
Control of Lasing from Bloch States in Microcavity Photonic Wires
via Selective Excitation and Gain

A. Mischok,* R. Brückner, H. Fröb, V. G. Lyssenko, and K. Leo
Institut für Angewandte Photophysik, Technische Universität Dresden, 01062 Dresden, Germany

A. A. Zakhidov†

Fraunhofer COMEDD, 01109 Dresden, Germany
(Received 26 March 2015; published 22 June 2015)

By adding photonic wire structures to an organic microcavity, we create an additional confinement and a
Bloch-like band structure in the dispersion of periodically structured cavities. We experimentally observe
spontaneous and stimulated emission from the ground and different excited discrete modes at room
temperature. By changing the spatial gain distribution via a two-beam interference, we are able to directly
control the laser emission from both extended and confined modes of such organic photonic wires.
Both spatial distribution and dispersion exhibit coherent emission from tunable modes, which we describe
with an analytical model and numerical simulations, in agreement with our measurements.

DOI: 10.1103/PhysRevApplied.3.064016

I. INTRODUCTION

Planar microcavities (MCs) have been under investiga-
tion since the early 1990s, both experimentally [1] and
theoretically [2]. While for MCs in the weak-coupling
regime, a parabolic cavity mode is observed, the formation
of an upper and lower polariton branch has been observed
more recently in GaAs [3,4] as well as organic [5] MCs in
the regime of strong exciton-polariton coupling. Under
high excitation (above threshold), cavity photons exhibit
coherent behavior such as stimulated emission and spectral
narrowing, while exciton polaritons have been shown to
undergo phase transitions towards a macroscopic ground-
state occupation described as Bose-Einstein condensation
in the lower polariton branch [6,7]. In those cases, the
coherent photons or polaritons emit from this mode under
an in-plane wave vector k ¼ 0 in the parabolic dispersion of
the lower polariton branch or MC photon dispersion.
Coherent emission from polaritons in non-ground-states
was observed under resonant pumping explained by an
incomplete polariton down-relaxation and their short life-
time. Coherent emission from excited states of planar MCs
at resonant laser excitation has also been observed exper-
imentally [8,9] and explained as the reemission of the
excitation laser into a ringlike distribution in k space due to
elastic resonant Rayleigh scattering at static disorder. Ring-
shaped coherent emission at nonresonant excitation was
reported [10] and explained in GaAs MCs where excess
energy was lost before being captured into a bottleneck trap
[9]. Ring-shaped coherent emission has further been

observed in CdTe [11] and organic [12] MCs, due to
scattering of light into multiple cavity modes at k ≠ 0.
In both zero-dimensional (0D) and one-dimensional

(1D) microstructures (i.e., photonic boxes [13] and pho-
tonic wires [14,15]), photon and polariton modes are
confined within the micrometer-size volume. In this case,
their continuous parabolic dispersion is transformed into a
set of confined discrete states. Zero-dimensional confine-
ment in the lateral plane has been demonstrated in different
examples of cylindrical pillars [16,17], square [18] or
elliptical [19,20] photonic boxes, and 1D confinement,
for example, in photonic wires. Periodically arranged
photonic wires offer a possibility of studying the formation
of Bloch states in ZnO [21] or (Ga,Al)as MCs [22],
showcasing coherent emission from nonground gap states
in the Bloch-like polariton dispersion [23]. More recently, a
Fibonacci-sequence pattern has been investigated by the
same group [24]. Cerna et al. [25] demonstrated the
manipulation of the spatial and angular distribution of
confined polariton modes in a 0D pillar by tuning either
the incidence angle of the excitation beam and/or its energy
at below-threshold intensities. Moreover, optical structur-
ing has been employed, where the formation of an exciton
population in a particular pumping geometry locally
increases the cavity potential and leads to emission from
confined modes [26] or geometrical phase locking of
emission from several excited spots [27,28]. Furthermore,
gain-induced trapping of exciton polaritons has been
utilized by Roumpos et al. [29] due to the short lifetime
and finite size of excitations.
A manipulation of coherence in ground and excited

states could be shown in circular pillars [30,31] and
photonic wires [32,33] by a controlled shift of the exci-
tation spot position. Furthermore, a switching of coherent

*andreas.mischok@iapp.de
†Present address: Texas State University, 601 University Drive,

San Marcos, TX, USA.

