-1- DESCRI PTI ON PROCESS OF FORM NG A CURVED PROFI LE ON A SEM CONDUCTOR
SUBSTRATE BACKGROUND OF THE | NVENTI ON FI ELD OF THE | NVENTI ON The present
invention is directed to a process of formng a curved profile on a

sem conductor device, particularly by anodization of the substrate.

DESCRI PTI ON OF THE RELATED ART One prdlof art is disclosed in Japanese
patent publication No. 55-13960 which is directed to a process of naking a
mcro structure in the surface of_a sen conductor substrate by

anodi zati on. The anodization is WEACRETION di zing the top surface of the
substrate in an electrolyte solution. The oxidizing proceeds selectively

node. whi TROLE S 6 RO RUING, ACYRVELPRAFILE R A SEMIERNEGRERR ' Cont act

wth thegphgktrearface of the substrate, |eaving oxidized portions
partially in the top surface of the substrate. Thereafter, the oxidized
portions are renoved to | eave a convex in the top surface of the
subst r at BATKGROENENOFUEHE SNYBNTIONent for forming a relatively thin
profile or surface irregularity with a snmall depth. However, it is found
practically difficult to provide a thick profile with a snoothly curved
surface @\éLDsOFércﬁiﬁ HEMENAI®¥ny application fields, since the oxidized
portions act as a dielectric barrier blocking an anodi zing current through
the substrate to inhibit th rowth of the, oxidized portions in the
thi ckness! bt Pesentiiemtion is dnecti i picsess ff fOBPiG:= Py VEBIRPSPHS OR ¢ hi ck
profile vidnicaitREsr e &, oafRlAas &r\ﬁ%ﬂioﬁ%ttﬁ’é‘%ubéﬂat@.as to be required
not only to repeat steps of anodi'zi'ng the top surface to partially form
t he oxi di zed portions followed by

DESCRIPTION OF THE RELATED ART

One prior art is disclosed in Japanese patent publication No. 55-13960 which is
directed to a process of making a micro structure in the surface of a
semiconductor substrate by anodization. The anodization is used for oxidizing
the top surface of the substrate in an electrolyte solution. The oxidizing proceeds
selectively in the top surface in a pattern corresponding to an arrangement of an
anode which is formed separately from the substrate and is held in contact with
the bottom surface of the substrate, leaving oxidized portions partially in the top
surface of the substrate. Thereafter, the oxidized portions are removed to leave a
convex in the top surface of the substrate. This technique is sufficient for forming
a relatively thin profile or surface irregularity with a small depth. However, it is
found practically difficult to provide a thick profile with a smoothly curved surface
as is required in many application fields, since the oxidized portions act as a
dielectric barrier blocking an anodizing current through the substrate to inhibit the
growth of the oxidized portions in the thickness of the substrate. Accordingly, in
order to obtain the thick profile with an accurately designed curved contour, it has
to be required not only to repeat steps of anodizing the top surface to partially

form the oxidized portions foliowed by




-2- renoving the oxidized portions, but also to use differently arranged
anodes. in each step. In this sense, the above prior art is found not to be
avai l able for providing a curved surface having sufficient depth or

t hi ckness. Another prior art is disclaged in Japanese patent publication
No. 2000-263556 which is directed to a process of nmaking a nold for a
mcro optical lens. The nold is fabricated by steps of preparing a

sem conductor substrate, providing a dielectric nask on a top surface of

the substpgiiing ﬂ"’é’énﬂgizleaeb_d?ﬁ%rg?rb%t afRFR S difRrdrity dfsrgedPARGdaigint he

substrate in an electrolytic utiron, and anodizi'ng a’portion in the top

surface MolorCQUR! oth s SORAIIRE AbByE F6F bk iS Bound RbT toHk hPhifaifle RAT OUS. Zone-

Ther eaf t ef, porous” zone'i's reno o) ounded convex in the

top surface of the substrate., An ultrt.aviqgl [able resin is placed in

t he convé?(oé{wggcb’meéﬁslf eﬁ’%"'?%%ﬁ%é‘?’ﬂ“}h@ﬁ(/gﬁc : Although the
prior art discloses the forpatjon of the porous zones which does not inpede
t he anodi zat i orfANQtAEN Breicard és dise é@dd%gﬁpgﬂ%se?@@i?'\;\lpi‘ﬁ“%ji'@n @ni ng so that
the porous zone devel ops isotropically fromthe center of each opening.
Accor di n(RGR0-26355@whiah lﬁ@“ﬁ@tﬁ(ﬂgdﬂ@m qfgnakingteemolchion amics0epligak i al | y
a uniformradius of curvature. Wth this limtation, the process cannot be
not adapersl t®he auldis fapricatad by dtqpsodfi prepating agemicondidior aubsttitas of
curvature or sophisticated surface profile. Further, when formng a small
curved syrbaickng anrfielgetriatrask oy auep saffaceef theskbsirate, formingpasiorgnotehe
porous | ayer can be fornmed successfully around the tiny opening at an

initial &ip‘tﬁ‘ﬁhﬂgé‘ﬁn\ftﬁé%as@%iﬁ% P BaBSIrANS ih Antdlectrdltic 8blusibagsand ar e _
difficult to escape out through the tiny opening and are likely to remain
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zone. Wth, hibl $ntb%SHibus zone. Thereafter, the porous zone is removed to leave a
rounded convex in the top surface of the substrate. An ultraviolet curable resin
is placed in the convex and is cured therein to obtain a convex lens. Although
the prior art discloses the formation of the porous zones which does not impede
the anodization, the process relies upon the mask with the opening so that the
porous zone develops isotropically from the center of each opening.
Accordingly, the resulting rounded convex is limited to have substantially a
uniform radius of curvature. With this limitation, the process cannot be not
adapted to realizing a curved profile having non-uniform radius of curvature or
sophisticated surface profile.

Further, when forming a small curved surface configuration by use of the
mask with tiny opening, the porous layer can be formed successfully around the
tiny opening at an initial stage. However, bubbles appearing in the initial stage
are difficult to escape out through the tiny opening and are likely to remain in the

porous zones, which inhibits the entry of the electrolyte solution in the substrate

and therefore impedes further development of the porous zone. With this result,




-3- the porous zones could not be controlled to give an intended
predetermned profile, failing to repreoduce the accurate profile. \Wen, on
the other hand, formng a relatively large surface profile with the use of
the mask having a correspondingly large opening, it is likely that the

anodi zat i the poousedsies Toulienottententrafed toegivpaniimended dreddternaprgl der abl y
faster than at the periphery of the opening and the rate is difficult to
be cont r optddile, fatieged oeprodute itise dotlrataptofile Whee, omtheasibier abptly control | ed
surface profile to the porous zone and the resulting curved surface.

Mor eover , fdredeg sechitivelydargehsurfecskpriofiledeiiio thd ase ohtHehmask taviig & he
substrate fromwhich the anodi zation proceeds, and the that the mask is
nor mal |y fedespafdigyiilangetdpenind et isdikelyghat thel artddiadtipnsprateeddinctheess, for
exanple, 1 pmor less, the mask nmay be easily broken due to a stress

devel opi ngerter ohthepepanisg 26 agategeavaiderablydaster thars at thepeeripharpef freocess

rel ying upon the mask on the anodization side of the substrate is not found
sat i sf act 8p§ning anddhedptgyistdiiculite beaostrpllednthaselosd, it is diffmaltpe givd e.
SUMVARY OF THE I NVENTION In view of the above problem the present

i nvent i onaRascu@éely sonpped sHddace grofiie &v theeperaus mpneand thedeeslngf f or mi ng
a curved profile on a sem conductor substrate. The process according to
the presef¢VEAVRIRBCBN utilizes the seniconductor substrate having a top
surface and a bottom surface opposed to each other, and includes the steps
of formng an anode on the bottom surface, placing the sem conductor

subst r at eﬁ/lQﬁe@\rﬁreb%@Quﬁﬂ 9t thatthieunask is depositedtdnethst sigs ohithe $Wistated by
flowing a current between the anode and a cathode wthin the solution to
convert tfemwhicihe apedizrtiondrecasds; and the thatibe ymasak is dopmially made

