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SUMMARY
In order to realize high-yield speckle modulation, we developed a novel spatial light modulator using zinc oxide single crystal
doped with nitrogen ions. The distribution of dopants was optimized to
induce characteristic optical functions by applying an annealing method
developed by us. The device is driven by a current in the in-plane direction, which induces magnetic fields. These fields strongly interact with the
doped material, and the spatial distribution of the refractive index is correspondingly modulated via external control. Using this device, we experimentally demonstrated speckle modulation, and we discuss the quantitative
superiority of our approach.
key words: nanophotonics, spatial light modulator, laser speckle, speckle
modulation, oxide semiconductor

1.

Introduction

Laser projection systems are advanced display systems with
high resolution, high brightness, and good color reproducibility. The images displayed by such systems are
formed by scanning a laser beam on a screen at high speed
to produce an image pixel-by-pixel. However, due to the
use of a laser source, observers close to the screen observe
unavoidable speckle patterns [1], which drastically reduces
the quality of displayed images. To further widen the adoption of of laser projection systems and make them suitable
for actual environments, there is a strong demand for novel
techniques that can alleviate the problems caused by speckle
patterns.
Existing techniques for speckle reduction are classified
into two categories: One is to apply decoherence to the laser
light, and the other is to obtain a time-averaged image of
modulated speckle patterns. First, because speckle patterns
are the result of interference of scattered light, applying decoherence to the light source can directly reduce the speckle
patterns [2]–[10]. Actually, incoherent light sources, such
as solar light and lamps, do not form any speckle patterns.
On the other hand, because the human eye obtains an image over a certain exposure time, speckle patterns that are
modulated at suﬃciently high speed are time-averaged and
become uniform. In such a case, the observer cannot recognize any speckle pattern [11]–[25]. In this paper, as the
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earliest stages of the latter approach, we exhibit a novel
device, which is developed and operates with an original
mechanism based on basics of nano-photonics, to modulate
speckle patterns.
Recently, we have been developing a zinc-oxide spatial
light modulator (ZnO-SLM) based on techniques that we
developed [26]. In experimental demonstrations using our
SLM, we obtained extremely large amounts of polarization
rotation. In the work described in this paper, to apply this
SLM to high-speed speckle modulation, we quantitatively
verified the performance of the SLM as an optical switching device. A nitrogen-doped ZnO single crystal that we
fabricated reveals a large magnetic susceptibility, and based
on this, we expected that it would be possible to demonstrate a novel technique for modulating the refractive index,
as well as a corresponding technique for achieving optical
switching, which have been required as one of the methods
for the speckle modulation. Based on this concept, a quantitative evaluation of textcolorredspeckle modulation is also
described.
2.

Device Fabrication

2.1 Optical Annealing
ZnO is one of the most widely used direct-transition-type
semiconductors due to its wide band gap, high electron mobility, and high transparency to visible light [27]. Although
ZnO exhibits such useful properties, it is technically diﬃcult
to implement electrically induced optical functions. One of
the major reasons for such diﬃculty is due to the diﬃculty in
fabricating devices. Generally, in order to realize an electrooptical device by using ZnO crystal, it is necessary to add
p-type dopants to the n-type crystal, so as to fabricate a p-n
junction, which exhibits various electro-optical properties,
such as a rectifying property, the photovoltaic eﬀect, and so
on [28]–[32]. However, in the case of the ZnO crystal, the
sequential generation of donor dopants occurs in the crystal
in association with the introduction of acceptor dopants, and
they compensate each other [27]. Inevitably, it is technically
diﬃcult to fabricate a p-n junction having suﬃcient quality
to be used as a practical electro-optical device.
Recently, a technique known as optical annealing [33]
has been proposed by the authors’ group. The basic setup
and mechanism of the method are schematically shown in
Fig. 1.
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In the method, in addition to thermal annealing by
Joule heating due to the application of a forward bias current between the surface side and underside electrodes, optical energy is also radiated. The base material must be
transparent to the optical energy, so that the optical energy
can eﬃciently interact with dopants in the material. In this
method, the thermal mobility of dopants is much smaller
than in the case of standard thermal annealing using electric
furnaces, and the optically-irradiated dopants behave as free
radicals. Generally, these unpaired electrons make the free
radicals have high chemical-reactivity towards other substances. Especially in the case of optical annealing, this
results in more active substitution of dopants with existing substances in the doped material, as shown in Fig. 1 (b).
Moreover, as our colleagues have previously verified [34],
the substituted dopants are not randomly distributed but reveal cluster-like distributions. Based on the fundamentals
of molecular chemistry, such materials are expected to reveal larger magnetic susceptibility, and this is the most critical and fundamental point in the following discussions. By
utilizing this method, various electro-optical functions have
been successfully demonstrated by using several types of
semiconductors [35]–[43].

