
electronic reprint

ISSN: 1600-5767

journals.iucr.org/j

Disc-shaped nanocrystal model for simulating the diffraction
peak profile from a one-dimensional superlattice and its
application to Pt/AlN superlattice films

Takashi Harumoto, Takumi Sannomiya, Shinji Muraishi, Ji Shi and Yoshio
Nakamura

J. Appl. Cryst. (2016). 49, 909–917

IUCr Journals
CRYSTALLOGRAPHY JOURNALS ONLINE

Copyright c© International Union of Crystallography

Author(s) of this paper may load this reprint on their own web site or institutional repository provided that
this cover page is retained. Republication of this article or its storage in electronic databases other than as
specified above is not permitted without prior permission in writing from the IUCr.

For further information see http://journals.iucr.org/services/authorrights.html

J. Appl. Cryst. (2016). 49, 909–917 Takashi Harumoto et al. · Simulating the diffraction peak profile from a superlattice

http://journals.iucr.org/j/
http://dx.doi.org/10.1107/S1600576716005483
http://journals.iucr.org/services/authorrights.html
http://crossmark.crossref.org/dialog/?doi=10.1107/S1600576716005483&domain=pdf&date_stamp=2016-05-16


research papers

J. Appl. Cryst. (2016). 49, 909–917 http://dx.doi.org/10.1107/S1600576716005483 909

Received 12 January 2016

Accepted 1 April 2016
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On the basis of the film structure of a Pt/AlN multilayer film which exhibits a

superlattice peak after annealing, a disc-shaped nanocrystal model is proposed

for simulating the diffraction line profile from a one-dimensional superlattice.

The proposed model demonstrates that a superlattice peak can arise even from

just two disc-shaped nanocrystals and even with a large misorientation (a few

degrees), provided both the thickness and the in-plane crystal size of the

nanocrystals are of the order of nanometres. Using the model, the superlattice

peaks from Pt/AlN superlattices are analysed quantitatively and the effect of

annealing on the film is discussed.

1. Introduction

As artificial superlattices and multilayer films show unusual

electrical, magnetic and optical properties, there is a great deal

of active research regarding such films (Esaki & Tsu, 1970).

For example, semiconductor laser diodes are fabricated from

AlInAs/GaInAs artificial superlattices, and mirrors for soft

X-rays consist of Mo/Si multilayer films (Kloidt et al., 1991;

Kondratenko et al., 1993; Faist et al., 1994).

The properties of artificial superlattices and multilayer films

can be optimized by controlling the layer structure, such as the

compositions of the layers, the layer thicknesses and the

stacking period of the layers. Accordingly, various methods,

e.g. X-ray reflectometry (XRR), X-ray diffractometry (XRD),

Rutherford backscattering spectrometry, transmission elec-

tron microscopy (TEM) and Auger electron spectroscopy,

have been adopted to analyse the layer structures of prepared

artificial superlattices and multilayer films. Among them,

XRD is the most frequently employed method, as it does not

require pre-treatment and the structural parameters can be

determined nondestructively (Fullerton et al., 1992; Moram &

Vickers, 2009).

For diffraction profile fitting, various structural models are

available to describe the layer structure (Fullerton et al., 1992).

The simplest is the step model, in which it is assumed that each

layer consists of ideal atomic planes and such layers are

stacked periodically (Segmüller & Blakeslee, 1973; Schuller,

1980; McWhan et al., 1983). However, this ideal model is valid

only for state-of-the-art artificial superlattices (Schuller, 1980;

Tapfer & Ploog, 1986). Accordingly, some structural imper-

fections are considered and introduced into the step model

mathematically. There are many imperfection parameters,

such as fluctuations in the multilayer period, structural

ISSN 1600-5767

# 2016 International Union of Crystallography

electronic reprint



coherence length, surface/interface roughnesses and lattice

distortions (Segmüller & Blakeslee, 1973; McWhan et al., 1983;

Fujii et al., 1986; Clemens, 1987; Fullerton et al., 1992).

