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monic resonators and metal-coated 1D/2D 
arrays. Nanolasers based on plasmonic 
nano-resonators, such as nano wires on 
a metal fi lm, gain material-coated metal 
nanoparticles, and metal-coated semi-
conductor nanopillars, are designed to 
exhibit extremely localized volumes of 
strong fi elds that spatially overlap the gain 
media. [ 12–15 ]  In contrast, plasmonic lasing 
from periodic arrays of metallic nanostruc-
tures occurs at a band-edge plasmon mode 
with directional emission perpendicular to 
the device surface. [ 16–21 ]  However, further 
detailed study of the lasing action resulting 
from nonband-edge plasmon modes with 
directional but nonvertical emission has 
not been extensively reported. 

 We recently developed a plasmonic 
nano-dome array (PNDA), which sup-
ports both LSP and SPP Bloch wave 
(SPP-BW) modes. [ 22 ]  The PNDA devices 
have been successfully implemented 
for biological and chemical detection, 
such as surface-enhanced Raman scat-

tering and label-free refractometric sensing. [ 22–26 ]  For a PNDA 
structure, the LSP mode is generated by the dipole–dipole 
coupling between the adjacent nano-domes. In contrast, the 
SPP-BW mode is caused by the periodic structure of the 
PNDA. Coupled with these plasmon modes, a liquid laser 
dye solution covering the PNDA structure can produce suf-
fi cient optical gain to compensate inherent metal losses, 
and thus enables laser oscillation. The investigation of how 
interactions between LSP and SPP-BW modes with the gain 
material enable lasing action would advance our fundamental 
knowledge of plasmonic lasers. 

 This paper reports a plasmonic laser comprised of a dye-
doped solution as the gain medium and the PNDA structure 
as the oscillator, for lasing in the near infrared (NIR). The 
PDNA device is fabricated using a two-step process that 
includes nanoreplica molding and the deposition of thin 
fi lms. The simple fabrication process does not require any 
type of expensive lithography (such as electron beam lithog-
raphy, deep-UV lithography, or focused ion beam milling) 
to create 10−20 nm gap features uniformly over large sur-
face areas. The plasmon resonances of the PNDA laser are 
numerically studied by fi nite difference time domain (FDTD) 
simulation to investigate how the plasmonic resonant modes 
are related to the laser oscillation. Two PNDA structures with 
different array periods are designed and fabricated. The key 
emission features, including lasing wavelength, linewidth, 
threshold, beam divergence, and radiation angle, are experi-
mentally characterized.  

 Plasmonic nano-dome arrays (PNDA) have been previously studied as 
chemical and biological sensors. The present study reports large-area plas-
monic lasing from the PNDA structures with liquid-phase gain materials to 
provide optical gain. The PDNA structure consists of a 2D array of nanoposts, 
fabricated inexpensively using a nanoreplica molding process, with silicon 
dioxide and gold thin-fi lm coatings to produce the dome-shaped surface 
profi le. Covered with a dye-doped solution, the PDNA structures can generate 
lasing emission when they are optically pumped above the lasing threshold. 
The lasing emission is enabled by energy coupling from the photoexcited dye 
molecules to the hybridized plasmon mode supported by the PDNA oscillator. 
Two PDNA lasers with array periods of 400 and 450 nm are fabricated and 
characterized. Plasmonic resonant modes of the PDNA lasers are numerically 
studied to illustrate the underlying lasing mechanism. The emission charac-
teristics, including lasing wavelength, linewidth, threshold, beam divergence, 
and radiation angle, are presented in the paper. The PNDA laser represents a 
new path for plasmonic lasing in the near-infrared region with potential appli-
cations that include integrated photonic circuits, optical communications, 
and high-performance biosensors. 

