
Photothermal deflection spectroscopy and detection

W. B. Jackson, N. M. Amer, A. C. Boccara, and D. Fournier

The theory for a sensitive spectroscopy based on the photothermal 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 predictions of the theory are experimentally verified, its implica-
tions for imaging and microscopy are given, and the sources of noise are analyzed. The sensitivity and versa-
tility of photothermal deflection spectroscopy are compared with thermal lensing and photoacoustic spec-
troscopy.

1. Introduction

It is well known that upon the absorption of electro-
magnetic radiation by a given medium, a fraction of or
all 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 sen-
sitive photothermally based spectroscopies. Among the
better known examples of these spectroscopies are in-
terferometric techniques, 1 thermal lensing (TL), 2

,
3

photoacoustic spectroscopy (PAS),4 and, most recently,
photothermal deflection spectroscopy (PDS).5-10

While the theoretical foundation of interferometry,1

TL2 3 and PAS11 -16 are fairly well understood, this 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 time,1 7 to the
best of our knowledge, no one has published a complete
systematic theoretical or experimental investigation of
the applicability of this phenomenon to spectroscopy.
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 (pump
beam) causes a corresponding change in the index of
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refraction of the optically heated region. The absorp-
tion also causes an index-of-refraction gradient in a thin
layer adjacent to the sample surface. By probing the
gradient of the varying index 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) collinear photothermal deflec-
tion6 7 10 where the gradient of the index of refraction
is both created and probed within the sample (Fig. 1),
or (2) transverse photothermal deflection5 8 9 where the
probing of the gradient of the index of refraction is ac-
complished in the thin layer adjacent to the sample-an
approach most suited for opaque samples and for ma-
terials 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 gases.5-8 Its potential for imaging and scanning
microscopy has been demonstrated.18

In Sec. II, we present the theory of PDS for the cw
collinear and transverse cases and the pulsed collinear
case. In Sec. III we deal with experimental consider-
ations. The experimental results are compared to
theoretical predictions in Sec. IV. Noise and back-
ground analyses are described in Sec. V, and in Sec. VI,
we discuss our findings and compare them with related
techniques. Finally, the implications of our calcula-
tions for imaging and microscopy are presented in Sec.
VII.

11. 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 inhomo-
geneous medium. While temperature solutions have
been reported in the literature,9 11 -16 those reported are

15 April 1981 / Vol. 20, No. 8 / APPLIED OPTICS 1333



Fig. 1. Geometry for theory. Heat deposited diffuses into regions
0 and 2 as well as radially. For transverse PDS, the probe beam axis

may be displaced along the y axis by a distance yo.

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 gen-
eral to be applicable to most actual experimental
cases.

A. Temperature Distribution

Consider the geometry shown in Fig. 1. Regions 0
and 2 are optically nonabsorbing media. Region 1 is the
absorbing medium and can be either 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 treatment, since focused 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
useful chopping frequencies.

In the three regions, the temperature rise T satisfies
the equations

1 T0
V2TO _ 1 = 

ko t
region 0,

V
2
T- 1 aT- -Q(rt) region 1,

k, t K1
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2
T2 - = 0 region 2,

2k 2 t

(la)

Q(r,t) = - --- exp(-az) exp(-2r 2 /a2 ) exp(iwt) + c.c. (3)
2 r-

2
a

2

for a square wave intensity modulated beam where P
is the optically exciting beam (pump beam) power, a is
the absorption coefficient, and a is the l/e2 radius of the
Gaussian beam. We have assumed above that over the
interaction region between the pump and probe beams,
the probe beam is focused 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)-(lc) we have also neglected the effect of the
acoustic wave which accompanies the temperature rise
of the illuminated volume (see Appendix for details.)

Equation (1) is solved by making the following sub-
stitutions. For region 0, we have

To(r,t) = f Ad3bJo(ar)E(b) exp(f3oz) exp(iwt) + c.c.; (4)

for region 2, we have

1 X~
T 2(r,t) = b 5d5JO(W)D(O) exp[-2(z - )] exp(icot) + c.c.;

2 So

(5)

and for region 1, we have

Ti(r,t) = 3dbJo(br)[F(3) exp(-az) + A() exp(-0,z)

+ B(b) exp(liz)] exp(icot) + c.c., (6)

where Ti (r,z) is the component of the temperature
difference oscillating at frequency co,

r(6) = Pa exp[-(ba) 2/8]

0 = 62 + iw1ki.

