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Since the discovery of spontaneous parametric down-conversion (SPDC), it has been one of the most popular 

quantum light source. In the area of SPDC, one of our main target is to achieve near-unity purity and collection 

efficiency simultaneously. In previous work [], beamlike method is employed to reach a high collection efficiency. 

However, because of the frequency correlation, we must filter the down-conversion beam to increase the purity. 

This reduces the collection efficiency significantly. Here, we introduce a new entanglement photon pair source 

based on SPDC whose heralding efficiency is 97% and indistinguishability is 96%.  

We perform a twelve-photon entanglement experiment to validate the SPDC source. Six entanglement sources 

are employed to produce a twelve-photon Greenberger-Horne-Zeilinger state. As shown in Fig. 1, we calculate the 

population of 0.732(24) and the coherence of 0.419(41), from which the fidelity of 0.576(24) is derived.  

 
Fig. 1 Experimental results of twelve-photon entanglement. (a) The measured 12-photon events distribution in H/V basis. (b) 

Results of observables (cos sin )N N

x yM     . 

  

We further perform a scattershot boson sampling. 12 SPDC sources are used to produce and to herald single 

photons. A 12 12 mode interferometric is used to implement a random linear transformation. The three-, four- 

and five-photon sampling rate is 3.9 kHz, 44 Hz and 0.3 Hz, respectively.  

 
Fig. 2 (a) A validation of 3-, 4- and 5-photon boson sampling. (b) A count rate comparison of 3-photon sampling rates. 

References 
1 Wang, X.-L. et al. Experimental Ten-Photon Entanglement. Phys. Rev. Lett. 117, 210502 (2016). 

A Nature Conference on Nanophotonics and Integrated Photonics 2018

1 



   

Imaging the Dark Emission of Spasers 
 

Hua-Zhou Chen1‡, Jia-Qi Hu1‡, Suo Wang1‡, Bo Li1, Xing-Yuan Wang1, Yi-Lun Wang1, Lun Dai1,2, Ren-
Min Ma1,2* 

 
1State Key Lab for Mesoscopic Physics and School of Physics, Peking University, Beijing 100871, China. 

2Collaborative Innovation Center of Quantum Matter, Beijing, China 
*Corresponding Author Renmin Ma: renminma@pku.edu.cn 

‡These authors contributed equally. 

 

The recent rapidly advancing nanoscience and technology calls for a nanoscale laser spot for various 
technologies, such as nanolithography, high-density data storage and uper resolution imaging. However, 
conventional lasers amplify photons where diffraction limit puts a forbidden barrier to scaling down its physical 
size and mode volume. In 2003, David J. Bergman and Mark I. Stockman proposed a new class of amplifier, 
named spaser, an acronym of surface plasmon amplification by stimulated emission of radiation [1]. In stark 
contrast to classical laser, spaser amplifies surface plasmons instead of photons providing an optical amplifier 
with size beyond diffraction limit, which is of major interest for various applications, ranging from all-optical 
computing to biomedical sensing. Because of this, numerous studies on the experimental implementation of 
spasers have been reported [2-3].  

However, to date, spasers have only been characterized by the photons scattered to the optical far field. 
According to its original definition, a spaser is a surface plasmon amplifier that does not necessarily generate 
radiative photon output. Its intrinsic surface plasmon emission is yet unrevealed “dark” emission due to its 
evanescent nature. Consequently, there is a lack of direct evidence of spasing, and the intentional manipulation 
and utilization of spaser emission becomes difficult to achieve.  

Here, for the first time, we directly image surface plasmon emission, an intrinsic but unrevealed feature of 
spasers in spatial, momentum and frequency spaces simultaneously [4-5]. We demonstrate that spaser can serve 
as a pure surface plasmon generator with the ratio of surface plasmon emission over total radiation approaching 
to 100% and experimentally demonstrated 74%. Our results supply an unambiguous evidence of spasing 
behavior, an intrinsic but unrevealed feature of this intensively studied new class of optical amplifier. 
Furthermore, in contrast to the scattered photons, the surface plasmon emission of spasers is the crucial element 
for various nanophotonic applications.  
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Abstract 

The extensive researches of two-dimensional layered materials have suggested that 

valleys, as energy extrema in momentum space, could offer a new degree of freedom for 

carrying information. Based on this concept, researchers have predicted the existence of 

valley-Hall topological insulators which could support valley-locked edge states 

propagating along non-trivial domain walls. Recently, several kinds of photonic or sonic 

crystals have been proposed as classical counterparts of valley-Hall topological insulators. 

However, direct experimental observation of valley-locked edge states in classical 

systems is still difficult until now. Here, we demonstrate a designer surface plasmon 

crystal comprised of periodic metallic patterns deposited on a dielectric substrate, which 

can become a valley-Hall photonic topological insulator by exploiting the mirror-

symmetry-breaking mechanism. Topological edge states with valley-dependent transport 

are directly imaged in the microwave regime. The observed edge states are confirmed to 

be fully valley-locked through spatial Fourier transforms. Topological protection of the 

edge states at sharp corners is also experimentally demonstrated. 
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Light has bidirectional transmission reciprocity in common dielectric material, and breaking this reciprocity, 

that is, achieving non-reciprocity in the direction of light transmission, is of great significance in classical and 

quantum information processing [1]. Optical isolators, circulators, directional amplifiers, etc. are typical non-

reciprocal devices. The optical isolators and circulators allow light to pass in a specified direction but block it in 

an undesired direction, which can be used for light source protection and precise measurement. The most 

common optical non-reciprocal devices are based on the Faraday effects using magneto-optical materials, which 

are difficult to integrate on-chip [2]. Therefore, in recent years, interest has increased in realizing on-chip all-

optical circulators, isolators, and directional amplifiers. 

In 2016, we experimentally demonstrated non-magnetic non-reciprocity using optomechanical interactions 

in a whispering-gallery microresonator, as proposed by Hafezi and Rabl. We observed optomechanically induced 

non-reciprocal transparency (OMIT) and amplification (OMIA), and demonstrated a non-reciprocal phase shift 

of up to 40 degrees [3]. Here, we experimentally demonstrate a reconfigurable circulator and directional 

amplifier in a two tapered fibre-coupled silica microresonator. Via a simple change in the control field, the 

device performs as an add-drop filter and can be switched to circulator mode or directional amplifier mode [4]. 

The demonstrated device exhibits considerable flexibility and offers exciting opportunities for combining 

reconfigurability, non-reciprocity and active properties in single photonic devices. The principle demonstrated 

herein can also be incorporated into microwave superconducting devices as well as acoustic devices in the 

emerging research field of quantum phononic. 

References 
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The absence of diffusion in disordered systems is an important effect in condensed matter physics, which 

was initially investigated by Anderson in 1958 [1]. The absence of electron propagation was predicted because 
of Anderson localization in disordered systems, eventually causing conductive materials to be insulating. On the 
other hand, surface plasmon polaritons (SPPs) are electromagnetic excitations at the metal-dielectric interface. 
Due to the strong field confinement and enhancement effects, SPPs have attracted significant attention. Yet so 
far, only very limited examples have been shown with near field approaches in fully random systems [2]. Since 
Anderson localization of SPPs associates spatial-disorder-induced light localization with SPP-induced light 
confinement, it can be applied to achieve stronger field confinement for various applications. In this work [3], 
we experimentally demonstrate for the first time strong localization of surface plasmon polaritons (SPPs) at 
visible regime in metallic nanogratings with short-range correlated disorder. The localization of SPPs is 
significantly enhanced by increasing the degree of disorder, and the propagation of SPPs is suppressed. Our 
study enriches the family of Anderson localization and develops a way for disorder engineering to manipulate 
light on nanoscale, which may achieve various applications in random nanolasing, solar energy, and strong light-
matter interactions. 
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Diffractive optical elements(DOEs), such as Dammann gratings, attract considerable attentions recently 

owing to their potential applications in optical trapping, imaging coding and optical sensing[1,2]. However, the 

fabrication of switchable diffractive optical elements suffers from a contradiction between the complexity of 

fabrication procedures and the performance of such gratings. In this letter, a fast switching circular Dammann 

grating(CDG) is demonstrated based on the photoalignment technology of ferroelectric liquid crystals(FLCs). By 

applying low electric field (V=6V) on the FLC CDG, it is switched between an eight-order diffractive state and a 

non-diffractive state with high diffraction efficiency of 84.5%. The fast response time of 64µs is achieved under 

4.3V/μm, which is approximate two-order faster than existing nematic LC DOEs. 

A binary phase FLC eight-order CDG zone plane consisting of alignment directions perpendicular to each 

other for odd zone and even zone was fabricated through a two-exposure photoalignment process using photo-

sensitive material sulfonic Azo-dye SD1 (Dai-Nippon Ink and Chemicals DIC, Japan, formula shown in Fig. 

1(d)) as the active aligning layer. When exposed with linearly polarized UV or blue light, the SD1 layer will be 

providing alignment along the direction perpendicular to the exposure light polarization, as shown in Fig. 1(a). 

Then, the alignment direction of SD1 was re-aligned by the second exposure with mask and polarization 

direction rotated 90 degrees to create the two orthogonal aligned domains on the same substrate, as shown in Fig. 

1(b). Then a LC cell was assembled with the prepared patterned aligned substrate as one side of the cell and ITO 

glass substrate without alignment layer as the other side, as shown in Fig. 1(c).  

         
Fig. 1 The schematic of two-step exposure process for 
patterned alignment layer of FLC CDG. (a) The first exposure 

of polarized UV on the SD1 substrate; (b) Exposure of 
SD1substrate with mask; (c) FLC CDG cell with single-side 

alignment (d)Chemical structure of SD1.  

Fig. 2. (a) and (c) Microscopic photo of the FLC CDG driven 
by two electrical polarities under crossed polarizer and analyzer. 

Line scales represent 200 μm. The red arrows indicate the 
alignment directions; (b) and (d) Illustration of the molecule 

directions and the helical orientation with respect to the 

polarizer and analyzer in odd and even zones. 

 

When no voltage applied on the FLC sample, the helix is aligned along the alignment direction. The helix is 

fully suppressed and the FLC molecules switch to either side of the position parallel to the substrates around the 

cone surface [Fig. 2 (a) and (c)], which are decided by the polarity of the electric field applied. The designed 

arrangements of FLC molecules in the odd and even zones are always oriented orthogonal to each other, endow 

the CDG with the polarization independence [3]. With the half-wave condition satisfied, π phase shift is 

achieved for the passing light between every two adjacent alignment domains. In this case, the far-field 

diffraction patterns exhibit equal-intensity rings. 
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Quantum delayed-choice experiment was proposed to test the predictions of quantum theory versus classical 

hidden-variable (HV) theory. Here we realize an entanglement-assisted version of the quantum delayed-choice 

experiment with four photons. By harnessing the nonlocal correlations between entangled photons, we reveal the 

choice-dependent wave-particle superposition features of the photon under test even under the space-like 

separation of the underlying events. Our work provides striking distinctions between quantum and classical 

theories. The experiment set up is shown in Fig.1.  

Fig. 1 Sketch of experiment. We used entangled photon pair (control photon and ancillary photon) generated in Lab1 to 
assist quantum delayed-choice experiment as proposed in [1]. Horizontal polarization of control photon corresponds to BS2 

in and vertical polarization corresponds to BS2 out. Ancillary photon was transmitted to Lab2 and will be detected on  

random polarization base |α〉 = cos 𝛼 |𝐻〉 + sin 𝛼 |𝑉〉  controlled by quantum random number to realize a space-like 

configuration. A. Aerial photo of the location of two labs. B. Experiment setup. C. Space-time diagram. (I) Interference of 
system and control photon in MZI. (F)Function generator signal(square,5MHz) enters into QRNG. (R)Random number 

signal is shaped with a discriminator and transfered to the EOM driver. (D)Detection of photon and polarization analysis. 

 

In most of the previous delayed-choice experiments, only classical mixture of |wave〉 and |particle〉 states 

were shown[2-4]. ρ𝑠 = 𝑐𝑜𝑠2 𝛼 |𝑝〉〈𝑝|+ 𝑠𝑖𝑛2 𝛼|𝑤〉〈𝑤| gives 𝑃𝑠 =
1

2
𝑐𝑜𝑠2 𝛼 + 𝑠𝑖𝑛2 𝛼 𝑐𝑜𝑠2 𝜑

2
  as shown in Fig.2(a). 

By harnessing multi-photon entanglement and remote quantum gate preparation, we obtain a coherent 

superposition  state of system photon |𝜑𝑠〉 = 𝑐𝑜𝑠 𝛼 |𝑝〉 + 𝑒𝑖𝛿 𝑠𝑖𝑛 𝛼 |𝑤〉 and conditional probability 𝑃𝑠|𝑐 =
1

2
𝑐𝑜𝑠2 𝛼 + 𝑠𝑖𝑛2 𝛼 𝑐𝑜𝑠2 𝜑

2
+ √2 𝑐𝑜𝑠 𝛼 𝑠𝑖𝑛 𝛼 𝑠𝑖𝑛

𝜑

2
𝑠𝑖𝑛 (𝛿 +

𝜑

2
) gives a quantum superposition of wave and particle 

as shown in Fig.2 (b) (δ = 0) . 
 

 
Fig. 2 Experiment Result. Z axis represent the probability of system photon on the horizontal polarization output port. (a) 

Classical mix of |wave〉 and |particle〉. As α increased from 0 to 2π, it shows the morph from particle nature to wave 

nature. (b) Quantum superposition of |wave〉 and |particle〉. It shows a difference from (a), as there is interference of 

|wave〉 and |particle〉. 
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Light scattering by small particles is a fundamental topic in electromagnetics and attracts much attention 
throughout modern history. Among all the phenomena, resonant scattering is the most outstanding behavior 
because it can be easily detected by spectroscopy and features a strong local field, enabling various applications 
of nanoparticles [1-6]. Metallic nanoparticles with localized surface plasmon resonances have been extensively 
studied and practically utilized in surface enhanced spectroscopy and metamaterials [7,8]. Recently, high-index 
dielectric nanoparticles with strong Mie resonances drew considerable interest. Efficient field localization and 
negligible material absorption facilitate prominent Mie resonances, leading to optical magnetic response and 
scattering manipulation [3-6]. For low-index dielectric nanoparticles, the Mie resonances are weak and broad 
due to poor light confinement caused by low reflection at particle boundaries, so that they are typically not 
visible in light scattering spectra. However, low-index dielectric nanoparticles, such as SiO2 and polystyrene 
nanoparticles, have more applications than their high-index or even metallic counterparts. If pronounced Mie 
resonances can be realized, many potential applications can be envisioned. In this work, we found a simple and 
effective approach to drastically enhance the resonance effect of the low-index particles by partial metal dressing. 
Mie resonances of low-index nanoparticles can now be easily visualized by scattered light. This scattering peak 
depends on sphere size and has a reasonable line width. A size difference as small as 8 nm was resolved by peak 
shift or even by color change. The scattering peak is attributed to the enhanced TE11 Mie resonance of the low-
index nanospheres. The metal dress not only provides high-reflection boundary, but also functions as an antenna 
to couple the confined light power to the far field, leading to scattering maxima in the spectra. Additionally, the 
enhanced TE11 Mie resonance in low-index nanoparticles features considerable magnetic response due to the 
strong circulating displacement currents induced by the intensified E-field instead of a high permittivity for 
index particles. The enhanced Mie resonances could be used to sense minute changes in size or refractive index 
of low-index nanoparticles and benefit a wide range of applications. 

 
Fig. 1 (a) SEM image of a metal-dressed SiO2 nanosphere. (b) Forward scattering spectrum and field distribution of the 
metal-dressed nanosphere (486 nm) at the TE11 resonance. (c) Measured forward scattering spectrum of a 486 nm 
nanosphere (black) together with simulation (red), and that at a blank area without nanospheres (blue). The simulated 
spectrum is normalized to the incident power. The incident E-field is along the x-axis. (d) SEM images of five selected 
metal-dressed SiO2 nanospheres with different sizes. (e) Background subtracted forward scattering spectra (black lines) of 
the five nanospheres and the corresponding simulations (dashed red lines). (f) Photopicture in the dark field transmission 
view for nanospheres including the five selected ones with size dependent colors. (g) SEM image of the same nanospheres 
in (f) with the same scope and the same magnification. 
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As the most attractive flat optics, metasurfaces have shown great abilities to manipulate the amplitude, phase 

and polarization of the light. Among many potential applications of metasurfaces (holograms, wave plates, etc), 

metalens keeps catching great attention recently. Many excellent works have been reported, most focus on the 

performance improving, including chromatic aberration correction, efficiency improvement, and so on. It has 

been demonstrated that metalens based on PB phase has a dramatic negative chromatic property [1] (about an 

order of BK7 lens). Different from many efforts made to realize achromatic meta-devices [2-4], this work 

developed an aplanatic design and ingeniously utilized the large chromatic property of metalens.  

Here, we fabricated a GaN metalens to work in the visible region. The crucial aplanatic design was used to 

extremely improve the longitudinal resolution and image quality. Due to the large chromaticity, a 1.7 fold focal 

length change was obtained in the micro-imaging with wavelength changing from 430 nm to 680 nm. This 

spectral zooming is non-mechanical and has tremendous advantages on chip integration. Based on this, a 

microscopic tomography was carried out, where a biological specimen was directly placed in front of the 

metalens with a certain distance. By changing the illumination wavelength, different layer images can be 

captured through the metalens with good depths of field (FOV) resolution. Figure 1 shows the tomographic 

images of two frog egg cells. The spectral resolved images show different FOVs of the cell membrane and 

nucleus, indicating their different feature sizes in longitudinal dimension.   

 
Fig. 1 Tomographic images of frog egg cells at different wavelengths 

  

Taking an ingenious use of large chromaticity of metalens, this work proposed a new method for microscopic 

tomographic imaging in a totally non-motional manner. It promises great potential in detecting highly compact 

and stable imaging system, and possibly illuminate new revolution in optical devices and technology. 
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Nano-kirigami	Enabled	2D-to-3D	Transformations	of	Photonic	
Functional	Metastructures	

 
Jiafang	Li	

Institute	of	Physics,	Chinese	Academy	of	Sciences,	Beijing	100190,	China	
Email:	jiafangli@aphy.iphy.ac.cn	 Kirigami is one of the most traditional Chinese arts (named “paper-cuts” or “jianzhi”) that has been widely used in window decorations, gift cards, festivals, ceremonies, etc. Through cutting and folding 2D/flat objects into 3D shapes, the knowledge of kirigami has recently aroused tremendous interests in both sciences and technologies, including deployable designs of solar arrays, biomedical devices, micro-/nano- electromechanical systems (MEMS/NEMS) and advanced 3D/4D fabrication techniques. 	Inspired by a traditional Chinese paper-cut named “pulling flower”, here we report a direct nano-kirigami method in flat films at the nanoscale [1]. This method utilized focused ion beam (FIB) instead of knives/scissors to cut a precise pattern in a free-standing gold nanofilm, and used the same FIB instead of hands to gradually “pull” the nanopattern into a complex 3D shape [2]. The “pulling” forces were induced by heterogeneous vacancies (introducing tensile stress) and the implanted ions (introducing compressive stress) within the gold nanofilm during FIB irradiation. By utilizing the topography-guided stress equilibrium within the nanofilm, versatile 3D shape transformations such as upward buckling, downward bending, complex rotation and twisting of nanostructures were precisely achieved. The resulted unprecedented 3D nanogeometries could enable exceptional and flexible functionalities in optical, mechanical, thermal, acoustic, electric, magnetic, and biological areas. As an example, photonic metastructures with giant optical chirality, polarization conversion property and phase engineering capability have been explored [1-3].	

	
Fig.	1 (a,c,e) Paper-based macro-kirigami by hands and (b,d,f-j) nano-kirigami by FIB irradiation. Scale bars: 1 μm.   

References	
[1] Z. Liu, H. Du, J. Li, L. Lu, Z.-Y. Li, N. X. Fang., "Nano-kirigami with giant optical chirality", Science	Advances	4 , eaat4436 (2018). 
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Experimental Multi-Photon Quantum Walk on a Directed Graph

Tong Wu1, Josh Izaac2, Zixi Li1, Kai Wang1, Zhaozhong Chen1, Jingbo Wang2, Xiaosong Ma1

1. School of Physics, National Laboratory of Solid-State Microstructures, Collaborative Innovation Center of Advanced Microstructures,
Nanjing University, Nanjing 210093, China
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  Quantum walks  [1]  are  of  crucial  importance  in  the  development  of  quantum  information  processing 
algorithms.  Recently, another  potential  application  has  been  proposed,  where  one  could  efficiently  perform 
network analysis with quantum walks, especially on vertex centrality ranking [2]. However, it is challenging to 
rank  the  centrality  of  a directed  network  via  quantum  walks,  since  it  corresponds  to  a  non-Hermitian 
Hamiltonian, which leads to non-unitary dynamics and thus cannot be simulated by conventional quantum walks.

  Here, we  solved the  non-unitary challenge by  introducing  pseudo-Hermitian  evolutions [3]. We report the 
first experimental realization of centrality ranking of a directed graph on a photonic platform with multi-photon 
parity-time-symmetric quantum walks. The experimental setup is shown in Fig. 1.

 

 
Fig. 1 Experimental setup for realizing quantum walk on directed graphs with single photons and two photons. (a) The 

single-photon source. (b) The optical circuitry for realizing directed quantum walk. (c) The two-photon source. (d) Non-

deterministic photon-number resolving detections are realized by using three fiber BSs and six SPADs. 
 

      With single-photon and two-photon Fock states as inputs, we successfully demonstrated quantum centrality 

rankings on a three-vertex and a nine-vertex graph respectively as shown in Fig. 2, the experimental results agree 

well with theoretical predictions.  

 
Fig. 2 Experimental data. (a) The experimental coincidence counts of the three vertices. (b) The centrality ranking of the 
three vertices. (c) The experimental coincidence counts of the nine vertices. (d) The centrality ranking of the nine vertices. 
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Optical frequency combs (OFC) are widely used in applications such as precise optical frequency metrology, 

optical clock, gas sensing and molecular fingerprinting. In the last decade, microresonator OFC has made 

considerable progress as an integrated alternate of the conventional OFC based on mode-locked lasers [1, 2], with 

high repetition rates from ~10GHz to over 1THz. Such Kerr comb wavelength is usually at telecom band, while 

mid-infrared (MIR) comb are also demonstrated with special dispersion engineering with mid-infrared pump [3, 

4]. On the other hand, the recent development of the Lithium Niobate resonator makes it a good candidate of the 

OFC generation [4, 5, 6],  because of its high non-linear efficiency and near infrared pump wavelength may be 

used for MIR OFC generation.  

Here we report the first MIR OFC generation based on lithium niobate (PPLN) dielectric superlattice box 

resonator with high quality factor. Pumped by continuous wave at 1030nm, MIR OFC can be generated with a 

broadband spectrum over 400nm at 2060nm centre wavelength via second-order optical parametric process. The 

generated comb has low noise and ultrahigh power over 350mW with threshold of 0.3W and a peak conversion 

efficiency of 9%. Compared to existing approaches of OFC generation, this technology provides the practicality 

of many applications such as remote gas sensing.  

 

 

Fig. 1 (a) Optical spectrum of the output centered at 2060nm. The grey line is simulated according to energy conservation due to the limited 

wavelength range of grating spectrometer. (b) The output power of the 2um comb via the pump power. 
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Optical logic functions to be realized efficiently is a difficulty in all-optical signal processing [1]. Over the 

past decades, apart from the basic logic gates, such as AND, OR, NOR, optical complex logic devices, such as 

full adder and full subtracter, encoder, programmable logic array (PLA), have also been widely studied. In these 

optical complex logic devices and basic logic gates, various optical nonlinear effects and operation mechanisms 

were exploited, such as cross gain modulation (XGM) and cross phase modulation (XPM) in semiconductor 

optical amplifiers (SOAs), and four-wave mixing (FWM) in SOAs, highly nonlinear fiber (HNLF) or silicon 

waveguide. As for the potential of integration and reconfiguration, HNLF-based schemes are too bulky for 

integration on a chip, but SOA-based schemes are worthy of further investigation. Among those complex logic 

devices, PLA is a typical representative of reconfigurable and complex logic devices, and it can flexibly 

implement combinational logic functions by combining certain canonical logic units (CLUs), also known as 

CLUs-PLA [2]. 

Here, we demonstrated a fully integrated scheme for all-optical CLUs-PLA with SOAs. Based on the PLA 

chip, all four minterms (i.e., CLUs) for two input signals at 40 Gb/s have been demonstrated successfully, and 

XNOR and XOR were further realized based on these four minterms. The schematic diagram of the integrated 

all-optical PLA as shown in Fig. 1(a). This PLA consists of input circuit, CLUs array, and switch array. Input 

circuit consists of a delay interferometer (DI), which helps to pre-code the input signals by demodulating the 

input differential phase shift keying (DPSK) signals [3]. CLUs array includes SOA1 and SOA2. They are 

nonlinear mediums for generating different CLUs using XGM. Switches array consists of SOA3 and SOA4, 

whose role is to select out appropriate CLUs. The off-chip tunable bandpass filters (TBPFs) are used to extract 

and optimize the CLUs by adjusting the detuning of the TBPFs. The micrograph of the chip is shown in Fig. 1(b), 

the FSR of DI is about 40 GHz which is designed to match with the bitrate of input signals. The SOAs with long 

cavity are 1650 µm in length, which are optimized to enhance the nonlinear effect by increasing the cavity length.  

The SOAs with short cavity are 200 µm in length, which are operating on linear regime. The temporal 

waveforms of the full set of CLUs, XOR, and XNOR are illustrated in Fig. 1(c). These logic sequences are 

correct with clear data streams, and the logic levels of the results can be clearly identified.  

 
Fig. 1 (a) Schematic diagram of the integrated optical PLA. (b) Micrograph of the integrated all-optical PLA based on SOA. 
(c) Measured temporal waveforms of the output logic functions. 
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Left and right handed circularly polarized waves interact differently with structures that cannot be 
superimposed upon their own mirror images, which is known as chirality [1]. Circular dichroism (CD), on the 
other hand, is an important measurement for the difference, and it is a useful tool in chemical and biological 
sensor applications [2]. Various designs of structures and materials have been proposed to realize strong CD, 
given that natural materials have small chirality response. Among them, the twisted multilayer cascaded 
structures are the largest category. However, most of the proposed chiral structures commonly require 
sophisticated fabrication process, even though they can be employed to achieve giant chiral response. It is then 
desirable to design a simple structure with strong chirality. In additions, previous approaches have not so far 
enabled structures with an efficient chiral response at visible light frequencies. Here we propose to achieve giant 
chiral response in the whole visible range by combining anisotropic hexagonal boron nitride (hBN) with metallic 
grating. 

The structure proposed in this work is shown in Fig. 1(a), which consists of one hBN slab and one silver 
grating sandwiched in the middle of two SiO2 slabs. The optical axis (OA) of the hBN slab is in the x-y plane 
and it is tilting off the x-axis with an angle of ϕ. The hBN slab can be used to realize polarization conversion 
between circularly and linearly polarized waves. By adjusting the thickness and the orientation of the OA of the 
hBN slab, the incident right handed circularly polarized (RCP) wave can be converted into the transverse 
magnetic (TM) wave, while the incident left handed circularly polarized (LCP) wave can be converted into the 
transverse electric (TE) wave. The silver grating characterized by period ʌ and filling ratio f can be used to 
achieve selective transmission for TE and TM waves. Such subwavelength metallic grating has been extensively 
investigated in published papers and the selective transmission for different linearly polarized waves can be 
understood with the help of the metallic waveguide theory [3]. The low transmission for TE wave is due to the 
large imaginary part of the propagation constant of the guided TE mode, while the high transmission for TM 
wave is due to the small imaginary part of the propagation constant of the guided TM mode [3]. Consequently, 
the RCP wave can pass the whole structure with high transmission, while the LCP wave cannot pass the whole 
structure. The SiO2 slab between the hBN slab and the silver grating is used to reduce the interaction between 
polarization conversion and selective transmission.  

       
   

Fig. 1 (a) The schematic of the proposed structure in this work, the optical axis of the hBN slab is in the x-y plane and it 
tilted off the x-axis with an angle of ϕ. (b) The transmission of the RCP and LCP waves, and the circular dichroism. 

  
 
When d1=0.24 µm, d2=0.2 µm, d3=0.18 µm, d4=0.1 µm, ʌ=0.1 µm, f=0.5, ϕ=45o, the transmission of RCP 

and LCP waves are shown in Fig. 1(b). The CD is close to 0.84 at wavelength 0.64 µm, and the chiral response 
can occur in the whole visible band. By changing the thickness of the hBN slab, one can also achieve high 
transmission for LCP and low transmission for RCP. Besides, the CD parameter can be tuned by controlling the 
orientation of the OA of the hBN. 
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ABSTRACT:  

Plasmonic nanolasers are a new class of amplifiers that generate coherent light well below the diffraction 

barrier bringing fundamentally new capabilities to biochemical sensing, superresolution imaging, and on-chip 

optical communication. However, a debate about whether metals can enhance the performance of lasers has 

persisted due to the unavoidable fact that metallic absorption intrinsically scales with field confinement. Here, we 

report plasmonic nanolasers with extremely low thresholds on the order of 10 kW cm−2 at room temperature, which 

are comparable to those found in modern laser diodes. More importantly, we find unusual scaling laws allowing 

plasmonic lasers to be more compact and faster with lower threshold and power consumption than photonic lasers 

when the cavity size approaches or surpasses the diffraction limit. This clarifies the long-standing debate over the 

viability of metal confinement and feedback strategies in laser technology and identifies situations where 

plasmonic lasers can have clear practical advantage. 
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Many advances have been made in our understanding of the mechanisms of interaction for optical 

singularities with topologically modulated structures, both in linear [1] and nonlinear systems [2]. However, all 

of the studies to date have been limited to periodic structures. The evolution of orbital angular momentum (OAM) 

in quasi-periodic structures (QPS) with topological defects remain unknown. Compared to ordinary periodic 

structures, QPS are deterministic disordered structures with long-range order; they can be recognized as the 

intermediate state between periodic structures and completely disordered structures. The transition from periodic 

structure to quasi-periodic structure undergoes the breaking of translational symmetry. This means that the 

conversation law of OAM must inevitably change during the transition according to Noether's theorem; it is 

important to recognize and understand the effect of translational symmetry on diffraction characteristics. In 

addition, QPS have high-dimensional complexity, which may allow for OAM manipulation with multiple 

degrees of freedom. Therefore, there is a need to study the mechanism of the interaction between optical 

singularities and topologically modulated QPS, both in terms of physical meaning and practical application. 

