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We demonstrate that structural and spectroscopic information can be obtained on exfoliated
nanocrystals as thin as 6nm. This can be achieved by using a combination of micro X-ray
fluorescence (uXRF), micro X-ray absorption near-edge spectroscopy (uXANES), and X-ray
microdiffraction (uXRD) techniques. Highly focused, tunable X-ray beams available at synchrotron
sources enable one to use these non-invasive characterization tools to study exfoliated samples on a
variety of substrates. As an example, we focused on exfoliated nanocrystals of the high temperature
superconductor Bi,SrpCaCuyOg.s. uXRF is used to locate the sample of desired thickness;
uXANES and uXRD are used to obtain electronic and structural information, respectively. We find
that the ““4.7b” structural modulation, characteristic of the bulk crystals, is drastically suppressed for
exfoliated crystals thinner than 60 nm. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4768234]

Mechanical exfoliation, first used to create graphene,’
has become a promising method for producing a variety of
low-dimensional materials: MoS;, NbSe,, Bi,Sr,CaCu,0g. s
(Bi-2212),"? BN,? BirSes,* and Bi,Tes.”® Compared to de-
posited films, where chemical bonds are formed between the
substrate and the film, exfoliated nanocrystals are made by
pressing a bulk crystal, which was grown slowly through a
nucleation process, and held on the substrate by friction.'?
Being the thinner replica of the bulk material, exfoliated nano-
crystals are expected to have a crystal structure identical to the
bulk and smaller influence from the substrate materials, unlike
deposited films. Given the increased interest in exfoliated
nanocrystals, structural studies are needed for assessing their
crystalline quality and detecting degradation caused by chemi-
cal processing and exposure to air. In addition, structural stud-
ies can shed light on how materials properties change as
the system becomes quasi two-dimensional. Recently, changes
in band structures’® and Raman spectra®**'® have been
observed as the thickness of exfoliated nanocrystals decreases.

Direct structural studies of exfoliated nanocrystals, how-
ever, are quite difficult. Transmission electron microscopy
(TEM), commonly used for structural characterization, has
been used to study nanocrystals."®*'® The TEM sample
preparation is restricted to a limited selection of substrates,
namely SiN or carbon/copper grids, and is often accompa-
nied by exposure to chemicals and strain.” Unlike TEM,
X-ray techniques allow a variety of substrates, enabling the
study of subtle substrate influence on the exfoliation method.
However, conventional X-ray diffraction is challenged by
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the small lateral size of the exfoliated samples (typically tens
of microns or smaller).

The size challenge for conventional X-rays can be over-
come by using a synchrotron X-ray beam, focused to micron-
sized beam with Kirkpatrick-Baez (KB) mirror-optics.'' ™"
These mirrors maintain the energy tunability of the beam, en-
abling both spectroscopic [micro X-ray fluorescence (uXRF),
micro X-ray absorption near-edge spectroscopy (uXANES)]
and structural [X-ray microdiffraction (uXRD)] studies. This
non-invasive method requires no additional sample prepara-
tion or chemical treatment and can be used to study samples
on various substrates. Using these techniques, we performed
structural studies on Bi;Sr,CaCu;0g,5 nanocrystals exfoli-
ated on a Si/SiO, substrate."* The synchrotron studies were
carried out at the VESPERS Beamline of the Canadian Light
Source. A diagram of the experimental setup is shown in Fig.
I(a). VESPERS is a bending magnet beamline with KB mir-
ror optics, with an effective beam spot of approximately
(3 x 3) um over a wide energy range.'”> The beamline allows
the use of a polychromatic beam as well as three different
choices for monochromators. A quasi-monochromatic beam
(bandwidth of ~1.6 %), produced with a multilayer mono-
chromator in the energy range of 15-17keV, was used for
uXRD. Note that at this energy, the X-ray attenuation due to
the Si/SiO, substrate is approximately 50%, and we could
obtain a diffraction pattern in transmission mode, using a
Marl165 CCD detector. The sample-detector distance was
calibrated with LaBgs powder, and the FIT2D software was
used for analysis.'®

The accurate positioning of the X-ray beam on the sam-
ple, a critical step in the experiment, is achieved via micro
X-ray fluorescence mapping. A polychromatic beam with

© 2012 American Institute of Physics
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FIG. 1. (a) Experimental setup: The uXRD experiment was performed in
transmission mode, using a CCD detector. The accurate positioning of the
beam on the sample was done via uXRF mapping with a Vortex detector.
The energy for diffraction was fixed with a double multilayer monochroma-
tor (~1.6 % bandpass), located in the first optical enclosure. A pair of KB
mirrors is used to steer and focus the beam (see Ref. 15 for a detailed
description of the VEspErRs beamline). (b) The CuKu line fluorescence map
of a Bi-2212 exfoliated nanocrystal (left), and the corresponding optical
microscope image (right). The thickness range is a > 250nm, b= 69 nm,
c¢=45nm, d=40nm, and e = 10 nm. The crystallographic axes of the sam-
ple are a*—corresponds to the x-axis, b*—corresponds to the y-axis, and
c*—corresponds to the z-axis.

