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Abstract 

We present a sensitive technique for determining the optical and 

thermal properties of solids, surfaces and thirt films. This technique, 

photothermal displacement spectroscopy, is based on the detection of the 

thermal expansion of a sample upon absorption of electromagnetic radia-

tion. The technique is well suited for in situ ultrahigh vacuum studies 

and for experiments where wide temperature ranges are required. We show 

that surface and bulk optical absorption can be readily distinguished 

and that absorptions of aL~ 10-6/Watt can be measured~ The theoretical 

basis of the signal generation is given, and excellent experimental and 

theoretical agreement is demonstrated. The implications of our findings 

to imaging and microscopy are discussed. 

P.A.C.S.: 73; 78; 65 

* Preliminary results were presented at the American Physical Society 
March Meeting, Dallas, TX, 1982, Bull. Amer. Phys. Soc., 1:1., 227, 
(1982). 

+ Current Address: Aerospace Corporation, Los Angeles, CA 90009 
u.s.A. 
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PHOTOTHERMAL DISPLACEMENT SPECTROSCOPY: 
A NEW OPTICAL PROBE FOR SOLIDS AND SURFACES 

I. INTRODUCTION 

Increasing interest in the properties of surfaces and interfaces 

J 

and the continuing need for in situ characterization of thin films 

require the development of new, sensitive, and reliable probes of the 

optical properties of these materials. Although a variety of tradi-

tiona! optical methods have been employed to study the electronic sur-

face states in solids [1, 2] and the optical absorption in thin films 

[3], implementation of these methods can be cumbersome and complicated 

in the difficult environments often required for such studies. Also, 

elaborate data analysis is frequently required to obtain the desired 

optical information. 

We present a sensitive photothermal technique [4] which directly 

and simultaneously measures the optical and thermal parameters of 

solids. The underlying physical principle of photothermal displacement 

spectroscopy is the buckling and displacement of an illuminated surface 

due to the thermal expansion of a sample as it is heated by the absorp-

tion of electromagnetic radiation. This optically induced surface dis-

placement is exploited to determine quantitatively the optical and ther-

mal parameters of materials. 

Important features of photothermal displacement spectroscopy 

include the ability to distinguish between surface and bulk properties, 

the absence of any electrical or mechanical contact with the sample, and 

the ease of application to the study of a wide variety of materials in 

difficult environments. For example, this technique can be readily 
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implemented in vacuo during the deposition of superlattice structures, 

thin films, or adsorbates. The technique is particularly well suited 

for microscopy, imaging and non-destructive depth profiling, being a 

more localized probe than other photothermal techniques. Furthermore, 

photothermal displacement spectroscopy should prove useful for the 

investigation of non-radiative processes. Among the advantageous pro­

perties of this technique for measuring the optical absorption coeffi­

cient, a, of a material is the direct detection of the heat deposited by 

the absorption of light. This yields a signal which is linear over a 

large range of a and insensitive to scattering of the incident beam. It 

also eliminates the need_for a photodetector sensitive in the wavelength 

region being investigated. These characteristics all combine to make 

photothermal displacement spectroscopy particularly suited for the study 

of solid surfaces, interfaces, and thin films. 

In Section II of this paper we present the theoretical framework of 

photothermal displacement spectroscopy. In Section !II we describe 

three approaches to performing this technique: beam deflection; inter­

ferometry; and attenuated total reflection. The signal sensitivity and 

optimization criteria are also discussed. Experimental results are 

presented and compared with the theoretical predictions in Section IV. 

A detailed discussion of our findings is given in Section V , with par­

ticular emphasis given to the differentiation of surface and bulk infor­

mation and the implication of our results for microscopy and imaging. 
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II. THEORY OF PHOTOTHERMAL DISPLACEMENT 

All three experimental schemes described below are based on detect-

ing the displacement of the sample surface produced by the absorption of 

energy from a light beam incident on the sample. The sample will be 

heated as the optically excited electrons decay non-radiatively, and it 

will expand as the temperature rises. 

A crude expression for the displacement of the surface is: 

(1) 

where ath is the thermal expansion coefficient, and T is the average 

rise in temperature over an effective length Leff• The temperature rise 

is given by T- (absorbed energy/volume)/(heat capacity). If the light 

is intensity modulated at frequency f, then the incident energy per 

cycle (of which some fraction is absorbed) is given by the product of 

the incident power and the time it is incident on the sample, or 

(Power/2f) for square wave modulation. The surface displacement is 

approximately given by: 

where 

and 

haath~P/(2A fpC) 

~ • fraction of light absorbed 
P • incident power 
A "" heated area 
p • mass density 
c m heat capacity/gram 

(2) 

The inverse proportionality to the modulation frequency is valid in the 

limit that the thermal diffusion length of the material is much less 

than the diameter of the pump beam on the sample. The thermal diffusion 

length is the distance over which the magnitude of a planar harmonic 

thermal wave decays exponentially to 1/e of its initial value and its 
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phase changes by one radian. It is given by 

Lth•(Rth/nfpC)l/2 
• ('A/n£)1/2 

(3) 

where Kth • thermal conductivity, 
p = mass density 
C • heat capacity per gram 
f • frequency of the thermal wave 

and ~ • Kth/pC • thermal diffusivity. 

If Lth is greater than the pump beam waist on the sample, the size of 

the heated area, A, will depend on the modulation frequency through 

equation 3. 

A rigorous calculation of the surface displacement involves solving 

the Navier-Stokes equation for a slab, subject to the condition that 

there is no normal component to the stress at the boundaries of the 

slab: 

where u ~ displacement vector 
v • Poisson ratio 

and 
T • change in temperature from equilibrium value 

ath • thermal expansion coefficient. 

(4) 

The temperature distribution is assumed to be unaffected by the expan-

sion and is found by solving the heat equation with a source term of a 

Gaussian beam decaying exponentially by optical absorption: 

where Kth • thermal conductivity 

Q(r,t) m (Pa/2na 2)exp(-r2/a2)exp(-az)cos( wt) 

P • pump beam power 
a • 1/e radius of the Gaussian pump beam 
w• 2nf= (angular) frequency of modulation 

and a • optical absorption coefficient. 

(5) 
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Details of the. calculation are given in the Appendix. 

In typical performance of photothermal displacement spectroscopy 

the measured quantity is proportional to the slope of the photoinduced 

displacement at the sample surface. The solution of the thermoelastic 

equations (equations 4 and 5) for this quantity yields: 

where 

•- athaP(l+v) l/. 62d6Jl(6r/L)exp(-62a2/4L2) 

lfmKth(l-v) sinh 6[(aL) 2~ s21 
X 

{R(oL) + c1R(-S) + C2R(S)} + C.C.] 

