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Silicon Based On-chip Optical Interconnects:
The Rationale and Implementation

Shang Wang

Abstracr—The reason: why optical interconmects play a
significant role onm the chip are brefly mirodoced. The
implementation of the silicon-bazed optoelectromic: i= discozzed
bazed on some recent pioneer work dome by Intel, including the
generation, modulation and detection of light fo communication.

Index Terms—aoptical inferconnects, on-chip, optoelectromics,
silicon photonics

I. INTRODUCTION

contimuing exponential reduction in feature sizes on
electronic chips leads to ever largpe numbers of faster
devices at lower cost. However, the electrical interconnections
do not scale to keep pace as the fransistors get faster. Though
there are other approaches to elecincal mierconnects that may
help well, optics 1z arguably a very mteresting physical mean
of mterconnection that can i prineiple address most, if not all,
of the problems met m electrical mtercomnections. The
potential benefits of ophcal mterconnects are bnefly
miroduced i the first part of this paper.

Although thecrefically attractive, implementmg optical
mterconnects to sihcon based chips still faces many techmical
challenges. The monolithic mtepration of electromecs and
optics on silicon chips 1z pessible but with numerous
obstacles. The related i1szue known as =mlicon photonics,
mcluding the generation, modulation and detection of light iz
dizcuszed m the second part of this paper bazed mainly on the
recent leading work done by Intel.

II. PoTENTIAL BENEFITS OF QPTICS

A Scaling of Interconnects

For an electrical mierconnect with an  effectve
cross-sectional area 4 and length [ it has the “Aspect Ratio™
limit defined as A% [1]. Thizs lmit 1z due to the fact that
almost all the convenfional electrical lines possess resistance
and can be modeled as “resistive-capacitive” (RC) Iines, which
results in the nse-time scaling problem. From a simple
calculation [2], we can mhutively understand thiz problem.

Conzider the wire has a capacitance per unit length, and a
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resistance per unit length z . The total RC time constant of the
wire 13 th&n_;g__.;-_f. Now if we shrmk the line m all the

dimensions by some factor 5, the resistance per wut wall be
mncreased tog /:° and the lenpth of the line wall be shrunk

to ;i , while the capacitance per unit remain: the same.
Therefore the total AC time constant of the shrunk line 1=
(R0, (slF = oy, the zame as before. This means the

on-chip wires are not keeping up as the iransistors on a chip in

zeneral get faster as the technology dimension shrmks. From
other points of the view, the fotal resistance p.. i 4. the total

capacitance ¢ .. j, hence the htrate capacity &, which 1=
sl RC . 15 imited by Bee 4fi .

However, optical mterconnects do not suffer from this Lt
by the fact that there 1z essenhally no distance-dependent
optical losz over the scale of 2 machine or even a computer
room with optical mterconnects. So we can expect an

aggregate bandwidth for data fransmizzion wath opteal
mterconnect, which 1s too costly for a copper-bazed zolution.

B. Uther Benefiis

1) I'tming Accuracy: The predictability of tmmg of ophcal
signals could be physically possible to eliminate
synchronrzing circuits in mierconnect links, which reduce the
power dizsipabon and the chip area for clock distribution.

2) Desien Simplificatior: 2). Ophcal mterconnects provide
voltare 1solation becanse of the quantum nature of optical
sourcing and detechion: optical detectors essenhally count
photons, not measure voltages. b). Wave reflection and
impedance matching are essentially abzent m optcal
imterconnects due to the infrinsic phenomenon of quantum
immpedance conversion of all opicelectromic dewvices. ).
Optical mterconnects could averd mductive crosstalk since the
absence of pm mductance existing in elecirical mterconnects.
d). The camer frequency of optics 1s 0 high that optical
mterconnect 13 almost frequency mdependent These
charactenistics all rezult m the dezign smmplification of optical
Interconnects.

[11. IWMPLEMENTATION OF SILICON OPTO-ELECTRONICS

When come to the details of the mmplementation of that
optical mtercomnect, it 13 not that easy as one thought The
architecture, the {ransmission medmm, the integration
platform, and finally the level of mtepration [3] are all 13sues
should be considered Here we discuss three blocks of the
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technology based on the recent leadng work done by Intel fo
gain primary knowledge of the whole process.

