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Enhanced photothermal displacement spectroscopy for thin-film
characterization using a Fabry-Perot resonator

Eric D. Black, Ivan S. Grudinin, Shanti R. Rao, and Kenneth G. Libbrecht
LIGO Project, California Institute of Technology, Mail Code 264-33, Pasadena, California 91125

(Received 23 October 2003; accepted 5 March 2004

We have developed a technique for photothermal displacement spectroscopy that is potentially
orders of magnitude more sensitive than conventional methods. We use a single Fabry-Perot
resonator to enhance both the intensity of the pump beam and the sensitivity of the probe beam. The
result is an enhancement of the response of the instrument by a factor proportional to the square of
the finesse of the cavity over conventional interferometric measurements. In this paper we present
a description of the technique, and we discuss how the properties of thin films can be deduced from
the photothermal response. As an example of the technique, we report a measurement of the thermal
properties of a multilayer dielectric mirror similar to those used in interferometric gravitational
wave detectors. €2004 American Institute of Physic§DOI: 10.1063/1.1728312

I. INTRODUCTION times with different wavelengths, to locally heat a sample

Recently there has been much interest in understandingd measure the resulting thermal expansion. One widely
noise mechanisms in dielectric coatings of mirrors used irised configuration uses the sample as the end mirror in one
advanced interferometric gravitational wave detectofs. arm of a Michelson interferometdsee, for example, Ref.
One noise mechanism that could potentially limit the sensi19)- DeRosat al** have observed the differential photother-
tivity, and hence the astrophysical reach, of an advanced dé&dal response in a pair of Fabry-Perot cavities, in a configu-
tector is coating thermoelastic-damping ndig€:'%In order ~ ration originally conceived as an optical readout for a
to accurately predict the level of this noise and to desigrfesonant-bar gravitational-wave detector. Their experiment
coatings in which this noise source is minimized, we need tdlcely demonstrated the photothermal effect in Fabry-Perot
have accurate values for the thermal properties of the thiavities, verifying the theory of Cerdoniet al™® for the
films that make up these dielectric coatings. Specifically, wérequency-dependent photothermal response of a homoge-
need to know the thermal expansion coefficienand the = N€OUS material.

thermal conductivityx of the coating materials in thin-flm ~ There is currently a need to characterize the thin-film
form. dielectric coatings that are expected to be used in advanced

It is well known that the thermal conductivities of mate- interferometric gravitational wave detectors. We have the

rials in thin films can differ markedly from those of the same need to measure both the thermal expansion coefficient and
materials in bulk formt}~1%and there is evidence of a similar thermal conductivity of such coatings, and so we have con-
deviation in the thermal expansion coefficiéfit!® Thus, structed an instrument based on interferometric photothermal
there is a need to directly measure the thermal properties éfisplacement spectroscopy to perform such measurements on
candidate coatings in order to select ones that exhibit théandidate coatings. Our apparatus uses a single Fabry-Perot
lowest thermoelastic-damping noise. cavity, as shown in Fig. 1, with the sample forming one of

We have constructed an apparatus to characterize dieletie mirrors in the cavity>?’
tric coatings on mirrors for the purpose of selecting the best ~ Figure 1 shows a diagram of our experimental apparatus.
coating for an advanced interferometric gravitational waveBoth the pump and probe beams are provided by the same
detector. We use interferometric photothermal displacemeri@ser, so that both can resonate simultaneously inside the
spectroscopy, a technique well suited for measuring the thegavity. The pump and probe beams are distinguished from
mal conductivity and expansion coefficient of a thin each other by having orthogonal polarizations. The first half-
film,%-2* put our method differs from conventional Wave plate after the laser adjusts the polarization, determin-
photothermal-displacement-spectroscopy techniques in orf89 how much goes into the pump or probe paths via a po-
important point. We use a Fabry-Perot cavity to substantiallyarizing beam splitter. We phase modulate the probe beam
enhance both the pump-beam heating power applied to thésing an electro-optic modulatéEOM) and lock it(and by
sample and the sensitivity of the probe beam. extension the pump beanto the cavity by the use of the

In this paper we both describe the apparatus and discugound-Drever-Hall methotf.** We amplitude modulate the
a simple and intuitive way of looking at the physics of the PUMp beam using an acousto-optic modulat®©M) and

photothermal response over a broad range of frequencies. Use lock-in detection to measure the photothermal response
from the error signal.

Il. THE INSTRUMENT For a pump beam sinusoidally modulated at a frequency
Traditional interferometric photothermal displacementf that is much higher than the unity-gain frequency of the
spectroscopy uses separate pump and probe beams, sorservo, the error signal is given by
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Polarizing  |ow-Frequency Extrinsic noise in the cavity can be suppressed by suitable
Eeﬁt”;r Amplitude Modulation Q isolation methods, including suspension from seismic isola-
Laser a2 pil | PUMP |

tion platforms and enclosure in a vacuum apparatus.

