(solar

cell photovoltaic cell)
LED 2

5762 K spectrum

Air Mass zero (AMO)
AMO 1.353 kW/m?

spectral distribution

Air Mass number . (AM m) . 2
) AM m cos(d)
AM1 . [1-3]

'
L LY
[ .'I:"IJ'~:“'-.. "-u__
|l
! Il:.'-l.H |’|[11"'-
.'-‘?hHT ' il ,—_—l.'l—l- | III|I II [‘ri;lx:}\b .
O A cosif) L lf f U

1 ( ) Air Mass number ( ) AMO, AM1.5, 5762 K

spectral distribution [2,3]



1 AMO, AM1.5, spectral distribution
. AMO AM1.5 power
( : , )
Air Mass number
AM1.5g (global)
AM1.5d (direct)
1.0 kW/m?>  AM1.5g

2.
p-n junction 2( )
Conduction band n

valence band p

2( )

band gap

band gap

junction, -

g

..'\_ "L "'_.I' ” t o i
T Cumnec =arrra leyve

ERIEE

2 p-n junction

open circuit voltage (W), short

circuit current (4c), fill factor (FF) . model
3( ) Voc /=20 . +,—
short , 0 , recombination diode

Ik



3( ) power

Wip, e
FF 3( ) Voo, kc
maximum power ( )

FF = Pl (Voc*kc)= (Vup™ e )/ (Voc™* isc)

| 4.0 - I
L SC
—_— 35
® — 30}
+ |
= 2:5r Maximum
e CTD hec  V L 20 Power Point
—_ 8 1‘5__ (VMP’lMP)
o < 1of
© osl
0.0 I 1 L 1 L 1 L 1 L 1 L L
00 01 02 03 04 05 06 07
Cell Voltage [V]
3() model, ( ) -

P, AMO (1.353 kW/m?), AM1.5g (1.0 kW/m?)

n= PMP / Pin = (VMP*/MP / iDm) = (ch VOC*/SC) / Pin

Voe, ke FF 1 n

crystalline silicon
multi-junction

- [4]

150 — 300

wafer module



90%

wafer .- 25%
module 13 ~ 16% . Module
2010 7 /kWh
150
1~ 10
device
amorphous silicon (a-Si), copper indium
diselenide (CIS), cadmium telluride (CdTe) . a-Si 1980
module , device
5~ 11%
multi-junction module 15% -
4
/kWh
- Multi-junction
Reflectors

| [2FC
Light > §§
2

Cell 1 Cell 2 Cell 3

4 Multi-junction

Single layer band gap (Eg)



(E) (E-Eg)

Si
(Eg = 1.17 eV) 33%
cell 25% . 4
band gap (Eg1 > Eg2 > Eg) stack cell
cell band gap
. [5]
Hn-v  (ex,
GaAs, InP, GalnP ) . GalnP/GaAs/Ge 3
37% . [6]
cell
1 7]
1. cell, module (25 , AM1.5g spectrum (1000 W/mz) ) [7]
Classification Efficiency Area Ve Jic FF Test Center
(%) (cm® (V) (mA/cm’) (%) (and date)
Silicon cells
Si ( ) 24.7 4.00 0.706 42.2 82.8 Sandia (99.3)
Si (thin film transfer) 16.6 4.017 0.645 32.8 78.2 FhG-ISE(01.7)
Amorphoous/nanocrystalline Si
Si (nanocrystalline) 10.1 1.199 0.539 24.4 76.6 JOA (97.12)
-V cells
GaAs ( ) 25.1 3.91 1.022 28.2 87.1 NREL (90.3)
GaAs ( ) 23.3 4.00 1.011 27.6 83.8 NREL (90.4)
GaAs ( ) 25.1 3.91 1.022 28.2 87.1 NREL (90.3)
InP ( ) 21.9 4.02 0.878 29.3 85.4 NREL (90.4)
Polycrystalline
CIGS (cell) 18.4 1.04 0.669 35.7 77.0 NREL(01.2)
CIGS (submodule) 16.6 16.0 2.643 8.35 75.1 NREL (90.3)
CdTe (cell) 16.5 1.032 0.845 25.9 75.5 NREL (01.9)
Multi-junction cells
GalnP/GaAS 30.3 4.0 2.488 14.22 85.6 JQA(96.4)
GalnP/GaAS/Ge 32.0 3.989 2.622 14.37 85.0 NREL (03.1)
GaAS/CIS ( ) 25.8 4.00 NREL (89/11)
a-Si/CIGS () 14.6 2.40 NREL (88/6)

CIGS=CulnGaSe,, CIS=CulnSe;



size band

gap . 5
band gap . cell

band gap
multi-junction 37%

quantum dot
86.5% . [8]
th th hV3 hV4
V-
A 4
Y
5 Quantum dot . size quantum dot

(v va>vz>vg)

5.

