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A non-destructive characterization of the structure in
nanostructured thin films and multilayers is an area of
significant importance. In this context the grazing
incidence X-ray scattering (GIXS) technique has become
a powerful tool. In the present paper the various para-
meters that define the structure in thin films and multi-
alyers are discussed together with their origin. The
GIXS theory relevant to determining these parameters
is then discussed in brief. The applicability of the
GIXS technique to various materials is clearly dem-
onstrated through examples ranging from Pt-BN com-
posite thin films to Ni-Nb/C multilayers to organic
multilayers made from Cd-arachidate and Zn-arachidate
(metal substituted fatty acid salts). The structural
parameters of these thin films and multilayers were
determined using GIXS irrespective of their nature —
inorganic or organic, indicating the suitability of this
method for 3-dimensional structural characterization.

IN the last two decades significant technological advances
have been made towards the realization of low dimen-
sional structures, ‘nanostructures’, from a range of materi-
als. Nanostructures have physical sizes typically larger
than individual atoms but significantly smaller than most
of the bulk solids. The large interest in studying such low
dimensional nanostructures stems from two main reasons:

(1) Scientific — The structure and physical properties of
materials in general are strong functions of size or spe-
cific surface area and they change drastically with de-
creasing size.

(2) Technological — The changing properties with decreasing
size offer the possibility of novel devices for applications
ranging from information technology to biomedical engi-
neering.

The main factor which has facilitated realization of nano-
scopic structures is the advancement in methods for their
preparation like physical vapour deposition and chemical
vapour depositionH. Another method which has made
significant advances in making organic nanostructures is
the Langmuir—Blodgett (LB) technique. Using this method
a variety of organic materials have been made with typi-
cally ~ 10~ m as one of the physical dimensions™®’.
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A complete understanding of the physical properties of
these nanostructures requires careful structural analysis at
length scales ranging from the atomic, 10'°m to the
microscopic, 10°m. The techniques currently used for
this purpose are high resolution transmission electron
microscopy, force mircoscopies (atomic and magnetic),
tunnelling microscopy and ion scattering. The trans-
mission electron microscope provides information from
very small volumes over short length scales, 10" m to
10"® m. This technique is extremely powerful in providing
atomic/molecular level structural information but is not
suited to provide information over the entire length scale
of physical features. It is also destructive in nature since it
needs an extremely thin electron transparent sample for
investigation. The force microscopies and the tunnelling
microscopy on the other hand are non-destructive and are
capable of providing information over the complete length
scale. However they are sensitive to the surface alone and
do not provide sub-surface or buried structural informa-
tion. Ton scattering technique on the other hand, provides
information from both surface and subsurface structural
features depending on the probing ion beam energy. It has
been used to determine chemical composition and crystal
quality both in bulk solids and thin films. This technique
however does not provide long length scale, > 107° m,
and structural information such as topography/morphology
of surfaces/interfaces which are crucial in many applica-
tions. Recently however X-ray scattering is being used
increasingly for the characterization of nanostructures,
both solid and liquid, at all the different length scales.
This is because in the last decade significant technological
developments have taken place in understanding the
phenomenon of X-ray scattering from surfaces coupled
with technological developments in the field of generation
of powerful X-ray beams® . This has made X-ray scatt-
ering as one of the unique techniques for the study of
surfaces, interfaces and buried structures. The other
advantages of the X-ray scattering technique as a tool to
investigate the structure of nanoscopic materials are:

(1) Its capability to provide averaged quantitative infor-
mation over the length scales 10" m to 10°° m from rela-
tively large volumes.

(2) Its non-destructive nature and the technique does not
need any special sample preparation.

(3) Itis versatile to study even liquid surfaces.
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This technique, however, provides structural information
via the reciprocal space and not the real space like the
various microscopy techniques. The real space structure,
however can be determined by understanding the X-ray
scattering behaviour of surfaces/interfaces.

In the present paper the application of X-ray scattering
technique for studying the surfaces and interfaces in
nanometer-sized thin films and multilayers is reviewed.
This is because of the dominant role played by thin films
and multilayers, both inorganic and organic, in advanced
technology devices. Next, a brief theoretical background
to the problem of X-ray scattering from surfaces and inter-
faces is presented. The experimental facilities required for
structural studies using X-ray scattering technique are
then mentioned followed by typical case studies ranging
from inorganic to organic materials. Finally, a summary of
the methodology together with the current status is given.

