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X-Ray Scattering Methods for the Study of

Polymer Interfaces

Mark D. Foster

The University of Akron, Department of Polymer Science, Akron, OH 44325-3909

ABSTRACT: A variety of characterization methods based on X-ray scattering may be used to sensitively
probe the structure of polymer surfaces and interfaces. Among these are small angle scattering in
transmission, specular reflectivity, grazing incidence off-specular scattering, and grazing incidence
diffraction. X-ray measurements provide information on electron density differences across interfaces,
total interfacial area and volume fraction of a dispersed phase, microroughness of sharp interfaces,
interface width, parameters of near-interface electron density profiles, and in-plane ordering in thin films
and near surfaces. This review focuses on experimental aspects of the methods as analytical techniques,
considering the relative merits of different approaches, and reviewing some recent measurements not yet
reviewed elsewhere. Particular attention is given to the rapidly growing fields of specular reflectivity and
off-specular scattering. After discussing general theoretical concepts applicable to all the techniques and
general instrumentation requirements, each method is considered in turn. For each, the basic theory and
methods of analysis are presented, followed by a description of specific instrumentation needs and notes
on sample preparation. In the cases of off-specular scattering and grazing incidence diffraction some
examples of recent applications are reviewed. A few remarks on prospects for further development of
the various techniques are offered as well.

KEY WORDS: X-ray scattering, polymer interfaces, characterization, small angle scattering, reflectivity,

diffuse scattering, grazing incidence diffraction.

I. INTRODUCTION

The study of interfaces is key to advances
being made in a variety of technologies using
polymers including adhesives, coatings,
biomedicine, microelectronics, miniature
sensors, and others. It is, therefore, impera-
tive that those involved in research in these
areas be familiar with the unique opportuni-
ties and limitations of various techniques for
polymer interface characterization. A wide
variety of analytical methods have been de-
veloped, many of them in the recent past.
Surface chemical composition and molecular
orientation have been probed, for example,
with X-ray photoelectron spectroscopy (XPS
or ESCA),! static secondary ion mass spec-
troscopy (SSIMS),> Auger spectroscopy
(AES),! and grazing incidence Fourier trans-
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form infrared spectroscopy (GI-FTIR).> Mi-
croscopies, including transmission electron
microscopy (TEM),* atomic force microscopy
(AFM),’ phase interferometric microscopy
(PIM),® and plasmon enhanced microscopy
(PEM)’ have provided information on sur-
face topology and domain boundaries in thin
films. Concentration depth profiling, includ-
ing the study of interfacial widths has been
pursued with ion bombardment techniques
such as dynamic secondary ion mass spec-
troscopy (DSIMS),? forward recoil spec-
troscopy (FRES),” Rutherford backscattering
(RB),’ and nuclear reaction analysis (NRA),'°
as well as with infrared microdensitometry
(IR-MD),!! attenuated reflection infrared
spectroscopy (ATR-IR),> XPS and surface
enhanced Raman spectroscopy (SERS).!?
Reflection geometry scattering experiments
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using visible light, (ellipsometry, EL),”* and
neutrons (neutron reflectometry, NR)!"-18
have been valuable in measuring structure
and kinetics in thin film systems. Overviews
of the comparative advantages and disadvan-
tages of these widely varying techniques have
been presented by Russell” and Stamm.'*

The focus of this review is on X-ray scat-
tering techniques. They play an important
role in the study of polymer interfaces due to
their usefulness in characterizing interfaces
at some distance from the polymer sample
surface and because they may probe struc-
ture both parallel and normal to interfaces.
In particular, X-ray measurements can pro-
vide information on electron density differ-
ences across interfaces, total interfacial area
and volume fraction of a dispersed phase,
microroughness of sharp interfaces, interface
width, parameters of near-interface electron
density profiles, and in-plane correlations.
Their unique strengths and limitations are
detailed further in the following sections.

The X-ray scattering techniques dis-
cussed in this review include small angle
scattering in transmission (SAXS), specular
reflectivity, anomalous reflectivity, grazing in-
cidence diffuse scattering, and grazing inci-
dence diffraction. Both SAXS and specular
reflectivity have been the subjects of previous
reviews,'®”!® and specular reflection of poly-
mers in particular was reviewed in depth
fairly recently.!® The present work builds on
and complements these earlier reviews by
focusing on experimental aspects of the
methods as analytical techniques, considering
the relative merits of different approaches,
and reviewing some recent measurements not
yet reviewed elsewhere. Particular attention
is given to the rapidly growing field of off-
specular scattering.

The text is divided into three main sec-
tions. In this introductory section (I) general
theoretical concepts applicable to all the
techniques are presented and general instru-
mentation requirements discussed. Section II
covers SAXS, introducing the method, pre-
senting basic theory, and considering various
techniques for analyzing the data from two
phase systems to account for total interfacial
area in the scattering volume, fluctuations
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within phases, interfacial roughness and cur-
vature, and interface width of diffuse phase
boundaries. Notes on instrumentation and
sample preparation follow. Section III deals
with grazing incidence methods, first dis-
cussing general aspects of the grazing inci-
dence geometry and then considering in turn
specular reflectivity, near-specular diffuse
scattering, and scattering far from the specu-
lar direction (grazing incidence diffraction).
Anomalous reflectivity and interferometry are
treated as variations on specular reflectivity.
Within the discussion of each experimental
technique methods of analysis, instrumenta-
tion, and sample preparation are presented
with an extended comparison with SAXS
accompanying the discussion of specular re-
flectivity. Some examples of recent applica-
tions are reviewed for the off-specular scat-
tering techniques. A brief concluding section
presents an overview and outlook for the
future.

A. Overview of Important Scattering
Concepts

The present discussion is predominantly
conceptual and illustrative and serves (1) to
explain how the interface sensitivity of the
X-ray experiment comes about (2) and to
provide a basis for discussing the limitations
of the technique. A few of the most often
used equations are summarized in the sec-
tions devoted to specific techniques. In-depth
discussions of the general theory and formal-
ism of X-ray scattering may be found in a
variety of monographs'®? and further details
particular to each type of scattering measure-
ment found in articles referenced below. It is
important to note that throughout the follow-
ing discussion only elastic scattering is con-
sidered.

A generic scattering experiment is pre-
sented schematically in Figure 1. When an
incident beam characterized by wave vector
k, (ko = [kl = 27 /\) strikes a sample, some
fraction of it interacts with the electrons in
the material in absorption and scattering
processes. The direction of the scattered ra-
diation exiting the sample at an angle 26
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FIGURE 1. Schematic of a generic elastic scatter-
ing process. An incident beam characterized by wave
vector k, penetrates into a sample and is scattered
through angle 26. The direction of the scattered beam
is then given by k.

from the incident direction is described by k|
and the change in momentum which takes
place upon scattering described by the scat-
tering vector q = k; — k,. When only the
magnitude of 26 is of interest ¢ = 4 sin 6/\
is a convenient variable to use because it
accounts for the wavelength, A, used as well
as for the angle. While the polarizations of
incident and scattered beams play an impor-
tant role in visible light and polarized neu-
tron scattering, they are generally ignored for
X-ray experiments. Polarized beams are not
readily generated or analyzed.

A general quantity that characterizes the
interaction of a material with electromag-
netic radiation is its refractive index, n. For
the specific case of X-rays the refractive in-
dex is slightly less than unity and may be
written to a good approximation as

n=1-3+ip (1)

where B represents the absorption compo-
nent

_ roN? Pi .,
B= HNAlZ Zﬁ (q) (2)

and
= —— z _I[ i+ fi q ] )

where r; is the classical electron radius (2.82
X 107 cm), \ is the wavelength, N, is
Avogadro’s number, and p;, 4;, and Z; are
the mass density, atomic weight, and atomic

number of element i in the sample. The
dispersion and absorption portions of the
atomic scattering factors, which are wave-
length and scattering angle dependent, are
indicated by f' and f”, respectively. For small
angle scattering the angle dependence of each
may be neglected and only the wavelength
dependence retained. Typically, B is actually
determined from a measured mass absorp-
tion coefficient,

B=-— (4)

and & described in terms of the electron
density, p,

)\2
3= 2—1Tper0 (5)

With this definition of a refractive index
for X-rays well-known optical methods may
be applied to the description of X-ray scat-
tering. When n varies through a sample,
waves scattering coherently (i.e., scattered
without energy loss) from different sample
volume elements interfere. Details of the
features of the resulting spectrum are dic-
tated by correlations in p, or n over dis-
tances probed by the experiment. The shape
of these features is typically described
by the differential scattering cross-section,
do /dQ(q), which is the scattered intensity
per unit solid angle per incident flux. While
n(r) describes directly the real space struc-
ture of a sample, do/d{) describes the scat-
tering from that sample in reciprocal space.

The intensity observed in an experiment
using a pinhole collimated beam of infinites-
imal cross-section, expressed as counts per
second, is given by

do

lop @) =@ T E- [——(@d0 (6)

where @ is the incident flux in photons per
area per second, T is a dimensionless trans-
mission coefficient, E is the detector effi-
ciency in counts per photon, and ) is the
solid angle over which the scattering is col-
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lected by the detector. With the appropriate
interpretations of T this equation may serve
for either transmission or reflection measure-
ments, and thus T is both sample and appa-
ratus dependent. The limits on the integral
as well as the factors ® and E depend only
on the apparatus, while do/d(}, the differ-
ential cross-section for scattering, is indepen-
dent of the instrument and contains informa-
tion on the sample structure. In order to
connect the character of the observed scat-
tering with features of the sample structure
we will focus first on the form of the differ-
ential cross-section, leaving remarks concern-
ing the instrument-dependent parameters for
the appropriate instrument specific sections
below.

In order to discuss the form of do/d(}
in the most intuitive way possible, we begin
with the simple case for which one may as-
sume that any incident wave interacts with,
or is scattered by, the sample material only
once. Multiple scattering effects are ne-
glected and the amplitudes of scattered fields
are small with respect to that of the incident
field. This limiting case, corresponding to the
so-called kinematic or Born approximation,
is actually an excellent one for much of the
small angle scattering from polymer systems
in both transmission and reflection geome-
tries. Only in cases of extremely small inci-
dent angles and strongly scattering surfaces
will it be necessary to explicitly include multi-
ple scattering effects. Because the Born ap-
proximation allows one to derive some ana-
lytical results and readily separate various
contributions to the scattering, the author
will use it whenever possible, though more
rigorous results are also summarized.

When the Born approximation is invoked
the scattering process may be modeled math-
ematically using the Fourier transform. The
differential cross-section for scattering is
given by
>z

do 5
Ziﬁ(q) = rZ|F{p.(r)} (7

where the integration volume, V, is the sam-
ple volume illuminated by the beam, and
F{p(r)} denotes the Fourier transform of
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p.(r). For the special case of a two-phase
sample in which both phases are uniform and
homogeneous at the molecular level and the
phase boundaries are sharp, Eq. (7) may be
written:

do )
—(@ = ri(ap,) [V

fe‘f‘l(r"')dr dr’ (8)
14

Because we wish to focus on the inter-
face or interfaces in the system, it is advanta-
geous to transform the volume integrals in
Eq. (8) into surface integrals over the sur-
face, S, dividing the two phases®''*

do 1

—(q) = r2 2 :

5 (@ =r3(8p,) (q_A)sz[S(ds A)
(dS’ - A)e i) ©)

where A is an arbitrary unit vector in space
and dS is the differential surface vector par-
allel to the surface normal. The differential
cross-section may now be separated conve-
niently into three terms

do 5 )
-d—n-(q) = ry(Ap,) S S(q) (10)

The first is the contrast factor, which repre-
sents the mean square scattering length den-
sity fluctuation in the system. For the special
case of a two-phase system this is simply the
square of the scattering length density dif-
ference between the two phases, ri(Ap,)>
Second is the total interfacial area in the
illuminated sample volume, S, = SV, where
S is the interfacial area per unit sample
volume. The third factor is the structure fac-
tor S(q), which contains the form of the
scattering and depends only on the interfa-
cial structure, not the size or chemistry of the
sample. Similar expressions may also be writ-
ten for the case of more than two phases. For
our purposes in this work it is convenient to
consider a structure factor which is defined
on a per unit surface area basis. It is interest-
ing to note that the differential cross-section
may be expressed in the same form for neu-
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tron scattering simply by substituting the ap-
propriate quantities in the contrast factor.
For neutron scattering, the scattering length
per scattering entity is b, rather than r,
where b, is the effective nuclear scattering
length. The electron density, p,, is replaced
by the density of nuclei, N, so that the con-
trast factor becomes [A(NB)2.

The calculation of experimentally mea-
sured intensities involves including details of
the apparatus. Relative intensities I,,,(q) in
counts per second are obtained by convolut-
ing do/d() with the instrumental resolution
function and multiplying by the factors ®, T,
and E defined for Eq. (6). When a pinhole
beam is used the resolution convolution is
simply the integration shown in Eq. (6). How-
ever, in general the required convolution- is
more complex. Relative intensities are so
named because they are apparatus depen-
dent. If one wishes to compare intensities
measured in different laboratories all must
be corrected for collimation effects and nor-
malized for incident flux, detector efficiency,
and transmission coefficient. Once corrected,
these are referred to as absolute intensities.

Using Eq. (7) and (10) one can readily
point out several general aspects of the scat-
tering behavior of an interface. First, the
form of the scattering is clearly determined
by the structure of the interface alone. Sec-
ond, the magnitude of the scattered intensity
measured with a single apparatus using sam-
ples of equivalent geometry will vary with the
total interfacial area §; and contrast
r&(Ap,)* Sy will depend on the illuminated
volume and phase volume fractions ¢;, while
the contrast will vary with the mass densities
and chemical compositions of the two phases.
If one were to generalize Eq. (10) for systems
of several phases one would find that the
interface presenting the greatest contrast (i.e.,
across which Ap, is largest) tends to domi-
nate the scattering behavior.

A property of the Fourier transformation
dictates that features of p (r) which occur at
small r will be seen in F{p,(r)}, and thus
da /dQ(q), at large q. Therefore, in order to
precisely study details of interfaces between
phases one will need to measure data over a
larger range of q than is needed for study of

large-scale sample features. Roughly speak-
ing, the resolution of real space structure
justified by a given data set varies as 2w /q_,_,
where q,,,, is the largest value of g for which
data are collected.

An important aspect and key limitation
of all X-ray scattering techniques is that in
general it is impossible to obtain uniquely
from the raw data a picture of the sample
structure in real space. While the inverse of
Fourier transformation may be readily de-
fined, scattering data generally may not be
inverted to yield p,(r) directly because only a
portion of the function do/dQ(q) is mea-
sured in any real experiment. Also, the phase
information is generally lost, although some
special techniques allow one to circumvent
the phase loss problem.”!?*!2¢ When consid-
ering standard X-ray results alone it is only
possible to argue that a given structure model
is or is not consistent with the observations.
Fortunately, however, often clues to the
structure are available from other observa-
tions and intuition and it is possible to tightly
constrain potential models.

B. General Notes on instrumentation

Measurement of X-ray scattering phe-
nomena requires two basic elements, a radia-
tion source, and a diffractometer, also called
a camera or spectrometer. When appraising
the suitability of an instrument to a particu-
lar analysis or specifying a system, the impor-
tant issues to consider are resolution, sensi-
tivity, speed of measurement, and cost. For a
given resolution, speed is determined by
source intensity and detection efficiency and
speed may be gained if one is willing to
relinquish resolution.

Two general source types are the tube
source and the synchrotron. Common X-ray
tubes are of the sealed or rotating target
type, with the rotating target offering a factor
of 10 increase in intensity at a substantial
increase in capital expenditure, system com-
plexity, and maintenance cost. The rotating
anode focus stability is also not as good as
that of the sealed tube. With either tube type
various wavelengths of radiation may be ob-
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tained by securing a selection of targets of
various materials, generally at substantial ad-
ditional cost. Because the focus acts effec-
tively as the first slit in the collimation of the
beam, the attainable collimation and inten-
sity is dependent on the focus type. A fine
focus in either a slit or point configuration
offers the finest collimation and greatest bril-
liance at a loss of total intensity and stability.
The point focus has analytical advantages,
but the slit focus allows one to maximize
total intensity while paying a price in ease of
data analysis by introducing a substantial loss
of collimation in one beam dimension.

Synchrotron sources, while available only
at large, centralized user facilities, present a
marvelous combination of remarkable inten-
sity, intrinsically outstanding collimation, and
wavelength tunability.”! These capabilities
are demanded by more sophisticated and
difficult scattering experiments, particularly
when time-resolved in situ data are required.

Many similarities exist among the
diffractometers used for different types of
X-ray scattering measurements and these are
highlighted here, while the differences are
discussed in the sections below dealing with
the various techniques. Key features, shown
schematically in Figure 2, are components
for monochromatization, collimation, sample
positioning and environmental control, scat-
tered beam analysis, and detection. Addi-
tional components used in some setups in-
clude mirrors for redirecting or focusing the
beam and beam intensity monitors.

Source

Scattered beam
Collimation analysis

Detection

Monochromatization
Sample positioning

FIGURE 2. In a generic scattering apparatus X-rays
generated by the source are collimated and often
menochremated before striking the sample. The scat-
tered beam may then be analyzed for direction or
energy or both before being detected.
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Il. SMALL ANGLE SCATTERING IN
TRANSMISSION (SAXS)

A. Introduction

In transmission methods® the primary
beam strikes the sample perpendicular to the
surface, penetrates through the sample, and
emerges from the opposite side. The unscat-
tered and forward scattered beams are
blocked before reaching the detector and not
analyzed, while the small fraction of intensity
associated with photons scattered away from
the incident direction is carefully observed.
Because the entire sample thickness is probed
in such techniques, scattering from the near-
surface regions comprise only a very small
fraction of the overall scattering. Thus, the
measurements are generally sensitive to
“bulk” rather than “surface” structure. How-
ever, some information on interfaces be-
tween regions within the sample is available
from scattering at the largest g values stud-
ied with SAXS. Measured intensities are af-
fected by the total electron density fluctua-
tions in the scattering volume, total and spe-
cific interfacial area in a multiphase system,
interfacial microroughness and curvature,
and width of diffuse interfaces. In principle
parameter values characterizing all of these
features may be derived from the SAXS
data.*

The method denoted classically as “small
angle X-ray scattering” is that which employs
a transmission geometry and detection of the
scattered radiation over a range of a few
milliradians to a few degrees as shown
schematically in Figure 3. An example of a
small angle scattering measurement from a
polymer sample? is shown in Figure 4. It is
important to note that in this experiment the
internal interfaces studied may in general lie
at all possible orientations to the incident
beam direction (in contrast to reflectivity ex-
periments). Therefore, in the equations out-
lined below we assume an isotropic sample
and consider expressions for scattering aver-
aged over all orientations of the incident
beam on the interface. To emphasize this
orientation averaging we represent the corre-
sponding structure factor as S(g).
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‘ ‘ é:l Beamstop

Sample

Plane of
registration

FIGURE 3. In classical small angle X-ray scattering
the incident beam is perpendicular to the sample
surface and the entire sample thickness is probed.

B. Theory and Analysis
1. General Equations

The most widely exploited basis for ob-
taining information on interfaces using this
technique is the so-called Porod’s law and
experimentally observed deviations from
it.’1** Porod®3" obtains an expression for

the small angle scattering asymptotic behav-
ior for a two-phase system under the two
assumptions that the individual phases are
homogeneous on an atomic scale and that
the interfaces between phases are atomically
sharp. In this limit the absolute intensity
measured using a point collimation is given
for an isotropic system by

qhnl Iexpt(q) = qu—4 (11)
Kp=L(g)27w(Ap,)’S, (12)

where I(q) is the absolute scattering inten-
sity from a single electron under the prevail-
ing experimental conditions. If all sample
parameters and camera parameters are kept
constant, the use of this equation presents a
simple way to estimate the relative amounts
of surface area in two samples. In many
cases, however, it may be desirable to deter-
mine the surface area per unit sample vol-
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" » ]
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FIGURE 4. (A) Relative, desmeared scattering intensity curve?® from a polystyrene-polystyrene diblock
copolymer solution cast film with spherical domains corrected for air scattering and background scattering from
each of the amorphous microphases. The polymer has total molecular weight, M, of 80,000 g/ mol and is 16 wi%
Pl. The SAXS from this system is unusually rich, displaying a strong first maximum characteristic of a
nearest-neighbor distance between domains at g = 0.0259 A~ as well as broad maxima related to the scattering
characteristic of the spherical shape of the single domain. (B) Relative, smeared intensity curve® for the same
PS-Pl sample corrected for air scattering and absorption. These data over a broader range of g display clearly the
fluctuation scattering which must be subtracted before determination of the interface width. The solid curve shows
a fit to the background using Eq. (26). (Reproduced, with permission, from reference 23.)
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ume, S. This may be done by dividing S, by
an illuminated sample volume calculated
from the sample thickness and a knowledge
of the beam cross-section at the sample. The
difficult part of this determination is quan-
tification of the absolute intensity of the inci-
dent beam, which is needed to calculate I,.
Such a calibration performed using a sec-
ondary standard is typically subject to error
of 10 to 20%,>* although with effort the
error can be perhaps halved.

