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A comparison between thermal lens and conventional optical
spectroscopy for monitoring of a photocatalytic process
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We compare the thermal lens (TLS) and the optical transmission (OT) spectroscopy techniques to monitor the kinetic of a photocatalytic
reaction. For this, an OT measurement facility was added to a TLS set-up. The TLS was implemented in a microspatial configuration named
thermal lens microscopy (TLM). Methylene blue (MB) in Water solutions were used as test samples within a concentration range in which
both techniques show good sensitivity. Within this range, the limit of detection obtained by TLM was about one order of magnitude smaller
than that achieved by OT. The methylene blue concentration evolution with photocatalytic reaction time was measured with both techniques,
showing a good agreement between their results. A ZnO thin film deposited on a glass substrate by the spray pyrolysis technique was used
as catalyst, and the reaction was induced by UV-violet light.

Keywords: Thermal lens microscopy; optical absorption; photocatalysis; spectroscopy.

DOI: https://doi.org/10.31349/RevMexFis.68.021303

1. Introduction

The world is facing significant environmental challenges
such as improving the quality of water. Several efforts are
currently focusing on detecting pollutants and treating them
using photocatalytic processes to stop further pollution. For
several applications one must develop precise techniques for
detecting trace amounts in low samples’ volumes, existing
a lack of simple, cheap, reliable, and sensitive techniques
for measuring minimal optical absorbance in liquids in small
spaces. Because conventional spectroscopies measure trans-
mitted light through a sample, they fail when treating highly
transparent samples since both transmitted and incident en-
ergy are almost the same. Photothermal techniques overcome
this limitation because they are based on measuring the frac-
tion of the incoming energy that is absorbed and transformed
into heat via non-radiative processes, representing an alterna-
tive in this field [1]. One of these techniques is the thermal
lens spectroscopy (TLS) [2,3]. In this method, a refractive
index periodical change is produced by the absorption of an
intensity modulated laser beam (called the excitation beam),
which induces a phase shift in another laser beam (the probe)
passing through the same heated region of the sample. The
consequent intensity changes in the probe beam are measured
by a photodiode and provide the thermal lens signal. Among
other applications, TLS has been widely used for sensitive
detection of a wide class of species dissolved in dissimilar
media [1-9] and for the study of different photodegradation
processes [4,5]. When the excitation beam is highly focused

onto a micrometric region of the sample the technique is
called thermal lens microscopy (TLM), with the main advan-
tage that very low amounts of samples can be characterized
[6]. Recently, a variant of TLM has been proposed that uses
coaxial counter propagating excitation and probe beams and
a passive optical resonator to enhance sensitivity and reduce
limits of detection (LOD). For example, LODs at the parts
per trillion level have been achieved for Fe-II [7] and Cr-VI
[8] in water and, recently, its application to monitor the ki-
netics of the photocatalytic reduction of Cr-VI was demon-
strated using TiO2:Fe thin films [9]and CdS powder [4] as
photocatalyst materials. However, none of the mentioned pa-
pers provided any comparison between the kinetic observed
using TLM and by means of any other analytic technique,
to show the expected agreement between the results they of-
fer. Therefore, it is the goal of the present paper to provide
a comparison between TLM and the often-used UV-Vis opti-
cal transmission spectroscopy technique (we will be name it
here OT, for short) for the photocatalytic reduction of methy-
lene blue dissolved in water, of course in a dye concentration
range in which both techniques are functional. To do this,
an optical transmittance (OT) measurement at the excitation
laser wavelength was incorporated in the same TLM set-up
after properly calibration using a commercial spectrometer.
The catalyst used was a ZnO thin film deposited on a glass
substrate by the spray-pyrolysis technique and the photocat-
alytic reaction was induced by UV-violet light, taking care to
avoid photobleaching of this molecule due to light absorption
[5]. We resorted to the use of a ZnO film because it is a semi-
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conductor that has been proposed as an alternative photocat-
alyst due to its lower cost, thermal stability [10], narrower
bandgap [11] and higher photo-efficiency [12-15] when com-
pared with other materials such as the widely used anatase
TiO2. Moreover, it does not further contaminate the solvent
at the end of the photocatalytic reaction, as can happen when
powdered compounds are used.

