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Abstract:

Carbon nanodots (CNDs) are featured with a wide range of light absorption and excitation-
dependent fluorescence. The emission enhancement of CNDs is of great interest for the
development of nanophotonics. Although the phenomenon of plasmon-enhanced fluorescence
for quantum dots and molecular dyes has been well investigated, rarely has it been reported for
CNDs. In this work, a series of plasmonic nanoslit designs were fabricated and utilized for
immobilization of CNDs in nanoslits and examination of the best match for plasmonic
fluorescence enhancement of CNDs. In concert, to better understand the plasmonic effect on the
enhancement, the surface optical field is measured with or without CND immobilization using a
hyperspectral imaging system as a comparison, and a semianalytical model is conducted for a
quantitative analysis of surface plasmon generation under the plane-wave illumination. Both the
fluorescence and surface reflection light intensity enhancement are demonstrated as a function of
nanoslit width and are maximized at the 100 nm nanoslit width. The analysis of surface
plasmon—exciton coupling of CNDs in the nanoslit area suggests that the enhancement is
primarily due to plasmonic light trapping for increased electromagnetic field and plasmon-
induced resonance energy transfer. This study suggests that incorporating CNDs in the
plasmonic nanoslits may provide a largely enhanced CND-based photoemission system for
optical applications.
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Introduction

Fluorescence is one of the most utilized phenomena in various fields such as optical devices,
microscopy imaging, biology, medical research, and diagnosis. For many of these applications, it
is desirable to enhance the fluorescence to obtain a greater signal from few samples. Surface
plasmons (SPs)!"? on subwavelength nanostructured surfaces were found to be capable of
fluorescence enhancement.® The optical phenomena of SPs lie considerably in the conductive
surfaces through manipulating the geometry of subwavelength apertures with a periodic
structure.*> The plasmonic-enhanced fluorescence results in a variety of applications, such as
biodetection and biosensing schemes.®” Specifically, many cancer biomarkers, hormones,
allergens, and proteins have been detected by SP resonance (SPR) biosensors with high accuracy
and sensitivity.®) Nevertheless, improving fluorescence sensitivity for single molecular detection
is still undertaken for the development of the next-generation fluorescent systems.® '

Propagating or localized SPs can couple to incident photons, resulting in a confinement of the
electromagnetic (EM) field. This interaction is associated with large enhancement of the field
and local optical density of states. When a fluorophore is coupled to the plasmonic-coupling
surface, the enhanced field can be utilized to increase excitation rate, thus enhancing and
controlling far-field angular distribution of fluorescence.'® Further, because of their high
sensitivity to geometry and surroundings, SPs can concentrate light within subwavelength
volumes.(!*!9 Lately, plasmon coupling interaction has been used to increase light absorption
and fluorescence of carbon nanodots (CNDs) based on coupling to a localized SPR (LSPR) of
metallic nanoparticles.!%17

CNDs have attracted great attention because of their promising characteristics such as strong,
tunable photoluminescence and good optoelectronic properties.!®!?) The fluorescence in CNDs
is due to band gap transitions, but the nature of the transitions is not fully understood.?*?* These
transitions could arise from conjugated n-domains, bond disorder-induced energy

gaps,?*?> and/or giant red-edge effects that give rise to fluorescence depending on strong
excitation wavelength.?627 Light emission has also been attributed to quantum confinement
effects,®® size-dependent optical properties,?” surface-related defect sites,*” and radiative
recombination of excited surface states.®!

While plasmonic enhancement of fluorescence from quantum dots (QDs) or dye molecules has
been investigated, 33234 the research of the plasmonic effect on the fluorescence of CNDs is
rare, especially CNDs on nanostructured conductors. Instead, CNDs were reported to have a
plasmonic effect to increase the fluorescence of ZnO QDs.*> Over the past few years, a
significant amount of work has been done to enhance the fluorescence of CNDs by working on
tuning their structures. It has been noticed recently that fluorescence of CNDs can be enhanced
on the gold films when CNDs were labeled on bacteria cells.®

