
trum of the sample of BPT 30 femtomole at a phase 
angle of 64.3 ° (direct nulling BaP). We have conducted 
measurements using samples having various concentra- 
tions of BPT and BaP. At equal concentrations of BaP 
and BPT  the phase-resolved detection technique can 
easily null out either the emission of BPT or that of BaP. 
The results were similar to those discussed previously in 
solution measurements (Figs. 4A and 4B). When the con- 
centration of the interferant compound (i.e., BaP) was 
increased, some overlap still remained, even with phase 
resolution. However, as shown in Fig. 4B, we were able 
to clearly observe the emission peak of BPT at 380 nm 
when in the presence of a 50-fold more concentrated 
solution of BaP. Note that, without the use of phase- 
resolved detection, the emission of BPT was completely 
masked by that of BaP. The results in Fig. 5 illustrate 
the capability of the PR-FIS device to reveal the spec- 
trum of 30 femtomoles of BPT  in the presence of much 
higher amounts of interfering BaP. 

CONCLUSION 

Over the last decade, fiber optics have found wide- 
spread applications in many areas in the communication 
industry as well as in spectrochemical analysis. Biosensor 
technology based on fiber optics is currently at the fore- 
front of analytical instrumentation research. The inte- 
gration of biological systems and optical detection tech- 
nology promises to open new horizons in medical, clinical, 
and environmental monitoring applications. The use of 
phase-resolved detection adds another factor of selectiv- 
ity to the multidimensional character of fluorescence 
spectroscopy. The PR-FIS developed in this work can 
measure human exposure to trace levels of hazardous 
environmental chemicals. The device may also prove use- 
ful for early detection of cancer by monitoring DNA- 
adducts in body fluids. Our previous studies have suc- 

cessfully shown that the instrument can detect trace 
amounts of carcinogenic compounds and their metabo- 
lites at femtomole levels, in sub-microliter sample vol- 
umes. 4 The device may also find useful applications as a 
screening tool for toxic and infectious agents in the work- 
place or in the home, and as a patient-monitoring :in- 
strument in clinical applications. 
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A novel analytical technique, Fourier transform infrared photopyroelec- 
tric spectroscopy (FT-IR-p2ES) is demonstrated and applied to spectro- 
scopic investigations of solid materials. The salient features of the tech- 
nique and its advantages over other conventional FT-IR photothermal 
methods are discussed. A few selected quantitative applications are pre- 
sented as examples of the versatility and sensitivity of the new technique. 
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INTRODUCTION 

The past decade has witnessed the introduction of, 
and dramatic increase in, the use of FT-IR phototherraal 
methods. 1 The most significant of such methods have 
been FT-IR photoacoustic spectroscopy (PAS) 2 and pho- 
tothermal deflection spectroscopy (PDS)2 These tech- 
niques have proven to be very powerful for use with broad 
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classes of condensed phase samples, especially due to the 
decreased sample preparation time, in comparison to that 
required for conventional FT-IR techniques; 1 the greater 
reproducibility of band intensities in FT-IR-PA spectra, 
compared to diffuse reflectance spectra; 4 the absence of 
spectral distortions from PA spectra due to the Chris- 
tiansen effects; 5 and the photothermal spectroscopic abil- 
ity to produce spectra of samples difficult or impossible 
to study by other techniques (e.g., conducting polymers, 6 
surface-adsorbed species, 7-9 coals, ~° etc.), among other 
considerations. In spite of their recent popularity, the 
photothermal FT-IR techniques suffer from several 
handicaps: Microphonic FT-IR-PAS is sensitive to pho- 
toacoustic cell resonances, which might distort the ob- 
tained spectra ~ due to the fact that the scanning arm of 
the interferometer usually covers a modulation frequen- 
cy bandwidth which includes such resonances (a few Hz- 
several kHz). The inherently nonlinear resonant behav- 
ior may only be avoided by using PA cells with resonant 
frequency placed outside the effective bandwidth of the 
FT-IR interferometer scan~2--a difficult task, since it is 
usually accomplished by increasing the scanning mirror 
velocity and thus shifting the effective bandwidth out- 
side the resonance region, at a great expense of signal- 
to-noise ratio (SNR) performance. Furthermore, the re- 
quirement for the presence of a transducing gas, to carry 
the acoustic signal to the microphone in FT-IR-PAS de- 
tection, limits the sensitivity of this technique; any in- 
frared absorbing gas in the sample cell tends to produce 
PA signals at least 100 times greater than the PA signals 
arising from the condensed phase sample. 13 Therefore, 
this interference may distort or completely bury the de- 
sired spectrum. Further complications with respect to 
microphonic FT-IR-PAS quantitation arise in the case 
of powdered samples of small particle size compared to 
the minimum thermal diffusion length. For high-porosity 
powders, the interparticle gas thermal expansion coef- 
ficient has been shown 14 to generate a pressure signal 
dominating any pressure changes due to heat transfer 
from the solid phase at low optical absorption coeffi- 
cients. This effect appears as an "extra absorption" sig- 
nal, thus altering the absorption peak-to-background ra- 
tios significantly ~4 in the range below 103 cm -~. The 
essentially instantaneous character of the pressure term 
also modifies the FT-IR-PAS phase substantially in this 
absorption coefficient range. Additional obstacles to 
quantitative analysis of microphonic FT-IR-PAS signals 
stem from acoustic wave interference within the PA cell 
with significant components at low frequencies in the 
range of interferometric scans. This effect causes strong 
perturbations ~5 to the microphonic PA phase and must 
be taken into consideration in quantitative analysis. Cell 
window absorptions and reflections, in order to be avoid- 
ed, require KBr windows, TM while FT-IR-PAS cell sen- 
sitivity to ambient noise and low-frequency room vibra- 
tions have forced Royce et  al. TM to mount their Bomem 
DA3 interferometer on air suspension legs (an optical 
table), which improved the SNR by about a factor of 
five. In general, however, the nature of microphonic 
transducers used with FT-IR-PAS makes this technique 
very susceptible to external noise sources. 

