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High tunnelling electroresistance in a ferroelectric
van der Waals heterojunction via giant barrier

height modulation
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Ferroelectric tunnel junctions use a thin ferroelectric layer as a tunnelling barrier, the height of which can be modified by switch-
ing its ferroelectric polarization. The junctions can offer low power consumption, non-volatile switching and non-destructive
readout, and thus are promising for the development of memory and computing applications. However, achieving a high tun-
nelling electroresistance (TER) in these devices remains challenging. Typical junctions, such as those based on barium titanate
or hafnium dioxide, are limited by their small barrier height modulation of around 0.1eV. Here, we report a ferroelectric tunnel
junction that uses layered copper indium thiophosphate (CulnP,S,) as the ferroelectric barrier, and graphene and chromium as
asymmetric contacts. The ferroelectric field effect in CulnP,S, can induce a barrier height modulation of 1eV in the junction,
which results in a TER of above 10’. This modulation, which is shown using Kelvin probe force microscopy and Raman spectros-
copy, is due to the low density of states and small quantum capacitance near the Dirac point of the semi-metallic graphene.

heterostructure that can switch between two or more con-

ductance states in a reversible and non-volatile manner'~.
In FTJs, an ultra-thin ferroelectric layer is used as the tunnelling
barrier and its average barrier height (ABH) can be modified by
switching the ferroelectric polarization. The change in the electrical
conductance of the junction due to this polarization reversal results
in its tunnelling electroresistance (TER)"*’. There are two main
types of ferroelectric material used in existing FTJs: ABO-type per
ovskites">**’, such as BaTiO, (BTO) and PbZr,,Ti,;O,, and binary
oxides'®!!, such as HfO, and Hf,,Zr,,0, (HZO). In FTJs based on
ABO-type perovskites, the TER can reach values of around 10°,
although this requires incorporation of an additional semiconduct-
ing layer in a complex structure in which barrier height and width
are both modulated by the polarization field”?. The ferroelectric
materials also have to be grown on a perovskite-based substrate"*'2,
which limits compatibility with existing electronics technology.
FTJs based on binary oxides have been extensively explored, but
have TER values below 100 due to the limitations of the traditional
FTJ modulation mechanism and intrinsic material properties'*-'°.
Importantly, the TER in both types of FTJ structure is constrained
by the relatively small modulation of the tunnelling barrier height,
which is typically below 0.1 eV with either metallic or semiconduct-
ing contacts'>"".

Recently, ferroelectric properties have been observed in
two-dimensional (2D) van der Waals (vdW) materials such as
CulnP,S, (CIPS) and a-In,Se; (refs. '*=*"). The transition tempera-
tures of these materials are well above room temperature's'*>*

!! ferroelectric tunnel junction (FTJ) is a two-terminal vertical

and the materials are compatible with industrial silicon electronics
processes” . In this Article, we report FTJs based on a 2D vdW
heterostructure in which CIPS is used as the ferroelectric tunnel-
ling barrier layer and chromium and monolayer graphene (1LG) are
used as asymmetric electrodes. Such FTJs exhibit a giant TER of
above 107. We attribute this behaviour to a large change of the ABH,
which results from the large Fermi level shift in graphene spontane-
ously induced by the polarization field in the adjacent CIPS. Owing
to the low density of states in graphene near its Dirac point and its
small quantum capacitance, this Fermi level shift can approach 1 eV.

The vdW FTJ structure and electrical characteristics

Figure la presents a schematic diagram of the vdW FTJ (see
Supplementary Fig. 1 for the optical image), where the layered CIPS
(see Supplementary Fig. 2 for the Raman spectrum)™ is used as
the ferroelectric tunnelling barrier layer, and graphene and Cr are
used as the asymmetric electrodes. The scanning transmission elec-
tron microscopy (STEM) and electron energy loss spectroscopy
(EELS) images in Fig. 1b clearly show the material compositions
in the Cr/CIPS/graphene layered heterostructure. To characterize
the ferroelectric properties in the CIPS material, piezoelectric force
microscopy (PFM) and capacitance-voltage (C-V) measurements
were performed in the metal-CIPS-metal (Au/CIPS/Cr) structure,
as shown in Fig. 1¢,d. For the PFM measurements in Fig. 1c, both
the amplitude and phase of the piezoelectric response show hyster-
esis loops, indicating the existence of ferroelectricity. The hyster-
esis in the C-V characteristics (Fig. 1d) shows the typical butterfly
shape with a coercive field of ~0.14 Vnm™, consistent with the PFM
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Fig. 1| The vdW FTJ device structure and the ferroelectric property of CIPS. a, Schematic of the Cr/CIPS/graphene FTJ on the SiO,/Si substrate.

