An All-Silicon Passive Optical Diode
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A passive optical diode effect would be useful for on-chip
optical information processing, but has been difficult to
achieve. Based on optical nonlinearity, we demonstrate a
forward-backward transmission ratio up to 28 dB within
telecommunication wavelengths using two 5-micrometer
radius silicon rings. Our device is passive, yet maintains
optical nonreciprocity for a broad range of input power
levels and performs equally well even if the backward
input power is higher than the forward input. The silicon
optical diode is ultra compact and is compatible with
current complementary metal-oxide-semiconductor
(CMOS) processing.

Nonreciprocal transmission is fundamental in information
processing. Electrical nonreciprocity, or diode effect, had
been realized in integrated form with a semiconductor p-n
junction. Optical nonreciprocity (ONR) is inherently difficult
due to the time-reversal symmetry of light-matter interaction
(2). Previously reported ONR has been based on magneto-
optic effect (2—4), optical nonlinearity (5-8), electro-
absorption modulation (9), cholesteric liquid crystals (10),
optomechanical cavities (11), indirect interband photonic
transitions (12) and opto-acoustic effect (13). CMOS
compatible passive optical diodes with footprint and
functionality analogous to p-n junctions, however, have not
been realized at near infrared, the wavelength choice for
silicon photonics. Our optical diode (Fig. 1A) is based on
strong optical nonlinearity in high-quality-factor (Q) Si
microrings (14-17). It consists of a high-Q all-pass notch
filter (NF) operating near the critical coupling regime (17)
(Fig. 1B) and an add-drop filter (ADF) (14, 16, 18) with
asymmetric power coupling to the bus waveguides (Fig. 1C).
The resonant wavelength of the NF is thermally tuned to
match that of the ADF through the thermo-optic effect of
silicon (19).

A microring accumulates optical energy at its resonant
wavelength. Schematics in Fig. 1E and Fig. 1F show that
light couples into the microring in the ADF through two

different gaps, G, and G;, respectively. With forward and
backward input power being P, and P;,, respectively, the
optical energy stored in the microring near its resonant
wavelength, Aapr, are

P f 2
Uforward (ﬂ) = QLQADFK (ﬂ’) (1)

G,

and

P
Ubackward (ﬂ) = Qme Q/iDF K (ﬂ’) (2)

where Qapr is the ring’s loaded quality factor, QGz and
QG3 are power coupling quality factors which are

exponentially proportional to the gap sizes, and K(X) is

independent of propagation direction for a linear system (14).
The energy enhancement factor in the ring depends on the

propagation direction due to our asymmetric design (QG’ ~

300,000, QG3 ~ 192,000, and Qapr ~ 43,800, all through

curve-fitting), and (U forward/ U backward) = (QGK / QGZ ) =0.64 for

Pct=Pinp. With high input power at Ay = Aspr, the power
density inside the ring will be amplified substantially, due to
its high Q factors and small radius, to induce optical
nonlinearity in silicon (20-23) and red-shift the ring’s
resonance (A apr > Ag, Fig. 1F). The amount of resonance
shift for forward propagation, due to the lower energy stored
in the ring, is smaller than that for the backward direction.
Defining wavelength detuning as 6pr(ro) = 2Qapr[(Ao —

X" apr)/A" apr], We have [8apF forward(Ao)| < [SADF packward(Ro)|- This
leads to a higher forward transmission, T apr forward(Ao), than
the backward one, T Apr packward(Ao), Since

1
T A) = F
ADTforvad ( ’ ) 5§DF,forward (1’0 ) + 1 (3)
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and
1

T - F
é‘iDF,backward (ﬂ’O ) + 1 (4)

ADF backward (ﬂ’() )

where F = 4QiDF/ Q4. Qg, is independent of propagation

direction. Therefore an ADF with asymmetric power coupling
can function as an ONR device for strong optical inputs, and
we call it the ONR initiator.

For the NF, the power transmission near its resonance (Ayr) is

_ 51?11: (ﬁo ) + (1 _2QNF/QG, )2
- S () +1

T (%)
(5)

where Qyr is the loaded quality factor of the NF ring and
Snr(Mo) = 2Qnr[ (Ao — Anp)/Anr] 18 wavelength detuning. Our
design leads to QG1 ~ 55,000 (24) and the fabricated NF ring

(25) has Que ~ 27,000, 50 (1= 2Q /Qq, ) % 0. A weak

input will pass the NF with a strong attenuation of ~20 dB at
Ao = Anr since Snr(Ag) = 0. A strong input will red-shift the NF
ring (A'nr > Ag), resulting in a non-trivial 8 ne(Ao) and will
pass the NF with a much smaller attenuation at A, (Fig. 1D).
We call the NF an ONR amplifier since it will significantly
attenuate the weakened signal that has passed the ONR
initiator in the backward direction.

