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ABSTRACT
Semiconductor core optical fibers are highly desirable for fiber-based photonic and optoelectronic applications as they can combine strong
optical nonlinearities, tight light confinement, wide transmission bands, and electronic functionality within a single platform. Perovskites have
emerged as particularly exciting materials for semiconductor photonics as they have strong optical nonlinearities and tunable optoelectronic
bandgaps. However, lead-based perovskites contain toxic elements and are, therefore, not environmentally friendly. Furthermore, in fiber
form, their core-size is prohibitively large, making them unsuitable for nonlinear optics and applications that require single-mode guidance,
such as telecommunications. Here, we report a metal-free perovskite core optical fiber where lead has been substituted for an ammonium
cation in the perovskite structure. The core material has a wide bandgap greater than 5 eV, a high laser damage threshold, and a core diameter
that can be produced as small as 5 μm. At this core size, the fiber supports just six modes, and the fundamental mode can readily be excited
and isolated. Moreover, the metal-free perovskite has a second-order susceptibility that is absent in the archetypal lead-based perovskites and
many other semiconductor core materials, such as silicon and germanium. The second-order susceptibility is important for many nonlinear
optics applications, such as second-harmonic generation and quantum optics.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0186789

I. INTRODUCTION

Semiconductor core optical fibers are a relatively nascent
technology that provides excellent nonlinear and electro-optical
properties in a waveguide architecture. These properties have
been leveraged in a wide range of devices, including photovoltaic
cells, in-fiber detectors, all-optical modulators, and supercontin-
uum generators.1–8 To date, most of the demonstrators have used
simple unary semiconductor core materials such as silicon and ger-
manium, but, more recently, there has been increasing interest in
more complex binary and ternary semiconductor systems.9–14 These
have extended the functionality of the platform, for example, by
providing direct bandgap materials for efficient light sources or
photo-detectors.10,15–17 While efforts have been made to incorporate
perovskite nanocrystals in optical fiber-type applications,18–20 one

exciting development in the field is the demonstration of semicon-
ductor optical fibers with organometallic halide perovskite cores.21,22

Perovskites have superlative electronic, optical, and nonlinear opti-
cal properties, and their integration with the fiber platform repre-
sents a step change for functional optical fiber technologies. The
highly tunable nature of the material means that its properties can be
tailored for specific target applications. For example, the high third-
order nonlinearity, efficient light emission, and selectable bandgap
could, in the future, be harnessed for applications that generate,
convert, guide, and detect light.23–33

Aside from the obvious toxicity issues associated with the lead
content, there are other shortcomings in the current state-of-the-
art of perovskite optical fibers that preclude their use for the above
mentioned applications. For example, nonlinear optics require high
energy densities, and for a fiber device, this means a small core
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or, more specifically, tight confinement of the propagating mode.
The current method of producing perovskite optical fibers uses a
solution-based, space-confined, inverse temperature crystallization
approach, and owing to issues with solvent transport, the small-
est core diameter of glass-clad perovskite optical fibers achievable

is upward of 100 μm.22 By using PTFE in place of the glass cladding,
modified wetting kinetics allow for further reduction of the core
diameter down to 50 μm. At these core sizes, the optical fibers are
highly multi-moded and not amenable to nonlinear optics appli-
cations. Furthermore, the archetypal perovskites are designed to

FIG. 1. (a) Side view of the MDNI crystal packing showing the octahedra. (b) Highlight of the distortion of the NH4I6 octahedra responsible for the emergence of a non-zero
second-order susceptibility. (c) A Tauc plot generated from UV-VIS (Fig. S2) measurements of the synthesized MDNI crystal. (d) Schematic of the capillary action method of
precursor solution deposition and subsequent crystallization. (e) Scanning electron microscope image of the cleaved cross section of a 5 μm MDNI core optical fiber, scale
bar 5 μm. (f) Diascopic image of the side of a 25 μm MDNI core optical fiber, scale bar 100 μm. (g) Diascopic image of the side of a 5 μm MDNI core optical fiber, scale bar
100 μm. Diascopic illumination and microscope image of (h) a 25 μm MDNI core optical fiber and (i) a 5 μm MDNI core optical fiber, showing white light confined to each
core, scale bars 50 μm.
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absorb visible light and are, therefore, not attractive for waveguiding
in the visible region of the spectrum.