of SiN or the like having a relatively small thickness, for example, 1 ym or less,
the mask may be easily broken due to a stress developing as the porous zone
grows. Also in this respect, the process relying upon the mask on the
anodization side of the substrate is not found satisfactory in providing the

accurately controlied surface profile,
SUMMARY OF THE INVENTION

In view of the above problem, the present invention has been accomplished to
provide an improved process of forming a curved profile on a semiconductor
substrate. The process according to the present invention utilizes the
semiconductor substrate having a top surface and a bottom surface opposed
to each other, and includes the steps of forming an anode on the bottom
surface, placing the semiconductor substrate in an electrolyte solution. Then,
the steps are followed by flowing a current between the anode and a cathode
within the solution to convert the top surface of the substrate to a varying

depth




-4- fromportions to portions, leaving a resulting porous |layer in the top
surface, and -renoving the porous |ayer fromthe substrate to | eave a
curved surface on the top surface. The process is characterized in that
the anode is deposited and on the bottpm surface to give a consolidated
structure, and is configured to give a predetermned distribution of a
electric field intensity which varies fromportion to portions of the
substrate across the top and bottom surfaces of the substrate, thereby

providin A | | ! ]

distri bugff%ﬂepoq?-ﬁé'ﬁ%?oe'}’@%@ bﬁ,ﬂl@%ﬁ/@gd& fb%tultﬂ[g/ é@'%gg'ﬁ%a{b q?%géﬁ;%%lﬁéeé%s%mved
fromthe substrate after forumng the porous layer. Wth the abg process,
the anoddenioving e pirobgrayeharam e, ado5Baf R eBuE b e shtfedPBIfe bl et he
distribution of the__electric field intensity in exagt,c ncordance, wWth a
pattern dPPishEiagRoddheriasesyis chakacignzed ghiiat fieapg %F%@?%%‘%'S? 8Nt he
porous |ayer and therefore the resulting curved surface. In addition,

si nce t hdharhsdionm sudaed tqaived eanagilidatachstrugiier @nerigicaatiowrest 1o @ive Bon of
the electric field intensity varying fromportions to portions of the
subst r at egredetarmined distribulioneof eoelechicdiedt yntensity whichadiries fodm partiomtare to
the resulting curved surface. Further, because of that the anodi zation

proceeds gdriohs betHeosulssirdi@eeradt thehep smdssotiine sulfacds bbthexqdsstditent i rel y
to the electrolyte solution, i.e., not covered or nasked by a materi al

restrict itf\@réﬂﬁ:@%ﬂﬁ%&ﬂ{é Séroudnsydrtivinid the PAQRHZAHHRNMN hidteh iwitcprt r ol | ed

principally b he anode pattern on the bottom “surface of the substrate,

it is easew%&@Hﬂsefgk%&ﬂéﬁn é?él'%tleﬁgig%aﬂ .tﬁ&tlctHéaén%lc% is FORAbUAY @ gt our or

profile an erefore gi've the correspondingly accurate curved surface

orof Lo AR AR o AR Ak 20 BT g i B! r o
optical 'r?.Qée ?r[n]tggral with the substrate so as to accurately give the distribution of the
electric field intensity in exact concordance with a pattern of the anode, thereby
making it possible to precisely shape the porous layer and therefore the resulting
curved surface. In addition, since the anode is configured to give the
predetermined distribution of the electric field intensity varying from portions to
portions of the substrate, it is easy 1o give continuously varying radius of

curvature to the resulting curved surface.

Further, because of that the anodization proceeds from the top surface of
the substrate which is exposed entirely to the electrolyte solution, i.e., not
covered or masked by a material restricting the anodization, and that the
anodization rate is controlied principally by the anode pattern on the bottom
surface of the substrate, it is easy to develop the porous layer of accurately
controlled contour or profile and therefore give the correspondingly accurate

“curved surface profile.

Accordingly, the process can be best utilized to forming curved surface of

non-uniform radius of curvature, such as an non-spherical optical lens and




-5- various sophisticated mcro-structures having precisely controlled
curved profile. In one version of the present invention, the anode is
formed partially on the bottom surface of the substrate to give a

pr edet er mi ned anode pattern which defjggs the predeterm ned distribution
of the electric field intensity, and is responsible for realizing the
curved surface having a concave profile at a portion opposed to the anode
pattern. Therefore, it is easy to fabricate a concave profile of desired

radi us of_curvature b |.t.abl ignin h n ern.. | nat her
Ver st o orditis Yo taaesa R iteied Nthod BfachiRy BaR PRl forvefl ¥B8b o
surface of the substrate to, have one .or npre openings of various

Gt i 6s.  ThelMmVAISar ot e PRSHE INUREROT ABS BNeRs I {ArTEN RATEEREOR! ect r i o
field intensity which is |ooser towards the center of the opening than
from t he thedatisima syirface of thepehstiaie t@ gived predatainiged irnoggmattern h of
gradual ly varying thickness and giving a convex profile to the top surface
at a pot i defingsgbsquredetermireddistrifiuionaidiné etedbjc fielddntengity,landoisr ous | ayer.

I nstead of making the opening in the anode, a dielectric mask of

pr edef i ne@dsgonsible forrexlizing ther cordeg autfage having & bentmid profiteuaf apertioerhi nd
the anode so as to nake the like distribution of the electric field

i ntensi t Yoppsed 16 the ahodePat¥n Pr Phefctore ittif @abp ko fibricatea @bngaw®r ti on
opposed to the mask. The mask may be fornmed by the steps of providing a

di el ect i ok Sf dlirdd YRR o GurbALFOBY SBitabRFesiiniiditie 8A0kd RARKINO

portion o e dielectric layer to desired geonetry. The

sert conduct or - SHoshEMEE bl B ARkl oo tht SiPucdd fehBeedipfl eCt i ©

| ayer is made o I con oxide or SiTrcon nitr ctrolyte
sotution .8 s SLRECE 8r LSS R0 (S LSS She S mble Spdingy BF OL ' o ! de-
geometries. The opening in the anode makes the distribution of the electric field
intensity which is looser towards the center of the opening than from the
periphery of the opening, thereby forming the porous layer of gradually varying
thickness and giving a convex profile to the top surface at a potion opposed to
the circular opening by removing the porous layer.
Instead of making the opening in the anode, a dielectric mask of
predefined geometry may be formed partially on the bottom surface behind the
anode so as to make the like distribution of the electric field intensity for giving a
convex profile to the top surface at a portion opposed to the mask. The mask
may be formed by the steps of providing a dielectric layer on the entire bottom
surface of the; and removing a portion of the dielectric layer to leave the mask of
desired geometry.
The semiconductior substrate is preferably made of silicon, and the

dielectric layer is made of silicon oxide or silicon nitride.  Also, the electrolyte

solution is preferred to include an agueous solution of hydrogen fluoride.




Further, the present invention is advantageous in fabricating a

doubl e-si ded curved profile, for exanple, double-convex, doubl e-concave,
concavo-convex lenses. In this case, an additional anode is forned on the
top surface of the substrate already fgnished with the curved surface.
Then, the sem conductor substrate is placed in the electrolyte solution so
as to flowa current between the additional anode and the cathode, thus
converting the bottom surface of the substrate to a varying depth fro

portions to por Hu?fﬁ%r, ﬁg}gggﬂﬁw% i)éiégﬁ/\éﬁ*é%ggonu% iﬁ'?aﬁ‘?égtﬁgoé"al por ous

| ayer in the bottom Sur rous layer removed
together with th ddi ti.onal, apode to reyeal, another rved surface on the
bott om s Sple sk Galysr BHBfe B Seriacighie B e o it 8 n 1 he
final stage of develcigin tge |Eiorous Iayer_:soggst ive a snmooth finish
to the cufERVOUAWEL. sdndng casp an gogitionahansde lormedant iedePor t he

present invention will becone nore apparent fromthe follow ng detail ed

expl anat i B#fagecef thaigubgtrate akeagyiiishes withtthetawsved suidaesl drhen.dae. BRI EF
DESCRI PTION OF THE DRAWNGS FIG 1 is a perspective view of a piano-convex
| ens f abr$emicenductioasubstiaieds plaasd inghé ielattradytbcailution swés thlowrasent

invention; FIG 2 is atop viewof the lens; FIG 3 is a sectional view of

t he | ens;curidat betiveen tise atiditioabi anewe ahd tisé cathode, thudestrserting thel ch t he
above lens is utilized; FIG 5 is a sectional view of an anodi zi ng

appar at Ushdttdrh istiffélch OF the kiipétrdtBeo aVRyRESdeth fRepAtiBRS A pbrivpRt hag:; FI GS.
6A to 6E are sectional views illustrating the steps of formng the |ens;

MG ygdg}s%gg:eﬁﬁ{ ABGeRAIMYE bditioR¥PporouETayét ih te BoREHT dufifdde?! e
additional porous layer is removed together with the additional anode to reveal
another curved surface on the bottom surface.

