
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Shaping light emission for solid state lighting with plasmon nanoantennas

Guo, K.

Publication date
2018
Document Version
Other version
License
Other

Link to publication

Citation for published version (APA):
Guo, K. (2018). Shaping light emission for solid state lighting with plasmon nanoantennas.
[Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/shaping-light-emission-for-solid-state-lighting-with-plasmon-nanoantennas(cc8b9e73-8706-4d39-804f-0fdb6e73a4c6).html


5
Spatial intensity distribution of light in plasmonic
particle array distributed feedback lasers

Plasmon DFB lasers based on periodic particle arrays feature fast response
and strong feedback from the strong resonances of the plasmon particles.
So far, most of the works reporting on particle array plasmon DFB
lasers have focused on the role of Purcell enhancement and the band
structure of the lasers. In this chapter, we study the real space intensity
distribution of plasmon DFB lasers based on rectangular arrays of Ag
nanoparticles. In the context of coupled wave theory developed for
conventional DFB lasers such real space distributions should give direct
access to socalled "coupling strengths", parameters that quantify how
effectively the plasmonic particles provide feedback and outcoupling loss
by Bragg diffraction. We demonstrate that on the one hand, coupled
wave theory can indeed parametrize the real space intensity distribution of
the investigated lasers. On the other hand, the derived coupling strength
parameters turn out to be inconsistent with measured shifts of stop band
edges in the lattice dispersion diagrams, two quantities which for dielectric
DFB lasers are directly linked. We attribute this to the strong resonant
localized scattering potential that Ag particles constitute for light, which
cannot be accurately described by low order plane wave expansions such
as coupled mode theory.
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5 Spatial intensity distribution of light in plasmonic particle array DFB lasers

5.1 Introduction
Plasmon lasers or spasers were first proposed by Bergman and Stockman [1], and rely
on the amplification of surface plasmon resonances by coupling to a gain medium.
Surface plasmons have the ability to tightly localize electromagnetic field at the
nanoscale, thereby differentiating plasmon lasers from conventional lasers by presenting
an ultrasmall mode volume [2, 3]. Meanwhile, it has been predicted that the short
plasmon lifetime and the high Purcell factor in plasmonic systems allow plasmon lasers
to operate with a potentially femtosecond switching time [4, 5]. Therefore, plasmon
lasers have been proposed as an ideal solution to ultrafast, deep sub-wavelength,
coherent light sources, which would present an essential building block for, e.g., active
photonic circuits [6] and integrated bio-sensing devices [7]. Reported realizations
of plasmon lasers include a plasmon nanosphere laser [8], hybrid nanowire-gap
lasers [2, 9] and commonly lasers based on different types of metallic-dielectric
nanoresonators [10–16].

Due to the intrinsic large momentum mismatch between the surface plasmon
field and free space light, the outcoupling of laser light from plasmon lasers is not
intrinsically very efficient. One way to overcome this drawback is to use diffractive
plasmonic structures. Periodic structures have already been utilized in laser science
in the context of distributed feedback (DFB) lasers, typically realized as optically
or electrically driven polymer systems, and III-V semiconductor photonic crystal
lasers [17–22]. These structures use in-plane Bragg diffraction for feedback, are
capable of highly directional light emission to free space using diffractive outcoupling,
and they feature a high degree of spectral selection. Plasmon lattices such as metal hole
arrays and metal nanoparticle arrays can provide both surface plasmon resonances and
distributed feedback, and therefore have been used as platforms for realizing highly
directional plasmon lasers [23–32]. On one hand, metal hole array plasmon lasers [23–
26] use the Bragg reflection of surface plasmon polaritons guided at the interface of
a metal and a gain medium on holes made into the metal film. Conversely, particle
array plasmon lasers [27–32] use dielectric layers to provide both gain and a waveguide
mode, while feedback relies on the hybridization of the waveguide with the particle
plasmons. Metal hole array and particle plasmon arrays have in common that they use
diffractive resonances for feedback. However, while holes in metal films are weak and
nonresonant scatterers, plasmon particles provide localized plasmon resonances and
large scattering cross sections.

Over the past five years, a significant body of literature has appeared on the physics
of particle array plasmon lasers. Multiple features of the plasmon resonances have
been invoked to explain the various observations. Notably, the group of Odom focused
on Purcell enhancement due to strong field confinement [28, 29, 33, 34] to explain the
occurrence and time scales underlying lasing. In contrast, in a different realization
using efficient instead of inefficient dyes as gain medium, Schokker et al. [35, 36]
have claimed that plasmon particle array lasers stand out not due to strong Purcell
enhancements, but rather due to strong feedback as compared to dielectric DFB lasers.
For instance, their study showed a remarkable robustness to disorder due to random
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5.1 Introduction

removal of plasmon particles from the lattices, indicating that very few scattering
events are required to reach sufficient feedback for lasing [35, 36]. While in those
measurements the underlying plasmon band structure was studied, none of these works
addressed directly in real space the question how different a particle array plasmon
laser is from a conventional DFB laser based on a corrugation in refractive index (real
coupling) and/or a corrugation in loss and gain (complex coupling). Almost as early
as the invention of the DFB lasers, Kogelnik and Shank developed a coupled wave
theory in 1972 to describe DFB lasers [37] and afterwards, numerous studies have been
done to extend the theory to different 1D and 2D DFB laser geometries [38–41]. In
coupled wave theory a laser is described as a waveguide with a very weak periodic
perturbation in the optical constant which lead to the coupling between in-plane forward
and backward propagating waves. These waves furthermore experience gain from the
gain medium, and are subject to outcoupling loss alongside coupling due to Bragg
diffraction. Given the coupling strength parameters as input to the model, coupled mode
theory predicts the photonic bandstructure, the lasing frequency and threshold gain.
Furthermore, in a perturbative framework valid for dielectric gratings, the coupling
parameters can be estimated from the Fourier coefficients of the dielectric constant.
Particular for coupled mode theory is that it predicts a nontrivial spatial distribution of
the laser field that characterizes the coupling strength and the lateral size of the laser.
A good agreement between coupled mode theory and experiments has recently been
demonstrated for metal hole array plasmon lasers [24, 25], both for band structures and
real space intensity distributions. In contrast, for particle array plasmon lasers, theory
mainly focused on coupled dipole approximations [32, 42] rather than the coupled
wave theory. A difference between hole and particle systems is that individual holes
in metal are not resonant, while plasmonic nanoparticles are strong scatterers with a
frequency-dispersive resonance. Therefore, it is unclear whether the coupled wave
theory would apply at all to particle array plasmon lasers. If it does, it is unclear how the
coupling strength would relate to the plasmonic nature of the particles. Answering these
questions can be key to differentiate plasmon particle array lasers from conventional
DFB lasers.

In this chapter, we study the coupling strength of plasmonic DFB lasers based on
rectangular lattices of Ag nanoparticles, by measuring their spatial intensity distribu-
tions and bandstructure using real and Fourier space imaging. In our work, we have the
advantage of being able to tune the particle resonance near the lasing frequency through
tuning the size of the particles. By comparing experiment and calculation, we try to
answer two questions: (i) whether the coupled mode theory meant for weakly scattering
systems applies to the strongly scattering plasmonic lattices in terms of parametrizing
spatial intensity distributions, and if so, (ii) how the plasmon resonance near the lasing
condition influences the apparent coupling strength, and the bandstructure. Finally, we
present measurements of spatial coherence through a double-slit experiment.

