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6
Plasmon "patchwork" lasers: towards low
etendue, speckle free light sources

Despite the attractive properties of lasers, like high brightness and good
directivity, applying lasers in solid state lighting (SSL) is difficult because
of speckle formation from the interference of coherent laser light. To
overcome this issue, we propose two types of lasers based on patchworks
of small plasmon lattices with different lattice constants. The premise is
that they could ultimately form a blue-led pumped broad-area directive
emitter with reduced spatial coherence to suppress speckle. An important
question is whether different patches couple when assembled together,
and how this affects spatial and spectral profiles. In this chapter, we show
measurement results on the patchwork lasers and discuss their potential
application as low etendue and speckle free sources in SSL.

6.1 Introduction
Lasers have the advantages of high brightness and low etendue, and are widely used in
many applications that crucially depend on properties such as high power, collimated
output, coherence, or narrow bandwidth. In framework of solid-state lighting, lasers
are relevant either as pump source in laser-driven white light sources like laser-driven
remote phosphors [1–3], or as illumination source in projection [4]. For instance,
high-end cinema projection can use digital mirror device (DMD) beam scanning
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6 Plasmon "patchwork" lasers: towards low etendue, speckle free light sources

of red, green and blue laser channels to offer superior projection brightness and
reduced maintenance compared to Xenon lamps [5]. However, high quality lighting or
projection using lasers is challenging because of speckle formation. Speckles are high
contrast random interference patterns which occur due to high temporal and spatial
coherence of lasers and can cause degradation of images [6]. To reduce speckle contrast
in, e.g., projection, a variety of methods have been developed based on superimposing
statistically independent speckle configurations. This includes using (multiple) sources
with different wavelengths, illumination angles and polarizations [7, 8], reducing
spatial coherence of the sources [9], dynamically changing the illumination beam or
target screen [10–13], etc. Most of these methods require multiple light sources or
bulky optics and motors. A compact laser with instantaneous multi-wavelength and
low spatial coherence emission could be desirable for creating small, speckle free
projection systems.

In Chapter 5, we have introduced plasmon DFB lasers based on arrays of plasmon
nanoantennas. Benefiting from the strong plasmon resonance of the arrays, they feature
the possibility of lasing from a very small sample area, and flexible "flat-optics" control
of frequency and emission pattern through array patterning [14–16]. One could thus
envision making plasmonic laser substrates that multiplex many plasmon lasers, and
thereby tailor function in the spatial, spectral, and wave vector domain. To use plasmon
DFB lasers in lighting and projection applications, two major questions need to be
answered. First, what is the efficiency and stability of the plasmon DFB lasers? Second,
how can we achieve multi-wavelength, low etendue and speckle free output for high
quality lighting or projection?

In this chapter, we consider the possibility of making multi-wavelength, low
etendue, speckle free plasmon DFB lasers using so-called patchwork arrays. We
introduce two types of arrays: "checkerboards" and "random patchworks". Both are
based on patchworks of small plasmon lattices, each of which could operate individually
as a DFB laser, similar to the ones studied in the last chapter. The patchwork patterns
are similar to the plasmon particle superlattices in Ref. [16], which can also be viewed
as collections of single plasmon lattices. Compared with the superlattices in Ref. [16],
the patchwork arrays we investigate in this chapter feature different pitches in different
patches, and smaller inter-patch distances (a few hundred nm compared with a few
micron in Ref. [16]), which can result in quite different inter-patch interaction. From the
outset it is unclear if these lasers will operate independently when assembled together
in one array, or whether different patches will couple to each other, thereby giving rise
to different lasing phenomena. We measure the lasing properties of these patchwork
lasers, including the lasing threshold, spectra, angular distribution of lasing emission
and spatial coherence. Through these measurements, we investigate the coupling of the
patches and look into their potential for low entendue emission and speckle reduction.
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Figure 6.1: A schematic of the sample design. A N ×N square array is divided into patches of n ×n. To
make a checkerboard array, we change the pitch of the B patches from d to d +δ. The particle numbers are
reduced so that the resulting B’ patches are not larger than the original B patches. For the Random patchwork
arrays, we change the pitches in every patch to d +δij and also change the particle numbers accordingly to
fit in the original patch size.

6.2 Sample geometry
We design two types of lasers based on patchworks of Ag particle arrays as illustrated
in Fig. 6.1. We start from a square array of N ×N particles with pitch d = 370 nm. As
introduced in Chapter 5, such arrays can work as lasers at λ0 ≈ 574 nm (ω0 ≈ 3.28×1015

rad/s), when fabricated on glass and covered with a 350 nm SU8 layer doped with
Rh6G. To create patchworks we divide the array into sub-arrays of size n ×n, with
the divisor N /n an integer. The first design is like a "checkerboard", in which we
alternatingly assign the sub-arrays into two groups A and B. The arrays of type A are
kept unchanged. For B arrays, we fix the position of the array center, and increase
the pitch to d ′ = d +δ. We note that the size of the B arrays scales with the pitch. To
avoid overlapping of particles, we reduce the number of particles in B’ to n′×n′, with
n′ = [nd/d ′], so that the B’ arrays are as large as or smaller than the original B arrays.
This design results in a 45 degree rotated super-square-lattice of A and B’ with a period
of

p
2n ·d . In this chapter, we consider n = 10, 20, 40, 60, and δ= 1, 2, 4 nm. For all

combinations of n and δ, we have n′ = n −1. The difference in particle number results
in an approximately d/2 shift of the B’ arrays in x and y directions with respect to the
original B arrays.

