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Nonlinear photonic crystals are capable of highly efficient nonlinear wavefront manipulation, providing a
promising platform for compact and large-scale integrated nonlinear devices. However, the current non-
linear encoding methods for nonlinear photonic crystals inherently require a number of disordered and
complex microstructures, which are quite challenging in a real fabrication process. Herein we propose
and experimentally demonstrate a nonlinear detour phase method for nonlinear wavefront manipulation
in nonlinear photonic crystals. With the proposed method, the designed nonlinear detour phase hologram
only requires a set of basic building blocks with simple shapes, which are easy to fabricate by using the
femtosecond laser writing technique. The second-harmonic hologram is demonstrated by designing the
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nonlinear detour phase patterns, and the quasi-phase-matching scheme in the second-harmonic holo-
graphic imaging process is also discussed. This study conceptually extends the conventional detour phase
method into the nonlinear regime, offering new possibilities for compact nonlinear micro-devices with
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Introduction

Nonlinear photonic crystals (NPCs), which are characterized by
a spatially modulated second-order nonlinear coefficient
(#*),""° are indispensable in nonlinear optical research and
applications requiring optical frequency conversion. The
modulated y® microstructure offers a set of reciprocal lattice
vectors (RLVs) to compensate for the phase mismatch between
the interacting waves in optical frequency conversion processes
such that the energy exchange between these waves can occur
efficiently, which is known as quasi-phase-matching (QPM).*”
Recently, many studies have reported on the nonlinear pro-
perties of NPCs, such as second-harmonic generation
(SHG),* ' and sum- or/and difference-frequency mixing and
spontaneous parametric down conversion (SPDC)."'™ For
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example, the SHG conversion efficiency in NPCs may easily
reach tens of percents.'* Therefore, they show promising appli-
cations in highly efficient frequency conversion micro-
devices,"”'® implementation of entanglement sources, and
integrated optical devices."” "

More importantly, the reversal of the sign of »® can intro-
duce an additional m-phase shift in the emitted nonlinear
polarization wave. Therefore, the transverse patterning of y
inverted areas provides an efficient way of controlling the wave-
front of the generated nonlinear wave.>*>® As a comparison,
nonlinear metasurfaces, which are also considered as candi-
dates for nonlinear wavefront manipulation, show great poten-
tial in many novel nonlinear functionalities, such as beam
steering, optical vortex, meta-lenses, and holographic
imaging.?*?° The »» modulation in NPCs is usually achieved
with ferroelectric domain engineering in nonlinear optical
crystals such as lithium niobate (LN),***' lithium tantalate
(LT),?* strontium barium niobate (SBN),** and calcium barium
niobate (CBN) crystals.'®** There are mainly two popular 3
pattern encoding methods for NPCs: nonlinear computer-gen-
erated holograms (NCGHs) and nonlinear volume holography
(NVH).>*?* With both methods, second-harmonic (SH) wave-
front shaping in NPCs has been experimentally conducted,
leading to the demonstration of Hermite-Gaussian beams,***
vortex beams,®?” Airy beams,*® and other special beams®**° at
a doubled frequency. In general, both NCGHs and NVH
methods are universal and convenient for designing y* pat-
terns. However, they show some limitations. First, as the theor-
etically calculated variation in y* is continuous from —1 to 1,
its binary representation for the experimental fabrication
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process needs to be used. This, therefore, induces SHG phase
distortion, which to some extent may impose additional errors
in the generated SH wavefront. Second, these design methods
do not take into account the actual fabrication accuracy, which
may be far lower than the theoretical expectation. In fact, the
nonlinearity modulation patterns encoded with these two holo-
graphic methods are always as complicated as the ‘quick
response (QR) codes’, featuring narrow (with a size even below
the optical diffraction limit) and oddly shaped ferroelectric
domains. This can lead to a large structural deviation between
the theoretically calculated patterns and the experimentally fab-
ricated patterns.®® Therefore, the fabrication of such disordered
and complex domain structures remains a big challenge for the
state-of-the-art domain engineering technologies, such as tra-
ditional electric field poling or the latest femtosecond laser
direct writing techniques.’>*"' Although in recent years, femtose-
cond laser direct writing, i.e. femtosecond laser poling and
erasing techniques, have made significant progress in achieving
finer pattern fabrication,*?*! the current y» encoding
methods are still not suitable for the existing fabrication tech-
nique. So far, the holographic imaging of complex patterns with
these advanced laser direct writing techniques are still lacking.
In this study, we extend, for the first time, to our knowl-
edge, the concept of a traditional detour phase method into
the nonlinear optical regime to create nonlinear holograms for
high-fidelity reconstruction of special optical beams. This pro-
posed method to modulate a nonlinearity phase is of great
potential in functional hologram design because it is very easy
to implement in the fabrication processes and convenient to
extend to three-dimensional (3D) NPCs. Specifically, the non-
linear detour phase holography utilizes a series of basic units to
construct the whole hologram. In each basic unit, there exists
the same number of antiparallel] domains, arranged differently
to generate specific phases in the holographic imaging process.
Therefore, it avoids the appearance of complex ‘QR code’ pat-
terns, achieving a more accurate and convenient fabrication
process based on the current ferroelectric domain engineering
techniques. Considering the superiority of ferroelectric domain
engineering with infrared light over the traditional electric field
poling, we employ the direct femtosecond laser induced ferro-
electric domain inversion to fabricate nonlinear detour phase
holograms in an as-grown ferroelectric Sry75Bag25NbyOg
(SBN-75) crystal. An H-shaped SH holographic image in the far
field is demonstrated, which is in good agreement with the
theoretical designs. Moreover, the QPM scheme in the SH holo-
graphic imaging process is also discussed. This high-quality
nonlinear wavefront shaping device on the NPC platform can
pave the way for applications in nonlinear integrated photonics.

