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Activation Function Units With Phase
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Abstract—With a rapidly growing amount of data generated and
processed, a search for more efficient components and architectures
such as neuromorphic computing that can perform increasingly
complex operations in more efficient way continue. Here we show
that thin films of chalcogenide phase change materials (PCMs)
(Semiconductors) can serve as building blocks for novel type of
plasmonic photodetectors and activation function units that op-
erate seamlessly in both electrical and optical domains without
the need for repeated electrical-to-optical conversions. Different
arrangements and heating configurations are considered to provide
a most efficient mechanism for detection and thresholding. Depend-
ing on the operation conditions, the same device can operate either
as a photodetector or an activation function unit. In consequence
it provides flexibility in an on-chip signal processing.

Index Terms—Plasmonics, phase change materials (PCMs),
photodetectors, nanophotonics, neuromorphic computing, neuro-
morphic photonics.

I. INTRODUCTION

IN THE last years, photonic integrated circuits (PICs) be-
came very attractive as they offer broad bandwidth and very

efficient information transport, processing, and storage [1], [2].
Large-scale PICs are based on the silicon photonics platform
that is compatible with the well-established CMOS technology.

Two key advantages of integrated photonics over its elec-
tronic counterparts rely on the massively parallel data transfer
in conjunction with multichannel sources and extremely high
data modulation speed limited only by the bandwidth of on-chip
optical modulators and photodetectors. Thus, modulators and
photodetectors are very essential components in the network
[3], [4]. As modulators perform electrical to optical signal con-
version [5], [6], [7], [8], [9], the on-chip photodetectors convert
light into an electrical signal [10], [11], [12], [13]. Being the last
components in the optical links, the photodetector must operate
with low power if costly amplifiers are to be avoided.
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Photonic integrated components can play an important role in
a newly established field in the area of neuromorphic platform,
so called the neuromorphic photonics, that assume to mimic a
behavior of human brain through photonics [14], [15], [16], [17]
or plasmonics [18]. To fully develop this concept, two classes of
devices need to be engineered - the weighted sum/addition and
the nonlinear activation [16], [17]. The weighted sum/addition
can be obtained by a combination of photodetectors, modulators,
and switches where the optical carriers or modulated signals are
attenuated or delayed by certain amount dictated by the weight
values. Then, a nonlinear unit applies an activation function f
to the weighted sum/addition, yielding the output of the neuron
that is transmitted to many other neurons. The activation func-
tion mimics the firing feature of biological neurons. Thus, the
nonlinear activation function can be used to set a threshold from
which to define activated and deactivated behavior in artificial
neurons [14].

As most traditional photodetectors and activation functions
suffer either from high power consumption, low efficiency, low
operation speed or large footprint, the progress in development
of such devices needs to be made even through a new material
platform [19], [20], [21], [22], [23], a novel design that is based
on plasmonics [24], or both.

Here, a new plasmonic arrangement is proposed that relies
on an efficient heating of PCM by light that causes the change
in a phase of the PCM material. Thus, a device is able to pass
the optical pulses when the activation threshold is achieved and
attenuate it when they are below the activation threshold.

II. PLASMONIC PLATFORM – LR-DLSPP ARRANGEMENT

Plasmonics can squeeze light much below the diffraction
limit, which reduces the device footprint [24]. Furthermore,
a small device volume means a higher density of integration
and, simultaneously, lower power consumption, easier heat
dissipation, and faster operation speed [25]. Taking those ad-
vantages, plasmonics can serve as a platform for building
novel on-chip photodetectors with improved performances [10],
[11], [12], [13]. However, as the optical energy received at a
photodetector is directly related to transmitter optical output
power and the total link loss power budget, thus minimizing
the attenuation losses, and coupling losses at photodetector
is crucial for overall performance of the system [10]. High
coupling efficiency means that most of the power coupled
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Fig. 1. Proposed LR-DLSPP waveguide configuration in “normal” design with
a corresponding cross-section through the LR-DLSPP waveguide.

to the photodetector can participate in an electrical signal
generation.

The proposed photodetectors like a previously proposed mod-
ulators and switches [26], [27], are based on the long-range
dielectric-loaded surface plasmon polariton (LR-DLSPP) wave-
guide arrangement with the metal stripe placed between the ridge
and buffer layer that support TM-polarized mode (Fig. 1). Thus,
the metal stripe is an essential part of the LR-DLSPP waveguide
and can serve as one of the electrodes [28], [29], [30], [31].

In balance conditions, the mode effective index below a metal
stripe is close to the mode effective index above a metal stripe. In
consequence, the absorption in metal stripe is minimalized and
the propagation length is enhanced. When the active material is
deposited either into a buffer layer in “inverse” design or into a
ridge in “normal” design even the small change in the refractive
index of the active material can disturb a balance [26], [27]. As a
result, the absorption in metal stripe arises and mode attenuation
increases. This effect can be highly enhanced when the active
material is placed directly at the contact with a metal stripe, i.e.,
in the electric field maximum of the propagating mode.

To present some benefits of the proposed configuration, the
FEM simulations were performed for Si ridge while the buffer
layer refractive index was swept from n = 1.5 to n = 4.8 to
mimic a behavior of PCMs where the refractive index changes
under a phase transition from an amorphous to crystalline state.
The FEM is a well know technique for numerical solution of
partial differential equations or integral equations, where the
region of interest is subdivided into small segments and the
partial differential equation is replaced with a corresponding
functional.

The broad range of the refractive indices was dictated by
a broad spectrum of PCMs that can be implemented in this

Fig. 2. Mode effective index and mode attenuation as a function of PCM buffer
layer refractive index for different thickness of Si ridge. The Si width was kept
at w = 300 nm while the PCM buffer thickness at h = 120 nm.

device. Simultaneously, as each of PCMs is characterized by
different absorption coefficient and additionally, the absorption
coefficient of some PCMs undergo changes in the intermediate
states, the simulations were performed under an assumption of
no lossy PCM. Such PCMs include, for example SbS and SbSe
while for lossy PCMs such as for example GST, GSST and AIST
the mode attenuation in Fig. 2 should be corrected on higher
attenuation.

