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12 ABSTRACT: Hybrid organic−inorganic perovskites have emerged as very promising materials for photonic applications,
13 thanks to the great synthetic versatility that allows tuning their optical properties. In the two-dimensional (2D) crystalline form,
14 these materials behave as multiple-quantum-well heterostructures with stable excitonic resonances up to room temperature. In
15 this work strong light−matter coupling in 2D perovskite single-crystal flakes is observed, and the polarization-dependent
16 exciton−polariton response is used to disclose new excitonic features. For the first time, an out-of-plane component of the
17 excitons is observed, unexpected for such 2D systems and completely absent in other layered materials such as transition-metal
18 dichalcogenides. By comparing different hybrid perovskites with the same inorganic layer but different organic interlayers, it is
19 shown how the nature of the organic ligands controllably affects the out-of-plane exciton−photon coupling. Such vertical dipole
20 coupling is particularly sought in those systems such as plasmonic nanocavities in which the direction of the field is usually
21 orthogonal to the material sheet. Organic interlayers are shown to affect also the strong birefringence associated with the layered
22 structure, which is exploited in this work to completely rotate the linear polarization degree in only a few micrometers of
23 propagation: akin to what happens in metamaterials.
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25 Two-dimensional (2D) semiconductors are attracting
26 increasing attention, due to both their relevance in
27 quantum optoelectronics and their complex physical proper-
28 ties, still not fully unraveled. In addition to many single-layer
29 systems, such as transition-metal dichalcogenides (TMD),
30 graphene, and its inorganic analogues, hybrid 2D organic−
31 inorganic perovskites offer a valuable alternative because they
32 may be represented as natural realizations of multiple-
33 quantum-well (QW) heterostructures, with outstanding optical
34 properties at room temperature.1−5 Layered 2D perovskites
35 generally consist of an inorganic layer of [PbX6]

2− octahedra
36 (with the halogen X = Cl, Br, or I) sandwiched between
37 bilayers of intercalated alkylammonium cations (see, for

f1 38 example, Figure 1a). The lowest-energy electronic excitations

39are associated with the inorganic sheet, while the organic part
40is believed to behave as a potential barrier.2 Therefore, these
41crystalline materials combine the advantages of organics, such
42as the easy and cheap manufacturing, and those possessed by
43inorganic compounds, i.e., robustness and excellent optical
44properties.6 Moreover, by changing the inorganic precursors it
45is possible to tune the band gap in a wide energy range, while
46the choice of the organic component can tailor the QW-type
47structure to a large extent. As compared to epitaxially grown
48GaAs-based QW heterostructures, for instance, these materials
49allow for higher dielectric confinement and larger binding
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50 energies. As a further advantage over TMD monolayers, 2D
51 hybrid perovskites display enhanced collective effects due to
52 the large number of layers stacked in a single crystal without
53 the problem of moving toward an indirect band gap typical of
54 bulk TMDs.
55 These peculiar properties make layered 2D perovskites not
56 only an interesting system to be investigated per se but also
57 ideal candidates for the development of novel optoelectronic
58 devices to efficiently control photonic signals.7−9 Particularly
59 interesting is the use of 2D perovskites as active layers for
60 strong light−matter coupling with the consequent generation
61 of exciton−polariton quasiparticle.10,11

62 Indeed, evidence for exciton−polariton effects has been
63 reported, although only in polycrystalline 2D hybrid perovskite
64 thin films embedded in mirror microcavities12−17 and recently
65 in all-inorganic perovskite CsPbCl3 nanoplatelets optically
66 confined between two distributed Bragg reflectors.18

67 Here, we observe strong exciton−photon coupling in 2D
68 hybrid perovskite single-crystal waveguides, avoiding the need
69 to embed them within mirror microcavities, and we use
70 polarization-dependent exciton−polariton response to inves-
71 tigate their excitonic properties. Taking advantage of their
72 strong light−matter coupling, we assess the nature of the
73 elementary excitations of these systems, and varying the
74 polarization of the incident electromagnetic radiation, we
75 probe the in-plane and out-of-plane excitonic response.
76 Surprisingly, for the first time we disclose a polariton response
77 associated with an out-of-plane excitonic component, which
78 was somehow unexpected in such 2D structures.
79 This observation was possible thanks to the use of large
80 single crystal flakes of 2D perovskite that are employed to
81 directly measure the excitonic response without being limited
82 by nonradiative losses and grain-to-grain heterogeneity or tilt
83 boundaries, usually present in polycrystalline films.
84 The dual nature of 2D perovskite excitons is also
85 independently confirmed by far-field polarized photolumines-
86 cence measurements, which allow us to assess the in-plane and
87 out-of-plane components of the exciton transition momentum
88 dipole.
89 Moreover, to investigate the origin of this behavior, we
90 produce 2D layered crystalline perovskites with the same