 
Fig. 1 Structure and Fourier spectra for QPS with  τ = (1 + √5)/2 and 𝑙1 =𝑙2 =1. (a) Structure of the QPS. (b) Self-similar 

Fourier spectrum of QPS for max(kmn) = 15μm−1. (c) Fourier spectrum of the low-order diffraction part, with some 
diffraction orders labeled. (d) Two-dimensional distribution of the Fourier spectrum; the magnitude of the Fourier 

coefficient is represented by a color bar. 

  

The proposed QPS with  τ = (1 + √5)/2 and 𝑙1 =𝑙2 =1 is shown in Fig. 1(a). The analytical expression of 

the corresponding Fourier spectrum is derived, which reflects the combined effects of topological structure and 

quasi-translational symmetry. Light-matter interaction therein brings unusual diffraction characteristics with 

exotic evolution of orbital angular momentum (OAM). Long-range correlation of QPS resulted in multi-fractal 

and pairwise distribution of optical singularities. A general conversation law of OAM was revealed. A liquid 

crystal photopatterning QPS is fabricated to demonstrate the above characteristics. Dynamic reconfigurable 

manipulation of optical singularities was achieved. Our approach offers the opportunity to manipulate OAM with 

multiple degrees of freedom, which has promising applications in multi-channel quantum information processing 

and high-dimensional quantum state generation. 
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Driving electron motion efficiently using a strong electric field of light on the attosecond (10−18 seconds) 

timescale (i.e. light-field-driven effect), lies at the heart of lightwave electronics1. Light-field-driven 

photoemission has been demonstrated in various nanostructures, which has great potential application in 

attosecond control and measurements. However, its practical application is hampered by its limited modulation 

efficiency, as the reported dependency of photoemission current on light-field strength followed power-functions 

with low power2 less than 2. In this work, a record high-power (up to 40) light-field-driven photoemission is 

achieved by shining strong laser pluses on carbon nanotubes, as shown in Fig. 1(a). The total photoemission current 

shows strong dependency on the carrier-envelope phase (CEP) of the pulses and gained a modulation depth up to 

95% as shown in Fig. 1(b), twice higher than conventional metal nanotips3. Time-dependent density functional 

calculations reveal that the high-power photoemission originates from quantized electronic states in the carbon 

nanotubes’ valence band and the emission power can be further improved by tuning its bandgap. Our results 

provide a new design philosophy for ultra sensitive lightwave electronics with an advanced temporal precision by 

utilizing tunable quantized electronic states in nanomaterials. 

 
Figure 2 | Light-field and CEP dependent photoemission current. (a) Experimentally obtained log-log plot of light field (F) dependent total 

photoemission current for CNT emitter, driven by 100 fs laser pulses with a central wavelength of 820 nm. Three linear behaviors are observed, 

as shown by the different colors: grey, multi-photon photoemission regime; blue, low-power LFE, red, high-power LFE. (b) Upper panel: 7 fs 
laser pulses at a central wavelength of 800 nm. The CEP is tuned by two opposite glass wedges. Lower panel: Effect of CEP variation on 

photoemission current. Shown are pronounced periodical variation in the emission current for 6, with sensitive CEP modulation up to 95%, 

evidenced light field driven regime.  
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Surface enhanced Raman scattering (SERS) provides an approach for the label-free and miniaturized detection 

of the trace amount of analyte molecules[1-5]. A SERS microchip of Au-areoles array, mimicking the areole on 

the cactus, is facilely and controllably prepared through selectively electrochemical deposition on patterned 

superhydrophilic-superhydrophobic substrates. The Au-areoles are full of SERS hot-spots thanks to the large 

amounts of sharp edges, tips, and coupled branches. Meanwhile, the superhydrophilic sites on the 

superhydrophobic substrate can collect the target molecules into those hot-spots. The combination of the SERS 

enhancement of the nanostructured-Au and the collective effect of the superhydrophilic-superhydrophobic pattern 

endows the microchip with sample-effective, ultrasensitive, and efficient Raman detection capabilities, which are 

demonstrated by integrated detection of femtomol R6G and diverse bio-analytes. The chip also can be used for 

mutually independent multi-sample detection without interference. 

 
Fig. 1 (a) Schematic illustration of the selectively electrochemical deposition process on the wettability patterned substrate 
and the morphology/microstructure characterization of the Au-areoles. (b) Concentration effect of the analyte solution on the 
Au-areoles array for multiple detection. (c) Cover feature to highlight the preparation process and trace Raman detection 
based on a wettability regulation strategy. 
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Inspired by the pioneering theoretical works of transformation optics (TO) [1] and scattering cancelling 

technology [2], a plethora of unprecedented devices, especially invisibility cloaks, have been successfully 

demonstrated at various frequencies. The concept of invisible cloaking has attracted intensive research in various 

communities, e.g., optics, acoustics, and thermotics [3,4]. A truly invisibility cloak should have full-parameters 

instead of reduced parameters, and should be omnidirectional rather than unidirectional. However, the above two 

characteristics are often difficult to achieve simultaneously due to the extreme parameters (which are 

inhomogeneous, anisotropic, and singular). In 2014, we proposed and experimentally demonstrated a bilayer 

thermal cloak that is derived directly from the thermal conduction equation and is composed of only two layers 

of bulk materials [5]. Based on the bilayer cinfiguration, many interesting thermal devices are demonstrated, e.g., 

invisible sensor [6] and thermal expand [7]. However, the previously reported thermal meta-devices are limited 

to centrosymmetric geometry, which suffers from a limitation in practical applications. A long-held captivation 

is that transformation-optic metamaterials of anisotropic or non-centrosymmetric geometry (e.g., ellipsoids) 

commonly come along with parameter approximation or directional functions [8]. Recently, we theoretically and 

experimentally build a platform for the design of full-parameter omnidirectional meta-devices of anisotropic 

geometry [9]. The synthetic methodology could be used on objects of irregular shapes fabricated from 

homogeneous and isotropic bulk natural materials. More importantly, it no longer suffers from imperfect 

performance or the restriction of only working at one direction. We experimentally validate three proof-of-

concept experiments going much beyond just cloaks: a cloaked sensor, invisibility cloak, and a super expander. 

The robustness of the proposed concept has also been demonstrated in time-dependent cases. Our paradigm is 

rigorous, exact, and robust, which may open a new avenue to manipulate the Laplacian fields and wave-dynamic 

fields in ways inconceivable. 

 

 

Fig. 1 Function, realization, and experiment of the three proposed thermal meta-devices with anisotropic geometry. 
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Optical modulators are at the heart of optical communication links. Ideally, they should feature low insertion 

loss, low drive voltage, large modulation bandwidth, high linearity, compact footprint and low manufacturing 

cost. Unfortunately, these criteria have only been achieved on separate occasions. Based on a Silicon and 

Lithium Niobate hybrid integration platform, we demonstrate Mach–Zehnder modulators that simultaneously 

fulfill these criteria. The presented device exhibits an insertion-loss of 2.5 dB, half-wave voltage of less than 4 V, 

electro-optic bandwidth of at least 70 GHz, high linearity and modulation rates up to 112 Gbit/s. The realization 

of a high-performance modulator is due to seamlessly integration of high-contrast waveguide based on Lithium 

Niobate - the most mature modulator material - with compact, low-loss silicon circuits. The hybrid platform 

demonstrated here allows "best-in-breed" active and passive components to be combined and opens up new 

avenues for future high-speed, energy efficient and cost-effective communication networks. 

 
Fig. 1 Structure of the hybrid Si/LN MZM. (a) Schematic of the structure of the whole circuit. (b) Microscope image of the 
fabricated devices. (c) Schematic of the vertical adiabatic coupler, scanning electron microscopy images of the cross-

sections of the VAC at different positions, and calculated mode distribution associated with the cross-sections. 

 
Fig. 2 (b-e) Optical eye diagrams at data rates of 56 GBaud/s, 72 GBaud/s, 84 GBaud/s, and 100 GBaud/s. The dynamic 

extinction ratios are 11.8 dB, 6.0 dB, 5.5 dB and 5.0 dB, respectively. (f-g) Measured PAM-4 modulation optical eye 

diagrams at 28 GBaud/s and 56 GBaud/s. (h) Measured curve of BER versus the received optical power for 28 GBaud/s (56 
Gb/s) and 56 GBaud/s (112 Gb/s) PAM-4 signal. 
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Modern optics systems face major challenges as complexity and integration level increase at a fast pace. 
Integrated photonics has offered a chip-scale platform that can consolidate a large number of devices into a small 
chip, thereby significantly reducing the system footprint and complexity. However, as the number of on-chip 
elements increases, integration density limitation is becoming a major bottleneck for further development of 
integrated photonic systems. Particularly, in many on-chip photonic applications such as space/wavelength 
division multiplexing, optical interconnects, and optical phased array, waveguides are used profusely as a 
fundamental bulk for guiding optics signal. High-density waveguide integration is highly desirable, but this is 
fundamentally limited by strong crosstalk at high density. 

Recently, low-crosstalk high-density waveguide integration has been demonstrated by introducing a 
waveguide superlattice [1]. A waveguide superlattice where the waveguide widths repeat periodically every n  
waveguides is illustrated in Fig. 1(a). The pitch of such a waveguide array can reach half-wavelength, yet the 
crosstalk remains low. If this structure is considered by the perturbation theory that treats the surrounding 
waveguides as perturbation to any given waveguide, the perturbation potential will corresponds to a magnitude 
of dielectric constant. Such a large magnitude will disqualify many approximate theories in modeling such a 
system, particularly when we are trying to modeling low crosstalk around -20dB, which represents very weak 
signals. A rigorous coupled mode theory has been developed to model such a system [1,2]. Sidewall roughness 
plays an important role for understanding the crosstalk in the system as well, as modeled in Fig. 1(c).  
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Fig. 1 (a) Schematic of waveguide superlattice (n=5). (b)  Dielectric constant profile for the superlattice (top),  an isolated waveguide 
(middle), and the perturbation potential (bottom). (c) Transmission/crosstalk spectra with a random roughness configuration. (d) 
preliminary experimental results: representative normalized transmission/crosstalk spectra of a recently made waveguide superlattice. 

We have recently explored better fabrication routes for making waveguide superlattices and demonstrated the 
low crosstalk in a SC5 superlattice array as shown in Fig. 1(d). The loss is also lower (propagation loss 
3~6dB/cm, coupling loss <2dB per waveguide endface). 
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Fig. 2 Optical phased array. (a) schematic; (b) Simulated beam characteristics for a conventional OPA with pitch a~2. Green 
line: intended 0-deg beam with a few secondary beams (called grating lobes); Blue line: 45-deg beam with grating lobes; (c) 
waveguide superlattice OPA simulation, a=/2. Green line : 0-deg beam, Blue line: 45-deg beam. No grating lobes show up. 

One of the important applications for such a high-density waveguide superlattice is half-wavelength pitch 
optical phased array. Traditional optical phased arrays have large pitches of a few wavelengths, which leads to 
small scanning range and high-level secondary beams as shown in Fig. 2(b). With half-wavelength (/2) pitch, 
low crosstalk waveguide superlattice, one can potentially achieve a /2-pitch OPA free of all these issues as 
shown in Fig. 2(c). As such, it could unlock the potential of OPAs in many applications such as LIDARs for 
autonomous vehicles and wireless optical communications. 
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Electromagnetically induced transparency (EIT) has attracted a lot of research interest in recent years. 

However, very limited attempts have been made to mimic the EIT phenomena by varying the lateral distance 

between the resonatorss or breaking the structural symmetry[1-2]. In this letter, a significant amplitude 

modulation of EIT resonance is demonstrated by undulating meta-surface. A schematic of the proposed EIT is 

shown in Fig.1(a). The metamaterial unit cell consists of a two-gap outer split ring resonator (SRR) and an inner 

ring resonator which is thicker than the outer ring. 

The undulating meta-surface design shown in Fig.1(a) has been fabricated with photolithography and 

metallization process steps. We designed 5 sets of samples with inner ring thickness h of 0.2um,1um, 2um, 3um, 

4um, respectively. In the experiments, a normal incident THz wave is perpendicularly projected onto the surface 

of the samples with the polarization of the electric fields parallel to the split gaps. Fig.1(b) is experimental 

transmission spectrum, which shows the EIT transmission peak value gradually increase with h increasing from 

0.2um to 4um. 

 
Fig. 1 (a) The schematic of the undulating meta-surface structure; (b) The experimental results with the different thickness 

of inner ring; (c) and (d) are simulated surface current distribution and electric field distribution with h=0.2um and h=4um 

at 0.47 THz; (e) Coupling coefficient of the EIT with varying the value of h. 
  

In order to gain insight into the mechanism of the enhanced EIT, simulation based on the finite element 

method (FEM) are performed by using the frequency-domain solver in CST Microwave Studio for the unit-cell 

structure. As shown in Fig.1(c) and (d), it is the destructive interference between the two surface currents on the 

resonators that leads to EIT. However, when the thickness of inner ring h increases, the electric field on the ring 

would drop onto the SRR resulting in a stronger coupling electic field. Thus, there is an enhanced EIT.  

We adopt a widely used coupled Lorentz model to reveal the coupling characteristics due to variations of the 

thickness of inner ring in further detail. The transmission equation can be obtained: 

( ) / 2 /

1 4 e / (( 1)( ) (1 )( )e )active activei dn c i dn c

active active active sap active active sapt n n n n n n n
  = + + + − −  

Therefore, the fitted transmission of different thickness and the relationship between the thickness d and the 

coupling coefficient  can be obtained. It can be seen that the coupling coefficient increases with the thickness, 

indicating that as the thickness of the inner ring increases, the coupling between the two resonators increases, as 

shown in Fig.1(e). 
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Luminescent bulk materials generally suffer from the thermal quenching, while upconversion 

nanocrystals (UCNCs) have recently been found to show the dramatic emission increase at elevated 

temperatures. A deep understanding of this quite different light-heat interaction at the nanoscale 

is important both scientifically and technologically. Herein, temperature-dependent upconversion 

luminescence (UCL) is investigated for UCNCs with various sizes, activators (Ho3+, Tm3+, Er3+) 

and core/shell structures. An anomalous UCL enhancement with increasing temperature is 

demonstrated for UCNCs with larger surface/volume ratios (SVRs). Moreover, this heat-favorable 

UCL shows a pronounced dependence on the SVRs, activators, emitting levels and measuring 

environments. Substantial evidence confirms that the thermally-induced UCL increase is primarily 

due to the temperature-dependent quenching effect of surface-adsorbed water molecules (Fig. 1), 

instead of the previously proposed surface phonon-assisted mechanism[1]. Temperature-dependent 

spectral investigations also show that the energy-loss process of Yb3+-sensitized UCNCs is largely 

due to the deactivation of Yb3+ ions caused by surface quenchers, rather than the direct quenching 

to activators. UCNCs with an active-shell (doped with Yb3+) exhibit the similar thermally-induced 

UCL increase, due to energy migration to the surface over the Yb-Yb internet. It implies that 

active-core/active-shell UCNCs still are susceptible to surface quenchers and would be unsuitable 

for specific applications in aqueous environments. 

 

Fig. 1 The thermally-induced emission increase of solid-state upconversion nanocrystals results from a gradually-attenuated 

quenching effect of surface-adsorbed water molecules at elevated temperature.  
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Tantalum pentoxide (Ta2O5) is a large bandgap material, which shows ultralow linear and nolinear absorption loss 

in visible to infrared region. Such optical property enables it to realize low loss optical waveguide platform [1]. 

Recently, Ta2O5 has been widely utilized to demonstrate nonlinear waveguide applications due to its huge optical 

nonlinearity. For instance, the four-wave-mixing, third-harmonic generation and self-phase modulation have been 

realized in Ta2O5 waveguide structures [2-4]. However, seldom work reports the supercontinuum generation in 

Ta2O5, especially in the visible region.   

In this work, anomalous dispersion Ta2O5 based waveguide was designed for super-continuum 

generation(SCG) due to its nature of two photon absorption free and high optical nonlinearity. The Ta2O5 film is 

deposited by using RF sputtering technique. After deposition, the e-beam lithography and reactive ion etching are 

utilized to fabricate the waveguide structure. A 5mm length air cladding Ta2O5 waveguide with dimension of 

800nm x 700nm was fabricated for fulfilling anomalous dispersion requirement which is crucial for SCG, as shown 

in Fig. 1. Fig. 2 shows the spectrum of SCG with various power. By injecting a 100-fs pulse laser at central 

wavelength of 1-um, the output spectrum of Ta2O5 waveguide shows an octave spanning (at -30dB). For excitation 

laser wavelength of 1056nm, with excitation peak power of around 400W, the 1.5 octave spanning was 

demonstrated. In addition, the SCG from various dimension Ta2O5 waveguide was investigated and discussed. Our 

primary result shows that Ta2O5 has great potential in developing visible to infrared broadband light source, which 

can be applied in optical coherence tomography and frequency metrology. 

  
Fig. 1 Dispersion and wavelength relation chart Fig. 2 SCG spectrum of air cladding Ta2O5 waveguide 

under various excitation power 
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Abstract Two-dimensional transition metal dichalcogenides (2D TMDs) have been demonstrated as promising 

candidates for strong light–matter interactions, due to their large exciton binding energy and exciton transition 
dipole moment. Here we investigated strong coupling between exciton and plasmonic nanocavity in 
heterostructure consisting of monolayer WS2 and an individual gold nanorod. Giant Rabi splitting was observed 
in the photoluminescence (PL) spectrum, which can be evidenced by the anti-crossing behaviour with Rabi 
splitting strength of 106 meV on the energy diagram. 

 
Strong light–matter coupling systems with large vacuum Rabi splitting are important for quantum information 

application, such as quantum manipulation, quantum information storage and processing. To achieve strong 
coupling, two requirements need to be satisfied: large transitional dipole moment and strong mode confinement 
[1]. Most recently 2D TMDs have attracted enormous interests in studying strong coupling owing to their large 
exciton transition dipole moment and exciton binding energy [2]. On the other hand, due to their extremely small 
mode volumes, simple excitation manner, and facilely tunable resonance frequencies, plasmonic nanostructures 
are prior to the conventional optical cavities in studying strong coupling [2]. Therefore, hybrid system consisted 
of 2D TMD and plasmonic nanostructure has been demonstrated to be an excellent platform for studying strong 
coupling [2]. However, mode splitting, which is an experimental manifestation of strong coupling phenomena, 
obtained by the common experimental technique, dark field (DF) microscopy, may be confused by other effects 
such as enhanced absorption, plasmonic quenching, and Fano resonances in the weak coupling regime. These 
subtle effects may show the similar experimental observations, namely split-like line shape or asymmetry of the 
spectroscopic signal as strong coupling regime but with different physic origins. Alternative method in revealing 
strong coupling has been demonstrated by utilizing PL spectroscopy, which can directly interpret the strong 
coupling phenomena and help us deeply understand physic nature of strong coupling [1]. Although a few studies 
have demonstrated the strong coupling in PL of hybrid system consisted of excitonic organic dyes and individual 
plasmonic nanostructure [1, 3], research on strong coupling from PL spectrum of hybrid system consisted of 2D 
TMD and individual plasmonic nanostructure has not been reported yet. 

In this study, we numerically investigate the PL of strongly coupled heterostructure consisted of monolayer 
WS2 and an individual gold nanorod by using the finite-difference time-domain method (FDTD). An electric dipole, 
acting as excitonic emitter, is placed in the gap of the gold nanorod and monolayer WS2. By selecting a typical 
gold nanorod (aspect ratio ~ 2.4) of plasmon energy in resonance with the exciton emission of monolayer WS2, a 
clear mode splitting can be observed in the PL spectrum. In addition, the strength of the splitting strongly depends 
on the orientations of the dipole. In particular, the strongest splitting can be observed when the orientation direction 
of the dipole is parallel with the long axis of the gold nanorod. To further ascertain that the heterostructure enter 
the strong coupling regime, we measure PL spectrum of the heterostructures with gold nanorods of varied aspect 
ratio. Finally, an anti-crossing behaviour with Rabi splitting strength of 106 meV is observed on the energy 
diagram, which fulfils the requirement for the strong coupling to occur. 

In conclusion, we have studied the strong coupling in PL of gold nanorod–WS2 heterostructure. We revealed 
the anti-crossing behaviour with Rabi splitting strength of 106 meV. Our result offer guidelines for investigating 
strong coupling in PL of hybrid system consisted of 2D TMD and individual plasmonic nanostructure, paving the 
way of developing novel light-emitting nanophotonic and optoelectronic devices. 
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Surface plasmon, as electron oscillations, exists widely at the interference between a metal and a dielectric. 

The rising field has shown varieties of applications in nano-devices [1], molecular sensors [2], and life sciences 

[3]. Exciting surface plasmon by photons has to meet the momentum matching condition, which usually requires 

a prism, or a grating, or a defect on the surface [4]. As shown in Fig. 1(a), a method to excite surface plasmon 

under normal incident light is investigated. In the method, a plasmonic coupling metadevice is placed 80 nm 

above a thin gold film whose thickness is 50 nm. The dimer-structure metadevice, consisting of pairs of gold 

elliptical cylinder nanoparticles, is embedded in a fused silica bulk. The system is excited by a normal incident 

plane wave, which is a Gaussian pulse with 15 fs duration. Induced plasmonic resonances of gold nanoparticles 

enhance the electromagnetic field around dramatically and further excite surface plasmon on the thin gold film 

below. As shown in Fig. 1(b), Fourier spectra of time domain electric fields on the up side of the film are 

calculated under normal incident lights with different polarization angles. Several peaks exist in every curve, 

which represents different resonant modes, including plasmonic resonances of nanoparticles and surface plasmon 

resonances of the film. The sharpest resonance represents surface plasmon, and the broader resonances are 

plasmonic resonances of nanoparticles. With the orthogonally arranged dimer structure, surface plasmon can be 

induced insensitive of polarization angles. 
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Fig. 1 (a) Schematic of the proposed metadevice where inset pictures show the detailed structure. (b) Fourier spectra of 

time domain electric fields under incident lights with different polarizations. 

  

This research uses metadevice on one side of the thin metal film to induce surface plasmon, overcoming the 

momentum mismatch between normal incident light and surface plasmon. Compared to other Silica-Metal-Air 

sandwich-like systems, such as Otto configuration and Kretschmann configuration, the proposed multi-layer 

system is insensitive to the polarization of incident light. Moreover, results in the spectra also indicate some 

important characteristics of resonant modes, such as Q-factors and centre frequencies. 
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Silicon photonics has developed rapidly in recent years. As an important type of silicon photonic devices, 

optical switches [1] are widely used in optical communications, interconnections, quantum photonics, and signal 

processing. For a normal Mach-Zehnder thermo-optic switch, many of its performance parameters have reached 

an excellent level. However, the extinction ratios (ERs) of silicon thermo-optic switches are still at a modest 

level [2], whereas many applications in quantum photonics and signal processing desire high ERs>30dB. 

In this work, we design and fabricate a Mach–Zehnder thermo-optic switch on SOI wafer towards the goal of 

achieving extinction ratios of all paths over 30dB. Through simulation and experiment, we assess the effect of 

fabrication variability on the extinction ratios of two outputs, and suggests potential solutions.  

In the experiment, light from a tunable laser is coupled into one input waveguide, electric signal is applied to 

the electrode to generate heat to achieve phase shift. We find that at designed operating wavelengths, there are 

huge differences between extinction ratios of two outputs, with the bar port always having lower ERs (by as 

much as 20 dB), as shown in Fig. 1(a). To investigate the mechanism behind the huge disparity of ERbar and 

ERcross, theoretical analysis and simulation are carried out. The theoretical dependence of ERs on the splitting 

ratios (r1, r2) of the two direcitonal couplers (DCs) in a switch are shown in Fig. 1(b),(c).  During fabrication, the 

splitting ratios r1 and r2 tend to vary by the similar amount. Interestingly, Fig. 1(c) shows that if r1 and r2 vary 

synchronously, ERcross remains high, but ERbar cannot enjoy such a benefit for r1=r2, as shown in Fig. 1(b).  

      
Fig. 1 (a) Measured transmission at 1550nm as a function of heating power, for light injected to Input 1 port; (b) ER 

simulation for bar port; (c) ER simulation for cross port. r1 and r2 are power splitting ratios of the two directional couplers. 
 

     
Fig. 2 (a) Variation of the extinction ratios of four paths with wavelength; (b) Measured transmission at 1628nm, light 

injected to Input 1 port; (c) Schematic drawing of a proposed switch to achieve both high ERs and broadband operation. 

Statisticals of the measured extinction ratios of a number of switches fabricated in the same batch are shown 

in Fig. 2(a). From this figure, we can see always ERbar < ERcross. But as the wavelength increases, the difference 

becomes less. This can be interpretted that r1 and r2 approaches the designed value of 0.5 at longer wavelengths, 

and the wavelength shift may be attributed to fabrication variation [2]. Detailed fabrication variation scenarios 

for such r1 and r2 are simulated and classified in Ref. [2]. At 1628nm, some devices can have ERbar and ERcross  

both reaching 30dB [Fig.2 (b)]. For some quantum photonics and signal processing applications that require high 

ER and allow free choice of the working wavelength, the current structure suffices. 

In order to reduce the negative effect of wavelength sensitivity, a switch comprising broadband 3dB DCs, as 

shown in Fig.2 (c), may be used. In combination with proper padding to minimize fabrication variation, this 

structure may achieve high ERbar and high ERcross over a broad wavelength range with good fabrication tolerance. 
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Bloch surface waves (BSWs) are surface electromagnetic modes which are excited at the interface between a 

truncated period dielectric multilayer and its surrounding medium [1]. BSWs can be considered as the dielectric 

analogue of surface plasmon polaritons (SPPs) but with lower losses and longer propagation length because of the 

lower absorption of dielectrics compared with metals. In this talk, I will present our recent work in this filed. We 

have demonstrated a diffraction-free BSW that does not diffract after passing through three obstacles [2]. And to 

overcome the crushing cost of fabrication, we used a single silver nanowire as a flexible coupler to transform a 

free space beam into a BSW propagating on the dielectric multilayer. The reconfigurable or dynamical BSWs have 

been obtained with the aid of a spatial light modulator [3]. With the ability to be used in water, the long propagation 

distance, and the high flexibility, BSW is ideal for certain applications in areas such as the biological sciences, 

where many measures are made on glass surfaces or for which an aqueous environment is required, and for high-

speed interconnections between chips, where low loss is necessary.  
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Most forms of light-matter interaction are mediated by the electric field. Therefore, these effects can be 
dramatically amplified by enhancing the applied field locally [1]. Local-field enhancement has applications in 
sensing, nonlinear optics, photovoltaics, and quantum optics [1]. Such local-field enhancement is typically 
achieved using free-space optics such as lenses, or at the microscale using dielectric resonators or plasmonics 
[1]. However, the field enhancement factor of these mechanisms is restricted by the focusing limit of lenses, or 
large mode volumes of dielectric resonators, or heating and parasitic losses of plasmonics in the optical regime. 
These drawbacks limit the strength of light-matter interactions and restrict applications. 

Here, we present a mechanism to achieve strong local-field enhancement within a gradient index slab, where 
the refractive index varies from positive to negative value (Fig. 1a). Electromagnetic waves entering this material 
at oblique angles refract as they propagate through the slab, which can be modeled as a series of interfaces 
between materials with increasingly negative index. The normal component of the electric displacement field 
(Dx=ϵEx) must be continuous across each interface, causing the electric field to increase in proportion to the 
decrease in permittivity. If the index decreases gradually, the reflections at each interface can be minimized, and 
the incident wave can be partially transmitted through the metamaterial slab. As the wave penetrates into the 
slab, the electric field continues to grow until it diverges at the middle of the slab where the index reaches zero 
[2]. 

 
Fig. 1 (a) Schematic of a bulk gradient index metamaterial (GIM). Top left: a transverse-electric (TE) polarized light is 
obliquely incident onto a GIM with refractive index gradually changing from one to zero to negative one. Top right: 
constitutive relation at the zero-index transition. The normal component of electric field Ex  diverges as the permittivity 
approaches zero. Bottom: normalized electric field component Ex as a function of the longitudinal coordinate. (b) GIMs 
consisting of 2D Dirac-cone metamaterials with positive-zero-negative gradient index. The period a and radius r of the 
centre unit correspond to an effective index of zero. (c) Electric field enhancement as a function of the incidence angle [θ in 
(a)] and the length of the GIM made of 2D Dirac-cone metamaterial [L in (a)]. 

  
We design a GIM based on 2D Dirac-cone metamaterials, consisting of a square array of dielectric pillars [3]. 

