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Studying and controlling the properties of individual exfoliated materials is one of the first steps towards the
fabrication of complex van der Waals systems. In this work, we present a systematic study of optical properties and
micro-Raman spectroscopy on exfoliated flakes of the high-temperature superconductor BisSroCaCuyOgys5 (BSCCO-
2212). We demonstrate that these are quick and non-invasive techniques for studying air sensitive materials. The
apparent color of BSCCO-2212 exfoliated flakes on SiO5/Si has allowed a rough and fast identification of the number
of layers. By analyzing the optical contrast of different flakes we determined the complex refractive index in the visible
range and found the optimal combination of illumination wavelength and substrate properties for the identification of
flakes with different thickness. In addition, we report the hardening of the most characteristic Raman modes as flake
thickness decreases, possibly caused by strain in the BiO and CuOs planes. Moreover, the evolution of the Raman
modes establishes a second approach to determine the thickness of BSCCO-2212 thin flakes. As BSCCO-2212 is a
challenging material due to its sensitivity to ambient conditions, the present work provides a guide for the fabrication
and characterization of complex van der Waals systems paving the way for studying heterostructures based on uncon-

ventional superconductors in the 2D limit.

Keywords:

I. Introduction

Since the isolation of graphene from bulk graphite
crystals [1], van der Waals (vdW) materials have attracted
a lot of interest due to their different properties as com-
pared to their bulk counterparts [2,3]. Some of these ma-
terials, also termed as 2D materials, belong to the broader
class of quantum materials [4,5] and can host supercon-
ductivity [6], topological phases [7], correlated electronic
states [8] and magnetism [9] among other phenomena.
Due to their very attractive properties, 2D materials are
a great playground to study quantum phenomena. The
possibility of stacking different types of materials, in a rel-
atively easy way, allows the creation of heterostructures
with on-demand or novel properties. High temperature
superconductors (HTSC) shine for their complex and rich
phase diagram as a function of doping [10]. Specifically,
BisSr2CaCuy0s45 (BSCCO-2212) is one of the most stud-
ied HTSC [11,12] and one of the few that exhibits vdW
bonds bridging HTSC and 2D materials. Omne or half
unit cell (UC) of BSCCO-2212 has claimed attention as
it stands as a perfect platform to study non-conventional
2D superconductivity [13,14]. Besides, it has been demon-
strated the possibility to fabricate different devices such
as: single photon detectors [15], nanomechanical oscilla-
tors [16], twistronic devices [14,17,18] or superconducting
qubits [19, 20] , based on exfoliated BSCCO-2212. Al-
though it is a promising material that can be used to
create innovative devices, only a few works [21,22] have
studied BSCCO-2212 exfoliated flakes in depth due to
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the difficulty in its manipulation. Exposure of the flakes
to ambient conditions, moisture and even in a controlled
glove-box atmosphere can change the oxygen content, 9,
and degrade the crystallinity of a superficial layer destroy-
ing the metallic-superconducting response rendering the
surface insulating [13,22-26]. In this sense, BSCCO-2212
must be carefully prepared in controlled inert atmospheres
or even using liquid nitrogen cooled stages, to avoid a
complete degradation of the sample [14, 18], making es-
pecially difficult to perform fundamental studies and to
integrate it with other commonly used 2D materials.

Optical microscopy and Raman spectroscopy are two of
the most common tools used for studying 2D materials.
On one hand, optical characterization is a direct non-
destructive technique that can be easily implemented in
glove-box set-ups. The different colors that 2D mate-
rials in the form of flakes possess when transferred to
different substrates, called apparent color [27], gives in-
formation about optical properties and the thickness of
the flakes [28,29]. The quantification of the flake colors
by means of optical contrast (OC) [30] when illuminat-
ing with monochromatic light, is a powerful characteri-
zation technique allowing rapid discrimination of flakes
with different thicknesses through a simple optical in-
spection. Moreover, the OC can be modeled by a Fres-
nel multilayered system to extract optical properties such
as the refractive index of the material. On the other
hand, micro-Raman spectroscopy is a non-invasive and
fast characterization technique very widely used to study
2D materials. This technique gives very useful informa-



tion about structural and electronic properties of materi-
als and has been used to check composition, identify un-
wanted by-products, chemical modifications or even struc-
tural damages during exfoliation or transfer of vdW ma-
terials [31,32]. Furthermore, Raman spectroscopy can be
used to determine the thickness of exfoliated materials,
since vibrational modes can be sensitive to the number of
layers as reported for 2D materials such as graphene [33]
or MoS; [34]. However, for some materials and depend-
ing on the experimental conditions [31,35], the Raman
laser power can induce damage on very thin flakes under
prolonged exposure time, which must be considered for
a proper preliminary characterization. In BSCCO-2212
flakes, Raman spectroscopy combined with TEM has been
used to study the deterioration of the flakes surface when
exposed to moisture [26] but a thorough Raman study of
the BSCCO-2212 flakes has not been discussed.

In this work, we report an experimental study on the
properties of thin BSCCO-2212 flakes by combining opti-
cal microscopy and micro-Raman spectroscopy. We show
how apparent color is a reliable tool to identify a wide
range of thicknesses for BSCCO-2212 flakes down to few
layers. From the OC, the refractive index is obtained
and we the best conditions to identify different UC’s of
BSCCO-2212 flakes on top of SiOs/Si substrates are de-
termined. Finally, by means of a micro-Raman spec-
troscopy we study the vibrational modes of thin flakes,
finding a Raman hardening for the most prominent vi-
brational modes as a function of thickness.

II. Experimental methods

BSCCO-2212 flakes were exfoliated in a Ny glove-box
from optimally doped single crystals grown by the self-
flux method [36]. The Oz and H2O levels in the glove-box
are below 0.1%. BSCCO-2212 has a layered perovskite
structure formed by stacked planes in the c-direction as
represented in Figure 1la. The unit cell of this compound
is 3.07 nm high (c-axis) and it is formed by repeating an-
other half unit cell on top of the one presented in Figure 1a
shifted by (1/2,0,0). vdW bonds are present between the
stacked BiO planes of the material and thus mechanical
exfoliation permits the obtention of ultra-thin BSCCO-
2212 flakes. In our case, Nitto tape (SPV 224) was used
to cleave the single crystal. The substrates used for the
characterization were Si (Siltronix) p-doped (100) with a
top layer of SiOs 290 nm thick. The stamping was done
by gently pressing the tape onto the wafer for a few min-
utes and slowly releasing it. In the present work, a total
of 40 different flakes with thickness up to 150 nm were
investigated.

