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A high-resolution optically addressed spatial light
modulator based on ZnO nanoparticles

Pawan Kumar Shrestha, Young Tea Chun and Daping Chu

An optically addressed spatial light modulator (OASLM) can modulate the wavefront of a read light by displaying a phase pattern or a
hologram configured by the intensity distribution of a write light. Using ZnO nanoparticles (NPs) as a novel photoconductor, a
high-resolution OASLM was fabricated. A ZnO NP suspension was spin-coated on an indium tin oxide (ITO)-coated glass substrate
and annealed to form a photosensitive layer. The device was characterized electrically and optically. The device was operated at low
driving voltages in the transmission mode. Updatable recording of a diffraction grating up to 825 Ip mm™? with a diffraction efficiency
(DE) of 0.05% and binary holograms with pixel sizes from 2 pm down t0 0.72 pm were demonstrated using a 405 nm wavelength write

laser and a 635 nm wavelength read laser.
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INTRODUCTION

A hologram as a recorded interference pattern consists of both ampli-
tude and phase information of the light diffracted from the target
object. When the read light passes through such an interference pat-
tern, it recreates the replay image of the recorded object, which can
give viewers a sensation of viewing a real three-dimensional (3D)
object. To provide a wide viewing angle, the pixel pitch of the record-
ing media needs to be comparable to or smaller than the wavelength of
light. This is difficult to achieve using the current electrically addres-
sable spatial light modulators (EASLMs), such as phase-only liquid
crystal on silicon devices or digital mirror devices. In contrast, the
structure of an optically addressed spatial light modulator (OASLM)
enables very high resolution without the need for complicated fabrica-
tion processes. Moreover, for pixelated EASLMs, dead space between
pixels is inevitable, which acts as a two-dimensional diffraction grat-
ing, resulting in an undesirable diffraction pattern on top of the
desired image. However, OASLMs have no physically pixilated elec-
trodes, and they do not require complicated electronic addressing
circuitry to drive. The absence of inter-pixel gaps and ease of fabrica-
tion and operation together with the extremely high resolution achiev-
able for written phase patterns make the OASLM a favorable choice for
holographic displays.

It is desirable to have an OASLM that is capable of forming high-
resolution holograms over a large active area and that can be easily
fabricated at alow cost. The resolution of OASLMs is largely limited by
lateral charge diffusion in the photoconductor layer and the fringing
electric field profile in the liquid crystal (LC) layer. Traditionally, a-
Si:H materials were used as photosensors in photoconductor or pho-
todiode configurations."”” Fukushima et al? demonstrated an
OASLM with a resolution of 175 Ip mm ™" and a diffraction efficiency

(DE) of approximately 0.01% using an a-Si:H film. This was a signifi-
cant improvement over the previously reported resolution of ~50 lp
mm ™. With the help of a C-doped a-Si:H film, the OASLM resolution
was further improved to 370 Ip mm ™~ with a peak DE of 8%.° In this
case, the modulation transfer function at 50%, generally considered an
indication of the spatial resolution of the device, was measured to be
~225 Ipmm ™.

Other materials used as photosensors in LC OASLMs include 7Zn0,’
BSO,!° crystalline silicon,>* As-Se,’ a—ASZS36 and phthalocyanine.7 In
parallel, photorefractive polymers exhibited the ability to record inter-
ference fringe patterns of micron sizes, although very high voltages of
5-10 kV must be applied during operation for a device 50-100 pm
thick."" Using certain combinations of photoconducting polymers
and LC materials, high-resolution devices have been achieved with
relatively low driving voltages.'> An interference period of 1.9 um
(527 Ip mm™ ') with a DE of 1.5% was reported when using a nematic
LC (NLC) with Cgo-doped poly(N-vinylcarbazole) at an operating
voltage of 80 V direct current (DC)."

A typical OASLM device consists of a photosensitive film next to a
layer of a light-modulating material, with both of these layers sand-
wiched between two pieces of indium tin oxide (ITO)-coated glass.
The resolution of an OASLM is dependent on the lateral diffusion
length of charge carriers in transit. Wang and Moddel'* developed a
transient charge transport model to simulate the limits of resolution of
an OASLM. The write light, incident on the photosensor layer, gen-
erates the charge carriers. These charge carriers diffuse and drift until
they are trapped or the write light is off. Introducing defects at the
interface to trap charge carriers can improve the resolution. In the case
of OASLMs with crystalline semiconductors, pixelating the interface
can impede the charge spreading effect.'*'> A thin photoconductor
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layer helps minimize lateral charge spread, but it may be difficult to
fabricate a thin crystalline photoconductor, or the sensitivity of the
thin layer may be low.

