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Abstract

We present an optical study of the sponta-
neous emission of lead sulfide (PbS) nanocrys-
tal quantum dots in three-dimensional (3D)
photonic band gap crystals made from sili-
con. The nanocrystals emit in the near in-
frared (NIR) range to be compatible with
the 3D silicon nanophotonics. The nanocrys-
tals are covalently bonded to polymer brush
layers that are grafted from the Si-air inter-
faces inside the nanostructure using surface-
initiated atom transfer radical polymerization
(SI-ATRP), and their presence and position of
the quantum dots was previously character-
ized by synchrotron X-ray fluorescence tomog-
raphy. We report both continuous wave emis-
sion spectra and time-resolved time-correlated
single photon counting. In time-resolved mea-
surements, we observe that the total emission
rate greatly increases when the quantum dots
are transferred from suspension to the silicon
nanostructures, likely due to quenching (or in-

creased non-radiative decay) that is tentatively
attributed to the presence of Cu-catalyst dur-
ing the synthesis. In this regime, continuous
wave (cw) emission spectra are known to be
proportional to the radiative rate and thus to
the local density of states. In spectra normal-
ized to those taken on flat silicon outside the
crystals, we observe a broad and deep stop
band that we attribute to a 3D photonic band
gap with a relative bandwidth up to 26%. The
shapes of the relative emission spectra match
well with the theoretical density of states spec-
tra calculated with the plane wave expansion.
The observed inhibition is 5 to 30 times, simi-
lar to previously reported record inhibitions,
yet for completely coincidental reasons. Our
results are relevant to applications in photo-
chemistry, sensing, photovoltaics, and to effi-
cient miniature light sources.
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Introduction

Figure 1: Cartoon of a finite three-
dimensional (3D) photonic crystal in free
space. Since the crystal has a complete 3D
photonic band gap, ubiquitous vacuum fluctu-
ations incident on the crystal’s surface (shown
as red wavelets) are forbidden from entering
and reflect from the crystal’s surfaces. Hence,
an excited two-level quantum system (atom,
ion, molecule, or quantum dot) embedded
inside the crystal is shielded from the fluc-
tuations and cannot decay by spontaneously
emitting a photon. Thus, the excited state
becomes more stable.

The intriguing opportunity to control the
properties of matter via the properties of light
lies at the heart of quantum optics and cavity
quantum electrodynamics (cQED). A famous
example is the control of the radiative rate of
an elementary quantum emitter such as an
excited atom, ion, molecule, 2D material, or
quantum dot.1 Such control is essential for
applications ranging from miniature lasers
and light-emitting diodes,2,3 to single-photon
sources for quantum information,4–6 solar en-
ergy harvesting,7,8 to photocatalysis and pho-
tochemistry,9–11 and sensing.12,13

When the emitter’s properties are in the
quantum regime, as is the case with nano-
emitters in the optical range, a major role is
played by the fluctuations of the quantized
electromagnetic field called vacuum fluctua-
tions.14,15 Figure 1 shows a schematic illus-

tration of such fluctuations that even exist
when there are no photons. By surrounding
an emitter by a suitably tailored dielectric en-
vironment, the vacuum fluctuations are con-
trolled; a most radical control is a photonic
band gap as discussed in this paper, where
all light and thus also all vacuum fluctuations
are forbidden by interference, as illustrated in
Figure 1.

Long after the pioneering realization by
Purcell that an emitter’s environment such
as a cavity controls the emission rate,16 emis-
sion control has become one of the main
drivers of the field of nanophotonics.17–21

Following seminal work by Bykov and by
Yablonovitch,1,2 emission control was first
studied on periodic photonic crystals,22–32

and recently even extended to 3D circuits33

and chiral emission.34 Emission control has
also successfully been pursued with many
different nanophotonic systems and many dif-
ferent quantum emitters, for instance, atoms
and dye molecules in Fabry–Pérot microcav-
ities,35,36 quantum dots in pillar microcavi-
ties5,37 and in disordered photonic materi-
als,38 ions in whispering gallery-mode mi-
crospheres,39–41 dye molecules in plasmonic
nanocavities and on nanoantennae,42–46 dye
molecules in metamaterials,47,48 diamond
and perovskite nanocrystals in photonic crys-
tals.49,50

In the weak-coupling approximation in
cQED, also known as the Wigner-Weisskopf
approximation,51 spontaneous emission of an
excited quantum emitter is precisely described
by Fermi’s golden rule;52 in a modern refor-
mulation the radiative decay rate is linearly
proportional to the local density of optical
states (LDOS). The LDOS is a classical prop-
erty that represents the density of vacuum
fluctuations, and thus the amount of vacuum
noise experienced by a qubit.53 In a quan-
tum electrodynamic view, vacuum fluctua-
tions stimulate an excited quantum system
to decay from its excited state, thereby imped-
ing the quantum functionality that is often
available with excited states.1 The LDOS not

1It is well-known that vacuum fluctuations con-
tribute only one half of the emission rate, the other
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only controls spontaneous emission and black-
body radiation, but also plays a role in Van der
Waals and Casimir dispersion forces between
nanoparticles and in Förster resonant energy
transfer (FRET) between different emitters.54

