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THIRD GENERATION SOLAR CELL/SILICON POWDER/ZINC OXIDE DOPED

BISMUTH/LOW COST

In this research, silicon ink compositing of silicon powder and zinc oxide
solution has been formulated and spin-coated on quartz and n/p-Si substrates. Silicon
powder was prepared from waste silicon wafers as a raw material through a zirconia
ball milling technique. Si dots thin films with varying Si‘powder densities from 0 — 0.2
g in zinc oxide doped bismuth sol-gel 2 ml were sintered at 550°C under the
atmosphere. In order to enhance blue-light absorption, the thin film as a top-addition
layer is able to be the highly promising layer for photo-generating carrier in third-
generation photovoltaics. X-ray diffraction and scanning  electron microscopy
techniques have been employed for the presence of silicon and zinc oxide nano-
crystallites. The Si dots thin films consist of different nanocrystal sizes of large Si
nanocrystals (64 nm - 155 nm) and spherical ZnO:Bi nanocrystal (18 nm — 25 nm). UV-
VIS-NIR Spectrophometer can obtain an evidence of band gap enlargement of the Si
dots films. The band gaps of the thin films were tunable by adjusting silicon dots density
in ZnO:Bi film. Energy upshift of light absorption edge depended on the silicon dots
density has been observed in the range 1.6-3.3 eV related band gap enlargement by

Tauc plot. Under illumination measurement, high photocurrent gain of the thin film



comprised of low Si dots density to be coated on a quartz substrate is given by ~ 10
times compared with its dark current. This result is agreeably explained in terms of its
lower superficial trap states at the interface between silicon and zinc oxide matrix.
This work fabricated the Si dots solar cell as a third-generation solar cell for a
top-additional layer. The efficiency improvement of Si dots solar cell is by 2.17%
compared with a typical crystalline p/n-Si solar cell. Economic analysis was indicated
that the production cost of Si dots solar cell is cheaper than that of typical Si solar cell

by 0.6%. Thus, Si dots solar cell is very promising for the further high efficiency solar

cell.
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Crystal momentum: p
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a o Ay ya o 1 o o = o a A 9 v A
\1']1!’]%‘(’11!1@%’?]5131’?11!%’]\114% 25 - 65 ﬂ’JHJﬁ%LEJEJﬂGluﬂﬁﬁLLﬂu 0.005" e1© 3 IUIN AYIIT
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PAENUANNYIINAU 1.5418 A wamiammﬂﬂugﬂm 35 “V‘I‘]J’J"Iqﬁj‘IJLL‘U‘iJf‘lﬁL’de’JL‘ULlGIJfNiﬁﬁ
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T
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T
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anuduvosdyauiivoyasglunianuin a.2 Fedwsnhnnuduvesdyaudl
W15 10glugiue Relative intensity (RI) ¥9352110 (111) (220) nag (311) au

ANUFURUS JUauMIN 3.1 3.2 1ag 3.3 MU AL

|
— 111
Rlyyy =t G.1)
111 + 220 + 311

|
_ 220
Rl =1 —— 2 (3.2)
111 + 220 + 311
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I
311
Rl,, = (3.3)
la + logo + Loy

~

IR Ao ANuNveIFyanuNTZIIL (111)
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~
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0 A9 ANV WIUNTEUIY (220)
A 9 [ d'
l;; A9 ANUAWNVIIAYYIUNTEUIL (311)
dyw 1 dy v a o aa A a 49!
UONNUTINYNFUHVUMSRENVUVDITITONFYDINITANDUNHAAUYUAT
o . ya o
NUNIATIIU National Bureau of Standards (Hubbard, C.R. HAZAUSHIVY i .71 1975) Uagn I
(% 1 g Y an { a 1 an A
AUNLIEE@Y JCPDS 00-027-1402 19% 1dNHIFaA0 UNHAADINUHUT AR UNITO LT NN
I I o e 2 A =2 I . . =~ .
WuraniawReINY Bulk silicon ¥93 Iasawantuuuy Simple cubic azdl Crystal lattice a b

1 v o = 1 L o d‘
UAE ¢ IMNU 5.430 A sl o ﬂ uag y minu 90 Llﬁﬂﬂiugﬂﬂ 3.6

a=b=cAnda==y=90°
317 3.6 TasaNanNUUY Simple cubic VOIKITANDY

1 v o J
Iﬂi\‘lNﬁﬂlL‘U‘U Simple cubic @150 1M1 Crystal lattice ATNAINTNWUTLUTAI

luaumsn 3.4

1 h?+k®+1? .
dhz,k,l az ‘

Tag a A9 Crystal lattice YVOIRITANDY [A]
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*

n° A aeuMIazNou NAUNINY 1

1NN1TH1 Crystal lattice YO INIFTAAOU 9910150 UINIATUINTIA
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™
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A ' a 4 =KX A . a A = 1

C, B AT IIADS IATINan (c-lattice parameter) YOINIFAAOUN LU T
= é a F2= % . S 1 [ % o
ANUATIAFINNTU THTA NN Crystal lattice UAUNINY 5.430 A

A 1 a 4 =K A . aa
c Ao AMITIUAOT IATINANT (c-lattice parameter) UBINIHANDY

{ @ 1< 4 aa 1o &
mu%’agagmmumnﬁmmummsqamﬂmmwwaﬂauﬁmuu GRERER]

andmuariviiaueansunan luugaz seauu laaleanms Scherrer taadluaunisn 3.7

*

k' A
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* A 1 tﬂ‘dy (4 ' =KX A " v
k Ao MAINUUNUFUINVOIHANTANNIND 0.9
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A Ao anueMAauYeITIdIONG (1.54184)

B f® Full width at half maximum (FWHM)

Eﬂ'lﬂﬂTiﬁ"lu’Jﬂ!GluﬁiJﬂWi“ﬁ}Nﬁu HENITUURMILTEUIVIAY (111) 1199

agddoyasumzlaluaisied 3.1

~ 1 a S A 9 a 4 A A
I NN 3.1 ﬂ'I‘W'li1hlﬁ@5ﬂul@ﬂ1ﬂﬂ1ﬁﬂlﬂ51$’Vi XRD W TUURWIZISUIU (111)

FWHM Relative intensity 260 d d bkl a

822

) (111) | (220) | (311) ) (nm) (A) (A)

Si powder 0.073 0.579 | 0.280 | 0.141 | 28.474 112.4 3.135 5429 | -1.35x107

v Y
919A15199 3.1 52110 (111) UA1 Relative intensity ¥1ANIN 57% LNBDIAY
< ' aa = Y 1w
Lﬂuizummummm%aﬂﬂu Llagll"llu'lﬂl,ﬂﬁuﬁ\lﬁﬂﬂ/nﬂﬂ 112.4 nmllagﬁﬂﬂ'lﬂlﬂ%ﬂﬂlﬂ']ﬂﬂ -

DR ~ Ay Y1 & v e a . . aa
1.35%10° @amanuasean lauauilu (-) Ue¥dIn1510a Compression Strain JUNIFAADY

32 Wdnadaneuaenlumn3nddanesn laa
TunszuiumInanilduueganeuaenluuaindainoon loa eunsarinldvaeds

%Y Radio frequency (Rf) sputtering, Thermal evaporation, Pause laser ablation, lon implantation

1182 Plasma enhanced chemical vapor deposition (PECVD) 15udu Tunszuiumsaanarnily

Ay o 9 Aaa A a S a o aa
ﬂiz‘lj’mﬂﬁﬂﬁmmﬁﬁliz’U“Uqq‘JﬂJWﬂ1ﬁLLaﬂﬂfqmwgnwguwawamﬂuﬂaamw FANDUADN

Y 1
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an R Aaa A a J S @ afé) Y as
Gﬂﬁﬂﬁ]uﬂ@ﬂﬂ'lﬂ'ﬂllﬂclfﬁﬂaUﬂEJiJIWﬁ‘VIGluﬁ"l‘iﬁ%ﬁ'lfl“]ﬂﬂaaﬂi%@ﬂﬁdlﬂi'l%ﬁﬂlu@ﬁ]ﬂ’)ﬁﬂWi

&

= anAA Y a Ao A 1o & 9 '
ma@mmuwummm mgﬂm‘ﬁmmunumiwawmgumﬂm”lmuﬂummagiuazuu
A aa a a Ja o JA A o
quamenag lildguugings Teeniindanouaon Tnanluwasndgagfoon ladidotdain
a 4 o a [y a| d { [ a
sznoudisadanouazaIsazalssinoon laatain davuianlandsnnmanan'ld
o a 4 1
M nszinmaIaseade manaatazma el
a =K Aaa a a d d A A LY
321 msHaaniingansunanInanasazaelsznoudnoan lraeaiin
=R aa a a Ja o JA a @ ..
niunganounouInanlumnasndsanoon leadatiaiin (Siink) #14150
] S ¥YY = I = = [ 4
Fuasizd laaronszuuns Isa-a sudunszurumamanduuunialumsdunsiev
s o S .. v a ¢ a
msazasdsznovsen lsannizaeduuasaases Siink Usznouaie Fanezmanlals

< Y v a J J an
130 (ZnAc, Zn-(CH,C00),+2H,0), 99.5%) 1ua1iaiduvessnoon loq tohiaulnanea
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=\ Y A [ =

(EG, CH,0HCH,OH, 99.5%) uvu1n¥2elunisiiazale Tulueniuoatolu (MEA,

= 9y A Y . a = a o .

NH,C,H,0H, 99%) 1+ 1% Solution thanduates dasinluasamuas laasa (Bi,

. I a Y] a a

Bi(NO,), -5H,0, 98%) 1#1fluasteszasudain wia laswianen TuienTu'lud (CTAB,

I 2K A a ~ 9 ~ yar o a o Aa

C,,H,,BrN, 96%) 1Humsaaussasiiviialszquanivinnldiduniaunanisnszaieaing

9 Aa Y a d

AATRALANS 1INAIMTNVOINANLN

TUATLUIUMTTUATIZY Siink (SUAUIINITaZa18815 MEA Bi llag CTAB

v ' A o q ¥ o 1 & A q 9 ' o 7 ¥
38 EG ﬂ@uL‘Ll’0\1Fﬂ'lﬂ‘VI'ISlfVT?mf!'ﬂ\1ﬂaTJLﬂ‘LlsU'ENLWa'JLWE]GlWQWﬂﬁ@ﬂWiﬁ\uﬂi'l&’W FTMNUUUI

