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Non-linear photothermal response of thin solid films and coatings
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Abstract

The analysis of the thermal-wave second-harmonic generation in thin films and coatings is presented. It is demonstrated
theoretically that thicknesses much less than the thermal-wave penetration (diffusion) length may be measured from the
detection of the second-harmonic thermal-wave phase variations. The theory developed describes the crucial dependence
of the depth resolution of the resulting non-linear photothermal microscope on the material non-linear parameters.

1. Introduction

Significant interest in non-linear photothermal
imaging was generated as a result of the first publica-
tions [1,2] on this topic. The basic idea is to modulate a
heating laser beam at an angular frequency w, but to
detect the temperature variation of the sample at
angular frequency 2w. The generation of the second
harmonic signal is caused by the dependence of the
thermophysical parameters of matter on temperature
[1-4]. It is important to use detection instrumentation
with linear behavior to examine non-linear effects. In
the initial non-linear experiments [1,2] the mirage-
effect (or photothermal-optical beam deflection)
detection technique was applied. The most important
result was that, when the object was raster-scanned,
harmonic images of cracks showed very high contrast
when compared with the fundamental image. The
recent experiments (3] with a thermal-wave imaging
system based on gas-microphone detection of the
second-harmonic component of the photoacoustic
signal demonstrated that non-linear response also pro-
vides better contrast in depth-profiling applications.

For the analysis of the resolution of the non-linear
thermal-wave microscope, a theoretical description of
the second-harmonic generation in semi-infinite
samples was proposed [4]. The dependences of heat
capacity C=C(T) and thermal conductivity k =k(T)
on temperature T were taken into account. It has been
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argued [4] that there may be a significant gain in spatial
resolution when applying detection at higher
harmonics of the modulation frequency. Detection of
the nth harmonics (i.e. at w,= nw) gives a resolution
equivalent to a linear detection scheme of modulation
frequency n’w.

In our theoretical analysis of non-linear photo-
thermal phenomena we presented [5] a careful re-
examination of thermal-wave second-harmonic
generation in a semi-infinite spatial domain. The
detailed description of variation with depth of the
second-harmonic amplitude, A,,, and phase, ¢,,,, was
thus obtained. It was shown that the 2w thermal wave
(excited both by bulk and boundary non-linearities)
consists, in general, of two components. The first com-
ponent may be considered as free-propagating, because
it satisfies the thermal-wave dispersion relation at
frequency 2w. If we denote the complex thermal-wave
number at frequency w as p(w)={—iw/D,, with D,
being the equilibrium thermal diffusivity of the
material, then the wave number of the free-propagating
2w component will be p(2w).The second component
of the 2w thermal wave may be considered as forced,
because its space-time behavior is induced by the
spatial distribution and the time dynamics of bulk
second-harmonic sources, which are related to the
square of the temperature field at the fundamental
frequency. As the fundamental thermal-wave spatial
distribution is governed by its wavenumber p(w) (i.e.
depends on p(w)z, where 7 is the coordinate), then the
2w-forced component depth distribution is governed
by 2p(w)= p(2?w). This separation of the 2w tempera-
ture field into two contributions provides a better
understanding of the physical origin of the method and
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can be used as a guide to increase the resolution of the
photothermal depth profiling proposed earlier [4].
According to those authors, one should operate with
the forced component of the second-harmonic
temperature field to achieve 2w thermal wave attenua-
tion closer to the laser-irradiated surface and the best
spatial resolution of the photothermal microscope.

