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Lascr assislcd chcmical ctching (LACE) is used to etch n COlltinuolls gradcd challllcl. sl'l inside a wide stripe g:rJded~index nnd separnte-
l'{lIltill('lJ1l'nlhctl'ftlstructurc ((jR IN~SCII) for Inser diodcs. gnlwn hy Im'I;¡1(lrganic chelllical Vap(lrdcposilion (.\10CVD). Arter a procedllre
01"growing-etching-rcgrowing. a t\\.o-pan wavcguide is forrncd imide sllch lI10dilied :-lructurc. lhat is charaClcrizcd hy a negJtivc changc in
Ihe lateral effcclive refracti\'C indcx (ERI). This effects the cavity to work as an umtahlc resonalor. Procedun:s on Ihe pholOetching proccss
are descrihcd, including Ihe (jaAs pholochemistry amJ the optical systel1l, wilh spccial ::mphasis on (he fabrication of the approximatcly
paraholic channels. as this represents a novel slep. \Ve call lile cavit)" fahricated by this llIelhod. lhl' shaped unstnble resonator (SJlUR),

f{('.Y1nml.f: Scmi<.'onduclOr lasers: high power: spalial coherellce: llllstahlc re\onators: lasl'r assi\led chcrnical etching (LACE)

Se usa una técnica cOllocida como ataque químico inducido por User (AQIL) para fahricar un canal graduado continuo. que se coloca denlro
de ulla helerocstmcturn de conl1namienlo separado con índice graduado (IICS-I!\'(jRA). crl'cida por deposición químicn de compue!'>los
metnlorg;ínicos en fase de vapor (DOCMV), Después de un proce!'>ode crecimiento-;¡taque-recrl.'cimicn(o. queda conformada denlro de
la estructura. una guía lIe onda doble que se caracleriza por tener un íllllice efectivo dc refracción (lElO que varía negativamente en la
dirección lateral. Esto hace que la cavidad trabaje como un resonador inestable. En ellrah¡¡jo \e de.scrihcnlanto el proceso del fOloal:ll..¡uey la
fot(lquímic;¡ del GaAs. así como el sislema óptico usado, con espccial énfasis cn la fahricll"il'lII de los canales apro.xirnadamcntc parabólicos.
ya que é!'>lees un proceso IIUCVO,De acuerdo con elmélodo usado para fahriclr!o. csh.' nue\'O resonador se dcsignó corno resonador inestable
ligurado (REII;).

/)('.\'("/"//'/01"1'.1: L;íserl's semiconductores: alta potencia: coherencia cspacial: at;¡qul' químico inducido pOI l;íser (AOIL)

rAes: 42,SS.!'x: 42J,O.Da: X2.6S.Yh

1. Introlillctinn

Laser asSisll'd chernical processing (LACP) is the generic
llame ror a rclati\"Cly new Icdlllique Ihat has hecorne an iltl-
pI)ftanl hranch {lf the malerials proccssi ng, 1I comhines a vari-
ely of disciplines, induding: optics, chemistry, semicondllc~
1m physics and Illalcriais scicllce, alllong others. The tech~
nique uses a healll of lllonochrornatic pholons (Iascr) to con~
lrol reaclh'e processing Ilcar solid surfaces. The processing
actions can he material deposilion (wriling), solid doping, al~
loying or ctching.

The reactions that ellecI lhe proccssing (depositioll or
etching) can he inilialcd hy purely pholOchemical CVC!llsslIch
as direcI dissol'ialion 01' molcculcs hy photons (pholOlytic),
or the reactions can I"eslllt from healing due lo ahsorption of
Ihe laser heam in a gas 01" solid al a gas-solid interface (py-
rolylic,) Alternalively chcmical reaclions can he driven hy
photogelleralcd clcclron-holc pairs formcd ncar Ihe surfacc
of lhe suhstrale on which Ihe reaclions occur (11.

The l'sselllial cornponellls in any LACP experimenl are
Ilearly lhe sallle: a ceJl IlJal endoses Ihe solid suhstrale with
Ihe gaseolls 01" [iquid reagellls. an oplica[ systclll amI a laser.
The laser neam can hl' direclC'd eilher parallel lo the suhslrale
or perpendicular lo il. Laser wa\.elenglhs rangC' "rom the in~
frared to the ulir;\\.in!cl alHl Ihe heam can he pulscJ or COI1-
tinuous.

The dmicc 01" sOllle particular conditions (Iaser heam Ji-
I"eclion, w:l\'elenglh elc.) depellth hasically 011 lhe type nI"
process and Ihe materials invoJved. For example for Ihe pho~
toclching {lj" ti semiC<lIll!uc!<lr it is important Ihe cnergy of lhe
pholon lo he equal or larger than the band~gJp 01" Ihe sub~
slrate 10 guaranly pmper Iiglll absorption. Also in Ihis casco
lhe laser bealll is IlHlslly pl'rpendiclIlarly dircctl'd to Ihe salll~
pie.

