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allow high-purity monochromic colors that 
can in principle extend the color range up 
to 78%.[4] Besides displays, emerging light-
fidelity (Li-Fi) technologies use white-light 
sources for data transmission and illumi-
nation at the same time.[5] Because of the 
strong emission intensity and temporal 
and spatial coherence of lasers, laser-based 
Li-Fi devices can facilitate high-speed data 
rates, high modulation bandwidths, and 
free-space connections. Also, confocal 
laser scanning microscopy benefits from 
white-light laser sources since multiple 
fluorescently labeled protein probes can 
be simultaneously tracked to map gene 
expression in genetically modified tissue.[6]

To generate white-light lasing, conven-
tional techniques either combine three 

individual RGB lasers or use a blue laser to excite phosphors 
whose yellow emission is then split into red and green light.[7] 
These sources require bulky optical components and precise 
alignment, however, which has precluded wide-spread adop-
tion in integrated optics. Advances in laser design are needed 
to realize compact white laser sources. Typical semiconduc-
tors cannot support lasing colors over the full RGB wave-
length range (400–700 nm) because of limited gain bandwidths 
(<50 nm).[8] Although emerging gain materials such as colloidal 
quantum dots,[9] hybrid perovskites,[10] and upconverting nano-
particles (NPs)[11] can emit RGB colors by controlling particle 
size, composition, or dopant ions, respectively, efficient cou-
pling of RGB emitters to multiple cavity modes concurrently is 
difficult. White-light lasing has been realized in multisegment 
nanosheets of semiconductor alloys,[12] from dye-doped poly-
mers integrated in layered distributed feedback structures,[13] 
and from dye solutions mixed with random scattering parti-
cles.[14] In the former case, fine control is required over pump-
energy density in each microscale segment, while in the latter 
case, color manipulation is limited because controlling and 
changing the relative RGB intensities is not possible.

Organic dye solutions combined with plasmonic NP lattices 
show wavelength-tunable emission.[15,16] Because surface lat-
tice resonances (SLRs) are hybrid modes from localized surface 
plasmons coupled to Bragg diffraction modes, their wavelengths 
can be manipulated readily by varying lattice parameters.[17] For 
example, changing the periodicity by mechanically stretching an 
elastomeric substrate allows for strain-dependent tunable laser 
wavelengths;[18] fabricating lattices with broken symmetry (rec-
tangular and rhombohedral) result in polarization-dependent 

A plasmonic nanolaser architecture that can produce white-light emission is 
reported. A laser device is designed based on a mixed dye solution used as 
gain material sandwiched between two aluminum nanoparticle (NP) square 
lattices of different periodicities. The (±1, 0) and (±1, ±1) band-edge surface 
lattice resonance (SLR) modes of one NP lattice and the (±1, 0) band-edge 
mode of the other NP lattice function as nanocavity modes for red, blue, and 
green lasing respectively. From a single aluminum NP lattice, simultaneous 
red and blue lasing is realized from a binary dye solution, and the relative 
intensities of the two colors are controlled by the volume ratio of the dyes. 
Also, a laser device is constructed by sandwiching dye solutions between two 
Al NP lattices with different periodicities, which enables red–green and blue–
green lasing. With a combination of three dyes as liquid gain, red, green, and 
blue lasing for a white-light emission profile is realized.

1. Introduction

Multicolored light sources are important for full-color displays, 
optical communication, and multispectral biological imaging.[1] 
For displays, a mixture of red, green, and blue (RGB) light is 
needed to produce a wide range of additive colors, where white 
light of different hues can result from the appropriate RGB 
ratios. Incoherent light sources such as lamps, cathode-ray 
tubes, and light emitting diodes (LEDs) cannot provide a wide 
color range (i.e., color gamut) due to their large RGB spectral 
linewidths.[2] Although recent advances in organic LEDs and 
quantum dot LEDs have shown a larger color gamut, only 
50–70% of all colors perceptible to the human eye have been 
realized.[3] In contrast, lasers are coherent light sources and 
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emission with different colors;[19,20] and leveraging high-order 
light-cone SLRs as cavity modes enables in-plane lasing, where 
different colors are emitted at different azimuthal angles.[21] 
One drawback of these studies is the limited tunability of lasing 
color (wavelength range < 60  nm) because only one type of 
molecular dye was used as gain. Molecular dyes, however, are 
soluble in a wide range of organic solvents, and different dyes 
can be mixed together to show RGB photoluminescence over a 
wide wavelength range despite reabsorption.[14,22]

