DESCRI PTI ON PROCESS OF NMAKI NG A SEM CONDUCTOR COPTI CAL
LENS AND A SEM CONDUCTOR OPTI CAL LENS FABRI CATED

woHERRBY1d ECHNI CAL FI ELD The present inventi onpr$/Jr2006/317159

directed to a process for fabrjcating an optical |ens

froma body of sem conductor 's1ubstrate, and a

sem conduct or optical lens fabricated by the sane

process. BACKGROUND ART Japanese patent publication
No. 2000- 263556 discloses a process of making a nold
for a mcro optical IensDEﬁnglPoT@Ns fabricated by

steps of preparing a sem conductor substrate,
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substrate, formng one or nore openings in the mask,
SERMCONDUETORORTACAL IEINS FARBBICATED THEREBY on, and
anodi zing a portion in the top surface not covered by

TREeHRISKLIFIECONvert the portion into a porous zone.
Thereafter, the porous zone is renoved to | eave a

r oundeph< gRIsRNMt Ifehtién 1OMirsdEd F& e [gf)cé&efo? YRSAdaRng: anﬁ@ptical

ultraviolet curable resin is placed in the convex~an
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rror ar scl oses rmation he porous zorle
£ r ss reljes upon the mask with the opening so
f?ﬁﬁ?&ﬁ@&ﬁ?é&@%ﬁ?ﬁgévm ops isotropically fromthe
éggwbgﬁsé%Ppeni ng. Accordingly, the resulting
is limted to have substantially a
uni formradius of curvature. Wth this [imtation, the

pr ocesneaRAs PalrNt yblieatign Ma. 260¢-268626 tiscprascaprocess of

| ens havi ng non-uni formradi us of curvature or
rsalingst modd fad asmidraoptipaldens.e. The mold is fabricated by steps of

preparing a semiconductor substrate, providing a dielectric mask on a top surface
of the substrate, forming one or more openings in the mask, placing the substrate
in an electrolytic solution, and anodizing a portion in the top surface not covered
by the mask to convert the portion into a porous 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, the process relies upon the mask with thé 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 fabricate
optical lens having non-uniform radius of curvature or sophisticated surface
profile.

Further, it is found that the rounded convex revealed by removal of the

porous zone suffers from minute projections due to the fact that the porous zone



Further, it is found that the rounded convex reveal ed

by renoval of the porous zone suffers frommnute
w@e@ymeetions due to the fact that the porous zPORIEAWEH 7159

a relatively irregular interfgce with the

sem conductor substrate. This irregularity may detract

fromlens transmssivity and is desired to be snpot hed

out when fabricating the | ens of good transm ssivity.

IGha Eneyel pfaunt Yretact Wif ofg S¥piar i BitRupe,  This
1o avi de ap .| ove rocess af. fabricati.n n

Bl e st Py feoB I RRTahany A LS BepiEPt e gmoothed
good transm SsSi Vi t[y. The process .according to the

Pradan abrigating Bi¢ lensiof geeddransmiseiMiict or substrate
having a flat top surface and a flat bottom surface
opposed to each other, and includes the steps forn ng

an anode on the bottom surface, placing the
RBISGLCO8URE OF THEINMVENTION an el ectrol yte sol ution.

Then, the steps are followed by flowi ng a current

bet wedn vide of frigb dpibiaih Mpeprasbii invehitors bhsibeen to
convert the top surface of the substrate to a varying
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porous |ayer 1 n the top surface, and renovi

Mfogg%u'&ér%éﬁlggghgﬁl?“‘d; gg&&% grabgm'is%‘"i\)i&. a curved

surface on t rocess’is

characterized by jncluding a t.hi ng. st en._of ,

srot hTH REEGES Se s e B R it g% m serpiconductor
cyrye ur.face hus, .the lens_is finished to have a
hstefh G203 Scietdon RueeCs and ipthatio Shanen Peapsed f each
In addi tion, since the anode can be configured to give
ather, gnddeelogas Haisigpsifeimingiasnarede e the bettemesurfaged placing
intensity varying fromportions to portions of the
thaisemieordudter $ubstratg int an glactrotydeisohdions| yhear tHengfeps are
radi us of curvature to the resulting curved surface.
fellowde by floadag aecuafent batwddrethenatbdeatnd a qatioodeddthin the
solution to convert the top surface of the substrate to a varying depth from
portions to portions, leaving a resulting porous layer in the top surface, and
removing the porous layer from the substrate to leave a curved surface on the
top surface. The process is characterized by including a smoothing step of

. smoothening out minute projections remaining on the curved surface. Thus, the

lens is finished to have a smoothly curved surface for improving transmissivity.
In addition, since the anode can be configured to give the predetermined
distribution of the electric field intensity varying from portions to portions of the
substrate, it is easy to 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



fromthe top surface of the substrate which is exposed
entirely to the electrolyte solution, i.e., not
waeoeiemdior nmasked by a material restricting tPer/Jp2006/317159
anodi zat i on, andthat the surfgfe profile of the curved
surface is controlled princip&aly by the electric
field intensity distribution given by the anode
pattern on the bottom surface of the substrate, it is
easy to devel op the porous |ayer of accurately.
thghthecsurtasedyriiteLe! the Yrd swiagaiisiaostiofled prigeipally py the
correspondi ngly accurate surface profile to the
¢leetnictiietdyintensity disttibutiomgivien hynhepanradssaltern aethedsattom
utilized to fabricate the optical lens, especially a
swiacepifene cabsirates itvis ehsyicdevelbp tlo® poraud lagesoli dceately
profile and good transm ssivity. The process nmay rely