Under no heating approach of the active material i.e., the
active material is in the “unactivated state”, the proposed pho-
todetector ensures low absorption losses below 0.01 dB/μm that
can be achieved with Si platform (Fig. 2). Consequently, the
insertion losses (IL) below 0.1 dB can be obtained for 10 μm
long active region of the photodetector. Even further reduction in
absorption losses can be achieved with lower index waveguide
materials such as, for example SiN, where the propagation
length of 700 μm was measured at telecom wavelength for
CMOS-compatible silicon nitride (SiN) [31].

Furthermore, the proposed photodetector ensures high cou-
pling efficiency with the photonic platform that was numerically
estimated at 97% (Fig. 1) [28], [29]. Thus, the coupling losses
per interface as low as 005 dB can be achieved. It was exper-
imentally validated, where the coupling efficiency exceeding
75% per interface was achieved [30], [31]. A difference between
numerical calculations and experimental results was attributed to
the presents of thin layer of titanium used for improving adhesion
between gold stripe and substrate that introduces substantial
mode absorption [30].

In consequence, apart from a complex design and efficient
conversion mechanism, the proposed photodetector can provide
low attenuation losses and extremely high coupling efficiency
what can highly improve the overall performance of the system
through an enhanced electrical signal generation.

III. MATERIAL PLATFORM – PHASE CHANGE MATERIALS

(PCMS)

Recently, phase change materials (PCMs) have been proposed
as very promising materials for realization of nonvolatile optical
modulators, switches [19], [20], [26], [27], [32], [33], [34], [35]
and photodetectors [36], [37].
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They provide extremely high refractive index contrast (Δn =
0.6-3.0), ultrafast transition (>1 ns), energy-efficient reversible
switching, nonvolatility (leading to zero-static power consump-
tion), high scalability, long-term retention (<10 years), and
high cyclability (1012 switching cycles) [38], [39], [40], [41].
Mechanism of switching in the PCM is realized through a
phase transition between its two different phases – amorphous
and crystalline [39], [40]. The amorphous state is characterized
by high electrical resistance while the crystalline state by low
electrical resistance. In terms of photonics, the amorphous state
shows a high transmission while the crystalline state shows a
low transmission because of the higher imaginary part of the
complex refractive index [25].

Switching between different phases (states) of PCM can be
performed by Joule heating of the PCM using external heaters
(thermal effect) [42], [43], electrical pulses (electro-thermal
effect) [25], [32], [44], or optical pulses (photo-thermal effect)
[19], [25], [35]. In photonic nonvolatile phase-change switches,
the heat-induced refractive index change of PCM induces change
in transmitted light [26].

Mechanism of the phase transition between amorphous and
crystalline states in the PCM occurs at a crystallization tem-
perature, Tc. Thus, below Tc temperature, the PCM is in the
amorphous state. When temperature of the PCM exceeds the Tc

the PCM undergoes transition to the crystalline state in which
it remains even after cooled back to temperature below Tc. To
move back to the amorphous state, the PCM needs to be first
heated to the temperature above its melting point Tm and then
rapidly cooling back to temperature below Tc.

Ge2Sb2Te5 (GST) and Ge2Sb2Se4Te1 (GSST) are the most
commonly used PCMs for integrated phase-change devices ow-
ing to its wide availability, well established technology, rela-
tively low switching temperature and very large refractive index
shift [19], [39], [43], [44]. The crystallization temperature of
GST was measured at 160 ˚C while the melting temperature
at 630 ˚C with a quenching time in the range of nanoseconds
[45]. In terms of a switching time between states, it is generally
slower for crystallization and physically limited to hundreds of
picoseconds [20], [46].

The refractive index of GST at a wavelength of 1550 nm at
amorphous state (a-GST) is na-GST = 3.80 + 0.025i while at
crystalline state (c-GST) is nc-GST = 6.63 + 1.09i (Fig. 3).
This provides exceptionally large refractive index shift Δn =
2.74 that can be achieved by switching between phases. In
comparison, the refractive index of GSST at amorphous state
(a-GSST) is 3.47 + 0.0002i while for crystalline state (c-GSTT)
it grows to 5.50 + 0.42i what provides a refractive index shift
Δn = 2.03. As observed, the refractive index of both a-GST
and a-GSST is very close to the refractive index of Si, n = 3.47
(Fig. 3), what provides a good mode matching. However, both
PCMs show large absorption losses in the crystalline phase with
k = 1.09 and k = 0.42 for c-GST and c-GSST, respectively.
As a result, a transmitted light through GST- or GSST-based
waveguides undergoes much larger change in amplitude than
in phase during a phase transition. This limits their use to
amplitude modulators rather than to phase modulators. Recently,
a new class of low loss PCMs such as, for example Sb2S3 and

Fig. 3. (a), (c) Real and (b), (d) imaginary parts of refractive index of
the amorphous and crystalline phased of Ge2Sb2Te5 (GST), Ge2Sb2Se4Te1
(GSST) [19], Sb2S3, and Sb2Se3 [21] from the visible range to near-infrared.
The results were compared with Si [5].

Sb2Se3 were demonstrated that can be considered as reversible
alternatives to the standard commercially available chalcogenide
GST and GSST [21]. At a wavelength of 1550 nm, Sb2S3 shows
a complex refractive index n = 2.71 + 0i for amorphous phase
(a-SbS) and n = 3.31 + 0i for crystalline state (c-SbS) while for
Sb2Se3 it is n = 3.28 + 0i and n = 4.05 + 0i for amorphous
(a-SbSe) and crystalline (c-SbSe) phases, respectively. Thus, a
contrast of refractive index of Δn = 0.60 for Sb2S3 and Δn =
0.77 for Sb2Se3 is achieved while maintaining extremely low
losses, k<10-5 (Fig. 3).

IV. PHOTODETECTOR ARRANGEMENT - PLASMONICS + PHASE

CHANGE MATERIALS

Taking into consideration aforementioned advantages of the
LR-DLSPP plasmonic waveguide and PCMs, a novel plasmonic
PCM-based photodetector was proposed. The proposed plas-
monic photodetector (Figs. 4 and 5) enables reversible switching
the states of PCM between its amorphous (high resistance, high
transmission) and crystalline (low resistance, low transmission)
by sending optical pulses through the waveguide (Figs. 4 and 5).
Furthermore, the state of PCM can be switched by Joule heating
using one of the metal electrodes that can work as a heater.

