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5 ABSTRACT: Hybrid perovskites show piezoelectric properties due to
6 polarization and centro-symmetry breaking of PbX6 pyramids (X = I-,
7 Br-, Cl-). This study examines the piezoelectric response of quasi-2D
8 perovskites using various barrier molecules: benzyl amine (BzA),
9 phenylethyl amine (PEA), and butyl diamine (BuDA). Utilizing piezo-
10 response force microscopy measurements, we determine the piezoelectric
11 coefficient (d33) where BuDA exhibits a substantial response with values
12 of 147 pm V−1 for n = 5, better than the other quasi-2D and 3D
13 perovskite counterparts. Density functional theory calculations reveal
14 distorted bond angles in the PbBr6 pyramids for quasi-2D perovskites,
15 enhancing symmetry breaking. Additionally, polarizabilities and dielec-
16 tric constants, derived from ab initio many-body perturbation theory, are
17 highest for BuDA, followed by PEA and BzA, aligning with experimental
18 results. We demonstrate pressure sensor performance, emphasizing the quicker capacitance decay time of the quasi-2D
19 perovskite based on BuDA. This research underscores the impact of perovskite dimensionality on piezoelectricity, paving the
20 way for the development of sensitive and wide-ranging pressure sensors.

21Halide perovskite is considered an excellent candidate
22 for third generation photovoltaics (PV) due to its
23 unique optical and physical properties. Halide
24 perovskites have a general structure of ABX3 in which A is
25 an organic or inorganic monovalent cation (Cs+, Rb+, MA+, or
26 FA+), B is a divalent metal cation with a coordination number
27 of 6 (e.g., Pb2+ or Sn2+), and X is a halide anion (I−, Br−, Cl−)
28 which binds with the metallic cation to form BX6 octahedral
29 sheets where the A-site cation lays within the octahedral
30 holes.1−6 The radii of the A-site cation have a significant
31 influence on the formed structure according to the Gold-
32 schmidt tolerance factor; in order to form a three-dimensional
33 (3D) structure with continuous BX6 sheets along the entire
34 crystal lattice, the value of the factor should be in the range of
35 0.8 < t < 1.1.7−10 Incorporation of a larger radius A-site organic
36 cation (R corresponds to barrier molecule) will cause a
37 separation between the BX6 octahedral sheets along the Z axis
38 forming the R2An−1BnX3n+1 formula with a quasi-two-dimen-
39 sional (2D) (n ≥ 1) perovskite structure.11 Unlike 3D
40 perovskites in which the optical properties are controlled
41 mainly by the B−X orbitals overlap, in the quasi-2D structure,
42 in addition to the halide type, the optical and electronic
43 properties of the material are significantly influenced by the
44 size and chemical structure of the R cation as a result of
45 quantum confinement effects. The quasi-2D perovskite can be

46divided into two subcategories: (i) Dion-Jacobson (DJ) in
47which there is a single R cation molecule containing two amine
48groups at the opposite ends and (ii) Ruddlesden−Popper (RP)
49which is composed of two monoamine R cations oriented in
50the opposite directions.12−14 Recent studies have shown that
51the quasi-2D structure is more stable compared to the 3D
52perovskite under humidity conditions.15−17 Along with its
53excellent solar energy harvesting properties, halide perovskites
54also demonstrate piezoelectric energy harvesting.18−20 In the
55piezoelectric device, the charge density (q3) generated as a
56response to an applied uniaxial pressure (σz) that acts on the
57surface area (A) derives from the changes in the electric
58displacement (e3) inside the material, i.e., q3 = e3dA. Further, it
59is related to the piezoelectric coefficient (d33) and the
60macroscopic dielectric constant across the structure (ε33 or
61εr, so-called relative permittivity ε/ε0 with respect to the
62vacuum permittivity ε0) via the formula e3 = d33 σz + ε33E3,
63where E3 is the electric field component along the pressure
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64 axis. On the other hand, the electric displacement and
65 polarization of the material (Pz) are related via e3 = Pz +
66 ε0E3. Since the piezoelectric effect is formed due to mechanical
67 stress, it strongly depends on the perovskite components, as
68 those affect the lattice structure.
69 Inorganic CsPbBr3 perovskite is theoretically estimated to
70 have a polarization of 0.45 μC cm−2 which could be enlarged
71 to 23 μC cm−2 under mechanical stress due to lattice
72 distortion.21 A large polarization value of 63 μC cm−2 was
73 observed for FAPbI3 composition as a result of the large cation
74 size which induces polar deformations in the PbI3 cage.