an energy range of 6-30keV was used to scan the samples
and produce element-specific uXRF maps. Several emission
lines were selected to scan the nanocrystals: AulLo,
BiLa, BiLf, SrKa, CuKe, and CaKo. The uXRF spectrum
was collected with a Vortex silicon drift detector, by scanning
the sample in the x-y plane (see Fig. 1(b) for coordinates).
First, the gold markers deposited on the substrate were identi-
fied via the Au Lo emission line. Subsequently, the beam was
moved in a region of interest by using the gold markers as
guides, and a uXRF map of an exfoliated sample was acquired
and compared to the optical image. A CuKo line uXRF map
and the corresponding optical image of a Bi-2212 nanocrystal
are presented in Fig. 1(b). Since the map is element specific,
the gold marker indicated with a black circle in the optical
image is not present in the fluorescence map for the Cu Ko
line. The uXRF intensity pattern corresponds to the sample
thickness distribution. A comparison of the uXRF maps to the
optical microscope images allowed the identification of the
samples. The uXRF maps obtained for the emission lines of
the other Bi-2212 constituent elements look very similar. The
fluorescence intensity (I) as a function of thickness (t) obeys a
linear relation: I o t, which is expected in the very thin nano-
crystal limit.'"* The uXRF data can thus be used as an inde-
pendent in-situ method for confirming the thickness of the
exfoliated crystals.

X-ray absorption spectroscopy probes unoccupied band
structure through core electron transitions. The oxidation
state of an element and its coordination environment can be
studied with uXANES. The high sensitivity of this technique
enables measurements on very small sample volumes even
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with a high background, making it suitable for exploring the
electronic properties of nanocrystals. uXANES data were
acquired using a monochromatic beam produced by a Si
(111) monochromator (E/AE ~ 10000) and the same Vor-
tex detector used for uXRF mapping. The data were collected
at the Cu K-edge for optimally doped (OP) and underdoped
(UD) Bi-2212, with the X-ray beam polarized in the Cu-O
plane. Fig. 2 shows the normalized Cu K-edge uXANES
spectra for OP Bi-2212 exfoliated samples of 205 nm, 69 nm,
and 6 nm. The uXANES spectra are compared to reference
data of Bi-2212 bulk single crystal.!” The intense peak around
8990 eV and all higher energy features of the bulk crystal are
reproduced in the exfoliated nanocrystals. The features of the
nanocrystals seem sharper, since the experiment was carried
out in transmission, avoiding the self-absorption effect. No
significant difference was observed between OP and UD sam-
ples. Fig. 2 (inset) contains the uXANES intensity of the
exfoliated samples normalized by their thickness, indicating
that the intensity is proportional to the sample thickness. The
reduced thickness does not seem to affect the electronic prop-
erties of the nanocrystals, in particular the Cu-valence. The
local electronic structure remains identical throughout the
entire thickness range, confirming the integrity of the crystal.

Two methods were used for microdiffraction: angle-
integration and wavelength-integration. For the angle-
integration, the sample was rotated by ~5 around the x-axis
in steps of ~0.3" using a piezo-motor. The diffraction images
acquired after every rotation were summed up, resulting in an
angle-integrated diffraction image. For the wavelength-
integration, diffraction images were captured over an energy
range of 15-17keV in steps of 250eV (wavelength steps of
~0.01 A). The raw images were adjusted for the wavelength
shift before being integrated over the entire wavelength
range, yielding the wavelength-integration image.

In Fig. 3, we present the angle integrated diffraction pat-
terns from OP Bi-2212 exfoliated crystals of (a) 69 nm and
(b) 12nm. The rectangular block in the middle and the faint
horizontal strip on the right of the diffraction patterns in
Fig. 3 are shadows from the beam-stop and its post. The ex-
perimental geometry was chosen so that the Bragg condition
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FIG. 2. Normalized Cu K-edge XANES spectra measured on OP Bi-2212
exfoliated crystals on a Si/SiO, substrate. The reference bulk data is scaled
to the intensity of the 205 nm sample. The inset presents the spectra of the
same OP Bi-2212 exfoliated crystals normalized by their thickness.
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FIG. 3. X-ray diffraction patterns obtained in transmission mode at 15keV
for (a) 69 nm (exposure time of 50s), (b) 12nm (exposure time of 100 s).
Magnification of the (—111) reflection and the superlattice peaks around it,
in the region bounded by the red rectangles: (c) 69 nm crystal, (d) 12nm.
The spacing between the modulation peaks, along the b*—direction, is indi-
cated in units of 27/b.

is not satisfied for the Si substrate. Nevertheless, a four-fold
pattern produced by the thermal diffuse scattering of the
[100] Si substrate'® was observed at the edges of the diffrac-
tion image.