Theory of the nonlinear detour phase
method

The nonlinear detour phase method is proposed to modulate
the nonlinearity phase so that the wavefront of the holographic
generation of a new frequency light can be manipulated. In
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this study, the simplest process of SHG is taken as an example
to describe the principles of this method. The reconstruction
of the target far-field SHG image is realized by properly locat-
ing a set of basic units consisting of antiparallel domains. The
one-dimensional (1D) nonlinear detour-phase hologram can
be regarded as a binary »* nonlinear diffraction grating,
where the distance between the adjacent inverted domains
determines the SHG phase gradient at this location, leading to
different diffraction angles. The two-dimensional (2D) non-
linear detour phase hologram is more complex, but it offers
more freedom and enables 2D wavefront shaping. Therefore,
we present a detailed theoretical derivation of the 2D non-
linear detour phase method in the remainder of this section.

We are committed to reconstructing an arbitrary target SH
complex amplitude distribution u(x, y) in the far field with the
nonlinear detour phase method. Here, we use a deductive
approach showing how to use this method to create a particu-
lar nonlinear detour phase hologram for achieving the target
SH field distribution. The nonlinear detour phase hologram is
composed of a set of basic units, which are encoded for arbi-
trary control over the phases of the SH beam. Unlike in its
linear counterpart,**> the basic units are selected to be )
microstructures. The basic units have the same number of
antiparallel ferroelectric domains, but the arrangement of
these domains is different for each unit. In order to describe
the selection rule of these basic units, we need to define some
parameters. As shown in Fig. 1a, the coordinates of the (n, m)-
th basic unit can be written as (né,, mé,), where §, is the side
length of square basic unit (marked by the black square in the
figure). Without loss of generality, we consider the width and
height of the inverted domains (with +)((2)) as ¢5, and W,,,6,,
respectively, and the surrounding area is filled with the —*
medium as background. The inverted domain is displaced
from the center of the basic unit (nd,, m5,) by P,,6,. We illumi-
nate the y» hologram with a normally incident monochro-
matic plane wave with a uniform amplitude. A schematic illus-
tration of the frequency conversion and holographic imaging
process is shown in Fig. 1b. For the SHG process, the second
harmonics emitted from the positive and negative 22 areas
have the same amplitude but a phase difference of n, which
imposes a binary phase distribution to the generated SH light.
Therefore, the total SH electric field, A(vy, v)), considered as
the superposition of the SH electric fields originating from
each basic unit, can be written as follows:

h(”x,-”y) = Z hnm(”xnm: Vynm)

n.m

. — Pumdy
— Z ho - exp <Ttl . rect (l/xnmC : 5bnm )reCt (W:J,:lmév)> s

(1)

Where vy = Uy — 18,5 Vypm = Uy — MO,; (Vxnmy Vynm) 18 the coordi-
nate in the basic unit coordinate system; #, is the constant
amplitude; the products of the rect functions account for the
finite dimension of the inverted domains. The Fourier trans-
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Fig. 1 General concept of the nonlinear detour phase method for frequency conversion and holographic imaging. (a) (left) Nonlinear detour phase
hologram composed of a series of basic units; (right) structure of the (n, m)-th sampling basic unit, which is composed of antiparallel ferroelectric
domains: the inverted positive (white) and negative (gray) domains showing opposite signs of the second-order nonlinearity . The inverted
domain is displaced from the center of the unit by P,,5,. (b) Schematic illustration of frequency conversion and holographic imaging caused by a
plane wave at normal incidence and transmittance through the nonlinear hologram. The SHG electric field at near-field, h(v,, v,) is composed of
superposition of the transmitted electric field hpm(vxnm. vynm) from each basic unit; SHG electric field at the far field, u(x, y), composed of superposi-
tion of the electric field upm(Xnm, Yam) contributes to the target nonlinear holographic imaging. (c) Numerical demonstration of the nonlinear pro-
perties of the four basic units (P, P,, Pz, Py4). (up) The structures of the four basic units; (middle and bottom) numerically simulated amplitude and
phase of SHG after being transmitted through the corresponding units. (d) SHG phase shift after being transmitted through Py, P,, Pz, and P4 units as

a function of P,,.

form of h(vy, v,), which represents the complex electric field in
the far field, is written as u(x,y).

The desired SHG field at far field can also be expressed in a
general form as follows:

u’(xhy) = ZA’nm exp(l(pnm) (2)

Equating the phase terms in expressions u(x,y) and u/(x,y)
leads to a simple equation:

¢nm
Py = o (3)
where ¢,,, is the phase shift of the transmitted SH in the far
field generated by the (n, m)-th basic unit. The detailed deri-
vation process is discussed in ESI Section 1.1 Eqn (3) has the
same form as that of its counterpart in the linear regime.*"*?
It shows that the SHG phase shift (¢,,,) from the (n, m)-th
basic unit is determined by the distance between the center of
the inverted domain and the center of the basic unit (Py).
Since we set the width of the inverted domain to be half the
width of the basic unit, when the inverted domain horizontally
moves inside the basic unit from —6,/4 to §,/4, the induced
detour phase varies from —n/2 to w/2. If the inverted domain
overflows the basic unit, we apply overflow correction by
moving the overflowing part to the other side of the unit, as in
its linear counterpart,*>** to obtain the detour phase varying