97



5 Spatial intensity distribution of light in plasmonic particle array DFB lasers

5.2 Recapitulation of coupled mode theory and
expected spatial intensity distributions

In this chapter we primarily discuss lasing in rectangular plasmon particle lattices, as
opposed to the square lattices studied by Schokker et al. [30, 42]. The advantage of
rectangular lattices is that the feedback is due to diffraction along only one axis, as
only one of two pitches (ay = 370 nm in our work) is chosen to obtain a diffraction
resonance in the gain window (around 570 nm in our work). The second pitch (ax = 320
nm) is chosen to provide feedback only at a wavelength shorter than the laser pump
wavelength. Fig. 5.1 shows a schematic of the typical samples that we use, consisting
of silver particles of about 30 nm high and between 30 and 90 in diameter. The
particles are embedded in a 2D polymer waveguide (SU8 in our case) on a glass
substrate that supports TE and TM waveguide modes with effective refractive indices
around 1.55. The (0,2) Bragg diffraction (second order in the y direction) couples the
waveguide modes in +y and −y directions as feedback for the lasing action, while
the (0,1) Bragg diffraction couples the lasing waveguide modes out to the direction
normal to the lattice plane. We neglect the influence of other diffraction orders as
they do not match the waveguide mode dispersion. As the TE and TM waveguide
modes have (slightly) different propagation vectors and orthogonal polarizations, the
coupling between TE and TM modes are relatively weaker than the coupling within
the TE or TM modes. We therefore also neglect the hybridization between the TE
and TM modes. With these assumptions, the lasing process can be viewed as one
dimensional DFB lasing action. These lasers implement the coupled mode theory
scenario of Kogelnik and Shank [37, 38], barring the fact that the perturbing scatterers
are plasmonic. Furthermore we simplify the electric fields of the waveguide modes by
only considering their amplitude and treat the lasing fields as scalars in the following
theoretical discussions.

5.2.1 Coupling of forward and backward waves
In coupled wave theory [37, 38], the light field is reduced to the sum of two counter
propagating scalar waves (here corresponding to either the TE or TM waveguide mode)
S(y)eiGy y and R(y)e−iGy y travelling in the −y and y directions that are coupled through
the first and second order Bragg diffractions of the periodic array. The phase factors
express that we expect lasing operation near the second order Bragg diffraction, i.e.,
at wave vector near Gy = 2π/ay (with ay the lattice constant in the y direction). The
essence of coupled mode theory is to find equations governing the spatial dependence
of the slowly varying envelopes of the forward and backward wave R and S, which
take the following form [38]
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S(y)− (iκback +κout)R(y) = 0, (5.2)
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Figure 5.1: A schematic of our typical sample geometry. Our samples consist of rectangular lattices of
cylindrical plasmonic particles on a glass substrate (n=1.52), covered by about 350 nm of SU8 (n=1.60)
doped with Rh6G. The layer provides a single TE and TM waveguide mode. The Rh6G molecules in SU8
provide gain when pumped by green light.

where nwg is the effective refractive index of the waveguide mode, and g represents
the (net) gain coefficient, controlled by the pump strength and the nature of the gain
medium. Furthermore, κback is the coupling strength of the two waves through the
second order Bragg diffraction that is responsible for feedback, while κout is related to
the coupling between the guided waves and the out of plane radiation through the first
order Bragg diffraction, i.e., the radiation loss.

5.2.2 Coupling constants
According to Kazarinov et al. [38], κback and κout can be explicitly calculated in the case
of weak index contrast periodic gratings, applicable to both index-coupling (scattering)
and gain-coupling (spatial modulation of loss or gain, instead of refractive index) as

κback =
(

1

2Gy

)(ω
c

)2
∫
ε02(z)φz (z)2dz/

∫
φz (z)2dz, (5.3)

κout =−
(

1

2Gy

)(ω
c

)4
∫ ∫

ε01(z)ε01(z ′)φz (z)φz (z ′)G(z, z ′)dzdz ′/
∫
φz (z)2dz. (5.4)

Here ε01 and ε02 are the 2D Fourier coefficients of the relative permittivity of the
scattering particles embedded in the waveguide background at (0,Gy ) and (0,2Gy )
respectively. The origin of this result is a Fourier modal expansion, or plane wave
expansion as commonly used in grating theory and photonic crystal band structure
theory to describe the eigenmodes of photonic structures [43]. For weak index contrast
cases such an expansion can be limited to just a few plane waves, i.e., those with wave
vector ky =Gy ,−Gy and 0, corresponding to the forward wave, backward wave and
outcoupled wave in coupled mode theory. The vertically stratified structure causes a
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5 Spatial intensity distribution of light in plasmonic particle array DFB lasers

weighting of the Fourier coefficients by the waveguide mode profile φ(z), namely, the
electrical field distribution of the relevant waveguide mode in the z direction. G(z1, z2)
is a Green’s function associated with the wave out-coupled by the first order Bragg
diffraction. This result is similar to that of Andreani and Agio [44] for approximating
the band structure of high-index 2D dielectric photonic crystals in layered, waveguiding
systems, but limited to just a few waves, i.e., accounting for only two diffraction orders,
instead of the 102 that are commonly used in the plane wave method for photonic
crystals. Considering that our samples are based on particles of only 30 nm high, 10%
of the waveguide layer thickness, we neglect the electric field variation within the
particle and simplify the above expressions to

κback ≈
(

1

2Gy

)(ω
c

)2
ε02(z0)φz (z0)2h/

∫
φz (z)2dz, (5.5)

κout ≈−
(

1

4G2
y

)(ω
c

)4 (
ε01(z0)φz (z0)

)2 h2/
∫
φz (z)2dz, (5.6)

where h = 30 nm is the thickness of the particles and z0 = 15 nm is the height of
the particle center. When particles are much smaller than a unit cell, as in our case
VAg/VSU8 < 0.01, the results of Eq. (5.5) and Eq. (5.6) have the following ordering
relation: κout ¿ κback ¿ k0.

5.2.3 Solutions
Returning to the coupled mode description of the slowly varying envelopes R ans S
themselves, we note that their form is independent of the precise evaluation of the
coupling constants κback and κout. The general solutions have the form:

R = r1eγy + r2e−γy ,

S = s1eγy + s2e−γy , (5.7)

with

γ2 = (κback − iκout)
2 +

[
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y

)
−κout

]2

. (5.8)

It is easy to see from Eq. (5.7) that Imγ plays the role of wave vector. Indeed, Eq. (5.8)
reproduces the photonic band structure of the samples with ky =±Imγ that one expects
under the approximation of weak scattering, as we discussed in Chapter 1, Fig. 1.4.
When the net gain is set to 0, the equation for γ reduces to

γ2 ≈ κ2 −
(
Gy

δω

ω0
− iκout

)2

(5.9)

with δω = ω−ω0 ¿ ω0, ω0 = cGy /nwg and κ = κback − iκout. When Reκ À Imκ,
the photonic bands split at ky = Gy and ky = 0 with a gap in frequency, with δω ≈
ω0
Gy

(−iκout ±κ). The radiation loss (κout) can result in an asymmetry in the stop gap. If
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5.2 Recapitulation of coupled mode theory and expected spatial intensity distributions

κback À κout, the splitting in frequency is symmetric around the crossing point at κ= 0,
as illustrated in Fig. 5.2(a). Furthermore we note that if Reκ¿ Imκ, the photonic
bands do not show a splitting in frequency, but instead show a splitting in wave vector,
with a wave vector stop gap of width set by Imκ around ky = 0. This type of wave
vector gap, instead of frequency gap, corresponds to periodic corrugations dominated
by spatial variations in loss/gain, instead of in the real part of the dielectric constant.

Having assessed that equation (5.8) for γ provides the photonic dispersion relation
with stop gaps at conditions of near-zero net gain (far below threshold), we turn to
solutions at threshold condition, with non-zero gain. To obtain solutions for the lasing
condition and concomitant spatial intensity profiles, we consider a laser length L,
and apply boundary conditions S(−L/2) = R(L/2), S(L/2) = R(−L/2) = 0 to the above
equations [37]. This gives us the amplitude dependence of the two waves on y:

R(y) = sinhγ(y + 1

2
L), (5.10)

S(y) =±sinhγ(y − 1

2
L), (5.11)

(5.12)

where now γ is determined by

± iγ/sinhγL = κ. (5.13)

As Eq. (5.8) has to simultaneously apply, we also obtain a relation that sets the threshold
gain gthr:

gthr = 2Re(γcothγL+κout). (5.14)

To understand the solution-space we refer to Figure 5.2(b,c) and (d). For a given
complex coupling constant κ and laser size L one can find an infinite set of solutions
that specify a combination of threshold gain gthr and complex-valued γ. These solutions
correspond to a discrete spectrum of longitudinal modes. For illustration, Figure 5.2(b)
traces out the two solutions with lowest net threshold gain (gthr −2Reκout) in (part
of) the parameter space spanned by the real and imaginary part of κ. Evidently, one
requires a non-zero value of κ to obtain a finite threshold (i.e., feedback is required for
lasing), and both real and imaginary κ can provide feedback for lasing. In this work we
focus on the mode with the lowest threshold gain. Since the parameter γ determines
the spatial profile of the mode, it is useful to map its value as a function of the coupling
constant κ. Figure 5.2(c) maps the real and imaginary part of γ versus κ. From the maps,
we note that the Reγ has a strong dependence on |κ|, while Imγ is more dependent on
Argκ. At low values of the coupling constant κ, the lasing mode will be characterized
by predominantly real γ, corresponding to backward and forward amplitudes with a
largely exponential form, peaking at the sample edge (sinh shape in Eqs. (5.10,5.11)).
At large coupling the lasing mode will be characterized by predominantly imaginary γ,
turning the corresponding backward and forward amplitudes into oscillatory instead of
exponential spatial dependencies.
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5 Spatial intensity distribution of light in plasmonic particle array DFB lasers

5.2.4 Observable intensity distributions
The theory outlined above reports on the amplitude and phase of the coupled forward
and backward wave inside the laser resonator for the lowest threshold mode. In an
experiment, however, one does not have access to the forward and backward wave local
field in the laser. Instead one relies on imaging the intensity of the lasing field that is
out-coupled by the first order Bragg diffraction. The resulting images arise from the
interference of contributions of the two modes, where two further factors must be taken
into account: mode symmetry and polarization.

