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Several samples containing interfaces between dissimilar metals were examined using diffraction of syn-
chrotron radiation. The complex refractive index profile in the vicinity of the interface for each sample was
reconstructed with spatial resolution of about 40 nm by the phase retrieval x-ray diffractometry technique. A
series of computer simulations related to the analysis of various configurations of interfaces between dissimilar
materials were performed. A practical algorithm of experimental data collection for a detailed examination of
internal interfaces was suggested. An estimation of the minimal size of the interface structure modulations,
which can be analyzed by the phase retrieval x-ray diffractometry technique, was suggested from the results of
computer simulations. It was shown that interface modulations of about 50–100 nm in bimetals can be readily
reconstructed by the technique.
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I. INTRODUCTION

The internal interfaces within a polycrystalline or multi-
phase material are critical features of the microstructure or
nanostructure, with the potential to have a significant influ-
ence over both physical and mechanical properties of the
material. Indeed, when such interfaces become local zones of
microstructural inhomogeneity, or when the scale of the mi-
crostructure is reduced to a level at which these interfaces
constitute a major proportion of the material volume, then it
is the structure and properties of the interfaces, rather than
the intrinsic structure and properties of the individual crys-
tals or phases, that dominate control of properties.1 Similarly,
when the film thicknesses in a multilayer device approach
the nanoscale, then, regardless of whether the heterolayers
are homogeneous or have a structure that is nanoscale, the
properties of the assembly are again interface dominated.2

Given their significance in determining material properties,
the characterization of the nature and properties of the inter-
faces that form between crystalline �and/or amorphous� ag-
gregates that differ in orientation, structure and/or composi-
tion has long been a priority.3 An understanding of these
features of such nanostructures is a still greater
imperative.1–5

When the critical structural dimensions in a material are
measured in microns, then optical microscopy combined
with conventional x-ray diffraction techniques are sufficient
to permit determination of the structure, structural dimen-
sions, and orientation of individual structural domains. When
the domains become nanoscale, then such characterization
requires high-resolution scanning electron microscopy com-
bined with modern backscattered electron diffraction tech-
niques. However, none of these techniques permit direct
characterization of the form, dimensions, and structure of the
interfaces between structural domains. For this purpose, the
application of high-resolution analytical electron microscopy
and diffraction techniques is widespread, but the preparation
of suitable thin specimens is destructive of the sample and
for the most part limited to orientations for which a selected

interface is approximately parallel to the electron beam, and
to very limited and highly localized areas of a given inter-
face. The challenge to advancing characterization of such
interfaces, and permitting time-resolved in situ studies of in-
terface transitions as, for example, a function of temperature
or pressure under conditions representative of bulk materials,
lies in the development of complementary techniques. The
high energy resolution and statistically averaged accuracy of
new high-resolution 2D and 3D x-ray diffraction microscopy
techniques,6,7 which use high intensity �synchrotron� x-ray
sources, may potentially permit nondestructive characteriza-
tion of interfaces embedded in macroscopic sections. Unlike
early synchrotron x-ray scattering studies of embedded
interfaces,8,9 which were limited to quantitative intensity
measurements, the present work uses a highly coherent x-ray
source and phase retrieval x-ray diffractometry10,11 �PRXRD�
to map the complex refractive index variation in such inter-
faces.

In this initial phase of the work, we focus on artificial and
macroscopic interfaces created by simple mechanical abut-
ment of dissimilar metals/alloys, in order to demonstrate the
hitherto untested extension of this approach into synthesis of
the real and imaginary components of the complex refractive
index of a material, and the potential of the technique to
contribute to the characterization of interfaces between dis-
similar metals. It is also necessary to develop practical algo-
rithms of experimental data collection suitable for the de-
tailed characterization of internal interfaces. An estimation of
the minimal size of features within interfaces, which can be
analyzed by the characterization technique, is also of great
importance for further experimental studies.

II. THEORETICAL BASICS OF THE METHOD

In the framework of kinematical diffraction theory, the
potential for the examination of non-Bragg diffracting
samples using x-ray phase retrieval under Fraunhofer diffrac-
tion conditions follows from the variation of the complex
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transmission function �CTF� of the sample. The latter de-
scribes the interaction between a sample and the incident
radiation, and is proportional to the product of its thickness
in the direction of incident wave propagation and the com-
plex refractive index12

t�x� = exp�2�

�
i� �1 − n�x,y,z���dz�� , �1�

where k=2� /� is the diffraction vector length, n�x ,y ,z�� is
the three-dimensional map of the complex refractive index of
the material, and z� is the projected thickness of the object in
the direction of the incident plane wave propagation z for an
ideally monochromatic source of wavelength �. The com-
plex refractive index is given by n�x ,y ,z�=1−�n�x ,y ,z�
=1− ���x ,y ,z�+ i��x ,y ,z�	.13

The phase-retrieval formalism of the PRXRD technique
has been discussed in detail elsewhere.10,11,14,15 Here we
present only the key-steps of the technique, which might be
helpful in understanding of the presented results.

The complex diffraction amplitude �CDA�, which is an
amplitude of the radiation diffracted by an object R�Q� in the
case of plane-wave illumination, is a Fourier transform of the
complex transmission function t�x�:12

R�Q� = 
R�Q�
exp„i��Q�� =� t�x�exp�2�iQx�dx , �2�

where R�Q�=u�qr ,qi�+ iv�qr ,qi� and qr, qi are the real and
imaginary parts of the complex scattering vector Q=qr+qi.
The observed diffracted intensity is the square of the modu-
lus of the amplitude I= 
R�Q�
2, and thus the phase compo-
nent of the complex diffraction amplitude and information it
contains is lost in experiment.

