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Broadband tunable hybrid photonic crystal-nanowire

light emitter
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Abstract—We integrate about 100 single cadmium selenide
semiconductor nanowires in silicon nitride photonic crystal cavi-
ties in a single processing run. Room temperature measurements
reveal a single and narrow emission linewidth, corresponding to
a Q-factor as large as 5000. By varying the structural parameters
of the photonic crystal, the peak wavelength is changed, thereby
covering the entire emission spectral range of the active material.
A very large spectral range could be covered by heterogeneous
integration of different active materials.

Index Terms—photonic crystal, semiconductor nanowires,
nano-lasers, optical cavity.

INTRODUCTION

The miniaturization of laser devices [1] is crucial in the

context of on-chip optical communications, but also for

medical imaging or sensing [2]. Furthermore, scaling down

the size of the laser source reduces the power consumption

as the active volume is decreased [3], [4]. This is a critical

issue when a massive number of emitters of a small volume

is meant to coexist in a tiny space. A third implication is an

intrinsically faster response [1]. However, the available gain

is reduced when down-sizing the active volume; therefore it

is crucial to associate the emitter to a small but high quality

optical cavity.

In surface-plasmon based cavities the optical confinement

breaks the diffraction limit, hence allowing an extremely

large enhancement of the light-matter interaction. In this

regime, the optical field oscillates by exchanging its energy

with electrons in the metal, where Joule effect induces a

very fast decay [5]. While this is not an issue in the context

of fast extraction through enhanced stimulated emission [6],

it compromises the goal of energy-efficient light emission,

particularly in the visible and near the infrared spectral

domain.

A close to diffraction limited confinement is possible in

dielectric cavities based on the Bragg scattering, e.g. Photonic

Crystals (PhC), still keeping optical losses to a very low

level [7]. Thus, a continuous wave laser operating at room

temperature has been demonstrated [8] by combining a very
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small active area with a high-quality PhC cavity. These lasers

have been heterogeneously integrated on a silicon chip [9],

[10] and the technology is, in principle, able to address the

challenge of massive integration.

The concept of heterogeneous integration can be pushed

further so that the active material, e.g. a nanowire (NW) [11]

or a colloidal quantum dot [12], which are synthesized in

large number, is integrated into a passive dielectric structure

and, ultimately, in a complex photonic circuit. A single III-V

nanowire has been inserted into a silicon PhC waveguide,

which creates an optical cavity self-aligned with the emitter

[13]. The heterogeneous integration on silicon chip is an

important result. Also, the complexity and the criticality of

the manufacturing process are reduced, as the fabrication of

the active material and of the photonic chip are independent.

The most critical issue, however, remains the deterministic

alignment of the active nano-object with the optical resonator.

This was initiated for achieving strong coupling regime

between a single QD and a PhC cavity [14], [15].

In this paper, we create a self-aligned cavity by inserting a

single CdSe nanowire into a silicon nitride Photonic Crystal.

By mapping the NW positions by topographic Atomic

Force Microscopy measurements, and accurately constructing

PhCs around the NWs rather than manually aligning them

individually, we demonstrate fabrication of about one hundred

heterogeneous devices at the same time, with substantially

equivalent optical functionality. Each of these devices emits

a narrow photoluminescence peak which is deterministically

controlled by adjusting the structural parameters of the PhC,

thereby addressing the whole spectral range of the active

material.

DEVICE DESIGN

The device concept is shown in Fig.1. The starting point

is a PhC waveguide made of silicon nitride (SiNx). Within

the spectral range of interest, there is only one guided mode,

with the dispersion represented in Fig.1a. The dispersion is

red-shifted by the addition of a NW which increases the

effective refractive index locally. This creates an effective

potential well for the optical field inducing a resonance (Fig

1b) and a localized mode (Fig 1c), spectrally centred within

the edges of the two bands in Fig 1a. The corresponding field

distribution is well localized around the nanowire, in spite of

the weaker index contrast available.

