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ABSTRACT: In this work, we demonstrate the two-photon fluo-
rescence of covellite-phase copper sulfide nanodisks and investigate the
role of the surface plasmon resonance on emission. Using selenium
doping, we blue-shift the plasmon resonance toward the two-photon
absorption edge. We observed a 3-fold enhancement of emission in these
samples and report two-photon action cross sections that are an order of
magnitude greater than conventional fluorophores. These nanomaterials
offer a novel “all-in-one” platform for engineering plasmon—exciton

coupling in the absence of a physical or chemical interface.
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wo-photon-absorbing (2PA) inorganic nanoparticles that
are capable of upconverting near-infrared (NIR) light
have the potential to enable a wide range of biophotonic
applications, ranging from fluorescence imaging in live tissue' ™*

to photodynamic therapy’ and clinical diagnostics.”” Semi-

conductor quantum dots composed of metal chalcogenides"®’
and Au nanoparticles'’~"” are the two main types of colloidal
solid-state nanoparticles that are currently being explored as
contrast agents for in vivo two-photon-induced emission (2PE)
imaging and spectroscopy. A major advantage of utilizing these
types of solid-state nanoparticles is the ability to probe live
tissue with much larger penetration depths, since NIR light
encounters less intrinsic scattering within tissue than visible
light. Bright 2PA nanoparticles that operate within the
biological tissue transparency window (630—1300 nm) are
particularly desirable for reaching deep tissue for carrying out
optical sectioning or achieving three-dimensional imaging.” In
comparison to conventional organic dyes that are used in 2PE
measurements, inorganic nanoparticles also exhibit reduced
photobleaching and increased photostabilities.” Their chemical
surfaces are also readily modified with specific chemistries for
increased biocompatibility, cell or tumor targeting, and pro-
longed circulation upon systemic delivery into an organism.' "

The synthesis of bright nanoparticle probes with large 2PE
action cross sections is still a major challenge. One strategy to
increase the brightness of 2PA nanoparticles is to excite a
localized surface plasmon resonance (LSPR) that serves as a
virtual state for NIR photon absorption (Figure 1).'® For
example, Au nanorods support a LSPR that is polarized along
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the longitudinal nanorod axis and can be excited between 700
and 1000 nm, depending on the nanorod aspect ratio.'” 2PA is
generated by plasmon excitation in the NIR, while fluorescence
in the visible range is generated by radiative decay from
intraband transitions of Au. However, the 2PE action cross
sections of Au nanorods and nanoparticles are inherently
limited by the low fluorescence quantum efficiencies of Au,
which is in the range of 107*.'® Alternatively, organic dyes have
also been demonstrated to exhibit enhanced 2PE when in the
close vicinity of a plasmonic Ag or Au nanoparticle,'”*" but
coupling between the LSPR of the nanoparticle and the
electronic transition of the dye in this multicomponent system
is weak.”!

The ability to excite an LSPR for enhanced 2PA properties
and to obtain strong exciton emission from a single
nanoparticle would be highly desired for 2PE measurements.
Highly doped semiconductor nanocrystals (SNCs) have the
potential to serve as these “all-in-one” type nanoparticles. We
and others have recently demonstrated that SNCs that possess
a large number of free carriers can support LSPR excitation
in the NIR and exciton generation in the same structure.”””>*
For example, Cu,_,S is a self-doped semiconductor where the
introduction of Cu vacancies in the crystal lattice produces hole
carriers. Cu,_,S SNCs exhibit an LSPR mode in the NIR range,
well below the band-gap energy (1.2 eV for Cu,S).”
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Figure 1. (a) Schematic of the electronic transitions for 2PE.
(b) Schematic of the absorbance profile for plasmon-assisted 2PA.

Advantageously for 2PA, the LSPR of these SNCs can be
explicitly tuned within the NIR to mid-IR wavelength ranges.
We have characterized how Cu,_,S SNCs respond to changes
in carrier density, including the effects of carrier density tuning
on near-field confinement and plasmonic coupling.”> We have
also observed shape-dependent LSPRs for SNCs by demon-
strating that Cu,_,S nanodisks possess both in-plane and
out-of-plane dipolar LSPRs.***° CuS (covellite) nanodisks, in
particular, exhibit a strong in-plane dipolar mode that
dominates the NIR extinction spectrum.

While the fluorescent and plasmonic properties of highly
doped SNCs have been studied extensively in recent
years,”>>*° very little work has been done to investigate the
2PA properties of these materials. In particular, very little is
known about how LSPR excitation and tuning can affect the
2PA cross sections of colloidal nanomaterials. In this work,
we demonstrate the 2PA and 2PE properties of CuS nanodisks.
We show that the wavelength of the in-plane LSPR mode is
critical to 2PE enhancement and that 2PA can be tuned on- and
off-resonance to observe these effects. Our results show that for
2PA that is tuned near the LSPR excitation wavelength, the 2PE
intensity observed from CuS nanodisks can be increased by
a 3-fold enhancement.

