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ABSTRACT

We report the observation and theoretical analysis of photothermal phase modulation in an optical nanofiber (NF) immersed in light-
absorbing gas. The phase modulation arises from the contrasting photothermal processes experienced by the mode field within and outside
the NF, which exhibits significant wavelength and pressure dependence in the nanoscale waveguides. By designing the diameter of the NF,
the photothermal phase modulation can be readily controlled, and a nullification of phase modulation is achieved at a specific wavelength.
Experiments on NFs with different diameters demonstrated pressure-controllable phase modulation up to 0.0587 rad/mW, potentially allow-
ing the development of nanoscale all-optical modulators and sensors with optimal performance.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0217776

Optical nanofiber (NF) has emerged as a promising platform for
efficient light-matter interaction due to its subwavelength scales,
which offer a reduced mode field area with an open evanescent field
extending beyond the core boundary. The highly constrained evanes-
cent field provides diverse possibilities for the functionalization of NFs
with enhanced interaction efficiency. There have been reports of highly
efficient two-photon absorption, electromagnetically induced trans-
parency,2 stimulated Brillouin effect,” and stimulated Raman effect”
based on NFs coupled with different mediums. However, when the
diameter of the NF is much smaller than the wavelength, the light con-
finement of the NF would dramatically decrease, leading to a signifi-
cantly increased mode field area with much reduced optical power
density,” which can even support a super-extended mode.” This behav-
ior is particularly evident in these thin core NFs, making the mode
field distribution highly sensitive to the optical wavelength and more
interactive with the outside medium. For nonlinear interactions in NF,
this characteristic requires a balance between the mode field area and
the power density to achieve the maximum interaction efficiency."”
For linear interactions, a smaller core diameter is preferred so that a
higher proportion of optical field could extend outside to drive the
interaction,” but it also leads to a considerable wavelength dependence
of the fractional evanescent power, which is typically 0.1% per nm.” A
larger overlap between the optical field and the medium may also alter

the mode profile and induce high propagation loss, especially for solid
materials with intrinsic backscattering and broadband absorption.

Here, we report the observations of photothermal phase modula-
tion in thin core NFs immersed in light-absorbing gas, which exhibits
a marked sensitivity to both wavelength and gas pressure. Gas has
much narrower absorption lines and lower backscattering, enabling
extremely small core NF-based devices with a large light-gas overlap
for a broad wavelength range. The gas absorption of a control beam
generates heat, which modulates the refractive index (RI) of the gas
and NF materials and hence the phase of another signal beam. Since
the RI changes of gas and solid core (i.e., silica) have opposite signs,
the overall phase modulation is highly sensitive to the mode field dis-
tribution in the NFs, of which the wavelength dependence could be
significant. By changing the core diameter and adjusting the gas pres-
sure, the wavelength dependence can be selectively enhanced or nulli-
fied to meet the demands of different applications. A theoretical model
describing this phenomenon is present and verified by experiments,
which provides a guideline for the selection of the NF diameter and
gas pressure for optimal performance.

Figure 1(a) illustrates the basics of the photothermal phase modu-
lation in a gas-immersed optical NF. A control beam with its wave-
length tuned to a gas absorption line co-propagates with a signal beam
in the NF. Both beams have strong evanescent fields extending into the

Appl. Phys. Lett. 125, 082201 (2024); doi: 10.1063/5.0217776
© Author(s) 2024

125, 082201-1

11:90:60 ¥20C 18qwsdeQ €2


https://doi.org/10.1063/5.0217776
https://doi.org/10.1063/5.0217776
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0217776
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0217776&domain=pdf&date_stamp=2024-08-19
https://orcid.org/0000-0003-2396-0947
https://orcid.org/0000-0002-5280-740X
https://orcid.org/0009-0000-4092-0432
https://orcid.org/0000-0001-5664-4663
https://orcid.org/0000-0003-1650-090X
https://orcid.org/0000-0003-4552-5890
mailto:haihong.bao@polyu.edu.hk
mailto:wei.jin@polyu.edu.hk
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1063/5.0217776
pubs.aip.org/aip/apl

Applied Physics Letters

(a)

