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ABSTRACT: Nonlinear holography enables optical beam generation and
holographic image reconstruction at new frequencies other than the excitation
fundamental frequency, providing pathways toward unprecedented applications
in optical information processing and data security. So far, plasmonic
metasurfaces with the thickness of tens of nanometers have been mostly
adopted for realizing nonlinear holograms with the potential of on-chip
integration but suffering from low conversion efficiency and high absorption
loss. Here, we report a nonlinear transition metal dichalcogenide (TMD)
hologram with high conversion efficiency and atomic thickness made of only
single nanopatterned tungsten disulfide (WS,) monolayer, for producing
optical vortex beams and Airy beams as well as reconstructing complex
holographic images at the second harmonic (SH) frequency. Our concept of
nonlinear TMD holograms paves the way toward not only the understanding of
light—matter interactions at the atomic level but the integration of functional

Nonlinear TMD hologram

TMD-based devices with atomic thickness into the next-generation photonic circuits for optical communication, high-density

optical data storage, and information security.
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hologram contains both the amplitude and phase
information on the specified wavefront for generating

the corresponding optical holographic image diffracted in the
far field," where light polarization, orbital angular momentum,
and spatial intensity distribution can be precisely tailored and
controlled. Hence, holography has become a promising
approach for arbitrary beam shaping and predesigned image
recording and reconstruction with a plethora of applications
across many fields such as optical communication, optical
tweezers,”> data storage,4’5 information security,6 and three-
dimensional displays.”” Rather than linear holography, non-
linear holography introducing the converted frequencies as an
extra degree of freedom has recently attracted great attention
to meet the ever-increasing demands for high-density optical
storage, optical information security, and biomedical imaging.
Conventional nonlinear holographic devices have mainly used
the modulated quadratic nonlinear optical materials such as
ferroelectric crystals,” however, these bulky nonlinear crystals
are incompatible with the on-chip photonic integration. The
emergence of plasmonic metasurfaces has provided a
significant breakthrough in bringing the nonlinear hologram
thickness down to tens of nanometers.”'’ Over the past few
years, nonlinear metasurface holograms made of different types
of plasmonic nanoantennas have been widely studied to
produce optical beams and holographic images based on the
nonlinear optical processes of second-harmonic generation
(SHG),"" " third-harmonic generation (THG),"*"® and

-4 ACS Publications  © 2019 American Chemical Society

6511

four-wave mixing.'® Yet, nonlinear plasmonic metasurface
holograms suffer from low conversion efliciency, high
absorption loss, and small laser damage threshold which
hinder their practical uses. More recently, dielectric THG
metasurface holograms consisting of silicon resonators have
been demonstrated to increase the nonlinear conversion
efficiency by 2 orders of magnitude through the use of Mie
resonances'’ but the thickness of these holograms is hundreds
of nanometers which is unlikely to reach the deep
subwavelength scale due to the nature of Mie scattering.

In that perspective, atomically thin TMD monolayers with
high second-order nonlinear susceptibility () of few nm/V
(several orders of magnitude higher than common nonlinear
crystals)'®'” have garnered a lot of interest in integrated
nonlinear optics. Besides, negligible absorption loss and the
capability for easy interfacing at the nanoscale® make TMD
monolayer crystals ideal candidates for building on-chip
nonlinear optical devices. Here, we experimentally demonstrate
the concept of an atomically thin nonlinear TMD hologram
with high conversion efficiency based on only single nano-
patterned WS, monolayer. The WS, monolayer is patterned
with the designed binary-amplitude computer-generated holo-
gram (CGH) to encode the phase and amplitude of the desired
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wavefront, and the corresponding SH optical image is
diffracted at the Fourier plane in the far field. We demonstrate
the nonlinear generation of optical vortex beams, two-
dimensional (2D) Airy beams, and complex holographic
images. Moreover, the polarization analysis is performed to
show that the valley-contrasting physics associated with TMD
monolayer provides deterministic control over the polarization
state of the generated beam.

