
May 9, 2018

Abstract Organic microcavities provide unique properties that
are highly advantageous for designing microlasers, but lack in
efficient ways to directly integrate electrodes able to drive high
currents. The introduction of thin, patterned metal films, lead-
ing to the formation of local Tamm-plasmon-polariton states,
has been recently demonstrated as a possible route to preserv-
ing coherence in the presence of significant optical loss. Here,
periodic micron-scale gratings of silver are embedded into a
high-quality organic microcavity, creating a crystal-like photonic
potential structure. Despite strong absorption of metallic lay-
ers, these structures readily lase upon optical excitation. In that
case, the above threshold emission originates not from isolate
metal-free areas but instead from phase-locked supermodes
spreading over several grating periods. Remarkably, in-plane
coherence can spread even further when decreasing the grat-
ing period, covering distances of more than 50 µm and more
than 10 metal stripes. One- and two-dimensional gratings with
varying periods are investigated using tomographic scanning
of the k-space emission fine structure, which exhibits a strong
dependence on the grating geometry. These results support
the fabrication of highly customizable organic microlasers with
tailored in-plane coherence, and demonstrate the coexistence
of extended coherence and optical loss.
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1. Introduction

Organic microlasers promise a range of useful applications
and are therefore of considerable interest in current re-
search [1, 2]. However, the realization of an electrically
pumped solid state organic laser remains elusive and is still
regarded as the ”holy grail“ of the field. While considerable
effort is directed towards highly efficient conductive as well
as emissive organic materials [3] and polariton lasing [4–6],
identifying efficient electrode designs is equally important.
Most cavity designs for organic microlasers utilize either
distributed feedback on a pre-structured grating or verti-
cal feedback by sandwiching the active layer in between
highly reflective distributed Bragg reflectors (DBRs) [7],
with the latter having advantages in device footprint and
offering surface emission. Such vertical microcavities effi-
ciently confine light between the dielectric mirrors, leading
to a parabolic dispersion of cavity photons, but usually do
not offer a direct way of electrical contacting. By introduc-
ing thin, highly conductive metal films into such cavities,

their photonic potential is altered. As cavity photons or po-
laritons interact with plasmons in the metal, they experience
a jump in phase, leading to the creation of red-shifted states
known as Tamm-plasmons-polaritons (TPPs) [8, 9] which
have been shown to have the potential for high optical qual-
ity [10, 11]. In devices with extended metal layers, these
have found a multitude of use for lasers [11, 12], thermal
emitters [13], and exciton-polariton coupling [14, 15] as
well as sensing and photodetection [16, 17]. Patterning this
metal layer however, leads to a local shift in cavity poten-
tial [18] and enables strong lateral confinement [19–21], but
also surprisingly facilitates a macroscopic in-plane coher-
ence [22] where the coherent mode is spread across several
periods of a metal grating. When coherent emission couples
between individual spots of lasing or polariton condensates,
their phases interlock [22–28] and complex supermodes are
formed, exhibiting an intricate fine structure in real-, k-, and
phase-space.
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Figure 1 (a) Sample schematic of the microcavity with patterned metal layers. On top of the bottom DBR, a thin layer of silver is
patterned to obtain either 1D stripe- (type (1)) or 2D dot- (type (2)) and hole- gratings. The lower part shows the photonic potential in
the patterned microcavity, where potential wells are created at the position of the silver structures. (b) Dispersion of a stripe-grating
microcavity red in kx - direction. Introducing a 1D grating of type (1) (compare (a)), with a period of 5 µm leads to the formation of
trapped discrete Tamm-plasmon-polariton (TPP) states (> 645nm) and a Bloch-like band structure (< 645nm). Bright (dark) red lines
show the calculated band structure of the device in TE (TM) polarization. (c) Dispersion tomography of a dot-grating microcavity (type
(2)) with a period of 4 µm, showcasing fully confined TPP states below and extended Bloch states above the potential barrier (at
≈ 645 nm).