The in-plane crystal size is also one of the factors influen-

cing the diffraction peak profile (Neerinck et al., 1989; Full-

erton et al., 1992). However, the step model and related

models have no parameters that are directly related to the in-

plane crystal size. This is because the step model is a one-

dimensional model. In addition to the in-plane crystal size, any

fluctuation in the crystallographic orientation is also not taken

into account in the step model and related models. In the case

of an artificial superlattice grown on a single-crystal substrate,

as the in-plane crystal size would be sufficiently large and the

fluctuation in crystal orientation would be sufficiently small,

these two parameters can be ignored. In contrast, in the case

of films such as metallic artificial superlattices and metal/

nitride multilayer films deposited on amorphous substrates

(Endoh et al., 1984; Wang, 1998; Kim et al., 2001; Yu et al.,

2010, 2012; Harumoto et al., 2013), these two parameters

cannot be ignored as the in-plane crystal size could be small

(less than tens of nanometres) and the fluctuation in crystal-

lographic orientation could be large compared with those of

superlattices deposited on single-crystal substrates. Thus, an

alternative approach is required for dealing explicitly with

these two parameters.

Here, we introduce a sputter-deposited platinum/aluminium

nitride (Pt/AlN) multilayer film for which the step model is not

suitable (x2). The film is deposited on fused silica glass at room

temperature. Therefore, the in-plane crystal size is less than

10 nm and the film texture is derived only from the deposition

conditions. Nevertheless, the annealed film exhibits a super-

lattice diffraction peak. Accordingly, on the basis of the film

structure of the Pt/AlN superlattice, we have developed a

model for simulating the diffraction profile from a one-

dimensional superlattice (x3). In this model, it is assumed that

the diffraction peak profile from the superlattice film can be

described as a summation of diffracted X-rays from each

crystalline grain (hereinafter referred to as a ‘disc-shaped

nanocrystal’) within the superlattice layers. The in-plane

crystal size and the fluctuation in crystallographic orientation

are explicitly introduced into the model via the concept of a

disc-shaped nanocrystal. The model demonstrates that a

superlattice peak can arise even from just two superlattice

layers and even with a considerable misorientation, provided

the shape of the nanocrystals is suitable for X-ray interference.

Furthermore, the orientation fluctuation of Pt nanocrystals is

estimated quantitatively by profile fitting and the effect of

annealing on the film is discussed. In the final section (x4), the

model proposed here and the structure of the Pt/AlN multi-

layer film are concluded.

2. Pt/AlN multilayer films

2.1. Experimental

2.1.1. Specimen preparation. The Pt/AlN multilayer films

were prepared using a continuous sputter deposition process.

Details of this process are described in our previous reports

(Harumoto et al., 2013, 2014). Briefly, using two direct current

magnetron sputtering guns equipped with Al (purity >99%)

and Pt (purity 99.98%) targets, Pt/AlN multilayer films were

deposited without interruption of deposition. The designed

layer structure of the films was (AlN/Pt)5/AlN/fused silica

glass. After X-ray diffraction measurements, the same films

were annealed under vacuum (pressure �10�5 Pa at either

473, 673 or 873 K) for 3 h. For TEM observations, rock salt

and an Si(100) wafer with native oxide were also employed as

substrates.

2.1.2. Characterization. The structure of the multilayer

films was confirmed using TEM (on a JEOL JEM-3010

microscope operated at 300 kV). The cross-sectional specimen

for TEM was prepared by argon ion milling. For in-plane

observation, a film peeled from rock salt using distilled water

was adopted.

The stacking period of the film was measured using XRR. A

Bruker D8 Advance diffractometer equipped with a rotating

copper anode, a Göbel mirror with horizontal 0.05 mm �
vertical 2.5� Soller exit slits, a thin-film stage and a scintillation

counter with two horizontal 0.20 mm entrance slits (distance

between two slits = 100 mm) was employed to measure the

XRR profiles. The X-ray generator was operated at 40 kV/

300 mA. As the generated X-ray beam was paralleled by the

Göbel mirror, the horizontal divergence of the Cu K� X-ray

beam was less than 0.04�.

XRD profiles and reciprocal space maps (RSMs) were

collected using the same diffractometer as used for XRR.