b, High-resolution scanning transmission electron microscopy (HRSTEM) and EELS images of a typical vdW FTJ. The layered structure and the
material compositions are clearly identified. ¢, Out-of-plane amplitude and phase measurements obtained by PFM on an Au/CIPS/Cr test structure.
d, Capacitance-electric field characteristics obtained using capacitance-voltage (C-V) measurement on an Au/CIPS/Cr test structure. The CIPS
sample is 20 nm thick in both ¢ and d. The measurements in ¢ and d were carried out at ~300 kHz at room temperature.

measurement. The ferroelectricity of the CIPS at room temperature
is thus verified. Moreover, by integrating the C-V characteristics,
the remnant polarization (P,) of this CIPS sample is obtained as
~8puCecm=.

The electrical characteristics of a typical Cr/CIPS/graphene vdW
FTJ is shown in Fig. 2 for a device with a 4-nm-thick CIPS layer
and a 1LG bottom contact. In Fig. 2a, the corresponding tunnelling
resistances of the junction are plotted as a function of the switch-
ing voltage pulses applied to change the ferroelectric polarization
within the CIPS layer. The hysteresis loops move counterclockwise
as a function of the applied voltage pulse train, as illustrated in the
inset of Fig. 2a. The blue arrows indicate the resistances measured
using a 0.4V probing voltage as the switching voltage pulses change
from 0V to 4.5V, 4.5V to 0V, 0V to —5.5V and finally back to 0'V.
The switching voltages (4nm CIPS) are consistent with the PFM
measurement performed at the same frequency (Supplementary
Fig. 3). Figure 2b shows the I-V characteristics of the device. The
high- and low-resistance states are separately set by voltage pulses
of 4.5V and —5.5V, respectively, to obtain the corresponding I-V
characteristics. A large TER above 107 is obtained in this Cr/CIPS/
graphene structure at a bias voltage ~1 V. When obtaining the I-V
characteristics of each state, the voltage sweeps within a relatively
small range (from —1 to 1V) to avoid flipping the direction of the
ferroelectric polarization in the CIPS during the measurement. The
tunnelling current is low (~107'2A) in the off state and sufficiently
high (10~ A) during the on state in this heterostructure, with a TER
above 107. This is at least an order of magnitude above the TER (10°)
previously reported in ABO-type perovskite FT]s'”

Origin of the ultra-high TER

To understand the results, quantum transport simulations based
on the non-equilibrium Green’s function (NEGF) formalism, as
described in detail in Supplementary Note 1, were performed to
calculate the I-V characteristics, as shown by the dashed lines in
Fig. 2b. The device simulation results indicate that the large TER
ratio can be attributed to the efficient modulation of the Fermi level
in the graphene contact by the ferroelectric polarization field, and
the large effective mass in the vertical direction of the vdW CIPS
layer. In contrast to a metal or heavily doped semiconductor con-
tact, a 1LG contact has a low quantum capacitance near its Dirac
point, which results in highly efficient modulation of the contact
barrier height. By using a graphene contact and a metal contact in
the FTJ, as shown in Fig. 1a, asymmetry of the two contact inter-
faces can lead to a large modulation of the ABH when the ferro-
electric polarization switches its direction, which exponentially
influences the tunnelling current. Band diagrams of the on and off
states are shown schematically in Fig. 3a (also see Supplementary
Note 2). The built-in polarization electric field within the CIPS tun-
nelling barrier layer induces charges at both interfaces between the
CIPS layer and the Cr and graphene electrodes. For the on state,
the induced charges on the graphene side dopes graphene from
relatively intrinsic to n-type and causes the Fermi level to shift from
relatively intrinsic to well above the Dirac point, as shown on the
left side of Fig. 3a. The increasing Fermi level decreases the ABH,
resulting in higher probability for the electrons to tunnel through
the CIPS, and hence induces larger tunnelling current. On the other
hand, during the off state, the ferroelectric polarization field in the
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Fig. 2 | Electrical characteristics of the vdW FTJ. a, Resistance versus pulse-voltage loop measured by applying the voltage pulse train (shown in
the inset). b, Current-voltage characteristics of the vdW FTJ with 4 nm CIPS and 1LG contact, showing TER above 107 between the on and off states.
The dashed lines show the non-equilibrium Green's function (NEGF) simulation results of the device characteristics, which are consistent with the
experimental measurements.