(7)

(8)

Substituting into Eqs. (1) and satisfying the boundary
conditions, we find that

A(6) = -[(1 - g)(b - r) exp(-al) + (g + r)(1 + b)

X exp(0l)]r(5)/H(6),

B(8) = -[(1 + g)(b - r) exp(-al) + (g + r)(1 - b)

X exp(-fl 1 1)]P(6)/H(5), (9)

D(M) = r(M) exp(-al) + A(&) exp(-lu) + B(6) exp(311),

E(b) = r(b) + A(b) + B(b),

H(b) = [(1 + g)(1 + b) exp(01l) - (1 - g)(1 - b) exp(-flil)],

(lb) where

(lc)

subject to the following boundary conditions:

ToIz=o = Tl.=o, Tllz=l = T 2 1z=I, (2a)

aT0 aT1 a T1 aT2 I
.U Izo = K1 d~ 1 z, K1 L =K2 (2b)

dz Iz=o dz IZ=o dz zl dz z=1

where Ki is the conductivity, ki(kg = Ki/piCi) is the dif-
fusivity, Ti is the temperature rise of the ith medium
above the ambient temperature, and 1 is the thickness
of the absorbing medium. Q(r,t) is the heat deposited
per unit volume oscillating at the frequency w in the
absorbing medium and is given by

g = KoCO0/KiI1, b = K212/K1/1, r = a/f1i.

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

To gain insight into the physical picture described by
the formulae and to relate our findings to previous work,
we consider special cases.

To obtain the -D solution,15 we take 27rf 'rdr of Eq.
(6). Since fS;db 'rdrJG(r)R(3) = R(0), one ob-
tains

T1(z) = 2r[(0) exp(-az) + A(O) exp(-Klz) + B(O) exp(Klz)],

(10)

where
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K = i/ki and Tl(z) = 2ir 3' rdrTj(r,z).

Simplifying this expression, the result is

Pa
TjOz) 2 - a2) {(1 + g)(1 + b) exp(K11 - az)

- (1 - g)(1 - b) exp(Kil - az) - (1 - g)(b - r)

X exp(-al - Kjz) - (g + r)(1 + b) exp[Kl(l - z)]

- (1 + g)(b - r) exp(-al + Kjz) - (g + r)(1 -,b)
X exp(-Kl + Kz)).

Fig. 2. Scattering geometry. Scattering region may focus the beam
differently in the S and S2 L directions (elliptical Gaussian

beams).

(11)

Hence the physical interpretation of Eqs. (4)-(6) is that
any temperature distribution can be decomposed into
distributions of the form Jo(3r) exp(-iz).

These distributions act independently of each other
and have an effective thermal length given by i = 1/
Re(oi) = {Re[(K2 + 2)]1/2}-1. The case = 0 gives a
radially uniform temperature distribution, which, as
expected, is similar to the 1-D case.

For region 1, A(6) is the magnitude of the thermal
wave diffusing in the positive z direction, B(b) is the
thermal wave diffusing in the negative z direction, and
r(b) is the temperature rise due to energy deposited at
location (r,z) by the pump beam.

If heat diffusion into the bounding media is neglected
and the temperature is integrated along the z direction,
Eq. (6) reduces to

('dzT(rt) 1 P[- exp(-al)]
Jo 2 7r

2
K1

rX -Jo(br) exp[-(5a)2
/8]

JO 32 + K d exp(iwt) + c.c.

(12)

If the thermal length (ReK,)-1 is much smaller than the
beam radius, the denominator in Eq. (12) becomes K2,
and the integral can be performed. The result is6

r dzT,(r,t)

1 P[1 - exp(-a)]4
2 7r

2
iCaW(pC)la

2
exp(-2r

2
/a

2
) exp(iwt) + c.c. (13)

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, K2 can be neglected in the denominator of Eq.
(12). The solution for the temperature gradient reduces
to 6

J dzT(rt) r [ 2 p( )] [1 - exp(-2r 2
/a

2
)] exp(iwt)

+ c.c. (14)

This result shows that the temperature distribution
extends significantly beyond the beam profile for low
chopping frequencies.

B. Optical Beam Propagation

We next calculate the effect of the temperature dis-
tribution on the probe beam. The index of refraction
is, in general, a function of temperature and pressure.
One can neglect the pressure contribution (Appendix).
Hence

n(r,t) = no + An(r,t) = n+ | T(r,t), (15)(9T I T ambient

where (n)/(OT) is typically 10- 4 C-1 for liquids and
10-50 C-1 solids. The propagation of the Gaussian
probe beam through the spatially varying index of re-
fraction is given by'9

d I dro\
- lnoI = V n(r,t), (16)
ds ds I

where r is the perpendicular displacement of the beam
from its original direction, n is the uniform index of
refraction, and VIn(r,t) is the gradient of the index of
refraction perpendicular to S (the ray path) (Fig. 2).
The change in the complex beam parameter q is given
by 19