FT-IR-PDS has several advantages over the respective 
PAS techniques, mostly stemming from the ability of the 

former to operate in an open environment, yielding a 
signal which does not require acoustic transduction. At 
high scanning speeds, however, the probe laser beam 
position detector exhibits microphonic noise which limits 
the SNR? 7 Furthermore, the PDS signal mechanism re- 
quires the presence of a thermal-wave transferring fluid 
phase above the sample, in which a modulation frequen- 
cy-dependent exponential damping occurs, ~8 thus lim- 
iting the use of the technique to low frequencies and/or 
strongly absorbing specimens. ~7 The pointing stability of 
the probe laser beam appears to be of concern at low 
signal levels and it requires compensation schemes2 

The alternative technique of piezoelectric (PZT) FT- 
IR-PAS can, in principle, compensate for many disad- 
vantages of the microphonic detection technique, yet 
quantitative analysis of absorption bands obtained with 
this method has not been reported. In addition, some 
discrepancies exist between relative band intensities ob- 
tained piezoelectrically and microphonically. ~8 It appears 
that the requirement for bonding samples to the PZT 
transducer and its sensitivity to electromagnetic noise 
from the interferometer motor has limited the amount 
of activity with this method. 

In view of the aforementioned difficulties with the 
dominant FT-IR photothermal methods, in this paper 
we introduce the FT-IR-P2ES technique and discuss sev- 
eral important aspects where photopyroelectric detec- 
tion appears to have advantages over the other tech- 
niques. 

In pyroelectric materials a change in the temperature 
causes the release of electronic charges, thus changing 
the charge density and potential at the surface. When 
the temperature change is due to the absorption, and 
subsequent thermal conversion, of optical radiation, the 
resulting voltage change across the material is the pho- 
topyroelectric effect. Pyroelectric materials are noncen- 
trosymmetric crystals (e.g., the triglycine sulphate fam- 
ily) or lamelar polymeric amorphous-crystalline thin films 
(e.g., polyvinylidene fluoride and copolymers). Such ma- 
terials may be fabricated into detector elements by pol- 
ing in the presence of strong electric fields, so that the 
detector will acquire a net dipole moment that is rela- 
tively stable at room temperature, and by depositing thin 
metallic electrodes on the surface, which will carry away 
the extra charges generated by the (photo)pyroelectric 
effect when the element is operating as part of an elec- 
trical detection circuit. 

THEORETICAL FOUNDATIONS 

The use of thin pyroelectric polyvinylidene fluoride 
(PVDF) films as photothermal spectroscopic transducers 
with synchronous detection has been successfully imple- 
mented for some time. 19,2° The photopyroelectric voltage 
generated across a PVDF film in intimate contact with 
a flat sample carries information about the optical ab- 
sorption coefficient of the material under investigation, 
as well as thermal and geometric information. As a result, 
the full P2ES response is quite complicated mathemat- 
ically, even in the simplest case of a one-dimensional 
model--valid when the exciting optical beam size is large 
in comparison to the sample thickness. 21 In the special 
case, however, of an optically opaque and thermally thick 
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pyroelectric transducer, such as the one used in the pres- 
ent work, considerable simplification of the formalism 
occurs, and the complex P2E signal may be written in 
the form shown in Eq. 1 at the bottom of the page (see 
Ref. 21, eq. 28). 

In Eq. 1, a highly opaque P2E detector was assumed, 
so that  

tip >> % (2) 

where fl,(flp) is the optical absorption coefficient (cm -~) 
of the sample (pyroelectric), and is a function of wave- 
length; p is the PVDF pyroelectric coefficient (--3 x 10 -5 
C/m 2 K); ~2 Io is the incident optical irradiance (W/m2); 
e0 is the permittivity of free space (-- 8.854 x 10 -12 C/Vm), 
and k = 12; 22 ,1, is the nonradiative quantum efficiency 
of the sample, a function of wavelength; k~ is the sample 
thermal conductivity (W/m K); and a,(%) is the sample 
(pyroelectric) complex thermal diffusion coefficient 

a s ---- (1 + i)aj - (1 + i ) \ / .aj  ] [cm-~]; 

j = s,  p (3) 

where a~ is the thermal diffusivity of the j t h  material 
(cm2/s), and O~o = 27r/o is the angular light intensity mod- 
ulation frequency; aj is defined by Eq. 3 and represents 
the inverse of the RMS thermal probe depth, ~j (the 
thermal diffusion length) at/Co; l, is the (assumed uni- 
form) sample thickness; b~, is a thermal coupling coef- 
ficient between adjacent materials m and n: 

]~mOLrn 
bran ~ 

knOl n ' 

m, n = g (gas), s (sample), p (pyroelectric) (4) 
in the geometry of Fig. 1, with the gas layer overlying 
the sample surface. Finally r~ is an optothermal param- 
eter of the sample defined as: 

r, = . (5) 
a s  

It is interesting to note that, as expected from a back- 
surface detection technique, Teramae and Tanaka ~2 ob- 
tained an expression similar to Eq. 1 for the microphonic 
PA signal generated at the rear surface of the sample, 
which they used for quasi-quantitative interpretation of 
back-surface FT-IR-PAS spectra of bilayered polyeth- 
ylene (PE)/poly(ethylene terephthalate) (PET) films. In 
order to carry out their investigations, these authors had 
to construct an elaborate PA cell which allowed sealing 
of the gas chamber with the back surface of the sample 
itself. 

For the present work, there are three special cases of 
Eq. 1, which are of experimental interest in character- 

izing the FT-IR-P2E detector and its spectroscopic ca- 
pabilities with respect to specific classes of samples. 

Optically Opaque Sample. This case is associated with 
the condition 

flsl~ >> 1 >= exp(-fl~/s) ~ 0 (6) 

and is important for characterizing reference (R) black- 
body FT-IR spectra. Under condition 6, Eq. 1 becomes 

PIo 
VR(wo) ~ exp(--aR/R) (7) 

(kEo)kRaR%(bpR + 1) 

where it was assumed that 'IR = 1 and the thermal cou- 
pling coefficient b~R << 1, a condition usually satisfied at 
gas/solid interfacesY ~ If the thickness of the reference 
layer, lR, is very small compared to the thermal diffusion 
length--as is the case with thin opaque films directly 
sprayed or deposited on the PVDF surface--then Eq. 7 
simplifies to the following expression (bpR = 1): 

pIo (8) VRo(~0o) ---- 2 ( k e o ) k p a p  2 . 