91inorganic part but different organic ligands, and we observe
92that the dual-exciton features are related to the inter-QW
93distance and layer structure showing that the choice of the
94organic component provides a new route to control not only
95the energy but also the orientation and polarization of the
96transition dipole in these hybrid perovskites.
97Finally, we measure the optical anisotropy due to the layered
98electronic structure akin to a metamaterial, finding that the
99choice of organic interlayer sensitively alters the polarized
100optical response. We observe large intrinsic birefringence in
101our monocrystalline flakes, and we demonstrate the use of
102them as half-waveplates with thicknesses of a few optical
103periods.

104■ RESULTS
105We produce large thin crystals of 2D hybrid perovskite by an
106antisolvent vapor-assisted crystallization method recently
107reported19 and subsequent mechanical exfoliation. We
108synthesize three different layered perovskites changing the
109organic precursors: we select two alkyl cations, butylammo-
110nium (C4H9NH3)2PbI4 (BAI) and octylammonium
111(C8H17NH3)2PbI4 (OCT), having different chain lengths in
112order to tune the distance between the inorganic layers; in
113addition we introduce an aromatic moiety, phenethylammo-
114nium (C6H5(CH2)2NH3)2PbI4 (PEAI), to investigate its effect
115on the exciton−photon coupling. Further details about their
116synthesis and their structures are provided in the Supporting
117Information.
118The unit cell parameters verified by X-ray diffraction
119measurements (see Figure S1 and Table S1 in the Supporting
120Information) allow the determination of the thicknesses of
121barrier and well in the multi-QW structure: the inorganic
122semiconductor layer is 0.64 nm thick, while the organic
123interlayer is 0.75, 1.02, and 1.24 nm thick for BAI, PEAI, and
124 t1OCT, respectively (see Table 1 and Table S1). The exfoliated
125flakes observed by scanning electron microscopy (SEM) and
126atomic force microscopy (AFM), shown in Figure 1b,c (see
127also Figures S2 and S3 in the Supporting Information), reveal
128terrace structures with the planes oriented parallel to the

Figure 1. (a) Schematic illustration of the layered perovskite crystal
structures; (b) SEM image of a (PEAI)2PbI4 exfoliated crystal; (c)
AFM topography image of the white dashed square indicated in (b)
with the corresponding height profile; (d) Real-space photo-
luminescence of a (PEAI)2PbI4 perovskite crystal.

Table 1. Parameters Obtained from the Comparison
between Numerical Simulations and Experimental Data for
the Three Different Types of Layered 2D Perovskite Films
Considered
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129 substrate. All samples show an extremely uniform photo-
130 luminescence (see Figure 1d) that, differently from the
131 majority of the reported studies carried out on polycrystalline
132 films, is not affected by the presence of intergrain voids or
133 grain boundaries (see also Figure S4 in the Supporting
134 Information). In a single crystal we can notice that the bright
135 regions in the PL emission observed along the boundaries of
136 the flake are due to scattering of the guided radiation with
137 defects at the edges of the film, while the rest of the crystal is
138 very uniform and defect-free including the excitation spot
139 which is rather brighter in the central part of the flake.
140 Absorption and photoluminescence (PL) spectra taken on thin
141 single-crystal flakes are shown in the Supporting Information
142 (Figure S5).
143 The optical response of single crystals of BAI, PEAI, and
144 OCT with thicknesses of a few micrometers is investigated
145 with an oil-immersion objective (details are reported in the
146 Supporting Information) that allows the capture, from the glass
147 substrate side, of also the signal beyond the air−light line, i.e.,
148 the signal coming from total internal reflection (TIR) at the
149 crystal−air interface. Both PL and reflection spectra (see

f2 150 Figure 2a,b and also Figure S6 and Figure S7 in the Supporting
151 Information) show the frequency modulation due to partial
152 reflection on the crystal−substrate (glass) interface and to TIR
153 at the crystal−air interface for angles larger than