R(x)• 
[ 

x 6 x -6] l x+6/2 -6/2 x-6/2 6/2] _e_-_e __ e -e + B e -e + ..;;.e __ --"'e-
x-6 x+6 1 x+6 x-6 

[ 
x+A/2 -6/2 x-6/2 A/2] + B e -e _ ..:;;.e_--:--.::..e _ 

2 x+6 x-6 

c1 , 2= (aL/S)[(exp(-aL) - exp(±S))/2sinh{S)] 

B1 .. -sinh(6) [ 6- (1 - 2v)sinh(6)] /[ 6 + sinh(6)] 

B2 == cosh(6) [ 6 + (1 - 2v)sinh(6)] /[ 6- sinh(6)] 

s2 • 62 + i(L2/2L2 ) th 

L a sample thickness 

and Lth a thermal length 

This is equivalent to equation Al2 in the Appendix. 

(6) 

Some general statements can be made about the form of equation 6. 

The signal is directly proportional to the pump beam power and the ther-

mal expansion coefficient of the sample. Although the absorption coef-

ficient appears many different places in the integral, the signal is 

linear in a when aLth<<l. The inverse proportionality to the thermal 

conductivity of the sample in the prefactor is the only time the thermal 
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conductivity appears without the density, heat capacity and modulation 

frequency. Within the integral, these factors always occur together as 

the thermal diffusion length, the parameter which describes both the 

decay and wavelength of a thermal wave. The result is fairly insensi­

tive to the value of v, the Poisson ratio, for typical values of the 

parameter. In all of the calculations presented here, v was taken to be 

0~25. The radius of the pump beam, a, occurs only in the Gaussian 

envelope under the integral. If the ratio of the radius to the sample 

thickness, a/L, is small, the Gaussian decays slowly, and the Bessel 

function has more time to oscillate. Care must be taken in choice of a 

numerical integrating routine to account for this. The three terms in 

the curly brackets are derived from the three exponential terms in the 

temperature distribution: direct heating from the optical absorption and 

the forward and reverse thermal waves. Within R(x), the three terms are 

derived from the particular solution to the Navier-Stokes equation a~d 

the symmetric and anti-symmetric parts of the homogeneous solution 

needed to meet the stress free boundary conditions. The theoretical 

curves in Figs. 2,4, and 5 were calculated using equation 6. 

The photothermal displacement is a very small perturbation of the 

sample surface. For example, consider one milliwatt of power focussed 

to a radius of 75 microns and modulated at 320 Hz, fully absorbed at the 

surface of a 0.33 em thick silicon sample. The maximum slope calculated 

from (6) is 1.4xlo-8 , and the maximum displacement is 3.2xl0-2i 

(obtained by numerical integration of (6) over r). As we show in Sec­

tion III, such small displacements can be readily detected. 
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III. EXPERIMENTAL CONSIDERATIONS 

We describe below three schemes for measuring the magnitude and 

phase of the optically induced displacement. The first measures the 

slope of the displacement while the last two detect the displacement 

itself. For a given pump beam profile, an increase in the magnitude of 

a surface absorption should change the overall magnitude of the phototh­

ermal displacement, but not the shape. Thus a measurement of the slope 

of the photoinduced displacement should be equivalent to a measurement 

of its height. The slope and height of the displacement have somewhat 

different dependences on the modulation frequency of the pump beam, and 

the slope is the more local probe of the optical absorption when the 

pump beam waist is smaller than the thermal diffusion length. In gen­

eral, however, the slope and height yield similar information for both 

surface and bulk absorptions. For a Gaussian beam, as is usually the 

case for laser excitation, calculation of the slope, or radial deriva­

tive of the normal surface displacement, is straightforward (see Appen­

dix). 

A. EXPERIMENTAL CONFIGURATION 

~· Beam Deflection Scheme. Details of this detection scheme are 

given in Fig. la. The sample is irradiated by the focussed pump beam, 

and a weak probe beam, typically a HeNe laser, is reflected from the 

sample. As the pump beam intensity is modulated, the photoinduced dis-

placement rises and falls, and the probe beam is reflected at a dif­

ferent angle depending on the slope (duz/dr) of the displacement at the 

point (r0 ) where the probe is reflected from the sample (see Fig. lb). 

The deflection of the probe beam is detected by a position sensitive 

: 

-· 
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photodiode and the output is amplified by a phase-sensitive lock-in 

amplifier referenced to the mechanical chopper. 

The beam deflection signal at the position sensor is given by 

S • {2D{duz/dr{r0 )) + 2uz{r0 )sin8 + smaller terms}Y {7) 

where D is the distance from the sample to the position sensor, uz is 

the surface displacement, e is the angle of incidence of the probe beam 

andY is the position sensor sensitivity {Volts/em). The first term in 

equation 7 is the deflection by the slope of the displacement. The 

second term is the small deflection of the probe beam by the vertical 

surface displacement, and is smaller than the first term by a factor of 

approximately D/a where a is the pump beam radius. This is typically 

about 5000. Higher order terms are due to the slight displacement of 

the position Cr0) where the probe beam falls onto the sample when the 

displacement is present from that when it is absent. 

approximation to assume that the signal is due only to 

It is a very good 

the first term 

and thus is directly proportional to the slope of the surface displace-

ment. 

l• Interferometric Scheme. In this detection scheme (see Fig. lc) 

the sample serves as one arm of a conventional Michaelson interferome­

ter. The mirror used in the other arm is mounted on a piezoelectric 

transducer (pzt) for signal stabilization. The intensity of the pump 

beam incident on the sample is again modulated causing the surface dis­

placement to rise and fall with (angular) frequency w1, and a small 

oscillation is applied to the mirror through the pzt at a frequency w
2

• 

The total path difference between the two arms of the interferometer for 

the probe laser is given by 
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and 
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static path difference (controlled by DC voltage 
to the pzt) 

amplitude of pbototbermally induced displacement 
on sample 

amplitude of mirror oscillation (controlled by AC 
voltage to the pzt) 

The signal at the pbotodiode bas the form 

S mS 0cos(4no/A) +constant 

where A • the wavelength of the probe laser. Defining 

(8) 

(9) 

(10) 

inserting equation 8 into equation 9, and expanding the nested tri-

gonometric functions in terms of Bessel functions, yields, among others, 

a term at the pump beam modulation frequency, 

( 11) 

For small ~ 1 and ~ 2 (o 1 and 02 < 75 i for 1% accuracy with ReNe probe) 

this term is linear in the surface displacement: 

(12) 

When lsin ~ol is at its maximum value of unity, the cos~ 0 is zero and 

the term in the photodiode signal at twice the pzt modulation frequency 

is then zero: 

(13) 

This condition is established by a servo loop consisting of a lock-in 

amplifier at 2w2 and an integrator used to control the DC voltage on the 

reference mirror pzt. Active stabilization of the interferometer is 

essential to eliminate signal drifts resulting from thermal fluctuations 
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and acoustic disturbances in the interferometer elements. 

