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Interplay of field-induced molecular dipole alignment and compensating surface polarization
in low-temperature P-V hysteresis of MAPbBr;(001)
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We demonstrate the presence of a hysteresis in tunneling spectra acquired at 4.3 K on cleaved MA-Br
terminated (001) surfaces of MAPbBr; single crystals. Simulations of the tunneling spectra reveal an underlying
polarization-voltage (P-V') hysteresis, which is caused by an interplay of subsurface field-induced rotation
and alignment of the MA molecules, stabilized by dipole-dipole interactions, and an ion-lattice relaxation.
The resulting subsurface polarization is counteracted by a compensating surface polarization, detectable by

surface-sensitive tunneling spectroscopy.
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Metalorganic halide perovskites attracted extraordinary at-
tention as low-cost photovoltaic absorber materials, exhibiting
an unexpectedly rapid increase of the conversion efficiency
within a few years only [1-3]. However, it is unclear to
what degree the reported conversion efficiencies extracted
from current density versus voltage (J-V) curves are accu-
rate, since J-V hystereses are known to make “bad cells look
good” [4]. It is thus of paramount importance to unravel the
physical mechanisms inducing J-V hysteresis, but no con-
sent has been achieved yet. Instead, the proposed physical
mechanisms widely range [5-7] from ferroelectricity [8—13],
to ion migration [14—18] to charge trapping-detrapping [19],
believed to compete with and mutually exclude each other
[15]. The lack of clarity is likely aggravated on the one hand
by significant differences in the materials’ quality. On the
other hand, probing and quantifying directly local polariza-
tions, notably at surfaces/interfaces, is a very delicate task.
In addition, J-V measurements are usually only performed at
room temperature, i.e., under an operating condition of solar
cells, limiting the access to the underlying physical mecha-
nisms. Low temperatures would allow a discrimination of the
different physical effects by freezing out ion migration/drift
as well as charge trapping-detrapping-induced hystereses.

Here, we demonstrate the presence of a ferroelectric hys-
teresis in scanning tunneling spectra on high-quality single-
crystal methlyammonium lead bromide (MAPbBr;3)(001)
even at 4.3 K. By quantifying the polarization versus ap-
plied voltage, we unravel a delicate interplay of subsurface
field-induced rotation and alignment of the methlyammonium
(MA) molecules, stabilized by dipole-dipole interactions, and
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co-occurring ion-lattice relaxation, both counteracted by a
compensating surface polarization. The results suggest that
the dominating physical effect at the origin of hysteresis
changes with temperature.

As a model system we investigate MA-Br terminated (001)
surfaces of MAPbBrj single crystals cleaved in ultrahigh vac-
uum at 4.3 K using scanning tunneling microscopy (STM) and
spectroscopy (STS). We chose this surface termination, since
it contains MA molecules directly in the surface layer [cf.
the conceptual drawing of the cleavage surface in Fig. 1(a)].
In contrast, the Pb-Br terminated cleavage surface does not
contain MA molecules and is also less stable [20]. At the
chosen measurement temperature of 4.3 K, MAPDbBr3 is in
its orthorhombic phase and constant-current STM images re-
veal extended atomically flat terraces, exhibiting an ordered
dimer structure along the [110] direction [Fig. 1(b)] [21]. The
measured lattice constants of 0.78 and 0.82 nm corroborate
that the investigated surface is MAPbBr3;(001). The bright
protrusions imaged are revealing the negatively charged Br™
positions, since at large negative sample voltage electrons
tunnel out of the filled states of the Br™ surface anions. In
contrast, the MA™ molecules (cations) remain hidden, since
their density of states extending into the vacuum is lower
[22]. The Br dimer structure is related to the in-plane anti-
ferroelectric ordering of the MA molecule dipoles [22-25].
This order is visualized by the white arrows in the inset of
Fig. 1(b), revealing head-to-head (positive sides of molecule
dipoles facing each other) and tail-to-tail configurations [22].
The dimer structure remains present at all acquisition voltages
used [Fig. 1(c)].

