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In this study, we derive a grazing-incidence X-ray scattering (GIXS) formula to

analyze quantitatively GIXS patterns for molecularly stacked layer structures in

substrate-supported nanoscale thin films. We apply this formula in the

quantitative analysis of GIXS patterns obtained for S-docosanylcysteine thin

films on silicon substrates with native oxide layers. This analysis successfully

provides information on the structural parameters and orientation of the

molecular layer stack developed in S-docosanylcysteine thin films.

1. Introduction

Microscopy techniques such as transmission and scanning electron

microscopy (TEM and SEM) and atomic force microscopy (AFM)

have been widely used to explore nanostructures. However, when

preparing sample specimens, TEM and SEM are destructive methods,

and thus particular care should be taken to avoid possible damage to

the specimens, especially for soft and/or polymeric materials. More-

over, the observed sample area is quite limited. AFM is a very

powerful tool for observing surface topography of nanostructures

(Yoon et al., 2004), but it cannot be used to explore cross-sectional

areas of sample specimens. Transmission neutron and X-ray scat-

tering (TNS and TXS) methods have been widely used to determine

the large-scale nanostructures of sample specimens (Shibayama &

Hashimoto, 1986; Matsuoka et al., 1987; Zheng et al., 1989; Sakurai et

al., 1991; Hashimoto et al., 1994; Mihailescu et al., 2002; Lee, Shin et

al., 2004). In particular, these methods have been applied to char-

acterize the structure and fluctuations of smectic membranes (de Jeu

et al., 2003). However, these techniques are not applicable for sample

specimens on the nanometre scale, because of their poor sensitivity

and resolution, which are attributed to the low scattering volumes.

Thus, the development of a non-destructive method to analyze

quantitatively the structures of suitably supported sample specimens

on the nanometre scale is of great importance. Here, we introduce a

grazing-incidence X-ray scattering (GIXS) technique that can be

used to obtain highly intense scattering patterns with good counting

statistics, even for very small sample specimens (Lee, Oh, Hwang et

al., 2005; Lee, Oh, Yoon et al., 2005; Lee, Park, Hwang et al., 2005;

Lee, Park, Yoon et al., 2005; Lee, Yoon et al., 2005; Sinha et al., 1988;

Naudon, 1995; Tolan, 1999). Unlike conventional TXS and TNS,

GIXS patterns need intensive analysis because of the complicated

scattering nature caused by reflection and refraction effects (Lee,

Park, Hwang et al., 2005; Lee, Park, Yoon et al., 2005; Lee, Yoon et al.,

2005).

In the present study, we derive a GIXS formula for an oriented

molecularly stacked layer structure, and apply this formula to

quantitatively analyze the GIXS patterns of S-docosanylcysteine thin

films on silicon substrates. The GIXS measurements and data analysis

were successfully carried out, providing detailed structural para-

meters and orientations of the S-docosanylcysteine thin film in a

molecular layer stack.

2. Theory

The intensity of GIXS (IGIXS) from a thin film can be expressed using

the following formula, which was recently derived with a distorted-

wave Born approximation (Lee, Park, Yoon et al., 2005; Lee, Yoon et

al., 2005):
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where Im(qz) = |Im(kz,f)| + |Im(kz,i)|, Re(x) is the real part of x, d is

the film thickness, Ri and Ti are the reflected and transmitted

amplitudes of the incoming X-ray beam, respectively, and Rf and Tf

are the reflected and transmitted amplitudes of the outgoing X-ray

beam, respectively. In addition, qjj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2

x þ q2
y

p
, q1,z = kz,f� kz,i, q2,z =

�kz,f � kz,i, q3,z = kz,f + kz,i and q4,z = �kz,f + kz,i; here, kz,i is the z-

component of the wavevector of the incoming X-ray beam, which is

given by kz;i ¼ ko

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

R � cos2 �i

p
, and kz,f is the z-component of the

wavevector of the outgoing X-ray beam, which is given by

kz;f ¼ ko

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

R � cos2 �f

p
, where ko ¼ 2�=�, � is the wavelength of the

X-ray beam, nR is the refractive index of the film given by nR =

1 � � + i� with dispersion � and absorption �, �i is the out-of-plane

grazing-incidence angle of the incoming X-ray beam and �f is the out-

of-plane exit angle of the out-going X-ray beam. qx, qy, and qz are the

components of the scattering vector q. I1 is the scattering intensity of

the structure in the film, which can be calculated kinematically.

