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Abstract—We report a novel silicon MZI switch activated by the
phase change of a sub-micrometer-size Ge:Sb:Tes (GST) thin
film. The phase change of GST is triggered by electrical pulses,
leading to two “self-holding” switching states. Extinction ratio
change of 5-dB is measured from the MZI spectrum.
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I. INTRODUCTION

To make a large-scale photonic integrated circuit, the
individual optical components should be as compact as
possible to reduce the chip footprint and power consumption.
Silicon-on-insulator based photonic devices are extremely
attractive due to its compactness and compatibility with
microelectronic circuits using the well-developed CMOS
technology. Actively tunable devices are inevitably required to
build complex integrated chips in many applications. The
active tuning in silicon is usually realized by the thermo-optic
[1] or free-carrier plasma dispersion [2] effects. However, the
thermal effect is slow in the order of microsecond. The free-
carrier effect, on the other hand, is fast but relatively weak with
a refractive index change only in the order of 0.001 and
moreover loss also increases with free-carriers injection.
Resonant structures, such as ring resonators [3], disk resonators
[4], Bragg gratings [5] and photonic crystals [6], can be
employed to reduce the device size. However, this is achieved
with the sacrifice of the optical bandwidth, and moreover, the
resonant devices are quite sensitive to temperature change [7],
leading to potential stability issue.

One solution to overcome the fundamental limitation in
today’s silicon photonic devices is to use exotic materials with
a much larger refractive index modulation. The phase-change
material (PCM) is one of the materials that can serve for this
purpose. There exist at least two phases with significantly
different optical properties, which can be repeatedly and
rapidly cycled. The Ge,Sb,Tes (GST) is a widely-used PCM in
which the phase change can be thermally, optically or
electrically induced potentially with an ultrahigh speed [8] [9].
The GST possesses the “self-holding” feature [10], and
consequently there is no static power consumption to maintain
the states. Here, we report on the first experimental

demonstration of optical switching in a silicon Mach-Zehnder
interferometer (MZI) structure integrated with electrically-
driven GST as the active material.

II. EXPERIMENTAL IMPLEMENTATION

A. Device structure

Figure 1(a) shows the schematic structure of an asymmetric
MZI with one arm waveguide partially covered with a stack of
Indium Tin Oxides (ITO)/GST/ITO film. The MZI is
composed of a pair of 1x2 multimode interferometers (MMIs)
with a 3-dB coupling ratio. The arm waveguide length
difference is 166 um. Figure 1(b) shows the magnified view of
the active waveguide. The ITO and GST/ITO patches are
overlapped on top of the waveguide with an area of 0.75%0.75
um?. The GST is sandwiched between the two ITO layers as
illustrated by the cross-section in Fig. 1(c). The top and bottom
ITO layers are used as electrodes so that voltage can be applied
onto the GST film in this capacitor structure. The ITO also
protects the GST from being oxidized when exposed in the air.
The ITO/GST/ITO layer thickness is 60/50/60 nm.
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Fig. 1. (a) Schematic structure of the optical switch using GST. (b) Top view
of the ITO/GST/ITO covered active silicon waveguide. (c) Cross-section of
the active waveguide.



The working principle of the device is described as follows.
The GST changes from the amorphous (am) state to the
crystalline (cr) state and vice versa upon an external electrical
pulse. The complex refractive index of the GST at a
wavelength of 1550 nm is 4.6 + 0.12i for the crystalline state
and 7.45 + 1.49i1 for the amorphous state [11]. The GST phase
change influences the effective index of the active waveguide,
and as a result, the MZI output spectrum changes. Figure 2
illustrates the electric field distribution of the fundamental
quasi-transverse electric (TE) modes in the active waveguide
when the GST is at amorphous and crystalline states. The ITO
is assumed to have a refractive index of 1.8+0.03i [12]. The
calculated effective indices of the active waveguide are nefram)
= 2.74+0.028i and ner ) = 2.411+0.129i1. It reveals that the
crystalline state has a smaller propagation constant and a higher
optical absorption loss. It should be noted that the GST has a
self-holding characteristic, and therefore the two states can be
maintained without any electrical supply. Electrical power is
only consumed during the dynamic phase change process,
leading to much lower power consumption if the switching

frequency is low.
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Fig. 2. Simulated electric-field intensity profiles of the active waveguide
when the GST is at (a) the amorphous state and (b) the crystalline state.