Figure 2 illustrates a typical averaged I-V spectrum in
logarithmic scale measured at 4.3 K. Blue circles correspond
to the forward voltage sweep (i.e., from negative to positive
voltages), while red symbols indicate the backward sweep.
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FIG. 1. (a) Conceptual schematic ball model of the MA-Br ter-
minated (001) cleavage surface of a MAPbBr; crystal (simplified
by using the cubic phase at room temperature). Below ~145 K
tilting of the PbBrs octahedra reduces the symmetry leading to an
orthorhombic phase, which was investigated experimentally at 4.3 K
[12,31]. (b) Constant current STM image of the (001)-cleaved or-
thorombic phase acquired at 4.3 K and a set point of —6 V and
0.2 nA. Bright protrusions correspond to the filled states at the Br™
surface ions. They form a dimer structure along the (110) direction
due to the interplay of surface relaxation and MA dipole ordering.
Inset: High-resolution STM image. White arrows indicate the dipole
orientation of the intercalated MA molecules inducing a relaxation
of the surrounding Br™ ions. (c) Normalized current imaging tunnel-
ing spectroscopy (CITS) maps, corrected for the spatial changes in
tip-sample separation induced by the constant current feedback loop
evaluated at 46 V (left map) and —6 V (right map).

A hysteresislike behavior can be recognized: Within the volt-
age range between —5 to 4+6 V the two I-V spectra differ
significantly. Plateaus with almost constant tunnel current in
the range of 0.1 nA are present at negative, i.e., —1 to —4 YV,
(positive, +2 to +5 V) voltages for the backward (forward)
sweep direction, with steep current transitions in between. At
the voltages of these plateaus, the opposite sweep direction
exhibits no detectable tunnel current (below the noise level).
For large absolute voltages, i.e., < — 5 and > 4 6 V, the tun-
nel currents of the forward and backward spectrum coincide
again. Note, the tunneling spectra measured on the dimer and
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FIG. 2. Scanning tunneling spectroscopy of the cleaved

MAPbHBr; single-crystal (001) surface acquired at 4.3 K. The
symbols represent the /-V spectrum averaged from about 5000
single spectra. The background shadow indicates the standard
deviation of the average. The forward (backward) sweep is indicated
by blue (red) symbols and by additional arrows. The slew rate of
33.5 V/s is identical for both voltage sweep directions. A set point
of —6 V and 0.20 nA was used before interruption of the feedback
loop. Theoretical computations of the tunnel current assuming a
polarization change are shown as green lines (see text for details).

zigzag structures as well as at boundaries and defect sites
reveal no differences within the measurement accuracy.

In order to quantitatively understand the hysteresis in the
measured tunneling spectra, it is necessary to address the ori-
gins of the tunnel current and the prime factors influencing it.
For semiconductors, the tunnel current at negative and positive
voltages arises from electrons tunneling out of the valence and
into the conduction band states, respectively. The onset volt-
ages indicate the band-edge positions, which can be shifted to
larger voltages due to the presence of a so-called tip-induced
band bending, i.e., the penetration of the applied electric field
into the semiconductor [26,27]. The degree of penetration
is influenced by screening through free charge carriers and
a potential presence of spontaneous as well as field-induced
electric polarization. Hence, the tunnel current is sensitive to
both the free charge carrier redistribution and the electric po-
larization at the surface. Note, the current transitions between
the plateaus are not related to field emission resonances [28],
since the transitions occur at effective energies smaller than
the tip/sample work function due to the large tip-induced
band bending and surface polarization modifying the band
structure/alignment. Furthermore, no defects are generated.

The presence of hysteresis at 4.3 K thus suggests a delayed
response of either the redistribution of free charge carriers or
the change of electric polarization. Free charge carriers can be
ruled out as the origin of the hysteresis, because their redistri-
bution occurs in a femtosecond timescale [29], which is much
shorter than the voltage sweep. Hence the electric polarization
has to be addressed. Note, all other effects proposed so far as
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the potential origin for the hysteresis such as ion migration
and charge trapping-detrapping are frozen out at 4.3 K and
cannot influence the tip-induced band bending [30].

