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A new nanoscale SOI dual-mode modulator is investigated as a function of optical and thermal activation modes. In order to
accurately characterize the device specifications towards its future integration in microelectronics circuitry, current time variations
are studied and compared for “large signal” constant temperature changes, as well as for “small signal” fluctuating temperature
sources. An equivalent circuit model is presented to define the parameters which are assessed by numerical simulation. Assuring
that the thermal response is fast enough, the device can be operated as a modulator via thermal stimulation or, on the other hand,
can be used as thermal sensor/imager. We present here the design, simulation, and model of the next generation which seems
capable of speeding up the processing capabilities. This novel device can serve as a building block towards the development of
optical/thermal data processing while breaking through the way to all optic processors based on silicon chips that are fabricated
via typical microelectronics fabrication process.

1. Introduction

Since the nanotechnology is rapidly progressing, the need for
smart and complex devices becomes very high. Controlling
the current activities using photo- and/or thermoactivation
modemay be useful for optoelectronics applications aswell as
bolometric control systems in electronic circuitry. Nanoscale
silicon-based optoelectronic devices are under investigation
and development for more than two decades.

The interest for coupling both electronic and optic behav-
iors is very high, since such devices can be integrated in a
smooth way inside the circuits of the existing microelectron-
ics industry [1–3]. The constantly growing use of real time
computing generates constant urge for much faster proces-
sors than those which are currently available in the market.
Correspondingly there is an accelerated development of new
optics communication related applications and components.
The effort to combine those two trends leads to the generation
of new optoelectronic nanodevices. Such hybrid devices may
allow high operation speed, reduced cross talk and other

noises, and low operation power and obviate the need for the
existing electrooptical convertors.

In this perspective, several types of hybrid devices are
developed. Part of them are light emitting devices when
the activation is electrical, for example, electrolumines-
cence based devices [4–6], and part of them are receptor
devices [7–10] such as the SOIPAM (Silicon-On-Insulator
Photo-Activated Modulator) nanoscale improved device,
in which the modulation control command is optic, as
previously reported [11–13]. Additional investigations and
simulations brought some breakthrough in this modulator,
when it appears that thermal activation which could be
related to the absorption of RF radiation, for instance,
enables turning the device into a thermal sensor. Indeed,
several types of material and size [14, 15] of silicon-
based/CMOS nanoscale thermal sensors becomemuchmore
desirable for integration in microelectronics circuitry [16–
28]. So, in our previous work [29] we presented a dual-
mode device: Silicon-On-Insulator Photo-ActivatedModula-
tor (SOIPAM) combined with Silicon-On-InsulatorThermo-
Activated Modulator (SOITAM). The analysis focused on
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large signals of the SOITAM photodetector’s thermal prop-
erties. We extend here this analysis to small signals in the
RF frequency domain [25], for example, considering both
an analytic model and numerical simulations of the device.
We will see a demonstration of a feature of the nanoscale
device, due to its small dimensions thermal equilibration
being extremely rapid. The large signal simulation demon-
strated that response times are very small. The small signal
simulation similarly demonstrates that the thermal phase lag
is insignificant up to frequencies of 500MHz or 1 GHz, which
are not encountered in practice in thermal settings. Thus,
though in principle the system acts as a low pass filter, as will
be explained, the simulation demonstrates that attenuation
is not encountered until frequencies are so high, as to be
irrelevant for practical purposes.

2. Device Structure

Starting from a SOI material, our device is similar to an
inverted MOSFET transistor but the modulation of the drain
current is achieved via a modulated illumination of the
substrate rather than a classic gate voltage modulation. The
channel consists of a 30 nm thick n-type silicon channel
contacted to source and drain terminals and insulated from
the substrate by a 30 nm thick buried oxide layer. A negative
gate potential 𝑉GS is applied to the bottom side of the p-
type silicon substrate such that a negatively charged depletion
layer appears under the buried oxide layer. Consequently, a
positively charged depletion layer is generated inside the n-
type channel upon the buried oxide. The channel thickness
and the doping of the p and n regions are designed so the
channel is still partially depleted in such conditions.