By adjusting the radius and separation of the pillars, we obtain an effective refractive index equal to zero in the 
optical regime, while maintaining finite impedance. This design is easily extended to positive (negative) index 
by increasing (decreasing) the separation and radius of the pillars. A GIM can be created by continuously 
varying the dimensions of the unit cell across the width of the array (Fig. 1b). 

To characterize the performance of GIM, we numerically simulate the enhancement of the electric field as a 
function of the incident angle and slab length (Fig. 1c). Here the Dirac-cone metamaterial consists of silicon 
pillars, designed for an operating wavelength λ=1550 nm. The field enhancement is maximized for a narrow 
range of incident angles, which depends on the length of the metamaterial slab. This is caused by a “forbidden” 
region near the middle of the slab, across which electromagnetic field tunnels as an evanescent wave. Longer 
slabs require smaller incidence angles to minimize the width of the “forbidden” region near zero index, while 
thinner slabs can tolerate relatively wider forbidden regions. So, we can control the optimal angle for field 
enhancement by adjusting the slab length. For optimized incident angle, the tangential component of the electric 
field Ez is enhanced by a factor of more than 400 due to the zero-index transition (Fig.1c). 
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Satellite Laser Ranging (SLR) is a recognized technique with the most precision measurements in 

determining the orbits of space targets. The developments of SRLs were fired by critical technologies over the 

past 50 years. At the first period, SLR proposed by Plotkin in 1964 was equipped by a Q-switched ruby laser and 

photoelectric receiver. In the 80s and 90s of twenty centuries [3], Nd:Yag laser and photomultiplier tube (PMT) 

were widely adopted. The new technologies increased the accuracy to several cm of SLR, which extended the 

applications to geodesy, fundamental science and precise orbit determination. Currently, most SLR stations 

doubled the frequency from 1064 nm of Nd:Yag laser to 532 nm wavelength for the response band of silicon-

based single photon detectors. In theory, the 1064 nm system may be featured with no conversion loss and 

doubled photon number. At the same time, the laser with higher power may be produced for no risk of burning 

Nonlinear Crystal in for frequency doubling. The main barrier for 1064 nm SLR is lake of high efficiency 

detector. 

In this work, we demonstrated a next generation of satellite laser ranging with NbN-based SNSPD array. The 

total active area of the superconducting nanowires increases to 80 µm × 80 µm. Compact wiring between the 

cells ensures a 98.5% filling rate. An equivalent receiving aperture of 300 µm associated with beam compression 

technology. Experimental results showed a quantum efficiency of 94.5%, and a system efficiency of 46% for 

photons coupled from 300 µm fiber without optimizing polarization, and a system time resolution of 92 ps. This 

work demonstrates the feasibility of large SNSPD array based on NbN, and furthermore, paves the new way for 

developing large pixel photons camera. 

 
Fig. 1 Schematics of satellite laser ranging with SNSPD array. 

The detector also has significant advantages in the field of satellite laser ranging. First of all, the size of the 

received reflected spot is generally on the order of several tens of micrometers because of long detection distance. 

However, the size of the active area of traditional array single-photon detectors is only a few ten micrometers. 

They cannot cover all photons, extremely limit the detection efficiency and ranging accuracy. Our device 

overcomes this difficulty due to its large active area. Secondly, the previous single photon detectors mostly have 

single-pixel or small-array structure, so the speed of signal response and the detection efficiency is slow. Our 

device has a large-array structure. Making it easier to have a fast signal response speed and even can perform 

well in parallel processing 16 channels which further improves the detection efficiency and ranging accuracy.  

Up to now, we have successfully ranged over 200 targets. The analysis indicated that the max. distance is up 

to 1 million km for typical cooperative targets, and the min. size is 1 cm for non-cooperative targets at a typical 

distance of space debris. According to our knowledge, both of them updated the records of SLR.  
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Strong localized surface plasmon resonance (LSPR) of metallic nanoparticles has been proved to be able to 

effectively enhance the Raman scattering, the visible light absorption and the photoluminance emission of organic 

molecules and has thus got wide applications. Recently, strong damping of LSPR of metallic nanoparticles being 

demonstrated can produce new effects[1], which is now drawing increasing attention. We fabricate samples whose LSPR 

is strongly damped [2-3] and we explore the LSPR damping induced improvement of transmittance of 

dielectric/nanopariticles/dielectric layers [2] and the LSPR damping induced visible light photocatalytic efficiency of 

nanopariticles[4]. 
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Abstract: Chiral quantum systems have received intensive attention in fundamental physics and applications 

in quantum information processing including optical isolation and photon unidirectional emission. We design an 

on-chip resonator-emitter system with chiral light-matter interaction. The system includes a microring resonator 

with near-unity optical chirality along both of the whole outside and inside walls, allowing a strong and chiral 

coupling of the Whispering-Gallery mode to a quantum emitter. Using this design and initializing a quantum dot 

in a specific spin ground state, we show a broadband optical isolation at the single-photon level over several 

GHz. Furthermore, a quantum emitter chirally coupling to the microring resonator can emit single photons 

unidirectionally. This chiral single-photon interface paves a way to realize optical non-reciprocity in on-chip 

quantum information processing and quantum networks. 

 

 
Fig. 3 Single-photon transmission. (a) The steady state transmission for D = -0.99. Red (blue) curves are for the forward 

transmissions T+ (T-) in the cases without the backscattering, i.e. h = 0, (solid curves) and with a backscattering of h = γ𝑐  
(dashed curves). (b) Isolation contrast (blue curve) and insertion loss (red curve) as a function of the optical chirality D. 

∆𝑐= 0; h = 0. Other parameters for (a) and (b) are given in text. (c) Propagation of single-photon pulses, incident to the 
ports 1 and 2 simultaneously, through the QD-resonator system. Up (lower) panel shows the propagation of single-photon 

pulse input to the port 1 (2). Solid curves are the input single-photon wavefunction, and dashed curves for the transmitted 

wavefunction. 
  

References 
[1] P. Lodahl, S. Mahmoodian, S. Stobbe, A. Rauschenbeutel, P. Schneeweiss, J. Volz, H. Pichler, and P. Zoller, Nature (London) 541, 473 (2017). 

[2] M. Scheucher, A. Hilico, E. Will, J. Volz, and A. Rauschenbeutel, Science 354, 1577 (2016). 

[3] C. Sayrin, C. Junge, R. Mitsch, B. Albrecht, D. O’Shea, P. Schneeweiss, J. Volz, and A. Rauschenbeutel, Phys. Rev. X 5 (2015). 

[4] K. Xia, G. Lu, G. Lin, Y. Cheng, Y. Niu, S. Gong, and J. Twamley, Phys. Rev. A 90 (2014). 
[5] J.-T. Shen and S. Fan, Phys. Rev. A 79, 023838 (2009). 

[6] J.-T. Shen and S. Fan, Opt. Lett. 30, 2001 (2005). 

A Nature Conference on Nanophotonics and Integrated Photonics 2018

33 



   

Strong Plasmon–Exciton Coupling in  

Single Au Nanohole–Monolayer WS2 Hybrid Nanostructures 

 
Xuexian Chen, Huanjun Chen* 

 State Key Laboratory of Optoelectronic Materials and Technologies, Guangdong Province Key Laboratory of Display Material and 

Technology, School of Electronics and Information Technology, Sun Yat-sen University, Guangzhou 510275, China 
* corresponding author: chenhj8@mail.sysu.edu.cn 

 

 

Abstract Two-dimensional transition metal dichalcogenides (TMDCs) are emerging as promising materials 

for studying light–matter interactions due to their excellent optical properties. Realizing strong plasmon–exciton 

coupling in single nanoantenna level is of importance in pursuing of novel nanophotonic devices under ambient 

conditions. Here, we have proposed a strong plasmon−exciton coupling systems by integrating the monolayer 

tungsten disulfide (WS2) with individual plasmonic gold nanohole. Our results demonstrate that Rabi splitting 

exceeding 162 meV can readily be achieved in planar TMDC/metal nanostructure at room temperature. We 

strongly believe that such hybrid systems can provide a simple and robust single nanostructure design to 

manipulate the light−matter interactions at the nanoscale. 

 

 

In the past five years, strong light–matter 

interactions have attracted a great deal of attentions 

because they exhibit fascinating applications in 

optoelectronics, nanophotonic devices, and 

quantum optics.[1] Many efforts have been made 

concerning the strong coupling between surface 

plasmon and exciton in J-aggregates, dye molecules, 

and qutantum dots.[2] At the same time, another 

prominent atomic crystal materials, transition metal 

dichalcogenides (TMDs), have emerged as a 

promising light-active material for studying 

plasmon−exciton coupling under ambient 

conditions. One of the most remarkable features of 

TMDs is the bandgap changed from indirect-to-

direct when passing from bulk to a monolayer. On 

the other hand, benefited from the small mode 

volume of the plasmonic systems, metal 

nanostructures exhibit exceptional electromagnetic 

field localizations which can deliver strong optical 

confinements and enhance light–matter 

interactions.[3] Although such a strong coupling 

behavior has been reported in the MoX2 coupled 

with metal nanostructure. However, MoX2 always 

have relative small Rabi splitting, while WX2 own 

sharper and stronger isolated absorption band. In 

addition, WX2 exhibit larger exciton binding energy, 

whose Rabi splitting can exceed the exciton line-

width.[4] 

In our study, we investigate the coupling effect 

in hybrid nanostructures consisting of monolayer 

WS2 and an individual planar plasmonic gold 

nanohole. We showed from both experiments and 

numerical simulations that the strong coupling 

could be obtained between the WS2 excitons and 

gold nanohole plasmons at room temperature. The 

underlying mechanisms of plasmon–exciton 

coupling were systematically studied by single 

particle dark-field scattering spectroscopy, scanning 

near-field optical microscopy (SNOM) and a 

coupled harmonic oscillator model. A Rabi splitting 

of 162 meV was extracted from the anti-crossing 

curves by measuring dozens of individual 

nanoholes scattering spectra.  

In summary, we have demonstrated that the 

strong coupling between an individual plasmonic 

gold nanohole and monolayer WS2 flake from both 

experimentally and theoretically. WS2–gold 

nanohole hybrid nanostructures were created by 

transferring monolayer WS2 onto the Au nanoholes 

fabricated by focused ion beam technique. 

Photoluminescence emission enhancement was 

observed due to the strong near-field localization. 

Further, by fitting the anti-crossing curve of 

scattering spectra from the hybrid nanostructures, a 

Rabi splitting energy of 162 meV was achieved at 

room temperature owe to the strong optical field 

confinements of the Au nanoholes and large 

transition dipole moment of the WS2 exciton. We 

strongly believe that such a coupling nanophotonic 

systems can open new avenues to realize tunable 

planar plasmonic devices operating at the nanoscale. 
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Metasurface has recently become a practical surface-equivalent route to transformation optical (TO) 

applications due to its simplicity in fabrication and high resolution in constructing a desired wavefront[1–3]. In 

this work, we propose an out-of-the ordinary approach in designing metasurface using the concept of 

complementary media as an intermediate step. The metasurface, effectively storing all the original information in 

TO media, enables specific TO applications which normally requires complementary media. According to the 

established design scheme, we numerically demonstrate compact and simple-to-design metasurfaces for 

transforming, shifting, and splitting an object with very good camouflaging performance. Although such 

metasurfaces for illusion optics ideally work at designed incident angle like other metasurface devices, they still 

have angle tolerances about (20°). Our scheme for metasurface-enabled illusion optics opens a gate for realizing 

more complicated transformation optic device with a single sheet of surface. 

 

 
 

Fig. 1  The schematic diagram of metasurface-enabled illusion optics. (a) The virtual space with complementary media to 

obtain the design of metasurface. (b) The physical space with the “real” object to turn into the virtual object by the 

metasurface.  

  

References 
1 X. Ni, Z. J. Wong, M. Mrejen, Y. Wang, X. Zhang, "An ultrathin invisibility skin cloak,"   Science 349, 1310-1314 (2015).  

2 B. Orazbayev, E., N. Mohammadi,  A. Alù, M. Beruete, "Experimental Demonstration of Metasurface-Based Ultrathin Carpet Cloaks for 
Millimeter Waves," Adv. Opt. Mater.5, 1600606 (2017). 

3 S. Vellucci, A. Monti, A. Toscano, F. Bilotti, "Scattering manipulation and camouflage of electrically small objects through 

metasurfaces," Phys. Rev. Appled. 7, 034032 (2017). 

A Nature Conference on Nanophotonics and Integrated Photonics 2018

35 



   

Toroidal Response Based on Localized Spoof Plasmons 
 

Pengfei Qin1, Ran Hao1, Jianyao Jiao1, Xiaobin Lin1, Zheng Zhen1, Dagarbek Rakhatbek1, Ibrahim 
Nasidi1, Hongsheng Chen1, Erping Li1 

1. Zhejiang University, Zheda Road 38, Hangzhou 310027, China 
 

Surface plasmon polaritons (SPPs) are a kind of electromagnetic (EM) surface wave propagating at the 
interface between noble metals and dielectrics at optical frequencies [1]. With the ability to confine EM waves at 
a deep sub-wavelength scale, SPPs provide solutions to overcome the diffraction limit and miniaturize the 
photonic components. At microwave or terahertz frequencies, a concept of spoof SPPs has been proposed by 
Pendry et al. in 2004, where a special surface wave mode, propagating on a periodically subwavelength 
structured metal surface, has enhanced energy confinement and a dispersion similar with that of natural SPPs but 
at much lower frequencies [2]. Recently, a toroidal multipole is another form of multipole which is produced 
when currents flow on the surface of a torus along its meridian [31]. Because of its unusual EM properties like 
dynamic non-radiating charge-current configurations, the toroidal multipoles have attracted increasing attentions 
recently. Currently, most of the studies focus on electric/magnetic localized spoof surface plasmons (LSSPs), 
where the LSSPs show multipole electric/magnetic dipole moments.  

In this work, we propose and experimentally demonstrate compact planar meta-disks based on split ring 
resonators (SRRs) to support toroidal LSSPs at microwave frequencies. We focus on the localized toroidal 
modes, which is a new field where very few works have been done. Our proposed structures show the merits of 
compactness, elegance, and high compatibility with the photonic integrated circuits. Fig. 1(a) show the proposed 
structure consists of metallic SRRs and FR4 dielectric substrate. Fig. 1(b) show the magnetic field intensity 
distribution of the SRR disks at 4.16 GHz. The magnetic field distributions exhibit a vortex with the field that 
threads all the SRRs, which is produced by the surface current oscillating on the SRRs. Also, the magnetic field 
is in a shape of torus, which is an important signature of the toroidal dipole moment as it provides a toroidal 
dipole along z direction. In the experimental setup shown in the inset of Fig. 1(c), two dipole antennas connected 
with VNA are used to measure the transmission. Moreover, around 4.16 GHz the transmission curves experience 
resonances which are in accordance with our expectation, which agrees well with simulated scattering 
parameters.  

 
Fig. 1 (a) Top view of the proposed structure consisting of 12 SRRs. (b) Simulated magnetic field intensity distribution in 
the xy plane of the SRR disks at 4.16 GHz. (c) Simulated and experimental transmission parameters. (d) Measured 
reflection parameters, where the background is air and oil with the relative permittivity 1 and 2.5, respectively. 

  
We also study the impact of background parameters to the proposed toroidal LSSPs resonator. In the 

experiment, we change the background medium from air to oil (relative permittivity of 2.5), as shown in Fig. 
1(d). The resonance frequency shifts from 4.17 GHz in the air to 3.8 GHz in the oil and the corresponding 
resonance frequency shift per refractive index is 0.8 GHz/refractive index unit (RIU). Therefore, the toroidal 
LSSPs resonator can work as a deformation sensor and to detect the refractive index changes of the surrounding 
medium. 
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Here we present our recent work on broadband linear polarization rotator. Firstly, we have experimentally 

demonstrated a linear polarization rotator that is a three-layer metallic grating structure for manipulating the 
polarization of broadband terahertz (THz) waves. By mechanical rotations of the composite grating layers, this 
freely tunable device can rotate the polarization of a linearly polarized THz wave to any desired direction with 
high conversion efficiency [1]. Then we demonstrate broadband integrated polarization rotator (IPR) with a 
series of three-layer rotating metallic grating structures in the near-infrared region. This transmissive optical IPR 
can conveniently rotate the polarization of linearly polarized light to any desired directions at different spatial 
locations with high conversion efficiency, which is nearly constant for different rotation angles. The linear 
polarization rotation originates from multi-wave interference in the three-layer grating structure. [2]. We 
anticipate that this type of linear polarization rotator will find wide applications in analytical chemistry, biology, 
communication technology, imaging, etc. 
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Transferring information between the microwave and optical domains is a longstanding goal in quantum 

information processing as it can link remotely separate superconducting circuits optically, and is still a long way 

from realization. An opto-electro-mechanical resonator is a very promising candidate to complete this challenging 

task. We fabricate a microscale electromechanical system, in which a suspended superconducting membrane as a 

mechanical resonator capacitively couples to a superconducting microwave resonator. As the microwave driving 

power increases, the resonance frequency of the mechanical resonator can be nonlinear, first increasing and then 

quickly decreasing to its original value. We also demonstrate the optical switching of the transmitted microwave 

signal through the microwave resonator. We provide a theoretical model for a qualitative understanding of our 

experimental observations. Our experiment may pave a way for interfacing the microwave and optical domains. 
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Chalcogenide glasses, an important photonics material, are applied to Mid infrared waveguide devices,
Supercontinuum optical fiber, Optical recording media and phase change non-volatile memory, due to their
unique properties of low phonon energy, ultrafast response time, and high optical nonlinearity [1-2]. The
resistance of chalcogenide glass GexAsySe1–x–y film material is difficult to be observed due to the electrons
pinned near the Fermi level, the large electron binding energy, and the large film resistance. This work is mainly
about a series of different components of GexAsySe1–x–y chalcogenide glass films. Under the condition of heating,
the research is focused on the amorphous semiconductor energy band structure and localized state electron
transport mechanism under non-equilibrium conditions by observing the change of resistance. Under non-
equilibrium conditions, the electrical properties parameters show three relaxation states. 1）Under heating, the
film resistance shows a tendency to be consistent with the bulk with the low value of MCN. The higher the
temperature, the lower the resistance. 2）as the MCN increases, the resistance appears wavy. Especially as for
the samples of Ge33As12Se55 and Ge11.5As24Se64.5, the resistance falls instead. Computer simulations show that the
Boltzmann fit formula is more suitable for GexAsySe1–x–y chalcogenide film, a low-mobility semiconductor with
deep Fermi level and hopping conduction, than simplified Boltzmann formula. Through simulation calculations,
it is found that the relaxation state of the resistance is proportional to the density of localized states at Ef.

To study the effects of thermal annealing on the structure of GexAsySe1–x–y thin films, the thermal evolution
of these films was measured by the in-situ X-ray diffraction (XRD) up to temperature (1273K) in vacuum (10-1
Pa). Using in-situ XRD, the entire process of crystallization can be observed, which is from appearing crystal
structure to melting liquid-state and ultimately to disappearing of amorphous structure. It is worth mentioning
that a completely amorphous phase suddenly appears between crystallization temperature Tx and peak
temperature Tp and the transition temperature Tl from glassy-state to liquid-state. In the crystallized process, the
corresponding state-transition temperatures Tx, Tl, Tp are linear with MCN. Based on the above results, it is
accessible to expand the glass phase region and increase the initial crystallization temperature by introducing
targeted protective atmospheres or doping inhibitors.

In order to obtain information about changes in the amorphous structural origin of the anneal-induced, the
samples were analyzed by in-situ Raman spectroscopy. The broad peaks were appeared in Raman spectra
between 150 cm-1 and 330 cm-1 for amorphous nature of the glasses and the proximity of the elements in the
periodic table.With the MCN increasing, the position of the broad peak occurs blue shift. The individual feature
peaks show that the Ge–As–Se glass network consists of the basic building units specifically GeSe4/2 tetrahedra,
AsSe3/2 pyramids, and Ge-Ge or Se-Se homopolar bonds. There are the vibrations of the homopolar Se –Se
bonds at 250cm-1, and the ethane-like Ge–Ge modes have peaks at 175 and 300 cm-1.[3-5] It appears that the
formation of the Ge–Ge or As-As homopolar bonds is relatively easier as the temperature increases, but the
formation of these bonds cannot be completely suppressed in any case, as one falls and another rises.
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Fig. 3 The set of in-situ Raman spectra of GexAsySe1–x–y thin films up to
temperature (473K) of decomposing the spectra into individual peaks. (a)
Ge17.5As11Se72.5 (b) Ge33As12Se55 (c) Ge20As10Se70,.

Fig. 1 (a) The relation between resistance and temperature of GexAsySe1–x–y thin films. (b)(c)(d) Three kinds of relaxation
states of conductivity with of GexAsySe1–x–y thin films.

Fig. 2 The in-situ x-ray diffraction patterns of GexAsySe1–x–y thin films was measured by the X-ray diffraction (XRD) up to temperature
(773K) in vacuum (10-1 Pa) measured at room-temperature. (a) Ge17.5As11Se72.5 (b) Ge33As12Se55 and (c) Ge20As10Se70, .

d)

c)

c)

a) b)
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Abstract Optical coherence tomography (OCT) imaging is a common used technique in biomedical research.
However, such a techinqe is limited by the low light scattering signals from the organic tissues, especially in the
near-infrared region, which hinder its application in retriving the informaion of the deep tissues. In our study, we
propose to use plasmonic metal nanorods for enhancing the OCT imaging in the near-infrared regions (808 nm
and 1310 nm). We successfully synthetized Au@Ag nanorods with large aspect ratios, which exhibit plasmon
resonances in the near-infrared region. The nanorods were shown to enhance the light scattering from the organic
tissues, which can therefore employed for enhancing the OCT imaging intensity.

OCT imaging is a powerful tool for providing 3D molecular features at the tissue level in real time[1].
However, their applications are limited by the relatively low light scattering intensity from the tissue, especially
in the near-infrared region where biological technologies pay much attention to. Noble metal nanostructures
exhibit strong plasmon resonances, which can squeeze the free-space light down to the nanoscale and lead to
strong electromagnetic field confinements[2]. In addition, their plasmon resonances can be synthetically tuned
across the visible to the near-infrared region by modifying their morphologies. These characteristics have made
the metal nanostructure potential candidates for enhancing various light–matter interactions. In particular, the
strong light scattering properties can make the metal nanostructure excellent contrast agents for the OCT
imaging technique[3,4].

In our study, we successfully prepared nanorods (Au@Ag) using a wet-chemical method. The nanorods
exhibit strong plasmon resonances from 800 nm~1300 nm, which can be tuned by tailoring their aspect ratios.
The nanorods with large aspect ratios were then integrated onto the surface of a piece of pig skin, which acted as
a model for the human skins due to the anatomical and physiological similarities between them[1]. The nanorods
can greatly enhance the light scattering from the tissue, which enable a OCT imaging with much higher contrast
in comparison with the tissue without nanorods. In addition, due to their high photothermal conversion
efficiency, the nanorods can further induce efficient heating of the pig skin, which highlights their applications in
biological imaging with simultaneous photothermal therapy characteristics.We believed that our results opened
new avenues for the plasmonic nanorods in biological imaging and photothermal therepy.
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Solid-state single quantum emitters are the key component of several emerging fields, such as quantum 

nanophotonics, super-resolution imaging, and advanced light emitting devices. The ultimate success of these 

research fields and applications relies on the emission properties of single emitters, for instance, the emission 

rate and radiation pattern. Solid-state emitters are necessarily supported in thin film or stratified media, which on 

one hand provides great opportunies for nanophotonic engineering and on the other hand complicates their 

emission behavior. While the coupling of single emitters with isotropic nanophotonic structures has been well 

studied, there are few studies on the emission properties (esp. radiation pattern) of single emitter coupled to 

anisotropic media. In fact, anisotropic optical environment generally occurs for solid-state quantum emitters [1], 

such as single organic molecules in single-crystalline matrices (e.g. dibenzoterrylene, DBT, in anthracene) and 

single defects in hexagnal boron nitride.  

 

In this study, we rigorously examine the influence of anisotropy on the radiation pattern of single emitters 

and control their emission via coupling to nanoantennas in Anisotropic Planar Structure [2]. To this end, we 

developed a near-to-far field transformation package for anisotropic and stratified nanophotonic platforms. The 

stratified system under consideration (Figure 1(a)) consists of multilayers of anisotropic media sandwiched 

between isotropic cladding and substrate. Quantum emitters and optical antennas are embedded in or situated on 

the multilayers. The near field from the emitters is first calculated with numerical techniques like finite element 

method. Then we extract the near field on the boundaries of a box enclosing all the inhomogeneities, and 

transform them to the far field using a theoretical formulation based on reciprocity theorem [3]. The procedure 

allows us to predict the influence of anistropy on the far field behavior for a specific DBT in anthracene system 

as shown in Figure 1(b), where anthracene crystal is biaxially anisotropic [4]. Anthracene has been taken to be 

either anisotropic or istropic when calculating the back focal plane images (Figure 1(b)). The anisotropy clearly 

introduces new features in the image, calling for further experimental corroboration. 

 

 

 
Fig 1. (a) Anisotropic and stratified system; (b) A single DBT molecule embedded in anthracene matrix, and the back focal 

plane images calculated when anthracene is taken anisotropic or isotropic.  

 
  

 

Example References 
[1] J. A. Schuller, S. Karaveli, T. Schiros, K. He, S. Yang, I. Kymissis, J. Shan, and R. Zia, Nat. Nanotechnol. 8, 271 (2013). 

[2] P. Zhang, P. Ren, and X.-W. Chen, manuscript in preparation. 

[3] J. Yang, J.-P. Hugonin, and P. Lalanne, ACS Photonics 3, 395 (2016). 
[4] M. I. Alonso and M. Garriga, Thin Solid Films 455, 124 (2004). 

A Nature Conference on Nanophotonics and Integrated Photonics 2018

43 

mailto:xuewen_chen@hust.edu.cn


Suppressing Ohmic loss and enhancing active material absorption in a 
plasmonic cavity 

 
Jing Zhou, Tao Zhen, Xiaoshuang Chen, Wei Lu  

State Key Laboratory of Infrared Physics, Shanghai Institute of Technical Physics, Chinese Academy of Sciences, China 
 

Plasmonic structures are famous for subwavelength light confinement and magnificent field enhancement [1]. 
Based on that, they have been proposed to enhance light absorption of active materials in small volumes and 
with low absorptivity [2-3]. Among all the plasmonic structures for this purpose, plasmonic cavities recently 
received the most attention because of their efficient light coupling, easily tunable resonance, insensitive angle 
dependence and good compatibility with device structure. However, ohmic loss, as the deadly defect of 
plasmonic structures, also becomes a big concern in this scenario. In many cases, although the plasmonic 
structure integrated devices could absorb most of the incident light, a great part is dissipated in the metal instead 
of the active material [4]. In this work, we propose a photonic approach to reduce the ohmic loss and increase the 
absorption of the active materials in plasmonic cavities. This approach relies on manipulating the light 
absorption competition between the metal parts and the active materials, and controlling the light coupling 
efficiency of the system. Fig. 1 (a) presents a typical plasmonic cavity. At resonance, the system is under the 
critical coupling condition (Qrad = Qabs) so that all the incident power is absorbed either by the active material or 
by the metal. Although the resonance appears in the mid-IR range, the ohmic loss is still more than 40% of the 
total power. In order to enhance active material absorption and suppress ohmic loss, increasing the thickness of 
the active material (h) seems to be a straightforward way, since the ratio of the active material absorption (Aa) to 
the metal absorption (Am) is proportional to h [5]. However, simply increasing h could deviate the system from 
the critical coupling status and results in a decrease of the active material absorption (Fig. 1 (b)). The reason is 
that Qrad decreases h with while Qabs increases with (Fig. 1 (d)). Therefore, we proposed two practicle methods to 
compensate the decreasing Qrad during the increase of h: i) switching the resonance from the fundamental order 
to a higher order; ii) creating abrupt physical boundaries by etching away part of the active materials. By doing 
these two, the absorption of the active material is enhanced to 80% and the ohmic loss is suppressed to 18% (Fig. 
1 (c)). This approach could prominently enhance the performance of a plasmonic cavity integrated quantum well 
infrared photodetector (QWIP) device (Fig. 1 (e) and (f)). For the conventional configuration, the highest 
absorption of the QWs is less than 40% of the incident power and the ohmic loss is more than 52% (Fig. 1 (e)). 
By increasing the layers of the QWs and creating abrupt physical boundaries, the highest absorption of the QWs 
could be 82% and the ohmic loss lower than 18% (Fig. 1 (f)).  

 
Fig. 1 (a)-(c) Reflection and absorption spectra of the plasmonic cavities with different configurations; the absorption rate 
of the active material is ~0.2 um-1; the metal is Au. (a) h=0.14 um, p=1.2 um, s=0.8 um, (b) h=0.4 um, p=1.2 um, s=0.53 
um, (c) h=0.8 um, p=3.2 um, s=2.78 um; the resonance is switched from the fundamental order to the 3rd order at the same 
wavelength and abrupt physical boundaries are created. (d) Phase diagram of the on-resonance total absorption versus Qrad 
and Qabs. (e) Absorption spectra of a conventional plasmonic cavity integrated QWIP. The active material contains 1, 2 or 3 
periods of QWs. (f) Absorption spectra of a plasmonic cavity integrated QWIP with abrupt physical boundaries. The active 
material contains 1, 6 or 12 periods of QWs.  
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We theoretically investigate the strong coupling phenomenon between a quasi-single molecule and a plasmonic 
cavity based on the blue-detuned trapping system [1]. The trapping system is made up of a metallic nano-hole 
array, as is shown in Fig.1. Finite-difference time-domain method is employed to simulate the system and the 
molecule is treated as a dipole in simulations. By calculating the electromagnetic field distributions and the 
transmission of the proposed structure without and with the molecule, not only can we get the best trapping position 
in each unit of the trapping system but also can find that there are two splitting peaks in the transmission spectrum 
in the structure with the molecule and the Rabi splitting is 17 meV [2], while only one peak is observed in the one 
without the molecule. The working wavelength depends on the lattice constant of blue-detuned trapping system. 
Hence, we can design blue-detuned trapping system to achieve the strong coupling according to the resonant 
wavelength of the molecule. We theoretically provide a new way to realize the strong coupling between a single 
quasi-single molecule and a plasmonic cavity, which has potential applications in quantum information processing. 