We call the second design "random patchwork". In this cases each sub-array is
expanded or shrunk by adding random numbers δi j (uniformly distributed over [−δ,δ])
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6 Plasmon "patchwork" lasers: towards low etendue, speckle free light sources

to the pitches of each sub-array. Again, to avoid array overlap, we increase or decrease
the particle number to n′×n′, with n′ = [nd/d ′]. This design results in a collection of
sub-arrays of different pitches with their centers fixed in a square lattice with a period
of n ·d .

The designs are implemented with electron beam lithography and lift-off procedures
used in Chapter 5, resulting in Ag nanoparticles fabricated on glass substrates. We fix
the original pitch and size of the array to be d = 370 nm and N = 240, and vary n, δ
and the range of δi j . Since the lateral resolution of the electron beam is 0.2 nm, the δi j

are set as random integer multiples of 0.2 nm. The resulting Ag nanoparticles have a
cylindrical shape with a diameter of about 60 nm and a height of 30 nm. On top of the
arrays, we spin coat a 350 nm thickness SU8 layer doped with about 2.5 wt% Rh6G
molecules as a gain medium.

6.3 Analysis of the array geometry
Both the checkerboard and the random patchwork designs can be considered as
collections of small square array lasers closely packed in a surface-covering tiling.
Depending on whether these small arrays mutually couple, different outputs are
expected. In one extreme scenario one would envision each array to lase independently.
In this case, the output would be the incoherent sum of emission from individual arrays,
at multiple wavelengths (two for the checkerboard, of order (N /n)2 for the random
patchworks) determined by the different periods of the patches. Due to the small size
of the patches, the lasers would have effectively a small cavity length (L in Eq. (1.12))
and likely require a higher threshold gain compared with a full sized square array.
Meanwhile, a small coherent area means a higher angular spread, i.e., a higher etendue
according to the uncertainty principle for conjugate variables in Fourier transforms.

The alternative extreme scenario is that the patches couple leading to new extended
modes which are coherent over the whole N ×N area. In this case, we would expect
the lasing condition and k-space output to be determined by the band structure of
the whole array geometry. While a full calculation of such a band structure is a
formidable challenge, an estimate can be obtained in the so-called nearly-free photon
approximation. This approximation predicts the physics of band folding and band
crossing in the limit of very weak scattering by the plasmon particles, but not the
formation of stop bands. In this approximation, the band structure of the waveguide
modes can be simply estimated by convolving the dispersion of waveguide modes with
the Fourier transform of the array geometry (known as "structure factor" or "array
factor" in X-ray respective antenna literatures), as we have introduced in Chapter 4.
In the following, we examine the Fourier transforms of the checkerboard and random
patchworks and estimate the resulting band structure.

By way of example, consider the Fourier transform of a checkerboard array with
n = 10, δ= 1 nm. The array can be viewed as a square superlattice with pitch

p
2nd

rotated by 45◦ and convolved with a dimer of neighboring A and B’ arrays. According
to the convolution theorem, the Fourier transform of the checkerboard is the product
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Figure 6.2: (a) Calculated absolute value of Fourier transform of a A-B’ dimer with n = 10 and δ= 1 nm.
(b) Calculated absolute value of Fourier transform of a checkerboard laser with n = 10 and δ= 1 nm (left).
Groups of peaks occur near (±1,0)G and (0,±)G near (G,0) (right). (c) Calculated absolute value of Fourier
transform of a checkerboard laser with n = 20, 40, 60 and δ= 1 nm near (G,0). All Fourier transforms are
normalized to 1/10 of the maximum at kx = ky = 0, which equals to the number of particles in the array. (d-e)
Illustrations of simplified band structures of checkerboard lasers with δ= 1 nm at (d) ω0 and (e) ky = 0. (f-g)
Calculated band structures of checkerboard lasers with δ= 1 nm at (d) ω0 and (e) ky = 0. (d)(f) n =10. (e)(g)
n = 10, 40. (e) is normalized to the maximum. The band structures in (g) are normalized to a normalization
factor equal to the maximum of the band structure for n = 40.
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6 Plasmon "patchwork" lasers: towards low etendue, speckle free light sources

of the Fourier transform of the rotated lattice, i.e., a 45◦ rotated square lattice with
pitch G/(

p
2n), with G = 2π/d , and that of an A-B’ dimer. The Fourier transform

of an A-B’ dimer is shown in Fig. 6.2(a). The half period shift of the B’ array
leads to destructive interference of Fourier transforms of A and B’. Consequently
double peak structures centered around (±1,0)G and (0,±1)G arise with a dip right at
(±1,0)G and (0,±1)G . Multiplication of the two Fourier transforms results in groups of
peaks near (±1,0)G and (0,±1)G , at (±1,0)G+(i , j )G/(2n) and (0,±1)G+(i , j )G/(2n),
with i , j = 0,±1, .... Particularly, four peaks are pronounced in each of the groups,
i.e., (±1,0)G + (±1,±1)G/(2n) or (0,±1)G + (±1,±1)G/(2n). The original first order
diffraction peaks at (±1,0)G and (0,±1)G appear to be much weaker due to destructive
interference. We note from the above discussion that the locations of the peaks are set
by the lattice constant of the superlattice, i.e.,

p
2nd . On the other hand, δ only has an

influence on the Fourier transform of an A-B’ dimer and hence determines only the
amplitude of the peaks. Figure. 6.2(c) shows a comparison of the Fourier transforms
from lattices with varying n. Indeed, the spacing of the peaks scales inversely with n
as shown in Figure. 6.2(c). We also find that increasing δ to 2 or 4 nm does not change
the position of the peaks in the array factor.