In a semiconductor (GaAs for instance) lhe purely etching
pnKess is knowll as laser assislcd chcmical clching (LACE)
proCl'ss. In Ihis case n:actions derive fmm photogencrated
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electron-hole pairs whcn laser light is ahsorbed hy the ma-
terial. in prcscnce of an etching solution or gas. (See Ap-
ro"dix A.)

LACP is Ihercforc an allcrnativc choice (o traditiollaJ
clching and dcposition. ami is a new tool that can he exploited
in the processing 01' a diversily 01' materials ror OptOL'IeC-
lronic and integrated optic devic:es fahricatinn. So far. LACP
has heen used successfully applied in semic:onductors. mel-
als and polymers [2.3]. Several advanlages olTered hy this
LACP lechniqlle are: low temperaturc processing, maskless
palterning anJ he<lm conlrolled anisotropy.

lhe purpose nI' Ihis wnrk is to descrihc Ihe experimen-
lal procedure that availeJ lo conflgurate a new Iypc 01"1I1l-
slahle resonator ror high pO\ver cohercl1{ semic:onduc{or laser
diodes. where LACE \Vas used. The procedure. which will he
explained in delaiJ later. consists basically in inlegraling hy
lIleans 01'a growlh-LACE-regrO\\'th sequence. a two ¡Xlrl anti-
guide inside a diodc I<lser grade index and separateJ confine-
Illenl heterostructllrc (GRIN-SCH) \vith a GaAs suoslrale amI
Alx Gal_.I,As c\adding regions (GaAs/AlxGal_:rAs). gnm'l1
hy MOCVD.

2. SlIr\"ey to \llIstahle resollator laser diodes

Because 01"thcir capacity lo dcal wilh large lasing volllmcs
ami lo eliminale high urder lateralmodcs, unstahle resonators
(URs) i-I-GI llavc hecolllc an important approach in the de-
\'elopment 01"higl1 powcr collcrenl laser diode technology,
sirnultaneollsly wilh array syslellls li-l01. Talbot elTecl dc-
signs 111-1:3) and more recent Ihe master oscillalor po\\'CI"
amplifkalor (MOPA) configurations [1.1. 15].

Se\'eral UR c<lvily eonfigur<llions are possible in a semi.
conduclor Jasc!". In 1980. Rogatov et al., hllilt <In asymmel-
rical UR laser diode hy grinding ami polishing a c1eavcd
falTI i!llo Ihe sllape 01' a cllf\'eJ surface, lIsing dklmond
pasle and a nylon string 11GI. Suhscqucnlly in 1\185 Craig ct
(/1. [171 and Salllllan ('( al. lIS], reported fahrication nI"simi-
I;\r UR diode lasers using wet chemical elching allll reactive-
iOIl-elching (RIE) lechniqlles, respectively. This early works
dernonslrated lhe etTectivelless 01"Ihe UR lIlclhod hy showing
slahle l~lr tleld inlensity distrihutions.

Later works hy Largent ct al. [19]. Tillon ct al. [201 allll
more recently DeFreez ct al. [:21J, have shown Ihe sound-
ness ol"this approach hy lIsing improved lechniqlles. Thc lirsl
group used rcaclive ion clching (RIE) lo anisotropically elch
a cun'cd l~lcel :H olle end of the laser cavity. The second allll
third groups reported fahrication of a similar UR Jaser hUI
lIsing lIlstead ;111 cven more controllahle I"ocused-ion-heam
rnicrornachining (FIBt\.1) technique lo implemcnl Ihe cUf\'l'd
facel mirror.

A Jiffercnl approach. Ihal il is helieved willlead lo a more
manufacturahle de\'ice. C(JllsiSls in inlcgraling Ihe diverging
elemcnl.s inside Ihe cavily hy using a 1\\'0 part waveguide.
Tlle tirsl wavegllide is an asyrnmelrie GRIN-SCH wilh Ihe

Transverse Y
axis

GaAs layer
. cor ac IBeam propagatlon

I Longitudina
Effective 1 axis
Refractive I I
Indexn eff 1 ,-

-xz

f'IGURE l. Schcmatic rcprcscntation illu~(r;Jting (he SflUR laser
conccpt. The curve arca represen!s Ihe pholoctchcd GaAs !ayer
(scmndary wa\'cgidc) (In [OP of which an AI,.Ga¡_:rAs layer is rc-
growll and Ihcn the CiRIi\'.SCII (primary wavcgiJe) is romplctcd.
Thc mcdiulll hccollles an uncslahlc rCSOl1atorafler chis opcralion
duc (O lhe llegilti\"c lateral cffcctivc in¡Jcx variatioll. Thc uclail
GRI:"J-SCII slruclurc is silo\\" in Scct. 2, am.!Ihe fahricalion procces
in discusscd in SCCL J.

quantlllll \\'l.'1I gain rcgion. lile lasing moJe also couple.s 10
a sccondary wavcguide localed hcneath or above lhe primary
wavegllide, ami in \vhich diverging elcmcllls arc incorporated
to provide Ihe ullslahle I"C.'innator actioll.

