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Surface morphology by reflectivity of coherent X-rays
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Abstract

Coherent X-ray diffraction (CXD) is a new technique made possible by the enhanced brilliance specifications of hard
X-ray wigglers and undulators, especially at third-generation synchrotron radiation sources. CXD differs from conven-
tional diffraction in that it uses a microscopic beam that is close to fully coherent one. The resulting diffraction pattern is
related to the Fourier transform of the entire object illuminated by the beam, and hence is sensitive to any fluctuations
within it, whether these are in space or in time. We have observed CXD effects in the near-specular reflectivity from
silicon wafers. We introduce a simple theoretical formalism for explaining the origin of the coherent diffraction signal in
a reflectivity experiment, in which we find a slow but distinct evolution of the pattern with the perpendicular component
of momentum transfer, ¢q,. We demonstrate a practical energy dispersive method of measuring this ¢,-depend-

ence. © 1998 Published by Elsevier Science B.V.
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The many ways that X-ray diffraction can be
applied to the study of surface structure are sum-
marised in the form of a roadmap of reciprocal
space in Fig. 1. This figure was first presented at the
second SXNS conference 6 years ago. The different
regions of reciprocal space provide different kinds
of information about the surface under examina-
tion. During the 6-year period leading up to the
present SXNS-5 conference, the roadmap has not
changed, but the focus of the conference has mig-
rated towards the origin, and there has been con-
siderable growth in interest in the region marked
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non-specular reflectivity. That region has strong
overlap with neutron-based techniques, which are
also represented in SXNS-5. It will be demon-
strated in this paper that the non-specular reflectiv-
ity region also offers the greatest possibilities for the
use of coherent X-ray beams to study surfaces.

In the context of the reflectivity region in Fig. 1,
the words surface structure should be more specifi-
cally replaced by surface morphology to imply that
the information available has limited resolution,
and so the positions of individual atoms will not be
accessible. The connection between morphology
and the data attainable in a reflectivity experiment
has been elaborated clearly in the 1988 paper of
Sinha et al. [1]. There, the statistical properties of
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Fig. 1. Schematic map of reciprocal space indicating the names
customarily given to different techniques that are sensitive to the
surface. From Ref. [20].
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Fig. 2. Top: generic relationship between surface morphology
in real space (left) and the reflectivity profile in reciprocal space
(right). The real-space picture is of a surface height vs. lateral
position; the reciprocal space picture is of intensity vs. lateral
momentum transfer, such as would be measured by taking
a rocking curve across the reflectivity. The broad component is
the off-specular reflectivity referred to in Fig. 1. Bottom: equiva-
lent situation when a coherent beam is used instead.

the surface under examination are summarised by
a small number of parameters, an r.m.s. roughness,
g, an in-plane correlation length {, a fractal expo-
nent and a distance cut-off parameter. The first two
of these, and their connection to reciprocal space,
are illustrated in the upper panels of Fig. 2.

The r.m.s. roughness ¢ in Fig. 2 must be defined
with respect to some ideal reference plane. If there
were not a well-defined reference plane, about
which the surface is considered to fluctuate, there
would not be a specular component to the diffrac-
tion from the surface at all. Conversely, the exist-

ence of this specular component, represented by the
vertical line extending from the origin in Fig. 1 and
as a sharp peak in the upper-right panel of Fig. 2,
identifies the surface under investigation as having
the property of possessing a reference plane. The
fluctuations about the reference plane always re-
turn to the plane in the long range; if they did not,
the surface would diverge in the long range and the
specular diffraction component would vanish. The
intensity of the specular component is given by the
Fresnel reflectivity coefficient corresponding to the
value of ¢,, the perpendicular momentum transfer,
modified by a Debye—Waller-like factor featuring
the r.m.s. roughness, o [1].

The in-plane correlation length { represents the
lateral distance over which the fluctuations away
from the reference plane take place. Points separ-
ated by distances which are small compared with
{ have essentially the same height while points
separated by distances large compared with { have
different heights. In reciprocal space this gives a dif-
fuse component to the reflectivity profile which is
the non-specular reflectivity region of Fig. 1. The
characteristic width of the profile is given by the
inverse of the in-plane correlation length {. The
reason that a smooth distribution is obtained is
that, associated with the diffraction process, there
lies an implicit Fourier transform with a large range
of spatial integration, which leads to an ensemble
averaging of the many specific examples of morpho-
logy within this region.