Porod also shows that § can be obtained
without an absolute intensity determination
by using the invariant, (J, measured in rela-
tive intensity units. The invariant is defined
as

0= ]quzf(q)dq (13)

Its name derives from the fact that its value
depends only on the mean squared electron
density fluctuation in the sample and not on
particulars of the how the fluctuations are
distributed. In other words, for a rigorously
two-phase system with uniform phases of vol-
ume fraction ¢, and ¢, separated by sharp
boundaries and illuminated volume, V,

0 = 2w L(P)V(Ap,) b, (1 — b,) (14)
and

lim, .. {g*1(g)]
Q

S =md,(1 - ¢1>{ } (15)

This second method of obtaining the specific
surface using the invariant has its own short-
comings because one must evaluate an inte-
gral over a ¢ range from zero to infinity.
However, when both the invariant and abso-
lute intensity are evaluated one can obtain
estimates of two further structural parame-
ters, the two-phase volume fractions.
Because experiment provides values of
I(q) only over a limited range of g, one must
rely on extrapolations to zero and large g to
approximate the value of Q. Minimizing the
error in these extrapolations requires careful
technique and adequate instrumentation, so
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that I is measured as close to the main beam
as possible and also to large enough g that
the extrapolation is reliable. If the data do
extend into the region of asymptotic behavior
and Eq. (11) is followed experimentally, it is
clear that the extrapolation should be
straightforward. As discussed below, the in-
tensity in general does not follow the simple
relationship presented in Eq. (11), and more
complicated functional forms must be used
to describe the data at large g and to per-
form the extrapolation. The signal to noise
ratio in the g range over which the extrapo-
lation to q = « is carried out is generally
quite small, requiring long measurement
times to reduce statistical errors to a reason-
able level.

The challenge of obtaining sufficient
statistics in the Porod region may be an-
swered in part by using slit collimation, as
one may gain a factor of 10 in intensity over
that obtained with point collimation. When
using the slit collimation, however, applica-
tion of the above analysis requires the decon-
volution of collimation effects from the data
(also called “desmearing”)?’ or a modifica-
tion of the equations to be used. A Gaussian
distribution*>* may often be used as a good
approximation for the incident intensity dis-
tribution, W(u), along the beam height, mea-
sured in the plane of registration

Wiu) = W,(0)exp(—p*u?)  (16)

The relative position, u, along the slit is
expressed in reciprocal length units and rep-
resents a real space position x normalized by
the sample to detector distance, a, and wave-
length, A

2mx
a\

(17

u =

The effective height of the beam is reflected
in p, which is related to the standard devia-
tion of the distribution and decreases as the
height increases. W,(0) is the normalization
constant. In the case that our slit is much
longer than it is wide, and smearing due to
the detector aperture and wavelength distri-
bution may be neglected, the collimation
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convolution required for the SAXS experi-
ment may be expressed as

I;xpt(q) = /w W,,(u)I(\/q2 + uz)du (18)

— a0

Because deconvolution is an inherently
unstable procedure?’ it is often advantageous
to operate with a slit collimation which at
least approximately satisfies the so-called in-
finite slit approximation, where the dimen-
sion of the beam perpendicular to the axis
along which the data are collected (the
height) is much larger than the beam dimen-
sion parallel to the data collection axis (the
width). In this case the collimation effects
can be dealt with analytically and Eq. (11) to
(15) are replaced with

lim i(q) = Kpq~? (19)

el

K'p=L(q)w%(Ap,)’S, (20)
0 E/; ql(q)dq

=20 = 4w (V(Ap,) b,(1 — &)
(21)

§ = 4,1 - &) lim [¢*1()] /0 (22)

where the tilde (~) denotes smeared quanti-
ties measured with slit collimation. Unfortu-
nately, for polymer systems one sometimes
must go to such large values of g that the
infinite slit height approximation does not
hold for the high g tail of the curve (al-
though it may still be appropriate for the
data near the primary beam). In this case one
may turn to various published routines for
treatment of the detailed smearing problem.
These have been reviewed by Glatter.>*

2. Analyzing Deviations from Porod’s Law

Very few experimental systems are found
to follow the expressions corresponding to
Porod’s ideal two-phase system, and plots of
q*I(q) vs. q (or g*) are found to increase

slightly or decrease slightly with g. These
observed deviations are referred to as “posi-
tive” and ‘“‘negative”, respectively. In fact,
however, more than one structural variation
from Porod’s assumptions may be present for
any given sample, some of which cause posi-
tive deviations and some which cause nega-
tive ones. The four causes of deviations are
fluctuations in electron density within a
phase, interface roughness, interface curva-
ture, and gradual electron density variation
across the interface. Generally detailed study
of these deviations for polymer systems at-
tempts to minimize the influence of three
effects on the data so that the magnitude of
the fourth may be inferred.

a. Fluctuations

Fluctuations in the electron density of a
given phase cause positive deviations;* the
intensity at large angles falls somewhat more
slowly than expected from the Porod model.
Often it will be necessary to remove the
fluctuation scattering from the data before
considering the form of the interface. A vari-
ety of methods for this subtraction, using
different functional expressions to approxi-
mate the form of the fluctuation scattering,
have been presented in the litera-
ture.*~373%940 These methods, and their rela-
tive merits have been reviewed by Koberstein
et al.* and Shilov et al.*! These authors also
consider different model profile forms to use
in analyzing the fluctuation corrected data.
Only a brief discussion is presented here.

For the purposes of subtracting the fluc-
tuation contribution, the overall intensity in
the Porod region is envisioned to contain a
fluctuation term

Ii(@) =Kpq™* + I(q)  (23)

where I.(q) has one of the forms

I(q) = const (24)
1,(q) = aexp(bq?) (25)
I(q) =a + Xb,q" (26)
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The first form was suggested by Ruland® and
Bonart and Miiller,* the second and third by
Ruland® and Vonk,*’ respectively. Vonk®’
and Roe® have demonstrated that the
choices of form represented by Eq. (25) or
(26) are nearly equivalent for practical pur-
poses. An example of fitting the background
using Eq. (26) is given in Figure 4B. Much
more critical than this choice of functional
form is the proper determination of the abso-
lute magnitude of the fluctuation scattering
component.

b. Roughness

A second cause of deviations is interfa-
cial roughness; i.e., the change in electron
density across the interface may be abrupt,
but the contour of the interface is not smooth.
Auvray and Auroy®! point out that in this
case the amount of interfacial area observed
depends on the scale of observation, which
varies as g~ '. They show that the differential
cross-section from a sample containing ob-
jects of size R may be approximated in the
range of g for which ¢! < R by

do 1 Y (¢g7h

—(g) ~ s e 27

where a is the size of the effective scattering
entities. The dependence on the degree of
roughness is captured in £ (g™'), the amount
of apparent area seen at the resolution g~ '.
This is Porod’s law with a surface area factor
which continually changes as one moves
through gq.

In order to obtain more detailed expres-
sions for the asymptotic behavior of S(g) it is
necessary to consider specific types of rough-
ness. Of greatest applicability are models
which envision the roughness as randomly
distributed. For these the asymptotic form of
the structure factor can be worked out in the
Born approximation in certain specific cases
for both normal and grazing incidence. We
consider g large enough that we may con-
sider the interfaces to be flat locally, though
not smooth on a length scale < 1/q. One
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may then envision an interface such as that
sketched in Figure 5, for which the height
deviations [z(x',y’) — z(x, y)] with respect
to the average smooth interface is a Gauss-
ian random variable. The distribution of this
deviation we assume depends only on the
relative position (X,Y) = (x' —x,y' —y)
and thus the interface roughness may be
described by a function

g(X,Y) = [z(x',y") — z(x,y)T) (28)

which represents an averaging over all pairs
of points on the interface whose (x, y) coor-
dinates are separated by (X, Y).

_ One specific type of roughness for which
S(g) may be calculated is that characterizing
a self-affine interface,®® which is described
by

g(X,Y) =g(R) =AR* (0<h<1)
(29)

where R = (X?+ Y?»)%. Such interfacial
texture is thought to be a good model for
various kinds of real interfaces. The expo-
nent A is a measure of “jaggedness,” with
smoother interfaces characterized by larger
values of h. At sufficiently large distances
this interface will appear smooth, but at
length scales smaller than a crossover length,
R, where

RO EAl/Z(l—h) (30)

the interface looks like a fractal surface. S(g)
is found to show two regimes of power law

/g f z

—

N\ N
A4 \/ ~NS

— (&)

FIGURE 5. Schematic of a surface which is not
smooth on a length scale < 1/g and the corre-
sponding average surface, which is taken to be the
(x,y) plane.
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behavior, varying as ¢ C*® in the

asymptotic limit

O e (31)
= — 4 —
q 7 PR
with
A, /A, = c(R)' ™" (32)

and ¢ a constant of order unity.

Another important special case is that of
a self-similar or fractal surface, which was
discussed first by Bale and Schmidt.*® In this
case, the asymptotic form of S(q) is given by
S(q) ~ D%, where Dy is the fractal dimen-
sion of the surface. Scattering from this in-
terface type also falls off more rapidly than
g~* and Sinha et al.'™® point out that in
practice it may be difficult to distinguish the
self-affine from the truly self-similar inter-
face, as one should have data accumulated
from over several decades of g to do this.

c. Curvature

A third interfacial parameter which may
affect the asymptotic SAXS behavior is inter-
facial curvature, which becomes important
when the curvature is of the same order of
magnitude as g. In this case the equation for
the pinhole collimated intensity, Eq. (11) be-
comes>?

1

I 5

1
expe(q) = Ie(q)%(Ape)er{T +

q q

1 2
Z<(C1 + C,)7)

1 2
+5{C = C) >]} (33)

where C, and C, are the local principal
interfacial curvatures and the averages ()
are taken over the entire interfacial area.
The curvature correction to Porod’s law
varies as ¢~ ° and is always positive. Thus, if
a sample contains a dispersed phase present-
ing sharp and locally smooth boundaries, the

so-called Porod plot of g*I(q) vs. q will
contain a bump or maximum at a value of g
below that at which the canonical Porod ¢~*
asymptotic behavior is reached. Auvray and
Auroy>! point our that in the special case of
a dilute monodisperse spherical dispersed
phase I(g) has the form

I(q) = Ie(q)zﬂ(Ape)ZST

1

‘| = + ——= + oscillating terms
q4 q6R2

(34)

where R is the sphere radius, and the curva-
ture correction is clearly seen. For this case a
maximum in the Porod plot occurs at roughly
gp = 3/R. For other, less well-defined dis-
persed phase geometries the value of g, also
provides a clue to the interfacial curvature,
although not as precisely defined.

d. Finite Interface Width

The existence of smooth, gradual transi-
tions in electron density normal to the phase
boundaries rather than abrupt changes is the
fourth important effect® that can cause devi-
ations from the simple ¢ ~* Porod law behav-
ior. Such profiles may be characterized using
a nominal interface “width”, F, defined as

E = (p, + py)(dp(x)/dx)™"  (35)

and illustrated in Figure 6 for a system that
has fluctuations within the two phases as
well. In this case'® the orientation averaged
structure factor, S(q), for pinhole collimation
has the asymptotic form ¢~*/f(¢)|*> where
f(q) is an effective form factor for the elec-
tron density variations:

= | dp(z)
dz

f(q)=f

]e""“dz (36)
This form will generally correspond to the
intensity at large g falling faster that g *.
Information on the interphase width may thus
be derived, in principle, from observed devia-
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tions from Porod’s law. However, the effect
of interface width will be convoluted with
those due to scattering length density fluc-
tuations, roughness, and curvature. One may
ask if, in fact, it is possible to separate these
various effects and generally it is. Laterally
rough and diffuse interfaces may be dis-
tinguished'® in that the first leads to scatter-
ing which falls off more slowly than g%
while the latter yields scattering dropping off
more rapidly than g ~*.

Detailed study of the interface width re-
quires that the effects of fluctuations, rough-
ness, and curvature be dealt with first. Curva-
ture effects generally may be avoided simply
by pursuing the measurement to sufficiently
large values of g. Scattering attributable to
fluctuations is then subtracted from the over-
all intensity.

The first method of estimating the inter-
facial width from fluctuation corrected data
relies on comparisons of the data with model
expressions incorporating smooth interfacial
profiles. If the profile is described as a step
function convoluted with a smearing function
h(r) such as illustrated in Figure 6, the fluc-
tuation corrected intensity I, (g) may be
written as®

Low(q) = Ii(q) H?*(q) (37)

I,(g) is the intensity which would be scat-
tered by an ideal system with sharp bound-
aries and H?(q) is the Fourier transform of
the autocorrelation of the smearing function.
(Expressions in the original papers are given
in terms of a scattering vector s = q/2mw.)
H?*(q) will have different forms depending
on the profile envisioned. The most widely
considered smearing function is the Gaussian
shown in Figure 6

2

1 r
h(r) = (m)exp(— T.‘z) (38)
for which
H?(q) = exp(—o%q?) (39)

and the width E is related to o by E = Y12 5.
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FIGURE 6. (A) A Gaussian smearing function of
standard deviation ¢ and (B) the corresponding broad
interface electron density profile.

The corresponding expression for the asymp-
totic behavior in the case of point collimation
becomes

lim I = Kp,q *exp(—c?q*) (40)

g—x

and therefore the value of o may be deter-
mined graphically from a plot of In[g*I(q)]
vs. q°. Because the expression for I at large
g is exact in this case, the only limitations on
this analysis are two that always apply. First,
the range of g used for the determination
must be sufficiently large to allow the slope
and intercept to be properly estimated. Sec-
ond, the minimum ¢ included must be large
enough that the asymptotic expression is a
good approximation to the data. Other ap-
proaches based on expansions of the expo-
nential in Eq. (40) for 0g/27 < 1 are corre-
spondingly limited in application.*® Care also
must be taken in considering systems for
which E represents a substantial fraction of
a domain dimension, e.g., weakly segregated
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block copolymers, or when the interfaces are
highly curved, e.g., spherical domains in or-
dered asymmetric block copolymers.

In the case that the infinite slit approxi-
mation holds, the smeared intensity of the
sigmoidal interface becomes®

I(s) = (K},/q3)[(1 — 20%q*)erfc(aq)

+ icrqexp( —o%q?)
v

Kp = W(0)Kpm/2 (41)

where W,(0) is the constant value of weight-
ing function W,(u). Linear regression analysis
is aided by approximating this analytical re-
sult by3*>?

I(g) = (K},/q3)exp[—1.36(0q)1'81] (42)

and then considering the variation of In[g>I]
with ¢'®.. E is given by V12 o with

—slope | /141
- [ 43)
K}, = exp(intercept) (44)

where slope and intercept refer to a best fit
line to the data. If one requires a precision of
+5% in E this approximation scheme of
Siemann and Ruland® and Koberstein et
al.* is applicable for 0.056 < og < 8.54. All
other approaches discussed in the literature
have considerably more limited ranges of ap-
plication.

Because real slit collimated experimental
setups may not justify use of the infinite slit
approximation in the Porod region, it is also
instructive to consider how a finite beam
height may be taken into account using a
Gaussian distribution for W(u)

Wi (u) = W(0)exp(—p°u?)

as discussed by Koberstein et al.*® The ex-
pression for the asymptotic behavior be-

comes in this case

- Ky\ (p'q’
I = | — i
INLINE:

(1 — 2a%q?)erfc(aq)

2
+ 7= exp( — azqz)] (45)

a=[o2+(p2ny]” 40

which may also be approximated as above to
yield

2.2
. = pq
qh_r)r}c ll(q)exp(— - )]

=~ (Kp/q*)exp| —1.36(aq) '] (47)

This expression yields the result given in Eq.
(40) for the limiting case of infinite slit height,
for which p goes to zero.

Perhaps the most important aspect of the
Porod region analysis is its tremendous sensi-
tivity to the subtraction of background and
fluctuation scattering. Siemann and Ruland>?
demonstrated in an investigation of styrene-
isoprene triblock copolymer interfaces varia-
tions in E of +40% when the fluctuation
background intensity used is altered by only
+2%. Ruland* has also recently shown that
if the diffuse interface is not a smooth den-
sity transition but rather a sharp interface
with a statistically varying position above and
below the average interface position, £ may
be underestimated substantially. Orientation
of the interfaces, such as has been done in
diblock copolymer systems,”*** may be used
to minimize this error. Intensity measure-
ments along a specific axis in reciprocal space
then provide information on the coarseness
of the interfaces.

3. Correlation Function Analysis

A second type of method for analyzing
small angle transmission data for interface
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width involves first Fourier transforming the
data to obtain the correlation function,
~v(r).3"35 The correlation function presents in
real space all the model independent infor-
mation about the sample structure that is
available from the scattering data. Consider-
ation of the detailed form of ~(r) for a
two-phase structure reveals that the slope of
v(r) should be constant and nonzero as r
approaches zero if the interface is infinitely
sharp, while for any real system with finite
interface width, dvy(r)/dr is constant over
some range of r only for sufficiently large
values of r, as shown in Figure 7. The value
of r at which the constant slope is attained
may be related to the interface width.

The Fourier transform technique has not
found wide acceptance for two reasons. First,
the procedure of Fourier transformation is a
nontrivial analysis step. Second, while quali-
tative comparisons of interface width among
different samples may be made without re-
sorting to detailed models of the interface
profile, one must still invoke a model to
obtain quantitative comparisons.

4. Sandwich Technique

A third technique for judging interface
width exploits the increased sensitivity that
can be obtained simply by greatly increasing
the area of interface in the sample and ob-

1.0 & v
0.8 B\ b
0.6 [
0.4 \or

(1)
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-0.4 Lo IS -
0O 50 100 _ 150 200 250
r(A)

FIGURE 7. Effect of finite interface width on the
correlation function ~(r) near the origin.
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serving the variation in the invariant, Q, with
interface change. This technique has been
used by research groups with both neutron
and X-ray small angle scattering to study the
phenomenon of polymer interdiffusion.*~*
Samples with many parallel layers (“sand-
wich” geometry) as well as discrete latex
spheres have been used with neutrons. Al-
though preparation of the multilayered sam-
ples is quite tedious, deuteration of one com-
ponent provides excellent neutron scattering
contrast while maintaining miscibility of the
components at annealing temperatures. Un-
fortunately, pairs of polymer components dis-
playing good X-ray contrast tend to be im-
miscible, limiting the potential use of this
technique with X-rays. The author is aware
of only one published X-ray transmission
study®® of this type with a polymer system. In
that work the interdiffusion of poly(methyl
methacrylate) (PMMA) and poly(vinylidene
fluoride) (PVDF) is investigated. As neigh-
boring layers become more highly interdif-
fused the scattering intensity increases ini-
tially as the total scattering length density
fluctuations increase due to more contact
between PMMA and PVDF segments.

C. Instrumentation

The two primary distinctions among the
various types of small angle cameras for in-
terface study are the type of collimation
(point or slit) and detector type (film, step
counter, or position sensitive detector). Anal-
ysis of SAXS data for interfacial information
necessitates measurements to comparatively
large g values (typically 26 = 6° to 8 for
CuK_, g = 0.85 to 1.1 A~') with good statis-
tics, so that good background subtraction may
be done in the Porod region. This require-
ment recommends experimental setups with
high intensity, low background, and good
counting precision. However, one need not
have outstanding spatial resolution in the
Porod region. Both slit and point collimation
devices have been used for polymer interface
study. The slit collimation offers more inten-
sity, for example, when working with sealed
tube sources. In particular, the Kratky type
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slit collimation has been used by several in-
vestigators.31*>¢7 This design offers good
resolution and low parasitic scattering near
the primary beam, as well as good intensity.
However, one must account for smearing of
the scattering pattern in the analysis and
while analytical expressions exist for the “in-
finite slit” approximation, this limiting case is
not always approached closely for larger gq.
Therefore, more complicated corrections may
be needed.* Use of point collimation® avoids
this difficulty. A detailed comparison of two
cameras, one using a Kratky slit system and
the other a more highly collimated beam, is
presented by Todo et al.*® in a discussion of
interfacial width measurements.

Film detection,?®>® while useful for sur-
vey measurements and investigations of sam-
ple orientation, has been superseded in Porod
region measurements by counting tech-
niques, 2157 as they are more appropriate for
the low intensities involved. Specifically, posi-
tion-sensitive counters are particularly useful
because, in contrast to step counters, they
allow measurement of the entire Porod re-
gion simultaneously. This decreases measure-
ment time and errors within a single curve
due to primary intensity fluctuations. When
using point collimation to avoid desmearing,
a radial averaging over data from two-dimen-
sional position-sensitive detectors may be
used with isotropic samples to improve
counting statistics.

