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Depth Profiling in Thin Dielectric Films 
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Department of Chemistry and Beckman Institute, University of Illinois at Urbana-Champaign, 1209 
W. California St., Urbana, IL 61801 

0. R. Miller 
Dow Chemical Corp., 1897 Bldg., Midland, MI 48667 

ABSTRACT: Thin polymer films occupy an eminent position in modem science and technology both in and 
of themselves and as models for bulk polymer systems. Much of their function depends on their interaction 
with external (often hostile) environments. Thus, methods for obtaining information about the chemistry of these 
films as a function of depth are a critical need. This review critically evaluates the methods which have been 
applied up to this point for depth profiling in polymers and concentrates on two methods: optical depth profiling 
using excitation in a slab waveguide, and nuclear reaction profiling. Guided wave experiments have been useful 
in situations in which the species being determined forms only a minor or trace constitutent of the thin film 
matrix, while nuclear reaction profiling has been applied primarily to profiles of protonated and deuterated 
polymers in studies of interdiffusion. Other techniques for depth profiling have more limited applications. 

KEY WORDS: thin film, Raman scattering, inversion techniques, spectroscopy. 

1. INTRODUCTION 

Thin organic films are an important aspect 
of modem research and technology, being em- 
ployed for applications including optical coat- 
ings, integrated optic~,~*'@-I~ semi-permeable 
membranes,18,19 electrocatalysis at surface mod- 
ified electrodes ,20-23 solar energy conversion 
~ c h e m e s , ~ ~ - ~ ~  and protective  coating^.^^-^^ Opti- 
mal design and use of thin organic films require 
a thorough understanding of the system chemistry 
and structure. While information about film 
thickness and refractive indices in most cases can 
be achieved by one of several methods (including 
ellipsometry, reflectometry , and measurement of 
the eigenmode distribution of an optical 
w a v e g ~ i d e ~ ~ ~ ~ ~ ~ ~ ~ ~  and mapping in the lateral di- 
rection can be performed via several well-estab- 
lished techniques, applicable techniques for depth 
profiling of composition in thin dielectric films 
are limited. Depth profiling is desirable for com- 

prehensive studies of structure-function relations, 
diffusion, and reactive-site behavior in thin films. 
Furthermore, an understanding of the composi- 
tional depth profile in a thin film sample is es- 
sential because the bulk of a film is frequently 
dissimilar from the interfacial regions in both 
composition and structure. 

As an example of a situation in which depth 
profiling would be highly valuable, consider 
studies of antenna molecules for energy concen- 
tration at solar energy conversion centers. The 
energy transport efficiency is extremely sensitive 
to the distance between the antenna and the re- 
action center.28 Since the number densities of the 
reaction centers and antenna molecules may vary 
as a function of depth (e.g., due to phase sepa- 
ration during sample fabrication), the distribution 
of separation distances between the antenna and 
reaction center may also be depth dependent, 
which would lead to a depth-dependent behavior 
of the thin film system. Knowing the number 
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densities of donors, acceptors, and traps in each 
spatial region would allow a'more exact com- 
parison between energy transfer efficiency and 
separation distances. Such studies should also 
help clarify which energy transport mechanisms 
are most important in a particular system. 

Several depth profiling techniques have been 
developed, each having different, and frequently 
limited, capabilities. In this paper, we discuss 
each of the depth profiling techniques which have 
been developed, with a critical eye toward the 
strengths and weaknesses of each and the situa- 
tions in which they may appropriately be applied. 

II. HIGH VACUUM TECHNIQUES FOR 
DEPTH PROFILING IN DIELECTRIC 
FILMS 

Several depth profiling methods have been 
developed which rely upon high vacuum spec- 
troscopic techniques. For example, since the 
electron escape depth for elastic electrons gen- 
erated from photoionization events is so small 
(typically < 100 A), the angular distribution of 
electrons obtained in an X-ray photoelectron 
spectroscopy (XPS) experiment carries infor- 
mation about the spatial distribution of compo- 
sition. Angular distribution XPS has shown some 
success for depth profiling in dielectric films of 
100 A thickness or less.50-54 Unfortunately, in 
order to extract highly accurate depth maps of 
composition, it is necessary to have a very ac- 
curate description of the probability that an elec- 
tron will escape, if it starts from a particular 
depth. Because the electron escape depths cannot 
be independently determined, estimates must be 
made which cause large positional uncertainties 
(ca. ? 50%). As shown in Figure 1, this prob- 
ability is matrix and electron energy dependent, 
and so it is almost never known with quantitative 
accuracy. In addition, at a given angle, electrons 
contribute to the signal from a distribution of 
depths from within the sample, and the form of 
this distribution is typically not well known. Thus, 
inadequate knowledge of electron escape depths 
of the sampled films represents a major limitation 
in this technique. Of course, this experiment 
would not be appropriate to the study of buried 
interfaces without the inclusion of some type of 
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FIGURE 1. Plot of the mean electron escape depth, 
i.e., the mean depth from which an electron can escape 
without suffering an inelastic collision, as a function of 
electron energy for Si, Al, Ag, and Au. Data were com- 
piled from various literature sources. 

sputtering to remove the overlying material. There 
are very serious challenges in performing any 
type of sputtering experiment and obtaining 
quantitative accuracy (vide inj-u). Other sources 
of error include nonlinear effects which result 
from surface irregularities. On the other hand, 
the inherent resolution is quite high (of the order 
of a few angstroms) because the electron escape 
probability is a sharp function of depth, and 
chemical speciation information can be obtained 
due to site-specific binding energy shifts. If in- 
formation is desired with the ultimate spatial res- 
olution, it is perhaps the only choice. 