A Si-based Light Source

Achieving a silicon lazer has been one of the most
challenging goals m silicon photonics due to bulk zmilicon’s
mdirect band-gap. Recently, Intel developed a Raman Silicon
Laser, shown i Fig. 1, using stimulated Raman scattering
(SES) to demonsirate light amplification and lazmg m silicon
[4]. Faman scattering 1z a nonlmear optics effect. In order fo
obtain a large opfical gamm due to SRS m silicon, 1t i3
preferable fo use a sibcon wavegmide confisurahon. The
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Fig. 1. Faman Silicon Laser. a, Schematic layouat of the Si-wavesunids laser
cavity with optical coatings applied to the facetz. b, Scanming electron
Ei].I:I'IJEEﬂpE cross-section image of a i rib wavesmide with a p-i-n structare.
5-shaped curve 1z also designed to increaze the mterachon
length but keep the device compact The optical coatings
applied to the facets act as reflectors to achieve lasmg  The
reflectrvity of the fromt dichroic coating 1z about 71% for the
Faman wavelength of 1 686nm and about 24% for the pump
wavelength of 1,530 nm. The back facet has a broadband high
reflectivity coating of about 80%: for both pump and Raman
wavelengths (Fiz. 1a).

The reversed bias to the p-i-n dicde embedded in the silicon
waveguide 1z to elmmate the two-photon absorption -mduoced
free camer absmption (TPA-mduced FCA), wiuch
exaggerated the nonlmear ophcal loss.

Stable =zingle mode contmuous-wave laser output with
side-mode suppression of over 33 dB and lme-width of less
than 80 MHz 1= achieved. The demonstration of a Raman
Silicon Laser represents a sipnificant milestone for

silicon-based optoelectromc devices.
B. Silicon Optical Modulator

A high-speed silicon modulator 13 achieved by usmg a novel
phaze zhifter based on a metal-oxmide-semiconductor (MOS)
capacitor embedded mm a passie silicon  waveguide
Mach-Zshnder Interferometer (MZI), shown m Fig. 2.

A positive drive voltage, I, ., is applied to the p-type
poly-silicon causing a thin charge layer to accumulate on both
zides of the gate oxide. The voltage-mduced charge density
change AN (for electrons) and AN, (for holes) is related to
the drive voltage by [3]

£y

AN, = AN, =E[F’ﬂ—1’}a] (1)
where £, and £_are the vacuum and low frequency relatmve
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Fig. 2. Gilicon Modulator. a, MZI with two phaze shifter sacton: b, The
cross-sectianal view of a MOS capacitor waveguwide phase shifier im S0 [3]

permithivity of the oxide, ¢ 13 the electron charge, ¢ 15 the
gate oxide thickness, 7 15 the effective charge layer thickmess,
and J__ is the flat band voltage of the MOS capacitor.

The free camer plazma dispersion effect results mn the
change of refractive mdex mduced by the accumulated
charges m the silicon. The relation 1z given by [3] from
expenment data

An_ oc AN, @
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An, o< (AN, )™ (3)

The chanpe m refractive mdex eventually causzez a phase

shift m the optical mode by

A =2mAn gﬁ,,L J.I" A (4)
where L 13 the length of the phase shifter, 4 13 the wavelength
of light in free space, and ,'i".nq? 15 the effective ndex change
m the wavegmide.

Becanze charpe franzport m the MOS capacitor 15 governed
by majority carriers, device bandwidth 1z not limited by the
relatrvely slow camer recombmation processes of pin diode
devices. Therefore, this capacitor-based design can achieve an
enormous bandwidth that 15 unprecedented m a silicon-based
modulator. Fig. 3 shows that the phaze shifter has an mirmsic
bandwidth of approximately 2 3GHz.
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Fiz. 3. Optical rezpanzz of the phase shifier [1]

C. Si-bazed Photodetector

In the optical domam of mfrared wavelength (1.5um —
1 6pmn), silicon 1z an excephional medium for pmding optical
data. 5o most communication-grade semiconductor lasers are
operating m thiz region, where, however, silicon 13 a poor
detector.

Fig. 4 shows the absorption coefficient of pure silicon at the
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Fiz. 4  Absorption coefficiemt and penetration depth of varnou: bulk
materials. The green lines mark the impormanmt wavelsnzth: for
telecommunirations of 1.310 and 1 350 ym. [3]

wavelength of 1. 3um and 1.53pum 1z extremely small, but if we
miroduce germanium to silicon, the detectable wavelength

rezion of S¥Ge would cover those two wavelengths.

The same SOI plaiform as the modulator work 1= uzed to
make 51Ce wavesuide-bazed photodetectors, as shown m Fig.
5. The 51Ge multiple quantum wells (MOQW) laver 1z on top of

Siicon

Fiz 5. GiGs waveguide-based photodstector an 2 SO0 wafer [3]

a p-51 b wavegumde. The hight illuminates the device from the
side to maximze the absorphon of the light and minimize the
transit time of the device. The responsivity of the device can
be improved through a combmation of mcreasing the number
of quantum wellzs and changmg the placement of the 51Ge n

the wavesuide.

IV. CoNCLUSION

The concept of optical imterconnect brings a bnlhant future
for the denze mterconnects to the silicon chips. And the recent
achievement m Intel of the silicon lazer, =mlicon opteal
modulater and silicon-based photodetector shows the potential
of monohthic mtegration of silicon-based optoelectronics.
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