, i.e., 

∼

nupper = 1.41 + i0 . If we follow the convention to use re-
fractive index of water at visible frequencies (52) as the lower 
bound nlower ≃

√

ε∞ = 1.33 , we continue our discussion assuming ∼

n
i = 1.37 + i0 as a representative value for the refractive index of in-

terfacial water.
Next, we incorporate an effective medium theory combined with 

a three-layer capacitor model with two interfacial layers and one re-
sidual layer, and assumed that the decrease in dielectric permittivity 
is primarily attributed to the interfacial layer (59). However, we find 
that this three-layer model, which is widely accepted at the static 
regime, is inadequate to explain the observed decrease in dielectric 
permittivity in THz frequencies due to the intricate collective phe-
nomena involved (58) (see fig.  S9 and Supplementary Text in the 
Supplementary Materials). This implies that the residual layer, gen-
erally recognized as a quasi-bulk water, also undergoes a substantial 
reduction in THz refractive indices at gap widths as large as 10 nm, 
in sharp contrast to the static regime. As shown in fig. S9 (C and F), 
the complex refractive indices of the residual water decrease gradu-
ally with smaller gap widths, with the 2-nm gap reducing to 60 and 
0% of its bulk counterpart’s real and imaginary parts, respectively.

To understand the underlying physics behind this phenomenon, 
we refer to recent studies which predict that confinement may lead 
to suppression of VDOS at low-energy limit, thereby leading to a 
low dielectric permittivity (22–24, 60). As the frequency range of 
our interest (0.1 to 1.5 THz) may be considered sufficiently low in 
terms of equivalent energy (0.4 to 6 meV), we used this theory (60) 
to formulate a model to qualitatively explain the reduced dielectric 
permittivity of nanoconfined water. First, we have assumed that (i) 
permittivity of water may be expressed as a sum of multiple Lorent-
zian oscillators which account for vibrational modes of water and 
that (ii) the number of oscillators decrease at narrower gaps because 
of the suppression of the vibrational modes (60). Because of the 
relatively small dispersion of water and for the sake of simplicity, we 
further assumed that the VDOS would be uniform over the entire 
spectrum of interest, allowing the permittivity to be expressed as a 
sum of identical Lorentzian oscillators equally spaced in the spec-
trum. By denoting the number of oscillators as P, suppression of 
vibrational modes may directly be converted into a decrease in P, 
which will determine the permittivity spectrum of the nanocon-
fined water accordingly. Our first step was to obtain relevant param-
eters for the Lorentzian oscillators by fitting the experimentally 
obtained permittivity spectra of bulk water with our model, which 
will be called the VDOS model. The number of vibrational modes 
for bulk water is denoted as P0 and will be used as a reference when 
analyzing the data from nanoconfined water. Figure  5 (A to D) 
shows the experimentally measured transmission spectra for water-
filled nanogaps with different gap widths, as well as fitted curves ob-
tained from the VDOS model with P as one of the fitting parameters. 
On the basis of the fitted data, we find that the number of vibra-
tional modes of nanoconfined water reduces to 85, 34, 11, and 5% of 
those of bulk water, respectively, at the gap widths of 20, 10, 5, and 2 
nm. The decreased permittivity of nanoconfined water may there-
fore be explained by suppressed vibrational modes at narrower gaps, 
as reported by the earlier works (22, 24). Figure S10 in the Supple-
mentary Materials shows the resulting frequency-dependent dielec-
tric permittivity spectra of nanoconfined water obtained from the 

VDOS model. It is noteworthy that, at a higher degree of confine-
ment, the dispersion is substantially reduced, which is due to a 
smaller number of Lorentzian oscillators contributing to the total 
permittivity. The number of vibrational modes P as a function of the 
gap width (w) is plotted in Fig. 5E. It is clear from the analysis that 
the trend is linear, which implies that the confinement effect may be 
volumetric, i.e. P ~ w ~ V, where V is the confinement volume. This 
is qualitatively consistent with a previous study (24) where the au-
thors express the number of vibrational states at a specific wave 
number k as dn = V−1

k
4πk2dk , where Vk = (2π)3 ∕V  is the k-space 

volume occupied by a single wave vector. While more rigorous and 
quantitative studies are required to understand the nanoconfine-
ment effect, we were able to demonstrate that the decreased permit-
tivity of nanoconfined water can be explained in the context of a 
reduced number of vibrational modes.