The prefactor, s0, depends on the intensity of the probe beam and 

the interferometer alignment. Experimentally, it can be determined as 

one half of the peak to peak change in S as o is swept through a dis-

tance of 'A/4 by adjusting the DC voltage to the pzt. This removes the 

alignment and photodiode sensitivity from the determination of the 

height of the displacement. A similar inherent calibration cannot be 

made for thebeam deflection method, although the beam deflection signal 

can be calibrated using the position sensor sensitivity (Volts/em), an 

easily measured quantity. 

1· Attenuated total reflection scheme. In this approach, the pho-

tothermal displacement is measured in an attenuated total reflection 

(ATR) geometry, where a transparent prism is placed in close proximity 

to the sample surface (Fig. 1d). The width of the gap between the sam-

ple and prism is modulated as the photoinduced displacement rises and 

falls. A probe beam of light internally reflected by the prism will 

couple some of its energy into the sample via the evanescent field that 

exists in the gap. Since the evanescent field decays exponentially in 

the gap as exp(-2kgd), where dis the gap width and 2 2 k ~2rr/A) (n sin 8-g 

1) 112, small changes in the gap width, d, produce large changes in the 

amount of the probe beam that is coupled into the sample, and therefore 

a change in the intensity of the reflected probe beam. A calculation of 

the probe beam transmission through the prism yields 

T • 

y(kp + €pkg) + exp(-2kgd)(kp - €pkg) 

Y(kp- €pkg) + exp(-2kgd)(kp + €pkg) 

2 

where p,g and s denote prism, gap and sample, respectively 

(14) 
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Y • ( Eskg - ks) /( Eskg + ks) 

E • dielectric constant 

k2 ) 1/2 
II 

k 0-2n/A of the probe beam 

component of probe beam 
parallel to interface. 

wave vector, k, 

The sensitivity of this method is given by the derivative of the 

transmission with respect to the gap distance, or aT/ad. For a well 

chosen gap spacing this method can have usable sensitivity. Because the 

ATR method requires careful spacing between the prism and the sample, 

and because it has lower sensitivity than the beam deflection and inter-

ferometric methods, it might not generally be as useful as the other two 

methods in surface experiments. 

B. SENSITIVITY AND OPTIMIZATION 

The interferometric and beam deflection schemes have comparable 

sensitivities under normal laboratory conditions. The measured noise 

level in the interferometer is equivalent to an effective surface dis-

placement of about 4x1o-3&/IRZ; in the beam deflection configuration the 

noise level is equivalent to an effective slope of about 1x10-9//HZ. 

For a 0.33 em thick silicon sample with the pump beam focussed for a 

Gaussian beam 1/e radius of 75 microns and modulated at 320 Hz (300 

micron thermal length), the interferometer noise level is equivalent to 

about 125 microwatts of power absorbed at the sample surface, and the 

beam deflection noise level is equivalent to about 70 microwatts of 

absorbed power. For a given pump beam radius and thermal diffusion 

length, the signal on different samples is proportional to the thermal 

.: 

-· 
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expansion coefficient, and inversely proportional to the thermal conduc-

tivity • For silicon, copper and fused silica, the ratio ath/Kth takes 

on the relative values of 1, 2.37 and 20.5, respectively. Filter glass 

has a higher thermal expansion coefficient and a lower thermal conduc-

tivity than fused silica, and would thus have an even higher sensi-

tivity, or less than 1 microwatt deposited in a thin film at the sur-

face. For the attenuated total reflection detection scheme, the probe 

beam transmission changes on the order of 10-3/AngstrBm of displacement 

for a gap spacing of order 100 i between a glass prism and a sample of 

index 2.0. 

The inherent sensitivity of photothermal displacement is larger for 

a surface absorption than for an equivalent amount of power absorbed 

throughout the sample. This is still true when the effective length of 

the sample is taken to be the thermal diffusion length. For example, 

consider a beam deflection measurement on a silicon sample 0.33 em thick 

with a pump beam 1/e radius of 75 microns and a modulation frequency of 

320Hz. (Lth • 300 microns). The predicted slope for an absorption 

coefficient of 107cm-1, where all of the light is absorbed in the first 

few tens of Angstr8ms, is 1.4x10-8 per incident milliwatt of power. The 

predicted signal for an absorption coefficient of l0-3cm-1 is 2.2x1o-13 

per incident milliwatt. With this uniform absorption, the signal 

saturates when the sample is longer than a few thermal lengths, (see Eq. 

16). The ratio of the surface to bulk absorption signals per incident 

milliwatt is 6.4xl04, equal to the ratio of power absorbed in about the 

first half of a thermal length. 
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There are a number of ways to optimize the signal to noise ratio of 

the photothermal displacement signal. The signal magnitude can be max­

imized by tighter focussing of the pump and probe beams, although the 

probe beam should remain the smaller of the two for ease of data 

interpretation. In the beam deflection scheme, the signal increases 

with the distance between the sample and the position sensor. The probe 

beam diameter, however, must remain smaller than the active element in 

the position sensor as the beam diverges after being focussed on the 

sample. Also, longer beam paths are more sensitive to disturbance. 

Phase sensitive detection referenced to the pump beam modulation is 

essential. This increases the signal to noise ratio considerably and 

enables the extraction of information from the phase of the signal. · 

The signal, in general, decreases with the modulation frequency of 

the pump beam. However, when the thermal length is larger than the pump 

beam waist, the decay is very slow, especially for a thermally thin or 

optically thick sample. Often, the noise is lower at higher modulation 

frequencies, and it may be advantageous to work at kilohertz frequencies 

when obtaining optical information about a sample with high thermal con­

ductivity. It is necessary to vary the frequency when obtaining thermal 

information, as will be discussed in Section v. Occasionally, there may 

be resonances in the sample holder or optical bench, or interference 

from other electrical equipment which should also be considered in the 

choice of modulation frequency. 

The sample and any other components which reflect the probe beam 

should be mounted securely, but with sufficient degrees of freedom to 

assist in the alignment. It is helpful to work on a vibrationally iso-

,' 
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lated table or optical bench and to shield the beam paths from air 

currents, especially in the interferometric detection scheme. We find, 

however, the pointing and intensity fluctuations of the· probe beam to be 

the dominant factor in setting the limits of our sensitivity. 

The interferometer is quite sensitive to small changes in the opti­

cal path and long term stability can be a problem as it is difficult to 

obtain the same alignment reproducibly. In the beam deflection (BD) 

configuration, the sample can be replaced or one of the beams 

misaligned, and the alignment can be recovered readily if care is taken 

not to move other elements of the experimental configuration. In the 

case of laser excitation, it is always easier to use the beam deflection 

scheme. When another source, such as an arc lamp and monochromator is 

used, the shape of the beam may not be well enough defined to permit 

adequate comparison with theory and the interferometer may be needed for 

quantitative comparisons. This would be more important in microscopic 

applications of the technique than in spectroscopic applications. 

