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Non-Volatile Silicon Photonics Using Nanoscale Flash
Memory Technology

Meir Grajower, Noa Mazurski, Joseph Shappir, and Uriel Levy*

Nonvolatile flash memory technology is widely used in our daily life. Following
the recent progress in silicon photonics, there is now an opportunity to
embed flash memories also in photonic applications. As of today, chip scale
photonic devices, e.g., micro-resonators, are becoming essential building
blocks in modern silicon photonics. However, their properties, such as their
resonance frequencies, fluctuate due to fabrication tolerances, significantly
limiting their applicability. Here, by integrating the well-established
non-volatile flash memory technology into silicon photonic circuitry, this
major obstacle is tackled and electrical post trimming of such resonators is
demonstrated. Specifically, the Metal-Oxide-Nitride-Oxide-Silicon (MONOS)
structure is used to trap charges in the thin silicon nitride layer, located in
close proximity to the silicon device layer. This enables accumulating charges
in the silicon, modifying the effective index of the optical mode and
consequently the resonance frequency. By doing so, a robust and CMOS
compatible nonvolatile memory solution is provided, which not only allows
for precise trimming of the resonance frequency of the photonic device, but
can also be easily manufactured and commercialized. This approach paves
the way for efficient utilization of photonic structures such as resonators and
interferometers in chip scale silicon photonics and electro optic systems, with
a wide range of applications spanning from filters, switches and modulators,
to sensors, and even lasers.

1. Introduction

Silicon based nanophotonic devices such as interferometers and
resonators are serving as important building blocks in modern
chip scale photonic circuits, supporting diverse functionalities
such as modulation, switching, filtering, wavelength selection
and dispersion control, biochemical sensing and others.[1–13] The
integration of silicon with advanced platforms such as conduc-
tive oxide, polymers and atomically thin two dimensional mate-
rials provides a route for evenmore advanced silicon based active
nanophotonic devices.[14–20]
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Amajor challenge related to the practi-
cal implementation of nanophotonic res-
onators in chip scale optical communi-
cation systems is related to the accuracy
in setting their resonance wavelength.
For example, the actual resonance wave-
length of two identical and adjacent res-
onators on the same chip can easily fluc-
tuates in the range of about 10 GHz
due to fabrication imperfections, (see
e.g.[21]). Such fluctuations can be com-
pensated by controlling the refractive in-
dex of themedium, either actively, e.g., by
the use of the thermo optic effect,[7,22–24]

or passively, by the use of post trim-
ming approaches. Clearly, the thermo
optic approach is far from being ideal
as heating the structure requires signif-
icant electrical power. In addition, main-
taining a constant difference in temper-
ature between two adjacent resonators
on a chip is challenging. Post process-
ing trimming approaches which does not
consume power are thus preferred. In-
deed, several such approaches have been
demonstrated, e.g., locally oxidizing the
silicon surface or using phase change
materials.[25–30] While these techniques

showpromise due to the large achievable tunability (up to 20 nm),
they are far from being CMOS compatible and they need non-
standard setups for their implementation and activation. Essen-
tially, there is still a strong need for a robust, reliable, accurate,
reproducible and large scale CMOS compatible approach for the
post trimming of silicon nanophotonic structures.
Hereby, we propose and experimentally demonstrate a novel

solution for the post trimming of nanophotonic resonators in sil-
icon, by integrating the well-established MONOS (Metal-Oxide-
Nitride-Oxide-Silicon) non-volatile flashmemory technology into
the photonic chip.[31] The approach is based on the trapping of
charges in a thin nanoscale layer of silicon nitride embedded be-
tween two silicon oxide layers. The device is operating as a MOS
(Metal-Oxide-Semiconductor) capacitor, and the trapped charges
modify the concentration of free carriers in the silicon device
layer of an SOI (silicon on insulator) based nanoscale waveg-
uides, which are used as the basic building block of chip scale
photonic resonators. The end result is an electrically controlled
memory which shifts the resonance frequency via the free carrier
plasma dispersion effect. Our concept is schematically illustrated
in Figure 1.
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Figure 1. A schematic illustration demonstrating the trimming of the res-
onance frequency of chip scale silicon photonic resonators using charge
trapping in a nanoscale nitride layer. a,b) Illustration of a micro-ring res-
onator (in blue) with nitride layer on top of it (in orange) without and with
trapped charges in the nitride layer, respectively. Cross section of the struc-
ture is presented in Figure 2a. c) Schematic plot showing the shift in res-
onance frequency due to charge trapping in the nitride layer.

