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Abstract

Photothermal microscopy is a technique for measuring thermal properties on a small
scale by using focussed laser beams as heat sources and as temperature probes. Typically
used for nondestructive evaluation (NDE) of materials, its main advantage is its ability to
measure types of flaws that are not visible optically or acoustically. Examples of these
kinds of defects include disbonds and poor adhesion in layered media, subsurface cracks or
crystal damage in opaque solids, and electrical defects in active circuits. Because of the
optical nature of photothermal microscopy, sub-micron resolutions can be obtained in many
of these thermal measurements.

The greatest limitation of these systems is their relatively poor signal-to-noise ratios
and, consequently, slow imaging speeds. To circumvent this problem, a variety of
approaches to the detection of thermal waves has been pursued in recent years. This thesis
compares the relative merits of a common class of techniques that rely on direct observation
of physical changes in the heated sample, including a novel approach to interferometric
measurement of the thermal expansion. It is found that the optimum approach depends not
only on the physical properties of the sample being studied, but also upon the resolution of
the experiment and the damage threshold of the specimen. These points are illustrated in an
assortment of examples of photothermal NDE.

Finally, this dissertation describes our applications of photothermal microscopy to
the study of the anisotropic thermal properties of the new high-T¢ superconductors.
Because of their micron resolution, photothermal techniques are well suited for studying
single-crystal specimens which tend to be too small or irregularly shaped for conventional
bulk methods. By adding a high-vacuum cryostat to the microscope, we have been able to
study the influence of the superconducting transition on the thermal conductivity. Our

measurements of the anisotropic thermal conductivity demonstrate that the heat flow along




the superconducting planes is enhanced below the transition, and that no such enhancement
exists in the non-superconducting direction. These effects can be explained as a product of
the electron-phonon coupling. Furthermore, we present evidence that thermal and optical
changes in these materials can begin as much as 10 or 15 K above the superconducting

transition.
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Chapter 1
Introduction

As electronic device technology has approached ever smaller dimensions, the need
for non-destructive evaluation (NDE) tools with higher resolutions has increased. In some
of the more traditional areas of NDE, such as optical and acoustic microscopy, resolutions
have been improved by increasing frequencies [1] or by employing novel, near-field
techniques [2,3]. The past decade has also seen the refinement of scanning electron
microscopy and the introduction of probe-based tunneling microscopies that can
characterize materials down to atomic scales [4].

A push for finer-resolution thermal measurements has occurred as well. Employing
periodic heat sources, thermal-wave microscopy can be used to measure the thickness and
adhesion of thin films, to locate cracks, flaws, and other thermal inhomogeneities in
devices, and to characterize the basic thermal (and sometimes electronic) properties of the
material itself. To achieve high resolutions, focussed laser beams are used both as heat
sources and as temperature probes. Thus the lateral resolution of thermal microscopy can
approach that of optical microscopy, i.e. about a micron or less. Furthermore, the highly
dispersive an& strongly damped nature of thermal waves gives us great control over the
spatial extent of our measurement. Films as thin as 100 A have been characterized using
high-frequency thermal waves [5,6], while low-frequency experiments probe deep into the
bulk, revealing the thermal properties of the underlying substrate [7].

The versatility and high resolution of thermal-wave microscopy is offset by the very
weak nature of the photothermal signals which are based on small perturbations either in
the sample itself or in the surrounding medium. Figure 1.1 shows the typical responses of
a laser-heated solid in an air environment. Since these effects are weak, every experiment

involves a difficult compromise between signal-to-noise and imaging speed. In fact, it is




for this reason that the measurements are performed with periodic signals; lock-in detection
is essential. The situation is worse at high resolutions where the intensities of the tightly

focussed pump and probe beams must be curtailed to avoid damaging the sample.

intensity-modulated
laser beam

o PSR LRI ST

Figure 1.1 Sketch of the various responses of a sample to periodic heat, including
thermal and acoustic wave generation in both the sample and the air, and local thermal

expansion of the sample.

Because of the weak nature of photothermal signals, a vast array of detection
schemes have been developed in the last few years, each with its own particular advantages
and drawbacks. We can broadly categorize these schemes into two groups, those that
measure temperature by measuring changes in a coupling medium (usually air) in contact
with the sample, and those that monitor the sample directly. Neither type is universally
superior to the other; the best approach depends on the properties of the particular sample,
the type of information sought, the resolution, and various other constraints such as
damage thresholds and environmental limitations. Ideally, the photothermal microscope
has enough flexibility to adapt to the situation at hand. Thus it is important to have a firm
theoretical understanding of the noise limitations of competing methods.

Among the more common methods of the first type are photothermal deflection in
air (or "Mirage Effect" microscopy [8] ), gas microphone cells [9], and acoustic detection

in air using focussed transducers [10]. The first method infers the temperature of the




sample by measuring the temperature of the air in contact with it. Since the heated air has a
slightly lower refractive index, an optical probe is deflected by the thermal gradients. To
increase the sensitivity, the probe beam is usually directed parallel to the surface so that a
small deflection can be amplified over a long distance. The other two methods measure the
acoustic waves caused by the thermal expansion of the air above the sample. The main
advantage of all of these techniques is that they are insensitive to vibrations of the sample.
(The thermal expansion coefficient of air is at least 100 times as great as that of most solids
so that sample vibrations are a small contribution to acoustic waves in the air.) This is by
no means a trivial advantage; spurious signals and noise caused by acoustic resonances in
the sample can easily overwhelm the desired signal in any method that is sensitive to these
effects. A disadvantage of air-coupled measurements is that they tend to be somewhat
inflexible. In the first two methods, the resolution is determined by the size of the thermal
source. Therefore, they cannot be used to check electrically heated samples for which the
size, or even the number, of the sources is often unknown. In the third method, the
detection probe has better resolution, about 300 pm, but the frequency range of the
measurement is limited by the severe acoustic impedance mismatch between the air and the
transducer. Of course, none of these methods would work in a vacuum environment
(which we will need for the studies in Chapter 5).

The second group of photothermal methods include modulated reflectance, surface
displacement and deflection spectroscopy, and infrared radiometry. If the refractive index
of the material is sufficiently temperature dependent, tﬂe modulated reflectance method is
the most direct; the periodic surface temperature gives rise to a periodic fluctuation in a
reflected probe beam (see Figure 1.2a). This method, pioneered by Rosencwaig [11], has
the advantage of being more straightforward to interpret. For this reason, we use this
method in the high-temperature superconductor studies in Chapter 5. The displacement and
deflection methods, Figure 1.2b and 1.2c, are instead based on the thermal expansion of

the heated material. This expansion is measured either interferometrically (displacement) or
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by monitoring the angular scattering off of the side (deflection). Despite the extreme
sensitivities that can be achieved with interferometry, the displacement method is
susceptible to sample resonances and so has had limited usefulness in the past. However,
we have developed a novel approach to displacement microscopy that circumvents this
problerp. We will show that this method can be competitive in a practical sense, especially
at slightly relaxed resolutions of a few microns or more. We use all three of the above
techniques in this work. The final method, IR radiometry, is an entirely different branch of
thermal microscopy and will not be used. For completeness, a brief theoretical comparison
of IR radiometry with the other methods is included in Appendix B. In short, this
technique would not fare well in the majority of our applications due to its limited

resolution and equally poor sensitivity.

R R RN S SR
S

change in - interferometric slope
reflectivity displacement measurement
measurement
(a) () ©)

Figure 1.2 The three sample-based techniques used in this thesis for the detection of the

local temperature.

Since we will be using a variety of photothermal methods, we begin this thesis with
a detailed analysis of the thermal and acoustic behavior of a periodically heated material,

with emphasis on the importance of the various thermal and optical parameters (such as

4




conductivity, heat capacity, and the thermal expansion coefficient). The theory for one-
dimensional and point-source geometries is well established in the literature [12]; we extend
the theory to cover thermal sources of arbitrary shape and size. This intermediate range is
important when making quantitative measurements with real systems.

Chapter 3 contains a description of our experimental arrangement. Special
emphasis is placed on the noise limitations of the various methods. Using the photothermal
theory of Chapter 2, wé derive expressions that compare the relative sensitivities of each
method under arbitrary operating conditions.

In Chapter 4 we present a sampling of the NDE capabilities of our system. Where
possible, the differences between the three approaches are demonstrated. Particular
emphasis is placed on the location of electrical flaws, for which these photothermal
methods are particularly well suited. The final example, measurement of bond quality in a
semiconductor flip-chip device, is a good demonstration of the types of information
uniquely available through photothermal microscopy.

The final chapter describes our studies of the thermal properties of high-temperature
superconductors. In many ways, photothermal microscopy is ideally suited for the study
of these materials, since single-crystal specimens tend to be small and irregularly shaped.
The emphasis in this chapter is much more quantitative than in the NDE studies of Chapter
4. Hence we begin Chapter 5 by modify{ng our theory to include the effects of crystal
anisotropy and of using a probe of finite size. We then present our measurements of
single-crystal BipCapSr1CupOy superconductors. By enclosing the experiment in a high-
vacuum, low-temperature environment, described in Section 5.7, we were able to extend
the measurements to the transition region. We conclude with our results on the effects of
the superconducting transition on the amplitude and phase of the photothermal signal, and
its implications about the nature of the electron-phonon scattering. We demonstrate a
strong enhancement in the thermal conductivity in a direction along the superconducting

planes of these layered materials. This enhancement is in accord with measurements made




by other researchers on polycrystalline materials, however, by conducting the measurement
on single-crystal specimens, we avoid the complications of mixed orientations and grain-
boundary scattering present in the ceramic measurements. Furthermore, we show for the
first time that such an enhancement does not exist in the direction normal to the
superconducting planes. The results of these measurements demonstrate a coupling
between the phonons and the electrical carriers that is clearly affected by the
superconducting transition. We have also discovered that thermal and optical changes can
begin as much as 10 or 15 K above T, including an abrupt change in the temperature
dependence of the refractive index, and an early onset of the enhancement in the thermal
conductivity. These effects may be the result of thermal fluctuations in the pairing and

further measurements could provide valuable insight into the physical nature of the pairing.
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Chapter 2

Theory of the Thermal and Acoustic Response
of a Periodically Heated Material

2.1 Introduction

This chapter lays the theoretical foundation for the experiments that follow. As
indicated in the introduction, there are a vast number of effects to consider when the sample
is heated. Of course, the most direct response to the driving flux is an increase in temper-
ature, and with it, a change in any temperature-sensitive property such as the refractive
index. The thermal expansion of the material subsequently generates stresses and strains,
causing the material to deform. If the heat source is optical, it may alter the electronic
properties of the material as well. Examples include the generation of free carriers in
semiconductor materials, or the destruction of Cooper pairs in superconductors.

To complicate matters further, not only is the sample heated, but so also is any
ambient medium, such as air, in contact with the it. Since all of these changes may affect
our optical probe, we need a firm understanding of their relative magnitudes under various
conditions. We would like to know if we can design experiments that respond to only one
effect, so that our data can be more easily interpreted. We will find that the magnitude of
our photothermal signal depends on the effect we choose to monitor and the value of
various thermal parameters such as thermal conductivity and heat capacity. The modulation
frequency also plays an important role in determining the dependence of these signals on
the thermal parameters.

In this thesis, we restrict our attention to those effects that occur in the sample itself;
we do not rely on a coupling medium to infer the temperature of the sample. We do so

because it is possible to obtain adequate results without the further complexity of coupling
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through air; in fact, the most interesting samples we will examine have additional
constraints that render the use of a coupling medium either ineffective or impossible.
Therefore, the following theory describes the temperature profiles and surface
displacements of the samples themselves. We examine the relative strengths of the various
sample-based approaches and evaluate their dependence on the thermal conductivity, the
heat capacity, the operating frequency, and the size of the heat source. For completeness, a
brief discussion of the contribution to the signal from small fluctuations in the air is also

included.
2.2 The Thermoacoustic Wave Equations

The thermal and acoustic responses of a heated material are governed by a pair of

coupled differential equations for the temperature, 0, and the local displacement, u. For an

isotropic material the equations are [1]

xv2e-c P To & (3A+2L) 9 Veu = 1 2.1)
ot ot

2
uV2u + (A+y) VVeu - p%;; - a(GAr20) Ve = M (2.2)

where x, p, C, To, and « are the thermal conductivity, density, heat capacity per volume
(density times the specific heat), ambient temperature and the thermal expansion coefficient,
and A and W are the Lame constants. The driving terms, h and M, on the right hand sides
represent the heat and momentum flux delivered to the material by the heating source. In
this work, all external sources are optical, so the force term M (arising from the radiation
pressure) is negligible.

A term by term examination of these equations reveals that they consist of the

standard thermal diffusion equation and the acoustic wave equation, each with an additional




coupling term due to the thermal expansion. These extra terms come from the fundamental
constitutive relations between the stress, strain, and temperature. Known as the Duhamel-

Neumann relations, they are derived by a free-energy analysis of the heated material [1],

3
T = 2uSj + (7\.21',Sii - (3A+2)aB) dj 2.3)

where Tj; and Sjj are the stress and strain tensors. Noté that the temperature only affects
the longitudinal constitutive relation; thermal expansion is purely dilational.

A full solution to the coupled thermoacoustic equations is quite complex, and for
most boundary conditions the calculations have to be done numerically (Ref. 2 outlines the
general form of a Green's function approach). Fortunately, for most solids the equations
can be simplified considerably by neglecting the displacement term in the thermoacoustic
equation (2.1) for the temperature (we will justify this approximation below). We can then
use (2.1) to solve directly for the temperature profile; given the heat source, and then use
this profile in (2.2) to calculate the displacement. The expressions we derive will more
clearly illustrate the dependence of temperature and displacement on the sample properties
and operating conditions. We will find that our ability to measure thermal properties
depends on the effect we choose to monitor, the size of our excitation, and the modulation

frequency.
2.3 One-dimensional Solution

To determine the validity of the decoupled-equation approximation mentioned in
Section 2.2, we examine a case for which a simple analytic solution exists. The simplest
case is a semi-infinite slab heatec uniformly at its surface. The solutions obtained will also
demonstrate some of the characteristics of thermal waves, such as their highly localized

nature and their phase versus frequency behavior. In a real measurement, the one
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dimensional solutions pertain to any situation in which the spatial extent of the heating spot
is much greater than the thermal wavelength (i.e. at high frequencies).

We proceed by assuming that the approximation holds. We can then solve directly
for 6, use (2.2) to solve for u, and finally substitute u back into the thermal diffusion
equation, (2.1), to determine the error in neglecting the acoustic term in our calculation of
6.

Neglecting the thermal expansion term, the homogeneous one-dimensional equation

for the temperature generated by a sinusoidal heat source, ef®t, is

2

A quantity we will use throughout this work is the thermal propagation constant,

k = <1+j>\/§§ - (1+j)\/% 2.5)

where D is the thermal diffusivity. With this definition, the diffusion equation resembles

Helmbholtz's equation (except that k2 is imaginary) and can be written as

2
372-1{-9 =0, (2.6)

which has solutions of the form
0 = Bpetkiz, 2.7)

For thick slabs, only the -k solution is bounded at large z and is therefore the only physical
solution.

This simple formula contains the basic characteristics of thermal waves. The
complex nature of k; causes the wave to decay in a distance on the order of length

\]2D/0) . For most materials this number is quite small, typically about 1 um for

11




frequencies of a few megahertz. (By comparison, the acoustic wavelength at the same
frequencies is about a millimeter.) Hence, thermal-wave techniques can be used to
characterize thin films without needing to know the properties of the substrate. With
sources of finite size, this exponential decay also confines the thermal wave laterally,
allowing high resolution in all three dimensions.

These short thermal wavelengths are also useful in phase measurements over small
distances. For example, film thicknesses can be measured at moderate frequencies by
measuring the thermal phase lﬁg through the film. In Ref. 3, the thickness of SiO3 films on
silicon were measured with a 2 MHz photoacoustic system to a thickness resolution of
about 50 A. We will take advantage of the small thermal wavelength in the application
discussed in Chapter 5 where we measure the anisotropic thermal conductivity of small
single-crystal high-T¢ superconductors.

Returning to our one-dimensional example, we proceed by assuming that the heat
source is absorbed entirely at the surface. This assumption means that we ignore terms of
order e#8 where § is is the absorption depth, typically on the order of 100 A to 1000 A in
opaque solids. Except for silicon, which has an optical absorption depth of about 5000 A
at 514 nm, this length is negligible compared to the thermal and acoustic wavelengths in
our work, and can be assumed to be zero. (For a one-dimensional treatment that includes
the effects of absorption depth see Ref. 4.) Therefore, the homogeneous solutions still
apply, with the driving term becoming a boundary condition at the surface:

a6

- —
P74

= IO ejmt (28)
Z=0

where I is the intensity of the heat input. Solving for the surface temperature, 8, gives

0, = 0 = —lo_ o-jui4 2.9)

K ky wCk
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In the one-dimensional, or high-frequency, limit, (2.9) indicates that the periodic surface
temperature depends on both thermal constants, k and C. The amplitude decreases as w!/2
and has a phase lag of 45° behind the source. Later in this chapter we will examine low-
frequency, three-dimensional sources and find that their response depends on different
parameters. First, we continue with our verification of the uncoupled-equation
approximation.

In the one-dimensional case, only a purely longitudinal acoustic wave is generated.

This is governed by (2.2), rewritten as

—=+k = Qo
P M2y ) 9z

where ki = o/ (A+211)/p is the propagation constant of a longitudinal acoustic wave.
Substituting the temperature profile, (2.7), into the above and solving for u; gives

u, = Ae-ikz - oz'——l(-‘-—- 0o ¢ ~kiz (2.11)

2 2
kt+kl

where 04, again, is the surface temperature given by (2.9) and o’ is defined as

o (3%+2u) .
A+2u

The first term of this expression describes the thermally generated acoustic waves.

