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ABSTRACT: A nonlinear holographic technique is capable of processing Nano-domain S
optical information in the newly generated optical frequencies, enabling
fascinating functions in laser display, security storage, and image
recognition. One popular nonlinear hologram is based on a periodically e
poled lithium niobate (LN) crystal. However, due to the limitations of
traditional fabrication techniques, the pixel size of the LN hologram is
typically several micrometers, resulting in a limited field-of-voew (FOV) of

several degrees. Here, we experimentally demonstrate an ultra-high-
resolution LN hologram by using the laser poling technique. The minimal

pixel size reaches 200 nm, and the FOV is extended above 120° in our
experiments. The image distortions at large view angles are effectively
suppressed through the Fourier transform. The FOV is further improved by
combining multiple diffraction orders of SH fields. The ultimate FOV under

our configuration is decided by a Fresnel transmission. Our results pave the way for expanding the applications of nonlinear
holography to wide-view imaging and display.
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O ptical holography has been widely applied in optical properly designed x¥ structure (ie, nonlinear photonic

display, data storage,"” information security,’™> and crystal). One can modulate the amplitude or the sign of 7®
microscopy® since its invention.” This method is capable of through amorphizing the LN crystalline®® ™ or reversing the
reconstructing both the intensity and phase information on an LN domain.>*™*° Due to the limitation of traditional
object in a light field. With the rapid development of computer fabrication techniques, the pixel size of the LN nonlinear
technology, computer-generated holograms (CGHs) have hologram is typically several micrometers in previous works,
attracted more research interest, which can be feasibly realized resulting in an FOV of several degrees.

- 8-10
by spatial light modulators (SLMs). However, the popular Recently, we have developed a nonreciprocal femtosecond

liquid-crystal-based SLM features a typical pixel pitch of tens of

micrometers, which severely limits the quality of the using this technique, we experimentally demonstrate an ultra-
reconstructed field, including the field-of-view (FOV). Here, high-resolution LN nonlinear hologram. The hologram pixel
the FOV is defined by the equation 6 = 2 Sin_l(ﬂ/ 2p), where pitch reached 200 nm. In the experiment, the FOV of the
A is the wavelength of light and p is the pixel pitch. Clearly, the second-harmonic (SH) field is extended to 120°. We
performance of the SLM cannot meet the needs of advanced demonstrate its applications in wide-view nonlinear holo-
applications such as near eye display. To increase the graphic imaging, the generation of a two-dimensional (2D) SH
hologrlziglgc FOV, the traditional way is to splice multiple spots array, and a high-numerical aperture (NA) SH cylindrical
SLMs or utilize curvecll4 Eolograms such as Cyhndfiécf‘; lens. Our method paves the way for the promotion of the
diffractive optical elements M;_Band flexible materials. performance of nonlinear holograms for high-end applications.
Graphene and meta-surfaces ™ ™" are also used to improve Figure la shows the experimental scheme of laser writing of

the performance of holograms. LN domains. The licht . de-locked Ti:sapphi
Now, the concept of holography has been extended to omains. She Hght source is a mode-ocked Llsapphtre

nonlinear optics, leading to nonlinear hologra.phy.24_3’0
Compared to its linear counterpart, nonlinear holography
reconstructs the images in the newly generated fields at
second-, third-, and high-harmonic frequencies by spatially
manipulating nonlinear coeflicients, which has potential
applications in optical storage and security encryption. One
popular nonlinear hologram is lithium niobate (LN) with a

laser writing technique to fabricate LN nanodomains.”® By
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phase modulation in the LN hologram. (c) Dependence of Fresnel transmission coefficients at an SH wavelength of 400 nm on the output angle

~120°. (b) Phase hologram for the generation of SH wavy lines calculated by using the G—S algorithm and then binarized to match the binary-
from LN to air.