Angle lapping and cross-sectioning tech- 
niques followed by scanning surface detection 
methods are feasible depth profiling techniques 

cally, a beveled (1 to 5") sample block is fabri- 
cated, and the sample is subjected to mechanical 
abrasion to remove material along an angular pro- 
file. Then, a convenient compositional probe with 
high lateral resolution (i.e., small excitation spot 
size) can be used to convert depth information 
into lateral information. Of course, the shallower 
the angle, the greater the depth resolution which 
can be achieved. With 0.5" angle lap, a 1.O-k.m 
spot size would correspond to 90 8, depth reso- 
lution. Unfortunately, organic polymer films 
generally lack adequate rigidity to ensure the 
preservation of the profile during the physical 
angle lapping process, and mechanical abrasion 

for samples with sufficient rigidity .8*55-57 T Y Pi- 
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always has the potential to introduce impurities 
into the sample. Thus, angle lapping tends to be 
more highly favored among mechanically harder 
materials. These will include many materials of 
interest for their electronic and optical properties. 

Secondary ion mass spectroscopy (SIMS) is 
a well-known technique which has been very suc- 
cessfully employed for depth profiling in con- 
ductive materials, displaying a typical resolution 
of 2.5 A.58.59 When applied to nonconductors, 
however, the situation is more difficult. Quan- 
titative accuracy is very difficult to obtain due to 
the notorious matrix effects which attend SIMS 
signals. The applicability of SIMS is further lim- 
ited because the attainable resolution and dy- 
namic range are frequently restricted by uneven 
sputtering rates, cascade mixing, and redeposi- 
tion effects. Of these three problems, redeposi- 
tion effects can be eliminated by cross-sectioning 
the sample via sputtering at shallow incident an- 
gles to create a beveled region.6o The region can 
then be laterally profiled using scanning Auger 
spectroscopy or an ion microprobe,61.62 and the 
lateral profile is directly related to the depth pro- 
file via the angle of sectioning. However, reso- 
lution is still limited by uneven sputtering rates 
and cascade mixing. 

Unfortunately, beam damage and extensive 
charging present major difficulties for depth pro- 
filing nonconductive materials via sputtering. 
Following the lead of investigators working on 
electron spectroscopy of nonconductive mate- 
rials, some success has been obtained in profiling 
Na’ in SiO, by neutralizing the material with a 
carefully controlled electron beam dosage .63 De- 
spite the author’s suggestions of simplicity, how- 
ever, the technique has not been frequently 
utilized.59 Depth profiling in organic polymer 
matrices is even more difficult due to substantial 
polymer degradation which leads to highly vari- 
able sputtering rates59-a.65 and to changes in 
chemical speciation. Nonetheless, Linton and co- 
workers have recently profiled a Ru complex 
doped into a 1-pm thick chlorosulfonated poly- 
styrene film using SIMS.& The approach at- 
tempted to account for variable sampling rates 
by using an internal standard. Although their re- 
sults were dramatically improved compared to 
uncompensated samples, other sampling diffi- 
culties¶ including momentum transfer and rede- 

position effects, were not reliably compensated, 
resulting in a low level residual uncertainty in 
the recovered profiles. 

All of these depth profiling techniques are of 
limited applicability in organic thin film systems 
for the reasons enumerated previously and be- 
cause they are restricted to being performed in a 
high vacuum environment. This latter restriction 
is always a source of concern when the behavior 
of the thin film system in pertinent chemical en- 
vironments is sought since its behavior may be 
different from when it is in vacuum. Further- 
more, with the exception of chemical shift in- 
formation from the photoelectron spectroscopic 
technique, only atomic information is available 
from these approaches. 

111. DEPTH PROFILING WITH PHOTONS 

The use of lower energy photons (e.g., UV- 
IR) in place of high energy particles, such as X- 
rays, ion, and high energy electrons, allows sam- 
pling in environments other than vacuum. This 
approach can also yield molecular information 
because molecular spectroscopic detection 
schemes can be coupled with the depth. profiling 
protocol, whereas the higher energy vacuum 
techniques are more appropriate for obtaining in- 
formation at the atomic level. Methods using these 
lower energy photons are discussed in the next 
sections. 

A. Photoacoustic Spectroscopy 

Photoacoustic spectroscopy (PAS) has been 
used successfully for depth-resolved detennina- 
tions of molecular components in thin film sys- 
tems in the UV-~isible~’-~~ and IR70-78 spectral 
regions. In PAS experiments, use is made of the 
relationship between the modulation frequency 
and the thermal diffusion length. Depth profiling 
is achieved by varying the modulation frequency, 
which in turn varies the depth of sampling, typ- 
ically between 10 and 60 pm for organic polymer 
systems in the IR and, between 1 to 10 pm in 
the UV-visible spectral regions. Since the sam- 
pling depth is dependent upon the modulation 
frequency, thermal diffusivity , and refractive in- 
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dex, for depth profiling applications, the sample 
must be both thermally thick and optically opaque 
(i.e., thermal diffusion length < optical path- 
length < sample thi~kness) .~’-~~ Although many 
samples will satisfy this set of criteria, many 
others will not. In addition, highly desirable sam- 
ple characteristics include a layered sample with 
components possessing very different spectral 
features, and structure which is either symmet- 
rical or supported on a nontransparent substrate 
of high heat capacity.74 Having sample compo- 
nents which have different electronic spectral sig- 
natures is a very low probability circumstance for 
organic polymers since many of the common 
functional groups found in polymers have elec- 
tronic spectra which overlap. In the IR, this prob- 
lem is relaxed somewhat due to the existence of 
group-specific absorption bands. Nevertheless, 
these requirements are somewhat restrictive, as 
is the small variability of the range of depth pro- 
filing and the large distances (in an absolute sense) 
over which the IR experiment works. 

