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Abstract A complete theoretical model is presented for
the thermal mirror technique under top-hat laser excitation.
Considering the attenuation of the top-hat excitation laser
intensity along the thickness of a sample due to its optical
absorption coefficient, we calculate the laser-induced tem-
perature and surface deformation profiles. A simplified the-
oretical model for a high absorption sample is also devel-
oped. The center intensity of a probe beam reflected from
the thermal mirror at a detector plane is derived. Numerical
simulation shows that the thermal mirror under the top-hat
laser excitation is as sensitive as that under Gaussian laser
excitation. With top-hat laser excitation, the experimental
results of thermo-physical properties of opaque samples are
found to be well consistent with literature values, validating
the theory.

PACS 78.20.Nv - 78.47.4p - 65.60.4+a

1 Introduction

Photothermal (PT) science and techniques have achieved
enormous accomplishments from material characterization
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to chemical analyses [1-8]. PT techniques are based on the
photo-induced heat generation following optical energy ab-
sorption by a sample, and the heat can cause a number of
different effects. One of the most ordinary observed effects
is the surface displacement or deformation. This phenom-
enon is introduced when a focused excitation laser beam
shines on a solid material, resulting in expansion and then
a local surface displacement of the solid sample. Several PT
techniques were reported to sense the displacement for the
purpose of material characterization. In the interferometric
scheme proposed by Kuo and Munidasa [9], called surface
thermal lens (STL) technique, a modulated pump beam is
focused on the sample surface to produce the surface de-
formation, and an unfocused probe beam is incident at the
deformation region. The spot size of the reflected probe
beam at the sample surface is much larger than that of the
pump beam, producing an interference or diffraction pattern
at the detection plane. This method was applied to study op-
tical properties of thin films, semiconductor materials, and
characterization of other solid materials [10, 11]. Recently,
we [12-14] theoretically and experimentally demonstrated
the applications of photothermally induced nanoscale sur-
face displacement (STL effect) for low [12, 14] and high [13,
14] optical absorption materials. In these works, the surface
displacement was induced by a focused TEMgy Gaussian
excitation laser, and the local surface displacement acted as
a concave or convex mirror, namely thermal mirror (TM),
to a second TEMy laser impinging on the surface deforma-
tion. The surface deformation was dependent on the optical
and thermo-mechanical properties of the sample and could
be probed by the second laser reflected from it [12—-14].
Notwithstanding the successful application of the TM
method to study solid materials, the high cost of a TEMgg
Gaussian laser as an excitation light source and its inad-
equate wavelength lines restrict the potential applications
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of the TM and a variety of PT techniques [6, 7]. To re-
move the restriction, Li and coauthors introduced the top-
hat laser beam excitation into the pulsed [15, 16] and mod-
ulated [17] excitation STL technique. Moreover, we pre-
sented [18] a theoretical model and experimental valida-
tion for time-resolved mode-mismatched thermal lens spec-
troscopy induced by a cw laser with a top-hat profile. Re-
cently [19], it has been also introduced into the TM tech-
nique. A low absorption theoretical model for transparent
samples, which does not consider the attenuation of exci-
tation light through the sample thickness due to the opti-
cal absorption of the sample, was successfully developed
and experimentally validated with glass samples. Regard-
ing the current status of the applications of top-hat excita-
tion to photothermal techniques, one may find a brief review
in [19].

In order to expand the application of the top-hat laser ex-
citation to the TM technique, in this paper, we report a gen-
eral theory for the TM technique under top-hat laser exci-
tation using Beer’s law to take into account the attenuation
of the excitation laser intensity along the thickness of the
sample. A three-dimensional temperature rise in the sam-
ple and a thermoelastic displacement on the sample surface
are derived by solving the heat conduction and thermoelas-
tic equations. Fresnel diffraction theory is employed to cal-
culate the propagation of the probe beam reflected from the
TM that introduces an additional phase shift to the electrical
field of the probe beam, leading to a time-resolved expres-
sion of the probe beam intensity at a detector plane. Theo-
retical models of two extreme cases, i.e., very low and very
high optical absorption, are also compared with the general
model with Beer’s law, showing that the general model is
a complete model covering these extreme cases, while the
theories of the extremes simplify the calculation. Very good
agreement between theoretical and experimental results is
attained. In addition, the top-hat laser-induced temperature
and displacement profiles obtained in this work are theoret-
ically compared to that obtained using the TEMgo Gaussian
laser excitation [13], showing that the top-hat laser excita-
tion is as sensitive as the Gaussian one. Moreover, by using
the top-hat laser excitation, the measured thermal and me-
chanical properties of three opaque samples are found to be
in very good agreement with literature values.

