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Defect engineering in organic
semiconductor based metal-
dielectric photonic crystals
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We investigate the band structure of metal-dielectric photonic crystals comprising stacked organic
semiconductor microcavities with silver metal mirrors incorporating crystal defects: individual unit
cells with aperiodic dimensionality. Both transfer matrix simulation and experimental verification
are performed to investigate the impact on the photonic band structure as a single cavity is varied

in size. The resulting mid-gap defect states are shown to hybridize with a photonic band at certain
resonant dimensions. The resonance of the defect cavity affects the transmittance of light through
the device, disrupting or enhancing the coupling between otherwise resonant cavities. We outline
potential applications for defect engineering of these devices through controlled manipulation of the
transmission spectrum.
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Photonic crystals (PCs) are nanostructures with periodic interfaces between materials with distinct index
of refraction (n) and extinction coefficient (k). The emergence of a photonic band gap, analogous to the
forbidden energy gap of an electronic band structure in a solid, is a key feature of these structures'™. PC
structures have received much interest in nanophotonics due to their ability to control and manipulate light,
leading to the development of advanced optical components and devices with applications spanning sensing>®,
telecommunications’?, laser technology®!?, chemical, biological, and medical research fields!'!~1°.

Heterogeneous dielectric interfaces are the most common unit cells in PCs, but metal-dielectric interfaces
incorporated in the periodicity of PC structures result in a subclass of hybrid PC structures called metal-
dielectric photonic crystals (MDPCs). The hybrid MDPC structures offer interesting features such as
polarization-insensitive optical resonances'®, capability to support Fabry-Pérot resonances'’, high local electric
field and strong non-linear effects'®!°, and Epsilon-Near-Zero crystals?’. Electroluminescent organic materials
may be incorporated into MDPC structures, employing microcavity organic light emitting diodes (OLED)
as unit cells to create MDPC OLEDs??? which exhibit many of the properties of a PC and also function as
an electroluminescent device. Our previous work on 1-D MDPC OLEDs demonstrates a correlation between
material composition?” and physical dimensions®!?* of the MDPCs with features of the photonic band structure
including the number, energies, and linewidths of states in the band and an asymmetry-induced Peierls bandgap.
Building on this foundation, our current study shifts focus to passive MDPC configuration, distinct from the
electroluminescent MDPC OLEDs. Here we utilize a single layer of organic material as an optical spacer between
two metallic layers, which define a microcavity as the unit cell of the MDPC structure. This approach enables us
to gain clearer insights into the underlying behavior of MDPCs in the discrete regime eliminating the additional
complexity of electroluminescence, such as emitter-cavity coupling, thermal management, and the necessity to
balance electron and hole transport in the device.?*

The inclusion of a geometric defect in the MDPC structures is analogous to impurity doping in semiconductors
and may enable a further degree of control over the photonic band structure through mid-gap energy states.?>*’
Such defects can be introduced by manipulating the size, shape, or arrangement of the constituent components
of the photonic crystal lattice. Here we insert the geometrical defect in the MDPC by detuning the thickness
of a single unit cell within the crystal. In this work, we conduct transfer matrix simulations to demonstrate the
creation and control of defect states in the photonic band gap of 1-D MDPC structures and experimentally verify
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by fabricating organic-semiconductor-based MDPCs. We show that the density of states in the band can be
controlled by tuning the geometry of the device and the location of defects within the microcavity stack. Defect
engineering emerges as a powerful tool for shaping the emission spectra of MDPCs for isolating individual
spectral peaks and for suppressing or enhancing the coupling between resonant cavities within the crystal.