B EXPERIMENTAL METHODS

Chemicals. 1-Octadecene (C;sHs; 90%), oleylamine
(CigHysNH,, 70%), and sulfur powder (S, 98.98%) were
purchased from Sigma-Aldrich. Cupric nitrate hemipentahy-
drate (Cu (NO;),-2.5H,0, 98%) and chloroform (CHCI,,
99.25%) were purchased from Fisher Chemical. Selenium
powder (Se, 99.99%) was purchased from Alfa Aesar. All
reagents were used as purchased.

Cu$S Nanodisk Synthesis. A solvent mixture of oleylamine
and l-octadecene was prepared in a 1:3 ratio, respectively.
A 0.0928 g amount of copper nitrate (0.4 mmol) was dissolved
in 4 mL of solvent mixture by sonication, yielding a dark blue
0.1 M Cu precursor solution. For CuS nanodisks, 0.0192 g of
sulfur powder (0.6 mmol) was added to the precursor solution.
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The mixture was then heated to 160 °C in an oil bath for
30 min, forming a dark green solution. To remove excess
oleylamine and 1-octadecene, 4 mL of ethanol was added
and the mixture was centrifuged at 3K rpm for 5 min. The
precipitate was then removed, redispersed in chloroform, and
centrifuged at 7.5K rpm for 7.5 min to remove any byproducts.
This final centrifugation was repeated twice. The purified
precipitate was then dispersed in 4 mL of chloroform for use
and analysis. For Se-doped CuS nanodisks, a 0.6 mmol total
mixture of Se:S powder was used in lieu of 0.0192 g of sulfur
powder. The ratio of Se:S was varied to control the con-
centration of dopant in the final product.

Materials Characterization. Se:S content was determined
using energy dispersive X-ray spectroscopy (EDX). EDX
spectra were obtained using a Philips XL30 ESEM with an
Oxford EDX detector attachment coupled with Inca software.
Samples were prepared by drop-casting onto a clean silicon
support. The EDX detector was calibrated using the K, peak
of a Cu standard. Spot size, magnification, beam accelerating
voltage, and process time were all kept constant to ensure
accuracy in measurement. Relative errors in measurements are
summarized in Supplementary Figure SI4. Powder X-ray
diffraction (XRD) spectra were taken using a Rigaku RU200B
diffractometer coupled with MDI DatascanS software. A step
size of 0.02° and a dwell time of 1.0 s were used at a 100 kV
operating voltage. Samples were dried and deposited on a clean
glass slide for measurement. An FEI Tecnai G2 Sphera running
a LaBg filament at 200 kV was used for transmission electron
microscopy (TEM) micrographs. A Gatan Ultrascan 1000 UHS
CCD camera running Gatan Digital Micrograph was used for
imaging. TEM samples were prepared by drop-casting
nanodisks dispersed in chloroform onto an air—water interface.
Carbon-film Cu grids (200 mesh) were then dip-coated in the
dispersion.

Optical Characterization. Optical extinction spectra were
taken using a PerkinElmer Lambda-1050 UV—vis—NIR
spectrophotometer with a three-detector module. The samples
were dispersed in chloroform using a 1 cm quartz cuvette.
Scans were performed from 250 to 2000 nm. Photo-
luminescence spectra were acquired using a Princeton Instru-
ments Acton SP2300 monochromator coupled to a Nikon
Eclipse LV100 upright microscope. A Kimmon Koha 20 mW
325 nm He—Cd laser was used as an excitation source. Samples
were prepared by drop-casting onto a clean glass slide. For 2PE
measurements, a Leica SPS confocal microscope with a Leica
HyD detector was used. This system was coupled to a Spectra
Physics Mai Tai HP tunable laser. The excitation wavelength of
the Mai Tai HP was varied from 690 to 1040 nm with an
average power of 2.5 mW and pulsed at 100 fs through a
10X Leica objective. For sampling, a colloidal solution of
nanodisks in chloroform was sealed in a glass chamber. For
direct sample comparison, signal intensity was normalized for
particle concentration, which was determined using reported
methods.”” Chambers were sealed using 65 L of 15 X 15 mm
frame seals by Bio-Rad. Mean 2PE emission intensity values for
varied excitation wavelengths were determined by integrating
the detector signal over a specified and fixed wavelength range.
This collected range was 400—650 nm, which covers the range
of the emission spectra for all samples and is described further
in the Supporting Information (Section S1). Molar absorptivity
(a) values were calculated directly from particle concentration
and absorbance. Laser power measurements were performed
using an Ophir Vega hand-held laser power meter.
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Figure 2. CuS$ optical properties: (a) Typical TEM micrographs of CuS nanodisks (left) and Se-doped CuS nanodisks (right); scale bars are 150 nm.
Insets are zoomed-in images; inset scale bars are 20 nm. (b) Typical XRD spectra of CuS nanodisks with highlighted diffraction pattern.
(c) Photoluminescence emission spectra and extinction spectra for CuS.
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Figure 3. Nonlinear CuS emission: (a) 2PE spectra of Cu$ at various laser powers; (b) log—log plot showing the power-square dependence of
emission. Laser power was incrementally increased (Power Up) and decreased (Power Down) to acquire two separate fits for comparison.

