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Polarization Saturation in Multilayered Interfacial
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Leeor Kronik, and Moshe Ben Shalom™*

Van der Waals polytypes of broken inversion and mirror symmetries have
been recently shown to exhibit switchable electric polarization even at the
ultimate two-layer thin limit. Their out-of-plane polarization has been found to
accumulate in a ladder-like fashion with each successive layer, offering 2D
building blocks for the bottom-up construction of 3D ferroelectrics. Here, it is
demonstrated experimentally that beyond a critical stack thickness, the
accumulated polarization in rhombohedral polytypes of molybdenum disulfide
saturates. The underlying saturation mechanism, deciphered via density
functional theory and self-consistent Poisson-Schrédinger calculations, point
to a purely electronic redistribution involving: 1. Polarization-induced bandgap
closure that allows for cross-stack charge transfer and the emergence of free
surface charge; 2. Reduction of the polarization saturation value, as well as
the critical thickness at which it is obtained, by the presence of free carriers.
The resilience of polar layered structures to atomic surface reconstruction,
which is essentially unavoidable in polar 3D crystals, potentially allows for the
design of new devices with mobile surface charges. The findings, which are of
general nature, should be accounted for when designing switching and/or

1. Introduction

Symmetry manipulation by stacking order
control in 2D crystals has been identified as
a route for accessing various ferroelectric
phases in 2D material stacks.'"™ For
example, broken inversion and mirror
symmetries in rhombohedral (r) stacks
of van der Waals (vdW) materials made
of binary compounds, e.g., boron ni-
tride (BN) and various transition metal
dichalcogenides (TMDs), lead to sponta-
neous interlayer charge transfer and the
emergence of interface-confined electric
fields. More recently, the same effect, al-
beit with a smaller magnitude, has been
observed in pure graphene stacks.'*714
The interfacial nature of the emerging
polarization fields makes the effect robust
against external depolarization factors,
such as surface effects and doping.l”)

conductive devices based on ferroelectric layered materials.
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Such materials, therefore, may serve
as 2D building blocks for the bottom-
up construction of 3D ferroelectrics.

For few-layered stacks, the interfacial polarization has been
found to accumulate with each successive layer by distinct and
evenly spaced ladder-like electric potential steps.”! Clearly, such
accumulation of polarization cannot proceed indefinitely, as for
a thick enough stack the potential drop across the sample will
induce cross-stack charge transfer that would inhibit further in-
crease of the polarization.['] Such saturation of the polarization
is a general phenomenon that is by no means limited to stacked
materials. However, following it experimentally in 3D polar semi-
conductors, e.g., GaN or AlN, or in oxide ferroelectrics such as
LaAlO,, is greatly complicated by the presence of additional ef-
fects, e.g., ion mixing, surface and interface reconstruction, the
possible presence of contaminants, and the formation of sur-
face defects.[122] On the contrary, stacked materials comprise of
chemically stable individual sheets and, therefore, offer a unique
opportunity for the direct observation of this underlying physical
effect. Moreover, by avoiding surface ionic mixing and structural
reorganization, the accumulated potential can, in principle, gen-
erate mobile surface carriers, which were so far limited to epitax-
ial interfaces of polar semiconductors.

In this study, we follow the evolution of polarization with stack
thickness in MoS, using Kelvin-probe force microscopy (KPFM)
measurements and directly observe its saturation. The results
are explained via first principles calculations based on density

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. Surface topography and potential of polar multilayer MoS,. a) AFM topography map of an MoS, flake exfoliated onto a SiO, surface. Numbers
in white indicate number of MoS, layers. b) Topographic cross-section cut along the black line marked in panel (a). The number of layers in each step
is stated, and the stacking sequence is sketched. c) Surface potential map of the flake shown in panel a, measured by an AFM tip operated at the Kelvin
probe mode. d) Cross-sectional cuts of the surface potential map measured along the red (main panel) and black (inset) lines in panel (c), with various
symbols corresponding to planes designated by the same symbol in panel (c). A sketch of the experimental setup is also shown.

functional theory (DFT). Specifically, the calculations show that
the saturated polarization value depends strongly on the presence
of free carriers in the 2D stack, which must be accounted for in
order to obtain quantitative agreement between theory and exper-
iment.

