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The objective of this work is to design and demonstrate multilevel optical switches by combining
different phase change materials. Ge,Sb,Tes and VO, nanolayer structures were designed to
maximize the optical contrast between four different reflective states. These different optical states
arise due to the independent structural phase transitions of VO, and Ge,Sb,Tes at different
temperatures. The transfer matrix method was used to model Fresnel reflection for each structural
phase combination and then to optimize the VO, and Ge,Sb,Tes layer thicknesses, which were
found to be 70nm and 50nm. These multilevel optical switching results provide further
possibilities to design composite materials for applications in active and programmable photonics.
Published by AIP Publishing. https://doi.org/10.1063/1.5043521

In recent decades, active photonics has attracted consid-
erable attention for all-photonic multilevel-memory, holo-
graphic displays, and radiative homeostasis and for
providing the necessary non-linearity for photonic artificial
neural networks.'™ Phase change materials (PCMs) are now
being studied and applied to tune these photonic devices.”'*
PCMs exhibit a large change to their dielectric constant upon
a structural transition."” Thus, PCMs can be incorporated
into photonic structures to make them tunable. Heat, which
is usually supplied by an electric current or a laser pulse, is
used to trigger a reversible phase transition between two
structural states.'®!” In particular, the well-known phase
change alloy Ge,Sb,Tes (GST) is attractive for applications
in nano-photonics due to its excellent scaling'®'® and fast
structural transitions.”° Vanadium dioxide (VO,) is also a
phase change material that exhibits a structural transforma-
tion and concomitant change to its electrical and optical
properties at 68 °C.2' VO, has been widely explored for
energy storage*>> and switchable devices.**2°

Analogue optical tuning of the refractive index is
highly desirable for active photonics. However, it is diffi-
cult to do this with individual layers of VO, and GST, as
both exhibit abrupt transitions over a narrow temperature
range, i.e., each material is either “on” or “off.” This limits
their application in multilevel devices. To solve this prob-
lem, we previously explored CSb,Tes, which progressively
crystallizes over a large temperature range.”’ However,
short laser pulses are required to transform the material to
a specific optical state. Therefore, we now explore how
VO, and GST can be combined to form a 2-bit, 4-state opti-
cal switch. We hypothesize that the different transition
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temperatures of VO, and GST will provide the possibility
to achieve multilevel optical states.

We designed and experimentally demonstrated a proto-
type multilevel optical switch based on VO, and GST. We
maximized the optical contrast by optimizing the layer order
and thickness using the transfer matrix approach.”® By com-
paring the reflectivity of different layer designs, we found
that the optimized nanostructure layer order is SiO,/VO,/
GST/Al. We grew this prototype structure and measured
its reflectivity as a function of temperature. Four different
reflectivity states were achieved with a total reflectivity
change of 44% in the visible spectrum. Finally, the measure-
ments and models were compared and validated with the pre-
dicted simulation results.

To calculate the optical reflectivity of the nanostructure,
the dielectric-constants of VO, and GST films are required.
The optical constants were measured by Variable Angle
Spectroscopic  Ellipsometry (VASE) using a Woollam
M2000 ellipsometer. A Drude-Lorentz model® was used to
fit the experimental data and the optical constants n and k
were calculated. The fitted refractive index, n, and extinction
coefficient, k, of GST and VO, films are shown in Fig. 1. For
further details, see Ref. 30. Figure 1(a) shows that there is a
substantial change in the refractive index of the VO, film
when it is annealed at 70 °C. The change in the optical con-
stant is due to a structural transition of VO, from a mono-
clinic to a tetragonal structure.®’ Similarly, the optical
constants of GST increase after annealing at 180°C [Fig.
1(b)]. This is a result of the structural phase transition from
the amorphous state to the Face Centered Cubic (FCC) state.
Since the optical constants for both VO, and GST change at
two different temperatures, 70 °C and 180 °C, respectively,
the two different films can be combined to design a compos-
ite material with multiple effective refractive indices and
corresponding reflective states.
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FIG. 1. Optical constant n and k of (a)
VO, in monoclinic and tetragonal
states; (b) GST in amorphous and Face
Centered  Cubic (FCC)  states.
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The nanostructure layer order has two possibilities: (1)
The VO, layer is sandwiched between GST and Al layers,
which we call “Structure 1,” and (2) the GST layer is sand-
wiched between VO, and Al layers, which we call
“Structure 2.” Schematic diagrams of the possible nanolayer
designs are shown in Figs. 1(c) and 1(d). We modeled the
reflectivity of these two possible nanostructures at different
temperatures, and the results are shown in Figs. 1(e) and
1(f). We found that four different reflective states could be
achieved for both structures. However, the reflectivity con-
trast between the four states is greater for Structure 2. As can
be seen in Fig. 1, the maximum change in reflectivity is 48%
for Structure 2 and just 21% for Structure 1. Hence, we chose
the Si0,/Al/GST/VO, (Structure 2) for further optimization.