Moreover, some discretion must be used in 
the interpretation of the results since the variation 
of modulation frequency can lead to substantial 
sample cell resonance interferences and satura- 
tion effects, which can cause peak asymmetry or 
inversion. 72*74*75 These anomalies are most severe 
for depth profiling in the IR region, because the 
FT-IR modulation frequency varies considerably 
over the spectral region of 400 to 4000 cm-’. 
Hence, in a single spectrum, the sampling depth 
varies by a factor of three.74 This effect is con- 
voluted with the dependence of the sampling depth 
on the refractive index. These difficulties have 
prohibited quantitative depth profiling unless the 
functional form of the dopant distribution is known 
and the sample is well characterized with respect 
to its optical transmission and thermal diffusivity. 
Frequently, internal standard techniques are em- 
ployed to partially offset these difficulties, al- 
lowing semiquantitative conclusions to be 
d e r i ~ e d . ~ ~ * ’ ’ , ~ ~  Ho wever, saturation effects must 
still be cautiously considered. 

B. Attenuated Total Reflection 

Attenuated total reflection (ATR) spectros- 
copy has frequently been utilized for depth re- 

solved analyses in the UV through the IR 
spectroscopic  region^.^^-^^ In the total internal re- 
flection phenomenon, an evanescent field com- 
ponent extends a small distance into the low 
refractive index medium (containing the sample), 
as determined by Equation 1 

where d, is the depth of penetration, h is the 
wavelength of the incident radiation, n2 and n, 
are the refractive indices of the rare and dense 
media, respectively, and 0 is the angle of inci- 
dence in the dense medium. The evanescent field 
is also shown in Figure 2. Clearly, by changing 
the angle of incidence, the depth of penetration 
of the radiation into the external medium may be 
varied. Molecular transition dipoles in the exter- 
nal medium may interact with the evanescent field 
in the normal manner, giving rise to the atten- 
uation in the total internal reflection signal. Then, 
the sample depth profile is recovered by inverting 
a set of integral equations corresponding formally 
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FIGURE 2. Plot of the interior and evanescent field 
amplitudes for total internal reflection implemented at 
two angles, one near the critical angle and one larger 
than the critical angle. 
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to Laplace transforms. As an example, FT-IR 
ATR has been used to determine film thickness 
in composite polymer ~ y s t e m s . ~ ~ - ~ * - ~ ~  The depth 
of penetration is dependent upon the excitation 
wavelength, excitation angle, and the refractive 
indices of the sample and ~ u b s t r a t e . ~ ~ ~ ~ ~ * ~ ~  Typical 
sampling depths are approximately 0.1 pm in the 
UV-visible spectral region, increasing to 10 pm 
in the mid-IR.79.82.90 A major strength of the tech- 
nique is the ability to perform in siru experiments 
in realistic, even harsh, environments. Because 
radiation is guided in the internal reflection crys- 
tal, the optical properties of the absorbing system 
are unimportant as long as the refractive index 
remains below that of the guiding crystal. Usually 
IR or UV-visible transparent materials with very 
large refractive indices are readily available, so 
this requirement is not tembly stringent. A major 
restriction, however, is the inability to vary the 
sampling depth substantially for a single sample 
at a given excitation wavelength without a so- 
phisticated mechanical design to vary the angle 
of excitation. In practice, this limits depth pro- 
filing studies to multiple samples, e.g., varying 
the substrate or undercoating thickness to alter 
the depth of excitation, or monitoring a time- 
dependent alteration. Both of these approaches 
lead to uncertainties in the actual sampling of the 
electric field intensity distribution due to sample- 
to-sample variations in refractive index, absorp- 
tion coefficient, and scattering loss. These dif- 
ficulties have prevented quantitative depth 
profiling experiments, except where multiple 
samples of varying thickness can be made and 
the functional form of the distribution is known 
beforehand. 

Conventional PAS and ATR techniques al- 
low only qualitative depth profiling information 
to be obtained unless the functional form of the 
dopant distribution is known (e.g., composites 
with step function distributions). In contrast, 
variable angle total internal reflection fluores- 
cence (VA-TIRF) offers quantitative information 
without u priori information about the functional 
form of the dopant dis t r ib~t ion.~~ In this exper- 
iment, the fluorescence from an adlayer on a solid 
substrate is used as signal, rather than the ab- 
sorption of guided radiation. Of course, in the 
adlayer, absorption must precede fluorescent 

emission, so the same basic photophysical prin- 
ciples apply as in the conventional ATR exper- 
iment. The major operational difference resides 
in the method of extracting the signal. The VA- 
TIRF technique is still undergoing development, 
but its potential for measuring distributions with 
unknown functional forms is very promising. The 
technique is obviously limited to fluorescent mol- 
ecules and molecules for which strong resonance 
Raman signals can be obtained, and the maxi- 
mum profiling depth is approximately 1 to 5 pm. 

Quantitative depth profiling experiments in 
the IR spectral region without functional form 
assumptions have been performed by Stuche- 
bryukoa and co-worker~~~ using another variation 
of the ATR technique. They report results from 
a solution-deposited 3.4-pm thick polymer film 
(terpolymer of ethylene, propylene, and dicyclo- 
pentadiene) which showed a 60% decrease in the 
absorption due to rocking vibrations of the CH, 
groups at the center of the film. The technique 
used combinations of leaky waveguide modes 
and frustrated internal reflection to obtain a set 
of spatially varying excitations in the profiled 
polymer film, which is deposited on an ATR 
crystal. A set of Fredholm integral equations re- 
sult, describing the relationship between sample 
composition profile and signal. Solving these in- 
tegral equations is difficult due to the extreme 
susceptibility of the results to small errors in the 
data (vide infra). The extent, however, of ill- 
conditioning of the equations may be relaxed by 
including information from leaky modes in ad- 
dition to conventional ATR sampling. Although 
the experiments were incompletely documented, 
the general approach taken is very closely related 
to the optical waveguide depth profiling experi- 
ment discussed extensively next. 

