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Wavc]cngth  division multiplexed (WJ)M)  syslcms  place s~riugcn[ requirements on the absrdutc wavelength and
wavelength spacing of tic  clcmcnts  in laser arrays. Ridge wavcguidcs (KW) show exccllcnt  potcn(ial for practical
implcmcntatiou  due to their simple fabrication wilh relaxed fi]brica[ion  tolcranccs,  high reliability and good performance.
An analysis of the fabrication tolerances for RW and buried hctcrostructurc  (B11) dcviccs  is performed, showing the
advantages offered by the ridge design. lhc pcrformm]cc  lilni~~tiolls  that arc common to both Bl I and RW devices will bc
discussed. Ilxpcrimcnlal  results for four clcmcnt distribukxt  feedback (Dl;fl) ridge laser arrays at 1.55 pm will  be
prcscntcd  as WCII.
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1. IN”l’RCJI)I.JCTICJN

‘J’hc  dcvclopmcnt  of low-loss, low dispersion silica-based fiber and high speed semiconductor optical sources and
photodctcclors  has resulted in photonics  dominating long haul point-to-point transmission systems. l’hc tremendous
bandwidth capacity of optical fibers, however, is largely untapped by today’s networks, due to tbc speed limitations of
ckxlronics in the data path’. Present long haul communicant ions is dominated by transmission at 1.55 pm; silica fibers have
a low loss region around this wavelength of> 100 mn (13 ‘1’1 Iz,)’.

IIata aud telephony con~municatiol]s  arc continuously pushing for increased transmission bandwidth. WDM is a
powerful tcchniquc  to incr-case tbc bandwidth of prcse.nt c{)]]~ll~ullicatiol~s  systems through the simultaneous transmission of
two or more signals at different optical wavelengths over the same fiber’. By uliliz.ing  multiple channels, each at a
moderate bit rate and on a separate wavc]cngth,  a very large aggrcga~c bit rate can be achicvcd  (N wavclcngtbs  x bit rate) 1.
‘J’hc usc of 1 kbium-l)opcd  l~ibcr Amplifiers (liDI~As)  will Iiluit  the available bandwidth of tbc fibers around 1.S5 pm to the
gain bandwidth of the amplifier (- 47 nrn or 5.9 TIIz)4, w]lich is still capable of holding >40 channels (assuming a 100
G117Achanncl allocation)’. l’hus WI)M allows ouc to better access the trclncl~dous  bandwidth of optical fibers while still
allowing the transmitters and rcccivers  to operate at tbc single-channel transmission rate’,

Sources for W1>M communication systelns  have been the subjecl  of much research. 1)1~11  ]ascrs are utili7ed
bccausc of their superior performance and wave] cngth  stability versus lJabry-}]crot  (J’-P) and distributed Bragg reflector
(] JB1<)  lasers for 10ng haul, high bit rate corl~Jl]t]llicati{)l]sS. ‘1’hc  sources for a nlulli-wavclcllg[h  transmitter can bc attained
by scrccning  individual devices; however, there is a high cost and low yield associated with this method’. ‘1’hc use of laser
arrays, wbcrc all the emitters arc located on the same chip, offer an advantage in packaging (single package for all the
dcviccs)  as WCII as offering the potential for fur(hcr  integration with drivers, integrated optics, amplifiers, etc.

2’llc  difficulty in the use of laser arrays comes in the prccisc definition of tbc wavcleugth  of each clcmcut  in the
laser array. In a DI~B laser, tic final  emission wavelength of the device is set by Urc Bragg condition, ~ = 2 n,n A, where nm
is the modal index and A is the pitch of the I)FB grating. Gmtrol of the emission wavelength requires absolute control of
the gra(ing pi(cll and the modal index. ‘1’hc systematic variation of the emission wavelength across a laser array can be
achieved by variation of either the grating pitch or the modal index. T1lc grating pitch is more controllably varied, and
arrays gcncratcd by varying the grating pitch have been dclnonstiatc,d  using direct  write c-beam lithography’, step-and-
rcpeat  holograpbya$  binzry phase mask lithography’ and x-ray lithography ’”. Systematic variation of the modal index has
been ac.hievcd  through ridge width variation, sclcc[ive  area epitaxyl’  and on-chip hcatcrst’.



