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Abstract A new method named photothermal diffuse

reflectance (PTDR) is presented. This method combines the

diffuse reflectance spectroscopy with the photothermal

technique and is particularly suited for the investigation of

strongly scattering samples. This method takes advantage

of the high spectral selectivity and absorption of the mid-

infrared region with the larger scattering cross section and

high detector sensitivity available in the near-infrared. A

model describing the PTDR method is proposed and sup-

ported with experimental results. The potential of the

PTDR technique is illustrated by experimental signals

obtained from various scattering media like polymers,

liquids and powders.

1 Introduction

Photothermal measurements represent a useful method for

characterizing thermal properties such as thermal conduc-

tivity and thermal diffusivity of materials [1–3]. Among the

photothermal techniques, photothermal reflectance (also

called modulated optical reflectance) is an effective non-

destructive evaluation technique [4–6]. This method is

based on the excitation of the material under investigation

with an intensity-modulated laser beam (pump laser) which

results in a periodic variation of the local temperature of

the sample surface due to the heat produced by the

absorbed pump intensity. The temperature change induces

a periodic variation of the sample’s refractive index at the

modulation frequency of the pump beam intensity. The

induced periodic variation of the sample’s reflectivity is

detected by measuring the modulation of its reflectance

using a probe beam (probe laser) that is reflected from the

sample surface. Photothermal reflectance methods have

proven to be especially valuable for investigating highly

opaque materials and have been used extensively in several

areas of science and technology, particularly for studies of

thermal conductivity of thin films [7], thermal conductance

of interfaces [8] and thermal diffusivity of solids [9].

When light reaches a scattering medium, it can be

reflected by the surface (specular reflection) or it can enter

the medium. The light that enters the medium can then be

absorbed, transmitted or scattered. A part of the scattered

light can return to the surface and escape the scattering

medium leading to diffuse reflectance (also called remit-

tance). A widely used diffuse reflectance scheme employs a

laser beam focused to provide a small spot on the surface of

the scattering sample and an optical fiber to collect the light

remitted at a given distance (typically 2–20 mm) from the

laser input spot. One advantage of this scheme is that

the whole measurement is conducted from the same side of

the sample and thus no access to the rear surface is needed.

Diffuse reflectance is an excellent non-destructive sampling

tool for powdered and solid materials. It is also widely

utilized for medical diagnostic purposes, such as noninva-

sive optical spectroscopy of various tissues [10–12].

Here we report on the combination the advantages of the

photothermal techniques with those of the diffuse reflec-

tance method. This is achieved by exciting the sample with

pulsed mid-infrared light which, when absorbed by the

sample, generates a temperature increase. The sample is

simultaneously irradiated with a second light beam (visible

or near-infrared), which is marginally absorbed but

strongly scattered by the sample and thus leads to a strong
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diffuse reflectance signal. This diffuse reflectance signal is

influenced by the absorbed mid-infrared light and thus

yields information on the optical and thermal properties of

the samples. We call this technique photothermal diffuse

reflectance (PTDR). Using two excitation beams has many

advantages as it combines the high spectral selectivity and

absorption cross section of the mid-infrared region with the

stronger scattering cross section and higher detector sen-

sitivity available in the near-infrared. In this work, the

PTDR method will be investigated and its potential illus-

trated by PTDR analyses of various powders, polymers and

liquids.

2 Experimental arrangement

Our photothermal diffuse reflectance setup is depicted in

Fig. 1. It consists of an external cavity quantum cascade

laser (EC-QCL, Daylight Solutions, DLS-TLS-001-PL)

generating the pump beam and providing more than

20 mW between 9.17 and 9.88 lm. The EC-QCL beam is

interrupted with a shutter to generate 0.5 s long pulses that

heat the sample. A temperature-stabilized near-infrared

diode laser (785 nm, ADL-78901TX, ca. 20 mW) gener-

ates the probe beam and illuminates the scattering sample.

This beam is amplitude-modulated at 57.7 kHz frequency

to allow a lock-in detection of the scattered light which is

collected by a plastic optical fiber (step-index PMMA;

diam. = 1 mm) located 0.5 mm above the sample surface.

The collected light is fed to a silicon/PIN photodiode (New

Focus, Model 1801). The photodiode signal is detected by

a lock-in amplifier (Stanford Research, SR830) with a

10 ms time constant and read-out rate of 256 Hz. The mid-

infrared laser (pump, beam diameter ca. 3 mm) and the

near-infrared laser (probe, beam diameter\0.3 mm) hit the

sample at the same location and the centre of both beams is

superimposed. The scattered light is collected by the

optical fiber located 5 mm apart. The light detection

scheme is not sensitive to the mid-infrared light from the

pump beam since the plastic optical fiber does not transmit

at this wavelength, the silicon detector is not sensitive at

this wavelength, and a lock-in detection at 57.7 kHz is used

while the mid-infrared beam is pulsed (500 ms, 125 mHz).

