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Quantum photonics with van der Waals heterostructures 

C. Chakraborty
1,2,3

, L. Qiu
1,3

, K. Kothasinghe
1,3

, A. Mukherjee
1,3

, S. Dhara
1,3 

and A. N.

Vamivakas
1,2,3,4, 

1
The Institute of Optics, University of Rochester, Rochester, NY 14627, USA 

2
Materials Science, University of Rochester, Rochester, NY 14627, USA 

3
Center for Coherence & Quantum Optics, University of Rochester, Rochester, NY 14627, 

USA 

4
Department of Physics, University of Rochester, Rochester, NY 14627, USA 

Two-dimensional, atomically-thin, materials have received enormous interest as a result of 

their unique mechanical, electrical and optical properties.  Particularly exciting are the 

transition metal dichalcogenides Ð atomically-thin semiconductors that possess an electronic 

band gap in the visible.  Although these materials have been investigated for applications in 

opto-electronics, not much work has focused on these systems as a platform for quantum 

photonics and quantum optics.  In this talk I will describe two approaches that leverage 

atomically thin semiconductors, and other two-dimensional materials, assembled in layered 

van der Waals heterostructures for applications in these areas. In the first part of the talk I will 

describe the unique photophysical properties of quantum emitters hosted by single layer 

transition metal dichalcogenides. I will describe our recent efforts to controllably charge the 

quantum emitters and realize a localized spin-valley-photon interface (see Fig. 1). I will also 

present results on realizing negative-mass trion-polaritons that are a manifestation of many 

body physics arising when coupling the atomically thin semiconductor to a planar optical 

cavity. 
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Figure 1. (left) Schematic representation of an ultrathin transition metal dichalcogenide (TMDC) stack on 
reflective Au or Ag substrates. (right) Experimentally measured absorption of WSe2 on Ag with varying 
thickness of the WSe2 layer. Near unity absorption is observed for WSe2 layer thickness as low as 8 nm and 
maximum broadband absorption is observed for ~13 nm WSe2. For thicker samples the absorption start 
reducing in the blue part of the spectrum due to increasing reflection.  

Figure 2. (left) Schematic representation of a WSe2/MoS2 p-n heterojunction photovoltaic device stack on 
reflective Au or Ag substrates as back contacts and graphene as a top conctact. (right) Experimentally 
measured absorption of the stack (blue) and External quantum efficiency (red) exceeding 50% for 9 nm total 
thickness of the active layer.  
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Ferroelectric domain control of photoluminescence in 

monolayer WS2 / PZT hybrid structures 

Berry Jonker, Connie Li and Kathleen McCreary

Materials Science and Technology Division, Naval Research Laboratory 

Washington DC 20375 USA 

e-mail: berry.jonker@nrl.navy.mil

Single monolayer transition metal dichalcogenides (TMDs) exhibit exceptionally strong 

photoluminescence dominated by a combination of distinct neutral and charged exciton 

contributions.  The dielectric screening is very low due to their two-dimensional character 

relative to bulk material, and their properties are thus strongly affected by their immediate 

environment.  Because the exciton and trion binding energies are very large (~ 600 meV and 

~30 meV, respectively), these characteristic emission features persist to room temperature. 

The samples were fabricated by mechanically transferring large area monolayer WS2 grown 

by a CVD process onto a 100 nm thick lead zirconium titanate (PZT) film on a conducting 

n-type strontium titanate wafer.  We show here that the surface charge associated with

ferroelectric domains patterned into the PZT  film with a conductive atomic force

microscope laterally control the spatial distribution of neutral and charged exciton populations

in the adjacent WS2 monolayer [1].  This is manifested in the intensity and spectral

composition of the photoluminescence measured in air at room temperature from the areas of

WS2 over a ferroelectric domain with polarization dipole pointed either out of the surface

plane or into the surface plane.  The photoluminescence from areas of the WS2 over up

polarization domains in the PZT are dominated by neutral exciton emission, while those over

down domains are dominated by trion emission, consistent with the corresponding charge

produced by the domains at the WS2 / PZT interface.  The hysteretic character of

ferroelectric materials means that the TMD properties can be selectively reconfigured in a

nonvolatile manner by changing the state of the ferroic substrate. This approach enables

spatial modulation of TMD properties with a spatial resolution determined by the polarization

domains in the underlying ferroelectric layer, with the potential for fabrication of lateral

quantum dot arrays or p-n junctions in any geometry of choice.

[1] C.H. Li, K.M. McCreary and B.T. Jonker, ACS Omega 1, 1075 (2016).

This work was supported by core programs at NRL and the NRL Nanoscience Institute, and by the Air

Force Office of Scientific Research #AOARD 14IOA018-134141.
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Fig. 1: WSe2 on EuS versus SiO2 substrates for
A exciton. Purple circles, Si/SiO2 substrate;
green squares, EuS substrate. 
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Fig. 2: Field-dependent ȹEex of WSe2 and M of
EuS superimposed on each other for A exciton. 
Both ȹEex and M are normalized by their
saturated values at 7 K. Points, normalized 
ȹEex; lines, normalized M.


E

Fig. 3: WSe2 on EuS versus SiO2 substrates for
B exciton. Red circles, Si/SiO2 substrate; black
squares, EuS substrate. 

Fig. 4: WS2 on EuS versus SiO2 substrates for
A exciton. Purple circles, Si/SiO2 substrate;
green squares, EuS substrate. 
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High-efficiency heterogeneous multijunction solar cells  
fabricated by smart stack technology using metal nanoparticle arrays 

Takeyoshi Sugaya, Ryuji Oshima, Hidenori Mizuno, Kikuo Makita, Toshimitsu Mochizuki, 
and Takeshi Tayagaki

National Institute of Advanced Industrial Science and Technology (AIST), 
1-1-1 Umezono, Tsukuba, Ibaraki 305-8568, Japan

Cost reduction and improved conversion efficiency are the most important issues facing 
the wide-scale deployment of solar photovoltaic systems. Although multijunction solar cells 
have the highest reported efficiencies and have been commercialized for space and 
concentrator applications, their use has not become widespread due to their high cost. Our 
objective is to develop advanced multijunction technologies with extremely low cost and high 
conversion efficiency. 

Multijunction solar cells enable ultra-high efficiencies due to the effective utilization of a 
solar spectrum by interconnecting different kinds of solar cells. A traditional fabrication 
method is a monolithic epitaxial growth technique, which is very difficult and limits the 
choice of materials and cell combinations. We have proposed a novel semiconductor bonding 
method called smart stack technology for mechanically stacked multijunction solar cells. This 
technology utilizes Pd nanoparticle alignment to interconnect the top and bottom cells with 
low bonding resistances and minimal optical absorption losses as shown in Fig. 1 [1]. Pd 
nanoparticle alignment can be formed by a self-assembled phenomenon using low-cost spin 
coating method, which is very attractive for interconnecting different kinds of solar cells. We 
have demonstrated an InGaP(Eg-1.89 eV)/GaAs(Eg-1.42 eV)//InGaAsP(Eg-1.05 eV)/InGaAs 
(Eg-0.75 eV) 4-junction solar cell with a high efficiency of 32.0% under AM1.5 as shown in 
Fig. 2 [2]. We also demonstrated an InGaP/GaAs// Si 3-junction solar cell with an efficiency 
of 25.1% [3]. We describe the thermal reliability test and the stacking mechanisms of smart 
stack devices. Our method is highly useful to realize the next-generation low-cost and high 
efficiency multi-junction solar cells with various heterogeneous cell combinations. 