Expressed in words, the LDOS counts
the number of electromagnetic field states
available for emission, where each state is
weighted by its strength at the emitter’s po-
sition r0 and the field is projected along the
emitter’s dipole axis.21,55,56 Figure 2(a) shows
the frequency dependence of the DOS (the po-
sition and orientation-averaged LDOS) for a
3D photonic band gap crystal as studied here.
Grosso modo, the DOS increases quadratically
with frequency. In the reduced frequency
range ω̃ ≡ a/λ = 0.54 to 0.68 (with a the
lattice parameter and λ the wavelength) the
DOS is completely inhibited,56–63 which de-
fines the complete 3D photonic band gap 2.
In the photonic band gap, the vacuum fluc-
tuation wavelets in Figure 1 are portrayed
to bounce off the crystal external surface.
Outside the gap, the DOS is enhanced in a
number of peaks since the total number of
states is conserved. For comparison, the DOS
of a homogenized medium with the same ef-
fective refractive index as the crystal matches
in the low-frequency range to about ω̃ = 0.25
before further increasing quadratically. The
DOS of free space is also quadratic like the
effective medium, albeit overall much lower
since the DOS is proportional to the (effective)
refractive index cubed.21

Figure 2(b) shows the photonic crystal’s rel-
ative DOS that is normalized to the DOS of
the effective homogeneous medium for two
reasons: Firstly, it is insightful to remove the
parabolic dependence, hence an unmodified
DOS corresponds to a relative DOS equal to
one, enhancements correspond to a relative

half being induced by electrodynamical back action,
see.15,21

2We express frequency as a reduced frequency
ω̃ = ωa/(2πc)), with ω the frequency, a the lattice
parameter, and c the speed of light (not to be con-
fused with the lattice parameter in the Y direction).
The reduced frequency ω̃ also equals (a/λ) which is
convenient in the interpretation of experiments.

0 . 0 0 . 2 0 . 4 0 . 6

0
1
2
3
4
5

R e d u c e d  f r e q u e n c y  ω

DO
S/v

ol.
 (4

/a²
c) a )

b )

0 2 0 0 0 4 0 0 0 6 0 0 0 8 0 0 0 1 0 0 0 00
1
2
3
4

rel
. D

OS

W a v e n u m b e r  ( c m - 1 )

Figure 2: Density of photonic states. a)
Density of states (DOS) reduced by the lat-
tice parameter a and the speed of light c
for an inverse woodpile photonic band gap
crystal made from silicon (ε = 11.7) calcu-
lated (red circles) for pores with reduced radii
R/a = 0.252. The top abscissa indicates the
reduced frequency proportional to the lattice
parameter over the wavelength a/λ. The blue
dashed line is the DOS of a homogeneous
medium with the same effective refractive in-
dex as the crystal, and the green dotted curve
the DOS of free space. (b) Relative DOS equal
to the DOS of the crystal over the DOS of the
effective medium (red circles.) Black squares
show our main result, namely the measured
intensity of quantum dots inside a 3D silicon
photonic crystal normalized to the intensity
of similar quantum dots on a silicon surface,
and reveal a broad band gap with strong in-
hibition. The red circles are the DOS (shown
in (a)) normalized to a homogeneous medium
with the same low-frequency behavior (see (a))
with the horizontal dashed blue line represent-
ing relative DOS = 1, that is, the unmodified
DOS.
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DOS > 1 and inhibitions to a relative DOS
< 1. Secondly, the ratio is a model of exper-
iments as in this paper, where we normalize
the intensity collected from quantum emit-
ters (such as quantum dots) inside a photonic
crystal to the intensity of similar emitters in
a reference situation without band gap. By
such a procedure, we normalize out the spec-
trum specific of the emitters in order to focus
on the crystal properties. Similar procedures
were used in previous work, where the effect
of band gap crystals was studied on laser dye
molecules and quantum wells.25,26 The black
squares show the main result of the present
paper, namely the measurements of one of our
3D silicon photonic band gap crystals with
quantum dots as internal quantum emitters.
We find a broad range of strongly inhibited
emission between about 8000 to 10400 cm−1,
characteristic of a 3D photonic band gap with
a relative bandwidth (width over center fre-
quency) of about 26%, which matches well
with the theoretical relative DOS.

Therefore, in this paper we present a de-
tailed optical study of quantum dots that
are located on polymer brush layers that
are grafted to the Si-air interfaces inside
the 3D nanostructure using surface-initiated
atom transfer radical polymerization (SI-
ATRP).64,65 We compare both the spectra and
excited-state lifetimes in our crystals that were
previously characterized by non-destructive
X-ray fluorescence tomography.66

Experimental section

3D silicon photonic crystals

We study 3D photonic band gap crystals made
from silicon with the diamond-like inverse
woodpile structure that consists of two per-
pendicular arrays of interpenetrating pores.
Figure 3 shows a SEM image of a successfully
etched photonic band gap crystal. The pores
that enter into the XY surface (top) and into
the XZ surface (bottom) mutually cross inside
the Si beam and thereby form the 3D tetrago-
nal inverse woodpile structure with a width of

about 10 micron that has a broad 3D photonic
band gap.67–69

a)
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Figure 3: (a) Scanning electron micrograph
(SEM) of a 3D photonic band gap crystal
viewed from 45

◦ on the edge of the silicon
beam showing the XY (top) and the XZ sur-
faces (bottom); the scale bar indicates 2 µm.
(b) View along the pores showing the lat-
tice parameters a, c (with a =

√
2c), and

pore radius R. Zoomed-in cross-section of one
pore with targeted polymer surface-chemistry:
ATRP initiator layer (orange), polymer chains
forming brushes (green), and covalently at-
tached PbS quantum dots (black) on top of
silicon (blue).