2 Theory

Figure 1 shows the scheme of a mode-mismatched TM ex-
periment. A top-hat cw excitation laser shines on a sam-
ple, causing the thermoelastic displacement. A weak TEMgg
Gaussian beam, collinear with the excitation laser, is re-
flected by the sample surface displacement and probes the
TM effect. The radii of the excitation and probe beams on
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Fig. 1 A scheme of the geometric positions of the beams in a TM
experiment. The distance between the sample and the plane of a TM
detector is Z,, and the distance between the sample and the probe beam
waist of a radius wop is Z

the sample surface are wp, and w p, respectively. The probe
beam propagates in the z-direction, and the sample is located
at z = 0. In this configuration, it is assumed that the sample
dimensions are large compared with the excitation beam ra-
dius to avoid edge effects, and the surface displacement of
the sample is short compared with the sample thickness.

2.1 Temperature rise distribution

The distribution of the temperature rise, T'(r, z,t), in an
isotropic sample is given by the solution of the heat con-
duction differential equation [19, 20]

o TC2D 152621 = 002, o

ot

with the initial condition 7 (r,z,0) = 0 and the boundary
conditions T (00, z,t) =0 and o7 (r,z,1)/0z],=0 = 0. ¢, p
and k are the specific heat, mass density, and thermal con-
ductivity of the sample, respectively. The intensity of a top-
hat excitation beam Itg(r) and a TEMgyg Gaussian one
Ig(r) can be expressed as [13, 19]

P,
IT(r) = WU(CL}OE —7),
Oe
2

Ig(r) = ﬂzj; exp(—2r%/woe),

Oe

in which P, is the excitation laser power. The Unit-step
function, U(x), is zero for a negative argument and one for
a positive one. Figure 2 shows the intensity distributions for
the top-hat and Gaussian profiles.

The top-hat heat source profile can be expressed as [19]

Q(r, 2) = QoU(woe — r) Q(2). 3

Qo= P.A.p/ pcnwge; A, is the optical absorption coeffi-
cient of the sample at the excitation laser wavelength, and
¢ =1 —nhe/(Aem)- Ae is the excitation beam wavelength,
(Aem) the average wavelength of the fluorescence emission,
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Fig. 2 Radial intensity distributions for the top-hat and Gaussian pro-
files with y =0

and n is the fluorescence quantum efficiency, which com-
petes for a share of absorbed excitation energy. Using Beer’s
Law, the z-dependence of the source term can be used to de-
scribe the optical absorption in the sample in the whole ab-
sorption coefficient range as Q(z) = exp(—A,z). To distin-
guish this treatment from the low optical absorption model
(LAM) [19] and the high absorption model (HAM) that will
be presented later, we call it Beer’s Law model (BLM).

Using the integral transform methods [12—19], the solu-
tion of heat conduction differential equation for the BLM
is

Teim(r, z,1)
= Tofetne fo " o 2. Do) vy da ()
with
Sfem(e, z, 1)
= /Ot {exp|: ol a)(ftec +are, - er}
x [1 + Erf<—Z - Aetwge/z”)
w0e/T/1c
+ exp(2zA¢) Erfc(%)} } dt %)
e c

where Ty = P.¢/(4mkt.). Erfc(x) is the complementary er-
ror function, and J,, (x) is the n-order Bessel function of the
first kind. ¢, = a)ée /4D is the characteristic thermal time
constant, and D = k/pc is the thermal diffusivity of the sam-
ple.

