-1- DESCRI PTI ON PROCESS OF MAKI NG A SEM CONDUCTOR OPTI CAL LENS AND A

SEM CONDUCTOR OPTI CAL LENS FABRI CATED THEREBY TECHNI CAL FI ELD The present
invention is directed to a process for fabricating an optical lens froma
body of senmiconductor substrate, and a sém conductor optical |ens
fabricated by the sanme process. BACKGROUND ART Japanese patent publication
No. 2000-263556 discloses a process of making a nold for a mcro optical
|l ens. The nold is fabricated by steps of preparing a sem conductor
substrate, providing a dielectric rmeECHHPAIONp surface of the substrate,
form ng one or nore openings in the mask, placing the substrate in an

el ectrol yt PRGOEGS Of, MAKINGND GEMIGOEDUMTTORNOPIICAER LIENS ®INHace not
covered by the nmask to convert the portion into a porous zone. Thereafter,

t he por ousSEAMTONBUCTORIPTCACRENAFASHICAT ETP THRRERY! he top surface of
the substrate. An ultraviolet curable resin is placed in the convex and is

cured thereEpdcit pigi pa convex lens. Although the prior art discloses
the formation of the porous zones, the process relies upon the mask with

t he opening so t . Z vel ops _isotropically fromthe center
of each openi ng.Jfﬁégg%rﬁgllq\%ﬁ'f)ﬂég%ﬁggﬁl Or?gp@&ﬁﬁﬁé‘apf'éﬁri%%g anapliceled t o
have substgnti ally l%é&mi form ra&i us of curvature. Wth this limtation,
the proces$NE4MHBR BV SCISRPECIPE SbsiFate siad agomicandyeas optical igns
non-uni form radi us of curvature or sophisticated surface profile. Further,
it is found@biigated pethectanaddresstisex reveal ed by renoval of the

BACKGROUND ART

Japanese patent publication No. 2000-263556 discloses a process of
making a mold for a micro optical lens. 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 t'he top surface of the substrate.
An ultraviolet_cﬂrable 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 the opening so that the porous
zone develops isotropically from the center of each opening. Accordingly, the
resulting rounded convex is limited to have substantiaily 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




porous zone suffers frommnute projections due to the fact that the porous
zone -2- leaves a relatively irregular interface wwth the sem conduct or
substrate. This irregularity may detract fromlens transmssivity and is
desired to be snoothed out when fabricafing the | ens of good

transm ssivity. DI SCLOSURE OF THE I NVENTION I n view of the above problem
the present invention has been acconplished to provide an inproved process
of fabrica&#ggﬁan tical |lens of _various surface profiles and al so of
good trans \A feagt‘ Irrdrsistestacs Wit ihea semicengueios substiatent iTovs
utilizes a sem conductor substrate having a flat top surface and a flat
bot t om sur fregaulaiiiydaay detaskicom lenh iranseasivitycindlissdediredsb epssrhootticalg an
anode on the bottom surface, placing the sem conductor substrate in an

el ect r ol yt eubwhehifairicatimgrthetléres of gpsd anasmisgivigned by flowing a current
bet ween the anode and a cathode within the solution to convert the top
surface of the substrate to a varying depth from portions to portions,

| eaving a resulting porous layer in the top surface, and renoving the

porous | aygistrosume cebhde ai¢ehgihrave a curved surface on the top
surface. The process is characterized by including a snoothing step of

snoot heni ng out g | | [ ining on.the curved surface. Thus,
the lens is fi nmsﬂg%e?fghgé?@@bg%gﬁ%lgmgBﬁ%}a@& '%VW'QE@aISg?eqrhprovi ng
transm ssiyvity. [lnqaqg}ition, since the anode can be configured to give the
pr edet er ni %%%}/mﬂi’%'l RrPYiesn WO&?@@{?@?&%@@W'@W@@ PRticAligATEl from
portions to portions of the substrate, it is easy to give continuously
varyi ng r affiRUSsUraRe Ricliles angl alge of geeditransgissivited surface. Furt her,

because of that the anodi zation proceeds fromthe top surface of the
substrat e whi ch TRe gxpresedrasatding ity theoprasentInyentioh ytikzes a semiconductor

substrate having a flat top surface and a flat bottom surface opposed to each
other, and includes the steps forming an anode on the boﬁom surface, placing
the semiconductor substrate in an electrolyte solution. Then, the steps are
foilowed 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 from
portions to portions, leaving a resulting porous I'ayer in the top surface, and
removing the porous layer from the substrate to leave a c:ufved surface oh 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



solution, i.e., not covered or nmasked by a material restricting the

anodi zation, and -3- that the surface profile of the curved surface is
controlled principally by the electric field intensity distribution given
by the anode pattern on the bottom surf&dce of the substrate, it is easy to
devel op the porous |ayer of accurately controlled contour or profile and
therefore give the correspondingly accurate surface profile to the