2. Experimental details

2.1. The catalyst

ZnO thin films were synthetized using the spray pyrolysis
technique. They were deposited on Corningr glass sub-
strates (1.8 mm thick) using as precursor a solution of zinc
acetate dehydrated (Zn(CH3COO)2 2H2O) with 0.1 molar
concentration diluted in deionized water. The glass substrate,
maintained at 400◦C, was coated placing it in front of the
mist under a constant flow of nitrogen (7 mL·min−1) for
15 minutes. The thickness (984 nm) of the resultant thin
film was determined using a Dektak 3 surface profilome-
ter (Veeco). Scanning electron microscopy (SEM) images
demonstrated a uniform and compact granular surface with a
morphology less ordered than common rods, plates and flow-
ers favoring light absorption due to the high surface area, and
the generation of electron-hole pairs. Energy dispersive X-
ray spectroscopy (XEDS) measurements made in combina-
tion with SEM and X-ray diffraction (XRD) have shown the
formation of wurtzite, the most thermally stable morphol-
ogy of ZnO. More details on sample’s characterization by
these techniques are given in a recent published paper [16].
The bandgap energy value,Eg, of the ZnO film was cal-
culated from optical reflectance spectra (measured with an
Ocean optics, Flame-T-UV-VIS-ES spectrometer) using the
Tauc graph for direct band-gap semiconductors [4],i.e., the
graph of (αhν)2 as a function ofhν, whereα andhν are the

FIGURE 1. Tauc plot used for bandgap energy determination. The
dashed region shows the light energy range of the lamp incident
onto the photocatalyst. The value ofEg = 3.19 eV was deter-
mined by extrapolation of the linear part of this plot, as shown by
the red line (color only in the online version).

optical absorption coefficient and the photons energy, respec-
tively (Fig. 1). The value ofEg = 3.19 eV was determined
by extrapolation of the linear part of this plot.

2.2. The TLM method

Figure 2a shows a schema of the TLM experimental set-up.
It is described with more detail elsewhere [9]. Here a mod-
ification is made to incorporate the OT measurement in the
same set-up. Briefly, the set-up consists of the following.

The sample is enclosed in a 10 mm thick quartz cu-
vette, C (Hellma Z803111-1EA). The excitation laser EL
(COHERENT-OBIS 640, wavelengthλe = 640 nm, power
Pe = 8 mW) beam (red in the on-line color version) is di-
vided by a beam splitter (BS1). One part of the beam is used
for OT measurement. The beam’s intensity is periodically
modulated at 50% duty-cycle by a chopper CH2 (THOR-
LABS MC2000) at a frequencyf = 30 Hz (this is an arbitrar-
ily chosen value) and propagates through a sample region lo-
cated far-away of the TL region, being partially transmitted.
The incident and the transmitted beam intensities are mea-
sured with a photodiode PD2 (THORLABS-DET36A/M)

FIGURE 2. a) Schema of the experimental set-up. EL: Excitation
laser. PL: Probe laser. CH1, CH2: Mechanical Modulators (Chop-
pers). O: Objective (focusing) lens. DM: Dichroic mirror. M1,
M2, M3: Mirrors. BS1, BS2: Beam splitters. P: Polarizer. PD1,
PD2: Photodiodes. OSC: Oscilloscope. LIA: Lock-in Amplifier.
C: Quartz cuvette containing the sample. (color only in on-line
version). b) Typical oscilloscope snapshot of the probe and exci-
tation beams intensities (yellow and blue curve, respectively) as a
function of time (abscissa axis). The arrow shows what is defined
here as the TLM signal (color only in the online version).
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whose output is connected to a lock-in amplifier (LIA)
(SR830) synchronized at the modulation frequency (for mea-
suring the incident beam intensity, the detector PD2 is placed
in front of the sample). From the OT measurement, the sam-
ple’s absorbance is calculated as usual asA = log10(Ii/IT ),
whereIi is the intensity of the light impinging on the sam-
ple andIT is the transmitted intensity. Undesirable excess
heating of the sample is avoided due to the very low inten-
sity of the laser beam. Obtained absorbance values for test
samples are compared with those measured by a commer-
cial UV-Vis spectrophotometer (OCEAN OPTICS-FLAME-
T-UV-VIS-ES) showing a good agreement. The other part
of the excitation laser beam is focused onto a small region
of the sample using a microscope objective (O). It is used to
excite the TL signal after being modulated in intensity by a
mechanical chopper CH1 (THORLABS MC2000) at a fre-
quencyf = 1 Hz. This value was selected so that the 1-
second-long time duration of each excitation cycle becomes
much greater than the characteristic time for the formation
of the TL signal, which under the conditions of this experi-
ment is about 0.7 ms. It was calculated astc = ω2