The calculated binary-amplitude CGH patterns are directly
milled in the chemical vapor deposition grown WS, monolayer
on c-cut sapphire substrate by using focused ion beam (FIB)
(see Methods for details). Based on the Lee method,*' the
phase and amplitude of the desired wavefront at the CGH is
encoded by the binary amplitude modulation®* in 2? of the
WS, monolayer as

@y ) 2,1 L L [Zﬂ_ ]
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where ¢)(x, y) and A(x, y) are the phase and amplitude of the
desired wavefront in the hologram plane, x and y are the spatial
coordinates of the hologram plane, and A is the grating period
for off-axis diffraction. By shinning the CGH with the
fundamental wave Eg4 the SH emission at the hologram
plane Egg will have the form of

Egc (%, ) & 22 (%, »)Ega(x, )’ ®)

Hence, the target optical image will be reconstructed in the far

field at the first diffraction order of k, = i%ﬂ with the

diffraction angle given by the Raman-Nath relation’
A
sy = sin” || 2HE
SHG ( A

where Agyg is the SH wavelength.

First, the generation of SH vortex beam is demonstrated
with the nonlinear TMD hologram. Vortex beams carrying
orbital angular momentum (OAM) have been harnessed for
numerous applications such as optical tweezers,”*>> OAM
photon qubits®® and optical communications.”” The electric
field of a vortex beam can be represented in cylindrical
coordinate by E(r, ¢, z) = u(r, 2)e *%! where k is the
wavevector and [ is the topological charge (TC) representing
the OAM of I per photon. In order to produce a vortex beam,
the azimuthal phase profile in the hologram plane is

l'tan_l(l) x>0

X

l-(tan_l(z) + n’) x<0

X (4)
and the amplitude profile is A(x, y) = 1. Figure la is an optical
transmission microscope image of the CGH patterned on a
WS, monolayer triangle for producing the vortex beam with
TC = 1. The fork hologram is designed in an area of 25 X 25
um’® with a grating period of A = 3 um. Figure 1b,c shows the
scanning electron microscope (SEM) image and SH image of
the hologram, respectively. The dark parts in both the SEM
and SH images indicate the areas where WS, is etched out
during the FIB milling. A Fourier microscopy system is used to
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Figure 1. Generation of SH vortex with TC = 1. (a) Optical
transmission microscope image and (b) SEM image of the CGH
patterned on WS, monolayer triangle for producing SH vortex with
TC = +1. (c) SH image of the same hologram at SH wavelength
(Asg) of 450 nm. Scale bar is 10 ym. (d) Far-field image of the
generated SH vortices at Agyg of 450 nm with the +1-order diffraction
angle Oy of 8.6° (e) Cylindrical lens converted image confirming
that the TCs of SH vortices are indeed +1 and +2 at the +1 and +2
diffraction order, respectively. (f—=h) Far-field images of the SH
vortices at Agyg of 415, 500, and 520 nm, respectively.

characterize the generated beam profile in the far field (see
Methods and Figure S1 of Supporting Information for the
details of the system). The spot diameter of the Gaussian
fundamental beam is set around 22 ym to make sure that most
of the area of the hologram is illuminated, and the excitation
power is set at 80 mW. In Figure 1d, the far-field image of the
SH emission at the SH wavelength of 450 nm shows that the
target vortex beams with the opposite TCs of +1 are produced
in the Fourier plane of the hologram at the +1 diffraction
order with the measured diffraction angle 85y = 8.6°. Two
additional vortices with TC = +2 and lower intensities are also
observed at the +2 diffraction order. The TC of each SH
vortex is determined by performing an astigmatic trans-
formation of the far field image using a cylindrical lens in front
of the camera.”® During the astigmatic transformation, the
high-TC optical vortex splits into its constituent elementary
vortices with unity TC to form an extended pattern of tilted
dark stripes near the focal plane of the cylindrical lens. The
count of the number of dark stripes indicates the TC and the
stripe orientation determines the sign. The cylindrical lens-
converted image in Figure le confirms the TC associated with
each SH vortex. The broadband operation of the hologram is
further demonstrated with the vortex generation at several SH
wavelengths between 400 and 520 nm. Figure 1f—h shows the
images of the generated vortices at the SH wavelengths of 415,
500, and 520 nm, respectively. Oy gradually gets larger as the
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SH wavelength increases, following the Raman-Nath relation
of eq 3 (Figure S2 of Supporting Information). Apart from
changing the wavelength, 0y can also be varied by changing
the grating period A, which is verified by fabricating another
fork hologram with A = 1.6 ym giving &gy = 16.2° at the SH
wavelength of 450 nm (Figure S3 of Supporting Information).

