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Abstract

The BRI project aims to investigate the use of novel nano-optoelectronic systems based upon two-
dimensional (2D) heterostructures to realize breakthrough technologies for optical
communications. The 2D heterostructure devices feature atomically-thin transition metal
dichalcogenides (TMDs) and black phosphorous, in combination with graphene and boron nitride.
During this award period, we have made numerous exciting progress towards the objective,
including material innovation, device engineering, and development and investigation of 2D
optoelectronics and their integration with nano-photonic structures. In specific: (1) We have
developed layer by layer growth of a wide range of TMDs by both MBE and physical vapor
transport. (2) We have developed both TMD based optoelectronic devices near visible wavelength
range and black-phosphorus based mid-infrared optoelectronics. These devices include light
emitting diodes (LEDs), nano-cavity integrated monolayer LEDs, 2D heterostructure LEDs,
optical and electrical driven single quantum emitters in monolayer WSez, and mid-Infrared black
phosphorus photodetector with electrical control; (4) development of novel materials and device
concepts, such as the discovery of 2D topological insulators for low energy dissipation devices.
The success of our program will lead to disruptive optical technologies for long and short-distance
communication, with low power, high density, and high bandwidth for both civilian and military
needs.
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Research Accomplishment

The objective of our BRI is to investigate the use of novel nano-optoelectronic systems based upon
two-dimensional (2D) heterostructures to realize breakthrough technologies for optical
communications. The 2D heterostructure devices feature atomically-thin transition metal
dichalcogenides (TMDs) and black phosphorous, in combination with graphene and boron nitride.
The success of our program will lead to disruptive optical technologies for long and short-distance
communication, with low power, high density, and high bandwidth for both civilian and military
needs. During this award period, we have made numerous exciting progress towards the objective,
including material synthesis, device fabrication, and development of cavity-integrated 2D
optoelectronics. In specific: (1) Material Growth: The progress in MBE growth includes layer by
layer growth of 2H-WSe2 thin films from 1 ML to 8 ML, 1T'-WSe2, monolayer NbSe2, SnSe2
film on graphene, and 1T' phase MoTe2 on graphene. We also developed new physical vapor
transport growth system with individual sample and substrate temperature control. (2) Contact
engineering: We have achieved very low-noise, non-hysteretic, ambipolar transistors from
monolayers, bilayers and trilayers of WSe> using few-layer graphene contacts, both thin and think
hBN dielectric, and local contact gating; (3) optoelectronic devices: We have made high quality
monolayer WSe> light emitting diodes (LEDs), the first nano-cavity integrated monolayer LEDs,
and 2D heterostructure LEDs and photodetectors; optical and electrical driven single quantum
emitters in monolayer WSe,; and Mid-Infrared black phosphorus photodetector with electrical
control; (4) discovery of 2D topological insulators for low energy dissipation devices; (4)
theoretical investigation of novel materials and device concepts. We have been working on
theoretical understanding of valley-dependent phenomena, particularly optical effects, in both 2D
Dirac materials and novel Dirac materials called 3D Weyl semimetals. The team has total 41
journal publications.

Our team has also published several high impact review papers. For instance, Refs. 1® extensively
discuss the status and the future of 2D materials including graphene, TMDs, black phosphorus and
their various heterostructures in optoelectronics, electronics and valleytronics. These papers have
been extremely well recognized in 2D community and are receiving hundreds of citations every
year. Another review paper “Black Phosphorus and Its Isoelectronic Materials™ is also under
revision (Ref.*). These review papers are playing and will continue to play an important role in the
development of 2D optoelectronics and electronics.

A. Material Synthesis

We have made progress in material growth and characterization using both MBE and physical
vapor transport techniques. The progress in MBE growth and characterization is led by co-PI Shen.
We succeeded in over 10 different kinds of monolayer TMD growth to investigate the reduced
dimensionality caused quantum properties, including 2H-MoSez, 2H-WSe,, 1T’-MoTez, 1T°-
WTe2, NbSe2. Combined with the ARPES, STM and theoretical calculations, versatile quantum
properties are investigated. Progress including 1) Direct observation of the indirect to direct
bandgap transition in monolayer TMD. Shen group is the first one to achieve large area MoSe;
and WSe> growth with the precisely control of the layer number to reveal the detailed layer by
layer electronic structure evolution. For instance, layer by layer growth of 2H-WSe; thin films
from 1 ML to 8 ML is realized. The in situ ARPES measurements on monolayer to few layers
directly traced the indirect to direct bandgap transition as well as a giant Rashba-type spin splitting
with gap sizes of 180 meV and 475 meV in MoSe; and WSey, respectively. (2) Investigated the
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excitonic effect of monolayer TMD. Collaborated with STM/STS group, the effect of prominently
reduced screening in monolayer two-dimension TMDs has been investigated in MoSe,. The quasi
free-standing monolayer shows giant bandgap renormalization and excitonic effect in monolayer
MoSe>. (3) Investigated the CDW and Superconductivity state in the 2D limit: Shen group
developed the growth of monolayer NbSe,. With the collaboration with STM/STS and transport
group, we investigated the evolution of CDW and superconductivity state in monolayer NbSe, as
well as the CDW state in 1D mirror twin boundaries of monolayer MoSe..
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Figure 1. Progress in material synthesis. (a) Low energy calculation and (b) ARPES spectra show the bulk gap
opening due to a strong spin-orbit coupling in monolayer 1T’-WTe,. (c) Spatial STS mapping across the edge of
a 1T°-WTe, domain observes the edge state inside the bulk gap. (d) Physical vapor transport growth results of

monolayer WSe;. (e) Scheme of new growth system.

In parallel to the MBE growth, Cobden and Xu have developed growth of high optical quality
TMDs, whose optoelectronic properties at low temperature is comparable to the exfoliated samples
(Fig. 1a). To achieve repeatable and controllable growth, we have developed new growth system
(Fig. 1b). This powerful system enables the control of a wide range of growth parameters,
including individual sample and substrate temperature, vapor pressure, time and cooling rate. The
as-grown sample has been used to demonstrate monolayer nanocavity laser, monolayer light
emitting diodes (LEDs), monolayer LED integrated with nanocavity, and electrically and optically
pumped 2D single quantum emitters, as described in Section B.