When we cascade the ONR amplifier to an ONR initiator
with similar onset power for nonlinearity (Fig. 1A), strong
ONR can be achieved for a broad range of forward and
backward input power levels. Without nonlinear effects, i.e.
at a very low input power of ~85 nW at the device (1 uW
measured at the input laser), our optical diode has a
transmission that is independent of propagation direction
(Fig. 1H).

With the input power increased to ~85 uW, a
nonreciprocal transmission ratio (NTR) of ~20 dB was
observed at Ay = 1630 nm (Fig. 1I). For forward propagation,
input from port I enters the NF first, and has sufficiently high
power to red-shift the NF resonance, thus allowing it to pass
with low attenuation at wavelength A, (solid curve in Fig.
1D). When it reaches the ADF, due to the large gap of G,, as
well as the power reduction after passing the NF, the optical
energy accumulated in the ADF ring is not high enough to
appreciably red-shift the resonance, i.e. SApF forward(ho) = 0 in
Eq. 3. Thus light can transmit to the drop port through the
resonance, and achieve reasonably high transmission in port
IT at A (solid curve in Fig. 1E). For backward propagation
(input at port II), light will enter the ADF first. With the small
gap, G;, the energy in the ADF ring is high enough to red-
shift its resonance, i.€. |[OADF packward(Mo)| > 0 in Eq. 4, and
transmitted light at A, will be reduced (Fig. 1F, solid curve).
At the NF, the reduced light intensity, due to both the

resonance shift and the insertion loss of the ADF, will not be
able to red-shift the NF ring, i.e. dxr(Ag) — 0 in Eq. 5, and its
intensity will be significantly reduced as it passes through the
critically coupled NF at resonance (A = Ayr, Fig. 1G).

At higher input power levels (~850 uW and ~2,100 uW),
larger NTRs up to 29 dB was observed (Fig. 2). This is due
simultaneously to the increase of the NTR from the ADF
(compared to Fig. 1F which occurs at a rather moderate input
power of ~85 uW) and to the sustained large NTR from the
NF at high input power levels. Figure 3 shows the forward
and backward transmissions of an individual ADF with
coupling gaps of 420 nm and 630 nm (without a cascaded
NF). In the forward direction, the transmitted power increases
with the laser input power near resonance (~1550.4nm), while
the backward transmitted power remains approximately the
same, effectively increasing the NTR. In our optical diode
(Fig. 1A), such saturation limits the backward input power
entering the NF (P, in Fig. 1G). This restricts the
nonlinearity in the NF and allows it to maintain high
attenuation of the backward transmission.

The performance of our diode is independent of optical
bistability (7, 20, 26), and is free from uncertainties caused by
data acquisition schemes. In the spectra taken at two different
scan modes of the tunable laser source (Fig. 2A), the solid
lines are the spectra of a continuous-mode scan, which
typically follows the upper trace of the hysteresis loop, while
the dashed lines are the spectra of the stepped-mode scan,
which is equivalent to a step-by-step changing of operating
wavelength and generally follows the lower trace of the
hysteresis loop. The rapid swing near 1630.1 nm indicates the
transition between the upper and lower traces, possibly due to
the fluctuations of laser power and wavelength in stepped-
mode scan. Our optical diode does not operate in the
bistability regime, and we observed almost identical NTRs
with point measurements, i.e. fixing the laser at a specific
wavelength and then measuring the transmitted power level at
forward and backward directions (table S1).

The device operation is robust against the mismatch of
resonant wavelengths between the two filters, and it can
achieve strong ONR for various input power levels at a fixed
wavelength. Within a resonance mismatch range of ~0.04 nm,
the NTR remains over 25 dB (Fig. 4A). Given such tolerance,
we were able to fix the operating wavelength of the diode by
tuning the NF resonance in the backward direction to
1630.011 nm and achieve at least 18 dB of NTR for input
power between 85 uW and 2,100 uW (Fig. 4B).

