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ABSTRACT: For many applications in photonics, e.g., free-space
telecommunication, efficient UV sources are needed. However,
optical excitation of such sources requires photons of even higher
energies, which are difficult to integrate into photonic circuits. Here,
we present photonic crystal devices based on zinc oxide (ZnO) that
allow excitation using highly abundant sources in the near-infrared
(NIR). These devices offer control of generating tailored photonic
modes in the UV range via higher order nonlinear processes by
combining the wide electronic band gap and pronounced nonlinear
effects in ZnO with the adjustable properties of photonic crystal
(PhC) membranes. Two different techniques for fabricating such
ZnO-based PhC membranes are discussed, including the presentation of a novel bottom-up approach. Furthermore, dispersive
theoretical simulations are introduced to determine the size and position of the photonic band gap, leading to an optimized cavity
with only one dominant mode. This is followed by an evaluation of dominant loss channels, comparing cavities for both
fabrication techniques, where we implemented a semianalytical model to determine scattering losses at imperfections of the
PhCs. Additionally, energetic fine-tuning of such a mode as well as for other photonic modes that are formed by different cavity
types is demonstrated. Ultimately, we validate that both linear one-photon and nonlinear three-photon excitation is possible with
the presented devices, which renders them potential candidates for efficient UV light emitters that are powered by IR or NIR
light sources.

KEYWORDS: nonlinear IR excitation, multiphoton absorption, tunable UV emission, low-cost UV sources,
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Photonic crystals (PhCs) have been the object of intensive
research over the past decades, as they are a promising and

versatile platform due to highly adaptable 3D light confine-
ment. They allow for tailoring the light propagation by
employing many different dielectric materials in a variety of
functional designs together with numerous possibilities of
combining material-based and photonic effects.1−3 Conse-
quently, prominent optoelectronic devices emerged, such as
PhC-based LEDs4 and lasers5 or even biomolecular sensors.6

By embedding quantum dots,7 quantum wires,8,9 or quantum
wells,10 PhCs were introduced in several fundamental fields, for
instance, integrated or quantum optics. In the beginning, these
structures were primarily realized in Si-, GaAs-, or InP-based
material systems,11−13 since a suspension of a thin membrane
by using selective wet-etching to remove the underneath
sacrificial layer led to high Q factor values. Further advances in
the etching chemistry and growth techniques allowed PhC
structures based on wide band-gap semiconductors such as
GaN or AlN, enabling new devices and principle investigation
in the regime of green to blue wavelengths.14−16 For the visible
to UV region, tailoring and tuning the emission by utilizing

GaN-based quantum dots or quantum wells were demonstrated
eventually.17,18

However, ZnO, while also emitting in the UV range, has an
even larger exciton binding energy, ranging from 60 meV for
bulk ZnO to about 110 meV for ZnO/(Zn,Mg)O quantum
wells,19 which allows for high-efficiency light emission by
improved exciton−photon coupling and the possibility of
achieving strong carrier localization, even at room temper-
ature.20−22 Moreover, ZnO exhibits pronounced nonlinear
properties, which makes ZnO-based devices even more
applicable not only for room-temperature UV lasers and
single-photon sources but also for polariton lasers.23−26 In
addition to that, an efficient multiphoton absorption enables
compatibility for integrated circuits with well-developed IR light
sources. Besides high availability, the low-energy photons of IR
light sources, in contrast to UV, are less likely to be absorbed
and thus allow for a variety of materials within a photonic
circuit.
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Although dry etching of ZnO is comparatively difficult and
obstacles exist due to the relatively small structure size that is
required for UV application, different ZnO-based PhC devices
have already been demonstrated. The group of Hui Cao, for
instance, demonstrated emission in the UV regime that showed
some features of lasing based on defect modes from structural
disorder in 2D PhCs out of a ZnO slab on a sapphire
substrate.27,28 Although the PhC is patterned well into the
substrate, the poor index contrast only allows for a small
photonic band gap (PBG) that is shifted toward lower
energies,29,30 thus requiring the fabrication of even smaller
structures. Unfortunately, due to the lack of selective etching
chemistry of commonly used ZnO substrates, including
sapphire, the fabrication of ZnO-based PhC membranes
remains a huge challenge. While the fabrication of 3D PhC
opal structures tackled these limitations by providing a larger
PBG,31 these devices are rather difficult to integrate into
photonic circuits.
Recently, we reported on a top-down fabrication method,

