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. The development of digital holography is anticipated for the viewing of 3D images by reconstructing

. both the amplitude and phase information of the object. Compared to analog holograms written by a
laser interference, digital hologram technology has the potential to realize a moving 3D image using

. aspatial light modulator. However, to ensure a high-resolution 3D image with a large viewing angle,

. the hologram panel requires a near-wavelength scale pixel pitch with a sufficient large numbers of

. pixels. In this manuscript, we demonstrate a digital hologram panel based on a chalcogenide phase-
change material (PCM) which has a pixel pitch of 1 um and a panel size of 1.6 X 1.6 cm?. A thin film of
PCM encapsulated by dielectric layers can be used for the hologram panel by means of excimer laser
lithography. By tuning the thicknesses of upper and lower dielectric layers, a color-selective diffraction
panel is demonstrated since a thin film resonance caused by dielectric can affect to the absorption and
diffraction spectrum of the proposed hologram panel. We also show reflection color of a small active
region (1 pm X 4 pm) made by ultra-thin PCM layer can be electrically changed.

In digital holography, spatial light modulators (SLM) have been a key technology in the realization of mov-
* ing 3D images. One of the most well-known and commercialized approaches to make an SLM is using the
. liquid-crystal-on-silicon (LCoS) platform!~, as this platform can fully control the 2w phase shift with an electric
. signal. Although the LCoS platform has been leading the SLM technology due to its competitiveness with regard
© to visible light control, reducing the size of the active region is limited due to crosstalk of liquid crystals*. The
* smallest pixel pitch for an LCoS-based SLM still remains in about 3.7 pm scale, which is insufficient to provide
. digital hologram images with an ultimately large viewing angle®. It is considered that a pixel pitch of nearly one
. wavelength or less is required for digital holograms to have a sufficient viewing angle to naturally serve several
© users without any kinds of eye-tracking techniques®’.
With the growth of nanophotonics, many researchers have proposed innovative approaches for overcom-
ing the pixel size limit of digital holography. For example, designing a metasurface, which is an artificial unit
. cell structure patterned on a thin metallic substrate, has attained the possibility of digital hologram pixels on
© the subwavelength scale®-12. Patterned nanorods or nanoslits with different shapes!! or orientations'? have been
. used to record the amplitude and phase information of virtual objects. Using metasurfaces can improve digi-
. tal holography technology by instilling various functionalities, such as extremely high diffraction efficiency?,
. polarization dependent dual-image generation'®, negative refractions', and the arbitrary phase generation of
surface field!>'6. However, active pixel-by-pixel control of phase retardation is quite difficult on a metasurface, as
it requires geometrical changes of nanostructure, such as the individual rotation of each nanoslit. Although recent
. reports demonstrated the active control of metasurfaces, switching of the metasurface was not applied to the unit
: pixel but instead to the entire metasurface area'”.
: To control light actively, one promising method is to use a phase-change material (PCM). Representative
PCMs such as vanadium dioxide (VO,) or germanium antimony tellurium alloy (Ge,Sb,Te;, GST) have been
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Figure 1. Schematic of the proposed multi-layered GST-based sample and its hologram recording process.

thoroughly researched for integrated active optical devices. For example, VO, undergoes a thermally driven phase
change near 68 °C, transforming from the semiconductor to the metallic phase state. With VO,, active optical
devices such as perfect light absorbers!8, switchable nanoantennas!®2°, and ring resonators?! have been reported,
but devices based on VO, have drawbacks as they have to maintain the temperature in certain region to retain its
own phase state.

On the other hand, the GST alloy is a phase-change material which has been conventionally used in opti-
cal data storage devices such as DVDs?2. It is known that the heating of the GST layer to 150 °C crystallizes
the material, whereas total melting and quenching of GST at 600 °C can return the material to an amorphous
state®. Between amorphous and crystalline states, significant changes in the refractive index and extinction coef-
ficients which reach nearly ~0.5 at visible frequencies have been reported?*. Moreover, the phase change of GST
film is non-volatile, repetitive, and easily controlled by both electric and photonic stimuli®®. Therefore, it has
been reported that only a few nanometers of GST film can result in a total change of the reflected color, with
the inserting of the GST film into the dielectric cavity**. Due to these benefits, GST has not only been used in
next-generation non-volatile memory devices??, but also in upcoming subwavelength-scale display pixels*.
Periodic nano-disks patterned on a metal/GST composite layers has been reported for tunable perfect absorbing
metamaterials in the visible and mid-infrared ranges®”3, and optically reconfigurable metasurfaces based on GST
were very recently reported?. However, there are no reports on the full implementation of a digital hologram
which can be directly observed by the human eye with a phase-changeable chalcogenide compound.

