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Background: Importance of Polymers in Science and Industry
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Background: Importance of Silicon in Science and Industry
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Importance of Silicon both Science and Industry
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a-Si : insoluble Si-Si bonded polymers
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Break-through of Si-Based Materials and Devices

1954: Pearsons (ATT Bell=F 3T AT)
c-Si% F L 7= KB5E St D £ BR
—1958: N A —RIB(REBE: ATHL) I

1975: Spear, LeComber © (Dundee X %)
RETHE L T 1T U 72 K FE 45 a-SitH O pnifl 2P (2 AKX 27

1976: Carson, Wronski (RCA)
a-Si:H#% A = KBGE Mt % K1E

1979: Spear, LeComber 5 (Dundee X )
a-Si:H% TFTTF (2 A2

1970: IBM Esaki-Tsu o
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Break-through of Si-Based Materials and Devices

1970s-90s: ITI-V#=E GaAs/InGaAs #F R A5 EF 1L
SIO,EHHEZ 71 /X—~HLDAA (1975-1980)

1988: &Il (Fu=X)
Silc& 3 &FH9 1 & Ego 8 Knc-Si:H

1990: AR (F x / )
SiIH,DCVDETIFR L 72nc-Si:HZWEF4 + IR L O ERTHFEREL

1990: Canham (Royal Signals and Raders)
K= 22V a3y (por-Si)n o BFERHFIT LV ERTHS FRREL

1991: Lehmann, Gosele (Duke Univ)
por-SinEFmmIL(iZ £ VEgH°c-Sik 0 0.5eVIk LT —2 T b

1980-1990: =R TRET. FETFEDOFHIK> VY 3 V& T-F:
Organopolysilane
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Silicon shines on

3D-Si
e o0
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s all e
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-6 5 Heisenberg uncertainty
N
-8
Ap-Ax=(1/2)h
. AE-At=(1/2)h
--12 -
Band gap 3-D type
Direct type 3.4 eV (365nm) —> FA E DA HIZFH 7T F -
Indirect type 1.1 eV (1127nm) Bohr radius (4.9nm)

oC ¢ ("'117) X l/eeff
L. Brus, J. Phys. Chem., 1994, 98, 3575



Crossovers between 0-D, 1-D, 2-D, and 3-D. How Silicon shines on

—1— $i-5i Po*
- SisiPorw—] M LUMO
23 HOMO | '—E_g__..—fl:" — 1, How
2 Bz gy =
g ¥ I 5"“'.;L ~ Si-H —
_A?o T T~ ° \[ 5
|} e $i-Si So —— 10 $i-Si So
L T *TU,K T X T *« S T X
Band gap 3-D 2-D 1-D
Direct gap 3.4eV (365nm) 2 61eV (475nm) 3.89eV (319nm)
Indirect gap 1.1eV (1127nm) 2.48eV (500nm)

L. Brus, J. Phys. Chem., 1994, 98, 3575

Light-emission from

‘loss of k-selection rule (Heisenberg principle)
*decrease in dimensionality (3D—2D, 1D, OD)
‘inversion dissymmetry by polar structure (O,F)
-inversion dissymmetry by TO phonon

*In Physics...

‘In Chemistry...
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Question: Is it possible to tailor optical band gap between 0.1 and 5.5 eV ?
Possible approaches: network Si, Si-Ge alloy, 2D-3D meso-structure, OD (nano cluster)

s

(eV)
14 Group
3D 2D-3D 2D 1D-2D 1D oD
indirect gap ($F4) direct gap
(358 1) EiSE
C 5.5 - ca. 8
Si 1.1 1.8-2.3 2.3 ca. 3-4
Ge 0.7 1.35 - ca. 3-4
Sn 0.1 (direct gap) = ca. 3
Pb (0) B B
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Silicon shines on