a Vacuum Vacuum b
_T_m 104 L
- 5.2eV
. Tunnelling
Tunnelling
current current 10°®
g 0
5 55 A
——————————— 5 -095 -090  -0.85
3 I >
,,,,,,,,,,, 107
Graphene Graphene . [ Solid: experiment Dashed: simulation —— 80 K
10° T T T
On Off -1.0 -0.5 0 0.5 1.0
Voltage (V)
c —_— d 1,200
Gmode) | — LG > 4=532nm
- ! 1LG under CIPS AN 1,000
S . -1/ 1 1
> : : . Sh_|f1t 18.9 cm . N 800
[ A Shift ~12.4 cm VAW
S =
£ i A, ~05 eV i 2D mode % 600
LA ) ' 1 1 — | £
‘ = ; ; : T 400
1,560 1,620 2,580 2,640 2,700 2,760 S
Raman shift (cm™) £ 200
° G Mode _ 2D Mode ! 0
£ 10, 1I,580 em™ 2,675 cm™' CIPS + 1LGI
8 4 ] | _a 200
& " CIPs+1 CIPS +1 —
2 ' i 16V o040y 400 o
> 5 10 15 20 1,600 cm™! 5 10 15 20 2,708 em™! 0 5 10 15

x distance (um)

x distance (um)

Distance (um)

Fig. 3 | Origin of the giant TER. a, Band diagrams for the on and off states of the vdW FTJ operation. The built-in polarization field in the CIPS is shown
with cyan arrows, and the tunnelling current is indicated by pink arrows. The work function @,, (or electron affinity) of each material is also indicated.

b, I-V characteristics of both the on and off states at temperatures of 240, 190, 130 and 80 K. The experimental data are shown as solid lines and the NEGF
simulation results are shown as dashed lines. The on-state currents at the four different temperatures are shown in a linear scale in the inset. ¢, Top panel:
Raman spectra of bare 1LG (blue) and 1LG under CIPS (yellow) in the wavelength range of the G and 2D modes under excitation with 532-nm light. The
shifts in the Raman peaks and the corresponding Fermi level shift (AE;) are indicated. Dashed lines are guides to the eye. Bottom panels: Corresponding
Raman frequency mappings showing the shift in the G (left) and 2D (right) modes of the 1LG and nearby 1LG + CIPS. d, Left: Surface potential images of
the 1LG stacked on top of CIPS/Au after the ferroelectric polarization in the CIPS layer is set to be pointing upwards (n-type doping in graphene, top) and
downwards (p-type doping in graphene, bottom). Scale bar, 10 pm. Right: Line plots of the surface potential along the corresponding cuts in the images in
the left panels.
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Fig. 4 | Effect of the graphene semi-metallic contact on the vdW FTJ characteristics. a,b, Current-voltage characteristics of the on and off states for
bilayer graphene/CIPS/Cr (a) and Au/CIPS/Cr FTJ (b) heterostructures. These heterostructures were fabricated side by side on the same CIPS sheet.
The dashed boxes in the inset in a outline the underlying bilayer graphene (purple) and Au (orange) bottom contacts of the two heterostructures. The top
electrode is Cr in both devices. ¢, I-V characteristics of three vdW FTJs with different graphene bottom contact thicknesses. d, Dependence of the TER on
the thickness (in terms of the number of graphene atomic layers) of the graphene bottom contact. The dash-dotted line is a guide to the eye.

CIPS layer is switched to the opposite direction, which induces pos-
itive charges on the graphene and dopes the graphene bottom con-
tact to p-type. Thus, the Fermi level in graphene during the off state
decreases from the intrinsic to well below the Dirac point, leading
to a significant increase in the ABH, as shown on the right side of
Fig. 3a. It therefore becomes more difficult for electrons to tunnel
through the junction and leads to an ultra-low off-state current
(~107'2A). Based on the Raman and surface potential measurement
(discussed later), the shift in the graphene Fermi level between the
on and off states can be as large as 1 eV, leading to the high TER.

Furthermore, a large effective mass in the vertical direction of
the layered CIPS material due to weak vdW bonding can increase
the TER ratio exponentially (Supplementary Note 1). Indeed,
according to first-principles calculations, the out-of-plane effective
mass of CIPS (~1.3m,, where m, is the free electron mass) is about
three times of that in the in-plane crystal direction (Supplementary
Fig. 4), which is similar to the case in other vdW layered materials,
such as black phosphorus®” and MoS, (ref. *). The unique proper-
ties of both the 2D graphene and CIPS materials are thus crucial for
achieving the high TER ratio.