A commercial Park XE7 atomic force microscopy (AFM)
system in tapping mode was employed to determine the
thickness of the exfoliated BSCCO-2212 flakes. The AFM
probes were commercial Si cantilever NANOSENSORS
AC160TS. All presented thicknesses have a standard de-
viation of maximum 15% of their mean values. Optical
images of the transferred flakes were obtained using a
Canon EOS 1300D camera attached to a Nikon Eclipse
Ci optical microscope in reflection mode with a x40 ob-

jective (numerical aperture, NA=0.65). Monochromatic
illumination was obtained using band-pass filters of 450
nm, 490 nm, 520 nm, 532 nm, 550 nm, 580 nm, 610 nm
and 650 nm from ThorLabs with a full width high max-
imum (FWHM) of 10 nm except for the 532 nm with 5
nm FWHM.

For Raman measurements we used a confocal microscope
WITec ALPHA 300 RA, equipped with a Nd:YAG p-
polarized laser at 532 nm excitation. Measurements were
performed using x100 objective (NA=0.95), using an 1800
g/mm grating and a laser output power of 3 mW to min-
imize overheating effects and flake degradation. Raman
data were analyzed by WITec Plus Software 2.08.

The AFM, optical images and micro-Raman experiments
were done in ambient conditions (moisture levels between
40% to 70%). All freshly exfoliated BSCCO-2212 flakes
were kept in the Ny glove-box until needed for their char-
acterization.

ITI. Results and Discussion

Figure 1b shows the apparent color under an optical
microscope examination of BSCCO-2212 exfoliated flakes
on a SiOs/Si substrate. By measuring the height pro-
file by AFM of the different flakes a color-thickness chart
is built ranging from 0 to 150 nm (~ 50 UC), as shown
at the bottom of Figure 1b (see Figure S1 in Support-
ing Information (SI)). Apparent color is the result of the
combination between absorption and interference of light.
Ultra-thin flakes present blue-purple tonalities, very sim-
ilar to the substrate. In this limit, flakes barely attenuate
the incident light, also the interference is negligible and
thus the resulting colors come mainly from the absorption
of the Si and the interference in the SiO5 layer, making
different materials to look similar when exfoliated down
to very few layers on similar substrates [27,37]. As flake
thickness increases, tonalities shift to green - yellow for
around 30 — 80 nm, and to orange - red for 80-130 nm,
in agreement with Puebla et al. [27]. For thick enough
flakes the interference of light within the flake and the
absorption start to be significant and consequently the
contribution from the flake starts to dominate the appar-
ent color. As reported in other works [27,38], the apparent
color seems to be a periodic function of the thickness, for
example for a thickness of 150 nm a purple tonality is
found again but much darker than the one observed in
very thin layers. As thickness increases beyond 150 nm
similar colors as the ones reported but in darker tonali-
ties appear until brown tones, where there is no contri-
bution from the SiO5/Si, and the overall reflected light
comes from the BSCCO-2212. These thick flakes are not
of much interest as their properties are almost the same
as those of the bulk material and they present difficulties
when transferring onto substrates due to the formation of
air bubbles, wrinkles and inhomogeneities.

The RGB components of selected flakes were extracted
from the color chart for their respective thickness and the
results are presented in Figure lc. For the red channel,
the values do not show strong dependence on the thick-
ness, as it ranges from 125 arb.u. to 225 arb.u. This
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Figure 1. Apparent color of BSCCO-2212 exfoliated flakes. a) Half unit cell of BSCCO-2212. b) Top: Optical images in reflection mode
of different flakes with thicknesses ranging from 9 nm (~3 UC) to 150 nm (~50 UC) transferred on top of a Si substrate with a 290 nm
capping of SiO2 . Bottom: Color scale showing the apparent color - thickness chart of BSCCO 2212 exfoliated flakes. ¢) Extracted RGB

composition vs thickness of selected flakes. Dotted lines represent the
so it can be used for rough identification.

component dominates for thicknesses higher than 90 nm
(red tonalities) and is minimum from 20 to 40 nm (blue
tonalities). For the green channel, it is notorious how the
component increases as thickness increases in the range
between 0 to 50 nm. Between 50 and 80 nm, it remains
constant (flakes of green tonalities) reaching a maximum
value at 80 nm. From there, the green component de-
creases and seems to become constant at around 130 nm.
Finally, for the blue channel we observe that it predomi-
nates over the two other components for ultra-thin flakes
(up to 30 nm). No dependence can be seen for very thin
flakes in the range 0-60 nm (blue to greenish tonalities),
and then it has a minimum of 60 arb.u. for 95 nm where
it starts to slowly recover for larger thickness (maroon-
purple tonalities). From the constructed graph we can
delimit the different thickness regions according to their
RGB component ratio. These thickness-dependent re-
gions can be used in other experimental setups to have
a rough estimation of the flake thickness under test as the
relative contribution of RGB channels (e.g. R>G>B) will
be maintained even if the absolute values are different as
these will depend on the illumination source and camera
settings.

As mentioned in the introduction, when exposed to air or
even a controlled gas atmosphere, BSCCO-2212 flakes lose
oxygen dopant content [13] and an amorphous superficial
layer is formed [25]. We have characterized the apparent
colors of flakes inside and outside a Ny glove-box to check
if there were changes in tonalities due to ambient expo-
sure and thus in the optical properties of the material.
We found the same tonalities after a few days for all the

thicknesses where the RGB components change their relative order

flakes outside the glove-box. This indicates that optical
properties are not fully defined by doping. The differ-
ence between metallic-superconductor (optimally doped)
and insulating (underdoped) samples is around 0.16 holes
per Cu atom [39]. We conclude that the mean refractive
index of the whole sample remains almost constant with
time and apparent color is not influenced by the possible
oxygen variation and surface amorphization due to degra-
dation.