DI:B laser arrays typically consist of either B] 1 or RW structures. Impressive results have been seen for both BI1
and RW l,asers in terms of thrcshokl,  efficiency and reliability; however, RI I l:Lwxs arc rnorc commonly cmploycd  duc to
their rcduccd lCaCkagC,  belter current confinement and higher single mode power”. I krwcvcr,  for absolute  wavelength
conkol  the fabrication tolerances for B1 I lasers are more striltgcnt  than for RW kLscrs,  duc  to the gcllcrally  narmwcr active
region and large index diffcrcnec  around the ac.tivc  region. III this paper, an analysis of the fabrication tolerances for RW
and 1111 dcviccs  is pcrfomcd, showing the advantage offcml by the ridge design. ‘1’hc wavclcngtb  control limitations that
arc commm to both buried hctcrostruc(urc  and RW dcviccs  arc also discussed. Scctiou  2 consists of simulation results
showing the effect of various fabrication pammctcrs  on the final emission wavclcngtb  of RW and BII lasers. ]n Section 3,
the performance of RW liners for a specific W1)M application is discussed, Section 4 finishes with the conclusions.

2. SIMLJ1.ATJON RMXJI  :1S

‘1’hc absolute wavelength and wavelength spacing of the clcmcnts  in the laser arrays is critical for system lCVC1
performance. Syslcms  rcquircmcnts  have spcciticd  wavclcnglh control as tight as i: 0.2 mn for a given channel so that the
wavelength of the transmitter signal and the passband of the dcmultiplcxing  clcmcn( at the rcccivcr cnd arc properly
alignc$’.  Using c-beam lithography or an c-beam generated bil~ary  phase mask, the grating pitch can bc very prcciscly set
to < 1A Iolcrancc.  While systematic variations in the modal ildcx  can bc used to prcciscly  set the different wavelengths
for each channel, it is the norl-systematic variation in the modal index that c:iuscs the greatest yield hit in the wavclcnglh
registration. Since the final emission wavelength of a I)FB laser is directly proportional to the modal  iudcx from the Bragg
condition, any variation in the modal index will have an e. ffcct on the emission wavelength. Whi]c  tcnlpcraturc  tuning can
be used to move the wavelengths of all the clcmcnts  in an array equally, tcmpcraturc  tuning can not easily be used to
compensate for inaccurate wavelength spacing of the clcmcllts  wilhiu an array. Consequently, the critical factors in the
fabrication of WIJM l)I~Ll laser arrays arc those which affect the dcvicc-to-device wavelength spacing. An empirical
formulation for the variation in the emission wavclcugth of a 1)1 ‘B laser can be written as’

AA= 2 Aum, A = (~~~W) dw + (d~~[) dt + (dudl’)  dP + (d~t)g)  dg + (d~dfl) cID + Al., (1)
where w is the ridge width; t is [he layer thickucsscs;  P is the 1’1. wavelength (material composition) of the layers; g is the
modal gain at the emission wavelength; B is the DI~B gratin~ etch depth; and Ald, rcla[es  to the mode spacing in an
intrinsically dual mode 1)1:11  laser.