D. Sample Preparation

The important criteria SAXS samples
must meet are appropriate size, proper thick-
ness, thickness uniformity across the illumi-
nated area, and an absence of colloidal-sized
voids or contaminant particles. The amount
of material required to make a sample will
vary, in general, with the collimation used.
Lower resolution or slit-type collimations,
which optimize intensity, require more sam-
ple due to the larger illuminated area. A
minimum area required for a Kratky camera
measurement is about 1 X 25 mm?, corre-
sponding to about 25 mg of polymer (for
1-mm thickness). For ease of mounting, sam-

ple widths of 3 to 4 mm are more workable,
but in any case the amount of material re-
quired is generally < 300 mg.

Competition between two dependencies
of intensity on sample thickness dictate that
an optimum thickness, Lopt> €XIStS for each
sample. The strength of the desired scatter-
ing signal increases linearly with thickness,
while the transmission coefficient of the sam-
ple drops exponentially. Multiple scattering
effects, which complicate the analysis, also
become more prevalent as thickness in-
creases. A simple optimization yields an ex-
pression for the optimal thickness of 1/u(l),
where p is the mass absorption coefficient of
the material evaluated at the wavelength of
interest (tabulated in Reference 60). For hy-
drocarbon polymers 7, is on the order of 2.5
mm, while for polymers containing atoms
with high atomic number it may be as low as
0.1 mm. Nonuniformity in thickness will lead
to distortions of the scattering pattern, while
the presence of voids or foreign particles
results in spurious additional scattering in-
tensity, particularly at low gq.

Sample preparation for SAXS measure-
ments is generally less demanding than that
for methods using grazing incidence. Surface
roughness is not an issue and if point colli-
mation is used, the area over which the sam-
ple faces must be plane and parallel is quite
small. In addition, one may still obtain ap-
proximate results even when the faces are
not plane. Finally, samples that flow (due to
low molecular weight, high temperature, or
high solvent content) may be studied with
SAXS by mounting them in a closed chamber
with windows that minimize the additional
scattering and adsorption.

IH. GRAZING INCIDENCE METHODS
A. General Features

In grazing incidence methods the orien-
tation of the sample with respect to the pri-
mary beam is set so that the angle between
the sample surface and incident beam, 8,, is
no larger than a few degrees, as suggested
schematically in Figure 8 for the simple case
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FIGURE 8. In a grazing incidence experiment the
beam incident upon the sample at angle 8, may be in
general both partially transmitted through the inter-
face and partially reflected. The transmitted beam is
propagated at a grazing angle 8, with respect to the
surface and may be reflected from other interfaces in
the sample, such as the film / substrate interface illus-
trated here. In this case the radiation reflected from
the two interfaces interfere, yielding a distinctive pat-
tern characteristic of the film thickness.

of a single interface. The interaction of the
X-rays with the sample when striking it at
small angles differs importantly in two ways
from that at normal incidence. First, the pen-
etration depth of the beam is limited because
the distance the beam must travel to reach
the other side of a sample of given thickness
increases rapidly as 6, decreases. The ampli-
tude of the transmitted field, E, drops along
the path through the sample and the struc-
ture is effectively probed only down to the
depth at which E drops to a threshold value.
We choose as a convenient measure the
depth, z,, at which E falls to 1/e times its
incident value and we refer to this as the
effective penetration depth. The strong de-
pendence of z; on 6, is demonstrated in
Figure 9 for a beam of wavelength 1.54 A
incident upon a typical polymeric material
from vacuum. In calculating this curve one
must account for the fact that when the
beam is transmitted through the interface it
is refracted slightly toward the surface. This
is because condensed matter always has a
lower refractive index for X-rays than does
air or vacuum.

The direction of the beam in the sample,
specified by 0, with respect to the interface,
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FIGURE 9. The characteristic penetration depth z
varies slowly with incident angle 8, for 6 < 6., but
increases abruply at 6, as shown here for a typical
polymeric material and CukK,, radiation (9, = 0.15°%).

is given by Snell’s law as:
cos 0, = (ny/n )cos 8, (48)

where both the n;, and 6, have real and
imaginary parts in the case of absorbing ma-
terials. As 8, is decreased toward zero a
critical value, 6,, is reached at which 8, no
longer has any real component, but is purely
imaginary. There is no true ‘“transmitted”
beam but only an exponentially damped
evanescent wave at the surface which pene-
trates a finite distance into the sample. The
value of the critical angle for incidence from
air or vacuum is given to a good approxima-
tion by

0, = /28, (49)

where 3, is the real component of the refrac-
tive index defined in Eq. (1). 8, is on the
order of 0.15° to 0.18° for typical polymers
and CuK_ radiation. Note that while z,
varies dramatically in a small region of 6,
about 8, it closely approaches its minimum
value for 0, only slightly less than 6. The
change in direction that occurs upon refrac-
tion may also be described by changes in the
z component of the wave vector, k,. In vac-
uum n, is unity and the magnitude of k, for
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the incident beam is given by
k,o = 2 sin(8y) /A (50)

The value of k, in the ith layer of a multi-
layer sample is given by

kz,i(k22,0 - kg,i)O.S (51)

where k_; is the critical value of k, for the
material in layer i. Eq. (50) and (51) also
hold to a good approximation for incidence
from dry air at standard temperature and
pressure.

The second important effect of grazing
incidence is that the intensities of radiation
reflected and scattered from the surface of
the sample become measurable. Whenever a
beam strikes an interface some portion is
reflected, but for normal incidence the re-
flected intensity is immeasurably small. The
ratio of reflected to incident field amplitudes,
or reflectance, r, of an ideally smooth, sharp
interface between materials { and i + 1, is
given by
kz,i B kz,i+1

= 2
kT k (52)

r
z,i+1

where the k,; are related by Eq. (51). Eq.
(52) is rigorously correct only for radiation
polarized in the direction perpendicular to
the plane of incidence (“s” polarization).
However, for X-ray wavelengths it provides
an excellent approximation for unpolarized
radiation over the range of k,, of interest.
In fact, polarization may be neglected safely
in the discussion below. The ratio of re-
flected to incident intensities, R, at the sur-
face of a single, ideal interface is given by an
expression derived by Fresnel:

2

R= ﬁ =t = kz,[) - kz,l
Ir kz,O + kz,l
2
qz 0 qzi
=|=—2* =R 53
q:0 1t 4., #(d:0) 59

where r* represents the complex conjugate

9n (degrees)

10°

10

10

106

10

10—!0
0.0 0.10 0.20 0.30 0.40 0.50
q, (A"

FIGURE 10. Variation of the Fresnel reflectivity of a
single interface between air and silicon (solid line).
Also shown is the reflectivity expected when micro-
roughness with root mean square amplitude of 7 Ais
added at the interface (dotted line).

of r and q,, = 2k, is the magnitude of the
scattering vector characterizing the reflected
beam.

The form of Ry(q,,) is shown in Figure
10 for the case of an ideal air/silicon sub-
strate interface. For 6 > 6, one finds that
R decreases rapidly with 6

Rpa 6™ ak;g gy (54)

just as does the small angle scattering inten-
sity in the Porod region of SAXS in transmis-
sion mode. For 6, < 6,, R, is nearly unity,
falling short by a very small amount at-
tributable to absorption in the surface re-
gion. The remarkable gain in reflectivity at
grazing incidence is realized not only for the
sample /air interface, but also for other in-
terfaces within the penetration depth, mean-
ing that beams reflected from interfaces some
distance below the surface may contribute to
the detected intensities. Information about
the electron density in the neighborhood of
these interfaces is therefore also available. It
is because of the limited penetration depth
and high reflectivities at low incidence angles
that grazing techniques are particularly sensi-
tive to near-surface structure.

195



13: 53 17 January 2011

Downl oaded At:

For a real interface only a portion of the
beam is reflected in the way described by the
above equations. This radiation reflected in
the.plane of incidence at 6’ = 6, is referred
to as the “specular” beam. That portion of
the incident intensity which is not reflected
specularly is scattered by surface or subsur-
face structure or absorbed. All the phenom-
ena occurring under grazing incidence, spec-
ular reflection, grazing incidence scattering,
absorption, and fluorescence, provide oppor-
tunities to learn about the outer surface
structure of the sample as well as interfaces
within the sample. Information about these
“puried” interfaces becomes available as the
incident angle is increased above the critical
value. Because it is generally difficult to
gather at one time information from all the
phenomena mentioned above, distinct exper-
imental techniques have been developed for
optimally exploiting each. The first of these
techniques discussed is reflectometry. Sec-
ond, diffuse specular scattering is considered.
Within the realm of diffuse scattering two
general measurement types exist. One type
involves varying only the in-plane scattering
vector while holding the penetration depth
and g, constant. The final grazing incidence
technique discussed considers the measure-
ment of in-plane scattering far from the
specular condition.

B. Reflectometry
1. Introduction

X-ray reflectometry (XR) in its purest
form considers only the specularly reflected
radiation. A collimated beam strikes the sur-
face at an angle 6,, and the reflected beam is
observed with a detector lying in the plane of
incidence at an angle ¢ with respect to the
surface set equal to 6,. The detector angle
with respect to the incident beam direction is
then 26. In this case the momentum transfer
vector, q, has only a z component and only
the laterally averaged structural variations
perpendicular to the surface are probed. In a
typical experiment, reflected intensities are
measured for a series of incident angles from
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nearly zero to a few degrees (the same angu-
lar range as for SAXS) by varying 8 and ¢
symmetrically. Due to this symmetry it is
equally convenient to discuss specular re-
flectivity using either k,; or ¢, to specify
the scattering geometry. In this section the
latter variable will be used more frequently
to facilitate comparison between equations
for SAXS and XR. (When appearing without
a subscript indicating the medium to which
they pertain the variables k, and g, are
assumed to refer to quantities in air or vac-
uvum.) Later consideration of asymmetrical
grazing incidence experiments will require
the use of k,, at certain points.

2. Analysis and Theory
a. Basic Concepls

The reflectivity, R, is defined in terms of
total intensity while the scattering cross-sec-
tion is defined in terms of the flux. In the
case that do/d{) has a specular part it is
related to R in the following way

R ! dq) a0 (55)
~ L,L,sin eof (dQ spec

where L L, is the area of the reference
plane surface about which the sample surface
fluctuates. The factor 1/sin 8, accounts for
the change in flux at the surface as 6, is
varied. For the grazing incidence geometry a
normalized structure factor analogous to that
introduced in Eq. (10) may be defined

S(@) = S (56)
Y= 40 rg(Ape)zLxLy

with the total surface area S, germane to
the SAXS experiment being replaced by a
reference surface L, L . In general, the over-
all structure factor contains both specular
and diffuse components, S(q} = Sy, (@) +
Sgr(q), with the specular part being that
associated with delta functions in g, and g,.
Therefore, the reflectivity may also be ex-
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pressed as

B r3(Ap,)’

R = Sin—eofssw(:(q)dﬂ (57

Often a great deal may be learned about
a sample simply by studying the raw re-
flectivity profile and making a few simple
calculations. General features key to this pre-
liminary analysis can be highlighted by con-
sidering the reflectivity of three example sys-
tems: a single air/substrate interface, a ho-
mogeneous thin film, and a periodic multi-
layer. The first important characteristic of
the reflectivity to note is the critical value,
q., associated with the rapid dropoff in re-
flectivity with g, ,. Typically polymer samples
will be mounted on substrates having elec-
tron densities higher than that of the poly-

mer so that the dropoff is readily associated
with the substrate. Roughness or diffuseness
at an interface will decrease its reflectivity
relative to that of a sharp, smooth interface,®
as demonstrated in Figure 10 for the case of
the air/silicon substrate interface, with the
deviation growing more pronounced with in-
creasing ¢q,,. Thus, an experienced user may
obtain some clue to overall roughness when
comparing samples of similar makeup by not-
ing for each the reflectivity at a reference
value of ¢, .

Addition of an organic film atop a sub-
strate adds two new features to the sample
reflectivity, modulations at ¢g,, below the
sharp dropoff in reflectivity and interference
fringes. Both are seen in data from a
polystyrene film on float glass shown in Fig-
ure 11. Once q,, exceeds the critical value of
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FIGURE 11. Experimental reflectivity data for a polystyrene film spun cast on float glass as measured by Foster
et al.”* The Kiessig fringes are well represented by a model calculation, shown as the dashed curve, which

assumes a film thickness of 493 A, average film density of 1.05 g/cm?, air/ polymer interface root mean square
{rms) roughness of 3 A and polymer/ substrate roughness of 6 A rms.
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the film, a portion of the beam will be trans-
mitted through the film and reflected at the
polymer substrate interface as pictured in
Figure 8. If the substrate has a higher elec-
tron density than that of the film, which is
generally the case, this transmitted beam will
be nearly totally reflected at the polymer/
substrate interface when g, ;o < g - How-
ever, absorption in the film attenuates the
intensity slightly and because this attenua-
tion increases with film thickness, its magni-
tude allows an approximate thickness deter-
mination.

Interference of the beams reflected at
the two interfaces results in a modulation of
the Fresnel curve both below and above the
substrate g, to form “Kiessig fringes”, named
after H. Kiessig, who first observed such
fringes with metal films.5' The thickness of
the film, d, may be readily estimated from
the spacing of two successive minima, Agq, ),
in a fashion that is independent of the refrac-

10°

tive index of the film®
d=2w/Aq,, a2n/Aq,, (58)

The strength of these oscillations increases
with the magnitudes of the electron density
jumps Ap, at the air/polymer and
polymer /substrate interfaces. However, dif-
fuseness at one or both of the interfaces will
generally reduce the oscillation amplitude
and cause it to decrease with increasing g, ,
although if the roughnesses of two interfaces
are well correlated,’? deep minima may still
be observed. Existence of oscillations over a
large gq,, range suggests that the sample has
uniform thickness and well-defined inter-
faces.

Samples with structures that vary periodi-
cally in the z direction, such as ordered block
copolymer films and Langmuir-Blodgett mul-
tilayers, will yield reflectivity spectra contain-
ing Bragg peaks. These are due to construc-
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FIGURE 12. The very regular structure of a Langmuir-Blodgett multilayer'°®
containing layers of both cadmium arachidate and a polyglutamate copolymer
yield many orders of Bragg peaks in the measured reflectivity. Background
and diffuse scattering have not been subtracted here.
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tive interference of beams reflected from the
periodic structure. Figure 12 presents an ex-
ample of a Langmuir-Blodgett film. If the
characteristic spacing, D, of the periodic
structure differs sufficiently from other im-
portant dimensions in the system, the posi-
tions and shapes of the Bragg peaks may be
analyzed to infer the periodic spacing. The
first peak position, g7, is related to D by

2w
D= (59)

*
q 1,corr

* _— *2 *2
where g7 .o = V9 e — 4c IS @ peak po-

sition corrected for the shift caused by the
total reflection region. The peak heights and
breadths are related to the number of peri-
ods present and the perfection of their order-
ing. Peak intensities drop and the peaks
broaden when the number of periods is re-
duced to only a few, or when the ordering is
imperfect.

Overall film thickness, average electron
density, characteristic spacings of periodic
structures, and approximate thicknesses of
other key structural components may all be
derived from reflectivity data without de-
tailed analysis under proper conditions. Fur-
ther information, particularly on interfacial
profiles in the sample, can be properly gained
only from a more involved analysis. First, the
data must be corrected by subtracting contri-
butions from background as well as diffuse
scattering in the specular direction. While
the background is largely dependent on ex-
perimental conditions, the diffuse scattering
is sample dependent, as discussed below. For
samples with very rough or textured surfaces,
the diffuse scattering generally will be signif-
icant, particularly at higher q. After correc-
tion the data may be analyzed rigorously as
specular intensities using the techniques out-
lined briefly below. As no commercial analy-
sis software is available that is generally ap-
plicable to the analysis of polymer samples,
the novice user will need to code his own or
adapt that from other users or both. While
scientifically mundane, the implementation
of a reliable analysis package requires a non-

trivial effort, and a few points of particular
concern are highlighted.

Two primary classes of techniques are
available for the analysis of specular reflec-
tivity data. The first, more common class,
involves simulating the reflectivity from a
candidate model structure and varying the
model parameters by means of nonlinear
regression to obtain the best possible agree-
ment between simulated and measured re-
flectivity. In the second class, a reduced re-
flectivity is considered to gain insight into the
square of the electron density gradient’s
Fourier transform.®*~%77 This second class
of techniques is not addressed further here.

Central to the model-dependent regres-
sion techniques is a method for calculating
the reflectivity curve from a given model; this
method can take one of three forms. Impor-
tant to two of these three calculational for-
malisms is the concept that the reflectivity
from an arbitrarily complex electron density
profile may be calculated to a sufficiently
good approximation from a discretized ver-
sion of the electron density profile. That is,
the real structure is approximated as a stack
of N homogeneous layers of thickness, d;
and electron density, p,;, such that the p,
profile through the stack approximates the
continuous profile as shown in Figure 13.
Should the discretization chosen be too
coarse, the calculated reflectivity contains ar-
tifacts (see demonstration in Russell’s re-
view'®). Indiscriminate reduction of the step
size, on the other hand, leads to artifacts due
to machine roundoff error and unnecessary
computational cost. An appropriate compro-
mise depends upon the sharpness of features
in the “true” profile and the range of g to
which R must be calculated, i.e., the resolu-
tion required. Higher resolution of sharper
features necessitates a finer discretization.
The consideration of microscopic roughness
and instrumental resolution, which is always
necessary for real samples, is discussed below
after the basic methods are introduced using
the simpler case of ideal interfaces and per-
fect collimation.

In the first calculational scheme for the
regression technique’ the reflectance and
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Z(A)

FIGURE 13. The reflectivity from a sample charac-
terized by a smoothly varying electron density profile
may be calculated by first approximating the continu-
ous function by a discretized profile, as suggested
here schematically.

transmittance at each interface in the dis-
cretized structure are calculated recursively
starting with the layer/substrate interface.
The reflectance at that interface is that given
by Eq. (52). This result is used to solve the
general recursive equation

ri_y; FriieexpQidik, ;)

i—1,i

T = ]
i-1,i 1+ r,-'_l,i",",i+lexp(21dsz’i)

(60)

involving the thickness of the ith layer, d,,
and the reflectance r;;,; caculated from Eq.
(52). Eq. (60) is solved first at the (N — 1)/N
interface and then on up through the layers
to the air /sample interface. The overall sam-
ple reflectivity is obtained as the modulus of
the air /top layer reflectance.

In the second calculational scheme®® an
optical transfer matrix formalism is used. The
optical characteristics of any single layer i
are summarized in a matrix M; which con-
tains the coefficients of two simultaneous
linear differential equations linking the am-
plitude of the electromagnetic field in the
layer and its derivative. In principle, any form
of refractive index profile through the layer
for which the equations may be solved ana-
lytically, e.g., constant or linear, may be cho-
sen. In practice, the layer profile is generally

200

assumed to be constant, yielding

M. = | T M
LMoy My,

cos(k, ;d;) sin(k, ,d;) /k,
—k, sin(k, d;) cos(k, ;d;)

z,i%i z,i%i

(61)

If this single layer is resting on a substrate
characterized by k.., the reflectance of
the supported film is given by

kz,okz,N+1m12 tmy, — lkz,N+1m11 +ik, ;my

~

i = : X
kz,Okz,N+1m12 —my + ’kz,N+1m11 + lkz,omzz

(62)

The reflectance of a stack of uniform layers,
such as represented by our discretized pro-
file, may be found simply by first multiplying
the transfer matrices of all N layers to form
the transfer matrix of the total film, M,

M;=MM,...M, (63)

and calculating r as in Eq. (62) using the
elements of M. The reflectivity obtained as
rr* is that which one would measure in an
ideal experiment with perfect collimation and
a single wavelength of incident radiation.

The third formalism for calculating the
model reflectivity involves simplifying the
problem by assuming that the scattered and
reflected fields are always of negligible mag-
nitude compared to the incident field. This
corresponds to the Born approximation and
this approach is acceptable for g > 4g, and
for samples containing no large electron den-
sity gradients. Near g, the assumptions re-
quired clearly do not hold. The reflectivity
averaged over the coherence of the beam is
given by

ap(z)

2
R(q,) = R(q,) ‘ (64)

1 =
_/ dze’[bz
Ps 0

where p, is a reference electron density, e.g.,
that of the substrate. The beauty of this
approach is that contributions of various
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structural features to the reflectivity often
may be explicitly separated and studied as
demonstrated below.

b. Roughness Effects

Accounting rigorously for interfacial mi-
croroughness in calculations of specular re-
flectivity is an important issue that has been
addressed in a detailed way™'3*71%2 by a
number of authors. Pynn'** discusses the
connections among the various approaches
that have been used. We present here an
overview for the randomly rough interfaces
introduced above, considering first the
roughness corrections calculated in the Born
approximation and then in the distorted wave
Born approximation (DWBA). Two common
computational approaches for including these
effects in data analysis are summarized and
their limits of applicability highlighted.

