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A Route to Ultra-Fast Amplitude-Only Spatial Light
Modulation using Phase-Change Materials

Joe Shields, Carlota Ruiz De Galarreta, Harry Penketh, Yat-Yin Au, Jacopo Bertolotti,
and C. David Wright*

A phase-change material based, thin-film, amplitude-only spatial light
modulator is presented. The modulator operates in reflection and modulates
the amplitude of light incident on its surface with no effect on optical phase
when the phase-change material is switched between its amorphous and
crystalline states. This is achieved using a thin-film device with an embedded,
switchable, GeTe phase-change layer. Test modulation patterns are written to
the device using laser scans, and the amplitude and phase response
measured, using optical spectroscopy and off-axis digital holography.
Experimental results reveal reflected intensity to be modulated by up to 38%,
with an averaged phase difference of less than ≈𝝅/50. Since phase-change
materials such as GeTe can be switched on sub-microsecond timescales, this
approach maps out a route for ultra-fast amplitude spatial light modulators
with widespread applications in fields such as wavefront shaping,
communications, sensing, and imaging.

1. Introduction

The ability to control the amplitude and phase of optical wave-
fronts has many important scientific and technological applica-
tions, such as beam steering, image processing, optical mode
conversion, compensation for scattering or aberrations, and op-
tical computation, to name but a few (see, e.g., Refs. [1–4] and
also Pinho et al.[5], Chapter 7]). The most commonly adopted ap-
proaches to such wavefront control include liquid crystal spatial
light modulators, in particular liquid crystal on silicon (LCoS)

J. Shields, H. Penketh, Y.-Y. Au, J. Bertolotti, C. D. Wright
Centre for Metamaterial Research and Innovation
University of Exeter
Exeter EX4 4QF, UK
E-mail: david.wright@exeter.ac.uk
C. R. De Galarreta
Laser Processing Group
Instituto de Optica
IO-CSIC, Serrano 121, Madrid 28006, Spain

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adom.202300765

© 2023 The Authors. Advanced Optical Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adom.202300765

devices,[[6] and digital micromirror devices
(DMDs).[7,8] LCoS spatial light modula-
tors (SLMs) primarily control the optical
phase of light interacting with them,[9,10]

and operate at relatively low modulation
speeds, typically in the low 100s of Hz.[8]

Issues with LCoS SLMs include crosstalk
between neighbouring pixels and phase
flicker.[11] Digital micromirror devices of-
fer modulatation speeds orders of magni-
tude faster than those of LCoS systems, typ-
ically up to tens of kHz.[12] However, mi-
cromirrors essentially modulate only the
intensity of light in a binary on-off man-
ner, though non-binary intensity modula-
tion can be achieved using pulse-width-
modulation techniques.[12] In spite of many
advances in the capabilities of such SLM de-
vices in recent years, full wavefront control

with conventional SLM approaches can only be achieved via
holography.[13] Holographic approaches are however rather in-
efficient, as a large part of the light is diffracted away, and only
a fraction goes in the desired wavefront. The currently missing
tool to enable efficient full optical wavefront control is a device ca-
pable of performing amplitude-only modulation, and one which
could be easily coupled to a phase-only modulator.

Stand-alone optical amplitude modulation is also important
for many other practical applications across a range of areas
including optical-based sensing, imaging, communications and
computing. Motivated by this fact, over recent years there has
been much attention given to pursuing novel strategies for
the design and implementation of active amplitude modula-
tion based on reconfigurable nanophotonic devices. These in-
clude metasurfaces and thin film layer stacks incorporating ma-
terials whose refractive indices can be actively and dynamically
switched or tuned via appropriate thermal, electrical, or optical
stimuli.[14,15] Amongst the variety of available materials, chalco-
genide phase-change materials (PCMs) are arguably one of the
most attractive options.[14] Chalcogenide PCMs are alloys con-
sisting of at least one chalcogen element (usually Te), and can
be rapidly (nanosecond timescale[16]) and repeatedly (potentially
as many as 1015 cycles[17]) switched between their amorphous
and crystalline states. Such states exhibit markedly different op-
tical (refractive index) and electrical (conductivity) properties, as
well as being non-volatile. Crystallization of PCMs generally re-
quires heating to moderately elevated temperatures somewhere
above the “static” crystallization temperature (approximately 180
°C for bulk GeTe[18]) but below melting temperature; this is
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Figure 1. Schematic of device operation showing an example of a region
(or pixel) having the PCM layer switched into its crystalline state, and an-
other into the amorphous state. Reflected light is strongly modulated in
amplitude, but has near-zero phase difference upon reflection between
amorphous and crystalline regions.