The PRXRD technique uses the fact that the modulus and
the phase of an analytic complex function are not indepen-
dent, and that the CDA R�Q�, and its logarithm ln�R�Q��, are
analytic functions.16,17 By utilizing a priori knowledge of the
analytical properties of the CDA the phase ��Q� of the ex-
perimentally observed x-ray diffraction profile can be re-
trieved from the discrete intensity distribution using a loga-
rithmic dispersion relation16

��Q� = −
1

�
��

−�

+� ln
R�Q��

Q� − Q

dQ� + 2�
k

arg�Q − Qk�

= �min�Q� + �
k

�k�Q� , �3�

where Qk �k=0,1 ,2 , . . . ,K−1� are the true zeros of 
R�Q�
 in
the upper half of the complex plane, and � is the Cauchy
principle value of the integral. The zeros Qk of unknown
number K, are the true, physical zeros of the CDA that might
occur due to interference suppression of the diffracted x-ray
wave under certain circumstances.

The second term on the right-hand side of Eq. �3� de-
scribes the addition of subsidiary phase due to the presence
of “true” zeros of the CDA. Those true, physically meaning-
ful zeros constitute the correct solution �3� of the phase re-
trieval procedure. However, it is impossible to know a priori
whether those K true zeros occur in the set of M polynomial

zeros of the CDA and their locations. This ambiguity can be
resolved by either trial and error method, using a priori
knowledge about the sample, such as overall size, chemical
composition, or shape of the sample,14 or by utilizing inten-
sity profiles for two different energies of incident
radiation.10,18 The latter method of true zeros localization
allows an unambiguous retrieval of the phase of the
CDA.11,15

Once the true zeros have been identified, the correct pro-
file of CDA can be computed by combining the recorded
amplitude profile with the calculated complete phase profile.
Using an inverse Fourier transform, it is possible then to
obtain the complex transmission function of the sample
t�x�.14,15

The transmission function of the sample is a complex
function and its argument and modulus are proportional to
the product of the projected thickness and, correspondingly,
real and imaginary parts of the complex refractive index.
Thus, the reconstruction of the CTF of the sample leaves us
with the same uncertainty as in all nontomographic imaging
techniques: the ambiguity of the determination of two quan-
tities of interest—thickness and refractive index, from their
product


t�x�
 = exp�− k�� dz�
 and arg�t�x�� = k�� dz�. �4�

For a large class of samples with known �or measurable by
other means� geometry, the map of the refractive index of the
sample can be created, using a priori knowledge of the
sample dimensions. And vice versa, if the sample is homog-
enous, the profile of the sample thickness variation can be
obtained, using a priori knowledge of the constant refractive
index. If the behavior of both quantities, projected thickness
and refractive index, is unknown a priori, the problem of
sample characterization should be tackled using a tomo-
graphiclike approach, similar to the approach demonstrated
in one of our previous papers.15

Prior experiments related to examination of non-Bragg
diffracting samples using the PRXRD technique were fo-
cused on the characterization of homogeneous samples,
where the analyzed diffraction effects were concerned with
the variation of sample geometry �thickness�.14,15,18,19 Thus
the more general case of nonhomogenous samples examina-
tion, where the diffraction effects are concerned with varia-
tions of the complex refractive index or variations of both
the thickness and the complex refractive index of the sample,
was not experimentally tested. For the case when the thick-
ness of a sample is constant, the variation of the transmission
function is determined by the variation of the refractive in-
dex across the interface. Thus the form and width of the
interface may potentially be determined from the variation in
the transmission function as it changes from a constant value
for the material on one side of the interface to the constant
value for the adjacent material.

Recently, such an experiment with artificially made metal-
metal interfaces was performed and results of experimental
data analysis were reported.20 In the present work, the ex-
perimental data were reanalyzed using the PRXRD technique
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combined with the recently developed Neural Network Root
Finder �NNRF� algorithm.21 The NNRF algorithm allows the
calculation of a large number of complex zeros of complex
polynomials, and thus allows us to improve the spatial reso-
lution achievable in the structure analysis using the PRXRD
technique. In this paper we present the results of experimen-
tal analysis of artificially made metal-metal interfaces with
the improved resolution. A more detailed consideration of the
possibility of nonhomogenous samples examination is pre-
sented. An estimation of a minimal size of features within
internal interfaces in bimetals which can be analyzed by the
PRXRD technique is suggested.

III. EXPERIMENTAL RESULTS

Two sets of samples were prepared for the experiment.
The general-purpose 50 	m thick sheets of metals were used
for sample preparation. For each sample two strips of differ-
ent metals �aluminum and steel for the first set, and alumi-
num and brass for the second set� were cut from 50 	m thick
sheets and the planar surfaces placed on a polyimide �Du-
Pont Kapton®� slide with the strips abutted together edge-to-
edge to create a straight, planar interface. Contact surfaces
were not specially conditioned and thus the interfaces were

relatively rough. Given the focus on characterization of the
metal-metal interface, each sample was covered by a lead
sheet with a small window to expose the interfaces only.
That was done in order to eliminate the influence of bulk
material on the diffraction data and to simplify the alignment
procedure. A schematic representation of the sample geom-
etry is provided in Fig. 1�a�.