In Physics
-a-Si:H, by plasma CVD of SiH,and Si,H,
D. J.Wolford et al, Appl. Phys. Lett., 1983, 42, 369
‘Porous Si by electrochemical etching
L. T. Canham, Appl. Phys. Lett., 1990, 57, 1046
‘nc-Si by sputtering Si in H, gas
S. Furukawa, Phys. Rev. B, 1988, 38, 5726
‘nc-Si into SiO, by ion implantation
Brongersma et al, Appl. Phys. Lett., 2000, 76, 351
‘nc-Si by plasma CVD of SiH,

Y. Kanemitsu, Phys. Rev. B, 1994, 49, 16845
H. Takagi et al, Appl. Phys. Lett., 1990, 56, 2379

-a-Si/Si0, superlattice

D. J. Lockwood et al. Nature, 1995, 378, 258

In Chemistry

.y Na ., RBr w A .
‘0-D ~ sicl, = (Si), ~ (R),(Si), = a-Si

A. Watanabe, J. Organomet. Chem., 2003, 685, 122,

3Na | o A
t-BuSiCl; — octasilacubane — a-Si

K. Furukawa et al, Jpn. J. Appl. Phys., 1994, 33, L413
‘1-D ~ iCl, = i
D ~ R;SiCl, » polysilane AANAS

*2-D ~ CaSi, — siloxene
HCl aq
M. Stiitzmann et al, Phys. Rev. B, 1993, 47, 4806.

3Na —Qo—Qe—

RSiCl; — polysilyne —Q0—Qe—&

— N —

K. Furukawa et al, Macromolecules, 1990, 23, 3423.

A
~ a-Si like [0,] (by XPS, EDX, IR)

M. Fujiki et al, Chem. Mater., 2009, 21, 2459.
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= ELEIHT. Kipping (1924), Gilman (1961), Hengge (1975), Shimoda (2006)

Solution Processable Poly-Si for TFT
T. Shimoda et al. (Seiko-Epson & TSR groups), Nature, 2006, 440, 783-786

liquid bp 190°C
Ph Ph 9 P

liquid %, H H
Ph Ph\ /SI\ \\Ph Cl CI€ 'C H 4
| - O SI‘Ph 4 SI \\Cl a4 /Sl\ «H
CI_S||_C| —> Ph\\ \S S/ - > Cl\\\“--S\l \/S|‘C| - > Hw S\| /S|‘H
. i—Siupp, _
LITHFE Ph” i \ AlCl,/Bz g, LiAIH, Si—Si-,
o Ph  Ph I e}l 73 \H
o e H H
~1920 Cl
Kipping & *z 1975 Hengge  cps
H Si-H#EE: C-HiE 5 L > TO,PH,O 882 : TLH - 7 HE
—> —(—Slﬁw —> a-Si:H — p0|y_S|
i H pyrolysis 308nm
hoto- .
Rl gggﬂi‘fged nCPS  1.300°C, 10min XeCl laser
reaction upon g 221%'%02{,400 C
405 nm : spin coat u ~ 108 cm?2V-1s""
irradiation
ink jet uw ~ 6.5 cm?V-1s™
in GloveBox in GloveBox
cf.
» u (BT FHEH%)

>u (7 F 1 B 1E)
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New Approach of 2D-Si nanosheets

H. Okamoto, Y. Sugiyama, H. Nakano (Toyota R&D). Chem. Eur. J., 2011, 17, 9864-9887.

3 CaSi2 + 6HCl + 3 H2O —
Si2H3(OH)s + 3CaCl2 + 3 H2

Shaken with surfactants (SDS) for 10 days

3 CaSi2 + 6HC1 — (SisHe) + 3 CaCl2
-30°C

(Si,H,), treated with n-decylamine
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Reaction mechanism of polycarbosilane : Precursor for ceramics

%8702 R=Me— -SiC

C. A. Burkhard, J. Am. Chem. Soc., 1945, 67, 2173-2174.
Yajima, S.; Hasegawa, Y.; Hayashi, J.; Okamura, K. J. Mater. Sci. 1978, 13, 2569-2576.

Interrante, L. V. et al. Chem. Mater. 1999, 11, 2038-2048.

