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Ferroelectric 2D ice under graphene confinement
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We here report on the direct observation of ferroelectric properties of water ice in its 2D
phase. Upon nanoelectromechanical confinement between two graphene layers, water forms
a 2D ice phase at room temperature that exhibits a strong and permanent dipole which
depends on the previously applied field, representing clear evidence for ferroelectric ordering.
Characterization of this permanent polarization with respect to varying water partial pressure
and temperature reveals the importance of forming a monolayer of 2D ice for ferroelectric
ordering which agrees with ab-initio and molecular dynamics simulations conducted. The
observed robust ferroelectric properties of 2D ice enable novel nanoelectromechanical
devices that exhibit memristive properties. A unique bipolar mechanical switching behavior is
observed where previous charging history controls the transition voltage between low-
resistance and high-resistance state. This advance enables the realization of rugged, non-
volatile, mechanical memory exhibiting switching ratios of 106, 4 bit storage capabilities and
no degradation after 10,000 switching cycles.
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erroelectric ordering of water has been at the heart of

intense debates for nearly a century!=3 due to its importance

in enhancing our understanding of condensed matter.
Despite significant research efforts, no clear evidence of water ice
with the necessary proton ordering has been reported leading to
the coining of the term “UFI” (underidentified ferroelectric ices)
in the literature*.

Ferroelectric ordering in ice is challenging to observe experi-
mentally, due to the a large number of energetically equivalent
arrangements of water molecules and the small energy differences
between disordered and ordered ice forms. The presence of a
suitable surface could change the energetics and kinetics of water
ordering as evidenced by fast water transport in nanotubes,
exotic water morphologies in atomic pores®, and new thermo-
dynamic phases on graphene surfaces”. Theoretical predictions
suggest that the confined conditions between two graphene layers
could generate atomic layers of ice with a preferential dipole
orientation that results in ferroelectric ordering!®!1.

Experimental characterization of of such 2D ice monolayers in
contact with graphene is hindered by issues in their production
and characterization!>!13 and UFIs remain at large.

We here demonstrate direct evidence for the formation of
ferroelectric ice when water is actively confined to a monolayer
between two layers of graphene. Nanoelectromechanical actua-
tion is employed to provide intimate and controllable contact
between two graphene layers and to generate a polarization across
their interface. A field-dependent dipole ordering was observed
by three separate experimental techniques which is retained even
after the field is removed. The ferroelectric response of the ice
layer vanishes upon the formation of ice multilayers, indicating
the unique properties of 2D ice.

The robust and room-temperature stable ferroelectric response
of ice at the graphene interface not only represents a new phase of
water but can be applied to impart nanoelectromechanical devices
with unexpected properties. This advance is demonstrated by a
mechanical switch that exhibits an unexpected bipolar switching
behavior where a positive voltage toggles a low resistance state
and a negative voltage is necessary to reset the switch to a high
resistance state and enables the first realization of two-terminal
mechanical memory. Moreover, the reset voltage at which the
transition between the resistance states occurs is found to depend
on the history of the previously applied voltage, giving rise to a
unique memristive effect, which was employed to realize a 4 bit
multi-level mechanical data storage device.

Results

While all surfaces are covered by a water film under ambient
conditions, forming a monolayer of water is a complex process
that is difficult to control outside of ultrahigh vacuum conditions.
Self-organization effects at the graphene interface can produce
islands of monolayer water but have no control over their posi-
tion and extent”!4-16, Moreover, previous work demonstrated
that the slow lateral diffusion at the 2D materials interface leads
to thick water clusters instead of continuous thin films!”.

We pursue a more robust approach to forming ultra-thin water
films based on a nanoelectromechanical (NEMS) actuation
approach where two separated graphene layers are brought into
contact by electrostatic attraction. This dynamical adjustment of
the graphene layer separation permits the variation of the inter-
layer pressure to displace excess water from the contact point
between the two graphene layers (Fig. 1(a)).