[1] “ Terrestrial Photovoltaic measurement Procedures”, ERDA/NASA Report 1022-77/16 (1997)
[2] J. S. Ayubi-Moak, /nternal Report, Arizona State University, Tempe, Arizona, 2004

[3] http://rredc.nrel.gov/solar/

[4] “Switching on the Sun”, NREL/JA-810-31967, page 14, (2002)

[5] A. Luque and A. Marti, In book of “Handbook of Photovoltaic Science and Engineering part
/”, chap. 4, 133 (2002)

[6] R. R. King et al., 3" World Conferenc on Photovoltaic Energy Conversion, 622, (2003)

[7]1 M. A. Green, et al., Prog. Photovolt: Res. Appl., 11, 347 (2003)

[8] S. Bailey and R. Raffaellle, In book of “Handbook of Photovoltaic Science and Engineering

part /”, chap. 10, 416 (2002)
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solar cell (DSSC)

I DSSC
Olddet E4= XY DSSCE

Dedg

oA

1el, +

o
=

i
[

light

| Transparent Conducting Oxide

Dye

TiO2 nanocrystal

Load

4—'— Electrolyte

&1 Nanocrystalline TIO, dye—sensitized solar cell® #X [3]
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A 2A20AM HUHXE dEs8 8Xs counter =0 =&HA 157 E CHAl E& Al
AN I'E Attt OS2 DSSC Rd a0l et NAle 2F0I0

— Transparent Conaucting Oxide

DSSC =l &2 & transparent conducting oxide (TCO)Jt coating® glass&
OI20HME ULt =2 S8 2| fdide ¥2 gl =2 FHEE JLHOE
ol Letdo=z TiO, &=22 sintering X2l 0C Xl CtHGHOF StCt.
Indium—tin oxide (ITO)JF HEZXQI TCO2H &

- 7i0, HF

TCO ot2 0= nanocrystalline &2 TiO, &=0| ULt TiO, &=22° HH
Sfet® Ot AN He2 HHEFOICH et 22 Si, GaAs, InP, CdS S2| BHE A
= A 2IH photocorrosionOll 2l A ol = Ct.
T = St MleE Oldeh ZA0AM HE A0l SO LICH Ol

A TIO20E SnO,, ZnO St 22 H2 SH45=0] BHY
ANEECH TiO, 8= TiO, colloid E¥= TCO EH0l coatingst
C EICh g€X-el 88 SollAd 10 ~ 30 nm 2D1<2
TiO, X EAHE0 nanoporous *XEJF O &CH 0l nanoporous & E
SH 10 um, HE 1 cm? @ TiO, 229 H AH EHEEZS 1000 cm® MKl St
AMZE = A28 Z HHAFL 20| HHEFQ &2 320 HIolM 22 22 photo-
sensitizing dyegS S A2 &= UCH.

— Photosensitizing Dye

EBHZol HRES XXdtE JHAIZ (400 ~ 800 nm)dfl TSt &5
F Ot photosensitizing dye= HHEE2 Ru complexs0ICH 22 &2 At
T2EE JIXND JAZ Ex= 3
©=2 LA UL

COOH COOTBA

HOOC

HOOC TBAOOC

COOH COOTBA
Ruls RuL2(NCS)2 (N3 dye) Rul’(NCS)s (Black dye)
TBA: tetrabutylammonium cation, ((C4Hg)aN")

&2 Ru complex photosensitizer£2| 2X72Z% [3]



— Redox Electrolyte

DSSCOl AlZ%l= electrolyte= 17/l redox ion2& AN JU2B TiO,
M3 counter M= ALOIIA HAE HLote A2 StCH AN 242 Lil, Nal,
KI S0I 1,2t &M acetonitrile S 22 nonprotonic solventll =0JU= HO0|CF.
YA 852 counter cation (LiY, Na', KUl IS =0 0l= counter
cation? H&EEZ TIO, HY S& 52 R A2 LM UL

- Counter &=

(Dye cation)—(I" anion)2tel BtR-Atg BFS0H QoM EAHdE 157 =
counter 8=20AM CIAl I” 2 SJSCH TtAM counter =22 40| FHLIOE &
Ct. OIE @ oAl PtIt coating & TCOOIL} carbon =25 AI=Z¢&tC}.