resul ting qu& Accordiq&ig, t he process can be best wutilized to fabricate
the opti caltl@idhe sUdape aralilp pf the sHnvesririasalis certoligd pripeipaiisby jhe

control led surface profile and good transm ssivity. The process may rely
upon an et €faidc fieldHnieqsidy efstibatinrsgivgn biidhe senie adiect on thalwttoate in a
suitabl e etching solution after renoving the porous layer. Wth this

resul t, theurfacebbther sjleitaterisisceasybio qeveldy BRtp@ably |8l dcoutattly give a
snoot hed curved surface to the lens. Alternatively, the process may utilize

a thernal eshitelldcdoriteuf or Prodile and ikrzkileAxehd ébrFéé?Jdn@iﬂ"rdPi( abBGratr ved
surface. Also in this instance, the oxidation proceeds preterentially in

the ni nut esgraEepkdME%H e I%%hﬁwgilﬁﬁé.y_Ré&&ﬁg@gi,g@ﬁpé@{g&é%ecaﬁl{ ﬁ% ﬁ%% ons so

that the oxidized | ayer extends™ he m nute and I oceed

ayer can PR ByRENES i oRHER b eopb el Lty afh Bl tanproeSobne

Iayer can revea surtace

| ens of s h urtace. Eurther, it is equaJly possible to utilize a

pl asma et gﬁ?ﬁ%&g@%ﬂgﬂa&e %rgﬁ ?%{ﬁgbﬁg&{@@g"%ﬁv'%ther of which the ninute
proj ections can 26 preferentially removed to provide a snoothed finish to
the lens. The abd{® PEXSSEHERY RglY UpRNAaicBinGteghuiguerd immerstnasties ace
having a root nean square surface roughness (RMS) of 200 nmor |ess, which
enabl es t oSemiconductor substrate in a suitable etching soiution after removing the porous

layer. With this result, the minute projections can be preferentially etched out to
give a smoothed curved surface to the lens.

Alternatively, the process may utilize a thermal oxidation to form an
oxidized layer in the top of the curved 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 can 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 lowering due to the surface irregularity as less as 10% or

below, and therefore satisfies good transmissivity of the lens.




reduce transmssivity lowering due to the surface irregularity as |l ess as
10% or below, and therefore satisfies good transmssivity of the lens. -4-
Mor eover, the present invention gives a good solution of facilitating the
above snoot heni ng process by mninizing t'he projections formed at the
interface between the sem conductor substrate and the porous |ayer. For
this purpose, it 1is made to change a paraneter of anodizing the top
surface of the sg&strate wth time while formng the porous |ayer in order
to | over the por NTEGVE; s Bresenbiventian givesta gaed sptutionafdadilitating e
substrate than at the other portion. Wth this consequence, a control can
be made t o2BEVeEBPOtitRNIPG PHRRLIsAEminimizing ghexprojettions farmed @b tios intyrfacs i |

t he porous |ayer reaches to the intended interface with the substrate, and
with | ess petwssn fhesserniconducter Sabstrateherteine morabs iayert oFbotHR pleposgeeitove

t he porous | ayer efficiently, yet mnimzing the projections or surface

i rregul ari tsymadeac chadge aeavahteténer drRshzing s tdp sufad Qﬂh%r@}b%ﬁrgf?ﬁ/itﬁe a

current density of the current which flows through the anode an e

cat hode angmehikie f&wﬂ%‘iﬁ@bér@@sq%ﬁé}‘?ﬁ LP@SEol EHWEPﬁaet E)(zn‘ri:)glt{l o ﬁgee?ﬁnlé)us surf ace

devel opi ng the porous layer to su a thickness 't ence
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substrate, and with less porosity at the interface, thereby enabling to form and

remove the porous lfayer efficiently, yet minimizing the projections or surface

irregularity in accordance with the less porosity.

The parameter may be a current density of the current which flows
through the andde and the cathode and which is controlied to decrease in the
final stage of developing the porous layer to such a thickness that influence the
surface smoothness.