B. TMD Heterostructure Optoelectronics

B.1 Monolayer and Heterostructure Light Sources and Detectors

(1) Contact-Engineering: It is of crucial importance to our envisaged technologies that a means
needs to be established to produce robust electrical contacts, routinely, in non-trivial arrangements,
with lithographic control, and in large arrays, to monolayer semiconductor materials. 2D
semiconductors present unique challenges in this regard, thanks to pervasive Schottky barriers and
complex, uncharacterized chemistry. Cobden and Xu have methodically tested a variety of
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approaches, with emphasis on exploiting the
strengths and unique features of 2D materials, such o
as the ability to perform very local electrostatic ’
control and surface chemical treatments, and to

incorporate 2D metals as the leads. Cobden and

Xu have tried two approaches. We have already )
achieved  very  low-noise,  non-hysteretic, T T
ambipolar transistors from monolayers, bilayers .. SSEEES
and trilayers of WSe; using few-layer graphene elerEner: [ e s
contacts, think hBN dielectric, and local contact 50,

gating (Fig. 2). In the second approach, we created
tunneling contacts made all by 2D materials:
graphene as metal contact (top layer), mono or
bilayer BN as tunneling barrier (middle), and
monolayer WSe2 (bottom). Using this tunneling
geometry, we are able to realize an ambipolar transistor and the electrical performance does not
change as a function of temperature due to the carrier tunneling nature.
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Figure 2. Contact engineering. (a) Optical
microscope image and (b) schematic of monolayer
WSe, ambipolar transistor based on dual-gated
graphene contacts. (¢) Ambipolar transport data.

(2) Cavity-integrated light source: Using the developed tunneling contact technologies, we have
realized monolayer WSe, LEDs with very sharp excitonic features (Figs. 3a-c). Tuning the bias
current enables the electroluminescence from different excitonic states, such as positively and
negatively charged excitons as well as neutral excitons. Xu and Cobden have further developed
fabrication technologies to integrated monolayer LEDs with GaAs photonic crystal cavity. Figure
3d shows hybrid WSe»/GaP photonic crystal cavity device with cavity-enhanced EL from WSe> at
room temperature and 1 MHz direct modulation of the EL°. In addition to electrically pumped light
source, the Xu group created a
photonic crystal nano-cavity
laser using monolayer WSe; as
a gain material® (Figs. 3e-g). A
continuous-wave nanolaser
operating in the visible regime
is achieved with an optical i
pumping threshold as low as
27 nanowatts at 130 K, similar -
to the wvalue achieved in
quantum-dot PCC lasers. The
key to the lasing action lies in
the monolayer nature of the
gain medium, which confines Fig. 3.
direct-gap excitons to within
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Cavity
Electroluminescence (EL) intensity plot of a monolayer WSe, LED as a

integrated monolayer light sources. (a)

one nanometre of the PCC
surface. Our developed cavity-
integrated 2D material
technologies will be used in
developing ultra-low power

function of bias and emission wavelength. (b) SEM (c) EL image of the
device. (d) Polarization resolved EL of a cavity integrated monolayer
WSe; LED. (e) PL image of monolayer WSe,/GaP photonic crystal
cavity. (f) Polarization resolved PL showing cavity coupled monolayer
PL. (g) power dependent PL signifies lasing.

optoelectronic devices due to the enhanced light-matter interaction. The developed technology will
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be useful for building energy efficient devices including, modulator, optical switch as well as
detector.

(3) Heterostructure p-n junction optoelectronics: Recent advances in assembly techniques for van
der Waals heterostructures has enabled the band engineering of semiconductor heterojunctions for
atomically thin optoelectronic devices. We have demonstrated a WSez/MoSe, heterostructure
optoelectronics. In such a heterostructure, type Il band alignment forms, where the lowest energy
conduction is in monolayer MoSez while the highest energy valence band in WSe,. Interlayer
excitons can form in the heterostructure, where Coulomb-bound electrons and holes are confined
to opposite layers. The interlayer exciton have shown promising properties for novel excitonic
devices, including a large binding energy, micron-scale in-plane drift-diffusion, and long
population and valley polarization lifetime. We demonstrate interlayer exciton optoelectronics
based on electrostatically defined lateral p-n junctions in a MoSe2/\WSe; heterobilayer (Fig. 4).
Applying a forward bias enables the first observation of electroluminescence from interlayer
excitons. At zero bias, the

p-n junction functions as a

highly sensitive

photodetector. We .
performed  photocurrent
measurement as a function |
of light excitation energy, .
i.e. photocurrent R
spectroscopy. We observe  Figure 4. (a) EL spectrum (red) overlaid with PL spectrum (black) of a
a resonance feature near MoSex/WSe; heterostructure. Inset: optical microscope image. (b) Photocurrent
interlayer exciton PL, spectroscopy of the heterostructure p-n junction resolves the resonant excitation
which is the direct of interlayer exciton. (c) Cavity enhanced second harmonic generation from a

observation of resonant Monolaverwse.

optical excitation of the interlayer exciton. In addition, the resulting photocurrent amplitude from
the interlayer exciton is about 200 times smaller compared to the resonant excitation of intralayer
exciton. Since the photocurrent amplitude is proportional to photo-excited exciton population, this
suggests that interlayer exciton oscillator strength is two orders of magnitude smaller than that of
the intralayer exciton. This is consistent with the fact that the spatial separation of electron and
hole to opposite layers reduces the exciton dipole moment. These results lay the foundation for
exploiting the interlayer exciton in future 2D heterostructure optoelectronic devices.

