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Ultraviolet/Visible Quasicylindrical Waves on Semimetal
Cd3As2 Nanoplates
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1. Introduction

An in-depth investigation of photonic
modes of nanomaterials facilitates under-
standing the fundamental process and pro-
motion of performances of optoelectric
devices.[1] Steering the local photonic den-
sity of states via nanostructuring is a vital
way to optimize and further engineer the
performances of optoelectronic devices.
As kinds of photonic modes, the surface
waves have attracted significant research
interest, including surface plasmon polari-
tons (SPPs) and quasicylindrical waves
(QCW).[2–7] The QCW is an optical field
scattered by subwavelength indentations,
with radiative and evanescent field compo-
nents that spread along the surface over a
distance of several wavelengths.[8–11]

Extraordinary optical transmission for
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Resolving the photonic modes in real space is essential to understand the
fundamental process and control of photonic behavior in optoelectric devices.
However, the understanding of the photonic modes of semimetal Cd3As2 is still
lacking. Herein, the quasicylindrical waves (QCW) on Cd3As2 nanoplates using
photoemission electron microscopy (PEEM) are found out. The QCW is due to
the optical field scattered by subwavelength indentations, with wavelength being
the same as the incident light, and their amplitude decays as r�1/2 from the
edges. The transverse magnetic (TM) mode dominates the observed QCW of
Cd3As2 nanoplates, which is affected by the edge structure. In broadband from
UV to visible, the QCWs on Cd3As2 nanoplates are observed. Further, nano-
structures to achieve subwavelength focusing and interference lattice of the
Cd3As2 optical QCW are achieved. These findings demonstrate the regulation of
QCW, which benefits optimizing the optoelectronic performances of semimetal
materials in the future.
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high-density hole arrays on metal film is attributed to the inter-
actions between the SPPs and QCW.[5,6] A cross conversion
between SPPs and QCW was found on textured metallic surfa-
ces.[3] Surface wave modes on the interface can transfer the elec-
tromagnetic energies at lateral dimensions, supporting device
miniaturizations beyond the diffraction limit.

As a 3D analog of graphene, cadmium arsenide (Cd3As2) is a
3D Dirac semimetal with novel topological and optoelectronic
properties.[12–15] For example, the intrinsic optical properties
of Cd3As2 show great potentials in optoelectronic applications,
such as highly nonlinear optical coefficients,[16] saturable absorb-
ers for ultrafast midinfrared lasers,[17] modulators with ultrafast
transient time,[18,19] and room-temperature broadband photode-
tectors.[20] However, due to the limit of the spatial resolution of
optical microscopes in previous studies, there is less information
on the photonic modes in Cd3As2 materials. To optimize the per-
formances of Cd3As2 optoelectronic devices, we need to reveal
the photonic modes in Cd3As2 nanostructures, such as exci-
ton�polaritons (EP), SPPs, and QCWs. In general, Cd3As2 can-
not support SPPs in the UV or visible range because it has low
free carrier density like graphene. A large imaginary part of the
Cd3As2 refractive index causing high loss hinders the formation
of waveguide modes or EP modes.[21] Hence, the Cd3As2 nano-
plate should support QCW modes only.

Up to now, several state-of-the-art techniques, such as scan-
ning ultrafast electron microscopy (SUEM),[22] scanning near-
field optical microscopy (SNOM), electron energy loss spectros-
copy (EELS), and cathodoluminescence nanoscopy, have been
demonstrated as powerful tools for studying electromagnetic
waves on the nanoscale. In addition, photoemission electron

microscopy (PEEM)[23–29] is a nonscanning high-spatial-resolution
instrument that collects photoelectrons to image. The PEEM is a
powerful tool for studying the surface wave modes of materials.
The semimetal Cd3As2 has a work function of �4.5 eV and high
optical nonlinear coefficiency,[16] which benefit for imaging the sur-
face wave patterns by the photoemission process. In this situation,
we propose the Dirac semimetal Cd3As2 as a material platform to
investigate pure QCW modes in nanoscale.

