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Surface- and tip-enhanced resonant Raman scattering (resonant SERS and TERS) by optical phonons in a
monolayer of CdSe quantum dots (QDs) is demonstrated. The SERS enhancement was achieved by
employing plasmonically active substrates consisting of gold arrays with varying nanocluster diameters
prepared by electron-beam lithography. The magnitude of the SERS enhancement depends on the
localized surface plasmon resonance (LSPR) energy, which is determined by the structural parameters. The
LSPR positions as a function of nanocluster diameter were experimentally determined from spectroscopic
micro-ellipsometry, and compared to numerical simulations showing good qualitative agreement. The
monolayer of CdSe QDs was deposited by the Langmuir—Blodgett-based technique on the SERS
substrates. By tuning the excitation energy close to the band gap of the CdSe QDs and to the LSPR
energy, resonant SERS by longitudinal optical (LO) phonons of CdSe QDs was realized. A SERS
enhancement factor of 2 x 10° was achieved. This allowed the detection of higher order LO modes of
CdSe QDs, evidencing the high crystalline quality of QDs. The dependence of LO phonon mode intensity
on the size of Au nanoclusters reveals a resonant character, suggesting that the electromagnetic
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was obtained using electrochemically etched gold tips providing an enhancement on the order of 10%.
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Introduction

Quantum dots (QDs) attracted intense research interest due to
their potential for electronic and optoelectronic applications.’
Among them, CdSe QDs are promising for numerous applications
in photodetectors, field-effect transistors, solar cells, light-emitting
diodes.”™ The information about the phonon spectrum of QDs is
important for practical applications, since the phonons determine
the channels for charge carrier relaxation in QD based devices.””
Phonon spectra from an ensemble of QDs can be obtained by
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This is an important step towards the detection of the phonon spectrum from a single QD.

Raman spectroscopy (RS), which provides information on QD
size,® shape,” as well as strain relaxation’® and atomic inter-
mixing."'? Since the properties of QDs are strongly sensitive to
the QD size and environment, analyzing the phonon spectrum
of a single QD would give valuable insight into the individual
QD properties. However, the intensity of the Raman signal from
a single QD is often too low to be detected, and therefore
methods to amplify it are required.

One of the well-established methods to enhance the Raman
signal is resonant Raman spectroscopy (RRS), which is achieved
by choosing the excitation wavelength close to (or at) the band
gap energy of the QD system studied. However, enhancement
provided by RRS reaches 10°, and this is not sufficient for the
detection of very small amounts of material, such as a single QD.

Surface- and tip-enhanced Raman spectroscopies (SERS and
TERS) are two actively developing approaches, which drastically
improve the sensitivity and spatial resolution of RS. They are
based on the enhancement of the electromagnetic field by
localized surface plasmons (LSPs) of metallic nanoclusters to
drastically increase the intensity of relatively weak Raman
scattering by up to 10”7 times."*'* In the case of organic
molecules, single-molecule sensitivity was achieved by both
SERS™'® and TERS."”™*° These methods were also employed
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to detect the signal from low amounts of inorganic materials,
such as CdS, CdSe, GaN, Cu,S, and Zn0.?°** Recently, resonant
SERS was successfully employed to analyze the anisotropy of
the phonon spectrum of a single CdSe nanoplatelet.”> The
scattering volume of a single QD is 30 times smaller than that
of a nanoplatelet, which makes the task of detecting a single
QD challenging.

TERS is the ultimate case of SERS, it breaks the diffraction
limit of light and thus drastically improves the spatial resolution of
the conventional RS. This is accomplished using the apex of a tip
as a single plasmonic scatterer, and moving it in a controlled
manner with respect to the sample. The power of TERS to improve
the spatial resolution was demonstrated on single nanowires and
crystallites**>® with a resolution comparable to that of AFM
imaging. Raman and photoluminescence spectra of CdSe nano-
wires were investigated as well, achieving optical resolution below
AFM resolution in the same experiment due to the square-law field
dependence of both the excitation and the emission rates.>**° The
improved spatial resolution of TERS also allowed mapping of
stress and composition within a single quantum dot.**

The enhancement of the Raman signal can be maximized by
simultaneously employing RRS and SERS (or TERS). This requires
matching the excitation energy (wavelength) to the band gap of
QDs, as well as to the localized surface plasmon resonance (LSPR)
energy of a plasmonic structure. The LSPR position can be tuned by
changing the size, the shape, and the distance between the
plasmonic nanostructures.>” Electron beam lithography provides
unique control of all those parameters allowing optimization of the
SERS signal.**3*

In this paper, both resonant SERS and TERS were employed
in order to detect a monolayer of CdSe QDs deposited by the
Langmuir-Blodgett-based technique.