2. Fabrication

The device was fabricated on a commercial SOI wafer (SOITEC)
with a 2 μm buried oxide layer and a 220nm top silicon (Boron
doped, Na = 5× 1017[cm−3]) layer. First, a passive structure was
fabricated by a commercial fab (Towerjazz semiconductor Ltd.).
This structure consists the silicon waveguides implemented in
a rib configuration with cross sectional dimensions of 450 nm
width, 220 nmheight and rib of 80nm (Figure 2a). Twomicroring
resonators (MRRs, 30μmdiameter each) were coupled to the bus
waveguide in series, one after the other. Next, several steps were
made in-house to make the active device. On top of the waveg-
uide and MRR structures, three insulating layers were formed:
8nm of silicon oxide by thermal oxidation, 6nm of plasma en-
hanced chemical vapor deposition (PECVD) silicon nitride, and
a �500 nm thick PECVD silicon oxide. On top of the thick ox-
ide above the MRR, a 150 nm thick layer of aluminum (Al) was
deposited using electron beam evaporation to form the gate of
a MOS structure as shown in Figure 2. The Al layout above the
two MRRs is not identical - above MRR C1 (Figure 2d), the Al
contact pad area is small (�10,000 μm2) and only partially covers
the silicon MRR. This aluminum is patterned as a periodic struc-
ture with a period of 2 μm and duty cycle of 0.5. These openings
enable photo emission of electrons from the silicon using ultra-
violet (UV) light source, as will be explained later. Above MRR
C2 (Figure 2d), the Al covers the entire MRR with a larger con-
tact pad area (�50,000 μm2). This large pad serves two purposes:

a) preventing photo emission by blocking the UV illumination,
and b) eliminating the need to form ohmic contact to the silicon
layer. Additional contact ismade in the back side of the SOIwafer.
The obtained structure is that of twoMetal-Oxide-Semiconductor
(MOS) capacitors connected in series with a silicon nitride layer
sandwiched between the two silicon oxide layers near the silicon
in both capacitors, forming an oxide-nitride-oxide (ONO) struc-
ture. The two capacitors configuration enables the measurement
of the device without making a direct electrical contact to the top
silicon waveguide layer which was avoided for reasons of process
simplicity.

3. Concept of Operation

As mentioned before, the motivation of this work is to introduce
an electrical post processingmethod of controlling the resonance
frequency of the MRR. This goal is achieved by using the con-
cept of the MONOS\SONOS (MONOS is identical to SONOS,
with the exception of replacing the poly gate by a metal gate)
flash memory.[31,32] In short, MONOS\SONOS allows the injec-
tion of controlled amount of electrons into the nitride layer. These
charges induce opposite charges in the silicon near the silicon-
oxide interface and allow to drive the MOS capacitor into accu-
mulation, depletion, and even inversion mode. Furthermore, the
trapped charges are stable and can be kept for long time (>10
years).[33,34] Moreover, high stability of several years should be
maintained even for higher temperatures, up to �100 degrees
centigrade, as in SONOS based flash memory technology.[35]

While in flash memory applications the readout of memory is
achieve bymeasuring electrical parameters such as voltage or cur-
rent, here we use optical readout instead. The induced change in
the density of free carriers results in a change in the effective re-
fractive index of the MRR via the free carrier plasma dispersion
effect.[36] As a result, the resonance frequency varies as well fol-
lowing the relation:

2πr ne f f = mλ (1)

At this point, it is helpful to review the basic physical concepts
underlying the operation of the MONOS\SONOS flash memory.
Upon the application of positive voltage to the gate electrode of
the device, electrons tunnel from the silicon through the oxide
into the nitride layer. The relatively thin layers used in commer-
cial SONOS based devices enable the electron tunneling at rel-
atively low voltages. The gate electrode, which is about �20 nm
away from the silicon, can be used both for the tunneling process
as well as for themeasurement of the amount of trapped charges.
For optical applications, the above mentioned thickness of

the MOS insulating layer of about 20 nm the is not sufficient
due to the ohmic loss in the metal. To avoid excessive opti-
cal loss, the thickness of the top oxide layer above the nitride
layer was increased to �500 nm. This allows to minimize the
effect of the Al gate layer on the loss of the waveguide mode,
and thus avoiding a drastic reduction in the quality factor of
the MRR. On the downside, the direct impact of increasing the
thickness of the oxide layer is the need for operating at higher
voltage during the charge trapping\detrapping. To avoid break-
down of the oxide layer (which unavoidably, at this relatively large
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Figure 2. a) schematic cross section of the silicon waveguide with the oxide-nitride oxide and the metal electrode layers on top. The Al contact on the
back side of the SOI is not illustrated. b) cross section showing the electric field intensity of the transverse electric (TE- like) optical mode supported by
the waveguide. The orange line bounds the silicon region, whereas the dashed red line represents the nitride layer. c) Panoramic microscope image of
the waveguide and the two MRRs. The bright color corresponds to the Al. The waveguide and the MRRs can be clearly observed. d) Electrical scheme of
the two MRRs and Al contacts, superimposed on the structure. The silicon rib between the two MRRs is modeled as a resistor. The SOI capacitor is huge
compared to the two MRR capacitors. The MRR C1 is only partially covered by Al to enable exposure to UV light, while the MRR C2 is fully covered by a
large Al electrode to prevent any light exposure. Furthermore, the circuit configuration 2d, allows the application of external voltage to MRR C1 without
needing an ohmic contact to the silicon layer. All panels are sketched not to scale.