The metal stripe is an essential part of the LR-DLSPP wave-
guide and can be implemented as an internal heater [28], [29],
[30], [31]. As it is in direct contact with a PCM, the heating
process can be very efficient. Furthermore, the metal stripe is
placed in the electric field maximum of the propagating mode,
thus even minor change in a refractive index of PCM close to
the metal stripe can highly influence the propagating mode. The
metal stripe in the proposed photodetector can be limited in
length to the active length of the photodetector or can exceed it.
As the absorption losses in metal are related to the length of the
metal stripe, the absorption losses in metal can be reduced by
decreasing the length of the metal stripe.

The proposed LR-DLSPP-based photodetector can be ar-
ranged with the external electrodes (contacts) as shown in Figs. 4
and 5. They can be arranged in two different configurations:
lateral (Fig. 4) and vertical (Fig. 5). The lateral configuration
consists of two metal electrodes placed directly in contact with
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Fig. 4. PCM-based photodetector or/and activation unit in “inverse” design
with lateral electrodes arrangements.

the PCM (Fig. 4) that is part of the waveguide, thus providing
more heat to the PCM locally what lowers the switching thresh-
old. In comparison, the vertical configuration consists of a metal
electrode placed on top of the either buffer layer (Fig. 5(a)) or
ridge (Fig. 5(b)). Depending on the requirements, the electrode
can be separated from PCM layer through very thin conductive
layer to minimize the mode-overlap with the metal and eventual
scattering while still providing an efficient heat transfer to the
PCM.

As the LR-DLSPP mode is tightly bounded to the metal
stripe, the external electrode(s) can be placed very close to the
propagating mode without substantial influence on the mode
attenuation (Fig. 6). As an example, in the lateral electrodes’ ar-
rangement where the electrodes are placed just only 50 nm away
from the propagating mode (Fig. 6(a)), the minimum attenuation
coefficient was calculated at 0.226 dB/μm. A high reduction
was observed for a distance between electrode and ridge of
250 nm where the attenuation was calculated at 0.06 dB/μm.
In comparison, for a vertical electrode configuration with the
PCM placed in the ridge (Fig. 6(b)), the mode attenuation below
0.185 dB/μm was calculated for an electrode placed only 110 nm
away from the PCM ridge. Those external electrodes can serve
as heaters and/or metal contacts that can significantly increase
the functionality of the proposed devices. Furthermore, as it
can be observed from Fig. 6, the operation range can be easily
fitted to any available PCMs either by choosing a proper spacing
between external electrodes as presented in Fig. 6(a) or by proper
choosing the ridge and buffer layer dimensions. For example, as
the buffer layer refractive index changes from n = 2.9 to n =
3.7 nm, the mode attenuation increases for the electrodes spacing
of 400 nm from around 0.25 dB/μm to 0.80 dB/μm while for
the electrodes spacing of 600 nm the mode attenuation drops

TABLE I
THERMAL PROPERTIES OF THE MATERIALS

from 0.47 dB/μm to 0.20 dB/μm (Fig. 6(a)). Considered here
a refractive index range corresponds to the SbS PCM under a
phase transition from an amorphous (n = 2.9) to crystalline (n
= 3.7) state (Table I).

V. HEATING MECHANISM

Under an applied voltage to the metal stripe or external
electrode(s), the electrical energy is dissipated into heat. The
heat from a metal stripe or external electrode(s) dissipates to any
materials that are in contact with the metal through conductive
heat transfer [47]. The amount of heat transfer to the area of inter-
est (ridge or buffer layer) depends upon the thermal conductivity
coefficients of the ridge and buffer layer, contact area and thick-
ness of the ridge and buffer layer. Thus, to ensure an efficient
heat transfer to the PCM, the second material that constitutes for
LR-DLSPP waveguide should possess low thermal conductivity
coefficient [47]. Apart from the heating through the internal
(metal stripe) or external electrodes under an applied voltage, the
proposed arrangement can provide all-optical switching under
an absorption of light by metal stripe where the optical power
absorbed by the metal stripe is dissipated into any materials that
are in contact with a metal stripe and an amount of heat dissipated
into PCM depends on thermal resistance and capacity of the
surroundings materials. The dissipated power by metal stripe
depends on the SPP attenuation coefficient and the length of
the active region. Thus, the higher attenuation coefficient, the
higher increase of the metal stripe temperature. As it has been
previously shown, the temperature increases of the materials that
are in contact with a metal stripe is proportional to the power
coupled to plasmonic waveguide [49].

The thermal resistance of an object is defined as Rth =
L/(κ·A) and it describes the temperature difference that will
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Fig. 5. PCM-based photodetector or/and activation unit in (a) “inverse” and (b) “normal” design with vertical electrodes arrangement.

cause the heat power of 1 Watt to flow between the object and
its surroundings. In comparison, the thermal capacitance of an
object, Cth =Cp·ρ·V, describes the energy required to change its
temperature by 1 K, if no heat is exchanged with its surroundings
[47]. Here, L is the length of substrate along the heat transfer
direction, A is the cross-section area of the substrate, V is the
heated volume of the material, κ is the thermal conductivity of
the material, Cp is the specific heat and ρ is the mass density.

Thus, materials with lower thermal conductivity coefficient
are characterized by higher thermal resistance, so lower elec-
trical powers are required to increase a material temperature as
the heat loss is reduced. Simultaneously, materials with lower
product of a specific heat and a mass density requires less energy
delivered to the material to change its temperature by 1K. Thus,
the lower thermal conductivity, the lower heat loss while the
lower specific heat and mass density, the lower energy required
to heat a material. As observed from Table I, most of the PCMs
possess lower thermal conductivity coefficient and heat capacity
than Si and SiO2. In consequence, less power is required to heat
a GST what makes a heating process very efficient.