Moreover, it is preferably to decrease the current in the final stage of
developing the porous layer so as to give a smooth finish to the curved surface.
These and still other advantageous features of the present invention will

become more apparent from the following detailed explanation when taking in

cohjunction with the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective view of a plano-convex lens fabricated in accordance with
a first embodiment of the present invention;

FIG. 2 is a top view of the lens;

FIG. 3 is a sectional view of the lens;

FIG. 4 is a sectional view illustrating a device in which the above lens is utilized;
FIG. 5 is a sectional view of an anodizing apparatus utilized for making the
process of the present invention;

FIGS. 6A to 6E are sectional views illustrating the steps of forming the lens;




devel oped in the process of formng the lens; FIG 8 illustrates an anode
pattern fornmed on the bottom surface of the substrate; FIG 9 is a graph
illustrating a sectional surface profile of the lens fabricated in
accordance with an exanple of the abovesenbodinent; FIG 10 is a section of
anot her anodi zi ng apparatus which is utilized for making the process of
the present invention; FIG 11 is a perspective view of a piano-concave

| ens fabricated in accordance wth a second enbodi nent of the present

i nventi ong; &l .sect | j I ' of
form ng tﬁ!ad’;'@\s? ﬁaA}'ﬁ %’&%%%t@@‘é“gﬁ[ﬁ%tgéétn@é@ng{:fn\clz:'fge&éﬁlﬁérﬁ%g ‘?@F.ﬁ’%Bﬁhe

st eps of forrp'n a .doubl e-copvex.lens jn accordance with a third

enbodi menge\sef OP%%'%F“&%'HPGS? H%ﬁm'%, q:‘e&s, 14A to 14F are sectional views
i1 lustrat IE% the steps of f ' a_doubl e-concave | ens in accordance with

[ rmn
Hiilketratesran gao 8§’€%Eﬂ formed An e batiam sugface of tng-sybsirate;

a fourth

sectional views illustrating the steps of formng a concavo-convex lens in
accor dancElG 9 is agragh Hushiaib asectionalisysfasedsefile ofithe éeng tabricated in16A to
16E are sectional views illustrating the steps of formng a concavo-convex
| ens i n aacmordancewithtan examplehofdhb adioveremibdditmeat;pr esent i nvention; FIG
17 is a perspective view illustrating a non-circular |Iens which can be
fabri cat eflG.n GizcosdetireoidnidthenanpdigihgrippararRtwieith is BtilidddIor Mdldngo 18C
are sectional views illustrating the steps of formng a curved profile in

accor dancmevy_grbaegs gﬁm@sgﬁgﬁdéﬁ%ﬁ; of the present invention,,
FIG. 11 is a perspective view of a plano-concave lens fabricated in accordance
with a second embodiment of the present invention;
FIG. 12A to 12C are sectional views illustrating the steps of forming the lens;
FIG. 13A to 13G are sectional views illustrating the steps of forming a
double-convex lens in accordance with a third embodiment of the present
invention;
FIG. 14A to 14F are sectional views illustrating the steps of forming a
double-concave lens in accordance with a fourth embodiment of the present
invention;
FIG. 15A to 15F are sectional views illustrating the steps of forming a
concavo-convex lens in accordance with a fifth embodiment of the present
invention;
FIG. 16A to 16E are sectional views illustrating the steps of forming a
concavo-convex lens in accordance with a sixth embodiment of the present
invention;
FIG. 17 is a perspective view illustrating a non-circular lens which can bé

fabricated in accordance with the present invention;




and FIG 19 is a sectional viewillustrating the step of using a dielectric
mask for fabrication of a convex lens_gn accordance with a nodification of
t he above enbodi nent. DETAI LED DESCRI PTI ON OF EXEMPLARY EMBCODI MENTS
Referring to FIGS. 1 to 5, there is showmn a process of formng a curved

profile PIGS. $8At6 aBAUSIE0ectioRsl vighe iiid%t@ﬁﬁ@"dﬁ’é‘gfe?s%ftfbrrﬁi_nbid glryggbodi ment
of the present invention which is adapted in use for fabricCation of a

pi ano- conpexile Ireiscord@tc it eNéevahtie Bidimenteithkigibé&st ihgedtlyp. f abri cation
of the lens, and can be applied to devel op various curved surfaces on the

surface ohndlfRG. $&n8 acedtichalrviewtiaistatiag ties sfephsfi eaid anli@tcieVRaéM cr o
El ectro Mechanical Systens) or the like mcro structures. As shown in

FIGS. 1 tfor3abridationesfsa tomexdent irgacestdancdiaita amodificagonlof thapeevd  Wwhi ch
is utilized for nounting the lens in a device such as an optical sensor

200, whi cambsdonentt ypi cal application of the lens and is configured to have
a sensing elenent such as a pyroelectric elenment 210 to receive the |ight
through the lens, as shown in FIG 4. The lens is nade froma sem conduct or

mat eri al BEIAIBED BESCERIRT(GN)OF EXENMPLARY EGBODMWMENT® carbide (SiQ),
gal lium arsenide (GaAs), gallium phosphide (GaP), and indi um phosphi de
(I'nP). In this enbodinent, the sem conductor substrate 10 of p-type Si is

utilized Refdreihgite @St heo D, 8ngre iS8NYRN d Srasedy obRIRFAY HeupR@fpistld on of
the substrate. The anodi zation is nmade by use. of an anodizi ng apparatus

100 whi chon asseshieondidtoFbGosthate it aceordbngs weh 4 frspletiiodiPent Betheubst rate 10
within a volunme of an electrolyte solution 140, and which is configured to
be equi pppasent mventieywhithois dRdtédin nsafdrdabidatioh &fa plaAblddnvex

lens. The present invention is not limited to the fabrication of the lens, and can

be applied to develop various curved surfaces on the surface of the

semiconductor substrate for fabrication of MEMS (Micro Electro Mechanical

Systems) or the like micro structures.

As shown in FIGS. 1 to 3, the lens L is configured to have an integral flange F
which is utilized for mounting the lens in a device such as an optical sensor
200, which is one typical application of the lens and is configured to have a
sensing element such as a pyroelectric element 210 {o receive the light

through the lens, as shown in FIG. 4.

The lens is made from a semiconductor material such as, silicon (Si),
germanium (Ge), silicon carbide (SiC), gallium arsenide (GaAs), gallium
phosphide (GaP), and indium phosphide (InP). In this embodiment, the
semiconductor substrate 10 of p-type Si is utilized to fabricate the plano-
convex lens by selective anodization of the substrate. The anodization is
made by use. of an anodizing apparatus 100 which, as shown in FIG. 5, is

configured to place




current flow ng between an anodic el ectrode 120 and a cat hode 110 i nmersed
in the solution. The anodic electrode 420 is held in contact with the
bottom surface of substrate 10 in order to advance the anodization to a
varying extent in the top surface opposed to the cathode 110. The anodic

el ect r odeth2€ulmstchte 40hwitids a vdlOmerdsf droélbcimdife eflutdbmiBouamd Whidhiss
enbodi nent, the substrate 10 is selected to have a | ow resi stance of

sever al obonfarmed teberesyujphehivith@ eguitad 130futregslatibmot antdigstier s
(.0-cm). For exanple, a 0.5 mmthick flat p-type Si substrate 10 of 80 Qcm