The presented report demonstrates that an ultra-thin GST layer inserted into a dielectric medium can enhance
the diffraction efficiency and can be used for color-selective diffraction. The thicknesses of the dielectric layers
play a significant role in the high diffraction efficiency, as the diffraction-enhanced wavelength is mainly deter-
mined by thin-film resonance condition of the dielectric cavity. It is shown that the resonance condition after the
insertion of GST film can be red-shifted or blue-shifted from the original resonance condition according to the
material state of GST film, allowing a large phase change of the reflection coefficient to be achieved before and
after the crystallization of the GST. Computer-generated hologram (CGH) patterns with a 1 um (or 2 um) pixel
pitch and a 16k x 16k resolution are shaped by the local phase change of GST film, which was accomplished by
excimer laser lithography. An additional experiment for electrical switching of a small active region (1 pm X 4pum)
is done for showing the potential of proposed scheme as an electrically-driven SLM.

Materials and Methods

Fabrication of the hologram panel with laser lithography. The basic scheme of the proposed thin-
film GST-based digital hologram is shown in Fig. 1. Initially, 300 nm SiO, film is deposited as a thermal isolation
layer onto a six-inch Si wafer by plasma-enhanced chemical vapor deposition (PECVD). Next, a 300 nm Al layer
is sputtered for reflection layer. Dielectric-GST-dielectric composite layers are then sputtered onto the metal
surface in a step by step manner. Here, we use indium-tin-oxide (ITO) for the dielectric layer owing to its high
conductivity and heat dissipation rate. The initially sputtered GST film is in an amorphous state. The thicknesses
of ITO layers vary in this study so that color selectivity can be realized. A Cr mask with a CGH pattern carved
on quartz substrate was also prepared for the local phase change of the GST film. After attaching the mask to the
fabricated ITO-GST-ITO (IGI) composite layer, an excimer laser with a wavelength of 308 nm, a pulse width of
30ns, a repetition rate of 600 Hz, and a maximum pulse energy of 580 mJ/cm? is used for the local crystallization
of the GST film. The excimer laser has a line-shaped beam profile with 400 pm width parallel to the scanning
direction, and more than six inches of the width perpendicular to the scanning direction, as illustrated in Fig. 1.
By varying the pulse energy illuminated on the sample, we found that the appropriate energy region for crystal-
lizing the GST film without damaging the other layers such as Al and ITO, is 60-80 mJ/cm? (See supplementary
part A for details).

Material characteristics of the GST film.  As reported in many previous works using the GST alloy?-2%,
GST undergoes a phase change which can be repetitively switched. Because the material characteristics of GST
can differ slightly when different composition ratios and sputtering conditions are used®, it was necessary to
measure the electrical resistances and optical constants of the actual GST alloy used in this work for amorphous
and crystalline states. In Fig. 2a, the electric resistivity of the GST while varying the temperature is shown. A
20-nm-thick GST film sputtered on a SiO, substrate served as the monitoring sample, where the measurement of
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Figure 2. (a) Phase-change diagram of GST alloy by measuring its electrical resistivity in a temperature-
controlled chamber. (b) Optical characteristics of the 20-nm GST alloy in the amorphous (blue solid) and
crystalline (red dashed) states using an ellipsometer system.

the resistivity was done inside a furnace chamber under an N, gas flowing condition. The initially sputtered GST
film had an amorphous state with very high resistivity, and crystallization occurred when the film was heated to
150°C. Therefore, in accordance with the increase of temperature, the resistivity of the GST film is reduced and
an abrupt change occurs near 150 °C, which is a phase change from the amorphous to the crystalline (cubic)
state. After reaching 300 °C, cooling of the GST film does not restore its high resistivity; i. e., the low resistivity
condition is maintained. Such a non-volatile phase change characteristic of GST has been numerously applied to
develop high-density phase-change memory (PRAM) devices™ as well as classical optical memory such as DVDs.