Ice-to-water phase transition under nanoconfinement
We can draw a parallel between the lowering refractive index ob-
served in nanoconfined water and the changing refractive index 
during the phase transition from liquid water to solid ice. In the 
solid state of ice, the spacing between hydrogen bonds becomes 
fixed, causing water molecules to align in a structured manner. This 
arrangement results in lower refractive indices compared to liquid 
water. Therefore, temperature-dependent THz transmission mea-
surements on water-filled nanogaps can provide additional insight 
on the gap width–dependent collective dynamics of water molecules.

Figure 6A shows the measured THz time traces of water-filled 
nanogaps with the gap widths of 1.5, 5, and 20 nm when the tem-
peratures are 250 and 290 K, and Fig. 6 (B to D) shows the corre-
sponding THz spectra. The spectra exhibit a decrease in amplitude 
and a spectral red shift as the temperature rises from 250 K, surpass-
ing 273 K, to 290 K (fig. S11 in the Supplementary Materials). This is 
an expected trend as refractive index of bulk water is larger than that 
of the bulk ice (~1.77). What should be noted, however, is that the 
spectral shift is smaller in narrower gaps, which is counterintuitive 
because narrower gaps are much more sensitive to changes in di-
electric environment within the gap. This implies that dielectric 
properties of nanoconfined water and ice are similar. The series of 
transmitted amplitude changes for each sample is compared in 
Fig. 6E as a function of temperature. For 1.5-nm gap, the amplitude 
change during the phase transition was almost negligible, which is 
because 1.5-nm-thick nanoconfined water consists exclusively of 
the immobile interfacial layers. For 5- and 20-nm gaps, we find that 
the amplitude change for 5-nm gap is only half as large as observed 
in the 20-nm gap, which implies that the nanoconfined water is 
more “ice-like” in a 5-nm gap. The ice-like nature of the nanocon-
fined water may be better visualized by comparing the results with 
simulations assuming bulk water and ice filling the gap, as shown in 
Fig. 6F. While the observed amplitude changes in the 20-nm gap are 
relatively consistent with the calculations, the changes in the 5- and 
1.5-nm gaps deviate by approximately 3 and 15 times from the pre-
dicted value with the bulk values. Accordingly, at THz frequencies, 
the optical properties of nanoconfined water deviate substantially 
from those of bulk counterpart, suggesting that suppressed collec-
tive dynamics of water molecules are observed over longer distances 
than we expected.

We may also determine THz refractive indices of the “nanocon-
fined ice” and compare them with the bulk counterpart, as we did 
with liquid water. For gap widths of 5 and 20 nm, we estimate indices 
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of the nanoconfined ice as 1.2 (w = 5 nm) and 1.7 (w = 20 nm) with 
a nearly zero imaginary part. Compared to the THz refractive index 
of bulk ice of  ñ = 1.77 + i0 , we can conclude that the 20-nm-thick 
ice is almost close to bulk ice, while the index of 5-nm-thick ice is 
strongly suppressed by the nanoconfinement effect. This finding is 
in line with a recent report in which the VDOS of nanoconfined 
solids is found to follow ~ω3 in the low-frequency limit, while the 
dependence is ~ω2 for normal solids (24). As a result, nanoconfine-
ment suppresses vibrational modes and reduces the dielectric per-
mittivity of ice in a similar manner to nanoconfined water.

DISCUSSION
In this study, we performed gap width–dependent THz transmission 
measurements on water-filled metal nanogap to determine refractive 
indices of the nanoconfined water at THz frequencies. We observed a 
considerable decrease in both real and imaginary refractive indices of 
the nanoconfined water compared to those of bulk water, but with a 
trend that could not be explained sufficiently with the three-layer 
capacitor model proposed in the static regime. Using the VDOS model, 
we attribute this deviation to the suppressed dynamics of the long-range 
correlation of hydrogen bond networks corresponding to the THz fre-
quency regime under extremely confined volume. This constraint leads 
to a reduction in the THz permittivity of the “non-interfacial” water, as 
demonstrated through temperature-dependent measurements. Even 
though this study focuses on THz frequencies, the scope of the study 
can be expanded to visible, infrared, and even microwave frequencies 
simply by altering the dimensions of the metal nanogaps. It is also 
possible to study interfacial dynamics of water molecules on different 
metals or even on dielectrics or self-assembled molecules by coating the 
layers after fully etching the gap. Furthermore, if the water-filled gap 
can be realized at subnanometer gap widths (51), then our understand-
ing of nanoconfined water may be extended to much more exotic phe-
nomena, such as various phases of monolayer (16, 61) and an anomalous 
shift of phase transition temperatures (20). Therefore, our scheme pro-
vides a previously unknown method to study and use water-mediated 
processes such as protein folding, lipid rafts, and molecular recognition.