d- (l/qs) 2 - i = 1,2, (17)
ds sj ~no9

where l/qsi, = 1/Rs - /(norw'). Rs, is the ra-
dius of curvature of the phase fronts, wo is the l/e2 spot
size, and X is the vacuum wavelength of the probe beam.
We also assume that the deflection is small compared
with the temperature distribution. Since typical de-
flections are 10-5 rad over 1 cm, the total deviation is
0.1 um, which is much smaller than the typical 50-,m
spot size of a focused laser. Integrating Eqs. (16) and
(17) over the ray path S gives

dro 1o
V n(r,t)ds, (18)

ds no path

and

1/qsi, I end of - l/qs j be'inning of
interaction in raction

1 a
2
n

= f; ds 2 naS? 1 i = 1
path I

qSL-

Since the deviation is small,
drn n r(

ds <1) nO dT path V LT(r,t)ds, (20)ds na

where 0 is the angular deviation from S, and Eq. (15)
was used. Equation (20) is a 3-D generalization valid
for Gaussian beams of the 1-D case reported in Ref. 8.
From Eq. (19) we see that the effect of the curvature of
the index of refraction is equivalent to an astigmatic lens
of focal length Fi in the Si direction where Fi is given
by

1/F1 =- fa - ds
no path aSg2

1 an r a2T
nO T - ds i = 1,2. (21)
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Equations (20) and (21) demonstrate one difference
between PDS and TL. PDS probes the gradient of the
temperature, while TL probes its curvature.

C. Solution for Beam Deflection

1. Collinear PDS

For collinear PDS, the beam is deflected by the
temperature gradient in all three regions. For sim-
plicity, we assume that the probe beam travels parallel
to the pump beam axis and is deflected only in regions
1 and 2.23 However, the interaction length is restricted
to be consistent with an angle between the pump and
probe beams (Fig. 3).

From Eqs. (5), (6), and (18), the deflection in this case
is given by

-exp(iwt) an z 2 0

2no dT | J0 dz J o 2d&Ji(6xo)

[(b) exp(-az) + A(a) exp(-#lz) + B(6) exp(p3z)]

+ fb dz f 62J,(6xo)d5D(6) exp[-f32(Z - 1J

+c.c. li>l, (22)

where li = 2a/sinqt is the length of interaction of the two
beams, x0 is the displacement between the beams, and
A is the angle of their intersection. If the beams overlap
in region 1 only,

= - 2 n exp(ijt) J dz 3: 62
d6Ji(6xo)[r(6) exp(-az)

+ A(6) exp(-fljz)B(5) exp(fliz)] + c.c. 1, <1 (23)

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

2. Transverse PDS

For transverse PDS, the probe beam propagates
completely within region 0. The probe beam path is
(Fig. 1)

y =Yo z = (tanVI)x + zo. (24)

For small tan',V 1 T = (8T)/(Oz). By substituting Eq.
(4) into Eq. (20), the deflection is given by

1 exp(ict) an ezo/(tano) dx

2 no dT J- 

X 3' '3Jo(&Vy4 + x2)loE(6) expt(tan)x + zolflo) da + c.c.

(25)

3. Pulsed PDS

For pulsed PDS, the temperature solution as a
function of time can be found by replacing ix by p in
Eqs. (22)-(25) and inverting the Laplace transform
using the inversion formula

0(t) = - 317 0(P) exp(pt)dt. (26)

Because of the integral form of the solution and the
many poles of the integrand, this solution would be too

I- I l hiPump beam

Probe beam

X8L 8010-2083

Fig. 3. Effective interaction length in collinear PDS. For simplicity,
beams are assumed to be parallel but interact only over a distance i.

cumbersome to be of use. For an infinite weakly ab-
sorbing medium, the solution is much simpler and can
be shown to be qualitatively similar to the more com-
plicated solution. Hence we derive this solution for a
square pulse.

In this case, the temperature is given by21

T(r,t) = f4 dt" 3' 2mrr'dr'Q(r',t")G(r',r,t - t"), (27)

where

Q(r',t") = {(2tEohra2to) exp(-2r 2/a2 )
0 t"S to,

t" > to,

1 r-r 2 + r 2
)1

G(r',r,t - t") = 4K(t t") exp 4k I(t

X Io [- " 1k1( -
'[ 2k(t-1t")

Eo is the pulse energy, to is the pulse width, and Io(x)
is a Bessel function.

Integrating and solving for OT/Or, we obtain

OT -aEo
a= t exp[-2r2/(a2 + 8klt)]
cdr 7rKito2r

- exp(-2r
2

/a
2
)J 0 t to, (28)

OT -aEo
a = rio (Qxp[-2r2 /(a2 + 8klt)]
cdr 7rKjt02r

- expj-2r 2/[a2 + 8k,(t - to)J) t > to.