C. SURFACE QUALITY REQUIREMENTS 

Criteria for the optical quality of the surface for photothermal 

displacement spectroscopy differ for the three detection schemes. For 

AIR, the surfaces of both the prism and the sample must be polished over 

a large area so that they can be brought to within 200 i of each other 

in the region of interest. On the scale of the probe beam spot size, 

two regimes of the dimension of the surface roughness, !::. , need to be 

considered. 
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When the surface roughness is greater than the . probe beam 

wavelength (~>A). but smaller than the probe beam spot size. the inter­

ferometer and ATR methods require the average variation over the wave­

front, o. to be much smaller than A (e.g. apply the Rayleigh criterion: 

o~A/4). For the beam deflection scheme. the average value of the slope 

(o/~) must be smaller than the angular aperture of the detector (typi­

cally a few hundredths of a radian). This is readily achievable without 

polishing the sample. 

When the dimension of the surface roughness is smaller than the 

probe beam wavelength (~<A), then the reflected wavefront is made of two 

components: a coherently reflected beam of uniform amplitude and well 

defined direction; and an incoherent beam with random amplitude and 

dispersed spatial distribution which generates a speckle pattern. The 

relative distribution of both components in space is a function of A, 

the optical constants of the material being studied, and the surface 

roughness. Theoretical models exist(S] which enable the calculation of 

both components. Experimentally, we have found that the presence of a 

speckle of a few percent does not affect the sensitivity of the three 

detection schemes described in this paper. 

-· 
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IV. EXPERIMENTAL RESULTS AND COMPARISON WITH THEORY 

Photothermal displacement data were obtained with all three of the 

above mentioned detection schemes. Experience showed the beam deflec-· 

tion (BD) method to be the simplest to use and to have the best long 

term stability of the three. Therefore, most of the results presented 

below were taken using the BD detection scheme. In general, the results 

carry over to the interferometric and AIR detection schemes. To charac­

terize the technique, a number of experiments were conducted and the 

results compared with the predictions of equation 6. The dependence of 

the photothermal signal on incident power, relative position of the pump 

and probe beams, focussing, wavelength of the exciting beam, air pres­

sure, and modulation frequency were studied using a silicon wafer, a 

copper slab, and assorted glass filters and thin films. These materials 

were chosen because of the large range in their thermal and optical pro­

perties. All experiments were performed at room temperature. 

A. POWER DEPENDENCE 

The power dependence of the signal is predicted by our theory to be 

linear over the range where the assumptions made in the computer calcu­

lation are valid (i.e. the linearized thermoelastic equations). Exper­

imentally, this was found to be true over at least three orders of mag­

nitude of incident power. It should be noted that changing the value of 

a surface absorption is equivalent to changing the incident power on a 

sample with a very large absorption coefficient, and thus linearity with 

the surface absorption coefficient is predicted. This has been verified 

experimentally using a thin amorphous silicon film. 
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B. RELATIVE BEAM POSITION 

Using the beam deflection method, the signal maps out the slope of 

the photoinduced displacement as the pump beam is translated across the 

probe beam spot on the sample. Figure 2 depicts the magnitude (2a) and 

phase (2b) versus the relative position (r0 ) of the two beams on didym­

i"um glass. The magnitude rises as the pump beam comes into the vicinity 

of the probe beam, then goes sharply to zero at the center of the over­

lap where the slope of the displacement at the probe beam position is 

zero. The signal then changes sign (phase shift by 180°) and repeats 

itself as a mirror image. Any deviation from mirror imaging is a strong 

function of the alignment of the beams (if the pump beam, probe beam and 

sample normal are all in the same plane), especially when light is 

absorbed throughout the sample. Inhomogeneities in the sample or the 

beam profile can also be detected. 

The phase of the photothermal signal relative to the pump beam 

modulation also contains important information. As the pump beam is 

turned on, the heat is initially deposited where the beam intersects the 

sample. The heat then diffuses out from the center, and the peak signal 

occurs at a later time (a more negative phase) as the distance between 

pump and probe centers is increased (see Fig •. 2b). For. the glass sam­

ple, the thermal diffusivity (•Kth/PC) is such that the heat diffuses 

out in a few milliseconds. Beyond a few thermal lengths, mechanical 

coupling to the directly heated parts of the sample dominates, causing 

the phase to reach a constant value. The theoretical predictions for 

the magnitude and phase of the signal agree very well with the experi­

mental findings, as shown in Fig. 2. The scaling of the height of the 
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experimental curve in Fig. 2a. was adjust·ed arbitrarily, but was found 

to be within the uncertainties of the pump beam power, position sensor 

sensitivity, and the thermal expansion coefficient of the glass. The 

shape of the phase vs. relative position curve changes with the relative 

values of the optical absorption length (1/a), the sample thickness (L), 

the thermal diffusion length (Lth> and the pump beam radius on the sam­

ple (a). Further discussion of the information contained in the phase 

of the signal is given in Section v. By fitting the shape of the two 

curves, especially the phase vs. relative position (Fig. 2b), it was 

possible to determine the thermal diffusivity of the glass to be 

4.2xlo-3cm~/sec. This value is typical of silicate based glasses with 

metallic impurities[6] and is about half that of pure fused silica. A 

mismatch of ten percent in the thermal diffusivity can be easily dis­

tinguished in the quality of the curve fit. 

C. SPECTROSCOPY AND VACUUM COMPATIBILITY 

To test the spectroscopic feasibility of the technique and its 

vacuum compatibility, the pump beam wavelength was varied over an 

absorption band in didymium glass both at atmospheric · pressure and in 

vacuum. The effect of saturation was investigated using an optical edge 

filter. The beam deflection result for didymium glass is shown as the 

solid line in Fig. 3. This spectrum was taken while the glass was 

mounted inside a vacuum chamber at atmospheric pressure (105 Pa). The 

dashed line in Fig. 3 is an identical spectrum with the chamber evacu­

ated to a pressure of 2.7 Pa(20 mTorr). The signal does not depend on a 

coupling to the air adjoining the sample, as there was no significant 

change when the density of the air in contact with the sample was 
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changed by more than 104• This demonstrates that the measured effects 

are not due to any "mirage" type of effect[7] caused by heating of the 

air near the sample surface. Spectra taken with the interferometer 

(dotted line in Fig. 3) reproduce the beam deflection results, and also 

show no significant change with the pressure of the ambient gas. The 

dash-dotted line in Fig. 3 is the absorption coefficient of the sample, 

calculated from a transmission spectrum as 

a = (1/L)log (I /I ) e transmitted incident • (15) 

It is apparent from Fig. 3 that the photothermal displacement signal 

gives the same information as the conventional transmission measurement. 