22 The
75 MAPbI3-based piezoelectric energy-harvesting devices exhibit
76 an output piezoelectric effect of 2.7 V and 140 nA cm−2. The
77 effective piezoelectric coefficient (d33) of this composition was
78 found to be in the range of 6 to 25 pm V−1 using piezoelectric
79 force microscopy (PFM).23 The piezoelectric phenomena were
80 proven by Bu and co-workers to exist also in 2D perovskites.
81 Their study on chiral 2D perovskite using R/S-[BPEA]2PbI4
82 yielded voltages and currents of 0.6 V and 1.5 μA under an
83 applied force of 2N.24 In order to further enhance the
84 piezoelectric effect in pressure sensor devices, halide perov-
85 skites were used as filler materials in PVDF (polyvinylidene
86 fluoride) polymers, forming a perovskite−PVDF compo-
87 site.25−27 The MAPbI3−PVDF composite showed an increase
88 in the dielectric constant of εr (∼56) compared to pure PVDF
89 film (∼12.6).26 The same effect was demonstrated in
90 MASnBr3−PDMS (polydimethylsiloxane) composite in
91 which the value of εr was nearly ten-times larger than that of
92 PDMS (36.2 compared to 3.2).28

93 Herein, we performed a comprehensive study of the
94 piezoelectric response in quasi-2D perovskites based on
95 different barrier molecules. We focused on three barrier
96 molecules, benzyl amine (BzA), phenylethyl amine (PEA), and
97 butyl diamine (BuDA), which were incorporated in the
98 perovskite having the chemical formula R2MAn−1PbnBr3n+1.
99 The A-site cation in the perovskite structure influences the
100 distance between the BX6 octahedral sheets. As a result, it
101 directly impacts the ability of the material to contract under an
102 applied external field. Hence, the nature of the barrier
103 molecules in terms of their length, functional groups, and
104 linear or aromatic structure affects the piezoelectric properties.
105 Motivated by the above reasons, we performed a series of
106 piezoelectric force microscopy (PFM) measurements and
107 studied the piezoelectric response of each composition by
108 analyzing the effect of the barrier molecule over the
109 piezoelectric properties. In addition, we conducted a series of
110 theoretical calculations to understand the structural changes of
111 each composition under an applied pressure as a function of

112the barrier molecule which supports the observed enhance-
113ment of the piezoelectric effect in the 2D perovskite.
114Our study focuses on quasi-2D perovskites based on
115methylammonium (MA) bromide with the addition of
116different barrier molecules. We used a linear barrier (BuDABr
117= butyl diamine bromide) with two amine groups, an aromatic
118barrier with a short-chain residue (BzABr = benzyl amine
119bromide), and an aromatic barrier containing an additional
120carbon in the chain residue (PEABr = phenylethylammonium
121bromide). Using each barrier, we prepared a solution of quasi-
1222D perovskite with the composition of R2MAn−1PbnBr3n+1
123where n = 1, n = 5, n = 10 and n = 50 while using a 3D
124composition of MAPbBr3 as a reference experiment. Each
125perovskite composition was mixed with polyvinylidene fluoride
126(PVDF) to form perovskite:PVDF composite in a ratio of
12725:75 based on earlier reports.23 PVDF is known as a
128piezoelectric polymer and its role is to enhance the
129piezoelectric response of the perovskite material.26,27,29

130Each composition was deposited by spin coating to form a
131continuous, uniform film. In order to see the PVDF
132incorporation and morphology, we performed scanning
133electron microscopy (SEM) of the composite films. Figure
134S1A−C show the morphology of the neat BzA-, PEA-, and
135BuDA-based quasi-2D perovskites with n = 5, respectively. It
136can be seen that the quasi-2D perovskite forms a multicrystal-
137line cubic shape. The same compositions with the addition of
138PVDF are presented in Figure S1D−F. As shown, PVDF
139formed a typical web structure where the perovskite crystals lay
140within it. The crystal structure shape remains unchanged upon
141mixing with PVDF. However, there is a reduction in the crystal
142size for the BzA- and PEA-based perovskites. The BzA crystals’
143average size reduced from 0.58 ± 0.07 μm to 0.32 ± 0.06 μm,
144while the corresponding reduction for PEA was from 0.25 ±
1450.09 μm to 0.21 ± 0.07 μm. The changes in the crystal size
146derive from the size growth limitation due to the presence of
147PVDF which is bulky and prevents the natural growth of the
148perovskite crystals. Next, we study the crystallographic
149structure of both neat perovskite and perovskite:PVDF films
150 f1by X-ray diffraction (XRD) measurements. Figure 1 shows the
151XRD spectra for all three quasi-2D perovskite compositions
152based on the different barriers, with (red plot) and without
153(black plot) PVDF. For all three barriers, the main crystallo-
154graphic peak of the perovskite at 14.8°, 26.4°, and 37.6°
155remained after mixing with PVDF. All barriers compositions
156before the PVDF incorporation show the 2D peak at 5.2°
157(plane 002). It can be seen that in the case of PEA- (Figure
1581B) and BuDA- (Figure 1C) based perovskites, the main peak
159disappears upon mixing with PVDF. It can be related to a

