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We present the application of spectral emission imaging microscopy as a method to quantitatively map photo-
nic properties from below the surface of strongly interacting photonic three-dimensional (3D) crystals. We ex-
cite emission from emitters deep inside a photonic crystal and record the local emission spectra with microme-
ter lateral resolution. The recorded directional emission spectra are modified by Bragg diffraction, which we
use to determine the local stop-band attenuation, center frequency, and width. Assembling the values obtained
into spatial maps yields detailed access to the distributions of the local photonic properties below the crystal
surface. We demonstrate this approach by analyzing the emission from the fluorescent protein DsRed2 infil-
trated inside self-organized 3D titanium dioxide inverse opals. © 2009 Optical Society of America

OCIS codes: 180.2520, 110.4234, 230.5298.
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. INTRODUCTION
hotonic metamaterials are currently the subject of in-
ensive theoretical and experimental research as promis-
ng candidates to manipulate the coupling between light
nd matter and to control the properties of embedded
ight sources [1–5]. Examples of such metamaterials are
isordered photonic glasses [6] or periodic photonic crys-
als with lattice spacings comparable to the wavelength of
ight. Photonic crystals control light propagation in par-
icular crystallographic directions by means of Bragg in-
erference, which results in wavelength ranges—called
top bands—for which light cannot propagate inside the
rystal. The appearance of stop bands also modifies emis-
ion spectra of embedded light sources and gives rise to
irectional enhancements or attenuations [7–9]. Photonic
rystals also control the local density of optical states,
hich determines the lifetime of excited light sources [2].

n the extreme case of a photonic bandgap, where a range
f wavelengths is forbidden from propagation in all direc-
ions simultaneously, spontaneous emission is completely
nhibited, which corresponds to infinite lifetimes [1].

Although tremendous progress has been made in the
abrication of photonic bandgap materials [10–13], all real
hotonic crystal structures inevitably suffer from intrin-
ic disorder, which leads to inhomogeneity of the photonic
roperties [14]. The visualization of the intrinsic disorder
nd its effect on the photonic properties has so far been
imited to the surface or the first few layers of 3D photonic
rystals: The structure of the surface of a photonic crystal
an be imaged in great detail by scanning electron micros-
0740-3224/09/112101-8/$15.00 © 2
opy or atomic force microscopy [11,13,15,16]. Near field
ptical investigations have been used to study the photo-
ic properties to characterize 3D photonic crystals; how-
ver, this technique probes evanescent waves that are
imited to depths of a few hundred nanometers [17]. Re-
ection microscopy analyzes the local reflectivity of the
hotonic crystal [18–20] and yields information on the lo-
al photonic properties of the first few layers of the 3D
hotonic crystal, since light can penetrate into a photonic
rystal only one Bragg length, which is typically a few mi-
rometers. However, to fully exploit the unique properties
f 3D photonic crystal structures, it is necessary to probe
he photonic properties not only of the surface or the first
ew layers of the crystal, but also of the bulk crystal be-
ow. Knowledge of these properties will help to identify ar-
as of high photonic quality on such metamaterials and to
uantitatively characterize their local photonic param-
ters. The knowledge of the distribution of areas of differ-
ng photonic quality is an important element in attempts
o improve the properties of photonic structures. More-
ver, the optics of how light propagates from within a 3D
hotonic crystal as a Bloch mode to the outside world is
till limited (for first attempts see, e.g., [21]). Thus, gath-
ring such information will stimulate theory to this effect.

We show that analyzing the directed emission from
mitters infiltrated into the 3D photonic crystal with mi-
rometer spatial resolution can provide the desired in-
ight into photonic crystal properties well below the sur-
ace at depths of several Bragg lengths. We use
uorescent proteins as emitters inside 3D photonic crys-
009 Optical Society of America
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als. Fluorescent proteins are extensively used in cell bi-
logy and a multitude of studies has addressed the emis-
ion properties of this important class of cellular markers
22–26]. We have recently shown that this class of biologi-
al fluorophores can also serve as efficient emitters inside
hotonic crystals [27]. In this study we have applied spec-
ral imaging [28] to map photonic properties in 3D tita-
ium dioxide inverse opals infiltrated with the fluorescent
rotein DsRed2. Based on the local emission spectra we
uantitatively determine a number of parameters, such
s the stop-band attenuation, stop-band center frequency,
nd relative width, which describe the local photonic
roperties. Finally, we assemble these parameters into
aps to quantitatively visualize the photonic properties

f the relevant domains and map their extent. The quan-
itative analysis of the local photonic crystal quality and
he commensurate photonic parameters can be beneficial
n the study of these crystals and their interaction with
mbedded light sources.