CH; (|3H3 (IZH3 (|3H3 CH; CH;
fast
Si—Si y Si- 4+ HSi » ——Si—CH,—Si—
| ] A | I A I
CH3 CH3 ° CH2 CH3 CH3 CH3
CH; CH; CH; CH;
| slow I
—SiH + H;C—Si Si—CH,—Si— 4+ H,
A I | B-SiC
CH; CH; CHj; CH;

H. Ichikawa, Development of Organosilicon Polymers, CMC, 1989, 187-196.

14



Hypothesis: A possible production of (Si)n from soluble Si-containing

polymer due to B-H elimination reaction by flash pyrolysis in vacuo

%B7O0L2 R=Me— g-SiC
FHAEEMT L CERRERR

R =» Et — B-SiC (?) B-KRFEZHST RN E ELFE

HC\—H /\R
C -/‘ H
l - |
1 1
i7" \Sli A i \Sl/
R H
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One-pot synthesis of soluble polysilyne : (RSi),

methylcyclohexane

R R
I 120 oc, 1h l 200-500 °C
ClI—Si—Cl +3Na ——>» Si o
| o] in a vacuum
Cl
+ 3p NaCl

R= CH3, C2H5, n'C3H7, H'C4H9, n'C5H11, n-CsH13,
n-CgH47, n-C4oHzq, N-C42Hss5, i-C4Hg, CF3(CHy),

K. Furukawa et al, Macromolecules, 1990, 23, 3423.
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Pyrolytic properties of (n-BuSi), in N,
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Pyrolytic properties of (n-C,H,,.1Si), in N,

100
| .
— 80 o . .
S -
] °
@ 60 o
2 .
= ) C
[@)] 40 -
0
=
R ¢ Obsd
-------- Calcd for Si
0 T 1 T T . . ' ' ' | ' | |
0 2 4 6 8 I3 - |

Alkyl carbon number (m)
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Broad change in PL spectra of pyrolitic n-Bu-polysilyne : (n-BuSi),

7 1y A (¢ 450°C)
>

Si _
N vacuo

Intensity (normalize)

400 450 500 550 600 650 700 750 800
Wavelength /nm

A (500°C)

A, = 360nm (B500°C:A,, = 390nm), 77K

g c-Si
(very week PL)

In vacuo

19



Photoluminescence from pyrolyzed (n-BuSi), (77K, 0.5mW/cm?)

Ex= 360nm Ex= 360nm Ex= 390nm

——as-prep ——as-prep ——400°C-90min ——as-prep

——-250°C-10min ——2350°C-90min
\x 1

——250°C-90min
——-300°C-10min
——2300°C-90min

Intensity (normalize)
Intensity (normalize)
Intensity (normalize)

’ /

400 450 500 550 600 650 700 750 800 400 450 500 550 600 650 700 750 800 400 450 500 550 600 650 700 750 800
Wavelength /nm Wavelength /nm Wavelength /nm

l,‘ |

250°C 300°C as-prep 350°C 400°C 450°C 500°C (10min) 500°C




Absorption spectra of pyrolyzed (n-BuSi), films (r.t.)

as-prep

Absorbance (a. u.)

300 400 500 600 700 800
Wavelength (nm)
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The origin of red-shift at 350-450°C

‘Nanocrystal
(n-BuSi)n
Y v
a=Pa
| B 250°C
B 300°C
E, ~ E,2k+29.6 (eVA)/D B 100°
E buk=11 eV 25
D9:Si diameter

2.0

Photon energy /eV

L. E. Ramos et al.

. . Sol. 242 (2
Phys. Stat. Sol. (b), 242 (2005) 3053 > 3 2

Diameter /nm
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The origin of red-shift at 350-450°C

-Superlattice Ep (eV) = 1.6+0.7/d?
ds; =Si film thickness
— Estimated numbers of Si layers
SiO; 0 5 10 15 20
30 L L L L
Re—_ \O/Q\O/Q @ 25 '
S -
\ \ D ?ir
2 20 \
N ﬂh\'\_(
5 : > —
S 1591 @ i-BuSNP
o 1 — Calcd
1.0 . : : : .
n-Bu 0.0 1.0 2.0 3.0 4.0

Estimated thickness, d (nm)