[1] H. Mizuno, K. Makita, and K. Matsubara, Appl. Phys. Lett. 101, 191111 (2012).
[2] H. Mizuno, K. Makita, T. Sugaya, R. Oshima, Y. Hozumi, H. Takato, and K. Matsubara, Jpn. J.
Appl. Phys. 55, 025001 (2016).
[3] H. Mizuno, K. Makita, T. Tayagaki, T. Mochizuki, T. Sugaya, and H. Takato, Applied Physics
Express 10, 072301 (2017).
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Conductance and transconductance of devices A and B, and comparison with theory. (a and c) Zero-bias 

conductance of device A (𝐿஻ = ʹͲ nm, 𝐿஼ = 5ͲͲ nm, 𝐿𝑠 = 5Ͳ nm ) (a) and device B (𝐿஻ = ʹͲ nm, 𝐿஼ =ͳ,8ͲͲ nm, 𝐿𝑆 = ͳ,ͲͲͲ nm) (b) as a function of chemical potential 𝜇 and magnetic fields 𝐵 in the range 0-9 T. (b

and d) Transconductance 𝑑𝐺/𝑑𝜇 shown as a function of 𝜇 and 𝐵 for device A (b) and device B (d). Each bright 

band marks the crossing of a subband, and the white arrow in (b) indicates the pairing field 𝐵𝑃 ≈1 T. The revealed

subband structures show remarkable similarity between these two devices. (e) Theoretical zero-bias conductance 

curves, modeling device A, for a non-interacting channel as a function of the chemical potential and magnetic field. 

(f) Corresponding transconductance 𝑑𝐺/𝑑𝜇 as a function of 𝜇 and 𝐵.  Transitions have been broadened by a 65

meV-wide Lorentzian.
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Semiconductor heterojunctions based on 2D materials 

Yasumitsu Miyata 

Department of Physics, Tokyo Metropolitan University, Hachioji, Tokyo 192-0397, Japan 

e-mail: ymiyata@tmu.ac.jp

Conventional semiconductor heterojunctions with two-dimensional (2D) interfaces have 

been an important topic, both in modern solid state physics and in electronics and 

optoelectronics applications. Recently, the in-plane heterostructures of transition metal 

dichalcogenide (TMDC) atomic layers are expected to provide a novel one-dimensional (1D) 

interface with unique physical properties and applications. Even though there have been 

several reports on the growth and device studies of such atomic-layer heterojunction 

interfaces, it is still an important challenge to develop a sophisticated growth process and their 

microscopic basis of electronic properties. For this purpose, we have fabricated high-quality 

TMDC atomic layers and various heterostructures based on TMDCs [1-5]. Herein, we report 

on growth and characterization of atomic layer heterostructures based on TMDCs.   

Chemical vapor deposition (CVD) was used to prepare high-quality TMDC atomic layers 

on exfoliated graphite flakes, as reported in our previous paper [1]. As shown in Fig. 1b, WS2 

(or MoS2) grains are initially synthesized on the graphite, after which the second growth of 

another TMDCs is conducted. High quality of samples grown on graphite was confirmed 

from sharp photoluminescence peak (Fig.2) [1]. Scanning tunneling microscopy/spectroscopy 

(STM/STS) analyses revealed that the monolayer heterojunction has atomically-sharp 

interface structure, and form conventional type II heterojunction with staggered gap (Fig.3a,b) 

[3]. Interestingly, we found that the bilayer samples showed the formation of 1D confining 

potential (potential barrier) in the valence (conduction) band, as well as bandgap narrowing 

around the heterointerface (Fig.3c) [5]. The present findings indicate that the atomic layer 

heterojunctions provide a novel system to realize tunable 1D electrical potential for embedded 

quantum wires and ultrashort barriers of electrical transport.  

[1] Y. Kobayashi et al., ACS Nano, 9, 4056 (2015).

[2] Y. Kobayashi et al., Nano Res., 8, 3261 (2015).

[3] S. Yoshida, et al., Sci. Rep., 5, 14808 (2015).

[4] S. Sasaki et al., Appl. Phys. Express 9, 071201 (2016).

[5] Y. Kobayashi et al., Sci. Rep., 6, 31223 (2016).
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Recent advances in colloidal-quantum-dot lasing: From zero-

threshold optical gain to solution-processible laser diodes 

Young-Shin Park, Jaehoon Lim, Kaifeng Wu, and Victor I. Klimov 

Los Alamos National Laboratory, Los Alamos, NM 87545, USA 
e-mail: klimov@lanl.gov

Chemically synthesized quantum dots (QDs) can potentially enable a new class of 
highly flexible lasers processible from solutions without complications associated 
with vacuum-based epitaxial techniques [1,2]. Colloidal QDs feature near-unity 
emission quantum yields and widely tunable emission wavelengths controlled by their 
size and/or composition. Further, a wide separation between electronic levels and low 
degeneracies of band-edge states reduce the lasing threshold and enhance temperature 
stability compared to semiconductor quantum wells used in traditional laser diodes. 
Despite a considerable progress over the past years, colloidal-QD lasing is still at the 
laboratory stage and an important challenge - realization of lasing with electrical 
injection - is still unresolved.  A major complication, which hinders the progress in 
this field, is fast nonradiative Auger recombination of gain-active multi-carrier 
species [3,4]. Recently, we explored several approaches for mitigating the problem of 
Auger decay by taking advantage of a new generation of core/multi-shell QDs with a 
radially graded composition (Fig. 1a,b) that allow for considerable (nearly complete) 
suppression of Auger recombination by ÒsofteningÓ the electron and hole confinement 
potentials. Using these specially engineered QDs, we have been able to achieve two 
important milestones in the QD field, that is, the first demonstration of continuous-
wave colloidal-QD lasing with optical excitation [5] and the first realization of optical 
gain in colloidal nanostructures with direct-current electrical  pumping (Fig. 2) [6]. 
Further, using these new QDs, we have been able to practically demonstrated the 
viability of a Òzero-threshold-optical-gainÓ concept using not neutral but negatively 
charged particles wherein the pre-existing electrons block either partially or 
completely ground-state absorption [7]. Such charged QDs are optical-gain-ready 
without excitation and, in principle, can exhibit lasing at vanishingly small pump 
levels. All of these exciting recent developments demonstrate a considerable promise 
of colloidal nanomaterials for implementing solution-processible optically and 
electrically pumped laser devices operating at virtually any wavelength using a verity 
of optical cavity designs. These materials are also ideally suited for the realization of 
novel concepts such as laser lighting and displays, on-chip optical interconnects, and 
multidimensional laser arrays.  

[1] Klimov, V. I. et al. Optical gain and stimulated emission in nanocrystal quantum dots.
Science 290, 314 (2000).

[2] Klimov, V. I. et al. Single-exciton optical gain in semiconductor nanocrystals. Nature
447, 441 (2007).

[3] Klimov, V. I., Mikhailovsky, A. A., McBranch, D. W., Leatherdale, C. A. & Bawendi,
M. G. Quantization of multiparticle Auger rates in semiconductor quantum dots. Science
287, 1011 (2000).