Regarding mode symmetry, we note that the righthand side of Eq. (5.11) carries a
sign choice, corresponding to symmetric resp. antisymmetric modes. These modes are
standing waves that are distinguished by having either their antinodes (symmetric) or
nodes (antisymmetric mode) at the nanoparticles. For TE modes with wave vector along
the y direction, we take the polarization basis vector in the positive x direction for both
R and S waves. The out-coupled field is also x-polarized, and under this convention, the
symmetric mode with positive sign in Eq. (5.11) will result in an intensity distribution
of |R +S|2 = |sinhγ(y +L/2)+ sinhγ(y −L/2)|2. Fig. 5.2(d) shows examples of such
spatial intensity distributions for the lowest threshold mode as the red curves for three
regimes of the coupling coefficient κ: overcoupled, critically coupled and overcoupled.
When |κL| ¿ 1 (undercoupled), the emission profile essentially reports on the sinh
tails in Eq. (5.10,5.11). As |κ| increases, the laser transits from critically coupled to
overcoupled (|κL|À 1), and γ goes from small and real to large and complex. In this
case, the emission peaks in the center. The antisymmetric mode will have an intensity
distribution of |R +S|2 = |sinhγ(y +L/2)− sinhγ(y −L/2)|2, always with zero intensity
in the center as illustrated by the black curves in Fig. 5.2(d).

In an ideal case, these TE modes would not be observable at all in y-polarization
as TE waves propagating along y carry no y polarization. However, in lasers of finite
extent in the x direction, the envelopes S and R do carry a small kx wave vector
component, and hence a small signal will be apparent in the y-polarized detection
channel. Since the two modes counterpropagate, these y polarizations have opposite
symmetry to the x-polarized fields. Therefore, for the symmetric TE mode that
appears as |sinhγ(y +L/2)+ sinhγ(y −L/2)|2 in x-polarization, one should record an
antisymmetric |sinhγ(y +L/2)− sinhγ(y −L/2)|2 profile in the y-polarization, and vice
versa a symmetric profile for the antisymmetic modes. Generally, emission polarized
at right angles to the wave vectors shows the mode symmetry, while co-polarized
detection has opposite parity. Similar arguments can be set up for TM-polarized modes.
In this case detection in the polarization channel along the wave vectors shows the
mode symmetry. It is important to keep these polarization rules in mind, in order not
to misinterpret any asymmetric spatial profiles as corresponding to an undercoupled
lasing regime.
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Figure 5.2: (a) Illustrations of the photonic band diagram of a rectangular array of Ag antennas, with
κback À κout. The real part of the coupling coefficient results in a band gap in frequency while the imaginary
part of the coupling coefficient results in a band gap in wave vector. (b) Threshold gain (gthr −Reκout) as a
function of κ for two lowest threshold modes. (c) Reγ and Imγ as a function of κ for the lowest threshold
mode in (b). (d) Illustrations of intensity profiles of out-coupled lasing modes (lowest threshold) in three
regimes of κ. Red: |sinhγ(y +L/2)+ sinhγ(y −L/2)|2, black: |sinhγ(y +L/2)− sinhγ(y −L/2)|2.

5.3 Sample fabrication and experimental setup
We perform experiments on a plasmon particle array lasers building on the work of
Schokker et al. [30], focusing on a very similar sample geometry. This section serves
to introduce the sample and set up.

5.3.1 Sample fabrication
The investigated plasmonic DFB lasers consist of rectangular lattices of Ag nanoparti-
cles covered by a dye-doped SU8 waveguide on a glass coverslip. The Ag nanoparticles
were fabricated using electron beam lithography, and successive thermal evaporation
and liftoff (details in Ref. [30]). Each Ag nanoparticle has a height of 30 nm and a
diameter that we systematically vary from 40 nm to 90 nm in different arrays. We
fabricated both square arrays of 370 nm as studied by Schokker et al., and rectangular
arrays with lattice constants of 320 nm in the x direction and 370 nm in the y direction
with sizes varying from 40×40 µm2 to 80×80 µm2. Fig. 5.3 (b) shows an example
SEM image of a rectangular array with particle diameter of 80 nm. A 350 nm SU8
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5 Spatial intensity distribution of light in plasmonic particle array DFB lasers

layer doped with about 2.5 wt% Rh6G molecules is spincoated on the arrays as a gain
medium. Because SU8 has a refractive index of about 1.60 (measured by ellipsometry)
exceeding the index of the glass substrate (n=1.52), this layer supports fundamental TE
and TM waveguide modes with a mode index of about 1.55. The in-plane wave vectors
of these modes match the second order Bragg diffraction condition for a wavelength
of about 570 nm, in the gain window, in the y direction for pitch 370 nm. We hence
expect feedback and lasing to occur along y .

5.3.2 Experimental setup
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Figure 5.3: (a) A schematic of the optical setup. The sample (far left) is pumped through a 50x Nikon L
Plan objective via a 80/20 beam splitter. Light is collected by the same objective and either a real or Fourier
space image is formed on a CCD or spectrometer entrance slit. The first (left) lens of the telescope also
works as a Fourier lens. When the second (right) lens is moved away, the back focal plane of the objective is
imaged on the camera with a magnification of 1 or on the spectrometer with a magnification of 0.5. The
pinhole right after the telescope filters out the high wave vector components of the emission. It is used in
some measurements to suppress speckles. For double slit experiments, a double slit is placed in the center
of the telescope and a cylindrical lens is added after the telescope. Double slit experiments are conducted
without the pinhole. (b) Scanning electron microscope (SEM) image of an Ag particle (80 nm diameter)
array before deposition of the gain medium. (c) A typical above threshold emission spectrum at 50 % pump
power (80×80 µm2 plasmon DFB laser with particle diameter of 80 nm). (d) Corresponding threshold curve
(counts in lasing spectral band versus pump power set by AOM) and (e) Fourier image of the x-polarized
emission showing a narrow beam as output. The inset of (e) shows a zoomed-in detail of the Fourier image
near kx = ky = 0.