A lithography-free fabrication process was devised to produce
micrometer-scale drum structures (Fig. 1(b)) while minimizing
contamination of the graphene interfaces as detailed in the sup-
plementary materials. Atomic force microscopy demonstrates the

formation of suspended graphene as evidenced by oscillations in
the image signifying superposition of imaging and resonator
vibration frequency!® (Fig. 1(c)).

The condition of the graphene electrode can be investigated by
spatially resolved Raman spectroscopy (Fig. 1(d)). A redshift of
the Raman 2D-band position indicates that the suspended por-
tion of the graphene is strained compared to the supporting part,
due to sagging, wall adhesion, and capillary forces!®20. The strain
can be quantified by Raman scaling analysis?! and we extract the
evolution of strain on the suspended graphene (Fig. 1(e)).

Next, a voltage is applied between the bottom and top gra-
phene layer and subsequently removed. Raman spectroscopy is
then carried out again at the same location and we observe an
increased strain in the suspended membrane compared to initial
conditions (Fig. 1(e)). The magnitude and distribution of strain is
in good agreement with finite element simulations for contacted
graphene membranes in the described geometry (inset Fig. 1(b),
more details in the Supplementary Information).

In addition to moving the graphene electrodes in contact, the
one-time application of voltage significantly modifies the charge
distribution along the graphene membrane even after the bias has
been removed. Raman analysis reveals a doubling of the p-type
doping in the center of the suspended area, compared to the
pristine condition (Fig. 2(a)). This observation suggests the for-
mation of a permanent and sizable dipole when graphene layers
are brought into intimate contact and provides the first evidence
of the ferroelectric nature of the structure.

To confirm the ferroelectric properties of the assembly we
conduct electrical transport measurements which help identify
permanent changes in its capacitance. As the capacitance change
of an individual device is expected to be extremely small?2, we
investigate the response of large device arrays where many
switches are connected in parallel through a common graphene
conduction pathway (more information on device fabrication and
measurements are provided in the supplementary material).
When applying a variable, high-frequency excitation to this
multi-drum array, a single and sharp resonance peak at 246 MHz
is observed (Suppl. Fig. S5), which confirms that individual drums
are not interacting with each other and validates our approach
(more information about the RF resonator measurements are
provided in the supplementary material).

Time-resolved measurements of the mechanical contracting
process between the two graphene membranes show a sharp
increase in current within 1 us after an electrical force is applied
(inset Fig. 2(b)). This transition indicates the formation of
mechanical contact between the two graphene layers. The high
switching speed compared to other double-cantilevered NEMS
switches?3 indicates the low mass and high strength of the gra-
phene membrane.

After the mechanical switching process is complete, however,
the current keeps increasing with a longer characteristic time
constant of ~1 ms. To provide evidence for the formation of a
ferroelectric dipole, we devise a modified “positive up, variable
down” (PUVD) measurement technique. In conventional “posi-
tive up, negative down” PUND measurements, two sets of polling
pulses are used to switch the dipole orientation and the con-
comitant charge flow is analyzed. However, this PUND approach
is complicated by the presence of electrical (leakage) currents,
changing contact geometries, and small capacitance values as
expected for the employed NEMS device?*. We, instead, investi-
gate the changes in tunneling electroresistance at different
polarization conditions (inset of Fig. 2(c))?5. A non-linear IV
curve confirms the presence of an injection barrier and for longer
polarization times (tp,) this injection barrier is found to be
lowered which is in agreement with through the formation of an
opposing polarization dipole in the ferroelectric picture. The
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Fig. 1 Nanoelectromechanical actuation scheme. (a) concept of nanoelectromechanical confinement of water between graphene, (b) schematic of
employed device structure, (Inset) finite-element simulation of deformation and strain distribution upon contact (¢) tapping mode AFM image of
suspended top layer over drum structure, (d) map of Raman 2D band position, (e) strain distribution extracted from Raman scaling analysis corresponding
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Fig. 2 Observation of ferroelectric polarization. a Spatial charge distribution across drum from Raman scaling analysis of drum in Fig. 1(d), (b) time-
resolved current measurement with fits to switching (z = 1us) and polarization (r = 1ms) processes, (inset) high speed measurement of switching
transition, (€) current-voltage characteristics obtained by PUVD technique at different polarization conditions (inset) schematic of PUVD scheme, (d) time
evolution of polarization with charging, (e) high-frequency measurement of dielectric constant with fit to Debye relaxation model, (f) plot of extracted
relaxation time constant 7 during switching.
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change in injection barrier height can be related to the ferro-
electric polarization?? (as detailed in the supplementary material)
and we observe an initially monotonic increase in polarization
with applied charge and a subsequent saturation (Fig. 2(d)) that
confirms the ferroelectric nature of the process.