We may also derive Eqs. 7 and 8 assuming an infini- 
tesimally thin opaque thermal source on the surface of 
the sample and allowing lR -~ 0 in the model presented 
by John et al. ;24 however, those authors' results (Ref. 24, 
eq. 5 with Ip -~ ~ )  are linearly dependent on the surface 
absorption coefficient of the sample, fl'~. This quantity 
is misleading and is an artifact of their model, not ap- 
pearing in more realistic treatments of the problemY z 
Complete agreement of the model by John et al. 24 with 
Eqs. 7 and 8 can occur upon our setting fl'J0 -~ I0, which 
makes the resulting expressions independent of the sam- 
ple optical absorption coefficient, as is expected in pho- 
topyroelectric (and general photothermal) saturationY z,23 

For adaptation to FT-IR detection, Eq. 7 may be ~vit- 
ten in terms of the spectral wavenumber 0 according to 
the well-known relationship 25 

[0(0) = 2vO (9) 

for a Michelson interferometer, where v is the mirror 
velocity (cm/s), 0 is in cm -z, and/Co is the modulation 
frequency (Hz) of the IR radiation intensity. Separating 
out frequency-dependent quantities in Eq. 7 yields the 
complex representation 

V.(fo) = IV.(o) l e '~(~ (i0) 
where 

• r , o ( o ) ]  IVR(a) I = .a , / . - - - ; : :_ . /exp[ -a , (o) l , ]  ( : i la)  
LfotV)j 

and 
7r 

OR(O) = -~ -- aR(O)lR ( l lb )  

X 
2(rs + b~s) - 

V(o~o, ~s) ~ 
plo fl~ 
2keok,%(fl~ - a~) 

[rs + 1)(bgs + 1)exp(a~/~) + (rs - 1)(1 - b~,)exp(-a~l ,)]e -~s's 

(bgs + 1)(bps + 1)exp(as/~)- (bg~ - 1)(bps - 1)exp(-as/~) 
(I) 
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with 

p (OlROlp) V, (12) 
A.  - 2~(k%)kR(bpR + I) 

as the frequency-independent term. 
Similarly, Eq. 8 may be adapted as follows: 

YRo(fO) = I Vno(O) le i°"° (13) 
with 

r,o(O)] 
= ] (14a) 

a n d  

7r. pOLp 
0Ro = 2' ARo -= • (14b) 

47r(keo)ke 

Thermally Thick Sample. In this limit, pertinent to 
large thickness solids, one can set 

l, >> P,(fo) (15) 
max 

where condition 15 must hold at the lowest modulation 
frequency,/o(0~n), according to Eq. 9, i.e., for the max- 
imum thermal diffusion length in the sample. Then 
exp(-afl ,)  ~ 0 at all wavenumbers and Eq. 1 becomes: 

p l o [ .  f l ,%e-~t: ] ( r ,  + 1~ 
V(o~o, B,) = - 2kEoLk,%(~ 2 _ a2)j\bp" + 1] (16) 

which may be divided by the blackbody reference, Eq. 
13, to yield the spectrally normalized P2ES complex sig- 
nal in the thermally thick limit: 

SN(O) = C,T(O)(~Iz.)[ 2 + (1 - i)/~,ps] ~,~--~-)~ -- ~ j (17) 

where 

= , ' , , t  p , 8 p , ( 1 8 )  C, (1 + i~- Ik a '/~/k a '/'~ 
2(bp, + 1) 

is a modulation frequency-independent factor, and 

T(O) - e -~,~, (19) 

is a transmittance factor, dependent on optical frequency 
through ~,(0), but  also independent of modulation fre- 
quency. Equation 17 is obtained when the experimental 
FT-IR-P2E spectrum of a thick sample is normalized by 
that of the PVDF detector covered only with a black 
infrared absorber whose thickness is very small com- 
pared to the shortest diffusion length, Pm~,, a quantity 
which varies throughout an interferometer scan accord- 
ing to 

..(o) \ ~ T ~ ]  • (20) 

Due to this variation with 0, FT-IR-P2E spectra, which 
are expected to resemble optical transmission spectra in 
the thermally thick limit, 2° will exhibit distortions with 

Incident 
P) Light: X, % Ohmic contact ---,, Air Sample (g) , , ~ - -  

Backing (s) 
p, (x) - ~ - -  

X+O:, 

I (b) 
~oo -(L, + Lp 

~-v[,o0p~(x)] 

Pyroelectric 
pp (X) 

FIG. 1. One-d imens iona l  geometry  of a photopyroelec t r ic  system. 

respect to the position and the height of sample absorp- 
tion peaks, even after proper normalization. In order to 
account for such artifacts inherent in the thermal nature 
of the technique, a correction method, akin to the one 
applied by Tang and Royce 26 to FT-IR-PAS data, may 
be devised. Upon defining 

x -= fl, p, (21) 

we may separate out Eq. 17 in real and imaginary com- 
ponents using: 

(22) 

where 

Q ( x )  - (x + 2 - i x ) ( x  2 + 2i). (23) 

Taking the magnitude of Q(x)  as I Q(~) I = x / Q ( x ) Q * ( x )  
and using the algebraic identity 

x 4 + 4 = (x 2 + 2x + 2)(x 2 -  2x + 2) (24) 

yields the following expression for the normalized FT- 
IR-P2ES amplitude: 

ISN(0)I ----V~ IC, IT(O)X/x2 ---2x + 2 " (25) 

Noting that x = x ( v ,  ~), ratioing of two FT-IR-P2E spec- 
tra obtained at different scanning velocities v~ and ~2 (say 
v2 > ~) and properly normalized, each by the appropriate 
blackbody spectrum o b t a i n e d  a t  t h e  s a m e  ve loc i t y ,  gives 
the desired correction factor: 

I SN(o; vl) I 
I SN(O; 1'21 =q(O) \ xx-~ -- ~Xl + (26) 