thickness contains some defects), we replaced the tunneling pro-
cess by internal photo emission as the method of injecting elec-
trons into the nitride layer. The process is shown schematically in
Figure 3.

3.1. Charge Trapping

Unlike tunneling injection from the silicon conduction band (as
in the typical Flash memory), in our case of internal photo emis-
sion the electrons are injected from the silicon valence band. This
is due to the low probability of the photo emission process of elec-
trons from the conduction band which is very lightly populated
as a result of using p-type layer. The potential barrier between

the silicon valence band and the silicon oxide conduction band is
4.3 eV. This high energy is supplied by a UV light emitting diode
with center wavelength around 250 nm (4.96 eV).
To ensure that the UV illumination penetrates all the way to

the silicon, we replaced the continuous metal electrode above
the MRR by a comb-like structure. The amount of trapped elec-
trons is determined by the applied positive gate voltage. The
photo exited electrons at the silicon surface layer are carried to-
wards the nitride layer by the electric field of the applied gate
voltage. This charge injection is a self-stopping process as the
trapped electrons induce an opposite electric fieldwith increasing
strength which is directly proportional to the trapped charge den-
sity. This increasing field reaches a value which compensates the
gate induced electric field to the point that photo induced electron
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Figure 3. Schematic illustration of the charge trapping mechanism in our
device (not to scale). a) Flat band, i.e., no band bending. b) Electron photo
emission – achieved by a combination of UV illumination and the appli-
cation of positive voltage. The red arrow denotes the photoemission of
electrons from the valance band of the silicon into the silicon nitride. c)
The band diagram after electrons are trapped in the nitride and without
the application of external voltage. The electrons in the nitride (shown as
red bars) attract holes from the silicon- oxide interface, and the capacitor
is found in accumulation mode.

injection is stopped. Thus, the saturation level of the injected elec-
trons is determined by the value of applied gate voltage.

3.2. Optical Effect of the Trapping

Once the desire amount of trapped electrons is reached, the gate
voltage is removed. The trapped charges are now neutralized by

opposite charges divided between the two electrodes of the MOS
capacitor. Yet, considering the fact that the silicon electrode is lo-
cated only 8 nm away of the nitride, whereas the metal gate is
separated by a large distance of�500 nm, in practice all the com-
pensating positive charge is located in the silicon.
The compensating charge is induced either by generating an

accumulation layer at the interface (for p-type silicon, as in our
device) or by depleting free carriers (in the case of n-type silicon).
The change in free carrier concentration induces local change in
the refractive index of silicon according to:[36]

�n = − (
8.8× 10−4�Nn + 8.5�N0.8

h

) · 10−18 (2)

where �Nn is the change in electron concentration, and �Nh is
the change in hole concentration. Here, we have used a p-type
siliconwaveguide. As a result, an accumulation layer is generated
at the interface between the silicon and the oxide layer, inducing
a local change in the refractive index which in turn controls the
resonance frequency of the MRR.
As shown in Figure 2, the device is constructed of two MRRs

electrically connected in series.MRRC1 (Figure 2c,d) has amuch
smaller capacitance relative to MRR C2. Thus, the applied volt-
age on the two MOS capacitors in series falls mostly on C1, and
the trapped charges are located on top of MRR C1. The end
result is that MRR C2 serves as reference which allows to di-
rectly and accurately measure the resonance shift of MRR C1 by
eliminating environmental effects such as thermal fluctuations
which are identical for bothMRRs. In addition, this configuration
eliminates the need for ohmic contact to the silicon. Two-MRR
configuration was recently used for the purpose of ultraprecise
sensing.[21]

4. Results

4.1. Experimental Setup

The measurement setup consists of a tunable laser source (Agi-
lent 81640A) that is coupled in and out of the device using lensed
fibers in a butt coupling configuration. The transmission of the
device is measured as a function of wavelength. In addition,
a variable DC power supply (SRS PS310) is connected to two
probes which apply voltage on the MRRs (connected to gate of
MRR C1 and MRR C2, Figure 2c,d). The gate electrode of MRR
C2 (large area) together with the back side of the SOI are con-
nected to the ground potential. The voltage is applied to the gate
metal of MRR C1. As mentioned, based on the difference in the
capacitance of C1 and C2, practically almost all the voltage is ap-
plied to MRR C1.
Electrons are photo injected from the silicon into the nitride

layer by UV illumination (UV LED, Thorlabs E250) where posi-
tive DC voltage is applied on the gate of MRR C1.

