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SUMMARY

I. Title

Development of Solid-State Dye-Sensitized Solar Cell(III)

II. Objectives and Significance

Extensive studies and applications of DSSC have been focused, because DSSC can
achieve over 10% efficiency with significantly low cost. For the practicalize of DSSCs,
which may have some potential problems such as leakage and vaporization of liquid
electrolyte, we have tried to prepare anhydrous gel electrolytes and enhance stability and
efficiency of conventional liquid electrolyte type dye-sensitized solar cell. Copolymer gel
electrolytes were prepared by heat treatment and characterized the performances of
DSSCs.

In order for photovoltaic power system be economically competitive with the
conventional power generation technology, the solar cells, which are key component of
photovoltaic system, should be much cheaper and more efficient than now. One of the
most promising technologies is to develop thin film solar cells because thin film solar
cells use much less raw materials and automatic mass-production process can be easily
adapted. CulnGaSe;, which is the most typical I-III-VI; chemical compound, was
successfully used as the absorber layer for thin film solar cells, and the record conversion
efficiency of 19.5% was obtained. However, it is generally agreed that economically viable
solar cells needs at least the efficiency of 25%.

One alternative to achieve high efficiency is through the realization of tandem structure

by stacking one cell on the top the other which has different energy bandgap.
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[II. Contents and Scope of Project

For the enhancement of ion conduction and mechanical properties of polymer electrolyte in
DSSC, copolymer electrolyte materials were prepared from butyl acrylate(BA) and
acrylonitrile(AN) monomers materials by heat treatment (60C & 80C) method. Thus
synthesized materials were used solid electrolyte for DSSCs fabrication and characterized
the physical, chemical, mehcanical and PV properties. Counter electrode materials were
prepared by using carbon nanotubes (CNTs) and characterized its electrochemical properties.

UV hardening polymer electrolyte were prepared with selected couple of oligomer and
photo-initiator. Thus prepared materials were characterized. DSSCs fabricated with these
materials were tested and characterized.

The most important task is to develop appropriate absorber material based on I-III-VI,
chemical compound with a bandgap in the range 14 - 18 eV, which can be used for thin
film solar cells which has the same typical structure as low bandgap(about 1.0 €V) solar
cells - Glass/Mo/CIS(CulnSez)/CdS/ZnO/Al.  In order to increase bandgap energy of
CIS-based absorbers, this year study targeted CGS (CuGaSe:) and wide-gap
CulnGaSex(CIGS) which can fabricated by adjustment of Ga composition in the CIGS layers.
Our choice on fabrication process of wide bandgap absorber are co-evaporation of elements
and two step process, which consist of sputtering of metal element and seleniza.tion.
Optimization of fabrication process for absorber layer and the other unit layers was studied
by varying experimental conditions. Various properties on unit thin films were measured
and analysed. The performance of final product - solar cells - was evaluated through the
measurement of I-V curve. With the development of optimized absorber materials, this
study aims at the achievement of 10% conversion efficiency and fabrication of wide
bandgap CIGS on transparant back contact this year. The details are listed as follow.
Improvement of conversion efficiency by optimization of unit layer: Modification of
crystallographic property of CIGS absorber by optimization of Mo layer, Optimization of
ZnO property, Development of high efficiency wide bandgap CIGS solar cell. Development of
wide band gap CIGS solar cell on transparent back contact: Deposition of CIGS absorber by

means of substrate monitoring, Band-gap energy control by adjustment of Ga composition.



IV. Result and Recommendations

As the result of fabricated DSCs using CNTs-PEO nanocomposite electrolyte, under the
AM. Global 1.5(100mW/cm?) the efficiency of CNTs-PEO was 3.48%. This performace is
83% higher than that(1.9%) of PEO. And we could confirm the commercial possibility of
DSCs throughout the fabrication of large area modules using some electrolytes(PEGME,
PAN-PBA, CNTs-PEO), which were made through the serial projects. In this process, the
large area modules have trend of lowering efficiency in comparison to the unit cell. But
continuous research can narrow the gap between modules and lab scale unit cells.

Gel type polymer electrolyte prepared by UV curing of Polyethylenglycoldiacrylate and
Urethane acrylate have 2 ~ 4 x 10° Scm! ion conductivity. DSSC fabricated with UV
cured gel-type electrolyte with dispersion layer showed stable state in 90°C, produced
power of 8.13 mW/cm® (Ocv: 0.842 V, Jsc :15.58 mA/cm?) with 813% overall conversion
efficiency at AM Global 1.5 (100 mW/cm?). This advanced technique could be applied to
make commercial DSSCs with high stability.

Set-up of fabrication equipments for wide bandgap absorber layer and solar cells
~ Co-evaporator with five effusion cells for Cu, In, Al, Ga, Se
- Installation of real-time substrate temperature monitoring system

- Improvement of existing DC, RF-Sputter, E-beam Evaporator for Mo back contact,

ZnO transparent electrode

- Chemical bath deposition system for buffer layer

- Improvement of conversion efficiency by optimization of unit layer
- Optimization of Mo and ZnO layer
- Fabrication SLG/Mo/CIGS/CdS/Zn0O/Al solar cells and characterization

— Control of bandgap (Eg) = 1.4~16 €V, conversion efficiency : 105 % , cell area : 0.44crt

* Development of wide band gap CIGS solar cell on transparent back contact

- Fabrication of wide bandgap CIGS solar cell on SnQ: contact

- Control of bandgap (Eg) = 1.4~1.6 eV, conversion efficiency : 5.1 % , cell area : 0.44crt

- Future application plan of the results are

- Development of new wide bandgap absorber layers and optimization of its
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fabrication process
- Development of high-efficiency and low-cost cells using developed absorber layer
- Development of 4-terminal and 2-terminal tandem structure using low and high

bandgap I-II-VI; chemical compound solar cells
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[2¥ 1- 4] Varation of insolation and generated electricity from sunup to nightfall on April 16 for
the DSC modules and the Si module. Output power is converted as a 1kW module.
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[2% 1- 5] Example of generated electricity for (a) clear and sunny days, (b) cloudy days
between December and July for the DSC modules and the Si module. Output
power is converted as a 1kW module.
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[Z28 1- 9] Plastic-based flexible DSSCs in America Konarka
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[2% 1-10] CNTs-PEO A= 774

—
CB(Ti0,)

1 TiO,; particle

[2¥ 1-11] The schematic diagram of dye-sensitized solar cells with CNTs-PEO

nanocomposite electrolyte.
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1)
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Working Electrode #|%

A Z¥ mesoporous TiO: & P-25 zZ}7Z} 05¢g3 Poly Ethylene Glycol (Junsei, average
MW of 20,000) (25g/37.5ml in H:O) &< 2 mlg ©] &3t &8 & &3 IPAso
propaneol), Acetone, TFF oA Z+z} 158 F<¢ &3 AAH3 TCO glass(FTO, 8%/
cm, Libbey-Owens-Ford) 919l doctor blade® S o] &3l < 10ume FAZ kA =¥
gk TiO7F Z®E TCO glassE 450C oA 3082 E<¢F 22X & Dye batholl 244

TG 9RE FHAL YR AHG F, AxIoh

N

Counter Electrode A%
Pt counter =& TCO glassUTO)l hole2 wEx A F3te] electron beam

depositions A}£3l9 oF 10nm FAE =l &8}

Cell Fabrication
+H® working =3 counter A=E  sealing sheet(SX 1170-60, Solaronix)®
sealing stz WEAAX E& o]&3t Fuj® AL L, 4-tert butyl pyridine,

acetonitrile)s Y ¥ YA &L sealing )]
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[71®™ 1-12] The schematic diagram of a typical dye-sensitized solar cell with (a)

surface image and (b) cross—-section image; (c) the real surface image.

o nEA A 2 BFAA ) 549
1) XPS(X-ray photoelectron spectroscopy) #+4
Az¥ CNTs-PEO B% A2 g4 Z¥ A=E 48] f8l Xoray
photoelectron spectroscopy(XPS, AXIS - NOVA, Kratos Inc.)& AH-&34tt.

o

2) FE-SEM(Field Emission Scanning Electron Mocroscopy) #4
Az¥ CNTs-PEO B3 A9 4ar 27, 84 F2E gotir] $A3t9 Field
Emission Scanning Electron Microscopy (FE-SEM, Hitachi 4700)8 A}-&3}%t}.
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3)

4)

5)

2t

AFM(Atomic Force Microscope) &4
Az"E CNTs - PEO BF Aside g =7], ¥ F2E LolEr] 9319
Atomic Force Microscope(AFM, MultiMode/BioScope, CJ104)S A+-&3}51th.

TGA(Thermogravimetric Analysis) ¥4

TGA(Thermogravimetric Analysis)¥ A% % nanocomposite =3¢ |37 <AL
HEESY) f3lA ofg 487283 gdaxe F&a9& o, 24 7153 44 o
ato] DSCso] A S @3 Aol

ofd
&

LS

= = ) =]
-2 SA4EA

ofd

AF-AFT-V) FAL F 9 digital multimeters(Model 2000, Keithley), EG &
G potential stat/galvonostat for the measurmeant of potocurrent ¢ 7}¥H A 3Fg A}
3l ZA3A k. 1500W halogen lampE F9oE A83tgd 1 AM-159 A7 =
AT o] H7E EEHNAE AMESY] 245l 288 AME

op

Dye adsorbed TiO,
electrolyte

F 3
sSpacer
\ Counter electrode
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contact
_ 3 e\ Foozerrizezerred <
S "ttt ] ////// s H
. " hoa o

Working
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hv
——-I; Voltmeter }_____
—Brrent meter H Variable load —I——

[2¥ 1-13] Experimental set-up for I - V curve characterization.