Figure 2 shows that the reflectivity of Structure 2 is
strongly dependent on the phase change material layer thick-
ness. Therefore, the transfer matrix method was used to
model Fresnel’s equations for reflection from stacked thin
films. This model was then used to optimize the VO,
and GST layers. The layers’ thicknesses were gradually
increased from 10nm to 80nm with a step of 10nm. The
corresponding reflectivity, VO, thickness, and GST thick-
ness matrices are plotted in Figs. 2(a)-2(d). The color indi-
cates the reflectivity of the nanostructure for a particular
layer thickness of VO, and GST. We can see that at room
temperature, the 60nm GST and 10nm thick VO, structure
exhibits the maximum reflectivity. Increasing the structure’s

temperature to 70 °C increases the reflectivity for the thicker
GST and thinner VO, layers. In contrast, the reflectivity
decreases for the thicker GST and VO, layers at 190 °C, see
Figs. 2(b) and 2(c). Upon subsequent cooling to room tem-
perature, the reflectivity increases for the thicker layers and
the reflectivity is minimized for an intermediate layer thick-
ness of 40—-60 nm, see Fig. 2(d). These results show that two
different thicknesses of VO,, 70nm and 80 nm, in combina-
tion with a 50 nm layer of GST give four distinct optical lev-
els, as shown in Figs. 2(e) and 2(f). Since the structure with a
70 nm thick layer of VO, has a greater optical contrast than
the 80nm thick VO, layer, the 70 nm thick VO, structure
was chosen for fabrication and characterization.

The VO, layer was fabricated on a silica substrate using
the solution-based method>* at 550 °C, and the GST layer
was deposited by radio-frequency (RF) sputtering a 99.99%
pure 50nm diameter GST alloy target at 30 W. First, the
VO, layer of 70nm was deposited, and then, a 50 nm thick
GST layer was sputtered followed by a 100 nm Al reflective
layer, which was deposited from a second target at 100 W.
The Al top layer acts as a mirror to enhance the reflected sig-
nal during the measurement. This structure is designed for
reflectivity measurements through the substrate, see Fig.
3(a). We chose this design such that the VO, layer could be
deposited before the GST, because the VO, synthesis is
performed at 550°C. At this temperature, the GST layer
would crystallize during fabrication. The GST and Al sputter
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deposition process was carried out at a pressure of 0.5 Pa in
the pure argon atmosphere. In all cases, the vacuum chamber
pressure was better than 2.7 x 10> Pa. The reflectivity of the
nanostructures was measured in the visible spectrum using
spectrometer coupled to an optical microscope. A micro-
scope furnace was used to heat the sample at 5°C/min for
the temperature dependent reflectivity measurement.