The Miller indices indicated in Fig. 3(a) correspond to
the strongest reflections in the diffraction images and refer
to the pseudo-tetragonal unit cell with a ~ b ~ 5.42 A and
¢ ~ 30.88 A. The strongest Bragg peaks can also be found in
the image shown in (b), which was obtained for a sample of
~12nm. The diffraction data indicate that the OP Bi-2212
exfoliated crystals maintain the same crystal structure, from
bulk down to thinnest exfoliated nanocrystals, of only 2 unit
cells. However, the superstructure modulation is strongly
suppressed as the crystal becomes thinner. In Figs. 3(c) and
3(d), one can observe the satellite peaks, which arise from
the superstructure of the “4.7b” modulation'® and occur at
27/4.7b away from the structural Bragg peaks. The satellite
peaks are suppressed for the 12 nm crystal. The intensity of
the modulation peaks, integrated along the a* direction and
normalized to the height of the Bragg peak, is plotted in the
b* direction in Fig. 4(a). To quantify the evolution of the
modulations, we calculate the ratio between the summed in-
tensity of the superlattice peaks and the central Bragg peak.
This ratio was averaged over a set of four symmetry-
equivalent Bragg peaks {1 1 1}. The weight of the average is
the relative intensity of a Bragg peak in the set. The results
are shown in Fig. 4(b). The intensity ratio decreases by a fac-
tor of 4 from 200 nm to 12 nm, suggesting that the structural
modulation amplitude changes by a factor of two. Moreover,
the ratio has a very small decrease until a critical thickness
of ~ 60 nm, below which there is a sudden drop in the modu-
lation intensity. The intensity ratio of the {1 1 1} peaks
obtained with the wavelength-integration method also shows
a similar trend.

Appl. Phys. Lett. 101, 223106 (2012)
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FIG. 4. (a) Integrated intensity around the (—1 1 1) reflection for Bi-2122
nanocrystals of various thicknesses: 12 nm, 40 nm, 60 nm, and 200 nm. The
superlattice peaks are observed in the surroundings of the Bragg peaks. (b)
The intensity ratio of the modulations as a function of thickness obtained by
angle integration (squares) and energy integration (circles). The grey line is
a guide to the eye to illustrate the drop in the modulation intensity for thick-
nesses below ~60 nm.

Since the discovery of these structural modulations in
bulk crystals, there has been a considerable debate on their
origin and the role they play in the mechanism for supercon-
ductivity.'”** One possible explanation for their origin is
the lattice mismatch between the Bi-O rock salt and the Cu-
Sr-Ca perovskite layers,”® which causes a corrugation of the
Bi-O layer, leading to a sinusoidal modulation of the Bi
atom positions.”' In view of this hypothesis, removing layers
through exfoliation could reduce the interlayer strain and
cause a drop in the modulation amplitude, resulting in the
suppression of the satellite peak intensity. Another possible
origin of the modulations is the extra oxygen ions accommo-
dated in the Bi-O layer to balance the excess charge that
arises from the Bi*" : Sr**=2.1 : 1.9 stoichiometry."” Some
excess oxygens provide holes in the Cu-O plane and modu-
late the structure,?* and they can be removed via doping.23
Similarly, one could expect that the reduced thickness of
nanocrystals causes “the loss” of some excess oxygens to the
atmosphere thus reducing the intensity of the modulation.
Further investigation of the electronic and structural proper-
ties of the material is necessary to confirm this scenario. We
emphasize that the modulation is suppressed, but it remains
present even at low thicknesses of 2—4 unit cells. The corre-
lation length of the “4.7 b modulations along the c-direction
is about 2nm,** much smaller than the samples measured in
this study. Therefore, the observed suppression around a
thickness of 60nm is not related to the c-axis correlation
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length. We did not observe the “2a” modulations reported in
Refs. 24 and 25. These modulations are 3—4 orders of magni-
tude weaker than the “4.7b” modulations we studied and are
therefore difficult to detect.

In conclusion, we have performed synchrotron X-ray
studies designed to characterize the structure of exfoliated
nanocrystals, with thicknesses of a few atomic layers. The
study explores the structural properties of BiySr,CaCu,Og.s
exfoliated nanocrystals, using a combination of X-ray fluo-
rescence mapping, X-ray absorption near edge spectroscopy,
and X-ray diffraction with a micro-focused X-ray. The
Bi,;Sr,CaCu,0g, 5 nanocrystals seem to maintain the same
structural and electronic properties as the bulk crystal down
to a thickness of 6 nm. The “4.7b” structural modulations
reported in Bi,Sr,CaCu,;0g,s5 bulk crystals do not com-
pletely disappear down to a thickness of 12 nm but are drasti-
cally diminished below a limiting thickness of 60nm.
Preliminary results show that the technique is feasible on
BiySe; nanocrystals exfoliated on mica or Si/HfO, sub-
strate.'* The techniques we described are generally applica-
ble to structural studies of many nanocrystals exfoliated on
various substrates, and could be applied to investigate
structure-function relations in these materials.
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