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ABSTRACT 
We report an in-situ fabrication of halide perovskite (CH3NH3PbX3, CH3NH3 = methylammonium, MA, X = Cl, Br, I) nanocrystals in polyvinylalcohol 
(PVA) nanofibers (MAPbX3@PVA nanofibers) through electrospinning a perovskite precursor solution. With the content of the precursors 
increased, the resulting MAPbBr3 nanocrystals in PVA matrix changed the shape from ellipsoidal to pearl-like, and finely into rods-like. 
Optimized MAPbBr3@PVA nanofibers show strong polarized emission with the photoluminescence quantum yield of up to 72%. We reveal 
correlations between the shape of in-situ fabricated perovskite nanocrystals and the polarization degree of their emission by comparing 
experimental data from the single nanofiber measurements with theoretical calculations. Polarized emission of MAPbBr3@PVA nanofibers 
can be attributed to the dielectric confinement and quantum confinement effects. Moreover, nanofibers can be efficiently aligned by using parallel 
positioned conductor strips with an air gap as collector. A polarization ratio of 0.42 was achieved for the films of well-aligned MAPbBr3@PVA 
nanofibers with a macroscale size of 0.5 cm × 2 cm, which allows potential applications in displays, lasers, waveguides, etc. 
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1 Introduction 
In the recent few years, perovskite nanocrystals (PNCs) have been 
intensively investigated as functional materials for optoelectronic 
applications, including light-emitting devices [1–4], lasers [5–7], 
down-shifting applications [8–13] due to their superior photolu-
minescence (PL) with high quantum yield (QY), narrow full 
width at half maximum (FWHM), tunable band gap as well as easy 
processbility [14]. In addition to these features, anisotropic PNCs 
show polarized emission [15]. By adapting the strategies from the 
synthesis of conventional II-VI semiconductor NCs, anisotropic 
PNCs, such as nanoplatelets, nanowires, and nanorods have been 
successfully fabricated, and explored for display technology [16–18], 
optical waveguides [19], lasers [20, 21] and polarization-sensitive 
photodetectors [22–24]. Fabrication of well-aligned anisotropic 
perovskite nanostructures is essential to make use of their properties. 
Several methods have been developed to align anisotropic PNCs 
into ordered patterns, including template-assisted assembly [25–28], 
mechanical stretching [17, 18, 29], and electrospinning [30]. 

Electrospinning is a versatile technique for fabrication of composite 
nanofibers, with advantages of both the morphology tuning and a 
continuous production [31]. In the previous works, preformed 
PNCs have been embedded into polymer nanofibers and explored 
for light-emitting applications [32–36]. This technique can be  

optimized further toward highly luminescent, color-tunable PNC 
based materials with polarized emissions. Previously, we have 
reported on the in-situ fabrication of PNCs in polymer matrix, and 
demonstrated their advantages for the device integration [10, 14]. 
In this work, we report the shape tuning of the in-situ fabricated 
MAPbX3 NCs embedded into the polyvinylalcohol (PVA) nanofibers 
by using the electrospinning method. We demonstrate the alignment 
of composite nanofibers by using parallel positioned conductor strips 
with an air gap as collector. Using single nanofiber PL measurements, 
we have revealed correlations between the shape of the in-situ 
fabricated PNCs and the polarization degree of their emission. 
The polarization anisotropy has been explained by applying the 
dielectric ellipsoid model and taking into consideration quantum 
confinement effects. 

2 Experimental section 

2.1 Materials 

PVA (MW ≈ 140,000, Sigma-Aldrich) was received from Sigma- 
Aldrich. Lead halide salts with ≥ 98% purity were purchased from 
Alfa Aesar. Dimethyl sulfoxide (DMSO, anhydrous, ≥ 99%), and 
methylammonium halides were purchased from Sigma-Aldrich. All 
chemicals were used as received without further purification. 
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2.2 Fabrication 

Two parallel steel strips were placed 5 mm apart from each other on 
a glass collector to obtain aligned nanofibers. The precursor solution 
was partly transferred into a 10 mL syringe with a spinneret of 
0.51 mm in diameter. During the spinning process, the flow rate 
was 0.3 mL·h−1 for the PVA polymer concentration of 125 mg·mL−1. 
Two electrode holders were connected to the syringe needle and the 
collector, respectively. The voltage was set at 20 kV, and the working 
distance (the distance between the tip of the needle and collector) 
was 15 cm. Electrospinning was conducted at 50 °C and 30% relative 
humidity. 

