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ABSTRACT

We observe the strong photorefractive (PR)-like effect in silica micro-fibers, which is different from the previously reported nonlinear behav-
iors in optical fiber devices. The micro-fiber is fabricated by tapering a standard silica single-mode fiber using the hydrogen flame. Two fiber
Bragg gratings are fused at each end of the micro-fiber to form a Fabry-Pérot cavity, enabling us to observe the nonlinear dynamics. By
situating the silica micro-fiber in a gas medium (i.e., N3, Ar, He, and air), we observe the remarkable PR-like effect, especially under the
low-pressure condition below 80 Torr. In fact, the nonlinear effect increases with the reduced pressure as a power function. Such a nonlinear
effect is also affected by the laser wavelength detuning rate, input laser power, and micro-fiber diameter. Finally, a nonlinear cavity dynamics
model is adopted to well describe the observed nonlinear effect.

© 2023 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/10.1063/5.0159939

Optical nonlinearity has attracted considerable attention in
optical fibers' and other waveguide devices” that play impor-
tant roles in optical communication and sensing.”” The photore-
fractive (PR) effect is a kind of optical nonlinearity causing the
refractive index (RI) to be altered under an internal electric field,
which is induced by the photo-excited carrier redistribution.” The
PR effect shows great potential in applications, such as hologra-
phy and optical computing,”® but it may limit the performance of
devices like high-quality micro-resonators caused by the RI instabil-
ity of the material.”'’ To date, the PR effect has been observed in
bulk materials, such as lithium niobate (LiNbO3),'! barium titanate
(BaTiO3),'” and photopolymers,' as well as in thin-film devices,
such as micro-resonators'’ and photonic crystal.'*

It should be noted that the PR effect is often observed in
asymmetric structural materials that exhibit substantial electro-
optic nonlinear effects. Silica is a common optical material with
hardly observable effective nonlinearity compared to other crys-
talline materials. With the advent of low-loss optical fibers that
confine light significantly and promise long-distance propagation,
a variety of nonlinear phenomena have been studied in silica

fiber, such as stimulated Brillouin scattering,'” stimulated Raman
scattering,'® and self-phase modulation.!” Another interesting non-
linear behavior on a silica micro-fiber resonator was previously
reported that the cavity resonance shows an obvious asymmetry,
which can be affected by the laser wavelength detuning rate and
input power.'® Such nonlinearity was explained by the contribution
of thermal effect that could be originated from ambient humidity
and surface contamination of the micro-fiber.

In this letter, we report the observation of a significant PR-
like nonlinear effect in a silica micro-fiber situated in a Fabry-Pérot
(F-P) fiber cavity formed by two fiber Bragg gratings (FBGs). The
nonlinearity is drastically enhanced when the micro-fiber is placed
in a low-pressure environment. We systematically investigate this
nonlinear effect by varying the wavelength detuning rate, input laser
power, gas environment, and micro-fiber diameter. Furthermore, a
nonlinear cavity dynamics model is adopted to describe the observed
effect.

Figure 1 depicts the schematic of the experimental setup for
observing the PR-like nonlinear effect in a silica micro-fiber. The
micro-fiber was fabricated by stretching a silica single-mode fiber

AIP Advances 13, 095106 (2023); doi: 10.1063/5.0159939
© Author(s) 2023

13, 095106-1

92:2€'20 ¥20T YoIe ¥1


https://pubs.aip.org/aip/adv
https://doi.org/10.1063/5.0159939
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0159939
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0159939&domain=pdf&date_stamp=2023-September-6
https://doi.org/10.1063/5.0159939
https://orcid.org/0009-0002-0618-1925
https://orcid.org/0000-0002-9276-2461
https://orcid.org/0000-0001-9875-7500
https://orcid.org/0000-0001-6681-593X
mailto:renwei@mae.cuhk.edu.hk
https://doi.org/10.1063/5.0159939

AIP Advances

Tunable
laser Splitter

10:90 —|:I
= 1 Gas out | Pressure
= gauge

Vacuum pump
Function
Generator Sl

ARTICLE pubs.aip.org/aip/adv

FIG. 1. Experimental setup of observing the nonlinear effect in a silica micro-fiber. VOA: variable optical attenuator; FPC: fiber polarization controller; FBG: fiber Bragg grating;
DAQ: data acquisition; and PD: photodetector. Inset: scanning electron microscopy image of a silica micro-fiber with a diameter of 1.27 ym.

