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Nano-waveguide enhanced photothermal
interferometry spectroscopy
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Abstract—We report a new optical nano-waveguide However, in both the free-space and the HC-PCF enhanced PTI

enhanced photothermal (PT) interferometry spectroscopy

method for trace molecule detection. Absorption of pump
evanescent field of an optical nano-waveguide heats up the
trace molecules surrounding the waveguide, causing the
temperature of waveguide to rise via thermal conduction and
modulating the refractive index and dimension of the nano-
waveguide. The phase of a probe beam propagating through
the same nano-waveguide is then modulated and can be
detected with optic fiber interferometry. Numerical simulation
with silica, cyclic transparent optical polymer and silicon nano-
waveguides with proper dimensions can achieve PT index
modulation of 10 to over 8000 times that of the commercial HC-
1550-02 photonic bandgap fiber. Experiments with 12-mm-
long, 800-nm-diamter silica nanofiber demonstrated a lower
detection limit of 600 parts per billion (ppb) acetylene at
ambient conditions.

Index Terms—Fiber optics, Optical sensors, Photothermal
effects, Optical waveguides.

1. INTRODUCTION

TRACE gas detection is important for environmental protection

and industrial control applications. Compared with direct
absorption  spectroscopy, photothermal interferometry  (PTI)
spectroscopy has been proven to be a substantially more sensitive
technique [1]. PTI spectroscopy typically uses a pump-probe
configuration: absorption of a modulated pump heats up the gas
sample, changes its refractive index (RI), and modulates the phase
of a probe beam propagating through the same gas sample. Free-
space PTI systems with high-power pump lasers operating in the
mid to far infrared wavelength region have demonstrated ppb (parts
per billion) level detection limit [2-4]. Recently, we demonstrated
hollow-core photonic crystal fiber (HC-PCF) enhanced PTI
spectroscopy for high-sensitivity gas detection. The small mode-
field-diameter and low loss of the HC-PCFs enables much higher
pump intensity over the free-space systems (for the same power
level) as well as longer interaction length. This enhances the
photothermal (PT) phase modulation by several orders of
magnitude and allows ppb level gas detection with all-fiber systems
operating at the telecom near infrared region where the molecular
absorption is much weaker [5-7].
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systems, the magnitude of PT phase modulation is primarily
determined by thermo-optic properties of the gas sample itself, as
governed by the Clausius-Mossotti equation [8]. Due to the small
thermo-optic coefficient (TOC) of air (about —107°K~1 at room
temperature), the magnitude of PT phase modulation is limited. We
here report a nano-waveguide enhanced PTI spectroscopy method
that surpasses the limitation set by the thermal and optical
properties of the gas sample. By properly selecting the material and
dimension of the nano-waveguide, the PT phase modulation per
unit length can be made orders of magnitude higher than that in a
HC-PCF, enabling higher sensitivity trace molecular detection with
more compact sensing devices.

II. METHOD

The basics of nano-waveguide enhanced PTI spectroscopy may
be explained with the aid of Fig. 1. A pump beam propagating in a
nanoscale waveguide has a significant portion of evanescent field in
air [9, 10], as shown in Fig. 1 (a). Absorption of this evanescent
field by the trace molecules heats up the surrounding gas and
changes the temperature of gas and the waveguide via thermal
conduction. This modulates the refractive index (RI) of the
surrounding gas and the waveguide material, as well as the
waveguide dimensions, as shown in Fig. 1 (b). If a probe beam is
propagating in the same waveguide,
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Fig. 1. Basics of nano-waveguide enhanced PTI spectroscopy. (a) Intensity profile of a
pump beam propagating in a nano-waveguide. The mode field area of the fundamental
waveguide mode can be much smaller and the intensity of the evanescent field near the
waveguide surface significantly higher than in a HC-PCF for the same pump power
level. (b) Heat generation and conduction, RI change due to thermal-optic effect, and
waveguide geometry change due to thermal expansion effect. (c) Probe intensity
profiles for two different wavelengths (A<),). The magnitude of PT phase modulation
depends on the probe wavelength due to different overlaps of the probe field with the
nano-waveguide.
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the phase of the probe will be modulated. Compared with
traditional PTI methods, the introduction of a nanoscale optical
waveguide brings extra degrees of freedom to dramatically enhance
the PT phase modulation by selecting proper waveguide materials
and transverse dimensions in relation to the pump and probe
wavelengths.

