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The x-ray reciprocal-lattice space imaging (X-ReSI) method is a single-exposure x-ray diffraction tech-
nique which records the reciprocal-lattice pattern of a fixed crystalline nanostructure using a 2D detector.
The typical exposure time is a few seconds to a few minutes. We describe the methodology, instrumen-
tation, and expressions used for geometrical analysis in this technique. The technique was applied to
study buried Bi nanoline structures. The results of the application reveal that line structures in sam-
ples capped with an amorphous Si layer and having no cap layers still remained with a non-detectable
amount of the 2 X n atomic structures though Bi nanolines embeded in Si was found to have a 2 x n su-
perstructure having Bi dimer bonds. This underscores the strength of the x-ray reciprocal-lattice space
imaging method as a point-and-shoot technique for quick structural analysis.

Key words: crystalline nanostructure, Bi atomic wire, synchrotron diffraction, higher-energy x-rays,

“ obvious-at-a-glance ” diffraction method

1. INTRODUCTION

Electron diffraction is one of the most popular methods
for the evaluation of surface structures. However, it can-
not be applied to the structural analysis of a sample in air,
solution, or buried interfaces due to the electrons ~ shal-
low penetration and escape depths. For such analysis, x-ray
diffraction rises as a more suitable method because x-rays
are more transparent than electrons.

For precise analysis of such nanostructures using x-ray
diffraction, it is essential for the sample angle to be pre-
cisely adjusted with respect to the incident x-ray beam to
ensure Bragg diffraction from the ultra-fine structure. The
orientation of the x-ray detector must also be adjusted to
the direction of the diffracted x-rays. To meet these re-
quirements, one must use a multi-axis diffractometer with
more than three axes of combinatory rotation (usually four
or more axes) equipped with a motorized sample stage for
rough adjustment of the sample position and inclination. In
order to get crystallographic structural information such as
a crystallographic coordination system and a space group,
it is necessary to measure not only a single Bragg diffrac-
tion point but also at least 100 independent Bragg diffrac-
tion points. To achieve this, the sample and the detector
are adjusted to appropriate angular positions and the sam-
ple is rocked around the position of Bragg diffraction to
collect the diffraction intensity information. Convention-
ally, reciprocal lattice points are taken up one by one. The
procedure needs to be repeated for a plurality of reciprocal
lattice points. To characterize the conventional method[1],
one may say that the x-ray diffraction intensities distributed
within a reciprocal lattice space are measured “with a fine-
tooth comb”. An overall image of the diffraction intensity
profile is difficult to get until after the lengthy and time-
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consuming measurement “with a fine-tooth comb” is com-
pleted.

Such a precise x-ray measurement may not provide a
straightforward understanding on the change in the over-
all image of the reciprocal-lattice space caused by a dy-
namic surface structural change. On the other hand, re-
flection high-energy electron diffraction (RHEED) provides
us with the change in the overall image promptly but is
not applicable for structural determination of a nanostruc-
ture that exists in air, interface, or solution. A RHEED-
like x-ray diffraction demands the use of higher energy x
rays than that used in the conventional surface x-ray diffrac-
tion. In a typical RHEED measurement, an electron beam
with an energy of E. =15 keV is used. This corresponds
to x rays having an energy of E,=124 keV as defined by
E,=12.4 /\/150.4/1000E.. High-energy x-ray scatter-
ing and diffraction have been utilized for buried interfaces
in particular a liquid surface/interface at the high energy
diffraction beamline ID15A at European Synchrotron Ra-
diation Source.[2] We aim to establish our “ obvious-at-a-
glance” x-ray diffraction method for reciprocal space imag-
ing of solid surfaces and interfaces for up to about 100 keV
photons. In this report, the photon energy of 25 keV is used
due to limitation by the available energy range at the Sur-
face and Interface Beamline BL13XU in SPring-8[3]. We
use this as the starting steps to achieve the 100 KeV target in
the future. We outline herein the X-ReSI method for buried
solid-solid interfacial analysis. Some parts in this report ap-
peared elsewhere [4] and [5].
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2. X-RAY RECIPROCAL-LATTICE SPACE IMAGING