(b) Highly Wavelength-dependent Region (C)
r — v r r r 1.0x104

Evan,

escent Fielq
tight-3 bsorb ing Gas
Silica

Highly Wavelength-dependent Region
L

ARTICLE pubs.aip.org/aip/apl

FIG. 1. lllustration of photothermal phase
modulation in an NF immersed in gas. (a)
Schematic of the photothermal effect in
NF. Gas absorption of the evanescent field
of the intensity-modulated control beam
modulates the temperature distribution
and is perceived by the signal beam. (b)
Calculated mode field area and equivalent
power density of evanescent field for dif-
ferent normalized NF diameter. The equiv-
alent power density is defined as the
power fraction of the evanescent field
divided by the mode field area. The
shaded region denotes the region where
the evanescent power density changes
most rapidly. (c) Simulated photothermal
phase modulation on signal beam for dif-
ferent normalized NF diameter under

2.0x10"" —— Mode Field Area| |- 3.0x10" —==1bar
. —— Power Density o 2bar

[ 2.5x10"

5.0x10°

1.5x10""
[ 2.0x10"

F1.5x10" S

1.0x10""

spn®
- 1.0x10"

Mode Field Area (m?)

5.0%10"2 4 -5.0x10° |-

[- 5.0x10"

Power Density of Evanescent Field (m™ 2)
ANy
o
o

0.0 +— v r r 00 1.0%104

".lf!"/‘"'
w'r'-

Acetylene-domlnahe“ 'Reglon

'e. L]
el

1bar/2bar gas pressure. The control
beam is assumed to be 200 mW and is
intensity-modulated at 20 kHz. The photo-

R * S, thermal phase modulation varies fastest
LA with wavelength in the shaded region, cor-
K| siica-dominated Region responding to the shaded region in (b)
4 where the equivalent power density
i change is fastest. S1, S2, and S3 denote
o | the NF samples with different diameters
that are tested in our experiments. The
dotted line marks the situation where
Anyy = 0, and the effects of gas and sil-

-y
".-' -8 :’.-=,'_.
Ll o°

T T T
0.2 0.4 0.6 0.8 1.0 1.2 1.4 16 03 0.4
nD/A

gas medium surrounding the NF. Gas molecules absorb the power of
the control beam with a coefficient o in cm ™", resulting in heat genera-
tion due to non-radiative relaxation. The heat generation leads to the
modulation of temperature distribution in gas and silica through ther-
mal conduction, which consequently modulates the phase of the signal
beam via the thermo-optic (TO) effect of the materials (gas and silica)
and the thermal expansion (TE) effect of the silica waveguide.m Take
silica NF in pure acetylene as an example, for a sinusoidally intensity-
modulated pump beam, the phase modulation of the signal is also
sinusoidal with the same frequency and the peak-to-peak amplitude of
the phase modulation may be expressed as (see SI of the supplemen-
tary material for the complete theory)

AQDPP = ‘p(Tmax) - (P(Tmin)
L
< 27IJ eFnypAT(z) + Ansz(z) —I—AneTf?(z) dz
A S———— N—— ——
s 0 Length change Radius change RI change
L
2n
= TJAntat(Z) dZ, (1)
bs
0

where Ag,, is the peak-to-peak phase modulation amplitude of the
signal beam, Tax min are the peaks and troughs of the time-oscillating
temperature field, /; is the wavelength of the signal beam, L is the
length of the NF, AT(r, ) is the amplitude of the time-oscillating tem-
perature field, and eSTE is the TE coefficient of silica.'’ Aneﬁ is the mod-
ulation of effective mode index at the signal wavelength, and the
superscript denotes the origin of the modulation. Anm, is the
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ica cancel out.

equivalent mode RI change of the photothermal phase modulation
and comprises three terms. The first term represents the integrated
effect of the longitudinal TE effect along the length of the NF, from
which the phase change is proportional to temperature rise. The sec-
ond term represents the contribution of the transverse TE effect of the
NF and is also consistently positive to temperature rise, as a higher
temperature leads to an increase in the radius of the NF and hence a
larger effective RI of the signal mode. The third term accounts for the
contribution of the TO effect of materials and is much larger than the
first two terms, the sign of which, however, is decided by the mode

field distribution of the signal beam and the gas pressure,'”"”