The dissipated power by metal stripe depends on the plas-
monic mode attenuation coefficient and the length of the active
region. The steady-state increase of the metal stripe temperature
due to the absorption of the plasmonic mode power can be
expressed by a simple formula:

ΔT = Rth · Pin [1− exp(−apr · L)]
where Rth is the thermal resistance of the waveguide, Pin is
the power coupled in the plasmonic mode, αpr is the plas-
monic mode attenuation coefficient and L is the active length
of the metal stripe. Assuming L = 5 μm long active region,
the waveguide height and width of 500 nm that is based on
SbS, the plasmonic mode attenuation of 0.4 dB/μm (Fig. 6) and
Pin = 6 μW power coupled to the waveguide, the metal stripe
temperature increase can be calculated at ΔT = 120 K. Taking
into account that PCM is in a direct contact with the metal stripe
it can be assumed that temperature of the PCM that is in a close

proximity of metal stripe reaches ΔT≈120 K. And, as it was
shown before [27], there is no need to heat an entire PCM to
achieve a change in a transmission of light – very thin area of
PCM that is in a direct contact with the metal stripe is sufficient
to provide an essential change in a transmission. Consequently,
the heating process is very fast what translates on a very fast
switching in a transmission of light.

As the proposed LR-DLSPP plasmonic mode is tightly
bounded to the metal stripe, the external electrodes can be placed
very close to the propagating mode without influencing the
propagation length. Thus, the ohmic losses due to the presence
of external metals can be minimized. As has been shown for a
lateral configuration (Fig. 6(a)), the external electrodes can be
placed as close as 50 nm away from the ridge without introducing
any essential losses. For comparison, for Si photonic waveguides
the presence of external electrodes contributed to much higher
additional losses exceeding 0.11 dB/um [43].

Direct contact of PCM with the electrodes in the proposed
photodetector allows lowering the threshold voltage for deliver-
ing the right amount of heat for inducing a phase transition in the
PCM. A resistive heater optimized for efficient phase transition
and additionally not generating insertion losses can be made in
doped silicon or in silicide positioned next to the waveguide [34].
Furthermore, the external heater can be made from transparent
conductive oxides (TCOs) such as for example ITO [42], [43]
that is characterized by low optical losses at 1550 nm [8], [50].
Apart from it, graphene can be a very efficient platform for
realization of such a task [32], [33].

The proposed photodetector arrangement allows the electrical
readout through resistance measurements. The state of PCM
that is a part of the waveguide can be reversibly switched
between amorphous and crystalline state by sending a light
(optical pulses) through the LR-DLSPP waveguide (Figs. 4 and
5). The guiding properties of the LR-DLSPP waveguide depend
on the state of the PCM. For an amorphous state of PCM, the
LR-DLSPP waveguide works in a low-loss regime as a mode
effective index below a metal stripe is close to the mode effective
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Fig. 6. (a), (b) Mode effective index (red lines) and mode attenuation (blue
lines) as a function of (a) buffer layer refractive index and (b) ridge refractive
index calculated for the LR-DLSPP waveguide with external electrode(s). The
Si ridge dimensions were taken at w = 300 nm and h = 180 nm, while the width
and thickness of the buffer layer were kept at w = 800 nm and h = 120 nm.
The Au metal stripe dimensions were taken at w = 100 nm and h = 10 nm. The
calculations were performed for (a) different distance w between the external
electrodes and (b) different distance t between the external electrode and the
ridge.

index above a metal stripe. Thus, the LR-DLSPP waveguide is
in balance. The balance can be broken by heating the PCM that
can involve either electrical [26] or optical [27] mechanism or
both.

VI. OPERATION MODES OF PHOTODETECTOR

Under an efficient heating of the PCM by the light (optical
pulses) the phase of PCM can be transferred from the amorphous
to the crystalline. However, this approach will need a very high
amount of incident light on the PCM layer to make such a
transition.

To enhance transfer process the electrical heating can be
involved [26]. Thus, under an applied voltage to the electrode(s)
the heat will dissipate to the PCM causing the temperature
increases of the PCM [25] (Fig. 7(a) and (b)). When the voltage
is close to the threshold voltage, the temperature in PCM is close
to the crystallization temperature. As a result, the optical pulses
can provide an additional heat source just to slightly farther

Fig. 7. Heat map produced by Joule heating of the Au heating element in lateral
(a), vertical (b) and internal (c) configuration. In the electro-thermal simulation,
the PCM is amorphous. For a vertical configuration, the heating element was
placed 50 nm away from the PCM ridge. For a lateral configuration, the PCM
buffer was heated through the heating element(s) placed on one or both sides of
the PCM buffer layer.

increases the PCM temperature that can exceed the crystalliza-
tion temperature (Fig. 7(c)). In consequence, the PCM undergoes
the phase transition from an amorphous to crystalline state. The
change of phase of PCM can be detected by the electrical circuit
as the PCM transforms from the high resistance state to the
low resistance state (Figs. 4 and 5). Simultaneously, a transition
of PCM can be detected through the optical measurements as
an optical transmission of light changes from a high to a low
transmission level (Figs. 4 and 5). Inspired by Sarwat work [52],
two operation modes can be considered.

Firstly, the proposed photodetector can be designed to operate
in a count rate mode [52], in which a light coupled to the
photodetector can be inferred from the rate at which the readout
circuit resets the detector.

In such case, a bias voltage applied to the electrical circuit
is used to initially heat up the PCM material, which is initially
in an amorphous state and is a part of the LR-DLSPP-based
photodetector, to the temperature that is close to the crystalliza-
tion temperature Tc of the PCM. In a temperature above Tc, the
PCM undergoes a transition from an amorphous to a crystalline
state. A relatively small amount of incident light will result
in an increase in temperature beyond Tc, resulting in a phase
transition of the PCM to a crystalline state. In consequence,
a light coupled to the photodetector serves as an additional
heat source just to provide a transition of the PCM from an
amorphous to a crystalline state of PCM. Thus, under an applied
voltage, at the initial stage, the photodetector operates under a
high resistance state. When a light couple to the photodetector,
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the photodetector undergoes a transition to a crystalline state
that is characterized by a low resistance state. It results in an
increase in a current flow through PCM which can be detected
by the readout circuit. After that, the readout circuit can reset the
photodetector by applying the bias voltage to further increase the
PCM temperature about its melting point Tm. In consequence,
the PCM layer is re-amorphized and is ready for another pulses
of light. The re-amorphization process is fast and can be on the
scale of nanoseconds.

