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We report on the experimental demonstration of an optical-fiber-integrated, non-volatile transmission 

switching device. The operating mechanism exploits a cavity resonance spectral shift associated with 

an induced change in the refractive index of a high-index thin film on the polished side facet of the 

fiber. In the present case, a thermally-induced amorphous-crystalline structural transition in a 500 

nm layer of germanium antimony telluride at a distance of 500 nm from the core-cladding interface 

of an SMF-28 single-mode fiber delivers resonant transmission contrast >0.5 dB/mm at 1315 nm. 

Contrast is a function of active layer proximity to the core, while operating wavelength is determined 

by layer thickness - varying thickness by a few tens of nanometers can provide for tuning over the 

entire near-infrared telecoms spectral range. 

 

Optical fibers are among the most mature and widely 

deployed photonic technology platforms.1 However, 

while levels of optical interconnection and integration 

have increased (even to the on-chip scale), and as 

advanced quantum optical networks have emerged, all-

optical and non-volatile switching in fiber remains 

challenging.  

In pursuit of such functionalities, desired for the 

elimination of energy consuming optical-electronic 

conversions, for ‘optical memory’ and for the realization 

of optical neuromorphic computing, recent years have 

seen growing interest in the development of active, 

adaptive, tunable and nonlinear optical fibers.2-5 To 

achieve such active functionalities, fibers typically 

incorporate materials such as semiconductors,6, 7 

transition metal dichalcogenides8 and metals,9, 10 that are 

more traditionally found in planar device architectures. 

These can be integrated as thin film coatings deposited on 

the end facets or polished side-walls of step/graded-index 

fibers, or on the internal surface(s) of hollow-core 

fibers.11-13 In the present case we employ a side-polished 

(or ‘D-shaped’) fiber device geometry, wherein the 

cladding thickness over a short length of one side of the 

fiber is reduced such that the evanescent tail of the guided 

mode outside the core can interact with an external active 

medium or analyte at (or in the optical near field) of the 

remnant cladding surface. This configuration, as 

compared to in-line (end facet) or in-fiber (hollow core) 

geometries, provides a platform for the realization of 

transmission-mode devices using standard thin film 

deposition tools and processes (typically configured for 

planar substrates), without need of subsequent assembly 

(splicing, lens-based in/output coupling, etc.). It also 

provides straightforward access to the active medium at 

the point where its interaction with the guided mode in the 

fiber is strongest, e.g. for attachment of electrodes, 

exposure to an external illumination source, or contact 

with a chemical analyte. The extended interaction lengths 

in this configuration also enable facile tuning of 

modulation depth/sensitivity in switching/sensing devices. 

Here, we hybridize a chalcogenide semiconductor 
phase-change medium (germanium antimony telluride, as 

widely used in rewritable optical data storage) with side-

polished single-mode silica optical fibers (SMF-28) to 

Figure 1. (a) Dimensional schematics of the phase change 

reconfigurable optical attenuator. (a) GST-coated side-polished 

optical fiber (b) Cross-sectional scanning electron microscope 

images of such a device, where d = 2.4 µm, t = 500 nm. [Note that 

in practice, GST is deposited over a length of fiber greater than 

just the polished section, but the coating can only interact with the 

guided mode over the polished facet length, l.] (c) Spectral 

dispersion of refractive index n [solid lines] and extinction 

coefficient κ [dashed] for GST in its amorphous [blue lines] and 

crystalline [red] phase states. 
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realize integrated non-volatile, high contrast optically 

reconfigurable attenuators (Fig. 1a) that can be engineered 

by design to operate anywhere within a broad near-

infrared spectral range encompassing the telecoms O- to 

L-bands (from 1260 to 1625 nm). 

Chalcogenide semiconductor alloys (of sulfur, selenium 

or tellurium covalently bound to ‘network formers’ such 

as arsenic, germanium, antimony and gallium) can be 

prepared in various forms, from micro/nanoparticles and 

optical fibers to vapor-deposited monolayers and thin 

films.14-17 They are noted for providing a variety of 

compositionally-tunable optical properties, including 

high infrared transparency, strong optical nonlinearity and 

photorefractivity.18-21 Certain compositions have been 

identified recently as topological insulators, UV-visible 

plasmonic, low (sub-unitary) refractive index, and ‘low-

epsilon’ (relative permittivity ε~0) media.22-29 

Chalcogenides are also recognized for their ability to 

absorb high levels of gaseous, metallic and rare-earth 

dopants30-32, but they are perhaps best known (especially 

commercially, in the context of re-writable data storage) 

as phase-change media, which can be switched in a non-

volatile fashion between optoelectronically distinct 

amorphous and crystalline structural phase states33-35. 