typically achieved using relatively low power and/or relatively
long duration heat stimuli. The amorphization process requires
the material to be heated above its melting temperature (725 °C
for bulk GeTe[19]) and then for it to be rapidly cooled to quench
it into its less energetically favourable amorphous state. This is
achieved via the use of relatively short excitations,[14,20,21] ideally
carried out over small PCM volumes surrounded by good ther-
mally conductive materials to increase the cooling rates.[16,22,23]

In addition, fractionally crystallized states can also be reached by
carefully controlled heat stimuli, so yielding multi-level tunability
of the complex refractive index or electrical conductivity.[22,24]

To date, the combination of PCMs with micro- and nano-
photonic devices has been extensively and successfully applied
to active and multi-level amplitude control of optical beams in
different spectral regimes, including the visible, near- and mid-
infrared.[22,23,25,26] Such existing approaches are typically based
on optically resonant structures such as metasurfaces and Fabry-
Perot cavities[22,27,28] and although providing excellent amplitude
control, such control is invariably accompanied by significant
changes in the optical phase, preventing their direct application
to amplitude-only modulation.

In this work, therefore, we demonstrate the concept of a “true”
amplitude-only modulator using a phase-change material based
approach. Contrary to other PCM-based approaches reported in
the literature, our devices have been designed to operate off-
resonance, resulting in amplitude modulation being accompa-
nied by virtually no changes to the optical phase. As generically
depicted in Figure 1, the design is based on a simple (thus cost-
effective and readily-integrated) reflector with a PCM thin-film
layer (here GeTe), providing a tunable optical environment. Our
devices have been successfully designed and fabricated, and their
performance in terms of optical amplitude and phase modula-
tion has been tested via optical spectroscopy and an off-axis digi-
tal holography interferometer. Experiments carried out on laser-

written (modulated) devices revealed absolute modulation depths
of 38% upon GeTe crystallization (an extinction ratio of 3.5, where
extinction ratio is defined as ER = −10log10(Ram/Rcry)), accompa-
nied by near-zero changes in the optical phase (below ≈𝜋/50).
We believe our findings point the way toward a new class of
fast (MHz switching rates), practicable, cost-effective, and non-
volatile amplitude-only spatial light modulators, in turn poten-
tially enabling the realization of a simple approach to full optical
wavefront control and manipulation.

2. Results and Discussion

2.1. Amplitude-Only Constant-Phase Modulator Design Platform

Our phase-change material based amplitude-only modulators
have been designed to operate in reflection and at a central wave-
length of 632.8 nm. Other wavelengths are readily accessible by
suitable device re-design and/or change of PCM composition. A
wide range of PCM compositions exhibiting different wavelength
dependant optical properties are currently available.[14] Schemat-
ics of the devices are shown in Figure 2a. The devices consist of a
100 nm thick titanium back reflector with a thin GeTe layer above,
covered with a 5 nm thick upper ITO layer to prevent oxidation.
From the available PCM alloys, GeTe was chosen as the active
material due to its superior optical extinction coefficient (k) con-
trast between amorphous and crystalline states. This in turn will
lead to high reflectance contrast at the wavelength of interest.[29]

