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ABSTRACT

This thesis proposes the fabrication of a metal-semiconductor-metal (Al/n-Si/Al)
photodetector by increasing the lisht-detecting area to enhance the direct effective
photocurrent. In this research, the first U-MSM structure and the second MPU-MSM
structure were fabricated using a single anisotropic etching process. The third DPU-MSM
structure uses a repetitive anisotropic etching with a self-alisned technique. The
experiment focused on the physical and electrical characteristics of the photodetectors.
The optimal etching conditions for photometer fabrication are 80 ° C during the etching
process with-a chemical stirring speed of 200 rpm. It was observed that the etching rate
of aluminum may be drastically lowered by adding 34 ¢/l of silicic acid into 5 wt.% TMAH.
With the addition of 7 ¢/l of AP, the silicon surface was smooth. Under incident light from
a laser at 635 nm and a bias voltage of 10 V, the electrical characteristics of a receiver-
modified photodetector are measured and compared to those of a planar structure
photodetector (MSM). Found that the DPU-MSM structure has the maximum photocurrent,
which is approximately 6.6 times that of a planar structure. Compared to the MPU-MSM
and the U-MSM structures, they both have higher photocurrent. Considering the
responsivity properties of a photodetector with a larger light-detecting area enables the
device to detect light at higher cutoff frequencies. However, the capacity is diminished by
the area of the etched portion. Consequently, a double-pyramids structure on U-shaped
(DPU-MSM) structure can be constructed using CMOS generation techniques or combined
with integrated circuits. To develop a special type of photodetector with improved

properties.
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nm nanometer UILULLUAT
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PR Photoresist drenlouas
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(SiO3)5 Silicates ALK
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Wt.% Weight percentage Souavingriin
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1.1 anudunuazaudIAyre9a1uivY
walulagszuuliiiasesnagania wse “lwud” (Micro Electro Mechanical Systems:

MEMS) \Hugagunsalvuadniisiussuunalnd iuseuuinssiunediannselind ssuuma

aa IS

aoveguugIufeaiu lnenalulenldddaowdugiud msuisassw e nddnoud

AaaudRduansieinn nusennufouldd Adudszavsnisganduvesianddneuiainis

[
a

Wasuwdasmuanusnaduuas Ingasgiaauisinsgandunadldfidesnngiuiliani
\anasgegn [1] n3zuIuassan MEMS 3muinsnanmaluladililunsudngunsaiied
maudnmes tngldfuagrsunsnatslugunsalvateusenn 1wy e ingnsniswuves
vhla wuwesdnsuss lulasliiu wazeunsaldu 9 Snunnue [2] egrdlsfnudndudead
03AUTENBUYBIgUATAl MEMS fineuaussdanisisannuifiedrssanislugunsalusesng
witsluii fie dansaatauds wae photodetector Hugunsaidfylunisianisasuntag
Yeatet19TInE e iaasinulnesudygiamaailindinuaniinouveas
Adranieuandudyanaumadnislugunsalinleddnmindandad [3] dwnsraiauasd
vanelseLmiidlassasieeinei iy fsulnlalalen (pn photodiode) fi-to-t8ulnlnlalen
(p-i-n photodiode) agnamudlnlalalen (avalanche photodiode) waslavig-ansnasiatinlu-
Tolalam (M-S photodiode) (st [4] famsradanasusiazszianiidefuasdoidotuag i
faguszasalunisldeu Fansrafanasiaseaiidanz-a15fafair-lans (Metal-

<

Semiconductor-Metal: MSM) L usUnsainiluszansninasuazifneainiunlulsidu

9 Y

v 1 a

gunsalnseeulndidnnsednddsiideliuisunimnsatauasindug sz ddyy
sumuties Anagliilie (sedy fF) (5] nsruuntsadisligiendudouiiosandaluiig
Westuiieafiadauuansisilaeilaswasaduseeduiadenidansosdudane wuuiy
iy (back-to-back Schottky diodes) Fedvasnsadretalniduioiloantuneuly
A1589NLUTAIAATENTEANEULUY Usendnnauazdunaunisadn Tassadrdlans -a1sia
ﬁaﬁw-‘[amﬁizazﬁmzw’m%’jﬂw%agjéf’wﬁuaaqLLUU fie wuutaluiihdu (short electrode
eap) wardaluihuuuning (wide electrode gap) [6] Ssaziidnuwarmsvhauiideiu Tnei
Al uuvduldanseliussumuauuinunssuald fdeddaluduneunisatrsnane
uidwiuda i wuuneazannsaldussfunuauuiinunssuald uasdedonszuauns

3519 egalsinnulasadne MSM Hnszuasilraguwazlsz@vanimateusuaiun [7]



v lai@nefinsaianaslassadsnuudesiu (MSM) lasunis@neieoeig
nsrdlagldnssuiunisasne MEMS mswamngadunisiiuiiunldanuludiuvesiunsu
Fuoauasainnssuaunsiadenwuuneulelenseln lnsiunsunasweslassadte MSM

Juagiusreriiessninedaliivisaeaintdu e q 4 dunanunuideladnisagy

Y

[y

d' a o a v LY v a d" L o =
WNefuaunsalliledidnn3nlagasiaiinsvinwassiinlang-a15naiiui-lave losligiuses

]

Wuddesugidafiszuivu (100) FeUfuugearnnisadretaludndusesyudae
(U-grooved electrodes) dususniaiauasvosunanuilaauidlniiaiuindansanin

a a

TuvsanisgandunasinlildUsedniamatousugetu [6] egrelsAniunisadadali

%

Jusesguimetiuiinszuiunisainidudon muideldslimihuwifndnanunUssandiusi

o

m’;mmLLaﬂuﬁauﬂJaqmnﬁmﬁuﬁ%’uLLaaisz%ﬂw%ﬁqaaﬂmamia%ﬁaiaqgﬂﬁaqmEf[,u
ﬁuﬁ%uﬁ@tmmumLﬁl’e)ﬁﬂLLﬁQﬁﬂﬂi%‘Vl‘U‘M%’e]Lﬁmﬂ’]i@ﬂﬂau%aﬂLLﬁQI‘ﬁLLﬁ@ﬁQUﬂiﬂj QUETLRR
dudufisuuaduduidilfinansaaaldfenssumnmdnilddudounasdalided
lsiuna Tassaiavessnsnfauasnmsinfusesguiildiniseonuuulneuisooniy
arnlaseadig dufe lassadrauuusiviisvatslusessudag (U-shaped Metal-
Semiconductor-Metal structure: U-MSM) laseastawuuissiinniglusoazusg (Micro-
Pyramids on U-shaped Metal-Semiconductor-Metal structure: MPU-MSM) Lazlasda3na
wuufisgiinaassgaunitelusesgunay (Double-Pyramid on U-shaped Metal-

Semiconductor-Metal structure; DPU-MSM) ﬁ\‘iLLaﬂ\‘fLugUﬁ 11

(n) U-MSM (‘U) MPU MSM (n) DPU-MSM

UM 1.1 nadarnsvedlassafamnsiadauea (n) dnnadasauusussumelusessy
Mg (1) Mesiadauatuuiissiianiglusessudig uae (a) MnTIATRLEMUUTTTEInaDS

AU EJGL‘IJSQ\‘ﬁU f3g

uaﬂmﬂﬁmamﬂmiﬁﬂwﬂmqa%"mﬁchumiﬁ@ﬁﬂﬁﬂ'ﬁﬂ’mmh\lﬁﬂammmﬂmiamLﬁ‘a
fufignineenly ananuduiusyesnnugluiiifdlusudl 1.2 sziuldindinnugluih
FuegiuanunIuiiaUaennIvg (W,) Fathy LEJE]?I?ZULE{EJWUVIU’NE!’JU Aulnivzanas

Wmﬂ??ﬂﬁﬂ%@ﬂiﬂiﬁﬁ'ﬁ’lﬁ@ﬂgﬂ@l?Q%GL‘UU‘U@‘LW LU?EJUGUENG]'JG]SQQ’J@LLﬁﬂVNﬁ'IlIIﬂNﬂﬁNU
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/ anwuiigninaanly

P

5UN 1.2 nmpdnvnsdnsiainuadasiasengninduiusivrininugluih

ﬂizﬁ@quzjuﬁLﬁmuuﬁuﬂa%aﬂamﬁmmﬂmiLﬁmﬂﬁﬁ‘%aﬂusmmmsﬁ’maq
ansazanufiliia (etchant) Anlunugnunnsesuulassaiadnvosdaneu (fnszunu (100)
1nNI15EUIU (111) Aam s fisenisunndavesaisazanefiazilldeznouvedls-
nsonledloseu (OH) [8-9) lawaznosmaslensenludlesouiiayluiufivesnouvestanon

[

LVIANAESINUTLIENIT N5A0LETRA LRUNTABBLSTAALILANAUNDITIUAUUYIN LA

<

Wudnalalasiau (H,) WesudalalasiaunesuuiuiidaneuSsuaiou Jumiinintesiu

fin [10] Aawandlugun 1.3 auilviAnfiselinduinle

H, Bubble
dd

n-Si (100)

Time

n-Si (100)

n-Si (100) v

etchant

UM 1.3 wuudnasamaiianesinglalasiauuuimihdireuvaznsinidoniuuieu
lolanseln



luduvesansazatenldlunisinuuuseulelanseln (anisotropic etching) flagnany

¥ialasdunn lown arsazanslnunadenlansanlas (KOH) deluiduiwiazliiinansznuy

'
1 a

sodawandau sunui Tdanuduanslensenladvasansazarelunisinddnou uaziidnvoue
msfadusuuueulelelnslseivgs usansazane KOH fidnsinisinlangevgiifiouseng
sam53slddenldluau CMOS safivansaraty KOH deilalnunaideulessu (K vuituiy

nfnansznuneauantfnslniivesgunsal [11] lnvarsazarenfenlddmiunssuiunis

a &

HARSIY MEMS e arsazatetesaulawauiiulnlsaniinea (EDP) Wuasazaelnaziunidu

Nusulunisie@dmou Tons1NsiadarauseauUIunals Msiawuuwaulalensatnsesu

43

#1 matudeldlun1suanunuy CMOS [12] ag19lsAniuansazans EDP s2L189819520159
Tuwazinisia arsasaeiiduivivialudusnedeaunmlaedesiiltisnnulaonsty

WuRiiawdadndunsodddindaeilonsiniung 1e991nnszuiunisaseilmududoulayfodl

]
a

WY YABEALATENTNTUADUNITHER a1TazarewnnsiuSauanluillvulansonled

eX2p

(TMAH) unsiauuunenlelenselnluddaeuddidnsnisiadineuluseiuiiunais-as
a1sazane TMAH Lunleuldivegisunsvarefaudinasdsiangs insziluansazaronll

Wudunsrenselufinwwaziduaunsaldiusiuduieassiy (10) kaza1u CMOS 1é [13]

a

agslsAnnansazate TMAH danuduaanannsanmezaiidleulaos 19510132 wetiiniinis

Y

Auansiuudsnisinasiuaisazas TMAH seonsianouvienindasnluuinauiimanyay
wandninsinuesergiiiionadld uenmilaaninisldarsazars TMAH waufvansify
uisnsfinveuenlidemuasoonisladain (AP) axtasliianruugvszvesiuindanou
arunsin [14] Felidhegrsrassifeiiiedesdd

Tl w.e. 2559 fin1sAnwinisinuwiundnddnouwuusessumglaeaisazals TMAH
dnfuasafansatauanuy UMSM Tuumanuildtiauenisnsnsdiunauuesanszans
TMAH lunsadiadansaaauaslusuuuulassadresidusosgusiay Tasddaladindy

araiiloy ¥9911398 Ry RaulunsiuNsTanaudsunn 37.5 nsunedans asluluansazaie

Y

a 2

TMAH eandnsn1snnezgiitieua sauandlusuil 1.4 wenmilaantnaainnisiasea

Y

Faraudinaliansdnsinisindanauas a819lsAnutaulenldlunisnaasalnuinfiung

a 1

FameuvivsznelusesgUuiguasiiseinuuuguiniuuuiiuibaganeu [15]
Tt w.e. 2560 ladunanuieatunisianuiuseulagldarsazate TMAH iy IPA

dmivasivinsiatauaddasiaiiaiuusessudiyg lunuidenuiinisidlelelnsiia

(3

weanagea (isopropyl alcohol: IPA) #39@15aALIIFIRITINAVANTAzAY TMAH wietdunns

1%

PelrdulaveNuTdnUiUaITar a8 ATULALaNNISN1YR9N B9 alASLAUUURIMTN

[
Y

vouHuTAReuvIlalATa1eTesgUmgniinuiinglusessiuiseu uenaniidsunnves



ansazarulfinTuinanomuutulussuvIzanadinlinsuaneivadlossulansantan

anadll Fedamansenulidnsimsinuruianeutuanosatiume duandlugui 1.5 [16]

0.24 9| —m— Silicon 15 g/l
{|—®— Aluminium
0207 1_g0°c
EE 0.16
E
E
o 0.12-
©
-
[&]
o 0.08
50 ¢/
0.04

1 " I & I | I - I ' I

11.0 11.5 12.0 12.5 13.0 13.5
pH
JUN 1.4 anuduiudssninsainnudunsn-ang Audnsinisinuiudfneunazesaiiilen

Ye3ansaray TMAH lneilksdanauusniumieeg [15]

32 | —a— TMAH 15%
| =35 —e TMAH 20%
14 N ~A— TMAH 25%
J 7 ~
= |
E 28
ER \
i [
2 26 N >
5 :
|
& 24
£ "
%) . u
29:]
- .
R
20 o
T L) T L T ¥ T 4 T
10 15 20 25 30
IPA (vol%)

SUT 1.5 AUAURUSTENIN0NIINSAALHUTAADUNLANE1SAnWIIAIRD IPA Tua1sazane

u

TMAH fieududusing [16]



Tu® w.d. 2561 In15AN®INITaNDRIINISAARLAlINEULAZANNYTVILVDINURITAADU

Y 9

Tngldgansidovesansarans TMAH dmsumingiatauaauuusosguig vl AUn-Si/AL it
Al wuudunesiem luumenuilfinaue mamdeuluvesasarasfmanyauves
dandmszwinenludoudeioonlyladanuaznsndadnildsimivaisazats TMAH
iieasmsainuadasiainssesgusguuudumesaaem luguil 1.6 unansmaassves

o & oA i = & o Y} a a o
\TWU'JQEJUWU'J']LQ@UIGUSU@\T@ﬁqiLﬂ@‘SUBQaW5&3678 TMAH ummmaﬂamﬂmiﬂm%amLuEJ:i,ﬂ,ﬂ

94 99.85 % wWisuLisuiualsazale TMAH Akifinansi3e wazkavaanshaanswauluiley

Y

U =

Weseanlgladaumniiliiuingdineunislusesguielinnuvaseios Wosnnsiiueans

Y

warluoulaseanlaladamnmdunisiinusualensandalosaulviussuuininnisunun

yaslalasiauloesurinlmanmsuandidunasinglalasiauldinsvuiuinladssas [17]

Q
1.04
\ - o= 5wt% TMAH + Silicic acid 34 g/l
I 4 \
§ 0.8 4 \
= \
@ \
2 06- (
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2 \
(o) \
D: 04 by \
® 9
® \ 57
‘g 0.2 \ / g
) = \ I \
\ ] \
o . o R
00 "/1‘ T ¥ T ’ T ? T =9 - T . T

07 8 9 10 11 12 13 14
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Y

JUN 1.6 AuduiussenIneeuvgUssIasiuinganeuigninfuusuiaans wosludey

u q

Woseanlyladamn (AP) Tueulasies Avinisdvadluansaenu [17]
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afaien (single anisotropic etching) Tneiiansavarefildinliun a1sazareinnsauon
luflenlensenles (tetramethyl ammonium hydroxide: TMAH) n1sld@nsagzany TMAH
PNAEENTALLAINITANYBINIATATN (silicic acid) wazansAnLAIN1IAnYoIETHaulILTE
Weseanlaladaina (ammonium peroxodisulfate: AP) wazwuuideudunisiaweulels
nsoUnsaeinss (repetitive anisotropic etching) sufumAANITUSUTaUAILOY (self-

aligned) wallaflagvrglimsianunsaannssuviuasstnauneuadlnannsinlasasisass

v o [%
1 [y

ASIHIUTUDL AN NUNDUDIRITAADUNALNUNITAS19UUNININUBIAUNIS ARG DU URRNEAS

Y

vielidoddnsusudeuninnasnds uasdoulvansaraedilditn fo a1sazans TMAH (9
adaiinile) uarintrrodnatifiansazats TMAH iRufeasBuudnisiaveansndadn
(fnndsdians) (s
Tuineniinusaduildaiuantuneumsassunihnindesiudeuiunansndan
msfinlassadng eandununsndnuazaniiailunsaiislassaiisuisdiu saufeannanm
Fomevesfigunsaifiinannisaiuainatedouiuiununaisns uasitmanefididy
Tufie ﬂmﬁuﬁuﬁ%’uLLawaqé’hmmi’mLﬁ@lﬁé\’aqﬂﬂmﬁué’mmmuaﬂéfmﬂsﬁu Mlinssua
wasiingetu saudinnsadeiiuinflansnsaanmsasfioundunieannisgnderesuasuay
annduuadldfiteduduaydmwaiifnoustavsnmuesiansaaauas nnausfgiuiiiuateay
Aebiiausslovunatgdsenisuaveanesenimuiludnssuiunsinleniemaiinnig
Uiudeusondioysvlgilasaddluduvesiiufifuiasetgunsadug fionadinsmevaues

masasluashindviniiussansamiiivduvsaihluleluaudnvasauwnila

1.2 InUsTaIAvaInuITY
AnenfinusilainnisiseRefunsruiunsWenuuuseylelansenlagldansazans

TMAH uazansisusansinvensndasnsazarsuenluounasoanlaladamniiioasiad

prrvianastassaiisineg tnawdondalwillaveidusyadifen (aluminum: A wazansis

snduddeeuriiabu szuau (100) IneflingUszadlunsAnwidssieludl

a a

1. AnwrnisrideauluvesarsazartenlanaNnuisaudnsunisas1alasIas 19U 97

o

As1IALkAIN Ao NLUU I TUAILYRINUNTUA I ULED TA8RAITUIINDNIINSAATAADY

L Ag 7]

a

BNIINITNABLATLLYN WAYANWUENURITAADY

Y

(%
LY

2. AnwduneunisaitalassaislazilasyianvuzaudRnd Agusazlasainse i
M3 IALENTIINARDUTZANS A INILANFNaAY
3. Anwanwazauianislwiivesiinmaianaidnacnonszuanazuseiuludyyiu

LELUUNTELENSS (dC) wazluunseuaddu (ac)



4. ANWIAINULANGNYDINISNAADUANURANIAILA8YINNIS B UL N ULAaZ I ATIAS1S

wiolnldlassademunzandmsunisiiunandudinsiaianas

1.3 YaULIANITIVY
muifeiiveuiunegfiniseenuuunaznizviunisainainmafanasuuuanisos
Sudadondidlassainalang-ansiasathlave Ifansfsiniduddaouviabu (n-s) szuny
(100) fanmduniu 5-10 Q.cm wazezgiidemdudalanefisvozninassiedlifivisans
1A 100 pm uazdaadalifin 1x1 mm? vhmsadsfnssfauasmuainaiedunuud
lneanuuuld wazididnszuiunisinlassasisanmsialeniuuseulelensetUnmedsnis
fauvuaiafen wagnmstauuutiasseisiomadansuiudouses neidenldansavans
TMAH wazansiisussnsfavasnsadasnuazansuesluionaseonlsladamn gamnif
T4lun1sia 80 ssmialdea ldiATesniuasazatemsuiienNE) 200 soUreUIT dau
aavnetigUnsaluvinimedeudnvauenenien nasdnvaznsliihvesnuaudinTsua
- ussdu udednuarand@anuglii - useiu andunaaeudnenznisuaLUY
nszuansuazuvunszuaaduneldieulumsliLamnnsznudeunassuiodu
e slalondiflindsnu 2.68 mW aue1IAdY 670 nm gnusgiansmedyanunaugUled
fiflgunn 400 MV, WhAuawes il wAoglugia 100 Hz-16 MHz Tneshnsiu3euiien

AMULANFIYDININTIVIALEILAAL LATIFSN

1.4 SunBUNTITELAZITMsALELIY
1. Anwmquitfeadosasudnmaiauvassingaiauasialany-asieingi-Tavy
2. ANEINITTUIUNITATIUaZ8NLUULASIES19AIASITIALASLAAZILUY
3. Anwansazanslataiieilummundeulafimnzaudmsunisadnslaseadnes
f31IALENT A Al/N-SiZAl
4. FNWIANWAENINNEATNLALANHUE I INTNVDIFINTIVIALALAALLATIAS
5. AnwAgtumedanmiauesisnsinseisneazauUAN Ao IiInTI TS

LLﬁ%ﬁEﬂNaﬂ’]i‘Wﬂaaﬂ

= a a 4

1.5 51882198009 INeINUS
Wednusiauiiusznaunleilemnisfinyiieifunguiuaziseudnssuiunisasnam
psviauaslulassadienneg annszurunstaleniuuteulslanseUndaudumaiianis

USudousitas Tnsuuailavesnidu 5 un deilsvazidensasaluil



unit 1 unh nanismnudunuazaudifguesgaEuiunisaieiinmaiaua
wiazlaseasne lusdedaun Ae dnguszainrasn1sfnwdingiadauas siia AUn-Si/Al
YOUIIANYBINLITY wazduanTne Ae TuneuvestAdeuarismsiiiunuluadsdl

unil 2 nouiifeates Wunsnanfwiavesimnaiauadasinauieuiou

Y

Tenuaztaldsvaindazyila nlundnfinudnyuedAyreiingiaiaas S2UNILe
asueinTdnnadassasslans-asnaini lanedaduiugunddgydmsuauided Ty
nauvneiduiidenszuiunisinfinaniisdnvauznisinusasiuus iR Ny Al
aaa dd‘ a d‘! 1 o
wazUfiseelmAntuluseninenisin
UNT 3 NN598NLUUKALATEUIUNTASINUTLNBUAIY NITATUUTUINULALLADN
WoulvUITY NNTPNLUVAINAIYAULUUYBIAINTIVIALEY NTSUIUNITASI9YINANIDY
TUNBUNEIAYVDINTZUIUATTNAAFINTIVTALES 1TU TURBUNITATIIAIADIEAEY
nszurunslealsns i wmedanisia Lazniswssualsazatentdne Wusu anntunly
nmnegeuinauautanaliihuasmuamddylineduey
UNY 4 HaN1INARBILAZILATIZANANITNAADITIUTENDUMBaR T ndnNd1 ALY
TAwA ANSANYIANWUENIINIEVDITINIIVTALAITI9ENa1DINIS tEsnEaulvresansazaten
TlunsNAlASIA3 199NV ALAILAAZLUU N EAIINAISAAITUIONSINITAN BNwUENURD
waganuaelATIETIN wagduaamevesunna i madeuanyasandanisliiivesin
ATIVTALAIVILUVA Y I LA INTEUANTILAS LUV I uuaInseuaadulayinnis
ol a a a 1 v
WIgUMBUUSEaNSNLLAaL lASIES
a a o v & aAY v oo a
uni 5 agunanisidetaztoauanuy Lun1sagunanisneaeanlaii laed
Joiauauuzifedfueuidve Wadukuamensiawiwaznisuszana lddmsuaidelu

auARADLY
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fn3a9Tauas (Photodetector) WugunsalfidArydrunilaluszuunisdedns v

o

TneuUasdygraumeadndudygramedii wazedygrutudinnsveisioun 1y

o

nusely MnununiiddgBaesiinsiatauadussuurhlisdedilafmdnnisria
uaruuaNtRTuiugIuvesinsaiauas TnawdomnisAnuiieafunguifiieadosdtu
mATeiRwelud dunsnegndndwilsveinsastauasiiilasedswasudnnisieud
uane1ay deunagnaninudnuuzasiinsaiauas mntuldndniansmaiauas
Tnseaislang-ansneiir-lave lusdednunndnfanszuiunisfa uagludiugning
nanilAsas 1IN 1eluim T Tnuas

2.1 YUAVBIAINTIVIALE

Ly

Ansiadanasiaieannaisiinldouiuinnludgtuiied 2 nqu fs Inlnasudn
wos uazlnlalalon Tunstlveduwlalalondsaunsonvsmudnuuzasdassadnslanaisvin
wu p-n lalalen p-i-n Wlalalen egiarudlnlalalen wazlang-a1snetilnlalaleon

Gustu (18] fauansluguil 2.1

Antireflective Coating Antireflective Coating

N region
MO . I
- Contact Y Contact
(n) ()
Antireflective Coating Antireflective Coating
sio _ sio Sio,
T Contact
P guard-ring P guard-ring|
HV-nwell
P-sub
T—Contau:t
() ()
5UN 2.1 Tassasanafinui19veeiingiainuasuiingng 4 [18]
(1) p-n Wlalalon (@) p-i-n Tullalaleon

(M axnausinlalalon (1) FnsaTnLadlATIES1e MSM
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2.1.1 Wlnaauanwnas

' )

TlaroudninefidudsussAugnsraiauasiiiieiian imsziniosddansfsdn
Wowdaden Wetluamnnsznuilnlnreusnnesasyildmanudunuisanas feduly
nslduazdounsesulusaliunlnlnnousnnes udaviin1sinnisildsunlasaiaiy
Fumusnsiilasunas [19] TnevhlulnlnaeusninesazUsznoudaedaliih 2 42 Tnefises
fufavastalaliiiiaesazuansananifuuulevda Tuguil 2.2(n) uansvdnnsvhaugedly
TnasusnineSluvasfidounssulniinsudaleia 2 42 uaziloaouaulnlnnousn

wosdnasauieglunaunaudeslasundsnuanuaiazgnnszaulinszla atuluvuiay

thilih fsuanslugud 2.2)

Ohmic contact

(n) (%)

sUN 2.2 (n) lassassiugiuvedilanaudnmes wasmsliuseiuluda

@) nalnnasiiawinslulnlapausnmas Wislasun1saiewaa

(% s

AuautAvuresnsvinuauuulnlnreudnnesilasaisnasslaieuagyilvd

(% ' '
= A

510190 [20] wrideidgiuseuvesiinTaianawiiail fe nsnevausIa1a1t delaenily
Tauuluseauiiagiund (ms) Selalasiuad (us) vetlinsnzannisideuiuasanuesdnin

Mg NMINUAMEHAAMYBIANTNAGBILAZLIANDIYVRINWETIURD 1T

2.1.2 Wlnlalan

1AS98519 p-n ey p-i-n IWT,m"LmIamLfJuIV\IIm"LmIamaemdwﬁqm dlo pn Tnlle

'
L =

Talonienusuuanduasisiada p wagreduaisnsiidade p-n wasfisesse p-n dag

[y

i Aildudiulasuwdasdyaravasdndudyaraliidmenssuiunsinlalanidnd

[ Ag7)

USUATINANNTOAD p-n AztAnusalasan1vzlu Tunisasislnlnlalonazdesiinis
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AIUANUIINIUYEIAITITD WAAUNUIVRITY p kavdu n iangau Feazdielvlalend
andbveuaslugieiidenisle saufennuaiunsalunisinuiinudgeig ieiluann
nsenU p-n Wlalalon InenasulnmouyoadliAININNII YD MOUNS N IUYB AT

A1 (hy > E)) uduasazgnansiediidiganiu lnefindeuvesiasaglunseduli

a & a

dinasaunselandnuaviiaudluguautliin waziiuauiiaudaviviaelaasy n1siing

didnasou-leatuaunsaiadulavsludu p Usudaoanive wasdu n Fediannseuiliin
Tuwauihlwihlugy p azunslugiu n wazdidnaseuniadulusauiilniivsnulase

wivgazgnAndlihangly iiAnnswdeuiilugiu n diuleanvzlvalufiavismseiudiy

o v o P

AUBLANATOU IUIUNTITANADLENATU-LFaLUSIAEATINUI UL a1TAIdIT ann Ay

U Y

[21] uagdsie p-n Wilalaleadniuigesnieuenualdidnnseunazlnasenanndu n uavlea
swlnaoenaingu p Junszudlniilugisasaeusn aaaut@uvas p-n lulalalon wudn
o v @ 1 v 6 a o (I) ] @ e £
sgyhaulaiininlnlaaeudnges wasiidyanasunium egndlsialunisussyndldauuia
Uszlan Faewhauiieanuigunn 9 us pn Walaloalianunsanevaueald Tuvaued
fnsianasin p-i-n Wlalalonagiinmuinunzannii HeInAuLANAIYelasIasis

iaged @ p-i-n Inlalalondduduvsudn (Fuaisnwituvlauians: ) AUTENINTY p way

Fu n 9nNn1sNIY i 1 Juiilaaianuginiivessesselinitdey damalviiinisnevausinnu

nanlasansiunn (ultra-fast response speed) fesgAuiiladuadl (ps) [22] Wenannnis

v a

novauawIaTlisIns g Tassade p-in Wlalalendafiusednsammaudiugenit pn

lalalen iesndduganauuas () N9 satutagiuiiRedinsldam pi-n Iulalaloadu

9

g LN Bfdlusruumsdaaisnmmiigidisuanaasuassiuia 1 1U agqslsAd
Yoreavadasadte pin Inlalalen fe frasdviiiuilngesilrivssansamansye
anf1ad LagnsEUINN1Tasaves p-in Wlnlalenfinueienn Wesandesadnadu i 193
AUIaNS uazdesdimamuniimngade

araudlalalon ie APD Aolilalalenfivinaudeusingnisalozanaiud
(Avalanche effect) Faihaunieldnislusadoundusoussiulniiiigannauainisniss

A a va = a v & a a & a'
wigAAnnuadlmslirussnenlundnauinnisuandululossu uaziindidnnseuyni

(%
&Y

@04 (secondary electron) iuTutTusruiuunn [23] setiu APD Fadudinsiatauaad

anunsavenedygrunszuanasls vilvanunsanevausssodygiuuaniidwnuin o laa

A7)

1%
v o

a o, Y aa o v o & e | o v <
dnndadulassadnenfianugluiiinisie duiudsaunsanevausnadyyiauailasns,

110 1AS9EFNUFINLAEUANNITY91UYe APD zaaneiunstives p-in Wlalalen &
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AunUANAAUATIN APD 2eiinnsvenedyaniegaie alikasnnnssnudiunluty pt was

v [y

sxgnaanduluduuiinalasanive wasdlebibssiuludauuudounduunaunsal Bidnnseu

wiAdeulUgstu n* uavlsassimdounlddu pt lun1sadegunsaldu (@shediadieiia p

[
Y

Mgnlaveg19139914: lightly doped semicomductor) AgdAIUAUNIUGINITU p LarTu

* saduaunlihidedudlugezluanaseundu p infigadunalididnaseunaslaad

P
gnanlvidnungdsu p azgnisameauulninigawnnt waglduuiulasesandn wagyinli

windinlulessu Jaaznszdudidnaseunselantuguauihlniuasiialeatulvalunay

oY

q
¥ '
€ a

nauduazaziinusngnisalien q sasanaiidousssiuludadeundu Fevibamianve

v IS

a < o ' i = Ay = A v v )
AT UUIIUIUNINUNEY aﬂmaiﬂﬂﬁgLLaLLaﬁﬂJﬂ’]%Q%u APD lIGUQLﬂEJLU?UUWiQWG\QQI%LL‘JQ@u

o w

Tudaniaenn wazdyaanamnisnvaranududaduilidlevisuiuidiveuadunm

' (%
4 a a

wazaurdliihnldanussduluda wenanlidyarusuniuiiintuliaigs [24] Ween

>

AMNEILNIalUNSvEIBd N lui e
Tanz-asneiinilelalen sedendiduusaasinlalalen a$1ew1aindrusenau

vasseeduiasenIlangivaisisiad ludiwvesauulwinndarganielauseiuludga

(%
o

dounquaragNdIudu n anlseuiieuiu p-in Wlalalenudd lavs-arsieiailnlalalen

L AYUAANAUBEILAUNIT LNDIAANIBNERNUT AN B8 UBNAIINTULATIASI9VDLaNE-d1504

Y

mdllalalendadfidrvasnnuduniusasaiiagliilulasiasedine Swildaunsald

a

d' ! 1 < P o A r-:l‘ 1 b% a a
UNAUININANTT 100 GHz EJEJ’]\‘ﬂ,iﬂGﬂllLuaﬂﬂqﬂ"ijuﬁ]ﬂﬂﬁ‘LJLLﬁ\‘WILLﬂ‘Uﬁ]%ﬁQNﬁiWﬂi%ﬁ‘Wﬁﬂ’]W

a1 o

mausuiais ludruvesildulansdunindosdnauuistan (=100A ) [25] wieliuas
anunsarutulanyasluldvioondldidalanglusauasild dansvialitinsyuiunisadredisl
Ardudousniy uaﬂmﬂﬁmamaﬁzéfuwé’amuﬁﬂmﬂgagﬂu%mqwﬁqmuu%nmﬁ’;é’uﬁa
fi3en11 @ausia (surface state) Sovmidiluseaususianaseu wazsesuiuloanseadu
audnanamsriudalusl sgihigaandivessosdudawasuniasly [d]

fanatanasusstnnlnlalalonfinauitieduilassasraduluuiuing (vertical

o Y o ¥ [ 1% 1 1% ¢ = v 2/ 3
structure) W']ELMU’]VLﬂai’NLﬂuqﬂﬁlﬁﬁﬁmlﬂEJ’]ﬂﬂT]Iﬂ'Nﬂ'ﬁ’]\‘iLLUUWﬁ’Iu'Ii FIN1ATIUHUUIITIN

=

wadgyibgunsaliiafiesn1mlun1svinnuavy s1A1anaas Lagedlldiuysenaudy ) 7

d1AfyTInegsig Wi 299svenedygin 2esilisudyyianuuuguinuduiuudaay

L Ag 7]

v
1J v LYY

(analog to digital circuit) 29a5Wawnes Laz9asUsenanadyIu Wue [26-27] falunis

fsaninlalaloandanumunzaniunszuiunisasanuunatus Saldanuaulaiduiemy
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waENUIFIRTIAkaUUIAsIaslane a5t -lanedulnla e leasinndanilaniiy

Winngaulun1sAnen

A5199 2.1 A1 9LERINTHUS I UM URN WL AINTIDIALEILAAZ TN

YUAVDIAINTIVIAUE Jah Jaide
Tlnmauinnes - ASTUIUNTAS 1Y _ MmavausIaiiadh

- 59PN
p-n Winlalen ~ FoyeyrausunIue _ UszAvEnmaneusuiene

LAY

- IUIEAINTIG

- UnANNDE

p-i-n Tnlalalen

- Apuglwihiidndes
- MINDUANBIIAITIAG?