Here, we show white-light lasing from a sandwiched plas-
monic NP lattice device with mixed dyes. We designed a mate-
rials system that achieved red, green, and blue lasing by com-
bining three different dye molecules as gain media with two 
different 2D plasmonic NP lattices as cavities. The SLR cavity 
modes were determined by the (±1, ±1)  and (±1, 0) band-edge 
modes in a square a1 = 450  nm Al NP lattice and the (±1, 0) 
band-edge mode in a square a2 = 350  nm Al NP lattice. Both 
blue and red lasing was achieved from a single a1 = 450 nm NP 
lattice with dyes whose emission overlapped with the SLR cavity 
modes. Green lasing was realized from a2 = 350 nm NP lattices 
with a third organic dye. By combining different concentrations 
of two dyes in solution, we demonstrated simultaneous blue 
and red lasing whose relative intensities depended on the dye 
ratio. Sandwiching a liquid layer of two dyes between the a1 = 
450 nm NP lattice and the a2 = 350 nm NP lattice resulted in 
a lasing device that emitted tunable lasing colors from a com-
bination of red and green as well as blue and green. Incorpo-
rating three dyes into the sandwich structure and optimizing 
their mixing ratios resulted in simultaneous blue, green, and 
red lasing and white-light emission.

2. Results and Discussion

Scheme 1 illustrates the white-light laser architecture. To dem-
onstrate red, green, and blue lasing independently, we first 
fabricated nanocavities with SLR modes at the desired wave-
lengths. Two 2D square arrays of Al NPs on fused silica were 
generated over cm2-areas using solvent-assisted nanoscale 
embossing (SANE)[23] and PEEL[24] (Figure 1a). Optimized 

Γ-point (k|| = 0) SLR modes were identified by finite-difference 
time-domain calculations as follows: for a1  = 450  nm, d1  = 
80 nm and height h = 60 nm; and for a2 = 350 nm, d2 = 70 nm, 
and h = 60 nm (Figure S1, Supporting Information). At the Γ 
point, the a1 = 450 nm NP lattice shows (±1, ±1) and (±1, 0) SLR 
modes (λ = 470 and 649 nm) that are in the blue and red wave-
length ranges, respectively; the a2 = 350 nm NP lattice produces 
a (±1, 0) SLR mode (λ = 510 nm) in the green wavelength range 
(Figure 1b).

To realize lasing emission from these NP cavities, we selected 
C480, C500, and DCM dyes as gain materials since their pho-
toluminescence spectrally overlap with the targeted RGB SLR 
modes (Figure  1a, Figure S2, Supporting Information). After 
dissolving the dyes in dimethyl sulfoxide (DMSO), we placed 
one droplet of a single dye solution on top of a Al NP lattice and 
covered the liquid gain with a glass slide. We optically pumped 
the devices using 100 fs, 400 nm laser pulses and collected the 
emission spectra normal to the sample surface. For each color, 
a sharp and intense emission peak (λ = 466, 511, 651 nm, full-
width half-maximum (FWHM) ≈ 0.5  nm) emerged close to 
the wavelength of the SLR mode for pump intensities above 
a threshold of ≈0.5 mJ cm−2 (Figure 1b, Figure S3, Supporting 
Information). The lasing emission intensities were more than 
two orders of magnitude higher than the spontaneous emission 
from the dyes (Figure S2, Supporting Information).

