This is the Pre-Published Version.

This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Applied Materials & Interfaces, copyright © 2018 American Chemical
Society after peer review and technical editing by the publisher. To access the final edited and published work see https://doi.org/10.1021/acsami.8b06729.

Random Multiple Scattering Enhanced Photoacoustic Gas
Spectroscopy with Disordered Porous Ceramics

Haihong Bao*?, Congzhe Zhang??, Yinping Miao** and Wei Jin**"

aDepartment of Electrical Engineering, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong

Kong, China;

b Photonic Sensors Research Center, The Hong Kong Polytechnic University Shenzhen Research Institute,

Shenzhen, 518057, China

ABSTRACT: Light-gas interaction can be enhanced by using disordered porous materials since multiple random
scattering increases light intensity near the surface of the material. Here we report signal enhancement of photoacoustic
gas spectroscopy with disordered porous ceramics. The amplitude and frequency characteristics of photoacoustic
signal due to gas absorption in disordered materials are modeled theoretically. Experiment with a porous Al,0; sample
demonstrates photoacoustic signal enhancement of ~ 4 times at 5 kHz.
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INTRODUCTION

Photoacoustic spectroscopy(PAS) is a powerful
technique for trace chemical molecules and has been
widely used in various fields of physics, chemistry and
biology'. Photoacoustic (PA) signals are generated from
light absorption of targeted molecules, resulting in local
heating and generation of acoustic pressure waves. With
narrow-band laser sources and sensitive acoustic
detection devices, highly sensitive PAS gas sensors with
good selectivity have been demonstrated>*. In PAS gas
sensors, the PA signal is proportional to light energy
absorbed by the gas molecules. Light absorption is
described by the Beer-Lambert law: AI=Iy( 1-¢*a"), where
Iy is the incident light intensity, u is the absorption
coefficient and L is the absorption path length. Larger
the values of u and L, stronger absorption and hence
stronger the PA signal. However, the value of L is
limited by the detection area of the acoustic detectors.
Stronger PA signals may be obtained with multi-pass
optical cavities to enhance laser power that interacts
with the gas molecules. With a high finesse optical
cavity, demonstration of optical power build up by a
factor of 1000 has been demonstrated®. Higher power
buildup may be achieved by employing an intra-cavity
configuration®. However, it is difficult to implement a
stable optical cavity with high finesse, and extra
electronic feedback and complicated alignment process
are typically needed for stable operation of the cavity.

Light absorption can be enhanced in a highly
disordered material’. As shown in Figure 1, each time a
scattering event occurs, the light propagation direction is
forced to change, and most transmitted photons have

gone through a longer path length compared to the
sample thickness. The number of photons directly
transmitted through the sample is quite small and the
Beer-Lambert law alone is found inadequate to describe
photon distribution if scattering effect is taken into
consideration. Quantitative models describing photon
distribution have been established by using diffusion
theory®®. It is found that photon distribution is shifted
toward the sample surface, increasing localized light
intensity due to multiple scattering'°.

Here we propose utilizing the light localization
resulting from random multiple scattering to enhance
PA signal of trace gas embedded in solid porous
materials. This new PA enhancement mechanism has the
potential to improve the performance of PAS gas sensors
while require neither accurate alignment nor extra
optical stabilization.

THEORY
1. Light Intensity Distribution

The physical process and quantitative description of
photon migration in disordered samples have been well
investigated. For disordered samples satisfying loffe—
Regel criterion ki<l where k=2m/A is the light wave
number and [ is the transport mean free path,
interference induced light localization is expected to
occur. However, most disordered materials have the
value kI>>1 where wave interference can be neglected
and and the photon behavior can be described by
equation (RTE)"-4 The time
dependent RTE describing the energy flux moving in

radiative transfer

direction § is defined as!51¢:
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where v isthe average light velocity inside scattering
sample; L(r,t,§) is radiance in Wsr'm?; m =m +/mis
the extinction coefficient with scattering coefficient /7
and absorption coefficient /77 ; p §,§ |is the probabilit
of photons scattered from direction § into Sand S (r,t,§$
is the source term.
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Figure 1. Light scattering in disordered material.