- UszdnSnmmIeudugs

- onassluinun e agyinlig
YLANTAINNITVINIUAAAAY

- ASEUIUNTATNEAINEEN

arnaudlnlanlalen

T
[

- anugniie

- AvdUBIRDd QI ALa e

- Musaiuludaasunn

- deygalorunilanvaizAi

v q

52AL53307N Hugaduilimiadouiu
- MIVYYHY YIRS NIV BILAIDUNN
- dyay1usunIuiiAnge
- NBUIUNTATNEAIUELIELN
Tavig-g15096219 | - nsyUIUNTas1ade - UszAnsmmanousuiinne
lalalon = 31PN

- TUAIEAIIEIG

- ANVBIAHAUTIULAL AR
lilulassaddldaei

_ anunseldaufianuduinn iy
100 GHz

2.2 ANANEULEAYYDIAINTIATALES

nTvinuYRsesdulanuudendfg wuseanlalduanauu A nsliusesuludanss uay

nsbiwsenuludadaunau dsnvasdunnad
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SIS IAUlUDER TS (V,) wATouduRalag lALSIAuUINNATIolun (Aulane)uay
LSUAUINTIAING (Auansiadidi) fagun 2.3(n) viliaugeiumdndneluiises

LS B

duialirnanandu (Vv wagyiliszdundsnunesivesarsieiatiainiisedundany

I
&Y

wosdvedlany Mdudidnnseuainaisisintiannsapdouiitiusesduiadlunissiu
Taneld vhlranszualndinlnandulanglumeguansiin lurasiontuiisdnaseu
mnlavziedouiidnuunsdenaisidlulusuasisiismeuiu Bunaliiinszuali
lwalumqmq%mﬁ’umzLmﬁi%amﬂiawzlﬂﬁaawsﬁaﬁaﬁw IO ERERRLEIE R

Fonnnoia ﬂﬂ%lﬁJLUﬁHULLUﬁQﬂULL‘N@U ﬂiuLLaIumwlwamﬂmsmmmlﬂmiam WA

ﬁaEJLLazwhﬁ’ummsl,t,aiuﬂ"nzau@a Tnenseuanmuaillvalunsainlasuludanse (1) [28] &

q¢bn A | _
|, = ART? exp( e ]{ xp( ij 1} o

AD - WUNTDYFUNE (cm?)

ANRIANNITA 2.1

A

R AD AIAIAITNSAEY (n-S) HA1 110 Acm2.K? [16]
@, e ewdsiuwdngdennid (eV)
q

Ao UszglwihBidnaseuliewyindu 1.602x10 C

K fio  AnAeluandul dAuvanu 8.617x 107° eV/K
T feo emnglduysal (K
s lswm
L~ —
L
l \ooo tqvbl =71 E o]/ 8 . qVy,; +V,
q¢nn S U
______________ Ers Eem 3 eee Ec
Erm
————————————— Ers
Metal
Metal N . \
Vv
Semiconductor Ey
_’l |<_ Semiconductor
l—wi—

(n) (v)
‘I.J 2.3 Laundsuvedlansiay mimmm%uﬂLauwaqmmaaama%am g

(n) wsasuludansa wag (v) wssruludadaundu

nshiussnuludadounau (-V,) unsesduralaglwiussnuauttnnvienlun (mrulany)

LagLTIRUUINNTIAINA (AUEINI) Wanedisgui 2.3(v) nsdllasiilvissiundeany



16

[
a1

wasivedlanzgeninsyaundinuiesiivesa1siewingy wagiunsdndnelusziiaiuiy

[
v U oa a

W (V4 warusnaiasnnvizasveneninedy aaiudiannseuainaiuansnasntidaly

a v o W v % ! Na & A A v °
a']lﬂiﬂLﬂaauwsﬂquia?JﬁﬂJNﬁlﬂVl"lﬂ@'WUIa'Viglﬂ LLG]"U%N@Laﬂmi@uALUIaMSLﬂa@uwsﬂqllﬂ'm,wq

Y 6 a6

dnddanndilulusuansnasminvinliisdnsewaluaannauaisnesun ludenulany @4

o -

nszwaludiutidenadiaindunseualunizauna [29] lnensvuanlnalunsanlasuluda

gaunau (Ig) HARIANNITN 2.2

|, = ART? exp(i’jb“]
kT (2.2)

=]

Weninisunednsiaiauavaigvinuiussgndldnu Faiinmrinwaiunay

LuvIziidaanuansanwanaiuluIuiulpssas e Tan i ldasadudnsiatauas

Y ¥ ¥ a

9g19l5Ad drfiansaundsguantivndn o Mldvesiinsiaiauawioldiludoyadieda

Y

e

=g

Wisuigursedaaulahludszynaldnusg manrauanauananivant
2.2.1 NTLUALEIUBIAINTIVIALES

nIzLalas (photocurrent) Ao nszuamAntuluAInsIvTALAI VL TlATULAS

[

nszhaviaiinnainnisganaulineu ludinsivdanasiiiinadiannseu-laadase
awlfiludnsiatauasinlimremanil wdeunludstnlansuasnataidunseuauasiva

Twn9as

1Y

nszuaanduns e indAyuazuivenislnmnuainsalunisnsiainnasunfan

'
o w =

YDINTERALEINLAAITUANNINNENIL WA TEAA ULl BLUS B UEUNUNSEWadA tnealUun

<

a a

YDINTEUARARUAUANLTNLEA THuTSukasazUTeansanlun1sganauLaIveIiingIain
WA LAZANUDNNTELALAIUDIAINTIVIALANAILITAAIUIUNIATLAIINENAITOE199TY 9 A

AUNNSN 2.3

oo = =GA(L, +W + L, Jx G, (2.3)

photo

loei |y, A0 NTEUALES (A)

1% '
a

A @9 Nunvndavedlalen (cm?)
W fAs AunIeueaunlannnine (cm)
G, Ap onTImaAnnIzLliodanueas (cm2sec?)

L, waz L, Ao szegnisunsvesdidnaseusaslaa audidiu (cm)
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AINTIvInkaINfAEdoansalinsruanadlaas nszuaTInnlnalulvsvae i
#9717 ARA AT UL LTUNATINYRINTLLALALAE NTEHALAY [30] AIUAIYINTLRARAY 819
P AINNARIIVBINTLHATIULASNTLLALR AIAUNIA 2.4

I = Itotal - Idark (2.4)

photo

loght |y, AB NIzuaALAT (A)
| AB NITUETIU (A)

l i P® NIzl (A)

2.2.2 Uszansainaaudy
UszanSarmaousiu (quantum efficiency: 77) Y1888 9RTIEIUTENININUIUTDY

a £ a o Y a < v o ::1'
WnzdasyiAnty (gBLanasou-laa) wagvibiiiatunszuauas (1) fuduiulineuian

nTENY
/ I, hy
= p—q AN (2.5)
R /ey \d-E
Tnefl P fa “qmusuamawmnmmu (W)

inc

J #e Uszadidnmseu (O

A1wes 11 BAsenite 0<n <1 dwsuaunisn 2.5 lagnilenuindudssdnsam

AIBURALNIBUDN (external quantum efficiency: 77,,, ) [31] BaUsEANTNINAIDUAUNIBUDN

v
1y

wTuagiumm

[y

wUsEAnsNITgANAULAIYea SR vl LarAIUNTRIEIUAANGY

uas Auanslugunisn 2.6

Mo = (L= R)1—e) (2.6)

NaUNsh 2.6 uandliiiug druseavgnmeisudunieueniiings nsiiamizuas
38310 B ldnsIvinnadinaaudanazu lneunfualazia1ussuia 0.7-0.8 1ns1edn
wasdiunilsazgnazvieusenly diudszdnsainaleudunielu (internal quantum

S & Y] 1 1 o a X o o N A
efficiency: 77, ) Ao SamdrusErIduUNIERIRaTuRus WA uTigngandunely

arsneinilagunfsilrasnnauenslnaifiganis
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2.2.3 aAnusalunisnaudues

=

AusI lunsnevaues vneia anuslunsyihauvesiinsiatauas dadunaii

[
CY Y] '

HuAinIsianmemewaunsenilnszasliiewinnlyasengisasneuen muuni
TULENINILAITINIAVITY (1) LazaIalIa1vIas (t)

2919 TVULALYINIANVIARLLANNIN VS DU LVUN UL N ALK BSFT]

(%
o

(1) vIandau (transit time) Anuelglun1sI e UTUUINUUaRAN IS

(2) ria1nsuns (diffusion time) vesveNiinTunieusnusulaeannve
(3) AmafiveaIan (time constant) LunanaesAnuglnihvedinlnlalen

AUANARAINNATUNIUNEUDN

(%
v v Y Y

a Y a = ]
aatuiwesmsililalaloanauauesniumigs 9 whemasanfunana Ny

(%
1% v 1

Usznstiing Aatu esesnuuuliliiunuuisnan ieasnavesainauglii Wudu

2.2.4 dnINN1TNBUEIUDY

[
[y

ANINNITHBUAUD (responsivity: R) NUNBHR 8RT1AIUTTNINNTLUELEINANTUAY

ANAIUDILENTIAUNTENU [32]

|
L2\ 2.7)
Ervaail> \NC

PNAUNITN 2.7 WUINATEAINAITADUEUBILLUSLUULTUEUAUAIUE1IARY

R =

Tugensldanu Fazluguaniinivesinsisiouas

2.2.5 fyayrasunaukuUYen

o

Aans19inLasIsdnnaintsalunsianasniaudua1unn 9 wiedaula

[ o

(sensitivity) gasealsasVUAVIUINVOITY Y IUTUNIUMLAAVY UazdeyarasunIy

[

I3 % < Q2 a =~ aa | v o Y] =
LUUYen (shot noise) ﬂLﬂuazy,zmmﬁ‘umuwwuwmaaEmmmummamml,m KN

WARTUINNSEhalakarnsehakas [27] Tunsavadnlalalannluiionsiveanialy

AlRdsfdsEevBInTERavesdaasunuwuudeni asduluauaunisi 2.8 fe

(i2)=2qiB = 2q(1, + 144 B (2.8)
lnofl I Ao Aadeveanszuaievinm (A)

'
! a

I p AD ANRARYVDINTELALEAS (A)

b

lgarc RO ARABVDINIZUANR (A)

B Ao wuusmiannmalnirvesdiinsiainwas (Hz)
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Aatufnsinuasifmseelidyarasunusuudonlinigawiazduldly dufe

AITAzas MR IYTIaLaslAlinszLalam o

2.3 A2R52IALEILASIES19lans-a15NeRUn-lane

fmsaaianeas (photodetector) WuguUnsalfvivihitfudnaamsuasudiasulnu
dayayraunelniin mmmﬁﬂﬂﬂisqﬂﬁwmuﬂy’ﬂuﬁmmwLLaSLLaaasmﬂ"iwﬁN Tndu
drutsznavedlugunsaldidnnselindludinuszdrTusing 4 lnednvarlassadavesdn
nrviauastiogvanednuazimedu Ssdnvaenildfinnmiaulede lassaisuulany-as
Aaii-lane (MSM) w3elasead1auuuidesiu (Planar) [4, 33-34] Lﬂuqﬂﬂicﬁﬁﬁﬂismumi
asslidudon waziodanIsnan N3ANYINENNIIINTL wazAUdNRUSINuaTiauITe

(2 6 a

a = v v [ k4 v v & = . = v
25 U8LAYINUAINTITIALEILATIAS 19 deeTRududadannng Fiin AU/n-Si/AL LUBIINH7
el ¢ = =

nsrainnaslasdessesdudadendindiyanufe danmnisneuausseuasiinnszuasilvg

6 a Aa o < Iy
71 ULEOYIATINNA LLagﬂqll’ﬁﬂatiLﬂujﬂ"ﬂiiﬁlﬂ@lﬂqa (28]

2.3.1 fians233auess MSM luanisauna
Fnsadanaslasias1sanssesdulatensigutia Al/n-Si/Al Usenouseseudula

a

seindlavy (evgiiflen) wazanshenihadndudnnuaessesduiadensafunuuriusuiiu
(back to back) #33U7 2.4 [7] Tneilsssgvinssgvinataluliiaaas (D) lusudl 2,500 asuan
LaunaIuTeIIaTIinualasasvaetsesduiadenandluan nraunaauiou ziin
U3naasawng wasfunsindluiisosdudarisans fadulunmumguivessesduiadonsd
Agraildnd gy Inesosdufamudredmualidudaualng (cathode: K) wazsoududa
Frurnsmslndutuelun @node: A) [35-37) Tagshlulanedlldvidaualnauazdanelun
wdulang (ezgiivilon) sladeatu eandiuiudutuulaznszuIunITaiieas Jevile
funsdnddondiduasiauaing (g, ) waztanelun (g, ) Souawiiu vie d,, = d, =
g, unsindmelumosdaualng (Vi ) wasdauelun (Vi ,) Suuinaiiiu wie Vi, =Ve, =V
Flilassadeiiidnuvaranunns wasanuneudnadaonnmesuualng (Wy) uazdinu

walua (Wy,) fvwnawindiu vie Wy, =Wy,=W, el v, = 0 dwuandlugui 2.5()

ox

>

JUN 2.4 dydnwainineasiihvesiingiaiaua
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(n)

r A v v A
q bil E q bi2 z
- v C v .
q¢bn s + T ~ ” 7 T .
A 4 - -
‘7"“‘-“ ------------------------ b -
v , Erm | '
AT Ao, R
Metﬁ‘ W D M&é\\
ol “‘ N » i ,‘
S - SN\
“l- o 6 3 £ -3 5 ,
Semiconductor : 3
Cathode Anode
> D >

(@)

UM 2.5 NNAaRInaLadlasiEsvasssesduladensnd
(M) NINAAVINIVBIRINT IV IALAIATIFS 1L UULTISU
() LOUNSNIUYDIFINTIDIANAILATIAS1IARIssd AT anAn gLy

ANNTANNAAINUTOU

2.3.2 A205999AKkE MSM tialasunsenuluas wazlasuwdennnsenu

LY} [ v v U @ 6l 6 d{' Yo YY) d'
fnTvinkatlasiassaessesduiatondidilalasunmsludaduandlugui 2.6(n)
Tnusesdutasiudreioidudnalnaindudnvazuainislusadoundu sosdudaniuy
yilodudwelumindudneuzvesnisiudanse wiafinnsludadeunduazyinlnusiiu
Uaeanvzsuualng (We ) dn1svenediniieunndu wazdimunsdndnielugamdu Vi +V;
SL1ANATOUIINNIIA AR llausaeaeunTusesdudal U ulansla 2z
SanmnsoudIUTosNInSIULINNEINIUlaNEIARaUNT LA LN NETanAng lUSIAuans

a0

Asdaiile dlmAanszualwiadfensiluaainarshsitludsanulany (lg, ) Geian
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1 o

wihiunsziadaivavessesduiadondnd diusuneluaiilasunisludanss Usiiulaen
wingauualng (W) LAuuntu uasiiarvasdunsdngnigluanasvindu V-V, fetu

a « =% o o =2 « a v LYY v 1% 1% [ =]
BLANAIDUINNAITIAIRNIUN mmmsamaauwmmaaamaLszn"l,imwmuiaml@ wagyinlyd

nszualniln (lys) Waainsulangludeansnedaui uailesainddianaseuiiindouniain

< =2

9 v PN % o o a |a v | Y = o § v a1 v Y
WWQ@WHLL?’WI‘W@LEU']N']‘VIa'WiﬂQﬁjuqﬂﬂiuqmu@ﬁaqLLa'J‘Uﬂ‘Vl'ﬂ‘Wﬂi%LLau@Jﬂ']uaEJfﬂ'mJlUﬂ'ﬂU‘?Nﬂ

Ao nszualuavdenssuaiin (dark current : gy ) [38] veslAssasvdososduiadonand

lnenszuaiinvesinsasnaessosdudatondnd azilunseuaiinnaindiinaseuwrintu
\Heannnseualaaigninainsesduianuueluaiadosniinssuadianasouuin gniu

1% a % v o & s ¢ N | g =~
neuTnlasanvzvedlasiasiaessesduiateondnd nsdiissegrneseninedaluii

PUIANIN Az sanliaudAganizaiuuinalaoan e itinn 9 uLAlNALNE 31U

PN

Wea asnnalnmaiinnseuauaaasiiniunusavasanveaulalnadundnlaseasia

aosseududatondnd Weldfuuaannnsznyu NuNSuwaIroIfiInT 9 TALE I 0g S INUNv0
szgringsenIntiliivieassinu (D) woundsnuvesinyviakainelanisiiussiuluda
LAAIAIFUN 2.6(3) 1lBULaInNNIENUAIUNNUTTULEI1YBIQUNTlIL 0 g N SINUNYDITEEE NN

FlHsa@99 Fesruvdruimduusnuvasnnneazusinatimsa Inenndsulnnoudas

1 =) | [ 1 1 v 4! v o a kel Y oa
1INNATNIDLNINUIUINTDI I NNAINUVDIATTAIRIU ( hv > Eg) ﬂ%Lﬂ@ﬂWiﬂi%@uﬁLWLﬂﬂﬂ

Y
=3

a & =1 a A a a Aa [ =
dlannseu-leavu gawanpeu-lgaifiauinadasanmeazgnawulnihndegluvsinuaen

Y

WnzLsslAnnIsLAdaun taslaaazirdsunniunavesauryluiaid1midnalnatisdy

nszualiin W3eMiSena nszuawas (photocurrent @ 14 ) @11150MLAINAIUEUNUS

photo

= 1

I | -1, 4o 1 Ao nszualvihnialavanus (A) wey 1, e nszuada (A) [39] dau

photo 1Y

a0 Y 1A

a < d' a a o v & = 4 ™
EJLﬁﬂ@i@uﬁ]8Lﬂﬁ@u%ﬂﬁu%ﬂﬂUﬁU’lﬂJlWﬂﬂﬂ‘E—N“U’JLL’PJI‘LW] PIVEADILAFDUNNIULVIGUILIU

=3

fan¥a Tuvsufimda Weeuszgnaandundsiusaznszdulifinndidnaseu-laa
Wudeiuluunaaeanme usidssaniduamsiainiwindy Teanegluasieinie
Jumnedauties ieuamnnszny wazdnsnsziuliifnlearilinuvuiuiuvesloans
oUspqlwihdutiosfifiumnnty Weaumuiuiuresusggwingluasisfthila vy
TuuslazandsiliAnnandeuiidiensunsiiatu Tnsazunsludsduianumiuiures
Toash undwazndeuiluimeuresuinalasammzuargnauiulifiiadwd walna
LLﬁiIaaﬁauiwgyjasLﬂﬁauﬁﬁaEJmiLLwiag"Lu%uaﬁﬁﬁaﬂwLLazLﬁmmiimé’ﬁuﬁlﬁﬂmaﬂu
fign drluvinaimiademiniumsiiihviady 5Lﬁﬂmauﬁlﬁmﬁumﬂmsmzﬁu

a a [ a a a A d' a [
“U’eNI‘V\IG]E)UELUUiL’JQJU’W]iaLLEW@Lﬁﬂﬁ]i@u‘wLﬂﬁ@um@@ﬂu’]ﬂqﬂUiL’Jm‘Ua@ﬂW’]M%L‘UUUi%‘QW’]M%

=

drusnnluduansfsiidelidiinnisiadaunaienisunsld sdnaseuuIdIuINAANIS

12
6

sumifulgaluiign dsdunszuauasnintululassadisanssovduiadondnd Nszaznig

! v v a 4 =2 A a
senesesduRadauinnInulunseuaniinainlea
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@® Electron 4
OHole qg,, qVy +Vi) . qv, —V.,)
EC -------------------

EFM ------------.-------.---.---.-----.---.---I-j Iq¢bn EFM
Metal Metal
\ Ev _J

Semiconductor
Cathode D Anode
(n)
—ad \. _____ > [ X _ >
"""““-"--"-“-f“""“EE"“-]-T"“ Erm
Light " | ||
! Metal | = Metal
L 3 O\ I Ev ¢ ¢ i
(©XO) -
[<— W——«—— Neutral region —| |«—
i wW
N\ ade Semiconductor A Andid
< D

=

sUN
Y

(@)

[ Y [ 2/ U v & gl ¢ A Yo [
2.6 LOUNAIUUDIRINTIVIALASLASIAS a0 IS0 UdUNETORANE (n) Welasuuseauy

waz (@) Walasuludakasiuasnnnsznu

wva o

ANwyal

[

URAIAUDINIRNTIVIALLEIN

Y

[

'
a

o

ﬂﬂgﬂﬁmimﬁa ANWAULANUANTE LA -LbTIAU

laglusud 2.7 Wudnwuzandfinssuanazhsidurasdinsiaianadlasiasnianssog

[y

UN
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Y

d

[

ana

<
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[y

#

U
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A8 1WalASUAMULTULAINNNTENUTAMUANNINTAUNIAUALAsUlUDanTIay

FanseuaazilaunTuilelasuAanuduwaigumne
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Current (A)

Voltage (V)

e

JUN 2.7 dnuagandingsud - wsaiuves MSMllalisunamnnssny

TAgNAINUNINYDIUSIUUADANINTTIY (W) 2995705797 UE L I UNATILVD
USUUasANInEn19n1ua tNg (w,) Alosunsenuludadoundu wazusnulananing

namnualun (W, ) Mlasuusaiuludanse [40] deaunisin 2.9

WT =WC +WA (2.9)
Tnedi
W, = 265V =Va) (2.10)
aNp

W, = 26, (Vi +V4) (2.11)
\l aN,

dnwarauiidfyvesinsaiauasiiingniiansanie anvazautingzua-ussiy
ez dnvauzauglih-uwssiu TagdnwayaudRnssialaghsnurefiing 9 inualaseadn
aessesduiadendid Wisldsuamnuiduasmnnsznusienuaumnstuiaduildsuludanss
warludandu Senssuaazdiiunntudeldsumamuduuasiigedude
dudnuazdduesmaugliinvesiinsaiauas Aeaugluiiifiauauungtu
Tnseanugliiazusunduduussiulunea tnedelussuluseanduriaruglihae
fifnanas Tnommmglwiudelssuussiuluda fauandugud 2.8 Gaanuqlfias (Cr)
Ananuasanvesnuliinintuiisosdudadisass Usenaudaoanugluihvnagiuan

Inn (Co) nlasuussiuludadoundu waganuglimnsiueilun (C,) Alasunssiuluda
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M39 AeaunIsA 2.12 [41] wenanidansaldeanuglnihnialaieiinsigimensesiu

melukazanunuiiiuretenetasiotugIusodanou

Cathode Anode
Cec Ca

JUT 2.8 dnvagautRnuglai - wssiuvesinnaiaualassadiadessosduiadendid

Walasuusenuluda

wazAUY NIy
CCCA
AN

Calrpesto (2.13)
2(Vbi —VA)

¢ et Mok (2.14)
2(Vy +V,)

wagluguil 2.9 uanadnuarandianuglnia-useiy vesiinsiaiauadasaiaes

e (2.12)

Taen

&l ¢ v

sovdudatondndniidnvaranynsiuwazilioldsuwssiuludaauqliihazdidanas

Capacitance (F/Cm?)