4.2. Experimental Results

The two MRRs are fabricated with the same dimensions, and are
thus expected to have the same optical behavior. However, it is
well-known that local minor variations in the fabrication process
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Figure 4. Normalized transmission spectrum of the device. Even though
the parameters of the two MRRs are identical, two different resonance fre-
quencies corresponding to the two MRR are evident.

Figure 5. Normalized transmission spectrum of the device measured un-
der three different applied voltages. As expected, under positive voltage
the spectrum is red shifted while under negative applied voltage it is a
blue shifted.

parameters lead to variations in the resonance frequency, typi-
cally in the range of tens of gigahertzes.[21] Furthermore, some
our post processing steps led to even larger detuning. Indeed, the
measured transmission spectrum (Figure 4) shows clear traces of
two resonances originating from the twoMRRswhich are slightly
detuned.
Next, the devices were tested for their response to variable gate

voltages, without the application of UV light, so that charge trap-
ping is still deactivated. The effect of positive and negative gate
voltages is shown in Figure 5where we limit the wavelength scan
to two adjacent resonances.
As observed from Figure 5 (right resonance, MRR C1), blue

shift is obtained for negative voltage while red shift is obtained
for positive voltage. This is expected, because for negative volt-
age holes are accumulated, reducing the effective refractive index,
whereas for positive voltage the holes are depleted and the effec-
tive refractive index is increased. It is also clear from Figure 5 that
the left side resonance shows no shift under applied bias, and is
therefore attributed to MRR C2, while the right resonance corre-
sponds toMRRC1 (as shown by the arrows in Figure 4). It should
be noted that after the voltage was set back to zero, the resonance

Figure 6. Simulation results (blue line) and experimental measurements
(red circles) showing the shift between the resonance frequencies of the
two MRRs under different applied voltage. The resonance frequency shift
at 0 V is arbitrarily set to 0. Also indicated are the different regimes of the
silicon band bending.

frequency returned to its initial value, i.e., to its value prior to the
application of voltage. This indicates that any charge shift, either
by tunneling or by other mechanisms (e.g., Poole-Frenkel) is in-
significant in our system.
Typically, a MOS capacitor is not in a flat band condition under

zero applied bias. This is because of the initial difference in work
function between themetal and the silicon, aswell as due to resid-
ual trapped charges in the dielectric layer during the fabrication
process. As a result, an initial band bending is expected. In order
to characterize the band bending, we repeated the experiment
presented in Figure 5, by performing spectral measurement un-
der different positive voltage bias, this time with smaller voltage
steps, and extracted the resonance shift at each applied voltage.
The obtained results are shown in Figure 6 (red curve). In ad-
ditions, the expected resonance shift was calculated (blue curve)
using finite element solver (FEM, COMSOL Ldt., see supplemen-
tary). To fit the calculations to the experimental results, the follow-
ing procedure was adopted. First, the resonance shift was divided
by 1.8. This can be explained by the fact that the model assumes
uniform voltage across the MRR whereas in practice the metal
gate is patterned (in a fingers shape) and covers only 50% of the
MRR area. Given the fact that the fingers width and spacing of
the gate metal are twice the thickness of the gate oxide so that the
effect of fringing fields cannot be ignored.
Next, to fit the voltage axis of the simulation to the measured

data, two parameters were used - shift and scaling. The shift is
attribute to the initially trapped charges in the oxide and nitride
(as mentions before), while the scaling is attribute to variation of
the oxide thickness and dielectric constant.[37]

From the shape of the curves and from extracting these fitting
parameters, it can be understood that at zero gate voltage there is
already an accumulation layer at the silicon surface. As the volt-
age is increased, the accumulation layer is diminished and flat
band condition is achieved. Further increase in applied voltage
induces the formation of a depletion layer which reaches its max-
imum at a gate voltage of about 80 V. As the gate voltage increases
beyond �80 V, the resonance frequency shift is decreased,
indicating that an inversion layer is formed. Therefore, the
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flatband voltage can be calculates by: VFB = VG − VT = 80−
VT = 80− (2φF + Qd