[4] Robel, I., Gresback, R., Kortshagen, U., Schaller, R. D. & Klimov, V. I. Universal Size-
Dependent Trend in Auger Recombination in Direct-Gap and Indirect-Gap
Semiconductor Nanocrystals. Phys. Rev. Lett. 102, 177404 (2009).

[5] Fan, F. et al. Continuous-Wave Lasing in Colloidal Quantum Dot Solids Enabled by
Facet-Selective Epitaxy. Nature 544, 75 (2017).

[6] Lim, J., Park, Y.-S. & Klimov, V. I. Optical Gain in Colloidal Quantum Dots Achieved
by Direct-Current Charge Injection. Nat. Mater. in press (2017).

[7] Wu, K., Park, Y.-S., Lim, J. & Klimov, V. I. Towards zero-threshold optical gain using
charged semiconductor quantum dots. Nat. Nanotechnol. in press (2017).

2017 Workshop on Innovative Nanoscale Devices and Systems (WINDS)

 

978-3-901578-31-1

43



Fig. 1: Compositionally graded core/multi-shell QDs. (a) Reaction 

schematics (top), radial compositional profile (lower left), and approximate 

band structure (lower right) of QDs with the 2-nm CdSe core radius, 7-nm 

CdxZn1-xSe shell, and <1-nm final ZnSe0.5S0.5 layer. (b) In the case of a 

uniform alloying (solid solution), the projected band gap (blue circles) is 
strongly blue-shifted compared to the measured PL energy. 

Fig. 2: The pump fluence dependence of the 1S emission intensity from optical measurements (red line) is 

virtually identical to the dependence on current density observed in the electroluminescence 

measurements (green squares) suggesting direct linear scaling between the average QD occupancy <N> 

and current density, j (<N> = ! ! j , where ! = 0.45 cm
2
 A

-1
). Given this relationship, the maximum QD 

occupancy realized with electrical pumping is ~6 excitons per dot on average, which is above the 

thresholds for both 1S lasing (<N> = 1.6; vertical black dashed line) and 1P lasing (<N> = 5.5; vertical 

blue dashed line); corresponding lasing spectra are shown by black lines.  
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Application of graphene and graphene nanoribbons to electronic devices 

Shintaro Sato1,2 

1 Fujitsu Laboratories Ltd., 2 Fujitsu Limited 

10-1 Morinosato-Wakamiya, Atsugi, Kanagawa 243-0197, Japan

e-mail: sato.shintaro@jp.fujitsu.com

Graphene has excellent electrical properties, and is therefore a promising candidate for 

future electronics materials. While graphene does not have a band gap, a graphene nanoribbon 

(GNR) does, and can therefore be used for devices such as diodes and transistors. We have 

been working on growth of nanocarbon materials and their application to electronic devices, 

including transistors, interconnects, and sensors. We here describe some of the applications. 

We recently developed a gas sensor based on a graphene-gate transistor, where the gate of a 

Si transistor is replaced with single-layer graphene (Fig.1) [1]. If gas molecules adsorb on the 

graphene-gate surface, the Fermi level or work function of graphene can change, thus shifting 

the threshold of the Si transistor. This causes changes in the drain current if the gate voltage is 

kept constant. This graphene-gate sensor was found to be very sensitive to NO2 and NH3. As 

can be seen in the Fig. 2, the sensor can detect NO2 with concentrations less than 1 ppb.  

Graphene can also be used for detecting high-frequency wave [2, 3]. We recently proposed 

a diode consisting of a GNR heterojunction (Fig. 3) for high-frequency wave detection [4]. 

The heterojunction consists of a hydrogen-terminated armchair-edge GNR (H-AGNR) and 

fluorine-terminated armchair-edge GNR (F-AGNR). Since there is a difference in electron 

affinity between them, we can construct a staggered-type lateral heterojunction p-n diode. 

First principle calculations show that, due to band-to-band tunneling, the diode has a 

nonlinear reverse current of the order of kA/m. The junction capacitance is extremely small 

because of the small junction area. The voltage sensitivities of the GNR-based backward 

diode as a function of frequency are shown in Fig. 4. The diode can have a much better 

sensitivity for high-frequency wave than a GaAsSb/InAlAs/InGaAs heterojunction diode [5].  

We try to form GNRs having various widths and edge-terminations using a bottom-up 

approach [6]. Figure 5 shows a scanning tunneling microscope image of H-AGNR we formed. 

In fact, we used a precursor shown in Fig. 6, aiming at synthesizing partially F-terminated 

AGNRs. The F atoms at the edges, however, were detached during the cyclodehydrogenation 

of partially-edge-fluorinated polyanthrylenes to form GNRs. We have found by first principles 

calculations that a critical intermediate structure, obtained as a result of H atom migration to 

the terminal carbon of a fluorinated anthracene unit in polyanthrylene, plays a crucial role in 

significantly lowering the activation energy of carbonīfluorine bond dissociation. 
We have also fabricated a transistor using GNRs as a chennel. Transfer characteristics of 

the transistor are also described in the presentation. 

This research was partly supported by JST CREST Grant Number JPMJCR15F1, Japan. 

[1] N. Harada, et al., IEDM 2016 p.476 (2016). [2] X. Cai, et al., Nat. Nanotech., 9, 814 (2014). [3] L.

Vicarelli et al., Nat. Mater., 11, 865 (2012). [4] N. Harada, et al., Appl. Phys. Express, 10, 074001

(2017). [5] M. Patrashin, et al., IEEE Trans. Electron Devices, 62 (2015) 1068. [6] H. Hayashi, et al.,

ACS Nano, 11, 6204 (2017).
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Electronic properties and charge transport of coordination nanosheet 
(CONASH) 

Naoya Fukui 1, Kazuo Nakazato 2, Sono Sasaki 3, and Hiroshi Nishihara 1 

1 Department of Chemistry, Graduate School of Science, The University of Tokyo, Tokyo, 

Japan 
2 Department of Electronic Engineering, Graduate School of Engineering, Nagoya University, 

Nagoya, Aichi, Japan 
3 Faculty of Fiber Science and Engineering, Kyoto Institute of Technology, Kyoto, Japan 

e-mail: nfukui@chem.s.u-tokyo.ac.jp

Monolayer nanosheet materials have attracted significant attention because of their unique 

physical and chemical properties, which derive from their two-dimensional nature. In such 

nanosheet materials, coordination nanosheets (CONASHs), which are metal complex 

p-nanosheets as shown in Figs. 1 and 2, have several advantages [1].  There are numerous

combinations of metals and ligands, so that various chemical structures with unique physical 

properties can be designed. Easy and inexpensive bottom-up synthesis is possible since most 

coordination reactions proceed in solution under ambient conditions. 