Az 1EZ2 AP S A& LE A

1) Working Electrode A%

P-25 1g¥ Poly Ethylene Glycol (Junsei, average MW of 20,000) (2.5g/37.5ml in
H:0) 89 4 mlE ol&3d9 &£HaEE WEL 6 x 7 Ale]ZE AE TCO
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glass(FTO, 82/, Libbey-Owens-Ford)E IPA(Iso propanol), Acetone, &7 °lA
7tz 158 EQF 289 A Fach AHE TCO glass 9ol doctor blade& ©l83t4
oF 10ume FAZ ¢FA ZEsh Tiowt ZH A TCO glassE 450TA 30& &< &
AAIZ] ¥ Dye bathell 24417 59t 988 FAA7 1 oetez A &, Az

(19 1-14] 989 &2 734

[2" 1-15] 9487} S49° Working Electrode

2) Counter Electrode A%
Pt counter A& TCO glassITO)¢| holeg &3 A H 3o HPIClkE XS o] &3}
o] dip coating B2 #¥ 3}

3) Module Fabrication
ZHl® working A3 counter AFE sealing sheet(SX 1170-60, Solaronix)®
sealing 3t =R F L ol &35t Fujg AHA(CNT-PEO)E T4 F 1A &

[e]

< sealing %t}
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[29 1-16] Working Electrode 2 Sealing sheet, Counter electroded] ZA%-& E3t

Fabrication.

A3 A A7 2 % 2%

1. JYz A7 9

7F 1Ad =
O TTIP¢ Heptane® AH3EAZ A3t Mesoporous TiOE 4& & It A
Mesoporous TiO;, XAFEZH EAHEM A3 400CoA A£Z23% Aol Zd

TiOx(P-25)¢] H|EW A (50m%g) Bt} H-e TWHR0mYe)S 2 Ao et

90
= R
el M\ 80- g
g g
et -’
B 404 T 704
: L.
4 g 801
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g E 50
: ]
> 204 )
Relative 01'"5essure(P/P0) 0.6 og ' 10
P Relative pressure(P/P0)

[2® 1-17] N; adsorption and pore distribution
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O Mesoporous TiO.E

=

242 8% 45489

HEHA = YW BUZFoR A%

59 FAFE TUMAA 733%e EL&ES UE 659% EEES UEUE 9
TiOs(P-25)& AF& 3% DSC Rt} A3 7 &o] oF 10% T3t
<# 1- 3> I-V data of mesoporous substrate for DSCs
Substrate ) Surface area
Voc(V)  |IscmA/cm®) | FF (%) n (%) e )
Mesoporous (m“/g)
Ti02-400C 0.778 17.43 51.12 7.33 80
TiO2-600TC 0.6061 571 53.24 1.87 46
P25-raw 0.676 22.30 43.8 6.59 50

O Polyethylene glycol methyl etherel] 4t7)¢] E}o]e}y]o}
4 A3 Nes

2 Edel vy nEx 2AY 9o} v

& At

90-.
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Tem

¢ hd v v hd L)
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perature (°C)
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£<& filler2 ©]&3FaL 7]
# €% nanocomposite EHE LEAY] B2 A& Eo]ghuel o

AN HEEE FQd

[2¥ 1-18] TGA of Polyethylene glycol methyl ether nanocomposite electrolyte.

O A|Z¥ nanocomposite

A s e oF 50% %
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[1™ 1-19] I-V of DSCs fabricated with nanocomposite polymer electrolyte
(Area: 0.25 cm® & Irradiance: 100 mW/cm?)
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<% 1- 4> I-V data of nanocomposite polymer electrolyte for DSCs
e = ) -
Is¢(mA/cm) Voc(Volt)
—— =E P o :
Liquid electrolyte 16.2 0.7 56 6.38
Composite electrolyte 885 0.609 707 303
with heat
Composite electrolyte
without heat 5.59 0.615 56.2 243
U 2x3d =

O &2 o2 AEx9 flexibilityE 7}A+= high cross-linked co-polymerE 343t

€332 Acrylonitrile(AN) and Butyl acrylate(BA)E 1:19) v)l&2 &E33lo 60T
80CA Heat curing 39 HZEZH o2 high cross linked® super absorbent®

co-polymerg #A3te] o] H87EF HEAAY nEA AAEE A8

Acrylonitrile (AN) SDS and APS

v

+ Heating at
80°C

poly acrylonitrile (PAN)-co-polybutyl
acrylate (PBA)

Butyl acrylate (BA)

[2¥ 1-20] Structure of poly acrylonitrile (PAN)-co-polybutyl acrylate (PBA).

O Azxd 2EA AfZEL =& jon conductivity (3.86 x 10-3 S/cm)E Yehiin A7| 3138t

devicedl 9] 2871543 E RYon A4 d573Y dddA o HEAA I performance
g A7lse W 448%9 =2 ABEES R 1 45 $5EE YA o] 2
e Ad=12dE)e] L&A nanocomposite A& H-8A)171 A (efficiency 3.03%)°l
vt 33% FdE AdzA B A7 dte] dEE IAY d878F dHIHA Y

A7 AL FEFH MTAANE $F3) ¥ FFolFT ¥ & Aok
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[2% 1-21] 283 As)de £50 n}& o)L ATL

T

B\

3

O 3 37le] Pt EvfE YA 4+ Q= EFZ CNTs (Carbon Nano-Tube)E A}£ 3o

4
&€ BEQoY CNTs9 W& Xw3 (300 mYg)d we A3
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e
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[-2®” 1-22] Photocurrent densities of DSSCs with the counter electrode of CNTs and Pt.
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2. S9SllHT Nanocomposite TEX} Mal&Ee HAZnt

7}. XPS(X-ray photoelectron spectroscopy) ¥4

O ¥ 232 CNTs-PEO 5 EA9 XPS #4 ZAAJE wAFET Carbon(c 1s),
Oxygen(O 1s), iodine(I 2p) Al 7}¢] peakES CNTs$ PEO A& 7He] AT 94X
£ Yetdth C 1st CNTs7F PEO 7&¢ FUHEA 484 dath(2d 23a). <
% PEO(1¥ 23a)& 2948 3} 2866 eVolA Frie & ®2¥ C 1s peakE EolH
o] AL Ztz} CH:9k C-O0-C9 59 siFsct 23 t& d79 ZAAg: 434
Aot CH9 C 1s 3 &4 PEO 9 2848 eV ZHE CNTs9 1%E F2%
o2M o £ AFAYAQA 2852 eVRE ol FHATE tl&o], CNTs-PEO EF A
A 22 C 1s peak’} 2872 eVolx AMEFA yelgon, A& CNTs$ PEO Ao
C-0-0-2F "&FQ Re=Z ret} £43 PEO, 05% CNTs-PEO, 3% CNTs-PEO
9] O 1s 3(2¥ 23b)2 5332eVelA BT 28y, 1% CNTs-PEOS 7%
5329eVe 2& AF duAz #ZaHAY. Fr1¥eE 1% CNTs-PEOA C 1s9
o]l AEE ¢F% PEO, 05% CNTs-PEO%t 3% CNTs-PEO® A$xY ¢ Eo
7, CNTs¢ PEO zte] A3 7twe] A =7} 1% CNTs-PEOS A7t 743 2%
<€ Yujgic} 1 3d XPS #3 (29 23c)S 6182V 6198eVolA e Tl peakE X
AFH, 2R Z+zt L9 Lilo g3t 629.2eVol A2l peak: triiodide(ls) o)<
Txo 7]A%tt. ey, 1% CNTs-PEO9 I 3d peak: <% PEO, 05%
CNTs-PEO, 3% CNTs-PEO¢} v w3l 6144 eV (1)} 626 eV (I3)9] A3 ¥
AU Z o]F3At. 2HL 1% CNTs-PEOYA iodine Y353 CNTs-PEO
53 deld 2 oS A Z2FE S onEn], 232 triodide(l;) ©l &9 & W9
E g dubdgo g 9 FFE DSCs9 A3t A€ BAd 7193t 179 A
ojo] Ats}-2k wkEoA Fag TS Ik T3, Aol Ax AfH o] Ax
529 4L Lol Frd E8 gl THIHAY WA, 1% CNTs-PEO 5%
AeEE L o] 52 FEZ EA ue Hd o2 AREE 4y}t ARy e
2, XPS #4& BE¥A F 4% C-0-0-9 =& ¥99 d#3= CNTs¢ PEO 7+
F8 Aol 1% CNTs-PEOOIA #FAEE HAFET o 73 AL 1%
CNTs-PEOY A v d 4& QAP 2ZA JAEEE FdAZITH

e
%
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}. FE-SEM(Field Emission Scanning Electron Microscope) &
O CNTs9 CNTs-PEO &3 Ads)d el FE-SEM £4 A3 283 2o B4 Ao

[29 1-23] XPS of CNTs-PEO electrolyte

1%

w2™ CNTs

rr

Zo]7} 500-700nm, &7 10-15nm¢l 23X FEIFQA FRE 7R,
HYifEE o 2 oo 2 ZeHoldd. 28 24cE U

SHA R ASE BT, 2R8& 2 CNTs &3S 2= B3 Agdn v
sl PEOS &¥el CNTs7h 2 £atso] low & HEH &e Lol maln,
PEO7} CNTsel E<& H &2 %oz 7tart & o] x o] AL L7} 3

$Ee & % ok

o

e o
2
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3% CNT

A

o N 1 t ) ¢ i 1 ¥ 1 & )
B fonm x 100k S00nm

[2¥ 1-24] FE-SEM Image of CNTs-PEO electrolyte

t}. AFM(Atomic Force Microscope) 4]
O 1% 25a= AFMS9 tapping R=8 A& CNTs ¥2te] Edo|t)
A3 ZAel7t 500-700nmo] i, 7 o] 10-15nm¢l 7Hex 71 FR
Idbe CNTs-PEO E3 a2 AFM o|vX& RoEth CNTs9 ZHES B3
Az Fo PEOY 93] ¢tdstz, ddsiA g9t 2 A

Y,
flo
O
Z
=
w

o

7t Zee] CNTse A vud) o F7rst2S vebly, 248 n&#x9 CNTs
o] HF9 Aot} o] A= CNTs-PEO B3 A2 FE-SEM ©|v|XEE E
g FgoE wEts, nEA FTE JEBEE CNTsE FYste AL 1829 2FAS

w51, DSCs9 Z#ee FF5atA Fgech
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0.5% CNT

| 1% CNT W 3% CNT

[¥ 1-25] AFM Image of CNTs-PEO electrolyte

Zt. TGA(Thermogravimetric Analysis) 4

O ¥ TA Instruments TGA29500.2 A4 B97] oA ALozHE 500C7X
10C/min® 2% AFEZ EX3 TGA EAZA3oltd. CNTs-PEO A& z& 400T

M

P2e| A o}F Ze AP £4F2 BaHh CNTs-PEOS| 23 5=

d &=

7

-

300C<1 PEOO wls] ddidgoz woh 23& AZxd CNTs-PEO 8§ ddde] &
d PEORT £ ¥4 AAFAE 713& £ ved w2 1% CNTs-PEO ¢
Asde e d3Fe] 53 dajde wsf 2 B8 2=(-300)8 ZAth 1Yo

2HE 5% 7t Adl A% 4ol dAHEd OH 2§ 48 oz F+4
A2 dadnt oA & A4 nE Fe ATEL 2= 1% CNTs-PEO
Aafide) e A44E sPEAsE. mabA, 1% CNTs-PEO 53 dajde =
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[Z28 1-26] TGA of various contents nanocomposite electrolyte.