The second represents the local thermal expansion. The amplitude of the acoustic term, A,
depends on the boundary condition at the surface of the sample. The most common case is

a stress-free surface, for which the boundary condition is

Tyz = (A+20) Sz - a GA+21) 6 = O, (2.12)
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duy

= (X' 90 . (2.13)
0z |,

After some algebra we get the final form of uj:

—>— 8 (e ke - kieki) . (2.14)
kt + k1

Uz =

This solution consists of a +z travelling acoustic wave and an exponentially damped

expansion near the surface. At the surface the expansion term is greater than the travelling-

wave term by the ratio
Esl _ NoC/K _ o5 106 INE (2.15)

k ®/v1

for typical solids (vi is the longitudinal acoustic wave velocity). Thus for frequencies less
than about 100 GHz, the surface displacement is dominated by thermal expansion. We will
find in Section 2.5 that this is true for any size heaﬁng spot; the surface displacement is
determined mainly by the local expansion. It is for this reason that displacement
interferometry can have fine resolutions; the acoustic signal far from the heat source is
much weaker than the highly-localized thermal expansion.

Since k; >> k1 , the expression for the surface displacement can be simplified to

o’ 90 o’ I +/4
0) = - = e Ime 2.16
uz(0) Ky oC ( )

Unlike temperature, the high-frequency surface displacement is independent of the thermal
conductivity. This is because the displacement depends on an integral of the temperature

throughout the volume. Even though the surface temperature decreases at high thermal
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conductivities, the extent of the heated volume increases and the two effects cancel. For
low-frequency (or small) sources the spatial extent of the heated area is determined by 1/r
effects, rather than the exponential decay, and the dependence on x returns. Hence, we
reach an important conclusion concerning two of our methods: when trying to measure the
thermal conductivity, displacement techniques are useless whenever the heated area exceeds
the thermal wavelength.

Finally, to complete our examination of the decoupled-equation approximation, we
substitute the formula for u; back into the thermal equation to check the relative importance

of the expansion term. The resulting equation is

926 B L 0To02 (3M+20)2 du,
t

922 1T« T an oz

=0 (2.17)

The solution, given a surface temperature of 8, , can be shown to be

joTeo2 ((3A+2u)2 1

0 = Bpekz + 9§
° °l «x A+21L kt2+k%

2
5

&

X (e-ktz - e-jklz) - k—zl z e~kez (2.18)

The first term is the solution with which we started. The second term represents the
3

acoustic perturbation to the temperature. Again, we will always be operating at far less
than 100 GHz so that k; >> k;. Therefore, the second term is of order
Too2 (3A+2p)2
C A+2u

(2.19)
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We want this term to be much less than 1. In solids at room temperature, the heat capacity,
C, approaches 3nkg or about 2x106 J/m3°C. The ‘expression involving the ‘acoustic
constants is typically about 5x1011 N/m? [5], and the thermal expansion coefficient is
usually around 10-5 /°C. Thus the acoustic perturbation term is on the order of 8x10-3.
The solids that come closest to violating the approximation are metals with large thermal
expansion coefficients for which the perturbation is still only about 5%. It is interesting to
note that for air at atmospheric pressure the acoustic term is 0.4, and the decoupled-
equation approximation is questionable. This has important implications for methods that
rely upon the detection of thermal or acoustic waves generated in an ambient above the
surface of the sample (as in, for example, "Mirage Effect" detection or in photoacoustic

cells).
2.4 Three-dimensional Solution

The results of the one-dimensional analysis above are useful for demonstrating the
basic nature of thermal waves and for checking the validity of the decoupled-equation
approximation. They also serve as a reference for the behavior of the material in the high-
frequency limit (thermal wavelength much less than the heating spot size). In many
instances, however, it is better to operate in the low-frequency regime where the response
of the sample depends on different material constants. For example, as shown above, low
frequencies must be used if the thermal conductivity is to be measured with a displacement
technique. Another incentive for switching to low frequencies is that the signals usually get
stronger.. Working at low frequencies does not necessarily imply a loss of resolution; the

heated area will still be limited by the size of the heating beam.
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2.4.1 General form for the periodic temperature

In solving for the general three-dimensional response, we again assume that the
heat is absorbed entirely at the surface. The penetration depth can be included in a
straightforward manner, but since the correction is minor for the opaque samples studied in
this thesis, it is omitted for the sake of physical clarity. We further assume that the heating
source has cylindrical symmetry, as is most common, and work in two dimensions, r and
z. (In Chapter 5 we will be concerned with anisotropic measurements and this restriction
will be dropped, but the general approach will be the same.)

Inside the material the temperature obeys the homogeneous diffusion equation. In

cylindrical coordinates, the general solution is of the form

0 ~ Jo(fr)e VBIHk? 2 (2.20)

where J, is the Bessel function of order zero. To match the boundary conditions at the

sample surface, we construct a superposition of the various radial components, j,
0z) = fA(B) To(Br) eV B3+ 2 4 2.21)
0

A(B) is determined by the boundary condition at the surface. Matching the temperature
gradient to the heat input at the surface, J(r), gives
06

-K —

0z

Z=0

- xj«lﬁzﬂc@ AB) IoBD dB = J@). (2.22)
0

Taking the Hankel transform of both sides by multiplying by 2% Jo(2nqr) and integrating

over r dr, we obtain
2nx j dp A(B) \j B2+ke? IJO(Br) Jo(2rgr)rdr = H(q) (2.23)
0 0
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where H(q) is defined as the Hankel transform of J(r). The Bessel functions are

orthogonal, so the left-hand side simplifies to

2K J- dp A(B) v B2+k,2 8(q - -2%) (2.29)
0
giving,
AQng) = - 21 u(g). (2.25)

21K -\J (2rq)2+k2

Thus the final formula for the periodic temperature variation is given by the following

transform:
‘ - \J B2+k¢? z
- 1 |e t B
e(l',Z) = 1K J W H(Zn) JO(Br) B dB ° (2-26)

0

This formula is the basis for nearly all of the thermal analysis in this work. It applies for all
cylindrical heat sources and operating frequencies; the sole approximation being that the
penetration depth is small. The transformed heating profile, H, contains the geometric
effects of the source (both size and shape), while k; contains the frequency dependence.
The positional dependence appears in the exponential decay and as the transform variable.

The origins of equation (2.26) can be understood in another way by evaluating the

transform of the first two terms, scaled by 4xx,

oo

1 J e‘«f——%ktzzl Gopep - 0
)y 8 =
B2+k,2 ° 4 V2422

2.27
4Tt ( )

0
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The right-hand side of (2.27) is recognized as the thermal response of an infinite medium to

a point source of flux (the Green function in spherical coordinates is G(r) = e X /4xr ).

Hence (2.26) is equivalent to the convolution,
0,z = 2 JG(r-r') h(r’) dr' . (2.28)
0

Note that this convolution involves the Green function for an infinite medium with a factor
of two to account for the boundary conditions. The sample surface was assumed to be a
perfect thermal insulator; the only heat flow across the surface is that of the input beam. By
symmetry, this is physically identical to an infinite medium with twice the input heat at z=0,
hence the simple convolution expression applies. We will not be as fortunate in our
examination of the acoustic response because the boundary condition is more complicated
and there are subsurface sources.

Now that we have a completely general expression for 8, we can examine which
thermal parameters are important in the low- and high-frequency extremes. First, recall that
H(PB/2w) is the Hankel transform of the heat source, so its highest spatial-frequency
component is approximately =1/, where m, is the radius of the heating spot.

For high frequenc__ies, k¢ is much greater than 1/rh and the radicals in (2.26) are
dominated by k; over the finite range of H. The formula for 6 becomes

'k[Z

ke ¢ B _ e
o) = = Kktoj H() Jo(Br) pap =

it

h() (2.29)
t

which is identical to (2.9) for a one-dimensional source. Again, the magnitude of the AC

surface temperature depends on both thermal constants, k and C.

At the low-frequency extreme, kg is much less than 1/my. In the region outside the

spot, T > 1h, Jo(Br) dies off rapidly so that H is roughly constant over the finite range of the

integrand. In this case, the integral of (2.26) can be solved analytically to give
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28K 2472

0@r,z) =

T>>1m) (2.30)

which is, again, the solution for a point source in spherical coordinates. The photothermal
behavior outside the region of a small heated spot resembles that of a peint source
regardless of the shape of the spot, analogous to the electrostatic potential about a small
distribution of like charges. Notice that within \/?D—/E of the source, where the
exponential damping is minimal, the temperature depends solely on the thermal
conductivity. At low frequencies the temperature profile approaches that of a DC source
and the time dependent terms involving C disappear. Hence, by measuring the
temperature at these two frequency extremes, we can determine two independent thermal
parameters, x and C.

Figure 2.1 shows the amplitude and phase of the surface temperature at the center
of a Gaussian source of radius r (i.e. H(B/2x) = Py exp(-(.5m8)2) ). Equation (2.26) was
evaluated numerically using the Fast-Fourier-Transform techniques outlined in the
appendix. The plot exhibits the features described above, namely, the leveling off at low
frequencies to the DC value of Py/ 2V k 1y, (as determined by evaluating (2.26) for r, z,
and ky=0), a 1/'f dependence at high frequencies, and a knee where 1/k; equals the spot
size.

The spatial dependences of the temperature, under the two frequency extremes, are
shown in Figure 2.2 As expected, the low-frequency amplitude is dominated by a 1/r
decay while at high frequencies the amplitude follows the heating profile. Note that the
extent of the heated area is roughly the same as the optical spot size, even in the low-
frequency limit. By switching to low frequencies we sacrifice only 50 % in the resolution.

The same cannot be said of the displacement method, as we show in the next section.
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Figure 2.1 Calculated surface temperature as a function of the modulation frequency.
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Figure 2.2 Profiles of the temperature in the two frequency extremes.

2.4.2 General solution for the displacement

Now that we have an expression for the temperature profile, it might seem to be a

straightforward procedure to calculate the displacement. However, the problem is
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complicated greatly by the nature of the boundary conditions. In most cases, the surface is

a stress-free boundary and the strain is given by the Duhamel-Neumann relation,
Ty = 2uSij + (ASkk - GA+21)8) §jj . 2.31)

While the shear strains simply equal zero at the surface, the longitudinal strains are
interrelated and are functions of 8. Since both shear and longitudinal waves are created
upon reflection from the surface, the full thermoacoustic equation, (2.2), must be used.
Before attempting to find a rigorous solution, it is worthwhile to examine the
relative importance of the terms in (2.2). With a few reasonable assumptions we can
reduce the equation to the point where a simple solution exists. After we have calculated
the full solution, we will find that the simple formula is remarkably accurate for normal
operating conditions. First, at typical operating frequencies, k; is much greater than k).
Therefore, we expect the terms involving gradients of u to exceed the time dependent term.

Dropping the latter from (2.2) and expanding the Laplacian to VVeu - VxVxu, we get the

following equation for u,

(A+21)VVen - uVxVxu = (3A+2p)aVve . (2.32)

As a further approximation, we ignore the shear terms, leaving

Veu = ¢’ , o = a(3l+2u ) _ (2.33)

A+21

At the surface the axial motion is unconstrained, while radial motion is restricted by the
presence of unheated material. Therefore it might seem reasonable to assume that S5 is far
greater than Syr and S¢¢ . With this further assumption, the axial surface displacement

reduces to

=1 a’e . (2.34)
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With these approximations, the surface displacement becomes a simple integration of the

thermal expansion through the sample,
w = [aBdz. (2.35)
0 .

Substituting 6 from Section 2.4.1, we get

oo
a' Je- v B2+k[2 z

BZ + ktz

Uz =

- H(L) Jo(Br) BdB . (2.36)

(o]

We will show below that (2.36) is nearly exact for all normal operating conditions.
Ignoring the shear terms, as we did above, leads to an omission of a small factor in front of
the integral. In our experiments we can monitor this displacement in one of two ways: we
can measure the total displacement interferometrically, or we can measure the slope of the
deformation using a beam deflection technique. These two methods will be compared
below after we have justified (2.36) with an exact solution.

To find the full solution, we begin by decomposing the displacement, u, into a

potential and a solenoidal part

u = VO + Vx¥ : (2.37)

with Ve¥ chosen to be zero. The potential, @, refers to dilational vibrations, while the
vector ¥ represents the shear wave components. Substituting u into (2.2) leads to two

equations for ® and ¥ :
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V20 + KD = o K= — (2.38)
1 ’
V(7»+2u)/p
V2¥ + KXW = 0 , ke = —— (2.39)
S
\wp

where kj and kg are the longitudinal and shear propagation constants. The general solution
to these equations parallels that of Section 2.4.1 for the temperature. Therefore, we will
only outline the steps here. Since the equation for ¥ is just the vector wave equation for no

¢-variations, ¥ can be written directly:
%= [B@NBnABS. (2.40)
0

We choose ¥; and ¥y, to be zero so that the displacement, VX'¥, has no ¢-component.
The formula for @ is a little more complicated since we must include the particular

solution that matches o'6(r,z). After some algebra we find that the general solution is

o = [{a@eVB*tz, cpyeVPHtz} 1 pn ap, (2.41)
0
where C(B) is determined by the B-compoxient of the surface temperature given in equation
(2.26),
1 ,_1 B H(B/2x)
CB) = o 0B = « . (2.42
B k12 +k12 0 B 2K -\’BZ_*.k[Z (k12+k[2) )

The general expression for expression u is generated from V@ + VX¥ :
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u = Of {-pa@e VBl = . Vmzn@e Pkl = gogeVPez)
xJi(r) dp *

+0.F { VEzame VB = 1 g VP2u? 2 . Vpmuac Vi s }
x Jo(Br) dp 2 (2.43)

Now that we have the general form, it remains to calculate the coefficients, A and B, for

our particular boundary conditions. The shear and stress at the surface obey

Ju
Ty = 2 =u[=2+ =|=0, 2.44
Iz USpz = U o az) ( )
Toz = 2uS¢z = O , (2.45)
Tq)r = 2}J.S¢r =0. (2.46)

The second two conditions are satisfied automatically by our choice for the ¢ dependence of

® and ¥. The first equation places the following restriction on A and B:

ZBV B2-k2 A + (k2-2B8%)B = -2[3\1 B2+k2 C. (2.47)

A second equation for A and B comes from the longitudinal boundary condition. The

normal stress at the surface is given by the Duhamel-Neumann relation,

Tzz = 218z + AMSir+ Spp +Sz) - GA+2p) a6 = 0. (2.48)
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The strains are related to the displacements by [6]

our 1 (uy ouy '
Se=—, S¢» == + y Szgz=—. 2.49
= o r(&b ur) 2z (2.49)
Thus, the boundary condition on u is
auz ur Ur auz
2U—= + A|l—+ —+ —| = (GA+2u) o 6p. (2.50)
oz or r 0z
Carrying out the derivatives, we get
(B2v2-k?) A - B\/ B2-k2 B + (B2v2+k@)C = o6 (2.51)

where v is defined as 2t/ (A+21L) = 2kg2/kj2.

We now have two equations for the two unknowns (recall C(B) is given by (2.42))
These two equations, along with the general expression for u, completely determine the
displacement. Thc_e solutions for A and B are quite messy in general, but if we restrict our
attention to the displacement at z=0, we need not calculate A. Instead, we can use the first

boundary condition, (2.47), directly in the expression for u, to show that

=~}

2
u(0) = J%B(B) To(Br) dB (2.52)

0

The derivation of B(B) involves too much algebra to repeat here. The result is
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5,0) = & 1% (B2v2-k;2) [\/ B2-ki2 .- \ B2+ke2 ]
,0) =
2K | (B2v2-ki2)(ks2-2B2) + 2B2v2Y B2-k2\ B2-kg2
0
(s
X Jo(Br) BdB (2.53)

B2+ (k2+ki2)

This is the exact formula for the surface displacement, the only approximation being the
decoupling of the two thermoacoustic equations as mentioned above. The pole in the
denominator of the first term, near 3=k, represents the value of B at which Rayleigh waves
are excited. (In fact, if the denominator is expanded it will be recognized as the Rayleigh
characteristic equation for the radial propagation constant at a vacuum interface [7].) In
practice, we operate at frequencies wfxere these acoustic effects are negligible.

While it is satisfying to have a completely general form for our numerical work,
(2.53) is too complex for physical insight. To better understand the surface displacement,
we can examine its low and high frequency limits, much as we did with the formula for 6.
For high frequencies (or equivalently, for large-area heat sources) H(B/27) cuts off at very
small B. Letting B approach zero and rearranging terms leads to

o jki-ke

O — H 2'
uZ( ) 12 tz . 2 : (21:) (] ( B I') ( 5 )

The leading terms are precisely those of the one-dimensional formula in Section 2.3. The
integral contains the effect of the shape of the heat source. As stated before, k; always
exceeds kj in practice, so uz(0) varies as o/wC at high frequencies, and is independent of
K.

For optical heating, where the spot size is on the order of a micron, we can also

simplify (2.53). The function H extends out to a range of B = 1 um-1, far greater than
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the magnitude of the acoustic propagation constants under normal operating frequencies.

Therefore, over the major part of the range of integration, B >> kg and k;. Using this
approximation gives us

- -]

, HE
— =X Jﬁ' - ok (2")2 To(Br) BdB (2.55)

- 1-.5v2 2nx¢ \/ B2+k¢2 k2 +ky

0

This formula is appropriate for all normal operating conditions. It approaches the
approximate expansion formula, (2.26), when the frequency is low enough such that k; is
also small (spot size smaller than the thermal diffusion length). This can be demonstrated
by multiplying the numerator and denominator by \[ B2+k2 and using a binomial

approximation for the radical,
1 o ¢ 1 (B
u; = HG) Jo(Br) BdB . 2.56)
© 7 22 2nx 4[ B2ek2 2% O SO (
o

The only difference between (2.56) and the approximate formula is the factor containing v
in front. Substituting the Lame constants back into this factor leads to

A+21 _ 3
20424 Uzapprox = 4 Yzapprox

Uzfull 2.57)

Thus, the omission of the shear terms in the approximate formula leads to an
overestimation of the surface displacement by about 30%.