¢aramdliad cohtdurng prefilbriniugepdiord§e the ¢ofreepondingly accurate
sem conductor substrate in a surtable etching solution
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m nute projections c be preferentially etched out to
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oxi di zed | ayer extends the m nute projections and not
sarpiceaducieepubsitaietma %@tﬁblﬂﬂ@bm&ol@ﬁmaﬁgﬁ gmoving the porous
Therefore, etching out the oxidi-zed | ayer can reveal

laper. s Vidibin ifaid resulf, doe minutehrofaations cantfeqpreferentiayeetched out to
| ens of snoothed surface. Further, it is equally

give ai gPheothed Wuined sudage wsthe lems.hi ng or | aser abl ation
process in either of which the mnute projections can

o PREARERENSl| eaums ety i cemaToNAR o
ShGizEH RS it RIPofAYIdUBved surface.  Also in this instance, the
oxidation proceeds preferentially in the minute projections to selectively oxidize
the minute projections so that the oxidized layer extends the minute projections
and not proceed deep into the semiconductor substrate. Therefore, etching out
the oxidized layer cén reveal the smoothed surface on the curved surface to give
the lens of smoothed surface.

Further, it is equally possible to utilize a plasma etching or laser ablation
process in either of which the minute projections can be preferentially removed to
provide a smoothed finish to the lens.

The above smoothening can assure to give the curved surface having a
root mean square surface roughness (RMS) of 200 nm or less, which enables to

reduce transmissivity Iowerihg due to the surface irregularity as less as 10% or

below, and therefore satisfies good transmissivity of the lens.



root mean square surface roughness (RVS) of 200 nm or

| ess, which enables to reduce transm ssivity | owering
wolpw7opothe surface irregularity as | ess as 10P€DIP2006/317159

bel ow, and therefore satisfi_e&,_good transm ssivity of

the | ens. Moreover, the present invention gives a good

solution of facilitating the above snoot heni ng process

by mnimzing the projections forned at the interface

bet we t he sem conductor substrate and th or.Qus. ..

ayer HOESVarh e asEEEventon gheaquose shiufigh 8 Fadiitating the
Barameter of anodi zing the top surface of the )

aBQwe sFROEeRinG PIRGASS\IY MNiMiFng e PW%WJ@T mag &t theninterface
order to lower the porosity of the porous |ayer at the
betwestt theesamichndueios subsirateandthe poarousayer.nheFor this purpose, it
portion. Wth this consequence, a control can be nade

is madetelcbpngd e pavametel afyarodizing thetop swédoe ofthgesubstrate with
porosity until the porous |ayer reaches to the

tilad WRike b rivi e tHeAsSrous iy driia osddstoneier tHgordisiti of #fSporous
porosity at the interface, thereby enabling to form

IR af IR Wk BAS slisateste Shdrn a; #1d bther égtt'on. . With this

nimzing the projections or surface irr arity in
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€ a current dens e curren
t hrough .t he ode and the cathod nd which, .i .
e Bh R e Ep RASdr BAENES o PRnlEiceyihorface with the
devel opi ng t orous layer to such a thickness that
BT aIanaad B 68T PARSY b di KbedECon theiam e FENpa dp o and
conbi nation with the control of the current density,
remevethacpeeugtayeyaflieieohy. ne) njeindizingribeIpsgjections er suidace
its concentration in the final stage of the form ng
irtdgalgrdy dnuactergance Witbstbedess poidsity.ot her advant ageous
features of the present invention will becone nore
appar €rite paramdtoeniayl beonicogedetiansigdofakplcamaint amiokhiiows
taking in conjunction with the attached draw ngs.
through the anode and the cathode and which is controlled to decrease in the
final stage of developing the porous layer to such a thickness that influence the
surface smoothness.

Alternatively of in combination with the control of the current density, the
electrolyte solution may be controlled to increase its concentration in the final
stage of the forming the porous layer.

These and still other advantageous features of the present invention will
become more apparent from the following detailed explanation when taking in
conjunction 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 preferred embodiment of the present invention;

FIG. 2 is a sectional view of the lens;



BRI EF DESCRI PTION OF THE DRAWNGS FIG 1 is a

perspective view of a plano-convex |lens fabricated in
wacewonzamze wWith a preferred enmbodi nent of theP@I/@E000317159

invention; FIG 2 is a sectional view of the lens;FIG

3A is a sectional viewillustrating a device in whi ch

the above lens is utilized; FIG 3B is a top view of

t he above device; FIG 4 is an expl oded perspect|ve

of the abo devi ce:..FI G a s

e 2l SR sl fideidy Tn TRERISEBOVR RS is utiized;
Iprocess of the present invention; FIGS. 6A to 6E are
|&t33)'§:ﬂ"‘\ﬂ\éﬁ)§’qflth% PX@@%'%e steps of forming the

. lens; FIG 7A and 7B are schematic views illustrating

RiGec isian expioded peesperctive wiov ef thetabnyediamis@iped in the
process of formng the lens; FIG 8 is a plan view

FIG. &iSraadséot'@nahviammfearpano@izhngfmpaasdtmmtﬂibed ibart making the
surface of the sem conductor substrate; FIG 9A and 9B

proeess apthe prebestingéntigh;a control of devel opi ng the
porous |ayer; FIG 10A and 10B are graphs illustrating

AEE. B 1R re self or%‘(lﬁi,v@é’lllﬂgtr R Seps lod¥&hing 'tl% lens;
11A tol 1D are sectional views | ustrating a stéep o
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ustr |ngarela|on vveentr nsm ssivity
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of the semiconductor substrate;

FIG. 9A and 9B are graphs illustrating a control of developing the porous layer;
FIG. 10A and 10B are graphs illustrating another control of developing the porous
layer;

FIG. 11A to11D are sectional views illustrating a step of smoothening the lens
Sl;rface;

FIG. 12 is a graph illustrating a relation between transmissivity and surface
roughness of the lens; and

FIG. 13A to 13E are sectional views illustrating another step of smoothening the

lens surface.

