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Abstract

Line Profile Analysis (LPA) and whole pattern fitting may be used with success for the
characterization of thin films from XRD data collected with the traditional Bragg-
Brentano geometry. The powerful and well-sounded methods developed for powders
and polycrystalline bulk samples may be adapted to the study of thin layers of oriented
or random materials, whose feature is the small thickness with respect to the X-ray
penetration. The size/strain analysis was conducted by an integrated procedure of
profile modelling-assisted Fourier analysis, in order to measure the content of lattice
imperfections and crystalline domain size along the growth direction in heteroepitaxial
thin films. The microstructure of these films is typical of several PVD processes for the
production of highly textured and lpw-defect thin crystalline layers. The same analysis
could be conducted on random thin films as well, and in this case it is possible to
determine an average crystallite size and shape. As will be shown in the paper,
structural and microstructural parameters obtained by these methods may be correlated
with thin film properties of technological interest.

The whole pattern analysis may be used to obtain the information contained in a wide
region of the diffraction pattern. This approach, currently used for the quantitative
analysis of phase mixtures in traditional powder samples, was modified to account both
for the size/strain effects, according to a simplified LPA, and for the structure of thin
films and multi-layer systems. In this way, a detailed analysis based on a structural
model for the present phases can be performed considering the real geometry of these
samples. In particular, the quantitative phase analysis could be conducted in terms of
layer thickness instead of volume or weight fractions.
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1 - Introduction
The traditional Bragg-Brentano diffractometer is probably the most widespread

instrument for X-ray Diffraction (XRD), and is currently employed in many research

fields as well as in the industrial production, for quality control of a variety of different

organic and inorganic materials. The geometry was developed thinking of powder and

polycrystalline materials [1], whereas the use of these instruments for thin film

characterisation is less frequent, and is usually restricted to routine phase identification, or

to a quick (and partial) estimation of the texture [2]. Thin films are generally studied by

means of instruments with special geometry, which are specifically designed to limit the

signal coming from the substrate and to control the penetration of the sampling radiation.

In spite of that, the traditional powder diffraction geometry may be used well beyond a

routine characterisation. It is the aim of the present contribution to show how a XRD

pattern from a thin film collected in the powder diffraction geometry can be used to obtain

a detailed information on some important structural and microstructural features of the

material, both in the case of random grain orientation and for highly textured layers.

The two main subjects are: Line Profile Analysis (LPA) [3] and Whole Pattern

Fitting (WPF) [4]. Concerning the former, two different applications will be described on

a tutorial level; the first example regards the LPA of the XRD pattern from highly oriented

thin films produced by PVD. A second example will show the results that can be obtained

for a polycrystalline random thin film. The use of the WPF has been reviewed recently by

the author [4]. In the present contribution a brief example of the potentiality of the WPF

will be illustrated.

2 - Line Profile Analysis.

Line Profile Analysis is frequently used in the characterisation of polycrystalline

materials, and in particular for lattice disorder studies. Since the early times of XRD

several models have been proposed to correlate profile shape and width with physical

properties of interest [1,5], and this field is still the object of numerous studies [6].

Traditional methods are usually divided in simplified and Fourier methods [7]. However,

other possible approaches are still being proposed, like those from the Delft school,

where the broadening effects are directly described by a micromechanical modelling of the

material, considering specific types of lattice defects and their interaction [8,9]. Methods
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based on the application of the Information Theory also deserve consideration [10,11].

Simplified methods generally include both single line profile analysis and methods which

employ the peak width (usually expressed as Full Width at Half Maximum - FWHM, or

as integral breadth - ratio between peak area and FWHM) or the peak variance [1]. These

methods are frequently used for a quick examination of the profile broadening, or when

few data are available (i.e., a single XRD reflection). However, as demonstrated by

several works of J.I. Langford and D. Loiier [12-14], interesting and detailed information

may also be obtained. Fourier methods, which generally need two or more reflections

from the same crystallographic family (e.g., (111), (222),...) present several advantages

concerning the correction of the instrumental broadening component and the detail of the

information which can be extracted. A complete description or a comparison among all of

these methods is well beyond the object of the present contribution, but more details may

be found in the literature cited so far. In the following, a brief description of an integrated

procedure of profile fitting-Fourier analysis will be discussed. The procedure was used,

1000

oo

5
CD

I

1
16 24 32 40 48

26 (degrees)
64 72

Figure 2.1. XRD pattern in Bragg-Brentano geometry of a YBCO thin film deposited by
Pulsed Laser Ablation on R-plane sapphire (AI2O3) substrate with a CeC>2 buffer layer
[15]. Miller indices of YBCO and ceria are reported. Linear (a) and Log (b) scale.
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for the study of thin films with different characteristics. Further details on the method may

be found in ref. [3] and cited papers.

