Showcasing research from the Multifunctional Optical
Materials group at the Institute of Materials Science of
Seville, Spain.

Determination of the optical constants of ligand-free organic
lead halide perovskite quantum dots

Herein we demonstrate a method to determine the complex
refractive index of MAPbBr; and MAPDbIs perovskite
quantum dots (QDs). We take advantage of a scaffold-
based, ligand-free, synthetic approach that gives rise to
transparent composite films that allow a clean analysis of the
QD optical constants, without the interference of organic
layers. These results may be used to achieve a finer design
and optimization of perovskite quantum dot optoelectronic
devices.
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Precise knowledge of the optical constants of perovskite lead
halide quantum dots (QDs) is required to both understand their
interaction with light and to rationally design and optimize the
devices based on them. However, their determination from col-
loidal nanocrystal suspensions, or films made out of them, remains
elusive, as a result of the difficulty in disentangling the optical con-
stants of the organic capping ligands and those of the semi-
conductor itself. In this work, we extract the refractive index and
extinction coefficient of ligand-free methylammonium lead iodide
(MAPbI3) and bromide (MAPbBr3) nanocrystals. In order to prevent
the use of organic ligands in the preparation, we follow a scaffold
assisted synthetic procedure, which yields a composite film of high
optical quality that can be independently and precisely character-
ized and modelled. In this way, the contribution of the guest nano-
crystals can be successfully discriminated from that of the host
matrix. Using a Kramers—Kronig consistent dispersion model along
with an effective medium approximation, it is possible to derive the
optical constants of the QDs by fitting the spectral dependence of
light transmitted and reflected at different angles and polarizations.
Our results indicate a strong dependence of the optical constants
on the QD size. Small nanocrystals show remarkably large values of
the extinction coefficient compared to their bulk counterparts. This
analysis opens the door to the rigorous modelling of solar cells and
light-emitting diodes with active layers based on perovskite QDs.

Introduction

The determination of the optical constants (i.e., refractive
index and extinction coefficient) of semiconductors is essential
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to model their interaction with light, which is also central to
the optimization of the performance of optoelectronic devices.
They are typically determined from the analysis of the optical
response of the materials with the aid of appropriate
models."® As far as lead halide perovskites are concerned,
several studies have focused on the characterization of their
optical constants.®*"’ Remarkably, a comparative analysis
reveals that significant dispersion is observed for materials
that are nominally the same, which is mainly attributed to
differences in sample preparation.'® As far as we know, to
date, all reported works have focused on the analysis of the
optical constants of perovskites in the shape of thin films or
single crystals. However, the determination of the complex
refractive index of perovskite nanocrystals remains elusive.
This contrasts with their relevance in different applied
research fields, such as light-emitting diodes,'®*® solar
cells,”** transistors,” photodetectors® and, more recently,
X-ray detection,”® or non-linear optics,”®>” which could greatly
benefit from optimized designs that require a precise knowl-
edge of the optical constants of all materials involved, as it has
been demonstrated for their bulk counterparts.'>*%?®

In order to perform a reliable determination of the optical
constants of a material, uniform and scattering-free films are
required. However, the preparation of such films out of col-
loidal nanocrystals, which are typically attained by ligand-
assisted synthesis,”>*? is not straightforward. Furthermore, the
structural configuration of the ligand network in a film made
of colloidal nanocrystals is strongly dependent on the inter-
action between them, which depends in turn on the proces-
sing of the sample. So, even if high quality films can be
obtained, since both sets of optical constants (i.e., that of the
nanocrystals and the one corresponding to the ligand
network) are unknown, discriminating between their relative
contributions to the overall optical response of a quantum dot
solid is not an easy task.>'* On the other hand, it has been
recently demonstrated that optoelectronic quality perovskite
QDs can be achieved within the void network of pore size con-
trolled metal oxide matrices.*>® Moreover, these can be made in
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the shape of homogeneous and uniform scattering-free
films,*®*” which opens the possibility to perform specular
reflection and ballistic transmission measurements that allow
a precise estimation of their average optical constants as
reliable as those attained by ellipsometry characterization.?®3°
Since in this case both the optical constants and the volume
fraction of the host are known, it may be possible to differen-
tiate the contribution from the semiconductor nanocrystals
and determine their optical constants in a reliable way.

