Dielectrics in a capacitor i
Capacitors:

@ o @=cv g=:E  E=Vd
0 tEo EET SVE=-4nP C=:8d Q=qS

Q
| I

go = 0.088 pF/cm
Insert dielectrics with keeping g

Actual field  Original electric field
| |
E= E, — 4rP ©wE=D— P 9'=q9—o
— D= E+ 4rP cgs D=gE+ P MKS
D= cE dielectricconst. D=ggeE —
E decreases 1/c of D e.g. Si (¢ = 11.9) = 1/11.9 water - 1/80
Insert dielectrics with keeping V—> Cis X ¢
In particular, ¢ = g perfect polarization > E=0 and ¢ = ®
- Metal (E=0 in a metal)

Always P>0 —» ¢>1

Displacement current when charging a capacitor

) 24Q_dCV g ey using V =Ve 5
dt dt

Conductance of the dielectric, G= 1/R, is added, D—m

I =GV +ioCV = (G +iaC)V

In the Maxwell equation
Vx H =1a£+4lj cgs (for MKS: 47— 1, c - 1)
cot ¢
Insert D=:E and E =Ee™
1 cE 4 1 47 E
VxH :—ga—-i-ioE =_ g+4mo- 67
&1-6t—C c w ) ot
Inside () is replaced by c* = ¢" + ic"
drio
4]
Imaginary part of the complex dielectric constant is conductivity.

e¥=c+

| =GV +iaCV = (G +iaC)V |

" aﬁ
where tan5=g=gﬁ S
oC ¢
tano=¢"=0 No dielectric loss (no conductance) G

To obtain o dependence of ¢, in the eq. of motion of an electron

d?x ax , e
+2y—+w,x=—E
a e P
P =Nex =,(¢; —1)E, and E = Ee"" are inserted.
: Ne*/g,m
g =l
w, —o” +120y
w, : characteristic frequency @9 o
Polarization P due to the dipole relaxes accoring to ?TT = Rh_P
. T T
Inserting P =P.e'” affords
8: =g, + Ero T o

l+ior
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ot
Trwit?

In summary

Deleting » and t from the above equation 8"'

EyTE ? &y — €& 5
(5'— 0 ooj +g"2:( 0 ocj
2 2

Cole Cole plot -
High
freq. limit freq. limit
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Maxwell equation VxE= %% affords

2
e 0E o
c- ot c- ot
Inserting E=Ee' " gives

> ®* . dro
q ,UT E+l——-
c ®

Light velocity v=0/q , reflactive index n =c/vin a medium, and
complex reflactive index n*=n+ik give | n* |2 =¢*

Reflactive index A

i Infrared
______ Visible

Ultraviolet
1 Xy
| ——

1]
Absorption coefficient *

N :
e ' —LM
c g"=>
! | | |

Ferroelectrics: spontaneous polarization in a direction
(E=0leads to P# 0)
REEEEY

E-F—E

®
@ =  BaTiO; perovskite

Displacement type Order-disorder type  Antiferroelectric

00000 ttttt +~t =t titit
ooooo m t1ttt @m |-«

tttt
T.

|
ti—te t

00000 )
T>T, T<T T>T,

BaTiO, KD,PO,

Fowler, Introduction to Modern Optics 6
BaTiO; Free energyF is expanded by P (because P~0 atT~T,)
100 P F=aP?+bP*+
s o p = o P at F minimum is obtained by differenciating F by P.

- A - ) iy 2 R SN NN S S )
mﬁﬁ 2 £} \p,:o L \ Ta F OF /0P =2aP +4bP* =0

L M\ = 1 P=,=-0 ¥ T>T,
oo M % BN T 2b f :
ool T ety T Assuming a= a,(T- T ), T=T.