where we addressed these problems and successfully demon-
strated, for the first time, a completely free-standing ZnO-based
PhC membrane.32 In this work, we investigate and optimize the
3D light confinement and present an additional fabrication
technique for such membranes via a bottom-up approach. We
then demonstrate that these devices offer a controlled
generation of tailored photonic cavity modes in the UV range
and allow excitation using highly abundant sources in the near-
infrared (NIR) by combining the adjustable properties of PhC
membranes with the aforementioned properties of ZnO.
Therefore, this work presents substantial progress in the
fabrication of ZnO-based photonic devices that are based on
nonlinear optical excitations. The use of Si-based substrates
bridges our technology also toward the rapidly developing field
of silicon photonics, so that, for example, the integration of low-
cost compact IR laser diodes with SiO2/Si-waveguides and ZnO
UV emitter arrays becomes feasible, which could find
application as array UV light sources in biotechnology.
The presented two-dimensional photonic crystal nanocavities

are all realized in free-standing membranes that feature a 3D
confinement of light. In particular, a periodic modulation of the
dielectric function by triangularly arranged holes provides in-
plane reflection due to the formation of a PBG where
propagation is inhibited for a specific range of frequencies or
wavelengths. A photonic resonator is then introduced by locally
breaking the periodicity. Furthermore, the higher refractive
index contrast of the membrane compared to the surrounding
air creates a planar optical confinement by total internal
reflection. The key feature for easily tailoring this PBG while
not replacing the involved materials is the scalability of the
PhCs. Assuming a constant relative permittivity, the photonic
bands scale linearly with the lattice parameter a.33−35 By
choosing this parameter accordingly, the PBG can be
positioned as desired. The width of this gap is determined by
the ratio of the two materials used for the periodic modulation
along the lattice, often described by the ratio of hole radius and
distance, r/a.
Consequently, in this work, the PhCs are arranged in arrays

with different lattice constants, in the range of a = 177−197
nm, and varying hole radii between r = 0.25a and r = 0.42a. For
the experiments, there are two sample types, A and B,
respectively. Sample type A is fabricated via a top-down
approach; thus, all layers of the heterostructure are grown and
deposited primarily and patterned afterward.32,36 On the other

hand, type B samples are realized by a novel bottom-up
approach, where prepatterned SiO2 PhC membranes are
overgrown with ZnO. The fabrication and their characterization
are described in detail in the Supporting Information.

■ SIMULATIONS
In order to optimize the PBG in terms of size and energetic
position near the electronic band gap of ZnO, the band
structure of the SiO2−ZnO−SiO2 membrane according to
sample type A is simulated. This is achieved by computing the
dispersion relation in the frequency domain using the freely
available software package MIT Photonic Bands (MPB, see
Supporting Information for further details). As stated above,
the acquired band structure is scalable with the lattice
parameter a of the PhC only for a constant relative permittivity.
While this might be a sufficient assumption for SiO2, this is not
accurate for the semiconducting ZnO due to material
dispersion in the spectral region near the electronic band gap.
Since the simulation via MPB only works with a constant and
real permittivity, in principle only nondispersive calculations
could be performed. To overcome this limitation, the groups of
H. Cao and R. Chang, for instance, calculated a set of band
structures for different refractive indices and determined ω(n)
via the intersection of nZnO(ω) and interpolated simulation
data.28,37 Here, this method cannot be utilized due to the
additional layers of SiO2 that impact the band structure. For
that reason, we implemented an iterative algorithm that works
as follows: first, the dielectric functions of the ZnO and SiO2
layers of the corresponding sample were determined via
spectroscopic ellipsometry by fitting an oscillator model to
the measured data in the range of 350−1200 nm (see Figure 1,

left). The real parts of the fitted dielectric functions for both
ZnO and SiO2 were then implemented into an algorithm. It
iteratively calculates the corresponding frequency ωi, where i is
the band index, at the given points in k space with MPB’s
standard method, thus with a constant relative permittivity, for
the SiO2−ZnO−SiO2 PhC membrane. The obtained result is

Figure 1. Left: Real parts of the dielectric functions of the involved
SiO2 (brown) and ZnO (orange) layers, experimentally determined by
ellipsometry. Right: Dispersive band diagram for a specific PhC (type
A, H2 cavity, r = 0.2574a, a = 180 nm, at z = 0 for even polarization),
obtained by implementing the experimental data for the relative
permittivity (left graphs) into an iterative algorithm. The formation of
a PBG between ∼3.1 and 3.2 eV can be observed. Since only real
dielectric functions are accepted by the computation method of MPB,
the region with high material absorption above the electronic band gap
of ZnO at ∼3.3 eV is marked with a gray overlay.
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then inserted into the fitted dielectric functions, followed by a
recalculation of ωi. This is repeated until the difference for that
frequency ωi compared to the previous result is less than 3
meV. Then, ωi+1 is determined the same way, until all
frequencies below the light cone are calculated and the next k
point is processed in the same manner. This algorithm takes
account of the dispersive properties of ZnO and SiO2
simultaneously; dissipative effects, however, are not considered
since MPB accepts only real numbers as permittivity. The
obtained band diagram together with the corresponding
dielectric functions for a specific PhC with a lattice parameter
of a = 180 nm and r = 46.33 nm, which will be further
characterized in this paper, is shown in Figure 1.
Although the real part of the dielectric function for SiO2