At the same time, the detailed analysis [5] revealed
the crucial dependence of the spatial distribution of the
second-harmonic amplitude and phase on the
magnitude of the parameter A=(0,~20;)/(d,— ;)
characterizing the non-linear photothermal process.
Here 6,=(1/CY3C/dT), 6,=(1/k)0k/0T) and
0,=(1—R) " {OR/OT). The formal origin for this
phenomenon is the proportionality of the free-
propagating and forced components of the 2w thermal
wave to different combinations of the parameters 4,
0, and 9, (ie. to (6,—06,—9;) and to (J,—24,),
respectively). As a result, the interference pattern
formed by free-propagating and forced 2w thermal
waves is extremely sensitive to the magnitude and the
sign of the dimensionless parameter A . It was demon-
strated [5] that, depending on the magnitude of A, the
maximum amplitude of the second-harmonic thermal
wave may be realized at the surface or in the bulk of the
crystal. The local 2w temperature minimum (besides
the one at z— %0 ) may also be localized at z =0 or near
the laser-irradiated surface. There is no 2w signal at
the surface (z = 0) for the critical value of the character-
istic parameter A =A_ = — /2.

The most important result was the demonstration
that for some parameters A the combined spatial 2w
temperature gradients are even steeper than in the pure
forced 2w wave. This, for example, was shown [5] for
| A] <1, typical of semiconductors exhibiting only weak
dependence of reflectivity on temperature. Thus, the
theoretical analysis 5] predicted that in some specific
materials, or through specific choices of the laser
optical frequency to minimize A (as the reflectivity
depends on the optical energy quantum), the spatial
resolution of non-linear photothermal imaging may be
improved beyond the limit estimated previously [4]. In
particular, enhanced sub-surface spatial resolution may
result with materials in which the dominant role of the
non-linearity is associated with the dependence of the
thermal conductivity on temperature. The recent
theory [5] made the connection between the physical
nature of this effect and the observation that non-
linearities associated with heat capacity and reflectivity
dependences on temperature may operate even under
spatially homogeneous conditions, while the non-
linearity associated with k =k(T') appears only in the
regions with a spatially varying temperature field. The
latter kind of non-linearity may provide a spatial con-
trast to the 2w temperature field in addition to that
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generated by the two former non-linearities. From this
point of view the 2w temperature field generation can
also be treated as a result of the competition between
different mechanisms of second-harmonic generation
owing to (0k/0T ), (C/OT) and (OR/AT ), which are
not phase-synchronized.

In order to extend our theoretical prediction that
steeper 2w temperature-field spatial gradients in a
semi-infinite sample are equivalent to increased resolu-
tion in depth profiling, in the present paper we have
examined the thermal-wave second-harmonic excita-
tion both in a free-standing film and in a film resting on
a backing. The analytical description obtained demon-
strates explicitly the enhanced spatial resolution of
non-linear photothermal depth profilometry. At the
same time, the results presented below contribute to
better physical insight into the non-linear photothermal
wave phenomena as a whole.

2. Theory

Let us first re-examine the basic mathematical
formalism for the description of the thermal-wave
second-harmonic excitation [4,5] in the specific case of
1-D layered structures. We will start from the well-
established form of the heat conduction equation,
taking into account the possible temperature variation
of heat capacity and thermal conductivity [6]:

oI o [, dT
c Az (k az)

(1)

Here C=pC, with p denoting the density of the
material and C, the specific heat at constant pressure.
In Eq. (1) we have neglected the thermal and acoustic
wave coupling, considering the thermal conductivity to
be subsonic. In other words, we have assumed the
characteristic frequency w to be much lower than the
one at which the wave numbers of thermal and acoustic
waves become equal:

w<w,=C,’[D,

where C, is the longitudinal sound velocity. We will
describe the laser action by introducing the modulated
heat flux boundary condition at the irradiated surface

or = —(1-R)I,+1, cos wt) (2)
07 |.=p

where I, and I, denote averaged and modulated com-

ponents of light intensity, respectively. At the internal

interfaces of the layered structure considered

(z=h>0, i=1,2, ..., m, where m is the number of
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interfaces) the boundary conditions are:

Th+0 .
ka— =0, T|y’o=
0z h—0

(3)

Here we have used + 0 spatial shifts to denote the
temperature and heat flux functions at opposite sides
of the interface.

