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SUPPLEMENTARY NOTE 1: PHASE STRUCTURE OF INSE

Monolayer InSe crystal structure consists of covalently bonded atoms (Se-In-In-Se), and the
layers are held together by weak vdW-forces!. This special structure makes it easier for exfoliating.
The structure determines the materials’ properties, and therefore the phase identification of 2D
InSe is of utmost importance. As shown in Fig. Sla-c, 2D InSe possesses three different phase
structures (3, €, and y) with different arrangements of atoms and stacking layers. The - and ¢-
phases have the same lattice parameters: a=b=4.05 A, ¢=16.93 A, but belong to different space
groups. The B-phase with hexagonal lattice structure belongs to Dy, (P63/mmc) centrosymmetric

space group, with AA-style stacking?. Interestingly, ferroelectricity in centrosymmetric B-InSe

has been reported>*. Further studies would be helpful to explore its origin through comprehensive
structural analyses. The e-phase with hexagonal lattice structure belongs to D}, (P6m2) non-
centrosymmetric space group, with AB-style stacking®. The y-phase, possessing thombohedral
lattice structure with lattice parameters of a=b=4.00 A and ¢=25.32 A, belongs to Ci, (R3m)
noncentrosymmetric space group with ABC-style stacking®, where the In atoms in one layer are
aligned with the Se atoms in the other, breaking down the mirror-plane symmetry that is
characteristic of monolayer InSe. The broken mirror symmetry causes interlayer charge transfer
through hybridization between the occupied states of one layer and the unoccupied states of the
other layer, generating an out-of-plane (OOP) electric dipole moment’ that may lead to
piezoelectric or ferroelectric behaviors.

Commonly, InSe crystal grown by the Bridgman method possesses y-phase with plenty of
stacking-faults. As reported in our previous report®, it is difficult to distinguish the actual polytype
of InSe through XRD and Raman, so we performed detailed selected area electron diffraction
(SAED) analysis by comparing with the simulated one (Fig. S1e) to confirm the y-phase of InSe:Y
in this work. Moreover, the existence of stacking-faults in the undoped InSe can be clearly seen
from the TEM image (Fig. S2¢) and the obvious diffraction “straight line” appeared in the SEAD

pattern of InSe’, but no same phenomenon can be seen in InSe:Y (Fig. S2d), indicating more stable
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layer-to-layer alignment in the Y-doped InSe. Further STEM-HAADF images clearly show both
InSe and InSe:Y exhibit y-phase like ABC-stacking style with many stacking-faults in InSe but

only a few in InSe:Y.

SUPPLEMENTARY NOTE 2: BAND STRUCTURE ANALYSIS

According to the Tauc-plot, the optical bandgap (E,) of semiconductors can be obtained from
transmission spectra!®!!. The formula is presented as,

ahv=L(hv-Eg)" (D)

Where a, hv, and f represent absorption coefficient, photon energy, and band-tail parameter,
respectively. For 2D InSe flakes, the parameter n equals to 1/2, i.e., for a direct semiconductor'?,
which can be supported from the smooth and steep absorption edge (Fig. 2a) and the TR-PL results
(Fig. 2c,d). The inset in Fig. 3a for the Tauc-plot shows E,=1204 meV for InSe and 1229 meV for
InSe:Y with a difference of ~25 meV, consistent with the results of reflectance spectra (Fig. 2b)
and also the report'>. Notice that the reflectivity of both crystals is extremely low due to the high
absorption coefficient of InSe flakes, but the blue-shifted reflectance edge can be well
distinguished although the blue-shift value is only ~24 meV.

TR-PL images at ~0 ps of both crystals show a double-peak structure, a low energy peak
P4~1240 eV and a high energy one P3~1300 meV (Figs. 2c and S4), of which P, is ascribed to the
Eq-related bandedge transition by considering that 1) no lower energy peak but P4 can be observed
within a wide range variation of excitation density; and i1) the peak energy of P4, which has a
slightly longer decay time (2.17 — 2.37 ns) than that of Pp (1.22 — 1.56 ns), is consistent with that
of absorption spectra. That is to say, P4 should be related to the intralayer E,-transition of InSe.
This ~2 ns lifetime is also consistent with the direct transition in R3m-type samples'*. However,
the natural stacking-faults in InSe can evidently influence the lifetime of Eg-related non-
equilibrium carriers, but in InSe:Y the lifetime is almost a constant due to the doping-induced
elimination of stacking-faults. P, with a blue-shift of only ~60 meV compared to P4, has a similar

time constant of P4, suggesting that Pp is neither from the other indirect valleys nor the higher
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excited states within the intralayer, but can be ascribed to the interlayer transition due to the
interlayer pre-sliding in y-InSe (both the interlayer sliding in InSe:Y and the stacking-faults in InSe
can introduce the interlayer transition, as widely reported in 2D interlayer sliding and/or Moiré
heterostructures by PL or TR-PL”!*15) Notice that Y-doping can optimize the rise of the non-
equilibrium carriers, and strengthen the high energy peak Pg. More importantly, the Y-doped InSe
has a relatively homogeneous TR-PL image shapes at different spatial positions (Fig. S4b, e, f).
Instead, the pristine InSe shows evident nonuniformity at different positions absolutely due to the
natural stacking-faults (Fig. S4a, d). From the point of view of carrier transport, Y-doping also
enhances the crystal quality by brightening the interlayer emission, providing uniformly derivate

parameters.