Therefore, we focus on unraveling the bias-dependent
changes of the polarization at the MAPbBr3(001) surface. For
this we employ theoretical tunnel current computations and
compare the results to the experimental tunnel spectra (cf.
green lines in Fig. 2 as an example) [32-34]. The MAPbBr3;
sample is modeled as an n-type semiconductor with a (low-
temperature) relative permittivity of 26 [31,35], an electron
affinity of 3.7 eV [36], and a band gap of 2.3 eV [37-40]. The
polarization in the [001] direction, the free carrier concentra-
tion, as well as the tip-sample separation are fit parameters
[41]. Standard values for all further parameters are used, since
they only have a minor influence. The fit is executed in a
two-step process: First, for each voltage sweep direction, the
polarization and tip-sample separation are adjusted to obtain
good agreement at all voltages outside the two plateaus. The
there obtained saturation (or remanent) polarization values are
Pagmax = —16 uC/cm? and Pyypmin = —6.4 uC/cm? at tip-
sample separations of 7.5 and 9.65 A , respectively, assuming
a free carrier concentration of 3.5 x 10'7 cm™3. Second, the
plateaus in the measured /-V spectra are simulated as transi-
tion regions, where the polarization and tip-sample separation
change gradually with voltage between the above determined
limits. For this purpose a linear approximation of the tip-
sample separation on the polarization is used, as discussed
later. This procedure is repeated for a range of different
bulk charge carrier concentrations (i.e., 3.5 x 10" cm™3, 2 x
10" cm™3, and 7.5 x 10'® cm™3). Only values in this range
lead to satisfactory agreement.

The polarization versus applied voltage, extracted from the
simulations, is shown in Fig. 3(a). One can clearly identify
P-V hysteresis loops for each free carrier concentration. The
upper and lower horizontal lines in each P-V hysteresis loop
correspond to the saturation polarizations Py max and Psagmin,
which increase with carrier concentration [Fig. 3(b)]. Despite
the application of rather high voltages with opposite polarities
(corresponding to electric fields of almost £10'° V/m), no
zero crossing (i.e., inversion of polarization) is found be-
tween Py max and Py min- The resulting polarization remains
always negative (i.e., pointing into the surface), but changes in
magnitude.

The presence of a P-V hysteresis at 4.3 K raises the
questions of the underlying physics. In order to unravel the
origin of the hysteresis, we first recall the field-free case.
Nonferroelectric effects are frozen out at 4.3 K temperature, as
outlined above. Even the thermal rotation of the MA molecule
dipoles is frozen at 4.3 K, considering the rotation barrier of
42-150 meV and attempt frequencies in the range of 102
s~ [42-45]. Therefore, without an external electric field an
in-plane antiferroelectric MA dipole order is present in the
bulk [Fig. 4(a)]. In addition, displacements of the MA™ ions
relative to the Br™ ions cause an out-of-plane lattice-induced
polarization component Py,+p~ in the bulk [22,23,46]. All
other lattice relaxation effects yield minor polarization com-
ponents that can be neglected in the first approximation. The
outermost surface layer is, however, typically significantly
different than the bulk material. Density functional theory
calculations predict that at the closely related MAPbI; surface
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FIG. 3. (a) Extracted spontaneous polarization vs applied volt-
age (P-V hysteresis loops) for different carrier concentrations of
3.5 x 10" cm™3 (red), 2 x 10'7 cm™3 (orange), and 7.5 x 106 cm™3
(blue). The voltage sweep direction is indicated by arrowheads. The
P-V hysteresis loops are obtained by fitting computed tunnel currents
to the measured /-V spectra (cf. Fig. 2 and text). The upper and lower
horizontal lines in each hysteresis loop indicate the corresponding
saturation polarizations Py max and P min, Which increase with car-
rier concentrations, as shown in (b).

it is energetically favorable to compensate for the bulk polar-
ization (due to the loss of symmetry) [46], by lattice relaxation
and a ~30° out-of-plane rotation of the surface MA dipoles.
This results in a compensating surface polarization of about
—4.3 uC/cm? pointing into the surface [46]. We anticipate
a similar compensating surface polarization structure at the
MAPDBTr3; surface investigated here [Fig. 4(a)].