Although apparent color can be a first approximation tool
for thickness identification, it strongly depends on the
source of illumination and the settings on the camera.
However, by illuminating with monochromatic light of dif-
ferent wavelengths (\) a more profound and reproducible
study based on the OC can be done to extract informa-
tion about flake properties [30]. The flake OC can be
calculated experimentally as:

_Ip—1Ig

oC =——=+
Iy +1Ig

(1)
where I is the intensity of the illuminated flakes and Ig
is the reflected intensity from the substrate near the flake.
Careful attention must be paid in order to not overexpose
the pixels of the camera as this can give wrong OC values.
Experimental values of the OC for the different band pass
filters are represented in Figure 2a. For low wavelengths
(blue-like) OC is near 0 for an extended range of thickness
values of thin flakes. For A = 450 nm, this range covers
almost from 0 to 50 nm making it very difficult to identify
flakes from the substrate. As we increase the illumination
wavelength, for very thin flake, the OC starts to be posi-
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Figure 2. OC characterization of BSCCO 2212 flakes. a) Experimental OC (circles) for different flake thicknesses under monochromatic
illumination: 450 nm (blue), 490 nm (cyan), 520 nm (blue-green), 532 nm (green), 550 nm (light green), 580 nm (yellow), 610 nm (orange)
and 650 nm (red). Solid lines correspond to theoretical OC fittings calculated using Egs. (1) and (2) (see text). OC values for wavelengths
from 490nm to 650 nm have been shifted vertically for clarity. Shaded regions consider a 10% deviation in n and x obtained from the fits.

b) Two-height BSCCO-2212 flake under different monochromatic illumination using the bandwidth filters.

¢) Real and imaginary part

of the complex refractive index of BSCCO-2212 for the different wavelength illumination, obtained from the OC fittings. Shaded regions
represent the error given by the fittings. Inset: Schematics of the multilayer system modeled to fit experimental data in a).

tive up to A = 550 nm. For A = 580 nm the OC develops
a minimum near thicknesses between 7-10 nm that starts
to shift to larger thickness as the wavelength increases.
This makes the wavelength range 610-650 nm an optimal
region to identify very thin BSCCO-2212 flakes. Another
minimum can be spotted for larger thicknesses (around
80 nm for A = 450 nm) that also shifts to larger thickness
when increasing wavelength. These minima in the OC
appear due to a decrease in the light re-emitted by the
flakes and are related to destructive interference in the
BSCCO0-2212/Si05 /Si multilayer system.

A flake composed of regions with two different thickness is
presented in Figure 2b as an example of how OC varies for
the different illumination conditions. On the one hand, for

TOlei(¢1+¢2) + r12e*i(¢1*¢2) + 7»236*1'(¢1+¢>2) + T017"127”236i(¢17¢2) 2

the 115 nm thick region, the OC is negative for A = 450
nm and as wavelength increases it slowly becomes less
dark (smaller OC) until A = 550 nm where it shows a
positive OC that maximizes at A = 650 nm. On the other
hand, for the 65 nm thick region,the OC is also negative
for A = 450 nm but has a positive maximum at around
A = 580nm.

To explain the observed experimental OC values,the sys-
tem was modeled applying Fresnel laws to a multilayer
composed by air/BSCCO0-2212/Si02/Si, similar to previ-
ous works [31,33,40]. Under perpendicular illumination
the reflected intensity from the modelled heterostructure
has the form:

ei(¢1+¢2) + r01r126_i(¢1—¢2) + rg1reze™

where the subindices correspond to the different me-

dia: air (0), BSCCO-2212 (1), SiO2 (2) and Si (3).
TR = EZ’;;Z;; are the Fresnel coefficients for the dif-
ferent media and ¢ = % are the phase acquired

in medium k with thickness di. We consider complex
refractive indices as 7 = n — ik. The substrate intensity
(Is) can be obtained using the same equation replacing
the flake for air in medium 1. We use the formulas (1)

(2)

(14¢2) 4 piorgsei(Pr—¢2)

and (2) to fit the experimental data, leaving BSCCO-
2212 flakes refractive index as a fitting parameter. This
approximation assumes no thickness dependence for the
refractive index. This is a valid assumption according to
reported results on other 2D materials, such as graphene
and MoS,, where no significant dependence of refractive
index with thickness is observed [31,33]. For the SiO5 and
Si substrates, we let the refractive and absorption coeffi-
cient vary 5% from tabulated values [41,42] (see Figure



S2 in SI). The theoretical OC as a function of thickness
for different wavelengths are represented as continuous
lines in Figure 2a. As it can be observed, theoretical
results adjust reasonably well to the experimental values.
Uncertainty is added to the calculations (shaded colored
areas) by varying a factor of ~ 10% the refractive index
obtained from the fittings to consider the possible error
of assuming a thickness-independent refractive index for
the BSCCO-2212 flakes. The real and imaginary part of
the calculated refractive index in the range from A = 450
nm to A = 650 nm based on the experimental data of
our flakes is displayed in Figure 2c. For the real part,
we observe an overall incremental behavior as the wave-
length increases. For the absorption coefficient (), an
abrupt increase near 550 nm is observed from almost 0
to 0.4 while it slowly decreases as the wavelength further
increases.

To our knowledge, there are only a few reports on the
optical properties of BSCCO-2212 in the visible range
in the literature [43-45]. For bulk samples, a refractive
index for BSCCO-2212 around 1.9 — 2 for the real part
and 0.3 — 0.5 for the imaginary part for an illumination
wavelength of 488 nm has been reported by polarimeter
measurements [43]. Ismail et al. [44] obtained a refrac-
tive index for BSCCO-2212 thin films with a real part
around 2 and an imaginary part of 0.2-0.5 depending on
the growing conditions. Similar values are obtained by
Hussein et al. [45] for thin films of BSCCO-2223 with an
almost constant real part of the refractive index around
1.8 and an imaginary part around 0.4 — 0.5. None of these
works reports the dependency of n and x with wavelength
but it is observed that the optical properties of the sam-
ples change depending on the sample growth method and
conditions. In addition, it is worth mentioning that we
are considering just one layer of homogeneous BSCCO-
2212 for the calculations. A more detailed model should
consider the roughness of the flakes as well as a possible
spatially heterogeneous distribution of optical constants
due to oxygen content variations. In any case, our results
for both n and k are similar to reported values for bulk
and thin films.

