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Air band modes of three-dimensional photonic crystals �3DPCs� have a higher photonic density of
states, potentially enabling greater emission enhancement. However, it is challenging to introduce
emitters into the “air” region without significantly disturbing the photonic band structure of the PC.
Here, we overcome this difficulty by introducing a low refractive index aerogel matrix containing
CdSe quantum dots �625 nm peak emission� into a titanium dioxide logpile PC. We observe that the
aerogel infiltration indeed preserves the bandstructure. We measure an emission suppression of
�0.25 times inside and an enhancement of approximately three times outside the bandgap with only
one vertical unit cell. © 2009 American Institute of Physics. �doi:10.1063/1.3245309�

Photonic crystals �PCs� provide an excellent platform for
light emission control. The periodic arrangement of high and
low refractive index in PCs modulates the electromagnetic
vacuum1 resulting in suppression or enhancement of light
emission2 across the frequency spectrum. Emission modifi-
cation has been reported extensively in two-dimensional slab
PC systems3–5 demonstrating low threshold and ultrafast
lasing,6,7 strong coupling,8 and single photon generation.9

However, three-dimensional �3D� PCs, in particular com-
plete 3D gap PCs, offer greater flexibility in directional con-
trol of emission as well as stronger emission suppression/
enhancement. In 3D systems, emission control has been
demonstrated in logpile PCs in the near-IR regime10,11 and
opal12 and inverse opal PCs13,14 in the visible. Emission
modification of light emitters placed inside a PC depends on
the photonic local density of states �PLDOS�, which is a
function both of the emitter wavelength as well as its posi-
tion inside the unit cell of the PC.13,15 Thus far, emission
enhancement in PC has been studied by embedding10,11 or by
coating the surface12,14,16,17 of the high index matrix of the
PC with emitters such as quantum dots �QDs�. In this case,
the dielectric bands where the electric fields of the modes are
concentrated in the high index region are responsible for
emission modification. We believe this only partially demon-
strates the PLDOS enhancement effect of the PC at the pho-
tonic band edge since an enhancement of �n3 can be
achieved even with an unstructured dielectric of refractive
index n. On the other hand, if emitters can be localized in the
“air” region of the PC, one can more explicitly observe the
PLDOS enhancement of the 3DPC. Furthermore, we can
also achieve greater enhancement at the higher frequency
bandedge corresponding to air bands that has a higher den-
sity of states compared to the lower frequency band edge of
the dielectric bands.18,19 Unfortunately, the effects of these
“air modes” have been more difficult to study because they
involve introduction of liquid dyes13 or other materials that
reduce the refractive index contrast, significantly changing
the underlying photonic band structure and potentially de-
stroying the photonic bandgap. Here we demonstrate emis-

sion modification of visible emitting CdSe QD introduced
into the air region of a four-layer �one vertical unit cell�
titanium dioxide �TiO2� logpile PC utilizing silica aerogel
infiltration.

We fabricated the logpile PC in a layer-by-layer fashion
using a multilevel electron-beam direct write approach20

composed of sputter deposited TiO2 rods.21 We then infil-
trated the air region of the PC and a 1�1 cm2 piece of Si
reference piece by spin coating an ethanolic organic modified
silica sol. Upon the final stage of solvent evaporation, the
silica gel network expands to form an aerogel without the
requirement for supercritical processing as reported
previously.22 We measured the refractive index of the aerogel
to be 1.1�0.05 by ellipsometry of the reference sample. The
PC/aerogel composite and the reference sample was then
treated with 3-mercaptopropyltrimethoxysilane and a toluene
suspension of CdSe/ZnS core/shell QDs �NN-Laboratories�
with a nominal peak emission wavelength of 625 nm to form
a covalently attached layer of QDs on the aerogel surface,
following the procedure in our earlier report.17 The scanning
electron microscopy �SEM� image of a=350 nm logpile PC
before �Fig. 1�a�� and after �Fig. 1�b�� the aerogel infiltration
reveals uniform deposition of the aerogel across the sample
�Fig. 1�b��, suggesting that the aerogel is mechanically ro-
bust despite the low refractive index. The magnified image in
the inset further reveals that the aerogel completely fills the
air region of the PC up to the third layer. Thus, the CdSe
QDs are uniformly distributed within the air band of the PC.