Figure 2. (a) Generation of SH dots and wavy lines. The fundamental wavelength is 800 nm. One can observe the SH pattern within an FOV of
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laser (Chameleon Vision-S, Coherent), which outputs short
pulses at an 800 nm wavelength, a 75 fs pulse duration, and an
80 MHz repetition rate. The sample is 5% MgO-doped x-cut
LN crystals. The linearly polarized laser beam is focused into
the LN crystal by an oil immersion objective (63X, NA = 1.4).
At the focal point of the laser beam, the spontaneous
polarization of LN can be reversed due to the presence of a
laser-induced thermoelectric field through multiphoton
absorption. Notably, only the E, component of the electric
field is involved in the manipulation of the LN ferroelectric
domain. E, exhibits a head-to-head distribution (see the inset
in Figure la), which results in the nonreciprocity of laser
writing. Figure 1b shows a typical procedure for fabricating an
LN nanodomain bypassing the diffraction limit of light. In the
first step, the laser beam moves along the —z direction. E, is
applied first, which produces no domain structure because it is
parallel to the spontaneous polarization of LN. Then, field E,
that is antiparallel to the spontaneous polarization is applied,
resulting in a reverted domain. In the second step, the laser
beam moves along the +z direction. The sequence of E; and E,
being applied to LN is switched, which can be used to remove
the existing domains partially or completely. In this way, we
can fabricate a domain structure with a feature size beyond the
diffraction limit of light. In experiment, we use a moving stage
(PS62.6CD, Physik Instrument) with a range of 200 ym (x) X
200 um (y) X 200 ym (z) and an accuracy of 7 nm. The laser
pulse energy is 2 nJ, the writing velocity 10 ym/s, and the
typical time to fabricate one sample ~S h.

The nonlinear hologram is designed by using the
Gerchberg—Saxton (G-S) algorithm.** Considering that the
SH waves generated in positive and negative LN domains have
the same amplitude but a z-phase difference, we use the
binary-phase nonlinear hologram for the experimental
demonstration (Figure 2a). During the optimization process,
we add a random phase into the target image as the initial
input. After a certain number of iterations, one can obtain an
optimized phase hologram. Then, we binarize the phase

distribution (Figure 2b) to obtain the structure function of
1,Hg >

H(y, z) =
0,Hegs < 7 (1)

where Hg is the phase distribution directly calculated by the
G—S algorithm. The distribution of 7% in a nonlinear
hologram is written as

7Py, 2) = dgl2H(y, 2) - 1] ()

where dg is the effective second-order nonlinear coeflicient. In
comparison to its linear counterpart, the design of an LN
nonlinear hologram should consider the wavelength con-
version and the binary-phase modulation.

Considering an SH generation process, the theoretical FOV
of LN nonlinear hologram is decided by

0 = 2sin""(4,,/2p) (3)

where 4, is the SH wavelength. In the experiment, we first test
the FOV of a nonlinear hologram by reconstructing dots and
wavy lines at the SH field. The nonlinear hologram (Figure 2b)
is designed according to eqs 1 and 2. The hologram area is 100
pum (y) X 100 um (z), and the pixel size (p) 200 nm. The
fundamental light with a wavelength of 800 nm is focused onto
the LN hologram. Then, the transmitted fundamental light is
filtered out by a short pass filter, and the far-field SH field is
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projected on a screen. Figure 2a shows the recorded SH
patterns at different distances. According to eq 3, one can
achieve a full FOV of 180° in theory using a pixel size of 200
nm. However, the measured FOV in experiments is ~120°. We
also fabricate a nonlinear grating for testing, and the SH
diffraction can be observed within an FOV of ~143° (see
Figure Sl for details). The difference is due to the low SH
intensity at a large emit angle, resulting from the decreased
transmissivity. We calculate the dependence of Fresnel
transmission coefficients at the SH wavelength of 400 nm
(Figure 2c). With an increase in the incident angle, the
transmission coefficient of s-polarized light decreases monot-
onically while the transmission coeflicient of p-polarized light
reaches a peak and then decreases rapidly. In our experiment,
we use a p-polarized fundamental wave, and the SH field
gradually becomes indistinguishable at an output angle of
>60°. At a pump power of 2.5 W, the conversion efficiencies
are 1.7 X 107 and 8 X 1077 for s- and p-polarized fundamental
light, respectively. In addition, the SH pattern is distorted at a
large angle, which can be attributed to the invalidation of
paraxial approximation (see Figure S2 for details).