C. Spectroscopic Ellipsometry 

Ellipsometry is an experiment which mea- 
sures the response of a surface to polarized ra- 
diation. The complex reflectivity of a sample is 
given by Equations 2 and 3, 
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(3) Ir I 
Irsl 

tan + = 2; A = 6, - 6, 

where rs,p are the complex amplitude reflectivities 
for s and p polarized optical radiation, respec- 
tively, and 6,,, are phase shifts for s and p po- 
larized radiation. Because the response depends 
on the optical properties of the sample, mea- 
surement of the ellipsometric parameters A and 
9 at a single wavelength and several angles of 
incidence is sufficient to define the optical prop- 
erties (i.e., complex refractive index and physical 
thickness) of a thin surface film by inverting the 
reflectivity equations.93 Naturally, if the film is 
absorbing, then only the response up to an ab- 
sorption length in the film is obtained. Spectro- 
scopic ellipsometry (SE) differs from single 
wavelength measurements in that measurements 
of the ellipsometric parameters are made at a 
large number of wavelengths throughout a given 
spectral region (typically, either 1.5 to 4.0 eV 
photon energy or the entire mid-IR.) Thus, in- 
formation about the optical response throughout 
the spectral region is available, and because the 
thickness clearly does not change with wave- 
length of excitation, the optical parameters can 
be overdetermined. Once the optical parameters 
are known, they can be used to relate the com- 
position as a function of depth through extensive 
use of modeling and the effective medium ap- 
proximation. In the effective medium approach, 
the optical properties of a medium are assigned 
to a weighted average of several different com- 
positional components of varying atomic polar- 
izability. Effective medium methods can be 
successfully employed in pure dielectric media 
and in absorbing films. An example from a typ- 
ical recovery is shown in Figure 3. 

SE has also been used for depth profiling in 
a variety of thin film The spectral 
range can be anywhere from the UV through the 
near-IR region, and it is typically used for films 
less than approximately 200-nm thick. Unfortu- 
nately, exact sample requirements for depth pro- 
filing have not been well defined in the literature. 
A common denominator in samples which have 
been successfully profiled with SE, however, in- 
clude a highly absorbing substrate, and a film 
with a modest absorption band in the frequency 
range investigated. Frequently, a priori infor- 
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FIGURE 3. (A) Plot of the calculated (- - - -) and 
measured (- - - - ) spectral response for the real, 
E,, and imaginary, E,, parts of the dielectric function for 
the structure whose composition is profiled. (B) Depth 
profile recovered from spectroscopic ellipsometry (SE) 
and from X-ray transmission electron microscopy 
(XTEM) measurements. Note the excellent agreement 
between the two sets of measurements. (Adapted from 
Reference 95.) 

mation about the functional form of the dopant 
distribution, obtained from other techniques, is 
utilized in modeling the optical response. An- 
other approach, with a resolution of one tenth 
the total film thickness, has been illustrated by 
using a ten-layer model .93 The major advantages 
of SE over other methods include nondestructive 
sampling, excellent detectivity (the detection limit 
by SE can be as small as 0.01 of a monolayer in 
optimum cases36), and applicability to ambient 
environments. The extreme sensitivity to surface 
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films, however, indicates that the technique is 
also very susceptible to surface contamination 
problems. Other difficulties include component 
defects and misalignment problems which con- 
tribute significant measurement errors. These er- 
rors prohibit the extension of the n-th layer model 
beyond approximately ten layers.93 It should also 
be noted that it is the complex refractive index 
which is actually being depth profiled. Therefore, 
the relationship between analyte concentration and 
refractive index must always be known in order 
for quantitative results to be obtained. 

D. Miscellaneous Photon-Based 
Techniques 

Another interesting depth profiling technique 
involves FT-IR photothermal beam deflection 
spectroscopy. Experiments using bilayer samples 
consisting of a 2 0 - ~ m  nitrocellulose film sup- 
ported on 20-, 30-, and 45-pm polyethylene 

have demonstrated the fundamentals of 
the method. The technique is very similar to PAS 
in many respects but circumvents resonant cell 
interferences since photodeflection is not affected 
by the sample cell structure. Unfortunately, the 
signal-to-noise (S/N) ratio decreases with in- 
creasing modulation frequencies, which, in prac- 
tice, negates the advantages over PAS. An order 
of magnitude improvement in detection capabil- 
ities will be required to achieve a practical ad- 
vantage over PAS. The technique is 
complementary to PAS since it is more suitable 
for samples with smooth surfaces, whereas op- 
timal S/N is obtained from rough or porous sam- 
ples in PAS. 

Depth profiling in thin films can also be ac- 
complished in some systems by determining the 
refractive index as a function of depth and as- 
suming a relation between the index of refraction 
and the concentration of the dopant. This is ef- 
fectively isomorphous with the effective medium 
approaches mentioned above. Many techniques 
can measure angle-dependent reflection or trans- 
mittance and fit the data to an assumed refractive 
index vs. depth functional form.99.'oo Unfortu- 
nately, the results are only as accurate as the 
functional form assumptions, and the inversion 
procedure required is ill-posed, leading to large 
sensitivity to small errors in the data. 