Fig. 1 Schematic diagram of (a) optical annealing, and (b) the behavior
of radical dopants during the process.

2.2 In-Plane Driving Current
One of the most familiar physical manifestations of the
magneto-optical eﬀect Faraday rotation, which is rotation
of the polarization of linearly polarized incident light during propagation in a magneto-optical material by applying
an external magnetic field. In such a case, a quantitative
evaluation of the magneto-optical eﬀect is described by the
Verdet constant V = θ·χ/M·l, where θ, l, M and χ represent
the Faraday rotation angle, the length of the light path in the
material, the intensity of the magnetization vector, and the
magnetic susceptibility, respectively. As shown, the magnetic susceptibility χ is directly related to the intensity of
the magneto-optical eﬀect.
Recently, we have proposed an electro-optical device
with a novel structure, which reveals characteristic functions
by applying a current in the in-plane direction [26]. Figure 2
shows a schematic diagram of the driving mechanism of the
device. As shown, the most important aspect of the idea is
the use of current-induced magnetic fields.
As described in the previous section, because the magnetic susceptibility χ of the doped material is improved
by the optical annealing, current-induced magnetic fields
can be expected to induce suﬃcient levels of interactions
between the materials and a corresponding level of the
magneto-optical eﬀect on incident light. While common
experiments on the magneto-optical eﬀect require a large
setup to apply a strong magnetic field to the target material,
an in-plane current and the resulting current-induced magnetic fields can be achieved with a quite compact setup, as
shown in Fig. 2. In particular, because the intensity of the
current-induced magnetic field at a point is inversely proportional to the distance between the current and the point, a
suﬃcient level of the magneto-optical eﬀect can be induced
only at regions close to the surface of the device, less than
5 μm in our setup. Indeed, our group has experimentally
demonstrated large amounts of polarization rotation by using current-induced magnetic fields with a setup similar to
the one described in this paper [26].

Fig. 2 Schematic diagram of novel electro-optical device driven by
in-plane current.
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2.3

Device Configuration

Our previous achievements that revealed giant polarization
rotation were demonstrated by using a reflective-type device [26]. In order to improve the practicality of our idea,
we newly developed a transmissive-type device. Similar
to the previous device, a commercially available ZnO single crystal, which was prepared by the hydrothermal growth
method, was used, and nitrogen ions were doped into the
crystal by using multi-step implantation [36]. The implantation is done by sequentially applying N+ and N2+ with acceleration energies in six steps from 20 keV to 600 keV. As
a result, the thickness of the doped layer in the ZnO crystal became 2 ∼ 3 μm with a dopant density of 1018 ∼ 1019
atoms/cm3 , and the depth from the surface of the device was
less than 1 μm. As the surface side and underside electrodes,
150 nm-thick indium tin oxide (ITO) films were deposited
by radio frequency (RF) sputtering, and Au terminals were
fabricated at each side by deposition and etching processes.
Then, the doped-ZnO was set on a glass epoxy substrate,
and an aperture was formed to allow transmission of the incident light.
The surface side and underside electrodes were connected so as to perform optical annealing. During 16 hours
of annealing, a forward bias current with a current density
of less than 0.1 A/cm2 was applied between the surface side
and underside electrodes, which was the highest current that
could be applied without causing any thermal destruction of
the Au terminals. The photon energy of the annealing light
was set at 3.05 eV, which is much lower than the bandgap
energy of ZnO (3.40 eV), and the power density of the annealing light focused on the device was 1 W/cm2 .
After the annealing process, the electrode connection
was changed to apply the in-plane current for driving the
device, as shown in Fig. 3 (a). Here, the same light source
as that used for the annealing light was used as the input
light source, and it is linearly-polarized by Glan-Thompson
polarizer. Due to phase shifts during the propagation in the
device, transmitted light reveals elliptical polarization. Photographs of the device are shown in Fig. 3 (b). As shown,
four independent units were prepared on a single device to
verify crosstalk between each unit. Each unit has four Au
terminals, and the in-plane current was applied by connecting two arbitrary terminals of the four terminals.
3.

