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This paper reports how the interfacial engineering of plasmonic nanoparticle (NP) latti-
ces with desired surface characteristics can control plasmon-molecule interactions for
tunable nanolasing thresholds. Compared to bare Cu NP lattices, graphene-coated Cu
NPs surrounded by aromatic dye molecules gain support lasing with lower thresholds
and at lower dye concentrations. This lasing enhancement is attributed to favorable
molecular arrangements in electromagnetic hotspots through π–π interactions between
graphene and IR-140 (5,50-dichloro-11-diphenylamine-3,30-diethyl-10,12-ethylene-
thiatricarbocyanine-perchlorate) and 4-(dicyanomethylene)-2-methyl-6-(4-dimethyla-
minostyryl)-4H-pyran (DCM) dyes. Besides the chemical interactions mediated by
few-layer graphene, nanoscale dielectric layers such as fluoropolymer and alumina can
also tailor the thresholds by modifying the spatial overlap of the dye near the NP sur-
face. Our work lays the foundation for interfacial engineering of the surface of resonator
units in plasmonic metasurfaces for exquisite control of light-matter interactions.

nanolasing j light-matter interactions j Cu plasmonics j graphene j core-shell nanoparticles

Optical metasurfaces are engineered planar structures of dielectric or plasmonic build-
ing blocks that can control the propagation of light (1, 2). All-dielectric metasurfaces
can support strong Purcell enhancements and photonic resonances with high quality
factors (Q > 105) because of low losses from absorption (3, 4). Compared to dielectric
resonators that confine optical fields within their high refractive index materials (5, 6),
plasmonic nanostructures squeeze light into subwavelength volumes at their metal-
dielectric interfaces (7–10). When metallic nanoparticles (NPs) are diffractively coupled
in a periodic array, hybrid photonic-plasmonic modes known as surface lattice resonan-
ces (SLRs) form (11, 12). Compared to the localized surface plasmon resonances of
single plasmonic NPs, SLRs of NP lattices have higher quality factors (Q > 400) and
more than an order of magnitude higher near-field enhancements on a per-particle
basis (13–15).
Combined with gain media, plasmonic NP lattices can provide optical feedback for

lasing (13, 16, 17). Since lasing action is sensitive to the intensity and distribution of
optical near fields in cavities, the structural engineering of NP lattices has been
exploited for control over a wide range of lasing characteristics (18, 19). For example,
polarization-dependent lasing has been demonstrated in lattices of anisotropic NPs
(20), and modification of the photonic band structure by varying either the lattice
geometry or the refractive index environment can tune the wavelength, direction, and
polarization of lasing emission (19, 21–24). Because surface plasmons decay exponen-
tially from metal-dielectric interfaces (8, 13, 25, 26), the spatial overlap of the electro-
magnetic field and emitter is critical. Although tailoring hotspot locations by combined
NP shape and mode engineering (27) and arranging emitters with nanometer precision
in colloidal systems (28–33) have shown potential for lasing control, the rational design
of plasmon-emitter organization in lithographically fabricated NP lattices is underex-
plored. Thin-film deposition techniques such as chemical vapor deposition and atomic
layer deposition are widely used to create conformal coatings that result in hybrid
nanostructures (34). Nanoscale surface layers on plasmonic lattices offer an approach
to tune the interfacial interactions between NPs and emitters for exquisite control over
lasing action.
Here, we show how surface engineering of plasmonic NP lattices with different func-

tional layers can manipulate nanolasing characteristics. Few-layer graphene conformally
grown on arrays of Cu NPs combined with molecular dyes as gain media showed lasing
action at lower concentrations and lower thresholds compared to bare Cu NP lattices.
We attribute these improvements to π–π interactions between aromatic molecules and
graphene, which was confirmed by calculations of adhesion energy and simulations of a
surface-dye lasing model. Dielectric fluoropolymer (CFx) and alumina (AlxOy) layers
on Cu NPs were also compared as spacers to reduce quenching but showed higher
thresholds than graphene of the same thickness. Moreover, increased thicknesses of
CFx layers showed similar lasing behavior, but thicker AlxOy layers resulted in higher
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thresholds. The materials-dependent thresholds are due to the
distinct near-field distributions and intensities that are domi-
nated by the refractive index and weak attractions between F
atoms in the CFx and electron-deficient aromatic rings in the
dye molecules.

