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Abstract . Two-dimensional c .w. photothermal surface displacement (PTD)
scans with high spatial resolution provide a new quality for thin-film character-
ization. This is demonstrated for optical single-layer films of Zr0 2 and MgF 2
on various substrates . Inhomogeneities of the films were detected with a lateral
resolution < 2 µm. Variation of the modulated frequency was employed for
depth-profiling. The resolving power has been investigated experimentally and
a model for signal generation by absorbing inhomogeneities is presented . A
calculation of the photothermal thin-film response for thermally thick coatings
is carried out to obtain a better understanding of the PTD images with respect
to film absorption and thermophysical sample properties .

1 . Introduction
It has been shown that in the field of characterization of optical thin films

photothermal methods permit a more detailed investigation of both lateral- and
depth-resolved distributions of material inhomogeneities such as absorptive
centres in the coating as well as in the substrate [1-3] .

There exist three different contactless continuous wave (c.w .) photothermal
techniques that are capable of spatially resolved inspection of a sample surface :
probe beam refraction (PBR, Mirage-effect), thermoreflectance (TR), and photo-
thermal surface displacement (PTD), i .e. an optical probe of the absorption-
induced thermoelastic surface deformation [4-6] .

Due to the fact that the PTD response is proportional to the slope of the
surface displacement, and because the effect does not need an adjacent medium or
a temperature dependent surface reflectivity, both sensitivity and lateral resolution
of the PTD technique have been shown to be superior to other techniques [7-9] .
The disadvantage, however, is the additional influence of thermoelastic sample
properties, whereas TR as well as PBR are mostly governed by the surface
temperature and, therefore, are dependent only on optical and thermal material
parameters. A PTD scan of the surface will, therefore, produce an image originat-
ing from optical and thermal, as well as thermoelastic, inhomogeneities .

The task is to separate both optical and thermophysical properties of the thin
film and substrate . This can be achieved by varying the modulation frequency of
the heating laser light which, in turn, affects the thermal diffusion length µ,b.
Depending on whether µtb is large, comparable or small with respect to the film
thickness 1, the optical and thermophysical inhomogeneities of the film and the
substrate can in principle be separated . Uncertainties in the interpretation of the
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data can be overcome by calculating the homogeneous thermoelastic (PTD)
response for thermally thick and thin films . Such a calculation can at present be
performed semi-quantitatively, yielding approximate expressions for the PTD
response. In order to interpret the PTD images it is important to estimate the
influence of absorption, thermal conductivity, heat capacity, and thermal coeffi-
cient of expansion on the photothermal signal . This can be done by properly
varying the modulation frequency and, hence, the thermal diffusion length . The
ultimate lateral resolution of the PTD technique and its complex amplitude image
of an inhomogeneity in thin-film samples must be checked in detail in order to
obtain a correlation between the observed images and the structure of the
inclusions .

Experimentally we have extended the PTD-technique to measure two-
dimensional (2d) images. Combined with a high lateral resolution this provides a
powerful tool for analysing thin film inhomogeneities . Scan areas of 2 x 2 mm 2
have been achieved . Compared to single-line scans these 2d images allow a much
superior quality testing of optical thin films . The potential of this technique is
demonstrated on single-layer Zr0 2 and MgF 2 films .

It should be emphasized that in contrast to time-dependent measurements
frequency domain photothermal experiments should be preferred whenever the
sample surface and thin-film response, respectively, is to be measured, i .e . for
vanishing influence of the deeper substrate regions . This means that in the high-
frequency range, where the heating beam diameter is large compared µth ';Z~ 1, a
starving of the thermal information within the heated thin film bulk is avoided
[10] . The heat diffusion and expansion process can then be treated approximately
in one dimension rather than a full three-dimensional approach, as outlined in the
next Section .

2 . Calculation of the surface deformation in thin-film samples for high
modulation frequencies

In order to estimate the thermoelastic response of thin-film-on-bulk systems, it
is necessary to determine both the deformation in the thin-film layer and the
backing substrate . To do this, one must solve the thermoelastic wave equations by
properly chosen assumptions . They represent a pair of coupled equations describ-
ing heat diffusion as well as the thermoelastic response . A practicable way of
solving this problem is the treatment of these coupled equations for the related
time-independent magnitudes of the temperature T and the scalar elastic potential
0, respectively .