Alternatively or 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;




FIG 1 is a perspective view of a piano-convex |lens fabricated in
accordance with a preferred enbodi nent of the present invention; FIG 2 is
a sectional view of the lens; -5- FIG 3Ais a sectional viewillustrating
a device in which the above lens is utifPzed; FIG 3Bis a top view of the
above device; FIG 4 is an expl oded perspective view of the above devi ce;
FIG 5 is a sectional view of an anodi zi ng apparatus utilized for making
the proce of the present invention; FIGS. 6A to 6E are sectional views

i 11 ustrati ndCt BA I8 Aegpctispakdevwilliiptiatiagiadeviceiwhioh thedirBedens i bittlived: c
views illustrating electric field intensity distribution developed in the
process of H@r dBrig atthp Viemsf thel @bo\& daeviee;pl an view illustrating an anode
pattern fornmed on the bottom surface of the sem conductor substrate; FIG

9A and 9B &I@. gisphexplddesitpeatpagive weontofehe abodevieliepi ng the porous |ayer;
FIG 10A and 10B are graphs illustrating another control of devel oping the
porous | ayes; 5/ Sseblidnd ¥idh Bf 8h@rsefingA r\é!t@éff]vé" dUBE hidKi step of
snoot hening the lens surface; FIG 12 igs) gbgrap Jl[”f%éustﬁgﬁ“ﬁ g?erel ation

bet ween ”?Ms%%f‘fﬁé}ﬁr@é&tw&ﬁ{iﬁ' roughness of the lens; and FIG 13A to
I

13E are sectional views 1llustrating another step of snoothening the Iens
2 e, CERTOMERS, R IR e IRV Qo bR 15 © ©°
FIG. 7A and 7B are schematic views illustrating electric field intensity distribution
developed in the process of forming the lens;
FIG. 8 is a plan view illustrating an anode pattern formed on the bottom surface
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 conirol of developing the porous
layer;
FIG. 11A to11D are sectional views illustrating a step of smoothening the lens
surface;
FIG.12is a gréph 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 QUT THE INVENTION

- Referring to FIGS. 1 to 5, the present invention is now explained fo-r
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. 110 3, thelens L is configured to have an




fabrication of a piano-convex |ens as one particular representative of a
sem conductor optical lens in accordance with a preferred enbodi nent of the
present invention. As shown in FIGS. 1 t@ 3, the lens L is configured to
have an -6- integral flange F which is utilized for nmounting the lens in a
devi ce such as an optical sensor 200, which is one typical application of
the lens and is configured to have a sensing el enent such as a

pyr oel ectri, nt 0. as wel| as.an assocjated electronic circuit

nodul e 220!ﬁigséaﬁlgp%ﬁwg'cﬁi'3%'1'%%?{955“0'{%@9 Brdeng i agieyige sUFhrAsEn 3 and
4. The pyroelectric elenent 210 is carried on the circuit nodule 220 which
i s nount ed °BHCA pRser 298, Whighdg oredyrical application &f thealensmnskis caafigured | e
the lens L is supported by a cover 250. The lens is nade froma

seni conduct®hav@aagangingelemers sush lascopyrosiactric glermentiad 45kl asidri con
carbide (SiC), galliumarsenide (GAs), gallium phosphide (GP), and

i ndi um phospsoaiate( el@jtrorin cirbiis nesthdel2@ONG reddiee tinehgiRanaiiriheIgRst4at e 10
of p-type Si is utilized to fabricate the piano-convex | ens by selective

anodi zat i oshOWntinEIGBLStaRE £ 1Phe PPRASQHE 2RIrh&Rt 270 1K8&Er n
anodi zi ng apparatus 100 whi ch, asﬁghom in FIG 5, Is coH??fé)Srtég C?EUﬁlpl ace

he substt AicIO 20 Whih & YALHT O a¥ctl 20 haliNG S SOHEY Behdfhal B Wi o

is configured to be equi ppe a regulator 1 f'or regul ati

electric E%{‘ﬁﬂﬁe{ eop%gg_ gﬁuﬁgﬁgg{bﬁﬁgi%%%%@ctrode 120 and a cat hode 110

imersed in e solutron: 120 is held in contact with
the bottom surfa Iof substrate 10 in. orger t o advance the anodi zation to
a varying extent i1 tH&'S GFOCSRT L2 BIHRESHE0f HatREal SR slicen Be anodi ¢
el ectrode 120 and cﬁﬁt}od@s 110 .are_both made of platinumor any other

sui t abl e nBtApANIHE s SHRBD GAMRIAE (S egalliyay argeaidenGaAs)egalivad t o have a

| ow resi stance . L
phosphide (GaP), and indium phosphide (InP). In this embodiment, the

semiconductor substrate 10 of p-type Siis utilized to fabricate the plano-convex
lens by selective anodization of the substrate 10. The anodization is made by
use of an anodizing apparatus 100 which, as shown in FIG. 5, is configured to
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 12073nd 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 electrode 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 substrat_e 10 is processed to have an electrically conductive layer 20 on the




of several ohmcentinmeters (Qn) to several hundreds ohmcentineters (Qn.
For exanple, a 0.5 mmthick flat p-type Si substrate 10 of 80 xmis shaped
into the lens through the steps of FIGS, 6A to 6E. After being washed and
cl eaned, the substrate 10 is processed‘?d have an el ectrically conductive
| ayer 20 on the -7- entire bottomsurface (FIG 6B). The conductive | ayer
20 is made of alum num for exanple, and is deposited by spattering or