PHYSICAL REVIEW APPLIED 3, 064016 (2015)

2331-7019=15=3(6)=064016(8) 064016-1 © 2015 American Physical Society

http://dx.doi.org/10.1103/PhysRevApplied.3.064016
http://dx.doi.org/10.1103/PhysRevApplied.3.064016
http://dx.doi.org/10.1103/PhysRevApplied.3.064016
http://dx.doi.org/10.1103/PhysRevApplied.3.064016


modes was demonstrated by spatially selective excitation
under nonresonant optical pumping in GaAs pillar MCs.
While a multitude of publications deal with inorganic

systems, usually grown by highly involved molecular beam
epitaxy, the investigation of organic active materials has
recently shown interesting possibilities for low-threshold
lasing, e.g., in patterned photonic crystals [34,35] or even
Bose-Einstein condensation in a MC at room temperature
[5]. Furthermore, the class of hybrid organic-inorganic
perovskites promises interesting tunable laser applications
in the future [36]—with the need for precise optical control.
Our work addresses the coherent emission of SiO2 pho-

tonic wires in a MC with an organic active medium. Under
spatially selective excitation, we show the possibility to
precisely control the spectral and angular position of lasing
from the wire and above the potential barrier. Numerical
simulations accompany our experimental results to further
showcase the effect of our selective gain distribution. Even
though we work in the weak-coupling regime, our results are
more generally applicable towards guiding, trapping, and
controlling photons or polaritons in organic or inorganicMCs.

II. SAMPLE AND EXPERIMENTAL SETUP

We investigate MCs with a λC=2 cavity layer at
the design wavelength λC, comprising 2% of the laser
dye dicyanomethylene-2-methyl-6-p-dimethylaminostyryl-
4H-pyran(DCM) doped into the matrix tris-
(8-hydroxyquinolinato)-aluminum (Alq3, nO ≈ 1.75). The
broadband organic laser dye provides gain over a large
spectral range [see Fig. 1(a)], enabling the direct inves-
tigation of the cavity dispersion as well as allowing tunable
lasing in the system. This cavity is encased by two
distributed Bragg reflectors (DBRs) with reflectivities R ≥
99.5% near the stop-band center at the cavity resonance λC ≈
630 nm and provides quality factors on the order of 1000 in
free and confined areas alike. For 1D confinement in organic
photonic wires with micron-size widths LW from approx-
imately 1 μm to approximately 10 μm, we utilize optical
lithography to add thin SiO2 stripes (nSiO2

¼ 1.45) via a lift-
off process. This patterning modulates the cavity thickness
with an amplitude of dSiO2

¼ 15 nm and periods of
3.71–4.8 μm. Figure 1(b) shows the cavity design with
photonicwires consisting of the organic layer and additional
SiO2 stripes sandwiched between two similar DBRs. Each
photonic wire is surrounded by barriers of only the organic
cavity layer with a smaller height dO ¼ λc=2nO and width
LB approximately 2 μm to approximately 10 μm.
The DBRs are fabricated by reactive electron-beam

evaporation of 21 alternating layers of TiO2 and SiO2

with quarter-wavelength thicknesses, under a base pressure
of 5 × 10−7 mbar and a partial oxygen pressure of
2 × 10−4 mbar. On the bottom mirror, a commercial
negative-tone photoresist (AZ nLOF 2020 by
MicroChemicals) is spin coated and exposed through a

contact mask with periodic stripe patterns of the different
widths and periods presented. Following development,
approximately 15 nm of SiO2 is deposited on top and,
after lift-off of the resist, yields the photonic wires. The
active layer of Alq3∶DCM is deposited on top of this
structure by thermal coevaporation of matrix and dye under
a base pressure of 5 × 10−7 mbar. The thickness of this
crucial cavity layer (physical thickness approximately
183 nm) is controlled by an in situ transmission measure-
ment during evaporation. The samples are finished by a top
DBR, similar to the first one. Because of the thermal
evaporation of all layers, the patterning is continued to the
top of the device [see schematic Fig. 1(b)] and creates the
photonic confinement we observe in all near- and far-field
figures.
For below- and above-threshold optical excitation of