To provide an easy guide to the exfoliation of BSCCO-
2212 flakes, we have also calculated the OC using equa-
tions (1) and (2) for different thickness of the SiOy layer
of the substrate under different illumination wavelengths
and for different BSCCO-2212 thicknesses, see Figure 3.
For the OC calculations, we used the obtained BSCCO-
2212 refractive index (see Figure 2c). We approximated
the real part by a quadratic wavelength dependence as
the calculations show a monotonous increasing behavior,
except for the point corresponding to A = 532 nm. For
the absorption coefficient, k, we used a modified Akima
interpolation taking care that the maximum is located
close to the observed maximum around 550 nm. Due to
the available wavelengths used for this study, we can ex-
pect that the actual maximum of « is located in the range
between 540 nm and 580 nm, thus our results could be
modified by shifting the minima in the OC (see Figure 3)

and changing mostly the value of the OC in that region.
In Figure 3a we present the OC mapping covering all vis-
ible spectra and different thickness of SiOs layer for 1 UC
of BSCCO-2212. Very small OC can be found when there
is no capping layer, demonstrating the importance of the
SiO4 layer for optical identification. Also, some other
regions present null OC for SiO, thicknesses between
~ 70 — 110 nm and from 150-300 nm (regions of OC = 0
are indicated in the map by a dotted line). As previously
mentioned, we found an absorption peak around 550 nm,
and this is reflected in the obtained calculation as the best
wavelength to identify 1 UC of BSCCO-2212. For this
wavelength the best SiOs layer thickness for identification
of 1 UC would be either 80 nm or 260 nm. Figure 3b and
3c show the OC for thicknesses ranging from 1 to 10 UC
(roughly 3 - 30 nm) for the most common commercial
substrates used in laboratories with SiOs layer thickness
of 90 nm and 290 nm. For 290 nm SiO3 layer (substrates
used in this work) the OC calculated for the 1 UC nearly
reaches -0.2, while for thicker flakes the larger obtained
values approach 0.4 which agrees with our experimental
results. For 90 nm thickness, the OC values are larger
than for 290 nm. We conclude that for BSCCO-2212 a
SiO4 layer of 90 nm will result in better OC values than
290 nm, improving 1 UC identification. OC maps for
different SiOs layers and for up to 100 nm BSCCO-2212
thick flakes are shown in Figure S3 in the SI.
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Figure 3. Calculated OC of BSCCO 2212. a) Calculated OC map
for 1 UC of BSCCO-2212 for different illumination wavelength and
different capping layers of SiOg derived from Egs.(1) and (2) and
using interpolated values for BSCCO-2212 refractive index (Figure
2¢). OC=0 is marked by dotted lines. OC calculated as a function
of illumination wavelength for a fixed SiO2 thickness of b) 290 nm
and c) 90 nm for thicknesses between 1 to 10 UC.

In order to evaluate the Raman characteristics of
BSCCO-2212 flakes depending on the thickness, a micro-
Raman study was carried out, in ambient conditions, on
a selection of flakes from the 40 ones exfoliated in the
glove-box. The Raman spectra of the flakes were com-
pared with the spectrum of a BSCCO-2212 single crystal.
The results for the single crystal are presented in Figure
4a. BSCCO-2212 has 5 prominent Raman bands between
100 and 700 cm~!. There is controversy in the literature
about the origin of these bands where different works have
reported different mode assignments. A thorough compi-
lation of the different peak assignments for BSCCO-2212
single crystals from different groups together with an ab-
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Figure 4. Micro-Raman characterization of BSCCO 2212 flakes. a) Raman spectra for BSCCO-2212 bulk sample measured with a 532
nm laser at 3 mW. The Raman mode assignment are done according to Yelpo et al. [32]. Inset: Deconvolution of Raman modes at 106-
116-128 cm~! and 630-650 cm~'. b) Raman spectra for BSCCO-2212 exfoliated flakes with different thicknesses and SiO2/Si substrate
Raman spectrum (black). Grey shaded regions indicate areas where the SiO2/Si Raman signal has a contribution in the Raman spectra
of BSCCO0-2212. c) Evolution of Raman modes at 116 cm~! (black circles) and 460 cm ™! (red circles) with thickness. Experimental data

are adjusted according to the phenomenological Eq. (3) [46] (black and red lines) with their respective confidence bounds (shaded regions).

Inset: Zoomed region from 0 to 75 nm flake thickness.

initio calculation of the phonon frequencies and eigenvec-
tors of the Raman active modes was performed by Yelpo
et al. [47]. The first peak for our bulk sample is located at
around 116 cm™!. A closer look to this region of the spec-
trum (see inserts in Figure 4a) shows that this band is the
convolution of 3 bands centered at 106 cm™!, 116 cm ™!
and 130 cm~!. The first band located at 106 cm~! has
been assigned experimentally to oscillations in the y direc-
tion of either Sr [48] or Bi atoms [49], however theoretical
calculations [47] showed that this band could correspond
to a Cu-Sr stretching mode along the y axis located at 95
cm~!. According to the literature, a Raman peak around
116 cm™! is related to stretching of atoms in the z direc-
tion, but there is discordance in which atoms are involved,
as some authors report z stretching modes of Bi [49-51]
and others of Sr [48,52-54]. Although there is discrep-
ancy in the assignment of the peak observed around 116
cm ™!, both experimental and theoretical works point to
vibrations in the z-direction. Therefore, we will label this
mode as I(z) in the following discussion. Finally, for the
last band in the convolution, previous works assign vi-
brations of Cu atoms along the z direction to a band
located around 128 cm™! [49,50]. The ab-initio calcu-
lations presented in [47] predict a Raman band at 121
cm ™! corresponding to a Cu(z) mode. The next observed
Raman mode in BSCCO-2212 single crystal is located at
185 cm~!, and it has been assigned to Sr vibrations along
the z axis according to experimental [50,51] and theoret-
ical works [47,55,56]. In the region of 290 cm~! there
is another band that could be associated with the convo-
lution of 2 Raman modes separated by around 10 cm™!
and possibly due to vibrations along the z direction of
the O atoms bonded to Cu or Bi atoms [47-54, 56, 57].
Near 460 cm~! a clear Raman peak is observed and as
for the previous mode, there is some discrepancy in the
literature on the assignment of this band. According to
references [47,53] this band can be due to O-Cu vibrations
in the z direction, while others point to O-Sr(z) [48-51]
or O-Bi(z) vibrations [52,54]. Finally, between 600 and

700 cm ™! there are two other bands located at 630 cm™*
and 650 cm~!. Following different works [48-54,58], both
bands are assigned to O-Bi(z) or O-Sr(z), however, ac-
cording to calculations [47,55,56] they should be assigned
to apical oxygen (Og,).