Otherwise, the optical permittivity of the thin GST film before and after crystallization is our main concern for
optical modulation. Figure 2b shows real (Re(eggy)) and imaginary (Im(eggr)) parts of GST permittivity levels as
measured by an ellipsometer system (EC-400, J. A. Woollam Co.). In this study, the region of interest is the visible
light range at wavelengths of 400 nm to 700 nm. In this range, it is noteworthy that Re(eggr) has a positive value
in an amorphous state, whereas a negative value is noted in a crystalline state. However, we cannot clearly classify
these states as dielectric or metallic phases due to the high imaginary part of e for both phases, as depicted in
the lower plot of Fig. 2b. Nevertheless, the sign-change of Re(egsr) plays a crucial role to the shifting-direction of
absorption resonance inside the IGI composite layer, which will finally enhance the diffraction efficiency of the
proposed hologram image. The details of the theoretical analysis will be given in the design rule section.

The optical constants of ITO that are used in the simulation are also measured by the same ellipsometer sys-
tem. (See supplementary Part B) The permittivity of other materials such as Al and SiO, was sourced from the
literature’!.

CGH pattern generation. The CGH pattern carved on the Cr mask was calculated using the method intro-
duced by K. Matsushima®. The number of hologram pixels is 16,384 x 16,384, and two types of pixel pitches, 1 pm
and 2 pm, are designed. To improve the memory issues for calculation, the CGH patterns are segmented into
8 x 8 blocks with a size of 2,048 x 2,048 pixels. To observe the holographic image with different depth informa-
tion, two distanced image planes of z, =15cm and z, =12.5 cm are applied for the 1 um pixel pitch CGH pattern.
Here, we define the location of the CGH pattern as zoqy =0 cm. The CGH pattern is designed to reconstruct a
checkerboard image at z, and letters ‘NANO SLM’ at z,. For the case of 2 um pixel pitch CGH mask, z;, =60 cm
and z, =50 cm are applied. The total size of hologram image is almost same as that of CGH panel, which are about
1.5cm, 3 cm for 1 um, 2 pm pixel pitch, respectively. Therefore, our hologram panel can be clearly observed by
human eye without any optical instruments.

Results and Discussion

Design rule of IGI composite layers. In this section, we would like to discuss how to design a hologram
image with the phase change of ultra-thin GST film. In order to generate a hologram image, light passing through
the CGH panel should be efficiently diffracted and these diffracted lights form a hologram image at the image
plane. Therefore the brightness of the reconstructed hologram image is affected by the first-order diffracted light
from the CGH image®, and it is necessary to optimize the diffraction efficiency of the gratings formed by the GST
phase transition. Since our scheme is a binary hologram, which has the first-order diffraction efficiency (D)
with an approximated formof D, = |r,,, — rc,),|2 /w23, where r,,, (or T.y) is the reflection coefficients of the IGI

composite layer when the intermediate GST film is amorphous (or crystalline) phase state, respectively. To
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Figure 3. (a) Schematic diagram for illustrating the major variation of the optical spectrum when amorphous
(or crystalline) thin GST film is inserted into ITO on a metal substrate. (b) Simulation (blue dash-dotted) and
experimental (red solid) results of the reflection spectra to observe the effects of the GST thickness.

(c) Reflectance and reflection phase of the IGI composite layer designed for broadband visible light diffraction
(IGI 30/7/30 nm). The upper-right inset shows the abrupt phase difference of reflected light as measured by a
Michelson interferometer experiment. (d) The upper-side plots show the experimental results of the reflection
spectra for amorphous (solid lines) and crystalline (dashed lines) GST inserted panels designed for red, green,
and blue color-selective diffraction. The lower-side plots show the numerical results of the reflection phase
difference|Zr ,,, — Zr,,,|between the amorphous and crystalline GST insertion cases. The bottom images show
the color of reflection panels and their IGI thickness conditions.

maximize the diffraction efficiency, we choose a strategy to increase the phase difference between ,,, and r,,, close
to w. Figure 3a shows the aspect of reflection spectrum of our IGI composite layer when inserted GST film is
phase-changed. Without considering the thin GST layer, the air-ITO-Al layer has its own destructive thin-film
interference resonance condition at Ay = 4n;od 7o/ (2m — 1), where m, n;ro and d;g are the natural number for
the cavity resonance order, the refractive index of ITO, and the thickness of ITO, respectively. When GST film is
inserted into the ITO layer, two major changes appear in the spectral response. First, the absorption resonance dip
in the destructive thin-film interference resonance condition is enlarged due to the high lossy characteristic of the
GST film. Second, interestingly, the absorption resonance dip is red-shifted after the insertion of the amorphous
GST film, whereas it is blue-shifted after insertion of the crystalline GST film.