In dark conditions, an inversion layer of electrons will
build up under the buried oxide by thermal generation and
enlarge the positive depletion layer in the n-type region,
eventually closing the channel. A solution to this problem
consists of applying a rapid modulation of the gate potential𝑉GS to keep p-type area in deep depletion. By synchronously
illuminating the p-type area through a 10 𝜇m depth V-
groove (etched deep inside the substrate and close to the
channel), free photo-generated electrons concentration can
be significantly increased until the inversion state is reached.
As a result, the n-type channel will be fully depleted so
the drain current decreases significantly. V-groove receipting
area is presented in Figure 1 and complex mesh is presented
in Figure 2. The device specifications and dimensions are
summarized in Table 1.

3. Response Time Results

In previous work [29] a large signal analysis was made of the
SOITAM photodetector’s thermal properties. We continue
this analysis here considering both an analytic model and
numerical simulations. We start with an investigation of
response times to a changing temperature. The thermal
behavior is strongly parallel to the electrical behavior of a
capacitor and resistor in series; it is natural then to consider
the two cases of a large and constant temperature change

Table 1: SOITAM nanoscale device 3rd generation.

Parameters Values
Substrate width 250 nm
Substrate length 65 nm
Substrate height 100 nm
V-groove length 100 nm
V-groove height 70 nm
Box thickness 30 nm
Channel thickness 𝑡 30 nm
Channel length 𝐿 45 nm
Channel width𝑊 22 nm

and of a small fluctuating temperature variation. In the
first instance we will find a recovery time, just as for a
discharging capacitor, and in the second a phase lag and
complex impedance, like that of a capacitor connected to an
AC source.

Heat propagation is simulated by numerical computation
of the solution to the heat equation in the two-dimensional
cross section of the device depicted in Figure 3. The Finite
Elements Method (FEM) was implemented using the Com-
sol software and the temperature distribution 𝑇(→𝑟 , 𝑡). The
boundary conditions used were the following: at the bottom
of the device a Dirichlet boundary condition corresponding
to the time-dependent external temperature source is imple-
mented. The remaining three sides are taken to be thermally
isolated; that is, a state of no heat flux is imposed:

→𝐽 th ⋅ →𝑛 = 0, (1)

where
→𝐽 th ≡ −𝑘→∇𝑇 (2)

is the heat current density. This dictates the Neumann
boundary condition:

𝑑𝑇𝑑𝑛 = →∇𝑇 ⋅ →𝑛 = 0. (3)

At the internalmaterial interfaces, continuitywas imposed on
the temperature and on the heat current density.

3.1. “Large Signal” Constant Temperature Changes. Using the
explicit temperature dependence of the current [29], we can
next model the time variation of the current. In particular we
maymodel the time response to the temperature perturbation
in the simulation. There the temperature of the boundary is
suddenly raised or lowered by a large amplitude and then held
fixed until equilibration. Insofar as the channel is located at
the far end of the device, it samples the temperature at its loca-
tion across the length of the device from the location of the
temperature disturbance. We may thus use a lumped model
for the thermal properties, the heat capacitance and heat
conductivity, rather than a detailed distributed model. Thus
we need only to consider the total lumped thermal properties,
the total heat capacitance and heat conductivity. This allows
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Figure 1: COMSOL 3D simulated view of the SOITAM device.
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Figure 2: COMSOL 3D simulated view of the SOITAM device complex mesh.

the use of an effective description in terms of an equivalent
electrical circuit. The equivalent system is described by the
discharge of a capacitor; the heat conductance 𝑔th plays the
role of the electrical conductance 𝑔 = 1/𝑅, the heat capacity𝐶th plays the role of the capacitance 𝐶, and the temperature
differenceΔ𝑇 between the two ends of the device supplies the
voltage drop Δ𝑉.

The voltage across a discharging capacitor is described
by a time-decaying exponential. In a similar fashion, the
solution to the thermal problem, the temperature difference,
decays exponentially in time with time constant RC. The
channel end, isolated on one side, equalizes its temperature
to the temperature of the opposite side. Since the temperature
dependence of the current was nearly linear, the current will
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also display an exponential (-like) decay/recovery. Regardless
of the functional form of the current-temperature variation,
the decay/recovery time will be given by RC.The parameters
required are the specific heat capacity 𝐶th and the thermal
conductivity 𝑘 of the substrates and the oxide, together with
their respective volumes. Both of the first two parameters,
in particular the conductivity, are presumably affected by the
presence of the dopants. Figure 3 shows the 30K large pulse
applied at the bottom of the device structure.

