
Strong Opto-Structural Coupling in Low Dimensional GeSe3 Films
Syed Ghazi Sarwat,† Zengguang Cheng, Nathan Youngblood, Mohd Sharizal Alias, Sapna Sinha,
Jamie Warner, and Harish Bhaskaran*

Department of Materials, University of Oxford, Oxford OX1 3PH, United Kingdom

*S Supporting Information

ABSTRACT: Chalcogenide glasses as nanoscale thin films have become leading
candidates for several optical and photonic technologies, ranging from reflective
displays and filters to photonic memories. Current material systems, however, show
strong optical absorption which limits their performance efficiencies and complicates
device level integration. Herein, we report sputter deposited thin films of GeSe3,
which are low loss and in which the flexible nature of the atomic structure results in
thermally activated tunability in the refractive index as well as in the film’s physical
volume. Such changes, which occur beyond a threshold temperature are observed to
be accumulative and directed toward a more equilibrium amorphous state of the film,
instead of crystallization. Our results provide insight into a new type of configurability
that is based on strong coupling in the material’s opto-structural properties. The low
optical losses in this material system combined with the tunability in the optical properties in the visible and near-infrared have
direct application in higher performing optical coatings and in corrective optics.
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Devices which can modulate light on-demand underpin
the functionality of several photonic and optical systems,

including optical signaling, coatings, and data storage.1,2 In
recent years, one particular class of material, namely the
chalcogenide glass (S, Se, Te alloys) has stood-out as a
functional material of choice in such technologies.2,3 In
particular, Te-based chalcogenide glasses have enabled all-
optical and nonvolatile photonic memories,4,5 brain-inspired
computational architectures,6,7 artificial retinas,8 metasurfaces,9

and more. New device concepts including solid-state dis-
plays10,11 are also closely tied with these remarkable materials.
Although promising, these technologies are not yet mature.
Minimizing optical losses, which are intrinsic to Te-based
chalcogenide glasses12−14 across a broad wavelength range, is a
key goal of research in this field. For example, optical losses in
the infrared affect performance efficiencies,15 such as signal-to-
noise ratio in photonic memories, while in the visible it
complicates device architectures,11,16 such as the need for
multilayers in reflective displays. Furthermore, optical losses
limit the development of several high-performing reconfig-
urable device concepts, such as interferometers, holograms,
spectrometers, and routers. There is, therefore, a growing need
for low loss (wide bandgap) materials. Sulfide and selenide
chalcogenide glasses are of particular interest due to their ease
of manufacture and material science know-how from their
commercial use in imaging lenses.14,17 Selenide glasses are
more compelling as a choice due to their properties of reduced
toxicity and high chemical and thermal stability.17,18 The
simplest of the selenide glasses are the binary Ge-doped Se
(GeSe) compositions. Such compositions currently serve as
the parent system for multicomponent alloys, such as the
commercially used GLS glasses and phase change materi-

als.13,14 GeSe glasses show stoichiometric-dependent material
properties, such as optical bandgap,19 amorphization−crystal-
lization reversibility,20−25 and electronic properties20,26 and
also find application for thermoelectrics,27,28 data storage,26

photovoltaics,29 and catalysis.29

Here we report our findings on the optical and structural
properties in the nanoscale films of Ge-doped Se glass (GeSe3).
Crucially, in our experiments we find low optical absorption in
the material and a coupling in its optical and structural
properties. We find that past a threshold temperature the
material undergoes profound structural changes. Such changes
are observed to be accumulative and directed toward a more
equilibrium amorphous state. This is different from the Te-
based chalcogenide systems, such as phase change materials,
where crystallization dominates for similar experimental
conditions. Further, notable reductions in the refractive index
occur, which we find to be a result of the intrinsic atomic
reordering. We collate the structural changes induced optically
and thermally in the thin films and compare these effects
between nano- and microscale films. We demonstrate that the
opto-structural changes in this material could be of interest for
applications broadly relating to corrective optics for which
these material properties as well as the fabrication means of
sputter deposition are well-suited.