2.3 Materials characterizations 

Scanning electron microscopy (SEM) characterizations were analyzed 
using Hitachi S4800 SEM machine operating at accelerating voltage 
of 5.0 kV. Transmission electron microscopy (TEM) characterizations 
were analyzed using a JEOL-JEM 2100F TEM machine operating 
at an acceleration voltage of 200 kV. X-ray diffraction (XRD) 
measurements were determined on a Bruker D8 FOCUS X-ray 
diffractometer, using a Cu KR radiation source (wavelength at 
1.5405 Å). The absolute PLQYs of nanofiber films were determined 
using a fluorescence spectrometer with an integrated sphere (C9920-02, 
Hamamatsu Photonics, Japan) excited at a wavelength of 405 nm 
using a light-emitting diode light source. 

2.4 Polarization measurements 

A picosecond pulsed diode laser (LDH-IB-405-B, PicoQuant) was 
used to excite single nanofiber. The output of the pulse laser was 
passed through λ/2 and λ/4 wave plate to change the polarized laser 
into circular polarization light. The beam was sent into a conventional 
inverted fluorescence microscope (IX71, Olympus) from its back side, 
reflected by a dichroic mirror (Di03-R405, Semrock), and focused 
by an oil immersion objective lens (100×, 1.3 NA, Olympus) onto 
the upper sample surface of the glass cover slip. After filtering out 
the laser from the substrate, the PL photons of single nanofiber is 
collected the same objective lens. The PL photons are sent to a 
rotating achromatic half-wave plate combined with a broadband 
polarizing beamsplitter cube to measure the polarization ratios. 
The polarization beam splitter divides the PL photons into its two 
components which are subsequently focused through two lenses 
and collected by two single photon detectors (SPCM-AQR-15, 
PerkinElmer). 

3 Results and discussion 

3.1 Characterization of composite MAPbX3@PVA nanofibers 

PVA was selected as polymeric matrix due to its well-known application 
as polymer materials in polarizer plates [37]. As schematically 
shown in Fig. 1(a), a precursor solution of methylammonium 
halides (MAX, X = Cl, Br, I), PbBr2 and PVA at various weight 
ratios in DMSO solution was used for electrospinning (see Table S1 
in Electronic Supplementary Material (ESM)). A liquid jet was 
directed toward the collector, and the solvent evaporated simultaneously 
during the electrospinning. When the concentration of the precursor 
solution approached the critical saturation, crystallization of MAPbX3 
PNCs took place within the polymer matrix. Figure 1(b) shows a 
SEM image of uniform and smooth MAPbBr3@PVA nanofibers, 
with an enlarged image in the insert. Figures 2(a1)–2(a5) show the 
TEM images of MAPbBr3@PVA nanofibers prepared with different 
mass fraction of precursor concentrations (Sample 1: 10 wt.%, 
Sample 2: 20 wt.%, Sample 3: 30 wt.%, Sample 4: 40 wt.%, and 
Sample 5: 50 wt.%). The nanofibers have an average diameter of 
40–60 nm and length of several hundred micrometers. Respective 
high-resolution TEM images shown in Figs. 2(b1)–2(b5) confirm  

 
Figure 1 (a) Schematic illustration of the electrospinning set-up. The collector 
is composed from two conductive substrates separated by a void gap. (b) SEM 
image of MAPbBr3@PVA nanofibers; inset shows an enlarged view of a single 
nanofiber. 