A third evidence for ferroelectric ordering is obtained by high-
frequency measurements. Variable-frequency excitation reveals a
monotonically changing dielectric constant (Fig. 2(e)) which
indicates a single relaxation mode that follows a simple Debye
model?°. The relaxation time constant was extracted at different
switching conditions (see supplementary material). We find
that there is a hysteresis in the time constant with applied vol-
tage (Fig. 2(f)) that shows a sharp change from a that is
stable once generated. A low to a high relaxation time constant
agrees at a high switching voltage which agrees with the transition
from amorphous water to ice26. This effect is indicative of the
change in polarization after the graphene is brought into contact
and thus confirms the presence of ferroelectric ordering that is
stable once generated.

Ab-initio simulations were conducted to establish the origin of
the observed ferroelectric behavior. For this purpose, the stability
of monolayer water confined between two graphene layers was
studied (Fig. 3(a)). Due to the experimentally observed significant
change transfer upon confinement, we consider the polarization
of graphene through reorientation of water molecules under
electric fields that are comparable to the experimental values in
our DFT approach (more details in the supplementary material).
We observe that ice XI, the most promising configuration of
ferroelectric ice, is indeed stable on graphene and that the dipole-
aligned phase, when confined to an ice monolayer, exhibits high
stability. This observation supports our experimental results that
ferroelectric behavior, once induced, can remain stable.

The preferential alignment of the water dipoles produces a
difference in polarization between the top and bottom layer of
graphene that is calculated to be approximately 0.0034 electrons/
carbon atom (Fig. 3(b)). This polarization agrees with our

extracted charge transfer from Raman measurements -2 =

Cearbon
0.0016 _geerons_ (g 2(a)).

Furthermore, our simulations corroborate the change in carrier
transport mechanism assumed for our PUVD analysis. With the
increasing alignment of water dipoles, an asymmetric electrostatic
potential develops between layers that lowers the injection barrier
in agreement with experimental results (Fig. 3b).

To experimentally confirm the role of water in the observed
ferroelectric response, we conduct transport measurements at
variable water exposure. A device is initially baked in a vacuum to
remove water and then water is introduced into the vacuum at a
slow rate by a leak valve. We observe a significant change in
carrier transport during this process (Fig. 3(c)). First, a decrease
in overall current can be attributed to an increase in tunneling
distance between the graphene contacts as the water layer
thickness increases. Second, a change in differential conductance
is observed that suggests a variation of carrier injection upon
water exposure.

To quantify these observations, we apply the previously
described PUVD analysis approach to each IV (more details are
provided in the supplementary material). The tunneling distance
is found to increase with water exposure in a range from 6 to 25 A
which represents a range of separations between monolayer and
multilayer ice XI (Fig. 3(d))!>?7. We find that the polarization
abruptly decreases as the water-induced layer separation reaches
multilayer thickness (Fig. 3(d)). This result suggests that a bilayer
of ice loses its ferroelectric response which agrees with our DFT
simulations that demonstrate that the dipole-aligned phase
exhibits a lower stability than the random-dipole phase by
60 meV per water molecule.

The remarkable stability of the ferroelectric ordering of a
confined single ice layer is further evident when studying the
effect of temperature. Molecular dynamics simulations demon-
strate a loss of long-range order when temperatures are increased
to 87°C which indicates the conversion of crystalline ice into
water (Fig. 3(e)).

This prediction is confirmed by two experimental techniques.
First, high-frequency measurements reveal a linear decrease in
relaxation time constant with a temperature above 0 °C (Fig. 3(f)),
which supports the gradual transition from the ferroelectric ice
phase to water akin to soft ferroelectric materials?8. This loss of a
dipole ordering is further supported by PUVD measurements
(Fig. 3(g)) that demonstrate a complete suppression of the ice
phase around 80 °C, which agrees with our simulation and pre-
vious reports2?.