The overall efficiency of the hologram # represents what
fraction of the input fundamental power is converted into a
particular SH vortex mode at the output, which is estimated by
the product of the SH conversion efficiency (CE) (the ratio of
total SH power and the fundamental beam power) and the
diffraction efficiency (DE) (the fraction of the converted SH
power coupled to a particular diffraction order), as 7 = CE-DE.
The evolution of CE and DE for each SH vortex as a function
of SH wavelength is plotted in Figure 2 for an excitation laser
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Figure 2. Evolution of the SHG CE from the hologram and the DE
for different vortex diffraction orders as a function of SH wavelength.
Excitation power is 80 mW which corresponds to a peak intensity of
21.1 kW-cm™.

power of 80 mW corresponding to the peak intensity of 21.1
kW-cm™. We observe that the SHG CE for the WS,
monolayer hologram remains between 2 X 107 to 4 x 107°
across a broad SH wavelength range of 400—520 nm, which is
significantly higher than the previously achieved SHG CE in
the order of 107! to 107 for plasmonic metasurfaces”""'* and
is in the same order of 107> observed in all-dielectric
metasurfaces made of III-V semiconductors such as gallium
arsenide® and aluminum gallium arsenide.>® Moreover, the
WS, monolayer possesses an atomic thickness of less than 1
nm, which is much thinner compared to the usual 30—50 nm
thickness of plasmonic metasurfaces and several hundred
nanometers thickness of all-dielectric metasurfaces. The
measured DE for the +1 and +2-order vortices are in the
range of 15—20% and 2.5—-5%, respectively. At the SH
wavelength of 450 nm, we determine that # ~ 2 X 107° for TC
= +1 vortices and # & 4 X 1077 for TC = +2 vortices.

Like other TMDs, WS, monolayer is a noncentrosymmetric
hexagonal crystal with 3-fold rotational symmetry belonging to
the Dj, symmetry group. Therefore, the intensity of SH
emission from WS, monolayer strongly depends on the
polarization state of the fundamental pump beam.”' ™** If we
consider an arbitrary elliptical polarization for the excitation
laser beam of E = Ey(cos 6x = i sin 6)) with 0 being the
ellipticity angle, the 3-fold rotational symmetry of WS,
monolayer crystal induces the second-order polarization of
the form P® = ey®E2[Fi sin (20)% — 3] in the material.*®
Therefore, the resulting SHG signal is given by Igq « (1 +
sin® 26) which suggests a 2-fold SHG intensity modulation as
the incident polarization is changed from linear to circular
polarization. To explore this effect on the SH vortex generation
from the WS, hologram, the variations in the intensities of +1
and +2-order vortices as a function of the ellipticity of the
fundamental excitation beam are monitored. We control the
ellipticity of the fundamental beam by varying the angle (6)
between a linear polarizer (LP) fixed along the horizontal
direction (0°) and the fast axis of a quarter-wave plate (QWP).
Figure 3a,b plots the SH intensity variations for the +1, +2 and
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Figure 3. Dependence of the intensity and ellipticity of SH vortices on the polarization state of fundamental pump beam. Polar plots of the
normalized SH intensity as a function of QWP angle for (a) the +1 and +2-order vortices, and (b) the —1 and —2-order vortices. (c) Evolution of
the ellipticity of SH vortices as a function of the ellipticity of fundamental pump beam. (d) Helicity of all the SH vortices as a function of SH
wavelength when the hologram is excited with RCP fundamental pump beam. (e) SH images for different combinations of the incident pump
polarization and the output SH polarization, showing the polarization nonlinear selection rule. H and V represent horizontal and vertical linear