One l'.\ampJc 01" this is the rcgrown lens Irain (RLT)
Jaser [~:n \Vere ncgath'c diverging lens elemenls are elchcd
inlo a GaAs layer, ¡¡hove the GRIN-SCH. ami suosequently
regnm,'lh \vith;¡ lower index ¡Hype cladding Iayer.

Tho (SIIUR) laser 1~31 (ShOIVI1sehelllalieaJly i" Fig. 1).
that also uses a two par! waveguidc; is anolher approach to
achieve high power wilh high coherencc. The SHUR lascr
is in sume respecls similar lo Ihe Rl~r las(~r, however Ihe
diverging elelllenls are incorporated in SOIllC difIerent l11ao-
ne!".The tirsl w<lveguide is Ihe main CiRIN-SCH region. The
'iccondary \\'aveguidc is a GaAs (11 = :Lj!J) laycr helow Ihe
main regioll. Ihal has hecn previously pholoelched wilh the
aid 01"an almost paraholic laser healll, alld emoedded he-
Iween a 1001,.'cl"index AI.rGa¡_.cAs (;r = 0.4, 1l = 3.324)
material. This non-planar guide causes Ihe effective rcfrac.
tive indcx (ERI) 01"the lllediulll to vary almost linearly with
Ihe Ihickness 01"Ihe (faAs !ayer in the lateral direction. hc-
ing highel" lowards lhe sides 01' Ihe device, as shown in the
Jower parl 01"Fig. l. In Ihis way the oplic:al cavity hecollles
an unslahlc rcsonator. Such Ihus mollifico Slructurc, fulfills
Ihe rcqllirclllents 01"a thcorclical l110del thal prcdicls single
mode operalion in a scmiconductor laser, as long as radi<Jlion
lake.s place in a tllediulll wilh divcrging indcx prolllc wilh a
negative quadratic varialioll in Ihe laleral dircction [2.11.
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was uscd a~ Ihe Il-type dopant (l x IOIH CI11-3 for Ibe buffer
ami cladding layers, and 5 x 1016 cm-:J for the etching layer);
whilc Carhon ami Zinc were used for lhe p-side, (1 x 1018

cm-3 for Ihe c1adding and 1 x IOI!l cm-3 for cap layers re-
spectively.)

fol<1URE J. Schcmatie vicw (not lo sealc) of lhe grown structure.
heforc (1 st stcp) and ancr (2nd stcp) I¡¡ser assisleJ ehemical eteh-
ing (l.ACE) has been pcrformcd 10 photoclch channcls ¡¡long Ihe
wafcr. Afler 2ntl step. the wafcr is rcturncd bad lo Ihe MOCVD
reaclor lO he rcgrowed. Onl)' an individual dcvice is ~hown. The
laycrs spceilications in hoth slrueturcs are as follow~: a) 0.13 11m
I/-GaAs. h) 1.5 11m 1)+.Alo.~Gao.6As. e) 11 +-GaAs huffer ¡ayer.
d) 11+ -GaAs suhstrate.
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FI{iURE 4. Schcm,ltie vicw nol lo scalc of rhe linished struc-
ture. Afler rcgmwlh (3rd step) the approximately parabolie clched
proliles can ¡jet like negativc len ses and can dcviate lhe high
ordcr laleral modes more lhan Ihe 10\\1.Thc laycrs specifica-
tions are as follo\\ls: a) 0.1 IJm 1'+ -GaAs contact, b) 1.5 1,m
1'+-r\lo.4GaoüAs. e) 0.3 1,m AI.cGal_zAs (x = 0.4-0.2),
d) ItX) A Ino,G""As. e) 0.1 1,m AI,G,,,_,As (r ; 0.2-0.4),
f) 0.1 11m 11+ .Alo.4GaoüAs. g) 0.13 11m lI-GaAs, h) 1.5 1,m n+.
Alo4GaOI¡As, i) 11+ -GaAs buffer layer. j) 11+-GaAs substralc.
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FI(;UI{E 2. Transvcrsc schcmatic vicw. nol lo scalc. of the GRIN-
Sell f(JI"SIIUR laser showing Ihe variation orlhe cOlllposition. Thc
slructllrc is growll up lo lhe GnAs layer ami clehed. Ihen it is re-
growl1 unti 1complClcd.

3. SHUR fahrication steps

Thc kcy isslIc in Ihis paper is to descrihe in dctail Ihe SHUR
fahrication. This takcs place inlhrcc stcps. II starts by grow-
ing lhe GRIN-SCH structurc shown in Fig. 2. Bcginning with
a 1/+ -Iypc GaAs suhSlratc, a n+-GuAs huffer is grown fol-
Inwcd hy a 1.5 I/ln 1l+ -typc claJding Alo.'1Ga{l(¡As, on top
01" which an II-type GaAs layer 01' 0.13 11m is dcposited. as
shown in Fig. 3 (1st step). At this point lhe growlh is inter-
rupted.