Profile fitting is very useful both to accelerate data processing and to improve the

reliability of the LPA. Nonetheless it has its drawbacks, mainly connected with the use of

a given analytical function for the modelling of the XRD profiles. However, profile fitting

is absolutely necessary when peak overlapping is present, which is very frequently the

case in many applications, including polyphasic samples, low symmetry materials, and

broad profiles. Even when the profiles are apparently isolated.and well distinct on the

background like in Figure 2.1a, a log plot may disclose a certain degree of overlapping in

the tail region (Figure 2.1b), which may be responsible for considerable errors in the

LPA. Moreover, a correct evaluation of the background is better performed by profile

fitting.

Profile fitting has also the advantage to simplify the deconvolution procedure of the

instrumental broadening. In fact, once a suitable standard sample is available [16], the

Instrumental Resolution Function (IRF) can be parametrized in terms of the variables

refined by the profile fitting, as described later. The measured profile can be modelled by

a pseudo-Voigt (pV) function, which is defined as a linear combination of a Gaussian and

a Lorentzian curve (several other functions can be used as well [17]):

pV(20) = ^I 0 . [^ r +(l - i ? ) .exp(- ln2.S a ) ] (1)

S = (2d-26B)/co (2)

where Io is the intensity, 2co = FWHM, r\ is the Lorentzian fraction and 9B is the position

of the maximum of a Bragg's peak. The summatory means that three profiles are

employed for the observed spectral components of each Bragg's reflection. In the present

work the three components have the same width and fixed intensity ratios. The

background can be modelled by a polynomial function (usually a straight line). The whole

profile fitting procedure may be easily carried out by suitable Non-linear Least Squares

(NLSQ) programs which may run on a PC [18].

The instrumental broadening can be measured on a suitable standard sample, virtually

free of defects and with crystallites whose size is beyond any broadening effect; in the

present work we used a standard KC1 powder [16]. After profile modelling oftheKCl
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Figure 2.2. Full Width at Half Maximum (FWHM) and Gaussian fraction (1-T|) as a
function of 26 [3]. Standard KC1 powder sample [16].

pattern, the IRF may be obtained at any 26 angle through the parametric description

shown in Figure 2.2.

The measured XRD profile of a given sample, h(e), is described as the convolution of

a "pure" diffraction profile, f(e), due to crystallite size and lattice imperfections, with the

instrumental profile, g(e) [1]:

h(e) = lg(ri)-f(s-ri)-dr} (3)

After the measured profile h(e) has been modelled analytically and g(e) is obtained from

Figure 2.2, the deconvolution of the instrumental broadening may be also analytically

conducted in the Fourier domain [19,1]:

(4)
G(S)

where F(Q, H(Q and G(Q are the Fourier coefficients of the analytical FT of the pV

functions modelling f(e), h(e) and g(e), respectively. This, procedure has several

advantages with respect to the traditional numerical procedure[7,20], and directly gives,

in an analytical form, the cosine Fourier coefficients of the XRD profile, corrected for

instrumental broadening, An, which are the starting point of the Warren-Averbach (WA)

LPA procedure [21,22,1,5]. It can be shown that [1]:

A ~AS-AD (5)
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where A^ and A% are the broadening components due to size effect and lattice

imperfections, respectively, and n is the harmonic number.

In the WA model, the material is divided in crystallites, each one diffracting

incoherently from the others; crystallites are made of columns of cells along a given [hkl]

direction, whose length is multiple of the interplanar distance, d^i, which is the height of

a single cell. Therefore, we may define a correlation distance between two cells as

L — n- dfrki, which is the distance between two cells n times d^j apart.

The two broadening components can be separated by a logarithmic relation, which can

be written as:

In A L(dhkl) = \n At - ^ (6)
ahkl

where < e (L)> , usually termed microstrain, expresses lattice distortion [7,23,24].

Using two or more reflection orders (e.g., (001) and (002)), it is possible to calculate

AL and < e (L)> from a plot of l n A ^ d ^ / ) versus l/aj^/ . Moreover, it can be

shown that the mean column length or domain size, M, along [hkl] is given by

dA

dL M
(7)

M is also referred to as the mean crystallite size, even though, strictly speaking, it is

the average length of the columns of cells along [hkl], composing crystallites; therefore,

the connection to the actual grain size is not straightforward, and depends strongly on the

shape of the crystalline domains [25-27].