At low frequencies, B>>k;, (2.56) shows that, as expected, the surface
displacement depends solely on the thermal conductivity. Unlike the surface temperature,
however, the magnitude of the displacement does not level off to a DC value. The
displacement continues to grow until frequencies are reached at which the sample can no

longer be treated as semi-infinite in extent. Thus, the displacement method can give rise to
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very large signals at low frequencies. However, there will still be a practical lower limit to
the frequency because, unlike the temperature, the size of the affected area also continues to
increase with frequency. The lower limit will be set by the minimum acceptable resolution.

Figure 2.3 shows the amplitude of the surface displacement as a function of
frequency. Also shown for comparison are the surface temperature, previously calculated,
and the radial slope, ou/or. This latter quantity is simply (2.56) with J, replaced by BJ1,
and represents the type of signal we can expect in a photothermal deflection experiment.
Note that all three quantities have a knee at ry = 1/ki, above which the displacement
methods decay more rapidly. Below the knee, only the absolute value of the displacement

continues to improve, the other methods approach a DC upper limit.
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Figure 2.3 Amplitudes of the surface displacement, surface temperature, and slope as a

function of the modulation frequency.

To complete the comparison, however, we need to look at the resolution as well.
The radii at the half-maximum of these three methods are compared in Figure 2.4. (This

definition of the resolution is an arbitrary one, but while the shape of these curves depends
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somewhat upon our choice, the overall conclusions remain the same.) We see that the
spatial extent of the AC temperature, and to a lesser degree of the slope method, is nearly
independent of the operating frequency. The resolution of these methods is determined by
the size of the heating spot. The resolution of the displacement method, however, degrades
rapidly with decreasing frequency. Hence the improvement in signal strength must be
balanced against this decrease in resolution. In the next chapter we will examine the means
by which we convert temperature and displacement fluctuations into optical signals. We

will then be able to make direct comparisons between the relative strengths of these three

methods.

12.0 1 1 1 1
10.0 \
8.0 ] \diqp]ace ent [
= 1 .
T 6.0 \
4.0 .
- 1 \ 3
slope
2.0 S —
71 temp. i B
000 L} L} L} L]
-2 -1 0 1 2

Log(krp)
Figure 2.4 Resolution of the three methods as a function of frequency. (Resolution

being defined as the radius at which the amplitude of the effect drops by a half.)

2.5 Thermal Effects of the Environment

Thus far, we have assumed that our optical signals are caused entirely by

fluctuations in the samples. In practice, however, these experiments are often conducted in
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an open environment, leading to the possibility that thermal fluctuations in the air itself
might contribute to the signal. While these effects are the basis of mirage and
photoacoustic-cell techniques, in our case they represent undesirable spurious signals that
can complicate interpretation of our data. This section will give a crude estimate of the
relative strengths of these unwanted effects.

The temperature fluctuations in the air are caused by its contact with the heated
samples; the amount of heat coming directly from the optical pump is negligible. Therefore
we have, once again, a semi-infinite medium heated at its surface. Since the thermal
conductivity of air is so poor (0.025 W/m-K [8]), it presents a negligible thermal load on
the sample. Thus, we can use the formulas above to calculate the sample's surface
temperature, and then invoke continuity of temperature to give us the boundary condition
for the temperature profile in the air. As we saw in Section 2.3, the decoupled-equation
approximation does not apply in air, so, for an accurate description, we should use the full
set of coupled thermoacoustic differential equations. However, since we are only
interested in a ballpark estimate of the spurious effect, we will use the approximation
anyway.

The temperature profile in the air is of the form
0,(r2) = fA(B) To(Br) eV BHke? 2 g (2.58)
0

with a surface value of 0,(r,0) = 84(r,0). The subscripts a and s refer to the air and the

sample. Direct comparison of (2.58) with the formula for 6, (2.26), gives us A(B). Thus

(- -]

1 Je- J Bz'*'k[az zZ
S v ﬁ2+kt52

6ar2) = H(5) Jo(Br) BB . (2.59)

27K
0
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The effects of 0, are two-fold, both arising from the temperature dependence of the
refractive index, n,. First, gradients in 0, will cause the air to act as a weak lens.
Fortunately, the lensing will not affect our signal as long as we ensure that the entire beam
is collected. Thus, the only technique that might is be affected by these thermal gradients is
the slope method (another reason why we use the other two techniques almost exclusively).

A second effect is that the optical path length changes when the air is heated. Thus,
the interferometric displacement method will be subject to a spurious phase delay. The

contribution of the air is

. dng [
isg ~ 2 | a(r2)dz
0

o0

B
drT 27“(5 JA VBZ'*'kgsz'\JBZ-l-kmz O(Br) B B ( o )
0

The thermal diffusivity of air at room temperature and pressure is 20 mm2/s, roughly
equivalent to that of the solids we will be studying. Therefore the temperature profiles in
the air and in the sample are approximately the same, and the comparison of the two
contributions reduces to a comparison of dqa/dT with the thermal expansion coefficient, os.
Since dn,/dT is about 9 x 10-7/°C [8], the ambient effect is generally an order of magnitude
weaker. In summary, the contributions to the optical signal due to thermal effects of the

environment are minor.
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Chapter 3

Experimental Configuration and Sensitivities
of Various Detection Schemes

3.1 Introduction

In recent years, a variety of experiments have been designed to monitor one or more
of the various photothermal responses. The major limitation in all of these experiments is
that the signals are weak. Long signal-averaging times must be used, making photothermal
imaging a slow process. This limitation becomes more severe as one pushes for finer
resolutions where the optical power per area of the heating and probe spots can become
quite large. Eventually, the damage threshold of the sample limits the optical powers and,
therefore, the signal strength. In our studies of high-T; superconductors the power
restriction is even tighter since the total temperature increase at the surface (both AC and
DC) must be kept under a degree. A major goal of this research was to extend the
sensitivity of these types of measurements at high resolutions.

To improve the sensitivity we concentrated on four major limitations of the signal-
to-noise. First, we minimized the optical noise by using laser diode sources, which can
have very low intensity noise, and by using balanced interferometers to eliminate optical
phase noise. In high-frequency experiments, additional electronic noise was avoided by
modulating the probe laser intensity, rather than using electronic mixers, to lower the signal
frequency to the range of the lock-in. Furthermore, we minimized unwanted sample
vibrations in the displacement measurements by using the sample surface as the reference
for the interferometry. Finally, we made the system flexible so that more than one type of

measurement could be performed, allowing a choice of the strongest effect for each
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particular sample. In this chapter we present the results of this effort, and compare the
signal-to-noise ratios of the various approaches.

We begin with a description of the experimental arrangement, with emphasis on the
techniques we use to convert the fluctuations in the sample to fluctuations in our optical
probe. This is followed by an analysis of the shot-noise limited sensitivities of each
method. In Section 3.4, we compare these methods given certain constraints on the
damage threshold and the resolution. We will find that the most sensitive method is a
function not only of the material constants, but of our resolution as well, with the
displacement methods becoming comparably better as the resolution requirement is relaxed

(greater than a few microns).

3.2 Experimental Layout

The photothermal microscope is shown in Figure 3.1, a schematic of which is in
Fig 3.2. The optical train headed by the argon-ion laser is used for heating and viewing the
sample. An acousto-optic cell modulates the output of the laser up to frequencies as high as
a few megahertz. The heating beam then joins the probe beam (output of the diode laser) at
the dichroic mirror, which is highly reflective at visible wavelengths and transparent at
wavelengths above 700 nm. Finally, both beams are focussed on the sample using one of
the objective lenses described in the next section. This portion of the microscope also
contains a tungsten-filament microscope lamp for illuminating the sample area under test.
A magnified image of the test site, including both laser spots, is projected onto a viewing
screen as shown. The noise performances of these components are not critical since they
are used strictly for heating and observation. When measuring electrically-heated samples,
the argon-ion laser is omitted.

The components of the second optical train, headed by the semiconductor diode

laser, determine the noise level of the measurement. We use a diode laser for our probe
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Figure 3.1 Photograph of the photothermal microscope.
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Figure 3.2 Schematic of the microscope.
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because of the stability of its output. When driven near its peak power and properly
isolated from back-reflected light, it is possible to generate nearly shot-noise limited beams.
These lasers have a number of other practical advantages as well, most important of which,
perhaps, is the ability to modulate their output power by simply modulating the drive
current. Thus high-frequency experiments can be conducted using simple optical mixing,
rather than electronic mixing, to downshift the signal into the frequency range of the lock-in
amplifier. These features, however, come at a price. The spectral lines of these lasers are
much wider than those in typical bench-top lasers; diode lasers have short coherence
lengths and poor phase-noise characteristics. This does not affect the reflectivity and the
slope experiments, in which only the optical intensity is measured, but can destroy the
sensitivity of the interferometric measurements if the path lengths of the interfering beams
are not equal. We will return to this point below.

After being reflected from the sample, the probe beam ig focussed to a high-speed
photodetector. The induced photocurrent drives a load resistor whose value depends on the
bandwidth needed for the experiment, the tradeoff being one of signal strength versus
speed. Since our particular detector and input amplifier have a combined capacitance of
about 8 pF, we chose a load resistance of 50 k< to set the rolloff frequency slightly above
the range of the lock-in amplifier. The AC component is amplified and sent to an EG&G
model 5206 lock-in amplifier. The DC component (or reflectivity) is measured with a
separate voltmeter and used to normalize the signals where appropriate. The modulation,
signal detection, and DC voltage measurement are all controlled'by a Hewlett-Packard
Model 9816 computer. The computer also controls a Newport 855 scanning stage upon
which the sample is mounted. Thermal images are created by making a point-by-point
raster scan over the surface of the sample. The resulting array of signal intensity (or phase)
vs. position is then displayed as a three-dimensional line plot on the HP-9816, or as a grey-

scale image on a Gould FD5000 video monitor.
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3.3 Objective Lenses

The difference between the three types of experiments lies in the focussing element
used at the sample. In the reflectivity and the deflection experiments, the probe beam is
focussed onto the sample with a standard microscope objective. For the reflectivity
measurement, no further components are needed; the temperature-induced intensity
modulation is detected directly. To monitor the slope of the heated material, however, the
lateral displacement of the reflected beam must be converted to an intensity modulation by

placing a knife edge in the path of the beam before the detector lens (see Fig 3.3).

Figure 3.3 The deflection method for the measurement of the surface displacement.

In general, both effects may be present simultaneously, making it necessary to
discriminate against one or the other. In the case of the dR/dT measurement, deflection
effects are avoided by ensuring that the probe beam sees no apertures between the sample

and the detector. This means that both the sample objective and the detector lens must be
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underfilled. In the case of deflection measurements, reflectivity fluctuations can be
minimized by using a split detector, in place of the knife edge, and detecting the difference
between the two halves and dividing by the sum.

In the interferometric experiments, the standard microscope objective is replaced by
a beam splitter and a focussing lens. In this work we used two types of splitters, shown in
Figures 3.4a and 3.4b. The first approach, which we developed to circumvent vibration
problems, use a Wollaston prism as the beam splitter. Shown in Figure 3.4a, the
Wollaston prism consists of two birefringent quartz wedges whose optical axes are oriented
perpendicularly. Light polarized along the axis of the first wedge experiences an increase
in refractive index upon entering the second wedge, while light polarized normal to that
sees a decrease. Therefore, a beam polarized at 45° to the prism will split into two equal-
intensity beams with an angular separation of 2 An 3, where & is the wedge angle, and An
is the difference in the refractive indices (for quartz An = 0.01). These two beams are then

focussed to two separate spots on the sample surface.

Wollaston
Prism

Mirau
Objective

refeljence
mirror

% W pellicle
beam splitter

(@) (b)

Figure 3.4 The Wollaston and Mirau interferometers used for the measurement of the

surface displacement.
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When the Wollaston prism is located in the back focal plane of the focussing lens,
the two beams converge normally to the sample surface and retrace their paths upon
reflection. They recollimate after passing back through the lens, recombine in the prism,
and finally, pass through an analyzer to interfere on the photodetector. The great advantage
of this arrangement is that both beams pass through the same optical components, as well
as reflect off of the sample, making the setup resistant to unwanted vibrations and drift.
Displacement experiments based on a Michelson arrangement suffer from component and
sample vibrations, and a piezoelectric mirror mount and stabilization circuitry have to be
used to reduce the vibration noise [1]. But even despite these modifications to the
Michelson interferometer, photoacoustically generated sound can still cause the sample to
resonate, obscuring the local thermal response. Our ability to discriminate against these
acoustic effects, while retaining full sensitivity to the local thermal expansion, is a fortunate
result of the widely differing propagation velocities of these two phenomena. Under
normal operating conditions, the reference need only be 10 to 100 microns away from the
thermal source for complete isolation. The millimeter-range acoustic vibrations will then
affect both spots in unison. Reflecting the reference off of the sample also stabilizes the
set-point of the interferometer over the course of a scan on flat materials; sample tilt does
not affect our measurement.

Another advantage of the Wollaston prism is that the two optical path lengths are
equal when the beams pass through the center of the prism, where they both travel through
an equal amount of fast and slow material. Phase-noise problems are thereby avoided,
since the two interfering beams are generated by the laser at the same time. The importance
of removing the phase noise is demonstrated quite clearly in Figure 3.5. The upper curve
is a plot of the measured noise power in a 250 Hz bandwidth (centered at 150 kHz) as a
function of path length difference. The path lengths were controlled by translating the
Wollaston prism. The data were measured at the points where the static phase difference

was (n+1/2)m (these would be the normal operating points since they are where the
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maximum displacement sensitivity occurs) and normalized by the theoretical shot-noise
power. Note that these measurements include all noise sources such as optical intensity

and phase noise, sample vibration noise, and Johnson noise of the load resistor.
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Figure 3.5 Theoretical and measured phase noise in a 250 Hz bandwidth as a function

of the static path-length difference.

To check these results we also plotted the theoretical prediction for the phase-noise
power of a single Gaussian-mode laser of épectral width D. The intensity noise per Hertz
at the detector, due solely to FM quantum noise, is given in Ref. 2 as

N D

= — {1 - e'Dt(COSZthT: + —Q—sin21cf1:)
Pp 2(4nf2 + D2) 2nf

- [e'ZD“ - eDrt (cosZrcft - %sinzxfr)] x cos(Zwot)} (3.1)
T
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where Pp is the DC optical power of the probe, @ is the optical frequency, f is the
detection frequenéy, and 7 is the time delay between the two arms. The laser we used has a
coherence length of about 3 mm, for wﬁich D = 100 GHz. We can reduce (3.1) by noting
that the spectral width is far greater than the detection frequency, and the time delay is very
small. Therefore, if we use small-argument approximations for the sinusoids and

exponentials we get for 0yt = (n+1/2)x,
Noptical = 3TNPpD™2B . (3.2)

Here, B is the detection bandwidth and 1 is the photodetector response (mA/mW). The

corresponding photodetector output is
Pdetector = ['ﬂ (Pp + Noptical) ]2 RL (3.3)
so that

Ngetector = MPp)2Dt2RLB, (3.4)

where Ry, is the load resistance. The shot noise of the detector is given by 2qnPpRLB so

that the theoretical noise ratio (for the case where only phase and shot noise are present) has

the quadratic form:
Niotal _ nPpD 5
Nehot 1+ 2q T4, (3.5)

This is the lower curve of Figure 3.5. Clearly, in an unbalanced configuration the phase
fluctuations are the dominant source of noise. It is also evident that when the paths are
balanced, the interferometer operates near the theoretical limit. The comparably poor
measured noise figures at large path differences’is likely due to our treatment of the laser as

having a single Gaussian mode when, in fact, it has low-level output over a wide range of
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frequencies. When a calcite wedge, for which the path length difference was roughly 0.3
mm, was used in place of the Wollaston prism the noise increased by 40 dB.

The other type of interferometer we used, the Mirau objective, is also immune to
phase noise effects. Shown in Figure 3.4b, this type of interferometer has a thin-film
beamsplitter located halfway between a large-aperture objective and the sample. The
reference mirror is a small silver dot printed on the center of the lens. (The size of the
mirror need only be about that of the field of view at the focus, or about 100 pum, so that
only a small portion of the lens is obscured.) The location of the beam splitter guarantees
that the path lengths are equal when the objective is focussed on the sample surface. By
combining the beam splitter and reference mirror in one small, rigid package, component
vibration is minimized. However, since the reference does not reflect off of the sample
photoacoustically generated vibrations can still be a problem.

The output of the Mirau interferometer as a function of the defocussing, dz, is
shown in Figure 3.6. This pattern is a combination of two effects which can be easily
understood if we ignore diffraction and treat the foci as point sources. When the lens is
pulled away from focus by an amount dz, the reflected light appears to emanate from a
point 2dz away. This shift of 2dz between the two interfering beams gives rise to the
rapid cycles every A/2. The envelope comes from the mismatch of the wavefront
curvatures; the outer rays suffer a smaller total path difference than do the inner rays. If the
reflected light is viewed on a screen, one sees circular fringes at the radii where the path-
length difference changes by successive ®. As dz is increased, more fringes are
introduced, causing the total light intensity to fluctuate. Eventually at large dz, there are so
many fringes that the interference is washed out. A plot in Figure 3.7, based on this simple
point-source model, gives excellent agreement with the measured response. This curve

comes from an integration of the interfering wavefronts over the aperture of the lens:
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Tiens

I~ 21:J Ie-ﬂk\f 2422 | o-j2ky Eraz)2+22 lz rdr . (3.6)
o

Our particular objective has a focal length, f, of 1 cm and an NA of 0.5. From both the
measured response and the theoretical curve, it is apparent thap the Mirau objective should
be operated A/4 from the focus for maximum sensitivity. (A more complete analysis of the
Mirau objective is given in [3]. The main difference is that the high-spatial-frequency

content is exaggerated in the present analysis. The differences, however, are imperceptible

for NA's below 0.7)
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Figure 3.6 Optical intensity at the photodetector measured as a function of the axial

position of the Mirau interferometer.
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Figure 3.7 Theoretical calculation of the Mirau depth response.

