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Spatial light modulators (SLMs) are devices for modulating amplitude, phase, or polarization of light beams on
demand. Such devices are regarded as the backbone for optical information parallel processing and future optical
computers. Currently, SLMs are mainly operated in an electrical addressing manner, wherein the optical beams
are modulated by electrical signals. However, future all-optical information processing systems prefer to control
light directly by light (i.e., optically addressed, OA) without electro-optical conversion. Here, we present an
OASLM based on a metasurface (MS-OASLM), whose operation principle relies on nonlinear polarization control
of read light by another write light at the nanoscale. Its resolution is more than 10 times higher than a typical
commercial SLM and achieves 500 line pairs per millimeter (corresponding to a pixel size of only 1 pm). The
MS-OASLM shows unprecedented compactness and is only 400 nm in thickness. Such MS-OASLMs could
provide opportunities to develop next generation all-optical information processing and high resolution display

technologies.  © 2021 Chinese Laser Press
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1. INTRODUCTION

Half a century ago, enthusiasm for optical information process-
ing in parallel architectures promoted the invention of spatial
light modulators (SLMs) [1-3]. Such devices enable harnessing
light in its amplitude, phase, or polarization both spatially and
temporally at will [4,5], by which information could be
encoded into an optical wavefront with a certain spatial distri-
bution. Nowadays, the SLMs can steadily find themselves in a
broad spectrum of applications in our daily lives and cutting
edge researches, such as portable displays, virtual reality, light
detection and ranging, and super-resolution imaging [6-9].
Depending on the way that information is written into the
devices, the SLMs can be divided into electrically addressed
SLMs (EASLMs) and optically addressed SLMs (OASLMs)
[10]. Complying with the development of electronic information
technology during the past decades, the EA has become the most
popular technique in current commercial SLMs. However, for
future all-optical information process systems, the EASLMs
are not the best choice because information needs to convert
back and forth between optical and electronic domains. The
OASLMs, on the other hand, allow light modulation directly
by light without electronic-optical conversion [11,12].
Furthermore, OASLMs are essential for realizing various all-
optical applications that are impossible by EASLMs, including
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coherent to incoherent image conversion, real time optical
correlation, and parallel all-optical computation [13-17]. In
principle, OASLMs can be constructed based on nonlinearities
of materials, in which the modulation over the read light is
fulfilled by spatially selectively changing the properties of the
materials via nonlinear optical stimuli [2,18-24]. But, the non-
linearities in natural materials are too weak to support efficient
“light-control-by-light” within nanoscale volumes. This makes
the devices very cumbersome or requires strong pumping power
to accumulate sufficiently large nonlinear modulations, and thus
such devices are not suitable for the nano-era.

The recent exciting progress in the dynamic optical metasur-
face (MS) gives an opportunity to tackle the above obstacles
and provides a new framework for the nanoscaled SLM
[25,26]. The MS can also boost the optical interactions by con-
centrating light in nanoscale volumes, which makes it possible
for significant control over the light fields under, for example,
external mechanical, chemical, and magnetic stimuli [27-31].
Based on the active manipulation of light beams by external
electrical fields, the ultracompact EASLMs based on MS have
been demonstrated recently [25,26,32].

In this paper, we present a novel OASLM based on MS
(MS-OASLM). The working principle of our device relies

on the nonlinear control of the polarization of the read light


https://orcid.org/0000-0002-4451-5239
https://orcid.org/0000-0002-4451-5239
https://orcid.org/0000-0002-4451-5239
mailto:jjxu@nankai.edu.cn
mailto:jjxu@nankai.edu.cn
mailto:jjxu@nankai.edu.cn
mailto:ren_mengxin@nankai.edu.cn
mailto:ren_mengxin@nankai.edu.cn
mailto:ren_mengxin@nankai.edu.cn
https://doi.org/10.1364/PRJ.416189

Research Article - “ - @ Vol. 9, No. 4 / April 2021 / Photonics Research 611
| — R

by another write light. The MS-OASLM has a ultra-small
thickness of only 400 nm, which is thinner than one tenth
of any conventional SLMs [4]. Image projections by our
MS-OASLM are demonstrated, which are implemented by
transforming the polarization modulation into an intensity rep-
lica based on Malus’ law. The resolution achieves 500 line pairs
per millimeter (Ip/mm), which is more than one order of mag-
nitude better than the typical commercial SLMs (for example
Hamamatsu X10468-01, 25 lp/mm). The MS-OASLM would
provide a flexible and compact platform for next generation
ultrahigh resolution optical displays and all-optical applications
including parallel image processing and parallel optical
computing,.