In a manner similar to the semi-infinite homo-
geneous sample [5], the second harmonic of the
thermal wave in the problem described by Egs. (1)-(3)
may be induced by the first-order corrections to the
initial heat capacity, thermal conductivity and surface
reflectivity:

C=Cy(1+0,T}) k=ky(1+6,T))
1-R=(1-Ry)1+4,T;) (4)

where 7,=T-T, is the laser-induced temperature
rise, T, is the initial temperature, C,= C(Ty),
ko= k(Ty), Ry= R(T,), and 9, d,, 4, are also evaluated
at T=T, However, in the layered structure under
examination there is, in principle, an additional source
of second-harmonic generation related to interface #;
motion (i.e. layer “breathing”) caused by the material
thermal expansion.

h

0

1
hi=hi (1+h— 2 B*; f

i0 j=1

1(z) dz) (5)

Aj-10

where h;,=h;(T;), B* is the bulk thermal expansion
coefficient of the jth layer effective in 1-D geometry

ﬂj* = ﬂ/[l —(4/3) CT/’/CL/')Z]

B is the ordinary bulk thermal expansion coefficient
of elastically isotropic solids, and C; is the velocity of
transverse acoustic waves. Note that, according to the
structure of Eq. (5) and in the sequel, we are measuring
distances to the interfaces from the photothermally
excited front surface. Under the condition

N

J

S g [ 12

j=1

<

hl()

A j-1yo0

one can expand the functions 7; and 07,/0z at the
interfaces (z = ;) in Taylor series. We will keep in these
expansions only the first terms which may be respon-
sible for the 2w excitation:

/

aT !
1)~ T+ 5 ) 2 s | T
- "(:—1)0
i\~ ] +__
e ()= )+ 53 () T B h [ ne
(/—1)0)

(6)
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In the next step one can look for a solution of the
problem (Egs. (1)-(4),(6)) in the form:

T,=T+T,+ T, =Re{Ty+ T,e ™ + T, "} (7)

Then, under the conditions of the stepwise succes-
sive approximation method [5], the description of the
time-averaged temperature field, the fundamental
thermal-wave component (7,), and the second-
harmonic component (7,,) may be separated out. To
evaluate the 2w temperature field one should first
obtain the solution of the equations at the fundamental

frequency:

2 ~
(—— —pz) T,=0; gTw=—j—‘” at z=0 (8)

k()_’fa)

3z = (9)

with p=p(w) and J,=(1-Ry), Next the 2w

temperature field may be found from

9* N 1 9’ N
(a—zz-sz)TZw [62 Y 61<2p2>] T,

J . 1 J - 1 J,\ -
% T ——aza— T -=0, (—“) T, at z=0
b4 4 Z 2 k, (10)
d 8, 9 4,
k L, +——T
(] ( 2w 4 aZ' w
) A
1 aZ . i A hyt0
2T, B dez) = (11)
40z j=1 heno ho—0
12a i hin g +0
T,t-—T * T.d =0 12
( 2w 4 aZ wjgl :3/ w Z) b0 ( )

By j-1y0

Eqs. (8)-(12) provide the general mathematical
formalism for the examination of the thermal-wave
second-harmonic field in layered structures in 1-D
geometry. Owing to the fact that Egs. (8)-(12) are
linear, their general analytical solution is available and
can be obtained for specific structures, when necessary.
In the present work we will present the detailed
analysis of the three simplest situations: a free-standing
film in a vacuum; a homogeneous film with the back
surface in contact with a heat sink; and a bilayered
structure composed of two films with the same linear
but different non-linear thermophysical parameters.
This investigation will reveal the most important
peculiarities of the 2w generation in thin films, and at
the same time will provide a means for qualitative
predictions of the second-harmonic temperature-field
behavior in more complicated structures.
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2.1. Free-standing film

In the case of a thin solid film in a gaseous ambient,
the thermal flux through the back surface of the film
may be neglected. The boundary conditions (9), (11)
and (12) then reduce to

3 . B* 9 . |
—TI=0 —TL,=-5%~=TIT,
0z - 4 3z7° {T dz
at z=h (13)

where 4 is the film thickness. The exact solution of the
problem described by Eqgs. (8), (10), (13) may be pre-
sented in the form:

A I —
(ko p sinh(ph)

71 J, : 1
** 8 \k,psinh(ph)| sinh(y2 ph)

X (2 B* sinh(ph) cosh({2 pz)

+{8,+(28, - 6,) cosh[2p(z — )]} sinh(J2 ph)

+42 (8, - 8,— 8,) sinh(2ph) cosh[J2 p(z —h)]
(15)

According to Eq. (15), at the back interface (z = &) of
the thermally thick film (| p| A» 1) the dominant con-
tribution to the second harmonic is caused by the film
“breathing” mode:

) cosh[p(z — h)] (14)

- . 1 Ja)z -ph
Ewlz=h>l/|["~_5—\/§ m ©

X [/3*"’ 2(0,—0,— 0;) e_uz_l)ph]

~ ___1__ sz 'B*e—ﬁh
22 \Ckyw

Nevertheless, this limiting case is not important in
practice, as the signal is too small owing to the small
parameter |exp(— ph)|<1. The analysis of the
solution, Eq. (15), showed that in nearly all practically
interesting situations one can neglect the contribution
from the thermal expansion as a consequence of the
inequalities | 8*| <|4d,|, | d,|, which is usually the case
with solids [7,8].

In the important case where the system under con-
sideration includes gas-filled layers (e.g. adhesive layers
or contacts at rough surfaces, which may also be gas-
containing layers), both the effective thermal con-
ductivity and the corresponding non-linear parameter
d, can be reduced significantly. Under these condi-
tions, the “breathing” of the layer may be the main (and
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extremely effective) cause of nonlinearity, acting in a
manner similar to gas-filled cracks [9].

In our search for ways to enhance spatial resolution
of non-linear photothermal depth-profiling, let us
examine the asymptotic behavior of the solutions, Eqs.
(14) and (15), for thermally thin films. In the limit
| plh <1 the expressions of Egs. (14) and (15) simplify:

T, pipar =i ( c:Z) h) {1 +il(z—h} = K*/3]q4’)
= (COJZ)h) 1)
Bl pines zi (aﬁ“)—h)z{al - a3+7*
—j {262[@ —hY¥ =W [3]— 285z —hY
S —

where we have introduced the real part of the thermal
wavenumber g=Re(p)=(w/(2D,)]'*. This is the
inverse of the thermal diffusion length u =g "
The solution, Eq. (16), shows that the temperature field
at the fundamental frequency is spatially quasi-
homogeneous in the thermally thin film (i.e. with in-
phase variations of 7, throughout the thickness of the
film). The spatial distribution of the second-harmonic
temperature field, Eq. (17), is generally more compli-
cated: according to Eq. (17) there are two phase-shifted
contributions to the 2w temperature field which
depend on different combinations of the non-linear
parameters &,, 0,, 6; and B*. The relative magnitude
of these two contributions is controlled not only by the
dimensionless parameter (gh)* <1, but also depends
on the spatial coordinate and the relative magnitudes
of the various non-linearities. Therefore, the second
term in the curly brackets of Eq. (17) generally cannot
be omitted, as was done in Eq. (16). Note that the non-
linearity associated with the dependence of the thermal
conductivity on temperature does not contribute to the
first term in Eq. (17), in agreement with the fact that
this non-linearity operates only in spatially inhomo-
geneous temperature fields 7. The contribution of this
kind of non-linearity in Eq. (17) is principally spatially
inhomogeneous. For example, it is evident that the
component of the second-harmonic thermal-wave field
which is proportional to ¢, exhibits a & phase shift in
Eq. (17) when proceeding from the front to the back
surface of the film.
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The 2w temperature at the back surface (z=h) of
the irradiated film is given by

1{J, V
TZwlz h<1/\p| (C Q)h)

B* B*
x[él +7+ (36 2)(qh)}

(18)

Let us introduce compact notations for the
important combinations of non-linear parameters