The choice of which type of interferometer to use depends upon the type of sample
and the desired resolution. Whenever possible, the differential measurement of the
Wollaston prism is preferable since it is insensitive to ;ample vibrations, and the set point
does not drift over the course of a scan. However, the requirement that the prism be in the

_back focal plane of the lens limits the choiée of objectives; back focal planes of high-NA
lenses are inaccessible. Although transfer lenses could be introduced to gain access to this
plane, it is usually easier to switch to the Mirau objective and to put the effort into damping

the sample and aligning the surface precisely.
3.4 Theoretical Sensitivity of the Various Methods

All of the measurement techniques discussed in this thesis involve the conversion of

the sample fluctuations to intensity fluctuations of an optical probe. As such, they all suffer
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the same types of noise, including amplitude and phase noise of the probe beam, shot noise
due to the quantized nature of light, and Johnson, or thermal, noise from the load resistor
and amplifiers. The first two types are minimized by using quiet sources and balancing the
interferometer paths as discussed above. The final two types, shot noise and Johnson
noise, are always present, limiting the ultimate sensitivity of any measurement. In this
section we will combine photothermal theory of Chapter 2 with our particular experimental
configurations in order to compare the sensitivities of the three methods.

In an ideal set-up, the minimum noise power is

We must compare this noise with the signal powers of the various methods. In each of the
three techniques (reflectivity, interferometry, slope) the modulation of the probe beam
differs. The most straightforward effect is the temperature-induced reflectivity fluctuation,

which gives rise to the signal
. dR
iqR@AT = T]PPET- 0o cos(mpt) , 3 (3.8)

where 8, is the amplitude of the periodic surface temperature at frequency wp, and dR/dT is
the change in refractive index with temperature. At this point we do not need to know the
physical origins for the temperature dependence of the refractive index; we only need to
know that such an effect is strong enough to detect. Being that the actual temperature
fluctuation at the surface is only a few degrees or so, we can usually assume that the effect
is linear.

The displacement signal comes from the phase modulation of the probing arm

which is converted to an intensity modulation upon interfering with the reference:

idisp ~ | EBref €10t + Egam ei(@t+2kuzcoswht+AdDC) 2_ (3.9)
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Here, A¢pc is the DC phase offset, or set point, between the two arms, k is the optical

propagation constant, and u; is the surface displacement. Expanding, we get

igisp ~ PFref?+ Esam? + 2ErefEsam cos(2kuzcos(@ht) + Adpc) . (3.10)
ldisp

Under optimal conditions, the power in each arm is the same, Eyef = Egam. Furthermore,

since kuy is very small we can simplify the above to
igisp = -;-an [ 1+cos(Adpe) ] + %an sin (A¢pc) 2kuzcos(wpt) . (3.11)

The first term is the DC power level; this term determines the shot-noise of this method.
The second term is the signal. Note that while the signal peaks at A¢ppc = n/4, the
maximum signal-to-shot-noise ratio occurs at the maximum of

S _sin(Adpo)?
Nshot 1+cos(Adpeo)

. (3.12)

or at Adpc = w. Although, in theory, there is a factor of 2 improvement at this set-point,
the signal becomes vanishingly small at A@pc = &, at which point the Johnson noise
actually limits the improvement.

Finally, the slope-detection method involves measuring the lateral displacement of
an optical probe beam specularly reﬂected'off of the side of the heated bump. Referring
back to Figure 3.3, the lateral displacement of the reflected beam is approximately 26 f,
where 8 is the slope of the surface. (It should be noted that since the probe beam has a
finite spot size it will not always see a simple tilted surface, as assumed, but rather a curved
surface if it is near a point-like expansion. The curvature of the surface will distort the
beam as well as displace it, but for our purposes we will assume that the signal strength is
proportional to the radial slope at the point of detection.) If the reflected beam is centrally

located on a split detector, the displacement will give rise to a signal of approximately
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. 4nP
idope = 2 X 2d = E%AE 5 cos(@nt) . (3.13)

The signal strength is inversely proportional to the numerical aperture; for a for given lens
aperture, the lateral displacement increases with focal length. Hence, low NA lenses give
rise to larger signals. This benefit is offset by the fact that the resolution of the probe beam
is directly proportional to the NA. The optimum balance depends on the requirements of
the sample being tested. We will return to this point below.

The signal power is <i2>Ry, which gives the following expressions for the signal-

to-noise ratio of the three methods:

3 P [T 8]*Re

(ﬁ) _ (3.14)
@®RAT  2qnPpRLB + 4kgTBF

= (3.15)

(S) 1 MPp)? (kuz)*RL
displ. qnPpRLB + 4kgTBF

—8 _ P2 a?Ry,

(i) _ (mNA)? (3.16)
N/siope ~ 2qnPpRLB + 4kgTBF

Ideally, we would like to operate in a regime where even the thermal noise is negligible.

For this to occur we need

4kgTF
2qn

PpRL >> = 0.1WQ. (3.17)

The load resistance determines the speed of the detector and has an upper limit of about 50
kQ for operating frequencies up to 200 kHz (the range of the lock-in). Therefore, the
optical power at the detector must exceed about 20 UW for shot-noise-limited detection.

This condition is easily satisfied in all of the non-destructive evaluation experiments. (In
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some of the high-T superconductor measurements the thermal noise is still significant,
because of the need for extremely low laser powers.) Assuming that this condition has

been met, the smallest fluctuations we can detect are

1” 1
00 min = (95) % 2 (%) = 3x103 K/NEZ , (3.18)
nPp
12
T = (QE) V3 1 = 3x105 ANEZ, (3.19)
12
Cmin = (ﬁ-) % (“—1\21-‘5-) = 1x104 A/um/NEz . (3.20)
P

The numerical estimates are based on typical operating conditions (Pp =1 mW, 1 = 0.7,
NA = 0.5, and Aopt = 800 nm) and a value of 10-5/K for dR/dT. These formulas
demonstrate the extraordinary sensitivity of these methods. By carefully removing all but
the shot noise, we can measure small fractions of a Kelvin and thousandths of an
Angstrom. (It should be emphasized here that these are AC quantities; lock-in detection is
essential to limit the noise bandwidth.) This degree of sensitivity is needed, however,

because the sample fluctuations are minute as well.

3.5 Comparison of Signal Strengths

If we wish to know which method will give rise to the strongest signal in our
particular sample, we need to put these expressions in common terms. Usually, the pump
power is restricted by an upper limit on the DC surface temperature. This limit might be a
damage threshold or, as in the high-T. superconductor work, a need for the surface
temperature to be the same as the bulk. Furthermore, we need to define our resolution

when making a comparison. As we saw in Chapter 2, for example, the displacement
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method gives very large signals at low frequencies, but only at the expense of lateral
resolution. Therefore, the comparison we seek will be a function of both 8pc max and rees.
We will assume that all of the methods use the same probe power so the N\Pp terms can be
dropped.

Starting with the reflectivity measurement, the radius of the temperature profile is
determined by the size of the heating spot rather than the modulation frequency, so to
obtain a resolution of r;eg we must use a source with 1y, = rres. Having set the beam radius,
the signal is maximum at low frequencies where the DC and the AC temperature changes

are equal. Thus, the largest signal we can safely generate is
. dR
lar = GT ODC max. (3.21)

In the displacement method, the optimum operating conditions are not as obvious
due to the trade-off between signal strength and resolution. We can either use a large
heating spot (rh = Ires) and operate at high frequencies to preserve the resolution, or we can
use a very small heating spot (rh << Ires) and operate at low frequencies. The first
approach allows us to use a stronger heating beam since the energy is spread out over a
larger area. Its drawback is that the frequency must be in the one-dimensional regime,
where the response is weak. The second approach allows us to work in the low-frequency
regime where the displacement is quite large, but the smaller heating spot means that less
energy can be delivered to the sample in the first place. Using equation (2.56) for the
displacement, uz was calculated for a wide range of spot sizes and frequencies, and the
calculations showed that, as one might expect, the signal is greatest between these two
extremes. Typically, the best approach is to set rp = 0.51res and use the frequency where

lkrres = 1. Under these conditions, the integral in (2.56) equals 0.75 giving

0 = 018%P,, © (3.22)
K
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where Py is the pump power. Again, Py is limited by the maximum allowable DC
temperature change. We can relate Py to Opc max by using (2.26) for the surface

temperature of a heated slab. Assuming a Gaussian source we get
Py = Vr (=) k6 max (3.23)

Thus the largest displacement signal we can generate is

ldlSp = k'llz = 0.16karres eDC max . (3.24)

Given an optical wavelength of 800 nm, this expression becomes

igisp = 1.3 O Tres ODC max . (3.25)

where rreg is in microns.

To complete the comparison, we need to calculate the slope signal. The slope
method is similar to the reflectivity method in that both amplitude and the resolution level
off to finite DC values at low frequencies. Therefore, we can use the DC formula to
determine the proper heating spot radius. Equation (2.56) gives the general formula for

uz(r). Replacing J, by -AJ; and letting k; go to zero, we get

Ju 1 o . 2 ' :
ouz _ _1 ‘ A
L =55 211:1(0 H(Zn:) Ji(dr) dA . (3.26)

For a Gaussian beam, the integration can be carried out analytically to give

g o 1 & Puf; owm? ], (3.27)

This expression peaks at a radius of r = 1.12 m, so that the maximum slope is

(%‘11) = 0076 - = 0.13 & Opc max .- (3.28)
r J max K Tres
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This slope corresponds to a signal strength of

islope = 71:NLA x 0.13 & 6pc max - (3.29)

The numerical aperture is related to the resolution of the probe beam. For a uniformly filled
lens the radius to the first zero of the Airy diffraction pattern is 0.66 A/NA. Since we have
defined our resolution as the half-maximum radius, we use r = .3A/NA as our definition of
the probe resolution. We further assume that for the slope experiment to have a total
resolution of rres, the heating beam must have at least the same resolution as the probe
beam. Therefore, we get our final form for the slope signal in terms of the DC temperature

limit and the resolution:

islope = 0.7 ¢ tres OpC max - (3.30)

Let us collect the three expressions for the DC-temperature-limited signal

amplitudes for comparison (again, ryes is assumed to be expressed in im),

. dR

IRMAT = §T ODC max , (3.21)
igisp = 1.3 Olrres OpC max , (3.25)
istope = 0.7 O TIres OpC max . (3.30)

Note that the surface displacement and the slope methods are roughly comparable for all
samples. Both depend on the thermal expansion coefficient, ¢, and both increase as the
resolution requirement is relaxed. The displacement signal increases at larger rres because
we can increase the spot size and lower the frequency; the slope signal increases because
we can lower the NA and work with a longer lever arm. The displacement method has one

further advantage in that it is a measure of the actual AC temperature fluctuation, as
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opposed to the change in AC temperature detected by the slope method. Hence, when we
image electrically heated samples, the displacement image shows entire heated regions,
while the slope method only shows edges.

The reflectivity signal, however, is independent of the resolution. Hence, as we
tighten the resolution requirement, it fares comparatively better. Note that at an optical
resolution of a micron or so, the comparison between the reflectivity and the displacement
methods reduces to simply that of dR/dT vs. .. Both quantities are commonly in the 10-6
to 10-4 range, so the proper method will depend on the particular sample being studied.
For example, in the measurements on silicon and on high-temperature ceramic
superconductors, dR/dT was found to be greater than the thermal expansion coefficient, but
in the work on graphite and on titanium-coated quartz, dR/dT was negligible and the slope
method worked better. In the lower-resolution (10 gm to 50 um) NDE measurements on

silicon, the displacement method works best, as the equations above imply.
3.6 Experimental Check of the Semnsitivity

As a check of some of the calculations above, we used the interferometric methods
to measure the vibration of a piezoelectric transducer split into halves, one stationary and
one active. The DC phase offset was adjuéted to maximize the signal (Adpc = n/2). The
top trace of Figure 3.8 is the signal for a 10 mV driving voltage across the transducer. We
can use this trace to calibrate the transducer. In this case, the DC voltage at the
photodetector was 3.5 volts and the AC gain was 450. Using these data in (3.11), we
conclude that uy is 3.4x10-3 A. Therefore the transducer response, in this frequency
range, is 0.34 A/V.

The center trace is the optical-noise floor, measured in a 25 Hz bandwidth, with the
transducer turned off. This level corresponds to an equivalent surface vibration of

3.4x10-4 A, which is very close to the theoretical limit of 3.0x10-4 A given by (3.19).

53




+ (ARG 74 RIS

The lowest curve is the level with the laser turned off, or the Johnson noise. For a DC

voltage of 3.5 V, the above formulas for the noise predict that the Johnson level should be

about 1/50 of the shot-noise level.
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Figure 3.8 Displacement signal for a 3.4x10-3 A vibration (top trace) compared to the
optical noise level (center trace) and the Johnson noise level (lower trace). The Wollaston

detector was used to measure the displacement.

Finally, the experiment was repeated with the Mirau interferometer to demonstrate
the importance of removing the sample vibrations. The measured surface displacement,
shown in Figure 3.9, clearly suffers from unwanted sample vibrations. The driving
voltage of the transducer in this case is 100 times that used in the top trace of Figure 3.8 so
that shot-noise fluctuations are negligible. Instead, we see wild fluctuations in the
frequency response with clear resonances beginning at 60 kHz. (Resonances this low in

frequency correspond to flexing modes in the large tungsten backing plate upon which the
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piezoelectric mirror was mounted.) Unless the sample can be properly damped, resonances

such as these overwhelm the response.
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Figure 3.9 Displacement as measured by the Mirau interferometer, clearly

demonstrating sample resonances.
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Chapter 4

Photothermal NDE

4.1 Introduction

Photothermal microscopy finds its greatest applications in the field of non-
destructive evaluaton (NDE). The usual purpose of these measurements is to locate
discontinuities in the thermal properties of the sample. These include surface or sub-
surface cracks, poor adhesion and bonding, and delaminations of layered materials. These
types of flaws are often undetectable optically, so either thermal or acoustic methods must
be employed. An advantage of photothermal techniques is the ability to achieve optical
resolution without contacting the sample and without the need for a coupling medium.
Unlike acoustic or optical methods, they are also useful for locating electrical flaws through
the detection of ohmic heat.

In any photothermal measurement we have two quantities at our disposal, amplitude
and phase. Most often, images are based on the amplitude of the temperature as a function
of position; defects. are detected by their irifluence on the temperature profile. Phase can be

equally valuable, however, since it can be used to measure distances such as the depth of a

_sub-surface flaw or the thickness of a film in a layered medium. Furthermore, in cases

where distances are known accurately, the phase can provide accurate quantitative
measurements of the thermal diffusivity, without the need to know the thermal expansion
coefficient or the reflectivity. This feature is essential to the work on high-T¢
superconductors in Chapter 5.

This chapter presents a sampling of the capabilities of our system, with emphasis

on the types of measurements that require high resolution and sensitivity. Most of the
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imaging is qualitative, the emphasis being to locate flaws and to compare the relative
strengths of the different approaches analyzed in Chapter 3. In the final chapter, we will
change the emphasis and concentrate on quantitative measurements of the thermal

constants.
4.2 Imaging of Disbonds and Cracks

The principle behind thermal imaging of cracks and delaminations isélat breaks in
the material hinder heat flow and alter the temperature distribution. For exam‘;)_le, if the heat
source is located within a thermal diffusion length of a vertical crack, as shown in Figure
4.1a, lateral heat flow is obstructed and-the AC temperature on the source side of the crack
increases. If the crack is severe enough to act as a perfect insulator, the temperature on the
hot side of the crack is identical to that of the system in Figure 4.1b where an image source
has been added an equal distance-on the other side, in a manner similar to that in
electrostatics. For partially transmitting cracks, the magnitude of the image source

corresponds to the reflected component of the thermal wave.

source . image source
crack

(a) (®)

Figure 4.1 Effect of a perfectly-insulating crack on the temperature profile (a). An

equivalent system (b).
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For the perfectly insulating crack, one might expect the temperature to double as the
heating beam approaches it from the side (or merges with its image beam). However, the
beam has a finite size so that a portion of it is cut off as it nears the crack. Hence the actual
temperature increase is substantially smaller, depending somewhat upon the beam profile
and the operating frequency. For accurate predictions, we need to use a modified form of
the 3-dimensional theory of Chapter 2. To include vertical cracks in the theory, we recast
the equations in Cartesian coordinates and add the image source to the heating function,
h(x,y). Delaminations and multi-layered media are also included in the model by adding
the appropriate solutions for each layer and matching the boundary conditions at each
interface (continuity of temperature and heat flow).

Figures 4.2 and 4.3 show the predicted change in the temperature and displacement
at the center of a Gaussian heating spot as it approaches a perfectly insulating vertical crack.
We see that the changes are only a few percent, with somewhat larger values at low
frequencies. We also no;e the displacement is affected more than the surface temperature,

due to its dependence on the temperature through the bulk.
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Figure 4.2 Theoretical plot of the AC temperature as the lasers are scanned over a

crack.
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Figure 4.3 Theoretical plot of the AC surface displacement as the lasers are scanned

over a crack.

We therefore used the displacement method to measure the effect of a crack and to
check the calculations. The "ideal crack” in this case was actually the cleaved edge of a
silicon wafer coated with 300A of chrome-gold to confine the source to the surface. The
plots of the signal strength, in Figure 4.4, show about a 20% increase near the edge, in fair

agreement with the model both in magnitude and in the frequency behavior.
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Figure 4.4 Measured surface displacement as the lasers are scanned over a crack.

While the displacement method is more sensitive to vertical cracks, sensitivity is not
the only issue. In practice, deep cracks can affect the acoustic propagation as well, so that
the local thermal expansion is mixed with the long-wavelength sample vibrations. In these
situations, the data is difficult to interpret. Figure 4.5 is an example of this point; it is a plot
of the measured displacement when scanning over a deep crack in a glass slide using the
Wollaston interferometer. To demonstrate the problem more clearly, the heating and probe
beams were separated by 10 um as shown in the figure. The reference beam was a further
100 um away. As we scan the system over the crack, We see a very small increase in the
signal as the heating beam approaches the crack (region 1) followed by a null region where
the crack is between the heating and probe beams. When the crack lies between the probe
and reference, the signal jumps by a factor of three. Here we are seeing both thermal and
acoustic fluctuations. In a 2-D thermal image it would be difficult to sort these two
contributions since they depend not only on the location of the crack relative to the probe,

but also on the placement and orientation of the reference beam. Although some of the
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ambiguity can be removed by switching to a Mirau interferometer, this method has no

ability at all to discriminate between thermal and acoustic displacements. Therefore, in the

detection of vertical cracks, displacement methods are somewhat limited.
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Figure 4.5 Displacement signal, using the Wollaston prism detector, showing the

acoustic effects of a crack.