Electric conductivity of NiDT (nickel bis(dithiolene)) CONASH was measured by the van 

der Pauw method using a four-probe set-up under the inspection of scanning electron 

microscopy as shown in Fig. 3 [2, 3]. To control the Fermi level, nanosheet was doped 

electrochemically. As-prepared sheet ap-NiDT showed an average oxidation number of -3/4 

for the NiDT unit and an electric conductivity of 2.8 Scm-1, whereas oxidized sheet ox-NiDT

showed a very high electric conductivity of 160 Scm-1 at 300K. PES and the energy band

calculation suggest that both ap-NiDT and ox-NiDT are metallic, although the Arrhenius plot 

revealed semiconductor behavior. The discrepancy might stem from a structural disorder in 

the sample. Huang et al. reported that Cu-BHT(benzenhexathiol) CONASH showed room 

temperature conductivity 1580 Scm-1 and ambipolar charge transport with extremely high

electron and hole mobilities, 116 cm2V-1s-1 and 99 cm2V-1s-1, respectively [4].

Furthermore, DFT (density functional theory) calculation predicted that the 

metalladithiolene CONASH is a 2-dimensional topological insulator with a spin-orbital 

coupling gap of 13.6 mV for NiDT and 22.7 mV for AuDT [5]. This is the first organic 

topological insulator candidate which can be synthesized. 

[1] R. Sakamoto et al., Coord. Chem. Rev. 320-321, 118 (2016)

[2] T, Kambe et al., J. Am. Chem. Soc. 135, 2462 (2013)
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Real-Time Measurements of Hydrogen Peroxide Uptake in 2D Cell 
Cultures Using On-Chip Microelectrode Arrays   

Siddarth V. Sridharan,1,6 Jose F. Rivera,1,6 James Nolan,2 Stephen Miloro,2 Xin Jin,1 Sarah M. 

Libring,3,4 Hannah R. Kriscovich,5 Muhammad A. Alam,1,6 Jenna L. Rickus,2,3,6 and David B. 

Janes1,6 

1 School of Electrical and Computer Engineering, Purdue University, W. Lafayette, IN, US. 
2 School of Agricultural and Biological Engineering, Purdue University, W. Lafayette, IN US 

3Welden School of Biomedical Engineering, Purdue University, W. Lafayette, IN US 
4Dept. of Biomedical Engineering, Rutgers University, New Brunswick, New Jersey, US 

5Dept. of Biomedical Engineering, Georgia Institute of Technology, Atlanta, GA, US 
6 Birck Nanotechnology Center, Purdue University, W. Lafayette, IN US 

e-mail: janes@purdue.edu

Amperometric microelectrode arrays (MEAs) can potentially measure analyte concentration 

at multiple positions simultaneously, which should allow determination of transient gradients 

induced by cellular uptake/release. While MEAs have been used to demonstrate concentration 

profiles induced by artificial sources/sinks of analytes, their application to physiological 

measurements, e.g. on 2D cell cultures, has been limited. Typical MEA geometries are not well 

suited for measurements near cell culture geometries and sensitivity variability, including 

electrode-to-electrode variability, make it difficult to obtain multi-point concentration values 

with sufficient accuracy to allow calculation of gradients.  This study focuses on the 

development of on-chip amperometric MEAs and in-situ transient calibration approaches to 

allow measurement of transient concentration gradients near 2D cell cultures. The MEA 

consists of a 1D array of electrodes fabricated near the edge of a silicon chip to facilitate 

positioning in a typical 2D cell culture geometry and the calibration approach minimizes the 

effects of sensitivity variability, thus allowing for determination of gradients and associated 

fluxes based on concentration differences between adjacent electrodes. Building on prior 

studies involving artificial sinks, hydrogen peroxide (H2O2) consumption is studied in a 2D 

culture of human astrocyte cells.  Astrocytes, a type of glial cell in the central nervous system, 

consume H2O2 in order to protect neurons from the reactive species. Time-dependent 

concentration profiles were measured at each of the electrodes in the MEA, and gradients/fluxes 

were determined from the difference in concentration between adjacent electrodes. 

Extrapolation to the cell surface allows determination of the surface concentration (CS) and 

uptake flux, as well as the reaction rate coefficient, for the cells.   
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Magnetometer Based on Spin Wave Interferometer 
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, Galina 
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 , Yuri Filimonov
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1
Department of Electrical and Computer Engineering, University of California -Riverside, 

Riverside, California, USA 92521  
2
Kotelnikov Institute of Radioengineering and Electronics of the Russian Academy of Sciences, 

Saratov, Russia 410019 
3
Saratov State University, Saratov, Russia 410012 

e-mail: akhitun@engr.ucr.edu

We describe a magnetic field sensor based on a spin wave interferometer. Its sensing element 

consists of a magnetic cross junction with four micro-antennas fabricated at the edges. Two of 

these antennas are used for spin wave excitation while two other antennas are used for 

detection of the inductive voltage produced by the interfering spin waves. Two waves 

propagating in the orthogonal arms of the cross may accumulate significantly different phase 

shifts depending on the magnitude and direction of the external magnetic field. This 

phenomenon is utilized for magnetic field sensing. The sensitivity attains its maximum under 

the destructive interference condition, where a small change in the external magnetic field 

results in a drastic increase of the inductive voltage, as well as in the change of the output 

phase. We report experimental data obtained for a micrometer scale Y3Fe2(FeO4)3 cross 

structure. The change of the inductive voltage near the destructive interference point exceeds 

40 dB per 1 Oe. The phase of the output signal exhibits a -phase shift within 1 Oe. The data 

are collected at room temperature. Taking into account the low thermal noise in ferrite 

structures, we estimate that the maximum sensitivity of the spin wave magnetometer may 

exceed attotesla.  
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Fig.1: Without electric field (right) the valence band of BLG on 

WSe2 has strong spin-orbit splitting. If an electric field is applied, 

the splitting appears in the conduction band (left). 

Fig.2: Spin transistor based on field-effect of spin relaxation in BLG 

on WSe2. In this configuration the spin relaxation is weak since the 

electrons travel through the upper layer which has weak proximity 

effect and so induced spin-orbit coupling is weak. 
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Landauer and NEGF: Plain Talk on the Proper Approach 

D. K. Ferry and D. Vasileska

School of Electrical, Computer, and Energy Engineering, Arizona State University 

Tempe, AZ 85287-5706 USA 

As device sizes have continued to decrease, we have reached the point where extensive 

quantum effects are present in these devices, and are utilized for varying the band structure as 

a method of improving device performance.  Traditionally, the Landauer formula has been 

the “go to” approach to determining the conductance through a nanoscale device, and the 

transmission is often computed from the retarded Green’s function, particularly in the case of 

ballistic transport through the device.  This approach is still often used [1].  In the case in 

which scattering is present, many people still use this approach via the non-equilibrium 

Green’s functions (NEGF).  However, continuing to compute the conductance from the 

simple bubble composed of the retarded and advanced Green’s functions (Fig. 1) [2] leads to 

significant error.  The reason for this error lies in the presence of significant back-scattering 

in the channel of a nanoscale device.  In order to correctly account for this, the conductivity 

bubble must be recognized as the two-particle Green’s function it is, and then determined 

self-consistently via the Bethe-Salpeter equation (Fig. 2) [3-5]. This process is well-known in 

near-equilibrium transport, where the famous (1-cos!) for impurity scattering can be 

recovered only from the Bethe-Salpeter equation.  Yet, it has been neglected in the NEGF 

study of nanoscale devices in recent years.  In this talk, we discuss the proper application of 

the NEGF formalism to nanoscale devices and focus on the source and importance of the full 

conductivity bubble, and its impact on various transport properties of nanoscale devices. 