CNTs-PEO &£ Zaldg A& u48 DSCse AF - AY FHo] 2o vehd
Ak & 2 FAF(so), MF =2 A% (Voo), fill factor(FF) 2 A3 &) &
3 e FH FAol Eel degith M L Jsedd 1064 mA/em’] 1%
CNTs-PEO 53 da|d& &3 DSCsollA 9l HAow A7l FHAAgage
348%=2A e FFe EF defde] ve & Z&E EArh DSCs 4% T4
e IAFE HFAA A vl v & o] FoH) Jsc, Voo B FAAF T L I
2 5% A3d F CNTs9 PEO Azt 43 43 283 Aoz odsn
FHAAMY AAGE AAFT Afd FAF TiO, A3 7+ 5L FPA

0.5% CNT-FED

1% GNT-PED
9 B . \ 3% CNT-PEO

current {mascm’)

0.0 0.1 D2 03 0.4 05 06 07 0.8
Voltage (volt)

[2¥ 1-27] Photocurrent densities of DSCs with the various CNTs-PEO electrolyte

_30_



<#& 1- 5> Summary of I-V curve data

Samples Isc (mA/cm®) Voc(Volt) FF(%) n(%)
05% CNTs-PEO 3.16 0.618 69.7 3.12
196 CNTs-PEO 10.64 0.589 55.9 3.48
3% CNTs-PEO 8.44 0.594 55.3 2.78

vh g2k A

fljo

g% JEFS A dAA H2E

(a) (b)

[Z3 1-28]. sealing &S 3 A(a)F sealing YL oA & @y A,

O Id 28% Zo] Hfde FU F 52 sealing 2 e AHA 4519 A%

B7te A9 o ok

<3 1- 6> Summary of stability data.

71k Samples Isc (mA/cm? | Voc(Volt) | FF(%) n(%)
174 10.57 0.589 55.9 3.48
2749 10.56 0.589 55.8 3.47

1% CNTs-PEO
3Fd 10.56 0.586 55.9 3.46
44 10.58 0.587 559 3.47
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O E 6014 B Rt 2ol 4779 3 HAEES NG A% FUE sealing I
glol REA ANAL o] §3hel 15 % A 58 Asrl 42 o
AuA ot g EAZL Gy Aoz Bu

A nER ANAL 0§ BE SHEH A%

[2¥ 1-29]. nanocomposite A3 A& 2 &35l A= d87ed BlUdHAX BE

O 1% 299 Zo] Azxg &R AHEE FYse REL AFsF ey, 7 AgH u}
& -V curves We ¥ 30% Zow J&e X 7% v y&E& A¥Ed
PAN-PBA7Z} 713 &2 &% Ho B dAFA Ax3 A7x Adajd F 73 A3

oA A ARAAE ¢+ Uk
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[2¥ 1-30] I-V curve of PEGME, PAN-PBA, CNTs-PEO

<# 1- 7> Summary of I-V curve data of modules

Current (mA)

140 4
120-
100-.
80 -]
so—.
w0

20

— PEGME
wmsemeees P AN-PBA
w— CNTs-PEO

LML T
0.0 0.1 0.2

T T T
0.3 04 0.5 0.6

Voltage (volt)

T v

0.7 08

Samples Isc (mA) Voc(Volt) FF(%) n(%)

PEGME 36.14 0.74 56.07 1.42
PAN-PBA 126.37 0.75 58.46 2.20
CNTs-PEO 128.07 0.62 62.01 1.87
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M13 M 2

A1A N L
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=2 AR LT F2 Axdrtey FAE /MR Yok 4878 HEAAE FAdAF

w
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o ZHEH FUY T&S FIYAIE 98, FE JFAAFE A

’

2 7AE g, duEd HEAAY J1Re] HE pn HEY dEHASE G AH A

oA n-8 WeA Bd 9L 3= TiOE Yx=gAe E2E o] AE s s
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207 Gaol @ AA 77t jUES @ ol AEUAL 23 Utk BEW WA
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al
o, AAAZNA L8 AU e AxE AN A/ G B Az o
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8 EE HEAA G 2y HFTA Ao sbwsty, viEAY HEFAA] AxFAE 9
33 4 Qz, mrbel Au) Al vmF 7hd Fu)o) AT AR7F 7bsEty] Wil Al

2718 9E APAL & A FHE 7

3
*

Al2Ad A9 I-.A

A o] BFozRE Aol AT HE oUAE 3104 J= A AT DAY YA &
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H878¥ H AR (Dye-sensitized Solar Cell; DSSC)71&2 71€9 A Z e HFA
A HuEHAE o & HAZAYY nEY EPE ) FY wEo) A Fg&39 A
HALE 37171 &oldtng, AAY 183 AF PR A 2do] F shsAol ¥ s&olt)

FEFSE "HIEAA 71E¢e A2 559 DyeSolA7t Gritzel A5 ATF1Fo22E 93
71es =Yt FAgsigon, dREGME FFNBe AE AL 9% HLH2EE
st e GAY AEE JEoltt. AMY A2 FHE mehAo Yole DevelopmentAlS)
THARE B 2010958 4878 HEAX 443 b Aoz sotsa 9o,
7] =€) Konarka, 259] Dyesol, ©]22t29] Orion Solar®} Q=] G4iolA I &2 &
FF Jeon, 53] GUidNE FUE FHE& ANAEE ALsld g Fo Uk

DSSC #A43te #12 =& FW3 7 & (Photon-to-current Conversion Efficiency)® %
712t (Long Term Stability)?] R =2 A AL dg AF7F Bol APFRon)
A or B7IMAFAE R tig A7} mu|siy, 7| FRAYd E AFE ¥
dsted, 7kl AUvAZIE FH 2 A3 Vgl g £ JE Ao oy

@A Fdstdl 4F3 DSSCFTOAZ/Y=TiOyd8/48 2/4Ad e dAAHAE A}
&3 7l€R2 A3 pHHSY g 98 ojgdAN A ¥5, T FAYE A n
2w, 80Tl E AeAsrt dA3) dojdrt o3 ZA™E Asy] dsxE ¢
B4 TAE IA AT F A 2EA A 3 d7vF 2y, FAHos A3
A 1EA HAFAT UV F3y niEx dsdd g 4771 e 7arh

2 HAAE g 72 R Fe UV F8dn 44358 nia dede] o a7
ot 71 AA M AFP DSSCol WB/he 89 nAdAA DSSCE AL Aol
2 HAAA Agsts 243 2 UV Z3y uiz Ade A4 frlHEdAE NE
AAds) 2P DSSCH AAQ #AE sAste, DSSCY #A3tol ZA 74 Aoz wg
k=

l
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IR Wel FFo Waew AAst ezl Ynke Aolth old@ HY& DSSCA A
o} e $E 2 A8S b5 B, oAl e AZTkY YYHoE AP 5
AUA HBEES 7HALThE otk ¥ 9EAS BFAA ASHE e B

AR, ol A HIAAES ALY AAIE 993 WEHA R HS, dAs FLAY
T 0 ditdez 7] 9 B XY AaEA7L AFsA AdAY eFgozs AX
E8E "oj=d & g}

oleid FAE A Ad AN HANAEL AN B FuAY TAEAE dAsE A
T7F #qH g B AFAAME DSSCY AN IS A AY unEx ANEE &
Abstol glo} wig {23 UV A3y oz 7gste DSSCY AL drstuz ot
DA A9 gel networking SAE o|&3H 1 HAH} wzx
Abolel HEALS FEAA 9 Aadd AE ¢+ Je 2EA A2 e BwE F g AY
AEA A AFAE Mgl dAoIATt UVE RAgFo= = 3

o 1EA EHIE FAIh UV A3y A deide oz A9 BPste g=5u$
HEEA Y A AL =237 A8 Tiod A=PY, s Aded g, A8 H#7}
A AE F& YA

a1
P>
-+
BN
=
&
ofj

1. EAALSBHO o8 LRt TIO, BA ¥ HEASH HIYFX F8

B3¢9 AP A5t hegR TIoE dAZ $28d a4 FHH
Ay SAY Be 7180 27H T, FALS AANE DEF) 2EFuo)
W, BgARel 2 BAS A3 gk odF wHE FHS fstel B A7

el feld A2e AW EAALEGUE o8] YA TIO, 4b3t



38 e 5 %, BN FY) BE e

>

AYE o] &st7] Wi & 249
TR HEA ARl T2 ELE FHY F dow, okiEd EYe] Aidte Yt
g+

Aot [2¥ 2-2]12 A4 AAE YEY

}\

n:?L'

e BEEty] dEd dega AgES

A=,

s

Titanium isopropoxide Isopropanol

<+« Acetylene Black

v

Mixed paste

+«— NH,OH aqueous solution

v

Sol-gel process

<«—Drying & heat treatment

Ti0O2 nanopowder

(29 2- 2] FAALETH % TIO, 47

B EEE

Hlo] A Ti[OCH(CH3)ls 2g3 o)2Z2HUFL 3g8 £¢3x, 02g9 oA EAL
dol & Ho] oM THY A2 WET of7]d] Yol EANHOH 4wk, 7S
Wwt%) S 1 FFF WFL AN Wrste] T Aol E(Sobo] FAHIL ol F o] A(Gel)