We characterized near normal incidence reflectance
spectra of logpile PCs with two different lattice constants
�a=350 nm and a=400 nm� and a rod width of 0.4a and
rod height of 100 nm before and after CdSe QD infiltration
with microspot spectroscopy �Fig. 2�, using a silver mirror
��95% reflectivity� as a reference. The reflected light was
collected by a 20� objective and coupled to a spectrometer
by a 600 �m diameter multimode optical fiber. An iris was
inserted behind the objective to limit the range of incidence
angle to �5° while maintaining a sampling spot diameter of
�20 �m. This arrangement enables us to probe interaction
of the QD PL with the stacking direction bandgap ��X�. We
characterized the emission modification of CdSe QDs by thea�Electronic mail: gssubra@sandia.gov.
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PCs by pumping the sample with a 532 nm solid state laser
with 5 mW power and a spot size of �30 �m incident at
45° to the sample normal �Fig. 2�. We introduced a low pass
filter with a cutoff wavelength of 550 nm in the collection
path to block the scattered pump beam, and collected the
emitted light with the same microspot spectrometer setup.

The stacking direction ��X� lower order �second to
third� bandgap for this structure21 is seen as a reflectance
feature with �60% maximum at 620 nm and a short wave-
length edge at �600 nm �Fig. 3�a� black solid� for the a
=350 nm PC. The corresponding values for a=400 nm PC
�Fig. 3�b� black solid� is at 670 and 640 nm. Upon infiltration
with aerogel and CdSe QDs, the reflectance spectra of both
lattice constant PCs �Figs. 3�a� and 3�b� gray dashed� shows
that the spectral profiles remain essentially unaffected except
for a minor shift of �10 nm. This result confirms that the

infiltration with aerogel does not adversely affect the band
structure of the logpile PC and hence allows us to study its
effect on the emission behavior of the light sources. Floures-
cence microscopy reveals a uniform far-field emission pat-
tern from the PC when excited with the pump laser. We
therefore quantitatively measured the PL intensity from
a=350 nm and a=400 nm PCs as well as the reference.
Figure 4�a� shows a typical near-normal PL response corre-
sponding to the �X direction collected by the apertured
microscope objective �collection angle of �5°�. For a mean-
ingful comparison, the PL intensity of the reference sample
is normalized to an equivalent volume of CdSe coated
aerogel as that of the two PCs. The reference PL shows a
Gaussian spectrum centered at 625 nm with a full width
at half maximum of 30 nm. The PL response from the
a=350 nm PC appears strongly modified both in magnitude
and spectral shape with a peak at 608 nm; a similar but less
pronounced effect is observed for a=400 nm PC with a peak
at 620 nm. This difference in the PL response between the
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FIG. 1. �a� Top view SEM image of a=350 nm lattice constant four-layer
logpile PC before the infiltration of aerogel. The rod width is 140 nm. �b�
SEM image showing uniform infiltration of the aerogel. Inset shows the
aerogel filling up approximately to three layers.
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FIG. 2. Optical setup for microreflectance and photoluminescence measure-
ments. Substrate is mounted on a X-Y stage to enable the alignment of the
laser pump spot with the focus of the objective.
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FIG. 3. �Color online� �a� Near-normal optical microreflectance response
before �black solid� and after �gray dotted� the infiltration of aerogel and
CdSe QDs in a=350 nm PC. �b� Near-normal optical microreflectance re-
sponse before �black solid� and after �gray dotted� the infiltration of aerogel
and CdSe QDs in a=400 nm PC. In both cases, a negligible change in the
spectra is revealed as a result of aerogel infiltration.