Results and Discussion. Thin films of GeSe3 of varying
thicknesses were deposited on a variety of substrates: silicon,
platinum, gold, quartz, and aluminum foil (see Figure 1) using
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RF-sputter-deposition. The resulting samples display a range of
colors, which we find to be dependent on both the thickness of
the GeSe3 thin films and the underlying substrate. More
importantly, we note that thermal annealing of the as-
deposited thin films on a hot plate under ambient conditions
brings forth a significant color shift. Similar color changes are
observed in reconfigurable Te-based chalcogenide glasses or
phase change materials. In phase change materials, this occurs
due to the reversible phase transformation of the thin film
between its amorphous and crystalline states, which have
contrasting optical properties. From the in situ reflectometry
measurements (see Figure 1a) of a GeSe3 thin film on a heated
stage in laboratory (ambient) conditions, the onset for a
change (optical reflection) is observed to occur at 257 °C. The
change is gradual and accumulative, unlike in phase change
materials, where it is rapid and bistable (see Figure S1). Figure
1b,c illustrates the reflectivity measurements on some of the
sputtered films on p-doped Si wafers before and after thermal
annealing, respectively. Distinct reflection peaks (optical
resonances) that shift to longer wavelengths proportionally
with the film’s thickness are evident on both figures. However,
the resonances significantly blueshift by as much as 27% (see
Figure S2 and Figure S3) from annealing. Figure 1d is a
photograph of a few GeSe3-coated Si wafers, which, depending
on the thickness of the film, exhibit a range of colors. More
importantly, thermal annealing (370 °C under laboratory
conditions for 6 min) of the samples beyond the onset
temperature induces a significant change in the sample colors,

visible when incident “white” light is reflected back. The
reflected colors of the thin films on different substrates are
shown in Figure 1e. Thermal annealing (350 °C under
laboratory conditions for 5 min) results in profound changes in
the reflected color.
Figure 2a illustrates the refractive indices of a 25 nm GeSe3

thin film in its as-deposited and annealed states (360 °C/6
min/room conditions). The wavelength-dependent refractive
index is a complex entity with a real part n (the measure of
wave velocity) and an imaginary part k (the measure of optical
absorption). In the visible region of the spectra (400−800
nm), n of the film peaks at 2.94 and k at 0.5. The large n
enables resonances in ultrathin films, down to thicknesses
approaching λ/12, whereas the small magnitude of the k
enables low loss phase accumulation in the film. Both n and k
are found to decrease from thermal annealing. Furthermore,
we also find a correlative change in the physical volume of the
film from annealing. The thickness of the film shrinks by 22%
(see Figure 2b) from thermal annealing beyond the onset
temperature. On the basis of these observations, the
mechanism determining the coloration of the films and the
significant peak shifts can be explained simply by approximat-
ing the samples as Fabry−Perot type cavities.30 The resonance
condition is then a function of film’s thickness and refractive
index and approximately follows the relation λ= h × 4n (where
h is the thin film thickness). A thermal treatment decreases
both the film’s thickness and its refractive index. Concom-
itantly, the summation of these effects means that the

Figure 1. Color changing thin films. (a) Reflection change of a 60 nm GeSe3 thin film on a silicon substrate, as a function of temperature and time.
The reflection change translates to a color change of the film, which is illustrated by the sketch in the inset. (b) The reflection spectra of as-
deposited GeSe3 thin films of varying thickness on a silicon substrate. The peak position implies optical resonances and varies proportionally with
the film thickness. (c) Reflection spectra of the same films after thermal annealing at 370 °C under laboratory conditions for 6 min. The peaks
blueshift from thermal treatment. (d) Photographs of five different GeSe3 films of varying thickness on the Si substrate before and after thermal
annealing in laboratory conditions. (e) Photographs of GeSe3 thin films on different substrates before and after annealing in laboratory conditions.
Note the substrate-dependent coloring and change in color from annealing.
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resonating wavelengths supported in the films decrease,
explaining the blueshifts in the resonance peaks (see Figure
2c) or the reflected color.
We find that the amount of shrinkage is rather independent

of the film thickness (see Figure 2d). The inset in Figure 1d
compares the percentage of thickness shrinkage in GeSe3 films
against commonly used Te-based chalcogenide glasses,31,32