730 740 750 760
au{am)

(4) Cavity-enhanced second-harmonic generation: While digital optical computing may never
outperform an electronic computer, computing paradigms such as neuromorphic computing that
rely more on communication will benefit from optical implementation. Unfortunately, while optics
offer an extremely high level of parallelism, the main bottleneck remains the weak nonlinearity.
Here, we take the first step in exploiting nonlinearity from monolayers by integrating with a
nanocavity. In collaboration with Majumdar, Xu have demonstrated enhanced SHG from
monolayer WSe; by integrating with a photonic crystal cavity (Fig. 4c). The fundamental mode of
the cavity is near telecom wavelength. By exciting the system with a laser pulse near 1.5 pm, we
observe a sharp peak in the second harmonic spectrum (Fig. 4c, bottom). This sharp feature is the
evidence of cavity enhanced second harmonic generation.
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(5) Multi-Modal MoS; Photodiodes/Phototransistors: Koester has demonstrated a multimodal 2D
material photodetector platform which uses both a lateral field-effect transistor (FET) structure for
high optical gain and a vertical photodiode structure, which allows large-area detection and
produces fast optical response’. This platform, shown in Figure 5a, consists of a multilayered TMD
material such as MoS; or WSe; which is assembled directly on top of prefabricated electrodes, and
a transparent ionic liquid which is used as a top-gate electrode. The channel region between the
electrodes operates as a phototransistor with lateral transport, while the electrode region operates
as a vertical Schottky photodiode device. We used scanning photocurrent microscopy (SPCM)
measurements to confirm the device operation, and showed that photocurrent generation in the
channel region and the electrode region are governed by a photogating (PG) and a photovoltaic
(PV) mechanisms, respectively. For a device using a WSe, channel, and using an incident
wavelength of 532 nm, we demonstrated that the high gain operation mode can produce
responsivities as high as 1270 A/W in PG mode, while in PV mode external quantum efficiency
as high as 48.5% under zero bias conditions was demon-strated (Figure 5b). The characteristics of
each mode were shown to be dynamically tunable by changing the gate and drain voltages on the
device.
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Figure 5. (a) Diagram of multi-model TMD photodiode/phototransistor. (b) Responsivity of a WSe, device
operating at 532 nm. In the high-gain mode, responsivities as high as 1270 A/W were demonstrated. (c) Optical
image of a WSe, flake assembled on Ti and Pd electrodes along with photocurrent maps at Vp = 0 for different
values of Ve. (d) Semilog plots of photocurrent amplitude vs Vg on both Ti and Pd electrodes at Vp = 0. The
relative Schottky barrier height difference of 0.6 V can be determined by the shift of forward bias turn-on which
is indicated by the dashed lines.

A further interesting outcome of this device geometry, is that it allows for a determination of
the Schottky barrier height of different metal electrode materials relative to the 2D material. As
shown in Fig. 5¢, we performed photocurrent measurements (in PV mode) on WSe; flakes with
Pd and Ti electrodes. A comparison of the photocurrent on the two metals (Fig. 5d) showed an
offset of 0.6 V between the forward bias current in these two devices, indicating an offset of 0.6
V in the Schottky barrier heights between Pd and Ti.

B.2 Single Quantum Emitters in 2D Semiconductors

(1) Single quantum emitters in 2D semiconductors: Solid state emitters are important for
developing novel quantum technologies. The Xu group has demonstrated a new class of single
guantum emitters (SQESs) based on excitons that are spatially localized by defects in 2D WSe>
monolayers® (Fig. 6a). The optical emission from these SQEs shows narrow linewidths of ~130
ueV. Second-order correlation measurements revealed a strong photon antibunching, which
unambiguously established the single-photon nature of the emission (Fig. 6b). The SQE emission
shows two non-degenerate transitions, which are cross-linearly polarized (Fig. 6a). We assign this
fine structure to two excitonic eigenmodes whose degeneracy is lifted by a large ~0.71 meV
coupling, probably because of the electron—hole exchange interaction in the presence of anisotropy.
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Magneto-optical measurements also reveal an exciton g factor of ~8.7, several times larger than
those of delocalized valley excitons. In addition to their fundamental importance, establishing new
SQEs in 2D quantum materials could give rise to practical advantages in quantum-information
processing, such as an efficient photon extraction and a high integratability and scalability.

(2) Single defect light emitting diode of a monolayer semiconductor: In additon to optically-
pumped single quantum emitters, we have fabricate LED structures for realization of electrically
pumped single quantum light soucres®. We have engineered two complementary device structures
by mechanical transfer process to stacking multiple monolayers on top of each other. The first, a
vertical heterostructure design, allows spatial mapping of electroluminescence (EL) from intrinsic
and defect-bound excitons over a large device area. The second type of LED relies on a p-i-n
junction laterally defined within a WSe2 monolayer, leading to EL primarily from single defects
isolated in the narrow junction area. Figure 6¢ shows EL from three defects present in the lateral
junction, with linewidths <300 eV and a doublet structure, with consistent ~ 0.7 meV energy
splitting. This EL spectra is consistent with PL sepctra in Fig. 6a, demonstration of the realization
of electrical-driven 2D single quantum emitters.
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Figure 6. 2D single quantum emitters. (a) PL spectrum shows three pairs of defect bound exciton emission.
Inset: optical microscope image of the sample. (b) Observation of photon-antibunching — hallmark of single
quantum emitters. (c) EL spectrum for a lateral LED device showing emission from three single defects. Inset:
Optical image of a lateral LED device.

C. Black Phosphorous Optoelectronics

During the period of the BRI project, Li, Xia, and Koester has been focusing on a newly emerged
2D material, namely, black phosphorus (BP). Its narrow, direct bandgap as low as 0.3 eV in
multilayers is an ideal match for infrared applications. Our research efforts range from BP
synthesis®®, to investigate its fundamental electronic and optical properties, and to develop
integrated BP optoelectronic devices'''?. Highlight research results obtained by our effort are
summarized below.

(1) Lateral Heterostructures in Black Phosphorus: The Koester group has developed a high spatial
resolution, thinning method for realizing lateral black phosphorus (BP) heterostructures'. This
process utilizes a cyclic technique involving BP surface oxidation and vacuum annealing to create
BP flakes as thin as 1.6 nm (3 layers). The process also uses a spatially patternable Al,O3 mask
which protects the BP region underneath from etching, thereby allowing the creation of lateral
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heterostructures with spatial resolution as
small as 150 nm. Examples of the
thinning process spatial patterning are
shown in Figure 7. This
thinning/patterning technique was shown
to proceed in a layer-by-layer fashion
with a single monolayer being removed
after each exposure and annealing cycle.

We also characterized the optical
properties of the thinned BP films. Raman
peaks from BP could be observed for
flakes thinned down to 1.6 nm (3 layers).
Furthermore, we showed that
photoluminescence (PL) at near-infrared
wavelengths could be observed in BP
thinned using our cyclical process. PL
with a peak emission wavelength around
990 nm was observed in a flake thinned
from 7 nm down to 2 nm (4 layers).

