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ABSTRACT

X-ray analysis techniques including the grazing-incidence
specular reflection, grazing-incidence diffraction (GID), and
grazing-incidence asymmctric-Bragg diffraction (GIABD) are
reviewed. Results are given to illustrate the capabilities of the
techniques. The specular reflectivity technique was used for
the characterization of surface uniformity and oxidation, layer
thickness and density, interface roughness and diffusion of a
Si single-crystal substrate, Ni single-layer film, and Pt/Co
based multiple-layer film. The GID technique was used for
the determination of in-plane crystallography of a supercon-
ducting YBa,Cu,0, film epitaxially grown on a SrTiO, (110)
single-crystal substrate. The GIABD technique was used for
surface structural identification and depth profiling determi-
nation of a polycrystalline magnctic Fe,0, film.

1. INTRODUCTION

Thin-film technology is onc of the most rapidly evolving fields
today, and the structural characterization of surfaces and ul-
tra thin {ilms is important [or the rcsearch, development, and
manufacturing of high-tech materials.

X-rays arc well-known for their penetration power deep into
materials. However, the X-ray penctration depth can be
controlled and limited to the top surface when grazing-
incidence X-rays are used. The calculated penetration depths
in metals (i.c., Al, Fe, Cu, Ag, and Au) are plotted in Fig. 1.
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Fig. 1. Calculated 1/c penctration depths for Cu Ka X-rays.
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At an incident angle below the critical angle [or total re-
flections, a, the X-ray beam penctrates only the top 50A or
less surface. The penetration increases rapidly when the inci-
dent angle incrcases above @, There is also an enhancement
in intensity at the surfacc for grazing-incidence X-rays, and
the enhancement reaches a maximum when the incident angle
equals a_.'

The advantages ol small penctration depth and cnhanced X-
ray intensity at the surface make the grazing-incidence X-rays
suitable for the nondestructive characterization of surfaces
and ultra thin films.

2. GRAZING-INCIDENCE X-RAY ANALYSIS

Recently there has been considerable interest in the use of
grazing-incidence X-rays for the nondestructive characteriza-
tion of surfaces and thin films. Three of the grazing-incidence
techniques commonly used in our laboratories are reviewed.
Typical examples to illustrate the types of information that
can be obtained by the techniques are also presented.

2.1 X-Ray Specular Reflection

The observation of X-ray interferences by specular reflection
from thin films was first reported by Kicssig over sixty years
ago.? It is only recently, however, that the X-ray reflectivity
technique has emerged as a powerful tool [or the investigation
of surfaces and thin films.}

A schematic diagram of the expcrimental setup for the X-ray
reflectivity measurement is shown in [Fig. 2. An incident-becam
conditioner and a reflected-beam analyzer arc used to
monochromatize and/or collimatc the X-ray beam. Specular
rellection data are collected using the 8-20 scanning technique
and analyzed by least-squares refinement.
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Fig. 2. Schematic for X-ray reflectivity measurement.



Revista Brasileira de Aplicagdes de Vicuo, Yol. 10, n.2, 1991.

The roughness (¢) on a surface can be determined on an
atomic scalc from the X-ray reflectivity as shown in Fig. 3 for
a polished Si wafer. The experimental data plotted in solid
dots have signiflicantly faster decay rates than those calculated
for a prefect Si surface (sec the top curve for an ideal surfacc)
indicating imperfection and roughness presented at the sur-
face. A lcast-squares refinement analysis revealed the pres-
ence of a 34.1A thick SiO, surface on the top of the Si waler
with roughnesses of 4.7 and 1.8 A on the SiO, surface and the
Si0,/Si interface, respectively. The match i:ctwecn the ex-
perimental and the fitted data is cxcellent with a R-factor of
0.28%.!
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[Fig. 3. Specular reflectivity curves for a Si walfer.

The reflectivity curve of a single-layer thin film is character-
ized with a scrics of interference fringes, and the experimental
data [or a “single-layer” Ni film on a Si substrate are plotted
in [ig. 4. The lcast-squares analysis showed that a model with
an oxidized surface of NiO (t = 29.0A and 6 = 2.6A) gave a
good [it to the experimental data with a R-factor of 1.58%.
The Ni layer was found to be 452.9A thick with ¢ = 1.8A.
The total thickness ol the film with the surface oxide was
481.9 A which was almost 20A thinner than the “intended”
thickness of 500A for the Ni film.
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Fig. 4. Specular reflectivity curves for a Ni film,

The X-ray reflectivity from a multiple-layer film is more com-
plex, and the experimental data obtained from a Pt/Co bascd
multiple-layer [ilms cpitaxially grown on a GaAs substratc arc
plotted in Fig. 5. There are two intensive “Bragg” pcaks and
a scries of interference [ringes observed from the film. The
films were mainly composed of fifteen bi-layers of “18A" Pt
and “SA " Co with a “I8A" cap layer of Pt on top and two
bulTer layers of “200A” Ag and “10A” Co on the bottom.
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Fig. 5. Reflectivity curves [or a multiple-layer Pt/Co film.