  1.     Introduction 

 Surface plasmon polarizaton (SPP) and localized surface 
plasmon (LSP) modes supported by metallic nanostructures 
offer remarkable opportunities for exploration of light-matter 
interactions at a scale size well below the diffraction limit. 
The enhanced local electromagnetic fi elds associated with 
the plasmon resonance have been adopted for a wide range 
of applications, including photovoltaic power generation, 
solid-state lighting, biological and chemical detection, nano-
particle trapping, and lasers. [ 1–11 ]  Among these applications, 
plasmonic lasers have recently attracted much interest, which 
can be broadly categorized into two groups: nanoscale plas-
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  2.     Results and Discussion 

  2.1.     Structure of PNDA Laser 

  Figure    1  a shows a schematic illustration of the PNDA laser com-
prised of a 2D square lattice of gold-coated nano-dome structures, 
a liquid gain material, and a cover glass window. The nano-dome 
structure was fabricated by the nanoreplica molding method on 
a fl exible polyethylene terephthalate (PET) substrate and sequen-
tially coated with SiO 2  and Au thin fi lms to complete the periodic 
PNDA structure over an area of 1.5 × 1.5 mm 2 . The PNDA struc-
ture contains nanoscale gaps between adjacent nano-domes. 
The nanoreplica molding process is fully described in Figure S1 
in the Supporting Information. Two laser dyes (LDS 867 and 
LDS 765, Exciton Inc.) were dissolved in an organic solvent and 
the dye solutions were used as the gain media for the PNDA 
devices with period of  Λ  = 450 and  Λ  = 400 nm, respectively. 
As illustrated in Figure  1 a, the organic dye solution was excited 
by ns-laser pulses at an incident angle ( θ  i ) while emission from 
the PNDA laser is measured at a detection angle ( θ  d ). The inset 
of Figure  1 a displays the reciprocal lattice space of a square lat-
tice, with the light gray region indicating the fi rst Brillouin zone 
while the dark grey region describes the irreducible Brillouin 
zone. Figure  1 b shows a cross-sectional diagram for one period 
of the PNDA laser, where photons emitted by the photoexcited 

dye molecules residing in the vicinity of PNDA surface couple 
to the hybridized plasmon (HP) mode. Above the lasing 
threshold, narrowband directional emission emerges when the 
plasmonic losses are overcome by the optical gain. Scanning 
electron microscopy (SEM) images in Figure  1 c,d show the top-
view surface profi les of the fabricated PNDA structures with 
period of  Λ  = 450 and  Λ  = 400 nm, respectively.   

  2.2.     Plasmonic Resonant Modes of the PNDA Laser 

 To investigate the effects of plasmon resonances of the PNDA 
laser on the lasing action, we experimentally and numeri-
cally characterize the extinction spectra of the PNDA laser 
( Λ  = 450 nm). The extinction spectrum measured at normal 
incidence for  p -polarized illumination is shown as the red 
curve in  Figure    2  a. The measured spectrum matches well with 
the computer-simulated spectrum, which is calculated using the 
FDTD method (Lumerical Solutions, Inc.), plotted as the blue 
curve. The extinction spectra exhibited two distinct plasmon 
resonance peaks, which are labeled by the orange and magenta 
dots. The modes associated with the indicated plasmon 
resonances are assigned to the SPP-BW mode with a narrow 
resonance linewidth at  λ  SPP-BW  = 625 nm and the dipole LSP 
mode with a broad feature at  λ  LSP  = 931 nm. A small resonance 
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 Figure 1.    PNDA laser. a) Schematic of the 2D square lattice of the PNDA laser. An organic dye solution, sandwiched between the PNDA structure and 
a cover glass, is used as a gain medium. Green and red arrows represent the 532 nm pump beam at the incident angle ( θ  i ) and lasing emission at 
the detection angles ( θ  d ), respectively. Inset: the corresponding reciprocal lattice (circles) with the irreducible Brillouin zone (1/8 of the fi rst Brillouin 
zone), indicated by the dark gray region. b) Schematic of the lasing action for one unit cell of the PNDA laser. Optical excitation at 532 nm creates 
photoexcited dye molecules in the gain material and the emission of the dye molecules couples to the HP mode via the near-fi eld interaction. Top-view 
SEM images of the fabricated PNDA surfaces with period of c)  Λ  = 450 and d)  Λ  = 400 nm on a fl exible plastic substrate. Inset: SEM close-up views 
of the PNDA surfaces showing inter-dome separation distance of 15 nm. Scale bars = 500 nm.
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observed at 696 nm is attributed to the SPP-BW at the interface 
between metal and the underlying SiO 2  fi lm. These modes can 
be identifi ed by the distributions of their surface charge and 
near fi eld. [ 22 ]  Figure  2 b,c shows the top-view ( x–y  plane) and 
cross-sectional view ( x–z  plane) of spatial electric-fi eld inten-
sity enhancement profi les within one unit volume of the PNDA 
laser for the SPP-BW and the LSP modes, respectively. The 
color bar in the middle is scaled by the normalization of elec-
tric fi eld intensity (|  E  | 2 ) to the incident electric fi eld intensity 
(|  E  inc  | 2 ) on a logarithmic scale. Both resonant modes exhibit the 
most intense electric-fi eld intensity confi ned within the nano-
gaps between the adjacent nano-domes. The strongly confi ned 
resonant modes spatially overlap the superstrate gain medium 
residing inside the gap. It is noteworthy that the spectral posi-
tion of the LSP mode is insensitive to the angle of incidence 
and can be determined by the inter-dome separation, the mate-
rial properties, dome diameter and height, and partially by the 
lattice constant. [ 27,28 ]  Unlike the dispersionless LSP mode, the 
SPP-BW mode exhibits strong dispersion, which is given by 
the Bragg coupling equation [ 29,30 ] 