The crystals are designed to have a lattice
parameter a = 680 nm and pore diameters
of d = 260 or 320 nm. The pore diameters
correspond to reduced radii of R/a = 0.191
and 0.235. From Figure 2 it is apparent that in
this range of pore radii the 3D photonic band
gap occurs between 8000 and 10000 cm−1 in
the near infrared spectral range (see also69).

Quantum dots positioned by surface
chemistry

As internal emitters, we choose near-infrared
emitting lead sulfide quantum dots whose
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emission band includes telecom bands and
is compatible with the transparency range of
silicon below the electronic band gap at 1.1
eV corresponding to wavelengths shorter than
1100 nm (see, e.g., Ref.8). In addition, quan-
tum dots were chosen to have their emission
spectrum overlap with the 3D photonic band
gap, shown in Figure 2.

To position the quantum dots inside the crys-
tals, a thin polymer brush layer was grafted in-
side the pores of the 3D silicon photonic band
gap crystals to attach lead sulfide quantum
dots. The inorganic lead sulfide core of the
quantum dots is covered by a poly(ethylene
glycol)-amine (PEG-NH2) ligand that is used
to couple to the polymer layer on the silicon
photonic crystal.66

Optical setup

The optical microscope setup to collect both
spectrally-resolved and time-resolved spon-
taneous emission from the near IR quantum
dots inside the 3D photonic band gap is de-
scribed in detail in the Supporting Informa-
tion. In many collected spectra, a narrow
range around 9100 cm−1 is absent since the
involved diode array detector has a number
of so-called ”dead” pixels.

Results and discussion

Emission spectra

Figure 4 shows emission spectra of the quan-
tum dots in suspension and of quantum dots
attached with polymer brushes to the flat sil-
icon substrate adjacent to the photonic crys-
tals. In suspension, the quantum dot emission
maximum is observed at 9610 cm−1, which
corresponds to a lead sulfide quantum dot
diameter of about d = 3.46 nm.70 The width
is about 1315 cm−1 full width at half maxi-
mum (FWHM), mostly due to size polydisper-
sity,71 and the maximum intensity is nearly
100 counts/s. The spectra of the quantum
dots attached to the silicon surface have a max-
imum near 8900 cm−1, which is red shifted by

about 710 cm−1 compared to the dots in sus-
pension. The FWHM of the emission spectra
on the surface is about 1070 cm−1, somewhat
narrower than in suspension.
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Figure 4: The emission spectrum of the PbS
quantum dots in suspension is shown as ma-
genta hexagons. The emission spectra of the
quantum dots at four locations on the flat sili-
con surface on bar 3DPC1 are shown as black,
blue, green and teal symbols, with the average
spectrum shown as red diamonds.

We attribute the apparent shift and narrow-
ing to two main features: firstly, the quantum
dots experience different dielectric environ-
ments, where the dots in suspension are in
water with an optical dielectric function of
about εsus = 1.69.72 On the silicon-air sur-
face the dots experience a dielectric function
εSi = 12 on the Si side and εair = 1 on the
air side, which we interpret as an effective
medium with εmed = εSi+εair

2 = 6.5, which is
substantially greater than in suspension. In a
high-epsilon environment two-level emitters
generally emit at a lower emission frequency
due to the increased polarization of the en-
vironment by the emitting dipole,73,74 which
qualitatively agrees with our observations in
Figure 4. Secondly, in suspension the quan-
tum dots are well separated whereas on the
flat silicon surface they are in close vicinity
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due to the densification from a 3D chemical
reaction environment to a 2D surface. Con-
sequently, we surmise that the dots on the
surface experience energy transfer, including
Förster Resonant Energy Transfer (FRET),73,75

whereas the dots in suspension do not. In
case of energy transfer, high-frequency “blue-
emitting” quantum dots effectively transfer
their excitation to more red-emitting dots,
hence the apparent enhancement of the low-
frequency part of an emission spectrum at the
expense of the high-frequency side. Such an
enhancement of the red side and simultane-
ous decrease of the blue side of the spectrum
agrees qualitatively with the observations in
Figure 4.