Figure 1. X-ray diffraction patterns for 2D (n = 5) perovskite composition based on (A) benzyl amine, (B) phenylethyl amine, and (C) butyl
diamine with (red) and without (black) PVDF.
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160 shielding effect created by the PVDF in those regions.
161 However, the peak at 11.4° (plane 004), which is also related
162 to 2D perovskite, becomes more dominant compared to the
163 neat perovskite films for PEA- and BuDA-based perovskites.
164 Apparently, not only do the perovskite crystals get smaller
165 when growing inside the PVDF matrix but also the preferred
166 growth planes are changing. Quasi-2D perovskites with n > 1
167 are composed from a mixture of several “n” values in the same
168 film as was also reported earlier in the literature.30−32 The
169 quasi-2D related peaks at 26.4° (plane 0010) and 37.6° (plane
170 0014) increase their intensity and become the dominant peaks.
171 Hence, it can be assumed that PVDF also enhances the growth
172 of the quasi-2D phase in the mixture of 3D and quasi-2D
173 perovskite. One of the key features in piezoelectric materials is
174 the lack of symmetry. In perovskite, the symmetry breaking
175 derives from a movement of the b-site cation from the center
176 of the octahedron as a result to an applied external pressure.
177 This movement is responsible for the dipole formation which
178 contributes to the piezoelectric response in halide perovskite.
179 In order to understand the initial symmetry (before external
180 pressure was applied), we grow single crystal (SC) of the pure
181 2D (n = 1) based on each barrier molecule and performed
182 single crystal (SC) XRD analysis in order to obtain the space
183 group for each composition. The space group can give us an
184 indication regarding the symmetry of the system in its initial
185 state. The analyzed data of PEA-, BzA-, and BuDA-based SC
186 XRD can be found in Figures S2−S4, respectively. It was found
187 that PEA- and BuDA-based 2D perovskites are triclinic systems
188 and have a space group of P-1 without any mirror plane or
189 rotation, and the lack of inversion center makes those two
190 systems nonsymmetric. The BzA composition shows that a
191 Cmce space group belongs to the monoclinic crystal system. In
192 this structure, there is a rotation axis and a mirror plane, and
193 therefore, it is considered symmetric. However, in the case of
194 metal halide perovskite, there is a local symmetry breaking due
195 to structural distortions that occur in the crystallization process

196or formed upon external pressure which changes the system
197symmetry.
198Absorbance measurements for each PVDF:quasi-2D perov-
199skite can be observed in Figure S5. Even after the
200incorporation of PVDF, the absorbance spectra matched
201those of pure quasi-2D perovskites. A slight decrease in the
202onset sharpness (∼550 nm) can be seen as a result of the
203scattering effect due to the presence of the PVDF matrix and
204the change in crystal size. Additional features of the absorbance
205can be seen at shorter wavelengths, which can be related to the
206perovskite dimensionality. Thus, the PVDF incorporation does
207not damage the optical properties of the perovskite.
208Piezoelectricity derives from the polarization of material,
209creating an electric field that assists the charge formation and
210movement. Therefore, polarization has a direct impact on the
211piezoelectric coefficient, which is related to the dielectric
212permittivity (ε) and remnant polarization (Pr) by d33 ∝ εPr. It
213is known that in the perovskite structure, the A-site cation is
214the main polarization origin, also related to the A-cation
215rotation degree of freedom. Another crucial parameter for the
216piezoelectric properties is the centro-symmetry of the crystal.
217In order to achieve the piezoelectric response, there is a
218requirement to break the centro-symmetry of the crystal and to
219form a noncentrosymmetric structure. In perovskite, the
220centro-symmetry derives from the BX6 pyramids; therefore,
221the symmetry will break when the B cation moves away from
222the center of the octahedron. Our hypothesis is to break the
223symmetry by incorporating different sizes and lengths of A-site
224cations in the perovskite lattice. Since the A-site cation lays
225within the octahedral hole, the large size and irregular shape of
226the organic molecule lead to changes in the Br−Pb−Br bonds,
227resulting in enhanced centro-symmetry breaking of the BX6
228pyramid. We conducted a series of lateral and horizontal PFM
229measurements for each of the quasi-2D perovskite composi-
230tions to investigate the influence of the barrier molecule on the
231piezoelectric properties. Specific details of the measurement
232can be found in the Supporting Information (SI). In all

Figure 2. Local piezoelectric measurements (horizontal) for n = 1 perovskite based on (A) butyl diamine, (B) benzyl amine, and (C)
phenylethyl amine barriers in the solution with 75% PVDF. The drawing shows a schematic illustration of each barrier molecule. The
corresponding phase curves were measured for the compositions with (D) BuDA, (E) BzA, and (F) PEA.
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233 samples, we scanned an area of 5 × 5 μm2 and applied a bias in
234 the range of ±12 V. Based on the PFM results, we plotted the
235 butterfly shaped amplitude and phase curves for each quasi-2D
236 perovskite film. We studied the same barrier molecules for the
237 n = 1 2D perovskites, n = 5, n = 10, and n = 50. Importantly, in
238 the case of n = 1, the MA cation is not present and the
239 perovskite structure only contains the barrier molecules.