BEST MODE FOR CARRYING OUT THE INVENTION

Referring to FIGS. 1 to 5, the present invention is now explained for
fabrication of a plano-convex lens as one particular representative of a
semiconductor optical lens in accordance with a preferred embodiment of the

present invention. As shown in FIGS. 1 to 3, the lens L is configured to have an



Referring to FIGS. 1 to 5, the present invention is

now expl ai ned for fabrication of a plano-convex |ens
wa@soogstopar ti cul ar representative of a sem conPOLIR2006/317159

optical lens in accordance w_ a preferred enbodi nent

of the present invention. As shown in FIGS. 1 to 3,

the lens L is configured to have anintegral flange F

which is utiIized for nnunting the lens in a device

.such h is one

i5graldnda F Biidis GRS enm?heg'&r'aw B slalfiseSten as an

senS|ng elenent such as a yroe ectric elenent 210 as

qpdical sensar 2005 wiich isPng picebapelication afithedang andisecangigured

receive the light through the I ens, as shown in FIGS.

i@ haive a4sengieg entexiiohi as alpyrasiecirc@lersent210 s wall as an

the circuit nodule 220 which is nounted on a base 230

dssociaded elgctroaid tiscuiifmodulei 224 torecsive4be light theotdirethe lens, as

lens L is supported by a cover 250. The lens is nade

shiown id FIEIS.akddat omhessyeoelabirkusiBrpit 230lid 6Mieddn the circuit
germanium (Ge), silicon carbide (SiC), gallium
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phosphide (InP). Int odi ment e sem

W}-ﬁ]@ttﬁe}&q f_|§s P& %é&\)lr gd to fabricate the
Pl 3 s

no- convex ens |ve anodi zati on of the

Zﬁﬁéf The '%ﬁsp'gr”ﬁﬁaéﬂ%até% ot At B SeResSSipen (50
SR e S, BT o B! el
conflguredto be equi V\Atharegulator 130 for

rhasohiste Gk agd naqhéert thsnhﬂe dRP) £ I vihisgerepdisesntathe

anodi c el ectrode 120 and a cathode 110 imersed in the
sephigonductomsgbsiraddil® ofl petypeddids ulilzedstichisibdcale themplame-convex
wth the bottom surface of substrate 10 in order to

laky by Gelddiiee aimodizatibh @f the@sabsteatgi10y SHecatodizatidreistmade by
surface opposed to the cathode 110. The anodic

BeasttdrpaisodizidgaisparaiuBodeswhith, as %hbﬂfhhn Fde50fs configured to
plati numor any other suitable netal
place the substrate 10 within a volume of an electrolyte solution 140, and which
is configured to be equipped with a regulator 130 for regulation of an electric
current flowing between an anodic electrode 120 and a cathode 110 immersed in
the solution. The anodic electrode 120 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 elecirode 120 and cathodes
110 are both made of platinum or any other suitable metal.

In this embodiment, the substrate 10 is selected to have a low resistance
of several ohm centimeters (Q-cm) to several hundreds ohm centimeters (Q-cm).
For example, a 0.5 mm thick flat p-type Si substrate 10 of 80 Q-cm is shaped into
the lens through the steps of FIGS. 6A to 6E. After being washed and cleaned,

the substrate 10 is processed to have an electrically conductive layer 20 on the



In this enbodi nent, the substrate 10 is selected to
have a | ow resi stance of several ohmcentineters

W@ Woaop40td several hundreds ohm centineters (V¥CTYIP2006317159
exanple, a 0.5 mmthick flat 2-type Si substrate 10 of
80 Wcmis shaped into the l'ehs through the steps of
FIGS. 6A to 6E. After being washed and cl eaned, the
substrate 10 is processed to have an el ectri caIIy

conductive |l ayer 20 0 entire bot om sur face
oGP bR suHale(F 1S Gl er PECqre e 0 FHade of giuminum,

exanpl e, and is deposited by spattering or I|ike
farexxamplecanhia drpasiledtnssrategingorHikedeshnigue enthe substrate 10
thi ckness of 1 nm Then, the conductive layer 20 is

td baveed unifbimahickeess of:)atulmar nTign,ghe lonductiveolayepB is formed
and is partially etched out by a wet-etching to | eave

withad resist patiepe bzregpli?é’romho@raph nAdes pasiallp eeHahow Byha

a dianmeter of the lens to abricated to give a
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20 defi’nes an anode having an anode pattern integrated
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electro te solution 140 in the anodi zi ng appar at us

et heasiy@éciogi nHetaipalfter, e lerimangdedisqutilized in place
electrode 120 and is followed by receiving an electric
otther eontductivedaygr yérake dinstdeematbapprapriatediia éxplaiatthe geesent
110 so as to anodize the top surface of the

inventiconBuiss enuehty stheagubst@ite ¢0 és hmetsed within the electrolyte
correspondence to the anode pattern, thereby

soRYieh aaone tihe BAbEhd ayFdrafits 100 With the RinddEfACA @ntddi&vith the
substrate 10 (FIG 6D). The electric current S
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the semiconductor substrate 10 selectively in correspondence to the anode

pattern, thereby developing a porous layer 30 in the top surface of the substrate
10 (FIG. 8D). The electric current is regulated by the regulator 130 to have a
predetermined current density of 30 mA/cm?, for example, and continue for a
predetermined period of 120 minutes for example. Thereafter, the porous layer
30 and the anode 20 are etched out to obtain the lens (FIG. 6E).