'
A o 1

ZnAc HaudFUmIaza1n MEA inavegiy EG 1¥Tanumdudu 0.7 M Tasfidadiuues
ZnAc : MEA 1 1 ¢ 1 nauansazansii 80° ifunan 10 1w smbu@u Bi e ldsudes
AzoLABUVY Bi lUa@15a2a18IMIND 0.2at% LAINIUEITALA18DN 60 IR MITIAN CTAB
1¥5%00az Taoiimin CTAB (weight percent, wt%) TU&1582A181910U 0.3 wt% UAINIU
159201090 30 U9 wé’ammi"uﬁmﬁﬁmmazmﬂﬁqmwgﬁﬁ’mmu 24§13 dnsazay
Tora-oaii 16z 1T d simsswuniton lvamFanumsdanen 1§un 0 ¢ 0.01 £0.03 g0.05 g
0.08 g 0.085 0.09 g 0.095 g 0.1 g 0.13 ¢ 0.15 g 0.18 g Az 0.2 g A TUHANATAzA8 T 5A-198

a J

A a o N © Y Y A v v a A
‘ﬁ)’\‘]ﬂ'ﬂ'ﬂﬂll“]fﬂﬁ]ﬂﬂﬁﬂﬂ (ZnO:Bi) NUIU 2ml Lm')ﬂ')u@')ﬂmﬁ@ﬁ@ﬁ@]ﬁ'ﬂ"]ﬂ!ﬂu']u 10 HIN Si ink
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A o 9 Z}, a A A a Y = A
ﬂﬁﬁ!ﬂﬁz‘ﬁ“lﬂLLﬁ@QﬂJ‘H@@HﬂWWﬂﬂjugﬂﬂ 3.7 fﬂiazaﬁﬂﬂmiﬂﬂhlﬂllﬁﬂﬁﬂiNTm(luﬁﬁNﬂ
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| | 1 1

1. Input ZnAc+MEA+EG 2. Stirring at 80°C for 10 min 3. Adding Bi 4. Stirring for 60 min 5. Adding CTAB
ZnO sol-gel 8

Ultrasonic
K == A = = { U E =
[ 1 I 1 Si powder 3 >

6. Stirring for 30 min 7. Soaking for 24 hours 8. Mix ZnO sol-gel 9. Shaking for 10 min
and Si powder ;

= = ..
3UN 3.7 UHUMWMTIATIY Si ink
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A = a J¢ JA a @
#13719N 3.2 IEEJT'L?L!ﬂTiWIﬁfJiJﬁ']ﬁﬁgiﬂ‘(’ﬂ“ﬁa-L%ﬁ“ﬁﬂﬂﬂﬂﬂqcﬁﬂ!%’ﬂﬂﬁu‘ﬂ

msazans
ZnAc
EG + MEA EG+ Bi EG+ CTAB
msazateiason'ld . .
i ) 16383 MEA . , | 19580 CTAB
Mo U1K wsew Bivmin |,
5 Y3105 4.234 ml , - | Hminossg
asazane lva-1a - . 0.619 g UAUAY R
y » ududn G W14 . ududn EG W14
Fanoon LA EG 1714 10 ml
- W 100 ml 10 ml
fenin
Snamsdunsey
386¢g 20 ml 0.28 ml 2.06 ml
25 ml

322 mswaailauusFunasdaneuaenluuninddneen leaeiaiin
Tumswaafldauuniunasdanouaon (Sidots) Tumnindsedoon ladide
i (zn0:Bi) ¥30iond1 au 195 unas Sidots 10 Si ink naaaluzii 3.8 181Finadia
MIAROUIULYYLINIB (Spin coating technique) VUUHUAIOATULIA 2.5 x 2.5 cm’ ABUANS
Indoudearinuds oAU IUAIBHENMT RCA 1aziim31adon Siink HULVUKGES
dreAnuiEsen 2,500 seudei wiw 30 Tuf viniuhnsenRuRsdregaai 200°

v Y 9
WU 30 W AeBATIMSANTUVRIgUHAN 1°C/1 i 1w iagungligaudloudae

QU

a o o 2 2 a ~ 1 a
gl 550°C 111 2 92113 AIWEATIMSNBIUVEIQAUNYL 1°C/1 117 udasgilarsvosilay

V14 (Si dots) Tuz1lin 3.9

Speed 2300 rpm at 30 sec

Bake at 200°C for 30 min Annesl at 330°C in M- for 2 hr
Sid i1 Zni B Ao :
1 dots m Ltk Rate: 1°C/1min Rate: 1°C/1min

Chaartz /_ 7 $ MEMMERT $ FURNACE
L

OVEN

= a aJd o
Eﬂﬂ 3.8 UAUMWNMTHAANANVINTULES Si dots 911 Si ink
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Brukerllﬁﬂﬂﬂaﬂ’]i')ﬂﬂlugﬂ'ﬂ 3.11 RIHaNUNWANUIN ZnO:Bi Uanurulszuimumas 96
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nm UANTAUWANLINS VLAY Si dots 1“@%1&!@1\1‘]‘JJiJﬂ’NiJ‘HquE‘]EJ@NLWI 145 - 215 nm
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wa A 9 ald a <Y a dy v A 4
AANTMFIATIAI 19N AU TIZHABNATIANTDSIUUVOITITONE
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A 18 o y A ~ 1A a aa
ueraeluzda 3.12 wu Aawuie zno:Bi Weu i lulimsiaumedanou (0 g) Usingmmiz
a 4 o [ % A o ]
YOAUDIHANTIAODN |FAFITOANADINUNUNNIBIAY JCPDS 36-1451 NAMUUIYY 31.75°
o o [ o W 1 gd = a
34.42° 11ag 36.23" @39NUILUIU (100) (002) uag (101) Mua1nl 19%041ATINANVDIFIRBDN
I 9 = .o Y o 1 a o
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4 . a X ' Y Y1 a . . Y .
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ar d [ 4 a § aa 1 1
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Ao ' o ° ° 2 A Y v
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(220)

(311) 0.29 in ZnO:Bi
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e 0.18g in ZnO:Bi

I 0.15g in ZnO:Bi
N 0.13g in ZnO:Bi
— e M,
C
-}
o]
O 0.1gin ZnO:Bi
WA el /l A
JL 0.095g in ZnO:Bi
SN
B A 0.09g in ZnO:Bi
| 0.085g in ZnO:Bi
e
jL 0.08g in ZnO:Bi
2\ NN
0.05g in ZnO:Bi
-
| 1€l 0.03g in ZnO:Bi
0.01g in ZnO:Bi
(100) (002)(101) ZnO:Bi
25 30 35 40 45 50 55 60 65
2 theta (degree)

= o 2 o Al Ao o .
qﬁlﬂ‘ﬂ 3.12 Waﬂ’]i')ﬂﬂ’]iL'ﬁﬂﬁlﬂum@ﬁiﬁﬁlf]ﬂ‘ﬂf"uﬂﬁT\lailﬂ'l\‘ﬁ‘ﬂllﬁ\‘] Si dots

9103109 3.12 d1NUIEPAYDY SiHaA K UIGOAUDI ZnO:Bi A 11150

w151 1¥eglugilues Relative intensity Ingdioyavosnnuiuvosdygimoglunianuan
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o (2 = . A a A
.2 FINITUNAN SiNTEUIY (111) (220) 1ag (311) WINTHINFUNITN 3.1, 3.2 uay 3.3
AUAIAY HAZ AU UNANUDY ZnO:Bi NTUNANNITN 3.8, 3.9 1AL 3.10 AUAIAY HFIKA

msmuuaadluasan 3.3

|
— 100
Rlygy = —— 20— (3.8)
100 + 002 + 101

|
_ 002
Rl = (3.9)
100 + 002 + 101

I
Rl = 101 (3.10)
IlOO + I002 + I101

A A 9 o A
Tagh 1, A9 ANUTNYEITRYYIUNTEUI (100)

v
=1

lyy A9 ANMIANVBIFYRINUNTZUI (002)

l,, Ao AnuiNvesdynMNTZUIY (101)

91NA1519% 3.3 WU Relative intensity ¥99 Si dots HANUAsULYaI NIV
M9 Si TaaNszuUveIEanauszuILAY (111) A1 Relative intensity IA1GININNIIRIFAADY
HaziAININNI1 70% v NTEUID (220) 1ag (311) WA Relative intensity anad1ioand

[} [ . 2 . a J J e P aa Aa A
20% uaz 115D Relative intensity Y9954 990 lwa WU Hawv19Tanauasn NI UM
Aaa U T W 1 " aJd
FANUTPINIHT 0NN 0.08 g A1 Relative intensity Y4511V (002) ¥10ANHA NV
. d‘t: s aa d‘d aan d‘ 1 = . . .
ZnO:Bi TuvaznWanusdanouaennUUs amIganaunuINNM 0.08g U Relative intensity
" d yw o o

VY9I5EUIV (002) HoanNWANLIN ZnO:Bi HBNIAUFITINITIAIUIVHIVUIAVOINEN

g aa a J¢ J { o {
“I/NGU’ENG]YQﬂ@ullﬁ$ﬂﬂﬂcﬁﬂﬂﬂﬂﬂ1%@ﬂ1ﬂﬁhfﬂi‘ﬁ 3.7 uﬁmwamimu’gmiumiwﬁ 34



{ o 1 . . . ad o .
A1519% 3.3 MUKHUITZUIVLAE Relative intensity VoIV ULLa Si dots

AHUITZUIL / Relative Intensity

dou'ly FLUNVDITANDY FLUNVDIFIADON JyA
111 220 311 100 002 101
ZnO:Bi - - - 31.90°/0.263 34.55°/0.382 36.33°/0.355
0.01g in ZnO:Bi 28.59°/ 1 - - 31.90°/0.222 34.62°/0.553 36.35°/0.225

0.03g in ZnO:Bi

28.57°/0.840

47.42°70.160

31.91°/0.241

34.62°/0.484

36.40°/0.275

0.05g in ZnO:Bi

28.60°/0.805

47.47°10.195

31.73°/0.273

34.60°/0.390

36.58°/0.337

0.08g in ZnO:Bi

28.56°/0.721

47.42°10.175

56.24°/0.104

31.75°/0.304

34.59°/0.471

36.30°/0.225

0.085g in ZnO:Bi

28.51°/0.706

47.37°/0.186

56.20°/0.108

31.83°/0.289

34.52°70.333

36.27°710.377

0.09¢g in ZnO:Bi

28.50°/0.759

47.35°/0.161

56.18°/0.080

31.20°/0.283

34.55°/0.343

36.39°/0.375

0.095¢g in ZnO:Bi

28.42°/0.736

47.31°/0.190

56.14°/0.074

31.58°/0.300

34.29°/0.330

36.27°70.370

0.1g in ZnO:Bi 28.53°/0.785 47.40°/0.138 56.21°/0.077 31.91°/0.236 34.53°/0.377 36.35°/0.387
0.13g in ZnO:Bi 28.55°/0.739 47.41°/0.190 56.23°/0.071 31.90°/0.309 34.64°/0.369 36.32°/0.322
0.15g in ZnO:Bi 28.54°/0.761 47.40°70.168 56.22°/0.071 31.72°/0.320 34.48°/0.314 36.43°/0.366
0.18g in ZnO:Bi 28.54°/0.734 47.40°/0.193 56.22°/0.074 31.87°/0.382 34.37°/0.357 36.23°/0.261
0.2g in ZnO:Bi 28.55°/0.768 47.41°/0.164 56.23°/0.068 31.96°/0.379 34.41°/0.334 36.16°/0.287