 
Figure 2 (a1)–(a5) TEM and (b1)–(b5) corresponding HRTEM images of 
MAPbBr3@PVA nanofibers fabricated using different precursor concentrations 
(see text for details). (c) XRD pattern of PVA and composite MAPbBr3@PVA 
films. (d) HRTEM image of aligned anisotropic MAPbBr3 PNCs, and (e) the 
corresponding Fourier transform image. 

that the in-situ fabricated PNCs are well-dispersed inside the polymer 
nanofibers, and have a different shape, from quasi-spherical to 
elongated, depending on the precursor concentration. As shown 
in Fig. 2(b1), the shape of the PNCs in the Sample 1 (precursor 
concentration 10 wt.%) is ellipsoidal, with diameter of ~ 3 nm and 
length of ~ 4.5 nm. As shown in Figs. 2(b2)–2(b4), the PNC shape 
changes from ellipsoid (Sample 2) into pearl-like (Sample 3), and 
further into rod-like (Sample 4), when the precursor concentration 
increases from 20 wt.% to 40 wt.%. When the precursor concentration 
increases to 50 wt.%, the resulting PNCs (Sample 5) become larger, 
with the diameter of ~ 10 nm and length of ~ 20 nm (Fig. 2(b5)). 
More details about the size distribution of MAPbBr3 NCs are provided 
in Fig. S1 in the ESM. Table 1 summarizes aspect ratios (ARs) of 
PNCs obtained with the different precursor concentration. We notice 
from HRTEM images that the long axes of the PNCs tend to align  

Table 1 Aspect ratios (AR) of the PNCs obtained with different mass fraction 
of precursor concentration, and their emission polarization ratios (for single 
nanofibers and nanofiber films) 

Sample AR Polarization ratio of 
single fiber 

Polarization ratio of 
fiber film 

Sample 1 1.5 0.36 ± 0.03 0.29 ± 0.02 
Sample 2 2 0.39 ± 0.06 0.30 ± 0.03 
Sample 3 6 0.53 ± 0.06 0.42 ± 0.03 
Sample 4 4 0.45 ± 0.05 0.33 ± 0.02 
Sample 5 2 0.41 ± 0.07 0.30 ± 0.04 
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along the PVA nanofibers, which can be attributed to stretching 
force during the electrospinning process. As shown in Fig. S2 in the 
ESM, samples with varying halide composition, namely MAPbBrxCl3−x 
and MAPbBrxI3−x@PVA nanofibers also contain anisotropic rods. 

Figure 2(c) presents a typical XRD pattern of MAPbBr3@PVA 
nanofibers. The broad diffraction peaks are ascribed to the amorphous 
PVA, while peaks at 14.9°, 21.3o, 30.2°, 33.7°, 43.2°, and 45.9° 
correspond to the lattice planes of (100), (110), (200), (210), (220), 
and (300) of MAPbBr3 respectively. Compared with (100) planes, 
the relatively weak (110) plane diffraction peak of MAPbBr3 NCs 
is observed, implying the existence of a preferred arrangement 
orientation in the molecular stacking [38]. This observation is 
supported by HRTEM observations: as shown in Figs. 2(d) and 2(e), 
the HRTEM image and corresponding Fourier transform (FFT) 
pattern confirm that the resulting PNCs are composed from oriented 
nanoparticles connected along {100} direction. Figure S3 in the ESM 
shows the XRD patterns of MAPbBrxCl3−x and MAPbBrxI3−x@PVA 
nanofibers. The diffraction peaks from MAPbBrxCl3−x and MAPbBrxI3−x 
can be well identified. 

3.2 Optical properties of single MAPbX3@PVA nanofibers 

As shown in Fig. 3(a), PL peaks of MAPbBr3@PVA nanofibers are 
gradually red shifted from 515 to 528 nm with increasing precursor 
concentration. According to Fig. 3(b), the samples show PLQYs of 
49% to 72%. By varying the composition of anions (X = Cl, Br and 
I), PL emission can be tuned from 488 to 626 nm in the visible 
region (Fig. 3(a)). The emission profiles of MAPbX3@PVA nanofibers 
are reasonably narrow, with FWHM from 21 to 39 nm. As shown in 
Fig. 3(c) and Fig. S4 in the ESM, the PL decays of MAPbX3@PVA 
nanofibers are multi-exponential. In comparison with the reported 
MAPbBr3 NCs in colloidal solution [8], the in-situ fabricated 
MAPbBr3 NCs in PVA nanofibers show longer average PL lifetime 
(τavg) ranging from 33 to 85 ns, as shown in Fig. 3(d). The sample 
with the highest PLQY has the longest average PL lifetime. The long 
PL lifetime can be explained by reduced quantum confinement 
effects due to the difference of dielectric constants between PVA 
and air [39]. For the in-situ fabricated PNCs the PL emission mainly 
originates from the recombination of free electrons and holes in 
MAPbBr3 NCs. The long PL lifetime and high PLQY indicate that 
the resulting in-situ fabricated MAPbBr3 NCs encapsulated by PVA 
fibers have little amount of surface defects. 