Images based on the change in reflectivity with temperature (dR/dT) do not suffer

these effects. Figures 4.6a and 4.6b are 2-dimensional optical (reflectivity) and thermal

(dR/dT) images of the ac-plane of a single-crystal Bi-Ca-Sr-Cu-O superconducting fiber.

Since this sample was being used to study the anisotropy.of the thermal conductivity of Bi-

Ca-Sr-Cu-O, it was important to work in a region free of cracks or separations that might

62



alter the data. These images were taken using a 0.6 NA microscope objective and have an
optical (and thermal) resolution of about 1 pm. The entire image is about 35 pm wide with

a pixel size of about 1/2 pm.

(@ (b)

Figure 4.6 Optical image (left), made by record.mg the DC component of the reflected
probe beam, and photothermal amphtude mage_(nght)‘ usmg dR/d'P method of the ac-
planein a smgle-crystal BlzerCaCuZOx ﬁber.

The optical image on the left was made by recording the DC intensity of the
reflected probe beam as a function of position. We can clearly see three large vertical
scratches (a result of the polishing of the surface) and a number of dark spots caused by
excessive laser heating from a previous experiment. The enhanced thex;mal image on the
right contains not only the scratches, but a couple fine horizontal lines as well. These lines
subsequently were found to coincide with the ab-planes, implying that they represent fine

cracks or separations between the planes. The importance of this measurement is that these
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types of flaws were not visible optically, but clearly affect the thermal properties. It is also
interesting that the burn marks we saw in the optical image apparently have no effect on the
thermal behavior. (As with all measurements in this thesis, simple changes in reflectivity
are normalized out of the thermal image).

The surface temperature changes in the vicinity of transverse cracks, or
delaminations, in much the same way it does for vertical cracks. Figures 4.7a and 4.7b are
optical and thermal image§ of two types of gold film on a silicon substrate. The film at the
top of the image was deposited directly onto the silicon and is easily peeled away, while the
lower, I-shaped film has an intermediate 50 A layer of chrome to improve the adhesion.
The thermal images reveal that the poorly bonded film has poor heat transfer, especially at
the edges where a small amount of lift-off occurs. (The bright spots alox;g the edge and the
jagged nature of the optical image are due to the quantization and extreme magnification of
the image. Each pixel represents a 5 pm square.) A more striking demonstration of an
adhesion problem is shown in Figure 4.8. Taken in the interior régiofxs of the film, this
thermal image reveals a kidney-shaped region of poor bonding caused by a small blister

that was completely invisible in the optical image. The image is 50 pm on a side.

@ (b)

Figure 4.7 Optical and thermal images of two gold films on a silicon substrate. Edges

in the thermal image indicate a lifting off of the film.
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Figure 4.8 Thermal image of a blister in the gold film. The blister was undetectable
optically.

4.3 Imaging of Electrical Samples

The gbal in NDE of electrically heated samples is to map the thermal sources, rather
than the thermal inhomogeneities of the material. Variations in temperature reveal those
areas where the electrical resistance of current-carrying devices is high. One of the most
useful aspects of photothermal microscopy is its unique ability to locate these types of
defects.

There are fundamental differences between using internal and external heat sources
for imaging. Since the size and number of internal sources are unknown, the resolution of
the image is determined solely by the probe beam. This uncertainty complicates the use of

Wollaston interferometry since the reference beam could be subject to thermal vibrations in
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addition to the sensing beam. The resulting image will be a coherent double exposure, the
deconvolution of which is non-trivial. In practice, however, we can usually place the
reference in a source-free region by designing the optics so that the probe and reference
beams are separated by a sufficiently large distance. The criterion that the separation be
much less than an acoustic wavelength ultimately limits the separation, but since A4 ranges
from 15 to 1500 mm over the common range of operating frequencies, this restriction is
minor. .

There is another complication in electrical NDE that affects the slope method.
Unlike the situation with external, laser heating, the hot spots do not remain a fixed
distance form the probe. Since the slope method is a measurement of the temperature
gradient, thermal images of electrically-heated samples will show edges and points but will
not give an indication of the absolute AC temperature. The interior regions of large heated
areas will generate little or no signal.

As a simple example of electrically-heated imaging, we examined a flawed 250 A
thick nickel film deposited on an oxidized silicon wafer, shown in Figure 4.9a. The film
was scratched with a razor blade and then heated at 16 kHz by passing an 8 kHz AC
current through it. Because the area of the flawed region is fairly large, a low-resolution
displacement method gives the strongest signal. We used the Wollaston interferometer
with the probe and reference beams oriented as shown in the figure. The normalized AC
thermal expansion image, Figure 4.9b, clearly shows the hot region where the current
density is greatest. Figures 4.10a and 4.10b show the same area in a false-color contour
plot (red being hot and blue being cold). These two images demonstrate the relationship
between heating frequency and resolution. The image on the right was taken at four times
the frequency and subsequently has about twice the resolution; the edge of the film is much

more sharply defined.
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Figure 4.9 Sketch of the sample used in the demonstration of electrical-flaw detection

(a), and the measured surface displacement in the vicinity of the flaw (b).
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Figure 4.10 Color images showing the extent of the heated region.

Despite some of the practical difficulties of the Wollaston interferometer, the
tremendous sensitivity we achieve makes-them the method of choice in relatively low-
resolution experiments such as these. To generate the images above, the driving voltage
was 2 V peak-peak. The resistance of the film increased from 25 2 to 35 Q after notching
so that about 1/3 of the total power was dissipated in the region of the flaw, an area roughly
200 um square. Working through the numbers, we find that the peak power density at
16 kHz was roughly 5x104 W/m?2.

We can calculate the corresponding temperature fluctuation by using the theory of
Chapter 2. Since the thermal wavelength in silicon is only 30 um at 16 kHz, we were

operating in the high-frequency regime. This is confirmed by the 1/f behavior of the peak
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signal amplitude, shown in Figure 4.11 (note the roll-off starting at about 3 kHz where
Athermal = 70 um). Therefore the one-dimensional formulas apply. Using (2.9),
lool = —Lo— (4.1)
wCxk
and the values for silicon, C = 2300 kg/m3 x 710 J/kg-K, x = 145 W/m-K, we find that
the rms fluctuation was only 0.01°C at the hottest spot. The fluctuations in the outer

regions were considerably smaller. The surface displacement is similarly calculated to have

been only 0.01 A at the peak.
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Figure 4.11 Frequency behavior of the surface displacement at the peak shown in

Figure 4.9b.

To push the resolution of our thermal images to the optical limit, we need to use
higher NA objectives than those used above. We also need to reconsider our choice of
experimental method. As mentioned in Chapter 3, we can reduce the optical spot size of

the displacement probe by switching to a Mirau interferometer. As we show below,
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however, this method still suffers from poor resolution in most materials unless
inconveniently high frequencies are used. As is often the case at these resolutions,
measurements of dR/dT, rather than thermal expansion, give better results.

Figure 4.12 shows a sketch of the fine bar pattern to be tested. We wish to
compare the current flow of the individual strip conductors. The films are aluminum,
300 A thick, deposited on a silicon substrate (again, a 1000 A oxide layer was grown on
the silicon to confine the current to the film). The bars and gaps are both 6.7 um wide.
Electrical contact is made to the films through large gold pads covering the ends of the

Strips.

aluminum films

gold 6.7 um
bonding

pads

Silicon

ke o -

Figure 4.12 Sketch of narrow conducting strips to be imaged at high resolution.

ey
SES

Connecting the pads to a 2.5 V driving source, we generate the dR/dT profiles
shown in Figures 4.13. These profiles are a measure of both the surface temperature
(rather than displacement) and the temperature sensitivity of the refractive index. The six
peaks correspond to the six aluminum strips. At 200 kHz, Figure 4.13a, the diffusion
length in silicon is 8.4 pm, so the heat generated by each strip is essentially confined to that
strip and individual variations in the current can be seen. In this device, we see that the

second and fourth strips carry greater current and thus grow hotter.
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Figure 4.13 Profiles of measured AC reflectivity of the device shown in Figure 4.12.

The six peaks correspond to the six conductors.
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Figure 4.14 Theoretical calculation of the AC temperature profile at the

frequencies.
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At 20 kHz, Figure 4.13b, A¢h is 26.6 um and individual differences are less
pronounced. The tails at either side of the group decay more slowly and there is an average
increase in temperature at the center of the group. These trends continue at 2 kHz, or
Ath = 84 um, (Figure 4.13c) where we completely lose the ability to differentiate the
individual conductors. There is no indication that strips 2 and 4 are hotter. The residual
peaks that are left are due more to the difference between the dR/dT of aluminum and of
silicon than to actual temperature variations.

The theoretical predictions, Figure 4.14, confirm these measurements. The theory
is a two-dimensional analogue of that in Chapter 2. We see the gradual diminishing of our
ability to isolate individual strips as the frequency is lowered. Differences in dR/dT were
not taken into account in this model so we can tell by comparison with Figure 4.13c that the
refractive index of aluminum, at this wavelength, is roughly three times as temperature
sensitive as the refractive index of silicon. Two-dimensional optical and thermal images are
shown in Figure 4.15. We see that the heating is non-uniform along the length of the two

hot strips.

Figure 4.15 Two-dimensional optical (left) and thermal (right) images of the bar

pattern.
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If the experiment is repeated with an argon-laser probe beam (A = 514 nm) an
interesting change occurs. We see a reversal in the signal profile with the silicon giving
rise to large fluctuations while the aluminum appears to be unheated. Figure 4.16 shows
the DC optical image and the corresponding photothermal image which has a reversed
pattern. The reason lies again in the refractive index sensitivities. Normally, the refractive
index of metals is very weakly sensitive to temperature, however, aluminum happens to
have a small resonance at 800 nm which means that common GaAlAs laser diodes are

particularly well suited for the study of this material.

Figure 4.16 Optical and thermal images of the same device as in Figure 4.15 but taken
using an argon laser probe rather than the usual diode laser probe. Note that the thermal
image is the reverse of Figure 4.15 due to the small dR/dT of aluminum at the argon

wavelength.

The theoretical model also predicts large displacement signals at 200 kHz (the top
end of the lock-in) that, unfortunately, are too spread out to be of use, as shown in Figure

4.17. The Mirau measurements of Figure 4.18, normalized by the reflectivity, confirm the
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prediction. (The sample was mounted in putty on a very sensitive tilt stage in order to
damp out acoustic effects and to keep the set-point of the interferometer form drifting over
the course of the 100 um scan.) To obtain resolutions comparable with those of the dR/dT
measurement, we would need to operate at about 1.5 MHz and mix down to the frequency

range of the lock-in.
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Figure 4.17 Theoretical calculation of the AC surface displacement at 200 kHz.
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Figure 4.18 Measured displacement (Mirau method) at 200 kHz.
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4.4 NDE of Silicon Flip-Chip Devices

We conclude this chapter with an example that requires all of the features of our
photothermal probe, namely, its high resolution, high sensitivity, flexibility, and amplitude
and phase detection. The challenge is to determine the location of electrical flaws in a
silicon flip-chip device, shown in Figure 4.19. The device consists of a silicon substrate
and four interconnect chips bonded together by hundreds of 50 pm radius solder bumps.
The principle behind this type of architecture is to increase the componenf densities and
shorten the interconnects by allowing direct access to the interior of the wafer rather than
through leads run to the edges of the chip. These particular devices were used to test the
manufacturing process and consisted of a stitch-work pattern of conducting films
connecting the many bumps. They were made by depositing matched sets of bumps on the
top and bottom wafers, aligning the wafers, pressing, and heating. After processing, most
of the devices had poor electrical properties. The manufacturer wanted to know whether
the problems were due to a minority of bad bonds or due to a generally poor process. Also
of interest was whether certain regions were more prone to failure (e.g. edges versus the
interior) and whether the disbond was due to incomplete bonding of the upper and lower
bumps, or due to the bumps being pulled away from the substrate during cool-down.
Hence, we need the ability to locate flaws aécurately in all three dimensions.

‘What makes this sample such a challenge for thermal imaging is the small size and
close proximity of the solder joints, and the 500 um of silicon that obscures them.
Methods that rely on ambient or surface effects, such as the Mirage or the deflection
techniques, would be unable to sort out contributions from individual bumps since these
contributions are severely attenuated and overlapping by the time they travel through
500 pm of silicon to the surface. The manufacturer also tried imaging with an IR camera

but could not obtain sufficient resolution. What was needed was a method capable of
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penetrating the silicon while retaining adequate resolution and sensitivity at the solder

interface.

Top View Side View

RIS RARARRARAKA

/ N\
— : solder

bumps silicon

Figure 4.19 Schematic of the silicon flip-chip device.

We actually used two techniques for imaging the bumps at the interface. The
mechanical characteristics were evaluated by C-H. Chou, and B. T. Khuri-Yakub [1] using
a 50 MHz focussed acoustic microscope operating in water. The focussing is
accomplished by a spherical depression in a quartz buffer rod, driven at the other end by a
planar transducer. In order to focus through the silicon, a long focal length lens must be
used (the acoustic velocity of silicon is six times that of water, requiring a focal length of at
least 3.0 mm in water). Furthermore, a low numerical-aperture lens must be used to
minimize the distortion of the beam upon changing media (the critical angle is only 109). In
order to isolate the reflections corresponding to the solder-silicon interface from the large
reflection at the silicon-water interface, it was necessary to use tone burst excitations and to
time gate the desired signal. While not necessary to obtain an image, the image was further
improved when the back side of the wafer was polished to reduce the distortions caused by

surface roughness.
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Figures 4.20a and 4.20b show acoustic images of two sides of a flip-chip. The
rows of solder bumps are very clear in this test pattern. On one side (Figure 4.20a), all of
the solder bumps are visible as small dark circles where the acoustic reflectivity is low. On
the opposite side (Fig 4.20b), however, it is apparent that a large number of bumps are
completely disbonded. In this image, we see that only about 70 % of solder bumps make
good mechanical contact.

In more successful devices, however, the bumps may appear to be in good
mechanical contact but still have poor electrical properties. While the acoustic microscope
can locate complete disbonds, it does not have the sensitivity to differentiate between good
bonds and partial disbonds. These types of flaws are identified by their low electrical
conductivity. We measured the conductivity of the individual bumps by passing an AC
current through them and found that the electrical quality can vary dramatically in bumps
that pass the acoustic inspection.

The most sensitive pf;otothermal approach for this sample is, once again, the
Wollaston interferometer. But rather than measuring surface displacement, which would
be subject to the problems stated above, we switched to a 1.3 pm probe beam wavelength,
which passes through silicon, to view the solder bumps directly. In this configuration, the
optical phase shift is generated mainly by changes in the refractive index of the heated
silicon neighboring the bumps. This effect is about ten times as strong as that of the
thermal expansion, and extremely small temperature fluctuations can be detected. For
example, the refractive index changes by about 1.5 x 104 /K, so that at 20 kHz the thermal
wavelength is about 25 um and the minimum detectable solder bump temperature is only

106 VB K. Hence, excessive currents are not necessary to generate the signals we need.
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Figure 4.20 Acoustic images of the device.

which the acoustic reflectivity is low.
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The results of a thermal scan are shown in Figure 4.21. This is a view of the outer
row of bumps along one side of the device. (The top image is a linear grey-scale, the
bottom image has had the lower levels enhanced to display the good bonds more clearly.)
There are 24 bumps in this region, of which the 7 at the right are not visible because their
electrical conductivity was too good to generate sufficient heat. Of the 17 remaining bonds,
two in particular stand out, being about ten times hotter than the others. In the acoustic

images, all 24 bumps look the same.

B R AR RN R Y M

Figure 4.21 Thermal image of a single row of solder bumps.

Information about the depth of a flaw can be learned by examining the thermal
signal as a function of frequency. As the heating frequency increases, the signal due to
flaws below the silicon-solder interface (for example at the junction of the two halves) will
attenuate more rapidly than those due to surface defects. Figure 4.22 shows a series of

thermal images in the region near the hot bump in the center of the row. The signals at
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Figure 4.22 Sequence of thermal images of the region near the hot spot in the center of

Figure 4.21. Defect at +100 pm is indicative of a subsurface flaw.
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-300 um, O um, and +300 um vary inversely with frequency, indicative of surface
defects, while the flaw at +100 pum, decays more rapidly, indicating that it is located below
the surface. At 80 kHz, Figure 4.22c, the bump is completely gone. These plots also
demonstrate the high resolution of this photothermal technique; the probe spot size was on
the order of a few microns.

We can obtain more quantitative information about the depth of the bond form the
phase of the thermal signal, relative to that of the AC source. If the source of the heat is not
coincident with the point of detection, there will be a phase lag associated with the thermal-
wave propagation. From the theory of Chapter 2, we expect the phase to be proportional to

the square root of frequency. For silicon we get

1
= ————————d = 0.34df degrees 4.2
0 13.3mm/Voy 2 (4-2)

where d is given in microns and f in kHz. Figure 4.23 shows an example where the phase
lag implies that the flaw is 20 um below the surface. Since the gap between the two
substrates is 40 pm we can infer that the source of this flaw is a poor bond between the
two solder bumps. Through a combination of amplitude and phase measurements, we

were able to determine that the majority of the disbonds were at the solder-silicon interface.
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Figure 4.23 Thermal phase lag from a subsurface flaw. Solid lines are the theory for
three different depths.
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Chapter 5

Photothermal Measurements of High-T.
Superconductors

5.1 Introduction

Thermal conductivity is an important indicator of the scattering mechanisms in a
material. In general, the thermal conductivity is determined by the number and type of
particles that carry the heat, and the collisions which limit the flow. One of the major
sources of collisions is electron-phonon scattering. Since the electron-phonon interaction
also plays a critical role in the Bardeen, -Cooper, and Schrieffer (BCS) theory of
superconductivity, the study of the thermal conductivity of these materials could provide
insight into the nature of the superconducting mechanisms.