In this work, we explore an iodide-based metal-free
perovskite34,35 as the core material for an optical fiber. Here,
we substitute the metal Pb2+ center in the hybrid perovskite
archetypal structure for an NH+4 cation and use methyl-1,4-
diazoniumbicyclo[2.2.2]octane (MDABCO2+) as the spacer cation,
yielding Methyl-DABCO Ammonium Iodide (MDNI).36

This immediately addresses the problem of toxicity but also
presents other exciting opportunities. We have previously shown
that MDNI maintains the strong third-order nonlinearity associated
with the perovskite crystal structure, and it has a wide bandgap of
greater than 5 eV, making it a strong candidate for nonlinear optics
applications from the near-infrared to the ultraviolet.36 The incor-
poration of the polar MDBACO cation into the lattice produces a
corner-sharing 3D trigonal R3 perovskite structure with ammonium
halide octahedra; Fig. 1(a). As shown in Fig. 1(b), these octahedra
are distorted, which means that the crystal is not centrosymmet-
ric, making them ferroelectric materials with a permanent dipole at
room temperature and, therefore, a non-zero second-order nonlin-
earity that, in this instance, is predicted by density functional theory
to be 2 pm V−1; moreover, such as the third order nonlinearity, this
is highly tunable by varying the spacer cation.36,37 In fact, previous
studies show that ferroelectricity in these materials is responsible
for efficient and polarization-dependent second-harmonic genera-
tion (SHG).38 These properties and resulting capabilities, i.e., SHG
and parametric down-conversion, coupled with simple processabil-
ity and high laser damage thresholds, make this emerging family
of metal-free perovskites extremely attractive for optoelectronic and
quantum optics applications.

Here, we present the first demonstration of an optical fiber with
a metal-free perovskite (MDNI) core. By adopting a conventional
crystallization process, i.e., controlled cooling, fibers with core sizes
of 5 μm can be readily produced within a glass (SiO2) cladding. The
fiber is few-moded and supports just six modes, with the funda-
mental mode tightly confined to the core, thus providing a route to
perovskite fiber-based nonlinear optics. We demonstrate this poten-
tial by showing second-harmonic generation in the core, which is
permitted by the non-centrosymmetric core material, a property
that eludes the organometallic halide perovskite family.

II. RESULTS AND DISCUSSIONS
A. Fabrication of metal-free perovskite optical fibers

Large crystals of MDNI were synthesized using the protocol
outlined in the experimental section, and the crystal structure of
MDNI was confirmed using x-ray diffraction, see the supplementary
material, Fig. S2. Figure 1(c) shows a Tauc plot derived from UV-VIS
measurements (Fig. S3, the supplementary material), confirming the
expected wide bandgap of the material to be 5.11 eV. The core of
the optical fiber is grown from a solution of this source, MDNI,
in deionized water. The silica cladding capillaries can be filled with
the solution via capillary action, or, for longer lengths, a method of
forcing the liquid into the capillary can be used; see Fig. 1(d). The
crystalline core material is grown from the solution by placing it
in an oven and slowly cooling the liquid from 95 ○C to room tem-
perature, i.e., via standard supersaturation, nucleation, and growth;

Fig. 1(d). Here, the concentration is higher at the edge of the capil-
lary tube as water is slowly evaporated, nucleating the crystal and
promoting its slow growth across the tube. This process negates
the solvent transport issues associated with the inverse temperature
crystallization approach and allows the growth of the core material
at orders of magnitude smaller core dimensions without having to
substitute or modify the silica cladding capillaries for alternative, less
optical fiber network-compatible materials. A detailed description of
the fiber fabrication is provided in the experimental section.