MDPC structures and methods

For the purposes of this work we use N = 3 stacked cavities to constitute the MDPC structure as this is the
simplest structure that demonstrates the band engineering principles. The findings can be generalized to
larger crystals and corresponding data for N = 5 MDPCs are shown in the Supplementary Information (SI).
We design our MDPC structure with the arrangement of single-component dielectric layers and identical
metal mirrors to achieve maximum physical and optical symmetry. For the dielectric layer, an organometallic
compound Tris-(8-hydroxyquinoline) aluminum (Alqs) is used, which is one of the widely used organic
semiconductors in OLEDs, and can be use in MDPC OLED:s as well for an emitter and/or electron transport
layer?!?8, Silver (Ag) is used for both top and bottom metal layers, which act as semi-transparent mirrors and
generate partial reflections. Schematic illustrations of the /N = 3 stacked cavities MDPC device structures, with
a defect introduced in the Alq, layer at the center and edge of the cavity, are shown in Fig. 1a,b, respectively.
Figure 1c presents an SEM image of an N = 3 MDPC device, with standard edge cavities, each 350 nm thick,
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Fig. 1. Schematic representation of typical three-cavity MDPC device designed by stacking three-layer
microcavity with alternating Ag and Alqy layers. (a) and (b) represent the schematics of MDPCs with the
defect introduced in a dielectric (Alq,) layer of center and edge cavity respectively. All mirrors are 20 nm thick
and the thickness of standard or static organic layer is 350 nm. Defect percentages were varied from -98% to
+100% (0.02 < r < 2) of standard size (350 nm) with the step of 1%. Inset shows the schematic of a single
unit cell which is defined as a single microcavity. (c) Cross-sectional SEM image of an N = 3 MDPC device
with » = 1.50 in center cavity, taken at a 45° angle using secondary electron detector, prepared by focused ion
beam.
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alongside a central cavity that is 525 nm thick (r = 1.50), captured from a cross-section at a 45° sample tilt.
A 150 nm platinum layer was sputtered onto the top silver layer of the device to protect it from damage during
sample preparation using focused ion beam milling. A functional OLED device may require three or four layers
of organics like bathophenanthroline (BPhen) as an electron transport layer, Alq; as an emissive layer, and N,
N’-di(1-naphthyl)-N, N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB) as a hole transport layer. Additionally,
interfacial injection layers like lithium fluoride (LiF) and molybdenum oxide (MoO.) may require serving
as electron and hole injection layers, along with different anode/cathode materials which can alter the band
structure in predictable ways?"?2.

Device fabrication and characterization

The vertical stack of microcavity resonators was fabricated by using a thermal evaporator system from Angstrom
Engineering. Both Ag (purchased from R.D.Mathis) and Alq, (purchased from Luminescence Technology)
materials were deposited through thermal evaporation in the high vacuum (below 10> Torr). On a glass
substrate, a sequential thermal evaporation process was carried out, starting with the semitransparent bottom
layer of Ag metal, followed by an organic layer of Alq,, and then repeating the same sequence, to fabricate the
N = 3 MDPC devices. The Ag metal and Alq; organic layers were evaporated at rates of 1.5 A/s and 1.0 A/s,
respectively, while the substrate holder rotated at 10 rpm to ensure uniform film thickness. The deposition rate and
thickness were observed by quartz crystal monitor installed in the evaporator. The Alq, organic semiconductor
was purified by vacuum sublimation process and the devices were stored inside a nitrogen glovebox.

Both a Cary 7000 UV-Vis-NIR and a custom-built system with an Ocean Optics HDX spectrometer and
a DH-2000 UV-VIS-NIR driving light source were used to record and analyze the transmission spectra.
The thicknesses of the individual metal and organic films, as well as the overall thickness of the device, were
measured using a Dektak XT stylus profilometer. The optical constants n and « are necessary input parameters
to the transfer matrix model. To measure the optical constants of Alq,, 60nm Alqg; was deposited by thermal
evaporation onto a silicon wafer with 200 nm thermal oxide. A HORIBA Jobin Yvon Spectrum Ellipsometer was
used to collect the spectra and Deltapsi 2 software was used for the acquisition and treatment of ellipsometric
data.

Computational predictions of the band structure for N = 3 MDPC structures with both center and edge
cavity defects were simulated using the transfer matrix formalism technique. Such numerical results have been
shown to closely reproduce the peak locations and linewidths of experimental spectra in MDPC structures.?!~23,
The transfer matrix approach accurately describes the behavior of 1-D optical systems such as 1-D MDPC
structures where the electric fields on both side (left-had and right-hand) of the material stack are expressed
through the transfer matrix S. S is the product of propagation matrix P and scattering matrix M where P describes
the wave propagation through bulk layers of the structure, and M describes the incoming and outgoing electric
fields at each interface®*. We define two defect conditions by locating an anomalously thin or thick cavity in the
center or edge position of the N = 3 MDPC. The center, intermediate, and edge positions are simulated for the
N = 5 MDPC and discussed in the Supplementary Information. We defined a ratio r as:

ta
=< 1
r= (1)
Where t4 is the thickness of the defect cavity and ts = 350 nm is a standard or static cavity size. We considered
a range of 0.02 < r < 2, where the defect cavity ranges from 2% the size of the standard cavities to 200% in
intervals of 1%. The 350 nm dielectric layer thickness yields two photonic bands (the second and third) within
the 400-800 nm window, allowing us to observe defect band structure dynamics spanning the visible spectrum.