(Figure 1, left) increases steadily with higher energies, the
deviation is less than 5% in comparison to the constant value of
εSiO2

= 2.2, which is used for the initial nondispersive
simulations (see the SI). For ZnO, however, the dielectric
function strongly deviates from a constant value of, for example,
εZnO = 4.5. It has a pronounced maximum at the electronic
band gap of ZnO at 3.3 eV with an increasing slope starting at
∼3.0 eV, which is attributable to material absorption effects of
the electronic band gap of ZnO as well as growth-related
electron interface traps at the grain boundaries.38 A higher
permittivity is found to decrease the corresponding eigen-
frequencies and thus the photonic bands. As a result, the
nondispersive band diagram is compressed toward an energy
that corresponds to the constant values for the permittivity that
are taken for nondispersive simulations (e.g., see Figure S3, SI).
The band diagram itself (Figure 1, right) exhibits a PBG

between the highest point of the first band (∼3.19 eV) at the K
point and the lowest point of the second band (∼3.07 eV) at
the M point. This purposely narrow PBG, in order to generate
only one photonic mode, is the result of the rather small ratio
of r/a = 0.2574. The energetic position of the PBG, as
mentioned before, is controlled via the lattice parameter a and
is chosen so that the PBG is just below the electronic band gap
of the ZnO. The gray area corresponds to all frequencies above
the light line ω = ck/n of the surrounding material (air in this
case), the so-called light cone35,39 (see SI for further details).
Since only real dielectric functions are accepted by the
computation method of MPB, the region with high material
absorption at the electronic band gap of ZnO at ∼3.3 eV and
above is marked with a gray overlay. In combination with an H2
cavity, this tailored PhC leads to a single dominant cavity mode
that is positioned just below the near-band-gap emission
(NBE) of ZnO, so that the material absorption will not
decrease the quality factor Q of the mode. The characterization
and discussion of this PhC device is part of the following
section.

■ EXPERIMENTAL RESULTS

In the previous section, a dispersive model for calculating the
photonic band structure was discussed and geometric
parameters providing a PhC design for a photonic mode
within a narrow PBG near the NBE of ZnO were obtained.
This section will present the photoluminescence (PL) results of
the completely fabricated PhCs, starting with type A (see SI for
a detailed description of the sample types). The cavity
performance, namely, the Q factor, is then compared to a
similar type B PhC. In the second part of this section, linear UV
excitation as well as nonlinear excitation via a NIR source will

be utilized to consistently generate adjustable cavity modes
from different cavity types.
First, the samples are excited linearly, as described in the

Supporting Information, with an excitation wavelength of λexc =
325 nm. Figure 2 presents the PL spectrum of the previously

simulated PhC (Figure 1) with an H2 cavity. A prominent
feature of this graph is the pronounced photonic mode inside
the PBG (gray area) at 3.116 eV, resulting from the three-
dimensional optical confinement of the photonic membrane.
This is in agreement with the time-domain simulations, where a
mode was found also inside the gap. Moreover, smaller peaks
are identifiable at the simulated positions, marked with dashed
horizontal lines, of the dominant Van Hove singularity (see
Figures S3 and S4, SI) at 2.853 eV, the lower band edge at
3.073 eV, and the upper band edge at 3.185 eV, respectively.
The NBE of the bulk ZnO is visible as a peak around 3.23 eV,
hence slightly above the PBG. This is intended since a PBG
around the NBE would be a poor resonator due to the nonzero
material absorption that would lead to a reduced Q factor of the
photonic mode.40 By positioning the PBG slightly below that
energy, one dominant and sharp photonic resonance with a Q
factor of 328 is achieved.
In order to verify a proper localization of this photonic mode,

time-domain simulations are performed using narrow excitation
pulses with the respective energies of the four discussed peaks
that are based on the PhC structure. The z-component of the
magnetic field Hz for the cavity mode as well as for the peak at
the upper photonic band edge is presented in the inset on the
right in Figure 2. It is evident from the plot that the cavity
mode is localized inside the cavity, as expected, whereas the