- T T>T. P=0
o T T '—?':E?q T e e T 80100 ©
a e o (e

!
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T<T
T<T, p_ —-a _ [a,(T.-T) \/\j
Vo \ b

Energy in a field E'is
F=aP’+bP*+¢,PE
differenciated by P to give ‘/\

2nd order

p
LIS transition
E 2a,(T-T)
Curie law




Organic ferroelectrics
wNI7-EEZIT Phenazine tPhn

PVDF (Polyvynilydenedifluoride) NN
Fou 0 WG
\VARVIAVIRVEV/ o

/\/\C/\/\/‘\
/\ /\ /\ /\

Chloranilic acid

Polyvinylidene fluoride (PVDF)

?mﬂ N &
= 22 O\

Liquid crystal display Antiferroelectric liquid crystal
Swisted Nematic

*-.l__: ..'J'-

S " WA 7

: Eon = TTToTIT moEotem Smoeses
| Light on Light off
i - II”C:-." I‘""-!‘c-
3 u In a rod-like molecule \-:'FL-F’-'{L
4 Largely different cin//and L O
, N/) Mo ey P _ - Parallel alignment in a field £ 0 L‘/’l““r'c"r"ﬂ'“ 13
- U-O ¥ 5 &y
Nature Mater. 7, 357 (2008). MHPOBC
9 10
Optical Properties of Metals (Plasmon) hv H E At low frequency: w T<<1- real =0 &~ i4”70
Eq. of motion vibrated by an electric field E: :
N y Y ng . me _ [0,
dp p = S — Refractive index p* = \/; =n+ik leadsto n~k=,—=,—"
o Mgr=—eE———  p=p@)e” Ll L 2L e
T " Reflectivity |, . x2 2.2 iIsR~1
These lead to _; o)) — _cE(w)— P(w) :‘1 n*| _(n 1)2+k2
= [+ D2k
then j(w)=—enp(w)/m= ne’z E Light cannot enter, and is reflected: metallic luster.
m l-ior
2 -
ne‘r At high frequency: w T>>1 - real part:
Using o, = L o(@) = ‘To 9 q y . ZP PIasTa frequency
m l—iwr | 4ro, 47me w, , 4me
g=g-——Fr=e————=¢/1-— o, =
or o, O,0T o't o'm w m
Reo=—-"— Imo=——-+
1+o°t 1+o't A w<w, £€<0 n=0 - FA=1 Total reflection
o
Dielectric constant of a metal E—>&et Light cannot enter, and is reflected: metallic luster.
4o, i 4ro, e @ w, near ultraviolet in ordinary metals € (w)
Yt e’ Co(l+a’t?) w>w, >0 k=0
20 ©
-> Absorption = Tk -0 w,
—> Metals are transparent for UV light.
11
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Transparent conductors Doped wide-gap semiconductors

Liquid crystal display
LED display
Solar cell

3.2eV
1.6 eV
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Energy units conversion

104 10-3 10-

Visible light

2 101 1evV /10 100

_Energy | |

10 1mm 100
Wave length _| | |

|
\ \ \
10 1 rl|m 100 nm

[ [
E=hc/A

1cm?t 101 102 103 fo4 105

Wave number \

Temperature 1‘ K 10 102

E= kT | ! |

A

1cmi~1K~1T

Magntic field

E= kBT E=}J,BH

1eV~1um~104cm-
~104K ~ 100 kJ/mol

room temperature

E = (1240 nm/eV) /A

1eV=1.24m eV=hc/A
= 8065 cm-
=11605 K E=ikgT
= 0.96x105 J/mol or C/mol
eN, Faraday const.
=1 mol charge
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Various transparent conductors

In,0; several %Sn doped — ITO (Indium tin oxide)

Oxygen defficient = In° from charge nuetrality

. . —> Electron doped
Electron doped in most oxides

Films from magnetron sputtering

2x104Qcm, E;~ 3.3 eV

SnO, Rutile, oxygen defficiency

ZnO Wurzite, oxygen defficiency
Ti_,Nb,O, Rutile

SrTiO; Perovskite, oxygen difficiency

12Ca0-7Al,0; Partly reduced, electron doped
(Electrolyde)

<7~ In (3+) > Sn (4+) Electron doped cf. Si(4+) > As(5+)
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Dielectrics in a capacitor

(a) (b)

| ol
0 Tl:r Ef(g | SVE=4nP

M>0

E=Ey, — 4P M<0

— D= E+ 4nP
=¢E always P>0

Sie¢=11.9 - o E=0 Metal
Actual Eis 1/11.9 of D.