f2 240 Figure 2A−C show the “butterfly” shape curves measured by
241 horizontal PFM for n = 1 quasi-2D perovskites based on
242 BuDA, BzA, and PEA, respectively. From the “butterfly”
243 curves, it can be seen that the distance between the two
244 minimum points of the forward and backward scans is
245 negligible and results in values of 0.47, 0.28, and 0.83 V,
246 respectively. The minimum points of each graph show the
247 voltages in which the dipoles changed their direction, while the
248 distances between the two minimum points indicate the
249 tolerance of the dipoles to change their orientation under the
250 applied external electric field in the opposite direction. The fact
251 that the dipoles in the case of n = 1 cannot resist the opposite
252 field indicates piezoelectric response.
253 The amplitude of the curve is the maximum point at which
254 the two curves overlap. The value of this parameter shows the
255 magnitude of the piezoelectric response in terms of material
256 contraction as a result of the applied external field since it is
257 proportional to the effective piezoelectric constant of the
258 material. The extracted amplitude values of n = 1 BuDA, BzA,
259 and PEA compositions were 1021, 418, and 419 pm,
260 respectively.

261Figure 2D−F present the corresponding phase curves with
262respect to the applied bias for BuDA, BzA, and PEA,
263respectively. All three curves demonstrate a clear 180°
264switching that indicates the polarization swap upward or
265downward according to the external electric field direction.
266The PFM phase is the phase lag between the applied bias on
267the probe and the strain response which is measured. It
268provides information on the direction of the polarization. The
269observed trends from different compositions can be explained
270by different values of the molecular polarizabilities of the
271barrier (α) since they are defined as the ability to become
272polarized by an electric field, i.e., P = αE.
273In addition to the piezoelectricity along the horizontal
274direction, we measured the response along the lateral direction
275for each composition. Both butterfly and the corresponding
276phase curves are presented in Figure S6. We observed a similar
277trend as in the case of the horizontal measurements in which
278BuDA demonstrated the highest piezoelectric response of 4
279mV, followed by BzA with an amplitude of 1.7 and 1.2 mV for
280PEA-based composition. However, in terms of the ability to
281maintain the dipole direction under an applied external field,
282the opposite trend can be seen where the distances between
283the two minimum points were 0.27 1.85, and 3.95 V for BuDA,
284BzA, and PEA-based 2D perovskites, respectively.
285Next, we synthesized n = 5 quasi-2D perovskite using the
286same barrier molecules, which include the MA+ cation in the
287 f3lattice. Figure 3A−C present the butterfly curves for n = 5
288BuDA-, BzA-, and PEA-based perovskites, respectively. In
289comparison to the PFM measurements of the n = 1

Figure 3. Local horizontal piezoelectric measurements for n = 5. The butterfly shape curves and corresponding phase curves of perovskites
based on (A, D) BuDA, (B, E) BzA, and (C, F) PEA with 75% PVDF. The effect of polling (+2 V) and antipolling (−2 V) on (G) PEA-, (H)
BzA-, and (I) BuDA-based perovskites.
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290 compositions, it can be seen that for n = 5, the distance
291 between the two minimum points of the curves is larger with
292 increased values of 2.36 3.34, and 0.88 V, while the amplitude
293 values were 602, 881, and 1761 pm for PEA, BzA, and BuDA,
294 respectively. Figure 3D−F show the corresponding phase
295 curves for the quasi-2D n = 5 perovskite compositions based
296 on the above three barrier molecules. The phase curves showed
297 180° switching in polarization for all the studied quasi-2D
298 perovskites. All three curves show a change of the dipole
299 orientation as a function of the applied bias. However, it can be
300 seen that the curves minimum points are not symmetric along
301 the bias axis and tend to be in the negative bias region. This
302 can be attributed to the initial inner dipole moment which
303 exists in the perovskite. In other words, it indicates the
304 existence of spontaneous dipole orientation within the material
305 even without an external electric field. The lateral piezoelectric
306 response was also measured for the n = 5 compositions, as can
307 be seen in Figure S7. Similarly, as in the case of the horizontal
308 response, a significant increase in the amplitudes, with respect
309 to the compounds with n = 1, was observed and yielded values
310 of 40.7, 21.3, and 40.4 mV for BuDA, BzA, and PEA,
311 respectively. We also observed an increase in the distances
312 between the curve’s minimum points, namely 1.06, 4.22, and
313 4.03 V for BuDA, BzA, and PEA compositions, respectively.
314 Hence, the quasi-2D n = 5 compositions undergo a more
315 significant structural change in response to the external field
316 than the n = 1 cases with the corresponding barrier molecules.
317 Additionally, Figure 3G−I present the phase scanning images
318 under positive (+2 V) and negative (−2 V) bias to
319 demonstrate the polling effect for PEA, BzA and BuDA,
320 respectively. Upon polling, it can be seen that the piezoelectric
321 domains of all three compositions flip their conductivity
322 according to the direction of the applied external field.
323 BuDA forms a DJ structure in which the spacing between
324 the octahedral sheets is smaller compared to the RP structures
325 that are formed by the BzA and PEA barriers. In terms of
326 molecular length, BuDA has a size of 9.37 Å, similar to PEA
327 with a size of 9.46 Å, which is longer compared to the BzA
328 molecule (7.83 Å). On the other hand, BuDA is a linear
329 molecule without the bulky phenyl ring that would aggregate
330 with neighboring barrier molecules. Therefore, this molecule
331 penetrates more deeply into the perovskite, breaking the
332 centro-symmetry more significantly than it is in the case of
333 other barrier molecules. As a result, the distortions of the
334 perovskite geometry are responsible for the enhanced piezo-
335 electric response in the case of BuDA as the molecule barrier.