Insights into effects of the employed brush
surface chemistry are obtained by compar-
ing the emitted intensity collected from differ-
ent areas on the flat silicon surface, by scan-
ning the excitation laser spot across sample
3DPC1, where the length scale of the probe
is given by the focal diameter of the excita-
tion laser (about 1 µm). The intensity max-
ima range from 83 to 139 cts/s, correspond-
ing to less than ±25% relative change from
the average, which is a fairly small variation
of absolute intensities, which indicates that
the coverage with quantum dots is fairly ho-
mogeneous across the silicon surface. This
micron-scale homogeneity is attributed to the
covalent attachment of the QDs to the poly-
mer brushes that generally leads to a homo-
geneous and well-controlled coverage. For
comparison, in sample 3DPC2 the quantum
dots were not covalently attached to the poly-
mer layer, but physisorbed. Here, the intensi-
ties fluctuate much more while scanning the
excitation laser across the sample, namely be-
tween 390 and 12600 counts/s (more than 30
times), thus much more than above. We at-
tribute the larger variations to aggregation of
quantum dots in patches with few or even
many dots clumped together.

Previously, we have probed the location of
the quantum dots inside the photonic crys-
tals with high spatial resolution (few tens
of nanometers) by synchrotron X-ray fluo-
rescence tomography,66 on the same sam-

ples as studied here, especially 3DPC1. In
the tomography study, we found that the de-
tailed distribution of individual quantum dots
shows some inhomogeneity along the length
of each pore. However, averaged over the
length of pores (several microns) the distribu-
tion of quantum dots is highly reproducible
and homogeneous, which agrees with the op-
tical probing above. From these observations
combined we conclude that the coupling strat-
egy using the brush surface chemistry devel-
oped here is a successful one for silicon-based
functional samples since the infiltration of the
quantum dots into the photonic crystal nanos-
tructures is homogeneous on optically rele-
vant length scales.
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Figure 5: (a) Emitted intensity in counts/s
versus photon energy (in wavenumbers, bot-
tom abscissa) and wavelength (top abscissa)
of quantum dots in crystal S12 on silicon bar
3DPC1 (red triangles). The green circles indi-
cate the average spectrum of quantum dots on
a flat silicon surface. (b) Ratio of the crystal
to reference spectrum on a flat surface (blue
triangles). The estimated band gap edges are
shown as vertical black lines.
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Figure 5(a) shows the emission spectrum
of the quantum dots infiltrated in a 3D pho-
tonic band gap crystal and for comparison the
spectrum taken on a flat substrate, where the
dots were in both cases attached by the same
chemical procedure. The spectrum on the
flat silicon surface has an emission maximum
at 8900 cm−1 and a shoulder at 9600 cm−1,
as in Figure 4. The spectrum of the quantum
dots inside the photonic crystal is dramatically
modified with respect to the spectrum on the
silicon surface (and also compared to the sus-
pension): the emission maximum has shifted
to around 11000 cm−1; in the frequency range
around 9000 to 10000 cm−1 where quantum
dots on Si (and in suspension) show emis-
sion maxima, the emission from inside the
crystal is strongly inhibited. In addition to
different spectral shapes, there are also other
remarkable differences in emitted signal: in
the frequency window between 8500 and 9750
cm−1 the quantum dots in the crystal have a
considerably lower count rate; in the low fre-
quency range below 8500 cm−1 the quantum
dots in the crystal have a similar count rate
as on the substrate, and above 9750 cm−1 the
count rate is greater.

To discern the effect of the crystal on the
emission spectrum, we show in Figure 5(b)
the ratio of the silicon photonic crystal spec-
trum and the reference spectrum taken on the
flat silicon substrate. This relative intensity
spectrum shows a broad inhibition range be-
tween about 8000 and 10000 cm−1 that agrees
with the photonic band gap expected from the
DOS calculations. At low photon energies, the
relative intensity decreases with wave number
increasing to the gap, and above the gap, the
relative intensity increases, while showing a
marked peak at 10800 cm−1 that matches the
peak in the DOS spectrum in Figure 2(a), and
a further increase to 12600 cm−1. The rela-
tive intensity in Figure 5(b) varies up to 15 in
the peak at 10800 cm−1, which differs from
the relative intensity in the calculated relative
DOS in Figure 2(b) that equals about 2.5 at
the same peak. Several reasonable yet com-
peting explanations for the overall difference
in scale factor include: (i) a possible differ-

ence in areal density between quantum dots
on the flat substrate versus those inside the
curved pores, (ii) a possible difference in total
number of quantum dots on the flat substrate
versus inside the pores (due to different layer
thickness), (iii) a possible difference in optical
collection efficiency between the flat substrate
(well defined focus) versus the photonic crys-
tal where above-gap excitation light will be
strongly scattered.76 Since it is at this time
not possible to conclusively quantify these ex-
planations, we scale each measured relative
intensity spectra by a single scale factor such
that the peak at 10800 cm−1 matches the cal-
culated one, where the resulting factors are
listed in Table S5 of the Supporting Informa-
tion.
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Figure 6: Spectral and Y position map of the
emission inhibition for quantum dots in crys-
tal S12 on silicon bar 3DPC1, obtained from
spectra taken at 23 positions. The color map
shows the inhibition defined as the ratio of
a Y-dependent spectrum taken on the crys-
tal and the flat Si surface reference spectrum
(Ic/I f ). Green color (Ic/I f ' 1) indicates no
inhibition, blue (Ic/I f < 1) is inhibited, and
green, orange, red (Ic/I f > 1) are enhanced.