A

> Voltage (V)

-V 0 \Y

[

JUN 2.9 dnwagandfnnugbiil - wssiuimenaiwadasaiiaessevduiadondid
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2.4 N5EUUNINA
Tutlagtfunszuaunisadegunsnififivuadniuiegrainuarsisuasiiniueindis
wansnafuludueg fudunulunisndauasarudosnisvesiinluldouvdedafedu q
A¥n1sadegunsnivuadn (microfabrication) Afindnuinaulaidwiade nsvurunisde
(etching process) tun15iUasunlasiaseainsvesgunsailiiiainatersasitlaiinis
ponuuy telrisUuuuUsIngeguuiveakunmesnsonsintagilideanisesnaind
gunsal Tunsiansannseuiumsinsne q i1aziidaauianiauan (figure of merit) vaq
nsrUILNTIVENT auansUsyAvSninaasnszuaumsldie Sauauuaninmuaiiansdes
Aflnaue Ao SnsIn13fia (etching rate) Smreidumnunuidenasiian [42] dielwis
anunsandnIRsTinldegesansy wdnagseanisldsnsinisiaaias uiddnsidananaien
auiuly laAuANALLtuauTaINTEUILNS AT Tnevhliadosnislisnsnsta

Havanesesvsaduiudansaunauii

AILATLAAIAMAIYDINTTUIUNTNABNRULYTN fiB ANENIALEYEIIRITINTTAA (etching

'
al

rate uniformity) fmloafulofifudveinisiusiuresdnsimstavuiuiivesusiumes
favaa vidosrusawesuEuiety favuansauaiididydnuuuni fo Snaenses
N1319 (etching rate selectivity) YDIA1IVUAFAIL 9 AU LU ATZVIUNIAATDATIAIVDINT
Fawindu 20 de 1 dmsulnadansusiesonles Jomngds nszuIunIsAnaazinaIsing
Fanoulushsdiiiainiieenles 20 Wi Tudiuressan (undercut) naneds muanves
mstasudnsluuinalsveuvesashinas 8, 43] uadesnudwudswessosininasl

agludnuaizAtmIn Mty dinagnasiedwneiavludnuagyennuinautnagey

2.4.1 NFZUIUNITAARUUUI
Tunsgurunisfauvuwieildnatanvieiislunisfnuuiiuinvestan nns
Lﬁﬂ‘dﬁﬁ'%m%uimawwﬁqmuéuaqaymﬂﬁLﬁﬂmsm?{au wazNIsAnUfATemMIBAL 1Y N131R
wuunanaun (plasma etching) Wunszuaunsiazinissudanarauniinudusiilagly
uwisinenszuaady nanauniinduezdlossuinuazay leseuuinaznszanedilush

[
aaa v A

Ufisenfuiiurivesianfidesnisimdneen Wesunandndnugaiungnesninanenou

e

a [

vuNuiIvesianagseveludaagliiinisifnufisemaai [44] msiameglossunlise
U

fA381 (Reactive lon Etching : RIE) fiagufl 2.10 unisinsielossuilaneufizerssly
UfAsemmimeniniazaeall nszuiunsiillunszuiunisiifianuvanevanuas Dealdiu

' v
1 1 aaa a a = <

’e]EJ’NLLW?MEHﬂiquﬂﬁﬁua‘maﬁﬁﬂiﬁ\l NIEUIUNISHY HANIYIMMLNATVULIININ N13YUNUVDY

[
U v A

auMAnIndsugntessludaziglansavarsunnimnagyiufisefuiuRivesian
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Plasma
Shower head

Reaction

Plasma chamber

Wafer /

RF power
source

Lower plate for
PUMp holding wafer

JUN 2.10 anwagnisiamglessuilveufiisen [44]

2.4.2 nszuuNIsAaLuULden
nsruaunsiasuulenidunsyurudaiieaislaenisldujisenaissning
a1sazanentdng (Etchant) fuRauasLHules dellvoidanan fe AwaulelanseUsi nns

AIANNTEUIUNTSARAIUIN NMsUudouatneunIaluaIsaganeasiia1Nin wazldauisain

1% [y I

aeduaziden ([@ilvwmannin 2 um) 16 wilided fe aziidnsidnsueamsingaaziinas
v lRave o ndemennndn dadu Tutligtui i 3deuldnszurunisfauuy
Fentamzdumuiisldfoinmamandenuiuaunnin lunisvauvenssuaunisia
wwudsrlauysaiasUssneusaetuneunsyvinmuaadunou fi3ud 211 dufte sumaves
asinluansarasasiadouiuindudatuiovesusuaied uazeyniamaniagyinufise,

Wwilduturatasnsdeinisinean natguaisuszinniazaleluansazaruls way

o =

nganansiiinTuIEAeegnRauiIsanaINAIvaaHuIwes tiaUalonalieuniavesans

q

1%
LY v

Anpdeun1vigisesaadls sy 8931n15nEAU USRI gAvRITUABUNIEY B
ezsenduneudiigaanayindu Tunsun1sdningnsiin (Etch rate-limiting step) [45]

Welgnsnisiindjiseaiiiintulaegeseiiios 151inagdediisn1siugmsanisniu

v

a1vazane weleyniavesarsinaiunsainfeuiidndiaununnasiaadnane Tuuig

Ujfsemwesnsinasinfieme Senadadunes waznesiivdenaneddueginavedus

[
a

wesalidlvieuninvesasindfeiinve s unesla deusngnisainsiinnesfing

(%
Y

1NAziNN B USNAUDRIELEURAIN o) wagenaazyilinisiavovaetdulinualale Nl

De

ASEIMTBNNTNIUEITAT AL EA N BIN lANDALAIS
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0090 0%%

Diffusion @ rc2CtiON
<faducts

Reactants

Boundary o
Layer

Substrate

JUN 2.11 dnwaugnsiameujisemaeaiivesansazarenldnn [11]

dlednianiiivesiaglasaisiafifidrunanvosaisazateninlalnsvgesin
(Hydrofluoric acid) nsalun3n (Nitric acid) Waynsaosddn (Acetic acid) w3en1gagvinlu
Ranthwestantuiianuadnavefuluyniianis Sondnwmgnisdaidn lelenseln
(Isotropic) [46] uagilefaintuesiaguiazszunulivifuiudoszidendaszuy 111
11NNANSEUTY- 100 VEDARANARTELIY 100 3nndrszuty 111 tagasduogfunnaud

Yosasadmialy Senanvugnisiniin woulelenseUn (Anisotropic) [47] fawandlugy
212

(n) (@) (m)

sUTl 2.12 dhvagmstanvulelanselnuazmsiauuuieulelanseln [47]

(n) lolanseln (v) woulelanseln way (A) weulelanseUnwuvauysal

2.4.2.1 msnalenuuulelansetn
nsiaenuuulelenselnizlidiunauvesansaraievainsalalasngeasn
(hydrofluoric acid) slensalun3n (nitric acid) siensmes@fn (acetic acid) Wuansazaedild
dmiunmsindaney Tnenstaiuariinnuiduduvesasazanefunisimundasinisia
wavnsindulngdnlddaneulneenluivieddaeululasdiieidunisandnsinisinas nns
fagparsailneiluines dudnvarlelansedn firmsvesnisiatuianudidyuin
dwsusuuuumsaneleunnuaziBengs Aagud 2.12(n) uinsamonuuulelensednaslal

Jonhanlgyinnisindanau
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2.4.2.2 msnaenuuunaulalansain
nsfiauwuuneulelensadn (anisotropic etching) Ao NszUIUATAAT
ansaraneiildin (etchants) @ondaifedamoulundazszuvliviiu ds8nsin1sinves
ansazansulsmusTuIUIesBaney ftusessesfivaeannnisindadunmmsasuindn
ujuey fauansluguil 2.12(4) uay 2.12(A) Fegremuduiusuesyusenineszuiu (HKL)
wae (hkl) wWu s8RIU (100), (110), (111) yuseninaseuu (HKL) wag (hkl) fis 0.00, 45.00

way 54.74 93A1 anudeu daduszununidendamsiduszuiulatieaisazatenvinnisin

[y

VuRIMveIgIuTemseTan (48] Feaslidnsinisinfiseunniunasdsuet fuanududu

Y

vseaunilvasansaraneviselaTandnvemisesruuvewanludan nuaudinisin
= a [ [ £ aa ' = <

Jenuuuwaulalansalndnsinisinvesaisazatslundndaneulussuiusiig 9 Feady
andudail (110) > (100) > (111) dunsunismaneulelanseUuasdnsinisin (etch rate

anisotropy) fanaasluanns

R
A==k (2.15)

Vv
lae?l R, waz R, Ao 80131n135A000LUIUaULAZLUIAG AINERY

g1 R, =Ry 1513gna1171 nssuaunsindianwazlelanseln wey A=0 uaz

Tuns@lil R, =0 azle A=0 fe azhifinsiayssudautnuuey

' [
[ v

AszuunsakuULeninaziiawaulelanssUueddnsanisingdi MULNIIzonsInIg
famauuaueuaziinIgas NS saadnitos (R SR, A— low) usdnsiatsves

N1317R@193edleAge dinlunenssuINnsAnTuTeEdY 9 Wi n1sindlemsinuanielossy

IS

(ion milling) azilAueulalenseUresnisnalnatfesnunis dude ensinsnnazlufufu

wiinvesansngninuintn

2.4.3 Ufisen1sindanau

(Y v o A Y

walulagnilandfalunssuiunisnandalssiusalsnasnu fAs N1siRTanaUwUU

o o)

[
=1

waulelansatnilunszuirunisnigaisazane (etchant) Tunisintiedamounsazszuiuly
WINAUNINAI LA I19RTINISAAVDIAITAZAELUTANUSEUNUVDIRARDY a15tAlNRaNlYin
Farputiuiivianuaieytn dulugazusznoumeniawaniuin wu Insuvadenlansenlaa

(KOH) [49-50] o5aulauauiiu (ethylenediamine) lansn@u (hydrazine) laiieulansanlan

1%
=

(NaOH) wazwwasziusawauluioulansenlen [Wudu dnsin1sindusgfuanududunse

Y

gauugivesansavaty aelumsidenldarsararglvimunzauiniunldlunisinduiuediv

[y [y

dl o £ 74 = %
anifiawaznsinluldaudne
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Si_ Si_ OH
/Si + 20H — /Si\ + 260 (2.16)
Si Si” OH
Sii OH Si [ OH”
ST — sl |+ 2en 2.17)
Si” OH si’| OH
Si [ OHJ*
JIsi + 20H— Si(OH), + Si (2.18)
Si”| "OH
Si(OH), — SiO,(OH); + 2H" (2.19)
2H"+ 20H — 2H,0 (2.20)
4H,0 + dev—> 4H,0° (2.21)
4H,0" — 4(OHY + 4H — 4(OH) + 2H, (2.22)
Si + 20H™+2H,0 — SiO,(OH); + 2H, (2.23)
39 Si+ 20H — Si(OH); + 4ewn (2.24)
Si(OH); + 4(OH)Y — SiO,(OH)5 + 2H,0 (2.25)
Si(OH); + 4% + 4H,0—> Si(OH); + 2H; (2.26)

lunsiinufdsenlunszuiunisinaisasatewnssiusawenlilivulansonlan &

ansaraelavanjuilueuyadassaesiensonda (hydroxyl radical) fie sUilunatsvesls

aaa

nsanlealeasu (hydroxide ion) kagdinanuiaslisensinuiisenan Weinnsisau)ise

aaa

v v ° v A I3 _ a LY A a

AuauToudryinliesnounieayyalansenles (OH) tAnnsuandvsoinUfisen
sandndu (oxidation state) Viilianszauanuzeandinduresddmoulmiudanaulszquan
(si*) Tnsoznaulansondaazidduiunauing (dangling bond) 1933dA0U LayNuszTaADY

I [y

an (back bond) Ndelsianineanld (WAU 2 d1ususzunu (100) wastinnu 3 d1usu

)

LUV (111)) %Qﬂﬁqaamﬁaimﬁ’mmmﬂu SiOH)*, 3unn Fameulansenlen” [51] way
%aﬂaulﬁﬂiaﬂlﬁﬁﬁﬂﬂa"]’ﬁ]zﬁﬁﬂﬁﬁ%ﬁl’mﬁﬂﬁLﬁﬂ‘ﬁumﬂﬂﬁumﬂG?IJ’J“UENﬁ’I Aa UfAseumane
(decomposition reaction) inidueznauvedlalasiaulessu (H) uwazeuyadaszvedlansen
Lot (OH) FslUviuFATeN35206 (combination reaction) fudaneuleasonludvinliiin

c{' wva a1 o X Y a a o ¢ i aa
ﬂ']iL‘UaUULLUaQIUV’]mﬁN‘U@WWQLﬂN %Qﬂ@@?SUUIMLﬂ@NaWﬂm% LIYNIN ﬂﬁ@@@lﬁ‘(jaﬂ

[
|

(orthosilic acid) Faagiinfiliminuazgniieangaisazate lngnsneslsdantiazunniiiiie
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s ibiAadufelalasiau dvaunisi 4.2-4.12 [52] wansufisennisuandivesves

asavaewnsuSavauluiieulansanlan auaisu

Thermocouple

/ ~ .

‘i ~~<¢ // N\, #—H H—H

£ / - .O---- H=0, O—H

= H HY 9 H H H fo—H N/
i ﬁ \s/-'l'--’: \s»/—o—H \s|/ ‘‘‘‘‘ H—0 S\O—H E
: "3 5|/ i |/ \ { |/ \s' Si S|
Nl oomdl o o llmd o md
L eE ) INAN NN NN NoNs

H-terminated Pentavalent OH-terminated New product

transition state H
Magnetic “e=eeecessmeeccececeececeaceecaeeccaccccetiseec e aceccaceeecccecccececcececceceecacnenaceenaenseenennad s
stirrer bar

JUN 2.13 WuudiaeaUlisesunuvesnsindanause iy (100)

103Ul 2.13 1HunininUjiiserarsazaisiavansiilulesouvedlalasiay
(hydroxide ion) uagyimsLseUfiisedeanudousauiulmanavenii erdidnlasiuninan
(electronegativity) vosaznaulalasiau (2.2) darlndlAgsiuresddneu (1.9) vinlveznau
vossminsinsmiuiuluanalasldsidnnseudsiuiu Tunduavessrneusisansaziagn
Sidnnsoudldsanfufiousafidsiu iinnisadiafuseiadl (chemical bond) ey
lesaniusyaestaneu-lalasiau (Si-H) Sartnanladdian msBawilersewineiusseinvinl
Penansuandivesiindlalng (nucleophiles) dswalviinnislalasla@a (hydrolysis) [53]
HuufRsefiiidnlvaaetuszsevieeunadlslnsiaulossunazauyadasyvoslens
anlasiiansluanalnguandailuasiuanadnas

Tunsdlvestdnoulalanseuuszuny (100) ussiageuasiusy Si-H seuinadieliAn
nsunuiisevinsozmennadlelasioulossunareyyadaszvedlansenledlutuneuioyya
daszveslansonledduiifnsisaufniendadu species wiianilsdmiu activate etching
Sndhe vneiluanavesihddailfannsdaduiuarsifidalsd ilsiannsadugaii
azaneiatinudeshluninfinufAzen (active species) Tnsnsiinfelalasiou (H,) 10y
WARSuTNTUneul

TudfAseinstmonuuunoulelenselniearnadl Tnsluanaveniuagluana
veslanseandadmiuufisersendintu nsunuiiveslalaiauiiannusiniiiedu was
UinmvedlelanaudadudiadelunismuaunisiinfAzendiiui Tunsiisiuiuves
ftusy Si-H wntu VilvanansniaufAseldd Taenseendndudutunevlunsaraonis

[

7 FeaunsnasullalaenszuiunsiawuuLaulelansaln
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diafinuisennisununesneuvedlalasiaulossumeeyyadaszvatlansenles aes

a

599157 91NAIULANAIBIAIBLENLATIUNIRIATEMIeTluanavesTanau (Si) wag

AINTINITAAVDIUNALYU FIVNAAALENNUSEYDI Si-Si arsNAnNIg

[d v o

29n@Lau (0) Wusn

HANOEMoUTRITARUANNUALIUUDY HSI(OH), [54]

2.4.4 n15USULDUAILBY

wiatian1suFudouiiies (self-aligned) gnilssgndldiumalulagnisndngunsal

a [

Sannsefndwiinousnmasegianainuaie lasfeuldludunaunisadredruinnuag
weanIuBamesLULINANETAneU Tnalnagineuiieg uuinnoenleniziedasisdiunaneu

WANIIAST 1AL DS ALAZAIULATUTUNEVRY TIVLUANANNANNUDANTIUT AP BT LUULNA AN

% a

Aagun 2.14 Inglidipsainediudowniu (overlap) wilouiiutaansiudawmesuuuinalavegds

lineansuamosuuulndddasulvuimdnnitteansudanosuuuinalansis 33%
[40] msldmetinnisusudeusyedluneansdamesiluniiduuinnssundaniuiludgnis

& sUszananaetnannlud 1970 [40, 102-105]

Overlap to gate Drain Drain
2]
T
Gate
Gate > -
Gate oxide | Source Gate oxide | Source

(M) (¥)
sU 2.14 (n) nsiiudiudeunuazdmaliteanuuuinalangiivunalvg waz

() wpaakuUNAINATARBULLADIAS19EILTDUITU WALEANNISUSULaURIL9 [40]

(%
a1

msUfudeusuedeadlilunssuiunsesnuiviuay medeivieliulalii
innazegluszuuiediu Innuaudauaziiug1v0vaUAIUTETALALAILLATY WAZAINNTD
yhlfvsudamesivuadnawin slfarumuiuiuremsndaneigely amisaads
29asisiflaidunisiaududounin 9 16 Tnewafiansuiudeusaesanmnsaunldsiunis

a

nszurunsiameansiadlaidusgef Suainnisasisalnansvutudanoulneanlynuoaii
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o

QUATAIAIENTEINAULUY YINITAIGUAIUNTEINAULUULAIIULUA 19818197 A

£%
a (3

(developer) Wisasntuvesinehnaeoniazdsngainarsvestudaneulasenleniuniy

(%
v aa

amateiisreeniuuld diuadnatsvestudineulneenlyduutuergiiiisuvsyinniing

Jostulallidruvestilniignansavanedneenly ludiuusnanlidvulesiunisinaely

a a A

a1sazanenldintunszuiumsialeniuuieulelanseUninlassasiaiuduazgiilloud
Waianthld Weduanusunisialuasusnid dunuannsadignssuiunmsinluasaiaes
lgheansazarvdunslaon Tngludndudesadvarnarsulu dunneainuinnsldvede

n15USUYaURLEIaINNTa I NALNUN1TaS 19T Ut et unITIRgauiuratensile (A1

v
= 1

lassafvesnailatinisidentdeulvesasasare nldinasiuegiulassaaneaniuuld

¥
v

= = ! a wa v ! 1Y = = Vo1 < a A
Luaﬂﬁ]’lﬂﬁﬂimllLL@@%%U@MQQJ?IMU@?J@QW]??W@IVILLG]ﬂG]’Nﬂ‘L!) %Q%U@@UUO@I@’NLUULWQUQV]

A1AYVINTTUIUNTATNAINTIVIALALATIFTNUUUNTERAFDITZAU LIT1ZIINITANTIUIY

[
o

JUNADIAS1982IAB LT UTNUNAYAT 1AL AIN1T0aANISAMLE NI LN HIUS o lAS 985199 UN

o w Ql'd ! U a a o (% L3
ddgiinasonuautRn i azUszandamnisinnuuesiigunsal

9 9

2.5 1A59831997A TR TALEUUTRSUAY

u
(Y 1 < ¢ al [ a v a [ VY
AansTnanlugunsalnainsadadTunuanuduuadlaeldsunasauuadlidu
wasuliiiannisnsziumngnganaundulinsuleilaimnnignuwasiinnis

U

UanUaoenmgdasyasaliminnistinliiln dmsuniseeniuuainaigAuLuULazN1SE51

%
U L 0 < a

A3 InNElATIAS 1L UL 095U UL ABIA NN TN WS NN AR AB A1AIUNTNY
Ushilaeaning (depletion region) tflasanauwinlndfeunisnuannaseunusiiaUaon
W [55] eddnalvnssuakatuasunlainiunsssuniiudy Tuaunisa 2.27 Wuauns

AUIUNIANANNTINUSIUUABAN NS

(2.27)

loil g, e Andasiindfivesansiafing
q fe Uszglnindidnaseuliawiniu 1.602x10™"° gasuy
N A 1 A 1%
p AB ANUVUILULBEABNAIRBNI
V., #o ussunelu

V, #o uswiuludsa
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AINNITAIUIUAL EAIIAINISVENEHIVDIUSIUUADANINENLSIAUIUTA 5V hay

10 V §Ainfu 4.0 pm wag 5.5 um muanau feaniiteazidudiwdsitmuaaianuannig

Y

Anseegumglugig 4-5 pm NTUAILINMIRUTUVRINUTTULAATIAT U UUTOITUMIY

Y

lngldgnsnienslnaudanuansluaunisn 2.28 uag 2.29 lagldaudn (G h) Nlaainen

N3UEEAIVRIUTIMUARN NN 4 pm JuvasnsinkuukeulalanseUnuintu 54.74

[ ' [ '
A 1 £ b4 a1 A ]

83p1 [56] WUIHUNTURAMWITENY (111) V0e30eUsiag (Anu ¢) fAfuiisunasiuamdu

173 LV]’]SU’ENW‘H‘WSULLﬁQLLU’Ji’]U%@Qi@QiﬂG}’JEJ (A1 p) Aauandlugui 2.15

v

Y
1SIENTOAIMIAIN T RNT Ui uR FusasresnisAalassaiisuuusosgUsag

Y

loanaunis
AN\
—=sin0 (2.28)
g
R14
= =¢0s0 (2.29)
g
Tnefl p - fo funs ULAILUITIVYRIT0I3URNY
g Mo NWNTUKAILWITHUNU (111) Yaes093Usag
h fe AuaNNISHA
Metal
g <111>/
/ ///
! 0 //

<110> & - ‘2‘ Q&%

UM 2.15 amvasmadadlasassinn T iauaiuuseaguiig wia AUn-Si/AL

2.5.1 anBUZNURILUUSEUNETUIATIF319989A9ATIIAWE

a

ANWUTYINURITAADULUULSEU ANAuaNTAveLalalaninnIsasiouuy

& a a < d' d' a Y aa a !
WUNILUULIYU QﬂLWULLu’JﬂqiLﬂa@uwmaﬂLL?N‘U']ﬂEJ']ﬂ']ﬂlUmﬂﬂiSV]‘UVlN'ﬂﬂu’]‘Uaﬂau L3UNIN

SEANNTENU 139 ALAIRNNTENY LL@%LL'L!?Jﬂ’]3Lﬂ§@u‘Vl‘UENLLﬁQVIN’NJ@Q%ﬁﬂ@Uﬁ“VIEJUﬂaUﬁ

Y

INTALTYNIN SIAALYIOU 1199 ALAIALVIOU LATILEUATHAUNLINAINAIRINAURINUNVD

aa dl 4 dd! a 1 1%

FAADUAITIYANLEIANNTSNULASLEIFASNDUNDAY LIEUNTN WEUUNA LazliloNaTuIlas?

LPADUNLUDIUBUVRIAINE1INEDY UNNAIUYDISTIBANNTENUILASTDUNAULIUAINAILAY
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wasvamanduloaz Ui BUITagyiRUNSUNMUUILIUTY [57] Lagilyuvelasiian
nsgnufiAwiivguagiouvusiumiiuawmnnsenuivasazyiouuuiuizdudiumis
Wiy Aauanslugun 2.16

EPTILDHYn

WEIANN SENU WRIFLYI AU

Nn.= darau
0

7 X L&AV LU

JUN 2.16 ANWENTALVDUVRIAIUUNURIS YU

o 1 a Aa o

lnssasrwesnaunsaifioluledvddynlinaseuszdvanwnisvihauvesgunsal

lngsuuuunsotedninveslsyaniaimnisuuaamasanuuesiigunsaliuzuand 19ty

(%
Y a

Tuegiumaidenialuldanu Tudiuvesmsaiwiiumiddnouwuutey Weduaswuiuan
NSENURINTh BaABUNUUREY uasdunilaziinnsinmdngilodinen uazuasunsdiu
ravienduduasnvuuufesduduasdiinnnseny 13801 nsagiiounuuadLae

(regular reflection) nsiinA1sasvieuLUUaL Lo U laTn s WA lATsas 19 uRA 1A

1% '
& a = o

anwzlIgy Aauanslugun 2.17 U InNURILU LIS UIZANITAAIUANAINALLANE
X a v & a a o L3 <
vaeuislatun1sasieasield wazUsednaninnisvirnuvasgunsalazidunnsgiu

LAYINULEND

e

T

b

1

] (%

JUN 2.17 2miang SEM veeinegeanuvaiNuRigansuLuuisey [58]
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2.5.2 dnvaziuRuuuesrsznelulassadievasiangiaiaus

nsadrsRamihddneuliiilassadaugusey (surface texturing) ansnsauiiuiiuiisy
uas uazdsannsaiulenmaliuashudngilodaneunnnisasiioundurowuasiiosazsils
ladrurunisituvewasnigludigunsaliuin dwalvdigunsalanuisananiunaive
w¥aulimeunliusslondlinndety adunaiulemalfiAnnismuivesnveldun
Ju lifunszuauasuazmnouauosesiansa Tanasidy AnsaniufiliBeuuasens
agvioulunarsfiansdidnuurnisasiiounadliifussfouvienehituialiiFou viod
5und1 fhavvieunaUULANIUBSLBY (Lambertian reflectors) fauansluguil 2.18 [59)
LﬁaﬁwLLawmumﬂﬂswuﬁuﬁmﬁﬁ%aﬂauﬁmmz auaRznsEdnnIraevisoasisuluauay
fifagg Sund1 NsagvisuLuUNIEANe (diffuse reflection) Msinlilasazvioundulosas
ansnTILanHaTeINsAzTRuLANS TR BaReY IHosniasfinnnsznuiivesiisedin
sunilagiinisaziieulUdfavesfisziadndunis Fsannsnannisgadsanuasasiiou
ndufiinvesinsasinuasisfesiinisaiiisslinuuiinninvesidreudiedunisisiiui

Suuas uardral AN IgANauLAIENAIY

W2 N

5UN 2.18 dnuaugvealasiaseviuse (surface texturing)

() ()

(n) NURILUULTISIU (@) eviaunlu@dnau (A) NuRINseI0

(1) NuEATEAALUUNGUR wag(a) WuRIRsEdawuUEy

a

5UN 2.19 amieng SEM vadiiegean v iuiITaAeuwUUYIYSY [60]
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[

91n3U7 2.19 uaruagvszainnisiaiiuiiddaeu Weswinnszuiuiaz Jani

v
A a

WYITBINUNNING YU AIUUNNIDIMUNANTAADU ANTLALANAINUIDANALNDUUUNURD

nsunsufAsenisaanediseninduanall (H0) waveuyadaszveslansenlyn (OH)

LY a o

AudaLne vinliAadu native-oxide warwoio1nelalaslauiAnuuRIfaAausINDINIT

1 P [

numELadnyilinszurun1siatiuRwAnTuadesaliled Wunalinszuiunisia

[
Y

Anlusgesotlosluusiuiu MduisziaiiiaTuIsduuin g Lazn13nTEu69a

[59] Wesiwlalasiawdn q MAalulfAzeilinezieiddereulddioalouduninindn

JoInuURI9INANTara18719Nn9LAaUTARDYN AINULUNTRUSUIUNITNTEAULAZIUIAUDY

a A a a

Wosinwlalasiauinludsd Agyidesmuay wslinuifnfisslinfiaiiaue Funve

a da 1 o 4 2/ a0 1o a ada < 1 v
3311@‘1/1%141mimg%miwmiazwauL.memmmmismmmumLaﬂ AINIIFSNDULLEN

=)

LY

UNRAEAN Ty IIN1TAANAUKAIYDIRINTIVIALARANTUA AR ONTEUALAI N

SRR
Y

]

2.5.3 answadinldlunszurumstiauuuden
msmﬁﬁiﬁiﬂuﬂizmumsﬁ’ﬂLﬁa%éﬂaudaulmaj%wamﬁuﬁm%amsmﬁmaamm
Funn “etchants” Lilefndauilifasnmsseningazadrsainaglfuuianivesiag wu
wdaulaueuiiy (Ethylenediamine) lnunaiduulansonlas lawnsulansanlan lonsdu

(Hydrazine) wagiansziaSaneslandoulansenlan [61] 1Wufy a1sazaenlslunssuiunis

£ [
v v wa o

fAnaanantdauautavlelensetn (isotropic etching) tagiaulalansetn (anisotropic

9

etching) én1n1sinduediumududuvseamngiivesasazatgnldlunsy vaunisin [62]

L] 3
ansazangmantaziadansine g dulaladwiidu dalunisidenviinindesiunisinlv
winzaufvansazateldlunisindadianudnduse

Al ) =
arsndinldlunseurunisiawuuiden
a1saranenildiunauveinsalalasngeansin (Hydrofluoric acid) nsalum3n (Nitric

'
aa v [

acid) N3AawdRAn (Acetic acid) ¥aMsenAuI1 HNA duduaisazaneNildnwauen1siaLuy

=< o [

Talansaln mam’mﬁﬂmLLUisTuﬁ’uaEJ'NmmLazé’mnmiﬁ’mé’ﬁua&_jﬁ’ummﬁuﬁwm
DLMDUANTIAD DASIAIUNAUNFNTUALYIN RS INSAALUAsULUa UL kagntnnINdInsy
N3 HNA dnsgameululasa (SisN,) wazdameulneanlan (Si0,) Feluanuisatesiunisinlu
syggnauule
aa a I3 g Yo a a oA
arsarangenaulaeiu Wuaisarzareildinusennwaulalensetn Masnszuiulu
nsinldegraaudanan awnsaldvinindestulunsialovaeviia Jusgivanududy
a oA v
99a15aA8NADN LY
a1savarelnunadeulansenlediduaisavareldiluiiv ds1aignuasdenldiu

uwnsvate mitndaneuaslinnuiunvedlansenlendazisnsnisiniiguasnisiawuy
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a _ a [

wouleleanseUnszduge drunuRainiunisinaziludnvaguivse wiaisavany
Tunadeulansenledazinlanzorgiionegimindwazlifoutluldlunsinaudinn
MOS %58 CMOS [63] \HlasannuleoauvedseuNd uivasnasog UNRINTe L

a15azane KOH waumelolalnsiiawaanased (IPA) Wuaisazatefanvusgnania

Y

v

FPUULAEHENTINTTAATEUIU (100) fia seuU (111) @9Niga wawiia undercutting TATu

o a Y P

ponlenffan uwidynreuilieainaisazale KOH H8nsinsindaneulneanlangs [64] 39

AB9DIAYTUNUNININUDINULUUDULNY
Ausuinednusiauiiladauanssurumsiaendnwauswuuwaulolansetn lagld

asazarswnszSawauludoylansenladnausiensadadn (silicic acid) Fuduansazaed

v oa

AnsianvunufaNLagsEUULazIdananlusEuIU (100) W1NNT2UIU (111) @1azany

Y 1 [

A o v aa g X a = [ 1 a [ 14
TMAH NYM1A19NAAADUUUNUNIDEY ﬂ‘i&fﬂé%%?ﬂ]i%LL@%@’]@’]’]&ILUUﬂﬁﬂ-ﬂNVIQQQZWﬂW 2

Y

avaliflonleisa [65-66] willleansazale TMAH gnifiumieUSuaivnnzauveansndadn

v W

wauliaanisinezgililennanysaluazinvudesindanoulasenlunnnnseuiuinddae

=

Tnduiurvguss [67]

2.5.3.1 g1sazangmnssiunsasaulaioulonsanlad
arsazatgiansziunsakenluideulaasonlyd (TMAH) gnsniaadl

(CH3)¢NOH é’fﬂugﬂﬁ 2.20 tWuarsazasiid quaternary ammonium hydroxide mnﬁqm

[

wazidunirsiawuunaulalansetnluddaeu ddnsin1sineentasnaiuintazazliin

a = Y Aaa ° & aAa Yo i ] = D=
avalillonddTanadIuInnwe @sazate TMAH LHuntieuldivegunsvaefiudaed
N < Ao’ v =) 1aa < = Y
sfigunswiluasazaefiliidudunsevseliiiveasiluasavaefaansaldivau
913N MOS %38 CMOS I Bellansinisindameulusyiuuiunaie-ge [68] aunisufisen

NSuANAIveITRIAsa AN sESateuludunlanseonlynsail
(CH,),NOH — (CH,),N’ +OH" (2.30)

i
|T|H_(|:_H H
H-C—N—C-H O—H
HH-C—H H
H

(n) G))
5UN 2.20 lassasmuniivennnsemnsanenlunileulansanled [69]

(n) TA59d57198998 kaz(®) TASIAS1UUIIARIA UL
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aaa

2.5.3.2 N3ATATN
NIABATA (silicic acid) WSensAeals®an (orthosilic acid) gnsniaiad
HaSiO4 %38 Si(OH), %aﬂ"ﬂﬂmaﬂﬂ'sj:umiﬂszﬂa‘uLﬂﬁﬁﬁaqﬁﬂszﬂawaa%ﬁﬂauaaﬂlqjﬁ @an")
uazvyjvadlansenda eglusUvesdildnvazdunandadvnlifindy nsndadnidunsngou
fifienasshaunatios vhlinsauandldtoslasavazaretldlutBiaiidesnn 1 nsadadn
\Annddeeusenlasduiiuiwihliliudesaslwifetuanuiaselansdu (hydration
reaction) [70, 75-77] fsamn1siAfiil 2.31

SiO, +2H,0 <« Si(OH), (2.31)

Ufsenaunadeuaunsiaduy

__[si(oH),] (2.32)
*e " [sio, [H,0F

reaction
products

etchant

C Hot Plate Stirrer V)
oo
Controller

[
A a a

5U7 2.21 Fraeensuisenmsiniuiiganeuszuu (100)