Results and discussion

SERS substrates are prepared on Si substrates, and consist of gold
nanocluster arrays with the period of 150, while the nanocluster
diameters were systematically varied from 70 nm to 140 nm. It was
shown that the arrays of gold nanoclusters serve as effective SERS
substrates providing SERS by organic and biological substances,**”
including our previous studies using the CoPc dye as a Raman
probe.*** In our case the CdSe QDs of 5.2 nm size deposited by the
Langmuir-Blodgett-based technique play the role of the Raman
probe. The deposition procedure is described in the experimental
section. The QDs form a homogeneous coverage on the Si
substrate as well as on the gold nanocluster arrays, as confirmed
by SEM measurements (Fig. 1).

LSPR position

The LSPR positions were characterized by spectroscopic micro-
ellipsometry. The LSPR position was determined as the maximum
of the extinction coefficient spectrum extracted from ellipsometry
measurements. The dependence of the LSPR position on the gold
nanocluster diameter is shown in Fig. 2. The data show an increase
of the LSPR position with an increase in the gold nanocluster
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Fig. 1 SEM image of an edge of the nanostructured gold array (left side,
white areas are the gold nanoclusters) demonstrating homogeneous
coverage of both nanostructure and a Si substrate with a monolayer of
CdSe QDs. Inset shows the high resolution SEM image of the CdSe QD
monolayer on the Si substrate.
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Fig. 2 LSPR position determined from ellipsometry measurements (squares)
and simulations (solid line) depending on gold nanocluster size for the 150 nm
array period. The crosses indicate the wavelengths, for which maxima of the
SERS enhancement were observed (see section surface-enhanced Raman
spectroscopy of CdSe QDs).
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diameter. These results are in agreement with the well-established
behaviour of the LSPR position.*>

To better understand the resonant behaviour of the structure,
the extinction coefficients and LSPR positions were numerically
modeled using the Fourier modal method with adaptive spatial
resolution and matched coordinates.*®** It is important to
note that the LSPR position strongly depends on the dielectric
function of the gold nanocluster environment. Direct experi-
mental determination of the dielectric function around the
gold nanoclusters is challenging, since the optical response is
dominated by the signal of the gold nanoclusters. Therefore, the
optical response of the silicon substrate covered by a monolayer
of CdSe QDs was measured. The dielectric function of the CdSe
QD monolayer can be approximated for this thickness range by a
Cauchy dispersion. As a result, in the spectral region of interest,
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the optical response of the system is equivalent to a 11 nm SiO,
layer on the Si substrate. The calculated LSPR positions of the
gold nanoclusters on the Si substrate with 11 nm SiO, thickness
give good agreement with the experiment (Fig. 2), showing the
red shift of the LSPR position with an increase in the nanocluster
diameter. When the distance between the neighbouring
nanoclusters drops below 20 nm, the near-field coupling effect
leads to further red shift of the LSPR position.

Surface-enhanced Raman spectroscopy of CdSe QDs

The Raman and SERS spectra of the CdSe monolayer are shown
in Fig. 3. In this case, Raman spectra are resonant, since the
excitation wavelength (632.8 nm) approaches the specified
emission maximum (610 nm) determined by the energy of
interband transition in CdSe QDs. The Raman spectra of the
CdSe QDs deposited on a Si substrate show only clear bands of
the Si substrate (second-order transverse acoustic (2TA) phonon
mode at 300 cm " and LO mode at 520 cm ') and no detectable
signal of the CdSe QDs. The resonant SERS allows the detection
of an intense first order Raman scattering by LO phonons of the
CdSe QDs at 207 cm ™, which is in agreement with previously
reported values,”™* as well as of higher order modes. For the
specified CdSe size of 5.2 nm no strong phonon confinement effect
and therefore no confinement induced shift of LO phonon mode in
CdSe QDs are expected, as shown experimentally** and theoreti-
cally.” The observation of higher order features in the Raman
spectrum reveals a remarkable crystalline quality of the QDs. The
first order feature also exhibits a broad background, which can be
attributed either to the enhanced signal from amorphous Se on the
QD surface," or to scattering from the SERS substrate. The effective
SERS enhancement factor (EF) was estimated as a ratio of the LO
signal intensity of CdSe QDs on the SERS substrate to the noise level
on the Si substrate, since the CdSe signal was not detectable on the
Si substrate. The resulting EF is approximately 2 x 10°.