3.2. “Small Signal” Fluctuating Temperature Sources. The
same equivalent circuit will also model the response to
small signals, that is, periodic, time varying temperature
perturbations. The equivalent electrical circuit, an RC circuit
with AC voltage source, behaves as a low pass filter; hence
the amplitude of the temperature drop decreases at high
frequencies.

It should be emphasized that the equivalent circuit
directly models the temperature response of the channel
end. However, for temperature variations of sufficiently small
amplitude, the response of the current in the channel will
be essentially linear. Even for relatively large amplitudes,
however, the near-linearity of the temperature dependence
found in [29] means that the equivalent circuit description
will be accurate, and the response of the channel current
ought to show little distortion of the input temperature signal.
The equivalent circuit model is thus expected to be useful for
the small signal analysis as well. We note here that thermal
back reaction of the current in the channel via Ohmic heating
was not taken into account in this analysis. A fully coupled
analysis will be presented in a later study.

3.3. RC Equivalent Circuit Model. We present here the
mathematical model for the thermal dynamics followed by
a description of the equivalent circuit. In the small signal
analysis, the device is activated with an initial background
temperature𝑇𝐵 applied uniformly. A time-dependent pertur-
bationΔ𝑇(𝑡) is then applied at the lower boundary so that the
temperature there is

𝑇𝐿 = 𝑇𝐵 + Δ𝑇 (𝑡) . (4)

In the large signal analysis

Δ𝑇 (𝑡) = Δ𝑇0𝐻(𝑡) , (5)

where 𝐻(𝑡) is the Heaviside step function, and Δ𝑇0 is the
amplitude. The latter is assumed to be relatively large, for
example, between 10% and 50% of the 𝑇𝐵 value. In the small
signal analysis,

Δ𝑇 (𝑡) = Δ𝑇0 sin𝜔𝑡 (6)

for an angular frequency 𝜔. The amplitude is assumed to be
small; that is, Δ𝑇0/𝑇𝐵 ≲ 2%.

We are interested in the time response behavior of the
temperature 𝑇𝑈 at the far (upper) boundary end of the sub-
strate where the channel is located. For simplicity, we model
the device bulk between the boundaries using two lumped

elements, a conductive elementwith (total) heat conductance,𝑔th, and a capacitive element, with (total) heat capacity𝐶th. A
precise calculation must consider that the heat capacitance is
distributed throughout the conducting medium.The lumped
model considers the capacitive elements as being located at
a point, sharing a common effective heat capacitance, and
displaying a single representative temperature 𝑇𝑈.

The capacitive elements thus display a distribution of
temperatures between 𝑇𝑈 and 𝑇𝐵, the temperature at the
upper boundary, and the initial background temperature,
respectively. The representative temperature is a gauge of
the total thermal energy absorbed throughout the bulk; the
simplest choice is then the temperature at the far, upper
end, where the channel is located. Investigating the results of
the simulation, we will determine an effective value for the
product of the heat resistance, 𝑅th, and the heat capacity 𝐶th
relative to this choice.

Calibrating with reference to theDC background compo-
nent we may write

Δ𝑇 ≡ 𝑇𝐿 − 𝑇𝐵 = 𝑇𝐿 − 𝑇𝑈 + 𝑇𝑈 − 𝑇𝐵 ≡ Δ𝑇𝑔 + Δ𝑇𝐶th . (7)

The first term, which describes the temperature difference
between the ends of the device, ismodeled by the temperature
drop on the conductive element, Δ𝑇𝑔. The second corre-
sponds to the temperature drop on the capacitive element,Δ𝑇𝐶th . We are thus seeking the response of a heat capacitance
connected in series to a heat conductance, to which is applied
an external time varying temperature Δ𝑇(𝑡). The equation,
describing the evolution of 𝑄th, the heat energy transferred
to the capacitance, is given by