In the second step lhe wafer is removed from lhe
MOCVD reaclor and linear arrays 01"parabolic channels are
photoelehed into the upper Il-type GaAs layer. Fig. 3 (2nd
stcp) is an schcmalic illustration of one individual dcvice
showing Ihe slructure after this is done. Thcsc channcls are
clchcd hy using the central lobc of a far field slit diffrac-
lion pallcrn (i.e .. lhe Fourier transform) 125]. lhat is focused
onlo Ihe sample, while the samplc is immerscd in an aque-
OllS etching Solulion. (The aplical system l1sed is descrihed
in Appendíx B.) By using a stepper. many ehannels can he
produced on lhe sample by multiple exposurcs.

To complele the epitaxial struclure (3rd stcp). Ihe wafer
\Vas returned lo the MOCVD reactor. and lhe uppcr laycrs
\I,'cre grown. as seen in Fig. 4. This was done by regrowing a
0.11111111+Alo,Gao6As c1addíng on top ofthe elehed GaAs
layer. follo\\led hy a 0.1 11m undoped AI:rGat_xAs (J' =0.4-
0.2) grading. and Ihen a 100 A Jno.2Gau.gAs active layer.
Subsequcnt regrowth sreps on lhe p-side \Vere first a 0.3 11m
undoped graded AlrGa'_rAs (x =0.2--DA) afler the acti\'e
layer. Ihen a 1.5 ¡un p+ -type AloAGaO.6As cladding. and ti-
nally a 1'+ .GaAs contacl 0.1 ¡un cap ¡ayer. Suhstrates were
/k(ype Si doped GaAs wafers. wilh a doping conccntration
nf ahOUI 2 x ] 018 cm-3• and orienlalion (100). The thickness
was 18.5:1: 0.5 mil and the diameter (wo ¡nches. Tellurium

Rev. Mex. Fís . .15 (1999) 7(~77
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3.1. LACE analysis aud rcsults

FIGURE 6. Photoctehed channels. Inlcnsity J(X) nW/cm2, eteh
lime 2 mino Channcls scparalioll is ..tOOI"n ¡¡nd chmmcls w¡dth is
160 pm.

:-::-E£~-:.-:::'.':-:=:'=:-;o.:!:'_ J...::.=_=:':' ~ - - -."l-';;'i~::=~l
~•..:_----z:::::~':":.---,._.. """"=.t",,--:-:-.---. - ~ _

3.53

~
.,; 1400
.É. 1200
~
Ql1000

"ª 800
~6OO
u
w400

2000 250.5 1 1.5 2 .
Etching time (min.)

1600

FIGURE 5. Graph showing the variJtion of ctching rate \'('rslts ctch-
ing time for same rangc of ¡ntensities and times as in previous flg-
UTe. As one ('QuId cxpcct. for small times. ctching rate is larger
sinec the ctching process is surCare rCílction limilcd and the oxide
is removed almost as fnsl as it Is fOfmcd. Por longcr times the oxide
hcgins lo passivatc (he GaAs surface and slo\\l the ctching.

Thc !aser ctching proccss \Vas cxamincd al diffcrcnt power
lcvcls in oruer lo clm:iJatc the controlling ctching paramclers.
Lascr QulpUI powcr \Vas rangcJ hctwccn 0.05 10 10 \V (,\ =
488 nm) correspomling lo puwer densities of "" 1.5 x 102 and
",,3 x 10'\ m\\'/cm2 respectively, at Ihe etehing plane. Elehing
times were set oel\Veen 0.5 10 5.0 minutes. Optimum channel
characleristics resultcd for a mnge 01' lascr powcr among 0.05
\V (~ 1.5 X lO" IIlWIcIll") and 1 \V (~ 3 X 103 1Il\V/clIl")
and fur etching limes ranging betweell 0.5 and -1minutes.

Figure 5 shO\vs Ihe variation of lhe elching rate as fune-
tion of the etching time ror etching intensities 01' 200, 300,
and -lOO m\V/cl11'2, respccli\'ely. As \,,'ould oc cxpecled it is
ooser\'ed the same efreet charaeleristic in any wet chemical
ctching experimcnt. ror slllall times « 0.5 min.) Ihe etehing
rate is higher than for larger limes (> 0.5 min.) sinee when
etching starts no oxide is formed yet and the only etehing
limiting l~lctor is the specd al whíeh the reaction oetween the
suoslratc surfacc and Ihe reagenls takes place (surface reac-
tion controlled proeess.) As the etehing lime oecomes larger,
lhe reaclion oecollles Iimited by Ihe oxide rormation on the
suostrate ami the rcaclion rale diminishes (similar lo a dilTu-
sion controlled proccss.)