. EXPERIMENTAL SECTION
pectral emission imaging was achieved using a custom-
uilt scanning stage confocal microscopy setup (for details
ee [29]). In short: for emission imaging the 488 nm line
rom a mixed gas Ar–Kr laser (Innova 70, Coherent, USA)
erved as the excitation source. For the reflectivity imag-
ng a halogen lamp was used as the light source. The
hite light was relayed through two distant apertures to

esult in a well-collimated light beam. To minimize the in-
uence from directional effects a low NA objective was
sed for excitation and detection. The excitation light was
ocused onto the sample by a 10� microscope objective
10�, 0.3 NA, Olympus, Japan). The sample was scanned
y a piezoelectric scanning system composed of an elec-
ronic position controller (E-500, Physik Instrumente,
ermany) and a scanning stage (P-740.20, 50�50 �m,
hysik Instrumente, Germany). The fluorescence or re-
ected light was directed to the entrance pinhole (diam-
ter of 10 �m) of a prism spectrometer. In emission imag-
ng mode, reflected and scattered excitation light was
uppressed by an appropriate holographic notch filter
Kaiser Optical Systems Inc., USA). The prism spectrom-
ter was optimized for efficiency between 400 and 800 nm.
ight was detected with a liquid nitrogen cooled charged-
oupled device (CCD) camera (SPEC-10 System, Prince-
on Instruments, Trenton, New Jersey). The spectral res-
lution on the chip in the region where DsRed2 emits was
1.0 nm. Spectral data were acquired using WINSPEC

Roper Scientific). The size of the pinhole, back projected
o the sample, was �5 �m as calculated from the magni-
cation of the setup. This defines the area from which
mission light is collected. However, the illumination
ight is focused to a smaller area of �1 �m in diameter.

e spectrally imaged our samples by raster scanning 50
50 �m areas of the photonic crystals recording 32�32

pectra per sampled area, resulting in one emission spec-
rum every 1.6 �m. Since the photonic effect observed
uilds up over some micrometers of photonic crystal (see
iscussion below), the axial resolution ��11 �m� is of sec-
ndary relevance.
Wide field emission imaging experiments were per-
ormed using a multimode microscopy setup (for details
ee [30]). A mercury lamp as the excitation source and a
tandard blue filter cube (U-MWB2, Olympus) were used.
rue color images were recorded with a color camera (Ax-

oCam HRc, Zeiss). White balance was optimized for a
alogen light temperature of 3200 K in accordance with
he manufacturer’s recommendation for fluorescence im-
ging. Contrast, brightness, and gamma correction were
lobally optimized for the whole images and no digital
olor changing filters were applied.

Titania inverse opals of lattice parameters of a=440
nd 270 nm were produced according to [15]. In short: We
abricated in a first step opals from polystyrene colloidal
articles, and then, after careful drying, deposited titania
n the opal template by precipitation from alkoxide hy-
rolysis. Subsequently, the samples were heated to form
natase TiO2 and to remove the polystyrene template,
hich resulted in an air-sphere crystal. The lattice pa-

ameter of the final crystals is controlled by the size of the
olystyrene particles used. In Fig. 1(a) a scanning elec-
ron microscope image of the (111) face of a 3D titania in-
erse opal is presented. In the upper part of the image an
rea of highly ordered air spheres in titanium dioxide is
isible, while the small black holes in each air sphere are
indows connecting to the next layer of air spheres below.

n the lower part of the depicted area the crystal is cov-
red with unpatterned material.