V2T- C2T=10•7e,
K

(1)

V2d +k 20=yT,

	

(2)

with Q = ( 1 +j) 1 / µth (with j = .,/ -1 as the imaginary unit) and k = (o / v as the
thermal and the elastic wave-vector, respectively, and y = (1 + v) / (1- v)a th as the
thermoelastic coupling factor with a th as the thermal expansion coefficient and v as
the Poisson's ratio . The quantities µth =(2K/pc(0 ) 112 and v denote the thermal
diffusion length and the longitudinal sound velocity, respectively, with a = K / pc as
the thermal diffusivity, being the ratio of the thermal conductivity K and the
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heat capacity pc, and w as the modulation frequency . The divergence of the
incident energy flux is given by

V Ye= -(3/2 exp (flz) I(r),

I(r)=10 exp [-(r/RH)2]=
2 exp [-(r/RH)2],

TERH

assuming an exponential decay of the incident Gaussian beam intensity within the
sample material, with (3 as the absorption coefficient, and RH the heating beam
radius .

The component of the gradient in the z direction (normal to the sample
surface, see figure 1) of the elastic potential 0 can be defined as the normal
component of the surface displacement

UZ(r,
0) =_a (P(r, 0),

where

	

(2 a)

2
Or

U-(r, 0) =SE

is its radial derivative, which is proportional to the measured photothermal
deflection angle SE of the probe beam .

This calculation has been treated in a preceding paper [10] considering the case
of moderate modulation frequencies, i .e . restricting the experimental conditions
on thermally as well as optically thin films. For this special case, it has been shown
that equations (1) and (2) may be solved adequately for the backing only. This
means, both the change in temperature and deformation of the thin-film layer
itself can be neglected. In other words, only the backing temperature, caused by
thin-film as well as substrate absorption /s and PB, respectively, acts as the source
term in the elastic equation (2) for the backing deformation potential (P . Hence, in
the case of thermally thin films one can restrict the attention to the change in

(Xs, as, PS, Ys)

0

(Xe, as, as+ Ys)

-L
Figure 1 . Thermal and thermoelastic two-layer model consisting of an absorbing single

layer and substrate of the thickness I and L, respectively . The brackets (K ;, a,, A;, y;)
containing the thermal conductivity x ; and diffusivity a=x;lp ;c ;, the absorption
coefficient f; and the thermoelastic coupling factor y characterize the different regions
gas (G), single layer (S) and substrate (B), respectively . The sample is presumed to be
extending laterally to infinity .
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backing temperature and deformation . As an interesting result of the calculation,
the photothermal displacement response of a thermally thin film is found to be
independent of its thermophysical properties, and especially of its thermal conduc-
tivity u, .

For a higher modulation frequency range any restriction on the backing
response is no longer valid, i .e. in case of thermally thick films the thin-film
deformation itself must be taken into consideration, too. Similar to the treatment
[10] we solve the equations (1) and (2) by Hankel transformation, but now both
Hankel transformations for the temperature as well as the thermoelastic potential
in the thin-film layer (ts , 4,) and the underlying backing (tB , OB) are performed .

Therefore, the following set of equations must be solved, see figure 1 .

a2
az2 4.Q, z)-ks ~s(2, z)=ysts ,

	

in[0, -1]

	

(3)

a2 ,~,

	

,~,
az2'PB(", z) kBY'B(a, z)=YBtB,

	

in[-l, -L]

	

(4 )

with

4(2, z) = H[P(r, z)]
and

t(A, z) = H[T(r, z)]
as the corresponding Hankel transforms, using the abbreviation k,,B= .,2-k;B
=22-w2[(pI(.ZL+2pL)],,B' the spatial frequency parameter (A) dependent three-
dimensional analogue of the one-dimensional longitudinal elastic wave number
k,,B . Here, P, AL, and µL denote the mass density, and Lame's constants of
elasticity.

The source terms t, and tB are obtained by applying a similar Hankel transform
on equation (1) . It can be shown that t,(%, z) and tB(1,z) are the solution to the
corresponding one-dimensional thermal problem by only replacing the one-
dimensional thermal wave-number 7 2= 2j /

µlh2 by a 2+ 2 2 = a 2 and the incident
intensity by its corresponding spatial intensity spectrum

h(A) =H[I(r)]=
J

r dr I(r)JO(2r)= I°RH exp [_(i ) 2] .