E. Miscellaneous Techniques for 
Diffusion Studies 

Several techniques have been developed for 
the sole purpose of obtaining information on dif- 
fusion in solid polymer films. '01*'02 Temporally 
resolved spatial profiling experiments provide a 
direct means for studying diffusion processes. 
Studies of large polymer diffusion mechanisms, 
such as reptation, have generated substantial in- 
terest in techniques with the ability to measure 
very small diffusion coefficients. '03-'08 One tech- 
nique involves measuring the displacement of gold 
markers at a polymer interface via Rutherford 
backscattering spectroscopy. The diffusion of 
the gold markers in different molecular weight 
polymers was used to measure the self-diffusion 
coefficient of the polymer. The technique suffers 
from possible sample perturbations due to the 
presence of the gold markers, and the necessity 
of correlating marker displacement and polymer 
diffusion via an appropriate model for the mi- 
croscopic dynamics leading to diffusion. 

A more recent method, which also uses high 
energy alpha particle bombardment, has been 
coined forward recoil spectroscopy (FRS). In 
this technique, which was originally developed 
for profiling 'H and 2H in metals, a beam of 
4He2+ (Eo = 3 MeV) strikes the sample at a 
shallow angle (typically 10 to 15"). Nuclei in the 
near surface region, including the IH and ZH of 
interest, recoil from the surface due to elastic 
collisions with the incoming 4He2+. Many ions 
are also scattered in the forward direction at an 
angle near 30", but these are made to pass through 
a mylar stopping foil, whose primary purpose is 
to prevent heavier nuclei from reaching the de- 
tector. The atomic species of interest lose some 
energy upon traversing the mylar foil and are then 
incident on a particle energy sensitive detector. 
The number of particles at each pass energy is 
recorded on a multichannel analyzer. It is ob- 
served that 2H nuclei recoiling from the surface 
do so with a much larger fraction of the initial 
energy of the incident 4He2+ nuclei than do the 
'H nuclei. Thus, the two atomic species are well 
separated energetically. Nuclei which arise from 
a greater depth in the material will naturally have 
a higher probability of experiencing one or more 
inelastic collisions before emerging from the sur- 
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face region. Thus, each elastic surface peak is 
accompanied by a lower energy tail composed of 
nuclei originating from a greater depth in the 
sample. This distribution of nuclei at various ine- 
lastic energies lower than the elastic surface peak 
can be analyzed in a straightforward manner for 
the depth distribution of the pertinent nucleus. 
An example of a forward recoil spectrum for a 
bilayer film composed of deuterated and proton- 
ated polystyrene is shown in Figure 4. 

This technique is capable of measuring depth 
profiles of deuterium and hydrogen in polymer 
films by measuring the energy distribution of the 
displaced ions. FRS experiments which monitor 
the diffusion of deuterated polymers into proton- 
ated polymers have been very successful, l6 

although questions have recently arisen about the 
perturbations caused by deuterium label- 
ing.106.*13.117 The maximum profiling range is ap- 
proximately 1 pm,'l0 and the typical resolution 
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FIGURE 4. (a) Forward recoil spectra from poly(styrene-d,)- 
poly(styrene) bilayers diffused at 170°C for 200 s. (b) Volume frac- 
tion of poly(styrene-d,) as a function of depth, x. Poly(styrene) 
molecular weights are M = 36,000 (A), M = 54,000 (W); 
poly(styrene-d,) molecular weight is 1 10,000 in both cases. (Adapted 
from Reference 1 10.) 
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is 80 nm.lI4 The range is limited by the necessity 
to avoid overlap between the low energy tail of 
the deuterium peak and the proton peak, while 
the resolution is typically limited due to strag- 
gling and detector limited energy resolu- 
tion.110s'12 The technique is essentially 
nondestructive since the required sampling time 
is small compared to the rate of sample degra- 
dation, and typical sensitivity is approximately 
0.1 atomic percent. 114 It also should be noted that 
functional form assumptions about the dopant 
distribution are not required. The dopant distri- 
bution is obtained directly because the sampling 
depth is related to the recoiled ion energy, and 
the concentration is proportional to the number 
of ions at that energy. The energy-to-depth re- 
lationship is determined from measurements on 
known samples or from stopping cross-section 
tables. The only major constraints involve the 
modest vacuum environment, the fact that only 
atomic information is obtained, and the limited 
sampling depth. Also, the required energy res- 
olution will increase when more massive nuclei 
are measured. Still the application of this tech- 
nique to other thin organic film systems and to 
processes other than diffusion should also be 
fruitful. 

Another approach for measuring diffusion in 
polymer films utilizes small angle neutron 
scattering118 or X-ray scattering119 from alternat- 
ing layered composites. This technique is less 
desirable than FRS due to sample fabrication re- 
quirements of multiple alternating layers with 
sharp boundaries and equal layer thicknesses; fur- 
thermore, functional form assumptions on the do- 
pant distributions are required. 

Fluorescence redistribution after pattern pho- 
tobleaching also has been used to measure dif- 
fusion in a direction parallel to the film surface. 
A physical mask is used with photobleaching il- 
lumination from a laser to create dopant depleted 
regions. Subsequently, the fluorescence intensity 
from nonbleached dopants diffusing into the de- 
pleted regions is probed. A variation of this tech- 
nique involves using a holographic grating 
produced via interference between two coherent 
laser beams for pattern photobleaching . Diffu- 
sion of fluorescein-labeled polystyrene has been 
achieved with the grating approach. lZ1 A major 
advantage of the technique is that analyses can 

be performed under ambient conditions, and 
probably even in solution. Unfortunately, dopant 
distribution functional form assumptions must be 
made, and the technique is limited to monitoring 
the diffusion of fluorescent probes. This gener- 
ally requires the dopant to be labeled in a manner 
which does not affect its diffusion properties, a 
requirement not easily satisfied and even harder 
to verify. 