Here, we introduce both one- and two-dimensional
metal gratings into an organic microcavity and vary the
period of these structures to systematically study the influ-
ence on above-threshold emission. In all cases, we observe
lasing from phase-locked states spanning over many peri-
ods. Surprisingly, coherence is retained for various types
of gratings, even when the majority of the sample surface
is covered by metal. Utilizing dispersion tomography, we
investigate the k-space fine structure of such phase-locked
lasing modes for one- and two-dimensional gratings and find
an enhanced spread of coherence compared to unpatterned
devices.

2. Methods and Materials

The structure of the investigated device is schematically
drawn in Figure 1 (a). The design comprises two DBRs
with 10.5 alternating λ/4 layers of TiO2 (n ≈ 2.15) and
SiO2 (n ≈ 1.45, raw materials purchased from Prof. Feier-
abend GmbH) sandwiching an organic active λ/2 layer of
Tris-(8-hydroxyquinolinato)-aluminium (Alq3, purchased
from Sigma Aldrich) doped by 2 wt% with the laser
dye Dicyanomethylene-2-methyl-6-p-dimethylaminostyryl-
4H-pyran (DCM, purchased from Radiant laser dyes).

Between bottom DBR and organic cavity, a thin silver
layer (≈ 30 nm) is deposited and patterned into (i) a one-
dimensional periodic stripe grating (Fig. 1 (a), type (1)),
(ii) a two-dimensional periodic square (Fig. 1 (a), type (2))
or (iii) hole grating with periods between 4 µm and 9 µm.

The interaction between cavity photons and the plasmonic
metal layer now leads to the formation of TPP states [8,
9], where the highest energy TPP state is significantly red-
shifted compared to the original cavity mode. Consequently,
patterning the silver film leads to the formation of photonic
potential wells [18] as depicted in the lower half of Fig. 1
(a), which are the building blocks to create one- and two-
dimensional lattices [29].

Here, the oxide layers are deposited via electron-beam
evaporation in a custom vacuum chamber at a base pressure
of 10−6 mbar and a partial oxygen pressure of 2×10−4 mbar
to prevent the formation of sub-oxides. The organic mate-
rials are purified by vacuum gradient sublimation at least
twice before they are deposited by thermal co-evaporation
of matrix and dopant at a base pressure of 10−8 mbar. To
facilitate the metallic structures of interest, a negative pho-
toresist (AZ nLOF2020 from MicroChemicals) is patterned
using a SUESS MJB4 mask aligner to act as lift-off resist
before subsequently depositing a 30 nm thick layer of silver
on top of an adhesion layer of 2 nm gold. After lift-off, the
organic layer and top DBR are deposited on the final silver
structures.

The devices are investigated using angle-resolved micro-
photoluminescence spectroscopy, with a high NA objective
(NA=0.8, 63×) projecting the Fourier plane of the sample
emission onto the entrance slit of an 0.6 m spectrometer
equipped with a cooled charge-coupled device. For sam-
ple excitation, either a cw laser diode at 405 nm (Coherent
CUBE 405-50C) excites the matrix (Alq3), to record sponta-
neous emission, or a pulsed 532 nm solid state laser (1.5 ns
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pulse length at 2 kHz repetition, CryLas FDSS-532-Q2)
excites the laser dye (DCM) directly and is used for both
spontaneous and stimulated emission of the device.

For tomographic scanning along the ky axis, the far field
lens is moved out of the optical axis to record higher in-
plane angles (details see [30]). The final image is recreated
using Mayavi [31].

3. Results

3.1. Dispersion in One- and Two-Dimensional
Gratings

Figure 1 (b) shows the kx - dispersion of a λ/2 microcavity
with 30 nm of silver patterned into stripes along the y-axis,
with a period of 5 µm (type (1)). The one-dimensional pho-
tonic wires that are created by the silver stripes efficiently
confine TPP states in red the observed x-direction [18]
within potential wells of depth V0 = 80 meV. This strong
confinement results in discrete, flat modes in the dispersion,
localized below the potential barrier at wavelengths greater
than 645 nm. Above this barrier, photons travel freely be-
tween adjacent metal-free areas, exhibiting a Bloch-like
band structure of the extended cavity states. To confirm our
observation, we calculate the Bloch bands via a modified
Kronig-Penney model [18, 32]. At ky = 0, the cavity energy
is given by:

E(k) = h̄c
√

k2
z + k2

x ≈ E0 +
h̄2

2mphot
k2

x , (1)

with h̄ as the reduced Planck constant, c the speed of light
in the organic material, E0 ≈ π h̄c/LC the energy of the
fundamental cavity mode, the cavity length LC, and the
effective mass of photons mphot. In vertical microcavities,
photons and polaritons obtain an effective mass due to the
vertical confinement between the mirrors, its value being
on the order of 10−5 times the free electron mass. When
the cavity is detuned from the DBR design wavelength, as
is inevitably the case in these metal-organic devices, this
effective mass becomes dependent on the polarization of
light. By considering cavity length and DBR penetration
depth of the cavity photons [32, 33], we obtain values of
mphot,TE = 1.06×10−35 kg and mphot,TM = 1.02×10−35 kg.
The resulting values can be used to calculate the band struc-
ture of the well-known Kronig-Penney model corresponding
to the artificial potential structure created here. In Fig. 1 (b),
this calculation is overlaid on the measured dispersion as
bright (dark) red lines, representing the calculated bands
in TE (TM) polarization. Both discrete, core-electron-like
states below the potential barrier (at ≈ 645 nm), as well as
the extended, valence-electron-like bands above the barrier
are well reproduced in the calculation. A further variation of
periods in this structure is shown in the supporting informa-
tion, Figure S1. While the dispersion perpendicular to the
stripe orientation exhibits this rich structure, no confinement
is observed in parallel direction red (data not shown here).
As demonstrated previously for dielectric photonic wires

embedded in such cavities [30], dispersion parabolas appear
in ky-direction, with additional parabolic branches for the
corresponding discrete states at higher kx.

It is also important to note that the confined TPP states
exhibit broader linewidths and in turn lower quality factors
(<450) when compared to the above-barrier Bloch bands
(600 - 1000). As the TPPs are highly localized on the metal
while the above-barrier states mainly reside in the metal-free
area, it becomes clear that the parasitic absorption of this
metal layer limits the cavity photon lifetime and thus the
quality factor here.

By comparison to the one-dimensional structure, the
two-dimensional square dot grating leads to a full confine-
ment of light. Figure 1 (c) shows a reconstructed tomo-
graphic scan of the full dispersion in both kx and ky direc-
tions for such a device with a period of 4 µm. As light in
TPP states is now essentially trapped at the position of a
square metal dot, the dispersion exhibits fully flat discrete
modes below the confining potential (again > 645 nm), in
both kx and ky directions, according to [34]:

E(k)≈ h̄c
√

π

LC
+

π

Lx
(qx +1)+

π

Ly
(qy +1), (2)

with Lx,Ly and qx,qy as potential width and mode num-
ber in x and y-direction, respectively. Again, the behaviour
above the barrier shows a Bloch-like band structure, now
in two dimensions, albeit more difficult to resolve in the
experiment.

Interestingly, the highest below-barrier states already
show signs of cross-talk between different stripes, that is,
they deviate from a completely flat dispersion and are able
to travel in between different metal stripes without losing
coherence. It is important to note that the observation of
such a complex dispersion indicates the presence of a high
degree of in-plane coherence in the spontaneous emission.
This confirms the high quality of the cavity and the metal
patterning.

A third type of patterning is also realized, namely the
inverse of pattern type (2), i.e. a fully metal-covered bot-
tom mirror with a square hole grating. For this structure,
the dispersion is not fundamentally different from the dot
pattern, although the degree of confinement in TPP states
is naturally much lower. A clear difference with respect to
the dot grating can be seen in their stimulated emission fine
structure.

3.2. Stimulated Emission of Phase-Locked
States

For increasing excitation pulse energy, all investigated sys-
tems show a clear nonlinear transition into stimulated emis-
sion, as shown in supporting information Figure S2. While
in a typical, unpatterned microcavity, lasing originates from
the apex of the dispersion parabola and extends isotropically
in all in-plane directions with a radius of about 10 µm, the
situation becomes much more complex in patterned systems.