 
Fig. 1 (a)Schematic diagram of the blue-detuned trapping system (b) Transmission spectra with and without a molecule. 
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The technological innovation in the terahertz(THz) frequency range i.e. from 0.1-3 THz is taking place at a 

rapid speed due to its applications in imaging, medical diagnosis, defense and security, and high bandwidth 

communication [1]. Moreover, with help of advanced patterning techniques, it is possible to confine THz radiation to 

subwavelength metallic nanostructures, thereby enabling study of nanoscale [2-5]. Although there are tremendous 

technological advancements in THz generation and detection, research on modulation, control and tuning of the THz 

radiation with external stimuli such as mechanical strain, voltage, and/or by using functional material is still lagging 

behind. 

Here, we report modulation and tuning of terahertz radiation in nanogaps by means of mechanical strain. The 

nanogap arrays of width 12 nm and 60 nm are fabricated by atomic layer lithography technique [5] on flexible 

substrates i.e. PET (polyethylene terephthalate). Also, a microngap sample is fabricated by using simple 

photolithography in order to compare the strain effect with nanogap sample. THz-time domain spectroscopy is used 

to measure THz transmission amplitudes in the nanogaps and the microngap with applied strain of -0.8% (compressive 

strain) to +0.8% (tensile strain). We observe a strong increase (decrease) in transmission as the tensile (compressive) 

strain is applied to the 12 nm gap sample, which amounts to a huge modulation depth of 350%. Moreover, a strong 

60% change in resonance peak position is observed with respect to tensile strain. But there is no change in transmission 

amplitude and resonance peak for the microngap with respect to the same amount of strain. The changes in both the 

transmission amplitude and resonance peak are attributed to the change in the gap width under applied strain.  

 

Fig. 1 (a) Measured THz Transmission amplitude modulation depth, (b) measured resonance peak modulation depth with different 

applied strain. 
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Plasmonic color filtering and color printing have attracted considerable attention in recent years due to their 

supreme performance in display and imaging technologies. Although various color-related devices are designed, 
so far very few studies have touched the topic of dynamic color generation. In this article, dynamic color 
generation is demonstrated by integrating plasmonic nanostructures with vanadium dioxide based on its tunable 
optical properties through insulator–metal transition [1]. Periodic arrays of silver nanodisks on a vanadium 
dioxide film are fabricated to realize different colors, relying on the excitation of localized and propagating 
surface plasmons, and Wood’s anomaly. By tuning spatial periodicity of the arrays and diameter of the silver 
nanodisks, various colors can be achieved across the entire visible spectrum. Further, using insulator–metal 
transition of vanadium dioxide, the colors can be actively tuned by varying temperature. The approach of 
dynamic color generation based on the phase transition of vanadium dioxide can easily realize diverse color 
patterns, which makes it beneficial for display and imaging technology with distinct advantages of 
multifunctionality, flexibility, and high efficiency. 
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Perovskite material is a hybrid inorganic-organic direct-bandgap semiconductor. It is of great promise for 

perovskite solar cells and photodetectors as a light harvester. High-quality perovskite thin films are formed at room 

temperature, which show great advances for fabricating facile photovoltaic (PV) devices. Achieving light-

harvesting is crucial for the efficiency of PV devices. We develop a simple and facile strategy to introduce scalable 

photonic structure into the perovskite active layer of a PV device by utilizing commercial optical discs (CD-R and 

DVD-R), robust micro pillar arrays, and highly ordered closed-packed submicrometer spheres. The constructed 

optical structures on the perovskite active layer realize nanophotonic light trapping by diffraction and effectively 

suppresses carrier recombination. High photovoltaic performances are achieved. Moreover, the stability of the 

PSCs is greatly enhanced. It is expected that the photonic-structured perovskite can be an effective approach to 

improve the photo-electric properties of solar cells, photoelectric detectors, OLED, laser devices and other 

photoelectric wearable devices. 

 
Fig. 1 The imprinted PSCs with light trapping structure to achieve high light-harvesting efficiency. 
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Metasurface, a 2D version of metamaterials, enables devising of amplitude, phase, and polarization via a thin 

layer of unit cells with different shapes and structures, thus opening up new phenomena and ultrathin optical 

devices. Phase is one of the basic characteristics of an electromagnetic (EM) wave, whose transition is an 

accumulation effect along the propagation path. With the ability to generate a spatial phase variation, optical 

wavefronts can be manipulated [1–3]. 

Conventional lenses based on the phase accumulation along the optical path are often bulky and heavy, 

imposing a significant challenge on their integration with other optical devices. metasurface-based lenses offer 

an opportunity to overcome these limitations. To realize the focusing functionality by metasurface, it is crucial to 

employ a group of unit elements that support phase shift covering a nearly 2 π range. Ultrathin lenses based on 

metasurface have already been demonstrated using 2D V-shaped or C-shaped antennas to achieve a spot of focus. 

Aiming at achieving a meta-len in possession of two different focal lengths under a normal incidence of an x-

polarized or y-polarized wave, we proposed a composite multifunctional metasurface enabling independent 

linear dual-polarization terahertz focusing for efficient terahertz wave control. Due to sensitive response of two 

orthogonal electric dipoles to polarization direction of electromagnetic wave, two layers composite cruciform 

structures are adopted by each unit cell of the proposed metasurface, which enables efficient terahertz wave 

control of phase distributions in both vertical and horizontal directions. 

The entire schematic is shown in figure 1(a), two different focal lengths can be achieved under a normal 

incidence wave with different polarization. The one focal length is 1.2 cm under normally incident plane wave 

with x polarization while another focal length is 4.4 mm under y-polarized component. Numerical simulations of 

focusing results are illustrated in Figure 1 (b) ~ (d). This design delivers a promising composite multifunctional 

metasurface for potential applications in optical devices such as focusing, imaging and holography. 

 
Fig. 1 (a) A schematic of composite multifunctional metasurface. (b) Simulated electric field distributions under a normal 
incidence wave with different polarization. (c) Simulated 1.2cm focal length under the x-polarized wave. (d) Simulated 

4.4mm focal length under the y-polarized wave. 
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Carbon quantum dots (CDs), as a new promising nanophotonics material, have attracted tremendous 

attentions, compared with traditional quantum dots [1]. CDs perform unique fluorescence properties, such as low 

cytotoxicity, stability, and excellent biocompatibility. And varieties of potential applications are unfolded for 

CDs, including photo-catalysis, bio-imaging, fluorenscent probing, and drug delivery [2]. In this research, we 

reported a green and facile one-pot method for the preparation of blue fluorescence CDs, and investigated their 

formation mechanism. D-xylose was dissolved in pure water and heated to different temperatures (165 °C, 

170 °C, 175 °C, 180°C, 185 °C, 190 °C) in a reactor. Then the dissolving solution was cooled in an ice water 

bath, throughout centrifugation and dialysis, and the CDs was obtained and collected for further investigate. The 

CDs were characterized by Transmission electron microscopy (TEM), UV-Vis, and fluorescence 

spectrophotometer, and the D-xylose content was measured by high performance liquid chromatography (HPLC). 

Results were shown in Fig.1 (a), the content of D-xylose was decreased with the increase of temperature, from 

13.18 g/L to 10.53 g/L. The TEM images in Fig.1 (b) revealed that the prepared CDs were monodisperse and  

spherical shape, and the diameter of CDs were less than 10 nm. The results indicated that the CDs had good 

water solubility. In UV-vis spectrum of Fig.1 (c), a strong absorption peak was existed at 203 nm suggested π-π* 

transition, and a characteristic peak at 275 nm was determined the n-π*transition, which suggested the existence 

of poly-aromantic structure. In addition, the photoluminescence spectroscopy (PL) emission of CDs was strongly 

determined by the excitation wavelength in Fig.1 (d), showing that the maximum emission was red-shifted with 

the risen of temperature. Moreover, the maximum emission wavelength of CDs were excited at 380 nm when the 

temperature was below 170 ℃, otherwise the maximum emission wavelength were excited at 450 nm. On the 

other hand, the UV-vis absorbance peak was invariant whether temperature changed, which suggested that the 

fluorenscent phenomenon was irrelevant with surface drawback on CDs.  

             

            
 

Fig. 1 The residual concentration and the degradation rate of D-xylose during hydrothermal process (a) the TEM image  of 

CDs at 170°C (b), the UV/Vis absorption spectrum  at 180°C (c), The PL emission spectra at different temperatures (d). 
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Precise assembly of functional nanoparticles is an effective approach to fabricate optoelectronic devices.
[1]

 

The conventional methods rely on controlling specific interparticle interaction, the wettability among particles 

with substrate, external field, template induced liquid shrinking and so on.
[2]

 Here, we report a strategy 

combining the template tuned liquid confined space and dewettability of droplets to assemble of nanomaterials. 

First, with evaporation of solvent, the nanoparticles contained in liquid droplet will assemble and deposit 

following the three-phase contact line pattern. Then, changing the direction of liquid bridge by using same 

principle can make nano-particles assembled again and form multi-node networks. Moreover, through research 

the pillar array of the template, concentrate, temperature, surface tension and contact angle, which have influence 

on rupture and shrink of the liquid membrane during the secondary assembly, achieving precise control of 

particles assembly and patterning. Finally, three-primary-color fluorescent nanoparticles can also be integrated 

by successively printed with retention of their individual photoluminance efficiency (5% variances). Yellow, 

magenta, cyan and white colors with clearly defined interfaces are achieved to reduce the optical cross-talk effect. 

Therefore, precise control of well-defined assembly patterns can be achieved. This effective and facile approach 

shows generality for particles assembly of three-primary-color Micro-light-emitting Arrays, indicating promising 

applications in flexible electronics, waveguide, light modulator, and so on. 
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Single crystal perovskites have been used in solar cells, photodetectors, and other devices due to their 

excellent light absorption and carrier transport characteristics [1]. However, for light-emitting applications, 

photoluminescence (PL) is usually weak for MAPbBr3 (MA=CH3NH3
+) single crystals (MBSCs) compared with 

its polycrystalline counterpart. Therefore, developing novel techniques to process MBSCs with different 

morphologies for PL-related applications is greatly needed. The current strategies for making perovskite crystals 

are mostly based on bottom-up method (chemical synthesis and assembling). Here, we demonstrate an easy 

method to achieve top-down fabrication of MBSCs, i.e., femtosecond laser processing MBSCs surface [2].  

We have demonstrated that femtosecond laser pulses can be used to produce a variety of surface 

morphologies, such as nanoparticles, micro/nano-rods, or networks, on MBSC surfaces by changing the peak 

laser intensity and the scanning speed. In addition, a significant PL enhancement occurred in the processed 

region with two orders of magnitude greater under ambient conditions and about three times greater than in 

nitrogen at room temperature. We assume that this is mainly due to the texture based on photon recycling and 

light out-coupling mechanism [3], and the passivation of surface recombination centers on MBSC [4]. For 

processed MBSC, under ambient conditions, its PL intensity maintained 75% after nearly 5 months. This 

indicates that the femtosecond laser-induced micro/nano-structures can not only achieve dramatically PL 

enhancement but also survive for a long period of time.  

  
Fig. 1 (a) SEM images of the laser processed regions at different scanning speeds. The peak laser intensity is kept at 2.4 × 

1012 W cm-2 and the scale bar is 30m for all images. (b) PL intensity of the MBSC at air and N2 and the PL image of word 
“CIOMP”. The peak laser intensity is kept at 2.4 × 1012 W cm-2, and scanning speed is fixed at 0.2 mm s-1. 

This study not only provides a convenient top-down strategy to achieve a range of morphological 

micro/nano-structures with enhanced PL on MBSC surface, but also paves the way for applications of MBSCs in 

light emitting or PL imaging devices. 
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It is well-known that sufficient free charge carriers can exist in the surface of noble material nanoparticles 

(e.g., gold and silver) to achieve collective oscillations by light-induced excitations, and this phenomenon is 

described as surface plasmon resonance (SPR) [1]. It leads to dramatic confinements of optical and electric fields 

in the vicinity of surface of metallic materials, which is capable of producing various surface effects, such as 

light-harvesting and surface-enhanced Raman spectroscopy (SERS) [2]. Owing to the nature of noble metals 

(e.g., electronic structures and free carrier concentrations), their practical applications are limited, especially in 

applications requiring switching or modulation. Transition-metal oxides (TMOs) are good candidates for SPR, 

because they have outer-d valence electrons. In research about SPR of TMOs, the used TMOs are crystalline. 

While amorphous materials are rarely reported owing to limited preparation methods, which impedes 

comprehensive understanding of their SPR. Therefore, synthesis and fabrication of amorphous TMOs is 

necessary, although challenging. 

Herein, we obtained amorphous molybdenum oxide nanosheets and their quantum dots with assistance of 

Supercritical CO2 (sc CO2). Supercritical CO2 has been gaining popularity in controlling nanomaterial structure 

owing to unique characteristics such as the low viscosity, zero surface tension, and high gas-like diffusivity, and 

it can dissolve materials by adjusting the experimental pressure and temperature. The as-prepared molybdenum 

oxide nanosheets and the according quantum dots could have sufficient free electrons for tunable plasmon 

resonances in a wide range of visible and near infrared regions under different illumination time and sc CO2 

pressures, as shown in Fig.1a and b. The stronger interaction of CO2 and amorphous molybdenum oxide may 

allow diffusive atomic disordering and achieve stabilization of the amorphous structure. Importantly, compared 

to the crystal nanosheets, in the biosensing application of these 2D plasmonic nanosheets using bovine serum 

albumin (BSA) as a model protein, we found the magnitude of plasmon resonance depends on the concentration 

of BSA (Fig.1c). Moreover, the quantum dots expended remarkable SERS activity with enhancement factor as 

high as 9.5×for the detection of methyl blue (MB) at the concentration of 10
−9

 M (Fig.1d). Amorphous 

molybdenum oxide can supply a platform to quantitative test of cell or organism, and such systems could have a 

potential for future sensing and optical operation in high precision. 

 
Fig. 1 UV–vis–NIR absorbance spectras of the amorphous nanosheets (a) and quantum dots (b) under different 
illumination time and sc CO2 pressures. (c) Normalized absorption spectra of amorphous nanosheets after being incubated 

with different BSA concentrations for 1 h. (d) Raman spectra of pure MB (10−2 M) and quantum dots as an enhancement 
substrate with different concentrations of MB. 
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THz meta-surfaces have great potential for filters, thin-film sensors [1]. To achieve better frequency 

selectivity, high Q meta-surfaces need to be investigated. FANO surface is always used to reach a relatively 

higher Q, whose typical value can reach 50 easily [2]. However, it’s hard to reach high Q and high resonant 

intensity at the same time. To solve this problem, we enhanced FANO resonance by strengthen tip coupling in 

FANO structure and reach a higher Q with high resonant intensity.  

The meta-surface applied in this paper is composed of two opposite located crescent-shape arcs. This 

structure is shaped by elliptical aperture in the center of a circular metallic unit, and split asymmetrically near the 

middle of the structure.  

When  the  THz wave perpendicularly projects on this meta-surface, the eletrical component of the inicdent 

wave could induce the FANO and dipolar-like resonances in this strcutre. Different resonance corresponds to 

various frequency peak in the transmission spectrum. The two arcs work as dipole resonators of different lengths 

are put together closely and share the same axis, so the transmission characteristic would not only show two 

independent dipole resonances, but also a high Q FANO resonance. Firstly, the electric field with x-polarization 

will lead to two different dipolar resonances, one with lower frequency is introduced by the long arc, the other 

one with higher frequency is introduced by the short one. Secondly, the synergistic effect of the two dipoles 

would lead to FANO resonance whose frequency lies between the frequencies of the two dipole resonances.  

At FANO resonant frequency, charges stack on the tips of dipoles and couple with each other, these 

unequally stacked charges introduce FANO resonance. To enhance FANO resonance, we make more charges 

stacking on the tips and strengthened the tip coupling by sharpen the tips. Charges stack at sharp tips, so such 

structure can get more charges accumulated at the tips, the E field is much stronger and the current is much 

denser, which caused greater coupling on tips and enhanced FANO resonance. With this enhanced FANO 

resonance, we can obtain greater Q factor and maintain resonant intensity in an acceptable range.  

Simulation results show that we have designed a FANO structure resonate at 420GHz. It reached a Q of 120, 

doubled compared with classic model whose Q is no more than 50. It’s transmission at resonant frequency is less 

than -20dB, a better value compared other high Q designs whose transmission is more than -10dB [1,2]. 

(a) (b) 

  

(c) (d) 

  
Fig. 1 (a) is the structure of a sharpened FANO design. (b) is the current distribution and E field at resonant frequency of 

three different tip-sharpness FANO resonators, from left to right are the classic unsharpened model, a tip sharpened model, 

and the model with sharpest tips. (c) is the S21 of the three different tip-sharpness structures (d) is the S21 at FANO 
resonant frequency of the three different tip-sharpness structures. 
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Surface plasmon polaritons (SPPs) are highly confined electromagnetic excitations coupled to electron 
charge density waves propagating along a metal-dielectric interface. SPP is a promising candidate of integrated 
photonic devices for both classical [1] and quantum information processing due to their strong subwavelength 
field confinement [2]. Previously, the quantum nature of surface plasmons has been demonstrated by showing 
that the entanglement can be preserved during the photon-SPP-photon conversion process [3]. Relevant 
experiments show that SPPs can be used for manipulating and transmitting the quantum information [4-5]. 
Today, quantum teleportation has been achieved in laboratories using a variety of different systems, including 
photonic qubits, nuclear magnetic resonance (NMR), trapped atoms and solid-state systems [6].  

Here we experimentally realize the quantum teleportation of surface plasmon. The experimental setup is 
based on a Sagnac source, which generates polarization-entangled twin photons at a wavelength of 810 nm. One 
of the photon pairs is sent to Alice for Bell state measurement (BSM) [7]. The other photon is sent to Bob for 
exciting SPPs. After the SPP is reconverted to photon, the two photons are collected by single-photon counting 
modules for coincidence measurements. Finally, the quantum state tomography and quantum process 
tomography are performed. All the results are shown in Fig. 1. We can see that the teleportation fidelity are all 
above 90% (see Fig. 1d, Insets), exceeding the classical limit of 2/3. The teleportation of the SPP are a quantum 
process with high fidelity (no sample 91.56±0.02%, with sample 98.59±0.17%). 

 
Fig. 1 The sample and experimental setup for quantum teleportation of surface plasmon polaritons. (a) SEM image of the 
sample. The hole arrays were fabricated with FIB. (b) Transmission spectra of the sample. The peak around 810 nm shows 

a SPP resonance of (±1, ±1) mode. (c) The SPP mode generated with a horizontal or vertical polarized light. (d) The 
experimental setup for quantum teleportation of SPPs. Insets are the teleportation fidelity. 

Our work shows that hybrid quantum plasmonic-photonic systems is very promising for quantum 
information processing. Because SPPs have subwavelength confinement, our findings thus pave a new way for 
them to be utilized in on-chip quantum devices.  

References 
1H. Raether, Surface Plasmons, 1rd. ed., (Springer, Berlin, 1988).   
[2] M. S. Tame, K. R. McEnery, S. K. Özdemir, J. Lee, S. A. Maier and M. S. Kim, "Quantum plasmonics," Nature Phys. 9, 329–340 (2013). 
[3] E. Altewischer, M. P. van Exter and J. P. Woerdman, "Plasmon-assisted transmission of entangled photons," Nature 418, 304–306 (2002). 
[4] S. Fasel, F. Robin, F. Moreno, D. Erni, N. Gisin and H. Zbinden, “Energy-Time Entanglement Preservation in Plasmon-Assisted Light 
Transmission,” Phys. Rev. Lett. 94, 110501 (2005). 
[5] G. P. Guo, X. F. Ren, Y. F. Huang, C. F. Li, Z. Y. Ou and G. C. Guo, “Observation of two-photon coherence in plasmon-assisted 
transmission,” Phys. Lett. A 361, 218 (2007). 
[6] S. Pirandola, J. Eisert, C. Weedbrook, A. Furusawa and S. L. Braunstein, “Advances in quantum teleportation,” Nature Photon. 9, 641-
652 (2015).  
[7] D. Boschi, S. Branca, F. De Martini, L. Hardy and S. Popescu, “Experimental Realization of Teleporting an Unknown Pure Quantum 
State via Dual Classical and Einstein-Podolsky-Rosen Channels,” Phys. Rev. Lett. 80, 1121-1125 (1998). 

A Nature Conference on Nanophotonics and Integrated Photonics 2018

55 



   

Gate-tunable Kerr combs in graphene-nitride microresonators 
 

Baicheng Yao1,2#, Abinav Kuma Vinod1#, Shu-Wei Huang1# Yuan Liu3,4#, Xiangfeng Duan3,5, Yunjiang 
Rao2, C. W. Wong1 

 

1. Mesoscopic Optics and Quantum Electronics Laboratory, University of California, Los Angeles, CA 90095, United States 
2. Key Laboratory of Optical Fiber Sensing and Communications (Education Ministry of China), University of Electronic Science and 

Technology of China, Chengdu 610054, China 
3. Department of Materials Science and Engineering, University of California, Los Angeles, CA 90095, United States  

4. School of Physics and Electronics, Hunan University, Changsha, China 
7Department of Chemistry and Biochemistry, University of California, Los Angeles, CA 90095, United States 

 

Optical frequency combs are cornerstones in modern day frequency metrology, precision spectroscopy and 
ultrafast optics [1]. The intracavity dispersion – whether in microcavities or fiber cavities – are however hardly 
amenable to electric-field tunability. Here, combining the cross-disciplinary field of Dirac fermions in two-
dimensional graphene, we show for the first time the gated intracavity-tunability of graphene-based optical 
frequency combs. With the unique linear and massless band structure of graphene [2], we couple the gate-tunable 
optical conductivity onto a photonic microresonator, modulating its 2nd and 3rd dispersions through the Fermi level. 
Preserving cavity Q factors up to 106 in the graphene-based comb, we implement an ion-gel-gated transistor [3] to 
tune the electron-hole carrier population for the dynamical and reversible frequency comb control. We uncover 
the formation of charge-tunable primary comb lines, coherent Kerr frequency combs, controllable Cherenkov 
radiation, and controllable soliton states – all in a single microcavity. We further demonstrate the voltage-tunable 
transitions from periodic soliton crystals to crystals with defects, mapped by our ultrafast second-harmonic optical 
autocorrelation.  

Figure 1 shows the major results in our measurements. By using such a graphene-nitride heterogeneous 
microresonator, we demonstrated optoelectronic control and modulation of Kerr frequency combs via dynamic 
dispersion tuning. Consequently, both the primary comb lines and the full comb spectra are controllable 
dynamically, with the on/off switching of the Cherenkov radiation. With control of the graphene Fermi level, we 
report the first-principle observations of soliton state transition from periodic soliton crystals to crystals with 
Schottky defects. This first realization of the graphene for ultrafast dynamics and frequency comb formation opens 
a new architecture at the interface of single atomic layer nanoscience and ultrafast optoelectronics [4]. 

 
Fig. 1. (a) Device view, scale bar: 50 µm. (b) Measured GVD of graphene based microresonator, ranging from -62 fs2/mm 
to 9 fs2/mm. (c) Gate tuning of the primary and full combs. (c) Corresponding to VG, observations of the soliton crystals, 
measured in soliton-steps, spectra, and autocorrelation maps. Pumped by a 2 W continuous-wave laser power, for applied VG 
= -1 V, -1.2 V, and -1.5 V, the measured frequency offset between the primary comb line and the pump is observed at 2.36 
THz, 3.25 THz, and 7.17 THz respectively. The maximum frequency comb spectra spans over 600 nm at VG = -1.2 V, with 
clear Cherenkov radiation. For optimized 2nd and 3rd GVD and TOD via gate tuning, diverse soliton crystal states are achieved. 
The soliton crystal formation is also akin to harmonic mode-locking where stable high-repetition-rate pulse train can be 
attained even in longer cavities, and it attracts interests in applications such as high-speed communication and data storage. 
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Nanophotonic devices in silicon-on-insulator (SOI) platform can potentially improve the capabilities of modern 

information-processing systems by replacing some of their electrical counterparts [1]. The discovery of topological 

photonics provides a new degree of freedom to control the flow of light, enabling novel optoelectronic 

functionalities and devices [2]. However, the subwavelength strategy at micro-nano scale remains challenge. 

Recent developments of valley photonic crystals pave an alternative way to achieve SOI topological nanophotonic 

devices with high performance [3-5]. Last year, we have a theoretical proposal on all-dielectric valley photonic 

crystals (VPCs) with nonzero valley Chern number by employing valley degree of freedom [5], as well as turn 

such proposal VPCs into reality by using spoof surface plasmons [6] and all-dielectric rods [7] at microwave region. 

To retrieve topological valley phase, a general method is to break spatial-inversion (SI) symmetry for accessing 

opposite Berry curvature profiles near Brillouin zone corners, i.e. K and K’ valley. Advanced in nanofabrication 

techniques, precise manufacture of the SI-symmetry-broken nanophotonic structures is easy to implement 

nowadays. 

In telecommunication wavelength [8], we have realized a VPC in a silicon wafer on the top of silicon dioxide 

substrate, i.e. silicon-on-insulator slab. Valley-dependent topological edge states operate below the light cone so 

that the photonic crystal slab can strongly confine the propagating waves in the plane of chip. Benefit from near-

quarter-wavelength periodicity, our VPC can develop a high-performance topological photonic device with a 

compact feature size. We have fabricated flat-, Z- and -shape topological channels. The measured results of these 

three devices show the flat-top high-transmittance spectra with relatively large bandwidth, even for sharp-bend 

geometry. Such phenomena give evidences for the observation of topologically robust transport at 

telecommunication wavelength. Finally, we have experimentally demonstrated on-chip topological photonic 

routing. Such routing effect is based on the topological chiral channel of VPC. With introducing a subwavelength 

microdisk to serve as phase vortex generator, the valley-chirality-locked edge state is selectively excited. 

The work shows a prototype of on-chip photonic devices, with promising applications for optical isolation, 

lasing, wavelength division multiplexing, directional antennas, single photon sources, and photonic analog of 

quantum information processing based on topological nanophotonic modes. 
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Controlling the spectrum of light is important both in exploring fundamental physics and for practical 

applications, ranging from high-speed communications, ultrafast spectroscopy to precise metrology. Traditional 

methods to modify the frequency of light rely on nonlinear optical effects, which, however, are limited by 

intrinsically low efficiencies and require high pump power. Another possibility to achieve frequency conversion 

is through temporal modulation, which has raised significant attention recently in the context of non-reciprocal 

signal propagation [1-3]. Temporal modulation offers the additional advantage of controlling the phase of light 

through the generation of an effective gauge potential for photons, in direct analogy with how the vector 

potential changes the phase of electron wavefunction. The gauge potential and associated electric or magnetic 

fields provide new opportunities to control photons, enabling the realization of photonic Aharonov-Bohm effect 

[1], photonic quantum Hall effect [2] and non-magnetic optical isolators and circulators [1, 3]. 

Here in this work, we theoretically and experimentally demonstrate large control over the spectrum of light 

through photonic gauge potential and effective force in the frequency dimension [4]. We utilize optical phase 

modulator (PM) to create a discrete frequency dimension through photonic intraband transitions. The phase of 

index modulation in the PM acts as a photonic gauge potential, leading to the arbitrary control of the central 

frequency and bandwidth of frequency combs. We experimentally realize 50 GHz spectral shift and three-fold 

bandwidth expansion, as well as various refraction phenomena, including negative refraction and perfect 

imaging, both for discrete and continuous incident spectra. As the photonic transition also carries a mismatched 

wave vector and the phase of modulation exhibits a spatial distribution in the propagation direction, a time-

varing gauge potential will emerge, giving rise to a constant and a harmonically oscillating electric-field force in 

the frequency dimension [5]. Under appropriate combinations of the constant and oscillating forces, we can 

realize the effects of frequency Bloch oscillations, Super-Bloch oscillations, directional shifting, and dynamic 

localization. The photonic gauge potential and effective force provide new mechanisms to control the spectrum 

of light, with potential applications in signal processing and optical communications. 

   

(1)                                                                                          (2) 
Fig. 1 (1) Experimental setup to realize photonic gauge potentials. (a) Experimental setup. (b) Output spectrum evolution versus the 

phase difference ϕ1  ϕ0. (c)-(e) Frequency comb evolutions as ϕ1  ϕ0 = π/2, π/2 and 0. (f) Negative refraction for frequency comb. 

(2) Spectrum oscillatory motions under the effective electric-field forces. (a)(b) Frequency Bloch oscillations for a frequency comb 

and a single frequency input. (c)(d) Frequency anharmonic Bloch oscillations under a frequency comb and single frequency input. 