Considering a continuous wave (CW) propagating in
a disordered sample in a slab geometry of thickness d
with z = 0 at the illuminated air-sample boundary, as
shown in Figure 1, the steady state photon number at
surface z may be obtained from Equation (1) and
denoted as'®:

1(z) = -2p W EC)] (Z:]+ £G)

+DmL exp(-mz)
2)

where D =1/(3*m )for isotropic scattering; F,(z)is the
forward/backward flux going through a small area of the
surface within the sample and it is determined by /7,
and /7 of disordered sample. Lis the isotropic source
term. The explicit form of F,(z) can be found in
reference’”. .

For samples with large absorption, most photons are
absorbed before scattering occurs. Hence, we only
consider weak absorption case here, in which case 1/ m
is much larger than sample thickness d. For disordered
material with small absorption coefficient, the scattering
may be regarded as isotropic; the calculated light
intensity distributions along the propagation direction z
for different scattering coefficients are shown in Figure
2. The penetration length into the sample is significantly
modified at presence of strong scattering and the photon

density shifts towards the surface region as the
scattering coefficient increases. The change of photon
density distribution results from the fact that each time
scattering occurs, many photons are backward scattered
resulting higher light intensity being localized near the
surface of the sample.
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Figure 2. Light intensity distribution in a porous material.

2. PA Signal Generation

When the pump laser wavelength is tuned to the
absorption center of gas molecules, the molecules are
heated up generating PA signal. Here, we focus on
frequency dependent PA signal and its dependence on
material parameters, i.e., scattering coefficient and pore
size. Assuming perfect energy conversion from absorbed
light to heat, the heat generated within {z, z+dz} in the
sample would be:

[ema_gas +(1-e)m

a_solid

1L(z)dz
3)

where e=V_[(V  +V,,) is the sample porosity

gas
defined by the volume ratio of the embedded gas. m,
and ma solid

embedded gas and solid porous material respectively.

are the absorption coefficient of the

Both embedded gas and solid material of the disordered
sample will absorb light and generate heat. The acoustic
signal results from the heated interstitial gas expansion
and thermal conduction from the heated solid sample to
surrounding gas and its expansion'®. However, solid
material usually has much wider absorption spectra than
gases. When the wavelength of the pump laser is
scanned over the gas absorption line, the PA signal
generated from solid material absorption only
contributes to a flat background signal. Thus, the PA
signal due to gas absorption can be expressed as
em gaSL(z)dz. In addition, pore-size dependent pressure

a_

wave attenuation would modify the detected PA signal.



For air, the viscous penetration depth d;is evaluated as
2.2*103/\/?(um) at acoustic frequency f, and d; ~ 13.9
pm for f = 25 kHz'®. Now considering a simplified model
that the porous sample consists of a bunch of cylindrical
tubes whose diameter equals to the porosity diameter
2R. If 2R<d}, the acoustic pressure wave would attenuate
in an exponent way as exp(-z/[ ) ; where [~
7*103*2R/ﬁ (um) 8. The PA signal detected at the surface
where pump light is incident into porous material may
be expressed as:

d

ema_gas (‘]L(Z) exp(_z / lac)dZ (4)
0

From equation (4), it is obvious that the PA signal is
strongly depended on the sample porosity, gas
absorption and acoustic attenuation property of the
sample. A sample with smaller pore size would generate
smaller PA signal due to larger acoustic attenuation
(smaller I,.). For constant light laser power, the PA
signal as function of laser modulation frequency, i.e., the
generated acoustic frequency, were calculated for
samples with different pore sizes and are shown in
Figure 3. In the calculation, we have used porosity: 50%,
sample length: lem, 7 s =M, soiia =0.01 em* and /m =
300 cm, which are close to the experimentally measure
values of our samples and satisfy the weak absorption
condition.
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Figure 3. Calculated PA signal amplitude versus laser
modulation frequency for different pore sizes. The radius of
pores ranging from 0.2 to 7 um are used for calculation.

The PA signals at surface z=0 were also calculated for
different scattering coefficients and are depicted in
Figure 4. The sample parameters used in calculation are
porosity: 50%, sample length: lcm, m =m =

a_gas a_solid -
0.0lcm™ and the pump light modulation frequency is 25
kHz. Stronger PA signal is expected with higher

scattering coefficient and larger pore size when other
detecting conditions kept unchanged.
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Figure 4. Calculated PA signal amplitude versus scattering
coefficient for different pore sizes at 25kHz. The radius of
pores ranging from 0.5 to 9 um are used for calculation.

