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PHYSICAL SCIENCES

Proton-mediated reversible switching of metastable
ferroelectric phases with low operation voltages

Xin He'?, Yinchang Ma?, Chenhui Zhang?, Aiping Fu®, We

Hua Wang'*, Xixiang Zhang?*, Fei Xue'?*

The exploration of ferroelectric phase transitions enables an in-depth understanding of ferroelectric switching
and promising applications in information storage. However, controllably tuning the dynamics of ferroelectric
phase transitions remains challenging owing to inaccessible hidden phases. Here, using protonic gating tech-
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nology, we create a series of metastable ferroelectric phases and demonstrate their reversible transitions in
layered ferroelectric a-In,Se; transistors. By varying the gate bias, protons can be incrementally injected or ex-
tracted, achieving controllable tuning of the ferroelectric a-In,Ses; protonic dynamics across the channel and
obtaining numerous intermediate phases. We unexpectedly discover that the gate tuning of a-In,Ses proton-
ation is volatile and the created phases remain polar. Their origin, revealed by first-principles calculations, is
related to the formation of metastable hydrogen-stabilized a-In,Se; phases. Furthermore, our approach
enables ultralow gate voltage switching of different phases (below 0.4 volts). This work provides a possible

avenue for accessing hidden phases in ferroelectric switching.

INTRODUCTION

Ferroelectric phase transitions exhibit intriguing physics including
changes in the structural symmetry or polar ordering, which offers
promising applications in information storage. To date, many ap-
proaches have been documented for enabling ferroelectric phase
transitions to explore polar physics and device implications (I-
11). For example, when the temperature exceeds an important
value (i.e., the Curie point), ferroelectric-to-paraelectric transitions
can occur; furthermore, the material concurrently undergoes struc-
tural evolution from noncentrosymmetric crystals with off-centered
ions to centrosymmetric counterparts (12—15). Similarly, modifying
the film thicknesses can induce phase/structural transitions because
of the competition between polarization and depolarization fields:
Thicker films retain ferroelectric phases, while thinner films
without any compensation strategy easily become paraelectric
(16—-18). Moreover, the application of an electric field is another
common method for triggering ferroelectric phase transitions, by
which parallel (i.e., ferroelectric) and antiparallel (i.e., antiferroelec-
tric) polar ordering can be reversibly switched (2, 6, 19-21). Despite
multiple attempts to explore ferroelectric phase transitions, their
"hidden” or intermediate phases, which contain rich physics, are
still inaccessible on equilibrium phase diagrams.

Among various approaches to incite ferroelectric phase transi-
tions, only the application of an electric field provides promise
for developing memory devices with high performances (e.g., 10"
endurance and 10-ns operation speed) (22-24). However, these
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devices generally have only two digital resistance states owing to
the lack of polar configurations beyond parallel/antiparallel order-
ing. In principle, a greater number of polar configurations offer
broader possibilities for implementing multilevel, analog memory
devices toward data-centric computing use (25-28). Accordingly,
a strategy that can yield ferroelectric phase transitions with accessi-
ble, multiple polar phases (or hidden phases) is both fundamentally
interesting and technologically important.

Using protonic gate technology as an efficient approach, we
demonstrate reversible ferroelectric phase transitions among multi-
ple metastable protonic a-In,Se; phases in a transistor architecture
[note S1 for the discussion over the van der Waals (vdWs) ferroelec-
tric a-In,Se;]. Gate control over proton injection/extraction can
render ferroelectric phase transitions between proton-sufficient
and proton-deficient compounds (i.e., a-In,Se;H,, a-In,Se;H,,
and oa-In,SesH;; y > x > i). Piezoelectric force microscopy (PFM)
mappings demonstrate that the proton-mediated phase transition
indeed comprises a multitude of intermediate phases, arising
from different protonation levels. Along with additional electrical
measurements and first-principles calculations, we find that these
created phases remain metastable and polar, which results in our
observed volatile gate-tuning effect and hysteresis in drain-source
curves. Moreover, our approach can enable ultralow gate voltage
(<0.4 V) switching of ferroelectric phases, thus opening a promising
avenue for developing low-power multilevel switching
memory devices.