This journal is © The Royal Society of Chemistry 2021

from —n to —x/2 and w/2 to w. Therefore, the phase shift of
SHG varies from —x to = when the inverted up domain con-
tinuously shifts from the unit center from —-6,/2 to §,/2. In
order to avoid the appearance of very thin domains, we set the
smallest width of the overflowing domain considering the
practical fabrication accuracy, which is 1 pm in our case. To
simplify the encoding process, we divide the continuous phase
shift ¢,,, into a number of discrete values. For instance, in this
study, four discrete phases are used: —x/2, 0, n/2, and =, and
the corresponding distances between the inverted domain and
the center of the basic unit are —6,/4, 0, §,/4, and 6,/2, respect-
ively. The widths of the smallest antiparallel domain and basic
unit are 1 pm and 4 pm, respectively. The structures of the gen-
erated four basic units (P;, P,, P3, P,) with P, values of —1/4,
0, 1/4, and 1/2, respectively, are shown in Fig. 1c, where P,
corresponds to the case of the inverted domain overflowing
the basic unit. Fig. 1c also shows the numerically simulated
homogeneous amplitude and binary phase of the emitted SHG
after passing through the four basic units (the middle and
bottom rows in the figure). According to the theorem of
Fourier optics, after transmitting through Py, P,, P;, and P,
units, the SHG phase shifts at the far field are —=/2, 0, n/2, and
n, respectively. The SHG phase shift as a function of P, is
shown in Fig. 1d.

The nonlinear detour phase holography is a practical and
flexible method because one can divide the continuous phase

Nanoscale, 2021,13, 2693-2702 | 2695
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shift ¢, into different number of discrete values, depending
on the complexity of the target wavefront. In our case, four dis-
crete phases are sufficient to generate an H-shaped SH field,
while for a more complex target wavefront, eight discrete
phase values may be required and the width of each basic unit
will be doubled.

Hologram design

In this section, we use the above mentioned nonlinear detour
phase method to design a practical example of a hologram to
realize an H-shaped SH image based on the four basic units
(P4, Py, P3, P,). Here, we define the hologram plane as the far-
field plane shown in Fig. 1b, and the object plane as the image
plane of the target H-shaped SHG. The electric fields in both
planes are directly connected to each other by a Fourier trans-
form. At first, we calculate the corresponding SHG phase dis-
tribution at the hologram plane from the target H-shaped SHG
intensity pattern at the object plane using the iterative Fourier
transform algorithm (IFTA).** The electric field at the object
plane consists of an H-shaped amplitude and a random phase
as the initial input; in the process of multiple iterations, we fix
the amplitudes at the object plane as H-shape and those at the
hologram plane as an arbitrary constant; the corresponding
phase distribution at the hologram plane can be calculated if
the Fourier transform of the electric field at the hologram
plane yields the target H-shaped image. The obtained phase
varies continuously from —=x to w, so we divide it into four dis-
crete values: —n/2, 0, n/2, and =. In Fig. 2a, we schematically
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show the targeted H-shaped far-field SHG image and the
corresponding phase map at the hologram plane. Then, the
hologram can be constructed by encoding these four phase
values with the four holographic units (Py, P,, P3, P,). Fig. 2b
shows the calculated ferroelectric domain pattern with this
nonlinear detour phase method. It also shows the selection of
the four basic units (the marked four areas in the figure).
Considering the practical fabrication accuracy of ferroelectric
domain engineering, the sizes of the basic units are selected
to be 4 x 4 ym® This gives rise to the narrowest inverted
domain fabricated to be 1 pm.

In experiment, the as-grown z-cut SBN-75 crystal was used
to fabricate the nonlinear detour phase hologram.
Ferroelectric domain inversion was performed by using a
direct femtosecond poling technique.*’ More details of the
hologram fabrication are provided in the Methods section. The
engineered nonlinear detour phase hologram consists of a
series of stripe-shaped inverted domains, which are shown in
white in Fig. 2b and green in Fig. 2c and d, respectively. The
3D visualization of the fabricated ferroelectric domain struc-
ture is obtained with Cerenkov SH microscopy,** and the
result is shown in Fig. 2¢c. The size of this laser-written domain
area is 152 x 152 pm? in the xy plane, and the thickness of the
inverted domains along the z-axis is ~30 pm. An expanded 2D
view of the domain layer at a fixed depth inside the crystal is
shown in Fig. 2d, where the insets depict the enlarged domain
structure corresponding to the four basic units in a size of 4 x
4 pm?, which have a good match with the numerically
designed domain patterns. The smallest width of the inverted
domain is about 1 pm.