(%
aaa v

91U AseIn1sAnNsnTaTnUuTmINaenAdadiuaNNISAUFINUSVOIULATE NS

[y

Anganeuvedansazats TMAH luaunsiaiin 2,32 sxneuvedlalasiaulessu (H') uarauys

daszvadlansenled (OH) FeluUfAtenissiumivianeulansenledvilviiinnisnos

Tunaeiunsaeslsda (orthosilic acid) lassasnamaniivensadadn waneaguil 2.22

H—O_ O—H 9

(n) (v)
U 2.22 Tassaramaiativesnsn@adn [71]

(n) 15985198798 waz(@) lASIAT19IUUINADIEUTR
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NIZUIUNITIALNUTAADUIINNSANNTATATNAIIUATaza1s TMAH aznaneLdy

a A

wiasnuiaves@dinavsetuntiinindesiuuuiintergiidey Jedwalvieorgiiiioy Faaeu

Y

Tneenladladnas agnslsimunisiiunsndasniuazdmaliansazans TMAH fien pH s
13 [72] v‘i’ﬂﬁLﬁmmwmqmwaaﬁuﬁa%ﬁmumm iesanmsnedveaiiufissiauuudy 39
dufisefauvudumAnainwesinglelasiauiiisuiadioudunidinintdesiunisde
(micromasking) UuituRTdaaau (73] wazgannadululdannsmuiuainmsivau nie

ANAZNeU (redeposition) Uesansazatsusduiliazaun

2.5.3.3 wauluwisulasoanlaladaina

answerluiisaessenlaladaln (@mmonium peroxodisulfate: AP) 1
eiidnuouzlunsden Lifindu Sgasaiifie (NH.),S,0s dnnnuanunsatunisinnseuaziduy
answaiinyminidusiieendled (oxidizing agent) lad 1leansuesluiisuUassenlyladam
alesumiuseugziinnsudsuannlaieilesniniiandinisgadulaa arsweuluiey

e ) Y el A | a o o A o
Wessealuladamnaiunsoazarglantuindaamgiguusdasiinnisiuduiat luazanely

ifigaumalisnrsedaunifiaanau (14, 74) ssuenlufeuessonleladaialiause

Y
a =

Anlnildudanunsauanudeseendiaulddeilamannsalunisatuayunissnlndflviadsagu
Fahdunsifvsnmerdesiafivluaniuiideudauis azenn Snsszuneeinidled wavaas
dAulituanusnafiamnsednliliieg sazlumsuavaisuatldosossonlaladaimnig
ﬁ’umiazmaﬁ’ﬁummﬁaﬁﬂ@ﬁ%;ﬂﬁiﬁﬁLﬁsdamﬁa%ﬁmﬁmmiamElﬁasuamaaﬂmﬁau
Wostawlnuayyiliiinnisseide aswenlaiisudasSenlaladamnauisamseulaann
nIEUIUNIBLaNINTaTa (electrolysis) uasianlailoudainn (ammonium sulfate) N15130
319%0N3AFANITN WAL DIRENITANKEN Lﬁaﬁjm‘?ﬂw%mmmzauaﬂumiasma NANIT
afesfenluladain (peroxodisulfate) lngluiana 983 HSO, Aiauan anduaeyi

UfisenftunenluengamaieasnuenlulonUasdamn asaunsain 2.35

Fauan 2HSO, +2¢~ «—>H,S,0, (2.33)
rau 2H" +2e" «—H, (2.34)

wandaei  (NH,)S,0, +H,S,0, «—>(NH,),S,0, + H,SO, (235

0 0]

I I
NH4—O—S—O—O—ﬁ—O—NH4

I

0] 0]

JUN 2.23 lassasiananiivesasuenluienossenlyladamn [74]
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gavnetansnlaRIuNITNTBINITANKHENNITHENAILLTLIIBIRATN TR URTRNE LA LA
nAnAakeuluonilasdams lassasraniaaiivesarswonluifioulasSonlaladais

WARARagUN 2.23

a a

2.5.4 Ufisensinesgiitiey

Y

nsgvIunsindansunvuneulelanseUninnudiagiiniuaesnisidenld

a o 2 O . . a s a ¥ P oAl
BSQNL‘UEJNL‘U‘UGUU metallization Wall@gallLuaﬂﬂggﬂﬂjUﬂuﬂjﬁaqiagaqEJV]L‘UUﬂi@LLa%ﬂ']\‘Wl

Y 9

=

fiananudunsa-asigeesgiidouldaunsadnuilsmszdueanlead AOH); [15, 78] &

=~ o Ql'

uisenluansazangeverqilidonsiaunisi 2.36

AI(OH), +OH ™ «——>AIl(OH), (2.36)
domnudunsa-ansussansazainias 31NNsuandsIeuasnszegluaniizauna

FENiANULTNTUVRIANTA (HOY,) Uazfiua (OH) FellAwvindu faunis 2.36A9un1s

4 A & = ° v v v A W )
azaneu1vesasidunsndsbuyinlianutuduroslalastaulossutiuiu N1sinueq

o
Y

a a s v a a a < @ = !
svgilldonanilinduresansiaslnimesnvesesgiiilunilutulesiuna Jagaunsadiy
Jestunisinesglifleulaly dviuilauesgiifisusenluddainaluaisasateinugiseiu
avgiliiialansenten (Aluminium hydroxide: A(OH),) lugtuuudaing (pyrophyllite-type)

Mavanelavesdaduiiuitevalileusenled dwanslusuil 2.24 (79]

@ silicon Protective film formed
@ Oxygen Si content: sufficient

O Aluminum

Col
Ce %o
%
OO.
§(EOIS)IV 2

A

su rface

TMAH doped silicic acid 7

Etchants

JUN 2.24 amdnaesegauisenlunsyuiunisinesgilidey

NsUNIATATNUSIMAMINzauadluasazaty TMAH szdmasdanisUesiunisin
vostusrglidenuartusenlydlusgiann eswnlessulansenledluasararvdiuuin
vl disentunsaiiuasluununisinesgiifouwaznisinddneulaeenles Ujiseinis

a a

nvueinralifioy wansnsaunIsaoludl

Y

2A1+2Si02 — Al (SiO,), +2e (2.37)
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aaa a

naun1si 2.37 Wunsiiaujiseneiissnininsadddnuazezgiillon Weseinnis

WLFANG (Si0,); W lUluszuuufizenansiad Fsdsasiiandniunduainuiisemiaaiiiu

a a a aa . & a1 v ! a ¢ a o cd a &
ﬂ@@SQNLUSﬂJ‘UaLﬂW ALZ(SIO3)3 "?Nllf’nu@g]ﬂ?j@SQNLuﬂﬁJlﬁﬂiaﬂleﬂﬂ IﬂﬂNamﬂm‘WVlLﬂﬂsﬂuuq

=D

¥

g1usnazansulauey AuluseninenszuIunIsna KanAUN AlL(SIO,); Hagyinning

= = ] o Y} o ] A a S aa s =
LU?EJ‘ULaﬂi@usﬁu%uqﬂ']ﬂ‘ﬂ@\?ﬂ‘Uﬂqiﬂﬂ‘UusﬁuazgmLUSﬂJLLagsﬁueﬁaﬂ@ut@@@ﬂl‘(j@ [80] Lhagiis

aaa Y

Aunsndadnadluansazale TMAH azvinlitiaudunsa-asegluszauuiunas (A1 pH

a

5891774 8 D9 12) dwavilitionsinisinezaliileunazdanaulaeanlasnanas [81-82]
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N1509NLUUNTZUIUNITES1UAZITNITNAADY

Tuunilldndniiniseenuuuainansfuiuukar ML duedmSunsEUIUNIS
a$adnnaiauasdessosduiadendidviinlany-anshadinih-lave msveasaniieuluves
arsazarefldmiieldlunisadalnseadiesesiiuisudyyravesiinsiatnuaisae
nsrurumsindenwuuieulelansetnlaeldgamaiilunisin 80 sareadea LHUFIUTO
AdAetaneuiinlyasan (czochralski silicon: C2) wimduszuru (100) Sanmduniu 5-
10 Q-cm AUNUT 625 pm dnvaglassaiiesosduiasenindaneunazergiiiloudy
Fanzaneiinginiauas fulsverisssminanlifuuunte nseenuuuMsNeass
wardsnisnaaes Nuideddinadifyaesdin fe druusnidunisesnuuuainaiefuwuy

TAssasakasas ks uluvesasazatentdda e ldlunisas1afiIn 5 lAssas 19U Ui

=

38UT93UMEY (U-MSM) Luufiselinsasgusig (MPU-MSM) Laguuuiiszlinaesvuiniosgy

Y Y

g (DPU-MSM) WagdIuiiaeadiBuauiiun sz uaunsaseavinnisinsginansmaaes
iednwiauautiviiiuaznsnevanemamaly
3.1 N1SWTeNTUNULaZIAaNNaulvuIdY
&S 4{' d‘ Y o v % L% [ a ] I~ 1 QI I Ql' % 1
nsidenteulenlddmiunisadrisdinsiadavasdaiuindusgwsnounaziing

NILUIUNMTATNIUIIUNILAATY N1509NRUUNTTUIUNTATINTILAY LT TmLILaY

17
Y A

Usulsenuidensunthillidaunmiggu Tngeuludieg nldannimaaesazgninn

[
av aa =

fsauiieldlunuideiiisivazidennsmaludl

3.1.1 UHUgIUToITAADY

dmsunsiaunudseiladinisidenldudugiusesddnousdauuiasiadudy

a o

A iaLaniiosndaneudussnenvesaisisinhaianilsidfey wavamisaldadradu

o I o

gunIalansisidniouynaiia Faneuasziitidnaseursuongndiuiu 4 61 wiazesnouas

9

' ' [
a A = = o o

imegfuiudinousznaudy o MbAdswauEavdeiluwuins waswuiueuyinliianans

' v

<

= o o U [ a = = ¥ dyQQ a L4 Y=
Aamsnuludunsedundnla u@ﬂ‘ﬂ’]ﬂu%ﬁﬂ@u&li']ﬂ’]gﬂLL@%ﬁWNWiOVIUﬂ'J']@Ji@UVL@WN

WWundeuldlunisinundsluneassu

3.1.2 VAANSVBIAINTIVIAWE

(2

M5as19lATIas$1999nTALa UUARITas AU atandnd s osos duialany —

a15n98211 - lane laedszezrinaseninetalidn 100 um vurnatnatedunuulaidn

LY -

upululavinlidudanudddlminnisaasaslunendisazaualadlugluieuszndanui

[
o

¢ a N a ° va & ~ a = wa
vosgunsal Tunsidetidenavailiden (A dwldilutilave Wesnezglilleudnuaudd
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L uazligavasuiaiil 660 samwaded Mlinunen1sAANToUIINNIALAZAIIVDS

a a

ansazaele uenandezaliovarursaunluilafsiudeianudiuniulvidsazdnsia

Y

UUNUHITDHUFIUTTEABY

3.1.3 gsazanefildinlaseadrenuiunaeianstaiauas

nszurumsindutunoufideddarsavarelfivunzandmiunisinlaseadai
#0915 suATeildeanuuunszuIumsinulseanduansia 1aud nsfauuuseulols
nsatnasaiien (single anisotropic etching) nsfinuuuneulelanselingransndaemain
n15USuGauA1Le9 (repetitive anisotropic etching with a self-alignment) n1s1donld
ansavanefldlunszuiunisialumsveass fe asazarswnszuSasenluioulensonles
(5, 10, 15, 20 wag 25 wt.%) LaLLaantianstANLAINISAATBINSATATN (30, 32, 34 WAy 36
/) Lﬁaﬂiasamﬂﬂiﬁm%uazqﬁLﬁﬁmLLazmiLLazﬂ,mLﬁamﬂai‘aaﬂiﬂm%mm (5,6, 7 way 8 ¢/1)
Fleuiuussfiuindaaou Tnedeulunisiaildannisaassdmiunssuiunisinusiay

las9as1e faandlugun 3.1

N32UIUNIING (Etching)

AAUENLUUATILAYA AAENWUUYIFD9ATS
[
| I
TMAH 5wt.% NAASILINAE TMAH 5wt.%
TMAH 5wt.% added AP(7g/) + NAY1ASINHaIR TMAH 5wt.%
silicic acid(34g/0) added silicic acid (34¢/1)
[ I ] |
gauuNldin 80 °C anungiinliiia 80 °C
&sansazangaandaeii DI d19ssazangaanaqeil DI
wWdusuliuisneing N, wWhduswlviuisdaeing N,

JUN 3.1 nsrurunsinlassaiedmsiainwasmeReulvasavareldin



aq

3.2 N59NLUUAINAUAULUUVDIAINTIVIALET
lunseenuuunszandunuuiioldadmnanevesiinatauas luinendmdduilah
AseanuuUaInatsveInsranduuuusiaildfuinerlawdnuan (positive) Tneld
Tusunsu Corel DRAW X6 Graphic 9nduihlwddeyaiildoonuuuluinisaunudeiames
(laser scanner) asUULHUTEY wazhukuiduluRnuunszanla Weafadunszanduiuy
Wielddmsunssuaumsadretunausely
dmSumseenuuuaaanefuuULarMsadhnse Tanastaswadsuuuseg tuardes
ATansmesusniidfny fe Aunirsuiinalasanive (depletion region) 1iladann
aumlmlﬂwLﬁauﬁ”’wmmﬂﬂﬁ'auﬁu%mmﬂaamwms danalinsyuananuisunlamuusadud
LTy TA5ead191e9ian 19 TauaIkuy MSM kuy U-MSM wut MPU-MSM wazkuyu DPU-
MsM AldlunnsAnulusin AUn-S/AL UssneulUsesesduiassminstalniieva aililyy
(A) AuFaneuadaou (n-Si) ﬁLﬁu’iaaé’mﬁa%mﬁﬁéaaﬁaaé’mﬁa‘lma%ﬂﬂﬂwﬁ'ﬂammmm
Wi f9 1x1 mm? warsvevissewinata s 100 um Feflvuelilvgjauiuly
dieidumsuseudanuilldudmeunsnl wegldidnawiliasmeduuuuoraduiadsturily

AnnsdnansTuniendsld Awandusun 3.2 Wunsuansainaienszanduwuuilddmniy

NNSAS199IP IV I ALAINIFLASIAS 4

S = 100um S = 100um S = 100um S = 100um

UM 3.2 @IAR1EnsEANAULUUVBIINTIVIALAN

3.3 NSTUIUNITEINY

= &fa

Tuingrdnudigna¥reduiiqudifedidansedng (ERO wazaudinaluladlulas

Y

(%
av al

ddnnsetind (TMEC) nuwidedlavinsfnudinsiatnuasgnasisuugiusesdineuriiagu

33UV (100) @ATWAIUATIUNIU 5-10 Q.cm ATIUNUT 625 pm @IUTITUADUVDY

LY

NITUIUNITATIFINTIVTALAY UTzNaUumenIzuIunITasendAey 9 Tunau Ao 1) Tunou
NSLASEULNUTAABULSUIINTNANNALDIALAUTAADY LIDA1IAE15DUNSY (organic) Lay
lopouvatlane (metal ions) NRneguuRTdAsY 2) nsrutunsaintulaveergililounun

1.5 um LAABUAI8ITNTEUIUNITD5LeWaTUnLmeT9 (Radio Frequency Sputtering: RF

[
v a

sputtering) 3) nsrUIUNITASNTUTAADUlARON LAWY 20,000 A TagiSnisanasauls
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a19LALlaenanain (Plasma - Enhanced Chemical Vapor Deposition: PE-CVD) dielddu

(%
Y

wihnindesiunisintuezgiiiien 4 nszurunsiiladlsnsail (Photolithography) ite
A519879a1889FINTIVIALES LAUNISLUARIATUNTIVDILEUTAADUAIINTLUIUNS LA

alsns i 5) MsmseuasAlikazaIsazaneNIBlunIsAn 6) NSEUIUNSHALKNUNANTAADULA

Y

Tusesgumglagldnisinlenuuuneulelanseln 7) nszuiunisdumesuiievilses

ulaseninstuerglidonnasileddnoulusesdudanianysal 8) Tunaunsideusoaisfn

—

[%
VY

futalihsien1adu wae 9) neaeunuandiniglihuaznwuas Juneusie dsvaziden

LRI

I
n1seenkuulATIEs \, : WNUFIUT D APRL MaNnuareIn
. NIZANFAUUUY 7 - ‘ .
ATIVIALLE ] wiadusyuu (100) WHULNDS
l—‘ I
P g a519a7ma18 A inaeutudanoulneanlys Ugntuezgiiiilen
JURDUNIFAN y /. ) g _
nszuaun1slnalens i ¢8 PE-CVD 8 RF-sputtering
> ) _ €¢I ATIVEDUAIIUANTA FUNDULT DUAD nadouAANTRvRIM
DUTUNUABTUNDIY [ P — 3 .
AINANYUVDITUIU Al aunsal

JUM 3.3 WU INTURBUASNAINTITINUAS

3.3.1 YUADUNITHAYULNUTAADY

nMmianuareauiudaneuLitoridaduazees tavlany wezasulusiuieguy
fuRtusudarey Fudutumeunsnesnszuiunisadisiomn uagioinlutuneud lins
sostumemintuuliarenoraiinalaensoniningaunnsasuasigunsniuardma
nsenudpdunounszuIuNITTUmIeaELazsEANB NI TLasana Ly Taed
fumeumainieuuiudtney Buaniusiudaeouurasudsnainlessy (de-ionization
water: Dl water) Ingyianuazonseiaiosdaniilaia (ultrasonic) Lilofdnduazens
W urssefelulnsiou mndudulunsedsuen (3H,50, + H,0, : piranha) Hovdnasu
lushunagAsanyUsnsmnlangudidnesieinusmainusgy (Dlwater) tiluusisdaefieg
lulnsiau daungulunsalelasyessn (hydrofluoric acid: HF) fieandiudiu 5 wWesidus Lile

AnTUDaN A TLANTUANUSTIUYR (native oxide) UURINTNY8ILHUTAADUIINDNTLIUTY

91M1¢ PMNUUAMEUIYITIAINUTEBNATY wdadwismefinglulnsiau
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3.3.2 nszurumsainedulansezgiiitey
PAINHIUTUNDUNTYNAIUELDIARILEUTAADULSHUSDEWA? INNUUYIINITASS

a a o A 1 aa s = fa < [
UIGWS’EJBQZLIL‘L!?JNI@EJV]']ﬂ’]iLﬂaEJUG]’JEJ’Jﬁ@’ﬁLE]W wuninsoualameassadunszuiunsasng

Ree

Qe

a a

Wangaralifouliinumul 1.5 pm 1aga1fenannisNosnouvesRIviNasiAaauTdaly

Y

zalifeuduihgnvilingnoenundmensruressyniandsugs Mntusznoufivigaosn

®o &

= a & ' = aa v o Y] a;'
GU']ﬂLﬂ']ﬁ']iLﬂaa‘Uf’Ug'NlJ']LﬂaaUUULLNUNaﬂ%aﬂ@u IWEJISULLVia\‘]GU']EJﬂﬁzLLﬁaaUﬂ'ﬂ’]ﬂJﬂqq (RF

power source) LlBaS1INAIFINVBIDNTNDU (Ar) unuszezsssznnilasuiunesaz

agAnedalnaniy U A1 10 cm wagaufuvesinrensneuazegluseAuUsEa 0.1
Torr [72] Famellatiazyinlilessuvasaisnaundound v lauindusinliensinisiindu

avaiitiley (deposition rate) ety

3.3.3 NS3UAUNTES19TUTARaulnaanlyn

'
a o

n1svgnilauuisndslearsiaduuunanaun (PE-CVD) ldoamginnussuna

Y

<400 °C 1 ¥WIBMsUgnduiauufienfenisuansavesasiniiluanusinguasiinUgisen

[

wiinaeduansinianiadevuuuruilasnisugniauisildndnnisnataudiedingn s

£
a6

nsinUfAsenadivesing Fevhlvenunsaugniuidunaamgiian [83] lunisasietuilay

Famaulasanlen

3.3.4 nszuUUNISINAalsNI W

nsrvunsaianangvesgUnsallunsasminametilanesgilillgumensean

AULUU wasfiangnnunssanfukuutiuazannsanggriululaamzusnanlifiainats du
a o = | 1 PRI s = A a o

Uhaniiaanateiiu uwasaglianansaruld dedutuvesenluadesiunsusnunlignuas

uaruneusnignueas Wethluasihenaeild (developer) Unsduestuingluasasgn

£% (%
o

avarweenly dduvenienlaiiviosguuiaganeulaeenlynagvimiihndesiuladlivy

12 (%
= [ o

Fareulaeenlyduinailgnineenly Wieasntuvenieliuaseaniazlsingainalevestu

2
= 2 o o

Faneulnesnlentunuainaieiisieenuuuld Jun 3.4 \Wudunsunisasisiinaiaua

ANz UIUNSIRALSNS I 185188 DY NIUARIT

a

1) euuduiiolanuuesn figangd 90-100 °C Wuaan 1 49l

Y

2) wdsutentwaariaulin AZ P1350 AleLAsasatulLes

a

3) DUWHLATILIN (pre bake) Nlgaumadl 90 °C WWurian 45 wil wivevinlinenlauasusia

Y

4) euasgudaniTllerIunITANAULUY MeLneslsugouunsn (mask aligner) T4taan

Tuntsanewas 15 3unf
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[ (%
o

5 Auanaisuienladiaeduadluiieniuainaiy (AZ developer) a1¢lut1usaain

Usea wanUwismeinglulngiau

9

a

6) oUATINADY (post bake) Mgaungil 90 °C Wuaan 45 Wil iiielinenliwasiindeeg

LA
7) Aavuddreusenlandiuilifainiseen tnaldaisazate BOE warardlunusnaain
Uszquandunissneinglulasiau

v o a | Moy % a I v g
8) fntuergiifieudunludesnisesn tnsldarsazarenaunianeanesa anuuasluul
UsAanUsey walwissnefiglulasay

9) asnurghasiivaesenmeesdlay wara1sluliusmINUsey udnduissieine

Tulasiau

n-Si (100) n'Si (100) nSi (100) n-Si (100)

Wafer Clean Al Sputtered: 1.5 ym SiO, Deposited: 1.0 um Lithography with photoresist (PR)

nSi (100) n.Si (100) n'Si (100) nSi (100)

Al pattern/etched SiO, pattern/etched PR etched by developer Expose with UV light

JUN 3.4 LARININFAYINTBINTFUIUNTAINTIVTALATTl Al/n-SI/AL

3.3.5 nsspuasaiivazioulvvasansazaneiildlunisia
AswSeuasiaiuarasazane il fadmsuadidlasiainsvesiinsiatauas 15u
MnuausnIIduvesasarateildindudtaoulaeenleduasduorgiidon uazduan
dunaNansIANLAINISinveInsadasnuazaiswesluiieuiueseanlyladan Lazal1u
Wuduwesansazans TMAH 7ildlunszuiumsin sselui
msinduianeulnoonladarionnsouansiaifitdiunauvesnsatauindundn v
nsintusanoulneenlednsefidoinisilnainaisoen arsazareiildlunisia Fondn
a1sazareUninesennlen (BOE) Usenaumiediunauuad HF : NH.F Tudnsidu 1 : 5 audl

gnsnsintudaneulasenlenegin 1000 A/min
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miazmaﬁisﬁﬁ’m%y’uazqmﬁau (Al etching) 1udrunauvasnsaneanasnduy
NANUSENDUAIBAIUNENTDI H5PO, : HNO; : CHsCOOH : DI Tugmsndiw 80 : 5 : 5 : 10 14
gaumaiitun1sin 40 °C \JunaUseanm 4-5 undl

mMsfnansessuieulvansazarefildinasifuusinisinveinsndadnuay
asuenluflenleseonlaladain uagaududuvesEnsaza s TMAH @UNSRAIUINAIY

[

Wutuesasazanulanal

ANAUNTT C\V; = GV, (3.1)
e C; = ANUTNTUSUAY
V; = USU1Asaua

C, = AmnUudugaving

Va

USumsgaving

3.3.6 N3ZUIUNTINA
M5a5198mTTanas vl uTAAauRAdY SEUIU (100) AUNUN 625 um 3

a A

Hlanzifusrgiidon lessadnfnsatouasiinaunszuiunisdaiidommaanulassaing
Taun TAs9as1auuy U-MSM Taseasawuy MPU-MSM uaglasidsnauuy DPU-MSM anuweuy
mafalassaissnnainnazudseeniuasdds danandusui 3.5 Tnefidoulanazdunou
nsfinsesalud
ABusnifunisiauuuseulelonsetnadanen é’ﬂgﬂﬁ 3.5(n) dvsudinistiesldiin
Fans9Tauadasiadnauuy U-MSM shedeulenasansazate dual-doped TMAH wazsn
AT TALAlATIES UL MPU-MSM sheieulavasaisazans pure TMAH fiseazidondsil
1) AnlAT@sNuuy U-MSM aaudnsazans dual-doped TMAH Us¥nauniua@1sazans
TMAH fimnundud 5 wt.% wausagansiiusninistnvesarswonlufaueseonlale
Falnfivsuna 7 ¢/l SIufunsndasnuiuia 34 g/
2) fAlAsaEsIawuU MPU-MSM sheansazans pure TMAH Uszneudieansazale TMAH i
AULVNUU 5 wt.%

a

3) fuansazanefldinfaamall 80 esmwalded HaTaaniuaisazaenyuieuialiubn
< ' ~ A a =i & o & S = Y o [
AALSY 200 SRUsEWNT Lilogamniah MnTuhBunuiwsedliviniin

4) ieinsindunussuTeskaliviin1saemeunUsmanUsey waadnduaulini

seivlulnsiau



W) Al pattern/etched

n-Si (100)

5 Si etched with etchant

n-Si (100)
Etchant

n-Si (100)

i Sintering: (T=500°C, t=15 min)

e

End process

558

RN,

5

(n)

a9

&) SiO, pattern/etched
PR PR

n-Si (100)

Etchant

= Si repeated etching with etchant (2)

n-Si (100)
Etchant

O sio, strip

n-Si (100)

I Sintering: (T=500°C, t=15 min)

End process

sUN 3.5 Tunaunsiallenwuukaulealensatn (n) n1siasuukaulelansatUnas

Y

Wed waz@) nMsnakuuwaulelanseUndaninsimnemalanIsUSUTaURA2LeY

Bnaeadunisiauwuuneulelanselngraesnsamemaianisusudeudiies aegud

3.5(1) logldinsnsiaiataslaseadisiuy DPU-MSM meteulvvesaisazaty pure TMAH

(AS1450) wavansazane silicic acid-added TMAH (A337iand) 3ei3andn pure TMAH/ silicic

acid-added TMAH #i518a188nnal

1) AlAsead1auuy DPU-MSM sreansasany pure TMAH/ silicic acid-added TMAH tufie

ARNASILINAEAITATA1Y TMAH N1ANILTNTY 5 Wt.% E1rsUNISAnASILINLS1aLlgsIunU
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wadianisuiudeusniesisansazats TMAH aefasuduezgiideulnenssdeudsiui
Fanou uazindndsiiaesioansazars TMAH fierandudu 5 wt.% naudensndadn
USunas 34 o/l Tz finlaseadisvesinddneusoanaisazais TMAH

2) Fuansaraeilifafiguvnd 80 ssriwaiea TiaTeaniuasazarsmuseuviausivan
ANLTA 200 SoUsEUNT Liegnmgiinai Mnuthiunuiiededliviinsin
3) flevhnstatunudsuiesudiliminnisdadieiiunanuseq udaliduanuliuis

metvlulnsiau

Mask Al-positive S.N. 2019

JUN 3.6 (n) gunsalldlunszuaunmsia uay (v) MwaneTununaInisin

Qy a v Y Y (% ISP (% a gj o ‘:
FuauunszuIunsiameReulin1sin awlanwadgun 3.6(n) INTutduny
nlaannisindignszulunstuness ineilvisesdukaseninstuergiiiouuaziile

Faneulusosduiananysal wanddszu 3.6()

3.3.7 NS2UIUNISTUNDSS

Weorn19Aaduaulalntu FuauidignszuIun1s3uine 39 (Sintering

P A o g v o o ] | A o o & aa I
process) "?I\‘lL‘Ulm53‘U'J‘Llﬂ’]5‘1/]1/]’11‘1/15@Sﬁﬂwaﬁzﬁ'ﬁqﬂﬂﬂu‘ﬂ@ﬂiaﬂgagquUSMﬂULu@‘?ﬁaﬁQUL‘UU

a v

sevduranauysal [84] lngundudaziusuganoululiluvsseniaveslulasiauniisns

o

N5 1ave9Rw 0.7 3ns/uUn9 Naunnll 500 s watded Wua 15 Uil wad1usy

9 Y

nsfnwlunszuiunisasiesesduda annisvaassnuinaamgintdlunisgunessandy

Ao o v & v

Waulviddudusminuainsesdudanladusesdudaluudon dandvsedaasy satulu

o

[

N15NARBITUABULIWIINTTUNBTTINUNYT 500 BarwaIgya
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600
— Source
t=15min

~ 500
O
o
N—r
(5]
S
= 400 g »?
< & v,
= (@)
[<5] o (:L
o © %,
£ 300 nd K4
~
o
o
E 200 +
©
5]
T

100

0
0 Debinding stage - Sintering stage Cooling stage

Sintering time (min)

]
[ v 6 1 a

JUM 3.7 anuduiussenineeamgidunanldlunisdumeseitnsiaiauamdinisie

Mgaungil 500 °C Waldtialun1snisBumese 15 il

3.3.8 MINARRINTIVABUANYALIIeNIEA LAz InAauTRNI i
FUIUNHIUNTZUIUNTAS 19T UAINTUIZETUIUIUARLENDDNIINAY kA7
UNITDUFIAIYAIINITU AN UUTINITNAGBIINNITAD VAU INNUAIAIEF B QU1 8L UU
¢ A

NITLAINTS Ae3UR 3.8 LileTneunaanidnlaanieuaages Nilalug1InaY 635 nm 318

Tuagraunsal waritayavenszianinleundeuduauduiussneazanIznIsna -

9 Y

LIAU
- lux meter / Dark shield
Darkshield 1 power meter v
Halogen lamp/Laser |
Multimeter
Multimeter

%
0000000 o

UM 3.8 urunnyansesilenaadeuinauaudinidliinvesiingiainuas
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NANISNAADILAZIALATIZUNANITNAGDY

