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ABSTRACT: Coherent light sources have been demonstrated
based on a wide range of nanostructures, however, little effort has
been devoted to probing their underlying coherence properties.
Here, we report long-range spatial coherence of lattice plasmon
lasers constructed from a periodic array of gold nanoparticles and a
liquid gain medium at room temperature. By combining spatial and
temporal interferometry, we demonstrate millimeter-scale (~1 mm)
spatial coherence and picosecond (~2 ps) temporal coherence. The
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long-range spatial coherence occurs even without the presence of

strong coupling with the lattice plasmon mode extending over macroscopic distances in the lasing regime. This plasmonic lasing
system thus provides a platform for understanding the emergence of long-range coherence from collections of nanoscale
resonators and points toward novel types of distributed lasing sources.
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asing, a result of stimulated emission, has long been

demonstrated in various nanostructures, including solid
state nanocavities,' " photonic cavities,””” disordered media,®
and plasmonic structures,””"® employing both inorganic and
organic active media. These subwavelength light sources are
energy efficient, tunable, and capable of on-chip integra-
tion.""*° Characteristics of a lasing structure include a pumping
threshold associated with the narrowing of the spectral line
width, indicating a transition from spontaneous emission to
stimulated emission. Most studies on nanolaser systems are
limited to demonstrations of these basic characteristics, while a
few recent studies have verified coherent light emission through
either second-order correlation measurements'’ or by obser-
vation of distinct interference patterns arising from the two
ends of a semiconductor nanowire laser.’” However, despite
intense interest in nanostructured lasers, measurements of their
essential temporal and spatial coherence lengths, which
ultimately define the quality of a lasing source and determine
the directionality and spectral line width of the source, remains
an outstanding challenge. By contrast, spatial and temporal
coherence have been widely investigated in various systems that
support polariton condensation, a state in which the photonic
mode of the cavity is strongly coupled to the gain medium. One
of the most striking features of coherence in lasing and
condensate systems is the appearance of spatial coherence
above the nonlinear threshold. First-order spatial coherence is
characterized by phase correlations between emitted photons
from spatially separated parts of the structure. Spatial coherence
has been observed in polaritonic microcavities showing Bose—
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Einstein condensation (BEC) behavior with typical coherence
lengths of 10—1S pm for inorganic gain layers”"** and up to 40
pm for organic gain layers.””** Despite the much studied
polaritonic systems, understanding of the spatial and temporal
coherence properties is lacking for nanostructured lasing
systems.

In this article, we experimentally probe both the temporal
and spatial coherence properties of a plasmon nanolaser based
on periodic arrays of metallic nanoparticles immersed in a
liquid gain medium. These plasmonic arrays possess band-edge
lattice modes that are delocalized over many lattice periods and
coherently interact with localized hot spot regions surrounding
the nanoparticles where the population inversion occurs. The
large volume of this mode therefore promotes coupling
between the lasing field and the free-space field due to a
small momentum mismatch.'”'” Using spatial and temporal
interferometry we show that this lasing mode exhibits
coherence over a macroscopic length scale (~1 mm). Even in
the absence of strong coupling, we observe this extreme long-
range spatial coherence that is more than an order of
magnitude greater than has been observed for condensate
systems.

The plasmon laser consists of an array of gold nanoparticles
situated on a fused silica substrate (Figure la). Figure 1b
displays an SEM image of the nanoparticle array as well as a
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Figure 1. Plasmon nanolaser. (a) Ilustration of the nanoparticle array laser with the excitation beam and emission beam delocalized over many
nanoparticles. Inset: Cross-sectional schematic of a single gold nanoparticle surrounded by the DMSO solution containing IR-140 dye molecules. (b)
SEM image of the gold nanoparticle array. Inset: dark-field optical image of the sample with individual nanoparticles visible. (c) Photonic band
diagram measured by angle-resolved transmission for the case with DMSO solvent and 1 mM IR-140 dye present. The white dashed lines indicate
the incident angle and wavelength of the laser excitation. Transmitted light was normalized by the IR-140 dye absorption (see Supporting
Information Figure S1c). The black dashed line is a guide to the eye of the band-edge lattice plasmon that follows the (0, =1) mode.
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Figure 2. Measurements of coherence properties. (a) Schematic of the experimental setup utilizing a modified Michelson interferometer. The sample
was mounted such that the symmetry axes of the nanoparticle lattice aligned with the horizontal and vertical directions. (b) Excitation power
dependence of the spectrally integrated emission intensity showing a clear threshold ~0.11 mJ/cm” Inset shows emission spectra at various
excitation densities. (c) CCD camera image of the emission right below the lasing threshold at an excitation power of P = 0.10 mJ/cm?, a delay time
of At = 0 ps and with the beams from the two arms of the interferometer spatially overlapped. (d) Same measurement as in (c) but at a higher
excitation power of P = 0.15 mJ/cm?* above the lasing threshold resulting in a clear interference pattern.