𝑅th
𝑑𝑄th𝑑𝑡 + 𝑄th𝐶th

= Δ𝑇 (𝑡) , (8)

where 𝑅th = 1/𝑔th is the heat resistance.
Figure 4 displays a schematic representation of the heat

propagating from a fluctuating temperature source entering
at the top, flowing down the heat conductance 𝑔 and accumu-
lating in the heat capacitance at the bottom𝐶. (For a negative
change in temperature the direction of heat flow is reversed.)
The vertical axis represents the temperature; as 𝐶 absorbs or
emits heat, it will ascend or descend. If the horizontal axis is
taken to represent the position between the external contact
and the channel, then the inclination of conductance element𝑔 represents the temperature gradient; this is proportional to
the heat current 𝑔.

As shown in Figure 5, the electrical analogy is well
known: the response of the temperature deviation Δ𝑇𝐶th to
the external change Δ𝑇 in temperature is analogous to the
voltage on a capacitor in anR-C circuit driven by the variation
of a voltage source. In particular the channel temperature
deviation corresponds to the voltage drop on the capacitor,

Δ𝑇𝐶th ←→ 𝑉𝐶 (9)

while the voltage source corresponds to the externally driven
temperature change,

Δ𝑇 ←→ 𝑉𝑠 (10)
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Figure 5: Equivalent circuit model. Equivalence mapping to the
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and the voltage drop on the resistor corresponds to the
temperature drop on the heat conductor,

Δ𝑇𝑔 ←→ 𝑉𝑅. (11)

The charge accumulated by the capacitor is analogous to the
heat transfer,

𝑄th ←→ 𝑄el (12)

and the electric current describes the heat current, or energy
flow,

𝐼th ←→ 𝐼el. (13)

In the large signal analysis one substitutes, for 𝑡 > 0,
Δ𝑇 (𝑡) = Δ𝑇0 (14)

into (8). This is an RC circuit connected by a switch to a DC
voltage source,

𝑉𝑠,0 ←→ Δ𝑇0. (15)

The switch is initially open; at time 𝑡 = 0 the switch is closed,
and the capacitor begins charging; the voltage drop across the
capacitor builds and then saturates. Solving (2) for𝑄th(𝑡) just
as for the electrical circuit and using the relation

Δ𝑇𝐶th (𝑡) = 𝑄th (𝑡)𝐶th
(16)

we obtain a solution for the time-dependent response of
the channel temperature 𝑇Ch(𝑡) at the (upper) end of the
substrate:

𝑇Ch (𝑡) = 𝑇𝐵 + Δ𝑇𝐶th (𝑡) = 𝑇𝐵 + Δ𝑇0 (1 − exp− 𝑡𝜏) , (17)

where 𝜏 = 𝑅th𝐶th is the characteristic decay time. The study
of the large scale signal response was performed in [29]. For
the small signal analysis the right hand side of (8) is given by

Δ𝑇 (𝑡) = Δ𝑇0 sin𝜔𝑡. (18)

This describes an R-C circuit with an AC driving voltage
of amplitude 𝑉𝑠,0, under the correspondence 𝑉𝑠,0 ↔ Δ𝑇0.
In the electrical model the response, the voltage drop on
the capacitor, will be sinusoidal with an amplitude 𝑉𝐶0 and
a phase 𝜑. This corresponds to a sinusoidal temperature
deviation of the heat capacitance

Δ𝑇𝐶th (𝑡) = Δ𝑇𝐶,0 sin (𝜔𝑡 + 𝜑) . (19)
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Figure 6: Superposition of the current curves as a function of the
time for several frequencies of 𝑓 = 50KHz and 100KHz. Δ𝑇0 = 5K.
(Results obtained by the numerical simulation of the device.)

Finally the temperature time response 𝑇𝑈(𝑡) at the (upper)
boundary end of the substrate, the location of the channel, is

𝑇𝑈 (𝑡) = 𝑇𝐵 + Δ𝑇𝐶 (𝑡) = 𝑇𝐵 + Δ𝑇𝐶,0 sin (𝜔𝑡 + 𝜑) , (20)

where tan𝜑 = −𝜔𝑅th𝐶th.