Figure 1(e) shows an SEM of the cross section of a cleaved 5 μm
core diameter MDNI optical fiber that has been deposited by this
approach. It is clear that the core completely and conformally fills
the capillary cladding. Figures 1(f) and 1(g) show diascopically illu-
minated microscope images of longitudinal sections of (f) a 25 μm
core diameter MDNI core optical fiber and (g) a 5 μm MDNI core
diameter optical fiber. The core material is highly transparent, owing
to the high quality of the crystal and its wide bandgap. The deposited
structures can have a uniform cross section for as long as 3 cm, which
represents an aspect ratio of 3 × 105 for the 5 μm core optical fiber
(Fig. S1, the supplementary material). The end faces of the optical
fibers can be readily polished using a standard “dry” optical fiber
polishing procedure. Figures 1(h) and 1(i) are microscope images of
the polished (h) 25 μm and (i) 5 μm fibers under diascopic illumina-
tion, and both clearly show white light being guided by the core. A
transmission spectrum from the ultraviolet to the near infrared can
be seen in the supplementary material in Fig. S4.

B. Characterization of the core material of metal-free
perovskite optical fibers

Raman spectroscopy measurements of the 5 μm MDNI fiber
were undertaken by focusing a 532 nm laser through the cladding of
the fiber onto the core and collecting the scattered light. This spec-
trum was compared to that of a single crystal of MDNI taken using
the same conditions; both are shown in Fig. 2(a). The low-frequency
Raman modes, between 80 and 400 cm−1, can be assigned to the lat-
tice modes, and these have a broad, weak signal in both the single
crystal and the MDNI fiber, which can be attributed to the dynamic
disorder of the organic ions.39 The MDABCO2+ related vibrations
between 600 and 1200 cm−1 exhibit strong, sharp peaks, and the
comparison between the single crystal and the core material indi-
cates a high degree of core material crystallinity. Lorentzian fitting
of the peak at 696 cm−1 for each spectrum, shown in Fig. 2(b), indi-
cates that the MDNI fiber core and the single crystal sample have
very similar full-width at half-maximum, measured to be 3.11 and
3.1 cm−1, respectively. This result shows that the core material of the
fiber is highly crystalline. The symmetry of the peak for the fiber core
material is further evidence of the high crystallinity, as asymmetry
can be caused by a high concentration of crystalline defects.

X-ray diffraction (XRD) was performed on the grown core
material that was ground from the cores of the 25 μm MDNI optical
fiber, and the result was compared to that of a powder created from
a single crystal of MDNI. These results are shown in Fig. 2(c) and
confirm good phase purity in the MDNI core material. To further
investigate the crystalline nature of the core material, both MDNI
optical fibers were mounted in a Lindemann tube, and single crystal
XRD experiments were undertaken along the length at predeter-
mined intervals. The spot-size of the x-ray beam was 85 μm, thus
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FIG. 2. (a) Raman spectra of the core material (blue) and a single crystal of MDNI (green). (b) Normalized peak of the Raman spectra at 696 cm−1 and the Lorentzian
fit for the core material. (c) X -ray diffractograms of the MDNI core material (blue) and a powdered MDNI sample (green). (d) Single crystal XRD resolved crystal structure
of MDNI core material showing the packing of the crystal. Pink = I, white = H, gray = C, and light purple = N. (e) Orthogonal projection of the Ewald sphere along the
crystallographic reciprocal c-axis of a single crystal measured in the 5 μm core MDNI fiber. Image of 25 μm core fiber hosted in a mounting capillary with an overlay of the
measured crystallographic direct axes overlaid at three different positions: (f) 0 mm, (g) 1.5 mm, and (h) 3 mm.

sampling the entire core diameter of each fiber. Although large sin-
gle crystals are observed in these measurements, they were randomly
oriented, and there was no preferential orientation of the crystal
within each core, which has been evident in other semiconductor
optical fiber crystallization technologies.40 The crystal structure was
resolved to be trigonal in the R3 space group with a lattice parameter
of a = 9.7018(2) Å, b = 9.7018(2) Å, c = 13.4526(4) Å, α = 90○,
β = 90○, and γ = 120○, consistent with that expected for MDNI.35