[1] H. Horri, R. Faez, and M. Pourfath, IEEE Trans. on Electron Dev. 64, 3459 (2017).

[2] M. P. Anantram, M. S. Lundstrom, and D. E. Nikonov, Proc. IEEE 96, 1511 (2008).

[3] D. Vasileska, P. Bordone, T. Eldridge, and D.K. Ferry, J. Vac. Sci. Techn. B 13, 1841 (1995).

[4] D. Vasileska, P. Bordone, T. Eldridge, and D.K. Ferry, VLSI Des. 6, 21 (1998).

[5] D. Vasileska, C. Prasad, H. H. Wieder, and D. K. Ferry, J. Appl. Phys. 93, 3350 (2003).

2017 Workshop on Innovative Nanoscale Devices and Systems (WINDS)

 

978-3-901578-31-1

101













Coulomb blockade effect in proximitized nanowires 

Roman M. Lutchyn 

Station Q, Microsoft Research, Santa Barbara, California 93106-6105, USA 

Motivated by recent experiment [1], we consider a mesoscopic island consisting of a 

proximitized nanowire which is connected via point contacts to normal-state leads, see Fig. 1. 

We study transport properties of such islands in the Coulomb blockade regime as a function of 

an applied magnetic field [2-4]. In the presence of Rashba spin-orbit coupling, magnetic field 

can drive a proximitized nanowire into a topological superconducting phase [2,3]. The 

associated with the topological superconductivity Majorana modes significantly modify 

transport and lead to single-electron coherent transmission through the nanowire - a non-local 

signature of topological superconductivity. In this work, we focus on the case of strong 

hybridization of the Majorana modes with the normal leads. The induced by hybridization 

broadening of the Majorana zero-energy states competes with the charging energy, leading to 

a considerable modification of the Coulomb blockade in a nanowire contacted by two normal 

leads. We evaluate the two-terminal conductance as a function of the gate voltage, junctions 

transmission coefficients, the geometric capacitance of and the induced superconducting gap 

in the nanowire. 

[1] S. M. Albrecht et al., Nature 531, 206 (2016)

[2] R. M. Lutchyn, J. D. Sau, and S. Das Sarma, Phys. Rev. Lett. 105, 077001 (2010).

[3] Y. Oreg, G. Refael, and F. von Oppen, Phys. Rev. Lett. 105, 177002 (2010).

[4] B. van Heck, R. M. Lutchyn, and L. I. Glazman, Phys. Rev. B 93, 235431 (2016)

[5] R. M. Lutchyn and L. I. Glazman, Phys. Rev. Lett. 119, 057002 (2017)

[6] M. Pustilnik, B. van Heck, R. M. Lutchyn, L. I. Glazman, arXiv:1706.04726 (2017)
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Fig.1: (Upper panel) Configuration of screw dislocation and 
anti-screw dislocation in a Weyl metal. (Lower panel) The 
distribution of dissipationless currents induced by torsional chiral 
magnetic effect. The currents are flowing along the dislocation lines. 

Fig.2: (Upper panel) Skyrmion textures of the order parameter of 
p-wave superconductivity. (Lower panel) The distribution of currents 
of Weyl quasiparticles induced by skyrmion textures via chiral 
magnetic effect. 
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Quantum transport in heterostructured topological materials 

Masashi Kawasaki1, 2 

1 Quantum Phase Electronics Center (QPEC) and Department of Applied Physics, 
The University of Tokyo, Tokyo 113-8656, Japan 

2 RIKEN Center for Emergent Matter Science (CEMS), Wako 351-0198, Japan 

e-mail: kawasaki@ap.t.u-tokyo.ac.jp

Three-dimensional topological insulator (TI) is a new state of matter that is characterized 
by topologically nontrivial bulk insulating state and a Weyl electron surface state. Quantum 
Hall effect (QHE) on this surface state exhibits various phenomena that are not seen in 
conventional semiconductors. One of the prominent features is QHE under zero magnetic field 
called anomalous QHE realized in ferromagnetic TI [1-3]. However, one needs so far not only 
very low temperature (~ 50mK ) but also high magnetic field in order to achieve full 
quantization. We have systematically examined Landau quantization and QHE in non-magnetic 
TI to reveal quantization at n = 0 in addition to n = ° 1 [4, 5]. This fact gives us a simple idea 

of combining non-magnetic and magnetic TIs in order to achieve full quantization at higher 
temperature as well as under zero magnetic field. This kind of modulation doping of magnetic 
impurities opens tremendous opportunities in designing electronic states of Weyl system. We 
present stabilization of anomalous QHE at higher temperature [6, 7], quantum magneto-electric 
effect [8], a possible realization of Axion insulator [9,10], and direct detection of topological 
current [11]. Besides these phenomena related with QHE, there are numbers of interesting 
physics emerging in TIs, such as formation of magnetic skyrmions [12], spontaneous 
photocurrent [13], highly efficient spin-charge conversion [14], and current induced 
magnetization reversal [15]. Also explored are novel phases based on polar-ferromagnet 
(GeMn)Te [13] and quantum Hall effect in Dirac semimetal Cd3As2 [17].  

This work is supported by JST-CREST JPMJCR16F1. 

[1] C.-Z. Chang et al., Science 340, 167 (2013)

[2] J. G. Checkelsky et al., Nature Physics 10, 731 (2014).
[3] X. Kou et al., Phys. Rev. Lett. 113, 137201 (2014).
[4] R. Yoshimi et al., Nature Materials 13, 253 (2014).
[5] R. Yoshimi et al., Nature Commun. 6, 6627 (2015).
[6] R. Yoshimi and K. Yasuda et al., Nat. Commun. 6, 8530 (2015).
[7] M. Mogi et al., Appl. Phys. Lett., 107, 182401(2015).
[8] K. N. Okada et al., Nature Commun. 7, 12245 (2016).
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Fig.1: Transformation from chiral band domain into magnetic skyrmions enabled via inhomogeneous spin-orbit torques.  (A) 

Inhomogeneous current distribution passing through a magnetic band domain. (B) Transverse current passing through the side walls of the 

magnetic band domain. (C) Expansion of band domain and increased surface tension leads /to necking instability. (D) Individual skyrmion 

bubble separates from band domain.  Magnetooptic Kerr effect imaging of Ta/CoFeB/TaOx trilayer with a geometrical constriction (E) 

before and (F) after applying electric current pulse. 