Refractive Index Modulation

Polarization rotation based on the magneto-optical eﬀect is
one aspect of the circular-polarization selection rule toward
optical transitions in a material with high magnetization. In
other words, a diﬀerence in refractive index between leftand right-handed circularly polarized light corresponds to
rotation of linearly-polarized light. Although giant polarization rotation has been previously demonstrated by our
group [26], here we focus on modulation of the refractive
index and a corresponding beam shift of plane-wave light

Fig. 3 (a) Schematic diagram of transmissive-type ZnO SLM and
(b) photograph of the device consisting of 2 × 2 units.

by using a ZnO-SLM. The basics of the demonstration are
described in the following.
As schematically shown in Fig. 4, because a spatial distribution of in-plane current density and a corresponding
magnetic field distribution can be made to occur by using
two terminals on the surface side electrodes of the SLM, a
corresponding spatial distribution of the refractive index of
ZnO is obtained. In such a case, incident plane-wave light
is refracted by the SLM. If diﬀerent pairs of terminals are
used, refraction in diﬀerent directions is induced.
Figure 5 show the results of some demonstrations of
the refraction of plane-wave light, where the output light
was captured by a CCD camera when voltages of 0 V (left)
and 18 V (right) were applied to the SLM. In the experiment, only one of the four units was driven, and only the
corresponding light, namely, the upper-right light in Fig. 5,
was modulated. As shown in Figs. 5 (a) and (b), only the
upper-right light was shifted in the vertical and horizontal
directions, respectively.
As we have shown, the refraction direction corresponds
to the position of the terminals used for injection of the inplane current. As a result, we verified that the spatial distributions of the in-plane current density and the corresponding magnetic fields induced a spatial distribution of the refractive index in the ZnO. During the demonstration shown
in Fig. 5 (a), the change in the refractive index, which is approximately calculated from the amount of shift of the in-
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Fig. 6

Change in refractive index.

Fig. 4 Schematic diagram of spatial distribution of refractive index due
to spatial distribution of in-plane current density (upper), and corresponding beam shift of incident plane-wave light (lower).

Fig. 7 Directions and amounts of refraction by using various pairs of
terminals with (a) annealed unit and (b), (c), (d) non-annealed units. Terminal 2 is used during the optical annealing process.

Fig. 5 Experimental results of refraction of plane-wave light in
(a) vertical direction and (b) horizontal direction.

cident light, depends on the voltage applied to the SLM, as
shown in Fig. 6.
As shown, a change in refractive index of up to 0.40,
which is 5% of the change rate relative to the default refractive index of ZnO crystal (2.00) at room temperature, was
obtained by applying a voltage of 20 V. This change is extremely large as compared to that in well-known magneto-

optical materials, such as yttrium iron garnet (YIG) [44].
Moreover, various directions and amounts of refraction
obtained by using various pairs of terminals are shown in
Fig. 7. Figure 7(a) shows a case where an annealed unit is
used, and Figs. 7 (b), (c), and (d) shows cases where nonannealed units are used. The squares and number in each
square represent the positions and serial numbers identifying terminals of the surface side electrode, respectively, and
the underlined numbers represent the used pairs of terminals.
As shown, the amounts of shift and the shift directions with the non-annealed units were more non-uniform,
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Fig. 9

Fig. 8 (a) Schematic diagram of optical setup for experimental demonstration of speckle modulation, and (b) the results of speckle modulation.

whereas more uniform refraction was obtained with the annealed unit. The results indicate that optical annealing realizes homogeneously-distributed dopants, so that the spatial
distribution of the refractive index is homogeneously modulated by using any pairs of terminals.
4.