In equation (1), I1 is the scattering intensity from the structure (i.e.

scatterers and their ordering) in the film, which can be expressed by

the following equation:

I1ðqÞ ¼ PðqÞ � SðqÞ; ð2Þ

where P(q) is the form factor of the scatterers, which describes the

shape, size, and orientation of the scatterers, and S(q) is the structure



factor, which provides information on the positions of the scatterers,

such as the crystal lattice parameters, orientation, dimension and

symmetry in a crystalline solid and, in the case of an isotropic colloid-

like system, the inter-distance of the scatterers.

To analyze quantitatively the molecular layer stack of the S-

docosanylcysteine thin films in the present study, we have considered

possible models including the Hosemann paracrystal model (Hose-

mann & Bagchi, 1962), the Cialle model (Liu & Nagle, 2004) and the

modified Cialle model (Pabst et al., 2000), and found that the para-

crystal model is the most suitable for a layer lattice in our study, as

shown in Fig. 1. For an ordered layer lattice with dimensions of L1, L2

and L3, the form factor P(q) can be expressed as follows (Zheng et al.,

1989):

PðqÞ ¼ exp
1

4�
L2

1ðqx sin �þ qz cos�Þ2 þ L2q2
y þ L3q2

z

� �� �
sin2 �;

ð3Þ

where qx, qy and qz are the components of the scattering vector q, and

� is the angle between the a1 and a3 components of the lattice vector a

(see Fig. 1). In this study, the lattice dimension is assumed to be

identical to the inter-lattice distance, namely, L1 = L2 = dr and L3 = d3,

where dr is the lateral distance within a layer and d3 is the long period

between layers (see Fig. 1).

For a paracrystalline system, as proposed by Hosemann & Bagchi

(1962) and refined by Blundell (1970), the structure factor S(q) (the

so-called interference function or lattice factor) can be determined

from the Fourier transform of a complete set of lattice points. In the

paracrystal model with distortion of the second kind, its lattice points

are no longer fixed at certain positions, but are instead described by a

positional distribution function. In the simple case, where the auto-

correlation function of a crystal lattice is given by the convolution

product of the lattice point distributions along the three vector

component axes, and the distribution function is Gaussian, S(q) can

be expressed by the following equation (Wilke, 1983):

SðqÞ ¼
Y3

k¼1

ZkðqÞ: ð4Þ

The kth lattice factor Zk(q) is given by:
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and

q � a1 ¼ ðqx þ qz cot�Þdr ð7aÞ

q � a2 ¼ qydr ð7bÞ

q � a3 ¼ qzd3; ð7cÞ

where ak is the fundamental vector of the kth axis and qr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2

x þ q2
y

p
.

grr, grz, gzr and gzz are the components of the paracrystal distortion

factor, which are defined as:

grr ¼ �arr=ar ð8aÞ

gr3 ¼ �ar3=ar ð8bÞ

g3r ¼ �a3r=ar ð8cÞ

g33 ¼ �a33=a3; ð8dÞ

where �ak is the displacement of the vector ak shown in Fig. 1; for

example, �a3r represents the displacement of the fundamental vector

a3 in the direction of r. In the present study, anisotropic displacement

is assumed and the domain orientation is accounted for numerically.