Fig.2: Skyrmion Hall angle as a function of electric current for positive and negative topological charge (determined by external magnetic 

field).  Three different regions can be observed.  At low currents the motion of skyrmion is in the creep regime and follows the direction of 

external force.  In the intermediate, regime the spin Hall angle increases gradually until it saturates at high currents, when the skyrmion 

motion is in the flow regime.  The saturation skyrmion Hall angle increases with larger magnetic field, which is related to the smaller 

skyrmion size.
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Topological Mott Insulators in Certain Frustrated Lattices 

Mengsu Chen, Hoi Hui and Vito Scarola
 

Department of Physics, Virginia Tech 

Blacksburg VA 24060 USA 

e-mail: scarola@vt.edu

Topological phases typically encode topology at the level of the single particle band 

structure. But a remarkable new class of models shows that quantum anomalous Hall effects 

can be driven exclusively by interactions, while the parent non-interacting band structure is 

topologically trivial. Unfortunately, these models have so far relied on interactions that do not 

spatially decay and are therefore unphysical. We study models of spinless fermions on 

frustrated lattices: decorated honeycomb (Fig. 1) and kagome lattices. Using complementary 

methods, mean-field theory and exact diagonalization, we find a robust quantum anomalous 

Hall phase arising from spatially decaying interactions (Fig. 2). Our finding indicates that 

interactions alone can, in principle, drive topologically trivial single-particle states into 

topological phases in certain frustrated lattices. 
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Fig.1: a. Schematic of the tam-SPL writing process on a ferromagnet (FM)/antiferromagnet (AF) exchange bias system: a highly localized 
field cooling is performed by sweeping a heated AFM tip in presence of an external magnetic field. b. Magnetic configuration of the sample 
after writing: the spin-textures in the ferromagnet are stabilized by the local exchange bias. c. Local ferromagnetic hysteresis loops from the 
patterned (red loop) and non-patterned (yellow loop) areas of the sample. 

Fig.2: a. MFM image of the magnonic structures, consisting of 2.5 mm wide tracks with alternated 0Á and 90Á oriented remanent static 
magnetization (black arrows). Scale bar: 4 mm. b. One-dimensional map of the spin-wave intensity measured at remanence by m-BLS along 
the x-direction on the sample of panel a. The black arrows indicate the direction of the magnetization, the orange dashed lines mark the domain 
walls. Spin-waves are efficiently excited within tracks of type A. 
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Fig.1 SQUID geometry to detect the phase- dependent heat currents 

Fig,2 Phase dependence of the thermal conductance in units of thermal conductance qunatum GQ for short one-dimensional SC-normal-SC 

(SC-N-SC) and SC-TI-SC Josesphson junctions for different interface strenght Z. 

2017 Workshop on Innovative Nanoscale Devices and Systems (WINDS)

 

978-3-901578-31-1

132





Fig.1: Field and gate control of FQHE spin transition. Resistance near ɜ = 2/3 state is measured as a function of (a) magnetic field 
B at a constant gate voltage V g or (b) as a function of V g at a constant B in a Hall bar sample from wafer A. In yellow regions the 
2D gas is unpolarized with CFs levels Ώ ȟᴻ and Ώ ȟᴽ filled. In cyan regions 2D gas is fully polarized with CFs residing in Ώ ȟᴻ andΏ ȟᴻ levels. ὄᶻ and ὠᶻ mark the spin transition.

Fig.2: (a) An optical image of a multi-gate sample. Brown colored regions are Ohmic contacts separated by 5 mm in this 
device. Etched areas without 2D gas are colored green, they completely enclose contact pads. The light and dark regions 
are overlapping gates ὠ  and ὠ , the gates also overlap with contacts. Edge channels are shown schematically for 
different ’ ςȾσ polarizations under the gates. (b) Resistance is measured between two central contacts in the vicinity 
of ’ ςȾσ at B = 6.3 T. The ’ ςȾσ state is outlined by a black dashed line. White dashed lines highlight spin 
transitions under the two gates. The ’ ςȾσ region is divided into four quadrants with different polarization of the 
topmost CF Ώ-level. 
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Oxidative Degradation of Carbon Nanotubes and Extraction of 

Encapsulated 1D Materials 
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Carbon nanotubes (CNTs) have cylindrical structure which provide an ideal cavity to create 

one-dimensional (1D) nanomaterials. Recently, we have established synthesis of thin 

single-wall BN-nanotubes and diamantane polymers inside CNT [1,2]. However, since the 

synthesized 1D materials are remained inside CNTs, it is hard to reveal the actual properties 

of 1D materials. Hence, removal of the CNT shell is required to isolate encapsulated 1D 

nanomaterials. In this research, we developed oxidative decomposition of CNTs under mild 

conditions. 

  We initially carried out the optimization of reaction conditions. After screening of a lot of 

oxidant, it was found that some of suitable organic oxidants were effective and the 

decomposition of CNTs proceeded even at room temperature. With the reaction progress, 

absorption spectra of CNTs were gradually decreased (Figure 1). Most of peaks were finally 

disappeared after 24 hours. Interestingly, D/G ratio was improved in early stage of the 

reaction (Figure 2). The decomposition was indicated to have high selectivity, as the reaction 

start from defects of the CNT shells. We then demonstrated the extraction of C60 fullerene 

from C60@SWCNT nano-peapod by using this CNT decomposition technology (Figure 3).  

  We established decomposition of CNTs with a suitable organic oxidant. Reaction 

proceeded at room temperature with the high selectivity. Extraction of encapsulated fullerenes 

inside CNTs was also realized. Isolation of other encapsulated 1D nanomaterials will be 

accomplished in near future. 

[1] R. Nakanishi, et al., Sci. Rep. 3, 1385 (2013).

[2] Y. Nakanishi, et al., Angew. Chem., Int. Ed., 54, 10802 (2015).
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Tunnel barrier formation in suspended multi-walled carbon nanotubes by 
Ga focused ion beam irradiation. 

Tomohiro Yamaguchi1, Norizzawati Mohd Ghazali1,2, Hiroshi Tomizawa1, Katsuya Suzuki1,3, 

Noriyuki Hagiwara1,3, Seiji Akita4, and Koji Ishibashi1,2,3,5 

1 Advanced Device Laboratory, RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan 
2 Malaysia-Japan International Institute of Technology, Universiti Teknologi Malaysia, 

Malaysia 
3 Graduate School of Advanced Integration Science, Chiba University, Chiba, Japan 
4 Department of Physics and Electronics, Osaka Prefecture University, Osaka, Japan 

5 RIKEN Center for Emergent Matter Science (CEMS), Saitama, Japan 

e-mail: tyamag@riken.jp

Carbon nanotubes have attracted a great deal of attention as a material for quantum dot 

(QD)-based devices owing to their small diameter. One of the key techniques indispensable 

for fabrication of functional nanodevices based on QDs is to form the desired tunnel barriers 

with high controllability and reproducibility. The fabrication and characterization of tunnel 

barriers formed in MWNTs on substrate by Ar atom beam [1] or Ga focused ion beam (FIB) 

[2] irradiation technique have been studied. In this presentation, we report tunnel barrier

formation in MWNTs suspended between metal electrodes by irradiation of Ga FIB. 

Suspended MWNT samples were prepared by the mechanical transfer technique. The 

two-terminal resistance before the irradiation was in range of 10-20 kΩ at room temperature 

for all samples. We investigated the ion dose and the nanotube diameter dependence of the 

resistance change after irradiation. The resistance change increases with increasing Ga ion 

dose. Under the same dose, the resistance change is strongly dependent on the nanotube 

diameter. The resistance after irradiation is proportional to 1/d2, where d is the nanotube 

diameter. To estimate the height of formed tunnel barriers, we study temperature dependence 

of current under low bias voltage (Arrhenius plot) and voltage dependence (Fowler-Nordheim 

plot) at low temperature. It is shown that the barrier height has a positive correlation with the 

resistance at room temperature that can be controlled by the ion dose and the nanotube 

diameter. 

Our results show that we can form tunnel barriers in MWNTs with enough controllability 

and reproducibility, and demonstrate the potential of our techniques to fabricate complex 

QD-based nanodevices. 