i s shapeduirentdlawieg Ibebseéhaaugtodidelestrogs 120 drdGBcathwdieot REmMAbisek iRei ng
washed and cleaned, the substrate 10 is processed to have an electrically
conduct i vthe soletior (Thenanddic efedtrodebt2Q isrhedd irf emretatFhvith titBpottdinesiefrguct | ve
|l ayer 20 is F made of alum num for exanple, and is deposited by

spat t eri ngf substicte 10dn iondepte advanke tbebaodizatior @& a vahdng eatamiifk thentop
thickness of 1 pm Then, the layer 20 is etched to | eave a circul ar

openi ng 2guridcepopprstdaiosthercativodend t® Ehe dhedieeéectafdet 120 hndsathodes
fabricated to provide a consolidated structure in which the conductive

| ayer 20 #&9 areebotinmadedd plalinusin i ntegrated to the substrate 10 (FIG
6C). Subsequently, the substrate 10 is inmersed within the electrolyte
solution 140 in the anodi zing apparatus 100 with the conductive |ayer 20
or the anode phitthis embpdiroentatite subdiratéd 0as seiectesl lechavede (v Gesisidnts

foll owed by receiving an electric current flow ng between the anode pattern
and the chsdvedal dhio ceotimeters (o) esaveealt nmdseds ahm edntinhetertibst r at e
selectively in correspondence to the anode pattern, thereby devel oping a

porous | af(cn3OFdmexdrhplet afd.5 mirhahizkdlat bigps Shsubstrste MY 6FBEQ.&R)is The
electric current is regulated by the regulator 130 to have a -10-
pr edet er nsegrbdints thet leds tisicughahe 3pEBIFIBS. oA toeBRIMIter baiRg vidhenue for a
and cleaned, the substrate 10 is processed to have an electrically conductive
layer 20 on the entire bottom surface (FIG. 6B). The conductive layer 20 is
made of aluminum, for example, and is deposited by spattering or like
technique on the substrate 10 to have a uniform thickness of 1 ym. Then, the
layer 20 is etched to leave a circular opening 22 of 2 mm diameter to match a
diameter of the lens to be fabricated to provide a consolidated structure in
which the conductive layer 20 defines an anode pattern integrated to the
substrate 10 (FIG. 6C). Subsequently, the substrate 10 is immersed within the
electrolyte solution 140 in the anodizing apparatus 100 with the conductive
tayer 20 or the anode pattern in contact with the anodic electrode 120 and is
followed by receiving an electric current flowing between the anode pattern and
the cathode 110 so as to anodize the top surface of the substrate selectively in
correspondence to the anode pattern, thereby developing a porous layer 30 in
the top surface of the substrate 10 (FIG. 6D). The electric current is regulated

by the regulator 130 to have a




predeterm ned period of 120 m nutes, for exanple. Thereafter, the porous
| ayer 30 and the conductive |ayer 20 are etched out to obtain the |ens

(FIG 6E). The electrolyte solution utilized is an aqueous sol ution of

hydrogen fluoride (HF) and ethanol mxed in a suitable ratio. In the

anodi zat i predsteceised durent dehsity 6030 alEIre aor eRagioldtind &ftirdledera Si + 2HF
+ (2-n) h" -> SIF2 +2H + ne' SIiF242HF - SiF4+2H + H2 SiF4 + 2HF ->

Si H2F6 whereddiermiesdtpesiod ¢fdl20 mmlites, dJenexamplen TAbRRIflePNthe/Fors@omyes t he Si
substrate 10 is anodically oxidized, the oxidized portion is renoved by
reaction 3fiand theeosdectivelayee 20 alratstchedsoutas dotaihdhs terish@1G0B6BYSTHayer 30
in the surface of the substrate 10. Accordingly, the anodi zati on proceeds
wi t hout belentrohde aolikion Ulilizede axiadueeas polutiomof hydiogenrfakeiglei (HR)@sgi bl e to
devel op the porous |layer 30 having a greater depth, and therefore enable
to fabricatr@ncheixethin asuitablatratiel lp thgeeadizatioe bnesss, theefollowirgy cur ved
profile of considerable depth. As schematically shown in FIG 7A, an

i n- pl ane ehemigal cedationd take plageh or current density is variably

di stributed in coincidence with the anode pattern. In the figure, the
lines with black arrows indicate paths of the positive current flow ng

t hrough the suBs#2HE+12;n)viibeSiFae 2iHheqati th white arrows indicate the
pat hs of the electrons flow ng through the substrate 10. Since the in-plane
current density becomes denser towards the periphery of the opening 22 than

at the center GiFi-heHFPENBIRY.+ PREw@sul ting porous layer 30 has a
continuously varying depth which is greater towards the periphery of

opening 22 than at the -11- center of the opening. Consequently, the
pi ano- convex | giF, + gHeLLAgrEE by renoval of the porous |ayer 30 and the
anode pattern or the conductive |ayer 20.

where h* denotes a hole and e” denotes an electron. As soon as the Si
substrate 10 is anodically oxidized, the oxidized portion is removed by reaction
with the electrolyte solution so as to leave the porous layer 30 in the surface of
the substrate 10. Accordingly, the anodization proceeds without being retarded
by the oxidized portion, which makes it possible to develop the porous layer 30
having a greater depth, and therefore enable to fabricate the lens of relatively

great thickness, i.e., the curved profile of considerable depth.

As schematically shown in FIG. 7A, an in-plane electric field strength or
current density is variably distributed in coincidence with the anode pattern. In
the figure, the lines with black arrows indicate paths of the positive current
flowing through the substrate 10, while the lines with white arrows indicate the
paths of the electrons flowing through the substrate 10. Since the in-plane
current density becomes denser towards the periphery of the opening 22 than
at the center of the opening, the resulting porous layer 30 has a continuously

varying depth which is greater towards the periphery of opening 22 than at the




The distribution of the in-plane electric field strength will be determ ned
primarily by the anode pattern, and secondarily by the resistivity and the
t hi ckness of the substrate 10, resistance of the electrolyte solution 140,
a distance between the substrate 10 agq _the cathode 110, and a pl anar
configuration of the cathode 110 (i.e. cathode arrangenent in a plane
parallel to the substrate). Accordingly, it is readily possible to give
any desired surface profile by suitably selecting these paraneters in

combi nat i gk §inbseh wgeve@né&[ P9 VBRI BSiRalBEy o noe the

anodi zati on pr ocee brO ayer contl nuous out
Phen % b uBhicSL e peols 8yl 8hd ity §f§é§%5§ offbat ff‘?n‘%s";{ksﬂﬁ"@g?e AR

| t it f.t
e e é%trﬁb%?@nfcﬁgﬁgﬁiﬁ@eoelem@ ElCstenoth il e b minatp BN Sy ust ed

by the concentration of the aqueous sol ution of hydrogen fluoride (HF)
and/ or bypyathengnadegpatigmoand seropdardy ioe reﬁ’ﬁ@“h’a@%ﬂlﬁ thigknegs déhelesi gned
to have a pattern in exact coincident with the anode pattern as shown in
FI G 7A, substrate h@yresistpace of the eleoindlyte sdlotioppd4d; agistantwbetveeemthet s 112
are offset slightly towards the center of the opening 22 of the anode

pat tern igubstriatean@ aparihklcathdde 110cardapiamdrachfigusstiosnoitheicattidde 1¥B. The
of fset anmpbunt can be adjusted in relation with the current density as well

as the digbagsifole driagenisitinbldfe phfalleh® feoslivaMtate)) Povordinglyl s

regul ator 130 acts to Keep the current density at a constant |evel.