	

RH(5)
0

Therefore, presuming an optically thin and thermally thick single-layer film and a
thermally thick substrate with vanishing absorption, i .e . fB-+O satisfying the
relation (Rea) -1 <l<<Ps 1 <L, t, and tB may be expressed by

t,(a, z)=h(.,)
~s~2Ks exp (&z),

	

in [0, -1],

	

(6)
s

and

tB(a, z)=h(.1)
exp

	 (-#9~fl'/2'~' ex p

	

z+

	

inP [ 13(

	

t)],

	

[-l, -L),

	

(7)
7,78 (1 + xs~7sl

see figure 1 and Appendix A .
For clarity it should be pointed out that equation (3) describes the absorption-

induced deformation of the thin-film layer, whereas the influence of the thin film
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absorption on the heating and subsequent deformation of the underlying backing
is governed by equation (4) . Since substrate and thin film are elastically coupled,
the surface displacement depends on both the thermoelastic expansion from the
backing (B) and the layer (s) . For the sake of simplicity let us assume an
experimental set-up that ensures free and rigid boundary conditions for z=0 and
z= -L, respectively, Thus, for a stress-free surface, according to Hooke's law of
thermoelasticity [11] the boundary condition

Yes(%, o) = 0

	

(8)

must be satisfied, whereas for the deformation-free rear surface from the vanishing
component or the displacement normal to the sample surface at z= -L the
condition

a
az OB(A, -L)=0

	

(9)

follows. Finally, the stress and displacement continuity conditions at the film-
backing interface are explicitly given by

the constants c l . . . C4 of the homogeneous part of the solution are calculable, in
principle, using the boundary conditions (8) . . . (10) . In contrast to the calculation
procedure for the case of thermally thin films [10], however, we already apply all
the assumptions for the low focusing limit :

µ,ti <l<RH 4fs 1 x L,

i .e . the high-frequency range, at the present stage of the determination of the c ; to
ensure an analytical approximation .

Hence, keeping k/ax2/a, and satisfying equations (8) . . . (10) we obtain from
equations (11) and (12) for the z derivative of the Hankel transform of the surface
deformation

a

	

a

	

a

	

ft./2Ks h(2)	(Rs/2Ks)h(2)
az 4 (2 0)^-az 4 (2, 0)+8z4.B(2, 0)^-'YS a2 2 +YB

	

(13)
s

	

;asC1+
Ks ; )

KB QB

4's0, "-1)=4'B(1, -1),
(10)

az NA, -1)=az WB(2, -1) .

Now, with the general solution of 4s and 4B , respectively

2K
~s=c1 exp (ksz)+c2 exp (-ksz)+h(A) sL2 s' exp (~sz) k2+

Y
i-A2, (11)

OB = c3 exp (kBZ)+c4 exp (-XBz)+h())

X YB

exp
(-#s l)

fis/2KB exp [aB(z+1)]

(12)

QyQB K~Qs

C
l +

KBQB

ka2
+C2,

B
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Obviously, the influence of the backing deformation is described by the second
term, whereas the deformation within the thin-film with its response on the
surface displacement is governed by the first term of equation (13) .

It should be noted that in case of only considering substrate absorption in the
analogous limit µt5 < RK < L both the Hankel transformation and the related slope
of the backing surface displacement shows the same structure as for thin-film
deformation (a/az) 0,,, (A, o), see equation (13) . This allows the determination of
the purely acting backing signal response and, furthermore the separation of the
latter response from that of the thin-film one [8, 10], see Appendix B .

Applying the inverse Hankel transformation and performing an integration
according to [12], from equation (13) one can achieve the approximate analytical
expression for the surface displacement UZ (r, o) and its radial derivative, respect-
ively, the latter being proportional to the complex valued photothermal displace-
ment signal :

a

	

a

	

1 a

	

6

	

a
ar U.,(r, o)= ar FI -4,(2,o)

=ar UZ„(r, o)+a- UZ,B(r, o)

_ _YS
Is42Ks

~7cPo exp (- J'ir / 2)
(iz h )2 (r)

X 0 F(3/2+v)/F(3/2)

	

r2 v

=0

	

v!(v+1)!

	

( RH)

PS12KB

	

2

	

1

	

(

	

3rt) a
+YB 2.,/2

	

+ ( K.
(µthB ) µte,

	

1
2 exp -J 4 Jr

I(r),

1
Pcs)

KBPCB

with

ar I(r)

	

RH (RH) I
(r)

From equation (14) we may conclude as an interesting result that because of
µt52 / x ^_- (PC)-1 the surface displacement slope is dependent on the thermal con-
ductivity of the thin film material only via the thermal influence of the thin-film
layer on the backing temperature. (This influence is now bulk-like and therefore
not so small as for thermally thin-film samples, as shown previously [10] .) The x
dependence in the thin-film contribution itself, however, is cancelled out . This
behaviour may be elucidated by physical reason in this two component thermally
thick thin-film sample configuration taking into account that the deformation in
the thin film is caused by a bulk absorption and subsequent heating, whereas the
backing deformation originates from the heat flux across the film-backing bound-
ary and is therefore governed also by the thin-film thermal conductivity ks via its
effusivity .Jx s(pc) s and thermal diffusion length µthe , respectively .