)=]
5
of BAHT FHH AL 130T oxlA }F Y= TYW ALA BUS A7 ©rh o
Jelste] TIO, $2e FYHAT ENAT 2o A

N
il7

& 400 ~ 600CoAA 54]
[Z% 2- 3]o] e
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[Z2% 2- 3] €48 &% ©& &% Az

(2% 2- 3llA & 5 Qo] 400CoHH GHYT A5 opdgA 2o AxHA %3
ol ANATh 500CoME 2o ol EA Bdo] Jo} €& ML ulm 600

£ ohEd Bao) BE diste MARIS 92 5 Agth

3
o
oy
2
2

4 2 XRD A3
G444 2 24 LE 5 dobwy] AAA A AFAE 30 ~ 00T WHNA A
steich.
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- g
T'___
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(29 2- 4)¢) 10CAMS FDurge Bo) Fwo] o Ao AP, 20T ~ 400C
of Qi Azife WAV §719 die 9% Ao DAL kMDA B Az

BHEE 520CAAM dojutes Aoz FAFYr}

. 700°C

:‘é‘ vy AA‘ P PR
o

e

< 600°C

>

‘B

c

g

=

(2" 2- 5]l A & == gI%o] 400CAA = ofbetelAl T2 TiO7F FA=HAh A
SE7F 600T7HA] S7Hetl wet 2 Ao FolAe & Holag A7) Stz QA

W, 0TI E 2Ho] ohteloba FxAA FEHY TRE At AL FARYL

- SEM ZA 3}

F9E dx=gAt TiO2 £2e mAFE B4E 9dr SEM HES st 487183
BldA8 Tio29] A4 949 27] 2 A=/} A5 S #F$d0 A 10 ~ 20 nm
a71e YA 7MY FL &S JET D G A gk B Ao AT Tio2Y A$
400 ~ 600CoA A FAT B2 H<$ 10 ~ 20 nm Z71Ye SEME F3dlo] &ad 5 A
oh 700Te 3% dzbe 717 Aste] AE 08 REZAE 7HAE dAF FAEHAL S
gAaAdrt. [29 2- 6]l SEM Z3E e
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400°C . 500eC

600°C | 700°C

[28 2- 6] 48 Y=YA TiOo SEM ZA

- 95748d HedA HE Ay

FHE TiO, =@ FollA ofdEa Bdo] dolg)x] k& 600TN FAHE ELL o
ESAT HolAEE TiO, ¥ 2 g& &2 50 ml §vlo] 283 AH7NE o] &t B
AAZL F, 06g9] ol MEZQZ2Y 4o HALE AL F Zelo]M[HYOEHE o] &3]
AEEE FEAA AXFAY 2D FHol2EE gy EF o= HE o] &3l9 TCO AF
ol R, 500TAA 3083 IHg F 2442k 59 N7199 80 SAXA 988 FHAAT
de]d& WWS (acetonitrileo] 0.70 M 1,2-dimethyl-3-propyl-imidazolium iodide(Sanko), 0.10 M
Lil(Aldrich), 40 mM iodine(Aldrich), 0.125 M 4-tert-butylpyridine(Aldrich) & ¢! Asjd)S AL&
stlon, FHAFLE TCO Aol H2PCl6 §9€& IHE T 500CA 3087 APt A% st
At

Azt 457488 HIHAY ARE (29 2- 7] 145}1}]\2;11:}_

ilid
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[Zd 2- 7] 49 TiO. 2 A& d8548F ALdA

[2% 2- 89 Alzte 4838 HFAAY -V 28-S Yk

20
Wl 500°C  600°C
~ n [%] 502 286
_1ep FF 058 057
E nr el 170 654
2w | s00C e [Vl
z ol T
2 r
S sl N
§ 600°C \,‘
5
O
i [} 1

00 01 02 03 04 05 06 07 08 09 10 1.1
Voitage (V)

(2% 2- 8] A%E GERSY AFAA AALE 57
a3 8N & 4 YKol H0TAM FAW Lo A
YAT BTel A5 T80l 286% BASRAT ol 00T FHTF FLe] MEAL]

500CoIA @4ds Edol walA F71 98 Aoz wogch BET %4 Az AL
500C #%o] 24277 m¥g, 600C o] 976 m’/go] L}

_47_



Scattering

layer

Scattered light

Glass + TCO

Incident
Radiation

[29 2- 9] A&2 A& 39 72

WAZ JEFE HFdAe) 42 BAZE TIOS Bol ASH T Yed), AAF
Ae WESL Bol Re F AFBAAK 3 YA A7} A HFE AN o
Fahalx) Lolol g ol P 2AE VEAFY AN B APelNE FAAREGY o

F Yeda Yo, B £38 TOE $45T AEF o Fgagoh

BN

tlo

8
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S FEE:

Titanium isopropoxide Ethanol
+ Er(NO;);+Yb(NOs); + Acetic acid

<« Acetylene black

y

Mixed paste

¢ 1), 1. water

Sol-gel process

<+— Drying & heat treatment

A

TiO, powder
[29 2-10] Yb*, Er =33 TiO,d &4 3A

[2% 2- 10091 Yb¥, Br" =98 Ti0:9 F444< vehigich Yo', Br’ =38 Tio
o) FHANE TiO, b= del 4 npA/ 2 EALLETEL A4 FHL 9
A EEFolRZ 2 I Ao B9t ojHE U Edo|E, oj Yo EHOEE AEE oA EA
S 2L F AB2 ALHE AMLARYL Yo LRARAT wel 3 ¥4 A
o E& Hrbste] EANES o, P A& oA TH F EAY A H

wAPE A YO, Erfel £ A e TiO.e FAE #HAs g

ot
T

flo

El

p4ts

- 9¥4 2 XRD 2%
FRAL YO, Bl £38 TIO, ATA £3 = 2 ATA Tl dhsiA A
QA [29 2- 11 7 A%E e
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[28 2-11] Yb*, Er¥e] =98 TiO, A7Ag £ % @ A7Ae I8 A (a)
=38 AT7A, (b) £2FX & ATFA

[29 2-11]91A & & %ol Yb”, Er'e] =38 TiO, AFA e A$ 250TC 350CoNA
T71% A4St 937 v, 550TAlA ofAE A Bde davt dojues AL #FAsAt
A ERHA B2 ATAL B 30CAA K718 A3 A2 Gerds, 550TAA B)
FNAZ oL £ die 93 Hart e E39 A% 250CAA e das

FElo) olE T oJBE A4 W o2 A% VA2 dZ9Y) ARHozw
T WS EF 600C o]l A wgo] gtA" Aow d=5Qrh
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Intensity (Arb. Unit)

20 . 30 ‘ 40 ‘ 50 . 80 . 70 . 80
20
[27 2-12] 700CoAA 43 Yb*, Er¥ o] 38 TiO9F =92 & Ti0,2] XRD A%

XRD A & & d%o] Yb¥, Erfo] £ 8 Ti09 =R HA & Ti09 A% A
T dgol ARt EFHA B TiOS A 4zrel ohutetolAl P
g XIPY FHY 722 §Q 9 0y Yb?’*, Er'o] =349 TiO:% ¢ 4% 2Ao] A9 ¥
BEA Fe oFBEAT FZoIUT o}BX AT TR TiOY A WEJF FEHY 72
TiO, BT} 7] Eo] AAFo02 HW 4% nrh he 182 Ul Aoz 39
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- SEM A
#F4€ Yb¥, Er'el 288 TiO% E3HA @& Tie EATE 2 942 2715 #9l3
7] 9814 SEM A& Axsdx, [28 2- 13]o] Yer e

(2% 2-13] Yb*, Er¥e] =2 E TiO: (2)9 =FHA 2L TiO; (b)e) SEM 23}

SEM #4723 Yb*, Erfe] 23" TiO% £3HA F& TiO.e] FATZE 2 4z =7
= A3 b Ae AR =952 ¥ Tio2d) 3¢ 4A27) 45 nm ~ 222 nme] A
F3lg 728 9% v Yb¥, Erfe] =38 TiOe A% 27 nm ~ 54 nm9 &2 JAES

of duA T2E Y ool BB 27k 1 m oAAS TAFAT
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- dEHS UPAA HBF A8 A

A" Yb¥, Erfo]l E9H TiO9 3R ¢ Ti0,2 a7t YR Adadzoz

i

)

HE&ste A Aes FASGAN. AgEos H237] A TAHE BLS oeLo) B
AN F QA2 29 HALE o838t FHo2EE 23 F vzxx= 2% TiO, 2
39 AW 238 ZTUAYYPS o] §3to] WY}
1. E2A2E3H g d=gA TiO, §48 2 4578
g ESAA A EolAo Wi FdsA st
[2% 2- 14191 Yb¥, Er¥'el =38 TiO:% =3FHA &L TiOE AdZoz Hed A=
#E HERRA Y HFAA s 3 232 Yo

20} — ()

Current(mA)
o

-
L]

0'1‘.1..‘1‘..1‘..1...1...1...5.\. Le v
0.0 0.1 02 0.3 04 0.5 0.6 o7 08 0.9

Voltage(V)

[29 2-14] Yb*, Er¥e] =98 Ti0,9 £35x ¢ TiO.2 M2 oz Hes dazte

By 4% &

ol
(i3
_&:i

FA4e Mg 9N 22 A% 24 29HE [® 2109 G,
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<E 2- 1> YO, Effel 98 T8 ERHA ¢ TiOS Ala=oz HLed Jse
HEAA 9 s =4 A

fficienc

Voc(V) Jsc(mA) FF E o) Y
Yb*, Er¥'o] =€ TiO, At 0.773 189 0.615 898
TiO; A@a= 0.773 184 0.614 8.72
ATE Qe gIFAA 0.743 17.1 0.613 7.80

AdAgNM & ¢ %o Yb, Er¥ol EFE T2 AdFZoz H&3 ZAx =38
2 o AL} A85AS HIEAA 2o AAEE] 026% %oy, AHF
1.1