The change of temperature distribution in the nano-waveguide
as well as the surrounding air is governed by the following
equations [11]:

aT
paCaE + V- (=kaVT) + pC i+ VT
= aCPpumpInom—eva r0)g® @)
a
PuCu e+ 7 (=ky,7T) =0 @

Equations (1) and (2) describe the heat transfer in air and the nano-
waveguide respectively. The right hand side of Equation (1) is the
heat source with a, ¢, Poymp » Inom-eva(r,0) and g(t)
representing respectively the absorption coefficient, trace gas
concentration, peak pump power level, normalized evanescent-field
intensity distribution of the pump as a function of radius r and
azimuth angle 8, and the time-domain waveform of the modulated
pump. p,, C,, k, and U are respectively the density, heat capacity,
heat conductivity and velocity field of surrounding air. p,,,, C,, and
k., are respectively the density, heat capacity and heat conductivity
of the waveguide material. By solving Equations (1) and (2), the
temperature distribution T, (7, 8,t) in the surrounding air and
T, (r,0,t) in the nano-waveguide can be obtained and the RI
change in air and the nano-waveguide may be obtained by using:

na(r,0,8) = [T,(r,0,6) Tyl T2+ g (3)
ny(,0,8) = [T,(0,6) — Tyl T2+ g (4)

where dn,/dT, dn,,/dT,n,q and n,,, are the TOCs and initial
RIs of air and waveguide material respectively. Ty, is the initial
temperature and is considered the same in the surrounding air and
the nano-waveguide. The change of the effective mode index of the
probe beam can then be expressed as:

Aneff (t) =
Negr [le (T‘, o, t); Ng (T‘, 0, t): Aprobei S(T‘, 9)] — Nefro (5)

where S(r, 8) is the transverse cross-sectional shape of the nano-
waveguide and 1. is the initial effective mode index. Although
the temperature change would also modulate S (r, 8), which in turn
influences the 1., but its effect is comparably much smaller and
may be neglected. Equations (1), (2) and (5) can be solved
numerically by using finite element method (e.g. COMSOL
Multiphysics) and the effective mode index change can then be
obtained. The temperature change also modulates the length of the
waveguide:

AL(t) = L(t) — Lo = Loew AT, (t) (6)

where, L, and e,,, is the initial length and the thermal expansion
coefficient (TEC) of the waveguide material. Combining equations

(5) and (6), the PT phase modulation of the probe beam
propagating through the nano-waveguide may be expressed as:

2
Ap(t) = /1—” [Aftes s (£)Lo + Ty rAL(E))|

probe
2

= Lo[Angss(t) + Mo ppe,, AT, ()] (7)

Aprobe

We here define, respectively, the first and second terms in the
bracket in the second-row of Equation (7) as equivalent RI
modulations due to thermo-optic effect (TOE) and thermal
expansion effect (TEE), and the sum of them is the total equivalent
RI modulation. Fig. 2 summarizes the processes and the main
effects that determine the magnitude of the PT phase modulation.
As will be shown in the next section, the pump intensity near the
surface of the nano-waveguide, the TOE of waveguide material
and the TEE of the nano-waveguide are the three main factors
(marked in blue in Fig. 2) that could bring tremendous
enhancement to PT phase modulation over the traditional free-
space and HC-PCF PTI systems.
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Fig. 2. Process and the main effects involved in the generation of probe phase
modulation. The large field intensity of the pump around a nano-waveguide, coupled
with a waveguide material with large TOC and TEC as well as a proper probe
wavelength enable significant enhancement of PT phase modulation.