(a) FER

5445 D
o8 P
D=E+4xP
D=¢ E+P

Magnets

B=H+ 4mm
- ZH
weak strong

increases H paramag. ferromag.
cancels H diamag. supercon.

v

1Tt
P and M have opposite signs.
ordinary y ~ 104

Actual B~H
(b) HEHEA




) ; H
Curie Paramagnetism T_l_ 1/2 - U
Magnetic moment from unpaired electons + IZHH
#=rhS=—gusS Gl

Magnetic Order

J>0

Ferromagnetism:all parallel )
Si/IS;is stable

The whole material is a magnet.

—_——— —_—— —
-— — — —_—— —
—_— —— —_—— —
— — — —_—— —

—_——— —_—— —

4 s
T Zeemann splitting due to the magnetic field H
E=-gugHS = -y H Antiferromagnetism: J<0
ite directi Antiparallel S; and S;
Split to two for S=1/2. In thermal equilibrium: aliernately opposite directions P : !
H/kg T - H /KT
M - e s & . e Spin Hamiltoniam
N ,uH/kBT —,uH/kBT N ,uH/kBT —,uH/kBT A p e -
€ He € He H=—)23;5iS ) -gugH )i
o (N1 Ny = Nptanh 25 < ZAR L !
= (N1 =Ny =Nat kT 'u(kBT ) < kT S0 Interaction Zeemann splitting
2 .
Z=M N ZE\CUI’IQ constant NS(S + 1)g 22 Siis a vector like (S,, S,, S,): (Heisenberg model).
H kgT T ExceptforS=1/2 C =—E—B When spin is always directed in one direction (z) due to the large magnetic
X is inversely proportional to T. Bonly comes from S. anisotropy coming from the crystal field, we only consider S,.
X (Ising model)
N — "= | Random spins When §;=1/2, §;=1/2, (Interaction)=—J/2 .
« _, ' /| More aligned at low T. Note: (Interaction) is defined asZJ ij§i§j in old literatures.
17 i, Jis twice larger. 18
Molecular Field (Mean Field) Approximation rtt 9:%22‘]". :% «— Coordination number z for nearest neighbor J's
Focusing on S;, and use average sum for 2 | T T : B B
ttt Weiss temperature
A A
Y H= zsi (—ZQJ iiSj —gusH) =—gup(H o + H)Z Si J>0— 6>0 Ferromagnetism
i j i

(effective or internal field)(%& % or NERFES)

i j
Heg :Lzz‘] i<S;> Interaction with S;is replaced by a field
Qup j
generated on S,

S;changes every moment, but Sj is approximated by the average <S;>
(7 Fi5E 1 or 1351711 Molecular Field or Mean Field Approximation)
Statistical distribution similar to the Curie paramagnetism gives
M :—N'qu H—HertH

0 M= X o(HertH
keT HolHu ) HFRBHRH
where M=Ng ¢ g<S> leads to Z2Jij <Sj> ‘
Hef =—————M =aM
Put this in the above eq. to give Oty
M= x o(aM+H)

M{-Xoa) )= xgH — z=r=—H

— ie- issBl
H - T-za T-0 Curie V}/9e|ss,\J

Paramag. /T/
| N\
-~/

Ferromag.