For a layer structure with a given orientation, its fundamental

vectors can be rotated and transformed using a rotation matrix. When

the structure within a thin film is randomly oriented in-plane, but

uniaxially oriented out-of-plane, the peak position vector qc of a

certain reciprocal lattice point c* in the sample reciprocal lattice is

given by:

qc ¼ R � c�

� ðqc;x; qc;y; qc;zÞ; ð9Þ

where R is a 3� 3 matrix for deciding the preferred orientation of the

structure in the film, and qc,x, qc,y and qc,z are the x-, y- and z-

components of the peak position vector qc, respectively. Using

equation (9), every peak position can be determined. Due to the

cylindrical symmetry, the Debye–Scherrer ring composed of the in-

plane randomly oriented lattice point c* transects the Ewald sphere

at two points in the upper half of the sphere:

qjj ¼ qc;jj � 	
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2

c;x þ q2
c;y

p
, with qz = qc,z. In this respect, diffraction

patterns with cylindrical symmetry can easily be calculated in q-space.

It is then convenient to determine the preferred orientation of known

structures and to analyze the anisotropic X-ray scattering patterns.

However, since the q-space in the GIXS patterns is distorted by

refraction and reflection effects, the relation between the detector

plane (expressed as the Cartesian coordinates defined by two
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Figure 1
Schematic representation of a paracrystalline lattice composed of layer-ordered
(i.e. lamellar-ordered) molecules. a is the primitive lattice vector, which is defined
by its components, a1, a2 and a3, as shown in this figure; n is the vector of the layer
orientation axis, which is parallel to a3; d3 is the long period between layers; dr is the
lateral distance within a layer; � is the angle between a1 and a3; and �a is the lattice
positional fluctuation parameter. The subscript r denotes the direction transverse to
a3. As an example, the molecule shown here in an extended chain in the layer-
stacked structure assembly is S-docosanylcysteine, which was investigated in this
study.



perpendicular axes, i.e. in-plane exit angle 2�f and out-of-plane exit

angle �f) and the reciprocal lattice points is needed. The two wave-

vectors kz,i and kz,f are corrected for refraction as

kz;i ¼ ko

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

R � cos2 �i

p
and kz;f ¼ ko

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

R � cos2 �f

p
, respectively.

Therefore, the two sets of diffractions that result from the incoming

and outgoing X-ray beams, denoted by q1 and q3, respectively, are

given at the exit angles by the following expression:

�f ¼ arccos

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

R �
qc;z

ko
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where qc;z=ko>
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

R � cos2 �i

p
. In equation (10), the positive sign

denotes diffractions produced by the outgoing X-ray beam, while the

negative sign denotes diffractions produced by the incoming X-ray

beam. The in-plane incidence angle 2�i is usually zero, so the in-plane

exit angle 2�f can be expressed as:

2�f ¼ arccos
cos2 �i þ cos2 �f �

qc;jj

ko

� �2

2 cos�i cos �f

0
B@

1
CA: ð11Þ

Therefore, diffraction spots observed at the detector plane in GIXS

measurements can be compared directly with those derived using

equations (9)–(11) from an appropriate model, and thus analyzed in

terms of the model.

3. Experimental

3.1. Sample preparation

S-docosanylcysteine was synthesized from the reaction of cysteine

and 1-bromodocosane as follows. Cysteine (2 g, 14.8 mmol) was

dissolved in a mixture of 60 ml ethanol and 10 ml aqueous NaOH

(2.0 N) and stirred at room temperature for 30 min. 1-Bromodoco-

sane (7.5 g, 19.2 mmol) was then added and the solution was stirred

for an additional 6 h at room temperature. The reaction mixture was

poured into cold water and its pH value was adjusted to 7.0, preci-

pitating S-docosanylcysteine as a white powder in 76% yield. The

product was then filtered off, washed several times with distilled

deionized water and dried in a vacuum oven at room temperature.

The dried S-docosanylcysteine product was dissolved in chloroform

containing a few drops of trifluoroacetic acid, producing a solution of

2 wt%. This solution was filtered through PTFE membranes of pore

size 0.2 mm and then spin-coated onto pre-cleaned silicon substrates

at 2000 rpm for 30 s, followed by drying at 323 K for 1 d under

vacuum. The thickness of the obtained films (80–90 nm) was

measured using spectroscopic ellipsometry. All materials and solvents

were purchased from Aldrich Chemical Company and used as

received.