2. Results and Discussion

To probe the evolution of the spontaneous polarization with the
number of layers, we measured the electric surface potential of
r-MoS, flakes exfoliated onto a SiO,/Si substrate (see Sections
S1.1 and S1.2, Supporting Information). An atomic force micro-
scope (AFM) operated at topography mode was used to measure
the crystal thickness and deduce the number of layers, N (see
Figure 1a,b). The microscope was then used in KPFM mode to
scan the same region and obtain a surface potential, Vy,, map
(see Figure 1c,d, with an additional example given in Section
S1.3, Supporting Information). We focus on flakes containing re-
gions of different thickness, ranging from 2 to 15 layers, all ex-
hibiting co-aligned interfacial polarizations. The crystalline stack-
ing configuration and the measurement setup are illustrated in
Figure 1b,d, respectively. Figure 1d presents a surface potential
line cut that spans stack thicknesses of 2-10 layers. Upto N = 7,
the potential profile exhibits constant Vy, steps of AV, =56 mV
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per additional layer, indicating a cumulative interfacial effect.l”]
Notably, above N = 8 layers the surface potential steps decrease
in size, resulting in an approach towards saturation, as discussed
below. The potential jumps appearing near the physical step po-
sitions are attributed to surface contamination near step edges,
which are manifested in the topography map (Figure 1a) as bright
spots. The surface contamination density increases with stack
thickness, possibly due to the increased surface potential (see
Figure 1c). A similar trend has been observed for several other
flakes (see results for three more devices in Section S1.3, Support-
ing Information). To eliminate the effect of surface adsorbates
on the reported surface potential, we averaged Vj, over clean
step surface regions, marked by various symbols in Figure 1c,
where the potential map exhibits a uniform value, ruling out lat-
eral charge distribution effects. The same data are presented also
in Figure 2a (Device 1), where for convenience the shifted ab-
solute value, |Vip(N) — Vip(1)], is plotted, where Vi;(N) is the
value obtained over a region of N layers and the potential above
a single layer, Vip(1), is extracted as described in Section S1.4
(Supporting Information). The potential saturation is found to
occur at a value of 0.42 V. Similar measurements of three other
devices are further shown (Devices 2, 3, and 4). They exhibit con-
stant potential steps of AV =78, 63, and 73 meV/layer up to N
~ 8, with saturation at 0.57, 0.4, and 0.43 V, respectively. Devices
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Figure 2. Surface potential saturation with stack thickness. a) Black symbols: measured averaged surface potential changes, |Vip(N) — Vp(T)], as a
function of the number of layers, N, for four representative r-MoS, flakes, each containing regions of various thicknesses (Device 1 is the same as in
Figure 1). Blue upright and downward facing triangles: DFT calculations of the total potential difference across separate r-crystals with co-polarized
interfaces, under zero doping and under an electronic doping level of 7.5 x 10" ¢ cm~2 per layer, respectively. The DFT-calculated bulk MoS, bandgap
(an underestimate of the experimental one, see text) is given by a dashed horizontal line. Red circle and rhombus symbols: surface potential values
obtained via the Poisson-Schrédinger model for the same structures with no doping and under an electron doping of 7.5 x 10! e cm~2 per layer,
respectively. b) DFT polarization calculations comparing the saturation curves of structurally relaxed r-MoS,, r-WSe,, and r-BN multilayers.

3 and 4 also show stacking faults with domains of anti-aligned
polarizations,/”?*] allowing us to verify the co-aligned nature of
the polarization of individual interfaces.