In Eq. 26 the ratio q(0) is seen to be independent of 
I Cs I and T(0), as these factors are both independent of 
modulation frequency and cancel out of two spectral scans 
of the same sample. Futhermore, 

xl -= x(o, vl) (27) 

R=- v= 
\vl /  

(28) 

and, from the defining Eq. 21 and Eq. 20: 

x2 =- x (o ,  ~'2) = x~ 
R "  

(29) 
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Equation 26 establishes limiting values for q(O) as fol- 
lows: the optically opaque limit 

x~ = fl,(0)gs(Vl) >> 1 ~ q(O) ~ 1, (30) 

and the optically transparent limit 

x~ << 1 -~ q(o) ~ R. (31) 

Experimentally, the function q(O) may be obtained point- 
by-point throughout the two interferometer scans, at v~ 
and v~, while R can be calculated from Eq. 28. Solving 
the quadratic Eq. 26 for xl and keeping the positive root 
only, so that  x~ > 0 always, it can be shown that  

[q2 _ R + ~/(R - q2)2 + 2(q2 _ 1)(R ~ _ q~)] 
X l  = (q2 __ 1) 

where 

and 

i~- ~k a '/'/k a '/'~ C' s=  (1 + ,,~s~. p s , p 
2(b~ + b~) 

, ( 3 7 )  

A(t~) = 1 - e -~s ~ /~,/, (38) 

is an absorptance factor, generating p2E signals resem- 
bling absorption spectra in the thermally thin limit. 2° 
With the use of definition 21, Eq. 36 becomes: 

- F(O) (32) where 

1 < q(O) < R .  

Equations 21 and 32 may now be used, in principle, to 
give absolute values for the optical absorption coefficient 
(i.e., corrected peak positions and heights) at all points 
(j) throughout the IR spectrum of a sample where data 
were collected, provided that  the thermal diffusivity of 
the sample is accurately known: 

/~,(0j) = - (27rv~lv~ V ~ j  F ( O ~ ) [ c m - q .  (33) 
\ a , /  

In practice, it was found that  FT-IR-p2ES SNRs do 
not allow a very accurate calculation of the absolute ab- 
sorption spectrum with the use of Eq. 33. Introduction 
of Eq. 32, however, into Eq. 25, as a correction factor, 
has been shown to yield high-quality relative absorption 
spectra corrected for source throughput and thermal dif- 
fusion length variation effects. Tent  and Royce 26 have 
had similar success in obtaining corrected spectra using 
appropriate normalization techniques with FT-IR-PAS 
of thermally thick poly(methyl methacrylate) (PMMA) 
samples. 

Thermally Thin Sample. This is a very important limit 
for FT-IR-P~ES detection, as PVDF detectors have been 
shown to be quite sensitive to the presence of thin layers 
directly deposited on the electroded film surface. 27 The 
condition is 

I. << ~ffo) I 
t 

(34) 
I rain 

which must be satisfied for the highest modulation fre- 
quency,/o(O~J, according to Eq. 9. Then exp(+a~/~) 
1 across the entire spectrum, and Eq. 1 becomes: 

plo - + bgs ) 
V( o, y : + " (35) 

A procedure similar to the thermally thick case above 
yields the spectrally normalized P2ES complex signal in 
the thermally thin limit: 

L tpst~sJ 2i J (36) 

SN(o=C',A(O)(x4---~)Q'(x) {39) 

Q'(x) =- (x + 2bg~ - ix)(x  2 + 2i) (40) 

so that  

[ x 2 +  2bg,x + 2bgs2.] '/2 
ISN(o)l = v~ IC',lA(o)x x 4 + 4 . {41) 

In view of Eq. 40, a sixth-order algebraic equa~Lion 
obtains for Xl in terms of q(o): 

(q2 _ 1)x? + 2bg~(q2R - 1)x~ + 2b2,s(q2R 2 - 1)x~ 
- 4(R 4 - q2)x~ - 8bgprt(R 3 - q2)x 1 
_ 8b2g,R2(R 2 _ q2) = 0. (42) 

In the special case where the gas/sample interface ther- 
mal coupling coefficient bg~ = 1, Eq. 41 may be separated 
into the product of a quadratic and a quartic polynomial, 
the former of which is Eq. 26, giving the solution in Eq. 
32, as expected from inspection of the forms of Eqs. 22 
and 39. For all values of bg,, however, the range of q(o) 
values of Eq. 41 is, in this case too, 1 < q(O) < R. 

Equation 42 requires numerical solution. In order to 
identify relatively simple limits for quantitative spec- 
troscopic analysis, two cases of special interest may be 
considered in terms of the relative importance of b~,8 in 
the entire range of/~s(0) values. In Eq. 39, upon setting 

x >> 2bg, [i.e., ~(0) >> 2bJ(tt~)~n] (43) 

and making the approximation/~s(f0) ~ ttPWF0t0) - a  :rea- 
sonable assumption for very thin layers deposited di- 
rectly on the pyroelectric detector--one arrives at the 
photothermally thick condition 

&(o) >> 47 cm -1. (44) 

Condition 44 was estimated with the use of the air-PVDF 
system, with 22 aeWF = 5.4 X 10 -4 cm2/s, kr'V'DF = '0.13 
W/mK, and 28 aalr = 0.19 cm2/s, kal, = 2.38 × 10 -2 W/ 
mK; bAir-PVDF = 9.76 X 10 -3, ttPVDF(1 kHz) = 4.15 ttm. For 
materials with IR absorption coefficients satisfying Eq. 
44, we may set bgs = 0 in Eq. 41 and obtain: 

x~ = = G(O). (45) 

For discrete data points throughout the IR spectrum, 
Eq. 45 yields the corrected spectrum 

\ a ~ /  
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with an analogous expression to Eq. 46 for the corrected 
spectrum: 

fl~(Oj) = (27n'---A/'/2 V~jjH(Oj) [cm -1] (49) 
\ a s /  

subject to relation 47. For very thin deposited films, the 
weighed thermal response over one modulation cycle is 
such that the composite thermal diffusion length of the 
(sample + PVDF) will be dominated by the much thicker 
PVDF. In this situation fairly accurate values for ~(0) 
should be obtained, in principle, by replacing a~ by aPvDr 
in Eqs. 46 and 49. 