Speckle Modulation

We experimentally demonstrated the speckle modulation
base on the beam shifts. Because speckle patterns are particular to the surface roughness at each focal point on a target,
beam shifts due to the spatial distribution of the refractive
index induce various speckle patterns. By modulating the
speckle patterns at suﬃciently high speed, the contrast of
a time-averaged image of the patterns is lower than that of
individual patterns.
Figure 8 (a) shows the experimental setup used for
demonstrating speckle modulation. Similarly to the previous demonstrations, plane-wave light from a laser source is
input to the SLM and is focused on a frosted diﬀuser to generate speckle patterns. The surface roughness parameter of
the diﬀuser is 1,000.
The focused point of light is shifted by modulation with
the SLM, and the speckle patterns generated by the diﬀuser
are correspondingly modulated. The speckle patterns obtained by the CCD camera are shown in Fig. 8 (b). The voltage applied to the SLM as a modulation signal was a sawtooth wave varying from 12 V to 24 V. A bias voltage of 12
V was applied so as to use the linear region of the modulation characteristic shown in Fig. 6.
For quantitative evaluation of our method, the speckle

Reduction of speckle contrast by using ZnO-SLM.

contrast is calculated from trimmed images obtained from
video captured by the CCD camera. Here, we obtained a
30 ms time-averaged image, which can be observed by the
human eye. The result is shown in Fig. 9.
As shown, the speckle contrast was successfully reduced from 0.67 to 0.46. However, the amounts seem to
converge to a constant value in the result. This is considered to be due to the polarization selectivity of the magnetooptical eﬀect of the SLM. Namely, because only one direction of circularly polarized light was modulated by the SLM
and the other was not, unmodulated speckle patterns remained in the time-averaged image. Thus, speckle contrast
cannot be reduced to a suﬃcient value required for actual
use as speckle reduction device, namely, less than 0.10. The
result indicates that polarization control of the laser source
is important for realizing speckle reduction with our SLM.
As a matter of fact, the results in Fig. 9 only indicates
relative changes of speckle patterns induced by our specific
setup. As further studies, in order to more strictly discuss
the speckle reduction, adopting more general methods for
the measurement of speckle contrast must be required [45],
[46].
5.

Conclusion

As shown, we described the development of a specially designed SLM, namely, a transmissive-type ZnO-SLM. Similarly to the authors’ previous approach [26], the SLM is
fabricated by using optical annealing and is driven by applying an in-plane current, which induces magnetic fields.
The results of experimental demonstrations revealed large
modulation of the spatial distribution of the refractive index.
Moreover, for the future application to the speckle reduction, we focused on high-speed modulation of speckle patterns by utilizing beam shifts of incident plane-wave light
due to modulation of the spatial distribution of the refractive
index. While the conventional approaches [11]–[25] require
a mechanical setup to realize high-speed fluctuation of the
displayed screen, the main advantage of our idea is the high
speed achieved by a compact setup that does not require any
mechanical elements, which lower the stability and durabil-
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ity of the conventional set-ups.
Moreover, the basic mechanism of our method is the
magneto-optical eﬀect brought about by current-induced
magnetic fields. As is well-known, the basic geometry of the
magneto-optical eﬀect is defined by spin flips of electrons in
a nanometric space, which are induced in processing times
of less than ps-order. Therefore, a compact, high-speed system for speckle reduction can be implemented. In future research, we are planning to quantitatively verify the response
characteristics of the modulation and optimize the specifications of the device so that it can be applied to practical
speckle reduction for laser displays in the near future.
This work was supported by a research grant from The
Murata Science Foundation and by Kyushu University Interdisciplinary Programs in Education and Projects in Research
Development.
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[29] K.D. Schierbaum, U. Weimar, and W. Göpel, “Comparison of ceramic, thick film, and thin film chemical sensors based upon SnO2 ,”
Sens. Actuators B: Chem., vol.7, no.1-3, pp.709–716, 1992.
[30] G. Kiss, Z. Pintér, I.V. Perczel, Z. Sassi, and F. Réti, “Study of oxide
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