polarization states, respectively.
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—1, —2-order vortices as a function of the polarization state of
the fundamental pump beam. For all the SH vortices, the
observed four-lobe patterns suggest that the intensity of the SH
signal for the circularly polarized excitation (6 = 45° + m-90°)
is twice of that under the linearly polarized excitation (6 = 0° +
m-90°). The ellipticity of the generated SH vortices is also
monitored as a function of the ellipticity of fundamental beam
by measuring the Stokes parameters (see Supporting
Information S1). Figure 3c shows that the evolution of the
ellipticity of SH vortices almost follows a sinusoidal depend-
ence on that of fundamental beam where + and — sign
indicates right- and left-handed elliptical polarization. The
results indicate that linearly polarized excitation generates SH
beams with almost the same polarization. However, an
elliptically polarized excitation produces the spin-flipped SH
vortices, manifesting the valley-contrasting physics of TMD
monolayer. Because of the presence of strong spin—orbit
coupling, TMD monolayer exhibits energy-degenerate valleys
in the momentum space at the corners of the first Brillouin
zone (K and K’ points), composed of opposite spin states and
thus can selectively absorb or emit the right- or left-handed
circularly polarized (RCP or LCP) light. The previous studies
indicate a spin flip in such polarization nonlinear selection rule
for two-photon interband transition.””** Thereby, during the
SHG process, simultaneous absorption of two RCP (or LCP)
fundamental photons at K (or K’) leads to the emission of a
counter-circularly polarized SH photon. Figure 3d plots
helicity of all the SH vortices as a function of SH wavelength
in the case of RCP excitation (see Figure S4 of Supporting
Information for the corresponding case of LCP excitation).
The helicity is defined as H = (*ﬁigg :Eigg X 100)% where
I(RCP) and I(LCP) are the measured SH intensity of the RCP
and LCP components. The measured H remains around —94%
and —89% for the +1 and +2 diffraction order, respectively.
The images of SH vortices in Figure 3e for a series of different
combinations of the incident pump polarization and the output
SH polarization state further justify the measured high helicity
for the produced SH vortices and manifest the polarization
nonlinear selection rule. We also demonstrate the crystal
symmetry related intensity variations of the generated SH
vortices at different diffraction orders as a function of the linear
polarization angle of the fundamental pump beam in Figure S5
of Supporting Information (see Supporting Information S2).

The generation of SH vortices with TC = 2 and 3 is also
demonstrated. Figure 4a,b shows the SEM image and SH
image of the patterned hologram with A = 1.6 ym on WS,
monolayer for producing the SH vortices of TC = 2. Figure
4ce shows the images of SH vortices in the +1 and —1
diffraction order, whereas Figure 4d,f shows the corresponding
cylindrical lens images confirming the TC to be +2 and -2,
respectively. Figure 4g—] shows the experimental results for
generating the SH vortices of TC = 3. Furthermore, the
generation of 2D-Airy beam with nonlinear TMD hologram is
explored, as the self-accelerating and self-healing Airy beams
have important applications in optical manipulation® and
microscopy.”® To generate the CGH, the cubic phase of a 2D-
Airy beam is encoded in the hologram plane by

27(x° + y°)
A (s)

P(x, y) =
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Figure 4. Generation of SH vortices with TC = 2, 3, and Airy beam.
(a) SEM image and (b) SH image of the fabricated CGH on WS,
monolayer for generating SH vortex with TC = + 2. (c,e) Far-field
images of SH vortices in the +1 and —1 diffraction order and (d,f) the
corresponding cylindrical lens images indicating the TC of +2 and -2,
respectively. (g—1) Experimental results for generating SH vortex with
TC = +3. (m) SEM image of the fabricated CGH with cubic phase
modulation on WS, monolayer for producing the 2D-Airy beam. (n)
SH image of the same hologram. (o) Far-field image of SH Airy
beams at the +1 diffraction order. Scale bars are 10 ym.