3.2. GIXS measurement

GIXS measurements were carried out at the 4C1 and 4C2 beam-

lines (Bolze et al., 2002, 2001; Yu et al., 2005) at the Pohang Accel-

erator Laboratory (Ree & Ko, 2005). The samples were measured at a

sample-to-detector distance of 168 mm using an X-ray radiation

source of � = 0.154 nm and imaged using a two-dimensional charge-

coupled detector (two-dimensional CCD; Roper Scientific, Trenton,

NJ, USA), as shown in Fig. 2. Samples were mounted on a home-

made z-axis goniometer equipped with a vacuum chamber. The

incidence angle �i of the X-ray beam was set at 0.20
, which is

between the critical angles of the films and the silicon substrate (�c,f

and �c,s). Scattering angles were corrected according to the positions

of the X-ray beams reflected from the silicon substrate interface with

changing incidence angle �i and with respect to a pre-calibrated silver

behenate powder (TCI, Japan). Aluminium foil pieces were

employed as semi-transparent beam stops, because the intensity of

the specular reflection from the substrate is much stronger than the

intensity of GIXS near the critical angle. Data were typically

collected for 10 s.

4. Results and discussion

Using the equations derived in Section 2, the following numerical

GIXS simulations were conducted for a thin film composed of a layer

of paracrystals randomly oriented in the plane of the film, but

uniaxially oriented out of the film plane, in order to understand the

relationships of the structural parameters with respect to the resulting

GIXS pattern. Representative results are shown in Fig. 3.

Figs. 3(a) and (b) show IGIXS(q) profiles for a layer structure

defined by paracrystalline parameters of dr = 0.425 nm, d3 = 3.00 nm,

� = 90
 and various g factors. In this calculation, anisotropic distor-

tion is assumed, and therefore the value of the g factor is unique

according to the displacement direction. For a small g33 value (0.03),

many sharp peaks appear in the IGIXS(q) profile, which are all char-

acteristic diffractions of the layer-stacked structure (Fig. 3a). Here,

these peaks are assigned by the (001), (002), (003), (004), (005) and

(006) diffractions in the order of low to high qxy, whose relative

scattering vector lengths from the specular reflection position are

integer orders of the first peak. As the g factor increases, these

diffraction peaks become noticeably weaker and broader (Fig. 3a). In

the case of the in-plane GIXS profile along the 2�f direction, the

resulting diffraction peaks also become weaker and broader with

increasing grr factor (Fig. 3b). Thus, this kind of distortion causes the

intensity amplitudes of the Bragg diffraction peaks to decrease and

the broadness of the diffraction peaks to increase; such peak

broadness becomes much more severe for the higher order diffrac-

tion peaks. In conclusion, the vectors of adjacent lattice cells vary in

magnitude and direction due to the displacement of the lattice points

from their proper positions, ultimately resulting in a loss of long-

range order in the paracrystal. Therefore, these g-factor simulations

can provide an experimental basis for determining the degree of

lattice distortion of a chosen paracrystalline system, and furthermore

its lattice dimension parameters can be determined from the

diffraction peak positions.
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Figure 2
Geometry of GIXS. �i is the incident angle at which the X-ray beam impinges on
the film surface; �f and 2�f are the exit angles of the X-ray beam with respect to the
film surface and to the plane of incidence, respectively, and qx, qy and qz are the
components of the scattering vector q.



Figs. 3(c) and (d) show the influences of the lattice dimensions d3

and dr on the IGIXS(q) profile with g33 = 0.05 and grr = 0.1. As can be

seen in these figures, both the d3 and dr values directly affect the

positions of the peaks; the peak positions are sensitively changed by

varying the lattice size in accordance with Bragg’s relation. Since the

incident angle �i of the X-ray beam is relatively small, the GIXS

signal mainly depends on both the in-plane scattering vector

component qxy, which is related to the lateral ordering dr in the layer

structure, and the out-of-plane scattering vector component qz which

is related to d3, namely the ordering in the thickness direction of the

film. Thus, this analysis can provide a basis for the experimental

determination of the lattice dimensions d3 and dr.

