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1. Introduction

It is well known that upon the absorption of electromagnetic radiation by a
given medium, a fraction of or all of the excitation energy will be converted to
thermal energy. In recent years, this de-excitation mechanism has provided the
physical basis for a new class of sensitive photothermally based spectroscopies.
Among the better known examples of these spectroscoples are interferometric tech-

niquesgl thermal lensing (TL)gz93 photoacoustic sPectroscopy(PASh4 and, most

5-10

recently, photothermal deflection spectroscopy (PDS). While the theoretical

2,3 11-16

and PAS are fairly well understood, this

foundation of interferometry1, TL

is not the case for PDS. Even though the concept of beam deflection by thermally

induced changes in the index of refraction has been known for a long time917 to
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The theory fér a sensitive spectroscopy based on the photother-
mal deflection of a laser beam is developed. We consider cw and
pulsed cases of both transverse and collinear photothermal deflection
spectroscopy for solids, liquids, gases, and thin films. The predic-
tions of the theory are experimentally verified, its implications for
imaging and microscopy are given, and the sources of noise are
analyzed. The sensitivity and versatility of photothermal deflection
spectroscopy are compared with thermal Ilensing and photoacoustic
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the best of our knowledge, no one has published a complete systematic theoretical
or experimental investigation of the applicability of this phenomenon to spectros—
copy. In this paper, we develop and experimentally verify a general theoretical

treatment of PDS.

Before proceeding with the theoretical treatment of PDS, a brief physical
description of PDS is in order. The absorption of the optically exciting beam
{punp beam) causes a corresponding change in the index of refraction of the opti-
cally heated region. The absorption also causes an index-of-refraction gradient
in a thin layer adjacent to the sample surface. By probing the gradient of
the varying dindex of refraction with a second beam (probe beam), one can relate
its deflection to the optical absorption of the sample. This is in contrast with
probing thermally induced changes in optical path lengths, as in interferometric
techniques or probing the curvature of the index of refraction as in TL. As can
be seen from the above description, one has two choices in performing PDS: 1) col~

6,7,10

linear photothermal deflection where the gradient of the index of refraction

is both created and probed within the sample (Fig. 1) or 2) transverse photother-

mal deflection5’899

where the probing of the gradient of the index of refraction
is accomplished in the thin layer adjacent to the sample=-=an approach most
sulted for opaque samples and for materials of poor optical quality (Fig. 1). We
have already demonstrated the high sensitivity of PDS for measuring in situ small
absorptions in thin films, solids, liquids, and g35685w89 Its potential for imag-

ing and scanning microscopy has been demonst:rated18e

In Sec. 11, we present the theory of PDS for the cw collinear and transverse
cases, and the pulsed collinear case. 1In Sec. I1I we deal with experimental con-
siderations. The experimental results are compared with theoretical predictions
in Sec. IV. loise and background analysis are described in Sec. V, and in Sec. VI,
we discuss our findings and compare them with related techniques. Finally, the

implications of our calculations for imaging and microscopy are presented in Seco
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II. Theory

The calculation of the expected beam deflection for PDS can be
divided into two parts. One first finds the temperature distribution in
the sample and then solves for the optical beam propagation through an
inhomogeneous medium. While temperature solutions have been reported in

the 1iteratureggllalé

s those reported are not applicable to our geometry
and are not sufficiently general to provide a unified treatment for both
collinear and transverse PDS of solids, thin films, gases, and liquids.

We present a model which is sufficiently pgeneral to be applicable to

most actual experimental casess

A. Temperature Distribution

Consider the geometry shown in Fig. l. Regions O and 2 are opti=-
cally non=absorbing media. Region 1 is the absorbing mediun, and can be
edither a thin film, gas, liquid, or solid. For simplicity, we assume
that all three regions extend infinitely in the radial direction. This
assumption does not significantly alter the applicability of the treat-
ment since focussed laser beams are typically much smaller than the
radial dimension of the sample, and the thermal diffusion length of most
samples, is less than typical sample dimensions for experimentally use-

ful chopping frequencies.

In the three regions, the temperature vise T, satisfies the equa-

tionég ) 57
1 o _ .
v TO ko e 0 Region 0 (la)
oT
2 -
veT, - Y 1 -QF,t) Region 1 (1b)
k at K
1 1
) 1 9T
v T2 "% =0 Region 2 (lc)

2 at
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subject to the following boundary conditions

oy Bl Bl
Olz=0 1 z=0 1 z={, 2 z=4
and
3T
Y B Bt
= i $
00z |, _g 1 9z 0 1oz |, - 9z |,

where:%)is the conductivity, ki (kizKi/éici) is the diffusivity, Ti is
the temperature rvise of the ith medium above the ambient temperature,
and g 1s the thickness of the absorbing wmedium. Q(?}t) is the heat
deposited per unit volume oscillating at the frequency w in the absorb-

ing medium and is given by

4Po  —az gzrz/az iwt
57 e e e + c.C.

T a

Q(F,t) =3‘2~

for a square-wave intenslty modulated beam where P is the optically
exciting beam (pump beam) power, e is the absorption coefficient, and a
is the l/ez radius of the Gaussian beam. We have assumed above that over
the interactlon region between the pump and probe beams, the probe beam
is focussed to a smaller spot than that of the pump beam, and that the
pump beam waist does not change over the confocal distance of the probe
beam. In Eqs. (la-c) we have also neglected the effect of the acoustic
wave which accompanies the temperature rise of the illuminated volume.

(See Appendix A for details).