However, to increase the X-ray intensity, the 0.05 mm exit slit

of the mirror was replaced with one of 1.0 mm. In addition,

two horizontal slits in front of the scintillation counter were

also replaced with a horizontal 0.12� Soller slit. In-plane XRD

profiles were measured using a PANalytical X’Pert PRO

MRD diffractometer using Cu K� radiation. The diffract-

ometer was operated at 45 kV/40 mA and the incidence angle

of the X-ray beam was adjusted to be near the critical angle of

the film (�0.77�).

2.2. Film structure

2.2.1. TEM observation. Fig. 1(a) shows a cross-sectional

TEM image of the Pt/AlN multilayer film annealed at 873 K.

The designed layer structure, (AlN/Pt)5/AlN/substrate, was

confirmed even after annealing. The selected-area electron

diffraction (SAED) pattern demonstrates that the Pt layer has

a (111) texture, while AlN is in a c-axis preferred orientation

(Fig. 1b). The high-resolution TEM (HRTEM) image further

confirms the texture of the film (Fig. 1c). According to the

lattice image, the crystal sizes along the substrate normal, or

crystal thicknesses, are almost equal to the thicknesses of each

layer. The in-plane crystal sizes were also analysed from the

images. The grain boundary of each crystal was determined by

the lattice fringe. Twelve Pt and 16 AlN nanocrystals were

measured. The average in-plane crystal sizes with their stan-

dard deviations are 9.4 (1.7) nm for Pt and 6.4 (1.9) nm for

AlN. The interfaces between Pt and AlN are flat and sharp,
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indicating that no interface reaction has occurred and the Pt/

AlN layer structure is stable up to 873 K.

The in-plane HRTEM image and the ring SAED pattern of

Pt/AlN multilayer film demonstrate that the film has no in-

plane texture (Fig. 2). With the exception of a weak 101AlN, all

other Miller indices of rings in the SAED pattern were normal

to 111Pt and 001AlN. Thus, it is clear that the prepared multi-

layer film has (111)Pt and ð001ÞAlN fibre texture, consistent with

our previous results (Harumoto et al., 2013, 2014).

2.2.2. XRR measurements. The XRR curves of as-deposited

and annealed films are shown in Fig. 3. Periodic peaks related

to the periodicity of the multilayer films are observed. Almost

no curve change is detected, indicating that the layer structure

of the film is stable up to 873 K. To estimate the stacking

period of the film from XRR curves, Bragg’s law with

refraction was adopted (Sugawara et al., 1988; Barshilia et al.,

2009):

sin2 �m ¼ m�

2�

� �2

þ 2�ML; ð1Þ

nML ¼ 1 � �ML; ð2Þ
where �, �m, � and nML are the X-ray wavelength (0.1542 nm),

half the full diffraction angle of the mth peak, the stacking

period and the average refractive index of the multilayer film,

respectively. In practice, 4�2 is computed as the slope of the

(sin2�m, m2�2) plot. The regression error of the slope is

employed to estimate the error in �. The stacking periods

determined are shown in Table 1, indicating that the stacking

period remains almost constant up to 873 K.

2.2.3. In-plane XRD measurements. Fig. 4 shows the in-

plane XRD profiles of the Pt/AlN multilayer film. The two

peaks observed were indexed as 110AlN and 220Pt , which have

normal relationships with 001AlN and 111Pt , respectively. The

in-plane crystal sizes of Pt and AlN were calculated from the

full-width at half-maximum (FWHM) using the Scherrer

equation (Table 2). It should be noted that the FWHM of each

peak was evaluated by profile fitting using a Lorentz function

and the errors in the sizes were estimated from the standard

errors of the profile fitting results. The Scherrer constant, or K

value, of the Scherrer equation was assumed to be 0.90, which

corresponds to cube-shaped crystallites (Langford & Wilson,
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Figure 2
An in-plane HRTEM image and (inset) the corresponding SAED pattern
of a Pt/AlN multilayer film annealed at 873 K.

Figure 3
XRR curves of Pt/AlN multilayer films.

Figure 1
(a) A cross-sectional TEM image, (b) the corresponding SAED pattern
and (c) a cross-sectional HRTEM image of a Pt/AlN multilayer film
annealed at 873 K.

Table 1
Stacking period of Pt/AlN multilayer films measured by XRR.