The theoretical prediction for the signal as a function of the opt-

ical absorption coefficient is shown in Fig. 4. It can be seen that the 

relevant thickness for saturation is the thermal length and not the sam-

ple thickness. The signal is linear over a large range of a, and can be 

approximated as linear over other ranges, although with a smaller slope, 

until aLth~l/2. An additional increase in the signal after the expected 

saturation near aLtha! is seen when the heating is non-uniform within 

the first thermal'length from the sample surface. This is likely due to 

the bending of the sample in addition to the uniform expansion, increas-

ing the height and slope of the displacement on the sample surface. In 

the case of an optically thin sample, and hence uniform heating, the 

signal varies with the thickness of the sample as 

S a: 1-exp( -L/Lth) (16) 

Thus-only the first few thermal lengths contribute to the signal. This 

can be useful in decreasing the role of a weak bulk absorption in mask-
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ing a surface absorption. 

The absorption spectrum of a 760 nm, ir-transmitting edge filter 

was measured to investigate saturation effects. The photothermal signal 

was found to continue to give spectroscopic information with increasing 

absorption long after the transmission measurement, which saturates as 

aL gets large, had ceased to yield any useful information. Comparison 

with the theoretical curve (Fig.4) enables the absorption coefficient to 

be extracted from the photothermal displacement data, even in the non-

linear region. The magnitudes of the measured and calculated signals 

were found to agree within the uncertainty of the material parameters of 

the glass. 

D. FREQUENCY DEPENDENCE 

The dependence of the photothermal displacement signal on the modu­

lation frequency of the pump beam is different for bulk and surface 

absorptions, as discussed in Section V-B. It also varies with the rela­

tive size of the pump beam radius and the thermal length. If the pump 

beam radius is much larger than the thermal length at a given frequency, 

then the signal decays approximately as 1/f with a further increase in 

frequency. At lower frequencies where the pump beam is comparable to or 

smaller than the thermal length, the decay is slower. Experimentally, 

the beam deflection signal for a weakly absorbing, low thermal conduc­

tivity, glass sample illuminated with a beam focussed to a radius of 300 

microns decayed as 1/f for frequencies greater than 6 Hz (Lth < 150 

microns). At the other extreme, the BD signal at 2000 Hz (Lth• l40U) for 

a strongly absorbing, high thermal conductivity, copper sample 

illuminated with a beam of radius 75 microns was still over half the low 
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frequency value. For a given sample with both surface and bulk absorp­

tions, the surface signal decays more slowly and can thus be differen­

tiated from the bulk. This also has been verified experimentally [8]. 
: 
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v. DISCUSSION 

A. GENERAL COMMENTS 

Photothermal displacement can be used in many hostile environments 

as a non-perturbative probe due to the absence of the physical coupling 

found in other photothermal spectroscopies. For example, the optical 

properties and degree of homogeneity of a thin film can be monitored in 

situ during film deposition, or the deformation and absorption of laser 

mirrors can be monitored during pulsed operation. Experimentally, we 

have detected inhomogeneities and discontinuities such as pinholes in a 

thin film, as well as local variations in the thickness of the film 

itself. 

The direct measurement of absorbed energy by photothermal displace­

ment spectroscopy means the signal is proportional to the product of the 

incident power and the absorption coefficient, so the signal from opti­

cally thin materials can be enhanced by increasing the incident power. 

As mentioned in Section III, absorptions of 10-6 /Watt can be seen easily 

on a glass sample. This is not the case in traditional reflection and 

transmission experiments, however, where one is limited by the ability 

to measure absolute intensities. In a differential reflectivity measure­

ment, the absolute value of ~R/R can be determined to about 1%, and dif­

ferential measurements of ~R/R of a few times 10-4 can be measured[9], 

limiting sensitivity to 10-4 independent of the pump beam power. 

Photothermal displacement should prove quite useful in the perfor­

mance of optical spectroscopy of surface electronic states and adsor­

bates. Such investigations, which require ultrahigh vacuum and a wide 
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range of temperatures,. have been difficult to pursue with traditional 

techniques. Optical absorption due to surface states will be easiest to 

investigate with photothermal displacement spectroscopy when there is 

minimal background from the substrate absorption, such as semiconductors 

in the energy gap or metals in the infrared. In this case small changes 

in the surface absorption will appear against little or no background. 

However, even if all of the unreflected probe beam is absorbed by the 

substrate in the first thermal length, a change in the reflectivity due 

to surface states will cause an equal and opposite change in the amount 

of energy absorbed, and hence detected. If the reflectivity is greater 

than 50%, the surface absorption will cause a greater relative change in 

the photothermal signal than in the reflected intensity. 

B. SURFACE VS. BULK INFORMATION 

Photothermal displacement spectroscopy is not only sensitive both 

to surface and bulk absorption of light, but can also distinguish 

between the two. This differs from traditional reflection and transmis­

sion spectroscopies for which the sample or optical alignment must be 

modified to determine where in the sample the absorption is occurring. 

This difference can be seen clearly in both the magnitude and the phase 

of the signal. Calculated curves for the BD signal from a silicon sam­

ple are shown in Fig. 5 for surface (5b and 5d) and bulk (5a and 5c) 

absorptions at three different modulation frequencies. 

The behavior of the magnitude vs. position curves (Sa and b) is 

quite different for the cases of uniform and surface heating of a ther­

mally thick sample both in the lineshape at any one frequency and in the 

variation of the lineshape as the frequency (and hence thermal length) 

: 
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is changed. When the sample is heated uniformly over the length of the 

sample (~L<<l), the heat flow is radial and there is a contribution to 

the signal from the same heated thickness at all radii. The signal 

decays approximately exponentially with beam separation once outside the 

centrally heated region (see especially the 20 Hz. curve). When the 

thermal length becomes comparable to the pump beam radius it becomes 

difficult to separate the exponential and Gaussian components of the 

slope, but the signal extends further than would be expected for a pure 

Gaussian displacement with no heat flow. When the thermal length is 

much larger than the pump beam waist, as is the case in the 20 and 320 

Hz curves in Fig. 5a, the area heated by the beam is proportional to the 

square of the thermal length, and hence is inversely proportional to the 

modulation frequency. This dependence would cancel the 1/f behavior of 

the signal due to the time the pump beam has to deposit energy each 

cycle (see Eq. 2) if there were no other dependence on the frequency. 

The slow decay of the signal magnitude with increasing frequency in Fig. 