Here, we use the PEEM to investigate the optical QCW on
Cd3As2 nanoplates in broadband from UV to visible. The
QCW has the same wavelength as the incident light and has
r�1/2 decay from the scattering source. The transverse magnetic
(TM) modes dominated the QCW pattern, depending on the exci-
tation polarization with respect to the Cd3As2 nanoplates edges.
The QCW is also affected by the structure of Cd3As2 nanoplates.
The scattering-type SNOM measurements confirm the optical
QCW either. Furthermore, nanostructures on the nanoplates
are elaborately designed to manipulate the QCW to realize sub-
wavelength focusing and interference light lattice. We also dem-
onstrate numerically that the Cd3As2 metasurface can enhance
the absorption compared with bare nanoplates. The regulation
of optical QCW upon Cd3As2 nanoplates lays a foundation for
optimizing the performance of Cd3As2 optoelectronic applica-
tions in the future.

2. Results

Figure 1a shows the schematic of PEEM measurements.
A typical Cd3As2 nanoplate, as shown in Figure 1b, was synthe-
sized by a chemical vapor deposition (CVD) method.[30,31]

Figure 1. Observation of Cd3As2 optical QCW. a) Schematic of the PEEM measurement. Photoelectrons are excited by the laser pulse and collected by
PEEM. b) SEM image of the Cd3As2 nanoplate. c) Energy diagram of the photoemission process. EF and Evac denote the Fermi- and vacuum-level energies,
respectively. d) Static PEEM image of the same Cd3As2 nanoplate illuminated by 410 nm laser pulse. Distinct optical QCW is derived from the sharp edge
of the Cd3As2 nanoplate. e) Schematic of optical QCW.
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The synthesized nanoplates are transferred to the n-doped silicon
wafer by a mechanical transfer method.[32] Figure 1b presents a
scanning electron microscopy (SEM) image of the Cd3As2 nano-
plate, which shows the high quality and uniformity of the Cd3As2
nanoplate. The characterizing results of Cd3As2 nanoplates by
energy-dispersive X-ray spectroscopy (EDS), Raman scattering,
atomic force microscopy (AFM), spectroscopic ellipsometry,
and EELS measurements are shown in Figure S1, S2, and S3,
Supporting Information. The doped 3D Dirac semimetal
Cd3As2 nanoplates have high electron mobility. The Fermi level
is at �200meV above the Dirac point,[12,30] as indicated by the
blue-filling area in Figure 1c. The samples are placed at the main
chamber of the PEEM system with an ultrahigh vacuum (nearly
1� 10�10 torr). The laser pulse (pulse duration:�120 fs) is
focused onto the sample at normal incidence and excites the pho-
toelectrons through the photoelectric effect. For λ¼ 410 nm
pulsed laser (photon energy: 3.02 eV), the photoelectrons emit
to the vacuum via a multiphoton process from the Fermi energy
of Cd3As2 (Figure 1c). The red arrow in the image indicates the
polarization of light. The collected photoelectrons generate an
image, which is presented in Figure 1d with false color.

Interestingly, there are distinct surface patterns upon the
Cd3As2 nanoplate due to the QCW. We note that the QCW
can be excited efficiently when laser polarization is p-polarized
(TM) to the edges. Figure 1e illustrates the experiment diagram:
the 410 nm laser pulse is scattered by the sharp edge of the
Cd3As2 nanoplate and forms QCW. The radiative and evanescent
QCW spreads along the sample surface over several wavelengths
distance. The optical QCW from both edges of the Cd3As2 nano-
plate propagates upon the entire Cd3As2 nanoplate surface in
Figure 1e. The QCWs from the sample edges overlap and form
an interference pattern on the surface.