i ke technique on the subst e 10 o have a uniformithickness of 1 m
Then, the eoHiRRtB ﬁué%éﬁ ([Z_%E'i @é)f-oﬂl Conuava l2yayi20) isgrade oh akynigum,
photolithography, and is partially etched out by a wet-etching to |eave a
circul ar ogmm@me, and 5 depcritgadespatiaiingeardkeiechniguediratimetsetostraita he | ens
to be fabricated to give a consolidated structure in which the conductive
| ayer 20 dif haesaamifenodbichaessgf Ampnanobieemaht eonduotieglagtedotiofdrhirnd
substrate 10 (FIG 6C). The above etching is not limted to the wet-etching
and may beithedesist pathy bgtecftigiglithbgraphyabhalis phftRily @tERePOQUS) ai S
utilized in place of the conductive |ayer where it is deened appropriate

to expl ai nweRetdiies fNfeavk W SRR opetng 244 ¥ diddSeiehOR fhatd with bS

imrersed within the electrolyte solution 140 i n the anodi zi ng appar at us

100 wi th t heana0sr R IEHS?(?BE‘?&ISﬁHﬁtE@t& gﬁe@eeﬂéasa%gegﬁggﬁﬁ{%gﬂgﬁ{‘g éhéo and

fol | oned by receiving an electric curre OW ng _
subst rat o SRR R 4P AR S e SR o7 BeSanale BERrEI A her cby
60) . The craettie IDuFFEnbCTs Thyabavea ey inodguias Grinedbeteichiaend
predeterm ned current density of 30 mA/cn2, for exanple, and continue for a
pr edet er ni W&y Remagg kyra Pme%%hﬁlﬁ-es“@@ﬂnaﬁ@énﬁﬂeeter MHenedet isrutilized irpplaces
|l ayer 30 and the anode 20 are etched out to obtain the lens (FIG 6E)

of the conductive layer where it is deemed appropriate to explain the present

invention. Subsequently, the substrate 10 ié immersed within the electrolyte

solution 140 in the anodizing apparatus 100 with the anode 20 in contact with the

anodic electrode 120 and is followed by receiving an electric current flowing

between the anode 20 and the cathode 110 so as to anodize the top surface of

the semiconductor substrate 10 selectively in correspondence to the anode

pattern, thereby developing a porous layer 30 in the top surface of the substraté

10 (FIG. 6D). 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* — SiF, + 2H' + ne

SIFQ + 2HF — SiF4 + H2




The el ectrolyte solution utilized is an aqueous sol ution of hydrogen
fluoride (HF) and ethanol mxed in a suitable ratio. In the anodi zation
process, the follow ng chem cal reactiggg take place: Si + 2HF + (2-n) h+
-. SiF2 + 2H+ + ne SIiF2+2HF - Si F4+H2 -8- SiF4 + 2HF -, Si H2F6 where h'
denotes a hole and e- denotes an electron. As soon as the Si substrate is
anodi cal ly oxidized, the oxidized portion is renoved by reaction wth the
el ectrol yte solg&jon SP as é, | eave the porous layer 30 in the surface of
the substrate 19'F+Ac€d di g @?Fﬁhe anodi zati on proceeds w thout being
retarded by the oxidized portion, which nmakes it possible to develop the
por ous | ay¥hese hnaenatesa gpl@a@@ eddpiotes anceledEeref ore enable to fabricate
the lens of relatively great thickness. As schematically shown in FIG 7A,
an i n- pl anésegiaset as thef Sidubsinate isgatodicallycaridiead, thensidiyed ovion sbl y

di stributed in coincidence with the anode pattern. In the figure, the

lines withrérheukd by reactionitis #te epatiofytoboluionResdd to/Racy i@ Pbrodd IRYENY
t hrough the substrate 10, while the lines with white arrows I ndicatée the

paths of tRBe ighecsiase b P8 Abstatoygh htaeoﬁﬁ@%ftﬁb%n%giﬁgﬂggowsdé n-pl ane

current density becones denser towards the periphery o ening 22 than

cont i nuous  oyeRshATeRREN By o BRiciASH bR, PRI Rk EnoditleR T o

o ano- conveRaBRhe bOfusTRlERe Pavindrn OBEter domib. BiF i eord anae tone

ol ectrc IRbHGaE EgR bR G derahickBaSr i v Ty by

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
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 ahode 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