Results
Emergence of defect states
A MDPC with three stacked uniform cavities will exhibit photonic bands with three evenly spaced energy
states?2. The MDPCs in this work have ts = 350 nm thick organic dielectric layers, resulting in photonic bands
centered roughly at 483 nm and 691 nm as seen in the bottom spectrum of Fig. 2. The center of the photonic
bands represent the energies of the eigenstates of a single, uncoupled microcavity resonator. In the case of a
homogeneous, lossless, organic dielectric layer between identical mirrors, these eigenstates can be expressed
as?:

2

Aj = ————="Norg lor j=1,2,3,... 2
Jj [j — /7] g lorg J (2)

Where, A; is the resonance wavelength of index j, norg and torg are the index of refraction and thickness of the
organic layer between the mirrors, ¢ is the phase shift at the edge mirrors, and the product norgtorg defines the
optical path length through the organic layer at normal incidence. The phase shift ¢ is defined by the optical
properties of the organic and metal layers:

Norg Km
¢ = arctan[—5———5— 3
[nﬁrg—n?n—m?n} (3)
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Fig. 2. Normalized transmission spectra from Alq, for N = 3 cavity devices with r = 1.0, 1.03, 1.06, 1.09,
1.12, and 1.15 in the center cavity. Shown here are the second (j = 2) and third j = 3 bands of states. The
three lowest energy states from the fundamental or first band (j = 1) have wavelengths far longer than 800nm.
The vertical dotted red line roughly at 691 nm and the dotted blue line at 483 nm indicate the centers of the
photonic bands for the j = 2 and j = 3 states in a single microcavity with torg = ts.

Here nm, and km are the real and imaginary parts of the index of refraction for the metals. The two observed
photonic bands in Fig. 2 correspond to the j = 2 (A2 = 691 nm) and j = 3 (A3 = 483 nm) states of a single
microcavity with torg = ts.

Similar to the linewidth narrowing of the individual states of a microcavity with increasing j**, the widths of the
photonic bands derived from those states have also been shown to narrow as limiting solutions of the eigenvalues
of the transfer matrix.’® The simulated spectrum in Fig. 2 and the experimental transmission spectrum in
Supplementary Fig. 1 confirm this narrowing. The j = 2 mode has a bandwidth (defined as the difference
between the peak wavelengths of the highest and lowest energy states within the band) of approximately 85 nm,
whereas the j = 3 mode has a bandwidth of 43 nm.

When a small defect of thickness tq is introduced in the center cavity of the N = 3 MDPC, one of the
transmission peaks will exit the photonic band. Figure 2 shows the migration of the defect state out of the
band as the magnitude of defect increases to 15% (1 < 7 < 1.15). As the lowest energy state migrates into
the band gap, the linewidth of the defect state decreases and the spacing between the two remaining states is
reduced. In the extreme case, the two edge cavities would be uncoupled from the middle cavity and from each
other, resulting in degenerate energies identical to the single, uncoupled microcavity. The spacing of states in the
photonic band can be controlled by the position of the defect in the crystal. If instead the defect were located
in one of the edge cavities, then the extreme case of a defect would leave an isolated defect state and an N = 2
coupled resonator system with two distinct states in the band.