We will now consider what happens to this non-
specular reflectivity when a coherent illuminating
X-ray beam is utilised instead.

Coherent X-ray diffraction is just a diffraction
experiment carried out with a coherent beam, usu-
ally by cutting down a large incoherent beam to
a size comparable with its lateral coherence length.
Two types of coherence length with different char-
acteristics are needed to describe the beam. In the
simplest case, the transverse (or lateral) coherence
length, £, is determined by the source size, w, by
¢ = AD/w where D is the distance from the source
to the defining aperture. The longitudinal coher-
ence length, &, is determined by the mono-
chromator resolution as A(A1/4)”'. For the NSLS
wiggler source at beamline X25 and a broad-
band multilayer monochromator at 4 = 1.5A we
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would have
Cyere = 23 pm,
Chor = O pm,

& = 0.008 pm.

A theoretical flux estimate can be made fairly
readily because it turns out to be independent of the
beamline design details. If we assume we can collect
and utilise exactly one coherence volume of the
dimensions stated above, the flux, F, depends only
on the source brilliance, B, the wavelength, A, and
the monochromator bandpass, A1/, according to

Fo = BI3(A2))). (1)

The theoretical number at X25 is B =2x 10*3
photons/s/(nm rad)? which gives for F, with multi-
layer optics (2% bandwidth) almost 10'° photo-
ns/s. In real experiments with a 5 um circular aper-
ture and a multilayer monochromator we have
observed as much as 107 photons/s. When we are
obliged, for reasons explained below, to use
a Si(111) monochromator, we expect to lose two
orders of magnitude in coherent flux, and this is
roughly what is observed. Conversely, an example
of a very powerful source for CXD is an X-ray
undulator with its natural spectral width around
2% in A which allows us to use no monochromator
at all. A coherent flux approaching 10° photons/s
has already been recorded in this way at ESRF.
These are the typical incident fluxes we have to
work with in designing our coherent surface diffrac-
tion experiments and it partly explains why it is
mainly the reflectivity region of reciprocal space in
Fig. 1 that has been explored to date.

For coherence to be preserved during the diffrac-
tion process, £ must be greater than the maximum
path length difference (PLD) among all possible
rays traversing the sample. Noting that & is smal-
ler than the penetration depth in many potential
samples, this constraint may be hard to achieve.
For a given sample, this would typically limit the
usable range of scattering angles, and hence mo-
mentum transfer. Fortunately, in the case of reflec-
tivity, the PLD happens to be independent of the
penetration depth because of the destructive inter-
ference of the deeper layers with the surface contri-
bution. At the specular condition, the PLD is

identically zero, and in the non-specular reflectivity
region it is still exceedingly small.

If a diffraction experiment is now carried out
with a beam that is cut down to a size smaller than
Evert X Enors all parts of the sample will be illumin-
ated coherently, and the resulting intensity will be
the square of their amplitude sum. This intensity
therefore contains phase information about the rela-
tive positions of all the scattering ‘grains’. In this
way, we avoid the ensemble average normally asso-
ciated with X-ray diffraction from disordered sys-
tems. Instead of a broadened diffraction pattern
with a width that is inversely related to the average
grain size, we will see an interference pattern con-
taining all the phase information. By analogy with
light scattering, this is called a speckle pattern. The
phase sensitivity is the essential advantage of coher-
ent X-ray diffraction (CXD) over conventional dif-
fraction methods, and has now been demonstrated
in a number of experiments, mainly making use of
the high brightness of wiggler and undulator sour-
ces [2-5]. Because of its sensitivity to the specific
arrangement of scattering matter, the technique is
acutely sensitive to fluctuations in that configura-
tion, as has also been demonstrated [6-9].

This leads us to the explanation of the lower
panel of Fig. 2, which corresponds to the same
reflectivity experiment as in the upper panel, but
using a coherent beam. The first difference is that
a finite length of sample is probed because of the
(sharp-edged) aperture used to cut out a small
enough beam to maintain its essential coherence.
The second difference is that the smooth diffuse
part of the reflectivity profile becomes structured
into speckles, as shown. The speckles represent
a finite-bounded Fourier-like summation over the
illuminated length of the sample, as we will see
below. It is important to note that there is no spec-
ular component clearly distinguishable from any of
the other speckles; there is no longer a separation
of specular and non-specular reflectivity. There
are two ways to understand this result. Firstly, the
illuminated sample is finite sized, so all diffraction
from it, including the specular part, must be
broadened to a characteristic width, which is the
size of each of the speckles. The second explanation
is that the reference plane, relative to which the
roughness must be specified, is not well defined for
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such a short length of sample, so there is uncertain-
ty in its specular peak position.