The setup used for the measurements in this chapter is a modified version of the
setup of Ref. [30]. A schematic is shown in Fig. 5.3 (a). It is essentially an inverted
fluorescence microscope equipped with real-space and backfocal plane (Fourier-space)
imaging, as well as spectral (Fourier) imaging. Samples are placed on the platform
of the inverted microscope with the substrate facing the objective (Nikon L PLAN,
50×, NA=0.7). The samples are pumped through the objective and substrate side with
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5.3 Sample fabrication and experimental setup

collimated laser pulses of 532 nm wavelength (Teem Photonics, type STG-03E-1S0),
with a beam diameter at the sample of ∼120 µm. Each pulse has a width of 500 ps
and maximum power of ∼ 1µJ per pulse. The laser power is controlled by a computer-
controlled acousto-optic modulator. Traditionally, inverted microscopes use dichroic
beam-splitters that pass through fluorescence and reflect pump light. However, we
noted that the dichroic mirror (SemRock, Di01-R532-25x36) in our setup can cause
small polarization changes of transmitted light. While for some measurement, we
use the dichroic beam-splitter at 532 nm for higher throughput, we use a R80/T20
beam splitter for all our polarized measurements. A quarter waveplate is used to
convert the laser polarization from linear to circular, to avoid anisotropy induced by the
pump polarization. The emission is passed through a set of long pass filters (Chroma,
HHQ545lp) to remove pump laser light, and is imaged on either a thermo-electrically
controlled Si CCD camera (Andor CLARA) or a Shamrock303i spectrometer with an
(Andor Ivac) Si CCD detector, through the same objective and beam-splitter, and a
1× telescope and a tube lens. These detectors have quantum efficiencies in excess of
60%, and low read noise, allowing to take images and spectra of single laser shots. The
first lens (counted from the sample side) of the telescope is placed at its focal distance
from the back focal plane of the objective, and therefore also works as a Fourier or
"Bertrand" lens when the second lens of the telescope is removed. When the back focal
plane of the objective is imaged on the spectrometer, the entrance slit (20 µm) selects a
vertical slice in the center of the Fourier image (kx = 0) so that the emission intensity
as a function of ky and ω is imaged on the spectrometer camera. As demonstrated
by Schokker [30], the resulting spectral images show distinct features that trace out
the band structure of the sample, when operated below threshold. Similarly, in real
space imaging the spectrometer slit spatially selects a 8 µm strip (when slit width is 20
µm) of the sample. Above threshold, these techniques allow to determine the lasing
spectrum, and the spatial distribution of lasing modes.

5.3.3 Double slit experiment for spatial coherence measurements
To measure the transverse spatial coherence of the output from the lasing samples, we
conduct double slit experiments. Based on the original setup described above, a pair of
parallel slits oriented in the horizontal direction is placed in the center of the telescope
where the sample is imaged with a magnification of 50. The slits are fabricated in
a chrome layer on a glass substrate (ordered from Delta Mask b.v.), with a width of
0.3 mm and a center-center distance of 3 mm. A cylindrical lens ( f = 20 mm in the
vertical direction) is placed after the telescope, imaging the focal plane of the second
lens of the telescope on the camera or spectrometer in the vertical direction with a
magnification of 10 or 5. The resulting image is a (magnified) Fourier transform in the
vertical direction of the product of the (magnified) laser emission and the slits.

When the laser is fully coherent in space, the image will have a fringe pattern in
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the y (ky ) direction that follows:

I (ky ) ∝ sin2(ky k0W /2)

k2
y

· [1+cos(ky k0D)], (5.15)

with W the slit width and D the slit distance. When the laser is partially coherent while
we still assume it is fully coherent within the single slits, the intensity becomes

I (ky ) ∝ sin2(ky k0W /2)

k2
y

· [1+cos(ky k0D)] · v + sin2(ky k0W /2)

k2
y

· (1− v), (5.16)

where v is the proportion of coherent light and can be calculated from the visibility of
the fringes:

v = Imax − Imin

Imax + Imin
. (5.17)

These expressions assume identical transmitted intensity through the slits, which would
require symmetric placement of the slits around the center of the arrays according to
the coupled mode theory amplitude profiles.

5.3.4 Initial characterization
Schokker et al. [30] already reported evidence of lasing in this type of sample with
square arrays, consisting of threshold behavior and spectral narrowing, spectral tun-
ability of the lasing spectrum by lattice pitch, and a transition to highly directional
output above threshold. For the rectangular array samples we find very similar behavior.
Fig. 5.3(c-e) show measurement results a laser with a 80×80 µm2 rectangular lattice
(ax = 320 nm, ay = 370 nm) of Ag disks with diameter of 80 nm. When pumped
with sufficiently high laser power, typically at 10% of the AOM range, the observed
emission spectrum changes from the broad fluorescence spectrum of R6G in SU8 to a
narrow peak at around 575 nm. The observed bandwidth of about 1.5 nm as shown in
Fig. 5.3 (c) is wider than the bandwidth of typical plasmonic DFB lasers with a square
lattice studied by Schokker et al. [30]. They reported lines limited by the spectrometer
resolution, i.e. 0.6 nm with the same spectrometer and grating (300 lines / 500 mm). We
attribute the broadening of the spectrum to the presence of multiple lasing modes with
different wave vectors, which will be discussed in the following sections. The emission
intensity in a narrow band (±1.5 nm) around the lasing wavelength as a function of
pump power measured from the same sample is shown in Fig. 5.3 (d). The significantly
different slopes before and after 10 % pump power indicate typical threshold behavior
with a transition from spontaneous emission to lasing. When crossing the threshold,
the laser output furthermore shows a strong change in directivity, from a Lambertian
profile to a highly directional beam, as shown in Fig. 5.3(e). In the remainder of this
chapter we do not discuss further the input-output curves, on the understanding that
all the samples that we report on are probed above lasing threshold, unless otherwise
noted.
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Figure 5.4 shows typical real space intensity profiles for lasing samples operated
above threshold, as obtained for a rectangular array laser and two square array lasers
(equal pitches of 370 nm) with different field sizes and particle sizes. First, we observe
a grainy fine structure on the scale of the diffraction limit, i.e., speckles in Fig. 5.4(a-b).
Speckles are indications of spatial coherence and thus a sign of lasing, as analyzed for
plasmon lattice lasers in Ref. [35]. These speckles can be suppressed using a Fourier-
space aperture in the imaging path, at the cost of spatial resolution (Fig 5.4(c-d)). The
second feature apparent in the images is an overall gradual intensity dependence, which
appears as an envelope function multiplying the speckle pattern. We attribute this
to the spatial dependence of forward and backward propagating waves as embodied
in coupled mode theory, i.e., Eq. (5.10) and (5.11). For the rectangular lattices, the
patterns are mirror symmetric through y = 0, indicating that feedback is only along the
ky direction. From spectral measurements, we know that the sample of Fig. 5.4(a-b)
has one lasing mode (a single peak in the spectral output). The two polarizations of
the mode have significantly different spatial profiles. The x polarization component
(Fig. 5.4(a)) has maximum intensity at the array edge and near-zero intensity in the
center, while the y polarization (Fig. 5.4(b)) shows high intensity in the center. From
the discussion in Section 5.2, we conclude that the measured mode is antisymmetric
(defined by the x polarization component), with a large coupling coefficient in the
overcoupled regime. Fig. 5.4(c-d) show real space images of square arrays. In order to
suppress the speckles so that the long range spatial profiles stand out, we have placed
a 200 µm pinhole on the focal plane after the second lens of the telescope, where
the Fourier space of the emission is imaged. The pinhole filters out high wavevector
components of the emission which cause the speckles. In square arrays, feedback can
simultaneously occur from four reciprocal lattice vectors. In Fig. 5.4(c), we again
obtain signatures of edge-emission. Fig. 5.4(d) shows emission from both the center
and the edge with a diagonal symmetry. We attribute this to the fact that four modes
couple on a square area, leading to two instead of just one quantum number (similar to
the sin(mπx/L)sin(nπy/L) wavefunctions for a square box in quantum mechanics).
Combinations of quantum numbers will give distributions that are not mirror symmetric
in x or y axis, as evaluated for the case of photonic crystal lasers [39, 45]. These data
demonstrate why in the remainder of this chapter we study rectangular arrays: their
mode structure is far simpler.

5.4 Characterization of the laser modes
We characterize the laser modes in more detail by measuring the polarized Fourier
and real space spectra of a representative lasing array (L = 80 µm, d = 90 nm) in
Fig. 5.5. Fig. 5.5(a-b) and (e-f) show the below threshold band diagrams of the sample
for two different slices in k-space, i.e., at ky = 0 and at kx = 0 respectively. The lasing
modes originate from the waveguide modes along the feedback direction, namely, the
y-direction. When coupled out by the first order Bragg diffraction, the waveguide
modes in the y-direction appear as two crossing lines in the kx = 0 plane and a parabolic
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Figure 5.4: Above threshold real space images of (a-b) 60×60 µm2, (c) a 60×60 µm2 square array and (d)
a 80×80 µm2 square array. (a) and (b) are measured at x and y polarizations respectively. (c-d) include both
polarizations. Ag antenna diameters are 90 nm in (a-b), 190 nm in (c) and 165 nm in (d).

band in the ky = 0 plane, as shown in Fig. 5.5(a-b,e-f). By measuring the polarization
of the banddiagram at kx = 0 (Fig. 5.5(e-f)), we are able to separate the contributions
of TE and TM waveguide modes as explained in section 5.2.4. Our data shows that
both fundamental TM (marked with green arrows) and TE (marked with white arrows)
modes are supported by the sample, consistent with simple slab-waveguide dispersion
calculations [46]. The TE feature appears strongest, while the TM mode leaves only a
weak signature in the k-space fluorescence spectra. This is consistent with the fact that
the TM mode has weak in-plane electric field and therefore is not strongly scattered by
the plasmon particles, which predominantly have an in-plane polarizability tensor due
to their flat shape.