The electrolyte solution utilized is an aqueous solution of hydrogen
fluoride (HF) and ethanol mixed in a suitable ratio. In the anodization process,
the following chemical reactions take place:

Si+ 2HF + (2-n) h* — SiFz + 2H + n-e

Sin +2HF — SiF4 + H2



30 and the anode 20 are etched out to obtain the |ens
(FIG 6E). The electrolyte solution utilized is an

waoueoz®isol uti on of hydrogen fluoride (HF) anecCEsramd17159
mxed in a suitable ratio. In_the anodi zati on process,
the follow ng chem cal reactiBhs take pl ace: Si + 2HF
+ (2-n) h+ SIF2 + 2H+ + n-e SiF2 + 2HF SiF4 + H2Si F4 +
2HF Si H2F6 where h+ denotes a hole and e denotes an
el ectron. As soon as the Si substrate is anodically
oxi dpFed; 2ilie oxPiiFed portion is renoved by reaction
wth the electrolyte solution so as to | eave the

where s deagtas abolenande” denatas enddle¢tran.subst rat e 10.
Accordingly, the anodi zati on proceeds w t hout being
AsetomndaesiiHaySit Substraitel iz anbdicaltyi axidizedl; ihle oxidized ipbrtion is
possi bl e to devel op the porous |ayer 30 having a

r&heaé@ by #6adtion wiH théefettonte ebRfibA Jotad RPECE kIS Fbﬁ)us layer
| ens of relatively great thickness. As schematically
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| ect fl ow 1t h th bstrate 10. Si th
tabicpta T elp i kel SaHDEURSS denaer 1 ovar ds The
peri phery of the opening 22 than at the center of the
openi My Sehrmakieallytsheyvrpior s 7 peringdame slegtric field strength or

conti nuously varying depth which is greater towards
cutrenpdengityds yatablyisiribytezlintdodmcidenachwito dine anodé patiern. In
openi ng. Consequently, the plano-convex lens is
trbfiguree thejnesewit dlackf arrdves raticate pattyeof the pouitive current

optionally by renoval of the anode 20. The
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
center of the opening. Consequently, the plano-convex lens is obtained by
removal of the porous layer 30 and optionally by removal of the anode 20. The
distribution of the in-plane electric field strength will be determined primarily by
the anode pattern, and secondarily by the resistivity and the thickness of the
substrate 10, resistance of the electrolyte solution 140, a distance between the
substrate 10 and the cathode 110, and a planar configuration of the cathode 110
(i.e. cathode arrangement in a plane parallel to the substrate). Accordingly, it is

readily possible to give any desired lens profile 'by suitably selecting these

parameters in combination with the anode pattern. It should be noted here that



di stribution of the in-plane electric field strength

Wil be determned primarily by the anode pattern, and
waemcngand |y by the resistivity and the thi ckneGEIRH06/317159
the substrate 10, resist ancehgt the electrolyte

solution 140, a di stance between the substrate 10 and
the cathode 110, and a pl anar configuration of the
cathode 110 (i.e. cathode arrangenent in a plane

parallel to t.he subst e Accordinaly, it is.re .
s dhe BaotiBalfs sfarpdrabidaveli ﬁ#ﬂaeveafogluwawﬂwthout
sel ecting these paraneters in conblnatlon Wt h
bgingdetardes DYPtheRviSh ARPEaRRT PsickzechRRTEORR I H’I%%léb&t'f?ée the
anodi zati on proceeds to devel op the ous | ayer
thighlensueand?e easityHisbricateidip & sngleomwcﬁ;atmp@es% which
appearing oxidi zed portions in the substrate, the
enharnded #mdbitiyrofike ders dgsifabri cated in a single
anodi zati on process, which enhances flexibility of the

| ens defd @Ristdiice oFEhlessleteslyid solnforHa0toadl 8 hEj usted by the
sol ution 140 can be adjusted by the concentrati on of
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22 of the ano tern in a arallel to the
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can be adjusted inrelation with the current density
toyeardethe ggnier of e ppening22 efbe anederratiern i aplansparallel to
anodi zation process, the regulator 130 acts to keep
thehsulirate 10, desbown ibddGc ZBl y The offsedastount cheoe adjusted in

However, it is preferred to decrease the current

releiion Withghaduakhydemsity 43 well astthgelistantdio thieoslisutbiten 0.
process in order to correspondingly decrease the rate

L PR e eXAeoial 3008 cen o curen
dbRYE/ I555iBY SBESRGahBvel. However, it is preferred 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
technique, the porosity of the porous layer can be lowered by lowering the
current density during the anodization, which minimizes surface irregularity on
the curved surface revealed by removal of the porous layer, and therefore gives a
more smooth surface finish to the resulting lens. The regulation of the current
density is made by monitoring the current level or voltage Ie\(el.

