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Introduction

Many optical techniques in basic research rely on sound, heat and 
light. What makes some techniques stand out more than others in 
their ability to address the needs in basic research and at the same 
time respond to some of the driving forces in industrial applications? 
Among the optical techniques that satisfy the above criteria are 
transmittance and reflectance spectroscopy, photothermal and 
surface plasmon resonance methods. The latter two techniques have 
several advantages over the conventional optical techniques.  
	 Photothermal methods rely on the excitation and detection of 
thermal waves in gaseous and condensed matter. Photothermal 
techniques are distinguished by two interesting properties. Firstly, 
the dissipation of energy of optically excited states into thermal 
energy provides a means to explore non-radiative de-excitation 
channels in matter. Secondly, monitoring the time and spatial 
dependence of the oscillating temperature field offers unique 
possibilities in optical and thermal parameters. In the last two 
decades several photothermal techniques have been developed, 
which are based on the same physical principle but differing by the 
kind of excitation and detection of the thermal waves. Deposition 
of heat into the sample through absorption of electromagnetic 
radiation with laser is the most frequently used excitation source. 
Detection of the thermal response is performed either by direct 
contact (gas contact) or without contact with the sample. These 
detection schemes of photothermal phenomena can be summarized 
as follows;

For solid-and liquid-contact
Pyroelectric detection of thermal waves.1.	
Piezoelectric detection of thermaelastic effect from solids2.	
Piezoelectric detection of the photoacoustic effect from 3.	
liquids
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For gas-contact
Microphone detection of Photoacoustic effects1.	
Laser beam deflection due to Mirage effect2.	
Microphone detection of photoacoustic effect from gases3.	

For Non-contact
Photothermal Radiometry, IR radiation thermal waves1.	
Thermally modulated reflection (thermoreflection)2.	
Laser beam deflection (surface displacement and thermal 3.	
lens)

	 In basic research, the main emphasis has been devoted to 
improving the sensitivity, the spectroscopic and spatial resolution 
of the photothermal techniques within the frame of laboratory 
scale equipment and experiments. The detection limits of low 
concentration of optical absorbers could be considerably increased 
by the application of photoacoustic methods for gases and solids. 
Due to the fact that the photon noise of the heating beam is not 
seen by the photothermal detector, the signal to noise ratio can be 
considerably enhanced by increasing the heating beam intensity. 
In our Applied Optics Laboratory, we focus our research on the 
development of photoacoustic and surface plasmon resonance as 
a powerful optical technique for characterizing the thermal and 
optical properties of materials and optical sensor applications.

Why photoacoustic and surface plasmon 
resonance techniques:

These two optical techniques, which are employed in our Applied 
Optics Laboratory, have several advantages over other conventional 
optical techniques :
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They are easy and inexpensive to set up, reliable, cost effective ɶɶ
and efficient alternative approaches to other techniques for 
monitoring and qualitative determination of various optical and 
thermal properties of solids, liquids and gases.

Since the optical beam can be focussed to a tiny spot, the ɶɶ
photoacoustic and surface plasmon resonance techniques 
require only a small sized sample and involve minimum sample 
preparation. In addition to that, non-contact and non-destructive 
measurements are possible.

The two techniques also work with low intensity optical beam ɶɶ
in visible to infrared regions, thus the techniques are completely 
safe and do not involve any hazardous materials.

Both techniques are sensitive, fast and accurate which makes ɶɶ
performing measurements less time and work-consuming. 
Since their response time is within a few minutes, real-time 
measurement is possible.

Photoacoustic spectroscopy technique permits continuous ɶɶ
monitoring of constituents in solutions without the need to 
dilute samples, thus allowing analysis of mixtures in situ, under 
real-life conditions, and if needed, online.

Photoacoustic and surface plasmon resonance spectroscopy ɶɶ
enable measurements at microliter and nanoliter sample 
volumes with wide range of visible-infrared wavelengths. Both 
are 10 to 1000 times more sensitive than conventional UV-VIS 
spectroscopy. 

Considering the optical components involved and the ɶɶ
development of modern light sources such as the solid state laser 
and OPO laser, the technique can be implemented through small 
and compact sized units suitable for industrial applications.
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Photoacoustic technique

The sound effect induced in a heated solid by an intermittent light 
beam was first observed by Graham Bell(1) in the eighteenth century. 
This effect was understood as a photothermal phenomenon and 
was the origin of the so-called photoacoustic effect. Nowadays, 
there is a range of Photothermal techniques and most of them 
were derived from photoacoustic spectroscopy (PAS). Basically, 
their differences are related to the detection schemes employed. 
There are detection systems using photodiodes pyroelectrics, 
piezoelectrics, thermopiles and microphone. Photoacoustic (PA) is 
a photothermal phenomenon that has been widely used to study the 
thermo-optical properties of materials. In brief, the photoacoustic 
effect consists of illuminating a given sample with a modulated 
light beam and measuring the subsequent temperature fluctuation 
induced in the sample resulting from light absorption (i.e. and due 
to the non-radiative de-excitation processes within the sample). 
Since the signal responds only to the absorbed light, the effect 
of scattered light plays no significant role in this photoacoustic 
technique. In addition, this method provides a solution to the 
difficulties presented by conventional optical spectroscopy which 
does not generally allow studies of very weak absorbing materials 
and also opaque samples. Some photoacoustic studies in infrared are 
based on the Fourier Transform method (FTIR-PA), which allows 
the measurements to be carried out in infrared regions up to 400 
cm-1. Photoacoustic is particularly useful in this region since it can 
detect the hydrogen bonds (C-H, O-H and N-H) that may present 
overtones and contributions from the combination of the stretching 
and vibrational modes of the bands.
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Photoacoustic Theory, R-G model