Transitions can be thermally-, electrically- or optically-

induced and bring about substantive, broadband changes 

in refractive index on nano- to femtosecond timescales.36-

39 As such, chalcogenides present a uniquely versatile 

material platform, offering a variety of intriguing 

(stoichiometrically-variable and dynamically 

switchable/tunable) electromagnetic wave and light-

matter interaction phenomena, which may be exploited 

for planar and optical fiber-integrated photonic device 

applications.  

In the present study, we utilize germanium antimony 

telluride (Ge2Sb2Te5 or GST) as a near-infrared high-

index phase-change medium. Over the 1000-1700 nm 

wavelength range, the amorphous-to-crystalline transition 

brings about an increase of ~50% in the near spectrally-

flat refractive index n. There is an associated increase in 

extinction coefficient κ, which decreases with increasing 

wavelength for both phases (Fig. 1c). GST films with a 

thickness t = 500 nm were deposited on side-polished 

SMF-28 fibers (Fig. 1b), by RF sputtering (Kurt J. Lesker 

Nano 38): A base pressure of 2×10-4 mbar is achieved 

prior to deposition and high-purity argon is used as the 

sputtering gas (70 ccpm to strike, 37 ccpm to maintain the 

plasma). The fibers are held within 10 K of room 

temperature on a rotating plate 150 mm from the target to 

produce low-stress amorphous films. The fibers (by 

Phoenix Photonics Ltd.) each had a nominal side-polished 

facet of length l = 5 mm at a distance d from the core of 

either 2.4 or 0.5 μm (see Fig. 1a), providing respectively 

for weak and strong regimes of interaction between the 

guided optical mode and the applied coating. (GST is 

deposited over a length of fiber >l but cannot interact with 

the guided mode at any point outside the polished section 
– at full-cladding thickness d~58 μm.) 

Near-IR transmission spectra (Fig. 2a, b) were measured 

using a fiber-coupled broadband light source (Thorlabs 

SLS201L) and an optical spectrum analyzer (Ando AQ-

6315E). Figure 2a shows spectra for un-coated side-

polished fibers alongside that of an un-polished reference 

length of SMF-28 fiber. All three are essentially flat over 

the 1200-1500 nm wavelength range of interest. As one 

would expect, the two polished fibers have slightly higher 

transmission losses than the un-polished fiber, though in 

the absence of any coating there is relatively little to 

distinguish between the two core-to-polished-facet 

distances. The d = 2.4 and 0.5 µm fibers respectively 

present average losses over the 1200-1500 nm spectral 

range (relative to the reference fiber) of 0.37 and 0.48 dB. 

This picture changes markedly with the introduction of an 

amorphous GST layer on the polished side facets of the 

fibers (Fig. 2b). Absolute transmission losses are 

increased by a few dB in both side-polished cases because 

the presence of the high-index film distorts the guided 
mode. However, while the spectral dispersion of 

transmission remains flat when the chalcogenide film is 

located at some distance from the core (d = 2.4 µm), a 

Figure 2. (a) Experimentally measured transmission spectra for 

bare, i.e. uncoated, side-polished fibers [core-to-polished-facet 

distances d as labelled; polished facet length l = 5 mm] and a 

matching length of unpolished fiber. (b) Measured spectral 

dispersion of change in transmission resulting from the presence 

of a t = 500 nm amorphous GST layer on the polished facets [each 

relative to the same fiber’s uncoated transmission level]. (c) 

Numerically simulated propagation loss spectra for side-polished 

fibers with a selection of core-to-polished-facet distances d [as 

labelled] coated with 500 nm of amorphous GST. Also shown for 

reference is the spectrum for an uncoated fiber with d = 0.5 µm. 

(d) Numerically simulated cross-sectional distribution of electric 

field in the xy plane of a fiber with a core-to-polished-facet 

distance of 0.5 µm and 500 nm GST coating thickness, at the 1348 

nm resonance wavelength. (e) Detail of the core / remnant 

cladding / GST coating region for the same, alongside the field 

map for an uncoated fiber [right and left halves respectively]; (f) 

Corresponding map for a GST-coated fiber with d = 2.4 µm. 
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pronounced transmission resonance is seen when it is 

located in closer proximity (d = 0.5 µm). Numerical 

modelling illustrates how this resonant response is related 

to the excitation of a Fabry-Pérot mode in the remnant 

cladding and GST coating layers. The strength of coupling 

to this mode is a strong function of the core-to-polished-

facet distance d (Fig. 2c), while the spectral position of 

the resonance is determined primarily by GST thickness t.  

