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ABSTRACT

This paper introduces a tunable color reflector for use in low
power display systems employing a phase change material (PCM)
within a sub-wavelength layered structure. Optical index tunability
of'the PCM in the reflection spectrum permits vivid color tuning for
low power applications. The phase change material used to achieve
these results was Germanium Telluride (GeTe). Specifically, ultra-
thin film GeTe was sandwiched between a bottom metallic mirror
and a top Indium Tin Oxide (ITO) layer. A thick phase-shift Silicon
Dioxide (SiO2) was placed under GeTe to enhance the color
tunability in the setting of GeTe phase transition, thus improving
color change. Low sensitivity to incident light angle and polarization
provides the potential for this device to be very useful for portable
device applications.

INTRODUCTION

Display systems and color filters are among the most
commonly used optical components producing colors, where the
core principle is based on emitting or filtering white light [1]. Active
displays, which need constant power to produce a color, are well
developed and utilized technology and have advanced considerably
within the past decades [2]. Light emitting diodes (LED), which can
produce an array of vivid colors, have both improved in quality and
cost leading to their widespread use in commercial products,
replacing the old liquid crystal display (LCD) technologies [3]. State
of'the art Organic LED (OLED) technology can address cost, power,
refresh rate, and durability issues that were experienced with the use
of traditional LCDs [4, 5]. Despite such advancements in display
technologies, active display systems remain to be the main source
of power usage in electronic devices. Passive color displays that
only consume power to switch color have almost zero static power
and are efficient alternatives as ultra-low power displays, especially
for low refresh rate applications [6].

Most of the modern display systems use three or more separate
pixel components to produce a pixel of an image such as
microelectromechanical (MEMS) based mirrors, color E-ink,
OLED, etc. [7]. However, generating all three primary colors in a
single (component) pixel has always been the best way to produce
vivid images. An example of this is a single mirror interferometric
device (SMI), where a moving MEMS miirror is used to tune the
pixel color in the visible spectrum [8]. However, having movable
objects has proven to be a major limitation of these devices in terms
of durability, switching power consumption, and reliability in
response to mechanical shocks in portable electronics where lower
power is necessary. Structural-based color filters may be used but
cannot provide the whole range of tunable colors. Chemical-based
color pixels, where an electro-chromic, photo-chromic, or thermo-
chromic material is used in a photonic cavity can provide a more
versatile reflective display. Their tunability adds another dimension
to the passive or active components at IR or microwave frequencies
[9]. Furthermore, systems such as optical communication [10],
memories [11], energy harvesters [12], as well as countless others,
may benefit from tunable components to reduce process variation
and improve stability when device parameters change in response to
harsh environments or due to aging.

Liquid crystals [13], Germanium (Antimony) Telluride [14,
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15], and Vanadium Dioxide (VO2) [16] are among the most
commonly used phase change materials as they exhibit significantly
different refractive index values in their different phases. Using this
mechanism, high amplitude modulation can be achieved by
employing both real and imaginary parts of the refractive index [17].
Here, Germanium Telluride (GeTe) was used in a layered photonics
structure to produce a color reflector as shown in Figure 1. High
optical loss of GeTe in visible-near infrared (NIR) region must
always be considered as a potential limitation for its use in
transmission based devices [18]. This complication was avoided by
making the GeTe very thin and utilizing a reflection-based device
for ultra-low power displays [19]. As a result, two vivid colors (red
and blue-purple) were achieved in two different crystallographic
phases of GeTe. The devices have been switched more than 100
times with application of electrical pulses trains. Ultra-thin GeTe
films used in these devices undergo a smoother, more complete, and
more reliable crystallographic phase transition (Figure 2) with
considerably decreased loss than what has been observed in devices
with thicker films. An additional consideration is that unlike VO2
[16], both phases of GeTe are stable at room temperature, resulting
in zero static power consumption. In other words, the devices
consisting of GeTe are more stable during retention time without the
need for constant heat pumping into the structure. Thus, if designed
properly, GeTe-based devices would offer longer life-time with
lower aging issues.

GeTe, even though a thermo-chromic PCM, could be
transitioned electrically or optically, which may prove useful for a
diverse field of applications with fully optical operation. Reliable,
fast, and repeatable phase transitions are demonstrated for multiple
devices showing minimum variation in their optical responses. Use
of GeTe results in much higher stability due to its high phase
changing temperature compared to VO2 and GeSbTe. Compared to
previous designs using a singfinale layer of PCM on a noble metal
[19], use of optical cavity between PCM and the bottom reflector
increases the modulation index per each nm of PCM. An
antireflection thin ITO film on top is used to reduce the non-
modulated reflection and enhance the device dynamic color range.
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Figure 1. Schematic of the device consisting of a buried NiCr heater

connected to gold electrodes to apply current. Stack of TiO: (red)
and SiOz(blue) films is shown sitting on top of GeTe film in green.
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Figure 2. The refractive index of the GeTe in both phases.