Finally, we used the thinning process
to create lateral heterostructure field-

Completed device passivated
with 20 nm AL,O, Cr Ry

Thin S0 gy Ry

Vo =-2V
g o ) 80 %0
Gate Voltage (V)

Figure 7. (a) Optical micrographs of a patterned BP sample
after each thinning cycle. The UMN logo region is passivated
with Al,O3; and the other flake regions are thinned in a
cyclical manner, evident by the change in color/contrast. (b)
AFM micrograph of patterned BP flakes with sub-150 nm
features. (c) Optical micrograph of a BP lateral
heterostructure MOSFET. (d) Ip vs. Ves measurements of
heterostructure MOSFET showing optimized performance in
the heterostructure configuration, which provides 1000x
improvement in ON/OFF current ratio with only slight

effect transistors (FETS). In these device,  degradation in ON current.

shown in Fig. 7c, contacts were first made

to a thick BP flake. Then, a portion of the BP flake was thinned using our cyclical process. Next,
contacts were made to the thinned region and finally the entire device was passivated. The contacts
were arranged so that the characteristics of the thick, thin and heterostructure regions could be
measured independently. The results of a typical heterostructure FET are shown in Fig. 7d with
thick and thin regions of 12 nm and 8 nm, respectively. The figure shows the device with thick
source/drain (S/D) regions had high ON current, but poor turn-off behavior. The thin S/D device
showed improved on-to-off current ratio, but had low ON current. However, the device where the
thick source and thin drain showed drive current similar to the thick-only device, but 1000x
improved ON/OFF current ratio. This technique has the potential to be applied to a wide range of
devices, included heterostructure MOSFETSs, TFETSs and optoelectronic devices.

(2) Black Phosphorus MOSFETs and TFETSs: The Koester group also performed a comprehensive
analysis of the effect of thickness, temperature, and source—drain bias voltage, Vps, on the
subthreshold slope, SS, and off-state properties of Schottky-contacted BP FETs!*. Locally back-
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b c gated p-MOSFETs (Fig.
I 8a) with thin HfO. gate

‘ XFW e dielectrics were analyzed
|8 % using exfoliated BP layers
v | 3 ranging in thickness from
. q“s.% ~4 t0 14 nm. The SS was

Y WL ) found to degrade  with

Fi 8. (a) Three-di ional AFM h 'W‘.;ﬁm Df typical | IIVDSB” kgated Increasing Vos, as shown

igure 8. (a) Three-dimensiona eight map of a typical locally backgate o ;

BP MOSFET. (b) Subthreshold slope, SS, vs drain current, Ip for increasing Ir]lfFl?' gb and f’ with the

values of source-to-drain bias, Vps. (¢) Minimum subthreshold slope, SSmin, vs effect being S ron_ger as
the BP channel thickness

Vps for the same device as in (a).

increased. We also found
that SS degraded as the BP thickness was increased, with the degrading stronger at high Vps.
Modeling showed that the subthreshold degradation was a result of charge injection from the drain
contact, and provide guidance on how to achieve ideal SS, by using thin BP and near band-edge
contacts.

We also have fabricated and demonstrated the operation of BP tunneling FETs (TFETS) with
transport directions aligned along the armchair and zigzag crystal orientations using a triple-gate
device structure as shown in Fig. 9a®. This structure allows the realization of electrostatically-
doped source and drain electrodes, which allow the observation of true band-to-band tunneling, as
opposed to injection from a Schottky contact.

Using this structure, strong (~10%) band-to-band-tunneling anisotropy can be observed between
the two crystal orientations as shown in Fig. 9b. The current-voltage behavior of these devices was
also analyzed at low drain bias in order to determine the limits of the subthreshold performance.
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Figure 9. (a) Optical micrograph if triple-gated BP structure with transport in the armchair (AC) and zigzag (Z2)
directions. (b) Ip vs. Vs at high drain bias in the AC and ZZ directions at T = 77 K. Anisotropy of 10 is observed
as a result of the effective mass difference in the two crystal directions. (a) Drain current vs. gate voltage at T =
110 K for a BP p-TFET. (b) Subthreshold slope vs. drain current for the same device as in (a). The device shows
SSmin = 22 mV/decade, near the subthermionic limit at this temperature.

Fig. 9c shows the results of a TFET with SS near to the thermionic limit before the onset of gate
leakage current. A value SSmin = 22 mV/dec was achieved at T = 110 K (Fig. 9d), a step towards
realizing steep-slope BP-TFETSs.
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(3) Black Phosphorus Avalanche Photodiodes: The Koester group has performed preliminary
experiments to evaluate the potential of BP for use in avalanche photodiodes (APDs). Figure 10a
shows current voltage characteristics of BP photodiodes illuminated at A = 532 nm under high bias
operation. The extracted external and internal quantum efficiencies (EQE and IQE) as a function
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of bias at an optical power of 19.1 uW are shown in Fig. 10b. The results show substantial gain
that increases with bias voltage, which could provide possible evidence of avalanche multiplication.
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Figure 10. (a) 1-V curve for a BP photodiode at different optical powers and A = 532 nm. (b) IQE and EQE vs.
bias for same device as in (a). (c) Optical micrograph if right-angle photodetector devices. (d) Extracted 1QE for
photodiodes in (a) oriented along the AC and ZZ directions.

We also characterized the photocurrent dependence on orientation at high bias voltages in BP
photodiodes. These measurements were performed using etched, right-angle photodetector
structures as shown in Fig. 10c to characterize photocurrent along the AC and ZZ directions. As
shown in Fig. 10d, we found a 5-10% increase in photocurrent for devices with the transport
direction along the AC vs. the ZZ direction. The AC-oriented devices also achieved optical gain
at a lower applied electric field compared to the ZZ orientation, another possible indication of
avalanche gain. Additional measurements are ongoing to confirm the origin of the gain mechanism
and to extract the electron / hole ionization coefficients.