Figure 2. Left: Photoluminescence measurement (cw, confocal setup,
λexc = 325 nm at room temperature) of the PhC discussed in
simulations section (type A, H2 cavity, r = 0.2574a and a = 180 nm).
Dotted lines correspond to the predicted energies of the Van Hove
singularity, the upper and the lower photonic band edge, respectively,
taken from the dispersive MPB simulations (see Figure 1). They align
almost perfectly with peaks in the measured spectra that are not
attributable to the bulk ZnO luminescence, hence an effect of the PhC
membrane. Most importantly, a pronounced peak can be observed
inside the PBG (Qexp = 329), in agreement with the predictions of the
time-domain simulations (see Figure S4a). Right: Field plots of the z-
component of the magnetic field, obtained by time-domain
simulations. A strong localization inside the cavity can be found for
the photonic mode (top), whereas the peak resulting from the upper
PBG has a more evenly spread field distribution (bottom). Please note
that remainders of the not completely decayed dipole excitation source
located in the center of the cavity account for the increased field in the
center.
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upper band edge is evenly distributed across the structure.
Together, these results demonstrate a good agreement between
the utilized methods of simulation and, additionally, a very
good control of the rather complex fabrication for type A
samples. Furthermore, this cavity mode can be identified as an
octapole with three nodal planes along the x and two along the
y direction. The higher order of this mode can be explained by
the fact that its frequency is much larger than the width of the
PBG. Since the lifetime τ of the mode is proportional to its Q
factor, the time-domain simulation yields Qintr = 444, with a
mode volume of VA,eff = 2.88 (λ/n)3.
Loss Evaluations. We start the evaluation of the

investigated devices with a theoretical analysis of the main
loss contributions. In general, there are many potential loss
channels in these photonic devices,41 such as design and
fabrication imperfections that lead to scattering and a poor
confinement, which all reduce the Q factor. Since the obtained
modes are relatively broad, this analysis concentrates on the
ones that, we believe, have the most impact: the intrinsic losses
(accounted for in Qintr), the material absorption (Qabs), and the
scattering at surface imperfections (Qss). We obtain the total
quality factor from

= + +− − − −Q Q Q Qtot
1

intr
1

abs
1

ss
1

(1)

Table 1 summarizes all contributions for the investigated
cavities and substrates together with the experimental values for
the quality factor (Qexp, averaged over multiple devices).

We use time-domain simulations to obtain the intrinsic
quality factor Qintr from the cavity mode lifetime τ as already
mentioned above. For all cavity/substrate combinations, we see
strong radiation losses, leading to overall values for Qintr
between 300 and 550. We could not find confined modes for
L3 cavities for substrate type A due to the lower ZnO layer
thickness for this material. For type B, we find as commonly
expected higher values for Qintr for L-type cavities than for H2
cavities.
For the determination of the influence of absorption on the

quality factor (Qabs), we take the absorption in the different
layers and their respective absorption coefficients into account.
As discussed in the Supporting Information, while comparing
the ZnO quality of type A and B samples, the bottom-up
approach of type B does not allow postgrowth rapid thermal
annealing that would strongly enhance the PL in terms of
reduced luminescence from defects and grain boundaries.32,36

As a result, the material absorption in the region of the cavity
mode is several magnitudes higher than for type A (see Figure
S2c). The resulting loss can be calculated via Qabs

−1 = αeff/

2πneff, where α α= ∑ Γi i ieff is the effective absorption
coefficient as the sum of the amount of field energy Γi stored
in the respective layer i multiplied with its absorption
coefficient. This calculation yields QA,abs = 191 570 and QB,abs
= 112.36.
For the determination of the loss caused by surface scattering

(Qss), we need to take into account the sidewall taper and
roughness of the experimentally fabricated devices. Here, we
use experimental SEM data from a large number of photonic
crystal holes and perform a statistical analysis based on a
Gaussian model. This way, we obtain a correlation length LC
and a standard deviation σR. Figure 3a−d show the results for
this analysis for substrate types A and B. The correlation length
and standard deviation are subsequently used for a semi-
analytical approach to estimate the surface scattering quality
factor Qss. The approach works as follows.
We start with the electromagnetic fields of an ideal cavity as

obtained from numerical time-domain simulations. Then, we
determine the normalized energy density

∑ε η̅ = ⟨| ⃗ ̂ | ⟩u E U( ) /is 0
0 2

,edge C (2)

summed over all photonic crystal hole edges numerically. Here,
UC denotes the total energy derived from the electric and
magnetic fields of the unperturbed cavity and |E⃗0(η̂)|i,edge

2 is the
electric field intensity averaged along the wall of the photonic
crystal hole i. To account for the disorder of the holes, we treat
each hole of the photonic crystal individually and compute the
radiated power Prad,i for each hole i. Here, we employ a
Gaussian model for the correlation of the deviation of the holes
from cylindrical shape42 and use LC and σR from the
aforementioned statistical analysis of the SEM data. The
complete radiated power due to surface scattering is
subsequently computed by summing up over the radiated
power for each hole, Prad = ∑Prad,i. To compute the radiated
power for an individual hole, Prad,i, we average over the field
intensity along the edge of the photonic crystal hole under the
assumption that the field changes slowly within the correlation
length, LC. Thus, Prad,i, for a cylindrical photonic crystal hole is
computed similarly to eq 29 from Borselli,42 with the field
intensity |Em|

2 of a microdisk mode replaced by the averaged
field along the edge for each photonic crystal hole, |E⃗0(η ̂)|i,edge2 .
The quality factor is finally calculated from Qss = ωUC/Prad. It
should be noted that this approach does not differentiate
between total scattering and backscattering, as considered, for
example., by Hughes et al.43 However, a detailed discussion of
all possible loss channels is not in the scope of this paper, since
the investigated cavities are dominated by intrinsic or
absorption loss.
The results for the surface scattering are shown in Table 1.