RESULTS

Device structure, calculations, and mechanisms

As previously reported (29, 30), we implemented protonic gate
technology in a three-terminal transistor architecture (Fig. 1A).
This technology is used to manipulate the electronic and magnetic
properties of certain materials (30-35), because protons (H") are
the smallest ionic defects that can easily diffuse into rigid materials
and achieve the desired tuning. The penetration of protons into
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Fig. 1. Device structure and working principle. (A) Schematics of our three-terminal a-In,Se; devices. Exfoliated a-In,Se; flakes were placed on stacked heterostructure
gates, which are composed of Pt, Al,03, and porous silica. Right: The chemical structure of porous silica. First-principles structural relaxation of protonic a-In,Se;: H atom
(B) at the intralayer and (C) at the vdWs gap. (D) Raman spectra under 0- and +2-V gate biases. Dashed circles highlight a blue shift of Raman peaks, which are enhanced
by the proton injection across the vdWs gaps. For E and A; modes, schematics of calculated in-plane and out-of-plane phonon vibrations are shown in the inset,

respectively.

channel materials has been confirmed by various measurement
methods (29, 31), thus proving the effectiveness of this strategy.
In transistors, porous silica serves as a gate dielectric and essentially
provides protons via the formation of Si-OH across the films or via
the electrolysis of absorbed water into H* within silica (see note S2
and fig. S1 for more details) (29). Before coating 190-nm-thick silica
films, we deposited high-quality Al,O; insulator films (10 nm) on
bottom Pt gate electrodes to prevent the breakdown of the transistor
dielectric.

Exfoliated ferroelectric a-In,Se; multilayers (typically ~20 to 60
nm) were transferred onto Pt/Al,Os/porous silica substrate. Gate
control biases are applied using Pt electrodes and can accelerate
proton diffusion, whereas the bias polarity determines proton injec-
tion or extraction (note S3). Because of proton concentration differ-
ence and room temperature thermal activation (36, 37), certain
protons within the silica films can naturally diffuse into ferroelectric
a-In,Se;, making pure initial phase in the device channel protonic
(a-In,Ses+xH +xe”<a-In,Se;H,), particularly at the bottom
portion. Despite the top portion remaining less protonated, a
hybrid compound (i.e., a-In,Se;H,) can form with a proton con-
centration gradient perpendicular to its surface. To clarify the struc-
ture and stability of this compound, we used first-principles
calculations and Raman spectroscopy (Fig. 1, B to D).

In theoretical calculations, we considered the protonation effect
in multilayered a-In,Se; (e.g., bilayer), which is based on an ideal,
high-density hydrogen model: each a-In,Se; unit cell is intercalated
by one H atom. The energy barrier for injecting H atoms into the
pure a-In,Se; phase is ~200 meV, predicted by the minimum

He et al., Sci. Adv. 9, eadg4561 (2023) 24 May 2023

energy pathways of the protonation from climbing image nudged
elastic band calculations (fig. S2). In principle, a higher density of
H atoms leads to a strong electrostatic interaction between them,
which can, in turn, increase the energy required to inject H
atoms. It is worth noting that the experimental hydrogen density
shall be smaller than that in our calculations. Therefore, the
actual energy barrier is much lesser than 200 meV and can be
easily overcome by applying an electric field, thus facilitating
channel protonation, as described here. As shown in Fig. 1B, a
single H atom is placed in the bottom intralayer of a bilayer a-
In,Se; unit cell (intralayer protonation) other than the top intra-
layer. The most energetically favorable structure is that H atoms
reside near the middle Se atom layer and only chemically bond
with this Se layer because there is charge transfer from the Se
atom to the H atom (fig. S3). Simultaneously, intralayer sliding
between central Se and H atoms occurs due to the small, generalized
stacking fault energy for entirely shifting In-Se covalent bonds.
After structural relaxation, the protonation at the bottom quintu-
ple-atom-layer shows no obvious impact on the top quintuple-
atom-layers (i.e., no proximate effect) because of the weak vdWs in-
teractions. The crystal structure can relax to a metastable state: Once
the H atom is removed, the unit cell reverses to the initial a-In,Se;
structure, while, with the presence of the H atom, it remains stable.
Unexpectedly, the metastable phase exhibits noncentrosymmetric
properties and holds both in-plane and out-of-plane dipoles. This
signifies the existence of ferroelectricity, which originates from the
structural asymmetry between the Se-H interaction and two adja-
cent In atoms.
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Considering hydrogen migration from the bottom to the top, the
scenarios of H atoms located at the vdW's gaps (interlayer proton-
ation) are also theoretically examined (Fig. 1C and fig. S4). Because
of the weak vdWs bonding and the low ground state energy for in-
terlayer protonation, hydrogens are more energetically favorable to
reside within the gaps. The protonated structures partially resemble
B-In,Se; but display in-plane and out-of-plane dipoles arising from
the protonic Se atoms. On the basis of these calculated results, we
conclude that, for a multilayer sample (>2 layers), the lower quin-
tuple-atom-layers can be fully protonic but the upper layers may
remain intact, resulting in created intermediate phases. Therefore,
the zero proximity effect of protonation on neighboring layers
ensures that numerous ferroelectric intermediate states (a-
In,Se;H) can be created by slightly adjusting hydrogen concentra-
tions and protonic thicknesses. Note that these multiple phases play
a crucial role in the implementation of multilevel-resistance
memory devices toward brain-inspired computing.