336To investigate further the effect of MA dipoles and to
337evaluate the impact of the barrier molecules on the
338piezoelectric properties, we performed the same measurements
339on pure (no barrier molecules) MAPbBr3:PVDF composite
340film. Previous reports showed that 3D MA-based perovskite
341has a piezoelectric response.33,34,23 However, the piezoelectric
342coefficient does not have a fixed absolute value, and it is
343expected to vary as a function of the fabrication process and
344layer quality. Figure S8A and B show the horizontal and
345vertical butterfly curves that were obtained from PFM,
346respectively. The corresponding phase curves are presented
347in Figure S8D and E along with phase images under negative
348and positive biases of ±2 V (Figure S8C and F).
349MAPbBr3:PVDF composite films show a piezoelectric
350response, as expected with similar butterfly and phase curves.
351However, it can be seen that the piezoelectric response of
352MAPbBr3 is weaker compared to the quasi-2D based
353perovskites; it results in a lower amplitude of ∼185 pm and
3543.8 mV for the horizontal and vertical measurements,
355respectively. Based on the amplitude values, the piezoelectric
356coefficient (d33) for each composition can be calculated. In the
357case of n = 1, we observed a d33 value of 85 pm V−1 for the
358BuDA-based composition and for BzA and PEA, the same
359piezoelectric coefficient was observed of 35 pm V−1. Those
360experimental values are higher compared to previous works
361which were conducted for 3D perovskites such as MASnI3
362(20.8 pm V−1), FAPbBr3 (25 pm V−1), and MAPbI3 (25 pm
363V−1).29,35,36 The calculated d33 value for the 3D composition
364was 15.4 pm V−1, which is significantly lower compared to all
365 f4low dimensional compositions (Figure 4B), which emphasized
366the contribution of the barrier molecules to the enhancement
367of the piezoelectric response in perovskite. The enhancement
368in the d33 values of the 2D perovskites compared to the 3D
369perovskite can be seen in Figure 4A. An additional enhance-
370ment of the d33 values in the case of n = 5 compared to n = 1
371compositions that were extracted from the corresponding
372amplitudes was also observed which resulted with 50 pm V−1,
37373 pm V−1, and 147 pm V−1 for PEA-, BzA-, and BuDA-based
374perovskite, respectively. The reason for the enhanced piezo-
375electric response in the case of n = 5 is the presence of a larger
376proportion of the MA cation which contributes to the
377piezoelectric effect in two ways; (i) MA cation has a strong
378dipole of 2.29D which assists in the charge transfer process and
379(ii) the size differences between the relatively small MA cation
380(1.8 Å) to the bulkier barrier molecule results in breaking the
381centro-symmetry of the crystal.37,5

Figure 4. (A) d33 values of pure 2D perovskites (n = 1) compare to the corresponding 3D perovskite. (B) d33 values as a function of the “n”
value and n = ∞ for 3D MAPbBr3. The barrier molecules: BuDA (blue), PEA (black), and BzA (red), the inset shows a magnification of the
n = 50 and ∞ region. (C) The change in the octahedrons bond angles under a pressure of 0.5 MPa for the different barrier molecules
calculated by DFT.
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382 An additional explanation is due to the thickness of the
383 perovskite layer, which is derived from the barrier length.
384 Increased perovskite layer thickness causes a larger contribu-
385 tion to the piezoelectric response that originates from the
386 aforementioned breaking of the centro-symmetry of the PbX6
387 pyramids. In such a mechanism, the barrier molecules would
388 act only as “hammers” that propagate the compressive forces
389 deeply into the compound. Taking a closer look into the
390 perovskite symmetry breaking, we notice that barrier molecules
391 occupy the octahedral holes of the quasi-2D perovskite surface
392 deeply or shallower, depending on their van der Waals volume
393 (VvdW). Comparison of the barrier molecules in terms of the
394 VvdW is preferential for BuDA with its smallest VvdW of 79.08
395 Å3, which deeply penetrates the perovskite causing its
396 symmetry breaking. Between the two aromatic barriers, PEA
397 has a larger VVDW of 108.1 Å3 in comparison to BzA with a
398 VvdW of 94.1 Å3. Due to the larger volume, PEA occupies a
399 larger space between the perovskite layers. PEA also enters the
400 octahedral hole more deeply due to the larger residue
401 (additional CH2 segment); thus, we expect more significant
402 distortions of the apical halide atoms and Pb−Br−Pb angles at
403 the perovskite surface than would be in the case of BzA.
404 To further investigate the dimensionality impact on the
405 piezoelectric coefficient, we synthesized higher “n” values (n =
406 10 and n = 50) based on each composition. Figures S9 and S10
407 present the butterfly curves and phase curves for n = 10 and n
408 = 50, respectively. Based on these curves, the piezoelectric
409 coefficients were extracted. Figure 4B presents the piezoelectric
410 coefficients for BuDA, PEA, and BzA compositions as a
411 function of the “n” value, where n = 1, 5, 10, 50, and ∞ (3D).
412 In the case of PEA and BzA, we observed a small increase in
413 the piezoelectric coefficient to 75 and 78 pm V−1, respectively,
414 for n = 10. However, for n = 10 based on BuDA, the
415 piezoelectric coefficient reduces to a value of 110 pm V−1