Bt 20 B
-

A =6,—
632 3 2

According to Eq. (18) one can neglect the imaginary
component on the right-hand side even in thermally
thin films (gh<1), if and only if the inequality
|A, Z[|A,| also holds. If |A,/A,| <1, then both com-
binations of non-linearities play an important role in
the non-linear thermal-wave signal generation in
thermally thin films. With the use of Eq. (18) the phase
of the second-harmonic thermal wave may be
described as follows

$1,= — 7 sgnA, —tan "' [i (gh) } (19)

Consequently, the 2w phase depends weakly on
modulation frequency (ie. on (gh)?) if |A,/A||<1.
However, if |A,/A;|> 1 then the ¢,, exhibits signifi-
cant shift (—(z/2)sgn(A2/A1)) with the increase of
frequency across the regimes (gh) <|A,/A,| <1 to
|A;/A,| <(gh)? <1. One can expect the steepest phase
variations for

Ka=1As /A h> B (20)

It is well known that, using fundamental frequency
detection (i.e. with linear photothermal techniques) to
measure the film thickness 4, one should have laser-
beam intensity modulation at frequencies w; ~ 2D,/h?,
which provide thermal-wave penetration length 4, h
This statement follows from the solution Eq. ( 4).
According to Eq. (20), using the detection of the
thermal wave second harmonic (i.e. with non-linear
photothermal techniques) it is possible to measure the
thickness of thin films with [A,/A,|> 1 at significantly
lov=r frequencies

N A A ) € o (21)

This implies that the thicknesses of thermally thin
films may be measured non-linearly, Eq. (20).

This non-linear effect originates in the competition
of different mechanisms giving rise to thermal-wave
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second-harmonic generation. Not only is it important
that the efficiencies of different mechanisms demon-
strate different dependencies on modulation frequency,
but also that their contributions to the total 2w
temperature field should be significantly phase-shifted.

Note that the * contribution to A, can be omitted
for most solids, as a consequence of |B*| <|d,|. The
thermal expansion contribution (8*) to A, can be
neglected in comparison with || only if the non-
linearity associated with C(7') is not compensated in A,
by the component associated with the reflectivity R(T).
However, it should be mentioned that, since

5-19C_13p 123G
‘" car paT C, aT
and

190 _ 4

poT p

then in the same approximation the contribution
from the mass-density dependence on temperature
may be neglected. Furthermore, it would be immaterial
under these conditions to discriminate between
specific heats at constant pressure C, and constant
volume C, [10].

To illustrate the predicted 2w phase behavior, we
have presented in Fig. 1 the dependence of ¢,,(z= k)
on (gh) for various values of the dimensionless
parameter B=(4,— d,)/d,. We have considered for

00 02 04 06 08 10 12 14 16
h

By

1.8 20

Fig. 1. Dependence of the thermal-wave second-harmonic phase
at the back surface of a free-standing film on the relative magni-
tude of the film thickness / and fundamental-frequency thermal-
wave penetration length .. The plots are valid for 6, - 6;>0
and for several values of the dimensionless parameter

=(06,— 0,)/0; equal to: —1073 (curve 1); —1072 (curve 2);
- 10‘1 (curve 3); — 1 (curve 4); 1 (curve 5); 10~ (curve 6); 102
(curve 7); and 1073 (curve 8). Here &,=(1/CY0C/AT),

=(1/k)dk/0dT)and 6, =(1—R)"(OR/AT).
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simplicity #*—0, which implies B =(2/3)|A,/A,|. The
plots have been calculated with the help of the general
solution, Eq. (15), and are presented only for the
special case 6, —d;=A,;> 0. In the case 6, — 6, <0 an
additional phase shift equal to (—x) should be
introduced. Fig. 1 demonstrates the transition from the
thermally thin regime to the thermally thick regime in
the thin film. Steep phase variations for [A,/
A;|=(0,—04)/8,<1 in the thermally thin films are
clearly observable.