(e)(f) Frequency Super-Bloch oscillations under a frequency comb and single frequency input. 
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Abstract: 

Metasurfaces are ultra-thin optical structures relying on the scattering properties of subwavelength scale 
optical resonators to control the polarization, phase, amplitude and dispersion of light. Among all the 
metasurface devices, focusing metasurfaces – namely metalenses – are one of the most promising optical 
elements in terms of applications since the subwavelength nanostructures are able to provide more precise 
and efficient phase control compared to Fresnel zone plates.  

Even though low index materials based on titanium dioxide (TiO2) and silicon nitride (Si3N4) are 
good candidates to achieve high focusing efficiency and high numerical aperture (NA) metalenses at the 
visible wavelengths, it hinders the applications of metalenses in different surrounding background due 
to the small index difference between low index structures and the surrounding materials. Alternatively, 
high contrast materials, such as amorphous silicon (a-silicon), have been demonstrated to be able to 
provide high focusing performance in the near infrared range, yet their transmission drops drastically in 
the visible range due to the high intrinsic losses.  

Based on these insights, we now propose and demonstrate a c-Si metalens with high NA and high 
transmission in the visible range. By using the geometry of nano-bricks in an arrangement determined 
by the hybrid optimization algorithm (HOA), a very low loss metalens can be realized. As an example, 
we demonstrate an NA = 0.98 metalens in air with a bandwidth (FWHM) of 274 nm and a focusing 
efficiency of 67% at 532 nm wavelength, which is close to the transmission performance of a TiO2 
metalens. Moreover, and uniquely so, our c-Si metalens can be front-immersed into immersion oil and 
achieve an ultra-high NA of 1.48 experimentally and 1.73 theoretically, thereby demonstrating the 
highest NA of any metalens in the visible regime reported to the best of our knowledge. 
 

 
Fig. 1 Schematic show of the metalens and its SEM image. 
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Fig. 2 (a) SEM micrograph of silicon triangles on a sapphire substrate. (b) The magnified image highlights the 

dimensions, especially the side length of each triangle of 320 nm. (c) The simulation of the same triangle imaged 

with focal spots of different fwhm. (d) Experimental scanned image using the immersion metalens. The inset shows 

the orientation of the triangles, and it is possible to determine the orientation. A correlation analysis shows that the 

experimental image most closely corresponds to the simulation for fwhm = 211 nm. 

 

Reference: Nano Lett. 2018, 18, 7, 4460-4466. 
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Dissipative Kerr solitons (DKSs) generated in a high-Q micro cavities have drawn considerable interests for 

the possibility of broad bandwidth, chip-scale and low-power consumption operation. Varieties of schemes have 

been proposed to generate DKSs [1]. Here we apply the auxiliary-lasing-assist method [2], where an auxiliary 

laser is introduced which is orthogonally polarized and counter-propagating compared with the pump inside the 

cavity. By simply decreasing and increasing the temperature, generation and switching of DKSs until single 

soliton state is realized. Using our scheme, single DKS could be deterministically reached from soliton crystal 

state, which is critical for practical applications. 

Figure 1(a) shows the experimental set-up for DKSs generation and switching behaviour. The pump and 

auxiliary laser are both wavelength-fixed. The micro-ring resonator (MRR) is made of high index doped silica 

glass with the Q-factor of 2.05×106 and radius of ~592.1μm [3], which corresponds to the free spectral range 

(FSR) of ~49GHz. The power trace possessing couples of steps is shown in Fig. 1(b), each of the steps 

corresponds to a specific soliton state and the transition of the steps show the soliton switching behaviour. The 

generated single-soliton spectra is illustrated in Fig. 1(c) where the sech2 fitting (red) suggests obvious Raman 

induced self-frequency shift (RSFS). It is obvious that the auxiliary comb evolved into secondary comb state. In 

addition, Cherenkov-radiation induced dispersive waves (DWs) are also observed in our device, which is caused 

by spatial-mode interaction as shown in Fig. 1(d) where a polarization beam splitter is used to separate the 

orthogonal-polarized pump and auxiliary comb. The repetition rate of single DKS is ~48.97 GHz. 

 
Fig. 1 (a) experimental set up for soliton generation and switching. (b) Power trace inside the MRR, the steps correspond to 

specific soliton state. (c) Single DKS spectra and sech2 fitting, showing obvious RSFS. The auxiliary laser evolved to 
secondary comb with sub-comb lines. Inset: zoom-in figure of the comb components. (d) Soliton comb spectra after a PBS. 

Inset: repetition rate of single DKS. 

  

We believe our work will facilitate the study of soliton interactions inside the MRR, as well as on-chip 

applications based on this platform. 
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Optical quantum memory plays a vital role in quantum networks for long distance quantum communication. 

Rare-earth ions (REIs) [1-3] doped material is one of the leading candidates for realizing quantum memory. It 

exhibit excellent coherence properties at low temperature (below 4 K), both for the optical and the spin 

transitions. Several quantum memory protocols have been implemented, such as electromagnetically induced 

transparency, Raman interactions, and atomic frequency combs [4]. Moreover, integrated quantum memory can 

also been made in this REI-doped solids, making it very promising [5]. 

Here we propose and experimentally demonstrate a novel integrated device for quantum memory based on 

single-crystal erbium chloride silicate (ECS) [6] nanowire in conjunction with silicon optical waveguide as 

shown in figure 1 (a). Using a stamping procedure, a 900 nm width ECS nanowire is put on the 25 μm length Si 

tapper, which adiabatically transform the optical energy between Si waveguide and ECS nanowire. Figure 1 (b) 

show the electric field of taper region simulated by finite difference time domain method. In figure 1 (c), 

transmission spectrum measured in 2.4 K and 30mT magnetic field gives a full width at half maxima of 0.536nm 

and optical depth of 3, corresponding to a large absorption coefficient of 2.1 dB/μm. ECS nanowire also has a 

short excited-state lifetime of 153 μs measured by TCSPC method as shown in figure 1 (d). It reduces by 2 order 

of magnitude compared to the lifetime in the low doping crystal, benifitial to quantum initial state preparation. 

Our work pave the path to the large-scale integrated quantum memory. 

 
Fig. 1 (a) Scanning electron microscopy image and schematic view of the device. (b) Side view of the mode between ECS 

nanowire and Si waveguide. (c) Optical spectrum of device with (blue curve) and without (red curve) 30mT magnetic field. 

(d) Photoluminescence  lifetime modelled as  𝑎1𝑒
𝜏1
𝑡 + 𝑎2𝑒

𝜏2
𝑡 + 𝑏. 

Example References 
[1] C. Simon, et al., "Quantum memories-A review based on the European integrated project Qubit Applications (QAP)." Eur. Phys. J. D 58, 
1–22 (2010). 

[2] Wolfgang Tittel, Mikael Afzelius, Thierry Chanelière, Rufus L. Cone, Stefan Kröll, Sergey A. Moiseev, Matthew Sellars, "Photon-echo 

quantum memory in solid state systems." Laser & Photon. Rev. 4, 244–267 (2010). 
[3] Mikael Afzelius, Nicolas Gisin, Hugues de Riedmatten, "Quantum memory for photons." Phys Today 68, 42-47 (2015). 

4 Hugues de Riedmatten, Mikael Afzelius, Matthias U. Staudt, Christoph Simon and Nicolas Gisin, "A solid-state light–matter interface at 

the single-photon level," Nature 456, 773–777 (2008).  
 [5] A. M. Dibos, M. Raha, C. M. Phenicie, J. D. Thompson, "Atomic Source of Single Photons in the Telecom Band."  Phys Rev Lett 120, 

243601(2018). 

 [6] Hao Sun, Leijun Yin, Zhicheng Liu, Yize Zheng, Fan Fan, Shilong Zhao, Xue Feng, Yongzhuo Li, C. Z. Ning, "Giant optical gain in a 
single-crystal erbium chloride silicate nanowire." Nat Photonics 11, 589–593 (2017). 

A Nature Conference on Nanophotonics and Integrated Photonics 2018

63 



   

On-chip photonic quantum sources based on silicon waveguides 
 

Lan-Tian Feng,1, 2 Yang Chen,1, 2 Zhi-Yuan Zhou,1, 2 Ming Zhang,3 Ming Li,3 Dao-Xin Dai,3 Guo-Ping Guo,1, 2 

Guang-Can Guo,1, 2 Mark Tame,4, 5 and Xi-Feng Ren*1, 2 
 

1. Key Laboratory of Quantum Information, University of Science and Technology of China, CAS, Hefei, 230026, People’s Republic of 

China. 

2. Synergetic Innovation Center of Quantum Information & Quantum Physics, University of Science and Technology of China, Hefei, Anhui 
230026, China. 

3. State Key Laboratory for Modern Optical Instrumentation, Centre for Optical and Electromagnetic Research, Zhejiang Provincial Key 

Laboratory for Sensing Technologies,  Zhejiang University, Zijingang Campus, Hangzhou 310058, China. 
4. School of Chemistry and Physics, University of KwaZulu-Natal, Durban 4001, South Africa. 

5. National Institute for Theoretical Physics (NITheP), KwaZulu-Natal, South Africa. 

* Email: renxf@ustc.edu.cn 

 

Integrated quantum photonics has attracted intensive attention due to the compactness, scalability, and 

stability. An on-chip photonic quantum source, especially an on-chip entangled photon source, is a basic device 

for realizing quantum photonic integrated circuits (QPICs) [1]. 

We first demonstrate that a silicon-on-insulator nanowire can be used to generate frequency-nondegenerate bi- 

and multiphoton polarization entangled qubits, and directly compatible with the (100 GHz) dense wave division 

multiplexing communication system [2]. Multiphoton interference and quantum state tomography were used to 

characterize the quality of the entangled states. Four-photon entanglement states among two frequency channels 

were ascertained with a fidelity of 0.78. The emission spectral brightness of the four-photon entanglement source 

reached 340 kHz at the pump power 600 μW. Our work realizes the integrated multiphoton source in a relatively 

simple pattern and paves a way for the revolution of multiphoton quantum science. 

We also experimentally demonstrate frequency-degenerate quantum state generation using two pico-second 

pulsed lasers in a silicon nanophotonic waveguide. By using a dual-pump SFWM process with a low pump 

power (several hundred μW), we prepare a series of degenerate quantum states – a product state of two photons, 

a Fock state of four photons, and multi-photon entangled states of two and four photons. The generation methods 

we use could be extended to produce more complex states with a higher number of photons, and thus potentially 

used in on-chip operations for realizing quantum algorithms within integrated photonic circuitry. 

Then we report an on-chip transverse-mode entangled photon source via the spontaneous four-wave mixing 

processes in a multimode silicon waveguide [3]. Transverse-mode entanglement is verified over multiple 

frequency channels within a bandwidth of 2 THz, and a maximally entangled Bell state is also produced with a 

fidelity of 0.92. Our entangled photon source is the key element for quantum photonics based on transverse-

mode, and enables on-chip quantum information processing within high-dimensional Hilbert space. Furthermore, 

the transverse-mode entanglement can be converted coherently to path and polarization entanglements, which 

paves the way to realize highly complex quantum photonic circuits with multiple degrees of freedom. 
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Integrated photonic devices usually suffer from structure-sensitive performance, which requires severely very 

high manufacturing accuracy and strongly prevents the practical applications [1]. Although there have been several 

approaches proposed to overcome this difficulty, they usually have to sacrifice in other important aspects [2,3]. 

Fortunately, recent topological photonics provides some robust designs for photon behaviours, e.g., topologically 

protected edge state (TES) for one-way propagation [4]. It would quite possibly offer us a solution to other optical 

routings.  

In this work, we proposed and demonstrated that robust optical routing (e.g. directional coupler (DC) and 

splitter) can be achieved utilizing the TES in a Su-Schriffer-Heeger (SSH) [5] modelled optical waveguide array 

[6]. The robust DC and splitter structures consist of arrays of straight silicon waveguides on alumina chip, as 

depicted in Figs. 1(a) and 1(b), respectively. Figures 1(c) and 1(d) show the simulated field evolutions in ideal and 

imperfect DC and splitter with different fluctuation strength R (varying from 0 to the 1). The immunity against the 

structural discrepancies can be clearly seen. The functionality of directional coupling and splitting preserved 

perfectly with almost unaffected coupling distance. In experiments, we fabricated the corresponding silicon 

waveguide arrays on sapphire substrate and measured their optical routing properties. The results of DC and splitter 

are shown in Figs. 1(e) and 1(f), respectively. As have demonstrated that the intentionally introduced discrepancies 

almost have nothing to do with the routing function, showing the robustness. We additionally analysed another set 

of samples in conventional DC and splitter design, which behave quite large discrepancy in output signals, 

indicating the degraded performance of optical routing.  

 
Fig. 1 Schematics of the structures of (a) robust DC and (b) robust splitter. Simulated field intensity in the structures of (c) 

robust DC and (d) robust splitter with fluctuation strength of R=0, 0.5, and 0.75. Output intensities of (e) robust DC samples 
and (f) robust splitter samples with structural discrepancy ∆d =0nm, 20nm and 40nm (from top to bottom).  

  

On the basis of our topological design, the topological protection leads to more efficient optical routing than 

for the conventional devices, even in the presence of structural disorders. This work paves the way for integrated 

photonic devices with stable performances against nanofabrication discrepancy, which could lead to new families 

of optical structures and devices by exploiting robust optical propagation. 
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   Van der Waals (vdW) heterostructures formed by graphene and III-V semiconductors hold great promise for 

high performance optoelectronic devices such as solar cells, photodetectors, and light emitting diodes because of 

the outstanding light harvesting enhancement and an efficient rectifying behavior [1]. However, the work 

utilizing the graphene/III-V semiconductor vdW heterostructures as saturable absorber (SA) to improve the 

mode-locked characteristic for ultrafast photonic applications is still lacked. Although graphene has been 

successfully used as an effective SA for ultrashort pulse generation due to its ultrafast carrier dynamics and 

remarkable nonlinear optical properties, its low damage threshold dramatically hamper the applications. 

   Self-assembled InAs/GaAs quantum dots (QDs), as a mature technique, has been successfully employed in 

high performance laser diodes, photodetectors, and superluminescent light emitting diodes due to precisely 

customized parameters and great reproducibility [2]. InAs/GaAs QDs-based semiconductor saturable absorber 

mirrors (SESAMs) offer many potential advantages for ultrashort pulse laser because of extremely broad gain 

bandwidths and fast carrier dynamics in comparison with commercial quantum well-based SESAMs. However, 

the operating wavelength of the InAs/GaAs QD-based SESAMs is in the range of ~1-1.3 μm, while it is still a 

huge challenge to fabricate a high performance SESAMs working at the wavelength of 1.55 μm. Following the 

introduction of a strained InGaAs cap layer to reach 1.3 μm, the even higher In content in QD cap layer are 

logically merely required. However, high In content in the QDs and the surrounding matrix very readily leads to 

non-radiative recombination centers which rapidly degrade the crystal and optical quality of the QDs, making 

this QD device unsuitable for application.  

In this paper, for the first time, we describe the development of a SA comprised of graphene/short-period 

superlattice (SSL)/QD vdW heterostructure fabricated by graphene layer coating onto the SSL capped 

InAs/GaAs QD SA as shown in Fig. 1(a). In comparison with general InGaAs strain reducing layer, the (InxGa1-

xAs/ InyGa1-yAs)n SSL layer provides a uniform In distribution and lower In content. Significant improvements in 

pulse width, threshold, average power and stability are all exhibited in a mode-locked Er doped fiber laser based 

on the above engineered SA. Fig. 1(b) presents the autocorrelation trace of the optical pulse for the mode locking 

with the hybrid SA. Both theoretical calculations and experimental results demonstrate that in graphene/SSL/QD 

vdW heterostructure, graphene acts as an light funnel to enhance photon carrier generation, SSL serves as a 

carrier distributer and reservoir, and QD plays a role as the final absorption, enabling a strong interlayer coupling 

effect in comparison with separated InAs/GaAs QD SA, graphene, or graphene/QD vdW heterostructure as 

shown in Fig. 1(c). This graphene/low dimensional III-V semiconductor vdW heterostructure may thus represent 

a pathway towards the application of all-optical clocking recovery, optical frequency, and coherent optical 

communication systems. 

 
Fig. 1(a) Schematic illustration of  graphene capped SSL/QD vdW heterostructure SAs. (b)  autocorrelation trace of the 

optical pulse for the mode locking with the single layer graphene capped SSL/QD vdW heterostructure SA. (c) Schematic 

diagram showing photo-generated transitions in graphene capped QD vdW heterostructure. 
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  High-dimensional quantum states, i.e., qudits, have unique quantum features and offer advantages in particular 
quantum information tasks. Integrated photonics offers high-efficiency single-photon generation as well as multi- 
mode,  high-precision  and reconfigurable quantum  controls,  which are particularly  suited  for  generating, 
manipulating qudits [1-3].

  Here, we experimentally realize the generation and manipulation of a pair entangled qutrits on a silicon chip. 
This is realized by integrating three dual Mach-Zehnder interferometers (DMZI) micro-ring photon-pair sources 
which  allows us  to  independently  tune  the  coupling  conditions  of  pump,  signal  and  idler  photons. This 
configuration greatly enhances generation and extraction efficiency of the photon pairs. In addition, it also relaxes 
the amount of off-chip filtering for the pump [4].

  Figure 1a presents the layout of our photonic chip. The chip consists of 3 DMZI micro-ring sources, 15 multi- 
mode interferometer beam splitters and 28 simultaneously running thermo-optic phase shifters. We generate an 
entangled state of three-path encoded qutrits by creating a photon pair in a superposition between three sources, 
then separating the generated photons of each part. Non-degenerate signal and idler photons are generated by the 
spontaneous four-wave mixing in the DMZI micro-ring sources, and further separated by on-chip resonator-based 
wavelength devision multiplexers (WDMs). Path entanglement requires indistinguishable photons. We achieved 
that by performing  reverse Hong-Ou-Mandel  (HOM) interference.  The  results  are  shown in  Fig.  1b,  with  an 
raw/accidental-subtracted visibility of 94.7%/97.1% and 85.3%/86.1% for sources1,3 and sources 2,3, respectively. 
This high-visibility indicates that the three sources are spectrally well overlapped. With good sources interference 
established, we setup the qutrit entanglement state via the WDM resonators, the coincidence results are plotted in 
Fig. 1c. Although the state is not a maximally entangled state, a series of on-chip states can be produced by using 
different configurations of sources and built-in WDM tuning. 

 

 

           
Fig. 1. a)  Optical micrograph of the device. A 200-μm scale bar is shown. b) Anti-HOM interference fringes between sources. c) 

Two-fold Coincidences from three DMZI micro-ring sources.  
 

These results represent a new application in functionally integrated quantum photonics, demonstrating the high 

potential of this platform for the progress of quantum information processing.  
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Higher-order topological insulators (HOTIs) which go beyond the description of conventional bulk-boundary 

correspondence, broaden the understanding of topological insulating phases [1-3]. Being mainly focused on 

electronic materials, HOTIs have not been found in photonic crystals (PCs) yet. Here, we propose a type of two-

dimensional second-order photonic crystal (PC) which is the photonic analog of 2D the Su-Schrieffer-Heeger 

(SSH) model [4] with zero-dimensional corner states and one-dimensional boundary states for optical 

frequencies. All of these states are topologically nontrivial and can be understood based on the theory of 

topological polarization. Moreover, by tuning the easily-fabricated structure of the photonic crystals, different 

topological phases can be realized straightforwardly. Our study can be generalized to higher dimensions and 

provides a platform for higher-order photonic topological insulators and semimetals [5]. 

The structure of the combined PC and the unit cell of the inner PC and outer PC are depicted in Fig. 1(a). For 

both PCs, the lattice constants, the radius of the rods and the relative dielectric constant are a = 1.5μm  r =
0.12a and ε = 12 respectively. The outer (inner) PC is achieved by shrinking (extending) the dielectric rods 

symmetrically with respect to the center of unit cell comparing to 2D square lattice as depicted in Fig. 1(a). By 

numerical calculation of the eigenmodes in this combined PC, we find four degenerate 0D mid-gap states as the 

corner states which are strongly localized at four corners as shown in Fig. 1(a). These corner states are 

topologically protected by the bulk 2D Zak phase and robust against perturbations which does not close the 

bandgaps.     

 
Fig. 1 (a). Schematic of the combined photonic crystal which has corner states. (b). Classification of all kinds of 

generalized 2D photonic SSH model with different configurations in x-and y-directions. 

  

Besides, we also find that there are 1D edge states which are protected by 1D bulk polarization. Moreover, 

the existence of these topologically protected 1D edge states can be easily controlled by changing the lattice 

structures. We then classify all the topological edge states with respect to the bulk polarizations in x- and y- 

directions as depicted in Fig. 1(b). A(B) = 1 means 2D PC is in topologically nontrivial phase along x-(y-) 

directions. A(B) = 0 means 2D PC is in topologically trivial phase along x-(y-) direction. The blue area 

represents isotropic cases (symmetric in x- and y- directions) and yellow area represents anisotropic cases (PC is 

different in x- and y- directions). The dashed lines represent there are no 1D edge states and solid lines represent 

the existence of 1D edge states. The solid circles mean there are corner states. The edge (or corner) states of the 

same color have the same frequency, whereas the states with different colors have different frequencies. The 

result is concise and may provide instructions on future exploration on HOTIs without negative hopping in 

photonic systems. 
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The ability to rapidly and precisely construct multifunctional electronic and optic devices would enable 

myriad applications, including displays, solid-state lighting, wearable electronics and biomedical devices with 

embedded circuitry. Here, the droplet manipulation strategy is demonstrated for rapidly patterning 

materials over a broad range of compositions and accurately achieving the correct position at the micro- and 

nanoscale. Firstly, 0D microdots are connected by 1D microwires through regulating the Rayleigh-Taylor 

instability of materials solution or suspension, which display bright dichromatic photoluminescense. [1] 

Secondly, a 3D liquid self-shaping strategy is developed for rapidly patterning materials over a series of 

compositions and accurately achieving micro- and nanoscale structures. The 3D architectures achieved by two 

different quantum dots show non-interfering optical properties with feature resolution below 3 μm. [2] Thirdly, 

three-primary-color fluorescent nanoparticles can also be integrated by successively printed with retention of 

their individual photoluminance efficiency (5% variances). Yellow, magenta, cyan and white colors with clearly 

defined interfaces are achieved to reduce the optical cross-talk effect. Finally, nanoparticle-based curves are 

assembled through pillar-patterned silicon template-induced printing, and integrated as flexible sensors to 

perform complex recognition of human facial expression. [3] Optimal interconnect are spontaneously patterned 

between certain nodes on diverse substrates, as natural systems spontaneously figuring out the shortest path. The 

optimal interconnect leads to a 65.9 percent decrease in the electromagnetic interference. [4] Therefore, self-

assembling of nanomaterials via droplet manipulation are achieved in all dimensions for multifunctional 

optoelectronics. 

 
Fig. 1 Self-assembling of Nanomaterials via Droplet Manipulation for Multifunctional Optoelectronics Devices 
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The use of circularly polarized light for information transmission and processing, i.e., spintronics, has drawn 

great interest in the past decade because it holds promise for future energy-efficient communication system free 

from Joule heating [1]. Circularly polarized light is unique because it carries spin angular momentum with two 

different signs determined by the helicity. Utilization of the spin-controlled helicity has enabled a lot of 

applications in light-matter interaction [2] and quantum communications.  

Plasmonics, with an unprecedented ability to concentrate light into deep sub-wavelength scale, have emerged 

as a solution to future optical chips with simultaneous high operating speed and compact sizes. It has thus become 

an ideal on-chip platform for the researches of spintronics. For practical implementations of spin waves, a device 

that is capable of transmitting/receiving spin information to/from another device is necessary. However, it is 

challenging to generate spin optical waves from a plasmonic circuit. Recently, based on the concept of spoof 

surface plasmons, a microstrip antenna array with the capability of bridging the gap between circularly polarized 

microwave radiation and spoof surface plasmons has been reported in microwave regime [3].  

Inspired by the work in [3], in this paper, a plasmonic nanopatch antenna array capable of converting the 

plasmonic waves in the plasmonic nanoslot waveguide into free space spin optical waves is proposed. Figure 1a 

shows the structure of the proposed nanopatch array. The nanopatch array is located above the plasmonic nanoslot 

waveguide with a SU-8 spacer between them. By properly designing the sizes and the inclined angle of the 

nanopatch, two orthogonal modes with equal amplitude and 90-degree phase difference can be excited. The 

superposition of these two modes results in a spin light emission. Figure 1b gives the Ez distributions on the lower 

surface of the nanopatch with a = 350 nm and b = 250 nm at four different phases. It can be seen that the nanopatch 

exhibits a right-hand circular polarization. The corresponding far-field directivity and axial ratio (AR) of an 8-

element nanopatch array are plotted in Fig. 1c. As seen from Fig. 1c, the 3-dB axial ratio bandwidth is around 

6.11% (207 ~ 219 THz). Within the 3-dB AR bandwidth, the directivity is all above 10.5 dBic with a peak 

directivity of 11.5 dBic. A high directivity is beneficial to transmit the spin waves over a long distance. The simple 

structure, compact size, high directivity and ease of fabrication make the proposed nanopatch array a useful 

building block for future spin-optoelectronic circuits and integrated quantum communications. 

 
Fig. 1 (a) A schematic showing the structure and the function of the proposed design. The SU-8 layer between the 

nanopatches and the nanoslot is set to be transparent for clear illustration. (b) Ez  distributions on the lower surface of the 

nanopatch at four phase states. The inclined angle of the nanopatch is 45°and the nanopatch has an offset of 60 nm with 

respect to the nanoslot central line. (c) Directivity and AR versus frequency. 
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Nanoparticles are applicable widely and exist everywhere. As the unique properties distinguished with bulk 

materials, synthetic nanoparticles are playing a key role in applications of disease diagnosis, cancer treatment, 

and drug delivery. Adversely, growing concerns over the potential toxic effects of nanoparticles on human health 

have arisen, with the nanoparticles released from industrial products increasingly. Meanwhile, nanoparticles 

occurring naturally, such as virus and nano-pollutants, might also introduce severe diseases and environmental 

deterioration. The label-free single nanoparticle imaging is crucial for in-situ tracking to nano-pollutants and 

virus in environmental monitoring and biological sciences.  

Surface plasmon polaritons (SPPs) is a good candidate for label-free single nanoparticle detection [1-3]. In 

this study, the imaging to single polystyrene nanoparticle with particle size down to 39nm (~ deep 

subwavelength with λ/16) is demonstrated (shown in Figure 1(a)), which is characteristic of localized surface 

plasmon (LSP) enhancement induced by nanoparticle polarization and interference fringes relative to the 

plasmonic in-plane scattering (see Figure 1(b)). The directionality of the imaging is found which transforms the 

spatial imaging to spatial frequency via Fourior transform, which is due to the interaction between the electric 

and magnetic dipole modes from nanoparticle polarization, e.g. the Kerker scattering [4] (see Figure 2(a)). 

Finally, the connection between LSP enhancement and optical properties of single nanoparticle is illustrated 

(shown in Figure 2(b)). Our study provides experimental access and theoretical understanding of the plasmonic 

imaging to the single nanoparticle. Both the scattering directionality and LSP enhancement retrieved from the 

plasmonic imaging connect to the size and refractive index of single nanoparticle, which paves the way for in-

situ and fast detection and identifying the nano materials in the environment. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 (a) The imaging to single polystyrene and Si nanoparticle with size down to 39nm. (b) The mechanism of the 

characteristic of single nanoparticle imaging. 

 

 

 

 

 

 

 

 

 

 

Fig. 1 (a) The directionality of the single nanoparticle imaging in spatial frequency domian. (b) The connection between 

LSP enhancement and optical properties of single nanoparticle. 
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Colors are essential for the survival of animals and plants in nature [1]. After millions of years of evolution 

and selection, the biological systems have developed very efficient ways to make and modulate colors with 

relative few building blocks available [1]. Structural colors, which originate from the scattering, interference and 

diffraction of light with structured dielectric materials with a feature size comparable to the visible light 

wavelength, are prevalent in the biological world [2]. This library of structural colors offers tremendous 

inspirations for humans to design advanced optics. Among the various structural colors developed in nature, one 

particularly intriguing phenomenon is the circular dichroism. The exocuticles of many scarabaeid beetles 

selectively reflect left circularly polarized light, showing distinct appearances (Fig. 1a) when viewed under left 

and right circular polarizers [3]. Detailed structural investigations reveal that this is because the exoskeleton 

consists of helicoidally assembled chitin fiber layers, with a structure analogous to a cholesterol liquid crystal 

(Fig. 1b,c).  

Inspired by nature, we have developed a Langmuir-Blodgett assembly based method to fabricate bio-mimicry 

chiral photonic crystals (Fig. 1d-e). Our method combines the nano-scale resolution of bottom-up self-assembly 

and the precise structural control of top-down approaches, giving rise to unprecedentedly diversified chiral 

photonic crystal structures. Making use of the intimate structure-property relationship, we have proposed and 

demonstrated barcode applications with giant coding capacity based on the programmed circular dichroism 

spectra through structure design. 