For each EC-QCL pulse, the signal originating from the

lock-in is recorded in the computer and can be averaged, if

needed, to improve the signal to noise ratio. The output is a

time-dependent signal showing the evolution of the col-

lected diffusely scattered near-infrared light after the

EC-QCL pulse (mid-infrared excitation).

3 Results and discussion

A typical PTDR signal obtained with a turbid polyoxym-

ethylene (POM, also called polyacetal) polymer is pre-

sented in Fig. 2. The POM sample is irradiated during

500 ms with a 4 mJ pulse at a wavelength of 9.766 lm and

the PTDR reflectance signal is recorded during ca. 8 s and

subsequently averaged 10 times. The lower dotted line

shows the time-dependent signal of the collected scattered

near-infrared light without mid-infrared excitation result-

ing in a flat baseline. The upper line clearly shows an

increase of the diffusively scattered light during the mid-

infrared pump pulse. The maximum signal is obtained at

the end of the pump pulse and amounts to approx. 0.4 % of

the base signal (i.e. signal obtained without mid-infrared

pump pulse).

The temperature rise at the centre of the spot irradiated

by the EC-QCL is approximately 4 K. This estimation is

based on the volumetric heat capacity of POM (2.1 9 106

[J m-3 K-1] [13]) and neglecting thermal diffusion since

the thermal conductivity of POM is low (i.e. 0.25

[W m-1 K-1] [13]) and the heating period relatively short.

This 4 K temperature rise corresponds to the observed

0.4 % increase of the diffuse reflectance signal; the

experimental sensitivity (i.e. D(PTDR signal)/DT) of the

Fig. 1 Schematic

representation of the

photothermal diffuse reflectance

setup
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PTDR setup is thus 10-4 [K-1]. The maximum signal

amplitude is 6 lV (Fig. 2), while the standard deviation of

the background signal is 90 nV. Knowing the temperature

rise (i.e. 4 K), the minimum detectable temperature change

is estimated to be 0.06 K (1r, 109 averaging).

Since the refractive index of the POM sample varies with

temperature, its surface reflectivity also changes with tem-

perature. A reduction of the surface reflectivity at the probe

beam input point leads to an increased light intensity avail-

able for the scattering processes inside the sample and thus to

a higher diffuse reflectance signal. A simple model for the

PTDR technique can thus be derived: the PTDR signal results

from the reflectivity change at the probe beam input spot due

the variation of the reflective index with temperature. Fol-

lowing this model and using typical parameters for a typical

polymer (i.e. refractive index = 1.4, D(refractive index)/

DT = -3 9 10-4 [K-1]), the sensitivity of the of the PTDR

amounts to 0.4 10-4 [K-1] [2]. A reasonable agreement

between the experimental and the modeled sensitivity is thus

obtained.

By dividing the variation of the signals (S) obtained during

the PTDR experiment by the background signal (i.e. the

signal recorded without pump beam, S0), the relative PTDR

signal (i.e. (S - S0)/S0) is obtained. This relative PTDR

signal is independent on the probe beam power. The relative

PTDR signal for various pump pulse energies using a glucose

powder as scattering sample is presented in Fig. 3 (pulse

duration 500 ms, pump wavelength 9.766 lm). Taking the

maximum amplitude of the time-dependent signal as a mea-

sure of the PTDR signal, a linear behavior of the PTDR signal

with the pump energy is observed (Fig. 3b). This result

implies that PTDR signals can be normalized by the energy of

the pump pulse. This is of great interest for signal calibration,

e.g. if PTDR signals obtained using different pump energies

have to be compared (such as PTDR signals recorded for

various pump wavelengths and thus pump energies).

Normalized PTDR signals from various samples are

presented in Fig. 4. Apart from POM, polytetrafluoroeth-

ylene (PTFE) polymer, homogenized milk (3.8 % fat),

glucose powder (typical grain diameter 50 lm) and an opal

glass diffuser have been measured. All signals have been

recorded using a pulse duration of 500 ms and a pump

wavelength of 9.766 lm but, depending on the sample,

various pulse energies (2.5–25 mJ) have been utilized. All

samples show a signal rise during the pump pulse. Weaker

signals are obtained with glass and milk. Figure 4 indicates

that diverse types of samples like polymers, powders and

liquids can be investigated using the PTDR technique as

long as they scatter light. Based on the PTDR model pre-

sented above, the signal is proportional to the change of the

refractive index of the sample. The change of the refractive

index is, in turn, proportional to the volumetric expansion

coefficient (b, Table 1) multiplied by the temperature

variation [2, 3]. A detailed description of the relationships

Fig. 2 PTDR signal obtained with a polyoxymethylene (POM)

sample (pump wavelength 9.766 lm, pulse duration 500 ms, pulse

energy 4 mJ) after 10 averages. The lower line shows the PTDR

signal without mid-infrared pulse excitation

Fig. 3 a Relative PTDR signals

(pulse duration 500 ms, pump

wavelength 9.766 lm) obtained

with a glucose powder for

various pump pulse energies.

b Dependence of the PTDR

signal on the pulse energy, the

line shows a linear fit
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between temperature, refractive index and light transmis-

sion can be found in Ref. [3].