The experiment was performed at the BL29XU beamline
at SPring-8, Japan using the experimental configuration pre-
sented on Fig. 1�b�. Synchrotron radiation energy of
9.13 keV was selected using a primary, tunable, double-
crystal Si �111� beamline monochromator. Further angular
collimation was performed using a double-crystal channel-
cut Si �333� monochromator placed in asymmetric mode.
Then the beam was spatially collimated by two pairs of slits
defining a 200 	m horizontal separation and an approxi-
mately 20 	m vertical separation. The sample was placed
downstream immediately beyond the slits in such a way that
the interface between the metal strips was aligned parallel to
the horizontal slit and the x-ray scattering diffraction from it
occurred in the vertical plane coinciding with the diffraction
plane of the x-ray optics. The interface was placed into the
beam by scanning the sample over the slit in vertical direc-
tion. A Si �400� crystal analyzer and avalanche photo-diode
detector, counting in single photon mode, were placed down-
stream from the sample to collect the diffracted intensity
from the metal-metal interface as a function of the angular
position of the analyzer. The experimental intensity profiles
recorded from the aluminum-brass and aluminum-steel inter-
faces are presented in Fig. 2�a�. An angular range for the
analyzer crystal of ±0.1° about the exact Bragg position with
a step of 0.0002° were used in the analysis to allow the
mapping of the refractive index over 20 	m with a spatial
resolution of 40 nm. The methodology of PRXRD �Refs. 10,
11, 14, and 15� in combination with the recently developed
algorithm of complex polynomial zeros calculation �Neural
Network Root Finder �NNRF�	21 was applied to the analysis
of the experimental data. The reconstructed profiles for the
real components of the refractive indices for the aluminum-
steel and aluminum-brass samples are presented in Fig. 2�b�.
The use of NNRF algorithm allowed improving the spatial
resolution in the reconstructed profiles from 80 nm �reported
in Ref. 20� to 40 nm.

FIG. 1. �Color online� �a� Schematic diagram of sample prepa-
ration and �b� experimental setup diagram for the collection of
Fraunhofer diffraction profiles at the BL29XU beamline, SPring-8,
Japan.

FIG. 2. �a� Experimental Fraunhofer diffraction profiles as a function of analyzer crystal angle from �i� aluminum-brass sample and �ii�
aluminum-steel sample. The intensity profile from aluminum-brass sample is shifted up by two orders of magnitude for better visibility and
�b� the reconstructed profiles of the real part of refractive indexes for aluminum-steel sample �dotted line� and for aluminum-brass sample
�solid line�. The origin of the plot corresponds to an edge of the vertical collimating slit.
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It is necessary to note that although further improvement
of the spatial resolution in the analysis is theoretically pos-
sible, from a practical point of view it is restricted by insuf-
ficient precision and quality of instrumentation. An experi-
mentally recorded intensity pattern includes not only
diffraction effects from the sample of interest, but also dif-
fraction effects from all the objects �and their features� along
the path of x rays from the source to the detector. Thus,
features of the elements of experimental setup, such as nano-
defects of the perfect crystal optics and nanoroughness of the
edges of the limiting aperture, etc., will contribute to the
formation of the recorded experimental diffraction data. The
latter element, i.e., collimating slit, is the most apparent
source of unwanted effects,22 since usually the edges of slit
leaves are not specially conditioned. It means that further
improvement of the spatial resolution is meaningful only if
the surface of the slit edges were specially conditioned to
have the size of surface imperfections lesser that the desired
spatial resolution. A more detailed consideration of the prob-
lem of the collimating slit in relation to the analysis of
nanoscale structures will be presented elsewhere. The rough-
ness of the collimating slit edges in this experiment was
estimated in the range of 30–50 nm, and thus further im-
provement of the spatial resolution in experimental data
analysis would be meaningless.

Since the experimental data were recorded at one incident
radiation energy, the “trial and error” method of zeros local-
ization was applied to determine the set of “true” zeros. The
“true” zeros were included in the complete phase profile of
the complex diffraction amplitude and this function was in-
verse Fourier transformed to calculate the complex transmis-
sion function �CTF� t�x�. The latter is proportional to the
product of the complex refractive index and the thickness of
the sample in the direction of x-ray propagation.23 Knowing
the thickness of the sample �it was made of 50 	m thick
metal strips�, it was possible to map the distribution of com-
plex refractive index within the irradiated fragment of the
sample. The phase profile of the reconstructed transmission
function is proportional to the variation of the real part of the
complex refractive index and the modulus corresponds to the
variation of the imaginary part of the complex refractive in-
dex, as in Eq. �2�.