III. NUMERICAL SIMULATIONS

The potential of the proposed nano-waveguide enhanced PTI
spectroscopy is demonstrated by numerical simulations for three
different types of waveguides made of silica, cyclic transparent
optical polymer (CYTOP) and silicon, respectively. The thermal
and optical properties of the three types of materials are
summarized in TABLE 1. Simulations were conducted by
assuming a sample gas of 10* parts-per-million (ppm) of acetylene
balanced by nitrogen, a pump power of 40 mW and a pump
modulation waveform of g(t) = 0.5 [1 + sin(2m - freq - t)].
For silica and CYTOP waveguides, the cross-sectional shapes of
the waveguides are assumed to be circular and the pump
wavelength is 1532.83 nm, corresponding to the P(13) line of
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acetylene (vibrational band v; + v; with rotational transition
J' =12 to J"" =13) with an absorption coefficient of @ =
1.051cm™ for pure acetylene at standard pressure and
temperature. For silicon waveguide, the cross-sectional shape is
rectangular and the pump wavelength is assumed to be
3025.75 nm, corresponding to the R(9) absorption line of
acetylene (vibrational band v with rotational transition /' = 10 to
J"" = 9) with an absorption coefficient of @ = 24.07 cm™? for
pure acetylene. What is worth mentioning is that for the heat
transfer equation (1), the thermal convection term p,C, U - VT
contributes much smaller than the thermal conduction term
V- (—kgVT) [8]. So equation (1) is basically a linear partial
differential equation and the solution T is proportional to the
absorption coefficient a, trace gas concentration ¢ and peak pump
power level By, Which all appear as coefficients of the source
term of equation (1).

TABLEI
THERMAL AND OPTICAL PROPERTIES OF SILICA, CYTOP, SILICON AND AIR
Properties Air Silica CYTOP Silicon
TW/um UV to IR 0.2~2.212 NIR!™ 1.1~6.51%
RI 1.0003M"  1.47~1.431) 135~1.34161  3.5~3 407
p/Kg-m™3 1.2051 220302 20308 23301
Cy/J-Kg™'K™' 1005 7031 8611 71417
k/W-m™K™1  0.026"% 1.3812 0.1218 14001
TOC/107¢K~t  —0.91%"  9.7~810 —50"! 198~15817
TEC/1077K™! NA 4,020 7401 26112

TW = transparent window, RI = refractive index, p = density, C, = heat

capacity, k = thermal conductivity, TOC = thermo-optic coefficient, TEC =
thermal expansion coefficient, NA = not applicable.

A. Silica nano-waveguide

Fig. 3 (a) shows the simulation results for an 800-nm-diameter
silica waveguide with pump modulation frequency freq =
50 kHz. The simulation lasts for 0.4 ms that equals 20 modulation
periods, and equations (1) to (2) were used to determine the
temperature distribution around the nano-waveguide. The average
temperature of the surrounding gas and the waveguide increases in
the first several periods and then gradually reaches a plateau, giving
rise to a steady-state temperature modulation. The details of
temperature evolution over two periods at steady-state is shown in
Fig. 3 (b), from which the heating and cooling of the nano-
waveguide in the rising and falling sides of the modulation
waveform can be clearly seen. With these results and using
equations (3)~(7), the normalized equivalent RI modulation due to
TOE and TEE are determined and shown in Fig. 3 (c), with the
amplitudes of these two contributions are Anpyp = 8.15 X
10710 and Anggr = 0.86 X 10710 ppm~TW™1, respectively.
These two effects combine to give a normalized total equivalent RI
modulation of Anippeq; = 9.01 X 10710 ppm~tW™1,
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Fig. 3. Simulation results for an 800-nm-diameter silica nano-waveguide with 50 kHz
modulation frequency. (a) The waveform of pump (dash line) and the evolution of AT
(solid line) at 0, 1, 2 and 3 pm away from center of silica nano-waveguide; inset: 3D
AT distribution at 04 ms; (b) Detailed evolution of AT distribution over two
modulation periods from 0.36 to 0.4 ms; (c) Normalized equivalent RT modulation due
to TOE and TEE over the two modulation periods from 0.36 to 0.4 ms

For the fixed pump modulation frequency of 50 kHz, the
amplitude of the normalized equivalent RI modulation as function
of waveguide diameter is shown in Fig. 4 (a). The amplitude of the
total equivalent RI modulation (denoted as An,;q;, the blue line)
comprises of contributions from TOE (Ang, blue dash dot line)
and TEE (Anggg, blue dash line). The total RI modulation
increases with reducing waveguide diameter, reaches a maximum
at around ~750 nm and then decreases for smaller waveguide
diameter. For comparison, the normalized equivalent RI
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modulation for a HC-PCF (NKT Photonics HC-1550-02 fiber) is
plotted in Fig. 4 (a) as the pink dotted line, which is —0.99 X
1071 ppm~tW~1 [6]. The RI modulation for the silica nano-
waveguide with a diameter larger than ~550 nm is always bigger,
and the maximum value that occurs around 750 nm is 9.6 times
that of the HC-1550-02 fiber.