The DsRed2 (Arg2Ala, Lys5Glu, Lys9Thr, Val105Ala,
le161Thr, Ser197Ala) mutant of DsRed was produced by
tandard site-directed mutagenesis approaches as re-
orted previously [31]. To infiltrate the fluorescent pro-
ein into the photonic crystals the aqueous protein solu-
ion was first desalted to prevent salt crystallization upon
rying and then mixed with an equal volume of ethanol
Uvasol, Merck) to enhance the capability of the solution
o penetrate the photonic crystal. The absorbance and
mission spectra of DsRed2 in this water/ethanol mixture
ere indistinguishable from those of the protein in the
uffer solution, indicating that the protein does not dena-
ure or aggregate in the water/ethanol mixture. Infiltra-
ion of DsRed2 into the inverse opals was achieved by
oaking the crystals in the DsRed2 water/ethanol solution
or 30 min. Finally, the crystals were rinsed with water
MilliQ, Millipore) for �30 s to remove fluorescent pro-
eins from the surface of the crystal and then dried over-
ight in a constant air flow.
The analyzed crystals had a size of about 1 mm
1 mm and a thickness determined by the fabrication in
capillary of 200 �m. The photonic crystals were placed

n a coverslip and imaged from above; all pictures and
pectra were recorded normal to the hkl=111 planes of
he crystal.

. RESULTS AND DISCUSSION
. Emission from Photonic Crystals
e used the visible fluorescent protein DsRed2 as an in-

ernal emitter inside titania inverse opals. In the study
resented here we use the fact that the emission spec-
rum of visible fluorescent proteins is broad and that the
uorescing chromophore is encapsulated within a cylin-



d
b
i
s
t
q
t

q
b
s
c
fl
q
t
f
d
s

b
[
t
S
t
s
c
1
t
c
f
w
c
t

v
t
t
i
c
T
t
h
d
e
s

c
m
t
a
c
t
t
t
s
i
c
s
i
t
a
s
o
c

t
e
u
t
m

F
o
o
q
a
h
t
d
T
o
h
t
D
a
v
t
t
c
e
s
e

Blum et al. Vol. 26, No. 11 /November 2009 /J. Opt. Soc. Am. B 2103
er formed by the protein backbone [32]. Only parts of the
road emission spectrum are influenced, even by strongly
nteracting photonic crystals showing a broad stop gap
uch as the titania inverse opals used here. In this study
he broad emission spectrum is a decided advantage over
uantum dots, which show a narrow emission spectrum
hat can be fully covered by a broad stop gap. When using

(a)

(b)

50 �m

(c)

50 �m

ig. 1. (a) Scanning electron micrograph of a titania inverse
pal showing the transition from an area of high (top) to an area
f low (bottom) crystal quality. Although areas of high crystal
uality clearly dominate, areas with different defects, cracks,
nd coverage with unpatterned material can be found. This in-
omogeneity, and crystal characteristics in the depth of the pho-
onic crystal invisible to scanning electron microscopy, result in
ifferences in the optical properties in the different areas. (b)
rue color picture of the emission of DsRed2 in a titania inverse
pal of lattice parameter a=440 nm. The attenuation and en-
ancement of the directional emission by Bragg diffraction on
he crystal planes changes the apparent emission color of
sRed2 from orange-yellow to bright green. Large green areas
re visible. Differences in the brightness and color hue indicate
ariations in the local photonic properties within these large pho-
onic domains. Areas showing no clear sign of photonic modifica-
ion of the emission color are visible in orange-yellow. (c) True
olor emission picture of DsRed2 in a titania inverse opal refer-
nce crystal of a=270 nm. The emission is orange-yellow and
hows no significant lateral variations in color since the refer-
nce crystal has no photonic effect on the DsRed2 emission.
uantum dots, the photonic attenuation by a photonic
andgap cannot be discriminated from a reduced emis-
ion intensity caused, e.g., by local variations in emitter
oncentration. The encapsulation of the chromophore in
uorescent proteins makes collisional quenching or
uenching by electron transfer from the excited state to
he conduction band of the titania unlikely. The latter ef-
ect is one that greatly hampers the use of conventional
yes as efficient emitters inside semiconductor photonic
tructures [33].

We have recently shown that titania inverse opals can
e used to efficiently control the emission color of DsRed2
27]. However, these crystals, like all real photonic crys-
als, show local variations in their photonic properties.
canning electron micrographs show in detail that while
he surface of these crystals is in most areas well ordered,
urface defects occur, as do stress induced cracks and ex-
ess material deposited on the crystal surface (see Fig.
(a); see also [15]). Imperfections inside the photonic crys-
als are not detectable by currently used techniques and it
ould well be that the crystal below the surface is not per-
ect. The combination of surface characteristics together
ith crystal features and defects hidden in the bulk of the

rystal will lead to variations in the optical properties of
he photonic crystal as illustrated in Fig. 1(b).