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

D. Numerical Evaluation

Equations (22) and (23) were evaluated using nu-
merical quadrature routines. By varying the method
of integration and the step size and by comparing the
results with limiting cases and experiments, we verified
that the routines 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 ex-
perimental results.
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Fig. 4. Experimental apparatus: (a) transverse PDS; (b) collinear

PDS.
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Fig. 5. (a) Probe spot on detector; (b) continuous detector. Maxi-
mum distance from probe focal spot to the detector is dnax.

Ill. Experimental Considerations

A. Experimental Configurations

Experiments were performed to verify the theoretical
results and to determine the ultimate sensitivity of
PDS.5-8 The experimental configurations are given in
Fig. 4. Figure 4(a) shows the experimental setup for
transverse PDS. For exciting light sources (pump
beams), we used either a cw dye laser, a pulsed dye laser,
or a xenon arc lamp with a monochromator. When a
cw dye laser or an arc lamp was used, a mechanical
chopper modulated the output. The probe beam was
a 0.5-mW He-Ne laser. Two types of position sensors2 2

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) input of a
lock-in amplifier.

In Fig. 4(b), the experimental arrangement for col-
linear PDS is presented. The pump beam must be a
laser to permit tight focusing. To minimize the scat-
tering of the pump beam on the position sensor, both

pump and probe beams were counterpropagating.
Furthermore, a notch filter was placed between the
sample and the detector to eliminate any remaining
scattered light. To maximize the signal, the angle be-
tween the pump and probe beams can be minimized,
although collinearity is rarely required. One further
consideration is that the focal spot of the probe beam
should be smaller than that of the pump beam.

In the case of pulsed PDS, the exciting light source
was a Chromatix CMX-4 flashlamp-pumped dye laser.
A quadrant position sensor detected the deflection of
the He-Ne probe beam. The output of the sensor was
fed into a differential preamplifier whose output was
digitized by a Tektronix 7912AD digitizer. When
necessary, this digitized waveform was averaged with
a Tektronix 4052 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-gim thick film of indium and tin
oxides deposited on a glass substrate, and a 600-nm
glass edge filter.

B. Analysis of Detector Response

As indicated, the deflection of the beam due to the
change in the index of refraction is detected by a posi-
tion 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 AV
above the dc level V is calculated using Fig. 5(a). As-
suming a Gaussian probe beam,

AV Ai = o _ /2 Ax_ = - = 4Ax - exp(-2r2/wi)dr = (4/a;2) -r
V Io / O1W 2 W2

(29)

where Ax = d, d is the distance from the focal spot to
the detector, Io is the probe beam intensity, and W2 is
the spot radius on the detector. Since d is large,

W2 _(Xd)/(Orwono), (30)

where w0 is the probe beam radius at the focal spot, and
X is the probe beam wavelength. Hence

AV= 4 onrwono V
H,,/i r

(31)

and 0 is given by Eq. (20).
We conclude that in the case of a quadrant position

sensor, the signal is independent of the sample distance.
For modulation frequencies of the order of a few hun-
dred cycles per second, AV/V was found to be 10-6.
Thus we were able to measure a deflection of 1.5 X 10-9

rad/A/H given typical laser parameters.
For a lateral detector, we use the sensitivity figure of

0.55P A/cm given by the manufacturer, where P is the
probe beam power in watts. Then AV/V = 0.55Ax =
0.550d (d is in centimeters). The signal depends on the
distance from the focal spot to the detector. For a de-
tector of size 11 [Fig. 5(b)],

dmax = (7rwonO)/X; (32)

so
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AV 0.55, Ii1rwono

V 2 X
(33)

Since 11 = 1 cm, we see that both detectors are similar
in sensitivity.

IV. Experimental Verification of the Theoretical
Predictions

A. Continuous/Wave 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.

1. Collinear PDS

a. Signal dependence on interbeam offset xo.
Figure 6(a) shows the dependence of the signal ampli-
tude on the offset of the pump and probe beams for high
and low modulation frequencies. Note that both the-
oretical curves are adjusted only by the identical am-
plitude factor, indicating that the correct relative
magnitude and peak positions are predicted by the
theory.