The lasers nmdclcd  in this paper arc separate confinclncnt  hctcrostrucwrre  (SCI I) type designs, consisting of the
following layers: n+ lnP substrate, 100 nm InCiaAsP (A = 1.2 pm) SCII layer, an active region of six 7.0 Iun InGaAsP
quantum WCIIS scpara[cd  by five 9.0 nm lnGaAsP (k == 1.2 pin) barriers, 1(KI mn InGaAsP (~ = 1.2 pm) SCYI layer, 0.23
ILm IuP spacer layer, 80.0 nm InGaAsP (k= 1.18 }Lm) etch stoj] layer, and 1.3 pm p-Inl’. I’hc etch stop layer is required
for Ilic RW kwcrs to control the ridg,c dcpLh and thus the An. ‘1’hc  smnc layer structure was used in our BII simulation for
c.onsistcncy. 1’o min~ic real dcviccs  as closely as possible, the following assulnptions  were made in our calculation: (1)
the grating is etched into the top SCII layer; (2) polyirnidc  with a refractive index of 1.75 at 1.55 pm was used to planm_iTc
tl)c RW dcvicc, and 111P was used to bury the BI I dcvicc;  (3) the semiconductor indices of refraction were calculated from
Ref. [15]; and (4) the typical active region (ridge) widths of 1,0 }L1n  and 3.0 }Lm arc assurmd for the, Bil and RW dcviccs,
rcspcctivcly.  “1’hc modeling was conducted using the cffcctivc.  itdcx method. Although this calculation ignored the effects
of propagation 10SSCS as WCII as the doping and carrier-inducccl index changes, a rcasonab]c agrccmcnt  was achicvcd with
cxperimcn(al  results. IJurthcrmore,  the results shown here provide the trends atld relative ]nagnitudes  of tbc modal index
changes produced by various perturbations in the dcvicc design and fabrication.

‘1’hc first Icrln in equation (l), the width varia[ion,  dominates the variation of the modal index’. };ig. 1 shows the
modal index variation for both Ill I and RW lasers as a function of active layer  [ridge] widths - it is the slope of these
curves that gives the sensitivity of the laser emission wavc]cngth  to the width. IJor a variation of + 0.1 }Lm in the width
(produc.cd by lithographic and etch limitations), the BII laser emission will be f 1,3 nu], and the RW laser will be+ 0.1 mn
(’I’able 1 shows the relative siz,c of all the discussed effects). ‘1’his result reveals an important problem with cmployin~  BII
lasers as W1)M  transmitters in an array, and demonstrates the advantage that RW lasers have for W] )M array applications.
The large An in B 1 I lasers requires a narrower mesa to keep It 1 I lasers single mode, which means that a given size variation
in the 1111 width will have a larger  percentage change in the Ill I width and thus have a larger effect on the modal index
than IIIC swnc variation will have iu a RW laser. Furthermore, the larger An in 111 I lasers gives the Ill 1 laser a larger slope
at all widths in l:ig. 1,



. .. ——.. . —.. — —
1 lffcct

——
Typical Modal illdCX  CffCCt Wavdcngth  Cff-cct
varintion ~-.(x 10 1)111.————

- -.fs%:

Rw BII Rw—.—. -——
(IW f (). ] ~lm 27.6 1.6 1.3 0.1

(I1 i15zo 5,7 ‘- ‘–--”?;7—-  - 0,27 0.37—. -..
[11’ ~ 5 nm 6 . 5 __ 8.5 . 0.31 0.41
dg * Z(ycm 0,24 0.24 –

cm ~ ]() nm 4.7 6.1 0.23 0.22 –“. .
ALA 1-2 1-2—-—

Table I. l~ffect of process variations on the final emission wavc]ength  of 1.0 ~m B I I and 3.0 ~m RW lasers, using
Ak=2 An., A and A = 240.0 run,

‘1’hc other growth and processing related effects rcprcscntcd  in }iqn. (1) are similar for RW and Ill i dcviccs,  and
contribute cffec.ts  that arc much smal]cr.  Growth lloll-uliifc}r~lli[ics across a wafer and from wafer-to-wafer - leading to
tlliclmcss  and composition variations - also cause a chaT)gc ill the modal index of a laser. ‘1’hc effect of layer thickness
variation on tbc n~odaI index was tialculatcd  versus the pcrccll(agc  change in the layer thicknesses, from -1070 to +1O’ZO
(all the layer thicknesses in the strut.turc were changed). 3’l)c  results for both BII and RW lasers were linear over this
thickness variation. I;or  a 3 }trn RW and a 1 pm BII, the modal intlcx  changes by 7.7 x 10“4 and 5.7 x 10“4 for each 1 YO
change in the layer thickncsscs,  rcspcc.tivcly.  l’hc resulting wavc]cngth  change at 1.55 pm would bc (using AA = 2 An~ A,
and A=240.O nm) --0.37 run for a RW laser, and -0.28 m for a BII laser. Compositional changes to the quatcrnary
guiding layers will  also produce changes in the modal  index. ‘l>hc composition of ~hc X = 1.2 pm IIKiaAsP  S~II layers
were varied from A = 1.19 pm to ~ = 1.21 ~U in our mcxhj, and the effect On the final modal index clctcnnincd.  Over this
range, the modal imtcx variation is liucar with composition change. ‘1’hc modal index of a 3.0 }LIII  RW laser changes 1.7 x
104 per nanometer wavelength change in composition, and for a 1.0 pm BII laser the change is 1.3 x 10”’ per nanometer.
~olnpositional  changes to the active layers, which arc very thin, have only a small effect directly on Lhc modal index.
IIowcvcr, compositional variations in the active layers c:i]I Icad to gain variations, which cause (through the Kralncrs-
Kronig  relations) modal  index variations”. ‘1’hc varia{iol)  ill the modal index with threshold gain variations can bc
cxprcsscd  as”