In this work, we use a ZnO nanocolloidal suspension in ethanol to
form a novel nanoparticle (NP)-based photosensor for an OASLM.
ZnO NPs can exhibit a photo-current on/off ratio of six orders of
magnitude. The high absorption of UV light by the ZnO NP layer
enables the fabrication of a very thin photosensor layer. The ZnO
NP layer has a high defect density and hence lower charge mobility
compared to a crystalline ZnO layer. These properties suggest the
potential to achieve high spatial resolutions for updatable holograms
using such a ZnO NP layer. The proposed OASLM device consists of a
ZnO NP photoconductor film next to a layer of NLC material, with

both of them in between two pieces of ITO-coated glass, as shown in
Figure la. We succeed in recording a fringe period as small as 1.2 pm
(825 Ip mm ') with a DE of 0.05%.

Solution-processed ZnO NPs offer several advantages in terms of
flexible deposition, easy customization of material properties, low cost
fabrication and the ability to be applied on large-area devices.'®'” ZnO
NPs can be spin-coated on top of different types of substrates and
annealed in a reasonably low temperature range of 100—400 C to form
a ZnO NP photoconductor film. Unlike nanowires, NPs require no
alignment to enhance device performance. These features of ZnO NPs
will allow future applications in flexible OASLMs. Furthermore, ZnO
NP photosensor films can be used together with bi-stable ferroelectric
LC materials to enable active tiling of holograms on OASLMs for large
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Figure 1 Device structure and hypothesized carrier transport. (a) OASLM device structure. (b) ZnO NP layer showing depletion region. (c) Disappearance of depletion
region under UV illumination. (d) Charge hopping for a single and a multi-layer of ZnO NPs under UV illumination and applied voltage. For a single layer,
pr~Pproexp(—d/d,), and for a multi-layer, aH/al ~ P2/ pm ~ exp(—dq/dy) and o) ~a . Here py is the probability of a charge carrier hopping a distance d, dy is
the depletion distance, d, is the mean free path, ppo is the normalized hopping probability within the mean free path, py, and py» are the probabilities of hopping
through paths hy and hs, respectively, and o) and ¢ are the lateral and orthogonal conductivities, respectively. ITO, indium tin oxide; LC, liquid crystal; NP,
nanoparticle; OASLM, optically addressed spatial light modulator; UV, ultraviolet.
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updatable holographic displays.'® ZnO itself has a wide band gap
(Eg=3.4 eV) and is transparent to visible light. Undoped ZnO is
normally n-type because of oxygen vacancies in the material.'*™!
Oxygen atoms on the surface of a ZnO NP adsorb free electrons
through a process of O,(g)+e —O, , resulting in a depletion region
of low dark conductivity near its surface. When the ZnO NP film is
subjected to suitable UV light radiation, electron-hole pairs are gen-
erated. The generated holes can recombine with the electrons adsorbed
by the oxygen atoms at the ZnO NP surfaces through a process of
h*+0, 7 (ad)—0,(g). This leads to an increase in the free electron
density and a decrease in the thickness of the depletion region and
hence increases the conductivity of the ZnO NP film.?***2* When the
UV radiation is turned off, the oxygen atoms re-adsorb the free elec-
trons again, decreasing the conductivity of the photoconductor film.
The large surface-to-volume ratio of the ZnO NPs results in a large
depletion region being formed on the NP surfaces in the dark state.
This makes the conductivity of the ZnO NPs very sensitive to UV
radiation, allowing the use of a relatively thin photosensor layer in
an OASLM. The conduction mechanism of a NP film in this case is
significantly different from that of a bulk single crystal or an amorph-
ous film, where the injected electrons hop from particle to particle.*®
During the OASLM operation, we have an optical region of illumina-
tion. This region has an increased number of charge carriers and hence
an increased conductivity, making it an electrically active region.
However, the size of the whole electrically active region for the LC
switching is determined by the charge diffusion coefficient and the
illumination time (Figure 1b and 1¢). The illumination time has to be
greater than the LC switching time (for an NLC, ~10 ms, and for a
ferroelectric LC, ~10 ps), and the charge diffusion coefficient of the
NP ZnO filmis 1.1X10~* cm?s ™!, which is much smaller than that of
a bulk film due to the NP’s surface depletion region and the single
particle stacking layer of the film.”® Hence, we can envisage that a
monolayer ZnO NP film would have a greater vertical charge carrier
mobility and a lower lateral diffusivity due to the hopping conduction
mechanism illustrated in Figure 1d, thus increasing the resolution of
the OASLM."*

The resolution of an OASLM is one of the fundamental factors
limiting the viewing angle (Figure 2a) and is given by
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Figure 2 (a) An illustration of the viewing angle of a 3D image on an OASLM. (b)
An image of a fabricated ZnO NP OASLM cell in which the logo of the University of
Cambridge underneath the cell is clearly visible. 3D, three-dimensional; NP,
nanoparticle; OASLM, optically addressed spatial light modulator.

doi:10.1038/Isa.2015.32

High-resolution OASLM based on ZnO nanoparticles
PK Shrestha et al

A

0=+sin" ' ———
+ s 2 x pixel pitch

where 0 is the viewing angle and / is the wavelength of light.