Details of the least-squares refinement results have been given
clsewhere! and arc briefly described below. The analysis re-
vealed a 4.0A oxide surface with o = 2.2A. The density of the
oxide-surface layer was 23% (or 0.23) of the bulk density of
I'tO suggesting a discontinuous layer and a partially oxidized
surface. The thicknesses for Co and Pt in the bi-layers were
5.5 and 19.8 A, respectively. The density of the Co in the bi-
layers was higher than that of the Co metal by 35% indicating
the prescnce of a significant amount of Pt in the thin Co lay-
ers.!”

2.2 In-Plane DifTraction

The GID technique was [irst developed by Marra,
Lisenberger, and Cho® in 1979. It has been used cxtensively
for the study of in-planc crystallography of surfaces and
epitaxial thin films in the last ten yecars.”® As shown in Fig.
6, the incident X-ray beam is fixed at a grazing angle, &, and
the detector is placed in the horizontal planc parallcl to the
surface of the specimen to collect diffraction [rom lattice
planes cxactly or nearly perpendicular to the surface.
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Fig. 6. Schematic representation of the GID geometry.
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The GID technique can be used to determine in-plane strains
and avcrage crystallitc size, to detect multiple domains with
difTerent strains and/or epitaxial oricntations, etc. strain, and
crystallite size, etc. Hercin the results of a GID analysis of a
superconducting YBa,Cu,O, film grown on a SrTiO, (110)
single-crystal substrate arc presented.’

Prior to the GID analysis, the YBa,Cu,0, film was analyzed
by the conventional Bragg-Brentano (or 6-20 scanning) tech-
nique. The Cu Ka diffraction pattern from the film (F) and
its substrate (S) arc shown on the top of Fig. 7. The film was
found to have a high degree of texture or epitaxial grown with
oricntation

YBa,Cu,0,(110) | ScTiO(110).
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Fig. 7. DilTraction patterns of YBa,Cu,0, on SrTiO,:
conventional scan (top) and GID scan (bottom).

A GID analysis was nceded to dctermine the in-plane
crystallography of the film. The GID pattern obtained [rom
a radial scan along the [001] direction of the SrTiO, substrate
is plotted at the bottom of Fig. 7. Unlike the conventional
diffraction pattern shown on the top of Fig. 7, the GID pat-
tern is dominated by nine multiple-order YBa,Cu,0, (00¢)
reflections. This indicates that the film was grown with ori-
entation

YBa,Cu,0,[001] || SrTiO,[001].

The GID pattern obtained from a sccond radial scan along
the [110] of the substrate showed:

YBa,Cu,0,[110] | SrTiO,[110].

The film was thercfore found to be was cpitaxially grown and
aligned with its substrate in a true cpitaxy.

The d-spacings mecasured parallel to the surface of the [ilm
were determined (rom the observed 20 positions of the GID
peaks, and d;, = 11.647A and d,5, = 2.733A.
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Values of in-planc strains were calculated by comparing with
the d-spacings (i.c., dyy, = 11.680A and d,;, = 2.724A) of a
strain-free YBa,Cu,0, powders.' Results showed that the
film was under compression with parallel strain g = —0.3%
measured along the [001] dircction and was under tension
with ¢, = +0.3% along the [110]. The in-planc strains were
therefore found to be anisotropic and directionally dependent.

2.3 Asymmetric-Bragg DifTraction

The usc of asymmetric-Bragg diffraction with a small incident
angle of several degrees (e.g., 5°) for the analysis of thin films
was reported by Felder and Berry over twenty years ago.'!
Recently, the technique was extended to study of surfaces and
ultra thin films using grazing-incidencec angles down to a few
tenths of a degree.'?!% In a GIABD experiment (sce I7ig. 8),
the incident X-ray beam also is fixed at a grazing angle, o, and
the detector is scanned in a vertical plane perpendicular to the
surface of the specimen to collect diffraction from lattice
planes that arc inclined to the surface. By recording
diffraction data [rom cxperiments with several incident angles,
thin-film structure identification and depth profiles can be
obtained. An example of using the GIABD technique for the
characterization of a post-oxidized magnetic iron-oxide film
with a ragnctically dead surface is described below. 718
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Fig. 8. Schematic representation of the GIABD geometry.

GIABD experiments were done using both a laboratory
rotating-anode X-ray source and a synchrotron-radiation
source at the Stanford Synchrotron Radiation Laboratory.
Diffraction patterns obtained at incident angles below and
above the critical angle [or total rcflection of I'c,0, revealed
the presence of an anti-ferromagnetic hexagonal a-Fe,0,
phase at the surface and a fcrromagnctic tetragonal y-Fe,O,
phase in the bulk of the film. This explained the magnetic
dead layer previously observed by polarized necutron re-
flection.'?
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To determine the structural depth profiles for a-Fe;,O; and
y-Fe;04, the GIABD intensitics of the a-I'e;O, (104) reflection
and the y-Fe;0y (313) reflection obtained with difTerent inci-
dent angles ranging from below to the critical angle for total
reflection were measured. A simple model with a linear tran-
sition from the a-Fe;0; surface to the bulk of the y-Fe;O; film
was used and lcast-squarcs [itted to the intensitics of the
a-Fe;05 (104) and the y-Fe;0, (313) peaks. As shown in Fig.
9, the model fitted the experimental intensity data rcasonably
well. The average depth of the a-Fe,0; surface was found to
be 90+15A, and the transition width no larger than 120A.'*
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Iig. 9. GID intensitics for a-Fe;0, (104) and y-I'e; O, (313).
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