Egs. (la-c) are solved by making the following substitutions. For
region 0, we have
Bziwt

>y o1 0 .,
T (F,e) =5 [ 6dsI (er) E() e © e+,
0

(2a)

(2b)

(3)

(4)
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for region 2, we have

[2e]

-8, (z-2) |
- 1 2 iwt .
Tz(rgt) =3 jf Sdéjo(ér) D(8) e e + c.c. 3 (5)
0
and for region 1, we have
> 1 ” =02 Eﬁlz
T, (e =5 [ eass (sr)[r(s) &7 4 AGS) e (6)
0 B.z

+ B(S8) e 1 ] elwt + c.c.

where T i(x:s,z) is the component of the temperature difference oscillat-

ing at frequency w,

2
1«1(6) _ POC em(éa) /8 (7)
T2 2 2 ’
Ky By
and
2 2

BT = &7 + 1w/k, .
i i

Substituting into Egs. (la-c) and satisfying the boundary conditions, we

find that
=0 L Bl2

A(S) = «[(1 - g)(b - 1) e + (g + )@ +b)e” ] T(S/H() )
-l 3612

B(8) = =[(L +g)(b =1) e + (g+ 1)1 =Db) e 1 T (§)/H(s)
-89 8.4

D8 =T(8) e +A(8) e * +B(S) et (9)

E(S8) = T(8) + A(S) + B(S) 5

and
812 »Bli

H(S) = [(L + g)(L +b) e - (1 -g)(1-Db)e ]

where

BT KB KBy s D= By kg8 v = ol



The final temperature distribution is obtained by combining Eqs. (4-~9).

In ovder to gain insight intc the physical picture discribed by the
formulae and to relate our findings to previous work, we consider spe-

cial casess

To obtain the one dimensional solutionl5§ we take 2w js rdr of Eqe.
' o)
(6). Since
S sas [ rdr J (8r) R(8) = R(0)
0 o ©
one obtains
_ —az =Klz Klz
Tj(z) = 27{I'(0) e + A(0) e + B(0) e ] (10)
where
2, - _ *®
Ki = 1w/ki and Tl(z) = 27 fﬁ rdrTl(r,z)
Simplifying this expression, the result is
_ Po K. 2~az
H{O) = Kl(Kl - )
' Klﬁ=az aanKlz
- (1 = 1-5 - - -
( g)( ) e A-g®m-r)e (11)
Kl(ﬁmz) wu£+Klz
- (g+ )(I +Db) e - (1 +g)b~1)e
-k, o+
Klﬁ Klz

= (g+ )l ~5b) e
Hence, the physical interpretation of Eqs. (4-6) is that any temperature
distribution can be decomposed 1into distributions of the form

o These distributions act independently of each other and have an

effective thermal length given by

3 B 2 2..1/2.~1
1i = 1/Re(8i) = {Re[(Ki + §7)] }

The case =0 gives a radially uniform temperature distribution which, as

expected, 1is similar to the one dimensional case.

-6

J (6r)e
o

Z
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For region 1, A(S) is the magnitude of the thermal wave diffusing
in the positive z direction, B(S) 1is the thermal wave diffusing in the

negative z direction, and T (d) is the temperature rise due to energy

deposited at location (r,z) by the pump beam.

if heat diffusion Into the bounding medla is neglected and the tem-

perature is integrated aslong the z direction, Eq. (6) reduces to

-(8a)2/8
] 1 p(1 - =0, o 6J (8r) e .
K Tl(?,t) = > m%i»@l O ase™t 4 oce.
o T Kq 0 & + K1

1f the thermal length (ReKl)ml9 is much smaller than the besm radius,

the denominator in Eq. 12 becomes Klz and the integral can be performed.

The result i§6

Q _ -0 2 2 N
afa dz Tl(;st) = %’ P(L-e )& e 2x/a It 4 oc e, (13)
0

ﬂziw(DC)laZ

In the above case, the temperature distribution follows the beam profile

because there is no diffusion of heat.

If the thermal length is much greater than the beam radius, Xlz can
be neglected 1o the denominator of Egq. 12. The solution for the tem-

perature gradient reduces to6

P(1 euag) “ZIZ/aZ iwt

'3 Y 1 -
Jf dz T (r,t) = 3 2 [1-e 1e™ + c.c. (14)
Q

Klf

This result shows that the temperature distribution extends signifi-

cantly beyond the beam profile for low chopplng frequencies.

B. Optical Beam Propagation

We next calculate the effect of the temperature distribution on the
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probe beam. The Index of refraction is, in general, a fwmction of tem-
perature and pressure. One can neglect the pressure contribution (see

Appendix A). Hence,

n(r,t) = n + An(r, £)

4 o0
JT
© T T ambient

on @1% o “1 QBE o ‘“1 - .
where 7 is typically 10 C for liquids and 10 C for solids. 1The

=1 T(¥,t) (15)

propagation of the Gaussian probe beam through the spatially wvarying

index of refraction is given bylg

s
dr
o =2) =% @0 4
ds o ds L T (16)
-3
vhere T, is the perpendicular digplacement of the beam from its oviginal
direction, o, is the uniform index of refraction, andiﬁ n{z,t) is the

gradient of the index of refraction perpendicular to g (the ray path)

(see Fig. 2). The change in the complex beam parameter, ¢, is given

ble
d_ 1 R 2 _ azn o
ds(/qsu> <q5u> noasif PR ar
where
ag = 1/R, - iA/(nO1Tw§)
il il
Rsii is the radius of curvature of the phase fronts, v is the l/ez spot

size, and A is the vacum wavelength of the probe beam. We also assume
that the deflection is small compared to the temperature distribution.
Since typical deflections are lOmS radians over 1 cm, the total devia-
tion 1s 0.1 wm, which is much smaller than the typical 50 ym spot size