The photoacoustic effect can be produced by any kind of absorption 
that results in periodical heating. Some schemes of photoacoustic 
generation are, thermal expansion, thermal diffusion, thermalelastic 
bending and photobaric effects (gas evolution). In general the 
possible PA generating mechanisms in solids are shown in Figure 
1. Among these, thermal diffusion is the most common mechanism 
responsible for the generation of the photoacoustic signal. 

Figure 1  Photoacoustic generating mechanisms

All these effects result in pressure variation inside the gas chamber 
of the photoacoustic cell. The Rosencwaig-Gersho(2) thermal piston 
model (Figure 2a) considers the pressure inside the photoacoustic 
cell to be proportional to the heat generated by the absorbed light 
and dependent on both the geometry of the cell and the thermal-
optical properties of the investigated sample.
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  (a)	                                     (b)

Figure 2  Rosencwaig-Gersho thermal piston model

For a thermally thick sample, the complex amplitude of the pressure 
variation inside the cavity is given by
                                                  

                                                                                         (1)

where ß is the optical absorption coefficient, μ is the thermal 
diffusion length of the sample and µ is the ratio of heat capacity 
of media.

Open Cell Photoacoustic

The modified Rosencwaig-Gersho model(2) can be established 
using the photoacoustic geometry in Figure 2(b). It is known as 
the transmittance photoacoustic technique or open photoacoustic 
cell method(3). The open photoacoustic cell is based on a front 
illumination configuration and it consists of a commercial electret 
microphone that receives sound waves directly from a flat slab of 
solid sample. If we consider the geometry of Figure 2(b) where the 
microphone is located in the backing position and the sample is 
opaque, the pressure variation could be expressed as 
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								                (2)

For thermally thin samples, the pressure variation is dependent 
on (f )–3/2 and for thermally thick samples, the signal decays 
exponentially with frequency, . By fitting the 
experimental data to the equation for thermally thick samples, the 

thermal diffusivity is obtained as ( )22
ss b/lπ=α  (4).

Development of  Photoacoustic Technique in Basic Research

Figure 3(a) shows the experimental setup for photoacoustic 
spectroscopy which could be used for open or closed cell 
configurations. The light source could be a white light that 
(Halogen or Xe arc lamp, 150Watts to 1000 Watts) passes through 
a monochromator (180 nm to 3800 nm) or a laser source. A 
mechanical chopper modulates the light and the beam goes to the 
photoacoustic cell (closed or open photoacoustic cell). Closed 
photoacoustic cells must have an optical window to allow radiation 
to reach the test sample placed inside the photoacoustic chamber. 
	

Figure 3  Basic photoacoustic experimental set up 

(a)

(b)
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	 A chopper driver (1 Hz to 3 kHz) gives the pulse reference that 
synchronizes the photoacoustic signal (normally 1 µV to 200 mV) 
collected by the microphone (20 mV/Pa to 50 mV/Pa), which is 
monitored by a lock-in amplifier. The photoacoustic experiment 
can normally be carried out in two modes i.e. wavelength scan or 
modulation frequency scan. For the open photoacoustic cell the 
norm is to use a fixed wavelength (UV, VIS or IR), such as a laser 
beam or a white light source, with a dedicated monochromator. 
The PA cell associated with open or closed cell configuration is 
shown in Figure 3(b).  These two photoacoustic techniques (open 
photoacoustic cell(5-7) and closed cell(8-10)) have been used for 
characterizing the thermal and optical properties of liquids and 
solid samples.
 

Photoacoustic - Modulation Frequency scan  

If the light is absorbed in a length l
β
, the only detectable heat is inside 

the thermal diffusion length μ=(α / πf)1/2 , which gives the “thermal 
skin depth” of the sample. With varying modulation frequencies 
f, one can perform the depth profiling of a layered sample. The 
parameter µ is used to classify the sample either as thermally thick 
(µ

s 
<< l

s
) or thermally thin (µ

s 
>> l

s
). When µ

s
 = l

s
 we can define 

the critical frequency fc = (α / πf)s
2), which is applied for both 

spectroscopic analysis (varying wavelength of the excitation source) 
and thermal properties measurement (fixed excitation wavelength 
and varying modulation frequency). Figure 4 explains the principle 
of depth profiling photoacoustic measurement using the modulation 
frequency scan technique.
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Figure 4  Depth profiling measurement technique