Figure 1(d) is an image of the resolved crystal structure demon-
strating the R3 space group packing. Figure S5 of the supplementary
material, provides views along the a, b, and c axes. Figure 1(e) shows
the Ewald sphere generated via x-ray diffraction of a 5 μm MDNI
fiber core, showing a single crystal across the entire core diameter.
The estimated average grain size in the 5 μm core fiber was of the
order of 100 μm, with the largest length of a single crystal being

in the order of 1 mm (Fig. S7, the supplementary material). Fig-
ures 1(f)–1(h) show the orientation of the crystal projected onto the
25 μm core fiber as mounted and at the position of measurement.
These projections show that there is a dominant crystal along the
entire 3 mm sampled region, with some crystal twinning observed
(Fig. S7, the supplementary material). The reduction in crystal grain
size as related to reduced core sizes led us to use the 5 μm core fiber
as the smallest for our optical measurements, as this provided a good
balance between material quality and transmitted energy density for
nonlinear applications.

C. Perovskite optical fiber characterization
Figures 3(a) and 3(b) show light transmitted through a 1 cm

length of 5 μm MDNI core optical fiber at 633 and 1550 nm,
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FIG. 3. (a) Transmission of light with a wavelength of 633 nm through a 5 μm MDNI core optical fiber, scale bar 15 μm. (b) Transmission of light with a wavelength of
1550 nm through a 5 μm MDNI core optical fiber, scale bar 15 μm. (c) Measured (orange dashed) and simulated (blue) mode profiles from the 5 μm MDNI core optical fiber
transmitting 1550 nm light in the fundamental mode. Intensity profile of 1550 nm light transmitted in the 5 μm MDNI core optical fiber via the LP01 mode (d) (experimental)
and (e) (numerical simulation), the LP11 mode (f) (experimental) and (g) (numerical simulation), and the LP21 mode (h) (measured) and (i) (numerical simulation), scale bars
10 μm.

respectively, demonstrating the high bandwidth capability of the
optical fiber. The wide bandgap of MDNI would, in principle, guide
light with low loss down to 250 nm. A detailed optical charac-
terization of the 5 μm MDNI core optical fiber was undertaken
at the important telecommunications wavelength of 1550 nm. The
optical transmission loss of the fiber was measured using the stan-
dard cut-back approach, and a loss of 3 dB cm−1 was determined,
which is commensurate with state-of-the-art semiconductor opti-
cal fibers. For this experiment, 1 mm sections were removed from
a 1 cm length of fiber. At these short lengths, it is important that
stray cladding light does not lead to underestimation of the losses;
however, as is shown in Figs. 3(b) and 3(c), all of the light is very
tightly confined to the small core. We attribute the losses in the
fiber to defects and grain boundaries in the crystalline core. A clear
route to reducing these losses would be to increase the core’s crys-
tallinity via further optimization of the deposition process. The core
material of the fiber has a refractive index of n1 = 1.58 at 1550 nm,
and the V-number given by V = 2πa

λ

√
n2

1 − n2
2 is 6.48, where λ is the

operating wavelength, a is the core radius, and the cladding refrac-
tive index is n2 = 1.444. As Δn≪ 1, the low order modes can be
considered LP modes, and at V = 6.48, the fiber can support six LP
modes.

An infrared camera was used to image the near-field modes that
could be excited in the fiber. Figures 3(d), 3(f), and 3(h) show the
experimentally imaged LP01, LP11, and LP21 modes, which show
good agreement with the same modes produced by finite element
modeling simulations of the same fiber, shown in Figs. 3(e), 3(g),
and 3(i) (see the supplementary material, Fig. S8 for simulation of
all modes supported by the fiber). Importantly, the coupling is pref-
erentially obtained in the fundamental LP01 mode, with the higher
order modes only being isolated when the input beam is launched
off-axis to the core. The slight asymmetries seen in the mode pro-
files of the higher order modes are most likely due to modest mixing
between the allowed modes. Concerning the fundamental mode, the
full-width at half-maximum (FWHM) value at the 1/e2 power level
is 3.8 μm, which matches well with the 3.7 μm predicted by our
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FIG. 4. (a) Image of second-harmonic generated light scattered as it propagates through the 5 μm MDNI core optical fiber (black regions are where the fiber is held to
v-groove). (b) The second-harmonic light that is confined to the core as it exits the output of the optical fiber. (c) Spectrum of the fundamental pump beam (orange) and the
transmitted second-harmonic (blue) through a 5 μm MDNI core optical fiber. (d) The dependence of the second-harmonic generation on the fundamental pump power shows
a parabolic relationship.