To obtain the band structure, we convolute the calculated absolute value squared
Fourier transform of the array with the dispersion of the TE waveguide mode (assuming
constant mode index and no cut off) as introduced in Chapter 4. First, we simplify
the Fourier transform to δ-peaks at the main maxima (±1,0)G + (±1,±1)G/(2n) and
(0,±1)G + (±1,±1)G/(2n). The resulting simplified band structure consists of multiple
cones in the ω−kx −ky space, similar as the band structure in Fig. 1.4(b). Fig. 6.2(d)
illustrates a constant frequency cut of the band structure of a checkerboard laser
with n = 10 and δ = 1 nm at ω0. The waveguide modes at ω0 with wave vector of
(±1,0)G and (0,±1)G can couple with each other through the diffraction at (±1,0)G +
(±1,±1)G/(2n) and (0,±1)G+(±1,±1)G/(2n), and can be coupled out with wave vector
of (±1,±1)G/2n. Therefore, most of the bands cross at (±1,±1)G/2n in Fig. 6.2(d).
Fig. 6.2(e) illustrates the band structures of checkerboard lasers with n = 10, 40, δ= 1
nm, at ky = 0. When n = 10, instead of two straight lines and a parabola crossing
at ω0 and kx = 0 which is expected from square lattices, the band structure of the
checkerboard arrays shows four straight lines. These straight lines result from shifting
the bands of a square lattice by (±1,±1)G/(2n) and (±1,±1)G/(2n) in Fourier space
and intersect at two points at ω≈ω0. The parabolas are also shifted in both frequency
and k. A n increases to 40, the straight bands converge to the two straight bands of a
square array with the their intersections converge to ω0 and kx = ky = 0. The parabolas
are shifted closer to ω0. To confirm the above simplification, we also calculate the
band structure directly from the Fourier transform, as shown in Fig. 1.4(f-g). Indeed,
the simplified line structures in Fig. 1.4(d-e) give a good representation of the major
photonic bands from the direction calculation.

We apply similar Fourier transform methodology to random patchwork lasers.
Depending on the choices of δi j , the random patchwork arrays can have different
realizations. Here in order to make a representative analysis, we consider the average
of 20 realizations with −10 nm < δij < 10 nm and calculate the root mean square
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Figure 6.3: (a) Calculated root mean square of Fourier transforms of 20 realizations of random patchwork
lasers with n = 10,20,40,60 and |δi j | < 10 nm near (±1,0)G and (0,±1)G . All images are normalized to 1/5
of the maximum at kx = ky = 0, which equals to the number of particles in the array. (b) Calculated band
structures of random patchwork arrays with n = 10, 40 and |δi j | < 10 nm. They are normalized to 1.5 times
the normalization factor in Fig. 6.2(g).

of the absolute values of the Fourier transforms from different realizations, for n =
10,20,40,60. The calculated patterns also feature high intensity near (±1,0)G and
(0,±1)G. Therefore, we plot the results near (1,0)G in Fig. 6.3(a). Compared to
the infinite square array reciprocal lattice, the diffraction orders are broadened (sinc-
type broadening expected for small patches), and show speckled patterns. On top of
that, the centers of the Aij arrays form a square superlattice, which results in peaks
at (1,0)G + (i , j )G/n with i , j = 0,±1,±1, .... Fig. 6.3(b) shows the calculated band
structures for the TE modes at ky = 0 for n = 10 and 40. The broadening of the Fourier
transform near (±1,0)G and (0,±1)G results in a blurring in the band structure. When
n = 10, the band structure appear as one major broad band near kx = ky = 0. When
n = 40, the random patchwork has similar band structure as that of a square array, with
two straight bands and a parabolic band that is blurred in the direction of the frequency.
According to this structure factor the waveguide modes in a random patchwork laser
are expected to have access to a range of Bragg conditions, suggesting that lasing will
involve a distribution of spectral components and output wave vectors.

To recapitulate this section, we can envision two distinct scenarios of operation. In
the first scenario, the laser patches will act as independent lasers which should result
in multi-wavelength operation (two lines versus (N /n)2 lines for checkerboards and
random patchworks), low spatial coherence and a significant threshold penalty. In the
alternative scenario, the superlattices offer distributed modes according to the structure
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6 Plasmon "patchwork" lasers: towards low etendue, speckle free light sources

factor analysis. The Fourier transforms and band structures given by the nearly-free-
photon approximation indicate that the checkerboard arrays should then tend to lase
at ω=ω0 and k = (±1,±1)G/(2n). With large n, new lasing modes can occur at the
edges of the parabolic bands when they enter the emission spectrum window of the
lasing dye (Rh6G). Spatially coherent random patchwork lasers are expected to lase
over a spectral range near ω0 with a blurred Fourier space pattern.

