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Abstract—The main problem in making electrophotonic
To the author's knowledge, a CMOS circuit monolithically
circuits entirely in silicon is to have a light source compatible and
integrating the electronic control and the SRO-based LECs has not
embeddable in an integrated circuit manufacturing technology.
been reported to this date.
Light Emitting Capacitors (LEC) based on Silicon Rich Oxide (SRO)
Electrophotonic circuits based on LECs demand high turn-on
are an alternative to solve this problem. However, the voltage
voltages (greater than 15 V), therefore it is required that the
needed to turn on the LEC is high when compared with the voltage
devices of the manufacturing process can sustain these values.
ranges used in electronic integrated circuits. This work shows how
However, the nominal operating voltage of standard CMOS
a standard power (5 V) CMOS technology is used to integrate a LEC
process is 5 V. In addition, the fabrication process must be
and the electronics needed to turn it on and off in a controlled way
from a standard input voltage (5 V). For this purpose, a pulsedsufficiently flexible to allow the process steps necessary for the
width modulator (PWM) and a voltage booster circuit based on a
construction of the LECs.
Dickson charge pump are designed. The layout of the
This paper presents the characterization of the main
electrophotonic circuit and the post-layout simulations are
breakdown
voltages of a standard CMOS process with 5 V
presented.
Keywords—OEIC, Light Emitting Capacitor (LEC), PWM, charge
pump, voltage booster, electrophotonic.

I.

INTRODUCTION

The electrophotonic has been postulated as a new paradigm
that joint electronics and photonics in an integrated circuit [1].
This represents an alternative to overcome some drawbacks
presented by integrated electronics such as self-heating,
bandwidth limitation of CMOS devices, among others. The main
drawback for fully silicon-integrated electrophotonic
applications based on a standard CMOS process is that silicon is
an indirect-band material, and therefore it is a poor light emitter.
However, light generation has been reported in silicon oxide
matrices that have silicon nano structures, which opens the
possibility of the complete and monolithic integration of
electrophotonics systems [2].
Silicon Rich Oxide (SRO) is a widely studied material which
presents electroluminescent characteristics [3]–[6]. Light
emitting devices based on SRO called LECs (Light Emitting
Capacitors) have been reported [7]–[10]. The LEC is a device
with a capacitive structure that uses SRO as active material,
which emits light in the visible range when it is electrically
stimulated. Several works have been carried out to improve their
electroluminescent characteristics, such as the turn-on voltage
and the optical power [11]–[14].
In [15] it is presented the manufacture of a CMOS integrated
circuit (IC) including SRO devices. The aforementioned work
shows that the properties of the SRO are conserved if it is
protected with silicon nitride during the manufacture of the
CMOS components, and that the presence of the SRO does not
influence the operation of the integrated circuit.
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nominal voltage, in order to determine whether this process is
able of handling 15 V without fatal damage to the IC. In this way,
a standard CMOS technology was used for the design of an
electrophotonic circuit that includes a PWM modulator and a
voltage booster (up to 21 V) that powers a LEC to turn it on and
off in a controlled way. Also, the layout of the designed system
and the post-layout simulations are presented.
The article is organized as follows: Section II presents the
system in general and defines the design specifications, section
III describes the limitations in the voltage of the devices
according to the fabrication process, section IV describes the
design of the main elements of the system, and finally in section
V and VI the results and the conclusions are respectively
presented.
II.

DESCRIPTION OF THE SYSTEM AND DESIGN
SPECIFICATIONS

A LEC is a device with a structure similar to that of a
capacitor. It is composed by two parallel conductive plates
separated by a dielectric. The role of the dielectric in a LEC is
played by a SRO film.
Fig. 1 (A-E) shows the structure of 4 types of LECs which
were proposed in [16]–[18]. The present study uses the structure
proposed in [18] and shown in Fig. 1 D, as it is the one used in
the proof of concept of an actual electrophotonic system (with
no integrated driving circuitry).
From the data reported in [18] it was observed that the LEC
turn on voltage for which the light emitted is clearly detected
using an integrated photodiode is around 15 V. According to the
characteristics of the LEC, its capacitance was modeled to a value
.
of 86.85 /

According to [19], [20] the maximum SRO decay time can be
between 300
and 11.5
, this parameter defines the
maximum theoretical frequency at which the LEC can be
switched, in this work it is assumed an average decay time of
100
and then a maximum theoretical frequency of 10
,
so the control system driving the LEC must be able to switch it
to a maximum frequency of 10
, and at least five LECs have
to be controlled independently with a gate area 1
each.
This corresponds to a
4.35 load capacitance, using
an input voltage of 5 V.
Fig. 2 shows the schematic of the proposed system. The main
block is a voltage booster which converts the input voltage (5 V)
to the voltage required to operate the device (15 V). This higher
voltage is connected to the input of a switch which is activated
by a local generated PWM signal, in this way the on and off each
LEC can be controlled.
III.