As expected, the values for Qss for substrate type A are
significantly higher due to the smoother quality of the sidewalls
for this fabrication process. The difference in the hole
fabrication can also be seen from Figure 3a and c, where the
higher disorder for type B is evident. When comparing the
different cavity types, the semianalytical values for Qss also show
that the L7 cavity is much more robust against fabrication
imperfections than the H2 cavity, which is more strongly
affected by surface scattering for both type A and type B
substrates. As substrate type A could not support confined
modes for L3 cavities, a comparison for this cavity type was not
possible.

Table 1. Overview of the Theoretical Quality Factors (Qtot)
and the Contributions from Intrinsic Quality Factor (Qintr),
Absorption (Qabs), and Surface Scattering (Qss), Together
with the Experimental Quality Factor, Averaged over
Multiple Devices (Qexp), and the Effective Mode Volume Veff

Qintr Qabs Qss Qtot Qexp Veff [(λ/n)
3]

Type A
H2 444 191 570 40 191 438 328 2.88
L7 308 191 570 76 041 306 5.12
Type B
H2 426 112.36 3531 87 239 2.44
L3 553 112.36 3264 91 203 1.96
L7 504 112.36 5169 90 211 2.77
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The theoretical analysis leads to the conclusion that, for the
studied cavity/substrate combinations, surface scattering has
the least impact on the total quality factor. For substrate type A,
the radiative losses are dominant, while for substrate type B,
absorption loss is the strongest contribution.
Apart from the different contributions to cavity loss, we also

determined the effective mode volumes for each cavity and
substrate type. The last column of Table 1 lists the results. We
find that, in general, substrate type A leads to larger mode
volumes than substrate type B. It is also evident from this
calculation that the confinement for L7 cavities is much weaker
for type A substrates than for type B. This can be explained by
the much thinner high-index ZnO film in type A material in
comparison to substrate type B. Moreover, an additional SiO2

cladding layer on top of the ZnO film in the type A substrates
leads to a soft decay of the electromagnetic fields. From the
data it is also seen, as expected, that for the linear cavities the
mode volume increases with increasing cavity dimension. For
the well-confined type B substrates it is also reasonable that the
mode volume for L7 and H2 cavities is quite similar, which
both consist of an equal number of missing holes from the
photonic crystal design.
For the experimental analysis of the loss mechanisms, we

compare the performance of the different substrates for H2
cavities, which support confined modes for both type A and
type B substrates. Here, the experimental data (Qexp in Table 1)
support the theoretical result (Qtot in Table 1) that the quality
factors for type A substrates are higher. While for type A
substrates the experimental values are in good agreement with

the computation, in fact, the experimentally observed quality
factors for type B substrates are even higher than predicted. For
type B substrates, the theoretical analysis yields absorption loss
as the main loss channel. Assuming an error margin of ±5% for
the estimation of the absorption coefficient (the absorption of
the film was determined by spectroscopic ellipsometry using an
oscillator model), the quality factor for absorption Qabs could in
fact be larger, and the resulting Q values then cover the
experimentally obtained quality factors.
An overview of the experimentally observed averaged quality

factors and highest quality factor for each fabricated cavity type
is shown in Figure 3e. For the hexagonal cavity, one can see a
consistent trend for increasing quality factors with increasing
cavity size. This is expected due to the reduced influence of
sidewall roughness. Thus, the highest Q factors are achieved
with H2 (439) and H3 (472), respectively. For the linear
cavities, this effect is much less pronounced. This can be
explained by the fact that those cavities only extend into one
direction, and thus the influence of sidewall roughness remains.
To summarize the loss mechanisms, we find that type A

PhCs are in principle superior to the type B PhCs with respect
to a high Q factor, since the latter are more strongly affected by
the material absorption and growth-related sidewall taper. On
the contrary, the bottom-up approach of the type B samples
offers a wider range of possible hole radii ratios r/a that is
beneficial for a wide PBG. Furthermore, larger layer thicknesses
for both the ZnO and the SiO2 layer can be achieved, which
would increase the Q factor. In addition to that, the type B
samples can be fabricated much faster and more reliably.