 

 

Fig.1  A biomimetic route to chiral photonic crystals. a) Photographs of the beetle Anomala corpulenta Motschulsky (a 

kind of scarabaeid beetle) taken through a left (left) and right (right) circular polarizer, respectively. b) SEM image of the 

cross section of cuticle of the beetle Anomala corpulenta Motschulsky, showing layered structures, typical of cholesterol 
liquid crystals. c) Schematic representation of the helical arrangement of aligned layers to constitute chiral photonic 

crystals. d) Dispersing nanowires on the air-liquid interface in the Langmuir trough, on top is the photograph of 

NiMoO4·xH2O nanowire cyclo-hexane solution. e) Compressing the barriers to obtain aligned nanowire films. Afterwards, 
the aligned layer is transferred onto a substrate via a horizontal lifting method with a twist. f) SEM image of the cross 

section of one chiral photonic crystal film through layer-by-layer transfer with a predesigned twisting angle. Inset is the 

corresponding photograph of the sample. Scale bars: b and f, 2 μm. 
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Optically active semiconductor quantum dots (QDs) are nanostructures with zero-dimensional confinement 
potential leading to discrete electron and hole energy levels. These so-called “artificial atoms” are excellent single-
photon sources [1] with tailorable optical properties [2] and applications in quantum communication [3], quantum 
sensing [4], and quantum simulations [5].  
We work with highly symmetric QDs of gallium arsenide (GaAs) infilled holes obtained by aluminium (Al) droplet 
etching in Al0.4Ga0.6As [6]. In order to utilize those QDs we develop new structures to efficiently couple the single 
photons out of the semiconductor material and into the collection optics of our micro-photoluminescence (μ-PL) 
experiment. For this, we employ a low-Q microcavity with a metallic gold backside mirror, which we fabricate by 
a combination of dry reactive ion etching in an inductively coupled plasma and selective wet chemical etching. 
Precise control of the etch sidewall curvature allows us to achieve a parabolic backside mirror shape and enhanced 
μ-PL intensity (Fig. 1) with an estimated extraction efficiency of 12.5%.  
Furthermore, we integrate our QD microcavity structures onto 200 μm thick lead magnesium niobate-lead titanate 
(PMN-PT) piezoelectric substrates using a polymer-based bonding process. The piezo allows us to induce a large 
in-plane biaxial strain into the semiconductor material at low temperature. With our devices, we tune the emission 
of the QDs with planar (parabolic) metallic backside mirror by 1 meV (0.4 meV) for 400V of applied voltage, in 
a dynamic, reversible and linear way. 

Fig.1 Parabolic mirror microcavity for enhanced photoluminescence extraction efficiency: a) Scanning electron microscope image of circular 
paraboloids obtained by dry reactive ion etching in an inductively coupled plasma. The sample is mounted on a 45° tilted sample holder and 
tilted 35° more for imaging. b) μ-PL measurements under continuous-wave above-band excitation of a sample with single quantum dots in 
parabolic (solid line) and planar metallic backside mirror (dashed line) microcavity structures. Schematics: A dark blue drop represents the 
quantum dot and an orange line corresponds to the gold backside mirror.  
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Epsilon near zero (ENZ) material, whose permittivity is near zero, has been the research hotspot because of 

its distinctive features, and is widely used in photonic researches [1]. Previous study has shown that the red shift 

of the resonance wavelength of longer nanoantennas can be slowed down when they are placed on the ENZ film, 

and get a resonance “pinning” at ENZ wavelength [2]. In addition, the enhancement of spontaneous emission 

(SE) by plasmonic nanostructures, which has important applications in quantum information and integrated 

photonic circuit, is sensitive to the size of the metallic nanocavity, i.e., enhancement factor will decrease rapidly 

if the nanocavity deviates from the resonant size [3].  

Combining the “pinning” effect and the ultrasmall mode volume of the metallic nanocavity placed on 

the ENZ substrate, we demonstrate the relaxed length restriction of the nanocavity for large SE 

enhancement in the ENZ substrate-Ag nanorod system [4]. As shown in Fig. 1 (a), we put the Ag nanorod on 

the substrate whose permittivity decreases linearly with the increment of the wavelength and crosses zero at 657 

nm (i.e., the ENZ wavelength of the film is 657 nm). Originate from the resonance “pinning” effect, when the 

working wavelength of the dipole nearby is equal to the ENZ wavelength of the substrate, large SE enhancement 

of the dipole can be achieved in wider size of the Ag nanorod. Displayed in Fig. 1(b), when the working 

wavelength λ of the dipole is 500 nm, the linewidth of the curve of SE enhancement factor γ/𝛾0 and the length 

of the Ag nanorod is only 4 nm, but the linewidth increases to 13 nm when λ = 657nm. In other words, ENZ 

substrate can relieve the strict demand on the size of the nanocavity for enormously enhancing the SE of the 

dipole working at the same wavelength. This kind of size-relaxed nanocavity for large SE enabled by ENZ 

substrate has potential applications in the preparation of single photon sources, plasmon-based nanolasers and 

on-chip nanodevices, promotes the development of quantum information and integrated photonic circuit. 

 

 
Fig. 1 (a) Schematic diagram of the proposed Ag nanorod-ENZ substrate system. The dipole emitter is placed near the Ag 

nanorod with length of a. The permittivity of the substrate decreases linearly with the increment of the wavelength and 

crosses zero at 657 nm. (b) Length-relaxed nanocavity when the working wavelength of the dipole is equal to the ENZ 

wavelength.  
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Abstract We report the study on thin flakes of a van der Waals crystal, α-MoO3, which can support in-plane 

hyperbolic polariton guided modes in mid-infrared frequencies, without the need for structural patterning. This is 

possible because α-MoO3 is a biaxial hyperbolic crystal with three different Restrahlen bands, each 

corresponding to a different crystalline axis. These findings can pave the way towards new paradigm to 

manipulate and confine light in planar photonic devices. 

 

Hyperbolic materials refer to those media exhibit permittivty tensor having one principal component with 

opposite sign with respect to the other two axes. They have been extensively studied for their exotic optical 

properties, particularly the highly confined electromagnetic fields with arbitrarily high momenta (1). This 

concept can be directly generalized to 2D media, where surface waves or guided waves are considered, and 

implemented using hyperbolic metasurfaces (HMSs) (2). These are flat photonic nanopatterned structures that 

support guided waves with in-plane hyperbolicity and can control the two-dimensional light propagation in 

unconventional way, giving rise to a variety of intriguing optical phenomena such as all-angle negative 

refraction, greatly enhanced photonic density of states, and wavefronts with concave curvatures (3). The 

necessity of patterning, however, typically leads to strong optical losses, and limits the actual confinement that 

can be reached. Furthermore, the electromagnetic responses of the HMSs are governed by the permittivity 

tensors that are derived from the effective medium theory, which is only valid in the long-wavelength limit 

where the structural periodicity is much smaller than the incidence wavelength. Consequently, the hyperbolic 

dispersion is constrained to a very small region in the reciprocal space, leading to rather limited electromagnetic 

wavevectors. Such an issue can in principle be alleviated by reducing the structural periodicities of the 

metasurfaces down to sub-10 nm scale. However, this should happen without bringing in additional surface 

roughness or defects, which is a great challenge for nano-fabrication techniques. Thus, the quest for a natural 

medium that can be used to achieve in-plane hyperbolicity without nanopatterning is a very important open 

problem in nano-photonics. 

In a recent work we have demonstrated highly confined hyperbolic phonon polaritons (PhPs) in a new type of 

vdW semiconducting crystal, the alpha-phase molybdenum trioxide (α-MoO3), grown by thermal physical 

deposition method. Now, we show that the vdW α-MoO3 is actually a type of natural biaxial hyperbolic crystals 

with pristine in-plane hyperbolic dispersion in the mid-infrared regime. We use high-resolution optical scanning 

probe nano-imaging techniques to investigate phonon polariton modes launched, guided, and manipulated within 

the α-MoO3 thin flakes in the different hyperbolicity bands of the crystal. In particular, the concave wavefront of 

a polaritonic mode originated from the in-plane hyperbolicity of the flake is shown as an unmistakable signature 

of the preserved three-dimensional hyperbolicity of this 2D material. 

The homogenous biaxial hyperbolic vdW α-MoO3 crystal investigated here offers the prospect of planar 

photonics without the need for complex nanopatterning, which is unavoidable in 2D artificial counterparts. In 

principle, the wavevectors of the guided electromagnetic waves that can be attained within α-MoO3 are only 

limited by the atomic crystalline periodicity; thus, very strong electromagnetic confinement can be reached. In 

addition, the confinement and manipulation of electromagnetic fields at the nanoscale can be further enriched by 

introducing sophisticated nanostructures 
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Clean and abundant solar energy has been intensively explored as an alternative to traditional fossil fuels to 

alleviate the energy crisis and reduce the pollution of greenhouse gases over the past decades. Solar absorber, a 

key component to convert solar radiation into thermal energy, plays a significant role in various solar thermal 

applications [1,2]. The challenge for a solar selective absorber should be simultaneously with a broad 

absorptance in the solar spectrum covering ultraviolet (UV), visible and near infrared (NIR) to convert most 

solar radiation into heat and along with low emittance in the mid-IR regime to prevent energy loss from 

blackbody radiation [3].    

 
Fig. 1 (a) The reflective spectrum with the wavelength from 0.3 to 25 μm of the optimal W-SiO2-W nanocylinder array in experimental (red 
solid) and simulation (blue dash) along with the non-microstructure W-SiO2-W composite film (magenta dash) and the pure W film (pink 

dash). (b) The schematic of solar thermoelectrical system, consist of absorber, thermoelectric device array and passive cooling device. 

 

In this work, we designed and realized an effective and robust selective solar absorber (SSA) in a structure of 

W/SiO2/W, where a thin layer of SiO2 is sandwiched between a layer of hexagonal packed tungsten 

nanocylinders array at the surface and a thicker tungsten film at the bottom on a silicon wafer. As the red solid 

line shows in Fig. 1, the optimal absorption was characterized to be higher than 0.9 over the wavelength from 

300 nm to 1500 nm while its reflectance in the region from near infrared (NIR) to mid infrared (MIR) is also 

over 0.9, which is well matched with the simulation results of that identical structure (the blue dash line). The 

transition edge turns around 1.5μm. At a designed working temperature of 150˚C, the energy conversion 

efficiency of the full spectral solar light reaches 84.5% from photon to thermal at irradiance of one standard sun 

(100mW/cm2), which is successfully applied to a typical solar thermoelectric generator (STEG) consisting of a 

commercial thermoelectric device, Through varying the concentration ratio of solar illumination, the working 

temperature and open-circuit voltage of the whole STEG can be modulated accordingly. The high performance 

SSA and its derived STEG system in this work pave a promising and alternative way for solar thermal energy 

harvesting at the low-mid temperature. 
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Weak value and measurement[1] have been used as a metrological protocol for amplifying the minute 

physical effect, also known as weak value amplification(WVA). Unfortunately, the amplified outcomes tend to 

occur with highly suppressed probabilities due to the post-selection. Whether the overall measurement precision 

of WVA is improved in comparison to that of conventional measurement (CM) is under heated debate. Many 

works show that both WVA and CM have respective advantages under the different theoretical assumption or 

experimental conditions[2,3]. In this paper, we experimentally investigate the measurement precision of WVA 

and CM in an optical system with a generic scientific CCD. The reported experiment demonstrates that WVA 

offers metrological advantages over the CM in the presence of classical noise and detector saturation which are 

ubiquitous in scientific CCDs.  

 

(1)                                                            (2)                                           (3) 

                                     
 

                                  Fig. 1 (1). Experimental Setup  (2).Beam Profiles  (3).Histograms of Estimation Results 

    To demonstrate the superiority of WVA over CM in comfonting saturation of CCD, two typical cases are 

illuestrated in Fig.1(2). In the former case, neither WVA nor CM saturate the CCD; in the latter case, saturation 

happens in the CM scheme. The green and orange regions represents the fluctuations of pixel readouts caused by 

the shot noise of light and the classical noise of CCD. Maximum Likelihood estimation of the coupling parameter 

g is performed using 300 frames selected at random in 6000 frames which is repeated for 200 times for each cases. 

The blue bars in the Fig.1(3) show the histogram of estimation results for both CM and WVA. The black lines 

give the Gaussian fitting of the distribution, while the red lines refer to theoretical calculation. Our experiment 

results agree well with the theoretical prediction implying that the Cram'er-Rao bound is catched. We can see from 

Fig.1(3)(A) and (B) that CM behaves better than WVA in precision when the incident photon number is small, 

since stronger signals of CM help suppress the dark noise. 

By contrast, with much more incident photons, WVA turns out to be an effective method to circumvent the 

saturation and preserve the metrological information, thus outperforming CM, as is shown in Fig.1(3)(C) and (D). 

We have experimentally demonstrated that WVA could offer improved metrological performance than CM in the 

presence of the noise and saturation of photodetectors, extending greatly the dynamic range of the system. In 

addition, our results shed new light on the applications of weak measurement in practical quantum metrology. 
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Structural colors arising from all-dielectric nanostructures are very promising for high-resolution color 

nanoprinting and high-density optical storage. However, once the all-dielectric nanostructures are fabricated, their 

optical performances are usually static or change slowly, significantly limiting the practical applications in 

advanced displays. Herein, we experimentally demonstrate the real-time tunable colors with microfluidic 

reconfigurable all-dielectric metasurfaces. The metasurface is composed of an array of TiO2 nanoblocks, which 

are embedded in a polymeric microfluidic channel. By injecting solutions with a different refractive index into the 

channel, the narrow band reflection peak and the corresponding distinct colors of a TiO2 metasurface can be 

precisely controlled. The transition time is as small as 16 ms, which is orders of magnitude faster than the current 

techniques. By varying the lattice size of TiO2 metasurfaces, the real-time tunable colors are able to span the entire 

visible spectrum. Meanwhile, the injection and ejection of solvent have also shown the capability of the erasion 

and the restoration of information encoded in TiO2 metasurfaces. The combination of all-dielectric nanostructures 

with microfluidic channels shall boost their applications in functional color display, banknote security, 

anticounterfeiting, and point-of-care devices. 
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High-harmonic generation (HHG) plays an essential role in applications such as coherent attosecond pulse 

generation[1] and extreme ultra-violet (EUV) spectroscopy[2], yet the typically weak conversion of pump light to 

HHG could largely hinder its applications. While traditionally occurs in rare-gas atoms, HHG has also recently 

been reported in solids with reduced threshold pump field and the additional advantage to produce stable EUV 

waveform in a compact setup[3-5]. Nevertheless, due to the above-band-gap absorption and the short coherent 

length, only a small fraction (typically tens of nanometers in thickness) of the solid phase material can be truly 

exploited for HHG, significantly limiting the generation efficiency. 

In this work, we report HHG up to the 9th order directly from an ENZ material, indium-doped cadmium oxide 

(CdO). The structure is a Berreman-type plasmonic cavity formed from a 75-nm-thick In-doped CdO layer and 

200-nm-thick gold capping layer, sequentially deposited on a magnesium oxide (MgO) substrate. The In-doped 

CdO film has a measured carrier density of 2.8×1020 cm-3 and an electron mobility of 300 cm2V-1s-1, respectively. 

According to the Drude formula, its real part of permittivity crosses zero at a wavelength of 2.1 μm. The thickness 

of the CdO film is deep sub-wavelength, and comparable to its absorption length for high-harmonic radiation in 

the ultraviolet spectral range. With p-polarized light illumination at an incident angle of 50°, the sample exhibits 

resonant near-perfect absorption at 2.08 μm[6]. 

High harmonic radiation is generated using a linearly polarized laser with 1 kHz repetition rate and 60 fs pulse 

duration. The laser illuminates the sample at an angle of incidence θ. The emitted harmonic signal propagates 

along the specular reflection direction, collinear with the pump beam. With pump wavelength centered at 2.08 μm 

and θ of 50°, for p-polarized illumination, odd-order harmonics are observed from the 3rd to the 9th order. In 

contrast, for s-polarized illumination, a configuration that does not lead to field enhancements, no harmonic signal 

above 3rd order is observed. 

With a careful examination of the harmonic spectra, we find that the harmonic peaks all exhibit substantial, 

excitation intensity-dependent redshifts away from the expected harmonic photon energy Nℏω0, the product of the 

fundamental photon energy ℏω0 and the harmonic order N. The measured Nth harmonic peak appears 

approximately at N×0.93ℏω0 for all harmonic orders. We attribute the peculiar behavior of harmonic spectral red-

shift and broadening to the sub-picosecond hot electron dynamics in the CdO film. 
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Graphene has attracted significant attention as a promising candidate for high-performance infrared 
photodetection material because of its broadband absorption, ultrafast carrier dynamics, and good controllability 
through electrostatic doping [1]. However, the photoresponse of those graphene based photodetectors is limited 
by the poor absorption since graphene has only one atomic layer. Micro photonic structures, such as waveguides 
and micro cavities, could effectively enhance the absorption of graphene [2,3], but suffer from the bulky pixel 
sizes and the difficulty to integrate with the device structure of photodetectors. Nanophotonic structures, such as 
plasmonic resonantors and nano antennas, offer a more compact and compatible solution [4-6].  

Among nanophotonic structures for this purpose, the optical patch antenna structure received a lot of 
attention due to their high in-coupling efficiency, insensitive angle dependence and good compatibility to device 
configuration [7,8]. But there are few experimental studies in this direction. In this work, we investigated the 
possibility to integrate an optical patch antenna with a graphene infrared photodetector. The device was designed 
and fabricated (Fig. 1 (a)-(c)). We found an 18 times increase of graphene’s photoresponse (Fig. 1 (d)) due to a 
resonantly enhanced localized mode (Fig. 1 (b)). The photocurrent was collected with zero bias between source 
and drain in a short circuit scheme. The resonance behaviour is evidenced by the photoresponse spectra 
measurement. By increasing the patch width, the photoresoponse peak is red-shifted. The significant increase in 
photoresponse is attributed to the impedance matching design of the patch antenna, as proved by the measured 
reflection spectrum with a dip that approaches zero. The anisotropic configuration of the patch antenna provides 
a 11:1 polarization extinction ratio. By integrating the patch antenna with on contact and thus breaking the 
symmetry, the device shows photoresponse under flood illumination. It shows that other than making dissimilar 
metal contacts, creating an asymmetric optical field distribution by nanophotonic structures is a new way for 
graphene photodetectors at zero bias to have photoresponse under flood illumination. Based on the photocurrent 
characterization versus gating voltage, the photoresponse mechanism is attributed mainly to the 
photothermoelectric effect.  

 
Fig. 1 (a) Sketch of the patch antenna integrated graphene photodetector. (b) Electric field distribution on the cross-
sectional plane of the patch antenna integrated with graphene. (c) SEM image of the device; the dark area is covered by 
graphene. (d) Photocurrent as a function of laser scanning position; the red line and the blue line correspond to the incident 
polarizations perpendicular and parallel to the metal stripes, respectively. 

 

References 
�1� F. Koppens, et al., Nat. Nanotechnol. 9, 780 (2014). 
[2] M. Furchi, et al., Nano Lett. 12, 2773 (2012). 
[3] X. Gan, et al., Nature Photon. 7, 883 (2013). 
[4] Y. Liu, et al., Nat. Commun. 2, 579 (2011). 

[5] T. Echtermeyer, et al., Nat. Commun. 2, 458 (2011). 
[6] Z. Fang, et al., Nano Lett. 12, 3808 (2012). 
[7] S. Song, et al., Nanoscale 5, 9615 (2013). 
[8] J. Zhu, et al., Appl. Phys. Lett. 105, 021102 (2014). 

A Nature Conference on Nanophotonics and Integrated Photonics 2018

80 



   

Tunable Whispering Gallery Mode Lasing from the Printed High-Q 

Microdisk  
 

Kaixuan Li
1,2

, Mingzhu Li
1,*

, Yanlin Song
1,*

 

1. Key Laboratory of Green Printing, Institute of Chemistry, Chinese Academy of Sciences, Beijing 100190, China 
 

2. Department of Chemistry, University of Chinese Academy of Sciences, Beijing 100049, China 

 

High quality (Q) factor microdisks are fundamental building blocks of on-chip integrated photonic circuits 

and biological sensors. The resonant modes in microdisks are circulating near their boundaries, making their 

performances strongly upon the surface roughness. Surface-tension-induced microdisks are superior to other 

structures when comparing Q factors. However, the versatile fabrication of desired photonic performance 

structure remains a big challenge [1-3. Here, we propose the idea of printing the polymer droplet on the super-

hydrophilic substrate to fabricate the high-Q microdisks. By printing the polymer droplet on the super-

hydrophilic substrate, the droplet would spread on the substrate, which induces the construct of high quality 

factor microdisk. By mixing the polymer with the gain medium, optically pumped lasing with selective 

wavelengths in a range of about 100 nm can be achieved. Furthermore, the size of micro-disk can be adjusted 

easily. We hope that these results will pave an avenue for the construction of new types of flexible WGM-based 

components for photonic integration. 

 
 

Fig. 1 the fluorescence microscopic observation images of the printed microdisk. 
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Highly precise self-assembly of nanomaterials in the ink droplets along the vapor-solid-liquid three phase 

contact lines could be accurately achieved. [1] Significantly, the basic units (dot, line, plane and stereo structures) 

via the printing technology can be precisely controlled. Based on the manufacturing of functional nanomaterials 

and controllable spreading and transferring of liquid droplets, we fabricated the superoleophilic patterns on the 

hierarchically structured superhydrophilic plate by ink-jet printing. Thus the image area and non-image area can 

be achieved on the plate, which can be directly used as the printing-plate. Our further work on assemble metal 

nanomaterials or colloidal nanoparticles via feasible printed process, patterned the various linear or curves 

1D/2D morphologies and optimal interconnects on diverse substrates. [2] Patterned colloidal PC contributes a 

novel approach to constructing high-performance photonic crystal (PC) devices with unique structures and 

specific functions. Based on droplet manipulation green printing technology, we fabricated various patterned PC 

devices. For example, the detection sensitivity and response speed of sensors can be improved; cross-reactive 

molecules can be recognized through array patterned microchip; the display devices with tunable pattern, well-

arranged RGB unit, and wide viewing-angle can be fabricated; and several anti-counterfeiting devices with 

different security strategies can be fabricated. [3] These achievements on functional printing are derived and 

benefited from the fundamental researches on solid/liquid interfacial wettability manipulation, morphology 

control of dried ink droplets, as well as functional nanomaterial fabrication, which develop the research system 

of Green Printing Technology. 
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The comb-like waveguide systems has attracted a lot attention for the existence of the locally resonant 

bandgap besides Bragg band gap and the potential to realize slow wave. Here we study the topological properties 

of two types of comb-like waveguide systems. The first one is dimerized comb-like waveguide system, whose 

unit cell contains two side-branch waveguides and has mirror symmetry as shown in Fig.1(a), the other one is 

Aubry-André-Harper(AAH) comb-like waveguide system, whose unit cell contains three side-branch 

waveguides and the distance between the 𝑛𝑡ℎ  and (𝑛 + 1)𝑡ℎ  side-branches is modulated as 𝑑𝑛 = 𝑑{1 +
𝛿 cos[2𝜋𝑏(𝑛 − 1) + 𝜙]} as shown in Fig.1(b). 

Fig. 1 (a) The unit cell of the dimerized comb-like waveguide system and an experimental sample. (b) The unit cell of the AAH comb-like 

waveguide system. (c) The contribution of each Bloch mode to the Zak phase. (d) The topological edge state. 
 

Dimerized Comb-like Waveguide System~ The topological properties of one-dimensional periodic system 

which has mirror symmetry can be described by the Zak phase. The Zak phase in dimerized comb-like 

waveguide system is investigated. It is found that there are some singular points in the bulk band across which 

the Bloch states contribute π to the Zak phase, whereas in the rest of the band the contribution is nearly zero 

[shown in Fig.1(c)]. It is demonstrated that the dimerized comb-like waveguide system contains two types 

of singular points[1]. By tuning the dimerization parameter, the first band could contain one or two singular 

points, which is impossible for simple comb-like waveguide system and one-dimensional photonic systems. So 

the topological properties of the first band gap which is located in the subwavelength region can be tuned. 

AAH Comb-like Waveguide System~ AAH model is one-dimensional tight-binding model whose on-site 

potential or the nearest neighbour couplings are modulated by the Harper equation. Recent studies show that it 

has topological nontrivial edge state. The AAH comb-like waveguide system is composed of a main waveguide 

and Q side-branch waveguides. The side-branch waveguides have same resonant frequency and are coupled with 

each other by the far-field couplings. When the distance between the nearest neighbour side-branch waveguides 

is modulated as 𝑑𝑛 = 𝑑{1 + 𝛿 cos[2𝜋𝑏(𝑛 − 1) + 𝜙]} , the system has topological nontrivial edge state. 

Different from the tight-binding AAH model, the eigen frequencies of the topological nontrivial edge state 

in AAH comb-like waveguide system are complex[Fig.1(d)], the real part of which is the frequency of the 

topological edge state and the imaginary part is the intrinsic loss rate. We then use the topological edge state 

to obtain exceptional point by tailoring the loss of the system.  
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Defects in silicon carbide have been explored as promising spin systems in quantum 

technologies. However, for practical quantum metrology and quantum communication, 

it is critical to achieve the on-demand shallow spin-defect generation [1]. In this work, it 

is presented that the generation and characterization of shallow silicon vacancies in SiC 

by using different implanted ions and annealing conditions. The conversion efficiency of 

silicon vacancy of helium ions is shown to be higher than that by carbon and hydrogen 

ions in a wide implanted fluence range. Furthermore, after optimizing annealing 

conditions, the conversion efficiency can be increased more than 2 times. Due to the high 

density of the generated ensemble defects, the sensitivity to sense a static magnetic field 

can be researched as high as 11.9 / zB T H  , which is about 15 times higher than 

previous results [2]. By carefully optimizing implanted conditions, it is further showed 

that a single silicon vacancy array can be generated with about 80 % conversion 

efficiency, which reaches the highest conversion yield in solid state systems. Besides, a 

method is also presented, describing how to precisely control the depth of the ion 

implanted generated shallow silicon vacancy defects in SiC using the reactive ion etching. 

By successive nanoscale plasma etching, the shallow defects are brought close to the SiC 

surface step by step. The results pave the way for using on-demand generated shallow 

silicon vacancy for quantum information processing and quantum photonics and 

investigating the surface spins properties in SiC and the applications in nanoscale 

sensing [3]. 
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Fig. 1 Character of the carbon implanted shallow single VSi defect arrays. (a) and (d) are two 

representative confocal fluorescence images (20 20 μm2) of the implanted shallow single VSi 

defect arrays before and after annealing (600 ℃ for 1 h) with an excitation power of 0.5 mW, 

respectively. The scale bars are 2 μm. (b) and (e) are the second-order correlation function 

measurement of the single VSi defects (correspond to the circled single VSi defects in (a) and (b), 

respectively), respectively. The red lines are the fits of the data. (c) and (f) are the statistics of the 

number of VSi defects per implanted aperture. The data are fitted with the Poisson distribution (red 

curves). 

  

 
Fig. 2 Four respectively depth dependence of the counts, PL spectrum and ODMR of VSi defects generated by 20 

keV C+ ions with dose of 10*13 cm−2. (a)-(d) Fluorescence images at the same position after diff erent etched 

depths of 0 nm, 20 nm, 40 nm and 60 nm, respectively. All the scale bars and the color bars in (a), (b), (c) and (d) 

are 4 um and 1 Mcps, respectively. (e) The RT PL spectrum of the V Si defects after diff erent etched depths. (f) 

The LT PL spectrum of the VSi defects after diff erent etched depths at low temperature of 5 K. Two 

characterized peaks labeled as V1 (861 nm) and V2 (915 nm), denoted by vertical black dashed lines, are 

corresponding to the ZPL of two types of VSi defects in SiC. (g) The ODMR signals of the VSi after diff erent 

etched depths at room temperature. The red solid lines are the Lorentz fitting to the data. 

 

 
Fig. 3 Normalized mean PL intensity of the shallow V Si defects generated by C+ ions implantation for various 

energy with the same dose of 10*13 cm−2 after diff erent etched depth. The energy of C+ is 10 keV (a), 30 keV 

(b), 40 keV (c),respectively. The blue dots in (a), pink dots in (b) and purple dots in (c) represent the 

experimental results of the mean PL intensity with the etched depth and the red dashed line in each figure 

represents the SRIM simulation result under the corresponding ion implantation conditions. The diff erence 

between the experiment and SRIM simulation is due to the eff ect of ion channel. 
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Abstract : An ab initio phase estimation protocol based on zero-photon measurement and a feedback control is 

proposed in this paper. Compared to the no-feedback case, we can eliminate the ambiguity when the estimated 

phases are inferred from the conditional probability distribution. After 100 times measurement, we can saturate 

the Cramér-Rao bound. By using the feedback control, the ultimate measurement precisions are independent on 

the true phases. In addition, we employ the rejection filtering Bayesian inference algorithm to realize the 

Bayesian phase estimation.  

In this paper, we have realized the ab initio phase estimation at the SQL independent on the true phase. In our 

adaptive Bayesian phase estimation, the other phase  is adjusted with an online approach. The experiment 

apparatus is described in Fig.1 

 

Fig. 1 The abbreviation “Fig.” (for figure) should appear first, followed by the figure number, a space, and then the figure 

caption. Use the same sequence for table but do not abbreviate “Table.” 

  

In our experiment ，all the input photons are prepared in    2H V   , after the insert phase  

and feedback phase ,  we can obtain the measurement result kx  from the APD in each step detection. Then the 

result is sent to the processing unit, which contain a MATLAB program perform the Bayesian algorithm to 

update the conditional probability distribution  | ,k kp x  . We can obtain the estimated phase est  and 

Holevo variance from the last conditional probability distribution. After 100 times measurement, we can saturate 

the Cramér-Rao bound, which is described in Fig.2. At last, we can saturate the Cramér-Rao bound after 100 

times measurement. 