EXPERIMENTAL AND RESULTS 

The Bomem DA3 FT-IR spectrometer was used to 
obtain data throughout this work. This particular in- 
strument has selectable mirror velocities--an important 
advantage over single-speed spectrometers, as it allows 
modulation frequency control and spectral corrections 
for the spectrally variable thermal diffusion length, as 
discussed in the previous section. Furthermore, the DA3 
provides access to the interferogram phase, an important 
information and correction channel 29 in photothermal 
(and, in particular, in p2E)19 spectroscopy. A Globar® 
source and a Ge-coated KBr beamsplitter provided op- 
tical interferograms in the 400-4000 cm -1 range; how- 
ever, for these experiments the 800-4000 cm -1 span was 
chosen, as the spectral intensity diminished significantly 
below 800 cm -1, as shown in Fig. 2A, representing the 
source throughput. This factor tended to generate un- 
acceptable noise levels in the pyroelectric detector, which 
rendered the spectroscopic data below 800 cm -~ essen- 
tially irreproducible, especially those from weak absorb- 
ers. Thin (28 ~m) Kynar ® PVDF films from Pennwalt 22 
were inserted in an Inficon ® microbalance housing as 
described elsewhere2 ° The cell was mounted directly in- 
side the sample chamber of the spectrometer with the 
use of existing optics and a mechanical spacer for fixing 
it to the chamber floor at approximately the focal plane 
of the Globar beam. Since there is no closure requirement 
for P2ES, the chamber could be purged in situ before 
any measurements were performed. The output voltage 
due to the photopyroelectric effect was carried outside 
the chamber by a coax cable via a Microdot-to-BNC 
connector. An Ithaco Model 1201 low-noise, wide-band- 
width preamplifier was then used to amplify the signals 
to a level compatible with the analog-to-digital converter 
(ADC) of the DA3 (~0.1-10 V). The output of the preamp 
was connected directly to the input board of the spec- 
trometer, thus completing the FT-IR-p2ES circuit. Sig- 
nal processing and analysis was carried out by standard 
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subject to relation 44. 
In the opposite limit 

x << 2bg~ [i.e., #,(0) << 47 cm -~] (47) 

the same procedure yields 

xl = N / ~ ( -  R2 - q2-'~'~ _ H(O) (48) 
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FIG. 2• FT-IR-P2E spectrum of Darco G-60 activated charcoal• Scan- 
ning speed: 0.02 cm/s; resolution: 2 cm-l; preamplifier gain: 1000; coad- 
ded spectra: 30. (A) Amplitude; (B) phase• 

Bomem software, modified to allow for quantitative ma- 
nipulation of the spectra. Figure 2 shows the FT-IR-P2E 
spectrum of an ultra-thin layer (~ 1 #m) of activated 
charcoal (Spruce wood Darco G-60 from Fluka AG Buchs) 
on the surface of the Ni-A1 ground electrode (350 nm) 
of the PVDF detector. The charcoal was dissolved in a 
mixture of solvents (2 x 10 -2 M hexadecyl/trioxyethy- 
lene/Na2SO4, a surfactant from Henkel, and 30 % EtOH 
from Fluka) and was placed on the detector in the form 
of a drop. Spectra were taken immediately after evap- 
oration of the solvents following purging of the sample 
compartment with dry N2. It may be observed from Fig. 
2 that  the usually-hard-to-eliminate, strongly interfering 
atmospheric CO2 and H20 absorptions present with other 
photothermal detection schemes (e.g., with PAS) 13 are 
essentially absent. Spectra were also obtained with the 
PVDF film as the sample and detector. The activated 
charcoal spectrum was then ratioed by the naked elec- 
troded PVDF spectrum. The results, shown in Fig. 3, 
indicate that  there are essentially no spectral features 
due to the Ni-A1 layered electrode. The much lower sig- 
nals (factor of 8) obtained with the naked electroded 
PVDF can be understood in terms of the enhanced re- 
flectivity of the metal compared to that of carbon. Due 
to the essential flatness of the ratio in Fig. 3, most sub- 
sequent spectra were normalized by the appropriate 
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FIG. 3. Ratio of activated carbon and naked PVDF FT-IR-P2E spec- 
tra. Scanning speed: 0.02 cm/s; resolution: 2 cm-'; preamplifier gain: 
200; coadded spectra: 30. 

PVDF spectrum for experimental convenience. Implicit 
in the normalization process is the assumption that  the 
normalizing spectrum is a faithful representation of the 
optical source photon flux within spectral bandwidths 
determined by the resolution. In the case of a thin black 
absorber layer on PVDF, one may write: 

Io(O) = N(O)hcO (50) 

where N(O) is the photon flux at 0, and c is the speed of 
light. Inserting Eq. 50 in Eq. 14a and taking Eq. 9 into 
account yields 

I VR0(0)I  = ARoN(O)(~ ) . (51) 

Equation 50 indicates that  the P2E spectrum of Fig. 2 is 
independent of modulation frequency and scales with 
the source wavenumber variation only. On the other hand, 
at a fixed o, the spectral magnitude should decrease as 
~-1. Figure 4 shows FT-IR-P2E spectral magnitude curves 
as functions of fo = 2OoV at three widely different wave- 
numbers. The slopes of the least-squares fitted ln-ln 
plots were found to be -1.08 (go = 850 cm-~), -1.11 (Oo 
= 1600 cm-9,  and -1.14 (00 = 2400 cm-9,  thus indi- 
cating a I VRo(V)lexp OC p- l . z  dependence, in good agree- 
ment with Eq. 51. For comparison, Fig. 5 shows similar 
curves obtained from the response of the pyroelectric 
DTGS detector accessory of the DA3 interferometer. In 
principle, the pyroelectric signals obtained by direct op- 
tical excitation of this detector should be similar to those 
obtained with PVDF. Figure 5 indicates, however, that  
the DTGS element does not behave ideally and may not 
be used for quantitative analyses. Complicating matters 
further, the DTGS detector is factory-covered with a 
polyethylene window as a spectral filter, which has sharp 
spectral features in the range of interest and which makes 
it ineligible as a P2E spectroscopic reference. 

