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Abstract: We report on the demonstration of a broadband (60 GHz),
spectrally hitless, compact (20 um x 40 um), fast (7 ns) electro-optical
switch. The device is composed of two coupled resonant cavities, each with
an independently addressable PIN diode. This topology enables operation of
the switch without perturbing adjacent channels in a wavelength division
multiplexing (WDM) system.
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1. Introduction

Optical switches are critical elements for on-chip optical networks. They are essential for high
performance interconnects in a multi-core microprocessor system [1,2], where large
bandwidth densities, low energy consumption and small footprint components are required
[3,4]. Here we demonstrate hitless operation of a broadband compact electro-optic switch for
on-chip optical networks on a silicon platform.

A broadband switch is important for two main reasons: low distortion of high bandwidth
signals [5], and robustness from on chip temperature changes [6]. Hitless tuning, i.e.
switching data at one wavelength without affecting the other wavelengths on the interconnect
(see Fig. 1), is also an important criterion in on-chip optical networks employing multiple
wavelengths [1]. A broadband hitless switch provides the ability to enable and disable a
WDM channel drop filter without blocking an adjacent channel in the network.
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Fig. 1. Hitless switch scheme. a) When the switch is OFF, a single wavelength channel in a
WDM system is directed to the drop port. b) When the switch is ON, no channel is dropped.

Previously, thermo-optic [7-9] and all-optical [10] approaches have been used to
demonstrate broadband hitless switching using coupled resonators, and also proposed to be
used in a Mach-Zehnder topology [11,12]. Electro-optic broadband switching has also been
demonstrated, however not in a hitless configuration [13,14]. Here, we show the synthesis
procedure, implementation and analysis of a broadband, hitless, compact electro-optic switch
on a silicon photonics platform, using a compact broadband filter integrated with PIN diodes
[15].
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2. Switch description and synthesis

The device analyzed and fabricated consists of two coupled optical cavities surrounded by p-
doped and n-doped regions. The two cavities create a broadband transmission while the
integrated PIN diodes enable free carrier injection and extraction to change the refractive
index of silicon [15]. A schematic of the device with its transfer function for distinct detuning
values is shown in Fig. 2.
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Fig. 2. (a) Schematic of two coupled ring resonators with (b) its theoretical through port
transmission spectrum. Red line shows the original transmission where the two cavities share
the same resonance. The blue line shows a transient state and green line the final state of the
switch, where detuning was provided by changing the refractive index of the right cavity.

The broadband operation of the device is achieved when a) the cavities share the same
resonance wavelength and b) the coupling between each cavity and its adjacent waveguide is
much stronger than the coupling between cavities. The hitless operation of the switch is
achieved by changing the resonance of the cavity coupled to the drop waveguide while
leaving the other unperturbed. When both cavities share the same resonance, light with
frequency within the filter bandwidth is directed to the drop port. When the index of the cavity
coupled to the drop port (right cavity in Fig. 2) is changed, the cavities no longer share the
same resonances. This leads to an over-coupled system and the signal is routed to the through
port. The fact that the index of the cavity coupled to the through port (left cavity in Fig. 2) is
not changed prevents perturbing adjacent channels, which is the goal of a hitless device. In
principle, even the residual dispersion caused by the presence of the over-coupled cavity can
be reduced by slightly detuning it to the edge of the WDM channel, or to a nearby region
between two WDM communication channels,.

The detuning mechanism used for changing the refractive index plays an important role
for the possible applications of the device. Changing the refractive index by free carrier
dispersion is crucial for systems which require fast switching transitions (a few nanoseconds)
of small data packets (sub-microsecond or a few microseconds, depending on the amount of
detuning provided, as shown on section 3), once thermo-optical effect caused by the current
flowing through the device heats it up and reduces the index change provided by the free
carrier dispersion. Thermo-optical detuning, as has been shown in [7-9], is suitable for
switching times about hundreds of nanoseconds at best [16], with unlimited holding time.

In order to optimize the device performance we calculate the coupling conditions, i.e., the
transmission values for each directional coupler present in the device [#, #; and 7, in Fig. 2(a)]
as a function of the desired bandwidth (4f) given a desired intensity attenuation coefficient 4,
also known as power ripple, shown in the inset of Fig. 2(b). General methods for filter
synthesis when there is no propagation loss has been extensively studied for CROW systems
[17-19]. Here we provide the steps for a Chebyshev-like transfer function implementation
when losses are considered in a two ring device, by forcing the minimum transmission to be
zero and the maximum to be 4 inside the bandwidth of the transmission spectrum of the
through port.
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The equations for the field at the through and drop ports are:

E, _Loe"ak, and E, = ve*a, -(—ik,)-E,
d

= . . 1
" 1-te"a,E, 1-t,¢"a, - E, W
with [20]
_h —eay, and E. = _\lelﬂ a, -(—ik,) - (~ik,) 2)
" 1-te%at, a 1-te%at,
and with

a=e 2 and ¢ =27”-(ng +An,,)-27R 3)

where E, is the field intensity at through port, E, is the field intensity at drop port, 7, ¢; and 7,
are the transmission coefficients of the directional couplers shown in Fig. 2(c), ko, k; and k;
are the coupling coefficients of the directional couplers, R is the radius of the rings, a is
intrinsic loss, 4a; is the loss caused by free-carrier absorption, a; is the roundtrip attenuation
coefficient for ring i, n, is the group index of the device, 4n,;; is the refractive index change
caused by free-carrier dispersion for ring i, and 4 is the free space wavelength. With no free-
carrier injection the values for roundtrip attenuation coefficient are equal a; = a, = a and
phases are also equal ¢, = ¢, = ¢. The equations are shown in a recursive fashion and can be
easily extended for higher order filters, although a matrix analysis method can also be used
[21]. Analogous to the condition for critical coupling in a single ring [20], critical coupling for
two rings requires that the transmission in the input waveguide is equal to the product of
attenuation coefficients and transmission coefficient of the output waveguide:

1, =a’t, “
Plugging Eq. (4) into the equation for the transmission field E; and forcing it to have zeros
in the numerator we obtain:

1, =cosg, ﬁ 5)

where ¢, is the value of the phase ¢ that provides zeros in the through port transmission
spectrum. Plugging Eq. (4) and Eq. (5) in Eq. (1) and considering that the minimum
attenuation allowed inside the bandwidth (8) happens for ¢ = 0, the following equation is
obtained for 7,:

(a-t0)4—2(1_COS¢°)(a-t0)3—(a +1)(2~2COS¢0—1)((1.[0)2_2(1—C08¢0)(a.t0)+i220
p-a a fra “®

which can be solved analytically or numerically. The root we are looking for is the one with
real value which provides 7, < 1. Finally, the phase of the transmission zero can be related to
bandwidth by:

¢_27r A0 Af 0r¢—2”£
* 2J2 ¢, FSR o2 for
where 4. is the central wavelength of the switch, Af is the bandwidth or flat region where the

through port transmission is smaller than the ripple (f), ¢y is the light speed at vacuum, FSR is
the Free Spectral Range in wavelength domain and fsr is the Free Spectral Range in frequency

@)
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domain. Therefore, once the values of Af, f and a are specified, one can determine the
transmission for each directional coupler present in the device. It can be demonstrated from
the equations above that, for devices with losses, one can have a box-like transfer function
only if the value of ¢, is greater than a minimum value @,,;,:

2-(a4+a2)—ﬂ-(a6+a4+a2+1)
2-(1—ﬁ)-(a4+a2)

3. Fabrication, experimental description and results

Prin = (8)

The process flow of the structure ensures that the diodes are electrically isolated for
independent tuning of each cavity, an important requirement to achieve hitless operation. We
fabricate the device on a silicon-on-insulator (SOI) substrate with a 250 nm device layer on a
3 um buried oxide layer. Waveguides and cavities are created by patterning and etching 210
nm of the 250 nm top silicon layer, leaving a 40 nm slab throughout the chip. The diodes are
made by doping the slab regions around each cavity. We achieve electrical isolation by
etching the silicon slab in undoped regions including between the cavities. The hard mask
used for patterning the waveguides and cavities protects them in this etching step, while
additional patterned HSQ resist is used as a mask for the remaining slab regions. Although
only one of the cavities requires dynamic tuning, we create electrical contacts to both cavities
in order to fine tune the device spectra if needed. Restricting a slab to the cavity region
improves both optical coupling at the tapered chip input and propagation losses through the
waveguide. The quasi-TM propagation mode is chosen for this study because it has lower
dependence on sidewall roughness as compared to the quasi-TE mode, usually providing a
cleaner spectrum. The shape of the device was designed to be equivalent to a racetrack in the
region where a strong coupling is required and equivalent to a ring in the coupling region
where the coupling is weak, therefore allowing waveguides to be placed further apart and
reducing mode conversion losses [22]. For a device with power ripple of 17.5 dB below the
transmission, bandwidth of 60 GHz and losses about 10 dB/cm we obtain coupling parameters
to=0.811, t;, = 0.970 and £, = 0.800 which were achieved using spacings of 304 nm, 350 nm
and 300 nm, and linear region lengths of 3797 nm, 673 nm and 3797 nm, respectively. The
fabrication of the PIN structure is performed by implanting BF," and As as acceptor and
donor dopants, respectively, with a 10'°cm™ concentration for both [23]. Nickel silicide is
formed for contacting the doped regions, and aluminum is used for the contact pads. A
Scanning Electron Microscope picture of the cavities with doped Silicon slab surrounding
them is shown in Fig. 3(a), an Optical Microscope picture of the device before evaporating the
Aluminum pads is shown in Fig. 3(b). The measured spectrum of the device fabricated is
shown in Fig. 3(c).
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Fig. 3. (a) SEM picture of the device with the p* (green) and n* (red) implanted areas
highlighted. The Si waveguides have 250 nm x 450 nm cross-section. The device is clad with 1
pum of silicon dioxide and has a 3 um silicon dioxide BOX. Each cavity has a total length 2z-10
um with 8 um bend radius. (b) Optical microscope picture of the device before evaporating
aluminum for contact pads. (c) Spectrum of the fabricated device without any carrier injection.