T, T
Curie temperature

T—=Te x—o0 M Magnetization
T < T M#0 for H=0 J ’ of Ferromagnet

Spontaneous Magnetism — Magnet ¢
T. Fe 1043K Ni 627K - H
T T T 1 1 = Hysteresis

T T T 1 1 Usual ferromagnet has randomly oriented magnetic domains
(BX), but magnetic field aligns the spin orientation to make
a bulk magnet. 20

——11




x 1l J<O—> 6 <0 Antiferromagnetism
Hard aX|s

X _Antiferromag. Tt

spinL N It
S A \wg

Easy axis ? S .

/! Sgin : _l_‘N T Néel temp. ~|Weiss temp.|

Easy axis of antiferromagnets
Spins in antiferromagnet are oriented in a particular direction due to

1) Dipole interaction 2) crystal field
Increasing H along the easy axis leads to abrupt change to spin L H at Hg;.

f t 11 Hardaxis spinlH spi)r(wflop Hy=+2Ka

Ferrimagnetism
Alternating spins with different S ) I } I ) I }
(e.g. different metals) lead to remaining moment Cu2* Mn2+

~—evenfor-antiparallel order for J<O0. S=1/2 5/2
Ferrite Fe;O,4 has Fe3* and Fe2*.
Most molecular magnets.

22

S \ H
ERWAY .
Low T
temperatur —— ‘; il
~_ H Tn T
Easyaxis\\H T ! T I
spin//H 1 T 1 a:Molecular field coefficient 01
K:Magnetic anisotropy(difference of //and 1)
Magnetism Molecular orbital of transition metal compounds
Ligand orbital: bonding
Transition metal d-orbitals:  antibonding
-4p s, p levels are further antibonding
All valence electron enters in the d levels
M= Splitting of the d levels (Coordination Splitting)
4s — / For octahedral
Two e, orbitals directed to
Bl 3 = < the ligands are lifted, and
3p F more antibonding.
Fe FeCl, cl ? o C%J f
9
A=1~2eV X2_y2 72
Absorb visible light / !

1 t
—Transition metal compounds are colored. 7 % % %
Ligand Field Theory or Crystal Field Theory ooy x

Molecular Field Theory of Three t,, orbitals have nodes in the

Transition Metal Compounds direction of the ligands,
and are nonbonding. 23

For octahedral high spin

— 4+ + 4 o M4 oHl

eg=

o e %&#%%%%%%

tzg
dl 2 d4 d5 dG d7
S= 12 1 3/2 2-1-Bf2—2—1-3l2+1 1/2 0
TFid+—Tizt—Cr3*—Cr-2t--Fe3*-Fg2t Co2t - Ni2t— - Cu2t—Zn2*
V4t 3+ Mn4 Mn3* Mn2+ Co3+ Nis* Cu*
TFi0— VO G0 MnNO.— Fel—-Cpal-——Nil
4 5 6 -t 8rt-9 10

4~7, when crystal field > Hund rule, low spin state achieved
— T T [Fephemnes))

176 K

Ford =
Transition from high spin
to low spin by changing T
Spin crossover % % % % xT

Low spin déis d4 ds ds d7

nonmagnetic s=1 1/2 0 1/2 L

low - -
spin/ high spin




Majority carrier is depleted
around the junction to have —%x ZZE
[ P [ N | net positive charge.

PN junction

to the majority

(Depletion Layer)

Junction polarizes so as to

| / : 1
s—== - w have opposite charges

carriers.