The proportionality of the surface displacement slope to y3 , YB, and fls, and the
modulation frequency as well as phase lag course, on the other hand, would be
expected .
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Finally, let us estimate the ratio or the first and second term of equation (14)
for the maximum slope, i .e. at r= rmax

a
arU.-',(rm..' o)

Ys (Pc)B RH
a

	

f(RH, w)
YB (Pc)s (µtt,,)

	

(15)

ar
Uz,a (rmax o)

Here, the corrective factor f(RH, (0) is of the order of magnitude of 1, which is
calculable numerically. Assuming that y„ YB and (PC)B, (PC), respectively, are
nearly of the same order of magnitude for dielectric coatings on optical substrates
the ratio will be governed by RH/µth, . (This assumption does not hold in general .)

For typical photothermal thin-film investigation in the high-frequency region,
the relation

RH ~-_ 40 . . . 1091h((01) > l > Alb(W2)

is valid, where w varies commonly from a few 100 Hz (w 1) up to several MHz (w 2 )
[9] . In case of dielectric thin films, however, the upper frequency limit to reach a
thermal diffusion length of the order of magnitude of the thin-film thickness is
often given already in the 10 kHz region. This is caused by a considerable decrease
of the thermal conductivity for some dielectrics in thin-film format compared to
that in bulk [9, 14] .

Hence, taking into consideration that the above calculated approximation
becomes relevant for RH> l >µ,h it can be concluded from expression (15) that the
dominant part in the high-frequency range is the thin-film deformation compo-
nent 0/ Or U..,(r, o) . Note that this result holds in contrast to the case of thermally
thin films, where the thin-film contribution itself to the overall surface displace-
ment response is shown to be negligible [10] . It should be emphasized that, despite
the approximative character of the calculation in the low focusing limit, both
vertical and lateral components of the thermal expansion are taken into account,
see Appendix C . This is illustrated by the fact that the thin-film surface displace-
ment slope a/3r U, (r, o) is broadened compared to the corresponding tempera-
ture profile, see equations (6), (13) and (14), respectively. Therefore, for
modulation frequencies corresponding to thermal diffusion lengths µtb > 1 or µ tti < 1
neither the thermal conductivity of the backing nor that of the thin-film coating
itself influences the surface displacement response of the sample considerably, but
the signal is mainly governed by thin-film absorption and thermal expansion of the
substrate and the film, respectively .

In conclusion, performing photothermal surface displacement measurements
on thin-film-on-substrate-samples, the signal of thermally thick, optically thin
films will be determined by thin-film absorption coefficient ft, rather than by
thin-film absorption 9,1' and thermal conductivity IC„ respectively. Furthermore,
for µtit< l <RH the response is dependent on thermal expansion y and heat capacity
pc in the same manner as for RH > 11th > l by only replacing the backing quantities
by those of the thin-film material [10] . In the transition range µth l a numerical
solution instead of equations (13) and (14) is needed [13] .

3 . Experimental
C.w. photothermal displacement measurements are well established methods

for bulk and thin-film material characterization in the frequency range from 10 Hz
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Heating beam

Lock in

Figure 2. Experimental set-up .

to 10 MHz [6-9, 15-17] . We used an experimental set-up similar to that commonly
used and described in detail elsewhere [6, 9, 18], as illustrated in figure 2 . The
sample is periodically heated by an acousto-optically modulated Ar + ion laser,
which provides the heating beam . The heating beam is reflected by a movable
mirror to allow adjustment to maximum signal and then focused on to the sample
surface. The time-dependent temperature rise produces a deformation bulge
rising and falling with the chopper frequency . The surface displacement is
detected by a He-Ne laser, which acts as the probe beam and is fixed at an incident
angle of about 45° . The probe beam is reflected at the surface and the deflection
from the initial reflectance angle (i .e . without displaced surface) is measured by a
quadrant photodiode detector consisting of four segments of photodiodes separ-
ated by small spacings . The deflection angle Sa results in a change of relative
intensities on the segments and, hence, provides information about the displace-
ment at the sample surface . According to equation (2 a) it can be assumed, that 58
is proportional to the radial derivative of the surface displacement, normal to the
sample surface . The signal is obtained by taking the difference between the diode
segment signals in x and y direction, i .e. the two possible, independent directions
of the probe beam deflection in the incident plane of the probe beam and
perpendicular to it can be measured separately . After detection the signal is
processed by a two channel vector lock-in amplifier . Thus, amplitude and phase of
the PTD signal can be recorded directly. During measurements the offset between
heating and probe beam is kept at fixed value of maximum signal . The arrange-
ment allows a two dimensional (x, y) point-by-point raster scanning of the sample
surface, generating photothermal amplitude and phase images .