 
Figure 3 (a) PL spectra of the composite MAPbBr3@PVA nanofiber films, and 
(b) the plot of their PLQY as a function of the mass fraction of precursor 
concentration. (c) Time-resolved PL spectra of MAPbBr3@PVA nanofiber films, 
and (d) the plot of their average PL lifetimes as a function of the mass fraction  
of precursor concentrations. Blue connecting lines in (b) and (d) are just guides 
for eye. 

Polarization is an inherent feature of anisotropic nanostructures 
[40, 41]. The polarization ratio can be presented as the ratio 
P = (I∥ − I⊥)/(I∥ + I⊥), where I∥ and I⊥ are light intensities in the 
directions parallel and perpendicular to the direction of the composite 
nanofibers. According to the previous studies of anisotropic CdSe 
nanostructures, the polarization anisotropy of 1D semiconductor 
nanomaterials usually combines both electronic contribution and 
dielectric effects [42, 43]. To investigate the polarization properties of 
MAPbBr3@PVA nanofibers, we performed polarization measurements 
of the PL emission (Pem) and the PL excitation (Pex) on single 
nanofibers, with a set-up for the PL measurements shown in Fig. S5 
in the ESM [44]. Figure 4(a) presents a confocal scanning PL image 
of a single nanofiber, with several bright spots all over its length.  
To clarify the correlation between the shape of PNCs embedded 
into PVA nanofibers and the polarization ratio of their emission, we 
measured the emission polarization property of nanofibers by 
single particle polarization microscopy. Figures 4(b)–4(f) provide 
polarization histograms for representative single MAPbBr3@PVA 
nanofibers obtained while using different precursor concentrations. 
The histograms are obtained after measurements of 20 bright spots 
for each nanofiber, and the results are summarized in Table 1. It can 
be concluded that the polarization ratio of the in-situ fabricated 
PNCs in PVA nanofibers is correlated with their ARs. With the 
increase of AR, the polarization ratio increased from 0.36 ± 0.03 for 
the Sample 1 with AR of 1.5 to 0.53 ± 0.06 for the Sample 3 with AR 
of 6. A similar phenomenon has been previously observed for CdSe 
nanorods [45, 46]. 

Selective polarization excitation measurements can clarify the 
effects of anisotropic electronic states [47]. We measured the 
polarization anisotropy of MAPbBr3@PVA nanofibers at different 
excitation wavelengths (Fig. 5(a)), namely at 405 and 473 nm. 
Figure 5(b) shows the integrated PL intensity as a function of 
polarization angle (φ), where φ is defined as the angle between the 
long axis of MAPbBr3@PVA nanofibers and the polarized excitation 
light. The variation of the PL intensity with the polarization angle 
follows a sinusoidal function, and the PL intensity of E∥ (φ = 0°) is 
two times higher than E⊥ (φ = 90°). The polarization ratio measured 
at 405 and 473 nm are 0.33 ± 0.02, and 0.42 ± 0.03, respectively. 
The larger polarization at the longer wavelength excitation suggests 
that the electronic transition in MAPbBr3 NCs also contribute to 
excitation anisotropy [48, 49]. It is also noted that the polarization 
excitation anisotropy is less than the polarization emission anisotropy 
for the same sample. When the excitation photon has an energy well 
above the band-gap, the number of possible electronic transitions 
increases rapidly, and the electronic contribution to the polarization 
of the excitation decreases. However, the emission still occurs 
from the same band-edge states, and the emission profile and its 
polarization remain fixed regardless of the energy of excitation. 

