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Coherent grazing exit x-ray scattering geometry for probing the structure
of thin films
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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.2@4 American Institute of
Physics. [DOI: 10.1063/1.1669061

One of the strengths of x-ray diffraction as an analyticthe shape of the speckles is used to diagnose the distortions
method is that the internal structure of materials can be meaf the beam that arise from the grazing exit geometry. The
sured nondestructively because of the penetrating property speckles also provide information about the specific distribu-
x rays. For a granular material, such as a polycrystallingion of grains under illumination, which information can be
metal, the average grain size can be deduced directly froramployed for detailed characterization of the sample.
the angular width of the scattered beam. This has led to the Our experiments were carried out at the undulator beam-
routine use of x-ray diffraction in metallurgical analysis.  line 34-ID-C of the Advanced Photon Source using mono-

It is known from sectional transmission electron micros-chromatic radiation of 8.92 keV, for which the critical angle

copy that evaporated metallic thin films contain a hierarchyof gold is «.=0.5°. Coherence was achieved by use of two
of grain sizes distributed over the depth of the fliecause ~roller-blade slits} placed 25 and 50 mm in front of the
conventional x-ray scattering methods are not sensitive to théample, which cut down the beam to a typical size ofuh®
depth within the film, powerful methods have been intro-horizontally and vertically to approximately match the trans-
duced based on the refraction of the beam near the criticiersé coherence of the source. The sample investigated here
angle for total external reflectiom, .2 When an x-ray beam Consisted of a 1000 A thin gold film on a 85 mn? pol-
impinges on a surface with its incidence anglebelow ar , ished quartz substrate. The film was deposited by thermal

it reflects totally and creates an evanescent wave inside tHvaporation at room temperature. Before the deposition of
sample with a depth that can be varied from a few to a few€ gold film a chromium adhesion layer of only a few

hundred nanometers. This has been exploited in the methdd'dstrom was evaporated under the same conditions. Typi-

of grazing incidence small angle x-ray scattering, which isc@' values for the rms surface roughnessf gold films

widely used for the study of nanostructures assembled ofl€POSited under these conditions are less than 10 A. The
substrates. original surface roughness of the polished quartz substrate

Reciprocity ensures that the same refraction behavior ad/_vas 4.5 A

plies to a beam emerging from the sample at an angle of exit,. 'll'hls_thmf f'tlr:n salrtnprllg \r/1vas laid ho:jl_zf(f)ntatlly ort1 the;tpnn-
ag, neara.. Using bothe; and «; neare. is a method to cipat axis of e ultraigh vacuum difiractometer. it was

obtain even stronger surface sensitivity. Here we demonstra{gted forward to allow illumination at an angle af; as il-

that use of a beam with; > o, allows sufficient penetration ustrated in Fig. 1. A direct illumination charge-coupled de-

S C . vice (CCD) x-ray camera with a pixel size of 22&m was
to probg d.eep. |ns!de a th|'n film, yet, by analy§!s of thg an placed on the detector arm of the diffractometer at 2.46 m
gular distribution in«ay, still allows depth profiling of its .

from the sample. The measurements described here were all

internal microstructure. We show that the surface contrlbu-rpaole in the forward-scattering directidrelowthe reflected

tions can be avoided and still result in a strong enough signebeam with the CCD subtending an angular range aQ
that coherence effects can be exploited to further enhance thga vertically, as shown
c ’ .

understanding.

Coherent diffraction from a granular microstructure re- _k' R’ o = QO
sults in a speckled modulation of what would otherwise be o,
diffuse scattering with an overall width that is inversely re- [ N =~ j| o < o
lated to the grain size. The size of the speckles is inversely — ¢
related to the beam size, but also includes the effects of L sample |CCD

refraction of the incident or exit beams. In this experiment,

FIG. 1. Sketch(sideview of the geometry used in the experiment. The
out-of-plane directions, to which we refer by tkeoordinate orp angle, lie
3Electronic mail: franz.pfeiffer@psi.ch perpendicular to the page and are not shown here.
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FIG. 3. Enlarged images of the measured speckle diffraction pattern at dif-
ferent positiongmarked by encircled numbers, corresponding to Fig)]2
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-0.01 0.00 The entrance slit settings for each panel are given by the size of the slit gap
'A_1 (in um) followed by capital letters “H” or “V" to specify the horizonta(H)
q, [ ] or vertical (V) direction, respectively.