Concerning this point, the meaning of LPA results must be considered according to

the particular microstructure of the materials under investigation. The interpretation of

powder patterns may be different from that of thin film patterns: in a powder and in many

polycrystalline bulk samples grain orientation is supposed to be random, and, frequently,

the morphology of grains is quite heterogeneous; two different Bragg's reflections may be

produced by absolutely equivalent grains, which differ only for their orientation with

respect to the beam.

On the contrary due to the growth mechanism and to the epitaxial relationship with

substrate structure, thin films often exhibit columnar grains with strong texture. This, is
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typical of PVD processes, like those employed to deposit HTc (High critical Temperature)

ceramic superconductors. In a textured thin film each hkl peak comes from a distinct set

of grains with a given orientation, such that grains grew with (hkl) planes parallel to the

surface; therefore, two Bragg's peak from different planes (e.g., (200) and (111) ceria

peaks in Figure 2.1) are due to two sets of grains with completely different orientation.

The microstrain term accounts for the lattice distortion component along the studied

[hkl] direction; in particular, it represents the fluctuation of the strain field on the atomic

level, due to the distribution of defects, inhomogeneity and heterogeneous phases.

Besides microstrain, bulk materials and thin films may be subjected to residual

macrostrain; in thin films this strain may be very high because of the constraints induced

by the film/substrate interface, causing huge residual stress values. Stress of intrinsic or

thermal nature up to several GPa have been measured in thin films [28,29], even if such

values are frequently beyond the mechanical resistance of the relevant bulk materials.

Figure 2.3. Residual strain inside a polycrystalline material.
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In order to understand the difference between micro and macrostrain, we can refer to

the microstructure of a generic material, as sketched in Figure 2.3. The residual strain to

microscopic level, may be considered as made of three terms: £j is the residual

macrostrain, which corresponds to the average value over a macroscopic region; the

macrostrain causes an average change of d ^ , which corresponds to a shift of Bragg's

reflections, that can be measured accurately by XRD [30]. e^ and ejn are the average

strain over a single grain and the strain fluctuation inside a grain, respectively. Therefore,

£JJ and 8jn represent the fluctuation of the strain with respect to the mean value, which we
r\ I / O

called microstrain. The microstrain term given by the WA, < e (L) > , is referred to

powder samples, were < e(L) >=0; in general, for bulk and thin films, where a mean

strain component may be present, the microstrain is correctly defined as
2 (8)

However, for simplicity we refer to < e (L) > , even if it is implicitly assumed the

definition of Eq. 8.

Several types of structural defects may be present in thin films, and many of them

have a marked effect on XRD profile width and shape, like atomic substitutions and

vacancies, dislocations, stacking and twin faults. When faulting is present, the mean

column length defined by Eq. 7 is an effective value, Meff, which also contains

information on faulting, whereas the real mean size, Mav, is generally bigger.

Besides mean values, the WA analysis can give distribution functions; it can be

demonstrated that the second derivative of A L is proportional to the distribution function

of the column length along [hkl], p(L) [1]. Even though details of these distributions are

not always reliable [31,32] (consider also the constraint given by the choice of the

particular analytical function used to model the experimental profile), mean value and

width of p(L) are generally meaningful, whereas further information on the nature of the

lattice disorder can be obtained from the trend of < e (L)> [33,34]. The mean

microstrain value [35,36] is usually calculated at L=M/2, even if this choice is somewhat

arbitrary. The author suggested in the past to use the mean value weighted on the size

distribution p{L) [3]; in any case, the meaning of the microstrain term is not always clear
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and probably constitutes a weak point for the entire procedure. In other words, it is not as

easy to connect the microstrain given by the WA method with an elastic energy associated

with the distortion field due to imperfections. In fact, the measured parameter represents

the variance of a distribution, and must not be confused with the local strain. Therefore

the microstrain calculated by the WA is frequently employed as an effective parameter and

relative changes are considered among similar samples. This point has been discussed in

detail in reference 8.

In some cases, the mechanism causing microstrain can be investigated by the Vogel-

Haase-Hosemann (VHH) method [37], which considers the logarithm of the ratio

between Fourier coefficients of two peaks from the same (hkl) plane family:

ocL2-<£2(L)> " (9)
[AL(h +

where h is the diffraction order. The trend of < e (L)>, obtained from a

\n[AL(h)/AL(h + l)] vs. L plot, can be attributed to several disorder mechanisms. In

particular, microstrain associated to dislocations gives < e (L) >°c 1/L, which

corresponds to a linear VHH plot; on the other hand, an intercrystalline disorder, like a

compositional fluctuation between crystalline domains, causes a microstrain independent

of L (< e (L) >~ constant), which gives a parabolic VHH plot.