Lockwood, D. J. et al. Nature, 378 (1995) 258

23



The origin of marked decrease in deep red emission band at 500°C

S S P E— amorphous crystal
15 L 5
1 as prep i , :?*
I ~480 cm’™' [ Ty
g 1 500°C-10min
8 10 £
2 500°C-90min , » Sicrystal
£ amorphous Polysilyne A " Egellev
g N 500°C -90min No emissive
csztf)\?;?a-l?lg:anln ‘Aizo cm” 0 ‘
. [ PL intensity (~850nm
0 — restest v ( mc)xr'kedly decreased
1,200 1,000 800 600 400 200
Raman shift (cn') ‘
Exposed to air
Functional Groups Region /cm! ‘
Si-Si ~480 (a-Si) Highly emissive Si-based particle

Si-H 985-800 ‘

Dispersed in various solvents
24



Intense blue emission particles dispersed in various solvents

A, 365nm,
1.0mW/cm?, r.t. cast on quartz

»
»

@ = 23% (DMF)
21% (THF)
14% (Hexane)
1% (Water)
7= 4.8 nsec, > 10nsec (THF)

(in hexane) Wavelength /nm Functional Groups Region /cm-!
300 400 500600, Si-Si ~480 (this work)
350 Si-0-Si 1090-1010 (ref)
300 cf Si-Si (c-Si) 508cm-! (this work)
o 050 3 (a-Si) ~ 460cm-! (this work)
2 8
®© (7
Q 200 = -
o 2 1500+£150cm-!
a 150 2
< c
100 .
50

0 electron-phonon
40000 30000 20000 Si-Si and Si-O-Si coupling ?

-1
Wavenumber /cm o5




Nanometer-size Baumkiichen of pyrolized (n-BuSi), exposed to air

TEM and EDX

'AA!Aﬁrﬁﬁ_Jﬁa

| D)
AN /\"’::l

O ’.,
."

~1.94 (~0.19 nm)

~3.84 (~0.38 nm)

alike nm-size Baumkichen ?




Nanometer-size Baumkiichen of pyrolized (n-BuSi), exposed to air

Highly elongated by 10-23% with highly opened angle (~180°)  Si:O =1:3 (EDX)

R(SiOSi): 3.24-3.64 A~ (1.62-1.82 A) x2 A

Si O Si
R(SiOSi) : 4 A~ 2 x2 A by forcing polysiloxane
o
Si /1080\ Si R(SiOSi): 2.6 A = sin(108°/2) x 1.6 A x2
Ref)

1. J. S. Nicoll et al. Phys. Chem. Min., 20, 617-624 (1994)
2. E. M. Lupton et al., NIC Symp., 32, 57-64 (2006)
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Schematic explanation by chemists

Baumkiichen Silicon (pyrolized (n-BuSi), exposed to air)

Puckered 2D-Si planes

Vl ~
| | 500cm-!
| _sic | _si —
\Si / \Si / \ Y v~ [

= m 2
o-electron . I ’ : I I 1100cm! | o
: o - O N
n Q)
n-electron O \ O . \ v =
lone pair \ . \ : S

Si Si
l l

o-n mixing (conjugation)

cf. o-phx mixing (conjugation) 2-D Si electronic structure

coupled with (vy +v5)

To design light-emission silicon materials
‘loss of k-selection rule (decrease in size, introduction of disorder)
-dimensionality decrease (3D— 2.5D, 2D)
-introduction of dissymmetry by polar oxygen
‘introduction of dissymmetry by electron-phonon coupling (Si-Si / Si-O-5i)
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Band-gap engineering from organo (Si/Ge/Sn) polymers




PL spectra of [(n-BuSi),-b/ock-(n-BuGe),_],

| 1

Intensity (nomalize)

075 05 025 0.00

PL A,,=365nm, 77K |
400 500 600 700 800 900 1000

Wavelength (nm)
PL spectra A,,=360nm, 77K |

e — Si. GelRF A Bt TRE— =575
X RARRE—IOLYRLTE m  PHORFHENCEE LA R
O SIERD S AE (S40nm)BHDL )z

GeHH & D F 58 B (690nm) AN & hn (HRTEM,EELSO#ERE—F)
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Thermogravimetric (TG), Differential TG (DTG), Raman analyses