θ = ≈ ◦arcsin 40n
n

air

glass
, where nair/glass is the refractive index of

154 air (or substrate, respectively). The figure shows the typical
155 dispersion of strong light−matter coupling, with the optical
156 resonances bending close to the excitonic resonance at large
157 angles. A considerable amount of information about the nature
158 of the elementary excitations in these compounds can be
159 inferred by analyzing the material response to optically exciting
160 polarizations with either the electric field (TE, Figure 2a) or
161 the magnetic field (TM, Figure 2b) transversely oriented with
162 respect to the incidence plane. Indeed, for TE-polarized light,
163 only the dipoles oriented in the plane of the QW (associated
164 with the [PbX6]

2− inorganic sheets) contribute to the material
165 polarizability, while both in-plane (IP) and out-of-plane (OP)
166 dipole strengths have to be considered when looking at the
167 response in TM polarization. By comparing the experimental
168 data (right side of each panel in Figure 2) with numerical

169simulations (left side of each panel in Figure 2), we are able to
170obtain a quantitative estimation on the exciton dipole
171orientation in these materials. Figure 2c shows the mode
172dispersions in the strong- and weak-coupling regime. In the
173weak-coupling regime, the medium has been simulated without
174Lorentzian response by using the background index as
175indicated in Figure S10 in the Supporting Information. The
176striking difference of the mode dispersion when including the
177effect of strong light−matter interaction is clearly evident close
178to the excitonic resonance.
179The optical response of the 2D perovskite films is modeled
180with a generalized scattering matrix algorithm,20−22 which
181allows simultaneously including both the natural birefringence
182of the stacked organic−inorganic layers and the polarization-
183dependent exciton response. Details about the theoretical
184method and the implementation used in this work are reported
185in the Supporting Information. In principle, this system would
186be amenable to simulation with transfer matrix approaches
187properly extended to include the anisotropic dielectric
188response of the material,23−25 although our modeling proved
189essential to capture the key ingredients of such peculiar
190systems, especially in terms of numerical stability toward the
191inclusion of absorption losses. Thanks to this analysis, we have
192selected the values that allow us to best describe the qualitative
193and quantitative behavior of the different layered materials, as
194summarized in Table 1. Doing so, we can demonstrate that the
195optical response of these materials is determined from doubly
196polarized excitonic contributions, corresponding to optically
197active dipoles oscillating both in and out of the inorganic layers
198plane. This is surprising, since these materials are considered
1992D semiconductors with excitons strongly confined between
200insulating barriers. Nevertheless, the vertical contribution is
201crucial to correctly capture the reflectivity spectra detected in
202TM polarization with out-of-plane oscillating dipoles, con-
203tributing significantly to the oscillator strength of the
204radiation−matter coupling, although by a generally smaller
205amount as compared to the in-plane oscillating dipoles (see
206quantitative estimate in Table 1). In addition, we observe that
207the out-of-plane oscillator strength decreases on increasing the
208organic barrier thickness between the inorganic perovskite
209layers (see the values obtained for BAI, PEAI, and OCT in
210Table 1): longer organic chains seem to lead to a stronger

Figure 2. Reflection spectra are plotted as energy versus in-plane momentum, k, with θ= π
λ

k sin2 , where λ is the wavelength and θ the incidence

angle. Multiple resonances are due to the Fabry−Perot configuration, with the enhanced intensity corresponding to angles of incidence beyond the
air−light line. Reflectivity maps measured (right half-panel) and calculated by scattering matrix (left half-panel) for an OCT single crystal under
white light illumination for (a) TE and (b) TM polarizations are shown in the left and right column, respectively. (c) Reflection minima calculated
with (blue lines) and without (red lines) the excitonic resonance, showing the crucial modification of the reflection spectrum induced by strong
light−matter interaction as compared to a bare film response. The white dashed lines indicate the exciton energy position. The black band close to
the exciton resonance is due to the presence of multiple polariton modes that red-shift the absorption peak energy below the excitonic resonance
due to the significant Rabi splitting in the strong coupling regime.
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211 confinement in the QW plane, with the exception of benzene
212 rings, which slightly enhance the out-of-plane polarizability and
213 strongly reduce the optical birefringence with respect to
214 aliphatic chains of similar length.
215 To further corroborate the quantitative estimate of an out-
216 of-plane component to the exciton−polariton response, we use
217 Fourier-resolved, polarized photoluminescence measurements
218 on a thin PEAI single crystal of 20 nm.
219 This is an effective technique to obtain the IP and OP
220 contributions for thin films.26,27 The Fourier plane of the