_PNL
:: +1
Forward bias ,
— |- — —:i - |+

+ <= _: ::1_ - - ——|T

Reverse bias

+— attraction leads to current flow

e i
’ | .
: | EFiEA electron injection
Most resistance come T €
— from the depleted E. o
Potential surface bends O J+r junction. ;—w; I
so as to make Eg =const. —— + 3
Np Ne \ & 4
>< R—ILEA Potential is lowered
N, . N, hole injection to Vp-V.
25 26
BHRAACIA—R Light Emitting Diode (LED) Bl ACTA—R Light Emitting Diode (LED)
BHEEL (Electroluminescence) BHEEL (Electroluminescence)
4 I I Hole transporting  Electron transporting & Hole transporting  Electron transporting
Light Layer Layer Layer Layer
9 4 P A y
E 43eV *@
l 1 1
~ 2 -2
o) Level 7]
4 B o
PN junction o wWikE O

ITO Electrode

Electrode
(Ag;, Al)

27

Electrode

CHs / CHs \
(; <> ‘ Nj O Electrode
N N CH, ON—o (Ag, Al)
Oy O T »
‘ 28
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Metal-semiconductor junction

Metal Er < Eg in N-type

Adjust E¢
Depletion layer
3\

.k

Work function of Metals (Position of Eg)

cf. lonization potential for semiconductors

K 2.28 eV

h [ B
—— Na2.36eV E2EE 13.1

—— Ca29eV

Shottokey Diode 3V
ZZI
- —__ Zn3.63eV
+ - Forward — Mg3.66 eV
- + Reverse
! . i 4V I~
Meta Er > Er in N-type :Ohmic contact Shottokey Barrier —— In4.09eV Gad.3eV
‘ — Ag4.26eV __ Ao 44 ev——1—1 Pb 4.25 eV
: . Al'4.28 eV Fg4'5 gv Sn 4.42 eV
Accumulation layer - —— Cu465eV W 46 eV
in majority carrier ' '
- Current flow for 5V Co 5.0 eV
_ both biases. Aus.leV ——Nj5.15eV
I ®
29 —— Pt564eV PE 550y %
Erpox Ip (&Y) Eredox
Energy Levels from Tetracene .
ay _ C‘O s eee Stable region of water
Redox potentials 15V 10 LI v
pa LUMO
— ~ € — |
P DO 12 0\@(\\3\ 20 3.2 eV
L0V 35 +-0v ?/ 0\13“) 0.6 V '
L —0.8 Reduction 34 %
—N FN— — o Ne: L (] H4 ~
ol Air stgble’n” o T —04ho s 38 4
Better Donors oY i | UC;O/L.M v ‘l°l' e ' *0_ g
semSronene 1 -} = . 2
"‘ e , ot Acontors 8 £ 00 Staffle region |42
Chioranil a
W =< h g of whter o
g fS_Q_ g us.:cslgm_rF 45} "m C|°\——uxc\ f—— < 8_ 0.4 4.6 :::
£ OO0 Ao :g>=c>=<g:7< e g o8 H,0-0,35+2¢
n OOOOO %:Eus:(szg:_%rgmﬁ [ m:;‘s :Z :: {S#SIS; N':sIsFS} l 8:) 1 2 /Qm (\“a\ 5 4
Pemacsge U,ﬁv; S_s 5.5 5.0] c F —; cl cl [Ni(dmit),] . v \'e \% .
tee (=T - R «o°
Phencthiazine { " @SHSD NG N Ne N DDQ ('\q 58 HOMO
el o Noos, 5o 0 7 14
Teracans TS0 5.6 eV
1.0V --1‘13\;‘c S s oN pH
Peryiene | ] 5.5 [Ni(mnt),]
O | s6ev L
oo o »
anmacene Stable region of water —> Stable organic semiconductgrs Atkins, Inorganic Chemistry
15V~ +15V




Photocatalysis: TiO, irradiation decomposes water to H, and O,
(Honda-Fujishima effect)

How organic materials conduct electricity?