N SAMPLE: A solid-state Nd:YAG(YAG—yttrium aluminum garnet
| laser, such as the Lightwave 12Bef. 3J), typically has a
frequency noise of Su(f)~100 HzA/HzX (100 Hzf),

Faraday
Isolator

1
l
|
|

|
PROBE 1 Photo- Fabry-Perot | X g
High-Frequency 1 det‘;mr Cavity | wheref is the measurement frequentyFor a 30 cm cavity,
:Phase Modulation | 1 Lock-In Ampiifier | this corresponds to an equivalent length noise of
. | m |
Servo Filter @‘
: 4_' -1 s M) L)\g(f) L 1013m 100 HZ
-{kF--=-=--=-=-=-=-= - = = — ~1X I —
Input Reference ec-freq c % JHzl f
V4
FIG. 1. A diagram of our experimental apparatus. We use a polarizing beam L \
splitter to separate the horizontally and vertically polarized components of a %
laser beam into pump and probe beams, respectively, both of which resonate 30 ¢ 1.064 um ’

simultaneously in the Fabry-Perot cavity. We then phase modulate the probe
beam, via an electro-optic modulat@OM), and use it to measure the The fundamental shot noise limit for measuring the

length of the cavity. The pump beam is amplitude modulated, using a’]ength of the cavity is much lower and. well below the cavity
acousto-optic modulatafAOM), and this periodically heats the batkb- le. i€ qi b '
sorbing mirror in the cavity to generate the photothermal displacement. APOle, IS™ given by

half-wave plate(\/2) allows us to tune the polarization of the beam before

the beam splitter and thus to adjust the relative power in the probe and pump sl vhe \/X 8.1x 10~ 19 m ( 100)
beams. egshot™ g ~8. | —
8 Vv I:)probe V Hz F

Y 1/2 500 m 1/2
X(1.064 um) ( Ppmbew) '

LF SL
s=—8RPpmbeTJO(B)J1(,8)[Tsin wat], o .
Second, the sensitivity is limited by the degree to which

whereR is the (rf) response of the photodiodB, oy is the ~ the pump and probe beams can be made orthogonal and
power in the probe bearh, and.F are the length and finesse therefore isolated from each other. For the photothermal sig-
of the Fabry-Perot cavitys is the wavelength of the laser nhals we have observed that we have had no difficulty in
light used, is the phase modulation deptim radiang, and  reducing this pump-probe cross-coupling noise to much less
5L sin(2xft) is the deviation inL from the ideal resonance than the amplitude of our signal, even at the highest modu-
condition Z.=N\. J, and J; denote Bessel functions of lation frequencies and lowest signal levels.
order O and 1.

Thus the signal we are measuring is proportional to
(.7'-5L/)\), a-S Opposed to Slmp|y5(_/)\) for the COﬂV-entional IIl. THE PHOTOTHERMAL RESPONSE
Michelson interferometer. The finesge of the cavity, and
hence the enhancement to the sensitivity to the photothermal A rigorous modeling of the photothermal response re-
displacementL, can, in principle, be made quite large, with quires a complete, multidimensional solution to the diffusion
values of F=10° achievable with standard techniques. equation to solve for the temperature distribution inside the

In addition to enhancing the sensitivity to a given pho-sample, and then a solution to the Navier-Stokes equations to
tothermal displacemeniL, the Fabry-Perot cavity also en- solve for the resulting thermal expansion. This has been done
hances the displacement itself.Rf,,, is the power in the in a variety of context§3~%’but the form of the solutions is
pump beam, incident on the cavity, then the power incidensomewhat involved, and fitting them to experimental data to
on the sample inside the cavity is approximatddy,.  extract a sample’s thermal properties, especially those of a
~FPpump- As we shall see below, the photothermal re-sample that includes a thin, inhomogeneous surface layer, is
sponsesl is proportional to the total power absorbed by thecomputationally intensive.

sample, which in turn is proportional t&;,.. Thus the We may gain considerable insight into the relationship
Fabry-Perot cavity enhances the signal measured at tHeetween the photothermal response and thermal properties of
lock-in amplifier by a factor ofF?. a sample by making a simple estimate of the frequency de-

This enhancement of the signal over conventional methpendence and magnitude of the photothermal response. If we
ods opens up many possibilities for photothermal measureapply a sinusoidal heat source to the surface of a material,
ments. For example, it should be possible to measure thinermal waves will propagate into the material, with a result-
thermal properties of very-low-absorption samples thaing sinusoidal thermal expansion over the volume being
would otherwise be inaccessible to photothermal technique$ieated. A very general property of thermal waves is that they

