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ABSTRACT

A novel technique for the fabrication of photonic crystal (PC) nanocavities coupled with colloidal nanocrystals is presented. A waveguiding

resist membrane embedding highly emitting dot-in-a-rod nanocrystals was patterned through e-beam lithography and released through wet
etching process. The proposed approach makes the PC structure independent of fabrication imperfections induced by etching steps. Micro-
photoluminescence spectra revealed degenerated resonant modes (Q-factor ~700) whose fabrication-induced spectral splitting is comparable
to the full width at half-maximum of the peaks. Active nanocavities tunable from visible to infrared spectral range on GaAs or Si substrates

can be easily implemented by this technique.

The development of photonic devices based on wet-chemi- The insertion of nanoemitters into photonic crystal (PC)
cally synthesized semiconductor nanocrystals (NCs) is cavities with localized optical modes having high quality
nowadays one of the main research topics for nanophotonicfactor (Q) and small modal volume can be exploited to tailor
devices and applications. The performances of colloidal NCs hoth the spatial and spectral properties of the NCs radiation.
are in several aspects competitive with epitaxially grown Colloidal nanocrystals confined into two-dimensional PCs
quantum-emitters: they show broad excitation spectra andare promising candidates for the development of next-
narrow emission bands also at room temperature, tunablegeneration high performing optical devices such as single
optical gain and amplified spontaneous emission from the photon sources, ultralow threshold lasers, and nonlinear
ultraviolet to the infrared spectral range, and a high photo- jeyices6-18 At present, several works have been proposed
chemical stability, while requiring cheaper and higher- j, order to couple colloidal NCs to 2D-PC structures
throughput growth facilitie$. Spectral shifting and blinking  tapricated on Si or AlGaAs membrane lay&ts2! In these

of the single-nanoparticle luminescence, which limited the 4 teq cases, high Q passive nanocavities were previously
NCs exploitation in single emitter applications or in fluo- 1 icated on solid substrates; PbS or PbSe colloidal nano-
rescence bio-labeling, are being deeply myesugfa?e@d crystals emitting in the infrared spectral range were subse-
have been reduced by improved engineering of the surfacequently added by dipping or spin-coating techniques on top

R : . .
chemlstry. A wide range of optical devices based on of the patterned layer. The coupling between the emitters
colloidal quantum nanoemitters has been demonstrated, such

as advanced organic light emitting diodes generating white and the quantum-confined optical envwonmgnt was demon?
luminescencé; 1! photovoltaic device® infrared photo- strated by the presence of resonant peaks in the photolumi-

diodest® and distributed feedback laséfsSingle photon nescence (PL) spectra collected on the fabricated devices.

emission from colloidal nanocrystals has also been recentlyThe _pattern transfer_on the _”g'd membra_ne layer typically
obtaineds requires high-resolution etching steps, which however could
introduce fabrication imperfections in the structure (deviation
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can be only applied to infrared-emitting colloidal nanocrys-
tals, due to not negligible Si and AlGaAs absorption in the
visible spectral range.

In this work, we propose the fabrication of semiconductor

{CdSedot CdSrod |

and releasing a thin membrane of a functional material ¥
composed by NCs dispersed in a positive electronic resist g
(ZEP520-12)2? No pattern transfer from the resist to the
underlying membrane layers is required, since the resist itself
acts as the suspended waveguiding layer. Therefore the
optical quality of the resonating structure is only determined
by a single high-resolution lithographic step, whereas it is
not affected by any etching process. Moreover, the absence
of absorbing layers from the visible to the infrared region
of the spectrum allows the use of NCs on a large spectral ¥
range, thus conferring a broader applicability to our tech-
nique.

Our approach can be applied to any organic or inorganic & \ “
emitter provided that it can be dispersed in resist matrices.
Nevertheless, in this prototype, we exploited a new type of
semiconductor nanoemitters, which are dot-in-a-rod colloidal
nanocrystals (DR-NCs) consisting of CdS rods nucleated at
high temperatures around CdSe spherical sé&dd hese
elongated coreshell nanocrystals remarkably show high
quantum efficiency (up to 7075%), due to a high quantum
yield coupled with a large extinction coefficient in the
ultraviolet spectral range, the latter due to the presence of a \
thick CdS shell. Therefore their PL signal is easily detectable T ——
even at room temperature with no need of highly sensitive 400 500 600
detection setup®. Figure 1a shows a transmission electron Wavelength (nm)

microscopy (TEM) image of the as-grown samples, with & Figure 1. (a) Transmission electron microscope image of the
core diameter of-2.5 nm and a rod length 6+16 nm (a colloidal dot-in-a-rod nanocrystals exploited in this work (inset:

sketch of the structure is reported in the inset), while in syetch of the CdSe dot/CdS rod structure). (b) Emission (solid line)
Figure 1b their absorption (dashed line) and emission (solid and absorption (dashed line) spectra of the dot-in-a-rod nanocrystals.