Since the phase changes within the diffracted wave can
only be retrieved to within an unknown constant,24 only the
relative variation in phase is meaningful. It is seen in Fig.
2�b�, both profiles contain the region where the refractive
index changes from values for one material �n1=1− ��1

+ i�1�	 to the other �n2=1− ��2+ i�2�	. The minimum level of
the reconstructed profile was set to be equal to the real part
of the refractive index of aluminum, as we were interested in
characterization of the interfaces, rather than determination
of materials forming it. The determination of the absolute
value of the real part of refractive indices is also feasible in
the same experiment, if a set of additional wedge-shaped
samples was prepared.22 For the aluminum-brass sample, the
real component of the refractive index changes from �1
=1.62
10−5 to �2=0.65
10−5 over a �10 	m interval,
while for the aluminum-brass sample the corresponding
change is from �1=1.75
10−5 to �2=0.65
10−5 over a
�7 	m interval. The imaginary components of the refractive

indices obtained through the reconstruction showed similar
variations in profile as the real components. The complex
refractive indices expected theoretically for the materials
were �n= �−0.6560
10−5 ,0.9499
10−7� for aluminum
�Al100%�, �n= �−1.8045
10−5 ,0.18829
10−5� for steel
�Fe99%C1%�, and �n= �−1.6850
10−5 ,0.18303
10−5� for
brass �Cu60%Zn40%�. The reconstructed refractive index pro-
files are thus in good agreement with those expected theo-
retically. The widths of the interfaces were estimated to be
�7 	m for the aluminum-steel sample and �10 	m for the
aluminum-brass sample. The reconstructions presented
above showed that the variation of the complex refractive
index within a sample is analyzable and, consequently, the
proposed approach is valid for the direct, non-destructive
characterization of boundaries between different materials.

The characterization of the shape of metal edges forming
the interface from a single data set is possible only if there is
no overlapping of the metal edges, and thus each part of the
sample can be described by the product of the thickness and
the refractive index of the corresponding metal. The trans-
mission function of the interface formed by overlapping met-
als is proportional to a combination of the products of the
refractive indices and the thicknesses of metals in the direc-
tion of x-ray propagation, where contribution from each
metal �thickness of each� is unknown. In order to determine
the shape and orientation of the edges of the materials form-
ing the interface, at least two data sets recorded from differ-
ent orientations of the sample in respect to the incident x rays
should be utilized. Ideally, the experimental data should also
be collected for two different energies of incident radiation,
in order to be able to apply the “two-energy” method of
“true” zeros localization in the phase reconstruction
routine.10,11 The application of the “two-energy” method al-
lows one to simplify the procedure of zeros localization, and
to ensure the uniqueness of the obtained results.10

IV. SIMULATIONS

A series of simulations were executed to test the robust-
ness of the phase retrieval procedure applied to simulated
data for various configurations of metal-metal interfaces. It
was desirable to understand how varying parameters of the
sample and/or experimental setup affect the diffraction data.

The refraction and absorption contrast introduced by the
sample to the incident wave were simulated. Here by the
“sample” we understand a part of the sample in the vicinity
of the interface between two metal pieces illuminated by the
radiation passed through an aperture placed just before the
sample, as was the case in the aforementioned experiment.
The sample was simulated to be aligned in such a way that
the interface between the metals was perpendicular to the
plane of diffraction �x-z plane in Fig. 1�. For convenience, a
quasiplane wave incident on an object having a constant re-
fractive index distribution in the y direction was considered.
Normal incidence of x rays on the sample was assumed and
thus the path length through the object was taken as the
thickness of the sample in the direction of the incident x-ray
beam propagation. Both metal parts outside the interface
were simulated to be 50 	m thick parallel plates. A variety
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of shapes of metal edges forming the interface were simu-
lated with the total thickness of the sample not exceeding
50 	m in that region.

The thickness profile of each piece was combined with
the complex refractive index of the corresponding metal at
an x-ray energy of 9.13 keV �energy used in the experiment�.
Then, the complex transmission function �CTF� of the
sample was created for each desirable profile of the interface,
in accordance with Eq. �1�. The simulated complex transmis-
sion function was used as the wave incident on the crystal
analyzer �Si �400� in Fig. 1�b�	. The reflection of that wave
from the crystal-analyzer was calculated using Takagi
equations25 in order to simulate the diffraction pattern from
each of the sample configurations under Fraunhofer diffrac-
tion conditions. The simulated interval of the sample’s sur-
face �in the x direction� and the number of points in simula-
tions were chosen to give the same angular range and step in
reciprocal space as they were in the experimental data sets.

Analysis of the simulated intensity profiles was twofold:
first, varying the shape and relative positions of the metal
edges of the simulated interface, an attempt was made to
obtain a diffraction pattern similar to the experimentally ob-
served one. Second, applying the same phase retrieval rou-
tine, as was applied to the analysis of the experimental data,
we tried to develop algorithms for the mapping of the com-
plex refractive index of various shapes of the simulated non-
homogenous sample.

In general, various shapes of the simulated interface can
be grouped into two main categories: single v-butt joint �dia-
gram �b� in Fig. 3	 and bevel joint of metal pieces �diagram
�c� in Fig. 3	. All the variations of the metal joints could be
assigned to one of these categories, as the cumulative path
length of x rays through each metal is important for simula-
tions of the complex transmission function of the sample.
The borderline case of an ideal square butt joint of metal
edges �diagram �a� in Fig. 3	 was distinguished since the
analysis of such configuration differs from all other cases.

The fine structure of the metal edges which formed the
interface roughness was not considered at this stage. A pos-
sible influence of the interface roughness on final results is
the shift of the profile of the modulus of the CTF. However,

this shift is not important in profiling of the structure, as only
the relative variations of thickness/refractive index is of im-
portance. The reconstructed by the PRXRD profile of the
argument of the CTF is not affected by any presence of
imperfections/roughness, as it was discussed in a previous
publication.26

A. Square butt joint of metal edges

The consideration of the case of a square butt joint of
metal edges was of interest for better understanding of the
relationship between the measurable in an experiment inten-
sity distribution and the properties of the sample. In such a
situation, the complex refractive index of the sample changes
steplike within the interval between the two adjacent points,
producing an infinite gradient in phase of the diffracted ra-
diation. In practice, the reconstruction of the phase of a wave
diffracted from such an object is problematic. If the differ-
ence of the refractive indices and the thickness of the sample
are sufficient to produce a phase incursion greater than 2�,
then the multiples of 2� will be lost and the phase will be
represented by a remaining fraction of 2�. The uncertainty
of the phase determination can thus lead to incorrect results
of the structure examination. This can be illustrated by the
following example.