The discrepancy in the case of high modulation fre-
quency and larger x0 could be due to uncertainty in the
precise thermal properties of the glass substrate.
Similarly, the phase shown in Fig. 6(b) demonstrates
good agreement between theory and experiment, except
for large displacements. 2 0

For low frequencies, the thermal lengths in the sam-
ple and the substrate are much larger than the pump
beam radius. Consequently, the temperature distri-
bution extends significantly beyond the beam radius.
Figure 6(b) 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 am-
plitude and the offset of the pump and probe 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 distance x0, since it is due to the
propagation delay of the heat wave traveling from the
pump to the probe beam.

b. Signal dependence on modulation frequency .
Figure 7(a) and (b) show the amplitude and phase vs the
frequency for various offsets of the probe beam. The
theoretical amplitude is adjusted by an amplitude fac-
tor, and the phase is adjusted with a constant offset.
The theoretical and experimental curves show rapid
change at the same frequency and approach the same
limiting values at high frequencies. 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

E
-E
. 3

-2
a

V) 

._

0.15

0.10 >
E

0.05

Beam displacement ( x0/a)

(a)

0

F5,

a,

Z

a

-

0.

C

0'

.C'
en

-40

-80

-120

0 2

Beam displacement ( x/a)

(b)

Fig. 6. Collinear PDS: (a) signal amplitude vs beam displacement
xo/a; (b) signal phase vs beam displacement x/a.

high frequency limit of the signal amplitude has a 11w
dependence. When the probe beam is offset from the
pump beam by more than one beam radius, the signal
decreases faster than 1/w. This occurs not only because
the temperature of the central region decreases as 1,
but because the thermal length also decreases, pre-
venting 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 1/W.

2. Transverse PDS

For the transverse PDS, several parameters were
varied.

a. Frequency dependence. By examining Fig. 8 we
see that the signal falls off very rapidly as a function of
frequency. Because T exp(zo/lt), the signal falls off
exponentially as the frequency increases. The impor-
tant consequence of the above is that for high modula-
tion frequencies, pulsed work, or solids immersed in
liquids, the signal is bigger if the probe beam is carefully
aligned close to the sample surface and hence should be
focused. This condition shows that the signal is opti-
mized for flat samples with small lateral dimensions.
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Fig. 7. Collinear PDS: (a) signal amplitude vs frequency; (b) signal
phase vs frequency.

b. Signal dependence on pump beam radius a.
Figure 9 shows the effect of varying the pump beam
radius. The signal increases as 1/a as the pump beam
is focused. The temperature rise has an a 2 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 ob-
served. For z0 less than the thermal length in air la, the
lateral thermal length is approximately the thermal
length in the glass g; for z0 greater than la, the lateral
thermal length is la.

c. Signal dependence on probe and pump beam
offset yo. Figure 10 shows the effect of off-axis dis-

t00

Frequency (Hz)

Fig. 8. Transverse PDS. Signal vs frequency for various offsets zo.

Beam radius is 140 scm.

20 Z0, -0.02 cm

Z -0.05 cm
Z. - 0.2 cm

lA *- Data for Z0 - 0.02cm

10

C')

0 20 * ~ ~ -~j-
0 0. 0.2 0.3 0.4 0.5 0.6

Pump beam radius a (cm)

Fig. 9. Transverse PDS. Signal amplitude vs beam radius a for
different beam offsets zo. Frequency is 48 Hz, and tilt angle is 0.

placement o of the probe beam relative to the pump
beam (Fig. 1). By varying the offset yo of the beams,
the profile of the temperature in region 0 is probed at
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 g, the heat flows from the air back into the sample
for yo greater than g (see inset in Fig. 10). This re-
versed heat flow causes the second, but weaker, maxi-
mum with its phase shifted 1800 from that of the central
peak. For z0 greater than la, the heat flows away from
the sample for all yo values, and the secondary peak will
no longer be observed. Both the 1800 phase shift and
the disappearance of the secondary peak were verified
experimentally.

d. Signal dependence on the probe beam tilt angle
J. The effect of varying the tilt angle 4' of the probe
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beam relative to the sample surface is shown in Fig. 11.
For a small pump radius (40 gum), the tilt angle is not
important unless the sample actually intercepts the
probe beam. In the case of a broadband pump 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.

e. Pump beam offset in the zo direction. Figure 12
shows the effects of varying the beam offset z 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
determine the diffusivity of the deflecting medium. For
the more realistic case of a beam focused on a poor
conducting substrate, the results are more complex.

4

Time (m sec)

Fig. 13. Signal vs time for benzene at 607 nm. Collinear PDS with
the probe beam at x = a/2.

For z0 increasing, the temperature distribution is de-
termined by the thermal properties of the air (or an
appropriate fluid) so the beam deflection falls off ex-
ponentially as la. On the other hand, for zo decreasing,
the temperature distribution gets smaller and more
compressed (Fig. 10). Hence the signal rises faster than
exponentially.