0e/(4D),
whereD is the solvent (water) thermal diffusivity andω0e

is the waist of the excitation beam at the sample’s position
that was 20µm in our case, as determined using an optical
beam profiler (Coherent, LaserCam-HR II - 1/2, measure-
ment uncertainty± 1% typical, 5% max). The continuous
probe laser PL (Thorlabs CPS532) (λp = 532 nm,Pp = 3.5
mW) beam (green in color figure) is collimated (diameter
2 mm) and directed onto the heated region of the sample.
The probe beam experiences multiple reflections within the
optical cavity formed by the mirrors M1 and DM (this is a
dichroic mirror that transmits the excitation beam and reflects
the probe) before its intensity is detected by a photodetec-
tor PD1 (THORLABS-DET36A/M) and measured by a digi-
tal oscilloscope (TEKTRONIX MDO3024). Here, measure-
ments have been performed using the third reflection order,
for which an amplification factor ofM = 5.8 was obtained
by comparing the signal obtained with and without the opti-
cal cavity, a value very close to the theoretical awaited value
of six [8]. As usual, a 500µm diameter pinhole (not shown
in the figure) is placed in front of PD1 allowing that only
the central part of the probe beam can be sensed, which con-
tains useful information about the thermal lens effect. The
peak-to-peak amplitude in the probe beam intensity will be
called here the TLM signal, as shown by the arrow in Fig. 2b
that shows an oscillograph screen snapshot of the probe beam
intensity as a function of time. A Xe-lamp (not shown in
the figure) (Uniquestyle model 9006 of 8000 K) emitting a
broadband spectrum in the energy range from 1.96 to 3.54
eV was used to induce the photocatalytic reaction. A band-
pass filter was placed in front of the lamp so that photons with
energy lower than 2.48 eV were blocked out to avoid unde-
sirable heating of the sample due to the absorption of near
IR radiation by the solvent. In this way, light with energy in
the range between 2.48 and 3.54 eV (shown by the dashed
region in Fig. 1) was focused onto the catalyst, also enclosed

with the sample in the cuvette. More details on the photo-
catalyst and lamp accommodations within the experimental
set-up are given elsewhere [9]. Care was taken to avoid that
the laser beams impinge onto the catalyst film.

2.3. Methodology

Both the TLM and the OT techniques are used to measure
the concentration of the analyte of interest by comparing
the sample to a known reference standard. For this, several
samples of known concentrations of methylene blue in wa-
ter were prepared, and standard calibration curves were con-
structed. For OT, the calibration curve will be the absorbance
as a function of concentration, while for TLM the signal will
be plotted as a function of concentration. The concentration
of an unknown sample can then be obtained by interpolation
using these curves. In this way, the curves of concentration
as a function of the time measured from the beginning of a
photocatalytic process can be measured using both detection
methods and can be compared with each other.

3. Results and discussion

3.1. Samples

A series of calibration samples was prepared using analytical-
reagent grade methylene blue (MB, Hycel de México, S.A.
DE C.V) and deionized water. Optical spectrophotometric
measurements showed a broad absorption band centered near
650 nm for the obtained solutions as shown in Fig. 3 for a
sample of 0.46 ppm w (0.46 mg/L) of MB in water, so that a
laser (λe = 640 nm) emitting very near this wavelength was
chosen for excitation. The probe laser wavelength (532 nm)
was selected so that it is within the very low absorption re-
gion.