METHOD
2.1 Schematic diagram

Figure 1 depicts the concept of X-ReSI. The diffraction
conditions or scattering patterns (the Fourier transform) of
a one-dimensional (1D) crystal are sheets, which are per-
pendicular to the 1D sample, located at Bragg positions of
the corresponding bulk crystal of the 1D in the reciprocal-
lattice space. The fundamental idea is that Bragg condi-
tions for such 1D structures are sheet shapes and are ful-
filled much easilier than those for two-dimensional (2D)
and three-dimensional (3D) structures. For example, the
segmented streaks would simultaneously arise from the in-
tersection; in addition, segmented arcs [6] also appeared us-
ing the same experimental configuration. The method com-
bines high-energy and monochromatic synchrotron X rays in
grazing incidence to the sample with a 2D detector, which
makes it a powerful analysis tool. Its experimental geome-
try is similar to that of RHEED. The typical exposure time
is a few seconds to a few minutes. The reciprocal-lattice
space image or a diffraction pattern is recorded using a 2D
x-ray detector such as an imaging plate and a pixel array de-
tector. Its overall image indicates a crystal symmetry. One
can evaluate nanometer-scale structures such as a crystal di-
mension and a periodicity of the wires by analysis of the fine
structures in the image.
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Fig. 1. Schematic diagram for conceptualizing the x-ray
reciprocal-lattice space imaging method. Monochromatic
and grazing-incidence x rays are incident on a sample fixed
an angle. Drawn for the sample of 1D crystal. From Fig. 3
in Ref. [5].

2.2 Expression for diffraction positions on a 2D detector
The experimental setup used is illustrated schematically
in Fig. 2. Monochromatic and parallel x rays with wave
vector K, in the horizontal plane are incident on a sam-
ple surface which is located at the center of the instru-
ment. We use a ¢ rotary table sitting on a @ inclination
table. Let us define two cartesian systems, (X, Yy, Zg)
and (X, Ys, Zp) attached to the ¢ and 6 axes, respectively.
These systems will be coincident with a laboratory system
(X1,Yr, Z1) for angles ¢ and 6 set to zero. Plane X1, — Y,

with Y7, parallel to the incident x-rays is parallel to the hor-
izontal plane.

The sample is rotated through an angle ¢ around Z4 par-
allel to its surface normal for adjusting an azimuthal an-
gle and independently through an angle ¢ around Xy for
changing an incident angle. We define unit vectors a; and
b in the reciprocal-lattice space, which make an angle of
~*, on the sample surface and ¢} perpendicular to the sur-
face. Here -a is defined to be parallel to Y7, when an-
gles ¢ and 0 are equal to zero. A reciprocal-lattice vector
4, (= hoal + kbl +1sct = giu’k +qyuy +qSuy: here,
w” is the unit vector in the laboratory system) considered is
expressed as follows:
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Diffracted x ray&.: .
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Fig. 2. Schematic representation of the experimental
setup for the x-ray reciprocal-lattice space imaging method.
Drawn for a 2D crystal. From Fig. 4 in Ref. [5].
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The reciprocal-lattice vector g, is transformed to the labo-
ratory system as follows:

q;, = Re Ry q,, )
cos¢p —sing 0
Ry = sing cos¢ O ,
0 0 1
1 0 0
Ro=1| 0 cosf —sinf |,
0 sin® cos®
or in expanded form:
% A
qr = qif = BcosO —q;sinf | . 3)
qt Bsin 0 + g cos 6

Here A = q; cos ¢ — gy, sin ¢ and B = ¢; sin ¢+ gj cos ¢.
It is noted that A and B are functions of hs and ks. A
diffracted wave K, related to the vector ¢ is with a wave-
length A therefore

Kn=Ko+q,=(qrq5 +1/\qb). e

If the vector q;, meets a Bragg condition (for example, on a
surface rod of a 2D crystal shown in Fig.2), the end of K,
is on the Ewald sphere expressed as follows:

(@2)° + (a5 +1/0)° + (¢5)% = (1/N)?
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which becomes

s 2 .. 2
(qz)2 - Xq,z 51119—]” XBCOSQ+A2+B2 =90.

Then we have ¢ and

sin @
A

Qi(hs, ks) =

+\/(Sli\lg)2~—(§Bcos9+A2+Bz), )

le(hs, ke) = g2 /ch. (6)

A geometrical consideration that g, + 1/A : D = ¢& :
zp = g~ : yp leads to an expression for a diffraction posi-
tion (xp, ¥p) On a plane-type 2D detector

D gt

D gt
Erin

il = PESYS

(h87 ks) = (7)
In a similar way we obtain (ac;77 y;) on a cylindrical-shape
detector