To rationalize these results, we performed DFT calculations
of the r-MoS, multilayers (see Section S2.1, Supporting Infor-
mation), based on the generalized-gradient approximation func-
tional of Perdew, Burke, and Ernzerhof (PBE).**] As shown in
Section 2.1 (Supporting Information), we find that atomic re-
laxation upon stacking is minute, with minor effect on the cal-
culated polarization. This proves that the mechanism underly-
ing polarization saturation is electronic rather than structural.
Importantly, the DFT- computed results, shown as blue up-
right triangles in Figure 2a, are in qualitative agreement with
the experimental results (shown as black symbols for the four
devices studied), i.e., showing an initial linear polarization in-
crease with stack thickness followed by polarization saturation.
However, quantitative agreement is lacking. The calculated po-
tential saturation value for undoped r-MoS, is roughly twice
as large as its experimental counterpart and is obtained at a
higher stack thickness of 14 layers, where the potential drop
across the stack approaches the PBE-calculated bandgap (x0.9 V)
of bulk »MoS, under periodic boundary conditions. Impor-
tantly, the PBE bandgap seriously underestimates the experimen-
tal one, ~1.3 eV,[®] which is a well-known systematic issue.[?!
It has been previously pointed out!?’-?%] that if the computed
bandgap is too small, the critical potential drop at which charge
must transfer from the top of the valence band on one sur-
face to the bottom of the conduction band on the other sur-
face, will be reached at a smaller thickness compared to the
experimental one. As explained above, it is this charge trans-
fer that causes the saturation of the polarization. Therefore, the
computed polarization will saturate prematurely and an under-
estimated saturated polarization value will follow. Here, how-
ever, the exact opposite is found, namely the theoretical val-
ues overestimate the experimental ones. Therefore, the discrep-
ancy cannot be attributed to our choice of approximate density
functional.
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The quantitative discrepancy between experiment and compu-
tation can be resolved by considering the effect of free charge
carriers in the grown crystals. To examine this, we introduced
free electrons in the stacked layers by means of the pseudo-
atom approach (see Section S2.1, Supporting Information),3’!
which we have previously employed successfully in studies of
gated stacked layers.l”] The results obtained in this case are
shown as blue downward facing triangles in Figure 2a. Clearly,
by introducing a free charge carrier level of 7.5 x 10'! ¢ cm™
per layer, quantitative agreement between theory and experi-
ment (for three of the four devices, with Device 2 likely hav-
ing a lower effective doping level) is obtained. This free carrier
level should be considered as a lower bound of the actual car-
rier level, as it must also compensate for the above-discussed
effect of the gap underestimation. To further verify this idea,
we performed self-consistent Poisson-Schrédinger (P-S) calcu-
lations that simulate the surface potential variation with increas-
ing layer number under extrinsic charge doping (see Section S3,
Supporting Information). The results obtained from these calcu-
lations, also shown in Figure 2a, agree well with the DFT calcu-
lated polarization curves at both zero doping and at the above-
determined free doping level, thereby further confirming our
conclusions.

To obtain further insight into the mechanism of polarization
saturation, Figure 3a presents the electronic density of states
(DOS) of a 15-layered r-MoS, stack, projected on individual lay-
ers. The DOS corresponding to each layer (colored graphs in
the figure) is essentially the same as that of the periodic bulk
system (gray graph), except for polarization-induced band shifts
that, for a thick enough layer, lead to full bandgap closure, i.e.,
the valence band maximum on the right edge of the stack is at
the same energy as the conduction band minimum at its left
edge (see further elaboration in Section S2.2, Supporting Infor-
mation). The same effect is seen by plotting the band structure
(Figure 3b), where each bulk band is expanded into a manifold
of bands arising from individual layers, with the VBM and CBM
charge densities shown in Figure 3c exhibiting surface charge

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U9917 SUOLUIOD SATIERID) B[l jdde U A PauBA0B 9.8 SI[O1LIE WO 88N JO S9N 10§ AR 1T 8U1UO AS]IA UO (SUOTPUOD-PUE-SULBYLIOD™AS |1 ARG U1 UO//:STIY) SUOTIPUOD PUE SULLB 1 31995 *[Z02/80/0T] U0 Aiq18UIIuO AS11M ‘eS| aUeILR0D Ad 05001202 BWPe/Z00T T /I0p/Wiod" A3 1M ATeiqijpul[Uo//Sdny Wou) pepeo|umod ‘8z 'vZ0Z 'S607TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
MATERIALS

www.advmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

L15

(d)

Ap(meV)

DO§ (a.u)

© CBMOET S58 B = w5

4L 8IL 1gL

= N (layers)

VBMS—e—r— 05—
_‘g_i

B

Figure 3. Demonstration of the electronic mechanism for polarization saturation. a) Layer-projected DFT-calculated density of states (DOS) for a 15-
layered r-MoS, stack (color graphs). The red and blue dashed lines denote the varying position of the local valence band maximum (VBM) and conduction
band minimum (CBM) across the stack. The dashed-dotted horizontal gray line indicates the Fermi energy. The bulk DOS is given by the gray graph. b)
Electronic band structure of the same system (black lines) compared to its bulk counterpart (red lines). The energy origin is chosen as the VBM, with
both VBM and CBM positions marked explicitly. c) Charge densities corresponding to the VBM and CBM orbitals of the stack, with an isosurface of
4.8 x 107% e A=3. d) Laterally averaged potential (blue lines) obtained via DFT calculations for an undoped and doped (charge carrier density of 7.5 x
10" e cm~2) 12-layer -MoS, stack. The red line denotes the macroscopic potential, obtained from the laterally averaged one after further perpendicular
running-window averaging with a window width of 0.6 nm. The dashed green line demonstrates a linear potential drop. It is virtually indistinguishable
from the red line for the undoped case but emphasizes a parabolic behavior of the red line upon doping. All potentials are presented after subtracting

the sum of potential profiles of the corresponding individual monolayers.