Cox
), where VFB is the flat band voltage, φF is

the Fermi energy, Qd is the depletion charge, Cox is the thick ox-
ide capacitance and VT is the threshold voltage for inversion. Us-
ing this relation, the flatband voltage is estimated to be �45 V.
The relatively high values of VT as compared to standardMOS de-
vices is attributed to the thick gate oxide as well as to the trapped
charges in the nitride layer as it comes out of the fabrication
process.
Following the characterization of our device as a MOS capac-

itor, we turn into demonstrating the major goal of this paper,
namely the possibility of obtaining permanent and controlled
shift of the resonance wavelength by charge trapping in the thin
nitride layer embeddedwithin theMOSdielectric as is commonly
done in Flash memories. As previously mentioned, we increased
the total dielectric thickness from �30 nm to nearly 500 nm in
order to reduce the propagation loss of the optical mode which
results in from the ohmic loss in the metal. Such a thick oxide,
which is deposited using PECVD, is exposed to defects and can-
not sustain high electric fields. As a result, the overall voltage
that can be applied is limited by the breakdown of the thick ox-
ide, effectively limiting the electric field that can be applied to the
thin tunneling oxide layer separating the silicon from the silicon
nitride layer. This prevented us from using tunneling effect to
transfer electrons from the silicon into the nitride layer. To over-
come this obstacle, we choose the use of internal photo emission,
i.e., UV assisted transfer of electrons from the valance band of the
silicon to the silicon nitride layer.
Similar to the influence of the gate voltage on the resonance

position (Figures 5 and 6), Figure 7a demonstrates the effect of
the trapped charge in the nitride on the resonance frequency. Un-
like the previous case, here the device was measured at zero gate
voltage, after injecting charges at three different gate voltages.
As can be seen, a noticeable trapping effect is observed. To bet-
ter quantify this effect, we have repeated the charge trapping at
many gate voltages. After each trapping procedure we measured
the transmission spectrum of the device at zero gate voltage and
extracted the resonance shift for each of the trapping events. The
quantitative dependence of the resonance shifts on the trapped
charges which are expressed through the gate voltage during the
photo emission step is shown in Figure 7b (red circles). We have
applied an increasing voltage of up to 170 V. When we further
increased the voltage, an electrical breakdown occurred (See sup-
porting Information S2). Finally, we calculated the shift of each
trapping event (blue curve), using the same fitting parameters as
in Figure 6.
As previously mentioned, the shift of the resonance frequency

is dependent of the applied gate voltage as follow. The maxi-
mal charge that can be trapped in the nitride is estimated by
Qmax = Cox VG (where VGis the gate voltage and Cox is the thick
oxide capacitance). After the trapping event, the gate voltage is re-
moved and the trapped charges induce an effective gate voltage in
the silicon. The effective voltage is found to be Ve f f = Qmax /Cono

where Cono the capacitance of the thin oxide layer separating the
nitride from the silicon. In our case, the effective voltage can be
found to be Ve f f = VG

Cox
Cono

∼= VG
65 . Thus, the maximal effective

field is the range of �0.3 volt per nanometer, which is the same
order of magnitude as demonstrated in accumulation-based sili-
con photonic modulators.[38] For such a field strength in the trap-

Figure 7. Experimental measurement demonstrating the effect of the
trapped charge in the nitride layer on the resonance frequency of the MRR.
a) Transmission spectrum measured at 0 V after UV illumination at three
different gate voltages b) Resonance shift measured (red circles) and cal-
culated (blue line) at 0 V after UV illumination under increasing applied
gate voltages.

ping process we obtained a resonance shift of about 125 pm. This
value can be further increased, e.g., by using a polysilicon elec-
trode separated from the nitride by a high quality oxide layer
which will allow both applying stronger fields, up to the break-
down field (�1 volt per nm), and also reducing the operation
voltage for the trapping procedure. Such an approach may also
allow to work in tunneling mode. This will enable not only trap-
ping, but also the opposite action, i.e., erasing the trapping by
applying an opposite voltage.
So far, we have shown separately the effect of gate voltage and

trapped charge on the resonance shift. Next, we present the cu-
mulative effect of the trapped charge under the application of a
gate voltage. In Figure 8 we show the resonance shift for differ-
ent gate voltages after significant charge trapping at 160 V (red
circles). For comparison, we also show the resonance shift of the
same device at the same gate voltage prior to the charge trapping
process (blue circles) before charge trapping (as in Figure 6). For
simplicity, the initial frequency shift between the two MRRs is
defined as zero in both cases, even though the shift is obviously
different due to the trapping process (see Figure 7b).
As can be observed, in the case where no intentional charge

trapping is applied, the threshold voltage, VT, is achieved when
the charge in the MOS capacitor compensates the initial charges
in the nitride (which is typically fabrication process dependent)
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Figure 8. Measurement of the resonance shift due to applied gate voltage
after charge trapping (red circles). For comparison we show the results
before charge trapping, as was also presented in Figure 5 (blue circles). For
simplicity, the resonance shift between the two MRRs at zero gate voltage
is set to zero in both cases, even though the shift is different due to the
trapping operation.

and in the depletion layer. A voltage of �80 V is needed to
achieve this condition. However, in the case where we intention-
ally trapped charges (red circles), the additional negative trapped
charge injected into the nitride at VG = 160 V result in a signifi-
cant increase in the total negative charge trapped in the nitride up
to the point where even a gate voltage as high as 160 V is not suffi-
cient to compensate the negative charge in the nitride and in the
depletion region. Consequently, VT is not reached, and a major
difference in operation conditions between the pre-trapped and
the post trapped cases is obtained.