FIGURE 3. The optical absorption spectrum of a typical methy-
lene blue in water solution. The concentration was 0.46 ppm. The
arrows show the excitation and probe laser wavelengths.
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FIGURE 4. TLM signal amplitude a) and optical absorbance ob-
tained from OT measurements b) as a function of the methylene
blue concentration in water. Each point represents the mean value
of ten independent measurements and the Lock-in amplifier acqui-
sition was programmed so that each lecture was repeated 100 times
before an average value was recorded. The mean relative standard
deviations were 5 and 7% for TLM and OT, respectively. c) TLM
signal versus absorbance for the different MB concentrations in wa-
ter. Solid curves are the best least squares linear fits. Linear fit data
a) Correlation CoefficientR2 = 0.999; Intercept= (0.6 ± 0.1)
V; Slope = (9.4 ± 0.4) V/ppm; b) R2 = 0.960; Intercept =
(0.0018 ± 0.0008) absorbance units; Slope= (0.149 ± 0.005)
absorbance units/ppm; c)R2 = 0.993; Intercept= (0.8± 0.2) V;
Slope= (63± 3) V/absorbance units.

3.2. Calibration curves

Figures 4a) and b) show the obtained calibration curves,i.e.,
the TLM signal and the absorbance determined by OT mea-
surement at the excitation laser wavelength, respectively, as a
function of the methylene blue concentration.

The Limits of Detection (LOD) for each technique were
determined as three times the standard deviation of the ordi-
nate intercept divided by the slope of the calibration curve
[17]. The obtained values were (6.34 ± 0.07) ppb for TLM
and (80 ± 4) ppb for TLM and for OT, respectively. The
most accepted model for the calculation of the TL signal
in weakly absorbed media for the mode mismatched dual-
beam configuration is described by Shenet al. [36] for a
small phase shift of the probe beam, and a further approxi-
mation of this model for the configuration used here with a
focused excitation beam and a highly collimated probe beam
was described by Marcanoet al. [37]. This model pre-
dicts a linear relationship between the TLM signal and sam-
ple’s absorbance, with a proportionality factor depending on
well-known experimental parameters as the excitation beam
power, the probe beam wavelength, the thermal conductiv-
ity, and the temperature coefficient of the refractive index of
the solvent. However, this commonly used model does not
work well for the third reflection order used here to amplify
the signal, because the phase of the probe beam is affected by
the multiple reflections within the optical cavity so there may
be deviations of the proportionality factor from the predicted
value, although the linearity between thermal lens signal and
absorbance is preserved. Due to this reason, we cannot con-
vert measured thermal lens signal values into absorbances. In
Fig. 4c the thermal lens signal amplitude is plotted as a func-
tion of the absorbance to show the expected linear behavior
between both magnitudes. The solid curve is the best least
squares linear fit from which a slope of (63±3)V/(absorbance
units) was obtained.

3.3. Monitoring of the photocatalytic reaction

Methylene blue photodegradation using different photocata-
lysts has been widely studied [18-35]. A solution of 1 ppm
of methylene blue in water was placed into a measurement
cell in contact with the ZnO film catalyst, which was irradi-
ated with the lamp light. The initial volume of the methylene
blue solution was kept constant, at 1.0 mL. Special care was
taken to avoid irradiation of the film with the excitation and
probe beams. Because there are reports on the degradation of
MB via photolysis [23,24], here we performed an experiment
whose results demonstrated that both the OT and the TLM
signal did not change during more than two hours with and
without the UV-violet lamp excitation and in the presence of
the excitation and probe beams (It is worth mentioning that
in Refs. 23 and 24 the initial MB concentrations are greater
than the 1 ppm used here). Using the calibration curves of
Fig. 4, the methylene blue concentrations were determined

Rev. Mex. Fis.68021303
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TABLE I. Results from the best least squares linear fits for the data shown in Fig. 5a).