TiO, ZnO WO, GaP
R T L . Organic semiconductors
N i Reduction Artificial _
~ - - photosynthesis Pentacene
E o - WO Conduction Conduct
: T (e 90000 55!
®oor |, . - H, HCOOH Insulators
3 .
2 2ol % UV Light ) /’—\
E H H
™ 1 ht o
0T 1 @) (\COZ H H \_/’
Valence H.O B
band 2 Benzene H H H H
Oxtain TrYYYY b
e H H H H H raphite
X
Polyacetylene
Conducting polymers
(e) 33 34
Doped polyacetylene i i
Neiitial Discovery of conducting polymers 4 shirakawa

H H H H

- A
H H H H H Metal
Semiconductor l \
Br Br, K K+
H H H H

H H

e e S NN N

H H H H H H H H H H
m* LUMO conduction bandlll
“ m HOMO valenece band -

Hole doped (P-type) Electron doped (N-type)

35

2000481 2 —~ LRI =1 1 A. J. Heeger
: A. G. MacDiarmid
1974~1977

lodine doped
polyacetylene
Polyacetylene
fim a
-
H H H H
= /+ NN
H H H H H




First conducting organics : charge-transfer complex
Perylene
+

Bromine doped perylene is highly conducting.
Akamatsu, Inokuchi, Matsunaga, Nature, 1954.
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Polyacetylene = Polythiophene

PEDOT:PSS

¢ poly(ethylenedioxythiophene) : polystyrene sulphonate)

] (PSS}

e N N N
Ja0gac
= \\ Ty =S e Ry 3

50, S0, SOMH B50M S0y SOH

N Y, T '

; ' "
a o a o o 0
i ¢ A
i Ejl_\'{ )x! Y
\'F“-q.’s‘\-’" A S - N

LI (. N
™ s A -
9V g

Conductivity ¢ ~ 300 S/cm
S = O1 Siemens

Water solution
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Good donors and acceptors

A good donor: Tetrathiafulvalene (TTF) Azulene

a4, S, S e S, S e S, S
[s>=<s] - @> <@ T @> <@ 0.38V
Tn n 61 n 67T 6T
TTF TTF' TTF*

This 7 T system easily gives up one electron to form a 6 7 system.
(C—1m.S—2rm)

Electron donating groups such as -NH,, -OCHj; strengthen donor ability.

A good acceptor Tetracyanoquionodimethane (TCNQ)
NC : CN Te NC ) : _ CN +e N(;{ 1 : _ CN
NC CN NC CN NC CN
TCNQ TCNQ- TCNQ?

Reduction restores from the quinoid structure to an aromatic 6 7 system.
— emerges on the foot of two electron withdrawing groups (CN).
Electron withdrawing groups such as -CN . -NO, strengthen acceptor ability.

39

/J( \

Electron donating:-OH, -OCHs. -NH, === E|ectron Donors
OH OH

CH, £Hs
N
/
re Br, CHy CHj
_

Br
ortho, para

Electron withdrawing :-NO,. -CN. halogene. -COOH. -COOCHgs;. -CHO
COOH COOH =l El|ectron Acceptors

NC CN NC N
Br nd  on NC :

CN

Br,
AN FeBr;