Si powder

28.47°70.579

47.33°/0.280

56.15°/0.141

8¢
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A1519% 3.4 FWHM L!agWaﬂ']‘iﬂ']u')ﬂ!‘lllﬂﬂWﬁﬂ‘ll@\?“l"lall‘UNi‘Ullﬁﬂ Si dots

qou'ly

FWHM / ¥U19N3 R

FLUIVVDIFANOU

a 4 4
FLUNUVOIFIA 0N Lye

111

220

311

100

002

101

Zn0O:Bi

0.575°/ 14.4 nm

0.441°/18.9 nm

0.594°/ 14.1 nm

0.01g in ZnO:Bi

0.127°/ 64.6 nm

0.549°/15.1 nm

0.337°/24.7 nm

0.629°/13.3 nm

0.03g in ZnO:Bi

0.080°/ 103 nm

0.088°/98.7 nm

0.535°/15.5 nm

0.332°/25.1 nm

0.623°/13.4 nm

0.05g in ZnO:Bi

0.072°/ 114 nm

0.086°/ 101 nm

0.574°/ 14.4 nm

0.383°/21.7 nm

0.610°/13.7 nm

0.08g in ZnO:Bi

0.069°/ 119 nm

0.077°/ 113 nm

0.079°/ 114 nm

0.526°/15.7 nm

0.367°/22.7 nm

0.594°/ 14.1 nm

0.085g in ZnO:Bi

0.069°/ 119 nm

0.061°/ 142 nm

0.064°/ 141 nm

0.553°/14.9 nm

0.374°/22.3 nm

0.563°/14.9 nm

0.09¢g in ZnO:Bi

0.066°/ 124 nm

0.066°/ 132 nm

0.079°/ 114 nm

0.598°/13.8 nm

0.413°/20.2 nm

0.583°/14.4 nm

0.095¢g in ZnO:Bi

0.065°/ 126 nm

0.067°/ 130 nm

0.080°/ 113 nm

0.567°/ 14.6 nm

0.377°/22.1 nm

0.575°/ 14.5 nm

0.1g in ZnO:Bi

0.065° /126 nm

0.072°/ 121 nm

0.076° /119 nm

0.574°/ 14.4 nm

0.387°/21.5 nm

0.570°/14.7 nm

0.13g in ZnO:Bi

0.061°/134 nm

0.064° /136 nm

0.066° /137 nm

0.523°/15.8 nm

0.387°/21.5 nm

0.546°/15.3 nm

0.15g in ZnO:Bi

0.059°/ 139 nm

0.068° /128 nm

0.069°/ 131 nm

0.573°/ 14.4 nm

0.403°/20.7 nm

0.542°/15.4 nm

0.18g in ZnO:Bi

0.057°/ 144 nm

0.057°/152 nm

0.067°/135 nm

0.596°/13.9 nm

0.411°/20.2 nm

0.565°/14.8 nm

0.2g in ZnO:Bi

0.053°/ 155 nm

0.056°/ 155 nm

0.070°/ 129 nm

0.391°/21.2 nm

0.444°/ 18.7 nm

0.542°/15.4 nm
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{ (=S % { =Y Aana [
NNA19N 3.4 WUNTANVTULES Si dots TSI VRIFAADUMIND 0.01g
] H a o o { a Aaa
vz luidsingeoafiszuy (220) uaz (311) wazWanu195 Ve Si dots NNUTMIUHITANOU
[ Y 1 d‘ 4' a1 d =1 an d'
AL 0.03 g 0.05 g 92 hidsingeeaiszuy G11) esnnflauuedidsunavesmdanoud
Y 1 Y (% 1 d‘ 1 1 1 1 da! ) [ =R AaAa
dosdawaldvoaszurvainanilulsszuuau lidsingiu dmsvvuavesndandanou
1 a1 d @ . A4 & an = X = aAa [
WU WaNV1a5uuaa Si dots NUUFTMIUMITAADUANINUYY VUIANANVDITLUIUFAADUNA
~ ~ lg ] dyd I = aa ~ 49! [ 3 ) o
dwsznvazlvuanlvavu Usstsnnuilunanvesganouuiniu edne lsnawdmsy
= a o P oA A g ' =< a < P @
NANVYDIFIAD0N 1AL NU I NI (002) NI UTLUNVAUYDINANTIADDN 1A WAUV15L
. A aa ~ d? =KX A Y A 1 dyd
L& Si dots NHUTVIURIFAADUNLINIUIN 0.01 g — 0.2 ¢ VUIARANTILUI I NNaAa VIFD
I~ a J P X 1 1 ~ {
anuilundnuessanoon lsantiosasiaorndinalinima Inidnul Tduntesas
a| d a| @ [ aa
Wduuralanunasunag Sidots aaaaiullsznovuved InsinanuoIsanou
=* a 4 4 =< aa A A = . .
nazInsaNanvessaneen loa laslAsananvosFanou Ny InTINANUULY Simple cubic
v = =\ [ v J
#1115011A1 Crystal lattice LALANIATIAATMLUANUTYDITLUIY (111) MUANUTUHUT

4 v 1 % 9} (] {
Tuaums 3.4 vaz 3.6 #41dna1n lludr luiae 3.1.3 TaeuaainamsmuInas N 3.4

A a J = LA ad o .
M13197 3.5 WTA0T 1ATINANYDY Si NTEUI (111) Tudanunesuue Si dots

dou'la dh,k,l (A) a(d) €5
Zn0O:Bi - - -
0.01g in ZnO:Bi 3.122 5.407 -4.3%10"
0.03g in ZnO:Bi 3.124 5412 -3.36x10"
0.05g in ZnO:Bi 3.121 5.406 -4.60x10"
0.08¢ in ZnO:Bi 3.125 5.413 -3.13x10"
0.085g in ZnO:Bi 3.130 5.422 -1.44x10"
0.09g in ZnO:Bi 3.132 5.425 -8.91x10”
0.095g in ZnO:Bi 3.137 5.434 6.56x10"
0.1g in ZnO:Bi 3.129 5.419 -1.95x10"
0.13g in ZnO:Bi 3.127 5.415 2.67%10"
0.15g in ZnO:Bi 3.127 5.417 -2.40x10"
0.18¢ in ZnO:Bi 3.128 5.417 -2.33x10"
0.2g in ZnO:Bi 3.126 5.415 -2.78x10"




61

= VA d o . A A an g '

9109135199 3.5 NUNASWU19SUuas Sidots Tu@ou luniinaFaneudaua

0.01g 4 0.09¢ LAAIAIANNIATHALVUNA (Compression strain) LA130U 1y 0.095¢ A
= = . . ' ] o o A A a aa ~ '

ANUIATBALVVA (Tension strain) 8813 15naudmTuRen lvnlimsdumsansunuinnn

. A A Y = g’; o Y ~ =

0.095g AUB1IUDY Crystal lattice a 9 VAN BIAINIDNATI 1 IHAINNWATIATAIAAA S
1 Y a 1 = [ = g}z o [ = d‘d 9

dawalinannnuassand U lugduunadnase uazdmsulasanan zno NN TATIAI

HANLUUUULY Hexagonal Wurtzite teraa1ugali 3.13 148198991n911330v04 Hadis, M. 11ag
Y o 2 a 9 = a < s Aa . v

ANZRIVY 2009 F90T U8 TATIAT1NHANVDITIAOON loA NI Crystal lattice ¢ 1AL a 111N

5.207 A e 3.250 A

/
®
09

®

le
<

317 3.13 TA5anANUUY Hexagonal wurtzite Y83 ZnO
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TASINANUYY Hexagonal wurtzite #14150H 1A Crystal lattice 013

anuFiusuaasluaumsi 3.1 tazausauaasmniweiaee Tumsied 3.6

Tasd  a

C A9 Crystal lattice c YBIWANVITULLAA Si dots [A]

dh,k,l =

1

J

2 2 2
40" +K°+hk) 1”

3a’

c

2

A9 Crystal lattice a Y9IWaNV15 VLA Si dots [A]

hkl A9 @umUaveIszuIuNNITaae (10 0) uaz (00 2)

dyy, A9 szEzrRTEINITUI (hK])

(3.11)

A A s = = a7 o .
AT NN 3.6 W"IiuJ!@'l’f)in"lﬁx‘lNﬁﬂsUﬂﬂ Zn0O N32U1U (100) Lag (002) GUENV‘IaNUNﬁJLLﬁQ Si dots

52111 (100) 52U (002)
dou'ly dp a d c g,
(A) (A) (A) (A)
ZnO:Bi 2.805 3.239 2.596 5.192 -2.913x10"
0.01g in ZnO:Bi 2.805 3.239 2.591 5.181 -4.951x10"
0.03g in ZnO:Bi 2.804 3.238 2.591 5.182 -4.812x10"
0.05g in ZnO:Bi 2.820 3.256 2.592 5.184 -4.442x10"
0.08g in ZnO:Bi 2.819 3.255 2.593 5.187 -3.892x10"
0.085g in ZnO:Bi 2.812 3.246 2.598 5.196 -2.185%10"
0.09¢g in ZnO:Bi 2.866 3.310 2.596 5.192 -2.885%10"
0.095g in ZnO:Bi 2.833 3.271 2.615 5.229 4.332x10"
0.1g in ZnO:Bi 2.805 3.238 2.597 5.195 -2.382x10"
0.13g in ZnO:Bi 2.806 3.240 2.590 5.179 -5.341x10"
0.15g in ZnO:Bi 2.821 3.257 2.601 5.202 -9.228x10”
0.18g in ZnO:Bi 2.808 3.242 2.609 5.218 2.036x10"
0.2g in ZnO:Bi 2.800 3.233 2.606 5.212 9.916x10"
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= 1V d o . Ay 1aa ana Aa @&

INA1319N 3.6 WUNHANLINTULAS Si dots w”lwuwwaﬂau HaznulIum

aa 9 a A o o . A A A X =

ARTFAADUUDIINAAMAIIAULUNA IUNTENINAULITULAY Si dots VUTIRUHUNVAIUDA

(= = =2 a A 49! =2 S o

0.095g NAVUAIULIATYALUD VA TGEAERISIERTRETRTREETAT N 0.18g uay 0.2gzUANHUL
= =2 a3
ANULATYALTVAIDNATI

325 msiapaauiamdlihvesilanunsSunas si dots

Aax Y A ar d d'

”J‘ﬁmmﬂﬂm’c’flm@WINllWﬂWENWmJ‘UNLL‘U“U Two-probe measurement {INDH
1 o a| d 1% [ g}/ ald [
MAaNuAUNTUNzYBINduL1e dremstlounsaau I Idnuva Tanzuudduuiadaia
' o o 9 o a| d v Aax [ d‘
anszua T uazihundamanudusunzaeslduu vaaupudsismsialugla
3.14 1/52noUM01AT 09 Electrometer UDIUFTHN Keithley 51 2400 1Az 52U Labview 114911730
zg Y o ] = 1 A = [ g’/ ~
ildhmsnaaeseg 2 ane Aednnzaiuazanngia Fadounssan luihuuii Tangy
I a 2 1 =< ks [ o o 9 Y
WuTanzSudaa —10v o 10V nduiinisianszud lddagihideyasenuidae

@ Y] o 1 [

T1sunsu LABVIEW taaaniianudunusszrnanszua lihuazusaau T av-curve)

lugi 3.15

Electrometer “g'i-l 2400 U5EN Keithley Labview program

HIn
|°’

ZnO:Bi

FUSE QUARTZ

{ o o a d o
gﬂﬁ 3.14 UNURNINITIALDY Two-probe measurement VoIV VLA Si dots
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1.2x10°
1 Current (A)