The removal of the porous layer 30 and the conductive layer 20 can be

made by use of an alkali solution such as KOH, NaOH and TMAH (tetramethyl

ammonium hydrooxide) or HF solution.



current density during the anodization, which
mnimzes surface irregularity on the curved surface
wo0 evcab@do by renoval of the porous |ayer, and pOERIEDGIE7159
gives a nore snooth surface finish to the resulting
| ens. The regul ation of the tif 7 ent density is made by
monitoring the current |evel or voltage |evel. The
renmoval of the porous |ayer 30 and the conductive
| ayer 20 can be made by use of an alkali solution such
as KOH IGua2iaa6a PBrairey costrplsneftdgareasiia dhe pyirrent density in the
hydr ooxi de) or HF solution. FIG 9A and 9B show
finah staglesofdhe dmodization protess; vespadtivelyriy continmoukly lowering the
final stage of the anodization process, respectively
duyren dichsipfrehy |1 Oloe exampld)socmmyent) Wdagifoyetampiels(mA/cm?),
for exanple, 30 mM¥cnR) to |2 ( for exanple, 5 nmA/cnR)
or lé\hehﬁ%ﬁﬁé BdrrbRedéndityetépWRBStdnt 1Pte N SWiththi® cbhskuence,
2. Wth this consequénce, the anodi zati on proceeds at
| . . _
tlo oRORENhRBod s SRS Morod BRI Bt derfind AttosY Bt ififertace
[ [ : : [
GRSl ralfd i e i, agStittalcRl i FIG. 114
he substrate 10.after th oro | ayer 30 is renpved.
therany IRBYIBE wamiRrtePraleRlohs nS o SuTindcuBelface of the
porosity in an exaggerated format only for the purpgse
syiosERfs i@ el thepohsdavalt3Qis repnrvess | lis qoted that FG. 11A
.and distribution of pores does not reflect the actua
ibusdrates the vaying peneatty irman sxagaerated éarmat onbywfor dpepugose of
a lower rate when lowering the current density to
expiairingdhdiamgpdizationgrotéss, goddbe tsize and distniyudiosr ofqubres does
give the less porosity only at the final stage of

ritg vellegithg acheal paesusin dgerofifat the purdes Idyer satewdlyped at a
the requirenent of rapidly etching out the porous

|bR¥EFatd WinsHioweringahe @WPreht BBnéity 10 cdriéshondirddhelower the
projections on thé curved surface of the substrate, T

S ROt SsE oSSR kbt
(Je%/e?orp(?ng the porous layer 30. In order to satisfy the requirement of rapidly
etching out the porous layer 30 and at the same time of minimizing the
projections on the curved surface of the substrate, T1 for anodization at a large
current density [1 and time T2 for anodization at a reduced current density 12 are
suitably selected. For instance, T1 and T2 are selected to be 30 minutes and 10
minutes, respectively.

Altgrnatively or in combination with the control of the current density, it
may be poséible to control a concentration of the elecfrolytic solution, for example,
HF concentration, to increase in the final stage of the anodization process, as
shown in FIGS. 10A and 10B, by increasing the concentration either by stepwise
from M1 to M2 or continuously from M1 to M2. The higher the concentration of

the electrolytic solution, the more minute pores are developed with



suitably selected. For instance, T 1 and T2 are

selected to be 30 mnutes and 10 m nutes,

wo empeetoivel y. Alternatively or in conbinati onP@i/gPeoodis7159
control of the current densit it my be possible to

control a concentration of t'hi1 el ectrol ytic sol ution,

for exanple, HF concentration, to increase in the

final stage of the anodization process, as shown in

FIGS. 10A and 10B, by increasing the concentration

carieseenginglt lowared PoFesHYNG |%VGI\E1°6$ nUBHIS PreiRAdiopsondhe surface

ML to M2. The hi gher the concentration of the

afItiee subsiyatiecl & ol Alspotimet Hleamne T @ areruitablsoselecteddo facilitate the

devel oped wi thcorrespondingly | owered porosity to

forasiomane removakofphejperouolayenryet heavdng dbalyemirfuié peojections at

substrate 10. Also, tine T 1 and T2 are suitable

tReliserade betwash thd pomushaydraomand e suestragonoal  of
the porous |ayer, yet leaving only m nute projections

at thepg %h%WrﬁﬁEI:I%HW‘B‘? thd Hﬁuﬁeff?HB;‘éc{iéW@"l 235 8RN BBbstrate 10
S I 1B, t

substrate 10. As own in FIG the mnute

&b %ﬁ%}%%nﬂeﬁnsﬁﬁi&d ﬁ%é@%ﬁ&@é‘ﬁéggﬁi&@fﬁaﬁu&eﬁ 8baded from

ave an aver age nm and

spac from h other at, a distance. of .several nm
i Sler S0ERRRRGRPEST YA Bny b etFigetBERTN figemoved by a
rocess follow the renoval of the porous |ayer 30.
rﬂoqtﬁ@q&r@%ﬁ% f‘ﬂﬁ’d‘ﬂ@g tstemeyal of i pp 'i%efr%(xov'@dhgfpresem
t he porous |ayer 30 g)shovvn in FIG 11B) is imrersed in
empdimanéHhasubsirate 40 remered of Ka-ponaierayerBorfagwn in FIG.
(tetramet hyl ammoni um hydrooxi de) or HF-based
sldd) s iromersed irma drp etahings solutien sticlias KO MeQlbasd TMAH

on the substrate surface are selectively etched out as

(tetciincethgtamynahititnetly drooxide) or HFBasktiGolttiw@r. ey thisgroogss, the
a snoot hed surface on the substrate 10, as shown in

rhingte pAdectiofdMA-6nAnd 80bsratdisupice are sklekEivaly etched out as
substrate 10 of 0.5 nmthick and 80 Wcm
indicated by dotted lines in FIG. 11C, thereby leaving a smoothed surface on the

substrate 10, as shown in FIG. 11D.