Raman results obtained for different BSCCO-2212 flakes
are displayed in Figure 4b. For thick enough flakes,
all bands can be clearly identified as described for the
bulk sample. However, SiO4/Si substrates exhibit some
bands at similar Raman shifts to those of BSCCO-2212,
as shown by the gray shaded areas. For very thin flakes
the identification of these bands becomes complicated as
the Raman intensity from SiOs/Si is stronger than the
BSCCO-2212 one. This is the case for thin flakes (see
Figure S4 in SI) where most of the Si signal covers all the
Raman spectra from the BSCCO-2212 flakes. For this
reason, we have focused the analysis on samples where
the Raman spectra is still discernible from the one of Si,
and on bands that do not overlap with those of SiO5/Si
bands, i.e., those at 116 cm ™! and 460 cm~! identified as
I(z) and O-Cu(z), respectively.

The evolution of Raman peak position with thickness is
presented in Figure 4c. For the most prominent modes at
116 cm~! and 460 cm~! we observe a shift towards higher
wavenumbers, i.e., Raman hardening, as the number of
layers decreases. This effect is more prominent below
200 nm thickness. The observed shift for the lower band
ranges from 116.2 cm™' for bulk up to 119.5 cm~! for
very thin flakes (A ~ 3 cm~!) while for the higher band,
bulk values are around 460 cm~! while for thin flakes it
moves up to around 470 cm™! (A ~ 10 cm™!). A similar
behavior is observed in other 2D materials such as the
metal dichalcogenides MoSy [59] and TaSes [31] and has
been associated with an enhancement of Coulomb screen-
ing as the number of layers decreases [34]. It is known that
BSCCO-2212 undergoes a structural modulation affecting
mostly the BiO planes along the crystalline b direction,
not only in the intrinsic compound but also in the doped
one [60]. The ab-initio calculations of the Raman modes



from [47] consider a correction of the crystalline structure
due to the BiO planes modulation. Some of the Raman
shifts found in this way are smaller compared to previ-
ous works where this distortion has been neglected [55].
Therefore, it is possible to argue that the relaxation of the
distortion as the layers becomes thinner can induce an in-
crease in Raman frequency. Also, it is worth noting that
the observed displacement of the Raman bands could be
due to strain. Strain in the BSCCO flakes can be induced
during the exfoliation process and also due to the inter-
action between the flake and the SiO5/Si substrate [16].
In addition, it is reasonable to think that the strain effect
will be more prominent as the number of layers decreases.
As discussed previously with apparent color, Raman
modes could also be affected by oxygen variations, and
thus this could be the cause of the observed Raman-
thickness shifts, as thin flakes are the most affected by
air exposure [13,23]. We have studied the time evolution
of the Raman modes at 116 cm™' and 460 cm ™! for dif-
ferent flake thickness and no significant changes in these
bands can be seen, indicating that the exposure to mois-
ture does not have an impact in the Raman spectra of the
BSCCO flakes [26] (see Figure S5 in SI).

Although the two Raman modes located around 650 cmm™
associated to the oxygen content [57] cannot be tracked
in our experiments (due to superposition with the sub-
strate peaks), it is reasonable to expect that supercon-
ductivity remains inside the flakes surrounded by under-
doped/amorphous layers at the surface [13,25].

The Raman shift — thickness relationship could be ex-
ploited as an additional method to characterize the thick-
ness of exfoliated flakes together with the apparent color
as discussed above. For both analyzed Raman modes,
the obtained Raman frequency shift with thickness can
be qualitatively fitted by the equation of the form [46]:

1

wln) =wn + 25 ®)

where n is the flake thickness in UC’s, wy is the bulk
value of the Raman modes and A and B are fitting con-
stants. The obtained parameters for the 116 cm™! band
are: wp=116 cm~!, A=5.62, B=0.48 and for the 460 cm !
band: wy=462 cm™', A—27.33, B=0.86. For thin enough
flakes, the 460 cm ™! band starts to overlap with the 520
cm~! Si Raman mode, making the application of formula
(3) very difficult.

IV.Conclusions

We have mechanically exfoliated thin flakes of the
high temperature superconductor BSCCO-2212 from a
bulk single crystal. We have demonstrated that opti-
cal microscopy and micro-Raman spectroscopy are pow-
erful tools to investigate the properties of this vdW ma-
terial. By measuring apparent color, we have obtained
a color-thickness chart of the crystal flakes. Moreover,
by monochromatic illumination we have reported for the
first time the refractive index of BSCCO-2212 flakes in the
visible range. The best conditions, in terms of the com-
bination of wavelength and SiOy/Si substrates, for the

identification of flakes with different thickness were found
using Fresnel laws. Micro-Raman spectroscopy as a func-
tion of flake thickness shows a hardening of the two most
intense modes as the thickness decreases. This harden-
ing could be due to structural changes and strain induced
during exfoliation and/or by the substrate interaction. A
theoretical study on the evolution of Raman modes, con-
sidering the thickness reduction, possible strain induced
by exfoliation and the interaction with the substrate and
oxygen content variation can unveil the origin of the ob-
served Raman mode shifts in BSCCO-2212. Finally, a
phenomenological description for the evolution of the Ra-
man bands positions can be used for flake thickness de-
termination. As BSCCO-2212 is a challenging material to
investigate due to its sensitivity to ambient conditions de-
riving in an insulating state, the present work sheds light
on BSCCO-2212 flakes optical and structural properties,
paving the way for complex 2D vdW heterostructures fab-
rication for developing cutting-edge quantum devices.

Acknowledgments

We thank A. Parente and G. Caballero for their
help with the AFM measurements and W.Smith for
the construction of the glove-box. I.F.C. also thanks
E. Alcon for prolific discussions. This work was sup-
ported by the Spanish Ministry for Science and In-
novation (MCIN) under projects PGC2018-098613-B-
C21 (SporQuMat) PID2021-1229800B-C52 (EC0SOx-
ECLIPSE) and PID2021-124585NB-C33. L.F.C., E.M.G.
and M. M. acknowledge support from the “Severo Ochoa”
Programme for Centres of Excellence in R&D (Grants
SEV-2016-0686 and CEX2020-001039-S). I.F.C holds a
FPI fellowship from AEI-MCIN (PRE2020-092625). A.S.
acknowledges the financial support from MCIN for a
Ramon y Cajal contract (No. RYC2021-031236-1), which
is funded by the Recovery, Transformation and Resilience
plan.