For the 800-nm-diameter silica nano-waveguide, the normalized
equivalent RI modulation Any,;4; Was also computed for pump
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modulation frequency from 5 to 70 kHz and the results are shown
as the solid blue line in Fig. 4 (b). As expected, the amplitude of RI
modulation increases with decreasing modulation frequency,
giving rise to larger PT phase modulation for the probe beam and
the equivalent RI modulation at 5 kHz is 5.5 times larger than that
at 50 kHz
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Fig. 4. Normalized equivalent RI modulation for (a) silica nano-waveguide with different diameter at fixed pump modulation frequency of 50 kHz and probe wavelength of 1553
nm; (b) 800-nm-diameter silica nano-waveguide at different pump modulation frequency with fixed probe wavelength of 1553 nm. (c) Fraction of evanescent field (for both pump
and probe) and ratio of the peak-intensity of pump at waveguide surface (Isy;fqce ) Over the waveguide cross-sectional area (A qpeguide) as functions of silica waveguide diameter.
(d) Normalized equivalent RI modulation for silica nano-waveguide as function of waveguide diameters for three different probe wavelengths and a fixed pump modulation

frequency of 50 kHz.

To understand the trend of equivalent RI modulation varying
with the diameter of silica nano-waveguide shown in Fig. 4 (a), we
plotted in Fig. 4 (c) the fraction of evanescent field in air as well as
the ratio of the peak-intensity of pump at waveguide surface
(Isurface) over the waveguide cross-sectional area (A aveguide) a8
functions of waveguide diameter. With decreasing diameter, the
fraction of evanescent field of pump (red solid line) increases, and
there would be more energy to heat up the surrounding air and the
silica waveguide, resulting in larger modulation of waveguide

temperature. So both the Anpgp and Anppp increase when
waveguide diameter decreases from 1200 to 700 nm, as shown in
Fig. 4 (a). However, further reducing waveguide diameter to below
700 nm causes Anrg to drop instead, because the evanescent field
of probe (purple solid line) in air becomes significant and the TOC
of air is negative that counteracts the positive RI change of silica
within which the remaining fraction of the probe light power is
confined. This causes Anyqy to decrease and even reverse sign at
the waveguide diameter of around 500 nm. An gy, which is due to
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longitudinal thermal expansion of silica, continues to increase for
waveguide diameter below 700 nm. Further reducing the
waveguide diameter to less than 500 nm, both the decreasing rate
for Anop and the increasing rate for Any g reduce, because the
silica waveguide becomes too thin to tightly confine the pump
beam, resulting in a substantial increase of the mode field area and
dramatic decrease of the pump intensity near the surface of nano-
waveguide. Considering the faster thermal conduction of
waveguide as compared to surrounding air, it is the gas absorption
near the waveguide surface that plays a primary role in heating up
the waveguide. The blue dashed line in Fig. 4 (c) shows the ratio of
Isurface OVEr Ayaveguide s a function of the waveguide diameter.
This ratio reflects, to some extent, the capability to modulate the
temperature and hence the equivalent RI of the waveguide.

As indicated above, decreasing the cross-sectional area of silica
nano-waveguide increases the fraction of evanescent field of the
probe beam in air, which compromises the magnitude of RI
modulation due to the opposite signs of the TOCs of silica and air.
This problem may be overcome by using a probe beam with a
shorter wavelength so that a larger fraction of the probe power is
confined in silica. This idea is demonstrated in Fig. 4 (d), in which
the results for three different probe wavelengths (1310, 1064 and
632 nm) are presented. By operating the probe at 632 nm, the
maximum value of the normalized RI modulation reaches
Mipprq1=55 X 10710 ppm~'W™1, nearly 6 times bigger than
the silica nano-waveguide operating at 1550 nm, and ~56 times
bigger than that of the HC-1550-02 fiber.

B. CYTOP nano-waveguide

The PT phase modulation would be further enhanced by using
waveguide materials with higher TOC and TEC. Generally,
polymers and semiconductor materials have TOCs and TECs
significantly larger than those of silica and they also have broad
transparent windows in the near infrared region, as indicated in
TABLE L. Fig. 5 shows the simulation results for nano-waveguides
made of CYTOP. Apart from the different material properties,
other parameters are the same as those used in the silica nano-
waveguide simulation.