These dynamics can be seen more clearly by looking at a larger range of defect sizes. Figure 3 shows the
transmission patterns for a full range of defects from 0.02 < r < 2.0 for a center cavity defect (a) and an edge
cavity defect (b). The horizontal photonic bands at 691 nm and 483 nm correspond to the j =2 and j = 3
resonant conditions described above for the static cavity resonator. The vertical dotted white line at » =1
represents the bottom spectrum from Fig. 2. Deviation to the left or right of this line causes one state from each
band to migrate into the band-gap leaving two states in the band. In the case of the center cavity defect in Fig.
3a, the two states in the band collapse onto each other becoming nearly degenerate. When the defect is in an
edge cavity as in Fig. 3b the remaining states are split, characteristic of a coupled resonator system. The light blue
dots in the overlay represent the experimental transmission peak locations. Our results demonstrate a strong
agreement between numerical simulations and experimental data; however, the minor discrepancies observed
may be attributed to variations between the idealized target thickness of the thin films used in the simulations
and the actual thickness of the fabricated films. Deviations of up to 8% in the thickness of silver films and
+5% in the thickness of Alq, films from the target thicknesses were noted in the fabriacted MPDC devices. The
thicknesses of the Ag mirrors primarily affect the spectral shape and band width due to changes in the unit cell
geometry and Peierls distortion?!, whereas the organic (Alq,) film thickness influences peak and photonic band
shifts. The white dashed lines in both panels represent the theoretical transmission peaks described by equation
(2), representing the first five resonant wavelengths A\, m = 1,2,3,4, 5 (left to right) with torg = ta?*. The
defect states generally track these isolated microcavity states except for when the energies of the defect states and
the static states overlap A, /= A;; a resonance condition to be discussed below.

Examining the transmission spectra and the standing-wave electric field profiles of the resonant states can
clarify the underlying mechanisms of the band dynamics. Figure 4a illustrates the normalized transmission
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Fig. 3. Computationally simulated (color map) and experimentally resolved transmission spectra for N = 3
MDPC:s as a function of defect cavity size with 0.02 < r < 2 for defect located in (a) the center cavity and
(b) an edge cavity. The vertical white dotted line indicates 7 = 1 (no defect). White dashed lines plot the
theoretical transmission peaks described by Eq. (2), for a single, isolated cavity whose size matches the defect
cavity.
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Fig. 4. (a) Normalized transmission spectra inside an N = 3 MDPC device with the +26% (r = 1.26) defect
in the center cavity, as determined through computational simulations and experimental measurements. (b)
Electric field profiles of computationally resolved defect and static states. The energy state approximately at

566nm corresponds to the transmission peak of the defect state and the state at 679nm corresponds to the
transmission peak of the static state.

spectra for an N = 3 MDPC device, featuring a central cavity defect of +26% (r = 1.26), derived from both
simulations and experimental observations. The energy peak (blue arrow) near 447 nm and the peak (green
arrow) around 566 nm correspond to defect states within the visible spectrum, representing the lowest energy
states for the fourth (j =4) and third (j = 3) photonic bands, respectively. Additionally, the defect state
recorded roughly at 838 nm (black arrow) represents the lowest energy state of the second (j = 2) band. In
the experimental results, the mid-gap states corresponding to j = 4, j = 3, and j = 2 bands were measured
approximately at 457 nm, 561 nm, and 805 nm, respectively. Figure 4b shows the electric field at the wavelength
of the defect state (at 566 nm) and the static states (at 679 nm) for a MDPC with center-cavity defect of = 1.26.
In the simulation, light originates at dipole emitters located at ten evenly spaced intervals throughout the organic
layer. If the organic layer is highlighted green in Figs. 4,5, and 6, then the dipole emitters in that layer are “active”
and emitting light into the system. The field amplitude in Fig. 4b indicates that the mid-gap state at 566 nm is

localized within the crystal defect while the nearly-degenerate band state at 679 nm is delocalized between the
two edge cavities.
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Fig. 5. (a) Comparison of simulated and experimental normalized transmission spectra from an N = 3
MDPC device at the resonant wavelengths of the states in the second (j = 2) band when it has formed a
resonant crystal state at +62% (r = 1.62) defect in a center cavity and (b) corresponding electric field profiles
at the resonant wavelengths of the crystal states with three spectral peaks at 661, 692, and 732 nm.
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Fig. 6. Electric Field profile concerning only the electric field generated in the left edge (green highlighted)
cavity, under the following conditions: (a) off-resonance center cavity with defect » = 1.26 at a wavelength of
679 nm, (b) off-resonance right edge cavity with » = 1.26 at 660 nm, and (c) on-resonance center cavity with
r = 1.62 at 692 nm.
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Resonant crystal states

The localized states break down as the size of the defect cavity brings it into resonance with one of the existing
bands. At this intersection there is an anti-crossing where the defect state rejoins the band to form a “resonant”
crystal state like one would see in a device without defects (r = 1 case). These resonant crystal states occur with
set frequency as the defect is increased or decreased. The resonance condition is determined by A\; = Ap:

_(m—¢/m) @

(G — /)

