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Abstract

Recently, the method of micro fabrication has been important in the field of manufacturing, and a demand on
microfabrication has been increasing for a new micro functional devices such as photonic crystals. In this research, we
propose a new method of microfabrication using a metal ion solution, a conversing laser and photocatalyst nano-particles.
When a conversing laser is illuminated in the metal ion solution including photocatalyst nano-particles, the photocatalyst
particles are excited and metal ions are expected to be reduced only at the vicinity of beam waist. Then, scanning beam waist,
we can fabricate the three dimensional micro structures. In this report, we estimated a mechanism of this proposed method
through some verification experiment and investigated the capacity of this method. First, we made a fundamental experiment
by changing the wavelength of focused beam in the silver ion solution including TiOz nanoparticles and investigated a proper
wavelength of focused beam. Second, we made some verification experiments under variable solution conditions and
investigated the role of each chemical reagent of solution. Third, we estimated the mechanism of this fabrication method by
these experimental results. Finally, we developed the experimental system of automatically scanning the focused beam and
fabricated some micro structures using this system. From these result, we indicate the capacity of this method which can
fabricate the free-form curves and three dimensional lattice structures with the process resolution of several micro meters.

Key words :  Microfabrication, Photocatalyst, Nanoparticle, Laser process

1. #

RIARAEFERRIZB W T 22 mbkee - SAIMEER S 28132 BT, ~ A 7 w N THEANOBEEE T LT
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“FHUFSEE (Chaste, etal., 2012), TERIKFZAVFEEE (Ramakrishna, 2005; Ostman and Nagatsuma, 2011) DOFEHNAIHET
bV, WHREHET A A EZFEHT L5 ECTHEREREM THENO—2>EEST bivd. Z0 XD M=Kk
JUAEAIRE L UL, B X — B — AL X A IR =i E AR E &2 s, FIB 1L DT ARy
T g UANL (Ashiba, etal., 2012), £t bdic L S KB (Maruo, etal., 1997), BEL LA L—H—IZ L D4
JBA A EEERETYE (Tanaka, etal., 2006), L—Y T » 77> 2 MINTYE (lwata, etal., 2009) 72 i~ 7o f ik
DIRE SN, ERAE B LAENtED b LIRS, 6%k B o N TR A 4795 = RooihiigEA)
BUEDNIR SRR I TN D, 2 TAIFIETIE, FERIZZRWET LW TRER 2 A3 2 AR = R oo i a1 il
EE UM 2R, &EA A KR, B — Y —Z A b SR TS S AR E IR R T 5.
AR TIE, $RBERFIEIC L D =RoT TORMIE AR O B fREME 2 SLREI)SEERI1Z L 0 /R L7cik, BARI 2RI X
A= R BZDWTERAIRF 21T O . IRICERER FZBGR RIC D &, oot iE B BRI S X7 A &B% L,
ANBEARHE 22 LRI, = IRCEMEHE R AR E IS S W T BRI 21T o 7.

2. L—Y—SAREREICHETHAMERICZHA L= R T ER s

21 BEFZE

BT RFEIE BT O R —%52 1T 25 L b L ClRML - 38/ EOLZEGE R TWE TH Y, &
T OVEGIbRE, ZEKIEEED 7 4 V2 —7e EL IV CEMEAEA TV S (Fujishima and Honda, 1972
Anpo, 2000) . BREZ/EFEE DMy BF C O 5 & iz U, BUIR, BRI T8 ~ou 61132 < 1372 (Ohko,
et al., 2003; Herrmann, et al., 1988; Ishii, et al., 1998) 23, YD &g A A L BILFFEIZE B U7 Bain TiE ok
WDED LI TEY, BT ¥ e E ot AT sEEIE T S 7288 (Ohko, et al., 2003) <°Fi4
(Herrmann, et al., 1988) (Z XV "Xk THINAEEAIRARIEETH D Z EAVREN TN D, K 11X, BbLT ¥ 2 efil
IEREICIVNT, A L—V— (R 325 nm) DX TFHRIC L 2B 2 ARk S, ERBERKEIRH O8A 4
ZIRIC S, EIERIREE A IS U E G 2 IR L 7= CTh 5 (BLEF, 2005).