We have assumed for simplicity that the size of
the illuminated sample is larger than the in-plane
correlation length {, so this latter quantity is still
meaningful, although strictly not in the sense of it
being an ensemble average over the whole surface.
The role of the in-plane correlation length ( is
similar to the incoherent case in that it determines
the extent of lateral momentum transfer over which
speckles will occur. If we were to average together
the calculated speckle patterns from a large number
of different examples of surfaces with the same
roughness ¢ and the same in-plane correlation
length {, we would be calculating the same en-
semble average that the incoherent experiment sees.
The superimposed solid and dotted curves in Fig. 2
illustrate this feature.

The basic experimental set-up for CXD is very
simple: a beamlime, monochromator (to select ),
aperture (to match ¢&,), a diffractometer and a de-
tector. The detector must have sufficiently high
resolution to resolve the inherent width of the fea-
tures of the diffraction pattern, which are the same
as the width of the direct beam, broadened by
Fraunhofer diffraction in the defining source aper-
ture. If the detector is a distance D, away from the
source aperture of size d, this width will be AD,/d,
typically about 20um. This resolution can be
achieved with a direct-reading charge-coupled de-
vice (CCD) which has the advantage of parallel
readout but slow time resolution. Alternatively,
a second small aperture can be followed by a scin-
tillation or solid-state detector, operating in pulse-
counting mode for excellent time resolution. Most
of the experiments carried out to date have used the
simplest possible optical configuration: a flat
double-multilayer monochromator or direct undu-
lator radiation and a small pinhole just before the
sample. More recently, we have found that better
definition of the beam edges is important, and so we
have developed a ‘roller blade’ slit design which
allows us to control the finish of the blades with
precision [10].

The diffraction signal measured from a sample
under coherent illumination conditions is the mag-
nitude squared of the scattering amplitude without
any ensemble averaging. We simply observe the

direct summation over all atoms in the beam,
Alg) oc ) fexplig-r). 2
J

The surface is conveniently defined by a single-
valued boundary function z = h(x), where the z-
direction is taken to be perpendicular to the sur-
face, and x represents the two coordinates in the
plane of the surface, r = (x,z) [1]. For simplicity,
we are assuming a sample made up of a discrete
lattice of a single kind of atoms with form factor, f.
Eq. (2) can be rewritten by direct substitution [11]
or equivalently in its integral form using Green’s
theorem [1].

A(g) o« Ferr(q2)), expligsx;) explig:h(x;), (3)

where the summation has been reduced in dimen-
sion to a sum over columns of equally spaced atoms
at lateral position x; starting at height h(x;). The
momentum transfer ¢ = (¢, ¢.) has also been split
into its components parallel to the surface, g, (re-
presenting both components), and perpendicular,
q.. Apart from the starting-height factor, the sum in
the z-direction is identical for all columns and takes
the familiar form seen in the analysis of Crystal
Truncation Rods (CTRs), which interpolates be-
tween the Bragg peaks in ¢, [12],

Ferr(g:) = f(1 — exp(— ig.a3)) ", ()

where a3 is the vertical lattice spacing. If we were to
continue the derivation for ordinary incoherent X-
ray diffraction from surfaces, the next step would be
to introduce some correlation function for h(x), and
take the ensemble average {|A(¢)|*> [1,11]. Instead
for CXD, we can look directly at |A(g)*>, which
should be compared directly with what is observed
in the experiment.

The first factor in Eq. (3) is the well-known CTR
amplitude, given in Eq. (4). This tells us that the
signal is large near to Bragg peaks in ¢,, and gets
progressively smaller as we move away. CTRs are
a standard feature of diffraction from surfaces and
feature prominently in Fig. 1. Near to a bulk Bragg
peak at G, the intensity falls off as |(q, — G.)| 2
Importantly, since we are concerned with reflectiv-
ity, this is also true for the origin of reciprocal
space, G, = 0. The second factor in Eq. (3) can be
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rewritten in the continuum limit as a kind of
Fourier transform,

H(qx> qz) = Z exp(iqxxj) exp(lqzh(xj))

J

= f " expligu) explig (o) dx. 5)

—d/2

There are two unusual aspects of this Fourier trans-
form compared with the familiar crystallographic
expressions relating electron density in a structure
with its diffraction pattern. The first is that the
domain of the function is finite, cut off at the edges
of the beam at positions x = =+ d/2. The second is
that it is the Fourier transform in the x-direction of
a complex argument with unit amplitude and
a position-dependent phase, which depends on
both the height function and the perpendicular
momentum transfer: €™, with ¢(x) = g.h(x).