5. Discussion and Conclusions

In conclusion, we have integrated a MONOS based non-volatile
flashmemory technology into photonic circuitry and utilized this
structure to demonstrate a novel method of post resonance trim-
ming of microresonators in a silicon photonics platform. With
this process a resonance shift of up to about 125 pm was demon-
strated. Our approach is based on the controlled injection of elec-
trons into a nanoscale nitride layer bounded between two oxide
layers in the insulating layer of MOS structure. As of today, the
non-volatile flashmemory is commonly used and it is beingman-
ufactured in high volumes at low cost. Thus, the proposed ap-
proach allows easy fabrication in a commercial CMOS fab and
offers high reliability over time. Indeed, we have observed a sta-
ble charge trapping with no noticeable variations in resonance
shift over the course of few weeks, and based on its proven reli-
ability it is expected that undesired degradation in trimming ca-
pability will not be observed even at longer time duration of few
years.[33,34] Based on the number of trapped charges and the in-
tensity of our UV light source we estimate the time constant for
trapping to be in the millisecond range.
The demonstrated concept can readily be used for overcom-

ing unavoidable limited fabrication tolerances in a silicon pho-
tonics fab and to align the resonance frequencies of chip scale
photonic resonators on demand. While we have demonstrated

the use of this method in microring resonators (MRR), this ap-
proach of using non-volatile flash memory for achieving a con-
trollable and permanent change of the refractive index of silicon,
can be implemented also in other photonic configurations such
as photonic crystals, Mach Zehnder interferometers, Bragg grat-
ings and other photonic devices operating on the basis of reso-
nance or interference effect.
The demonstrated maximum shift in resonance wavelength

of about � λmax = 125[pm] is already a significant landmark as
it is typical of the fluctuations in resonance frequency between
various resonators on the same chip, driven by slight variations
in manufacturing. Yet, it should be possible to increase the
tunability even further. For example, we can replace the MOS
capacitor described here by full n-channel MOS transistor,
enabling the operation in deep depletion mode. This way, the
depletion layer could extend beyond the center of the optical
mode, due to reverse bias of the n-type source and drain with
respect to the p substrate. Under such a scenario, one may
choose a silicon device layer with higher p-type doping of about
∼ 7× 1017[cm−3] to increase the free carrier plasma effect. We
can also replace the top metal electrode by a lower loss, lightly
doped (∼ 1× 1018[cm−3]) polysilicon layer. This way, the oxide
thickness can be significantly reduced. This will also enable the
use of direct tunneling at much lower voltage and eliminate the
need for UV based photoemission process.
The cumulative effect of this suggested structure is expected

to allow much higher spectral tunability by the trimming pro-
cess, towards �1 nm (�120 GHz) which is well above the typical
variations in resonance frequency of identical MRRs. If such a
device is implemented as a Mach Zehnder interferometer, it will
reduce the length needed for achieving aπ phase shift from about
3.8 mm to below half a millimeter.
The above mentioned improvements may also allow the eras-

ing of charges, paving the way for extending the functional-
ity of the device. For example, devices such as CMOS compat-
ible electrically write – optically read memories could be im-
plemented, offering a competitive alternative to previously re-
ported non CMOS compatible approaches such as plasmonic
memristors and others.[39–41] For such a device, a precise calibra-
tion of the detuning can be achieved by applying short voltage
pulses together withmonitoring the threshold voltage shift of the
MOS transistor which should be added for the purpose of deep
depletion. We estimate that such a calibration will allow a de-
tuning precision of several MHz. The wealth of potential ap-
plications, combined with the ease of fabrication and the high
potential for commercialization makes the integration of the
MONOS\SONOS non-volatile flash memory technology into sil-
icon photonics circuitry a particularly promising approach for the
future development of silicon photonics.
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Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
The authors thank Dr. Boris Desiatov for fruitful discussions, and Nachi
Vofsi for the fabrication of the micro resonators. This work was supported
by the Kamin program of the Israeli ministry of industry and trade. M.G.

Laser Photonics Rev. 2018, 12, 1700190 C© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700190 (7 of 8)



www.advancedsciencenews.com www.lpr-journal.org

acknowledges a Ph.D fellowship from the center for nanoscience and nan-
otechnology of the Hebrew University.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
non-volatile memory, resonance trimming, silicon photonics

Received: July 18, 2017
Revised: January 8, 2018

Published online: March 15, 2018

[1] G. T. Reed, G. Mashanovich, F. Y. Gardes, D. J. Thomson, Nat. Pho-
tonics 2010, 4, 518.