However, rbédi(jfp@%é?ﬁl%&é%ﬂe’aﬂ dREIr88SBiIrfabe prof éWsul @féélécﬁﬁ ‘EH&%' y ina

final stage e ano zat| n process I n or respondi ngly

decr ease Ié}ﬁﬂ{ee?érg cpﬂﬁ:éﬁ%f?cﬂ'\s RantthE 2pBL8 lb%tljeﬁéfer It %ﬂﬁulw 5&? nB@dshen]eztﬁat The

t echni queP can have a'fiore 'snpodth surface finls
gregul ati os.rllnc(:)ef thehano éarltleonnt pPoecrése'dg o devg%perhe%orrrgﬂ]s' a?(ré'r W rqu%ucsy WiRtbut eve!
being retarded by otherwise appearing oxidized portions in the substrate, the
thick lens or thick curved profile can be easily fabricated in a single anodization
process, which enhances flexibility of the curved surface design.
The resistance of the electrolytic solution can be adjusted by the
concentration of the aqueous solution of hydrogen fluoride (HF) and/or by a
mixing ratio of HF to ethanol.’ The cathode 110 may be designed to have a
pattern in exact coincident with the anode pattern as shown in FIG. 7A, or io
have a pattern in which the opposing cathode elements 1_12 are offset slightly
towards the center of the opening 22 of the anode pattern in a plane parallel to
the substrate 10, as shown in FIG. 7B. The offset amount can be adjusted in
relation with the current density as well as the distance to the substrate 10.
In the anodization process, the regulator 130 acts to keep the current
density at a constant level. However, it is preferably to decrease the current

density gradually in a final stage of the anodization process in order to

correspondingly decrease the rate of developing the porous layer 30. With this




voltage | evel. The renoval of the porous |ayer 30 and the conductive |ayer
20 can be made by use of an alkali solution such as KOH, NaCH and TMAH
(tetramethyl ammoni um hydrooxi de) or HF solution. EXAMPLE A 100 nm

di aneter p-type Si substrate 10 of 0.5 gqlthick and 80 Qxm resistivity was
formed on its bottomsurface with a 1 mthick alum num conductive |ayer 20
by spattering. After sintering the conductive |ayer 20 at 420C for 20

m nutes, the |ayer 20 was nasked by photolithography with a resist pattern

having a plural ity of w.ndgws_of mm di aneter. Then, the. un ked portion
of 'the coffatoiire thelnelig s Sap dalE 0% 5TIshearrR RISy 3 2 i

di anet er l%)epeni ngs iE t he coaduc_ti_\/e I&égr, as, shown in FIG 8. After being
removed o ! it8e cYHePEARNSILE Naade Py Jpeniigiingbefuren 1e¥elOke anodi zi ng
apparatus of FIG 5 containing the electrolytic solution conprised of an
1:1 rati ovoliggetlgvel. of a 50% aqueous sol ution of hydrogen fluoride (HF) and
et hanol . Then, the substrate was anodi zed at current density of 30 mA/cn®
for 3 hours. Thdherremdval afitheopaross layer3Bandite tenduttive layer2tcan Benm

thick at the portion corresponding to the conductive |ayer 20 and to have

a decr easimadetdy udenesan alkaliaotitionisioheas KOHNAOE anbTMVAH 2Rtiamethpl ane
parallel to the substrate. The porous |ayer 30 and the conductive |ayer 20

are then gnghafuRtiydiyoadd03e HEGMRRIEN. SOl ution of KOH over a period of 15
m nutes, thereby formng a plurality of piano-convex |enses. The substrate

10 was then cut out into a plurality of the -13- lens. The etching rate of
renovi ng the porous |layer 30 was nore than 10 tines than that of renoving

t he subst - Accordingly, only the porous |layer 30 was selectively
et ched ou%ghv\ml:ll‘%keepi ng the substrate intact. Thus forned | ens

A 100 mm diameter p-type Si substrate 10 of 0.5 mm thick and 80 Q-cm
resistivity was formed on its bottom surface with a 1 um thick aluminum
conductive layer 20 by spattering. After sintering the conductive layer 20 at
420°C for 20 minutes, the layer 20 was masked by photolithography with a resist
pattern having a plurality of windows of 2 mm diameter. Then, the unmasked
portion of the conductive layer 20 was etched out to form a plurality of 2 mm
diameter openings in the conductive layer, as shown in FIG. 8. Aiter being
removed of the resist pattern, the substrate 10 was placed in the anodizing
apparatus of FIG. 5 containing the electrolytic solution comprised of an 1:1 ratio
mixture of a 50% aqueous solution of hydrogen fluoride (HF) and ethanol. Then,
the substrate was anodized at current density of 30 mA/cm? for 3 hours. The
resulting porous layer 30 was found to have a 0.3 mm thick at the portion
corresponding to the conductive layer 20 and to have a decreasing thickness
towards the center of the opening 22 in a plane parallel to the substrate. The
porous layer 30 and the conductive layer 20 are then etched out by a 10%
aqueous solution of KOH over a period of 15 minutes, thereby forming a plurality

of plano-convex lenses. The substrate 10 was then cut out into a plurality of the




were each configured to have a | ens thickness of 0.195 mmwth a profile
showmn in FIG 9. FIG 10 illustrates another anodi zi ng apparatus 100A
which is equally wutilized for fabrication of the | ens. The apparatus 100A
is basically identical with that of EI1§ 5 except that the substrate 10 is
di sposed centrally within the electrolytic solution 140, and that the

cat hode 11 OA and the anodic el ectrode 120A are di sposed on the opposite
sides of the vertically supported substrate 10. Second Enbodi nent FIGS. 11

and 12 il]ustrate the process of fabricating . a piano-concave lens. L in
Sccor dancle® | e B SRt SisBRa e RoRNS 18y Bl Ras ThaR Pan T imene
present invention, the sem conductor substrate 10 is fornmed on its bottom
surface wiham that ahwsmeoviag the sukdirgedfy dicorrdinglyapnbitheParpus [aveF 3@nodes 20
in a pattern anal ogous to that shown in FIG 8. For sinplicity, only

si ngl e anwas sgtectivelystohed put whiss keepingdhe subBtrataintacinodbug formmed lens
responsible for formng a concave profile in the opposing top surface of
t he substweteedéh byniiguurddatiave a iend thicknesoehl. 186 rmimewitie suprofilegshmavious
“layers 30 in the |like manner as discussed wth reference to the first
enbodi menjh.FIGh&, is, during the anodi zi ng process, the porous |ayer 30
develops in the top surface at a portion opposed to each anode 20 to have

a depth which i r egt : han at
F16" ggﬁnﬁ,gs;ﬁag%aﬁémbh@nsam% Hardffd CORWHIGIR eii%l

t he periphery there wn in FIG 1 Then, the porous | aye 30 and

h d i i e -14-
e, anods e RhFREfof i 1Has Ol MR ARRTRIR RIGIIAY Bohfice Vit - 14
i oo o b A el et T B BEBReS bR RUPAER 71" ! oo
doubl e- Cogl\éce:’gl('ollygcr:] Séo'ﬁtilog 140, and that the cathode 110A and the anodic electrode

120A are disposed on the opposite sides of the vertically supported substrate 10.

Second Embodiment

FIGS. 11 and 12 illustrate the process of fabricating a plano-concave lens
L in accordance with the second embodiment of the present invention. in the
present invention, the semiconductor substrate 10 is formed on its bottom
surface with an anode patitern composed of a plurality of circular anodes 20 in a
pattern analogous to that shown in FIG. 8. For simplicity, only single anode 20
is shown in FIGS. 12A and 12B. Each anode 20 is responsible for forming a
concave profile in the opposing top surface of the substrate 10 by anodization
and by removal of the resulting porous layers 30 in the like manner as discussed
with reference to the first embodiment. That is, during the ancdizing process,
the porous layer 30 develops in the top surface at a portion opposed to each
anode 20 to have a depth which is greater towards the center of each electrode
20 than at the periphery thereof, as shown in FIG. 12B. Then, the porous layer

30 and the anode 20 are etched out to uncover the concave profile in the top




accordance with the third enbodi nent of the present invention which is
simlar to the first enbodi nent except for inclusion of additional

anodi zation process. Firstly, the substrate 10 is forned in its top
surface with the convex profile throgqﬁ_ﬁhe steps as described in the
first enbodi nent and as shown in FIGS. "13A to 13D. Then, an additional
conductive layer 24 with a plurality of additional circular openings 26 is
deposited on the top surface with each of the additional circular openings