Much controversy exists as to the suitability of carbon 
black as a normalizing reference, s~,32 The non-flat spectral 
features of various types of carbon in the mid-IR cannot 
represent, in principle, the photon throughput of the 
source, a fact which has prompted Low and Parodi to 
advise against the use of carbon as a spectrum compen- 
sation source2 ~ This problem does not appear to be crit- 
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FIG. 4. Experimental relationship between FT-IR-p2E amplitude and 
mirror scanning velocity for a thin layer of black absorber at three 
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ical with FT-IR-P2ES, as Fig. 3 shows that  the activated 
carbon spectrum yields approximately a horizontal line 
when ratioed against the PVDF detector spectrum. This 
is an indication that  the reflectance of the Ni-A1 layered 
electrode does not contain sharp features in the 800- 
4000 cm -1 range, nor does the reflectance of the c~rbon 
overlayer; i.e., the spectrum of Fig. 2A is an essentially 
faithful representation of the photon flux per waverLum- 
ber of the Globar source. An advantage of FT-IR-p2E 
spectroscopy over the other photothermal techniques is 
in the use of the electroded PVDF spectrum (naked or 
carbon coated) as a normalizing source for transparent 
thick films and general thin film layers, where transmis- 
sion type P2E spectra are expected: the spectral intensity 
registered with the detector at all wavelengths may be 
compensated exactly by the electroded PVDF spect:rum, 
due to the fact that  the detector acts as its own blackbody 
compensator and the result is free of any artifacts which 
may be present when the blackbody reflectance is dif- 
ferent from that  of the sample holder used during the 
experiment. This is indeed the case with FT-IR micro- 
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s; resolution: 2 cm-1; coaddition of 15 spectra. 

phonic photoacoustic and photothermal deflection spec- 
troscopies and with any scheme which requires that the 
normalizing black absorber be removed from the detector 
after acquisition of the normalizing spectrum. The dif- 
ficulties with this operation are nicely exemplified in the 
work by Riseman and Eyring. 32 The aforementioned ad- 
vantage of FT-IR-p2E detection, of course, ceases to exist 
when optically opaque and thermally thin spectroscopy 23 
is performed, since the optical characteristics of the de- 
tector become unimportant. 

The effects of changing thermal diffusion length in a 
sample throughout an IR spectral scan were investigated 
with the use of Mylar coated with a black absorber, car- 
bon black, as a surface thermal source, in direct contact 
with the PVDF detector. Combining Eqs. l l a  and 14a 
yields for the normalized signal: 

SN I VRo(O)~ = ~ exp [ aR J J 

For the purposes of this experiment, the finite thick- 
ness of the activated carbon had to be taken into account. 
Quantitatively, this is most conveniently done by ex- 
tending Eq. 52 to a two-body system in a manner similar 
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FIG. 7. FT-IR-P=E response to activated carbon-coated biomer, ex- 
hibiting the expected exponential decay with increasing wavenumbers 
(i.e., modulation frequency). Scanning speed: 0.01 cm/s; resolution: 2 
cm 1; coadded spectra: 20. (A) DA3 detector/preamplifier delay time 
= 1.6 ms; (B) 80 us. 

to the one presented by John e t  al. for visible dispersive 
p2ES in the thermally thick limit: 24 

SN (2) = Const. x exp - 

where lc(l M) and ~(~M) is the thickness and thermal 
diffusivity, respectively, of carbon (Mylar). Figure 6 shows 
plots of the ln[SN (~)] vs. [o ½ for two different sets of car- 
bon-Mylar thicknesses. A system of two equations with 
two unknown quantities, c~ and aM, was set up with the 
use of the slopes of the least-squares-fitted straight lines 
in. Fig. 6A and 6B as follows: 

0.409 
llox + l?'y = ~ = 0.231 (54a) 

with 

0.282 
12°x + 12My = ~ = 0.159 (54b) 

V ~ r  

• _ ½  - - ½  
X------aM , Y - - a t  • (54C) 
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Fro. 8. FT-IR-P2E spectrum of silicone-based thermal compound de- 
posited on the PVDF detector; preamplifier gain: 1000; ~ = 0.02 cm/s; 
resolution = 2 cm-'; coadded spectra: 15. 

Solution of Eqs. 54 yielded the values 

aM = (1.9 _+ 0.5) x 10 -3 cm2/s 

and 

a¢ = (2.6 + 1.0) × 10 -t  cm2/s. 

The experimental uncertainty values could be im- 
proved with a tighter control on our knowledge of the 
sample thicknesses, especially that  of surface carbon. 
Our value for a M compares well with the literature value 
deduced from data on polyethylene terephthalate (PETP 
Mylar) obtained by Angst and Pfister: 33 

k M 0.26 W/mK 
O ~ M ~  - -  pMCM (1.37 X 103 kg/m 3) × (1.09 × 103 J/kg K) 

=1.74 × 10 -3 cm2/s. 
No check on the a¢ value could be made; however, the 
low value obtained is consistent with the experimentally 
observed large variations in the slope of the lines in Fig. 
6 with small changes in the deposited carbon thickness. 

An important instrumental feature of back-detection 
(FT-IR photothermal spectroscopy, such as FT-IR-p2ES, 
is the optimal setting of the detector/preamplifier delay 
command in the DA3 spectrometer. Due to the relatively 
slow thermal diffusion from surface absorbing layers to 
the position of the detector, it was found that  optimal 
SNR could be obtained in all experimental cases if the 
time delay related to the 3 dB high cut-off frequency of 
the DA3 detector/preamplifier pair were set at the max- 
imum available setting of 1.6 ms. This time constant is 
of the same order of magnitude as thermal transit times 
through many thin-layer media. The effect of the detec- 
tor/preamplifier delay setting was minimal with ther- 
mally thin samples; however, considerable SNR improve- 
ment was observed with thick materials. As an example, 
Fig. 7 shows spectra of a carbon-coated biomer (used as 
a thermal delay medium), similar in nature to those of 
Fig. 6. The substantial enhancement of SNR with 1.5 ms 
delay compared with the 80-#s delay setting is evident 
from that  figure. PVDF pyroelectric detector SNRs are 
generally subject to radiation noise, Johnson noise, and 
amplifier noise2 t When the detector is used as a pho- 
topyroelectric sensor, the most ideal conditions exist when 

temperature fluctuation noise dominates. This gives the 
ideal area normalized detectivity limit25 