EXAMPLE

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 pm 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 diameters. Then, the unmasked
portion of the conductive layer 20 was etched out by dry-etqhing to form a
plurality of 2 mm diameter openings 22 in the conductive layer, as shown in FIG.
8. After 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



resistivity was formed on its bottomsurface with a 1

mm t hi ck al um num conductive | ayer 20 by spattering.
wa\bdoe28i1Nnt eri ng the conductive |ayer 20 at 42POZIF#2006/317159

20 mi nutes, the |ayer 20 was ?Bsked by

phot ol i t hography with a resist{“pattern having a

plurality of windows of 2 nmmdianeters. Then, the

unnmasked porti on of the conductive |ayer 20 was etched

out h to forma plurality of nm

{il1als caipeier A s sauRous souBan st hyotoden Biondes g

in FIG 8. After bei ng renoved of the resist pattern,
ethanelubJtheas theigulipitatp vascanqdizedat eureRntAdansityns 30anakm” for
of FIG 5 containing the electrolytic solution

3 boprsi. s dtheafesaliihg goroas layeni30twas fafnddodeesa 0o thick at the
sol ution of hydrogen fluoride (HF) and ethanol. Then,

pdréon ebaespdRding 3o ain® BbAdGLtvE gy 2nand ed bty aOcieo?Qasmg
mA/ cn2 for 3 hours. The resulting porous |ayer 30 was

thR¥AEs$ V48 the GeptdPBfithé 6Feﬁ|hgtﬂempé’ %dng]barallel to the substrate.

correspondi ng to the conductive™l ayer have a

PR RS P S AT O SR e
bt é@s@w”‘:twﬁ%ﬁgfﬁ A ARG s

5mnutes her eby_f or m_n ralijt )

AR CoRvs NSRS oa ThetsER s uﬁéﬁ@tes{%wamqr@e%@ an

i mrersed in an aqueous solution of HF for 1 hour
A@eousi SPytipreeidrF dat 1 heer iselrciivply el oubHe minute prOJectlons 12
remai ni ng on the surface of the substrate 10.. The
reptaningtan the switacetasithe subsiatei 10.0 Enepsuibsitateyi Ooias Heen cut out
| ens. The etching rate of renoving the porous |ayer 30

inksa phurality lodnhd (erts. m8hd étghinghrate of reneoing ithee pbwus layer 30 was
m nute projections on the substrate 10. Thus forned

MeRStHARI F0 Biel tEanthatlutedmbooingatme minuenprdjdétinzessthef substrate
0.195 mm and a root mean square surface roughness

'((ﬁ'vsﬁhdg forRelTeRd (erd 2ath 'cHﬁﬁé@Ve@sto%afv%'eﬁFé %r’thf%gﬁé‘ﬁseaf 0.195

e root nean square surface oughness

thPAREES3bY ehn(shuaPd shifficd POgHMRYs' ﬁ)(/l§)aé(1* gWnfh

FIG. 12 illustrates a relation between the root mean square surface
roughness (RMS) and the transmissivity (%) of the infrared ray having a
wavelength of 5 um which represents one of radiation having a range of 5um to
10 um wavelength emitted from a human and selected in view of that the infrared
sensor is used for detection of human presence. In the graph of FIG. 12, black
dots indicate measured roughness and the transmissivity, while a curve indicates
a theoretical relation as expressed by the following equation.

T= exp|_— (4”%2 )J
where o is a surface roughness
From the graph, the measured transmissivity is lowered with the increased

surface roughness in line with the theoretical relation. For practical use, it is



wavel ength of 5 mm which represents one of radiation
having a range of 5nrmto 10 nm wavel ength emtted from
wa@2dvanoeiand sel ected in view of that the infreceaP2006/317159
sensor is used for detecti on_I f human presence. In the
graph of FIG 12, black dots 'i*hdi cate neasured
roughness and the transm ssi VI ty, while a curve
i ndicates a theoreti caI rel ati on as expressed by the
foIIovmn qua c;gs I s a.surface roughpess
prtgrTeIia Teaishney RiveBa S HaSTSHH 445 1 FoATTRIMaR tasurface
wWth the |ncreased surface roughness in line wth the
irregdardyiasdess apdi0%er less:  hn Hys respeaysibe Iens is required to have a
ispreferred to reduce the Iowering of transmissivity .
trdnsmissivityadft4 Yonor more ithdhe fsadace roeghnieass (RM3kof 266 nm or
as 10%or less. In this respect; the lens is required
lgs8. hdwy thig sbnegistiieseny fabiricafeddin tbie @ibolerexamgid té have the surface
surface roughness (RM5) of 200 nmor less. In this

réRiHRssi(RMS)ESSST ARY spived saﬂ?\}gﬁﬁe ?@%Perﬁéﬁﬂﬁh@ th& lens

have the surface roughness ( nm can wel
t b%%é ﬁ%}%

a?nﬁfé:'aa d/ol\petﬂgre{)ces rSHE a%?e e surrace @gghhnesﬁvﬁw 200 nm

r | ufficient for practical use.
Jqséqggpﬁqvgqrstfc?l’sﬁ'gcﬁ%%&s‘eem ng of ' the | ens surface can