 

ω ε ε
ε ε+

= + +|| x y
c

k pG qGm d

m d   
(1)

 

 where  ω  and  c  are respectively the angular frequency and speed 
of free-space light,  ε m   and  ε d   are respectively the relative per-
mittivities of the metal and the gain solution,   k   ||  is the in-plane 
wave vector of incident light,   G   x  and   G   y  are reciprocal vectors 
(|  G   x | = |  G   y | = 2π/ Λ  = |  G  |), shown in the inset of Figure  1 a, and 

integer index pairs ( p ,  q ) specify the order of SPP-BW modes. 
The calculated dispersion of SPP-BW modes for   k   ||  along the 
 Γ − Χ  direction are depicted as the orange/yellow curves of 
Figure  2 d, marked by (1, 0), (0, ±1) and (−1,0). For a square lat-
tice, all four lowest order Bragg vectors,  p   G   x  +  q   G   y , have the same 
magnitude. Correspondingly, the four lowest order SPP-BW 
modes are degenerate modes at normal incidence ( k  ||  = 0). 
When the  k  ||  ≠ 0, the mirror symmetry of the square lattice 
requires that the SPP wave vectors ( k  SPP ) of the (0, 1) and (0, −1) 
modes have the same magnitude. Consequently, the (0, 1) and 
(0, −1) modes are degenerated in the band diagram shown in 
Figure  2 d. As the normalized wave vector increases from ≈0.28, 
the (−1, 0) SPP-BW mode spectrally overlaps with the broad 
LSP band (850−1010 nm; the area colored in magenta) with the 
extinction maximum located at  λ  LSP  = 931 nm. The dispersion 
relation of two strongly coupled modes shows an anti-crossing 
behavior (black dashed curves) where new HP modes form as a 
result of hybridization of the LSP and SPP-BW modes. [ 31 ]   