Brief theoretical background

The surface/interface morphology in thin films and multi-
layers made using any of the deposition/layer transfer
techniques will be far from being smooth or featureless
because of the stochastic nature of the various deposition
processes. These processes introduce features on an other-
wise smooth substrate during the process of growth over
the entire length scale ranging from the atomic, 107" m,
to microscopic, 10°m (refs 11-13). Such features can
vary the physical properties significantly and hence the
morphology, atomic to microscopic, has to be completely
characterized to understand these changes in properties.
Figure 1 shows a schematic diagram of the typical struc-
ture of a surface/interface formed in a multilayer as a
result of growth from the vapour phase of two materials
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Figure 1. Schematic representation of the non-planar interface mor-

phology in thin films and multilayers that develops as a result of
growth. The height fluctuations around the mean position z =0, are
characterized by the roughness ¢ which has both lateral and vertical
correlation lengths given by & and &, respectively. Circles in the layers
represent atoms/molecules present in the individual layers.
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on each other. The various parameters that define the 3-
dimensional structure in thin films are, density of the thin
layers p, thickness of the layers ¢, roughness or surface
height fluctuation over the average position o, typical
correlation length of roughness in the plane of the surface
£, vertical replication length of the interface morphology
in the case of multilayers 6, and atomic or molecular
arrangement, periodic/non-periodic, in the individual
layers.

The density of materials deposited from the vapour
phase onto a cold substrate in general will be far less than
the bulk value. This is because of diffusional restraints for
atomic movement on the substrate surface which intro-
duce defects such as vacancies and voids. Elimination of
these defects is a function of total film thickness and tem-
perature. Consolidation of the structure takes place as
either the film thickness increases or as the substrate tem-
perature increases during deposition leading to densifica-
tion. However the overall film thickness of interest to
advanced electronic devices is < 10° m and in this thick-
ness range the film density will always be lower than the
bulk value unless deposition is done onto a highly ele-
vated temperature substrate. Hence the density of the
film p becomes a defining parameter of the structure of
thin films.

The vapour phase deposition processes introduce sur-
face height fluctuations/roughness starting with growth on
a flat surface. The roughness o increases with increasing
thickness of the film before reaching a saturation value.
These fluctuations are statistically correlated in the plane
of the surface and this correlation length also increases
with film thickness before reaching a saturation value. In
order to describe such a rough surface/interface in terms
of a random variable z defined as the deviation of the
interface from its mean position, [A(x,y)— (A(x, YD),
where ( h(x, y) ) is the ensemble average of heights, seve-
ral model surface profile functions are used in literature.
They vary from the most commonly found error function
profile to the step function profile and are applicable to
surfaces produced by different processes like vapour
growth, interdiffusion, etc.'*. For the specific case of an
error function profile, which is commonly observed in
many growth processes, the distribution of surface heights
z(x, y) about the average plane, z = 0, is a Gaussian func-
tion given by the relation:

1 27
P(@)=——=exp| = | (1)
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where o= [(2)*]"? = [{h(x, y) — {h(x, p))*]"? is the root
mean square roughness and is given by the width of this
distribution. The height fluctuations develop correlations
in the plane defined as the typical lateral distance & over
which the heights of two points become statistically un-
correlated. These two quantities, ¢ and &, are related via
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the height-height correlation function C(R), where R is the
relative distance between a pair of points on the surface.
Several types of correlation functions have been proposed
but the one most often used for solid surfaces is given by
the relation'”:

C(R) = o> exp{—(R/ &)™}, )

where 0 < 1 < 1 is known as the roughness exponent and
defines the nature of roughness. Surfaces with small val-
ues of & are known to have an extremely jagged profile
while surfaces with & values approaching 1 are known to
be made of smooth hills and valleys.

In the case of multilayers another correlation length
exists and this refers to the morphological profiles of con-
secutive interfaces. If the morphological profiles of all the
interfaces are identical or the interfaces are fully repli-
cated, then the profile function will be unique and will be
given by equations such as eq. (2). For the case of com-
pletely uncorrelated interfaces the interface profile func-
tions will be distinct and statistically uncorrelated. The
vertical replication length & for the completely correlated
case will be equal to the total thickness of the multilayer
and for completely uncorrelated interfaces 6 =0. In rea-
lity, however, o takes values between these two bounding
limits and is generally referred to as partially correlated
interfaces.