Copyright line will be provided by the publisher



4 A. Mischok et al.: Phase-locked lasing in one- and two-dimensionally patterned metal-organic microcavities

Angle (deg)
0 20 40-20-40

p=5μm

k=0

W
a

ve
le

n
g

th
 (

n
m

)

640

660

620

(a) (b)

Confined TPP States

Extended Bloch-like states

Lasing 2�-state

680

6μm

7μm

8μm

9μm

�-state

��-state

�-state

�-state

��-state
W

a
ve

le
n

g
th

 (
a

.u
.)

p=6μm

Intensity (a.u.)

0 1

In
te

ns
ity

 (
a.

u.
)

10

10

-1

4

Angle (deg)
0 20 40-20-40

Real-space distance (μm)
0-10-20-30-40 10 20 30 40

0
0.2
0.4
0.6
0.8
1.0

In
te

ns
ity

 (
a.

u.
)

0
0.2
0.4
0.6
0.8
1.0

0
0.2
0.4
0.6
0.8
1.0

p=5μm

p=7μm

p=9μm
approx. position 
of metal stripe

�-state

�-state

��-state

Amplitude
Envelope

(c)

(d)

(e)

Figure 2 (a) Dispersion of a lasing 2π-state in a stripe-grating microcavity (type (1)) at p = 6.0 µm. Due to the modified photonic
potential, lasing starts as a supermode spanning several periods. (b) Lasing states at varying periods. By decreasing the period from
9 µm to 5 µm, the k-space separation of lasing antinodes increases while their individual width decreases - pointing towards a larger
spread of coherence in real space. Please note that the color scale in (b) is linear while it is logarithmic in (a). (c)-(e) Real-space
distribution of coherent emission. By Fourier-transformation of the far-field image, the coherent spatial extension of lasing states can
be obtained. In each case, the lasing supermode is spread over several stripe periods, confirming the long-range coherence of the
emission. For smaller periods (compare p = 5 µm (c), 7 µm (d), 9 µm (e)) the mode extension increases both in number of periods as
well as in absolute distance.

While some systems show lasing from single confined re-
gions created by patterning [12,21,22], in our system lasing
always originates from a phase-locked supermode spanning
a multitude of grating periods. Despite apparent optical loss
induced by the silver structure, such an extended mode is
consistently preferred over uncoupled lasing from individual
stripes. In the investigated patterns, the supermode stretches
over in-plane distances of tens of µm, and covers up to ∼10
grating periods.

Figure 2 (a) shows the dispersion of a lasing cavity with
a type (1) stripe-grating at a grating period of p = 6µm
when excited in the centre of a metal-free stripe with a spot
diameter of 5 µm. The emission of the device is concentrated
around a number of evenly spaced spots at a wavelength
of 644 nm and an angular spacing of ≈ 7.5◦. This lasing
mode can be identified as the 2π-state [18, 22, 35] in the
lowest band of the Bloch-like dispersion above the energy
barrier [28]. The spacing of lasing spots corresponds to the
grating period and all spots are part of the same coherent
mode, showing the same threshold behaviour. A trend of
increased spacing of lasing spots in devices with different
grating periods can be clearly seen in Figure 2 (b), where the
period is varied from p = 9 µm (lowest image) to p = 5 µm
(highest image), as the spacing in reciprocal space follows
the inverse of the grating period, according to the angle
difference ∆ϑ = sin−1

λc/p, with the fundamental cavity
wavelength λc. Two features become immediately obvious
in this picture: First, the parity of the lasing states changes
between π and 2π for varying periods. As an increasing
period means also an increase in the width of the TPP-
confining potential well, the number of trapped modes varies
between different gratings. As we have shown before, the

emergence of π and 2π states depends on the parity of the
lowest-energy Bloch band [18]. In turn, this depends on
the parity of the highest-energy discrete state and thus their
total number, i.e. the lasing state switches from π for an
uneven, to 2π for an even number of discrete states. Second,
the width of the individual spots in k-space decreases for a
decreasing grating period. In turn, the real space extension
of the lasing mode increases for smaller periods and spans
not only a single stripe but a multitude of phase-locked
lasing spots in adjacent metal-free areas [22].