 In periodic arrays of metallic nanostructures, the lasing 
action usually occurs at the high symmetry points within the 
fi rst Brillouin zone. The band-edge mode at the  Γ -point reveals 
a group velocity ( v g   = ∂ ω /∂ k //  ) near zero, and a slow light effect 
that can strongly enhance the interaction of light and the gain 
material. [ 18 ]  The  Γ  band-edge of the (0, ±1) plasmon mode, 
which spectrally overlaps the photoluminescence (PL) band of 
the gain material, have been utilized to produce lasing emission 
normal to the device surface. [ 20 ]  Since the spectral position of 
the PL band of the laser dye determines which plasmon mode 
is selected for laser oscillation, the PNDA laser ( Λ  = 450 nm) 
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 Figure 2.    Optical characteristics of the PNDA laser ( Λ  = 450 nm; LDS 867 in methanol). a) Extinction spectra of the PNDA laser under normal inci-
dence for  p -polarized illumination along the  Γ − X  direction of the PNDA laser (red curve: experimentally measured extinction spectrum; blue curve: 
spectrum obtained by FDTD simulation). b,c) Top and cross-sectional views of the spatial electric-fi eld intensity enhancement distribution associated 
with indicated b) SPP-BW mode and c) LSP mode for one unit cell volume of the PNDA laser. The middle color bar represents the resonant electric 
fi eld intensity (| E | 2 ) normalized with respect to the incident electric fi eld intensity (| E  inc | 2 ) on a logarithmic scale. d) Calculated dispersion of SPP-BW 
modes with magenta- and cyan-colored areas representing LSP and PL bands, respectively. Black dashed curves indicate anti-crossing behavior due to 
hybridization of the LSP and SPP-BW modes.
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utilizes a laser dye (LDS 867) solution with a PL band in the 
NIR region (830−910 nm; the cyan-colored area) with emis-
sion maximum centered at  λ  PL  = 870 nm. The PL band of the 
laser dye spectrally overlaps the upper energy branch of the 
HP modes, represented by the upper black dashed curve in 
Figure  2 d, with a decreased group velocity as the in-plane wave 
vector  k  ||  increases, allowing photons emitted by the photo-
excited dye molecules to couple into the upper HP mode via 
the near-fi eld interaction. Because the HP mode always lies 
inside the radiation continuum, the photons are subsequently 
radiated into free space at the angle that matches the in-plane 
wave vector of the HP mode. Laser oscillation occurs once 
the optical gain provided by the gain medium can balance the 
material and radiation loss of the HP mode. The spatial elec-
tric-fi eld intensity enhancement profi le at the lasing condition 
( λ  lasing  = 907 nm and  θ  = 50°) is given in Figure S2 in the Sup-
porting Information.  

  2.3.     Lasing Action of the PNDA Laser 

 Characterization of lasing emission was carried out by optically 
pumping the PNDA laser using a frequency-doubled Nd:YAG 
pulse laser ( λ  pump  = 532 nm; pulse width = 10 ns; repetition 
rate = 2 Hz). Details of the measurement are described in the 
experimental section and the apparatus is schematically illus-
trated in Figure S3 in the Supporting Information. This section 
presents the measured lasing characteristics, including spec-
tral, polarization and angular properties. 

  2.3.1.     Lasing Threshold 

  Figure    3  a shows typical emission spectra of the PNDA laser 
( Λ  = 450 nm) recorded at  θ  d  = 50° for emission parallel (red 
curve) and perpendicular (blue curve) to the plane of incidence. 
The lasing emission spectra are compared with the PL spec-
trum of LDS 867. The PL spectrum (green curve) was measured 
on a planar surface coated with a gold fi lm. The PL spectrum is 
broad with a full-width at half-maximum (FWHM) of ≈60 nm 
centered at  λ  PL  = 861 nm. When the PNDA laser ( Λ  = 450 nm) 
was optically pumped with a fl uence of 0.89 mJ cm −2 , a narrow 

and intense laser oscillation occurred at  λ  lasing  = 907 nm with 
a FWHM of 2.73 nm. The lasing emission peak appears at a 
longer wavelength with respect to the PL profi le of the dye solu-
tion. Because the lattice arrangement of PNDAs is symmetrical 
along the  x - and  y -directions, the emission is polarization-
independent and therefore the vertically and horizontally polar-
ized components exhibited nearly identical spectral profi les. In 
Figure  3 b, we plot the recorded emission spectra as a function 
of pump fl uence. By increasing the pump fl uence above a crit-
ical value, the emission intensity at  λ  lasing  = 907 nm increases 
dramatically and the emission linewidth decreases. The inset 
of Figure  3 b summarizes peak intensity at  λ  lasing  = 907 nm as 
a function of the pump fl uence. The input–output relationship 
shows the characteristic threshold behavior. A clear threshold 
fl uence of approximately 0.32 mJ cm −2  is observed. Above the 
threshold, the laser output rises linearly with pump fl uence.  

 To study emission characteristics of the PNDA laser with 
 Λ  = 400 nm, a different gain material (LDS 765) with a PL 
spectrum shown in  Figure    4  a was chosen to improve spectral 
overlap between the gain medium and the upper HP mode of 
the PNDA laser ( Λ  = 400 nm). Figure  4 a shows a typical emis-
sion spectrum of the PNDA laser ( Λ  = 400 nm) measured under 
a pump fl uence of 0.63 mJ cm −2  at  θ  d  = 50°. The lasing emis-
sion peak locates at the long wavelength tail of the PL curve 
with  λ  lasing  = 807 nm with a FWHM of 2.53 nm. At the lasing 
wavelength, the emission intensity is three orders of magnitude 
stronger than the background PL signal. The evolution of the 
emission spectra as a function of pump fl uence is shown in 
Figure  4 b to validate the lasing action. A clear laser threshold 
is observed at pump fl uence of approximately 0.3 mJ cm −2 , as 
shown in the inset of Figure  4 b.   