Broadband hitless switching behavior is demonstrated by measuring the dynamics of the
spectrum as the switch is turned ON and OFF. We monitor the output power at the through
and drop ports during both carrier injection and extraction on an oscilloscope with a 30 GHz
bandwidth optical sampling module. We scan the input laser from 1547.3 nm to 1554.3 nm
with steps of 0.05 nm and observe the spectrum dynamics shown in Fig. 4.

a) Through Port b) Drop Port
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Fig. 4. (a) Dynamics of the spectrum for the through port. Switch starts in OFF state (red), it is
turned ON at 15 ns (green) and is turned OFF again at 110 ns (red). (b) Dynamics of the
spectrum for the drop port. Notice that the box-like spectrum disappears in the period where the
switch is kept ON.
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The switching times of the device, free-carrier concentration and amount of refractive
index change are obtained by fitting the measured data to the theoretical model. We simulate
the device behavior by plugging the refractive index change and losses in the transfer function
equations of the device [Eqgs. (1) to (3)]. In order to obtain the relation between refractive
index change and current applied, a DC experiment is performed to separate the blue shift in
the resonance, given by free-carrier concentration [24], from the slow red shift provided by
thermal effect [25,26]. The influence of the temperature and carrier concentration on the
device performance are distinguishable when a DC bias is applied by approximating the
carrier concentration as directly proportional to the current and the device temperature as
proportional to the power dissipated (or the current squared):

Ang =—cl+c,I” )

where An,; is the change in effective refractive index, and c; and ¢, are proportionality
constants. In order to measure the resonance shift carefully, we apply a DC voltage to the
cavity coupled to the input waveguide and measure both the maximum resonance shift
(44pcmar) and the current that provides this shift (Ipcue). Using the relationship
An, I'n, =AAl A, Eq. (9) becomes:

2n, | | AZ n, || A4
A, =— 8 . ‘DC max I+ _8 . 'DC max [2 , 10
v |: l :| |: Im‘dX :| |: i :| |: Ililax :| ( )

where n, is the group index and A is the original resonance wavelength. Equation (10)
provides a direct relation between index change and current flowing through the device, from
which we obtain the free carrier concentration as a function of the current. This procedure
allows us to identify the term with /° dependence and suppress it from the model simulated for
device operation much faster than the time constants of the thermal effect. We extract the
free-carrier concentration inside the device from the free-carrier concentration index change
(Ang;) and free-carrier absorption losses (Aa) dependence of silicon, given by [24,27,28]:

Ang; =—-8.8x10> N —8.5x10"*P*, [N]=[P]=cm" (11)
Aa=85x10""N+6.0x10"* P, [Aa]=cm™ (12)

where Ang; is the index change of the silicon waveguide for a given concentration of electrons
(N) and holes (P). The index change in the silicon is related to the overall index change, by
the confinement factor (I') of the field, which in our case is I' = 0.81 [29]. Once Ang; is known
and N = P in the steady state, we obtain the free carrier concentration as a function of the
current. The losses added to the right cavity (Aa) are obtained from the Eq. (12), which closes
the set of variables used in the modeling. In Figs. 5 and 6 we show simulated (continuous
lines) and measured (dotted lines) spectrum (Fig. 5) and time response (Fig. 6) for the through
(blue) and drop (red) ports. The drop port transmission changes by 9.8 dB when the switch is
turned ON with a 1.46 V bias and 4.0 Vpp switching signal. The through port transmission
has an ON/OFF ratio of 16.6 dB. When the device is ON, the right cavity has a 2.8 nm
resonance shift meaning an index change 4n,; = 0.009 and a free carrier density around
3.6x10" cm™. The contact resistance of the device is Rg = 437 Q and the power consumed in
ON state considering a 0.7 V junction potential is 17.4 mW. The time domain signal for a
single wavelength at 1550.8 nm is shown in Fig. 6(a). In Fig. 6(b) we show the result of
switching a 1 Gbps modulated signal with central wavelength 1550.8 nm. Figure 7(a) shows
the eye diagram of a 10 Gbps signal input. Figure 7(b) shows the same signal at the drop port.
We notice that the 60 GHz bandwidth accommodates the 10 Gbps signal with low distortion.
By fitting the simulated curve to the experimental resuts when a DC voltage is applied we
estimate AApcnae = 0.8 nm with Ipcee = 2.0 mA. Plugging these values in Eq. (10) and
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considering that the thermal effect is negligible for the dynamics of the system we obtain, for
a I/e amplitude decay, the time constants for the switch as 7 ns for OFF-ON transition and 3
ns for ON-OFF transition.