� (nm)

As deposited 12.94 � 0.01
Annealed at 473 K 12.94 � 0.01
Annealed at 673 K 12.99 � 0.01
Annealed at 873 K 13.16 � 0.01
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1978). The results indicate that annealing has promoted crystal

growth along the in-plane direction. However, the in-plane

crystal size is still rather small (<10 nm), even after annealing

at 873 K. It should be noted that the in-plane crystal sizes

calculated from the FWHM are consistent with the cross-

sectional HRTEM results.

2.2.4. XRD and RSM measurements. The normal �–2� XRD

profiles, or scans along the qz axis in reciprocal space, of the

films are shown in Fig. 5. As no peaks were detected other

than 111Pt and 002AlN, the texture of the film was (111)Pt and

ð001ÞAlN. After annealing, the 111Pt peak exhibits a sine

modulation, and a higher annealing temperature resulted in a

larger peak modulation, indicating an improvement in film

structure by annealing and the formation of a one-dimensional

superlattice. Thus, this Pt/AlN multilayer film differs from

conventional superlattices and multilayer films, which are

degraded by thermal diffusion during annealing. A shift of the

111Pt peak was also detected and was attributed to the

evaporation of N atoms incorporated into the Pt lattice during

film deposition in the Ar–N2 atmosphere (Harumoto et al.,

2014).

RSMs of the film are shown in Fig. 6. As 111Pt was observed

as a spot rather than a ring, the orientation of [111]Pt was

highly aligned along the substrate normal. The elongation of

the spot along qr derives from both the smallness of the in-

plane crystal size and the orientation fluctuation of [111]Pt.

The elongation of the 111Pt spot along qz was associated with

the ultrathin Pt layers. Note that, although the spot seems to

be oblong and elongated along the qr direction compared with

qz, this does not indicate that the shape of the Pt nanocrystals

is cylindrical (small in-plane, large out-of-plane). According to

the in-plane XRD and HRTEM data, the actual shape of the

nanocrystals is disc shaped rather than cylindrical, since the in-

plane crystal size is larger than the layer thickness. Thus, this
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Table 2
In-plane crystal sizes (2a) of Pt and AlN estimated from in-plane XRD
profiles.

2a of Pt (nm) 2a of AlN (nm)

As deposited 5.5 � 0.1 4.5 � 0.3
Annealed at 473 K 6.1 � 0.1 6.5 � 0.5
Annealed at 673 K 8.3 � 0.1 6.2 � 0.5
Annealed at 873 K 8.9 � 0.2 6.9 � 0.5

Figure 5
(a) XRD profiles of Pt/AlN multilayer films. (b) A close-up view of the
111Pt peak. The solid lines in part (b) are profiles calculated using
equation (16) with the parameters shown in Tables 2 and 4. Note that,
using the profile of the glass substrate, the substrate signal has already
been subtracted.

Figure 4
In-plane XRD profiles of Pt/AlN multilayer films.
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oblong spot should be explained by the orientation fluctua-

tion. This discussion suggests that attention should be paid to

the effect of the orientation fluctuation when interpreting

RSMs. The increases in both the 111Pt spot intensity and the

modulation intensity indicate that the film was improved by

annealing.

2.2.5. Summary of film structure. As discussed in the

previous sections, the film was improved by annealing and the

emergence of a superlattice peak was observed. Accordingly,

we now consider what types of improvement occurred during

annealing.

As almost no changes were detected in the XRR curves, the

multilayer was stable and retained its structure up to 873 K.

According to the XRD measurements and TEM observations,

the in-plane grain sizes are relatively small (of the order of

several nanometres) and the orientations of the Pt nanocrys-

tals are not fully aligned. Therefore, grain growth along the in-

plane direction occurs during annealing. At the same time, the

orientation distribution of the Pt nanocrystals may be

changed. However, these changes cannot be described in the

step model and related models because these are one

dimensional. Therefore, the step model and related models

may not be suitable for this one-dimensional superlattice and

an alternative model should be developed. In the next section

(x3), we propose a model that explicitly treats the in-plane

grain size and the fluctuation in orientation via the concept of

a disc-shaped nanocrystal.