In reflectivity experiments using a coherent beam
at X25, we found behaviour which is consistent
with this general formalism: a threshold was dis-
covered in the g.-dependence of coherent reflectiv-
ity from differently prepared Si(11 1) samples that
was found to be in good correspondence with con-
ventional profilometry measurements of roughness
[13]. The expression in Eq. (5) is a more general
version of the model that was also used in fitting
static speckle from a GaAs/GaAlAs multilayer
[4,5]. There, it was assumed that the coherent beam
could be divided into ‘blocks’ that received different
phases after diffracting from the discrete regions of
the multilayer. The physical interpretation for ¢(x)
is clear: the X-ray beam incident on the sample at
position x becomes phase shifted by an amount
¢(x), which depends on height in the case of surface
CXD, or, equivalently, the position of the diffract-
ing planes in the case of multilayer, considered to
be a coherent stack of internal surfaces. The phase-
modulated beam undergoes mutual interference,
which then results in the amplitude modulations
seen in the speckle pattern.

The problem of inversion of Eq. (5) lies at the
heart of the interpretation of static speckle. It is
a more difficult problem than inversion of a diffrac-
tion pattern to obtain the electron density because
the quantity sought is the phase. Inversion prob-

lems of this kind have been intensively studied
in the past [14], and there are some powerful
theoretical methods available. The most relevant
analogy is to the problem of holographic recon-
struction: transmission holography is achieved by
coherent illumination of an transparent object over
a finite aperture; the interference of all transmitted
waves, recorded with sufficient resolution, is the
hologram [15-17], which is closely related to the
speckle pattern. If the object modulates the ampli-
tude of the wave, this amplitude is the argument of
the Helmholz—Kirchhoff integral that determines
the hologram. But if the object has only phase
contrast with no amplitude change, then the situ-
ation is identical to that of Eq. (5). For this reason,
we have investigated the use of the iterative holo-
graphic reconstruction algorithm described in 1972
by Gerchberg and Saxton [18]. This has the poten-
tial to allow reconstruction of examples of surface
morphology investigated with coherent X-ray re-
flectivity. We have made significant progress in this
direction, with results reported in a poster at this
conference and in Ref. [19].

It is instructive to consider the longitudinal co-
herence requirements mentioned above in the light
of this theoretical understanding of the surface
CXD. According to the formalism above, the path
length difference (PLD) entering into the sum in
Eq. (3) is just A¢(x), which is very small indeed since
the diffraction conditions (i.e. ¢.) would be chosen
to have ¢(x) not changed by more than a few m.
Large PLDs are present between the terms in
Eq. (2), but these all accumulate in the factor Fcrg,
which is common to all terms of Eq. (3). The PLD
constraint in the specular direction can therefore be
written as

AqAh(x) < &, (6)

where Ah(x) is the excursion of the height, h(x), over
the range — d/2 < x < d/2. Even in the case where
&) is extremely short, say 504 for a multilayer
monochromator or a raw undulator beam, there
will be broadening in g, of Fcrr(q.) in Eq. (4), but
this is already a slow-varying function. This means
that we can take advantage of the highest coherent
flux estimates. Expression Eq. (6) is considerably
more forgiving than the PLD constraints on bulk
diffraction, where the large penetration depth can
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be insurmountable. Note that we are not necessar-
ily constrained to the small-angle case of ¢, ~ 0 if
the surface is sufficiently flat.

There is also a PLD constraint on the parallel
component of momentum transfer, g,, which may
be more important in the non-specular reflectivity
situation. If the sample is illuminated by a coherent
beam of size d, an additional PLD will accumulate
across the sample whenever ¢, is non-zero, and the
following condition must also be satisfied:

Aguld < &y (7)

The appearance of ¢. in the expression for ¢(x)
provides us with an opportunity to acquire addi-
tional information that is specific to the surface
CXD problem. If we can measure H(g) at a number
of different ¢, values but all derived from the same
h(x), then we would have redundant information
concerning the common h(x) function sought,
coupled to the phases ¢(x) through different coeffi-
cients ¢.. The additional information could then be
used in a reconstruction procedure. This is illus-
trated in Fig. 3, where the full function H(q,,q.) is
plotted as a contour map. The observed speckle
patterns are horizontal cuts across this diagram,
and the smooth evolution as ¢ is varied can be seen
immediately. For example, if the speckle pattern is
measured at a particular value of ¢., and the func-
tion h(x) is somehow derived from it, then the
pattern can be verified at other values of ¢, as
a validity check.