F. Planar Dielectric Optical Waveguides 

Depth profiling experiments in planar optical 
waveguides share many of the limitations and 
successes of other photon-based techniques, and 
therefore, they are covered here in more detail. 
As shown in Figure 5, the electric field intensity 
in waveguides excited with different eigenmodes 
varies across the width of the guiding layer, lead- 
ing naturally to the idea that spectroscopy carried 
out with these eigenmodes will carry information 
about the spatial distribution of the spectroscop- 
ically active species. Consider a hypothetical thin 
film, like the one shown in Figure 5, which sup- 
ports three eigenmodes, and which has an ex- 
ponentially decaying number density distribution 
of dopant. The signal should be proportional to 
the product of the electric field intensity and the 
number density at each point in space, then 
summed over all points. In the context of Figure 
5 ,  the value of such an integral would be pro- 
portional to the area under the product distribu- 
tions on the right-hand side of the figure. In 
generic terms, we could write- the intensity ob- 
served for excitation at the j-th eigenmode as 

Ij = Kj l Ef(z)N(z) dz (4) 

where the symbols all have the same meaning as 
in the figure, and Kj is a mode-dependent con- 
stant, which depends on propagation losses, cou- 
pling efficiency, and proportionality constants. 
One value of I, is obtained for each eigenmode 
excited, and the values of the electric field in- 
tensity distributions can be obtained with good 
accuracy from the measured coupling angles. 
Thus, depth profiling in planar waveguide struc- 
tures distills down to finding an appropriate 
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POSITION (MICRONS) 

FIGURE 5. Plot of the electric field intensity as a function of spatial position in a polymer multilayer optical 
waveguide structure. This hypothetical structure consists of consecutive 1.25-p,m thick layers of poly(viny1 
alcohol) and poly(styrene) on fused silica. The TE, and TE, modes guide only in the poly(styrene) layer (right), 
while TE,-TE, guide in both layers (left). 

method of inverting the system of equations im- 
plied by Equation 4. 

In fact, we can identify two separate types 
of problems to which waveguide-based optical 
depth profiling has been applied: those in which 
some a priori information about the functional 
form of the distribution exists (case l),  and those 
in which it does not (case 2). Case 1 can be 
characterized by assuming that the number den- 
sity distribution is given by 

N(z) = N(z; a,,az,. . .a,) ( 5 )  

where the ai are parameters which specify the 
exact form of the distribution whose general form 
is known. Typically, knowledge of the functional 
form of the distribution implies some mechanistic 
information about how the dopant was introduced 
into the film. 

For case 1 films, there are two challenges. 
First, the electric field intensity distributions in 
typical three-layer waveguides are nearly sym- 
metric with respect to the center of the active 
guiding layer; the small asymmetry that is present 
arises from the mismatch in index discontinuities 

at the film-substrate and film-superstrate inter- 
faces. The second problem stems from the fact 
that the signal equations (specific instances of 
Equation 4) are Fredholm integral equations of 
the first kind, a classic example of a mathemat- 
ically ill-posed problem. Experimentally, this 
means that small errors in the measured spectro- 
scopic intensities, Ij, will tend to introduce large 
errors into the recovered distributions, N(z). In 
addition, the number of eigenmodes supported 
by the film must equal or exceed the number of 
parameters to be recovered. Typically, the num- 
ber of eigenmodes can always be increased by 
fabricating the layer of interest as an overlayer 
on top of a spectroscopically inert waveguide 
layer, which also solves the electric field sym- 
metry problem. 

One approach to dealing with case 1 samples 
involves direct examination of a hyperdimen- 
sional error surface, which is generated as fol- 
lows. Characteristic peaks from the Raman or 
fluorescence spectrum of the dopant are mea- 
sured for each of the eigenmodes excited in the 
structure to generate the experimental data vec- 
tor, {Ij}. Then, a suitable region of the parameter 
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space to search is defined by O L ~ , ~ ~ , , ,  al,,,=, f ~ ~ , ~ ~ ~ ,  

aZ.max, . . . an,min,  an,,,, and an error function, 
G(ai), defined by 

is then evaluated for all possible values of the 
parameters ai within the selected range. The en- 
tire parameter space must be mapped because 
secondary minima in the error function exist, and 
location of the global minimum may be aided by 
the use of ancillary information (vide infra). Of 
course, the set of a, associated with the global 
minimum in G(ari) is used to reconstruct the num- 
ber density distribution in the sample. 

Although information about the functional 
form of the distribution may be available in a 
significant number of problems, in many others 
it will not be. In inverting Equation 4 for case 2 
problems, the recovery is severely underdeter- 
mined. A continuous distribution is to be re- 
covered based on information from a fmite number 
of measurements. The approach to this problem 
is adapted from the work of Phillips on general 
computational solutions to Fredholm integral 
equations.Iz2 Experimental error must be taken 
into account, so we rewrite Equation 4, 

Ij + ej = Kj [ Ef(z)N(z) dz (7) 

where ej describes the error for the j-th eigen- 
mode. The problem of recovering the molecular 
distribution is not only ill-posed, it is also se- 
verely underdetermined, i.e., there are many 
members in the set of all possible solutions, n 
= {Nl, N,, . . . , Nf}. To find the correct so- 
lution, N,(z), a criterion is needed by which to 
distinguish it from the other members of the fam- 
ily of possible solutions. A maximum entropy 
criterion is formulated by which the correct dis- 
tribution is the smoothest according to 

(N:')' dz = min (N)z  dz (8) 
Nrv 

To find N,, one must first discretize the integrand, 

m 

Ij + ej = c wiKjEijNi (9) 
i = O  

and require that the error be bounded, 

m 

i = O  

Then, the continuous minimization condition is 
replaced with a discrete one, i.e., seeking a func- 
tion Ns which minimizes the sum of second 
differences, 

m ... 

