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We report here modified absorption property of colloidal quantum dots (CQDs) inside flexible Fano
filters—made of patterned single crystalline silicon nanomembrane transferred onto flexible plastic
substrates. Enhanced optical absorption was obtained both experimentally and theoretically, when
the CQD absorption peak spectrally overlaps with Fano resonance peak. On the other hand,
suppressed absorption was observed when the Fano resonance has no spectral overlap with the CQD

absorption bands. © 2010 American Institute of Physics. [doi:10.1063/1.3337095]

Owing to the ability to manipulate photon density of
states (DOS) and to alter light-matter interaction, photonic
crystals (PC) offer a disruptive platform for nanophotonics.1
In addition to strong spontaneous emission control, > the PC
structures can also lead to strong optical absorption modula-
tion. Modified absorption characteristics in two-dimensional
dielectric photonic crystal slab (PCS) cavities have been re-
ported by various groups previously.‘tf8 Most of these studies
were based on epitaxial III-V quantum dot system.

Recently, great attention has also been paid to Fano reso-
nances, a class of “leaky” modes in PCS.”"* These reso-
nances are standing electromagnetic waves that are guided
with the electric field distribution confined within PCS but
are also strongly coupled to out-of-the-plane radiation modes
due to phase matching provided by the periodic lattice struc-
ture of the PCS. We have reported surface-normal optical
Fano resonance filters, based on single crystalline semicon-
ductor nanomembranes (NMs) that are transferred to both
rigid glass substrates and to flexible polyethylene terephtha-
late (PET) substrates.'*"* The unique angular-, spectral-, and
polarization-dependent properties of these Fano filters have
also been investigated extensively, indicating that Fano
resonance-based PCS is a promising platform for various
nanophotonic devices. 1

By incorporating dispersive medium inside Fano reso-
nance cavities, it is feasible to realize ultra-compact infrared
photodetectors with spectrally-selective absorption enhance-
ment properties on any substrates for any wavelengths. We
have earlier reported theoretical work on enhanced IR ab-
sorption in defect-free PC cavities, via Fano resonances,
due to sspectrally-selective light-matter interaction in the
cavities."™'® We report here direct absorption measurements
on solution processed colloidal quantum dots (CQDs) in pat-
terned Si NM PC Fano resonance cavities that are transferred
to flexible plastic PET substrates.

YElectronic mail: wzhou@uta.edu.

0003-6951/2010/96(8)/083111/3/$30.00
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The Fano resonance filter structure was designed and
fabricated on a silicon-on-insulator (SOI) substrate usin
standard e-beam lithography and dry etching processes.l‘
Shown in Figs. 1(a) and 1(b) are the cross-sectional view and
the top view scanning electron micrographs (SEM), respec-
tively, for the fabricated PC structures on the SOI. The thick-
ness of the top Si NM PC layer (¢) is 250 nm. The square-
lattice air-hole PC structure has a period (a) of 600 nm, and
the air hole radius (r) of 114 nm. The structure was subse-
quently transferred to a flexible PET substrate, using a wet
transfer process. A micrograph of the finished device is
shown in Fig. 1(c). Finally, colloidal PbSe or PbS quantum
dots (CQDs) were back-filled inside the air holes of the
transferred SiNM PC region. Shown in Fig. 1(d) is a typical
transmission electron micrograph (TEM) image of nanocrys-
tal PbSe CQDs used in the study here. PbSe CQDs were

FIG. 1. (Color online) (a) Cross-sectional view and (b) Top view scanning
electron micrographs (SEMs) of fabricated photonic crystal Fano filter struc-
ture based on silicon-on-insulator (SOI) wafers, where r, a, and t are air hole
radius, lattice constant, and Si layer thickness, respectively; (c) Micrograph
of flexible Fano filters based on transferred single crystalline Si nanomem-
brane (SiNM) on flexible PET substrates; (d) Transmission electron micro-
graph (TEM) of nanocrystal colloidal PbSe quantum dots (CQDs); (e) Top
view SEM image of Fano filter filled with PbSe CQDs; and (f) Schematic of
SiNM based Fano filters filled with CQDs on flexible substrates. Surface
normal optical measurement is also shown for both transmission (7) and
reflection (R).