FIG. 4. �a� Photoluminescence response from aerogel+CdSe QD infiltrated
a=350 nm PC �triangle�, a=400 nm PC �circle�, and
reference unpatterned aerogel coated sample �black solid�. The bandgap in
the normal direction indicated by the light shaded double arrow for
a=350 nm starts from �600 nm and for a=400 nm from �640 nm indi-
cated by darker shaded region. PL spectrum from the unpatterned region
falls mostly inside the bandgap of a=350 nm and outside a=400 nm. �b�
Ratio of the PL of the devices with respect to the unpatterned reference
showing enhancement and suppression of emission by both the devices.
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two lattice constants clearly indicates the role of the PC
bands on the QD emission. For the a=350 nm PC, the QD
PL falls predominantly inside the �X bandgap �Fig. 4�a� light
shaded double arrow�, which is suppressed except for a short
wavelength tail below 610 nm, which is enhanced. In the
case of a=400 nm PC, the PL response is blue shifted with
respect to the �X bandgap �Fig. 4�a� dark shaded double
arrow�, and thus suppression of the PL response was ob-
served only at the long wavelength tail. We quantified the
emission enhancement of the QD by the two PCs by calcu-
lating the ratio of emission intensity from the device to that
from the reference, between the wavelengths of 590–650 nm
�Fig. 4�b�� where the PL response of the QDs is appreciable.
This emission enhancement factor for the a=350 nm PC
drops sharply from �3.0 down to about 0.25 in this window
crossing unity at �610 nm with a modulation ratio defined
as the ratio of enhancement to suppression of �12.0, while
for the a=400 nm PC it drops more slowly from �2.0 down
to �0.6 crossing unity at �640 nm with a modulation ratio
of 3.3. The unity crossing points match closely with the band
edges of both the PCs. Edge effects during spin coating re-
sulted in approximately 25% variation in aerogel thickness
across the PC sample, which in turn introduced variation in
PL intensity from nominally identical devices due to the dif-
ferent quantity of CdSe attached. However, we found that the
PL modulation ratio is unaffected as the change in the PL
intensity is uniform across all wavelengths. PL modulation
ratio for the a=350 nm device is approximately twice the
value previously reported for a near-IR band gap four-layer
GaAs logpile10 at the short wavelength bandedge. This fur-
ther evidences stronger interaction of the air band modes
when the emitters are in the air region as opposed to the
dielectric region.

In summary, we have demonstrated the emission en-
hancement of CdSe QDs by the air band modes of a visible
bandgap TiO2 logpile PC. We achieved this by spin-coating a
low refractive index aerogel nanoparticle suspension fol-
lowed by covalent attachment of the QDs into the aerogel
without perturbing the photonic bandstructure.

The authors acknowledge the DOE Basic Energy Sci-
ences Office and Sandia’s LDRD office. Sandia is a multi-
program laboratory operated by Sandia Corporation, a Lock-
heed Martin Co., for the U.S. DOE’s NNSA under Contract
No. DE-AC04-94AL85000.

1S. John, Phys. Rev. Lett. 58, 2486 �1987�.
2E. Yablonovitch, Phys. Rev. Lett. 58, 2059 �1987�.
3M. Fujita, S. Takahashi, Y. Tanaka, T. Asano, and S. Noda, Science 308,
1296 �2005�.

4Z. Wu, Z. Mi, P. Bhattacharya, T. Zhu, and J. Xu, Appl. Phys. Lett. 90,
171105 �2007�.

5M. Zelsmann, E. Picard, T. Charvolin, E. Hadji, M. Heitzmann, B.
Dal’zotto, M. E. Nier, C. Seassal, P. Rojo-Romeo, and X. Letartre, Appl.
Phys. Lett. 83, 2542 �2003�.

6Z. Zhang, T. Yoshie, X. Zhu, J. Xu, and A. Scherer, Appl. Phys. Lett. 89,
071102 �2006�.