that is, Ge2Sb2Te5, Ge40Te60, and AgInSbTe. These materials
are deposited and annealed under similar conditions as GeSe3
thin films. Crucially, the GeSe3 thin films show significantly
higher volume change. On the contrary, annealing driven
changes in the optical properties of the thin films are observed
to be thickness dependent (see Figure 2e and Figure S4 for
data on other substrates). Compared against other chalcoge-
nide glasses, the k that determines the amount of optical
absorption is low in the GeSe3 films (see inset in Figure 2e
where peak k value is plotted, which is derived from the
ellipsometry measurements shown in Figure S5). To back the
mechanism we propose on the coloration of films and the
blueshifts, we made samples with lossy Ge2Sb2Te5 thin films
deposited on Si. Because of the high optical absorption in such
films, they colorise only under the conditions of “strong
interference”, which require reflective substrates,33 such as
metals. We find optical resonances, as well as thermal driven
shifts, are absent in the reflection spectra of GST-coated Si
samples (see Figure S5a,b). However, we do note that a linear
relation as is expected between the degree of peak shift and the
material’s properties in GeSe3 films does not exist (Figure S3).
Such discrepancy could be associated with multiple parameters
that are changing at the same time and also with the spurious

compounds that form at the interface between the film and the
substrate due to interfacial reactions, as are observed in the
transmission electron micrographs (TEM) (see Figure S6).
Regardless, it is rather interesting to find that the GeSe3 films
show changes in their optical properties similar to Te-based
chalcogenide glasses.
In order to understand the observed changes in the optical

and physical properties, we studied the behavior of the material
at the atomic and molecular scale. We find that unlike Te-
based chalcogenide glasses, the changes in the optical and
structural properties in the GeSe3 thin films are not from
simple amorphous to crystalline phase transition.32 Indeed, for
the temperature for which the samples are annealed no
crystallization event is observed using X-ray diffraction (see
Figure 3a) and Raman spectroscopy studies (see Figure 3).
Even TEM measurements, see insets of Figure 3b, show no
crystallization. It is therefore hypothesized, in agreement with
previous reports on similar macro- and microscale material
systems, that the thin films undergo reordering at the atomic
scale toward a more stable amorphous phase configuration
upon annealing. The fact that the optical properties, which are
a function of nearest neighbor stoichiometry, change from
annealing indicate that the atomic rearrangements also involve
the formation of new bonds. Indeed, this is substantiated on
the Raman spectroscopy measurements. Figure 3c highlights
Raman spectra of a thin film (90 nm) recorded at low laser
power (1.25 mW/532 nm/Spot Size 1 μm) to negate
photoannealing (see Figure S7). Signature Raman peaks34,35

of GeSe alloy are evident and represent various vibrational
modes of the alloy (see Figure S8). Structural blocks of GeSe

Figure 2. Optical and structural properties. (a) Refractive index of a GeSe3 thin-film in its as-deposited and annealed states. (b) An atomic force
microscopy image of a GeSe3 thin-film before and after thermal annealing. The film’s thickness reduces by 22%. (c) Schematics illustrating the
mechanism of coloration. Optical resonances supported in the film (λ) are a function of both film thickness and refractive index. Annealing results
in a nonvolatile decrease in both, which switch the resonances in the film, based on the simple relation λ = h × 4n. (d) A scatter plot of the
reduction in the thickness of GeSe3 thin-films after annealing as a function of the film thickness. The inset compares the thickness change against
other chalcogenide glasses. (e) Variation of the refractive index of GeSe3 thin-films after annealing as a function of the film thickness. These values
correspond to wavelengths at which the difference in the extinction coefficient is the greatest. The inset illustrates a comparison of the extinction
coefficient (maximum) against other chalcogenide glasses.
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alloys are understood to be Ge-centered tetrahedrons and
chains and rings of Se. The 194 cm−1 corresponds to ETH
vibration modes of the corner sharing GeSe4/2 tetrahedrons
and the companion peak at 211 cm−1 represents the ES
breathing vibrations of the edge-shared Ge2Se8/2 bitetrahe-
drons. The peak at 262 cm−1 corresponds to the Se−Se bonds
and suggests that the predominant configuration of Se is in the
form of Se-8 rings. The thermal annealing is observed to
induce a decrease in the Se−Se peak intensity. This, however,
occurs with an increase in the ES peak intensity (also see
Figure S8).
Collectively, these indicate the intrinsic structural changes