The complex refractive index used in this work was obtained via
ellipsometry of as-deposited and hot plate annealed GeTe, and is
shown in Figure 2b. Titanium was chosen as a reflector due to
its high melting point (1668 °C), which is well above the melting
point of GeTe (725 °C). This ensures robustness against the tem-
peratures required to amorphize the GeTe layer. Titanium also
possesses a high thermal conductivity, which in turn facilitates
the high cooling rates required for successful amorphization of
the GeTe layer. Finally, as previously stated, the ITO capping layer
is primarily used as a transparent/conductive layer to protect the
GeTe layer from oxidation which, in the case of GeTe, starts im-
mediately when exposed to air[30] and has been proven to affect
the optical and switching properties of the material.[31,32] In anal-
ogy to current SLM technology, and due to its inherent simplic-
ity, our design platform is therefore ultimately compatible with
implementation of a pixelated and electrically switchable device.
Such electrical switching might be achieved by using the bottom
metal plane and a top patterned ITO layer as electrodes for in-situ
electrical switching,[33] or by patterning the metal layer to pro-
vide embedded micro-heaters,[34] with both approaches opening
up the route to sub-microsecond operation.

2.2. Device Optimization and Analysis

Device optimization and analysis were carried out by introduc-
ing the generic geometry shown Figure 2a into the finite-element
analysis package COMSOL Multiphysics (COMSOL, Inc., Stock-
holm, Sweden). Analyses were performed in 2D, employing the
radio-frequency (RF) module in the frequency domain. Lateral
boundaries were set as Floquet periodic conditions to mimic an

Adv. Optical Mater. 2023, 2300765 2300765 (2 of 7) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

 21951071, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202300765 by U
niversity O

f E
xeter, W

iley O
nline L

ibrary on [30/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advopticalmat.de

Figure 2. a) Schematic shows a 3D render of the device with a pattern written as a crystalline area of the PCM. This area has a significantly larger
reflectance than the surrounding amorphous areas of the device. Generic device shown as a 2D cross section including layer materials and thicknesses:
bottom reflecting Ti layer (100 nm), GeTe PCM layer thickness (tGeTe) and ITO capping layer (5 nm). Note that the GeTe layer thickness was optimized
in simulation (see main text) to maximize amplitude modulation while simultaneously minimising phase modulation, the optimum thickness being 29
nm. b) Complex refractive index of GeTe obtained via ellipsometry measurements. Measurements were made of as-deposited GeTe (in its amorphous
state) and crystalline GeTe (after annealing on a hot plate at 200°C for 10 min).

infinite surface, and electromagnetic excitation was carried out
via a plane wave at normal incidence. Top (air) and bottom (Ti) do-
mains were truncated by perfectly matched layers to avoid com-
putational reflections from internal domains. Since the optical
properties of a particular PCM composition can vary significantly
depending on the deposition conditions,[35] the complex refrac-
tive index of our amorphous and crystalline GeTe films (shown
in Figure 2b) was measured via ellipsometry over the range from
400 to 1600 nm. Other material property values were taken from
the literature: Ti[36] and ITO.[37] Optimization of the layer stack
to yield maximum amplitude modulation in tandem with min-
imum phase modulation was performed with a single variable,
the thickness of the GeTe layer (tGeTe). The thickness of the Ti and
ITO layers were held constant at values of 100 and 5 nm, respec-
tively. The absolute modulation depth (ΔR) and optical phase de-
lay (Φ) between amorphous, partially amorphous and crystalline
states was monitored while varying the GeTe thickness. Interme-
diate GeTe states (i.e., between fully amorphous and fully crys-
talline states) were calculated using the Bruggeman-type effective
medium model to approximate the dielectric constant (𝜖) of the
mixed phase as follows:[38]

𝜀
(
f, 𝜀am, 𝜀cr

)
= 1

4

[
2𝜀p − 𝜀′p +

√(
2𝜀p − 𝜀′p

)2
+ 8𝜀am𝜀cr

]
(1)

with

𝜀p = (1 − f )𝜀am + f 𝜀cr , (2)

𝜀′p = f 𝜀am + (1 − f )𝜀cr (3)

where f is the fraction of crystallization and 𝜖am and 𝜖cr are the
dielectric constants for GeTe in the amorphous and crystalline
states, respectively.