To determine the relation between the orientation of a paracrystal

lattice (which is described by the rotation matrix R discussed in

Section 2) and the GIXS pattern, we attempted to calculate two-

dimensional GIXS patterns using the GIXS formula. Fig. 4 shows

two-dimensional patterns of the IGIXS(q) profiles, which were calcu-

lated with varying rotation matrix R values. In these calculations,

several parameters were fixed; d3 = 2.0 nm, g33 = 0.09, g3r = 0.05, dr =

0.8 nm, gr3 = 0.15, grr = 0.15, � = 90 and �i = 0.20
. Fig. 4(a) shows the

GIXS pattern for a layer-stacked structure, which assumes that the n

vector is perfectly oriented normal to the film plane (see the model in

the inset). As can be seen in Fig. 4(a), specular reflections appear at �f

= 4.4, 8.8, and 13.2
 (in integer orders of the first peak) along the �f

direction in accordance with the d3 value of 2.0 nm. Since the value of

dr is smaller than that of d3, and the grr value of 0.15 is larger than g33,

only one broad peak (whose peak maximum is at 2�f = 11.1
) appears

at �f = 0
 along the 2�f direction. When the n vector lies parallel to the

film plane, specular reflections due to d3 appear at �f = 0
 along the

2�f direction, where one broad peak (whose peak maximum is at �f =

11.1
) appears at 2�f = 0
 along the �f direction (Fig. 4b). Thus, these

orthogonal relations between the GIXS patterns in Figs. 4(a) and (b)

result from the preferred orientations of the layer-stacked structure

in the film. When the n vector is randomly oriented within the film,

the calculated GIXS pattern shows isotropic scattering rings (so-

called Debye–Scherrer rings) at 4.4, 8.8, 11.1, and 13.2
, rather than

scattering peaks, as shown in Fig. 4(c). The scattering ring at 11.1


comes from the first-order peak of the dr lattice, while the other rings

come from the first-order and higher-order peaks of the d3 lattice.

The distribution of the orientation vector n with respect to the film

plane is given by a function D(’), where ’ is the polar angle between

the n vector and the out-of-plane direction of the film; for example, ’
is zero when the n vector in the film is perfectly oriented normal to

the film plane. To calculate the two-dimensional GIXS patterns, D(’)

should be represented by an actual numerical function. In relation to

the distribution of the lattice orientation, D(’) can generally be

considered as a Gaussian distribution:

Dð’Þ ¼
1ffiffiffiffiffiffi

2�
p

�’
exp �

ð’� ’Þ2

2�2
’

" #
ð12Þ

where ’ and �’ are the mean angle and standard deviation of ’ from

’, respectively. The observed scattering intensity IGIXS,’(q) is obtained

by averaging IGIXS(q) over possible orientations of the lattice:
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Figure 4
Two-dimensional patterns of the IGIXS(q) profile, which were calculated with
varying rotation matrix R values. In these calculations, we fixed several parameters:
d3 = 2.0 nm, g33 = 0.09, g3r = 0.05, dr = 0.8 nm, gr3 = 0.15, grr = 0.15, � = 90
 and �i =
0.20
 . (a) Pattern for thin films which assumed that the n vector in the film is
perfectly oriented normal to the film plane (see the model in the inset); (b) the n
vector lies perfectly parallel to the film plane (model shown in inset); (c) the n
vector is randomly oriented within the film (model shown in inset); (d) the n vector
has a distribution which follows a Gaussian function (’ = 0
 and �’ = 15
 in
equation 12) (model shown in inset).