on annealing includes an increased formation of Ge−Se
heteropolar bonds at the expense of homopolar Se−Se
bonds.36 On the contrary, an intense optical exposure (12.5
mW/532 nm/Spot Size 1 μm) is observed to induce
segregation effects in such low-dimensional films, instead of
structural ordering. Figure 3c illustrates that an intense laser

exposure does not favor reconfiguration of Se−Se bonds,
instead it gives rise to a new peak at 302 cm−1. This peak
corresponds to a vibrational mode of strained Ge−Ge bonds.37
Similar changes but of smaller magnitudes are also observed in
UV-illuminated films (see Figure S9A). Optical exposure to
pulsed UV laser (355 nm) is found to ablate the thin films (see
Figure S9B). The optical and thermal exposure of thicker films
(1 μm), however, causes preferential conversion of the
heteropolar bonds to homopolar bonds in line with literature;
although there is a discernible hump at 302 cm−1, thicker films
are found to be more resilient to segregation effects (see Figure
3d). The contrast in the material’s behavior to the optical and
thermal response probably arise from beyond thermal effects,
such as electronic excitations. The segregation effects are
intensified in thinner films, likely due to increased disorder38

and interfacial stress effects39 from the substrate.
The effect of the annealing environment on the micro-

structure of a thin film is illustrated on the Raman spectra in

Figure 3. Structural and atomic bond reconfigurations. (a) X-ray diffraction scans of a 1 μm thick GeSe3 film on a silicon substrate in as-deposited
and after annealing to different temperatures. No signature peaks indicating crystallization are evident. (b) TEM diffraction patterns of a 160 nm
thick film in as-deposited and annealed conditions confirm the amorphous nature of the film in both states. (c) Raman spectra of a 90 nm thick
GeSe3 film in as-deposited, thermally annealed (370 °C) and laser annealed conditions. (d) Raman spectra of a 1 μm thick film before and after
thermal and optical exposure. (e) Raman spectra of a 75 nm thin film annealed to 370 °C in the room, vacuum, and argon environment. (f) XPS
spectra of the prominent Ge 3d and GeOx peak in the film in the as-deposited and annealed conditions. Annealing results in peak shift in 3d peaks
and an increase in the intensity of the GeOX peak; both indicative of a change in Ge oxidation state. (g) Blueshift in the binding energy is also
observed in Se, indicative of spin−orbit splitting and (h) signature O-1s peak. Increase in its intensity is indicative of greater surface oxidation.
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Figure 3e. Similar observations as in Figure 3c stand, however,
for samples annealed in a vacuum (10−6 Torr) and in an argon
atmosphere, the 302 cm−1 peak becomes apparent. However,
we note that this peak emerges not from thermal annealing,
instead from the laser exposure during Raman measurements.
The samples annealed in vacuum and argon are found to be
more susceptible to photoannealing than the samples annealed
in ambient conditions likely due to longer thermal exposure
(the thermal time constant of the furnaces are several minutes;
in our experiments of vacuum annealing, the samples were
heated at 10 °C/min, held at 370 °C for 10 min, and cooled
down at 3 °C/min). From X-ray photoelectron spectroscopy
measurements, we deduce the chemical changes, which are
induced in the films from thermal treatment. The Ge-3d core-
level peak (see Figure 3f) of the as-deposited thin film is
centered at 31.1 eV, which is in line with the literature. There
is an accompanying shoulder peak at 33.2 eV, which is
suggestive of GeOx. Annealing is observed to induce slight
peak shifts, but more notably an increase in the GeOx intensity,
which is indicative of surface oxidation.40 Figure 3g highlights
the changes in the Se-3d peak from annealing. There is a
blueshift in the peak, which is suggestive of spin−orbit
splitting.40 No signatures of Se−O oxides are observed on the
spectra. Along these lines, the intensity of the oxygen-1s peak is
observed to increase from annealing (see Figure 3h). The fact
that the oxygen concentration in the film increases even when
annealing in high vacuum and in argon indicates that the
surface of the film is likely enriched with oxygen that diffuses
from the bulk of the material during thermal treatment and
that oxygen plays a role in the structural changes of the film.
The bandgap of GeSe is known to increase, whereas the