This point as been thoroughly addressed in a recent paper
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Fig. 1. Concept of the PhC-NW cavity: calculated dispersion of the PhC
waveguide with (red) and without NW (blue) a) and, b), Local Density of the
States (normalized) peak (Q=5300); the inset represents the design of the PhC
WG; distribution of the magnetic field |Hz | at the resonance, represented as a
false-color map in logarithmic scale c). Fabrication process flow of the PhC-
NW source d-g). Deposition of SiNx on the substrate d); NW dispersion and
deposition of the SiNx cladding layer e); Localization of the NW by AFM f);
patterning of the PhC aligned to the NW g) prior to the local removal of the
substrate; Scanning Electron Micrograph from the top of the PhC suspended
membrane with a magnified view in the inset h).

[16]. The main outcome is that the symmetric design, such

as that used here, is preferable. That article also illustrates

that the design of such structures is much more challenging

using SiN compared to larger index material such as silicon.

Another issue is the impact of misalignment, which is

also discussed there. In any case, the average accuracy of

alignment which we achieve is such that misalignment is

not the limiting factor for the Q factor. Fluctuations in the

parameters of the NW and, on top of that, the fact that they

are rather thick and short, is the main factor preventing the

achievement of larger Q factors predicted in Ref. [16] and by

our own modelling.

The structure is a self-standing 270 nm thick membrane of

SiNx, patterned with a hexagonal lattice ( period a = 300
nm) of holes with radius r = 83 nm. A line defect of missing

holes is created to induce a waveguide. Further modifications

of the lattice are made to tailor the field confinement and

to ensure that the propagating mode is not leaky. Namely,

a dislocation of the two half-lattices such that their relative

distance is W = 0.95
√
3a and inward shift of first line of

holes by 39 nm (Fig.1b, inset). This optimisation is crucial in

order to cope with the substantially smaller refractive index

of SiNx (n = 1.9) relative to semiconductors (e.g. silicon

n = 3.4), which considerably restricts the parameter space

in the design. This is a well-know issue when creating PhC

optical nanostructures using low-index materials [17], [18].

The choice of this material is however motivated by its broad

transparency range, extending to the visible and near UV

spectral range owing to its large band gap (> 4eV) [19],

[20] and by the fact that it can be deposited as a thin film,

implying flexibility and easy integration of heterogeneous

materials. It is also important to note that SiNx is compatible

with biological tissues [21].

The calculations in Fig.1a-c consider a CdSe NW (refractive

index 2.85) with radius 30 nm and length 1.5 µm. These

values result from an optimization considering both the cavity
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Fig. 2. Calculated dependence of the Q-factor and the resonance wavelength
as a function of the geometrical parameters of the NW inserted in the PhC
cavity.

Q-factor and the properties of the emitter. As apparent in Fig2,

thicker NWs would induce a deeper potential well, resulting

into a more abrupt confinement and, hence, a much stronger

optical leakage [22], substantially decreasing the Q-factor. On

the other hand, thinner and longer wires would allow better

Q-factor, however the yield would decrease very fast because

of the increased role of non-radiative surface recombination.

Furthermore, longer NWs tend to bend during deposition and,

therefore, are more difficult to process. Similar considerations

are valid for NWs made of other materials, e.g. GaAs.

The calculations are made by our in-house developed 3D

Finite Differences in Time Domain (FDTD) code ensuring

accuracy in the calculated frequency within ∆f
f

= 10−3.

The resonance corresponding to a localized mode appears in

the plot of the (normalized) Local Density of Optical States

(LDOS), which is proportional to the spontaneous emission,

calculated following Ref.[23]. We approximated the source as

a dipole located at the centre of the NW and oriented along y.

The Q-factor of the resonance is 5300 (i.e. linewidth = 0.13

nm), while the corresponding wavelength is 712 nm, well

within the Photo Luminescence (PL) spectrum of the CdSe

NWs [24]. The mode volume V = 8.5 × 10−20m3 = 2(λ
n
)3

is reasonably close to the diffraction limit
(

λ
2n

)3
. Hence, the

overlap of the field with the NW is Γ = VNMV −1 = 0.05,

which is good, considering the small size of the emitter.