In deriving the reflectivity from the ran-
dom, isotropic interface with Gaussian dis-
tributed heights z(x, y) shown in Figure 5,
we proceed from Eq. (9). For the grazing
incidence geometry the average smooth in-
terface, S, associated with rough interface is
conveniently taken to be the (x, y) plane. If
we describe our interface with g(x, y) de-
fined in Eq. (24) and consider an area L, L,
of the reference plane, the structure factor,
including both specular and diffuse compo-

nents,'? is

1

S(g) =
qzz,o

[j’ AX dYe ~9708(x:y)/2g=1a X +4,Y)
So

(65)

Sinha et al.'® discuss the special case of
the self-affine random interface described by
Eq. (29). If there is no finite value of R for
which g(R) goes to zero, the mean square
roughness {z2) is not defined, and if one
neglects instrumental resolution effects S(q)
has no specular component. However, strong
diffuse scattering is found in the specular
direction. The power law dependence of this

scattering varies with A

2wQ,(A)
[Sdiff(q)][4x=qy=0] = 72:17 (66)

with
0 = [[dggeane (e
0

and differs from that seen for the orienta-
tionally averaged scattering observed with
SAXS in Eq. (31). If there is a very long
length-scale cutoff for g(R),"*® a power law
dependence involving A will still be observed
in the specular direction.

In experimental systems (z?) = o2 does
have a well-defined value due to finite sam-
ple size or other reasons. Therefore, we may
rewrite Eq. (65) in terms of the height-height
correlation function C(X,Y) and mean
square roughness by noting that!*

g(X,Y) =2(z%) - 2(z(X,Y)z(0,0))

(68)
and
C(X,Y) ={(z(X,Y)z(0,0))
=c?-1g(X,Y) (69
so that
S(g) = :2: / [S 0dXdYe"ioC(X’Y’e"(‘?x“‘i\-y’

(70)

The function g(R) may now be modified to
include an effective cutoff length &

g(R) =261 — e~ ®/®"]  (71)

and a truly specular component in S(q) is
recovered

2

4 s
Sepec(@ = —5—¢7%9°78(q,)3(q,) (72)
z,0
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Integrating in the right-hand side of Eq. (57)
and noting that

_ dq, dg,

do =
& k3sin 6,

(73)

2w
with k, = - we obtain for g,, > ¢,

16mw2r(Ap,)’

. e~909°  (74)
qz,O

R(qz,O) =

At large g, ,, where this expression is appli-
cable, it is equivalent to

R(q,,) = RF(qz,o)e'q’z“"Tz (75)

While Eq. (74) clearly fails at small g, it is
readily handled computationally.

The Born approximation analysis may
also be applied in the case that the interface
is not sharp and rough, but rather diffuse;
i.e., the p, profile through the interface is
everywhere a smooth function. In this case'®
the reflectivity at large g, is given by

oplz) [
fdz e~ '9z07

PN+1 9z

R(qz,O) = Rr(q,,)

(76)

where py,; is the value of p, for the sub-
strate. For a sharp interface dp(z)/9z is a
delta function. A diffuse air/sample inter-
face is typically assumed to have an error
function shape,'*® with width characterized
by o,

pL2) = pg + (p; — pplerf(z,0) (77)

with p; as the electron density of the sample.
The error function is defined as

1 z -2
erf(z,0) = G—zﬁf_mexp(r‘z)dg (78)
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Then, dp,(2)/9z is given by

IpL2) P =P ~z?
= 79
9z o227 xp 20‘2) (79)

We recognize this as the same interface pro-
file used in SAXS analysis of diffuse inter-
faces when the smearing function A(r) is that
given in Eq. (37).

This formalism is readily extended to the
case of a multilayer sample with N layers on
a substrate

R(qz,O) = RF(qz,O)

1 N
- Z(Pi+1 - Pi)

PN i=0
. eiqz,oDie-(%)qf.()<fri2+1> (80)

with the media indices i varying from i = 0
for air to i = N + 1 for the substrate and D,
being the distance from the air surface to the
interface between media / and i + 1. The
roughness of the interface between media i
and i + 1 is g;,,. It is the apparent rough-
ness averaged over the coherence length of
the experiment which is pertinent here,'?
and thus the averaged quantity (%) is used.
In the special case of a single film on a
substrate Eq. (80) reduces to

_ _,1_ 2~ (g} —5.)
R(qz) = RF(qZ) p2 [pfe PEE + (ps pf)

_e—(%)q;zg-:z + 2pf(ps — pf)
.e‘(ﬁ)qzz(cfi-cfz)cos(qzdf)] (81D

where the subscripts s and f indicate quanti-
ties referring to the substrate and film, re-
spectively. The Born approximation result
contains three distinct terms and allows one
to see the important qualitative features of
the reflectivity curve away from q.. The first
two terms represent the reflectivity from the
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film surface and film /substrate interface, re-
spectively, while the third term captures the
interference between the two. If (p, — ps)
and p, are comparable, as they often are
with hydrocarbon polymer films, the asymp-
totic level of the normalized reflectivity R /Ry
will be controlled by the interface with lower
roughness. As interface roughnesses are in-
creased, the oscillations at small g, are pre-
served and retain the same periodicity. How-
ever, oscillations at larger g, are damped.

In studying interfaces of low molecular
weight organic liquids or low viscosity poly-
mer solutions, capillary waves create a micro-
roughness that can be probed with XR. The
corresponding density-density correlations at
the surface are long ranged, and if finite
size effects are ignored g(R) is expected to
diverge for large R. Thus, no true specular
reflection is possible. In real experiments fi-
nite size effects manifest themselves in both
a gravitational cutoff of g(R) and instrumen-
tal resolution limits on the effective integra-
tion in Eq. (57). In fact, the mean square
roughness o2, measured depends on the res-
olution used.!#-149-151

The function g(R) for capillary waves is
given to a good approximation by !

g(R) =262 — BK,(kR)  (82)

where B = kT /mvy and v is the liquid sur-
face tension at temperature 7 and Ky (X) is
the modified Bessel function.’** The gravita-
tional cutoff, «, is given by

Ap,.8
Y

(83)

where Ap,, is the mass density difference
across the interface and g is the gravitational
acceleration. The intrinsic roughness of the
interface is found to be!4®1!

q3+|<2

(84)

where g, is the upper wave vector cutoff for
the capillary waves,!* which is on the order

of m/d,,, where d, is the molecular diame-
ter. In experiments, the length scale 1/« is
not accessible due to resolution limits and
one cannot readily separate the true specular
reflectivity from the diffuse scattering in the
specular direction. Therefore, the measured
roughness o will actually be larger than the
intrinsive value, representing modes which
scatter outside the resolution volume.'* Ex-
pressions for o given by Braslau et al.'*
and Sanyal et al."*! differ only slightly numer-
ically and are essentially equivalent to

k,T 2q
2 B u
ol = ]
off 27y n[Aq},} (85)

where Ag, is the resolution in the g, direc-
tion.

The “effective specular reflectivity”, R g,
including diffuse scattering, may be calcu-
lated for the limiting case of very coarse
resolution in g, to yield®

1 1—m
R = RFCXP[“qzz,ocesz] WF[T} (86)

where
n = 3Bq}, (87)

and I'(X) is the gamma function. The factor
(1/V7)T((1 — m)/2), which comes from an
integration over all g, differs from unity for
large m. Thus, a simple Gaussian attenuation
factor is not adequate to capture the effect
of roughness on measured reflectivity with
liquid systems. This has been confirmed in
detail experimentally by Sanyal et al.'>! with
ethanol and by Daillant and Bélorgey '* for
free-draining soap films. In the latter study
the authors consider a slightly different form
for the height—height correlation func-
tion,!**!* but observe qualitatively similar
behavior.

A more precise analysis of inter-
face roughness effects with solid samples may
be achieved by invoking some variant of the

134,136-142
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DWBA. Névot and Croce'® find that when
the roughness spectrum has predominantly
high spatial frequencies® (v > 1 pm™") the
reflectivity R, of an interface between media
i and i + 1 in a multilayer is given by

Ri(qz,i) = RF,I,(qzyi)e_qz.iqz,i+]0'i2+1 (88)

where g,; is the scattering vector as calcu-
lated in the medium i and g, is the rough-
ness of the interface. When low frequencies
dominate®’

R(q,,) = R)?,z'(qz,i)e_q'g"'cr'2+l (89)

Expressions for the reflectance at one
interface in a multilayer are readily obtained
from Eq. (75), (88), and (89) by reducing the
arguments of the exponentials by a factor of
2. For g,, > g, the exponential factors in
both Eq. (88) and (89) are approximately
equal to the simple exp[—gZ,07,] factor.
However, they can differ significantly™®® in
the vicinity of gq..

Two common techniques account for
roughness in the analysis of reflectivity data.
The first involves the inclusion of appropriate
exponential attenuation factors chosen from
the above options. This method is computa-
tionally efficient and may be recommended
for use with solid samples having many layers
and small interfacial roughnesses. However,
the technique presents difficulties for liquid
samples and samples with large interfacial
roughnesses. The algorithm will allow one to
assign roughnesses o; and o;,, to neighbor-
ing interfaces which sum to a length greater
than the thickness of the intervening layer.
The physical meaning of such assignments is
unclear at best.

In the second technique one takes ac-
count of the interface diffuseness due to
roughness by representing the interface pro-
file with a smoothly varying function and
then using the matrix formalism to calculate
the reflectivity from a discretized profile of
many layers. This is a legitimate means of
modeling roughness when calculating the
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specular reflectivity alone because specular
measurements are sensitive only to the later-
ally averaged variation in p, with depth. It
provides an excellent approximation to the
true rough surface solution for g, > g, where
the reflectivity is weak (see below), but is
inexact for g, < q,."* However, this limita-
tion is often not critical.

A variety of functional forms may be
employed in principle for describing the in-
terface profile, but the error function,’® (see
above) is most often used. When incorporat-
ing roughness in this way each sharp inter-
face in the p, profile of a multilayer sample
is replaced by several fictitious layers corre-
sponding to the discretized error function.
The total number of layers considered in the
reflectivity calculation is greatly increased,
and thus the computation time as well. The
advantage of this technique is that large
roughnesses at closely spaced interfaces can
be handled in an explicit, realistic way by
accounting for the overlap of interface pro-
files. Therefore, this method is recommended
for samples with many narrowly spaced inter-
faces or large roughnesses. Very fine adjust-
ments in the functional form of the interface
profile will often not be justifiable on the
basis of the experimental data. On the other
hand, certain features, such as interface
asymmetry, will yield reflectivity curves which
simply cannot be reconciled with an error
function-like profile. In this case some infor-
mation besides simply a single characteristic
profile width (o) must be included in the
model.

c. Resolution Corrections

Instrumental resolution must be explicitly
accounted for by first calculating the theoret-
ical reflectivity R as described above and
then “smearing” the curve by convoluting it
with an appropriate resolution function. The
measurement of capillary wave roughness'*
is one clear example of the importance of
this convolution. The smeared reflectivity
profile R measured with a spectrometer set
at incident angle 6, detector angles ¢ and s,
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and nominal wavelength \ is given by 7%

R(0o) = [[[[ R, 4, 9,0

w(8) — 6, — &4 — ¢, A — )
-do’ do' di’ dN' (90)

where the distribution function w describes
the resolution in each variable. Because R is
typically calculated as a function of g, it is
convenient to define a resolution function
g(q-q’) in reciprocal space and to perform
the convolution in q space.

R(@) = [R(@)glq - q)dq’  (91)

The forms of the functions w and g can vary
widely in complexity depending on the preci-
sion of the experiment.

If our subtraction of other scattering ef-
fects is sufficiently good that our experimen-
tal R contains only contributions from the
specular part of the scattering cross-section,
then the convolution need only account for
contributions from a range of g, at any nom-
inal value of ¢,.'* Smearing in ¢, and g,
may be neglected. In this case

R(g,) = [R(g,)g.(q, - 4,) dg, (92)

For tube-based reflectometers with simple
crystal monochromatization it will be neces-
sary to include the effect of imperfect
monochromatization as well as angular reso-
lution, while for synchrotron measurements
the correction for AN is unnecessary.
Consider the common case in which poly-
chromaticity and beam divergence must be
considered but the resolution of the out-of-
plane angle ¥ is not critical. For specular
reflectivity measurements, the detector slit is
typically set sufficiently narrow to limit back-
ground contributions to the signal, but wide
enough to capture the entire divergent re-
flected beam. Thus, the angular divergence
of interest is that due to the collimation of
the incident beam, which is largely deter-

mined by slit dimensions in the direction
parallel to the plane of incidence for a typi-
cal slit system. The effects of both AN and
A6, may be taken into account approxi-
mately by noting that the nominal spread in
q, values sampled at a given detector posi-
tion varies roughly as

dq.| .| go | 'aqz N
dq.| = 36| " +( a )
do,\>  [dr)\?
;\/2[(——" +(—)] (93)
o, \

where d6, and d\ are measures of distribu-
tions in 6, and \, respectively. The resolu-
tion function g,(q, — ¢,) may then be taken
to be a box function or Gaussian function of
width |dg,|. For high resolution work, such as
has been done with liquid crystal surfaces,”””
more rigorous resolution corrections are re-
quired. Pershan et al.” provide a detailed
discussion of resolution and its effect on the
overlapping of bulk and surface scattering.

From a practical standpoint it is impor-
tant to note that if fixed slits are used, the
relative resolution dq,/q, generally will be
controlled by the beam divergence for smail
0, but not at larger 6,. This suggests that in
principle the slit dimensions for larger 6,
could be relaxed to. gain intensity, while
maintaining roughly constant relative resolu-
tion. However, continually adjusting motor-
ized slits to keep dg,/q, constant over a
large range of g, may be impractical.

3. Instrumentation

Appropriate instrumentation and proper
sample preparation are both critical to the
successful exploitation of the XR technique.
Geometrically, the experiment is identical to
that of classical reflection mode wide angle
diffraction done routinely in many laborato-
ries using user-friendly commercial appara-
tus. However, good reflection measurements
demand a combination of large intensity dy-
namic range and precise collimation at low
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angles which a commercial apparatus aligned
for routine wide angle work is generally un-
able to provide. Of course, both the neces-
sary resolution and large dynamic range may
be obtained by using a synchrotron radiation
source. However, it is often possible to ob-
tain excellent data using a sealed tube or
rotating anode with an appropriate reflec-
tometer. The collimation precision® needed
depends on the incident angle range and the
features to be studied. Typically, measure-
ments must be made over incident angles
from 0.1° to a few degrees. If data are sought
for films of moderate thickness (100 to 500
A) and only for g,,>¢q, a commercial
diffraction apparatus may provide adequate
resolution once it has been realigned specif-
ically for low angle work and the smallest
available slits have been mounted. Helpful
summaries of important points of alignment,
collimation, and choice of optics are offered
by Parrish et al.¥ and Weiss et al.”

Data at the lowest angles present the
greatest challenges to collimation because
the incident beam footprint size diverges as

10°

the incident angle decreases to zero. Also,
the relative error in the resolution of ¢, , due
to slit size grows as the incident angle is
decreased. Particularly tight collimation is
thus required to obtain data for g,, near g
which is free of sample size effects. Fine
resolution of the rapid decrease of intensity
at g, or resolution of fringes for compara-
tively thick films® (e.g., 2000 to 5000 A) both
place extra demands on the collimation as
well. For such measurements a device specif-
ically suited to low angle measurements is
generally required.

The range of reflectivity needed is also
affected by the type of structure to be stud-
ied. In contrast to thick films, ultrathin films,
such as monomolecular layers created using
Langmuir-Blodgett (LB) or self-assembly
techniques, present very widely spaced Kies-
sig fringes. Accurate determination of the
film thickness requires measurement to ¢,
on the order of 0.2 A~! (2.8° for A = 1.54 A),
as demonstrated in Figure 14 for the case of
a self-assembled monolayer (SAM) of hex-
adecyltrichlorosilane on silicon. However, it
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FIGURE 14. Reflectivity of a SAM of hexadecyltrichlorosilane on a silicon

wafer with its native oxide layer.
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may be possible to circumvent this difficulty.
Thicker samples containing fine internal fea-
tures of interest will also require measure-
ments to high values of g,,. As a good first
estimate one may assume that r_; , the mini-
mum characteristic distance in the sample
structure which is rigorously resolved by a
data set extending to g, , = gy, 1S given by
Tmin = 2Fn'/qmax'

Two factors contributing to attainable dy-
namic range are primary beam intensity and
background level. The primary intensity is
affected by choices of X-ray source and op-
tics. When using lower intensity sealed tube
and rotating target anodes, primary intensity
may be boosted by relaxing the collimation
or monochromatization. Slit collimation
brings a slight penalty in resolution, but the
tradeoff is often warranted so long as sample
size is of no issue. Dramatic improvements in
intensity can be made by using mosaic crys-
tals, for example, pyrolytic graphite, instead
of single or multibounce single crystal
monochromators. The use of single crystals
may generally be reserved for cases in which
outstanding resolution is demanded.®®2 One
advantage of multibounce single crystal
monochromators is that they both select a
wavelength and collimate. While changes in
collimation geometry and monochromatiza-
tion are best done infrequently, relaxing the
collimation by opening the slits wider may be
done easily between measurements using
variable slits or even during a single mea-
surement if motorized slits are used. Such
adjustments allow quick tradeoff of resolu-
tion for intensity and the adjustment of foot-

print size to the available sample. However,
the adjustments complicate the detailed anal-
ysis of the data. Often one finds that adop-
tion of some standard configuration offering
a prudent compromise between resolution
and intensity allows the easiest comparison
of various samples. Background scattering
may be suppressed by minimizing the dis-
tance through air which any beam must pass,
proper alignment of clean optical compo-
nents, selection of a low noise detector, and
optimization of noise suppression in the de-
tector electronics. A final option for increas-
ing intensity at the cost of resolution is to use
focusing optics.

Early reflectivity measurements of or-
ganic films in general, and polymers in par-
ticular, came considerably later than the first
measurements with metal and semiconduct-
ing materials.5"7"" Three factors probably
contributed to this, and continue to make
reflectivity with these systems a challenge.
First, the critical angles of polymeric materi-
als lie below those of metals. Second, poly-
mers generally present weaker contrast than
do inorganic systems. Finally, methods ap-
propriate for creating polymer films of suf-
ficient smoothness and planarity for reflec-
tivity were developed long after single crystal
polishing and evaporation techniques.

The recent literature offers descriptions
of several possible reflectometer configura-
tions. Foster et al.”* describe a rotating an-
ode-based reflectometer designed specifically
for use with solid polymer films. This appara-
tus, shown in Figure 15, differs from com-
mercial diffractometers in three ways:

FIGURE 15. Schematic drawing of a rotating anode-based reflectometer.” R is the
source; F is a nickel filter for suppressing the K line; A is an automatic attenuator; S,
to S; are slits; M is the incident beam monitor; P is the polymer sample; C is a
graphite crystal; D is a Nal scintillation counter. (Reprinted with permission of

Pergamon Press, Ltd.)
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1. An automatic attenuator immediately ad-
jacent to the anode adjusts the primary
beam intensity to avoid saturating the de-
tector at low incident angles. Various
numbers of thin, pure nickel foils are
mounted on a rotating circular frame,
which is driven by a stepping motor inter-
faced with a microcomputer which also
monitors beam intensity.

2. A beam monitor detects time fluctuations
in the primary intensity and allows correc-
tions for them.

3. The collimating and detector slits are
mounted on an optical bench which allows
their positions to be readily adjusted
among various standard spacings to allow
the tradeoff of intensity for resolution.

Specifically, one may use much longer slit
spacings than are provided by commercial
designs. Two potential disadvantages of this
setup result from positioning the monochro-
mator after the sample. Passing unneeded
high energy photons through the collimation
system and sample area can contribute to
difficulties arising from fluorescence and ra-

diation damage of the sample. Also, the en-
ergy spectrum of the monitored beam is not
the same as that of the detected beam.

Weiss et al.”” present a novel diffrac-
tometer (Figure 16) designed for use with
horizontal liquid samples such as one might
encounter in studies of polymer melts and
polymer /liquid interfaces. This unique capa-
bility comes at the cost of greater complexity
in the alignment of the collimation and de-
tection arms, which must be raised and low-
ered in a synchronized fashion. Another dis-
tinguishing feature is use of a double bounce
"Ge single crystal to provide outstanding
monochromatization before the sample.

