Photothermal measurement of thermal conductivity of optical coatings
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ABSTRACT

In this paper we report our recent measurements of thermal conductivities of optical coat-
ings by two photothermal methods, namely photothermal reflectance (PTR) and photothermal
deformation technique (PDT). We will first give a brief introduction of the principles and the
apparatus for the experiments, and then present the measured thermal conductivities of various
coatings including oxide layers (SiO2, ZrO2, Ta;05) on BK7 glass, a MgF; film on MgF, sub-
strate and metallic films (Au). The results are compared between the two methods as well as
with those previously reported by other techniques and those of the related bulk materials.

Key words: thermal conductivity, optical coatings, photothermal reflectance, photothermal
deformation, non-contact and nondestructive evaluation.

1. INTRODUCTION

The study of thermal conductivity of thin films is of great importance both theoretically and
practically. If we know the thermal conductivity we can draw conclusions about the mechanisms
involved in the mean free path of phonons, in the kinetics of nucleation and growth of thin
films, as well as in the laser damage and ablation of various coatings. For this reason, growing
attention has been paid to the measurement of this quantity in recent years 2. Among the
various experiments reported in the literature, those based on optical detection of photothermal
effects =% appear to be most promising since these techniques have the advantage of being
sensitive, noncontact and nondestructive, and applicable for in-situ investigations 9—12.

In this paper we report on thermal conductivity studies of optical thin films by two photother-
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mal methods, namely the photothermal reflectance (PTR) and the photothermal deformation
technique (PDT). Thermal transport studies of thin films based on PTR detection have been
reported earlier by different groups 1315, The limit of those work, however, exists in that the
data analysis was based on one-dimensional heat conduction models. As a result, they either
failed to fit their experimental data 13:14, or they used only the amplitude of the PTR signals to
analyze their samples °. This latter approach would not lead to good results since the amplitude
behaviour of PTR is actually more sensitive to optical properties rather than the thermal ones.
For PTR measurements of thermal conductivity, model calculations based on three-dimensional

16,17

heat conduction predict that the phase behaviour is most sensitive.

For the measurement of thermal properties by photothermal deformation technique %6, sev-

eral experiments with pulsed pump laser have been published 812:18, In the following we will
describe the experimental methods and present the results of intensity modulated PDT and PRT
measurements, and compare them with each other as well as those previously reported by other

techniques 7-9:10,

2. PRINCIPLE

The PTR technique is based on the fact that the optical reflectance of a sample surface depends
to a certain extent on its temperature 2!. This temperature can be modulated by irradiating the
sample with a modulated pump laser beam 13~15. The amplitude and phase of the modulated
surface temperature would then be dependent on the modulation frequency. This frequency
dependent surface temperature, when in the case that the sample is a film-on-substrate system,
will have a transition in its frequency dependent behaviour when the modulation frequency
changes from the range where the substrate dominates the thermal behaviour (the thermal
diffusion length Lth >> the film thickness /) to the range where the thin film effect is dominant
(Lth < 1). Fig. 1 shows typical results of gold films with different thicknesses, where the
frequency dependence of the surface temperature is calculated based on a 3-D heat diffusion
model 7. We observe that the transition occurs at the frequency range where the thermal
diffusion length Lth in gold is equal to the film thickness, and that it is more pronounced in the

phase behaviour, indicating that the phase is more sensitive for investigating the thin films.

Similar phenomena can be observed also for dielectric coatings. Fig. 2 shows typical results
of ZrO, thin films on BK7 glass. In these calculations we keep all the parameters of the system
constant but the coating thermal conductivities. We observe again a more pronounced transition
in the phase behaviour.

Based on the above description, it is obvious that the thermal conductivity can be derived
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Fig. 1. Frequency dependent amplitude and phase of the surface temperature rise for Au

flms of different thicknesses on BK7 substrates. The optical and thermal properties of the gold
films and BK7 are taken from the tabled bulk value 7.
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Fig. 2. Frequency dependent amplitude and phase of the surface temperature rise for a 1 ym
ZrO; film on BK7 substrate assuming different thermal conductivities of the film. The optical
properties of the film and BK7 glass are taken from typical literature value 7.
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from a fit of theoretical curves to experimental data, provided that the thickness of the thin film
is known.