Figure 3. (a−d) Statistical analysis of the hole radius variation due to sidewall taper for two similar type A and B PhCs. The polar plots (a and c) are
obtained by analyzing different holes for one specific PhC with an SEM image. The plots are therefore a superposition of all obtained radii r(φ) and
visualize the deviation from the ideal hole radius. The corresponding histograms (b and d) are fitted to acquire the mean radius and standard
distribution. (e) Histogram displaying the experimental Q factors for different cavity types of the type B samples. The gray and dotted bars
correspond to the highest measured values, whereas the blue bars reflect the average Q factor of different PhCs.
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Tailored Linear and Nonlinear UV Emission. Increasing
the hole radius is supposed to lead to a shift of the examined
PBG (e.g., see inset in Figure S3), thus the previously discussed
photonic mode (Figure 2), toward higher energies. In Figure
4a, PL measurements of PhCs with different radii ranging from

r = 0.2476a to r = 0.3180a are presented. All PhCs are
fabricated with a lattice constant of a = 180 nm and an H2
cavity. The bottom graph (red) with the smallest radius is
similar to the discussed graph in Figure 2 in terms of the shape
and position of the relevant peaks. Different symbols mark the
peaks that result from the PBG as well as the main peak,
classified as photonic mode. These three points can also be
found with respect to their energies in Figure 4b, where a
dispersive simulation of the edges of the PBG for different hole
radii is shown (gray area). Here, they align almost perfectly
with the simulated graph: the PBG edges are at their respective
positions in the graph, together with the photonic mode, which
is found between these two points. Again, this demonstrates a
very good accordance of experimental data and the theoretical
modeling and renders the implemented dispersive algorithm,
which is based on the dielectric functions of the involved
materials, as convenient for tailoring the PBG.
For the other three graphs in Figure 4a, a shift of the

dominant mode toward higher energies can clearly be observed.
The respective peaks are again identified with symbols that are
also plotted in Figure 4b. Two key features can be observed
here: First, the energetic positions of the pronounced peaks
follow the slope of the PBG. Second, the intensity and the Q
factor of the modes are decreasing with a PBG at higher
energies, therefore with increasing material absorption, as
described previously in this section. Regardless, this demon-
strates the possibility of tuning the photonic mode by tailoring
the properties of the PhC with a variation of the hole radius in
this instance.

In order to accomplish this tailored UV emission also by IR
excitation, multiphoton absorption PL measurements are
performed for investigating the nonlinear response of these
ZnO-based PhC membranes. The results for a type B PhC with
an H2 cavity are presented in Figure 5, where the black graphs

correspond to a reference measurement at a nonpatterned area
and the colored graphs show the obtained PL for the PhCs. For
the surface measurement, the NBE of ZnO is observable
around 3.25 eV for both the linear and the nonlinear excitation.
When excited with a continuous wave (cw) of 325 nm (see
Figure 5a), a deep level emission (DLE) around 2.2 eV
becomes apparent that shows a higher intensity for the
reference measurement at the surface than for the photonic
cavity. Furthermore, three dominant photonic modes are
observable on the low-energy side of the NBE for excitation
at the cavity. These modes are also observed in corresponding
time-domain simulations. From the field distributions inside the
cavity, the modes can be identified with respect to their nodal
planes as M1, octupole (Mx = 3, My = 2); M2, octupole (Mx =
2, My = 3); and M3, dodecapole (Mx = 5, My = 4). In contrast
to the PhC studied in the previous paragraphs, an increased
hole radius of r = 0.365a results in a wider PBG that, in
addition, is slightly shifted toward lower energies due to the
larger lattice parameter of a = 187 nm and the increased ZnO
layer height of 57 ± 3 nm.
The same PhC is then excited with pulsed laser peaks of

1040 nm wavelength (∼1.19 eV) so that multiphoton
absorption is utilized for excitation of the membranes. The
obtained PL (Figure 5b) displays typical features of a nonlinear
excitation of ZnO such as dominant peaks due to second-
harmonic generation (SHG) at 2.38 eV or third-harmonic
generation (THG) at 3.58 eV, while the DLE is suppressed due

Figure 4. (a) Photoluminescence measurement (cw, confocal setup,
λexc = 325 nm at room temperature) of PhCs with different hole radii
(r = [0.2476−0.3180]a, type A, H2 cavity and a = 180 nm) that lead
to a shift of the PBG and photonic modes. For a better
distinguishability, the graphs are stacked lowest (red, bottom graph)
to highest radius and normalized with respect to their intensity
maximum. The pronounced photonic modes are marked with symbols.
(b) Corresponding dispersive simulation of the upper and lower band
edge energies for different radii. The colored symbols mark the
energetic position together with the measured radius of their
counterparts in (a). Additionally, the positions of these characteristic
peaks in not shown spectra are added with hollow circles. All identified
peaks follow the slope of the PBG.