The CTF of the steel-aluminum sample was calculated in
accordance with Eq. �1�. The refractive indices used in the
simulations were �n�Al�= �−0.6560
10−5 ,0.9499
10−7�
and �n�steel�= �−1.8045
10−5 ,0.18829
10−5�. Knowing
the thickness of the sample, the profiles of the real and
imaginary parts of the complex refractive index of the
sample were created from the phase and modulus of the
simulated CTF. They are presented in Figs. 4�a� and 4�b�,
correspondingly. As seen in the figure, the values of the
imaginary parts of refractive indices corresponding to alumi-
num and steel parts of the sample were correctly calculated
from the CTF. The difference between real parts of refractive
indices is significantly lower than it was postulated in the
simulation of the CTF. This means that the phase difference
produced by aluminum and steel parts of the sample was
greater than 2�. Due to 2� periodicity of the phase function,
the multiples of 2� were lost in the reconstructed profile.
This resulted in a smaller difference �calculated from the
CTF� between the real parts of the complex refractive indices
for the two different parts of the sample.

The simulated diffracted intensities from the steel-
aluminum and brass-aluminum samples showed that the dif-
ferences in the complex refractive indices of materials and
thicknesses of the samples are so significant that the edges of
the heavier materials in both samples served as an edge of
the slit. The simulated intensity distributions produced a sin c
function with a period corresponding to the length of the
aluminum part of the sample. The period of the fringes var-
ied with the change of the joint position within the simulated
aperture and always corresponded to the length of the alumi-
num part of the sample. The same algorithm of PRXRD
technique, as used for the experimental data analysis, was
applied to the simulated intensity profile to reconstruct the
complex transmission functions of the samples. The recon-

FIG. 3. �Color online� Diagrams of simulated shapes of
aluminum-steel interface and corresponding simulated intensity
distributions.
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structed modulus and phase of the complex transmission
function of one of the simulated samples are presented in
Figs. 4�c� and 4�d�, correspondingly. It is seen in both pro-
files, that the part corresponding to the steel side of the
sample was reconstructed in a fashion resembling a region
outside an edge of an aperture.14 The problems associated
with the characterization of a square butt joint when illumi-
nated by a beam parallel to the joint surface can be solved if
the sample is slightly rotated with respect to the incident
beam. The rotation of the sample changes the problem to the
case of a simple bevel joint, described below.

B. V-butt joint of metal edges

The case of a v-butt joint between metals �Fig. 3�b�	 is
relatively simple for the analysis. The CTF of such interface
can be divided into two spatially separated parts. The thick-

ness of both metal parts decreases gradually towards the
point of contact. The procedure of the phase reconstruction
in this case does not suffer from the loss of a multiple num-
ber of 2�, since the phase incursion takes place over a cer-
tain length interval. Thus its change is detectable by the re-
construction routine. The variations of the CTF are produced
by the changes of the thicknesses in both parts and, thus the
shape of the metal edges, forming the interface, can be ana-
lyzed directly from the reconstructed CTF profile. It is im-
possible to predict where the point of connection will be
reconstructed in real experimental data analysis. Thus, the
thickness profile of the sample should be constructed from
the obtained CTF profile with an assumption of the constant
refractive index for the whole sample. The choice of the
reference refractive index is not important. However, it is
preferable to use the one with lower values of the real and
imaginary parts. This choice simplifies the correct determi-
nation of the contact point position. Since the reconstructed

FIG. 4. �a� and �b� Profiles of real and imagi-
nary part of the complex refractive index calcu-
lated from the simulated CTF of steel-aluminum
sample with square butt joint of metal parts. The
discrepancy of calculated and initial values of
real part of the refractive indices is a result of
multiple 2� loss in the phase of the complex
transmission function. �c� and �d� Reconstruction
by PRXRD algorithm profiles of modulus and
phase of the CTF of the simulated aluminum-
steel sample with squared butt joint of metal
pieces placed in the middle of 18 	m aperture.
�e� and �f� Modeled thickness profile of the v-butt
joint of steel and aluminium metal pieces within
18 	m aperture and reconstructed thickness pro-
file of the sample with the assumption that the
whole sample has a refractive index of aluminum.
�g� and �h� The refractive index profile �real part�
of the modeled bevel joint of aluminum and steel
metal pieces within 18 	m aperture and recon-
structed by PRXRD technique profile of the real
part of refractive index of the sample.
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thickness of a denser part of the sample will have a higher
value than in reality, such a choice improves the visibility of
the point of connection. After the point of contact is found,
the refractive index of the part with incorrect thickness can
be changed to the corresponding value to obtain the correct
thickness profile.