3. Disc-shaped nanocrystal model for simulating the
diffraction peak profile from a one-dimensional
superlattice

3.1. Diffraction by a single disc-shaped nanocrystal

We assume that, using ‘disc-shaped nanocrystals’ to repre-

sent the individual crystalline grains within the superlattice

layers, the diffraction profile from a one-dimensional super-

lattice film can be described as a summation of diffracted

X-rays from such disc-shaped nanocrystals. A general theory

of diffraction and the diffraction profile of a single disc-shaped

nanocrystal are reviewed in this section.

According to the general theory of X-ray diffraction (Fujii

et al., 1986; Birkholz, 2005; Prince, 2006), the amplitude of a

diffracted X-ray can be described as

FðqÞ ¼ R
�ðrÞ exp ðiq � rÞ dr; ð3Þ

where q is the scattering vector and �(r) represents the elec-

tron density at position r. It should be noted that the length of

q can be described as 4�sin�/�, where � and � are half the full

diffraction angle and the X-ray wavelength, respectively.

The intensity of a diffracted X-ray can be expressed using

F(q) as

IðqÞ ¼ FðqÞ�� ��2: ð4Þ
As an approximation of an individual crystalline grain within

the superlattice layers, a disc-shaped nanocrystal as shown in

Fig. 7 is assumed. The electron density of such a crystal can be

described as

�nanocrystalðrÞ ¼
Xn�1

k¼0

fplane � zþ n� 1

2
� k

� �
d

� �
f ðx; yÞ; ð5Þ

f ðx; yÞ ¼ 1 for x2 þ y2 	 a2;
0 for x2 þ y2 > a2;

�
ð6Þ

where �, fplane, n, d and 2a denote the Dirac delta function, the

X-ray scattering factor of one atomic plane per unit area, the

number of the atomic plane, the atomic plane spacing and the
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Figure 6
Reciprocal space maps (RSMs) of Pt/AlN multilayer films.
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in-plane crystal size, respectively. Accordingly, the amplitude

of the diffracted X-ray is written as

FnanocrystalðqÞ ¼ 2�a2fplane exp �1
2iðn� 1Þdqz

� 	
� 1 � exp indqz


 �
1 � exp idqz


 � J1 aqrð Þ
aqr

; ð7Þ

where qr = ðq2
x þ q2

yÞ1=2 and J1 is a first-order Bessel function of

the first kind. Fig. 8 shows the calculated diffraction intensities

under the assumption that the disc-shaped nanocrystal is

composed of Pt(111) atomic planes. The calculation was

conducted using Mathematica (Version 8.0; Wolfram, Cham-

paign, IL, USA). It should be noted that the intensity calcu-

lation does not take absorption and the Lorentz polarization

factor into account. It is clear that, when the perpendicular

crystal size (nd), i.e. the thickness of the crystal, is small, 111Pt

in the RSM elongates along qz. Similarly, the small in-plane

crystal size (2a) results in elongation along qr. These are well

known as characteristics of reciprocal space.

3.2. Diffraction by two disc-shaped nanocrystals

Next, we consider the diffraction by two disc-shaped

nanocrystals separated by a spacer (Fig. 9). This structure

imitates two aligned disc-shaped nanocrystals in the super-
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Figure 8
Calculated diffraction intensities from the disc-shaped nanocrystal shown
in Fig. 7. Pt(111) atomic planes (d = 0.2266 nm) were adopted. 2a and nd
denote the in-plane and perpendicular crystal sizes, respectively. The
centre position of each map corresponds to 111Pt [(qr, qz) = (0, 27.73) in
nm�1].

Figure 7
The disc-shaped nanocrystal adopted for peak profile calculation. The
parameters n, d and 2a denote the number of atomic planes, the lattice
spacing of the atomic planes and the in-plane crystal size, respectively.

Figure 9
Two disc-shaped nanocrystals in superlattice layers. � denotes the
distance between the two nanocrystals or the stacking period of the
superlattice film.