The sensitivity of the photodetector can be adjusted by a bias
voltage. For a high bias voltage, the temperature of the PCM is
very close to the crystallization temperature, thus a low amount
of light or low number of optical pulses are needed to move
PCM to the crystallization state.

Apart from the electrical readout circuit, a transition of PCM
under a light coupled to the photodetector can be detected
through optical measurements. In optical operation mode, an
optical transmission of light under a transition of PCM from an
amorphous to a crystalline state change from a high transmission
to a low transmission level.

As generally the re-amorphization time is faster than the
crystallization time [20], the photodetector can operate in high
bias voltage to initially heat the PCM to a temperature that is
close to its melting temperature Tm (Fig. 7(a) and (b)). Thus, a
photodetector can operate close to the crystalline state under a
high bias voltage. Then, when a light couple to the photodetector,
the PCM is additionally heated by light and the temperature of
PCM rises above Tm (Fig. 7(c)). In consequence, the PCM un-
dergoes a fast transition from a crystalline state to an amorphous
state. The change of state of PCM can be monitored by a readout
circuit showing a change from a low resistance state to a high
resistance state and/or by an optical transmission measurement
(Figs. 4 and 5).

In a second operation mode, the proposed photodetector can
operate in a sub-threshold mode [17], in which a photodetector
operates only in one state of the PCM, either an amorphous or
crystalline. In this operation mode, there is no phase transition
of PCM under a light coupled to the photodetector. Thus, a
light coupled to a photodetector can be inferred either from
a resistance of the phase change material (in the amorphous
or crystalline state) measured by a readout circuit or from a
transmission of light through a photodetector (Figs. 4 and 5).

The proposed photodetector can employ both a vertical and
lateral structure (Figs. 4 and 5). In a vertical structure (Fig. 5),
the PCM layer is sandwiched between a metal stripe and an
external electrode while in a lateral structure (Fig. 4) the external
electrodes are onto or into the PCM layer on both sides of a
ridge. Thus, a lateral structure is configured to pass current
through the PCM layer laterally. The photodetector can comprise
a further encapsulation layer (not shown) to protect the PCM
from degradation.

The photodetector, depicted in Figs. 4 and 5, includes a
readout circuit that can incorporate a voltage source, bias voltage
Vb, and current A, depending on the mode of operation. In
the electrical-to-optical or electrical-to-electrical modes, a bias
voltage Vb is applied to the PCM layer via the metal strip and the
external electrode (vertical arrangement) (Fig. 5) or via the first

and second external electrodes (lateral arrangement) (Fig. 4).
Current detector A monitors the current flow through the PCM
layer resulting from the applied bias (see Figs. 4 and 5). The
change in PCM properties due to a bias voltage Vb can be
monitored through either voltage source V in the electrical-to-
electrical operational mode arrangement or optical output signal
measurements from the waveguide in the electrical-to-optical
operational mode arrangement.

Furthermore, under light absorption by PCM its temperature
increases, causing changes in its electrical properties (resistivity)
and refractive index. Thus, the presented photodetector can
operate either in the optical-to-optical or optical-to-electrical op-
eration mode. The optical signal that couples to the LR-DLSPP
waveguide can be monitored/detected either via the output op-
tical signal measurements in the optical-to-optical operational
mode or by using the voltage source V in the optical-to-electrical
operational mode.

Under an absorption of light coupled to the photodetector by
a phase change material, the PCM undergoes a transition from
an amorphous to a crystalline phase. As the crystalline phase is
characterize by a low resistance and the amorphous phase by a
high resistance, the amount of light coupled to a photodetector
can be monitored as a change in the current flowing through the
phase change material under the bias voltage.

Compared to the free space photodetectors that require at
least partially transparent electrodes to couple a light to the
absorbing PCM later [17], the proposed waveguide-integrated
photodetector provides much higher flexibility in choice of the
materials for electrodes. Thus, the electrodes can be made from
gold, silver, copper, aluminum, tantalum, graphene, transparent
conductive oxides (TCOs), transition metal nitrides (TMNs),
etc. Furthermore, the metal stripe and the external electrode(s)
can be from varied materials.

The metal stripe and external electrode are configured to
connect to a readout circuit in the vertical arrangement while
a first external electrode and a second external electrode in the
lateral arrangement.

VII. ACTIVATION FUNCTION

As the von Neumann architecture starts to fade with fast
growing demands of the computing industry, the neuromor-
phic photonics became very promising field in the area of
neuromorphic platforms with the purpose to mimic a behavior
of human brain [14], [15], [16], [17], [20]. Furthermore, the
neuromorphic photonics, or in the next stage the neuromorphic
plasmonics, promise to overcome the electronic counterpart with
lower power dissipation, higher footprint efficiency and faster
throughput [14] (Fig. 8).

Each artificial neuron in a network can be considered as two
functional blocks containing a weighted addition unit and a
nonlinear unit. The weighted addition, �wixi, has multiple xi
inputs that transmit the information to the neuron through the
weights wi, thus one output represents a linear combination of
the inputs. It means that an optical carrier or a modulated signal
xi needs to be attenuated or delayed by a certain amount dictated
by a weight value wi. The nonlinear unit applies an activation
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Fig. 8. Comparison of projected photonic neural networks with the state-of-
the-art electronic machines in terms of footprint efficiency and compute power.

Fig. 9. Abstract representation of an artificial neuron with the weighted addi-
tion and the activation function. Fundamental operations in an artificial neuron:
The weighted addition (or synaptic operation) and the activation (threshold)
function. Below, an activation function required to achieve a nonvolatile phase
transition.

function, threshold, f to the weighted sum to provide a nonlinear
response, yielding the output of the neuron that is transmitted to
many other neurons (Fig. 9).

The activation function mimics the firing feature of biological
neurons. Thus, the nonlinear activation function can be used to
set a threshold from which to define activated and deactivated
behavior in artificial neurons [16], [51], [54] (Fig. 9).

