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ABSTRACT

The relative advantages and disadvantages of neutrons and x-rays for
reflectivity studies are discussed, in terms of intensities, resolutions,
backgrounds and selectivities. The general but important question of how to
separate the true specular reflectivity from the diffuse background is
addressed. Finally, certain special cases of diffuse scattering, such as scattering
from liquid surfaces and from multiple interfaces with correlated roughness,
are discussed in detail.

As attested to by these proceedings, there has recently been a veritable
explosion of interest in both neutron and x-ray reflectivity as a tool for
studying surface and interface structure on microscopic length scales. X-ray
reflectivity studies of the structure of solid surfaces date back to at least the
classic work of Parratt^) using ordinary x-ray tube sources, but have recently
been given a powerful boost with the advent of synchrotron radiation. The
potential of grazing incidence techniques for studying the structure of surfaces
and "buried interfaces" was first pointed out by Eisenberger and Marra*2' and
there has been much work on both specular reflectivity and "truncation rod"
studies of surface structure over the last few years*3"6). Neutron reflection
experiments as a method of determining scattering amplitudes date back to
the work of Fermi*7* and Hughes and collaborators*8*. However, the
application to the study of density profiles (particularly magnetization
density) owes much to the pioneering work of Felcher and collaborators*9*-
The area of diffuse (as opposed to specular) scattering from surfaces has not
received much attention until recently, but in this article I shall attempt to
show that this is an equally important and interesting area for further study.

In a comparison between neutron and x-ray reflectivity experiments,
there are several criteria to be discussed and I shall compare experiments
done at synchrotron x-ray sources with those carried out at the best currently
available neutron facilities. The first two (inevitably coupled) criteria are
those of intensity and resolution. A synchrotron x-ray experiment utilizing a
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highly monochromatic (AX/X~10~4)' focused beam with an incident slit width
of 0.1 mm x 1 mm yields an intensity of roughly 1010 photons/sec falling on
the sample and (with matching detector slits) a typical longitudinal
wavevector resolution of 10"3 A"1 and a transverse wavevector resolution of
10"5 A"1- Typical neutron reflectivity experiments involve an incident slit
width of lmm x 10 mm, a neutron intensity of roughly 10*> neutrons/sec on
the sample and longitudinal and transverse resolutions of typically 10~2 A*1

and ICt4 A"1 respectively. For specular reflectivity measurements not too far
beyond the critical angle, the higher fluxes for x-rays is not a particular
advantage since reflectivities are quite high (in fact, present detector count-
rate limitations necessitate the embarrassment of having to attenuate the
synchrotron beam in such regions!) The limiting value of measurable
specular reflectivity is often determined by the background level under the
true specular signal. Such backgrounds are due to diffuse surface, bulk and
(in the case of neutrons) incoherent scattering. Thus, for a very rough
surface, where the diffuse surface scattering is significant at large values of qz
compared to the specular, even at a synchrotron one cannot measure
reflectivities of -1 (H or 10*5 without extreme efforts. On the other hand for
relatively smooth solid surfaces (rms roughness - 7A) specular reflectivity
can be measured with x-rays down to ~10"9 or even 10"10* For neutrons this
value is -10"^, before the signal is swamped by bulk diffuse and incoherent
scattering.

Under the assumption of a normal (Gaussian) height distribution for
surface roughness, the expression for the diffuse scattering from a single
rough surface may be written in the Distorted Wave Born Approximation
(DWBA) as:

where C{x,y) = (z(o,o)z{x,y)) (2)

is the height-height correlation function at lateral separation (x,y) along the
mean surface, A is the total surface area, ko the incident wavevector, n the
refractive index, c is the rms surface roughness, and T(cc) is the Fresnel
transmission coefficient for a smooth surface at grazing incidence angle a (a
and P are defined in Fig. 1). For the specular reflectivity, an expression
commonly usedOO. **> but justifiable only within the Born approximation

(q, > qe where qeis the value of qt at the critical angle for total reflection) is



where p(z) is the electron density at height z averaged over the whole surface,
and A, (a) is the Fresnel reflectivity for a smooth surface at grazing incidence
angle a. Alternatively, one can use numerical technique of approximating
p(z) by a series of slices of constant p along the z axis and using the iterative or
matrix methods of optics*12'13) to calculate the reflectivity.