x (um) 152

Fig. 2 Schematic diagrams illustrating the design and fabrication of the nonlinear detour phase hologram with all-optical ferroelectric domain
engineering technique. (a) (left) The target SHG image in a form of letter 'H’; (right) SHG phase at the hologram plane calculated by IFTA and the
phase values at the marked positions @, @, ® and @ are —=n/2, 0, n/2, and =, respectively. (b) The calculated hologram obtained by placing the four
basic units at the corresponding grids; the insets show the enlarged domain pattern at the marked four positions with a size of 4 x 4 ym?. (c) The 3D
visualization of the domain structure by Cerenkov SH microscopy.** (d) The fabricated ferroelectric domain structure in the xy plane, with the insets

showing an expanded view of the domain structure for the four basic units.
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Results and discussion

To verify the proposed nonlinear detour phase method, the SH
holographic imaging from the designed hologram was experi-
mentally studied. We perform a fixed wavelength measurement
using the light source from a mode-locked Ti-sapphire femto-
second laser centered at 810 nm (Vitara Coherent, 8 fs and
80 MHz). The schematic representation of the experimental
setup is shown in Fig. 3a. To tune the polarization state and
average power of the incident beam, a half-wave plate (HW)
and a polarizer (P) were used. The fundamental-frequency
beam loosely focused by a lens L1 (f= 8 pm) pumped the holo-
gram sample (S). After being spectrally filtered, the emitted SH
signal was collected by lens L2 (f= 5 pm), and was fed into a
CMOS camera (CCD) and a spectrometer. Lens L2 was
mounted on a z-translation stage, which enabled the SHG
intensity measurements either in the far field or the near field.
Lens L3 (f = 10 pm) was only used in the near-field imaging
process. More details of the SH signal measurement can be
found in the Methods section.

The H-shaped SH beam in the far-field was observed under
an excitation of a 200 mW pump laser, and the recorded
image is shown in Fig. 3b (left). The corresponding 3D inten-
sity profile is shown in Fig. 3b (right), for which a proper
image processing involving denoising and high-resolution
reconstruction was used for a better visualization effect. For
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comparison, we also conducted the numerical simulation of
SH diffraction with the fabricated hologram, using the split-
step fast Fourier transform based beam propagation method.*
The numerically simulated far-field SHG intensity distribution
and the optimized 3D intensity distribution are shown in
Fig. 3c. A good agreement between the experimental and simu-
lation results is clearly seen. The experimentally measured
H-shaped beam shows more noise than the simulated one. A
possible reason is that the ferroelectric domain structures
used in the simulation were assumed to be constant along the
propagation direction of the fundamental beam. However, in
the real sample, the parameters of the ferroelectric domain
structures, such as the width and length of the inverted
domains, also slightly vary with the beam propagation. The
randomly changed duty cycles and distances between the
neighboring inverted domains will lead to a rather weak SHG
as a background noise.

It should be noted that, during the design of the holo-
graphic phase plate, we used as few pixels as possible, i.e. 1124
pixels in total, to reduce fabrication difficulty and hologram
size. This size-limited phase plate imposes a negative effect on
the quality of the nonlinear holographic image. In order to
achieve a high-quality holographic image with the proposed
nonlinear detour phase method, it is necessary to increase the
pixel number of the phase plate and the fabrication accuracy
(for a limited hologram size). The detailed numerical simu-

SIM._

H

IMP.