SUPPLEMENTARY NOTE 3: VERIFYING FERROELECTRICITY IN INSE:Y BY PFM

PFM is a powerful technique for the characterization of ferroelectric materials by measuring
the dynamic electromechanical response'®. By definition, a ferroelectric material should possess
spontaneous polarization that is switchable, showing local PFM amplitude and 180° phase loops.
As reported, the application of bias can lead to a wide variety behavior during PFM measurements

17-19

including Joule heating, charge injection, and ionic motion' ', and several strategies can be used

to explore the intrinsic ferroelectric behavior through varying the V.. amplitude, frequency and
tip-sample contact stiffness, etc®!%20,

In this work, dual amplitude resonance tracking (DART)-PFM mode on a commercial
scanning probe microscopy (SPM) system (Asylum Research Cypher, Oxford, UK) was used to
ensure strong signal-to-noise ratio®!. We carried out local switching tests for both InSe:Y and InSe
flakes under the same conditions by applying a bias between the PFM cantilever and the sample
on the Pt coating Si substrate in the off-field state to restrain the contributions of electrostatic force
to the signal. A soft tip with a spring constant of 2.8 N m ! was driven with an AC voltage (V,=0.5

V) under the tip-sample contact resonant frequency (~350-kHz). As demonstrated in Fig. S8,

robust OOP ferroelectric polarization can be detected in all InSe:Y flakes but not for InSe flakes
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(Fig. S10). We have confirmed the ferroelectric behavior in InSe:Y by varying V,. amplitudes,
which is a necessary step to establish the veracity of PFM hysteresis measurements. Further,
domain writing at the LithoPFM mode of the Asylum Research software with reverse DC biases
(Va=t5V) in Fig. S7 also proofs the ferroelectricity in InSe:Y. The experiment demonstrates
evident thickness-dependent ferroelectric polarization when the unit cell value of InSe is changed
from ~5 to 48 (Table S1).

Moreover, as the in-plane (IP) piezoresponse is orientation-dependent and proportional to the
IP polarization component, perpendicular to the cantilever of the AFM tip, it is hard to characterize
the IP ferroelectric in y-InSe:Y owning three AC directions. In this case, to verify the OOP and IP
polarizations in InSe:Y, concerted vertical (OOP) and lateral (IP) PFM are carried out under off-
resonance mode with low frequency (23-kHz) on Multimode 8 AFM (Bruker, USA), which is
conducive to obtain the intrinsic piezoresponse signals from samples by reducing the interference
from the tip. As shown in Fig. S9, butterfly loops of the PFM amplitude signals and the distinct
180° switching of the phase signals in both OOP and IP directions can be obtained with four times

cycles, corroborating the robust OOP and IP ferroelectric polarizations in InSe:Y flakes.

SUPPLEMENTARY NOTE 4: COMPREHENSIVE STEM-HAADF IMAGES ANALYSES

Due to the incoherent scattering intrinsic, the contrast of HAADF imaging is proportional to
Z'7 @2 As the atomic number of In (49) is bigger than that of Se (34), the bigger (smaller) bright
dots represent In (Se) atom columns in STEM-HAADF images. To eliminate the possible errors
during measurements, we perform comprehensive analyses on the STEM-HAADF images and the
corresponding FFT patterns for four different samples prepared by FIB at random positions on
InSe:Y crystal; see Figs. 4a and S14, where the yellow dotted rectangles mark the y~InSe unit cells
and the blue arrows comparing with the vertical red arrows trace the minute sliding by layers.
Through the detailed atomic distance (both vertical and horizontal) measurements for In-In, Se-Se

and vdW gap in the HAADF images, we observe the similar microstructure changes for the four
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InSe:Y STEM samples, including atomic displacements of Se along c-direction, Se-In-In-Se
intralayer compression and continuous layer sliding along the AC direction with a relative long
periodicity (about 30 layers).

To confirm the intrinsic layer-by-layer slip but not from the drift during the image acquiring,
we obtained HAADF images of the same interested area with different scan rotations including 0°,
90° and 180°. As shown in Fig. S13, layer-by-layer slip can be observed with scan rotations of 0°
and 180°, demonstrating the same pre-sliding features; however, no atomic sliding or drift can be

observed with the scan rotation of 90°.