6.4 Measurements
In this section, we report measurements of basic optical properties of the checkerboard
and the random patchwork lasers, to investigate their potential application as low-
etendue light source for projections. We use the same experimental set up as in
Chapter 5. First, we check the analysis in Section 6.3 by measuring the (below
threshold) band structure of the arrays. Second, through pump power dependent output
measurements, we study the advantages or disadvantages of the checkerboard and
the random patchwork lasers in terms of lasing threshold. Third, we examine lasing
spectra for potential speckle reduction with multi-wavelength emission. After that,
we study the angular distribution, which we obtain by measuring the Fourier space
images. Finally, we check the coherence between different patches using double slit
experiments.

6.4.1 Band structure
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Figure 6.4: Measured band structures at ky = 0 of (a) checkerboard and (b) random patchwork lasers with
n = 10,40,60, δ= 1 nm and |δi j | < 5 nm. All images are spectrometer camera images first normalized by
the corresponding spectra (sum over kx ) and then normalized to the maximum of each resulting image. (a) is
obtained with 1000 pulses at 7 % pump power. (b) is obtained with 1000 pulses at 10 % pump power.

We measure the (below threshold) band structures of the checkerboard and random
patchwork arrays through spectrally resolved Fourier imaging introduced in Chapter 5.
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As shown in Fig. 6.4(a), the checkerboard array with n = 10 has four bands crossing
at finite kx near ω≈ 3.31×1015 rad/s, which is similar to the prediction in Fig. 6.2(e).
As n increases to 40, the band structure converges to a band structure similar to that
of a square array. The random patchwork with n = 10 has a broad band near kx = 0
(Fig. 6.4(b)), which is similar with the prediction in Fig. 6.3(b). When n = 40, the
band structure converges to two straight bands. We are not able to recognize the
parabolic band predicted by the calculation as it is too weak. To sum up, the measured
band structures of both checkerboard and random patch work lasers show qualitative
agreement with the predictions in Section 6.3.

6.4.2 Lasing threshold
We study the input-output behavior by measuring spectra as function of input pulse
energy, where we control the input pulse energy using a computer controlled acousto-
optical modulator (AOM). The maximum (AOM at 100%) pulse energy corresponds to
about 1 µJ, which spreads over an approximately 120 µm wide spot, slightly overfilling
the patchwork arrays. The spectrometer collects the emission near ky = 0 with a 10 µm
slit. Summing the emission over different kx , we obtain emission spectra. Figure 6.5(a)
shows measured emission spectra from single shot excitations as a function of pump
power on different checkerboard lasers with n = 10, 20, 40, 60, and δ=1 nm. All
checkerboard arrays show sharp emission peaks (width< 0.5 nm) starting from about 20
% of the maximum pump energy. Similar results are obtained with random patchwork
lasers with n = 10, 20, 40, 60, and δij <10 nm. To confirm that these peaks are indeed
lasing modes, we check their threshold behavior. For each of the samples, we select the
modes that emerge at lowest pump power (indicated by the white arrows in Fig. 6.5(a))
and plot the pump power dependence of the emission intensity (within 0.5 nm of the
peak wavelength) of these modes, as shown in Fig. 6.5(c) for the checkerboard lasers.
All plotted modes have near-zero emission with low pump power, and a drastic increase
of the slope of the emission vs pump at about 20 % of the total pump power. The
narrow spectral width and non-linear behavior confirm that the checkerboard samples
indeed lase.

We fit the curves from 40 % to 80 % pump power with a linear function (black
dashed line in Fig. 6.5(c)) to determine the threshold as the intercept point of the fit with
the pump power axis. Fig. 6.5(d) shows the lowest lasing threshold of checkerboard
lasers with δ=1, 2, 4 nm and random patch lasers with δij <10 nm. The measured lasers
have thresholds of about 20-30 % of the total laser power (0.2−0.3 µJ), which is about
2 to 3 times the threshold of a typical plasmon DFB laser such as the one shown in
Fig. 5.3(d) in Chapter 5 with a threshold of about 0.1 µJ. This is actually a remarkable
finding, since these thresholds are much lower than the threshold of single patches
of size n. For example, we have found that an n = 60 single array laser (20×20 µm)
has a threshold higher than 50 % of our AOM range. The reduction of the lasing
threshold for closely spaced patches compared to single ones indicates that coupling
between different patches occurs. Note that the slopes of the curves in Fig. 6.5(c) differ
by a factor ∼ 3. These do not necessarily accurately represent slope efficiency. On

135



6 Plasmon "patchwork" lasers: towards low etendue, speckle free light sources

ω
 (1

015
 ra

d/
s)

n=10 n=20 n=40 n=60

δ=1 nm
(a)

C
ou

nt
s 

(1
04 )

pump (%)

Checkerboard, δ=1 nm(c)

0 50
0

2

4

6 n=10
n=20
n=40
n=60
fit

ω
 (1

015
 ra

d/
s)

(b)
δij<10 nm

(d)