FIG. 2. Linear contour plots of the measured intensity distribution in the
detector plangCCD) as a function of the lateral momentum transtgr
and the exit anglex; for fixed angles of incidencey;=0.77° (a) and
«;=0.90° (b).

boundary at the sample surface, according Wy «y)
=e ZMean) where the penetration depth(as) is given by
A(ag)=N\2m(a?— a?)Y2.9711 The scattered signal along a
horizontal slice across the triangle is therefore the square of
Three general components to the scattering from an inthe Fourier transform of the density functipiiz) weighted
homogeneous sample with a well-defined surface are eXdy this decaying amplitude function. The set of profiles at
pected under these conditions. A specular beam, with théifferent values ofa; representing parallel slices across the
same shape and propagation properties as the incident beariiangle” can be considered to be the Fourier—Laplace
is expected with intensity given by the Fresnel law, but re-transform of the density distribution in the depth directfon:
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:® The extended ridge shape is due to the extreme

grazing geometry. Finally, there is a generally diffuse scat-  The triangular shape results from the deeper penetration
tering coming from the distribution of bulk grains. Both of gf the exit beam whem;= a, which allows it to probe the
these diffuse components acquire a speckled appearangfier grains at the growth interface that produces a broader
when a coherent beam is usé@ihe intensity of both diffuse distribution of the scattering. Provided the average grain size
components becomes enhanced whes a. by the electric-  is given by 27/Aq,, whereAq, is the width of the scatter-
field transmission function of the interfdt® produce a so-  ing distribution along a horizontal slice through the triangle,
called “Yoneda” peak. All three of these features are seen inve estimate grain sizes ranging from 30 nffor oy
the data in Fig. @), with the generaldoubly off-specular =« :Aq,=0.021A™Y) to 210 nm (for a;=aJ2:Aq,
diffuse scattering taking a striking “triangle” shape. =0.003 A 1).
The two diffuse components are distinct in the sense that  The shape of the speckles, which arise because of the
the “ridge” is tied to the surface while the “triangle” is tied coherent illumination of the sample, is seen to vary with
to the inhomogeneities in the bulk material of the film. Theythe speckles are rounder nea= «. and become elongated
can be conveniently separated by increasingas shown in  in the vertical direction neat;=0 (surface plang This is
Fig. 2b): the ridge moves upward along with the speculardue to a simple geometric effect, for which the apparent
beam, while the triangle remains on the horizon, in the planghape of the beam on the sample as seen by the detector
of the surface with &< a;<a,. When«; is increased, the needs to be considered. The footprint of the beam on the
intensity in the “triangle” becomes weaker, but not dramati- sample is strongly elongated at grazing incidence by a factor
cally. The total exposure time for the data of Fig. 2 wasof 1/sina;. When a;=q;, the view from the detector is
typically less than 5 min. This demonstrates that it is possibléoreshortened by the same amount, producing symmetric
to separate the signal from the near-surface microstructure ¢found speckles. However, wheneves < c«;, the 1/sing
the thin film from the surface morphological effects. foreshortening seen by the detector is stronger, so that the
Each value ofa; in the region belowx. corresponds to  speckles become elongated in the vertical direction. This is
a different evanescent waw¥ («;) inside the sample. Its what is observed in the enlargements of the diffraction pat-

amplitude decreases with the distangefrom the dielectric  tern in Fig. 3.
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The shape of the speckles also changes with the dimerages of the interior structure of the illuminated volume of the
sions of the beam, which is demonstrated in Fig. 3. When thélm.*2 It is envisaged that the technique will find important
entrance slits are made narrower in the vertical, the specklespplications in the study of the coalescence and maturation
become elongated in the horizontal avide versalt is in- of thin films during growth, which is not readily accessible
teresting to note that the speckle elongation of the sides dfy any other technique.
the doubly off-specular “triangle” feature can be diagonal in _ _
the case of a m (H)X 15 um (V) incident beam. This is The aut.hors thank C. Benson for his help W|th_ the 34—
explained by the foreshortening argument above: whenevdP-C Peamline and I. Vartanyants for a series of fruitful dis-
the in-plane scattering angigis about the same size as, cussions. This work was supported by the NSF under Grant

the beam footprint appears from the detector to be inclined!0: PMR 03-08660. The 34-ID-C Coherent X-ray Diffrac-
at ~45°. tion facility was built with funds from NSF DMR 97-24294.

Rotation of the sample about a vertical axis, perpen- Thg UNICAT facility is supported by the University of lli-
dicular to the beam led to interesting evolution in the distri-N°iS Materials Research Laboratory, funded by U.S. Depart-
bution of the speckles. Even though the scattering angle wa§€nt of Energy(DOE) under DEFG02-91ER45439, Oak
a small fraction of a degree, 0.01° stepsaoivere sufficient Ridge National Laboratory, the National Institute of Stan-
to shift the speckles by their width. The speckles on the lefflards and Technologies, and UOP Research & Development.
side of the “triangle” pattern were seen to move upwards,The APS is itself supported by the DOE under Contract No.

while those on the right side moved down, while maintainingW'31'109'ENG'38'
their local arrangement. The speckles in the off-specular
f‘ridge” d_id not change. This swir_ling m_otion of the speckles 1¢. v, Thompson, Annu. Rev. Mater. S0, 159 (2000).
is consistent with the three-dimensional arrangement ofR. w. JamesThe Optical Principles of the Diffraction of X-ray@ell,
speckles expected from an array of small grains confined to %(I;on’gon, 1C9b‘t‘8l Science300 1416(2003
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