The scattering of radiation from surfaces and interfaces
is directly related to the magnitude of roughness and its
spatial distribution. Hence a careful analysis of the scatte-
ring behaviour provides morphological information of
surfaces and interfaces. The radiation scattered by rough
surfaces/interfaces can be divided into two components —
the specular component and the diffuse component. The
specular component of scattered radiation is associated
with equality of the angles of incidence (6) and exit (6,)
and hence is often referred to as the reflectivity. The dif-
fuse scattering however can occur in any direction above
the sample surface including the specular direction'®. The
specular component of scattering is sensitive to the ave-
rage variation of electron density across the interfaces and
hence an analysis of specular scattering will yield infor-
mation regarding the density p, layer thickness ¢ and inter-
face roughness o. Experimentally however only ¢ or the
repeating unit thickness in the case of multilayers can be
determined. For the determination of the other morpho-
logical parameters, the specular scattering behaviour has
to be numerically simulated. The specular scattering simu-
lation is generally performed using Fresnel’s optical for-
malism as applied to a single film. However, an extension
of the single film formalism to the case of many
layers using Parrat’s recursive approach is more general
as it can be used both for single layer films and multi-
layer films'’. The amplitude reflectivity from (j— 1/j)th
interface in the case of homogeneous layers with sharp
interfaces is given as:
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where Fj 1, is the Fresnel coefficient of reflection for the
(j—1/j)th interface and g; the amplitude factor for half
the layer thickness d; given by the relation,

d .
aj:eXp[_;L Zl Jz 1/2]' “)
j(n;—cos”6)

Here 4, is the radiation wavelength in the jth layer, #, the
index of refraction of the jth layer and 6, the angle of inci-
dence in the jth layer. In reality, however, chemically and
morphologically sharp interfaces can never be obtained
and they will always be associated with diffuseness due to
chemical interdiffusion and/or morphology. This diffuse
nature of the surfaces attenuates the reflectivity and hence
has to be considered for the purposes of simulation. The
Gaussian functional form for the height difference distri-
bution, eq. (1), is generally used to treat the case of non-
ideal or rough surfaces/interfaces.

The lateral correlation length of the roughness & the
roughness exponent 4 and the vertical replication factor of
roughness 0 cannot be determined from the specular scatte-
ring behaviour. They can be determined from the diffuse
scattering behaviour using the Born approximation (BA)
or the distorted wave Born approximation (DWBA). The
BA to predict the diffuse scattering behaviour breaks
down for small values of the angle of incidence or at the
total reflection region. Hence it has been extended by
DWBA to include the total reflection region. The cross-
section for diffuse scattering within the framework of
DWBA theory is given as’:

I (e’ |7 (k)| S(a)

do ) A|k02(1—n)2|
[dQ]_ 1672
(5)

where A4 is the illuminated area on the sample, &, the mag-
nitude of the wave vector 27/4, and 7(k,) and 7(k,) are the
Fresnel transmission coefficients for total reflection of the
incident and exit radiation and S(q) is the structure factor.
The structure factor for diffuse scattering from surfaces is
given by the relation:

2.2
exp— (¢ 0
S (q) = 2= 207)

z

[[ (explaZC(R) -1 exp—(ig X +ig,¥) dR, (6)

where g,, g, and g, are the momentum transfer vectors
along the three directions and R = (X2+Y2)1/2. The diffuse
scattering structure factor Syq(q) for the case of multilay-
ers with partially correlated or uncorrelated interfaces has
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an extra term representing the vertical morphological rep-
lication and is given as'®:
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where ;) is the i/jth interface roughness, AL, the elec-
tron density contrast across the interface and Cy(R) the
lateral correlation function of the different interfaces. For
diffuse scattering from completely correlated interfaces
this equation reduces to the single surface diffuse scatte-
ring case and the structure factor reduces to eq. (6). It can
be seen clearly from the above eqs (6) and (7) that the
diffuse scattering cross-section or the diffuse scattered
intensity distribution in space is a function of the sur-
face/interface morphology, oand Ci(R).