One means of improving resolution is to
use a longer wavelength of radiation. Jark
and St6hr’® describe a compact triple axis
diffractometer designed for use with soft X-
rays (6 A <1<400 A) at a synchrotron
beamline. Because these X-rays are strongly
absorbed in air, the beamline optics are
maintained in ultrahigh vacuum and the
diffractometer itself must function in a high
vacuum environment of 10 torr pressure.
This presents unusual design challenges and

S¢ D
]
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FIGURE 16. Novel rotating anode-based diffractometer” for reflectivity measurements
from horizontal samples. (A) Side view. The beam from the anode A is collimated by
slits S, and S,, monochromatized by a double bounce ""'Ge crystal C and monitored
(M) before striking a liquid sample L. Slits S; and S, reduce background scattering
recorded by the detector D. (B) Top view. (Reproduced, with permission, from reference

75.)
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requires both that the sample be studied in
high vacuum and that substantial amounts of
time be set aside for pumping when changing
samples. The compact construction forfeits
some of the resolution gain accomplished by
using soft X-rays. Also, the dynamic range is
only about 5 orders of magnitude, far smaller
than that available with other instruments.
The Schottky-type GaAsP photodiode used 1s
far from saturation when measuring the
nearly 10° photons per second count rate at
total reflection, but electonic noise precludes
measurement of count rates lower than ca.
10* photons per second. Modifications could
be made to deal with this limitation and
substantially increase the dynamic range, so
that the disadvantages of working with high
vacuum and a synchrotron source remain the
most important limitations of this reflec-
tometer type.

Several groups have done reflectivity
measurements on organic systems using syn-
chrotron radiation, most notably Pershan and
co-workers.”"788 QOnpe possible configuration
for a synchrotron-based reflectometer, which
also allows grazing incidence diffraction mea-
surements of liquid surfaces, is discussed by
Schlossman and Pershan® and shown in Fig-
ure 17. A beam horizontally and vertically
focused by a bent cylindrical mirror is
monochromated by a '"'Ge crystal before

FIGURE 17. Schematic illustration of the refiec-
tomer on beamline X22B at the National Synchrotron
Light Source, Brookhaven National Laboratory, dis-
cussed by Schlossman and Pershan.®® The beam is
focused by a bent mirror, then monochromated and
tiited downward onto the sample with two ""'Ge crys-
tals. This configuration also may be used for
off-specular and grazing incidence diffraction mea-
surements. (Reproduced, with permission, from refer-
ence 83.)

entering the hutch. A second '"'Ge crystal,
mounted in a four-circle goniometer, tilts the
beam downward onto the sample at the
proper angle.

To keep the incident beams passing
through the vertical axis of the sample center
while varying 6, requires rotating both Ge
crystals simultaneously. Additionally, the
sample is moved horizontally by rotating the
“two-theta” arm of the goniometer carrying
the second Ge crystal. A vertical slit before
the sample limits footprint size, while a slit
before the detector is opened to accept the
divergent specular beam when measuring re-
flectivity or narrowed to define resolution
when measuring off-specular scattering or
surface diffraction.

Daillant et al.3 discuss a series of elegant
measurements of polymer wetting using a
four circle diffractometer mounted on a
conventional sealed tube Cu anode. The
diffractometer is specially designed to allow
reflectivity, surface diffraction, and grazing
incidence measurements all to be performed.
A flat *LiF crystal is used as a primary
monochromator and small collimation slits
provide a 20 X 100 pm beam for mapping
the variation of a thin film structure across
the sample. This small beam cross-section is
noteworthy because long beam profiles are
often used in scattering experiments with
sealed tube sources in order to improve flux.
However, the authors report reflectivity mea-
surements as low as 1078 and an angular
divergence of ca. 0.006° using the modest
flux. In addition, they report surface diffrac-
tion measurements, which can be challeng-
ing, even with the help of a synchrotron
source. On the other hand, the phenomena
being studied are extremely slow and the
speed of data collection is not important
here.

Data collection speed is greatly improved
with an apparatus described by Naudon et
al.% which uses a position-sensitive detector
(PSD). This reflectometer, shown schemati-
cally in Figure 18, operates in what the au-
thors refer to as the “angular dispersive
mode”, collecting a reflectivity profile for 0
< g, < 0.2 A™! with moderate resolution in
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FIGURE 18. Schematic presenting the principle of
the angular dispersive mode reflectometer with PSD.
Point beams from along the line focus F are reflected
from the sample E at different angles, monochro-
mated by the '"'Ge crystal and detected simultane-
ously by the PSD D.

a matter of several minutes. X-rays from a
line focus (8 X 0.4 mm?) perpendicular to
the sample surface plane are reflected from
the sample, monochromated by a '''Ge crys-
tal, and collected using a PSD oriented per-
pendicular to the sample. A knife edge posi-
tioned very close to the sample surface de-
fines the length of the incident beam foot-
print (typically 5 mm), so that effectively the
focus may be considered a source of many
beams of small cross-section, each reflecting
at a different angle. The angular resolution
then depends on the spatial resolution of the
PSD and the sample to detector distance as
well as 8,. With a detector resolution of 175
wm and sample to detector distance of 2090
mm a resolution A8, = 0.005° is achieved at
8, = 2°. This device is intended for quickly
measuring thicknesses of many small thin
film samples and the authors demonstrate its
effectiveness for this usage. Due to the un-
usually small beam footprint, typically 0.2 X 5
mm?, it is also readily used with imperfectly
flat samples.

Reflectivity data also have been collected
in a few cases using energy dispersive reflec-
tometers. Bilderback and Hubbard®®7 used
a standard 50 kV X-ray generator and Si(Li)
detector to measure X-ray mirrors over ener-
gies from 3.8 to 50 keV at 0.23° incidence,
which corresponded to a g, range of 0.015 to
0.20 A~!. Chason and Warwick® probed a
q, range of comparable size, while Tanner et
al.® used a 150-kV tungsten source with a
Ge(Li) detector to substantially increase the
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range of g, attainable with a single incident
angle. The high reflectivity data for low g,
are readily collected in a short time, but the
method cannot compete at large g, with
the statistics attainable with step counting
systems. Thus it has not found broad
application.

All of the instruments mentioned thus far
represent diffractometers constructed specif-
ically with a view toward performing reflec-
tion measurements. The option of construct-
ing or acquiring a dedicated apparatus may
not be an option for some investigators. Thus,
the recent report by Elben and Strobl® of a
comparatively straightforward modification of
a Kratky small angle camera is of consider-
able interest. The replacement of the con-
ventional sample stage with a rotating one
driven by a stepper motor allows the mea-
surement with a conventional sealed tube
anode of reflectivities over 6 orders of magni-
tude with a minimum 6, of 0.1° and step size
on the order of 0.012°. This approach recom-
mends itself as a means to gain access to
reflectivity measurements with a modest
adaptation of existing resources.

4. Sample Preparation

The full advantages of reflection tech-
niques for interfacial sensitivity can be real-
ized only with samples that meet stringent
requirements. First, the sample must be very
planar. Best is a planarity comparable to that
found with optical flats. However, the sever-
ity of the planarity criterion depends on the
region of the reflectivity curve one must in-
vestigate. As with several other considera-
tions, matters are not so critical if one is
specifically interested in data at g > q_, be-
cause distortions in the reflectivity curve due
to the waviness of the surface become more
pronounced as 8, decreases. Unfortunately,
sample alignment is generally done primarily
using incident angles near the critical value,
precisely because of the intrinsic sensitivity
to exact surface placement and high intensi-
ties. Alignment of nonplanar samples may be
very difficult and tedious or impossible. A
second important criterion for a good reflec-
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tivity sample is smoothness. Samples with
micron-scale roughness cannot be studied at
all and even microroughnesses of ca. > 60 A
rms will generally severely impede reflectivity
analysis. The third criterion, which is impor-
tant in the case one wishes to accurately
determine layer thicknesses, is thickness uni-
formity. Variations in thickness should be
kept in the 0.1 to 2 nm range for best results.
A final, generic criterion is that sufficient
electron density differences exist across in-
terfaces of interest.

Because polymer surfaces manufactured
by almost all commercial means fail to meet
one or more of the above criteria, one is
generally unable to train the reflectivity tech-
nique on a material in its technologically
common form. However, it is often possible
to create model samples with an advanta-
geous planar geometry, using specialized
techniques or substrates. Two substrates that
recommend themselves are float glass and
silicon wafers. While polished optical flats
may offer better planarity than float glass,
they are much more expensive and their sur-
face microroughness is generally greater than
the 5 to 10 A rms microroughness for float
glass. Float glass quality can vary widely
among suppliers and one side of the glass is
intrinsically of higher quality than the other
due to the manufacturing process. Silicon
wafers of standard dimension are readily ob-
tained with one or both sides polished and
with a variety of orientations. They offer
outstanding microroughness of typically 3 to
5 A root mean square, but planarity may vary
from wafer to wafer. For critical applications
each candidate wafer should be examined
before sample deposition. Both the glass and
silicon are available in various thicknesses,
although nonstandard wafers are consider-
ably more expensive. While standard thick-
nesses will work for smaller samples, for
large-diameter (> 5 cm) samples substrate
thickness must be greater to avoid bowing or
surface stresses due to mounting.

Four techniques particularly suited to
creating films with well-behaved surfaces are
spin casting, evaporation, Langmuir-Blodgett
deposition, and self-assembly. One other pos-
sibility is solution casting. At least four of

these techniques share the property that the
deposition process itself may significantly im-
pact the morphology of the layer or surface,
so precautions always should be taken to
ensure that the sample has had an opportu-
nity to equilibrate after deposition, unless
one wishes specifically to study the “as-de-
posited” state.

Solution casting from dilute solution is a
simple technique and may on occasion be
acceptable for preparing a few samples. The
surface upon which the film is cast must be
carefully leveled and free from vibrations.
Sample thickness may be varied by varying
concentration. However, film surface micro-
roughness varies widely and it is difficult to
reliably prepare sample series for compari-
SOn purposes.

Spin casting®® presents a far superior
technique which is applicable to many poly-
mers, although those that crystallize or are
insoluble in common solvents present special
challenges. Outstanding thickness uniformity
and surface microroughness of about 3 to 10
A root mean square are readily achievable.
Choice of solution concentration (typically
0.5 to 2 wt% depending upon molecular
weight) is critical and generally possible only
after some experimentation to clarify the
variation of thickness with concentration and
spin speed. Care must be taken to properly
clean the substrate and keep the substrate
and solution free of dust in order to avoid
film defects. During spinning the polymer
solution is subjected to high shear and orien-
tation of the polymer should be expected in
the as-deposited state. Subsequent annealing
under vacuum and moderately elevated tem-
perature is necessary to fully remove residual
solvent. Further annealing at higher temper-
atures also may be needed to attain true
equilibrium.

Evaporation is a classical technique not
generally applicable to polymers, but useful
for modification of substrate surface charac-
ter.”2"% Evaporation also may be used to
deposit metal films needed to create
metal /polymer interfaces or multilayered
samples. Clearly sputtering® and molecular
beam epitaxy® may find utility in preparing
multilayered samples containing metals. Both
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may be used to create multilayer substrates
useful for XR aided by interferometry.”*>"¢

Langmuir-Blodgett (LB) deposition is
used to produce films with precisely con-
trolled thickness and order.”™® As such it is
used with both small amphiphilic molecules
as well as polymers to create monolayers for
surface modification, ultrathin films for study
of molecular interactions, and multilay-
ers” !9 for various purposes. This technique
demands a high level of expertise and some
sophisticated equipment for good and repro-
ducible results. However, it offers capabilites
for engineering complex multilayer struc-
tures which are unique at the present time.
Well-ordered LB multilayers are readily
studied by reflectivity'%19 as they exhibit
outstanding thickness uniformity, good mi-
croroughness, and often periodic structures
which yield readily recognized characteristic
reflectivity features.'® The stability of LB
thin film structures has been investigated and
is a key issue to consider when using such
films.!91% Schwarz et al.!®® recently demon-
strated that layers of cadmium arachidate
multilayers rearrange at the air surface and
recent results of Tsukruk et al.!® suggest
similar phenomena may also occur with poly-
mer LB films.

Self-assembly from solution can provide
robust organic monolayers of precise thick-
ness without extensive instrumentation.®”-%
By far the majority of SAMs studied to date
have been created with small chain
molecules.'® 1! Thus, the primary use of
SAMs in polymer interface study is in sub-
strate modification to provide low energy sur-
faces. When deposited on silicon wafers it is
possible to form fairly uniform surfaces with
few defects''>!!® and low microroughness.
Therefore, small molecule SAMs work well
in samples to be analyzed with XR. Deposi-
tion of multilayer structures'* presents addi-
tional possibilities. Reflectivity study of poly-
mer self-assembly into monomolecular layers
by grafting (as opposed to adsorption) is only
recently being studied.’>''® Reflectivity will
play an important role in the emerging study
of such systems due to its sensitivity to layers
of monomolecular thickness and “buried” in-
terfaces.
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For some studies, for example, those of
interdiffusion, it is necessary to create bilay-
ers or multilayers of polymers that do not
lend themselves to self-assembly or LB depo-
sition. Two techniques may be used in this
case. In one,!'”!8 a first film is cast directly
on the sample substrate, while a second is
cast on a spare substrate. The second film is
then lifted from its substrate by floating it off
in pure water and picked up using the sample
substrate covered with the first film. It is
impossible to form ideal interfaces in this
matter, but careful vacuum annealing re-
moves residual water and reduces voids be-
tween the layers. Some “wrinkles” in the top
layer are unavoidable and the top polymer
layer must be of sufficiently high molecular
weight (typically > 20,000 g/mol) and thick-
ness (e.g., > 200 A) to have the mechanical
strength to withstand the transfer. A second
multilayer formation technique is to sequen-
tially spin cast multiple layers on a single
substrate using solvents specific to each
layer.'!® If the solvent used to spin the sec-
ond layer is a nonsolvent for the first, the
contact time between the existing layer and
solution may be short enough that no signif-
icant undesirable solvation occurs.

Two means for enhancing interface con-
trast are known in the literature, both of
them methods used first for other analytical
techniques. Hiittenbach et al.'*® use tiny gold
spheres (Kirkendall markers)'® evaporatively
deposited between miscible polymer layers as
a means of following the interface position
during interdiffusion. The gold/polymer
electron density difference is very large and
the sample can be successively annealed and
measured because the interface decoration
presents a minor perturbation to the polymer
movement across the interface. Schaub et
al.'?! increase the electron density difference
between two parts of a thin film sample by
staining with OsO,, a technique widely used
in the TEM study of block copolymers.'?
The OsO, reacts with double bonds located
in a particular molecule or portion of a
molecule, strongly increasing its electron
density. Application of this technique is lim-
ited by the need for certain bonds in the
sample, although consideration of additional
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known staining agents'** such as CH,I would
ameliorate this restriction. Another limit-
ation arises from the resulting structure
perturbation. Characteristic structural di-
mensions may be altered and the dynamic
behavior of the sample is assuredly changed
by staining. Once stained, the sample will not
respond to thermal or other treatment at all
as would an unstained film.

Samples that flow under the action of
gravity may not be studied using grazing inci-
dence techniques without special considera-
tion. Because placing a window next to the
sample surface may dramatically alter the
electron density profile near the surface, us-
ing a closed cell to contain the sample is not
an option, and the geometry of the camera
must allow the sample to remain horizontal.

5. Comparison with SAXS

Both XR and SAXS measurements may
provide information on interfacial thickness
and thus it is helpful to compare the relative
merits of the two techniques. SAXS has the
advantage that it is a more widely known
technique and SAXS apparatus may be found
in many laboratories that do not have facili-
ties suited to performing reflectivity mea-
surements. However, obtaining sufficiently
good data in the Porod region and perform-
ing the necessary background corrections is
challenging and demands more than a pass-
ing familiarity with the technique, although
the final determination of interface width E
from the corrected data may be reduced to a
linear regression. A second, decided advan-
tage of SAXS is that it may be used to study
systems with irregularly shaped phases and
rough surfaces, although the sample should
be of uniform thickness across the illumi-
nated area. Easily deformed samples also
may be studied readily without demands on
the camera design except for the use of a
closed sample cell. In this sense SAXS re-
quires less perfect samples. On the other
hand, in order to have a sufficient signal for
SAXS analysis at least one phase must have
colloidal dimensions so that sufficient inter-
facial area is present.

Reflectometry presents an overall greater
applicability to the study of polymer surfaces
and interfaces, but provides advantages in
the determination of interfacial thickness
alone only in specific cases. The reflectivity
apparatus is not so widely available, and while
the necessary background correction may be
more straightforward than that required for
SAXS, the final evaluation of E must be
performed using nonlinear regression. Also,
fluid systems require a particular reflec-
tometer geometry. The great and very impor-
tant advantage of reflectometry comes in its
applicability to systems composed of thin
films, e.g., dielectrics for microelectronics,
and two phases separated by a single inter-
face, e.g., immiscible homopolymer blends.
The reflection geometry provides the sensi-
tivity necessary to study these interfaces.

6. Variations on the Reflectivity
Experiment

a. Anomalous Reflectivity

Sinha et al.'® have recently described
how the measurement of specular reflectivity
close to, and away from, an absorption edge
of the sample substrate allows one to recover
phase information otherwise lost. In princi-
ple this measurement allows one to perform
a model independent inversion of the data.
The method is similar in approach to anoma-
lous scattering techniques used in X-ray crys-
tallography. In the present case the electron
density profile perpendicular to the interface
is inverted from many closely spaced points
approximating a continuous function of g,,
while in crystallography a set of discrete re-
flections is used. Three important distinc-
tions of the technique are made as compared
to common specular reflectivity. First, an en-
ergy tunable source is required, necessitating
the use of a synchrotron-based reflectometer.
Second, the substrate must be chosen so that
an absorption edge may be readily accessed.
In the example presented by the authors, a
Ge substrate was used with X-ray energies of
11.030 and 10.600 keV. The final distinction
lies in the data analysis.
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Taking advantage of the two measure-
ments involves developing a set of two equa-
tions in the unknowns Ap,(4,) and Ap*(4,),
which represent the Fourier transform (apart
from a constant factor) of the electron den-
sity modulation Ap(z) and its complex con-
jugate

Ap,(G,) = fx Ap(z)e'dz  (94)

and the scattering vector ¢, is that inside the
sample. The electron density profile of the
film is defined as p(z) = po(z) + Ap(2),
where p,(z) is some zeroth order approxima-
tion to the film’s profile chosen such that the
reflection coefficient ry(q,,) from the system
consisting of the substrate plus p,(z) may be
calculated analytically using the DWBA.'¥
Sinha and co-workers'* chose py(z) to be
that of a uniform film of thickness 8. In other
words, p,(z) is constant for z =0 to z = 8.
The reflectivity of the actual system is then
given by

4r,

R(qz,O) = 5"0(%,0) +

F4

[az(qz,O)Ape(qz) + bz(q:)Apt(q-z)]

+2a(q,0)b(q,0)Ap,(0)| (95

where ¢, is specified in the uniform film of
density p,. The coefficients a(q, ) and b(q. )
are the complex coefficients of the transmit-
ted and reflected waves in the uniform film
of electron density py(z). If p, is chosen to
be the true average electron density of the
film, the term Ap,(0) drops out. This p, value
may be determined iteratively if not known a
priori. The term ry(q, ), which depends only
on the substrate identity, may be calculated
for each of the two wavelengths used. For
each value of g, for which R(q,,) has been
measured, the real and imaginary parts of
Ap(4,) may now be calculated from Eq. (95).
Because Ap,(z) is real, Ap,(—3,) = Ap*(g,)
and only values Ap/(4,) for 4,> 0 are
needed to find Ap,(z). From a table of Ap,(z)
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values a second table of these quantities
evaluated at equally spaced 4, may be inter-
polated. A fast Fourier transform (FFT) is
then used to obtain Ap,(z) without recourse
to a specific model.

The anomalous reflectivity technique
presents a unique capability in that it allows
the data to be inverted in a model-indepen-
dent way. However, it must be pointed out
that use of data over a limited range of ¢, in
any real experiment places restrictions on the
effectiveness of this inversion. The author
anticipates rapidly growing interest in the
anomalous reflectivity technique, but for
many researchers its dependence on the use
of a synchrotron source will present a sub-
stantial difficulty.

b. X-Ray Interferometry

X-ray interferometry®'?* may also be
used to recover phase information when per-
forming XR measurements. In this technique
the reflectivity is measured for a system that
combines the unknown structure with a ref-
erence structure for which the reflectivity has
been measured. If one considers only g, > g,
the Born approximation may be invoked and
the overall reflectivity written as given in Eq.
(76). Contributions to the reflectivity from
the known structure and unknown structure
may be explicitly separated

R(q,)

= 2
Roqy ~ Fer(a) + Funda )l (96)

where F.(q,) is the term arising from the
reference structure and F, (g,) is that from
the unknown structure. Because these are
complex quantities

R(q,)
RF(QZ)

= !Fref(qz)lz + IFunk(qz)|2

+ 2‘Fref(qz)HFunk(qz)‘COS

'{[‘Punk(qz) - ‘Pref((’Zz)]
+[2”n'qzzru]} 97)
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with ¢, the phases of the respective terms
each referenced to the center of mass of
their respective profiles and z,, the distance
along the z direction between the two cen-
ters of mass. From a measurement of R/R;
one may recover ¢, if both F(q,) and
¢ (g,) are known.