We refer to the finite-difference time-domain (FDTD) frame-
work[2] and simulate the optical QCW field, as shown in
Figure 2a. A 100 nm-thick Cd3As2 nanoplate is placed on the silicon
substrate. A 300 nm�300 nm total-field/scattered-field (TF/SF)
boundary (dashed rectangle) covers a 100 nm-wide Cd3As2 groove.
The TF/SF in the rectangle contains the normally incident TM-
polarized 410 nmplanewave and the scattered field from the groove.
The scattering field in the vacuum outside the rectangle (Figure 2a)
is a distinct QCW pattern, with wavelength equal to the wavelength
of the incident light, and has r�1/2 decay from the source (Figure 2b
inset). In addition, the silicon substrate also contains a scattered
QCW pattern with a wavelength of �80 nm (410 nm/nsilicon).
The Ex component of QCW interferes with the incident laser pulse
(pulse duration: �120 fs), forming surface waves observed on
Cd3As2 nanoplates in the experiment. We can draw the Ex compo-
nent attenuation along the Cd3As2�vacuum interface in Figure 2b.
The Ey component (Figure 2b blue line) of QCW along the interface
excited by the s-polarized (TE) planewave is much weaker than the
Ex component excited by the TM planewave. This explains that
QCW is excited efficiently by the TM-polarized laser in the experi-
ment. The red dashed line in Figure 2b is given by the analytic form
Ex(x,z) equation.

Exðx > 0, 0Þ ¼ E0,0ðx=λÞ�m expðik0xÞ (1)

where E0,0 is constant.m is a damping exponent to be fit. The expo-
nential part (expðik0xÞ) describes the amplitude oscillations of the

Ex component. This equation validates the QCW launched onmetal
or dielectric surfaces at intermediate distances (x< 10λ).[8] The sur-
face Ex component simulated by FDTD is not a perfect QCW atten-
uation curve, as given by the analytic equation, especially for the first
two stripes near the scattering source. Because when x tends to be 0,
Ex(x,z) tends to be infinity; that is not physical reality. Nevertheless,
the deviation between the FDTD numerical simulations and the
analytic equation is acceptable when x> 2λ.

The EELS characterization of the Cd3As2 nanoplate in
Figure S3, Supporting Information, proves that the surface waves
on Cd3As2 observed in this work should not be SPPs. The QCW
on the Cd3As2 nanoplate with an ITO substrate (Figure S4,
Supporting Information) overturns the explanation of the wave-
guide modes. The results of FDTD simulations prove that the
surface waves we observed on Cd3As2 nanoplates are QCW.
At the metal/vacuum interface, the surface field scattered by
the groove contains two parts: SPPs and QCW.[2–7] Because
Cd3As2 cannot support the SPPs in the UV-to-visible region,

Figure 2. FDTD simulations of the Cd3As2 optical QCW. a) Schematic
representation of the FDTD simulations and calculated QCW field diagram
of the Ex component for normally incident 410 nm TM planewave scatter-
ing at a 100 nm-wide and 100 nm-deep Cd3As2 groove on the silicon sub-
strate. (The plot is not in line with the scale bar in the z-direction.)
b) Normalized Ex distribution (TM excitation) and Ey distribution (TE exci-
tation) at the Cd3As2�vacuum interface versus x-axis from the TF/SF
boundary. The red dashed line is given by the analytic form Ex equation.
The inset shows the r�1/2 decay characteristics of the E field amplitude of
the QCW.
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the surface field excited by the groove on Cd3As2 contains QCW
only, which allows us to observe QCW unambiguously.

Furthermore, we measure the polarization-dependent QCW
upon the nanoplate. The sample measured is �38 μm in length
and 3.4 μm in width. In the 20 μm field of view of the PEEM,
we just show a part of this sample. To quantitatively analyze
the QCW on the Cd3As2 nanoplate, we plot photoemission inten-
sity (PEI) along the white dashed line in Figure 3a,c.
In the case of vertical polarization excitation, parallel optical
QCWs are generated from the upper and lower edges of the
Cd3As2 nanoplate. As shown from the PEI curve in Figure 3b,
the QCW has its maximum intensity on the edge of the
Cd3As2 nanoplate. The wavelength of QCW is 393 nm
(�12 nm), which is extracted from the QCW image by the
fast-Fourier transform (FFT) method. The effective wavelength
agrees with the excitation wavelength of 410 nm. When we rotate
a half-wave plate and change the polarization of laser pulse from
vertical to horizontal, the optical QCW is generated from the
right edge of the Cd3As2 nanoplate (Figure 3c). From the right
edge, ten QCW stripes can be distinguished and propagate about
4 μm into the interior of the Cd3As2 nanoplate and then fade
away (Figure 3d). The left edge of the material is far away from

the field of view, so there is not any QCW from the left in the field
of view. All these results mean that only the TM modes can be
excited and detected, as shown in Figure 2b. The PEEM images
under oblique incidence are shown and discussed in Figure S5,
Supporting Information.