Considering that the fluorescence properties of CNDs could be modulated by the enhanced fields
derived from the spatially confined SPs corresponding to the optical excitation at or near the
resonant energies, there are few findings on the LSPR and/or SP polariton (SPP) effect and how
it helps in the enhancement of fluorescence of CNDs. It would also be interesting to find out the
fundamental relationship between the fluorescence enhancement and the surface plasmon



generation (SPG) efficiency. Here, the SPG is described as the rate of SPP launching,
propagation, and scattering by matching the continuous EM field quantities at the dielectric—
metallic interface.®”*® Recently, we observed the plasmon—exciton coupling effect on light
energy conversion to photocurrent by a system where photosystem I is embedded in plasmonic
nanoslits and correlation to the SPG efficiency of the nanoslit-based photoelectrochemical
cell.?

In this study, a nanoslit design for fluorescence enhancement setup is used and fluorescence
enhancement of CNDs in these plasmonic nanoslits is observed. The CNDs are immobilized in a
nanoscale slit, and the nanoslit is illuminated with a light source for spectral and fluorescent
imaging measurements (Figure 1). The nanoslit arrays used in this study have slit widths of 50,
100, 200, 300, 400, or 500 nm. The present work demonstrates that tuning the width of the
nanoslit provides a good match for CND excitation and induces fluorescence enhancement from
the CNDs immobilized in nanoslit arrays. The fluorescence enhancement correlates to the
nanoslit width-dependent SPG efficiencies. In concert, the near-field light intensity spectra are
measured in a reflection mode upon an incident white light as a comparison to the fluorescence
enhancement. The mechanisms for the optical enhancement are discussed on the basis of
plasmonic—exciton coupling interaction in the nanoslit gap.
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Figure 1. Schematic view of the setup used for the light intensity measurements (top) and
illustration of the protocol for the SAM formation and CND immobilization on the gold nanoslit
surfaces (bottom).

Experimental Section

Synthesis and Characterization of CNDs. CNDs were synthesized from urea and citric acid
using a previously reported microwave-assisted procedure.!*4? Briefly, citric acid (1.0 g, 99%,
Acros Organics) and urea (1.0 g, 99.5%, Aldrich) were simultaneously added to 1.0 mL of
deionized (DI) water forming a homogeneous solution. Then, a microwave synthesizer (CEM
Corp 908005) was used to heat the solution (300 W for 18 min). Next, to remove aggregated and
large particles, the cold aqueous reaction solution was purified using a centrifuge (Sorvall
Legend XFR floor model centrifuge) for 20 min at 3500 rpm. The sample was dialyzed for 24 h



(1000 molecular weight cutoff, Fisher Scientific) against DI water (three times) to purify the
dark-brown solution. Last, a freeze-dryer (FreeZone 6, Labconco) was used to dry the resultant
solution for 24 h to obtain the solid sample.

Atomic force microscopy (AFM, 5600LS AFM, Agilent) was used to test the size of the purified
CNDs on a freshly cleaved mica surface. To study the chemical structure and elemental content
of the CNDs, Fourier transform infrared spectroscopy (FTIR, 670 FTIR, Varian) was used. UV—
vis spectroscopy (Cary 60001, Agilent) and fluorescence spectroscopy (Cary Eclipse, Agilent)
were used to study the optical properties of the CNDs. Both UV—vis and fluorescence were
obtained using CNDs dissolved in DI water at a concentration of 0.05 mg/mL.

Fabrication of the Device. Glass cover slips were used as substrates and were cleaned in a
piranha bath (3:1 HoSO4/H>0»), rinsed with DI water, dried with a nitrogen stream, and cleaned
in an oxygen plasma (200 W, 2 min). The substrates were then dehydrated on a hot plate at 180
°C. Metal deposition was performed by e-beam evaporation (Kurt Lesker PVD75 e-beam
evaporator). After reaching a base pressure of 1.4 x 107 Torr, Ti was evaporated at a rate of 0.3
A/s to a thickness of 2.2 nm, Au was evaporated at a rate of 1.2 A/s to a thickness of 150.3 nm,
and then Ti was evaporated at a rate of 0.4 A/s to a thickness of 2.4 nm. SiO, was used as a
capping layer, and 10.2 nm was deposited atop the final Ti layer at a rate of 0.8 A/s. Nanoslits
were milled in the center of each substrate with focused ion beam milling using a 30 kV, 50 pA
probe and a dose of 0.250-0.400 nC/um? (Zeiss Auriga). Each device was milled to have either
one slit (with slit widths of 50, 100, 200, 300, 400, or 500 nm) at the center (Figure S1) or an
array of nanoslits of different widths (50, 100, 200, 300, or 400 nm) with a periodicity of 500 nm
(Figure S2). As a control, a burn box was made by completely milling an area the same size as
the nanoslit arrays.