The remaining sections of the paper follow this outline: design
and characterization of the color filter; fabrication methods and
phase transitioning; experimental results; discussion and
conclusions.

METHOD OF DESIGN AND FABRICATION
Theory and Design

The device schematic shown in Figure 3(left) consists of a thin
GeTe film (20 nm) sitting on top of a SiO2 phase shift layer. This
oxide layer serves as the body of the optical cavity to enhance the
light reflection contrast. Under the oxide, a thick gold layer reflects
all the light back to oxide. Compared to the thin film resonance-
based shutter [18], where there is no optical cavity, addition of this
phase shift improves the color contrast of the device in its two
different states. This is crucial to achieve low loss high contrast
performance with the thinnest possible PCM layer. The buried NiCr
is located under the whole stack and used for phase transition
through joule heating. To model the total light reflection of this
device, one can use the transfer matrix method, where each layer’s
transfer matrix “M” is defined as:
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Here, rn is the light reflection from n' interface and Bn is the
phase accumulation in the n'h layer, which are both defined as:
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where kn is wavevector in layer n and t is n layer thickness.
Wavevector (kn) is nnxcos(8) for s-polarization and nn/cos(0) for p-
polarization with 0 being the light incidence angle. One can
mathematically derive total light reflection from expanding eq (1)
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Figure 3. (left) Multi-layer DBR based shutter using ultra-thin PCM
layer (20 nm). (right) Light reflection for both phases of the
structure (inset: CIE standard coordinates).

Figure 3 demonstrates the device structure consisting of (from
top): antireflective ITO coating; GeTe PCM layer; SiO:2 phase shift
layer; bottom gold reflector; SiN3 passivation layer; buried NiCr
heater. Placing highly absorptive crystalline GeTe film with
thickness tcr in between low loss SiO2 and ITO films generates a
node in the structure for electromagnetic waves. Bottom gold acts
as a node in the reflecting waves since the traveling waves have to
have similar amplitude which can only satisfy the boundary
condition when they are both zero. If the light wavelength is twice
the distance between the gold mirror and the lossy crystalline GeTe
film, it can reflect back almost perfectly from the stack as shown
with reflection peaks at 700 nm. The position of peak is readily
derivable as:

Ap

= 2 X k X tgion X Ngip2~500 * 1.45 = 725 nm. (5)
Tuning of the peak wavelength within the visible wavelength range
follows Equation (5) for SiO2 changing from 150 nm to 300nm.
However, light will acquire minimum loss and phase shift for a
round trip between top ITO and bottom gold. Addition of
propagation loss through ITO, SiO2, each of ter/2 crystalline GeTe
film, and reflection loss in gold surface results in imperfect
reflection at 700 nm. This reflection peak does not move when GeTe
transitions to the amorphous state, due to high loss of amorphous
GeTe at 700 nm. Moreover, the wide reflection minimum is due to
dispersion of refractive indices for gold and GeTe in the visible
region. As shown in Figure 2, GeTe refractive index changes when
it goes through crystallographic phase transitions between its two
stable phases. This phase transition tunes the dispersion of its
refractive index, which causes different outcomes for the total light
reflection. This is due to tuning in the reflection coefficient in
ITO/GeTe and GeTe/SiO2 interfaces. Materials with different
refractive indices, if used instead of ITO and SiO2, will result in
different reflection spectra and thus different colors. To
quantitatively show the color change the International Commission
on Illumination (CIE-1931) standard is being used. Using density
functions defined in this standard, one can transfer the device
reflection spectrum to a set of coordinates (xcig,ycie). Locating such
coordinates on a colored map, similar to Figure 4, shows the true
reflected color of the device. This device even with an ultra-thin
PCM film (~20 nm) tunes the “xcie” and “ycie” coordinates by
~53% and 42%, respectively, when GeTe layer is transitioned from
amorphous to crystalline state. This change is enough to change the
purple reddish color of the device to dark blue (shown in Figure 4).
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Figure 4. CIE chromaticity graph showing device color in different
incidence angles and for crystalline (black dots) and amorphous
(white dots) GeTe.

Angle and polarization dependence

Device colors do not change significantly and remain relatively
similar at normal incidence even up to 45° oblique incidence. This
is demonstrated in Figure 4 for both phases with the inset showing
the corresponding colors at each angle.