L
dz
{E;(hs7 ]{;g) == Da,rctan m,
D gz
g+ 1N

These equations enable us to calculate a diffraction position
and [, using he and ks. Reversely speaking, an observed
(zp, yp) position gives us the corresponding I, value.
Comparison between an experimental diffraction pattern
and a calculated one allows us to determine angles @ and ¢.
Conversion of the crystal orientations of the sample to an or-
thogonal coordinate system defined for the measuring sys-
tem (e.g. laboratory system) is an essential step in structural
analysis and measurement of the crystal. This procedure is
called determination of the orientation U matrix. This can
be achieved by examination of the overall diffraction pat-
tern that is obtained with a single exposure to x rays with
the sample and detector fixed in angle and position.[7], [8]

y;;(h87 kS) = ®

2.3 Instrumentation

In X-ReSL there is no need for complicated equipment
or mechanisms, unlike in conventional diffractometers. For
rapid x-ray structural analysis of ultra-fine structures, the
angular precision of the rotating mechanism that controls
the angle between the sample surface and the incident x
rays is 0.0004 °/pulse with a range of = 5 °. The preci-
sion of the height adjusting table associated with the inci-
dent angle changing mechanism is 1 pm/pulse with a range
of = 50 mm. The precision of the fine sample adjustment
is 0.1 pm/pulse with a range of = 5 mm. The 2D detector
is installed inside a non-rotatable cylinder of which center
axis passes through the sample position and which can be
installed to the vertical position (see Fig. 3) or horizontal
position. The detector can be installed at any angular posi-
tion within the range of 360 © about the axis of the cylindri-
cal holder. If a flat 2D detector is used instead, it may also
be operated in any desired positions. Another installable
feature is a motor that allows sample rotation around the
sample normal and a cross table for sample transportation.

3. APPLICATION TO STRUCTURAL OBSERVATION
OF BURIED Bi NANOLINE STRUCTURES

We applied the X-ReSI method for quick evaluation to
structural analysis of Bi atomic lines buried in the Si epitax-
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ylindrical

Fig. 3. Compact x-ray camera used for second-to-minute
recoding by a reciprocal-lattice space imaging. Shown for
the case where a cylindrical two-dimensional detector (col-
ored blue) is mounted in a cylindrical holder installed on a
vertical axis. From Fig. 5 in Ref. {5].

ial layer and found that the 2 x n structure parallel to Bi pris-
tine nanowires still remain (shown in Fig.4(C)), which indi-
cated that Bi dimer bonds are parallel to the nanowires.[9]
We highlight that the average Bi coverage was smaller than
1/8 monolayers in average from scanning tunneling micro-
scope observation. This underscores the sensitivity of the
X-ReSI method. Here, we applied the method two more
samples to establish a sophisticated procedure for fabricat-
ing a nanoarchitecture: one with an amorphous Si layer and
the other without a cap layer. The samples were prepared
basically according to the special growth procedure[10]. X-
ReSI characterization of the nanoarchitecture shows charac-
teristic streaks blurred with strong diffuse scattering on O0L
(shown in circles in Fig. 4(A) and (B)) attributable to the 1D
nanoline structure. However, no half-order streaks were ob-
served. In other words, when the Bi nanoline were capped
with amorphous-Si or left uncapped, the 1D Bi nanoline
structure was preserved but did not have 2 x n superstruc-
tures like in the case of the epitaxial Si capping. A summary
of the results is tabulated in Table I

Table I. Summary of x-ray reciprocal-lattice space imaging
results.

coveredby || 1D |  2xn
a-Si remained | not detected
Bi-only remained | not detected
epi-Si remained detected
4. SUMMARY

This report describes our motivation and methodology
for establishing the X-ReSI method, and its application to
structural observation of buried Bi nanolines. The funda-
mental idea behind X-ReSI is that the Bragg condition for
1D or 2D crystalline nanostructures are sheets or lines, and
are fulfilled much easier than those for a bulk crystalline



X-ray Reciprocal-Lattice Space Imaging Method for Quick Analysis of Buried
Crystalline Nanostructure - a Diffraction Method Fixed at an Angular Position

(AY With a-Si cap

o}

Direct-beam position

(B) Without Si cap
(Bi only)

¢=0 ° 0

(C) With epi-Si cap

Xrays

1

Bi pristine nanoline

4=0 ° ¢=45 "

Froem 2X n hanoline structure

Fig. 4. X-ray reciprocal-lattice space imaging of pristine 1D Bi nanowires on Si (001). Magnified patterns around

the direct-beam positions.

material. Accordingly, one does not need to rotate the sam-
ple when recording the reciprocal-lattice image using a sin-
gle x-ray exposure. The typical exposure time is a few sec-
onds to a few minutes. We express the relationship between
an index of a reciprocal-lattice vector and its diffraction po-
sition recorded on a 2D detector. Application of X-ReSI
using the compact camera revealed that line structures in
samples capped with the amorphous Si layer and uncapped
samples still remained with a non-detectable amount of the
2 X n atomic structures whereas those capped with epitaxial
Sishowed 2 X n superstructure.
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