To quantitatively study the photonic effect of the in-
erse opals on the emission of DsRed2 a reference sample
hat offers the same chemical environment for the infil-
rated emitter but with no photonic effect on the emission
s needed. For that purpose we prepared and infiltrated
rystals of a lattice parameter of a=270 nm with DsRed2.
hese crystals possess the same chemical properties as

he photonic crystals used for the rest of this study, but
ave a stop band at shorter wavelengths where DsRed2
oes not emit. Hence, emission from DsRed2 in these ref-
rence crystals is photonically unaltered and does not
how significant variations in color [see Fig. 1(c)].

All sampled spectra from the reference crystal show the
haracteristic DsRed2 emission spectrum with emission
aximum at �17000 cm−1. The emission maximum posi-

ion is unchanged compared with that of the protein in
queous solution, but the full width half maximum is in-
reased to 2400 cm−1 compared with 1450 cm−1 in solu-
ion. We also observe a broadening of the emission spec-
rum of desalted DsRed2 upon drying on a coverslide. We
herefore attribute the observed broadening to the pos-
ible loss of water embedded within the protein upon dry-
ng and the presence of titania in the close vicinity of the
hromophore. The shape of the emission spectra did not
how changes depending on the sampled position, but the
ntensity of the emission varied up to a factor of 15 be-
ween high and low emitting areas on a given crystal. We
ttribute this position dependence of the emission inten-
ity to spatial heterogeneity of the doping. For example,
ne can easily envision higher infiltrated fluorophore con-
entrations along stress induced cracks in the crystal.

To estimate the influence of the intrinsic emission of
he photonic crystal’s backbone on the overall detected
mission we applied identical experimental conditions to
ndoped reference crystals. We detect emission of low in-
ensity, which agrees well with the reported anatase lu-
inescence [34]. We find variations in the anatase emis-
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ion intensity of about a factor of 5, yet the contribution of
he titania emission to the detected overall emission of
sRed2 doped crystals is always minor [see Fig. 2(a)].
As a next step we infiltrated DsRed2 into titania in-

erse opals with lattice parameters of 440 nm. These crys-
als exhibit a photonic stop band visible as a frequency
ange with attenuated emission in the center of the emis-
ion band of DsRed2. We observed a strong position de-
endence of the shape of the detected emission spectra
nd of the intensity of the detected emission. To account
or heterogeneous DsRed2 loading of the crystal we nor-
alized the spectra to the red tail of the spectra

�14300 cm−1� since in this spectral region the crystals
how no photonic effect. In Fig. 2(a) we present a spec-
rum that is clearly different from the photonically undis-
urbed emission spectrum from the reference crystal. The
ost prominent alteration is the strong attenuation be-

ween 15 500 and 18 000 cm−1 which is in the exact fre-
uency range where the photonic stop band, due to Bragg
iffraction from the chosen photonic crystal, is expected to
ontribute to the directional emission of embedded emit-
ers. The spectral position of the first order stop band can
e calculated using Bragg’s law using the lattice param-
ter of the crystal and the average refractive index based
n the refractive indices of air and titania and the known
itania filling fraction for the crystals used [15]. We calcu-
ate the stop-band center position for this crystal to be at
6 700 cm−1.

. Relative Intensity Spectra
o quantify the deviations of the emission spectrum
aused by photonic effects of the crystal we divided the

(a)

(b)
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ig. 2. (a) Emission from reference crystal of a=270 nm without
anatase emission only, dashed curve) and with infiltrated
sRed2 (gray dotted curve). The emission spectrum of DsRed2

nside a photonic crystal with nominal lattice parameter a
440 nm (black) shows a clear deviation from the spectrum not

nfluenced by any photonic effect. The emission spectrum was
ormalized to the red tail of the reference spectrum

�14300 cm−1� where the chosen crystals do not show any photo-
ic effect. The intensity scale refers to the reference spectrum
nd confirms that the emission from the protein embedded in the
rystal is intense. (b) Intensity ratio spectrum obtained by divi-
ion of the modified by the reference spectrum. The stop band be-
omes apparent as a wavelength region of attenuation. On the
lue side of the stop band, enhancement of the emission can be
bserved.
sRed2 spectrum, normalized as detailed above, by the
imilarly normalized DsRed2 spectrum recorded from the
eference titania inverse opal [see Fig. 2(a)]. We thus
btain a relative intensity spectrum that clearly high-
ights any attenuation or enhancement of emission rela-
ive to the photonically undisturbed spectrum. Attenua-
ion and enhancement can quantitatively be explained by
he escape function model [7]. Figure 2(b) depicts a typical
xample of an intensity ratio spectrum for the spectrum
hown in Fig. 2(a).