For the same photonic crystal S12 as
probed in Figure 5, we performed a position-
dependent scan (in the Y direction parallel
to the crystal-air interface) to verify that the
inhibited emission indeed correlates with the
presence of the photonic band gap crystal.
The ratio of the intensity of the quantum dots

7

https://doi.org/10.26434/chemrxiv-2023-hnh2d ORCID: https://orcid.org/0000-0001-7703-5111 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-hnh2d
https://orcid.org/0000-0001-7703-5111
https://creativecommons.org/licenses/by-nc-nd/4.0/


in and near the photonic band gap crystal to
the intensity on the substrate far away from
the crystal (Ic/I f ) is plotted in Figure 6 as a
map versus frequency and Y position. Far
away from the crystal this ratio closely equals
1 at all frequencies. The emission is observed
to be most strongly inhibited at the center
of the crystal at Y = 4 µm, in agreement
with recent theoretical position-dependent
calculations of the local density of states.77

The inhibition extends over 10 µm which is in
agreement with the crystal extent shown in
Figure 3(b).

The inhibition smoothly decreases towards
the edges of the photonic crystal, due to the fi-
nite size of the illuminating pulsed diode laser.
In the same Y range where the crystal reveals
inhibited emission, there is also a substan-
tial enhanced emission near 11000 cm−1, that
matches with the theoretically predicted DOS
peak at reduced frequency ω̃ ≡ a/λ = 0.76
in Figure 2(a). At both higher wave numbers
near 12000 cm−1 and lower wave numbers
near 7500 cm−1 there is additional enhanced
emission, but due to the limited emission
range of the quantum dots no clear features
can be identified that can be compared to the
theoretical DOS.

From the major differences between the
spectra collected from the crystal versus the
one on silicon, it is clear that the 3D photonic
band gap crystal has a dramatic influence on
the emission of the quantum dots. We discuss
several possible hypotheses why the quantum
dots reveal a major inhibition in their emis-
sion spectra when they are placed inside a
3D photonic band gap crystal, namely (1) a
Franz-Keldish effect, (2) Förster Resonant En-
ergy Transfer (FRET) from quantum dots to
the silicon, (3) FRET between the quantum
dots, (4) hot-electron transfer from the quan-
tum dots to the silicon backbone, (5) a prefer-
ential infiltration of small quantum dots into
the crystal pores, and (6) the presence of a 3D
photonic gap.

The first hypothesis proposes that the emit-
ted intensity is reduced due to an increased
optical absorption, due to a Franz-Keldysh
effect whereby the quantum dot’s electron

and hole wavefunctions increasingly ”leak”
into their electronic band gap.74,78,79 Firstly,
a strong electric field is necessary, which is
absent in our experiments; secondly, the in-
creased absorption reported in literature74 is
relatively weak and insufficient to explain a
5 to 30-times inhibition as described below;
thirdly, the increased absorption occurs in
the intrinsic absorption range of the quantum
dots, which occurs at much higher photon
energy than the photonic gap. Therefore, this
hypothesis is so unlikely that we reject it.

The second hypothesis proposes that the
quantum dots reveal FRET to the silicon back-
bone, as recently reported by Tabernig et al.80

Firstly, the quantum dots are spaced from the
silicon backbone by the polymer brush layer
that has a thickness of 30 to 35 nm. While
a quantum dot could possibly penetrate into
the polymer brush layer, since we aimed for
a high density polymer layer, it is unlikely
that a quantum dot comes sufficiently close (1
to 10 nm) to the silicon surface to experience
FRET. Moreover, the PbS quantum dots have a
PEG-shell that further shields FRET. Secondly,
FRET is usually associated with a red shifting
of emission spectra,73 which is not apparent
at all in Figure 5(a), on the contrary, the spec-
tra rather appear to show a blue shift for the
crystal. Therefore, we find this hypothesis so
unlikely that we reject it.

The third hypothesis proposes that the inhi-
bition is caused by FRET between the quan-
tum dots. FRET generally results in a red
shift of the emission spectrum. Firstly, if there
would be more FRET in the crystal, the rel-
ative spectrum would reveal a monotonous
negative trend, and if there would be less
FRET in the crystal, the relative spectrum
would reveal a monotonous positive trend,
Secondly, the quantum dots have a same
chemical environment in the crystals as on the
flat reference substrate, hence electron transfer
seems equally likely on the reference samples,
which corresponds to zero change in the rel-
ative intensity spectrum, in contrast to our
observations. All three hypothesized spectral
features do not match the observed inhibition,
therefore we reject this FRET hypothesis.
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The fourth hypothesis proposes that highly
excited “hot” electrons inside the quantum
dots may be transferred to a semiconductor
backbone, see, e.g., Tisdale et al.81 Since the
quantum dots have a similar chemical envi-
ronment in the crystals as on the substrate,
electron transfer seems equally likely on both
samples, which corresponds to zero change in
the relative intensity spectrum, in contrast to
the observed inhibition. Therefore, we reject
this hypothesis.