The ΔR and Φ are defined as follows

ΔR =∣ Rcr − Ram ∣ (4)

Φ = 𝜙cr − 𝜙am (5)

with Rcr and Ram being the reflectance in the crystalline and
amorphous phases and ϕcr and ϕam being the relative phase dif-
ferences in the crystalline and amorphous states.

Optimum GeTe thickness to maximize modulation depth
upon crystallization while keeping the optical phase variation at
a minimum (whilst limiting the GeTe layer thickness due to the
challenge associated with the re-amorphization of larger PCM
volumes) was found to be tGeTe= 29 nm. Figure 3a shows simu-
lated performance of the designed devices as the fraction of crys-
tallization increases. It can be seen that there is a high simulated
modulation depth in reflection (ΔR = 0.39) and a very small op-
tical phase difference (maximum of Φ = 𝜋/150 rad, as shown
in inset of Figure 3a). The high modulation depth with virtually
no phase difference between amorphous and crystalline states
can be qualitatively explained in terms of the optical penetration
depths of amorphous and crystalline GeTe at the wavelength of
interest (632.8 nm). In the amorphous phase, the GeTe material
has an optical penetration depth of 38 nm (linear absorption coef-
ficient of 0.026 nm−1), which is close to the thickness of the GeTe
layer (29 nm). In the crystalline phase, the penetration depth is
even smaller, at 11 nm, due to the much larger extinction coef-
ficient in the crystal phase. In combination with the bottom tita-
nium layer, light entering the GeTe layer is thus attenuated in a
single internal reflection roundtrip, and cannot re-radiate to free
space. This prevents the formation of Fabry–Pérot cavity modes,
whose optical phase is sensitive to changes in both the optical
properties and thickness of the cavity. In other words, the GeTe
layer can be considered as an optical bulk (thus off-resonance),
and its reflectance in both amorphous and crystalline states is
mainly dominated by Fresnel contributions at the GeTe/air inter-
face (the ITO layer being optically thin (5 nm)), with negligible
changes in reflected optical phase.

Finally, since SLM-based devices do not always operate at
normal incidence (i.e., a specific tilt angle may be introduced,
typically around 0° and 30° depending on the experimental
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Figure 3. a) Simulation results showing the reflectance and phase difference upon reflection of optimized devices as the fraction of crystallization
increases from 0 to 1. Modulation depths of 0.39 achieved with simulated near zero phase difference of reflected light between fully amorphous and
crystalline devices. Inset shows magnified phase difference, a peak of <𝜋/150 radians of phase difference is seen at 26% fractional crystallization. b)
Angle of incidence simulation results from —30° to +30°. Results show the change in reflectance ΔR and change in phase Φ for both p- and s-polarized
light.

setup/specific application), robustness, in terms of varying the
angle of incidence, was also investigated. This was done by car-
rying out simulations with light incident between 0° and 30° in
both s- and p-polarizations. The results of these simulations can
be seen in Figure 3b. The results show the devices have good ro-
bustness against varying the angle of incidence, with the phase
difference upon switching increasing a small amount as the an-
gle of incidence increases. At the extreme angle of 30° the max-
imum phase difference is found to be: 𝜙p ≈

𝜋

50
rad and 𝜙s ≈

𝜋

100
rad for s- and p-polarization respectively. As a fraction of the full
2𝜋 phase this gives a maximum deviation from the ideal of 1%,
which shows the devices are very robust in terms of their opera-
tion with non-normal incident light and have a excellent response
at small angles of incidence.

2.3. Characterization of Devices and Results

Devices were fabricated using DC and RF sputter deposition,
details can be found in Experimental Section. In order to fully
characterize the as-fabricated devices a variety of characterization
tools were used. First, to verify the devices’ deposition consistency
the devices were measured using an atomic force microscopy
(AFM) device giving information about the quality of the films
as-deposited and the thicknesses of layers. This allows us to be
confident of the accuracy of the layer thicknesses achieved.