Tuingdnuginaninisdnudeulvvesansarareildfauaznanisnaassiildain
Tnsaadadnsniawasiinlave — ansieiai - Tane (AUn-Si/A) fdnuaasssesduiadond
AgPaFeuuuiugusesiuddnourdaduiianimarudiuniy 5-10 leviu-lwudiuns dmsu
foulumsaalaniasinnaiawaiuusuidounmelusessusyg uwuiissinnelusessusg
wazwuuiisziinaasszaunelusesguiy Ae nsialenuuuweulelenseUn (anisotropic wet
etching) Tneflszasmaszainadalaliiinde (wide electrode sap) ludiunanisnaaasldiiaue
nsfnudnuasnemelasaisnigluiuifuiamesinsa i annsoonuuulasiaded
uannsiu mMsAnvamaLTEnalWig Hauuunszuanss (DC) AsLUUNTZUAAR (AC) Fe
MsveguandyaunaugUluia N 100 Hz fa 16 MHz 19y gauasdRnszua - ussiuliin ( -
V) wagpaautfnauglui - wseiu (C- V) maﬁ?u%Lﬂswﬁwamimaammauﬂ’ﬁmaLLmﬁ

- X = N o &
Anulpefisvazidennamaliil

4.1 A1SANEIANBUEZNINIBAINVDIAINTIVIAWES

nalnnisiianseualninveseiinsiatawasninasdonisiiunszualudn Jufa Anuninaweg

vinalasan vz (depletion width: Wp) AeuuLs1dsin siimasinviinsitasieiivelaluy

nseenkuvanulastaianeluiuudya Weavinisteuwsswulnildiudigunsalvinlv

1% v
Y !

druvesusulasanivzgnauiuliiiisunmaanasenludiuildwmalinssualiiud sl

T Y (%
Y

musenunUdsuuUatly lunleznaunveiaunvzgnlosslud dmiuniseenuuulaseasig

£% '
v a

YDIAINTINIALAIIATNUNS UF U U U AL AU UL A DIAI T 9ID9ANUNIIVDIUT I UUADANINE

g7

ANU1TOMIANNAINVBIUS N AURDANI R INANNT

2¢.( 1 :
W, =| =2 = |(V, -V
D q (NDJ( bi A)

(4.1)

o a 1 v

e & fie AnlesiinfinveasansiaditlAnviniy 1.054x10"° F/m, g Ao Useqluil
dlanmseuliavindu 1.602x10° C, Np Aa AUMUILULBYAaNasdadA1wINAY 4.51x10

cm>, V,; Ao Aunedndiinduluaiuansnanaui (V) wag V, Ao wssauludd (V) 30nnanns
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Aurnaunisresuaasanme (W) vesgunsalifianimainudiiuniu 5-10 levi-
wuiwns nuidloussufinfueunwesuinaasanmeianndy Taefiuseiu 10 Taad
sfiAnmunevesUs s vEvingy 3.85-5.48 um SUNENIEAIININIIEINITSONWUY
Muisuuasldiiu 5.5 um WWesduisiazamnsadurnmnisifinduvesfiufisunasniely
1A5983195095UMYuITEUIU (111) muauduiusniewsinadifaunis tan@) = h/p 9913
AU usnalasanneriiliaunsativuneudn Gu h) Aldiasesdnsitu 4

[ [y

um msfianuukeulolenselniiyunisinwiniu 54.74 991 NUNUNSULEIRTIAIUTINER

[ ' [
=~ a

WBoauuaszuu (111) (AU g) TArunsunasinduidu 1.73 nvesiuNSulasuIsiu (A p)

'
[ Y

Famnrvinkatudaglasiaidluanideiisesguieigninseninauwuassuiu (111) uagssuy

(100) Aedlyun1sAinwinny 54.74 831 AelumInsITRaNLATIas19aslinunukasludiul

WiNTu 1.73 Wit aszvaunsiadudunsudidndmsunisastsiunnnelulassadiaveesn
(% A a dy Ay o [ gj A 1% g Yo [ ! A o [

AT TALALNDIANNUTT U Y 1uLas Astunsiaenidarsazatenledadudiundndulunis

a 7 4 A o ! ° « N Yo Y Y, A

nAagINIdmesaneg iediludnisimuaoulviliinlassasisimsiatanadlusuuuun

4 IS a v d’l
7913 1nelsuazldunnI1snnasIndnelull

4.1.1 MsAnednwazasiavesasaraiefildialasiaseiang a9 Inuas

ansazaeildin (etchant) Wuansazarefldlunszuiunsinuiieldasnemnsiainuas
Tnssadnesingg Safausududevhnsfnuuasnaasaiionteulafivaigauuayaonadosiu
wmadansairwewiejuanislimudunisnaassld amsazareiigninanldlunisdnu loua
asazanumnsziuiawenlufioulansenlen (TMAH) Laga1StRLLAINITAAYBINIATATNLALENS
woaluiflouasoenlalndain (AP) 91AN1SMRARIL TN SEUIUNISAS9RIBImMATAN S ALY
sonuaounaia duRe nsruirunstasvusevlelensednasaien (single anisotropic
etching) waznszuIuAsTanuuLeulelanselndiastndedisimaiinnisusudousiies

(repetitive anisotropic etching with a self-alignment)

4.1.1.1 nmsnaendgansazarawmassiufiawauluiieulansanlan
nsasnalassas1teneluiunsuwasnlenszvumsiaenkuukaulalansatn
Tunsneaestl Tnelvaisavarawmnssuakeuludodlansanlennainuudu 5 wt.%, 10 wt.%,

15 wt.%, 20 wt.% wag 25 wt.% N15:8n kAN INTUYDIETAZA1eN TN AU LI 1L RINTAUN
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31NIATINTAATAADULALDI9BIIINNTAINAIUANVRITOWNY (AUANUTEUIN 4 pm) T
Jumsdweslunisimuaniglulassadiesesguimeg aunsamdnsnisiaddasulaain
9MT1AIUNTAYLAELIAYTEAUANVILHUTRABUTINIUNTEUIUNSAA (material depth) satian

Tun15i@ (etching time) #UIBUBITATINITAA A AINULIIRONUILVBILIAT [85-86] 91ANT

v
v A =<

AT1RaoUSnIINIAndaReuesmsazaneliin aziiuldimnanudutuduultfiugus
Auszanandudadu fuandugud 6.1 Wefiansanansazans TMAH asdisdiu 5 wt.% wuin
fenudutuiidudouleiisalfiifigedsnsnistaninty 42 pm/h awnsodaddaouaudn
Usganal 4.1 pm vazflansazany TMAH ansidiudu 25 we.o% fidasnisindanouthiigainiu

' (%
v o Y

22.2 um/h d@wsunseuiunsiasuuilanaiiaueulelenseUvesdnsinisinan Rellinszdnsn

a

N15ARNILUIUDUIEAINIIENTINITARNIULUIAUANTDY FIN1TAANURAITAADY (100) Wil

' (%
14 ¥ = U A a 1

AUT9NAINBEASEUIU (111)) UAEATUEINTLUUTIU (U (100)) YyuRUNUHIVD A
Faneufio arctany/2 = 54.7° minfinauiaganileiiszuau (100) vualaziindusosiisinddn

Jusudnd [87-88]

45
@ 5wt.% TMAH
. = T=80°C
401
X % ¢
E o]
X\ 357 °
8 J
[qv]
| -
c -
S 304 Qo
q) -
[
o
o ]
= 254
%) ] o
o
204 . . . . .
5 10 15 20 25

Concentation of TMAH (wt.%0)

5UT 4.1 dnsnsinTanuvesansaraly TMAH fieuidudusiingg
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4.1.1.2 NSNARENAENISHRUEITHHULAINITOA

a o o

a1savany TMAH 7Aududu 5 wt.% gninuntdluanddedsmenssuiunis

[ [

LY IS = IS L & a = aa 1 v
ﬂ(ﬂLL‘U‘UL‘UEJﬂL‘lJEN@U’]ﬂiJaﬂ‘UmSﬂ’ﬁﬂﬂLUuLL‘U‘ULLE]UI’EJI‘U‘VWE]UH VAL G]i’]ﬂ’]iﬂﬂ"?jaﬂ@uﬂ@usmﬂ’sﬂﬂ

nsldansazate TMAH U3gws aunsadnddneuliindulassaiissesgudag useenelsinny
lassasdnsindauacfivaliiiiluesqlllenenaldsunansenulaenssainaisazais Fanns

Y

a o v

ldansazany TMAH H8nsmsinevailillongs Auiusiladnisfinwansiiuusian1sina (etching

additive) asluansazate TMAH dmsunisudlauiulssnuaudfvesarsazanenldinlviduly

1w

A v P Y A ¢ = a ] o a o ° v
ﬁ]']lWlﬁ]'eNﬂqiLW@ImmﬂiﬂﬁiqqmﬂNyﬁm "?Na'ﬁLfﬂllLLG]ﬂﬂ'ﬁﬂﬂ‘V]La@ﬂUWNWIﬂUﬂ'ﬁVW\Iﬁ@ﬂ DL@LLﬂ 219]

a a

LN AD ansiiuuAINIsinveInsaTasnilaMaudRnausaannsinezgiilouiayfiiiaes Ao

Y

a ! [y = s o 1 a aaa v aa o <
ﬁ’]iLGIZLILLGNﬂWiﬂWUENEﬂiLLE]@JI@JLu*&JiJLUE]i@@ﬂI‘ZIIWUﬁLW@VW’JEJLWNUQﬂiEﬂﬂWiﬂ@%ﬁﬂauuqﬂﬂL‘LJ‘LJ

Woulalunisasnadingainuas

Silicic acid additives
32 34

30 36
140 / ' '
—o— AP added TMAH 140
120 —e— Silicic acid added TMAH
A Lined of Al etched rate 120
E 100 Dotted of Si etched rate j_>
E g
o0 VT N 1) == (AP A DI 80
E o -2 Ve A D) S
e 1T ?_JF
a8 1 @
o 0.8 - —_
- ' 10 &
£ 0.6 i
2 - >
O 0.4- i =
- ] -5
N 02-
0.0 — 0
5 6 7 8
AP additives

SUN 4.2 9MS51N1SNATAADULAZONIINISARDzalldeuvnIdnsazaly TMAH LAUA8E1S

Y Y

worlullvaasoonlaladas (AP) uazvosaIsazats TMAH LHuMIBAIATATNTAIUSNINTAIG
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911n3UT 4.2 wansmeansnuindninisinezgiiionanasediadeiileailofians
woulsilouedoanlaladaminuiniy luvasiisnsinisindaneuianfiuiuiovay 15.46
Woesidud anasidnaisuenluiisueseanlaladamnainuiduduain 5 ¢/l 9 8 ¢/l Ingil
Snwaiznsiintuvensdusuuidadu msiuaiswenluidsuUsseonlaladainasly
a1sazans TMAH Fsiinalngnswienisindaneuiiiviuiiosanmsivarswenludoudadenn
Teladanasluluasieduiinnuansalunsgaduifinfeansouenluanavenild lasay
wuineendauainasazarswenluileueseanlaladamniiuinniianndi [89-90] fatiuans
woulufleuefoonlaladamniaduieontladidfylunninu iz e iitndaneuisdanarh
THilsnsnsinvesdanouiiumniu

Tudrugesansazats TMAH BusensaTadn axiiulainsnsnisindanouanaiile
AsduYeInIadasniNt Y TuAemudiduYeensABATN 30, 32, 34 wag 36 o/l 18m31N13
fnTameuyiniu 0.2, 0.19, 0.16 kag 0.11 upm/min ANEIRY 85U18laINSIANNSATaTNYINLHA
‘UgmmmﬂmuammamaaLLa glUTuaAuudunylalnsnueansadagn (Si(OH),) 11N
wamzmmmﬁﬂwam‘iﬂmuimaqamaaﬁ'}aﬁm angiidesandinauluianavesiningizdn
T,:uLaqaﬁuaaﬁwﬁmmLﬁueiamam'amiammmLﬁudwamaaaWiasawaaqvﬁaﬂ'w pH #n91 13 [67, 91]
vlandaunulessulansenludfiunndafulmanaresiiosas mufusdamizminaiuse
vesdanouitlunsuilfinue niavesius 3aney (Si-s) tddes safumssuisewintesney

aa

Famu (Si) kazeandau (O) nsanisununtaslalasiaulessutiandunayitlinisindanau

S8
Ree

UoyAY Iumsmaaqmiﬁm%’uaza:ﬁLﬁamé”mm'ﬁazawﬁﬁﬁmamLUuﬂsm AN ﬂﬂ

Y

JUU

=

2yad Luamlummﬁmnmaalmmlmmsmaaamemﬁmmmqmsﬂﬂsuaﬂﬂsm%a%ﬂ VINNANTT

Y

o/
U a a 4 1 1 [ - Y a

neaemUInsinduezanideutesnuudaneuranowin Feensinisinezaiideuannnisiiy

Y Y

N3A3aTnTinnududy 30, 32, 34 uar 36 ¢/l Fawadu 12.12, 1.79, 0.13 war 0.44 pm/h
anudnsy Tnsdasedivilrdoulvwssarsifuusenisfnudadinduera AL lguauinINNISIFY
nsaTadnasluansazaly TMAH LﬁammLﬂuﬂﬁﬂ-ﬁhwamiazawﬁﬂ mmmaﬁmaqﬁwzagﬂu
annzaunaszrimsduiuresdnan (HO) uazgiua (OH) Auumsasaothwesmsiidu
nseasluvhldenududuveslelnsioulesouiiiviu nsinvesergiiidsuaniliiduvesaisuey

Tmesnvesezaiifendutulesiunia [92] Faazawnsatiedesiunisinezafideuld

Y
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4.1.1.3 NISLHNATSHAULAINISAAFRIBUNaIlUaNSazany TMAH
INHANITNARDIANTRULAINNSARVBIANs Wl HeuUasanlaladamnlazn

SABATANUINETHHULAINITAANIADIN AN WEULLAUNLANAINUY £5139UNE1TNI@BIUN AN W ALLRL

I
v a

TA8NNSHALAISANLAINSInNIarialuUS I uRmINzau N laaInNIsneasLiadluaIsazais

a 24

TMAH Tnetiunisinevgiillvutesian lunismaassludiutiiadonarsazats TMAH AL

Y

v

udU 5 %wt HENMBNIATATNUSII 34 ¢/L (5 wt.% TMAH + 34 ¢/ silicic acid 1uansazane
AIAU) lRLAEEISIRNLAINITARvasEIshenludluuleseanlagladaiiniusuiume (5, 6, 7
waz 8 ¢/1) Tolun1snnassnasiudounlatdnsinisinddneulasanwals NURAITEAOUNAIINAR
N13NTIVADUMNBATININATAABULAZAN YUEAIUVITUTEVRINUNITAABY WUIEN YUz Y
a Y a B3 ) o aa g A a ~ & & a X
WUULTLAUTL UL TLY999R5 NS AR T AR UL aLRua s Ll eniUaseanlaladalnawiuay
< FZ a a = [ [ 4:1' a o U aa
aziulaannsiiuysaesaswedluflouueseanlaladainayn 5 ¢/l Aonsnsindanou
WU 0.61 pm/min Fegananviunuansienlutouiussoanlyladamny 8 ¢/l Tonsin1sin
(1.36 ym/min) Ussanad 2.2 Wi deuanslugui 4.3 Feamlafiunliiuuuibeinuaisazaiey
LulAdunsadadn 91nn1sHanaasIneuntniansaranty TMAH ANaNA8NTATATNLYINTIAAN
I~ 1 d' Y 5 ::l' 1 < 1
AMUDUNTA-ANgYR9ETaYa1e Nt TRnduUAsuLUadlY Tngaranutdunsn-A19wesasazaeay
Juegiuleseulansenludvesaisazaiy WeillossulansenlenuinTuazyiibvainudunse-
A199B9E1Tara1s TMAH anadlToutailoududireasni1sianuRi9anoul i liensIn1sie
I aa 1 @ 3 =1 I3 (v U £ aaa
YpdnHUTaRBUanaY ag1eksimunNsidaswellueiuaseanlaladansiuiunisionsadadn
Tunrsneassarutyinliens1N5inT3areuaete Ul RIANALTUUTEUI 6.3 WINUBIBNTINITIA

FampunuuliPuansweanludoudasaonlaladais

' 17
A a Y A a

LANINTUIANEULNURITARDUNAINSANMILAITALAE TMAH NANULIUTY 5 wt.%

NELAIENIATATNUTUIU 34 g/l (5 wt.% TMAH + 34 ¢/ silicic acid) waalhumeasuenluiie
Weseanleladamaiivinasineg nuiasuenludeudesoenlyladauindiusunn 7 o/ fuin
FamouiiananFeusnniigawinidu 11.1 nm Tuvaziiviinavesarsuenlufoueieanlyla
Fawln 5 ¢/l fanuvguszanniigauindu 343.1 nm dnvazvesnsmdildliifudaduiangals

1%

NuRITAADU

¥

oA o a a P~ s ) a |
91 LN@‘VHﬂ']ﬁLmll‘UiinﬂJﬁ’]iLL@ﬂJIll LUYU L‘U@i@@ﬂisﬁ‘l@‘ﬁal,wm% Lﬁ/ill']gallf\]zaﬁﬁ\lai%
= g 1 I3 ¥ a = [ % IQI = d! o ylﬂyj a o
IMULIYUVU @EJ']\ﬂ»'iﬂ@]']llﬂqLmﬁ\laqﬁLL'ﬂlthLu‘ﬂllLﬂaﬁaaﬂi‘?ﬂﬂsﬁa LWG]LW@JQQQ@WUQQ%WWIMWUNUWaQ

NSARTAANNYTVIENAULANAY Aanandluzuil 4.3 annansmaaestilaiceuluvesasiiy
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wRaN1siaNsaEeia dufeatsueuliouUeseanlaladaiinUsunm 7 ¢/ NauA18nIATATN

'
¢ 1

34 g/| \duasluansaraty TMAH Ainnududu 5wt.% Lssenitoulvvesansavanenlanniin
dual-doped TMAH wagilunsiageumdnsin1sinddnouiazdnsinisinevgiiouves

d138¥a18 dual-doped TMAH

2.0 500

1.8 —u— Si etch rate

1.6 --o--Sisurface roughness 450 P
~ 147 5Wwt% TMAH + 34 g/l silicic acid - »
c 12 / c
E 10 . 400 —h
= Pdggm Q
c 0.8 /' 8
=¥y S 350 =

- o (@)
j<b) ] ~ c
H N
@ 0.08 - i «Q
- ] [ 300 =
£ 0.06 N 3
= - > »
@ 0.04- 250 <
- k ~
U 0.02- W S 60 =
. B 3
1,
0.00 T T T T 0
5 6 7 8

Dissolved AP (gm/l)

5UN 4.3 dn31n1sinanauNlarANNYTITEUBINURITRABUYBNETAZANY TMAH HANMENIATE

FniausealsionlidviUaseonlgladaina (AP) AUSH1A5699)

ANMTUNITIATIZITANUANVBITUIUNAINTEUUNSAALAeTY DEP KLA-Tencor P10

surface profilometer figluzun 4.4 wudranwarnsniladuwilinvszunandudaduedns

a

ASNATAADUKALOMNTINITANDLATRENLNNTUNIUNIATNENA DATINITNATAADULALOATINITAA

Y

avaiiviounladayindu 1.03 pm/min kae 0.18 pm/h muady lnganvniaisazate dual-
doped TMAH #i8n31n13finezgiiiiieutes owa1nnsiinUjiseaiisenintnindadnuay

A a aa . v aaa AN = a a o X
avafiiluningzn1sindane (Sio.); wrlulussuuujiseransaid@asiinndndnmituain

1
v A

Uisemanll tume axgilillend@aing Al(SiOs)s [93] faunisiall

Y

2Al1 +3Si07 — Al,(SiO, ),+2e (4.2)
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' v o v
(Y & a

TngnanduanNindudldanunsoazatsunls fetulusemINansEuIUNISANAILAR b
aun15i 4.2 wansa ALSIO,), WimthiUisuaiioutuntninlesiunisinuutuesgiliiley

daravilviddnsinisinevaiiileuanas [94]

Time (h)
0 1 2 3 4 5 6
1 1 1 1 1 1 \ 12
144 —e—Sidepth Ly
- m- Al depth
12 5wt.% TMAH + 34 g/l silicic acid + 7 g/l AP . Lo
na £ 0.9
a
10 7 o fos »
’E\ i 4 L07 &
3 8 A s %
£ o ° L06 =
g . 05 £
g ° D o5
7 . » F0.4
; ) /° AN
. £ 0.2
2 & A i
/ £ 0.1
o 3
0 T T . ' | 0.0
Hosrd 4 6 8 10
Time (min)

SUN 4.4 MNLANTARDULAEANINANDYANIIUNAINISANAEEITAZA18 TMAH NELAIUNSATATN

v Y

Wusgaswauluieulasoanialadawms

4.1.2 N1SANYIANYULNUSULEIN1ETUTATIAZ19AINSIIALES

%

Tngmludnwgveadiniraianaslulassadrsuuuidesu (metal-semiconductor-
metal photodetector: MSM) ga5idalufinszuruiiieaiu (ssuiv (100) Usznaudaedalaldi
Tavie 2 41 adueguuansisuniadusosdutassminddans-ansfafi-Tansidanauifves
sevduifauuudenfduuiionslaeiidnuazasssosduiadensonuuiundsvuiy ﬁuﬁ%’mmagj

[ (%
[y YY)

sewihstalifinfisans Tnefinszualwihisuaaztusgivdnt fafus3ehmsusulssiiuisy
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I~ a

dual-doped TMAH) Tnssadrsiiaeadunsoonuuuiessuingiinieluifisedia (Fonlassadned
11 Micro-Pyramids on U-shaped metal-semiconductor-metal photodetector: MPU-MSM)
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dusunsAnedneuriudansuntelulasas s iuNsuwaawasinsIianasuwrasdouly
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doped TMAH fimuvgusedpsaninnnmsiduarsueulufisuoseonlaladainnlulzunnsy
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JUN 4.10 dnwauraudfnszua - uswiuresiinsiaiauas Walasunamnnsznu (n) laseaing
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DPU-MSM
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sUN 4.10 (sid) dnwazaudfnszua - usAuIAINTIvIALAY Waldsukasmnnseny (n)
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WUy DPU-MSM
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annBesluszunu (111) Fanszualniihiléanlasiadsiiiiaesd fe druusnldannisiui
Hufisunasiredurlaldtuiisuuaaiiuiu 1.73 wh Sedassadeiildvihniseonwuuimunayld

I A Ao 1w i P g Yo < [ a 4
ﬂ']‘W‘L!‘V]i‘ULLE‘NLVI']ﬂu‘K!ﬂIﬂiﬂﬁi’NL‘N’e)ﬂ"ﬂ’]ﬂ’d’]’iaﬂa']EJ‘VIT‘Uﬂ@L'U‘L!ﬂ’]iﬂ(ﬂLLUULL@UI@I‘&W?@‘UﬂWHN

54.74 931 [99-101] wazduitdesldainseaunuasyunu (100) Tuszesdildiiu 5.5 um Tassas
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fanuAefnsaiauaiuy MPU-MSM ulassadidifinsarsiszianieluseasusgiszuny
(100) Tnenszuabniifilafaosdrunuuiisriulaseadnuuy U-MSM uadidiufisunassnnnid
Mnfiui@aneuszuIy (100) fifiuvsuszvesdissdn Fauansluguil 4.14(n) wazgud 4.14(s)
JusenuuulasiadefiladuwiAnnisiauiainasddasiadneusawuy U-MSM waziuy MPU-
MSM 1Anusansaatauastassadrauuy DPU-MSM nszualnifiannlassadaiintseondudau
Tuduifinisuazasasiauuuiioaiulaseed1auy MPU-MSM uagludiufianuiiuiisunasann
uuszU (111) vessesiagdnils dafulassadaiaglffufisunameunssuuiBesiansdng
Fiudu 3.46 Whesuudeu uazdwaarnelfnfisefisnundnuuszuu (100) Faasdiuld
assadeiiifisinaeuiniintiunelussorvosusnalasanine Hadwiannsnadoy
iy uadessaslmivuuiiselaaassrduneglusessuigilfidugunsed

20UlnBLANNIITNANAIUNTANDUAUDINDAMULTULAIA LA R

A1919% 4.1 NSUTIUBUNITIDUAUBININLAIUBIFIN 319 TALas UL UUR Y QU alaNn T2 AN S

I . ’ nszuadn | NszUANES | BATIEIUNTIUE | ANINNITROUAUDY
T - (LA) (LA) N R RGN (MA/W)

1AT9A5 MUY MSM 0.2 42 210 7.1
(GRISRIN)

1Aseas1auy U-MSM 0.33 92 279 15.3
(GRS

1ATIATNUUY MPU- 0.25 136 544 22.6

MSM (Rafisziin)

1A998519UUU DPU- 0.27 281 1040 46.8

MSM (Haiszdin)

4.2.2 NANTISNAADIANYALNITNDUAUDINIILEIVDIAINTIDIAME I UL UUHEYEYIULES
NITUAFAY
mimaaqiﬁ'aﬁﬂmLi/mﬁﬂﬂflii’mé’ﬂwmzé’fgmmLLwaﬁU (ACQ) Nan1sNAaRIinli
NIIUDIINWULLANIENTEUE — Lméﬁ’uﬁLﬂﬁﬂuwaﬂﬂﬁummﬁﬁuamé"ugﬂl%ﬁ lagn1suogan

doyayauguUlend (sinusoidal wave) lhfuwasaesINUulunegeuiuinsIafanadasas
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WUU MSM 4US8ULAgUNUAINTITALEILASIASIILUYU DPU-MSM Nd3197U1nNSAALUULDULD

lan5aUngNa89ATIAENARANITUSULDUALD S

4.2.2.1 HansVARBIENBAIENIABUFLBIINASTITURUTMAaRAuFIuNY

UgUnsaliin 519 TnLasuelATEs iUy MSM wazlaseasieiuy DPU-MSM
fladraiafaudiuazinunIngI9aeUANANTANTLA-L IS ULUUNTLLANS I MAGEUNTABUALDS
‘vmLLaﬂIuLLUUﬁ@fgmeLmﬂizLLaaé’ULﬁaﬁué’uﬁmaiamaqmsLLaLLmﬁLﬁm%uiuqﬂmaiﬁlﬁmmﬂ
nszuanaslalenuaznszualanauanmes lun13An¥INITNoUANRINIULAIUBIRIATIAIALES
Tngldiaiwesimadany 2,68 mw danuenadu 670 nm gassaandmedygandusulsdain
\3earilan Al (function generator) fiAUsaduUsEIY 400 MV, fuuasaweslaed
mMswasundasianuiveseausulsy 100 Hz - 16 MHz wagihlvanausiunusseiden
fugunsalddliluanamuiiumu (R) Siddaus 500 @, 1 ko, 10 ke way 100 ke Aussiuluda

(V) iU 10 V

ek AN SRR
A o
0.8- ---------- A BBl 2
s 2
=
5 ' €. W7 LGy
BN o WS B\ i
[ab} Y% O
2 °
8 e 5000 v = Oe
8 0.4 1 O 1kQ v O . g
| - o
= A 10kQ & 0 e g0 e
= v 100kQ a O 0O o
Q- 0.2 T Vo #
MSM ; = R
. Vv
Bias voltage : 10 V Vo H4as 4 s
0.0 1— : : , : :
10° 10° 10* 10° 10° 10’

Frequency (Hz)

JUM 4.15 nsnevauesdygIauaIngnuesuealidiuauivesiinsaiauadlaseadisuuy

MSM filsandunudsuudandy 500 Q, 1 kQ, 10 k@ wag 100 kQ
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104 = LI { aQ nee o 0o,
vV A Op, e
AA O "
0.8 1 A o °
— Y [ 7Y
: 0T,
o Uh L
A O
Z 0.6- 5 0.2
(5] A 0 [ ]
< v A %
S e 5000 R o
: [ i
% 0.4 1 o 1kQ e : A
|-
S A 10kO : ‘A
2 v 100kQ A
o 0.2 v N\ L A7
DPU-MSM - A,
A
Bias voltage : 10V ¥ o Aaay
0.0 +— ; ; ; — Y Y
107 10° 10* 10° 10° 10’
Frequency (Hz)

JUN 4.16 MInevauasdyyInuaIngnuasuealstiuaunewiInTIviaLaslasIad LUy

DPU-MSM filnandumuasunvasdu 500 @, 1 kQ, 10 kQ waz 100 ko

INNANIIVNABDIANWUENITADIAUDITYYIUN AN TIVIAUAIVDILATIAFT T WU
MSM uazlassas1 Uy DPU-MSM wilauasuaalad (normalized) AN1IABUAUBINIILEILAT
wunidnwagnsnevauemIwEIsINliagn e fugeiuee nszakatlalen (1)) Minain
a o/ s A a a a o 1
UIUUADANINE AL NTSLALFIADUANLNDT (I) MARIINUILIUUINTA [102] drulvianAiny
£ 1 A o = 1 < [ = 1 P
AIUNIUAININ A 10-100 kQ UMY IUNAIANAI0E19TIALTATUNALEDIAINAIAITIVDILIAN
(RC time constant) fiAanudsvinliiiunisaovaussluriwfo 1WefasuINISnoUELDS
doyunnauasisaadlaseaire lugun 4.16 Taseasrsuuy DPU-MSM ludiuvasluanning
AN 500 Q Nussauluda 10 V daaadavesw (cutoff frequency) Uszana 2 MHz vauzl
1A39a519UUU MSM AifleAnudAveanyszunas 100 kHz (3UN 4.15) aziulddndngiaiaues
naodlassasidnvauznisnevauemsianuilioudu lnsfaunvesdyarunsyudiaslalon
1 U s % =
1INNIINTZUALENIADUANLADS N1IADUAUDINILEIVDILATIATINLUY DPU-MSM fin1smauaued
nManaafinudgaldanitlassaiiauy MSM WurannszuauasiinanusiinUasanmend

Aliviniugasiued fudnvaglasiainsludnuniudygiauasseniealiiiuansg

fuinardounsaiuliiudigunsalniiriaei
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4.2.2.2 HANISNNADIANYULNITABUAUDINIENVUNUTIULUDH

Fat ot dun15R91TNHAN TENUTEIN1IMOUALBINIILAITDIFINTIVTAUAS
1AS9&519UWUY DPU-MSM ﬁﬁuﬁumsmﬁammaqLLiﬂé‘fulué’a (V) dA15e13n9 1, 5 wag 10 V
mud U warlnanmudunu (R, Asiislewindu 500 @ Tuguit 4.17 Wunswidldannnisi
uofuealaduesnsnevauevesluanAIuFIuNIY (WnuWLIRY) duiusiuAiauiilunis
NAaRIFULUUNIIN log (WNULWIUBDU) aildinanevaussiidsuuiadlumunisiiutuyes
wsauluSaiinafiaonadasfiunisvaaesdnuasandfinssud — wSITUTeIEYNIUNTTHARTIAN

ManaaeuiNIuNT Janseuakaicgudunaainarunituesuinulasanveiintuidle

a

Jouwssnuiuduliunmaunsal 1nuwsanuludan 1, 5 wag 10 V kazyinn1suasuaaladua?