244 HEAAE 2A TCO, TiO, A7, AL, AAADZz AR 77

27b Agel we o Aol AAs WaA B & A7A Aas Add 9
Beste FALLolE, A ol % WA A AAHEE FHNL

Stk ot E 71Ee) FAEUEY S AEE HIAAC] A= 2 FhA Aol e
BEWste 2AEke] YERT,

o
o

;L

]

olf
o

<E 2- 2> 948 F79 A ne 3 AAE s W

45 | oAz Kk K| Jse(mA/cm2) | Voc(V) | FF n(%)
N719 Pt AN, 0.06M 12 +0.7M DMPII 145 066 (064 6.1
" ,, AN, 0.06M 12 +0.1M LiI + 0.6M DMPII +0.5M 0.69
2,6-Dimethylquinoline 1375 0.73 5 725
" | AN, 005M I2 +0.6M DMPI + 0.IM Lil 05M 4TBP| 135 073 %7 67
" " AN, 0.06M 12 +0.6M DMPII + 0.IM Lil +0.5M
5-chloro-1-ethyl-2-methylbenzimidazole 147 0.73 0.72 765
" " AN, 0.05M I2 +0.6M DMPII + 0.1M Lil +0.5M
2-(1-hydroxyethyl)benzimidazole 1465 0755 107 765
" " AN, 0.06M 12 +0.6M DMPI + 0.1M Lil +0.5M
4-Pyrrolidinopyridine 38 088 0.73 24
" p AN, 0.0oM I2 +0.62M DMPI + 0.1M Lil +0.5M 0.67
4- Amino—6-methoxypyrimidine 153 0.74 5 i
” " AN, 0.06M 12 +0.62M DMPIO + 0.IM Lil +0.5M 111 085 075 71
2,4-Diaminopyrimidine : ) ’ ’
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71&9 AFol|A = quinoline, alkylaminopyridine, benzimidazole, pyrazole, pyrimidine 7A€
o HA7Al dEA dEeA o] APH oW, 1 F Asol £ AES F 19 Y Ao
ok £ 7ol o3k AlQe] A7k 2ol EMI-DCA (1-ethyl-3-methylimidazolium dicyanoamide) 9%
22 ongEdF ofvtol= ALY A AL JEY AMAE BYs ALY B4 A
2 54 4 dg AFE AP, 53] t-butyl pyridined EMI-DCAE 7o] AHg3
A5l HH 5&& el AL A A
B 7ol #0% HAHxe oHMEVEY Sujd] 0.1M9 Lil, 006Me] 12, 0.3M¢] 12-twg
-3-SE-olntEFE o)) @ t}o]=(] 2-dimethyl-3-octyl-imidazolium iodide), 05M t-butyl
pyridine, 0.5M EMI-DCAE =¢ Ak [2¥™ 2- 2- 9]9 N7199 8¢ W dAdgEues

Hgatn 2 AL 4839S A9 A4 A5 23 A%E b

[+

o
o
32

25 I ) ' I ' I M 1 ' 1 v i ! I ' |
Jsc 16.88723 (mA/cm?)
20 L Voc 0.712426 (V)
| Efficiency 7.8 (%)
”E ff 0.645720
g L
é 15 -
>
gt
g 10f
g
5 N
O 5
0 [ 1 1 N 1 N 1 1 ] " 1 1 [l 1 1 " 1 N
0.0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 09

Voltage (V)

(17 2-15] SPIEUEDS §ol2 83 HHzAY Al 4§ 2P HFAR

[ 2-15]94 & 4 Kol OCVE 0.7124Vel 3, A& 78% oIl 78%9 & &2
AP 33 A AgeA e FPAAE WS ¥ TolW AF WA
=

HZH 3} A o]F

2
oft
=2
o
2
>
FO‘(
o
Qﬂ_“
o
o
N
)

¢
ok
po
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4. I= tHMd HalYy

A& deidel §uz by Bol ASHE oMAEUERS A9 BE Fol webA 80T
RN E FAW Y5ARE Uehlnl, S5 F/1¢ Wl AN o ¥ Sol WA
ohoolzle BAEE AAs] AME nedRy Solsh nEA AP 44 IRPS
F Bgaxe ALl Bastn B AT 2P AAAL 4437 Aol ne IHA
oo AM3 4P A B ATANE B 4ol 20T o4 LA AuvolEg
Pob REIZFES DeARY AP Sulz AP, ¥ Lolo] SIS A% AAAE
Y gsto] AH2AY Aalde] F A7E VA

g stuvo|Eg AuREZBES 1112 TFH gdo 0.1M9 Lil, 0.05Mel 12, 0.3M
9 12-t)mE-3-828-o]ut}EF o}o] 2 t}o] =(1,2-dimethyl-3-octyl-imidazolium iodide)d &
59 g /2 Ao F3 ofylo] 05MS) thre WIAAE Wrhstel AsAE 53
sheie.

A7HA9) FRE <E 2- 3> YEhiLch

0

l

<E 2- 3> Agl A" FAFE AUrAS JldEYy

A 7l &as
1 nano-silver Jsc
2 2,4-diaminopyridine Voc
3 2-amino-4,6-dimethoxypyrimidine Jsc
4 2—aminopyrimidine n
5 2-amino-1-methylbenzimidazole ff
6 5-amino-1,3-dimethylpyrazole n
7 4-bromo-3-methylpyrazole Jsc
8 2-(dimethylamino)-pyridine Jsc
9 4-pyrrolidinopyridine Voc
10 4-tert-butylpyridine n

o

A7 A ] AL 71Z9] Acetonitrile-base A3 Ao HLEHo] & EAL H ANAE
SolA dAsIAT 2E Ao HIARE AIREHE EZL §7E24 A HrrEd
AAe AGE FoiAY AFYUEE EHols 9L vl 2 Ao E F7]Eve] ofd
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A 22 Fr1Edo] HIMAZ ALEE A9 ojdd AEE A9 7|E HIATL
ECE &Mz ste A A oufst 98L& st=Xd gidt A7 F3& Fo AFsian.

A7HA 119 YedH e Z9 5nm 2719 34 AWME F4T F {718 & 2
HEE BAAES 9T ddo H7hE Agsdn, uHA {71 #rbAE] ASele
AldrichAt2 578 Fajate] o] o] FAatx] @3 A&ttt

[Z" 2-16]= ¥ F7HAE A 83 98789 "HIHdA A5S SHT AFolth 1
"ol & 5 ARo] HIMAE ¥e dREY Ao gIdR E&o] ¥A Fe HFHA
Al 22 AE &A T F UAY 53 2 AP HE FE8F YxANE AU HS
Axe Aol AFEEZF M A des A& FA¥ F AU OCVY H Sl
2,4-diaminopyridines 7} 29 AEe A9 7 =A Utk 589 Afdle A
%l 2-(dimethylamino)-pyridineS 37} ZH$o 7} Fgkon oF 6% &L BAFAUL)
[£ 2- 3]d #7HAE A8 ¢ A4 A5 ¥3E Jeguio

i

mln

25 | ' ! ' I ' 1 ' 1] I i 1 1 | I
20

(\T\

&

§ |

E 15 B

>

.g :

o 10

© L

€

o

o 5
0 [ 1 : N 2 1 y N S i 3
00 01 02 03 04 05 06 07 08 09 10 11

Voltage (V)

[23 2-16] A7HAE 12 AR HEAA As AF 23
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<E 2- £ 12 A AEE HUMA A& d8Re HEHA AT W3

H7HA A3 1 2 3 4 5 6 7 8 9 10

Efficiency[%] | 485 | 475 | 373 | 520 | 427 | 380 | 456 | 600 | 341 | 484

FF 046 | 049 | 042 | 054 | 047 | 048 | 049 | 054 | 060 | 051

Voc[V] 061 | 087 | 060 | 065 | 084 | 072 | 062 | 074 | 087 | 071

JsclmA/cm?] | 17.00 | 11.15 | 1500 | 1473 | 10.88 | 11.04 | 1502 | 1494 | 654 | 13.33

Arealcm’] 0.2500 | 0.2500 | 0.2500 | 0.2500 | 0.2500 | 0.2500 | 0.2500 | 0.2500 | 0.2500 | 0.2500

TH AMAE Myt ALEF Aol AT WIE A Y8 AP 4
ol 7 FA »4 8 #H7IAIQ 2-(dimethylamino)-pyridineS 243 124 Hs]d o
OE A7HIES 712 AViske 4ES s9th AAAS FAZHE [279 2-17]9 Jehidd
o} 29 F7HAIQ 2,4-diaminopyrimidine®] 7%l Voc7l 0882 i &2 A<te) d57ts ®
AAE Az F e A2z JYegon, AF Uxe Z$o= 8-MethylquinolineS 37}l
AHER 113 e Bl 1744 mA/em’®) AFEEE JYehiE Aoz A=Y

i

o2

h

1 1 I 1 1 I 1 1 1

0.020 F —1

X —2

—3

Ng 0.015 f= g
< 6
-‘é e 7
] - — 8
S o010 9
3 ' 10
3 e 41
0.005 | 12
0.000 L—s . . . . . , AT

00 01 02 03 04 05 06 07 08 09 1.0
Voltage (V)

[Z® 2-17] o|F H7HAl 48 4878 ddHA A% 54 24
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)

oF ArtA) medyy AN HA§ A=2ne HEAAY 4% 24 AHE [E 2- 5]

o AsArt

<& 2- 5> & MHA A olFAVA HE dE5FS HIFARA 4T w3

Additives(0.5M) JscmA) | Voo(V) | ff | Eff(n)
Al 2—(@ethylarmno)-pyndme + 74 0,618 0.680 311
nano-silver
Az | 2dimethylamino)-pyridine + 1188 | 088 | 0584 | 611
2,4-diaminopyrimidine
A3 | 2-(dimethylamino)-pyridine + 15.16 076 0.531 6.12