The above discussion highlights two points worth emphasizing here:
the first is that one must be careful to distinguish between the true specular
signal (the cross-section being the delta function in the ? directions normal to
the specular ridge -see Fig. 1) and the diffuse signal which in general is also
peaked at the specular ridge, but has some intrinsic width, (which can be wide
or narrow in reciprocal space), and which must be subtracted off. If it is wide
and flat, such a subtraction can be done fairly easily by simply measuring the
scattering a little bit off-specular on either side, but if it is sharply peaked, one
must have fairly good resolution to be able to do this. An example of such a
case is shown in Fig. 2 which shows a high resolution scan across the
specular ridge for a GaAs/AlAs multi-layer*14*. One can see a narrow
specular component (the width being the instrumental resolution) and a
slightly broader component that represents diffuse scattering from highly
correlated interface fluctuations. It is clear that when many researchers talk of
"reflectivity," the diffuse scattering is quite often included in what they
present as a reflectivity curve . In such a case, a density profile analysis of the
surface or interface is not a true global average over the surface, but simply a
local average over an area determined by the inverse of their resolution
function in reciprocal space. Thus, such a result would depend on the
conditions of the experiment and is not very meaningful, even though it can
be qualitatively suggestive of what happens at the interface. The second point
relates to the fact that reflectivity experiments always involve extremely high
wavevector resolution in the direction transverse to the specular ridge. Thus
for incident scattered grazing angles a and p (see Fig. 1) with corresponding
angular collimations 5a,Sp and an incident wavevector of magnitude ko with
a spread 5k<>, the in-plane components of the wavevector resolution are
given by

and since a, j3 are themselves small, one can see from Eq. (3) that Sqy can be
quite small. In many cases, the diffuse scattering from a surface may be
thought of as the two-dimensional analogue of small angle scattering, and it



is interesting to note that one can probe surface structure on length scales of
up to microns relatively easily with this technique. (The length scale is in fact
probably limited by the longitudinal coherence length of the photon beam.)

To continue the comparison between the neutron and x-ray
techniques, we note that the relatively high attenuation of x-rays in
condensed matter provides neutrons with a unique advantage in some cases
where one wishes to probe a solid-liquid interface, for one can then choose
the solid to be a perfect single crystal (e.g. quartz or silicon) with a high
transmission for neutrons and measure reflectivity through the solid. This
was first done by Passell and collaborators*15' who measured the reflectivity of
liquid helium through a quartz crystal. The same idea has been used for
some neutron reflectivity studies of polymer adsorption by Satija et al/1 6 )

For x-rays, solid/liquid interfaces have also been studied*17) but the x-ray
beams go through the liquid, the high fluxes being relied upon to compensate
for the altenuation losses. An undesirable property of x-rays is that some
polymer iilms and other surfaces can suffer radiation damage when subjected
to large x-ray photon fluxes for considerable lengths of time, resulting in
time-dependent and irreprodudble effects in the measurements.

Perhaps the chief advantages of neutrons for reflectivity
measurements, however, are the ability to change contrast for selected parts of
the interface structure by selective deuteration and the sensitivity to surface
or interface magnetism. Fig. 3 shows the results of the neutron reflectivity
experiments of Satija et al.(16> referred to above, on the adsorption onto
quartz of the block co-polymer polystyrene (PS)-polymethyl-methacrylate
(PMMA) from solution in CCI4. The two curves represent the specular
reflectivity in the cases where normal h-PMMA and deuterated d-PMMA
were used. The solid curves represent a fit of a single parabolic concentration
profile for the PMMA component of the form.

where D is a thickness parameter.

Deuterating the PS component showed no effect on the reflectivity,
indicating that the PS was too dilute to observe and still in solution rather
than adsorbed on the solid surface. A further example of the advantages of
deuterium-labelling is afforded by experiments by Russell and collaborators
on solid films of PS/PMMA block copolymers, for which both neutron and x-
ray reflectivity*18' measurements were done. At room temperature, annealed
samples of this system form a lamellar phase oriented by the silicon substrate,
as in a multilayer. Deuterating the FMMA component yielded multilayer



Bragg peaks in the neutron, reflectivity, as shown in Fig. 4, from which the
interfacial polymer density profile could be estimated*18) while x-ray
reflectivity experiments showed little evidence of Bragg peaks owing to the
lack of contrast between the PS and PMMA lamellae.