The surface temperature rise is accompanied by a thermal deformation at the sample surface
which can be monitored by a probe laser beam through the cw photothermal deformation tech-
nique . The cw-PDT signal, though a rigorous solution of the Navier-Stockes Equation is not
available for thin films at the present time, calculations based on appropriate approximations
16,17 predict also a transition in its frequency dependent phase behaviour. Fig. 3 shows a calcu-
lation of the ZrO;/BK; system. The phase behaviour of the photothermal deformation signal

has a clear local maximum at the modulation frequency which satisfies

Lth=1 (1)

where [ is the thickness of the film, Lth = (K/7fpc)!/? is the thermal diffusion length in the film,
with K being the thermal conductivity, p the density and c the specific heat of the film, and f
the modulation frequency of the pump laser. Thus, by finding the maximum of the frequency

dependent photothermal deformation signal, the thermal conductivity of the film can be directly
extracted if the film thickness is known.

3. EXPERIMENTAL

The modulated laser induced surface temperature rise can be monitored by a He-Ne probe
beam focused on the heated area, as illustrated in Fig.4. The change in the sum signal from the
four-quadrant photodetector represents the change in the intensity of the reflected probe beam.
This change in surface reflectivity, when in thermally dominated case, can be expressed as 1°

A/R, = (1/R,)(dR/dT)AT (2)
where R, is the reflectivity at the equilibrium temperature, (1/R,)(dR/dT) the thermal coeffi-

cient of reflectivity, and AT the surface temperature rise.

By using the same He-Ne probe laser, we can also monitor the surface deformation as shown
in Fig. 4. In this case we record the difference between the output of two of the four cells of the
quadrant detector. This difference, which represents the deflection angle of the reflected He-Ne
probe beam, is proportional to the slope of the surface deformation 4.

Fig. 4§ shows the overall schematic of our experimental setup, which is designed for PTR
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Fig. 3. Frequency dependent phase behaviour of the PDT signal for a 1 gm ZrO. film on BK7
substrate. There exists a local maximum at the frequency where the thermal diffusion length in
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Fig. 4. Optical sketch of the principle of the experiments.
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and PDT measurements at a large frequency range (from 10 Hz to 10 MHz). We use the
mechanical chopper to modulate the Art pump laser at low frequencies (below 10KHz), and the
opto-acoustic modulator in the medium frequency range (500Hz-100KHz). For high frequencies
(50KHz-10MHz) we use a double modulation technique by applying both of the modulators and
using a high frequency lock-in mixer in addition to the conventional lock-in amplifier (Fig. 6).
By this double modulation technique we not only achieve a better signal/noise ratio but also
avoid spurious signals due to electronic stray fields at high frequencies. The usable dynamic
range of the system is about 140 dB.

For detecting the average thermal property of the sample, we use a relative large pump beam
size, ranging typically from 40 pum to 300 um. In case of local analysis 22, however, the optical
system allows a pump beam diameter as small as § ym, which could be further improved till
about the diffraction limit of the Art laser beam 23,24,

4. RESULTS AND DISCUSSION

We first apply the PTR technique on absorbing gold films of different thicknesses, typical
results of which are demonstrated in Fig. 6. In these results, as well as all the other PTR
measurements, the data have been normalized by a same bulk gold sample so as to avoid any
systematic errors introduced by the apparatus. The thermal conductivities of the gold films are
obtained through a numerical fitting procedure, and the results reproduce the bulk gold value
only for the 2.5 pum Au films. The uncertainties of the measurements, as indicated by the error
bars, are better than +20% for these gold films.

For the measurements on dielectric optical coatings, an additional thin metallic overcoat is
introduced so as to enhance the PTR signal. This enhancement comes from the fact that the
metallic layer has a stronger absorption and a larger coefficient of thermal reflectance compared
with the dielectric coatings. Fig. 7 shows the result of a 100 nm Ag overcoated 1 um SiO; film
on BK7 substrate, a typical example for the oxide thin films that has been investigated. The
fitting yields a thermal conductivity of 0.25 Wm~!K~!, much lower than the corresponding bulk
data 1,20 yet comparable to the literature film values 7:19:20,