The above-threshold images in Fig. 5.5(c-d) and (g-h) show that the sample lases
at band edges of both TE and TM modes with two distinct frequencies. While the
TM mode lases in y polarization, the TE mode yields laser output in both x and y
polarization channels. This can be explained from the band diagrams in Fig. 5.5(a-b).
The TM mode has hardly any x polarization components and therefore mostly laser
emission is obtained with y polarization. The TE mode instead has x polarization
components for all (small) kx and additionally y polarization components for kx 6= 0.
Accordingly, the TE lasing mode is polarized in the x direction at kx = 0 and has both
x and y polarization components at kx 6= 0. There is a slight mismatch of the lasing
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Figure 5.5: (a-h) Measured polarized Fourier spectra near (a-d) ky = 0 and (e-h) kx = 0 (a-b,e-f) below and
(c-d,g-h) above threshold. (i-h) Measured above threshold spectra. (a,c,e,g,i): x polarization; (b,d,f,h,j): y
polarization. Green arrows: TM mode; white arrows: TE modes. L = 80 µm, d = 90 nm. (a-b, e-f) represent
the band diagram of the TE and TM waveguide modes. (c-d,g-h) show lasing at the bandedges of both TE
and TM modes. The real space spectra in (i-j) show distinctive spatial profiles of the TE and TM modes
depending on polarization.

intensity in different figures due to a small misalignment of the spectrometer entrance
slit and the Fourier image center. The small angular range of the laser emission makes
the detection efficiency of the spectrometer very sensitive to the alignment.

The different lasing wavelengths of the TE and TM modes provide a spectroscopic
means to extract the spatial intensity distribution of each of the two modes separately
as shown in Fig. 5.5(i-j), by spatially imaging the lasing array onto the spectrometer
slit such that the entrance slit matches the center (x ≈ 0) of the array. The TE mode
has high intensity on the edge of the sample and low intensity in the center for x
polarization and high intensity in the center for y polarization, similar to the results
shown in Fig. 5.4(a-b). According to Section 5.2, it is an over-coupled antisymmetric
mode. This agrees with the conclusion in Ref. [42] that the lasing of the TE mode
occurs at the band edge where the nodes of the standing wave formed by the counter
propagating TE modes are at the nanoparticles. The TM mode has high intensity in the
center for y polarization and the x polarization component is not measurable. Similarly,
the TM mode is also antisymmetric according to Section 5.2. These conclusions are in
line with the notion that the lowest loss modes must be those that have low amplitude
at the nanoparticles, thereby minimizing absorption and radiation losses.

5.5 Coupling strength of plasmon lattices
Having established the symmetries of the different lasing modes and their appearance in
the different polarization channels, we compare measured spatial intensity distributions
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with the coupled wave theory, and extract the apparent coupling strength κ. We
systematically vary the diameter of the nanoparticles (40 nm to 90 nm) to obtain
different coupling strengths, while for each particle size, we also vary the array size
(L = 80 µm, 60 µm and 40 µm), in order to verify the predicted influence on the spatial
intensity distribution patterns as predicted by Eq. (5.10)-(5.13). We note that all the
investigated arrays lase at the TE mode with both x and y polarization components,
while only arrays with big particles (larger than 70 nm) show lasing at the TM mode
within the range of pump intensities we use. Moreover, since only the y polarization
component of the TM mode can be measured, it is difficult to obtain the coupling
strength accurately. Therefore, in the remainder we focus on analyzing the TE modes
only.

We obtain the spatial intensity distribution in the y direction for the two polarizations
of the TE mode by summing the intensity in a bandwidth within 1 nm around the
lasing wavelength from spectral images shown in Fig. 5.5(i-j). This small wavelength
range allows us to single out just one lasing mode, and at the same time rule out the
contribution of spontaneous emission as the spontaneous emission spectrum of Rh6G
spans from 60 to 100 nm. The lasers are pumped with 60-100 % laser power for a good
count rate, which is about 6 times the threshold. We found that within the investigated
above-threshold pump power range, pump power does not significantly influence the
(normalized) spatial intensity distribution.

Fig. 5.6(a-b) shows examples of measured spatial intensity distribution from
samples with different particle sizes and field sizes for both polarization channels.
In all cases, the x-polarized laser emissions have near zero intensity in the center of the
sample and highest intensity on the edges as shown in Fig. 5.6 (a). On the other hand,
the y-polarized emission (Fig. 5.6 (b)) shows a clear transition from an under-coupled
profile with low intensity in the center from arrays with small width (bottom row) or
small particles (right column), to critically coupled profiles (center row and center
column), and eventually to an over-coupled profile with intensity higher in the center
than at the edges as the array width and particle diameter increase to 80 µm and 90 nm
(top left). Apart from the high-spatial frequency features of data due to speckle (this
dataset was taken with no Fourier-plane filter), the spatial intensity distributions of the
investigated family of lasers qualitatively follow the predictions of one dimensional
coupled mode theory.

Moving on from a qualitative comparison, we proceed to a quantitative comparison
by fitting coupled mode theory predictions to data. In principle fitting measurement
results to Eq. (5.10) and (5.11) should show in how far the coupled mode theory
applies (quality of fit), and give access to the coupling strength (fit parameter) versus
particle size. Unfortunately, random speckle in the emission pattern introduce large
high-frequency and high-amplitude oscillations on top of the envelopes. Effectively
this can be viewed as noise that does not follow a Gaussian distribution. Hence it
is not easy to obtain robust fits using least squares fitting to each individual data set.
Since the coupling strength must be only dependent on the size of the nanoparticles,
we argue that the data should be fitted simultaneously from all samples with the same
particle diameter but different field sizes and polarizations. This strongly constrains
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Figure 5.6: Measured lasing intensity as a f unction of y from samples with different particle sizes, over
plotted with the fits. (a): x polarization; (b): y polarization. From bottom to top: particle diameter = 55, 70,
90 nm. While the x polarization results always show anti-symmetric intensity profiles, the y polarization
results show a transition from under-coupled to over-coupled regime. (c) Values of κ obtained by fitting to
the measured spatial intensity profiles of arrays with different particles sizes, using different starting points
for κ. Color indicates the associated residual of the fit. (d) Histograms of κ values in (c). (e) Average value
of κ over the densest bin (averaging radius of 2 mm−1) in (c). Arrow indicates increase of particle diameter
from 40 nm to 90 nm.

the fit, and should improve the robustness of the fit result, i.e., the fitted values of
γ. Note that we use the conversion from γ to κ specified in Figure 5.2(c) derived
for the lowest-threshold mode to extract the coupling parameter κ. This extraction
determines κ in the first quadrant of the complex plane∗ To check the robustness of

∗Note that γ and −γ are equivalent in the definition Eq. (5.10)(5.11), while the intensity observables
|R ±S|2 are agnostic to γ→ γ∗. This means we determine |Reκ| and |Imκ|.
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the fit procedure, we conducted the fit using different starting values for κ that are
evenly distributed in the first quadrant of the complex space within |κ| < 0.03 µm−1.
This covers the under-coupled regime and the transition to the over-coupled regime.
To avoid bias due to different signal strengths in the various data sets, the residual is
weighted as

R2 = ∑
i=1,2,3

∑
y

(Ii (y)− I 0
i (y))2

Ni Ii (y)
, (5.18)

where i denotes the three different field sizes considered, Ni is the number of data
points in each field, and Ii and I 0

i are the fitted and measured data. By minimizing the
residual, we obtain the results of the fit. The blue and red solid lines in Fig. 5.6(a-b)
show examples of fits to the corresponding measured intensity distributions. While
there are some clear differences between the measurement and fit results related to
speckles and asymmetries in the measurement data, overall the fitted curves represent
well the measured intensity profiles on large length scales.