AnT0 = “AT(r, 0) (— fp (r > 7,,0)

+ el (r < 7, 9)) rdrdo, )

where V) is the normalized mode field distribution of the signal beam,
7, is the radius of the core at average temperature, u is the specific
refractivity of gas, p and T'(r, 0) are the pressure and temperature, and
ef© =8.5x 107 °K ! is the TO coefficient of silica.'” The term
—up/T? is the TO coefficient of gas,"” whose negative sign denotes the
mode field outside the core experiences opposite the RI change com-
pared with the inside. As depicted by Eq. (2), the efficiency of the pho-
tothermal phase modulation depends on the gas pressure. For a
thinner NF, the evanescent field in gas [y (r > r;, 0)] has a larger por-
tion, leading to the dominance of the TO effect of gas and making it
more sensitive to pressurization.
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The wavelength dependence of the photothermal phase modula-
tion Ag,, originates from the TO term in Eq. (1), which directly
depends on the signal field distribution /. A slight shift in the signal
wavelength from longer to shorter would alter the i, to have a larger
proportion outside the core radius, resulting in an increased TO effect
of gas and a reduced TO effect of silica, as described by Eq. (2).
Therefore, the wavelength dependence of the mode field significantly
impacts the phase modulation in the thin core NFs according to the
interplay of the opposite TO effect of gas and silica (see S2 of the
supplementary material for details). Figure 1(b) shows the mode field
area (A,;) and the equivalent power density” (kA_}) of the evanescent
field for different normalized NF diameter nD/ /., where k is the power
fraction of the evanescent field. As shown in Fig. 1(c), the photother-
mal phase modulation changes fastest in the shaded region, corre-
sponding to the fastest change of the equivalent power density in the
shaded region of Fig. 1(b). To further discuss the characteristics of the
photothermal phase modulation, we categorize three distinct regions
through Fig. 1(c). For a thin core NF diameter with a much-extended
evanescent field, the photothermal phase modulation is dominated by
the TO effect of the gas, causing the mode phase to decrease with the
temperature rise; we accordingly defined it as the acetylene-dominated
region. For an NF with a considerably larger diameter, the mode field
is tightly constrained in the fiber core and leads to a dominance of sil-
ica TO effect; hence, termed as silica-dominated region where the
mode phase increases with the temperature rise. The third region lies
between the first two and is a highly wavelength-dependent region,
where the equivalent power density of the evanescent field changes
quickly with wavelength, resulting in a high sensitivity of the mode
phase modulation to the wavelength changes. Note that the wavelength
dependence is also controllable by changing the gas pressure, as a
higher pressure leads to a larger TO effect of gas.

As examples, we fabricated three different NF samples S;, S,, and
S; with ~10 mm waist length NF and ~0.79, ~0.66, and ~0.44 um
diameters, respectively. Their diameter-to-wavelength ratio is marked
in Fig. 1(c), corresponding to silica-dominated region, highly
wavelength-dependent region, and acetylene-dominated region,
respectively. We sealed the NFs into quartz capillaries filled with pure

(a) (b)
20 T T
— Loss| (a1
S 95 mm
- —
15 1 Waist length L=~10mm

Signal

0
1450 1500 1550 1600 1650
Wavelength (nm)
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acetylene to prevent external contamination, and one of the sealed
capillaries (Sample S,) is shown in Fig. 2(a) together with its typical
transmission loss spectrum. The insertion loss of the device is in gen-
eral smaller than 0.8 dB over the wavelength range of 1450-1650 nm,
except the around the acetylene absorption lines. The NFs are then
characterized by the setup shown in Fig. 2(b). The control beam is
from a distributed feedback (DFB) laser with a wavelength of
1532.83 nm, aligned to the P(13) absorption line of acetylene. The sig-
nal beam comes from an external cavity diode laser (ECDL) and is
combined with the control beam and launched into the NF. To evalu-
ate the phase modulation, a Mach-Zehnder interferometer (MZI) is
built with the NF placed in the measurement arm. In the reference
arm, an SMF is coiled around a piezoelectric transducer (PZT), which
is used to maintain the operation of the MZI at phase quadrature via a
servo-loop. A tunable fiber coupler (TFC) is used as the input splitter
to maximize the fringe contrast. The signal beam is phase-modulated
by the photothermal effect in the gas-immersed NF and transformed
into an intensity modulation at the MZI output, which is detected by a
photodetector (PD;) and observed using an oscilloscope (OSC;).