To suppress the image distortion, we add an objective (50X,
NA = 0.8) right after the nonlinear hologram (Figure S3). Its
function is to perform Fourier transform of the SH field in the
hologram plane. The cost is that the NA value of the used
objective defines the range of the collected SH field. In
experiments, we reconstruct the 2D projections of a series of
cubes from different view angles at SH fields. The total FOV is
designed to be 90°. The fundamental wavelength is set at 800
nm. The simulated SH pattern at 400 nm is shown in Figure
3a, in which four cubes are present at view angles of —45°,
—15° 15°, and 45°. The experimental patterns with negligible
distortions are quite consistent with the numerical simulations.
In addition, by properly designing the nonlinear hologram, one
can combine multiple diffraction orders of SH lights together
to extend the holographic field. In experiments, we use this
strategy to demonstrate the generation of a hexagonal SH

'P@E D

-45° -15° +15° +45°

bz

central-order

£

Figure 3. After Fourier transform through an objective, one can
reconstruct SH images with negligible distortions. (a) Reconstruction
of a cube with different view angles (—45°, —15°, 15°, and 45°) at the
SH field. (b) By properly designing the nonlinear hologram, one can
combine the central and first and higher orders of SH fields to
compose a large-area hexagonal array.
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Figure 4. Demonstration of a nonlinear cylindrical lens. (a) Optical image of a nonlinear cylindrical lens recorded by confocal SH microscopy. The
details are measured by using lateral piezoresponse force microscopy (PFM) as shown in panels b and c. (d) Normalized SH intensity profiles at
different distances from the sample. One can clearly observe the tight focusing of SH light. (e and f) SH patterns at x = 0 ym (ie., the sample
surface) and x = S5 um (i.e., the focal plane), respectively.
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array. As shown in Figure 3b, a uniform SH array is
reconstructed by combining the central and first and higher
orders of the SH lights. The FOV is measured to be 106° along
the y direction. The array parameters, including its period and
symmetry, can be easily tuned by optimizing the nonlinear
hologram.

In addition, the nonlinear hologram with a subwavelength
pixel size can be used as a high-NA lens working at the SH
wavelength. Here, we design a nonlinear cylindrical lens as an
example. The phase distribution of a cylindrical lens in the y—z
plane is written as

HCL=ZTLU(\/f2 +y° _f) 4)

where @ is the frequency of the fundamental wave and f is the
focal length. By binarizing phase distribution Hc;, we obtain

the structure function of a nonlinear hologram, i.e.
1, He > 7

H(y, z) =
0,Hep =7 Q)

Figure 4a shows an image of the used nonlinear cylindrical
lens, which consists of striped domains with designed widths.
The structure area is 190 ym (y) X 190 ym (z), and the
domain line width decreases gradually from 2 ym to 200 nm.
Panels b and ¢ of Figure 4 show the lateral PEM phase and
amplitude images, respectively, which present the details of a
nonlinear cylindrical lens. In the experiment, we input an 800
nm laser beam along the x direction. The SH intensity profiles
at different propagation distances are listed in Figure 4d.
Measured focal length fis 55 pm, which is consistent with the
designed value. Correspondingly, the NA of the nonlinear
cylindrical lens reaches 0.86. Panels e and f of Figure 4 show
the recorded SH patterns at x values of 0 and 55 pm,
respectively. The full width at half-maximum of the focused
line in Figure 4e is measured to be 310 nm. The theoretical
value”' is calculated to be A,,/(2 X NA)~233 nm. The
difference can be explained by the reduced transmissivity of
light with a high spatial frequency.

To summarize, we have proposed and experimentally
investigated an ultra-high-resolution nonlinear hologram in
the LN crystal. Using the femtosecond laser poling technique,
the pixel size is reduced to 200 nm. Correspondingly, the FOV
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of the generated harmonic field is extended beyond 120° in
experiments. In addition, we demonstrate its applications in
large FOV nonlinear holography, generation of a high-density
SH spot array, and a high-NA cylindrical lens working at the
SH wavelength. Under our experimental configuration, the
FOV of the output SH field is ultimately limited by Fresnel
transmission coefficients. There are several potential ways to
further improve the performance of the LN hologram. For
example, advanced algorithms without paraxial approximation
are re%uired to remove the image distortions at large
angles."”" A curved LN hologram helps suppress the negative
effect of the Fresnel transmittance. The signal-to-noise ratio of
the generated SH image can be improved by using a thin LN
crystal to reduce the background noise or optimizing the laser
writing parameters to reduce the scattering loss. Also, one may
use LN nanodomains to compose a superpixel hologram for
complex-amplitude modulation of nonlinear waves for high-
quality imaging. Our method provides a powerful platform for
manipulating nonlinear optical interactions for advanced
applications across different wavelength bands.
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SH diffraction pattern of a nonlinear grating (Figure S1),
image distortion at large emit angles (Figure S2), and
schematic illustration of the experimental setup for
nonlinear holography (Figure S3) (PDF)
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