The sensitivity of this method is, in practice, limited by decay away as they propagate, with a characteristic decay
two things. First, it is limited by a combination of noise in length that is equal to the wavelength of the thermal wave. In
the cavity length and laser-frequency noise. Intrinsic cavitythis sense, they behave very much like electromagnetic
length noise is thermal in origin and is typically small waves propagating into a normal conductEor a homoge-
enough to be negligible for photothermal experiments excepteous material with thermal conductivigy mass density,
at the mechanical resonant frequencies of the cavity 8elf. and specific heaE, this penetration depth, is given by
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) [k 1 :
t =\~ ¢ ~ coating-
pC =f -1 FT\ N dominated,
. . substrate- P
Thus we may assume, for a rough approximation, that the high-

-2} dominated
. 10 ¢ frequenc
material only gets heated to a depthéf The thermal ex- low-frequency rLgcfon Y

pansion of this part of the material is given, again approxi- region
mately, by 1074
5 substrate-dominated,
SL={,aAT. 10 high-frequency
_6 i
10 f, region

Let us consider a sinusoidally modulated pump beam
with a power given by

Photothermal Response (2, a{1+0)/x)
=}
W

102107 1 10 102 103 104 10° 10%

sin(2ft) e (Unitless)
l:)pump: Po+ PmTa

FIG. 2. The expected photothermal response of a coated sample. When the

. . coating thickness is much less than the laser spot radius, there are three
Wherer is the peak-to-peak modulated power in the pumpcIearIy defined frequency regimes. The magnitude of the photothermal re-

beam.(For 100% modulationPy,=P/2, whereP, is the sponse in each regime and the transition frequencies between regimes to-
total amplitude of the pump beamlf P,,s=WP,, is the gether allow us to determine the thermal properties of the sample.
(peak-to-peakpower absorbed at the surface of the sample

(W being the absorption coefficionthen the total tempera-

ture change AT over a single cycle is AT A careful derivation gives the complete response, valid
=(P,pd2f)/(pCV), whereV is the volume of the material for a homogeneous material at all frequencfes,as
getting hgated. _ _ _ P.pol 1 a(l+a)
For high frequencies, wherg<rg andrg is the radius  SL(f )= 5 |
of the laser spot doing the heating, we can approximate the ™ K
volume by 1 de f+wd L2e— %2 ‘
X|— -
V~ ey, Pl Pl B (TS T TN PO TN
which gives an approximate photothermal response (4
a 11 where o denotes Poisson’s ratio.
5Lhi_f(f)~PabS—Cr—z? For a material with a coating, there is an additional
P~ To length scale, the coating thicknes#\t sufficiently high fre-
or guencies the thermal penetration depttbecomes less than
; t, and the thermal waves essentially only sample the coating.
SLps(F)~Pap “ls (1) When this happens, the photothermal response will be domi-
: P f nated by the coating and we have, approximately,
where the characteristic frequency for this homogeneous a; fe
substrate is defined as oLy (f )~PabsK—C T
f = K @) where the subscript denotes a coating property. The transi-
s prrS' tion frequency that defines this regime occurs whéret,
or
The high-frequency photothermal response is proportional to
1/f, and its magnitude gives us the thermal expansion coef- _ K )
ficient , provided we knowP,,s, p, andC (or it can give U mpCet?’

Pabs If we know «, p, andC, etc).

For low frequencies, we approximate the voldf and the coating characteristic frequency is

K¢
V~ (473, fo=——7—. (6)
2(3mEY) c WPcCch
which gives a photothermal response of At low frequencies, wheré>t, the volume of the sample
a that gets heated and expands is predominantly substrate, with
OLow-(f )~Pabs?. (3 the coating contributing very little to the overall photother-

mal response. In this regime we expect the net response of
Note that the low-frequency response is essentially indeperthe coated sample to be essentially indistinguishable from
dent of frequency, with a natural “turning point” between the that of an uncoated sample.
low- and high-frequency regimes at the crossover frequency If t<r, there will be two high-frequency regimes, as
fs. This turning point does not depend dt,,s or «, is  shown in Fig. 2: one at moderately-high frequencies in
determined by the length scalg, and can be used to get the whicht<¢,<r, where the photothermal response hasfa 1/
thermal conductivityx, provided we knowr, andpC. frequency response and is dominated by the substrate, and
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another at higher frequencies whefg<t<r,. In this TABLE I. Relevant material properties used in this work. Entries with an
highest-frequency regime, the frequency dependence is agaffie"isk denote values derived from our data.