In addition to answering fundamental questions, the observed
ferroelectric nature of confined water provides a route towards
unprecedented applications. The hysteretic property of the dipole
alignment leads to a situation under reverse bias polarity where
the applied electric field is opposed by the previously formed
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Fig. 3 Origin of ferroelectric effect. (a) DFT simulation results of confined water relaxed structure displaying ice XI configuration, (b) electrostatic
potential distribution (relative to origin) along the z-axis of pristine graphene and graphene/ice structure with overlaid 3D image of relaxed structure (c)
current-voltage characteristics of the device under different amounts of water coverage, (d) tunneling distance between electrodes and polarization as a
function of water coverage, (e) bond distance histogram of structures relaxed at different temperatures through molecular dynamics simulation, (f, g)
Temperature dependence of (f) high-frequency relaxation time constant and (g) PUVD polarization.
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Fig. 4 Nanoelectromechanical memristor. a current-voltage characteristics of a mechanical switch demonstrating a novel bipolar switching behavior, b
change of electrical performance (on/off ratio) and defectiveness (Raman Ip/Ig ratio32) during repeated cycling (€) current after single write cycle at 25V
and various delay and read cycles at 0V and —5 V, respectively, (inset) representation of pulse sequence, (d) remnant polarization as a function of
previously applied highest voltage (V,ime), (inset) representation of polarization hysteresis, (e) evolution of device resistance depending on previously
applied priming voltage, (f) change of reset transition voltage as a function of previously applied priming voltage.

ferroelectric dipole (inset of Fig. 4(a)). Consequently, a repulsive
force is exerted between the two graphene layers that pushes them
apart. Due to this condition, our ferroelectric NEMS device
exhibits a bipolar-like switching behavior where the graphene
layers contact at positive voltages and separation occurs at
negative voltages (Fig. 4(a)). This behavior is fundamentally dif-
ferent from other electromechanical switches where the reset
transition is always at lower positive voltages than the set tran-
sition and, consequently, power has to be permanently supplied
to keep the electrodes in contact. Consequently, the ferroelectric
NEMS device can be employed as a permanent and non-volatile
memory as evidenced by the demonstrated long retention time of
information at power-cycled conditions (Fig. 4(b)).

Mechanical memory could provide improved reliability>® and
power efficiency’! compared to conventional memory. We
demonstrate the ruggedness of the system by cycling the device
for 10,000 times (Fig. 4(c)). We observe that neither the electrical
performance nor the materials defectiveness changes significantly
throughout the operation which is due to the high mechanical
strength and chemically inert nature of the graphene.

One important challenge to the application of mechanical
memory is their low integration density. However, the presented
ferroelectric functionality has the potential to overcome this
limitation. The dependence of a ferroelectric’s remnant polar-
ization on the previously applied electric field represents a
memristive system that could enable multibit operation. We
demonstrate this behavior in confined ice by applying a variable
polarizing voltage and extracting the polarization through our
modified PUVD. We observe a clear proportionality between the
previously maximum applied electrical potential (termed priming
voltage Vyime) and the remnant polarization (Fig. 4(d)) that
serves as further confirmation of the ferroelectric origin of the
observed phenomenon.

This tunability of the interfacial polarization by a previously
applied priming voltage is employed to adjust the device’s contact
resistance. We observe a proportionality of the resistance mea-
sured at small reading voltages to the priming voltage over a large

range that can be described by a simple empirical formula
(Fig. 4(e)). The device thus acts as a multilevel memory where the
measured resistance can be used as an analog to the previously
encoded voltage. Even without optimization of the device per-
formance, we can reliably encode 16 different resistance levels
suggesting the use of the device as a multi-level memory (more
information is provided in the supplementary material). Conse-
quently, a single switch can hold at least 4 bits of data and thus
increase the information storage density for a given device
density.