line) spectra are reported. After growth, the DR-NCs were

subsequently dispersed in a ZEP5A2 matriX? with @ gquare lattice PC structure, we chose resonant modes whose
molar concentration of-1 x 10°® mol/L. As previously  main electric field distribution was found to be odd-sym-
reporteci® blends composed by colloidal nanocrystals dis- metric with respect to mirror planes normal to their dominant
persed in electronic resists can be easily patterned by meangoyrier components. This leads to the suppression of the
of traditional electron-beam lithography, since the presence resonant mode energy fraction coupled with out-of-plane
of semiconductor clusters in the matrix does not affect the radiating fields. At the same time, a graded reduction of the
sensitivity of the polymeric host significantly. Optical ajr hole radii from the external rings to the inner ones
microscopy and scanning electron microscopy (SEM) analy- following a parabolic law was applied, in order to avoid the
ses on thin films of the compound material (not shown) coupling of the localized mode with in-plane leaky modes
assessed the absence of aggregates induced by phasg the momentum spacé.Additionally, we exploited a
segregation between the polymer and the semiconductorquadratic grading of the holes by applying the same parabolic
nanoclusters. Further characterization performed with a|aw in bothx andy directions. In this case the final defect
Woollam EC-400 Ellipsometer showed a refractive index  strycture preserves@, symmetry and therefore degenerated
= 1.575 a1 = 600 nm. localized modes with orthogonal polarization can be pre-
In order to design a suitable 2D-PC cavity, three- dicted. Figure 2a reports a sketch of the implemented 2D-
dimensional (3D) finite-difference time-domain (FDTD) PC pattern, with black lines at the margins indicating the
calculations were carried ogftDue to the low index contrast  parabolic law used along andy to decrease the ratio of
between the membrane and the surrounding air cladding, theholes radius to lattice constant (r/a) from 0.4 to 0.2. Figure
simulation of 2D-PC cavities (such as H1 or L3 defect 2, panels b and c, show the spatial distribution of the electric
cavities¥® 2% led to localized modes with a Q-factor of only field intensity of two degenerated modes localized at a
few hundreds? In order to increase the mode confinement, normalized frequency equal sl = 0.404; the two modes
an approach similar to the graded square lattice proposedare orthogonally polarized. Inset in Figure 2b also shows
by Srinivasan et alt was followed. Starting from a regular  the electric field amplitude distribution of the first localized
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Figure 2. (a) Sketch of the photonic crystal nanocavity in square lattice with modulated air hole radiixaedony. (b,c) FDTD calculated