2-amino-4,6-dimethoxypyrimidine
2-(dimethylamino)-pyridine +
A4 . .
2-aminopyrimidine
2-(dimethylamino)-pyridine+
2-amino-1-methylbenzimidazole
A6 2-(dimethylamino)-pyridine+
5-amino-1,3-dimethylpyrazole
A7 2-(dimethylamino)-pyridine +
4-bromo-3-methylpyrazole
A9 2-(dimethylamino)-pyridine +
4-pyrrolidinopyridine
A0 2-(dimethylamino)-pyridine +
4-tert-butylpyridine
2-(dimethylamino)-pyridine +

158 0.737 0.586 6.33

Ab 1252 0.833 0.552 5.76

4.656 0.772 0.500 1.80

14.88 0.742 0.568 6.28

3.08 0.82 0.578 3.83

16.68 0.753 0.473 595

AL | g Methylquinoline 1744 | 0751 0.478 6.27
2-(dimethylamino)-pyridine +

Al2 5-Chloro-1-ethyl-2-methylimidazole 16 0.786 0.566 713

5 XY Ml

RN HPHAE AP FS VHBLAF B oheh e G WAAE A

&3t7] wEol AAE WHellA B Afel o9& FEo) FAolu nE A3} Fo] dojd ¢

At B AFgXE Lilg LE HL3ld 1/ 2 4339 AZ2 AlLst= A 2d Ay

T ot E AL FVMAE ¥ LABSL do)AL & Ao AP ERE LolR Y}
A2 AHE3 571828 (29 2- 18]9) YeEhie}
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——N
1,2-dimetyl-3-propyl imidazolium iodide 5-chloro-1-etyl-2-metyl imidazole 2-dimethylamino-pyridine

[Z29 2-18] =AY A2l FdAE H7HA

Aslde )z ECS GBLE 30172 & §vlol 05M Lil, 005M LE ¥, oi7]o] 7kl
0.2M DMPIL, 05M 5-chloro-1-ethyl-2-methyl imidazole, 05M 2-dimethylamino-pyridineS o] ==
ST Az S BRE Vo 7139 £Eo2RY 2@ JU2 FeolN 14 5
ool ssic. olold @& o Aaldel M ok v YA WAL, WL FEE R

Zrbstdnh. [29 2- 1910 Ao] Waly] W Fo| Aalde ADE YA,

(@) ool A (b) ool F

[ 2-19] dajde] dojd Ha Fo A7zt

Aajde clo]d Wi Fo et A& e AL A d=2HEAANE Az
At AR A2E A E &2 D FHo|2EE o] 843519 3M HOZE HF
g2 29 FHdA F ¥ m"sa g4 st WzEH2 TIiO: T2 AFRSHHR, 4 A

< HPtCls €4S o= & dX7 3t Az3ch @A A2 A5 vag I

o~

AEoE A5uYAA] e FFE A% 12 E TiOZolY &3 A&L 31 Fgtoh
[Z29 2- 20]°] AAAEF 232435 JehdAd.
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10E before ageing
€ 8 — after ageing
o
E 6r_
2 4r \
[%]
| =
o 2]
e 0.933V
§ o
(7]
E
3 2t

-4 \\

6

i 1 1 1 2 H \I
0.0 0.2 0.4 06 08 10 12

Voitage (V)

[28 2-20] oflo] Aol &g nAst dad A& dedddx A% 34 2%

AN & ¢ UARol AolFe 7] A AADL A4 RPN A4S 0806V
OcvE 7HA3 Z&& o 403%th weio] olo]3& @ Haldel A4 Ocvrt 0933V7HA)
Z7h 3, 8L oF 373%Ath Ocv7h 0933Vel JRUFHAL olddes We 5 A
el dshdoln ojelsA P Fal ool AN o e Ate) dnelFAAY A
27 e dAE FRA AW UGS nEE ARATAA AZA M5 T Roz B
Ao,

6. UV &5 AY DEX =

AB%E n¥A Ase @ PHez oaUA fenvE WERI B2 Asar
olA-A &uvds &uiet Mspde] & AL ol BYA Jtw nEANE A
AN} FUSHA AZHP FU9] otadA Y ARIJANZE H YA SK AW
2 Tol oy TRV st &, 2B Fujr) golskx gkl F9) ofa¥A &
i AzIAZE dE9 Sartomerrt’t tHEAolth SartomerAlall A A|@sla e B
o R 2Hay F 7t de EHES AAS [ 2- 6]o YERAAT
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e AR s Elongatio
Al ok A | HF (cps g |Tg(C) n
@25C) | (20C) (%)
Polyethylene glycol (600) diacrylate| 742 1.117 90 437 -42
Polyethylene glycol (1000) 1142
dimethacrylate
Tripropylene glycol diacrylate 300 1.038 15 33.3 62

Trimethylolpropane triacrylate 296 1.109 106 36.1 62

Urethane acrylate(CN962) 58,250 | -38 106

Urethane acrylate(CN972) 4155 | -47 50

Siliconized 1.1rethane acrylate 50,000 | -37 57
oligomer

7t. PEO¥ 3449 1&2 vEYA

Poly ethylene oxide (PEO)E o|v] A¥ nEx Haldg HLHHo & 182 Y
i1 4zl 4ol §3) PEOE 7|¥te 2 Axd YEYNA F2E AW o9 gAY
o] A ¥ oRAEEE JMAA Hu gBeHIAA Y LW FL& E&S vehdo
Al 719 Z-87]E 71A = Trimethylpropane triacrylate® ©]&3tH UV A3}o] oafiA A
A Fzo VESAE AT ¢ AUk [28 2-21]2 PEOE 7|22 3 MY VEY=

9 F4FHRL e Aol

o
=
Ku)
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[2® 2-21] Polyethylene glycol diacrylate®} Trimethylolpropane triacrylateZ ©]-& 3%t

Azt MES A

1}, Urethaned &2 Y EY=
Poly urethane®] 7% €& <l Aol PEO +29 :ERI) Hl3] EAJo] =& Ao
o Urcthane & m24 slEgst S5 STAAER fodxe] 4859 44 A37e] o

s 4L F don, AAY AN A FEANZL § do. [2Y 2-22]= Poly urethaned]

32

©

o W U -

[1¥ 2-22]. Polye urethanes ©]-83+ 1EA UEHZ
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. UV %38 n8A Afd 34 DSSC A
dvHoz duzsy HFAAE (29 2-2318 & BHHo) a4 AAC)

At
A

18%
i

2 s

Bal

f }
3

L2

[79 2-23] 9838% HFHAA AZXAA

o 22 W¥YE dutdoz B2 BE A& /HAE oHEUEFHY(CHLN)E £W2
AHEE Aol ®ol Agste welth dXWE 200C o4 B: A& JE &Y

ethylene carbonate, y-butyrolactone 59 &vjs} UV A3d a8 YEYHIAE HL3A 5
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o SleN AEWSY HFAAE AT 5 Ak [1Y 2-24]) BAT

¥ gAY AL YR,

TiO, + Dye \
TCO glass
Oligomer solution coating

il By screen printing

Polymerization

L Teuw

ﬂ Sealing with counter electrode

Pt coated TCO glass

Aald daddA] AFAA

[Z9 2-24] UV A3 A 283
4 TCO glass Yol Y94 A TiO-E 10um F7A 2 Zgsich 42728 HEAXY &
AL olv] & 4 AR olth, F4 10pme

o] 714 & TiO; FAE 10 ~ 15 umId =
3t7] 913 Al ethylcellulose BFSIEI 9} terpineold AF&3te] TiO:, Ho|AEE whE
A"

TiO5 ZHW3
<€ o] &3ke TCO glass (pilkington 8RQ, 2.3mm)$iol Z &3}

B Edol=

£

¥
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TiO:= 130T 9 20X B2 F Ar|2eA 470C 308 < EXe & & 1 9o UV

Y ZULGYS ol &3td WA thEez2 UV A3y
o] &3te] ZAstg A FE R dRE UV Lol 937 Wi UV F= A7)
£58 HAs| %30 A3E stk Azt gsHYE FAFES @n 4FJsd UV Fg
AEZ AY AFE DSSCE Ao

i

227 Wa)de wHol~ES 23

il

oftt

2 UV 2383 284 A2 48 4563 A H5 3

UV 733E o83 Ay nE&A AfAE A8} DSSCY A5 Solar Simulatorst IM6
o] &3t 1.5 AM. (100mW/cm2)olA ZA3 At AY n&A AsfdE BE AS o2
AEEZL Wl$ 8387 B o]ledEEr £ HAo 20& T3y Hste AsfA
ZE0 9 H 2o ME o|2HERE FAHAL [1] 2-16]% FH I HEEIH A

ot

& 233 dehd 4ganelt APl ¢ + URel nEA Fo| YobAW AREI} ¥
BIE g FAsAT ok AEAT o] 2E9 oS WA JUAtE R 47d
.

sol I N I T I ' ¥ ]

45 | \ |
40 - \ ]
30} -

25| , i

Conductivity (mS/cm)
w
(3,
)
|

20 |- .-

15 1 A 1 . 1 . 1 . 1
0 5 10 15 20

Polymer concentration (wt%)

[2% 2-25) Z2)v] ol me Ay Asde) ARE W
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PEOS] 7)z3te ¥ m¥a Asde 49 B4 $4 @7] wWie] Jadside] %ol
Bobl® BES FAHA Ra: A e ek me 5L oJLUEEE 7}

=

|

A= 5wt% ~ 15wt% Heel Aol 71 ZHEE 20wt% ~ 25wtk B9 Ay dsde

= v

|

o] mEAT} 20wt% Tol7t AY AnHF A A4S AAFALE 4L AH(ADI vl )

>
2
z
£
12
o
=t
<
\
oy
_O|£
3401
lo
=
l;oit
o
rlo
—
[Wh]
O
X
iy
[N
p'L
4t
i
I
S
2
lo
Orr‘

ol 25wt%
o BFodE AT o) BT H2TE & F I

Voc Jsc ff n
Al2
0.786 16.0 0.566 7.13
(Z2AAA AHA)
PEG 20wt% 0.795 12.32 0.586 5.74
PEG 25wt% 0.785 11.13 0.586 5.12

Za)Sdetd 7|xst= wWEYA AS o] FTolA PEOY 7|Zs:= WEZABD A
o7t 45 & & FA4sE 5L /AT . ¥ 72 $dg nEA %o ©E A W
3hE YEbdTh 4F dsA e ASNAAIRG-18DE 5wt% Hrbstgla, e iz
AV E wt%Z 5, 10, 15, 25, 20, 257}x] WA AN HSHE =gt ofd Eo)A
& F %o AMES ALY AL Autxon AAHND W FE FQL A(Ad)] M|
A et deAT fHge Fol 15wi%E deirbd A oz A%

BAT $de R vlgo] Bwt%d A$ol 7t

o
olf
flo
oX,
olr
tlo
L
i
=
s
pau)
o
dob
r o]
ol
pats
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<# 2- & Hg Sy Yol BE dseHdHAA HdTH

Voc Jsc ff n
Al2
(ZLEAAA 0.786 16.0 0.566 7.13
A33)

U5 0.784 10.94 0.588 5.04
U10 0.786 12.29 0.543 5.25
Ul5 0.795 12.52 0.549 5.46
U20 0.795 13.3 0.583 6.16
U25 0.793 13.04 0.559 5.65

[C9 2-26] $-2€ 223 AEH29) WK AS 443 AY dseiFdA

Current density (mA/cm?)