An alternative operation mechanism is a voltage-controlled
operation. In addition to modifying the injection barrier, the
remnant polarization determines the electrostatic repulsion nee-
ded to overcome stiction between the two layers, ie. a larger
electric field needs to be applied to cancel out the effects of high
polarization. We observe a clear dependence between the initial
polarizing field and the reset voltage (Fig. 4(f)) at which the
membranes separate. The observed linearity of the two para-
meters over a large range indicates the negligible amount of non-
remnant polarization and suggests the dominance of single-
crystalline ferroelectric domains in the response.

The voltage-controlled operation represents a memristive
behavior that is fundamentally different from previous mechan-
isms. Conventional memristors exhibit a relation between charge
and device resistance, whereas our ferroelectric NEMS device
exhibits a relationship between charge and transition voltage.
This difference could simplify current circuits as our device is
found to switch into the off-state at increasing voltages (inset of
Fig. 4(f)), whereas conventional memristors become more con-
ductive. This self-limiting current characteristic could be
employed as an adjustable current limiting element in circuits
replacing the pervasive 1T1R (1 transistor 1 resistor) schematics
to simplify RRAM crossbar architectures.

In conclusion, we have demonstrated the ferroelectric nature of
water that is confined between two graphene layers. Several
experimental approaches confirm the formation of a sizable and
stable dipole that originates from a single layer of ice. The dipole
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strength and temperature stability are found to quantitatively
agree with simulation results for the 2D phase of ice XI.

The demonstrated combination of mechanical and ferroelectric
effects in a nanoelectromechanical switch yield a unique device
that exhibits a bipolar-type switching characteristic and repre-
sents a novel memristor type. These advances not only provide
new insight into the structural properties of nano-confined water
but provide a new approach to high-density memory devices and
future electronics.

Methods

Graphene was synthesized on copper foil using chemical vapor deposition fol-
lowing previous reports>. Briefly, the copper foil was electrochemically polished at
2V for 30 minutes and then annealed at 1000 °C for 2 h at 10 Torr under a flow of
10sccm hydrogen in a 1” quartz tube heated by a clamshell furnace. Then, 2sccm of
methane was introduced to initiate graphene growth for a duration of 4 hours.
Finally, the sample was cooled down to room temperature under a flow of 10sccm
hydrogen.

To produce the double-membrane structure, the first layer of graphene was
transferred on silicon wafers with a 300 nm thermal oxide using a wet transfer
technique. For this process, PMMA was spin-coated at 2000 rpm onto the
graphene-coated copper foil. The sample was then immersed in Ammonium
persulfate to remove the copper foil and cleaned by multiple immersions in water.
The floating membrane was then scooped up onto the wafer and dried before
immersion in acetone to remove the PMMA layer.

After the deposition of the dielectric a second layer of graphene was transferred
using a similar wet-transfer technique. To avoid capillary effects that might force
the two graphene layers in contact we do not immerse the sample in Acetone for
PMMA removal. Instead, Acetone vapor was employed to remove the PMMA
layer. The resulting graphene exhibited high quality as identified by Raman
spectroscopy (Supplementary Fig. 2).

Silicon microspheres of 1 um diameter were deposited from ethanol solution
(1 mg/l) by casting 1 ml and subsequent heating to 100 °C. Then, aluminum oxide
was deposited by electron beam evaporation onto the first layer of graphene
(Supplementary Fig. 1(a)). An optimized thickness of 40 nm was found to allow
contact between graphene layers while preventing permanent stiction. Finally, the
microspheres were removed by brief sonication of the sample in isopropyl alcohol.

The resulting structure exhibits well-separated drums as confirmed by optical
microscopy over large areas (Supplementary Fig. 1(c)).

Data availability

Relevant data supporting the key findings of this study are available within the article and
the Supplementary Information file. All raw data generated during the current study are
available from the corresponding authors upon reasonable request.

Received: 24 October 2019; Accepted: 14 October 2021;
Published online: 01 November 2021

References

1. Bernal, J. D. & Fowler, R. H. A theory of water and ionic solution, with
particular reference to hydrogen and hydroxyl ions. J. Chem. Phys. 1, 515-548
(1933).