ORCID IDs

Ignacio Figueruelo-Campanero: 0000-0001-5144-9375
Adolfo del Campo: 0000-0002-9221-0587

Gladys Nieva: 0000-0001-9889-9875

Elvira M. Gonzalez: 0000-0001-9360-3596

Aida Serrano: 0000-0002-6162-0014

Mariela Menghini: 0000-0002-1744-798X

References

[1] K. S. Novoselov, A. K. Geim, S. V. Morozov,
D. Jiang, Y. Zhang, S. V. Dubonos, I. V. Grigorieva,
and A. A. Firsov. Electric field effect in atomically
thin carbon films. Science, 306(5696):666-669, Oc-
tober 2004.

[2] K. S. Novoselov, A. Mishchenko, A. Carvalho, and
A. H. Castro Neto. 2D materials and van der waals
heterostructures. Science, 353(6298):aac9439, July
2016.


https://orcid.org/0000-0001-5144-9375
https://orcid.org/0000-0002-9221-0587
https://orcid.org/0000-0001-9889-9875
https://orcid.org/0000-0001-9360-3596
https://orcid.org/0000-0002-6162-0014
https://orcid.org/0000-0002-1744-798X

13

4]

7]

18]

[10]

(1]

[12]

[13]

[14]

A. K. Geim and I. V. Grigorieva. Van der waals het-
erostructures. Nature, 499(7459):419-425, July 2013.

Nature Physics. Quantum phases on demand. Nature
Physics, 16(1):1-1, January 2020.

D. N. Basov, R. D. Averitt, and D. Hsieh. Towards
properties on demand in quantum materials. Nature
Materials, 16(11):1077-1088, October 2017.

E. Khestanova, J. Birkbeck, M. Zhu, Y. Cao, G. L.
Yu, D. Ghazaryan, J. Yin, H. Berger, L. Forro,
T. Taniguchi, K. Watanabe, R. V. Gorbachev,
A. Mishchenko, A. K. Geim, and I. V. Grigorieva.
Unusual suppression of the superconducting energy

gap and critical temperature in atomically thin
NbSey. Nano Letters, 18(4):2623-2629, March 2018.

L. Kou, Y. Ma, Z. Sun, T. Heine, and C. Chen. Two-
dimensional topological insulators: Progress and
prospects. The Journal of Physical Chemistry Let-
ters, 8(8):1905-1919, April 2017.

Y. Cao, V. Fatemi, S. Fang, K. Watanabe,
T. Taniguchi, E. Kaxiras, and P. Jarillo-Herrero.
Unconventional superconductivity in magic-angle
graphene superlattices.  Nature, 556(7699):43-50,
March 2018.

M. Gibertini, M. Koperski,
and K. S. Novoselov.
als and heterostructures.
14(5):40874197 May 2019.

A. F. Morpurgo,
Magnetic 2D materi-
Nature Nanotechnology,

D. Rybicki, M. Jurkutat, S. Reichardt, C. Kapusta,
and J. Haase. Perspective on the phase diagram of
cuprate high-temperature superconductors. Nature
Communications, 7(1):11413, May 2016.

B. Keimer, S. A. Kivelson, M. R. Norman, S. Uchida,
and J. Zaanen. From quantum matter to high-
temperature superconductivity in copper oxides. Na-
ture, 518(7538):179-186, February 2015.

Hugo Keller, Annette Bussmann-Holder, and K. Alex
Miiller. Jahn—teller physics and high-tc supercon-
ductivity. Materials Today, 11(9):38-46, September
2008.

Y. Yu, L. Ma, P. Cai, R. Zhong, C. Ye, J. Shen,
G. D. Gu, X. Chen, and Y. Zhang. High-temperature
superconductivity in monolayer BisSroCaCusOgys.
Nature, 575(7781):156-163, October 2019.

S. Y. F. Zhao, X. Cui, A. Volkov, H. Yoo, S. Lee,
J. A. Gardener, A. J. Akey, R. Engelke, Y. Ronen,
R. Zhong, G. Gu, S. Plugge, T. Tummuru, M. Kim,
M. Franz, J. H. Pixley, N. Poccia, and P. Kim.
Time-reversal symmetry breaking superconductivity

between twisted cuprate superconductors. Science,
382(6677):1422-1427, December 2023.

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

R. L. Merino, P. Seifert, J. D. Retamal, R. K. Mech,
T. Taniguchi, K. Watanabe, K. Kadowaki, R. H Had-
field, and D. K Efetov. Two-dimensional cuprate nan-
odetector with single telecom photon sensitivity at T
= 20 K. 2D Materials, 10(2):021001, February 2023.

S. Kumar Sahu, D. Jangade, A. Thamizhavel,
M. M. Deshmukh, and V. Singh. Elastic prop-
erties of few unit cell thick superconducting crys-
tals of BisSroCaCusOgys. Applied Physics Letters,
115(14):143102, September 2019.

Y. Zhu, M. Liao, Q. Zhang, H. Xie, F. Meng, Y. Liu,
Z. Bai, S. Ji, J. Zhang, K. Jiang, R. Zhong, J. Schnee-
loch, G. Gu, L. Gu, X. Ma, D. Zhang, and Q. Xue.
Presence of s-Wave pairing in Josephson Junctions
made of twisted ultrathin BisSroCaCusOgys flakes.
Physical Review X, 11(3):031011, July 2021.

Mickey Martini, Yejin Lee, Tommaso Confalone,
Sanaz Shokri, Christian N. Saggau, Daniel Wolf,
Genda Gu, Kenji Watanabe, Takashi Taniguchi,
Domenico Montemurro, Valerii M. Vinokur, Kor-
nelius Nielsch, and Nicola Poccia. Twisted cuprate

van der waals heterostructures with controlled
josephson coupling. Materials Today, 67:106—-112,
July 2023.