Figure 3
IGIXS(q) profiles for a layer-stacked structure (which is defined by paracrystalline
parameters of dr = 0.425 nm, d3 = 3.00 nm and � = 90
) with various g factors; (a) g33

= 0.03, 0.08, 0.12, 0.15 and 0.18; (b) grr = 0.05, 0.10, 0.15, 0.20 and 0.25. Influences of
the lattice dimensions d3 and dr on IGIXS(q) profiles with g33 = 0.05 and grr = 0.1; in
this calculation, the d3 and dr values vary in the range 1�4 nm (c) and 0.4�1.4 nm
(d), respectively.



IGIXS;’ðqÞ ¼

Z�
��

IGIXSðqÞDð’Þd’ ð13Þ

Fig. 4(d) shows a two-dimensional GIXS pattern, which was calcu-

lated by averaging IGIXS(q) with an orientation distribution function

D(’). For this calculation, the same structural parameters used for

the GIXS pattern in Fig. 4(a) were also applied here, with ’ = 0
 and

�’ = 15
 (see the ’ distribution in the inset). As can be seen in

Fig. 4(d), the calculated GIXS pattern reveals arcs rather than sharp

spots, which are formed by linking the diffraction spots from the same

family of lattice planes with distributed orientations. With increasing

�’ value, the scattering arcs become more circular, and ultimately

form rings with a completely random orientation. As can be seen in

Fig. 4(d), specular reflections appear at �f = 4.4, 8.8, and 13.2
 as arcs

distributed along the 2�f direction, whereas specular reflections

resulting from dr appear distributed along the �f direction. Collec-

tively, this analysis method can provide information about the

preferred orientation and the distribution of the determined layer-

stacked structure and, moreover, it can also be used to characterize

anisotropic GIXS patterns quantitatively.

These numerical analysis results collectively demonstrate that the

GIXS technique is a very powerful tool for the unambiguous deter-

mination of the structural parameters of layer-stacked structures in

thin films.

Here, we apply the GIXS analysis method to analyze quantitatively

two-dimensional GIXS patterns measured for S-docosanylcysteine

thin films supported on silicon substrates. As can be seen in the

representative two-dimensional GIXS pattern shown in Fig. 5(a),

strong specular reflections appear along the �f direction and, in

contrast, one broad peak appears along the 2�f direction at �f = 0
,

whose peak maximum is around 2�f = 20
. These scattering peaks

suggest that the layers are well developed and stacked together along

the direction normal to the film plane (i.e. the orientation vector n lies

normal to the film plane), although the lateral packing order in the

layers is very poor.

Taking this qualitative structural information into account, the out-

of-plane and in-plane scattering profiles in the GIXS patterns in

Fig. 5(a) have been extracted from along the �f direction at 2�f = 0


and along the 2�f direction at �f = 0.20
, respectively, and plotted in

Figs. 5(b) and (c). As can be seen in Fig. 5(b), the out-of-plane profile

clearly reveals four diffraction spots, whose relative scattering vector

lengths from the specular reflection position are 1, 2, 3, and 4; in fact,

the fourth spot is very weak in intensity compared with the other

spots. In contrast, the in-plane scattering profile is quite different

from the out-of-plane profile. Specifically, the in-plane profile reveals

only one broad peak at 2�f = 20.5
 (Fig. 5c). These scattering profiles

can be fitted satisfactorily with the GIXS formula derived in Section 2

(Figs. 5b and c). These analyses provided all the structural details of

the S-docosanylcysteine thin film. The extracted structural para-

meters, including the lattice positional distortions, the orientation and

its distribution, are summarized in Table 1.

From these GIXS data analyses, the S-docosanylcysteine thin film

was found to be composed of molecularly well assembled multi-

layers, whose layers are stacked out of the plane of the film. The mean

layer thickness is 3.80 nm (= d3) and the mean lateral inter-distance of

the fully extended molecules in the paracrystals within the layer is

0.44 nm (= dr). The observed mean layer thickness is longer than the

length of a fully extended S-docosanylcysteine molecule (2.98 nm),

but much shorter than twice the length of a fully extended molecule.