The lateral resolution of the measurements may be defined as the minimum
distance between two measured (x, y) positions of a detectable contrast (i .e . an
optical, thermal or thermoelastic inhomogeneity), which are separable from each
other leading to different image points and, thus, unambiguously characterizing
the photothermal structure under investigation .
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From the nature of thermal waves a microscopic imaging necessarily works in

the near field limit. Therefore, the intrinsic resolution is dependent on the depth
as well as the geometry of a detected inhomogeneity rather than the thermal
wavelength 'th=µ,h271, but instrumentally limiting factors such as heating beam
and probe beam spot size and the step size of the scanner must also be considered .

On the other hand, by using high-quality translation stages with a repetition
reproducibility better than 0 .1 gm the pixel size (i .e . the squared translation step
width) can be chosen to be smaller than the probe beam spot size . In the next

Section it will be proved experimentally that, through the scanning procedure, an
ultimate lateral resolution can be reached, which is given by a step width in the
order of a few microns rather than by the thermal diffusion length, and the probe
beam waist of some 10 microns and the heating beam waist of about 40 microns,

see e.g. figures 6, 7, and 8 .
According to the aim of our investigation the depth sensitivity in the z

direction of the measuring procedure must be also considered briefly . To do this it
can be pointed out that for sufficient high modulation frequencies, in accordance
to equation (15) the displacement signal of optical thin-film-on-bulk samples is
governed by film properties only . A numerical solution of equations (3) and (4)
performed by Reichling et al . [9, 13] confirms this result quantitatively . However,
it should be emphasized that a simple scanning in thickness direction by changing
the modulation frequency and, hence, the thermal diffusion length, as shown in
case of photoacoustic gas-cell-microphone technique (or related photothermal
methods, which measures directly or indirectly the change in surface temperature)
cannot be expected by performing photothermal surface displacement technique
[16] . This is caused by the additionally acting thermoelastic response creating, at
least, the surface deformation .

4 . Resolving power and signal interpretation in PTD microscopy
Before presenting the experimental results of the (x, y) resolved PTD scanning

at the surface of selected dielectric single-layer films deposited on optically highly
transparent substrates the ultimate lateral resolution of the apparatus has been
checked. To do this an integrated circuit (IC) structure was chosen, which can be
imaged by both PTD technique and by optical microscopy . Results are given in
figure 3 (a)-(d) showing a detail of a rectangularly shaped edge of the structure
PTD images (a-c), and are compared by the optical imaging (d) by reflection

microscopy. The edge was imaged photothermally with different magnification,
see figure 3 (a) 1 pixel n 10 µm, 3 (b) 1 pixel n 4 µm and 3 (c) 1 pixel 2 gm,
respectively .

Note that the performed PTD operation mode that measures the probe beam
deflection in the x direction, prefers the image contrast quality of an extension of
the structure in the y direction. Obviously, it is seen from the amplitude image in
figure 3 (c) that, caused by the Gaussian shaped probe beam intensity distribution,
the step-wise scanning of the conducting edge yields a better spatial resolution
than that which is given by the probe beam waist of about 10 microns (taken at the

e-2 points) . Furthermore, originating from the fact the surface region close to the
conducting stripe is also illuminated by the heating beam, a signal smaller than
that of the stripe region will be observed at the edge boundary. The thermal

broadening in case of R H : µt1,, however, is of the order of a few microns [10],
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(d)
Figure 3 . Amplitude image of an edge of a conducting stripe in an IC structure using

PTD technique (a) . . . (c) and optical reflection microscopy (d) . The PTD images
represent the probe beam deflection in the x direction, i .e . in the incident plane on the
probe beam, for different magnification .

hence, demonstrating the favourable lateral resolution power of the PTD tech-
nique compared to other photothermal techniques .

The situation is further complicated by the different reflectivities in the stripe
region and close to it leading to a change in incident intensity of the heating beam
as well as that of the probe beam reflected by the IC surface, and, therefore, also
influencing the imaging .

Exploiting the photothermal information of the thin-film samples completely,
given not only by amplitude but also by phase images, the measured PTD
response must be considered more carefully . Figure 4 shows the PTD image of an
area of 200 x 200 gm of a 2 % optical thickness ZrO 2 film on a BK7 substrate for
frequencies of 1 kHz (a) and 10 kHz (b) . The observed inhomogeneities typically
occur as pair-like structures in the amplitude, in some cases accompanied by either
a jump of n in the phase image . Furthermore, the extension of the imaged
inclusion decreases for higher frequency indicating that the corresponding inho-
mogeneity is situated at least partially beneath the substrate surface or at the film-
substrate interface .