The normalized dependence of the LO phonon mode inten-
sity on the Au nanocluster diameter obtained using different
excitation wavelengths is shown in Fig. 4. The curves show a
clear resonant behaviour, with the maximum of the Raman
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Fig. 3 Raman (black curve) and SERS (red curve) spectra of CdSe QDs
measured with a 632.8 nm laser line for a nanocluster diameter of 80 nm.
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Fig. 4 Normalized dependence of the Raman intensity of the CdSe LO

phonon on the gold nanocluster diameter for different wavelengths
(indicated in the figure).

signal shifting to larger nanocluster sizes when increasing the
excitation wavelength. The nanocluster sizes and wavelengths, for
which the maximum SERS enhancement was observed, were com-
pared to the LSPR positions measured with micro-ellipsometry
(crosses in Fig. 2). Clearly, for a given nanocluster size, the maximum
enhancement is observed when the excitation wavelength matches
the measured maximum LSPR position. This implies that the
resulting SERS enhancement is dominated by the electromagnetic
enhancement, rather than the intrinsic resonance of CdSe NCs or
chemical enhancement.

TERS measurements

Detection of fewer QDs as compared to SERS measurements was
achieved in a TERS experiment on the CdSe QD monolayer depos-
ited on the SERS structure with 88 nm nanocluster diameter, which
is close to the resonance observed for the 632.8 nm excitation line
according to Fig. 4. Note that the shift of the resonance can be
caused by the metallic tip when it approaches an Au nanocluster.
The comparison of SERS and TERS spectra is shown in Fig. 5. In the
TERS experiment, the area of the laser spot is approximately 1.5 x
2.5 um?, giving rise to the so-called far-field signal (tip up in Fig. 5b).
When the electrochemically etched gold tip was brought into contact
with the QDs, the Raman signal from the QDs located directly under
the tip apex was enhanced (tip down in Fig. 5b). It was possible to
achieve a 100% increase of the CdSe LO mode intensity at 207 cm™ .
Similar to SERS spectra, the increased background at low frequency
can be attributed to enhancement of the signal from amorphous Se
on the QD surface, and partially to elastic scattering from the tip.

The latter could lead to an increase of the Raman signal not
related to the near-field enhancement.*”*®* However, since
the intensity of the Si peak remains the same, such a signal
increase can be excluded,*® and the TERS EF can be estimated
using the formula:

_ Idown - Iup . Vill
Iup Venh

EF

where Iqown (Iup) — intensity of the CdSe Raman signal with the
tip down (up); Viig (Venn) — is the illuminated (enhanced) volume.
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(a) Schematic of TERS experiment

(b) TERS spectra
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Fig. 5 TERS of the CdSe monolayer on the SERS substrate. (a) Schematic
of the experiment (not in scale). (b) Raman spectra of tip in contact
(tip down) and tip away from the sample (tip up).

Assuming that the CdSe film is thin enough to neglect the drop
of field enhancement within the film, we normalize the Raman
intensities by area instead of volume. Notice that this assump-
tion leads to an underestimation of the enhancement factor, in
order to have a conservative estimation.

The area of the illuminated volume is defined by the laser spot
size. Then the enhanced area diameter was estimated to be*®

d= vV Rtipg

where Ry, is the tip radius (typically below 50 nm among the tips
prepared in our lab as confirmed by SEM), and g - the gap between
the tip and the substrate defined by the QD size. The TERS EF was
estimated to be 6 x 10" £ 14%.

Solving the problem of packing smaller circles in a larger
circle, we can then expect seven CdSe QDs in the enhanced area.

Experimental
SERS substrate preparation

The 10 x 10 pum” gold nanocluster arrays with a period of 150 nm
to be used as SERS substrates were prepared by a direct-write
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electron beam lithography process. The electron resist (polymethyl
methacrylate 950 K) deposited on an Si(100) substrate was structured
with an electron beam (20 kV, Raith-150, Germany), and the
patterned resist was covered with a 5 nm thick film of Ti and a
40 nm thick film of Au. Finally, the remaining resist was removed by
a liftoff process in dimethylformamide to obtain isolated gold
nanoclusters with diameters from 70 nm to 140 nm.

Langmuir-Blodgett-based deposition

The deposition of CdSe NCs was performed using the Langmuir-
Blodgett-based (LB-based) technique. Pre-synthesized CdSe NCs
of 5.2 nm diameter (Lumidot™ 610) were mixed with behenic
acid and deposited using the LB-based approach. Note that it is
not clear where exactly NCs are incorporated in organics. After
20 cycles of LB-based deposition, the sample was annealed at
200 °C in order to remove the organic matrix, and a monolayer of
CdSe NCs was formed. The removal of organic layer was confirmed
by infrared (IR) and energy-dispersive X-ray (EDX) spectroscopies.