There are three possible transport mechanisms in ultra-thin
FTJs: Fowler-Nordheim (FN) tunnelling, direct tunnelling and
thermionic emission'. The FN tunnelling usually dominates at large
voltage’, which is not observed here in Figs. 2 and 3. To verify that
the carrier transport mechanism is dominated by direct tunnelling

instead of thermionic emission, temperature-dependent I-V mea-
surements were performed, as shown in Fig. 3b. For both the on and
off states, the -V characteristics show very weak variations within
a large temperature range (from 80 to 240K). The NEGF simula-
tion results, as shown by the dashed lines in Fig. 3b, also indicate
weak temperature dependence, in agreement with the experimental
data. This confirms that the dominant transport mechanism here
is direct tunnelling, because, as a thermally activated process, the
thermionic emission mechanism would have led to a strong tem-
perature dependence in the I-V characteristics'.

Giant modulation of the barrier height

The Fermi-level shift in the graphene contact was first verified using
Raman spectroscopy measurements. As shown in Fig. 3¢, the G and
2D modes of the 1LG under the CIPS both have blueshifts of more
than 12cm™ compared to the 1LG region alone. These shifts are
attributed to the changes in the doping level of the 1LG*** due to the
effect of the ferroelectric polarization field in the CIPS layer acting
on the graphene sheet. Another possible external perturbation that
could have led to such large blueshift of both the G and 2D modes in
1LG is the compression strain®, which was precluded in this hetero-
structure through thermal annealing before the measurements to
relax the strain®®. Moreover, the shift in the Fermi level (AE;) of the
1LG can be quantitatively given as |AE| ~ Aw(G)/21 x 0.5 eV, where
Aw(G) is the shift in the G-mode peak®-*'. As well as the blueshifts
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Fig. 5 | Performance of the vdW FTJ as a memory device. a, Switch times of the FTJ from the off state to the on state (write, orange line and squares) and
from the on state to the off state (erase, purple line and dots). The write voltage is —5.5V and the erase voltage is 4.5 V. b, Data retention characteristics
of the on (red circles) and off (blue squares) states. Dashed lines show the extrapolation of the data retention performance based on the experimental
results; 1-year and 10-year marks are indicated on the time axis. ¢, The endurance characteristic of the device. Experimental measurements were obtained
for 5,000 switching cycles. Dashed lines show extrapolation up to one million cycles. d, The measured on-state (yellow bars) and off-state (blue bars)

resistances and the TER (red bars) for 35 FTJ devices from a 5x 7 array.

in the G and 2D modes, the shift of the Fermi level would result in a
decrease in the intensity ratio between the 2D and G modes (I,,/I5),
which is also observed in our measurements, further verifying the
doping effect’*"*>, This high doping level is primarily due to the
built-in electric field in the CIPS layer acting on the 1LG, rather
than from charge transfer between the 1LG and CIPS, which, even
if present, can only cause a very small doping effect in 2D hetero-
structures*. Because the Raman peak shift resulting from the dop-
ing effects does not distinguish between electron or hole doping,
this AE; can be either positive or negative depending on whether the
Fermi level shifts above or below the Dirac point"'. Thus, the Fermi
level difference for 1LG between the on and off states, based on this
estimation, is 2|AE|~ 1 eV.

To further directly characterize the Fermi-level shift in graphene
due to the polarization field switching in CIPS, Kelvin probe force
microscopy (KPFM) measurements were used to probe the change
in the surface potential, that is, the change in the Fermi level, of
the 1LG stacked on the CIPS ferroelectric layer as the polarization
in the CIPS layer reverses direction (Fig. 3d). The polarization in
the CIPS layer was deterministically switched by the conductive tip
of an atomic force microscopy (AFM) system to change the dop-
ing type in the 1LG, which in this case was located on top of the
CIPS layer (see Methods). The surface potential of the p-doped 1LG
was ~0.1eV higher than that of the gold reference substrate, and
the surface potential of the n-doped 1LG was ~1.1eV higher than
that of the gold reference substrate. This shows that the change in
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the Fermi level in the 1LG is ~1 eV due to switching of the ferroelec-
tric polarization in CIPS, consistent with the values extracted from
the Raman spectroscopy measurements. This large Fermi-level shift
(~1eV) is a result of the small density of states and low quantum
capacitance in graphene near the Dirac point. Furthermore, numer-
ical simulations of the FTJ device using the NEGF formalism with
the effective mass approximation indicate that the P, of 8uCcm™is
sufficient for a Fermi-level shift of 1 eV (Supplementary Note 3). The
better coupling observed here compared to ABO-type ferroelectrics
coupled with graphene**® is reasonable due to the all-vdW nature
of the graphene/CIPS interface, which is expected to have minimal
dangling bonds, surface reconstruction and defect-mediated inter-
facial charges.