  2.3.2.     Radiation Pattern 

 The lasing emission is strongly angular-dependent and is 
determined by the plasmon modes, which are determined by 
the band structure of the PNDA laser. To investigate the cor-
relation, angle-resolved emission measurements were carried 
out to study the radiation pattern. The emission spectra meas-
ured at 70 different detection angles, ranging from 10° to 80°, 
were recorded and shown in  Figure    5  a,b for the PNDA lasers 
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 Figure 3.    Lasing characteristics of the PDNA laser with  Λ  = 450 nm. a) Comparison of emission spectra of the PNDA laser and emission spectrum for 
the same gain material (LDS 867 doped methanol) on a planar gold surface, i.e., the PL of LDS 867. H (red) and V (blue) respectively represent emis-
sion polarized parallel and perpendicular to the lattice direction ( Γ − Χ ) of the PNDA laser. b) Evolution of lasing emission spectra for different pump 
fl uences and emission polarizations. Inset: peak intensity as a function of pump fl uence for different emission polarizations.
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with  Λ  = 450 and 400 nm, respectively. The incident angle of 
the pump beam was fi xed at 0° and pump fl uence was kept at 
0.89 and 0.63 mJ cm −2 , respectively, which are well above the 
lasing threshold for both devices. The position of the detector 
was scanned as illustrated in Figure S3 in the Supporting Infor-
mation. Each slice on the vertical axis represents the emis-
sion spectrum measured at a particular detection angle ( θ  d ). 
Although both devices exhibit intense lasing emission near 
50°, their lasing wavelengths are different. Figure  5 a,b repre-
sents the  s -polarized lasing emission, where the electric fi eld of 
the emission is perpendicular to the plane of incidence. Owing 
to the symmetric arrangement of the PNDA structure, the 

 p -polarized lasing emission exhibits a nearly identical pattern as 
shown in Figure S4 in the Supporting Information. Figure  5 c 
plots the lasing emission intensities as a function of detection 
angle ( θ  d ) defi ned in Figure S3 in the Supporting Information. 
The divergence angle ( Δθ  d ) of the lasing beam is 1.46° meas-
ured on the plane parallel to the high symmetry direction. In 
short, the threshold behavior in combination with the narrow 
emission linewidth as well as small beam divergence demon-
strates that room-temperature laser oscillation occurs in PNDA 
lasers. It is worth noting that several relatively weak emissions 
exist away from the main lobe. We suggest this phenomenon is 
related with the LSP mode supported by the nano-gaps formed 
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 Figure 4.    Lasing characteristics of the PDNA laser with  Λ  = 400 nm. a) Comparison of emission spectrum of the PNDA laser and emission spectrum 
for the same gain material (LDS 765 doped methanol) on a fl at gold surface without nanostructured patterning. V (blue) represents emission polar-
ized perpendicular to the lattice direction ( Γ − Χ ) of the PNDA laser. b) Evolution of lasing emission spectra for different pump fl uences. Inset: peak 
intensity as a function of pump fl uence.

 Figure 5.    Angular dependence of the lasing emission. Measured angular emission spectra of a) the PNDA laser ( Λ  = 450 nm; LDS 867 in methanol) 
and b) the PNDA laser ( Λ  = 400 nm; LDS 765 in methanol) at a fi xed incident angle ( θ  i  = 0°) as a function of detection angle ( θ  d ) for emission polar-
ized perpendicular (V) to the lattice direction ( Γ − X ) of the PNDA laser. c) The angular emission profi les for the spectral wavelength of  λ  lasing  = 907 nm 
in (a) and  λ  lasing  = 807 nm in (b). d) Simulated angular distribution of far-fi eld emission of the PNDA laser ( Λ  = 450 nm) at  λ  = 905 nm. The black 
characters represent the polar angle ( θ ) and the white the azimuthal angle ( φ ).
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between the adjacent nano-domes because the weak emissions 
are observed in all directions in the range of 10°−80°.  