B RESULTS AND DISCUSSION

CuS nanodisks were synthesized using solvent-based methods
as described in the Experimental Methods section. An excess of
sulfur powder was used to ensure the formation of the
stoichiometric Cu$ (covellite) phase, as opposed to the Cu;,S,
(digenite) phase, which preferentially occurs at higher Cu:S
ratios.”® Figure 2a shows a TEM micrograph of a dispersion of
undoped (left) and Se-doped (right) CuS nanodisks using the
solvent-based method, which yielded particles with an average
diameter of 31.14 + 7.45 nm with an aspect ratio of 4.54 +
1.51. The diameters and aspect-ratio distributions of individual
samples are fully listed in Table S1. The powder XRD spectrum
of CuS nanodisks is shown in Figure 2b, highlighting the
characteristic diffraction peaks of the covellite phase. CuS is a
p-type semiconductor that exhibits semimetal behavior.”®
Furthermore, it exhibits absorptive and emissive optical res-
ponses. Figure 2c¢ plots an overlay of the photoluminescence
emission (4, = 325 nm) and the extinction spectrum for a
typical colloidal CuS nanodisk sample dispersed in chloroform.
The extinction peak in the NIR is a maximum at 4;gpg = 1125 nm
and is attributed to a strong in-plane dipole mode. The onset of
the absorption edge can be observed at ca. 400 nm and is the
result of excitonic absorption due to quantum confinement and
a direct band gap.”” The Stokes-shifted photoluminescence
emission maximum occurs at Az = 505 nm. 4;gpp in undoped
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CuS nanodisks occurs at well over double the wavelength of the
absorption edge, which enables 2PA.

To determine whether these CuS are capable of nonlinear
absorption, we carried out 2PE measurements using femto-
second-pulsed laser excitation at A, = 855 nm. CuS nanodisk
samples were prepared by drop-casting and drying the dis-
persion onto a clean glass slide. These samples exhibit a well-
defined emission peak centered at ca. Az = 500 nm (Figure 3a).
The line shape and location of this peak is in close agreement
with the single-photon fluorescence measurements in Figure 2c.
In order to demonstrate that this emission is the result of 2PA,
we measured the fluorescence emission intensity with respect
to the power of the excitation source. While single-photon
absorption is expected to give a linear relationship, multiphoton
absorption is expected to give rise to a nonlinear relationship
between emission intensity and source power.”” For a perfect
2PA process, the emission intensity varies with the square of
the source power.”" Figure 3b shows a log—log plot of laser
power versus emission intensity. Upon increasing and decreasing
laser power, we observed a slope of 1.87 and 2.37, respectively.
This is in close agreement with the power-squared dependence
(slope = 2) characteristic of a 2PA process.

To study the effect of A, pr on 2PE intensities, we modulated
the wavelength of A spr by doping the CuS nanodisks with Se.
Doping is achieved by direct substitution of S atoms within the
covellite lattice with Se atoms. X-ray diffraction measurements
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Figure 4. CuS 2PE dependence on plasmon resonance: (a) extinction spectra of 2.6% Se-doped Cu$ (blue) and undoped CuS (red); (b) mean 2PE
intensity as a function of excitation wavelength; (c) dependence of mean 2PE intensity on A ¢py location; (d) two-photon action cross section as a
function of CuS nanodisk molar absorptivity at the excitation wavelength.

show that the crystal structure remains constant and covellite-like,
which suggests a 1:1 ratio of Cu to total chalcogen (Figure S3).
The extinction spectra for these samples is plotted in Figure 4a,
which shows a 4;¢py value of 945 and 1150 nm for doped and
undoped samples, respectively. Our results show that the A; gpg
of the in-plane dipole mode can be blue-shifted toward lower
wavelengths with increasing Se content. The largest blue-shift
in A;gpr that can be achieved gives A gpg = 945 nm for 2.6
atomic % Se by atomic weight. Increasing the amount of Se
content beyond a few percent results in a red-shift in A;gpp,
likely due to poor Se solubility in the CuS lattice (Figure S2).