9

ISP

wunszuauasdulugminanusnadasanivediiinssuauadlalon (/p) Useaa 0.64, 0.70
way 0.76 W1 LagnselalasiiinaInushaimsalmnssualasnaunniaas (o) Useunu 0.36,

0.30 haz 0.24 PUA1AU Aaandlunisen 4.1

1.0 —= =\ m—Qng e,
4 : 3 @)
A O =
O

0. B WA = .
. AA o l-
E ol .
B A A ! [ ]

0.6 - NIy ol
= A, “om 10V
P A o'.
S A o
AN = 10V A Cx
AN & DDA ‘Ai 5V
g A 1V

1V
e s
T 024 DPU-MSM
Load : 500 Q
0.0 T T T T T T
10° 10° 10 10° 10° 10’
Frequency (Hz)

JUN 4.17 nsmeuauemwasivuiuwswiuludavesiinsiniauadaseasiawuy DPU-MSM 4

IanaNuAENIY 500 Q FRauNTUIUTUIY
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M19197 4.2 nszuauas Al wazaunisusnaUaeanmenTued funssiuludauass

A1 IABEILATIASIIUU DPU-MSM

. Normalized 7 low frequencies
LIINU Cutoff frequency FY | W, (um
(Id+|c:1) CT(p ) d(lu )
) (MHz2)
4 (@) N
1 0.64 0.36 0.1 17.56 2.03
5 0.70 0.30 0.6 14.16 3.96
10 0.76 0.24 2.0 12.11 5.49
anduladnAnsrLaLaIRouR NS anasn LS lUSa TN UARI NN SYENe SN Ty

Yosiufivsalasanmrdinaliiuivsnadiniadanunisanas Wefinnsuidiuves
mmﬁﬁ’maaﬂmmﬁaqﬂﬂiajv‘hmiﬂammé’uﬁ 1, 5 uaz 10 Vagldnisnevauesniuasd
AnudAneanInnIsuesLealaguszaIm 100 kHz, 600 kHz 4aY 2 MHz AMU8IFU G903
povAwsLaiAgum L uluSanTud dinader el ivsnasessefidanas

\Hesannanuglnih () NUsusesdudadauusinduiuuiianlaeanveg Hmsiaszien

ARl wininkamdazlaswaiasnanisluitednaly

4.2.3 wamnaagsaneuzautanuglviin-usiuvesiangIvdaues
devgunsniumeaeuiadnwugantBaugliin-useiu (C2V) vesinsatuuas
wiin AUN-SI/AL amtniingan (Cy) Lﬁmmﬂmammmmmﬁw%ﬁLﬁmﬁﬁuﬁiaaé’mﬁaﬁg@am oy
Ao auglifualng (Co) neldussduludadaundunazanugliiiuelun (C) neldusiu
ludanss Tassadravaaauuy Tiun uwuuideny wazuuufissinansszdunelusossusg an
nsmAnuduiusaugliiuazuseduluda vaueldldsunannnsgnunseanigila (dark

condition) A1ANlNThdiAuansafuYeIsazlATIEsIEINTAIATIERlAINALFUTLS

Wdep = \/283i801up (VA +Vbi ) (43)

C = EsEA

w

Tned dep (4.4)
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gle Wiep F9 AMNT1SUTINUABANIME (M), G Aip A1A1u9LHTN (F), & A A1
ANINLDUVDIAYYINTA (8.854 x 1072 F/m), & AB A1peTiladLann3nvesddneu uas A Ao
fufiviidavosdaluily (m?) Fnsaiauasesudarlassadredaanugliihuanssiuegied
HedAgy mamimaaqLz‘jaLLsaﬁuiué'aLﬁmﬁuﬁWﬂawuqlWﬂﬂamaq wudusadui 10 Tad aanud
YU 100 kHz ArAuglnivesiinsaniauasiifilassadiauuy DPU-MSM iy 12.11 pF

YueNMInTIRinuadlAsIasIwuy MSM Adlanaanuglniingu 20.22 pF lugud 4.18

55+
] A MSM

50+ ® DPU-MSM

Metal

I
(62}

Capacitance (pF)
& & &

25

= N
ol o
PR P |

- AA& ! 1€1d
photodetector
n-Si (100)

L B o e o e e e L LB e R S S e e S e e

I 1T QLY N GNIN IN oy e
Voltage (V)

=
o

JUM 4.18 dnvauzianzanugliill - wsenuvaeiinsIvTnlaiadlaseasng Welasunsadu

ludarsngeg

laefia139naun1sn 4.4 Amugbiinudsunduiuaauninusnaiunvasanive
Weadouusnuiniuaunitsvesusnalasaningazvergluludiuvosiunsudy g auas

31NN1NAadlATIaT1e DPU-MSM iaanugluiidesnialaseadiauuy MSM 1liaeainuu?

) %

s2unU (100) Nanineanluaulinsaaisede FaUSsulalioun1siiusEeUaIANNNI1IUSTIIN

Y

UaonnugTafinadenuqliinanasusiihdeuussiuliuddinsatauasdawifuiisans
laseadng nnsvaaaudnyaeneliiienananlaindinsainnadasaiidrivuuiiselin
ansszdunelusesguigadresienszuauntsiauuuueulelenseUndiansnfsfnemaiianis
Usuteusuesannsatlltlunusugunsalmanadidesnsmnszuauasgauazanugluiiim

Fuluguauiflannureswinsiainnalassasnad



unil 5

d3UNanIINnang

¥
o =2

Inginusiauiiausn1sAnYIALINUNITEBNLUULAEATEUIUAITES 1RSI TR

a =% o o [ a a a

wasydalane — a15nedady - lane lnefigusealuddnounazdiulansiluozgiieon Tu

Y
¥

Adglatinsiulassasinigludiuvesiiunsudygiuvesiingiaintaseg nanunay
WUU AD AINTITALAILATIASI9LUY U-MSM, khuU MPU-MSM wagwuu DPU-MSM Taald
wHWTAABUBTIAOUSTUIU (100) ANTNFIUNIY 5-10 Q-cm AUV 625 pm Siduszgiiillen

mnUsza 1.5 um uagiadeumetuidnsulasanlenvudueraiiilouviuiuseuna 2 um

=]

Ingeonuuuainatsvesgunsaiilunvudenderszesinesenitetaliih (exgliilen) Svunn

NIWAU 100 um wasiivwnnvedd iy 1x1 mm? dwsuinentinusiiyngaaneg

'
Y Y [ a

Tun1IANATELALENNAIUNUTSUR Yy T aukaesAInTaTnLasas1slnenTe uIUNIS AN

Jenuwvuweulelenselndrdesniwemaianisusudeuiiesdadunssuiunisadrenla

2

(%

Fudaunarausadnuisluioriteuaziinnudasaiugs nsnaaenatsazanenlyinddl
AR UINBNduniltesn Il lagtutivansazateiaunsa USuU i nouay

Hrgannisiaevezalilenduludiudidgresinaunsal davesansazareiiiunldlunis

v 1
v A =

AANUNTULAIDIRINTITLES TawA arsazaluwmnssiuiawauludoulansanlan (5 wt.%)

aaa

ATFULAIUINIATATN (30, 32, 34, kaz 36 /) hazarsAnusisuasaswanluiouasonn
lalagawla (5,6,7, way 8 ¢/l) Fawan1sanwinladilonidenndasduanufgiunay
Y] 12 = aM ¥ o a a = = o &
TaguszasAvasn1sAnsnlannuabiluuny 1 leelisigazideavesnisnyisissialuil

1 [d = = Ay Yo A 2 Y [ 1

drunsnilunsdnyiteulvvesarsazanenldiawelglunisasisdnnainuaiunas
lAs9asn wadlanasnisiniiuiaddnouniuarsavats dual-doped TMAH (5 wt.% TMAH
Budae 7 ¢/l AP finauiiu 34 /L silicic acid) 91nMIAATIZRMENABIgaNnIIAUBIannTaU
wuudesnsanunteulurssaisaratefldinllaunseananusvsyvesiuiiadAwiiy

11.1 nm ANURITAABUTAINUT IV LUNAIINNISLANANS I RLLAIUD9EShau e Uasoan e

lm%LWmLLazmﬂmimamm%a%ﬂ%mmamhaammiﬁ’mzUﬁLﬁamlﬁLfJuaﬂdemﬁm
a a

gnsnsinergliilonyl 0.18 um/h Fsaunsaandnsinisinezgiillonaslai 88 wWesidus

Y

WaUssusuniuansazanelilansadadn weuntaulvvesarsazaredlglunszuiunisne

v A

= O o ° Yo o o ] ad A a
L‘UEJﬂLL‘UcUﬂiﬂLﬂﬂjwqimﬂﬁjmijﬂ'ﬂﬂLLa\ﬂﬁiﬂﬁiqﬁLLUUi@QEUW?SWﬂWEJIU&IWU‘V]T]'U@EJ‘U (U-

Y

MSM) Tudruvasnshtansazany TMAH N1ANMLUUTU 5 wt.% WUINEASINISAARAADUMNAU

42 um/h wagNuRITAARUIAIUYIVIEWINAY 0.7 pm NNANIIRaBInlaledeuluves

a

a1382a18 pure TMAH (5 wt.%) u1lglunszuiunisasisingiaialidlassasauuuiiseiia
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melusessusag (MPU-MSM) femafiamstndonueulelsnselnuuuafaies uenaini
Ivimsaessnsatauashunsindensuuseulelanselndraesndifemaiianisusu
Foushedlnensldidoulvansazane pure TMAH/silicic acid-added TMAH lunsiaadausn
Feansazans TMAH U3avs (5 wt.%) wasingnssaesineansazats TMAH (5 wt.9%) finau
Frensndasn (38 o/) nduihunszvaumstageteulaivhlnlilasweduuuiissinaes
seiunglusesguing (DPU-MSM) Miidnwaizidusesfissinvualuasounazvuiaunlueg

aeludiuvasiuniunas lnenuitdiuveiisziniiaesruiniloglussesvosusninlaon

[ '
¥ AN a o L3

WINE PINNANITANYIFNYULNIIN1AINFINTIRTauasI A laNunSuFyranasniely
1ASIASI NN

1 v I~ = [ wa L% [ gj q' % % 1

drugavineidun1sfinsianwazaudiniiinvesiingivinuamisdlasasine laun
1AS9E519UU MSM TAs9as19wuy U-MSM Tas9a519uy MPU-MSM waglasaasnakuy DPU-
MSM Haa1nN1sIndnwurauURnselanazLsieurasiInsiadanasve lulasulasnnnsznu

| U A & Y a1 o v a 19 A v

nunIEaIiinvasgunsainiassas i lndifesiusasianvae nssualiihauung
fuiagassnu Fslinuauiinslunimelatazaenndosiviondiduusionsvialuaisuise
19 Jusnsratauadls andurinn1sIndnenzautRn TS LALAZLTIAUVDIAINTIDTALAIVUY
1ASUAIMULTL LAY LATDALALEBSAIUYIIARYE 635 Nm NN1EI9IY 6.0 MW 1NNANS
VIAAUNTEUARAINAIUDIRIATIVIALAMUUITIUTA 1T AatiudalavinsuTulssdnuae
nIgLALEsINMISILNUASUSY auasRamadansialenuuuteulelenseUnenaesns
munsUSUTa U IeIvinlbalAassas 1 uUlnlTU NaNlAnuIFINTI T AREI NI AN ST wALLES
geaainiu 281 PA 31lATIATIMUY DPU-MSM YaigiiAnseuauasasassine taseas
WUU MPU-MSM waglasaas1auuy U-MSM Aua16u Laafisinmsiadinnaswuuisslindad

ISP 1

seiuanglusesgusigildmnunuiliunszuamInnIuUIBaIude 6.6 1 1ilesninmis
eUAL AT TS TUNMsAu TSR aean s UL we LT SuLaS
oefluszoruinaaeawmeinlimsnauauownmasesihgUnsaituiduiutunulude
o7 SIAEEN YNNI UALBIINIHA L UUA N AN SELAadY NUT e
LﬂﬁsJuLLanﬁaaﬂﬁuﬁzymﬁmgﬂlﬁﬁﬁy’aLLm' 100 Hz - 16 MHz filnanausunmdu 500 - 1
kQ nuUinFingIaTauatlasaad1auuy DPU-MSM fiusasuluda 10 V finsmeuausaniaua
LAY i Frawsniunaainuinadmiadanszuauainaudnnesivintu 0.24 uay
Frefiaeadunainanuinalasanngdadunseuauasdiuninvesiingaiawadanseua
waslalondifidUszana 0.76 veansuas iy vausfinuiAvesnvesingIvinuasuy DPU-
MSM ﬁé’ﬂwmsmimauaummqLmeﬂmsua%maa"l,as&ﬁu%ummLmé’uiué’aagjﬁ 2 MHz %4

fnsneuaueIinufgnIlAsE wuUlsUine uaNeINakaeinuaAnee 100 kHz
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%qmimauauaqmaLLaﬂﬁﬁwQaﬁumﬂuLmé‘w’uiué’amm%u%qﬁmaﬁiammmQlw%ﬁu%nm
sevsediranastadunalirasiveananiadiosas

Tuduvesdnwaurautninugliii - wsadu wuiwdnsiadeulvvesasazany
pure TMAH/silicic acid waiiléainnisinaaugluiiiinsidsuntasegraiulddaiile
Wisuifeufulassaiauudenu Tneanuglifivedassadionuy DPU-MSM duflrana
40 Wosidud Ananmsiniiuiisuuasdiutueeniilfdiuvesanuniaasanmeda
s desananualiin () Musnusesdudadamuuskniutuuinadasanine

nmsAnwidansratauaseinlany - arsisfad - lang laseadlmiuuuses

a v

fsvinaesszaunelusessuimglaenisinueulelansetnsswmalinn1susudeudiie s

(%
1 (Y b4

Hunszuiunsadiiiliuiisudygauanisduanveiaidsantunounisaiiady
Jasfunisiadouiiunansadslideldiniunssuiunsatiesfiie funulunisudadi ue
aunsaLiunsnevauslatazanaug i liuAdgUnsaildeg1aduf Jeannsaen
astanaslulszandldauldunnue lidnesilugunsalaaununssianadsainnis
Wasundasussiuludalaeilisnduideddandinnuias fetnadu gunsaididnmseling
lo3a viegunsnifiaiansnrevauasuasdoaduuaitiosld Fauuanienisdesontiu
annsninluldiadrala (sensitivity) itsmuduveuamignaufaiduvosuas
awgenashgUnsalaunsoneuaLe LAy ANTian (optimum) Fusgifuauniiauiim
Uaganng mninarenallaildiasgfumnuduiagiivandienunhauiinaaeanve
adla

odlsfimuninuanisneaasiildannsniin s auas ol ansnsoiamuinisidy

faa

Usgdnsaanle dau nsusulassesradunuudumesa’dem (interdigitated) #3oa3199u

Uasiun1sasiounas ieliunszuauarotaunsal MsiANasnoNa15i30U0NaeuaAInTe

N93A71 Feazilrdinsratalasilidnvusaudinanosdunaztdulsslovilneninis

gnamnIsuveseaulndiannselindlusuianegiwin
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Abstract

CrossMark

Micro-electro-mechanical system fabrication involves molding on a single substrate. Chemical
wet etching is common in these systems because it can provide a very high etch rate and
selectivity. This optical device has been successfully completed fabrication by using the
single-step lithography process. The surface was coated with PR and patterned using a single
mask to create U-shaped structures by a wide electrode gap on a silicon substrate. Then it was
etched using anisotropic wet etching process in potassium hydroxide, tetramethylammonium
hydroxide (TMAH), silicic acid and dissolved silicon powder. The etchant created a 58%
increase in the light sensitive area of the U-shaped trench in the structure higher compared to the
planar structure. Random micro-pyramids, formed on the silicon surface in the U-shaped
structure by the silicic acid-added TMAH solution, led to a ~254 times higher ratio between
photon generated current and dark current at reverse bias. This processing technique is a
promising technology for improving performance for next-generation optical sensors or silicon

photodetector.

Keywords: micro-texture, U-shaped structure, silicon photodetector, optical absorption area,

single-step lithography

(Some figures may appear in color only in the online journal)

1. Introduction

Micro-electro-mechanical systems (MEMS) are miniaturized
devices or systems, that usually consist of micromechanisms,
communications, microactuators, microsensor introduction to
microsystem packaging technology and other microstructure,
fabricated on a common silicon substrate [1-3]. The fabric-
ation of MEMS evolved from technology used in semicon-
ductor device fabrication. MEMS manufacturing has been
widely used in many types of equipment, for e.g. heart rate

* Author to whom any correspondence should be addressed.

1361-6439/21/085007+12$33.00

sensors, acceleration sensors, microphones, and many other
devices [4-6]. However, elements of MEMS devices which
can respond to fast-accelerations are needed in some devices.
Therefore, a photodetector element is a key device to meas-
ure rapid light changes. An optical receiver uses energy from
incoming photons to generate electrical signals [7]. In com-
mercial photoelectric devices, there are many types of photo-
detectors with different structures, for e.g. avalanche photode-
tectors, p—i—n photodetectors, p—n junction (or photodiodes),
and metal-semiconductor photodetectors. Each type of diode
structure has advantages and disadvantages, depends on the
purpose of implementation. Metal-semiconductor—metal pho-
todetectors (MSM) have been shown to be very efficient, with

© 2021 10P Publishing Ltd  Printed in the UK
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(a) MSM

(b) U-MSM

(c) MPU-MSM

Figure 1. Cross-section of photodetector structures: (a) MSM photodetector, (b) U-shaped trenches MSM photodetector (U-MSM), and (c)
micro-pyramid in the U-shaped trenches MSM photodetector (MPU-MSM).

very low-noise and parasitic capacitance less than 0.1 fF coup-
ling between the photodiode pad to the doped region [8].

The MSM structure for a photodetector device, which con-
tains back-to-back Schottky diodes on top of an active light
absorption region [9], so that reduction only one photomask
design process. MSM structures have both short electrode gap
[10] and wide electrode gap [11], with differing behaviors.
The short electrode gap cannot use voltage to control the cur-
rent, but there are limitations of the small size mask design
(or narrow gap). On the other hand, with a wide electrode gap,
a voltage can be applied to control the current and it is easy
to fabricate. With this advantage, MSM photodetector struc-
tures have resulted in very efficient and high speed sensors,
compared to other photoelectric detectors. However, the MSM
structure has a high leakage current and very low quantum effi-
ciency [12].

In the past, MSM photodetectors have been studied extens-
ively, using MEMS fabrication processes, to increase the act-
ive area in the depletion region, formed by an etched contour.
The light sensitive area of the MSM structure depends only on
the distance between the two electrodes. Recently, the literat-
ure summarized has reported regarding photoelectric devices
have been improved with U-shaped electrodes for MSM pho-
todetector devices, where a stronger lateral electric field, in
the light absorption region, led to higher quantum yields [10].
However, the fabrication of the U-shaped electrodes is still
complicated. Here, we developed a texture profile inside the
U-shaped trench that traps the incident light, leading toa prom-
ising process for fabricating trenched MSM photodetectors, as
shown in figure 1. This structure increased efficiency over the
conventional planar MSM structure in figure 1(a); our etched
profile with the U-shaped trench structure is in figure 1(b).
The U-MSM photodetector trenches were shown to increase
capture of incident photons within the light receiving area.
Because of the bias voltage, only the edges of the trenches
effectively capture photons, the light receiving area is inde-
pendent of the distance between the electrodes [11., 13]. How-
ever, the U-shaped trenches only partially increased the light
detecting area, but they also reflected some light reflected from
the trench walls.

Here, we etched the silicon surface texture profile and
characterized the random micro-pyramids, formed inside the
active area of the trenches, to make our new MPU-MSM
photodetector structures, as shown in figure 1(c). The high
response of photodetector was achieved successfully from the
texture profile inside U-shaped trench, which the MPU-MSM
photodetector structure can enhance an increasing amount

the capacitance
- decreased with the
area lost after etching

Figure 2. Cross-section of the area lost after etching in relation to
the capacitance.

of photocurrent. In addition, an effects of etching induced
decreasing capacitive value from U-shaped area loss. From the
relationship of the equation for capacitance;

A
C=-=. 1
Wy (1
In this equation, &, is semiconductor permittivity

(1.054 x 10~ "2Fem~!), and Wy is the widths of the depletion
region. It can be seen from the equation that the capacitance
value depends on the width of depletion region. Therefore,
when the depletion zone is partially lost, the capacitance
decreases with the depth of the U-shaped trench structure
in figure 2, which is an advantage of the U-MSM and MPU-
MSM structures.

The pyramid structure was formed on the silicon surface
by the anisotropic etching technique. The random micro-
pyramids were produced on the silicon surface, when OH~
in the etchant found defects in the (100) plane, rather than the
(111) plane [14, 15], OH™ bound to silicon to create ortho-
silicic acid, which breaks down in combination with water to
form Hz.

The H, bubble formed a protective mask from the etchant
[16]. Typically, which created the micro-pyramids, as shown
in figure 3. Many etchants are used, including potassium
hydroxide (KOH), which is non-toxic and has no effect on
the environment, low cost, uses the solution alkalinity to etch
silicon and also exhibits high etch anisotropy, but KOH solu-
tion will quickly etch Al metal and it is not commonly used
in CMOS, because the K* remains on the device surface [17].
Therefore, ethylenediamine pyrocatechol (EDP) is preferred
for silicon etching, it has a medium silicon etch rate, low aniso-
tropic etching and thus is used in CMOS fabrication [18].
However, EDP solution evaporates quickly with toxic gases
that are also harmful the etching equipment. Tetramethylam-
monium hydroxide (TMAH) solution anisotropically etches
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H; Bubble

nSi (100)

n-Si (100)

n-Si (100)

Figure 3. H> bubble formed on the Si (100) surface.

silicon and is widely used, although expensive, because it
is non-toxic, medium to high silicon etching strength and is
compatible with integrated circuits and CMOS [19]. Ordinary
TMAH would attack Al, but when TMAH is added, with suit-
able amounts of Si powder or silicic acid, the mixture passiv-
ates Al completely. An etching solution of TMAH and KOH,
doped with ammonium persulfate (AP), yields smooth etched
silicon surfaces [20-22].

2. Sample preparation

The etching experiment used silicon wafers, using six-inch
diameter, 625 ;m thick, n-type (resistivity 5-10 €2 cm) single
crystal (100)-oriented silicon wafers. The photodetector pho-
tomask (or optical mask) were designed using Corel DRAW
X6 Graphic. The shape of electrodes is a simple square of size
1 x 1 mm?>. The process steps are shown in figure 4.

After cleaning, several etchants were used to study aniso-
tropic etching of the silicon wafers. Next, an aluminum layer
with a thickness of 1.5 ym was sputtered on the silicon wafer
using sputtering process. Then, a 1.0 pm thick SiO, layer was
deposited by plasma-enhanced chemical vapor deposition. In
addition, the photoresist (PR) mask for the Al electrodes was
added to the wafer by a single-step lithography. The wafer
was covered with PR by spin coating, and the wafer was
heated to 80 °C for 30 min, i.e. sufficient to drive off any
moisture in the wafer surface. After prebaking, the PR was
exposed tointense UV light. Then portions of the PR were dis-
solved by a developer. When the PR was stripped, a patterned
wafer remained after development, then unwanted SiO, was
removed by a buffered oxide etch and Al was removed by acid
solutions. The sample was immersed in 5 wt% HF to remove
the native oxide, followed by rinsing in de-ionized water and
blown dry with N, gas. Additionally, the sample was aniso-
tropically etched process with five different etchants are shown
in figure 5. In this present study, the fabrication process of the

Start )

Cleaning Wafer

(PE-CVD): SiO;

Photolithography

Etching ‘

" P : v ¥ :
/ TMAH // TVMAH swi.% /otmamsw )
Swt.% /" add Si powder add silicic acid ~ /
add AP(Tg) / Qi
; : /

7/ 7/
// ™A/ /
/ sw //

/

No

Sintering

=

(M

Figure 4. Fabrication flow chart for the photodetectors.

MPU-MSM structure was etched continuously with a chem-
ical solution by a single-step wet etching technique. The res-
ult after etching causes a U-shaped structure and the random
pyramids to be formed simultaneously. The etching solutions
were prepared by diluting commercially available etchants,
including 20 wt% KOH solution (84% pure, Merck, USA),
5 wt% TMAH solution (25 wt%, Merck. Germany), 5 wt%
TMAH solution with AP; AP additive (7 g1~"), 5 wt% TMAH
solution with silicic acid additive (34 g 1=y and 5 wt% TMAH
solution with Si powder additive (37.5 g 1~"). All experiments
were carried out in a closed glass beaker at a constant 80 °C,
where the etchant was stirred by a magnetic stirrer at 200 rpm.
After etching, the sample was rapidly during sintered in a
0.7 1 min~! N3 gas flow at 500 °C for 15 min. Finally, profiles
of the etched U-grooved pattern and the silicon and aluminum
etch rates were measured with a DEP KLA-Tencor P10 surface
profilometer. The surface morphology of these profiles were
also characterized by scanning electron microscopy (SEM).
The electrical properties and current—voltage (/-V) character-
istics of samples were determined using the Cascade Micro-
tech M 150 probe station measurement.

3. Results and discussion

3.1 Structure of U-shaped photodetector

The energy band diagram of the planar MSM photodetectors
as shown in figure 6. In the light sensitive area, between the
two electrodes, light incident on the device creates electron—
hole pairs, from which electrons always flow from the cath-
ode to the anode and holes flow towards the anode, driven
by the electric field. The depletion width (W) is the important
variable when considering current generation, as most of the
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Figure 6. Band diagrams of MSM structure. (a) Dark conditions
under bias voltage and (b) under illumination with bias voltage. Vi;
is the Schottky barriers at the two ends. W¢ and W are the
depletion width.

electric field drop, induced by the bias voltage, occurs across
the depletion region, resulting in the direct photocurrent vari-
ation with the bias voltage. In this region, substrate atoms are
ionized and the photodetector design must increase the sensit-
ive area and take into account the depletion width. The MSM
structure photodetector has the same plane electrodes consist-
ing of two aluminum electrodes on a semiconductor, the MSM
photodetector with two Schottky barrier contacts, i.e. back-to-
back Schottky diode [23-25].

In an MSM structure photodetector, there is a limit to
the distance between the electrodes (D), defined as the light

sensitive area. Therefore, the original MSM photodetector was
modified to form our U-MSM photodetector. Further, we mod-
ified the surface within the U-shaped trench on the (100) sil-
icon plane, to form a ‘MPU-MSM photodetector’. In these
structures, the depletion zone width in the Schottky junction
is given by:

Wp = [2— (NLD) (Vei — VA)] % @

where =, is semiconductor permittivity (1.054 x 10—'2
Fem™!), g is electron charge (1.602 x 10='° C), N, is donor
atom concentration (8 x 102 em=3), V}; is built-in voltage,
and V4 is bias voltage.

Where the built-in voltages are:

qon =q(Voi—n) (3)

mea—
= len( ’ ) { )

Calculation of the widths of the depletion regions shows that
the depletion zone electric field increases with the reverse-bias
voltage. At abias voltage of 5 V, the calculated depletion width
15 3.96 pum, so the designed U-shaped trench depth was set to
~4 pm. The increased light sensitive area can be calculated
as:

h/g=sinf (5)

p/g=cosf (6)

where p is the width light sensitive area/unit length on the U-
shaped trench, g is light detecting area/unit length along the
U-shaped trench, £ is the etch depth and 6 is the silicon etch
angle (54.74°, the preferred etch angle between the (100) and
(111) Si planes [26]). At a bias voltage of 5 V, the depletion
width within the U-shaped structure is ~4 zm, which determ-
ines that the U-shaped structure depth should be similar. Then,
from figure 7, the calculated increase in the light sensitive area
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Figure 7. Cross-sectional view of the U-shaped trench in the etched
(100) silicon wafer.
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Figure 8. Silicon etching depth vs etching time.

of the U-shaped structure, where the U-shaped depth (side h),
h =4 pum, derived from the depletion width, 4 ;m, and the
etching angle = 54.74°, light detecting area of the U-shaped
structure (side g) was 1.73 times larger than the area on a hori-
zontal light sensitive area (or the planar structure).

3.2. Etch rate

In this work, this experiment also showed that the silicon depth
in the 4 ym range was examined as a determinant parameter
within the U-shaped structure. In figure 8, the performance of
five different etchants is shown. Three etchants (20 wt% KOH
solution, 5 wt% TMAH solution, and 5 wt% TMAH solution
with AP additive (7 g 171)) were relatively fast, reaching the
target ~4 pum depth in less than 5 min. The other two took more
than 20 min for the same depth. In all cases, etching depth was
roughly proportional to time. The wet etching process with
the anisotropies value of the low silicon etch rate because the
horizontal silicon etch rate is slightly lower than the vertical
silicon etch rate [27]. Additional of silicic acid and Si powder
in a TMAH etching solution leads to slower etching, which is
more suitable for controlling the shallow depth of the etching.

We determined the silicon etching rate, R, from the ratio
of mass loss or material depth, A, per etching time, 1, i.e.
R = h/t. Anisotropy of silicon etching using 20 wt% KOH
solution (also called the KOH), 5 wt% TMAH solution (also
called the TMAH), 5 wt% TMAH solution with AP additive

(7 g17") (also called the AP-added TMAH), 5 wt% TMAH
solution with Si powder additive (37.5 g 17") (also called the
Si-added TMAH) and 5 wt% TMAH solution with silicic acid
additive (34 g17") (also called the silicic acid-added TMAH).
The results show that the KOH solution has the highest silicon
etch rate at 1.19 zm min—"'. The TMAH solution and the AP-
added TMAH have silicon etch rates at 0.69 zm min~', and
1.06 um min~"! respectively, as shown in table 1.

The addition of AP increased the silicon etch rate by ~1.5
times pure TMAH solution is shown in figure 9. Oxygen from
AP oxidizes more strongly than oxygen from water and AP
leads to a higher silicon etch rate. When adding silicic acid to
TMAH, decrease in the pH value (pH < 13) [28]. According
to the silicon etching mechanism, the decrease in the pH value
corresponds to a decrease in hydroxyl ions in the bulk solu-
tion and the pH value could decrease through the dissociation
of the silicon etching reaction product which acted as a weak
acid [29, 30]. The silicic acid is formed which coats the silicon
surface, which then inhibits access of the etchant to the silicon.
This caused the etch rate to be decreased by ~4 times.