Such characteristics are plotted in Fig. 3b in both transfer matrix method (TMM) numerical simulations and
experimental measurements. As discussed in the material characteristic section, such different directionalities of
the resonance shift can be explained by the sign-change of real-part permittivity of GST. The sign-change of real
permittivity can increase or decrease the effective cavity length formed by IGI composite layer. More precisely, we
theoretically confirmed that the resonance dip is red-shifted when Re(e;;o + £gg7) is positive, whereas it is
blue-shifted when Re(e;1 + €¢qr) is negative (See supplementary part C). Moreover, from Fig. 3b, we can find
the appropriate thickness region of the GST layer for the resonance shift phenomenon. A GST layer (3 nm,
4.5nm) which is too thin cannot significantly shift the resonance wavelength between the amorphous and crys-
talline phase change; therefore, the reflected color (and reflection phase difference) does not change sufficiently.
On the other hand, the direct reflection at the upper ITO-GST interface is increased when too thick GST layer
(15nm, 20 nm) is used, which makes the reflected color from the IGI composite layer into gray tone for both
material phase states. The appropriate thickness of the GST layer has been determined to be close to 7nm, which
also showed the most significant color change in a previous study?*. We also numerically confirmed in our recent
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Figure 4. Reconstructed hologram images from the proposed 1 pm pixel pitch GST-based CGH patterns to
verify (a) the different depth information and (b) the full parallax characteristics. (c) Reconstructed hologram
images to verify the color-selective diffraction panels. The Lower-side image of each hologram image shows a
microscope view of each CGH pattern. (2 pm pixel pitch).

work that the diffraction efficiency has the highest value when this GST thickness condition is used as well as
color difference.

When an absorption resonance dip is located at a certain wavelength, it is known that an abrupt phase change
should appear at the resonance wavelength owing to the Kramers—Kronig relation. Figure 3¢ shows the simula-
tion results of the reflectance and reflection phase of an IGI composite layer under the 30/7/30 nm condition,
which is modeled as a broadband diffraction condition. In this case, d; is only 60 nm; therefore, the first-order
resonance (m = 1), which has fairly broad bandwidth, appears in the visible light spectrum. The resonance dips
are located at 680 nm for the amorphous GST and 480 nm for the crystalline GST. It is shown that the reflection
phase abruptly changes at the resonance wavelengths in each case. Therefore phase difference ( £r,,, — Zr,, | is
sufficiently large in the range of 480 nm to 680 nm, which contains nearly the entire range of the visible-rfight
spectrum. The inset of Fig. 3¢ shows the experimental results to verify the abrupt phase change between amor-
phous and crystalline IGI composite film using the Michelson interferometer system at 532 nm. The lower-half of
the sample was changed to the crystalline state using excimer laser prior to the interference experiment. This
figure clearly shows that an abrupt phase change occurs before and after the crystallization of the GST layer, which
will be quite useful for diffracting light and generating a binary hologram.

If we use a thicker ITO layer, the cavity length of thin-film resonator is increased. Therefore, first-order res-
onance spectrum moves to the infrared wavelength region, and higher order resonances appears in the visible
wavelength. Because these higher order resonances have much narrower spectra, we can use these narrower
resonance to design a color-selective diffraction grating by simply tuning the thickness of the ITO and the relative
position of the GST layer. In Fig 3d, we show the reflected power and phase spectra for three different thickness
compositions of the IGI layer for red, green, blue color-selective diffraction. Similar to the plot shown in Fig 3c,
the regions for large phase differences are shown for each color by the GST phase change, but these regions are
only applied to the specified RGB color region in each case. In our configuration, the wavelength region for the
high-diffraction efficiency condition is matched to that for the absorption resonance, where the direct reflection is
minimized. Therefore, the diffraction colors of IGI composite lasers are opposite to their own color. For example,
the red-selective diffraction panel is cyan in color, the green-selective one is magenta, and the blue-selective one is
yellow-gold, as shown in the bottom images of Fig. 3d. Such a complementary color panel may increase the view-
ing contrast of hologram images when the reflection panel is directly observed by the human eye. For the broad-
band diffraction case, the absorption resonance is broadly positioned along the visible light spectrum. Therefore,
the color of panel seems to dark-blue for the amorphous state and brown for the crystalline state, respectively.
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Figure 5. (a) Fabricated structure for phase-changing of thin GST film with electric pulse. (b) SEM image of
the active region that used in electric pulse experiment. (c) Microscope views of the active region and reference
cells before and after the GST phase transition.