Micro-ellipsometry

The SERS substrates covered by a monolayer of CdSe QDs were
investigated by nulling micro-ellipsometry to determine the
LSP resonance position using a Spectroscopic Imaging Ellips-
ometer (EP3-SE, Accurion GmbH) with the spectral range of
365-1000 nm (3.4-1.24 eV).

The measured sample was modelled as a multi-layer system,
taking into account the optical properties of the substrate. Here a
Maxwell-Garnet effective medium approximation (MG-EMA) was
used. The dielectric functions of silicon, silicon dioxide and gold
were taken from the commercially available Woollam WVASE32 3.6
database. The substrate was modelled as a silicon substrate with a
silicon oxide thickness of 11 nm. The dielectric function obtained
for the MG-EMA layer is strongly dominated by the metallic
nanostructures on top of the substrate, matching the effective
dielectric function of the system. In turn this makes the deter-
mination of the LSPR peak possible even by directly recalculating
measured effective optical constants to the extinction coefficient.

Simulations

The extinction coefficients and LSP positions were numerically
modeled using the Fourier modal method with adaptive spatial
resolution and matched coordinates.*>*" This approach is very
efficient for calculating layered periodic systems fabricated
by electron beam lithography. The model volume consists of
a semi-infinite silicon substrate (constant refractive index of
n = 3.68), a 11 nm SiO, layer (n = 1.46) and a 40 nm high gold
disk. The analytical model of the dielectric function for gold
was taken from the work of Etchegoin et al.>®

Micro-Raman measurements

Raman experiments were carried out using Jobin Yvon Dilor
XY800, Horiba T64000, and Labram HR800 spectrometers
equipped with optical microscopes (the laser beam was focused
to a spot with a size of approximately 1 um? using 100x objective
with N.A. 0.9) in a backscattering geometry at room temperature.
The 632.8 nm (1.96 eV) line of a HeNe laser (Siemens), and
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several lines of a Kr' laser (Coherent) were used as excitation
sources. A laser power below 1 mW was used in the experiment
to avoid possible effects of local heating. For the SERS spectra
(on Au nanocluster arrays) 10 s acquisition time, 15 accumulations
were performed; each Raman spectrum (on Si) was acquired for
30 s, 60 accumulations, and the Raman intensity was divided by a
factor of 3 in order to compare the intensities.

TERS measurements

For the TERS experiments, a Raman spectrometer (LabRam HR800)
was coupled to an Agilent 5420 (Agilent, USA) atomic force micro-
scope (AFM). A custom-made optical extension delivered the laser
light to the AFM tip at an angle of 70° with respect to the sample
normal axis. A 50x magnification long-working-distance objective
lens with N.A.0.42 (Mitutoyo, Japan) was used both to focus the laser
light onto the tip in the vicinity of the sample surface and to collect
the scattered light. The 632.8 nm laser line with a laser power of
0.4 mW on the sample was used. The mirror and objective lens of
the optical extension unit were driven by piezoelectric motors to
improve the system stability when aligning the laser on the tip.
A fully metallic gold tip cantilever was used in contact mode in
the AFM for the TERS measurements. The cantilever preparation
procedure is described elsewhere.>" The tip apex was sharpened by
electrochemical etching. The TERS spectra were recorded with tip
down (in contact with the surface) and tip up (tip retracted by 1 pm)
on the gold nanocluster array with a 150 nm period. The gold
nanocluster diameter was 88 nm. The TERS spectra were accumu-
lated for 5 s.

Conclusions

The LSPR positions of gold nanocluster arrays fabricated by
electron beam lithography were measured using spectroscopic
micro-ellipsometry and compared to values calculated using the
Fourier modal method. Both the experimental and the computa-
tional approach show that the LSPR position red-shifts with an
increase in the nanocluster diameter. Using these SERS substrates,
an enhancement factor as high as 2 x 10° for the Raman scattering
by the CdSe LO phonon mode was demonstrated for a CdSe QD
monolayer. SERS allowed the detection of higher order phonon
modes for CdSe QDs, demonstrating their remarkable crystalline
quality. The dependence of SERS enhancement on the nanocluster
diameter for different excitation wavelengths reveals a resonance
behaviour suggesting that the electromagnetic enhancement
mechanism dominates. Finally, TERS results obtained from the
CdSe QD monolayer on the SERS substrate allowed acquiring the
spectrum of fewer QDs as compared to micro-Raman measure-
ments with an additional enhancement on the order of 10*. This
opens up a prospective for studying phonon spectra of QD arrays of
a low areal density.
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