where p. represents the period of cubic modulation. The
amplitude profile is set as A(x, y) = 1. Figure 4m,n shows the
SEM image and SH image of the fabricated hologram, whereas
Figure 40 shows the generated SH Airy beams in the +1 and
—1 diffraction order. We verify the accuracy of the nonlinear
TMD holograms by fitting the measured optical intensity
distributions of all the generated SH vortex beams and Airy
beam with theoretically calculated intensity profiles, which are
plotted in Figure S6 of Supporting Information (see
Supporting Information S3).

Lastly, the reconstruction of complex holographic images is
further demonstrated using the nonlinear TMD holograms.
The designed binary-amplitude CGH is obtained by perform-
ing the discrete Fourier transform of the irregular phase and
amplitude information on an image (details in Methods).
Figure Sa is the original image, which is the Chinese character
for the word “light”. Figure Sb is the corresponding computed
binary-amplitude CGH with 200 X 200 pixels. The SEM
images of the fabricated hologram patterned on WS,
monolayer over an area of 25 X 25 um” is shown in Figure
Sd,e. Hence, the pixel size in the patterned hologram is 125
nm.

Figure Sc shows the numerically reconstructed holographic
image of the original image formed in the +1 diffraction order,
whereas Figure S5f displays the optically reconstructed SH
image from the fabricated hologram at the SHG wavelength of
450 nm. In Figure Sg, the broadband operation functionality of
the nonlinear TMD holograms are demonstrated with the SH
image reconstruction at three more SHG wavelengths of 415,
500, and 520 nm. The signal-to-noise ratio (SNR) for the

DOI: 10.1021/acs.nanolett.9b02740
Nano Lett. 2019, 19, 6511-6516


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02740/suppl_file/nl9b02740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02740/suppl_file/nl9b02740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02740/suppl_file/nl9b02740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02740/suppl_file/nl9b02740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02740/suppl_file/nl9b02740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02740/suppl_file/nl9b02740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02740/suppl_file/nl9b02740_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02740/suppl_file/nl9b02740_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.9b02740

Nano Letters

Figure S. Reconstruction of complex holographic image. (a) Image of
the original object which is the Chinese character for the word “light”.
(b) Calculated binary-amplitude CGH pattern with 200 X 200 pixels,
where the dark and bright parts represent 0 and 1 amplitude values,
respectively. (c) Numerical reconstruction of the original image
formed in the +1 diffraction order. (d) SEM image of the fabricated
hologram on WS, monolayer in an area of 25 X 25 um? (scale bar is
10 ym) and (e) the zoomed-in view of the yellow dashed square area
(scale bar is 1 gm). The dark part indicates the etched-out area during
the FIB milling. (f) Optical reconstruction of the original image
formed at SH wavelength 450 nm. The area highlighted by the yellow
dashed rectangle on the reconstructed image is used for measuring the
mean intensity of the image whereas the area highlighted by the white
dashed rectangle is used for measuring the mean background noise.
(g) Reconstructed holographic images at SH wavelengths at 415, 505,
and 520 nm.

reconstructed images can be defined as the ratio between the
mean intensity from a particular area of the image and the
mean value of the background noise from an adjacent dark
area. The SNR can serve as the figure of merit for assessing the
quality of the reconstructed image and thereby the quality of
the nonlinear TMD hologram. To measure the SNR, we
consider the mean intensity of a 40 X 80 pixel area of the
image (highlighted by the yellow dashed rectangle in Figure
5f) and the mean background noise from an adjacent dark area
of the same size (highlighted by the white dashed rectangle in
Figure Sf). The measured SNRs for the images at the SH
wavelengths of 415, 450, 500, and 520 nm are 7.94, 7.81, 4.57
and 3.85, respectively. Additionally, the dependence of the
SNR on the pixel size of hologram is also characterized in
Figure S7 and Table S1 of Supporting Information.