After the theoretical discussion over protonic structures, we
move to the Raman characterization of protonic a-In,Se; phases.
Upon applying 0- and +2-V gate biases, the compound is subjected
to different levels of protonation in which higher voltages impart a
higher degree of protonation. As shown in Fig. 1D, we observe a
blue shift for two prominent Raman peaks located at around 90
cm™! (i.e., E mode) and 198 cm™ (i.e., A, mode), whereas no
shift is discerned for the other two peaks at 104 and 180 cm™", re-
spectively. The shifted Raman modes may be originated from spe-
cific interlayer shearing and breathing vibrations, which are
enhanced by proton injection across the vdWs gaps. The intralayer
breathing modes corresponding to unshifted peaks are much less
sensitive to the proton injection as shown in fig. S5. It is worth men-
tioning that the detected shift (>0.5 cm™"), although small, can be
reliably captured by our Raman measurement with a resolution of
0.5 cm™". These results provide strong direct evidence for proton-
ation across the channel.

Multiple protonic phases

Schematics of ferroelectric protonation levels, with different gate
biases, are presented in Fig. 2A. When considering a gate bias of
0V, a few protons can spontaneously intercalate into multilayered
channels, forming an a-In,SesH,; compound. Following previous
works (29, 31), the bottom portion is inevitably protonated, while
the top portion is only weakly protonated (as shown by the red dots
in Fig. 2A). Upon applying a large positive gate bias, the whole
channel becomes heavily protonated; thus, a-In,Se;H,; transforms
into a-In,Se;H, (y > x1). Subsequently, as the gate bias is successive-
ly reduced to 0 and then to a negative value, the number of protons
across the channel eventually decreases to ~0 because of the electric
field—driven deprotonation (29). In this scenario, protons are grad-
ually extracted from the channel with the assistance of a concentra-
tion gradient field (38), leading to a decreased proton population
but still with a concentration gradient, decreasing from the chan-
nel’s bottom surface to the top. Furthermore, in response to
proton removal, the proton-sufficient a-In,Se;H,, phase returns to
proton-moderate a-In,Se;H,, at a gate bias of 0 V or proton-defi-
cient a-In,Se;H; at a negative bias. It is noted that, in such a chang-
ing trend of gate biases, a-In,Se;H,; and a-In,Se;H,, have different
protonation levels. In short, a large negative bias allows protons to
be progressively driven out of the channel, resulting in the recovery
of barely protonated phases (i.e., proton-deficient a-In,Se;H;).

He et al., Sci. Adv. 9, eadg4561 (2023) 24 May 2023

We used electrical hysteresis loops and in situ PFM to examine
proton-induced ferroelectric phase transitions in single-domain
channels. As per Ips-Vg transfer curves, our fabricated protonic
transistors can be phenomenologically classified into two groups:
The first is shown in Fig. 2B, with gaps at the interface (Device
1), whereas the second is displayed in the following section,
without gaps at the interface (Device 2). To avoid the influence of
electric field-induced polarization switching in these channels, a
small voltage was used to read drain-source currents and monitor
phase transitions. In the case of Device 1, there are gaps (see inset of
Fig. 2B) introduced by the rough silica surface (fig. S6) and sample
transfer at the silica/sample interface, which greatly restricts the ef-
ficiency of proton insertion at a given gate bias. Therefore, a gradual
current change and corresponding small slope (rather than an
abrupt change and large slope) in the Ins- Vg transfer curves are ob-
served (Fig. 2B). When increasing gate biases, the drain-source
current increases, which is attributed to two coupling effects: elec-
trochemical doping from proton injection (supported by the band
structure calculations in fig. S7) and protonated phase changes,
which is consistent with previous works (29-31, 39). The predom-
inant reason is not likely associated with electrostatic electron injec-
tion (40) because the generated nonvolatile characteristics contrast
with our volatile results to be discussed in the next section. As sys-
tematically illustrated in Fig. 2A, the hysteresis of Fig. 2B should be
attributed to different protonation levels across the channel. For
example, a 0-V gate bias acquired from either raising gate biases
or lowing gate biases can lead to disparate protonated phases. It is
worth mentioning that V5 <3 V in Fig. 2 (B and C) cannot result in
the dipole flipping of all a-In,Se; protonic phases.