(Corning, SMF-28e+) using the hydrogen flame, enabling the gener-
ation of a tapered fiber with a controlled waist diameter and length.
The fiber cavity has a low finesse of ~11 and a free space range
(FSR) of 0.73 pm. Considering the coupling efficiency of the laser
into the cavity is as low as 1%, the intra-cavity power is evaluated
to be 0.4 mW. The micro-fiber was sealed in a stainless-steel cell
(8 x 3 x 2 cm®) that can be filled with gas samples with control-
lable components and pressures as required. Two FBGs (reflectivity:
99.7% at 1550 + 3 nm) were spliced at each end of the micro-fiber to
form an F-P cavity. A tunable laser (wavelength: 1550 nm, linewidth:
1.7 kHz) was connected to the cavity via a splitter (10:90), which sep-
arated a small portion of the light to a power meter for monitoring
purposes. A fiber polarization controller (FPC) was used to mini-
mize the birefringence. Finally, the transmitted light was detected by
a photodetector (Thorlabs, PDA20CS-EC). During the experiment,
the laser wavelength was scanned over the cavity mode by a trian-
gle waveform; the forward scan corresponds to blue-to-red, and the
backward scan corresponds to red-to-blue.

Figure 2(a) demonstrates the cavity-transmission signal by
scanning the laser wavelength forward and backward across one
cavity mode under different gas pressures. It should be noted that
the cavity mode may drift due to environmental disturbance, so we
manually shift the resonance center of the cavity mode for com-
parison purposes. Here, pure nitrogen (N;) was filled in the gas
cell. At the pressure >80 Torr, the cavity mode shows a Lorentzian
line-shape without significant distortion. However, when the gas
pressure in the cell is reduced gradually, the cavity mode profile
shows an evident broadening during the forward laser scan (or
compression during the backward laser scan). Additionally, the reso-
nance center shifts to a longer wavelength when the laser wavelength
approaches the resonance center of the cavity mode from the blue-
detuned side, producing a positive ramp-like resonance line-shape
that indicates an increase in the RI of the silica micro-fiber. At first
glance, we thought this strong nonlinear behavior might belong to
the thermo-optic effect as silica has a positive thermo-optic coeffi-
cient of 1.09 x 107> K™'.1 This conjecture was overthrown as the
optical loss of the SMF-28e+ fiber is less than 0.2 dB/km at 1550 nm,

leading to negligible absorption-induced thermal nonlinearity. Note
that gas absorption by the evanescent-wave does not exist in the
cell that is filled with zero-absorption N,. We further conducted a
detailed analysis of the thermo-optic effect in the micro-fiber (see
supplementary material), showing the negligible contribution to the
observed nonlinearity. Dispersion can also shape the cavity modes.
However, the dispersion of the SM-28e+ fiber is <18 ps/(nm km),
which is too small to produce such a significant cavity mode
distortion.

Instead, such a strong nonlinearity is more consistent with the
PR effect. To further test our hypothesis, we investigated the PR-
like effect by varying the wavelength detuning rate and power level
of the laser. As shown in Fig. 2(b), the nonlinear effect is weaker
with the increased laser scan rate. The result indicates a limited
nonlinear relaxation time at the milli-second scale (see discussion
in the following section), which is similar to the case observed in
lithium niobate.'"*’ Figure 2(c) shows that the PR-like effect is mit-
igated with the decreased laser power, which is not surprising as
it is hard for the low optical power to induce the internal electric
field.

The silica micro-fiber exhibits a stronger PR-like effect with a
smaller diameter. Figure 3(a) compares the transmission signal by
varying the micro-fiber diameter from 1.27 to 3 ym. A stronger non-
linearity is observed for a thinner fiber due to the larger laser power
intensity. Furthermore, we also investigated the possible effects of
filling different gases in the gas cell. Figure 3(b) compares the
scanned cavity modes with the gas cell filled by N, argon (Ar),
helium (He), and air; the gas pressure is 5 Torr, the laser scan rate
is 2.5 Hz, and the input laser power is 11 mW. The results reveal that
the cavity mode remains almost the same, indicating the negligible
influence of gas species on the nonlinear effect.

It is of interest to explore the possible reasons for observing
the PR-effect, which may be relevant to the micro-fiber fabrication
process. The fiber stretching in the hydrogen flame may alter the
polarization of the silica material similar to the thermal poling,”!
resulting in an increased second-order optical nonlinear coefficient
x?. The non-uniform distribution of the laser intensity inside the
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FIG. 2. Transmission signal of the forward and backward scanned laser passing through the silica micro-fiber F—P cavity under different experimental conditions. (a) Variation
of transmission signal with gas pressure under the fixed laser scan rate of 2.5 Hz and a laser power of 11 mW. (b) Variation of transmission signal with the laser scan rate
under the fixed gas pressure of 1.5 Torr and an input laser power of 11 mW. (c) Variation of transmission signal with input laser power under the fixed gas pressure of 1.5 Torr
and a laser scan rate of 2.5 Hz.