2. RESULTS
A schematic of the MS-OASLM is shown in Fig. 1(a). The MS

consists of a 100 nm thick metallic nanostructure layer and a
spin-coated 300 nm thick ethyl-red azo polymer as a nonlinear
switching layer. The unit cells of the metallic nanostructure are
composed of L-shaped slits [shown by a scanning electron mi-
croscope (SEM) image in the inset], each of which was fabri-
cated via focused ion-beam (FIB) milling through a gold film
evaporated on a fused quartz substrate. The nanostructure lat-
tice constant is 300 nm with an entire array footprint of
40 pm x 40 pm. The blue curve in Fig. 1(b) gives the exper-
imentally measured transmission spectrum of the MS with no
write light excitation (P,, = 0), which shows a resonance dip
around 800 nm. Because the unit cells are chiral in geometry,
an initially linearly polarized wave [x-polarized in our experi-
ments, output from an acousto-optic filter equipped with a tun-
able supercontinuum laser (NKT, EXR-15)] would become
elliptically polarized with its azimuth rotated after passing
through such a medium. The polarization changes are charac-
terized in terms of azimuth rotation ¢ and ellipticity angle y
and measured using a home-built polarimeter [33,34]. The
blue trajectory (P,, = 0) in Fig. 1(c) gives experimentally mea-
sured spectra of ¢ and y in the wavelength range of 790 to
870 nm without the write light excitation. In our experiment,
a green laser (532 nm, CNILASER-MGL-III-532 continuous
laser) is adopted as the write light, which stimulates the azo
molecules initially in the trans state to convert into the cis state
[as shown in Fig. 1(a)]. Such structural isomerization reduces
the refractive index of the polymer [35] and consequently
changes the resonance conditions of the nanostructures. As a
result, blue shifts of both the transmission spectrum [red line
in Fig. 1(b)] and ¢-y trajectories [Fig. 1(c)] are observed under
just a few milliwatts of green light power (P,). Furthermore,
the gradual spectral shift for increased P, is consistent with the
fact that the change of the effective refractive index of the poly-
mer layer is dependent on the pump powers. Up to 10.8° and
9.4° nonlinear changes in ¢ and y are observed at 820 nm for
P, =4 mW, as presented in Fig. 1(d). This implies that the
polarization states of the transmitted light are efficiently varied
upon the write light, and Fig. 1(e) intuitively presents the non-
linear changes of the polarization ellipse. Besides, with different
pumping power, the refractive index of polymer is also differ-
ent. It can also be seen from Figs. 1(c)—1(e) that the polariza-
tion characters change with different write light powers (2,,).
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Fig. 1. Operation principle of an MS-OASLM. (a) An illustration
for the MS-OASLM. Write beams (green arrows) with different inten-
sities cause a spatially heterogeneous photoisomerization (trans state to
cis state) of ethyl-red azo molecules and selectively tune optical re-
sponses of the MS. This consequently affects readout light polarization
in a nonlinear manner, as indicated by the differently rotated red arrow
plane in the transmission side. Inset gives an SEM image of the MS
unit cell. (b) Transmission spectra of the MS for x-polarized read light.
Irradiation of the write light causes a blue shift of the spectrum (red
curve) compared with the initial situation (blue curve). Empty circles
are experimental data, and solid lines are eye guides. (c) Nonlinear
tuning of the read light polarization as a function of the write light
power (P,). The polarization state of light is defined by azimuth angle
¢ and ellipticity angle y (defined in inset). Positive values of ¢ and y
correspond to clockwise rotation of polarization azimuth and right-
handed ellipse, as observed against propagation direction. Under
the write light irradiation, the ¢-y trajectory of the read light suffers
a blue shift. (d) Modulation over the ¢-y curve of the read light at
820 nm. (e) Polarization ellipses of 820 nm read light under different
P
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Such profound nonlinear polarization effects are sufficient
to carry out an OASLM under a write beam. The most wide
and fundamental applications of the SLM belong to image
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Fig. 2. Image projection based on an MS-OASLM. (a) Schematic of the MS-OASLM image projection system. An input mask is imaged onto the
MS plane using 532 nm green light and is duplicated in form of a spatially inhomogeneous polarization distribution in readout light. Such a
polarization replica is transformed into an intensity replica by filtering through a combination of a waveplate and a polarizer. (b) Nonlinear intensity
modulation A7 transformed from polarization modulation. 8y, and 64 are azimuth angles of the waveplate and analyzer, respectively. In the example
shown, the wavelength of the read light is 820 nm. The maximum modulation is indicated by a white cross. A7 is divided by the incident read light
intensity (/) to get rid of the influence of the power fluctuation of the read laser. (c) Nonlinear modulations to read light intensity at different
wavelengths. Blue curve: only contribution from the nonlinear spectral shift in transmitted intensity is considered. For the wavelengths shorter than
790 nm or longer than 860 nm, A7 is smaller than zero, which gives inverse images of the mask and was not used in our experiments. Red curve:
both contributions of nonlinear changes in intensity and polarization are considered, which gives larger A/. The strongest modulation appears at

820 nm, to which the results are normalized. Empty circles are experimental data, and dash lines are eye guides.