The fifth hypothesis proposes that the
smaller quantum dots among the whole size
population are preferentially infiltrated into
the photonic crystal pores. Firstly, since the
crystal pores have a diameter greater than
260 nm, whereas the quantum dots have
much smaller diameters of about 3 to 6 nm, it
is unlikely that steric effects affect infiltration.
Secondly, a preferential infiltration of smaller
dots would lead to an effective blueshift of
the crystal spectrum compared to the refer-
ence, and thus to a relative spectrum with a
monotonous positive trend, which does not
match the observed inhibition, therefore we
reject this hypothesis.

Finally the sixth hypothesis proposes that
the strong spectral inhibition is caused by a
3D photonic band gap in the crystal. Indeed
a gap is designed to be present in such crys-
tals, see e.g. Ref.,69,82 and below we report
further support for this hypothesis, namely
that the gap systematically shifts when crys-
tal properties (here, the pore radii) are varied.
Therefore, we sustain this hypothesis.

Comparison to photonic DOS

While the observation of a broad and strong
inhibition that corresponds to the expected
complete 3D photonic band gap in the pho-
tonic density of states is at this point remark-
able and exciting, it is also surprising in view
of our initial expectation that the quantum
dots bound to the polymer brushes would
have an elevated quantum efficiency.

From previous work21,83,84 it is known that
an important aspect in spontaneous emission
control is the extent of the non-radiative de-

cay (with rate Γnonrad) of the quantum emit-
ter in comparison to the desired radiative de-
cay (with rate Γrad). This extent is expressed
by the quantum efficiency η that is equal to
η ≡ Γrad/Γtot, where Γtot is the total emis-
sion rate equal to the sum of the radiative and
the non-radiative rates Γtot = Γrad + Γnonrad. It
turns out that these properties decide whether
the LDOS is apparent in either cw inten-
sity spectra or in time-resolved observations.
From the rate equation, the cw emitted inten-
sity I(ω) (with spectra as in Figure 5 above)
is derived to be:83

I(ω) = P
Γrad(ω)

Γrad(ω) + Γnonrad(ω)
, (1)

a)

Flat silicon surface

Pore in silicon

Suspension

c)

b)

Figure 7: Schematic of how quantum dots
are likely located in the three different sample
studied here. (a) In suspension, the dots have
a low density and are well-separated. (b) On
a flat Si substrate, the QDs have a high areal
density and are likely clustered or aggregated.
(c) In a cross-section of a crystal pore the QDs
have a medium high areal density and are sep-
arated thanks to the targeted brush polymer
surface chemistry.
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where P is the pump rate or excitation rate 3.
If emitters have a high quantum efficiency
near unity (η ' 1) and hence Γrad >> Γnonrad,
it follows from Eq. 1 that every incident pump
photon is converted into an emitted photon
(I ' P), hence the emitted intensity is inde-
pendent of the LDOS. Conversely, if the emit-
ters have a low quantum efficiency (η << 1,
hence Γrad << Γnonrad), it follows from Eq. 1

that the intensity I(ω) is equal to

I(ω) ' P
Γrad(ω)

Γnonrad(ω)
, (2)

which is proportional to the radiative rate,
and thus to the LDOS.

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0
0

2 0 0 0 0

4 0 0 0 0

6 0 0 0 0

Co
un

ts

T i m e  d e l a y  ( n s )
Figure 8: Time-correlated single photon
counting of PbS quantum dots on sample
3DPC1 on a flat substrate (black squares), in
crystal S4 (blue triangles), in crystal S12 (red
circles), and in suspension (green hexagons,
at 1090 nm−1). The counts is plotted against
the photon arrival time in ns.

To assess whether the quantum dots in
our experiment are in the high or low ef-
ficiency limits, let us consider their micro-
scopic placement in the various samples, illus-
trated in Figure 7, and time-resolved emission
shown in Figure 8. In the suspension, the
quantum dots have a low density (see Fig-
ure 7(a)), and are manufactured to have an
as high as possible quantum efficiency. In
time-resolved emission (Figure 8) the quan-
tum dots show a decay with an emission rate

3Since the excitation occurs at a different (much
higher) frequency, it is independent of the emission
frequency ω.

of Γtot = 0.223± 0.004 µs −1 in suspension,
which matches with results in literature on
good quality PbS quantum dots.70,85,86 When
the quantum dots are bound to the silicon
substrate or inside the photonic crystal (see
Figure 7(b, c)), it is reasonable that their local
number density is much greater since dur-
ing preparation the quantum dots are concen-
trated from volume to surfaces. Therefore, we
expect the quantum dot-quantum dot quench-
ing to be greater, hence a greater non-radiative
rate. In addition, during the preparation the
quantum dots are exposed to Cu catalyst that
also increases the non-radiative rate.87,88 In
time-resolved emission (Figure 8), we observe
that the quantum dots inside the 3D pho-
tonic crystals show much faster decay than
in suspension. On the Si substrate, we find
decay rates between Γtot = 190.3 ± 0.6 and
Γtot = 267± 0.6 µs −1, and in the photonic
crystal, we find Γtot = 153.0± 1.3 µs −1 (see
all data compiled in Table S4 of the Support-
ing Information. In other words, the decays
in and on silicon are about 850 to 1200-fold
greater than in suspension.