Then, we turn to the QCW patterns on the Cd3As2 nanoplate
(Figure 3e). We can find that the QCW is affected by the structure
of the Cd3As2 nanoplate. There are 11-striped QCWs (Figure 3f )
on the Cd3As2 nanoplate with a width of 3.9 μm (white dashed
line marked with “f” in Figure 3e). As the width of the nanoplate
gradually narrowed, missing QCWs appeared in the middle of
the nanoplate (Figure 3g). That is due to the destructive interfer-
ence of the QCW from both sides. As the width of the nanoplate
is further reduced, 10-striped, 9-striped… 5-striped QCWs
(Figure 3h) are formed. The change of QCW patterns with struc-
ture width has been simulated (Figure S6, Supporting
Information). Distinct 9-striped QCWs are excited in a 3.4 μm-
width nanoplate, while missing QCWs exist in a 3.5 μm-width
nanoplate due to destructive interference (Figure S6,
Supporting Information).

Notably, we demonstrate that the QCW can exist in a very
broad range, at least from the UV-to-visible spectrum range.

Figure 3. Polarization, structure, and wavelength dependence of Cd3As2 optical QCW. Static PEEM image of the same Cd3As2 nanoplate illuminated by
410 nm laser pulse with a) vertical and c) horizontal polarizations, as is manifested by the red arrows. b,d) Normalized PEI along the white dashed line in
(a, c). e) Static PEEM image in Figure 1d. f ) The three white dashed lines correspond to 11-striped QCW, g) missing QCW, and h) five-striped QCW,
respectively. i�k) Cd3As2 optical QCW excited by 273, 410, and 526 nm, respectively. The polarization is manifested by the red arrows. l) Dispersion curve
of Cd3As2 optical QCW.
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The optical QCWs have a similar wavelength of 270 nm
(�10 nm) and 515 nm (�25 nm), as that of excitations by
273 and 526 nm laser pulses, respectively (Figure 3i,k). The opti-
cal QCW excited by a 410 nm laser pulse is shown in Figure 3j.
Limited by the laser sources and the photoelectric effect, we have
only measured Cd3As2 optical QCWs under three excitation
wavelengths, corresponding to the three red points in the disper-
sion curve (Figure 3l). As the laser wavelength increases, photon
energy decreases, but lower photon energy becomes more diffi-
cult beyond the work function through the multiphoton effect
(Figure S10, Supporting Information). Taking account of the
experimental error, we think that the QCW wavelength is consis-
tent with the excitation light wavelength. This is evidence that the
surface waves we observed are the QCW modes.

Next, we design nanostructures to regulate the optical QCW
on Cd3As2 nanoplates. We fabricate a 4.8 μm-diameter microdisk
and another 5 μm-diameter microdisk, using a focused Ga-ion
beam. To improve the contrast of optical QCW, we also fabricate
two additional concentric rings around the microdisk. The ring
lines are 150 nm broad and 410 nm apart. We first use a linear-
polarized laser pulse at a wavelength of 410 nm to excite the fab-
ricated surface lens and take the PEEM image, as shown in
Figure 4a. The 5 μm-diameter microdisk nanostructure focuses
the optical QCW into a bright spot (Figure 4e) with subwave-
length size (full width at half maximum (FWHM) is
�240 nm), working as a QCW lens on the nanoplate. In contrast,
there is a dark spot at the center of the 4.8 μm-diameter

microdisk (Figure 4d). This is due to deconstructive interference
because the diameters of the two microdisks differ by half a laser
wavelength, that is 205 nm. The two QCWs generated from the
upper and lower edges form a bright (dark) spot in the center of
the microdisk due to the constructive (destructive) interference.
We can rotate a half-wave plate to regulate the excitation direction
of the QCW, as in the movie in the Supplementary Information.
When we use a quarter-wave plate to generate a circularly polar-
ized light to excite the sample, the optical QCW becomes a con-
centric QCW with a dark/bright spot at the centers of the two
microdisks (Figure 4b). The optical QCW not only exists inside
the nanostructures but can also be excited outside the three con-
centric rings, as shown in Figure 4a,b.