Spectra taken with cw PDS have been previously
reported and will not be repeated here.5-8 For
transverse PDS and for an interaction length of 1 cm,
we were able to detect a temperature rise of 10-40C in
air and 10-60C for CCl4 . For collinear PDS, we have
been able to measure an all of 10-8 for liquids,6 10-7 for
solids,6 and 10-7 for gases.7

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 measured time constant (e)
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is 6.2 msec. The magnitude of the expected signal was
computed using Eq. (28) with r = a/2 = 37 Aum. The
pump radius a was found by measuring the distance the
pump beam focusing lens moved between signal maxi-
ma. The agreement between theory and experiment
is good, demonstrating that for thick uniform samples,
the infinite sample approximation is appropriate.

To demonstrate the sensitivity of pulsed PDS, we
have obtained the spectrum of the sixth harmonic of the
C-H stretch of 0.1% of benzene in distilled CCl4 [Fig.
14(a)]. The measured absorption coefficient is 2 X 10-6
cm-'. Since the interaction length was 0.1 cm or less,
we measured an axl of 10-7. We believe the background
is due to impurities in the CCl4 (since such a background
was ten times larger before distillation of CCl4 ), ab-
sorption in the CCl4 itself, or is due to the signal caused
by electrostriction. 24

Figure 14(b) shows the signal vs time for the peak
absorption in 0.1% benzene. The rise time is deter-
mined 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 SNR
for a single point can be conservatively estimated to be
10. (Actually, if one were to fit a curve through all
points, the noise would be considerably less.) Assuming
an SNR of 10, we find that we can measure an absorp-
tion coefficient of 2 X 10-7 cm-1 for a 1-mJ laser. Since
the noise appears to be mostly shot noise, the He-Ne
probe laser output could be increased by a factor of 20,
giving an improvement of 4 in the SNR. If one fits a

curve through all points and takes more averages, the
minimum measurable absorption coefficient can be
lowered by a factor of 10-100. This assumes that
problems with coherent electrical noise, electro-
striction, and probe laser noise are insignificant.

V. Noise-Background Considerations

The background noise originates from the following
sources: laser noise (pointing and intensity fluctua-
tions); electronic noise; and sample 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 10- 6/N'TH , while the observed noise
ratio was 6 X 10- 7 /v"W. The expected contribution
of laser intensity fluctuations is 5 X 1- 9/V/H , which
is much less than the observed noise. Also the observed
noise cannot be attributed to room vibrations or air
turbulence, since the noise decreased by a factor of 10
when we used a focused flashlight beam as the probe
beam. We conclude that the noise must be due to
pointing fluctuations. Testing a variety of He-Ne la-
sers, we found that they all exhibited a pointing noise
of -5 X 10-9 rad/VWH at low frequencies reaching shot
noise at a few kilohertz. Spatially filtering or installa-
tion of an intracavity iris could improve this value.

The electronic noise is easily calculated and seldom
limits the sensitivity. Following Van der Ziel's analy-
sis,25 the expected combined rms current noise contri-
bution of the position sensor, the load resistor, and the
preamplifier is given by

arms= (k',Ti)"
2 + el+ __ e,, e~cwSC' 11/2

R 2kBT 4kBT 4RLkBT 12kgT)

(34)

where kB is Boltzmann's constant; T is the temperature;
F1 is the frequency bandpass of the detector and elec-
tronics; RL is the load resistor; Io is the dc current; C'
is the combined detector, cable, and preamplifier shunt
capacitance; in is the preamplifier current noise; and en

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 1 kQ.
Often the first and fourth terms can be neglected as well.
This is feasible at low frequencies. Thus the most sig-
nificant electronic noise term is the shot noise, the
second term, which sets a detection limit of 3.4 X 10-'0
rad/v/ V for a 1-mW probe laser.

For wideband or pulsed operation, the situation is
more complicated. The high frequency cutoff F is
determined by 2rF1RLC' = 1. Consequently the load
resistance cannot be made arbitrarily large. Further-
more, since the thermal signal fall time is very slow (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
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Table 1. Summary of Some Photothermally Based Spectroscoples

Sensitivity
Experimental (t)min x Pump 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 -10- - 10 solids Yes Sensitive to mechanical
PAS powder), alise 10-7 gasses and accoustical noise.

liquids, & gases

PZT Solids (bulk) Simple to "10-5 Yes Sample attachment
PAS liquids align (109 J pulsed) difficult,

Collinear Optically Difficult to "107 -7108 Sensitivity to No No mechanical contact.
PDS clean align (-10 J 1ld pointing noise Permits hostile

transparent pulse) Sample transparent environment and in situ
solids, to probe measurements,
liquids
& gases

Transverse Condensed Simple to 10 5 Sensitivity to No No mechanical contact.
PDS phase samples align pointing noise Permits hostile

environment and in situ
measurements.