both wires and surrounding barriers, we use a pulsed solid-
state laser (1.5 ns, 2 kHz, 532 nm) split into one or two
beams and focused by a ×25 microscope objective into
spots with diameters from 2 to 50 μm. The emission in the
near or far field [37] is collected by a standard microscope
objective ×63 (NA ¼ 0.8) with an angular aperture of
�50°, sent into the entrance slit of a 0.6-m imaging
spectrometer and recorded by a cooled charge-coupled
device. All far-field spectra are recorded in TE polarization
using a polarization filter in front of the detection setup.
The high-quality samples and confocal microscope
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FIG. 1. (a) Calculated absorption spectra of the organic emitter
system for different fractions of excited DCM molecules. Apart
from the absorption of Alq3 centered at 400 nm and the
absorption of DCM at 510 nm, we see the occurrence of gain
(negative absorption) around 630 nm, for higher fractions of
excited molecules. Dashed lines: Measured absorption of pure
Alq3 and DCM (green); photoluminescence intensity of 2 wt %
DCM in Alq3 (orange). (b) Sample schematic. DBR mirrors
contain an organic cavity with SiO2 wires of width LW and
barriers of width LB. (c) Excitation geometry for selective
excitation. The pump beam is split into two beams, which
interfere under an oblique angle of incidence and create a
periodic distribution of gain in the sample plane.
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objectives allow the detection of spatially and angle-
resolved emission spectra even at room temperature. For
a sketch of a similar microphotoluminescence setup, see,
e.g., Lai et al. [38], Fig. 2(a).
The organic dyes we employ offer certain advantages in

MC research and application. The calculated extinction
coefficient in Fig. 1(a) shows the transformation of
absorption into gain even for small percentages of excited
DCM molecules. The absorption and emission spectra of
evaporated Alq3∶DCM layers have been measured and
published many times, including the net gain spectrum

(e.g., Ref. [39]). From these data and our own experimen-
tally obtained spectra, we estimate the oscillator strengths
of the corresponding transitions per DCM molecule. An
excitation of a fraction NðPÞ=Nð0Þ of the DCM molecules
then proportionally decreases the absorption spectrum and
increases the emission spectrum assuming roughly equal
oscillator strengths, resulting in normalized absorption or
net gain spectra with a maximum corresponding to approx-
imately 60 cm−1 in the bare film [39]. At higher excitation,
the organic system gives access to a gain spectrum
spanning over 150 nm, allowing for tunable devices and
direct observation of the full cavity emission spectrum in
real and k space. The Frenkel excitons in small molecules
exhibit large exciton binding energies in comparison to the
Wannier-Mott excitons in inorganic semiconductors,
which, on the one hand, drastically increase their stability
and allow room-temperature experiments. On the other
hand, the strong localization of the exciton provides a large
oscillator strength as an ideal prerequisite for lasing
application. We off resonantly excite either the Alq3 matrix
at 405 nm or the laser dye DCM at 532 nm, leading to the
formation of a broad gain spectrum around 630 nm in a
four-level system formed by the organic dyes in the weak-
coupling regime.

III. RESULTS AND DISCUSSION

Microcavities exhibit a parabolic dispersion up to certain
angles, above a constant potential determined by the cavity
thickness. An additional thin layer of SiO2 in our system
causes a shift in the MC energy landscape; i.e., the photon
potential is redshifted according to

Ecav ¼
πℏc

nOdO þ nSiO2
dSiO2

; ð1Þ

where ni and di are the refractive indices and physical
thickness of the organic (O) cavity layer and the SiO2

wires. Please note that this equation is an approximation
that is valid near the center of the DBR stop band, where the
penetration into neighboring mirror layers is minimal. A
full calculation is found in Ref. [40]. In our photonic wires,
this shift causes an index-guided confinement which
discretizes the MC resonance into several standing wave
modes exhibiting flat dispersion below the potential barrier.
Both redshift and discretization are visible in the spatially
resolved μ-photoluminescence measurement in Fig. 2(a).
The low absorption of the 3.7-μm-wide wire and the high
quality of patterning enable the direct observation of the
spatial distribution of light from the ground state with one
antinode to higher excited trapped states with up to six
antinodes visible in the experiment (648–625 nm). Above
the photonic-barrier potential, the dispersion is extended,
with the appearance of photonic minibands (<623 nm).
The angle-resolved dispersion in Fig. 2(c) shows the flat
dispersion of confined states and their inner satellites. Here,