model; see Fig. 3(c), and with the 3.74 μm predicted by the Mar-
cuse equation at the fiber’s V-number.41 The effective mode area of
fundamental mode for this fiber is 11 μm2, which is two orders of
magnitude smaller than the state-of-the-art polymer-clad perovskite
fibers and more than three orders of magnitude smaller than the
glass-clad organometallic halide perovskite equivalent. Moreover,
being able to excite and isolate the fundamental mode is of particular
value for nonlinear optics applications.

D. Second-harmonic generation
To demonstrate the fiber for nonlinear optics applications,

we exploit the lack of centrosymmetry in the core material’s crys-
tal structure, which gives rise to a second-order susceptibility. A
5 μm diameter core MDNI fiber is set up in a transmission mea-
surement configuration similar to that used to determine the linear
optical propagation characteristics. A laser with a wavelength of
λp = 1040 nm, a pulse duration of 300 fs, and a repetition rate
of 1 kHz was coupled into the optical fiber’s fundamental mode.
The peak power of the pump laser was increased to elicit a non-
linear response from the transmitted light–matter interaction. As
the second-harmonic associated with the pump is expected to be
at a wavelength of 520 nm, i.e., green, it was relatively straightfor-
ward to detect, filter, and image using a CCD camera, as illustrated
in Fig. 4(a), which shows the second-harmonic response along the

length of the fiber. An image of the second-harmonic light that has
been transmitted through the fiber is shown in Fig. 4(b), and in this
instance, the second-harmonic output has been coupled to higher-
order modes in the fiber. At this wavelength, the fiber has a V = 20
and supports ∼200 modes. This offers the prospect of modal phase-
matching of the second-harmonic to the pump, but we note here
that no attempt at phase matching was undertaken in this work. The
transmitted light was coupled into a spectrometer, and the spectra of
the pump and second-harmonic are shown in Fig. 4(c). As expected,
the central wavelength of the second-harmonic is 520 nm, half that
of the fundamental pump. It is also clear that second-harmonic nar-
rowing is present and that the FWHM of the second-harmonic is
0.42× that of the fundamental; this is identical to the narrowing
measured for KDP and close to the theoretically predicted 1/2√2.42

Figure 4(d) plots the power dependence of the second-harmonic sig-
nal, exhibiting a clear quadratic relation, which further confirms that
the visible signal is produced by the second-harmonic originating
from the core material’s second-order nonlinearity.

III. CONCLUSION
We have demonstrated the first optical fiber employing a

metal-free perovskite as the core material. We demonstrate that
the MDNI crystalline core can be grown via simple cooling of a
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supersaturated solution, opening up a route for fiber fabrication with
the wide array of metal-free perovskites that are being developed.
The fiber that we have presented in this work is a few-mode fiber
that allows robust, single-mode operation while maintaining tight
light confinement in the active core material. This is an important
step for perovskite optical fibers, as single-mode operation is impor-
tant for many applications, including those in telecommunications.
Unlike the archetypal organometallic perovskites that were designed
for solar applications, the metal-free MDNI core material has a wide
bandgap and permits the guidance of visible light. Furthermore,
MDNI, such as many metal-free perovskites, lacks a centrosym-
metric crystal structure, which means that it can be used for many
important second-order nonlinear optical applications, for exam-
ple, electrooptic modulation, harmonic generation, and parametric
down-conversion.43 Owing to the versatility of the perovskite struc-
ture, these materials can be developed to enhance their nonlinear
properties and be able to produce fiber waveguide devices for a
wide-ranging set of applications, for example, all-optical signal pro-
cessing, supercontinuum generation, frequency comb generation,
and quantum optics.44