Next, we turn to the measured (surface) polarization un-
der applied electric field: For all voltages, the experimentally
deduced polarization is negative, i.e., points into the surface
(Fig. 3). At positive sample voltages, the negative sides of the
MA dipoles point towards the negative tip, thus increasing the
negative surface charge. This situation is counterintuitive, as
one expects the molecules to align oppositely within the zone,
where the electric field penetrates into the sample, resulting
is a classical P-V hysteresis curve changing from positive
to negative polarization when reversing the voltage polarity.
Instead, we observe a hysteresis shifted fully towards negative
polarization.

This contradiction can be resolved, when recalling that
scanning tunneling microscopy and spectroscopy probe the
outermost surface layer, not to underlying bulk layers, due to
the exponential decay of the tunnel current with tip-sample
separation [49]. Therefore, states and polarization of the crys-
tal interior cannot be measured directly, but rather contribute
indirectly through their influence on the top surface layer,
which can differ considerably from the underlying bulk. In-
deed, a surface polarization reversed as compared to the
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FIG. 4. Conceptual schematic showing the principle of the projected MA dipole orientation and co-occurring ion-lattice relaxation at the
surface (green) layer and in subsurface/bulk (white) layers of orthorhombic MAPbBr;. Horizontal lines correspond to single atomic layers.
(a) Without external electric field an almost complete antiferroelectric MA dipole order (black arrows) is present in the bulk, with only a
small polarization component pointing in the [001] direction (Pya, small blue arrows). In addition, displacements of the Br™ ions relative to
the MA™ ions (not shown here) cause a lattice-induced polarization component in the [001] direction (Pys+p,-, red arrows). At the surface
it is energetically favorable to compensate for the bulk polarization (due to the loss of symmetry) [46], by lattice relaxation and a ~30°
out-of-plane rotation of the surface MA dipoles, resulting in a surface polarization pointing in the [001] direction. (b) In the presence of a
positively biased tip (negative sample voltage) the electric field penetrates the MAPbBr; crystal, causing an alignment of the MA dipoles in
the [001] direction (light red shaded area), and a concomitant lattice-related polarization Py, +p,- decrease due to an out-of-plane displacement
of the MA molecules [8,44,47]. Hence, Pys+p,- and Py, are oriented antiparallel, weakening the overall polarization, as compared to the
field-free case. The bulk polarization is again compensated at the surface by an oppositely directed surface polarization, but smaller than in the
field-free case in (a). Note, the penetration of the electric field is rather small for positive tip (negative sample) voltages, since the downward
band bending induces an electron accumulation zone, which provides a highly efficient screening. However, the lateral and vertical extent of
the alignment depends on the tip radius and tip-sample separation and is not to scale in the conceptual schematic. (c) In the case of a negatively
biased tip (positive sample voltage) the MA dipoles in the subsurface region are field aligned in the [001] direction (light blue shaded area).
As a result, Pya+p— and Pya are oriented parallel, leading to a strengthening of the overall polarization in the subsurface region and of the
compensating polarization at the surface as compared to the field-free case in (a). In addition, a piezoelectric effect occurs [48] due to the
field-induced distortion and tilting of the Br octahedra [44]. This deforms the lattice in the ferroelectrically ordered field penetrated zone,

resulting in the observed increase of tip-sample separation.

underlying bulk has been theoretically predicted to exist at
MAPDI; single-crystal surfaces [46].

On this basis we can elucidate the effect of the applied
field: An applied electric field is known to penetrate into the
semiconductor bulk, due to limited screening. The typical
penetration depth is in the range of 10-100 nm. The sub-
surface MA molecules within this penetration depth can be
field-rotated [Figs. 4(b) and 4(c)]. This is possible because
the dipole-dipole interaction energy of 25 meV is smaller
than the energy W = —p - E ~ 170 meV of a dipole p in
an electric field E in the order of 4 x 10° V/m [13]. With
increasing voltage, the penetration depth of the electric field
increases, causing molecules to align in deeper and deeper re-
gions, increasing the dipole-induced polarization component
Pyia- This leads to a weakening (strengthening) of the total
polarization in the crystal interior at negative (positive) sample
voltages. In analogy to the field-free case, we anticipate that
the loss of symmetry at the surface leads, in the first approx-
imation again, to a compensating surface polarization, which
is weakened (strengthened) at negative (positive) sample volt-
ages [Figs. 4(b) and 4(c)].