Having established that the measured spatial distributions can indeed be fit by
the coupled mode theory of Kogelnik and Shank [37, 38], we proceed to discuss the
obtained κ values. Fig. 5.6 (c) shows the distribution of fitted κ values from different
starting κ values for arrays with different particle sizes, in which the associated residual
of the fit is indicated by the color scale. We note that although the fit routine reports
convergence at different values depending on the starting parameter estimate, the
results with lowest residuals cluster in small regions in the complex plane. Moreover,
it appears that the amplitude |κ| tends to be more accurately estimated then the phase.
This is because the intensity distribution is determined by hyperbolic sine functions of
γ and therefore is more dependent on Reγ than on Imγ. From Section 5.2, we notice
that Reγ is mostly dependent on |κ| and hardly dependent on Argκ. Consequently, we
are able to determine |κ| more accurately than Argκ from the intensity profile.

In order to determine the best global parameter estimate, we bin the fitted values
in discrete boxes in κ-space of 2 mm−1 width. Fig. 5.6(d) shows the resulting 2D
histogram in the complex plane. The fitted κ clearly cluster at distinct complex values
with |κ| increasing with increasing particle size, as expected from the fact that larger Ag
particles scatter more strongly. By taking the average over the densest bin (averaging
radius of 2 mm−1), we obtain the average values of κ for different particle diameters in
Fig. 5.6(e). They ranges from 5 to 20 mm−1. In other words, |κ/k0| ≈ 0.0003−0.0012.
Surprisingly, it is similar to the backcoupling coefficient of conventional index coupled
DFB lasers (0−20 mm−1 [38]), but much lower than expected from complex-coupled
DFB lasers (normalized: 50−200 mm−1 [47] with metal gratings and surface plasmon
lasers (κ/k0 = 0.012−0.017 [24, 25]) based on metal hole arrays. This is surprising
because plasmonic lattice lasers have been reported to benefit from the strong coupling
between light and metal nanoparticles [29, 35]. Indeed, while holes in metal hole
arrays are not resonant scatterers, the metal nanoparticles in plasmon lasers have
large resonant scattering cross sections. Earlier evidence for the role of this strong
scattering on plasmon lattice lasers comes from the fact that plasmon lattices show
wide stop gaps in their band structures with relative stop gap widths of over 3% in
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frequency reported. According to standard coupled mode theory this would directly
imply κ/k0 = 0.03. Instead, the spatial intensity distributions do not point at remarkable
values of κ compared with other types DFB lasers.

5.6 Interpretation of fitted coupling strengths
In the previous section, we have established that coupled mode theory describes the
spatial intensity distribution observed from finite-sized plasmon lattice lasers, but
without attaching any interpretation to the observed values of the coupling coefficient
κ. Coupled mode theory in itself provides no handles to interpret coupling coefficients,
as it is a theory that takes these coefficients as a priori assumption. For dielectric DFB
lasers one would commonly use approximations for κ that derive from plane wave
expansions, or guided-mode Bloch wave expansions, such as Eq. (5.5) and (5.6). This
approach invariably leads to the result that (1) κ should be calculable from the Fourier
coefficients of the dielectric perturbation, and (2) κ directly relates to the relative
bandwidth of the stop gap measured in band diagrams, or the shift of each band away
from the geometrical diffraction condition (with any asymmetry in the shift helping to
distinguish κback and κout). For plasmonic particle lattices, the main problem is that
the resonant behavior of plasmon particles is much more accurately described in real
space by a strongly localized point scatterer with resonant polarizability (α) than in
Fourier space. Indeed, plane-wave expansion methods for calculating diffraction by
plasmon lattices converge very poorly as the large discontinuity in dielectric contrast
and gradients in field are difficult to resolve by a Fourier series [48]. How to improve
the description of plasmon lattice band structures is only partially understood. Notably,
Schokker et al. [42] found a qualitative correlation between relative stop gap with
and scatterer extinction cross section. In this work, we take the following approach.
First, we investigate the shift of the band edges of the plasmon lasers based on both
experiment results and FEM simulation. Next, we examine the band edge shifts and
the coupling strengths κ fitted to real-space intensity distributions, in order to establish
if the correspondence between band edge shift and coupling strength in coupled mode
theory carries over from weak index-contrast dielectric systems to plasmonics. Finally,
we compare the coupling strength and band edge shifts to two theoretical models: the
perturbative expression Eq. (5.5) and (5.6) and a polarizability-based empirical model.

We determine the positions of the TE band edges from the below threshold emission
spectra of the lasers at kx = ky = 0 and compare them with the results obtained from
the FEM simulation. The emission spectra are obtained by summing the intensity
at |ky | < 0.02k0 from measured x-polarized Fourier spectral images at kx = 0 (e.g.,
Fig. 5.5(e)), as shown in Fig. 5.7(a). From the peaks of the spectra, we find two band
edges. The upper band edge is always near ω ≈ 3.28× 1015 rad/s within less than
0.5 % variation, and the corresponding spectral feature has a narrow bandwidth. It
corresponds to the asymmetric lasing mode (nodes at the metal nanoparticles). On
the other hand, the lower band edge presents a spectral feature with a much broader
bandwidth. It moves towards smaller frequencies as the particle diameter increases
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from 40 nm to 50 nm and disappears as the particle size further increases.
To confirm the connection between the measurement results and the designed

sample geometry, we also simulate the band structure using FEM method (COMSOL).
To do so, we simulate the zero-order transmittance of an x polarized plane wave incident
at kx = 0, ky = 0.006k0 on infinite rectangular arrays of Ag nanocylinders (height =
30 nm) in an 350 nm thick air-SU8-glass waveguide. We take the optical constants of
Ag from Ref. [49], and n=1.60 and 1.50 for SU8 and glass respectively. We choose
a slightly off-normal incidence, as the coupling to the narrow bandedge is forbidden
by symmetry at exactly normal incidence. This results in a corresponding inaccuracy
(approx. 0.6 %) in the frequency of the band edges. Similar to the measurement results,
we find a narrow upper band that hardly shifts, and a lower band that redshifts and
broadens with increasing particle size. The broadening of the lower band indicates an
increasing Ohmic and radiative loss, which can be the reason of the vanishing of lower
band edges in the measurement. Apart from the similarity, there is an approx. 0.3×1015

rad/s shift in the frequencies of the band edges between measurement and simulations.
This indicates that the sample waveguide has a mode index approx. 1 % smaller than
the simulated waveguide, which leads to nwg ≈ 1.55. The band at ω∼ 3.4×1015 rad/s
is a surface lattice resonance at the SU8-glass interface and is irrelevant to the lasing
experiment.

Next our aim is to directly compare the shifts of band edges with measured coupling
strengths. Figure 5.7(c) shows the estimated shifts of the band edges from the theoretical
band crossing point ω0 = c/nwgGy . In order to construct a "master diagram" in which
we can plot different data sets alongside our measurements and that clearly accounts
for the plasmonic resonance of the particles we convert the particle size into a detuning
parameter that measures the detuning from the localized plasmon resonance of a single
particle in SU8 to the lasing condition ω0. This normalized detuning is defined as
the difference between lasing frequency and the single-particle plasmon resonance
frequency, divided by the single-particle plasmon resonance width. The single-particle
properties were derived from scattering cross-section calculations using the FDTD
method in Ref. [42]. In the same plot, we combine three independent data sets. The
closed blue and red points in Figure 5.7(c) indicate band edges extracted from the
samples studied in this work. The red and blue open diamonds were extracted from
Ref. [30], which used square lattices with the same gain medium as studied in this
work, but much larger particles. Finally the red and blue open circles are extracted
from Ref. [42], which again used square lattices of particles in SU8, with a lasing
condition tuned far to the red by using a larger pitch and different fluorophore for gain.
The three datasets together cover the case of red detuning [42], near-zero detuning,
and blue detuning [30]. The three different sets of measurements combined show
the general features of plasmonic laser band structure across the plasmon resonance
frequency. The stop gap that opens up at the second order Bragg diffraction, i.e., at
kx = ky = 0 has one band edge that barely shifts from the geometric Bragg diffraction
condition, and one band edge that shifts away from the Bragg condition. The band
that strongly shifts corresponds to the symmetric mode (antinodes at the particles)
and concomitantly shows a frequency shift that depends strongly in magnitude on
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Figure 5.7: (a) Measured below-threshold emission spectra of the lasers depending on particle diameters.
Each spectrum is normalized to its maximum. (b) Zero-order transmittance of the lasers depending on
particle diameters obtained from FEM simulation. (c) Measured shift of the lasing band edges (red: lasing
band edge, blue: non-lasing band edge) compared with Reκ/Gy (black) obtained from lasing experiments.
(d) Measured half band gaps (red) compared Reκ/Gy (black) obtained from lasing experiments. Diamonds
and circles in (c-d) correspond to data from Ref. [30] and Ref. [42] respectively. Dots correspond to the data
from samples of this chapter. (e) Band shift and (f) coupling coefficients calculated using two models based
on plane wave expansion (black) and dipole approximation (blue).