Interfero- Liquids Difficult to M10 -10 Sensitive to No No mechanical contact.
metry & solids align intensity noise Permits hostile

Sample transparent environment and in siu
to probe beam measurements.

aTypical ranges cited in the literature.

background into the detection electronics. We have
found that a 3000-Hz high pass filter improves the SNR
and eliminates the background significantly, even
though it distorts the waveform and throws away part
of the signal. The distorted waveform is shown in Fig.
14(b). With a high pass filter, the shot noise predom-
inates over other noise sources.

Other factors which may contribute to the back-
ground noise are unwanted light scattered on the posi-
tion sensor, spurious signals due to particulates, im-
purities in the sample, and window absorption. In the
case of low modulation frequencies in liquids, turbu-
lence may mask the true deflection of the probe beam.
Obvious solutions to these problems include keeping
thermal gradients small, filtering out particles, distilling
the liquid, and insuring that the probe and pump beams
do not overlap within the windows of the sample con-
tainer.

VI. Discussion and Comparison with Related
Spectroscopies

In this section we discuss the advantages and disad-
vantages of PDS and compare PDS with other pho-
tothermally based spectroscopies. A summary of our
comparison is in Table I.

A. Comparison to Thermal Lensing

First we compare collinear PDS to TL given in Ref.
3. Using the recommendations found therein, we de-
termine that for weak absorptions, the relative change

of intensity A/I for TL is given by

(AI/I)TL = 0.8 ° an XPITL ( 1
X at a

2
Kl 1 + t/2tj

(35)

where w0 is the probe focal spot, a is the pump focal
spot, t is the time after the pump is turned on, a is the
absorption coefficient, P is the pump beam power, ITL
is the interaction length, Kl is the conductivity, A is the
vacuum wavelength of the probe beam, no is the index
of refraction of the media, and t = a 2/4k. Using Eq.
(29) for the change of intensity AI/I for PDS and eval-
uating T/Or as in Ref. 3, we find that

(AI/I)PDS = .a n IDS exp[-1/2(1 + 2t/t,)] - exp(-1/2)1;
V\f27 aT aKl

(36)

letting t 0 and assuming that no = 1.5,

(AI/I)PDS O.
7 8

lPDS

(AI/I)TL ITL
(37)

If the probe beam is aligned collinearly with the pump
beam and if the pump is filtered out before reaching the
position sensor, the following relation holds:

IPDS = 'TL = 0.27rW2no/X. (38)

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

of 1-2 orders of magnitude.
PDS has several distinct advantages over TL when

one considers noise and background. The probe laser
usually has relatively large intensity fluctuations. Such

fluctuations give rise 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 semi-
conductors with a band gap near the probe wavelength,
the probe beam intensity will be modulated by the shift
of the band gap due to pump beam heating. This in-

tensity modulation causes an additional signal which
varies as the pump wavelength. The two contributions
may be difficult to separate.

PDS also has versatility advantages over TL.
Spectra of opaque samples or scattering samples can be
measured using transverse PDS, 3-D 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 use.

B. Comparison with Photoacoustic Spectroscopy

Because of the variety of detector-sample combina-
tions of both PAS and PDS, we restrict our comparison
to condensed matter samples.

Compared with microphone PAS, PDS has the fol-
lowing advantages: (1) it is more sensitive, particularly
in the case of liquids; (2) it has the potential for remote

sensing and in situ monitoring; (3) it works in hostile
environments such as temperature extremes or caustic
substances; (4) acoustic shielding requirements are less

stringent; (5) there is no background due to window

absorption; (6) the frequency response is greater; (7)
spatial probing of absorption is possible; and (8) the
complication of gas coupling physics is eliminated.
Disadvantages of PDS are: (1) alignment is more dif-
ficult; (2) the sample surface cannot be exceedingly
rough; and (3) the sample must be transparent to the
probe beam for collinear PDS.

Compared with piezoelectric PAS, the advantages of
PDS are: (1) it is at least as sensitive; (2) it can be em-
ployed in hostile environments; (3) there is no scattering

background; (4) the attachment of the transducer to the
sample is eliminated; (5) the mechanical properties and
sample size are not limiting factors; (6) 3-D spatial
profiling is possible; and (7) the relationships of the
signal to the temperature rise and to the time depen-
dence of the signal are far simpler. On the other hand,

the disadvantages of PDS are: (1) in the case of col-
linear PDS it may be difficult to find a probe beam that
is transmitted by some materials; (2) alignment is more
difficult; and (3) the optical quality of the sample is
more demanding for collinear PDS.

VII. Implications for Imaging and Microscopy

Recently, photoacoustic detection, which depends on
both the optical and the thermal properties of a given
material, has been put to use in performing scanned

imaging and microscopy of various materials.26-28 In
this case, a new type of image is obtained which displays
unique spatial and thermal information. Of particular
interest is the ability of this imaging to detect subsurface
structures or flaws which exist at depths exceeding the
optical penetration of the probe light.