dark-field optical image of the sample. The gold nanoparticle adjusting the nanoparticle size or lattice spacing'’ or by
array is covered by a liquid gain medium containing index dynamically varying the liquid gain medium.""

matching dimethyl sulfoxide (DMSO) solvent with refractive One key question to answer when studying the coherence
characteristics of a system showing nonlinear emission is

whether it is an exciton—polariton condensate operating in the
3229

index n = 1.48 and IR-140 dye molecules at a concentration of

1 mM and held in place by a top glass coverslip. The band-edge strong coupling regime® or a laser operating in the weak

lattice plasmon resonance of the nanoparticle array can support coupling regime.’® To clarify whether strong coupling is

lasing action in the direction perpendicular to the sample present in our system, we first investigate the photonic band
surface.'”"" The resonance wavelength can be tuned by structure of the nanoparticle array with and without the IR-140
6691 DOI: 10.1021/acs.nanolett.7b02677
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dye molecules. In agreement with previous studies,'”"" when

only the DMSO solvent is present, the lattice plasmon
resonances under unpolarized light exhibit several dispersive
bands that follow the Rayleigh anomaly modes (Supporting
Information Figure Sla). With the addition of the dye (Figure
lc), the band structure of the lattice plasmon mode is still
clearly observed and is not strongly modified by the presence of
the dye. Therefore, in the presence of gain medium the system
does not exhibit any indication of strong coupling, as expected
from the low dye concentration.’’

To measure the spatial and temporal coherence we utilize a
modified Michelson interferometer that combines a retrore-
flector configuration”” with an ultrashort pulsed laser temporal
coherence measurement technique.”> Figure 2a shows the
schematic of our experimental setup where the sample was
pumped by an 800 nm, 150 fs, 1 kHz Ti:Sa laser at an incident
angle of 45° and with a ~ 1 mm spot size. The lasing signal
from the sample was collected normal to the sample surface
through a 5X objective and split by a beam splitter for either
spectral measurements on a spectrometer and charge-coupled
device (CCD) camera connected via a single mode fiber or for
coherence measurements performed using free space coupling.
For the coherence measurements, the signal was further divided
into two different paths. The first path was sent through a
retroreflector on a mechanical delay line, and the second path
went through a Dove prism which allows for the real image to
be rotated with respect to the optical axis. For the
measurements of temporal coherence, the Dove prism was
oriented such that the real images on both arms were
overlapped exactly.

Figure 2b displays the integrated emission intensity as a
function of the pump density, which exhibits a clear threshold
at an excitation density of Py, = 0.11 mJ/cm? At low excitation
density, the dye molecule emission is characterized by a broad
spontaneous emission spectrum, and as the excitation density
increases, a narrow stimulated emission peak appears at ~862
nm with a full width at half-maximum (fwhm) of 1.6 nm. At
high excitation densities (>1 mJ/cm?), the integrated emission
intensity decreases rapidly, resulting from the emergence of
amplified spontaneous emission (ASE)'”** as well as direct dye
bleaching. Furthermore, no blue-shift is observed in the
emission spectrum with increasing power, in contrast to
polaritons in strongly interacting systems,”*" further confirm-
ing the absence of strong coupling. Figure 2c,d shows the CCD
images of the emission at excitation densities below and above
the lasing threshold where the two arms are overlapped in time
(At = 0) and space. As expected, an interference pattern only
occurs above the lasing threshold indicating the onset of
coherent emission from the structure. We note that the ASE in
our system'”'' can only be seen at off-normal angles
determined by the dispersion relation of the lattice plasmons
and emerges at higher excitation powers as a distinct, broader
peak.”