Although a combination of specular and diffuse sca-
ttering analysis provides morphological information down
to 10" m length scales, the technique is not sensitive to
atomic/molecular arrangement, periodic/non-periodic, in
the thin films. In order to obtain information regarding the
exact atomic/molecular arrangement within the thin films
grazing incidence diffraction (described next in the article)
has to be performed. The conventional Bragg diffraction
rules are applicable in this regime to obtain crystallo-
graphic information from within the thin films.

Experimental facilities and methods

The typical thickness of a layer will be < 100 nm either in
single layer or multilayer thin films of importance to ad-
vanced technology devices. The magnitude of the corres-
ponding wave vector q will be <0.06 nm™". Such low
scattering vectors can be realized only in grazing inci-
dence geometry and hence the technique is often referred
to as Grazing Incidence X-ray Scattering (GIXS). Another
point to be noted is the X-ray penetration depth which
depends on the radiation wavelength A, the optical con-
stant of the material and the angle of incidence 6, through
the relati0n19,

Ksin®,
[ = penetration depth = 521n b , ®)
U

where K is a constant in the range 3.00 to 6.9 and x is the
linear absorption coefficient of the material. It can be seen
from eq. (8) that the penetration depth increases with
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increasing angle of incidence 6. Hence in order to keep
the phenomenon of scattering to within the thin film, the
angle of incidence should be kept as low as possible. It
should however be noted here that eq. (8) is not valid for
incident angles less than the critical angle for total reflec-
tion 6,. The experimental facility to perform such grazing
incidence scattering requires a highly monochromatic,
collimated, bright X-ray source. The X-ray sources typi-
cally used vary from the conventional X-ray tubes to rota-
ting anodes to synchrotron produced X-ray beams. The
brightness of the X-ray beam produced by a rotating
anode source is = 10" times greater than that produced by
conventional tubes. The X-ray beams produced by syn-
chrotrons are by far the brightest possible sources with
extreme monochromaticity and collimation. The bright-
ness of the X-ray beam produced by the European Syn-
chrotron Radiation Facility is typically six to nine orders
of magnitude higher compared to the rotating anode
sources. The main advantage of using very bright sources
is that the magnitude of the diffuse scattered beam will be
relatively high adding to better statistics and the experi-
mental time can be considerably reduced. In general, the
X-ray beam characteristics required to perform grazing
incidence scattering can be defined as: wavelength resolu-
tion AVA<107; incident beam divergence, < 0.05°; and
exit beam divergence, <0.1°. A typical GIXS arrangement
is shown schematically in Figure 2.

The specular scattering behaviour can be probed by the
longitudinal 6-28 scan or the reflectivity scan. This is an
equiangular scan wherein the angle of incidence 6, is
always equal to the angle of exit 6, and the net momentum
transfer is in the scattering plane along a direction per-
pendicular to the sample surface, ¢g,. The diffuse scatter-
ing behaviour on the other hand can be probed by 3
different types of scanning geometriesm, shown schemati-
cally in Figure 3. They are: offset longitudinal 6-26 scan,
transverse or rocking scan, and detector scan. In the offset
longitudinal scan, the sample surface with respect to the
incident beam is offset from the zero position by a known
angle and then a longitudinal 8-26 scan is performed. As

Growth direction
A

Diffracted beam

Incident beam
Exit beam

Sample ]

Figure 2. Schematic representation of the experimental configuration
used to probe the GIXS from interfaces.
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a result, the diffusely scattered intensity along a direction
inclined by the offset angle to the sample surface normal
is probed in the g, — g, reciprocal space. In the transverse
or rocking scan, the detector is kept at a fixed angle
20= 6 + 6., and the angle of incidence is varied from 0°
to 26°. In reciprocal space this scan realizes only the
transverse or g, component of momentum transfer at fixed
values of ¢,. In the case of the detector scan the angle of
incidence &, is kept constant and the detector is scanned
through a range of exit angles 6,. This scan is similar to
the offset 6-26 longitudinal scan as it scans the ¢, — g,
space. The trajectory of this scan however will be curved
while the offset longitudinal scan will have a straight line
trajectory as shown in Figure 3. The deviation from ¢, =0
line for a fixed value of g, is much more in the case of the
detector scan when compared to that in the offset longitu-
dinal scan. Hence the offset longitudinal scan is per-
formed more often than the detector scan which requires a
high brilliance X-ray source.