)

of a focussed laser. Integrating Eqs. (16) and (17) over the ray path g

gives
e L
mmds = ‘;;“’ VL I‘l(rg‘t)ds (18)

path
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and
“ 82
qg - 1/q } = j dS“T““’“"E"? i=1,2  (19)
il 'end of St Beginning of n 98,
Path q L
interaction interaction SiL ot

Since the deviation is swmall,

dr
IR - 1 vor(r

T = ¢ - o f vl T(r,t) ds (20)

0 Path

where ¢ is the angular deviation from S and Eq. (15) was used. Egq. (20)
is a three~dimensional generalization valid for Gaussian beams of the
one dimensional case reported in Ref. 8. From Eq. (19) we see that the
effect of the curvature of the index of rvefraction is equivalent to an

astigmatic lens of focal length, Fi’ in the Si direction where Fi is

given by
2 2
T T S | G PO N i} 0T 4s i=1,2 (21)
i n ag. 2 n_ 3T 55y 2
© “parh %4y © Path “7iL

Eqs. (20) and (21) demonstrate one of the differences between PDS
and TL. PDS probes the gradient of the temperature while TL probes its

curvature.

€. Bolution for Beam Deflection

1. Collinear PDS

For collinear PDS, the beam is deflected by the temperature gra-
dient in all three vegions. For simplicity, we assume that the probe
beam travels parallel to the pump beam axis and 1s deflected only in
Regions 1 and 2520 However, the interaction length is restricted to be

consistant with an angle between the pump and probe beams (see Fig. 3).

From Egqs. {(5), (6), and (18), the deflection in this case 1is

iwt wBlz B.z

. - on | -2 -
given by ¢ = =& o dz [ 5°ds3 Bx ) 1(8) e % + AGS) e + B(§) e T
[e)

T 2n aT
o]

0

%
i w 9 BZ(Z - 'Q‘)j
- f dz{ 873, (8x ) d8D(8) e tees 208 (22)
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where Qi = 2a/siny 1is the length of interaction of the two beaus, xo
is the displacement between the beams, and Y 1s the angle of their

intersection. If the beams overlap in Region 1 only, then

L,
R on  dwt i
¢ 2n0 T e ﬁf

[} 2 _ ‘*Blz
dz Jf S déJl(axo)[r(a) e + A(S) e (23)
(6] O
R.z

B(8) e ! 1+ c.c, P <t

oz

Note that the assumption that the beams are parallel can be relaxed by
integrating over an oblique path and evaluating the gradient in a pexr-
pendicular direction. This would add unnecessary complexity without

introducing any significant effects.

éﬁ Transverse PDS

For transverse PDS, the probe beam propagates completely within

Region 0. The probe beam path iz (see Fig. 1)
y=y, =z =(tany)x -+ z (24)

oT . , .
For small tam ¥, VT =-7- . By substituting Eq. (4) into Eq.

(20), the deflection is given by

: -z [ (tany)
elt&)t é}l Is}

1 - N
¢ = 2 n, aT dxefa 6Jo((\?
== 00 O

Y [(cand)xctz_Jg
y, +x) BOE(S) e ° + c.c.

(25)

3. Pulsed PDS

For pulsed PDS, the temperature solution as a function of time can
be found by replacing iw by p in Eqgs. (22)=(25) and inverting the

Laplace transform using the inversion formula

1 Cctie ‘
(0) = 57 f;ciw o(p) ePF e (26)

Because of the integral form of the solution and the many poles of the

integrand, this solution would be too cumbarsome to be of use. For an
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infinite, weakly absorbing medium, the solution is much simpler and is
qualitatively similar to the wmore complicated solution. Hence, we

derive this solution for a square pulse.

In this case, the temperature is given by21
t oo .
T(r,t) = Jf dt"g{ 20r'dr'Q(r",t") G(r',r,t-t") (27)
o ) :
wher !
ere -2r 2/a2
j e 0 <t" <t
Q(r?9t") = © s
O t” > t
0

2 y
Glr'yr,e-t") = 1 expl L+ r'z) 1l rr’
s Ly QTYKl(t“‘t") p L}kl(t - t") Ozkl(t - t")

E is the pulse energy, and t is the pulse width.

Integrating and solving for 3T/3r s we obtain
-oE aZrZ/(a2+8k t) 2, 2
aT -
Q,awgwmo Ee 177 o /aj 0 <t <t (28)
T - — 0
T ok, t 2r
1o
2
~oE ~or (a8 t)  -2r%/(a%48k, (-t )
oT _ o) 1 1 o]
"ar' = e - e £t > tO

i KltOZr

This expression may be substituted into Eq. (20) (and letting r=a/2) to
derive the expected signal versus time at the position of maximum

deflection.

D. Numerical Evaluation

Egss (22) and (23) were evaluated using numerical quadrature rou-
tines. By varying the method of integration and the step size, and by

comparing the results with limiting cases and experiments, we wverified
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that the vroutines were converging correctly. The equations were
evaluated using appropriate material parameters and the results of the
calculations are shown in Figs. 6-13 and will be compared with the

experimental results.

I111. Experimental Considerations

A. Experimental Configurations

Experiments were performed to verify the theoretical results and to
determine the ultimate sensitivity of PDSSESQ The experimental confi-
gurations are given in Fig. 4. TFig. 4a shows the experimental set-up
for transverse PDS. TFor exciting light sources (pump beams), we used
either a cw dye laser, a pulsed dye laser, or a xenon arc lamp with a
monochromator. Wnen a cw dye laser or an arc lamp was used, a mechani-
cal chopper modulated the output. The probe beam was a 0.5 mW HeNe
laser. Two types of position sensorszz were used to determine the
amplitude and phase of the probe beam deflection: lateral and quadrant.

The output of the sensor was fed into the (A-B) dinput of a lockin

amplifier.