In the previous chapters we demonstrated the usefulness of photothermal
microscopy for measuring thermal properties on a small scale. This ability makes it an
attractive technique for studying a new class of materials, the perovskite superconductors
with high critical temperatures (T¢). Unlike the work in Chapter 4, however, our goal is
not to locate flaws, but rather to study the inherent thermal conductivity of the material
itself. By measuring the thermal conductivity as a function of temperature we hope to learn
about the nature of the electron-phonon interactions, and hence about the nature of the
superconductivity. Since the crystal structure and the electrical properties of these materials
are extremely anisotropic, it is important to measure the behavior along each axis
independently. However, high-quality, crack-free, single-crystal samples of these
materials tend to be quite small (as small as 20 to 50 pum along some axes) and irregularly

shaped, posing quite a challenge to the more standard, bulk techniques. The advantage of
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the photothermal approach is that it can be used to measure the full, anisotropic
conductivity of samples only a few microns on a side.

Another advantage of the photothermal approach is that the measurements are non-
contacting and non-destructive. The only side-effects of the laser beams are a small
perturbation of the temperature over a volume about 15 microns in radius, and a destruction
of some of the superconducting pairs in the region of the absorption of the light (a volume
about two microns across and one tenth of a micron deep). Since the temperature
fluctuations extend far beyond the optical absorption depth, the thermal properties we
measure will be predominantly those of the superconducting state. With such small
perturbations, it is possible to conduct photothermal measurements in parallel with other
measurements, such as electrical resistivity or magnetic susceptibility. It is even possible to
create photothermal images of samples subjected to various currents or fields and thereby
record the influence of these upon the thermal behavior. (As we will see below, the
thermal conductivity undergoes abrupt changes at T¢.) The non-destructive nature of the
measurement is also of great importance when studying rare samples.

Of course, the great benefit of having micron resolution comes at a price. A
combination of poor thermal conductivity, poor reflectivity (about 10%), and the need for
tightly focussed spots severely limit the acceptable probe power. Since we use a diode
thermometer to determine the ambient te;nperamre of the sample, we must keep the total
temperature change at the surface (both AC and DC) less than a degree in order to be certain
of the temperature at the test site. Therefore, we can only use a few microwatts of power to
illuminate the sample. Nearly 90% of that is absorbed, and a further 80% to 90% is lost
upon returning through the assortment of lenses and beam splitters. This leaves only a
small fraction of a microwatt of optical power, with an intensity fluctuation of about one
part in ten thousand, at the photodetector. Thus, our signals are extremely weak, even by
photothermal standards, and we must average the signal for a second or more. Thermal

imaging, consequently, will be very slow. There are a number of practical difficulties to

86




overcome as well, most of which involve the mechanics of creating a low-temperature,
high-vacuum environment in which to conduct the measurements.

We begin this chapter with a brief description of the thermal measurements that
have been made on polycrystalline superconductors, as well as some theoretical
explanations for the observed behavior. We will be extending these measurements to the
study of the anisotropic behavior of single-crystal specimens. To interpret our results,
however, we first need to modify the theory of the periodic temperature profile about an
optically heated spot to include anisotropy and finite probe beams, as discussed in Sections
5.3 and 5.4; these effects are important in a quantitative analysis. In Section 5.5 we
present the results of room temperature measurements of the anisotropic thermal
conductivity of Bi-Ca-Sr-Cu-O superconducting crystals. In Sections 5.6 and 5.7, we
address the issues involved in taking the measurements down to low temperature. These
issues include the high-vacuum environment and the importance of the non-linear terms in
the diffusion equation. Finally, in Sections 5.8 and 5.9 we present our results on single-

crystal Bi-Ca-Sr-Cu-0O, and suggest future research in Section 5.10.
5.2 Motivation

Our interest in the applications of photothermal microscopy to the study of high-T,
superconductors began aftér unusual behavior of the low-temperature thermal conductivity
was reported in the literature [1,2,3]. An example of an early measurement [1] is shown in
Figure 5.1. The measured thermal conductivities of Lap.xSryCuO4 and YBaCu30O7.5 are
shown here as a function of temperature. The superconducting Y-Ba-Cu-O material
(8 = 0), in particular, shows a marked increase in k below T¢. Subsequent examinations
of semiconducting materials (8 = 1) showed no such enhancement. Other experiments on
polycrystalline Y-Ba-Cu-O and Bi-Ca-Sr-Cu-O materials have reproduced this behavior,

but because of the difficulty of obtaining large, single-crystal specimens, there have been
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but because of the difficulty of obtaining large, single-crystal specimens, there have been

no reported measurements, to our knowledge, of the anisotropic values in a single-crystal

material.
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Figure 5.1 Thermal conductivity of Laj.xSrxCuOy4 (squares) and YBaCu30O7.5
(circles) as a function of temperature (reprinted with permission from Ref. 1). The inset
shows a linear plot for the Y-Ba-Cu-O material and an estimate of the electrical component

of the thermal conductivity (dashed line).

The consensus is that this increase is due to an enhancement of the phonon mean
free path as the electrical carriers condense into superconducting pairs below T¢. The
freezing of the carriers can alter the thérmal conductivity in two ways; the electrical
component will decrease due to the reduction in the number of carriers, and the lattice
component can increase due to the reduction in electron scattering. However, estimates of

the electrical component, based on the Wiedemann-Franz law and electrical resistivity
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measurements, place it at only about 10% of the total (dashed line in Figure 5.1). Thus the
increase in the lattice component predominates. As the material is cooled further, the
rapidly decreasing phonon population eventually limits the lattice conductivity.

This interpretation has received theoretical support from a recent analysis [4]
applying the BCS theory to the electron-scattering-limited thermal conductivity, as
originally put forth by Bardeen, Rickayzen, and Tewordt [5]. Originally developed to
explain the drop below T in the thermal conductivity of classical superconductors (for
which the heat is carried predominantly by electrons), this theory also explains the behavior
of the lattice-dominated heat flow in the new superconductors. Figure 5.2, generated from

the equations in Ref. 4, shows the predicted form of the lattice thermal conductivity, Kg, as

a function of temperature.
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Figure 5.2 Lattice thermal conductivity, kg, vs t=T/T; from BRT theory. Y is

proportional to the electron-phonon coupling and X is the size of the gap relative to that of

the BCS theory. (See Ref. 4 for formulae and definition of .)
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It is worthwhile to examine further the origins of this curve. In their analysis,
Tewordt et. al. include the possibility of many sources of scattering, including point
defects, sheetlike faults, and grain boundaries, as well as the important electron-phonon
interaction. The thermal conductivity, which is normally expressed as k¥ = 1/3 CvA where
C is the heat capacity, v is the acoustic velocity and A is the mean free path [6], is modified
to include the various frequency dependences of the different scattering mechanisms. Since
T is well below the Debye temperature, Op, they restrict their analysis to acoustic

phonons. Using the Debye approximation for the heat capacity they get

Xmax

kg = (1)3 J e, . dx 5.1)
Op €*-1)% (%) +T5(x) + (%) + Tel-ph(X)
0
where x = hw/ kpT and the T's represent the scattering times of the various processes. At
temperatures well below 6p, xmax can be taken as infinity.

The first three scattering terms represent the non-electrical effects which affect the
overall shape and magnitude of the curve. The effects of the superconducting transition are
entirely contained in Tel-ph. In their analysis of the electron-phonon scattering, the authors
show that there are two microscopic parameters that can be adjusted to duplicate observed
behavior: the size of the gap relative to that of the BCS theory and the strength of the
electron-phonon coupling constant. Thus, by examining the magnitude and the shape of
the g:nhancement in xg it may be possible, within the confines of the BCS analogy, to
deduce values for the electron-phonon coupling strength. For the Y-Ba-Cu-O data
published in the literature, the authors estimate a coupling constant of about 0.5, within the
weak-coupling range.

The above analysis assumed an isotropic material. In reality, the high-T,
superconductors are highly anisotropic, consisting of easily peeled layers. The layers are

made up of the copper-oxide planes which are responsible for the superconductivity. The
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direction normal to the planes, i.e. the c-axis, exhibits much poorer electrical resistivity at
room temperature and fails to exhibit superconductivity at low temperatures. Hence the
behavior of the thermal conductivity can be expected to differ substantially in these two
directions. Although expressions for anisotropic media were not published, the authors
state that c-axis data should show very little enhancement since the charge carriers in the ab-
plane can absorb or emit only the component of phonon momentum that also lies in the ab-
plane. At that time there was no experimental evidence to support this prediction since all
published data were of polycrystalline ceramics, for the reasons stated earlier.

Thus we see the benefit of using a photothermal system to conduct anisotropic
measurements of the thermal conductivity at low temperatures. However, we are also
interested to determine if these effects can be utilized to form images of superconducting
regions. If the change in the photothermal signal is strong enough, we have a possible
means of observing the transition on a micron scale. Additionally, the non-contacting and
flexible nature of the photothermal measurement would allow us to conduct other
experiments in parallel with it. Thus we could test the influence of various fields or
currents (perhaps even using electrical heating as the source), conduct magnetic
susceptibility or resistivity measurements simultaneously, or perhaps even run the converse
experiment to examine the effect of the local heating (or optical absorption) on the electrical

flow.
5.3 Anisotropy

The thermal and acoustic theory of Chapter 2 was valid for isotropic materials.
Since the crystal structure of the high-T¢ superconduc‘tors is highly anisotropic, however, it
is likely that both the temperature profiles and the displacements will be anisotropic.
Fortunately, we need only consider the equations for surface temperature since we will be

working exclusively with the dR/dT method in this chapter. A completely general
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extension of the acoustic theory would be formidable since both the excitation (temperature
profile) and the material response (expansion coefficients) are anisotropic. (However, the
assumptions that led to the simplified expansion-only formula for the displacement in
Chapter 2, (2.36), could still be applied to give an expression good to within a scale
factor.)

We begin with Fourier's law for heat conduction in its most general form,

3

2 : 00
Ji = - Kijg . (5.2)
]

=1

The thermal conductivity is a second rank tensor for any arbitrary coordinate system. Since
it is symmetric, however, we can find a coordinate system where the off-diagonal terms are

zero. In this frame we have

D L L SV L (5:3)
oy oz

From symmetry arguments, it is clear that this coordinate system corresponds to the crystal
axes.
To obtain the diffusion equation, we also need the equation of continuity. Since the

heat capacity is a scalar quantity, this equation is unchanged,

Vel = -C@ . (5.4)
ot

Taking the divergence of (5.3) and using (5.4) to eliminate J, we get

* ax2 Y 9y2 922 ot '
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Assume that the z-direction is normal to the surface of our semi-infinite sample.

We can recover the isotropic form of the diffusion equation by re-scaling the axial

dimensions to
X = Ez-x, y' = 1(ly, Z = z (5.6)
Kx \J Ky
giving us

920 226 028 C 09

+ + = = —, 5.7
ox'2  9y2  9z2 Kz Ot (5
or
1 06
V29 = — — . 5.8
D; ot (5:5)

The completion of the boundary-value problem is just the Cartesian analogue of
Chapter 2 with one important distinction - the excitation in the primed coordinate system is

no longer circularly symmetric. Proceeding, we assume a solution of the form

o0

e(xl,yl,zl) = jA(S,P) e'jZﬂx'S e‘jZﬂy'p G-V (21'58)2 + (21tp)2 +kt2 z dep (5.9)
with k; being defined as the thermal propagation constant in the z-direction, k2 = j&/D5 .
We find A(s,p) by matching the thermal boundary conditions at z=0, as in Chapter 2. The
result is

H(-S,-p)
K7\ k2 + (21s)2 + (27p)2

A(s,p) = (5.10)
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where H is the 2-dimensional Fourier transform of the heating profile in the primed system.
As in Chapter 2, it is convenient to assume a Gaussian profile for the heating beam since it

has a well behaved transform and is a very good approximation of the actual profile. Let

_(x2+y3)
h(xy) = ﬁa e W (5.11)
Trh
In the primed system this is
_kx x2 _ky y?
hxy) = —b [e yn? x e ke ] (5.12)
m'h2
which transforms to

Phiz e-('n:\]lcz/icxrhs)2 e-(nVKz/Kyrhp)z

(5.13)

Thus the anisotropic surface-temperature profile is given by

‘(nrhx 3)2 '(nrhyp)z 8 ' _8 !
Oo(xy) = —hkz | ¢ : V2K S I2MYP 44 (5.14)
\/ KxKy \j k¢ + (2ws)2 + (2rp)?

where mx = M Th and thy = \/_K_z};y— rh. By recasting our equation in the new
scaled coordinate system, we have recovered a form similar to that for an isotropic material
heated by an elliptical Gaussian beam.

Because (5.14) is similar to an isotropic formula, we can draw on the conclusions
of Chapter 2 to predict the behavior of (5.14). For example, we showed in Chapter 2 that
the shape and size of the heating beam are irrelevant in the low-frequency behavior at
distances far from the origin. Therefore, in the primed system the contour lines of phase

and amplitude should approach circles at large radii. Thus, in the real coordinate system
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we expect the anisotropy in the phase and amplitude to be greatest at large radii (and low
frequencies). Furthermore, the slope of the phase along the two axes should approach the
ratio of the scaling constants, M In regions close to the heat source, the temperature
profile should follow that of the heating beam. Therefore, in the real coordinate system we
should see circular contour lines near the origin, regardless of the anisotropy.

Figures 5.3 a-f show the calculated amplitude and phase contours for low-
frequency (/Dx, ®/Dy << spot size), mid-frequency (@/Dy < spot size < ®/Dy), and high-
frequency («/Dx, ®/Dy >> spot size) cases. An anisotropy of 6 to 1 and a Gaussian radius
of 1.5 um were assumed. As expected, the anisotropy shows up most clearly at low
frequencies and large radii. Hence, this is the regime in which we will conduct our
experiments. At high frequencies or small radii the contour lines are circular.

An interesting artifact that occurs at high frequencies is that ellipticity of the phase
contours reverses, with the phase lag being smaller in the direction of poor conductivity.
This reversal may seem counter-intuitive, but since it occurs entirely within the radius of
the heating spot, the phase does not represent a propagation delay in the same sense as
above. We see a smaller lag along the y-axis because regions separated by Ay are isolated
from each other due to the severe exponential decay in that direction. Thus, strips of Ay
track the heating beam closely and suffer little phase lag (albeit they have very small
amplitudes). Heat flow along the x-axis, however, is attenuated much less. Thus, regions
from farther away contribute to the overall temperature, both increasing the amplitude and
contributing to an overall greater phase lag. This reversal is quite subtle and would be very
difficult to detect experimentally since it all happens within the radius of the pump beam.
To detect such an effect, we would need to use a probe with much finer resolution than the
pump. Furthermore, small imperfections in the circular symmetry of the pump beam
would mask the reversal.

An important point to consider about the low frequency regime, where we will be

operating experimentally, is that the temperature decays faster than 1/r in the direction of
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Figure 5.3 Theoretical amplitude and phase contours of the temperature profile in an
anisotropic medium. The conductivity in the x-direction is assumed to be six times that in

the y-direction. The source is a Gaussian beam with a radius of 1.5 um.
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poor conductivity because the heat preferentially flows in the perpendicular direction.
When measuring along this axis we will have to place'the heating and probe beams very
close together. They must be closer, in fact, than they would if the conductivity were
equally poor in all directions. At low frequencies, the practical limit to the separation is
determined not by the actual values of the thermal constants, but by the anisotropy. This is
demonstrated explicitly in Figure 5.4 where the temperature profiles along both the high-

and low-conductivity axes are shown, along with the profile for an isotropic material.
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Figure 5.4 Radial dependence of the temperature profile along both axes of an

anisotropic material (first and third curves) and in an isotropic material (center curve).
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5.4 Spot-Size Effects

Since the area of the probe beam is often comparable to that of the source, we
cannot assume that we are measuring the temperature at a fixed point. Instead, our signal
represents the average change in reflectivity over the area illuminated by the probe beam.
Thus we need to calculate a weighted average of 8,(x,y). Assuming that the probe spot is

Gaussian with radius rp, our dR/dT signal will be

i (:c-xcz)2 _ (¥-30)2
g = N B Jg xyye e % dxdy (5.15)
aT z,2

where the center of the probe is located at (xo,y0), and 1 is the photodetector conversion
efficiency. While an expression for isijg can be found by substituting 8o(x,y) from (5.14)
and grinding out the integration, the simple way to solve for igjg is to note that (5.15) is a
convolution integral. Since the convolution of two Gaussians is a third Gaussian with
radius equal to the sum of the original radii, we can write the solution directly. Thus our
final expression for the photothermal signal generated by a Gaussian heating beam of

power Pp, and radius i, and detected with a i)robe of power Pp and radius rp is

- 2 _ 2
. _dr pypy | e (TImxSY-(FImyP) s emysp
ISlg = dT € 9] dep (5.16)
KxKy \/ ki + (2ms)2 + (2mp)2
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where

K [ . .7

Kx

]

Tmx

K
Imy = =2 \1p2 + 1p2

Ky

K. , ’K
Xo = _zxo, Yo = _zYo
2 _ ;0C
kK, JKz

We use this expression in all of our data reduction. In practice, the expressions are
evaluated numerically using the FFT algorithms outlined in the appendix.

We see that the probe size increases the apparent heating spot by 50% when, as is
the usual case, rp =1p. This effect, combined with the need for close proximity in the
direction of poor conductivity, causes the phase data to depart significantly from the simple
£172 behavior of point source measurements. Thus it is essential to include these effects in a

quantitative analysis.