To characterize the temporal coherence, we measured the
interference patterns at different delay times, At, between the
two paths (Figure 3a). When the two paths overlapped exactly
in both space and time (At = 0 ps), a maximum fringe visibility
of the interference pattern occurred. To quantify the coherence
time, a series of CCD images were collected and Fourier
transformed. We then extracted the magnitudes of the spatial
frequencies corresponding to the interference fringes in the
Fourier space and plotted these magnitudes against the relative
delay times. Figure 3b displays the data from two different
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Figure 3. Measurements of temporal coherence. (a) Real-space CCD
images acquired at different delay times, At = —3.5,—1.0, and 0 ps, and
at an excitation density above the lasing threshold of P = 1.5 Py. (b)
Magnitudes of the Fourier transformed spatial frequency at different
delay times for the plasmon laser (blue, circle) and for the commercial
excitation laser (black, square) as a control measurement. The
extracted fwhm from fits to the data (red solid lines) were 2.0 and 0.16
ps for the plasmon and excitation laser, respectively.

experiments: (1) lasing from a plasmon laser (blue circles), and
(2) measurement of the pump laser itself (back squares) as a
control. In both cases, a distinct peak appears at a relative delay
time of At = 0 ps, and the fwhm of this peak represents the
coherence time.”> As expected, the pump laser exhibited a
narrow peak with a fwhm of ~0.16 + 0.01 ps, very close to the
manufacturer specified value of 0.15 ps (see also Supporting
Information Figure S3). Meanwhile, the plasmon laser shows
temporal coherence with a fwhm of 2.0 & 0.2 ps. As seen in the
inset of Figure 2b, the plasmon laser was characterized by a
narrow lasing peak with a line width of ~1.6 nm, and from the
relation T gperence = 4°/(cAL), where 1 is the wavelength, A/ is
the line width, and ¢ is the speed of light, we can estimate a
coherence time of 7 perence = 1.55 ps which is close to the value
extracted from the interference measurement. Finally, we note
that the technique used here is equivalent to measuring the
visibility V = (Inay — Lnin)/ (Inax + Imin), where I, and I, are
the maximum and minimum intensities of the interference
fringes at various delay times.”"**

Following the measurement technique developed for spatial
coherence studies of strongly interacting systems,m_24 we
measured the spatial correlation function g'(r, — r) of the
lattice plasmon laser. To do this, the real-space image on one
arm of the interferometer was rotated by a Dove prism such
that the two arms are spatially inverted and overlapped in a
centro-symmetrical way (Figure 4a and Supporting Information
Figure S4). As the emission from the structure is elongated
along the incident polarization axis,'”'' in the following
experiments the excitation laser is vertically polarized, instead
of horizontally, to minimize any time delay between the two
ends of the excitation spot.

Figure 4a displays a typical interference image and the center
region of interest is shown below in Figure 4b for different
delay times with the black dot indicating the same pixel on the
camera. By tracing the intensity of this pixel at different time
delays, an interference fringe is obtained (Figure 4c) from
which the visibility, V, can be calculated. To reconstruct both
the spatial correlation function, gl(r, — r), and the related
phase, the interference fringe obtained from each pixel in
Figure 4a has been fit with a cosine function,”"** and the results
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Figure 4. Spatial coherence and visibility. (a) Top: Illustration of the
beam rotation where the real image on one arm of the interferometer
was rotated centro-symmetrically after which the two images were
overlapped on the camera. Bottom: Real-space image of the
interference pattern at an excitation power of P = 135 Py. (b)
Interferograms from the region indicated by the dashed white line in
(a) at different phase delays. The black dot indicates a fixed position
on the camera. (c) Interference fringe as a function of the relative
phase, showing a contrast of ~45%. The red line is a cosine fit to the
data. Interference fringes at different excitation densities are shown in
Supporting Information Figure S2.

are shown in Figures Sa,b. Figure 5c displays the averaged (g")
values from the region indicated by the two dashed lines in
Figure Sa. By fitting this data using a Gaussian function where ¢
is the standard deviation, we extract an extraordinary long-range

spatial coherence length24 of L = 24276 = 0.904 mm.

The large spatial coherence length observed in our
measurements is surprising because it emerges spontaneously
from a collection of nanoscale resonators. The individual
nanodisks couple to each other through the index-matched
solvent environment and the coherence length is substantially
longer than the surface plasmon propagation length of thin
films. The coherence emerges spontaneously as the pump
excitation is nonresonant with the emission and the temporal
coherence observed from the plasmon laser is even longer than
for the pump laser itself. The observed coherence length of ~1
mm is significantly larger than even for BECs. Previously,
spatial coherence has mostly been studied in BECs where
coherence lengths up to ~40 ym have been observed.””** The
long-range spatial coherence observed in our system likely
originates from the coherence intrinsic to the lattice plasmons,
which is associated with the coupling between diffractive modes
of the array and localized surface plasmons of the nano-
particles.’”® For high-quality lattice plasmon modes, all the
nanoparticles in the array support charge oscillations with the
same phase. Lasing based on this collective mode essentially has
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Figure S. Long-range spatial coherence. (a) Map of the correlation
function g Y as a function of spatial position. Correlation values were
obtained from cosine fits (as shown in Figure 4c) to the interference
fringe from each pixel. (b) Extracted phase and (c) averaged (g(l))
values from the region indicated by the two dashed lines in (a).