1.0x10° T

H o ©
o O O
X X X
_
o < <
~ ~ ~
1 1 1
1 1 1

[
uuuuuuuu 00 == Voltage (V)
-10 -9 3 2 3 456 7 8 910
D (3 —&— ZnO:Bi
—&—0.01g in ZnO:Bi
—=&— 0.03g in ZnO:Bi
| —m— 0.05¢g in ZnO:Bi
| m— Dark test —=®— 0.08g in ZnO:Bi

. . —m— 0.085g in ZnO:Bi
LR w i
lllumination test 0.09g in ZnO'Bi

—m— 0.095g in ZnO:Bi

—=—0.1g in ZnO:Bi

—m®— 0.13g in ZnO:Bi
0.15g in ZnO:Bi
0.18g in ZnO:Bi
0.2g in ZnO:Bi

BN

N

X

RN

=
&
f

510 3.15 avwduiussgnaanszua lwiuaz s s Trldhve silduneSunas si dots

=~ o o ' o
10zl 3.15 naludainnuduiussenanszud ldihuazus sau T
a o [ . J Y A o < Y = a
YoIWlauu195 VA Si dots wuIndunsTanvazilduasaFaaangAnssunnusoy
v J A [ o o !
dura Terviuiin (Ohmic contact) MINANHVZYOINT N3 DU INMUIVMIAIANUATUNIY
o J

o N T a d [
Tlath (Resistance, R) HAZANUATUMIUTUNE (Resistivity, p) VAINANLNMUANNAUNUS

uaadluaunsn 3.12 1ag 3.13 AUaIaL

_ 1 (3.12)
Slope
RA
_ A 3.13
P L (3.13)
Jagii R fo anudrmmuliihaeailduung [Q]

4 2 4
slope A9 ANUFUVDINTIN [AV']

o a Jd
Jo, A9 ANUAUMUTUNIZVOIW ANV [Qem]
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-4 { o 1 1 1 1w 1 4
A fe wuinrhaannszud Il lvasulinumiuduriugudnaisues
g [ a d
17 Tavne (D) g AUANNHUIVOINANUI (1) [em]

9
L A0 5282111952119 Tane [cm]

AaNuruIHunszua 19 (Current density, J) taasluaunish 3.14 uag
[ Y4 1 [ o
aslanuduwusserianurnuiunszua liwazussdu i 0v-Curve) 11y Semi-
A 1 o o . A A A an Y 1
log ttaaalugili 3.16 wanun Wauurasunes si dots TuSoulunTUSuamsdanouaua 0 g
~0.08 g luea1za314Aa Photo-generation 11w anuvuuniuaszua Il lduinnnlu
[l v Y
anziia ldedesFany ualollSinansdanowiiniy wundanumuuiunszua Tl Tu

Taf1les A1 Photo current gain taadnalua15199 3.7

J= (3.14)

Ll
A

Tagh  J  fs anuvuwuunszua Wi [mA/em?]

I feo aszualdih [A]

1 00 T T T T T T T T T
10™ oo o= ZnOBi
i—=®—0.01g in ZnO:Bi
R 1 0-2 { —a— 0.03g in ZnO:Bi
= {—=—0.05g in ZnO:Bi
O 3 ]—=—0.08g in ZnO:Bi
2 107 & 4 —=—0.085¢g in ZnO:Bi
é —a—0.09g in ZnO:Bi
> 1 0-4 —&—0.095g in ZnO:Bi
5 !—=—0.1gin ZnO:Bi
c 5 ]—=—0.13g in ZnO:Bi
3 10 0.15g in ZnO:Bi
e 0.18g in ZnO:Bi
-6 i ‘Bi
® 10 0.2g in ZnO:Bi
—
S
-7
10" ¢ —=— Dark test 3
—0o— lllumination test
1 0_8 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Voltage (V)

317 3.16 anudunuisenianunuiunszua lihuazusedu lihve silduunessunas

U

Si dots
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Resistivity Current density at 6V
5 Photocurrent
Condition (Qcm) (mA/cm)
gainat 6 V
Dark Illumination Dark Illumination
ZnO:Bi 4.33x10° 2.11x10° 1.71x10™ 3.27x10" 1.92x10°
0.01g in ZnO:Bi 5.84x10° 6.37x10° 1.03x10™ 1.02x10" 9.92x10
0.03g in ZnO:Bi 5.20x10° 421x10° 6.22x10° 1.18x10" 1.90x10°
0.05g in ZnO:Bi 4.08x10° 8.64x10° 9.40x10° 5.09%107 5.42x10°
0.08¢ in ZnO:Bi 1.55%10° 8.14x10° 3.00x10™ 5.66%10° 1.88x10'
0.085g in ZnO:Bi | 2.93x10’ 8.87x10" 1.72x10™ 3.27x10™ 1.90x10°
0.09¢ in ZnO:Bi 3.50x10° 1.66x10° 1.39x10™ 3.05%10™ 2.20x10"
0.095g in ZnO:Bi | 5.66x10° 3.47%10° 6.05%10° 9.86x10° 1.63x10°
0.1g in ZnO:Bi 4.59x10° 5.07x10° 6.50x10° 1.01x10™ 1.56x10°
0.13g in ZnO:Bi 1.41x10° 7.30%10° 4.56x10° 7.75%10° 1.70x10°
0.15g in ZnO:Bi 5.02x10° 5.13x10° 9.54x10° 4.13%x10° 4.33x10"
0.18g in ZnO:Bi 5.83x10 6.59%10° 5.16x10° 5.49x10° 1.06x10°
0.2g in ZnO:Bi 6.30x10° 6.42x10° 6.59x10° 2.37x10° 3.60x10”

v
=

~ o a ] . PR 1 = 1
911NA15199 3.7 dwnsasuunau 1S unes Si dots Tailv 2 nqu fie ngui
S A aa Y g’/ 1 1 d‘d aa g}/ J

Hl5naumsanoutios (A 0 g—0.08 g) waznguiilSuunsFane U (AUA 0.085 g -

1 1 I AA A aa Y 1 Y o ISR
0.2 g) Taewu lugnnzainguiilsunamsdanouios manudumusuwmziiaiios

1 A =) g’/ v Y 1 d' 1 A

nluanziia Snnsdsause Tiaanuvnumiunszaa ihnunnnluaanzile uag
Y . ~ = 1 g’./ dy KX a J 4
a1115019%A1 Photo current gain G0N 1,000 111 NatmnnHavesvvz lunanden oonloa

a Y { 1 3 1 o a o 1 g o } o
Relminnasuaussasuddlaiuedsd sildiduursnguilenusoi Il 1dde 145y

pag wagdmsuluangainguindUsnarFanouuin A1ANUAIUNMUTUNIZYINS

9
2 % ! [}

= A g Y A A dg@l 1 A
Lﬂaﬂuuﬂmmaﬂu@ﬂmammuummﬂuﬁm:}zm NN ﬂTﬂ'ﬂﬂJ‘VilﬂLLuuﬂi$Llﬁhl1/\|17\hiﬂ

Y
Ay S

] o . ' v I [
mntieeniteaniziia ¥ 19 Photocurrent gain U108 MatiilumannvnaNuHUIHUYDS

=® A

H 9
Nﬁﬂ%ﬁﬂ@uﬁﬁﬁWH’Juu1ﬂ"lJﬂ"lJ’JNﬂ1iul1’Tﬁall@\1ﬂi$LlﬁulWﬂ1 UONNHUIUNANAVDINITTINA

@ a { a a o W 1 aa a Ja o 7
ﬂﬁ‘]J"ll’E)\‘iW'lWZ’f]ﬁ‘i$ﬁﬂil'3ﬂ!w3ﬁllWﬁi$1’T'J']\1PNG]Saﬂﬂullagmﬁiﬂqﬂqﬂﬂ@ﬂﬂq‘ﬂfﬂ G?\?ﬂéHEJﬂa\i

aA

AU9IUITBUDS Wolkin, MLV. tazamziide (il a.a. 1999) Avvuianandaneuuss SiQDs il
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u1alvgaziianisaniuvesnivedasenuInuidudasenIsdansunaziuasing
7 I R _aa Ao <
poN l¥ANINNNHANTARDUNTVUIAAN
32.6 msiapaaniamanasvesildunesunas Si dots
o v ad [ aa
nnmsianaautianie lihvesildauurssuuas si dots TulSnansdanou
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a

1 A K 9 a a d A Yo o ¥ v 9 dy
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Y

A

o a d 1 [ 1
WmnsAnunaanianuavesilanuenieldnsaeuauesaoudren1g lunsdny
auauianianda1a141n599 UV-VIS-NIR spectrophotometer 34 LAMDA 950 910 U3 5%
PerkinElmer Tumsia'laly Integrating sphere 111U Specular include mode IGRITRER P RRE

NEQHIUYDILAN (%Transmittance: %T) HAZATNTHZNOULAINGU (%Reflectance: %R) 41U

E4 1
v

1] 9
NUITBUTANANNEIAAUALG 1250 nm — 200 nm HANITIAAINITNS QHIUVBIUALAZNIT
zRounauveaaasluglf 3.17 (n) uagglh 3.18 (n) mwdey 910307 3.17 (1) wun
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A A = Vo [ . A4 (A aa = dy !
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§ 75 ——0.01gin ZnO:Bi |

I ——0.03g in ZnO:Bi
g 70 —0.05g in ZnO:Bi |
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g 65 - ——0.085g in ZnOBi
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© 60 ——0.095gin ZnO:Bi
= = 0.1g in ZnO:Bi

55 ——0.13gin ZnO:Bi
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Quartz
15 — Zn0 550/Quartz |
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—— 0.03g 550/Quartz
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13 —— 0.085g 550/Quartz i
—— 0.09g 550/Quartz
12 —— 0.095g 550/Quartz
\ —— 0.1g 550/Quartz
—— 0.13g 550/Quartz
11 —— 0.15g 550/Quartz g
—— 0.18g 550/Quartz ,-’ |
10 ¥ 0.2g 550/Quartz ) i
° /
8 —— e i
7+ i

6 N 1 N 1 N 1 N 1 N 1 N 1 N 1 N 1 N 1 N 1
200 300 400 500 600 700 800 900 1000 1100 1200
wavelength (nm)

(n)
15
—=— 380nm (UV)
14 | —*— 600nm (Visible) _
—4a— 1100nm (IR)
13 + .
12 F =
11 F -
10 |+ .
9 _
8 _
7 - i
6 T T T T T T T T T T T T I T
Z 08 o8 B o8 o8 B o8B o8 o8 o8 B o)
O R ey Ao A ) 7J\o 20070900 0900 o O
001«9 0%9 059 g%% 09% 159‘“01«9 \139 \1590 2230\ 29‘ 1

(V)