Checkerboard

n=10 n=20 n=40 n=60

Random patchwork

20 40 60
0

20

40

60 δ=1 nm
δ=2 nm
δ=4 nm
δij<10 nm

Th
re

sh
ol

d 
(%

)

n

0 503.22

3.26

3.3

pump (%)
0 50 0 50 0 50 0

max

20 603.22

3.26

3.3

pump (%)
20 60 20 60 20 60 0

max

Figure 6.5: (a) Measured spectra at kx = 0 of checkerboard lasers as a function of pump power. n = 10, 20,
40 and 60, δ=1 nm, (b) Measured spectra at ky = 0 of random patchwork lasers as a function of pump power.
n = 10, 20, 40 and 60, δij <10 nm. (a-b) are normalized to the maxima of each image. (c) Emission intensity
at kx = 0 as a function of pump power of the lowest threshold lasing mode measured from checkerboard lasers
with n = 10, 20, 40, 60, and δ=1 nm. (d) Lasing thresholds of the lowest threshold modes of checkerboard
and random patchwork lasers, with n = 10, 20, 40, 60, δ=1, 2, 4 nm for the checkerboard lasers and δij <10
nm for the random patchwork lasers.

the one hand, our detection scheme implies a filtering in wave vector space (ky = 0),
meaning that strongly different k-space output can lead to significantly different slope
efficiencies. On the other hand, if multimode lasing is a desirable feature, one could
also argue that the slope efficiency should be determined from the intensity in the sum
of all laser lines, instead of only from the first line. However, due to the different start
threshold of the different modes, summing the emission intensity of all lasing lines
can result in strongly non-linear input-output behavior, making it difficult to define the
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slope efficiency.

6.4.3 Lasing spectra
From Fig. 6.5(a-b) we found that both checkerboard and random patchwork lasers
have multiple lasing modes at different frequencies. In this section, we compare the
spectra of the lasers to the two extreme scenarios sketched in Section 6.3. First, if all
the patches are independent, the checkerboard lasers would have 2 laser lines that are
separated by nwgδ, corresponding to about 1.6, 3.1 and 6.2 nm for δ= 1, 2, 4 nm. The
random patchwork lasers would have (N /n)2 laser lines spanning over a wavelength
range of 31 nm for −10 nm < δij < 10 nm near the original lasing wavelength λ0. In
the second scenario where all patches are coupled, the checkerboard lasers would have
one dominate lasing mode at λ0, while the random patchwork lasers can have multiple
lines near λ0.

Fig 6.6(a-c) show above threshold spectra from the checkerboard lasers with n =
10, 20, 40, 60, and δ=1, 2, 4 nm. The red bars on the top left indicates the expected 1.6,
3.1 and 6.2 nm lasing wavelength range, defined as the wavelength range spanned by
the geometrical Bragg diffraction conditions corresponding to the pitches in the system.
When n = 10, the checkerboard lasers tend to emit at one dominant wavelength. This
indicates that the checkerboard lasers have a lasing mode that is coherent over the entire
array instead of having two sets of patches lasing independently at two frequencies. As
n and δ increases, multiple lasing modes (4 to 10 modes) with comparable intensity
are obtained over a spectral range of 5 to 10 nm. This is not expected from either
independent-patch or coupled-patch pictures. Furthermore, we notice that some of the
lasing modes show double peak structures with small wavelength differences (∼0.2
nm), as indicated by the red arrows in Fig. 6.6(b). We attribute this slight splitting to
degenerate modes that split due to the symmetry breaking in x and y from fabrication
defects. Finally, we note that there is a small (a few nm) red shift of the lasing spectra
as δ increase from 1 nm to 4 nm. This is relevant to the fact that average particle
distance increases with increasing δ in the checkerboard arrays.

The random patchworks also show lasing at multiple wavelengths (2 to 15 lines)
within a similar 10 nm band as shown in Fig. 6.6(d). The number of lasing modes
does not increase with the decrease of n (patch number ∝ 1/n2). While the laser with
n = 10 only has two major modes, the laser with n = 40 has a maximum number of
modes (about 15 modes). Moreover, the wavelength range is much smaller than the
expected 31 nm bandwidth for uncoupled patches. This indicates that the individual
patches in a random patchwork lasers likely do not act as independent lasers either,
with the lasing wavelength of each patch strongly influenced by coupling between
patches.

6.4.4 Angular distribution of emission
We evaluate the angular distribution of laser emission by measuring above-threshold
Fourier images. Fig. 6.7(a) shows Fourier images of checkerboard lasers with δ= 1 nm
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Figure 6.6: (a-c) Measured above threshold lasing spectra of checkerboard lasers at 60% pump power. n =
10, 20, 40, 60. (a) δ=1 nm, (b) δ=2 nm (c) δ=4 nm. The two red arrows in (b) indicate a pair of degenerate
modes. (d) Measured above threshold lasing spectra of random patchwork lasers at 50% pump power. n =
10, 20, 40, 60, and δij <10 nm.

and n = 10,20,40,60 at 60 % pump power, which is well above threshold and reaches
the multi-mode lasing regime for large n. For n = 10,20 and 40, the Fourier images
show that laser emission appears in a quadruplet of peaks arranged as the vertices
of squares around kx = ky = 0, corresponding to the calculated structure factors in
Fig. 6.2(b-e). The peaks shift towards kx = ky = 0 with increasing n and become
indistinguishable for n = 40 and 60. Similar results are measured from checkerboard
lasers with δ = 2,4 nm. Like the calculated Fourier transforms and band structures,
the above threshold Fourier images do not show a clear dependence on δ. The fact
that the Fourier images follow the structure factor of the large checkerboards directly
attests to the fact that the lasing modes are coherent across the entire array. Averaging
the intensity at different azimuthal angles, we obtain the per solid angle (Ω) intensity
distribution as a function of the polar angle θ from the normal direction, as shown in
Fig. 6.7(b). When n = 10, the checkerboard laser mainly emit at θ ≈ 0.1 rad, i.e., 6◦. As
n increases, the main emission angle decreases and converges to the normal direction.