Study of  Non-radiative Recombination Mechanisms in 
Semiconductors 

In semiconductors, three fundamental heat sources are well 
identified i.e. due to intraband thermalization of the photoexcited 
carriers generated by the absorption of incident light, the non-
radiative recombination of photoexcited carriers in the bulk and 
on the surface (bulk and surface recombination processes). It has 
been found that for optically opaque semiconductors and in the 
region where the non-radiative recombination processes are the 
dominant processes, the photoacoustic signal amplitude and phase 
are given as: 

(3)

	    	    
                                  (4)

	
    where 
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	 Here ε is the ratio between the gap energy E
g
 of the semiconductor 

and the photon energy of the incident light of intensity I
o
, γ=(Dτ)-1/2, 

where D is the carrier diffusion coefficient and τ is the carrier 
bulk recombination time, and F is a parameter independent of the 
modulation frequency f which depends on τ and on the surface 
recombination velocity, ν. 
	 This technique was used to characterize the thermal and carrier 
transport properties of Si (different thickness and different surface 
quality, Figure 5)(11) and metal-silicides (Au/n-Si. Au/p-Si, Ag/n-
Si and Ag/p-Si (table 1))(12, 13). The sensitivity of the technique 
provides a way of simultaneously measuring the thermal and carrier 
parameters of semiconductor compounds. The results related to 
this study have been reported in journals and conferences(11-14). 
Obviously, the surface recombination velocity increases after the 
formation of silicide compounds, which is likely to be an n-type 
semiconductor. This phenomenon was clearly observed for Ag 
(150 nm)/p-Si sample annealed at 350oC for one hour. However, 
this important property was not clearly shown by Au/Si interfaces. 
Table 1 shows the thermal, electrical and carrier transport properties 
of Si and Ag/p-Si systems obtained by OPC measurements and 
conventional four point probe technique.
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Figure 5   a).  Photoacoustic phase signal at different sample thickness. 
b). effect surface quality to photoacoustic phase signal.  PS-RS is 

polish-Rough surface.

Optical and Thermal Characterization of  Materials

In this application, the materials could be semiconductors, ceramics, 
polymers, woods and metals. The main physical parameters 
measured in this aspect are thermal diffusivity, thermal effusivity, 
optical absorption and monitoring of chemical processes.

a) Thermal Diffusivity, α

In order to perform the photoacoustic measurements for thermal 
diffusivity, circular pieces of the sample (about 300 µm thickness, 10 
mm radius) are needed and can be prepared by pressing the powder 
at a particular pressure (≈Mpa). The sample could be arranged in 
such a way as to use the a closed photoacoustic cell or an open 
photoacoustic cell detection technique. Both the amplitude and 
phase signals are recorded as a function of the light modulation 
frequency, f, using a lock-in amplifier interfaced with a personal 
computer. By using the Rosencwaig and Gersho theory(2) for a 
closed photoacoustic cell or a modified R-G theory for an open 
photoacoustic cell detection technique(17), the thermal diffusivity 
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values of the samples are obtained using fitting procedures for the 
amplitude and phase photoacoustic signals. 

Table 2  Thermal characterization of 3 types of Malaysian hardwoods
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Figure 6  The effect of the variable moisture content on thermal 

diffusivity of Malaysian hardwood

Figure 7  Thermal characterization of 3 types of rocks found in 
Peninsular Malaysia
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	 Table 2 shows part of our thermal diffusivity measurements 
of Malaysian hard woods(15-18). Since the moisture content of the 
sample plays an important role, the effects of moisture on thermal 
diffusivity are displayed in Figure 6. The results revealed that the 
technique is a useful tool, which is capable of effectively measuring 
the thermal diffusivity values in the range of moisture content (0-
20) %. Other natural samples including igneous, sedimentary and 
metamorphic rock samples were extensively measured using this 
method (Figure 7)(19).

Figure 8  Variation of thermal diffusivity of superconducting samples 
with composition.         

Figure 9  Thermal diffusivity of PMMA doped with R6G.
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Recently a study was been carried out to determine the thermal 
diffusivity of ceramic superconductor (Figure 8)(7, 20-22) and R6G 
doped PMMA (Figure 9)(23). The results revealed that a good 
correlation exists between thermal diffusivity and the T

c
 value of 

the investigated superconductor samples.
	 Wood products, such as abrasive papers (Figure 10)(24), 
commercial papers (Figure 11)(25) and MDF woods were also studied 
in our laboratory(19). Generally the PA method can be used as an 
objective non-destructive technique with a simple experimental 
setup. Only a small sample size is needed and the approach can be 
used on various types of sample. By knowing the sample density and 
using the PA technique together with the continuous photothermal 
technique, we can characterize the thermal properties of samples 
completely, such as measurements of thermal diffusivity, thermal 
conductivity and specific heat(19).

Figure 10  Thermal diffusivity of silicon carbide and aluminum oxide 
abrasive papers.