FIG. 2. (a),(b) Spatially resolved emission spectrum
perpendicular to a photonic wire for above-threshold excitation
localized on the wire [(a) LW ¼ 3.7 μm] and of the barrier
[(b) LB ¼ 7.4 μm]. The potential induced by the SiO2 wire
laterally traps photons in discrete standing wave modes. Lasing
takes place either from the lowest confined state (a) or the lowest
extended above-barrier state (b) (deep red). The excitation spot
position is indicated in pink. (c),(d) Angle-resolved emission
corresponding to (a) and (b). The emission from the barrier
exhibits a flat dispersion, while the above-barrier states show a
Bloch-like dispersion with almost continuous spectra. The
intensity is color coded in logarithmic scale in all figures.
(e) Input-output curve for excitation of the barrier as in (b),
(d) (red squares) with a lasing threshold of 0.15 nJ (approx-
imately 20 μJ=cm2) and for the excitation of the wire as in (a),
(c) (blue circles) with a threshold of 0.1 nJ. Dashed lines with a
slope of 1 are added as a guide for the eye.
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above the barrier, a multitude of Bragg-scattered extended
states become visible, being repeated after each reciprocal
lattice constant 2π=ðLW þ LBÞ. Because of sample impu-
rities and the local excitation of only one well, the photonic
miniband structure is not well resolved here. Such a Bloch-
like dispersion has been presented in metal photonic wires
before [41].

A. Above-threshold investigation

For (far-) above-threshold excitation of the photonic
wires, we observe two types of lasing depending on the
positioning of the pump spot. While placing a single pump
spot strongly focused over one photonic wire [marked as a
pink circle in Fig. 2(a)], the coherent emission originates
from the bottom of the potential well, at 648 nm and k ¼ 0
[see Fig. 2(c)], where the parabola apex would appear in an
unstructured MC. Shifting the excitation to the position of
the barrier [Figs. 2(b) and 2(d); input-output curve 2(e)], the
strong stimulated emission is now concentrated at 623 nm,
as a supermode above the left and right barriers at �5 μm.
In k space, we do not observe only the laser emission at
zero angle but a strong scattering into the hybrid well-
barrier state at angles �30° can be seen. An analogous
behavior can be observed in the formation of a Kastler ring
in MCs with multiple cavity modes [12]. The extended
Bloch states are illuminated more strongly for an excitation
of the barrier and show a first hint of the photon miniband
structure.
Utilizing this spatially selective pump above threshold,

we can manipulate the coherent emission from discrete
states confined in separated excited photonic wires or from
an extended Bloch wave propagating through excited
barriers and neighboring nonexcited photonic wires.
While the gain profile of the organic Alq3∶DCM emitter

system covers a broad spectral range, its peak is centered at
630 nm. Utilizing the flat dispersion in photonic wires, we
are able to probe this distribution when exciting the wires
only slightly above threshold. In Fig. 3, photonic wires of
different widths LW ¼ 1.0, 3.7, and 10.0 μm exhibit
coherent emission only at 630 nm� 3 nm for a pump
intensity at or slightly above the lasing threshold. The
overall high density of photonic states allows lasing from
non-ground-states, provided the peak gain value can over-
come absorption which happens only in higher excited
modes closer to the emission maximum. For larger exci-
tation energies, the coherent emission shifts again towards
the potential well or -barrier ground state, where the highest
Q values are obtained.

B. Photonic Bloch states

All angle-resolved spectra here follow the same general
sample composition, i.e., showing confined wire states at
648–625 nm, while the different widths of the potential
well strongly influence the appearance and number of the
discrete flat modes. The distribution of these states can be

calculated using a modified Kronig-Penney model, where
the particle energy and effective mass are substituted by
their photonic counterparts in MCs [41]. For the approxi-
mation of high barriers, the spatial mode distribution FmðxÞ
can then be expressed as

FmðxÞ ≈ cos ðqmxÞ or sin ðqmxÞ: ð2Þ

Here, the discretized modes are labeled by an integer
m ¼ 0;�1;�2;…, yielding the corresponding wave num-
bers qm ¼ πðmþ 1Þ=LW . The energies of the modes are,
furthermore, given by [18]