3.4. Channel Current-Temperature Phase Extraction. The
small signal analysis was implemented in Comsol by setting
the input temperature at the lower boundary according to

𝑇 (𝑡) = 𝑇𝐵 + Δ𝑇0 sin (𝜔𝑡) , (21)

where 𝑇𝐵 = 300K and Δ𝑇0 = 5K and where

𝑓 = 𝜔2𝜋 . (22)

The simulated current in the channel is a sinusoidal function
which lagged behind the input temperature variation by a
phase 𝜑:

𝐼 (𝑡) = Δ𝐼0 sin (𝜔𝑡 + 𝜑) . (23)

We started the simulations using low frequencies of 50 and
100 kHz, respectively, which are reasonable for thermal signal
fluctuations analysis [25].

As observed in Figure 6, there is neither attenuation
nor shift for such frequencies, so we decided to move to
upper values, in order to calculate the expected cut-off
frequency response. We pointed out that significant changes
occur at frequency above 40MHz. Though this frequency is
unrealistically high for thermal fluctuations, we would like
to go on with the analysis in order to test the coherence of
the simulation results. An illustration of a significant shift
between the temperature signal and the simulated current is
observed at 500MHz as shown in Figure 7.

The current is depicted relative to the temperature varia-
tion in Figure 7.
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Figure 7: Double-axis behavior of the current and the temperature
as a function time. 𝑓 = 500MHz and Δ𝑇0 = 5K.

To obtain the phase we make use of the trigonometric
identity:

sin 𝜃 sin𝜑 = 12 (cos (𝜃 − 𝜑) − cos (𝜃 + 𝜑)) . (24)

We use this to compute the product of input temperature
signal and output channel current variation (the difference
between the instantaneous current 𝐼(𝑡) and the DC offset
value).

Δ𝐼0 sin (𝜔𝑡 + 𝜑) ⋅ Δ𝑇0 sin (𝜔𝑡)
= 12Δ𝐼0Δ𝑇0 {cos (𝜑) − cos (2𝜔𝑡 + 𝜑)} . (25)

This represents a sinusoidal fluctuation of twice the input
frequency having a DC value of

Δ𝐼0Δ𝑇02 cos (𝜑) . (26)

The phase can be extracted by averaging the product in (26)
over a whole number of cycles, leaving only the expression
in (27). Simulations were run with Comsol at different
frequencies up to 100MHz. The phase between the channel
current and the boundary temperatures was then extracted
using Matlab.

The frequency dependence of the phase tangent tan(𝜑) is
presented in Figure 8.

According the low pass filter model, the phase tangent
tan𝜑 depends on the frequency 𝑓 as

− tan𝜑 (𝑓) = 2𝜋𝑓𝑅th𝐶th. (27)

Equation (25) predicts a linear curve, as seen in Figure 8
for 𝑓 < 100MHz, using the graph we can extract a value
of thermal time constant 𝑅th𝐶th, from the slope of a linear
regression curve (Figure 8); this renders a value of 2.1 ns.

3.5. Current Sensitivity. In order to simulate the current
sensitivity of the silicon-based sensor in the RF frequency
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domain, several tests were done when varying different
parameters such as frequency and temperature amplitude.
Following is a comparison of the results. Figure 9 shows
the simulated response of the device when the temperature
amplitudeΔ𝑇0 is fixed, and the frequency is varied.The input
temperature at the lower boundary is given by (22), where𝑇𝐵 = 300K, Δ𝑇0 = 5K, and where this time

𝑓 = 𝜔2𝜋 = 500MHz and 1GHz, respectively. (28)

We note decreasing of the current amplitude with the fre-
quency as expected by the low pass filter RC model.

In Figure 10, the amplitude of the temperature variation is
now varied from 1K to 4K, and the frequency remains fixed
at 500MHz. This time, the corresponding input temperature
is given by the equation

𝑇 = 300 + Δ𝑇0 sin (2𝜋𝑓𝑡) , (29)

where Δ𝑇0 = 1K, 2 K, 3 K, and 4K, respectively, and 𝑓 =
500MHz.