MATERIALS AND METHODS

Device fabrication

A typical ZnO NP OASLM fabricated in our lab is shown in Figure 2b.
ITO-coated glass substrates 16 mmX21 mm in size (~30 Q sq~ ')
were cleaned thoroughly by Acetone/IPA sonication. A ZnO NP sus-
pension in ethanol (Sigma Aldrich Co., Gillingham, Dorset, UK) was
spin-coated on top of ITO-coated glass followed by annealing at
180 C for 10 min. The ZnO NP suspension we use contains NPs with
an average size of approximately 35 nm and a maximum size
<130 nm. Therefore, we chose to prepare an 80 nm thick ZnO NP
film. The layer thickness was measured using Dektak. Figure 3a shows
the atomic force microscope image of the deposited NP layer, and the
RMS roughness measured in a 1 pm? area is 4.65 nm. The photosen-
sor layer was rubbed for LC alignment. Polyimide (AM4276) was spin-
coated on a separate ITO-coated glass substrate and baked at 140 C
for 5 h followed by rubbing. The cell was fabricated by gluing these two
rubbed layers in an anti-parallel configuration with the alignment
directions facing each other and 5.5 um spacers between them. The
cell gap was measured to be 5.7 um using a Fizeau interferometer. The
cell was then filled with NLC E7 (Merck, Hull, UK) via the capillary
effect. The filling hole of the cell was sealed with glue, and the electrical
connections were soldered. Reproducibility of the process was con-
firmed by fabricating five working OASLMs. These devices have been
stored at normal room temperature for more than eight months, and
no degradation has been observed.
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Figure 3 (a) Atomic force microscope image of the ZnO NP layer. (b) UV-vis
absorption spectra of the ZnO NP layer. (c) Relation of ZnO NP on/off conductivity
of films annealed at various temperatures. (d) Temporal current response with
and without illumination. Samples are illuminated by 10 mW cm™2 from a
365 nm light emitting diode with 6 V DC applied throughout. DC, direct current;
NP, nanoparticle; UV-vis, ultraviolet-visible.
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Electrical characterization

For conductivity measurements, two rectangular-patterned ITO elec-
trodes, each 18 mm in length and 4.5 mm in width with a separation
of 500 pm, on glass were used. Eighty-nanometer thick ZnO NP layers
were deposited by spin-coating and then annealed at different tem-
peratures. I-V measurements of the corresponding dark/photo cur-
rents of the ITO-ZnO-ITO structures were carried out using an
Agilent 4156 (Yokogawa-Hewlett-Packard Ltd, Hachioji-Shi, Tokyo,
Japan) together with a 365 nm light-emitting diode light source of
2 mW cm ™% The conductivity ¢ of the sample is calculated as

dl

=Ty (2)
where d is the separation of the electrodes, I'is the measured current, L
is the length of the electrodes, tis the thickness of the layer and Vis the
applied voltage. The -V measurements show that ohmic contact is
formed at the ZnO-ITO interface. For an annealing temperature of
180 C, photo/dark (on/off) conductivities were measured to be
0.001 Scm™ ' and 1.44X107® S cm ™!, respectively. The spectrometry
results in Figure 3b show that the absorbance of our ZnO NP film
peaks at 360 nm and rapidly falls as the wavelength increases. This
visibly transparent material shows a sharp decrease in the photo-
current in the range of 400 to 700 nm.”> When excited by a laser
(405 nm, 18 mW cm™?), the photoconductivity is measured to be
2.64X1077 Scm™', which is low compared to the light emitting diode
excitation. Nevertheless, the prepared photoconductor film is suffi-
ciently sensitive to modulate the LC materials in an OASLM. Our
preliminary experiment shows that at 473 nm, a powerful 5 mW laser
is needed as a write light. A detailed investigation is necessary to
determine the quality of the image produced. A decrease in the NP
size leads to a shift of the peak absorption wavelength toward shorter
wavelengths due to the quantum confinement effect. It has been
demonstrated that the peak absorption wavelength shifts from
360 nm to 310 nm as the particle size decreases.”””*® This suggests that
our OASLM with a smaller NP size may be able to operate with a
UV light as the write light and red, green and/or blue light as the read
light.