AA=k2a  Ag&14rcnm (2)
where g“, is the thrcsho]d gain, and a is the lincwidth enhanccmcrlt  factor. As an estimate of the size of this effect, using a
= 2 and AgO, = 20/cIn,  Al -0.24  nm for both BII and RW lasers.

l’hc control of the IJl~B grating depth is typically of the order of + 10.0 nm. This variation in (he etch depth leads
(o a variation in the modal index. ‘J’hc modal index of a 3.0 pm RW laser changes 6.1 x 10“S pcr munornctcr  change in etch
depth, and for a 1.0 pm BII laser the change is 4.7 x 10”S pcr nalmntctcr, which is signitical)[.  Alternative designs with lCSS
sensitivity to the grating dcpti alleviate the dcpcndcncc  of the emission wavelength on the grating etch depth accuracy]s.

‘I”hc other large term in ljqn. (1) is AXd,,  which is tl)c nominal spacit)g bctwccn the intril]sic  dual modes of the
IJl;kl  19. ‘1’hc stop band width  can bc calculated from the approxilnate  expression found in’”

KI, = x/2 (AAtil  AL., - Ah.$ AL., ) (3)
where Kz. is the grating coupling cocfticicnt  and Al,P is the l~abry-l]crot  mode spacing. I@r a dcvicc with a KZ. of 1-2 and
a cavily  length  of 300 fun, the AA., is 1-2 nm, Since the emission wavelength of the 1)11] laser must bc controlled to -0.2
nm to fit in prc-assigned channel allocations in a WI)IVI  systcm,  this uncertainty in the emission wavelength is not
tolcraldc.  A rncthod must be Used to dctenninistically  set the Ilsagg modc that lasts. A significant amou[lt  of research hm
successfully pursued thc usc of either phase-shifted” or complex-coupled dcviccszz  to prcciscly set tic lnsing  mode. Both
types of dcviccs remove the dual modc degeneracy found in standard I)I~Bs and have only a single IJl;ft  lasing  mode.



A number of factors affcc(  the modal  iuitcx,  and tl}iis the emission W:ivclcngth,  of sciliiconductor  kuscrs.  Both RW
alid B] I lasers arc affcctcd by a tiuinbcr  of processing and growth related variations, Phase-shifted or Colilplcx-ccruplcd
gratings  Gin be used to avoid the wavelength uilccrtainty  found ili dual mode 1X7B lmcrs;  and  a separate grating Iaycr

(away from the active region) can SOIVC the grating etch ififfkulty. ‘l’he other processing and growlh rchiuxl  parariwtcrs  arc
uliavoidablc;  however, ttirough  careful op~imiz,ation  of dcviec  fi~bricaticm,  the effect of these other plr:ili~ctcrs  cali be
miiiili~izcd.  While the variations discussed cali cause sigiiificant  wavclcng(h  s}iifts  across a wafer alid froitl  wafer-to-wafer,
over slilall  areas the the variatioils  should be sinallcr,  allowing for a rc:isonablc  yiclcl. 1.ooking  at q’able 1, all the effects
can cause Wavc]ciigth  variatioiis  > ().2 Iun. 1 ]owcvcr, OVCI  the Sinall Wafer ,arca occiipicd  by a Siliglc  array, the dcvicc-to-
dcvicc variation should bc small; from oiic array to another, it may bc sigtlifican[,  requiring temper’ature tmiiiig  to brilig
onc laser array outpu~ iri(o alignii~cltt  with aliothcr. As the widtli  variatiotl  in the wavcguidcs  is sccIi to bc the largest
soiircc of variatiort  in the emission wavclcngtti,  the rcduccd  dcpcTidcncc ori the width fotind  in KW dcviccs  fi~akes  a strong
case for their usc in WI)M Dl~B laser arrays.