Al higher power Icvcls (5-10 W) clching presenled some
difticultics, resulling in delineated channels thal sOllle times
showed many pits. Those pits were more evidenl in sOllle
samples Ihan olhers, presumably due lo defects and/or to
unsuilable c1eaning conditions. At even higher laser pow-
ers (> 10 \V) s()me samplcs showcd no ctching al aH. Even
though such elTecl is nol wcll understood, is supposcd that
at very high power k:vcls lhe samplc heating is suflicicnlly
grcat lhat local vaporization of (he solution results, however
no huhhles were obscrved in Ihe eteh solulioll [26]. Olher
probable explanalion eould he Ihal at hígh power the eleclrun-

FIGURE 7. Alpha-step prolilcs 01" t.:hanncls ctchcd at ami c!ching
intensity of 300 m\V/cm2 and ctching time 01" 2 min. PuB seale
in vertical dircctioll is 5000 Á. St.:<llc in horizontal dircction is
10 IJln/division, cach divisioll cquals 5 111111.

hale pair produclion is high cnough 10 favor a thick oxide
formation thal inhihits the etching, sinee lhe oxide is nol re-
moved as fast as it is fonlled.

Ne\'ertheless, some allthors seem 10 have useJ up lo 8 \V
of po\\'er al 514 nm \vilh gooJ results [27J. Anolher inconve-
nienee of using high level powcrs (> 10 \V), is the damagc
Ihat this can cause lo some 01" lhe oplical components in Ihe
etching systcm. These elfeets made diflkult lo charaeterize
the etching al such high power levels.

AH Ihe inlcnsities were measured hy selling down a
po\\'er meter al Ihe etching plane ami lhen dividing Ihe power
hy lhe approximate hcam arca. Allhough ir a')sorplion and re-
lleelanee of the elching solutioll are taken in account, Ihe cf-
feclívc etching inlcnsilies are smallcr Ihan these Jireelly mea-
sured. Such values were no! delermined in the present work;
however, lo diseount always the samc amount 01" ahsorhed
and rellected intensities, lhe cOl1cenlratioll 01' lhe elching so-
lution and its heighl above the substrale were kepl conslant
during aH elching sessions.

Figure 6 is a Nomarski pholograph uf typic.ll etched
channels for an ctching inlensily 01' approximately
300 m\V/ern:.! anJ elching lillle of 2 minutes using a slit
13widlh af ~ 200/1111 (sce Fig. 9) lhal rcsulted in an elched
widlh uf "" 160 11m.Mcasurclllents of Ihe channcl profiles
(o determine Ihe eteh depth and eteh rale, were done hy 1I$-

ing an Alpha-step prolllometer whosc smallest scalc allowed
measurement down lo 50 Á. An elchcd eontinuous SlTlooth

Re". Mn. Fis. 45 (1999) 70-77
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channcl prolilc is showll in Pig. 7: scale in horizontal dircc-
(ion is I() 11m pcr 5 111m whilc full scalc in vertical dircclion
is 5000 A. \Vhen those profllcs \VeTe analyzcd, it was found
lhe clching lined lO a parabolic sbape up lo ~ 50%. suilable
rOl a SHUR designo

Thc mosl important isslIc conccrning photoctching: pro-
ccss \Vas aholll ovcrclching the GaAs layer. Emphasis 011 Ihis
poinL \Vas done sincc ovcrctching is disastrous lO Ihe proccss
as il could deslroy lhe aClive layer in Ihe GRIN-SCII and
Ihe SHUR Inser would 1101 hc possiblc under these circlIlll-
stanccs. So in urder lo determine a safc range of cxposurcs,
Ihe clchcd dCplh varialioll al Ihe lar cml. center and hottom
cnd of ¡¡ ccntilTlL'ICr long s;:unplc with several ctchcd channels,
was sl'tlk'd. This \Vas donl' by calculating the average value
01'1he cleh deplh al those regions. Etchings werc pcrformed at
.lOO Ill\V/CIll~ of Iight intensily and I minule of ctching time.

From this procedure, a maximulll probable varialion 01'
.'00 A could he noted. Thcn to provide enough margin to
plOlect Ihe suhstralc from any possihle ovcrclching, a safcty
range.::of 300 Á to lhe dcsircd clching, was assigneu. So for
" lllaxilllulll desired elched depth fíxed in 1000 A (O.I¡lln)
Ihe GaAs ctchillg layer should have a thickness 01' 1300 Á
(0.1.' 11111.)For a sllch clching value ami a ehannel \Vidth of
160/111\, ¡¡ magnitication.\1 = 7.721 \Vas oblaincd in agrce~
mcnt to llwdel 1281. Thcsc rcsults. hml,.'ever, heeollle an in-
convcniencc since a var¡alion in Ihe eleh deplh introduces a
varialioll in Ihe ,'alllc of .\/ (this altcrs lhe laser eharacleris-
ties.) For ex a111plt.>,ir Ihe eleh depth varies 300 A Ihe value 01'
.\1 \'aries ~(J(X, \Vl1cl1Ihc elched depth is 160 ¡lIn.