2. Bramwell, S. T. Condensed-matter science: Ferroelectric ice. Nature 397, 212
(1999).

3. Zhu, W. D. et al. Room temperature electrofreezing of water yields a missing
dense ice phase in the phase diagram. Nat Commun 10, ARTN 1925 https://
doi.org/10.1038/541467-019-09950-z (2019).

4. Chen, C. et al. Graphene mechanical oscillators with tunable frequency. Nat.
Nanotechnol. 8, 923-927 (2013).

5. Holt, J. K. et al. Fast mass transport through sub-2-nanometer carbon
nanotubes. Science 312, 1034-1037 (2006).

6. Berezhkovskii, A. & Hummer, G. Single-file transport of water molecules
through a carbon nanotube. Phys. Rev. Lett. 89, 064503 (2002).

7. Algara-Siller, G. et al. Square ice in graphene nanocapillaries. Nature 519, 443
(2015).

8. Kaneko, T. et al. Phase behaviors of deeply supercooled bilayer water unseen
in bulk water. Proc. Natl Acad. Sci. USA 115, 4839-4844 (2018).

9. Rauf, A, Schilo, A., Severin, N., Sokolov, I. M. & Rabe, J. P. Non-monotonous
Wetting of Graphene-Mica and MoS2-Mica Interfaces with a Molecular
Layer of Water. Langmuir 34, 15228-15237 (2018).

10. Qian, Z. & Wei, G. Electric-field-induced phase transition of confined water
nanofilms between two graphene sheets. J. Phys. Chem. A 118, 8922-8928
(2014).

11. Qiu, H. & Guo, W. L. Electromelting of confined monolayer ice. Phys. Rev.
Lett. 110, 5 (2013).

12. Xu, K. & Heath, J. R. Contact with what? Nat. Mater. 12, 872 (2013).

13. Zhou, W. et al. The observation of square ice in graphene questioned. Nature
528, E1 (2015).

14. Yang, D.-S. & Zewalil, A. H. Ordered water structure at hydrophobic graphite
interfaces observed by 4D, ultrafast electron crystallography. Proc. Natl Acad.
Sci. 106, 4122-4126 (2009).

15. Xu, K., Cao, P. & Heath, J. R. Graphene visualizes the first water adlayers on
mica at ambient conditions. Science 329, 1188-1191 (2010).

16. He, K. T,, Wood, J. D., Doidge, G. P., Pop, E. & Lyding, J. W. Scanning
tunneling microscopy study and nanomanipulation of graphene-coated water
on mica. Nano Lett. 12, 2665-2672 (2012).

17. Verdaguer, A., Segura, J. J., Lopez-Mir, L., Sauthier, G. & Fraxedas, J.
Communication: growing room temperature ice with graphene. J. Chem. Phys.
138, 121101 (2013).

18. Clark, N., Oikonomou, A. & Vijayaraghavan, A. Ultrafast quantitative
nanomechanical mapping of suspended graphene. Phys. Status Solidi B 250,
2672-2677 (2013).

19. Wong, C. L., Annamalai, M., Wang, Z. Q. & Palaniapan, M. Characterization
of nanomechanical graphene drum structures. J. Micromech. Microeng. 20,
115029 (2010).

20. Aydin, O. I, Hallam, T., Thomassin, J. L., Mouis, M. & Duesberg, G. Ultimate
CMOS and Alternative Technologies in IEEE Ultim. Integr. Silicon. 33-36.

21. Lee, J. E, Ahn, G., Shim, J., Lee, Y. S. & Ryu, S. Optical separation of
mechanical strain from charge doping in graphene. Nat Commun 3, ARTN
1024 https://doi.org/10.1038/ncomms2022 (2012).

22. Parkkinen, P., Riikonen, S. & Halonen, L. Ice XI: not that ferroelectric. J. Phys.
Chem. C. 118, 26264-26275 (2014).

23. Jasulaneca, L., Kosmaca, J., Meija, R,, Andzane, J. & Erts, D. Review:
Electrostatically actuated nanobeam-based nanoelectromechanical switches -
materials solutions and operational conditions. Beilstein ]. Nanotech 9,
271-300 (2018).