In order to determine the periodic/non-periodic arrange-
ment of atoms/molecules in the layers, grazing incidence
diffraction (GID) geometry has to be used”'. In this geo-
metry the angle of incidence is kept close to the angle of
total reflection so that the incident beam penetration is
restricted to the layer thickness alone. The intensity
scattered in a plane, which is out of the plane of reflec-
tion, is then detected at typical scattering angles 2« in
the range 10° to 80°. The momentum transfer in this type
of scan is normally represented as ¢, = V(g; + qi). The
scattering vector q has components along the three
orthogonal directions x, y and z and are given by the
relations:

&1) (a)

3" Order &

(b)

q, 21 Order ()

1%t Order

- (Y, —»

Figure 3. Reciprocal space representation of X-ray scattering beha-
viour from rough surface/interfaces. Horizontal lines in the reciprocal
space representation correspond to scattered intensity distribution in
the g.—¢. plane at different orders of reflection from multilayers with
non-ideal (rough) interfaces. (a), (b), (¢} and {(d) refer to longitudi-
nal, offset longitudinal, transverse and detector scan trajectories
respectively.
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q,= 277[(cost9i cos 20— cosb,), )]
g, = 277[(sin 2a¢0s6,), (10)
qzz%(sin0i+sin06). (11)

Typical case studies

Some typical results on structural characterization of thin
films and multilayers using GIXS are presented here. The
results are discussed in terms of specular scattering and
diffuse scattering in order to highlight the various struc-
tural parameters that can be obtained by analysing these
scattering components. The specular and diffuse scatter-
ing results from various types of multilayers presented
here were obtained using CuK  radiation from a sealed
tube source. The GID scans, however, were performed
with a synchrotron X-ray source.

Specular scattering

The specular scattering results from both thin films and
multilayers, inorganic and organic, are shown in Figure 4.
The Pt-BN composite thin film of ~ 34 nm thickness was
deposited by rf-sputtering technique onto a silicon crystal
substrate. Pt and BN were sputtered from separate high
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Figure 4. Longitudinal specular reflectivity from {(a) Pt-BN compos-
ite thin film, and (b) NisoNbso/C amorphous multilayers. Specular re-
flectivity from the Pt-BN composite thin film shows intensity
oscillations originating from film thickness while that from NisoNbso/C
shows a peak corresponding to the repeat period in the multilayer along
with thickness oscillations. Dotted curves below the reflectivity scans
show the simulation results.
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purity sources. The X-ray reflectivity from this composite
thin film (Figure 4 a), could be measured over 6 orders of
magnitude in intensity and up to an angle of incidence of
3.5°, clearly indicating the presence of a uniformly thick
layer with smooth interfaces. The reflectivity shows osci-
llations arising due to interference of scattered X-rays
from the air/thin film and thin film/substrate interfaces.
The exact thickness of the thin film can be determined
from the separation of these oscillations and is found to be
32.5 nm compared to 34 nm estimated from the deposition
process. Apart from these oscillations, a second modula-
tion with the node at ~ 1.6° €. can also be clearly seen in
the figure. This second longer period oscillation indicates
the presence of a Pt rich over layer on the top surface of
the film with a thickness of 1.9 nm obtained from a simu-
lation of reflectivity behaviour of the composite film,
shown by the dotted line in Figure 4 a**. The presence of
two separate layers in this thin film indicates composi-
tional non-uniformities in the form of depletion of BN
towards the end of the deposition process. It is known that
BN is difficult to deposit by sputtering and is highly sen-
sitive to changes in the sputtering conditions.

The reflectivity from multilayers made of amorphous
NisgNbsy and amorphous C is shown in Figure 4 5. These
multilayers were prepared by pulsed laser ablation deposi-
tion from pure elemental targets under ultra high vacuum
conditions. The reflectivity indicates a peak at 1.87° 6,
corresponding to a bilayer period of 2.41 nm. The total
film thickness oscillations can also be clearly seen and the
total thickness of the multilayers is found to be 48 nm
corresponding to 20 repeating periods of a-NisoNbsy and
a-C. A simple two-layer model consisting of a-NisoNbs,
and a-C was, however, found to be insufficient to simulate
the reflectivity behaviour by using eq. (3). Assuming the
presence of an inter-diffused/reacted layer made of
Ni;s3Nb;5sC; 5 at the two interfaces and also at the top and
bottom of the multilayer stack, the reflectivity could be
simulated to fit the experimental data well, shown by the
dotted line in Figure 4 5. It was also found from the simu-
lations that the density of each of these layers is
below the equivalent bulk value, in agreement with the
thin film growth models™.