Fig. 3 Nonlinear holographic imaging with a fundamental wavelength of 810 nm. (a) The schematic sketch of the experimental setup. HW: half-
wave plates; P: polarizer; M: mirror; L1: 10 cm lens; F: band-pass filter; L2: 5 cm lens; BS: beam splitter; L3: 10 cm lens (used only in the near-field
imaging system). (b) Experimentally measured SHG holographic image in the far-field with a CMOS camera. (c) Numerically simulated far-field SHG
intensity distribution. (d) The quality-improved simulation result using the phase plate with a pixel number of 18168.
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lations of a quality-improved nonlinear holographic imaging
of letter ‘H’ with pixel numbers of 4548 (with 1-pm fabrication
resolution) and 18168 (with 0.5-um fabrication resolution) are
discussed in ESI Section 3.1 The quality-improved simulation
result using the phase plate with pixel number of 18168 is
shown in Fig. 3d. It indicates that this proposed nonlinear
detour phase method has the capability to achieve high quality
image reproduction as long as the information capacity coded
inside the hologram is large enough. In addition, a compari-
son of the holographic images of ‘hot coffee’ reconstructed by
the nonlinear binary phase hologram and the proposed non-
linear detour phase hologram (the pixel number of the phase
plate and fabrication resolution setting are 7860 and 1 pm,
respectively) is discussed in ESI Section 4.1 ESI Fig. S31 shows
that a nonlinear binary phase hologram is always accompanied
by large processing errors leading to a low holographic
imaging quality, while as a simple and efficient method, this
proposed nonlinear detour phase hologram plays an impor-
tant role in the improvement of image quality.

It is known that this efficient nonlinear frequency conver-
sion process requires the fulfilment of phase matching con-
ditions. By measuring and analyzing the emission angles of
the SHG, we confirm that the frequency doubling process in
our case was generated via nonlinear Raman-Nath diffrac-
tion."® We calculated the Fourier spectrum of the fabricated
hologram, which exhibits a pair of H-shaped RLVs in the
Fourier space, as shown in Fig. 4a. The magnitude of the RLVs
corresponding to the center of the letter H was 1.57 ym™,
which corresponds to the nonlinear Raman-Nath SH emission
at an angle of +5.74° (calculated with the refractive index from

G, (pm")
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ref. 47) with respect to the propagation direction of the funda-
mental beam. The nonlinear Raman-Nath phase matching
scheme refers to the situation wherein the transverse com-
ponent of the QPM conditions is fulfilled, ie., k,-sin(d) = G
with G representing RLVs. The experimentally measured emis-
sion angle is +(5.8° + 0.5°), agreeing well with the calculated
value. It should be noted that the SHGs from the nonlinear
detour phase hologram are not collinear with the fundamental
beam, but are distributed symmetrically on both sides of the
fundamental beam. These two SH beams have the same
spatial profile and symmetric emission angle. This character is
useful for many applications such as the spatial manipulation
of entangled photons via spontaneous parametric down
conversion.*®

In addition to demonstrating the nonlinear analogue of the
detour hologram, we took the opportunity to use the hologram
structure to demonstrate the self-imaging effect in the near-
field, the so-called nonlinear Talbot effect.”” Fig. 4b (left)
shows the SH self-imaging, ie., the stripe-shaped domain
pattern of the nonlinear hologram. Fig. 4b (right) shows the
zoom-in of the nonlinear Talbot images of the marked area
and the four typical building units (P, P,, Ps;, P,). The
measured dependence of the SH power on the pump power of
the fundamental beam is shown in Fig. 4c. The quadratic fit
(red curve) agrees well with the experimental data (black
circles).

It should be noted that in the derivation of the mathemat-
ical principles of the nonlinear detour phase method, we used
an ideal medium approximation, ie., we supposed that the
nonlinear coefficient was positive (+4*)) in the laser poled

i

i
T
1.57um!}

G, (um™)

(b)

152 um

¥ (pm)

@Pl ®P3

i : 2] "
AHEN-

4um

X (nm)

Fig. 4

50
Experiment >
(-]
§ 40 —— Square fit
£ 30
f 20
10
0
®P; @P, 0 50 100 150 200 250 300

P, (mW)

