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PLC-type variable optical attenuator 
operated at low electrical power 

Y.O.  Noh, M . 3 .  Yang,  Y.H. Won and W.-Y. Hwaiig 

A novcl voltage-controlled varilible optical allcnuator based on a 
polymeric planar lightwave circuit (PLC) is dcmonslralcd. The 
fiibl-icatcd variable ~lleiiuator shows 30dB attenuation with only 
8OmW electrical input power at 1.55pm. The polarisation 
dependences at 0 and lOdB atteiiuiitioiis are 0.2 and IdB, 
respectivcly. The rise and fall tinies are less tlian 5111s. 

fn/rodnction: Optical powcr fluctuation is detrimental to the over- 
all pcrfoimance of an optical transmission linc and can be com- 
pcnsatcd by use of variable optical attenuators (VOAs). Such 
compensation is particularly required at linear repeaters and chan- 
nel power eqiialisers in wavelength division multiplexed (WDM) 
networks [I].  VOAs have been fabricated by scvcral tcchnologies 
such as optomechanical systems, microelectromechanical systems 
(MEMS) [Z], side-polished Gbrc dcvices, and Faraday rotato& 
New VOAs integrated on a PLC havc rcccntly been reported, with 
structurcs comprising a Mach-Zehnder inlerferomctcr [3] or asyin- 
metric Y-branch waveguide [I] .  VOAs on PLC are usually fabri- 
catcd using polymer or silica on silicon substratcs [4]. Polymeric 
VOAs are particularly attractive due to their low electrical powcr 
consumption, low cost and easy fabrication. In this Letter, we 
propose a novcl polyincric thermo-optic (TO) VOA structurc with 
superior characteristics than previous structurcs. 
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Principle IV o(,era/i11/7: Fig. 1 shows a schematic diagram of llie 
proposed VOA. It consists of input and outptil singleniodc 
waveguides, tapering regions, a multimode waveguide, region and 
angled electrode with a. The basic operation principles are as fol- 
lows. The light is first cxpanded adiabatically from the singlemodc 
wavcguide iuto the multimode waveguide, which supports at least 
six waveguidc modcs. When the voltage is applied along the clcc- 
trode, the rekactive index undcr thc heater is lowered due to the 
thermo-optic (TO) el'fect. Thcrcforc, the propagating light under 
the heater is partially reflected at  an anglc of 2a with respect to 
the horizontal axis. If the angle is larger than thc fimdamcntal 
mode of the intiltimodc region, the reflected light is cotipled back 
into the higher order guiding modcs aftcr passing the heater. 
These higher ordcr modes are successively filtered oul through thc 
output tapering region and the output singlemode waveguide. As 
the applied voltage incrcascs, thc amount of the reflected light 
increases, which leads to a larger attenuation according to the 
applied voltage. 

Device design nnd expcriw7ent: Thc wavcguide was a buried-chan- 
ne1 type with 7 x 7 p n  rectangular cross-section. The core and clad 
materials were ZPIOIO'" and ZP2145IM, rcspcctively, polymer 
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inaterials synthesised at ZenPhotonics Co. Thc polymer materials 
are thermally cross-linkable at 250°C. The birefringencc between 
the TE and TM modes are -0.0036 at 1550nm Tor both the core 
and the cladding matcrials, and the refsactive index difference 
between the core and the cladding is 0.7'X~ 

When the light propagatcs from the singleinode waveguidc lo 
the multimode waveguide rcgion, a slight higher order inode exci- 
tation is inevitable if the tapering region is not sufficiently long. 
This higher order modc coupling has the effect oC causing multi- 
mode interference in thc multimode waveguide region, so that thc 
excess loss varics sinuously with the length of multimode 
waveguide. Therekm thc Icngth should be optiniised for a given 
waveguide width and index difference. In  this Lcttcr, the length of 
the wavcguidc is optimised to 3800pi at a multimode wavcguide 
width of 4opm 
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Fig. 2 C~~Icii/iiteil ~ i ~ s i r l t  i?/ otrcrrimiiori cliorric/eiistics u,qiin,st teinirer"N- 
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Fig. 2 shows the attenuation characteristics of the attenuator 
calculated using the beam propagation method (BPM), in which 
the opcrating wavelength is 1550nm. The length, the width and 
the angle or the heater are optimiscd to give a maximum attenna- 
tion for a given temperature changc and are sclccted a s  3800p11, 
7.2p11, and 1.6", respectively. Thc solid line is the attenuation 
characteristic of thc TE mode and the dotted hie is that of the 
TM mode. Thcy show nearly the Samc attciiuation behaviour, 
with a difference of < 1dB cvcn at 30dB attcnuation. 
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Fig. 3 Memiired fi//eniiii/iorr clrurrictivistics nj~abist  iipplied i 4 ~ r i c r r l  
pobver 
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Fig. 3 shows thc measured rcsults of the fabricatcd deviccs. The 
result shows that thc clcctrical power required to achieve 30dB 
attenuation is only 80mW. This result, which shows very high 
attenuation at low electrical power consumption, provides a good 
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combination that can be used in normal transport nctworks. The 
polarisalion dependence is less than 0.2 and I dB at 0 and l0dB 
attcnuations, respcctively. Howcvcr, thc polarisation dependence is 
higher than the simulated results. Such devialion may come kom 
a slight diffcrcncc in the confinement factors of the TE and TM 
modes in real devices. The rise and fall times arc incasured to be 
-5ms. Thc insertion loss of the device is < 2dB. The fabricaled 
dcviccs havc a vcry compact s ix  of 2 x 25inm2, which ciin be fur- 
thcr rcduccd to 2 x 15mm2. This device shows superior character- 
istics compared to prcvious rcsults in tcrins of size and power 
consumption. 