Reconstructed hologram image. The reconstructed hologram images from the CGH patterns with a pixel
pitch 1 pm and with the 30/7/30 nm IGI thickness condition are shown in Fig. 4a. A Green laser diode source
(Ventus 532) of 15mW at 532 nm is used in the experiments shown in Fig. 4a,b, which is also consistently used in
interferometer experiment in Fig. 3c and the green source of color-selective experiment in Fig. 5¢c. To ensure the
depth difference between the two different focal planes, we captured two images of which the camera focus on
letters NANO SLM’ and checkerboard respectively. It is clearly shown that the two images are located on different
focal planes. In Fig. 4b, we also captured side-view images of the reconstructed hologram to show the full-parallax
characteristics. Each image is approximately 6° away from the center image. These images clearly show that the
relative viewing position between the checkerboard and the letters are changed according to the tilting direction.
Note that the checkerboard image is in front of the letters in our case; therefore, the letters seems to move in the
tilting direction with respect to the checkboard image. Here, it is noteworthy that the maximum viewing angle
of our system is restricted by the distance between CGH panel and image plane (calculated by 6.1°), not the the-
oretical limit of diffractive angle of 1 um pixel pitch at 532 nm (See supplementary Part D). Moreover, additional
numerical simulations show that the diffraction efficiency is almost linearly decreased when the portion of active
area compared to non-active region is reduced. Details can be found in supplementary Part E.

Next, in Fig. 4c, the reconstructed hologram from the color-selective diffraction panel with the 2 pm pixel
pitch is shown. Here, we used three different laser diodes of red, green, and blue, at 660 nm, 532 nm, and 473 nm,
respectively. The power levels of each laser source are fixed at 15, 15, and 25mW for the red, green, and blue
lasers, respectively, because the diffraction of blue light was slightly weaker for all hologram panels. To show the
color-selective diffraction characteristics clearly, the RGB laser sources simultaneously illuminate the sample, and
we capture both the diffracted hologram image and non-diffracted reflection beam. The bright spot near the holo-
gram panel shows non-diffracted beam, clearly demonstrating that only the designed color is diffracted from each
hologram panel. The broadband-diffraction panel shows the hologram image with RGB simultaneously, whereas
the red-diffraction panel shows almost perfect color selectivity. Although green-diffraction (blue-diffraction)
panel shows non-filtered blue (green) diffracted light weakly, the dominant diffraction color can still be clearly
observed. As shown in Fig. 3d, the designed blue-diffractive panel show better performance at blue wavelength
shorter than 473 nm. Therefore, we expect that a better color-filtered image can be achieved if we replace the blue
laser wavelength to shorter range or improve the spectrum of the IGI composite layer to be sharper by designing
the ITO thickness more precisely. The lower-side images in Fig. 4c are microscope images of the CGH pattern of
each corresponding hologram panel.

Additional experiment: Phase change of ultra-thin GST with electric pulse. One of the promising
characteristic of GST is that the phase change phenomenon can also be achieved by electric pulse signal. In this
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section, we demonstrate that a small region (1 pm X 4pm) of 7nm GST film can also be phase-changed by electric
pulse. A schematic of fabricated structure is shown in Fig. 5a. In the right-side of Fig. 5a, cross-section view of the
fabricated sample is shown. Currents are laterally flow through the upper ITO and Joule heats generated from the
upper ITO can increase the temperature of GST, which is a principle of the phase change of active region.