SR At A9 dFd 76%9

g 1EAE YEH2E ALE3E

A AL MHNEYER S

e e

Jsc 17.56 mA
- Voc 0.779V
Efficiency 7.6%

FF 0.58

OON-&QQ

.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.8
Voltage(V)
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15

10

—— no additive

——ALO,

—— Osram_green|
zirconia

Current density {mA/cm?)

0 [ I R T PR R R
00 041 02 03 04 05 06

Voltage (V)

(29 2-28] 4@EA 4§ AANANY A5HRAA 45 24 2

i)

a"elA & R0l AA HFHF ou Jeo AFEAS HEHE WXNEES F
FHNeH, 53 ELE FBAYL esdAvYokie] JdFRAE H LT A9 7MY &8
o] Ftt. 2¥Y & Aulyolrte] adAFFAE U Z717F 30 umeol °]27] w9
AR A HEsrldE FE7E Aok wEA B A7 29I BASG ed 4T

& EAF zirconia BLE A¥ L&A A Ao HEsto] A5FY AEE AU

(2" 2- 29]9 A2 38 dadgdx Y 4554 23S Hehiith

odk

25

—— urethane based gel type electrolyte
J,=16.15mA/env’, V_=0.763V, Efficiency=7.56%
20 | —— zirconiz containing gel type electrolyte
§ J_=15.58mA/em’, V_=0.842V, Efficiency=8.13%

Current density (mA)

0.0 0.2 0.4 06 08 1.0
Voltage (V)

(73 2-20] AdE2 A& AFnEA A2 8 FdAA A5 4 25
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AN & F %] AEIYl A4FEHE 4T AY nEA AAA A$ NSE

o

42 g AR W vlisle AFAEE ot WA Aol Aol A
5

o dE7¢ HPdAE TAY, 94, 9REY, 28, AN 7Y 5o AP sAYez
o1FIA 1, AP BACl HFAAE AZF wrbek 8 o)zt Yy WEol WE W v}
o ST mgol Gk Aolzh gk E# 2 zAA 59 AL WEE 579 Ao
$U4F WA 4%E Bl %3 2IH A AT wath Slo vehd Azael 44
A% DEA A9 JRAFAAE A9 W Aol b 2L 4SS W HFAA A%
Z4ARoI £ ATE F3hel AY ¥R AP Yol AAANY FRAFAA) 1)

et} 2 BoixA gom, AneiPAAel F7AALE AL & AeS FAHAT.
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A1d A

AA7IA S ATE UVASE A 1282 dade H8¢ F9d dAdAY e H8d 7
Fol BlaiA Ho]l Aedtn ARLEI} #AAdE g AT & AJT. A¢EsS 18
A MEHE7 97 YA ARV dafAe dsgkd whge Fodte AL g A4 v
3, AFAE gae WEHR g o2 Arr FAid At g Uoh = A
A4 MEYA
Ag3HE AFd & d U2 EAE JIAE RS FlstA

53] AdEdS 48 AY 1EA AHEE Mdste R JEME AAZ ] A
H AY 18 AAE deUgAAES AgsAct Add ASEZ AF 1 A A2
OcvE 0842 V, Jsct 1558 mA/cm’, £&2 813%%th o2 A7AE 234E ngos
F59 AA H A A 7Y, o]F TiO; layer Toll & dFMALE B3t F o 2
&9 29 1E2A A Axvt 7bsd Ao R dddnt oY nE e AY nEA A
S| AL dEHFAA F7] ABE S FHAA GEAFAR] & 74T F 3
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1. JI=xe&EH

el AYsta Yol ¥ HuAe) 48 DSSC Ax7E Fn

- AW, 9B D e FU SR LR 94 84 )& 27 71&44Y g8
« kWF #7189 modulest 71& MH(AAFA 75 A48

« AR 2 AF 0% 2 A WAIF AR 9% WS} 2T

+ 23Y ZAY 9 29 39 7% AL B9 F% 2 e 94 A&

=
c ol A=A nEA FIAA e T AP dE WA Ve FE P g AA
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o DALY, Y33, FA71383 FU14AA AR 59 7 xHe 2 FeRoro] &
et 2 FIAFE 3 5 L.
2. dHFQl &M

* DSSCY AEFE B3 duA Asr|&e I3 2 &9 FE gFAX )&
g 95

o FAHol Rty WAL £ E AYE PYIEAANE gAY F ds B
8 HIFHA 719 AEI - AATS L A FAVE NS ) HAAZN R F
AE A QE AEAFH dAdUR 71&9 AYEE 93 s Bgd o F
5.

o HEFHA O 93 AHAo] 7L Atet G (zujAte ) AH E I

© FMASAIE Tho WE AV WE AR 5 3Fed AREH J)d 2 9y
A FHAEE AR QA3 IVt AAF A5EH 7Y

 WHZ DSSC module?] o}lHE FTFAE 5 A4 AY JEZ ANFIA 71 2
A7 AFAWA 71¢ 4310 7)o

« 7lE7I9e] gFoF uRJMR MG FE: 2 7E BE A 2A4LE =
T 5 U2

« W93 945758 BIPV 289 olglE 35408 5 A4 A AEE A4 71

« YR FPER A A% Frt AAY A5EFH 7|0

3. gEuot
« 2 A A /1¢¥ EL(Electroluminescence: LED 333 e FaHE A4 Q&

%)

B 242 A FHE A=

T M T ¥, ZEIF Y

ra

of &5 Ud5)dnRds} DSSCE A4sd

A2 UA el %9 DSSC module A1 Atg F3

\

BARe) 9
DSSC Az 71E

7 A F A F2 L 7)147)
E Ngste gYAx nss 2 F
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Wide Bandgap Thin Film Solar Cells for Tandem Structure
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HM1ZEAM=

A1 A RS gol= NEA et gofAx] A7) A
1. B TX EJYNZ

HEFPLAr 2 FE3E 98 P S48 AL A 58S IVMI7IE Aol
Hdaxe 882 A5 dAke FouAE drid a&H ez A7) U= d&s=rtE vehy
Aoz [28 1-1]9 Yephd npe} o] SHQAJER Q3 &80] ZAaHA vk mEA &4

22 BASHIL I S04 ANRL B Aol HAN £8¢ ML FLE Pt 9k

e

g #7F dvk AR AT A
229 WEART e Ay W Aede Yol FFHA ¥ R JAEe oy
A7 A2 M=o 953 Asde MY Ao #Y AuAZE Az
A2Rdn. mA A JAR AU 44% wro] AR AF S AAstEH 7l gt of
oA ALAA EHE AT 28%7F o] &&ol HY 1 W AZFT &4%F59 A
A, B3AL E4do] TS ol FHI AP wAEAY B FW texturing LIl
AT 720 Sz 93 HEFAAE 14-20% A=9 T8-S vebdo

E AA GAZAUAAA b A EAHE FRol WERD BAX ) AF 4ol
2 g ok mEkM o] AAH FAE FES] A AgE Aol HHTE HY
AAolth, g 729 7E dge Zolgt M=EAS 71 EdS H5HeExn UE 28
Hoz Agste Aolth 2719 MERS 717 EF S top cell F bottom cell2 A 7
F 9ARE Ho] top cellE AWHEA ou =S @9 499 o] FoHEY Fid
o3 499 9Ue bottom cellS %3}
ofAA W &AdL Hastdo ojv] o] AT GaAsst 2ol nEE EFAA
HEHo] Z&H3 glon 258 oy 3FNY dF A HEAARE A7H2 A
o AEE 9 BFRdAY Bee AR AYI/mRA Y HIFET ohy WAZ/
tlojAe AR HFTx HYAANE T &S FIANZ B opyz 7€ wAA
AgZo] 7 e dEAE ANEsta Qo
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Top celi
Bottom cell

| c-Si EHZHXIS N X Bigti} Q0! I
{ 3

=
At
&
oll
u
X

“ r%)

— }

u-:nmie

[ v

S 24% = ®
(%) | & 2l e \
nee
Bz Ref.3rd Generation PV,
NS en Physica E 14, 2002
moon 2a [gew)]| | |[ssF]
A 1
o m Ej gy
(44%) | X %‘_g °'§§E (28%) = = (14~20%)

Ref. Hideyuki Takakura, AFB %%, CMC, 2000 98

(23 1- 1] 2483 A2 HFaxe 289 24

{(W/m2/nm)

1.8
1.6
14
1.2

1
0.8
0.6
0.4
0.2

0

T

T

HH\\HHH\\HH‘J\H]‘HHHH-‘IHHH\[HHHHHHHHHHHH-H LLLLL L L L L

Photon Energy
1.0evV=1.24um
1.8eV=0.69um

Bottom
cell
- Loss

(6.5%)

Top
cell

(56.3%)

(37.2%)

0.3 0304040506 0.7 080809101113 1.5 1.6 1.8 2.0

pm

(29 1- 2] BT 29 photon °] & &
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2. CIS A #gE HETZ EBLEX|