the detuning from the plasmon resonance. Notably, the shift is larger if it is closer
to the plasmon resonance, and the sign of the shift is dependent on the sign of the
detuning. This behavior qualitatively agrees with the notion that the particles show
a dispersive polarizability (real part changes sign upon crossing zero detuning). The
band that hardly shifts corresponds to the antisymmetric mode which has nodes at the
particles, and is also the mode that lases in the experiments in this chapter. Earlier
work on the stop gap in these systems [42] only examined the relative stop gap width
(Figure 5.7(d)), which displays a clear maximum near zero detuning. However, it
overlooked the large asymmetry in the two band shifts relative to ω0. This asymmetry
is very different from the symmetric shifts expected from coupled mode theory with
κout ¿ κback as discussed in Section 5.2.

According to Eq. (5.9), the coupling parameter κ fitted to the real space intensity
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5 Spatial intensity distribution of light in plasmonic particle array DFB lasers

profiles should be directly comparable to the band shifts (in case of symmetric
bandshifts), or half the relative stop gap width. For this comparison we convert
the fitted κ to a dimensionless quantity according to Reκ/Gy and take the required
Reκ from Figure 5.6(e). Comparing the black dots in Figure 5.7(c) and (d) to the
band edges extracted from spectra we conclude that the coupling strength Reκ/Gy that
characterizes the spatial intensity profiles stays far below the values that one would
expect from the splitting between the two bands (panel (d)). Instead, the small increase
of Reκ/Gy with increasing particle diameter to at best 0.5 % is consistent with the very
small shift in frequency of the upper band edge, i.e., the band edge responsible for
lasing.

Within the conventional framework of coupled mode theory, these results are
surprising. First, in standard coupled mode theory, the coupling strength obtained from
real space profiles should be directly consistent with the stop gap width in spectra.
Secondly, within coupled mode theory a large asymmetry in the band shifts would
directly indicate |Imκout| À |Reκback|, inconsistent with what we expect for small
particles according to Eq. (5.5) and Eq. (5.6). Thirdly, if indeed κout À κback, the
coupling strength obtained from the lasing experiment would be much larger than
the shift of the upper band, which is again different from our observation. Putting
these discrepancies together, our hypothesis is that standard coupled wave theory fails.
Indeed, the standard coupled wave theory is a perturbative plane wave expansion
framework and is unable to account for the fact that metal particles are localized and
resonant scattering centers. This problem is well known from the convergence-problems
encounted by plane-wave based calculation methods for metal gratings [48]. To explain
the measurement results, we propose that the results of coupled mode theory are
qualitatively still applicable if one accepts that the two band edges should be described
by different effective values of the coupling coefficients. This can motivated by noting
that FEM simulations show a strong modification of the field distribution (in the z
direction) of the waveguide modes by the plasmon resonances [42], which furthermore
depends strongly on frequency. Since the coupling coefficients are dependent on the
overlap of the waveguide mode with the Ag particles according to Eq. (5.5, 5.6), it
stands to reason that the coupling coefficients may not be identical for the two band
edges. This hypothesis can explain the large asymmetric in the band shift and the
disagreement between the band gap and the coupling coefficient obtained from lasing
measurement. Further test of this hypothesis would require above-threshold, and below-
threshold full-wave simulations that include gain, that include noise to start the lasing
process, and that do not use periodic boundary conditions. If those were available one
could correlate band shifts below threshold, near-field overlap of modes with particles,
and above-threshold real-space intensity distributions. Such simulations appear outside
the scope of possibilities even of leading groups in theory of plasmon lasers.

5.6.1 Theoretical estimation of coupled coefficient
Here, we continue to make a theoretical estimate of the coupling coefficient and the
band edge shifts expected from the geometry of our lasers in the context of coupled
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wave theory. Eq. (5.5,5.6), originally derived by Kazarinov and Henry [38] already
give an estimate for the coupling coefficients based on plane wave expansion. However,
the plane wave expansion method cannot accurately describe the resonant behavior
of the particles. Instead, they are much more accurately described as point dipoles
with a resonant polarizability. Therefore, apart from the plane wave expansion method
(Eq. (5.5)(5.6)), we introduce a second model, in which we attempt to make a link to
the resonant point dipole theory for lattices. To do so, we turn to the formulation of
the so called "photonic strength" for colloidal photonic crystals proposed by Spry and
Kosan [50] and Vos et al. [51, 52]. Photonic strength measures the interaction strength
of light and photonic crystals and according to Vos et al. [51, 52] equals the relative
stop gap width (∆ω/ω). For a 3D photonic crystal of spheres, it is expressed as

Ψ= 4π
α

V
f (GR) with f (x) = j1(x)

x
. (5.19)

In this equation, α = 3Vsphere(εsphere − εhost)/4π(εsphere +2εhost) is the (electrostatic)
polarizability of the spheres and V is the volume of the unite cell. f (GR) is proportional
to the Fourier transform of the sphere geometry, with j1 the spherical Bessel function
of the first kind with order 1, G the length of the relevant reciprocal lattice vector and
R the radius of the sphere. The parameter Ψ is well known in the dynamical diffraction
theory for X-ray crystals (limit of very small polarizabilities) as the parameter that
relates unit-cell structure to the amplitude and width of diffraction peaks [53]. To
explain how this expression relates to results from the plane wave expansion method,
we note that the plane wave method for a 3D photonic crystals of spheres predicts in
first approximation [54]

∆ω

ω
= εG

ε̄
= εsphere −εhost

ε̄

4πR3

V
f (GR), (5.20)

where εG is the Fourier transform of the relative permittivity and ε̄ is the volume aver-
aged relative permittivity. Note that Eq. (5.19) is actually different from Eq. (5.20), as
α= 3Vsphere(εsphere −εhost)/4π(εsphere +2εhost) does not actually equal Vsphere(εsphere −
εhost)/4πε̄. Empirically Eq. (5.19) turns out to be a better description of band gaps of
high index contrast photonic crystals than Eq.(5.20) [51, 52]. Although Eq. (5.19) was
not designed for plasmonic crystals at all, it has the merit of capturing the intuitively
expected plasmon resonance embodied in α.

Equations (5.5) and (5.6) for the corrugated waveguide geometry can be similarly
treated. First we evaluate the Fourier coefficient ε01 and ε02, and subsequently identify
any occurrence of (εsphere −εSU8)/n2

WGV as 4πα, replicating the Ansatz postulated by
Vos [51, 52]. This procedure leads to the following result

κback

Gy
= 4πα

Veff
f (2Gy R), (5.21)

κout

k
=−kheff

(
4πα

Veff
f (Gy R)

)2

, with f (x) = J1(x)

x
. (5.22)
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5 Spatial intensity distribution of light in plasmonic particle array DFB lasers

In this case the standard (cylindrical) Bessel function appears, as opposed to the
spherical Bessel function. Also the unit cell volume is now replaced by an effective
unit cell volume that is the product of the unit cell area with the effective mode height
associated with the antenna waveguide system, i.e

heff =
∫ |φ(z)|2d z

|φ(z0)|2 . (5.23)

We evaluate the above expressions using a fixed lasing wavelength (374 nm), and
an estimate for the polarizability for differently sized particles obtained by matching
calculated extinction cross sections from full-wave simulations for Ag particles in the
glass-SU8-air system to polarizability via σext = 4πkImα.