EXPERIMENT

1. Determination of /7 and 77 of the Disordered Sample

As discussed in the former section, the absorption and
scattering characteristics of the disordered sample have
significant impact on the photon distribution. The
absorption coefficient and scattering coefficient can be
actually evaluated by nonlinear fitting the time-of-flight
(TOF) curve using a short pulse laser’®. An equivalent
way to determine the TOF curve is using frequency
modulation continuous wave (FMCW) interferometry
technique?.

The experiment setup of FMCW interferometry is
depicted in Figure 5 (a). The light source is an external
cavity laser (ECDL) (Agilent, 81600B) whose wavelength
is linearly swept around 1540 nm with a triangular
waveform. The output light is divided into two beams
by 10:90 coupler (coupler 1). The signal beam
experiences multiple scattering when going through the
disordered sample. Then reference beam interferes with
the signal beam light at a 50:50 coupler (coupler 2). The
disordered samples used here are porous Al,0; ceramics
with average pore size of ~5 pm and ~10 pm (YongGuang
Chemical Packing Co., Ltd). The thicknesses of these
samples are 3.91 mm and 3.03 mm, respectively. The
porosity is ~40%.

If there is no porous sample placed between the
collimator pair, the optical path difference (OPD)
between the signal beam and reference beam induces a
single beating frequency signal. The beat frequency Af is
well defined and is proportional to the time delay
difference T between the two arms, as illustrated in



Figure 5(b). The frequency spectrum of this beat signal is
depicted as the green line in Figure 6. When a porous
material is placed between the collimator pair, the
random multiple scattering creates a distribution of extra
optical OPD or time delay, which leads to the
broadening of the beating frequency range. Stronger
scattering process leads to larger mean value and wider
line width of the detected beating frequency signal?'. For
two porous Al,0; ceramics with pore size of diameter of
~5 um and ~10 um, the power spectra of the detector
output are shown in Figure 6 as the blue and red curves
respectively. /77 and /7 of the sample can be retrieved
by nonlinear fitting which minimizes the squared norm
of the difference between the time delay curve derived
from RTE and that measured by experiment®. It was
determined that the scattering coefficient /7 of the two
porous Al,0; ceramics used in experiment are 353.73 cm-
1 and 19345 cm’, respectively. The absorption
coefficients /7 for those ceramic samples are 0.023 cm™
and 0.16 cm?, which are negligible compared with 1/d
satisfying weak absorption condition.
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Figure 5. (a) Experimental setup of the FMCW heterodyne
detection system. (b) Principle of FMCW
2. Validation of PA Signal Enhancement

To validate the PA signal enhancement due to the
multiple scattering, a PAS detection system is built as

shown in Figure 7. Light from a distributed feedback
laser (DFB) diode is amplified by an erbium-doped
amplifier (EDFA) and used as the pump light source.
Passing through the tunable filter which filters out the
amplified spontaneous emission (ASE) noise, the pump
light is incident on the disordered sample. The pump
light is wavelength modulated at frequency 5 kHz while
its wavelength is slowly tuned across the P(9) absorption
line of acetylene at 1530.371 nm. The pump light
delivered in the gas cell is estimated to be ~25mW and
the beam diameter is about ~0.5mm. The gas absorption-
induced PA signal is detected by a fiber-tip microphone
made of graphene film and is placed near the surface of
the disordered material. The fiber-tip microphone is
demodulated by a Sagnac interferometer with a 3*3 loop
coupler. Detailed description of the fiber-tip microphone
and the demodulation system can be found in
references®?. The gas sample is 7500 ppm acetylene
balanced in nitrogen and the porous sample is 3.93 mm
thick with ~5 um diameter as tested in former section.
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Figure 6. Power spectra of detected light signal going
through different porous ceramics

Figure 8 shows the measured second harmonic output
from the lock-in amplifier when the pump laser
wavelength is scanned across the P(9) absorption line of
acetylene. The signals with and without the use of the
disordered medium are shown as green and blue curves
respectively. Compared with the conventional free-space
PA system, the PA signal is enhanced ~4 times with the
presence of scattering sample when pump laser is
modulated at 5 kHz.