projection. As a demonstration, an image projecting system was
built, as illustrated in Fig. 2(a). The x-polarized read beam was
impinged normally onto the MS. A combination of a quarter
waveplate and an analyzer was used to translate the nonlinear
polarization changes into intensity modulations according to
the Malus’ law. For a given write light power and a read light
wavelength, the read light intensity modulations A7 are depen-
dent on azimuth angles of waveplate Oy and analyzer 64 [33].
As shown in Fig. 2(b), for the example of 820 nm read light, the
maximum intensity modulation happens when the waveplate
azimuth orients along 121° and the analyzer axis directs along
11°. In order to exclude influence of the power fluctuation of
the read laser, the A7 is further divided by the incident read
light intensity (/). Figure 2(c) presents the maximum intensity
modulations after optimizing @y, and 0, at different wave-
lengths, and it is shown that the largest intensity modulation
happens at 820 nm, which is chosen as the read light wave-
length in the following image projection experiment. It is worth
pointing out that despite the blue shift of the transmission in-
tensity spectrum in Fig. 1(b) inducing nonlinear changes in the
transmitted read light intensity [blue curve in Fig. 2(c)], larger
AI is achieved by further converting polarization modulations
into intensity changes by the combination of the quarter wave-
plate and analyzer based on Malus’ law [red line in Fig. 2(c)].

A series of binary masks, which were made by FIB milling
transparent letters of “I © N K U” through a 200 nm thick
opaque metal film, were put in the green write beam and
imaged onto the MS plane by a combination of a lens

(f =200 mm) and an objective (10x, N.A. 0.25). In this
way, the mask images were duplicated into the polymer layer
in form of the spatially heterogeneous isomerization of the azo
molecules, which would be further transferred into the spatial
polarization variance of the read light. Another objective (10x,
N.A. 0.28) was used to collect the transmitted light, and a long
pass filter isolated the green light. The read beam was
finally photographed onto a complementary metal-oxide—
semiconductor (CMOS) camera (Nikon, DS-2MBWc). The
final readout images of the letter masks are given in the second
row of Fig. 3(a), which present reasonable reproductions of the
masks, and the scale bar is given in bottom-right conner.
The spatial resolution is an important parameter of the
SLM. The higher resolution refers to the finer modulation over
the optical wavefront. The subwavelength sized unit cell not
only makes the MS behave as a homogeneous film without op-
tical diffraction, but also theoretically promises ultrahigh reso-
lution with pixel sizes on the wavelength to subwavelength
level. To assess the spatial resolution of the MS-OASLM,
we replace the letter masks with resolution test charts, which
consist of four sets of elements. Each element encloses three
horizontal and three vertical lines. The charts are also fabricated
by FIB milling through the opaque metal film. The resolution
test charts are written onto the MS plane using the green light
and form write images with sizes ranging from 20 to 5 pm, as
shown in the first and third rows of Fig. 3(b). The readout im-
ages by the 820 nm light are given in the second and fourth
rows. The elements with sizes of 5 pm are well recognized as
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Fig. 3. Read out images of binary masks and resolution test charts.
(a) Binary masks include a series of letters, “I O N K U”. First row gives
optical images of the masks captured directly using green light
(532 nm). Images read by the red beam (820 nm) are shown in
the second row. Scale bar is 10 pm. (b) Images of different sized res-
olution test charts by the green light are given in the first and third
rows, while images by the read beam are given in the second and fourth
rows. The sizes of chart images are labeled beside each pattern. The
charts with sizes of 5 pm are well recognized as three distinct lines,
corresponding to a spatial resolution of 500 lp/mm.

three distinct lines without any blurring into one another. This
implies a spatial resolution of about 500 Ip/mm for our
OASLM, and the corresponding single pixel size achieves about
1 pm. Such resolution is more than one order of magnitude
higher than that of typical commercial SLM devices (for exam-
ple, Hamamatsu X10468-01, 25 Ip/mm) and at least two times
larger than that of previously reported liquid crystal (LC)-based
OASLMs [2,24,36].

3. CONCLUSION

In conclusion, we demonstrate here a novel ultracompact
OASLM based on the nonlinear MS, which fulfills light modu-
lation directly by another write light. Thanks to the outstand-
ing performance of the MS in manipulating light via enhanced
nonlinearities at nanoscales, the MS-OASLM acquires a merit
of unprecedented compactness with a thickness of about
400 nm, which is less than one tenth of the thickness of the
traditional LC-based SLMs. The subwavelength features of the
MS make the MS-OASLM free of diffraction in the readout
light. In addition, because no LC, electrode, and photosensing
layer are needed, our MS-OASLM has a much simpler struc-
ture than the traditional LC-SLMs, and can be fabricated
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simply by standard lithography and spin-coating techniques.
Based on our MS-OASLM, we demonstrate the image projec-
tion with a high resolution of up to 500 lp/mm, which is
more than one order of magnitude higher than typical commer-
cial SLM devices (for example, Hamamatsu X10468-01,
25 lp/mm). Furthermore, such MS-SLMs show advantages of
flexibility, i.e., the spectral response of the nanostructures, and
hence the read light wavelength of the MS-OASLM, could be
easily tuned to any desired spectral range by changing the geo-
metric parameters of the nanostructures. By replacing the
traditional bulky optical elements in the projection system with
state-of-the-art meta-components, such as metalenses [37], meta-
polarizers [38], and meta-waveplates [39], the profile of the entire
image projection system can be further greatly reduced. Such
MS-based OASLM:s could find wide applications in novel optical
displays and all-optical data parallel processing techniques.
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