With this model, the measured hysteresis can be under-
stood quantitatively. The polarization value in the center of the
hysteresis curve in Fig. 3(a) reflects the surface polarization
under field-free conditions. The expected value of about —4.3
uC/cm? fits best to the orange P-V hysteresis corresponding
to a carrier concentration of 2 x 10'7 cm™3. The magnitude
of the hysteresis of about +2 uC/cm? also fits well to the

maximal magnitude of polarization induced by full molecule
dipole alignment of about 1.6 uC/cm? [46]. This suggests that
in the crystal interior the molecules are indeed aligned and at
the surface the polarization change is compensated.

Thus far we discussed the out-of-plane surface polar-
ization under the influence of an electric field. In plane,
the dimer structure observed in STM images and current
imaging tunneling spectroscopy (CITS) maps at all applied
voltages [Fig. 1(c)] demonstrate the presence of an in-plane
antiferroelectric head-to-head dipole arrangement, which is
independent of the applied electric field [as indicated in the
inset of Fig. 1(b)]. Hence, this in-plane dipole order appears
to be pinned at the surface. Only the additional out-of-plane
rotation of the dipoles is responsible for the compensating
surface polarization and is modulated by applying an electric
field.

Furthermore, the alignment of the molecules in the crystal
interior is directly connected to a structural relaxation, since
molecule orientation and octahedral tilting interact [42,43].
This relaxation induces an ion-lattice polarization component
Pyia+p, in the [001] direction (cf. red arrows in Fig. 4) in
addition to the molecule dipole polarization component Py .
The ion-lattice relaxation leads to a change of the c-lattice
constant [44] which in turn affects the tip-sample separation.
In the first approximation the tip-sample separation is then
proportional to the penetration depth of the electric field (i.e.,
the molecule alignment) and thus the polarization and tip-
sample separation can be anticipated to be proportional, as
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assumed above. This is in line with reported piezoelectricity
[50]. The existence of the ion-lattice relaxation is corroborated
by the different tip-sample separations extracted from the
tunneling spectra at the voltage end points.

Finally, for the existence of a hysteresis it is critical that the
field-induced rotation of the molecules is self-sustaining after
turning off the electric field. This remanent polarization arises
from the existence of a rotation barrier and the dipole-dipole
interaction energy. Both are much larger than the thermal
energy at 4.3 K. Only if sufficiently large voltages with re-
versed polarity are applied, a field-induced reorientation of
the molecules takes place. This gives rise to a remanent po-
larization and hence hysteresis on the timescale of the voltage
sweep.

In conclusion, we provide direct evidence of a field-
induced rotation and alignment of subsurface methylam-
monium molecular dipoles, combined with an ion-lattice
relaxation in orthorhombic MAPbBr; (001) at 4.3 K using
scanning tunneling spectroscopy. The field-induced polariza-
tion in the bulk is compensated at the surface by an oppositely
oriented, counteracting out-of-plane polarization component

of the otherwise in-plane antiferroelectrically ordered surface
dipole arrangement. The results reveal the existence of a
ferroelectric P-V hysteresis at 4.3 K, stabilized by the MA
molecule dipole-dipole interaction. This suggests that at low
temperatures only ferroelectric effects govern the hysteresis
in MAPbBr; and its related compounds, whereas at high
temperatures thermally activated processes such as ion mi-
gration and charge trapping-detrapping dominate and override
the dipole-dipole interaction. Finally, the method used here
for extracting the polarization from tunneling spectroscopy is
widely applicable to many other materials beyond metalor-
ganic halide perovskites, providing direct access to quantify
surface polarization and compensation of bulk polarization at
surfaces.
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