The effectiveness of this procedure must not be overestimated, since the interpretation

of the VHH plot is not univocal; in fact, several different types of defects may be

simultaneously present in a thin film, and give similar < e (L) > trends. An example of

application of this method will be discussed later.

3 -. Application of LPA to thin films.

3.1 - Highly textured thin films

Most applications of thin films in microelectronics need highly ordered layers with a

low defect density, and the microstructure of the film must be generally designed

according to the specific requirement of the devices to be produced. PVD and CVD

techniques offer this possibility, which involves a careful selection of operating

conditions, but also appropriate choice of substrate and intermediate layer materials. In
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any case, many applications require highly epitaxial (or heteroepitaxial) thin film. XRD is

routinely used to study the texture [2], but LPA also produces interesting results. Highly

textured thin films give a BB pattern like that shown in Figure 2.1, clearly displaying the

presence of grains coherently oriented with the c-axis of the YBa2Cu,O7 5 (YBCO)

perovskitic structure parallel to the growth direction. In the case of Figure 2.1 [15], a

ceria buffer was interposed between sapphire and YBCO both to promote the desired

ordered growth and to avoid Al contamination from the substrate.

The ordered microstructure extends to the in-plane direction (which is not accessible

by means of BB patterns) as shown by the pole figure analysis [2]. Therefore the film is

made of columnar grains with parallel axes, even though a residual mosaicity is present

[2]. This typical microstructure, with crystalline domains interrupted by defects (mainly

stacking faults) along the growth direction, is shown by the TEM picture of Figure 3.1.1.

Figure 3.1.1. TEM picture of a cross section of the YBCO/CeO2/Al2O, film of Figure 2.1.
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Under these conditions the LPA can give a detailed information on the distribution of

domain size (column length) and the general degree of order along the growth direction.

To obtain the p(L), the available diffraction orders from the [00/] direction were modelled

as described in the previous section, and some of the results of profile fitting are shown in

Figure 3.1.2.

From these results, following the WA analysis, the size/strain distribution along [00/]

were calculated, after deconvolution of the instrumental component (Figure 2.2), and the

result is reported in Figure 3.1.3. The shape of the p{L) is quite typical of epitaxial,

highly textured PVD thin films [3,4,23], with a narrow size distribution around the mean

value which is close to 20 nm. Recent results based on a TEM analysis from picture like

that of Figure 3.1.1 show a good correspondence between this column length distribution

and an analogous distribution obtained from the observation of the TEM pictures [15].

1

1

X

I
20 (degrees)

Figure 3.1.2. Results of profile fitting of some regions of the pattern of Figure 2.1. The
residual (difference between experimental and modelled profile) is shown below.
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Figure 3.1.3. Column length and microstrain distribution for the YBCO layer along [001]
direction for the sample of Figure 2.1.

As discussed before, the microstructure of the YBCO/CeO2/Al2O3 sample is typical of

many HTc thin films produced by various PVD techniques [3,15,38-40]. In spite of the

apparently similar microstructure, the superconducting transport properties may

considerably vary. Such fluctuations may be due to several effects, including chemical,

structural and microstructural features. Though, even considering similar thin films of

"good" quality, i.e., with proper stoichiometry and ordered grain structure, important

properties like the Tc (superconducting transition temperature), the Rs (surface resistance

at microwave frequency) or Jc (critical current density) still vary remarkably.

From a comparative LPA study on several samples produced by different techniques

on various substrates (with or without buffer layers) it was found that the domain size

obtained by XRD following the procedure described before, is correlated with the

transport properties. A description of these effects is beyond the scope of the present

work (the reader can refer to the cited literature [3,15,38-40]), but it interesting to observe

the result of such comparison for some YBCO thin films, reported in Figure 3.1.4.
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Figure 3.1.4. Correlation between mean column length (given by LPA) and critical
temperature Tc, for YBCO thin films produced by different techniques on various
substrate/buffer layers. All the films were highly c-axis oriented, with a microstructure
similar to that reported by the TEM picture of Figure 3.1.1. (PLA-Pulsed Laser Ablation,
CSA-Channel Spark Ablation, MS-Magnetron Sputtering). The YBCO/CeO2/Al2O3
sample (LB02) is indicated by the arrow.

3.2 - Random polycrystalline thin films

The following example concerns polycrystalline SnO2 thin films, prepared by

spray pirolysis on alumina (polycrystalline) substrates [41]. The microstructure of this

type of films is completely different from that of PVD films like that of the previous

section, and it is typical of thin films prepared from amorphous precursors with

low/medium temperature processes [42]. These kind of coating is similar to a powder or

to a bulk polycrystalline material, therefore the interpretation of LPA results is quite

straightforward, and follows the criteria of powder diffraction from small particles (like

catalysts or sol-gel powders). The main limitation is the acquisition of a XRD pattern with

adequate statistical quality. In fact, unlike highly oriented thin films, where the diffracted

intensity in a BB pattern is concentrated in a single (or a few) crystallographic direction,

the diffracted intensity from a random polycrystalline aggregate is dispersed along the

whole 26 range, i.e., all the Bragg's reflection are observed in the BB pattern.