Figure 6.7(c) shows the Fourier images of random patchwork lasers with δij < 10
nm and n = 10,20,40,60 at 50 % pump power. The Fourier images also resemble the
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Fourier pattern of the arrays near (±1,0)G and (0,±1)G shown in Fig. 6.3. This is
because the lasing modes are the waveguide modes with wave vector of (±1,0)G and
(0,±1)G . When coupled out by the array, their resulting wave vectors are determined
by the Fourier transform of the array translated by (±1,0)G or (0,±1)G . Figure 6.7(d)
shows the lasing intensity distribution as a function of θ. When n = 10, the laser
emission spans over a large angle range of ±10◦. The angle range decreases with
increasing n. These findings are also consistent with the notion that lasing modes are
extended over the entire random patchwork.

6.4.5 Coherence
From the measured lasing spectra, we have found that the investigated patchwork lasers
tend to lase with inter-patch coupling, instead of having each patch lasing independently.
In the meantime, the Fourier-space output supports this view, as the laser output shows
diffraction features of the entire superlattice. However, it is unclear how far the inter-
patch coupling extends and whether the lasers are coherent over the entire area. To
answer these questions, we measure the real space distribution of the lasing spectra
and study the spatial coherence with double slit experiments. Fig. 6.8(a) shows the real
space spectra of checkerboard lasers with δ= 1 nm, which are images taken with the
spectrometer CCD camera. The entrance slit (10 µm) of the spectrometer selects a 0.4
µm wide slice from the center of the measured lasers. The position in the direction of
the slit is indicated by one axis of the images. The other axis represents the spectral
content of the emission dispersed by the spectrometer grating. For n = 10, the major
lasing mode is distributed over the whole measured area. As n increases, the real
space distribution become less homogeneous. While the highest frequency mode near
ω= 3.29×1015 rad/s is in general delocalized over many patches, the lower frequency
mode are usually localized on single or a few neighboring patches, particularly on the
edge of the array.

To study whether the delocalized modes over the entire array are spatially coherent
across the array size, we conduct a double slit experiment. We refer to Chapter 5 for
the details of the measurement. The double slit we use is a pair of slits with 1 mm
width and 40 mm center-center distance, which selects two 2 µm wide slices near
the edges of of the arrays. Fig. 6.8(b) shows the double slit interference patterns of
a delocalized mode at ω = 3.29×1015 from the checkerboard array with n = 10 and
δ= 1 nm. The interference pattern shows clear interference fringes indicating strong
spatial coherence across the whole array. Note that for lasers emitting to kx = ky = 0
like the rectangular array lasers in Chapter 5, the envelope of the interference fringes
follows a sinc function. However, this does not apply to the checkerboard lasers. The
interference fringes here have an envelope that peaks at non-zero kx corresponding to
the lasing wave vectors. Similar results are measured from the delocalized modes of
checkerboard arrays with different n and δ.
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Figure 6.7: (a) Measured above-threshold Fourier images of checkerboard lasers with δ = 1 nm and
n = 10,20,40,60 at 60 % pump power after an OD 1 filter. (b) Intensity distribution as a function of polar
angle θ obtained from (a) by averaging over the azimuthal angle. (c) Measured above-threshold Fourier
images of random patchwork lasers with δij < 10 nm and n = 10,20,40,60 at 50 % pump power. (d) Intensity
distribution as a function of θ obtained from (c). The Fourier images are normalized to the maxima of each
image.

6.5 Discussion of the physics apparent from the
observations

In this section, we discuss the observations in light of the hypotheses formulated in
section 6.3. The measurement results show in three aspects that both the checkerboard
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delocalized modes at ω= 3.29×1015 rad/s from checkerboard laser with δ= 1 nm and n = 10. Pump power:
100 %.

lasers and the random patchworks support lasing modes that extend over the entire
array width. First, lasing thresholds are significantly below that of the constituent single
patches alone. Second, the Fourier-space output is well predicted by the array structure
factors. Third, spatial imaging shows the same frequency of emission and clear fringes
in double split experiments for these modes. On the other hand, the studied lasers
are surprisingly multimode, especially for n > 20. Moreover, both checkerboards and
random patchworks show many lasing frequencies outside the frequency range set
by the pitches in the system, i.e., by geometric Bragg conditions. These additional
modes tend to be localized on part of the array, i.e., one or a few patches. Overall, this
behavior neither follows that of independent patches lasing in an uncoupled fashion,
nor of simple extended superlattice modes. The behavior of a complex network of
nonlinearly coupled oscillators can be notoriously rich. While working out the physics
in this case is outside the scope of this work, here we look into some simpler cases to
further understand how the modes emerge.