Simulations consider GST-coated sections of side-

polished fiber up to 160 µm in length (long enough to 

accurately reproduce key dependences of device 

performance on GST film thickness, structural phase state 

and proximity to the core; short enough to be 

computationally tractable with a sufficiently fine 3D mesh 

density). This analysis employs ellipsometrically 

measured values for the refractive index and extinction 

coefficient of GST, as presented in Fig. 1c, and assumes 

lossless non-dispersive indices of 1.45 and 1.44 

respectively for the fiber core and cladding. It assumes 

monochromatic illumination and equal parts of x- and y-

polarized light (parallel and perpendicular to the polished 

facet respectively). Eigenmode analysis (conducted using 

Lumerical MODE Solutions) is employed to identify the 

fundamental mode supported by the device structure for 

different polish depths. These mode profiles are then used 

as the input to a finite-difference time domain (FDTD) 

propagation model from which transmission loss spectra 

and cross-sectional electric field distributions are derived. 

There is good agreement between experiment and 

simulation in regard to the fact that the resonance only 

emerges when the GST film is located in close 

proximity to the core (at d <2 µm), and in terms of the 

resonance wavelength, which is a strong function of 

GST thickness. Indeed, it is found that the spectral 

position of the resonance may be tuned over the near-

infrared telecommunication range (O- to L-bands, 

which extend from 1260-1625nm) by varying GST 

thickness by only a few tens of nanometers (see 

Supplementary Fig. S1). The small ~30 nm offset 

between experimental and simulated resonance spectral 

positions in Fig. 2 corresponds to a discrepancy in 

measured or assumed GST thickness or refractive index 

of <3%.  

Cross-sectional field distributions (Fig. 2e) also show 

that in the absence of GST the guided mode is 

essentially unperturbed, i.e. remains confined to the 

core, even when the cladding is polished to d = 0.5 µm. 

When GST is present on the polished facet, mode 

confinement to the core is progressively weakened with 

decreasing d below ~2 µm. The high-index layer acts as 

a lossy Fabry-Pérot cavity, in which a standing wave 

distribution of electric field is established as shown in the 

inset to Fig. 3c (thereby accounting for the dependence 

of resonance wavelength on thickness t); The strength 

of coupling between this cavity and the guided mode, 

and thus the depth of the transmission resonance, are 

functions of the remnant cladding thickness d. 
Simulations differ from experiment in that they assume 

monochromatic, coherent illumination and for this 

reason they predict levels of resonant absorption per 

unit length (via an interference phenomenon) that are 

approximately an order of magnitude larger than are 

observed in experiment (performed with a minimally 

coherent broadband, tungsten filament, light source). As 

such they illustrate levels of performance expected in 

laser-based (e.g. telecoms) signal processing devices. 

The quality factor Q of the resonance, being primarily a 

function of the GST extinction coefficient, does not 

depend on d.  

The non-volatile amorphous-to-crystalline transition in 

chalcogenides is an annealing process initiated by 

increasing the temperature of the material to a point above 

its glass-transition temperature Tg (~160ºC for GST) but 

below its melting point Tm (600ºC). In the present case this 

is achieved uniformly in the GST film over the whole 

side-polished fiber facet by holding the fiber at 300ºC on 

a hotplate for 20 minutes. In device applications the 

transition could alternatively be initiated by localized 

pulsed laser- or electrical current-induced heating, as in 

optical disc and phase-change RAM data storage 

technologies. The reverse crystalline-to-amorphous 

transition is a melt-quenching process requiring local 

transient heating to a temperature above Tm and rapid 

cooling. It is not demonstrated as part of the present study 

as this temperature dynamic cannot be achieved in the 

GST film by heating/cooling the whole fiber. (In device 

applications this transition would again be initiated by 

pulsed laser- or electronic excitation, with higher pulse 
energy than for the annealing transition.) Moreover, the 

GST would need to be encapsulated against deformation 

and atmospheric degradation at >Tm (e.g. in rewritable 

optical discs the phase-change medium is located between 

Figure 3. (a) Experimentally measured and (b) numerically 

simulated spectral dispersion of propagation loss for a side-

polished fiber [d = 0.5 µm] coated with GST [t = 500 nm] in its 

amorphous [blue lines] and crystalline [red] states, and the 

corresponding dispersion of propagation loss contrast, defined as 

10log(Tamorphous/Tcrystalline) [dashed grey lines]. (c, d) Simulated 

cross-sectional distributions of normalized electric field in the xy 

plane, including expanded detail of the GST layer, for the (c) 

amorphous and (d) crystalline phase states of GST, at 

transmission resonance wavelengths of 1348 and 1708 nm 

respectively. 