(4) Mid-infrared black phosphorus photodetector and Electro-Optical Modulation: Sensing and
detecting electromagnetic radiations at mid-infrared (MIR) wavelength (2-20 um) is of great
importance for a number of applications. For example, the MIR regime covers the thermal
emission of most biological and mechanical systems, making it a critical wavelength range for
thermal imaging and heat scavenging applications. MIR spectroscopy has also been regarded as
the golden standard for identifying various bio/chemical molecules through their vibrational
fingerprints. Despite its great significance, the chip-scale mid-IR photonic system operating at
room temperature is less developed mainly because of the lack of high quality MIR active materials,
which can be readily integrated with MIR waveguides and other optical components.
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Figure 11. (a) A schematic view of the BP mid-infrared photodetector. (b) The external responsivity versus
incident power at 3.39 um under biases of 100 and 500 mV, respectively. (c) Schematic illustration of the BP
modulator, featuring the normally incident mid-IR laser beam and the heavily p-doped silicon substrate as the
back gate. The BP flake is oriented with the arm-chair (AC) crystalline axis along the x-axis and the zig-zag (ZZ2)
crystalline axis along the y-axis. (d) The modulation level measured as functions of energy and gate bias for 9nm
thick BP. Three characteristic peaks can be observed at E, =0.38 eV, E, =0.43 eV and Ec=0.5 eV.
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Black phosphorus (BP) recently joined the family of layered materials®®. Both Xia and Li
demonstrated its unique potential in high performance optoelectronics in the MIR regime.
Specifically, BP in its thin film form has a moderate bandgap around 0.3 eV, which not only
ensures the strong MIR light-matter interaction, but also allows for suppressed dark current and
the low noise photodetection that cannot be achieved in gapless graphene?®. In addition, the
appealing transport characteristics such as high carrier mobility at room temperature also enable
the efficient collection of photocarriers. We demonstrated a room temperature BP metal-
semiconductor-metal (MSM) MIR photodetector that exhibits a high external responsivity of up
to 82 A/W at 500 mV voltage bias and a high photoconductive gain at 3.39 m when the incidence
light power is low. The key results are summarized in the Figs. 11 a&b. The noise measurements
further validate that the device is capable of detecting low intensity mid-IR light down to pico-
watt even at room temperature. As an interesting and important feature of BP, we show that its
low-crystalline symmetry can also give rise to a photoresponse sensitive to the incident light
polarizations. This unique property can be harnessed for applications in which light polarization
can reveal additional information, such as sensing and imaging in hazy/foggy conditions?’.

We further demonstrate electro-optic modulation of mid-IR absorption in few-layer black
phosphorus under field applied by an electrostatic gate, as shown in Fig. 11 c&d'®. Our
experimental and theoretical results find that, within the doping range obtainable in our samples,
the quantum confined Franz-Keldysh effect is the dominant mechanism of electro-optic
modulation. Spectroscopic study on samples with varying thickness reveals strong layer-
dependence in the inter-band transition between different sub-bands. Using a 9 nm thick BP layer,
the modulation level of the transmission reaches 5%. Compared to traditional narrow-bandgap
semiconductors widely used in MIR detection, such as mercury cadmium telluride (MCT) and
indium arsenide (InAs), BP offers tremendous flexibility in heterogeneous integration with various
photonic structures such as optical waveguides and cavities, making it a viable material in
monolithic MIR photonic systems for on-chip spectroscopy and the imaging applications.

(5) hBN/black arsenic phosphorus (b-AsP) heterostructures: Xia leveraged black arsenic
phosphorus (b-AsxP1x), an isoelectronic material of BP to enable light-matter interaction at
wavelengths much longer than the cut-off wavelength of BP, which is around 3.7 um. Our
collaborator in Germany, Prof. Nilges is responsible for the synthesis of b-AsP. Introduction of
arsenic into BP allows the tuning of the bandgap from 0.33 to around 0.15 eV. Most importantly,
we fabricated mid-infrared (MIR) photodetector based on hexagonal boron nitride (hBN)/b-AsxP1-
x/NBN heterostructures and showed that such photodetectors are highly stable in the long run. No
performance degradation was observed up to a few months. The b-AsxP1-x photodetector (x=0.81
in this device) schematic is shown in the Fig. 12a and the inset of Fig. 12b shows the cross-section
view of the photo-active region and the corresponding elemental mapping. The polarization-
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Figure 12. (a) A schematic view of the hBN/b-AsP/hBN heterostructure photodetector. (b) The infrared extinction

spectra of the b-AsP under different polarizations of the incident light. Inset: cross-section view of the hBN/b-

AsP/hBN heterostructure (left) and the elemental mapping of the heterostructure cross-section (right). (c) The

extrinsic responsivity for 3.4, 5.0 and 7.7 um incident light as a function of the backgate bias, respectively.
resolved infrared extinction spectra of the b-AsP material are shown in Fig. 12b. The absorption
edge is at around 1000 cm™, corresponding to a bandgap of 0.124 eV. In the demonstrated b-AsP
photodetector, the b-AsP photoactive layer is completely protected from oxidation by the hBN
encapsulation (no O in elemental mapping), which also eliminates the surface trap states.
Distinguished from other recent demonstrations on black phosphorus and b-AsP, our MIR
photodetectors based on hBN/b-AsP/hBN heterostructures work in the intrinsic photoconductive
mode, allowing for the high-speed operation. The photocurrent reaches the maximum at the charge
neutral point (Fig. 12c) where the photo-carriers have the longest lifetime, showing the room-
temperature extrinsic responsivity of 320, 24.7, and 1.03 mA/W at 3.4, 5.0, and 7.7 um,
respectively. We estimate the 3-dB cut off frequency of the photoconductor to be around 11.6 GHz.
The decent room-temperature responsivity at MIR, together with high operational speed and long-
term stability, makes b-AsP promising in MIR applications, such as thermal imaging, biomedical
sensing and even mid-infrared optical communication. Our MIR photodetectors were
characterized all at room temperature, making them suitable for portal devices without costly
cryogenic accessories. If compared with micro-bolometer based MIR detectors, the intrinsic
photoconductive effect in our b-AsP makes the photodetector operational at much higher
frequencies beyond 10 GHz. Furthermore, the layered structure of b-AsP makes its integration
with other optical structures easy. As a result, our b-AsP photodetectors can be incorporated with
sub-systems readily. These results are summarized in Ref.l®, which is being submitted for
publication now.