Preparation of Immobilized CNDs onto the Gold Surface. Gold-coated cover slips with
individual or arrayed nanoslits were first cleaned with O plasma (South Bay Technologies
PC2000 Plasma Cleaner) for 10 min. The coverslips were then incubated in a mixture of 11-
mercaptoundecanoic acid (HS(CH2)10COOH, Sigma-Aldrich) and 8-mercapto-octanol
(HS(CH»)sOH, Sigma-Aldrich) in an absolute ethanol solution (Acros Organics) with a 1:2 mole
ratio for 24 h to form a self-assembled monolayer (SAM). After SAM formation, the gold slides
were incubated in 0.5 mM 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(TCI)/N-hydroxysuccinimide (Sigma-Aldrich) for 2 h to activate the carboxylic acid groups.
Next, the gold slide was rinsed with DI water and immediately moved to a freshly prepared 10
mL solution containing 0.05 mg/mL of CNDs for 2 h. The gold cover slips were rinsed with DI
water and dried before the experiment.

Fluorescence Imaging and Intensity. Fluorescence measurements were carried out using an
Axio Z2M microscope in reflection mode. Axio Z2M microscope is an optical microscope with
different filters (blue, green, red). For fluorescence measurements in reflection mode, images
were acquired using a 20% objective lens, 9.25 s exposure time, and one of two filters: 430 nm
(395440 nm) or 480 nm (450—490 nm). These fluorescent images of the nanoslits were
converted into gray-scale images by MATLAB program, and then ImagelJ software was used to
calculate the fluorescence intensity.



Reflection Intensity Measurement. In addition to the Axio Z2M microscope, intensity
measurements were also carried out using hyperspectral imaging (CytoViva). The CytoViva
hyperspectral imaging system has both an optical imaging mode and a hyperspectral imaging
mode. Hyperspectral imaging technology is specifically developed for spectral characterization
and spectral mapping of nanoscale samples. The optical imaging system equipped with a 100x
objective lens and white light source (400—1000 nm) was used to focus the sample, allowing the
hyperspectral image to be taken. Three measurements were taken for each device before the
deposition of CNDs and nine measurements for each device after the deposition of nanodots.
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Figure 2. Characterization of the CNDs by different techniques: (a) AFM topography image, (b)
FTIR spectra, (c) UV—vis absorption spectra, and (d) fluorescence emission spectra.

CND Synthesis and Characterization. AFM (Figure 2a) with associated height profile analysis
(Figure S1) indicates that the CNDs have an average size of about 2-3 nm. Note that some of
them are as large as about 5 nm as shown by the orange circle. As a note, because the radius of
curvature for the AFM probe is larger than that for the CNDs, the x and y data do not accurately
represent the size of the particles; however, the height data can be used to accurately determine
the particle size. According to the FTIR spectra (Figure 2b), v(N—H) and v(O—H) are observed
according to the presence of broad bands (from 3100 to 3400 cm™'), which suggests that the
CNDs are hydrophilic and stable in aqueous solution.!” The FTIR signals at 765 (C—C), 1182
(C-0), 1418 (C=C), and 1563 (C=0) cm™" are assigned, respectively.“**) UV—vis absorption
(Figure 2c) shows two main features; the n—n* transition of the C=0 moieties can be detected at
about 330 nm,?? and the feature between 400 and 500 nm is attributed to the transition of



surface states.*?) No absorption features can be found above 700 nm. CNDs have been used as a
fluorescent dye in bioimaging applications because of their excitation-dependent
photoluminescence.® Figure 2d shows the fluorescence emission spectra of CNDs in DI water
(0.05 mg/mL) under different excitation conditions (Aex ranging from 330 to 510 nm). The longer
excitation wavelength induced an obvious red shift in the fluorescence emission spectra. At an
excitation wavelength of 360 nm, a maximum peak emission is observed at 435 nm. Hence, the
CNDs are characterized with a diameter of ~2—3 nm sphere, possess surface functionalities (e.g.,
carboxylates and amines/amides), and display absorbance signals below 700 nm and excitation-
dependent fluorescence properties.

