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Ultra-thin ﬂakes of 2D organic-inorganic perovskite (C6H9C2H4NH3)2PbI4 are produced using
micromechanical exfoliation. Mono- and few-layer areas are identiﬁed using optical and atomic
force microscopy, with an interlayer spacing of 1.6 nm. Refractive indices extracted from the
optical spectra reveal a sample thickness dependence due to the charge transfer between organic
and inorganic layers. These measurements demonstrate a clear difference in the exciton properties
between “bulk” (>15 layers) and very thin (<8 layer) regions as a result of the structural
C 2014 Author(s). All article
rearrangement of organic molecules around the inorganic sheets. V
content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.4874846]
The family of metal halide based organic-inorganic perovskites have been extensively studied for their optical and
electrical properties.1–15 Recently, 3D perovskites of the
form CH3NH3PbI3xClx have been used to produce solar
cells with efﬁciencies of up to 15%.1–4 2D lead iodide (PbI)
perovskites have also received a great deal of attention as
self-assembling multiple quantum well structures with exciton binding energies in excess of 200 meV.5–7 Such systems
are built from monolayers of corner-sharing PbI6 octahedra
sandwiched between organic molecular layers. The 3D structure is formed by stacking these sheets, with van der Waals
forces acting between neighbouring organic molecules.
Quantum and dielectric conﬁnement of excitons in the inorganic sheets create room temperature excitons with high oscillator strength. A wide range of controllable processing
methods are available to lay down such ﬁlms, for example,
spin coating,8–10 layer-by-layer deposition,11,12 or intercalation of organic molecules into PbI2 structures.13–15 Thus, 2D
PbI perovskites are promising candidates for use as active
materials in optoelectronic devices.
In recent years, much attention has been paid to 2D layered compounds such as graphene or transition metal dichalcogenides. Due to weak van der Waals bonding, it is easy to
cleave neighbouring layers and form ultra-thin samples.16–21
In these materials, new optical and electronic properties
emerge for mono- or few-layer regions, providing new
avenues for material application. Here, we report micromechanical exfoliation of 2D PbI perovskites and explore the
few-layer behaviour of such systems via optical spectroscopy.
Lead iodide (PbI2) microcrystals are synthesized using a
previously described solvothermal method, and intercalated
using an organic ammonium iodide/toluene solution to
create hexagonal (C6H9C2H4NH3)2PbI4 (CHPI) microcrystals 30 lm in lateral size.15 We then use a micromechanical
exfoliation technique to create thinner ﬂakes, transferring the
a)
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resulting samples onto an oxidized silicon (Si) wafer for further measurements. The thinnest regions are identiﬁed using
optical microscopy, and then characterized with white light
spectroscopy and atomic force microscopy (AFM).
Bright ﬁeld (BF) and dark ﬁeld (DF) reﬂection images
of a typical CHPI ﬂake are shown at 100 magniﬁcation in
Figs. 1(a) and 1(b), respectively. The DF scattering seen
from the edges and grain boundaries of the sample is typical
for such crystals. The reﬂectivity spectra for these exfoliated
samples [Fig. 1(d)] consist of an excitonic Fano resonance at
kex  504 nm superimposed on a background of Fabry-Perot
fringes. These fringes correspond to the colour of the crystal
seen in BF and come from the path difference experienced
by light double passing through the ﬂake. The oxide layer on
the substrate is designed to maximize optical contrast for
very thin layers, and while optimized for graphene, this
280 nm SiO2/Si system also works well for CHPI. By using
this spectral information in conjunction with AFM measurements [Fig. 1(e)], we can correlate the position of
Fabry-Perot fringes with thickness t. Thus, it is then possible
to spectroscopically determine the thickness of CHPI ﬂakes.
A histogram of AFM heights in the boxed area of Fig.
1(c) shows three predominant thicknesses, which can be ﬁt to
Gaussians separated by steps of 1.6 nm [Fig. 1(f)]. This interlayer spacing agrees well with X-ray diffraction measurements, where the periodicity was found to be 1.7–1.8 nm.13,22
Due to the presence of molecules adsorbed on the surface of
the substrate, the initial step of 2.5 nm is likely due to a monolayer, allowing us to label the three peaks as 1-, 2-, and 3layer regions.
Spectroscopic measurements of ﬂake thickness require
detailed knowledge of the CHPI refractive index, which is not
well known. Instead, we extract the required information from
reﬂectivity data using the transfer matrix formulation.23 In the
wavelength range of interest (460–750 nm), the dielectric
function  of 2D PbI perovskites can be modelled as the sum
of a constant background and two Lorentzian oscillators: the
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FIG. 1. Images in 100 magniﬁcation using (a) bright and (b) dark ﬁeld on
an exfoliated CHPI ﬂake; (c) AFM image of the same area. (d) Reﬂectivity
spectra of two regions on the ﬂake. The exciton wavelength is indicated by
the dashed line. (e) Relationship between the measured reﬂectivity minimum
(labelled as Rmin in (d)) and AFM thickness. (f) Histogram of heights measured in the boxed area of (c). Multipeak ﬁtting to the data (blue lines) gives
an interlayer spacing of 1.6 nm. The inset shows the structure of 2D PbI
perovskites.