Since both the CYTOP and air have negative TOCs, Anrog
(dash dot lines) for the CYTOP nano-waveguide is always
negative. With decreasing wavelength of the probe beam, the
magnitude of Anpgp increases, similar to that of silica nano-
waveguide. For a fixed probe wavelength, reducing the diameter of
CYTOP waveguide enhances the evanescent field of the probe in
air and hence Anyq is increasingly affected by the RI change of
air. At smaller waveguide diameters, Anyoy drops due to the much
reduced probe light power in the CYTOP material whose TOC is
about 55 times larger than that of air.

As for Anygg, shown as the dash lines in Fig. 5, its trend is
similar to that in silica nano-waveguide, i.e. with decreasing
diameter, there is an initial growth (from 1200 to 600 nm) of
Anrgg, which originates from the increased evanescent field of
pump in air. For smaller waveguide diameter, due to dramatically
decreased intensity at the surface of nano-waveguide, the heating of

the waveguide is less effective and then Anq gy drops. For the
CYTOP nano-waveguide, the magnitude of An;gy is generally
larger than Anqg, resulting a positive combined total equivalent
RI modulation Anyq;. At the probe wavelength of 1553 nm, the
maximum RI modulation is ~280 x 1071 ppm~tw™1 |
occurring at the waveguide diameter of ~550 nm. This value is
about 29 times bigger than the silica nano-waveguide operating at
1553 nm and ~283 times bigger that of the HC-1550-02 fiber.
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Fig. 5. Normalized equivalent RI modulation of CYTOP nano-waveguide as
functions of waveguide diameter for different probe wavelengths and a fixed pump
modulation frequency of 50 kHz.

C. Silicon nano-waveguide

Fig. 6 shows the simulation results for silicon nano-waveguides.
The waveguide structure (shown as the inset in Fig. 6) was firstly
proposed for study of interaction between photons and phonons
[21]. Here, we apply this structure in PTI spectroscopy with varied
silicon waveguide height from 700 to 300 nm and a fixed height-
width ratio of 1.96. As the transparent window of silicon ranges
from near- to mid-infrared, a pump beam with wavelength aligned
to a stronger absorption line may be used to further enhance the
effective RI modulation. Here we simulate the equivalent RI
modulation with a pump wavelength of 3025.75 nm, corresponding
to the R(9) absorption line of acetylene. It was reported that GaSe-
based diode laser can operate around this wavelength under room
temperature in continuous mode with output power up to 200 mW
[22], which could be an ideal candidate for the pump source to
improve PT RI modulation. Other parameters are the same as in
silica and CYTOP waveguide simulations. Different from silica,
the RI of silicon is relatively large so that for all the three probe
wavelengths (1553, 1310 and 1064nm) the mode fields are all
relatively tightly confined inside silicon with only a very small
fraction of evanescent field experiencing the negative RI change of
air. For the silicon nano-waveguide, the maximum RI modulation
reaches 8100 X 1071% ppm™*W~1, about 850 times bigger than
that of the silica nano-waveguide and ~8180 times of the HC-
1550-02. However, it should be pointed out that the pump
wavelength here is 3025.75 nm at which the absorption of
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acetylene is about 24 times bigger than that at 1532.83 nm. It
should also be mentioned that the heights of the silicon waveguides
for single mode operation with the 1553, 1310 and 1064 nm probe
are 400, 340 and 275 nm respectively, below which single mode
operation is guaranteed but at the cost of lower RI modulating
efficiency. The largest RI modulation occurs when the height is
around 580 nm, at which the waveguide is few-mode and selective
excitation of the fundamental mode is then necessary to minimize
the effect of mode interference on the RI measurement.

Normalized equivalent Rl modulation
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Fig. 6. Normalized equivalent RI modulation for silicon nano-waveguides with
different cross-sectional size and probe wavelength at the fixed pump modulation
frequency of 50 kHz. Inset: silicon nano-waveguide structure [21]. The wedge-shaped
silica substrate is adopted to reduce the heat loss through the contact area between
silicon waveguide and the substrate, as the thermal conductivity of silica is about 50
times larger than air. For all the simulated silicon waveguides, the width of the top of
the wedge-shaped silica substrate is fixed to 20 nm.

From above simulations, what is inspiring is that by switching to
nano-waveguides made of materials with higher TOC and TEC,
such as polymers and semiconductors, the normalized equivalent
RI modulation can be enhanced by two to three orders of
magnitudes. The key properties/parameters involved in the process
are TOC and TEC of the waveguide material, cross-sectional size
of the waveguide and wavelength of the probe. The interplays of
these parameters would determine the total equivalent RI
modulation of the nano-waveguide as demonstrated above.