B. Device fabrication

Figure 3(a) shows the device fabrication process flow. It
began with a silicon-on-insulator wafer with a top silicon layer
thickness of 220 nm and a buried oxide (BOX) layer thickness
of 2 um. The silicon waveguides were patterned by e-beam
lithography (EBL) followed by reactive ion etch (RIE). Then a
lift-off process was used to deposit the bottom ITO. Next, a
second lift-off process was performed to form the top GST/ITO
layers. The ITO/GST/ITO layers wrap around the silicon
waveguide to interact effectively with the waveguide mode.
The GST and ITO layers were deposited using the sputtering
method, ensuring the good waveguide sidewall coverage by the

thin films. Figure 3(b) shows the optical microscope image of
the fabricated device.
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Fig. 3. (a) Device fabrication process flow. (b) Microscope image of the
fabricated device.

C. Experimental results

We first measured the current-voltage (I-V) curves of the
ITO/GST/ITO stack for two successive cycles as shown in Fig.
4. In the measurement, the current was swept while the voltage
was recorded. The as-deposited GST material is initially at the
amorphous state. Therefore, in the beginning of the first cycle,
the GST exhibits a large resistance. When the voltage gradually
increases to the GST phase change threshold voltage Vr [13], it
suddenly drops back to a lower value, implying the GST
resistance reduces considerably. This is a clear indication of the
phase change of the GST material. In the second cycle, the
measured I-V curve is a linear line with low resistance. The
bandgap energy of GST is around 0.7 eV and 0.5 eV in the
amorphous and crystalline states, respectively [13]. The
amorphous GST hence behaves more like an intrinsic
semiconductor, while the crystalline GST has a higher
concentration of free-carriers with good electrical conductivity.
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Fig. 4. I-V curve measurement before and after GST phase change.



We next performed the phase change experiment with
electrical pulses. The pulses were generated from an arbitrary
waveform generator (AWG) and applied to the ITO electrodes
via a pair of metal probes. The amorphization of GST was
enabled by using a reset pulse with a width of 100 ns and a
peak voltage of 8 V. The recrystallization of GST was obtained
by a set pulse with a width of 500 ns and a peak voltage of 3 V.
The effect of phase change was examined by measuring the TE
transmission spectrum of the MZI. Figure 5(a) shows the
normalized spectra for two phase change cycles (two
crystalline states and two amorphous states). The free-spectral
range (FSR) is 3.2 nm. Both of the amorphous and crystalline
states can be well recovered after several cycles. Fig. 5(b)
illustrates the magnified spectra in one FSR. Two effects can
be clearly discerned by comparison of the two spectra. The
amorphous state shows a red-shifted spectrum and a higher
extinction ratio (ER). This was expected since the amorphous
state has a larger real refractive index but a smaller imaginary
index, as given by the simulation in Fig. 2.
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Fig. 5. (a) Measured transmission spectra of the MZI in two cycles of GST
phase change. (b) Magnified spectra in one FSR.

III. CONCLUSIONS

We have experimentally demonstrated a MZI optical switch
based on the phase change of electrically-driven GST. The
ITO/GST/ITO stack layer area on top of the silicon waveguide
is less than 1 um?. Preliminary experimental results reveal that

the GST can undergo repeatable phase change induced by
electrical pulses. The phase change has a significant effect on
the optical performance of the MZI switch. The extinction ratio
varies by 5 dB. The proof-of-principle experiment proves the
possibility of hybrid integration of GST with silicon
waveguides for potential ultra-compact photonic integration.
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