ot ocess of ther I OXIdI he

our  AEerBtevaly. DaiboShennerarshifPiysutads san Barmadaby
resul ti ng oxidi zed | ayer, as shovvn in FIG 13A to 13E.
appiner pjocess ofiaermally w@zmg:;he uracpaif e subgteatedollowed by
formed in the top surface of the substrate 10 to give

etching oltherresulting oxisizedayet, las govouin Fi3.e138® aala t Riestly, as
remai ni ng substrate 10 in correspondence wth the

shpwniim§l@f 13Acthenmaleud(hyer 30.is fointedimoithe tpptsuefaceiof tiee
manner as expl ai ned hereinbefore. The porous |ayer 30

substedte rtoive bl iftBgadd besiddrethelpdrbls 12428 30Mand the
whi ch m nute projections 12 renmains in the top surface

réthainiify SUkkitta1® ih CorredPSRaeIseY With the'SpaHrediah& ahBde 20, i.e.,

the anode pattern in a manner as explained hereinbefore. The porous layer 30
is etched out to give the structure of FIG. 13B in which minute projections 12
remains in the top surface of the substrate 10. Subsequently, the substrate 10
is placed in an oxidation furnace and is heated so as to develop the oxidized
layer 14 in the top surface of the substrate 10, as shown in FIG. 13C. In order
to make the thermal oxidization, steam is introduced to the furnace to treat the
substrate at a temperature of 1000 °C for 200 minutes to develop an o;ddation
layer of 0.4 um thickness. During the thermal oxidation, oxidation of Si into SiO,
proceeds uniformly in a direction normal to the surface of the substirate such that
the oxidization proceeds preferentially at the projections 12 than the other portion
to smooth the top surface of the substrate, as shown in FIG. 13D. Thus, the

thermal oxidization can be easily controlled to form the oxidized layer 14 which



Is placed in an oxidation furnace and is heated so as
to develop the oxidized |layer 14 in the top surface of

wWo b@7sedoss rate 10, as shown in FIG 13C. | n orPBEr/Jr206/317159
make the thermal oxidization, gteamis introduced to
the furnace to treat the substrate at a tenperature of
1000 OC for 200 m nutes to devel op an oxi dation | ayer
of 0.4 mmthickness. During the thernmal oxidation,
oxidation of Si_into Si eds uniformy in
el Eep iR eh mrw%mﬁﬁwpwﬁSh%femﬁ@'@%sg¥$t5atsa15q,chThereaﬁen
t hat the oxidization proceeds preferentially at the
tﬁ‘ﬁcﬂ%{?@%f?é/eli4t'ﬁ§itphe}¢e°‘é§ttﬁeQr'V%6rSmQﬁhtt%° sHdee® Ofﬂ'@ substrate
top surface of the substrate, as shown in FIG 13D.
10 as shawn irElGrel 3boxi di zati on can be easily controlled
to formthe oxidized | ayer 14 whichincludes the entire
pr oj eGurihies, iflid dyuallpqossitde tceutilizel anplasmzsétchirg ihGrder to
Thereafter, the oxidized layer 14 is etched out to

l@nvcﬁ/eath%ﬂ’ﬁ@mlfe bﬁtﬁe@tﬁﬂrfsa'[@fr@h theop Wostatalos tHdsuBstrate 10. In
shown in FIG 13 Further, it is equally possible to

#id briogBsé tRb %?E?rrﬁfecﬂh Rembledbfifife p&to §”%}@? dd's X 56%8 toa

proj ections 1 omthe top surface o substT
%Iggghgbt{éyn% tcpéglgsﬁ\?’elxta% eoé@téiéﬁtﬂl aéslt(rgr% oﬁ ﬁqoﬁ’éctfo’ﬁg remaining

ectivel n r ef nt iall

§FY) etep.%wﬁa B ShEeERl ne ¥%ﬁ§{e§mgf%8@ngflsmﬁede when using
substrate attering etchin de when
1085955 8GR TRECHY? TP DI Binade WG Y3 6r6ls dRReRr a mixiure
usi n or a mxture gas of CF4 and 2. Still
Qﬁﬁ@ﬁ@ﬁ;aﬂa@smot heni ng may be nade by a | aser
ablation in which a laser beamis irradiated to the
t op susiilbitithef, thhsmsadibeniagenay beahade by @ psanablation in which a

preferentially renmove the mnute projections. It
laberbebrhds irrddiatetitatthé hep sodace of ihersubstreds o sélectively and

varying the current density or concentration of the
SRS BABAIN RS ehiedRinute PFsé&ided, but the present

It should be noted that the anodization process of varying the current
density or concentration of the electrolyte solution is preferred, but the present
invention is not limited thereto and may equally utilize the anodization without the
control of varying these parameters.