IV. EXPERIMENTS AND RESULTS

A. Measurement of RI modulation of silica nano-waveguides

Silica nano-waveguides were taper-drawn from standard silica
single mode fiber (Corning SMF-28) using the well-known flame-
brushing technique [23]. All the waveguide samples are made to
have the same waist length of ~12 mm, determined by the
scanning range of the flame. The waist diameters of these tapered
waveguides range from 670 to 1100 nm. After tapering, each of the
samples is sealed into a 4-mm-bore gas cell made of Poly(methyl
methacrylate) (PMMA). The single mode fiber pigtails of the
sample extend to the outside of the gas cell and are used for optical
connection into the measurement circuit. For the purpose of gas
inlet and outlet, two side-holes were drilled near the two ends of the

cell before the tapered silica nano-waveguide is housed. An image
of the sealed silica nano-waveguide is shown in Fig. Al of the
Appendix.

The normalized equivalent RI modulation amplitudes of the
samples were measured by a 3x3 Sagnac interferometer system and
the detailed processes of measurement are shown in Section B of
the Appendix. The pump light centers at the P(13) line of acetylene
(1532.83 nm), with a peak power of 40 mW and an intensity
modulation waveform of g(t) = 0.5 [1 + sin(2w - 50kHz -
t)]. The wavelength of the probe is 1553 nm, at which the
absorption of acetylene is negligible. The measured normalized
equivalent RI modulation amplitudes for five samples of different
diameters are shown in Fig. 4 (a). Comparing simulation (blue solid
line) with experimental (blue dot) results, the trends of variations
agree well with each other but the measured RI modulation is a bit
smaller. We attribute the discrepancy to the non-uniform diameter
along the waist zone [24]. For the sample with 800 nm diameter,
the measured Anipyeq; 15 8.47 X 10710 ppm~1W™1, which is 8.5
times higher than that of HC-PCF measured under the same
experimental conditions [6]. In addition, its normalized equivalent
RI modulation amplitudes under different modulation frequency
are also measured and the results are shown in Fig. 4 (b). The
experimental results (blue dot) have the same tendency as the
simulation results with decreasing modulation frequency.

B. Detection of trace acetylene

With the 12-mm-long, 800-nm-diameter silica nano-waveguide,
trace acetylene detection experiments were carried out with the
Mach-Zehnder interferometer system shown in Fig. 7. The pump
source is a distributed feedback (DFB) laser with a full width at half
maximum (FWHM) linewidth of 5 MHz, and its central
wavelength is tuned to the P(13) line of acetylene (1532.83 nm).
The probe source is an external cavity diode laser (ECDL) with a
FWHM linewidth of 300 kHz, and its wavelength is fixed to
1556.59 nm where the absorption of acetylene is negligible.
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ECDL
Isolator1Coupler

Polarization

controller High bandpass

filter

- ESA
Photodetector]  Photodetector2

Fig. 7. Mach-Zehnder interferometer system for PT gas detection. ECDL, external
cavity diode laser; OC: optical circulator; PZT, piezoelectric transducer which is used
for phase stabilization; ESA: electric spectrum analyzer; DAQ: data acquisition; DFB:
distributed feedback laser; EDFA: erbium doped fiber amplifier. Filter 1 centers at
1556.59 nm to block pump light; Filter 2 centers at 1532.83 nm to minimize the
spontaneous emission noise from EDFA, both of them have a 3 dB bandwidth of 3
nm. Inset: Scanning electron microscopy of an 800-nm-diameter silica nano-
waveguide.
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The wavelength of the DFB laser is sinusoidally modulated at a
frequency of 30.93 kHz via its injection current (See Section C of
Appendix for the selection of wavelength modulation frequency)
and the second harmonic is lock-in detected as the system output.
The amplitude of wavelength modulation is selected to be ~2.2
times the line width of P(13) line to maximize the second harmonic
output [25], and the nominal wavelength of the DFB is
simultaneously slowly ramped across the absorption line from
1532.74 t0 1532.92 nm.

Fig. 8 (a) shows the experimental results for different
concentrations of acetylene (450, 525, 600 and 675 ppm) balanced
by nitrogen with the pump power fixed at 50 mW. The background
second-harmonic output may come from the dust attached to the
silica nanofiber, which was not fabricated in a cleanroom. The PT
signal (defined as the peak-to-peak value of the second harmonic
output) is approximately proportional to the concentration of
acetylene, as shown in Fig. 8 (b).