1 
D~de~ = 

4(kBaT) v~ (55) 
= 1.8 × 10 l° cm Hz '/~ W -1 at 300 K 

where kB is Boltzmann's constant, a is Stefan's constant, 
and T is the absolute temperature. Real PVDF p2E de- 
tectors are usually limited by Johnson noise, and the 
detectivity is given by: 36 

D'(o%) = YlP [ p ] 
2(kBT) '/~ ppCp(k~otan ~)~ w°-v~ (56) 

where ppCp is the detector volume specific heat (=2.4 J 
cm -3 K), lp is the detector thickness, ~ is the fraction of 
incident radiation absorbed (~ 1 for PVDF with carbon 
coating above the electroded surface), and tan ~ is the 
dielectric dissipation factor (~0.01-0.02 in the range 1- 
10,000 Hz; Ref. 22, fig. 8). Phelan et al. 37 have measured 
the D* for 1.86 cm 2 by 18-#m-thick PVDF. They have 
obtained values 1 x 108-2 x 106 cm Hz v2 W -1 for op- 
eration between 1 Hz and 1 kHz, respectively. Tlhese 
values are close to the highest available from other pyro- 
electric materials (e.g., TGS), and led to a material figure 
of merit (the quantity in brackets in Eq. 56) of 1.3 x 
1 0  - 9  C cm j-1. 

In visible, dispersive p2ES it is often desirable to use 
a thermally bonding agent (e.g., No. 120-8 Wakefield 
thermal compound) between sample and PVDF detector 
to promote heat transfer to, and signal enhancement of, 
the PVDF detector. 3s This operation has no discernible 
effect in terms of introduction of artifacts to UV-VIS 
p2E spectra. In FT-IR-P2ES, however, care must be tak- 
en, as the spectrum of thermal compounds based on sil- 
icone (Fig. 8) exhibits substantial structure which could 
severely interfere with sample spectra obtained by this 
back-detection technique. Because of this effect, it was 
decided not to use thermally bonding compounds in FT- 
IR-p2ES in this work. 

In order to evaluate the FT-IR spectroscopic capabil- 
ities of the technique, thermally thick and thin samples 
were used, in light of the theoretical discussion in the 
preceding section. The thick material was 125-#m Mylar 
directly in contact with the PVDF detector. With the 
use of am = 1.74 x 10 -3 cm2/s, the range of thezmal 
diffusion lengths in the 800-4000 cm -1 region is found 
to be 41.6 #m _ #M(f) >- 18.6 #m at v = 0.02 cm/s and 
26.3 #m -> #MO t) ___ 1i.8 #m at v = 0.05 cm/s. Thereibre, 
the FT-IR-P2E spectrum of Mylar was thermally thick 
throughout the scanned spectral range and was expected 
to resemble an optical transmission spectrum (see Eq. 
25). Figure 9A shows the spectral amplitude. Figure 9B 
is the transmission spectrum obtained from a Bomem 
Michelson 110 FT-IR spectrophotometer, with an MCT 
detector. It can be seen that  the FT-IR-p2ES signal does 
resemble closely the transmission spectrum. In detail, 
however, there are a few differences between the two 
spectra. These differences concern the relative peak: in- 
tensities, whereas peak (and valley) positions lie wil;hin 
the spectral resolution of each other (~4 cm-1). The 
apparent spectral resolution exhibited by P2ES in the 
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FIG. 9. (A) FT-IR-PZE spectrum of 125-/zm Mylar sheet obtained at 
0.05 cm/s; resolution: 2 cm-~; preamplifier gain: 1000; coadded spectra: 
30. (B) Optical transmission spectrum of the 125-gm Mylar sheet; res- 
olution: 4 cm-~; coadded spectra: 250. 

optically opaque region below 1800 cm -1 (Fig. 9A), com- 
pared to several completely saturated regions of the op- 
tical transmission spectra (Fig. 9B), is well reproducible; 
however, the cause is not well understood. At this time 
it is speculated that the saturation threshold of the large- 
area PVDF transducer may be higher than that of the 
small-area MCT detector. 

The P2ES Mylar absorbance was further calculated 
with the use of a spectrum similar to Fig. 9A, obtained 
at g = 0.02 cm/s, and standard DA3 Bomem software. 
The resulting spectrum is shown in Fig. 10 as spectrum 
b. Spectrum a in that figure is the result of the correction 
effected due to the thermal wave nature of FT-IR-p2ES, 
according to the theory presented earlier for thermally 
thick samples: The function x~ = F(O) was calculated 
according to Eq. 32 with g~ = 0.02 cm/s and g2 = 0.05 
cm/s spectra of Mylar. Then the x~(o) spectrum was used 
in Eq. 25 as a compensation factor due to thermal dif- 
fusion length contributions to the signal, and Eq. 25 was 
then solved for T(O) with the uncorrected normalized 
p2E spectrum as [SN(O) [. Application of the same stan- 
dard DA3 Bomem software then produced the corrected 
absorptance spectrum (a). Phenomenologically, the cor- 
rections produced an enhanced absorptance spectrum, 
except for regions of high ~,(O), where the enhancement 
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Fm. 10. FT-IR-P2E absorptance spectra of 125-gm Mylar sheet ob- 
tained at 0.02 cm/s; resolution: 2 cm-~; preamplifier gain: 1000; coadded 
spectra: 30; (a) Corrected spectrum for thermal diffusion length con- 
tributions to P~E signal; (b) uncorrected spectrum. 