2.2. Film contacting a heat sink

In the case of a thin film with spatially stabilized
back surface temperature, the boundary conditions
Eqgs.(9),(11)and (12) reduce to:

h
i N I
7:u=0 2w T T A T(u Tw dZ;
4 9z {
(22)

The exact solution of the problem described by Egs.
(8),(10) and (22) may be expressed in the form:

at z=~h

T,=- [—-————kop co:h(ph)J sinh[p(z — h)] (23)
i1 7, ]2 1
w7 g k, cosh(ph)| cosh( J2 ph)

x (2 [61 — 0, + B*[1 — cosh(ph)]

x cosh(y2 pz)+{8, +(8,—26,)
x cosh[2p(z — h)]} cosh ({2 ph})

~J2 (8, - 8,— 65) sinh(2ph) sinh[V2 p(z — )]
(24)

In the thermally thin film approximation (|p|h<1)
the solutions Eqs. (23) and (24) become

T,~ - (J—) (z = h)1+ilh® —(z = #*)/3]4}

ky
~- (%)(Z‘h) (25)
—1(61—;62+§ 63+%ﬂ*)( h)z} (26)
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Note that Eq. (26) is already compactly written for
z=0, i.e. at the front surface of the film.

An analysis similar to the one presented in Section
2.1 demonstrates the enhanced sensitivity of the 2w
phase to variations of the modulation frequency, again,
under the condition |A,/A,| < 1. This time, however,
A, and A, are governed by different combinations of
the familiar non-linear parameters ¢,, 6, d; and g*:

A] =62_2(§1—ﬂ*/2
7
3

In the previous case of a free-standing film (Section
2.1), the thermal-conductivity dependence on tempera-
ture was shown to contribute only to the term A,,
owing to the particular set of non-linear parameters
assigned to the definition of this term. As a result, the
domination of the non-linearity associated with k(T') is
sufficient condition to achieve |A,/A,| <1. In the case
of a film in contact with a heat sink, it is the non-linear-
ity associated with C(T ) that contributes to A, and does
not contribute to A,. In the system under considera-
tion, the efficiency of the second-harmonic generation
mechanism associated with C(T)} decreases with
decreasing modulation frequency. This is caused by the
fact that according to Eq. (1) this kind of non-linearity
is related to temporal variations of temperature, while
the boundary conditions determine the magnitude
(spatial distribution and amplitude) of the temperature
T, at low frequencies, Eq. (25). As a result, this non-
linearity makes a contribution to the 2w temperature
field at the surface proportional to é,w ~ 6,4% The
main contributions from the rest of the non-linearities
become frequency-independent in a thermally thin film
(gh < 1) owing to the nature of the T, field.

Therefore, the domination of the non-linearity
associated with C(T') suffices to achieve |A,/A,| <1 in
the regime described by Egs. (26) and (27). Note that
|6,/6;] ~0.1 in certain polymers (for example, Plexi-
glas) at room temperature. Nevertheless, this is not a
necessary condition. One can also try to minimize |A,/
A,| by choosing appropriate initial temperature 7 or
the irradiation wavelength. In any case, and in agree-
ment with Eqs. (20) and (21), an enhanced spatial reso-
lution of non-linear photothermal depth profilometry
is expected for |A,/A,| <1.

The possibility of minimizing |A/A,| arises in
general from the fact that k =k(7') is a non-monotonic
function of temperature. Usually k(T ) increases at low
temperatures immediately above 7=0 K, as a con-
sequence of the increase in the population of particles
(or quasi-particles) participating in the energy
transport: this amounts to an increase in the heat
capacity. At sufficiently high temperatures, however,

16 11
A,=0, - 62*’?534’?,3* (27>
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conventionally k(7) decreases with increasing tem-
perature of the solid, a result of the domination of
thermal transport by scattering processes. Therefore,
by varying the initial temperature one can change not
only the absolute value, but also the sign of the non-
linear parameter J, in order to minimize |A,/A,|. Near
the extremum {maximum) of the k =k{T) curve, i€. in
the region d, = 0, the thermal “breathing” of the surface
film, which is directly associated with the parameter
B*, may become important even for solid films.