Incorporating optical nonlinearities into photonic circuits is
one of the key requirements for deep photonic networks. One
of the main challenges in implementing photonic nonlinear
activation functions is due to the fact they need to operate at
low optical signal intensities and repeat operations many times
over [48], [53], [54].

Nonlinear activation function elements can be classified in
optoelectronic (OE) and all-optical (AO) ones [14], [16], [54].
The devices that are based on an optoelectronic (OE) nonlinear
activation function unit need to first convert an optical signal

into an electrical signal and afterwards convert it back into an
optical signal. However, such mechanism highly impedes the
speed and cascadability of the network [16]. Saturable absorbers
represent all-optical (AO) solution where the amount of light
absorbed decreases with increasing light intensity. They suffer
however, from quick decay of the signal [15]. As shown in Ref.
[15], if the transmissivity of the nonlinear activation function
is ∼η(≤1), then an optical signal with power P0 propagating
through an L-layer network with this activation function will
decay exponentially to ∼ηLP0.

Recently, it has been shown that electro-optic absorption
modulators can be implemented for a nonlinear modulation of
the optical signal [51]. The optical signal can be attenuated by
the voltage that is able to vary the optical mode effective index
and thus, a transmission of light.

The proposed arrangement can be designed to pass the optical
pulses when the activation threshold is achieved and attenuate it
when they are below the activation threshold. Thus, apart from
a photodetection schema, the proposed device can be imple-
mented as an activation function unit, meaning that a modulated
signal can be attenuated or even delayed by a certain amount
dictated by signals coming to the unit.

To realize such an activation function unit, the proposed
arrangement can be designed to operate in a high-loss regime
in the absence of the optical pulses that can be switched to a
low-loss regime when the energy of the optical pulses coming
to the unit exceeds the activation threshold. A low-loss regime
corresponds to the state in which the mode effective index below
a metal stripe is equal or close to the mode effective index
above a metal stripe. In such a situation, the absorption in
metal stripe is minimalized and attenuation reaches minimum
(Fig. 6).

In an opposite situation, i.e., when the mode effective index
below (or above) metal stripe is higher or lower than the mode
effective index above (or below) a metal stripe, the absorption
in metal stripe arises and attenuation increases as the mode is
pushed to one metal-dielectric interface. Thus, under a phase
transition of the PCM, a huge difference in mode attenuation
can be observed (Fig. 6). In comparison, a previously reported
metal-insulator-metal (MIM) plasmonic waveguide with the
GST placed in the gap showed a change in a light transmission
lower than 1% at telecom wavelength of 1550 nm under a
transition of GST from an amorphous to a crystalline state
[25]. In this case, under heating of the PCM a phase transition
from an amorphous to a crystalline state occurs and the mode
effective index of MIM increases. As a result, the mode is pushed
more to the metals. Furthermore, the imaginary part of the GST
highly increases in a crystalline phase what farther enhances
the absorption losses. Thus, a reduction in propagation length
is observed under a transition of PCM, however this change is
low.

The balance conditions in the mode effective indices can be
monitored if an active material, such as for example PCM, is
placed either in a buffer layer or in a ridge. Under, for example, a
heating approach the refractive index of the PCM can be changed
through a transition of the PCM between an amorphous and
crystalline state. Based on this approach, two different modes
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of operation of the proposed activation function unit can be
distinguished.

Firstly, the activation function unit can be designed in a high-
loss regime in an initial stage in the absence of the optical pulses,
with the PCM layer in the crystalline state. To move the PCM
to a crystalline state, the electrical heating by the readout circuit
is provided (Figs. 4 and 5). The optical pulses coming to an
activation function unit provide an additional heat source to the
PCM layer (Fig. 7(c)). When the energy of the optical pulses
exceeds an activation threshold, for which the temperature of
the PCM exceeds the melting temperature of the PCM, the PCM
undergoes a transition from a crystalline state to the amorphous
state. As a mode effective index of a metal stripe and PCM
in an amorphous state located either in a buffer layer (Figs. 4
and 5(a)) or in a ridge (Fig. 5(b)) is close to the mode effective
index of the opposite side of the metal stripe, the balance in
the mode effective indices is achieved that is characterized by
low absorption losses in a metal stripe. In consequence, the mode
attenuation reaches minimum (Fig. 6), and an activation function
unit can operate in a low-loss regime.

The activation threshold of the activation function unit can be
adjusted by a bias voltage from a readout circuit. For a high bias
voltage, the temperature of the PCM can be very close to the
melting temperature, thus a low amount of light or low number
of pulses of light can be needed to move PCM to the amorphous
state.

In a second operation mode, the activation function unit can
be designed in a high-loss regime in an initial stage in the
absence of the optical pulses, however now, with the PCM
layer in the amorphous state. In this scenario, the optical pulses
can provide an efficient heat source to increases a temperature
of the PCM above a crystallization temperature and transit a
PCM to a crystalline state in which a balance conditions in the
mode effective indices are established. As in a previous mode
of operation, the activation threshold of the activation function
unit can be adjusted by a bias voltage (Figs. 4 and 5). An energy
or the number of optical pulses able to perform a transition from
an amorphous to a crystalline state can be lowered through an
initial heating of the PCM by the electrical bias voltage. To reset
an activation function unit, a bias voltage for which the PCM
transits from a crystalline state back to an amorphous state is
required.

The proposed photodetector and activation function unit can
be implemented into a recently proposed nonvolatile crossbar
array as there are both on the same low loss plasmonic waveguide
platform and PCM [18]. Thus, linear and nonlinear operations
are performed via the same material class hence reducing fabri-
cation complexity and system cost.

VIII. CONCLUSION

In summary, low loss programmable and waveguide-
integrated plasmonic photodetectors and activation function
units that are based on PCMs were proposed and investigated.
Different arrangements and heating configurations were con-
sidered to provide a most efficient mechanism for detection and
thresholding. It has been shown that the same device can operate

either as a photodetector or an activation function unit depending
on the operation conditions. Thus, it provides flexibility in an
on-chip signal processing. Furthermore, the proposed devices
can provide a dual-mode operation in electrical and optical
domains without a need of electro-optic conversion.

REFERENCES

[1] R. Won, “Integrating silicon photonics,” Nature Photon., vol. 4, no. 8,
pp. 498–499, 2010.