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 arrangeénent in a plane parallel to the
substrate). Accordingly, it is readily possible to give any desired | ens
profile by suitably selecting these paraneters in conbination wth the
anode pattern.JEt shoul d be noted here that -9- since the anodization

proceeds t 8Ng8VEE GHOfFAIBRPERREeds/lordavsinn eoRPy S IRtaisntingeusly witoat ded

by otherw se appearing oxidized portions in the substrate, the thick lens
can be easbﬂ@gfféb?rd@ét%yd)thﬁwSS iapgearing odidizetd pertipnsdeths swibstctie, tsehances
flexibility of the | ens design. The resistance of the electrolytic solution
140 can bethiclj lesisemhindye ehglly fabricatedrinta singlefariduizatpumesasess| wiiicen of
hydrogen fluoride (HF) and/or by a mxing ratio of HF to ethanol. The

cat hode 11@nlﬁ@§’cd@fte§i@lﬁii1gﬂﬁdhé¢bdbad’@si@m pattern in exact coincident with the
anode pattern as shown in FIG 7A, or to have a pattern in which the

0pposi ng cat hode 19leeiRRidncblsr MbSIfdifc %+Ih93ﬁ 1o AR d8iUSRg GPIHET Of

t he opening 22 of the ano pattern in ane para Strate
10, as shoygd

i . f ng adj d i rel ation
with the curr e%tﬂég'gﬂsqﬂﬁg/eé 89\@]’% §§1ﬁ§’t' h ?g&gf@%@?ﬁ{o '%@@&5@?‘?‘&?%%0. In
t he anodi zati.on proc ..the regulator 13 s to keep the current
density badi{ia¥ f%'oa?fe@'%%ﬁgﬂ%ﬂfﬁ I i%@?”l%!%e@ﬁ may; bg geg’ﬂ@?@ﬂ? 8AVER decr ease
the current density gradual l'é in a final stage of the anodization process
in order tRANRIBIR EXBEHEAREAGNWED dag anepe pated a$ shevalipFilGg7Aher fsor ous
| ayer 30. Wth this technique, the porosity of the porous |ayer can be
| ower ed byhavse Paigri iewhighirthe wppasingi aaihelde elegnerte 14Rateadtsedslighityi ch
mnimzes surface irregularity on

towards the center of the opening 22 of the anode pattern in a plane parallef 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
denéity basically at a constant level. 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 level.

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.




the curved surface reveal ed by renoval of the porous |layer, and therefore
gives a nore snooth surface finish to the resulting |lens. The regul ation
of the current density is nade by nonitgring the current |evel or 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, NaOH and TMAH
(tetramethyl ammoni um hydrooxi de) or HF solution. -10- FIG 9A and 9B show

controls of decr i th urrent density in the final stage of the

anodi zati on pr ocjig@',- %e%i@%ism\w%@/tf 85Y URGERASING WWF%%%H@W duieent
density from 11l (for exanple, 30 mMcnR) to 12 (for exanple, 5 mNcnR), or
| oweri ng t fiedltingesf threasedizatinrepificessy respegtivaly by zontipyoughhloverdrisdguence,
t he anodi zati on proceeds at a lowered rate to | essen the porosity at the

i nterface cwireht déresitydban &t éort draample, BAenAtche) tptd { foresamade St heWatigal |y
shown in FIG 11A, thereby leaving only m nute projections on the

resul ting eulovestirgLihbangredht dehsity stepsiisatremll @fiper Witrethoeonseduayee, 30 i's
renoved. It is noted that FIG 11 A illustrates the varying porosity in an

exagger at ethe Qhd@yatt Prdc@eds e aRbWBRSErAAE to RRLAIRE RBrddg AT0E iir?téth@@
process, and the size and distribution of pores does not ‘reflect the

actual onegnlifie K| S¥rafe tbgﬁtatttr:ﬂfgﬂt%g%%ﬁiér%y 86 dd ﬁgﬁéiﬁ%%ﬁoﬁ RFIGOYEA rate

when | oweri ng € curren ens correspon e porosity,
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rapidly etching out the porous |ayer 30 and at the sane tine of mnim zing
the proj e%lﬂl'i’%h%edﬁ A tegrﬂ‘i’éﬂl%{ﬁ‘y%ég IDFeAe G upsis Rrted that §16. 1diedi zat i on
at a large_ current density 11 and tinme T2 for anodization at a reduced
current degpirgtesthgpvaryingippksily is anetaagerged fomaatrdy forthe amdapase af e
selected to be 30 mnutes and 10

explaining the anodization process, and the size and distribution of pores does

not reflect the actual ones. In view of that the porous layer is developed at a
lower rate when lowering the current density to correspondingly lower the
porosity, it is preferred to give the less porosity only at the final stage of -
developing the porous layer 30. [n 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, Ti for anodization at a large
current density i1 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.