Figure 10
Calculated diffraction intensities from the two disc-shaped nanocrystals
shown in Fig. 9. It is assumed that the disc-shaped nanocrystals are
composed of Pt(111) atomic planes (d = 0.2266 nm) and the distance
between the two disc-shaped nanocrystals (�) is 66d (= 14.95 nm). 2a and
nd denote the in-plane and perpendicular crystal sizes, respectively.
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lattice film. The distance between two nanocrystals is equal to

the stacking period of the superlattice film (�). Referring to

equation (3), the amplitude of the diffracted X-ray can be

written as the sum of the amplitude from each disc-shaped

nanocrystal

Ftwo nanocrystalsðqÞ ¼ FnanocrystalðqÞ þ exp ði�qzÞFnanocrystalðqÞ: ð8Þ
The first and second terms on the right-hand side correspond

to the disc-shaped nanocrystals 1 and 2, respectively, in Fig. 9.

Fig. 10 shows the calculated intensities of diffracted X-rays

from two disc-shaped nanocrystals composed of Pt(111)

atomic planes. Obviously, the interference between two 111Pt

spots results in spot splitting into superlattice peaks, the

separation of which corresponds to �. This 111Pt spot splitting

into superlattice peaks is clearly observed when the spot is

broad along qz, i.e. when the perpendicular crystal size is small.

Thus, even if a specimen consists of only two aligned disc-

shaped nanocrystals, a superlattice peak can be observed in

the peak profile provided the shape of the nanocrystals is

suitable for X-ray interference. Note that Clemens (1987)

already reported similar phenomena between two layers in a

multilayer film.

It should be noted that, when the coherence length of a

layered structure is larger than twice the stacking period, this

calculation should be expanded to the case of three (or more)

disc-shaped nanocrystals and will result in a decrease in the

width of the superlattice peak.

3.3. Diffraction by two disc-shaped nanocrystals: in the case
of misorientation

The previous section considered two perfectly aligned disc-

shaped nanocrystals. However, the disc-shaped nanocrystals

are generally misoriented. This case is discussed in this section.

To express misorientation, the angle parameters  p and ’p
(p = 1, 2) were introduced for each disc-shaped nanocrystal

(Fig. 11) and the amplitude of such a case can be calculated as

Fmisorientation
two nanocrystalsðqÞ ¼Fnanocrystal x 1’1

q

 �

þ exp i�qz

 �

Fnanocrystal x 2’2
q


 �
; ð9Þ

where x p’p
is a transformation matrix of coordinates and is

expressed as (Tanaka et al., 1999; Yokoyama & Harada, 2009)

x ’ ¼
cos cos ’ cos sin ’ � sin 
� sin ’ cos ’ 0

sin cos ’ sin sin ’ cos 

0
@

1
A: ð10Þ

The calculated results are summarized in Fig. 12. It is clear

that, if the in-plane crystal size (2a) is sufficiently small, the

intensity spots from each disc-shaped nanocrystal become

connected and interfere with each other, resulting in a

superlattice peak. According to equation (7), the intensity

along qr can be described by ½J1ðaqrÞ=aqr
2. Thus, referring to

the Rayleigh criterion in the optics of a circular aperture

(Hecht, 2002), the spots from two crystals are just resolved at

aqr ’ 3.83 and almost clearly resolved at aqr � 7.66 (= 2 �
3.83). Using the misorientation angle between two disc-shaped

nanocrystals ( 12) (e.g.  12 = | 1 �  2| when ’1 = ’2), the

central separation of two spots in reciprocal space can be

approximated as an arc length ½ð2�=dÞ 12
. Accordingly, from

the viewpoint of spot splitting, the critical angle ( �
12) may be

the solution to the equation ð2�=dÞ �
12 = 7.66/a and can be

written as

 �
12 ¼

d

2�

7:66

a
¼ 2:44

d

2a
: ð11Þ
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Figure 11
The angle parameters  p and ’p describing the misorientation. In this
figure, the disc-shaped nanocrystal p is simplified to a disc.