ﬂﬁ 3.18 (N) ﬁlﬂﬂ@]illﬂ”lﬂ"liﬁw%@‘ullﬁﬂﬂ’c‘l‘]JVlﬂ’J"IZJEJ"I’Jﬂa‘LMNG] uag (v) MITUUNAINT

a:ﬁ’euumﬂﬁummﬂnﬂﬁuiuﬁﬁ:}a UV VIS uag IR MGQWG‘MUN%ULLEN Si dots

~ [ Y4 1 1 9 v A A
qﬁjﬂ‘lﬂ 3.18 (N) UAAIANUAUNUTICHINAINITHCNOUUAINAUNANUYIIAAU

¥ ' A, < 1 Yy 1 A
A9u@ 1250 nm — 200 nm tifeswumilu 3 $29'18un UV VIS nag IR naaslugli 3.18 (v)



70

VoA A a Jd aa Aa A aa (Y A
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#17IAU UBNNAUAIMITZROULAINTUTIANNTDAATIZH D9A1 % Weight reflectance (% WR)
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‘VI‘]J\“IGB‘ENiﬁ]fJagﬂ'lﬁﬁgﬂ'ﬂuuﬁ\“lﬂa'1_|6U'ENT‘IaiJll'NL‘V]fJ‘]Jﬂ“LIﬁL‘]JﬂG]iZJGU'ENﬂ'N’E]TV]@EJ NnAINUYII
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‘]Jﬁ 3.19 %WR GU’OQV\IMJTJNT]JLL?N Si dots mgmmmmaﬂau 280 - 1250 nm

A ard [ K A A aa A d* S A
913N 3.19 WauueTunad Si dots NUFIFAADUANINAYY TA1 %WR AN
dﬁf = 1 dyd 9 [ Aa o d%l 1 1 < 1 =
YU FeuerdalTnumsdztounainduvoa AN NINIY uarg 1 l5naI A1 %WR i
1 1 v o o o o < ar d [ @ 19
Antosn 10% Favangdmsumsihumlszgna lniuildudoenumsazdounanduldny
J a Y
iraauaIind |4
Aa o Yy o 1 [
1INONA159IUIVBY09 Jacques LP. () a.91. 1997) 1alinisihainisnzguiu
'
YoIUAINATAINITAZROUNA VYDA WA IUIUAITUszANTNITAANAUVDINE

(Absorption coefficient : &) MUANNFUWUT IUauIN 3.15
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4 2p2 2
o JA-R)' +4T?R? ~(1-R)

3.15
t 2TR? (3.15)

A A ' o a £ A -1
Tagh a o ﬂ1’diJ1Ji$’d‘VI‘ﬁﬂﬁf}ﬂﬂauﬂmﬂllﬁﬂ [cm ]

[ 4 .y

R Ao owazmsaziouuasnavvesiduniald
T @
A
A

t

Y
]
9 ' Al A w 9
3] 3@8@3mi‘Vlzqm‘u‘U?NLLZ’NGIJ?NWmJVImllﬂ

1 a o 1 1
9 MANUHUIVEINANL (ulili’JilLLWLlﬂWu) [cm]

H
o
)

é ZIFIOZ'Bi T T T T T T T T T ¥ T T T T T T T T T T ¥ T T T T
F —— 0.01g in ZnO:Bi

| == 0.03g in ZnO:Bi 1
| == 0.05g in ZnO:Bi n
E —— 0.08g in ZnO:Bi
| —— 0.085g in ZnO:Bi

| === 0.09g in ZnO:Bi

| = 0.095g in ZnO:Bi
E——0.1g in ZnO:Bi

| =—— 0.13g in ZnO:Bi

0.15g in ZnO:Bi

0.18g in ZnO:Bi

0.2g in ZnO:Bi
c-Silicon [Green;, 1995]
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o
o

10 1.2 14 16 18 20 22 24 26 28 30 32 34 36 38 4.0
Energy (eV)

A o a £ A a o [ .
319 3.20 dnlszansmsgananve e ayeIdlanLeT e Si dots

1 [ a L{ ad 1Y
1Nz 3.20 uaasdulszAnTnIsgananveaIveIlauLe TN Si dots
" A aa g‘; 1 A A a
TagnuNWANVNNUIFAADUAIN 0 g — 0.08 g HAAIVBLNITAANAUVDIAIDINUTIN 3.5
2 J A Aad A aa 3’, 1 A
—3.4 eV Fuilunauuds UV usigiauuanimadanouaaud 0.085 g— 0.2 g vaunsganau
v A A a = g A .. ' =KX Aaa = =
Yo ldiaounnuinm 1.5 v ¥uilunauuds Visible daunandanouliveunisganau
1A = A 1 o a £ A a o
Yoauaa0gn 1.1 eV Fuunauuad IR mduilszansnmsganauveuaaveslanuiaaiunge
HIHMIAINEIIUFO9919 (Energy band gap, E,) 9101151 530101A2080N15904 Tauc’s plot

MUANUFUWUS luaunIh 3.16
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a(hv)=C(hv—-E )™ (3.16)

Tagh hv  As wasnuIvaeu [eV]
A 1 d' é % ) d-dydl 1 @
C fo smasnvesansnedni lunsaltauniny 1

Hok

n” Ao 1/2,2,32uay 3 elldulinuaniiAnisganauudauuy allowed direct,

allowed indirect, forbidden direct Li8& forbidden indirect 9113 a1y

A A A Yy a J S an =Y [ ~
Taglunsainnasanldidvuededoon laantinasaneu ludSuaaian i

wa A . o < I ~
ﬂmﬁuummi@ﬂﬂauumuuu allowed indirect ﬂmmﬁaum1waamﬂumwmﬁﬂﬂugﬂw

3.21
200 — ZnOBi"T T T
|—— 0.01g in ZnO:Bi
180 ——0.03g in ZnO:Bi
160 — 0.05g in ZnO:Bi
—— 0.08g in ZnO:Bi
140 |—— 0.085g in ZnO:Bi
——0.09g in ZnO:Bi
120 ——0.095g in ZnO:Bi
“ ——0.1g in ZnO:Bi
:3 100 f—— 0.13g in ZnO:Bi
< —— 0.15g in ZnO:Bi
S 80— 0.18g in ZnO:Bi
0.2g in ZnO:Bi
60 - c-Silicon /
40 - //
20 +

0 1 1 1 1 1 1 1 1 1 1 1 1 1
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 4.0
Energy (eV)

A ' ar d o .
317 3.21 mydszanwn £, voaulduunafuias Si dots

A a [ . AA A aa ¥ 1
1719 3.21 WanwraFuua Sidots NUYTWIUMIFAADUATUA 0g — 0.08g
ansalszinun £, Feaeandesnuiffinaveanisganaunaieg luyig 3.3 ev nazd My
a d [ Aa A aa 3’; 1 1A A 1 F)
WanL19FuLas Si dots NUUTINUAITAADUALA 0.085g — 0.2g WUIUNANTLADUAT £, 191
Y K aa A T W ?x’z A 1 o
Inananganeuniia £,mM100 1.1 eV 1agniveunsganauvoauazal £, a1u1satiimn

azlamaaslumsien 3.8
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1 1 1% 1 1 = o Y
A1519% 3.8 Gll’é]‘]Jﬂ'lﬁ@lﬂﬂauﬂl@ﬂllﬁﬂl!a%ﬂﬂmﬂwaQQTH%@Q?TQ%@QW@NUN3‘Ullﬁ'\‘l Si dots

Condition YOUMTYANAUVOIAT (eV) HOUWAINUFDIIN (eV)
ZnO:Bi 3.350 3.325
0.01g in ZnO:Bi 3.345 3.350
0.03g in ZnO:Bi 3.326 3.320
0.05g in ZnO:Bi 3.309 3.300
0.08g in ZnO:Bi 3.326 3.325
0.085g in ZnO:Bi 2.180 2.180
0.09g in ZnO:Bi 2.230 2.230
0.095g in ZnO:Bi 1.950 1.960
0.1g in ZnO:Bi 1.775 1.775
0.13g in ZnO:Bi 1.850 1.850
0.15g in ZnO:Bi 1.580 1.575
0.18g in ZnO:Bi 1.525 1.525
0.2g in ZnO:Bi 1.475 1.475

MIMUIUNIAAB RNV VDA UFIHDU (Complex refractive index, N ) V04

ar d 1T o a Q( A = 9 [ a Q{
Wawung ?ﬂll'liE]W']ﬂ']?fiJ‘]JiZﬁﬂ‘ﬁﬂTi@@ﬂﬁullﬁ\‘] F9senoune ﬁNﬂiZﬁﬂ‘ﬁﬂ'ﬁqm?ﬂﬂﬂlﬁN

1aq (Extinction coefficient, K, ) HagA¥UNNMIAN (Refractive index, N ) MUEAUATN 3.17,

3.18 uag 3.19 MUaINL

N = Ner — ikExt
al
k, =%
Ext 472_

. (nref _1)2 +k

2
Ext

(N +D K

2
Ext

(3.17)

(3.18)

(3.19)
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6 | =——2n0OBi
—— 0.01g in ZnO:Bi
r 1 =——0.03g in ZnO:Bi
5 _| = 0.05g in ZnO:Bi
= 0.08g in ZnO:Bi
1 = 0.085g in ZnO:Bi
——0.09g in ZnO:Bi
— 0.095g in ZnO:Bi
— 0.1g in ZnO:Bi
| —— 0.13g in ZnO:Bi
[—— 0.15g in ZnO:Bi
= 0.18g in ZnO:Bi
0.2g in ZnO:Bi
c-Silicon

Refractive index

1 1 1
200 300 400 500 600 700 800 900 1000 1100 1200
wavelength (nm)

=~ = - = A ¥ v =2 a J @ .
qij‘]J‘ﬂ 3.22 MAYUTNHLAINANVIIAAUALLA 200 D9 1250 nm VOINAWVITULES Si dots
A a d [ . Al v A v Ay 1
iﬂﬂqﬁjﬂ‘ﬂ 3.22 Wduu195uuay Si dots UAMATUWNIMUAINUDINI 2.2 Gl‘L!‘V]ﬂ
1 & A A = A A = R~ v
FINANNYINAU LUDWIITUINAINNYIIAAUN 600 nm ua@ﬂugﬂw 3.23 wuNWanuesue

! ' Y HE) Y
Si dots N wwamumwumnﬁu ﬁﬂWﬁiﬁﬂWﬂ%uWﬂLWL!ﬁﬂJlLu'JI‘f!INTILWNiJ'Iﬂﬁu

3.95
3.94L m
3.93} ]
3.92k -
1.88 | ]
1.86 | ]
1.84 [ n [ ]
1.82[ - ]
1.80 [ - ]
178} u ]
1.76 u ]
1.74 | ]
1721 . u ]

3 3 B B 3 3 6 B
7/(\0 \“1“0 \“1“0 \“1(\0 © 1“0 © (\O \“1(\0 \“ (\O \“1(\0 © 1“0 o 1(\0 0 1(\0 © 1(\0 S\\\GO
0010 030" 050 180 859" 099 00250 040430 159 189 " 929

\wm

Reflective index

3.23 MAYHRNIHLAINAMNIIAAUNIAY 600nm VOINSULT VLA Si dots

=).

il
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6
451 '_ ZnO:Bi
3
2
1

L ——0.01gin ZnO:Bi ]
. ——0.03gin ZnO:Bi A
——0.05gin ZnOBi =
—— 0.08g in ZnO:Bi
—— 0.085g in ZnO:Bi
— 0.09g in ZnO:Bi -
—— 0.095g in ZnO:Bi
—— 0.1g in ZnO:Bi
——0.13gin ZnO:Bi
0.15g in ZnO:Bi
0.18g in ZnO:Bi
0.2g in ZnO:Bi 7
c-Silicon