AWFFETIE, Gk, e o “RTNICIRE SN TV A B A 4 A I K B ickiE Al Sk 2 = kotis
JEETHZ LA HRE LT, kT R, StV ——, &RA AL oKEIREZ I L7287 Ze ok Al i
BERET S, M2 I3 REFEOWMERN TH L. KA R0 SIS R A 4 KSR L L —3
—ZMRE L, WHZERNICBT D B — A7 T A M CORFTY 7 SEMIESOGIC X - GRICITH Sh- 48 &k
fibfit T R 7 DREEREES . S HICREIFICE— AT =R N ERT S 2 & CIRZERN OISR 12T A
Y—7 L— RO =R eEE R AT 5.

[
p r:\ - e

Photocatalytic reaction
by standing wave

Bhotocatalyst
. nanqparticle
Fig.1 Fabrication of metal periodic structure Fig.2 Concept of three dimensional microfabrication using
using photocatalytic reaction by standing wave. photocatalyst nanoparticle in the metal ion solution.

2 -2 EMEERICKHREFEOERTHREMFRGLE

FT, RETFIEICL DWEERAIRIA FIRED & ) D ERRGET 2 T2 D OIEREERR A 1T o 7o, AR TIIEAE L L
T, ZOWEMEOE SHBIAL ERMICRIH STV 5ELF % > (Fujishima and Honda, 1972) #:H L, ZDF
IR (BRET YT 2 v 7 2SR, F/ F % =7 NTB-1, —&Kif% : 10 nm~20 nm, #EAES : 71y
HA M) Rz X 31E, AR THWEZERETF Z o ORI ALY S VHIEFRERTH Y, 405nm 7= 7
DWICENE L 725 Z BN D. Z ZTHRIEEN 3@ R 325 nm, 13 & A EWIR L 72\ 488 nm - & WY
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LA EN VRS B 405 nm D 3FEHED L —H —Z W TIRE 2 7 hOEHPEC OV TEBRIMGH 21T 72

At T % ) )R- H r S TZEIRER & 7 B =T B 2R B KEIR DN T SN2 EIskt L o X (NAL.20,
WA THEELEL—V—ZBE L 25, MA4DOL)RERMELN. IE 325 nm T #EROEE
B — MeiRER AR B Y, BUOBARIROST ISR AER SN AR, ke — Lzl 5 &, TNbIE
Fd 5 (K 4(a)) . #8405 nm Tl, FR EAR » MEGTEBICELE L7oTZRE TRV IS Sz (X 4(b)) .

DL D IREEEMIT I IR 5T, AR Y MEERERE S EHICEEILTH, WHAERANOE—AD =
A REBIZBWTAER SV (M, 2006) . F7-, SN —LZ28K LT, AP T—HEHE L72#TH

DOUFEREITHERF SN DRI S NT=. R 488 nm TlddE B AR v MENFEIZIB W TIIAT AR
OOHNTZH DD, PR 405 nm OFFD K 5 72, FED HEEN O RFEZEIN TOMTHIZAE Uo7 (K 4(c). =
DHENEALT X ) )i 2 B SERWVIERNICB W T RBRICBIER SN2 L2 BB+ 5 &, 1K 488 nm
ICBWTIEIR LT & > R & 2 RS RE O RBUIRRD BT, ARBIGUT, FR EicL—y 2B sh
TeBRICAE U2 R B CamigE e iRt S o0 (L ——#Ea2h % (Puippe, etal., 1981)) (Z X > TA LT
SRICER L7=bo tHEShD.

PLEDOFERZK 3 OFET 2 ORI ARY MV EEEFE 2 TERTHEUTOL Y1275, K 325 nm T
I, WA KE S BMET & o OSBRI ANTESE & 72 D720, EEICIR &3 v — MMaifot s Eaic s T
SRA T DBILHEZ o= b d. —77, BE 488 nm ICBWTIE, HITPWINANE & A &7 < SefliiE
OFERIZREE L 2253, R 405 nm TliE, HDIPRRL LIRS D Z LT, £HE—LAR Y hOZERAR
VTR I mmbtﬁ4¢/£ﬁ#%ﬁf%ta%z%hé
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Fig.3 Absorptance spectrum of TiO,. Fig.4 Exposing conversing laser to substrate in the metal ion solution

(wavelength of laser is (a) 325 nm, (b) 405 nm (c) 488 nm ).