Consider etching of the SiO», the SiO; etch rate has a much
lower Si etch rate. KOH solution showed a SiO, etch rate
slower than the TMAH solution. However, when adding the
appropriate amount of Si powder or silicic acid, the SiO, etch
rate is slower than the TMAH solution approximately 76%—
94%. The Si atoms in the additive chemistry of Si powder or
silicic acid cause ionized forms SIO(OH)*~ and SiO,(OH),2~
affect the slow binding of silicon dioxide layer [31].

The Al etching by each etchant was studied. The etching
conditions directly affected the device integrity. In figure 10,
the Aletch rate with KOH solution was faster than with TMAH
solution, thus using KOH solution to fabricate photodetect-
ors with Al/n-Si/Al can damage the electrodes. However, the
TMAH solution with added Si powder etched at 30 nm min~",
or 60 times slower than the pure TMAH solution. Adding sili-
cic acid to TMAH decreased the etch rate to 3.7 nm min~!,
i.e. it was eight times slower than Si-added TMAH

2A1 + 38103 — ALy (SiO3), +-2¢~. )

With addition of silicic acid, the pH of the TMAH solution
was reduced (between pH 8 and pH 12), by introduction of
silicate, (SiOs); to the system according to equation (7) [32,
33]. When the exposed Al dissolved, the silicates in solu-
tion formed aluminosilicates; Al>(Si0s3); that were less sol-
uble than the hydrated aluminum oxides, that would otherwise
form at the metal surface, as shown in figure 11. The aluminum
etch rate decreased, due to an increase in the thickness of the
aluminosilicate layer on the Al surface.

3.3. Etched surface texture

The physical characteristic of the silicon surface inside the
formed U-shaped structure was studied. In figure 12, the sil-
icon surface texture was measured with a DEP KLA-Tencor
P10 surface profilometer. From micrographs, we found a sur-
face smoothness of 2 nm with AP-added TMAH. The addition
of AP at the right concentration led to a smoother Si surface,
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Table 1. Summary of the etch rates of Si at different etchants.

Etch rate
Etch label Base etchant Additive (pm min")
KOH KOH 20 wt% — — 1.19
TMAH TMAH 5 wt% — — 0.69
AP-added TMAH TMAH 5 wt% AP Tgl™! 1.06
Si-added TMAH TMAH 5 wt% Si powder 375¢17! 0.09
Silicic acid-added TMAH TMAH 5 wt% Silicic acid 34g17! 0.16
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Figure 9. Silicon and silicon dioxide etch rates for various etchants.
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Figure 10. Aluminum etch rate for various etching solutions.

due to the elimination of the silicon surface by the oxidizing
agents [34], AP, smoothed the silicon surface texture. How-
ever, silicic acid-added TMAH produced a very rough surface
with ~2.74 pm high hillocks. In contrast, the micro-pyramid
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Figure 11. Aluminum protective layer in etchant.
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Figure 12. Relationship between surface texture on the silicon
surface (100)-oriented and etchant conditions.

texture on the silicon surface with KOH solution had 2.28 pm,
with the Si-added TMAH, they were 0.87 p:m and with pure
TMAH solution, 0.069 ;zm. In anisotropic wet chemical etch-
ing, the etchant reacts with the undercut Si on the crystal
defects, therefore it was slower on the vertical walls ((111)
planes) than the (100) planes on the U-shaped bases. This
difference in etch rates [35, 36] is one reason for the forma-
tion of the small pyramidal hills (also called random micro-
pyramids).

The Si surfaces were imaged with a field emission SEM
at 30,000 magnification is shown in figure 13, which
shows etched (100) planes under various conditions. With
AP-added to low concentration TMAH, the silicon surface
was very smooth, the AP reduced the size of the bubbles
formed, thereby reducing their dwell time, i.e. the time the
bubbles resided on the silicon surface, which produced micro-
masking effects [37, 38] and the smooth surface are shown in
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ded TMAH (b) KOH

Figure 13. SEM microphotograph of (100)-oriented silicon wafer
etched in (a) AP-added TMAH, (b) KOH solution, (c) silicic
acid-added TMAH, and (d) silicic acid-added TMAH with an
inclined angle of 30°.

figure 13(a). The silicon surface, after etching with KOH solu-
tion or silicic acid-added TMAH, the micro-pyramids formed
had similar orientation and size. However, with silicic acid-
added TMAH micro-pyramids were more widely and evenly
distributed, this was caused by local pseudomasking of the Si
surface. We attribute this micromasking to some combination
of redeposition of insoluble etch products, the solution con-
centration, uneven etching direction, and bubbles formed at
the etched surface [39, 40].

The silicon surface characteristics were investigated after
etching with various etchant conditions. The result shows
two new photodetector structures, which are the U-MSM
(etched with AP-added TMAH) and the MPU-MSM photo-
detector, (etched with KOH solution, TMAH solution, Si-
added TMAH, and silicic acid-added TMAH). Figure 14
shows the cross-section micrographs of the three photode-
tector structures (MSM, U-MSM, and MPU-MSM) gener-
ated under different conditions, considering the relatively long
region between electrodes. This region consists of the deple-
tion region and the neutral region. The depleted region is more
effective in generating currents than the neutral region due to
the neutral region contributes to the device current via the dif-
fusion process of minority carriers (holes) entering into the
depleted region. Since this sample has the electrode separa-
tion much wider than the sum of the depleted region width
and the diffusion length of carriers, both of these sub-regions
are entirely illuminated. Thus, the current from the depleted
region would increase with its width, while the contribution
from the neutral region would remain unchanged [41, 42].
Under illumination, photogenerated electrons and holes are
axially separated due to the electric field in the proximity of
the Schottky contact, holes move towards the cathode, cre-
ating a current, the photocurrent, /photo [42]. All three struc-
tures use the same fundamental principles, but the probabil-
ity, that electron-hole pairs will be generated and separated
in the depletion region (or the electric current) differ, because

(a) MSM (b) U-MSM (¢) MPU-MSM

S pm

(d) MPU-MSM

Incident

Figure 14. SEM cross-sections of photodetectors structure under
the etched condition: (a) MSM structure, (b) U-MSM structure
obtained by AP-added TMAH., and (c) MPU-MSM structure
obtained by silicic acid-added TMAH. (d) Schematic diagram of
MPU-MSM photodetector.

the light sensitive area size is not the same. In figure 14(a),
the MSM structure has a smaller light sensitive area, than
the U-MSM structure ~1.73 times (calculated in equation
(6)). The base of the etched U-shaped trench on a (100)-
oriented silicon wafer, is bounded by (111) planes at 54.74°
[43, 44]. Figure 14(b) shows a U-MSM photodetector struc-
ture etched with AP-added TMAH solution with a fast Al
etching rate. However, in the preparation process, a silicon
dioxide layer has been deposited on the aluminum layer to
prevent further aluminum etching by the AP-added TMAH
solution for a while, thus it can control the aluminum elec-
trodes will not completely corrode. For the MPU-MSM struc-
ture in figure 14(c), the depletion width (W) extends the light
sensitive area by an increased area in the micro-pyramids,
and consequently increases opportunities for carrier genera-
tion in the depletion region. The current from the depleted
region increases with its width, while the contribution from
the neutral region would remain unchanged. The difference in
aluminum electrode dose does not affect device performances
because the prepared aluminum electrode thickness in this
work of 0.5-1.0 pm is sufficient for electrical conductance,
(light transmission normally less than 100 A thick aluminum
electrode) which is fabricated for numerous optoelectronic
devices. Figure 14(d) shows the photodetector cross-section
of the MPU-MSM, with the Al/n-Si’Al structure constructed
by silicic acid-added TMAH condition.

3.4. Etched surface texture

The texture on the (100) plane surface of the MPU-MSM
structure was imaged with a SEM (5000 x magnification)
and analyzed, using the ImageJ program. The micro-pyramids
were counted, the mean base size and size distribution com-
puted. First the scale from the microscope was set, an area
for analysis select the area. Next, binarization and threshold
adjustment before pyramids were counted are shown in
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Figure 15. Pyramid size distribution on a silicon scanned area of
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Figure 16. Side (upper) and top view (lower) diagram of a
micro-pyramid on a (100) Si surface after etching.

figure 15. We found that with Si-added TMAH, there were
more pyramids than with the KOH solution and silicic acid-
added TMAH, but the mean micro-pyramid base size was
~30% smaller than with Si-added TMAH. For TMAH solu-
tions with different etching additives, the use of silicic acid
led to fewer pyramids than with Si powder. However, the
total surface area of the pyramids was higher. When etch-
ing defects and forming micro-pyramids, during the wet etch-
ing, large Hy bubbles formed near the surface defects. These
bubbles remained for a long time on the surface to mask it
from the etchant, the bubble lifetime had a broad distribution
[14]. In addition, overlapping of pyramid bases made the pyr-
amid appear larger. Surface morphologies, obtained from the
KOH solution and the silicic acid-added TMAH, showed that
the pyramids had similar base sizes. However, from pyramid
size distribution, we found that fewer pyramids formed on the
KOH solution surface than with silicic acid-added TMAH, the
silicic acid-added TMAH increased the number of pyramids.

The micro-pyramids were formed on the silicon surfaces,
using the anisotropic etching. With KOH and silicic acid-
added TMAH etchant, the micro-pyramids were large and
prominent. With KOH etchant, the micro-pyramids were smal-
ler than with silicic acid-added TMAH, where the micro-
pyramids overlapped during etching. A diagram of the geo-
metry of a micro pyramid formed on the Si surface is shown
in figure 16.

3 lux meter / Dark shield
Dark shield | pjyer meter vy
Halogen lamp/Laser g
gl 3R
:
. Multimeter [‘L

4

B

Figure 17. 3D device schematic of the photodetector measuring
process.

With KOH etchant, the pyramid bases were ~3.29 zm wide
and with silicic acid-added TMAH etchant they were larger,
~3.85 pm calculate the mean-pyramid height from the rela-
tionship as in equation (8),

h= (%)lané’. (8)

where /1 is the pyramid height, w is the base and 6, = 54.74° is
the angle from the anisotropic etching. According to the cal-
culation, the mean height was 2.33 zm for the KOH solution
and 2.72 pm for the silicic acid-added TMAH.

3.5. Electrical characteristics of photodetector

The etchants discussed in this study have been applied to the
fabrication of photodetector. The photodetector is an applic-
ation of the surface micromachining of silicon etching. We
fabricated the photodetector device using the anisotropic wet
chemical etching, with a magnetic stirrer rotating at 200 rpm,
at 80 °C. The investigation on the electrical characteristics of
the MSM photodetector, the U-MSM photodetector, and the
MPU-MSM photodetector with Al/n-Si/Al were carried out
uisng a Cascade Microtech M150 probe station. All of the
current—voltage characteristic measurements were tested with
a direct current (DC) signal to determine the photocurrent at
differently illuminated and the optical response investigated.
The device measuring diagram is shown in figure 17, using
the light source with a halogen lamp and laser diode. For cal-
ibration, measure the light intensity emitted by a halogen lamp
by a lux meter with an illuminate of 25 000 lux. The laser
diode with a wavelength of 635 nm, measuring by an optical
power meter in ranges of optical power, consists of 1.2, 2.4,
3.6, 4.8, and 6.0 mW. The position of the photodetector moun-
ted in the dark shield and connect in series with the resistor
(R = 1002). After completing the optical part measurement,
the incident light is projected, start bias voltage from -10 to
10V with 0.5 volts per step, and measuring with a multimeter
to obtain the current.

In the dark, currents with bias voltages, from —10 V to
10V, for all the detectors are shown in figure 18. We shown
that the U-MSM and the MPU-MSM photodetectors have a
dark current significantly higher than that of the MSM pho-
todetector. Electrode imperfections in the contact between the
Al electrode and the Si substrate, due to the etchant eroding the
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Figure 18. Dark current characteristics of MSM, U-MSM and
MPU-MSM photodetectors on non-illuminated.

Al electrode caused this. The analyzing the dark current of the
MPU-MSM photodetector in the condition of using between
silicic acid-added TMAH and KOH solution, the KOH etchant
had the highest dark current because K* ions remain on the
surface after etching [45], which form traps with lower activ-
ation energies allowing faster electron migration and higher
current. In contrast, etching with TMAH did not leave such
traps.

Photocurrents in the light intensity at 25,000 lux and 10 V'
bias voltage, with an etch depth of 4 and 5 pum are shown
in figure 19. The photocurrent of the U-MSM photodetector
(etched with AP-added TMAH) was ~ 1.7 times higher than
the original MSM photodetector, which correlates to the dif-
ference in sensitive area generated by adding the U-shaped
trench edges, as the geometry in equation (6). Photocurrent
of MPU-MSM photodetector appears related to increase the
light detecting area due to light reflected or scattered from pyr-
amids is absorbed by multiple neighboring pyramids, leading
to increased fraction of photons absorbed, compared to the
planar surface. When light hits the front side of the micro-
pyramid, the light ray moves from the air to the air—silicon
interface and is partly transmitted into the silicon and partly
reflected. The reflected light ray has a second chance to be
coupled in silicon: it hits again the pyramidal texture and is
partly coupled into silicon and partly reflected. The second
hit of the reflected light ray to the texture is an advantage of
the micro-pyramids surface in comparison with a planar sur-
face [46]. In a recently reported work by Hylton ef al a sim-
ilar structure with pyramid textures formed on (100)-oriented
silicon wafer, the (111) planes at are angled 54.74°, which
leads to an absolute reflection reduction of approximately 20%
compared to a flat polished wafer in air [47]. Reflectivity of
surface roughness at a wavelength of 800 nm from 11.85%
to 23.97%, and fabricating a silicon surface with pyramid
textures, the light trapping structure with near ideal absorp-
tion in the ultraviolet and visible spectrum and the light trap-
ping efficiency of 55% in the near infrared region compiled
by Moona et al and Barugkin et al [48, 49], is a credible
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—— MPU-MSM TMAH solution
70 —w— U-MSM AP-added TMAH
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Figure 19. Comparisons of /-V curves for MSM, U-MSM and
MPU-MSM photodetectors with illuminated 25 000 lux.

benchmark to assess the performance of light trapping struc-
tures, which directly affects the increased photocurrent of the
photodetector.

Ratios between light and dark currents are shown in table 2
for the photodetectors based on various structured condi-
tions with their primary performance parameter. Consider the
increasing photocurrent of the MPU-MSM photodetector, it
found that the silicic acid-added TMAH, the photocurrent-to-
dark curmrent ratio is the most when comparing all etchants,
which is consistent with the dispersion number and the micro-
pyramid size of the silicon surface characteristics and the
integrity of the electrodes is shown in figure 20.

The silicon surface of U-shaped directly related to
the enhancement of wet etching, which is one of the
performances for this random micro-pyramid structure. The
dimensional structure of light sensitive area affected the
exposure the device responsiveness, (light sensitive area for
MPU-MSM > U-MSM > MSM structures, respectively) and
the photosensitive enhancement can perform by geometric
adjustment [50, 51]. This was due to the large pyramid surface
volume and high density of surface state enhance the sens-
itivity [52-54]. An optical absorbance correlated to carriers-
transition in the light sensitive area of depletion regions, as
well as leading to photogating in the semiconductor layer, then
increasing the photocurrents. In contrast, the photocurrent of
the KOH solution is high, but the dark currents also have a
high value. Therefore, the photocurrent-to-dark current ratio
is lower than every etchant. The reason that the KOH solution
conditions have a higher dark current than all the etchant due to
the contamination of potassium (K*) ions in the KOH solution
remaining on the material surface [30, 55], perhaps the carrier
trapping and cause changes in threshold voltage and dark cur-
rent. Consequently, the conditions of this KOH solution can-
not use in photodetector fabrication. The results obtained in
the investigation of the electrical characteristics of the MPU-
MSM photodetector structure using by the silicic acid-added
TMAH conditions are suitable to develop in the field of an
optical device.
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Table 2. Summary of the analysis results by ImageJ program and electrical properties.

Average
Total micro- Photocurrent  Photocurrent:
pyramid pyramids Mean Dark at dark current
surface base size pyramid current at 25 000 lux ratio at
Conditions area (pmz) (prm) height (s1m) 10V (nA) (HA) 10V
MSM — — — 0.20 245 122.5
U-MSM (AP-added TMAH) 5 0.002 0.0014 0.33 425 128.8
MPU-MSM (KOH) 151 329 2.33 0.38 50.2 132.1
MPU-MSM (TMAH) 222 0.09 0.07 0.31 450 145.1
MPU-MSM (Si-added TMAH) 194 128 0.90 0.28 46.2 165.0
MPU-MSM (silicic acid-added TMAH) 250 3.85 272 0.25 63.6 2544
70 -
Etching temperature = 80 °C 120 { —=—12mW (a)
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Figure 20. Variation photocurrent versus pyramid surface area of 22
the KOH, Si-added TMAH and silicic acid-added TMAH —=— MPU-MSM (b)
conditions. 201 o MSM
— 184 635 nm
An optical property comparison of fundamental invest- % 164
igation, as shown in figure 19, reveals that the highest £
photocurrent on the MPU-MSM photodetector. In addition, = 144
the MPU-MSM photodetector also investigated electrical 2 5 ]
properties for the visible light intensity of 635 nm, as shown E
in figure 21(a). The magnitude of current and voltage was g 10
obtained, which depends on an incident light intensity, i.e. Sy
the photocurrent increased with more optical power. With cor- é ]
responding the MPU-MSM photodetector, it responded dom- 6 /’M—"*‘
inantly to the DC signal. In addition, the high photocurrent %4
7 . o S p e S i e

level of the MPU-MSM photodetector can be explained by the
increase of the light detective area, which agrees with the etch-
ing process of a random pyramid in a U-shaped structure.
The performance of the photodetector can be quan-
tified in terms of the responsivity of the photodetector.
The responsivity (Ry) is characterized by the output sig-
nal per incident optical power (Pj,). Typically, the photo-
current (Iphoto) can calculate from Zieas—/dark- The respons-
ivity is there described as Ry = Ippoto/Pin. The maximum
responsivity for the MPU-MSM photodetector was obtained
as 18.58 mA W~ at incident optical power of 6 mW, as
shown in figure 21(b). When incident optical was adsorbed
into random micro-pyramids, the light responsivity was

Vel L2537 4 s5( WE 9 1
Bias Voltage (V)

Figure 21. Characteristics of photodetector; (a) presents the
MPU-MSM photodetectors under the different light intensities at
A = 635 nm. (b) Portrays responsivity in comparison to the MSM
and MPU-MSM photodetectors during 635 nm light illumination
with incident optical power of 6 mW.

enhanced plentifully for photodetector. This research pro-
posed the fabrication process of the specific MPU-MSM pho-
todetector, which demonstrated more distinctive photocurrent
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characterization than the traditional MSM photodetectors. The
optical and electrical properties are corresponding to the fun-
damental mechanism and specific structure of the photode-
tector. In this study, we have reviewed the optical response
of the micro-pyramid in the U-shaped trench structure led to
an increase in the responsivity by 2.5 times compared to the
planar structure, which led to manifesting remarkable value in
the photodetector technology market.

4. Conclusion

The optimal etching condition was determined in the experi-
mental results as the mixture TMAH 5 wt% add AP (7 g 1=
solution for the fabrication of the U-MSM photodetector.
The silicon after etched is smooth within the U-groove struc-
ture, resulting in a U-shaped structure, the photocurrent of
~1.7 times that of the planar structure. However, the AP
solution limit on the fast aluminum etch rate may affect
the incomplete electrode. Meanwhile, the pyramid height on
the textured silicon surface is higher when the etching solu-
tion contains the mixture TMAH 5 wt% add silicic acid
(34 g I7!) due to the random micro-pyramids formed in the
U-shaped structure. Hence, the etching condition for modi-
fying the MPU-MSM photodetector structure with the sili-
cic acid-added TMAH yields the increased light detecting
area with the excellent surface quality of the etched silicon
and reduced etching of aluminum and silicon dioxide. The
photodetectors electrical characteristics analysis in all three
structures found that the random micro-pyramids on the U-
shaped structure have the photocurrent-to-dark current ratio
of approximately 1.35 times that of the U-shaped structure
and 1.42 times more than the MSM structure. This is a cru-
cial finding in the direction of improved etchant study of sil-
icon texture. The etching by TMAH solution with the addition
of silicic acid, did not find the residual of metal ions or chem-
ical contaminants falling on the surface, which could create the
MPU-MSM photodetector compatible with integrated circuits,
which can be very useful in fabricating highly efficient optical
devices.
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Micro-electromechanical system (MEMS) fabrication has gained popularity as a means of
etching silicon substrates. This paper discusses the surface texturization of a U-grooved
structure by a very simple and cost-effective technique for use as a U-grooved metal—
semiconductor-metal (UMSM) photodetector with aluminum/n-Si/aluminum materials. A
series of etching experiments were carried out involving the addition of ammonium
peroxodisulfate [(NH,),SO,] at different concentrations to tetramethyl ammonium hydroxide
(TMAH)/silicic acid etching solution, also called dual-doped TMAH. It was found that the
addition of 11.5 g/l (NH,),SO, to TMAH/silicic acid enhances the smoothness of the surface
and prevents the unwanted etching of exposed aluminum. We utilized dual-doped TMAH in the
fabrication of a nanostructure in a U-grooved photodetector and found that the U-grooved
photodetector has a ~59% higher photocurrent than that of a planar photodetector. The
U-grooved photodetector demonstrates that increasing the light-detecting area results in high
photocurrent performance for high-efficiency optical devices.

1. Introduction

Semiconductor inventions have been widely developed and are now highly advanced,
enabling high-speed performance so that systems may immediately respond, have low power
consumption, and be used with mobile devices. Micro-electromechanical system (MEMS) is a
process technology used to create tiny integrated devices or systems that combine mechanical
and electrical components, leading to higher packaging density.("® Anisotropic etching is an
integral part of MEMS fabrication, which is used to transform the microsurface structure of a
device into a circuit pattern or to etch materials that are difficult to remove from the device.“~%)
The etchants used in anisotropic etching have unequal etching selectivity between the various
crystal surfaces. As a result, the groove formed by the etching has the geometry of a U-groove.
Silicon has a very high anisotropic etching rate, and only certain solutions can be used for the
anisotropic wet etching of silicon. For example, potassium hydroxide (KOH) is a nontoxic
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etchant with a moderate Si/SiO, etching rate ratio and a high silicon etching rate. However, KOH
is not compatible with CMOS processes due to potassium ion (K°) contamination.(-$
Ethylenediamine pyrocatechol (EDP) has a moderate silicon etching rate and compatibility with
integrated circuit processes, but it has high toxicity and requires special safety measures.®:19
Tetramethyl ammonium hydroxide (TMAH) is gaining popularity for use in MEMS because it is
nontoxic and safe to handle, has a high silicon etching rate, and is compatible with the
conventional MOS fabrication process, making TMAH a good choice as a silicon etchant for
future MEMS products.(11-13) Additives, such as silicic acid, ammonium peroxodisulfate
[(NH,),SO,], and isopropyl alcohol (IPA), may also alter the etching anisotropy.14-16) An
ordinary TMAH solution yields rough etched silicon surfaces; however, when TMAH is doped
with suitable amounts of (NH,),SO, and silicic acid, the mixture solution provides complete
aluminum passivation as well as an increased silicon etching rate and smooth etched
surfaces.(7:18)

U-grooved photodetectors may be considered as an industrial competitor to planar structure
photodetectors. This study focused on improving the nanostructured silicon surface and
enhancing the performance of U-grooved photodetectors by anisotropic etching methods.
Etching of the electrode metal layer in an alkaline solution using a wet etching technique is
required to manufacture photodetectors with an aluminum/n-Si/aluminum structure. In previous
studies, silicic acid has been shown to reduce the etching rate of aluminum by as much as 80%
compared with aluminum etching without silicic acid. The silicon surface becomes very rough
after etching in this solution. However, a suitable amount of (NH,),SO, can be utilized to obtain
a smoother surface.( This paper reports the results of experiments performed to compare
silicon etching rates and the smoothness of the etched silicon surface for different silicon
etchants, namely, pure TMAH and dual-doped TMAH solution. We report a photodetector with
anew U-grooved structure as a result of developing an etching solution. The U-grooved structure
has the advantage of an increased optical response due to the larger light-detecting area, and its
nanostructured surface enables the device to be fabricated with several specifications at the
same time. In addition, low-cost and industrial-scale production is easier using the technique.

2. Materials and Methods

A U-grooved metal-semiconductor—metal (UMSM) structure photodetector with
aluminum/n-Si/aluminum materials in this study was fabricated on a 6-inch n-type Si (100)
substrate with a thickness of 625 pm and a resistivity of 5-10 Q-cm. The process steps are shown
in Fig. 1. Initially, organic substances and metal ions on the surface of the silicon were removed
in an ultrasonic bath. Then, a 1.5-um-thick aluminum (Al) layer was grown by sputtering. Next,
a 15000-A-thick silicon dioxide (SiO,) layer was deposited by plasma-enhanced chemical vapor
deposition (PE-CVD). After that, the textured silicon surface of the photodetector was exposed
by photolithography as shown in Fig. 2.

The silicon surface was prepared by an anisotropic etching process as shown in Fig. 3. The
etching solutions comprised 5 wt.% TMAH and 34 g/l silicic acid with different amounts of
(NH,),S0, (10.0, 10.5, 11.0, 11.5, 12.0, 12.5, and 13.0 g/1) at 80 °C. The solution was heated with
a hot plate and stirred with a magnetic stirrer rotating at 200 rpm.

111



Sensors and Materials, Vol. 33, No. 12 (2021)

4299

Photodetector Structure
Design

—

Photomask

Silicon Wafers —

Cleaning
Wafers

—]

L

Defect Inspection #— Photolithography #—

Plasma-Enhanced Chemical
Vapor Deposition (PE-CVD)

+— Sputtering

—

Etch 3 Sintering

Parametric Test

— Assembly

Final Test
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Finally, the silicon roughness was measured with a surface profilometer (DEP KLA-Tencor
P10), the microscopic structure of the Si surface was investigated with an atomic force
microscope (AFM), and a scanning electron microscope (SEM) was utilized to characterize the
surface morphology and measure the etching depth. The optical and electrical properties of
samples were investigated using a Cascade Microtech M150 probe station, using a light source
with a wavelength of 635 nm.

3. Results and Discussion
3.1 Physical characteristics of photodetector

The silicon surface was etched by anisotropic etching in TMAH (5 wt.%) and silicic acid
(34 g/l) with different amounts of (NH,),SO, (10.0-13.0 g/l), and the surface roughness and
etching rate parameters were measured using a surface profilometer (DEP KLA-Tencor P10). A
previous study of Suttijalern er al.” found that the average surface roughness of 5 wt.% TMAH
solution with 34 g/l silicic acid was 2730 nm at 80 °C. When we added 11.5 g/l (NH,),SO,
to 5 wt.% TMAH solution with 34 g/I silicic acid, the estimated roughness of the smooth area
was less than 11.1 nm. As shown in Table 1, 5 wt% TMAH with 34 wt.% silicic acid solution
had a significantly lower aluminum etching rate than 5 wt2% TMAH. However, etching in
5 wt.% TMAH and 34 wt.% silicic acid solution resulted in a high silicon surface roughness. In
this work, the optimum amount of (NH,),SO, for reducing silicon roughness was studied. The
results showed that using 5 wt% TMAH with 34 wt% silicic acid and 11.5 g/l (NH,),SO,
reduced the silicon surface roughness as well as the aluminum etching rate.

As shown in Fig. 4, it was found that the addition of 10.0 g/l (NH;),SOj resulted in a silicon
surface roughness of 343.1 nm. The silicon surface roughness first decreased and then increased
with increasing amount of (NH,),SO, (>11.5 g/1). The increased roughness of the silicon surface
after etching was due to an over-replenishing effect that reduces the oxidizing ability of
(NH,),SO,, resulting in its slower decomposition. The decomposition of (NH,),SO, was also
observed during the wet etching process through the monotonic decrease in the Si (100) etching
rate with over-etching time.2%

The enhanced etching selectivity of TMAH/silicic acid solution in the etching of silicon can
be improved by doping the solution with (NH,),SO,. The silicon etching rate was increased by
adding (NH,),SO, as shown in Fig. 4, with the etching rate changing linearly with the amount of

Table 1
Variation of etching rate and surface roughness with etching conditions.

b v Py g ~ Sietchingrate  Aletching = Siroughness — _ _
_Case_ T'N{éH solition (um/min) _  rate (um/h) (m) R_ef_ y

1 5 wt.% 0.68 114.06 420 7).

2 5 wt.% + 34 g/l silicic acid 0.15 0.145 2730 (7)

5 wt.% + 34 g/l silicic acid s 4
3, + 10l (NHy,S0; | 0;61' A ().7139 .3_4.3'1 P This work
o IS
4 5 Wi Bhgilicie acid 1.00 0.17 101 This work

+11.5 g/l (NH1),SO4
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Fig. 4. (Color online) Relationship between etch rate and surface roughness of silicon (100).

dissolved (NH,4),SO,. The dissolved (NH,),SO,4 concentration was increased from 10.0 to
13.0 g/, whereas the silicon etching rate was increased from 0.61 to 1.51 pm/min. We assumed
that adding (NH,),SO, to the mixture of silicic acid and TMAH solution changed the pH value
of the etchant. The etchant anisotropy is affected by pH-dependent changes in the OH~
content,?-??) and adding an oxidizing substance such as (NH,),SO, enhances the silicon etching
rate.(12.1323.24) From the results of this experiment, the optimum replenishing concentration and
etching conditions can be determined, i.e., the addition of 11.5 g/1 (NH,),SO, to TMAH (5 wt.%)
with silicic acid (34 g/1) solution (also called the dual-doped TMAH) enables the fabrication of a
U-grooved photodetector.