The Gaussian laser beam has been proven to be very
sensitive [12—-14] for TM measurements and applicable for

a wide absorption coefficient range by using the BLM
[12-14]. To show the applicability of the top-hat beam ex-
citation and its sensitivity, in Fig. 3 we compare the temper-
ature rise profiles on the surface of the sample (z = 0) pro-
duced by the top-hat beam with that caused by the Gaussian
one for different exposure times. We used (4) for the top-hat
beam excitation and (1) of [13] for the BLM Gaussian one,
both normalized by Ty. A, = 1000 m~! and wg, = 300 um
were used in the numerical calculations.

Figure 3 shows the normalized radial temperature rise
profiles corresponding to the top-hat and Gaussian excita-
tion laser beams, respectively. For a time less than a char-
acteristic thermal time constant 7. the temperature profiles
follow the excitation intensity profiles (as shown in Fig. 2),
and the maximum temperature rise caused by the Gaussian
excitation at the center of the beam is higher than that caused
by the top-hat one. On the other hand, for r = 50z, the tem-
perature profiles for both top-hat and Gaussian excitations
are approximately the same. At the beam center, the tem-
perature rise caused by the Gaussian excitation is slightly
higher than that caused by the top-hat one.

Although the BLM describes the temperature behavior
for a wide absorption coefficient range, the mathematical
simplicity of the extreme cases is of interest for faster nu-
merical calculations. One can find the TM low absorption
model (LAM) in [19], and we develop the high absorption
model (HAM) here. In the HAM, the z-dependence of the
source term for a sample with extremely high absorption co-
efficient is Q(z) = (2/A.)8(z). By using the integral trans-
form methods, the solution of heat conduction equation for
the HAM at the surface of the sample (z =0) is

THAM(ROJ)ZTO/O Suaam(a, ) Jo(ra) Ji(woea) da (6)

with
! —a?wl T
Sfaam(a, t)=2\/fc/ﬂ/ r_l/Zexp<T0"> dt
0 c
41, oW,
= Erfc . 7
awoe <2~/W ™

In order to analyze the applicability of the extreme cases,
Fig. 4 shows the numerical comparison between LAM and
BLM as well as between HAM and BLM in terms of the nor-
malized temperature rise changing with the absorption coef-
ficient. We can see that for A, < 200 m~! the agreement
between the LAM and the BLM is very good with the dif-
ference less than 5%. On the other hand, for A, > 10° m~!
the difference between HAM and the BLM is less than 6%.
For 200 < A, < 10° m~! the BLM should be used.

2.2 Surface displacement/deformation

The laser induced temperature rise causes the displacement
on sample surface (thermoelastic deformation). In the quasi-
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static approximation, the thermoelastic equation for the sur-
face deformation caused by a laser-induced non-uniform
temperature distribution is given by [21]

(1=2v)VZa+ V(V.a) =2(1 + v)arVT(r, z,1). 8)

The boundary conditions at the free surface are o, |,—0 =
0 and o,;|.=0 = 0 [21]. Here u is the displacement vector,
ar the linear thermal expansion coefficient, v the Poisson’s
ratio, and o, and o, are the normal stress components.

@ Springer

The solution of (8) can be expressed by introducing the
scalar displacement potential ¥ and the Love function ¢
as [21]

oy (r,1)
u(r,t) =Vv(r,t) — V x 8—69 . ©)]
r
V¥ and v are governed by the Poisson equation
V2 (rz.0) = xT(r,2.0), (10)

with x = ar(14+v)/(1 —v), and by the biharmonic equation

V2V2Y(r, z,1) = 0. (11)
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Fig. 5 Radial profiles of j
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From the solution of (10) and (11), and the evaluation of the
stress components [21], the displacement can be calculated
by using the given temperature distribution.

Using (4) and (5) for the BLM and (6) and (7) for the
HAM, the z-component of u at the sample surface (z = 0)
takes the form

-, 0,1) = —

/ h(a, t)Jo(ra)Ji(woea)da.  (12)
0

4wpet,

For the BLM, h(«, t) is

heLm (o, 1)

2,2
_ tA;wp, Erfc( Qwoe )
A2 —q? 21/t

2/t [ ewpe A2 ( taza)ge)
4t.
2A,t,

(a3 —aA2)
_“hele (43 _3924,)Erf[ X2
+a2(a2—A%>2{( e A r(2\/_tc/t

+ 203 1—exp<M>ErfC<ﬂ> }’
4./t 2./t ]t

(13)
and for the HAM it is
huam(a, 1)
() )
+ i—g Erf( 2“‘2’;), (14)

in which uy = 2P,ar(l + v)¢/(wk), and Erf(x) and
Erfc(x) are the error function and complementary error
function, respectively. The displacement vector u at the sam-
ple surface (z = 0) for the LAM can be found in [19], (4)
and (5).