Alternatively or in combination with the control of the current density, it
may be possible to control a concentration of the electrolytic solution, for example,
HF conceniration, 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




m nutes, respectively. Alternatively or in conbination with the control of
the current density, it may be possible to control a concentration of the
el ectrolytic solution, for exanple, ﬁfncentration, to increase in the
final stage of the anodlzatlon process, shown in FIGS. 1 OA and 10B, by
I ncreasing the concentration either by stepwwse fromM. to M or
continuously fromM to M. The higher the concentration of the

el ectrolytic so

| u t he re mn res are devel oped with -11-
CorT bsnondPREESP AR OBErEEP Siotih 1 Eoeb o e soBeapes bhdhe Seifacse
surface of the substrate 10. Also, tine Tl and T2 are suitable selected to

facil'itat eof K@ syhstiade 16n Ahep.tieneT4lansk T2 Bee puitahle selgated ty acillietsvibeg onl y
m nute projections at the interface between the porous |layer 30 and the

subst rat e lwmationstrslweniovafioGihd poustiagemivatieavingoyréy rinote pdjéaibhsen t he
substrate 10 are generally di nensioned to have an average height of 1 m

and spacedtte ipterfaacheididearthatpcrods &yanee Hid Beveribatrate 1@he surface
irregularity is renoved by a snoothing process follow ng the renoval of

the porous Iayer B0shdvwin iMEIG! $EENhe rﬁi‘ﬁ@nf@?fﬂ?éﬁtlontshﬁz %‘f‘tb&%{r?é% a{té’%"ed

of the porous layer 30 (shown in FIG I's 1nrersed in a chi
| ut t | d
P based s g@Teadimeed isb'S?%é%E(é% ﬁaﬁ}eﬁﬁn@b@é&% *@fﬂ%c%ﬁ" g
bstrat I h d di t [
ThR G S ?ﬁﬁ%rr%&% cﬁ% Eht SetaBEEG B plfod RadiE i intemaveT by ne-
shown in FIG EW" @l’ A 100 nm di arreter p-type Si. substrate 10 of
0.5 nmm t hi ¥K°8 %BFQ&%S fo '§'9FO?€9”\%§' @f&hﬁ&?r% §r 38 t dmihpraseat wi t h

a 1 mthick al um num
embodiment, the substrate 10 removed of the porous layer 30 (shown in FIG.

11B) is immersed in a dry etching solution such as KOH, NaOH and TMAH
(tetramethyl ammonium hydrooxide) or HF-based solution. In this process, the
minute projections 12 on the substrate surface are selectively etched out as
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 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 diameters. Then, the unmasked
portion of the conductive layer 20 was etched out by dry-etching to form a
plurality of 2 mm diameter openings 22 in the conductive layer, as shown i-n 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




conductive layer 20 by spattering. After sintering the conductive |ayer 20
at 420C for 20 mnutes, the |layer 20 was masked by photolithography with a
resist pattern having a plurality of w ngdows of 2 mmdianeters. Then, the
unmasked portion of the conductive |ayer“20 was etched out by dry-etching
to forma plurality of 2 nmdianeter openings 22 in the conductive | ayer,
as showmn in FIG 8. After being renoved of the resist pattern, the
substrate 10 s placed jn e anodi zi hg apparatus of FIG 5 containing
the el act r or {5 BURGFH ol ebilbradadis fiiflof BBR dlogenduoncabledcor a B0
aqueous sol ution of hydrogen fluoride (HF) and ethanol. Then, the
substrate WERNMHoJTHRRD the ubsiralf wasmsiodiZesk ataniriant depsitp of 36 nvdiem? foThe
resulting porous layer 30 was found to have a 0.3 mmthick at the portion
cor r espondirtpure. t hbecesidiiog pewusipger 30 vaasdfouadHanava al@drraasihigk at the

t hi ckness towards the center of the opening 22 in a plane parallel to the
substr at e. poifitun paresoridiyeto B cumdiuctive (0Re POtAntPtd RS a Fckiising hen
etched out by a 10% aqueous solution of KOH over a period of 15 m nutes,

t her eby f ofH i ' lj
ereby fofHIERts BWard@d tHeYcerftbr Bf B0 SHING 22!i8 2SR8ne BE%I%?HI ?rLeoﬁlétli%rate.

substrate 10 was imersed in an aqueous solution of H

he substr ale R0y el BRAREAE QR RRr 20 wa IR eh T gl BTG

t he substrate N substrate 1 cut out of
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Thus formed, | Iens wer e ?ach configured to have a |lens thickness of 0.195 nmm
and a r oot hRBROGANFY IeRResac elhe ?@R%P%ﬂ Oogas vEeesed » 4 | ust r at es
a relation between the root mean square surface r oughne.ss (RVB) and the
transmi ssi 9f¥§oyssolgtion gk HFHoF drhayrcaselnativaly eteh owhvibe spigute piojactiomsvik? ch
represents one of radiation having a range of 511mto

remaining on the surface of the substrate 10. The substrate 10 was then cut out

into a plurality of the lens. The etching rate of removing the porous layer 30 was

more than 10 times than that of removing the minute projections on the substrate

10. Thus formed lens were each configured to have a lens thickness of 0.195

mm and a root mean square surface roughness (RMS) of 50 nm

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.