Wiz, A L—Y—FE% 405 nm IZ[HE L CE—A A N EEREZEMNICBW T S RkonEE T 2 ER AT
57, K5DX =AU TR M SRICEMEIRICGEERE LT L 25, X6 O X 5 Z28REI 5L um ORISR 5
iz, AL 7-MEERE, BERICERZEDOE T FHMEECRIE LI 25, Bl DOESITRIST 2 &
Bon 28820 R r PRIz (AXK@). fHERZE L TR A, BiERIe—2 v X MER
ﬁﬁkﬂ%@%L Zho Tz (FAIK(b). LAEDORERN G, #EUREEOEN L —F - —L2ERETH &

%?&@%Kﬂ/ﬁ7b%¥ﬁf%éﬁ EMERHD T LR TE .
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Fig.5 The process of fabricating three dimensional Fig.6 Observation of crosslinking structure, (a) top view (b) side view.
crosslinking structure.

3. BIMAH=XLOKE

AFITIX, AETCHERR Sz = RTHH S &SRR FTRE 2R SEBR SRR I O X, IRE FEOBIERAIIIA 1 =X
LOWEEHAT -T2,
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3.1 SEM-EDX Ik BEEAHMERORE

AL U 7= A (R 2 SR AFT 9 5 72 D12 SEM GEBAVE TBEMSE : H A 77 7 vy — X8l S-5500) Tl
LHATV, I HIZ EDX (=X —4H X SotrikiE « RSB RUERTR. EX-350M) CHEEROAELEK
FRMT 24T > 7. 3Bk SEM 824 & EDX OFERA X 712773, ()78 SEM B2, (0)DEFAERNT ¥ > D43,
Q) DOIREIERD I3, (d)DBRETF X o ONFiEERAEDEZLDOTHS. KETONME LD L, HEAINTT
ET DGR EF X N0 LTSI ENbnD. SHIZAERD E, FX L ONHmITRONAR LV A
W ERDND. UL, REDPBLTZ T R TEDNTNAZLEZRBL TS EEZ LS.
REEAD R A LV E5R T SEM BIZ LR R A X 8 (Rt KNG, HEEAREmEIIAE 4310 nm~20 nm
ORI PEHE L TEDODN TS Z ERbnnd. ZOKRE SIFAIBUHNTWDEETF & ) ROk 728 & 1F
E—EHLTWBIEND, BoTWBRIHIFRILT ¥ v R+ Thd EHEESINS.

Fig.7 SEM image and the result of EDX analysis, (a) SEM image, (b) EDX
analysis (Ti), (c) EDX analysis (Ag), (d) EDX analysis (Ti and Ag).

Fig.8 High magnification SEM image of sample surface, (a) x100k magnification, (b) x300k magnification.

3-2 RARBAROAE

FEBRENC R LTz, 28 LT = ROeHEE AN FIRE 2R AR MBI DRy A2 3% 1 IR d. 7035, NTB-01 |3+
WCETOEREZ ETT), Z0OF FHBEKER L IRA S5 S MERIRUC LB RA A o 3 kA 4 & X
LU THARE LTI LT LES. 220, TUVE=TEZMADAZ LICE VRS T Z8A A R BBIcT 5 2
& T, BEFIEOEBUIRAIKR IR LT 2 ) ki1 L RA 4 U NN TR, HFELTOHDREEZIED L
7o KREITCIE, AIOWELR I = X LEHEET 72012, EEEROBRLT % v /B K O FEER KRR Al
OB ED X 9 B R 5.2 TWND DA FEBRINCHE LT,
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Table 1 Components of standard fabrication solution.

Chemical reagent Concentration
TiO, (NTB-01) 0.65 wt%
AgNOsaq 0.0087 N
NHsaq 8.7 Wt%

3:2-1 BIRIZHITEERIEF S 2T/ BFOREIRE

BIRLC B DT & ) RF OG5 2RI T 272012, £ PEEREN SEBRILT ¥ ) R 2R
RIENIZEB VT, R 405 nm OB L —F—EEBEITo 7. R, IR ETOENAKR Y b ZRTER, HH
ZERNTOE—L T T2 F =RItEEICEHD LT, MEROHTHARIIIE S o7z, 70k, ZORbTF &
T B RO TAEEAIRIC B T, REERER AR DR FE 2 i < (REBEASR/KIAIK 0.66 N, 7 2 E =7 /K&K 3.3
W%) L7z& A, BN—0T7 ZFEKRE FEICEWTIE, AR GERHE 0.5 um/sec, HHEE 50 um) (2~ 7=
Hritidfed Sz (K9@a) 23, =RITIRFAN COMIEMAIRIT TX 2o