As shown in Figure 10, the current response is linear
with the temperature and the obtained sensitivity (CST) has
an order of magnitude in 𝜇A/K which is reasonable to be
detected. Note that other thermal detectors like thermo-
couples or CMOS sensors [24–28] have a voltage response
to temperature. Thermocouples, for instance, have a typical
voltage response of 50 𝜇V/K andMOSFET sensor is reported
to have 1.6mV/K [25]. Consequently, the direct comparison
of our results with those of other reported devices is not
straightforward.

3.6. Theoretical Transfer Function and Time Constant Extrac-
tion. We are interested to check if the current sensitivity
to temperature (CST) of the sensor (𝜇A/K) behaves with
frequency like a theoretical transfer function𝐻(𝜔), of an RC
circuit, a low pass filter, given by

|𝐻 (𝜔)| = 1
√1 + (𝜔RC)2 . (30)
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Figure 9: Superposition of the current curves as a function of the
time for several frequencies of 𝑓 = 500MHz and 1GHz. Δ𝑇0 = 5K.
(Results obtained by the numerical simulation of the device.)
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Figure 10: Superposition of the current curves as a function of
the time for frequency 𝑓 = 500MHz, Δ𝑇0 = 1K, 2 K, 3 K, and 4K.
(Results obtained by the numerical simulation of the device.)

To this end we consider the response function obtained from
the ratio of the amplitudes of the output current variation to
the input temperature variation, Δ𝐼0(𝑓)/Δ𝑇0.

The result is presented in the graph (Figure 11) and well
described by (31) as depicted in the inset.

The graph can be of course exploited to extract the
(thermal) RC constant from the cut-off frequency 𝑓𝑐 defined
by𝐻(𝑓𝑐) = 1/sqrt(2) = 0.707 point; that is, 𝑓𝑐 = 90MHz. This
gives a value of

𝑅th𝐶th = 12𝜋𝑓𝑐 ≅ 1.8 ns (31)
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Figure 11:Normalized current sensitivity to temperature as function
of frequency.

Series 1
Linear (series 1)

0

2

4

6

8

10

12

14

16

G
(f

)

5.00E + 08 1.00E + 090.00E + 00

f (Hz)

y = 1.29E − 08x

R2 = 9.92E − 01

Figure 12: Distribution of the response function as a function of the
frequency.

which is consistent with the value we deduced above from the
phase. As for the phase, a more precise value is obtained by a
linear fit, this time using the linearized function𝐺 defined by

𝐺 (𝜔) ≡ √ 1
𝐻 (𝜔)2 − 1 = 𝜔𝑅th𝐶th = 2𝜋𝑓𝑅th𝐶th. (32)

The linear dependence is confirmed in Figure 12. Calculating
the linear fit gives the value 𝑅th𝐶th of 2 ns, again consistent
with the value derived from the cut-off frequency and from
the phase-frequency dependence.

Since we are dealing with a nanoscale device, due to its
small dimensions, thermal equilibration is extremely rapid.
The large signal simulation demonstrates that response times
are very small (as seen in Figure 3).

Although we are aware that a GHz frequency for thermal
signal is not physically relevant, we would like to show the
frequency response of the simulated device in order to ensure
that the simulation predicts an expected “low pass” behavior.

Indeed, a high cut-off frequency (90MHz) is obtained
which is consistent with the small dimensions of the device
but as mentioned such high frequency is irrelevant for
practical purposes.

Similarly the small signal simulation demonstrates that
the thermal phase lag is insignificant up to frequencies of
500MHz or 1 GHz, which as the reviewer justly points out
are not encountered in practice.Thus, though in principle the
system acts as a low pass filter, the simulation demonstrates
that attenuation is not encountered until frequencies are so
high, as to be irrelevant for practical purposes.

4. Conclusions

When dealing with new type of sensor, it was important
to establish its accuracy and responsivity not only for large
signals, but mainly for more small ones. We have shown that
a small signal analysis of the electrical current response to
temperature can be coherently modeled by an RC equivalent
low pass filter model in the RF frequency domain. Due to
the nanoscale dimensions of our simulated device, the time
response was found as low as 2 ns and the current sensitivity
is in the 𝜇A/K order of magnitude.Those encouraging results
should path the way for such kind of nanoscale silicon-
based device to be integrated in microelectronics circuit as
an efficient thermal sensor of realistic thermal fluctuation in
the kHz range frequency.
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