24. Scott, J. F. Ferroelectrics go bananas. J. Phys.: Condens. Matter 20, 021001
(2007).

25. Gruverman, A. et al. Tunneling electroresistance effect in ferroelectric tunnel
junctions at the nanoscale. Nano Lett. 9, 3539-3543 (2009).

26. Artemov, V. G. & Volkov, A. A. Water and ice dielectric spectra scaling at 0
degrees C. Ferroelectrics 466, 158-165 (2014).

27. de Aquino, B. R. H., Ghorbanfekr-Kalashami, H., Neek-Amal, M. & Peeters, F.
M. Electrostrictive behavior of confined water subjected to GPa pressure. Phys.
Rev. B 97, 144111 (2018).

28. Belov, A. Y. & Kreher, W. S. Simulation of microstructure evolution in
polycrystalline ferroelectrics—ferroelastics. Acta Materialia 54, 3463-3469
(2006).

29. Zhu, X. Y., Yuan, Q. Z. & Zhao, Y. P. Phase transitions of a water overlayer on
charged graphene: from electromelting to electrofreezing. Nanoscale 6,
5432-5437 (2014).

30. Douglass, M. in Reliability, Testing, and Characterization of Mems/Moems II
Vol. 4980 1-12 (International Society for Optics and Photonics, 16 January
2003).

31. Loh, O. Y. & Espinosa, H. D. Nanoelectromechanical contact switches. Nat.
Nanotechnol. 7, 283-295 (2012).

32. Dresselhaus, M. S., Jorio, A., Hofmann, M., Dresselhaus, G. & Saito, R.
Perspectives on carbon nanotubes and graphene raman spectroscopy. Nano
Lett. 10, 751-758 (2010).

33. Hsieh, Y.-P., Shih, C.-H., Chiu, Y.-]. & Hofmann, M. High-throughput
graphene synthesis in gapless stacks. Chem. Mater. 28, 40-43 (2016).

Acknowledgements

The authors acknowledge financial support from the Ministry of Science and Technology
(108-2112-M-001-040-MY3) (Y.H.), (110-2628-M-002-005-MY3) (M.H.) and Academia
Sinica (Y.H.) in Taiwan and from the European Union’s Horizon 2020 research and
innovation programme via the ERC grant APES (No 759721) (J.K.) and computational
resources provided by the Ministry of Education, Youth and Sports of the Czech
Republic through the e-INFRA CZ (ID:90140) (J.K.).

Author contributions

Y.H. conceived and designed the experiment and wrote the paper, H.C. conducted
experiments and produced samples, D.C. collected the data, LH. contributed data and
analysis, H.N. carried out finite element simulations, T.C. fabricated the device, S.M.
carried out the graphene synthesis and microsphere lithography, C.L contributed to the
analysis and paper writing, J.K. conducted DFT and MD simulations, M.H contributed to
the characterization and provided analysis tools.

Competing interests
The authors declare no competing interests.

6 | (2021)12:6291 | https://doi.org/10.1038/s41467-021-26589-x | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-019-09950-z
https://doi.org/10.1038/s41467-019-09950-z
https://doi.org/10.1038/ncomms2022
www.nature.com/naturecommunications

ARTICLE

Additional information Open Access This article is licensed under a Creative Commons
Supplementary information The online version contains supplementary material L7 Attribution 4.0 International License, which permits use, sharing,
available at https://doi.org/10.1038/s41467-021-26589-x. 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
Correspondence and requests for materials should be addressed to Ya-Ping Hsieh. Commons license, and indicate if changes were made. The images or other third party

material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from

Peer review information Nature Communications thanks Ying Jiang and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints the copyright holder. To view a copy of this license, visit http://creativecommons.org/

licenses/by/4.0/.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in v

published maps and institutional affiliations.
© The Author(s) 2021

| (2021)12:6291 | https://doi.org/10.1038/s41467-021-26589-x | www.nature.com/naturecommunications 7


https://doi.org/10.1038/s41467-021-26589-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Ferroelectric 2D ice under graphene confinement
	Results
	Methods
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