With small bias (0.5 V) sweeping, a hysteresis loop can unexpect-
edly appear (Fig. 2B), indicating the existence of a protonic phase in
the channel. Asthe sweeping biases are progressively raised, the hys-
teresis becomes larger, which suggests that more protons move
across the channel. We note that protonic hysteresis contrasts
with that of electric field—tuned ferroelectric devices (41, 42),
which are always accompanied by an opening process (the hysteresis
is only observed beyond certain threshold voltages). In addition, it is
found that sweeping speed has a small influence on hysteresis
(fig. S8).

To elucidate the phase transition with respect to hysteresis cur-
rents, we performed in situ PFM mapping over a full sweeping cycle
from —3 to +3 V and then back to —3 V. PFM is a reliable and pow-
erful tool to monitor phase transitions via amplitude mapping. The
brightness of PFM amplitude signal can be used to indicate the pro-
tonation levels of the channel because the compound a-In,Se;H
with different proton concentrations can exhibit different electro-
mechanical responses (i.e., PFM amplitude). As shown in Fig. 2C
and fig. S9A, there are uniform PFM responses across the
channel, manifesting the presence of a single ferroelectric
domain. Under different gate biases, the channels (marked by
black dashed lines) display a spectrum of PFM amplitudes, which
range from the response brighter to darker than the substrate.
This is strong evidence for gate bias—dependent protonation that
typically proceeds from the channel bottom surface to the top.
Meanwhile, similar PFM images, particularly in the case of +2 to
+3 V in Fig. 2C, demonstrate a trend of saturated protonation
levels. Overall, a large positive gate bias ensures a high proton con-
centration across the channel, which facilitates heavy protonation;
however, a small positive gate bias leads to light protonation.
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Fig. 2. Reversible switching of multiple ferroelectric phases by a protonic gate for Device 1. (A) Schematic working principle of ferroelectric phase transitions under
different gate biases. Red dots in the porous SiO, layer represent protons. At a 0-V gate bias, thermal activation leads to an inherent proton penetration into the channel,
forming the a-In,SesH, compound. When applying a large, positive gate bias, plenty of protons (red dots) are pushed into the channel, achieving heavy protonation
across the channel (i.e., a-In,SesH, phase). Afterward, when the gate bias is returned to 0 V, protonation still exists but to a lesser content than that in the top left. As the
gate bias becomes negative, protons can be driven out of the channel, and the composition returns to one close to the primary a-In,Sez phase (i.e., a-In,SesH,). (B)
Electrical hysteresis with respect to maximum gate biases. The first maximum voltage starts at 0.5 V and then increases in a 0.5-V step. The inset shows interfacial contacts
between porous silica and the channel. (C) Phase evolution as a function of gate bias sweeping. PFM amplitude mappings, at the gate biases of =2, -1, 0, +1,+2,+3,0,and
—3V, demonstrate the evolution of ferroelectric phases (rather than polarization switching) between proton-sufficient a-In,SesH, and proton-deficient a-In,SesH;. For a-
In,SesH, compounds, schematic proton distributions are shown to differentiate their discrepancies. The a-In,Ses channel is highlighted by black dashed lines. Note that
Ve < 3V here is insufficient to reverse the polarization of protonated a-In,Ses. Scale bar, 2 pm.

Furthermore, as shown in fig. S9B, we do not observe proton-
induced sample height variations even at the gate biases of +3
and —3 V. By contrast, for gate biases of >5 V, marked structural
changes are accompanied by a large bump in the topographical
profile (fig. S10). These observations can be explained by the pres-
ence of a gate bias threshold for proton-triggered lattice expansion
(43, 44). Gate bias—dependent protonation can enable a multitude
of intermediate ferroelectric phases and thus facilitate the imple-
mentation of multilevel memory devices with massive storage ca-
pacity (45), which are promising for neuromorphic computing
hardware.