intensity distributions of two fundamental modes, degeneratedlat 0.404. The inset in (b) shows the Fourier transformed dominant
electric field component. The field fraction inside the light cone (dashed circle in the figure) is strongly reduced, thus assessing the significant
suppression of vertical radiation. (d) Scanning electron microscope image of the patterned nanocavity; (e) sketch of the final membrane
structure, obtained after wet etching of they Abay sAs sacrificial layer.
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mode in the momentum space. The field components lying region of the nanocavity. The signal was detected by means
inside the light-cone line (represented by the white dashedof a monochromator equipped with a liquid boled CCD.
line) are strongly suppressed due to the odd symmetry of All the measurements were performed in air, at room
the mode: coupling with out-of-plane leaky modes is temperature.
therefore reduced. Furthermore, the overlap between the Figure 3a shows a typical spectrum collected from the
electric field amplitude and the guiding modes in the in- suspended resist cavity. A sharp peak, with a Q-faef®0,
plane direction (not shown in the inset) is also reduced dueis present in the emission spectrum, due to the resonance
to the holes radii grading, thus suppressing the photon effect of the 2D-PC pattern. Besides the fundamental mode,
leakage into the lateral direction. The Q-factor calculated several other modes have also been detected from the cavity
from the modal energy decay rate was equatt6700, with (as shown in Figure 3a). According to simulations, all
a modal volume equal te-1.8 @/n).3 Q-factors of higher modes are lower than the fundamental
For the practical realization of the device, aith thick mode, both due to the even symmetry in the distribution of
layer of Alp/Ga sAs was epitaxially grown by metal-organic  the main electric field component (which decreases the
chemical vapor deposition (MOCVD) on GaAs substrate and vertical confinement) and to a higher overlap with in-plane
a 320 nm thick layer of ZEP/NCs was spin coated on top of leaky modes in the momentum space.
it. Several graded square lattice patterns with different lat- The polarization dependence of the fundamental mode was
tice constants (ranging from = 220 nm toa = 258 nm) also studied, and nearly degenerated modes with an average
were then transferred on the layer by an EBL proééss. spectral splitting~1 nm (averaged on more than 200 samples
Figure 2d shows an in-plane SEM image of the patterned tested, with a standard deviation of 0.42 nm), comparable
structure after development. In order to remove the under-to their fwhm, were detected. These can be seen in Figure
lying sacrificial layer, the sample was then dipped in a 3b, which shows three different spectra collected from the
HF:H,O etching solution at room temperature. It was then same cavity at different polarization angles (the spectra have
rinsed with isopropilic alcohol with the aim to decrease the been shifted along the vertical axes to improve the clarity
surface tension of the solvent during its evaporation in air. of the graph). The minimum measured spectral splitting
A sketch of the final structure after wet-etching is shown in was as low as 0.4 nm. Furthermore, these modes showed
Figure 2e. orthogonal polarization (see the polar diagram of the two
In order to verify the effectiveness of the fabrication modes in Figure 3c), as expected from the 3D-FDTD
process, micro-photoluminescence measurements at roontalculations.
temperature were performed on the nanocavities. The sample Remarkably, the fabrication approach showed high accur-
was mounted on a micro-translational vertical holder and acy, since different tested samples fabricated with the same
excited by a CW diode laser emitting at= 405 nm lithographic conditions showed very low standard deviations
(excitation power: 500 nW), through a &M@bjective lens. in the resonant peak position (standard deviati@34 nm)
The emission was collected through the same objective and in the fwhm £0.055 nm, below the resolution limit of
lens and filtered by a polarizer and a pinhole in order to our detection setup). Reproducibility near to 100% has been
reduce further the collection area to the central graded latticeverified, with deviations of different samples from the
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I U L A U T It is worth noting that this fabrication technique has been
1 - 1 demonstrated on colloidal nanocrystals emitting in the visible
Q-factor ~ 700 1 spectral range. The use of air claddings and the intrinsic
i transparency of the resist matrix in both the visible and the
infrared spectral range extends the applicability of NC based
2D-PC cavities from the infrared emitting PbS or PbSe NCs
to several types of coreshell NCs emitting in the visible
spectral range and, therefore, also to the new high-performing
dot-in-a-rod colloidal nanocrystals as reported here. Interest-
ingly, despite the process has been demonstrated on GaAs
1 8 substrates with AlGaAs sacrificial layers, it can be transferred
O E————— straightforwardly to Si substrates with Si€acrificial layers,
570 580 590 600 610 620 630 640 650 660 670 so that NC-based optical sources fully integrated with Silicon
wavelength (nm) (a) technology can be fabricated. Additionally, the intrinsic
elasticity of the polymeric membranes could allow the
0 p—r development of pressure sensitive tunable emitters based on
] w the modification of the nanocavity spectral response when
deforming forces are applied. An additional future develop-
ment of this approach would lie in the localization of single
NC emitters in a nanocavity (if the NCs concentration in
the polymeric blend is further decreased), which could allow
the fabrication of ultralow-threshold lasers or efficient single-
120 photon sources.

In conclusion, a new approach for the fabrication of
wavelength (nm) 180 2D-PC cavities based on colloidal nanocrystals has been

(b) (C) proposed. The photonic cavity is directly fabricated on a
Figure 3. Micro-PL analysis of the nanocavity at room temper- _re_sist layer that embeds the semiconductor_nanoemitters r_;md
ature. (a) Emission detected from the nanocavityc(= 405 it is then suspended by means of a wet etching process. High

nm), showing a sharp resonant peak corresponding to the funda-Q-factor degenerated localized mOdeS”G_Q_OO) have been
mental mode@ ~ 700) and a smaller resonant peak corresponding detected, with an average spectral splitting as low as the
to the second-order mode. (b) PL spectra collected through afwhm of the modes, thus assessing the good preservation of
polarizer from the same nanocavity, at different polarization angles. tq pattern symmetry from the designed cavity to the

Two degenerated modes with a small spectral splitting (0.8 . . D

nm) are detected: (c) the polar diagram shows their orthogonal fa_lbrlcated structure. This new strategy for the fabrlqa_non of

polarization. high-performing NCs-based devices is clearly promising for
the development of all-optical circuits that can be fully

integrated with traditional Silicon technology.
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expected behavior mainly due to the presence of local
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The good match between the optical measurements antﬁ
the theoretical predictions demonstrates the effectiveness o
this new simple two-step process (EBL pattern definition
followed by wet etching of the sacrificial layer), which
enables the fabrication of colloidal nanocrystal-based active
photonic devices without recurring to high-resolution dry
etching steps. The difference between the experimental
Q-factor for the fundamental mode and the simulated one is
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