(a)

S 2804
260-
240-

220

Second harmonic output (u

200
1532.75

1532.80 1532.85 1532.90
Wavelength (nm)

70+

60 -

Photothermal signal (uV) @

450 500 550 600 650
Acetylene concentration (ppm)

Fig. 8. (a) Second-harmonic output with pump wavelength ramping from 1532.74 to
1532.92 nm for 450, 525, 600 and 675 ppm acetylene; (b) Signal amplitude as function
of acetylene concentration. The time constant of lock-in amplifier is 300 ms with a
filter slope of 18 dB/Oct.

Fig. 9 shows the results of measurement for different pump
power levels (22, 44, 66 and 88 mW) with a fixed acetylene
concentration of 750 ppm. The PT signal increases with the pump
power, as shown in Fig. 9 (c) (the blue line). The noise performance
of the system was also evaluated by tuning the pump wavelength to
1532.74 nm, recording the second harmonic output as a function of

time (see Fig. 9 (b)) and calculating the standard deviation (1o
value) over a period of one minute. The 10 noise level does not
change much but the PT signal increasing linearly with pump
power, showing the signal-to-noise ratio (SNR) can be improved
by using a higher pump power.
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Fig. 9. (a) Second-harmonic output with pump wavelength ramping from 1532.74 to
1532.92 nm for 22, 44, 66 and 88 mW pump power; (b) Second-harmonic output over
a period of 1 minute with pump wavelength fixed to 1532.74 nm and 88 mW pump
power; (c) Signal and 10 noise for 22, 44, 66 and 88 mW pump power. The lock-in
amplifier time constant is 1s and filter slope is 18 dB/Oct.

The detection limit was evaluated based on the results for the
750 ppm acetylene and 88 mW pump power. The signal, 16 noise
and SNR are 155.6 pV, 0.123 pV and 1265 respectively, giving a
noise equivalent lower detection limit of 600 ppb acetylene.
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V. CONCLUSIONS

We have reported a nano-waveguide enhanced PTI
spectroscopy method for trace molecule detection. Theoretical
formulation of the method is presented and factors that affect the
PT phase or equivalent RI modulation are discussed. Numerical
simulation with silica, cyclic transparent optical polymer and
silicon nano-waveguides shows that enormous enhancement of PT
index modulation, from 10 to over 8000 times that of the
commercial HC-1550-02 photonic bandgap fiber, can be achieved.
Experiments with silica nano-waveguides support the numerical
simulation. Gas detection experiments with 12-mm-long, 800-nm-
diamter silica nanofiber demonstrated a lower detection limit of 600
ppb acetylene at ambient conditions. With CYTOP and silicon
nano-waveguides of similar geometric dimensions, gas detection
down to ppb and sub-ppb level would be possible. The high PT
modulation coefficient and the very broad transmission of the nano-
waveguide, as compared with a hollow-core photonic bandgap
fiber, would enable high sensitivity multiple gas detection with a
single waveguide of short length.

APPENDIX

A. Image of a sealed silica nanoscale waveguide

An image for a sealed silica nanoscale waveguide in PMMA
tube is shown in Fig. Al:

Pigtail A Pigtail B

= . -

Gas inlet Gas outlet
Fig. Al. Image for a sealed silica nanoscale waveguide

B. Measurement of the normalized equivalent RI modulation
amplitude

The normalized equivalent RI modulation of silica nano-
waveguides is measured by the 3x3 Sagnac system shown in Fig.
A2 [26]. Probe light is supplied by a broadband source (BS) with
center wavelength of 1553 nm. After going through the delay loop,
probe light is filtered by Filter 1 and 2 whose pass band center at
1553 nm. The probe light is detected by a balanced-detector and the
signal is input into lock-in amplifier. The pump light originates
from external cavity diode laser (ECDL). After being amplified by
EDFA and filtered by Filter 3 with pass band centering at 1532.93
nm, it is modulated by an acousto-optic modulator with modulation
waveform g(t) = 0.5-[1+ sin(2w- freq-t)] . The peak
power of pump entering into the silica nano-waveguide is fixed to
40 mW.