 The out-of-plane radiation angles  θ  can be found using:  k  0  
sin θ  = k  ||  = G /(2 n  eff ), where  k  0  = 2 π/λ  0  is the free-space wave 
vector of the out-coupled laser radiation,  k  ||  is the in-plane 
wave vector,  G  is the lattice vector (2 π / Λ ) and  n  eff  is the effec-
tive refractive index.  n  eff  is estimated to be 1.33 for both laser 
dyes and therefore the lasing action, arising from the interac-
tion of the liquid gain medium and the HP mode, occurs at 
the condition of  k  || / G  = 1/(2 n  eff ) = 0.376, where the optical gain 
is suffi cient to overcome the losses inherent in the plasmonic 
material, as shown in Figure  2 d. The lasing emission angle is 
calculated to be ≈ 49° for both laser dyes by using the value of 
 k  ||  together with the measured lasing wavelengths, which is in 
good agreement with the measurements, as shown in Figure  5 c. 
Figure  5 d shows the simulated angular distribution of far-fi eld 
emission of the PNDA laser ( Λ  = 450 nm) at  λ  = 905 nm for 
randomly placed and oriented dipoles. Strong emission can be 
clearly seen at  θ  ≈ 50° with the azimuthal angle of  φ  = 0°, 90°, 
180°, and 270°, respectively. Because the square lattice of the 
PNDA is symmetric, there are four high symmetry  Γ − Χ  direc-
tions along ± k  x  and ± k  y  in   k   space. In the experiment, although 
the detection angle ( θ  d ) was varied along one of  Γ − Χ  direc-
tions, we expect to observe the lasing emissions at  θ  d  = ±50° 
in both  x–z  and  y–z  planes shown in Figure  1 a. [ 32 ]  In addition, 
we also studied how the incident angle of the pulse laser affects 
the lasing emission using the setup illustrated in Figure S5 in 
the Supporting Information. The result shown in Figure S6 in 
the Supporting Information indicates that lasing emission is 
independent of the incident angle of the excitation beam.    

  3.     Conclusion 

 In summary, a liquid dye plasmonic laser has been success-
fully demonstrated. Two PNDA lasers with different dimen-
sions and liquid gain materials were designed, fabricated, and 
characterized. Owing to the strong local fi eld near the PDNA 
surfaces, the gain within the liquid dye can exceed the loss 
inherent within plasmonic resonant structures and thus room-
temperature lasing emission can be achieved at a low threshold 
fl uence. For the PNDA laser with a period of 450 nm, laser oscil-
lation occurred at 907 nm and showed a clear lasing threshold 
near 0.32 mJ cm −2 . The PDNA laser with a period of 400 nm 
operated at 807 nm and revealed a threshold pump fl uence of 
≈ 0.3 mJ cm −2 . The period of the PNDA structure can be engi-
neered to tune the hybridized plasmon resonance and conse-
quently determine the lasing wavelength of the plasmonic laser. 
Directional lasing emissions over large areas were observed for 
both PNDA lasers at off-normal direction ( θ  d  = 50°) with a small 
divergence angle ( Δθ  d  < 1.5°). Compared to other types of plas-
monic lasers, the PNDA laser offers several benefi cial features: 
(i) The PNDA laser is fabricated using a low-cost, room-temper-
ature nanoreplica molding process on a fl exible substrate and 
thus the device is amendable to scale up over large surface areas 
and fl exible materials. (ii) The PNDA laser can implemented 
by combining the PDNA structure with a wide variety of gain 
materials, such as quantum dots, light emitting polymer, and 
fl uorescence proteins. (iii) The dimension of PDNA structure 

can be engineered to produce plasmonic lasing at any wave-
length in the visible and near-infrared region, provided that the 
PL band of the gain material is selected to spectrally overlap 
the HP mode. (iv) Unlike the band-edge lasing devices, where 
emissions toward an off-normal direction to the device surface 
are inhibited, the emission of the PNDA laser can be directed 
obliquely. We envision that the PNDA structure can be utilized 
in integrated photonic systems as a coherent light source or in 
lab-on-a-chip applications as high-performance chemical and 
biological sensors.  