In ¥Fig. &b, the experimental arrangement for collinear PDS is
presented. The pump beam must be a laser in order to permit tight
focussing. To minimize the scattering of the pump beam on the position
sensor, both pump and probe beams were counter propagating. Further-
more, a notch filter was placed between the sample and the detector to
eliminate any remaining scattered light. To maximize the signal, the
angle between the pump and probe beams can be minimized, although col=~

linearity is rarely required. One further comnsideration is that the
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focal spot of the probe beam should be smaller than that of the pump

bean.

In the case of pulsed PDS, the exciting light source was a Chroma-
tix CMX-4 flashlamp-pumped dye laser. A quadrant position sensor
detected the deflection of the HeNe probe beam. The output of the sen~
sor was fed into a differential preamplifier whose output was digitized
by a Tektronix 7912AD digitizer. When necessary, this digitized wave-
form was averaged with a Tektronix 4032 computer. The laser power was
monitored with a color corrected photodiode for the purpose of power

normalization.

Sample materials included filtered spectroscopic grade benzene, a
0.5 ym thick film of indium and tin oxides deposited on a glass sub-

strate, and a 600 mm glass edge filter,

B. Analysis of Detector Response

As indicated above, the'deflection of the beam due to the change in
the index of refraction is detected by a position sensor which converts
the deflection into an output voltage. The relationship between the
deflection and the voltage depends on whether the position sensor is a

quadrant or a lateral detector.

For a quadrant detector, the change of the signal V above the DC

level, V, is calculated using Fig. 5a. Assuming a Gaussian probe bean,

2, 2
*© =2r [w,.dr
MY _ AL, AX‘EQ 2 2

o "2
= (4/V/2m) ff—‘; - (29)
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where Ax=0d, d 1s the distance from the focal spot to the detector, IO
is the probe beam intensity, and W, is the spot radius on the detector.
Since d 1s large,

Y
Yo S v n (30)
00

where v, is the probe beam radius at the focal spot. Hence,
4 ¢Wwono

AV:? wi“% v (31)
T

and ¢ is given by Egq. (20).

We conclude that in the case of a quadrant position sensor, the
signal is independent of the sample distance. For modulation frequen=-
cies of the order of a few hundred cycles per second,AV/V was found to

6

be 10 °. Thus, we were able to measure a deflection of 1.5 x 10™% vadian/ Viiz

given typlcal laser parameters.

For a lateral detector, we use the sensitivity figure of 0.55P
amps/cm given by the manufacturer where P is the probe beam power in
watts. Then, AV/V=0.558x = 0.55¢d (d is in cm). The signal depends on
the distance from the focal spot to the detector. For a detector of

size 2y (see Fig. 5b),

Rlﬂwono
dmax - A (32)
80
L.7w n
AV 0.55¢ "1 "o o
vo2 A (33)

Since &; = 1 m, we see that both detectors are similar in sensitivity.

IV, Experimental Verification of the Theoretical Predictions




- 16 =

A. CW PDS

As noted above, PDS can be performed in two ways: collinear and
transverse. Experiments were conducted to evaluate both approaches and

to compare the results obtained with the theoretical predictions.

le Collinear PDS

a. Signal Dependence on Intra-beam Offset (XO)

Fig . 6a showsthe dependence of the signal amplitude on the
offset of the pump and probe beams for high and low modulation frequen=-
cies. Note that both theoretical curves are adjusted only by the ident~
ical amplitude factox, indicating that the correct relative magnitude

and peak positions are predicted by the theory.

The discrepancy in the case of high modulation frequency and larger
X could be due to uncertainty in the precise thermal properties of the
glass substrate. Similarly, the phase shown in Fig. 6b demonstrates
good agreement between theory and experiment, except for large displace~

rnerlt823s

For low frequencies, the thermal lengths in the sample and the sub-
strate are much larger than the pump beam radius. Consequently, the
temperature distribution extends significantly beyond the beam radius.
Fig. 6b shows that the phase changes continuously as the probe beam
moves away from the pump beam. This is due to the propagation of the
heat from the pump beam to the probe beam. For high frequencies, the
thermal conduction becomes unimportant. Hence, the curve describing the

relationship between the amplitude and the offset of the pump and probe
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beams is the radial derivative of the beam profile. Using this fact,
one can measure the radius of the Gaussian beam profile, if unknown, and
check the focus of the pump beam. Far from the pump beam, the phase

changes linearly with the distancegxO since it is due to the propa=-

2

gation delay of the heat wave traveling from the pump to the probe beam.

b. Signal Dependence on Modulation Frequency (w)

Figs. 7a and 7b show the amplitude and phase versus the frequency
for various offsets of the probe beam. The theoretical amplitude is
adjusted by an amplitude factor, and the phase is adjusted with a con-
stant offset. The theoretical and experimental curves show rapid change
at the same frequency and approach the same limiting values at high fre-
auencies. When the thermal length in the sample-substrate becomes
smaller than the probe beam radius, the signal amplitude and the phase
change rapidly. Thus, by measuring the pump beam radius, using the
technique outlined above, one can measure the thermal diffusivity of the
sample. The high frequency limit of the signal amplitude has a l/w
dependence. When the probe beam is offset from the pump beam by wnore
than one beam radius, the signal decreases faster than 1/w . This occurs
not only because the temperature of the central region decreases as l/w,
but because the thermal length also decreases, preventing the heat from
reaching the probe beam. If the two beams overlap significantly, there
is no dependence on the thermal length. This causes the high frequency

limit to follow l/w.