MATERIALS AND METHODS
Fabrication of water-filled nanogap loops
First, we cleaned a 500-μm-thick silicon substrate using acetone and 
isopropyl alcohol in an ultrasonic environment to remove any particles. 
We then applied image reversal photoresist (AZ 5214E) onto the sili-
con wafer at 4000 rpm for 30 s, followed by a soft bake at 105°C for 
90 s to eliminate residual solvent. The coated sample was exposed to 
ultraviolet light with an intensity of 10 mW/cm2 and a wavelength of 
365 nm (i-line) for 5 s using a MIDAS MA-6 mask aligner. After the 
reversal bake and flood exposure, we developed the sample with MIF 
300 developer for 120 s and rinsed it with DI water for an additional 
120 s. Subsequently, we deposited a 200-nm-thick layer of gold and a 
2-nm-thick layer of chromium (Cr) using an electron beam evapo-
rator and then removed any remaining photoresist with acetone. Using 
an ALD system (Lucida 100), we then deposited a conformal layer of 
Al₂O₃, varying from 2 to 20 nm, using trimethylaluminum as the 
precursor and DI water as the reactor, controlling the thickness by 
adjusting the number of cycles, all at a temperature of 200°C. The 
deposition rate of Al₂O₃ was 1.1 Å per cycle, with the thickness con-
firmed using ellipsometry. Afterwards, a 200-nm-thick layer of gold 

was deposited on top of the sample, which filled the empty region and 
defined the metal-insulator-metal gap. Excess gold that was deposited 
on top of the first gold layer was subsequently removed using adhe-
sive tape. To achieve a smoother surface, we polished the nanogap 
loops’ exteriors using an Ar-ion miller at an oblique angle of 85° for 
5 min. Following this, we etched the Al₂O₃ inside the nanogaps using 
a 1 M KOH solution, varying the etching time from 1 min for the 2-nm 
gap to 10 min for the 20-nm gap, depending on the gap width. Follow-
ing the etching process, we immediately transferred the KOH bath to a 
DI water (resistance = 18.2 megohm·cm) reservoir, allowing DI water 
to dilute the KOH solution and simultaneously fill the gap. Last, we 
sealed the water-filled nanogap loops using a sapphire cover (650 μm) 
with double-sided Kapton tapes (100 μm) as a spacer within a DI 
water bath. For low-temperature measurements, we additionally 
sealed sidewalls of the sample using GE varnish, preventing the va-
porization of water molecules under ultrahigh-vacuum conditions.

THz time-domain spectroscopy
To investigate the dynamics of water molecules within nanogaps, we 
used transmission-type THz-TDS. We used a commercial Ti:sapphire 
oscillator system (Synergy BB, Spectra-Physics) operating at a central 
wavelength of 780 nm, producing sub–10-fs pulse widths with a rep-
etition rate of 75.1 MHz. For THz generation, we used a commercial 
GaAs photoconductive antenna (Tera-SED3, Laser Quantum) with a 
field amplitude of 300 V/cm. The resulting THz pulse spanned a spec-
tral range from 0.1 to 3 THz and was guided using a series of off-axis 
parabolic mirrors. The focused THz pulse, with a beam size of 2 mm, 
was directed onto the water-filled nanogap loops. Detection of the 
transmitted THz pulse was accomplished through an electro-optic 
sampling method using a 1-mm-thick (110) ZnTe crystal. To mitigate 
water vapor absorption effects at THz frequencies, we maintained a 
dry air purging system throughout the experiment.

Temperature-dependent measurement
We used a liquid helium (He) flowed cryostat (MicrostatHe2, Oxford 
Instruments) to confirm the phase transition of water within the na-
nogap. To avoid multiple reflections of THz waves, we used a trans-
parent 3-mm-thick Polymethylpentene window optimized for THz 
frequencies. Furthermore, we designed a customized holder from 
oxygen-free copper, renowned for its superior thermal conductivity. 
This holder incorporated a temperature sensor (DT-670, Lakeshore) 
to ensure precise temperature measurement of the sample. Heat trans-
fer was facilitated through a wire, with a cryogenic manganin wire of 
exceptionally low thermal conductivity used to impede heat flow. A 
segment of this wire was attached to a cold finger for effective heat 
anchoring. This meticulous arrangement yielded a temperature differ-
ence between the cold finger and the sample part within a remarkably 
tight ±0.1-K range in the low-temperature domain. For affixing the 
sample to the specific holder, we used GE varnish, allowing ample 
drying time of 24 hours before loading it into the cryostat. All low-
temperature measurements were carried out under high-vacuum 
conditions (<8.5 × 10−7 mbar) to prevent the freezing of water vapor.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S11
Tables S1 and S2
References
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