In the same way as previously discussed about the tem-
perature rise profiles, we compare the normalized deforma-
tion on the sample surface (z = 0) induced by a top-hat exci-
tation laser with that produced by a Gaussian laser, as shown
in Fig. 5. We use (12) and (13) for the top-hat beam excita-
tion and (2) and (3) of [13] for the Gaussian one for the nu-
merical simulation of the BLM. Similar to the temperature
rise profiles, for a time less than ¢., the deformation profiles
follow the excitation laser profiles. The maximum deforma-
tion caused by the Gaussian laser excitation, at the center
of the beam, is higher than that caused by the top-hat one.
For t = 50¢,, the deformation profiles for both top-hat and
Gaussian excitations are approximately the same.

Figure 6 shows the maximum deformations caused by
the top-hat and Gaussian excitations, at the center of the
beam, as a function of the excitation laser radius. With wg, =
300 um the maximum deformation caused by the top-hat
laser excitation is about 2% less than that produced by the
Gaussian one. The difference decreases rapidly with the de-
crease of the excitation laser radius. The numerical calcula-
tions of the temperature rise (Fig. 3) and surface deformation
(Fig. 5) indicate that the top-hat thermal mirror technique
has the sensitivity comparable to that of the Gaussian one.

Concerning the extreme cases, the main advantage of us-
ing the LAM and HAM is the simplification of the equa-
tion solutions and the numerical calculations over u. Fig-
ure 7 shows the calculated surface deformation using the
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Fig. 6 Calculated surface deformations at x = y = z = 0 using top-hat
and Gaussian laser excitation for r = 50z, and A, = 1000 m™!
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Fig. 7 Surface deformation for x = y = z = 0 as a function of the
optical absorption coefficient (t = 50¢.). The LAM was numerically
calculated using (2) and (3) of [19], and the BLM and HAM was com-
puted by using (12) and (13) as well as (12) and (14), respectively

complete the BLM compared with the LAM and HAM as a
function of the optical absorption coefficient up to 10’ m~!.
For A, < 150 m™!, the agreement between the LAM and the
BLM is very good with the relative difference less than 10%.
For A, > 10° m~!, the HAM can be used to describe
the surface deformation, and the largest difference is less

than 1%.
2.3 Probe beam phase shift and TM signal
The deformation produced on the sample surface acts as an

optical element, causing a phase shift to the electric field of
the reflected probe beam. The phase shift is given by [12—-19]

2
®="0u(r,0,0). (15)
Ap
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With the phase shift, the TEMyg Gaussian probe beam re-
flected by the surface displacement/deformation propagates
to the plane of a detector. Using Fresnel diffraction theory,
one can find the center point of its complex electric field at
the far field detector plane [12-19, 22]

o0
U(Zl—i-Zz,t):B/ exp[—(1+iV)g —id(g.1)]dg,
0
(16)
in which B is a constant [19], g = (r/a)“o)2 and V =

Z1/Zc¢ [23]. For the BLM and HAM @ (g, ) can be ex-
pressed as

PpLm(g, 1)
Orm [
= heLm (e, 1) Jo(woea/mg) J1(woet) da,
woele Jo
a7
Pyam(g, 1)
Orm [
= huam (o, 1) Jo(woeo/mg) J1 (woea) dat,
woele Jo
(18)
in which
2P,ar(14+v)
b =——-———0. (19)

Apk

Here, m = a)% p/ a)(z) .- The parameter m provides the degree
of the mismatching between the probe and the excitation
beams.