éf Transverse PDS

For the transverse PDS, several parameters were varied.
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a. ¥Frequency Dependence

By examining Fig. 8 we see that the signal falls off very rapidly
as a function of frequency. Because T« exp (zolflt)9 the signal falls off
exponentially as the frequency increases. The important consequence of
the above is that for high modulation frequencies, pulsed work, or
s0lids immersed in liquids, the signal 1is bigger 1f the probe beam is
carefully aligned closely to the sample surface and, hence, should be
focussed. This condition shows that the signal is optimized for flat

sanples with small lateral dimensions.

b. Signal Dependence on Pump Beam Radius (a)

Fig. 9 shows the effect of varying the pump beam radius. The sig=-
nal increases as 1/a as the pump beam is focussed. The temperature vise
has an a2 dependence, while the interaction length goes as 1/a. When
the pump beam radius becomes as small as the lateral thermal length, no
further increase in the signal is observed. For z less than the they-
mal length in air (13)§ the lateral thermal length is approximately the
thermal length in the glass (1g)g for z, greater than 1a9 the lateral

thermal length is approximately lag

co Signal Dependence on Probe and Pump Beam Offset (yo)

Fig. 10 shows the effect of off-axis displacement (yo) of the probe
beam relative to the pump beam (see Fig. 1). By varying the offset (yo)

of the beams, the profile of the temperature in region 0 is probed at
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the position z of the probe beam. The main peak width is determined by
the spot size of the pump beam and the sample thermal length. Because
la is larger than lg’ the heat flows from the air back into the saumple
for ¥, greater than lg (see inset in Fig. 10). This reversed heat flow
causes the second, but weaker, maximum, with its phase shifted 180° from
that of the central peak. For z, greater than la’ the heat flows away

from the sample for all Y values, and the secondary peak will no longer

be observed.

de Signal Dependence on the Probe Beam Tilt Angle (%)

The effect of varying the tilt angle, ¥ , of the probe beam relative

to the sample surface is shown in Fig. ll. For a small pump radius (40

um), the tilt angle is not important unless the sample actually inter-
cepts the probe beam. 1In the case of a broad band punp beam (0.71 cm),

the signal is more sensitive to the tilt angle because of the longer

path grazing the sample. This often requires a longer focal length lens

for the probe beam.

es Pump Beam Offset In the.io Direction

Fig. 12 shows the effects of varying the beam offset (zo) from the
sample. In general, the signal increases exponentially as the probe
beam approaches the sample. As pointed out in Ref. 5, the exponential
increase can be used to deterﬁine the diffusivity of the deflecting
medium. For the more realistic case of a beam focussed on a poor con-
ducting substrate, the results are more complex. For z, increasing,
the temperature distribution 1s determined by the thermal properties of
the air (or an appropriate fluid) so the beam deflection falls off

exponentially as 1ae On the
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other hand, for z, decreasing, the temperature distribution gets
smaller and more compressed (see Fig. 10). Hence, the signal rises fas-

ter than exponentially.

Spectra taken with cw PDS have been previously reported and will

5-8 : .
not be repeated here - For transverse PDS and for an interaction

length of 1 cm, we were able to detect a temperature rise of 107 °¢

in alr and 1086 °¢ for CClés For collinear PDS, we have been able to

=7

measure anag of 10“8 for 1iquidsé, 10 for solid56s and 10m7 for

B. Pulsed Collinear PDS

We have investigated the case of collinear pulsed PDS. The signal
as a function of time for pure benzene is shown in Fig. 13. The meas-
ured time constant(l/e) is 6.2 ms. The magnitude of the expected signal
was computed using Eq. (28) with r = a/2 = 37 pym. The pump radius (a)
was found by measuring the distance the pump beam focussing lens moved
between signal maxima. The agreement between theory and experiment is
good, demonstrating that for thick uniform samples, the finite sample

approzimation is appropriate.

To demonstrate the sensitivity of pulsed PDS, we have obtained the
spectrum of the sixth harmonic of the C-H stretch of 0.17% of benzene in

distilled CClé (Fig. l4a). The measured absorption coefficient

is 2 x 10@6 cm“le Since the interaction length was 0.1 cm or less, we

measured an of of 10m7@ We believe the background is due to impurities

in the CCl4 {since such a background was 10 times larger before distil-
lation of CClé)9 absorption in the CCl4 itself, or is due to the signal

caused by electrorestrictionzé&e
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Fig. 14b shows the signal versus time for the peak absorbrtion in
0.1% benzene. The rise time is determined by the shunt capacitance of
the cables with a 50 kQ load resistor. The fall time is determined by
a 5000 Hz high pass filter in the preamplifier. The signal-to-noise
ratio for a..single point can be conservatively estimated to be 10.
(Actually, 1if one were to fit a curve through all points, the noise
would be considerably less.) Assuming a signal-to-noise ratio of 10, we
find that we can measure an absorption coefficient of 2x10@7 cmml for 1
mJ laser. Since the noise appears to be mostly shot noise, the HelNe
probe laser output could be dncreased by a factor of 20, giving an
improvement of 4 in the S/N ratio. If one fits a curve through all
points and takes more averages, the minimum measureable absorption coef-
ficient can be lowered by a factor of 10-100. This assumes that prob-

lems with coherent electrical noise, electrorestriction, and probe laser

noise are insignificante.

V. Noise - Background Considerations

The background noise originates from the following sources: laser
"noise (pointing and intensity fluctuations), electronic noise, and sam-
ple and/or ambient environment noise (e.g. convection, turbulence, or

mechanical vibration).