An electronic diode blocks the backward current for a
large range of applied backward voltages. Analogously, table
S1 shows that our optical diode attenuates the backward
transmitted power to a low level (around —50 dBm) for a
broad range of laser input power (5 dBm ~ 14 dBm) at the
operating wavelength of 1630.011 nm. The forward
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transmitted power is more than 20 dB higher than the
backward transmitted power within this laser power range.
Therefore our optical diode tolerates not only input power
variation, but also forward/backward input power disparity.

Similar to all resonance-enhanced optical devices, our all-
silicon optical diode is bandwidth limited. However its
operating wavelength can be thermally tuned (19) and should
work across a large wavelength band. It also has a relatively
high insertion loss after subtracting the coupling losses (~10.7
dB per facet). For laser input power levels between 5 dBm
and 10 dBm the forward insertion losses were ~12 dB. This
number could be reduced if the intrinsic quality factor of both
rings is increased to 250,000 (16, 17), and if the thermal
isolation of the rings is improved, such as by suspending the
NF ring away from the substrate (27).

The optical nonlinear effects in silicon include Kerr effect
(28, 29), two-photon absorption (TPA) (30), free carrier
effect (FCE) (31), and thermo-optic effect (26) from Joule
heat generated through TPA, FCE and linear absorption. Due
to the large thermal dissipation time of the SiO, under-
cladding (~2 ps) (21-23), and the input power at tens of
microwatts, the thermo-optic effect was dominant in our
experiments. In addition to its role in enabling low power
operation, the slow response time of the thermo-optic effect
(which reacts to optical powers averaged over a ps range)
may benefit one-way transmission of high-modulation-speed
data streams, since the long integration time should
desensitize nonlinear operation to fluctuations associated with
rapidly varying data patterns or different modulation formats.
Alternatively, when the slower thermal effect is mitigated
through efficient thermal dissipation, fast nonlinearity such as
FCE in silicon may dominate (23, 31), opening doors to
nonreciprocal high-speed optical signal processing where
instantaneous response is required.

Our optical diode utilizes only the materials already used
in CMOS processing, and does not require external assistance
such as magnetic fields, radio-frequency modulation, or
optical pumping. The broad input power range within which
our device performs may be sufficient for on-chip photonic
applications. Its ability to block backward input much
stronger than the forward input makes it functionally similar
to electrical diodes. Our diode has an ultra-compact footprint
and is robust against resonance mismatch between the two
microrings. These attributes make it attractive as a potential
component for future highly-integrated photonic information
processing chips.
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Fig. 1. (A) The optical diode consists of two resonance-
matched notch filter (NF) and add-drop filter (ADF). Input at
Port I and output at Port II is designated as forward
propagation while input at Port II and output at Port I is
defined as backward propagation. (B and C) Fabricated NF
and ADF showing the design parameters. A titanium heater
allows tuning of the NF resonance to match that of the ADF.
(D to G) Mechanism of passive optical non-reciprocity
(ONR) due to nonlinearity. The optical power at Port I,
Center Point and Port II are defined as Py, s, P. g, and Py ¢ for
the forward direction and as Py, Pcp, and Pi,p, for backward
propagation. Dashed curves are the simulated transmission
spectra in the linear regime (~85 nW incident power) while
the solid curves are the simulated transmission spectra at a
power level ~85 W, which is high enough to induce optical
nonlinearity. (H) Forward and backward transmission spectra
of the diode at ~85 nW incident power, showing reciprocity
and good agreement with dashed curves in (E) and (G). (1)
Forward and backward transmission spectra at input power
level ~85 uW, showing strong ONR and good agreement with
solid curves in (E) and (G).

Fig. 2. Forward and backward transmission spectra of the all-
Si optical diode at relatively high input power levels. (A) At
~850 uW input power (10 dBm at laser source). Solid curves
were acquired through a continuous-mode scan, and dashed
lines through a stepped-mode scan. The nonreciprocal
transmission ratio (NTR) near 1630 nm is 27.3 dB for
continuous-mode scan and 29 dB for step-mode scan. (B) At

~2,100 uW input power (14 dBm at laser source). The NTR
near 1630 nm is 27 dB.

Fig. 3. Saturation of the backward transmitted power near
resonance in an ADF with coupling gaps of 420 nm and 630
nm.

Fig. 4. (A) Wavelength tunability and tolerance of the
mismatch between resonant wavelengths of the two filters.
Dashed lines are forward transmissions and solid lines are
backward transmissions. Input power was ~2,100 uW. Inset
shows explicitly the NTR. (B) The NTR at various input
power levels with a fixed operating wavelength of

1630.01 1nm.
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