[1] H. Tomizawa et al., J. Appl. Phys. 118, 044306 (2015).

[2] H. Tomizawa et al., Nanotechnology 28, 1 (2017)
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Geometric structures of Al nanoparticles adsorbed on graphene 

under an external electric field

Manaho Matsubara1  and Susumu Okada1

1 Graduate School of Pure & Applied Sciences, University of Tsukuba, Tsukuba 305-8571, 
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Graphene has been receiving a lot of attention from not only the low-dimensional science 

but also the electronic device engineering due to its unique structural and electronic 

properties. In addition to the intrinsic unique electronic properties of graphene, graphene 

exhibits further variation in their electronic structure by forming hybrid structures with 

foreign materials and external environments, owing to the modulation of the electrostatic 

potential on graphene by these foreign materials. An external electric field also modulate the 

electronic structure of graphene and their hybrids. In the electronic devices, the hybrid 

structures of graphene with foreign materials, such as environmental nanoparticles, and the 

external electric field are essential for controlling their functionalities. In our previous work 

[1], hybrids such as charged nanoparticles adsorbed on the graphene surfaces cause the 

peculiar electronic properties under the carrier injection by the gate electrode. Thus, in this 

work, we aim to elucidate geometric structures of Al nanoparticles adsorbed on graphene 

under the excess electron or hole injected by a counter electrode simulating graphene-based 

FET structures, using the density functional theory combined with the effective screening 

medium  method (Fig.1).  

Our calculations showed that the stable position of Al nanoparticles under the excess 

electrons/holes are sensitive to the carrier species and their relative arrangement with respect 

to the counter electrode (Fig.2). The electron injection in hybrids increase the equilibrium 

spacing between the nanoparticle and graphene, irrespective of the relative arrangement of 

nanoparticle to the electrode. In contrast, for the hole doping, the equilibrium spacing 

monotonically decrease with increasing the number of hole when the nanoparticle is situated 

at the opposite surface of graphene to the electrode, while it has a minimum value under the 

hole concentration when the nanoparticle is sandwiched between graphene and electrode (Fig.

3). The distribution of the accumulated carrier also depends on the mutual arrangement of the 

nanoparticles to the electrode (Fig.4).  

[1] M. Matsubara, S. Okada, Appl. Phys. Express 10, 025101, (2017).
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Coexistence of Dirac cones and Kagome flat bands in porous graphene 
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Polymerization and oligomerization of hydrocarbon molecules can provide structurally 

well-defined π electron network. The electronic structures of such polymers and oligomers 

strongly depend on the combinations of hydrocarbon molecules and polymer chains. 

Phenalenyl (C13H9 consisting three benzene rings with D3 symmetry) is one possible 

candidate as a constituent unit of such magnetic materials. The three-fold symmetry of the 

phenalenyl network causes honeycomb networks of radical spins or non-bonding state to be 

distributed on phenalenyls with appropriate interconnect units, leading to interesting electron 

systems. In this work, we aim to theoretically investigate the electronic and magnetic 

properties of the possible structures of 2D porous hydrocarbon networks of sp
2
 C obtained by 

assembling phenalenyl molecules in a hexagonal manner with phenyl interconnects using 

density functional theory with the generalized gradient approximation. 

Figure 1 shows the optimized structures of 2D porous hydrocarbon networks consisting of 

phenalenyl connected via phenyl under the hexagonal cell parameter of 1.94 nm. We find that 

the phenalenyl units retained a planar structure as their stable conformations. As illustrated in 

Fig. 1, two phenalenyl units per unit cell form a hexagonal lattice in which phenyl units 

connect adjacent phenalenyl units through covalent bonds like those of graphene. 

Simultaneously, three phenyl units form a Kagome lattice in which phenalenyl acts as an 

interunit bond. As shown in Figure 2, the porous hydrocarbon sheet is a zero-gap 

semiconductor with a pair of linear dispersion bands at EF. In addition to the linear dispersion 

bands, we find three bunched states just above and below the linear dispersion bands. One of 

the three branches exhibits the perfect flat band nature while the remaining two have finite 

band dispersion, being consistent with their Kagome band structure. Because of narrow band 

width of the Dirac cones, the sheet exhibits spin polarization localized on phenaleneyl parts. 

Figure 3 illustrates spin densities of network. The polarized radical spin on the phenaleneyl 

unit has the antiferromagnetic (AF) and ferromagnetic (F) states, and the AF state is more 

stable than the F state by 13.9 meV per unit cell.  
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Fig.1: (a) Schematic of electrochemical procedure and (b) CoO 
adsorption onto graphene by electrochemical method. 

Fig.3: Temperature dependent conductivity of graphene adsorbed with 
CoO. The inset shows a metallic behavior of pristine graphene. 

Fig.2: Raman spectra of the pristine and the CoO adsorbed 
graphene film. 

Fig.4 Ferromagnetic hysteresis characteristics of the CoO adsorbed 
graphene with various magnetic fields. 
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Phonon and Intensity induced Exciton Dephasing of TMDC Atomic Layer 
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 The exciton polarization dephasing time, T2, in two-dimensional transition metal 

dichalcogenides are of great interest for optoelectronic applications including ultrafast 

modulation, switching, and information processing. The exciton dephasing process occurs 

through coherence loss of exciton polarization and population decay. The coherence loss of 

exciton polarization is mainly due to the coupling strength of both exciton-exciton and 

exciton-phonon interaction. The exciton-phonon coupling is dominant at higher temperature 

that generates a larger phonon density. At a higher temperature, larger phonon scattering occurs 

which may lead to faster exciton dephasing. The exciton-exciton coupling may have a 

significant contribution at a higher excitation intensity due to a larger exciton density generated 

in the material. As excitation intensity increases, a larger exciton elastic collision causes faster 

exciton dephasing. Therefore, the contribution of exciton-phonon and exciton-exciton coupling 

to the total dephasing time in WSe2 monolayer was analyzed as functions of temperature and 

excitation intensity. The dephasing time of WSe2 atomic layer in the range of a few picosecond 

to sub-picosecond may be utilized for optoelectronic modulator or switching [1,2]. The longer 

dephasing time of exciton or electron in the WSe2 atomic layer with valley photonic chirality 

may pave the prospective quantum information processing. Acknowledgment: This work is 

supported by ARO W911NF-15-1-0535, NSF HRD-1137747, and NASA NNX15AQ03A.  

[1] T. Neupane et al., ñExciton Dephasing of Two-dimensional Atomic Layers,ò (In preparation).

[2] G. Moody et al., Nat. Commun. 6, 9315 (2015).
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Fig. 1: (a) Schematic diagram of the measurement setup and (b) photograph of the measurement. 
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Fig. 2: Transfer characteristics of an epitaxial graphene FET for buffer solution and various concentrations of (a) positively and (b) 
negatively charged BSA. 
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Nanostructured transparent conducting electrodes (TCEs) may be suitable replacements for 

transparent conductive oxides due to their comparable transparency and sheet resistance and 

good flexibility and mechanical strength. In nanowire (NW) and hybrid NW-graphene networks 

[1-3], NW-NW junctions represent transport bottlenecks. Understanding the properties of these 

junctions and their connectivity within the network is key to understanding and controlling 

electrical properties.  Local self-heating within the network can provide information on the 

coupled electro-thermal response and on local conduction pathways and overall distributions.  