To explain these experimental findings it must be pointed out that the
inhomogeneities may be considered as strongly absorbing inclusions acting as the
origin of regions of enhanced photodisplacement [19] . The related extension varies
from a few up to some tens of microns, their absorption peak relative to the lowest
absorption in regions without inclusions is changed by a factor of 5 up to 100 .

Caused by the PTD measuring technique the probe beam is directed at the
flank of the deformation bulge normally at the point of the maximum slope .
Hence, assuming an inclusion of sufficient absorptivity, the nearly Gaussian
shaped heating intensity at the (1/e2 ) distance ^_-RH can exceed that of the centre of



1466

	

E. Welsch and M. Reichling

50I-m (a)

(b)

Figure 4 . PTD amplitude (left) and phase (right) image of the 2) ZrO 2 / BK7 sample .
Fixed area of 200 x 200 gm (a) 1 kHz, (b) ^_-10 kHz .

the heating. Thus, satisfying the condition : pixel size < PB waist and size of the
inhomogeneity, respectively, according to figure 5 a displacement profiling by the
PB will be simulated .

Note that, in general, the inclusion is not extended rectangularly with respect
to the scanning direction . Additionally, the rise or fall of the absorptivity in the
scanning direction may be assumed to be smoothed rather than given by a jump or
edge-like structure, thus distorting the typical slope according to figure 5 (c) .
Nevertheless, the distance d between the extrema can be roughly estimated as the
size, i.e. the related linear extension of a strongly absorbing inhomogeneity . The
asymmetry, arising in principle, however, connected with a jump in phase of it will
be observed, when the absorbing inhomogeneities (IHs) exceed the basic absorp-
tion of the thin film by more than a factor of 10, see figure 4, where the shadowed
PTD scanning image is seen excellently.

5. Imaging of ZrO2 and MgF2 single-layer films
For frequency resolved ZrO 2 images, see figure 4, a decreased extension of the

absorbing sites against frequency has been concluded . In contrast to this fact let us
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ro	 I

Figure 5 . Signal peculiarities by sample scanning in x direction over an inhomogeneity
(strongly dotted area) with compared to the basic drastically increased absorption,
keeping a fixed offset r o between probe beam (PB) and heating beam (HB) . (a)
negative slope of the PTD amplitude at the right flank of the absorbing inhomoge-,
neity (IH) (position x 1 ), crossing zero and reaching (b) a positive slope at the left flank
(position x2 ), accompanied by a jump of rz of the phase caused by the quadrant
photodiode detection technique . (c) qualitative PTD amplitude response by scanning
over an absorbing IH .

consider figure 6, showing an inhomogeneity of about 50 microns (a) at 1 kHz and,
magnifying a detail of the upper boundary region by a factor 4 at 1 kHz (b) and
40 kHz (c) . From figure 6, however, it follows that for the MgF 2 coatings no
significant decrease of the extension of the absorbing inclusion with increasing
modulation frequency could be observed . Furthermore, a set of ZrO 2 and MgF2
thin films with different film thickness have been also investigated in the frequency
range of 1 kHz up to 100 kHz confirming the above results and showing that not
only size but also density of inclusions per unit area is diminished for Zr0 2 , but
remains nearly constant in case of MgF 2 films. This results from the difference in
thermal properties of Zr0 2 and MgF2 thin films [4, 15, 20] . For the given
modulation frequency the Zr0 2 film is thermally thick, and therefore the resulting
signal is described by equations (14), (15), while this does not hold for MgF 2 .
Details will be discussed in [19] . Hence, the PTD response in case of Zr02 films
will be governed by the thin-film absorption coefficient f1 rather than by the
related thermal conductivity ,c s , but not in case of MgF 2 films. Therefore, a
decreased inclusion density against frequency is indicating that the absorption
inhomogeneities are situated at the film-substrate interface or beneath the sub-
strate surface.
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(b)

(c)

Figure 6. PTD amplitude (left) and phase (right) image of the A/2 MgF Z / BK7 sample
showing a strongly absorbing absorption site (a) at 1 kHz and (b), (c) an upper
boundary region magnified by the factor of 4 at 1 KHz (b), 40 kHz (c), respectively .

Next, figure 7 shows a strongly absorbing inclusion within the A MgF 2 thin
film on quartz, demonstrating both profiling in the amplitude and n jump in the
phase image, respectively . According to figure 5 and the statement in Section 4,
from this microscopical image an extension of about 30 microns can be estimated .