T
he

rm
al

 D
if

fu
si

vi
ty

 (
10

-3
cm

2 /
s)



17 ❘❘❚ 

W. Mahmood Mat Yunus

 

Figure 11  Thermal diffusivity of commercial papers

b) Thermal Effusivity, ε
Thermal effusivity values can be related to thermal diffusivity as, 
α = k2 / ε2 . Hence, by knowing ε and α, the thermal conductivity 
of the sample can be determined without measuring the ρC

p
, 

values. For thermal effusivity measurements, the sample position 
is similar to those used in the thermal diffusivity measurement. 
To increase sensitivity and make it suitable for liquid samples we 
developed a new photoacoustic configuration (Figure 12)(26). In this 
setup a modulated laser beam (632.8 nm, 30 mWatts) was focused 
onto an Al disc (thickness ≅100 µm) and the sample was attached 
to the opposite end of the illumination side. For liquid samples 
the Al disc can be the bottom plate of the liquid cell. However, 
for solid samples, a thin thermal paste is applied to create good 
thermal contact between the sample and the Al disc. With this new 
configuration and using a procedure developed based on the R-G 
model, thermal effusivity could be easily obtained by taking the 
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ratio of photoacoustic signal of thin Al disc to the photoacoustic 
signal when the sample has thermal contact with the Al absorber, 
(δPf)/(δPf

a).

Figure 12  Measurement of thermal effusivity by photoacoustic 
technique.

	 This photoacoustic configuration has also been used by our 
Applied Optics Group to study the thermal effusivity of edible 
oils (13 samples), glycerol and creamy samples (body lotion, and 
hair cream)(27). PA signal of Al disc and water in contact with Al 
shown in Figure 12 indicate that the method is sensitive enough to 
characterise the thermal properties of liquid samples. 

Empty cell
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Table 3  Thermal Effusivity of Various Samples Obtained By 
Photoacoustic Technique

Liquid sample
Thermal 
effusivity

e
s
 (Ws1/2cm-2°C-1)

Literature Values(28)

e
s
 (Ws1/2cm-2°C-1)

Distilled water
Glycerol

0.1592 
0.1072 

0.1588
0.0934

Palm Olein
Super Olein
Engine Oil
Lubricant

0.060
0.058
0.055
0.051

NA
NA

0.0435
NA

Body lotion 
Hair cream
(Code 10)

Hair cream
(Byrcream)

0.136
0.108

0.092

NA
NA

NA

Edible Oil
Canola oil
Coconut oil
Corn oil
Grape seed oil
Groundnut oil
Hazelnut oil
Olive oil
Safflower oil
Saseme oil
Sunflower oil
Soya bean oil
Walnut oil
Cooking oil
(Knife brand)

0.0559 
0.0596 
0.0537 
0.0423 
0.0588 
0.0528 
0.0549 
0.0524 
0.0539 
0.0766 
0.0541 
0.0571 
0.0643 

N/A
N/A

0.064
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
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Part of our results on the thermal effusivity of oils and lubricants 
are listed in Table 3. With regard to the capabilities of the methods 
and procedures that we have developed; the on going research by 
our Applied Optics Group is focused on the determination of water 
in transmission oils, crude oils and lubricants. 

Wavelength scan photoacoustic

Optical Absorption and Band gap Energy, Eg

For the purpose of measuring band gap energy of semiconducting 
materials the photoacoustic optical absorption spectra was 
obtained in the range of 300-1100 nm. A home made photoacoustic 
spectrometer was developed which consisted of a Xe lamp (450 
Watts), a variable frequency mechanical chopper (normally set 
at 10 Hz and 33 Hz), a monochromator and a photoacoustic cell 
fitted with a highly sensitive microphone. The sample was placed 
in a cylindrical chamber and the photoacoustic signal obtained was 
detected by a lock-in amplifier (SR530) interfaced to a personal 
computer, which simultaneously displayed the wavelength-
dependent signal amplitude and phase which described the 
absorption spectra of the samples.
	 Each band gap value was obtained by considering that the 
band gap energy is located at the position where the maximum 
derivative at the edge of this photoacoustic spectrum occurs. The 
other alternative to obtain the energy gap is by directly plotting 
absorption coefficients (photoacoustic signal) as a function of 
optical energy.
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	 Figure 13  Optical absorption and energy band gap of porous silicon

	 Recently we measured the optical band gap of porous silicon 
(Figure 13)(29, 30). The main advantage of this method is that 
measurements can be done simultaneously for the porous layer 
and the silicon substrate. Typical values of the energy band gap for 
porous silicon and silicon substrate obtained were 2.08 eV and 1.06 
eV respectively. Now, we are actively preparing, characterizing and 
studying the recombination processes in semiconductor samples 
with different porosity by measuring the non-radiative decay 
phenomena. 
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REAL TIME MEASUREMENT