IV. EXPERIMENTAL
A. MDNI synthesis

1,4-Diazabicyclo[2.2.2]octane (DABCO), NH4I, and HI
(57% w/w stabilized with 1.5% H3PO3) were purchased of the
highest purity available and used as received. N-Methyl-1,4-
diazabicyclo[2.2.2]octan-1-ium (MDABCO) iodide was synthesized
as described elsewhere.45,46 0.5 mol of MDABCO iodide and
ammonium iodide were dissolved in an aqueous HI solution (20%,
stabilized with 0.5% H3PO3) at 90 ○C. Cooling the pale yellow
solution to room temperature resulted in the precipitation of white
polycrystalline material. Washing with EtOH and Et2O and drying
in a vacuum gave MDNI a white, crystalline solid with a 70%
yield. MDNI monocrystals for Raman spectroscopy were grown by
first forming a saturated solution of MDNI in DI water at 90 ○C,
followed by slow cooling down to 60 ○C. Over several days, large
monocrystals of MDNI were formed.

B. MDNI fiber production
Capillary tubes were used, as received from polymicro. The

tubes were warmed on a hotplate at 95 ○C, then dipped in a solu-
tion of 0.2 g MDNI powder that was fully dissolved in 0.16 ml of
deionized water that had been filtered through a 0.45 μm hydrophilic
filter and kept at 95 ○C to allow the solution to fill the tube through
capillary action. The tubes were then introduced into a homemade
“crystallization oven” consisting of two metal plates and a spacer that
was pre-warmed to 95 ○C. The filled capillary was held in the oven
for 24 h at 95 ○C to ensure that any crystal that might have formed
in the setup phase would redissolve and, second, to start the crystal
formation through evaporation at the capillary edge. The fiber was
then cooled down slowly at a linear rate of 0.5 ○C h−1.

C. Materials characterization
Powder x-ray diffraction data of the produced MDNI were

acquired on a Bruker D8 Advance diffractometer in the coupled

theta/two theta regime. Single crystal measurements were taken of
the MDNI fiber mounted in a Lindemann tube. The data were
collected using an Oxford Cryosystems low-temperature device
operated at T = 100(2) K and a Rigaku FRE+ equipped with VHF
Varimax confocal mirrors, an AFC12 goniometer, and a HyPix
6000 detector diffractometer. The resulting data were resolved using
Rigaku CrysAlis Pro. Raman spectra were collected in the backscat-
tering geometry with 0.5 mW, 532 nm laser excitation focused to a
spot size of 1 μm using a Horiba Raman microscope.

D. Linear optical characterization
The optical transmission losses of the fibers were measured

using the standard cut-back technique. The fiber was mounted in
a larger host capillary and polished using standard “dry” fiber pol-
ishing methods, i.e., no liquid lubricants were used. A low power
continuous wave 1550 nm laser diode was used with an output
power of 2 mW. The laser was launched into the core of the fiber
using a 0.65 NA anti-reflection coated fused silica objective that was
selected to ensure the light was coupled predominantly into the fun-
damental core mode. The output of the fiber was imaged using an
interlaced CCD IR camera to confirm that transmission occurred
only through the semiconductor core, thus providing a good indica-
tion of the bulk MDNI material quality. The coupling was optimized
using a set of Thorlabs Nanomax stages. The measurements were
performed on sections of fiber that were 1 cm in length, and each
cutback removed ∼1 mm of the fiber. Modal isolation was under-
taken using off-axis launching of light, and the light was coupled out
of the fiber using a 0.65 NA lens that is greater than the fiber’s NA.
The captured light was imaged using the interlaced CCD IR cam-
era, and coupling into each mode was optimized using the Nanomax
stages while observing the imaged output.

E. Nonlinear optical characterization
The 5 μm core MDNI optical fiber was prepared in the same

manner as for the linear optical characterization measurements. A
spectra physics spirit-one femtosecond laser with a wavelength of
1040 nm, a repetition rate of 1 kHz, and a pulse duration of 300 fs
was launched into the fundamental mode of the fiber using a 0.65
NA anti-reflection coated fused silica objective, and the coupling was
optimized using Thorlabs Nanomax stages and viewing on a near-IR
CCD camera. The second-harmonic output was imaged on a visible
CCD camera with an integration of ten frames.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information.
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