5.5 Room-Temperature Results

Now that we have a more complete theoretical model, we are ready to undertake a
quantitative analysis of the anisotropic thermal conductivity. We begin with a rigorous
study of the thermal conductivity at room temperature. We get a strong indication that the
thermal properties may be highly anisotropic from simple photothermal amplitude

measurements (dR/dT) of polycrystalline Y-B-Cu-O films. Figures 5.5a and 5.5b show
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the optical reflectivity and the photothermal response of a 40 pum-square area. The thermal
image shows far greater fluctuations in intensity, indicating that the orientation of the
individual crystallites plays a major role in the amplitude of the photothermal signal. With
an amplitude image alone, however, it is impossible to determine whether these fluctuations
are due to changes in ¥, or to changes in dR/dT. To separate these two effects we need to
use an amplitude-insensitive measurement. Thus, for quantitative analysis we work with

phase.

AP IR N LS A NA SNy e A AY NN S £ A A MR WAL S A 0 NN s s - O 07 SO OIS S

Figure 5.5 Optical image (left), made by recording the DC component of the reflected
probe beam, and photothermal amplitude image (right), using dR/dT method, of a thin
polycrystalline film of Y-Ba-Cu-O.

Our phase measurement technique is sketched in Figure 5.6. We separate the
heating and probe beams by a fixed amount and measure the propagation delay as a

function of frequency. The phase lag is roughly
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o
¢Lhermal = Vﬁ Ax ) 65.17

where D is the thermal diffusivity in the direction of the separation. (Of course, the full
formula in Section 5.4 is actually used to reduce the data.) The only unknown parameter in

this expression is D, thus the phase delay directly specifies the thermal diffusivity.

~10 um

Figure 5.6 Schematic of the phase measurement.

The ideal spot separation, Ax, depends on the spot size. We prefer to use large
separations so that the size and shape of the spots is irrelevant. At very large separations,
however, we sacrifice too much signal to 1/r decay. As we saw in Section 5.2, the decay
is especially severe in the direction of poor conductivity. In practice, we usually place the
probe at about the 10%-amplitude contour line. For high-T; superconductors, this
corresponds to a separation of about ﬁve‘or six spot widths (10 to 15 pm) in the high-
conductivity direction, and only about two or three in the poor direction.

To test our theory and methods, we measured the thermal anisotropy of crystalline
quartz since it has already been well characterized by bulk methods. In order to confine the
heating to the surface of the crystal, we deposited a 50 A layer of titanium on the ac-face.
Titanium has a relatively poor thermal conductivity for a metal (22 W/m-K compared to, for

example, 240 W/mK for aluminum) so it does not act as a thermal short circuit. For this
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sample, the thermal expansion of the quartz gave rise to larger signals than the dR/dT of the
titanium. Therefore, we used the slope method to infer the temperature.

The phase lag we measured, shown in Figure 5.7, closely followed straight lines.
The phase data in these plots represent the true thermal phase lag across a spot separation of
9 um. Extraneous phase effects, such as photodetector and amplifier lags, and acoustic
propagation delay in the Bragg cell, have been removed by subtracting a calibration curve,
generated by turning off the probe, removing the optical filters, and measuring the phase of
the reflected heating beam. The spot separatién was determined by scanning the two beams
across a sharp edge or step in reflectivity (such as a patterned silicon wafer) and recording
the reflected intensities as a function of position. There is about a 0.5 m uncertainty in the

separation due to the size of the spots and jitter in the scanning actuators.

0 7 [

-50 -

’dé)\n J -

E - -
5" -100

° ] [

2 ] [

£ 1 [

-150 -

-200 S — —

Frequency”2 (Hz”2 )

Figure 5.7 Measured thermal phase lag along both axes of single-crystal quartz. Solid
lines are the theory using the published values for x and C [7].
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Also shown in Figure 5.7 are the theoretical phase plots using values of x and C
from the literature [7]. We see that our measurements agree within a few percent, thereby
confirming our methods.

(Incidentally, many photodiodes exhibit a subtle behavior that is not widely
appreciated, but profoundly a.ffec;s the calibration. The phase lag, or speed, of these
devices is not necessarily constant over the entire active area; regions near the edge tend to
be slower. One must avoid the temptation to bypass the optics and simply shine the heating
beam directly into the detector; the calibration will be in error unless the beam is actually
focussed to the center of the device. These errors are severe enough to affect the
interpretation of the data.)

Turning to the high-T. superconductors, we studied two types of bismuth samples:
single-crystal chips grown in a strong temperature gradient to align the crystal [8], and
single-crystal fibers grown by the laser-heated pedestal growth method [9]. The chips are
similar to mica in that they tend to form large thin sheets of material in the ab-directions.
The fibers were grown such that the ab-planes ran along the length of the fiber. To
examine the c-axis in either sample, the crystals were embedded in epoxy and mechanically
polished to optical smoothness. Figure 5.8 shows photomicrographs of the ac-planes in
both types of sample. (Thermal scans of the fiber were also presented in Chapter 4.) Asis
evident in the photos, crack-free regions are of the order 20 to 50 um wide (although as we
showed in Figure 4.6, not all cracks are visible optically).

The results of a typical frequency sweep on the ab-face of a single-crystal chip are
shown in Figure 5.9a. The spot separation was 11 pm and the temperature was inferred by
the dR/dT method. In these materials this effect is fairly strong, on the order of 104 /K,
and gives rise to signals much larger than thdse obtained by the slope method. The solid
line is a theoretical fit assuming a diffusivity of 2.0 mm?2/s. The measurements were
repeated on the ac-face with the spot separation oriented along the edge of the Cu-O planes.

The results, Figure 5.9b, agree with those from the ab-face as expected. (The data is
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Figure 5.8 Photomicrographs of the ac-plane of a typical single-crystal Bi-Sr-Ca-Cu-O
chip (top) and a single-crystal fiber (bottom).
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somewhat smoother because higher laser powers were used and the separation was slightly

smaller.)
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Figure 5.9 Room-temperature thermal diffusivity along the Cu-O planes of single-
crystal Bi-Sr-Ca-Cu-O. Figure 5.9a is data from the ab-face; Figure 5.9b is from the ac-

face.

It should be noted that for the data taken on the ac-face, the probe beam was
polarized in the direction of the ab-planes. When the polarization was oriented along the c-
axis, the magnitude of the signal dropped by a factor of eight. Hence, like so many other
properties of these crystals, the dR/dT effect is extremely anisotropic. This is in contrast to
the simple reflectivity which, at optical frequencies, is fairly uniform [10]: Thus the
variations in the thermal image of the polycrystalline sample, Figure 5.5, are due as much

to the random orientations of the exposed crystallites as they are to thermal changes. We
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expect that these types of variations could be reduced by using a circularly-polarized probe
beam.

We determined the thermal anisotropy of single-crystal Bi-Sr-Ca-Cu-O by rotating
the ac-plane of the fiber by 90° and conducting measurements along the c-axis. The results,
shown in Figure 5.10, fit the theory for a diffusivity of 0.3 mm?2/s. Thus we measure a
large anisotropy of about 6 to 1. Note the strong upward curvature of the data due to the
finite size of the probe beam. As indicated above, we needed to use a very small spot
separation, about 4.5 pm, because of the large anisotropy. Hence the phase departs
significantly from the point-source behavior. Physically, the curvature sets in when the
frequency reaches the point at which the thermal wave is significantly attenuated across the
width of the optical spots. Above this frequency, contributions from the outer regions of

the spots diminish, and the apparent spot separation decreases.
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Figure 5.10 Room-temperature thermal diffusivity across the Cu-O planes of single-
crystal Bi-Sr-Ca-Cu-O. Solid lines are the point-source theory (straight line) and the full
three-dimensional theory (curved line).
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Measurements along the c-axis of the single-crystal chips exhibited similar
diffusivities. The variation from measurement to measurement was about 30%, due mostly
to uncertainties in the spot separation. For a 4.5 pum separation, a 0.5 {lm uncertainty gives
rise to a 10% error in the separation, Ax, or a 20% error in the diffusivity since D ~ Ax2.
We used larger separations for the ab-plane measurements, which consequently were more
consistent.

Figure 5.11 shows an alternative measurement of the anisotropy that we conducted
to further verify our values. In this measurement we kept the frequency fixed and
measured the phase lag as a function of the crystal orientation. The results agree well with

the anisotropic model using the axial diffusivity values calculated above.
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Figure 5.11 Phase lag in the ac-plane as a function of the crystal orientation. Solid line

is from 3-D theory using the axial values of D determined above.
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5.6 Non-Linear Effects at Low Temperatures

The next step in the study of high-T, superconductors, and indeed the driving
motivation, is to observe the photothermal behavior at the transition to the superconducting
state. Before we proceed, however, we need to reconsider some of the assumptions of our
photothermal theory. So far, we have assumed that the thermal conductivity (or
diffusivity) and the heat capacity are independent of temperature. Below the Debye
temperature (~ 180K), however, the heat capacity drops rapidly. The thermal conductivity
of the ceramic materials was shown to be strongly temperature dependent as well. We need
to determine the importance of this behavior in our measurement.

A general treatment of thermal diffusion at low temperatures leads to a non-linear
differential equation for the temperature profile. However, since we work with very small
temperature fluctuations, the non-linear terms can be ignored. We derive here the general
form of the diffusion equation and examine the limits of the linearized theory.

As in Section 5.2, we begin with Fourier's law and the continuity equation, this
time explicitly showing the temperature dependence of C and x. We denote the total

temperature by T, reserving 6 for the AC component later;

J = -x(MVT | (5.18)

Ve] = - C('I')Z;—T (5.19)

Notice that x and C are not included in the differentiation. The reason x is not included is
obvious when one considers the case of an inhomogeneous material at constant
temperature; terms like VT would lead to heat flow between two different materials at the
same temperature. The time derivative in the continuity equation does not include C since

the heat capacity is defined as the differential dependence of the internal energy upon the
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temperature, C = dU/JT. A change in C does not, by itself, involve a release (or storage)
of energy.

In general, we should also consider that there can be more than one type of carrier
involved in the transport of heat. The thermal conductivity actually consists of both a lattice

component and an electrical component,

K = DeCe + DpCp . (5.20)

Likewise, the heat capacity has, in general, two components

C= Ce+ Cp. (5.21)

However, even in metals the lattice term is usually much greater at temperatures above a
few Kelvin [11].
We proceed with the derivation of the diffusion equation in the usual way by taking

the divergence of the heat flow to get

Vel = VkeVT + xV2T. (5.22)
We can write
ox
Vk = — VT, 5.23
po ' (5.23)

and thereby simplify (5.22), leaving a non-linear diffusion equation of the form

1 dx(T) 2 C(T) oT
V2T —— =L (V = ==t = :
* Gm on ) = = 520

The new term involving (\7’I‘)2 enormously complicates the solution. In general, the heat
flow will be a function of the heat intensity as well as x and C, requiring that we have an

accurate knowledge of not only the material parameters, but the laser powers and the
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reflectivities as well. Over most of the temperature range we are spared these problems,

however, because we actually work with very small perturbations in T:

T =T, +0 . (5.25)

where 0 is the component due to the laser heating (about 1° C).

The thermal constants, x and C, can be expanded in Taylor series of the form

C(M = C(Ty) + é?— 6. (5.26)

dT |,

For T, between about 30K and room temperature, the first order terms are negligible due
to the small magnitude of 6. For example, at very low temperatures we might expect C to
be proportional to T3 for which case the derivative term is negligible as long as 368 << T,
(One possible exception to the small-derivative approximation is the discontinuity of the
electrical component of the heat capacity at T¢ due to the onset of pair formation. However,
this discontinuity is small and our differentiation is averaged over a degree. Therefore the
contribution of the discontinuity should be minor and, if detected at all, should only appear
in a one Kelvin range about T;.) Similar arguments hold for the magnitude of the non-
linear term in (5.25). With small perturbations, the squared non-linear term is relatively
unimportant.

Hence the linear diffusion equation is still a valid model of the heat flow for our

particular circumstances. It should also be noted that the critical quantity we will be

measuring is
x  CeDe+ CpDp

from the right-hand side of (5.24). In the next few sections we refer to the inverse of this

quantity,
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D = C—"Dcz—i—gf’]—)ﬂ = S—;D6+Dp, (5.28)
as the thermal diffusivity even though it is actually a weighted average of the electrical and
lattice components. The ambiguity is removed when we convert this quantity to the total
thermal conductivity by multiplying by C,.

To test the limits of the linearized theory, the non-linear diffusion equation was
examined numerically (using a finite differencing scheme) for a simple example that
assumed an isotropic medium and a spherical heat source. It was found that the non-linear
term has little effect until it reaches a large fraction of the Laplacian term, especially when
examining the temperature far form the source. Physically, the non-linear term tends to
give rise to higher harmonics which die out even faster than the fundamental because of the

dispersive nature of the exponential decay.
5.7 The Low-Temperature Environment

As briefly noted in the introduction, there are a number of practical issues to
address when taking this experiment to low temperatures. Of primary concern are the
formation of ice on the sample and the measurement of the ambient temperature. This
section briefly describes our approach to these and other problems.

The severity of the ice accumulation can be appreciated by considering some simple
gas kinetics. At pressures where the mean free path of the gas molecules exceeds the
chamber dimensions (i.e., below about 10-4 Torr), the average number of collisions with

the walls per area is [12]

J = sn<v> (5.29)

B -
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where n is the number density and <v> is the average velocity. After a few hours of
pumping, the majority of the gas in the chamber is water vapor that has outgassed from the
walls of the chamber [12]. Assuming that every collision with a cold surface results in

adhesion, ice will accumulate at a maximum rate of

dXice IM P M .
—_— = —= —_A= MK 5.30
dt D 36 Rop NT DMKS Eet)

where P is the pressure, M is the molecular weight, p is the density, and Rq is the universal

in

gas constant. For water vapor at 100 X, we get an accumulation rate of

dXice

& = 1.0 x 108 P pm/hr (5.31)

where P is in Torr. Clearly, for a measurement that takes place over a range of a few
microns we cannot tolerate buildup of much more than about a micron of ice. Since the
experiment takes about 2 or 3 hours to complete, we need to obtain pressures of slightly
less than 10-6 Torr, a very difficult task for a system that cannot be baked out before each
run (to avoid damaging the samples).

We were able to achieve the necessary vacuum using the system shown in Figure
5.12. The heart of the system is an R. G. Hansen and Associates liquid-helium-cooled
cryostat which we needed to modify considerably to reach 10-6 Torr. The standard vacuum
shroud was replaced by a simple cylinder to reduce the surface area and the number of o-
rings, and all brass and aluminum parts were replaced by stainless steel. An 8 liter/sec
Varian ion pump, connected to the system by a short length of 1" djameter stainless-steel
tubing, provided the high vacuum. A rough vacuum was achieved with a separate sorption
pump. Both pumps are ideally suited for our needs because they are vibration free and
introduce no pumping oils into the environment. With this system we were able to obtain
vacuums of slightly less than 2 x 10-6 Torr at room temperature after about 24 hours of

pumping. At room temperature, the pumping rate is limited by the conductance of the

112




relatively narrow exhaust port (not the pumps themselves), however, at low temperatures
the cool interior walls of the chamber begin to act as cryopumps and the pressure drops to

about 5 x 10-7 Torr.

250 pm thick
pump sapphire window

\ g

diode
thermometer

heater
coil

scanning stage

Figure 5.12 Schematic of the high-vacuum cryostat.

Optical access to the sample was provided by a thin window in the vacuum shroud.
The issue when designing the window is how to minimize the distortion and maintain the
highest possible resolution (cover-slip-corrected microscope objectives account for this
distortion but are infeasible because of their short working distances). We chose sapphire
for the window material because of its high mechanical strength; a half inch diameter pane
only 250 um thick withholds the vacuum and enables us to achieve diffraction-limited spot
sizes using lenses with NA’s as high as 0.3. At higher NA's, the distortion of the window
outpaces the improvement in the diffraction limit.

Finally, we need to consider how to measure and control the bulk temperature of
the sample. The system is cooled by flowing liquid helium through the inside of the cold
finger. Temperature control is provided by a silicon diode sensor and a heater coil

controlled by a Scientific Instruments Series 5500 automatic controller. To minimize the
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temperature difference between the sample and the sensor, we imbedded the diode in the
copper sample mount directly below the sample. We verified the accuracy of the
background temperature measurement in three ways: by comparing two diodes placed at
different locations on the cold finger, by comparing the diode readings with those of a
platinum resistance thermometer placed where the sample would normally sit, and by
measuring the temperature of a liquid nitrogen bath. These calibrations confirmed that,
down to about 30 K, the temperature reading was within a degree of the actual surface
temperature of the mount.

The sample was fixed to the sample mount with a thin layer of thermal grease.
Even though we verified that the surface temperature of the mount is measured accurately,
there is the possibility that thermal radiation from the warm walls of the vacuum shroud
might heat the sample excessively. However, a quick calculation removes our concern; the

radiative flux impinging upon the top of the sample is

—
]

oT4 = 460 W/m? (5.32)

Assuming a worst-case thermal conductivity of only 0.5 W/mK, we find that there will be
about a 1° drop for every millimeter of material. The majority of the samples are far
thinner.

There is one additional problem with the present system that affects our data. As
the cryostat is cooled over the 300° range of the experiment the cold finger contracts
considerably, causing the sample to drift both laterally and vertically. As a result, the
optics must be frequently adjusted to keep the sample in focus. Since the integration time
of the signal is long, this disruption creates a small, but noticeable, amount of ripple in the
data. An automatic focus is currently being added to the microscope to minimize this

problem.
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5.8 Low-Temperature Thermal Conductivity of Single-Crystal
Bi-Sr-Ca-Cu-O Materials

We begin this section with our results on the Cu-O planes of an 88 K-phase
BisSroCaCusOy chip. Figure 5.13 shows the thermal phase lag measured across 11 pm of
the ab-face. Using the three-dimensional theory of Section 5.3 we can convert the phase to
Db, shown in Figure 5.14. The diffusivity is fairly constant from room temperature down
to about 100K, at which point it rises rapidly. The small fluctuations that occur on a scale

of one or two degrees are the result of the motion of the sample mount as discussed above.
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Figure 5.13 Thermal phase lag, as a function of temperature, along the Cu-O planes of

an 88 K - phase Bi-Sr-Ca-Cu-O chip.
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Figure 5.14 Thermal diffusivity, as a function of temperature, along the Cu-O planes

of an 88 K - phase Bi-Sr-Ca-Cu-O chip.