 
Figure 4 (a) A confocal scanning PL image of a single MAPbBr3@PVA nanofiber. 
(b)–(f) Polarization ratio histograms for MAPbBr3@PVA nanofibers obtained 
with different mass fraction of the precursor concentrations (Sample 1: 10 wt.%; 
Sample 2: 20 wt.%, Sample 3: 30 wt.%, Sample 4: 40 wt.% and Sample 5: 50 wt.%, 
respectively) 
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Figure 5 (a) Experimental setup for single nanofiber polarization excitation 
microscopy. (b) Polarization anisotropy of the emission of the Sample 3 (30 wt.%) 
excited at 405 nm (black) and at 473 nm (red).  

Thus, the excitation well above the band-gap must be rather 
insensitive to the polarization of the exciting light, leading to a low 
Pex (< Pem) [50, 51]. 

Considering anisotropic PNCs embedded in a dielectric matrix, 
their polarization anisotropy can be described by adapting physical 
models of the dielectric confinement effects and quantum con-
finement effects, as illustrated in Fig. 6(a). The incident circular 
polarized light is modulated into elliptic polarized light due to the 
change of dielectric constant (ε) at the interface of PVA nanofiber 
and air; this light interacts with embedded anisotropic PNCs to 
generate excitons, which subsequently recombine to give polarized 
PL emission. The polarization modulation of PVA fiber can be 
described by Eqs. (1) and (2) [52] 

1// 0//E E=                      (1) 

0
1 0

0 1

2εE E
ε ε^ ^=

+
                  (2) 

 
Figure 6 (a) Schematic diagram illustrating the mechanism for polarized 
emission of anisotropic perovskite rods. Polarization emission is mainly due to 
dielectric confinement effect (1) and quantum confinement effect (2). PVA 
nanofibers can be considered as a cylindrical model, and ellipsoidal model can 
be used for nanorods. Process (i): Circularly polarized light with an intensity 
I0(ex) enters the interface between the air (ε0) and the polymer (ε1), which is 
transformed into elliptically polarized light (I1(ex)) due to the variation of 
dielectric constants. (ii): I1(ex) propagates to the interface between the PVA and 
perovskite rods; the electric field distribution inside nanorods is treated by 
ellipsoidal model. The I1(ex) excites the nanorods to produce higher polarized 
emission (I2(em)). The polarization emission of small AR PNCs is due to the 
quantum confinement effect. (b) and (c) Dependence of the Pem and Pex on aspect 
ratios of the perovskite rods. Solid orange lines correspond to the calculated 
polarization of MAPbBr3@PVA nanofibers using Eqs. (7) and (8). The points are 
experimentally determined values. 

where E0 is an external electric field, with its parallel component, 
E0// and perpendicular component, E0⊥. ε0 is the dielectric constant 
of air, and ε1 is the dielectric constant of PVA. 

The interaction between the incident light and the PNCs within 
PVA fibers can be described by applying dielectric ellipsoid model. 
According to this model, the dielectric contrast between PNCs and 
PVA gives rise to a depolarization field, which attenuates the applied 
electric field perpendicular to the long axis of PNC. The anisotropy 
of the electric field induces the polarization emission and excitation 
for PNCs [43, 45, 53]. It can be described by the ratio (k) of field 
strength between the major and minor axes of PNCs [54] 
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where ε2 is the dielectric constant of the PNC and the depolarization 
factors, n∥,⊥ depend on axes (a, c) of the ellipsoid as [53] 
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where e is the eccentricity of the ellipsoid. 

The polarized emission (Pem) and excitation (Pex) can be calculated 
by combining equations 3 to 6 as following [54, 55] 
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We then calculated the theoretical polarization anisotropy by adapting 
the dielectric constants of bulk materials (εPVA = 2.1, εMAPbBr3 = 5.1). 
Figures 6(b) and 6(c) show how polarization emission and excitation 
depend on the ARs of elongated PNCs. Compared with experimental 
results obtained from single nanofiber PL measurements, the cal-
culated values are comparable with the maximum value determined in 
the experiment. We note that the polarization anisotropy of emission 
obtained from single nanofiber based experimental measurements 
are slightly larger than the calculated values for PNCs with AR of 1–3. 
Because the diameter of PNCs in PVA nanofibers is approximately 
two times the value of the Bohr radius of MAPbBr3 (~ 2 nm) [56], 
this observation can be explained by the enhanced polarization due 
to the quantum confinement effects. 