© 2010 American Institute of Physics
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FIG. 2. (Color online) Measured transmission and reflection spectra for
Fano filter without and with PbSe CQDs, with the inset shown schematically
the experimental setup for the simultaneous transmission/reflection measure-
ment of the Fano filter.

synthesized with a noncoordinating solvent technique,17 with
the target wavelengths covering different Fano resonance re-
gions, ranging from 1450 to 1600 nm.

Shown in Fig. 1(e) is the top view of a SEM image of a
Si NM PC Fano filter filled with PbSe CQDs. A schematic of
the final structure under investigation is shown in Fig. 1(e),
for which transmission/reflection measurements are carried
out along the surface-normal direction.

The experimental setup is shown in the inset of Fig. 2. A
focused broadband light source is generated from a quartz
tungsten halogen (QTH) lamp. The beam transmitted through
the Fano filter sample was collected by one entrance slit of a
spectrometer, and the beam reflected from the sample was
sent to the other entrance slit via a beam splitter. The mea-
sured transmission spectrum (7) was obtained by normaliz-
ing the measured transmission spectral intensity data for the
Fano filters to the that for the background (air). The mea-
sured reflection spectrum (R) was obtained by normalizing
the measured reflection spectral intensity data for the Fano
filters to that for the reference mirror (gold coated), which
has a reflectivity close to 100%. Care was taken to ensure the
simultaneous measurements of the absolute transmission and
the reflection spectra for the sample, under exactly the same
conditions. In this case, the absolute absorption (A) can be
derived based on the equation A=1-T—-R.

Shown in Fig. 2 are a set of measured transmission/
reflection spectra for the Fano filters without and with CQDs.
At the spectral regime of interest (around 1550 nm), the ab-
sorption due to Si is negligible, i.e., A=0. So all measured
absorption is largely associated with the absorption of the
incorporated CQD. A distinctive feature shown in Fig. 2 is
the spectral redshift when incorporating CQDs, with the peak
resonance shifted from 1547 to 1550 nm. This is due to the
increase of the effective index in the air hole region of the
patterned Fano filters. Based on the simulations using the
rigorous coupled-wave analysis (RCWA) method, the effec-
tive index within air holes (ny,) of the patterned SINMs was
determined to be 1.09, corresponding to a 4% fill factor of
CQDs.

After CQDs deposition, the measured transmission in-
tensity of the resonance mode was reduced by 6.2% and the
quality factor (Q) of the Fano resonance was degraded by
8.6%. This also agrees well with the RCWA simulated
Q-factor degradation of 5.1%. On the other hand, the mea-

Appl. Phys. Lett. 96, 083111 (2010)
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FIG. 3. (Color online) Experimental and simulated absorption characteris-
tics for the Fano filter filled with CQDs. Shown in the inset is the spectra of
CQD extinction coefficient, k.

sured reflected intensity at Fano resonance was significantly
reduced by 18%. The Q-factor was significantly degraded by
17%. Both of these distinctive features in the measured
transmission/reflection spectra agree well with the simulation
results.

The absorption data for the Fano filter was directly ex-
tracted from the transmission and the reflection based on the
equation A=1-T—-R, where A, T, and R are absorption,
transmission, and reflection, respectively. The measured ab-
sorption spectrum was shown as the dash line in Fig. 3,
where we found a sharp peak at the shifted Fano resonance
regime (1550 nm). The simulated absorption spectrum was
also shown in Fig. 3 (solid line), with the fitting extinction
coefficient (k) shown in the inset of Fig. 3. The measured
and the simulated spectra match very well with each other.