This study employs high resolution transient thermoreflectance (TR) imaging [4] to resolve 

self-heating transients at microscopic hotspots corresponding to individual NW-NW junctions 

within a silver NW network (Fig. 1). Time constants of less than 1 µs are observed (Fig 2). Line 

scans along crossing NWs at various delay times (Fig. 2), show a distribution peaked near the 

NW-NW junction, with a FWHM of ~ 500nm - 1 µm.  Extending previous work on time-

averaged behavior [5], the temperature distributions (Fig. 3) have been analyzed in both the 

short-time (local self-heating) and long-time (macroscopic heat spreading) regimes. A single 

distribution function (Weibull) can be used to fit the measured distributions over both time 

regimes, with shape and scale parameters varying smoothly as the time response evolves (Fig. 

4). The observation of universality in random networks could enable new approaches for 

understanding conduction in this class of percolation networks.    

[1] S. De et al., ACS nano, vol. 3, no. 7, pp. 1767-1774, 2009.

[2] R. Chen, et al., Advanced Functional Materials, vol. 23, no. 41, pp. 5150-5158, 2013.

[3] S. R. Das, et a.l, Nanophotonics, 2016, doi: 10.1515/nanoph-2016-0036.

[4] K. Maize, et al., in Twenty-fourth Annual IEEE Semiconductor Thermal Measurement

and Management Symposium, 2008. Semi-Therm 2008. pp. 55-58.

[5] S. R. Das, et al., Nano Lett., 2016, 16 (5), pp 3130ï3136.
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Fig.1: (a) Schematic of IBSC operation concept. ECV, EIV, and ECI are CB-VB, IB-VB, and CB-IB energy gaps, respectively. The thick arrows 
with colors indicate incident lights with different wavelengths. (b) Schematic of the QD-IBSC structure employed in this study. GaAs 
material parameters are used. The top-emitter and the bottom-base layers have artificial window layers to suppress surface recombinations. 
ECV, EIV, and ECI are 1.43, 0.95 and 0.48 eV, respectively. Window layers have the energy gap of 2.0 eV. (c) Absorption coefficients for each 
band-to-band optical transition. ‌ ȟ  is the coefficient of the window layers.

Fig.2: The self-consistent drift-diffusion method for QD-IBSC with 
including the electron capturing process Ὑ †  by IB. Ὃ  and Ὑ  are optical carrier generation and radiative recombination 
rates, respectively. The definition of other symbols are the same 
shown in Ref. [2]. 

Fig.3: Schematics of QE calculation (top) with and (bottom) without 
IR bias light. QE is calculated by taking a difference of current 
densities of the cell with and without monochromatic light 
illumination and dividing that difference by the product of elementary 
charge and incident photon flux of the monochromatic light. 

Fig.4: Calculated QEs (a) without and (b) with IR bias light illumination under short-circuit condition. IR light incidents to the cell with 
the power of 5 mW/cm2 and the energy of 0.5 eV to only excite IB electrons to CB. The values of the capturing time constant †  are ρπ ȟ ρπ ȟ ρπ ȟ ρπ  ὥὲὨ ρπ  s. A red curve shown in (a) shows the absorption coefficient of IB-VB ‌ . The shape of QE with 
a short time constant resembles ‌  in the wavelength range for IB-VB optical carrier generation.
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Figure 1. This graph show a results about the measurement of profile dimension by TEM. a) The position of the 12 inch wafer in the analyzed 

profile. b) x axis and y axis is represents each profile CD. According to the distance from the center, Gap between x-axis and y-axis are 

getting bigger 

Figure 2. It is to explain how to create predictive models. a) Critical Demension(CD) of the pattern is measured at the different points of the 

wafer twice, before and after the etch. b) Non-pattern Etch Rate(E/R) was confirmed, and the correlation coefficient was extracted by 

matching with the difference of CD and E/R. 

Figure 3. This figure shows a comparison between experimental data and calculated data 
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Fig.1: Schematic diagram of high-overtone bulk-mode acoustic 
resonator (HBAR) fabricated from single crystal diamond. On one 
face is a piezoelectric transducer to launch acoustic waves, and on 
the opposite face is a microwave antenna for conventional magnetic 
resonance control. Figure from [4]. 

Fig.4: Ramsey coherence, T2
*, for an NV center spin that is

mechanically driven with a Rabi field of  =348 kHz as 
compared to its bare Rabi coherence.  Even weak mechanical Rabi 
driving prolongs the spin coherence by more than a factor of 2. 
Figure from Ref. [3]. 

Fig.2: Spectroscopy of mechanically-driven spin transitions from 
ms= 1 to ms= +1. The three peaks are for each nitrogen I=1 nuclear 
spin sublevel. Figure from Ref. [1]. 

Fig.5 Spectroscopy of mechanically driven spin transitions in both 
the ground-state and the excited-state manifold at room temperature. 
Figure from Ref. [4]. 

Fig.3: Coherent Rabi oscillations of an NV center spin ensemble 
driven in the ms= +1 to 1 manifold with a mechanical resonator. 
Figure taken from Ref. [2]. 
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The classification of topological phases of matter in the presence of interactions is an area of 

intense interest. One possible means of classification is via understanding the behavior of the 

partition function under the application of the modular transformation. When the modular 

transform is applied to a partition function, the presence of an anomalous phase arising in the 

edge theory of a D-dimensional system, or modular anomaly, signals the presence of a 

(D+1)-D non-trivial bulk. In this work, we discuss the modular transformations of conformal 

field theories along a (2+1)-D and (3+1)-D edge. Using both numerical and analytic methods, 

we show that chiral complex free fermions in (2+1)-D and (3+1)-D are modular invariant. 

However, we show that when a (3+1)-D edge theory is coupled to a background U(1) gauge 

field that a modular anomaly is present and that this is the manifestation of a quantum Hall 

effect in a (4+1)-D bulk. We conclude by further showing that using modular transformations, 

we find that the edge theory of a (4+1)-D insulator with spacetime inversion symmetry and 

fermion number parity symmetry for each spin becomes modular invariant when 8 copies of 

the edge exist.  
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Fig.1: InAs nanowire device with source-drain electrodes and 

multiple top gates strongly coupled to the nanowire via a 

LaLuO3 high-k dielectric layer.   

Fig.2: Calculated modulation of the spin density in an InAs nanowire 

due to Dresselhaus spin-orbit coupling for a state with total angular 

momentum j=3/2.  

Fig.3: Gate-controlled crossover from positive to negative 

magnetoconductivity, i.e. weak localization to weak anti-

localization, in a (111) InAs nanowire. The gate voltage Vg was 

varied from 0.25V to 2.75V. The symbols correspond to the 

experimental data, while the lines represent the theoretical 

values. In the theoretical calculation the strength of the Rashba 

as well as the Dresselhaus coupling parameter was adjusted to 

fit to the experimental data. 

Fig.4: Quantized conductance as a function of top gate voltage 

measured on the InAs nanowire device shown in Fig. 1. The 

magnetic field was varied as a parameter from B=0 to 5T. A dip 

feature is found on the first plateau of the quantized conductance, 

which is attributed to spin helical transport.   
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