To evaluate the performance of the devices and compare it
to simulations, reflection spectra were measured using a mi-
crospectrophotometer (JASCO MSV-5300, JASCO Corporation,
Tokyo, Japan) between 400 and 700 nm using a Cassegrain ×32
objective lens with a spot size of 100 μm. Devices were first
measured in their as-deposited amorphous state and were re-
measured after annealing on a hot plate at 200°C for 10 min to
fully crystallize the GeTe layer.[39]

As can be seen in Figure 4a, there is good agreement between
the modulation depth of the fabricated devices and the simu-
lated devices across the visible spectrum and, at the specific wave-
length of interest (632.8 nm), a modulation depth of 0.38 was

achieved which is in close agreement with the simulation value
of 0.39. From this, we find that the devices are performing as
expected in terms of amplitude modulation and that the perfor-
mance at the wavelength of interest is as expected.

Having demonstrated that the optical characteristics of devices
crystallized via a hot plate were in good agreement with simula-
tions, the devices were then crystallized through laser scanning.
This allows the writing of specific crystalline patterns and images
across the spatial extent of the as-deposited amorphous devices.
It also mimics the switching that might, ultimately, be carried
out in a pixelated device using the aforementioned electrical or
embedded heater approaches. In addition it enables the contrast
between amorphous and crystalline sections to be viewed directly
and, later, will allow us to measure, using single-shot off-axis dig-
ital holography, the phase distribution of the light reflected across
the sample.

In order to perform laser writing across sections of the devices,
a purpose-built optical/electrical test station was used. The in-
strument uses a 405 nm laser combined with a high numerical
aperture objective lens (full details of the test station can be found
in Ref. [33]). Crystallization scans of the devices were completed
with a laser spot size of approximately 1 μm2. Figure 4b shows the
devices illuminated with white light after a simple pattern featur-
ing a large crystalline square section and two warning-sign-type
symbols were written to the device. As can be seen, when illu-
minated with white light there is very high contrast between the
crystalline and amorphous sections.

In order to measure the difference in optical phase between the
amorphous and crystalline sections of the device, an off-axis dig-
ital holography interferometer was designed and built. Figure 5a
shows a simplified diagram of the components and construction
of the interferometer and Figure 5b shows a photograph of the
optical setup. Off-axis digital holography is a technique that al-
lows the retrieval of both the amplitude and phase of a field pat-
tern with a single image taken using a digital camera.[40] The
setup has a non-zero angle between the signal beam (that is re-
flected from the sample) and the reference beam and after dig-
ital processing allows for the filtering of the spatial frequencies
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Figure 4. a) Simulated and measured modulation depth of the designed and fabricated devices. Good agreement is found between the simulated and
measured devices. At the specific wavelength of interest of 632.8 nm (highlighted) a measured modulation depth of 0.38 was achieved from the fabricated
devices which is in close agreement with the simulated value of 0.39. b) Devices viewed under a microscope. High contrast can be seen between the
amorphous sections of the device (dark) and the crystallized areas of the device (light).

Figure 5. a) Experimental setup for measurement of spatial phase difference across the device. This simplified schematic shows sample and reference
arms of the off-axis digital holography setup with the rotatable beam splitter to allow for the introduction of a variable angle between the sample and
reference beams. Spatial filtering and extraction of phase profile is done digitally. HeNe: Helium Neon Laser. HWP: half-wave plate PSB: polarising beam
splitter BS: beam splitter.b) Photograph of off-axis digital holography experimental setup.

present and both the amplitude and phase of the reflected field
to be reconstructed. Further details of a standard off-axis digital
holography setup can be found in Ref. [40]