416 compared to more than 140 pm V−1 for n = 5. The reason
417 might be due to the fact that BuDA forms a DJ 2D structure
418 where there is only one molecule that functions as a barrier
419 between the octahedrons; therefore, there are fewer barrier
420 molecules in the crystal structure compared to BzA and PEA
421 2D structures in which two barrier molecules form the RP 2D
422 structure. As a result of the reduced amount of barrier
423 molecules, a lower d33 value is observed for n = 10 compared
424 to n = 5 in the case of BuDA. This explanation is supported by
425 the decrease of d33 values for all compositions in the case of n =
426 50. As can be seen at the inset of Figure 4B, when n = 50, the
427 d33 values become closer to those of the 3D perovskite having
428 values of 20, 22, and 27 pm V−1 for PEA, BzA, and BuDA,
429 respectively. Since the n = 50 composition contains a very
430 small amount of barrier molecules, the system is very similar to
431 the 3D perovskite, and therefore, its piezoelectric response is
432 lower than that of the 2D (n = 1, n = 5, n = 10) perovskites. It
433 can be noted that for all “n” values the BuDA compositions
434 demonstrate the highest piezoelectric coefficient values.
435 For the sake of atomistic and electronic insight, we
436 performed DFT calculations for the quasi-2D perovskite
437 used in this work. The origin of polarization is in the
438 polarizability of the whole system and the molecular and
439 inorganic components. The inorganic frame contributes to this
440 effect via breaking of the centro-symmetry of the PbBr6
441 pyramids, while the molecular geometry also might change
442 under pressure. Therefore, we optimized the atomic positions
443 in the supercells that contain the quasi-2D MAPbBr3 with
444 three barrier molecules, PEA, BzA, and BuDA.

445We extended the system laterally by the 2 × 2 × 1 repetition
446of the unit cell and randomly rotated the methylammunium
447molecules. Our calculations started with a little distorted PbBr6
448pyramids and the barrier molecules with geometries optimized
449in a vacuum. We placed the barriers between the perovskite
450layers in such a way that the phenyl rings of neighboring
451molecules were perpendicular. Thus, the interaction between
452the perovskite and barrier layer is weak; we named this setup
453“start”. Further, we optimized the structures by applying the
454uniaxial pressure (along the c-axis of the compounds) choosing
455two values, 0.5 MPa (called “P1”) and 2 MPa (called “P2”).
456Table S1 collects the maximal distortions, distances, and angles
457in the optimized structures under the assumed pressures and
458compared to the starting geometries with the imposed weak
459symmetry breaking. Figure 4C shows the changes in the bond
460angles for each composition under a pressure of 0.5 MPa (P1).
461The calculated distortions indicate that the applied uniaxial
462pressures push BuDA molecules inside the Pb−Br squares of
463the perovskite and do not change much the shape of this
464barrier. Pressures P1 and P2 lead to quite similar results for the
465barrier molecules because the top halide ions (that are placed
466on the c-axis in the Dion-Jacobson structure) prevent too
467strong shortening of the distance between the perovskite
468layers. For the same reason, the effect of applied pressure
469moves into the perovskite and results in the largest
470deformations of the PbBr6 pyramids among all cases with
471barriers. This is manifested by a change of the Pb−Br−Pb
472angles and displacements of the top halides (Br−Pb−Pb
473angles). On the other hand, the largest effect of pressure in the
474barrier molecules is for PEA, in the place where the chain
475residue is attached to the phenyl ring (C−C−C angle). Since
476PEA is the most “bulky” molecule in its volume, the uniaxial
477compression should not push its −NH3 group too deeply into
478the perovskite. On the other hand, the chain residue in PEA is
479longer than in BzA, thus enlarging its penetration ability with
480respect to the latter barrier. We see that in this case the effect
481of pressure in the crystal layer shows up in large distortions of
482the PbBr6 pyramids.
483To summarize, the effect of pressure acts mainly on the
484inorganic perovskite framework when the BuDA barrier is
485used, moderately in the case of the BzA on the inorganic
486perovskite framework and the barrier, and strongly on both
487components when PEA is used. All of the above-described
488distortions might cause a change in the polarizability in the
489studied 2D perovskites. The polarizability of a molecule, 2D or
490quasi-2D and 3D systems should be calculated according to
491different formulas. The 2D systems lack periodicity in the
492direction across the structure; thus, we can use the formula:

q q( , ) (1 2 ( ) ) 1= | |

493for the perpendicular component. In contrast, our systems are
494periodic in all Cartesian coordinates, although the interaction
495between the perovskite and molecular layers is much weaker
496than that in the bulk. Therefore, in the quasi-2D systems, the
497polarizability α and the macroscopic dielectric function ϵ(q,ω),
498where q is a wave vector in the first Brillouin zone (BZ) and |q|
499is its module while ω is a frequency, are related by the two
500simple expressions:38,39

q q( , ) 1 2 ( ) for the in plane component= + | |
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q q( , ) 1 2 ( )

across the sandwich structure

= + | |

501 With the ai-MBPT approach, we obtained the polarizabilities
502 of quasi-2D MAPbBr3 with three barrier molecules: BuDA,

f5 503 BzA, and PEA and at 0.5 MPa (systems can be seen in Figure
f5 504 5A−C). In order to take into account a disorder of molecular

505 orientations, for MA and barrier molecules, we performed the
506 calculations using the supercells 2 × 2 × 1.
507 The values of the in-plane and out-of-plane polarizabilities
508 (α∥ and α⊥) at zero frequency (ω = 0) and the corresponding

t1 509 dielectric constants (ϵ∥ and ϵ⊥) are presented in Table 1. Full

510energy-resolved curves are presented in Figure S11. The largest
511dielectric constant and polarizability was calculated for quasi-
5122D perovskite with BuDA, which is in good agreement with
513the experimental results, and also supports the origin of the
514high piezoelectric response recorded by the PFM measure-
515ments. For a comparison, we also added to Table 1 the results
516for bulk (3D) MAPbBr3 under pressure and 2D case (n = 3)
517terminated with MA. These cases were also calculated in the
518supercells 2 × 2 × 1 including the disorder. We derive the
519conclusion that the perovskite materials with disordered MA
520cations (rows 4 and 5 in Table 1) show lower polarizabilities
521than the case with the MA molecules aligned in the same
522direction, in agreement with our experimental results. It is
523important to note that we do not know the direction of MA
524dipoles which was assumed in previous work.38 Also, the effect
525of pressure in the 3D case has a strong impact on polarizability
526with respect to much less distorted 2D without compression.
527The above numerical results lead to 2-fold conclusions. (1)
528Distortions of perovskite and disorder of molecular dipoles
529make a very strong impact on the piezoelectric properties, and
530these effects are opposed to each other (the former increases
531and the latter decreases the polarizability), while the effect of
532pressure enlarges the effect of distortions. We oriented the
533phenyl rings of the neighboring barrier molecules (for PEA and
534BzA cases) perpendicular to each other, and this fact might
535weaken the effect of the dipole orientations on the total
536polarizability of the system. On the other hand, four BuDA
537molecules (being the linear barriers) were aligned very
538regularly in the 2 × 2 × 1 supercells. This fact, in turn,
539might lead to an accumulation of the crystal distortions, which
540would only increase the total polarizability of the supercell.
541Much larger supercells with BuDA, and the introduction of the
542molecular tilting disorder (not taken into account in our
543simulations), certainly would distort the PbBr6 pyramids of
544perovskite layers less “homogeneously” and cause a decrease of
545the polarizabilities. (2) In our simulation, we did not take into
546account the effect of the PVDF medium and the charge

Figure 5. (A−C) The quasi-2D structures of MAPbBr3 with PEA, BzA, and BuDA were optimized with DFT for the uniaxial pressure of 0.5
MPa. Colors of the atoms: Pb, gray; Br, brown; C, black; N, blue; H, white. Normalized capacitance measurements for pressure sensors
based on (D) PEA, (E) BzA, and (F) BuDA perovskites where n = 5.

Table 1. Macroscopic Dielectric Constant (Relative to ε0)
and Polarizability (in Å/ε0), for the in-Plane and out-of-
Plane Components, Were Obtained for the Studied Systems
with the Ab Initio RPA Methoda

ϵ∥ (q,
ω = 0)