The X-ray scattering technique is general in nature and
can be applied to even organic materials as shown in
Figure 5 a and b. These organic multilayers were prepared
using the LB technique. The acidic head group from the
fatty acid, arachidic acid, was replaced with Cd and Zn
metal ions, respectively and then transferred onto a solid
substrate from the liquid phase***. The specular scatter-
ing from Cd-arachidate multilayers made on glass sub-
strate is shown in Figure 5 a. The scan shows clearly five
orders of reflection indicating the presence of a well-
formed layered structure. The multilayer period can be
determined from the position of the reflectivity peaks
using the Bragg relation and is found to be 5.54 nm. The
specular scattering behaviour was simulated assuming a
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simple two-layer model consisting of CH,-unit organic
tail and Cd-ion head respectively and using eq. (3). The
interface roughness ¢ was found to be only 0.3 nm from
the simulations®, a value which is observed more com-
monly in liquid surfaces. The specular scattering scan
from the Zn-arachidate multilayers (Figure 5 b), shows an
interesting feature. A total of two sets of reflections up to
the 5th order can be seen clearly, indicating the presence
of two types of multilayered structures. The multilayer
period for the two types was found to be 4.6 and 5.2 nm,
respectively. The normal length of individual Zn-arachidate
molecules is known to be ~ 2.75 nm and hence the typical
bilayer period of Zn-arachidate multilayers should be
5.5 nm. The bilayer periods observed however are smaller
than this value, indicating a tilted arrangement of the Zn-
arachidate molecules in the multilayer. The angle of tilt
away from the vertical direction can be determined using
a simple geometrical relation and is found to be ~ 32° and
17° for the two bilayer periods observed, 4.6 nm and
5.2 nm, respectively. These results clearly show that the
Zn-arachidate molecules are present in two types of tilted
configurations in the multilayer”’.

Diffuse scattering

The distribution of diffusely scattered intensity in space
from a rough surface will be different compared to that
from multilayers due to the presence of repeating units in
the multilayer. The scattered intensity from a rough sur-
face will have a maximum around the specular condition,
g:=¢q,=0, and will decrease away from the specular
condition for g, = g,# 0. In the case of multilayers with
partially/completely replicated roughness the diffusely
scattered intensity will be in the form of sheets with a
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Figure 5. Specular reflectivity from (a) Cd-arachidate, and (b) Zn-

arachidate. Both show peaks of increasing order, indicating the presence
of a repeating layered structure. The Zn-arachidate multilayers however
show two sets of reflectivity peaks, indicating the presence of two types
of layered structures. Curves are vertically shifted by about two orders
of magnitude for clarity.
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finite width and spread around the position of reflecting
maxima as shown in Figure 2. This is because the period
of replicated roughness will be identical to the repeating
period in the multilayer and this confines the scattered
intensity to the reflectivity peak positions. The diffusely
scattered intensity distribution from a multilayer with
completely uncorrelated interface roughness will be simi-
lar to that from a single surface given by eq. (6). Hence
the offset longitudinal scan or the detector scan is of great
relevance to determine the nature of roughness correla-
tions between different interfaces in multilayered thin
films. The offset longitudinal scans from organic multi-
layers, Zn-arachidate and Cd-arachidate are shown in
Figure 6. The scans exhibit peaks at angular positions
which are coincident with the position of the peaks in the
longitudinal specular scan. This indicates that the morpho-
logical features are replicated from layer to layer and that
their periodicity is identical to the multilayer period 4. In
the case of Zn-arachidate however, (Figure 6 @), the two
types of structures corresponding to the two separate bilayer
periods exhibit different vertical replication behaviour. The
shorter bilayer period, 4.6 nm, structure exhibits clear peaks
up to the 5th order, indicating a large vertical replication
length & while the longer period, 5.2 nm, structure has clear
peaks only up to the 3rd order, indicating a short replication
length”’. In the case of Cd-arachidate (Figure 6 b), clear
peaks can be seen up to the 5th order, indicating a long ver-
tical replication length & for the interface morphology
along the growth direction®.