As shown in Figure 3¢, the on/off current ratio increases with the
annealing temperature in the range between 100 and 400 ‘C. Low dark
current is very important for producing high quality images.'’
Unfortunately, for the film annealed at a higher temperature, the
current remains high for a longer period after the illumination is
turned off relative to that for a film annealed at a lower temperature
(Figure 3d). The minimum annealing temperature has to be higher
than the boiling point of the solvent used for the suspension of NPs.
OASLMs were fabricated with ZnO NP layers annealed at tempera-
tures between 100 and 180 ‘C, and they showed very similar electrical—
optical performances. In this work, we chose to use 180 ‘C annealing
to ensure satisfactory solvent drying.

RESULTS AND DISCUSSION

Optical testing of the fabricated OASLM was carried out in transmis-
sion mode using the setup shown in Figure 4. DEs for various spatial
frequencies were measured. The modulation transfer function of the
device in Figure 5a shows the resolution to be 250 Ip mm™'. A 405 nm
laser is used for writing images throughout the experiment. We limit
the laser power to 5 mW so that the image written on the OASLM can
disappear within one second, as an increase in the laser power results
in increased photocurrent, resulting in a longer decay time once the
laser is switched off, thereby retaining the image for hours. It is
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Figure 4 (a) Experimental setup for DE measurement and holographic imaging.
(b) Two lens de-magnification optics. DE, diffraction efficiency; NP, nanoparticle;
OASLM, optically addressed spatial light modulator.

observed that a low-resolution image is retained for longer. As the
resolution of an image increases, the image retaining time decreases.

The DE can be increased by increasing the power of the write light at
the expense of a lower image refresh time. As shown in Figure 4a, the
imaging lens (achromatic doublet lens) is placed between a Ronchi
diffraction grating and the OASLM at a distance of twice the focal
length from either of them. Several Ronchi gratings with spatial fre-
quencies ranging from 25 to 300 Ip mm ™' were imaged at a ratio of
1: 1 onto the OASLM. For a read operation, a 635 nm laser of 2 mW is
used. The polarizer and analyzer were placed orthogonal to each other
after the read laser and OASLM. Higher spatial resolutions (355—
825 Ip mm ') are created and imaged by de-magnifying the Ronchi
grating using a two lens system. As shown in Figure 4b, the focal length
of lens 2 (f2) is chosen to be larger than that of lens 3 (f3). When the
Ronchi grating is placed at a distance f2 before lens 2 and the distance
between lens 2 and lens 3 is (f2+£3), the image formed at distance f3
from lens 3 will be de-magnified by a factor of f3/f2.

The OASLM is operated in the phase modulation mode. The di-
rector of the NLC is pre-aligned in a direction parallel to the polarizer.
The conductivity of the ZnO NP film in the region illuminated by the
write light increases significantly. This prompts NLC molecules in the
bright region to rotate relative to those in the dark regions, effectively
transferring the image from the photosensor layer to the LC layer. At
the same time, using a polarized read beam passing through the LC
layer and the analyzer, the transferred image of the grating can be
verified by measuring the angle between the zero- and first-order
diffraction of the read light using Equation (3):

ma
= 3
a sin 0,, (3)
where ais the period of the imaged grating, m is the order of diffraction
and 0 is the diffraction angle for the mth order. The measurement of
the angle between the zeroth- and first-order diffraction as the read
light passes through the OASLM is presented in Figure 5b.
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The turn-on and turn-off times of the photoresponse in colloidal
ZnO NP films were shown to be approximately 0.1 s and 9-10 s,
respectively, for the photocurrent to change by three orders of mag-
nitude.”® Although the specific values of the response times depend on
device geometry, fabrication conditions and light illumination intensity,
our observations are consistent with previously presented results. When
the driving frequency of the write light is higher than a few tens of hertz,
the modulation of the read light in accordance with the write light is no
longer visible. This is most likely because the write time is insufficient to
produce the charge distribution needed for the realignment of the
photosensor—LC interface layer® as a result of the high defect density
in the NPs."” Further research is needed to increase the refresh rate of
such a system. A 0.2 Hz alternating current (AC) square wave of 6 V
amplitude was used to drive the OASLM. A selected grating was imaged
onto the OASLM. The intensities of the zeroth order (I;) and the first
order (I,) of diffraction were recorded and used to calculate the first-
order DE. The DE is the measure of the ability of a device to diffract the
optical power into a designated direction and is given by

I
DE= - x 100%
Iy

)

where I; is measured after the analyzer and I, is measured without any
write light in the same configuration. This DE is termed the cell DE in
the literature.”®! The light intensity is measured at the end of a positive
driving pulse using a power meter. All measurements are carried out in

doi:10.1038/Isa.2015.32

a dark room, and the background noise is subtracted from the recorded
reading.