Rieutord et al!** describe how the
air/sample and sample /substrate interfaces
of a multilayer may play the role of reference
structure for determination of the internal
structure of a multilayer. They describe how
the phase of the reference structure is evalu-
ated and subsequently the amplitude and
phase for F, , calculated. Several important
aspects of the technique are discussed. One
generalization which may be realized is the
use of a single interface as the reference
structure. On the other hand, aspects exist
that limit the application of the technique.
First, the phase determination will be accu-
rate only if the reference and unknown terms
are of the same order of magnitude. In the
multilayer case the relative strengths of these
terms depend on the number of layers, N, in
the multilayer and on the amplitude of the
electron density modulations within the mul-
tilayer. Because the strength of the reference
term is fixed, while that of the internal struc-
ture increases with N, many layers will be
needed if the internal structure electron den-
sity modulations are weak. If they are very
strong, it may be difficult to perform the
analysis except for films of very few layers. A
second limitation arises from the need for
well-defined interfaces throughout the sam-
ple, although small roughnesses may be tol-
erated.

Murphy et al.®® introduce the reference
structure by depositing the sample on a pre-
viously measured semiconductor multilayer
superlattice structure deposited with molecu-
lar beam epitaxy (MBE). The great advan-
tage to this approach is that the superlattice
structure, in principle, may be optimized for
the sample of interest. On the other hand,
the technique requires the use of modern
MBE fabrication techniques and access to a
high resolution spectrometer. MBE is pre-
ferred to magnetron sputtering®® for fabrica-
tion of the the substrate. Both LB deposited

monolayers of cadmium arachidate and cad-
mium palmitate® as well as a layer of a
biological macromolecule, yeast cytochrome
¢,'® adsorbed to a SAM have been investi-
gated with this technique.

C. Off-Specular Scattering
1. Introduction

Off-specular or “diffuse” scattering ex-
periments involve studying the scattered in-
tensity away from but within a few degrees of
the specular direction, and thus represent a
type of small angle scattering. As shown in
Figure 19, the scattering vectors investigated
contain finite g, or g, components. There-
fore, off-specular scattering provides infor-
mation on both surface topology and near-in-
terface inhomogeneities in directions parallel
to the surface.

Diffuse scattering has not been devel-
oped as much as specular reflectivity due to
its greater complexity and the later develop-
ment of the accompanying theory. However,
considerable progress has been made in this
area in the last few years, and a variety of
experiments have been performed recently.
Although only a few with polymer systems!®
have been published, it is already clear that
proper analysis of this scattering can bring
important insights. The author therefore ex-
pects tremendous growth in this area in the

FIGURE 19. Scattering geometry for discussion of
diffuse scattering and grazing incidence diffraction.
(The convention adopted for the orientation of the x
and y directions corresponds, for example, to that of
Daillant and Bélorgey,™® and differs from that used
by Sinha et al."*)
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next few years, similar to the growth in re-
flectivity studies in the recent past. Russell'®
has briefly reviewed the earliest develop-
ments in this area, but several important
advances have come rapidly in the short time
since.

The equations discussed in the following
are intended primarily for use with the study
of surface or interfacial structure as opposed
to inhomogeneities beneath the surface or
interface. In some cases the theory may be
extended to such systems, though this exten-
sion is nontrivial. Actual measurement of
near-interface lateral structure using off-
specular information is dealt with specifically.

2. Theory and Analysis
a. Overview

The phenomenon of off-specular or dif-
fuse X-ray scattering under grazing incidence
was first observed by Yoneda'’® and subse-
quently studied phenomenologically by other
groups.!?"133 Efforts to quantitatively ex-
plain the change in specular X-ray intensity
as a result of off-specular scattering began in
1970.1* At this time an understanding was
growing among researchers that much of the
observed scattering was probably due to de-
tails of the surface roughness of a sample.
Progress being made at that time in the
theoretical description of visible light and
radar wave scattering from rough surfaces'>
was consistent with this view. Different ap-
proaches have been developed to tackle the
general problem of scattering from rough
surfaces as the radiation wavelength and scale
of roughness vary, so that solutions are avail-
able for wavelengths over 10 orders of mag-
nitude.'*

For the solution of off-specular X-ray
scattering from single rough surfaces alone
several methods have been used which all
entail converting the inherently three-dimen-
sional problem of describing the scattering
from an “interphase” of finite thickness, de-
scribed by Eq. (8), into the interfacial prob-
lem defined in Eq. (9). The structure of the
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interface is described primarily by specifying
correlations in the plane of the interface and
variation in composition across the “inter-
phase” is only considered indirectly. The
methods used include those based on the
Born approximation,'1% the so-called spec-
ular approximation,'“*'** Green’s func-
tions,'*® and the DWBA. A further
method that was developed by Croce and
co-workers**1367138 anqd applied by Daillant
and Bélorgey!*'* is based on the reciproc-
ity theorem, but has been shown to be equiv-
alent to a type of DWBA. Extensions of
these theoretical treatments have been made
for films with two rough interfaces,'*>!** mul-
tilayers with rough interfaces,'! and samples
such as diblock copolymer films, which can
display surface domains.!* Both the specular
approximation and the Croce method may be
extended, in principle, to volume scattering
near the interface as well by modeling the
sample structure as a multilayer as discussed
in Section 2a and defining in plane correla-
tion functions between features in each layer
as well as layer to layer correlations. Wu!#’
handles the scattering problem in another
way which he contends may be more readily
extended!*® to scattering from three-dimen-
sional inhomogeneities near the surface. The
electron density difference with respect to a
reference, Ap,, in both the perpendicular
and in plane directions is considered simulta-
neously within the approximation that the
overall electron density function may be rep-
resented by a product Ap/fz, R) =
Ap(z)Ap,(R). The points in the different
developments of the off-specular scattering
expressions where approximations may be
made are several, and generally each study
handles them somewhat differently. This re-
view focuses only on some key intermediate
expressions and the final results. The reader
is referred to the original papers for details
of the variations.

For our discussion we adjust our notation
slightly as clarified in Figure 19, which as-
signs a wave vector k, to the incident beam,
k', to the reflected beam, ki to the refracted
beam, and k, to the scattered beam. Con-
sider the random rough surface z(x,y),
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shown in Figure 5, which has associated with
it the average smooth surface, z,, taken to be
the (x, y) plane.

b. Formalisms for Calculating Cross-Sections

The simplest approach to the scattering
from a single rough interface is based on the
Born approximation. Sinha et al.’*® and Wong
and Bray!*? discuss the form of the scattering
in this limit. The differential cross-section
including both the specular and diffuse com-
ponents follows from Eq. (9)

do rz(Ape)2 .
;5=———° 2 ffsodxdy/fsudx dy

. e-iq,[Z(x'y)—Z(X’,y')]e—i[qx(X-X’)+ q,(y—y"l

(98)

where S, is the (x, y) plane and Ap, is equal
to p, of the condensed medium. If we as-
sume that [z(x, y) — z(x’, y')] is a Gaussian
random variable'* and g(R) goes to zero for
some finite R, then we may write

e—'qzzo'2

Sdiff(q) = 3 f dXdY(equ(X.Y) -1
q; So

e~ {4 X+q,Y) (99)

where C(X,Y) is the height-height correla-
tion function, with the interface defined in
Eq. (69). The diffuse scattering structure fac-
tor is simply derived from that for the total
scattering by including the -1 term in
parentheses, which subtracts the specular
component.

Equation (99) may be solved numerically
for various models of g(R). Results from
such a calculation by Sinha et al.'* for the
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FIGURE 20. Diffuse scattering Sgg(q,) calculated in the Born
approximation by Sinha et al.'®® for a single rough surface with self-affine
roughness as defined in Eq. (29). The plot presents portions of three
transverse scans for incident angles greater than the specular value with
no collimation effects included. The sclid curve is for the case of h=0.5,
o =7 A, and a cutoff tength, & of 7000 A. In the idealized case that there is
no cutoff, the diffuse scattering diverges at the specular condition as
shown by the dashed curve. For a more jagged surface with cutoff,
h=02 0=7 A, and &= 7000 A, the intensities, shown as open squares,
are somewhat lower. (Reproduced from reference 139 with permission.)
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self-affine solid surface model given in Eq.
(29) are reproduced in Figure 20. For the
self-affine interface Sy (q,) diverges at the
specular condition if no cutoff length is ac-
counted for, but is independent of cutoff for
large q,. On the other hand, S, (q,), not
shown here, appears to be independent of
cutoff for all q,, although this result is known
to be invalid for small q,. These authors'*
also solve Eq. (99) for a liquid surface with
capillary waves as described by

g(R) =A + BIn(R) (100)

when allowing for the existence of a cutoff
length due to the coherence of the beam.
S(q,) calculated for this specific case is plot-
ted in Figure 21 for three values of the
coefficient, B, and perfect resolution. The
scattering is always strongly peaked at the
specular condition, q, = 0, with the ratio of
peak to tail intensities decreasing as B in-
creases. The peak width increases as the co-
herence length scale cutoff decreases. As il-
lustrated in Figure 21b, the limiting slope of
the diffuse scattering tail changes with q,.

Superior results may be obtained by us-
ing the DWBA approach of Sinha et al.™* or
Pynn'¥ or the method of Névot and
Croce.'>14187 In the DWBA a perturbation
to the solution for a smooth surface is con-
sidered. A few aspects of the method must be
mentioned to clarify our notation illustrated
in Figure 22, which was adapted from Sinha
et al.'’®® The X-rays are considered to obey
everywhere the stationary wave equation with
the interaction potential, ¥, describing the
interface taken to be

Clx,y) =Vx,y) + Vy(x,y)

Potential V| corresponds to the average
smooth interface and the wave vector of the
beam incident on this surface is k;. The
reflected and transmitted waves for the
smooth surface problem are denoted by Kk
and ki, respectively. V, is the perturbation
on ¥V, due to roughness and we consider a
time reversed scattering problem for this
rough surface with an incident wave vector
—k,. The corresponding specularly reflected
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wave is described by vector —k’, and the
transmitted beam by —k’. Note that the
DWBA solution is applicable for a general
case where k; and k, are not necessarily
related by specular reflection.

The diffuse scattering found from the
form of the DWBA used by Sinha et al.'* is

do _7 k21 - n?)|?
[E]diﬁ I 16m?
T (k) PIT(k,)1PS(g)  (101)

where k, and k, are the incident and scat-
tered wave vectors, respectively, k, is the
magnitude of the wave vector in free space
and S(q°) is

1 . 2152
S(q') = We—[(q»“«n Yo? /2 /[S dX dy
2 0

e @ X+q,Y)( " CXY) _ 1) (102)

Daillant and Bélorgey’s DWBA result'® is
identical to Eq. (101) while Pynn'** obtains a
slightly different form which lacks the ex-
plicit symmetry in k; and k, but gives nu-
merically indistinguishable results in most
cases. The DWBA result differs from the
Born approximation result, Eq. (99), in two
ways. First, it includes the factors
\T:(k)I*|T,(k,)I, involving the moduli of the
Fresnel transmission coefficients of the
smooth average surface

2k,
Iz
T,(k;) oA (103)

T(k,) refers to the time reversed scattering
problem of a beam with wave vector —k,. A
second difference is that g, is used in place
of g,. For k,, k, > k_ the factors |T;| ap-
proach unity and g, approaches g, so that
the DWBA result approaches the Born ap-
proximation result as it should. An important
feature predicted by the inclusion of the
transmission coefficients in Eq. (101) is the
presence of a maximum in the diffuse scat-
tering when either k, or k, makes an angle
with the surface equal to 6.. These maxima
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FIGURE 21. Diffuse scattering for the liquid surface calculated in
the Born approximation by Sinha et al.™® for a liquid surface
described by Eq. (100) with A = 0 and a cutoff length { = 1 x 10 A
due to the coherence length of the incident beam. (a) As B increases
from 0.2 (solid, thin line) to 0.5 (bold line) to 5.0 (dashed) the peak to
tail ratio decreases (g, = 0.3 A~ ). (b) A log-log plot shows different
values for the limiting slope as g, is varied for a surface with B = 8:
q,=0.2 A~ (solid line), g, =0.4 A~ (dashed line), g,=0.5 A~"
(bold). (Reproduced, with permission, from reference 139.)
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FIGURE 22. Definition of the wave vectors for the
smooth surface (solid line} and time-reversed rough
surface (broken line) solutions considered in the
DWBA. (Adapted from reference 139.)
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FIGURE 23. Intensity as function of incident angie
for a “rocking curve” or “transverse scan” in which
the detector position is held constant while the sam-
ple is rotated to vary k,. The sample is a LB muitilayer
containing layers of both cadmium arachidate (CdA)
and a novel polyglutamate copolymer'©® for which
the measured reflectivity curve appears in Figure 12.
The scattering vector g, is set at 0.122 A~" and the
intensities have been normalized to the incident inten-
sity. Note in particular the Yoneda peaks, marked with
arrows, which correspond to 8, =6, and ¢ =6_.

are illustrated in Figure 23 for a scattering
experiment in which the sample is rocked
while holding the angle 8, + ¢ constant. Such
peaks were first observed by Yoneda'® and
are often identified with his name.

Sinha and coauthors’® point out that
when ¢} is very small, two exponential terms
in the DWBA scattering factor S(q’,) may be

220

expanded to give

s(a,) = | fs dXdY C(X,Y)ela:X+aD)
(104)

Therefore, the diffuse scattering for g, < 1
yields directly the Fourier transform of the
height—-height correlation of the surface
roughness.

Braslau et al."* consider the off-specular
scattering from a liquid surface with ther-
mally excited capillary waves using a Green’s
function approach and obtain for the differ-
ential cross-section:

1 146

9 _, 1 (’Ope)zmk WIT (k,)I?
deiff ey 9 iV N2
kT
| —a— (105)
via,l° + pg

where A, is the illuminated area, 8, is the
incident angle, q,, = (k, — k) - r,,.. This re-
sult is only valid for weak, diffuse scattering,
and though it includes the Fresnel coeffi-
cients it does not contain the exponential
attentuation factor seen in Eq. (102). The
authors therefore correct their result for
larger g by multiplying by e~°7%, where o
is a total roughness parameter.

Sanyal et al.'*! use the DWBA formalism
of Sinha et al.'*® to analyze the liquid surface
surface scattering using a form for the corre-
lation function that is very similar to that of
Braslau et al.'*® In such a case the scattering
cross-section and diffuse scattering structure
factor are given by Eq. (101) and (102), re-
spectively. Both the exponential attenuation
factor and the Fresnel coefficient terms ap-
pear in the result without recourse to inclu-
sion of a correction term. Similar DWBA
expressions are also obtained by Daillant et
al.1*315% using a slightly different form for
C(X,Y).

Pynn!*? extends the calculation of diffuse
scattering to the case of a film with one or
two rough interfaces. For two rough inter-
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faces he finds

{Zg] L,L ff AdX dY e =X +4,Y)

n= 6( 1)n+1
{(ropf) Z fg

-F e~ Ur+sdo" /2
{CXp[( _ 1)n+1fngnC(X,Y)] — 1}
+(rop, = rop,) 1Tk DPPIT; (k)P

cexp[— (v + v*?)o}]
Iy/?
[exp[Ivn(X, ¥)m(0,0)] — 1]

n=4
+(r0ps - ropf)(ropf)Re E

n=1
(_1)n+l
fay

{exp[( 1)n+1f

G e‘(fno'l +y97)/2

{(1(X, YIEO,00) — 1] e
(106)

where vy = ki, + k3, and the wave vectors
ki,, k;, are evaluated in the substrate mate-
rial. The functions f,, g,, F,, and G, are all
defined in terms of the Fresnel transmission
and reflectivity coefficients T(k;) and R(k;)
of the air/film and film /substrate interfaces
with

ki, — ki,
]z 1,z

The electron densities of the film of thick-
ness t and substrate are given by p, and p,,
respectively. Height coordinates of the
air/film and film/substrate interfaces are
given by £ and m and the corresponding

roughness standard deviations by o; and o,.
Scattering from a rough film on a smooth
substrate is captured by the first term. The
second incorporates scattering from the
rough film /substrate interface. The third
term is only needed when correlations exist
between the two interface roughnesses. When
the two are perfectly correlated & = m and
the interfaces are said to be “conformal”.
Garoff et al.'>” have argued that if two inter-
faces are conformal, oscillations in the dif-
fuse scattering at g, = 0 will be in phase with
oscillations in the specular reflectivity.
Pynn'*? remarks this is true provided the
dominant oscillatory contribution comes from
the final term in Eq. (106), which requires
that the X-ray contrast between film and
substrate be sufficiently large. If the film has
a negative scattering length density for neu-
trons, the diffuse neutron scattering from
correlated roughness will be exactly out-of-
phase with the neutron reflectivity, allowing
for a sensitive complementarity between X-
ray and neutron measurements. Daillant and
Bélorgey'** present some examples of the
off-specular scattering one may expect to see
in the case of a single thin film with two
rough interfaces. Pynn'** has done this also,
but presents the results in the form of two-
dimensional plots typical of time-of-flight
neutron reflectivity measurements.

Further extensions of the theory to more
complex systems are provided by other au-
thors. Stearns'*! has given equations for the
off-specular scattering from multilayers with
rough interfaces in the region away from the
critical angle using the so-called specular ap-
proximation, in which the transmitted and
reflected specular fields are computed using
a full dynamical treatment while the diffuse
fields from each interface are considered
kinematically. Daillant and Bélorgey'*~*
have very recently considered the case of two
rough surfaces as well as the generalization
to stratified media with N strata following
the method of Croce and co-workers, 6713
They argue that this description also may be
straightforwardly applied to bulk scattering
in thin films as well. The discussion focuses
on the result for a single rough film on a
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rough substrate and their results simplify to
those of Pynn.!#?

Off-specular scattering from multilayer
samples having surface domains, such as il-
lustrated schematically in Figure 24, has been
analyzed by Cai et al.'*® Their expressions for
the scattering are based on the specular ap-
proximation used by Stearns'* and thus the
diffuse scattering is described appropriately
only away from the critical edge. Assuming
that the average surface domain size is much
larger than the correlation length the authors
arrive at the following working expression for
the diffuse scattering cross-section:

do
dQ | g

N i J
= LxLyZaiaj
if m=i-1n=j-1
t 3
n+m+itj PmPhr
(~1) e
qz,qu,n

' exp[—i((qz,mzi - q:nzj)]
-exp| —(¢2,.02 + ¢*207) /2]

[ | dxdyP(X,Y)
L’L,
-exp[—i(qu+qu)] (108)

The interface indices i and j vary from 1 at
the polymer/air interface to N at the poly-
mer /substrate interface, and the layer in-
dices m and n range from 0 for air to N for
substrate. The remaining parameters are p,,,
the scattering length density of the layer m,
q,m> the momentum transfer in layer m, q,
and g, are the lateral momentum transfer
components, z; is the average height of inter-
face i, and o, is the root mean square rough-
ness of interface i. P,;(X,Y) is the coherent

medium interface

0

FIGURE 24. Schematic cross-section of the model structure used by Cai et al.'*% to analyze
X-ray scattering data from an ordered polystyrene (PS) block polymethylmethacrylate (PMMA)
film with surface domains. (In real systems a thin PS layer is presented to the air at all points on
the sample surface.) (From reference 145, with permission.)

222



13: 53 17 January 2011

Downl oaded At:

portion of the total domain-domain and
roughness correlation function between in-
terfaces { and j

Pij(X,Y) = h( X, Y)Rij +h(X,Y) + R;

ij

Li<l—1
a*h(X,Y)R,; o*h(X,Y)
= — + — +R
1-a) (1-a)
i,j=1
B ah(X,Y) ah(X,Y)R,;
Y 1-«a 1-a
i<l-1,j=1 or
i=1,j<l-1 (109)

where [ is the index of the layer supporting

the surface domains, o is the domain surface
coverage, and «; is the coverage of interface
i. a; is equal to o if the interface contains
domains, (1-a) if the interface supports do-
mains, or 1 if the interface is completed.