We first evaluate the general photothermal phase modulation
characteristics of sample S,. Figure 3(a) shows the output waveform
with the MZI locked at the quadrature point when the modulation fre-
quency of the control beam is set at 1 kHz. The corresponding phase
modulation amplitude can be calculated based on the waveforms.'®
Figure 3(b) shows the calculated phase modulation amplitude for I,
10, and 100 kHz, which increases linearly with control power (P.). The
measured frequency response is shown in Fig. 3(c), and the 3-dB band-
width is 9 kHz. We also studied the transient response of the NFs to
square control pulses with a duty cycle of 50% at the repetition rate of
10kHz; the result is shown in Fig. 3(d). By fitting to exponential func-
tions, the rise and fall time of S, are determined to be 7.9 and 8.4 ps,
respectively, which is an order of magnitude faster than the previously
reported photothermal phase modulators based on micro/nanofibers
coated with solid materials."~'? The fast response is attributed to the
high surface-area-to-volume ratio (SA:V) of the thin core NF and the
high spatial overlap of the signal field with the heat source. On the one
hand, the heat generated is highly localized around the surface of the

Control

2

PD,
Residual Control Power
wom, / [osc

WDM; Nanofiber

- I )

FIG. 2. (a) Measured transmission loss spectrum of the sample S,. The inset (a1) shows the picture of an NF housed in a capillary filled with acetylene. (b) The experimental
setup for testing the NFs. EDFA: erbium-doped fiber amplifier, for amplifying the control beam; AOM: acoustic-optic modulator, for intensity modulation on the control beam;
WDM: wavelength division multiplexer; PC: polarization controller, for optimizing the fringe contrast; FC: fiber coupler; FG: function generator for driving the AOM; LPF: low

pass filter, for limiting the feedback frequency bandwidth.
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NF due to the tight confinement of the control beam, which can be
quickly transported to the interior of the NF due to the high SA:V and
high thermal conductivity of silica; on the other hand, the evanescent
field of signal beam is also tightly confined and coincide with the con-
trol beam in space, even though the thermal conductivity of acetylene
is relatively low, the response is not strongly affected by the rate of heat
conduction of acetylene away from the NF. It could also be theoreti-
cally proved that the response time of the photothermal phase modula-
tion is inversely proportional to the equivalent heat conduction area
Ay as T, = 2.2pacaAeq/ka, where p, ¢, a ndk are the density, heat
capacity, and thermal conductivity of the acetylene, respectively (see

=

S3 in the supplementary material for details). As a proof of principle,
the measured rise and fall time of the thicker NF sample S;, which has
a larger diameter than S,, are determined to be 55.2 and 43.7 ys.

We then compare the wavelength dependence of the photother-
mal phase modulation among the three samples at different gas pres-
sures. Figure 4 shows the measured phase modulation efficiency of the
three NFs. Sample S; demonstrates lower efficiency in photothermal
phase modulation at higher gas pressure as it is dominated by the TO
effect of silica. In contrast, S; positions in the acetylene-dominated
region in Fig. 1(c), the measured phase modulation is significantly
enhanced through pressurization and with much reduced wavelength
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FIG. 4. Wavelength dependence of NFs with diameters of (a) 0.76 um (S;), (b) 0.66 um (S,), and (c) 0.44 um (Ss), corresponding to silica-dominated region, highly
wavelength-dependent region, and acetylene-dominated region, respectively. The control beam is intensity modulated at 20 kHz. The wavelength dependences of the three
samples are all increased with gas pressure, which is attributed to the change of the TO effect of gas.
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dependence, the slope of which is five times smaller than sample S, at
1 bar. Sample S, which is situated at the high wavelength-dependent
region, exhibits a remarkable nullification window of the photothermal
phase modulation, of which the modulation efficiency at the center is
11dB smaller than that of the wavelength outside the window. The
center wavelength of the nullification window is sensitive to the gas
pressure with a coefficient of 0.275 nm/mbar, which makes it widely
tunable in the whole S 4 C + L band. The highest photothermal phase
modulation is 0.0587 rad/mW achieved by S; under 5 bar gas pressure,
which could be further improved with higher pressure and longer NF.