An example of the reconstruction of a v-butt joint thick-
ness profile from the simulated profile presented in Fig. 4�e�
is shown in Fig. 4�f�. The profile in Fig. 4�f� was created
from the reconstructed profile of the CTF with an assumption
of the constant refractive index for the whole sample. It is
seen that the reconstructed thickness of the flat part of the
right side of the sample has a thickness which is about 2.8
times greater than the thickness of the left one. This number
corresponds to the ratio of the real parts of refractive indices
of steel and aluminum, which was 2.78 in model profile, and
thus after the correction of the refractive index for the right
side, the thicknesses of flat regions of metals are equal, as it
was modeled. The point of connection between two metals is
readily observable and the procedure of the refractive index
correction of that part of the profile is straightforward.

Figure 3�b� shows a typical intensity distribution from a
v-butt joint between the steel and aluminum metal pieces
�joint between brass and aluminum produces a very similar
distribution as the values of the refractive indices of steel and
brass are close to each other�. It can be seen that two wedge
metal edges of the sample produce additional �satellite�
peaks in the intensity distribution on each side of the central
peak, which corresponds to the unrefracted part of the inci-
dent beam. The intensity of the peak corresponding to the
radiation refracted from the steel edge �right peak in the fig-
ure� is higher than the intensity of the central peak. This peak
can be misinterpreted as the central one in the analysis of
experimentally recorded diffraction data. Such misinterpreta-
tion of the position of the central peak can lead to an incor-
rect solution of phase retrieval and, consequently, incorrect
CTF reconstruction.

For the case of v-butt joint with wedge-shaped edges of
the metals, the angular positions of satellite peaks with re-
spect to the central one are determined by ��=� tan �,
where � is the real part of the complex refractive index and �
is the wedge angle of the corresponding metal edge.22 Thus,
the choice of one of the satellite peaks as the central one in
the phase retrieval procedure makes the angular distribution
of intensity peaks different from that, corresponding to the
actual structure �and shape� of the sample. In this case the
phase reconstruction algorithm produces an incorrect solu-
tion, which corresponds to a structure, the intensity distribu-
tion of which has two peaks on one side of the central peak.
Obviously, the reconstructed profile of the CTF will be in-
correct. Having minimal a priori information about the in-
terface configuration or about the thickness of the sample
outside the interface, misinterpretation of the central peak
can be detected and corrected at early stages of the data
analysis.

It is necessary to note, that in an actual x-ray diffraction
experiment the situation when the intensity of the central
peak is lower than that of satellite peaks, or when the inten-
sity distribution “loses” its prominent central peak, is pos-
sible, especially in experiments utilizing a very narrow

�5–10 	m� collimating slit.22 Thus, strong emphasis should
be given to the correct determination of the central peak �the
origin of the Fourier transform� in the phase retrieval proce-
dure of experimental data analysis.

C. Bevel joint of metal edges

The case of a bevel joint of two metals �Fig. 3�c�	 is the
most interesting case of the interface configuration in the
view of practical nondestructive analysis of interfaces be-
tween different materials. In such situation, the sample con-
sists of two parallel-sided plates of metals of the same thick-
ness, which have lapped ends, but the overall thickness of
the sample in the region of the interface remains equal to the
outer thickness of metal pieces. The CTF of the sample can
be divided into three different parts: two regions on each side
of the interface where CTF is proportional to the product of
the complex refractive index and the thickness of corre-
sponding metal, and the region of the interface where the
CTF is proportional to the sum of products of thicknesses
and refractive indices of two metals forming the interface.
Thus, in the region of the interface, variable thicknesses of
lapping metal edges produce a continuous variation of the
complex refractive index of the sample from the value cor-
responding to one metal to the value of another one. The
overall thickness is constant throughout the sample and thus,
from the reconstructed CTF it is possible to obtain the map
of the complex refractive index of the sample. The map of
the real part of the refractive index of a model sample and
the reconstructed map of the real part of the refractive index
are presented in Figs. 4�g� and 4�h�, correspondingly.

The CTF of the sample in the region of the interface is
proportional to the sum of products of the refractive index
and the thickness of the metals forming the interface. To
characterize the shape of the interface �i.e., shape of the
metal edges forming the interface�, it is necessary to solve a
linear equation with two variables—thicknesses of metal
edges—for every point along the reconstructed profile. The
thickness variation of each of the metal edges forming the
interface can be calculated from the reconstructed refractive
index profile provided that the sample has constant thickness
and has no cavities between the edges. In this case, the thick-
nesses of metal edges are interdependent and thus the linear
equation with two interdependent variables can be solved as
described below.

If the overall thickness of the sample is L and projected
thicknesses of layers forming the interface are L1 and L2.
Then, for every point x along the surface of the sample it is
possible to write the following two equations:

L�x� = L1�x� + L2�x� ,

t�x� = exp�−
2�i

�
��

L1

n1dL1 + �
L2

n2dL2�

= exp�−

2�i

�
�n1L1�x� + n2L2�x�	
 ,
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where t�x� is the CTF of the sample and n1 and n2 are the
complex refractive indices of the materials forming the inter-
face.

At every point x in the reconstructed profile of the CTF it
is possible to write

trec�x� = exp�−
2�i

�
�nrec�x�L�x�	� .

Knowing the overall thickness of the sample one can create
the profile of the refractive index of the sample �real and/or
imaginary part of it�, as follows:

nrec�x� =
n1L1�x� + n2L2�x�

L�x�
,

and taking into account the interdependence between L1 and
L2, the profiles of the projected thicknesses of layers forming
the interface can be calculated as

L2�x� =
nrec�x� − n1

n2 − n1
L�x�, L1�x� =

n2 − nrec�x�
n2 − n1

L�x� .