The reflectivity of the 70 nm VO,-50 nm GST structure
was measured as a function of annealing temperature to con-
firm the predicted multi-level optical switching ability. The
VO, and GST layers crystallize independently at two differ-
ent temperatures, as is clear in Fig. 3(b). Since the crystal
fraction as a function of temperature can be described by a
logistic function,®® we analyzed the measured reflectivity
versus temperature data by fitting a double logistic function

. ARvo,
1 + exp (kyo, (T — Tvo,))
L ARGsT
1 + exp (kgst(T — Tasr))

+R07

where R is the reflectivity of the structure, ARy, is the
change reflectivity due to the VO, phase transition at temper-
ature Tyo,, which occurs at a rate of kyo,, and ARggr is the
change reflectivity due to the GST phase transition at tem-
perature T, Which occurs at a rate of kgst. Rg is the mini-
mum reflectivity of the structure, which occurs when both
layers have crystallized. The fit parameters are shown in the
inset table of Fig. 3(b).

Figures 3(c) and 3(d) show the reflectivity spectra as a
function of temperature. The reflectivity was normalized
against an Al mirror to estimate the absolute reflectivity.
Initially, at room temperature, we see that the structure is
87% reflective. This is the first reflective state, denoted as (1)
in Fig. 3(b). Then, the reflectivity decreases at 72 °C, indicat-
ing the metal-to-insulator transition of the VO, layer, thus
producing the second reflective state, denoted as (2) in Fig.
3(b). Further increasing the temperature causes the GST
layer to undergo a structural phase transition at 158 °C, thus
decreasing the overall reflectivity to the third reflective state,
denoted as (3) in Fig. 3(b). Cooling from 200 °C causes the
reflectivity to increase at 44°C, due to the VO, reversible
transition back to an insulator. This results in the fourth
reflective state, denoted as (4) in Fig. 3(b). The reflectivity
changes at 44°C, 72°C, and 158 °C are in good agreement
with our simulated reflectivity versus temperature result for
Structure 2, which is shown in Fig. 2(f). Structure 2 was
designed to exhibit strong reflectivity changes at a wave-
length of 680nm; however, at different wavelengths, the
four states can have a similar low reflectivity. This means
that a pump laser wavelength that is highly absorbed in all
four states can be used to switch the reflectivity at the probe
wavelength of 680 nm.

The average reflectivity across the spectral range from
660 to 700 nm is shown in Fig. 3(b). It shows that the crystal-
lization temperature of VO, is Tyop, =72 °C and the crystal-
lization temperature of GST is Tgst=158°C. These
transitions are very close to the crystallization temperature
of the individual VO, and GST thin films. This is important
because it shows that the GST crystallization temperature is
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not influenced by the VO, phase transition, i.e., VO, does
not seem to seed crystallization of GST, which is sometimes
seen in related materials.”* We were initially worried that the
stability of the solution deposited VO, layer and the possibil-
ity of Ge atoms from the GST layer reacting with oxygen
atoms in the VO, layer. If this had happened, we would have
expected the GST crystallization temperature to increase.”
However, the GST crystallization temperature is 158 °C
which is the same as the isolated GST film. This implies that
the Ge atoms are unoxidized. Upon cooling, there is only
one transition, which occurs at Ty, =44°C, because the
GST layer remains in its metastable, FCC phase. The abso-
lute change in reflectivity is 44%, which corresponds to a
1.65 factor increase in the reflected intensity. The GST layer,
however, appears to crystallise more abruptly than VO,.
Indeed, the reflectivity of the structure is almost twice as sen-
sitive to a unit temperature change at 158 °C compared to
72°C and 44 °C. As both GST and VO, show a high endur-
ance to phase change cycling, we also expect phase change
switching in this 2-bit layer to exhibit a high cycle endur-
ance. The cycle endurance will be properly characterized in
our future work.

We have designed, demonstrated, and characterized a 2-
bit, 4-state phase change optical switch that employs two dif-
ferent phase change materials: VO, and GST. The matrix
transfer method was used to maximize the reflectivity
dynamic range. We can easily imagine how adding other
PCMs with different optical constants and transition temper-
atures can further increase the bit-depth of this type of
design. Four different optical states were achieved with an
overall optical contrast of 44%, which is in reasonable agree-
ment with the simulated result. This type of multilevel
switch opens further possibilities to design active photonic
devices with multi-bit functionality. In particular, we foresee
these structures being combined with metamaterials that can
be tuned to multiple resonant frequencies.
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