Elching e.\pcrimcllts \Vere pcrformed using (100) ori-
(:nlcd GaAs. hUI lhcre \Va s nol any significant dirrerence hy
etching Ihe channt:ls perpendicular lo the (110] or Ihe [1101
directioll. In Ihe lirSI case lhe Illore reaclive (III)B planc (As
alollls with Iwo lInsalllratcd hondo;; per alom) is cxposed lo
Ihe reactive aqlleolls solutiol1. In Ihe second, the less reactive
planc (III)A ((fa <I(ol11s)is cxposed [29J. AII phOloctching
cxperilTlcnts \vere pcrforlllL'd al J"()omtemperaturc.

1I was ohscrved thal ctching was very sellsitive lo defo-
cllsing 01' IhL' optical syslelll ami spccial precaulions ' ••..ere
required lo earcfully control Ihe laser heam prollle. Oseilla~
¡ion 01' lhe Al' t laser in the TEMoo was also neeessary. Also
channels clchcd 011sections 01' Ihe wafer whose morphology
sho\Ved a lack 01"lIniformity re\'caled deep pits fonned dur-
ing Ihe elching. This was prohahly due lo some kind 01'erystal
non~lInirorl1lilics or sllrfacc cUl1tamination Ihal enhaneed Ihe
clching.

4. Fahricatioll 01'SHUR laser devices

The SIIUR Jaser fahricatioll was perfonned following a Iypi-
cal c1ean roOI11' ••..idc slripe !aser proccssing. In Fig. 8, i.llrans-
verse schcmatic vic, ••..(nol lo seale) of the f1llished Jcvicc is
shO\\iIl. Slripl.":masks having a 400 IIITl period were useJ with
posili\"c resi,,! 10 define lhe metal (J,-sidc) conlacl side. Two
slripe contact widlhs werc lIscd during Ihe proeessing. XO and
140 IlIn. Thrcl.":ditlerl.":nl ctching channel depths sao,

k
1

ID

FIGURE X. Finishcd SHUR laser devicc. The layers specilica.
lions are as foIIO\\/s: a) JDO A/JOO Á/JOOO A: Ti/Pt/Au. b)
900 Á ShN 1, t:) (J.] 11111 1) t .GaAs contacto d) 1.5 11m p+-
Alo.,¡Ga(U;;\s. e) (U II/ll AI~,Gal_J.As (J' = O.--l--O.2). t) lOO Á
inO,2(,ao.I'lAs. g) 0.1 IIIll AIJ.Gal_xAs (.¡; 0.2--0.4). h)
0.1 IllTl J/+.Alo,.¡Gao(;As. i) 0.13 IlIn Il.GaAs. j)1.5 11m II+~
Alo. 1ClaO.f,As. k) 11+ -G¡¡As huffer layer. 1) 11 + .GaAs suhSlrate, 111)

3(KI ;\!3(KI A!3tKKI A: A"GoI"'i!A"

SO() aud )00 A wcre lIscd while the ehannel width was kept
constan! ami appro.\imalely equal lo 160 ¡lIn. The eleaved
l'a\'ity lenglh of lhe t1c\'il'es was fl.\ed at 500 ¡lIn.

Performance (Jf SHUR bscrs ',,'ere deserihed in more de-
lail in ReL 23. Ho\Ve\'er fOl"the sake 01"comparison \\/ith olher
simi lar de\'ices. sOllle 01' lhe achic\'cJ data \ViII he mcnlioncJ
here: up to 770 m\V (.-l7o/r in main lohe) pulscd. per faect,
were ohtained wilhin a far licld lohe of2 times the difraclion
limil (DI.) at full widlh of hall' maximum (F\VHM) with an
external quantlllll dlicienc)' 01' 66% douhle raeel. This was
for a threshotd currenl 01' 1.--1A.

5. ConclllsiollS

Thc experimental rcslIlts indicated that Ihe etching Illelhod
\Vas adcquall.": rOl' producillg satisfactory fcasihilily rcsults.
Thcre are, howl'wr. sOl1le dillcrcnces helwcen lhe desired
elching prolilc ami the real onl.":produced hy this lcchniquc
that shollld hc taken inte eOllsideratioll rol' futurc modcling
impro\'cmcnl.

A carcful analysis 01"channels wilh similar ctching char~
aCleristics "howed Ihal Ihe prollle in f-ig. 7 matched up to an
il1\"CrtctI sil1c~ fllnclion rather Ihan a parabola, as expcclcd.
sillee Ihe ctehing hei.l111(i\ppcnJix B) resembles sueh a shape.
The dcvialioll helwecn sueh two funclions being more nolo-
rious al Ihe cdgcs uf Ihe channel and surely accentuated by
Ihe almost linear t1ependellcc 01' Ihe elched depth on lighl
intensity. !\1easurelllents intlicalcd that onJy approxirnatcly
50% 01"lhe etdll'd width titted to Ihe desired paraholic pro-
file: whil'h lillliled lhe lIlaXilllUIll useful size 01"the laser con-
lact to be approximately Ihe hall' lhe width of lhe elching,
sincc (he rcmaining non~paraholic region would introducc
1l01l~lincarilics (:¡[lhough the whole channelcd slrllctllrc slil1
mainlained ils condition 01":lIlliguide.)
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2GaAs + 12+ + 10IV)

-+ Ga,CJ:¡ + AS,03 + 4H,O + 1211+ (4)

The galliulll ami the arsenic oxides are dissolveJ in acids or
bases. thal form pan of (he etchant sollltion, and Ihus the etch-
ing is completcd l :131.