The CTF of the sample is proportional to the product of the
complex refractive index and the thickness of the sample in
the direction of incident wave propagation.23 Consequently,
different configurations of an interface with the same ratio of
overall thicknesses of different materials forming the inter-
face in the direction of wave propagation produce the same
CTF and thus, produce the same intensity distribution of the
diffracted radiation, as presented in Fig. 5. The overall thick-
nesses of materials can be reconstructed by the PRXRD tech-
nique, but different orientations and shapes of the joint are
indistinguishable from the analysis of a single projection
data �in this case—normal incidence of x rays on the sample
surface�. Profiles of the overall thicknesses of materials are
different for each certain orientation of the sample in respect
to the direction of x-rays propagation, and hence each con-
figuration of the sample has a unique CTF �and thus CDA� as
shown in Fig. 6. The analysis of CTF reconstructions for
different orientations of the sample with respect to the inci-
dent radiation provides enough information to characterize
not only the size of the interface and overall thicknesses of
materials forming the interface, but also the orientation and
geometry of the interface. This can be illustrated by the
analysis of two refractive index profiles reconstructed for
different projections of the interface of triangular shape, pre-
sented in Fig. 6�c�.

For each of the projections it is possible to reconstruct the
profile of the refractive index. The procedure of the interpre-
tation of multiple projections from the sample is more geom-
etry than physics. The reconstructed profile of the refractive
index obtained from a projection when the surface of the
sample is perpendicular to the direction of the beam �first
projection� will have one interval of refractive index change
from the value of one material to the other �similar to the one
presented in Fig. 4�h�	. From this projection it is possible to
calculate the thicknesses of the materials that form the inter-
face for every point along the �as described above�. However
it is impossible to determine what was the shape and orien-
tation of the interface, since the reconstructed profile of the
refractive index is indistinguishable from the profiles recon-
structed from any of the interface configurations presented in
Fig. 5. Using the reconstructed refractive index profile for
the projection when the interface of the sample makes a cer-
tain angle � with the direction of the incident beam �second
projection�, it is possible to comprehend the geometry and
orientation of the interface.

If, for example, the interface is shaped as presented in
Fig. 7, a tilt of the sample �Fig. 7� changes the profile of the
projected thickness of the sample and thus, the reconstructed

FIG. 5. �Color online� Sche-
matic diagrams of four different
shapes of an aluminium-steel in-
terface, having the equivalent pro-
jected thicknesses of materials
forming the interface in the direc-
tion of x rays propagation and
simulated intensity distribution of
diffracted from any of the inter-
faces x rays.

FIG. 6. �Color online� Schematic diagrams of four different
shapes of an aluminium-steel interface, having the equivalent pro-
jected thickness of materials forming the interface when surface of
the sample is perpendicular to the incident beam and corresponding
simulated intensity distributions of diffracted from the interfaces x
rays in case when surface of the sample make 5° with the normal to
the incident beam direction.
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profile of the refractive index will have a shape which is
different from the profile of the first projection. For the sec-
ond projection, the interval corresponding to the whole area
of the interface will split into two intervals with different
gradients, as presented in Fig. 7 �intervals I and II in the
reconstructed refractive index profile�. The projected total
thickness of the sample �L�=L / cos �� within the interval I
consists of two thicknesses of different materials L�1�x� and
L�2�x�. These thicknesses can be calculated using the same
algorithm as used for the first projection. Having the thick-
nesses of metals at the point x and the angle of sample tilt �,
it is possible to calculate the angle 
, which is defined as the
angle between the upper side of the triangular interface and
the upper surface of the sample �see enlarged fragment of the
interface in Fig. 7�:


 = � + arctg� �L1��x� − xtg�	
x


 .

Knowing the angle 
, total thickness of the sample and the
length of the interface along the surface of the sample �x
direction� for the first projection, it is possible to calculate
the angle �, which is the angle between the lower side of the
triangular interface and lower surface of the sample. And
thus, the geometry and the orientation of the interface are
determined.

Thus, for a comprehensive analysis of a random interface,
the experimental data should be collected using at least two
different orientations �stereoprojections� of the area of inter-
est in respect to the incident radiation. For the characteriza-
tion of more complex interfaces the utilization of multi-
projections and further computerized tomographic analysis
of projected thickness profiles, similar to the described in
Ref. 15, may be necessary.

It is apparent that the geometry of the interface in the
sample used in the experiment was much more complicated
than the simulations of simple configurations of metal joints
discussed above. The geometry of any real interface in simu-
lations can be represented by using polygonal lines or
curves, as only the projection of thickness in the direction of
incident wave is important. A series of simulations were per-
formed with the aim to find configurations of interfaces
which result in intensity distributions similar to the experi-
mentally recorded ones. One of the possible configurations
of the interface along with the corresponding diffraction pat-
tern is presented in Fig. 8. The profiles presented in Figs.
8�a� and 8�b� resemble in appearance the experimental inten-
sity distribution �see Fig. 2�a�, profile �i�	 recorded from the
aluminum-brass sample and reconstructed profile of the com-
plex refractive index for the aluminum-brass sample �Fig.
2�b�, solid line	.