We then determined whether Se doping results in a change
in the 2PA wavelength. Figure 4b shows a plot of the mean 2PE
emission intensity with respect to A.,, with a step size of 5 nm.
As described in the Experimental Methods section, the mean
intensity is the integrated emission signal over a specified
wavelength range. This range is fixed for all samples from
400 to 650 nm. This was performed for two samples: (i) an
undoped CuS nanodisk dispersion and (ii) a Se-doped Cu$
nanodisk dispersion with 2.6 atomic % Se, as measured by
energy-dispersive X-ray spectroscopy. The two samples show
no difference in the A, value that gives the maximum 2PE
intensity, with 4., = 855 nm for both the undoped sample and
Se-doped sample. This suggests that Se doping does not affect
the absorption edge of the CuS nanodisks.

Next, we measured the mean 2PE emission intensity as a
function of A; gpy for eight different CuS nanodisk samples. These
CuS$ nanodisk samples were synthesized with varying Se content
and exhibit in-plane LSPR modes with A;gpr varying between
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945 and 1155 nm. Figure 4c plots the mean 2PE intensity
obtained for A, = 855 nm. As the value of A s begins to
approach the value of 4, we see that the measured 2PE intensity
experiences a dramatic increase. 2PE intensity is maximized as
Arspr approaches the two-photon absorption edge. This indicates
that the increase in emission intensity occurs due to an increase
in absorbance, since field enhancement of the fluorescence
emission is not expected at these long wavelengths32 (Figure 4c).

To gauge the effect of LSPR excitation on 2PE, we calculated
the two-photon action cross sections (o¢) for these CuS
nanodisks. ¢ has been used extensively as an effective measure
for the magnitude or brightness of two-photon-induced
fluorescence emission®”** and is the product of the absolute
2PA cross section () and the fluorescence quantum efficiency
(¢). We calculated o using previously reported methods®**
and used Lucifer Yellow as a reference fluorophore. This
method is described further in the Supporting Information
(Section S1). For our samples, 6¢ ranged from 22552 to
7211.5 Goeppert—Mayer (GM) units, depending on the value
of A gpr (Table 1). Our results show that higher ¢ values
correlate with greater overlap between A gpr and A,. This range
for o¢ is also on the order of previously reported values for
solid-state luminescent materials such as CdSe quantum dots
and gold nanorods"*® and an order of magnitude above those
reported for conventional molecular fluorophores such as
Bodipy, DAPL, and rhodamine B.”

To indicate the relationship between LSPR excitation and
2PE brightness, we plotted o¢) as a function of CuS nanodisk
molar absorptivity at 855 nm (agss) (Figure 4d). We calculated
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Table 1. Two-Photon Action Cross Sections for Various CuS
Samples

sample Arspr (nm) o (GM)
1 945 7211.5
2 970 4551.7
3 970 4481.5
4 990 2849.7
S 1090 2560.9
6 1125 23222
7 1150 2293.9
8 1155 22552

Ojgss directly from the extinction spectra for various Se-doped
CuS nanodisk samples, as described in the Experimental
Methods section. We observe that o¢p is maximum for our
highest obtained value of agss. We also observe that the
relationship between ¢ and aygss is highly nonlinear and that
a critical value of aggg = 4 X 10" cm™ M™" must be reached
before the 2PE brightness increases. These higher agss values
indicate stronger light absorption, which correlates well with
higher 2PE brightness. This is additional evidence that plasmon-
assisted absorption plays a role in enhanced absorption, rather
than emission.

B CONCLUSION

This work demonstrates the nonlinear optical properties of
plasmonic covellite CuS nanodisks synthesized by colloidal
methods. Furthermore, we probe the effect of LSPR excitation
on 2PE by utilizing Se doping to tune the LSPR wavelength.
While Se doping is unable to achieve full registry of the LSPR
peak with the absorption edge of CuS, we observed a strong
enhancement of 2PE emission for samples with higher spectral
overlap. This 2PE response is unique in that the SNCs serve as
both the plasmonic and photoluminescent components,
offering an all-in-one platform for engineering plasmon—
exciton coupling in the absence of a physicochemical interface.
Furthermore, the 2PE action cross sections indicate that these
CuS nanomaterials show great potential for applications that
require multiphoton absorbance, such as bioimaging and photo-
dynamic therapy. Future studies will explore alternative dopant
materials and SNC shapes that may offer greater flexibility
with modulating the LSPR resonance wavelength to match the
absorption edge of CusS.
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