Here, we used three steps of photo lithography on a SiO,-coated Si wafer in the fabrication process. The first
photomask is used for the patterning of a 200 nm TiW metal layer which serves as the electrodes as well as the
reflection pad of active region. We chose TiW instead of Al for uniformity of the film and for fabrication sta-
bility during the harsh ITO/GST etching process. The second photomask is used for the patterning of 50 nm of
SiO,. In this experiment, lower dielectric must be an electrical and thermal insulator to focus the lateral current
flow within the upper ITO of active region. Therefore we choose SiO, layer for lower dielectric instead of ITO.
Since the SiO, layer may replaces the lower ITO used in the main experiment, thickness of SiO, is controlled to
have the similar optical path length with the lower ITO in the main experiment. Hence, to mimic a spectrum of
broadband diffractive panel, thickness of SiO, should be 50 nm to replace the 30 nm ITO layer considering the
refractive index differences of these materials. (nyro =2.1, ngo, = 1.4). The third photomask is used for patterning
the upper ITO/GST layer. The upper ITO also have a role for protecting the GST region during the harsh etching
process as well as path for lateral current flow. The overall GST region became crystalline state during the ITO/
GST etching process, as the temperature increased up to 180 °C during this process. Therefore, the etched GST is
pre-crystallized, unlike the un-patterned film used in laser lithography experiments.

In Fig. 5b, a SEM image of the device used in our electric pulse experiment is shown. The region where the
GST phase transition occurs is a narrow rectangular region of 1 pm X 4 pum in size, as marked by the blue line.
The microscope images before and after the phase transitions are shown in Fig. 5¢. Two reference cells with an
identical layered-structure but which are electrically opened, are shown near the active cell to compare the change
of color. Due to the narrow width of the active region, the laterally flowing currents converge and the temperature
may increase to the greatest extent at the active region. The temperature threshold of the GST melting point can
only be achieved in the active region; therefore, a local GST phase change can be achieved.

Since the GST film is pre-crystallized in this experiment, a crystalline-to-amorphous phase transition initially
occurs. To make the GST amorphous, rapid melting at 600 °C and rapid quenching are needed. Therefore, we
applied high voltage and, a short pulse width set signal of 9V for 500 ns. The middle image in Fig. 5c shows the
sample after the set pulse is applied, clearly showing that the color of the active cell region changes from brown to
dark blue. It should be noted that this color change is in good agreement with the theoretically calculated spec-
trum of the active cell region (ITO/GST/SiO,/TIW of 30/7/50/200 nm) (See supplement part F). This condition
is designed to have a similar resonance spectrum with the broadband color diffraction condition of the laser
lithography experiment (IGI: 30/7/30 nm) except for the slightly lower reflectance due to the use of TiW instead
of Al. By comparing Fig. 3c and supplementary Part F, the degradation of the average reflectance caused by using
TiW instead of Al in visible light range is found to be less than 0.05.

Next, it is noteworthy to show the amorphous-to-crystalline phase transition by applying a reset pulse signal.
Because the crystalline form of GST requires relatively slow heating at a moderate temperature of 150°C, a reset
pulse signal of 5V for 100 ps is used. The right-side image in Fig. 5c¢ show that the color of the active cell region
turn back to brown. The slight difference between the initial brown color and the re-crystallized brown color
originates from the different methods of crystallization. In supplementary Part G, we also conduct the similar
experiment with different ITO/GST/SiO, thickness condition, which is designed to have bluish color at amor-
phous and crystalline state respectively. As expected, this thickness condition is related to red-selective diffractive
panel. Experimental results for smaller active region are also included.

Conclusion

In conclusion, our results reveal that a phase transition of ultra-thin GST film inserted into a dielectric layers can
be used to realize a color-selective hologram panel. The proposed panel uses the dramatic optical permittivity
change of GST during the phase transition, which can shift the resonance condition of thin film interference in
the opposite direction before and after GST crystallization. The resonance condition of thin film interference can
be directly applied to design diffracting color spectra, resulting in a broadband, red, green, and blue color diffract-
ing hologram panel. We expect that such a characteristic may be applied to realize a full-color digital hologram
from a single panel without the use of any types of additional color filters. The additional experiment shows that
the proposed dielectric-embedded thin-GST film can also be switched by electric signal as well as optical signal.
We expect that such flexibility in switching methods is quite useful for developing a novel type of SLM in the near
future.
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