DEVICE FABRICATION

The fabrication of the structure is shown in Fig.1d-f. First,

about half SiNx layer (120 nm) is deposited on a <001>
gallium phosphide (GaP) substrate [25], by high temperature

(360°C) and low mechanical stress Plasma Enhanced Chem-

ical Vapor Deposition (PECVD). High quality single phase

wurtzite CdSe nanowire are grown using a CVD process

described in Ref.[26] with Van der Waals epitaxy on muscovite

mica substrate [27]. They are then removed from their growth
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Fig. 3. Photoluminescence of randomly distributed NWs. a) optical image of
the sample, circles point to the NWs whose PL is shown in panels b and c;
b) NW in homogeneous SiNx (gray, position A) and patterned SiNx (blue,
position B, multiplied by 10) and reference NW on a Quartz substrate (red);
c) PL when NW crosses the PhC waveguide (position C), colour codes relate
to the reduced PhC hole radius, the width of the twin narrow peaks (cyan
line) is about 300 pm. The vertical axis in panels b and c can be compared
quantitatively.

substrate by placing them in an ethanol solution and then in

an ultrasonic bath for a few seconds [28]. The solution is then

dropped on the SiNx layer and the solvent is removed by

heating at 110°C.

The NWs are further cladded by a 150 nm thick layer of SiNx

(Fig.1e), which allows to protect the NW and to symmetrize

the structure. At this stage, we have not taken any specific

measure to control the position of the NWs, although we

point out that several techniques have been proposed[29]

for the transfer and the deterministic placement of NWs on

a planar substrate, for instance using nano combing [30],

the Langmuir-Blodgett technique, Optical Trapping, Contact

Printing, and others. Thus, the buried NWs are spatially

mapped by detecting the induced relief at the surface using

AFM (scanning rate 0.1 Hz, in-plane resolution 22 nm/pixel)

on an area encompassing alignment marks and several NWs.

The position and the angle of each NW are retrieved relative

to the alignment marks (Fig.1f). Only a subset of the detected

NW is retained for the fabrication of the device, according to

their diameter, 50nm ± 15nm (out of a broader distribution:

35 to 130 nm) and their length, chosen to be close to 1.5 µm,

since longer wires tend to bend during evaporation.

Then, PhC are fabricated following a fairly standard sequence

of positive resist (PMMA-A4, thickness 200 nm) exposure by

electron beam lithography (NANOBEAM NB4), and reactive

ion etching of the SiNx layer (Fig.1g) using a CHF3/O2

mixture [31]. The last step is the wet chemical etching of the

GaP substrate [32] under the SiNx Photonic Crystal in order

to obtain a self-standing membrane, providing the required

refractive index contrast below the structure.

The finalized device is shown in Fig.1e. As apparent in the

inset, the alignment of the NW with the PhC is very good.

About one hundred of these have been fabricated in a single

run. On average over the investigated devices, the positioning

and angular errors are 53 nm and 0.1° respectively.
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Fig. 4. Identification of the cavity mode. a) SEM image of the PhC
cavity (radius 0.285a) aligned to a NW (sample 5). The parallel (//) or
perpendicular (⊥) alignment of the analyser is referred to the waveguide axis;
b) PL of reference NW on the Quartz substrate; c) PL of the NW 5, colour
code is the same as in b) and refers to the polarization.

LUMINESCENCE OF NANOWIRES EMBEDDED IN A PHC

MEMBRANE

In order to appreciate the benefit of spatial alignment, it

is worth investigating devices fabricated following the same

procedure, except that the NWs are not aligned into the PhC

cavity (e.g. the NW labelled as A in Fig.3a). The micro-

Photo Luminescence (PL) is performed using a commercial

equipment (Renishaw), under continuous wave pumping and

using the 514 nm line of the Argon laser. A nearly diffraction-

limited spot size is obtained using a 63× and N.A. = 0.95
microscope objective. The pump is circularly polarized, in

order to average over the absorption anisotropy of the NWs

[33], [34].

First, we point out that embedding the NWs in SiNx does not

alter their emission properties substantially (besides the trivial

effect on the collection efficiency). This is apparent in Fig.3b,

where the PL spectra of the NWs, located outside the PhC area

(labelled as A in Fig.3a) and of the reference NW lying on a

Quartz substrate, are very similar: both centred at about 700

nm and about 30 nm broad. Although an accurate quantitative

comparison is not easy, because the PL yield varies from NW

to NW, it is apparent that the PL is strongly reduced by about

2 orders of magnitude, when the NW is located inside the

PhC (position labelled as B). This is way larger than any

possible fluctuation in the PL of different NWs. This result

is reproduced systematically and is consistent with established

literature on the inhibition of the spontaneous emission in PhC

[35].