FABRICATION AND PHASE TRANSITION
Fabrication:

Fabrication starts with cleaned single side polished silicon
wafers. The bottom joule-heater is then patterned using
conventional optical lithography and the lift-off process. For this
purpose, different refractory metals are tested to match input
impedance to that of the DC probes used to apply heating pulses.
NiCr showed the most reliability with most number of switching
cycles for the device. A thin 10 nm SizNa4 is deposited on the heater
to isolate it electrically from the cavity’s bottom reflector which is
gold in this case. After passivation, gold mirror is deposited and
patterned using the same process used for NiCr heater. The stack is
then annealed at 200 °C to release any residual stress between
interfaces. This enhances the yield and reduces the risk of film
delamination during next the high temperature Plasma Enhanced
Physical Vapor Deposition (PEVCD) step. SiO: is then deposited
using PECVD as the cavity body using Plasma-Therm 790 PECVD
tool (Plasma-Therm Co.) at 200 °C at a rate of 7.5 A/sec. GeTe films
with different thicknesses are then deposited at room temperature in
a magnetron deposition system from Kurt J. Lesker® company from
a 3 inch GesoTeso target (Mitsubishi Material Co.) as the top cavity
reflector. Disposition rate was maintained at a rate of 0.66 A°/sec
keeping the rate of Ar™ carrier bombardment with 60 W RF power.
This controlled ultra-low rate deposition results in a more uniform
film with better adhesion to the bottom SiO: layer. Moreover, as-
sputtered amorphous GeTe has lower optical loss in visible and NIR
wavelengths. SiO2 films were then deposited. A controlled etching
process was developed to dry-etch GeTe film into smaller sizes.
This step was followed by ITO sputtering at room temperature using
DC reactive sputtering in the same sputtering chamber. A dry-etch
was then used to etch through the whole stack and access the bottom
heater to apply the joule-heating pulse for GeTe phase transitions.

Phase Transition

Two of the main challenges in the color reflector design
process were the design of the heater and the selection of a material
with proper resistivity and thermal stability. NiCr, which is a
thermally stable material with resistivity of 150 x 10% Qm, was used
as the heater adjacent to GeTe. Being isolated from the reflecting
gold, the NiCr heater provides the heat required for phase transition
of GeTe through joule heating pulses applied to the pads in each side
of the device. Pulse energy for crystallization was measured to be
80 nJ with outstanding low current of 40 mA.

EXPERIMENTAL RESULTS

Reflection measurements were performed using a Woollam M-
2000 spectroscopic ellipsometer (JA Woollam Co) at different
angles ranging from 45° to 75° due to the limitation of the tool setup.
Samples were annealed at different temperature ranging from 165
°C to 180 °C. The temperature was controlled using an IR-
thermometer. The reflection of the device for both “s” and “p”
polarizations are shown in Figure 6 at different temperatures at
55°(left) and 65°(right). The GeTe and SiO: film thicknesses for
these devices were 20 nm and 250 nm respectively. Both
polarizations show a wide mode at ~740 nm and a relatively
narrower mode at ~380 nm verifying the cavity optical response.
The wavelength of these two modes is almost independent of the
GeTe phase due to the high loss of both amorphous (a)-GeTe and
crystalline (c)-GeTe in the visible wavelengths. The reflection dip
for p polarization, on the other hand is tunable depending on the
GeTe phase. Shown in this figure, GeTe crystallization causes a blue
shift in the p polarized light reflection dip. This blue shift results in
better coupling to the mode at 380 nm, i.e. higher light reflection at
that wavelength. This along with slight blue shift of the mode at 740
nm due to higher effective refractive index of the cavity yield to a
bluer color to reflect from the device. To easily compare the device
color tuning during a crystallization event, light reflection at RGB
wavelengths are summarized in Table 1 from amorphous phase to
fully crystalline films.
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Figure 5. ON and OFF states reflection spectra for non-polarized
light using spectroscopic ellipsometer at 45 ° incident angle. Both
states were measured at room temperature in ambient light.



Device reflection is normalized using the sensitivity transfer
function of human eyes’ cone cells to replicate the true reflected
color. The reflection spectrum after normalization is shown in
(inset). Such a reflection is then normalized by the CIE standard to
find the exact reflected color of the device (Figure 5). Furthermore,
the actual color of the device within their pixel areas are shown
Figure 7 under ambient white light illumination.

Table 1. Device average reflection change at visible wavelengths
under white ambient light

Rpartlal—cryst Rfull—cryst
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Figure 6. Device reflection at different temperature from 165 °C to
180 °C for both s and p polarization. The results shown for 55° and
65°incidence angles.

Amorphous Crystalline
Figure 7. Devices actual colors as they are seen under white
ambient light at 45° degree for amorphous (left) and crystalline
(right) phases of GeTe.

CONCLUSION

In this paper, a tunable color reflector was introduced using a
phase change material (GeTe) sandwiched between a top ITO anti-
reflective coating and a bottom gold mirror. Adding a 250 nm thick
Si02 phase shift layer between gold and thin PCM resulted in nodes
in the structure and almost perfect reflection. This phase shift layer
also helped to increase the color contrast created by GeTe phase
transition. Design and modeling details were discussed along with
the fabrication method. The device color was change from reddish
purple to dark blue by employing a 20 nm film thickness of GeTe
PCM. Without losing the generality, the same idea could be
expanded to achieve multi-color performance with increasing the
numbers of the PCM layers if an effective transition method is used
to selectively switch each layer separately.
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