Figure 5. Photoluminescence measurements of a single type B PhC (r
= 0.365a, H2 cavity and a = 187 nm) in a confocal setup at room
temperature. (a) Spectra of the linear PL (cw, λexc = 325 nm, 1PA)
with deep level emission (DLE) around 2.2 eV and near-band-gap
emission (NBE) of ZnO around 3.25 eV. Photonic modes are
observable on the low-energy side of the NBE for excitation at the
cavity. (b) Multiphoton absorption PL spectra (fs pulse, λexc = 1040
nm) of the same PhC. Typical features of a nonlinear excitation of
ZnO are visible, such as the dominant peak due to second-harmonic
generation (SHG) at 2.38 eV or third-harmonic generation (THG) at
3.58 eV, while the DLE is suppressed. Likewise, sharp peaks are
present at the same energetic position as for the linear excitation of the
cavity just below the NBE at around 3.25 eV. The modes are identified
via time-domain simulations with respect to their nodal planes with
M1, octupole (Mx = 3, My = 2); M2, octupole (Mx = 2, My = 3); and
M3, dodecapole (Mx = 5, My = 4).
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to a finite density of defect states.44 Since the main emission
spectrum of ZnO is between these energies, the excitation of
electrons from the valence band into the conduction band is
attributable to the simultaneous absorption of three photons
with the exact same energy. As for the cw excitation, the
formation of three dominant peaks on the low-energy side of
the NBE can be observed for the cavity excitation. The direct
comparison between the one-photon absorption (1PA) and
three-photon absorption (3PA) PL reveals a matching energetic
position and a number of dominant photonic modes. However,
from the 3PA PL it can be seen that, in each case, these modes
are a superposition of at least three peaks, where the respective
central peak exhibits the highest intensity. This is most likely
attributable to the variation of the hole radii through sidewall
taper (see Figure 3c and d). Moreover, the dominant peaks on
the right in both spectra are superimposed to the NBE, leading
to a highly increased intensity at that point compared to the
bulk ZnO emission. By designing a PBG with modes only in
this energy region, one might obtain an enhanced NBE via PhC
membranes.
To conclusively demonstrate tailored UV emission by

nonlinear IR excitation, Figure 6 displays the PL results for
type B PhCs with L3 and L7 cavities, where the hole radius is
varied between r = [0.344−0.423]a while the lattice constant of
a = 197 nm remains constant. The outcome is expected to be
similar to the results shown in Figure 4 and Figure 5. However,
the photonic modes are able to form in a broader energy range
since the lattice constant is even larger, leading to a wider PBG
at lower energies due to the dispersion relations of the
materials. Indeed, numerous modes can be observed from both
the linear 1PA as well as the nonlinear 3PA spectra.
Furthermore, the examined L7 cavity enables the formation
of even more photonic modes than for the L3 cavity due to the
reciprocal relation between the mode spacing and the cavity
size.45 For the sake of clarity, only three respective 2D graphs of
the measured PL are shown at the top of Figure 6 for
comparison of shape and position shift of the photonic modes.
The spectra for the remaining PhCs with respect to their hole
radius are shown in intensity plots at the bottom of Figure 6,
where black conforms to the highest and white to the lowest
intensity. By this presentation method, a shift of the black areas,
identifiable as photonic modes, toward higher energies with

increasing hole size becomes apparent more easily. As discussed
above, this shift is induced by the shift of the PBG.
For instance, in the plot for the L3 cavity, excited via 1PA,

the mode with the lowest energy of about 2.95 eV can clearly
be identified in both the intensity plot at the bottom and the
corresponding graph (red) above. This mode can also be found
at higher energies in the PL spectra for increased hole radii, at
3.04 eV for the blue and at 3.11 eV for the green graph to be
specific. This mode can be distinguished from the bulk ZnO PL
up to the third to the last plot, which corresponds to a radius of
r = 0.412a. Since the spectra for the L7 cavity show the same
behavior, this can be defined as the maximal feasible radius.
Above, the material grid of the PhC is much smaller at the
direct connection of the holes along the PhC lattice than the
smallest grown ZnO grains, leading to a degraded circularity of
the holes and, consequently, a poor optical confinement. A
second dominant mode for the 1PA measurement of the L3
cavity can be observed in the discussed spectra at around 3.09
eV (red), 3.15 eV (blue), and 3.19 eV (green), respectively.
Likewise, the intensity plot reveals a shift toward higher
energies with an increased hole radius. When the mode
approaches the energy of the NBE, the intensity weakens due
to a reduced Q factor by absorption effects, in agreement with
previous results (see Figure 4a). The same overall behavior can
be observed from the 1PA of the L7 cavity, but with an
ensemble of modes due to the smaller mode spacing for this
cavity. As for the 3PA PL, the same trend is recognizable,
although it is more difficult to assign the same modes for all
radii since the intensity is varying and different modes are
pronounced along the series of measurements. This is mainly
due to the experimental setup for the nonlinear experiments,
where the focal distance is controlled by a differential
micrometer screw. Since the PhC membranes respond very
sensitively to a change of the laser spot position in all three
spatial directions, a well-aimed excitation of specific modes is
rather difficult. Regardless, the experiments demonstrate the
possibility of fine-tuning photonic modes in a controlled
manner, even near the electronic band gap of ZnO, by
introducing tailored PhC membrane cavities of different well-
known types.