The discussion above suggests that photothermal
deflection detection yields information similar to pho-
toacoustic imaging. Photothermal deflection imaging
has been reported elsewhere.18 In this section we dis-
cuss some of the implications of our theoretical treat-
ment for imaging and microscopy.

A. Collinear Photothermal Deflection Microscopy and
Imaging

This scheme is mainly suitable for optically thin
samples and for weakly absorbing objects embedded in
a transparent matrix. By scanning the interaction re-
gion of the focused pump and probe beams relative to
the sample, a 3-D profile can be constructed. In this
case, the optical resolution is determined by the size of
the probe beam waist in the x and y directions and by
the interaction length 1i (= 2a/sin{) in the z direction.
Consequently, the larger the intersection angle of the
beams and the tighter the focal spot of the pump beam,
the greater the optical resolution. On the other hand,
we have shown that the thermal resolution is deter-
mined by the thermal length within the sample itself
[see Eq. (12) and Fig. 6(a)]. Figure 6(a) shows that as
the modulation frequency increases, the thermal reso-
lution given by (ReK)-l also increases.

We have demonstrated 6 that an al of 10-7 can be
measured with collinear PDS. Hence spatial profiling
of weakly absorbing inhomogeneities can be probed with
a resolution equal to the pump laser spot size. By
changing the probe wavelength, one can get spectral
information as well.

B. Transverse Photothermal Deflection Microscopy
and Imaging

By performing transverse photothermal deflection
microscopy, one probes the optical and thermal prop-
erties 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
focused pump beam will be the thermal wavelength in
the material. For large pump beams or for large ther-
mal sources, the thermal resolution is more complicated.
In the case of small beam offsets (Izol), the thermal
resolution is given by the thermal length in the sample.
For large Iz o, however, the thermal resolution is given

by the thermal wavelength in deflecting media adjacent
to the sample surface.

Transverse photothermal deflection microscopy also
can yield information on the surface topography of a
given material. Equation (25) and Fig. 12 show the
strong dependence of the signal on the probe beam
offset (Izol). If the material's surface varies in the z
direction, both the phase and the amplitude of the
photothermal deflection signal will reflect such a vari-
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ation.18 In the case of a uniformally illuminated surface
with a uniform absorption, surface roughness of the
order of 0.1 Azm can be resolved.

To account fully for the role of sample inhomo-
geneities and of geometrical boundaries and to deter-
mine the thermal resolution, one needs to generalize our
theoretical treatment to include the spatial variation
of the thermal properties of the sample. Such an ex-
tension will not be dealt with in this paper.

V111. Summary

We have shown that photothermal deflection spec-
troscopy is a sensitive and versatile technique 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 experimentor to optimize
the experimental setup and predict quantitatively the
sensitivity and limitations of PDS. We also identified
sources of noise, and ways to maximize the SNRs were
discussed. Finally, we discussed the advantages and
disadvantages of PDS and compared it with alternative
spectroscopies. We believe that photothermal deflec-
tion spectroscopy will prove to be a unique and sensitive
spectroscopic technique.

We express our sincere thanks to C. B. Moore, to
members of his group, and to A. Kung for the generous
use of a Chromatix CMX-4 laser. We also thank the
other members of the Applied Physics and Laser
Spectroscopy Group and M. Jackson for their helpful
suggestions and comments. This work was supported
by the U.S. Department of Energy.

Appendix

The acoustic wave deflects the probe beam in two
ways. The acoustic wave propagates for the energy
deposition region to the probe beam where it generates
a temperature rise by adiabatic compression. The
gradient of this temperature rise deflects the beam.
The ratio of this term to the thermal deflection term
is

(acoustic/thermal) = (koB' To/Cp) exp(zo/lt), (Al)

where BT is the volume expansion coefficient, It =
(2ko/w)1/2, and zo is the distance between the heat de-
position region and the probe beam. This ratio is the
same as the ratio given in Ref. 9. For gases and liq-
uids

acoustic/thermal_ 10'w exp(zo/lt), (A2)

which indicates that the acoustic term will be important
only at very high frequencies and/or large probe dis-
placements between the heat deposition region and the
probe beam. When the acoustic and thermal contri-
butions to the deflection are equal, the signal will be
10-10 times smaller than the thermal deflection signal
for low frequencies and z = 0. Hence the acoustic terms
add considerable complexity but are negligible in most
practical experiments.

The acoustic wave also deflects the probe beam by the
pressure generated 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 medi-
um. For liquids, it is negligible. Reference 9 omits this
term. Hence to be consistent 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 additional 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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