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We demonstrate a diffraction geometry which provides strong sensitivity to the microstructure of
thin films. While a coherent beam of x rays is being reflected from the surface of the sample,
measurements were made of the scattering of the exit beam below the critical angle for total external
reflection. This results in a strong signal with speckle modulations that are characteristic of the
internal arrangement of grains at different depths within the film. ©2004 American Institute of
Physics. @DOI: 10.1063/1.1669061#

One of the strengths of x-ray diffraction as an analytic
method is that the internal structure of materials can be mea-
sured nondestructively because of the penetrating property of
x rays. For a granular material, such as a polycrystalline
metal, the average grain size can be deduced directly from
the angular width of the scattered beam. This has led to the
routine use of x-ray diffraction in metallurgical analysis.

It is known from sectional transmission electron micros-
copy that evaporated metallic thin films contain a hierarchy
of grain sizes distributed over the depth of the film.1 Because
conventional x-ray scattering methods are not sensitive to the
depth within the film, powerful methods have been intro-
duced based on the refraction of the beam near the critical
angle for total external reflection,ac .2 When an x-ray beam
impinges on a surface with its incidence anglea i belowac ,
it reflects totally and creates an evanescent wave inside the
sample with a depth that can be varied from a few to a few
hundred nanometers. This has been exploited in the method
of grazing incidence small angle x-ray scattering, which is
widely used for the study of nanostructures assembled on
substrates.3

Reciprocity ensures that the same refraction behavior ap-
plies to a beam emerging from the sample at an angle of exit,
a f , nearac . Using botha i anda f nearac is a method to
obtain even stronger surface sensitivity. Here we demonstrate
that use of a beam witha i.ac allows sufficient penetration
to probe deep inside a thin film, yet, by analysis of the an-
gular distribution ina f , still allows depth profiling of its
internal microstructure. We show that the surface contribu-
tions can be avoided and still result in a strong enough signal
that coherence effects can be exploited to further enhance the
understanding.

Coherent diffraction from a granular microstructure re-
sults in a speckled modulation of what would otherwise be
diffuse scattering with an overall width that is inversely re-
lated to the grain size. The size of the speckles is inversely
related to the beam size, but also includes the effects of
refraction of the incident or exit beams. In this experiment,

the shape of the speckles is used to diagnose the distortions
of the beam that arise from the grazing exit geometry. The
speckles also provide information about the specific distribu-
tion of grains under illumination, which information can be
employed for detailed characterization of the sample.

Our experiments were carried out at the undulator beam-
line 34-ID-C of the Advanced Photon Source using mono-
chromatic radiation of 8.92 keV, for which the critical angle
of gold is ac.0.5°. Coherence was achieved by use of two
roller-blade slits,4 placed 25 and 50 mm in front of the
sample, which cut down the beam to a typical size of 10mm
horizontally and vertically to approximately match the trans-
verse coherence of the source. The sample investigated here
consisted of a 1000 Å thin gold film on a 15315 mm2 pol-
ished quartz substrate. The film was deposited by thermal
evaporation at room temperature. Before the deposition of
the gold film a chromium adhesion layer of only a few
Ångstrom was evaporated under the same conditions. Typi-
cal values for the rms surface roughnesss of gold films
deposited under these conditions are less than 10 Å. The
original surface roughness of the polished quartz substrate
was 4.5 Å.

This thin film sample was laid horizontally on the prin-
cipal axis of the ultrahigh vacuum diffractometer. It was
tilted forward to allow illumination at an angle ofa i as il-
lustrated in Fig. 1. A direct illumination charge-coupled de-
vice ~CCD! x-ray camera with a pixel size of 22.5mm was
placed on the detector arm of the diffractometer at 2.46 m
from the sample. The measurements described here were all
made in the forward-scattering direction,below the reflected
beam with the CCD subtending an angular range 0,a f

,ac vertically, as shown.

a!Electronic mail: franz.pfeiffer@psi.ch

FIG. 1. Sketch~sideview! of the geometry used in the experiment. The
out-of-plane directions, to which we refer by thex coordinate orf angle, lie
perpendicular to the page and are not shown here.
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Three general components to the scattering from an in-
homogeneous sample with a well-defined surface are ex-
pected under these conditions. A specular beam, with the
same shape and propagation properties as the incident beam,
is expected with intensity given by the Fresnel law, but re-
duced by any surface roughness present. A ‘‘ridge’’ of off-
specular scattering, but lying within the scattering plane, is
usually attributed to the missing specular intensity due to the
roughness.5,6 The extended ridge shape is due to the extreme
grazing geometry. Finally, there is a generally diffuse scat-
tering coming from the distribution of bulk grains. Both of
these diffuse components acquire a speckled appearance
when a coherent beam is used.7 The intensity of both diffuse
components becomes enhanced whena f.ac by the electric-
field transmission function of the interface8 to produce a so-
called ‘‘Yoneda’’ peak. All three of these features are seen in
the data in Fig. 2~a!, with the general~doubly off-specular!
diffuse scattering taking a striking ‘‘triangle’’ shape.

The two diffuse components are distinct in the sense that
the ‘‘ridge’’ is tied to the surface while the ‘‘triangle’’ is tied
to the inhomogeneities in the bulk material of the film. They
can be conveniently separated by increasinga i , as shown in
Fig. 2~b!: the ridge moves upward along with the specular
beam, while the triangle remains on the horizon, in the plane
of the surface with 0,a f,ac . When a i is increased, the
intensity in the ‘‘triangle’’ becomes weaker, but not dramati-
cally. The total exposure time for the data of Fig. 2 was
typically less than 5 min. This demonstrates that it is possible
to separate the signal from the near-surface microstructure of
the thin film from the surface morphological effects.