α∥

(ω = 0) |q|
ϵ⊥(q,

ω = 0)
α⊥

(ω = 0) |q|
MAPbBr3
(PEA),
⊥0.5 MPa

7.21 3.74 0.042 26.97 35.85 0.018

MAPbBr3
(BzA),
⊥0.5 MPa

7.11 3.68 0.042 22.28 26.97 0.020

MAPbBr3
(BuDA),
⊥0.5 MPa

19.98 11.42 0.042 55.58 57.43 0.024

MAPbBr3
(2D)b

1.88 0.38 0.060 5.63 1.25 0.017

MAPbBr3 bulk
(30),b
⊥0.5 MPa

11.09 4.29 0.060 16.88 8.83 0.046

MAPbBr3
n = 1 (2D)c

∼15.7 ∼8.0

aThe module of the chosen q-point in BZ is in the units of 2π/Å.
bDisorder of MA was simulated in the 2 × 2 × 1 supercell. cEstimated
from Figure 2 where the authors obtained them with the ab initio BSE
method for the system without the disorder of MA orientations.38
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547 transfer effects. One should be made of the electronic potential
548 barriers at the interfaces between PVDF and the perovskite for
549 electron states and hole states. Moreover, the molecular
550 crystals exhibit hopping conductivity; thus, the charge transfer
551 from the barrier molecules to the PVDF might also be not
552 negligible.
553 In order to observe the piezoelectric properties on the
554 macroscopic scale, we fabricated pressure sensor devices. The
555 pressure sensor structure is fabricated by the deposition of
556 perovskite:PVDF composite film on top of an ITO-coated
557 PET substrate followed by a layer of polydimethylsiloxane
558 (PDMS), which forms the bottom contact. Next, Au-coated
559 PET is attached on top of the bottom part by curing PDMS
560 between the two parts. Upon applied pressure, the dipoles
561 within the perovskite start to organize in a preferred
562 orientation directing the electrons and holes toward the
563 contacts. Figure 5A−C show the calculated distortions of the
564 bond angles as a result of an external pressure of 0.5 MPa for
565 PEA-, BzA-, and BuDA-based perovskites, respectively. We
566 incorporated each 2D perovskite composition (n = 5) as the
567 active layer in the pressure sensor and measured the
568 capacitance response to finger tapping. The device capacitance
569 measurements for PEA-, BzA-, and BuDA-based perovskites
570 are presented in Figure 5D−F, respectively. It can be seen that
571 in the case of the two aromatic molecules (PEA and BzA) the
572 amount of separated charge (the peak maxima) maintains
573 ∼90% of its initial value with each finger tapping. The decay
574 time of each sensor was calculated based on the capacitance
575 measurements and found to be 0.637 ± 0.010, 0.574 ± 0.016,
576 and 0.649 ± 0.064 s for PEA, BzA, and BuDA, respectively. On
577 the other hand, the BuDA-based sensor shows a decrease in
578 the generated current values with each press during time. The
579 reason for this decrease in piezoelectricity is a fingerprint of the
580 damage to the homogeneous alignment of the barrier
581 molecules. In other words, by applying pressure, the molecular
582 tilting changes with respect to the perovskite planes and the
583 resulting perovskite distortions become irregular. In contrast,
584 the aromatic barriers are more resistant to such damage due to
585 their more densely packed structure in quasi-2D perovskites
586 and stronger electronic interactions between the phenyl rings
587 that prevent changes in the geometry. The capacitance decay
588 time of the pressure sensors shows that the PEA-based device
589 can maintain the separated charges for a longer time compared
590 to the BzA-based device.40−45

591 In this work, the effect of the barrier molecule type and
592 dimensionality in hybrid perovskite on the piezoelectric
593 properties was investigated. Three barrier molecules, BuDA,
594 BzA, and PEA, were studied for both n = 1 and n = 5
595 compositions. When mixing these quasi-2D perovskites with
596 PVDF, the preferred crystal orientation and size were changed.
597 A series of both lateral and horizontal PFM measurements
598 demonstrate that BuDA-based composition has the highest
599 piezoelectric response which results in a piezoelectric
600 coefficient (d33) of 85 pm V−1 compared to 35 pm V−1 for
601 the two aromatic barrier molecules. DFT calculations showed
602 that BuDA causes a much more significant distortion in the
603 bond angles of the PbBr6 pyramids due to its smaller size that
604 allows deeper penetration within the perovskite, leading to
605 enhanced symmetry breaking which contributes to the
606 piezoelectric effect. Furthermore, the ai-MBPT calculations
607 of the polarizabilities and the corresponding dielectric
608 constants in both horizontal and lateral directions yielded
609 the highest values for BuDA, followed by those for PEA and

610BzA, further supporting our experimental results. Clearly when
611increasing the dimensionality to n = 5, the piezoelectric
612coefficient is increased mainly due to the incorporation of MA
613cations along with the barrier molecules that enhance the
614symmetry breaking. The quasi-2D perovskite (n = 5) resulted
615in enhanced piezoelectric coefficient values of 147 pm V−1, 73
616pm V−1, and 50 pm V−1 for BuDA, BzA, and PEA, respectively.
617Finally, we fabricated a pressure sensor based on each quasi-2D
618perovskite. Such sensors can be used in a variety of
619applications, including soft robotics and wearable electronics.
620We revealed a faster decay time of the BuDA-based sensor in
621comparison to the aromatic-barriers-based sensors. However,
622due to the damage of the homogeneous alignment of the
623barrier molecules, the BuDA-based sensors could not maintain
624the same amount of charge generated each time.
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