There is a practical difficulty with this method,
which is the experimental problem of varying
q. without changing anything else, notably the
position of the sample and its illuminated area.
Angle-dispersive methods are simply out of the
question since the typical sphere of confusion be-
tween the axes of an X-ray diffractometer is around
40 um and the illuminated area must be kept con-
stant within much less than 1 pm. Moreover, in the
specular reflection geometry, changing ¢, would
require changing the incidence angle, and so cha-
nges the footprint size of the beam on the sample.

An elegant solution is to change ¢, by changing
the X-ray energy instead. In this way, the sample
geometry and the positions of the beam-defining
slits are not changed. On a bending magnet or
wiggler beamline this would be achieved by scann-

10A
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h(x)

Position, x

9.

0 A—l L i
-1x107A" 0A"
qx

1x107°A"

Fig. 3. Simulated speckle pattern from a one-dimensionally
rough surface. Contours of H(q) are plotted as a function of
q, and q. In general, there are two components to the in-plane
momentum transfer ¢q,, which would make the diagram three
dimensional. Note the extreme anisotropy between the scales of
the g, and the ¢. axes.

ing the monochromator. A slight disadvantage is
that the beamline optics also introduces a phase
structure in the incident beam (which distorts the
resulting speckle), and this will change as the mono-
chromator is moved. The method will work best
with raw undulator beams, where the only adjust-
ment is of the undulator gap. An excellent alterna-
tive is to use a white incident beam and an energy-
sensitive detector, such as a cryogenic solid-state
detector or PIN diode. With present technology,
this would not be possible with position readout as
well, but only in the single-channel mode behind an
analyzing slit.
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We have made some preliminary measurements
of surface coherent diffraction in this way, using the
X25 wiggler, by scanning the multilayer mono-
chromator. The data were collected at a fixed inci-
dence and exit angle with a fixed aperture, thereby
guaranteeing an immobile footprint on the sample.
The sample was an epitaxial SiGe alloy film, which
was rough due to instabilities occurring during its
growth. The results in Fig. 4, show that the gross
features of the coherent diffraction pattern are con-
served, confirming that we were successful in con-
trolling the footprint. The most noticeable feature
is the apparent shrinking of the scale of the pattern
at higher energy. This is because the horizontal axis
measures the angular position of the exit beam; if
the data had been plotted vs. ¢, the shrinking effect
would have been avoided. There are, nevertheless,
perceptible differences in the fine structure between
the data at different incident beam energies, which
should provide information that is helpful in con-
straining the fitting of the data. Attempts at simul-
taneous fitting to a unique h(x) function are still in
progress at this time.

In conclusion, we have demonstrated that addi-
tional information about a surface can be obtained

] siGe sample
. 1 aug2-372,373,375,377
10 q 4=0,0,005

—— 6KeV
— 7KeV

> refill glitch

counts

10° A

10% A

10! -———r———1T—7——7—— 7
1.6 1.8 20 22 2.4 2.6 2.8 3.0
vertical pinhole position (mm)

Fig. 4. Surface static CXD patterns measured in reflection from
a SiGe sample at the X25 beamline at NSLS. Between the traces,
only the identical beam energy was changed, as indicated. Clear
similarities between the curves can be seen, but differences also.
The systematic trends should be compared (qualitatively) with
those of Fig. 3.

when a reflectivity experiment is carried out using
a coherent beam instead of an incoherent one. For
flux reasons, the method is practical at the present
time for the specular and non-specular reflectivity
regions which are sensitive to morphological (as
opposed to atomic-scale) information about the
surface under investigation. By developing a simple
theoretical formalism for explaining the origin of
the coherent diffraction signal in a reflectivity ex-
periment, we see that there should be a slow but
distinct evolution of the pattern with the perpen-
dicular component of momentum transfer, ¢.. Fi-
nally, we have demonstrated a practical energy
dispersive method of measuring this ¢g,-dependence.
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