In fact, the length of the fully extended S-docosanylcysteine molecule

consists of a polar cysteine head (0.50 nm in length) and a non-polar

n-docosanyl tail (2.48 nm in length). Taking into account these head

and tail sizes, the observed mean layer thickness indicates that the

fully extended S-docosanylcysteine molecules are interdigitated

along the longitudinal direction of the molecule via the favourable

interaction of the n-docosanyl tails, which are longer than the length

of the polar cysteine heads, resulting in the formation of a layer of

paracrystals in the film. Here, it is noteworthy that the n-docosanyl

tails are fully interdigitated with the paracrystals in the layer struc-

ture.
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Figure 5
(a) Two-dimensional GIXS pattern measured at �i = 0.20
 for an S-docosanylcys-
teine thin film deposited on a silicon substrate. (b) Out-of-plane scattering profile
extracted from the GIXS pattern in (a) along the �f direction at 2�f = 0
. (c) In-
plane scattering profile extracted from the GIXS in (a) along the 2�f direction at �f

= 0.20
 . The open circles in (b) and (c) represent the measured data, while the solid
lines were obtained by fitting the data according to the GIXS formula. (d) A
calculated two-dimensional GIXS pattern with structural parameters (listed in
Table 1) obtained by analyzing the GIXS data in (a), using the derived formula.

Table 1
Structural parameters of the S-docosanylcysteine thin film, which were obtained by
GIXS measurements and data analysis.

d3 dr g33 g3r gr3 grr � ’ �’

3.80 nm 0.44 nm 0.085 0.025 0.25 0.11 90.0
 0.0
 2.0




The positional disorder of the S-docosanylcysteine paracrystals out

of the plane of the film is very small: g33 = 0.085 and g3r = 0.025.

Moreover, the mean orientation angle ’ with respect to the out-of-

plane projection is 0.0
 and its deviation �’ is only 2.0
; it is also found

that � = 90.0
. These results collectively indicate that the self-

assembled layers consisting of S-docosanylcysteine paracrystals are

stacked perfectly normal to the film plane. The results further indi-

cate that there is almost no undulation at each layer surface. In

comparison with the positional disorder along the out-of-plane

projection, the positional disorder of the S-docosanylcysteine para-

crystals in the film plane is, however, relatively large: gr3 = 0.25 and grr

= 0.11. These relatively large gr3 and grr values indicate that the S-

docosanylcysteine molecules are poorly packed together in the

paracrystals formed within each layer structure. This poor lateral

packing characteristic may further lead to a tendency to form

microdomains composed of S-docosanylcysteine paracrystals in the

film plane; this possibility, however, requires more detailed study.

With the structural parameters determined here, we have fitted

two-dimensional GIXS patterns using the GIXS formula, as

displayed in Fig. 5(d). The calculated GIXS pattern is found to match

well with the experimentally measured scattering pattern in Fig. 5(a).

From the measured GIXS data and the quantitative data analysis

results, we propose a structural model for the S-docosanylcysteine

thin film deposited on silicon substrates, as shown in Fig. 6.

5. Conclusions

We have derived a GIXS formula for layer-stacked structures in

nano-sized thin films supported on silicon substrates. A comprehen-

sive numerical analysis using the derived formula has been performed

for a layer-stacked structure in thin films formed on substrates.

Furthermore, the derived scattering formula has been used to analyze

the two-dimensional GIXS patterns measured for S-docosanyl-

cysteine thin films supported on silicon substrates.

The quantitative analysis of the measured GIXS patterns using the

derived formula has been successfully demonstrated. Indeed, this

analysis establishes that, in the thin film, the S-docosanylcysteine

molecules self-assemble as a fully extended chain via strong inter-

digitation of the n-docosanyl tails and the favourable interaction of

the polar cysteine heads, which combine to form layers of paracrystals

that are stacked perfectly normal to the film plane. Moreover, this

analysis has provided structural parameter details of the thin film.
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Figure 6
Schematic representation of a layer-stacked structure (i.e. lamellar structure)
formed in the S-docosanylcysteine thin film on a silicon substrate. Each layer
consists of paracrystals of fully extended S-docosanylcysteine molecules with
interdigitated n-docosanyl tails.