3. ICXPIUIIMIH’4”J’Al,  RNSUI,’JS

JPI  ,’s dcvclopmcnt  of WDM is ii~tcndcd for a state of the at-i al]-op(ic  tcrabit  cmilpi)tcr  network lii]king
s~ipcrco~i~pittcrs  to create a massively parallel compiitii~g  capabilit  yz’. WI)M is tlic kcy to m:ikiilg  such a network
operational. l’hc first generation system requires 4 wavc]cngth  cli:ilinc]s  wi(h Ak = 4 f 1 nlil; the next gclicration  will be
10 clcliIcIiM with 2nnl spacing.

‘1’lic arrays for this computer network are 4 clciilcilt  IX;it RW laser arrays. The laser wafers were prepared by
atiilosphcric  pressure metal-organic chemical vapor dcpositiml  (MOt2V1 )) on (100)-oriclitc(t n + JnP substrates. l’hc active
region co]isists  of 4 compressively strailicd  (E = 1%) IIiG:iAsP  quantoril  WCIIS, each 94 ~ wide, with 150 ~ barriers of
IiiGaAsI)  (k = 1.2 pm). The optical colifincmcnt is provided by a stepped separate contii]cmcltt  J~cterostructurc(S(l  I)
region coi~sisting  of 900 ~ I1iGaAsP (X = 1.2 pm) and 800 ~ lliCiaAsP  (X = 1.15 pm), with hil> as the top aild bot(oin
cladding material. The conductioli  band profile of the complctc  kiscr structilrc  is sliown  in I;ig. 1. Broad area lasers were
fabricated to evaluate the quality of the material; n~cmurclilcllt  of Lhc threshold current slid slope  efficiency versus crivity
lcngtti  allowc(t the extraction of tiic intcrllal  quantum efficicucy  (60 %) and the iil[crlial  loss (1 7.4 /cm).

l;abri&ltioil  of this material i~ito 4 element I)l~Et laser arrriys  requires c-bcaril  writii]g  of tfic diffraction gratings, an
MOCW1>  regrowth, and the fabrication of the ridge wavcguidc structure. l’hc top 4 layers of the kiscr stri]cti)re  (contact, 2
IIil) layers, slid  etch stop in }~ig. 2) arc removed iri order to dcfi[)c the distributed feedback gr:itiug  ili ffic SCXI  region. ‘1’hc
pitch of the gratiiig  for the individual lasers is dc[crii~iticd  by tfic calculated modal  iridcx and the dcsigo critcri:i  of 4
wavcfcng[hs froli]  1.54-1.56 pm; ttiis  leads to 4 gratiilg pitches iti the range from 2375 - 2400 ~. ‘l’he base wafer was
dcsigiicd  to have the gain peak to the lorig wavelcugth  side. of 4 wavclcligths  for improved differential gain slid rcduccd
liiicwidth  clihaliccnmnt  factor24, wilh the shortcs(  wavclcnglti  being 25 - 30 nrn from the gain peak, ‘1’hc gratirigs  are
dcfiilcd  by direct write e-beam in PM MA, and ctchcd into the IilGaAs]> (1.15 pn) layer ilsing  ali aqcoos  solution of lIBr
and 1 IN03. M(XWD is then USC(I to regrow the same 4 layers b:ick onto the structure. Ridge wavcguidc lasers arc then
fabricated frcni~ this regrown striict~irc. ];irst, ttic p Co]itact  (’l’i/f’t/Au) is dcpc)sitcd  and anncnlcct;  each contact is 3,S pm
wide. A self-aligned wet chemical etch is used to dcfiilc the ridge wavcguidc structure. lJse of an etch stop allows for
reproducible wavcguidc  definition with a prc-dctc,rlilincd  amount of index-gi)iding; the amouilt  of index-giiidirig  is dictated
by the IIiP sp:iccr tbickncss. Aflcr the ridge dcfiliitiou  etch, polyili~idc  is applied to Uic wafer and thcli cured. Oxygcn-
bascd rcactivc ion etc}iirig  (RIE) is used to opcli  the polyililidc  to the p coutfict. ‘1’hc final top side processing is the
lithography and evaporatioli  for the contact li~ctal  (( Y/Ai]).  ‘l’he. wafer is thcit lapped to a thick[tcss  of -100 }im, and then a
back colitact  metal is evaporated (Ni/AuCic~l’i/Ail).  A fiti:il  :i]ti]cal  complctcs  the laser fabrication, aid the dcviccs  are then
scribed and clcavcd. A cavity lci~gth of 300 wi~ is chosen for speed slid optiri~al  K1, of tfic grating. “1’lic dcviccs  are AR
coated oli oi]c side (other side as-clcavcd) to improve the single ]imde yield” and suppress the l;-l> niodc.s  which would
otbcrwisc  last in Uic dcviccs with l)ITI modes far (1 5-25 lilil) frmi~ tlic gain pcrik.