PROCESS VOLTAGE LIMITS

As previously mentioned, the nominal voltage of the selected
manufacturing process is 5 V however, the LECs have a 15 V
turn on voltage, so it was necessary to find out if the process can
be used and to know which devices support operation at least 15
V without being damaged.
Fig. 1. Different topologies of LECs. A) and B) Monolayer and multilayer
LECs respectively [16]. C) Monolayer LEC with textured substrate [17], D)
bilayer LEC of SRO and Si3N4 and implanted with silicon [18], E)
electrophotonic integrated system includes the emitter, the waveguide and the
detector [18].

Fig. 2 Schematic of the proposed system.

According to [21] the main break mechanisms for a CMOS
transistor are rupture by avalanche in the pn junctions, rupture
by punch-through , and rupture of the gate dielectric. The punchthrough rupture voltage can easily be modified by making longer
transistors.

On the other hand, the breaking voltages of the pn junctions
and gate are inherent to the technology and should be well
known.
To characterize these breakdown voltages, current-voltage
measurements were made to all the pn junctions found in the
process, and breakdown voltage tests were performed to the
gates. A total of 53 measurements were taken for n+ diffusion to
type p substrate junctions; 17 for p+ diffusion to n-well
junctions; 15 for n-well to substrate junctions and 3 for the gate
dielectric (few measurements were made for the gate breakage
because, in this case, the measurements were destructive). The
maximum, minimum and average rupture voltage of each group
of measurements, as well as the variation coefficient ( .
/ ̅ ) are shown in Table I.
TABLE I
BREAKDOWN VOLTAGES OF THE PROCESS JUNCTIONS

Rupture
n+ diffusion to type
p substrate
p+ diffusion to nwell
n-well to type p
substrate
Oxide Gate

Min.
voltage

Max.
voltage

Average

C.V

20 V

24 V

22.63 V

3.8%

20 V

27 V

24.51 V

6.4%

21 V

54 V

50.17 V

40.5%

40 V

40 V

40 V

1%

From these measurements, it can be established that the
breakdown voltage in any of the measured pn junctions is 20 V
minimum, and there are others that present the rupture at higher
voltages. On the other hand, the rupture of the gate oxide is 40
V. Therefore, we set 20 V as the maximum working voltage.
IV.

DESIGN OF THE COMPONENTS OF THE SYSTEM

A. Dickson charge pump.
There are different types of voltage boosters [22]. Design
alternatives based on switched capacitors and switched
inductors were analyzed. However, switched capacitors were
chosen because of their ease of integration, and to avoid the
difficulties of making high-value integrated inductances.
Among the different alternatives that exist in the boost
converters based on switched capacitors, the Dickson charge
pump was chosen [23] because according to [24] this is the best
topology for the generation of high voltages in an integrated
way, and because it is less sensitive to typical parasitic IC
components.

Fig. 3. General schematic of a Dickson charge pump.

The output voltage for a Dickson charge pump is:
V

(1)

Where V is the desired output voltage,
the voltage at
the input of the charge pump, the number of stages, the
capacitance per stage, the parasitic capacitance (for design
purposes it was estimated as 5% of the value of ),
is the
voltage of the clock signals (it was established as 5 V), and
the diode voltage drop (considered 0.7 V).
From (1), it is concluded that the number of stages must be
equal to at least four, so that the output voltage is equal to or
greater than 18 V.
The maximum variation in the output voltage was defined at
5%, which sets
0.35
1.52 .
It is desired to turn on and off the LEC at a frequency of up to
10 kHz. Therefore, the rise time of the load pump must be less
than 0.1
. The rise time decreases as the frequency of the
clock signals increases, however, at very high frequencies the
voltage gain of the charge pump falls. To select a clock
frequency that meets the rise time requirement but does not
affect the gain of the pump, several simulations were made
varying the clock frequency and measuring the rise time. Fig. 4
shows the rise time behavior against the clock frequency. From
these simulations a clock frequency of 6 MHz was selected. For
this frequency the charge pump rise time is 4 , which is
equivalent to 4% of the desired switching period of the LEC.

The general schematic of a Dickson charge pump is shown
in Fig. 3; it is composed of N cells made of a diode and a
capacitor in series. An alternating phase clock is connected to
is a filter capacitance the purpose of which is to
each cell.
decrease the ripple at the output voltage.
Since both terminals of the diode must be able to be
connected to an arbitrary voltage, they were implemented using
a p+ diffusion as anode inside a nwell as cathode. The design
output voltage of the Dickson charge pump was established at
18 V, as this is greater than minimum LEC turn on voltage but
lower than the breakdown voltage of the technology.

Fig. 4 Charge pump rise time variation against the clock frequency.