Figure 12
Calculated diffraction intensities from two disc-shaped nanocrystals in
the case of misorientation. It is assumed that the disc-shaped nanocrystals
are composed of Pt(111) atomic planes (d = 0.2266 nm), the distance
between the two disc-shaped nanocrystals (�) is 66d (= 14.95 nm) and the
misorientation is described as ( 1, ’1, 2, ’2) = (0.8�, 0�, �0.8�, 0�). 2a and
nd denote the in-plane and perpendicular crystal sizes, respectively.
Although the misorientation is 1.6� [= |0.8�� (�0.8�)|], interference of
diffracted X-rays occurs when the in-plane crystal size is sufficiently
small.
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Table 3 shows the calculated values of  �
12 for various in-plane

crystal sizes. It is clear that, when the in-plane crystal size is in

the nanometre range, the spots may be connected and inter-

fere with each other despite the relatively large misorientation

(of the order of a few degrees). Thus, when the in-plane crystal

size is very small (several nanometres), we should take into

account the effects of both the in-plane crystal size and the

misorientation on the diffraction profile. That is, when the in-

plane crystal size is of the order of nanometres and has been

measured using other methods, the amount of misorientation

can be evaluated from the diffraction line profile along qz.

3.4. Diffraction peak profile from a one-dimensional super-
lattice

The one-dimensional superlattice film can be considered as

an aggregate of a large number of disc-shaped nanocrystals

when both the crystal thickness and the in-plane crystal size

are of the order of nanometres. Accordingly, the diffraction

intensity of such a film can be expressed as the summation

IðqÞ ¼
X
film

Fmisorientation
two nanocrystalsðqÞ

�� ��2: ð12Þ

Note that Fmisorientation
two nanocrystalsðqÞ should be replaced with that of

three (or more) nanocrystals if the coherence length of the

layer structure is longer than 2�.

For the orientation distribution of disc-shaped nanocrystals,

a two-dimensional Gaussian distribution with rotational

symmetry is assumed:

Dð pÞ ¼
1

2��2
exp �  2

p

2�2

� �
; ð13Þ

where � is the standard deviation of the crystallite orientation.

We also considered that the parameter � covers both the

surface roughness and the fluctuation in the stacking period, as

misorientation could result in a roughened surface and fluc-

tuation in the multilayer structure.

Consequently, equation (12) can be described as follows

IðqÞ ¼ R cut

0

d 1

R2�
0

d’1

R cut

0

d 2

R2�
0

d’2 Dð 1ÞDð 2Þ

� Fnanocrystalðx 1’1
qÞ þ exp i�qz


 �
Fnanocrystal x 2’2

q

 ���� ���2

�  1 2 ð14Þ

where  cut is the cut-off angle of integration and should be

sufficiently large from the viewpoint of orientation distribu-

tion.

To calculate the diffraction line profile along the qz axis (i.e.

the line profile of a normal �–2� scan), q is replaced with (0, 0,

qz) and x p’p
q becomes (�qzsin p, 0, qzcos p). Accordingly,

the integrand of equation (14) no longer has ’p dependence

and integration of ’p yields 2�. Thus, the number of integrals

is decreased to two and the equation can be written as the

Riemann sum:

IðqzÞ ¼ 4�2
P cut

 1¼0

P cut

 2¼0

D  1ð ÞD  2ð Þ

�
���Fnanocrystal �qz sin 1; 0; qz cos 1


 �
þ exp i�qz


 �
Fnanocrystal �qz sin 2; 0; qz cos 2


 ����2
�  1 2� 1� 2: ð15Þ

Note that the increment of the summations in the above

equation is � p. As this equation is suitable for numerical

calculation, a peak profile calculation can be conducted.

3.5. Application of proposed model to Pt/AlN superlattice
films

In this section, the proposed model described by equation

(15) is employed to analyse the Pt/AlN superlattice films.

Considering the instrumental broadening (subscript ib) due to

the nonmonochromaticity of Cu K� radiation and the optical

configuration of the diffractometer, equation (15) is convo-

luted and the profile fitting is performed using the following

equation:

I2�with ibð2�Þ ¼
 

I 4� sinð2�=2Þ=�1

� 	þ 1
2 I 4� sinð2�=2Þ=�2

� 	� 

� 1

2�s2
ib


 �1=2
exp � ð2�Þ2

2s2
ib

� �( )!
ð2�Þ ð16Þ

where �1 and �2 are the wavelengths of Cu K�1 (0.154060 nm)

and Cu K�2 (0.154439 nm) radiations, respectively. Referring

to the measurement of NIST standard SRM640c Si powder,

the broadening constant sib was set to 0.14�/[2(2 ln2)1/2], since

the broadening around the 111Pt peak can be approximated by

a Gaussian function of which the FWHM is 0.14� on the 2�
scale. Note that this 0.14� is considered to be derived mainly

from the horizontal 0.12� Soller slit in front of the scintillation

counter. The Tsubame 2.5 supercomputer at the Tokyo Insti-

tute of Technology was used for calculation and profile fitting.