a) Through b) Through
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Fig. 5. (a) Instantaneous spectrum for the switch off at 10 ns. (b) Instantaneous spectrum for
the switch on at 107.5 ns Dotted lines represent experimental data while continuous lines are
the calculated values.
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Fig. 6. (a) Time domain response for a single 1550.8 nm wavelength as input. Experimental
result is shown in dotted lines, while result from fitting is shown in continuous line; (b) time
domain for a 1 GHz modulated signal as input.
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Fig. 7. Eye diagram of a 10 Gbps signal (a) at input and (b) at drop port.

We demonstrate, as can be seen in Fig. 6, that at least an 80 ns window can be sustained
with the switch ON with a 7 ns transient time. For a 10 Gbps signal going through the device
it represents switching of up to 710 bits. Note that the holding time and current applied (i.e.
the extinction ratio) are not independent, being necessary to reduce the current when longer
holding times are required. In fact we are able to hold the device for more than 1 ps for
extinction ratios 4 dB smaller than the values shown in Fig. 5. Longer hold times, essential for
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on-chip networks, can be achieved using novel electro-optic structures [30], or reducing the
surface recombination rates [31].

4. Operational limits

The extinction ratio experienced by each port when the switch goes from OFF state to ON
state is limited by the maximum current that the diode can tolerate. Destructive experiments
with the fabricated diodes shows that DC currents around 7 mA can damage them, limiting
the detuning we can provide for the switch. For a resonant cavity, the maximum optical
detuning needed for maximum extinction ratio is

A
AnMAX :47[_R. (13)

For this amount of refractive index change, the detuned cavity needs to have its resonance
shifted by half FSR of the device, which corresponds to 4.5 nm for the switch demonstrated
here. To avoid damaging the device, we limit the current to 6.3 mA and obtain at most a 2.8
nm detuning. Even though 2.8 nm detuning is only 62% of the maximum detuning, its effect
in the ON/OFF ratio is much stronger: for the drop port, the 9.8 dB ON/OFF ratio obtained
experimentally represents 79% of the theoretical value for maximum detuning; for the through
port, the 16.6 dB ON/OFF ratio obtained experimentally represents 98% of the theoretical
value for the maximum detuning. Both values agree with the theoretical result for a 2.8 nm
detuning, which also shows that reasonable ON/OFF ratios can be obtained much before the
maximum detuning is achieved.

The insertion loss for this switch topology has to be considered for drop and through ports
in three main points: the central wavelength in the drop port when the switch is OFF, the
central wavelength in the through port when the switch is ON and the detuned wavelength in
the through port when the switch is ON. An illustration of these points is indicated in Fig. 9 as
A, B and C, and, for the device fabricated, we obtained 0.5 dB, 2.0 dB and 0.4 dB,
respectively. The insertion losses are a function of the synthesis parameters (bandwidth and
ripple) and intrinsic losses of the device. Point B shows an over-coupled resonance, which can
cause residual dispersion at this resonance. Simulations performed show a lorentzian delay
with a 10 ps peak at the central wavelength. This delay in a system with many switches
cascaded might require dispersion compensation or a slight detuning of the spectrum relative
to the central wavelength to ensure low signal distortion.
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Fig. 9. Insertion losses of the switch. Spectrum shows the insertion losses for A. the drop port
insertion loss when the switch is OFF, B. the through port insertion loss at the central
wavelength when the switch is ON And C. The through port insertion loss at the detuned
wavelength when the switch is ON.
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5. Conclusion

We show the characteristics of a broadband (60 GHz), spectrally hitless, compact (20 um x 40
um), fast (7ns) electro-optical switch. The device, composed of two coupled resonant cavities,
has independently addressable PIN diodes, and the hitless behavior happens when only the
cavity connected to the output waveguide is detuned by free-carrier injection. Thermal effects
in the device limit the hold time to about 80 ns, and the fabricated device shows an ON/OFF
extinction ratio of 9.8 dB for the drop port and 16.6 dB for the through port when driven by a
1.46 V bias and 4.0 Vpp switching signal, with total power consumption of 17.4 mW. This
demonstrated device is a critical component for on-chip networks.
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