The PL spectrum is drastically different when the NW crosses

the PhC waveguide (Fig.3c), revealing peaks which are corre-

lated with the radius of the PhC holes as expected (the larger

the radius, the shorter the wavelength). Importantly, the PL is

comparable in intensity as in the case of NWs embedded into

a homogeneous SiNx layer.

The strong modification of the PL spectra of emitters embed-

ded in the PhC waveguides is due to the strongly dispersive

and large LDOS [36]. The narrow peaks (∆λ ≈ 300 pm)

correspond to the defect modes (lower in energy) induced

by the NW in the PhC waveguide. Thus, the perturbation

is enough to induce a resonant mode with spectral position

mainly dictated by the PhC geometry, even if the position of

the NW relative to the waveguide is not controlled.
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EMISSION FROM CAVITY MODES IN ALIGNED STRUCTURES

The PL measurements on aligned NWs, are shown in Fig.4.

In order to formally associate the expected resonant peak to

the designed cavity mode, we also consider the polarization

of the PL. While the emission of bare NWs on a Quartz

substrate is moderately anisotropic (Fig.4b), with a larger

parallel component [33], [34], [37], the shape of the PL

emitted by our device reveals one broad and one narrow

peaks. The broad peak, located at higher energies, inherits the

polarization properties of the emitter, and might be related to

the higher order mode of the PhC waveguide. The narrow

peak is mainly perpendicularly polarized but still keeps a

parallel component, as expected from the calculation of the

radiated Far Field of the cavity mode, represented in Fig.1c.

We point out that the relative strength of the two peaks is

not entirely representative of the radiated power. In fact, PhC

cavity mode radiates mainly at a grazing angle with the surface

of the sample, and, therefore, only a small part of the emitted

power is collected by the microscope objective. In contrast,

the background PL is radiated much more isotropically, and,

therefore, collected more efficiently. Note that it is possible

to improve the directivity of the radiation from PhC cavities

substantially (and thereby the collection nearly to 50%) by a

controlled modification of the design [38], [39].

Here, one out of the eight devices selected for the systematic

measurements is shown. These devices, which have been num-

bered from 1 to 8 according to the increasing peak wavelength,

reveal the same polarization properties, as expected. We focus

now on the properties of the cavity mode and therefore, we plot

the perpendicular component of the spectra in Fig.5b. These

8 peaks relate to three different designs (hole sizes) of the

PhC and, indeed, they are clustered accordingly. There is an

apparent dependence on the NW, depending primarily on its

size (diameter between 30 and 90 nm) and secondly on the

accuracy of its positioning (within 60 nm, except for sample

7). Interestingly, in sample 7 the NW is misplaced by exactly

one lattice period, and still the PL yield is strong. This is

not surprising given the spatial structure of the cavity mode

(Fig.1c).

The measured Q-factors range from 1000 to 5000 (Fig.5c,d)

and match well to a Lorentzian lineshape (Fig.5d). The highest

Q factors are obtained for the NWs 4 and 6 (the thinnest NWs).

It is also interesting to note that best placement (error is 25

nm) is achieved for sample 6. These results are consistent with

FDTD calculations (Fig.3), predicting a monotonous decrease

of the Q factor and a red shift as the radius of the NW increases

from 20 nm to 50 nm. Also a positioning error larger than

about 30 nm induces a decrease of the Q factor and a red

shift. We note that the measured and calculated Q-factors and

peak wavelengths are comparable, however, any quantitative

analysis is problematic because of the fluctuations in the size

of the wires, introducing too much uncertainty in the estimate

of the internal absorption.

Figure 5 substantiates the main point of this letter, namely,

that is is possible to generate a variety of wavelengths on

the same chip by design. This is a fundamental property

either for communications (wavelength domain multiplexing)

or for labelling in biologic detection. An important aspect

here is the possibility of accurately controlling the emission

wavelength. First of all, in our experiment, the main source of

fluctuation of the emitted wavelength (up to a few nm) was

due to the spread of the size of the CdSe nanowires which

we estimate to ±30nm based on Fig.3 and Fig.6. A narrower

selection of nanowires would automatically result into emitted

peaks gathering around the same wavelength, determined by

the parameters of the PhC structure. After calibration of the

fabrication process, the peak wavelength could be controlled

within a fraction of nm, which should be accurate enough for

applications. For even more accurate control, post-processing

trimming techniques could be used [40], also including ALD

[41], deposition of a thin layer of chalcogenides [42] or local

temperature control [43].