2.3. A pair of thin films

Let us examine the bilayered structure consisting of
two films 0<z<h and h<z<h+H in a gaseous
ambient. We will consider the linear thermoelastic
parameters of both films to be the same. This is a
sufficient condition for the absence of thermal-wave
reflections at the interface z = h. Then a description of
the temperature field at the fundamental frequency
may be obtained by substituting £~ & + H in Eq. (14).

The boundary conditions Egs. (11) and (12) further
reduce to:
d - (52 J - o h+0
— L+ 2T, 0, T,I"*=0
(aZ 2w 4 aZ )h_ 2wlh—0

0
LIPS P P
aZ 2w 4aZZw h0 w 42

h+H
+ By* f dez)=0at 7=h+H (28)
h

In what follows, we introduce the superscripts (4)
and (H) to denote the non-linear thermoelastic
parameters of different layers. The solution of the
problem described by Eqs. (10) and (28) at the front
surface, z= 0, may be written as follows:

~ 1 J :
Tolyco=— ©
2wlz=0 8 [kop sinh[p(H+h)]}

1
* Sinh[2 p(H + A

=2 8, sinh[2p(H + k)] cosh[J2 p(H + h)]
+®(B,*, 0,", 8,", H+h)
— ®(AB*, Ad,, Ad,, H)}
where we have introduced the function
®(B*, 8y, 8,, m)=42 B* sinh(pr)
+[d, +(20,— 8,) cosh(2pn)]
x sinh(V2 pn)—2 (8, ~ 8,)
x sinh(2pn) cosh(J2 pn)

(29)
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with the notations
Ad,=8,"—06" Ad,=0,"—8," AB*=By*—Bu*

for the differences in non-linear parameters of the
layers. According to Eq. (29), only the last term in the
curly brackets describes the influence of the 1non-
linear thermal inhomogeneity on the 2w signal. In the
limit H-0, Eq. (29) yields Eq. (15), as expected. We
have examined the solution Eq. (29) in two. limiting
cases of thermally thick (|p] H> 1) and thermally thin
(Ip| H < 1) backing.

For the description of a coating on a semi-infinite
substrate (i.e. H~ o), we have obtained from Eq. (29)

R L VY
@ 4\ Cokyw
[(6,"=285)+2 (8, - 6,

— (A8, +2 AS,) exp[ - 2+J_ph (30)

It is worth noting the complete absence of the
influence of the thermal expansion on the 2w tempera-
ture in this regime. In the most interesting situation of a
thermally thin coating (| p|h < 1), the solution Eq. (30)
transforms to

Jo*
z=0 s (_CU)
Heypl 4 \kw
h<l|p|

(2=1)(8,"-28,)+ 2 (8,7~ 26,)]
+(1-ifAd, +2 Ad,)gh)} (31)

Eq. (31) exhibits significant 2w phase variations,
which may occur even for thermally thin coatings
under the condition

=1(6,%~28,)+42 (6
E|A61+J§A62| (32)

If the inequality (32) holds, then a phase shift on the
order of * /4 will occur when

Hq=|AsfAslh> R or  wn ~ |As/A o <o

Given that the non-linear parameters d, and d, of
the coating contribute only to A,, we can say that a
sufficient condition to satisfy the inequality (32) is the
domination of the signal by the non-linearities
associated with the dependences C(T) and k(T') of the
film. Another possibility to satisfy condition (32) is to
compensate the thermal non-linearities associated with
the dependences C(T) and k(T) of the backing by the
non-linearity associated with the R(T') of the coating.
This observation is consistent with the fact that in the
case of a semi-infinite sample [5], the 2w temperature

ol

—63 |<|A4|
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is zero at the irradiated
(8, =205)+42 (0,= 05)=0

However, in the system considered here the physical
situation is more interesting, as the parameters of
different materials may participate in the compensation
of non-linear effects ar luw frequencies. We should also
mention that the first correction to the low-frequency
limit increases with frequency rise relatively more
steeply in a coating than in a free-standing film.
Actually, the second term in the curly brackets of Eq.
(31) is proportional to (gh) ~ Jw in a coating, while the
same second term in Eqgs. (17) and (18) is proportional
only to (gh)f ~ w in a free-standing film. For (gh)<1
the former dependence is stronger. From Eq. (31) it can
be seen that the signal contributions from the non-
linearities associated with C(7) and k(T) of the
coating are directly proportional to the thickness of the
coating.