From the emission ratio spectra a number of param-
ters, such as the stop-band attenuation A, the enhance-
ent E, the stop-band center frequency �c, and the stop-

and width �� can be easily determined. The attenuation
is defined as the maximum deviation from 1, the stop-

and width �� is defined as the width of the stop band at
.5 A and the center frequency �c is defined as the center
etween the two full width half maximum points of the
ttenuation [see Fig. 2(b)]. The extent of attenuation A
nd enhancement E are quantitative measures of the
uality of the crystal since both parameters are directly
inked to the amount of crystal imperfections and the

ean free path [35]. The observed strong attenuation of
he spectrum results from Bragg diffraction of the light of
ppropriate frequency in the direction of the detector. The
nhancement E on the blue side of the stop band results
rom Bragg diffraction at higher angles. The deeper the
top band and the higher the enhancement on the blue
ide of the stop band the lower is the disorder in the
ampled crystal position [7]. The stop-band center fre-
uency �c is related to the size of the crystal’s air spheres
s well as to the average refractive index of the crystal.
rom the width �� and the center frequency �c of the
top band the relative width of the stop band can easily be
alculated as the ratio between the width and the stop-
and center frequency ��� /�c�. This relative width is in-
icative of the photonic strength of the crystals [36].

. Spatial Mapping of the Stop Band
canning spectral imaging shows evidence of a decided

nhomogeneity of the local emission that agrees well with
he expectations from wide field emission micrographs
hown in Fig. 1(b). This approach, in which an area is ras-
er scanned and an emission spectrum is recorded at each
ampled point, generates a hyperspectral data cube con-
aining local spectral information of the scanned area.
rom this data set, the local intensity ratio spectra are
alculated as detailed above. Representative intensity ra-
io spectra are shown in Fig. 3(a). These spectra clearly
how a stop band between 16 000 and 18 000 cm−1 but of
ariable attenuation and center frequency. The extent of
he enhancement on the blue side of the stop band also
xhibits significant variations. The attenuation A, en-
ancement E, stop-band center frequency �c, and width
� can be determined from the intensity ratio spectra for
ach sampled point and assembled into maps giving in-
ights into the local photonic properties of the crystal. We
resent a typical attenuation map in Fig. 3(b).
The differences in attenuation are attributed to spatial

ariation of the amount of diffuse scattering by intrinsic
isorder [35]. The attenuation map clearly shows the ex-
ent of one photonic domain of high crystal quality in the
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enter of the sampled region [70%–85% attenuation; see
lue intensity ratio spectrum in Fig. 3(a)]. The domain is
urrounded by an area of little or no attenuation due to
ow crystal quality [see red intensity ratio spectrum; Fig.
(a)]. Areas of intermediate crystal quality showing at-
enuation around 40% are also visible. Further, we ob-
erve a transition from no attenuation to very strong at-
enuation within approximately three pixels, which
hows that the lateral resolution we achieve is not com-
romised by scattered light.
Identifying and mapping sample areas that show

trong attenuation is the first step in the detailed charac-
erization of the photonic properties of the sample. Based
n the intensity ratio spectra [for examples see Fig. 3(a)],
e deduced other relevant parameters and assembled the

orresponding maps. Since the stop-band center fre-
uency and the relative stop-band width can only be de-
ermined if a photonic effect in the form of a stop band is
isible, the attenuation A is used as a threshold param-
ter. For all points fulfilling the criterion of attenuation

(a)
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1.0

1.5
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tiv
e
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wavenumber [cm-1]

700 650 600 550 500

wavelength [nm]