Considering the small amount of matter scattering the X-ray radiation from a thin film,

this results in a signal much lower than that from a typical epitaxial thin film (Figure 2.1).

As a result, the acquisition time necessary to achieve reasonable counting statistics
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Figure 3.2.1. XRD pattern of an as-sprayed SnO2 thin film on alumina. In the inset,
portion of the pattern of the as-sprayed (dot) and heat treated (line) samples.

(see Appendix for experimental details) is usually much longer for thin films made of

random oriented grains.

Figure 3.2.1 shows the XRD pattern of an as-sprayed sample [41]. Besides the

sharp lines of the A12O3 substrate, broad reflections attributable to tetragonal SiiO2

(Cassiterite) are visible. After a heat treatment (24h @ 55O°C) the pattern was qualitatively

the same, the only difference being the shape of SnO2 lines which were narrower. Both in

the as-sprayed sample and after the heat treatment, all the main reflections of Cassiterite

were identified, as shown by the Miller's indices in Figure 3.2.1, suggesting a random

orientation of thin film grains.

No evidence of the presence of an amorphous phase was found; as shown in the

inset of Figure 3.2.1, the background of the XRD pattern did not change after the heat

treatment, and was essentially the same as that measured on an uncoated A12O3 substrate.

Considering the low sensitivity of the XRD technique to small amounts of non-crystalline

phases, the lack of an amorphous halo cannot be considered as a definitive proof, but

supports the picture that both heat treated and as-sprayed films were crystallized.

Due to the overlapping between the ALJOJ and the broad SnO2 reflections* profile

fitting was necessary also in this case. Figure 3.2.2 reports the result of the peak

separation for the heat treated sample. For both samples it was possible to model two
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Figure 3.2.2. Results of profile fitting for the heat treated SnO2 sample. Unmarked peaks
are from the alumina substrate. The residual is shown below.

orders of diffraction from the (hhO) planes ((110) and (220)), which were used for the

WA analysis.

Figure 3.2.3a shows the crystallite size distribution for as-sprayed and heat treated

SnO2 thin films; the average column length was M=53 and M=6.6 nm, respectively. In

both cases the size distribution is broad, as typical of poorly crystallized systems, finely

dispersed catalysts and many loosely packed or powder samples [24,42,43]. This feature

is particularly evident if Figure 3.2.3a is compared with the corresponding distribution for

a PVD thin film (Figure 3.1.3). The effect of the heat treatment on the p(L) is clearly

visible, and is consistent with a grain coarsening process.

To investigate the shape of crystallites, LPA should be performed along different

crystallographic directions, like [101] and [200]. For this planes, though, only the first

order diffraction peak was visible, the second order being too weak and confused with

the background and the A12O3 reflections. After profile fitting (Figure 3.2.4) a single
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Figure 3.2.3. Results of LPA for the two SnO2 thin films: column length distribution (a)
and microstrain distribution (b). As-sprayed (dash) and heat treated (line) samples.
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Figure 3.2.4. Results of profile fitting in the region of (101) and (200) SnO2 peaks for the
heat treated sample. Unmarked peaks belong to the substrate; the residual is shown below
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peak (SP) procedure, originally proposed by Nandi et al. [35] (and modified by Scardi et

al. [44]), was used. Like the WA method, this type of LPA employs the Fourier

coefficients of the profiles corrected for instrumental broadening, and gives mean values

of crystallite size and microstrain. In spite of the simplifying assumptions on the defect

contribution to the line broadening, the used SP method gives reliable values of crystallite

mean size. In fact, applied to the (110) profile, it gives an average column length of 5.4

and 6.8 nm, for the as-sprayed and heat treated thin films respectively, in very good

agreement with the more sounded WA method.

Table 3.2.1 reports the results of the LPA along the studied crystallographic

directions. It can be seen that the mean column length is almost independent of the

crystallographic direction, suggesting that the grain shape approaches a sphere. Under

such conditions it can be shown that the average diameter of the grains (Nd in Table

3.2.1) is 3/2 the column length [25,26,45].