Based on this hypothesis, in this work we obtain the optical
constants of ligand-free MAPbI; and MAPbBr; QDs embedded
in porous scaffolds. The transparent porous films employed as
hosts provide the necessary environmental stability required to
perform reliable characterization of their optical properties
without the need for ligands. A combination of a Forouhi-
Bloomer model, employed to describe the spectral dependence
of the complex refractive index of the QDs, and an effective
medium approximation, accounting for the interaction
between perovskite NCs and the porous silica matrix, is
employed to fit the optical reflectance and transmittance
measured at different angles from a series of QD embedded
films*® and extract their optical constants. Interestingly, our
analysis reveals that QD size reduction brings about an
increase in the extinction coefficient. Our results not only
provide information on the fundamental constants of nano-
sized organic lead halides, but also open the door to precise
modelling of perovskite QD-based optoelectronic devices.

Results and discussion
Nanocrystal synthesis and characterization

Porous silicon oxide films exhibiting plane-parallel interfaces
and a high transparency, with a thickness d of ~400 nm, were
used as scaffolds for the synthesis of MAPbBr; and MAPbDI;
QDs analyzed in this work, following a procedure thoroughly
described before.’” Fig. 1(a and b) show the transmission elec-
tron microscopy (TEM) images of these films. Fig. 1c shows a
typical TEM cross section of a focused ion beam cleaved and
thinned lamella of a quantum dot filled porous silica scaffold
(QD-MAPbLBr;@Si0,) film, in which the semiconductor nano-
crystals can be identified as dark spots inside the matrix. X-ray
diffractograms confirm the presence of perovskite crystallites,
as illustrated in Fig. 1d, with the main peaks associated with
bromide- and iodide-based perovskites being clearly observed
around 26 = 14.9° and 26 = 14.1°, respectively.*' Fig. 2 shows
the corresponding photoluminescence (PL) spectra recorded
from QD-MAPbBr;@SiO, (Fig. 2a) and QD-MAPbL@SiO,
(Fig. 2b). The PL spectra of the thin films of the bulk perovs-
kite materials are also shown in Fig. 2a and b, for the sake of
comparison. The characteristic gradual blue-shift of the elec-
tronic band gap is observed as the size of either MAPbI; or
MAPDBr; nanocrystals becomes smaller. The average QD dia-
meters were estimated both from the analysis of HRTEM
images and by fitting the spectral position of the luminescence
peak to the Brus model,** which offer consistent results (full
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Fig. 1 (a and b) High-resolution TEM micrographs of MAPbBr5 (a) and
MAPbI3 (b) nanocrystals inside a porous silica matrix. (c) The TEM cross
section of the QD-MAPbBrz@SiO, composite layer. (d) XRD diffracto-
grams of QD-MAPbBr;@SiO, (green line) and QD-MAPbIz@SiO, (red
line). For the sake of clarity, backgrounds were subtracted in both
diffractograms.

details of the fittings can be found in the ESIf). The absor-
bance of these films was also estimated by measuring the total
reflectance (Ry) and transmittance (Ty), and according to the
formula A = 1 — Ry — Tr. Fig. 2c and d show the Tauc plots
obtained for the different samples, which allow us to estimate
the band gap energy (Eg) plotted versus the QD diameters in
Fig. 2e and £.** A maximum blue-shift of ~100 meV is
observed for the smallest QDs synthesized with respect to the
E, of the bulk materials in each case.

Determination of the optical constants

In order to extract the optical constants of the QDs, we
measured the spectral dependence of light reflected and trans-
mitted at different angles for both polarizations of the incident
beam and fitted it using a model based on the transfer matrix
formalism."> This method, which has been successfully
employed in recent years to calculate the optical constants of
homogeneous ABX; perovskite films or single crystals, consti-
tutes a robust alternative to ellipsometry,’>*° and has been
applied to optimize the photo-conversion performance of
high-efficient perovskite solar cells prepared by solution pro-
cessing or evaporation.'®*® In the present work, our model
considers a system composed of a thin film (the porous silica
matrix loaded with QDs) characterized by a thickness d and a

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a and b) The normalized PL spectra of MAPbBr3 (a) and MAPDbI3
(b) QDs dispersed inside the porous films. All emissions were blue-
shifted with respect to the spectral position of the bulk emission (grey
dashed lines). (c) The Tauc plots of the MAPbBr;@SiO; films, where the
nanocrystal sizes are 2.4 nm (green line), 2.3 nm (blue line) and 2.2 nm
(violet line). (d) The Tauc plots of the MAPbIs@SiO, films, where the
nanocrystal sizes are 9 nm (brown line), 7 nm (red line) and 6 nm
(orange line). Grey lines represent the Tauc plots of the respective bulk
films. (d and e) Size dependence of the Tauc gap (E4 extracted from the
Tauc plots) for the MAPbBrs (e) and MAPDbBr3 (f) QDs (color code as in
(c) and (d)).