A\
\KT
A\

o
o
®

o
o
®

Extinction coefficient
o
N

'

00 P i ] . 1 . 1
200 300 400 500 600 700 800 900 1000 1100 1200
wavelength (nm)

A 1w a £ a d [
31U 3.24 endulsg@nsmsga@eniauaavesilaninaduuas Sidots

A 1T o a £ = a ¢ [
iﬂﬂgﬂ‘ﬂ 3.24 Llﬁﬂ\?ﬂ1ﬁhﬂ‘§$ﬁ‘ﬂ‘ﬁﬂW‘igt‘gLﬁﬂﬂNuﬁﬁmﬁN“V\IﬁiJ’]JNi‘]JLLEN Si

A 4 1 1T o [ A A aa 2
dots 1/]“])”30?]’311]‘(’11’3?]51!@]1\1@] Iﬂ‘(’lWU’JW\IﬁNUNiULLﬁ\‘I Si dots muﬂimmwwaﬂauumﬁu

l
= a2

'd
U a 1T o a A = 1 a3 U
’L’NWaEl,ﬁ}ljﬂﬂﬂ15%818?]1’(#1]“”53@"1/]ﬁﬂ'liq‘ﬂ]ulﬁflﬂ'l\‘lllﬁﬁhﬁﬂﬂﬁnm 900 nm E]fl'l\ihl‘iﬂ@UJ f1

De

[ a Q( =) a Jd ~ A Y U = Y A =~ [ =
?f‘JJ‘]Ji%?f‘VI‘ﬁﬂ”IiQ’iIJLﬁEJ‘VINL!ﬁx‘]ﬂlﬂﬂwaMUNuNﬂTﬂu’ﬂﬂﬂ’ﬂ 0.1 BIUDINUINUBDNYUNUNDN

Fanou

33 ag

v =S 1

a dy Y= a o Jd [ . A an A
11!\‘111!’Jﬁlflullﬂﬂﬂ‘kl"lﬂ"liNaﬂwalm%ﬁ’mlﬁﬂ Si dots NUTIUYTZNOVVDINITFANDUN

] 4 aa
HIuNszUIUMsUadIegnueaes Imdisau ldnsganouniivuia 4.2 um nazasazae
a J JA a v Ao 79y ax = o a 9 a A 9
Faavon lsaeliainidunsiznaieds lra-iva Taslavunwaadigmaiinnisndoua e
Aax = Y o A 1 1
Tnyuidgaon ldWauniianuruneglugia 96 nm—215 nm
a o A a d%‘ Y o a d a 9 9 a " ad [
WavuewdavuIdhundinsns g dassadsdremaiin XRD Tagnunlduniesy
. o = aa = a 44 X aa
Ler Si dots HNVMIAKANVBITAADUNTZUI (111) Huaimuyunulsunavenssaney
A zg 3}/ 1 ) [ = a 7 P s ~
NNYUATA 64 nm — 155 nm tazdMFVVIARANVBITIAON IFAN Tz (002) Hywad

1 d' é = gll 1 dyw = 1 =
"lmﬂaauuﬂmmﬂ FAWVUIAAIULA 18.9 nm - 25.1 nm UDNIINUIINUVDNIT ANULATYANY
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= =R aa = = < £Y A ar o . s
nunUdveInanganoulinnuaseatuuuunaeniuluSeu lulauuisiunas Si dots 1T
Aaa [ S = I = o o = a J 4 =1
ANBAADUNIND 0.095 g aziiannuassailununa nazdmsSunanvosenoon leavel]
= < g Y A ad @ . Aa aa [
anuaseaitunuunanavua sndulou lulanuieiunda Si dots NHKIFANDWNIAY 0.095
= = I =<
g 0.18 g 1Ay 0.2g yzUANUATIATUILDVAY
o [ a 4 a Jd o . 1 4 o
dmsumsaunsiginma e silauuisSunas sidots wuluseu lunsialu
1 9 a a d 1 [} a o [
A2 AI9MUNATA 2 probe VosWANV1E nuNaANuHUUaTzua TWThvesilduuiesy
. Ad' d‘d = an 3’, 1 = 1 d‘
uad Si dots Tuou lvntidSinamedanoudaus og — 0.08g vzlianuruiunszua T
2 A ~ o A A A aa A 1 g ] a v o
A ieseuieunu@eu luhlimdaaeunuinniil Fuilurauinnnansaniuves
A a a o o U =® o
vz RUTnuUmTUAITEHINRA NIz 00 lya

) o a J a o @ . 1 ad AA A
FMTUMTUATIZEN A IUOINANVINT UL Si dots WUNHANVNATUT UM

[
A 1A

aa § g 1 1 Qv 3 Ll 1 1

“lfﬁﬂ@uﬁlﬂﬂeUuﬁ'\?Nﬁclﬁ}ﬂWﬂWﬁﬁgﬁ}ﬂuL!ﬁ\iﬂaﬂﬂﬂ'lﬂiJWﬂﬁu LW]ﬂWﬂ’lﬁTIgQW'luGU@\?L!ﬁQﬁﬂ'l
1 ] - a £ ' o ' U v

afay 'E]El'lilvl,fl'ﬂGHIIVIQuﬂ’lﬁll‘]Jﬁgﬁ'ﬂ‘ﬁﬂ'liﬂﬂﬂauuﬁ\ulagﬂnlﬂﬂ‘wa\‘I\?THT@Q?’IQW‘U?’]%T]’I?

a X a o A A aa Y, 1 YR
ﬂlﬂ1ﬂlﬂﬂﬂlu1u7\|aumwuﬂimmmclfaﬂeuml,m 0.085g-0.2¢g Iﬂﬂﬁ’lﬂ’lﬁﬂmﬂ’lﬂﬂ’lllﬂﬂ\i 1.4

yw = 'l v A v a o @ . g Ay 1
eV UDNINUTINUDN AR FUR AU VD IUAIVDINA NIV Si dots UNAINDIAIIWNAD
9

v o

Aaa = ] Y1 A 1 . g o 3 4
FANDU mmuan"lmnﬂau‘unamtm Si dots 1!ffﬂll']ﬁﬂu’]ﬂJ']‘]_IﬁSQﬂ@L‘]JUGD'UT]J!LﬁQGU?NLCBﬂﬂ

He01NAg 19
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Jd A dJd R aa d' a(d aa
waaumammwanmaﬂauﬂuwaumwaﬂauﬂeﬂ

41  UNN

v Aaa I o a o a J a ¢ & .
Tuiliiu Fanewiluiagavvanlumssdaaaduaceriag nalaseadunaniaen
=2 a

4 Aaa I [
(Mono crystalline silicon) w%waﬂwmﬂgﬂ (Poly crystalline silicon) 11999 nFano U uinnaL

q

A ' A A A ~ 13 a1 A v o 9 o o
ﬂﬁ]ﬂ]ﬂluﬂ\iﬂﬁlﬂﬂﬂﬁuqﬂ!‘ﬂﬂﬁlﬂ 317190 L!ﬁZUlNLﬂUWH@@ﬁQLDﬂﬁ@N WWiﬂLW?J'Wﬁ']WﬁUﬂ"Iﬁ

(

a Ja 3 A &
WﬁﬁQﬂﬂﬁm@Lﬁﬂﬂi@uﬂﬁﬁWiﬂQ@ﬂ

o

o Y Aa T W o 4 a  Jdq YA
1 WTiﬂLﬂ@ﬂ?ﬁlLﬂNﬂJullazﬂ'lﬁW?‘JJu'ILC]faaLlﬁQ@TVW]EJGlWN
a a A 2 = aw dy Y o o o . @ I Y .
ﬂﬁgﬁ‘]/l‘ﬁﬂ'l‘wvqulellu GHQGLU\T]‘L!'J%EJ‘L! llﬂu’W‘IﬁiJll’N Si dots NWW%UT!ﬂu%uﬁULLﬁQ (Emitter

s A o ! § A ' s a ¢ A A
layer) IHFAAUTIDINNYTIDIN D p/n LﬁfllWllﬂ'lﬁ@@‘]Jﬁu@Q@@Llﬁﬂﬂlﬂﬁlcﬁﬁﬁllﬁﬂﬁ)'lﬂ@ﬂ !‘ﬁ'ﬁ]!‘Wll

a a YRy} 4 a J
szansmnlvinuaauase1nag

]
A A

a d A d & aa 4 ana
4.2 ﬂ]iWaﬂ!"ﬁﬁa!!ﬁ'\‘i@'lﬂﬂﬂNﬁﬂ“ﬂaﬂi’]u‘nﬂwauu1ﬂmﬁﬂ@‘ﬂﬂ@ﬂ

a o d @ g}J 1 an
Gluﬂi%“lJ’Juﬂ'liNﬁGW\laiJUNTlJLL?N Si dots uu%uﬁaﬂmwﬁﬂmaﬂau p/n ﬁﬂi%’ﬂ’)ufﬂi
[ = @ a 1 4 a v dy 9 Jd R aa 9 .
LEUIAYINUNITHAA U ULLNUAID A Y Gl‘LNWH’J%EJHGI,GHL%'L’IQNﬁﬂ‘ﬁiﬁﬂ@unﬂ‘iﬂﬁi%ﬂ p/n/SiN, 11
a o 4 o w ard » = R .
U5HN Tsarsasen 910a W) tazWdu1ne Si dots 1 1n3983199949 ZnO:Bi/Si dots/ZnO:Bi
FoURUAU
A @ o . s A Jaa 9 .
V‘IﬁﬂJ‘UN‘i‘ULLﬁ\? Si dots ﬁ%ﬁ\iﬂﬂl%ﬁﬁllﬁ\?’iﬂﬂ@]ﬂ ﬁﬂiﬂi\‘iﬁ‘ﬂﬁ p/n/SIN, YU 3 x 3 sz

Y

A o v o o ¥ o< g 2
‘VINTLJﬂiZ‘U'J‘L!ﬂ']ﬁ‘]/lWﬂ'g'lllﬁg’f]']@él}'lﬁlﬂaﬂﬂ'lﬁ RCA i]'lﬂll‘lﬁ/l'lﬂ?ﬁﬁ%]'l\?%uwau 3 ¥U Iﬂﬂﬂﬂ!
A L3 ¥ o ¢ & A ¥ ] A ) VA o
snAe ZnO:Bi 1Uusuyles ¥unaone ¥u Si dots IﬂﬂﬂJN@ullﬂlﬂ']'iﬁﬁ']\il%l!mﬂﬁﬂ‘ﬂﬂ'ﬁ