f3 221 vertical polarization is imaged in Figure 3a. For the emission

222 direction along ky, the local density of optical states is
223 completely suppressed close to the TIR direction for IP
224 polarization, and the OP contribution can be isolated. In
225 Figure 3b, the results for the PEAI crystal are compared with a
226 MoS2 monolayer (fully in-plane excitons) and with an isotropic
227 molecular thin film (Lumogen Orange, 35 nm). The fitting
228 functions are obtained by following the analytic model in refs
229 26 and 27 and using an OP fraction of (33 ± 5)% for the
230 isotropic case and <5% for MoS2 monolayer. According to the
231 results of simulations in Figure 2, we consider an OP fraction
232 of (18 ± 5)% for the PEAI thin film, obtaining an overall good
233 agreement with both the experimental results and the
234 scattering matrix analysis. This measurement independently
235 confirms the presence of out-of-plane oscillating dipoles and
236 thus the double nature of 2D perovskite excitons.
237 These results show two particularly relevant aspects: on one
238 hand, we clearly evidence a polarization-dependent and
239 anisotropic (i.e., possessing an OP dipolar component) exciton

240response; on the other hand we see a barrier-dependent
241oscillator strength. Both these effects are unexpected at first
242sight, since up to now electronic band structure calculations
243have predicted an ideally perfect in-plane orientation of the
244exciton momentum dipole due to the high energy barrier (∼1
245eV) of the organic layer. This is evidence that the role of the
246organic ligands had been downplayed in these compounds.28

247As a matter of fact, it is well established that the elementary
248excitations in these layered materials should arise from optical
249transitions coming from half-integer total angular momentum
250valence band states (j = 1/2, mj = ±1/2, of Pb-6s orbitals) into
251conduction band states with the same j,mj symmetry (mainly
252arising from Pb-6p orbitals; see, for example, refs 29−31). This
253is quite different from what happens in inorganic QWs, i.e.,
254III−V semiconductors, in which heavy-hole excitons represent
255the lowest energy transitions from j = 3/2 (p-type) valence
256band to j = 1/2 (s-type) conduction band states. While these
257latter transitions lead to strictly in-plane polarized states (see,
258for example, ref 32), in the case of 2D perovskitesdue to
259polarization selection rules derived from dipole matrix
260elementsvertically polarized transitions are permitted.
261Our observations suggest that the organic interlayer could
262actually play a non-negligible role beyond that of a passive
263insulating barrier. Moreover, the dielectric constant of the
264organic part, its thickness, and its energy levels could affect the
265interactions between the excitons of the semiconducting
266inorganic layers and thus their response to a given polarization
267of the incident radiation.1 These hypotheses are only
268speculative and worth being investigated in detail, e.g., through
269microscopic theories of the optical response that the present
270work will hopefully stimulate.
271Regarding the interest in these results for polaritonic
272applications, we observe that the values of the exciton
273oscillator strength per unit surface (reported in Table 1) are
274fully consistent with the strong coupling regime in all of the
275perovskite samples considered so far. In particular, the
276radiation−matter coupling energy can be obtained by the
277usual expression employed for bulk exciton−polaritons, which
278is expressed as33

ε ε
= ℏΩ = ℏE

e
m

f
V4c c

2

0 r 0 279(1)

280where e is the elementary electric charge, m0 is the free electron
281mass, and εr is the background dielectric permittivity relative to
282the vacuum, ε0. Here, the 2D nature of the elementary
283excitations in each perovskite layer is combined with the multi-
284QW-type structure, which is interpreted as an effective
285medium with oscillator strength per unit volume f/V = ( f/
286S)/d, where d is the thickness of the active organic plus the
287inorganic barrier layers in each of the perovskite compounds
288considered. The estimated coupling strengths for the BAI,
289PEAI, and OCT materials (see Table 1) show values that are
290compatible with very large light−matter coupling regimes; in
291particular the condition ℏΩc > fwhm is fully satisfied in all
292three cases. We also notice that these values are especially
293remarkable when compared to standard III−V semiconductor
294heterostructures, in which radiation−matter coupling energy is
295typically measured on the order of a few meV while the
296coupling strength is on the order of 200 meV in our case,
297although care should be taken when comparing these values of
298Rabi coupling since typical experiments in fully inorganic
299semiconductors are performed with single or few III−V