= min c (Ni+l - 2Ni + Ni-J2 (11) 
NEY i = O  

The matrix element, A,, is introduced, as 

and the general element of its inverse, 

(13) A.7' = (y.. 
'J 'J 

and the matrix equation is then solved for N, 

[N] = [A]-'[I] + [A]-*[E] (14) 

In order to obtain the smoothest solution accord- 
ing to the criterion defined above, one introduces 
a Lagrangian multiplier, y, which has the effect 
of providing varying amounts of smoothing to 
the solutions. Thus, 

m 

C (Ni+l,s - 2Ni.s + Ni-1.s) 
i = O  

(ff i+I,j  - 2aij + aj-l*j) + ylej = 0; 

j =  0,1,2 ,..., m (15) 

In the actual experimental recoveries, y is as- 
sumed to be known, and it is used to calculate 
the error vector, which is then compared to the 
experimental error bound, ez. Model calculations 
are used to determine appropriate values for y in 
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given situations, and the spread in the error vector 
allows one to perform model checks (e.g., ran- 
domness of the error vs. mode number). 

First let us consider case 1 recoveries. Since 
the constants Kj change significantly over the 
range of modes encountered in a typical film, an 
internal standard approach was developed in 
which scattering from some homogeneously dis- 
tributed component of the structure is used to 
ratio signal intensities from the various modes. 
Studies with model systems showed excellent 
agreement between calculated and observed in- 
tensity ratios when the internal standard tech- 
nique was used. The simplest possible structures 
for which the functional form of the distribution 
could be known a priori are a Heaviside step 
function and a 7r-function distribution. In order 
to study these distributions, structures were fab- 
ricated with either two or three thin films, con- 
sisting of either protonated (PS) or deuterated 
(DPS) poly(styrene) and either protonated and 
deuterated poly(viny1pyridine) (P4VP). The 
unique feature of these structures is that the sub- 
stitution of a nitrogen atom for a carbon atom at 
the 4-position of the aromatic side-group did not 
change the electronic polarizability significantly 
(An = 0.001, typically), but the vibrational dy- 
namics of the aromatic ring were changed suf- 
ficiently to yield well-isolated bands in the Raman 
spectrum which were characteristic of the two. 
Thus, these samples are excellent examples of a 
situation in which molecular information can be 
extracted by exploiting group-specific vibrational 
information. The average discrepancy for all of 
the interfacial position determinations was 2.4%. 
It should also be pointed out that this error is far 
below the optical diffraction limit for these con- 
ditions. Thus, the accuracy of the recovery is 
limited not by physical effects, but rather by the 
precision with which the measurements can be 
made. 

Next, structures for which the functional form 
of the distribution was not known a priori were 
examined. For these structures, a new method of 
handling the asymmetry problem was developed, 
which made the electric field intensity distribu- 
tions asymmetric and allowed the recoveries to 
be obtained with single eigenmodes. Since only 
six modes were available for recovery in this 
sample, the recovery using only single modes and 

covering the entire film was both inaccurate and 
had low resolution. Therefore, the film to be 
profiled was placed as an overlayer on a spec- 
troscopically inert waveguiding layer. When only 
the outer region of a two film structure was pro- 
filed, dramatic improvement in the resolution and 
accuracy of the compositional recovery were ob- 
tained. Recoveries were performed for values of 
the Lagrangian multiplier covering many orders 
of magnitude, and two striking features were 
noted. First, the recovery at the optimum y value 
was excellent. Second, changing the value of y 
over an order of magnitude still gave a respect- 
able estimate of the molecular distribution. Thus, 
the recovery procedure employing the Lagran- 
gian multiplier is computationally robust. At this 
point, it should also be noted that, contrary to 
intuition, the smoother the profile, the more dif- 
ficult it is to recover in case 2 samples. This is 
essentially a precision problem. The more the 
sample distribution changes through a particular 
region, the more variation there is between dif- 
ferent eigenmodes, and the better the recovery. 
This recovery algorithm was tested by examining 
the interdiffusion of poly(styrene-d,) (DPS) into 
poly(styrene). A sample of DPS was coated onto 
a substrate, and then a PS film was floated off a 
water surface onto the DPS. This procedure was 
necessary in order to avoid dissolving the DPS 
in the solvent used to put down the PS. After 
fabrication and drying, the entire structure was 
heated above its glass transition temperature. The 
initial sharp boundary between the two materials 
was replaced by a gradual diffusion profile. Re- 
covery of the new DPS profile was accomplished 
by monitoring C-D Raman scattering in the DPS 
vs. eigenmode, and excellent results were ob- 
tained. 123-126 

There are several limitations to the wave- 
guide-based ODP experiment. First, there is 
clearly a point beyond which the spatial resolu- 
tion cannot be pushed. As stated above, this is 
more an issue of precision than a fundamental 
physical limit. It is reasonable to expect that, at 
best, 200 to 400 8, resolution might be attained. 
This could be accomplished, for example, with 
a 2000 8, overlayer on a 5-pm waveguide of 
refractive index 1.6. The second limitation de- 
rives from the optical properties of the materials 
to be studied. In order for these quantitative ex- 
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periments to work, optical transparency along 
with a very good thickness and index uniformity 
are required. Finally, the materials limitation, up 
to this point, has prevented the use of metallic 
components in waveguide structures because 
metals are lossy typically limit the propagation 
length to <1 mm. However, the waveguide-based 
depth profiling experiment does not require long 
propagation lengths, and it is reasonable to expect 
that experiments could be carried out on metal- 
containing structures (e.g., electrodes covered 
with thin films of organic materials) in situ. 