Em ¼ πℏc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

ðnOdO þ nSiO2
dSiO2

Þ2 þ
ðmþ 1Þ2
n2CL

2
W

s

; ð3Þ

with an effective cavity refractive index nC ≈ fOnO þ
ð1 − fOÞnSiO2

and fO the fraction of the organic layer in
the cavity thickness. The analytical expression for the
angular distribution (with kx sin θ) of the emission intensity
ImðkxÞ follows from the Fourier transformation of the
spatial distribution [42]:

ImðkxÞ ∝ cos

�

LWkx
2

−mπ

2

�

2 q2m
ðq2m − k2xÞ2

: ð4Þ

This equation qualitatively yields the angle- and spectrally
resolved emission of the discrete modes in the spectral
range of 623 nm < λ < 643 nm.
Even though the width of the photonic wire LW does not

influence the total redshift of the resonance [Eq. (1)], it has
a significant influence on the number and spacing of the
discrete modes, as apparent from Eqs. (3) and (4). Figure 3
showcases this behavior for the different widths of the

FIG. 3. Angle-resolved emission from photonic wire arrays of
different LW ¼ 1 μm (a), 3.7 μm (b), and 10.0 μm (c) for
excitation on the wire. The width of the photonic wire leads
to a closer or wider spacing of the discrete modes below the
barrier and a differing total number of confined states. Because of
the flat dispersion of the confined states, lasing originates from
the modes closest to the gain maximum of the organic emitter,
even for different geometries. Intensity is color coded as in Fig. 2.
Solid lines in (b) represent calculations of k spacing according
to Eq. (4)

A. MISCHOK et al. PHYS. REV. APPLIED 3, 064016 (2015)

064016-4



potential well on top of the photonic wires. Here, it
becomes obvious that a smaller wire width leads to larger
energetic gaps between and a smaller number of the
discrete states. For imperfect sample conditions, i.e., a
not perfectly square potential, the spectral position of
modes differs. However, the k-space distribution after
Eq. (4) still fits remarkably well, since the lateral confine-
ment is very strong. This is showcased in Fig. 3(b) by
solid lines.

C. Control of lasing by selective excitation

The spectral alignment of gain maximum and cavity
modes, however, is not the only factor to consider. In
particular, the spatial position and distribution of gain can
have a significant impact on the spectral and angular
distribution or even the threshold of laser emission in such
photonic wires. If a strongly focused (<3 μm) excitation
spot is centered exactly in a photonic wire, only symmetric
(even) modes can overcome the threshold, while all
antisymmetric (odd) modes show only weaker spontaneous
emission. In general, the excitation reaches the highest
efficiency when its spatial distribution overlaps with the
corresponding field distribution of the laser mode. Utilizing
this principle, we investigate the dependence of the near-
and far-field emission spectra on spatially selective
excitation of photonic wires. When the excitation spot at
above-threshold intensity is focused into the center of the
wire [see Fig. 4(a)], coherent emission emerges from the
center of the excited wire with a wavelength λ0 ¼ 643 nm
at k ¼ 0. The remaining higher modes are still visible in
spontaneous emission with significantly weaker intensity.
In our approximation (2), the confined modes have a

periodic modulation with a period P ¼ 2LW=ðmþ 1Þ
within a wire of the thickness LW . For an optimal selective
excitation of themth confinedmode, we split the pump laser
beam into two and utilize the interference pattern created by
focusing those two beams onto the sample under an oblique
angle [see Fig. 1(c)]. This excitation geometry creates the
desirable periodic population of excitons in the DCM and
provides gain in the photonic wire that selectively excites
certain modes. By changing the incident angles of the two
excitation beams, the period of the interference pattern
changes accordingly, allowing us to precisely control the
excitation geometry in the system and to create standing
waveswith a distinct transversal wave numberqm. This way,
the occurrence of coherent emission can be switched from
the wire ground state [Figs. 4(a) and 4(e)] to higher excited
states. To demonstrate this concept, we exemplarily show
laser emission from modes m ¼ 1 [Figs. 4(b) and
4(f)], m ¼ 5 [Figs. 4(c) and 4(g)], and m ¼ 11 [Figs. 4(d)
and 4(h)]. Here, the micrographs Figs. 4(e)–4(h) show the
near-field emission of the confined modes in the photonic
wires,wherewe observem nodes andmþ 1 antinodes in the
spatially resolved emission of the respective state. Each
mode is optimized for the lowest threshold of the