(6) Time-resolved photocurrent measurement of BP photodetectors: With its high mobility, narrow
bandgap, and unique anisotropy, black phosphorus (BP) is a promising material for optoelectronic
applications. To truly be competitive, however, BP photodetectors must reach speeds of tens of
GHz. Li employed BP’s nonlinear photoresponse to measure the intrinsic speed of a BP
photodetector using ultrafast pump-probe measurements, as shown in Fig. 13. With this technique,
we are able to observe how the detection speed depends on both the incident power and applied
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source-drain bias 2°. A minimum response time of 60 ps was observed which corresponds to an
intrinsic bandwidth of 9 GHz. This response speed is limited by the time it takes for carriers at the
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Figure 13. (Left) lllustration of device and measurement scheme. Ultrafast pulses excite photocarriers which are
swept to the contacts with an applied bias. (Middle) Optical microscope image of completed device. Black
phosphorus (BP) is encapsulated with boron nitride (BN) which provides both passivation and a high quality
substrate for improved mobility. Channel length is 1.5 pm. (Right) Response time as a function of source-drain
bias. An increasing bias helps to sweep photoexcited carriers in the channel to the contacts and reduces the carrier

lifetime in the channel. A minimum response time of 60 ps corresponding to a device bandwidth of 9 GHz was
observed for a moderate bias.

center of the channel to diffuse close enough to the contacts to be influenced by the applied bias.
Unlike Ohmic contacts to 3D materials, Schottky barriers are usually formed in 2D materials and
other ultra-thin body devices which prevents the electric field from penetrating far into the channel.
Therefore, this speed limitation can be potentially overcome by using graphene to electrically
contact above and below the BP so that the field is vertical rather than in-plane. This has been
demonstrated in MoS2 and WSe2 heterostructures.

(7) Silicon photonics integrated BP photodetector in telecom band: Li demonstrated the first BP
infrared photodetector integrated on silicon waveguides (Fig. 14). This BP detector includes a top
gate in a field-effect transistor configuration, enabling tuning the BP to different regimes of carrier
concentration. With this technique, we determined that photocurrent generation is dominated by
photovoltaic effect in the low carrier concentration regime and by photothermal effect in the high
carrier concentration regime. By applying appropriate gate voltage to tune the BP in the optimal
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Figure 14. (a) lllustration, optical microscope and AFM images of BP photodetector integrated on silicon
waveguides. b Photocurrent in BP photodetector as a function of gate voltage and source-drain voltage.
Photovoltaic and photothermal regimes of carrier generation are identified. Responsivity up to 150 mA/W and 650
mA/W are achieved in 11.5 nm and 100 nm thick BP, respectively.
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condition for photodetector, we achieved responsivity of 150 mA/W with ~11.5 nm thick BP and
demonstrated optical communication with data rate at 3Gb/s. The responsivity improves to 650
mA/W when thicker BP flake is used. The results were published in Nature Photonics?!.
Considering both the responsivity and the speed, this device represents the best performance in all
2D material photodetectors published so far and also approaches the performance of commercial
InGaAs photodetectors.

(8) 3D Integration of Black Phosphorus Photodetector with
Silicon Photonics and Nanoplasmonics: Despite of 2D
materials’ novel optoelectronic properties, their atomically
thin geometry fundamentally limits the interaction cross-
section with light and consequently the total achievable

absorption or modulation of light is often inadequate for o e 00
practical applications. Integration with planar photonic g " mew 5 TS
devices, such as silicon waveguides, can extend the o T @ 8
interaction length in the 2D materials, but at the expense of I NE—
larger device footprint, which can lead to increased energy Vos(V)

consumption and reduced operation bandwidth. To Figure 15. (Top-left) Schematic

illustration of the 3D integrated BP
photodetector on a silicon waveguide

circumvent such a trade-off, Li integrate BP with a
plasmonic nanogap with a sub-diffraction width of 50-60

nm. In this nanogap, the optical field is highly concentrated
and absorbed strongly with the BP to generate photocarriers
efficiently. The BP layer and the plasmonic layer are
integrated in 3D on top of silicon photonic waveguides and
gratings, which delivers optical signal with low loss from
fiber coupled signal sources. Fig. 15 illustrates the structure

and a plasmonic nanogap resonator,
which is also the contact to the BP.
(Top-right) AFM image of BP and
nanogap region of the device. (Bottom)
The device has a photoconductive gain
up to 800% and a responsivity of 10
A/W.

and displays the images of the actual device?.

A very innovative design in this device is that the metallic plasmonic nanogap is also used as the
source and drain contacts to the BP. Together with a top metal gate, the nanogap-BP forms a field
effect transistor (FET) with a very short channel length of 50-60 nm. As a result, the carrier transit
time in the channel is less than 50 ps, shorter than the measured carrier lifetime, allowing the
photocarriers to circulate in the channeling multiple time before being recombined. When operated
in the photoconductive mode, the BP photodetector can have a photoconductive gain greater than
800%, yielding an intrinsic responsivity as high as 10 A/W, as displayed in Fig. 15. This significant
performance improvement stems from the novel co-integration of nanoplasmonics and 2D
materials.

(9) First Measurement of Third-Harmonic Generation (THG) in BP: In addition to linear optical
properties, the quantum confinement in 2D materials also leads to many novel nonlinear optical
properties. For example, MoS2, WSe2, and hBN all with non-centrosymmetric lattice structures,
have shown strong second-order nonlinear optical effects, such as second-harmonic generation
(SHG). SHG in these materials has shown strong enhancement at the exciton resonances, can be
electrically tuned by a local back gate,16 and has been utilized for optically probing the crystal
orientation and thickness. Additionally, third-order optical nonlinearity such as third-harmonic
generation (THG) has been observed to be strong in graphene, as well as in MoS: thin films. In
terms of nonlinear optics in BP, its centrosymmetric crystalline structure only permits third-order
nonlinearity but its strong anisotropy and layer dependent band structure should lead to very

DISTRIBUTION A: Distribution approved for public release.



intriguing nonlinear optical effects. Research to date, however, has been primarily limited to the
saturable absorption effect in BP, studied with z-scan and ultrafast pump-probe techniques for
liquid exfoliated BP suspensions and utilized for application in mode-locked lasers. The intrinsic
optical nonlinearity of crystalline BP has not been experimentally investigated.
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Figure 16. (Left) Image of the THG in BP as the green bright spot can be seen when the BP is illuminated with
the pump laser of 1550 nm in wavelength. (Middle) Mapping of THG emission power over a BP sample with
varying thickness. (Right) Due to interference effect of both the pump and the THG, the THG emission power
strongly depends on the BP thickness (e.g. a sharp peak at 15 nm). Therefore, THG provide high contrast for
imaging BP thickness.