[2] A. Rickman, “The commercialization of silicon photonics,” Nature Pho-
ton., vol. 8, no. 8, pp. 579–582, 2014.

[3] D. Perez et al., “Multipurpose silicon photonics signal processor core,”
Nature Photon., vol. 8, no. 1, 2017, Art. no. 636.

[4] N. Margalit, C. H. Xiang, S. M. Bowers, A. Bjorlin, R. Blum, and J. E.
Bowers, “Perspective on the future of silicon photonics and electronics,”
Appl. Phys. Lett., vol. 118, 2021, Art. no. 220501.

[5] D. Perez-Galacho et al., “Simplified modeling and optimization of silicon
modulators based on free-carrier plasma dispersion effect,” Opt. Exp.,
vol. 24, no. 23, pp. 26332–26337, 2016.

[6] C. H. Haffner et al., “Low loss plasmon-assisted electro-optic modulator,”
Nature, vol. 556, no. 7702, pp. 483–486, 2018.

[7] K. Liu, C. H. R. Ye, S. Khan, and C. J. Sorger, “Review and perspective on
ultrafast wavelength-size electro-optic modulators,” Laser Photon. Rev.,
vol. 9, pp. 172–194, 2015.

[8] R. Amin et al., “Heterogeneously integrated ITO plasmonic Mach-Zehnder
interferometric modulator on SOI,” Sci. Rep., vol. 11, no. 1, pp. 1–12, 2021.

[9] A. Melikyan et al., “Surface plasmon polariton absorption modulator,”
Opt. Exp., vol. 19, no. 9, pp. 8855–8869, 2011.

[10] J. Gosciniak and J. B. Khurgin, “On-chip ultrafast plasmonic graphene
hot electron bolometric photodetector,” Amer. Chem. Soc. Omega, vol. 5,
no. 24, pp. 14711–14719, 2020.

[11] J. Gosciniak, M. Rasras, and J. B. Khurgin, “Ultrafast plasmonic graphene
photodetector based on the channel photo-thermoelectric effect,” Amer.
Chem. Soc. Photon., vol. 7, no. 2, pp. 488–498, 2020.

[12] J. Gosciniak and M. Rasras, “High-bandwidth and high-responsivity
waveguide-integrated plasmonic germanium photodetector,” J. Opt. Soc.
Amer. B, vol. 36, no. 9, pp. 2481–2491, 2019.

[13] J. Gosciniak, F. B. Atar, B. Corbett, and M. Rasras, “Plasmonic-Schottky
photodetector with metal stripe embedded into semiconductor and with
a CMOS-compatible titanium nitride,” Sci. Rep., vol. 9, no. 1, pp. 1–12,
2019.

[14] R. Stablie, G. Dabos, C. Vagionas, B. Shi, N. Calabretta, and N. Pleros,
“Neuromorphic photonics: 2D or not 2D,” J. Appl. Phys., vol. 129, 2021,
Art. no. 200901.

[15] C. Demirkiran et al., “An electro-photonic system for accelerating deep
neural networks,” ACM J. Emerg. Technol. Comput. Syst., vol. 19, pp. 1–31,
2023.

[16] M. Miscuglio et al., “All-optical nonlinear activation function for photonic
neural networks,” Opt. Mater. Exp., vol. 8, no. 12, pp. 3851–3863, 2018.

[17] B. J. Shastri et al., “Photonics for artificial intelligence and neuromorphic
computing,” Nature Photon., vol. 15, pp. 102–114, 2021.

[18] J. Gosciniak, “Plasmonic nonvolatile memory crossbar arrays for artificial
neural networks,” 2021, arXiv:2107.05424.

[19] Q. Zhang, Y. Zhang, J. Li, R. Soref, T. Gu, and J. Hu, “Broadband
nonvolatile photonic switching based on optical phase change materials:
Beyond the classical figure-of-merit,” Opt. Lett., vol. 43, no. 1, pp. 94–97,
2018.

[20] F. Bruckerhoff-Pluckelmann, J. Feldmann, C. D. Wright, H. Bhaskaran,
and W. H. P. Pernice, “Chalcogenide phase-change devices for neuromor-
phic photonic computing,” J. Appl. Phys., vol. 129, 2021, Art. no. 151103.

[21] M. Delaney, I. Zeimpekis, D. Lawson, D. W. Hewak, and O. L. Muskens,
“A new family of ultralow loss reversible phase-change materials for
photonic integrated circuits: Sb2S3 and Sb2Se3,” Adv. Funct. Mater.,
vol. 36, 2020, Art. no. 2002447.

[22] W. Dong et al., “Wide bandgap phase change material tuned visible
photonics,” Adv. Funct. Mater., vol. 29, no. 6, 2019, Art. no. 1806181.

[23] Z. Fang, J. Zheng, A. Saxena, J. Whitehead, Y. Chen, and A. Majumdar,
“Non-volatile reconfigurable integrated photonics enabled by broadband
low-loss phase change material,” Adv. Opt. Mater., vol. 9, no. 9, 2021,
Art. no. 2002049.

[24] D. K. Gramotnev and S. I. Bozhevolnyi, “Plasmonics beyond the diffrac-
tion limit,” Nature Photon., vol. 4, pp. 83–91, 2010.



4800110 IEEE PHOTONICS JOURNAL, VOL. 16, NO. 1, FEBRUARY 2024

[25] N. Farmakidis et al., “Plasmonic nanogap enhanced phase-change de-
vices with dual electrical-optical functionality,” Sci. Adv., vol. 5, 2019,
Art. no. eaaw2687.

[26] J. Gosciniak, “Ultra-compact nonvolatile plasmonic phase change modu-
lators and switches with dual electrical–optical functionality,” Amer. Inst.
Phys. Adv., vol. 12, 2022, Art. no. 035321.

[27] J. Gosciniak, “Nonvolatile plasmonics based on optically reprogrammable
phase change materials,” IEEE Photon. J., vol. 14, no. 3, Jun. 2022,
Art. no. 4830708.

[28] J. Gosciniak, T. Holmgaard, and S. I. Bozhevolnyi, “Theoretical analysis
of long-range dielectric-loaded surface plasmon polariton waveguides,” J.
Lightw. Technol., vol. 29, no. 10, pp. 1473–1481, May 2011.