SUPPLEMENTARY NOTE 5: XPS ANALYSES

XPS surface analysis is used to measure the Fermi levels in InSe:Y. As shown in Fig. S15,
blue shifts (increase in energy) are observed in the binding energy of In and Se. For InSe:Y, the
binding energy of Se 3d shifts from 54.5 eV to 54.8 eV with an increment of 0.3 eV, and
simultaneously the peaks of In 3ds/ and In 3d3/, shift from 444.5 eV to 445.1 eV and 452.2 eV to
452.8 eV with increments of 0.6 eV. The binding energy of XPS spectra is referenced to Fermi
level in the material, so the blue-shifts of binding energy can be interpreted by the moving up of

the Fermi level in the semiconductor?, i.e., the strengthened binding energy in InSe:Y.

SUPPLEMENTARY NOTE 6: CONSIDERATION OF RARE-EARTH Y-DOPING
Elemental doping is a commonly used high-entropy strategy for tuning the material property
and electronic structure, which results in many novel physical/chemical performances®*?*. Due to
their unique optical, magnetic, and electrical properties, rare-earth ions have been extensively
explored as active dopants to invoke rich optical, electrical, magnetic, and catalytic properties by
altering the crystallographic phase, morphology, and size. Moreover, the beauty of using rare-
earths is that even in small quantities, they can significantly alter material properties. It suggests
that rare earth elemental doping strategy is a useful and feasible structural controlling approach to

manipulating the fundamental properties of 2D vdW-layered materials.
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We have tried different elemental dopants for InSe, such as Bi, Y and Dy. We find that
different elemental dopants play striking but different impacts on the appearance and
microstructure (the interlayer or the intralayer atomic configurations) of InSe crystals. For instance,
the 0.01at% Bi-doping in InSe leads to much more stacking-faults and a shrinkage in the in-plane
lattice parameters, but almost did not change the interlayer/intralayer atomic distances, which may
be related to the doping-induced strain only along the in-plane direction. Furthermore, the Bi-
doping induced in-plane strain has little impact on the appearance of InSe, while interestingly the
doping of Y and Dy obviously changes the intrinsic plasticity of InSe. Further HAADF-STEM
investigation demonstrates that the rare-earth (Y and Dy) doping in InSe may introduce out-of-
plane strain in InSe during the crystal growth, resulting in the fantastic microstructure
modifications including the stacking-faults elimination and a subtle rhombohedral distortion due
to the intralayer compression and continuous interlayer pre-sliding. We strongly believe that they

may also lead to other novel mechanical, optical, and electrical properties.

SUPPLEMENTARY NOTE 7: OUTLOOK FOR APPLICATIONS

Considering the facts that i) the suitable optical bandgap of InSe:Y that has been determined
as ~1.2 eV by experiment and calculation, ii) the ultrafast recombination process (in sub-
nanosecond orders of magnitude), and iii) the strong OOP and IP ferroelectric polarization,
especially the IP spontaneous ferroelectric polarization along the AC direction, it is promising for
applications in self-driving planar high-speed (~GHz) infrared detectors or ferroelectric
photovoltaics, and data storage devices if the sliding dynamics for the polarization inversion can
be monitored and controlled, e.g., by the in-situ biasing STEM technique to visualize the adjacent

interlayer sliding.
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Figure S1. The simulated atomic structure and SAED pattern. a, b, ¢, Structural schemes:

side-view (upper) and top-view (lower) of B-InSe (a), e-InSe (b) and y-InSe (¢), where € and -
InSe exhibit the IP (horizontal along the AC direction; rightward arrows) and OOP (vertical to
interlayer; upward arrows) polarizations. d, The atomic structure of y-InSe projected along the
[010] zone axis using R3m space group, showing the theoretical parameter of ¢ and the projected
distances of Ini-Inz, Sei-Sez, Ini-In; and Sei-Sei. e, SAED pattern of y-InSe projected along the
[010] zone axis, demonstrating the geometry of the main diffraction points and the corresponding

lattice planes distances.
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Figure S2. Structural and chemical composition characterization. a, SEM images of InSe and
InSe:Y. b, Schematic illustration of the plasticity of InSe (upper) and the influence of Y-doping
(lower). ¢, Low magnification TEM image of InSe. d, Low magnification TEM image of InSe:Y.