A final demonstration of the capability of the spatially resolved PTD image
analysis is given by figure 8 showing the transition from moderate to high
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Figure 7 . PTD amplitude (left) and phase (right) image of the it MgF 2 /quartz sample
showing a strongly absorbing site at 1 kHz (a) situated in an area of 500 x 500 gm, (b)
magnified by factor of 5 .

resolution . A selected IH in the )./2 MgF2 film on MgF 2 substrate of about 40
microns extension is characterized by three different magnifications, satisfying
successively the conditions PB waist < pixel size < IH diameter (no profiling, but it

jump) (a), and pixel size<PB waist, IH diameter (profiling as well as It jump) (b),
(c) . In figure 8 (c) a pixel size of 1 . 25 microns has been used marking both ultimate
lateral (x, y) resolution and feasibility of the PTD 2d sample surface scanning
technique for an inspection of dielectric thin-film coatings with high spatial
resolution, only choosing appropriately the experimental parameters like modula-
tion frequency, the diameter of the Gaussian probe as well as heating beam and the
scanning step width (i .e . the pixel size) .



1470

50 µm

E. Welsch and M. Reichling

1_I
100 µm

10 µm

(a)

(b)

(c)

Figure 8 . PTD amplitude (left) and phase (right) image of the A/2 MgF 2 on MgF2
sample, absorption IH below within an areaa of 500 x 500 gm (a), magnified by 2 (b)
and 10 (c), respectively, at 1 kHz .

6 . Conclusions
The peculiarities of the photothermal surface displacement technique with

respect to a spatially and frequency resolved characterization of optical thin-films
have been treated to some extent showing how an uncertainty, i .e. a more
sophisticated interpretation of the experimental data, which may occur in this
technique, can be removed.

To do this, first the calculation of the thermoelastic response has been extended
to the case of thermally thick optical films on a substrate . With the help of this
theory, the influence of both film absorption as well as thermophysical properties
and experimental parameters on the photothermal images can be estimated .

Second, a carefully performed experimental investigation of the sample surface
scans depending on size and jump of microscopical inhomogeneities, probe and
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heating beam profile, and step width (pixel size) has been shown to be also
necessary.

Although, initially, our interest was mainly focused on checking the surface
displacement technique as an appropriate method of the measurement and inter-
pretation of weak, localized thin-film absorption losses, it was also thought that
our experimental results do reflect some interesting details for the optical thin-film
community. Any optical coating optimization is shown to be dependent on the
correlation between optical losses, thermal properties, thin-film microstructure,
coating design, deposition technique, and a better understanding of the fundamen-
tal laser damage mechanisms . For instance, such a 2d sample surface absorption
mapping is of importance, when the origin of the radiation breakdown has to be
investigated. Any correlation between the absorbing inhomogeneity (IH) density
and the damage statistics would be an indication of the thermal origin of the
considerably differing laser damage resistivity over the sample surface . (It should
be noted that, at least, with respect to the thermally induced damage, it is not of
importance whether the photothermal response is caused by absorptive IH or by
thermoelastic IH .)

Furthermore, some of the ideas and intuitions should be also of interest for
future non-destructive photothermal inspection of non-optical films such as func-
tional coatings .
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Appendix A
Similar to equations (2), (3) and (4) in Section 2 the heat diffusion equation (1)

leads to :

2

8z2
tG(A, z) -

CA2
+a(D) tG(1, z)=0,

	

of [0, +00],

	

(A1)
G

2

8z2 ts(2, z) -
CA2

+i(
) ts(2, z)=- PK h(2) exp (flz),

	

of [0, - 1], (A2)
s

	

s

and

a2

	

/~
2 t, (A, z)-C12+J / tB(%, z)=2~

8
h(2) exp [PB(z+l)],

	

of [-l, - L],

	

(A3)a
B

	

B

with

32SIB
= A2

+ 7w
asIB

see figure 1 . Again, the Hankel transformation has been used . The general solution
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for the regions G, S, B, respectively, are :

tG=c1 exp (QGZ)+c2 exp (-QGz),

	

of [0, +co],

	

(A4)

t5=c3 exp (a z)+4 exp ( - a z)+ ;:2--' ~s h(.) exp (135z),

	

of [0, - 1], (A5)

tB = cs eXp [6B(Z+l)]+c6 exp [-aB(z+l)]

+
QB

	 12p
g
h(A) exp [#B(z + l)] ,

	

of[ - l, - L] .