  4.     Experimental Section 
  Fabrication of PNDA Lasers : The schematic diagram of the replica 

molding process utilized to fabricate the nano-dome structure is 
summarized in Figure S1 in the Supporting Information. This low-
cost, large-area, and high-throughput fabrication method was 
comprehensively described in our previous publications. [ 22,33 ]  The 
organic dyes (LDS 867 and LDS 765, Exciton Inc.) were dissolved in 
methanol at a concentration of 100 × 10 −6   M . The dye solutions were 
fi ltered using a 0.2 µm syringe fi lter to remove undissolved particles. A 
chamber was formed between the PNDA substrate and a cover glass 
window, using a layer of double sided pressure sensitive adhesive fi lm 
with a thickness ≈200 µm (3  M ). The chamber was fi lled with the fi ltered 
dye solution with a volume of 5 µL. 

  Refl ection Measurement and Extinction Spectrum : Refl ection measurement 
of the PNDA laser was carried out using an Axio Observer D1 inverted 
microscope (Carl Zeiss, Inc.) equipped with a 100 W halogen light 
source. The  p -polarized incident broadband light was focused onto the 
PNDA surface via a 10× objective (NA = 0.25) and the refl ected light was 
collected back through the same objective and then coupled to a visible 
and near-infrared (Vis–NIR) spectrometer (Control Development, Inc.) 
through an optical fi ber. Refl ectance ( R ) was calculated against a mirror-
like Au fi lm covered with the LDS solution over microscope glass slide 
as the reference. Extinction spectra were obtained by calculating 1 −  R . 

  Numerical Modeling : 3D FDTD simulations were performed to 
simulate the optical responses of PNDA laser using a commercial 
software package (FDTD solution, Lumerical Inc.). The PNDA structure 
was illuminated with a normally incident, unit magnitude plane wave 
propagating in the − z  direction with an electric fi eld polarization along 
the  x -axis. The simulation region was set to one unit cell volume of 
the periodic PNDA structure along with periodic boundary conditions 
imposed on the sidewalls of the simulation boundary. Perfectly matched 
layer (PML) boundary conditions were imposed at boundaries along the 
 z  direction to properly absorb incident radiation. Monitors were placed 
in close proximity to PMLs to calculate the amount of refl ected and 
transmitted power as a function of wavelength. A uniform fi ne mesh size 
of 1 nm ( x ,  y , and  z  directions) was used within the nanogap region. 
The optical properties of Au and SiO 2  were respectively taken from 
Johnson and Christy and Palik’s handbook, and then fi t by the multi-
coeffi cient model in the wavelength range from 600 to 1000 nm. The 
material dispersion of superstrate gain material and plastic substrate 
were ignored in the simulation. 

  Laser Emission Measurement Setup : A schematic illustration of the 
optical setup for laser emission characterization is shown in Figure S3 
in the Supporting Information. The PNDA laser was optically pumped 
by a frequency-doubled, Q-switched Nd:YAG pulse laser (Minilite, 
Continuum) with emission wavelength of 532 nm and pulse duration of 
10 ns at a repetition rate of 2 Hz. Pump spot size and fl uence were varied 
by an adjustable iris and a continuous variable neutral density (ND) 
fi lter. A half-wave plate was used to rotate the polarization of the pump 
laser so that the incident plane of the pump laser was aligned along the 
high symmetry axis of the square lattice. The PNDA device was mounted 
on a fi xed sample holder. The  p -polarized pump pulses were incident on 
the surface of PNDA laser with a measured spot size of 1 mm diameter 
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at normal incidence ( θ  i  = 0°). The laser emission was collected by a NIR 
doublet lens (NA = 0.25) mounted on a computer-controlled custom 
stage that can be rotate over a range of detection angles ( θ  d  = 10−80°) in 
increments of 1° with respect to the device surface normal. The collected 
light was coupled to a Vis–NIR multimode fi ber, which was connected 
to a spectrometer (USB2000+, Ocean Optics) with a spectral resolution 
of 0.3 nm. A linear polarizer was placed in front of the doublet lens to 
characterize the polarization of laser emission.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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