There is, however, for x-rays an analogue to the deuterium labelling
technique, and that is to carry out reflectivity experiments at and away from
an adsorption edge of one of the elements involved at the surface. Since
adsorption edges are typically only a few eV wide, this requires careful (and
reproducible) alignment of the monochromator beam (typically of energy 8-10
KeV) and the sample. In Fig. 5, we show such "anomalous reflectivity" data
for a polished Ge wafer at two energies, 11.1 KeV very close to the K-
adsorption edge and 10.6 KeV away from the edge, taken recently on the X22C
Beam line at the NSLS, Brookhaven National Laboratory. The "hump"
beyond the critical angle is due to a native germanium oxide layer on the Ge
surface. At the K-edge the effective electron number for Ge changes resulting
both in a decrease of the critical angle for total reflection and a change in
contrast between the oxide and the Ge, and a consequent change in the shape
of the "hump". Both sets of data can be fitted very well with an interface
model involving an rms roughness of 4A on Ge and 6A on the 23A-thick
oxide layer. Now by depositing a thin film on the wafer and repeating these
reflectivity measurements, one can study the interference between the
substrate and the film and thus extract the phase information that is missing
from a single reflectivity measurement, which involves the modulus squared
of a complex Fourier transform (see Eq(D). Such experiments are currently
underway at Brookhaven.

Finally, I want to emphasize the importance of diffuse scattering from
surfaces and multilayers. Here the much larger intensities available at x-ray
synchrotron sources is clearly an advantage. An interesting example of the
diffuse scattering from a single surface is provided by an ordinary liquid
surface. The capillary wave fluctuations at such a surface have an infrared
divergence which is only only arrested by a gravitational or finite size cutoff.
Specifically, capillary wave theory yields the result that the height-height
correlation function C(f) defined in Eq. (2) is given by

where B » kT/ny, y being the surface tension at temperature T. The rms
surface roughness <* is given by

(7)



In Eqs. (6) and )7), K< is the gravitational cutoff wavevector given by

(pg/y)"2, p being the bulk liquid density, and q̂  is an upper wavevector
cutoff for the capillary waves.

In principle, since Ko (z) does decay to zero as z -»<», the 2D Fourier

transform of exp(^fC(f)) will contain a S(qx)S(qy) component corresponding
to specular reflection. However, this is in practice unobservable with finite
instrumental resolution, since K is of order 1-10 cm*1, while under the
experimental scattering conditions, the length-scales probed are -10*3 to 10-4

cm. Under these circumstances, we can approximate Eq. (6) very well by

C{f) = ™B(0.5772 + ln(w / 2))
2 v " (8)

The second term will lead to algebraic decay of the lateral surface
density-density correlation function, resulting in power law singularities of
the diffuse scattering centered on the specular ridge. This must be folded with
the (assumed Gaussian) instrumental resolution function and the net result
is that no separate specular component is observable in practice. The
situation is completely analogous to the absence of true Bragg reflections for a
2D crystal and their replacement by divergences of the diffuse scattering of the

form g"(2"a) of the diffuse scattering at the reciprocal lattice points. In the case
of a liquid surface, q is the wavevector component parallel to the surface, and
T] is a continuous function of qz . The actual expression derived for the
observed (total ) scattering from the liquid surface per unit area of
illuminated surface is given by

where C is a constant, F(jc)is the gamma function, lFl{a,y,z)is the Kummer's
function

(10)
and

L being the effective coherence dimension along the surface, primarily
determined by the instrumental resolution width in the scattering plane and

parallel to the surface (the <7, direction). We have assumed the other
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direction parallel to the surface (the ^direction) has been integrated over
with a wide resolution function, corresponding to common experimental

conditions. For q y L » l , Eq. (9) yields a ^'""'power law dependence, while

for qyL«l , Sobs (?), is a Gaussian in qy.

This behavior had been verified in detail by recent experiments on the
diffuse scattering from liquid surfaces GO, 21). pig. 5 shows the diffuse
scattering from ethanol at 23°C for several transverse scans across the
specular ridge taken at qz values ranging from 0.1 A"1 to 0.3A'1 after

subtracting a fitted background. One transverse ^direction is effectively
integrated over by a wide detector slit normal to the plane of scattering, but
the asymptotic power law behavior oi the diffuse scattering is evident. The
solid curves correspond to calculations of the diffuse scattering using Eq. (9)
and on the known resolution function and based on the known value of the
surface tension of ethanol.

Under the conditions of infinitely wide instrumental resolution in one
direction (so-called "slit geometry), the effective specular reflectivity given by
Eq.(9)is

(12)
A consequence of this is that any measurement of the "specular reflectivity"
of a liquid surface inevitably involves an integration of the diffuse scattering
over the instrumental resolution and hence does not yield the true a but
rather aeff as given by Eq. (11). (The logarithmic dependence of aeff on the
resolution has already been demonstrated by Schwartz et al <20)). This should
be borne in mind when obtaining density profiles from liquid surfaces using
reflectivity.