nonresonant excitation.We are able not only to energetically
tune the laser, but we can also directly control the main peak
in the angular distribution of the coherent emission from
k ¼ 0 in the ground state over angles of�5° (m ¼ 1),�14°
(m ¼ 5), and �23° (m ¼ 11) to even higher angles. The
satellite maxima of the higher excited states also provide an
outcoupled laser light at exactly (form even) or close to (for
m odd) k ¼ 0. The interference angles between the exciting
beams outside of the cavity are approximately 10° [m ¼ 1,
Fig. 4(b)], approximately 31° [m ¼ 5, Fig. 4(c)], and
approximately 66° [m ¼ 11, Fig. 4(d)]. The weak emission
centered around (645 nm, þ25°) is an artifact of the optical
setup.We utilize the broadband emission of the laser dye and
a fine control over the spatial exciton distribution via our
pump scheme to allow for the experimental demonstration
of the tunability in our system. As the tunability of the
system stems mainly from the confinement of the wires, an
application towards strong coupling is straightforward by
substituting the luminescent dye for a system with suffi-
ciently strong and narrow absorption in the spectral region
of interest. This prospect will further open up fascinating
new experiments such as spin optics, the investigation of
magnetic properties, and propagation of excitons in such
potential landscapes.

D. Numerical simulation

To quantitatively confirm our experimental spectra,
we numerically simulate the emission from a periodic

FIG. 4. Lasing from a photonic wire of LW ¼ 10.0 μm for
different gain distributions created via two excitation-beam
interference. (a)–(d) show the angle-resolved dispersion, while
(e)–(h) show the corresponding modes in the near field. Here, the
x coordinate is perpendicular, while the y coordinate is parallel to
the wire orientation. By varying the angle of two excitation beams
and, thus, the spatial distribution of gain, modes with a corre-
sponding field distribution are selectively excited from the
ground state with one antinode (a) to higher excited states with
mþ 1 antinodes (b)–(d). Intensity in (a)–(d) is color coded as
in Fig. 2.
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(P ¼ 10 μm) array of photonic wires with a width of
LW ¼ 5 μm using a rigorous coupled wave analysis. In the
angle-resolved image presented in Fig. 5, we again confirm
the coexistence of confined and extended Bloch states
below and above the potential barrier of the SiO2 wires. As
the simulation assumes a perfect sample condition, we can
also observe the Bloch-like photonic miniband structure
above the barrier here.
In our approach, the amplitude and spectral shape of gain

is taken into consideration, both dependent on excitation
intensity. For the simulation, we create an excitation array
of different spatially distributed gain maxima amplitudes:
gmaxð626nmÞ¼3×10−3 Fig. 5(a), gmaxð629nmÞ¼3×10−3
Fig. 5(b), and gmaxð631 nmÞ ¼ 5 × 10−3 Fig. 5(c). As
marked in red, lasing starts from the confined modes that
closely resemble the spatial gain distribution. The wave-
length and angular distribution of coherent emission can be
easily tuned by switching between different confined
modes utilizing our excitation scheme.

IV. CONCLUSION

In a photonic wire microcavity, we realize the one-
dimensional confinement of photons in a photonic potential
well created by stripes of SiO2. We experimentally observe
photonic Bloch states as a spectral discretization of the
cavity dispersion below and extended quasicontinuous
states above the confining potential and are able to describe
these modes via a Kronig-Penney model tailored to our
system. Using a broadband organic emitter, we directly
probe its gain distribution in differently sized wires with
flat dispersion. By creating a spatial distribution of excitons
in our pump scheme, we take advantage of the wide
spectral range of the emitter and directly tune the laser
emission from the ground state at k ¼ 0 to arbitrarily high
excited states at smaller wavelengths and larger outcou-
pling angles. Therefore, our finely tuned experimental
conditions enable us to directly control the coherent
emission in the device. A numerical simulation confirms
our measurement and provides further insight into the
photonic band structure above the wire potential.
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