Conclusions: A novel and compact VOA based on highcr ordcr 
mode cxcitation and sitaglemode filtering mechanisms has becn 
proposcd and fabricatcd on a polymer PLC. The device shows 
30dB attenuation with only 80mW input electrical powcr. 
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10Gbit/s high sensitivity, low-voltage- 
operation avalanche photodiodes with thin 
InAlAs multiplication layer and waveguide 
structure 

T. Nakata, T. Takeuchi,  I .  Watanabe, K. Makila 
and T. Torikai 

Thc dcvelopineiit of waveguide avalanchc photodiodes with ;I very 
thin 0.1 pm niultiplication layer for use iii high-spccd, high- 
sensitivity. low-volta~c-opcratioii reccivcrs is prcscnicd. A q = 
76'!4, a C B  product of ISOGHL, and a breakdown vollagc Vli o l  
15V ncrc obtaincd. The 10Gbitls bit error rate nicasurcincnt 
showcd a scnsiiivity of-28.8dBm (DER I O " ,  PRBS 22'-1), which 
is lhc highest sensitivity yet reported for APD rcceivers. 

htroduction: High-specd, high-scnsitivity photodiodcs arc kcy 
components Tor usc in compact and low-cost receivcrs in high-bit- 
rate optical communication systems. Recently, higli-gain-band- 
width-product and low-multiplication-iaoise avalanche photodi- 
odes (APDs) have bcen rcported with Lhin multiplication laycrs 
made of various matcrials [l ~ 31. We have dcnionstrated that 
0.054. I0pni-thick InAlAs layers can be used in scparatcd-absorp- 
tion and inultiplication (SAM) APDs [4]. With a 0.1 pi1 iniiltipli- 
calion layer and back-illuminated mesa structurc, a high GU 
product of 140GHz, an operation voltage of 18.8V, and qirantum 
ellicicncy of 47% have been demonstrated [5].  

In this Lctter wc report a waveguide APD (WG-APD) with a 
0. I pi InAIAs initlliplication laycr. A iiiultiinode wavcguidc strnc- 
t ire [6, 71 and a very thin InAlAs multiplication laycr cnable both 
a high quantum efficiency and low voltage operation, siniultane- 

ously We mensuied the bit eiioi late (DER) 'it IOGbitis to piovc 
thc high v"ivity 

Device clcvign: Fig. I shows a schcmatic diagram and the structure 
of the InAIAs-WG-APD. Thc wavcguidc structure con 
upper and lower InAlGaAs guide layers and LnAIAsiInGaAs 
SAM layers a s  a core region. Using ia beam propagation method, 
we cslimatcd the quantum cfficicncy to he 78% for 0.7pin-thick 
IiiAICaAs (4, = 1.3pni) guide layers and B 0.5pn-thick InGaAs 
absorption layer, whcn thc wavcguidc was 30pn long. This cffi- 
ciency is high enough for a high-sensitivity APD receiver. 

In general, reducing the multiplication layer thickness increascs 
the GB product owing Lo the short avalanchc build-up time. In 
contrast, ii high clectric ficld iiicreascs thc tunnclling dark current. 
The measured d x k  current density increased rapidly when the 
InAIAs multiplication laycr thickncss was < 0.1 pni [4]. Bascd on 
this experiment, we determined [hat the iniiiiiaium iiiultiplication 
layer thickness should be O.lpn, so iis not to deteriorate thc 
rcceivcr scnsitivity. 

Thc APD structurc was grown by gas sourcc niolccular beam 
cpitaxy on a scmi-insulating 1nP substrate. Thc thickncsscs of the 
multiplication, field buffer, and absorption layers were 0.10, 0.02, 
and 0.50pn, respectively. The 6p -wide  waveguidc mesa was Cab- 
ricatcd hy wct chcmical ctching. Thc APD tncsa was then passi- 
vatcd with SiNx. Thc clcctrodcs forincd a coplanar trmsniission 
line to match thc impedance 01' 50Q. 
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Fig. 2 Ciir.i'eiil-eo/lri~e cl?n~'ucler.i.\lics of 1nAIA.s- bVG-APD 

~ ~ photocurreni 
dark ciirrciit - - - -  

Kxperinwttcrl te.sults mid disciwions: Fig. 2 shows I- V characteris- 
tics tindcr dark and illuniinatcd conditions for a 30pn-long 
devicc. Thc brcakdown voltage VI, was 14.8V, which is the lowest 
value yet reported for a IOGbitis APD. Thc niultiplicd dark cur- 
rent I,,,,, was 40nA at a multiplication factor M of 10. which gives 
a ncgligiblc powcr pcnalty of < 0.5dB in ii I0Gbitis system. Thc 
external quantum dficiency q at ii l .54pn waveleiigth was 7654, 
using a hemispherically ended fibre. The measured device capaci- 
tancc, including parasitic capacitance, wiis 0. I pF. The 3dB-down 
bandwidth FC against the multiplication Faclor M is shown in 
Fig. 3. A maximum FC of 32CHz with 25Q load and a GB prod- 
uct oT IXOGHz wcrc obtaincd. Thc widc bandwidth of the InAlAs- 
WG-APD is also suitable for receivers over l0Gbitis. 

Thc IOGbitis hack-to-hick sensitivity was "a i r ed ,  using a 
4Opn waveguide length devicc and a prcamplifier IC [XI. Hemi- 
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