While one might optimistically surmise that
a much faster decay is caused by an increased
DOS or LDOS, we reject this hypothesis since
the fast decay occurs both in the photonic crys-
tal (major DOS modifications, see Figure 9)
as well as on the Si substrate where DOS
modifications are minor. Therefore, we con-
clude from the time-resolved decay and the
physico-chemical considerations that the de-
cay of the quantum dots on Si and in the pho-
tonic crystals is dominated by non-radiative
decay. Therefore, we conclude that the emis-
sion spectra (see Figure 5) are in the low quan-
tum efficiency limits, and hence the observed
cw intensity spectra are proportional to the
LDOS.

Emission spectra in photonic band
gap crystals

Figure 9 shows the relative emission spectra
of the PbS quantum dots infiltrated in the 3D
silicon photonic band gap crystals with two
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different sets of pore radii, namely in panel
(a) crystals with radii R = 129 nm (reduced
radii R/a = 0.19) and in panel (b) with radii
R = 156 nm (reduced radii R/a = 0.23). The
emission spectra are referenced to those col-
lected on flat Si substrates, to normalize out
the specific spectrum of the quantum dots and
thus concentrate on the local density of states
of the crystals. Since the number of quan-
tum dots and the collection efficiencies differ
between the photonic crystals and the flat sub-
strates, the count rates between these measure-
ments may differ substantially, as discussed
above (Figure 5). To allow for a comparison
to theoretical results, we normalize the rela-
tive emission spectra such that the broad peak
at 11000 cm−1 overlaps with the correspond-
ing peak in the theoretical relative DOS spec-
tra, with normalization constants provided
in the Appendix. The reason for this proce-
dure is that ideal reference samples were not
available during our study, namely photonic
crystals with a smaller lattice parameter such
that emission is in the low-frequency limit, as
discussed in Ref.83 and shown in Figure 2.

In Figure 9(a) we see that the relative in-
tensities for two different crystals with pore
radii R = 129 nm reveal a strong inhibition
between about 8000 and 10200 cm−1, in very
good mutual agreement. The very good re-
producibility confirms that both the photonic
crystal fabrication and the quantum dot infil-
tration method are also well reproduced. The
minimum relative emission near 8800 cm−1 is
about 0.2 to 0.25, corresponding to maximum
inhibitions in the photonic band gap of 4 to
5-fold, relative to the reference situation de-
scribed above. The theoretical DOS has a gap
between 8000 and 10200 cm−1, in very good
agreement with the observations. Indeed, the
(relative) pore radii pertaining to the calcula-
tions R/a = 0.19 agree well with pore radii
derived from the SEM images and the radii
used in the sample design.

Figure 9(b) shows the relative intensities for
three other crystals that all have larger pore
radii R = 320 nm than the crystals in panel
(a). All three crystals reveal a strong inhibi-
tion between about 8000 and 10400 cm−1, in

very good mutual agreement. The inhibition
of one crystal (green) amounts to about 10-
fold, whereas the other two reveal a striking
inhibition as large as 30-fold.
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Figure 9: Normalized emission spectra of 3D
photonic crystals on bar 3DPC1: (a) S9 (blue
upward triangles), S8 (teal downward trian-
gles), (b) S4 (red squares), S12 (green circles),
and S5 (magenta diamonds). The ratio of the
spectra measured on the structures and the
flat reference spectrum is plotted versus pho-
ton energy in wavenumbers, and wavelength
(top abscissa). Connected black open symbols
are the theoretically calculated relative DOS,
for relative pore radii (a) R/a = 0.19 and (b)
R/a = 0.23.

In view of possible systematic experimental
errors (like alignment and such), we estimate
the overall inhibition to be 20± 10-fold. The
theoretical DOS has a gap between 7900 and
10200 cm−1, again in very good agreement
with the observations, where, the (relative)
pore radii pertaining to the calculations are
indeed larger, namely R/a = 0.23 as in the ex-
periments. In addition, referring back to Fig-
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ure 2(b), it is remarkable that also the shape
of the measured relative emission spectrum
matches well with the shape of the theoreti-
cally calculated DOS.

The greater inhibition observed for the sec-
ond set of crystals (in panel (b)) compared to
the first makes intuitive sense since the ob-
served inhibition gap is wider. Moreover, the
reduced pore radii of the second set of crys-
tals is closer to the value R/a = 0.245 that
is known to reveal the broadest 3D photonic
band gaps in inverse woodpile photonic crys-
tals made from silicon.68,89