Illustration of the nonlinear Raman—Nath-type QPM in the nonlinear detour hologram. (a) Fourier spectrum, i.e., the distribution of reciprocal

vectors calculated from the experimentally engineered hologram and the nonlinear Raman—Nath-type QPM scheme. (b) Hologram induced SH self-
image at the first Talbot plane®® (left) and the zoom-in nonlinear Talbot images of the marked area and the four typical building units (P, P,, Pz, P,)
(right). (c) Dependence of the output SH power on the pump power at a fundamental wavelength of 810 nm.
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areas and negative (—4®) in the background area. However,
the nonlinear detour phase hologram was fabricated in the as-
grown SBN-75 crystal, which consisted of oppositely oriented
and spatially randomly distributed submicron size ferroelectric
domains.” The laser writing resulted in a uniform + in the
processed areas representing the holographic pattern, leaving
the randomly distributed antiparallel domains as a back-
ground. This disordered nonlinear background in the real
hologram is equivalent to an optical medium with a nonlinear
coefficient equal to zero (linear background).

To investigate the impact of the totally random ferroelectric
domains surrounding the nonlinear holographic patterns, we
numerically simulated SHG intensity distribution and its
dependence on three kinds of backgrounds, i.e., a uniform
—? background (left column), a random nonlinear back-
ground (middle column) and a linear background (right
column). Fig. 5a shows the four basic units (P;, P,, P;, P,) with
different backgrounds. The mean diameter of antiparallel
domains in the random nonlinear background is selected as
100 nm, which was measured using an atomic force micro-
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scope (Bruker Dimension Edge) in the piezoelectric force
microscope (PFM) mode (ESI Fig. S17). Fig. 5b shows the non-
linear detour phase holograms with different backgrounds.
Fig. 5¢ shows the corresponding Fourier spectrum, which exhi-
bits a pair of H-shaped RLVs. With the split-step fast Fourier
transform based beam propagation method,*” we numerically
simulated the far-field SHG intensity distribution when an
input power fixed fundamental beam (centered at 810 nm) is
incident on each of these three holograms. The well-controlled
H-shape SH emissions are obtained in all these cases, as
shown in Fig. 5d. However, it is clear that the background
affects the intensity of the SHG. To quantitatively demonstrate
the difference, we calculated the total integrated SHG intensity
inside the green line marked area in Fig. 5d. It shows the
equal SHG intensity emitted from the holograms with random
nonlinear and linear backgrounds, which is one quarter of
that from an ideal hologram with a uniform —y!* background.

This behavior can be understood by considering the fact
the random background does not contribute to the efficient
emission of coherent SH signal in the geometry of interaction
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0
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™ I, B i s
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Fig. 5 SHG distribution generated from the designed nonlinear detour phase holograms with different backgrounds. (Left column) uniform —;

background; (middle column) random +5*

nonlinear background; (right column) linear background. (a) The structures of the four basic units (Py, P,

Ps, P4) with P, values of —1/4, 0, 1/4, and 1/2, respectively. (b) Constructed holograms with the four holographic units (Py, P, P3, P4) for the non-
linear generation of an H-shaped image restoration. (c) The distribution of reciprocal lattice vectors calculated from the corresponding holograms.

(d) Numerically simulated far-field SHG intensity distribution.
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in this study,” i.e., the fundamental beam propagating along
the z-axis of the crystal, and hence does not affect the holo-
graphic imaging of the target object. As the effective nonlinear
coefficient is zero in the random background regions (instead
of —4® for the uniform crystal), the effective nonlinearity
modulation is half of the original value, leading to four times
lower SH signal as a result of the quadratic dependence of the
SH intensity on the strength of nonlinearity.

It should be noted that the inverted nonlinear structure sur-
rounded by a linear background is equivalent to a linear struc-
ture surrounded by a nonlinear background. The latter case is
a typical structure fabricated by femtosecond laser erasing
technique.?® Therefore, this presented simulation of the first
case (with a linear background) indicates that the proposed
nonlinear detour phase method is also suitable for a sample
fabricated by the femtosecond laser erasing technique. We
believe that presenting the simulation of a linear background
can inspire a wider interest in this nonlinear detour phase
method.