complex effective refractive index, Negr = n + ik. A substrate of a
refractive index 1.51 and thickness 1 mm is also assumed,
while air is taken as the incoming and outgoing medium. In
order to calculate the real (n) and imaginary (k) parts of Neg,
we use the approach developed by Maxwell and Garnett (MG),
a well-established effective medium approximation that has
been successfully employed recently to attain the N.g of col-
loidal quantum dot solid films.>" In our case, both pores and
perovskite nanocrystals are considered inclusions in the silica
matrix.*> For the calculations, we first experimentally deter-
mined the volume filling fractions of both the porous scaffold
(ffsio,) and the perovskite QDs (ffop). As the porous matrix can
be analyzed independently’® before infiltrating the QDs, ffsio,
could be set at 0.51 and the (almost dispersion-less) refractive
index of the solid part of the porous network at Ngjo, = 1.49, as
extracted by using a Cauchy model. Also, ffop could be experi-
mentally determined by means of inductively coupled plasma
optical emission spectrometry (ICP-OES) for each film, as
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shown in Table S1 of the ESI,T where full details on this pro-
cedure can be found. Please note that the possibility to know
the exact volume fraction and optical constants of the matrix,
as well as the amount of nanocrystals present, implies a funda-
mental difference with respect to the optical analysis of the
colloidal quantum dot solids. In the latter, the degree of inter-
penetration of the ligands surrounding the QDs is unknown,
which prevents an accurate estimation of both the filling frac-
tion and the optical constants of such organic networks, thus
rendering the elucidation of the contribution of each one of
the constituents to N.s unfeasible.

Considering this information, a Kramers-Kronig consistent
Forouhi-Bloomer dispersion model, in the Jobin Yvon parame-
trization (new amorphous),”” was used to account for the spec-
tral dependence of the complex refractive index of the QDs. To
find the set of parameters that fit best the optical response of
the fabricated films, we combined our optical model with a
genetic algorithm. Fig. 3 shows the calculated specular reflec-
tance (R), ballistic transmittance (7)) and absorbance (A =1 —
R — T) spectra for the best fitting obtained for a bulk film and
for a porous silica layer scaffold loaded with 2.2 nm MAPDbBr;
(Fig. 3a and c) and 6 nm MAPbI; (Fig. 3b and d) nanocrystals,
along with their corresponding experimental spectra (the
results for QDs of different sizes are provided in the ESIf). A
fair agreement is found and the main spectral features are
faithfully reproduced. The slight divergence observed in the
reflectance background can be attributed to a small fraction of
diffusely scattered light due to the roughness or imperfections
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Fig. 3 (a) The transmittance and reflectance spectra recorded for

MAPDBYr (light and dark green lines, respectively) and MAPbI; (red and
orange lines, respectively) bulk films, and (b) the transmittance and
reflectance spectra recorded for nc-MAPbBr;@SiO, (light and dark
green lines, respectively) and nc-MAPbls@SiO, films (red and orange
lines, respectively). The absorbance spectra obtained from the R and T
measurements (A =1 — R — T) for (c) the MAPbBrz and MAPblI3 bulk films
(dark green and red lines, respectively) and (d) the MAPbBrsz and MAPbI3
nanocrystal films (dark green and red lines, respectively). In all graphs,
dashed black lines indicate the corresponding theoretical fittings.
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in the film. The full set of parameters used for the calculation
can also be found in the ESL.}

Fig. 4 shows the spectral dependence of both n and & of the
MAPbBr; and MAPbI; QDs that provide the best fit to the
experimental results. For comparison, we also show the data
obtained for the corresponding bulk films, which are in
accordance with the optical constants previously reported for
such materials.>'® Complementarily, the spectral dependence
of the real and imaginary parts of the corresponding complex
dielectric constants are shown in the ESLf Interestingly, a
remarkable increase of both the real and imaginary parts of
the refractive index occurs for energies above the band gap as
the nanocrystal dimensions diminish. It is worth noting that
this observation is independent of the approach employed to
extract the optical constants. We employed a MG approach
because it is the one that assumes a low filling fraction of the
inclusions, as it is the case for the scaffold supported perovs-
kite QDs used here (see Table S1}), and hence is expected to
describe our system best. In fact, among all the possible ones
tested, this approach provides the best fitting to our experi-
mental results, thus supporting the validity of this assump-
tion. In any case, for the sake of comparison, we have mod-
elled the effective refractive index of the porous silica film
loaded with QDs using other approximations. Regardless of
the quantitative differences observed, the trends observed, and
hence our main conclusions, are independent of the approxi-
mation chosen to model the effective index of the QD loaded
scaffolds. More details may be found in the ESI (Fig. S2),}
where comparisons to the results attained employing other
approaches (more specifically, Bruggeman’s model and a
variant of MG assuming a homogeneous matrix as the host,
instead of considering the pores as inclusions) are shown.
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Fig. 4 The refractive index (a and b) and extinction coefficient (c and d)
calculated for the ligand-free quantum dots of different composition
and size. (a and c) MAPbBr; QDs (green line, QD size: 2.4 nm; blue line,
2.3 nm; violet line, 2.2 nm) and a polycrystalline film (yellow line). (b and
d) MAPbI3 QDs (red line, 9 nm; orange line, 7 nm; green line, 6 nm) and
a polycrystalline film (black line).
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Analysis of the results