Another important parameter in the design of the load pump
is the area of the diodes used. There is a trade-off between the
area of the diode and the charge transfer: very small area
prevents a complete transfer of charge, on the other hand a very

large area increases the parasitic capacitance of each stage. Both
effects decrease the output voltage of the charge pump. For this
reason, several simulations were carried out varying the area of
the diodes, and it was determined that diodes with an area of
had a good compromise between charge transfer and
0.16
parasitic capacitance, as it can be seen in Fig. 5. The parameters
used for the charge pump are presented in Table II. With these
characteristics, the load pump is able to supply a maximum
current of 40 mA.

Fig. 6. Schematic of a three stages current starved ring oscilator.

Fig. 5. Output voltage variation against the length of the diode side. The
oscillation frequency was 6 MHz.
TABLE II
DICKSON CHARGE PUMP PARAMETERS

Input voltage
5V
Maximum output voltage
21 V
Maximum output current
40 mA
Number of stages
4
Capacitance per stage
1.52 nF
Diode area by stage
0.16
The output voltage of the charge pump has to be regulated,
which requires a control loop. This was implemented with an
uncompensated two-stage comparator, which had a gain of 85
dB and a
0.35 / for a load capacitance given by the
input of a NAND gate (63 ).
B. Clock Generator.
For the operation of the charge pump, a clock signal and its
respective complementary signal are necessary. A clock
generation topology called Current Starved Ring Oscillator
(CSRO) is described in [25]. This topology can be seen in Fig. 6.
It is a ring oscillator with current control in each stage, enabling
the change of the frequency of oscillation. It is a simple topology
and allows the generation of low frequencies with relatively few
stages. Therefore, this topology was chosen for the proposed
system.

Fig. 7. Variation in the clock frequency from changes in the reference voltage
of the CSRO.

C. PWM modulator.
The configuration used for the designed PWM modulator was
taken from [25] and is presented in Fig. 8.
For its design, it was used the comparator proposed as the
regulator of the output voltage of the load pump. Logic gates
with complementary logic and minimum dimensions were
designed. The modulator input signal and the corresponding
modulated output of the PWM can be seen in Fig. 9.
With this modulator, frequencies from 0 Hz to 100 kHz and
a variation in the useful cycle from 25% to 75% can be achieved.

The system was dimensioned so that, with three stages, a 6
MHz signal could be generated with an overdrive voltage
corresponding to 10% of the supply voltage. Fig. 7 shows the
variation in the frequency of the clock signal as the reference
voltage of the system is changed.
Due to the high capacitance value of each stage of the load
pump, a buffer was designed to allow the interconnection of the
clock signal with the load pump. This consisted of 6 inverters
chained in series, each one 4 times wider than the previous, with
the first one having a size equal to 5 times the minimum
dimensions.

Fig. 8. Schematic of PWM modulator.

11. It shows the generated PWM signal when the modulator is
biased for a frequency of 10 kHz and a useful cycle of 50%
(
10%
,
2 ), as well as the
waveform of the clock signal of the charge pump, the output
voltage of the charge pump and the voltage in one of the LECs.
As it can be seen, the voltage at the output of the system
corresponds to 15 V. This output voltage can be varied from 1.5
V to the maximum output voltage of the charge pump 21 V.

Fig. 9. PWM modulator input and output signal.

V.

RESULTS

The designed layout of the proposed is presented in Fig. 10.
The area of the die is 1.179
. Post-layout simulations
were made for each of the designed elements. Some signals of
interest in the operation of the system can be observed in Fig.

Fig. 10. Layout of the proposed system and principal blocks.

Fig. 11. Signals of interest in the operation of the system.

As Fig. 10 shows, the layout of the IC includes some LECs
made of SRO, waveguides made of silicon nitride, sensors made
of silicon and the CMOS control circuit. In order to fabricate the
LECs, the SRO must be protected, meaning that nitride will have
to be added similarly to what it was done in [15]. The nitride
waveguide will require a well filled of SiO2 to form the bottom
cladding for the waveguide as presented in [16]. However, all
these extra process steps are totally compatible with the standard
CMOS process. The full fabrication process of the system
including the CMOS electronics, the photonic elements, and the
light is matter for a further paper.

VI.

CONCLUSIONS

The design, simulation and layout of an electrophotonic
system based on a standard CMOS process using LECS was
presented. The designed system allows the generation of a high
voltage signal (up to 21 V) with up to 40 mA from a standard
input voltage (5 V). Because the oscillation frequency of the
charge pump clock can be modified by applying an external
voltage, the current supply capacity of the pump can be
increased or decreased. A PWM modulator was also designed to
regulate the power supplied to the LEC, which can generate
square signals with frequencies from 0 Hz to 100 kHz with a
useful cycle variation from 25% to 75%. The system includes all
the photonic and electronic integrated elements in a single
silicon chip.
The process to be used to fabricate this electrophotonic
systems was characterized to determine the maximum voltage
that can be applied in this technology. It was determined that the
maximum voltage that can be handled within an integrated
circuit manufactured in this process is 20 V, which is enough to
drive the LECs based on SRO. This opens the door to the design
of electrophotonic applications that make use of SRO-based
LECS, optical elements and CMOS circuits completely integrated
in silicon.
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