To extract the thermal conductivity from this data, we need to know the heat capacity.
Although in theory, the upper and lower frequency limits of the surface temperature can
yield two independent measurements of x and C (c.f. (2.9) and (2.30)), a photothermal
determination of the heat capacity is impraétical due to the poor signal-to-noise ratio, the
complicated behavior of dR/dT, and the relatively weak, square-root dependence of the
high-frequency data on C. Switching to a displacement method introduces another degree
of freedom but, unfortunately, also introduces another unknown, namely the thermal
expansion coefficient, a(T). Therefore we need to use heat capacity data determined by
other means. We use the lattice values published by two independent research groups
[13,14] which were in fairly good agreement. Higher temperature data (>110K) were
extrapolated from the low temperature results by fitting the curves with a weighted average

of Debye and Einstein modes, as outlined in [14]. Since the heat capacity is a smooth
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function of temperature (and a scalar quantity) the precise shape of the curve does not affect
our conclusions about the existence of an enhancement. It does, however, determine to
some degree the size and shape of the enhancement.

With this in mind, we present the thermal conductivity data in Figure 5.15. The
data indicate a fairly strong enhancement below T.. The size of the increase is stronger
than that reported in most of the polycrystalline studies, as might be expected since our
measurement is sensitive only to the heat flow in the superconducting direction. The
scattering from grain boundaries and the mixture of crystal orientations in polycrystalline

samples could moderate the effect.
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Figure 5.15 Thermal conductivity as determined from the diffusivity data of Figure

5.14 and published heat capacity curves [13,14].

Measurements on other Bi-Ca-Sr-Cu-O samples show varying amounts of
enhancement. The 88K-T, batch, measured above, exhibited pronounced enhancements (a
second example is shown in Figure 5.16) while measurements on some of the lower T

phases, as well as samples with visible signs of surface imperfections or contamination,
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showed little or no effect. Since this measurement takes place in only a few cubic microns,
it is essential to maintain the integrity of the sample and the vacuum throughout the

experiment.
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Figure 5.16 Thermal conductivity of the Cu-O planes measured on a second specimen

from the same 88 Kelvin T batch as above.

To complete the anisotropy measurement on the 88 K T material, we embedded a
sample in epoxy with the ac-plane exposed and mechanically polished it to optical
smoothness. After careful examination under both our photothermal microscope and a
polarized-light optical microscope, we isolated a small crack-free region in which to
conduct the measurement at low temperature. In several runs, the thermal conductivity
along the c-axis failed ‘to show an enhancement below T., instead it decreased
monotonically with temperature. We therefore conclude that the enhancement in the

phonon mean free path is indeed limited to directions along the Cu-O planes, in accord with
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the explanation put forth in Section 5.2. Figure 5.17 shows the full, anisotropic thermal
conductivity of this material from 30K to room temperature. To our knowledge, these
results are the first reported measurements of the low-temperature anisotropic thermal

conductivity in these materials.
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Figure 5.17 The anisotropic thermal conductivity of the 88 K - phase Bi material.

5.9 Behavior Above T,

There remains a puzzling aspect of the thermal conductivity. The onset of the
enhancement in the thermal conductivity seems to appear as much as 12K above T¢. This
surprising behavior is even more pronounced in the photothermal amplitude data, shown in
Figure 5.18. Here we see an abrupt, 3-fold increase in the signal, beginning at least 12K
above T;. The existence and location of the peak is the same in every measurement of this

material.
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Figure 5.18 Amplitude of the photothermal signal, as a function of temperature, from

the Cu-O planes of 88 K - phase Bi-Sr-Ca-Cu-O.

Unlike the phase, which depends only on D, the amplitude signal is a complicated
function of D, x;, and dR/dT. We can reduce some of the complexity with the proper
choice of operating conditions. Before we detail the behavior of these peaks, however, we
should cite our experimental evidence that they are not artifacts of the measurement. We
need to establish that they represent changes in the material itself (and not in its
environment), and that the ambient temperature measurement is correct.

The primary concern, in a surface measurement such as this, is that the peaks may
be caused by a condensation of one of the gases in the chamber. Operating at such a phase
transition could alter the temperature profile since part of the input power would be
consumed as latent heat. The reflectivity could be altered as well if the optical absorption of
the condensate were great enough (although it is by no means obvious how such a film
could give rise to the shape of the peaks we see). We repeated these measurements in a

variety of ways to test the hypothesis that the ambient gas plays a role.
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Since a gas will continue to condense once the temperature has dropped below its
boiling point, the effects of the condensate should vary with the speed with which we
conduct the experiment. Both the size and location of the peak, however, proved to be
independent of the temperature sweep rate. Furthermore, the peaks were the same when
measured during the initial cool-down and in a subsequent warm-up after a one hour rest at
very low temperatures. We saw no signs of accumulation.

The most convincing evidence that the photothermal changes are linked to the
sample, however, comes from the measurement of other phases of Bi-Sr-Ca-Cu-O. By
testing samples with different transition temperatures we found that the peaks generally
coincide with the superconducting transition. For example, Figure 5.19 shows the
measurement on a 72K-phase chip. To date, we have found only one sample that showed
no peak, shown in Figure 5.20; the photothermal amplitude changes abruptly at the
transition temperature (about 80 K) but instead of increasing, the signal vanishes below the
transition. It is unclear why this particular sample should behave so differently, but we

include it here as a further demonstration that the peaks are sample-dependent.
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Figure 5.19 Amplitude of the photothermal signal from the Cu-O planes of an 72K -
phase Bi-Sr-Ca-Cu-O chip.
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Figure 5.20 Amplitude of the photothermal signal from the Cu-O planes of an 80K -
phase Bi-Sr-Ca-Cu-O chip. This was the sole specimen that failed to exhibit a peak at Tg.

It remains to be shown that the thermometer is accurate and that the changes in the
photothermal signal really do occur at the indicated temperatures. Note that if the
photothermal changes actually were occurring below T, the surface temperature of the
sample would have to be at least 12K cooler than measured. However, all of the possible
sources of discrepancy, such as blackbody radiation, excessive pump or probe power, or
poor thermal contact to the sample mount, lead to errors in the wrong direction; they all
tend to make the surface hotter than the bulk. Furthermore, we usually conduct the photo-
thermal measurement during the cooling cycle so that any thermal lags of the sample or
support structure would, again, cause the actual temperature to be higher than the readings.
Finally, any remaining doubt was removed by conducting a simultaneous
measurement of the electrical resistivity and modulated reflectance. On the surface of a
bismuth chip we deposited four gold films to be used as the leads in a four-point resistance

measurement (see Figure 21). The heating and probe beams of the photothermal
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experimént were focussed to the surface between the second and third leads, thereby
assuring that the temperature was identical for the two measurements (or at least the
photothermal measurement was not in a colder region). The results are plotted in Figure
5.21. Once again, the photothermal signal peaks at the transition temperature, with
changes clearly beginning at least 10K above T.. (The absolute measurement in this
particular run is somewhat suspect due to the number of layers of electrical isolation and the

heat leakage through the wires.)
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Figure 5.21 Simultaneous measurement of the resistivity and the photothermal

amplitude.
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Hence the peaks in the photothermal amplitude must represent changes in the
samples themselves above T.. We can further determine the cause by observing the low-
frequency behavior. From (5.16) we know that the amplitude depends on three material
quantities, the conductivity, the diffusivity, and dR/dT. For the point of discussion,
consider the point-source approximation for the surface temperature when illuminating the

ab-face of the material,

isig = nPth@—l—e' (1+j/0/2Dap 1 (5.33)
dT .

Since the conductivity in the c-axis direction, K¢, shows no abrupt changes at T¢, we can
conclude that the peaks can only depend on Dyp and dR/dT. By making the two beams
coincident (r=0) or by using an extremely low value for ®, we can also remove the
dependence on Dap. Under this condition we find that the peaks in the amplitude curve are
still large; therefore we conclude that the peaks are predominantly due to a change in
dR/dT. This conclusion is further supported by the observation of peaks in the c-axis
measurements.

Note that these effects would not be visible in a simple measurement of the
reflectivity. The photothermal signal is a differential signal, representing a minute change
in the slope of the reflectivity as a function of temperature. While we cannot yet explain the
physical origins of this effect, it should be eﬁph%ized that the actual change is very small,
less than one part in 104. Even though the optical photon energy far exceeds the binding
energy of the pairs, the rapid variation of the normal-electron density, as well as the pair
density, with temperature below T could conceivably lead to changes of this order. The
size of the peaks in the 88K-phase sample as well as the vanishing of the signal in the 80K-
phase sample were found to be independent of the probe or pump wavelengths, ruling out

optical resonance phenomena as the cause.
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It should also be noted that while the behavior is quite consistent within samples
from the same batch, there is some variation in the magnitude of the peak between batches.
Furthermore, those batches that exhibit the strongest change in dR/dT also tend to show the
strongest enhancement in the thermal conductivity, although some degree of amplitude
change is seen even in the complete absence of a detectable conductivity enhancement.
Since the area of the probe spot is highly localized, it is possible that the amplitude could
respond to the transition in cases where structural flaws or inhomogeneities of the material
mask the thermal conductivity enhancement over the course of the 10 to 15 pm of
propagation in the phase measurement.

The reason for the onset of photothermal changes above T is still unknown, but
there is evidence for high-temperature changes in other types of measurements. Both the
magnetic susceptibility and the resistivity of these materials can depart from that of a normal
material at temperatures well above T;. For example, the resistivity curve in Figure 5.21
departs from a normal, linear behavior at about the same temperature where photothermal
changes begin. This "excess conductivity" has been studied in Y-Ba-Cu-O compounds by
other groups in an attempt to determine the dimensionality of the superconductivity in these
materials [15,16].

A likely cause for these effects is thermodynamic fluctuations. Due to thermal
fluctuations in the macroscopic wavefunction, ¥, there is a finite probability of pairing at
temperatures above T. In Ref. 17, it was shown that the critical temperature range, |T -
T, |, where the fluctuations are significant (<(8¥)2> greater than < I\P 2>) varies inversely
with the coherence length, with the precise relation depending on the dimensionality and the
impurity content of the superconductor. For conventional superconductors, which have
coherence lengths on the order of 100 A to 1000 A, millions of pairs overlap, and the
statistical significance of fluctuations is minor. The critical temperature range is between

10-7 to 10-14 T,. However, it was shown that the critical regions in these two-dimensional
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superconductors, which have coherence lengths on the order of 15 A in the ab-plane and 2
to 3 A along the c-axis, can be a significant fraction of T.

Since these fluctuations can occur over a large temperature range they may be the
cause of the high-temperature photothermal behavior. A small amount of pairing above T,
could result in an enhancement of the thermal conductivity through the same process
already hypothesized, although it is unclear why these effects do not appear in the
polycrystalline Y-Ba-Cu-O data. Subsequent examinations of moi'e samples may reveal a
material or processing dependence.

These fluctuations could also be the source for the dR/dT changes above Tk.
Currently, work is underway on an assortment of samples which exhibit varying amounts
of non-linear magnetic and electric behavior above T to determine if these effects correlate

with the onset of the photothermal amplitude peak.
5.10 Suggestions for Future Research

Our studies of the high-temperature superconductors are just a beginning. While
we have measured a large enhancement in the thermal conductivity below T, and even
larger changes in the modulated reflectance, further research is needed to determine the
source of this behavior. The reflectivity variations are particularly interesting since they
were unexpected and since they may be strong enough to serve as a contrast mechanism in
the imaging of inhomogeneous materials.

To begin with, the sample-drift problem needs to be addressed. The current
experimental procedure, whereby the focus is manually adjusted using the projection
system as the feedback, is tedious and prone to errors. As of this writing an automatic
focussing system is being added to the microscope. This will remove the ripple in the data
caused by the manual adjustments. The sample may still drift laterally, but since the

samples are homogeneous over tens, or even hundreds, of microns, this is a lesser
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problem. If necessary, the lateral drift can be corrected using a CCD camera and an edge-
location technique in conjunction with the mechanical scanner.

Another weak link in our conductivity measurement is the reliance on published
values of the heat capacity. Before we undertake a quantitative analysis of the
enhancement, we should have heat capacity data for the same sample. Currently,
Kapitulnik and Ryu [18] are conducting thermal measurements on single-crystal materials
using miniature thermocouples and heaters. These should provide the information we
need.

The origins of the photothermal amplitude changes at T are still unknown but are
likely due to the strong derivatives in the normal and superconducting carrier densities
below Tc. It would be interesting to study the behavior of the amplitude as the sample is
driven normal by a large magnetic field. The early onset of the photothermal peak, as well
as the thermal conductivity, could be a result and thermodynamic fluctuations in the
wavefunctions. If so, we have discovered a sensitive means for measuring these effects.
As mentioned in the preceding section, studies are currently underway to determine if the
early onset of the photothermal changes is related to high-temperature anomalies in the
resistivity or magnetics susceptibility.

Finally, we have yet to capitalize on our imaging capabilities at low temperatures.
Room temperature images of polycrystalline Y-Ba-Cu-O films showed that the
photothermal amplitude varies enormously between individual crystallites. A sequence of
such images near T, should reveal the different phases present in the material. The same
measurements could also be made on samples believed to be single-crystal to test for
irregularities. If the measurements are extended to include the efforts of external fields and

currents, the possibilities of imaging inhomogeneities grows further.
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Appendix

Numerical Evaluation of the Temperature
and Displacement Profiles

The photothermal theory of Chapter 2 and Chapter 5 led to transform relations for
the temperature and surface displacement of a semi-infinite medium heated by a local,
periodic source. This appendix will discuss some of the issues involved when evaluating
these expressions numerically. The discussion will be limited to Cartesian formulas of
Chapter S; the simpler cylindrically symmetric formulas of Chapter 2 are solved in a similar
fashion with the exception that they involve one-dimensional Hankel transforms rather than
two-dimensional Fourier transforms.

The equations to be evaluated are

8(x,y,0) ~ Hx(s) Hy(®) & J2TXS IR 4 dp (A.1)
k2 + (2ms)2+ (2mp)2
Hy(s) Hy(p) . _-j2mxs _-j2myp
x,y,0) ~ e e dsd A2
u(x,y,0) jkt2+ (2152 + 21p)? p (A2)

where Hy and Hy are the x and 'y spatial Fourier transforms of the heating beam profile (the
heating profile is assumed to be separable in x and y as it is with, for example, Gaussian
sources). If the sample is homogeneous, Hx and Hy are usually treated as Gaussian and
the appropriate analytic expressions are substituted into the integrals. When analyzing the

profile near a vertical crack, the crack is assumed to run in the y-direction so that only Hy is
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affected. Hy is found by taking a Fast Fourier Transform (FFT) of the truncated Gaussian

profile added to its image, as shown in Figure A.1.

heating beam

effective beam
profile

image source

crack

Figure A.1 Cross section of the effective beam profile for heating near a thermally-

insulating crack. The profile in the y-direction is Gaussian.

Having obtained Hyx and Hy, the temperature and displacement profiles can, in
principle, be obtained from a simple two-dimensional FFT of the integrand. However,
there is a major drawback to this approach - the number of sample points needed for an
accurate transform can be prohibitively 1arée. To avoid aliasing, the sample points in an
FFT must cover the entire finite ranges in both the space and the spatial frequency domains,
as shown for one dimension in Figure A.2. From the figure it is apparent that the number

of sample points we need is

Wx
AX

N

v

= WxWs (A.3)
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where Wy and Wy are the full widths of the temperature (or displacement) profile and its
transform. For a Gaussian beam, Wy is determined by the exponential term, e-(hs)2, in

Hy(s) where 1y, is the radius of the heating spot (see (5.16)). Therefore, W= 6/nry,.

8(x) * O(s) A
Ax = 1/Wy As = 1/W,
+ | o

W, Ws

Figure A.2 The space and the spatial frequency domains involved in the transform
expressions. The minimum number of sample points is determined by the widths of both

domains.

At high frequencies (kuy, > 1) the temperature and displacement profiles are only

slightly wider than the spot radius. Thus the minimum number of points we need is about
N = 60/r = 20 points. (high-frequency regime) (A4)

Since the total number of points needed in the two-dimensional FFT is N2, this approach
will work quite well in the high-frequency regime. Trouble occurs, however, whenever
ki < 1 as in the work on high-T¢ superconductors. In this case the profiles in the spatial
domain and the spatial frequency domain have greatly differing widths and N gets quite

large. For example, if the frequency is low enough, the temperature and displacement

ol akate I
@

o profilés haves 1x dependence which has tails that extend far beyond those of a Gaussian.

The spatial extent is determined not by the spot size but by the exponential decay of the
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thermal wave. Since the amplitude of the thermal wave decays as e kim/Y2, W, = 20/k,.
Thus the condition for N is

40

> 2=
N-ktlh'

(low-frequency regime) (A.5)

In calculations where the thermal wavelength is longer than a few spot widths, the number
of points in the two-dimensional FFT can approach 103 or even 106.

To accelerate the computations, we can sacrifice some of the generality of our
solution. We are usually interested in the temperature profile along one axis. For example,
we characterize anisotropic media by separating the heating and probe beams along each
crystal axis in three separate experiments. By defining the line joining the heating and

probe beams as our x-axis, we can set y to zero. Thus our transform relation takes the

form
0xy.0) ~ | Hy(s) e d2™*S Hy(@) dp ds  (A6)
\/ k2 + (2ns)2 + (2np)2

With the removal of the e-2i"PY term, the integrand in the p-domain becomes smooth and
standard integration routines can be used. The solution is then completed with a one-
dimensional FFT over the s-domain. The advantage to this approach is that routines
designed for integration can use far fewer points that what was required for the FFT. A
further advantage is that the p-integrals need only be evaluated once at any given frequency.
Afterwards, the temperature or displacement profiles can be evaluated quickly for

successive values of Hy (for example, as the beam is scanned towards a crack).

e Wy LITTE
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