Y d . ] J Y A A 5 = g J

A3 1NFUNTUVI9 Si dots VULHUAIOAS LAZFUNTINAD FU ZnO:Bi GHQLTJHGBU‘UUQ'QGUGQL%Q@
a 1 Y ! { ] 1 a Y

ﬂ']ﬁNa@‘lll@a3%ugﬂlﬂﬁﬂﬂﬁ?mﬁ%ﬁ%ﬂﬂﬁﬂ’JnJL'i’J'ii’]‘]J 2,500 5OUADUIN WU 30 IUIT 1INUY

v Y
mseuldudedregaumngil 200°C w1y 30 1A ArdAsIMTINNTNYEIgUUYN 1°C/UTT

a

v 9 9 H ' v 9
waand laasunsenuruiimsouiigungil 550°C U1 2 2 Tua A288A51IMSINNTUYDA

U

J J

~ & g Yy ¥ A s
C/Umn Gl,umimmﬁ"luimmu FIAAIVUADUNITATNFUN VLA NIND 9D D

QUK 1°
sAx Y aa

udaefiadnisusanounon’la lugii 4.1 uaz 4.2 awday
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Speed 2500 rpm at 30 sec

Zn0r-Bi soluticn

pia/SIN,
S1 wafer /_ ;
L5

Bake at 200°C for 30 min

Rate: 1°C/Lmin

MEMMERT
OWVEN

Speed 2500 rpm at 30 sec

Si dots in Zn0:Bi

L/

L5

Bake at 200°C for 30 min

Rate: 1°C/Lmin

MEMMERT
OWVEN

Speed 2500 rpm at 30 sec
Zn0:Bi zolntion

LT

L

EBake at 200°C for 30 min

Rate: 1°C/Lmin

MEMMERT

OVEN

Annesal at 330°C in N for 2 hr
Rate; 1°C/1min

FURNACE

Top: ZnO:B1
2nd: Si dots
3rd: ZnO:Bi
Bottom: SiNx

Tnsea$1a p/SiN,

{ g Y o Jaa
JUM 4.1 Guaoumsad e FuAauL ZnO:Bi/Si dots/ZnO:Bi UNIFAATARDY
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(M) (V) ()

.
(A1)
.
Q) | C)) (1) (¥)
.
Q
.
()

@)

JUN 42 () winguFanou Tasead1a pa/SiNx tazilauuafunas Si dots N5
ARFANOU () 0 g () 0.01 g (3) 0.03 g (3) 0.05 g (R) 0.08 g (%¥) 0.085 g () 0.09 g
(1) 0.095 g (@) 0.1 g () 0.13 g () 0.15 g (§) 0.18 g LA (M) 0.2 g VUIFATFAADY

TA39a319 pi/SiN,

[} g}/ a| d Aaa a da 4 4 Jdaa
NEIINMTTINFUNS NV NFanouas N LA NTTIA00n IsaUUITASTaANOU
Y 1 a ] g’/ a o 1T aa g’/ a
p//SiN, 9z gn sz uIUMslaresvesruianuuuHuEane U Mualnateuesna Iiinga
Y Y Y
o @ 9 v o v W . = ] v ad a o
dwmsuldv Tave dudanusu n-si Taoase lumsalarvesruilanla ldmatianisdsziuaie
. . : ¢ o : . . , .
(Stamping technique) FalgUnsaidrAnguaaslugli 4.3 1aun 1. uu Flash foam 2. usiulanil

DIAN18UDY Busbar YU 500 pm Uag finger YU 100 um 3. 1A504 Flash stamp ;'u JL-V 4.
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A @ A 9 49! Y a oA a (% =S =
Lﬂi’EN‘]J5$ﬂﬂﬁ18ﬂﬁﬁxﬂlumﬂﬂﬂﬂﬂgﬂﬂﬂTiaU’éNiJ?i‘131/]811@181!#1’]?]1111%18@51115 uae s. f‘l’iﬂll‘hl

a g Y g
N3N (Nitric acid: HNO,) t1VUUU 20%

q

{ 4 { o v v Aa d a 4 a ] a| d Z’zﬂ g}/
711 4.3 ginsainlddmsumsanadlduursuSnaiedlagoslauu1an 3 $u Uszneuaie
1 ) 1
() LAY Flash foam (v) trulafiataaieda 1Win3a uae finger (A) 1A504 Flash
4 1Y) a 4
stamp (4) 1A3991U38MUa18 (3) N3 luasn
9 ] 1
VUADUMITAF198IAABUULUNY Flash foam [TUAUINUAURTIINNUAINTa29a1801Y
9 Y [
7 13 AeuBaaLAY Flash foam 910111 191g1A5 09 Flash stamp 1@ Flash iuniiinan
el §aury flash foam TaglSUAIANUITULAIVDUATOI NTLAY 3.5 1NOLUHY flash foam
a AN Yo = 9 I 9 a S A [T = |
vinun IdsuuaseznldsunnlassafegnyuiulaseadnIndwes Niouaony Tataaie

weraelugili 4.4
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A 1 Aa 1 = [ g’/ a J a J
qﬁj‘ﬂ‘ﬂ 4.4 UWY Flash foam mmﬂmﬂwumamma”lvh’\hﬂﬁmmwaaummmﬂ
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Abstract

This work describes the preparation process of crystalline silicon composite ink (Si ink) from waste
silicon wafers as raw material through a grinding technique. Crystalline Si powders were
homogeneously distributed in sol-gel solution via an ultrasonic shaker. The thin films of silicon dots
bound with phosphorus silicate glass were produced from Si ink under drying at low-temperature by a
low-cost technique as a screen printing. Micro-crystalline (jc) Si particle sizes and surface morphology
of Si dots film were imaged by laser size analyzer and scanning electron microscopy, respectively. In
this paper, these pc-Si dots films coating on quartz substrates were characterized by X-ray
diffractometer and micro Raman spectroscopy techniques which are non-destructive optical tools to
study micro- and nano-structural properties. XRD analysis revealed that ~80nm crystalline Si size in
the films with relative intensity at (111) plane of 60-64% simultaneously exists into the films during
the preparation at 100-400°C sintering condition. Meanwhile, the obtained Raman spectroscopy results
suggest that residue stress mainly effects to the Raman asymmetric peak strongly down shifted rather
than dominated by (< 10 nm) small size effect.

Keywords:
Silicon ink, silicon quantum dots, wider band gap, and tandem silicon photovoltaic.

1. Introduction

A multi-band gap approach for an increased efficiency of tandem PV cells usually involve the use
of quantum confinement in Si quantum dots (SiQDs). The decrease of nanocrystalline silicon (nc-Si)
particle size affects to energy band gap enlarging for nc-Si quantum confinement of carrier leading to
stronger light absorber due to quasi-direct band gap behavior [1]. The previous researches demonstrated
confined energy levels of 1.7 eV for 2 nm diameter QDs embedded into its oxide matrix to be the
optimum energy for an upper tandem cell element [2-3]. However, SiQDs preparation processes are
almost based on high vacuum and high temperature ( 1000°C) procedure steps and there are also
application limitations due to properties change of ¢-Si p/n junction at high temperature and low light
absorption. In the last few decades, extensive work has been carried out on the means, which involved
low-temperature and -cost process optimization and Si ink fabrication [4-5].

Synthesizes of Si nanocrystals at low temperature less than 1000 °C with high reaction yield, high
quality, and high synthetic reproducibility have been investigated intensively in order to achieve
significant blueshift of bandgap absorption and photoemission with enhanced energy conversion
efficiency [6-7]. Nonetheless, there are no reports considerable to being concerned about synthesis of
nc-Si film at low-temperature and high yield with low-cost technique using waste-silicon wafers. We
foresee that a massive scale of decadent Si solar cells, which will become economic and environmental
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problems will be potentially reused for applying in the third-generation solar cell. Thus, this study
approaches Si wafers reusability with transmogrifying their structure into Si microstructure.

In this work, the simple production process of Si powder and fabrication procedure of Si composite
ink are described. Microcrystalline Si (pc-Si) particles were bound together with silica to form the
crucial part of Si dots thin films by using a screen printing technique. Furthermore, these crystalline Si
properties of films were characterized by X-ray diffraction (XRD), micro Raman spectroscopy, and
scanning electron microscope (SEM) techniques in order to obtain more insights of knowledge in
qualitative nanocrystalline Si under low annealing temperature conditions.

2. Experimental Details

2.1. Preparation of Si powder and phosphorus silicate glass (PSG)sol-gel

Crystalline silicon (c-Si) wafers as a raw material were transmogrified through a grinding
technique. Subsequently, the prepared Si powder in ethanol solution was sieved to ensure that the small
Si particle sizes was obtained. The Si particle suspension formed fine Si powder after being dried at
100°C to evaporate a the volatile substance. Fine Si powders were sieved once again to ensure the
uniformity of fine Si powders. Particle size distribution of pic-Si powder was verified by laser diffraction
method performed by Horiba LA-950 model.

Phosphorus silicate glass (PSG) sol-gel as a binder material was prepared for functionality of Si
dots matrix element, which is composed of tetra ethyl orthosilicate (TEOS, Si(OCzHs)s, 98%), ethanol
(EtOH, C>HsOH), othophosphoric acid (H3POs, 85%) hexadecyltrimethylammonium bromide (CTAB,
C19H42BrN), ethelene glycol (EG, C,HsOy), alpha-terpineol (TP, Ci0HsO, 97%), and ethyl cellulose (EC,
C2H;s0, 48%). Firstly, TEOS and EtOH were mixed by a volume ratio of 5:1. The TEOS mixture was
stirred at 70°C for 30 minutes after that HsPO4 was added in prepared TEOS mixture by a volume ratio
(TEOS mixture: HiPOs) of 7: 1 then the solution mixture was stirred for 30 minutes to allow well mixing.
Finally, CTAB that was dissolved in EG to achieve 0.5% weight. It was dropped slowly in the solution
mixture and the solution was then stirred for 30 minutes to ensure homogeneity of complete PSG sol-
gel. The process steps were are shown in Figure 1

R
e =e{\ =N

Adding TEOS and EtOH Stirring at 70°C for 30min Dropping HiPO; slowly

¢

{%
=B T

Stirring at RT for 30min Dropping CTAB slowly Stirging at 70°C for 30min

P b3

Fig. 1 Procedures for preparing PSG solution.

2.2. Preparation of silicon composite ink and pc-Si composite films

An organic solution consisting of terpineol (TP) and ethyl cellulose (EC) was mixed in Si-powder
in a volume ratio of 1:0.22:0.28 and it was solvent by baking at 100°C for 20 minutes. PSG was dropped
in the mixed solution and shacked by ultrasonic to obtain homogenous silicon composite ink. Si ink as
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a crucial part that composed of micro-Si particles and phosphorus silicate sol-gel was coated on quartz
substrate by screen printing technique. The pc-Si composite film was annealed at various low
temperatures ( 100°C, 200°C, 400°C and 600°C) in air and oxygen ambient conditions for 30 minutes.
The obtained films consisting of pic-Si particle enclosed with PSG were denoted as “Si dots film”. For
example, the samples sintered at 200°C in air and oxygen ambient conditions were denoted as “200_A
Si dots” and “200_O Si dots™, respectively. It is expected that the higher temperature is prone to O-Si
surface oxidation and related to surface passivation due to the presence of oxygen. Oxidation at the
surface of the Si nanocrystals can create surface localized states which may facilitate energy absorption
and recombination processes [8].