(b)

ig. 3. (a) Intensity ratio spectra vary depending on the
ampled position. Some of the ratio spectra show almost no de-
iation from the reference spectrum (red spectrum), while others
how varying stop-band attenuation correlated with varying en-
ancement on the blue side of the stop band and stop-band cen-
er frequency and width. (b) An area of 50�50 �m was spectrally
maged recording 32�32 emission spectra. The intensity ratio
pectrum and the attenuation A were determined at each posi-
ion. The resulting attenuation values were assembled into a
ap using the same color coding as in (a). The map depicts

trong attenuation in the center of the sampled region sur-
ounded by a non-photonic or only weakly photonic region.
arger than a threshold of A=0.25, we determined the
top-band center frequency and relative width. The at-
enuation, center frequency, and relative width maps for
he data set shown in Fig. 3(b) are depicted in Fig. 4.
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ig. 4. (a) Map of the stop-band attenuation A shows the central
hotonic domain (around 28 �m,26 �m) as well as the edge of a
eighboring domain in the top left corner ��2 �m,48 �m�. The
ap shows the same area as shown in Fig. 3(b) using the same

olor scale. (b) The map of the stop-band center frequency �c
hows a trend of increasing center frequency from right
�42 �m,30 �m� to left ��5 �m,18 �m� in the central domain.
he neighboring domain clearly shows a decidedly higher center

requency. (c) The stop-band relative width map is calculated
rom the ratio of the stop-band width �� and center frequency �c
�� /�c�. The relative width decreases from the right
�36 �m,30 �m� to the left ��7 �m,20 �m� in the central do-
ain. A threshold of A=0.25 was used, since a noticeable stop

and must be visible to determine its center frequency and
idth.
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The different maps reveal the fine structure of the
ampled domain. The attenuation map [Fig. 4(a)] clearly
hows a roughly triangular region of very strong maxi-
um attenuation between 70% and 85% together with a

maller plateau of attenuation between 40% and 50%
�12 �m,32 �m� for the central domain. The edge of a
eighboring domain showing strong attenuation is visible

n the top left corner of the sampled area
�2 �m,47 �m�; a small area of minor attenuation �25%
s also visible ��4 �m,25 �m�. The stop-band center fre-
uency map [Fig. 4(b)] shows changes in the center fre-
uency from �16 650 cm−1 at the right edge
�43 �m,30 �m� of the strongly attenuating center do-
ain to �16850 cm−1 at the left side of the domain

�5 �m,19 �m�. Particularly interesting is the observa-
ion that the stop-band center frequency of the strongly
ttenuating neighboring domain visible at the top left cor-
er ��2 �m,47 �m� of the image is moved to
17150 cm−1. The relative width of the stop band agrees
ell with previous averaged results [10]. Nevertheless,
ssembling the detailed stop-band width map [Fig. 4(c)] of
he photonic domain also shows a marked difference be-
ween the neighboring and the central domain. The rela-
ive width is increasing toward the left side of the central
omain ��5 �m,18 �m�.
Besides the amount of local defects (differences in A),

ariations in the titania filling fraction and of the air
phere radii, as have been observed before [15,37], are
ikely to play an important role in the observed variations
n the stop-band width and center frequency. Finally, dis-
inct steps in the stop-band center frequency from one do-
ain to the next, as depicted in Fig. 4(b) between the
ain domain and the edge of the neighboring domain, are

uggestive of an altered inclination of the lattice planes in
his area with respect to the detector. Such a change in
nclination is likely to be caused by a stress induced break
nd reorientation of parts of the crystal.

. Subsurface Mapping
he objective of the method presented is to profile the
hotonic properties and hence the crystal quality from be-
ow the surface of strongly interacting photonic 3D crys-
als, a goal which is not accessible by current methods.
he strong attenuation we observe is evidence that we
ample emission from deeper inside the crystal than the
ragg attenuation length LB. The Bragg attenuation

ength for titania inverse opals used in the present analy-
is was determined to be about seven crystal layers [19].
he observed attenuation in the stop band is determined
y the ratio of the Bragg attenuation length and the
ransport mean free path l, which is the average distance
ight propagates before losing its initial direction due to
cattering by defects and unavoidable variations in size
nd position of the building blocks of the photonic crystal
14]. Light propagates diffusely in the bulk of the crystal,
ince l is much smaller than the sample thickness. Light
manating, by emission or scattering, from z� l propa-
ates ballistically to the surface, while light emitted or
cattered at z�LB is hardly Bragg attenuated. Hence,
hen a stop band is observed, emission originates from
B�z� l. Using the estimation of the stop-band attenua-

ion A=1− �L / l� and the experimentally observed maxi-
B
um stop-band attenuation of 85% observed for the crys-
al presented in Figs. 3 and 4, we find a mean free path of
�6.5�LB. Since l represents the maximum depth that
an be sampled using our method, the likely sampled
epth is six and a half times larger than the depth
ampled by Bragg reflection microscopy.