Further, the present invention should be interpreted to be not limited to
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.



invention is not limted thereto and may equally

utilize the anodi zati on without the control of varying
WO b@s@24pay anet ers. Further, the present inventPONJIP2006/317159

shoul d be interpreted to be ngt limted to the use of

the silicon substrate but to &PFow the use of other

sem conductor materials in conbination with specific

el ectrolyte solution as shown in the table below In

t he above table, the mask material available in

Semivonaticton neditetible  $ Eleciroigticcsalutiomt er i a| Maskingheaterial

el ectrol \Ifl c solution are listed CLANMS- 14 Lnr ocess

—o oo

%f fabri catl ng a sem"%ﬁ’@l'd@'dr optl cal | eﬁg\l said

@LOCESS TONprisimng E_P% Eavsogr prepari gloa fSIN SiC

sem conduct or subst i ng a flat to ceé and

$iCf | at bottom surfa¢c¢pseH to each ot hsn\l form ng
I " : .

tomsurface  placingl-said i
Gaffconduct or substrdte in an el ectrol yt eSK ®iNoRIC

ééPVVI nmg d curTert U“i'rﬁ”é I sair danode dllusurc? ISINU$IC

Wthin said sol utiof dnodi ze the top Ace o

IaRi d substrate to a|WQlyi ng depth from pp8iQLHSiNI 8iC

nnrfi ohs, | eavi ng--alporous In\/pr Ln said top surface;

and rﬁ%éﬁ@o\?ia%l %s%%aéma el UL i EO b Bntet the

| eave a curved surface on sal top surface, sa

r [ ot hi ng
B 53Fu 5k Bk aa el B i chobod Pleh Bl Boplioy 1 1
on said curved surface. 2. The process as set forth in
claim1l, wherein said snoothing step follows the step
of renoving said porous |ayer and conpri ses:



I mrer si ng said sem conductor substrate in an etching
solution to etch out said mnute projections. 3. The
w@e@ces®ias set forth in claiml, V\/nerei n sai dPCT/JP2006/317159
snoot hing step foll ows the stgg renmovi ng said
porous | ayer and conprises sub®sSteps of: form ng an
oxi di zed | ayer by thermal oxidation in the top of said
curved surface, and etching out said oxidized |ayer to
éenﬁﬁg said mnute projections. 4. The process as set
in claiml, wherein said snoothing step follows
the step of renoving said porous |ayer and conprises
exposi ng said curved surface to a plasma to renove
ections.5, The ss as set. forth in

R Rracessrtebcdli SasiaontiugtaRT SR LR sva g oSty
cn‘mpmmgm@sm@scbfpor ous | ayer and conpri ses
e gating § SrEBRtuGR Shistend Wi B R e e e
forbdﬁqm ssrfaoeeppbsed i gaclzothers, wherein said :
S”%Prﬂi%ﬁbﬁ@dé%n%bbﬂom% sal d curved surface

havi n nean uare su ce’ roughness (RVS) of
Zooolﬁﬁ'ﬂgrsallfé§§m'CP”dFﬁB)rp§UB§¥§§@ inprseleciralyigselitienai m
1, flegh lantt:drF@?]tﬂieQWe@ﬁ shRY amdte éﬁd{j a mg@w witAesaid solution to
inclu 0, change a par of anadi zin
AP e taPE L pera B Sbsirats te 3 Argpgatbett fiogaBertions to
t hepqrtions,ilegving a peropsrayes ih sgiel ioptsurfaze; ahdr f ace with

t hereﬁ'l&ﬁ‘ﬁ élﬁ c? ﬁéyie?] %@Pg%gnﬁrf,%\%ﬁgirté;fbnle%m?&wed surface on

pr ocess set
said top surface

said process being characterized by including a smoothing step of
smoothening out minute projections remaining on said curved surface.

2. The process as set forth in claim 1, wherein

said smoothing step follows the step of removing said porous layer and
comprises:

immersing said semiconductor substrate in an etching solution to etch out said
minute projections.

3. The process as set forth in claim 1, wherein

said smoothing step follows the step of removing said porous layer and
comprises sub-steps of:

forming an oxidized layer by thermal oxidation in the top of said curved surface,
and

etching out said oxidized layer to remove said minute projections.

4. The process as set forth in claim 1, wherein

said smoothing step follows the step of removing said porous layer and
comprises exposing said curved surface to a plasma to remove said minute
projections.



said paranmeter is a current density of the current
flowi ng through said anode and sai d cat hode, said
waeorentoigdensity being controlled to decrease POT/aP2006/317159
final stage of form ng said poir ous layer. 9. The
1

process as set forth in claim'l, wherein said

paraneter is a concentration of said electrolyte

sol ution, said concentration being controlled to
increase in a final stage of form ng said porous

| ayer. 10. A sem conductor optical lens fabricated in
Sac dbedyreessns sehipithoRclaim tiwherein to 5, wherein said

sﬁmﬁbbmmgsﬁ@p foBowB e stepfdfibaldvaRy shif Porsds %EF aﬁf@r
cg%%)lri%gr? ?{fé&éﬁggngﬁgsesrqﬁje%ﬁ tc‘? gélfda é:uervég‘ %8“‘283 %o gemO\)/e gaid minute

projections.

6. The process as set forth in anyone of claims 2 to 5, wherein
said smoothing step is made 1o finish said curved surface having a root mean
square surface roughness (RMS) of 200 nm or less.

7. The process as set forth in claim 1, wherein

the step of forming said porous layer including to change a parameter of
anodizing the top surface of said substrate with time in order to lower the porosity
of the porous layer at the interface with the substrate than at the other portion.

8. The process as set forth in claim 7, wherein

said parameter is a current density of the current flowing through said anode and
said cathode,

said current density being controlled to decrease in a final stage of forming said
porous layer.

9. The process as set forth in claim 1, wherein
said parameter is a concentration of said electrolyte solution, said concentration
being controlled to increase in a final stage of forming said porous layer.

10. A semiconductor optical lens fabricated in accordance with any one of
claims 2 to 5, wherein ’

said smoothing step is made to finish said curved surface having a root mean
square surface roughness (RMS) of 200 nm or less.