WICBALTF & o F ki T ORIz, FHEMIERGEO Y BF kit (HEFETEGRSHER an 1 21
U, R 10~20 nm) % FHO TREERAIBLZ A 7 5 A X (D) 2T, RIS, RNERER/KIATR DL %
LIz b &iX, I R—0 7 AHME THEIZIRYEEAR v MBNIIEG Ul < (% 9() 23, =
WIS IR A AR 2 Z 213 TE o7, 2D XK 91T, Kifk 10~20 nm A 47— /L DOIRFEN Bk + D AEAET
T, METECHER SN SRS Z ZI & N2 D, 2- 1B TR LEER L —VV R ERED
FETEET S L, (LT ¥ T RO SOG Z R SRR H 5 L TS Z 2 ERL T A LB
bis.

Fig.9 Schematic and the results of lined structure on the surface of cover glass, (2) AgNOsaq, NHsaq
(without TiOz nanoparticles), (b) AgNOsaq, NHsag, SiO, nanoparticles (instead of TiO, nanoparticles).

3-2-2 BIRIZHITZEERBOREIRE

WIT, FEERIR D DAEIRERZ R o ik a2 O CRBRDEE L —F—EEER 1T o 72, KR, Bt L Ccof
JEAR y R TIRIGER, RHZERNTOE—LA Y A F =R ERICED LT, HEEROTHAIRIITE L2
S72. 3-1 i SEM-EDX DGR CHEIERORIIIMILT ¥ > F /R TELIL TN Z Evn, BbTF % )
JRIF-OBHEIZIINTH LIS AEUR L TV A D TIRR W EE X, 22T, &¥Era—T 7 LizhR
— T A ETRBRIC L= —Z2 MBI EE L (L—F =77 15 mW, EAEE 2 um/sec) & 25, X110
D X 9 7o fIEH 20 um OEALT & ) R0 B 78 B “IRTHIBEE RS R STz, F- SkonER bl
D, HRSEEN -SRI DR T2, 2O END, BLTF X T R ORSEIINTH LT-&J8ic L —
PN SN S NORETRE TS EEZOND. £ T, Ag T 2Rt XSyl &
FAAgT avA R, KiFE10nm) EELTF X T ki B S B Ri CRIER 21T 7=, Ag T/ L
+ 0.0047 Wt%, F/ F X =7 035Wt%, 7 > F=7 /K 9.3WU%DIZEKT THF1 45 mW @ 405 nm L —H—% AR
— AT AT NS ZGTER LI E A, K11 O X9 e ZRoEERAE oz, DLEORR I Y, BT
Y R OEREICITSBOFENEL TR Y, EREmRN O T TH, RIEZERNICBS W TERT / Hi
FANETNMAE SIS, BT & T R ORE R T e = L 3o Tz,
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Height
45

50 um
——

Fig.10 Schematic and the result of circle structure on the Fig.11 The result of three dimensional scanning beam waist in
Au coat and circle structure consist of only TiO,. the solution which consist of NHzaq, Ag nanoparticles and TiO>
nanoparticles.

3:3 RAIBEAH=XLDOEER
CLEDOFEBRERDNDABA B = XL OEREEATo72. 2-18, 3-14, 328 TRHShWIREE LD D ELL
TO®Y &72%.

WAb T2 2 F ) RN B S N REERER & 7 B =7 i B 7R BIRA/KIANRIZ 405 nm DN L ——% BB
Liz& 2 A, BUEE pm O =R TTHEBENE LT

RIERIT BRI LT 7 o LR O S, BEEREREITEICRLT % ) 2R CEhiL T\ .
el & o F ki 770 U CRIBLFEBR 21T o T2 /E 58, S8R0 “IROtHEER A /SO0, = IRochERIIE s
Ipnotz.

b T2 o F 2RI FORO VIR CRBED aa A Xy ) a0 S CAIRER 2T/ 2 A, Lo
1A BT AR D ZIRTTEIERITAE A, SIRGTHEEIRIISE bR o Tz,

THEARER A N TR CRISER 21T o T2 & 2 AERIIGE Doz, @l Ca—7 0 v 7 LI EER B
TL—Y—%WH L7z & ZAFREEICLT ¥ o0 b7 D “IRGTTEERIE DD, = IReH&E RIS S
niginoiz.