all the nanoparticles participating in a correlated manner (ie.,
nanolaser arrays). Finally, we note that the periodicity of
plasmon lattices has been shown to be crucial for the
emergence of spatial coherence in both the weak and strong
coupling limits and a spatial coherence length up to ~10 um
has been observed in the strong coupling regime.”' However,
for plasmonic cavity arrays, lasin§ has been shown to occur
even with randomized lattices,'® although the coherence
properties of these systems have not been studied in detail.
Similarly, we observed in our experiments that for nanoparticle
arrays with many defects (ie, damaged or missing nano-
particles as seen in dark field imaging), lasing emission still
occurred; however, long spatial coherence was not detectable.

In summary, we have demonstrated for the first time the
temporal and spatial long-range coherence characteristics from
a nanostructured laser. Unlike other solid-state BECs or organic
condensates, the lattice plasmon lasing based on nanoparticle
arrays exhibits an extreme long-range spatial coherence even in
the absence of strong coupling between the organic molecules
and the lattice plasmon resonance. Such a long-range spatial
coherent light source could be used as, for example, optical
bridges for both inter- and intrachip communication. The
simple design, operation, and tunability of this plasmon laser
offers opportunities for new generations of devices that require
on-chip tunable,'' long-range spatially coherent light sources
and offer a platform for studying the emergence of long-range
coherence in plasmonic systems.

B SAMPLE FABRICATION

Photoresist posts (diameter d = 120 nm; Shipley 1805) were
first patterned in a square lattice (a4, = 600 nm) on a Si (100)
wafer using phase-shifting photolithography.” After deposition
of a thin layer of Cr (8 nm) and lift-off of the photoresist,
cylindrical pits (diameter ~120 nm and depth ~150 nm) were
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generated by deep reactive ion etching beneath the circular Cr
holes. Au nanohole arrays were then produced by depositing
100 nm Au and etching the sacrificial Cr layer. Next, Au
nanohole arrays were floated onto fused silica substrates as
deposition masks. Another Au deposition (h = SO nm) and
removal of the Au nanohole arrays by scotch tape left Au
nanoparticle arrays on fused silica. The final arrays of
nanoparticles had a dimension of approximately 5 X 5 mm.
The lasing device was built by coating the Au nanoparticle
arrays with a droplet of IR-140 (Sigma-Aldrich) dissolved in
dimethyl sulfoxide (DMSO) which was stabilized with a piece
of coverslip on top. The concentration of the dye was 1 mM,
resulting in an average distance of ~11 nm between molecules,
and the thickness of the gain layer was ~100 ym.

B OPTICAL MEASUREMENTS

Angle-resolved transmission measurements were performed
using a home-built setup. A broad-band white light source
(Thorlabs SLS201) with a spot size of ~2 mm was focused on
the nanoparticle arrays. The sample with nanoparticle arrays
was mounted on a rotation stage (0.1° resolution), and the
transmitted light was collected through a multimode fiber,
dispersed by a Horiba iHRSS0 spectrograph and detected using
a Symphony CCD detector.

A mode-locked Ti:Sa laser (Coherent Libra, 1 kHz repetition
rate, ~ 150 fs pulse width) at 800 nm, spot size 1 mm, 45°
incident angle was used for pumping the plasmonic lasing
device. The photoluminescence of IR-140 was collected by a
5X and 34 mm working distance objective. The pump laser and
photoluminescence signal were filtered by 800 nm band-pass
and 820 nm long-pass filters (Semrock), respectively. The
filtered photoluminescence was then coupled to a single-mode
fiber and guided to the entrance slit of a spectrometer
(Princeton Instrument SP2500) for spectral measurements or
sent to a modified Michelson interferometer (in free space) for
coherence measurements. The interference patterns were
collected by a Hamamatsu CCD camera (C4742-80-12AG)
every 100 ms (i.e, each image was averaged over 100 pulses).
The motorized delay stage (Newport, model 850G) for moving
the retroreflector and CCD camera were synchronized and
controlled by a computer for data acquisition.
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