Thc reaction for the reduclive decomposition 01'p-GaAs
is suggesled lo be

Furlhcrmorc a kcy charactcristic 01' ¡he SHUR cavitv is
that gain discrimination dcpends almost exclusively un gco-
Illclric faclors that are dctermincd by etching conditions and
are in principIe flexible YCI casily managcahlc; ¡!lis allows lo
sclcct SOJ11C rcquircd valuc ol' divergence. Bcsidcs, in spilc 01'
Ihe similarily bctwccn lhe RLT and lhe SHUR cavilics, thcrc
are ncverthclcss somc differcnces sincc lhe SHUR lascr ca\'-
ily contains nOIle 01' lhe scattcring interfaces 1hat are prcscnt
al cach 01'lhe "leos" clclllcnts in the RLT cavity.
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Appendix A. Lascr assisted ehemical ctehing of
GaAs

While reactions I'or arsenic are

2H,O? 211+ + 2(011)-,

As:l+ + 2(OH)- -+ AsO.;- + 211+- '

2AsO, + 211+ -+ A5,03 + 11,0;

f1nally Ihe overal1 reaclion is

GaAs + Ge- -+ Ga + As3-

and the overall reaclion in presence 01'waler bccomes

(3)

(5)

The intcgralion on-the-chip 01'the paraholic elchcd channels
is fundamental to the concept 01' Ihe SHUR cavity. Thc SllC-
cessflll performance al' the process depends on how effec-
lively Ihe elching parameters can be conlrolled. This requires
'1 reasonahle understanding 01"Ihe reaclions thal take place
dllnng the pholoetehing procedure as well as a dcscriplion 01'
the optical systcm uscd. These tapies \ViII he Ireated in this
and the nexl paragraphs.

It is an accepted thcory in aH reported expcrimcnts 01'
GaAs pholochemical etching, that the etching prm:ess is as-
sistcd by the produetion of the photogenerated excess 01'mi-
nority carriers [30]. As consequenee al' the bui1t-in elcctric
tleld, causcd by the hand bending, photogeneraled holes or
electrons Illigrate towards the surface of (he suhstrate where
Ihey favor oxide formation [31].

Holes have been supposed to assist in Ihe pholochcmi-
cal etching of n-type GaAs by oxidative decomposition. Ox-
idation and lhen dissolulion of resultanl products are usually
carried out simultaneously by a mixlure 01'rcagents in a saine
solulion or gas where the samplc is immcrsed.

The GaAs decomposilion hy oxidation is Ihought to he
duc lo the following surface rcaction [321:

( 1 )

wherc the ianic states for gallium and arsenic are Ga3+ and
As3+.

The separate reactions for the gallium in presencc 01'wa-
ter are as follows:

311,0 {o} 3H+ + 3(011)-,

Ga:l+ + :l(OH)- -+ Ga(OIl)" (2)

2Ga(01l)3 -+ Ga,03 + 3H,O.

-+ 2Ga + A5203 + 31120 + GlI+ (6)

In this case Ihe process has the complication thal the more
stable Ga remains on Ihe surface forming a layer and inhibit-
ing the etching process. This means, from an experimental
point nI"view. il is simple!" (o eteh n-type GaAs than p-type.
However a method has heen reported to easily ctch p-type
material. By lIsing an external potential it is possihlc to in-
crease (he surface hole concentration lo oxidizc ami then dis-
solvc Ihe Ga Illore rapidly [341. Such Illelhod still has the
inconvenience of adding more paramcters to the analysis and
more components lo thc experimental set-up. which compli-
cates Ihe process ilself.
. \Vhen processing a scmiconductor by pholoetching, is
IInporlallt lo keep in mind thc typc 01'dopant in the material.
This property has been L1sedror sclcctively ctching diffcrenl
sectiolls in a GaAs hOlllostructure slIbstrate [35].

I\los1 COlllllHltl ¡¡quid etchants for GaAs LACE are
lI,SO,III,O,/H,O in proporlion 1/1/100 by volullle,
HNO:~/H20 in proporlion 1120 or 1110 hy volurne, and
KOHlllzC) in 1/20 by weight; \Vhile CI2 ami CC!., sland
alllong the most used gascous ctchants [36,37]. For a more
detailed sludy 01"the laser assistcd chemical process. the
reader is referrcd lo some addilional litcrature un Ihis sub-
jecl [38, 39J.