characteristics. Once the VBM and CBM achieve the same en-
ergy, charge transfer occurs between the two outer layers (see
Figure 3c and Section S2.3, Supporting Information), inducing
an electric field that opposes the polarization.'>] Upon further
increase in the layer thickness, the polarization saturates be-
cause the potential drop is pinned by the position of the VBM
and CBM. Interestingly, in the case of pristine crystals, this
charge transfer mechanism, beyond a critical thickness, is ex-
pected to produce mobile electron-like states on one surface and
hole-like carriers on the other surface.31*3] A rough estimate
for the position of the “knee” is where the shift in DOS owing
to the polarization closes the gap. This can be found by equat-
ing the overall potential drop prior to saturation, NeV, (where
N is the number of layers and V; is the potential drop asso-
ciated with a single interface) with the bandgap, E,. Round-
ing to the nearest integer, the critical number of stack layers
is then N, = int(E,/V)) + 1 (see Section S2.4, Supporting In-
formation, for specific examples). We note that in both experi-
ment and simulations a continuous potential saturation, rather
than a sharp “knee,” is observed. This is due to the finite elec-
tronic temperature and the finite density of states at the band
edge.

The role of doping in the polarization saturation is further
clarified by plotting the potential drop across the stack with and
without doping, for the case of N = 12 (see Figure 3d). The
figure shows both the laterally averaged local potential (blue
line) and the macroscopically averaged potential (red line), ob-
tained from the local one by further averaging within a mov-
ing window in the direction perpendicular to the stack, with
the window width being 0.6 nm, which is the Mo—Mo dis-
tance in adjacent layers. Clearly, for the undoped stack the
macroscopic potential drop beyond the immediate surface re-
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gion is essentially linear with position, as expected for an
insulator. For the doped case, however, there is a roughly
parabolic deviation from the linear drop, which is the hallmark
of the emergence of a space charge region with free carriers.>
These carriers screen the potential drop, thereby both reduc-
ing its final magnitude and promoting the onset of satura-
tion.

The polarization saturation phenomenon, demonstrated here
for MoS, stacks, is of general nature and should be observed for
other ladder ferroelectric architectures. Unfortunately, at present
3R arystals of sufficient quality are only available for MoS,,
but the effect can still be identified computationally. Figure 2b
compares the DFT-calculated polarization curves for undoped
r-MoS,, r-WSe,, and r-BN, demonstrating that all three-layered
materials exhibit polarization saturation behavior. r-BN exhibits
a considerably higher saturation polarization (potential drop
of ~4.5 V) and a larger saturation thickness, N ~ 40, ow-
ing to its much larger bandgap (see Sections S$2.4-S2.5, Sup-
porting Information). Similar correlation between gap closure
and polarization saturation is found also for 1T’-ReS, (see Sec-
tion S2.6, Supporting Information), which was experimentally
shown to exhibit ferroelectric behavior.*>) These findings vali-
date the mechanism proposed in ref. [15] and agree with sim-
ilar observations for monolayers of polar oligomers.[?*?°1 No-
tably, bandgap closure is not observed for nonpolar, antiparal-
lelly stacked AA’ and Bernal AB stacked multilayers, where the
gap converges toward its bulk limit with increasing stack thick-
ness (see Section S2.5, Supporting Information). Furthermore,
polarization build-up is not observed in semimetallic stacks,
e.g., 1T" WTe, and MoTe, (see Section S2.6, Supporting In-
formation), both of which are reported to exhibit interfacial
ferroelectricity.[23¢]
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3. Conclusion

In conclusion, we have demonstrated experimentally the emer-
gence of polarization saturation in stacked layers of MoS,. The
underlying mechanism, exposed via DFT calculations, agrees
with the Ghosez—Gonze-Godby!"®! suggestion of polarization-
induced bandgap reduction with increasing stack thickness, up to
a critical point where bandgap closure facilitates charge transfer
that suppresses further polarization increase. However, it goes
beyond it by showing that doping provides additional screening
that reduces the saturated polarization value and stack thickness
at which it is attained. This, along with the newly discovered
slidetronic switching mechanism, offers new opportunities for
the control and design of polarization in novel electronic compo-
nents.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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