DISCUSSION

The PL spectra in Fig. 6b reveals a 20% decrease of

the linewidth as the fluence of the pump[44] is increased

between 103 and 104 W/cm2. This indicates a moderate

decrease of the internal absorption losses. Interestingly, the

peak wavelength (Fig. 6c) also follows the usual red shift

after minimum linewidth has been reached. However, the

ratio between the total PL and the peak intensity is constant

over more than three decades (Fig.6a), suggesting that the

contribution of the stimulated emission is not strong enough

to induce a detectable kink in the PPL − Ppump curve. On

the other hand, no detectable sign of gain saturation has been

observed.

A hint for understanding this behaviour comes from the

dependence on the PL on the pump in Fig. 6a. A clearly
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superlinear law PL ∝ I1.4 is observed in NW 6. In another

sample, we have observed a similar behavior PL ∝ I1.65

and other detailed measurement have confirmed this a

general property of our NWs. This superlinear trend has been

observed in narrower CdSe NWs (diameter 22 nm) under the

same conditions (RT and CW pumping)[45]. The extremely

detailed study carried out there points out the role of surface

defects.

More precisely, fast hole trapping results into a linear

dependence of the hole population on the pumping rate at

intermediate pumping levels (which covers our parameter

space entirely). On the other hand, the density of electrons

follows the usual square root dependence on the pump. This

results into a theoretical PL ∝ I1.5 dependence of the PL on

the pump level, which is consistent with our findings. The

main implication here is a strong quenching of the quantum

yield, which we extrapolated to our case to decrease the gain

by nearly an order of magnitude. According to this model,

at higher pumping rate the dependence would become linear,

indicating the saturation of fast traps and the increase of

the quantum yield, but we have not observed any change of

the slope until a maximum fluence level of 20 kWcm−2.

Although our wires are thicker than in Ref. [45], their

behaviour is strikingly similar, suggesting a more important

role of surface states, possibly due to the encapsulation in an

SiN matrix.

We note that lasing has been observed in recent experiments

on CdSe NWs [24]. There, random lasing has been observed

with a minimum threshold of about 200kWcm−2. This said,

the measurements have been performed in pulsed regime

and with fairly thicker wires (>100 nm). We also performed

additional measurements on a single bare NW (on Quartz)

and observed the onset of stimulated emission at a fluence of

100kWcm−2.

Lasing of on fairly larger (200 to 500 nm) single CdSe

NWs [46] has been observed at lower pump levels. This

corroborates the hypothesis that surface recombination

degrades the PL emission at Room Temperature substantially

in our thin NWs (which is also apparent in the power

dependence of the PL signal). The use of core-shell

structures, such as AlGaAs/GaAs [47], [48], or GaAs/GaP

[49] could greatly help in achieving efficient lasing. Also,

the Telecom spectral domain could be addressed by suitable

choice of the III-V alloy. Interestingly, the β-factor of our

device is estimated based on the mode volume to be about

0.1, using formula in Ref. [50]. This is a typical number

for nanolasers. The required material gain at threshold is

estimated to about 300 cm−1, which is well within reach.

At last, we note that in a very recent paper[51], lasing has

been achieved at cryogenic temperatures in the hybrid silicon

PhC structures including a fairly sophisticated NW involving

several QWs. This shows that NW technology is steadily

improving and would provide versatile and ultra efficient

sources once combined with convenient optical cavities.

CONCLUSIONS

We have demonstrated a novel approach to the hetero-

geneous integration of semiconductor nanowires in a small

optical cavity. The resonant optical field is self aligned around

the nanowire, resulting into an efficient coupling. The key

aspect of this approach is that the cavity is fabricated after the

transfer of the nanowires on the substrate and, consequently,

can be accurately aligned on it. This allows for the fabrication

of hundreds of samples in a single processing run. Our tech-

nique could be combined with the deterministic positioning of

nanowires which would address large scale fabrication.