We observed an increase in the extinction coefficient of the
first excitonic transition when the size of the QD decreased, an
effect that is attributed to the higher oscillator strength, fi,
that results from the stronger overlap of the confined electron
and hole and that has been thoroughly scrutinized before for
other nanocrystalline semiconductors.*® Under strong coup-
ling, it has been shown that the oscillator strengths of the first
exciton of a nanocrystal, f,.;, and the bulk material, f;,;, are
related by the expression:*°

fnc1 ~ C(a*:‘)sfbh (1)

where ag and r stand for the exciton Bohr radius and the QD
radius, respectively, and C is a constant that depends on the
geometry of the nanocrystals and the overlap of the electron
and hole wavefunctions. The oscillator strength, in turn, can
be estimated by:*°

f=4318x10"°- J.s(g)dq (2)

where ¢(g) is the molar absorption coefficient expressed in the
wavenumber scale, which we can estimate from the experi-
mental determination of the absorbance (Abs), the film thick-
ness, /, and the concentration of perovskite (Cagxs) by ICP-OES
in the different samples:

e(g) = 7o) (311 em), )
ABX3

The ratio f,c1/fp1 is evaluated employing the first oscillator
that contributes to the fitting of k and n shown in Fig. 4 for
both the nanocrystals and the bulk. From them, the corres-
ponding Abs(g), and then &(g) as given in eqn (3), are calcu-
lated. This information is used to attain f;,.; for each QD size
and fi,; using eqn (2). The results of fc1/fp: vs. diameter for
each perovskite QD sample under analysis can be seen in
Fig. 5(a) and (b) (same color code as in Fig. 2), together with
the expected inverse cubic dependence predicted using
eqn (1). Assuming values of ag for MAPDbI; (4.6 nm) and for
MAPDBr; (3.8 nm), as reported in the literature,”® the values of
the constant C attained from the fitting of the experimental
data were 0.38 and 0.44, respectively, of the same order than
the others reported in the literature. Please note that eqn (3)
relies on the validity of the Lambert-Beer formula to account
for the spatial decay of the transmitted light intensity along a
homogeneous medium. However, in thin films with widths
comparable to the light wavelength, the interference effects
between counterpropagating light beams, which result from
the partial transmission and reflection at each one of the film
interfaces, may alter the commonly considered decaying expo-
nential profile, hence limiting its applicability. In our case,
this might give rise to certain deviations with respect to theore-

tical predictions.
Finally, for energies higher than the band gap, the extinc-
tion coefficient k of solution dispersed quantum dots is

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Upper panels: the normalized oscillator strength of the first exci-
tonic transition vs. the QD size, estimated for the (a) MAPbBrs; QDs, and
(b) MAPbl3s QDs using the values of k extracted from our analysis. The
solid line represents the theoretically expected C("TB)3 dependence.
Lower panels: the absorption coefficient « vs. the QD size estimated for
the (c) MAPbBrz; QDs (at 1 = 450 nm), and (d) MAPbl; QDs (at 4 =
550 nm). In each plot, the color code is the same as that shown in Fig. 2.

expected to become size independent.’** Our observations
are at odds with this prediction, as shown in Fig. 5(c) and (d),
in which we have plotted the absorption coefficient « for the
MAPDBr; (at 4 = 450 nm) and MAPbI; (at 4 = 550 nm) QDs
according to the following expression:

a=—. (4)

One possible origin for this discrepancy may be that in our
case the concentration is at orders of magnitude larger than
those in the diluted dispersions (typically 107° M) commonly
employed for this analysis, where QDs barely interact with
each other. In our films, nanocrystals are close enough to
allow a dot-to-dot charge transport.*®> Under these conditions,
the neighbouring QDs are coupled through a dipolar inter-
action, which gives rise to an increase in the absorption cross
section, and the polarization field induced by each nano-
particle may influence the surrounding nanoparticles. It has
also been demonstrated that the dielectric confinement gives
rise to an increase of the oscillator strength and therefore in
the absorption cross section.>® For instance, as a result of
these interactions, it has been shown that QD solids made out
of colloidal CdSe and PbS monolayers present an absorption
increase as the size of the nanocrystals and ligands
decreases.*>>> Also, composite nanostructures that resemble
those herein studied show an increase in the absorption of the