Sa is due to less of the heated sample contributing to the effective 

length of expansion as the thermal length decreases. The decay of the 

slope with frequency is slower than that of the displacement itself for 

both surface and bulk absorption due to the extra weighting the Gaussian 

gives the slope. The implications of this to imaging and microscopy are 

discussed in Section V-D. When the sample is thermally thin, the bulk 

absorption signal decays more slowly than in the thermally thick case, 

as would be expected with no possible change in the effective length of 

expansion. 
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~en the sample is heated only at the surface and the thermal 

length is larger than the pump beam radius, the heat flow is hemispheri­

cal, and a larger effective length contributes to the signal at the 

center of the displacement than further out. This feature makes the 

surface signal decay much more1quickly with relative beam position than 

the bulk signal outside the central region. There is also no interior 

heated region to be accessed by a larger thermal length as in the uni­

formly heated case, hence the peak signal changes little as the thermal 

length varies from 16a to 4a. As the thermal length becomes smaller, 

however, the heated area is more heavily weighted by the constant pump 

beam radius and the signal starts to decay, eventually approaching the 

1/f dependence referred to in (2). This is true for both surface and 

bulk absorptions. 

The behavior of the phase of the signal relative to the pump beam 

modulation is also quite different for surface and bulk absorptions. In 

the limit where a>-2Lth• there is little heat flow in the radial direc~ 

tion beyond the initially heated region. Thus in this limit the primary 

contribution to the slope at the surface is from mechanical coupling to 

the region r<a. If there is uniform heating over the first few thermal 

lengths of a thermally thick sample, then the phase rapidly approaches a 

value near -90°. This value is the one expected if there were no heat 

flow, with the expansion being the time integral (sin(wt)) of the opti­

cal heating (cos(wt)). If the heat is deposited at the surface of the 

sample, then the phase approaches a value near -45°. The difference' in 

timing occurs because in the surface heating case the heat diffuses to 

the rear of the sample, whereas in the uniform heating case the column 

.· 
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of material heated by the pump beam is heated simultaneously. 

When the pump beam 1/e radius is smaller than •21th' there is more 

structure in the phase. On a thermally thin sample (L<-Lth)' uniform 

optical heating induces a slope whose phase varies linearly with rela-

tive beam position as one goes out from the center. The rate is near 

one radian/Lth' the value expected for uniform thermal diffusion where' 

the only heat flow is radial (see dashed line in Fig. Sc) •. Surface 

heating on the same sample, however, causes the heat to diffuse into the 

sample as well as radially, and the behavior of the phase is quite dif-

ferent. Initially, the phase shows the peak signal occurring at a later 

time as one probes further out from the center, as occurs in the opti-

cally thin case outlined above, but when the relative beam position is 

such that the mechanical coupling to the rear of the sample which is 

expanding as heat diffuses directly into the sample, is stronger than 

the expansion due to radial heat diffusion, the phase approaches an 

asymptotic value near -45° (see dashed line in Fig Sd). 

On a thermally thick sample, it is the optically thick sample (sur-

face heating) which causes the phase of the peak signal to vary linearly 

with relative beam position over a large region. The rate of heat flow 

in this case, however, is about twice that of the sample which is opti-

cally and thermally thin, or about 27°/Lth• The phase of the signal 

does eventually approach -45°, but it does so much later than in the 

thermally thin case (see, e.g., the two curves at 320Hz. in Fig. Sd). 

When a thermally thick sample is uniformly heated, the phase tends 

0 toward an asymptotic value near -90 (see Fig. Sc) after a few thermal 

lengths. The mechanical coupling to the back of the sample is again 
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dominating out from the center of the displacement. 

The asymptotic phase regime occurs in an experimentally accessible 

region (i.e. when there is still significant signal to determine the 

phase accurately) when a>-Lth/4 and occurs closer to the center as Lth 

decreases. When the sample is uniformly heated, the constant phase 

region occurs closer to the center as L increases; with surface heating 

it occurs further out as L increases (see Figs. Sc and Sd). The value 

of the asymptotic phase varies with a and L. The transition region for 

a thermally thick sample between large a (~as~-40 to -45 degrees) and 

small a (~as --as to -95 degrees) occurs near aLth•l. Changing L, the 

sample thickness, shifts ~ within the ranges indicated. as 

C. DEDUCING THERMAL INFORMATION 

Thermal properties of a sample can be obtained most accurately from 

the slope of the photothermal displacement by fitting the magnitude and 

phase versus position curves to Eq. 6; the needed input information is 

the radius of the pump beam, the absorption coefficient, the sample 

thickness and the modulation frequency. Curve fitting is necessary when 

the phase reaches an asymptotic value before a linear range is esta-

blished or with semitransparent samples. The cases of thermally thin 

samples (L<-2Lth> with uniform heating (aL<<l) and thermally thick sam-

plea with surface heating yield linear changes of phase with position 

beyond a central flat region which is approximately equal to the 

directly heated area. In the first case (optically and thermally thin), 

the phase shifts approximately 53° /Lth and in the second case (opti­

cally and thermally thick), the phase shifts approximately 27°/Lth• The 

latter is also the case for thermally thin opaque materials before the 
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asymptotic regime of the phase. As long as the pump beam radius (a) is 

less than Lth, the phase beyond a few a is dominated by thermal diffu­

sion and is essentially independent of a. The magnitude of the signal, 

however, is sensitive to a, both in size and shape. Experimentally, the 

variation of phase with relative beam position on a copper block (ther­

mally thick) and a silicon wafer (thermally thin) was found to agree 

quite well with this simple formula of 27°/Lth when the condition of 

a<Lth/4 was met. When a 4 micron thick, absorbing film of amorphous 

silicon on a transparent sapphire substrate was investigated, the phase 

changed at a rate of 27°/Lth of the sapphire, indicative of surface 

absorption on the substrate. 

D. IMPLICATIONS FOR MICROSCOPY AND IMAGING 

Optical and thermal imaging and microscopy can be readily performed 

using photothermal displacement detection. In addition, subsurface 

structures can be detected in a nondestructive manner by varying the 

modulation frequency of the pump beam. 

been proposed in this mode[lO]. However, 

The interferometer has already 

the beam deflection scheme 

should be easier to implement because of the less stringent demands on 

the sample alignment as the sample and beam are moved relative to each 

other• In other photothermal techniques, the information obtained is 

averaged over the thermal diffusion length bo~h vertically into the sam­

ple and radially out from the optical excitation, and thus focussing the 

pump beam more tightly than the thermal diffusion length causes little 

change in the signal. However, the radial derivative of the surface 

displacement, as detected in the beam deflection scheme, gives more 

localized optical information than the magnitude of the displacement, as 
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detected by the interferometer or ATR, or than other more traditional 

photothermal techniques. In the beam deflection scheme, the signal con­

tinues to increase as the pump beam is focussed more tightly than the 

thermal diffusion length. This is because the maximum slope has an 

additional inverse dependence on a in the Gaussian, directly heated 

region, but the slope does not change significantly with a in the 

exponentially decaying diffusively heated region. The position of max­

imum slope moves out slowly from the a/ /2 of a pure Gaussian shaped 

displacement as the thermal length is increases, but even when the ther­

mal length is fifteen times the radius of the pump beam, the point of 

maximum slope is less than three times the pump radius (see Fig. 5). 