Results and Discussion

Fig. 1A depicts schemes for graphene-encapsulated Cu (Cu@G)
and annealed Cu NP square lattices. Cu NP arrays (a0 = 600 nm)
on quartz were prepared by SANE (solvent-assisted nanoscale
embossing) and PEEL (photolithography, etching, electron beam
deposition, and liftoff) followed by thermal annealing (SI Appendix,
SI Methods and SI Appendix, Figs. S1–S3) (14, 35, 36). A modified
chemical vapor deposition (CVD) process (14) was used to grow
few-layer graphene (∼3 nm) on the surface of Cu NPs, which
resulted in Cu@G NPs with uniform, domelike shapes (Fig. 1 B
and C). Lattices with optimized diameters (SI Appendix, Fig. S4)
are predicted to support SLRs around 860 nm; experimentally,
these SLRs can support ultranarrow linewidths (4 to 5 nm) (Fig.
1D) because of the increased crystallinity, reduced surface rough-
ness, and higher uniformity of NPs in annealed lattices (14). Both
types of NP lattices were stored in a dry and inert gas to eliminate
surface degradation from the formation of CuOx.
To determine how few-layer graphene can modulate the

interactions between SLRs and emitters, we compared the
lasing characteristics from Cu@G and annealed Cu NP lattices
as cavities using IR-140 (5,50-dichloro-11-diphenylamine-3,30-
diethyl-10,12-ethylene-thiatricarbocyanine-perchlorate) dye in
dimethyl sulfoxide (DMSO) as gain media (Fig. 2 A and B).
IR-140 molecules have six aromatic rings, and the four that lie
in the same plane (highlighted in purple in Fig. 2A) are
expected to contribute to π–π interactions with graphene
(37, 38). Fig. 2C depicts NP lattices patterned in the 5 ×
5 mm2 areas used in the measurements. When the NP lattice/
dye device structure was pumped with an 800-nm femtosecond
(fs)-pulsed laser (1 kHz), lasing was observed at the SLR wave-
length (ca. 860 nm) above a threshold (Fig. 2D), with emission

normal to the lattice plane (a beam divergence of ca. 0.2°) (SI
Appendix, Fig. S5).

The lasing spectra exhibited clear thresholds and nonlinear
increases in intensity with increased pump power for both
Cu@G NP lattices (Fig. 2E) and Cu NP lattices (SI Appendix,
Fig. S6). Because gain media at higher concentrations can facili-
tate lasing action more readily and thus overwhelm local effects
at the NP surfaces, we focused on IR-140 solutions with lower
concentrations than used in previous work (14). The lasing
spectra vs. pump power behavior of the two types of lattices
were measured with dye concentrations of 0.4, 0.2, 0.15, and
0.1 mM (SI Appendix, Figs. S7–S9). Input-output light-light
curves showed that Cu NP lattices support lasing at 0.2 and
0.4 mM, but no lasing was observed with less than 0.15 mM
(Fig. 2F). In contrast, Cu@G NP lattices supported lasing over
the tested range of dye solutions (Fig. 2G) and had thresholds
lower than Cu NP lattices at the same dye concentrations (Fig.
2H). Cu@G NP lattices also showed higher nonlinearities in
the input-output light-light curves (SI Appendix, Fig. S10),
which suggests higher pump absorption efficiencies or lower
losses in energy transfer from excited molecules to SLRs with the
graphene coating (39). Since both intensity and distribution of
the electromagnetic near fields are similar for the two types of lat-
tices (SI Appendix, Fig. S11), the lower thresholds of Cu@G NP
lattices are likely because of the higher local dye concentrations
mediated by π–π interactions between aromatic molecules and
few-layer graphene coating (37, 40).

To confirm that graphene contributes to lower thresholds
in Cu@G NP lattices, we compared lasing characteristics using
gain molecules such as DCM [4-(dicyanomethylene)-2-methyl-
6-(4-dimethylaminostyryl)-4H-pyran], which has fewer aromatic
rings than IR-140 (two, highlighted in purple in Fig. 3A). Lattices
with a periodicity of a0 = 450 nm were used to overlap the wave-
length of SLR with the photoluminescence of DCM in DMSO
(550 to 700 nm) (Fig. 3B). We optimized NP sizes for the fabri-
cated lattices by diameter-sweep calculations (SI Appendix,
Fig. S12) and then prepared Cu@G NP and annealed Cu NP
lattices with narrow SLRs (SI Appendix, Fig. S13). Compared to