Each value ofa f in the region belowac corresponds to
a different evanescent waveC(a f) inside the sample. Its
amplitude decreases with the distance,z, from the dielectric

boundary at the sample surface, according toC(a f)
5e2z/L(a f ), where the penetration depthL(a f) is given by
L(a f)5l/2p(ac

22a f
2)1/2.9–11 The scattered signal along a

horizontal slice across the triangle is therefore the square of
the Fourier transform of the density functionr(z) weighted
by this decaying amplitude function. The set of profiles at
different values ofa f representing parallel slices across the
‘‘triangle’’ can be considered to be the Fourier–Laplace
transform of the density distribution in the depth direction:9

I~a f ,qx!}U È`E
0

`

r~x,z!e2z/L~a f !1 iqxxdz dxU2

. ~1!

The triangular shape results from the deeper penetration
of the exit beam whena f.ac , which allows it to probe the
finer grains at the growth interface that produces a broader
distribution of the scattering. Provided the average grain size
is given by 2p/Dqx , whereDqx is the width of the scatter-
ing distribution along a horizontal slice through the triangle,
we estimate grain sizes ranging from 30 nm~for a f

.ac :Dqx.0.021 Å21) to 210 nm ~for a f.ac/2:Dqx

.0.003 Å21).
The shape of the speckles, which arise because of the

coherent illumination of the sample, is seen to vary witha f :
the speckles are rounder neara f.ac and become elongated
in the vertical direction neara f50 ~surface plane!. This is
due to a simple geometric effect, for which the apparent
shape of the beam on the sample as seen by the detector
needs to be considered. The footprint of the beam on the
sample is strongly elongated at grazing incidence by a factor
of 1/sinai . When a f.a i , the view from the detector is
foreshortened by the same amount, producing symmetric
~round! speckles. However, whenevera f,a i , the 1/sinaf

foreshortening seen by the detector is stronger, so that the
speckles become elongated in the vertical direction. This is
what is observed in the enlargements of the diffraction pat-
tern in Fig. 3.

FIG. 2. Linear contour plots of the measured intensity distribution in the
detector plane~CCD! as a function of the lateral momentum transferqx

and the exit anglea f for fixed angles of incidencea i50.77° ~a! and
a i50.90° ~b!.

FIG. 3. Enlarged images of the measured speckle diffraction pattern at dif-
ferent positions@marked by encircled numbers, corresponding to Fig. 2~b!#.
The entrance slit settings for each panel are given by the size of the slit gap
~in mm! followed by capital letters ‘‘H’’ or ‘‘V’’ to specify the horizontal~H!
or vertical ~V! direction, respectively.
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The shape of the speckles also changes with the dimen-
sions of the beam, which is demonstrated in Fig. 3. When the
entrance slits are made narrower in the vertical, the speckles
become elongated in the horizontal andvice versa. It is in-
teresting to note that the speckle elongation of the sides of
the doubly off-specular ‘‘triangle’’ feature can be diagonal in
the case of a 5mm (H)315mm (V) incident beam. This is
explained by the foreshortening argument above: whenever
the in-plane scattering anglef is about the same size asa f ,
the beam footprint appears from the detector to be inclined
at '45°.

Rotation of the sample about a vertical axis,v, perpen-
dicular to the beam led to interesting evolution in the distri-
bution of the speckles. Even though the scattering angle was
a small fraction of a degree, 0.01° steps ofv were sufficient
to shift the speckles by their width. The speckles on the left
side of the ‘‘triangle’’ pattern were seen to move upwards,
while those on the right side moved down, while maintaining
their local arrangement. The speckles in the off-specular
‘‘ridge’’ did not change. This swirling motion of the speckles
is consistent with the three-dimensional arrangement of
speckles expected from an array of small grains confined to a
thin sheet, as discussed previously.12 In reciprocal space, the
speckles are considerably extended in the out-of-plane direc-
tion, but they become rounded by their intersection with the
Ewald sphere construction of what is seen by the detector.
When the sample anglev is rotated, the point of intersection
slides up or down, depending on which side of the ‘‘triangle’’
pattern is considered, as found.

The new geometry described in this letter will find wide-
spread applicability to the study of the microstructure present
in polycrystalline films. The primary contrast mechanism is
the lower density associated with the domain walls, rather
than the domains of the material itself. It is therefore highly
sensitive to smaller domains. The diffraction data are over-
sampled with respect to the spatial Nyquist frequency, so in
principle it should be invertible into three-dimensional im-

ages of the interior structure of the illuminated volume of the
film.13 It is envisaged that the technique will find important
applications in the study of the coalescence and maturation
of thin films during growth, which is not readily accessible
by any other technique.
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Grübel, D. L. Abernathy, and J. Als-Nielsen, Phys. Rev. B52, 9917
~1995!.

13G. J. Williams, M. A. Pfeifer, I. A. Vartanyants, and I. K. Robinson, Phys.
Rev. Lett.90, 175501-1~2003!.

1849Appl. Phys. Lett., Vol. 84, No. 11, 15 March 2004 Pfeiffer, Zhang, and Robinson

Downloaded 13 Apr 2004 to 130.126.32.13. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