[2] A. E.-J. Lim, J. Song, Q. Fang, C. Li, X. Tu, N. Duan, K. Kiong Chen,
R. P.-C. Tern, T.-Y. Liow, IEEE J. Sel. Top. Quantum Electron. 2014, 20,
405.

[3] Q. Xu, B. Schmidt, S. Pradhan, M. Lipson, Nature 2005, 435, 325.
[4] F. Y. Gardes, D. J. Thomson, N. G. Emerson, G. T. Reed, Opt. Express

2011, 19, 11804.
[5] W. M. Green, M. J. Rooks, L. Sekaric, Y. A. Vlasov, Opt. Express 2007,

15, 17106.
[6] L. Liu, R. Kumar, K. Huybrechts, T. Spuesens, G. Roelkens, E.-J.Geluk,

T. de Vries, P. Regreny, D. Van Thourhout, R. Baets, G. Morthier,Nat.
Photonics 2010, 4, 182.

[7] C. Sun, M. T. Wade, Y. Lee, J. S. Orcutt, L. Alloatti, M. S. Georgas, A.
S. Waterman, J. M. Shainline, R. R. Avizienis, S. Lin, B. R. Moss, R.
Kumar, F. Pavanello, A. H. Atabaki, H. M. Cook, A. J. Ou, J. C. Leu,
Y.-H. Chen, K. Asanovíc, R. J. Ram, M. A. Popovíc, V. M. Stojanovíc,
Nature 2015, 528, 534.

[8] I. Goykhman, B. Desiatov, S. Ben-Ezra, J. Shappir, U. Levy, Opt. Ex-
press 2013, 21, 19518.

[9] B. Desiatov, I. Goykhman, U. Levy, Appl. Phys. Lett. 2012, 100, 41112.
[10] E. Dulkeith, F. Xia, L. Schares, W. M. J. Green, Y. A. Vlasov, K. Ya-

mada, T. Tsuchizawa, T. Watanabe, J. I. Takahashi, E. Tamechika, M.
Takahashi, S. Uchiyama, K. K. Lee, D. R. Lim, H. C. Luan, A. Agar-
wal, J. Foresi, L. C. Kimerling, H. K. Tsang, C. S. Wong, T. K. Liang, I.
E. Day, S. W. Roberts, A. Harpin, J. Drake, M. Asghari, J. Light. Tech-
nol. Opt. Express Appl. Phys. Lett. IEEE J. Quantum Electron. 1998, 10,
549.

[11] T. Baehr-Jones, R. Ding, A. Ayazi, T. Pinguet, M. Streshinsky, N. Har-
ris, J. Li, L. He, M. Gould, Y. Zhang, Lim, A.E.-J., Liow, T.-Y., Teo, S.H.-
G., Lo, G.-Q., M. Hochberg, A 25 Gb/s Silicon Photonics Platform,
arXiv preprint arXiv:1203.0767, 2012.

[12] K. De Vos, I. Bartolozzi, E. Schacht, P. Bienstman, R. Baets, Opt. Ex-
press 2007, 15, 7610.

[13] F. Dell’Olio, V. M. Passaro, Opt. Express 2007, 15, 4977.
[14] C. Haffner, W. Heni, Y. Fedoryshyn, J. Niegemann, A. Melikyan, D. L.

Elder, B. Baeuerle, Y. Salamin, A. Josten, U. Koch, C. Hoessbacher, F.
Ducry, L. Juchli, A. Emboras, D. Hillerkuss, M. Kohl, L. R. Dalton, C.
Hafner, J. Leuthold, Nat. Photonics 2015, 9, 525.

[15] M. Hochberg, T. Baehr-Jones, G. Wang, M. Shearn, K. Harvard, J.
Luo, B. Chen, Z. Shi, R. Lawson, P. Sullivan, A. K. Y. Jen, L. Dalton,
A. Scherer, Nat. Mater. 2006, 5, 703.

[16] C. Koos, P. Vorreau, T. Vallaitis, P. Dumon, W. Bogaerts, R. Baets,
B. Esembeson, I. Biaggio, T. Michinobu, F. Diederich, W. Freude, J.
Leuthold, Nat. Photon. 2009, 3, 216.

[17] L. Alloatti, D. Korn, R. Palmer, D. Hillerkuss, J. Li, A. Barklund, R.
Dinu, J. Wieland,M. Fournier, J. Fedeli, H. Yu,W. Bogaerts, P. Dumon,
R. Baets, C. Koos,W. Freude, J. Leuthold,Opt. Express 2011, 19, 11841.