For cw PDS, the pointing noise of the probe laser predominates.
The intensity fluctuations of the probe beam can be discriminated
against by adjustment of the probe spot on the detector. Typically, the
differential input can reject intensity fluctuations to 1 part in 1000,
For a typical laser, the ratio of the intensity noise to the DC level
was 5 x lOSé/t/ﬁz9 while the observed noise ratio was 6 x 1037/J§Ze The

expected contribution of laser intensity fluctuations is 5 x 10m9/¥ﬁz
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which is much less than the observed noise. Also, the observed noise can
not be attributed to voom vibrations or air turbulence since the noise
decreased by a factor of 10 when we used a focussed flashlight beam as
the probe beam. We conclude that the noise must be due to pointing fluc-
tuationse. Testing a variety of HeNe lasers, we found that they all
exhibited a pointing nolse of roughly 5 x 10a9 radians//Hz at low fre-
quencies reaching shot noise at a few kHz. Spatial filtering or instal-

lation of an intra cavity iris could improve this value.

The electronic noise 1is easily calculated and seldom limits the
sensitivity. Following Van der Ziel’s analy5152é9 the expected combined
yms current noise contribution of the position sensor, the load resis-

tor, and the preamplifier is given by

2 2 9212 (12
1/2 /l 81o n ®n €a ¢ > (34)
i = (4k TF ) = + + + +
RMS B 1 XIE Zkg T AkpT éRikBT 12 kT

where kB is Boltzman’s constant, T is the temperature, Fl is the fre-
quency band pass of the detector and electronics, RL is the load resis-
tor, Io is the d.c. current, C° is the combined detector, cable, and
preamplifier shunt capacitance, in is the preamplifier current noise,
and e is the preamplifier voltage noise. Usually, the third term in
Eq. (34) can be neglected for a reasonably good amplifier by making the
load resistor larger than 1KfQ. Often the first and fourth terms can be
neglected as well. This is feasible at low frequencies. Thus, the most
significant electronic noise term 1s the shot noise, the second term,
which sets a detection limit of 3.4 XlOwlO rad/v/Hz for a 1 mW probe

lasers
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For wide band or pulsed operation, the situation is more compli-

cateds The high frequency cutoff, ¥. is determined by 27 Fl R, C’=1.

1 L

Consequently, the load resistance cannot be made arbitrarily large.
Furthermore, since the thermal signal fall time is very slow (see Fig.
13), the high pass filter must be set at 25 Hz or less to avoid waveform
distortion. Unfortunately, a 25 Hz high pass filter allows significant
low frequency noise and background into the detection electronics. We
have found that a 3000 Hz high pass filter improves the signal-to-noise
ratio and eliminates the background significantly, even though 1t dis-
torts the waveform and throws away part of the signal. The distorted
waveform is shown in Fig. l4b. With a high pass filter, the shot noise

predominates over other noise sources.

Other factors which may contribute to the background noise are
unwanted light scattered on the position sensor, spurious signals due to
particulates, impurities in the sample, and window absorption. In the
case of low modulation frequencies in liquids, turbulence may mask the
true deflection of the probe beam. Obvious solutions to these problems
include keeping thermal gradients small, filtering out particles, dis-
tilling the liquid, and insuring that the probe and pump beams do not

overlap within the windows of the sample container.

Vi. Discussion and Comparison with Related Spectroscopies

In this section we discuss the advantages and disadvantages of PDS,
and compare PDS to other photothermally-based spectroscopies. A summary

of our comparision is given in Table I.
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A. Comparisons to Thermal Lensing (TIL)

First, we compare collinear PDS to TL given in Ref.3 . Using the
recommendations found therein, we determine that for weak absorptions,

the relative change of intensity AI/I for TL is given by

W aPg
_ e on TL 1
(81/ D)y = 0.8 5= 7 2, E} ¥ tc/Zt] (35)

1

where w, is the probe focal spot, 2 ig the pump focal spot, t is the
time after pump is turned om, 0 is the sbsorption coefficient, P is the

pump beam power, & is the interaction length, Klig the conductivity, A

TL
is the vacum wavelength of the probe beanm, n, is the index of refraction
of the media, &ﬁd'tg = az/éka Using Eq. (29) for the change of inten-
sity AL/I for PDS and evaluating 37/5r as in Ref. 3, we find that

_ 42 %o an pps

S Vo A a7 aKl

S22t/ ) -1/

(

(AI/I)PD ) (36)

letting + » « and assuming nOSIBS

(AI/I)PDS _ 0.78 QPD
(AI/I)TL [

S

(37)
TL

if the probe beam is aligned collinearly with the pump beam and 1f the
pump 1s filtered out before reaching the position sensor, then the fol-
lowing relation holds:

2 =4

2
PDS QTL = 0,2 wwono/ A (38)

Thus PDS and TL have almost the ssme sensitivity. Usually, however, for
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both collinear PDS and TL, the overlap of the beams withim the mnotch
filter can give rise to an appreciable background signal due to heating
within the filter. To reduce the background, the pump and probe beans
should intersect at an angle. This reduces the interaction length and

the signal by a factor of one to two orders of magnitudes.

PDS has several distinct advantages over TL when one considers
noise and background. The probe laser usually has yvelatively large
intensity fluctuations. Such fluctuations give vise to significant
noise in the case of TL, but are reduced in PDS by a factor of 1000.
The pointing noise of the probe laser, of course, affects both PDS and
TL. When PDS and TL are used on semiconductors with a bandgap near the
probe wavelength, the probe beam intensity will be modulated by the
shift of the band gap due to pump beam heating. This intensity modula-
tion causes an additional signal which varies as the pump wavelength.

The two contributions may be difficult to separate.

PDS also has versatilicty advantages over TL. Spectra of opaque
samples or scattering samples can be measured using transverse PDS, 3=
dimensional depth profiling of absorption can be performed by moving the
beam overlap region through the sample. Finally, TL is more difficult
to align. Hence, PDS is as sensitive as TL and is more versatile and

easy to uses.