= 4
r=exp|- [t/
where ¢ 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




10m wavel ength emtted froma 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 nmeasured roughness and the transmssivity,
while a curve indicates a theoretical Irelation alsl expressed by the
followi ng equation. T = exp[(42t%2 /1 where a is a surface roughness From
the graph, the neasured transm ssivity is lowered with the increased

surface ro in Line with the theoretical relation. For practical use,
U %5 PRRER e L iblebRE ar M Hia i hediaria of dussugace
scattering.on the surface irregularity as less as 10%or less. In this
respect, tHEEJWRAdlias lpag as 1O oblansy e 12 this resrant shiedeny isofequiredhtohaverae
with the surface roughness (RM5) of 200 nmor less. In this sense, the

| ens fabri Fansanisstvitied 4bbver moserplith the suadace roegisnedsa@M Sy ofligdd ess of RVB)
of 50 nmcan well satisfy the requirenent, and the lens fabricated in the

above prockEss. t in ltdy sebde, thelérmcmbricatptieshe @BYBE extindld td Mavethé e68ats
sufficient for practical use. Alternatively, the snoothening of the |ens

surface caroughreaddRMS) GBI Merc WERSaIST the PEATHHeRX hﬁﬁ%ﬁé‘@er}j&‘e surface
of the substrate followed by etching out the resulting oxidized |ayer, as

shown in FBrichfAY hanhd HpovEigretdss to%vesﬂﬁ%‘@utrfa'&e':rbfi’ghr&%&gf%@%&%ﬁ%@@iﬁkayer

30 is formed in the top surface of the substrate

i nterface Qﬁk@@@g%ﬁﬁ@pgﬁgﬁ%@%ﬁjs O and the remaining substrate 10 in

correspondence Wt he anode 20, i.e., the anode pattern
to give the ot r aTPRGY. AReShbRngh Rt dfe A E 5P seke Sadery *r amal ns
'n the t Opaggt%?greoc%gsto ?hésrlrjnba Ityro%deizi%g'thg %B?fggg %?Edley ’sutgshtreatg l#gllsc}v\r:gcg gylo
etching out the resulting oxidized layer, as shown in FIG. 13A to 13E. Firstly, as
shown in FIG. 13A, the porous layer 30 is formed in the top surface of the
substrate 10 to give a curved interface between the porous layer 30 and the
remaining substrate 10 in correspondence with the opening of the anode 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 topr 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 oxidation
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 substrate 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 the substrate 10, as shown in FIG
13C. In order to make the thermal oxidigation, steamis introduced to the
furnace to treat the substrate at a tenperature of 1000 C for 200 m nutes
to devel op an oxidation Ilayer of 0.4 Nmthickness. During the thermnal

oxi dation, oxidation of Si into Si02 proceeds uniformy in a direction
normal to thf: urtkacetof t he ubs_iégte such that  the oxidization proceeds
pr ef erentiﬁ]lc‘ifjse% EHOUT B UEFTYHS 142Ut RAheHETHRINESR Sybsirakh10+ o TBREETe t he
top surface of the substrate, as shown in FIG 13D. Thus, the thermnal

oxi di zat i oﬁ“ec%?ﬂdigsdé%)&ﬂ 14 srichenl pebto @Gve arsments topisdiraes df dyesubatralei ch
-14- includes the entire projections 12 but not the renmining substrate 10.
Ther eaf t er 10, ahehowndn F&d. 13ger 14 is etched out to give a snooth top
surface of the substrate 10, as shown in FIG 13E. Further, it is equally

possi bl e to uti |Furthes, plisasquallt pddsitde ito utiiztea plasma erhigy irherdar fiuit e
projections 12 fromthe top surface of the substrate 10. In this process,

the subst ringovdiieamMURE ppbjethien P2 Hopn HayRp RPdce G4RELEHsH Qe 0.P! RS
streamto selectively and preferentially etch out the projections renaining

on the topilh ,fg'yé%ah %F?@S%péq b 3L Fioved BP i’r?]él ﬁg |‘d|‘u§ I%}Zc%leﬂ%eé&oﬁgeto en

using argon gas, reactive ion etc n-using CF4 gas,

o & 1 X W o S5 400008 o der AL o B A 2, T2
or of ect  ondh 114 oG heuhePhG: PhepSiiio Senhs roede ¥hen wahgi ng  he
gﬂ{ ' te E; p?%ergéhtg}/as?(/vhﬁg%Creergc[ci\% iioonnet(():%ir;[ghig rﬁégec wh(()elny&seings %Flitgia%?oi'a rrlf1)irx’tetjr2r red
gas of CF, and Q..
Stilt further, the smoothening may be made by a laser ablation in which a
laser beam is irradiated to the top surface of the substrate to selectively and
preferentially remove the minute projections.
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 equa]ly utilizé 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 zation