26 being disposed in copncentric with th | r eady_f or conve rotjle as
shown | 5 SEECEGEne S BRATEEN 0,5 Shown Gl BEG" Therer, BRemiang e 1P
shown for sinplicity. _S,ubsequentI¥ the substrate 10 i s anodi zed to devel op
an addi tiSSRIoup R indiyidyal pigges At HePIBEPICOMVERIANSES- of the substrate 10,
as shown in FIG 13F. The additional porous |ayer 34 is etched out
together with the additional conductive |ayer 24 to obtain the

doubl e-convex lens L, as shown in FIG 13G .In this manner, the double
convex | ens can be obtai ned si nplThidgdyEmbddimentanot her anodi zati on process.
Fourth Enmbodinment FIG 14 illustrates the process of fabricating a

doubl e- concavo Higng3lilugirates iy grveees \uf fabridaging eudbublerdopseridis Riint he
present invention which is simlar to the second enbodi nent except for

addi ng angtdipHaRtORitRdhé MirPERBRY el iBof th?%’i@séﬁ‘t iﬁwéﬁionlﬂﬁcms %ﬂﬁaﬁtbe

substrate 10 is formed with a plurality of ‘concave profiles (only one

bei ng Shoyg 181 ebBRi&rt! el ehfid: oil OB D ARRRIAY ahBiRliGH BRgeest>

descri bed I'n € Secon ment . Then, the entire
top surface pf .the substrate 10 is.covered a dielectri 40 of a
bolt b o FiisiBe e SuBstp RS ot d BB R Byfoduith e sbhlex PRae oo que
such as CVD chem cal vapor depositign). The.nmask 40 may be f a
materal 6 L5Ps Ak dascr et o g TR R SR obanaR Shate &GS,
Thereafter, the mask 40 is ) )

13A to 13D. Then, an additional conductive layer 24 with a plurality of additional

circular openings 26 is deposited on the top surface with each of the additional
circular openings 26 being disposed in concentric with the already formed convex
profile as shown in FIG. 13E, in which only one additional circular opening 26 is
shown for simplicity. Subsequently, the substrate 10 is anodized to develop an
additional porous layer 34 in the bottom surface of the substrate 10, as shown in
FiG. 13F. The additional porous layer 34 is etched out together with the
additional conductive layer 24 o obtain the double-convex lens L, as shown in
FIG. 13G. In this manner, the double convex lens can be obtained simply by
adding another anodization process.
Fourth Embodiment

FIG. 14 Hlustrates the process of fabricating a double-concavo lens L in
accordance with the fourth embodiment of the present invention which is similar
to the second embodiment except for adding another anodization process. As
shown in FIGS. 14A to 14C, the substrate 10 is formed with a plurality of concave

profiles (only one being shown for simplicity) in the top surface by the process




etched in the center of each concave profile to | eave an opening thereat.
An additional conductive |ayer 24 of alumnumis then deposited over the
entire mask 40 to provide a center anode 25 in the opening of the mask for
direct contact with the center of eacgsqpncave profile, as shown in FIG
14E. Subsequently, the substrate 10 is~anodi zed to devel op an additi onal
porous layer 34 in the bottom surface which is concentric with the center
anode 25. Finally, the additional porous |layer 34 is etched out together

with the conducti.ve | ayer 24 and the k 40 to obtaln t ubl e- concavo
Monses - draacipedtit T, B45ond cmbBomatt i e, o5 rudy ndoies iR, 1% efied *1ar
Fifth Enbodinent FIG 15 illustrates the process of fabricating a

concavo- ciemaifacerf the subsikaiedthisecamered by diefagirie maski4R:0h a stitable present
i nvention which is simlar to the first and second enbodi mnents except for
maki ng t higickness Zfar esample, @O0 M kiekravep fitrh dorsaing dechnigee such asKeVPop and
bottom surfaces. As shown in FIGS. 15A to 15C, the substrate 10 is forned
with a pl{echahicsl vaipor depasition). ofTHeemaSkdOymay e imadeef shoaterfabisekectgd i city)
in the top surface of the substrate 10 in nuch the sane manner as in the

second enfped Agriup dditistingofBid,! SINaAnE SITIUCThyRafteAVtRE rddsk 40 ¢eposi ted on
the top surface of the substrate 10 foll owed by being etched to | eave a

bl ur al | t Yeteheaddtrid edtibr 61 644 Bn@ARNBRAIZR 1BAIE dribotilig Ridiba VAkh Lhe

al ready forned concave profile, as shown in FIG 15 Each opening -16- 26

s Jf renshaifehdidohlene (ArBA B ARhAll) i MeFidiosbayE e Bfuih®

correspondi ng concave pro sequent rate I'S "anodi zed

t d I ddi ti. I I . in the bott f '

cor r osporiask A0 RVERH cAREASal §¥5iin e OREnERIAI RHSHEET oEREN [,
which the additignal |ayers, 34 are etched, out to ethelgé/vit t he additi onal
conductixﬁé’ﬂt%%I”%?ﬂ’ec%e e[, af eaen epncave profile, as shown in FIG. 14E.

Subsequently, the substrate 10 is anodized to develop an additional porous layer
34 in the bottom surface which is concentric with the center anode 25. Finally,
the additional porous layer 34 is etched out together with the conductive layer 24
and the mask 40 to obtain the double-concavo lenses L which are cut into the
individual pieces, as shown in FIG. 14F.
Fifth Embodiment

FIG. 15 illustrates the process of fabricating a concavo-convex lens in
accordance with the fifth embodiment of the present invention which is similar to
the first and second embodiments except for making the ancdization twice to
develop the porous layers in the top and bottom surfaces. As shown in FIGS.
15A 1o 15.C, the substrate 10 is formed with a plurality of concave profiles (only
one being shown for simplicity) in the top surface of the substrate 10 in much the
same manner as in the second embodiment. Then, an additional conductive
layer 24 is deposited on the top surface of the substrate 10 followed by being
etched to leave a plurality of additional circular opening 26 each in concentric

with the already formed concave profile, as shown in FIG. 15D. Each opening




structure of the concavo-convex profile as showm in FIG 15F. Sixth
Enbodinent FIG 16 illustrates an alternative process of fabricating a
concavo-convex lens in accordance with the sixth enbodi nent of the present
i nvention which is simlar to the fi[h%_enbodinent except for the order of
t he anodi zation processes. As shown in~FIGS. 16A to 16C, the substrate 10
Is formed with a plurality of convex profiles (only one being shown for
sinplicity) in the top surface of the substrate 10 in much the same nanner
as in the first enbodi t. Thep, a dditional conduciive layer 24 is
foposi { a2 GERPTORRATR e adidmeter BBty o&Rier e rtet Bec” Each
additional layer 24 is dinensioned to have a dianeter |ess than that of
each cor r é¥pRIRANNG eoneaveRrefila. e Sifpacseptydbpsubstiatel0 iyanedigds iy an
addi ti onal porous layer 34 concentric with the convex profile in the

anodi zat i develep asrasiditional po@uslieper Rdbe hattanhsurfase |eacg<j1n SEHESPYIIANGSor ous

| ayers 34 is etched out together with the additional conductive |ayers 24
to gi ve awitheach cohcacee prafilefas bieown it &i@- tobyvaiterpwioithltee additionahlayard-| G
16E. FIG 17 illustrates a cylindrical lens L which can be equally

fabri cat eglq bfe cttpeer slanegeitel WithitRe RideiRRINa bﬂﬁ@ur&tivéﬂaymw’rﬁiklé nBe $ineh
non-circular lens, the opening in the conductive |ayer or the nmask covered

by the coffudlife’sr thd¥dncals-congeL Préfle B8 dHRmirmanIGI 5 @ pl ane parallel to
the surface of the substrate. Seventh Enbodi nment -17- FIG 18 illustrates

anot her process of formng a cur\deﬁ,q the substrate 10 in
accordance with the seventh enbo |nga¢%é?8ﬁ1%ﬂpresent I nvention which is

simlar to the fir .enhodi nent_.except. for r.mat.i f r
surface whi oh FGATBIREREReT B BhEdrateby Sg RN B e B ko B tuc i ve
| aYer 20 of ) ot SordERE Wi sk oSSR 4 RS Bront I cPHBR WhR 10 20

similar to the fifth embodiment except for the order of the anodization processes.
As shown in FIGS. 16A to 16C, the substrate 10 is formed with a plurality of
convex profiles (only one being shown for simplicity) in the top surface of the
substrate 10 in much the same manner as in the first embodiment. Then, an
additional conductive layer 24 is deposited on top of each convex profile as
shown in FIG. 16C. Each additional layer 24 is dimensioned to have a diameter
less than that of each corresponding convex profile and is responsible for
developing an additional porous layer 34 concentric with the convex profile in the
anodization, as shown in FIG. 16D. Each of the resulting additional porous layers
34 is etched out together with the additional conductive layers 24 to give a final
structure of the concavo-convex profile as shown in FIG. 16E.