7H. Altug, D. Englund, and J. Vuckovic, Nat. Phys. 2, 484 �2006�.
8T. Yoshie, A. Scherer, J. Hendrickson, G. Khitrova, H. M. Gibbs, G.
Rupper, C. Ell, O. B. Shchekin, and D. G. Deppe, Nature �London� 432,
200 �2004�.

9D. Englund, A. Faraon, B. Zhang, Y. Yamamoto, and J. Vuckovic, Opt.
Express 15, 5550 �2007�.

10S. Ogawa, M. Imada, S. Yoshimoto, M. Okano, and S. Noda, Science 305,
227 �2004�.

11K. Aoki, D. Guimard, M. Nishioka, M. Nomura, S. Iwamoto, and Y.
Arakawa, Nat. Photonics 2, 688 �2008�.

12M. Barth, A. Gruber, and F. Cichos, Phys. Rev. B 72, 085129 �2005�.
13L. B. A. Femius Koenderink, Ad Lagendijk, Willem L. Vos, Phys. Status

Solidi A 197, 648 �2003�.
14P. Lodahl, A. Floris van Driel, I. S. Nikolaev, A. Irman, K. Overgaag, D.

Vanmaekelbergh, and W. L. Vos, Nature �London� 430, 654 �2004�.
15R. Wang and S. John, Phys. Rev. A 70, 043805 �2004�.
16B. J. J. Li, G. Zhou, C. Bullen, J. Serbin, and M. Gu, Adv. Mater. 19, 3276

�2007�.
17G. Subramania, Y. J. Lee, B. A. Hernandez-Sanchez, A. J. Fischer, T. S.

Luk, I. Brener, P. G. Clem, and T. J. Boyle, Photonics Nanostruct. Fun-
dam. Appl. 6, 12 �2008�.

18T. Suzuki and P. K. L. Yu, J. Opt. Soc. Am. B 12, 570 �1995�.
19F. García-Santamaría, M. Xu, V. Lousse, S. Fan, P. V. Braun, and J. A.

Lewis, Adv. Mater. 19, 1567 �2007�.
20G. Subramania and S. Y. Lin, Appl. Phys. Lett. 85, 5037 �2004�.
21G. Subramania, Y.-J. Lee, I. Brener, T. S. Luk, and P. G. Clem, Opt.

Express 15, 13049 �2007�.
22S. S. Prakash, C. J. Brinker, A. J. Hurd, and S. M. Rao, Nature �London�

374, 439 �1995�.

151101-3 Subramania et al. Appl. Phys. Lett. 95, 151101 �2009�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1103/PhysRevLett.58.2486
http://dx.doi.org/10.1103/PhysRevLett.58.2059
http://dx.doi.org/10.1126/science.1110417
http://dx.doi.org/10.1063/1.2731657
http://dx.doi.org/10.1063/1.1614832
http://dx.doi.org/10.1063/1.1614832
http://dx.doi.org/10.1063/1.2336721
http://dx.doi.org/10.1038/nphys343
http://dx.doi.org/10.1038/nature03119
http://dx.doi.org/10.1364/OE.15.005550
http://dx.doi.org/10.1364/OE.15.005550
http://dx.doi.org/10.1126/science.1097968
http://dx.doi.org/10.1038/nphoton.2008.202
http://dx.doi.org/10.1103/PhysRevB.72.085129
http://dx.doi.org/10.1002/pssa.200303115
http://dx.doi.org/10.1002/pssa.200303115
http://dx.doi.org/10.1038/nature02772
http://dx.doi.org/10.1103/PhysRevA.70.043805
http://dx.doi.org/10.1002/adma.200602054
http://dx.doi.org/10.1016/j.photonics.2007.11.003
http://dx.doi.org/10.1016/j.photonics.2007.11.003
http://dx.doi.org/10.1364/JOSAB.12.000570
http://dx.doi.org/10.1002/adma.200602906
http://dx.doi.org/10.1063/1.1825623
http://dx.doi.org/10.1364/OE.15.013049
http://dx.doi.org/10.1364/OE.15.013049
http://dx.doi.org/10.1038/374439a0