Usually a priori information about the sample structure is
very limited and the problem of the reconstruction of a real
structure requires the determination of the correct solution
from a set of probable solutions. Simulations of complicated
profiles of interfaces can help in obtaining additional infor-
mation about the relationship between the interface configu-
ration and the observable diffraction effects. With an under-
standing of this relationship, it is possible to conjecture a
configuration of the interface that could produce the ob-
served intensity distribution and vice versa. It is possible,
using computer simulations, to predict what intensity distri-
bution should be observed from a given configuration of the
interface. Thus, the simulations of the interfaces can be use-
ful both for obtaining additional information about the
sample for the process of its shape reconstruction and for
planning of an experiment based on a priori information
about the sample.

V. MINIMAL SIZE OF FEATURES ANALYZABLE
IN INTERNAL INTERFACES

Taking into account the agreement between the experi-
mental results and computer simulations described above, it
is possible to conclude that the proposed approach of the
PRXRD technique is valid for the nondestructive analysis of
internal interfaces. Thus, there is a question: where is the
limit of the applicability of the technique or, in other words,
what is the minimal size of the features analyzable by the

FIG. 7. Schematic diagram of the relationship of the interface
geometry with the reconstructed profile of the refractive index.

FIG. 8. �a� Simulated profile of the real part of the complex
refractive index of the modeled aluminum-brass interface and �b�
simulated intensity distribution of x rays diffracted from this model.
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technique in various samples? From the practical point of
view, it is desirable to understand if a technique, which uti-
lizes a conventional x-ray optics, is suitable for the profiling
of nanostructures such as embedded interfaces27 or nanope-
riodic surface structures.28

A series of simulations were performed with the aim to
estimate the minimal size of features analyzable in
aluminum-copper and silicon-gold bilayer embedded inter-
faces. In these simulations the configuration of the sample
was different to the samples described above. Here the
sample was simulated to have two planar layers—one on top
of another. The planar surface of the sample and the interface
between dissimilar materials were assumed to be perpendicu-
lar to the incident x ray. Thus, x rays were assumed to pass
consecutively through the thickness of one material, the in-
terface and the thickness of another material. Outer surfaces
of the sample were assumed to be flat �perpendicular to the
direction of incident x rays�, and thus, the diffraction occurs
due to the variation of the thickness of layers that form the
interface within the sample. A one-dimensional case was
considered, and thus a slice through the sample by an infi-
nitely thin plane, coinciding with the diffraction plane was
simulated. The interfaces were simulated to have a periodic
triangle shape with period of 1.5 	m and amplitude varying
from hundreds to tens of nanometers. Thus, the shape of the
simulated interfaces was similar to the shape of the faceted
interfaces described in Ref. 27.

The intensity distribution profiles from the samples with
embedded interfaces placed behind a 10.2 	m slit were
simulated using the same procedure as the aforementioned
simulations of the metal-metal interfaces. Symmetric reflec-
tions from Si �333� and Si �400� crystal-analyzers were simu-
lated using Takagi equations.25 The incident x rays were
simulated to have energy in the range of 6–18 keV. It was
found that the features produced by the interfaces in the dif-
fraction pattern recorded in angular space using simple sym-
metric reflection from a Si �333� or Si �400� crystal analyzer
are the most prominent for x-ray radiation energies of around
9 keV for the aluminum-copper sample and 12 keV for the
silicon-gold sample. A possible explanation for this is that
those energies are close to the absorption edge of copper
�8.98 keV� and gold �11.92 keV�, correspondingly.

Gradually reducing the amplitude of the interface struc-
tural modulation from several hundred nanometers, it was
found that structural variations of about 50–60 nm in
silicon-gold and about 80–90 nm in aluminum-copper
samples can be readily profiled by the PRXRD technique. A
fragment of simulated intensity distribution from an
aluminum-copper interface along with the corresponding
structure modulation profile mapped by the PRXRD tech-
nique is presented in Fig. 9. It is clear that for different
configurations of the interface and/or parameters of simula-
tion the estimated numbers might be different. In particular,
using a more sophisticated combination of asymmetric re-
flections from crystal analyzers the diffraction pattern con-

trast might be improved, making the finer interface modula-
tions analyzable.

VI. CONCLUSIONS

This paper reports the results of the experimental analysis
of nonhomogenous metal samples using the PRXRD tech-
nique. The spatial resolution achieved in the experimental
data analysis was 40 nm. It also gives a numerical consider-
ation of the possibility of examination of interfaces between
dissimilar materials with submicron resolution using x-ray
diffraction. The practical algorithms of experimental data
collection and data analysis for some special cases of inter-
faces were considered. It was shown that for a detailed char-
acterization of internal interfaces between different phases or
materials, experimental data should be collected for a num-
ber of different projections of the sample with respect to the
direction of the incident x-ray beam. In addition to that, ex-
perimental data should be collected using two different ener-
gies of x rays to ensure the uniqueness of profiling results.
The results of simulations showed that the technique might
be applicable to the nondestructive profiling of nanoscale
variations of structure in embedded interfaces. In particular,
for a case of interface between silicon and gold layers, inter-
face structural modulations of about 50 nm were estimated to
be analyzable in an experiment utilizing conventional x-ray
optics. The experimental evaluation of the reported findings
will be performed in the near future.
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FIG. 9. �a� Diffraction pattern simulated from a modeled faceted
interface between silicon and gold, having a periodic triangle shape
with period of 1.5 	m and amplitude of variation of 60 nm and �b�
thickness variation profile reconstructed by PRXRD technique from
the simulated diffraction pattern �solid line� and modeled profile of
the interface structure modulation used for simulation of the diffrac-
tion pattern �dashed line�. The scheme of the modeled sample de-
sign is presented in the upper part of the figure.
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