To further verify the effect of the Fermi-level shift in graphene
on the TER, we fabricated both thin graphene (bilayer) and metal
(Au) bottom contacts, side by side, under the same CIPS sample
(thickness of ~4nm). The two test structures also share a common
top metal electrode (Cr), as shown in the inset of Fig. 4a. The I-V
characteristics of the graphene/CIPS/Cr ferroelectric heterostruc-
ture is shown in Fig. 4a and that of the Au/CIPS/Cr heterostructure
in Fig. 4b. The off-state tunnelling currents in both structures are at
similar levels in the picoampere regime. However, for the on-state
current, the structure with the graphene contact is at the pA level,
that is, about four orders of magnitude higher than that in the CIPS
structure with metal contacts on both sides. The on-state current of
the latter structure is at the nA level. This results in a higher TER
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(~10°) in the graphene-contacted structure (Fig. 4a) compared to
the much lower TER (~50) in the structure with metal contacts on
both sides (Fig. 4b). Figure 4c,d shows the dependence of the TER
on the graphene contact thickness. As the thickness of the graphene
bottom contact is increased from a monolayer up to 21 layers in
the vdW FTJs (see Supplementary Fig. 5 for AFM measurements
of the sample thicknesses) while keeping the CIPS thickness almost
constant (~4nm), the TER decreases as a result of the increasing
screening effect leading to a smaller Fermi-level shift with respect to
the increasing graphene contact thickness. This also confirms that
the high TER is due to the large Fermi-level shift in the 1LG contact.

Switching time, endurance and data retention

Figure 5a shows the resistance of a typical ILG/CIPS/Cr vdW FTJ
as a function of the switching pulse width for both the write (off
to on state) and erase (on to off state) operations. The write and
erase voltages used are —5.5V and 4.5V, respectively. Both the write
and erase times are in the range of 10-50 ps, similar to the times
for other FTJs reported in the literature with comparable device
size’”*. The measured switching time is limited by the parasitics in
the device due to the relatively large probe contact pads and device
size (2 pm X 2 pm). There is significant potential for further improv-
ing the switching speed of these devices by removing the probe
contact pads and scaling down the device dimensions. Figure 5b
characterizes the data retention of this CIPS vdW FTJ, measured at
room temperature. The resistance values of the device were mea-
sured by first setting the device to the on (off) state and then read-
ing with 0.4V bias. The TER of the device remained well above
107 after more than 8h, showing robust performance. Figure 5b
also shows the extrapolation of the data retention based on the
experimental results; 1-year and 10-year marks are indicated on the
time axis, revealing the great potential of the device for achieving
long data retention time. Figure 5c¢ shows the endurance measure-
ment on this vdW FTJ over 5,000 cycles. Within each cycle, the FTJ
is set to the on state by a —5.5'V pulse (10ms) and read at a bias of
0.4V, then set to the off state using a 4.5V pulse (10 ms) and read at
a bias of 0.4 V. The TER remains well above 10° after 5,000 cycles.
Extrapolation based on the experimental data indicates that that the
TER can potentially remain above 10° after one million switching
cycles. To characterize the device uniformity and potential scalabil-
ity,a 5x 7 vdW FT] array was fabricated with graphene contacts (see
Supplementary Fig. 6 for the array image). The resistances of the
on and off states of these 35 FTJs and the corresponding TERs are
shown in Fig. 5d, showing good device uniformity.

Conclusions

We have reported FTJs based on a graphene/CIPS/Cr vdW hetero-
structure that offer a high TER of above 10”. Unlike FTJs based on
ABO-type perovskites, where the highest TER is enhanced by the
modulation of the tunnelling barrier width, our device relies on the
large modulation of the tunnelling barrier height. Reversal of the
ferroelectric polarization field in CIPS causes a Fermi-level shift
of ~1eV in the graphene contact. The TER is further enhanced by
the high carrier effective mass along the out-of-plane crystal direc-
tion of the CIPS, and the 4nm tunnelling barrier is favourable for
low-power device operation. Our semimetal-ferroelectric vdW
structure provides a new approach for achieving high giant barrier
height modulation in FT] devices, which is a critical step towards
developing high-performance ferroelectric and multiferroic materi-
als for memory and computing applications.