1, put the photothermal response is now dominated by.thﬁﬂaterim p (kg/m®)  C (J/kg K) a (K « (W/mK)
coating. The crossover frequency between these two regimes

— _ Si 2.2x10° 670 5.5x10 7 1.4
occurs Whereét—t, orf=f,. . 0, Ret.2  (Ref.2 (Ref. 2 (Ref. 2
We may interpolate between these two hlgh—frequencyrio2 42316 688 5%10°5 10.4
regimes to obtain an approximate, high-frequency photother- (Ref. 40  (Ref. 40 (Ref. 2 (Ref. 11
mal response of a coated sample: Gold film  19.3x10° 126 25
Ref. 1
SL(f)~ Paps| (a(1t0) E+(M fe a(l+0) ( !
472 f PR (K

7) Sapphire  4.61C° 790 (5.53+0.06)x 10 &* 64+ 2%
. ) ) i (Ref. 2 (Ref. 2
This is the formula we will use to fit our high-frequency data Coating 3x10° 680 (8.6+0.6)X10" %  1.08+0.15

to extract the coating thermal properties.

IV. RESULTS loss is due to absorption, rather than scattering. This assump-

We measured the photothermal response of two Samp|egpn is only justified because of the relatively high-absorption
The first was single-crystal, synthetic;axis sapphire. The 9old film present in our sample. The response of the coated
second was identical to the first except for the addition of a #ample was essentially identical to that of the uncoated
um multilayer dielectric coating of alternating layers of $i0 Sample at low frequencies, which agrees well with our ex-
and TiO,. This coating formed a high-reflectivity mirror for Pectations that the dominant photothermal response in that
infrared light with a wavelength of 1.064:m.?’ Both regime is due to the substrate. This agreement also gives us
samples, including the dielectric coating, were provided byconfidence that the absorption is the same for the two
CVI Laser, Inc®® samples, which was one of the goals in applying the thin

Both samples had a thi200 nn) layer of gold depos- 9old coatings. _
ited on their surfaces. The purpose of this gold layer was At high frequencies, the response of the coated sample
threefold. First, this matched the optical reflectivities of thediffers substantially from that of the uncoated one, and it
two samples so that all other aspects of the measuremer@§rees well with our expectations based on the thermal pen-
would be the same. Second, the gold boosted the absorpti(%ration depth as outlined in Sec. Ill. Using the tabulated
for these initial measurements to enhance the phototherm¥plues ofp and C for bulk Si0, and TiQ, (Ref. 40, we
response signal. Third, we wanted to ensure that all of th&xtract an effective thermal expansion coefficient and ther-
absorption occurred in the gold layer at the surfaces of th@al conductivity ofag(1+ o) =(8.6+0.6)x10"° K~ * and
samples, as opposed to somewhere in the bulk or deep withife=(1.08+0.15) W/mK. This value of the thermal conduc-
the coating. Using the tabulated values of the thermal exparfiVity is less than what would be expected from the bulk
sion coefficient, density, and specific heat for bulk gtid, values of« for SiO, and TiQ,, which are 1.18 W/mK and
and the reported thermal conductivity for a 200 nm gold10.4 W/mK, respectively, which together would give an ef-
film,* we estimate that because the thermal conductivity oféctive thermal conductivity of 1.83 W/mK. This reduction
the gold layer is so good, and its thickness so small, itof the thermal conductivity is consistent with other observa-

photothermal response will be negligible below 250 MHz. At
those frequencies, the observed response will be dominated

by the substrate and dielectric coating. 10°9
Agreement between theory and experimental data is ex- E
cellent at all frequencies, giving us high confidence in the g 10710
measurement techniques. Moreover, the values dét g + Coated Sample
+0) and k are consistent with our expectations from tabu- é 101 « Uncoated Sample
lated bulk values(See Table ). @ (822 H:
Figure 3 shows the photothermal response of both 8 4712 sT
samples, where the upper set of data points are from the £ f,=105kHz
sample with the dielectric coating. The thermal properties = =5 5000

used in this fit are given in Table I. The two parameters we frequency (Hz)

varied for the fit were the thermal conductivity, which _
determined the rolloff frequency, and the prodmﬁtlJr cr), FIG. 3. Photothermal response _of bot_h samples. Upper dots are experimen-
. . . tal data for sample 2, with the dielectric coating. The lowest theory curve is
which determined the overall amplitude. The bulk value fory,.; of ref. 10, which accounts for the substrate’s photothermal response at
the productpC was assumed for both coating and substrateall frequencies. The other two curves show high-frequency asymptotic be-
and the absorbed power was measured from the visibility ofavior for samples withEq. (7)] and without[Eq. (4)] dielectric coatings.
the cavity. We measure the sum of the transmitted and ré\_lmse in the data at high frequenciédsw amplitude$ is due to optical _
. . . _crosstalk between the pump and probe beams. These effects are systematic
flected power and subtract it from the incident power to findang appear at the same levels and with the same frequency dependence in
the total power lost in the cavity. We then assume that thisoth samples. Gaussian error bars are smaller than the points as illustrated.
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