exciton (ex) and an additional charge transfer (CT) transition
at 400 nm.9,10,24–27 Hence
 ¼ 1 þ i2 þ

k2ex

Aex
ACT
þ 2
; (1)
2
 k þ iCex k kCT  k2 þ iCCT k

where 1 ; 2 are the background terms, while Ai is the amplitude, ki is the wavelength, and Cp
i is
ﬃﬃ the linewidth of oscillator i. The refractive index (~
n ¼ ) can then be used in the
multilayer transfer matrix to calculate the expected reﬂectivity. The CT peak, due to the charge transfer between organic
and inorganic layers, is particular sensitive to disorder and
the local dielectric environment, and depends on the precise
spin coating conditions when comparable thin ﬁlms are
produced.9
The results of these refractive index ﬁts for more than
200 spectra are shown in Fig. 2. The ﬁtting works well for
spectra that are not collected at the edges of the ﬂake; therefore, the thinnest areas are excluded. Within these regions,
two main regimes of refractive index are observed. In both
cases, the background and exciton oscillator are relatively
unchanged. For thicker areas of the sample (t ⲏ 25 nm), a
low-absorption regime is observed, where the CT oscillator
is mainly reﬂective. For thinner areas (t  10  25 nm), a
high-absorption regime is seen, where the CT oscillator redshifts and becomes more optically active. As discussed
below, the thickness range encompassed by the absorbing regime is correlated with a region of structural reconﬁguration.
This leads to a change in the energy states of the hybrid perovskite and modiﬁes the charge transfer between neighbouring organic and inorganic sheets. For comparison, the
refractive index of a t  60 nm ﬁlm extracted from ellipsometry (grey dashed line) is also shown in Fig. 2. The ﬁlm

FIG. 2. Fitted complex refractive index of CHPI ﬂakes for more than 200
pixels. Two regimes are found: (a) low absorption, occurring at positions of
high thickness (t ⲏ 25 nm), and (b) high absorption, at lower thickness
(t  10  25 nm). The insets indicate typical areas where each regime is
found. Shaded regions show the range of values extracted from the ﬁt, and
grey dotted lines represent the refractive index of a CHPI ﬁlm (t  60 nm)
measured using ellipsometry.

absorption (k) is closer to that of thicker ﬂake areas, with a
reduced contribution from the CT oscillator in the refractive
index. X-ray diffraction shows that while distinct layers are
formed during spin coating, there is greater structural disorder in each layer when compared with intercalated PbI2
microcrystals.15 This interface mismatch can be responsible
for a large range of charge transfer environments, leading to
the reduced strength of the CT resonance that we observe
here.
In reﬂectivity, the exciton produces a Fano lineshape
due to interference between its narrow resonance and the
continuum background. On account of this complication, we
extract information about exciton properties by describing
DR ¼ RCHPI  Rsubstrate as
DR ¼ Rbkg þ A

ðk  kex þ qcÞ2
ðk  kex Þ2 þ c2

;