Typically, one profile calculation takes 3 min using one CPU

running at 2.8 GHz (note, we will rewrite this calculation

program for a normal desktop computer and upload it to our

webpage, http://www.nakamura-shi.mtl.titech.ac.jp).

The best-fit parameters are shown in Table 4 and the

calculated profiles show good agreement with the experi-

mental profiles (solid lines in Fig. 5b). During fitting, the

stacking period (�), the lattice spacing of (111)Pt (d), the

number of Pt(111) atomic planes (n) and the standard

research papers

916 Takashi Harumoto et al. � Simulating the diffraction peak profile from a superlattice J. Appl. Cryst. (2016). 49, 909–917

Table 3
Calculated critical misorientation angle ( �

12) for disc-shaped nanocrys-
tals, for which the in-plane crystal size is 2a.

Pt(111) atomic planes (d = 0.2266 nm) are assumed. If the misorientation
between two disc-shaped nanocrystals is smaller than the critical angle  �

12, the
spots in reciprocal space overlap, which may result in a superlattice peak.

2a (nm)  �
12 (�)

4 7.9
6 5.3
8 4.0
10 3.2
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deviation of the orientation distribution (�) were treated as

variables, while the in-plane crystal size of Pt (2a) was fixed, as

shown in Table 2. The structural coherence length along the

perpendicular direction was adjusted to 2�. The increment of

summation (� p) and the integral cut-off ( cut) were set to

0.03 and 12�, respectively. The errors shown in Table 4 are the

increments of each parameter during the fitting process, and it

has been confirmed that the addition or subtraction of such

increments to or from the best-fit values results in the devia-

tion shown by the calculated profile from the experimental

one.

As listed in Table 4, it is clear that annealing has resulted in

a decrease in �. Therefore, the superlattice peaks observed on

diffraction line profiles of Pt/AlN multilayer films can be

explained as follows. As the in-plane crystal size of disc-

shaped Pt nanocrystals is of the order of nanometres, the 111Pt

spot in reciprocal space is elongated along qr . Accordingly,

although there is a large degree of misorientation, diffracted

X-rays from Pt nanocrystals could exhibit interference,

resulting in a superlattice peak. The intensity of such a

superlattice peak is enhanced by annealing and originates

from texture evolution rather than an improvement in the

multilayer structure.

4. Conclusions

A disc-shaped nanocrystal model was proposed for simulating

diffraction profiles from a one-dimensional superlattice and

the superlattice peaks from annealed Pt/AlN films were

analysed quantitatively. According to the proposed model, the

interference of X-rays, which results in a superlattice peak,

occurs even when there are only two disc-shaped nanocrystals

and the misorientation between them is relatively large (of the

order of a few degrees). Thus, the influence of the in-plane

crystal size and the orientation distribution on the diffraction

peak profile should be taken into account. That is, if the in-

plane crystal size is measured using another method, the

average misorientation can be estimated from the diffraction

line profile. According to profile fitting, the misorientation of

Pt nanocrystals in a Pt/AlN multilayer film is decreased by

annealing and reaches 1.3� after annealing at 873 K. The

observed superlattice peak is explained by this preferred

orientation enhancement, rather than by an improvement in

the multilayer structure, as almost no changes were detected in

the XRR curves.
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Table 4
Parameters adopted for XRD profile calculation.

� is the stacking period, n the number of Pt(111) planes, d the lattice spacing
of Pt(111) and � the standard deviation of the crystal orientation, i.e. the
average amount of misorientation angle.

� (nm) n (planes) d (nm) � (�)

As deposited 12.94 12 0.2299 > 5
Annealed at 473 K 12.96 � 0.02 13 � 1 0.2277 � 0.0003 3.1 � 0.1
Annealed at 673 K 12.94 � 0.02 14 � 1 0.2275 � 0.0003 1.5 � 0.1
Annealed at 873 K 13.13 � 0.02 15 � 1 0.2268 � 0.0003 1.3 � 0.1
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