Monitoring Photobleaching

Several studies on photo-induced bleaching of organic dye molecules 
trapped in transparent solid matrices have been carried out over the 
past few decades. Such studies have great importance due to the 
various applications of these materials, such as for active laser 
element, optical data storage and processing, optical waveguides etc. 
Since 1968, methylene blue (MB) has been used as a holographic 
recording medium for formation of high spatial frequency amplitude 
and phase holograms with a conventional He-Ne laser as a light 
source. Several techniques have been used to study the photostability 
of methylene blue doped in polymer matrix. Our group has carried 
out, for the first time, photostability studies on methylene blue 
(MB) doped in gelatine, poly(methylmethacrylate) PMMA and 
Poly(vinyl alcohol)(PVA) matrices using the photoacoustic (PA) 
technique and fibre optics spectrophotometer(31-37). Photoacoustic 
signals were measured as a function of time, chopping frequency 
and the beam power. The results indicate that the photobleaching 
rate is proportional to the incident laser power (260-300 mWatts) 
and decreases with increasing concentration of dopant molecules. 
Methylene blue embedded in PVA shows the highest photobleaching 
rate followed by gelatine and PMMA (Figure 14). The increase of 
photobleaching rate in PVA is also noticeable when the beam power 
is increased. The thermal diffusivity values obtained for bleached 
PMMA, PVA and gelatine were 1.46 x 10-3 cm2/s, 0.83 x 10-3 cm2/s 
and 1.10x10-3 cm2/s respectively. 



23 ❘❘❚ 

W. Mahmood Mat Yunus

Figure 14  Photoacoustic signal and photobleaching rate of PMMA, 
gelatin and PVA doped with MB

It is believed that the photobleaching mechanism of MB occurred 
through photochemical reactions which can be described as 
follows(38) :

MB→1MB*→3MB* → Intermediate product→leuco MB..... (5) 
                              MB           MB

                               2MB     2MB
	 Other photobleaching studies include MB doped in sago starch, 
chitosan and sago starch blends(38,39). Studies of dye concentration 
effect and nature of solvents on the photobleaching process are 
being carried out in our laboratory using both the photoacoustic 
spectrometer and fiber optics spectrophotometer.

Photoacoustic gas sensor

Photoacoustic and photothermal gas sensors are better than surface 
sensitive devices with respect to reliability, because they use a 
volume effect. Using an optical filter for a particular wavelength will 
open up a wide field of applications. Process control, atmospheric 
control, environmental monitoring and HVAC (heat, ventilation and 
air conditioning) are areas where these sensors could be used. This 
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flexibility is another attraction for both manufacturers and users. 
A number of world class companies have chosen photoacoustic 
sensors for these reasons.
	 To be able to comply with current and future regulations for air-
pollution control and safety, process industry, public institutions and 
private households strongly demand high sensitivity and low cost 
reliable gas sensors. In satisfying this demand, the photoacoustic 
sensor has met the current status of sensor development which can 
be categorized as a low cost, highly reliable, highly selective and 
sufficiently sensitive in many applications.

a) The Principle of a Photoacoustic Gas Sensor

In a conventional photoacoustic gas sensor, the gas to be analyzed is 
pumped into an absorption chamber that is sealed with mechanical 
valves during measurement. The cell is irradiated with modulated 
IR light filtered at the wavelengths at which the gases of interest 
are strongly absorbed.
	 The photoacoustic principle for the gas sensor is based on the 
phenomenon where when a gas is irradiated with infrared (IR) light, 
it absorbs incident radiation within its own characteristic absorption 
spectrum. The amount of absorbed radiation, which follows the 
Beer-Lambert absorption law, is a function of gas concentration, 
path length and the specific absorption coefficient of the gas. This 
absorbed radiation, which for a very short period of time is stored as 
intra-molecular vibrational-rotational energy, is quickly released by 
relaxation to translational energy. Translational energy is equivalent 
to heat and when the absorption chamber is sealed, this will cause 
the pressure to rise. Each gas has a unique IR spectrum and strong 
absorption takes place only at a certain wavelength. When the 
incident light is modulated at a given frequency, a periodic pressure 
change is generated in the absorption chamber. This photoacoustic 
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signal can be detected or measured with a sensitive microphone 
(Figure 15a).

Figure 15  Principle of photoacoustic gas sensor

b) The principle of Selective Photoacoustic Gas Sensor

A schematic diagram of the operation principles of the selective 
photoacoustic gas sensor is shown in Figure 15b together with the 
required electronics. In this sensor, the absorption cell is pre-filled 
with the actual target gas and sealed. When modulated IR light is 
passed into the absorption cell, a photoacoustic signal is generated. 
If the target gas is introduced in the absorption path outside the 
cell, a reduction of the photoacoustic signal is observed. This 
reduction is nearly proportional to the concentration of target gas 
in the absorption path.
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It is important to note that a photoacoustic signal reduction is 
observed only if the gas outside the cell is absorbing the IR radiation 
at the same wavelength as that inside the pre-filled cell. In this way 
a good selective gas sensor can be obtained without the use of any 
additional optical filtering. The gas inside the absorption cell then 
acts as a narrow band selective filter. Another important point is 
that in a conventional photoacoustic sensor the test gas has to be 
continuously pumped into and out of the absorption cell. In this 
new concept photoacoustic sensor, no mechanical pump or valves 
are required. In testing the performance of the photoacoustic sensor 
we have developed a new PA cell gas sensor. Figure 16 shows the 
preliminary results of our measurements. 