FIG. 17 illustrates a cylindrical lens L which can be équally fabricated in
accordance with the present invention. When making such non-circular lens,
the opening in the conductive layer or the mask covered by the conductive layer
is shaped io be rectangular in a plane paraliel to the surface of the substrate.

Seventh Embodiment




etched to have openings 22 of different dinensions, giving an anode pattern
consolidated to the substrate 10 (FIG 18A). Then, the substrate 10 is
anodi zed to develop a porous layer 30 in the top surface (FIG 18B). The
resulting porous |ayer 30 has a cont[ggqpsly varying depth at portions
respectively opposed to the openings . Subsequently, the porous |ayer 30
and the conductive layer 20 are etched out to give the substrate 10
finished with the curved surface (FIG 18C). Although the convex profile

i s explained t e faorned by use of the nductive | ayver wth i rcul ar
opening in the?:algng 'm@i?%ﬁﬁqwiﬁ%@ﬁmi%ﬁw %ﬁ%aorg@%
interpreted not to be limted thereto but to enco as? a scheme of .using a
di el eot ri SuhgiEAe 36 IMACSBIAANeRIWIETNG Sovanta cEURRAIREN, B theReSop! INVaRta o
in FIG 19. The dielectric mask 50 is deposited on the bottom surface of

t he substwhich is 8imiartodhe firsiterabpdimant except ios o farmetion af @ecyrvednded
convex profile, while the conductive |ayer 20 is deposited over the mask
50 to covsurfddeewhithris aceombinttien otfilcenvenes eidiffergnt sizdser fogorudiiotivei ng a
distribution of varying electric filed intensity for devel oping the porous

layer 30 |a{e20 oniAl G/a8pdsiRd OO BoRSthallyface dffike sabsweateptand és i n t he
anodi zi ng process. The dielectric mask is selected froma group consisting

of Si02, C@ENg?%?ﬁlg@F ?@ﬁ%df?_i’@@&ﬁﬂ@fr@rﬂ difienkltsS 4Raid ah @nbie et echni que

such as I't shoul'd be noted here that the above
resent | PSR BPEERE SESrRRE TS (PR 1a, FHRRENTE LUsciPHEReNs sMeEidee.
Choul d beld IRGISH Brtors T ABHIAThE RS qurBte it el TheTepnhg persue”
Bl ectrol yitaiygr gglh%tsi e? gor%?nsulgug \Sre?rtyfanrgl &L,pthsait plg'?ﬁ%sH?egBeg{i\ll\ély opposed to the
openings 22. Subsequently, the porous layer 30 and the conductive layer 20
are etched out to give the substrate 10 finished with the curved surface (FIG.
18C).
Although the convex profile is explained to be formed by use of the
conductive layer with a circular opening in the above embodiment, the present
invention should be interpreted not to be limited thereto but to encompass a
scheme of using a dielectric mask 50 in combination with the conductive layer 20,
as shown in FIG. 19. The dielectric mask 50 is deposited on the bottom surface
of the substrate 10 partially at a portion corresponding to the intended convex
profile, while the conductive layer 20 is deposited over the mask 50 to cover the
suriace of the substrate entirely, thereby achieving a distribution of varying
electric filed intensity for developing the porous layer 30 of a configuration
complementary to the convex profile in the anodizing process. The dielectric

mask is selected from a group consisting of SiOz, SiN, and SiC and is deposited

on the substrate by know technique such as CVD or the like.




Ge HCl: C2H50H Si02, SIN, SiC sic HF: CH50H SiN GaAs HCl Si02, SIN, SiC
GP H2SO4 Si02, SIN, SiC InP HCO Si02, SiN, SiCthe use of the silicon
substrate but to allow the use of other sem conductor materials in
conbination with specific electrolyte ﬁgl ution as shown in the table
below. In the above table, the nmask nat&rial available in conbination of
the sem conductor material and the electrolytic solution are listed. -19-
CLAIMS-1. A process of formng a curved profile on a sem conduct or
substrate, sai ro S onprisjng.the steps of pr ai

seni conduct or M&Lﬂﬁf@@ né‘%ﬁnﬁsfeatﬂagy'%al?@\é%g rﬁeg& ’Hﬂgﬁmp € opposed
to each other, form ng an anode on said bottom surface, placing said

seni condURita¥n anlyder exemplardnpdipeserasid the preseamnt 'Bﬁenﬁ'Q’bW’hgeé‘tlgéﬁ’q it

bet ween said anode and a cathode within said solution to convert the top
sur f ace gfroviging varcus ciirwed sufacapydiilg ateipersemiconguetor substraleporti ons,

| eaving a porous |layer in said top surface; and renoving said porous |ayer

from sai d substFusther,tthelprasentanveantioadsimuid bedntenpieded ta be noslimitadéo wher ei n
said anode is deposited on said bottomsurface to provide a consolidated

ot regﬁ;J;ﬁ?@[&génpgg@g@ﬁ%tgnaﬁﬁC;]E?eamy{iéigoaaﬁsﬁedete MdSRthdhetdrdfurTom gf an
i HF:CoHs0OH SiN
Ge HCI: CoHsOH Si0,, SiN, SiC
SiC HF: C.HsOH SiN
GaAs HCI SiO,, SiN, SiC
GaP H-S0, Si0,, SiN, SiC
InP HCI Si0O,, SiN, SIiC

the use of the silicon substrate but to allow the use of other semiconductor
materials in combination with specific electrolyte solution as shown in the table

below.

In the above table, the mask material available in combination of the

semiconductor material and the electrolytic solution are listed.




varies fromportion to portions of said substrate across said top and
bottom surfaces of said substrate, thereby providing said porous |ayer
having the varying depth in order to_jgatch the distribution of said
electric field intensity, wherein sa|& anode is forned partially on said
bottom surface of the sem conductor substrate to provide a predeterm ned
anode patt qﬂghlch defines said predeterm ned distribution of said

el ectric Fﬁ@i intensity, and wherein | said anode pattern is forned by
the steps of., depositing an electrically conductive |ayer on the bottom
surface of said substrate; renoving a portion of said conductive |ayer to

form a corr & prvessf fammingi engined safilon @ seriooiducier Subseate, sakfprodessA pr ocess
of formng a curvedgp(rfgfil on a sem conductor substrate, said process
conpri si ng tfERIFRG LG ‘eparing said sem conduct or substrate having a

top sur f acepapdiy bl dehibariiibBFSbsPRE RaARk 4 B AR botbf Birfgean anode

on said bottom surface; placing sal sem con uctor substrate in

el ectrol yteOBmsedeﬁﬂdh@mamg a cathode; flowing a current bet Ween sai d
anode and sai d cathode to convert the top surface of said substrate to a
varyi ng depfdming@manods omsaid bottgposurfaces, | eavi ng a porous layer in said top
surface; and renoving said porous |ayer fromsaid substrate to | eave a

curved sur f plaeingsaid sérdiconducics sulfstrate, in aheleetiotssiigioanode is deposited on
said bottom surface to provide a consolidated structure and is configured

to provide fowingdetresntbetaded ssitl bhdds arei efthcais withighid seiufibrefotedniéensi ty
the top surface of said substrate fo a varying depth from portions to portions, leaving
a porous layer in said top surface; and

removing said porous layer from said substrate to leave a curved surface on said top
surface,

wherein

said anode is deposited on said bottom surface to provide a consolidated structure
and is configured to provide a predetermined distribution of an electric field intensity which
varies from portion to portions of said substrate across said top and bottom surfaces of
said substrate, thereby providing said porous layer having the varying depth in order to
match the distribution of said electric field intensity,

wherein

said anode is formed partially on said bottom surface of the semiconductor
substrate fo provide a predetermined anode pattem which defines said predetermined
distribution of said electric field intensity, and

wherein

said anode pattem is formed by the steps of:

depositing an electrically conductive layer on the bottom surface of said substrate;
removing a portion of said conductive layer to form a comesponding opening in said

conductive layer.