To further illustrate the interactions between the Fano
filters and the CQDs, and also to quantify the changes in the
absorption due to the interactions, we introduce an absorp-
tion enhancement factor parameter. It is defined as the ratio
of the absorption of the CQDs inside Fano filters to that of
the CQDs without Fano filters. Figures 4(a) and 4(b) show
the absorption spectra of three wavelength QDs and the
transmission spectra of three Fano filters, respectively. Using
these QDS and filters, three different cases were studied. For
Case 1 (QDI and Filter 1): (with the data also shown in Fig.
2 and Fig. 3), there is a very good spectral overlap between
the Filter 1 resonance peak and the QD1 absorption around
1550 nm. This overlap leads to an absorption enhancement
factor of 9 at the resonance location of Filter 1, as shown in
Fig. 4(c). In the second case (Filter 2 and QD?2), a Fano filter
sample was fabricated with Fano resonance at 1468 nm, by
increasing the air hole radius (r) to 149 nm. This sample was
filled with another spectrally-matched PbSe CQDs (QD?2)
with their absorption peak at around 1450 nm. Following the
same procedure, the absorption enhancement factor was de-
rived and the data were plotted in Fig. 4(c). An absorption
enhancement factor of 18 for this sample was obtained,
which may be due to the combined effects of a larger air fill
factor, a higher quality factor of Fano resonance as well as a
higher quantum efficiency of CQDs in this case.

Finally, another set of Fano filters (Filter 3) was fabri-
cated with Fano resonance of 1564 nm, by reducing the air
hole size to 103 nm in radius. CQDs with absorption peak at
1640 nm (QD3) were used here, which have no absorption at
1564 nm. In this case, there is no absorption observed around

Downloaded 21 Jan 2012 to 128.118.88.243. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
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FIG. 4. (Color online) (a) Three sets of CQDs with different absorption peak
locations; (b) three different Fano filters with different resonance locations;
and (c) absorption enhancement factors for these three sets of samples.

1564 nm spectral regime. By comparing these three cases, it
clearly indicates that the enhanced absorptions at different
Fano resonance locations are originated from the strong in-
teractions between the absorptive medium (CQDs in this
case) and the spectrally matched Fano resonances.

It is also worth noting that the quality factors of Fano
resonance in our experiments were far from optimal. Accord-
ing to our earlier theoretical work, one or two orders of ab-
sorption enhancements can be expected for the Fano filters
with optimized quality factors."® In addition, the fill factor of
CQDs into the air holes of PC cavities can also be further
increased.

Another interesting feature for the photodetectors based
on Fano resonance filters is the ability of dispersion
enginee:rin%3 1 4for the desired apgular and polar.ization
properties. " We observed experimentally a blueshift (4.5
nm/°) in absorption resonances for transverse electrical (TE)
mode, with the increase of incident angles up to 20° off
surface-normal incidence. At the same time, the absorption
resonance for transverse-magnetic (TM) mode does not shift
much. These experimental results agree well with the simu-
lated absorption properties, based on the RCWA technique.
The results also agree well with previously reported results
on Fano resonance filters."* The spectra shift is largely de-
pendent on the polarization states of incident beam, the di-
rection of the incident beam and, the phase matching condi-

Appl. Phys. Lett. 96, 083111 (2010)

tions. It is feasible to have different spectral shifting
characteristics, either redshifts or blueshifts, at various shift
rates ranging 0.5 to 5 nm/°. "

In conclusion, PbSe/PbS CQD absorption characteristics
were directly measured inside the air holes of Si Fano reso-
nance filters on flexible PET substrates. The experimental
results agree well with the simulation results. Significant ab-
sorption enhancements can be found at Fano resonance when
the CQD absorption spectrally overlaps with the Fano filter
resonance. The study will lead to a new class of photodetec-
tors with desired angular-, spectral-, and polarization-
dependent properties and such devices can be widely used in
optical communications, hyper-spectral imaging systems and
flexible photonics.
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