2. DSSC M <tH
2 EH0lA= JIE DSSCo 2MES HEE = U= HYBsSS 28 24 ¢

£ ZcelolMd JHot DA+ 8Lt

- 7i0» &= JH&
Nanocrystalline &2 TiO, 8M=20UAM N, E2 Ar S20l 2o SHE
(@]

PN
HHAEZ2 MM SCH oFHXICH porell AD|IJF LAG H photosensitizing

o =
hQ

dyeE E&& % gle & A 015t2 microporel HIS0| &Y 225 XHXISHCH
TiO, &2 WL pore 2IJIE mesopore B (1 ~ 10 nm)OlA LEHGHH =&
& £ QUM B &8&Ql photosensitizing dye E&0| JIs& Ao ototal
Ct. =2 self-assembly2 0l 2|8t mesoporous TiO, &8 o AR XML H
AN pore 3J|1JF 2 nm Ol&0I €8st #2222 HIEE TiO, &80l BENEIIE
ot ULt [4-6] otXI2H OFAINLXl photosensitizing dyeS S&tst 210 Ui 20
= SACH A D2 poly(3—-hexyl thiophene)S mesoporous TiO, =2+ot

J

W20 20 EHZEXI0 S85tDXA ot= AIEIE JUCH [7] SR DEXO
q N

pore HFZ &0l S0IIA HO0tM =8t EHEAE XS] SE4= LIEHUWX= 23

dyelild =& ®XE collecting 8=222& 0|SAl9|

£ dUE dyeZ &= =HU dyeE 4tstAIZI=0

AEE DT StCt. 0l2 gHXIal)| oA O 30AMA 20| TiO, 2CH energy

barrierdt 2 N»Os, SITIO,E TiO, HHO0I coating StHA DSSCe &2 JIE
SFAFAIZCE. (SITiO,, 3.81 —> 4.39 %) [8,9]

StE TiO, &= AWl band gap0l & Sn0,, Zn0O, In,03,2 0IFHEA &=

AtZoIIE ot otXIe Z10 20l 501 JIE TiO,E AtEst X0l HloH

rr
19
ol
o
:Oé
f=
Ql
>
o
0T o rir

o



Collecting A=

123 NoOs/TiO, core—shell 8=

NsOs Layer

o HEE

1 Dye-sensitized oxide semiconductor EHZ & X2l 4 Hlw [10]

&= Dye n Jse Voc FF =8 A
(%) (mA/cm®) (V)
Zn0O N3 2.0 - - - 56 mW/cm”
Zn0O Mercurochrome 2.5 7.4 0.52 0.64 AM1.5, 0.09 cm?
SnO.,  Mercurochrome 0.65 2.0 0.58 0.56 AM1.5, 0.25 cm?
In.Os  Mercurochrome 0.38 5.4 0.24 0.29 AM1.5, 0.25 cm?
Nb,Os N3 2.6 029 0.61 0.58 520 nm (4mW/cm®), 1 cm®
Nb>Os N3 1.2 3.3 0.67 0.54 Xe lamp (100mW/cm?)
SrTiO; N3 1.8 3 0.789 0.70 AM1.5, (1 sun)
Sn0,/Zn0O N3 8 22.8 0.67 0.5 90 mW/cm?
NNn,Os/TiO, N3 - 11.4 0.732 0.564 Xe lamp
TiO2/Zn0O N3 9.8 21.3 0.71 0.52 Xe lamp (81 mW/cm?)
NNn,Os/TiO, N3 2.0 7.1 0.68 0.42 Xe lamp (100 mW/cm?)
NiO (o-type) N3 - 0.2 0.08 - 68 mW/cm?
NNn2Os/TiO, N3 4.9 13.8 0.61 0.59 AM1.5 (100mW/cm?)
Ol2t= BHUHZ TiO,ECH band gap0l &2 mesoporous CeO,= AtE2oldd=
AMNEIJE JA/ULCH Ce0,E MANE HMEZ0t] dyeE S=0l= substrate?] A& 0t
OtLI2t photosensitizer2 SAI0 Aol A ol= AIZO0ICH. Nano2! XHAMEH 9
CeO,= bulk AEH £Ct band gap0l ZAG6t0HA doped CeO, AHMIZ JtAIZ S
S48 £ UCH 1.5 AM AEI0A 0.9%2 Z2-&I| BHEtgES LIERCH [11]
Ot8 282 YAt MASH photosensitizing dye?t ZE 8N Bl =2 225
LIEtE == US 210l Gl&r=E it



— Photosensitizing Dye
DSSC EHZMXC = S
= photosensitizerdl 2 R6tCH.  ZZ20l= 8HJFAl dyeBtS 0|&dl=
= E0l T8 % JHAl Ol&2 dyeE OIE0IHM === E&AIIIH
UL 5 JHXl Ol&t2 dyeE AIEE B 2429 dyeE =ZclotJ|l fIoHM CuSCN

22 electrolyte=[12] AISoIRCH. FH& ZAHUWA & IS dyeE AISote=

4>
2
i 4
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njo
i
o
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rr
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09
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[m)