Figure 16   Photoacoustic signal of air detected at different chopping 
frequencies. The Photoacoustic cell is a cylindrical glass of 12 mm 

diameter and 10 cm in length
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Photoacoustic Industrial Applications

The improvement in sensitivity and accuracy of photoacoustic 
techniques has led to increasing interest for application in industry. 
The transfer from laboratory scale to industrial plant scale however, 
requires additional optimization comprising cost considerations, 
security and reliability aspects. Most importantly, the device has to 
work under special conditions as dictated by industry. This in general 
also includes a considerable reduction in the available measuring 
time whereas in laboratory experiments extended frequency scans 
and multiple repletion of the measurement are applied to increase 
the signal to noise ratio. At industrial scale, the available measuring 
time is limited to a few pre-selected modulation frequencies or to a 
time limited pulse experiment. In addition, sophisticated electronic 
signal treatments are excluded due to cost reasons. 
	 So far, only photoacoustic gas detector/sensor measurement 
techniques have been successfully transferred to actual industrial 
applications. Two main areas which have been satisfied are concerned 
with quality control and control of pollution and impurity in 
products or the environment. An impressive example of an industrial 
adapted device is the gas trace detectors of different companies 
(e.g. Innova-Air Techinstruments(40), MTEC Photoacoustic Inc.
(41), Quantum Northwest(42), MSA Chargard(43), USA Instruments 
Inc.(44) and Bruel and Kjaer(45)). These detectors, which are based 
on the photoacoustic effect from gases, are distinguished by their 
very simple, robust and space saving designs as compared to 
spectroscopic arrangements on laboratory scale. The latter generally 
works with tunable lasers adjusted to an absorption line of the 
trace molecule or uses spectrometers to scan the whole absorption 
spectrum. In contrast, the industrial detector of photoacoustic sensor 
is adapted to different gases by simply changing a narrow band 
IR-filter in front of the lamp. The use of only a limited number of 
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electronic, mechanical and optical components makes the system 
more reliable and less sensitive to environmental changes. On the 
other hand, most consumers request simple handling of the detector 
output which is achieved by automisation and stabilisation with 
an online computer. The development of adequate software has 
become one of the key requirements in modern technology for 
industrial application. This is also true for the photothermal devices 
developed and applied for quality control. In this aspect, Innova Air 
Techinstruments is the leading company which produces various 
types of gas sensors based on photoacoustic effect. Two companies, 
i.e. Jenopik in Europe(46) and Thermawave(47) in US, sell apparatus 
for quality control of silicon wafers which are based on optically 
and thermally modulated optical reflection from semiconductors. 
Infrared radiometry, the remote detection technique using thermal 
waves, for corrosion detection in airplanes has been developed by 
the Thermalwave group in US, led by Dr. R. L. Thomas(47).

Surface Plasmon Resonance 

The phenomenon of anomalous diffraction on diffraction gratings 
due to the excitation of surface plasma waves was first described 
at the beginning of the twentieth century by Wood (48). In the 
late sixties, optical excitation of surface plasmons by method of 
attenuated total reflection was demonstrated by Kretschmann(49) 
(Figure 17) and Otto(50). Since then, surface plasmons have been 
intensively studied and their major properties assessed.
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Figure 17  Kretschmann configuration and surface plasmon resonance 
curve

	 Surface plasmon resonance is a charge-density oscillation that 
may exist at the interface of two types of media with dielectric 
constants of opposite signs, for instance, a metal and a dielectric. 
The charge density wave is associated with electromagnetic waves, 
the field vectors of which reach their maximum amplitude at the 
interface and decay evanescently into both media. This surface 
plasma wave (SPW) is a p-polarized wave. The propagation constant 
of the surface plasma wave propagating at the interface between 
a semi-infinite dielectric and metal is given by the following 
expression:

					                                        (6)

At optical wavelengths, this condition is fulfilled by several 
metals,(51) of which gold and silver are the most commonly used.
	 Surface plasmon resonance (SPR) reflectivity measurements 
are surface-sensitive, spectroscopic methods that can be used to 
characterize the thickness and/or index of refraction of ultra thin 
organic and biopolymer films on noble metal (Au, Ag, Cu) surfaces. 
Surface plasmon resonance spectroscopy has become widely 
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used in the fields of chemistry and biochemistry to characterize 
biological surfaces and to monitor binding events. The success 
of these SPR measurements is primarily due to three factors: (i) 
with SPR spectroscopy the kinetics of biomolecular interactions 
can be measured in real time, (ii) the adsorption of unlabeled 
analyte molecules to the surface can be monitored, and (iii) SPR 
has a high degree of surface sensitivity that allows weakly bound 
interactions to be monitored in the presence of excess solution 
species. SPR spectroscopy has been used to monitor such events 
as antibody-antigen binding, DNA hybridization and protein-DNA 
interactions.

a) Refractive Index Measurement

Since the technique is sensitive to the optical properties of the third 
medium, it was used effectively as a tool in the determination of 
the refractive index of liquids, solids (thin film form), powders and 
emulsions(51-59). Figure 18 shows several different types of samples 
that have been tested in our laboratory using the SPR technique. 
Their values (real and imaginary part of optical dielectric constants) 
are displayed in Table 4.
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Figure 18  Solid, powder, liquid, emulsion and liquid samples tested by 
Surface Plasmon Resonance technique

Table 4  The values of the real and imaginary part of optical dielectric 
constants measured by Surface Plasmon Resonance Technique