[29] V. S. Volkov et al., “Long-range dielectric-loaded surface plasmon polari-
ton waveguides operating at telecommunication wavelengths,” Opt. Lett.,
vol. 36, no. 21, pp. 4278–4280, 2011.

[30] Y. Chen, V. A. Zenin, K. Leosson, X. Shi, M. G. Nielsen, and S. I.
Bozhevolnyi, “Efficient interfacing photonic and long-range dielectric-
loaded plasmonic waveguides,” Opt. Exp., vol. 23, no. 7, pp. 9100–9108,
2015.

[31] R. Zektzer, B. Desiatov, N. Mazurski, S. I. Bozhevolnyi, and U. Levy,
“Experimental demonstration of CMOS-compatible long-range dielectric-
loaded surface plasmon-polariton waveguides (LR-DLSPPWs),” Opt.
Exp., vol. 22, no. 18, pp. 22009–22017, 2014.

[32] C. Rios et al., “Multi-level electro-thermal switching of optical phase-
change materials using graphene,” Adv. Photon. Res., vol. 2, 2021,
Art. no. 22000034.

[33] J. Zheng, S. Zhu, P. Xu, S. Dunham, and A. Majumdar, “Modeling
electrical switching of nonvolatile phase-change integrated nanophotonic
structures with graphene heaters,” Amer. Chem. Soc. Appl. Mater. Inter-
faces, vol. 12, no. 19, pp. 21827–21836, 2020.

[34] J. Zhang, J. Zheng, P. Xu, Y. Wang, and A. Majumdar, “Ultra-low-
power nonvolatile integrated photonic switches and modulators based on
nanogap-enhanced phase-change waveguides,” Opt. Exp., vol. 28, no. 5,
pp. 37265–37275, 2020.

[35] M. Stegmaier, C. Rios, H. Bhaskaran, C. D. Wright, and W. H. P. Pernice,
“Nonvolatile all-optical 1 x 2 switch for chipscale photonic networks,”
Adv. Opt. Mater., vol. 5, 2017, Art. no. 1600346.

[36] S. K. Chamoli, G. Verma, S. X. Singh, and C. Guo, “Phase change
material based hot electron photodetection,” Nanoscale, vol. 13, no. 2,
pp. 1311–1317, 2021, doi: 10.1039/d0nr06456d.

[37] T. Zhai et al., “Single-crystalline Sb2Se3 nanowires for high-performance
field emitters and photodetectors,” Adv. Mater., vol. 22, 2010, Art. no. 4530.

[38] G. W. Burr et al., “Phase change memory technology,” J. Vac. Sci. Technol.
B, vol. 28, pp. 223–262, 2010.

[39] S. Abdollahramezani et al., “Tunable nanophotonics enabled by
chalcogenide phase-change materials,” Nanophotonics, vol. 9, no. 5,
pp. 1189–1241, 2020.

[40] M. Wuttig, H. Bhaskaran, and T. Taubner, “Phase-change materials for
non-volatile photonic applications,” Nature Photon., vol. 11, pp. 465–476,
2017.

[41] Y. Zhang et al., “Myths and truths about optical phase change materials:
A perspective,” Appl. Phys. Lett., vol. 118, 2021, Art. no. 210501.

[42] K. Kato, M. Kuwahara, H. Kawashima, T. Tsuruoka, and H. Tsuda,
“Current driven phase-change optical gate switch using indium-tin-oxide
heater,” Appl. Phys. Exp., vol. 10, 2017, Art. no. 072201.

[43] M. Miscuglio et al., “Artificial synapse with mnemonic functionality
using GSST-based photonic integrated memory,” in Proc. IEEE Int. Appl.
Comput. Electromagn. Soc. Symp., 2020, pp. 1–3.

[44] H. Zhang et al., “Nonvolatile waveguide transmission tuning with
electrically-driven ultra-small GST phase-change material,” J. Chem. Sci.
Bull., vol. 64, pp. 782–789, 2019.

[45] J. Parra, I. Olivares, A. Brimont, and P. Sanchis, “Toward nonvolatile
switching in silicon photonic devices,” Laser Photon. Rev., vol. 15, 2021,
Art. no. 2000501.

[46] D. Loke et al., “Breaking the speed limits of phase-change memory,”
Science, vol. 336, 2012, Art. no. 1566.

[47] J. Gosciniak and S. I. Bozhevolnyi, “Performance of thermo-optic compo-
nents based on dielectric-loaded surface plasmon polariton waveguides,”
Sci. Rep., vol. 3, no. 1, pp. 1–8, 2013.

[48] W. Zhou et al., “Artificial biphasic synapses based on non-volatile phase-
change photonic memory cells,” PSS Rapid Res. Lett., vol. 16, no. 9, 2022,
Art. no. 2100487, doi: 10.1002/pssr.202100487.

[49] J. Gosciniak, M. G. Nielsen, L. Markey, A. Dereux, and S. I. Bozhevol-
nyi, “Power monitoring in dielectric-loaded plasmonic waveguides with
internal Wheatstone bridges,” Opt. Exp., vol. 21, no. 5, pp. 5300–5308,
2013.

[50] M. G. Wood et al., “Gigahertz speed operation of epsilon-near-zero
silicon photonic modulators,” Optica, vol. 5, no. 3, pp. 233–236,
2018.

[51] R. Amin et al., “ITO-based electro-absorption modulator for photonic
neural activation function,” Appl. Phys. Lett. Mater., vol. 7, 2019,
Art. no. 081112.

[52] S. G. Sarwat et al., “Optoelectronic device using a phase change material,”
U. S. Patent 2020/0209059 A1, Jul. 2, 2020.

[53] G. Wetzstein et al., “Inference in artificial intelligence with deep optics
and photonics,” Nature, vol. 588, pp. 39–47, 2020.

[54] T. Yu et al., “All-chalcogenide programmable all-optical deep neural
networks,” 2021, arXiv:2102.10398.

https://dx.doi.org/10.1039/d0nr06456d
https://dx.doi.org/10.1002/pssr.202100487


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