We compare the spectra of a single patch from a checkerboard, and the spectra of
dimers made of just two adjoining square arrays. The lasing spectrum of a single patch
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in a checkerboard is measured by only illuminating the area within one patch of pitch
370 nm at the corner of a checkerboard array with n = 60. The illumination area is
controlled using an iris in the path of the pump laser. As shown in Fig. 6.9(a) (bottom),
the single patch has exactly one lasing mode, as expected from a solitary square array
laser. This indicates that the coupling phenomena that give rise to multimode output
requires that more than one patch is pumped, i.e., when at least two patches feed into
each other.

Further, we measure the lasing spectra of dimers of two patches. Each dimer
contains two n =60 square arrays that are separated with an edge-to-edge distance
of 370 nm. One square array has a period of 370 nm while the other has a period
of 370 nm+δ, with δ = 1, 2, 4 nm. In addition to the original mode supported by a
single patch, the dimers have more lasing modes at longer wavelength, as shown in
Fig. 6.9(a). This indicates that coupling between two patches can already give rise
to multi-wavelength lasing. We note that some of the lasing modes of the measured
dimers appear to have an equal spacing that is independent on the pitch difference
δ. This observation is corroborated by the autocorrelation of the spectra as shown in
Fig. 6.9(b). The spectrum autocorrelations of all the dimers show peaks at about ±0.5
nm, indicating that there is indeed a preferred nearest neighbor wavelength spacing of
0.5 nm which is independent on the pitch difference δ.

We hypothesize that the origin of this complex behavior can be found in coupled
mode theory, adapted for coupled patches. According to coupled wave theory for
DFB lasers, a simple square array laser can already support multiple lasing modes, at
approximately equally spaced frequencies [17, 18]. This can be seen from Eq. (5.13)
in Chapter 5 for 1D DFB lasers, which has a countably infinite number of solutions.
Each solution corresponds to a longitudinal lasing mode with a distinct combination
of frequency, threshold gain and spatial distribution. The frequency spacing between
different modes from a 1D DFB laser is expected to be inversely proportional to the size
of the laser array [17]. Similarly, we expect 2D DFB lasers to have multiple modes with
a frequency spacing depending on the array size. We hypothesize that if coupled mode
theory is extended to coupled patches, the spatial variation in local pitch will lead to an
effective modulation of the coupling constants κ (which acquire an additional position
dependent phase) in chapter 5, which in turn will lead to new modes with different
spatial distributions, frequencies and threshold gains. A detailed numerical analysis of
coupled mode theory with spatially varying coupling constants should be undertaken
to ascertain if this could explain the multimode lasing behavior of the dimers and the
patchwork lasers, and to see if a scheme for mode assignment is possible.

6.6 Patchwork lasers for SSL applications
In this section, we discuss whether the investigated patchwork lasers have potential
advantages for SSL applications in terms of etendue and speckle reduction.
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6.6.1 Etendue
From the angular distribution of emission in Fig. 6.7(b)(c), we estimate the etendue of
emission. From the perspective of a source, the etendue is the product of the source
area and the solid angle subtended by the entrance pupil of the detection system. The
areas of the investigated patchwork lasers are A ≈ (N ·d)2 ≈ 7885 µm2. To estimate the
emission angle range, we consider the largest angles at which the intensity decreases to
half of the maximum in Fig. 6.7(b)(c). Table 6.1 lists the half maximum angle (θ1/2)
and the corresponding etendue calculated as

Etendue= A ·
∫
θ<θ1/2

dΩ= A ·2π(1−cosθ1/2). (6.1)

Both checkerboard and random patchwork lasers have etendue from 30 to 400
µm2·sr, which decreases with increasing n. These numbers are much lower than the
etendue of typical projection systems using liquid-crystal display (LCD), digital light
projection (DLP) and LED based luminescent concentration techniques, which are
around 8 to 25 mm2 ·sr [19, 20]. The low etendue of our lasers on the one hand benefits
from the small emission angular range, and on the other hand is strongly determined
by the micron size of arrays.

6.6.2 Speckle reduction
Here we discuss whether the checkerboard or random patchwork lasers carry an advan-
tage for projection from the viewpoint of speckle reduction. When a monochromatic
plane wave, or single-mode output of a laser, scatters off of a diffusely scattering
screen, the diffuse reflected or transmitted light shows a typical speckle pattern due to
interference. The speckle consists of a random arrangement of minima and maxima
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Checkerboard, δ= 1 nm
n 10 20 40 60
θ1/2 (degree) 7.2 3.7 2.0 2.3
Etendue (µm2·sr) 389 105 30 40
Random patchwork, |δij| < 10 nm
n 10 20 40 60
θ1/2 (degree) 4.9 3.2 2.9 2.3
Etendue (µm2·sr) 179 75 62 40

Table 6.1: Angle at the half maximum (θ1/2 and Etendue of the checkerboard and random patchwork lasers
estimated from the angular intensity distribution in Fig. 6.7(b)(c).