We calculate the coupling coefficients and band shift with the two theoretical models
based on plane wave expansion and dipole approximation, as plotted in Fig. 5.7(e-f).
Fig. 5.7(f) shows the values of κback/Gy and κout/Gy calculated using Eq. (5.5,5.6)
based on plane wave expansion method, and Eq. (5.21,5.22) based on the dipole
approximation. In both models, κout is much smaller than κback. |κback/Gy | reaches
about 0.02, which is in a similar order of magnitude as the 3% stop gap width in
Fig. 5.7(c-d), but is one order of magnitude higher than the coupling coefficient obtained
from the lasing experiments. The major difference of the two model lies in the phase
of the coupling coefficients. While κback/Gy and κout/Gy are nearly real according to
the plane wave expansion model, the dipole approximation predicts complex values
of κback/Gy and κout/Gy . As a function of detuning (by increasing particle diameter),
κback traces a circle from negative real with blue detuning, to imaginary on resonance,
and finally to positive real with red detuning. This is reminiscent of the fact that
the symmetric mode (localized at the particles) flips the sign of its band edge shift
when going through zero detuning (Figure 5.7(c)). The band shift is calculated from
the values of the coupling coefficients, using δω ≈ ω0

Gy
Re(−iκout ±κ), as plotted in

Figure. 5.7(e). Both models predicts shifts from 0.5 % to 1.5 %. While the plane wave
expansion predicts monotonically increasing band shifts from blue to red detuning, the
dipole approximation predicts a decrease in band shift and a sign switch of the two band
edges at resonance. Neither of the results from the two models agree with the measured
asymmetric band shift. We further note that, according to the dipole approximation,
κback has a large imaginary component near zero detuning. From Fig. 5.2(a), we know
that this would result in a splitting of the bands in ky instead of in ω. In this case, the
band shift and band gap in ω are no longer accurate measure for the coupling strength.

To conclude, the coupling coefficients we obtained from the two theoretical models
based on plane wave expansion and dipole approximation have a similar order of
magnitude as the measured stop gap width, but are much larger than the value
obtained from the lasing spatial profiles. Inserting these coupling coefficients into
coupled mode theory, we obtained distinctively different band shifts compared to the
measurement results. This disagreement further confirms the notion that plane wave
approximations like coupled wave theory perform very poorly on strongly scattering
plasmonic constituents.
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5.7 Spatial coherence

5.7 Spatial coherence
Finally, we also conduct experiments to study the spatial coherence of lasing (TE mode
only), using a double slit experiment. Here we report on the 80 µm×80 µm lasers as
representative example. With a pair of parallel slits with a width of 0.3 mm and a center-
center distance of 3 mm, we measure the coherence between the emission from two 6
µm wide slices that are 60 microns apart on the sample, each positioned near one edge
of the sample. We took care to place the slits symmetrically around the sample center
to balance the emission intensities. Figure 5.8(a)(b) show the x polarized interference
images measured with the CCD camera from the laser with particle diameter d = 90 nm,
with the x- or y-direction of the laser aligned along the direction of the slits respectively.
Figure 5.8(a) shows a quite homogeneous intensity distribution in the x direction and
clear interference fringes in the y direction, indicating a strong spatial coherence of the
laser in the y direction. On the contrary, Figure 5.8(b) does not show any interference
fringes in the x direction, but shows an intensity distribution in the y direction that is
similar to the intensity distribution of the whole laser. This result is consistent with
coupled mode theory for a laser with feedback along y only.
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Figure 5.8: (a-b) Double slit interference patterns for x polarization with slits parallel to (a) x direction and
(b) y direction. (c) Double slit interference patterns for (upper) x and (lower) y polarizations at wavelength
of the TE lasing mode, with peaks and valleys fitted to two sinc functions. (d) Visibilities of the x and
y polarization of the TE mode obtained from the fit for lasers with different particle sizes. Laser size:
80 µm×80 µm. (a-c): d = 90 nm

To eliminate the influence of spontaneous emission background and the TM mode
of the lasers, we use the spectrometer to select the emission at the wavelength of the TE
mode of the lasers near x = 0. Figure 5.8(c) shows an example of a resulting spectrally
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5 Spatial intensity distribution of light in plasmonic particle array DFB lasers

filtered interference pattern (d = 90 nm laser) in two different polarization channels.
We select the peaks and valleys in the intensity curves and fit them simultaneously
with two sinc functions that are centered in the same location (red and blue lines), with
which we obtain the visibility according to Eq. (5.16) and (5.17). Figure 5.8(d) reports
the visibility for the TE mode emission from lasers with different particles sizes for
both polarization detection channels. The x polarization has a visibility around 0.8,
i.e., high coherence for all measured lasers. The measured visibility is always smaller
than 1. We attribute this to two possible causes. First, there can be a small difference
between the emission intensity transmitted through each slit, either due to a small
misalignment of the slits relative to the array center or due to speckles from scattering
off defects. The intensity difference between the two slits can reduce the visibility.
Second, as shown in Fig. 5.5 (c-d,g-h), lasing from rectangular arrays does not happen
purely at kx = ky = 0, but at a small range of non-zero kx . Particularly, in Fig. 5.5 (d)
we note that the lasing emission at different kx has slightly different frequencies, which
indicates multiple lasing modes. Adding up the emission of multiple lasing modes can
also result in a reduction of the visibility. The y polarization has a visibility that reduces
from 0.7 to 0.4 as the particle size increases from 55 nm to 90 nm (from undercoupled
to critically couple regime).

5.8 Conclusion
In this chapter, we have studied the real space intensity distribution of particle array
plasmon DFB lasers in the context of understanding the lasers using the seminal coupled
wave theory of Kogelnik and Shank [37]. We have systematically measured the real
space intensity profile of a set of plasmon DFB lasers based on Ag particle arrays
with different array sizes and particle diameters. Strong variations in the intensity
distribution have been found, qualitatively agreeing with predictions by the coupled
wave theory. With increasing Ag particle diameter and array size, a clear transition
from the undercoupled regime to the overcoupled regime is observed, commensurate
with the notion that larger plasmon particles yield stronger feedback to their larger
polarizability at the lasing condition. From the intensity profiles, we have retrieved
the coupling coefficients as a function of Ag particle diameter. The amplitude of
the coupling coefficients increases from approximately 5 to 20 mm−1 as the particle
diameter increases from 40 nm to 90 nm. These values are within the range of coupling
coefficients commonly obtained from conventional DFB lasers. This is surprising
because the coupling coefficient is usually directly related to the stop band width,
which in these systems was measured to be larger, larger than in conventional DFB
lasers. Instead of examining the stop band width, i.e., the splitting between band edge,
we also examined the frequency shift of each band relative to the geometrical diffraction
condition. Experiment and FEM simulation both show a strong asymmetry in the band
shift near the band gap at kx = ky = 0. One of the photonic bands shows a clear shift
that reaches a maximum at the plasmon resonance of the Ag particles, and reverses in
sign when the detuning between lasing condition and plasmon resonance is reversed in
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sign. This is consistent with the notion of a standing wave that overlaps strongly with
the plasmon particles and is thereby shifted in frequency in proportion to the real part
of particle polarizability. The other band hardly shifts, commensurate with the notion
of a standing wave that has zeroes right at the plasmon particles. This is the band that
appears to correspond to the lasing mode, which fits with the fact that this mode avoids
both the scattering and Ohmic loss that the particles provide. The amplitude of the
measured coupling coefficients derived from the spatial intensity profiles is consistent
with the negligible shift of the lasing band, but is much smaller than would be expexted
from the large stop gap.

In summary, the real space intensity distribution of the investigated plasmon DFB
lasers can to some extent be described with the coupled wave theory designed for
conventional DFB lasers. However, while coupled mode theory parametrizes the spatial
intensity distributions, the derived coupling constants are not selfconsistently related
to the dispersion relation implied by the same coupled mode theory. We attribute the
discrepancy to the strong scattering of the Ag particles, which cannot be accurately
described by only considering a few plane waves. We hypothesize that an effective
description may be obtained by assigning different coupling constants to the two bands.
Open questions include how to put such a hypothesis on a more solid yet still tractable
footing by finding a way to directly relate the band structure and coupling constants to
particle polarizability. Moreover, an open question is how to reconcile the low coupling
constants reported here, which are on par with standard low-index contrast DFB lasers,
with claims of a remarkable robustness to disorder and removing particles that appear
unique to the plasmonic lattice lasers.
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