We investigated the silicon and aluminum etching rates in the dual-doped TMAH solution.
The graphs obtained were approximately linear, with the silicon etching rate increasing with
etching time, as shown in Fig. 5. The aluminum etching rate shows the same tendency as the
silicon etching rate, with etching rates of 1.0 pm/min and 0.17 pm/h, respectively. The dual-
doped TMAH solution was found to prevent aluminum etching due to the formation of a silicon-
rich oxide (SRO) layer on the Al layer in the presence of the oxidizing agents (NH,),SO, and
H;Si0,.®»

The dual-doped TMAH solution has a lower efching rate on aluminum because the oxide
layer contains amphoteric Al(OH);, which reacts in alkaline solutions to form aluminate as
follows.(D

Al(OH); +OH™ <> Al(OH), (1)

The pH value is reduced by the addition of silicic acid, shifting the chemical equilibrium to
the left side of the reaction equation. It was previously found that the aluminum etching rate may
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Fig. 5. (Color online) Relationship between etching depths of silicon and aluminum and etching time.

be reduced by two orders of magnitude by doping etchants with acid to lower the pH.2% The
chemical reaction rate of the aluminum layer in the TMAH solution is decreased by doping the
solutions with silicic acid. This is due to the formation of a protective layer on the aluminum
surface, and the silicates in the solution react with Al(OH); to form sparingly soluble
pyrophyllite-type silicates, which passivate the aluminum surface 739

‘We studied the characteristics of the silicon surface etched under different conditions using a
SEM operated at 5.0 kV and 30000x magnification. Figure 6(a) shows that the silicon surface
after etching in a 5 wt.% TMAH solution is rough with random pyramids of approximately
600 nm size. This roughness is caused by the concentration of the solution, uneven etching
direction, and bubbles that develop on the etched surface. As shown in Fig. 6(b), the average
width of a random pyramid of a dual-doped TMAH solution is 15 nm. When the concentration
of (NH),SO, is increased, the etched surface roughness becomes less than that in the pure
TMAH solution. This is because the oxygen in (NH,),SO, oxidizes silicon more strongly than
water, and therefore becomes the major oxidizing agent of silicon during the etching process.
The oxidizing agent affects the smoothness of the silicon surface because it removes the surface.
Figure 6(c) shows the photodetector cross section of the U-grooved structure with a wide
distance between the electrodes, which was fabricated using a dual-doped TMAH solution. The
aluminum electrodes were not damaged as a result of the etching process.

An AFM was used to analyze the nano-morphology on the silicon surface after etching.
Figure 7 shows AFM images of the morphology of the Si (100) surface after etching in dual-
doped TMAH for about 4 min. It was found that the silicon surface has a roughness of about
11.1 nm. For optimization, it is essential to clarify the reduction of the silicon roughness upon
adding (NHy),SOy to the TMAH solution with silicic acid. (NH;),SOy is an oxidizer used to
control the problem of hillock formation in low-concentration TMAH to prevent the depletion of
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Fig. 6. (Color online) SEM images of the silicon surface after etching in (a) 5 wt.% TMAH solution and (b) dual-
doped TMAH solution. (c) Cross section of a UMSM photodetector after etching in dual-doped TMAH solution.
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Fig. 7. (Color online) AFM images of Si (100) surface after etching in dual-doped TMAH solution.

the oxidizer during the etching process. (NH,),SO, appears to reduce the size of the bubbles that
form, therefore reducing their dwell time on the silicon surface, resulting in a micromasking
effect.123133 The dual-doped TMAH solution has potential use for developing photodetectors
with a larger exposure area.
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3.2 Optical and electrical characteristics of photodetector

The electrical characteristics of photodetectors with a U-grooved structure made of
aluminum/n-Si/aluminum, as well as those with a wide distance between the electrodes (wide
electrode gap), were investigated. We fabricated a UMSM photodetector using the anisotropic
etching process. The electrical properties of the photodetector were measured under dark and
illuminated conditions using halogen lamps as a light source, and the bias voltage was varied
from —5 to 5 V. A block diagram of the experimental setup is shown in Fig. 8.

The photodetector structure can be described by two back-to-back Schottky contacts.
Figure 9 shows the current—voltage (/=¥) characteristics of the metal-semiconductor—metal
(MSM) and UMSM photodetectors. According to the results, the UMSM photodetector
fabricated using a dual-doped TMAH solution had a dark current of 0.14 nA, which was slightly
higher than that of 0.10 pA for the MSM photodetector. The photodetectors were evaluated using
a halogen lamp at an illumination of 25000 lux. In a typical test, when a bias was applied at both
electrodes of the photodetector, a depletion region was formed, and at a constant voltage of 5 V,
the depletion region extended to about 4 pum. When the light-detecting area of the MSM

Programmable Light Source
Personal Comp Current/Voltage
G 33
Digital W‘j
Dark Box

Fig. 8. (Color online) Block diagram of the experimental setup used to measure the electrical properties of the
photodetector.
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Fig.9. (Color online) Electrical characteristics of MSM and UMSM photodetectors under non-illuminated
condition.
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photodetector was exposed to light, the photocurrent was 21.51 pA (Fig. 10). The UMSM
photodetector fabricated in the dual-doped TMAH exhibited a photocurrent of 49.43 A,
approximately twice that of the MSM photodetector. Increasing the light-detecting area in the
U-grooved structure resulted in a significant increase in the photocurrent.4

Figure 11 shows /-7 plots obtained with a laser diode (wavelength 635 nm). It can be seen
that the UMSM photodetector is capable of responding to direct current (DC). The dark current
(~0.14 pA) is very low. The photocurrent increases with increasing incident optical power, and
the photo-to-dark current ratio is approximately 500 at an incident optical power of 6 mW. The
high photocurrent of the UMSM photodetector is mainly due to the large light-detecting area
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Fig. 10. (Color online) Electrical characteristics of MSM and UMSM photodetectors illuminated with light of
25000 lux.
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Fig. 11. (Color online) /=¥ characteristics of UMSM photodetector fabricated in dual-doped TMAH under various
incident optical powers.
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resulting from the etched U-grooved structure and because the photodetector is operated under
reverse bias. As previously mentioned, the U-grooved photodetector characteristics can be used
as a measurement of light intensity, even when little light is incident on the photodetector.

The capacitance—voltage (C—¥) curves of aluminum/n-Si/aluminum photodetectors are
symmetrical, with the capacitance decreasing with increased bias voltage (Fig. 12). The total
capacitance (Cy) is equal to the sum of the capacitances of two contacts, i.e., the cathode
capacitance (C) under reverse bias voltage and the anode capacitance (C,) under forward bias
voltage. At a frequency of 100 kHz and 5 V bias, the capacitance of the photodetector with the
U-grooved structure was 6.76 pF, compared with 13.52 pF for the planar structure. The area lost
to etching relative to the capacitance of the U-grooved photodetector is low. The capacitance is
directly proportional to the diffused area and inversely proportional to the width of the depletion
region. The capacitance is dependent on the reverse bias as follows:

&4 / &4 )
2o (V) Wa

where ¢, is the semiconductor permittivity (1.054 x 10712 F/cm), 4 is the photodetector area, p is
the resistivity of silicon, u is the mobility of the electrons at 300 K (1400 cm?/Vs), ¥, is the
applied bias, 7; is the built-in voltage, and W is the width of the depletion region. The depletion
width determines the capacitance of the photodetector according to this equation. The
capacitance of the UMSM photodetector is decreased when the depth of the U-grooved structure
is substantially eliminated after etching, which has the benefits of lower capacitance and
enhanced frequency response of the UMSM photodetector.

The two photodetectors were measured at an incident optical power of 6 mW. The
photocurrent corresponds to the responsivity of the photodetector R = (L1, ~ LigrV/Py» Where R
is the responsivity, Ly, and Zy,; are photocurrents, and Py, is the incident optical power.
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Fig. 12. (Coloronline) C—V characteristics of MSM and UMSM photodetectors.
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Figure 13 shows that the responsivity increases with increasing applied bias. The U-grooved
photodetector fabricated by wet etching in dual-doped TMAH has a higher responsivity,
11.84 mA/W, at a wavelength of 635 nm than that of the MSM photodetector. The external
quantum efficiency (EQE) of the two photodetectors has the same tendency as the responsivity.
The EQE of the MSM photodetector was found to be 0.94% for the 635 nm incident laser. In
contrast, that of the UMSM photodetector under the dual-doped TMAH condition was 2.31%,
almost 2.5 times that of the MSM photodetector. The U-grooved structure photodetector exhibits
a much higher performance because the large light-detecting surface area increases the number
of photogenerated carriers at the surface of the U-grooved structure, preventing charge-carrier
recombination.®%3539 Table 2 shows a comparison of the important parameters of the MSM and
UMSM photodetectors. It was found that the electrical and optical properties of the UMSM
photodetector were superior to those of the MSM photodetector of the same size: at an incident
optical power of 6 mW, the UMSM photodetector had a photocurrent of 71.05 p A, approximately
2.5 times more than that of the MSM photodetector (28.92 pA). The key advantages of UMSM
photodetectors include higher photocurrent and responsivity, lower capacitance, and greater
light-detecting area than those of a conventional MSM photodetector. These results suggest that
this new U-grooved photodetector has potential use in optical electronics.
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Fig. 13. (Color online) Dependence of maximum responsivity and EQE of MSM and UMSM photodetectors on
external bias.

Table 2

Characteristics of MSM and UMSM photodetectors at bias voltage of 5 V.

Structure of Dark current Photocurrent Capacitance Responsivity EQE
photodetector . (A) o U H(wA), o " (pE) ___(mA/W) (%)
MSM 0.10 28.92 13.52 4.82 0.94

UMSM 0.14 71.05 6.76 11.84 231
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4. Conclusions

An experimental study on silicon surface etching by an anisotropic wet chemical process in
TMAH etchant was carried out. The nanostructure in a U-grooved photodetector based on Si
(100) was successfully fabricated with a smoothness of about 11.1 nm in a mixture of TMAH
solution and silicic acid with 11.5 g/l (NH,),SO, added (dual-doped TMAH), without the etching
of the aluminum electrodes. In terms of electric properties, the photocurrent of the UMSM
photodetector was 59% (~2.5 times) more than that of the MSM photodetector under 635 nm
laser illumination. The capacitance of the U-grooved structure etched with a dual-doped TMAH
solution was about twice that of the planar structure. The structural design inside the light-
detecting area has the potential to further improve the optical response of the photodetector by
creating the U-grooved interdigitated structure.
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Abstract— This paper purpose to the structural design and
improvement of etchant solution for U-shaped Metal-
Semiconductor-Metal (UMSM) photodetector fabrication on
Al/n-Si/Al with anisotropic wet etching technique, the etchant
solutions include tetramethyl hydroxide (TMAH),
ammonium persulfate (AP) and silicic acid with different
concentrations. Experimental design of photodetector structure
to optimize the photodetector and improvement conditions of the
etching solution by adding AP and silicic acid into the TMAH
solution to increase the silicon surface roughness and reduce the
rate of etching aluminum as electrodes. For structural design
experiments, increasing the exposure area on the U-shaped
groove up to 1.73 times. The results from the addition of AP to
TMAH solution showed that the silicon surface is smoothness. Tt
has a highest silicon etching rate and the addition of silicic acid to
TMAH sol can reduce m and silicon dioxide etching
rate. Therefore, this research has the effective condition is 5 wt%
TMAH with 7 g/l AP and 34 g/l silicic acid added. The results
show the silicon surface has smooth about 5 nm and high silicon
etch rate including etchi 1 equal to 0.26 pm/hr that

itable for design p rin further research.

NP T IS oy 7

7 o

Keywords— | b isotropic _etching,
passivation, oxidizing agent, smoothness surface

I.  INTRODUCTION

In present, the semiconductor technology has come to
the important role in the industrial fields such as the chemical
industry, the electronics industry and the energy industry. The
photodetector is an electronic device, which acts as the signal
receiver by converting the light signal to the electrical signal
and also sending the signal to processing. This device is
interesting because it has a complicated structure, compatible
with the integrated circuit, low capacitance also highly stable
and high-speed photosensitivity. The photocurrent mechanism
in the depletion region on the cathode as shown in figure 1,
when the light detecting area, there is more photon energy than
energy gap will stimulate electron-hole pair in the depletion
region and the electric field activated the carrier to provide the
photocurrent.
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Fig. 1. Schematic energy level diagram for the Al/n-Si/Al photodetector.

This device has been developed continuously with

the design structure of U-shaped metal-semiconductor-
metal (UMSM) photodetector [1]. This structure can increase

the optical performance without changing the depletion
region and the distance between the electrodes by the
anisotropic wet etching process. The commonly used silicon
etchants such as ethylene diamine pyrocatechol (EDP) is a
diamine based silicon etchant, which has moderate silicon
etching rate and partly CMOS compatible but EDP was
hazardous and require special safety, potassium hydroxide
(KOH) is a non-toxic and provides high silicon etch rate also
high degree of anisotropy. KOH is not compatible with CMOS
because of the presence of ‘alkali metal ions [23].
Tetramethylammonium hydroxide (TMAH) is popularity but,
it has a high cost and complex setup because it is a non-toxic
and compatible with CMOS process also organic solution,
which has a moderately high silicon etch rate. This research
presents about the addition of ammonium persulfate and silicic
acid into TMAH solution to reduce the surface roughness and
reduce aluminum and silicon dioxide etching rate respectively
improve passivation quality of the aluminum electrode and
optimized performance of the photodetector.
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II.  EXPERIMENTAL From equation (1), when giving bias voltage at 5 V the
On the fabrication of UMSM photodetector with Al/n-Si/Al expansion of depletion region equal to 4 pm. This value
on 5-10 Q-cm, 625 pm thickness and (100) n-type silicon determines the depth of the U-shaped about 4 pm.
wafer. The fabrication consists of 6 main processes as cleaning
process to eliminate organic and metal ions around silicon
wafer surface. Deposition the aluminum layer with 1.5 ym of
thickness by radio frequency sputtering (RF-Sputtering) and
growing the silicon dioxide layer with 20,000 A of thickness
by plasma enhanced chemical vapor deposition (PECVD)
process to make passivation for aluminum layer. After that, the
photodetectors ~ structure pattern has exposed with a
photolithography process and removed the native oxide with 5
wt% HF solution and then, the silicon chip was washed with
de-ionized water to remove out the particles.

Fig. 3. The method for determining the depth of the structure U-shaped
photodetector.

In figure 3, the increase of light detection could determine
by v simple trigonometric equation as h/g = sinf and p/g =cos6.
Where p is light detecting area on a planar structure, g is light
detecting area on a U-shaped structure, h isa depth of etch and

Thermocouple

6 is silicon etching angle (54.7 degrees) [5]. From the result an
% area of light detecting area on a U-shaped structure bigger than
p A |— Wafer planar structure 1.73 times.
Boat
L TMAH B. Oxidizing agent additional

The study of the etching rate and surface roughness of
silicon surfaces plane (100) by using various concentration of
2 -] 7 | ammonium persulfate (AP) with TMAH concentration of
Fig. 2. The sample of equipment used in the etching process. 2

5 wt% at temperature 80 degrees Celsius.

The etching process as shown in figure 2, etching the wafer

on 5 wt% TMAH by adding 5, 6, 7 and 8 g/l also add 30, 34 60 500
and 38 g/l silicic acid by magnetic stirrer with 200 rpm on = A, s 200
heating with 80 degrees Celsius. The depth of silicon dioxide \ F ' .
and aluminum layers had measured by using a surface k) e PES 3 . i L f
pmﬁloxpeter. The su}'face of silicon chip had observed by E N | bl i JelePhsce 3 §
a scanning electron microscope (SEM). = ! Dotted fine for Si oughness | .0 §
‘é 404 T=80°C 3
60
III.  RESULT AND DISCUSSION g p i 1
A.  Study of structural design of U-shaped photodetector < w 3
The photodetector is a device, which used to measure St ] 30 ;
the intensity of light by converting light energy into electrical D 25 0 3
energy with stimulation the carrier from absorbing photon kL FJy 10
energy causing the electrical conductivity [4]. The design and Vinle: » T T T o
fabrication of U-shaped photodetector  should focus on AP concentration (gf)

depletion region’s width because all electric field almost all
electric fields across the depletion region’s width, this results in
photocurrent according to the bias voltage is increased. As
shown in equation (1).

Fig. 4. Relationship between the silicon etch rate and surface roughness on
planar (100) with AP concentration.

From figure 4, the mixture of 5 wt% TMAH and 7 g/l AP

has highest silicon etch rate because of an increase of AP

26,V ) concentration on TMAH provided more of the decomposition

qNp reaction between hydrogen ion and a molecule of water and

make hydrogen ion capture with the silicon atom and rise up

P 5 o : the silicon etch rate [6]. As well as the roughness of silicon

Where &s ?5 permittivity value ofsemlq;nductor surface was lowest on 5 wt% TMAH about 5 nm. From

Ch electron charge (1.602x10 "C) observation shown the increasing of TMAH solution would

Np Is concentration of donor atom take more roughness on the surface of silicon as the AP acted

Viyis built-in voligde like the oxidizing agent [7], AP will reduce the roughness on

Vaisbiasyoltage the surface after it had added more volume into etchants
solution.

Wp=
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C.  Aluminum layer protection method

The study of aluminum and silicon dioxide etch rate at
pure 5 wt% TMAH with various of silicic acid (30, 34, 38 g/)
at 80 °C as shown in figure 5, the addition of silicic acid
reduced the aluminum and silicon dioxide etch rate of TMAH
solution. The mixture of 5 wt% TMAH and 34 g/l silicic acid
gave aluminum and silicon dioxide etch rate at 0.15 gm/hr and
0.46 pm/hr respectively by compared to a pure 5 wt% TMAH
the etching rate falling about 1000 times. Therefore, additional
of silicic acid on appropriate volume could cover the aluminum
passivation layer because the ion of hydrogen on solution
do react with silicic acid more than passivation layer [8].
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Fig. 5. Relationship between aluminum etch rate, silicon dioxide etch rate and
silicic acid concentration.

The study of the depth of silicon wafer from the etching rate of
silicon that varies on etching time. The pure 5 wt% TMAH has
added with 34 g/l silicic acid. Figure 6, the depth of silicon and
etching time have directly risen. This result showed the
additional silicic acid could reduce the etching rate because the
hydroxide ion reacted with silicic acid that might give from
bonding of silicic acid lower than a silicon wafer. Therefore,
the hydroxide ion possible to capturing with silicic acid than
silicon wafer [9] and reduce the silicon etch rate.

20
—s— 5wt% TMAH
1 —o— 5 wt% TMAH + silicic acid 34 g/|
i T=80°C
124
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Fig. 6. Relationship between depth of silicon surface and time.

D. The effect of dual doped TMAH solution

The study about the effect of dual doped TMAH (Addition
with AP and silicic acid) consists of 5 wt% TMAH with 34 g/l
silicic -acid and 7 g/l AP for observing silicon surface,
the silicon and aluminum layer etch rate. From the result found
the silicon wafer after etched with all conditions and observed
with SEM. The silicon surface on dual doped TMAH etch
giving highest sharpness about 7 times by compared with
single doped with silicic acid as shown in figure 7.

The roughness of silicon surface coming with the rising of
pyramid structure aka. Hillock that provided from hydrogen
bubble as micro-masking on the silicon surface [10-12] and
made etched silicon surface turn into a random pyramid
structure. From table 1 shown the surface roughness and
etching rate of various condition, the roughness of dual doped
TMAH higher than AP single doped about 17.9 nm and lower
than silicic acid single doped 7 times and obtained silicon etch
rate at 8.40 ym/hr. The dual doped TMAH giving etching rate
about 5 times (43.8 gm/hr).

Fig. 7.SEM of (100) silicon surface at 80 degrees Celsius.

(a) 5wt TMAH with 7 g1 AP doped

(b) 5wtss TMAH with 34 gl silicic acid doped

(c) 5 wte. TMAH with dual doped (7 g/l AP and 34 g/l silicic acid)

126

:horized licensed use limited to: King Mongkuts Institute of Technology Ladkrabang provided by UniNet. Downloaded on November 05,2022 at 09:30:12 UTC from IEEE Xplore. Restrictions apf



The 2019 International Electrical Engineering Congress GEECON2019)

TABLE L. SILICON, SILICON DIOXIDE, ALUMINUM ETCH RATE AND SURFACE
ROUGHNESS ON VARIOUS CONDITIONS

Conditions
Parameters 5 wit% TMAH 5;'0';:/"" d’;‘;;f Dual doped
doped 81 AP | ilicic acid TMAH,
Silicon etch rate
(um/hr) 56.65 8.40 43.80
$i0; etch rate
(um/hr) 4.89 0.46 0.57
Aluminum etch
rate (pm/hr) 91.20 0.15 0.26
Silicon SIfriuce 500 T _—
roughness (nm)

From the study on a dual doped TMAH solution with
aluminum and silicon dioxide found a bit increasing of etching
rate by compared to the single doped with silicic acid and
giving highest increase etching rate of single doped with AP
about two orders of the aluminum etch rate and one order of
silicon dioxide etch rate.

IV. CONCLUSION

An experimental study of structural design found the
U-shaped structure could increase the light detecting area about
1.73 times. The study of improving the solution found
the mixture of TMAH and AP giving the smooth surface of
silicon and highest silicon etch rate also the aluminum
electrode and the addition with silicic acid found the reduction
of etch rate but obtain the highest roughness with a random
pyramid structure. On dual doped TMAH, the silicon etch rate
not decrease but provided the smooth surface than silicic acid.
Therefore, the dual doped TMAH appropriate to use on
photodetector fabrication or improve method in the future.
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The U-Shaped Photodetector Structure
Optimization by Increase Random Pyramid Size

Kamonwan Suttijalemn, Jirawat Prabket and Surasak Niemcharoen, Member, IAENG

Abstract—This paper purpose the fabrication method of
U-shape metal-semiconductor-metal structure photodetector
with AUn-Si/Al materials on anisotropic wet etching. In this
paper studied on 20 wt% of potassium hydroxide (KOH)
and 5 wt% of Tetramethylammonium hydroxide (TMAH:
(CH3)sNOH) and mixed with 34 g/l silicic acid also heating with
80 degrees Celsius. From the experiment found the best
condition for fabricating the photodetector is the experiment,
which uses the mixture of TMAH solution and silicic acid
because it obtained the lowest aluminum layer etch rate and no

ion or ¢ on a surface that able to apply with
the integrated circuit. Moreover, this mixture gave a large
amount of random pyramid structure on the surface also more
than fabricate with KOH solution and made the light
responsibility on 25,000 lux more than KOH model about
1.3 times. This result shown the big pyramid provide the light
reflection lower than small pyramid that takes many effects to
light absorption and photocurrent and controls the transducing
performance of a photodetector.

Keywords — Random pyramid, Aluminum passivation, Wet
anisotropic, Silicic acid, U-shaped photodetector

1. INTRODUCTION

HE evolution of the electronics technology is advanced

and continuous development from past to present.
The semiconductor device has an influence on the daily life
of human such as the communication equipment like cell
phone also the computer and many of communication
device. Therefore, the development has focused on
the fastest data communication media. The device that can
be the fastest media is a photodetector. This device has good
light responsibility, fast switching and low noise on
operating also compatible with the integrated circuit.
The photodetector has any type such as p-n photodetector,
p-i-n photodetector (PIN Diode), Avalanche photodetector
and M-S photodetector. The author interested in MSM
photodetector that obtains good responsibility with low light
intensity.
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Fig. 1. The photodetectors on unilluminated and bias voltage:
(@) The planar photodetector.
(b) The U-shape metal-semiconductor- metal (UMSM)
photodetector.

Normally, the MSM photodetector (planar structure) has
the same process to the CMOS fabrication as shown in
Fig. 1(a). However, the study found another structure that is
light performance improvable, a device has a U-shape
structure as shown in Fig 1(b). In this paper purpose
The photodetector structure improvement by using
anisotropic  wet etching method to provide a U-shape
structure that always uses in electrical mechanical or MEMS
[3]. This method used KOH and TMAH to etching
the surface of silicon and make random pyramid structure
also reduce reflection on the surface and increase the light
effect and the silicic acid also used because it was reduced
aluminum etch rate [4] without effect to silicon etch rate on
other planes. This ability uniformed a surface of silicon to be
a random pyramid structure.

II. EXPERIMENTAL

The (100) single crystalline n-silicon substrate with
5-10 Q-cm and 625 pum of thickness have used to study on
various anisotropic wet etching methods. On preparation
process growing an aluminum layer with 1.5 pum of thickness
by using RF-sputtering technic then growing 2 pum thickness
of the silicon dioxide layer with plasma-enhance chemical
vapor deposition (PE-CVD) process after that make the
texture of photodetector on a surface with photolithography
process and the last step cleaning the native oxide on
a surface with etching process on 5 wt% hydrofluoric acid
and washing with de-ionized water (DI water).
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The silicon surface etching process with 20 wt% KOH,
pure 5 wt% TMAH and mixture of 5 wt% TMAH and 34 g/
silicic acid with 80 degrees Celsius heating. On etching
process should be stirring continuously with a magnetic
stirrer with 200 rpm in the enclosure such as beaker that
makes temperature steady.

In the measurement process measuring a depth of
roughness on a surface of silicon with Tencor P-10 surface
profilometer then analysis with scanning electron
microscope (SEM) and testing the electrical and photo
characteristics of a photodetector structure.

III. RESULT AND DISCUSSION

A. Random Pyramid Structure On Silicon Surface
Analysis
In this topic, a study of the silicon surface after etched by
the anisotropic wet etching process to observe pyramid
structure on the surface of silicon also observe distribution
pattern of the pyramid structure. The sample silicon dies has
4 pm depth from a surface by etching on 30 minutes with
20 wt% KOH, pure 5 wt% TMAH and mixture of 5 wt%
TMAH and 34 g/1 silicic acid. The result of this study show
in figure 2 by used SEM with 10,000 times magnify.

Fig. 2. The surface of (100) silicon photodetector at 80 °C SEM photograph.
(a) Pure TMAH solution
(b) Mixture of TMAH and silicic acid
(c) KOH solution
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From the analysis with SEM in Fig 2(a) found size of
pyramid base area, pure TMAH equal to 0.60 pm, the
mixture of TMAH and silicic acid equal to 3.88 pm (54.7
degrees of angle) and KOH equal to 4.60 pm (45 degrees of
angle) as shown in figure 2(c) from these result can calculate
with equation (1).

w
h :(E)tanel )

Where h is a pyramid height
W is base of a pyramid
01 is angle from anisotropic etching

From calculated found a mixture of TMAH and silicic
acid provided a height of pyramid about 2.73 pm that more
than KOH about 1 time. This result showed an addition of
silicic acid increased the roughness on a surface of silicon
also raised the density of the pyramid caused by hydrogen
bubble, which produced by the dissociation of water [5].

B. Silicon Etch Rate

The analysis on the surface profilometer found the result
as shown in figure 3. The pure TMAH condition provided
etch rate more than the mixture of TMAH and silicic acid. In
figure 4 shown the etch rate of 20 wt% KOH, which higher
than TMAH solution because the silicic acid will decrease
the etch rate on silicon by lowering the hydroxide ion on
the solution [6] including the bond strength of silicon that
makes a silicon structure difficult to separate.

18 4 =  TMAH pure
® TMAH doped silicic acid
16 4
-
14 4 -
E 124 .
c
8 10 -
H
e ] *
4 o] ©
.
B
44 ° .
2]
0 - T
20 25 30 35 40

Time (min)

Fig. 3. The relationship between a depth of silicon and time after etch by
5 wt% TMAH and mixture.
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Fig. 4. The relationship between a depth of silicon and time after etch by
20 wt% KOH and 5 wt% TMAH.
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C. Aluminum Etching Analysis

From considered in figure 5 found the aluminum layer
that etched with KOH and pure TMAH in 30 minutes and
the mixture of TMAH and silicic acid in 1 hour, provided
the aluminum etch rate 2.6 pm/min, 1.9 pm/min and
0.0023 pm/min respectively.

30

28 4

26

14 4

124

Etch rate aluminum (pm/min)

10,4
0.002 5
0001

0.000

TMAH dope:i silicic acid KOH
Etching solutions

T
TMAH pure

Fig. 5. The relationship between aluminum etch rate and etchant.

From the experiment found the mixture has the lowest
etch rate than pure TMAH about 800 times because of
the silicic is acid, in case of a combine with hydroxide of
TMAH, there would be decrease hydroxide ion and lowering
alkaline in TMAH and falling the aluminum etch rate to less
than pure TMAH and KOH that has pH >13 [7,8].

TABLEI
THE COMPARISON OF PHYSICALS AND CONDITIONS
Silicon ~ Aluminum Silicon
etchrate  etchrate roughness CMOS
Etchant (um/min):  (um/min): (m): Comp:
TMAH pure 0.68 19 042 Yes
TMAH doped 0.15 0.0023 2,93 Yes
silicic acid
KOH 118 26 234 No

In table 1 found the pure TMAH was not left alkaline ion
or contaminate that different to KOH, this solution left
the potassium ion (positive ion) [9] on the surface on
material even though it has no effect to etching but the ion of
potassium decrease the electrical performance that no need
on the integrated circuit fabrication process.

D. I-V characteristics of photodetectors during non-
illuminated
This experiment has biased the photodetector with -10 V
to 10 V (DC) to provide the I-V characteristics of
photodetectors. From the results found the planar (MSM)
structure and UMSM structure with 10 V biased as shown in
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figure 6. The lowest dark current was (MSM) and UMSM
etched with KOH gave highest, which more than etched
by mixture (TMAH-+silicic acid) about 1.1 times. The dark
current of KOH came with the potassium ion on the surface
of silicon after done etch process.

® MSM 6
A UMSM TMAH pure
W UMSM TMAH doped silicic acid 5
¥ UMSM KOH 4
-
; 2
. 1111111
§ R RS
S . T T T T T
s (BT C o0 0 0 o
o 2

Dark Current (A)

Fig. 6. The electrical characteristics of planar and UMSM photodetectors on
non-illuminated.

E. I-V characteristics of photodetectors during

illuminated

In this experiment present the light respomsibility of
photodetectors by illuminate the structure with 25,000 lux
and biased with 0 V to 10 V (DC) as shown in figure 7. The
results found the planar (MSM) provide a photocurrent
equal to 23.9 pA and UMSM structure, which etched by
pure TMAH, KOH and mixture obtained 42.5 pA, 50.8 pA
and 64.1 pA respectively. The photocurrent of photodetector
that etched with mixture more than etched with KOH
because the density of random pyramid and surface
roughness of silicon improve the light detecting area of
a photodetector. This result shown the big pyramid provide
the light reflection lower than small pyramid that takes many
effects to light absorption and photocurrent and controls
the transducing performance of a photodetector.
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Fig. 7. IV of planar and UMSM photodetector on illuminated with
25,000 lux.
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IV. CoNcLUsION

This paper purpose the silicon surface etching to provide
the biggest random pyramid structure and studies on
the aluminum layer etching also silicon etch rate to fabricate
the UMSM photodetector on Al/n-Si/Al by using potassium
hydroxide (KOH) Tetramethylammonium hydroxide
(TMAH) with additional of silicic acid. The results found on
5 wt% TMAH with 34 g/l silicic acid obtained the roughness
height about 2.73 pum and aluminum etch rate about
0.0023 pm/min. The highest silicon etch rate about
1.18 pm/min by etched with 20 wt% KOH. From the results
of electrical characteristics on unilluminated, the dark
current was high and illuminated the photocurrent varied
with the light intensity that shown the fabricated
photodetector can response the light. This paper was
the starting point for research and development also
optimized performance of the photodetector in the future.
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