The added value of the capability to probe the photonic
roperties not only from the surface but also from deep
ithin the crystal becomes directly visible when compar-

ng reflectivity and emission images of the same region of
3D photonic crystal. The attenuation map presented in
ig. 5(a) was obtained as detailed above. To determine the
eflection enhancement by Bragg diffraction we spectrally
maged the same area using a white light source while
pectrally recording the reflected light. Reflectivity inten-
ity ratio spectra were obtained in a manner analogous to
he method outlined for the emission spectra by normal-
zation to a lamp reference spectrum and the blue wave-
ength tail of the reflected light. The reflection enhance-
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ig. 5. (a) Stop-band attenuation map depicting the edge of a
hotonic domain. Attenuation maps report the photonic quality
f the crystal area to a depth of the transport mean free path l.
b) Reflection enhancement map of the same area of the crystal.
nalyzing the reflection of light from an external source only
ields information about the first few layers of the crystal, since
he light can only penetrate the Bragg length LB into the crystal.
he emission attenuation and the reflection enhancement map
how clear differences. The most prominent difference is the area
f low attenuation resembling low crystal quality in the depth of
he crystal at the position ��10 �m,5 �m�. At the same position
n the reflection enhancement map very high reflection, resem-
ling high surface quality of the crystal, can be observed. At this
osition bulk disorder is covered by a layer of very ordered
rystal.
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ent spectra clearly showed the enhanced reflectivity by
ragg diffraction, generally at the same wavelength and
idth as seen for the emission intensity ratio spectra

rom the same area. For each reflection enhancement
pectrum the maximum was determined and the data
ere assembled into a reflectivity enhancement map

hown in Fig. 5(b).
The differences between the emission attenuation map,

isplaying photonic properties up to a depth of the trans-
ort mean free path l below the crystal surface, and the
eflection enhancement map, displaying photonic proper-
ies from the surface to a depth of only LB, are obvious.
he most prominent difference is the area of low attenu-
tion at ��10 �m,5 �m�, which is evidence of low crystal
uality within the crystal, whereas the reflection image
hows at the same position high reflection enhancement
eporting a high crystal quality at the surface of the crys-
al. In this position bulk defects are covered by a layer of
igh crystal quality. This subsurface bulk disorder cannot
e imaged with previously available surface imaging tech-
iques. Similar differences between the emission attenu-
tion and reflection enhancement map can be seen at the
pper left edge of the photonic domain (e.g.,
2 �m,30 �m) where the high quality surface expands

urther than the underlying bulk. The opposite can also
e observed, namely, high attenuation due to high crystal
uality below the surface coinciding with low reflectivity
ue to low crystal quality at the surface. An example of
his can be seen at position ��25 �m,4 �m� where the
rea of high order extends further underneath a less or-
ered surface.

. CONCLUSION
e have shown how spectral emission imaging can re-

olve the photonic properties from below the surface of 3D
hotonic samples. Spectral mapping of the directional
mission from fluorophores infiltrated into the photonic
rystal gives access to crystal properties down to several
ragg lengths below the surface of the crystal. Microme-

er spatial resolution minimizes the influence of inhomo-
eneous broadening on the observed spectra that is usu-
lly seen when sampling larger areas at a time. The
elative intensity spectra calculated from the local emis-
ion spectra clearly show the influence of Bragg diffrac-
ion on the local emission. Analyzing the relative inten-
ity spectra yields detailed information on the local
hotonic properties and the data obtained can be as-
embled into maps clearly defining photonic domains of
igh photonic quality. The maps reflect the subsurface
haracteristics of the photonic crystal that are not acces-
ible with current techniques that are limited to sampling
he surface of the crystal. The maps can also be used to
ocalize sample positions that show desired properties. We
xpect photonic domain mapping to be a valuable new
ool to characterize photonic crystals to quantitatively de-
ermine local properties important for the accurate analy-
is of the interaction between embedded chromophores
nd the photonic crystal.
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