We also designed a micropolygon nanostructure, and the
nanostructure is excited by a linear-polarized 410 nm laser pulse
(Figure 4c). The QCW forms a stable optical interface lattice in
the polygon, and the nine-striped QCW forms along with the
white dashed line (Figure 4f ). QCW excited at different edges
can also be identified in Figure 4c. The insets in Figure 4d–f
show the FDTD images that show good consistency with experi-
ments in Figure 4a–c. The images are calculated from
Y ∝ ∫ ðEkÞ4dt,[33–36] as the fourth power of the in-plane electric
field component at the Cd3As2�vacuum interface. The simulated
images of the 4.8 μm-diameter microdisk and 5 μm-diameter
microdisk have a dark spot and bright spot at the center, whether
linearly polarized or circularly polarized excited (Figure S7,

Figure 4. Regulation of Cd3As2 optical QCW. a) Static PEEM image of fabricated microdisk nanostructures excited by a linear-polarized 410 nm laser
pulse. The polarization is manifested by the red arrow. There is a dark spot at the center of the upper-left 4.8 μm-diameter microdisk, while a bright spot at
the center of the lower-right 5 μm-diameter microdisk. b) Static PEEM image of the same Cd3As2 nanoplate excited by a circularly polarized 410 nm laser
pulse. Concentric waves with a dark/ bright center are formed. c) Static PEEM image of the fabricated micropolygon nanostructures excited by a linear-
polarized 410 nm laser pulse. The polarization is manifested by the red arrow. d,e) PEI along the dashed line in the upper-left/ lower-right microdisk with
a dark/ bright spot. f ) PEI along the dashed line in the micropolygon nanostructure. The insets in (d�f ) show simulated PEEM images, consistent
with the experiment. The scale bar is 2 μm for the insets.
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Supporting Information), which is consistent with the experi-
ment result due to the constructive (destructive) interference.

3. Conclusion

In this article, we use the PEEM to directly visualize the UV/vis
broadband optical QCW on Cd3As2 nanoplates. The QCW pat-
tern has a wavelength equal to the wavelength of the incident
light and has r�1/2 decay from the source. The QCW is domi-
nated by the TM mode and is affected by structures of Cd3As2
nanoplates. We also realize the interference and subwavelength
focusing of the Cd3As2 optical QCW by designing nanostruc-
tures. The QCW simulated by the FDTD agrees well with the
PEEM measurements. After excluding the influence of SPPs
and waveguide modes, Cd3As2 allows us to observe the optical
QCW independently. This work proves a new capability through
QCW engineering to improve the on-chip nanophotonic device
integration and optical performances based on such semimetal
materials.

The QCW, which is usually ignored, can significantly affect
the optical performances of devices.[5,6] The QCW can widely
exist on the interface of metals[2] and dielectric materials such
as silicon.[8] QCW is a kind of nonresonant surface wave; hence,
it is effective for broadband. Especially for a high loss dielectric
interface, which does not support the SPPs and the waveguide
modes, the QCWmodes provide a way to steer the local photonic
density of states via nanostructuring. In the subsequent work,
we intend to use the QCW to enhance the photocurrent response
of semimetal Cd3As2 nanoplates. For instance, with FDTD sim-
ulations (see Figure S9, Supporting Information), we find that
the absorption of Cd3As2 metasurface reaches 70% compared
with 50% of the original Cd3As2 nanoplate in broadband. This
is beneficial from the assistance of QCW because the constructed
interference of incident light and QCWmodes results in a higher
local field to increase the absorption. These findings pave the
way for optimizing the optical performances, such as surface
biosensing,[37] QCW tweezers,[38] and surface-enhanced Raman
spectroscopy (SERS),[39] through QCW regulation.