The qualitative determination of crystallinity approximated nanocrystal is characterized by X-ray
diffraction technique. XRD measurements were carried out with Cu x-ray source with the wavelength
of 1.5418A performed by a XRD D-8 Advance Bruker. Coupled two theta/theta scan type was used in
order to verify both the surface and inside the film. 2 theta was scanned between 20° and 80° at 0.02°
steps and 0.2 second per step. In nanocluster study, the Bragg peaks from XRD pattern are broadened
due to a diffracting crystallographically coherent region becomes spatially smaller. The full width at
half maximum (FWHM) value B of a Bragg peak in a 26 scale is related to the crystallite volume size
of the diffracting region (d) through the Scherrer’s formula: [9-10]

d= kil
Bcos(6,) (1)

where d is an average crystallite size, k is a Scherrer’s constant given by 0.9, 4 is a wavelength of x-ray
of 1.5418 A, B is a full width half maximum (FWHM) value of the preferential orientation peak and 6
is the position of significant plane.

The Raman scattering experiments were carried out using Dispersive Raman Microscope
(SENTERRA, Bruker) with integrating mode. An excitation source at 532 nm wavelength was used at
normal incidence of laser power at 5 mW for minimizing sample heating. The resolution was 5 cm™.

3. Results and Discussion

The pc-Si powder transmogrified in this work has yields up to 80%. As observed in Figure 2, it is
found that at 50% undersize the large amounts of particles obtained the average size of 4 ym as
corresponding to the peak amount of each size by volume known as Q. This simple technique is very
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Fig. 2 (@ Si powder and (b) particle size analysis of ¢-Si powder.
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cost effective to produce uc-Si powder while other expensive techniques have been used through high-
temperature thermal processing [11], non-thermal plasma [12] or laser pyrolysis [13]. Si nanocrystals
obtained under all complex means and high temperature procedures (1000°C) have been found to have
compatibility problems with industrial manufacture.

@ b ©
Fig. 3 (a) Product of Si composite ink, (b) SEM image of the surface morphology of as prepared Si
dots film after drying at 100°C and (c) fine Si dots thin film on a quartz.

Fig. 3 (a) and (b) show Si composite ink and a SEM image of the surface morphology of Si dots
thin film after sintering, respectively. Surface roughness and average Si particle size of 4 um are
observed from SEM image. At this stage the Si dots thin film coated on quartz substrate are not peeling
off as shown in Fig. 3 (c) due to TP and EC components used for improving high adhesion of the film.

111
i 220
e 311
600_0O Si dots "
400_O Si dots A

200_O Si dots

A m

200_A Si dots

A
A
1 s
100_A Sidots A

DA

27 28 29 46 48. 59 BaLk4J 56 58 60
2 Theta (degree)

1 H 3

Fig. 4 XRD patterns of Si dots films for study of annealing temperature dependence.

In fig. 4 all data shows three peaks are broadening and very close to 20 = 28.3°, 47.1° and 56.0°
corresponding to (111), (220) and (311) planes of c-Si, respectively. It is due to a decrease in the
crystallite size causes an increase in the width of the diffraction [14]. Therefore, nanocrystalline Si in
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the thin films under low annealing temperatures are presented in this work. The small additional peaks
at 20 =47.1° (220) and 56.0° (311) can be connected with some metastable Si states. All XRD patterns
show the strongest growth orientation along (111) to prove that the films consist of nanocrystalline Si
with preferential (111) orientation. The XRD peaks represent the (111) crystallographic planes of the
simple cubic structures of Si. The crystallite average size of Si dots films was evaluated by considering
the highest (111) plane.

The crystallite sizes and related parameters were calculated from Scherrer’s equation which uses
the significant peaks of (111) planes as listed in Table 1. The results are revealed that 200_A and 200_O
Si ink samples prepared under air and oxygen at 200°C show the similarity of the XRD pattern. The
difference of ambient annealing conditions is independent with the average crystallite size of 85 nm.
Meanwhile, as observed in SEM image the average size of granulated Si powder is around 4 pm due to
the aggregates of small particles.

Table 1 Parameters calculated by XRD data.

FWHM 20 Crystallite L i Relative intensity % =
Condition ©) ©) size @A) A Tna/ (T nyHzaoyHei)
(nm) (111 (220) (311)

100_A Si-dots 0.100 28.382 81.94 3.145 5.447 60.1 276 12.2
200_A Si-dots 0.096 28.402 85.36 3.142 5.443 64.6 24.1 114
200_O Si-dots 0.096 28.382 85.36 3.145 5.447 62.4 258 11.8
400_O Si-dots 0.094 28.382 87.17 3.145 5.447 60.0 274 12.6
600_O Si-dots 0.093 28.137 88.06 3.17% 5.493 55.8 298 14.4

The higher annealing temperature from 200°C to 600°C in oxygen ambient has an effect to a
gradual increase in average crystallite size from 85.36 nm to 88.06 nm as shown in Table 1. This is
possibly due to increasing agglomeration of various small nanocrystal with 600°C annealing
temperature. Nevertheless, for 600 O Si dots sample annealed at 600°C the (111) peak largely shifts
from 28.4° (JCPDS 00-027-1402 card of ¢-Si bulk) relating to a more expansion of lattice constant (a
=5.493 A) and leading to lower (111) relative intensity of 55.8%. This shift (111) peak is most possibly
related to Si cluster uniformly stained in tension and the stretching of Si-Si bonds [15]. The XRD results
in this work revealed that Si dots films can be formed under low temperature preparation (100-400°C)
by using Si composite ink and obtained average crystallite size in the range of 82-88 nm with high (111)
relative intensity above 60%. Accordingly, the synthesis of Si dots films in order to gain high-yield at
low temperature process can be developed toward the large- scale engineering production of
nanocrystals and scalable process [ 16,17]. Thus, Si dots films achieved by powder grinding technique
can approach for application in a new solar cell generation owing to low temperature preparation (100-
400°C) and low-cost technique.

Fig. 5 shows the Raman spectra of Si dots films for study of annealing temperature dependence on
local atomic arrangements through bond frequencies and lattice-vibration (phonon) frequencies of Si-
Si bond. It is found that all samples have no indication of Raman frequency spectrum with a broad
hump at around 480 cm™ corresponding to amorphous silicon (a-Si) portion. Meanwhile, the shape line
relating to the main first-order Raman peak (Transverse optical, TO mode) around 520 cm™ is found to
indicate crystalline silicon (c-Si) portion. The Raman asymmetric peak to down shift from ~520 cm™
to ~507 cm! with some tailing toward lower frequencies is observed. The peak asymmetry has been
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assigned by some authors to a reduced phonon correlation length, related to small or defective
crystalline domains [2,18-19]. However, this result closely corresponds to 2 effects: firstly, “finite size
effect” of crystallite size < 10 nm due to localization of phonons in nanocrystals results in uncertainty
in the phonon momentum [ 7, 18-19]. Secondly, “residue stress effect” is due to the lattice change of
Raman frequency which is very sensitive to mechanical stress [20-21]. On the contrary, around 80 nm
of crystallite size from XRD estimation will not attribute a phenomenological phonon confinement
leading to “finite size effect” due to our samples exhibiting large grains. We point out that this result of
the down shift of Raman asymmetric peak is most likely to take into account “residue stress effect” in
Si dots enclosed with PSG. This work highlights the effect of lattice stress in the Si dots films on Raman
frequency shift according to the following equation:

o(MPa) = -250Aw(cm™) )
where phonon frequency shift Ao = @s-w,, o is the wave number of the stressed sample and @, is the

wave number of the stress free single crystal. The calculation results are in rather good agreement with
those measured by profilometry, assuming an error of about 10% in the case of Paillard V. work [20].
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Fig. 5 Raman spectra of Si dots thin films with varying temperature annealed.
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In Fig. 6, the result suggests that an increase in annealing temperature results in an increased peak
shift and implies an increased residual stress. Oxygen ambient attributes the more peak shift to the
increased stress in 2000_Si dots compared with 200A_Si dots in ambient air. The temperature-
dependence has agreement with increased down shift of Raman peak for Si nanowire study [22].

14 4000
- o -1, |}
12l —m— Peak shift (cm™) / 43500
—@— Stress (MPa) *
10} ./ 13000
= {2500
E” ° / 2000 g
©° o W 173
S 6F / »
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= ik / =
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- . {1000 3
3 2f i
o {500
of
1 0
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c-Si 100A_Si 200A_Si 2000_Si 4000_Si 6000_Si

Samples

Fig. 6. Annealing temperature dependence on Raman peak shift and residue stress of Si dots films

In this hypothesis, stress contribution to the Raman line shift in Si dots films would be more
dominant than phonon confinement from small erystalline domain due to all Si dots films obtaining
large grains (~80nm).

4. Conclusion

We have prepared Si composite ink in house) from waste silicon wafers as a main resource for
producing Si dots thin film by a screen printing method. In our samples, we observed strong XRD peak
of 3 main planes as-prepared sample dried at 100°C and prepared at higher annealing temperature at
600°C in O ambient. The results from Raman peaks and XRD patterns indicate that the films consist
of ~80 nm crystalline Si grains. Meanwhile the Raman asymmetric peak strongly down shifted
corresponding to stress induced wave number shift of TO mode peak rather than be dominated by (<
10 nm) small size effect. The result suggests that higher temperature annealing results in the increased
residual stress. At low temperature, ambient oxygen attributes the more peak shift to the increased stress
comparing with Si dots annealed in ambient air. We conclude that Si composite ink is able to be a
candidate for new nanomaterial with low=cost technique by using low temperature preparation to form
Si dots film for further nanostructural solar cells.
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Synthesis of Silicon Dots in ZnO:Bi Matrix Films by Using Si Composite Ink and Their Opto-electronic
Properties for Application in Advanced Solar Cells
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Abstract

Silicon (Si) nanostructure is able to have distinction of its optoelectronic properties from a bulk silicon
specific property. The energy extension from 1.1eV to 2.1eV of the light absorption edge is resulted with
photoluminescence behavior under room temperature measurement. The revealed behaviors are due to gquantum
confinement effect of Si nanostructure. This study involves with the thin film synthesis to have film composition of Si
dot embedded in zinc oxide doped with bismuth (ZnQO:Bi) and their optoelectronic properties. The characteristic results
of Si dots thin fitms are the most of useful information for application in emitter layer of advanced solar cells owing
to better response in shorter light wavelength or higher photon energy. Si dots films were prepared on a quartz
substrate by spin-coating technique and used the various concentrations of Si composite ink which is synthesized in-
house as a coating. In this paper, the variation in Si ink concentration is adjustable from varying amount of Si powder
in Si.eomposite ink (0.03g 0.10g Ua¥ 0.15g). The average thickness of each films is between of 44nm and 57nm. The
crystaltite quality of films was shown as the preferential (111) of Si and (002) of ZnO:Bi with average crystallite-size of
42nm and)¥4nm, respectively. At 0.1 W/cm? illumination measurement, photo-current gain. of Si-dots fitms is higher
than dark-curfent-by10° times. Optical transmittance (%T) above 7.21% and reflectance (%R) below 7% in the visible
light wavelength,.will bé able to boost-up current in advanced solar cells
Keywords: Silicon dot thinfilm, Zinc oxide doped bismuth, Composite silicon ink, Solar cell and Nanocrystalline silicon
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