refractive index decreases with increased Ge concentration.41,19

In the amorphous thin films, this essentially translates into
more GeSe and GeO heteropolar bonds42 at the expense
of GeGe and SeSe bonds. The formation of GeOx and
reordering of the amorphous lattice toward a more entropy
driven disordered (equilibrium) disordered state36,43,44 explain
the change in the optical properties of our films45,46 after
annealing (also see Figure S8). Amorphous chalcogenide
glasses are characterized by atomic disorder,47 where disorder
implies wrong bonds (mainly homopolar), structural defects,
and dangling bonds. Concomitantly, these defects result in
several localized states at the edge of the conduction band,
which minimizes the optical band gap. Annealing (both
thermal and photo) likely provides sufficient activation energy
for breakage of wrong bonds (formation of heteropolar
bonds), as well as to induce atomic reordering in the short
and medium range. These effects result in the annihilation of
the localized states, enlarging the optical band gap and
decreasing the material volume due to smaller lattice constants
of the heteropolar bonds48,49 (GeSe and GeO) over
homopolar bonds50 (GeGe and SeSe chains). The
shrinkage in film thickness is also a consequence of the free-
volume reduction. Although volume changes in sulfide glasses
are well studied, changes in Se glasses are less well-known.
There is previous evidence that associates the densification to
void annihilation that originates from porous deposition.51

However, the fact that we observe similar volume contraction
in sputtered thin films suggest that the change is intrinsic and
likely associated with both bond reordering and mass
transport. Indeed, thin films of other chalcogenide glasses of
similar thickness deposited under exact conditions do not
undergo similar volume change on annealing (see inset in

Figure 2d). Furthermore, in multiple TEM cross sections, we
find good homogeneity and uniformity in the films under both
as-deposited and annealed states (see inset Figure 3b). We also
find circular-shaped grains scattered on the annealed films,
independent of the annealing environment. We find these
grains are both Se rich and are amorphous as the rest of the
film using energy dispersive spectroscopy and TEM,
respectively (see Figure S10). If crystallization were to occur
in the films25 under our experimental conditions, the material
would have undergone phase segregation into crystalline GeSe2
and Se grains.
Having thus established sufficient evidence for the switching

characteristics of GeSe3 films we now demonstrate some
applications this material could be well-suited for. Figure 4a
illustrates the blueshift in the peak position of a 60 nm GeSe3
thin film on a Si substrate from annealing on a hot plate. It is
observed that in contrast to Te-based chalcogenide glasses,
which are bistable, there exists a considerable dynamic range
for tuning the peak position in the GeSe3 films. Essentially, this
dictates that the modulation in the reflected color can be
achieved simply heating the film to different temperatures (the
inset in Figure 4a highlights the 126 nm blueshift in the
reflection spectra of the thin film; each shift is nonvolatile).
This tunability can be used for artistic effects and temperature
sensors, for example, where colors are modulated on thermal
treatment.33 Such a characteristic could also be used in
modulating the transmissive properties. The optical trans-
mission through a 72 nm GeSe3 thin film on a quartz substrate
before and after annealing is shown in Figure 4b (also see
Figure S11). Notably, the film is highly transmissive, and the
transmission is observed to increase from thermal treatment.
Importantly, with a direct band gap of ∼4.5 eV (see Figure
S12) the material is absorpted in the ultraviolet (UV). UV,
both type A and B, can be significantly filtered by films as thin
as 25 nm (see Figure S13) unlike oxide glasses, such as quartz
and borosilicate. Such a coating could simplify the complexity
of commercially used antireflection coatings in many biological
and electronic devices, including photodetectors, organic solar
cells, and lenses.52−54