In this effort, Li investigate BP’s optical nonlinearity by measuring both the polarization and
thickness dependence of THG in multilayer BP samples?. We find that the THG in BP is strong
and highly dependent on both the polarization of the incident light and the number of layers under
investigation, as shown in Fig. 16. From the measurement, BP’s third-order nonlinear
susceptibility is determined for the first time. It was found that the third-order susceptibility 5 of
BP is highly dependent on both the incident polarization and the number of layers present. The
latter is related the resonance with the layer dependent structures of the sub-bands in BP and
therefore can be utilized as a tool to probe the band-structures of BP.

D. New Directions
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We have been developing new directions by (<)
both theoretical and experimental efforts in
novel valley-dependent optical phenomena,
2D Dirac materials, 3D Weyl semimetals,
photodetectors based on new perovskite L
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heterostructures, and 2D  topological
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selected research progress. 1 e

(1) Optical generation and detection of pure
valley current in TMDs: Recent years have
seen a surge of interest in the manipulation of
the valley index of Bloch electrons, largely
driven by its potential applications in
electronics and optoelectronics. The valley
index enumerates degenerate energy extrema
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photon energy (minus the band gap).
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in momentum space. Such degeneracies are often present in two-dimensional (2D) materials with
a honeycomblike structure, such as graphene, boron nitride, and transition-metal dichalcogenides
(TMD). In these materials, weak intervalley scattering renders the valley index an effective degree
of freedom that can be utilized in novel devices. This realization of valley-based electronics is
called valleytronics, which depends crucially on the dynamical control of two quantities: valley
polarization and valley current. Xiao and Xu have previously predicted that the valley polarization
can be generated by circularly polarized light, which has subsequently been experimentally
demonstrated in monolayer MoS». On the other hand, so far only valley-polarized electric current
has been reported. In analogy to spintronics, it would be desirable to generate a pure valley current,
in which there is no net motion of charge; carriers in the opposite valley move in the opposite
direction. Such a pure valley current would prohibit any charge-related effect and generate
minimal Joule heating, similar to a pure spin current (Fig. 17).

(2) Magnetic ground states of two-dimensional magnetic semiconductors: Layered transition-
metal trichalcogenides with the chemical formula ABX3 have attracted recent interest as potential
candidates for two-dimensional magnets. Using first-principles calculations within density
functional theory, we investigate the magnetic ground states of monolayers of Mn- and Cr-based
semiconducting trichalcogenides. Xiao show that the second and third nearest-neighbor exchange
interactions (J2 and J3) between magnetic ions, which have been largely overlooked in previous
theoretical studies, are crucial in determining the magnetic ground state. Specifically, we find that
monolayer CrSiTe3 is an antiferromagnet with a zigzag

spin texture due to significant contribution from J3, il s -
whereas CrGeTe3 is a ferromagnet with a Curie mpy
temperature of 106 K. Monolayers of Mn compounds 10l Zigzag

(MnPS3 and MnPSe3) always show antiferromagnetic ~ _e CreTe,

Neel order (Fig. 18). We identify the physical origin of ~ Svost :
various exchange interactions, and demonstrate that e o | ongs MPSs
strain can be an effective knob for tuning the magnetic 0.0 443 O'rgiSe MnPSes
properties. Possible magnetic ordering in the bulk is also FM Néel
discussed. Our study suggests that ABX3 can be a e & @ 4 =& B 2 °
promising platform to explore two-dimensional J.,

magnetic phenomena. Figure 18. Phase diagram of the magnetic

ground state of  transition metal

(3) Berry phase splitting of exciton energy spectrum; "enalcegenides monolayers

The Berry phase of Bloch electrons and the topology of

energy bands have attracted great attention in condensed matter physics. In the semiclassical
picture, the Berry curvature, i.e., the Berry phase per unit area in the momentum space, manifests
itself through an anomalous term in the group velocity of Bloch electrons, which can manifest in
a number of transport phenomena such as the anomalous Hall effect and the spin Hall effect.
Through the semiclassical quantization procedure, the Berry phase can also modify the energy
spectrum. For example, the appearance of the zero energy Landau level observed in graphene can
be understood as due to the Berry phase of pi around the Dirac point.

Recently, there has been intense interest in monolayers of transition metal dichalcogenides due to
their extraordinary optoelectronic properties, and in particular, their giant exciton binding energy.
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In these materials, the low-energy carriers i
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Berry curvature will modify the relative Figure 1. (a) Exciton motion in the presence of the Berry

m(_)tlon of the eIeCtro_n'h_OIe pairin an exm_ton curvature. (b) Schematic of a magneto-optic device made
(Flg 193.) By quantltaUng the semiclassical from layered antiferromagnets.

dynamics, Xiao have found that the Berry

curvature will modify the exciton Hamiltonian with an effective spin-orbit coupling term, which
can cause an energy splitting between exciton states with opposite angular momentum. This
splitting is determined by the Berry curvature flux through the k-space area spanned by the relative
motion of the electron-hole pair. We also estimate this Berry phase induced energy splitting of
excitons in transition metal dichalcogenides, a few tens of meV, which is consistent with previous
numerical calculations and should be observable in future experiments.

(4) Gate-Controllable Magneto-optic Kerr Effect in Layered Collinear Antiferromagnets:
Magneto-optic effects are one of the defining features of time-reversal (T) symmetry breaking in
matter. Usually, the T symmetry is broken either by an external magnetic field or by the
spontaneous appearance of a macroscopic magneti- zation such as in ferromagnets. Similar to their
ferromagnetic counterparts, the T symmetry is also broken in antiferromagnets. However, because
of their vanishing net magnetization one would naively expect an absence of magneto-optic effects
in antiferromagnets. Using symmetry arguments and a tight-binding model, Xiao show that for
layered collinear antiferromagnets, magneto-optic effects can be generated and manipulated by
controlling crystal symmetries through a gate voltage. This provides a promising route for electric
field manipulation of the magneto-optic effects without modifying the underlying magnetic
structure. We further demonstrate the gate control of the magneto-optic Kerr effect (MOKE) in
bilayer MnPSes using first-principles calculations (Fig. 19b). The field-induced inversion
symmetry breaking effect leads to gate-controllable MOKE, whose direction of rotation can be
switched by the reversal of the gate voltage.