Fig. 1. Preparation of Cu@G NP and annealed Cu NP lattices. (A) Schemes of CVD-treated (Top), as-fabricated (Middle), and annealed (Bottom) Cu NP lattices.
The zoom-in figure is a schematic Cu@G NP. (B) Atomic force microscopy (AFM) three-dimensional image of a single Cu@G NP. (C) Scanning electron micros-
copy (SEM) image of CVD-treated lattices. The inset is a single NP with a 45° tilting angle. (D) Transmission spectra of CVD-treated (red), as-fabricated (black),
and annealed (blue) Cu NP lattices.
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a0 = 600 nm lattices, SLR peak widths from a0 = 450 nm lattices
were broader since the resonant wavelength is closer to the inter-
band transition of Cu (ca. 600 nm) (SI Appendix, Fig. S14).
After pumping the DCM/NP lattice device with a 400-nm

fs-pulsed laser (1 kHz), we collected lasing emission normal to
the lattice plane ca. 650 nm (Fig. 3C) and obtained the lasing
spectra at different pump powers (SI Appendix, Fig. S15). Both
lattices had comparable thresholds at 4 and 5 mM of DCM sol-
utions, but only the Cu@G NP lattices supported lasing at
lower concentrations (3 mM) (Fig. 3 D and E). No lasing was
generated for either lattice with dye concentrations lower than
2 mM because of low absorption of DCM at the 400-nm
pump wavelength. Different from IR-140, lasing from DCM
showed less contrast in both threshold (Fig. 3F) and nonlinear
increase (SI Appendix, Fig. S16) between the Cu@G NP and
Cu NP lattices. We attribute the difference to net weaker π–π
interactions per DCM molecule compared to IR-140 because
of fewer aromatic rings.

Density functional theory (DFT) simulations were per-
formed to understand how graphene can affect the local organi-
zation of dyes around the NPs (SI Appendix, SI Methods).
Because graphene increases the adhesion energy between dye
molecules and the Cu surface (SI Appendix, Fig. S17), molecu-
lar assembly can be facilitated near the Cu@G NPs (Fig. 4A).
Favorable π–π interactions allow both IR-140 and DCM mole-
cules to lie flat on graphene (Fig. 4B); the adhesion energy of
IR-140 on graphene (147 kcal/mol) is about 1.5 times that of
DCM (93 kcal/mol). Calculations for dye molecules with dif-
ferent numbers of aromatic rings had adhesion energies that
correlated linearly with the number of aromatic rings parallel to
graphene (SI Appendix, Figs. S18–S20). These ring-number–
dependent adhesion energies demonstrate that π–π interactions
can facilitate the assembly of aromatic molecules near the Cu@
G NPs.

To investigate the effects of molecular arrangement on the
lasing response, we constructed a model of Cu@G NPs with a

Fig. 2. Graphene modifies lasing behavior of IR-140 dyes in Cu NP lattices. (A) Schematic nanolasing of NP lattices with IR-140 in DMSO. (B) Three-dimensional
ball-and-stick structure of an IR-140 molecule. Purple highlights aromatic rings in the same plane. (C) Photos of lattices with and without dye solutions.
(D) Absorption (Abs) and photoluminescence (PL) of IR-140. SLR spectrally overlaps with PL to generate lasing at a wavelength of 860 nm. (E) Waterfall plot of
lasing spectra vs. pump intensity for Cu@G NP lattices. Lasing light-light curves of (F) annealed Cu and (G) Cu@G NP lattices at various IR-140 concentrations on
the log-log scale. (H) Histogram of thresholds in the light-light curves for both lattices at various IR-140 concentrations. Error bars indicate the SD.

PNAS 2022 Vol. 119 No. 22 e2202621119 https://doi.org/10.1073/pnas.2202621119 3 of 7

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 1
92

.1
07

.1
75

.1
 o

n 
Se

pt
em

be
r 

25
, 2

02
3 

fr
om

 I
P 

ad
dr

es
s 

19
2.

10
7.

17
5.

1.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202621119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202621119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202621119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202621119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202621119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202621119/-/DCSupplemental


thin (2 nm) surface-dye layer containing a dye concentration
higher (2.5 times) than the surrounding bulk solution (Fig.
4C). The thickness and concentration of the surface-dye layer
were based on estimates of molecules assembled on graphene
(41, 42). We performed finite-difference time-domain (FDTD)
simulations for lasing with a series of dye concentrations.
Concentration-dependent thresholds were observed in the
light-light input-output curves for both Cu@G NP lattices
(Fig. 4C) and Cu NP lattices (SI Appendix, Fig. S21). The two

types of lattices had similar thresholds when the bulk concen-
trations were between 0.3 and 1 mM (Fig. 4D). Cu@G NP
lattices showed lower thresholds than Cu NP lattices at
0.2 mM dye solutions, but no lasing was observed at 0.1 mM
for both lattices. The simulated thresholds are consistent with
experimental trends at different dye concentrations, which sup-
ports our hypothesis that local molecular assembly on the gra-
phene surface can contribute to lower thresholds. Also, we
expect that few-layer graphene can reduce quenching by 1)