The enhanced PA signal with the use of scattering
sample may be considered resulting from contributions
of two different physical origins: acoustic signal
generated from light absorption by gas molecules and by
solid material of porous sample. The detected PA
responses of acetylene gas and solid porous material are
shown respectively as the red and blue lines in Figure 9.
The PA responses of acetylene was detected without the



disordered sample located in the system while the PA
signal generated from the solid material is obtained
without the presence of acetylene gas. It is found out
that the PA signal generated from gas absorption has a
Lorentzian shape while that generated from solid
material absorption is nearly flat as pump light
wavelength was scanned over the gas absorption line.
The amplitude of the PA signal due to solid material
absorption is much smaller than that due to gas
absorption. Hence, the PA signal generated from the
expansion of interstitial gas volume dominates the
detected signal of the porous sample shown in Figure 8.
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Figure 7. Experimental setup of PAS gas detection system.
BD: Balanced detector; PC: Polarization controller; SMF:
Single mode fiber.
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Figure 8. Second harmonic lock-in output with and without
the presence of porous ceramics. The laser modulation
frequency is 5 kHz.

The signal at the lock-in output was found depending
strongly on the modulation frequency of the pump laser,
because of the following reasons: firstly, as indicated in
Figure 3, higher frequency PA signal is expected to
experience stronger attenuation in the porous material
and hence the PA signal generated at the microphone is

smaller for high acoustic frequency. Secondly, the
transfer functions of the microphone and the Sagnac
demodulation system are also frequency dependent. The
signal at the output of the Sagnac interferometer may be
expressed as S(f)M(f)sin(pLf /v), where S(f)is the
generated PA signal, M(f)is frequency response of
microphone, SiN(PLf /v)is the transfer function of the
Sagnac interferometer. v is light speed in single mode
fiber, f is laser modulation frequency and L is length of
the fiber delay line. As a result, the frequency response
of generated PA signal can be extracted from the
demodulated signal S (f)/S,where S (f) and S, are
the generated PA signal with and without Al,0; porous
ceramics respectively. The extracted signal then is
normalized and shown in Figure 10. Resonant frequency
of graphene film is avoided intentionally to detect
faithful frequency response of acoustic signal®?. It is
shown that at low frequency region (less than 10 kHz),
PA signal increases dramatically as laser modulation
frequency drops which indicates that acoustic signal is
attenuated quickly with increasing frequency in low
frequency region (<10 kHz). Above 10 kHz, similar to
thermally induced ultrasonic emission from porous
silicon®, the PA emission is flat over a wider frequency
range (from 10 to 40 kHz). The detected result generally
agrees well with frequency response trend predicted in
Figure 2. though PA signals experiences
attenuation within disordered sample, the detected PA
signal is still ~1.5 times PA signal detected in free space.
There is no contribution of acoustic resonance to the

Even

amplified PA signal due to the disordered nature of the
porous sample. It might be possible to design porous
structures that have acoustic resonances, and the
combination of the random light scattering enhancement
and acoustic resonant enhancement would further
enhance the detected PA signal. It should be pointed out
that, though both theory and experiment results indicate
that larger PA may be generated at lower modulation
frequency, larger environment noise sources (acoustic
noise, vibrations, etc.) are located at low frequency
region, which would notably deteriorate the signal to
noise ratio (SNR).
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Figure 9. Detected PA response of acetylene and Al,0;
porous ceramics. The dots are the measured data and the
lines are the fitting results. The measured PA signal
generated from gas absorption is fitted to the Lorentz line
shape.
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Figure 10. Extracted frequency response of generated PA
signal with presence of porous ceramic.

CONCLUSIONS

It is concluded that PA signal can be enhanced by
random multiple scattering within porous samples.
Theoretical modelling shows that stronger PA signal can
be generated with porous materials with larger
scattering coefficients and operating at lower laser
modulation frequency. A simple PA gas detection
experiment with commercial Al,0; porous ceramics
demonstrated an enhancement factor of ~4 at 5 kHz over
the conventional PA system. At higher frequencies from
10 to 40 kHz, the PA signal is almost independent of the
acoustic frequency with an enhancement factor of ~ 1.5.
The principle of PA signal enhancement is valid for
other porous material and the larger enhancement could
be achieved by optimizing the parameters of the porous
material. Based on a similar principle, it is also possible
to demonstrate laser-controlled ultrasound generation

and the magnitude of PA signal could be further
enhanced by using mid-infrared pump lasers where gas
molecules have much stronger absorption.
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