e, Raman spectra of InSe and InSe:Y. f, SEM and TEM-EDS spectra of InSe and InSe:Y.
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Figure S3. TOF-SIMS results of InSe:Y obtained at areas of 5x5 um? a and 10x10 pm? b at the
positive ion mode, showing an obvious distribution of positive ions of In and Y. The results
obtained at the negative ion mode demonstrate an obvious distribution of negative ions of Se but

without negative Y, indicating the positive valence state of Y in InSe.
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Figure S4. TR-PL results of InSe and InSe:Y at 4 K. a, b, TR-PL images at different positions
on InSe (a) and InSe:Y (b). ¢, Time-integrated PL spectra of InSe and InSe:Y, together with the
Gaussian fit results. d, PL decay curves extracted from TR-PL images at different positions of
InSe. The curve of InSe:Y is also shown to make a comparison. e, Transient PL spectra of /<0 ps
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positions on InSe:Y.
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Figure S5. The supercell structure used in our DFT calculations. Blue — the Y atom, green —

In atoms, and yellow — Se atoms.
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Figure S6. Additional SHG. a, Polar plots of SHG intensity collected by rotating the polarizer as
a function of the detection angle (left). b, SHG intensity at angles of 0°, 20°, and 30° (right). Inset
gives the morphology of exfoliated InSe:Y flake with the thickness measured by AFM.
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Figure S7. Ferroelectric polarization switching by PFM for InSe:Y flake. Domains are written
onto the InSe:Y flake in Fig. 3 with reverse DC biases of —5 V for the left rectangle and 5 V for

10 the right rectangle. The PFM phase and amplitude maps show the corresponding poled areas.
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Figure S11. Microstructure analysis of InSe. a, HAADF image projected along the [010] zone
axis showing the ABC y-phase like stacking style along the white line with many stacking-faults,
in line with the TEM results in Fig. 1d and Fig. S2¢. The inset is the corresponding FFT pattern.
b, Intensity line profiles along the purple, sky-blue and orange lines in (a), showing the lattice

parameter ¢ and the projected distances of Ini-Inz, Sei-Sez2, vdW gap, In;-In; and Se;-Se;.
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Figure S12. Further microstructure analyses of InSe:Y. a, Lower magnified HAADF image
projected along [010] zone axis showing the y-phase-like ABC stacking style along the white line.
Inset is the quantitative STEM simulation image of y-InSe. b, The fast Fourier transform (FFT)
pattern of Fig. 4a. ¢, The distance measurements between diffraction points are performed by using
the Digital Micrograph software along the green, yellow, pink lines in (b), which gives the lattice
plane distances of (003), (101) and (102).

Figure S13. STEM-HAADF images at different scan rotations. a, Scan rotation at 0 degree. b,

Scan rotation at 90 degree. ¢, Scan rotation at 180 degree.
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Figure S14. Further microstructure analysis of different InSe:Y cross-section lamellas. a, b,
¢, HAADF images projected along the [010] zone axis with insets of the corresponding FFT
patterns (left); and the intensity line profiles (right) along the purple, sky-blue and orange in left
images, showing the lattice parameter ¢ and the projected distances of Ini-Iny, Sei-Seo, vdW gap,
Ini-In; and Sei-Sei. The yellow dotted rectangles mark the y-InSe unit cells. The blue arrows trace
the sliding of layers. d, Simulated (Sim.) and experimental results of c-values and distances d of
In-In, Se-Se and vdW gap for InSe and different InSe:Y (S7 — §4). S! is the same sample in Fig.

4a, and S2 - §4 correspond to the samples in (a — ¢), respectively.
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Figure S15. XPS results. a, The XPS spectra of Se 3d and In 3d of InSe and InSe:Y calibrated
with Cls at the binding energy of 284.8 eV. b, The blue-shift of the peak energy of InSe:Y, as
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: i
2D materials Status Thickness 953 References
(nm) (pm/V)
3R-like .
Bilayer 1.05
MoS,/WS, Y (26)
s Bilayer 0.98
MoS,/WS, Yy :
Monolayer 0.17
a-In;Se, Bilayer 0.30 (27)
Bulk 90 2.80
Ultrathin 3 16.40 (28)
Cds Bulk 4.855
3R Mos, Bulk 18 0.45 (29)
~Bilayer 4 15.10
(30)*
Bulk 95 0.70
48 unit cells 120 4.04
y-InSe 20 unit cells 50 7.50 This work
7 unit cells 18 13.32
5 unit cells 14 14.14

Table S1. Comparison of the measured effective piezoelectric constant i with other 2D
materials. Note: some values from literatures have been conversed by combining with the
effective piezoelectric constant in the weak-indentation limit, d, exhibiting a good correlation
with ds3, i.e., d=0.5d53; ii) *The d5, obtained in this literature is based on the suspension method,
which should be much larger than that obtained on a flat substrate. For instance, the literature also
pointed out that a value of ~7.5 pm/V was obtained for monolayer MoS, with the suspension

method, but only ~1.12 pm/V on a flat substrate.
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