Substituting (17), (13) and (18), (14) for the ®prm(g, t)
and &yam(g, 1), respectively, into (16) and carrying out nu-
merical integration over g, the intensity / (¢) can be calcu-
lated as 1(t) = |U(Z| + Z3, t)I2 [12—19, 22]. The solution
for the LAM can be found in [19]. The temporal evolution
of the TM signal depends on the characteristic TM thermal
time constant, 7., which is related to the thermal diffusivity,
and on the amplitude of the TM signal, 61y, which is corre-
lated to the thermo-mechanical properties of the sample.

3 Experimental results and discussions

Figure 8 shows a schematic diagram of the experimental ap-
paratus used for the TM experiment. A multi-mode diode-
pumped solid-state laser (Melles Griot, Model 85 GLS 3009,
532.0 nm) was employed to provide the top-hat beam ex-
citation. The excitation beam was expanded by a set of
lens. A pupil was employed to select a nearly homogeneous
area of the expanded excitation beam, and the homogenized
excitation beam passed through a lens to produces a top-
hat intensity profile on the sample. The radius of the ex-
citation laser beam at the sample position was determined
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Fig.8 A schematic diagram of an apparatus for time-resolved TM ex-
periments. The excitation and probe beams were provided by a diode
pumped solid-state laser (532 nm) and a He—Ne laser (632.8 nm), re-
spectively. M;, L;, and P; stand for mirrors, lenses and photodiodes,
respectively

by measuring its transverse intensity distribution using a
pinhole-photodiode assembly. The diameter of the pinhole
was 5 um. Exposure of the sample to the excitation beam
was controlled by a shutter (ThorLabs, Model SHOS), and
the signal from the photodiode P was used to trigger a dig-
ital oscilloscope (Tektronics, Model TDS 3052) to record
the TM signal. A weak TEMqg Gaussian He—Ne laser at
632.8 nm (Melles Griot, Model 0SLHP151) or 543.5 nm
(Melles Griot, Model 05SLGP193), almost collinear to the
excitation beam (o« < 1.5°), probed the TM by examining
the intensity of the reflected probe beam. The probe beam
was focused by lens L4 (f = 20 cm), and the sample was po-
sitioned near its confocal plane. After reflected by the TM,
the probe beam propagated to a photodiode P, positioned in
a far field (Z, =~ 5 m). A pinhole was put in front of the pho-
todiodes P>, and only the central part of the probe beam was
detected by the photodiode and then recorded by a digital os-
cilloscope. The parameters w1 p, Z¢ and Z; were measured
as described in [22].

To show the applicability of the complete BLM and
the HAM, we performed measurements of opaque samples:
manganese metal (99.9% from Sigma-Aldrich), glassy car-
bon, and BBP4 graphite plate. BBP4 graphite plate is an
anisotropic sample used for fabricating bipolar plates of pro-
ton exchange membrane fuel cells. The samples were cut
approximately 1 cm in diameter and their surfaces were fine
polished to create a high reflective surface. The optical re-
flection coefficients of the three samples were determined
by measuring the incident and reflected power at the excita-
tion wavelength and used to correct the absorbed power P,
by the samples.

In this work, the geometrical parameters for the probe
beam used in the experiments for the glassy carbon and for
the manganese metal were A, = 543.5 nm, w1 p = 1015 pm,
Z1 =297 mm, Z¢c =15 mm, V = 20.0, wpe = 295 um,
and m = 11.8. For BBP4 graphite plate, A, = 632.8 nm,
wip = 1285 um, Z; =387 mm, Z¢c = 15 mm, V = 25.8,
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Fig. 9 The cross-section profiles of the top-hat excitation laser beam
on x—y plane. The inset shows the typical top-hat profile of the excita-
tion laser beam at the sample surface
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Fig. 10 Normalized TM signals I (t)/1 (0) for the samples. Open dots:
experimental data; solid lines: best curve fitting using the HAM

woe = 387 um, and m = 11 were used. Figure 9 shows
the cross-section profiles of the top-hat excitation beam on
x—y plane. The beam diameters along the two directions
are approximately the same, (0.59 £ 0.01) mm. The inset
of Fig. 9 shows the intensity profile of the excitation laser
beam at the sample surface recorded with a CCD camera.
Figure 10 shows normalized transients of the TM signals
of the samples. The used excitation powers to generate the
TM effects are listed in the figure. For all three samples,
the probe beam reflected from the TM is defocused, which
means the thermal expansion coefficients are positive. The
numerical curve fitting of the TM transients to the HAM,
corresponding to the solid lines in Fig. 10, deduced the val-
ues of 7. that is related to the thermal diffusivity and 6tm
which is associated with thermo-mechanical properties. Us-
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Table 1 The results of the TM experimental measurements