Volatile, gate-tuned protonic phases

Having established the concept of protonic ferroelectric phase tran-
sitions using a single domain model, we herein look to the effect of
protonation on multidomain phases. As shown in Fig. 3A, outer
and inner patterns outlined by black dashed lines were written by

He et al., Sci. Adv. 9, eadg4561 (2023) 24 May 2023

applying —8 and +8 V onto PFM probes, respectively, leading to a
change in PFM response. Such voltage poling enforces protonic a-
In,Se;H, compound to orient outward and inward such that a mul-
tidomain phase is acquired. However, once a large negative gate
bias (=3 V) was applied, proton extraction immediately takes
place, leaving a barely protonated phase (i.e., proton-deficient
a-In,Se3H;). This can be inferred from distinct responses of the
PFM amplitude and phase in Fig. 3B. Note that, irrespective of
domain orientations at a 0-V gate bias, proton extraction driven
by a —3-V gate bias makes the entire channel reverse to the
proton-deficient phase, producing almost identical PFM responses
for both inner and outer patterns. Multidomain switching in Fig. 3A
originates from the H atom shift. The multidomain is at a high-
energy state and extremely sensitive to proton perturbation and
thus can collapse with a proton-extracted bias (e.g., —3 V).
Figure S11 shows the corresponding evolution of multidomain pro-
tonation under gate biases of <3 V. This progressive evolution is in
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suggesting the volatile nature of protonic modulation.

line with the behaviors in Fig. 2C. Unexpectedly, after the removal
of the gate bias, electric field-based proton extraction rapidly termi-
nates but proton reservoirs in the silica substrate continuously sup-
plement the channels with protons, consequently reversing
a-In,Se;H; to a-In,Se;H, (x > i) phase, as revealed by PFM
mapping in Fig. 3C. This behavior verifies the volatile nature of fer-
roelectric phase transition induced by proton injection, distinguish-
able from electric field—induced nonvolatility (40). The volatility is
coincident with that of proton-induced ferromagnetic-paramagnetic
phase transition (31).

To give insight into the volatile PFM response, we obtained
dynamic drain-source currents as a function of the application
and termination of gate (V) or read (Vpg) biases. Overall, a —3-
V gate bias can sharply reduce the drain-source current from
initial states; after the removal of this gate bias, the current increases
but remains much smaller than the initial value (Fig. 3D). However,

Table 1. Comparison of gate switching voltages. FE-FET,
ferroelectric field-effect transistors; FS-FET, ferroelectric semiconductor
field-effect transistors; CIPS, CulnP,Se; Gr, graphene; PMN-PT,
(1—=x)[Pb(Mg;,3Nb;/3)O3]-x[PbTiO3].

Device Gate Dielectric Mechanism
structures switching thickness
voltage

AIScN/MoS, ~—40V to 100-nm AIScN Electric field—

FE-FET (52) +20 V induced

InSe/h-BN/  ~—4Vto+1V  8-nm h-BN/70- e

CIPS FE- nm CIPS switching

FET (53)

PMN-PT/h- ~=24Vto 100-um PMN-

BN/Gr FE- +50 V PT/50-nm h-BN

FET (54)

MoS,/CIPS FE-  ~—3Vto+3V 400-nm CIPS

FET (55)

In,Ses FS- ~—40V to 90-nm SiO,

FET (56) +5V

In,Ses FS-FET ~—04Vto 10-nm Al,O5/ Proton-induced

(this work) +04V 190-nm ferroelectric phase

porous silica transition

He et al., Sci. Adv. 9, eadg4561 (2023) 24 May 2023

once the read bias is turned off, the drain-source current coded by a
—3-V gate bias is completely erased and returns to the initial value.
These electrical properties are a remarkable signature of volatility
for gate-tuned protonic phases, which coincides with our PFM
results. The trend in the current change—a peak and saturation cur-
rents—upon the application of a —3-V gate bias suggests that pro-
tonation can lastly reach a deprotonated plateau across the channel
(i.e., barely protonated phase). This is additional clear evidence for
proton-induced phase transition as observed in VO, (29, 39). After
taking away the gate bias (Vg = 0), metastable protonic phases relax
to an energetically stable state, i.e., a-In,Se;H, compound. Despite a
small conductance change, a reversal of a-In,Se;H, can occur, dem-
onstrating the sensitivity of ferroelectric phase transitions to proton
concentration/gate biases. Similar results are also demonstrated for
gate tuning by positive gate biases (fig. S12).