w thout the control of varying these paraneters. Further, the present
invention should be interpreted to be nogzlimted to the use of the
silicon substrate but to allow the use of other sem conductor materials in
conbination with specific electrolyte solution as shown in the table

bel ow. -15- Sem conductor materi al EI ectrolytic solution Masking nmateri al

Si HF CHOH-SIiN—Ge HCO - RHEQH S| SiN—SILC - sic HE: C2H50H Si N GaAs
HO i 02, | SeRTceidICteralesehy §b§tr0§‘ﬁﬂsoyt@n | NP réﬂa%ﬂ@@ maieRal SiC I nt he
above tab g; the mask nateri al F q,qe rmconbinatd;gn of —the

sem conductor nmaterial and the elé olytic solution are listed. -16-

CLAI M5 1. | Geprocess of fabri catlﬂﬁg (Bgl'%ahl conduct or |GROLCBIN, ISIas, said
process topprising the-steps o sem-¢onductar_substrate
having a fPKt top surface and aHFl EEHS(BHttom sur f a (;SJprosed to each ot her;
formng a R de o sard bott rface, —ptacingsa SE€ vctor
substrate| I'n %n el ectrol yte sal u?ron flow ng a cur rsggf- %‘é‘ﬁﬁé@n sai d anopde
and a cat hG@¢ W thin said sol UtHs0} o SiO.,, SiN, SiC
InP HCI SiO,, SiN, SIC

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

semiconductor material and the electrolytic solution are listed.




anodi ze the top surface of said substrate to a varying depth from portions
to portions, leaving a porous layer in said top surface; and renoving said
porous | ayer fromsaid substrate to | eave a curved surface on said top
surface, said anode is configured to giNe a predeterm ned distribution of a
electric field intensity which varies fromportion to portions of said
substrate across said top and bottom surfaces of said substrate, thereby
providingci%iggforous | ayer having the varying depth in match with the

di stributi | said electric field intensity, said anode havi ng an anode
pattern for fabricating the |lens, said process being characterized by

I ncl udi ng ,a

hi ¢ heni . ; o
on sai d oir varbRsrpacsasBale o Hiicatld8: Behcluchs, Sl ke 1 “wherein
sai d snoochimpgisigethefsiepoat t he step of renoving said porous |ayer and

Sl ; ; ! . . ot
creh outsal Frebaia SR KIIEhAe AHARE LA 1B sBaEe BRtPrac 111 01,1
wher ei n sai d boHBEY BHfRCSeRPPIES loRAcht ¢iBeEt ep of renpving sai d porous | ayer

and conpri se§m§HE ot AdeObn shidr botidm aQrfageé di zed |ayer by thernal oxidation
omove satd MARAGSRGERepBector bl 1 an siekee Gl for th i n ol ai m.
1, wherein flowing a current between said anode and a cathode within said solution to

anodize 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,

said anode is configured to give a predetermined distribution of a 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 match with the distribution of said electric

field intensity,

said anode having an anode pattern for fabricating the lens,

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.




said smoothing step follows the step of renoving said porous |ayer and
conpri ses exposing said curved surface to a plasma to renove said m nute
projections. 5. The process as set forth in claim1, wherein said snoothing
step follows the step of renoving saidigorous |ayer and conprises
irradiating a | aser beamto said curved surface to renove said m nute
projections. 6. The process as set forth in anyone of clains 2 to 5,

wherein said_snoothing step,is mde to finish said curved surface having a
r oot rreang-s SrREOsE? %%éef@ﬁ@%'ﬂ "K%N’S%e@l'” 200 nmor less. 7. The process

as set fosaid srocthaigstep follerete step cftremoting’ sHidipogosRiagepangus | ayer

i ncludin 1| nar_ar f WAl t surface.of said

ubst  at SCOPHISCT SEPpRngaty ootyeRoueeB it Fary B et Bl ayer at

t he i nterpeygectidnsh t he substrate than at the other portion. 8. The process

as set forth in claim7, wherein said paraneter is a current density of the
current flowing through said anode and said cathode, said current density

bei ng confr ollhBdPreeesfees sgloriinglaicmhiwherg§e of forming said porous

layer. 9. saﬂaesrﬁé@mﬁfgsst@F foRbwE e Btebrbf GhRioNng sl PofbUl RFeHapar aneter is a
ctrolyte sol ution concentrati on,

trati of trol d b
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projections.

6. The process as set forth in anyone 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.

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 7, 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.