In summary, waveguide-based optical depth 
profiling experiments have been successfully ap- 
plied to films in which the refractive index is 
homogeneous, meaning that the dopant concen- 
trations in the guiding layer do not significantly 
alter the refractive index as a function of depth. 
Advantages of the technique include nondestruc- 
tive sampling (with the exception of potential 
photobleaching, which can be circumvented 
through the use of near-IR Raman scattering), 
sub-diffraction limited resolution, no functional 
form assumptions, the attainment of molecular 
instead of simply atomic information, and a va- 
riety of allowable experimental environments 
(i.e., air, vacuum, and solution). The disadvan- 
tages are the significant sample restrictions caused 
by the need to configure the sample as an asym- 
metric slab dielectric optical waveguide. This and 
other prerequisites effectively limit the film’s 
thickness to approximately 1 to 4 p m  for organic 
films and to refractive indices above 1.49 (or 
1.39 for MgFz substrates). The experiment is also 
technically challenging. 

G. Refractive Index Profiling in Planar 
Waveguides 

Waveguide-based experiments for optical 
depth profiling have also been successfully per- 
formed in films in which the refractive index is 
spatially inhomogeneous. These techniques are 
applicable when a dopant is sufficiently concen- 
trated to alter substantially the refractive index 
of the waveguide. The dopant distribution is ob- 
tained indirectly since the refractive index is ac- 
tually being profiled. Therefore, the relationship 
between the index of refraction and dopant con- 

centration must be known, e.g., using the effec- 
tive medium approaches mentioned in the section 
on spectroscopic ellipsometry (vide supra). Early 
approaches involved using the measured resonant 
waveguiding angles. The discrepancy between 
the measured angles and the calculated resonant 
angles (or the calculated effective indices) for the 
parameters of an assumed functional form are 
minimized, resulting in the best fit depth pro- 
fi1e.57J27-129 This technique obviously requires 
explicit assumptions about the functional form of 
the refractive index profile. More recently, WKB 
methods have been developed which also utilize 
the measured perturbations of the waveguiding 
resonant angles, but do not require refractive in- 
dex functional form assumptions. 130-133 The res- 
olution of the technique is determined by the 
number of modes supported by the waveguide 
structure since the depth profile step size is sim- 
ply the film thickness divided by the number of 
modes. A completely different approach, which 
is also free of functional form assumptions, uses 
direct measurements of the electric field intensity 
profile for the zeroth order mode. The refractive 
index distribution is calculated from the mea- 
sured intensity profile,lM Ti diffused LiNbO, strip 
waveguides have been profiled in both lateral and 
depth dimensions with a diffraction limited res- 
olution of approximately 1 Fm with this 
technique. 

In addition, a series of recent studies in the 
author’s laboratory have used the recovery of a 
two-component, time-dependent refractive index 
profile to characterize case 11 diffusion. 135 When 
thin polymer films are subjected to certain sol- 
vents, the uptake of solvent into the film is gov- 
erned, not by the classical Fickian diffusion 
behavior, but rather by an anomalous behavior, 
which is termed case 11 diffusion. One of the 
characteristic features of the case XI behavior is 
a very sharp solvent front which propagates lin- 
early in time through the film. In order to char- 
acterize this behavior for a poly(styrene)/n-hexane 
system, the eigenmode distribution of a grating- 
coupled waveguide was followed as a function 
of time after immersion of the film in the solvent. 
The eigenmodes were then fit to a model in which 
the film was divided into two regions; one which 
was solvent swollen and had the refractive index 
of the final completely swollen film at equilib- 
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rium, and another nonswollen region which had 
the refractive index of the dry film. The former 
region grew linearly in time at the expense of the 
latter region. 

lationship between composition and refractive 
index, an understanding which is probably only 
available in a few widely studied systems. 

IV. CONCLUSIONS 

Depth resolved determinations of composi- 
tion are frequently difficult or impossible to per- 
form in a quantitative manner for nonconducting 
thin organic polymer films. Yet, this class of thin 
films is of huge importance in research and tech- 
nology. One would like a technique to yield in- 
formation which is (1) obtained in an in situ 
manner, (2) quantitative, (3) molecular, (4) ob- 
tained without a priuri assumptions about the 
functional form of the distribution, and, of course, 
( 5 )  highly resolved in the depth and lateral di- 
mensions. None of the techniques developed to- 
date meet all of these ideal criteria. The most 
notable difficulty for these techniques are the 
sample limitations, which frequently include lim- 
ited film thickness ranges, refractive index or 
thermal conductivity restrictions, and the neces- 
sity to make assumptions about the functional 
form of the dopant profile. Thus, the choice of 
a particular approach to obtaining depth profile 
information in an organic film system will nec- 
essarily involve a number of tradeoffs and careful 
consideration of the particular strengths and 
weaknesses of each technique. Of the techniques 
reviewed for depth profiling in organic thin films, 
FRS appears to be the most promising method 
for depth profiling of atomic compositional in- 
formation. Dopant selectivity is easily achieved 
by deuteration, and dopant functional form as- 
sumptions are not needed. The major problems 
for FRS , however, are the required moderate vac- 
uum environment and the lack of molecular in- 
formation. The most promising technique for 
obtaining depth profiles with molecular infor- 
mation involves the use of optical waveguides. 
The sample requirements, although complemen- 
tary to the other techniques, will limit the general 
utility of optical waveguide-based depth profil- 
ing. Finally, if the sample can be profitably pro- 
filed by recovery of the refractive index vs. depth, 
then SE is very powerful. However, it is nec- 
essary to have a good understanding of the re- 
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