The steepest part of the displacement, and hence the point of maximum 

slope, is governed primarily by the Gaussian shaped, directly heated 

area and thus the information obtained is heavily weighted by this 

region. 

When the pump beam is more tightly focussed than the probe beam, 

and both radii are smaller than the thermal length, the signal magnitude 

acts as though the effective pump beam radius is (a2 + b2)1/2, where a 

and b are the 1/e radii of the pump and probe beams, respectively. A 

simple argument for this behavior can be seen in the limit of no thermal 

diffusion, where the displacement is Gaussian. The position sensor 

integrates the deflection of the entire probe beam, weighted by the 

probe beam intensity. This yields a signal of the form 

(17) 

Thus with a Gaussian probe, the signal can be expressed in the same form 

.. 
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as the slope with a, the pump radius, replaced by the pythagorean sum of 

the pump and probe radii. The prefactor h, however, should be a func­

tion of a and not (a2+b2)l/2 since it includes the heated area. If the 

thermal length is dominating the size of the heated area,, however, then 

the substitution of the pythagorean sum of the two radii for a is valid 

and should agree with the experimental data. This was found to b~ the 

case. The radial resolution for microscopy is thus dependent on the size· 

of both the pump and probe beams. 
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VI. CONCLUSION 

We have presented thre~ different forms of photothermal displace­

ment spectroscopy: beam deflection, interferometry and attenuated total 

reflection. The beam deflection method was found to be the easiest of 

the three to implement, and should therefore prove to be the most use­

ful. The technique is simple and readily applicable to use in ultrahigh 

vacuum. It is possible to distinguish surface absorptions from those 

occurring uniformly throughout the first thermal length of the sample, 

and a wide variety of materials can be investigated with minimal sample 

preparation. Therefore, photothermal displacement spectroscopy should 

prove a very useful tool for the study of the optical properties of sur­

faces and thin films. 

The experimental results were shown to be well predicted by a 

linearized thermoelastic theory, as contained in the Navier-Stokes equa­

tion. The photothermal signal is linear in the pump beam power, 

independent of the (gaseous) ambient medium, and linear in the absorp­

tion coefficient over a large range. The thermal diffusivity of the 

material can be extracted easily from the shape of the signal vs. rela­

tive beam position curves. The technique should be applicable over a 

wide temperature range since the absolute temperature enters into the 

signal only indirectly, as the thermal expansion coefficient and thermal 

diffusivity vary with temperature. In addition, photothermal displace­

ment detection should prove to be a useful tool for performing micros­

copy, imaging, and nondestructive depth profiling of materials. 
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APPENDIX 

The surface displacement was calculated for an infinite slab of 

thickness L (extending infinitely in the radial direction and from 0 to 

Lin the z direction), assuming no normal stress or heat conduction at 

the boundaries z .. O and z=L. The solution to. the Navier-Stokes equation 

(1-2v) v2u + V(V•u) .. 2(l+v)ath VT 

where u a displacement vector 
v .. Poisson ratio 
T a change in temperature from equilibrium value 

and ath = thermal expansion coefficient, 

is the sum of a particular solution u ... p V4> where 

(A1) 

(A2) 

and a solution to the homogeneous equation, which for this cylindrical 

symmetry is given by 

~-(1/(1-2v)[(a2 ~ /araz)r + (2(1 - v) v2~- (a 2~ /az 2)z] (A3) 

where ~ is the Love function [11] satisfying v2 v 2 ~ =0. 

stress components, a and a are given by rz ZZ' 

where 

arz = 2~(a 2 ~/araz) 
p 

arzh = (2~/(l-2v))a/ar[(l-v)v2~- a 2~/az 2 ] 

azz = 2~(a 2 ~/az 2 - v 2 ~) 
p 

azzh = (2~/(l-2v)) 
~ • shear modulus 

2 2 2 
a/az [(2-v)V ~ - a ~/az ] 

At the boundaries, zmO and z•L, arz and azz must be zero. 

The normal 

(A4) 

For this 
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geometry, the solution to A2 can be expressed as the integral of a Green 

function over the temperature, as [12] 

r ~ L 
~(r,z)• -ath(l+v)/(1-v) J dk IP dp I dr,; {T(p,r,;)J0 (kr)J0 (kP) 

• 0 0 0 (AS) 

x [sinh(kz<sinh(k(L-z>))/sinh(kL)]} 

·where z< a the minimum of z and r,; and z> .. the maximum of z and r,;. The 

solution for the temperature profile in the limit of no heat flow at the 

boundaries is[4b]: 

Qg 

T(r,z, t) • (1/2) I tid 6 N(li)M(t~,z)J0 (t~r/z)exp(iwt) + c.c. (A6) 

where N(ll) =- -
0

(aP/41TKth)exp(-t~2a 2/4L2 )/ [(aL)2 - s2] 

M(CI,z) = exp(-az) + C1exp(-Sz/L) - c 2exp(Sz/L) 

cl,2 .. (aL/S)[exp(-aL)- exp(±S)]/[2sinh(S)] 

s2 • 

-
t~2 + i(wpC/Kth)L2 

t~ 2 + i(L2/2L2 ) th 

Kth .. thermal conductivity 
p a mass density 
C • heat capacity/gram 

The first term in M represents the direct heat input from the optical 

absorption and the final two terms are the forward and reverse thermal 

waves. Solving for the particular solutions for the displacement normal 

to the surface and the normal stresses, one finds 

uz (r,O) 
p 

Orz (r,O) • 
p 

Qg OD L 

.. -ath O+v)/0-v) j kd1p dp Jdr,;{T(p, r,;)J0 (kr)J0 (kp) 
0 0 v 

x sinh(kL-kr,;)/sinh(kL)} 
Qg Qg L 

2JJ~h(l+v)/(l-v) j k2dk/p dp j dr,;{T(p, r,;)J0 (kr)Jo(kP) 
0 0 0 

x sinh(kr,;)/sinh(kL)}. 
(A7) 
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OD OD L 

cr rzp (r,L) - - 21Ja.th (l+v)/ (1-v) f k2d~ p did r;,{T( p, r.)J0 (kr)J0 (kp) 

x sinh(kL - kr;.)/sinh(kL)}. 

0 zz (r,z=O,L) • o. 
p 

The general solution to 

OD 

~(r,z)=~dkJ0 (kr){[A+B(kz-6/2)]sinh(kz-6/2) 
0 

+ [C+D(kz-M2)]cosh(kz-6/2)} 

where 6 - kL, 

and then 

OD • 

uz (r,O)=l/(l-2v)~k2dkJ0 (kr){sinh(6/2) [A-B6/2-2D(l - 2v)] 
h 0 

+ cosh( 6/2) [-c+DM2 + 2B(l-2 v )] } 

(AS) 

OD (A9) 
crrz (r,z=O,L)=2~J,/(l-2v)jk3dkJi.(kr) [+sinh( 6/2)(A +B6/2+2Dv) 

h 0 

+cosh( 6/2)(C +D6/2+2Bv)] 
OD 

cr zz (r ,z=O, L)=2l.l/ (l-2v) jk3dkJ0 (kr){+ sinh(6/2)( -c ± D6/2+B(l-2v )] 
h . 0 

+ cosh(6/2) [-A± B6/2+D(l-2v)]} 

Solving for the four unknowns, A, B, C, and D, subject to the four boun-

dary conditions 

crzz(r,O) .. 0 

one finds 

A • I 1 [(1- 2v)cosh(6/2)- 6/2sinh(6/2))/[sinh(l:!) +l:!] 