4 

 

protective layers of ZnS:SiO2). 

Figure 3 shows the effects on side-polished fiber (d = 0.5 

µm) transmission of converting the GST coating from its 

amorphous to its crystalline state, whereby both its 

refractive index n and extinction coefficient κ increase: 

The phase transition in GST brings about a red shift of 390 

nm in the spectral position of the transmission resonance, 

with a change in absolute transmission of -2.8 dB at the 

amorphous phase resonance wavelength (1315 nm), and 

9.1 dB at the crystalline phase resonance wavelength 

(1708 nm) – giving contrast ratios that are in either case 

sufficient at least for short-reach (intra-/interchip) optical 

interconnect applications40. The resonance red shift is 

accurately reproduced in numerical simulations (Fig. 3b), 

but the model also predicts a reduction in the depth and 

quality of the resonance upon crystallization – derived 

from weaker coupling to the Fabry-Perot mode (Figs. 3c, 

d) in a higher-index, higher-extinction coefficient film, 

which is not seen in the experiment. Minor discrepancies 

between experiment and numerical modelling (for both 

phase states of GST) are attributed to manufacturing 

imperfections, i.e., deviations from the ideal rectilinear 

geometry of the model, and defects in the GST film. The 

mis-match in crystalline phase resonance quality suggests 

that the extinction coefficient of crystalline GST in the 

experimental device is lower than assumed in simulations, 

which is accounted for by oxidation and/or stoichiometric 

changes arising during crystallization. 

In summary, we have demonstrated the functional 

principle of a side-polished optical fiber-integrated phase-

change device providing for non-volatile control of near-

infrared guided mode transmission. The amorphous-

crystalline phase transition in a thin, high-index 

chalcogenide film on the side facet of a single-mode fiber 

modulates optical transmission at resonant operational 

wavelengths set by design – in the present case, a 500 nm 

layer of germanium antimony telluride (Ge2Sb2Te5 or 

GST) delivers maximum transmission contrast of 2.8 dB 

at 1315 nm and 9.1 dB at 1708 nm. Resonance 

wavelengths can be set, at the point of device fabrication, 

anywhere within the transparency range of the 

chalcogenide and/or supporting fiber by adjusting the 

thickness of the chalcogenide film. For example, GST 

thicknesses ranging from 460 to 620 nm would be 

sufficient to cover a spectral range from 1250 nm 

(telecoms O-band) to 1590 nm (L-band). Transmission 

contrast and insertion losses are functions of the polished 

facet’s proximity to the fiber core and the extinction 

coefficients of the chalcogenide’s amorphous and 

crystalline phase states. Indeed, the exceptional 

compositional variety of chalcogenide semiconductor 

alloys – the stoichiometric tunability of refractive indices, 

transition temperatures, etc., offers considerable design 

flexibility to the present device concept.   

Robust devices supporting reversible phase switching 

over many cycles – i.e. full ‘optical memory’ function 

whereby data is encoded in / read as the transmission level 

at the designed resonance (signal) wavelength - may be 

realized by adding a protective (low-index) dielectric 

coating to the active domain of GST, thereby 

encapsulating it in the manner of the functional 

chalcogenide layers in rewritable optical discs. Structural 

transitions in GST (in both directions) may be initiated 

optically by control laser pulses, perhaps delivered 

through the fiber itself at a wavelength different from the 

signal: GST absorbs strongly, for example, at shorter 

visible wavelengths; A conventionally guided mode in the 

fiber core would not transfer energy efficiently to the GST 

film but control pulses could be phase-matched and 

coupled to a cladding mode using a long-period fiber 

grating (LPFG)41,42. It should be noted that full 

amorphous-crystalline phase transition is not essential for 

maximizing optical transmission contrast at the 

amorphous phase resonance wavelength. As can be seen 

from Fig. 3, partial crystallization, resulting in a smaller 

refractive index change and smaller red shift, would 

suffice to deliver the same transmission attenuation 

function at lower switching energy (the extent of 

crystallization being a function of annealing temperature 

and time)39. We envisage that additional functionality and 

design freedom may be introduced to such devices by 

patterning the active layer – a metamaterial structure in an 

optically-switched device may, for example, 

simultaneously enhance transmission contrast at the 

signal wavelength and absorption in GST at the control 

wavelength. 

 

SUPPLEMENTARY MATERIAL 

See supplementary material for additional data on 

resonance spectral position as a function of GST film 

thickness. 
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