Hrishikesh Patel, Vedangi Pathak, Oguzhan Can,
Andrew C. Potter, and Marcel Franz. d-mon: A
transmon with strong anharmonicity based on planar
c-axis tunneling junction between d-wave and s-wave
superconductors. Physical Review Letters, 132(1),
January 2024.

Valentina Brosco, Giuseppe Serpico, Valerii Vinokur,
Nicola Poccia, and Uri Vool. Superconducting qubit
based on twisted cuprate van der waals heterostruc-
tures. Physical Review Letters, 132(1), January 2024.

N. Poccia, S. Y. F. Zhao, H. Yoo, X. Huang, H. Yan,
Y. S. Chu, R. Zhong, G. Gu, C. Mazzoli, K Watan-
abe, T. Taniguchi, G. Campi, V. M. Vinokur, and
P. Kim. Spatially correlated incommensurate lattice
modulations in an atomically thin high-temperature
superconductor BisSroCaCusOgis. Physical Review
Materials, 4(11):114007, November 2020.

L. J. Sandilands, A. A. Reijnders, A. H. Su,
V. Baydina, Z. Xu, A. Yang, G. Gu, T. Pedersen,
F. Borondics, and K. S. Burch. Origin of the in-
sulating state in exfoliated high-T. two-dimensional
atomic crystals. Physical Review B, 90(8):081402,
August 2014.

S.Y. Frank Zhao, Nicola Poccia, Margaret G.
Panetta, Cyndia Yu, Jedediah W. Johnson, Hy-
obin Yoo, Ruidan Zhong, G.D. Gu, Kenji Watan-
abe, Takashi Taniguchi, Svetlana V. Postolova, Va-
lerii M. Vinokur, and Philip Kim. Sign-reversing
hall effect in atomically thin high-temperature
Bis 1811 9CaCug gOgis superconductors.  Physical
Review Letters, 124(24):247001, June 2020.



24]

[25]

[26]

27]

(28]

29]

(30]

31]

32]

S. Saito, Y. Uhara, Y. Kogushi, H. Yoshida, S. Isono,
H. Yamasaki, H. Murakami, T. Sutou, T. Soumura,
and T. Kioka. Comparison of BisSraCaCusOg sur-
faces cleaved at low temperature and at room tem-
perature from secondary ion mass spectrometry and

work function measurements. physica status solidi
(a), 202(12):R129-R131, September 2005.

Christian N. Saggau, Sanaz Shokri, Mickey Martini,
Tommaso Confalone, Yejin Lee, Daniel Wolf, Genda
Gu, Valentina Brosco, Domenico Montemurro, Va-
lerii M. Vinokur, Kornelius Nielsch, and Nicola Poc-
cia. 2d high-temperature superconductor integration
in contact printed circuit boards. ACS Applied Ma-
terials amp; Interfaces, 15(44):51558-51564, October
2023.

Yuan Huang, Lei Zhang, Xiaocheng Zhou, Lei Liao,
Feng Jin, Xu Han, Tao Dong, Shuxiang Xu, Lin
Zhao, Yunyun Dai, Qiuzhen Cheng, Xinyu Huang,
Qingming Zhang, Lifen Wang, Nan-Lin Wang, Ming
Yue, Xuedong Bai, Yafei Li, Qiong Wu, Hong-Jun
Gao, Genda Gu, Yeliang Wang, and Xing-Jiang
Zhou. Unveiling the degradation mechanism of high-
temperature superconductor BisSroCaCusOgys in
water-bearing environments. ACS Applied Materials
amp; Interfaces, 14(34):39489-39496, August 2022.

S. Puebla, H. Li, H. Zhang, and A. Castellanos-
Gomez. Apparent colors of 2D materials. Advanced
Photonics Research, 3(4):2100221, January 2022.

W. Zhang, Q. Zhao, S. Puebla, T. Wang,
R. Frisenda, and A. Castellanos-Gomez. Optical mi-
croscopy—based thickness estimation in thin GaSe
flakes. Materials Today Advances, 10:100143, June
2021.

Q. Zhao, S. Puebla, W. Zhang, T. Wang, R. Frisenda,
and A. Castellanos-Gomez. Thickness identification
of thin InSe by optical microscopy methods. Ad-
vanced Photonics Research, 1(2):2000025, September
2020.

P. Blake, E. W. Hill, A. H. Castro Neto, K. S.
Novoselov, D. Jiang, R. Yang, T. J. Booth, and A. K.
Geim. Making graphene visible. Applied Physics Let-
ters, 91(6):063124, August 2007.

A. Castellanos-Gomez, E. Navarro-Moratalla,
G. Mokry, J. Quereda, E. Pinilla-Cienfuegos,
N. Agrait, H. S. J. van der Zant, E. Coronado, G. A.
Steele, and G. Rubio-Bollinger. Fast and reliable
identification of atomically thin layers of TaSe
crystals.  Nano Research, 6(3):191-199, February
2013.

Andrea C. Ferrari and Denis M. Basko. Raman
spectroscopy as a versatile tool for studying the
properties of graphene.  Nature Nanotechnology,
8(4):235-246, April 2013.

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Y. K. Koh, M. Bae, D. G. Cahill, and E. Pop. Re-
liably counting atomic planes of few-layer graphene.
ACS Nano, 5(1):269-274, December 2010.

A. Molina-Séanchez and L. Wirtz. Phonons in single-
layer and few-layer MoSs;.  Physical Review B,
84(15):155413, October 2011.

J. Wang, X. Yue, J. Zhu, L. Hu, R. Liu, C. Cong, and
Z. Qiu. Revealing the origin of PL evolution of InSe
flake induced by laser irradiation. RSC Advances,
13(12):7780-7788, 2023.

V. F. Correa, E. E. Kaul, and G. Nieva. Overdoping
effects in BisSroCaCusOgy 5 from electromagnetic to
Josephson interlayer coupling. Physical Review B,
63(17):172505, April 2001.

M. R. Miiller, A. Gumprich, E. Ecik, K. T. Kallis,
F. Winkler, B. Kardynal, I. Petrov, U. Kunze, and
J. Knoch. Visibility of two-dimensional layered ma-

terials on various substrates. Journal of Applied
Physics, 118(14):145305, October 2015.