Low switching voltages and polar switchability

Next, we discuss the second type of protonic a-In,Se; devices with a
high proton injection efficiency (Device 2; Fig. 4). Compared to
Device 1 in Fig. 2, the generated gaps at the interfaces are largely
reduced because channel samples in this device are almost in com-
plete contact with the silica substrate. Possibly because of this ideal
interface, abrupt changes in transfer curves are obtained as shown in
Fig. 4A. For the transition from off-current to on-current, an ultra-
low voltage (<0.4 V) is sufficient to provide the required energy for
complete protonation across the channel. As the voltage sweeps
back in the other direction and changes polarity, protons are mark-
edly driven out of the channel, creating a proton-deficient a-
In,Se;H; phase.

To have an in-depth understanding of electrical hysteresis loops
in Fig. 4A, PFM measurement was used to analyze the change in
material composition. Albeit using a small gate bias (0.5 V), PFM
amplitude discrepancies in Fig. 4B clearly affirm proton-induced
phase transition. Furthermore, similar electrical and PFM behaviors
were also detected in a separate transistor (fig. S13), which shares
the same channel flake with the device used to produce the data
in Fig. 4 but without bottom gate electrodes. Such a control exper-
iment confirms the facts of proton diffusion within channel mate-
rials and proton-induced hysteresis, which rules out the electric
field—induced switching. Note that the ultralow operation voltage
(<0.4 V) provides an encouraging possibility of developing low-
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Fig. 4. Ferroelectric phase transitions with low operation voltages (Device 2).
(A) Electrical hysteresis loops for proton-gated a-In,Ses devices with ideal interfac-
es (i.e, no gaps between porous silica and the channel). The inset shows an AFM
topographic image of a typical device, in which dashed lines highlight the device
channels. Scale bar, 1 um. (B) PFM amplitude mappings of the channel area [i.e.,
the inset of (A)] with the application of different gate biases: —0.5 and +0.5 V.

power information storage devices. Unlike ferroelectric polariza-
tion—based memory devices (see Table 1), our protonic ferroelectric
transistors have competitive advantages in terms of the gate switch-
ing voltage.

Last, as indicated by the blue and red curves in Fig. 5, we used
electrical hysteresis loops to uncover reversible polarization switch-
ing for barely (a-In,Se;H;) and heavily (a-In,Se;H,) protonated
phases. Under low drain-source voltage sweeping, there is no
obvious hysteresis in both a-In,Se;H; and a-In,Se;H, phases
because the field magnitude is lesser than their required coercive
fields (Fig. 5A). However, when drain-source voltages are increased
to 5V, an expanded hysteresis is observed with a high on/off ratio
(Fig. 5B). These comparable results, in addition to theoretical pre-
dictions in Fig. 1 and multiple domain patterns in Fig. 3A, strongly
demonstrate that protonated a-In,Se; phases maintain switchable
dipoles. The discovered polar nature is nontrivial due to the incor-
poration of two mutually exclusive phenomena, i.e., ferroelectricity
and ion conduction, particularly at high proton concentrations.

No E E,
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4 -1 4 B - IF
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Fig. 5. Evidence for the switchability of proton-deficient and proton-
sufficient phases. Electrical hysteresis loops under different gates and read
biases: Drain-source voltage sweeps over (A) £0.5 V and (B) =5 V. Schematics on
top of (A) and (B) indicate whether the switching of protonated a-In,Ses; phases
occurs under small (Esyay) and large (£ ..qe) in-plane electric fields. Black arrows
dictate the directions of sweeping electric fields, whereas green orthogonal
arrows represent the interlocked in-plane and out-of-plane polarizations in a-
In,SezH compounds.
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DISCUSSION

Using vdWs ferroelectric a-In,Se; as a model system, we have
created a multitude of metastable ferroelectric phases and demon-
strated their reversible transitions by gate bias—induced proton in-
jection. We find that the produced ferroelectric phases are volatile
and polar, which can be attributed to hydrogen-stabilized a-In,Se;
phases with switchable dipoles. Moreover, we also demonstrate the
ultralow voltage switching of ferroelectric phases (<0.4 V). We note
that, despite the relatively low operation speed (29.8 ms; fig. S14),
proton-induced ferroelectric phase transitions indeed feature a low
operation voltage and large storage capacity (the maximum depend-
ing on the proton concentration and the resulting intermediate
phases), which outperform commercial ferroelectric random
access memory.