Resonant crystal states in the second band do not occur at the same magnitude of defect as they do in the third
band. Higher energy bands will have more frequent anti-crossings because of the higher j value. In Fig. 3, we
observe that, because ¢ is small, the j = 3 band has approximately three anti-crossings for every two in the
J = 2 band. The analogy between this behavior and similar phenomena in quantum mechanics is explored by
Zappone et al.>!,

If we consider the case of a defect in the center cavity of an N = 3 MDPC, with r = 1.62, we see a resonant
crystal state as illustrated in Fig. 5. Figure 5a shows the computational and experimental transmission spectra
with the formation of a resonant crsytal state in the j = 2 band. The resonant crystal state energy peaks at
661, 692, and 732 nm are indicated by (I), (II), and (III). We can see in the Fig. 5b that the standing wave
electric field profiles of these three states in the resonant band have 7, 6, and 5 antinodes respectively. One
can consider these three resonant states as analogous to the A7, Ag, and A5 states of an extended microcavity
with thickness torg = 3.62ts. The presence of the two internal mirrors perturbs the wave functions of the g
and A5 states significantly more than the A7, compressing the states into a band. Therefore, the resonant state
condition is determined by the alignment of the mirror positions with nodes in the wave function.?? Further
discussion relating the perturbation of the wave functions and its impact on the energy states is provide in the
Supplementary Information.

Communication across defects

The position of the defect, and whether the defect is tuned to resonance with one of the crystal bands, determines
the coupling of the two static cavities. We demonstrate this by examining the electric field profiles for several
states with only one of the edge cavities active. In Fig. 6a, we see the electric field profile for a center cavity defect
with = 1.26 at A = 679 nm. The defect is not tuned to resonance, and we can see that the field amplitude in
the right edge cavity is significantly suppressed compared to the left. This is particularly striking because the
679 nm wavelength highlighted in 6a represents the peak transmission for both edge cavities. Even though the
left edge cavity is generating light at the ideal wavelength for resonance in the right edge cavity, we see very
little activity. The exchange of energy is suppressed due to the defect because the off-resonance defect cavity is
blocking the transmission of the electromagnetic field. This explains the differences between Fig. 3a,b. Figure 6b
shows a similarly off-resonance defect but the » = 1.26 defect is in the right edge cavity. The field amplitude at
A = 660 nm is approximately the same in both of the adjacent static cavities, indicating facile energy exchange
and stronger coupling of the resonators. This coupling strength is reflected in the larger splitting of the band
states when the edge defect is off resonance. When the center cavity defect is tuned to resonance, as seen in Fig.
6¢c with 7 = 1.62 and A = 692 nm, the field amplitude in both the left and right edge cavities is nearly the same.
Therefore, tuning and de-tuning the center cavity defect has significant impact on the coupling strength of the
remaining two static cavities.

The thickness of the metal layers between stacked cavities in MDPC structures has been shown to correlate to
the density of photonic states in the band. As the coupling between neighboring cavities weakens with increasing
metal thickness, the energy states converge to degeneracy.?! We have found that an off-resonance defect cavity
has the same effect when placed between two cavities of the same size, as an off-resonance defect weakens the
coupling of the remaining cavities. In this NV = 3 example, the disruption only occurs if the defect cavity is both
off-resonance and located between the standard cavities.

Conclusions

We have shown that the size and location of defects within an MDPC constitute a toolbox for controlling the
photonic band structure in sensitive, predictable ways. The ability to create states in the band gap cannot be
matched with uniform crystals. We have demonstrated that defects can selectively remove individual states from
the set of hybridized states that constitute the photonic band, and that the magnitude of the defect controls the
energy of the defect state in the band gap. We have also shown how the location of the defect layer in the stack
will determine the degree to which the remaining states in the photonic band become degenerate or remain
as distinct energy states. The electric field can be localized in various positions within the crystal structure
to enhance the non-linearity of materials for various applications.>*** The one-dimensional MDPC structures
offer the possibility to tune the photonic dispersion and the corresponding field localization with the relative
convenience of fabrication by purely additive processes.>#** Our theoretical and experimental framework lays
the groundwork for the construction of a novel type of passive optical filters or optoelectronic devices based on
OLEDs with finer control over the intensity and spectrum of emitted light.

Data availibility

Data is provided within the manuscript or supplementary information files.
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