Metallic Nanoslit Fabrication and CND Immobilization. Metallic nanoslit films of Au were
designed and fabricated to conduct the fluorescence and light illumination experiments.
Representative scanning electron microscopy (SEM) images of the nanoslit arrays at slit widths
of 50, 100, 200, 300, and 400 nm and individual nanoslits are shown in Figures S2 and S3. The
SEM images clearly show straight nanoslits or nanoslit arrays in metallic films. To study the
fluorescence and light intensity signals, CNDs were immobilized on both sides of the nanoslit
area with a SAM formation using 11-mercaptodecanoic acid and 8-mercapto-octanol.!'” The
SAM bridge makes the distance between the CNDs and gold surfaces around 1 nm.

Fluorescence Imaging and Intensity. Fluorescence measurements were taken using an Axio
Z2M microscope. The slit arrays of different widths (Figure S2) were used in this measurement
because a single nanoslit was invisible under the Axio Z2M microscope. CNDs were
immobilized in nanoslit arrays and burn box (control) with a self-assembly method. Figure 3a,b
shows the optical fluorescence images and gray-scale images of different width nanoslit arrays
under the two excitation wavelengths after deposition of CNDs. There was no fluorescence in the
nanoslit array before the deposition of CNDs, but after the deposition of CNDs, strong
fluorescence images of the nanoslit arrays were obtained. No or little fluorescence was observed

inside the burn box.
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Figure 3. Fluorescence images of different width nanoslit arrays with the Axio Z2M microscope.
(a) Upper panel shows the images taken using a 395-440 nm filter light source, and lower panel
shows the same fluorescent images when converted to gray-scale images; (b) fluorescence
images (upper panel) taken using a 450—490 nm filter and converted gray-scale images (lower
panel); and (c) graphic plot showing the fluorescence intensity measured with different filters
corresponding to different nanoslit width arrays.
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The fluorescence images were converted to gray scale using the MATLAB image processing
tool without changing the original intensity. Then ImagelJ software was used to calculate the
integrated intensity of each nanoslit array using the same area. Figure 3¢ shows the calculated



intensity of the two different filters used for fluorescent imaging (Tables S1 and S2). The
resulting intensity distribution of the nanoslit arrays is similar upon two different excitation
lights but slightly higher when using longer excitation wavelength. Regardless of the excitation
wavelength, the maximum intensity is observed for the 100 nm width nanoslit array and
minimum for the burn box.
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Figure 4. (a) Representative net light intensity spectra of CNDs at different nanoslits after
subtracting the light intensity of nanoslits before deposition of CNDs; (b) net peak light intensity
for different nanoslits with immobilized CNDs plotted as a function of nanoslit width.

Reflection Light Intensity and Spectra. The reflective light intensity spectra of the
immobilized CNDs were obtained by the CytoViva hyperspectral microscope in a reflection
mode (Figures S4 and S5). Figure 4a shows representative net intensity spectra measured for
different nanoslits after the deposition of CNDs by subtracting the background intensity of
nanoslits only. Figure 4b presents the averaged peak intensity of the net light intensity spectra as
a function of the nanoslit width (for data, see Tables S3 and S4). Note that the average value of
the net light intensity was obtained from nine measurements (three measurements from three
devices) for each nanoslit width. The highest light intensity both with and without CNDs was
observed when using 100 nm width slits, and this device also presented the highest net intensity.
In contrast, the reflective intensity of burned box is very small and insignificant, and the peak
intensity is less than 500 a.u. for CNDs on the plane gold substrate versus ~10 000 a.u. in a 100
nm nanoslit. The intensity increases indicate the near-field EM field enhancement by the
plasmonic nanoslits. The results from this experiment and the fluorescence show similar trends



with respect to the nanoslit width, suggesting a strong plasmon—exciton coupling effect on the
EM field enhancement, which promotes the fluorescence enhancement of CNDs.