In summary, we have demonstrated the concept of nonlinear
TMD holograms with high conversion efficiency and atomic
thickness made of only single nanopatterned TMD monolayer
for SH beam shaping and holographic image reconstruction.
The beam-shaping capability of the hologram is illustrated by
the generation of SH vortex beams and 2D-Airy beam. The
conversion efficiency of nonlinear TMD holograms is notably
higher than the previously reported metasurface holograms.
Furthermore, the valley-contrasting physics associated with the
TMD monolayer is observed to provide the deterministic
control over the output polarization state of the generated SH
beam. Not only WS,, but this concept can be employed for
other types of TMDs and 2D materials as well. Moreover,
TMD monolayers are also known for possessing high third-
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order nonlinear susceptibility.”> Thus, the same TMD
holograms can easily be extended to other nonlinear optical
processes such as THG, four-wave mixing, sum and difference
frequency generation, and so forth. The atomic scale thickness
makes these TMD holograms an ideal candidate to be
integrated with modern flat optoelectronics and on-chip
wavelength multiplexing devices for beam manipulation,
optical data storage, optical communications, and information
security. Apart from this, the transparent nature with the
atomic thickness of the TMD holograms can be harnessed for
security cryptograms on banknotes and credit cards.

Methods. Computer-Generated Hologram. The binary-
amplitude CGH is generated using the Lee method”' by using
the Matlab for the numerical calculation. First a complex field
of the hologram A(x, y)e#™?) is obtained by taking the Fourier
transform of the target image where the amplitude A(x, y) is a
positive normalized function and the phase ¢(x, y) is the
desired phase pattern having a value within [—7, z]. Following
the Lee method by encoding the full phase and amplitude
information into a binary-amplitude pattern, the generated
hologram h(x, y) € {0,1} can be represented as

h(x, y) = % + %sgn{cos[z% — ¢(x, y)]

— cos[sin"(A(x, )’))]} (6)

where A is the grating period. The value of 0 or 1 for h(x, y) at
each pixel in the hologram signifies whether WS, needs to be
etched out or not during the FIB process.

Sample Preparation. The nonlinear TMD holograms are
fabricated on single-crystal WS, monolayer triangles grown by
low-pressure chemical vapor deposition on c-cut (0001)
sapphire substrate (2D semiconductors). The binary-ampli-
tude CGHs are patterned on the WS, monolayer by focused
ion beam milling (FEI Helios Nanolab 600, Ga* source, 30 kV,
1.5 pA). The ion dose, milling dwell time, and astigmatism of
the ion beam are carefully optimized to ensure the design
accuracy and minimize the Ga* contamination.

Optical Setup. The schematic of the experimental setup
used for the optical characterization is illustrated in Figure S1
of Supporting Information. Femtosecond laser pulse at the
fundamental wavelength from a tunable Ti:Sapphire oscillator
(Coherent Chameleon, wavelength range 690—1040 nm,
repetition rate 80 MHz, pulse width <100 fs) is transmitted
through a linear polarizer and a quarter-wave plate and then
slightly focused on the TMD hologram sample using a 4X
objective lens (NA = 0.12). The average fundamental pump
power of 80 mW is used corresponding to the pump power
density of 21.1 KW-cm™. SH emission from the hologram
sample is collected by either a 20X objective (NA = 0.42) or a
60X objective (NA = 0.8), filtered spectrally to remove the
transmitted fundamental pump beam and then imaged either
in k-space or real space using a color charge-coupled device
(CCD) camera. For the quantification of the SH beam
intensity of different diffraction orders, an electron-multiplying
CCD (EMCCD, Andor iXon Ultra) is used instead of the
color CCD. For polarization state characterization of the SH
emission, another combination of a quarter-wave plate and a
linear polarizer is inserted before the imaging CCD.
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