A =
4 201 ALOsE[13] AIE0lUM A dyes 2clst A= electrolyte2 22|
gel 8Xe Tio, =22 =

= hole2
FOIGHACH OFXIZH BHEE X =20 et 2= AT

ro
0

i

£Q
=
=

rr
Py
oo

g8
A 8= -
1 Wsys
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&4 Nanocrystalline TiO, & 020 & multilayer co—sensitized 222 charge
transfer JNE = (S=Rul,(CN),, S = RuPc) [13]

— Redox Electrolyte

DSSCOl AtE2E = YH RIIZ0H electrolytes FEAH0| USB =2 ENLE K
MZEA 2SS0l ZR6iCH 3Ld S0 2SS 24832 2FUA 29 A2
module HZ0 JUHA= HIEZRGHA 2 SHES ofZot

2 S8 A0ICH 0lH &t

DX FLH0l ol A20A HXC! (1-methyl-3-propylimidazolium iodide)E

electrolyte2 AIZotHM AM1.5 ZAHUHA 7.1% 0l&°S &2 SQIoIULCH [14]

2OUA AFZE jonic liquid2l iodideZ selenocyanate (SeCN)Z HIRX AM1.5 =

H ZHONAM 7.5%NK 80| SAZQALH [15] T2 Hete2= DA electrolyte

AE58H| &= BFRAUCH 152t 22 PXE 2= OMeTADE OlEolded &3
X = =] ‘|

€222 HE0I0A HotE FotACE. [16,17
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4 %, §
ol {DD°) §
3 N
&N
hopping \
‘ N
(D'/D) s
TiO2 Dye HTM Au
185 OMeTADS 22X #=x=(A) & 3 M4 2& (HTM)2 0128 EfLEX
energy level & band gap alignment ()
Energy (eV)
.. Vacuum _ Es
Dye Au TiO, Ti !
L -2
- =3
- =i
L =5
L 6

INAAA
Load

J12l6 Redox electrolytedt 9l M2 JHE2l EWNXAE X 2X[18]

KNSDK A0Hs ARZEUSS 25 MXALE HZ0| electrolyte, E2 8& 4
SZ0 SJoHA dyell MLEO0F ot= 2AQULH £ 2 Olefst &at MEXI ER
ol MZ2 JHES EHYAXIIF MOt AL [18] HE S dyeE AIEAHA =212
band gap alignment Z&ot I&60 201 Lol 2o HIlE 8= Au H=32
SUoHM counter 820 A& TEOlH TI2=Z electrolytedt 22 QICH 0|8 &
£ photosensitizer-&8=22] &2 & MEIGIH electrolytetl 28t HSt0] S22
2 & 0 OYst ST HLNMXE 2= = US AO0ILCH

DX 2008t DSSC= OtX JIES B X0l HlohA &2 RCh. ot
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dye-sensitized

/TiO,

, /CdSe quantum wire

- QE (Quantum

Efficiency), n
1 /
p-n
junction conduction band valence band
(excitons)
1(
- [11
Photon e
e h* e kg(cited 7,
-~ e ~a — State
“~ .
—_—
Ground +
State U h
Anode Electron
Hole Cathode
Anode Cathode acceptor acceptor
1 - ()

band alignment () : ( )



Yu et al. [2] - acceptor Cg

29% (QE) . Yu and Heeger [3],
Halls et al. [4] 5~ 8%
QE
blending spin coating phase separation
blending annealing
QE 29%, n
1.9% . [51 - blending -
annealing surface roughness collecting
spin coating metal capping
surface roughness . [6]

il cemans o mmes s 8 T L s TS TV e a3 (P A EmEs dgias PR L EEA S S em el d TP R Ee e T

2 (a-d) 500 nm CuPc:PTCBI(4:1) SEM
(e-f) simulation CuPc/PTCBI interface

dye [7,8], [9-



12]

discotic liquid crystal

hexabenzocoronene (A) EP-PTC (B)

- ( 2 )

490 nm QE 34% . [7]
A B
]
"
1 i
_n'
Cc
3

A: hexabenzocoronene, B: EP-PTC, C: P3RT

EP-PTC poly(3-hexyl thiophene) (P3HT,
3 C) Dblending QE 10% . [8] EP-PTC/P3HT
interface
.Hyunh etal. 0 quantum dot CdSe
P3HT QE 16% . [91] 4
P3HT CdSe
L\ e’
Lb\ h+
CdSe
4 P3HT CdSe energy level , [10]



Cdse quantum dot quantum wire QE 54%

(AM1.5 g) M) 1.7%
. [10] CdSe dot wire
. CdSe wire
branched CdSse/ interface
. [11]

quantum dot quantum wire  branched quantum wire (tetrapod)

5 CdSe
Cdse band gap 3.2 eV  ZnO
~510 nm QE 40%
() 1.6% . [12]
3.
blending, QD/
substrate,
n 10‘%;
4.
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