Figure 2a shows a design to realize blue and red lasing 
simultaneously from the same pump source by mixing 20 × 
10−3 m C480 and 3 × 10−3 m DCM in DMSO. These concen-
trations were selected by trial-and-error optimization since 
dye concentrations that were too low resulted in insufficient 
optical gain for lasing, and dye concentrations that were too 
high suppressed lasing because of non-radiative energy transfer 
between dye molecules. Compared to the (±1, 0) SLR band-edge 
mode, the (±1, ±1) mode has a lower quality factor and weaker 
near-field enhancement (Figure S4, Supporting Information); 
hence, a higher concentration of C480 dye was needed to com-
pensate the larger cavity loss. We found that varying the volume 
ratios of the two dyes could manipulate the relative lasing 
intensities of the blue and red colors. Figure  2b shows the 
lasing emission spectra under different volume ratios of C480 
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Scheme 1.  White-light laser based on a sandwiched plasmonic nanoparticle lattice device.
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and DCM solutions (VC480: VDCM) at the same pump energy 
(≈1.5 mJ cm−2). At a mixing ratio of 10:1, only blue lasing was 
observed because the low concentration of DCM did not pro-
vide sufficient gain to overcome the cavity loss at the (1,0) SLR 
mode; red lasing was not possible. With a volume ratio between 
10:2–10:3, both blue and red lasing were supported. Increasing 
the volume of the DCM dye solution produced higher red 
lasing intensity and lower blue lasing intensity, as expected. We 
captured a photo of the lasing profile by placing a white piece 
of paper 8 cm away from the plasmonic NP lattice under high 
pump energy (1.8 mJ cm−2); both red and blue emissions were 
normal to the lattice plane (Figure 2c). The lasing profiles of the 
red and blue emission were stretched along the (1, 0) and the 
(1, 1) directions, respectively, because flat SLR bands near the 

band edge modes can also support lasing at high pump powers; 
the line shapes are consistent with previously reported SLR 
lasing profiles.[19] The two-color lasing signals disappear in <2 s 
from dye reabsorption.[25]

To add a third lasing color in a single device structure, 
we first needed to design a NP lattice architecture that could 
support multiple SLR modes spanning the visible regime 
(Figure 3a). We found that a sandwich structure consisting of 
the a2 = 350 nm Al NP lattice on top of the a1 = 450 nm Al NP 
lattice separated by a droplet of DMSO (≈5 µL) showed sharp 
SLR modes independent of any in-plane translational or rota-
tional (ϕ) mismatch. The extinction efficiency of this double-
layer structure was a linear combination of extinction efficien-
cies of individual lattices because the micrometer-scale vertical 
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Figure 1.  Blue, green, and red lasing from two plasmonic nanoparticle lattices. a) Scanning electron microscopy images of fabricated square lattices 
(a1 = 450 nm and a2 = 350 nm) of Al NPs, and schemes of three different dyes incorporated with the two lattices. b) Measured transmission spectra 
of the two lattices, and red, green, and blue lasing spectra. Transmission spectra of a2 = 350 nm lattice was shifted down 0.3 for clarity. Lasing spectra 
of C500 and DCM are shifted up for clarity.

Figure 2.  Control of relative lasing intensities by varying the mixing ratio of two dyes. a) Scheme of simultaneous blue and red lasing from mixed 
C480 and DCM dyes on an a1 = 450 nm Al nanoparticle lattice. b) Relative lasing emission intensities can be controlled by the mixing ratio of the dyes. 
c) Photo of the far-field emission beam. The light purple background is the scattered pump laser beam (400 nm).
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separation between two lattices prevented interlayer NP interac-
tions (Figure 3b). Regardless of the in-plane orientation of the 
lattice, the polarization direction of the incident light can be 
decomposed into two orthogonal directions along the x and y 
axes, and so each Γ-point SLR mode from a single NP lattice 
can be excited independent of lattice rotation. Thus, the meas-
ured SLR modes from the sandwich structure are tolerant to 
rotational mismatch between the two lattices, as expected. The 
optical band structure of the sandwiched structure shows three 
band-edge SLR modes with near-zero group velocities at the Γ 
points (Figure 3c).

We demonstrated that this sandwiched cavity structure could 
support two-color lasing (Figure 4a). Since 20 × 10−3 m C480 
and 3 × 10−3 m DCM can support red and blue lasing (Figure 2), 
we fixed these two concentrations and determined the concen-
tration of C500 for green lasing by considering the absorption 
and emission spectra of the dyes. Because the absorption of 
DCM partially overlaps with the emission of C500 (Figures S2 

and S5, Supporting Information), a relatively high C500 con-
centration (50  × 10−3 m) and a high VC500:VDCM mixing ratio 
were needed to avoid quenching of C500 lasing. After mixing 
C500 with DCM solutions, we constructed a laser device by 
integrating the mixed gain material with the two Al NP lattices. 
The plasmonic hotspots of the different SLR cavity modes are 
spatially separated in the two NP lattice layers, and thus the 
competition between lasing modes can be minimized for more 
stable emission (Figure S6, Supporting Information). Under 
400 nm fs pulses, simultaneous green and red lasing was 
achieved from the sandwiched device, whose emission inten-
sities depended on the volume ratio of the dyes (Figure  4b). 
Similarly, a combination of C480 and C500 resulted in tunable 
colors by controlling the ratio of blue and green lasing intensi-
ties (Figure 4c).