The diffusely scattered intensity distribution along g, or
g, for a fixed value of ¢, is a function of the surface/
interface height—height or roughness correlation function
C(R) and hence the transverse scans are always studied in
detail to determine the lateral morphological features. The
transverse scans from a-NisoNbsy/a-C and Cd-arachidate
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Figure 6. Offset longitudinal diffuse scattering scan from {(«) Zn-
arachidate, and (b) Cd-arachidate multilayers shows peaks at the position
of the reflectivity peaks, indicating vertical replication of the interface
morphology. The Zn-arachidate sample was offset by 0.2° from the
specular condition while the offset in Cd-arachidate was 0.4°. Curves
are shifted vertically by two orders of magnitude.
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multilayers are shown in Figure 7. The transverse scan
from the a-NisgNbso/a-C multilayer (Figure 7 a), was per-
formed at the position of the first-order reflection. The
scan has a strong peak in the centre corresponding to the
specular position with very low scattered intensity on
either sides of the specular position. The scattering beha-
viour simulated using the DWBA, eq. (7), indicates a
short in-plane correlation length £ of 10 nm for the 0.4 nm
interface roughness o. The interface roughness in this
case, however, was found to be due to chemical interdif-
fusion between the components of individual layers®. The
transverse scan from the 5th order reflection in Cd-
arachidate multilayers (Figure 7 b), on the other hand does
not exhibit a strong central specular peak and the diffuse
scattering around the specular peak is also strong com-
pared to the specular scattering itself. This type of sca-
ttering behaviour has been observed from a special class
of self-affine surfaces which have small roughness with an
in-plane correlation length & tending to co. The scattered
intensity distribution given by eq. (5) in such cases has an
analytical solution given by a Lorenztian function and
the scattering from Cd-arachidate multilayers shown in
Figure 7 b was found to follow this behaviour™.

In all the examples discussed here the primary objective
is to determine the various parameters that define the
morphological features of surfaces/interfaces. The atomic/
molecular arrangement in space, periodic/non-periodic,
however cannot be determined using any of the above-
mentioned methods. Conventionally this is done by per-
forming what is termed as ‘high angle X-ray diffraction’
wherein the longitudinal 8-28 specular scan is performed
at angles of incidence 6 > 20°. The depth of penetration
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Figure 7. Transverse diffuse scattering scan from (&) NisoNbsy/C
multilayer, and (b) Cd-arachidate multilayer shows difference in mor-
phology of the interface in the two multilayers. Transverse scan at the
first-order reflection from the NisoNbso/C multilayer has only the specular
peak in the centre with no diffuse scattering surrounding this peak,
while that from the Cd-arachidate multilayers has only diffuse scatter-
ing with no strong specular peak in the centre. Transverse scan from
Cd-arachidate shown here was performed at the 5th order reflectivity
position. Dotted lines show results of diffuse scattering from the res-
pective multilayers.
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corresponding to such high angles of incidence will be
typically > 0.5 um, far exceeding the thickness of thin
films and multilayers, wherein the thickness will be typi-
cally « 0.1 pm. In such cases GID has to be performed
to probe only the film structure. The GID scans from
NisoNbso/C and Cd-arachidate multilayers are shown in
Figure 8. The GID scan from the NisoNbs,/C multilayer
(Figure 8 a) does not show any clear peaks except for a
broad peak centered at ~ 35° 2. This clearly shows that
all the layers in this multilayer have a disordered arrange-
ment of atoms typical of an amorphous structure®. The
molecular arrangement in Cd-arachidate multilayers how-
ever is highly periodic in space, indicated by the presence
of well-defined peaks in the GID scan (Figure 8 5). All
the peaks in this 2« spectrum could be clearly identified
with an orthorhombic arrangement of the molecules.

The GIXS technique can be used to elucidate structural
information not only from as-prepared thin films and mul-
tilayers but also from films which have been subjected to
different processing conditions. This is shown from the
two examples in Figure 9 which are from Cd-arachidate/
CdS composite multilayer and the a-NisoNbsp/a-C multi-
layer.