‘1’he devices arc soldered to a copper sub~i~oulit  for ~W operation. l’hc laser spacing (250 }i]i]) is dcsigi~ed  to bc
coinpatib]c with silicon v-groove based fiber arrays. ‘1’hc light vs. currclit  ch:iractcristics  of a 300 }i[i] lot% 4 clcincnt  laser
array is showli in IJig. 3(a), showirig the uniforli]ity  of the thrcsho]d and slopc efficiency of tfie clcviccs. Fig. 3(b) shows
tbc spectral characteristics of this sa:i~c array for a drive ci]rrciit  of SO Ii~A, displaying a side ntodc  suppression ratio greater



than 20 cID. The finished la.scr arrays have wavelength separations of 4-5 ma, very uniform threshold currcats  as low as 15
n~A, output power of several n~W, and good sidcnmdc  suppression ratios,

“1’hc wavclcngttr  separation and the absolu[c, wavelength of tbc lmcrs is very importanl  to the final system
performance. Shown in J~ig. 4 is the wavelength spread for a fcw arrays from the same process run. “1’hcsc  dcviccs  meet
the required wavelength speciticaiions.  I,ooking at all the array chips in a given run, the wavelength spread in our dcviccs
is -1.0 nm at a given grating pitch. Subthrcshold  nlcmurcmcat  of the spectrum shows that this is predominantly thrc to
tha]  InOdC  IlatUrC of the I)FB ]ascrs, with the rJmdc on either Side of the stop band equally likely  to ]asc. l’hus it is the stop
band width that dominates the spread in the wavelength, and a]lcraative  dcviccs  (comp]cx coup] cd, ~4-shiftc(t)  arc being
pursued to avoid this phenomena. Another effect that must bc considered is thermal crosstalk - the change in the lasiag
wavelength as the otbcr lasers in the array arc nmdulatcd or turned on/off. lfig.  5 shows the effect on a device  if the
atljaccni  laser (250 pm away) is curreat  swept, and if the fur Lhcst dcvicc in the array (750 pm away) is swept. While the
thermally inchrccd wavelcngtlr change is not too large for this system demonstration, for very smflll channc] separations in
lar.gcr arrays in future WIJM systems thermal crosstalk maybe a conccm.

4. CX)NCI,USIONS

An analysis of the fabrication tolerances for Bll and RW lasers was Pcrforlne(l,  showing the fabrication induced
wavclcagth  variations present in these types of dcviccs. ‘1’hc stringent rcquircmcnts  for wavelength spacing and absohrte
wavelength in WDM systems demand careful control of the g,rowlh  and processing steps. With performance results ncady
equal to B] 1 lasers, the reduced width tlcpcndcnec  in RW Iwcrs makes a strong case for their usc in W1)M DIW laser
arrays. RW Iascr  arrays were shown to provide the required wavclcngtb accuracy for a high capacity  WI)M system.
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