	

(A 6)

The constants c1 and c6 are zero because of the thermally thick regions G and B,
the other constants are calculable using the following boundary conditions :

tG(A, 0)=ts( .Z, 0),

	

(A7)

ts(2, - l)=tB(2, -l),

	

(A8)

a

	

a
KG az tG(A, 0)=KS az ts(A, 0),

	

(A9)

Ks az t,, (A, - l)=KBaz tB(A, - 1),

	

(AlO)

representing the continuity conditions for the temperature and the heat flux at the
boundary z=0 and -1, respectively .

Presuming an optically thin and thermally thick single-layer film and a
i .e . (Re gS.B)-1<l<fS

1 <L

(A11)

of [-l, -L]

	

(A12)

thermally thick non-absorbing substrate (PB ->O),
from the equations (A4)-(A10) it follows :

ts(2, z)=h())
fls

62KS eXp (flsz),

	

of [0, -1],
S

tB (~, z)=h(~)=
eXp ( - Psl)#sI2KS exp [ai(z+l)],

~S QB
\ 1 + KB_

_U1)

-equations (6), (7) in Section 2 .

Similarly, the pure thermal bulk response of an weakly absorbing substance can be
derived for vanishing film thickness for equations (A4), (A 6)
(Re QB) -1 << L << #B 1 using the boundary conditions :

in case of

tGR 0)=tBR 0), (A 13)

a

	

a
KG OZ

tG (A, 0) - KB az tB (A, 0) . (A 14)

We find :

tB(A,

	

h(A)z)=
I3B2KB exp ($BZ), (A 15)

B

in correspondence to the thermally thick film, see equation (A 11) .
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Appendix B
In the absence of the overlayer ; instead of equations (3) and (4) of

is found [10] .
Therefore, according to equations (13) and (14) of Section 2 the ratio of thin

film and bulk surface displacement is approximately given by :

a

a U, (r , 0 )r

	

NYs (PC)a PS)

S

	

(c (~ '

	

(B 6)

ar U
ZH (r, 0) Ys P )s a

This result holds in contrast to thermally thin optical films on substrates, where
this ratio will be only determined by /3Sl/PBRH rather than by thermophysical
properties [8, 10] . Because of Ps/ fB> 1 the assumption of neglected substrate
absorption, see Appendix A, which is justified in many cases for thermally thin
films, holds more than ever for thermally thick films .

Appendix C
Using cylindrical coordinates, from equation (2) of Section 2 it follows :

s

r Sr (r a) + az2 O+k2¢-YT .

	

(C1)

Neglecting both radial components of the deformation and the inertia term,
equation (C 1) can be simplified by :

z

az2 0=az
UZ~-- YT,

	

(C2)

Section 2

aZ _L] , 1)(B
azZ

(P B(' z) - ka (Pa(2, z) = YataRz),

	

of [0,

is valid, with
The general

to according to equation (At 5) .

(B 2)

solution (P B is given by :

Pa~2
PPa=es exp (kHz)+c 6 exp (-kaz)+h(A)

	

exp (flaz) .

The constants

a

c 5 and c 6 are found using the boundary conditions :

~P(A, 0)=0, (B 3)

az (P(A, - L)=0, (B4)

instead of equations
In the limit,

(8)-(10) of Section 2 .
µ th <<RH < L < flB

1 ,

a

	

13a/ 2KB h(2)
(B 5)0)=Ya~PBR

a

	

~2Z

	

e
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L

8r U. (r, 0)~Sr Y

	

T(r, z) dz .
0

(C 3)

This means, that a solution is to be sought which summarizes the vertical
contributions of the thermoelastic deformation, but neglects any lateral expansion .
To show that the approximation performed in Section 2 is less crude, we consider
the surface displacement slope caused by thin-film deformation in the low focus-
ing limit µth< l < R,h . From equation (6) of Section 2 there follows by inverse
Hankel transformation :

f
o

UZ(r, 0)= -ys'?KS

	

dz exp (flsz)

	

d2 h(A)Jo(.r)A2

	

(C4)8r

	

as

	

-I

	

o

= _Y 4Kl µh,,2 exP
C-

.7 2) 8r I(r),

	

(C 5)
s

and :

UZ (r, 0)_y<T(r, z)> L,

	

(C6)

respectively. Hence, the surface displacement slope follows the heating beam
profile, and the displacement itself results from the average temperature labelled
by the brackets .

Thus, any lateral acting thermal expansion is cancelled out, in contrast to the
treatment of Section 2 and Appendix B, equation (B 1), where the corresponding
Hankel transformed equation has been solved . (Note that the subscript B must be
replaced by S in order to treat the thin film case .) Obviously, as seen from
equation (B 5) of Appendix B and [10], this solution incorporates also lateral
thermal expansion and, thus, describes the thermophysical process more precisely .
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