Our predicted gate-controllable MOKE has important implications in both fundamental research
and practical applications. As the observed MOKE is very sensitive to the underlying magnetic
order, it can be used to identify the magnetic ground state. Not only can this method distinguish
between ferromagnets and antiferromagnets, but it can also be used to distinguish among different
antiferromagnetic orders, such as Néel, zigzag, and stripy order on a honeycomb lattice,
supplemented by symmetry analysis and band structure calculations. This is especially valuable
for 2D materials since neutron scatter- ing is ineffective for these materials due to the small
scattering cross section. Furthermore, the sensitivity of the MOKE to the magnetic order can be
exploited for magnetic information storage. For instance, the reversal of the Néel vector will result
in a change of sign of the observed MOKE. Thus, the information encoded in the Néel vector can
be extracted using this gate-controlled MOKE in antiferromagnets.

(5) Graphene-2D perovskite heterostructure phototransistors: Graphene photodetectors are

appealing for high-speed operation, broadband photo-absorption and their ease integration with
silicon photonic systems. However, graphene photodetectors suffer from low responsivity (at order
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of mA/W) due to their weak light absorption and ultrafast electron-hole pair recombination. In this
project Xia showed that by integrating graphene photo-transistor with a two-dimensional (2D)
perovskites (BA)2(MA)n-1Pbnlsn+1 heterostructure as shown in Fig. 20a, we can achieve a high
responsivity well-beyond 10® A/W, which is significantly larger than that in graphene
photodetectors (~ mA/W). Here, BA™ = CH3(CH2)sNHs", MA* = CH3NH3" and the integer n is the
number of lead iodide octahedral layers between two BA™ organic spacers.

The high responsivity achieved in our heterostructure perovskites-graphene integrated
photodetector can be twofold. Firstly, by using an atomically smooth hexagonal boron nitride
(hBN) as the substrate, we achieve a high carrier mobility ~16,000 cm?/Vs at room temperature
with a short carrier transit time in graphene channel. On the other hand, the unique band structure
of the 2D heterostructure perovskites (Fig. 20b) has built-in band bending and allows efficient
electron-hole pair separation in perovskites as illustrated schematically in Fig. 20c, resulting in an
enhancement of carrier lifetime
(t_sifetime). As shown in Fig. 20d, we

Tm"m. _ . ) Fi
ﬂ Z achieve a high responsivity of well

(a) " () [ Graphene (BA)y(MA PBy sy

e above 10° A/W (orange dots) in a
Z L broad wavelength range of 400 to 750
) nm. In comparison, the control device
P C QWS made from 3D perovskite shows much
smaller responsivity. At the same time,
T the device based on 2D heterostructure
——MAPbI, perovskite shows a fast response of
14.8 ms, benefiting from the relatively

™ shallow traps in 2D perovskites.
200 500 600 700 B0 900 Compared with traditional 3D

- . Wavelenath (nm) perovsknes |ntegrated graphene
Figure 20. (@) The schematic image of the 2D heterostructure photodetectors, our devices are
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perovskites with different n and graphene. (c) The schematic  Stability. In conclusion, we
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phototransistor, illustrating a positive sloping in the energy band  photodetector based on 2D
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stability. As all fabrication processes

are under a low temperature < 120°C, our devices can be integrated with various substrates
including flexible ones. Another major impact of this work lies in its potential in photovoltaics.
The device concept and fabrication procedures developed in this project can be readily leveraged
to fabricate high performance, air-stable perovskite solar cells at large scale. These results are
summarized and published in Ref. 2,
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(6) 2D Topological Materials Towards Low-Energy Consumption Devices: QSH insulator is a
topologically nontrivial quantum state that features quantized Hall conductance in the absence of
amagnetic field. The most pronounced characteristic electronic property of QSH state is the helical
edge state protected by time reversal symmetry and the bulk band gap opening due to a strong
spin-orbit coupling (SOC). The layered semimetal WTe, has attracted attention recently for its
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extreme magnetoresistance?® at low temperatures and its nontrivial band topology which includes
type-11 Weyl points?®. In 2015 it was also predicted?’ to become a two-dimensional topological
insulator, or quantum spin Hall insulator, in the monolayer limit. The Shen group has successfully
grown monolayer 1T°-WTey, and observed hallmarks of QSH phase — opening of a band gap and
band inversion. The collaboration with STM group directly observes the robust edge state. They
also successfully synthesized monolayer 1T’ phase MoTe; and WSe,. 1T°-WSe?2 is also proved to
be a quantum spin hall insulator with even larger bandgap.
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Figure 21. Left: temperature dependence of the characteristics of a monolayer WTe; transistor. Below 100 K a
plateau due to edge conduction forms. Inset: structure of a monolayer. Middle: characteristics at 10 K with (blue)
and without (black) an in-plane magnetic field, demonstrating that the edge conduction is suppressed, consistent
with the edge channels being helical. Right: Length dependence of the edge conductance, approaching half the
quantized value (e?/h) for short edges. Inset: cartoon of the quantum spin Hall effect.

In parallel, Cobden and Xu prepared monolayer WTe, devices encapsulated in hBN to prevent
oxidation, and found that on cooling below 100 K they become insulating at low gate voltages
while the edges remaining conducting, consistent with the quantum spin Hall effect?® (Fig. WTe2).
The edge conduction is gapless at zero magnetic field and strongly suppressed by an in-plane field,
exactly as expected for the helical edge modes (having electron spin locked to momentum) that
should exist on the boundaries of a topological insulator. The conduction along a single edge
between adjacent contacts also approaches about half the maximum quantum value of e?/h =39
LS, implying that in spite of the topological protection there is significant backscattering in the
helical edge which remains to be understood. Nevertheless, this is the first report of a true
monolayer topological insulator, which may be combined with other 2D materials such as
superconductors, semiconductors and magnets in the future to achieve spintronic and quantum
information goals.
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