N. Papadopoulos, R. Frisenda, R. Biele, E. Flo-
res, J. R. Ares, C. Sanchez, H. S. J. van der Zant,
I. J. Ferrer, R. D’Agosta, and A. Castellanos-Gomez.
Large birefringence and linear dichroism in TiSs
nanosheets. Nanoscale, 10(26):12424-12429, 2018.

M.R. Presland, J.L. Tallon, R.G. Buckley, R.S. Liu,
and N.E. Flower. General trends in oxygen stoi-
chiometry effects on T, in Bi and T1 superconduc-
tors. Physica C: Superconductivity, 176(1-3):95-105,
May 1991.

D. Bing, Y. Wang, J. Bai, R. Du, G. Wu, and
L. Liu. Optical contrast for identifying the thickness
of two-dimensional materials. Optics Communica-
tions, 406:128-138, January 2018.

C. Schinke, P. Christian Peest, J. Schmidt, R. Bren-
del, K. Bothe, M. R. Vogt, I. Kroger, S. Winter,
A. Schirmacher, S. Lim, H. T. Nguyen, and D. Mac-
Donald. Uncertainty analysis for the coefficient of
band-to-band absorption of crystalline silicon. AIP
Advances, 5(6):067168, June 2015.

L. Gao, F. Lemarchand, and M. Lequime. Re-
fractive index determination of SiO5 layer in the
UV/Vis/NIR range: spectrophotometric reverse en-
gineering on single and bi-layer designs. Journal of
the European Optical Society: Rapid Publications,
8(0), January 2013.

J. Kobayashi, T. Asahi, M. Sakurai, M. Takahashi,
K. Okubo, and Y. Enomoto. Optical properties of
superconducting BisSroCaCusOg. Physical Review
B, 53(17):11784-11795, May 1996.

R. A.Ismail, N. Hasan, and S. S. Shaker. Preparation
of BisSroCaCusO, thin film by pulsed laser deposi-
tion for optoelectronic devices application. Silicon,
14(6):2625-2633, March 2021.



[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

53]

Bushra H. Hussein, Shatha H. Mahdi, Sameer A.
Makki, and Bushra K.H. Al-Maiyaly. Synthesis and
study the structure, electrical and optical properties
of Biy_,Cd,SroCaCu3Oi04s thin film superconduc-
tors. Energy Procedia, 157:100-110, January 2019.

H. Wang, Y. Wang, X. Cao, M. Feng, and G. Lan. Vi-
brational properties of graphene and graphene layers.
Journal of Raman Spectroscopy, 40(12):1791-1796,
June 2009.

C. Yelpo, R. Faccio, D. Ariosa, and S. Favre.
Electronic and vibrational properties of the high
T, superconductor BisSroCaCuyQOg: an ab initio
study.  Journal of Physics: Condensed Matter,
33(18):185705, April 2021.

S. Sugai, T. Kobayashi, and J. Akimitsu. Magnon
and phonon raman scattering in ProCuQOy4. Solid
State Communications, 74(7):599-601, May 1990.

M. V. Klein. Theory of Raman scattering from
charge-density-wave phonons. Physical Review B,
25(12):7192-7208, June 1982.

A.A. Martin and M.J.G. Lee. Oxygen isotope ef-
fect on the vibrational modes of BiaSroCaCusOgys.
Physica C: Superconductivity, 254(3-4):222-232,
November 1995.

M. Cardona, C. Thomsen, R. Liu, H.G. von
Schnering, M. Hartweg, Y.F. Yan, and Z.X.
Zhao. Raman scattering on superconducting crys-

tals of Bia(Sr1—+Cag)ny2Cupn10642n)+s (0 = 0, 1).
Solid State Communications, 66(12):1225-1230, June
1988.

V.N. Denisov, B.N. Mavrin, V.B. Podobedov, I.V.
Alexandrov, A.B. Bykov, A.F. Goncharov, O.K.
Mel’'nikov, and N.I. Romanova. Raman spectra of su-
perconducting Bi-Sr-Ca-Cu-O single crystals. Solid
State Communications, 70(9):885-888, June 1989.

M. Boekholt, A. Erle, P.C. Splittgerber-Hiinnekes,
and G. Giintherodt. Phonon raman spectroscopy of

10

[54]

[55]

[56]

[57]

[58]

[59]

[60]

superconducting BisSroCaCuyOgys single crystals.
Solid State Communications, 74(10):1107-1112, June
1990.

M. Osada, M. Kakihana, M. Kall, L. Borjesson,
M. Yashima, and M. Yoshimura. Change in phonon
raman spectra of BisSroCai, Y, CusOgyyq induced
by hole filling and implications for phonon assign-

ments.  Materials Science and Engineering: B,
41(1):107-110, October 1996.

N. N. Kovaleva, A. V. Boris, T. Holden, C. Ulrich,
B. Liang, C. T. Lin, B. Keimer, C. Bernhard, J. L.
Tallon, D. Munzar, and A. M. Stoneham. c-axis lat-

tice dynamics in Bi-based cuprate superconductors.
Physical Review B, 69(5):054511, February 2004.

C. Falter and F. Schnetgoke. Infrared- and Raman-
active modes of Bi-based cuprate superconduc-
tors calculated in a microscopic model. Journal
of Physics: Condensed Matter, 15(49):8495-8511,
November 2003.

X. H. Chen, K. Q. Ruan, G. G. Qian, S. Y. Li, L. Z.
Cao, J. Zou, and C. Y. Xu. Effects of doping on
phonon Raman scattering in the Bi-based 2212 sys-
tem. Physical Review B, 58(9):5868-5872, September
1998.

M. Holiastou, N. Poulakis, D. Palles, E. Liarokapis,
D. Niarchos, U. Frey, and H. Adrian. XRD and micro
raman characterization of epitaxial Bi-2201, Bi-2212
and Bi-2223 thin films. Physica C: Superconductivity,
282-287:583-584, August 1997.

C. Lee, H. Yan, L. E. Brus, T. F. Heinz, J. Hone, and
S. Ryu. Anomalous lattice vibrations of single- and
few-layer MoSy. ACS Nano, 4(5):2695-2700, April
2010.

A A Levin, Yu I Smolin, and Yu F Shepelev. Causes
of modulation and hole conductivity of the high-
tesuperconductor BigSraCaCusOgys according to x-
ray single-crystal data. Journal of Physics: Con-
densed Matter, 6(19):3539-3551, May 1994.