B • r 2sinh(l:!/2)/[sinh{l:!) 

C • I 1 [(1- 2v)sinh(6/2) 

6] 

M2cosh(6/2)] /[sinh(6) -6] 

D a I2cosh(6/2)/[sinh(6) + 6] 

(AlO) 

(All) 

.· 
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co L 
where 1

1 
• 2ath (1-2 v) ( l+v) I (1-v>jpdifd r;J0 (kp){T ( p, 1;) sinh(fl 12) 

x cosh(k.l; - fl/2) lk sinh(fl)} 
co L 

2ath (l-2v)( i+v) I (1-v>jp dri/ d r;J0 (kp){T( p, r;) cosh( fl/2) 

x sinh(kl; - fll2)lk sinh(A)}. 

Note that A and D [B and C] are non-zero for a temperature distribution 

which is even [odd] across the slab. The use of two Green functions, 

one for temperature and the other for the displacement, has the unfor-

tunate consequence that u (r,O) is not integrable in this form. z How-

ever, (auz/ar)(r,O) is finite and integrable. For the simplest detec­

tion scheme described here, beam deflection, the measured quantity is 

(au lar)(r,O), hence it was calculated. The height of the displacement z 

can then be calculated by integrating the slope over r. The net result 

for the slope is: 

where 

X 

{[A
0

(-aL)+B1A
1

(-aL)+B2A2(-aL)]+e1[A
0

(-S)+B1A1 (-S)+B2A2(-S)] 

+C2[A
0

(S)+B1A1(S)+B2A2(s)]}+C.C.] 

L 

A0(x) .. (2/L>/fr.exp(xr./L)sinh( A- Ar;/L) 

A1(x) • (2/L)fdl;exp(xl;/L)cosh(Al;/L- fl/2) 
o L 

A2(x) • (2/L~~dl;exp(xrjL)sinh(Al;/L - A/2) 

B
1

(fl) • -sinh(A/2)[fl- (1- 2v)sinh(fl)]/[fl + sinh(A)] 

B2(A) • cosh(fi/2)[A + (1- 2v)sinh(fl)]/[fl- sinh(fl)] 

and c1 and c2 are defined after equation A6. This equation is the same 

(Al2) 
I 



38 

as equation 6 in the main text when the integrals for the A(x) terms are 

calculated. The three sets of terms in square brackets are from the 

three exponential terms in the temperature distribution-- the optical 

absorption decay and the forward and reverse thermal waves. The three 

terms within the square brackets are from the particular solution to the 

Navier-Stokes equation (up) and the symmetric and antisymmetric parts to 

the homogeneous solution (~)· 

In calculating the signal, the parameters for crystalline silicon 

and fused silica were taken from Sze[l3] and the AlP Handbook[l4]. 

•• 
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FIGURE CAPTIONS 

Figure~· Experimental configuration for a) beam deflection, c) 

interferometric and d) attenuated total reflection detection schemes. b) 

An expanded view of the displacement for the beam deflection configura-

tion. The reflected probe beam alternates between paths a and b as the 

surface is displaced. 

Figure 1.• Beam deflection(BD) signal vs. the relative position 

Cr0) of the pump and probe beams. The circles are experimental points of 

the a) amplitude and b) phase of the BD signal as the pump beam is 

translated across the sample (see inset). The sample is 0.25 em thick 

didymium glass with an absorption coefficient at the wavelength used of 

-1 em • The pump beam 1/e radius was 100 microns at the sample and 

the modulation frequency was 13.8 Hz. The solid lines are the slope 

magnitude and phase calculated from equation 6 using a thermal dif­

fusivity of 4.2x1o-3 cm2/sec and the above experimental parameters. A 

ten percent variation in the thermal diffusivity is readily detectable 

in the quality of the curve fit. The units of the theoretical curve are 

for an incident power of one milliwatt and a thermal expansion coeffi­

cient of 5.1x10-6K-1. 

Figure 1· Photothermal signal vs. wavelength. An absorption spec-

trum of 0.25 em thick didymium glass obtained by photothermal displace-

ment spectroscopy. The modulation frequency was 17 Hz (interferometer 

at 14Hz); the thermal length is thus about 100 microns. The solid line 

is the beam deflection signal at atmospheric pressure, the dashed line 

is the BD signal at a pressure of 20 mTorr, the dash-dotted line is the 

absorption coefficient as calculated from a transmission measurement and 
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the dotted line is the same spectrum taken by the interferometer method 

at atmospheric pressure. The power of the pump laser (Kr+ pumped 

oxyzene dye laser) was about 7 mW at the lower edge of the spectrum and 

60 mW at the center. 

Figure .i• Theoretical slope vs. optical absorption coefficient. 

Results from equation 6 of the photoinduced slope 100 microns from the 

pump beam center as the absorption coefficient is varied from 0 to 5 

cm-1 and from 0 to 500 cm-1• Note the different scales for the two 

curves. The slope is calculated for a sample of length 0.2S em, thermal 

expansion coefficient of Sx1o-7r1, thermal diffusivity of a.2x1o-3 

cm2/sec and a Poisson ratio of 0.2s. These parameters are typical of 

fused silica. The modulation frequency is 14.2 Hz giving a thermal 

length of 13S microns. The pump beam was assumed to be one milliwatt of 

incident power focussed to a beam radius of a=lOO microns. The linear 

dependence of the signal on the absorption coefficient at low absorption 

and the saturation when aLth>>l are clearly seen. 

Figure 2· Theoretical signal vs. relative beam position for dif­

ferent absorption and thermal lengths. Results of equation 6 for a sil­

icon sample .33 em (.033 em) thick are shown as the solid (dashed) 

curves. The amplitude (Sa and Sb) and phase (Sc and 5d) are shown for a 

weak bulk absorption (Sa and Sc) and a surface absorption (Sb and Sd) 

for frequencies of 20, 320 and Sl20 Hz. The thermal lengths for these 

frequencies are 1200, 300 and 7S microns, respectively, using a thermal 

diffusivity of 0.90 cm2/sec. The pump beam was assumed to be a one mil­

liwatt beam focussed to a 1/e radius of 7S microns, and the thermal 

expansion coefficient was taken to be 2.6x1o-6 K-1. 

.. 
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