The metal substituted fatty acid multilayers in general
are used as ‘templates’ for the preparation of 2-dimensional
semiconductors. This is because the spatial location and
organization of the metal atoms into sheets is well defined
by the different molecular forces, and these metal atoms
can be converted into semiconducting compounds by rela-
tively simple chemical reactions. In the case of Cd-
arachidate multilayers the Cd ions were converted to
semiconducting CdS compound by reaction with H,S gas.
The structural changes accompanying the conversion pro-
cess were characterized using GIXS. The longitudinal
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Figure 8. Grazing incidence diffraction scan from the Cd-arachidate

multilayers (b) has several peaks while that from the NisgNbs¢/C multi-
layer {a) has only a single broad hump. This indicates the presence of
strong crystallinity in the Cd-arachidate multilayers. The vertical line in
(@) indicates the magnitude of error in the intensity values in a typical
grazing incidence diffraction scan. Curves are vertically shifted.
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6-20 specular scattering from the H,S exposed Cd-
arachidate multilayer is shown in Figure 9 ¢ and this is to
be compared with the scattering behaviour shown in Fig-
ure 5 a. The multilayered structure is found to breakdown
into two different structures with two different bilayer
periods —5.54 nm corresponding to the original Cd-
arachidate multilayer period and 4.37 nm, a new structure.
If the new structure is assumed to be a tilted variant of the
precursor Cd-arachidate molecules, the angle of tilt can be
estimated and is found to be ~ 38° away from the normal.
Such tilted structures have been observed before in sulphur-
based organic layers, alkanethiols, but not in Cd-arachidate/
CdS composite structures. The optical spectroscopy measure-
ments in these structures, which are sensitive to the extent
of conversion of Cd to CdS, however indicate that the
conversion process has reached completion. This shows
that Cd is present only as CdS and not as Cd-arachidate,
indicating that the layered structure with 5.54 nm as the
period observed in the converted film corresponds to
repeating layers of arachidic acid®.

The a-NispNbsy/a-C multilayer is a prototypical mirror
system to focus soft X-rays for use in a X-ray microscope.
Among the several criteria that define the characteristics
of such multilayer mirror systems, the structural stability
both with respect to time and temperature is an important
criterion. Any degradation in the layered structure will
result in loss of reflectivity for the mirror system. Hence
the temporal stability of the multilayer was studied using
the X-ray scattering technique. The longitudinal 6-26
specular scattering from this multilayer after a period of
2.5 years after deposition is shown in Figure 9 5. The
multilayer during this period was kept in normal air atmo-
sphere and no special precautions were taken to preserve
the multilayer structure. The scattering behaviour is found
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Figure 9. Longitudinal specular scattering behaviour changes com-
pletely when Cd-arachidate is exposed to H»S gas () while it remains
identical even after 2.5 years in NisoNbso/C multilayers (b). These
scans indicate the structural stability when the multilayers are exposed
to different conditions. Curves are vertically shifted.
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to be unchanged with time when compared to that in the
as-deposited condition shown in Figure 4 . This indicates
the high degree of temporal stability of these multilayers
in spite of the presence of a large thermodynamic driving
force for compositional homogenization or destruction of
the layered structure”. The thermal stability of these multi-
layers at 200°C and 320°C has also been investigated
using both grazing incidence X-ray reflection and dif-
fraction. It was found that the layered structure is highly
stable even after annealing at 320°C although the
NisgNbsy layers undergo an amorphous to crystalline trans-
formation™.

Summary

The GIXS has emerged as a powerful technique for the
characterization of 3-dimensional structure in thin films
and multilayers. The technique is highly versatile in that it
can be used for studying the structure of both inorganic
and organic materials. The main advantage of this tech-
nique is that it can be used to extract both microscopic
morphological information and atomic information in the
length range 107'° to 10 ® m in a single experiment. The
limitation of this technique however is that it provides
structural information in reciprocal space from which real
space information has to be derived using the scattering
theories. A thorough understanding of the scattering phe-
nomenon and development of suitable theories to simulate
this behaviour has made this technique a non-destructive
alternative to the destructive electron microscopy tech-
nique for structural characterization.
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