Sample ε
r
  (λ=632.8 nm) ε

i 
 (λ=632.8 nm)

Distilled water 1.768 0.030
Etahanol (15 %) 1.753 0.015
Ink (0.13 %) 1.788 0.010
Latex (37.7 %) 2.075 0.035
Cooking Oil 2.170 0.010
Honey 2.250 0.010
Magerine 2.170 0.023
Hair Cream 1.975 0.020
Talc 1.010 0.020
Milk Powder 1.010 0.005
Gold (99.999 %)    -10.50 (60.7nm) 1.97 
Gold (22 Carat)    -10.14 (63.8nm) 2.70 
Gold (18 Carat)    -10.01 (70.3nm) 2.45 
RBD Palm Oil 2.143 0.018
RBD Palm Olein 2.146 0.015
RBD Palm Stearin 2.143 0.017
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b) Surface Plasmon Resonance Optical Sensor

Generally, an SPR optical sensor comprises of an optical system, 
a transducing medium which interrelates the optical and (bio)-
chemical domains and an electronic system supporting the 
optoelectronic components of the sensor and allowing data 
processing. The transducing medium transforms changes in the 
quantity of interest into changes in the refractive index which 
may be determined by optically exciting the SPR. The optical part 
of the SPR sensor contains a source of optical radiation and an 
optical structure in which the SPW is excited and measured. Major 
properties of an SPR sensor are determined by the properties of the 
sensor’s subsystems.  Leiedberg (1993)(52) was the first researcher 
who used the SPR as a chemical sensor. The sensor sensitivity, 
stability and resolution depend on properties of both the optical 
system and the transducing medium. The selectivity and response 
time of the sensor are primarily determined by the properties of 
the transducing medium.

Figure 19   Surface plasmon resonance as a function of concentration 
for discaride and pesticide samples

Surface plasmon resonance (SPR) was used for biosensing for the 
first time in 1983(60) and for imaging applications in 1987(61). In our 
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laboratory this type of optical sensor has been used for detection of 
various samples, such as detection of sacharides, pesticides, DNA 
and antigen, and ethanol in solution, detection of H

2
S and CO gases 

in air, and measuring moisture content in honey, hevea latex and 
milk(62-67). Figure 19 shows the typical sensitivity and detection limit 
of our SPR optical sensor for disaccharides and pesticides samples 
in water. Obviously the chemical structure and kinetic behavior of 
the molecule involved in the tested sample affect the sensitivity 
and detection limit.  Other samples tested by this method include, 
G90 (Trichloroisacyanuric acid), G70 (Calcium hypochlorite), 
swimming pool water, fresh milk and fatty hydroxamic acid(68).

b)  Kinetic Study of Adsorption Molecule 

The thin gold layer in the SPR Kretschmann configuration creates 
the physical conditions required for surface plasmon resonance. 
Essentially, SPR detects changes in mass of dissolved material in 
the aqueous layer close to the sensor chip surface by measuring 
changes in the refractive index. When molecules in the test solution 
bind to a target molecule/gold surface, the mass increases but when 
they dissociate, the mass falls.

Figure 20 Kinetic response of DNA and pesticide molecules to gold 
thin layer 
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This simple principle forms the basis of the SPR sensorgram which 
provides continuous real-time monitoring of the association and 
dissociation of the interacting molecules. The sensorgram provides 
quantitative information in real-time on specificity of binding, 
active concentration of molecule in a sample, kinetics and affinity. 
Studies can be carried out in opaque and transparent samples. 
Figure 20 shows the examples of kinetic behaviour of DNA and 
pesticide molecules(69). In general, the association process can be 
explained as: 

(7)

where τ and β are time constant and  stretching coefficient  
respectively.

Surface plasmon resonance in industry

In this area, SPR, as a surface-oriented method, has shown great 
potential for affinity biosensors, allowing real-time analysis of 
biospecific interactions without the use of labeled molecules. 
The SPR sensor technology has been commercialized by several 
companies and has become a leading technology in the field of 
direct real-time observation of biomolecular interactions.
	 Systematic development of the SPR biosensor technology by 
Swedish BIAcore AB (originally Pharmacia Biosensor AB) led to 
the launch of the first commercial SPR biosensor in 1990. Since then 
the BIAcore sensor technology has been further refined in terms of 
speed, throughput and accuracy. Currently, BIAcore offers several 
models of SPR biosensors  (BIACORE® 3000, BIACORE® 2000, 
BIACORE® X, BIACORE® 1000, BiacoreQuant™)(70). Increasing 
interest in commercialization of optical biosensor systems has 
resulted in the development of another SPR biosensor system 
(TI-SPR-1 Experimenters Kit, Spreeta™ Evaluation Kit) by Texas 
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Instruments (USA).(71)  Both BIAcore and Texas Instrument sensor 
systems utilize prism couplers. An SPR biosensor instrument relying 
on wavelength interrogation of SPW in grating-based structures 
is offered by Quantech (USA)(72). Another SPR biosensor system 
(called IBIS) developed by Intersens Instruments was also presented 
by Xantec (Germany)(73).