T6/DTG diagrams (5°C /min, in N,) Raman spectra

a-Ge
PERH S TS TR CRU U RS Gy (ST S WY DALY S U TP R [ Uy S T LA I ST U T I, ) X=OOO
100.0 | . X
L . as-prep
e e N A ]
80.0 15 | 2ovcsome
m | e, Vs / o
-‘ _— W M ) J
“ . ) !
'_o‘ 60.0 1 o 1+ M‘ | Jqq " Mw)(,‘\vu\,,‘,’,ﬂ“’ ,MMMW'N b
O\ 10'— E “-‘wMm«w‘w‘wmewJ-‘M«”v\‘\’~\mW‘Vv i J v‘»\ i b ol " /,,Mf\w" *wﬁmﬁt‘Lvmvv‘«,,v\ T "
— o " PR o bty e
- TV SN o
o 9\ o
[t 3 :
-
‘2‘ > M/L\‘N «VM‘:}SO()C.gOmin
0
c
()
b
c
—

J \ 450°C-90min

o e ' . R
100 200 300 400 500 600 boo%.gomn
Temp.[°C] A A B A L
1000 800 600 400 200
TG/DTG spectra (5°C /min, in N,) Wavenumber (cm'1)
X=0.00
BRI~ TR 0 100 200 300 400 5009
Polymer (°C) \m11m1|1mlxm|mHm1|1mlxm|uulmx\SC)
X=1.00 336—439 3 3
257—~538 1 Pol}ln(lc% alGe Ge
- -l C-
0.00 122—378 LBl 1-Ge e
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Raman, HR-TEM, EELS of pyrolitic [(n-BuSi),- -(n-BuGe),_ ], film

TEM EELS

Raman spectra X=0.50,500°C-90min  X=0.50, 500 °C-90min

a-Si

X=1.00 500°C-90min
c-Si

W

a-Ge

X=0.50 500°C-90min uun/l ot

c-Ge

Intensity (normalize)

X=1.00 500°C-90min

™ T T T T T
800 600 400

Wavenumber (cm™)

—T—
1000
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Next Ideas to Solve Problematic Issues

ZILEILRYI) Y A (200-500° C)
— D RY
mBu
—Bu

-

® < 1% (at RT)

R D THERETE — 1B
KE — &L
?&"‘ﬁ'ﬁ@%% al 5%

A
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Hypothesis and Design

o Ak E. BHA - @EARRE M HORETEEH

13141516 17 18 ZALT IV FIVEDEA

B C N OCF Ne

Al Si P S ClI Ar
e

ki Bt — REN
BFEIIE  — WEMb
< ~2DSIE T O 4
RARED I

S FILXIRYI)OEDOHRES

CF;
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Structure and some properties

HsC H3C
CFg ° CFy 3
H 3 Na H
nx Cl—Si—Cl + n(1-x) Cl—Si—Cl — Si Si + 3n NaCl
| | X 1% In
Cl Cl

Nominal mole fraction
x =1.00, 0.75, 0.50, 0.25, 0.00

Polymer Chemistry, 3, 3256-3265(2012)
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HR-TEM and EELS images and nano-structures

BSNP ) FSNP . i

Si mapping (left) and F mapping (right) images in EELS of

FSNP on a carbon micro-grid (scale bar = 0.1 um). .