Domain—domain correlations are repre-
sented in the terms containing A(X,Y) and
roughness correlations represented in R;,
with R, being the coherent diffuse scatter-
ing contribution

Rij(qz,mq:‘,m; Xa Y)

= exp[qz,mq;k,ncij(X’Y)] - 1 (110)

and C;(X,Y) the height-height correlation
between interfaces i and j. The diffuse scat-
tering caused by surface domain scattering
will be evidenced by coherent off-specular
scattering along ¢, even when the rough-
nesses of the surface domains is not corre-
lated with that of other interfaces. However,
Cai et al.'¥ remark that the diffuse scatter-
ing due to domains differs from that of corre-
lated roughness. While the above equations
are derived for the case where the domains
are at the surface and the domain heights are
uniform, they may be more generally applied
to films with domains of arbitrary shape at
the surface or below the surface. It is neces-

sary only to divide the total film thickness
into many layers such that the domain heights
are uniform in each and then determine the
correlation functions within each layer and
between pairs of layers.

c. Calculation of Experimentally Measurable
Intensities

Several authors!?7%139.142143.151 gigcyss the
importance of carefully accounting for two
effects when calculating observable intensi-
ties from systems with appreciably diffuse
scattering. First, it is essential to account for
the diffuse scattering contribution which is
observed in the specular (g, = g, = 0) direc-
tion and is unavoidably measured along with
the true specular beam when performing a
specular scan. If one wishes then to model
the experimental “reflectivity” curve he must
either add the appropriate diffuse scattering
to the model specular intensity or subtract an
estimate of the diffuse contribution from the
measured reflected intensity. In some cases!®
one may be able to properly estimate the
diffuse scattering at the specular condition
by measuring its magnitude for a finite value
of g, (or g,) such that the specular reflection
at g, = g, = 0 is outside the resolution vol-
ume. If the interface has long-range correla-
tions or the resolution of the spectrometer is
insufficient to allow this experimental separa-
tion of the specular and diffuse contribu-
tions, the diffuse intensity will have to be
calculated.

While the g, and g, resolutions some-
times may be neglected in calculating a spec-
ular intensity without harm, they must be
accounted for explicitly to obtain proper dif-
fuse intensities, because absolute intensities
must be considered to obtain quantitative
information. The differential scattering
cross-section must be integrated over the de-
tector solid angle (), and incident beam an-
gular spreads A® and Ay parallel to and
perpendicular to the plane of incidence, re-
spectively. As a simple example, if we assume
a Gaussian line shape for the incident beam
and a very narrow distribution for X\, the
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“measured” intensity'*® I, is

1
Io = L,‘Ly/d86 A A8 % &Y
502 dys2 do
'exP(" 2ae ~ 2ag7) | a4
(111)

where 86 and 3¢ are the differences between
actual and nominal values for 6 and {. Be-
cause the scattering cross-section is generally
given in terms of g, the integration over
dd0, d(), may be replaced by one over 3q in
practice.” That is, the resolution is ac-
counted for by convolution of do /d{) with a
Gaussian resolution function W(3q). We may
consider as an example the simplest case
corresponding to the specular condition. In
that case we have

Agq, = k, sin 6 max(A0,Ad) (112a)
Ag, = ko Ay (112b)
Agq, = k, max(A8, Ad) (112¢)
To account for the difference in density of
wave vectors projected in the Fourier space

as compared to angular space we must in-
clude a factor

L, AD A
7 0 AL N NG
TABLE 1

Typically, A¢ > A8 and then

; 1 1 208 do
P LL, V2w A8 kiq.Ad dQ

(q' + 3q)ddq'W(3q’) (113)

We see that the measured diffuse scattering
intensity always increases as the acceptance
of the detector is increased, in contrast to a
measured true specular intensity, which no
longer increases with detector acceptance
above a minimum acceptance necessary to
capture the divergent specular beam. There-
fore, the ratio of specular to diffuse intensity
will be most advantageous for obtaining the
corrected specular curve when the resolution
is very good.

3. Performing the Experiments

Grazing incidence off-specular scattering
measurements may be done in at least four
ways. Differences and similarities among
these may be seen in Table 1, which summa-
rizes the quantities varied in each type of
measurement as well as in a specular reflec-
tivity measurement. Transverse scans, also
called rocking curves, represent the measure-
ment of diffuse scattering at various values of
q,, keeping g constant. They are performed
by fixing 26, the angle between incident and
scattered directions and then varying the an-
gle of incidence. Therefore, g, varies slightly
and the penetration depth varies. Changing

Comparison of Specular and Off-Specular Measurements

Parameter space probed

Scan type q: qx
Specular Qzmin 10 Q7 max : 0
Transverse q, nearly fixed —kys tO t+k, ¢
Detector —Kz0 10 Qumax Ko 10 Ky s max
LongitUdinaI qz,min to qz.max Ca. G, ¢

q, Fixed q, Fixed q,

a

constraints of apparatus.
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qy zO

0 Zo(kz’rnin) to Zo(kz,max)

0 Zo,min to z()(kz,spec)

0 z4lk, o

0 Zo(kz,min) to zo(kz,max)
Qy,min to qy,max Zo(kz,o)

Minimum and maximum values of g and k components can be set by experimenter within
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the incident angle is often done by rotating
the sample, although for liquid samples both
incident and detector spectrometer arms
must be moved. An example of a transverse
scan from an LB multilayer containing a
polymeric bilayer is shown in Figure 23. The
most prominent feature in data of this type
are the Yoneda peaks, which are visible for
all types of samples. The remainder of the
curves are generally smooth and less striking,
although it may be possible to observe weak
oscillations characteristic of a correlation
length in the surface structure.

The second type of small angle off-spec-
ular measurement, which we term simply
“detector scan” is done by fixing the incident
angle and scanning through the detector an-
gle!#2-144147 & in the plane of incidence. For
these scans g, increases slowly as g, is in-
creased away from the specular condition.
Trajectories in the gq,,q, plane for one ex-
ample set of such measurements is shown in
Figure 25. Scans of this type show consider-
able structure for films having thicknesses of
a few tens of nanometers as illustrated by the

examples in Figure 26. This structure will in
general include three contributions corre-
sponding to height—height correlations at the
air/film interface, at the film/substrate in-
terface, and between the two interfaces. Os-
cillations of period Ag, = 27 /d result from
correlation between interfaces, while the
contribution from correlation within the

0 0.5 1.0 1.5 2.0
q, (xt10" m™)

FIGURE 25. Trajectories followed in a scan through
detector angle for fixed incidence angle 6, = 1.43°
and CuK, radiation. (From reference 143, with per-
mission.)
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FIGURE 26. The effect of film thickness on the diffuse scattering from thin
liquid films as expected from detector scans'*® is shown for the case of a
freely suspended film of thicknesses 10 nm (dashed line), 20 nm (dotted
line), and 35 nm (solid line). The critical value of the detector angle 8, is
indicated by the vertical dashed line. Variation in the diffuse scattering with
thickness is shown in the inset for scans through g, and constant q,.

(From reference 143, with permission.)
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air /film interface may contain oscillations of
period w/d, which appear at detector angles
close to critical. Wu'*’ also gives example
scattering results from this type of scan cal-
culated for thin films.

In the third type of measurement, called
a longitudinal scan, g, is varied while keep-
ing ¢, constant at some value equal to a
small fraction of g,."* A measurement of
this sort is approximated by scanning the
incident and detector angles simultaneously
with the detector angle always offset from
the specular condition by a fixed value. An
example'”* of a block copolymer thin film is
presented in Figure 27. In the case that the
contrasts at the film/air and film /substrate
interfaces are large enough, the oscillations
in the off-specular scan will be of the same
period and in phase with those in the reflec-
tivity curve if the film /air and film /substrate
interfaces are correlated. Thus, such a scan
presents a qualitative way to assess this cor-
relation in a thin film sample.

The final type of small angle off-specular
measurement discussed here is one in which
the incident angle is constant and the detec-
tor scanned out of the incidence plane, prob-
ing a range for g, values about zero for
constant g, and constant penetration depth.
While the first three types of small angle

L

1E7
SPECULAR

1E6
1E5

1e4l.  DIFFUSE

FIGURE 27. A longitudinal scan of diffuse scatter-
ing from a polystyrene-polymethylmethacrylate block
copolymer thin film made by varying the incident and
detector angles simultaneously, maintaining a con-
stant offset between detector angle and the specular
candition. (Reprinted, with permission, from reference
174.)
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off-specular measurement described may of-
ten be done with a beam which is much
larger in the y direction than in the x direc-
tion, this g, scan requires comparable reso-
lution for both. If the incident angle is set at
or below the critical angle of the film, and
the film thickness exceeds the penetration
depth of the evanescent wave, the resulting
scattering is related only to the film structure
and scattering from the substrate does not
interfere. This measurement differs from the
transverse scan (rocking curve) in that g, is
held absolutely constant and thus only the
in-plane dimension is probed. Also, the pene-
tration depth is held constant here. The g,
scan also has an advantage over a detector
scan in studying film in-plane structure. The
incident angle may be held constant at or
below critical for the detector scan, but only
a very limited range of g, is available in that
case, constraining the study of in-plane corre-
lations. Therefore, this fourth measurement
type presents a unique method for probing
in-plane inhomogeneities in the sample
near-surface region.

Clearly, a combination of these various
measurements offers the greatest opportuni-
ties for characterizing interfaces because each
has unique advantages and limitations. For
example, Pynn'* remarks with regard to
characterization of correlations among struc-
tures of different interfaces within a sample
that simply recording the scattering for small
values of g, as a function of g, can be
misleading. In principle, a two-dimensional
map of the scattering as a function of both g,
and ¢, is best. Such a map may indeed be
available when collecting neutron reflectivity
data using a time-of-flight spectrometer (e.g.,
SPEAR at Los Alamos Laboratory, CRISP at
ISIS). Obtaining such a map with an X-ray
spectrometer is generally not practical, al-
though with use of a two-dimensional PSD!%
a considerable portion of the g,, g, space
can be investigated.

In another example of the complemen-
tarity of different measurements Wu'¥’
demonstrates how two potential models of
the internal density profile of a thin film can
yield nearly identical specular results, but are
easily distinguished using a detector scan. He
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calculates both the specular reflectivity and
detector scan off-specular intensities for two
samples, each consisting of a uniform, 20-nm
thick film on a solid substrate. While the
specular reflectivities of the two are nearly
identical over the range of g, studied, 0 < g,
< 0.05 A7} the detector scans are readily
distinguished, as seen in Figure 28.

4. Instrumentation

The instrumental requirements for per-
forming off-specular scans are of two types:
movement and resolution. In order to per-
form g, scans one must be able to move a
counter perpendicular to the plane of inci-
dence or one may use a PSD'% with its
axis along the y direction. The component
movements necessary to perform the first
three off-specular scattering measurements
described above are generally available in
the apparatus used to perform reflectivity
measurements. Indeed, transverse scans and
detector scans over limited angular ranges
are commonly required in the course of spec-
trometer and sample alignment. Longitudinal
scans are also commonly performed as a
means of properly estimating (on a purely
empirical basis) the background /diffuse scat-
tering correction for the reflectivity curve. In
this sense the explicit pursuit of off-specular
measurements often represents a quantita-
tive rather than a qualitative extension of
one’s experimental effort.

Some off-specular measurements may
present resolution requirements not met by
an apparatus quite serviceable for many re-
flectivity measurements. Because separation
of the specular and diffuse scattering is often
intrinsically difficult, instruments presenting
good incident beam resolution will have an
advantage. The use of double or triple bounce
monochromators can aid in this separation
by assuring that the g, resolution is very
good and that the incident beam profile drops
off very sharply. If the features to be studied
are very large, e.g., micron-sized surface do-
mains of diblock films, high resolution is im-
perative. In most cases the collimation of the
beam in the direction perpendicular to the
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FIGURE 28. The advantage of complementing
specular reflectivity with off-specular measurements is
demonstrated for the simple case of a 20-nm thick
homogeneous thin fiilm on a substrate. Scattering
length density profiles for fims of two different scatter-
ing length densities are shown in (a). While the spec-
ular reflectivities for film | (solid line) and film Ii (dashed
line), shown in (b) are nearly identical, the calculated
intensities for detector scans from each sample,
shown in (c), are markedly different. These latter
scans are performed at an incident angle above the
critical angle of the fiim in case |, but less than the
critical angle of the film in case . (Reprinted, with
permission, from reference 147.)
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incident plane can be relaxed compared to
that in the scattering plane, in order to im-
prove intensity. However, use of a beam finely
collimated in both directions allows one to
study the variation of surface structure across
the sample.® At the specular direction the
resolution in ¢, is given by k;sin 6§, max
(A8,, Ad).* The g, resolution actually de-
manded will depend on the scale of the sur-
face features under study.

The relative diffuse scattering intensities
of interest may be as low as 10® to 10~7 and
thus the signal to noise ratio is even more
critical than for some reflectivity measure-
ments. Most diffuse scattering studies pub-
lished to date have wused synchrotron
SOurceS’MS,lSO,IS1,154,157,158 Wthh provide
time-efficient measurements of even such
weak scattering. However, it may also be
possible in some cases to adequately tackle a
diffuse scattering problem using a rotating
anode source'™ or sealed tube anode,3* pro-
viding one is not limited by time and back-
ground scattering is aggressively limited.
Daillant and co-workers® have made mea-
surements with a fine focus sealed source.
They use a primary "8 crystal monochro-
mator and a slit to limit background to 10
counts per 300 s above the detector noise of
30 counts per 300 s.

Previous remarks regarding sample qual-
ity for reflection measurements generally
pertain here as well. However, two authors
have been able to study samples which are
not flat over large distances (i.e., centime-
ters) by using finely collimated beams. Dail-
lant et al®* have considered spreading drops
of polydimethylsiloxane and Pershan and co-
workers'>® have studied the macroscopically
curved surface of Gallium liquid metal.

5. Applications

Because the measurement of diffuse scat-
tering has been so recently developed, it is
interesting to note its use with some other
systems as well as with polymers. The earliest
quantitative interpretations of diffuse spectra
were performed for a single glass/air inter-
face with limited microroughness.'* Sinha et
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al.!¥ showed a comparison of specular, longi-
tudinal diffuse scattering and transverse scans
from Pyrex glass with theoretical curves com-
puted using their DWBA expression and a
power law correlation function with cutoff.
The form of the longitudinal diffuse scafter-
ing was represented well.

The roughness of water'>® and ethanol'>
surfaces also have been studied. The ampli-
tude and shape of the Yoneda peaks and
their tails are sensitive to the scattering
cross-section from the surface roughness and
specifically to the height—height correlation
function. The excellent agreement between
theory and experiment for both specular and
transverse scans in the work of Schlossman
et al.'®® demonstrated that the capillary wave
model is a good representation of the
height—height correlation over a region of
reciprocal space when only thermally excited
capillary waves are present. This means capil-
lary waves may be properly accounted for
when measuring other systems in which addi-
tional mechanisms (e.g., surface elastic
modes) play a role in determining the surface
topology.

Sanyal et al.'>! have considered the X-ray
scattering from capillary waves more recently
using the formulation of Sinha et al.’®® in
analyzing their data. This approach yields a
nearly identical result for the nominal specu-
lar reflection as found by Braslau et al.'* In
addition, however, it yields explicitly the
power law tails in the diffuse scattering.

Garoff et al.'®” and Tidswell et al.’* have
used off-specular scans to study the confor-
mality of roughnesses between the two inter-
faces of wetting liquid layers on substrates.
Garoff et al. studied a water layer on glass
and argued for conformality of the interfaces
based on a similiarity in oscillatory behavior
of specular and longitudinal diffuse scans.
Because the roughness of the glass substrate
exceeded that of the surface of a sample of
bulk water this conformality had the effect of
making the surface of the ultrathin layer
rougher than that of bulk water. Tidswell et
al. also used longitudinal diffuse scattering
scans to demonstrate conformality between
the air /film and film /substrate interfaces for
a silicon substrate wet by cyclohexane vapor.
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For film thicknesses less than about 60 A the
film surface was constrained to follow the
height variations of the substrate /liquid in-
terface. For thicker films the roughness of
the free surface was dominated by thermally
induced capillary waves.

In a pair of publications dealing with
both theoretical and experimental aspects,
Daillant and Bélorgey'*'* studied the cor-
relation between the two free surfaces of
draining soap films, using an experimental
geometry which has considerably poorer res-
olution in the y direction than in the x
direction. In this case, one essentially aver-
ages over the y direction and the correlation
function of interest is one having a variation
only with X = x’ — x. The particular correla-
tion function they consider is

(z,(0)z,(X))
= (z,(0)z,( X))
= a[Ky(GX) + K|(X/a,,,)
—2Ky(X/a;00] (114)

where K, is the modified Bessel function'*
of the second kind of order zero. It is a
reasonable model correlation function for
systems exhibiting long-range correlations,
including liquids. The correlation between
the air/film and film /substrate interfaces is
assumed to have the form

<21(0)22(X)> = OL[KO(X/amax) - KO(GX)]
(115)

The parameters of this correlation function
are a long wavelength cutoff, a_,, ., a short
wavelength cutoff, a_;,, due for example to
bending rigidity or molecular size, and the
strength of the correlation between inter-
faces, G. For X > G™! the interfaces are
sufficiently smooth to be fully correlated,
while for X << G~! the height variations are
rather abrupt and there is only imperfect
correlation. Both reflectivity and off-specular
measurements are made. Because oscilla-
tions characteristic of the film thickness are
observable in detector scans with fixed inci-
dent angle, these are used rather than rock-

ing curves to study the in-plane surface
modes. The contrast of the oscillations in
both the reflectivity curve and off-specular
scans should increase with increasing G.
Reducing a,;, increases the reflectivity for
q, > q. and decreases the amplitude of off-
specular oscillations at the smallest detector
angles. Using these two characteristics the
authors are able to determine the two pa-
rameters G and a_,, separately'* for free-
standing soap films.

Daillant and Bélorgey'* provide a help-
ful discussion of the magnitude of diffuse
scattering effects and the implications for
specular reflectivity analysis for small
molecule liquid systems in general and the
soap films studied in particular. The ratio of
diffuse to specular intensity increases with g,
and while an exact appraisal requires de-
tailed numerical calculations of S(q), this
ratio may be conservativly approximated in
the low g, limit as

Lyist _ EZ‘IzZ
(Laigg + Lopec) 1+ &%}

spec

143

(116)

where £ depends on the roughness, the range
of correlation, and the resolution Agq,:

& = Aq, [ dX(2(0)z(X))e/200E0"
0
17

¢ is the average value of the correlation
function on a length scale Ag;! and should
have a value on the order of the roughness.
We may use the criterion of g%*=1 as a
workable estimate of when the diffuse scat-
tering begins to dominate. Using the resolu-
tion appropriate to their work, CuK, (A =
1.54 A) radiation, and a rms roughness of
about 3 A this approximation predicts that
diffuse scattering will constitute > 50% of
the total observed intensity in the specular
direction for 6, greater than about 40 mrad
(2.39). The success of this type of investiga-
tion with small molecule liquids suggests the
study of very thin polymer films could be
enlightening as well.

While reports of strong off-specular scat-
tering for polymer films have existed for a
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few years,'® quantitative analysis only re-
cently has been undertaken and then only for
a few systems. At the moment the author is
aware of studies investigating immiscible
blend interfaces,'®® diblock copolymer film
surfaces,'” polymer solution surface
modes,'® and the wetting properties of thin
elastomeric films.!