Figure 6.Multiphoton PL experiments on type B samples for radii ranging from r = 0.344a to r = 0.423a with a = 197 nm for sample type B with L3
and L7 cavities. Bottom: Intensity plots (black = high, white = low intensity) of all PL measurements with respect to their hole radius. A shift of the
black areas, identifiable as photonic modes, toward higher energies with increasing hole size is visible, in agreement with the shift of the PBG. Top:
Three exemplary PL spectra for radii corresponding to the colored intersection lines are shown above. The PL spectra are normalized at 3.3 eV for a
better comparison of the mode shifts.
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■ DISCUSSION

For enhancing the spontaneous emission via resonance-based
effects, a reasonably good fine-tuning of the photonic modes
may be crucial. The utilized electron beam lithography provides
a high patterning fidelity, enabling an adjustment of the lattice
parameter a with a precision of about 1 nm. For comparison,
the smallest possible lattice parameter variation for the first
ZnO-based UV photonic crystal laser, that was presented by the
group of Hui Cao, was limited by the resolution of the focused
ion beam to 15 nm.27 In addition to that, our presented devices
can be excited in a linear or nonlinear regime by one- to three-
photon absorption due to the pronounced nonlinear properties
of ZnO, allowing for excitation by IR light sources. This is a
huge advantage when compared to similar devices in the UV
regime that generally offer higher Q factors. For instance, the
group of Yasuhiko Arakawa achieved a mode with Q = 2400 at
3.33 eV by embedding GaN QDs inside an AlN PhC
membrane15 (similar to type A). However, this method
depends on both spatial and spectral matching between the
quantum dot exciton dipoles and the cavity mode. In addition
to that, structuring of the involved materials seems rather
difficult and complex. In that regard, D. Neél et al. presented
also GaN-QD-based PhC membranes out of AlN that were
fabricated via a bottom-up approach (similar to type B) by
growing AlN on prepatterned silicon.16 By optimizing an L3
cavity via shifted air holes at the end of the defect, they
achieved an optimized Q factor of 1800 at 2.91 eV. This
approach is very similar to the presented type B approach,
which relies on prepatterned SiO2 PhCs. They, however, stated
that without the cavity optimization the same mode was hardly
observed. A respective optimization could also be integrated in
our approaches, which would lead to a strongly increased Q
factor,46 independent of statistically distributed QDs and with
the capability of nonlinear excitation. Recently, S. Sergent et al.
very successfully pursued another hybrid approach, where
grooved SiN photonic crystals in combination with ZnO
nanowires led to Q factors higher than 2100, which is a
remarkable achievement for ZnO. These devices also exploit
the highly developed IR technology and possibly can also be
excited via NIR and IR sources. However, the fabrication, which
involves positioning of the ZnO nanowires via an AFM
cantilever, comes with tremendous effort. To conclude, we
believe that by utilizing the well-developed Si-based technology
together with the pronounced nonlinearities of ZnO, our
presented devices have a high potential for low-cost
optoelectronic devices.

■ CONCLUSION

Fully free-standing ZnO-based PhC membranes with hexagonal
air holes are presented. Two different approaches for the
fabrication allow for hole radii ranging from r = [0.24−0.42]a
with lattice constants of a = 177−197 nm. For a determination
of the size and energetic position of the PBG, a dispersive
algorithm is introduced to the theoretical simulation in the
frequency domain that uses the relative permittivities of the
involved materials, which are obtained via spectroscopic
ellipsometry. Consequently, a well-designed PhC membrane
with an H2 cavity is fabricated, which exhibits only one
dominant mode in the region just below the electronic band
gap of ZnO. By varying the hole size, energy shifts of this
pronounced mode are demonstrated in excellent agreement
with the dispersive simulation. Moreover, analogous energetic

fine-tunings of an ensemble of photonic modes is presented for
different cavity types in a broad range of hole radii by adjusting
the PhC lattice in terms of a larger lattice constant a.
Most importantly, the presented ZnO-based PhCs feature

consistent linear and nonlinear excitation via one- and three-
photon absorption. This enables the use of IR or NIR light
sources for tailored UV emission, which opens a broad range of
possible applications in the field of integrated optics and
photonics. In combination with the use of well-developed Si-
based technology, the presented devices contribute toward the
development of low-cost optoelectronic devices.
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