[18] H. W. Lee, G. Papadakis, S. P. Burgos, K. Chander, A. Kriesch, R. Pala,
U. Peschel, H. A. Atwater, Nano Lett. 2014, 14, 6463.

[19] M. Liu, X. Yin, Ulin-Avila, E., B. Geng, T. Zentgraf, L. Ju, F. Wang, X.
Zhang, Nature 2011, 474, 64.

[20] C. T. Phare, Daniel Lee, Y.-H., J. Cardenas, M. Lipson, Nat. Photon.
2015, 9, 511.

[21] L. Stern, A. Naiman, G. Keinan, N. Mazurski, M. Grajower, U. Levy,
Optica 2017, 4, 1.

[22] G. Li, X. Zheng, J. Yao, H. Thacker, I. Shubin, Y. Luo, K. Raj, J. E. Cun-
ningham, A. V. Krishnamoorthy, Opt. Express 2011, 19, 20435.

[23] J. E. Cunningham, I. Shubin, X. Zheng, T. Pinguet, A. Mekis, Y. Luo,
H. Thacker, G. Li, J. Yao, K. Raj, A. V. Krishnamoorthy, Opt. Express
2010, 18, 19055.

[24] M. R. Watts, J. Sun, C. DeRose, D. C. Trotter, R. W. Young, G. N. Niel-
son, Opt. Lett. 2013, 38, 733.

[25] W. H. P. Pernice, H. Bhaskaran, Appl. Phys. Lett. 2012, 101, 171101.
[26] S. T. Chu, W. Pan, S. Sato, T. Kaneko, B. E. Little, Y. Kokubun, IEEE

Photonics Technol. Lett. 1999, 11, 688.
[27] J. Schrauwen, D. Van Thourhout, R. Baets, Opt. Express 2008, 16,

3738.
[28] Y. Shen, I. B. Divliansky, D. N. Basov, S. Mookherjea,Opt. Lett. 2011,

36, 2668.
[29] R. Califa, D. Munk, I. Bakish, A. Zadok, H. Genish, Y. Kaganovskii, M.

Rosenbluh, Optical MEMS and Nanophotonics (OMN), 2015 Inter-
national Conf., Mo2.4-1, Jerusalem, 2–5 Aug. 2015, pp. 1–2.

[30] A. Canciamilla, F. Morichetti, S. Grillanda, P. Velha, M. Sorel, V. Singh,
A. Agarwal, L. C. Kimerling, A. Melloni, Opt. Express 2012, 20, 15807.

[31] H.-T. Lue, S.-C. Lai, T.-H. Hsu, Y.-H. Hsiao, P.-Y. Du, S.-Y. Wang, K.-Y.
Hsieh, R. Liu, C.-Y. Lu, International Conference on Solid-State and
Integrated Circuits Technology Proceedings, ICSICT, 2008, pp. 807–
808.

[32] Frontmatter, in Nonvolatile Memory Technologies with Emphasis on
Flash, John Wiley & Sons, Inc., Hoboken, NJ, USA, pp. i–xxv.

[33] Y. Wang, M. H. White, Solid. State. Electron. 2005, 49, 97.
[34] S. J. Wrazien, Y. Zhao, J. D. Krayer, M. H. White, Solid. State. Electron.

2003, 47, 885.
[35] A. Arreghini, N. Akil, F. Driussi, D. Esseni, L. Selmi, M. J. van Duuren,

Solid. State. Electron. 2008, 52, 1460.
[36] R. A. Soref, B. R. Bennett, IEEE J. Quantum Electron. 1987, 23, 123.
[37] S. S. Han, M. Ceiler, S. A. Bidstrup, P. Kohl, G. May, IEEE Trans. Com-

ponents, Packag. Manuf. Technol. Part A 1994, 17, 174.
[38] M. Sodagar, A. H. Hosseinnia, P. Isautier, H. Moradinejad, S. Ralph,

A. A. Eftekhar, A. Adibi, Opt. Express 2015, 23, 28306.
[39] A. Emboras, I. Goykhman, B. Desiatov, N. Mazurski, L. Stern, J. Shap-

pir, U. Levy, Nano Lett. 2013, 13, 6151.
[40] Y. Sebbag, I. Goykhman, B. Desiatov, T. Nachmias, O. Yoshaei, M.

Kabla, S. E. Meltzer, U. Levy, Appl. Phys. Lett. 2012, 100, 141107.
[41] C. Hoessbacher, Y. Fedoryshyn, A. Emboras, A. Melikyan, M. Kohl, D.

Hillerkuss, C. Hafner, J. Leuthold, Optica 2014, 1, 198.

Laser Photonics Rev. 2018, 12, 1700190 C© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700190 (8 of 8)