Fig. 3. Graphene coating leads to lasing modification of DCM in Cu NP lattices. (A) Three-dimensional ball-and-stick structure of a DCM molecule. Purple
highlights aromatic rings in the same plane. (B) SEM image of Cu@G NP lattices with a0 = 450 nm. (C) Absorption and PL of DCM in DMSO. SLR spectrally
overlaps with PL to generate lasing at a wavelength of 650 nm. Lasing light-light curves of (D) annealed Cu and (E) Cu@G NP lattices at various DCM concen-
trations on the log-log scale. (F) Histogram of thresholds in the light-light curves for both lattices at various DCM concentrations. Error bars indicate the SD.

Fig. 4. Simulated lasing from Cu@G NP lattices. (A) Scheme of IR-140 molecules in DMSO around bare Cu NP (Left) and Cu@G NP (Right) in lattices. (B) DFT
calculations of the IR-140 and DCM dye molecules on graphene. The calculated adhesion energies of IR-140 and DCM on graphene are 147 and 93 kcal/mol,
respectively. (C) Simulated lasing light-light curves from Cu@G NP at different IR-140 concentrations. The colored numbers are bulk concentrations with a
unit of millimolars. The inset panel is the scheme of the surface-dye model. (D) Histogram of lasing thresholds of simulated lattices at various IR-140
concentrations.
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functioning as a spacer layer between the dye and Cu NP sur-
face and 2) suppressing nonradiative energy transfer due to
n-doping effects (43) from energetic electron injection (SI
Appendix, Fig. S22).
To differentiate between π–π interaction contributions and

reduced quenching from graphene thickness on the improved
lasing characteristics in Cu@G NP lattices, we compared lasing
from Cu NP lattices covered with dielectric interfacial layers.
CFx and AlxOy were conformally coated with subnanometer
precision using a CHF3 plasma reactive-ion etching reaction
(44) and atomic layer deposition (45), respectively (Fig. 5 A
and B). First, we deposited the same thickness of CFx or AlxOy

as few-layer graphene (∼3 nm) on annealed Cu NP lattices (SI
Appendix, SI Methods). The layer composition was verified by
the F 1s and Al 2p peaks in the X-ray photoelectron spectros-
copy (XPS) spectra (Fig. 5C). These dielectric layers also pro-
vided sufficient protection against oxidation of the Cu NPs,
and no CuOx was detected (SI Appendix, Fig. S23). Compared
to SLRs supported in bare Cu NP lattices, the CFx layer did
not change the transmission spectra, but the AlxOy layer broad-
ened the SLR linewidth slightly (full width at half maximum
[FWHM] from 5 to 9 nm) (Fig. 5 D and E). Different from
the Cu@G NP lattices, these layers were uniformly coated on
the entire surface because of a lack of selectivity between Cu
and quartz. The CFx and AlxOy layers had only nominal effects
on the DMSO wetting contact angles on quartz (Fig. 5F),
which indicates that molecular access near the NPs was unaf-
fected by the coatings.
Using Cu@CFx NP and Cu@AlxOy NP lattices (a0 = 600

nm) as cavities, we performed lasing tests with IR-140 solutions
(0.4 mM) (SI Appendix, Figs. S24 and S25). Both dielectric
layers resulted in lower thresholds compared to bare Cu NPs
because of suppressed quenching by the spatial separation of
molecules from the NP surfaces (Fig. 5G). Notably, both coat-
ings resulted in higher thresholds than few-layer graphene on

Cu NP lattices, which indicates that the graphene functions as
more than just a spacer layer. The increased thresholds of Cu@
G NP lattices after coating an additional CFx layer (purple bin
in Fig. 5G) additionally confirmed the importance of π–π inter-
actions from the graphene surface. Also, the lower thresholds of
Cu NP lattices with CFx coatings compared with AlxOy coat-
ings suggest that lasing modifications from these dielectric
layers are not identical (Fig. 5G). For 3-nm thicknesses, weak
CFx-dye attraction between F atoms and the electron-deficient
aromatic thiazole ring in IR-140 could partially contribute to
this difference (46, 47).