We show that the photoluminescence, hence the emission

wavelength is controlled by the cavity mode, which allows

for the generation of multiple wavelengths with fairly narrow

peaks (150 pm) on the same optical chip. The narrow linewidth

results from a cavity Q-factor as large as 5000, in spite of

the limited refractive index contrast available with silicon

nitride. Larger Q could be achieved if thinner and longer wires

could be used. Lasing has not been achieved at the moderate

pumping level used for characterization (20kW/cm2), but it

should be within reach. Furthermore, the use of core-shell

nanowire structures should allow efficient light emission, while

the collection efficiency can be improved by design. For some

applications, such light sources could be easily separated from

their substrate and attached as wavelength-labelled markers to

suitable targets.
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[23] Y. Xu, J. S. Vučković, R. K. Lee, O. J. Painter, A. Scherer, and
A. Yariv, “Finite-difference time-domain calculation of spontaneous
emission lifetime in a microcavity,” J. Opt. Soc. Am. B, vol. 16, no. 3,
pp. 465–474, Mar 1999.

[24] R. Chen, M. I. Bakti Utama, Z. Peng, B. Peng, Q. Xiong, and
H. Sun, “Excitonic Properties and Near-Infrared Coherent Random
Lasing in Vertically Aligned CdSe Nanowires,” Advanced Materials,
vol. 23, no. 11, pp. 1404–1408, Mar. 2011. [Online]. Available:
http://doi.wiley.com/10.1002/adma.201003820

[25] “This avoids background luminescence in the spectral range of interest.”
[26] M. I. B. Utama, Z. Peng, R. Chen, B. Peng, X. Xu, Y. Dong,

L. M. Wong, S. Wang, H. Sun, and Q. Xiong, “Vertically
Aligned Cadmium Chalcogenide Nanowire Arrays on Muscovite
Mica: A Demonstration of Epitaxial Growth Strategy,” Nano Letters,
vol. 11, no. 8, pp. 3051–3057, Aug. 2011. [Online]. Available:
http://pubs.acs.org/doi/abs/10.1021/nl1034495

[27] M. I. Bakti Utama, Q. Zhang, J. Zhang, Y. Yuan, F. J. Belarre,
J. Arbiol, and Q. Xiong, “Recent developments and future directions
in the growth of nanostructures by van der waals epitaxy,”
Nanoscale, vol. 5, pp. 3570–3588, 2013. [Online]. Available:
http://dx.doi.org/10.1039/C3NR34011B

[28] F. Patolsky, G. Zheng, and C. M. Lieber, “Fabrication of
silicon nanowire devices for ultrasensitive, label-free, real-time
detection of biological and chemical species,” Nature Protocols,
vol. 1, no. 4, pp. 1711–1724, Nov. 2006. [Online]. Available:
http://www.nature.com/doifinder/10.1038/nprot.2006.227

[29] Y. S. Lele Peng and G. Yu, “Self-assembly and organization of
nanowires,” Semiconductor Nanowires: Materials, Synthesis, Charac-

terization and Applications, p. 149, 2015.
[30] J. Yao, H. Yan, and C. M. Lieber, “A nanoscale combing technique

for the large-scale assembly of highly aligned nanowires,” Nature

nanotechnology, vol. 8, no. 5, pp. 329–335, 2013.
[31] C. Gatzert, A. W. Blakers, P. N. K. Deenapanray, D. Macdonald,

and F. D. Auret, “Investigation of reactive ion etching of dielectrics
and Si in CHF[sub 3]O[sub 2] or CHF[sub 3]Ar for photovoltaic
applications,” Journal of Vacuum Science & Technology A: Vacuum,

Surfaces, and Films, vol. 24, no. 5, p. 1857, 2006. [Online]. Available:
http://scitation.aip.org/content/avs/journal/jvsta/24/5/10.1116/1.2333571

[32] L. R. Plauger, “Controlled Chemical Etching of GaP,” Journal of

The Electrochemical Society, vol. 121, no. 3, p. 455, 1974. [Online].
Available: http://jes.ecsdl.org/cgi/doi/10.1149/1.2401837

[33] C. Wilhelm, A. Larrue, X. Dai, D. D. Migas, and C. Soci, “Anisotropic
Photonic Properties of III-V Nanowires in the Zinc-Blende and Wurtzite
Phase,” Nanoscale, vol. 4, no. 5, pp. 1446–54, Mar. 2012. [Online].
Available: http://www.ncbi.nlm.nih.gov/pubmed/22327202