Current and future research in photoacoustic 
and surface plasmon resonance

It is difficult to predict what the future of basic research in 
photoacoustic and surface plasmon resonance will hold. However, 
with current developments in lasers such as the diode laser and 
OPO laser, basic research in photoacoustic/SPR will focus on the 
improvement of sensitivity and good signal to noise ratio. With 
better instruments and  fuller understanding of the mechanisms 
involved, photoacoustic/SPR will be an analytical tool which 
enables steady improvements to be made in sensitivity, precision, 
and accuracy. Demand for the photoacoustic/SPR technique as 
an analytical instrument package has been steadily increasing 
since the OPO laser was used successfully in photoacoustic/SPR 
experiments.

Future outlook 

There is a need for detection and analysis of chemical and 
biochemical substances in many important areas including 
medicine, environmental monitoring, biotechnology, drug and 
food monitoring. Photoacoustic and surface plasmon resonance 
sensor technology hold potential for applications in these areas.  
Currently, SPR biosensor devices compete with other types of 
biosensors such as real-time optical immunosensors(74). However, 
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the major competitors of biosensors are immunoassays which 
are commonly and widely used for determination of numerous 
important substances and offer low-cost tests of high specificity 
and sensitivity. Today, the commercially available thermal wave and 
biosensors cover a very limited area of the (bio)chemical monitoring 
market aimed primarily at research and analytical laboratories. In 
order to  branch out from specialized laboratories and centralized 
testing sites and gain a fair share of the (bio)chemical monitoring 
market, thermal wave and SPR sensors have to compete with 
existing technologies on the basis of factors such as low cost, ease 
of use, robustness, sensitivity and stability. It is envisaged that this 
will drive research and development of thermal wave and SPR-
sensing devices in future applications. 
	 Undoubtedly, in the future, the thermal wave and SPR technologies 
will benefit from the use of optical waveguide technology which 
offers potential for development of miniaturized, compact and 
rugged sensing elements with the prospect of fabrication of multiple 
sensors on a single chip.

Conclusion

Apparatus for industrial applications are from the experimental 
point of view a “slim version” of a laboratory setup. On the other 
hand, the evaluation of the reliability of the measured data, which 
in a laboratory environment is the responsibility of the scientist, 
has to be performed automatically in an industrial device by an 
online computer equipped with adequate and refined software. 
We may argue that laboratory experiments with its high standard 
technical equipment and detailed measurement procedures are not 
necessary in view of later industrial application of a “slim version”. 
Why can we not immediately develop the simplest setup instead of 
performing extensive experiments at laboratory scale? The answer is 
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not simple. If we have to search for the shortest and cheapest path to 
get from one place to another, we have to explore all possible paths 
between the two places through extensive investigation in order to 
select the best and most adequate one. The same holds true for the 
transfer of photoacoustic and surface plasmon resonance techniques 
to efficient industrial applications. Both efforts are needed, the 
thorough and extensive investigation at laboratory scale followed by 
the adaptation of the most suitable method for industrial needs.
	 Even though some photoacoustic and surface plasmon resonance 
methods have been commercialized for industrial and research 
use, basic research in these two areas is still needed to improve the 
sensitivity, accuracy and even the selectivity (for gas detection) of 
the sensors. In addition to that development of compact, robust, 
small sized portable units need to be considered for industrial 
use.
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Photoacoustic Technique

The photoacoustic effect is based on the generation of acoustic 
waves as a consequence of modulated light absorption. The 
absorption of the incident energy beam and the subsequent non-
radiative de-excitation relaxation processes give rise to a heat 
source in the sample. In the photoacoustic technique, the sample is 
enclosed in an airtight cell where the temperature oscillations from 
the illuminated surface of the sample will be communicated to the 
gas in the cell. The effect can be sensed by a sensitive microphone 
that forms part of the inner cell wall. Physically the heating of the 
sample depends on the optical absorption and the heat diffuses 
from the sample to the surface. These two factors lend versatility 
to the technique for studying optical absorption as well as thermal 
diffusivity of samples. The ultimate goal is to use this technique in 
determining glucose content in blood by in-situ measurements.
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Surface Plasmons Resonance Technique

A surface plasmon (SP) is a collective excitation of the electrons 
at the interface between a conductor and an insulator. Surface 
plasmons on a plane surface are non-radiative electromagnetic 
modes, that is, SPs cannot be generated directly by light nor can 
they decay spontaneously into photons. The origin of the non-
radiative nature of SPs is that the interaction between light and SPs 
cannot simultaneously satisfy energy and momentum conservation. 
This restriction can be overcome by increasing the effective wave 
vector (and hence momentum) of the light using a prism coupling 
technique. 

His interest at present is more in the applications of Surface Plasmon 
Resonance particularly in multiple thin film systems. The presence 
of even very thin film results in measurable shifting of the resonance 
angle and broadening the reflectivity dip. These effects can be 
utilized to develop devices such as optical modulators and chemical 
sensors. To further enhance the lab’s capabilities in analyzing thin 
films, he is equipping his ATR reflectivity system with the ability 
to make ellipsometric measurements for variable angle and variable 
wavelength measurements.                                 
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