B. Comparison with Photoacoustic Spectroscopy (PAS)

Because of the variety of detector-sample combinations of both PAS

and PDS, we will restrict our comparison to condensed matter samples.

Compared with microphone PAS, PDS has the following advantages: 1)
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PDS is more sensitive, particularly in the case of liquids, 2) PDS has
the potential for remote sensing and in situ moniltoring, 3) PDS works in
hostile environments such as temperature extremes or caustic substances,
4) acoustic shielding requirements are less stringent, 5) there is no
backgound due to window absorption, 6) the frequency response {is
greater, 7) spatial probing of absorption is possible, and 8) the com-
plication of gas coupling physics is eliminated. The disadvantages of
PDS arve: 1) aligmment is more difficult, 2) the sample surface can not
be exceedingly rough, and 3) for collinear PDS, the sample must be tran-

sparent to the probe beam for collinear PDS.

Compared with piezoelectric PAS, the advantapes of PDS are: 1) PDY
is at least as sensitive, 2) PDS can be employed in hostile enviroun-
ments, 3) there is no scattering background, 4) the attachment of the
transducey to the sample is eliminated, 5) the mechanical properties and
sanple size are not limiting factors, ©) 3=dimensional spatial protiling
is possible, and 7) the relatioships of the signal to the teumperature
rise and to the time dependence of the signal are far simpler. On the
other hand, the disadvantages of PDS are: 1) in the case of collinear
PDS it may be difficult to find a probe beam that is transmitted by some
materials, 2) alignment is morve difficult, and 3) the optical quality of

the sample is more demanding for collinear PDS.

Vi1, Implications for Imaging and Microscopy

Recently, photoacoustic detection, which depends on both the opti~-
cal and the thermal properties of a gilven material, has been put to use
. . ; ; . ; \ 26=218
in performing scanned imaging and wmicroscopy of various materials.

In this case, a new type of image is obtained which displays unique spa-

tial and thermal information. Of particular interest is the ability of
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this imaging to detect subsurface structures or flaws which exist at

depths exceeding the optical penetration of the probe lighte.

The discussion presented above suggests that photothermal deflec-
tion detection yields information similar to photoacoustic imaging.
Photothermal deflection imaging has been reported elsewhere@l8 In this
section we discuss some of the implications of our theoretical treatment

for imaging and wicroscopye

A. Collinear Photothermal Deflection Microscopy and imaging

This scheme is mainly suitable for optically thin samples and for
weakly absorbing objects imbeded in a transparent matrix. By scanning
the interaction region of the focussed pump and probe beams relative to
the sample, a three dimensional profile can be constructed. In this
case, the optical resolution is deterinined by the size of the probe bean
waist din the x and v directions, and by the interaction length 21
(=2a/siny ) in the z direction. Consequently, the larger the intersec-
tion angle of the beams and the tighter the focal spot of the punp bean,
the greater the optical resolution. On the other hand, we have shown
that the thermal resolution is determined by the thermal length within
the sample itself (see Eq. 12 and Fig. 6a). Fig. 6a shows that as the
modulation frequency increases, the thermal resolution given by (Re

oo

Rl) also increases.

We have demonstrated6 that an ofof 10@7 can be measured with cole-
linear PDS. Hence, spatial profiling of weakly absorbing inhomo-
geneities can be probed with a resolution equal to the pump laser spot
size. By changing the probe wavelenpgth, one cdn get spectral inforana-

tion as wells
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B. Transverse Photothermal Deflection Microscopy and Imaging

By performing transverse photothermal deflection microscopy, one
probes the optical and thermal properties at and near the surface of the
material of interest. The optical resolution will again be determined
by the pump beam waist , while the thermal resolution for a focussed
pump beam will be the thermal wavelength in the material. For large
punp beams or for large thermal sources, the thermal resolution is more
complicated. In the case of small beam offsets (IZO})9 the thermal
resolution is given by the thermal length in the sample. For large
§201§ however, the thermal resolution is given by the thermal wavelength

in deflecting media adjacent to the sample surface.

Transverse photothermal deflection microscopy also can vield infor=
mation on the surface topography of a given material. Eq. (25) and Fig.
{12) show the strong dependence of the siznal on the probe bean offset
(lzol)e 1f the material’s surface varies in the z direction, both the
phase and the amplitude of the photothermal deflection signal will

s 18 , ; .
reflect such a variation. In the case of a uniformally illuminated
surface with a uniform absorption, surface roughness of the order of 0.lum

can be resolved.

To account fully for the role of sample inhomogeneities and of
geometrical boundaries and to determine the thermal vyesolution, one
needs to penralize our theoretical treatment to include the spatial
variation of the thermal properties of the sample. Such an extension

will not be dealt with in this paper.

VIIT. Summary

We have shown that photothermal deflection spectroscopv is a sensi-
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tive and versatile techique for measuring a wide range of absorption
coefficients in solids, thin films, liquids, and gases. A model was
presented which accurately

predicts the experimental results. The model allows the experimenter to
optimize the experimental setup and quantitatively predict the sensi-
tivity and limitations of PDS. We also identifed sources of noise and
ways to maximize the signal-to-noise ratios were discussea. Finally, we
discussed the advantapes and disadvantages of PDS and compare it to
alternative spectroscoples. We believe that photothermal cdeflectinn
spectroscopy will prove to be a unique and sensitive spectroscopic tech-

nique.

e express our sincere thanks to C. B. Moore, menbers of his uroup,
and A. tung ror the generous use of a Chromatix CHX-=4 laser. We also
thank the other menbers of the Applied Physics and Laser Spectroscopy
Croup and M. Jackson for their helpful sugpestions and comments. Tnis

work was supported by the Us S. Department of tnerpy.under Contract W-TLO5-
ENG~L8.