This journal is © The Royal Society of Chemistry 2023
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QDs embedded in matrices with a lower dielectric constant,
such as PbS in a glass matrix,>® PbS/FAPI systems®’ and
CsPbBr; NCs embedded in a Cs,PbBr matrix.”®

Conclusion

Herein, we demonstrate a method to determine the complex
refractive indexes of MAPbBr; and MAPDI; perovskite quantum
dots. To the best of our knowledge, the results attained consti-
tute the first set of optical constants that can be considered
intrinsic to these nanosized semiconductors. This achieve-
ment was possible due to the precise knowledge of the nano-
crystal dielectric environment, which could be seized due to
both the absence of capping ligands and the possibility to
extract independently the optical constants of the host matrix
in which the embedded nanocrystals are synthesized. We use a
Kramers-Kronig consistent model to account for the spectral
dispersion of the complex refractive index of the nanocrystals
and an effective medium approximation approach to consider
the effect of the porous silica matrix in which the nanocrystals
are dispersed. Hence, contributions from the host and guest
could be differentiated. Our analysis consistently reveals a
remarkable increase of the values of both the real and the ima-
ginary parts of the refractive index as the size of nanocrystals
reduces. While the increase of the oscillator strength of the
first excitonic transition grows according to the theoretical pre-
dictions; the behavior at energies well above the band gap
edge is anomalous, but characteristic of QDs embedded in a
vitreous host. We believe our results are both relevant from a
fundamental perspective, as they provide a deeper insight into
the origin of the remarkable optical properties of lead halide
perovskites, and useful from an applied point of view, since
they will allow a finer design and optimization of the opto-
electronic devices in which perovskite QDs are already widely
used.

Methods

Perovskite@SiO, composite preparation

The porous SiO,-based thin film consists of a stratification of
Ludox TMA nanoparticles (30 nm) deposited by dip-coating
onto a microslide glass substrate up to a 400 nm thickness
with a final calcination step (400 °C). The MAPbX; precursor
solution contains a mixture of MAX and PbBr, or PbCl, (where
X is Br or I), respectively, for bromide and iodide perovskites.
Precursors were dissolved in N,N-dimethylformamide at a
molar ratio of 3 to 1. Typically, for each case, the same recipes
are employed for the preparation of the corresponding poly-
crystalline films, depositing the most concentrated precursor
solution on the substrate, without the SiO, porous layer. NC
synthesis is a one-pot process conducted in a glovebox, in
which the precursor solution (different concentration for each
NC) is dropped on top of the silica matrix and spin coated.
Finally, the composite is heated up to 100 °C for 40 min.

Nanoscale, 2023,15, 2553-2560 | 2557
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Structural characterization

Lead determination was carried out by atomic emission spec-
troscopy with an inductively coupled plasma (ICP OES JASCO
FT/IR-6200 IRT-5000). The microscopic analysis illustrated in
Fig. 1 was performed using a FEI Talos F200S scanning/trans-
mission electron microscope to observe the sample lamellae
prepared by means of a focused ion beam (FIB, Carl Zeiss
Auriga). For the composite thickness measurements, we used
a profilometer.

Optical characterization

The photoluminescence spectra were recorded using a spectro-
photometer, using two different lasers at 450 nm and 530 nm
for the excitation of MAPbBr; and MAPbI;, respectively. The Ry
and Ty measurements were carried out inside an integrating
sphere (DRA-2500, Agilent) connected to a commercial spectro-
photometer (Cary 5000 UV-Vis-NIR). For the angular character-
ization, we made use of an accessory of the spectrophotometer,
which is the Universal Measurement Accessory, allowing the
analysis of the angular optical response of the composite
films.

Complex refractive index determination

We fitted the optical response of the layers using an optical
model based on the transfer matrix formalism. To model
the spectral dependence of the nanocrystals, we used the
Forouhi-Bloomer model in the Jobin-Yvon parametrization.
Specifically, we considered three oscillators for MAPbI; and
two oscillators for MAPbBr;. Besides, we used an effective
medium approximation to model the effective refractive index
of the porous silica layer in which nanocrystals were
embedded. A genetic algorithm was used to look for the para-
meters that provide the best fit for the experimental data. The
results are shown in the ESL{
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