Calculation (TD-DFT/3-216)




Calculation (TD-DFT/3-216)

0.0 - (a)
0.5 - 0.70 080 0.59
— s 101 2nd LUMO
-1.0 - -0.71 068 \W 1st LUMO
-1.5 - ; /
20 159
20 4 "
E D si Sli Si
g / Sl"7 \‘:'Sl/ﬂ
® -55em s.""s"‘“sli*"'s'“‘“s.
= -
W 60 R
6.5 i -6.66
_ 680
7.0 - " 6.81 \\ 711 1stHOMO
’ wkii / -7.11 2nd HOMO
-7.5 - =T -7.36
-8.0 -
H(1) OMe(2) Bu(3) FPr(4)
= ()2“"’ -
v
NS o A o
’ O VY
‘ ¢ O
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fwhm (0.025 eV)

UV-Vis Calculation (TD-DFT/3-216)

2
S
=
Si Si S
Si/ \Si/ \Si / \ / \ E
| gy ’ ‘PrF3 Z
nBu,’ ‘ F3P /ll,, 8
\ / \ / \ / \ / Té
2
BuSi vs FPrSi
50,000 1 L L
<
®\\O$ Abs, Bu
40,000 4
Abs, FPr
>
S 30,000 - -
o
8 20,000
2 ’ - =
Q
o
10,000 - S -
0 :l : l. . T
225 230 235 240 245

Wavelength/nm

Wavelength/nm

200 220 240 260 280 300
15,000 1 1 1 1 1 1 1 1
4 fwhm =0.02 eV -
| — msH  (b)
—_Abs,Bu s
1 ——Abs, FPr F
10,000 “ — Abs, OMe -
] | r
5,000 { ‘ /'| B
_ i J\.
0 L] 1 l 1 ; L] 1 1 . Ili
H) ]
OMe (2) [ l I
Bu (3) I
FPr (4) Pl

80



Change in UV-Vis spectra with PL spectrum

Direct-type transition !

_ 8000 € 250 %0
- x =1.00 o
5 x = 0.75 = allowed CF3 S
= x = 0.50 « 200 L 200 B
< 6,000 x =025 i - . 0
iy x = 0.00 3 ©
>, S 150 L 150 3
2 4,000 < Si 3
o € 100 " lio @
2 2 2
5 g z
2 - c
& 0K 2 50 50 2
= u o
0 ' T ' ! o a 0 T T T T v T T T LR 0
200 300 400 500 600 200 300 400 500 600 700 800
Wavelength/nm Wavelength / nm

A comparison of UV-vis absorption spectra of
FSNP, BSNP, and FBSNP (x = 0.25, 0.50, 0.75) in
THF at 25 °C.

Normalized PL and PLE intensity

250 350 450 550 650
Wavelength (nm)
Figure 9. PL. (——) and PL excitation (——) spectra of C10-Si, in chloro-
form. Excitation and fluorescence wavelengths are 350 and 450 nm, re-
H. Okamoto, Y. Sugiyama, H. Nakano. Chem. Eur. J.,
2011, 17, 9864-9887 40



No change in IR spectra to air exposure

CF4 A HaC

O
S e ) -

x=1.00 S'I X=0.00 I
~ n 5 —Qslj-
2 as-prep 3
N N L as-prep
© ©
S /\\ g M/\L
= pu v 7\ i
S 2
@ )
% 1month %
0 O
3 5 1month
0 0]
0 0
< W <C
A B e e e o A s e A S B B A R A O T B A O B N B A
3500 3000 2500 2000 1500 1000 500 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm” Wavenumber/cm’’

Changes in the IR spectra (3500—400 cm") of (a) FSNP and (b) BSNP films cast onto KBr
(as-prepared fresh sample and sample left in air for one month).
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Change in PL spectra (Film)
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A comparison of three PL spectra (THF, RT)
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Change in PL spectra in THF-H2O solution
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Effects of Fluoroalkyl Groups

H
CFj 3C

Si Vs Si
n

1. Excellent stability foward air and THF-water (film, solution) upto 300 °C
from IR, Raman, PL, Calculation (TD-DFT, 3-21G, B3LYP)

2. Direct-type transition from dual indirect-and-direct transitions
from UV, PL, PLE, Calculation

3. Quantum efficiency ~3% at RT (cf. 1% of (n-BuSi)n)

4. Loss of such the stability of pyrolytic products at 500 °C
due to release of trifluoropropyl group
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Conclusion

Aex 365nm, 1.0 mW/cm2 (77K) Aex 365nm,
1.0 mW/cm? (RT)

‘ Air (0,,H,0)

c-Si
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