SPR Analysis of Gold Nanoslits. To investigate the effect of plasmon—exciton coupling on the
fluorescence enhancement, the SPR of various metallic nanoslit structures with respect to the
light source was examined. A mechanistic description of the SPP scattering coefficients and
efficiencies at the slit apertures is needed regarding the geometric diffraction with the bounded
SPP modes launching on the flat interfaces surrounding the slits.”-384445 The scheme in Figure
S7a shows the various parameters of the nanoslit structure to calculate SPG efficiencies “e” by a
plane wave at normal incidence. The SPG efficiency at one side of nanoslit aperture is calculated
according to a semianalytical mode reported earlier.*3% The results of SPG analysis are shown
in Figure S7b and Tables S5 and S6, which are used in the following discussion for comparison
with the experimental results (Figure 5). The SP excitation is efficient at visible frequencies,
while “e” decreases rapidly with an increase in wavelength. The “e” value from a 100 nm
nanoslit is the highest when the wavelength of incident light is longer than 600 nm; however, the
decreasing nanoslit width increases the “e” value with incident light below 600 nm.
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Figure 5. Plot of normalized values of fluorescence and reflection light intensity of CNDs
deposited in nanoslits and the SPG efficiencies “e” at 500 and 700 nm incident light vs the width
of nanoslits.

Discussion

Surface-attached molecular fluorescence signal enhancement depends on the local EM intensity
to the molecules, quantum yield, and the energy-transfer process.®*#® Assuming the same
quantum yield of CND fluorescence at gold surfaces in different slits, the fluorescence
enhancement of CNDs arises from the local EM field enhancement and/or energy transfer.
Because the nanoslit structure generates both LSPR and SPP, SP-induced trapping/scattering of
incident light in nanoslit cavities containing CNDs will lead to an exciton—plasmon coupling
effect, dominating the enhancement of the fluorescence.” Hence, a mechanism is required for



SP-coupled emission enhancement and/or excitation enhancement.®) Namely, there should be
some overlap of the SP-induced EM field with the wavelength of photoemission or absorption of
CNDs. The reflection spectra show SP-induced light wavelength ranging from 450 to 900 nm
(Figures S4 and 4), which has some overlap with the absorption band of CNDs (Figure 2c)

(see Figure S8). The fluorescence by two excitation wavelengths at 395-440 and 450—490 nm
produces emission spectra from 400 nm up to 650 nm (Figure 2d), and these spectra overlap with
the SP-induced EM field as well. It is interesting to observe that there is more emission overlap
at the longer excitation wavelength with the local EM field at the excitation light of 450—490 nm.
This may be one of the factors that the longer excitation light (450—490 nm) has higher
enhancement especially at a larger nanoslit width than that of excitation light at 395440 nm.

One concern is that why the fluorescence of the immobilized CNDs would not be quenched by
the gold surfaces. While fluorescence of a chromophore can be quenched by closely linked gold
nanostructures, the quenched fluorescence can be enhanced by a paired plasmonic noble metal
nanostructure if there are plasmon coupling interactions. Recently, Zhu et al. reported that
fluorescence of a cyanine probe is quenched by a linked gold nanoparticle, but its fluorescence
can be turned on when the immobilized probe is put into the gap region of coupled gold
nanoparticles.*” In this work, the CNDs are immobilized in one side of the nanoslit surface and
located in the gap of the nanoslit. It is believed that the plasmon—exciton coupling effect in
nanoslits is the origin of the fluorescence enhancement. A further analysis is discussed below.

The SPG efficiency is a good parameter to further examine the relative strength of the plasmon—
exciton coupling-induced EM field in the nanoslits of different widths and the effect on
fluorescence enhancement. For comparison, Figure 5 presents a plot of normalized values of
averaged fluorescence, reflected light peak intensities, and the SPG efficiency “e” versus the
width of nanoslits. Note that the SPG was analyzed without immobilization of CNDs,
representing the SP field strength in the nanoslit cavities. Both the fluorescence and reflection
light intensities follow the same order of Lioo > Lso > L200 > L300 > Laoo (the subscripted number
represents the nanoslit width in nm). In other words, the 100 nm nanoslit provides the strongest
local field in terms of the enhancement of fluorescence and reflected light intensity, which is
reasonably consistent with the calculated SPG efficiency. This suggests that the fluorescence
property of CNDs is strongly influenced by the increase in localized EM field, which results
from the excitation of the plasmon resonance near the gold nanoslits. A previous report on EM
field modeled using a finite-difference time-domain (FDTD) simulation (Figure S9)
demonstrated the same order of EM field strength and surface light intensity measurement.®?