Full measurement range First 105 minutes

Method Slope× 10−3 ppm/min Intercept ppm R2 Slope× 10−3 ppm/min Intercept ppm R2

TLM −6.66× 0.07 1.01± 0.01 0.999 −6.54± 0.09 1.01± 0.01 0.999

OT −5.5× 0.5 0.94± 0.04 0.947 −6.0± 0.7 0.97± 0.04 0.949

FIGURE 5. a) Concentration as a function of the time measured from the beginning of the irradiation with UV-violet light. The solid and
dashed curves result from the best least squares linear fits for the data resulted from the TLM (squares) and OT (circles) methods, respectively.
The inset shows the same data and best fitting curves for the first 105 minutes. (see Table I for linear fits’ data). b) Comparison between
concentrations determined by both techniques, showing the ideal agreement (dashed line) and the best least squares linear fit (solid line)
between them. c) Bland-Altman plot showing the concentration differences mean value (dashed line) and the 95% confidence bounds (solid
lines). A t-Student distribution was considered for calculations.

for irradiation times ranging from 0 to 135 minutes by OT and
TLM techniques. Since the main goal of the present work is
to compare OT and TLM techniques for monitoring the pho-
todegradation of methylene blue, a comparative analysis was
performed on the obtained data from both techniques. The re-
sults are shown in Fig. 5a), where the concentration evolution
with time as measured by both TLM (squares) and OT (cir-
cles) techniques is represented. The solid and dashed curves
are the results of the best least squares linear fits for the data
resulting from the TLM and OT methods, respectively. The
obtained slopes and intercept values are given in Table I. The
discrepancy in the slopes is about 20%, a value that reduces
to about 8% if we consider only the first 105 minutes (see
inset and Table I). To strengthen the comparative analysis,
in Fig. 5b), the graph of the concentrations obtained by TLM
vs. those measured by OT is presented, where the dashed line
corresponds to the case for which there is a perfect agreement
between the results obtained by means of both techniques,
i.e., a slope equal to the unity. The solid line is the result
of the best least squares linear fit having a slope of1.2± 0.1,
with a coefficient of correlation (R2) of 0.9431. Additionally,
Fig. 5c) shows a Bland-Altman plot, where∆C is the dif-
ference between the methylene blue concentrations obtained
with both techniques at each irradiation time, and〈C〉 is the
mean value of them. Notice that 60% of the∆C values lie
within the 95% confidence bonds.

In Fig. 5a), the experimental points from the TLM mea-
surements show a smaller deviation from linearity than those
obtained by OT (see Fig. 5a) and R2-values in Table I). No-
tice that the measurements of Fig. 5 were made in-situ during

the photocatalytic reaction. The OT technique is designed
for stationary measurements. The monitoring of this kind of
dynamic processes by OT is mostly performed in aliquots ex-
tracted from the sample or under conditions where the pho-
toreaction is stopped. The minor deviations from linearity
observed in the TLM results when compared with those of
OT could be due to the advantage of the former, namely a
transient method, to characterize time evolutive processes in-
situ. Note that the characteristic times for the formation of
the thermal lens signal are of the order of milliseconds,i.e.,

FIGURE 6. TLM signal vs. absorbance measured for differ-
ent times after the beginning of the photocatalytic reaction. The
solid curve is the best least squares linear fit. Linear fit data:
R2 = 0.974; Intercept = (1.3 ± 0.2) V; Slope = (66 ± 4)
V/absorbance units.
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much smaller than those necessary for a change in the con-
centration of the solute due to its photodegradation to be ap-
preciated. Nonetheless, good linearity is observed between
TLM signal and absorbance values measured at different
times, as shown in Fig. 6. A solid curve is the best least
squares fit with a slope (66 ± 4) V/(absorbance units), com-
parable to that obtained from the same kind of graphs con-
structed from the calibration curves (Fig. 4c)).

4. Conclusions

A comparison was made between the thermal lens mi-
croscopy (TLM) and the optical transmission (OT) tech-
niques for the monitoring of the methylene blue concentra-
tion evolution with photocatalytic reaction time, within the
concentration range in water, in which both methods have
sensitivity. The OT facility was incorporated in TLM set-up.
A ZnO thin film grown on a glass substrate by spray pyrol-
ysis technique was used as catalyst, and the reaction was in-
duced by UV-violet light. A linear behavior was observed

in the concentration versus time curves obtained with both
methods during the photocatalytic process, but deviations
from linearity are smaller for the TLM technique. Therefore,
this method can be used straightforwardly for monitoring the
time-dynamics of a photocatalytic reaction at low solute con-
centrations.
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