(hkl)->

As Sprayed

M (nm)

Nd (nm)
2 1/2

<£ >
M/7.2 1/2

« 8 > >

Heat treated

M (nm)

Nd (nm)
2 1/2

<£ >
M/72 1/2

« £ > >

WA

(110)/(220)

5.3

8.0

0.0066

0.0063

6.6

9.9

0.0051

0.0048

SP

(110) (101) (200)

5.4

8.1

0.0077

0.0070

6.8

10.2

0.0061

0.0056

5.0

7.5

0.0066

0.0060

6.5

9.8

0.0050

0.0046

4.2

6.3

0.0071

0.0064

7.0

10.5

0.0042

0.0038

TABLE 3.2.1. Results of LPA for as-sprayed and heat treated SnO2

thin films. M is the crystallite mean size or column length, Nd is the
, . c , , ' . , . , 2 1/2 2 1/2

diameter of the average spherical gram, and <£ > and « £ > >M/2

is the microstrain calculated at h=M/2 and averaged on the size
distributions of Figure 3.2.3a, respectively.
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Figure 3.2.5. VHH plot ([hhO] direction) for as-sprayed and heat treated SnO2 samples.

In this case, some insight on the origin of the microstrain term can be obtained

from the VHH method. Figure 3.2.3b shows, for both samples, a iNh trend of

<£ 2 (L)> which can be attributed to the presence of dislocations [24].

Correspondingly, as shown in Figure 3.2.5, the VHH plot exhibits a linear trend,

confirming is hypothesis. A microstrain value of 6.3x10 and 4.7x10 , for as-sprayed

and heat treated thin films, was calculated from the slopes, in agreement with the WA

analysis.

Assuming that dislocations are the main cause of the lattice disorder component of

the line broadening, a dislocation density can be estimated using domain size and

microstrain values. As shown by Williamson and Smallman [46], under suitable
2 1/2

hypotheses a dislocation density (p) value can be calculated from both M (pp) and <e >

(ps). By using the results of the WA analysis, and supposing a slip system in the {110}

planes with Burgers vector <001> [47], it was found that p p » p s (pp/ps -20), suggesting

the presence of an interaction between dislocations which decreases the strain energy. As

shown by Rao and Houska [48], the Lorentzian shape of XRD profiles is a further

confirmation of the presence of correlated dislocations. Supposing a polygonization

mechanism, p=2.5xlO and p=1.5xl0 cm were calculated for as-sprayed and heat

treated thin films, respectively. It is worth noting that the formulae for calculating p [46]
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were originally developed for cubic metals and alloys, assuming that the material has

theoretical density and is mechanically isotropic and fully crystalline; probably* such

conditions are not completely fulfilled by our samples.

In conclusion, LPA permitted a detailed characterisation of the studied SnO2 thin

films: they are made of finely dispersed crystalline spherical grains, and a high lattice

defect concentration is present. From LPA we may hypothesise the presence of grain

boundary dislocations interacting by a polygonization mechanism. The thermal treatment

caused both a grain coarsening (diameter increased of -25%), and a decrease in lattice

disorder (dislocation density decreased of ~40%).

4 - Whole Pattern Fitting of thin films

During the last ten years the development of increasingly more powerful,

cheaper and easily available calculus facilities has produced a tremendous impact on

powder diffraction. Apparently this consideration may seem quite obvious and valid for

most analytical techniques, but an important factor must also be considered, which is

peculiar to powder diffraction, that is the introduction of the Rietveld method [49,50].

In fact, many applications of powder diffraction have been considerably transformed by

the introduction of this method. One of the most promising developments is Whole

Pattern Fitting (WPF) (or Whole Powder Pattern Fitting): the basic idea is "the

simultaneous processing of the whole information contained in the powder pattern

collected over a wide angular region" [4].

Also profile fitting techniques are increasingly used, and considerably developed

in the last years [14]. However, WPF may be improved well beyond a mere profile

fitting (also referred to as pattern decomposition) procedure. In fact, WPF may profit

from the structural constraints involved by the Rietveld algorithm, leading to an

integrated procedure that can account simultaneously for both structural and

microstructural features of the studied materials. In a recent work, the author has

reviewed the progresses in this field, specially concerning the applications to materials

science, which include thin films technology [4]. It is now possible to process XRD
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powder patterns refining both structural parameters (lattice parameters, atomic

positions, occupancy and atomic substitutions, thermal factors) and non-structural ones,

which are more related to the microstructure, like preferred orientation, phase abundance

(in polyphasic mixtures) and size/strain parameters. The last ones, which were object of

the first part of the present contribution, have been incorporated in the Rietveld method,

leading to a powerful procedure, which is particularly effective when broadening effects

are significantly present and anisotropic. Details on the procedure may be found in the

cited work and references therein [4]; in the following, an interesting application to thin

films will be described.