whi ch varies fromportion to portions of said substrate across said top and
bottom surfaces of said substrate, thereby providing said porous |ayer
having the varying depth to match the,adistribution of said electric field
intensity, and wherein said anode is forned on the bottom surface of said
sem conduct @r Aphsessiidominga cuvel] bt bif b serfReHdUMr Slibsirate SaidBeceRr tial Iy
on said botto surfac<?_ to realize said predeterm ned distribution of said
el ectri@n?qné‘f‘g]therﬁt%ﬁsq{y. 3. The process as set forth in claim2, wherein
said mask is forned. the steps of. prqviding a dielectric |ayer on the
entire bott 8?%%”?9%?5@&?5?'@8"0 W'%ﬁgﬂ\ﬂ'ﬂ%‘?‘ torSyiase ande batieRpsirfagea porti on
of sai thgpbsdBlettifothayer to | eave said mask on the bottom surface of said
sem conductor substrate. 4. The process asset forth in claim?2, wherein

sai d sem Cofgiriy®ih ahBlS bh 84 bbonTedeicel silicon, and said dielectric |ayer

is made of silicon oxide or silicon nitride. -21- 5. A process of form ng
a curved pr gk ) : ' r. gnprising the
st eps of. IOp %%Q§?ﬂgsg'2?%§'qas‘§%?gon u%t’@#'@%%@ﬁ%?@%g\?gwgﬁ§%$t888%urface and a
bottom sur§ag er 1 ' n_ano n sai.d bottom
surface; pl g@ﬁﬁ%ggal g g%%%ﬁ%%ﬁgﬁ%&ré éﬂ&ﬁgﬁ%}h@g?ﬁowv r?%'@?‘?%fswaé’ngl ution

havi ng saidsabsteieto a Varging deptiafror poriots  poriesd) lsaeihg aporils 1and iridtogat hode to
convert the top surface of said substrate to a varying depth from portions

to por tYB#E; @M %aving a porous layer in said top surface: and renoving said

porous |ayer fromsaid substrate to | eave a curved surface on said top
removing said porous iayer from said substrate to leave a curved surface on said top

surface,

wherein said anode is deposited on said bottom surface to provide a consolidated
sfructure and is configured to provide a predetermined distribution of an electric field intensity
which varies from portion to portions of said substrate across said top and bottom surfaces of
said substrate, thereby providing said porous layer having the varying depth to match the
distribution of said electric field intensity, and

wherein said anode is formed on the bottom surface of said semiconductor substrate
over a dielectric mask which is formed partially on said bottom surface to realize said
predetermined distribution of said electric field intensity.

3. The process as set forth in claim 2, wherein
said mask is fomed by the steps of:

providing a dielectric layer on the entire bottom surface of said semiconductor
substrate;

removing a portion of said dielectric [ayer to leave said mask on the bottom surface of

said semiconductor substrate.

4. The process as set forth in claim 2, wherein
said semiconductor substrate is made of silicon, and said dielectric layer is made of

silicon oxide or silicon nitride.




surface, wherein said anode is deposited on said bottom surface to provide
a consolidated structure and is configured to provide a predeterm ned
distribution of an electric field i nt_grlls_i ty which varies fromportion to
portions of said substrate across said top and bottom surfaces of said
substrate, Bherfepypcgsef forining atinedprsfizish d Sysicordaviondibstiste \Raldtrb@sgdept h to
match the distribution of said electric field intensity, said process

furt herWﬁ'Uﬂg’oeSﬁPéQgt eps of forming an additional anode partially on said
top surface of said sem conductor substrate finished wth said curved
surface; pl SRFERAING said seicPadicing sulptrata having attep suifaseprad abeltam ol yte sol uti on;

flow n%&ﬁ?ﬁgﬁ,ﬁ’%?édtg%wsﬁeﬁai d additional anode and said cathode within

sai d 0 conver he bottom surface of said substrate to a varying

depth from 98%%@%@350?6&3%%%%@?@88@ ving an additional porous l|ayer in

sai d bottom sur n *addi ti onal porous |ayer and said
addi ti onal f i substrate to |eave another. curved surface on
said bott omﬁ%&?@@%&fﬁgd&%@é eranse&CﬁaWtsﬂmﬁWhlgﬁW@@r@%?ﬂdsecl aims 1,
2,5 and 8, erein sai em conductor suhstrate is made of siljicon, and

sai d el ect r\cllgwg as%"ﬁf'ﬁ@iw‘?% gﬁngaﬂigﬂﬁgifestgpg@\{qﬁh%ﬁopm%qn

fluori dgid suBgirate/to ahRfyiRy Q&9 forA ofiBis tb Poibng, léa@iﬁ% ?%%L@fl?jérﬁiéﬁdtap 2,5 and
8, wherein said sem conductor substrate is nade a p-type sem conductor.
8. A prsgdeessaed fornming a curved profile on a semconductor substrate, said
process conprising the steps of. preparing said sem conductor substrate

havi ng a t ofgnxayingsaid panelisdayeo frorosaid substatsdo igape aedrved serdack ontshiditop f or mi ng
an ano%%rfé)o% said bottom surface;

wherein said anode is deposited on said bottom surface to provide a consolidated
structure and is configured to provide a predetermined distribution of an electric field intensity
which varies from portion to portions of said substrate across said top and bottom surfaces of
said substrate, thereby providing said porous layer having the varying depth to match the
distribution of said eleciric field intensity,

said process further includes the steps of:

forming an additional ancde partially on said top surface of said semiconductor
substrate finished with said curved surface;

placing said semiconductor substrate in said electrolyte solution;

flowing a current between said additional anode and said cathode within said
solution to convert the bottormn surface of said substrate to a varying depth from portions to

portions, leaving an additional porous layer in said bottom surface; and

removing said additional porous layer and said additional anode from said
substrate to leave another curved surface on said bottom surface.

6. The process as set forth in any one of claims 1, 2, 5 and 8, wherein

said semiconductor substrate is made of silicon, and said electrolyte solution includes an

agueous solution of hydrogen fluoride.




pl aci ng said sem conductor substrate in an electrolyte solution having a
cat hode; flowi ng a current between said anode and said cathode to convert
the top surface of said substrate tq,g _varying depth fromportions to

portions, leaving a porous |layer in sald top surface; and renoving said

porous | aye?. fThemprooasslas sét$drthdh anyi shd of ains!, OU5 Medl8 SkHidéise on said top
surface, wherein said anode is deposited on said bottom surface to provide

a consdaidishecbndatibrsibbirate RHadeSof aQtihdstngi€oridactsr Ovi de a predet er ni ned
di stribution of an electric field intensity which varies fromportion to

portions of said substrate across said top and bottom surfaces of said

substrate, 8hehehyesy offortingn amiedi pofloorsa samiedndidior BthsrBR, i prosgsdept h to
mat ch the di Shﬂréi bution of said electric field intensity, and wherein said
cur r entCMPPRGEEHDPE F-0 decrease in a final stage of devel oping the porous
| ayer. 9. The process asset forth in any one of clains 1, 2,5 and 8§,
wher ei n sai Brepamgsals semicongbctargubstrate havinga tep sudacstandedbatitmsever al  ohm

centi ”Péuﬁéc%éﬂ@ogéﬂtote%cﬁ%‘éﬁal hundreds ohm centineters (Qn.

forming an anode on said bottom surface;
placing said semiconductor substrate in an electrolyte solution having a cathode;

flowing a curent between said anode and said cathode to convert the top surface of
said substrate to a varying depth from portions to portions, leaving a porous layer in said top
surface; and

removing said porous layer from said substrate to leave a curved surface on said top
surface,

wherein said anode is deposited on said bottom surface to provide a consolidated
structure and is configured to provide a predetermined distribution of an electric field intensity
which varies from portion to portions of said substrate across said top and bottom surfaces of
said substrate, thereby providing said porous layer having the varying depth to match the
distribution of said electric field intensity, and

wherein said current is regulated to decrease in a final stage of developing the porous
layer.
9. The process as set forth in any one of claims 1, 2, 5 and 8, wherein

said substrate is selected to have a resistance of several ohm centimeters (Q+cm) to several

hundreds ohm centimeters (Qs«cm).