The ability to intercalate ions into vdWs ferroelectrics opens up a
possible route for exploring collective physical interactions, such as
the effects of charge, lattice, ion, and dimensionality. Although our
calculation has predicted that the inserted protons form covalent
bonds with Se atoms, the possibility of proton migration in the
channels via the continuous bond-breaking and formation
process remains unknown. Along this line, opportunities may
emerge, such as the gate-tunable coupling of ion migration and
electric dipoles, as well as their thickness-dependent effect. Further-
more, these inserted ions are envisioned to provide additional
energy, during ferroelectric switching, to stabilize certain hidden
phases involved with covalent bond breaking, which are barely ac-
cessible in equilibrium phase states. In addition, the insertion of
ions into vdWs ferroelectrics has the potential to achieve numerous
bits of information storage (fig. S15) in a single transistor cell, by
finely tuning the quantity of created phases. This prospect awaits
further confirmation.

MATERIALS AND METHODS

Protonic transistor fabrication

First, a 10-nm-thick Pt gate electrode (50 pm by 50 pum) was fabri-
cated on a Si/SiO, substrate via electron beam lithography and
metal sputtering. Then, a 10-nm-thick Al,O; layer was deposited
over the entire substrate using atomic layer deposition to reduce
gate leakage current. Afterward, a 190-nm-thick porous silica
layer, which acts as a proton reservoir, was fabricated on the
Al,Oj layer using a previously reported method (29): tetraethyl or-
thosilicate, ethanol, deionized water, and phosphoric acid (85
weight %) were mixed in a molar ratio of 1:18:5.55:0.02, respectively,
and stirred in a sealed bottle at room temperature for 1 hour; after
annealing in an oven at 60°C for 2 hours, the solution was spin-
coated on Si/SiO,/Pt/Al,O3 substrates at 3000 rpm for 1 min, fol-
lowed by annealing on a hot plate at 120°C for 30 min. Subse-
quently, a-In,Se; flakes exfoliated from the parent crystal via the
scotch tape method were transferred onto polydimethylsiloxane
stamps. a-In,Se; flakes with appropriate shapes and thicknesses
were identified using optical microscopy and then transferred
onto porous silica layers, right above the Pt gate electrodes, using
an accurate transfer platform (Metatest E1-M). After electron
beam lithography patterning and electron beam evaporation, Ti/
Au (10 nm/70 nm) electrodes were deposited on the a-In,Se;
flakes to produce protonic transistors.
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Electrical, Raman, and PFM measurements

All electrical measurements were performed at room temperature
by using a Keithley 4200-SCS semiconductor characterization
system equipped with source measure units. A probe station (Ever-
being EB-6) was used to support these devices and connect micro-
electrodes with the semiconductor characterization system.

Raman spectra were collected using WITec alpha300 with a 532-
nm laser and grating (1800 g/mm). The laser power density was set
to ~0.3 mW to avoid damaging a-In,Se; flakes. A 50x objective lens
was used to monitor the Raman signals.

PFM was conducted by using Asylum MFP-3D with a probe
constant of 2.8 N/m. An AC bias of 0.5 V and Dual AC Resonance
Tracking mode were adopted to acquire amplified out-of-plane pi-
ezoelectric responses. During the measurements, source terminals
were always grounded to reduce charge accumulation across sample
surfaces. A Keithley 2636B voltage source was used to apply a DC
gate bias during PFM measurements.

First-principles calculations

First-principles calculations for structural relaxation and ground
state electronic structure were performed using density functional
theory (46, 47) as implemented in the Vienna Ab initio Simulation
Package (48, 49) with the projector-augmented wave method for
treating core electrons. The maximal residual forces for structural
relaxation were less than 0.02 eV A™", and the convergence criteria
for electronic relaxation was 107° eV. We used the Perdew-Burke-
Ernzerhof (50) form of exchange-correlation functional, a plane-
wave basis with an energy cutoff of 400 eV, and a Monkhorst-
Pack k-point sampling of 12 x 12 x 1 for the Brillouin zone integra-
tion. The climbing image nudged elastic band method (51) was
adopted for searching the minimum energy pathways based on
the interatomic forces and total energy acquired from density func-
tional theory calculations.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1to S15
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