Methods

Synthesis of CulnP,S; crystals. The CulnP,S, (CIPS) crystals were synthesized
using a chemical vapour transport method. Powders of Cu, In, P and S were mixed
in stoichiometric proportions (mole ratio of Cu:In:P:S=1:1:2:6, 1 g in total) and
flame-sealed in quartz ampoules under vacuum (10~*torr). The ampoules were

loaded into a two-zone furnace and heated to ~750-680°C over a period of 12h with
one end of the ampoules enclosing the powders being placed in the 750 °C zone. The
reaction was held at ~750-680 °C for a week and then cooled to room temperature in
24h. After opening the ampoule, orange platelets embedded in a powder bulk were
obtained at the other end of the ampoule (located in the 750°C zone).

Device fabrication. The graphene sheets were mechanically exfoliated on silicon
wafers with 285-nm thermally grown SiO,. The thin CIPS sample (exfoliated onto
polydimethylsiloxane) was then transferred onto the graphene sheet on the Si/
SiO, wafer using a transfer station with micrometre-resolution alignment under
an optical microscope”’. The sample with the graphene/CIPS heterostructure was
then soaked in acetone and isopropanol for 30 min each to remove any potential
organic residue on the sample surface. Subsequently, the sample was annealed in
an Ar/H, (20:1) environment at 300 °C to improve the interfacial quality of the
heterostructure. Finally, the top electrode was defined using Raith electron-beam
lithography (EBL), which was then formed by depositing 5-nm Cr and 40-nm Au
using a Kurt J. Lesker metal evaporator.

STEM and EELS measurement. An FEI Titan Themis G2 system was used to
obtain HRSTEM images with four detectors and spherical aberration. The sample
was pre-treated by coating with chromium and carbon layers, then thinned by a
focused-ion beam (FIB, FEI Helios 450S) with an acceleration voltage of 30kV.
To obtain the HRSTEM image, the acceleration voltage was increased to 200kV
during imaging. EELS signals were collected by a Gatan 977 spectrometer, which
was integrated within the STEM system.

Electrical characterization. The I-V and C-V characteristics were measured
using a Keysight B1500A semiconductor device analyser in a Lakeshore probe
station. A cryogenic system was used to measure the temperature-dependent I-V
characteristics. C-V measurements were carried out using a Keysight N1301A
module at 300-kHz frequency.

Simulation. The NEGF formalism was used to treat the quantum transport in

the CIPS-based FTJ, as described in detail in the Supplementary Information.
Transmission coefficients were calculated at different bias voltages with the NEGF
approach, and the current was computed with the Landauer-Biittiker formula. To
model the electrostatic effect, a capacitance model, as described in detail in the
Supplementary Information, was developed to treat the shift in the graphene Fermi
energy level due to the graphene charge, ferroelectric polarization charge and metal
screening effects.

Raman spectroscopy. A Renishaw inVia Qontor system with a X100 objective lens,
a grating (1,800 grooves mm™") and a charge-coupled device camera was used to
measure the Raman spectra of the 1LG and CIPS sample. The CIPS sample was set
to be polarized before the measurement using the conductive module in a Bruker
Dimension Icon AFM system. The wavelength of the excitation laser was 532 nm
(from a solid laser), giving a resolution of 1.2cm™" per pixel. To protect the sample,
the laser power was kept below 0.1 mW. The integration time was 20 min for each
spectrum to obtain a good signal-to-noise ratio.

PFM and KPFM. A Bruker Dimension Icon system was used for PEM and KPFM
measurements. A conductive probe (resistivity of 0.01-0.025 £ cm, SCM-PIT-V2)
with an elastic constant of 3N m™" was used. For PEM measurements, a resonance
frequency of ~300kHz was used. For KPFM measurements, the lift mode was
used with a lift height of 50 nm. To measure the surface potential of the 1LG,

the Au/CIPS/1LG structure was used. Ferroelectric polarization within the CIPS
was deterministically switched using the tip bias (—6 and 6V, respectively) in the
conductive mode before the KPFM measurements. The surface potential was
calibrated using a standard Al-Au sample from Bruker.

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