® Ag TR EBRET X T SRR ST U = T KRR TR A T o728 2 A, Ag T/ kLT
LT Z T IRl D E DD —IRTEERE G D Z LN TE .

©@ ® 0o 6

OO R, BLOOQ), @QOFERMND, MEERAIRIZIIEAEE T /BT O YA SIGIZ K 28R4 4> DiF
TERLETHHZ Enbnd. £7260, @OFRRELY, Kbl ki 1okEE & = RoeEERGIRICIISROTT
ENFEELTCWBLEEZ NS, UEDEBRLQEZFETEZD L, BEFIEONMT A=A, UTFO_ZD
OYE T 0 ADFEIZ I D EBHEINTHDZ ERHEESND (K12).

(A) AT Z T 2R OIMIESISIC L D B —2 7 = 2 MEEORMTH
(B) #rH L7=R~D L —HF—MRE ORI A U= 2T L AR (b TF 2 o) ) R DktE

Z 2 CIIAEEAIRIC T 2R OMFEER & LT, e RICEL L — =R Sh 5 2 & TRAE LB
fefbF 2 oF R OEMEZEE L CW D RIEEMEAE 2 -, ZHUC kY, @0 X 5 ICREmBIALTF & o F ki T
TEDLDNTND X9 2SR E 72D, &5, HEAOBIES B —A 7 =2 ME (8200 nm) (ZxF L TR
LI ERE L A 2 EH OB S ARSI 5723, AHEEI T A B = X ZOWHERRFEOT-0121%, BT & W AFEBR
T L T AN O LT Z T  KiA-53 R R D BT AN EE S TRHEN A U 5 7 aE R2HNTE
B2 DR TR N LI TH D,
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Ag ions reduced by TiO2 nanoparticles cohesion
photocatalytic reaction by heat which is generated by
laser and Ag

Fig.12 An estimate of physics mechanism of fabrication.

4. BEFNSFEORERER

TRBEFEOREARR LI TR L UMERIR A B2 BEET 5 720, PC Il L D AN E— A =2 b HE)
ZIRTTAERAY PTREZR SR E 2 L CHEBRAIMRR 21T o T2

4-1 EBREE

13 I L FEREEE O TH 5. L—V ki & L TIERnR ORGSR ¢ b L 723 R 405 nm @
L—H—F A F— K (Omicron # LDM405.55CW, H/) 55 mW, /1 X 0.8%RMS LATF) &z, L—¥—3K
MO LIz —F—b— AL, A, Ty LT g F—Lal) 2— LU XEH L TOKRERIL X (4D
27X AL UPLSAPO60XW, NAL.20, WD0.28 mm) (ZAST L, 13— A TERE NI AVNOBFRIZE LIRS S
N5, ZORFRREFE LV E =S BE) 27— (Thorlab % Axis NanoMax with Stepper Motors, MAX343, A b —
7 4mmx4mmx4mm, f/hATy 7iE 60 nm) (2K VALESIET S Z & C, WHEZERNIZS W TEL L —F—
7 A R ZFERTIC IR FTREZR R & 72> T D (B HIfth, 2014) . 7235, B — L AERHX L o X1,
F a2 —T LU R EMAE DT EREH EADE R AR T 5 2 & C, BIEAM L XL LTHIFHEE, 1
7ot AGERILREIZS (66 1%, 640 pixels x 480 pixels, Hflie' 7 w0 fiF#6E 110 nm) 2 EH L T\ 5.