Samples D D E k=EVD k=EVD
(Measured) (Literature) (Measured) (Measured) (Literature)
(108 m?s~ 1) (108 m?s~ 1) (103 Ws/Zm—2K-1 (WmK)~! (WmK)~!
Glassy carbon 5.20+0.03 5.0 [26] 3.60 £ 0.02 [25] 8.20 +£0.09 8 [26]
BBP4 graphite plate 8.93 +£0.08 8.8" 7.0£0.3[25] 20.9+0.2 21"
Manganese 2.07£0.04 2.3 [24] 5.3 [24] 7.60 +£0.07 8 [24]

*Typical values from the vendor

0.30 T T T T T T T T T T T T
Manganese
_ -1
0.25 L de,,/dP =-(12.2+0.1) W |
0.20 |- -
Glassy carbon
= de,,/dP_=-(1.11+0.01) w'
© 0.15 |- 4
® o10f _
BBP4 graphite plate
= -1
0.05 de,,/dP_=-(0.25£0.01) W i
0.00 L . R I R I 1 L]
0 30 60 90 120 150 180
P, (mW)

Fig. 11 The fitted 6\ as a function of excitation power for TM ex-
periments

Table 2 The results of the TM experimental measurements

Samples dbrm/d P, v or
(Measured) (Literature)  (Measured)
W=h (1070 K™
Glassy carbon —(1.11+£0.01) 0.20 2.0£0.1
BBP4 graphite plate  —(0.2540.01)  0.20" 1.40 +£0.05
Manganese —(12.240.1) 0.23 [24] 21.14+0.6

*Typical values from vendors

ing t. = a)(z) /4D, the thermal diffusivities of the samples
were calculated as shown in Table 1, consistent with the lit-
erature values [24, 25].

The measurements were performed with different excita-
tion powers, and the linear dependences of the 61y on the
power were also obtained by the curve fitting, as shown in
Fig. 11. Table 2 shows the values of the slopes détm/d P, of
the samples.

Additional measurements were performed using the pho-
tothermal deflection method (PDS) as described in [25]
to determine the thermal effusivities of these samples.
With the thermal effusivity and using the relation k =

@ Springer

E \/5 [25], we calculate the thermal conductivity of the
samples (Table 1). Referring to (19) for the 61y and us-
ing the measured détvm/dP., k and the literature value
of v, the expansion coefficient can be determined as ar =
—(dOtm/d P.)Apk/[¢ (1 + v)]. For the samples studied in
this work, ¢ = 1, meaning all the absorbed energy by the
samples is converted into heat. The results of the ars are
shown in Table 2. For the manganese sample it is in good
agreement with the literature value [24]. For the glassy car-
bon and BBP4 graphite plate, the determined values are sim-
ilar to those ones of this class of the materials ([26] and [25],
respectively).

4 Conclusions

We presented a completed theoretical model for top-hat laser
induced time-resolved TM technique. The thermoelastic de-
formation on the sample surface and the center intensity of
the probe beam at the detector plane were derived. To sim-
plify the theory, the LAM and HAM were compared with the
completed theory to find their suitable application ranges of
optical absorption of a sample. An experimental apparatus
was set up to determine the thermo-physical properties of
the samples, and the experimental results were found to be
consistent with the literature values, validating the theoreti-
cal model. Furthermore, numerical simulations indicate that
the top-hat laser induced TM is as sensitive as that produced
by Gaussian beam excitation. The theoretical model and ex-
perimental apparatus developed in this work make it promis-
ing to use a top-hat laser in TM and other photothermal ex-
periments and to expand the applicability of photothermal
science and techniques with a less expensive non-Gaussian
excitation laser.
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