3.3 Aligned MAPbX3@PVA nanofibers in a film 

Although single MAPbX3@PVA nanofiber show polarized emission, 
they have to be aligned in a film to make use of the polarized PL 
of the ensemble. By adapting parallel positioned conductor strips 
with an air gap, we fabricated macroscopically aligned nanofiber 
samples with a size of 0.5 cm × 2 cm. The emission anisotropy of 
the MAPbBr3@PVA nanofiber film is shown in Fig. 7. The polar 
diagram of the PL intensity dependence on the polarization angle 
is given in Fig. 7(a), with the maximum along the long axis and 
the highest Pem around 0.42 ± 0.03. The polarization ratios of the 
aligned MAPbBr3@PVA nanofiber films are summarized in Table 1. 
Figures 7(b) and 7(c) show polarization microscopy images of the 
films, which demonstrate that the polarization is well maintained 
when aligning the nanofibers over a large area. As clear evidence of 
the parallel alignment of the MAPbBr3@PVA nanofibers, a bright 
image is obtained when the polarizer is parallel to the nanofibers  
(θ = 0o) and a dark image is obtained when the polarizer is 
perpendicular to nanofibers (θ = 90o). Figures 7(d)–7(f) show the  
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Figure 7 (a) The polarized emission of the aligned MAPbBr3@PVA nanofiber 
films with different mass fraction of precursor concentrations, as indicated. (b) and 
(c) Polarization microscopy images of the aligned MAPbBr3@PVA nanofiber film 
(Sample 3), scale bar: 100 μm. (d)–(f) Fluorescent optical microscope images of 
MAPbX3@PVA nanofiber films, scale bar: 100 μm. 

fluorescent optical microscopy images of MAPbX3@PVA nanofiber 
films, validating the versatility of electrospinning method in fabricating 
highly luminescent perovskite nanofibers with macroscale alignment. 
To illustrate the potential scale-up fabrication, we fabricated a large 
area film of 56 cm2 by collecting MAPbBr3@PVA nanofibers on  
a high-speed rotating drum (3,500 rpm/min) with a precursor 
concentration 30 wt.% (see Fig. S6 in the ESM). These MAPbBr3@PVA 
nanofibers have potential to apply as optical films for enhancing the 
display backlights [57, 58]. 

4 Conclusions 
We demonstrated the in-situ fabrication of MAPbX3 PNCs embedded 
in PVA nanofiber by electrospinning a perovskite precursors solution 
mixed with PVA. As a result, we have obtained highly luminescent 
MAPbX3@PVA nanofibers with polarized emission. By increasing 
the concentration of the precursor solution, the resulting in-situ 
fabricated MAPbX3 PNCs changed from ellipsoidal shape into 
anisotropic rods. By changing composition of halides, the emission 
spectra of MAPbX3 PNCs can be tuned from 400 to 700 nm. From 
single nanofiber PL measurements, we demonstrated correlations 
between polarization anisotropy and shape evolution of the MAPbBr3 
NCs in PVA nanofiber. The emission polarization ratio increased 
from 0.36 ± 0.03 to 0.53 ± 0.06 when their AR increased from 1.5 
to 6. Through comparison between the experimental data and 
theoretical calculations, the polarization of the MAPbBr3@PVA 
nanofibers was attributed to the dielectric confinement effects 
with quantum confinement effects. Finally, we illustrated that the 
electrospinning method has a potential to fabricate large-area 
aligned nanofiber films, by adapting parallel positioned conductor 
strips with an air gap as a collection electrode. An emission polarization 
ratio of 0.42 ± 0.03 was achieved for the MAPbX3@PVA film of  
0.5 cm × 2 cm in size. The MAPbX3@PVA nanofibers with polarized 
emission demonstrated here are interesting materials for several 
applications, such as displays, lasers, waveguides, and so on. 
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