Figure 6 shows reflected spatial intensities and phase mea-
surements of the devices, as obtained using the off-axis digital
holography setup. Figure 6a shows the intensity measured, and
in which the amorphous and crystalline areas can be clearly seen,
and Figure 6b shows a reconstruction of the reflectance (using
reflection data from the microspectrophotometer) across a cross
section of the sample with both amorphous and crystalline
sections. These reflectance plots are compared to Figure 6c–f
which show the measured spatial phase distributions across the
sample. Figure 6c shows the spatial phase distribution across
the same area that is measured in Figure 6a with a 2𝜋 phase
scale; Figure 6e shows the same, but uses a finer phase scale
so that small phase differences are visible. Figure 6d shows
an averaged cross-section across the device over a 2𝜋 phase
range; Figure 6f shows the same, but again the with the phase
magnified.

As can be seen from the measurements, the phase difference
of light reflected from the amorphous and crystalline areas is
minimal, less than ≈𝜋/50 averaged across the measured area,
and agrees well with simulation results. In the results shown in
Figure 6 it is noted that there are artefacts, arising no doubt from
unavoidable dust particles in the optical setup; however, the un-
derling structures are present and readily measured.

3. Conclusion

In summary, we have successfully designed, fabricated, and
characterized a phase-change material based amplitude-only
constant-phase modulator operating at 632.8 nm. When the PCM
is switched between its amorphous and crystalline states, an in-
tensity modulation of 0.38 is achieved with a minimal (averaged)
phase modulation of less than ≈𝜋/50 across the measured areas.

A laser scanning system was used to write arbitrary patterns
and images on to the devices. An off–axis digital holography in-
terferometer was designed and built in order to measure, in a
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Figure 6. Spatial intensity and phase difference across a device with amorphous and laser-written crystalline sections (scale: 100 pixels to 23 μm). a)
Measured intensity. b) Reconstructed intensity distribution using reflection intensities measured in the microspectrophotometer for amorphous (R =
0.23) and crystalline (R = 0.62) sections. c) Spatial phase distribution across sample (for a −𝜋 to 𝜋 phase scale). d) Averaged phase distribution across
crystalline/amorphous boundary (for a −𝜋 to 𝜋 phase scale), e) Spatial phase distribution across sample (for a −𝜋/5 to 𝜋/5 phase scale). f) Averaged
phase distribution across crystalline/amorphous boundary (for a −𝜋/25 to 𝜋/25 phase scale).

single shot, the spatial phase distribution across the device and
thus fully characterize it’s operation. The device, in principal,
could operate as a fast, solid-state, non-volatile and energy effi-
cient amplitude-only spatial light modulator. The device is de-
signed with ease of fabrication in mind, being a simple thin-
film structure with an embedded phase-change material layer.
Amplitude-only wavefront modulation can be used to improve
coupling efficiency into photonic devices, or to increase the num-
ber of degrees of freedom one can control in wavefront shaping,
compared with phase-only modulation alone. Our devices have
been designed with (ultimately) in-situ switching of PCM layer
in mind, thus allowing for the future realization of electrically-
controlled pixelated devices.

4. Experimental Section
Fabrication of Thin Film Devices: Thin film samples were fabricated on

Si substrates with an 89 nm SiO2 layer. These were cleaned using sonica-
tion in acetone and isopropyl alcohol. Layers were deposited using mag-
netron sputtering using a Moorfield nanoPVD-S10A. Sputtering took place
in a chamber with a base pressure of 7.8 × 10−7 mbar with an Ar flow of
1 sccm for a sputtering pressure of 5.1 × 10−3 mbar. First, 100 nm of Ti
was sputtered using a DC gun (V = 345 V, I = 0.422 A) at a rate of 10.24 nm
min-1. Next 29 nm of GeTe was sputtered, again with a DC gun (V = 422 V,
I = 0.016 A) at a rate of 5.0 nm min-1 and finally the ITO capping layer was
sputtered with RF (Forward Power = 45.0 W, Plasma Power = 44.4 W) at
a rate of 2.7 nm min-1. All rates were calibrated by measuring deposited
thicknesses on test samples using a Bruker Innova AFM.
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