We further examine the pressure dependence of the photother-
mal phase modulation for the high wavelength-dependent sample S,
with signal wavelength fixed at 1550 nm. The results are shown in
Figure 5. At low gas pressure, the phase modulation is dominated by
the TO effect of silica, which is gradually canceled out and replaced by
the TO effect of gas through pressurization. Note that the Kerr effect
contributes ~0.37% of the total phase modulation in our experiment,
which has been subtracted in calculating the photothermal phase mod-
ulation coefficient. Figure 5(b) shows the simulated effective RI change
with pressure for NFs with different NF diameters. For a thinner NF,
the evanescent field has a larger portion, leading to the dominance of
the TO effect of gas and making it more sensitive to pressurization,
which is in good agreement with the experiment.

In conclusion, we have reported the photothermal phase modula-
tion on thin core NF immersed in light-absorbing gas, which is highly
sensitive to wavelength and gas pressure. The sensitivity to signal
wavelength arises from the inherent wavelength dependence of the
mode field distribution in thin core NF, which accordingly affects pho-
tothermal phase modulation by altering the ratio of the TO effect of
gas and silica. The gas medium imparts the pressure sensitivity to the
photothermal phase modulation, rendering both its magnitude and
wavelength dependence highly customizable. Distinct behaviors of the
photothermal phase modulation are observed experimentally by silica
NFs of varying core diameters immersed in pure acetylene. A small
core NF with a diameter of ~0.44 um allows a significant enhance-
ment of the photothermal phase modulation through pressurization,
achieving an efficiency of 0.0587 rad/mW under a 20 kHz control at
5bar pressure. Conversely, a larger core diameter of ~0.79 um shifts
the phase modulation dominance to silica, thereby reducing the effi-
ciency upon pressurization. An intermediate core diameter of
~0.66 um presents a unique nullification window at a specific wave-
length that is highly sensitive to gas pressure, with a coefficient of
0.275 nm/mbar.

Acetylene Pressure (bar)

As compared to previously reported solid materials,'***" the
gas-based photothermal phase modulation offers advantages such as
adjustable modulation efficiency, low backward scattering loss, high
damage threshold, and microsecond-level response time. The
wavelength-dependent photothermal phase modulation can also be
achieved based on other light-absorbing gas or gas mixtures with care-
fully designed nD/. to operate effectively in the high-wavelength
dependent region. Different fiber materials and types of nanowave-
guides™ could also be utilized to extend the operation at ultra-violet,
visible, or infrared wavelength bands. To meet the requirements of var-
ious applications, it is essential to achieve higher phase modulation
efficiency and shorter response time when designing the photothermal
phase modulation systems under different waveguides and gases. The
maximum modulation efficiency is found approximately proportional
to otLeZ; /k, (see S3 of the supplementary material), while the response
time 7, & 2.2p,¢aAeq/ka. The highly customizable gas-assisted photo-
thermal phase modulation in NF, with its significant sensitivity to pres-
sure and wavelength, holds great potential for the development of gas-
based all-optical nanodevices, such as phase modulator” and gas and

10,24
pressure sensors. 0

See the supplementary material for the detailed theory of photo-
thermal phase modulation in gas-immersed NF (S1), the origin of the
wavelength dependence (S2), and the approximated solution for heat
transfer equation (S3). The contributions of the TO and TE effects to
the total phase modulation efficiency is formulated and numerically
simulated. The wavelength dependence of the TO effect is discussed.
The approximated solution of the heat transfer in gas-immersed NF
provides a qualitative evaluation on the performance of the photother-
mal phase modulation.
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