4. Experimental Section

Sample Growth and Characterization: The Cd3As2 nanoplates were syn-
thesized by the CVD method in a tube furnace.[30,31] The EDS characteri-
zation of Cd3As2 nanoplates, which was performed in an FEI Tecnai F20
transmission electron microscopy (TEM), revealed that the elemental
molar ratio of Cd:As was 3:2 (Figure S1, Supporting Information). The
synthesized Cd3As2 nanoplates were transferred to the n-type Si substrate
by an XYZ micromanipulator. The (112) surface plane of Cd3As2
nanoplates had good quality and was characterized by Raman spectra
(Horiba LabRAM HR Evolution) in Figure S2, Supporting Information.
The thickness of the Cd3As2 nanoplate was 80 nm measured by AFM
(Asylum Research Cypher ES, Oxford Instruments) (Figure S2,
Supporting Information). SEM images of Cd3As2 nanoplates were
acquired from electron microscopy (Zeiss Crossbeam 540). The nano-
structures on Cd3As2 nanoplates were fabricated using an focused ion
beam (FIB) milling system (Zeiss Crossbeam 540). The amorphous layer
of Cd3As2 nanoplates was removed by Arþ etching treatment. Then, the
prepared sample was transferred to the preparation chamber of PEEM
immediately and annealed under ultrahigh vacuum (below 5� 10�9 torr)
at 180 �C for 1 h to remove any H2O or impurities absorbed on the sample

surface. The aberration-corrected scanning transmission electron micros-
copy (STEM) image and EELS data (Figure S3, Supporting Information)
were performed using a monochromatic Nion U-HERMS200 electron
microscope operated at an accelerating voltage of 60 kV while the conver-
gence semiangle was 20mrad.[40,41] The STEM image was acquired with
an annular recording range of 80�210mrad, and the energy resolution of
EELS was �90meV. Near-field images of Cd3As2 optical QCW (Figure S8,
Supporting Information ) were measured by a commercial scattering-type
SNOM (NeaSNOM, Neaspec GmbH) equipped with a visible laser of
532 nm wavelength.[42,43]

PEEM Measurement: The PEEM measurements were based on a
high-resolution PEEM system (SPELEEM, Elmitec GmbH) equipped with
an aberration corrector. The femtosecond near-infrared laser pulse (wave-
length 820 nm, pulse duration�100 fs, repetition rate 80MHz, and output
power 2.9 W) output from a commercial Ti: sapphire femtosecond laser
system (Mai Tai HP, Spectra-Physics) was used to pump the optical
parametric oscillator (OPO; Inspire Auto 100, Spectra-Physics). The sec-
ond-harmonic generation (SHG) port (410 nm, �1W), the signal light
port (526 nm,�180mW), and the third-harmonic generation (THG) beam
(273 nm, �10mW) from the fundamental residual laser (820 nm, 1.1 W)
were used to excite the photoelectrons, which were collected and hit the
fluorescent screen to generate images with a spatial resolution of�10 nm.
The results shown in Figure 3 and 4 were performed when the laser pulses
were focused on the sample surface at normal incidence. The results
shown in Figure S5, Supporting Information, were performed with 74�

oblique incidence. The power dependence measurements of the
410 nm laser (multiphoton absorption) and 273 nm laser (one-photon
absorption) are presented in Figure S10, Supporting Information . After
passing through the entire optical path, the pulse duration of the laser
pulse was �120 fs, measured by frequency-resolved optical gating
(FROG scan MP-001.CX, Mesa Photonics). The lasers were focused on
the sample surface with a spot diameter of �100 μm. The photoelectrons
were collected by a 20 kV static electric field between the sample and the
main objective lens of PEEM. To improve the image contrast, we inserted a
50 μm contrast aperture at the focal plane of the photoelectrons path of
PEEM. All the PEEM measurements were performed in the ultrahigh vac-
uum (below 5� 10�10 torr) main chamber of PEEM at room temperature.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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