with 100 % intensity contrast (i.e., truly dark spots). The typical angular width of
speckle arising from scattering off a rough surface is λ/L, with L the illuminating
spot size [6]. Speckle contrast can be reduced by illuminating with a set of mutually
incoherent modes that give uncorrelated speckle patterns, for instance by offering
different frequencies simultaneously, or offering illumination from different spatial
modes. When averaging N completely uncorrelated speckle patterns, the speckle
contrast is reduced by 1/

p
N [6]. For our plasmon patchwork lasers, the best-case

estimate for their speckle reduction qualities is obtained by assuming that each laser
line gives a speckle pattern that is completely uncorrelated from that at other lines.
Given that we have multimode behavior with up to 15 lines, a speckle contrast of
25 % remains. This argument is a best-case estimate, as it does not take into account
that when a random medium is illuminated, speckle patterns at close frequencies
are actually correlated. Indeed, frequency correlations in speckle patterns are well
studied in the field of light propagation in random media [21, 22]. The bandwidth
over which the plasmon patchworks lase spans up to about 15 nm, i.e., about 2.5 %
relative bandwidth, corresponding to a 22 micron coherence length. Speckle patterns at
different frequencies are correlated unless the scattering involves path length differences
exceeding the coherence length [23]. The most common way to introduce path length
differences is to use a diffusive medium in reflection (typical path length is on the order
of mean free path `), or transmission (typical path length is proportional to L2/` with L
the thickness of the medium) [24]. For typical diffusive media such as white paint and
white paper, the mean free path is between 4 µm (paint) [25] and 20 µm (paper) [26].
Therefore, the multi-wavelength emission from our lasers can indeed be useful for
speckle reduction, even though a further bandwidth increase can be beneficial.

6.7 Conclusion
We have studied two types of plasmon DFB lasers (checkerboard and random patch-
work) as potential multi-wavelength, low etendue, speckle free light sources for the
applications of lighting and projection. To test their performance, we have conducted
measurements on the lasing threshold, spectra, Fourier space intensity distribution

144



6.7 Conclusion

and spatial coherence. Both checkerboard and random patchwork lasers show multi-
wavelength lasing at small angles to the normal direction, with modest thresholds
which are only 2 to 3 times those of a rectangular array laser with a similar size.
Real space intensity and coherence measurements show that the lasers support both
local modes spanning one or a few patches and modes extended over the entire array.
Measurements on dimer lasers indicate that coupling between neighboring patches can
already give rise to multiple lasing modes. Further investigation on the origin of these
modes requires quantitative studies on the lasing wavelengths and thresholds.

From the measurement in the Fourier space, we have found that checkerboard
and random patchwork lasers with large n = 40 and 60 can have an etendue of 30
to 60 µm2·sr, which is a few orders of magnitude lower than the etendue of typical
state-of-the-art projection systems. Moreover, these lasers have multiple (up to 15)
lasing lines over a wavelength range of about 10 to 15 nm, which can be potentially
useful for speckle reduction.

Despite the possible advantages of the patchwork lasers in etendue and speckle
reduction, there are a few potential issues remaining to be settled. For projection
applications, a very high power output (on the level of 1000 lm) from a small emission
volume is required. This requires strong material stability and efficient color conversion.
The stability of our lasers under illumination of a strong pump field is unclear. Possible
issue includes bleaching of the dye molecules and overheating. The efficiency of the
color conversion of our lasers is limited by three factors: absorption of the pump light,
Ohmic loss in the metal particles and the extraction efficiency of the emitted light.
The absorption of the pump light is mainly limited by the sub-micron thick dye-doped
waveguide layer. Within the investigated pump power range (below 1 µJ per pulse), a
350 nm thick layer doped with 2.5 wt% Rh6G molecules is expected to absorb about
35 % of the pump light (near normal incidence). The absorption further decreases
if the pump power is increased to near saturation level at which most of the Rh6G
molecules are excited within the fluorescent lifetime or in our case by one pump pulse.
This gives an upper bound to the optical power conversion efficiency of 0.33 (assuming
100 % QY and extraction efficiency), which is still competitive compared with the 0.22
efficiency in Ref. [20]. The absorption in the linear regime can be further improved by
engineering the illumination pattern to selectively match the optical modes supported
by the structure [27, 28]. Ohmic loss in the metallic particles can strongly reduce the
external QY of the lasers. Minimizing the metallic loss requires careful design of the
sample structure and illumination pattern [29]. The extraction efficiency of our lasers
is not ideal due to the emission to both sides of the sample plane, which result in an
approximately 50 % reduction in the extraction efficiency. Unidirectional lasing can be
realized, e.g., by having the plasmon particles connected with a metal film [30].

In addition, the absolute luminous flux of our lasers is also limited by the Rh6G
molecule density. The molecule area density of a 350 nm SU8 layer doped with
2.5 wt% Rh6G is about 1.3×107 µm−2. In the extreme case where all molecules are
continuously pumped with sufficiently high power, each molecule would emit at a rate
of about 0.1 ns−1 (assuming 10 ns lifetime). We can maximally obtain an areal photon
emission rate of 1.3×1015 µm−2 ·s−1, corresponding to 0.3 lm/µm2 for a wavelength of
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570 nm. To reach 1000 lm, as required for projectors, we need at least a sample area of
3300 µm2 (assuming 100 % QY and extraction efficiency, and sufficient pump power).
Note that this output would correspond to a heat dissipation area density of about
3×10−5 W ·µm−2 from the Stokes shift, which cannot be sustained by the 350 nm thin
film. Therefore, over-heating will be a potential issue in this case. We further consider
a pulsed operation. If the lasers are excited by nanosecond pulses with a repetition rate
of 1 kHz, we can have a maximum areal photon emission rate of 1.3×1010 µm−2 · s−1,
and thus a sample area of 330 mm2 is required for 1000 lm output.
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