The very low optical absorption in the infrared, yet
tunability in the refractive index (real part) of the material,
can be exploited in tuning a wide range of photonic
devices.2,5,13,55 For example, propagation modes in waveguides
and optical fibers can be modified without losses and in a
nonvolatile manner. Figure 4c illustrates an optical racetrack
resonator fabricated from etched Si3N4 using electron beam
lithography (EBL) and reactive ion etching, followed by the
deposition of 150 nm GeSe3 film via EBL and RF sputtering.
The detailed fabrication process can be found elsewhere.4−6,55

The optical and structural changes of GeSe3 during annealing
affect the effective refractive index (neff) of the waveguide
region with GeSe3 (Si3N4/GeSe3) on top, as clearly shown in
the inset of Figure 4c. In comparison with a control device
without GeSe3 (Figure S14a), the waveguide with GeSe3 as
deposited has a higher neff with the mode center shifted
towards GeSe3. This contributes to mode scattering inside the
racetrack, affecting the quality factor of the resonator (Q-
factor).56 After annealing, the effective index of Si3N4/GeSe3
decreases, which reduces the mode scattering with an increased
Q-factor. The transmission spectra after different annealing
temperatures are illustrated in Figure 4d. Using Lorentz
function to fit each resonant peak,55 we could obtain the Q-
factor of the resonator, shown in Figure 4e and find that the Q-
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factor is evidently increased after annealing. On the contrary,
the change of the Q-factor of the control device after annealing
is not obvious (Figure S14c). Furthermore, the resonance
wavelength of the device with GeSe3 could be tuned step-
wisely through annealing (Figure 4d). Although the control
device shows similar blueshifting of the resonance wavelength
after annealing (Figure S14b,d), likely due to the removal of
resist residues from fabrication, the magnitude of shifts is small.
We obtain the actual wavelength shifts contributed by
structural changes in GeSe3 through deducting the shifts in
the control devices. We find the effective index change of
Si3N4/GeSe3 to be 0.0649, slightly higher than the value
simulated (0.049) in Figure 4c (see Supporting Information).
In addition, the free spectral range (FSR) for both devices are
very consistent and not affected by annealing (Figure S15).
Overall, in this article we have explored the material science

of nanoscale films of a chalcogenide glass GeSe3. We find that
this material system has a wide bandgap, resulting in low
optical absorption and that its optical properties are
configurable. We show that thermal treatment results in
changes in the optical properties of the material, particularly a
decrease in the complex refractive index, as well as causes a
concurrent reduction in the physical volume. This, as we show,
occurs not from a solid to a solid phase change but instead
with thermally activated structural changes such as relaxation,
which directs the material to a more equilibrated amorphous
phase. We apply the low loss characteristic and the coupled

opto-structural changes in this material to demonstrate a few
applications, broadly relating to corrective optics, which are
otherwise less achievable with currently used lossy chalcoge-
nide glasses.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.nano-
lett.9b03039.

Reflectivity change in Ge2Sb2Te5, Raman spectra of
GeSe3, reflection of Ge2Sb2Te5 on Si, transmission
measurements, compositional analysis, transfer matrix
simulations, TEM analysis of interface, exposure to
continuous and pulsed UV (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: harish.bhaskaran@materials.ox.ac.uk.
ORCID
Jamie Warner: 0000-0002-1271-2019
Harish Bhaskaran: 0000-0003-0774-8110
Present Address
†(S.G.S.) IBM Research, Zurich, Rüschlikon, 8803, Switzer-
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transmissivity of the sample from thermal treatment. (Permission to use logo granted from Univeristy of Oxford.) (c) Optical micrograph of a
photonic race track resonator with a patch of 150 nm GeSe3 thin film (red dashed box). The input and output grating couples of the device are
highlighted by the yellow arrows. Bottom inset: Simulations of the mode profile (cross-section) of the waveguide with GeSe3 in the as-deposited
and annealed (380 °C) states. neff is the effective refractive index at the wavelength of 1580 nm. (d) The transmission spectrum of the racetrack
resonator shown in (c) at different annealing temperatures. Each curve is normalized to its maximum transmission (RT corresponds to the device
before annealing). The arrows show typical resonant peaks of the device with stepwise blueshifts observed as the function of annealing temperature.
(e) The calculated Q factor of the device as a function of both the wavelength and annealing temperature.
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