meta
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Eron I (e¥) Ernten V=
Energy Levels from Totraoene 60 v
. - 0 . . Linea 7 = 80V
Redox potentials ~ +1sv Organic transistors 50| -hear ;
Perylene — / Tov
- 3.2eV |_ <Y 1
P 00 2 30l | sov
| iov o Liov £ 20} . saturated| 3ov
10} | 3ov
N ON . x NO; 0 o == %gg
K- Air staf len® s I v, 0 20 60 80 OV
o Donors Losv a0 P sy
Botior Do :;@:o l ‘a Output charactreistj 5 ( )
' <— SHE Chloranil Betier Accepiors 8
2 e :NS_@_N: STV S e Y h{:}w\’ °Ne. DM-DCNQl 2
g @000 Q=10 / Drain Source )
g /[S#B] 7 o ,a,rm>=<:)=<c/\ Organic Semiconductor
- .~ TCN NC
B OO0 il M o | (I I - sio
Pentacene 0.5V S5 S-S54 50 NG o cl Cl [Nl(dm!l)zl 2
s \FEIﬁIJ | BT T o
Phencthiazine u NC CN NC CN bba i |
SeeeReate o - n-st
mraesna o8rTF Fatona L :I:;m:z]:z:l Pintch off
perene . Y 10V 55 TV imaty;] Ve \
L 5.6 eV i
) e . . v Ve ‘ s
anacone Stable region of water —> Stable organic semiconductgrs = 42
15v~+ +15V
10°
Organic transistors | Voo 100 Organic transitor materials
_ Wl 80 _ P (d) Pentacene
g 2 er
= WL 40 L <
P « 20 (e} TIPS-Pentacene (f) BTBT {h) Picene (IP3HT  CgHyz
I 74 0 %0 0 100 I 5 606!' / H o
G (V) BTTT
(g) C,-BTBT we frths
s
Transfer I CeHhe mauu w‘_}—q
characteristics s
Drain Source e Gt
ceeccce Organic Semiconductor
SiOz N (a) (b) _ . _ () FygCuPe
Ii‘— '\ — CsFir "’@.!‘CCFIF M 5 5 . f F F L
4 NC Q— N F F
Capacitor (d) NTCDI (e) PTCDI N Htu‘N N

Ve |

N-type
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History of mobility

pEl

Rubrene crystsl pn

D

7 = ;VIerocyLmine I p(l)ly-Si I

10" 4% Acene derivatives

Thiophene oligomers -
Phthalocyanines x 5

2 Ph Ph
|_»40cm2/Vs

|_~»16 cm2/Vs

S,
anzn+1CnH2n 1

\ =
n €
< 0 | ~@ Polymer a-Si - Y. :
& 10 [=%="Rubrene Vv :'t’b N BIBTHilm
| —v- Pentacene® "~ " '0‘4_;:4 N
-& TTFs ,° - 5 cm2/Vs

P
2| ¢ B A7

-« thienéac 7
- i o

Mobility /cm
H
o

Un = 0.56 cm2 /Vs
Ue = 0.95 cm2/Vs

jasseet

Ambipolar transistors (Both P and N)

OCrHap+1

Up = 2.4x103 cm? /Vs
e = 4.8x103 cm2 /Vs

Bui

up = 0.3 cm2 /Vs
Ue = 0.6 cm2 /Vs

Gate Length . 10°
< > Pentacene film
4 /‘ , — D oarce] | . Up = 0.42 cm2 Vs 2 10
10" ¢ = S0 | 26 cmVs Ve = 0.85 cm?/Vs R
_/N . Gate n*-Si _ PBTTT & 10'j T T 12x10 )
! T | B el ’ 1 10
-6 ! | ! | ! | s 6\ 5 -9
10 { : 2w \ L n=2 10750 80 -
1980 1990 2000 2010 Sl VSIS = 1Tx103emeivs T Y (V(; 0 80
10 \ 4 =
Year /\ o \w/ / L+ He = 2.0x10-3 cm2/Vs °
" 7% 0.1 cm?/Vs 0 %0 40 0 @ 80 1)
P3MT Ye® 46
2
ne r
HOMO/LUMO Levels Conductivity 0 =——=neu Mobility
OCHzp41 m
Indigo Typical volume of organic molecule : 400 A3
2 u —> 1 electron /| molecule - n=1.25 x 1021 cm?3
E(eV) A
N d Mobility 1 cm2/Vs = ¢ = 200 S/cm
30
3.2 38
¥ 27 Lumo T
40 — -
17 8
-]
2
)
5.0 = 5. 53 £
Au ' —
5.6 HOMO X
6.0 I~
47 48

Isoindigo




Organic solar cells are opposite of organic LED
Electricity < Light

Hole transporting  Electron transporting
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Photocatalyst Dye sensitized solar cell Perovskite dye sensitized solar cell
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Y Reduction Y
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Conduction Conduction Si film 15% Conduction
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Effeciency 10%+a
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Efficiency 20%
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