For fluoride thin films, previous damage experiments 1:25:26 showed that their behaviour dif-
fered from that of oxides, which was later supported by thermal transport studies on MgF; films
deposited on both MgF; and Al;O3 substrates 127, where the thermal conductivities of the
MgF; films reproduced the bulk value, in a sharp contrast to the case of oxide layers 1:7:19:20, I
our PTR experiments, we have also studied a electron beam evaporated MgF, film on a MgF,
substrate. The result is shown in Fig. 8, where the PTR signals of the Au overcoated MgF; film
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Fig. 6. Measured phase behaviour of the PTR signals of the 1 and 2.5 um gold films on
BK7 glass. The solid lines are theoretical calculations without any parameter adjusting but the

thermal conductivities of the gold films.
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is normalized against the data of the Au overcoated MgF; substrate. The fact that the phase
difference is about zero in the whole frequency range demonstrates again a bulk-like behaviour
in the thermal conductivity of the MgF, film.

The PTR technique, though has been demonstrated a sensitive tool for thermal conductivity
investigation of optical coatings, has an unfavorable limit in that it needs an extra metallic
overcoat when applied to dielectric thin films. This overcoat makes the technique actually a
contact and damage technique since the overcoat in this case is a part of the probe and can not
be removed from the dielectric film without damaging it.

Therefore, we apply also PDT in our experiments for dielectric thin films. Compared with
PRT, the PDT method has a much higher sensitivity for dielectric materials 4.

Fig. 9 demonstrates a PDT measurement on a ZrO; film on BK7 glass. The thickness of the
film is 1 um. As expected by model calculation in Fig. 4, the signal shows a local maximum at
10 KHz, which corresponds to a thermal diffusion length equal to the film thickness, as discussed
in Eq. (1). Assuming that the density and the specific heat of the ZrO, film is the same as its
bulk value, we obtain a thermal conductivity of 0.06 Wm™1K~!, very close to the result of 0.05
Wm~1K~! from the PTR measurements on the same film but with a 100 nm Ag overcoat. The
mutual agreement gives us faith to the model calculation and the experimental methods. More
results from PDT measurements performed on other coatings are summarized in Table 1. For
comparison we also list the PTR data, previously reported results of similar coatings 1:7:19:20,
as well as the values of the corresponding bulk materials 2%, With the exception of MgF,, we
have observed for all the 1 ym films a reduced thermal conductivity compared to bulk values.

5. CONCLUSIONS
In conclusion we have demonstrated by experiments that:

1) Both PTR and PDT methods can be applied to thermal conductivity measurements of optical
coatings.

2) For both of the techniques the phase behaviour is more sensitive to the thermal properties of
the thin film.

3) Though the PTR method is easier to handle, especially at high modulation frequencies where
for PDT the differenciating and dividing electronics suffer from poorer performance, it has
a unfavorable limit when applied to transparent dielectric thin films. In this case one has
to introduce either an additional absorbing overcoat which makes the method practically a
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Fig. 9. Measured frequency dependent phase of the PDT signal of the 1 pm ZrO; film on BK7
substrate, with the pump beam radius of 40 ym. The local maximum at 10 kHz corresponds to

the transition frequency where Lth = l.

Table 1. Thermal conductivity (Wm™'K~!) of different thin films measured by PTR and

7,19,20

PDT. For reference previously reported data of similar coatings and the corresponding

bulk values 120 are also listed.

Film/BK7 Present Work  Ref. /19/ Ref. 20/ Ref. /7 / Bulk /1,20/
(EB) PTR PDT  (Sisub) (Sisub.) (Fused Silica)

SO, (Tam) 05  — 017 045,061 0.1 12107
7rG, §1 pm) 005 006 0.04 0.014
TaOZ(1pm) 02 029 0.026

MgF, (1 ym bulk-like 0.58 14.6-30

Au *(1pm) 248 — -

Au (25pm) 311 311 311
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contact and damage technique, or an absorbing substrate which actually has modified the
system to be measured.

4) As a comparison, the PDT approach has the following advantages:
a. It is more sensitive, especially when applied to transparent dielectric thin films;

b. Due to the existence of the local maximum in the frequency dependent phase behaviour,
no numerical fitting is needed for the data analysis;

c. It measures the real system, i.e. no special preparation of the sample is needed for the
measurements;

d. Since the technique is noncontact and nondamage, it is applicable for in-situ investigations;

e. As has been demonstrated for pulsed photothermal deformation technique 8, the cw-PDT
should be also sensitive to thermal anisotropy when refined by introducing thermal gratings.
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