Non-structural parameters may be very useful to improve the quality and general

reliability of a structural refinement; for instance, since the early works, H.M. Rietveld

already introduced a parameter accounting for texture [49,50]. However, the point of

view may be completely reversed. In fact, in many materials science studies the

structural data are known, and the microstructure is to be studied. In this case we may

start from known phases and refine the microstructure. The cited procedure of

simultaneous size/strain-Rietveld refinement has been used to study, for instance, the

effect of alloying elements in zirconia materials [51,52] or the degree of dispersion of Pt

catalysts [43]. In both cases structural data were mostly available from the literature and

the microstructure was studied. An analogous application has been proposed for thin

films [53,54,4]; this development takes advantage from the shallow penetration of X-ray

in most materials. Traditionally, the Rietveld algorithm is based on the following

theoretical expression of the diffracted intensity (for phase j in a phase mixture):

FJ
1 hkl (10)

where f; is the volume fraction of phase/ LP(29) is the Lorentz-polarization factor, m}
hkl

is the multiplicity of hkl plane of phase j , FJ
hkl is the structure factor (including the Debye-

Waller term) and V; is the cell volume (for simplicity, preferred orientation was not

explicitly considered). This formula is based on the hypothesis that the studied sample is a

homogeneous phase mixture. This is not the case of thin films, were the sample has a
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peculiar distribution of phases. Following the scheme of Figure 4.1, a generic thin film

may be considered as a sequence of n layers, each one made of m phases. The generic i-th

layer has an average linear absorption coefficient, /£,-, which depends on the weighted

average of the absorption coefficients of the present phases:

m
(11)

where p,- is the density of layer i, (/i/p) • is the mass absorption coefficient of phase j ,

and wij is the weight percentage of phasey in layer /. If the thickness of layer i, si, is less

than the X-ray penetration depth, then two correction factors must be introduced in the

theoretical expression of the intensity diffracted from the i-th layer.

SOURCE

1

2

n-1

e

COUNTER

v:x_

X

n (substrate)

Figure 4.1. Schematic representation of a thin film made of n-1 layers. (See text for

details)
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9 i-1

J
 J=1 (12)

sin9Q

\ _ e sin0 (13)-

Aj(0) is the correction for the absorption of outer layers (A,(0)=O for layer 1), and

7/(0) is due to the transparency of layer i, which diffracts only part of the incident beam.

A further correction must be introduced on peak position, but it is of little importance,

provided that the film thickness do not exceed a few tens of micrometer [4].

We may now rewrite eq. 10 including the two correction terms, also considering

that a given phase may be present in one or more layers. The intensity from each

diffraction peak of phasey is:

'"AH
•Ku

FJ
 2

1,. (20) -T., (20) (14)
(=1

where SF is the scale factor of the whole pattern and fij is now the volume fraction of

phase j in layer i.

This method is particularly effective to measure the thickness of polycrystalline

thin films. Figure 4.2 shows the refined pattern of a thin film sample of AgCl on silver.

This kind of polycrystalline silver halide thin films finds application in the field of sensors

for medical instruments [55]. The results, summarised in Table 4.1, clearly demonstrate

the detail in the microstructural information which can be obtained through this procedure:

in particular, the thickness value from the refinement is comparable with the value

measured on a cross section (Figure 4.3).

Besides the good agreement with the SEM observation, the result obtained by

XRD adds important details. The statistical basis involved by the XRD measurement is

inherently better than that typical of SEM examinations of cross-sections: the XRD pattern

is collected over a large area (typically, ~ 1 cm2), and integrates the signal from all the

sampled volume. Therefore, a comparison with microscopy may be useful, specially to

evaluate the homogeneity and density of the coating. In addition, the proposed method is

fast and non-destructive, as typical of most XRD techniques.
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Phase ——>

a (nm)

PXRD (g/cm3)

M (nm)

<eV' z (xlO-4)
M/2 V '

Pref. Or.: [hkl] - PGP

Layer thickness (um)

Rwp (%)

RB (%)

GofF

AgCl

0.55534 (1)

5.5584

>500 (°)

3(1)

[111]-0.684 (2)

2.3 (1)

16.5

10.4

2.53

Ag

0.40872 (1)

10.4934

66(3)

7(1)

[211]-0.722 (7)

(substrate)

(°) The symbol >500 nm means that the refined value for the crystallite size of AgCl approaches
the limits of the size/strain analysis. LPA is not sensible to crystallite bigger than =500 nm.

Table 4.1. Results of the refinement for the thin film of Figure 4.2. Lattice parameter (a),
X-ray density (PXRD) niean crystallite size (M) and microstrain (<e > ), preferred
orientation (direction - [hkl], March-Dollase param. - PGP [56]), and layer thickness.
Rwp? RB and GofF are statistical indices expressing the quality of the fitting [4,56].
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Figure 4.3. SEM picture of a cross-section of the thin film sample of Figure 4.1.