Polarization controller
Filter! OO0

2km-long SMF
6

S PZT
4 Gasin Gas out
s ; Couplers

————

Banlanced

S
~
Detector =
=

| Gas Cell 95
| L_J
' y
| - A
_ cousto-optic| _J
L__ —>|Oscilloscope Isolator Modulator
EcpL EDFA Fiter3

Fig. A2. Setup of the 3x3 Sagnac system. BS, broadband source. PZT, piezoelectric
transducer; ECDL, external cavity diode laser; EDFA, erbium doped fiber amplifier;
DAQ, data acquisition. Filter 1&2 center at 1553 nm to block pump light. Filter 3 is a
tunable filter with 3dB bandwidth of 0.8 nm and centers at 1532.93 nm to block
spontaneous emission noise from EDFA.

At first, pure nitrogen is inflated into gas cell and the lock-in
amplifier output for 1532.83 nm pump (corresponding to P(13) line
of acetylene) and 1533.03 nm pump (where absorption of acetylene
is negligible) are measured as Opjtrogen at 1532.83nm and
Onitrogen at 1533.03nm- Their difference is denoted as ASnitrogen~
Then acetylene with concentration of 7500 ppm is inflated into the
gas cell and the lock-in amplifier output for 1532.83 nm pump and
1533.03 nm pump are measured as Ogcetyiene at 1532.83nm and
Ogcetylene at 1533.03nm - 1he difference of them is denoted as
ASqcetyiene- The photothermal signal caused by pump absorption
of 7500 ppm acetylene is obtained as Sqcetyiene = ASacetylene —
ASpitrogen - Then the pump light is shut down for phase
calibration. The PZT is driven by signal generator with waveform
of Apyr-0.5-[1+sin(2m- freq-t)], where Ap,r is the
voltage amplitude and freq is the modulation frequency, which is
the same as the pump modulation frequency. Adjust the Ap, until
the output of lock-in amplifier equals t0 Sg¢etyiene and denote this
Apzr value as Apzr equivatent - 1hen the actual photothermal
phase modulation amplitude due to absorption of 7500 ppm
acetylene is:

A¢experiment = APZZequwalent ' (A1)
PZT-1r
where Ap ;7 is the voltage amplitude when the phase modulation
amplitude of PZT equals 7r, which has a unique time domain
waveform and can be easily discerned from the oscilloscope [27].
As an example, for the 12-mm-long and 800nm-diameter silica
nano-waveguide with 40 mW peak pump power and 50 kHz pump

modulation freque:ncy, the Onitrogen at 1532.83nm >
Onitrogen at 1533.03nm and Asnitrogen are 1044, 1042 and
0.02mV  respectively. The
Oqgcetylene at 1533.03nm > ASacetylene and Sacetylene A€ 13.23,
10.04, 3.19 and 3.17mV respectively. The Apzr equivatens and
Apzr_q are 22.8 mV and 5.8 V respectively. S0 A@experiment 15

evaluated to be:

Oacetylene at 1532.83nm 5

22.8mV
APexperiment = —eou— " T = 1234mrad  (A2)
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So the normalized equivalent RI modulation amplitude is:

12.34mrad-1553nm

An =
Total = 4omw-7500ppm-2m-12mm

= 8.47 x 10~*ppm~W~1 (A3)

C. Determination of wavelength modulation frequency in
MZI system

The noise spectrum of the MZI system shown in Fig. 7 was
measured using the ESA connected to Photodetector 2. The results
are shown in Fig. A3. As is shown that when the PZT phase
stabilizer is power on, no matter the phase stabilization function is
executed or not, there is generally a much higher noise level. This is
attributed to the combination of electric noise of the servo driver
and the resonance characteristic of PZT. It is obviously from Fig,
A3 that the noise is minimum at 61.86 kHz, with a noise level of
~2.2 dB higher than when PZT was switched off. As the second
harmonic of the pump wavelength modulation is measured here,
we set the modulation frequency of pump to 30.93 kHz, which is
half of the minimum-noise frequency.

—— PZT power off

—— PZT power on without phase stabilization
—— PZT power on with phase stabilization

-40 _
-50 ]
-60 _
70
-80 _

-90 4

Noise (dBm)

-100

-110-

0 20 40 60 80 100
Frequency (kHz)

Fig. A3. Noise spectrum of the MZI system with PZT power off (green line); PZT
power on without phase stabilization (red line); PZT power on with phase stabilization
(blue line)
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