  

Fig. 2 :The evolution of  during the 150 steps .Black dotted line is SQL; Red dotted line is Holevo variance. 
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Benefiting from the strongly enhanced nonlinear optics effects in high-quality (Q) factor whispering gallery 

(WG) microresonators, frequency combs have been observed in various experimental platforms via cascaded 

nonlinear processes [1-5]. In 2014, it was demonstrated that the coherent frequency comb, which is called 

temporal soliton state, can be generated spontaneously by the competition of Kerr nonlinearity, continuous laser 

driving and dissipation in a crystalline WG microresonator [6-7]. The dissipative Kerr soliton (DKS) offers 

broadband low-noise frequency comb in frequency domain, or the femotsecond pulse train in the time-domain. 

The DKS in microphotonic cavities has the merits of scalability, stability, portability and low power 

consumption, thus it holds great potentials for applications in ultrahigh data rate communication, high precision 

optical ranging, dual-comb spectroscopy, low-noise microwave source, optical clock and astronomical 

spectrometer calibration. 

Here, we experimentally demonstrate the effective tuning of the repetition rate of DKS in a microrod cavity. 

By introducing an auxiliary laser to excite the mode that is excluded from soliton micro-comb generations, the 

cavity thermal response is effectively adjusted and the switching to the DKS can be stably achieved. Based on 

such a controlling approach, we realized the DKS in the microrod under different external bias stress, and 

successfully tuned the repetition rate frep of the soliton microcomb over 30 MHz. Our platform allows the 

stabilization of the device temperature by the auxiliary laser, precise and fast tuning of the frep, thus making it 

potential for locking soliton microcomb.  

 

 
Fig. 1 (a) The setup for the mechanical tuning of microrod, where a PZT (green block) is used to compress the microrod. (b) 

The photo of the microrod cavity, with a diameter of about 1.2 mm. (c) The optical microscopy picture of microrod cavity 
and the corresponding optical mode profile of the whispering gallery modes by numerical simulation. (d) Typical optical 

spectrum of single DKS, the red line shows the spectral sech2 envelope. Inset: The dependence of RF beat note frequency 

with the different applied PZT voltage. 
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High-Q Si3N4 micro-resonators with anomalous group velocity dispersion has enabled broadband 

optical frequency comb generation [1]. However the intrinsically high film stress of Si3N4 has limited 

the layer thickness, suppressing the realization of anomalous dispersion. Intensive efforts have been 

made to overcome the problem, such as photonic Damascene process [2] and introducing mechanical 

trenches [3], which has either complicated the fabrication process or made it difficult for subsequent 

processing. Here we present a novel method enabling the generation of frequency comb in Si3N4 thin 

waveguide based on higher order mode, bypassing the challenge of high film stress. 

The dispersion of our micro-ring is calculated by full-vector mode solver. Fig. 1(a) shows the 

dispersion of multiple modes (TE0 TE1 TE2 TM0) for Si3N4 waveguide with a height of 400nm and 

width of 2000nm. As higher modes have bigger dispersion parameter than the fundamental mode at 

shorter wavelength, they suffer greater loss. Considering the tradeoff between dispersion and loss, we 

choose TE1 mode. By properly designing the structural parameters, the anomalous dispersion region 

can be tuned from C band to visible band with height of waveguide smaller than 450nm, as illustrated 

in Fig. 1(b). The coupling coefficient of the micro-ring for TE0 and TE1mode varies with the width of 

straight waveguide. As shown in Fig. 1(c)-1(d), TE1 mode can be excited efficiently with the width of 

straight waveguide being 1100nm. Kerr comb generation based on TE1 mode in the modified structure 

is simulated by the Lugiato-Lefever equation, as exhibited in Fig. 2. 

 
Fig. 1 (a) Dispersion of multiple modes for Si3N4 waveguide with a height of 400nm and width of 2000nm. (b) 

Dispersion for Si3N4 waveguides with modified cross sections. (c)- (d) Coupling coefficient of TE0 and TE1 

mode between micro-ring and the straight waveguide. 

 Fig. 2 The frequency comb generation based on TE1 mode in a 

micro-ring with the radius 100μm and cross section 

450x2000nm when the pump power is 1.5W and pump 

wavelength is 1550nm. 
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Recently, silicon photonics has developed rapidly and showed great potential for next generation high speed 

data processing and transmission[1], due to its inherent compatibility with CMOS technologies. Silicon 
modulators constitute a key building block[2] in silicon photonics considering its broad applications in short-
reach optical interconnects for data centers and supercomputers. 

We design an asymmetric MZM with a length difference of 20 μm between two arms, which results in a free 
spectral range (FSR) of about 30nm. Considering the complex fabrication of MOS capacitor and vertical PN 
junction, we finally use the lateral PN junction. Its length is 2mm due to the tradeoff between the modulation 
efficiency and the insertion loss. Two 1×2 MMI structures are utilized for input/output 3-dB couplers. The 
electrode is designed to be the coplanar waveguide (CPW) electrode, the matched resistances are integrated on 
chip to reduce the reflection of the RF signal. The device was fabricated in a CMOS foundry with no experience 
in active photonic devices (process development for this pilot run will be reported elsewhere).. Figure 1(a) shows 
the schematic view of the MZM and figure 1(b) shows the experimental setup of the measurement system.  

In the experiment, The input and output chip coupling is achieved via grating couplers and the insertion loss 
of the fiber to the chip is about 4.8 dB. Then, we apply various reverse DC voltages for one arm through a bias 
tee and measure the optical transmission spectrum of the MZM as shown in the figure 1(c). After subtracting the 
grating coupler losses, the insertion loss of the MZM is about 8.6 dB, including the loss of doped phase shifters 
and two MMIs. The observed static extinction ratio is more than 30 dB, which indicates a good balance of the 
optical power between the two arms of the MZM. The FSR is about 30 nm, which is consistent with theory. And 
at the bias voltage of -1.9 V, the calculated VπLπ is 0.75 V·cm. Then, the wavelength of the laser is fixed at 1556 
nm, and we record the data of the output optical power versus continuous bias voltages.  

      
Fig. 1 (a) the schematic view of the MZM; (b) the experimental setup of the measurement system; (c) the optical 
transmission spectrum of the MZM. 
 

     
Fig.  2 The eye diagrams at different transmission rate of (a) 10Gb/s (b) 14Gb/s and (c) 25Gb/s. 

Optical eye diagrams are measured to show the high speed modulation performance of the MZM. A 
pseudorandom binary sequence (PRBS) signal with a pattern length of  231-1 is generated by a bit error rate tester. 
Then the electrical signal is passed through power amplifier and bias tee to obtain a 3.2 Vpp driving signal with 
1.9 V reverse bias voltage. The signal is applied to the MZM using a 40 GHz GSG probe fabricated by GGB 
industries incorporation. The power of the input laser is 10dBm. The output optical signal is amplified using the 
erbium doped fiber amplifier (EDFA) and fed into the Agilent wide band oscilloscope by means of commercial 
50GHz photodetector. Figure 2 shows single-arm-drive eye diagrams at different transmission rate of (a) 10Gb/s 
(b) 14Gb/s and (c) 25Gb/s when the wavelength is 1556nm, set at the quadrature point of the MZM. 
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All-optical switch is a basic building block for all-optical signal processing, which is expected to meet the 

increasing demands on communication networks for higher and higher information processing rates [1]. Thanks 

to the small mode volume (V) and high quality factor (Q), photonic crystal (PhC) nanocavity, which can 

effectively enhance the interaction between light and matter, has been used to demonstrate all-optical switch 

with relatively high speed and low switching energy [2, 3]. However, as most of these schemes are based on 

Lorentzian resonance, which consists of a gradual change in the tailing, there is a trade-off between the 

switching contrast and the switching energy. In contrast, a Fano resonance [4], which originates from an 

interference effect between a discrete state and a continuous background, can realize high-contrast and low-

power all-optical switch, simultaneously [5]. 

Here, we experimentally demonstrate an ultra-compact all-optical switch involving Fano resonance based on 

a side-coupled Fabry-Perot (F-P) resonator and a silicon PhC nanobeam cavity, with an area of only 11 μm2, as 

illustrated in Fig. 1(a)-(b). By adding a central-taper section with ten holes in the nanocavity to increase its 

intrinsic Q, we achieve a sharp asymmetric transmission spectrum, with an extinction ratio (ER) as high as 40 dB 

and a peak loss as low as 0.6 dB, as shown in Fig. 1(c). As far as we know, this is the highest measured ER in 

PhC-based Fano resonance. These excellent properties enable us to realize an all-optical switch with faster 

switching recovery time, lower power consumption and higher contrast, comparing to that involving Lorentzian 

resonance, as shown in Fig. 1(d)-(e). Figure 1(f) shows that the switching recovery time (90%-10%) for Fano 

resonance is 200 ps, which is about one third of that for Lorentzian resonance (580 ps). Besides, under a signal 

rate of 2.5 Gb/s, the switching contrast for Fano resonance (10 dB) is 6-dB smaller than that for Lorentzian 

resonance (4 dB), while the switching energy of the former (226 fJ) is 7-dB smaller than that of the later (1.12 

pJ), as illustrated in Fig. 1(g). 
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Fig. 1 (a) Schematic of the all-optical switch involving Fano resonance. (b)-(e) SEM images and experimental transmission 

spectra of fano and Lorentzain structures. (f)-(g) Switching dynamic characteristics of  fano and Lorentzain structures. 
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Localized surface plasmon resonance (LSPR) occurs when free electrons in metal nanoparticle oscillate 

resonantly with incident electromagnetic waves [1]. Robust and versatile as it is, there has been numerous efforts 

utilizing this phenomenon for various applications, among which, photothermal effect stands out for its excellent 

conversion efficiency [2], and it has been heavily investigated in the research of photothermal therapy [3]. By 

varying the size and shape of Au nanorod (AuNRs), its resonance wavelength can be readily tailored across visible 

to infrared, that is to say, this characteristics grant us the ability to intensely absorb the large portion of solar 

radiation and turn it efficiently into heat. Having this material at hand, solar cells’ flaw of incapability of utilizing 

full spectrum of solar radiation occurs to us that the photothermal effect might be an alternative to improve solar 

cell efficiency. 

In this work, we utilized polyvinyl alcohol-made film to encapsulate gold nanorods mixture, which consist of 

various AuNRs with different aspect ratios. The content of the film was so diverse that a large portion of the solar 

spectrum was easily covered, as shown in Fig.1 (a). Further, we integrated the film with commercial Peltier cooler, 

also known as thermoelectric cooler, which uses electrical input to generate heat flux between the junction of two 

different types of materials, or it can be used the other way around, that is, by applying a temperature difference 

on two sides of the cooler, a voltage will be generated. By combining the plasmonic polymer film and Peltier 

cooler, this integrated device can now convert light into heat and into electricity.  

To examine the integrated device’s conversion efficiency, we placed it under a solar simulator where the 

junction between the film and the cooler would be heated up while the other side of the cooler was in contact with 

a big metal substrate, causing temperature difference in the two side of the cooler. By controlling the shutter turned 

on and off with 1 min period, the voltage output of the Peltier cooler is shown in Fig.1 (b). The red and black 

curves represent the output of mere Peltier cooler and the integrated device, respectively, confirming the existence 

of photothermal effect, indicated by Fig.1 (c). According to the results, the overall conversion efficiency of the 

integrated device is 0.04%. 

 
Fig. 1 (a) Spectrum of AM 1.8 and the extinction spectrum of AuNRs mixture. (b) The integrated device’s performance 

under solar simulator. (c) Digital infrared photograph of integrated device at work. Bright yellow area is the place where the 

plasmonic polymer film locates. 
  

In summary, we have here demonstrated a proof-of-concept of a novel device, consisting of a polymeric film 

containing various AuNRs and a Peltier cooler, which converts visible and near infrared portion of solar radiation 

into electricity in an indirect fashion. In addition, if further integrate this device with solar cell, waste heat 

generated by which can also be utilized to produce extra electricity. Thus we believe this device could be useful 

and complementary for solar cell studies. 
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The accurate and reliable description of quantum measurements is of both fundamental and practical 

importance in quantum information science. To date quantum tomography is the common tool to conduct the 

characterization of quantum detectors. However, such a characterization relies on credible and known probe 

systems, rendering reliability of the characterization lost in circular argument. This means characterizing a 

quantum measurement demands extra assumptions on the state-generating device and thus the accuracy of such 

characterization is in relative sense. Notably, device-independent (DI) way of testing quantum measurements has 

been proposed to certify the theoretical hypothesis for quantum measurements without any assumptions on the 

preparation apparatus [1]. In this work, we develop and demonstrate characterization of quantum measurements 

motivated by the device-independent test, with only measurement statistics. 

 The characterization protocol is motivated by the device-independent test of a hypothetical quantum 

measurement. That is, for a qubit positive operator-valued measure (POVM) 𝜋 ≔ {𝜋𝑦}, any output distribution 

𝑝 ≔ {𝑝𝑦} belongs to the set of distributions generated by 𝜋 ≔ {𝜋𝑦} if and only if 

{
(𝐼 − 𝑄𝑄+)(𝑝 − 𝑡) = 0,

(𝑝 − 𝑡)𝑇𝑄+(𝑝 − 𝑡) ≤ 1,
 

where 𝐼 is the identity matrix, 𝑡 is the vector 𝑡𝑦 ≔
1

2
Tr[𝜋𝑦], 𝑄 is the matrix 𝑄𝑖,𝑗 =

1

2
Tr[𝜋𝑖𝜋𝑗] −

1

4
Tr[𝜋𝑖]Tr[𝜋𝑗], 

and (. )+ represents the Moore-Penrose pseudoinverse. Based on this idea, one can optimize 𝑄,  𝑡 of a quantum 

measurement from only the measurement statistics, without the information of probe states. Here we 

demonstrate device-independent characterization of two representative measurements for tomography purpose: 

mutually unbiased basis (MUB) and symmetric informationally-complete (SIC) measurement. 

Fig. 1 Experimental results for device-independent characterization of quantum measurements: (a) MUB, (b) SIC. The 

results given by MVEE (dot, yellow) are further optimized to satisfy the physical constraint (diamond, green).  

The characterization perform the minimum volume enclosing ellipsoid (MVEE) algorithm to find 𝑄, 𝑡 
compatible with the DI test. In addition, due to the statistical fluctuations on the measurement results, physical 

constraint is applied to give a result from a valid quantum measurement. The experimental results for the tests of 

DI characterization are shown in Fig. 1. The reconstructed results 𝑄 and 𝑡 are very close to the reconstruction 

given by usual quantum detector tomography. 
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The lead-based chalcogenides have been extensively investigated in photovoltaic devices. The concerns over the toxicity of 

lead have motivated the exploration of less toxic materials. This motivation has led to the exploration of π-SnS (cubic 

structure). Due to moderate band gap and novel electronic properties π-SnS have received significant consideration for 

future energy related applications. Here we performed first-principles calculations to investigate the structural, 

electronic, optical, and elastic properties of π-SnS. Analysis of electronic band structure with hybrid potential (HSE03) 

reveals that it is indirect semiconductor in nature and its value is ~1.5 eV. We measured the optical phonons dispersion 

and density of states in the Brillouin zone which proved that cubic SnS is electronically stable. As per our knowledge its 

elastic constants are calculated for first time which satisfy the criteria of Born stability. Bulk, Young’s, shear moduli, 

Lame’s coefficients, Poisson’s ratio, Debye temperature and average sound velocity are determined based on Voigt-

Reuss approximation. Bulk modulus is estimated as 55.32/20.98 (GPa) for LDA/GGA and calculated values are well 

consisted with Birch-Murnaghan equation of state (EOS) results. The surface visualization of bulk, Young’s, shear 

moduli in 2D and 3D graphs reveal the elastic anisotropic nature of π-SnS. Debye temperature (θD) is found as 

314.86/214.88 K for LDA/GGA. Due to high Debye temperature the thermal conductivity of π-SnS could be high as 

compared to α-SnS (θD ~270 K).  Also, longitudinal and transversal wave velocities along [100], [110] and [111] 

directions are calculated for the first time. Current study about π-SnS revealed that it could be potential material for 

exploitation in energy storage, thermoelectric and optoelectronic devices. 
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The surface electromagnetic wave open resonator played as an extremely important role for providing 

feedback in the ultra-fast laser systems [1,2]. To overcome scattering loss induced by the optical momentum 

mismatch at the disorders with sharp corners, topological photonics [3] and transformation optics [4] have been 

adopted in the design of open resonators. However, the transformation optics-based solution could only work for 

a specific disorder, while the nontrivial open cavities need redundant photonic-crystal surrounding areas. 

Therefore, it is still a challenge to obtain a flexible open resonator design that could be integrated into the laser 

systems without additional space requirement. Here, we propose a generalized methodology to solve the 

aforementioned obstacle on common industrial photonic integration of laser systems. By involving the 

electromagnetic canalization effect by the infinitely anisotropic medium, the photonic momentum could 

keep matched for arbitrary disorders. To prove this concept, Ag/dielectric layered structures with deep 

subwavelength periodicity was adopted to suppress the scattering waves at disorders. As shown in Fig. 1, the 

scattering-immune guiding effect is observed numerically for the cases of quadrilateral and hexagonal open 

resonators in different terahertz frequencies. This flexible integration solution is experimentally feasible at 

Terahertz and infrared frequencies with a mixed employment of femtosecond laser direct writing and physical 

vapor deposition. Our work could find a wide range of applications in laser system and integrated circuits. 

 

           

Fig. 1 (a) The schematic of scattering-immune surface-wave guidance with the infinite anisotropic medium. The magnetic field distributions 

of (b) Quadrilateral open resonator at 0.250 THz and (c) Hexagonal open resonator at 0.224 THz. 
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Plasmon-induced photopolymerization has been intensively studied for various applications including 

nanolithography [1], near-field mapping [2], and selective functionalization [3]. However, the studies have been 

limited from the near-infrared to the ultraviolet regime, since the photon energy required for the 

photopolymerization is in the ultraviolet region. In the visible and near-infrared ranges where the photon energy 

is relatively smaller than the activation energy, polymerization is induced by multiphoton absorption. This 

multiphoton polymerization can be realized by an intense light source such as femtosecond laser or high field 

enhancement of the plasmonic structures. However, in the longer wavelength region, such as mid-infrared, there 

has been no report of the resist polymerization. It is because the number of the photons required to resist 

polymerization increases as the wavelength becomes longer, therefore the probability of the polymerization 

decreases drastically. Then is it impossible to cross-link the resist using longer wavelength light? 

Here, we report a resist polymerization phenomena using nano-slot antenna structures or bowtie nanoantennas 

with intense terahertz pulses [4]. The resist is polymerized when the terahertz light is illuminated. (Fig. 1) The 

resist is polymerized only in the nanoantennas, where huge local field enhancement occurs. By measuring the 

electric current between the two poles of the bowtie antennas, we show that terahertz field-driven photoemission 

is the key mechanism for the resist polymerization. Finite element method simulation and theoretical calculations 

are well-matched with experimental results. Our work extends nano-photochemistry into the field of terahertz 

optics. 

  

 
Fig. 1 (a) Scanning electron microscope image of the terahertz nano-slot antenna. (b) Scanning electron microscope image 

of the terahertz nano-slot antenna after resist coating, terahertz light illumination, and resist development.  
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Abstract Graphene plasmons (GPs) possess excellent performance of ultrahigh electromagnetic field 

confinement, low-loss, broad band response, which have many potential applications in nanophotonics and 

optoelectronics such as room temperature mid-infrared photodetectors, sensors and modulators. In particular, the 

GPs at the edge of graphene have been demonstrated to exhibit superior field confinement compared with sheet 

plasmons. Here, we report on study of the plasmon modes at different chiral edges of the graphene upon chemical 

doping. By using scattering-type scanning near-field optical microscopy (s-SNOM), we present detailed insight 

that edge plasmon behaviors strongly dependent on the chirality, where the electromagnetic confinements of the 

zigzag edge is better than the armchair edge exhibits. The edge plasmons can be modified by utilizing chemical 

doping. Due to the discrepancy of charge absorption ability of the two chirality edge, the zigzag edges have a 

larger tunable range. This presents an encouraging step towards ultrahigh confined graphene plasmonic  devices. 

 

GPs are the collective oscillation of Dirac electrons, which exhibits unprecedent high light confinements, 

substantially low loss and broad band response range from near-infrared to terahertz frequency [1,2]. These 

outstanding characteristics make the GPs have great potentials in optical communication, sensing, detection and 

imaging. GPs have been directly observed in graphene nanoribbons and nanostructures by near-field optical 

microscopy [3,4]. One of the most interesting breakthroughs of the GPs is the edge plasmon modes along the 

graphene edge. These types of ultra-confined resonating edge modes can realize mush smaller mode volumes [4,5]. 

However, as far as we know, plasmon at edge of different charities (that is, zigzag edges and armchair) of 

monolayer graphene have not been studied. 

Here we used near field infrared nano-imaging to unravel the edge plasmon characteristics of the zigzag and 

armchair edges in the graphene. We have presented the strong dependence of the localized electromagnetic fields 

on the graphene chirality. In order to further investigate the tailoring of the light field by the zigzag ang armchair 

edges, we adopted chemical doping to the graphene monolayer. The discrepancy in the abilities of charge 

absorption of the two chiral edges were observed. We further provided a theoretical understanding of the dispersion 

and modes of the both edges.  

In conclusion, we have studied the edge plasmon modes along the zigzag and armchair edges of the monolayer 

graphene. The results from near field infrared nano-imaging showed that both of the two edge modes could realize 

electromagnetics confinements, while zigzag edges have stronger light field localizations. We further found that 

the armchair edges with smaller absorption energy, were not sensitive to the chemical doping. On the contrary, the 

zigzag edges had higher adsorption energy and were more susceptible upon the chemical doping. Therefore, the 

zigzag edge has a larger plasmon modulation range. Moreover, the Drude-type conductivity is still applicable to 

the edge plasmon dispersion of zigzag and armchair edge. We believe our results can provide important reference 

for the future research and integration of graphene plasmonic  devices. 
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Laser has huge applications in science and technology, from medical to manufacture and to defense. An 

important characteristic of a laser is its wavelength and width of wavelengths. Wavelength tunable nanolasers 

are promising for multifunctional applications in all-optical integrated nanodevices, optical communication, 

optical sensing technology and spectroscopy analysis. However, most of the methods for tuning the lasing modes 

are lack of a dynamical tenability, that is, the ability to reversibly modulate the stimulated emission in a pre-

prepared single micro&nanodevice. 

In this work, a novel method for a dynamic tuning on coherent light emission wavelengths of single ZnO 

microcavity has been proposed. Owing to the dominant role occupied by the piezoelectric polarization effect in 

the wurtzite-structure ZnO microwire, the effective dielectric constant (or refraction index) of the gain media 1, 2 

is modulated towards an increasing trend by applying a tensile strain, resulting in a shift of the strain-mediated 

whispering-gallery mode (WGM) lasing at room temperature. Due to the narrow linewidth in the lasing mode, 

the strain-dependent spectral resolution is improved by an order of magnitude, making it feasible for achieving 

high-precision, ultra-sensitive and non-contact stress sensing. Our results have an important impact on laser 

modulation, optical communication and optical sensing technology. 

 

 
Fig. 1 Dynamical tuning on ZnO lasing mode by strain-induced piezoelectric polarization effect 
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Optical frequency combs (OFC) are important for high precision spectroscopy[1,2,3], navigation [4], 

telecommunication [5] and astronomy [6]. These applications benefit from miniaturized comb sources 

for portable devices with high beat note frequencies, which are not offered with the conventional mode-

locked laser [7] sources. So far, the vast majority of studies have focused on micro-ring µOPO with third 

order nonlinearity 𝜒(3), but high Q also makes the phase matching condition strict. On the other hand, 

the parametric oscillation can also be generated using second order nonlinearity 𝜒(2), which is much 

stronger than 𝜒(3) and reveals a new approach for µOPO comb. 

Here we report a 𝜒(2) sheet micro optical parametric oscillator for generation of optical frequency 

comb via cavity phase matching. In the doubly-resonant SOPO, pumped by pulse, despite the normal 

dispersion of 275.4 fs2/mm, comb lines are measured to be equidistant within the accuracy of a high-

performance wavelength meter. Broad comb centered at 1064nm are achieved from these SOPOs, whose 

span exceeds 21.2 THz with comb line spacings of about 133.0 GHz. The slope efficiency and peak 

output power exceed 22.6 % and 14.9 kW. This new 𝜒(2) SOPO platform is a promising candidate for 

portable integrated optical frequency comb generation and the oscillation threshold is possible solved 

with higher-Q and especially in waveguide devices. 

 
FIG. 1 a. The SOPOs for the comb generation with cavity lengths of 140 μm and 485.25 μm, respectively. Inset shows the 

picture of our SOPO sample with aluminum mount.  b. The spectrum of 485.25 μm SOPO at 830μJ pump. 
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We demonstrate theoretically a 2D sub-wavelength silicon-grating reflector with strong focusing 

capability, and the potential application to an optical dipole trap of cold molecules such as MgF. We 

study the dependence of the focusing properties of this reflector on its structural parameters, numerical 

aperture, and fabrication-error tolerant. Our study shows that the reflector delivers high reflectivity and 

strong focusing performances with the maximum intensity at the focal point over 200 times of the 

incident one. Such a focusing field on the reflector can provide a deep potential to trap cold MgF 

molecules from a standard magneto-optical trap. 

 

Figure.1 Schematic of grating MOT and surface optical trapping of MgF molecules 
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Abstract  At mid-infrared frequencies, graphene supports surface plasmon polaritons (SPPs), whereas van der 
Waals MoO3 crystal is found to support surface phonon polaritons (SPhPs). In graphene/MoO3 stacked hybrid 
structures, coherent oscillations of the electron density in graphene and the atomic vibrations in MoO3 can 
produce hybridized plasmon–phonon modes, which are of hyperbolic nature originated from the highly 
anisotropic dielectric responses of the MoO3. The hyperbolic plasmon–phonon polaritons possess the combined 
features of surface plasmon polaritons in graphene and hyperbolic phonon polaritons in MoO3. The peculiar 
electrodynamic responsed of graphene/MoO3 is illustrated via the calculated dispersion relation of the hybridized 
plasmon-phonon modes,  which clearly indicate that the isotropic SPPs in graphene will be greatly affected by 
the anisotropic hyperbolic response of the MoO3crystal.  

Polaritons are electromagnetic waves coupled to charged dipoles in solid-state materials. Graphene 
plasmons are the collective oscillation of Dirac electrons and exhibit unprecedent broad band spectral response 
covering near-infrared to terahertz frequency. Graphene plasmons possess excellent performance of ultrahigh 
electromagnetic field confinements, low-loss and broad band responses[1-4]. Phonon polaritons induced by 
coupling of electromagnetic fields with optical phonons in polar crystals are another type of polaritons which can 
strongly confine the free-space light field deeply below the subwavelength region. [5]. In comparion with the 
surface plasmons, the phonon polaritons are able to achieve improved light confinements, reduced optical losses, 
and much higher quality factors. MoO3 has been demonstrated as a natural materials supporting anisotropic 
hyperbolic phonon polaritons due to its crystalline structures [5]. It is forseen that combining the plasmon and 
phonon polaritons can lead to novle polaritonic modes that may enable a wealth of potential applications.  

 
Fig. 1 Dispersion of the hyperbolic plasmon–phonon polaritons in the graphene/MoO3 structures. The false color image 
delegates the imaginary part of the complex reflectivity, Imrp(q, ω), in different directions of the graphene/MoO3/SiO2 
multilayer structure. 
 

In our recent study, we investigated the polaritonic responses of a stack hybrid structure, the MoO3 flake 
covered with monolayer graphene. We have calculated the polaritonic dispersion relation of the hybrid structure. 
As shown in Fig. 1, multi-mode hyperbolic plasmon–phonon polaritons waves can be guided by the 
graphene/MoO3/SiO2 multilayer structure. In addition, due to the anisotropic responses of the MoO3, the hybrid 
polaritonic modes exhibit distinctly different dispersion along the two in-plane principal crystalline axes, i.e., the 
[100] and [001] crystalline directions of the MoO3. We have also conducted three-dimensional finite-difference 
time-domain (3D-FDTD) simulations to verify the theoretical calculations. Our results can can enrich the 
research of polaritonics of two-dimensional materials. 
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Visible Kerr frequency comb generation is always a challenging subject since modulation instability is hard to 
occur due to the strong normal material dispersion in visible band. Here we demonstrate that visible Kerr frequency 
comb can be generated via Raman assisted four wave mixing (RFWM) process when Raman laser is stimulated in 
the cavity [1, 2]. We theoretically investigate the emergence of the RFWM comb lines by considering the Raman 
laser as another pump. Our analysis indicate that the spectrum of the parametric gain can be shifted by changing 
the pump detuning, leading the RFWM process more likely to occur. Thus the dispersion requirement for RFWM 
is not strict, easing the design and fabricate process significantly. To show the validity of our analysis, an AlN 
microresonator is demonstrared, a stable platicon and coherent Kerr frequency comb is generated with 780 nm 
pump. 

We consider the condition where the Raman laser and the pump are equilibrated by loss and gain and remain 
undepleted during the emergence of the RFWM comb. The calculated four wave mixing gain between the pump 
and Raman laser is given by : 𝑔 ൌ െ𝛼 ൅ ඥ4𝛾ଶ𝐿ଶ𝑃ଵ𝑃ଶ െ 𝜃ଶ/4, where α is roundtrip loss, γ is nonlinearity coefficient, 
L is roundtrip length of the microresonator, P1, P2 is the intensity of the pump and Raman laser respectively.  𝜃 ൌ
𝛥𝑘𝐿 െ 𝛿ଵ ൅ 𝛾𝐿ሺ2𝑃ଵ ൅ 3𝑃ଶሻ, δ1 denotes the pump-cavity detuning, the phase mismatching 𝛥𝑘 ൌ ∑ 2𝛽ଶ௡𝐿ሺ𝜔ଶ௡ െஶ

௡ୀଵ

𝛺ଶ௡ሻ/ሺ2𝑛ሻ! , where ω denotes the angular frequency offset from the central frequency between the pump and 
Raman laser. βn is nth order dispersion at the central frequency. Our analysis indicates that the spectral location of 
the RFWM gain changes with different pump detunings. To verify the analysis, we perform simulations of LLE 
with Raman effect, the parameters used in the equation are from a typical AlN microresonator [2, 3]. Fig. 1(a) and 
Fig. 1(b) show the evolution of the simulated spectra of RFWM with different detuning, the spacing of the RFWM 
comb lines are also different. The frequency spacing of the strongest RFWM comb line predicted by our theory is 
compared with the simulation result, as is shown in Fig 1(c). The deviation may be attribute to the neglect of the 
Raman effect during the FWM process in the analysis.  