5 - Conclusions

The Line Profile Analysis (LPA) methods developed for diffraction data from

polycrystalline bulk materials and powder samples may be easily used for thin films. In

the case of highly textured layers, frequently employed in microelectronics, the

interpretation of the results must account for the peculiar microstructure. On the other

hand, in most cases the presence of a preferred orientation permits to observe a strong

signal from several diffraction orders, even in the case of very thin films. The possibility

of measuring more than one peak of the same crystallographic family is the basis for a

reliable profile analysis, and permits a detailed description of the microstructure in terms

of domain size and lattice imperfections. The procedure described here, consists in a

preliminary profile fitting step followed by an analytical deconvolution of the

instrumental broadening component and a Warren-Averbach analysis. The method was

described and applied to a highly textured YBCO thin film as well as to a random

polycrystalline SnCX layer, and results were correlated with the properties of interest.
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Whole Pattern Fitting (WPF) can also be used for thin film analysis, provided

that the layer structure of samples is properly considered. In fact, it is possible to

introduce a simple model of phase distribution in the WPF procedure, in order to refine

the phase amount directly in terms of layer thickness. In addition, the described WPF

procedure permits to refine size/strain parameters, and preferred orientation (within a

simple fibre texture model), as well as the structural parameters of all the present

phases. Even though the research activity in this field is far to be concluded, some

interesting reviews (and books) have been written on the two main subjects of this

work, e.g., references 6,14,45 and 3 for LPA, and 6,56 for WPF and Rietveld method.
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6 - Appendix: experimental methods.

All the results described in this work were obtained from data collected by a high

resolution Rigaku PMG-VH diffractometer. The term "high resolution" deserves some

additional comments: nowadays several Synchrotron Radiation (SR) facilities around the

world have a high resolution beamline or station, and some of them are dedicated to

powder diffraction. The resolution obtainable at these facilities is by far higher than that

of any traditional laboratory system. However, such a high resolution is not always

indispensable for a good LPA; to have an idea of this, it is sufficient to remember the

Scherrer's formula [Al], that states the inverse proportionality between size effects

(domain size) and profile width. This means that all LPA methods become increasingly

less precise and reliable as the profile width decreases. Instruments with a narrow IRF

may improve the quality of LPA, extending the sensitivity limit beyond the traditionally

accepted limits of 200-500 nm for size effects (depending on methods and instruments),

but it is inherently impossible to preserve the same reliability as that of measurements

in the size range =5-200 nm. In addition, most practically interesting applications

involve profiles considerably broader than the IRF. In these important cases there is

absolutely no need for an ultra-sharp IRF. Therefore, SR facilities may offer advantages

for specific experiments, when a very narrow IRF is absolutely necessary. Instead,

unquestionable advantages of such facilities concern general features of the SR: beam

intensity maybe orders of magnitude higher than that of traditional lab sources. The beam
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is highly monochromatic, and the wavelength may be easily changed within a wide range

of values. These advantages are probably the most remarkable and still to be explored

for many outstanding applications of XRD and LPA, in particular to materials science.

SR facilities, however, have also some practical drawbacks and limitations, such

as cost and availability (access criteria are not always clear and easily fulfilled).

Moreover, it may happen that unexpected problems arise, mainly because all the

equipment is less 'proved' than commercially available ones. A typical example regards

the optics of station 2.3 at the SR facility of Daresbury [A2].

The 'high resolution' of the instrument used in the present work represents an

improvement with respect to most powder diffractometers available in laboratories

around the world. In principle, such improvements may be realised for any instrument,

by selecting (or updating) the appropriate optical components. Useful help may be

found in reference A3. As described in that work, the aim is to obtain narrow and,

specially, symmetrical instrumental reflections. By using the KC1 standard sample the

FWHM of the instrumental profile was as small as 0.047° at 28° and 0.070° at 60°.

Another important point is counting statistic. This must be adequate to the sample

to be studied. Thin film samples were measured using the Cu Koc radiation produced at

40kV and 45mA, using a long counting time: 20s for the YBCO/ceria/sapphire sample

and 60s for the SnO2 samples. The sampling step was 0.05°. A smaller step would be of

little effectiveness, given the width of the measured profiles. Of course, the profiles from

the KC1 standard were measured with much smaller steps (down to 0.006° for low angle

reflections (28 and 40°)). The use of a different step is perfectly compatible with the

proposed profile fitting-WA procedure, whereas it would present some problems by

using numerical methods for the Fourier transform.
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