(2)

where Rbkg represents the continuum background with
Fabry-Perot fringing; A, kex , and c are the amplitude, wavelength, and linewidth of the exciton, respectively, and the parameter q describes the asymmetric shape of the Fano
resonance. The results of the ﬁt are shown in Fig. 3 for positions across many ﬂakes with different thicknesses. A, kex ,
and c are equivalent to the corresponding terms in Eq. (1),
while q represents the interference between the exciton, CT,
and background terms. Near the vicinity of the exciton, the
effects of the CT and background are not distinguished;
therefore, Eq. (2) allows us to focus exclusive on the exciton
components, while Eq. (1) gives us the overall refractive
index. Since the perovskite resembles a multilayer system,
we ﬁnd the exciton amplitude initially scales linearly with
the number of layers as expected, before saturating at t  27
nm (15 layers). The large variability of amplitudes at high
thickness arises predominantly from spectra taken at edges
of ﬂakes. Linear extrapolation of our data indicates the exciton amplitude will drop to zero at t  7 nm (3 layers).
However, layer-by-layer assembly of perovskite ﬁlms has
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this is connected to changes in the strain, disorder, and layer
structure.
In conclusion, we report the exfoliation of 2D organicinorganic perovskites. Monolayers are observed, and the
interlayer distance was found to be 1.6 nm. As with other 2D
materials, the thinnest regions (<8 layers) behave differently
from the bulk material due to the inﬂuence of strain on the
layer structure. We note however that the active excitonic
layers are already electronically isolated in these hybrids, so
changes in the band structure as observed in dichalcogenide
systems are not expected. Instead, the effects seen are due to
the re-organisation of organic molecules around the inorganic sheets. This suggests that pre-organisation of the intercalating molecules is key to controlling material structure at
the monolayer scale, which may be accessible through chemical growth rather than exfoliation. This work suggests the
potential to construct optoelectronic devices for monolayers
of these hybrid materials, offering new routes to emission.

FIG. 3. Fitted exciton (a) amplitude, (b) wavelength, and (c) linewidth from
reﬂectivity spectra (see Eq. (2)). Dashed lines are guides for the eye.

shown that linear increases in the exciton intensity occur
only after the fourth layer, while two monolayers are
required to observe room temperature exciton behaviour.12
From Fig. 3, we identify 3 regions of interest. First, the
“bulk” region (t ⲏ 27 nm), where the exciton wavelength
remains roughly constant; second, the transition region
(t  15  27 nm), where the wavelength begins to redshift,
while the linewidth reaches a maximum; and ﬁnally, the
few-layer region, where the wavelength blueshifts below the
bulk limit, along with a decrease in the linewidth. These data
help us to understand the changes happening at a structural
level: disorder causes inhomogeneous broadening of the
exciton resonance,28–30 while the exciton energy is directly
related to the angle between PbI6 octahedra in the inorganic
layers.8 In “bulk” CHPI, the exciton has a wavelength of
504 nm and a spectral width of 10 nm. Close to the thickness transition region, the system is seen to become more
disordered as the PbI sheets rearrange, becoming ﬂatter, and
more strained. Finally, at small t, the few-layer regime
reveals how the layers relax and crumple again to reach the
lowest energy conﬁguration. Extrapolation of the ﬁtted exciton wavelength to monolayer thickness (3 nm) leads to a
wavelength of 495 nm, comparable to the value of 490
nm reported for PbI2 thin ﬁlms.31,32 We were unable to spectroscopically probe areas with t < 8 nm (4 layers) as they lie
on the edges of ﬂakes and are around 100 nm in size. Since
the lateral resolution of reﬂectivity measurements is 1 lm,
these spectra are averaged with the much bigger signals from
thicker areas. In order to achieve more sizeable monolayer
regions, large-area samples are desirable for exfoliation, for
instance, using solution-grown single crystals. Exfoliating
onto ﬂexible polymer substrates may also improve our capability for attaining large monolayer regions as this can reduce
fracture of crystals. However, our measurements clearly
show that these organic-inorganic hybrid perovskites change
their electronic properties as the thickness is reduced, and
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