To confirm our observation, we perform a Fourier-
transform of the wavelength-integrated emission in k-space.
This way, the true extension of the coherent mode can be
obtained. Figure 2 (c)-(e) shows the resulting intensity pro-
files along the x-direction for grating periods of 5 µm (c),
7 µm (d), and 9 µm (e), respectively. Indeed this analysis
confirms the increased spread of the coherent mode over
large in-plane distances. It is interesting to note that for
a smaller grating period, the coherent mode not only en-
compasses a larger number of periods, but also increases
in absolute size. Judging from the amplitude of the Fourier
transform for p = 5 µm, we observe a spread of coherence
over at least 50 µm and 10 periods of the metal grating. It
turns out that the inclusion of such a lossy grating does not
diminish in-plane coherence, but instead even enhances it
for smaller periods. This observation agrees with similar re-
sults we have obtained earlier on microcavities deposited on
a periodically patterned substrate [36]. In the present study,
even the additional parasitic absorption introduced by an
intracavity metal layer is compatible with a large degree of
coherence and suggests the possibility of integrating highly
conductive electrodes in high-quality cavities.
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Figure 3 Dispersion tomography of
lasing in (a) an unpatterned cavity, (b)
a stripe-grating cavity at p = 7µm, (c)
a dot-grating at p = 7µm, and (d) a
hole-grating at p = 8µm (compare with
sketches as inset). The characteristics of
the grating employed are manifested in
the coherent k-space emission of the cor-
responding microcavity as well. In turn,
coherence in real space is spread ac-
cording to the Fourier-transformation of
the laser modes observed here i.e. uni-
formly (a), mainly in x-direction (b), or in
x- and y- directions ((c),(d)).

3.3. Dispersion Tomography of Phase-Locked
Lasing Modes

As a final step, stimulated emission is also assessed in the
two-dimensional gratings of metal dots and holes introduced
earlier. To obtain a full picture of the coherent mode, the
dispersion in kx-direction is recorded while tomographically
scanning the ky-direction by moving the Fourier-imaging
lens out of the optical axis [30]. Figure 3 shows the recre-
ated three-dimensional tomograms of stimulated emission
comparing an unpatterned laser (a) and devices with a stripe
grating at p = 7 µm (b), a metal dot grating at p = 7 µm
(c), and a hole grating at p = 8 µm (d). For the unpatterned
cavity and the stripe-grating, the mode is not confined in
ky direction and thus shows a large width in k space. In kx
direction, however, the difference between the two becomes
most striking. The mode of the unpatterned laser covers
at least five of the individual spots observed in the stripe
grating, suggesting an inverse behaviour in real space. In the
two-dimensional gratings, the k space dispersion behaves
according to the Fourier transform of the actual grating,
suggesting that emission is concentrated at the corners of
metal dots for grating type (2), Fig. 3 (c), and inside the
metal-free holes for the inverse grating as seen in Fig. 3
(d) (compare schematic 2-D FFT in supporting information,
Fig. S3). In both cases, the observed mode fine structure
points toward an increased in-plane spread of coherence in
two dimensions. Even for a comparatively large aspect ratio
of metal-covered to metal-free areas as in Fig. 3 (d), macro-
scopically coherent emission is obtained in these organic

microcavities. This effect should allow designing effective
electrodes for electrically driven solid state organic micro-
lasers.

4. Conclusion

We have demonstrated how the incorporation of a highly-
conductive silver layer into an organic microcavity is com-
patible with laser emission and how a micro-structure of
said metal can even aid in spreading in-plane coherence.
By patterning gratings with periods of few micrometers,
optical losses are minimized while at the same time provid-
ing an efficient electrical contacting in future devices. Due
to the coupling of emission over several grating periods,
we observe the formation of a photonic band structure and
phase-locked lasing in such systems with coherent emission
extending over 10 periods of metal grating and a lower limit
of 50 µm in the sample plane. Furthermore, we demonstrate
the shaping of the laser mode in two-dimensional hole and
dot gratings, exhibiting a distinct fine structure as dictated
by the metal patterning. Coherent emission persists even
when the majority of the area is covered in silver. We are
confident that our results will aid both in controlled laser
mode shaping as well as electrode design for electrically
driven organic solid state lasers.
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