This temperature variation (neglecting heat diffusion

and assuming a similar irradiated volume) is inversely

proportional to the volumetric heat capacity (Cv, Table 1).

This results in normalized PTDR signals being proportional

to b/Cv. In Fig. 5, the experimental normalized PTDR

signals from Fig. 4 are plotted versus b/Cv (Table 1) for

the various materials. The reasonable linear behavior

observed in Fig. 5 is a further corroboration for the PTDR

model given above.

Depending on the pump wavelength, the absorption

coefficient (a) of the sample varies. Figure 6 depicts the

PTDR signals obtained with a glucose powder at two dif-

ferent pump wavelengths (i.e. 9.766 and 9.434 lm). These

two wavelengths are chosen since they correspond to a

significantly different mid-infrared absorption coefficient

(estimated to be 65 and 32 cm-1, respectively). These

absorption coefficients of the glucose powder are estimated

from attenuated total reflection (ATR) measurements using

a Fourier-transform infrared (FTIR) spectrometer. The

PTDR signal of PTFE at two wavelengths (i.e. 9.174 and

9.852 lm) is shown in Fig. 7. The corresponding absorp-

tion coefficients (180 and 100 cm-1, respectively) are

Fig. 4 Normalized PTDR signals from various samples: polyoxym-

ethylene (POM), polytetrafluoroethylene (PTFE), homogenized milk

sample (3.8 % fat), glucose powder (typical grain diameter 50 lm)

and opal glass diffuser. In all cases, a 500 ms pulse duration and a

pump wavelength of 9.766 lm, but various pulse energies have been

employed. The opal glass and milk signals have been multiplied by 6

and 4 before plotting, respectively. The signals are vertically shifted

for better clarity

Table 1 Literature data of selected thermal properties of the inves-

tigated samples

Material Volumetric

heat capacity

Volumetric

expansion

coefficient

References

Cv

[J m-3 K-1]

b [K-1] b/Cv

[m3 J-1]

Glass (BK7) 2.2 9 106 25 3 10-6 11 [18]

Milk 4.0 3 106 200 3 10-6 50 [19]

PTFE 2.3 3 106 300 3 10-6 130 [13]

POM 2.1 3 106 300 3 10-6 143 [13]

These data are utilized to derive the b/Cv ratio that is given in Fig. 5

(see text)

Fig. 5 Experimental normalized PTDR signal (corresponding to

Fig. 4) versus b/Cv for the various materials (see text). The line shows

a linear fit

Fig. 6 Normalized PTDR signals at 9.766 and 9.434 lm excitation

wavelengths for a glucose powder

Fig. 7 Normalized PTDR signals at 9.174 and 9.852 lm excitation

wavelengths for a PTFE polymer
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derived from FTIR measurements conducted in direct

transmission with a thin PTFE foil. Figures 6 and 7 dem-

onstrate that the PTDR signal scales with the absorption

coefficient and that spectroscopic investigations of scat-

tering materials are feasible using this technique. If the

absorption coefficient gets larger, the heat deposited by

the pump beam is confined within a smaller volume and

the maximum surface temperature gets higher. For a small

variation of the absorption coefficients, the PTDR signal is

proportional to the absorption coefficient.

4 Conclusion

Using the PTDR method, temperature changes due to light

absorption are detected through the variation of the diffuse

reflectance. The use of two (i.e. a pump and a probe)

wavelengths offers a large choice of applications since

each wavelength has its own absorption and scattering

cross sections. In this work, this allowed exploiting the

benefits of both the mid-infrared high absorption cross

section and the strong scattering cross section of the near-

infrared. Compared to regular photothermal reflectance

spectroscopy, the PTDR technique does not require a flat

reflecting surface but can also be successfully implemented

on powders. The PTDR technique should also enable to

detect temperature changes at the sample surface under

vacuum which is not possible using photothermal ‘‘mirage

effect’’ [14, 15] or photoacoustic [16, 17] setups. With the

PTDR method, the temperature measurement is performed

at the location of the probe beam spot, the temperature is

thus measured with a high spatial resolution and a mapping

of the surface temperature could be done by scanning the

surface with the probe beam. The PTDR is a non-contact

and non-destructive method for the studies of scattering or

turbid samples, which does not require access to the rear

sample surface. This method is thus also promising for the

study of biological samples like skin.
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