Figure 3. (a) 2D Fourier space emission (PL) in the linear vertical
polarization (white arrow). The white dashed line represents the TM
section, in which the OP contribution is distinguished at the TIR
angle (corresponding to k0 for each material). (b) PL signal along the
white dashed line in (a) for isotropic material (Lumogen), thin crystal
2D perovskite (PEAI), and MoS2 monolayer. (c) Scheme
representing the vanishing local optical density of states at k∥/k0 =
1 for out-of-plane dipoles in vertical polarization. In the TM plane, the
OP fraction is 50%, 30%, and 0% for Lumogen, PEAI, and b2,
respectively. These values correspond, in the 3D volume, to an OP
contribution of 33% for the isotropic case and 18% for the PEAI.
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300 quantum wells. In particular, the present experiments
301 correspond in spirit to early investigations on the optical
302 response of thin films in III−V semiconductors with strong
303 excitonic absorption,34−36 where exciton−polariton effects
304 were first evidenced even in the absence of bottom and top
305 mirrors.
306 Finally, we take advantage of the surface homogeneity of
307 these monocrystalline slabs to illustrate optical propagation for
308 distances of tens of micrometers without being scattered by

f4 309 defects (see Figure 4a and Figure S9 in the Supporting

310 Information). An additional advantage of the large extension of
311 the single crystals is the possibility to exploit the large optical
312 birefringence induced by the layered material structure, akin to
313 that of metamaterials. Interestingly, black phosphorus has been
314 recently proposed for fabrication of atomically thin optical
315 waveplates thanks to its in-plane birefringence as high as Δn ≈
316 0.245.37 Here we measure the dispersion of the refractive index
317 along and perpendicular to the layer structure in the
318 transparent region of the spectrum for PEAI, BAI, and OCT
319 (see Figure S11 in the Supporting Information), finding
320 comparable values (Δn ≈ 0.2 for OCT, see Table 1). However,
321 compared to the black phosphorus, the 2D perovskites show
322 an out-of-plane birefringence that can be tuned by the choice
323 of the organic ligand either by changing the interlayer
324 separation or by exploiting the organic−inorganic nature of
325 higher electronic levels in the presence of short interlayer
326 distances or π-conjugated organic systems (see the effect of
327 benzene rings on optical anisotropy in Table 1). Here, as a
328 demonstration, we show that such a huge optical anisotropy
329 can be effectively used as an ultrathin waveplate. For light
330 traveling with a finite angle, with respect to the direction
331 normal to the structure, the retardation between the

332components of the electromagnetic field oscillating in- and
333out-of-plane is large enough to result in a complete rotation of
334the linear polarization degree in few optical periods. In Figure
3354b, the angle of incidence is chosen beyond the light-line in air
336to detect the totally reflected signal at the TIR interface,
337allowing the measurement of a complete rotation of the linear
338polarization degree for a crystal thickness of just 1 μm. In
339inorganic microcavities, the optical and excitonic anisotropies
340are enhanced under a strong coupling regime, giving rise to
341strong spin−orbit effective interactions for polaritons prop-
342agating in the plane of the structure. These results indicate that
343self-assembled waveguides of 2D layered perovskites can be a
344promising system to study the effects of the strong optical
345anisotropy on the spin dynamics of exciton−polaritons and can
346be used as integrated waveplates in optical circuits, as well as in
347polariton-based devices.
348In summary, we have shown that 2D perovskites possess
349dual excitonic properties that can be tuned by the choice of the
350organic cations, which in turn affect the exciton confinement
351and its optical response, in terms of both the out-of-plane
352component of the transition dipole moment and the intrinsic
353birefringence of the structure. The presence of a hybrid organic
354and inorganic structure in 2D perovskites provides an ideal
355platform for developing novel multifunctional materials in
356which the crystalline architectures can be synthetically fine-
357tuned in order to provide a huge range of semiconductors with
358different properties. These observations pave the way for the
359design and fabrication of all-optical devices based on 2D
360perovskites.
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