The difference of the fluorescence enhancement from the reflection light and the SPG
efficiencies suggests additional energy-transfer process contributing to the fluorescence
enhancement. Other than the aforementioned light trapping, there are a few energy-transfer
mechanisms proposed for plasmonic enhancement, including fluorescence resonance energy
transfer (FRET),®? hot electron injection (direct electron transfer), and plasmon-induced
resonance energy transfer (PIRET).®!%? The small distance (<10 nm) and absorption overlap
between the CNDs and the gold surface makes plasmonic FRET possible, but efficiency is
expected to be low because of Stoke’s shift energy transfer from the metal nanoslit structure to
the CNDs.®? Meanwhile, the hot electron injection is minimized because of the interfacial
barrier and low efficiency (<1%).%® Considering the lifetime of plasmon, near-field coherent



PIRET would be an alternative process for the efficient plasmonic energy transfer between the
gold film in nanoslits and the attached CNDs, while the plasmon still remains excited.>¥

Figure 6 depicts a schematic illustration of plasmon—exciton coupling effect on fluorescence
enhancement of CND immobilized in the metallic nanoslit surface. For this hybrid metal-CND
system, the plasmonic light trapping and the PIRET between gold nanoslit and CNDs play major
roles in the enhanced fluorescence generation. First, the enhanced field by light concentration in
the nanoslit presents an overlap with the absorption and emission spectra of CNDs. Second,
because of the existence of multiple interband transition dipoles in the CNDs,!” first-order
dipole—dipole coupling between the plasmon in gold, and resonance dipoles in CNDs (purple
color array in Figure 6), a resonance energy transfer from the metal film to the CNDs occurs via
the PIRET process.®? It is expected as well that higher SPG efficiency would provide increased
dipole—dipole coupling, thus increasing the energy-transfer rate. Both the light trapping and
PIRET enable generation of more energetic electrons in CNDs, causing increased populations in
the conduction band (CB) from the valence band (VB). As a result, more electrons at the higher
energy levels of CB of the CNDs may lead to enhanced photoemission. Furthermore, increased
energetic electron generation in the CB potentially increases the kinetics of relaxation to the VB,
resulting in more emission per unit time. In this case, the fluorescence quantum yield increases.
The above discussion conforms the effective fluorescence enhancement of the CNDs with the
SPG efficiency of the plasmonic setup with nanoslit width dependence and maximized
enhancement at the 100 nm slit width in this work.
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Figure 6. Schematic diagram illustrating the proposed process of fluorescence enhancement of
CNDs because of SPR generation and energy transfer in a gold nanoslit.

Conclusions

In this report, we demonstrate the influence of SPR on fluorescence intensity of the CNDs by
immobilizing the CNDs on the gold surface in nanoslits. The fluorescence intensity is greatly



enhanced, which corresponds to the calculated SPG efficiency by comparing the experimental
results to a semianalytical analysis of the SPG efficiency. Among the studied width of nanoslits
at 50, 100, 200, 300, 400, and 500 nm, the 100 nm width nanoslit presents the highest
fluorescence enhancement of ~10x demonstrating an excitation wavelength dependence. The
surface optical field measured as a reflection light intensity under a broad-spectrum incident light
increases to ~6x when CNDs are deposited. The results are discussed using the phenomenon of
plasmon—exciton coupling focusing on increase in the local EM field surrounding the nanoslit
and PIRET. These factors correspond to the enhancement in excitation and modification of
emission rate of CNDs that ultimately enhance the fluorescence intensity of CNDs. This study
offers promise for the development of a new CND—plasmon-based platform which can be used in
optical biosensors and nanoscale optical devices.
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