Discussion and outlook

The inhibition in 3D inverse woodpile crys-
tals was previously studied by Leistikow et
al. in time-resolved studies on high-quantum
efficiency quantum dots randomly infiltrated
throughout the pores.31 Leistikow et al. ob-
served an inhibition of about 10-fold, which
agrees remarkably well with our present re-
sults. We speculate that this agreement is
coincidental, in view of several notable dif-
ferences between both studies. Firstly, in
the present study the quantum dots are po-
sitioned by the polymer brushes to a limited
set of positions in the unit cell (near the axes
of the pores, see Figure3(b)), whereas Leis-
tikow et al. infiltrated the quantum dots as
a suspension in the pores hence their quan-
tum dots sample all spatial positions in the
pores and thus many more positions in the
unit cell, namely about 80% of the whole vol-
ume. From theory it is known that the lo-
cal density of states (LDOS) at a single po-
sition varies much more strongly with fre-
quency (thus yielding more inhibition) than
when such the LDOS is averaged over many
more positions inside a photonic crystal’s unit
cell, when in the extreme case of all positions
the averaged LDOS becomes the DOS, which
yields a smoother result, see Refs.62,77 Sec-
ondly, here we study time-averaged emission
of low-efficiency quantum dots whereas Leis-
tikow et al. studied time-resolved emission
of high-efficiency dots; the second technique

allows to distinguish between different dy-
namics in a population of quantum emitters
(see van Driel et al.90), whereas a time-average
study reveals an average emission rate. Within
a distribution of emission rates that is acces-
sible by time-resolved studies, one may thus
find more variable emission rates, whereas
averaged rates are usually much smoother. A
third notable difference is that Leistikow et al.
kept their quantum dots in (toluene) suspen-
sion, as a result of which the refractive index
ratio with the silicon backbone is less, hence
the photonic band gap is narrower, and hence
the inhibition is reduced. In the present study,
the quantum dots are attached to the brush
polymers inside the pores; it is speculated that
the overall density of material inside the pores,
see the schematic cross-section in Figure 3,
also increases the dielectric function ε inside
the pores. This hypothesis is inspired by the
observation in our previous X-ray imaging
study that tomography (by elastic scattered
X-rays) was not feasible due to too little con-
trast in electron density between the silicon
backbone and the filled pores.66 In summary,
compared to the work of Leistikow et al., the
reasons above could respectively result in in-
creased, decreased, and similar decay rates,
hence the similar observed inhibition seems
coincidental to us.

The inhibition of quantum emitters was also
studied on completely different 3D photonic
crystals.25,26,30,91 In TiO2 inverse opal pho-
tonic crystals made by self-assembly,92 Koen-
derink et al. observed a broadband angle-
integrated inhibition in the emission spectra
of laser dye by 5-fold.25,83 The inhibition is
likely less than observed here in view of the
fact that TiO2 photonic crystals have a lower
refractive index contrast than our Si nanostruc-
tures, combined with the feature that these in-
verse opals do not possess a full 3D band gap,
as opposed to our photonic crystals. In GaAs
woodpile photonic crystals, Ogawa et al. re-
ported an inhibition of 45-fold on embedded
quantum wells.26 While the index contrast of
GaAs nanostructures is nearly the same as in
our Si crystals, the inhibition is slightly larger
than observed here, which we attribute to the
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feature that their emitters are only located
in the central layer of the woodpile structure
and thus well-shielded, whereas in the present
case the emitters are located over the whole
length of the pores and thus also near the
crystal surface where they are less shielded
from the vacuum. Li et al. studied PbS quan-
tum dots in polymer photonic crystals and
reported an inhibition of 20%.91 It is reason-
able that this inhibition is less than observed
here in view of the lower index contrast and
concomitant absence of a full photonic band
gap. Jorgensen et al. studied quantum dots
in TiO2 photonic crystals and observed inhibi-
tions of about 4-fold,30 which is also reason-
ably less than our observations in view of the
lower index contrast and concomitant absence
of a full photonic band gap. Taken together,
all results confirm the long-standing expec-
tation that substantial control of emission of
embedded quantum emitters requires nanos-
tructures with high-index semiconductors as
backbone, in order to have sufficient refractive
index contrast and preferably even a full 3D
band gap.

As future extensions of our current study, it
will firstly be relevant to calculate the LDOS
for the positions where we detected the quan-
tum dots to reside using X-ray imaging. Since
it is therefore necessary to introduce X-ray
imaging data into numerical ab initio com-
putations of Maxwell’s equations, it will be
relevant to extend the recent method by Cor-
bijn van Willenswaard et al. who describe a
computational framework to introduce X-ray
imaging data into computations.93 Secondly,
to allow for time-resolved studies with quan-
tum dots positioned by brush polymers, it
will be important to avoid the steps that in-
duce quenching of the quantum efficiency of
the dots. The most important step will be to
avoid the copper catalysts, for instance, by
invoking copper-free ATRP.94 In addition, it
will be relevant to design strategies to shield
the quantum dots from oxygen and water, that
are also well-known quenchers of highly effi-
cient quantum dots, see e.g., the experimental
details in Refs.27,95 Thirdly, the presence of
brush polymers offers in future a very excit-

ing prospect, namely to employ the length
actuation of the brushes by physico-chemical
means.96–98 As a result, it may be feasible
to tune or even switch the LDOS, the emis-
sion rate, and the inhibition by actuating the
brushes. This in turn opens prospects to em-
ploying such actuated quantum emitters as
sensitive position or pH-sensors or as novel
platforms for tunable (photo)-chemistry.
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