Conclusion

In conclusion, we introduced the concept of nonlinear detour
phase holography for generating coherent SH light with an
arbitrary wavefront. The designed nonlinear detour phase
hologram comprising basic units as building blocks can
provide phase discontinuities across the surface; thus the
emitted SH wavefront can be completely manipulated. The
relationship between the SHG phase shift and the arrange-
ments of antiparallel domains inside the basic unit is estab-
lished theoretically. The simplified basic units not only ensure
the fabrication accuracy, but also can be easily engineered by
laser direct writing technology. Combining the proposed non-
linear detour phase holography and the advanced femtose-
cond laser domain inversion technique, we presented the first
experimental demonstration of an H-shaped SH detour phase
hologram, and then we discussed the QPM scheme in the non-
linear holographic imaging process. This study provides an
alternative way to obtaining coherent light with predesigned
shapes at new frequencies. We envision that this study not
only can be easily extended to the 3D nonlinear holographic
imaging of complex patterns, but also promises the integration
of linear and nonlinear optoelectronic multiple functional
devices due to the compatibility with other existing optical
manufacturing techniques on NPC platforms.

Methods

Nonlinear detour phase hologram fabrication

A femtosecond writing optical beam from an oscillator
(Coherent, Mira) operating at 800 nm was tightly focused by a
50x microscope objective (NA = 0.65), and the focus was
located about 45 pm below the surface of the SBN-75 sample.
The average poling power of the laser beam was 290 mW. The
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SBN-75 sample was mounted on a computer-controlled xyz
translation stage. To implement ferroelectric domain inver-
sion, first the shutter was opened for 0.1 s and then the crystal
was translated against the incident beam along the z-axis with
an average speed of 2.5 mm s~ . After this process, the shutter
was closed, and the beam moved to the next position to repeat
the domain inversion process. Optical poling relies on a non-
linear absorption process of femtosecond laser pulses, and
induces a thermoelectric field and consequently rearranges
the ferroelectric domains along this field in the focal volume
of the beam. Stripe-shaped inverted domains with different
lengths were produced by keeping a small distance (0.5 pm)
between the neighboring domain spots to make them merge.

Nonlinear holographic imaging measurement

A mode-locked Ti-sapphire femtosecond laser system (Vitara
Coherent, 8 fs and 80 MHz) was used to provide the funda-
mental-frequency beam at 810 nm. The polarization state and
average power of the fundamental beam were controlled by the
combination of a half-wave plate (HW) and a polarizer (P).
Then, a lens L1 (focal length f = 8 cm) was used to loosely
focus the horizontally polarized fundamental beam into the
designed hologram sample (S) with a spot size slightly larger
than the diameter of the hologram, so that the hologram with
a diameter of 152 pm can be homogeneously covered by the
pump laser. In this configuration of an ordinary (o)-polarized
pump laser, only the oo-e interaction is available to recon-
struct the nonlinear holographic image via the nonlinear
coefficient of dz; in the sample. A short-band-pass filter (F)
was used to filter out the fundamental beam, and then the
emitted SH signal was collected by lens L2 (focal length f =
5 ¢m) and then recorded using a CMOS camera (Prime 95B,
PHITIMETRICS) and a spectrometer (Acton 2500i with Pixis
CCD camera, Princeton Instruments). The collection Lens L2
was mounted on a z-translation stage, which enabled the SHG
intensity measurements either in the far field or the near field.
Furthermore, to measure the SHG in the near field, we intro-
duced a confocal microscope system by adding a 10 cm focal
lens L3 before the CMOS camera and spectrometer, respect-
ively. Then the SHG in the near field could be obtained by
properly setting the distance between L2 and the sample.
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