 
Fig. 1 (a). Evolution of the simulated spectrum of RFWM with δ0 = 0, the comb spacing is 2 FSRs. (b). Evolution of the 
simulated spectrum of RFWM with δ0 = 0.006, the comb spacing is 4 FSRs. (c). The frequency spacing of the strongest 
RFWM comb line under different detunings, the solid green line is calculated by our theory. (d) Temporal waveform of the 
platicon. (e) Spectrum of the platicon. (f) Spectral evolution of the platicon formation. 

  

We also investigate the platicon generation via RFWM in a AlN microresonator with LLE. The waveguide is 
composed of a AlN film over sapphire, the width and the height of the waveguide is 1400 nm and 800 nm. The 
dispersion is calculated with a finited-element mode solver. The pump is set at 780 nm. After RFWM is generated, 
the pump is boosted to 433 mW, and is tuned further into the resonance. The comb first turn to a nonstationary 
state then become stable, and temporal platicon state is finally generated. The spectral evolution of the comb is 
shown in Fig. 1(f). Fig. 1(d) and Fig. 1(e) show the temporal waveform and the spectrum of the platicon. Our 
simulation result show that coherent visible Kerr comb can be generated via RFWM process. 
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The optical properties of cuprous oxide (Cu2O) - a p-type semiconductor exhibiting a direct dipole-forbidden 

band gap of 2.17 eV - have been comprehensively studied for decades, both from a fundamental perspective and 

for applications in photovoltaics and solar water splitting [1]. In particular, excitons in Cu2O show large binding 

energies up to 150 meV, rendering this material a highly promising candidate for excitonic Bose-Einstein 

condensation [2]. Furthermore, giant Rydberg excitons in analogy to atomic systems have been demonstrated in 

Cu2O with principal quantum numbers as large as n=25 and spatial extensions of more than 2 µm; these Rydberg 

excitons are characterized by a blockade effect due to strong dipole-dipole interactions [3], signatures of quantum 

chaos, and breaking of all anti-unitary symmetries [4]. However, state-of-the-art quantum optics experiments 

employing Cu2O rely on natural bulk crystals due to their excellent quality [2–4]. Evidently, the development of 

optimized methods for the growth of synthetic Cu2O micro- and nanostructures is required for studies on 

confinement effects and to deploy the full potential of this material for integrated quantum photonic technologies 

in the future. 

Here, we present the growth of Cu2O microcrystals on silicon substrates covered with 150 nm silicon dioxide 

by a facile thermal oxidation process. In Fig. 1 a), a representative example of the resulting structures is shown, 

which are characterized by faceted grain morphologies and dimensions considerably exceeding 1 µm. 

Photoluminescence experiments using continuous-wave green laser excitation at cryogenic temperatures in the 

mK range revealed pronounced emission from 1s orthoexcitons, both via a direct and a phonon-assisted process. 

The results were compared with those obtained from a natural bulk single crystal, as can be seen in Fig. 1 b). The 

synthetic Cu2O microcrystals exhibit remarkably low emission from oxygen point defects around 1.7 eV compared 

to the excitonic emission lines, validating the excellent material quality. The kinetic energies of 1s orthoexcitons 

were assessed by analysing the lineshape of a phonon-assisted transition and were found to follow quantum-

degenerate statistics of a Bose-Einstein distribution. The dependence of the 1s orthoexciton energy distribution on 

the incident laser excitation power will be discussed. Furthermore, the synthetic Cu2O microcrystals were found 

to host excited np Rydberg excitons up to principal quantum numbers n=6, as evidenced from luminescence spectra 

depicted in Fig. 1 c). The Rydberg exciton energies show excellent agreement with an n-2 relation. The power 

dependence of Rydberg exciton emission will be analysed and compared to reference measurements that were 

performed using a natural bulk crystal. Eventually, future prospects for site-controlled growth of Cu2O 

microcrystals and for on-chip integration with photonic circuits will be discussed.  

 
Fig. 1 a) Cu2O microcrystals grown on SiO2/Si substrates using a thermal oxidation process (scale bars 1 µm).  

b) Photoluminescence spectroscopy at cryogenic temperatures shows pronounced emission of 1s orthoexcitons (around  

2.0 eV) and considerably reduced defect luminescence (around 1.7 eV) compared to natural bulk single crystals.  
c) Photoluminescence of np Rydberg excitons up to principal quantum numbers n=6 in Cu2O microcrystals exhibiting 

excellent agreement with an n-2 relation. 
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Turbidimetric inhibition immunoassay (TIIA) is a classical immunodiagnostic method that has been 

extensively exploited for biomarker detection, however, its low sensitivity hinders the application in early 

diagnosis of diseases [1]. Here a new concept of optofluidic laser TIIA (OFL-TIIA) is proposed and 

demonstrated for sensitive protein detection. Different from detection of the one-pass laser loss in traditional 

TIIA, this method puts the immunoreaction into a laser cavity thus considerably multiplies the antigen-antibody 

complexes (AAC) induced loss by the enhancement of light-matter interaction through both the Fabry-Perot (FP) 

resonator and amplification effect of gain [2] (Fig. 1a). 

Commercial IgG TIIA kit was selected as a demonstrative model to characterize the performance of OFL-

TIIA. The immunoreaction between antibody and antigen is a reversible process that results in the formation of 

AAC. In TIIA, the concentration of the hybrid complexes vary with the ratio of antigen to antibody. As there are 

sufficient antibody molecules for the immunoreaction, both the size and concentration of AAC would increase 

with an increasing antigen molecules [3]. Moreover, we use polyethylene glycol (PEG) to reduce the solubility 

of AAC by exclusion of water and further enhance the turbidity as well as the sensitivity (Fig. 1b). A dynamic 

range of 5 orders of magnitude with an exceptional lower limit of detection (LOD) (1.8×10-10 g/L) was achieved 

(Fig. 1c). 

 
Fig. 1 (a) Schematic diagram of the OFL-TIIA. (b)The experimental procedure to form the AAC. (c) The standard curve 

for the OFL-TIIA. The error bar was based on triplicate tests. 
  

The unprecedented sensitivity of OFL-TIIA would enable the biomarker detection for early diagnostics of 

diseases that was impossible by the traditional TIIA. This made up the fatal weakness of TIIA, which may 

refresh the extension of wide application of TIIA. Besides the high sensitivity, this technology also minimizes 

the sample volume by almost 1000-fold and thus lowers the cost for each test. The TIIA kits are more cost-

effective since the immunoreaction process is very simple compared with ELISA methods. Homogeneous 

reaction, with short molecule-molecule distance for diffusion, allows the molecules attach to others in a short 

time and enables the rapid assay. With all these advantages, the OFL-TIIA provides a powerful technological 

platform for immunoassay in serum. Considering the abundance of commercial TIIA kits available and many 

under development, further expansion of TIIA applications is highly expected. 
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Single crystal thin film (SC-TF) materials are the cornerstone of modern electronic and photonic devices due 

to their distinct properties including low trap density, high mobility and well defined thickness. Nowadays, 

epitaxial growth technology can control the thickness of SC-TF down to monolayer level with high material 

purity. However, epitaxial growth requires lattice constant and expansion coefficient matches with substrates as 

well as high vacuum and temperature growth conditions. 

Recently, halide perovskites that can be grown by low-cost solution based methods have emerged as a new 

class of semiconductor for high performance optoelectronic devices, such as solar cells, light emitting diodes and 

lasers, laser cooling, and photodetectors. In 2015, inverse temperature crystallization method has been developed 

to grow macroscale single crystalline halide perovskites. To improve the suitability of perovskites in most 

optoelectronic devices, including solar cells, photodetectors, light-emitting diodes and lasers etc., achieving 

simultaneously good crystallinity and proper thickness are essential. However, the aspect ratios of these 

macroscale single crystals have been limited to about unity depending on the isotropous growth rate in solution. 

Most recently, spatially limited condition has been introduced to grow perovskite crystals with improved aspect 

ratio. Compared to the bulk crystals, these perovskite crystals with reduced thickness show significantly 

improved performance in solar cells as well as in photodetectors. 

However, to date, single crystalline perovskite based devices including solar cells and photodetectors all have 

the active layers thicker than several micrometers. Due to its high absorption coefficient, perovskite materials 

can absorb the incident light completely in hundreds of nanometers. Compared to the optimized film thickness in 

this range in devices based on polycrystalline films, the unnecessarily thick active layer in single crystalline 

perovskite based devices leads to a longer transit time and a larger recombination probability for the photon-

excited carries, which degrades the device performance. Notwithstanding the growing body of work on 

perovskite devices, it is still very challenge to achieve simultaneously good crystallinity and proper thickness of 

perovskites in optoelectronic devices. 

Here, we report a photodetector based on SC-TF perovskite active layer with an optimized thickness down to 

hundreds of nanometers. The device achieves a record photoconductive gain of 50 million and a gain-bandwidth 

product of 70 GHz. The superior performance of our SC-TF perovskite photodetectors is also been confirmed by 

their ultrahigh sensitivity with record detection limit down to 100 photons level at 180 Hz modulation bandwidth, 

which is over 50 times lower than all previously reported perovskite photodetectors. The dynamic range and 

specific detectivity of the SC-TF perovskite photodetector are about 83 dB and 1.3×1013 cm Hz0.5 W-1, 

respectively. The superior performance of our devices originates from replacing polycrystalline thin-film with 

the thickness optimized SC-TF. To further illustrate the crucial role of SC-TF thickness, we have systematically 

investigated the thickness dependent performance of SC-TF perovskite photodetectors. With the SC-TF 

thickness decreasing from about 10 m to hundreds of nanometers, the lowest detectable power and internal 

gain improve 2 and 4 orders of magnitude respectively. 
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Metasurface has gained sustaining interest over the past decadesince its ability to manipulate the amplitude, 

phase and polarization of the light in nanoscale [1]. These manipulations give rise to large optical properties that 

are applied in sensing, imaging, metalens, photovoltaic device and nonlinear optics, to name a few. Recently, the 

building block of metasurface based on all-dielectric nanostructures are replacing the metallic counterpart, that are 

inherently ohmic damping at optical frequencies, in some application, since they are lossless and possess strong 

Mie resonance with simple geometry [2,3]. The ultra-violet (UV) which are widely used in human’s life, such as 

anti-fake, but will also threaten human’s health, especially the UVA (from 320-400 nm) and UVB (280-320 nm). 

Therefore, a UV reflector is necessary to protect human free from the UV. Although the Bragg reflector and 

photonics band gap material can achieve high reflection, the necessary multilayers to improve the reflectivity 

increase its fabrication difficulty. Very recently, perfect reflector based on silicon has been demonstrated in near-

infrared range [4,5], but the inherent absorption impedes its application in the UV range. Here, we proposed a 

ultra-high reflectivity (UHR, >99%) metasurface reflector based on silicon nitride in UV range. The 

numerical results show a UHR reflection band under carefully design of the building block geometry. Since 

the response of the metasurface is a function of geometry, here is the diameter and height of the cylinder, 

the high reflectivity band can be tuned to the desired wavelength range. 

 As shown in Fig. 1(a), a cylinder geometry is used to achieve due to its two design degree of freedom and easy 

fabrication process. Silicon nitride is chosen as the material of the building block since its large band gap which 

results in its transparent in UV to visible and CMOS compatibility. Using the Finite Difference Time Domain 

(FDTD) simulation method, we numerically investigate the optical response, reflectance, of the metasurface in air. 

The optical constant of silicon nitride was from Palik [6]. The response of our metasurface is a function of aspect 

ratio (AR), defined as AR=H/D, where H is the height and D is the diameter of the cylinder. Fig.1(b) shows the 

reflection spectrum of the metasurface with AR=0.6. A flat UHR band near 290nm is observed. As demonstrated 

in [4], the flat UHR band will emerges in the single negative lossless metamaterial. The single negative was 

observed with seperately electric resonance and magnetic resonance. The electronics field distribution shows a 

circular displacement current, as shown in the inset of Fig.1(b), which represents a magnetic dipole resonance 

dominates near the UHR range. 

(a) (b) |E/E0|

 
Fig. 1 (a) The schematic image of the all-dielectric metasurface. (b) The reflection spectrum of the carefully designed 

metasurface based on the building block with an AR=0.6. Inset: the normalized electric field distribution at 291nm.  

  

In summary, we numerically demonstrated an all-dielectric metasuraface to achieve the UHR in UV 

range with over 8 nm band width and two perfect reflection peak (>99.99%). The perfect reflector may also 

find application in improvement of the laser damage-threshold, bio-imaging and molecule detection and 

enhancement of the throughput efficiency in the laser cavity. 
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Plasmonic circular dichroism (PCD) is currently a hot topic due to its great potential in different fields, such 

as, bio/chemical sensing, photocatalysis, or cancer therapy. However, the synthesis of discrete nanostructures 

that exhibit consistent and stable PCD signal still is a challenging task. To address this challenge, we have 

developed a seed-mediated growth approach to obtain chiral Au nanorods (c-Au NRs) with high and stable 

chiroptical responses, being the final morphologies governed by the concentration of chiral molecules (L-

Cysteine or D-Cysteine). Experimental and theoretical studies reveal that chiral molecules within the discrete 

nanostructure would enhance their PCD signal. The enhancement of PCD is attributed to the coupling of chiral 

dipoles of molecules with the near-field induced optical activity at the hot spots. Moreover, the stability of PCD 

signal and biocompatibility of c-Au NRs could be further improved by their encapsulation within either silica or 

protein corona. In particular, single c-Au NR@SiO2 with Janus or core-shell configurations are reported with 

their PCD still retained even in organic solvents. More interestingly, a side-by-side assembly of c-Au NRs 

induced by chiral molecules give rise to an improvement of the PCD signal, with anisotropic g factors as high as 

0.048.[1] This study is substantially important because it will not only simply tune the PCD profiles but also 

improve the stability and biocompatibility of discrete PCD reporter, which will provide an important technique 

for the PCD applications. 

 

Figure1 CD spectroscopy of chiral nanostructures (The inset in (a), (b), (c), (d) are the c-Au NRs, c-Au NRs@Silica, side-by-side assembly 
of c-Au NRs dimers, silica coating on c-Au NRs dimers, respectively) 
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Due to high transparency in the wavelength range from the visible to the mid-infrared, high hardness, and 

high thermal and chemical stabilities, sapphire is considered as a promising material for optics operating under 

harsh conditions. Well-defined diffractive and refractive micro-optical elements have been written by scanning 

the focal spot of a femtosecond laser beam according to three-dimensional (3D) patterns. However, the low 

efficiency of the pinpoint laser ablation severely hinders its practical application. Here, we propose a dry-

etching-assisted femtosecond laser machining (DE-FsLM) technology for sapphire micro-optics manufacturing, 

with which the fabrication efficiency can be improved, e.g., by over two orders of magnitude for a 15-m-

diameter and 1-m-depth microlens. The fundamental idea is to generate a laser-damaged seed for the ensuing 

dry etching via single-burst laser irradiation. The required number of laser pulses for a single lens definition is 

reduced from typically 106 to approximately 50, and the fabrication duration of a cm2-size array containing 

approximately 4×105 microlenses is improved from 1390 hours to 3.2 hours (including 3 hours for the dry 

etching). High-quality imaging and wide-band light beam homogenization from ultraviolet to near-infrared are 

demonstrated for both the original sapphire elements and the cast replicated glass lenses. 

 
Fig. 1 Characterization of the large-scale SCMA. (a) Photo image of a 1 cm * 1 cm large-scale SCMA. (b) SEM image of 

the large-scale SCMA. Scale bar = 100 μm. (c) Amplified SEM image of the large-scale SCMA. Scale bar = 30 μm. (d) 3D 
morphology of the large-scale SCMA. (e) Cross-section profiles of the large-scale SCMA. (f) Focusing and (g) imaging 

properties of the large-scale SCMA. Scale bar = 100 μm. The insert images are magnified versions of the focusing and 

imaging photos. Scale bar = 15 μm. 
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Wireless networks of sensors, displays, and smart devices on the body offer powerful capabilities for health 

monitoring, human-machine interfaces, and other emerging technological applications [1]. Existing approaches 

for wireless interconnection, however, are limited by challenges in radiative loss, interference, and data 

vulnerability inherent to the radiation of radio-waves into the surrounding space [2]. In this presentation, we 

describe an efficient and secure approach to interconnect wireless sensor networks by confining radio-waves on 

clothing patterned with conductive textiles. We demonstrate how these textile patterns, termed metamaterial 

textiles, can enhance wireless transmission (including Bluetooth and Wi-Fi) from commercial devices 

(smartphones) by many orders of magnitude and enable wireless power transfer to sensors on the body. 

To efficiently interconnect body networks, we reasoned that clothing structured with conductive textiles 

could support surface plasmon-like modes at radio communication frequencies that can mold the propagation of 

radio-waves around the body. In contrast with conventional wireless communication systems, networks based on 

metamaterial textiles are interconnected by radio surface plasmons that propagate along structures patterned on 

clothing [Fig. 1(a)]. These networks are not subject to inverse square law losses and require physical proximity 

to the body in order to transmit and receive signals through interactions mediated by an evanescent field. Fig. 

1(b) shows the structure of the metamaterial textile (2.5 cm width, 8 mm unit cell length). The top layer, facing 

outward from the body, is comprised of a planar comb-shaped pattern that supports surface plasmon-like modes 

that are conformal to sharp bends and creases [Fig. 1(c)] [3], while the bottom layer is an unpatterned conductor 

that enhances field confinement and suppresses unwanted interactions with the body.  

We show how these metamaterial textiles can enable the translation of concepts from photonic circuits onto a 

textile platform for capabilities in wireless sensing, signal processing, and energy transfer. Endowing athletic 

wear, medical clothing, and other apparel with such advanced electromagnetic capabilities should enhance our 

ability to perceive and interact with the world around us. 

 

 

 
Fig. 1 Radio surface plasmons on metamaterial textiles. (a) Illustration of a sensor network interconnected by radio-waves 

confined on clothing. Devices in the network exchange energy and information through the evanescent field of surface 

waves rather than radiation into the surrounding space. (b) Structure of the metamaterial textile. (c) Simulation of the 

electric field distribution emitted by a dipole above a (top) metamaterial textile, (center) unpatterned conductive textile, and 
(bottom) nonconductive textile. The textile is placed on the body modeled by air-tissue half-space. 
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The manipulation of the mechanical response in optomechanical system allows the observation of the quantum 

behaviour by cooling a mechanical resonance to its quantum mechanical ground state [1,2,3], and it relies on the 

effective tuning of the trapping potentials. In this work, we investigate the conversion process between the 

radiation pressure and the mechanical trapping potential, which is engineered by the optical field in an 

optomechanical system. A set of trapping potentials could be achieved by tuning the system, such as the 

detuning, pumping power and the decay rates. Specifically, the speed of conversion between different potential 

state is studied which approaches the megahertz level.  

 

1 Y.-C. Liu, Y.-F. Xiao, X.-S. Luan, and C. W. Wong, “Dynamic dissipative cooling of a mechanical resonator in strong coupling 

optomechanics,” Phys. Rev. Lett. 110, 153606 (2013). 

2 W.-J. Gu and G.-X. Li, “Quantum interference effects on ground-state optomechanical cooling,” Phys. Rev. A 87, 025804 (2013)  

3 F. Marquardt, J. P. Chen, A. Clerk, and S. Girvin, “Quantum theory of cavity-assisted sideband cooling of mechanical motion,” Phys. 

Rev. Lett. 99, 093902 (2007). 

A Nature Conference on Nanophotonics and Integrated Photonics 2018

111 



High performance plasmonic nanolasers with external quantum efficiency 

exceed 10% 

Suo Wang1, Hua-Zhou Chen 1, Ren-Min Ma1,2 

1 State Key Lab for Mesoscopic Physics and School of Physics, Peking University, Beijing 100871, China. 

2 Collaborative Innovation Center of Quantum Matter, Beijing 100871, China 

 

ABSTRACT:  

Plasmonic nanolasers break the diffraction limit for an optical amplifier, which brings new capabilities for 

various applications, ranging from on-chip optical interconnector to biomedical sensing and imaging. However, 

the inevitably accompanied metallic absorption loss could convert the input power to heat rather than radiations 

leading to undesired low external quantum efficiency and device degradation. To date, direct characterization of 

quantum efficiency of plasmonic nanolasers is still a forbidden task due to its near-field surface plasmon emissions, 

divergent emission profile and the limited emission power. Here, we develop a method to characterize the external 

quantum efficiency of plasmonic nanolasers by synergizing experimental measurement and theoretical calculation. 

With systematical device optimization, we demonstrate high performance plasmonic nanolasers with external 

quantum efficiency exceed 10% at room temperature [1]. This work fills in a missing yet essential piece of key 

metrics of plasmonic nanolasers. The demonstrated high external quantum efficiency of plasmonic nanolasers not 

only clarifies the long-standing debate but also endorses the exploration of them in various practical applications 

such as near-field spectroscopy and sensing, integrated optical interconnects, solid-state lighting and free-space 

optical communication. 
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Slow light, a solution to control the optical signal by reducing the group velocity, has been widely studied to 

obtain enhanced nonlinearities and increased phase shifts owing to its promoting light-matter interaction ability 

[1-5]. We achieved a wide band slow light in a simple one-dimensional fishbone waveguide. A flat band 

indicating slow light with group index of 13 and bandwidth over 10 nm is obtained by plane wave expansion 

calculation and measured through the experiment.  

The experiment setup for the test of the performance of the grating waveguide is shown in Fig. 1 (a). The 

input light is generated from a tunable laser source. Its polarization is controlled by a polarization controller to 

obtain the TE mode light which injects into the chip through a grating coupler with coupling angle of 80 degrees. 

The output temporal spectrum response is recorded and analyzed by an oscilloscope. Using the Fabry-Perot 

effect, the output signal is controlled by the phase change at two sides of slow light grating waveguide [6]. From 

signal “1” to “0”, the phase change is / 2 . 
max  and 

min are the wavelengths corresponding to the signal “1” 

and signal “0” in the transmission spectrum, respectively. The spectral dependence of the group index in the 

grating waveguide can then be deduced from positions of the adjacent peak and valley of the oscillations as: 

max min max min( ) / 4 ( )     gn L . 

Where L is the length of the waveguide, 
gn  is the group index of 1-D grating waveguide. The transmission 

spectrum was measured and shown in Fig. 1(b), the oscillation period decreases with the increase of wavelength. 

The group index then can be calculated from the Equation (1), and the group indices are drawn in the same 

diagram (red plots), where we find group index from 5 to over 60, as the wavelength increases from 1550nm to 

1610nm. Fig. 1(c) shows the group index of simulation and experiment as a function of wavelength in one 

picture. A bandwidth over 10nm with high group index around 12 can be clearly observed. The deviation 

between the measured and the calculated group indices mainly attributes to fabrication inaccuracies. 

 
Fig. 1 (a) Schematic of the experimental setup. Insert pictures are SEM images of grating coupler. In addition, we utilize a 

tunable laser (TL) source, a polarized controller (PC), a data analyzer (DA) and an optical spectrum analyzer (OSA); (b) 
Measured transmission and group index as a function of wavelength; (c) group index (from both simulation and experiment) 

as a function of wavelength. 
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Light interact matter in nanoscale is of fundamental significance in different branches of physics, such as 

sensing, optical nonlinear enhancement and solar cell, to name a few [1,2]. All-dielectric nanostructures emerge 

as a promising alternative to noble metal based plasmonic nanostructures in manipulating the Mie resonance 

since its non-radiative loss is low and electric and magnetic response can be simultaneously excited in a simple 

geometry. Directional scattering, also named Kerker effect, is one of the basic physics based on the overlapping 

of the electric dipole (ED) and magnetic dipole (ED) resonance to achieve the suppression of the backward 

scattering and enhancement of the forward scattering [3,4]. The basic demand is to control ED and MD 

separately by tuning the geometry of the nanostructure [5] or lattice resonance [6]. Here, we propose a new 

scheme to manipulate ED and MD by coating a low index dielectric layer outside the silicon 

nanostructure, resembling the core-shell structure but with a two-dimensional structure.  

As shown in Fig.1(a), the manipulation factor in our work is the thickness(t) and index of the coating. The 

effect of SiO2 coated Si nanostructure has been discussed in some work [4] origins from the natural oxidation 

layer outside the Si nanostructures. But they don’t have further discussion on utilizing the low index coating 

to realize Kerker effect. Here, the scattering cross section’s dependence on the thickness of the coating is 

shown in Fig.1(b). A distinct overlapping emerges at lambda λ~ 705nm when t ~ 80nm which shows an evidence 

of the Kerker effect [3-6]. Fig.1(c) shows the forward to backward scattering ratio (F/B) spectrum show a 

maximum up to 43.  

Top view

Side view

(a) (b) (c)

t

n

t

t

 
Fig. 1 (a) structure schemetic image(b) the dependence of the scattering enhancement (scatCS divided by geometry CS) on 

the thickness of the coating. (c) the forward, backward scattering and their ratio F/B with t~ 80nm. 

  

In conclusion, we numerically demonstrate that a low index coating will contribute to an overlap of ED and 

MD to achieve directional scattering. The realization is easier than the core-shell structure since its 2D structure 

can be fabricated by the mature CMOS process. These findings make the all-dielectric coating nanostructure a 

promising candidate for photonics applications in nanoantennas, and optical switches. 
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We report a spectrometer-free, pattern-based refractometric sensing scheme. This new detection scheme uses 
gradient plasmonic nanostructures to map spectral information to spatial locations and then use commercial 
imaging sensors, rather then spectrometers, to detect pattern change induced by local refractive index change 
due to adsorbed analyte molecules. Our preliminary results show the sensitivity performance of this new 
method can be comparable to conventional spectrometer-based methods, but with much more compact and 
cost-effective setup.  

Gradient plasmonic nanostructures in our work are fabricated using interference lithography (IL) (Fig. 1). 
Conventional IL emphasizes pattern uniformity; therefore, uniform exposure intensity over the patterning area 
is desired. To fabricate spatially varying structures, we intentionally utilize the non-uniform Gaussian-shaped 
intensity distribution of the two coherent beams to realize spatially varying patterns with circular symmetry. 
Exposed patterns on the positive-tone photoresist show pillars at the center, where the Gaussian beam has the 
maximum intensity. The diameter of pillars increases with the distance from the center. Nearby pillars start to 
merge and the overall pattern evolves into a hole array with the diameter of holes reducing when the distance 
from the center is further increased. We also use the IL system to make nanoimprint templates with the gradient 
structures and then, use NIL and other nanofabrication processing, including reactive ion etching and e-beam 
evaporation, to fabricate different types of gradient plasmonic structures for various sensing demonstrations. 

We carry out a series of experimental demonstrations and compare the performance of our new sensing scheme 
with existing spectrometer-based refractometric sensing methods. In our new sensing scheme, a camera is used 
to record the transmitted intensity pattern on the gradient plasmonic sensing chip. Before and after exposing the 
sensing chip to analyte substances, two transmitted images are taken and compared. An image processing 
algorithm is developed to retrieve the change in the patterns to detect the existence of analyte substances. We 
have performed preliminary experiment on hydrogen gas sensing by using a silver gradient plasmonic structure 
with 20-nm-thick palladium deposited as the hydrogen-responsive layer [1, 2]. Our preliminary testing result 
shows that hydrogen gas with 1% and 4% concentrations can induce clearly resolvable intensity pattern 
changes, which is comparable to many published plasmonic refractometric hydrogen sensing results [1, 3, 4]. 
We believe that there is considerable room for improvement of the sensing performance of our gradient 
plasmonic sensors and will explore its ultimate limitations in the subsequent investigation. 

References 
1. Liu, N., et al., Nanoantenna-enhanced gas sensing in a single tailored nanofocus. Nature Materials, 2011. 10(8): p. 631-636. 
2. Sutapun, B., M. Tabib-Azar, and A. Kazemi, Pd-coated elastooptic fiber optic Bragg grating sensors for multiplexed hydrogen sensing. 

Sensors and Actuators B-Chemical, 1999. 60(1): p. 27-34. 
3. Tittl, A., et al., Palladium-Based Plasmonic Perfect Absorber in the Visible Wavelength Range and Its Application to Hydrogen Sensing. 

Nano Letters, 2011. 11(10): p. 4366-4369. 
4. Wadell, C., S. Syrenova, and C. Langhammer, Plasmonic Hydrogen Sensing with Nanostructured Metal Hydridese. ACS Nano, 2014. 

8(12): p. 11925-11940. 
	
  

 

Fig. 1. Interference lithography fabrication process for spatially varying gradient nanostructures. (a) Schematic representation; (b) 
numerical simulation of double exposure for two-dimensional dots and holes with gradient sizes; (c) zoomed-in view of the numerical 
simulation of the red box region in (b); and (d) preliminary fabrication results showing the gradient feature sizes on 370-nm-period 
two-dimensional structures. 
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