For the thermally-thin bilayered system, assuming
| p| H < 1, we have obtained from Eq.(29)

surface z=0 when

Lol .- =1
wl z=0
H<t/|p| C(,w

oot

+|8,” +ag+—
1[4
—z[(—jaz”—zag ﬁ;)(H+h)

4 _Ap*
o 2

(H+h)

%(ma +Aﬂ*)(2H+h)th| } (33)

From earlier considerations (Sections 2.1 and 2.2)
we can state that non-linear photothermal depth pro-
filing of thermally thin layers should be possible, pro-
vided that real and imaginary parts of the expression in
the curly brackets of Eq. (33) are of the same order of
magnitude, even for g(H+h)<1. Under this condi-

tion, and in the experimentally interesting situation -

h <H, we can rewrite the curly brackets in Eq. (33) to
obtain
T,~A+A" H-i38" h+A," HYqH)  (34)

with A, =06, — 6, + f*/2and A, =(40,/3)—20; — B*/2.
Note that the inequality has already been taken into
account in Eq. (34). Therefore, from Eq. (34) one can
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expect significant changes in the 2w phase when

1/2

A"h+AH
<1 (35)

3A"h+ A H

o

In a manner similar to the case of a free-standing
film (Section 2.1), in order to realize this phase regime
it is sufficient to have a system with the dominant non-
linear role associated with k(T ), since é," and 8," con-
tribute only to A,. This analogy becomes even more
evident if one notices that the parameters A, intro-
duced in Egs. (35) and (19) are identical. Thus, the
solution Egs. (34) and (35) demonstrates how the rela-
tive contributions of different layers to the total signal
are weighted.

It is more difficult to extract information on the coat-
ing thickness # when the backing is also thermally thin
than the case of a thermally-thick backing. Actually,
according to Eq. (35), if one of the layers is “more
linear” than the other (ie. |Af,|h<|AlL|H or vice
versa), the information on 4 is lost:

1/2
~ |A1H/A2H|
or
1/2
qH~|A1h/3Azh|

In mixed situations, that is, for |A*|h<|A"|H
|AH|h> |AH|H or vice versa, the information on A
appears together with that on backing thickness H:

172
q(Hh) - |AxH/3A2hP/2
or
qH3/2h—1/2 ~ IAlh/AzHII/Z

3. Conclusions

The present theoretical analysis of thermal-wave
second-harmonic generation in thin films and coatings
demonstrates the possibility of non-linear photo-
thermal depth profilometry of thermally-thin layers. It
was shown that thicknesses much smaller than the
thermal-wave penetration (diffusion) length may be
measured from the second-harmonic thermal-wave
phase variations. This can be achieved in a free-
standing film in which the dominant non-linearity is
related to the dependence on temperature of the
thermal conductivity; or in films which are in contact
with a heat bath, and in which the dominant non-
linearity is associated with the dependence on tempera-
ture of the heat capacity. The thickness of a
thermally-thin coating on a semi-infinite substrate can
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also be measured using a non-linear photothermal
technique if the non-linearities of the substrate are
compensated by the non-linearity associated with the
dependence on temperature of the optical reflectivity
of the coating; or in the case where the dominant non-
linearities are related to the C(T) and k(T)
dependences of the coating. In summary, the one-
dimensional theory presented in this work predicts the
dependence of the depth resolution of non-linear
photothermal microscopy on specific combinations of
important non-linear parameters of thin solid films.
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