Concerning to lhe Sl-IUR processing, the photoetch pro-
cedure starts arter Ihe sample has bcen removed from the
MOCVD reactor arte!" the f1rst growth step (Fig. 3). Follow-
ing a typical sample cleaning fOlItine, LACE was performed
on the GaAs layer lIsing an Ar+ laser (A = 488 nm) and a
HNOjH20: 1/I() (by volumc) ctching solulion. Ihat was cho-
sen lo allow a gool! ctch control. During Ihe chemical reac-
tion the (OH)- radical in Ihe water acts as the oxidizing agent
while nitric acid dissolvcs Ga antl As oxidcs.
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(9)

(8)

(1 1)

( 12)

(10)
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amI
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(=Yf.

13 = TI

/ = / (Sillil)"
o /3 '

"úY1)- _
I - 2 '

Slit B

Le s ~t !;=ef
e ¡LaSer beam

l--f-I-f-I- 2f-1-2/-1
x-plane i;-plane Elchingr plana

x

~

where /,' is the \vave Ilultloer.
In Ihe paraxial approximation, one can say lhat

wilh lo hcing Ihe ma.ximulll intensily, Iikewise

Al a fOl.:aldistalll'e J behind lens L:z. al plane~, (on filtcr G)
Ihe I¡glll inlellsily distrihulion can he showll to he lhe weJl
known sine:! fUllclion:

P](;Ulü: 10. Analysis nI' (he oplicnl sct-up seclion that pcrforms the
healll lillcring ror Iascr assistcd ('tching.

The Iirsl lIlinillllllll 01' rUIll.:tion in Eq. (8) corresponds to

Suhsliluling Eq. (1 1) in Eq. (9) alld comhinillg wilh Eq. (10).
the sile !I or the spatial filtcring slit needed 10 pass only the
cenlral l(loe (JI' lhe sinc'2 patlern results

2J,\
!J = -ú-'

So, (he li!ter widlh y depends 011 the focal length of the
len s L:z, lhe \vavclength ,.\ 01' the laser and Ihe size of lhe slil
U. IIcnl.:e several possibililies exisl to sclecl the desircd 9 fil-
ter widlh. The lens L:l forllls Ihe image 01' the central lohe
dircclly 011 lhe s<lmple and Ihe cylindrical lens stretchcs Ihe
image in y-directioll.

(7)

Lens L3 Container C

/,
iflJ'¡ S 2
eiscwherc

Argon Ion Laser

Diaphragm G Lens L4Mirror

I
Lens ~

J(.I') = {l,
O,

Slit B

I
IMirror

Lens ~

Appcndix B. Optical systclIl for LACE

Thc optical scl-up is shown in Fig. 9, whefe L¡ is a planc-
convcx l'ylindrical Icns 01' focal Icngth 21 cm useu lo focus
Ihe Jase]" hC<lm in Ihe lateral dircction lo f111lhe slit B (\\'hosc
adjuslahlC' apcrlurc can hc changcd lo vary lhe width 01' lhe
ctching prolilc) ami L:.!is a positivc lcns w¡lh a focal Icngth
01' 21 cm lo fmm lhe Fouricr transform of lhe slit B. Al an

approximalc focal Icngth distance to lhe r¡ght sidc nI' L,!.
an apcrturc G tillas thc sitie Iones hut propagalcs Ihe central
looe nI' lhe sine:! slit pattern. Intennediate L3 is another pos-
itive lens similar to L:! (hal is located Iwo focallcnglhs from
Ihe aperture G and forms Ihc image 01"lhe cenlrallobe 01"lhe
sine:! dircclly 011the samplc. (This was done hy t1rst forming
an image (Jf Ihe aperlure G dircctly on lhe suhslrate, using
incohen:n( illuminalion.)

Suhseqllenl L.¡ is a plallc-concavc cylindricallcns uscd lo
stretch the final illlage in Ihe vertical dircelion anJ t1nally Ihe
conlaincr C. Ibal hulds the malerial sample and the ctchanl
chcmicals. is localed I\vo foca! Icngths hehind lens L:l. This
optica[ systelll creates, al lhe etching plallC, an approximatcly
lJlIadralic inlensily varialion heam in the lateral .r-direction
along ¡¡ line of ahoul I cm h:nglh. (Alternalive optical ar-
nlllgelTlcllts are <lIso possihlc lhat aehieve thc samc purposc.)

The containcr e was a 100 ce cylindrical glass heaker.
Thc salllp1L' was laying horil.ontally on a Tellon cube 2 cm
per side. The container holding the sample was fixed on lop
of an stcppcr lIsed for Illu!tiexposure purposes, programllled
lo step -lOO IIIll he(wcen each exposurc.

A rclatioll IK'twcen [he slil's width and the spatial lilter
aperture c,ln he cstablished as follows. In Fig. lO, il is as-
sUllled that Ihe slil B is uniformly illuminated hy a laser beam.
Ir Ihe \vidlh 01' Ihis slil is b. hel1ce ils Iransmittance funClion
at Ihe .r-axis hel.:ollles

Fl(jURE 9. Top vicw diagram 01'whole oplical syslcm se! up. uscJ
rOl" Jase.- assi.slCd clching cxpcrimcllls.
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