A140_—;.27umﬂ (@) | 10}
= —23um / m
%] %3
() ()
o o
2 2
s =
& &
Q Q
N N
© ©
£ £
B j} B
z z
0.0k A NS - 0.0 s
-0.8 -0.4 0.0 0.4 0.8 -0.8 -0.4 0.0 04 0.8
Wavelength (pm) Wavelength (pm)

FIG. 3. Forward and backward laser-scanned transmission signal measured under (a) varied micro-fiber diameters (pressure 1.5 Torr, laser scan rate 2.5 Hz, and input laser
power 11 mW) and (b) varied gas conditions (pressure 5 Torr, laser scan rate 2.5 Hz, and input laser power 11 mW).

micro-fiber could cause carrier excitation and migration from the the second-order nonlinearity by the surface dipole effect.” How-
impurity level, thus introducing a strong internal electric field and ever, we believe that the underlying physical nature needs further
the subsequent RI change by the Pockels effect. The low-pressure exploration.
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environment possibly changes the silica-gas interface, which could It is known that the PR effect can be described by the equation
affect the carrier excitation and migration process® or even enhance of motion of cavity dynamics as'"*’
AIP Advances 13, 095106 (2023); doi: 10.1063/5.0159939 13, 095106-3

© Author(s) 2023


https://pubs.aip.org/aip/adv

AIP Advances

[—— Measured

= — Numerical @)
« 0.9
o}
©
2
=
€
© 06
el
5}
N
©
E
2 03

0.0 . L .
-0.8 -0.4 0.0 0.4 0.8

Wavelength detuning (pm)

PR effect-n; (a.u.)

ARTICLE pubs.aip.org/aip/adv
100
. (b)
1oF "
1 L L]
0.1 : :
1 10 100 1000

Pressure (Torr)
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11 mW). (b) Variation of the ng coefficient with gas pressure.

% - (iAO_%)a—iEuH\/ﬁA, (1)
dE 2
o —TzE + nglal", 2)

where a and A are the amplitudes of the intracavity field and the
input field, respectively; A is the detuning of the laser frequency
w with respect to the cavity resonance wo; I'+ and I'. are the pho-
ton decay rate and external decay rate of the cavity, respectively;
E is the resonance frequency shift due to the PR effect; and I'r and
ne are the relaxation rate and strength coefficient of the PR effect,
respectively. Equations (1) and (2) describe the cavity dynamics
due to the PR effect so that we could fit the unknown parameters
I't and ng from the recorded transmission spectra. Figure 4(a) shows
the simulation result using the dynamic cavity mode for a fiber dia-
meter of 1.27 ym. The model well describes the PR-like effect inside
the F-P fiber cavity, showing that the relaxation rate I'z (250 Hz)
is much smaller than the relaxation rate of the thermo-optic effect
(100 kHz) in the LiNbO3; micro-resonator.'” Some other assump-
tions like two-photon absorption and free carrier absorption could
also be excluded since those effects are produced even faster on the
gigahertz scale.” Based on the cavity dynamics, we are able to quan-
titatively describe the relationship between the coefficient ng and
pressure, as shown in Fig. 4(b), which shows that the PR-like effect
increases with the reduced pressure as a power function.

In summary, we present the observation of the significant PR-
like effect existing in a silica micro-fiber placed in a low-pressure gas
medium. The observed PR-like nonlinear effect increases nearly in a
power function with the reduced gas pressure and increases with a
slower laser scan rate, stronger input laser power, and smaller micro-
fiber diameter. However, this nonlinear effect shows little influence
by different types of gas medium (i.e., N2, Ar, He, and air). The
standard model of nonlinear cavity dynamics was adopted to well
describe the observed PR-like effect. However, the exact mechanism
behind this nonlinear phenomenon deserves further study in silica
thin films and other materials in the future. Moreover, the demon-
strated F-P cavity with a micro-fiber can be used as a highly sensitive
interferometer for chemical sensing applications. We believe the
observation reported in this letter may also bring opportunities for

holography and optical computing on silica fibers and integrated
photonics circuits.

The supplementary material provides a detailed analysis of the
possible thermo-optic effect in the micro-fiber.
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