was small or null. Physically, the small but  finite thermal 
contributions to the (otherwise purely) optical trans- 
mission p2E spectrum amounted to an effectively larger 
pyroelectric signal. FT-IR-P2E phase spectra of the My- 
lar sample also showed spectral structure mimicking the 
amplitude spectra of Fig. 9A and the one taken at 0.02 
cm/s. This structure was superimposed on the instru- 
mental baseline (Fig. 2B) and constitutes strong evidence 
of thermal transfer delays, 21 'not expected from purely 
optical transmission through the body of the sample. The 
p2E signal was thus numerically interpreted as a smaller 
absorptance spectrum than that obtained with the use 
of optical transmittance spectra taken with the PVDF 
detector and the Mylar sample lying ~ 100 ttm above the 
detector but  not touching. The decreased (or absent) 
amount of correction at peaks in the 3430-cm -1, 3000- 
cm -1, 1960-cm -1, and below 1000-cm -1 regions are as- 
sociated with very strong absorptions, which appear in 
photopyroelectric saturation 21 in Fig. 10 and thus render 
the P~E spectra less sensitive (or insensitive) to varia- 
tions in ~8(0). This effect makes the right-hand side of 
Eq. 25 independent of x for x >> 1. No significant shifts 
of the relative peak positions beyond the resolution 
bandwidths were found in the corrected Mylar spectrum 
of Fig. 10a, which implies that the uncorrected "raw" 
normalized spectrum (b) may be conveniently used for 
accurate qualitative peak identification in thermally thick 
solids, if quantitative absorption intensity profiles are 
not required. 

As a thermally thin material we used Probimide ® 408, 
a high-photospeed polyimide 3s utilized in the semicon- 
ductor industry as dielectric layers, alpha particle bar- 
riers in memory devices, ion implant masks, and passi- 
vation layers. 4° The polyimide was spun on the PVDF 
detector at 3300 rpm for 25 s so as to obtain a 1-#m- 
thick film, according to the CIBA-GEIGY processing in- 
struction manual. Subsequently, FT-IR-p2E spectra were 
obtained with scanning speeds between 0.02 and 0.7 cm/s. 
It is worth mentioning that high SNRs at 0.7 cm/s al- 
lowed ready identification of sharp peaks below 2000 
cm -1 with only 800 coadded spectra. The maximum speed 
was limited by the DA3 scanning capabilities. The FT- 

APPLIED SPECTROSCOPY 141 



6.0 
b -  

a~ 4.5 
r r  i i n R  

- ¸ 

u 3.0 
Z 

° I 

S m i . 5  

0.0 ~ i ~ ~ I 

3400 2600 1600 1000 
- i  

WAVENUHBERS / cm 

Fro. 11. FT-IR-P2E absorptance spectra of 1-~m Probimide ® 408 
obtained at 0.02 cm/s; resolution: 2 cm-~; preamplifier gain: 1000; coad- 
ded spectra: 15; (a) Corrected spectrum for thermal diffusion length 
contributions to P2E signal; (b) uncorrected spectrum. 

IR spectra thus obtained were found to be similar to 
optical absorption spectra characteristic of polyimides, 4~ 
including the 1726- and 1776-cm -~ peaks due to carbonyl 
absorption. No independent IR absorption spectra of 
Probimide ® itself were available for direct comparison. 
It is well-known that  Probimide ® is akin in molecular 
structure to Kapton® (H-Film; poly-4,4'-oxydiphenyl- 
ene-pyromeltimide). Mid-IR spectra of that polymer have 
been recorded, by Wrasidlo, 42 exhibiting the character- 
istic amide-NH stretching vibrations in the 3000-3500 
cm -~ range, in agreement with similar absorption fea- 
tures in the spectrum of Fig. 11. In order to ascertain 
whether there was a necessity for spectral corrections, 
due to the photothermal nature of our spectra, the func- 
tion x~ -- G(0) was calculated according to Eq. 45 with 
the ~ = 0.02 cm/s and v2 = 0.1 cm/s spectra of Pro- 
bimide ®. Equation 46 was then evaluated with ~, -- (~PVD~, 
and the resulting absolute optical absorption coefficient 
values ~, (o) were found to be consistent with assumption 
44 throughout the experimental wavenumber range. Fi- 
nally, Eq. 41 with the thin-film approximation (Eq. 38) 
and with b~, = bAi~.PVDF = 9.76 × 10 -3 was solved for A(O) 
with the uncorrected normalized P2E spectrum at v = 
0.02 cm/s as ISN(0) I. The results are shown in Fig. 11 
as spectrum a. Spectrum b is the "raw" normalized P2E 
spectrum. It can be seen that  the corrected spectrum is 
very close to the uncorrected one, with a slight enhance- 
ment throughout the 800-3400 cm -z range. It may be 
concluded that  for all practical purposes the raw nor- 
malized spectrum of Probimide ® suffices for quantita- 
tive spectroscopic studies. The near coincidence of the 
two spectra is a manifestation of the purely thermal na- 
ture of the P2E spectrum of the Probimide ® film, which 
is entirely thermally thin at 1 ~m thickness. The very 
high reproducibility of thin-film FT-IR-P2E spectra is, 
at least partially, associated with the blackbody nor- 
malization advantage of this technique, as discussed ear- 
lier. The spectrum of the Probimide ® film on the PVDF 
detector was taken again after exposure of the film to 

360 nm radiation from a Xe lamp for 2 min. Although 
there was a visible change in the color of the film after 
the exposure associated with the interaction of the UV 

light with the polyamic acid polymer bearing photo- 
reactive side groups, 4° no spectral changes were observed 
in the FT-IR-P2E spectrum. This is an indication that  
no significant breaking up of the polymer chains occurred 
during irradiation. A systematic study of the P2E spec- 
trum as a function of irradiation history, without furt]her 
destructive processing, may contribute useful insights 
into the photochemical processes occurring in the Pro- 
bimide ® molecular system. 

CONCLUSIONS 

In this work Fourier transform infrared photopyro- 
electric spectroscopy has been introduced as a new tech- 
nique capable of experimentally convenient qualitative 
analysis and theoretically relatively simple quantitative 
calculation. It was found that  an experimentally derived 
numerical correction is required for spectra obtained in 
the thermally thick limit. No such correction was found 
necessary for thermally thin spectra, although a com- 
prehensive theoretical method for doing so was devel- 
oped as part of a general theoretical framework for FT- 
IR-P2ES. The technique appears to be most promising 
in the study of thin layers deposited directly on PVDF, 
especially when used to monitor interactions with ex- 
ternal agents in situ. 
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