A CIE1931 chromaticity diagram is a standard approach to 
characterize visible colors.[26] In theory, by mixing three ele-
mentary colors with the appropriate ratios, all colors inside 
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Figure 3.  Three surface lattice resonance cavity modes in a sandwiched lattice structure. a) Scheme of a sandwiched plasmonic device with a relative 
rotation angle ϕ between two lattices. b) Measured transmission spectra at different angular offsets under transverse electric (TE) polarized incident 
light. Transmission spectra at ϕ = 30° and ϕ = 45° are shifted down 0.25 and 0.5 for clarity. c) Measured band structure along the Γ–X direction under 
TE polarized incident light.

Figure 4.  Tuning of lasing color in the sandwiched device. a) Scheme of a two-color laser using a sandwiched plasmonic nanoparticle device. b) Dif-
ferent volume ratios of C500 and DCM were used to tune the green and red lasing intensities. c) Different volume ratios of C480 and C500 resulted 
in controlled blue and green lasing.
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the triangle formed by the three colors can be achieved.[27] 
We identified the lasing colors from the measured emission 
spectra on a CIE plot (Figure 5a, Table S1, Supporting Infor-
mation), where the RGB lasing colors from single dyes appear 
at the edge of the color space. The simultaneous blue and red 
lasing emission from a mixture of C480 and DCM dyes, viewed 
as magenta by the human eye, emerge along the line between 
pure blue and red colors (BR1, BR2, BR3). Similarly, the simul-
taneous green–red lasing (GR1, GR2, GR3) and green–blue 
lasing (BG1, BG2, BG3) are shown along the other two sides 
of the triangle, as yellow and cyan colors. Our laser design 
can facilitate a large range of accessible colors because of the 
widely separated RGB wavelengths and the narrow lasing 
linewidths. To realize a white-light lasing profile, we mixed the 
DCM, C500, and C480 dyes with an optimized mixing volume 
of 3:2:10 (Figure 5b, Figure S7, Supporting Information). Since 
the emission of C480 dye overlaps with the absorption of C500 
and DCM dyes, a larger volume of C480 solution was used to 
provide sufficient optical gain for the blue lasing. Figure 5c is 
a photo of lasing action with white-light emission at the center 
of the beam. The green color in the background was from 
the amplified spontaneous emission from the propagating 
SLR modes at off-normal angles.[15,28] Because the relative 
intensities of different lasing modes depend on pump power 
(Figures S6 and S8, Supporting Information), future device 
optimization will be needed to generate consistent colors over 
a wide range of pump powers.

3. Conclusion

We have realized a plasmonic white-light laser by combining 
a sandwiched lattice structure with a mixed dye solution. By 
engineering the mixing ratios of RGB dyes in multimodal 
plasmonic cavities, we achieved control over the relative lasing 
emission intensities, which enables a wide range of additive 
colors from a single device. Our work provides insight into how 
lasing colors can be manipulated in compact architectures. 
Looking forward, we believe that integrating plasmonic NP lat-
tices with more efficient gain media, such as semiconducting 

nanocrystals and hybrid perovskites, can improve the per-
formance of white-light nanoscale lasers with lower power 
consumption, higher output efficiencies, and more stable oper-
ation. Furthermore, the sandwiched plasmonic lattice archi-
tecture offers a strategy to engineer light-matter interactions 
over a broad wavelength range, which will be useful for dis-
play technologies, on-chip optical communications, and light-
induced chemical reactions.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 5.  Realization of white-light lasing emission. a) CIE plot of lasing emission profiles. BR1, BR2, and BR3 refer to the lasing spectra in Figure 2b 
with dye mixing ratios 10:2, 10:2.5, and 10:3. BG1, BG2, and BG3 refer to the lasing spectra in Figure 4b from bottom to top, and GR1, GR2, and GR3 refer 
to the lasing spectra in Figure 4c from bottom to top. b) Lasing emission spectra with a mixture of red, green, and blue dyes. c) Photo of the far-field 
emission profile. The collection angle of the CCD detector is ≈3°.
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