Appendix A

The acoustic wave deflects the probe bean in two wayse. The acous=
tic wave propagates for the energy deposition repion to tne probe bean
where 1t pgenerates a teaperature rise by adiabatic conmpression. The
gradient of this temperature rise deflects the bean. The ratio of this

term to the thermal deflection term is

. 2
(Acoustic/Thermal) = (kOB wTO/Cp) exp(zo/ﬁi)
L
K. n . - . ; SEEG A 2 P R
where Bpois the volume expansion coefficient, lt :(2%/w ) and Zoib
the distance between the heat deposition region and the probe bean.
This ratic is the same as the ratio given in Ref. Y. For yases and

liquids
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. z /1
Acoustic = 10 11 o "t

Thermal we

which indicates that the acoustic term will be important only at very
high frequencies and/or large probe displacements between the heat depo-
sition reqion and the probe beam. When the acoustic and thermal contri-
butions to the deflection are equal, the signal will be 10719 times
smaller than the thermal deflection signal for low frequencies and z=0.
Hence, the acoustic terms add considerable complexity, but are negligble

in most practical experiments.

The acoustic wave also deflects the probe beam by the pressure gen-
erated at the sample surface. The pressure wave propagates to the probe
beam and deflects the probe beam through the pressure dependence of the
index of refraction. The contribution of the pressure deflection term
is of the same order of magnitude as the contribution in Eq. (Al) if a
gas is the deflecting medium. For liquids, it 1s negligble. Ref. 9
leaves this term out. Hence, to be consistant one must solve the cou=
pled pressure and temperature waves in the sample and deflecting medium,
and compute their combined effect on the index of refraction. The addi-
tional terms will be of nominal experimental importance only at high
frequencies, large probe beam offsets, and/or high pump beam peak

powers.
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TABLE I.
SUMMARY OF SOME THERMALLY BASED SPECTROSCOPIES

Samples Sensitivity
(al) x Pump
Already Experimental min a Sensitivity to
Technique Studied Set Up Power (W) Probe Beam Scattered Light Special Features
-7 -8 ) No mechanical contact.
TL Liquids Difficult to 10 ~10 Sensitivity to No Permits hostile envir-
align pointing and onment and in situ
intensity noise measurements.
Microphone Solids (bulk, Simple to mlO_Q - lﬂdssolids Yes Sensitive to mechanical
PAS powder), align -7 and accoustical noise.
10 gasses :
1]‘Lquid39 & gases
PZT Solids (bulk) Simple to WIQ:; Yes Sample attachment
PAS liquids align (10 7 J pulsed) difficult,
Collinear Optically Difficult to '\:JU[)"7 ~10—8 Sensitivity to No Mo mechanical contact.
PDS clean align -10 pointing noise Permits hostile

(10 J pulsed)

transparent Sample transparent environment and in situ
solids, to probe measurements,
liquids
& gases
Transverse Condensed Simple to m10~5 Sensitivity to No No mechanical contact.
PDS phase samples align pointing noise Permits hostile
environment and in situ
meagurements . -
Interfero- Liquids Difficult to %10_7 ~10‘8 Sensitive to No No mechanical contact.
metry & solids align intensity noise Permits hostile

Sample transparent
to probe beam

environment and in sity
measurements,

a
Typical ranges cited in the literature.

mvgw
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Figure Captions

Fig. 1. Geometry for theory. The heat deposited diffuses into region 0
and reglion 2 as well as vadially. For trensverse PDS, the prcobe beam

axis maybe displaced along the v axis by a distance Voo

Fig. 2. Scattering geometry. The scattering region may focus the bean

differently in the 8., and SZL directions (elliptical Gaussian beams).

78

Fig. 3. Effective interaction length 1in collinear PDS. ¥For simpli-

city, beams are assumed to be parallel but interact only over a distance

Kio

Fig. & Experimental apparatus. (&) Tranmsverse PDS. (b) Collinear

PDS.

Fig. 5. (a) Probe spot on detector. (b) Continuous detector. Max-

imum distance from probe focal spot to the detector is dmax°

Fig. 6. Collinear PDS. (a) Signal amplitude vs. beam displacement

xo/ag (b) Signal phase vs. beam displacement x@/@e

Fig. 7. Collinear PDS. (a) Signal amplitude ve. frequency. (b) Sig-

nal phase vs. £requency.

Figo 8. Transverse PDS. Signal vs. frequency for various offsets

(ZQ)@ The beam radius is 140 ym.
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Pigs 9. Transverse PDS. Signal awmplitude vs. beam radius (a) for dif-
ferent beam offsets (z@)s The frequency is 48 Hz and the tilt angle is

0°.

Fig. 10. Transverse PDS. Signal emplitude vs off-axis displacement
(y@} for various Zg offsets. The material is 600 mn edge filter glass,
the frequency is 48 Hz, the tilt angle is 0°, and the beam radius is 70
me. Inset shows the direction of heat flow and the origin of the second

max Lmum.

Fig. 1l. Transverse PDS. Signal amplitude vs. tilt angle (V).
The frequency is 48 Hz, and the sample is

600mm edge filter glass.

Pig. 12, Transverse PDS. Signal smplitude vg. beam offget (y@) at 48

Hz. The tilt sngle is 0%

Fig. 13. Signsl vs. time for benzene at 607 mm. Collinear PDS with the

probe beam at x@&alza

Fig. lb. (a) Absorption vs. wavelength for 0.1% benzene in distilled

@Clé@ (b) Signsl wvs. Time. The horizontal scale is 1 ms/div, the

wvavelength 1is 606 mm , sand 1024 averages were taken.

H
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