Compared to the self-limited thickness of graphene on Cu
from the CVD process (48–50), CFx and AlxOy layers with arbi-
trary thicknesses can be accurately deposited on NP lattices (44,
45). Even as the CFx layer thickness increased, the FWHM,
peak position, and intensity of the SLRs were retained. However,
the AlxOy layer broadened the SLRs and shifted the peak to lon-
ger wavelengths (SI Appendix, Fig. S26). Fig. 6A depicts schemes
of NP lattices with different thicknesses of CFx or AlxOy layers
in IR-140 solutions. Lasing spectra were collected from these
devices (SI Appendix, Figs. S27–S30), and thicker AlxOy layers
increased the lasing thresholds of Cu@AlxOy NP lattices, while
Cu@CFx NP lattices had similar thresholds as the thickness of
CFx increased (Fig. 6B). We performed FDTD simulations
for lasing from dielectric-coated NP lattices with IR-140 (SI
Appendix, Figs. S31–S33). Simulated thresholds were consistent
with experimental trends, but there was no lasing emission with
a 25-nm AlxOy coating (Fig. 6C).

Simulated electric field intensity maps of Cu@CFx and
Cu@AlxOy NP lattices with different dielectric coating thick-
nesses revealed further insight (SI Appendix, SI Methods). As the
CFx layer thickness increased, the electromagnetic near fields
around the Cu NPs showed little modification (Fig. 6D); how-
ever, thicker AlxOy layers reduced both the intensity and the
extent of the fields (Fig. 6E), which reduces the effective

Fig. 5. Lasing from Cu NP lattices coated with dielectric layers. Schemes of (A) Cu@CFx (green) and (B) Cu@AlxOy (gray) NP lattices. (C) XPS spectra of
the F 1s peak from Cu@CFx NP lattices and Al 2p peak from Cu@AlxOy NP lattices. Label a.u. stands for arbitrary unit.Transmission spectra of (D) Cu@CFx
and (E) Cu@AlxOy NP lattices with a0 = 600 nm using DMSO as superstrate. The thickness of both dielectrics is 3 nm. (F) Contact angles of DMSO on quartz
with 3-nm dielectric layers. (G) Histogram of lasing thresholds with different surface layers on Cu NP lattices. The G@CFx represents 3-nm CFx coating on
Cu@G NPs. Gain media are 0.4 mM IR-140 in DMSO. Error bars indicate the SD.
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interaction volume for molecular excitation. These materials-
dependent near fields are due to refractive index differences in
the dielectric surface layers. The CFx layer has a similar refrac-
tive index (n = 1.38) to that of the surroundings (n = 1.45 for
both DMSO and substrate), while the AlxOy layer, with its
higher refractive index (n = 1.76 at 860 nm), starts to support
waveguide effects with increased thickness and reduced field
enhancements near the NPs.
In conclusion, we demonstrated precise control over the

interfacial properties of plasmonic NP lattices that can affect
lasing thresholds. Interfacial engineering was achieved by coat-
ing nanothin surface layers on plasmonic NPs, which tuned
chemical interactions, refractive index, and spatial separation
between the NP surface and the dye molecules. This strategy of
tailoring specific interfacial interactions between plasmonic
metasurfaces and excitonic materials is expected to advance
both sensing and imaging applications that exploit selective
emission enhancements. We believe that hybrid plasmonic
metasurfaces with customizable surfaces will open prospects for
programmable light-matter interactions on the nanoscale.

Materials and Methods

Cu NP lattices were fabricated with a soft nanofabrication process known as
PEEL. Chemical vapor deposition and annealing treatment of Cu NP lattices were
conducted in a quartz tube of a home-built, low-pressure chemical vapor deposi-
tion MTI system. The CFx and AlxOy layers were coated through CHF3 plasma
reactive-ion etching and atomic layer deposition processes, respectively. The las-
ing measurements were performed at room temperature with a transverse

electric (TE)-polarized fs-pulsed excitation source. Commercial software (FDTD Sol-
utions, Lumerical Inc., Vancouver, BC, Canada) was used to simulate the optical
properties of Cu NP lattices and lasing action. DFT simulations were used to cal-
culate the adhesion energies between graphene and dye molecules.

Detailed information for the fabrication of Cu NP lattices, chemical vapor
deposition for Cu@G NP lattices, annealing treatment for Cu NP lattices, CFx and
AlxOy layer coating on Cu NP lattices, lasing measurements, FDTD simulations,
and DFT simulations can be found in SI Appendix.

Data Availability. All data are included in the article and/or SI Appendix.
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