Zhao et al.'®! use diffuse scattering to
measure the roughness of polyethylene
propylene (PEP) films of different thick-
nesses on silicon wafer substrates with and
without a native silicon oxide layer. A poly-
mer of molecular weight M, = 290,000 and
radius of gyration, R, = 214 A is considered
first. Rocking curves from two layers with
thicknesses of 167 A and 2000 A, reproduced
in Figure 29, show clearly the greater rough-
ness at room temperature of the thinner film.
This same measurement is also sensitive to a
substantial smoothing of the 167 A thick film
which takes place upon annealing at 226°C.
Off-specular scans through ¢, at constant
g, = 0.10 A" for two 80 A thick films spun
on silicon supports show that the film on the
wafer without the native oxide is nearly as

»d= 16878 T= 27°C
Od= 167A T=226°C
—d=2000A T=226°C

Intensity

FIGURE 29. Rocking curves for q, = 0.25 A1 from
silicon wafer supported PEP fiims of thickness 167 A
(filled squares and open circles) and 2000 A (solid
line) are the same at 226°C. A dramatic increase in
roughness of the 167 A thick film when lowering the
temperature to 27°C is evidenced clearly in the diffuse
scattering. The scattering from the 2000- A thick film
changes little when cooling. (From reference 161
with permission.)
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smooth as the substrate itself, while that on
the oxide-coated substrate is much rougher
with an in-plane structure having a correla-
tion length of about 1 pm. X-ray measure-
ments from films of other molecular weights

‘and thicknesses, complemented by AFM

imaging of the actual surface morphology,
indicate that for a given substrate surface
energy and temperature the spun cast layers
dewet when their thickness drops below a
critical value which is roughly equal to the
radius of gyration. An expression for effec-
tive spreading coefficient which accounts for
stretching of the chains in the thin films
qualitatively explains the thickness and tem-
perature effects on wetting observed at a
given molecular weight, but is unable to ac-
count for the molecular weight dependence.
The same research group'®'> has used
specular and diffuse scattering measure-
ments to study the immiscible blend interface
between PS and PSBr both above and below
the glass transition of the polymers. One of
the challenges in the analysis of data of this
type is the separation of the effects of inter-
facial mixing and interfacial roughness.
Diffuse scattering measurements have
also been used'® to study the surfaces of
toluene /polybromostyrene (PSBr) and
toluene /polystyrene solutions as a function
of polymer concentration. For these vis-
coelastic solutions one might expect both
surface elastic waves and capillary modes to
contribute to the diffuse scattering. To calcu-
late the expected diffuse intensities the au-
thors build on the results of Pincus et al.!5%163
who derive the dynamic structure factor
S(k,w) of a concentrated polymer solution
using a Maxwell model of the viscoelastic
character of the solution. Because the hydro-
dynamic excitation energy is negligible com-
pared to both the incident beam and detector
energy resolutions, a normal X-ray scattering
experiment is sensitive only to the static
structure factor S(k). S(k) represents an av-
erage over all frequencies. In the large &
limit S(k) approaches a form representative
of capillary modes only, while in the small k&
limit elastic modes dominate. An analytic
form which closely approximates the exact
form of S(k) between these limits and also
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allows for gravitational effects is
kT
'y(kz + {[c(r) Egk] /) + Kz)
(118)

S(k) =

where 7 is the relaxation time, E; the tran-
sient solution modulus, and ¢(7) is a fitting
parameter. Backtransforming S(k) to obtain
the real space height—height correlation
function C(R) and applying approximations

appropriate for ¢(1)E, < 10° dyn/cm? one
obtains
kgT KR we(T)E,
C(R) = | -y - ——2
(R 2m[n2 YET ik ]
(119)

where the last term is a correction to the
small molecule liquid result incorporating
capillary and gravity waves.!”! In the limit
considered the correction term is only an
additive constant to C(R) and the shape of
the diffuse scattering is expected to remain
unchanged from that of the solvent. Trans-
verse and longitudinal diffuse scans pre-
sented by the authors for polybromostyrene
(M,=90 k, 1 M) in toluene and PDMS
(M,, = 1 M) in chlorobenzene for PSBr con-
centrations up to 11.7 vol% and a single
PDMS concentration of 15% confirm this
experimentally. Example transverse scan data
from a 3.39 vol% 1 M PSBr solution for four
different values of g, are compared in Figure
30 with model curves, which include a con-
stant background due to bulk scattering from
the solution. Capillary wave effects dominate
the diffuse scattering far into the semidilute
regime and the authors postulate that in
order for elastic modes to impact the diffuse
scattering, systems with E, exceeding 10°
dyn/cm? will have to be studied.

Surface domains on diblock copolymer
thin films**!™ also have been investigated.
Symmetric diblock copolymers can self-as-
semble into lamellar morphologies contain-
ing domains rich in one or the other of the
two blocks.’®* When constrained in a thin
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FIGURE 30. Transverse scans'®® at three four val-
ues of g, for a 3.39 wt% solution of 1 M mol wt PS in
toluene compared with model curves calculated us-
ing the correlation function in Eq. (119) and including
a constant background due to bulk scattering from
the solution. (From reference 160, with permission.)

film geometry where the influence of the
surface fields at the air/polymer and poly-
mer /substrate interfaces play an important
role, the lamellae are known to align parallel
to the surface.'*”'7 If the mass of polymer
deposited in the thin film is not the proper
amount to create a film of thickness equal to
an integral number of domain layers, holes
or islands are formed on the surface with a
step height equal to the lamellar period.!168
Typically these features have lateral sizes on
the order of microns.

The presence of two well-defined film
thicknesses in ordered films of 100,000 g/mol
molecular weight symmetric polystyrene-b-
polymethylmethacrylate copolymers is shown
explicitly by X-ray reflectivity and off-specu-
lar scans through g, at a small constant value
of g, by Sirota et al.!™ Similiarity in the
forms of the off-specular and specular scans
gives evidence for conformality of the top
surface roughness and substrate roughness,
while a phase offset between oscillations in
the two scans is related to the thickness of
the domains.

Cai et al.'® present specular, transverse,
and longitudinal diffuse scan data in a more
detailed study of thin films from the same
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polymer. Spun cast films are annealed under
vacuum for 60 to 100 h at 170°C to aid the
film in ordering. Correcting the reflectivity
scans for diffuse scattering in the specular
direction is essential for this system due to its
strong off-specular scattering. The effect of
the surface domains on the diffuse scattering
may be seen clearly from a comparison of
Figures 31 and 32, which present transverse
scans from a film without surface domains
and one with domains. Without surface do-
mains, only a resolution limited peak is ob-
served at g, = 0. In the other case, diffuse
scattering characteristic of the domains is
seen. Model fits to the data were calculated
using surface domain correlation functions
determined from optical and atomic force
microscopy and an expression for the struc-
ture factor (given above) which is derived in
the specular approximation. While correla-
tion lengths for all interface roughnesses were
allowed to vary to provide the best agree-
ment with the data, conformality between the
roughnesses of different interfaces was set to
zero. The shape of transverse scans was found
to vary with annealing time, suggesting that

the establishment of a thermodynamically fa-
vored surface structure is very sluggish. As
annealing time is increased, the central peak
in the transverse scan becomes narrower and
the oscillations move to smaller values of q,.
We note that high resolution measurements
very close to the specular condition are
needed to characterize the domain—domain
correlations because of their micron-scale
size. These demand a collimation and dy-
namic range most readily achieved with a
synchrotron source. Information about the
interfacial roughness correlations'™ is avail-
able without performing such high resolution
transverse scans as mentioned above.
Longitudinal diffuse scans also clearly
show the presence of surface domains. A
scan from a film without surface domains
shows no oscillations at all, while those from
a film with domains shows oscillations with a
period corresponding to the domain height of
423 A. Corresponding model off-specular
curves calculated using the authors’ formal-
ism are seen to capture approximately the
period and amplitude of these off-specular
oscillations, but not the phase. They attribute
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FIGURE 31. Measured intensity profiles of X-ray transverse scans at

g,=0.113 A~" (open circles) and g, = 0.081 A1 (filled circles) for a
PS /PMMA diblock copolymer film without relief domains at the surface.
(Reprinted, with permission, from reference 145.)
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FIGURE 32. Measured intensity profiles of X-ray transverse scans at
q,=0.113 A~ (open squares) for a PS/PMMA diblock copolymer film
which does have relief domains at the surface (64% coverage). Shown for
comparison is the profile calculated using Eq. {108) and a correlation
function derived from an AFM image of the surface. (Reprinted, with

permission, from reference 145.)

this discrepancy to the fact that their treat-
ment lies essentially within the Born approxi-
mation and does not include dynamic effects
which would lead to a dependence upon sur-
face coverage.

6. Grazing Incidence Small Angle
Scattering (GISAS)

The study of diblock copolymer film
off-specular scattering represents a link be-
tween the study of surface topology using
diffuse scattering and the study of subsurface
inhomogeneities using diffuse scattering. On
the one hand the scattering from these block
copolymer films may be described as scatter-
ing from a type of patterned surface rough-
ness, while on the other hand it may be
thought of as scattering from “holes” lying
beneath the nominal surface presented by
the tops of the surface domains. For the
purposes of the present review we set mea-
surements of the second kind apart under
the classification of GISAS. Some of the for-

malisms presented above have been devel-
oped to the point where their application to
the calculation of scattering from either sur-
face or subsurface features is straightfor-
ward. However, to the author’s knowledge
only a very few measurements of the second
type have been done.

In the GISAS experiment the focus of
attention is on scattering of the refracted
beam by inhomogeneities beneath the sur-
face. By varying the incident angle, the ef-
fective depth from which the small angle
scattering comes may be varied. For a hydro-
carbon polymer if 8, is kept below 0.14° for
CuK, radiation the effective penetration
depth is < 400 A. If the incident angle is
allowed to increase far above 6,, then the
scattering is very weak relative to the inci-
dent and refracted beams and a formalism in
the specular beam approximation'*'% may
be applicable. For incident angles near criti-
cal a dynamic treatment in the DWBA such
as that of Daillant and Bélorgey'** must be
invoked. In either case the calculation of the
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scattering requires modeling the sample as a
stack of layers, with the inhomogeneities dis-
tributed in the layers and the correlations
among inhomogeneities within a single layer
and between inhomogeneities of different
layers defined.

While measurements of diblock thin film
surface domains represent one example of
GISAS with a polymer system, a couple of
other examples from other materials science
fields exist. The earliest study known to the
author which explicitly seeks information on
in-plane inhomogeneities in a thin film using
GISAS is an investigation of gold thin film
growth on glass by Levine and co-
workers.'®81% They modify a pinhole SAXS
camera with a PSD by adding a sample go-
niometer capable of translating the sample
into and out of the beam and rotating it to
vary ¢q,. With the incident angle set to the
critical value for glass, the PSD is placed with
its axis perpendicular to the plane containing
the incident and reflected beams at a height
appropriate for capturing scattering of con-
stant g, = g, with g, varying above and be-
low zero. At early stages of growth the adsor-
bate metal atoms form clusters or islands.
Because the roughly hemispherical islands
reflect poorly and the penetration depth ex-
ceeds the average film thickness, the incident
beam is primarily reflected and refracted by
the substrate.

As the refracted beam crosses the sub-
strate surface the islands produce small angle
scattering which is symmetric about the beam.
This scattering comes at values of g, consid-
erably larger (002 A™' <q,<0.15 A™Y)
than those at which surface roughness in-
duced diffuse scattering is strongest. This
fact together with the symmetry of the scat-
tering about the beam allow it to be distin-
guished from scattering due simply to rough-
ness. A pronounced peak in the scattering
marks a characteristic distance of the
island—island correlation, which the authors
identify as a preferred center-to-center island
spacing.

Naudon and co-workers consider GISAS
to be a means of characterizing the size of
Guinier-Preston (GP) zones in the near-
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surface region of a Al-Ag sample!” and also
precipitates in chemical vapor deposition
(CVD) deposited tungsten-carbon films.'”* In
contrast to studies of surface “bumps” such
as those discussed above, GISAS from these
samples deals with true subsurface inhomo-
geneities. The grazing incidence measure-
ments with the Al-Ag alloys complement
characterization of the bulk structure which
has been pursued by several groups using
small angle scattering in the transmission
mode. A brief description of the alloy work
illustrates the salient features of the mea-
surement technique.

The authors use a fine linear focus
source'® and therefore cannot perform g,
scans, but rather must use the “detector scan”
type of off-specular measurement with a PSD
employed to collect data over a range of ¢
simultaneously. This limits the size of the
inhomogeneities that may be studied because
no value of 28 less than 20, may be assessed
in this geometry. The penetration of CukK,
X-rays in Al is somewhat less pronounced
than in polymers, and even the material 1
wm away from the surface may be consid-
ered to be an interfacial zone. Thus, the
authors make their measurements at an inci-
dence angle, 0.7°, which is about three times
the critical value. For this value of 6, the
reflectivity is < 1073, and the reflected beam
at 20 = 1.4° does not figure prominently in
the scattering observed because that from
the GP zones is quite strong. The authors
contend that the beam path lengths through
the sample are small enough that multiple
scattering can be neglected except for 26
very close to 6,. After correcting for absorp-
tion effects due to path length variation with
28, the small angle scattering curve shows a
weak shoulder which the authors relate to a
mean distance between spherical GP zones.
The integrated intensity is used to derive the
volume fraction of zones. Interpretation of
this type of scattering data from a system
with subsurface inhomogeneities is less
straightforward than that from a g, scan due
to the simultaneous variation of the in-plane
scattering vector component and penetration
depth.
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D. Grazing Incidence Diffraction
1. Technique and Theory

A final technique which uses small inci-
dent angles to gain surface sensitivity is graz-
ing incidence diffraction (GID).?2!"® In this
review we use the term GID restrictively to
refer only to off-specular scattering out of
the plane of incidence measured at values of
q far from the specular condition. For experi-
ments of this type the g component in the
sample layer is very large compared to that
perpendicular to the layer. This characteristi-
cally corresponds to limited penetration and
sensitivity to lateral order in the sample. In
this geometry it is possible to investigate
static and dynamic correlations of molecules
near the surface. In general the scattering far
from the specular is extremely weak except
in the case in which lateral correlations are
sufficient to yield a Bragg peak. Even then
such peaks will be weak in comparison to
Bragg peaks from bulk systems, but they are
measurable. One reason for the weak inten-
sity is the small scattering volume involved.
At grazing incidence the penetration depth
may be orders of magnitude lower than that
in a bulk measurement and there are fewer
scattering entities to contribute to the signal.
For polymer samples the low scattering power
of the material (as compared to metals, for
example) and the prevalence of amorphous
structures will mean further limitations in
the potential peak intensity. However, GID
presents a unique opportunity for measuring
order in polymer interfacial regions and will
no doubt be exploited in the coming years,
though perhaps not with the facility seen in
applications of other grazing incidence X-ray
techniques such as reflectivity.

The geometry of a GID measurement is
that shown in Figure 19. In its most surface
sensitive form the incident angle is kept just
below the critical angle of the sample or
sample substrate. Two advantages are won by
this geometry. First, the scattering signal is
markedly improved due to the enhancement
of the surface electromagnetic field which
occurs near k.. For k,, exactly equal to k.

1,z

the surface field amplitude is twice that of
the incident field, leading to a factor four
enhancement in scattering power. For &,
below k., the surface fields fall off monotoni-
cally to zero at k;, = 0. If an exit angle at
the critical value is used as well a total scat-
tering power enhancement of 16 is possible
in principle, although in practice enhance-
ments of 3 to 10 are accomplished. A second
advantage of an incidence angle below 8, is
that extraneous diffuse scattering from the
sample or substrate bulk is significantly re-
duced.

The scattering pattern expected from a
GID experiment may be calculated using the
DWBA approach.'” For a truly two-dimen-
sional system of zero thickness the Bragg
reflections from an ordered structure become
Bragg “rods” of intensity extending to infin-
ity in the z direction. For a thin film, the
Bragg rods have a well-defined profile,'**!%
which reduces to that of a classical Bragg
peak as the film thickness increases. From
the peak location one may determine the
spacing between diffracting planes using
Bragg’s law. The width of the peak yields a
correlation length.'?

2. Instrumentation

Several of the remarks made above re-
garding other grazing incidence techniques
apply here. However, in contrast to diffuse
scattering measurements near the specular
condition for GID it is generally inappropri-
ate to work with very unequal resolution in
the x and y direction. In addition, the peak
intensities of interest may even be weaker
than scattering studied in grazing incidence
diffuse measurements. Thus, work of this type
on organic systems has been done almost
exclusively with synchrotron-based spectrom-
eters,?? although Daillant et al.** present one
GID peak from a self-assembled layer on
silicon to press the point that some measure-
ments in principle may be done with other
sources.

GID experimental setups have been de-
scribed by several authors.?>!’"18 Here, we
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consider an illustrative example. Sirota et
al.'”® discuss both a “low” and a “high” reso-
lution spectrometer for GID measurements
from liquid crystal systems. A comparision of
the two systems is illustrative of the varia-
tions used by other authors'™ as well. A
rotating anode-based triple axis spectrometer
is used for “low resolution” measurements.
The source operates with a 0.3 X 0.3 mm?
effective source size and a vertically focusing
pyrolytic graphite [002] crystal monochroma-
tor with equal focus-to-monochromator and
monochromator-to-sample distances to pro-
vide horizontal Bragg-Brentano parafocus-
ing. A flat pyrolytic graphite crystal is used as
analyzer and the detector placed as close as
possible to the sample (~ 350 mm) to maxi-
mize intensity. This setup produces a x full
width at half maximum (FWHM) of 12° for
26 = 20°, where x denotes the axis of sample
rotation about a normal to the surface. The
measured zero-arm 26 FWHM is 0.65° and
the measured resolutlons for 26 = 20° are
qu =9.2x 10" YA and Agy pne = 4.7 X
10~2 A! with a direct beam intensity of
~ 2 X 10® photons per second. This in-plane
resolution is insufficient to distinguish the
positional changes associated with a smectic-
F-to-crystalline-G transition in thin films, but
interlayer correlations can be studied for films
thicker than about eight layers. In work by
Gramsbergen et al.'”” a PSD is used in a
low-resolution setup to greatly improve the
counting statistics.

The high-resolution synchrotron-based
spectrometer used by Sirota et al. ' has a
pair of asymmetrically cut '"'Ge crystals as
monochromator and a “’LiF crystal as ana-
lyzer. The FWHM in x is about 2°, the
long1tud1nal resolution, Agi, piane, 18 3.8 X
102 A~! and the transverse resolution is
limited by the sample mosaic. Measured peak
intensities associated with the in-plane struc-
ture in 13 layer films are about 200 cpm with
this spectrometer.

3. Applications

Eisenberger et al.'’® first applied this
technique to the study of crystalline solid
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surfaces and it has since been applied by
several groups to liquid metal surfaces,'”’
liquid crystal surfaces,'’®'” Langmuir mono-
layers on liquid subphases,'®"1% and self-
assembled octadecyltrichlorosilane (OTS)
monolayers on solid supports.®*'¥7 As yet the
application of this technique to polymeric
systems'**~1% has been extremely limited.

Barton et al.'® have studied a Langmuir
film of OTS polymerized on an acidic aque-
ous subphase with pH 2. Comparison of first
order Bragg peaks from the polymerized layer
and an unpolymerized, highly compressed
layer of stearic acid (SA) suggests that the
polymerized layer has longer range order.
The peak from the OTS is about three times
as intense as that from SA, while considera-
tion of the relative scattering powers alone
would predict a ratio of 1.2. Because no
second order diffraction peak is observed, no
definitive structure could be proposed, and it
is surmised that the extent of long range
order in the polymerized layer is still less
than that exhibited by some low temperature
phases of nonpolymerizing monolayers of
fatty acids and alcohols.!3%1%.

Russell and co-workers'®1% looked at
polyimide thin films with GID to investigate
the molecular ordering near the surface as
opposed to that in the bulk. Their initial
report discusses measurements at three dif-
ferent incident angles (0.12°,0.14°, and 0.185°)
about the critical angle of 0.18° which pro-
vide information on the structure corre-
sponding to penetration depths of 55, 65, and
10* A, respectively. Clear peaks near values
of the scattermg vector g of 0.4 and 0.78
A~1 are seen in Figure 33 for all three pene-
tration depths. These may be associated with
electron density correlations parallel to the
chain axis and are identified as the 002 and
004 reflections of an orthorhombic unit cell.
The positions and widths of these peaks de-
crease slightly with decreasing incident angle,
suggesting better ordering nearer the sur-
face. The scattering volume corrected peak
intensities change dramatically with incident
angle, those at 55 A _penetration being about
3% of those at 10*A Eenetranon Scattering
features at ¢ > 0.8 A™! become markedly
more distinct as the penetration depth is
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FIGURE 33. GISAS data from a polyimide film at incident angles,
a, of 0.12°, 0.14°, and 0.185° just below and above the critical angle
of 0.18° demonstrate a distinct improvement in the ordering near
the air/ polymer interface. For these incident angles q lies nearly
parallel to the interface. A shift in the (002) reflection with penetration
depth may be recognized by comparison with the vertical line at

q =0.4 A=, (Reprinted, with permission, from reference 195.)

decreased, also evidencing an increased or-
dering near the surface. Other results from
the work!®® indicate that no enhanced order-
ing occurs at the silicon substrate/polymer
interface. Films of 100 A thickness were more
ordered that thicker films subjected to the
same thermal treatment.

IV. CONCLUDING REMARKS

A wide variety of X-ray scattering phe-
nomena may be used for the characterization
of polymer interfaces and the near-interfacial
region. While all these phenomena are closely
related theoretically, experimental considera-
tions and differing sensitivities of the phe-
nomena have led to the separate develop-
ment of several scattering experiments, each
with a particular area of applicability. This
review has sought to recover some sense of
the unity behind these disparate techniques
as well as to clarify the advantages and disad-
vantages of each.

SAXS and XR already enjoy wide use in
the characterization of polymer interfaces
and the application of reflectivity will con-
tinue to expand. Complementary techniques
such as neutron reflectivity and atomic force

microscopy will play an important role in this
widening use as they are important for mini-
mizing ambiguity in the reflectivity analysis.
The greatest opportunities for new advances
in characterization lie, however, in the area
of off-specular measurements. With the re-
cent advances in the theory of this phenom-
ena, the door is open for fruitful exploitation
of the technique. Grazing incidence diffrac-
tion will enjoy somewhat less attention for
polymer systems due to its limited applica-
tion for amorphous structures.
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