Finally, it should be pointed out that while we are by now all familiar
with the appealing oscillations in the specular reflectivity from the films
(caused by interference between the waves reflected from each interface), or
with the low-angle Bragg peaks from artificial superlattices, it is not generally
recognized that similar structure (along the qz direction) is found in the
diffuse scattering as well. This is because the roughness from neighboring
interfaces is often highly correlated. Consider a multi-layer with rough
interfaces. Then Eq. (1) for the diffuse scattering is generalized to

(13)



where the sum is over all pairs of interfaces i,j; $ z, represent respectively the
rms roughness and mean height of interface i, T(a) now represents the
transmission coefficient for the complete multilayer at grazing incidence
angle a; and

where &pt is the difference in scattering density on the two sides of interface i,
and

is the correlation function between height fluctuations on interfaces i, j
respectively. For completely uncorrelated roughness, this correlation
function vanishes for i*j and the diffuse scattering is the incoherent
superposition of the roughness scattering from each interface, but if the
roughness is confonnal (at least on long lateral length scales) as indicated in

Fig. 7, C^r) is finite for even well-separated i,j. The diffuse scattering will
then show structure as a function of qz and will show maxima and minima at
the same positions as the specular. This is illustrated in Fig. 8, which shows
both the total (specular and diffuse) scattering along the specular ridge as well
as the diffuse scattering just off the specular ridge as a function of qz, for a
GaAs/AlAs multilayer*14^. It is obvious that the diffuse scattering shows
peaks underneath the true (specular) superlattice Bragg peaks, which again
indicates the importance of subtracting diffuse scattering to obtain the true
specular reflectivity of multilayers. In fact, for very rough multilayers, the
"Bragg peaks" observed may be almost completely due to diffuse scattering!
Fig. 9 shows a transverse scan of the diffuse scattering across the specular
ridge for a Pb/Ge multi-layer at a qz value corresponding to a superlattice
Bragg peak*22*. The structure on either side of the specular ridge is not due to

in-plane periodicity, but rather due to the factors \T(af\r{fif in Eq. (13).

Whenever a or P make the ciritical angle with the surface (Yoneda wings) or
when a or P are such as to satisfy a superlattice Bragg condition (generalized
Yoneda scattering).

For magnetic structure studies of surfaces and interfaces (e.g. in
multilayers), neutron reflectivity measurements have yielded elegant and
exciting results*9' 2 3 \ Magnetic x-ray scattering studies of multilayers have
also been carried out*24', but it remains to be seen if the higher intensities
afforded by synchrotron resolution, coupled possibly with the techniques of
resonant magnetic scattering and polarization analysis can yield comparable
(or superior) information about ths details of surface magnetic structure.
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FIGURE CAPTIONS

Fig. 1. Schematic reciprocal space diagram for scattering experiments. The
scans indicated are transverse (i.e. qy scans for constant qz) or
longitudinal (qz scans for constant qy). Specular scans correspond to
qy=0.

Fig. 2. Transverse scan of diffuse and specular x-ray scattering for a
GaAs/ALAs multi-layer across a superlattice Bragg peak. The narrow
central portion represents the true specular folded with instrumental
resolution.

Fig. 3. Neutron reflectivity from a quartz/CCLj interface with a layer of
PS/PMMA block copolymer adsorbed from solution. The open circles
refer to the deuterated PMMA and the solid circles to the h-PMMA.
(From Ref. 16)

Fig. 4. Neutron relectivity from a P(S-b-D-MMA) diblock copolymer film
cast onto a Si substrate and annealed at 170°C for 24 h. The solid line
is the reflectivty calculated using the scattering length density profile
shown in the inset where z=0 is the polymer/air interface. (From
Ref. 18)

Fig. 5. X-ray reflectivity (diffuse background not subtracted) for a
Germanium 100 wafer (with 24A oxide overlayer) close to (solid
curve) and away from (dotted curve) the K-edge of Ge at 11104 eV.

Fig. 6. Normalized transverse diffuse scattering scans for different values of
qz from a liquid ethanol surface. The intensities have been corrected
for variation in illuminated area and a fitted background has been
substraced for each scan. Solid curves represent the theoretical
calculations. (From Ref. 21)

Fig. 7. Schematic illustration of "conformal roughness" of multi-layer
interfaces.

Fig. 8. X-Ray relfectivity curves for a GaAs/AlAs multi-layer showing the
total (specular plus diffuse) scattering (solid curve) and the diffuse
scattering alone (dotted curve). Note the sharp peaks in the diffuse
scattering at the multi-layer superlattice Bragg reflections.

Fig. 9. Transverse diffuse scattering scan for a Pb/Ge multi-layer across a
superlattice Bragg peak, showing the peaks due to Yoneda scattering
and generalized Yoneda scattering.
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