PC

CCD
 E—
Tube Lens

S 200mm

Longpass Filter Spatial Filter

J 150mm
| N

l Collimating Lens

C— =

SB‘I!;::r | Laser Diode
__ophtter -~ Shutter (Wavelength 405nm)
‘Water Immersion ,,'} Objective Lens
Objective Lens o Immersion
~ Beam Waist
________ . / Cover Slip
&. / 100pm
Three-Axis Stage \ Illumination ‘\‘ I;m?:::
\\

Fig.13 Schematic of experimental system for microfabrication.
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4-2 EXMIHHHE

RRTIEOFARN DN TREE LT, IMTAREICER L, A CHRE L —A v =2 N AEERFERIEE 2
RV TEBRICEHERT 21T o 7. BRI L —P— B L O v — 2GEEHEE N, I TAMEIC LIE T
AT, £F, B — 2 A EEEPIAIEPI AN LICE L SERE T, —ERREEE LT L 7oA
OFE (ERR) ZHIELE. K142, L—Y—H%& 7TmWIC L7ZRrORIER R AR, Ao BT E
M S ITEIMERICH YV, FoeT —2 bRz E N Lis & 24, ERIXFELERF O U3 Flzthf L
TWDZ EMNbhoT-, FEEEROBERITERFED 13 FITHHIL TWD Z &b, HEEAOMRRE L BERMIIEIE
HHIBRICH D EEZXLND. 151%, W% 5 & 10 MICEE L CTL——H) T &L OBEROEZRZ
HELZHDOTHD. TNENOFBARINZBNT, HWEROBERIT L ——HIR L Tmd 523, —W%
— ) & B DRSNS A DB ENE LN E BB L FE LWIINIRRIE L 725 Z ERNbhoT-

TmWx 10 sec=70mJ
. 25 Ar
T 30 V= 8.441x0317 a | 15mWx 5sec=75mJ
= = ,.-’ -
El R% = 0.9879 E 20 e e
= = Wb s —— )
72 ‘@a
2 20 s 15
) 5]
A =
: W o )
% 10 g S 10mWx Ssec:SO”mI Exposure fime
=) ' . N . g ., —4— 5sec
.E 0 Diameter of deposit a SmWx 10sec=50m] || g 0 oo
0 10 20 30 40 50 60 0

0 2 4 6 8 10 12 14 16
Exposure Time [sec] Laser power [mW]
Fig.14 Relation of diameter of deposit and exposure time (laser ~ Fig.15 Correlation of diameter of deposit and laser
power: 7 mW). power. At the equal point of diameter, total energy

is same because total energy is the product of laser

power and exposure time.

WIZ, WRNFER E T —A =R NaER L, S SRRSO EAE R 2 172, BRSSO
MEIE, X 16 12T X O ITEREE OBV T 5. JERBRICH L CrtliieEH Lz & 2 A, BilEix
ERIHE DOF-1/2 /IZHHILTWD Z ERXbhoTz. 2, 17 1T & 910, HAIRERIYS 7= 0 oFSeEn
—ED & EFNZ, BIRREPY 72 D ICAIR SN AESEROBENE L RoTWNHZ EAEHRLTEY, 2k,
E— AU TR NEBRHZBW TS, EARMICHTHIEROEIEL, RBENLREICHAI L TWD Z Enbhotz. 2
BARIOFEBRICB W CERHREZ S HIRE K LTV SEfgn el & 72 5P Miehic /e 2 55, L—3
—H A2 I HICRE LS LT EfEEEITHRIcRimsn A L, INTICKEE X T RN RSN oM
BEBFET D D, A, RETECBWTEZEMII oE I AR ml e Ao/ NN TRRIEIZ VWi, #
i e EBROMmE NS OGN LETH LD, Falk CHEH L7z EARRREL Y, L—W— 77 & B OFH B
RHENTZZ 0D, ZNHDO/RT A—=XOFRRICE D, INTHWEZ% pm 2> 580F um OFPH TR T 5 2
ENbiroT-.

v : Scanning speed

307 )
d : Diameter
g 20 ¥ = 12.383x 0492
e R? = 0.9924 \
; 10} V : Volume fabricated per unit time
= [mvd?/4 = V]
o ] B
0o 2 4 6 8§ 10 12 de v /2
Scanning speed [um/sec] Fig.17 Correlation of scanning speed and diameter. It
Fig.16 Relation of fabrication of line width and is derived by the relation between volume fabricated
scanning speed (laser power: 7 mW). per unit time, diameter and scanning speed.
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Fig.18 The rout of scanning beam waist on the substrate of solution and optical microscopic image
of two dimensional structure fabricated using automatic micro control of three-axis stage.
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Fig.19 The schematic of three dimensional lattice structure and the results observed at
each focal plane with optical microscopic, (a) top, (b) middle, (c) bottom.
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