The measured DE is maintained at a constant level of approximately
1.5% for the gratings with a recorded resolution of up to 200 Ipmm ™',
as shown in Figure 5a. Beyond 200 Ip mm ™', the DE is observed to
decrease sharply. The DE for each resolution can be optimized sepa-
rately to achieve a higher value of ~10%, but we have intentionally
used a lower value of ~1%, which is better for the comparison of the
performance over a large range of spatial resolutions. The thickness of
the NLC used in our device was 5.5 um to ensure a phase change >n
when switched, but it is yet to be optimized. If we consider the ideal
case of a device with infinitely large electrodes, the electric field di-
rection in the LC is perpendicular to the electrodes. When the ratio of
the pixel size to the LC cell thickness of a device is less than 1, the
electric field at the edge of the electrodes deviates away from the
surface normal, creating the field called the ‘fringing electric field’,
as shown in Figure 5c and 5d. The fringing electric field is one of the
most important factors that determine the resolution of a device.
When the ratio of the layer thickness to the pixel size is much greater
than 1, the area affected by the applied electrical voltage will be much
larger than that of the pixel electrode itself. Hence, electric field pro-
files tend to interfere with neighboring pixels, resulting in the non-
ideal phase profile of a LC.>***

The resolution of the image formed by the imaging lens is limited by
diffraction and is given by

Light: Science & Applications
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where (Al) i, is the minimum resolvable distance, f is the distance
between the lens and the focal point, / is the wavelength of light and D
is the lens diameter. For 1 : 1 imaging using the setup in Figure 4a, the
diffraction limit imposed by the lens is calculated to be 1.94 um. For
the de-magnification setup in Figure 4b, the diffraction limit is calcu-
lated to be 0.61 pm. We use achromatic doublet lenses for both setups
to minimize the chromatic and spherical aberrations. However, at
higher spatial resolutions, monochromatic aberrations affect the
image to some extent, degrading the quality of the Ronchi grating/
image imaged onto the OASLM. A higher spatial resolution grating
will diffract the write light into a wider angle, resulting in only a few
low orders being focused by the imaging lens. This decreases the con-
trast of the image formed on the photosensor layer and contributes to
the lower DE.

The holograms recorded on the OASLM are replayed using a
635 nm wavelength read laser. Figure 6a illustrates the image pro-
duced by a 2 um pixel size binary hologram recorded on glass and
illuminated by a 405 nm laser. Figure 6b is the replay image produced
by that hologram as recorded on the OASLM with 1:1 imaging.
Figure 6¢ shows the replay image reproduced by the OASLM recorded
with de-magnified (1:0.42) imaging at a pixel size of 0.84 um, and
Figure 6d shows the same image with de-magnified (1:0.36) imaging
at a pixel size of 0.72 um. Figure 6e shows the image of a dragon
produced by a 2 um pixel size binary hologram recorded on glass
and illuminated by a 405 nm laser. Figure 6f shows the replay of that
hologram once it is recorded onto the OASLM with 1: 1 imaging. For
the holograms shown in Figure 6, the intensity of the write light is
~40 mW cm ™.

CONCLUSIONS

In summary, we have been able to fabricate updatable high-resolution
OASLMs with photoresponsive layers based on ZnO NPs. The fab-
rication process itself is simple and can be done at low temperatures

Figure 6 (a) Image produced by a 2 um pixel size hologram on glass as illumi-
nated by a 405 nm laser; (b) replay of 1:1 image reproduced by the OASLM; (c)
replay of de-magnified image (1 :0.42) with a pixel size of 0.84 um reproduced by
the OASLM; (d) replay of de-magnified image (1 : 0.36) with a pixel size of 0.72 pm
reproduced by the OASLM. (e) Image of a dragon generated by a 2 pm pixel size
hologram on glass as illuminated by a 405 nm laser; (f) replay of 1:1 image
reproduced by the OASLM. OASLM, optically addressed spatial light modulator.
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(<180 “C). A resolution of up to 825 Ip mm ™" has been achieved on
an OASLM operated with a low AC voltage (<6 V). We believe that
this was made possible by two factors, a photoconductive film made of
a thin layer of semiconductor NPs for minimum lateral charge and a
NLC material with a reasonably sharp threshold voltage.
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