[34] H. Ruda and a. Shik, “Polarization-sensitive optical phenomena
in semiconducting and metallic nanowires,” Physical Review B,
vol. 72, no. 11, p. 115308, Sep. 2005. [Online]. Available:
http://link.aps.org/doi/10.1103/PhysRevB.72.115308

[35] M. Fujita, “Simultaneous Inhibition and Redistribution of
Spontaneous Light Emission in Photonic Crystals,” Science, vol.
308, no. 5726, pp. 1296–1298, May 2005. [Online]. Available:
http://www.sciencemag.org/cgi/doi/10.1126/science.1110417

[36] G. Lecamp, P. Lalanne, and J. P. Hugonin, “Very large
spontaneous-emission β factors in photonic-crystal waveguides,”
Phys. Rev. Lett., vol. 99, p. 023902, Jul 2007. [Online]. Available:
http://link.aps.org/doi/10.1103/PhysRevLett.99.023902

[37] a. Mishra, L. V. Titova, T. B. Hoang, H. E. Jackson, L. M. Smith, J. M.
Yarrison-Rice, Y. Kim, H. J. Joyce, Q. Gao, H. H. Tan, and C. Jagadish,
“Polarization and temperature dependence of photoluminescence
from zincblende and wurtzite InP nanowires,” Applied Physics

Letters, vol. 91, no. 26, p. 263104, 2007. [Online]. Available:
http://scitation.aip.org/content/aip/journal/apl/91/26/10.1063/1.2828034

[38] N.-V.-Q. Tran, S. Combrié, and A. De Rossi, “Directive emission
from high-Q photonic crystal cavities through band folding,” Phys.



JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. X, NO. X, XXXX 201X 7

Rev. B, vol. 79, no. 4, p. 41101, 2009. [Online]. Available:
http://link.aps.org/doi/10.1103/PhysRevB.79.041101

[39] N.-V.-Q. Tran, S. Combrié, P. Colman, A. De Rossi,
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Gaëlle Lehoucq Graduated at Ecole Centrale de
Lille in electrical engineering in 2006, she joined
the LPICM (Laboratoire de Physique des Inter-
faces et des Couches Minces, Ecole Polytechnique,
Palaiseau) and obtained in 2010 her Ph.D. degree in
physics and material science. Since 2010, she is a
research scientist in Thales Research and Technol-
ogy, Palaiseau, France. Her work is focused on thin-
films patterning, from the micro to the nanoscale.
She is currently working on the fabrication of nanos-
tructured optical devices, including sub-wavelength

optics and photonic crystals.

Qihua Xiong received in 2006 his Ph.D. degree
in Materials Science from the Pennsylvania State
University under the supervision of Professor Peter
C. Eklund. From 2006 to 2009, he was a postdoctoral
researcher at Harvard University. In 2009 he joined
the Nanyang Technological University in Singapore,
holding a joint appointment between the School of
Physical and Mathematical Sciences and School of
Electrical and Electronic Engineering. He is now
Professor of Physics and Electrical Engineering, in
the School of Physical and Mathematical Sciences

and School of Electrical and Electronic Engineering, at Nanyang Technolog-
ical University, Singapore.



JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. X, NO. X, XXXX 201X 8

Cesare Soci received Laurea and Ph.D. degrees in
Physics from the University of Pavia, in 2000 and
2005. He was a postdoctoral researcher from 2005
to 2006 at the Center for Polymers and Organic
Solids of the University of California, Santa Bar-
bara, and from 2006 to 2009 at the Electrical and
Computer Engineering Department of the Univer-
sity of California, San Diego. In 2009 he joined
the Nanyang Technological University in Singapore,
where he currently holds a joint appointment be-
tween the Schools of Physical and Mathematical

Sciences (SPMS) and Electrical and Electronic Engineering (EEE), and he
is the deputy director of the Centre for Disruptive Photonic Technologies.
His research embraces several areas of nanoelectronics and nanophotonics,
including organic semiconductors, nanowires and plasmonic materials.

Daniel Dolfi Graduated from the Ecole Supérieure
dOptique, Orsay, (1986), received the PhD degree
from University Paris XI Orsay (1993) and the
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