BEFAFTE S %7 BE
2 ALY A9 19% o4 nESS Uz Jdo. wEN dF %
e AYE e BFAA ] va dPgTE PR g 277 22X gt &A
Bt ARA HdYE 2 V€Y AR 9% A 4 S Holdo A43EH7] e
20% °149 1E& HFAA Agol ARy HE AANA AW ATVRES FA
Z2 ¥ET7E HEAdA g 77 APH o

[Zd 1-3]2 29A3 CISA I-II-VL 38E dayg 72 vt gddx e +25 e
Wi Aok 28R d ¥) T2 BFEAE wEg oUAst 2 top celld WER oI}
i qo2 22 bottom cell 23 1 7} H 9 tunnel junction®® FA AT wkde] 4
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dAE < 7§ top celld bottom cell® FY&HA T 7h&d tunnel junctiono] el 7]AH
L2 5L HUHez dAsE WAL gudd. A7z TFASIIIE £l 49%
F UY 72 AT AT FFHor dygFx HIFARANE T JAME
tunnel junction & X E$ 29343 e FAx 9 sfute] daditty & 4 Qo

Z|Ee dFH2 e CISA HIFAAY FFFFT 25 W= dUA7F 1.0-12 eV
o|7] W&l bottom cell2 HFsctn & & vt WA CISA 3FE dd g FAA 9
AN 71E Tod AL dol= MER gEARE AEste Ao

CIS Al HYAAE Ga, Al & H7MEAAY H7bE] 24 & 2dstd W= oy
AE dgsiA MsA"d £ gl [28 1-4]1& F7F 920 w2 WER vz ¥gs
Yehla o Age Cug WAISGAA WM=ER dUAE F/HZ + 9o Ga & Al
59 3F 942EL Ing HAT & . £3 St SeE tiAst WER AUAE F7HA
ot

ojg} Zo] gtolE= M= EHFAAE Y T BlFAA 9 top cell?] &L & ®
olyzt 2 AA9 dd A HIAANZE F8% uE /A BFAA FEFTS W
ER AR SrtskdE AAge] FrtstA Hed ols FHEAY ¥oE AL @
o Aol F7kstE Aol (e BT ol 2x9 3 &

& e Y F W WEA gol= W= HFHA FoA0 FH4HT

53 ¥d 7 BEAA AEA top celld) ARV AA AFE AAEY] G nE L

ol M HAARNE MBsE AL o) F Q5.

i&

% AY £4¢ 29 4



CuinSe; ()

Back contact
Low cost substrate
(glass, polymer, SS)
29 1- 3] IF-II-VEL 3 E o e ekd = +
4
CuAlS,
9 B [ J
23 CuAlSe, A.gGaSz
E i Cll(iaSz ® .C ds
°
".3 2 GaP  CuGaSe, AgInS, AgGaSe,
() 2 [ ] *
2. ¢ InP
gn CulnS, @ ° ® AglnSe,
= PS GaAs g
g1r Si e o
5 CulnSe, CuGaTe, CulnTe,
0 1 1 ] | " 1
5.2 5.4 5.6 5.8 6.0 6.2
o
Lattice constant (A)

(2" 1- 4] A7t 420 =}

Z2 8=

=

A og=x] A}
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[2¥ 1-5]1 AMNEA WHoez A3 N dqur 23 g ddg 72 HEdA
Zgolth waky ATz gYAA Az QoM b o] FHA WHEH 23E YEY
3 Atk Top celle MEFH YR 7} 1.7 eV, bottome MEHRA X7 113 eVE W 7+
=& 3€S% YUYt @m#A top cell & CuGaSe: (1.68), Cu(In,ADSe; (1.8),
Cu(Ga,Al)Sex(1.7-1.8), Cu(In,Ga)S2(1.5-1.7), Cu(In,ADS:(1.5-1.8) F°] A3ty BA
Bottom cell?] 72 $-& 7129 CISHIAH Gag #7M3 CIGS7E AT E Aoz Az,

I-HI-VI, EiE R E v Mo X X 8
(EfAEA BB FE S 28.2%
: Top 1.7, Bottom 1.1

Y W

(29 1- 5] A2k BAL] 93 dgd 72 =] HA 23
3. OiLiX] =0 D2 CIS Al 88 EjYTX|e &2
o HA M&dd AFH o], CuAd [FII-VL F&EA CISA 3FE =t dddA=

MER oo we gol @A [ad 1-6ld dEtd AE RAFH Zol 71EH
CIS 729 Ga, AL, S & #7std W=R Aux7t F748A Ak [2" 1-6]19 99 1
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< WEZ dYATE 1.0-12 eV AT FHOE Gaol 30% ols Tdd FFEEL v
4. o] 99& F2 9d HY AEFAA Y FEFFY dETFE A FAA Y bottom F L
2 &9 195%9 BFHATE o] el sBHETt. mA 7t
T oA 71z AFHAY FEFFOH EAE FE8UE 2 Folnt

9 7F 14-15 eVe] 73h& Yehdth o] 998 g ddle] 2dEY
AEPe o 7P o)A BEFFY NEA duA Fhelgn & £ gtk wEkA ol F ©e
HE BFdAe 280l 371 & & 7bsAel Advkn & 4 Aok AT AR Vg &

HN e o

o HZEe o 7 HFAA g AFv BLE AY Foljvh =F M= JUAE F7t
7171 A8 Ing Gao2 A#3ty] ol In9 AHEFSE 29 F Ak e YaZeo| A9
FAZT HEY 1T09 AH&Fo] F7Hge wat 71Ae] Adstn ok weld e Y5ES
GalZ A& Z¢ Ind AH&FS F2AZE F gk

R o 2 o Me WMER U7} 16-18 eV 9 dFozy Wy T2 ¥AR 9 top
cel2 A7HI 3ok o] FFFT] A9 AR gFANNE Az A$ 9P AF U=
7b 9] wEd e Zge] wiS ¥ FAE SAa Yot

< @7 E 99 I M9 CISA gel= HEH BFARE Ugoz st glon dddd
B FHA] REET ohdz iy F2 elkdx|g top cell2 Hgdhe AL O BHoz sa Qi

Other Project Eg (eV)

|1 (Eg=1.0-1.2)
« High Eff. CIGS Cell 18
* Single Junction

* Bottom cell of Tandem structure
» Commercialization

u (Eg=1 41, 5)

Brv it bbb

()} 0.2 0.4 0.6 0.8 1
X
DeveloPment of W|de'gap Theoretical Calculation of
CIS Solar Cell Band-gap Engineering by adding the Al, Ga, S

[Z® 1- 6] WEA ouyxe] wt& CISA HEAA Y &4
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Al 2 A 33 gol= =y D Az bR A7

SN AEE 28R dE TR HFAXE AAHor FHEL B% ol &S 4] 9
dMe A8 7 71eA EAE Aol 3ok dY TR gFAA e N RH o 2709 BYxz
A7y AE AZ" Fejo]y] Wi Age F oyddA AgY Folv AFE e £ AFo
o Top cell2 2to]& ol= W= gdFdxts Agte] ¥ W AF7E 2o waky A
AR gol= My PR dFol o3 2AHER glo|= MEN HFAR Y AFE F
ZHAACE BTk Ao R 14-17 eV HEA G 16%2]) BES dojoF 25%9 WY Tx
HEAA 2] dde] rhsdittn el ot 4, gol= M= AFE F7HA717] 918t
WERE Y 4% top cellIX EFF3he Lo Q97 Holx &=, o] F$olE top celle ¥
Fsto] Y2 el A7)zt YT kst 23] bottom celldlA HAE AFIL HAAFIE Ho
AA AFE 2Ase %] 24T = Ao wabA o3 FAE FEI) YeHe 59§

Z3NA top cellol A F3a o] &4 ¢lo] bottom cell2 HEEojof 3t o]E 93}
e HEE A7 MEE oo gtk & AMESta Qi FEAT vE g9y we
I AL e AT FHHdTo] AEolor st A LEY WX E top celld

1

e
A& T4 MLshs 9 bottom celld) 2% AFAFE Eol7] % A7st Basit A}

il

o

mt

Ad, AAAH LR CIGSA WY 72 BYAAE 7] A DES Sol= WY B
A A, AAY FPAF AL, CIGSA ALTH A% S 4 ATE A gk
(3% 1- 7} FI-VL SHg2aA #7h 94 2 240 o WERe vepia ok 24

Chalcopyrite 72 @29 AL AFe ule} go] Mee) Wash e gols) ot
B4 e 2A% 2P0 gol= WMER Bdo] AFHT Jon] o]F FEFFZ0E o)E
@ gFaxol g A7 A=z ot

Ma terial E, (eV) 26 F ' T A
CulnSe, 1.0 3 Cu(lnADSe 3
CuGaSe, 1.68 22 E 3
CuAiSe, 272 E
Culn§S, 1.53 ~ 3 E
CulnTe, 11 < 18 F Cu(inGa)Se 7
CuGaS, 2.53 = 3 3
CuAls, 35 w E .
CuGaTe , 123 3 Culn(Ses) ;3
AgGa Se, 1.8 E 3
AgInS [ 1.2 L~ SN S T
A gA 1Se, 1.66 0 0.2 0.4 0.6 08 1

X

[Z" 1- 7] I-TI-VI, $t3E9] A H=R
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ul=9] 79 High Performance Project® ¥3ld CISA $ol= elFd A digh A+
7 R85 Jon ArHoR WY 72 HIHAE T 25%9 E&E FER 3}
29tk Y8 B4 YR HYAXE 73] A3 AGU 2 AIST SelA CIS
A stol= =D HFAA g AFE AP Folh

CISA gtol= M= BFAA FA /Mg B2 A7 1P AL CuGaSexCGS)ol
. =Y HMI® Shuler 52 JFFTEHPE o] &3t CGS FEFFT & AxsACHIL &
3] Cu rich CGS/Ga rich CGS 2] bi layer processE &3t A=x3stgon 37139 Se
o TS A "= 250C7 2 w7kA SeE TFEFAUTY. 283 CdS HHFS
€49 =& 60T 80CE WA A LAFHoR AZsAT ol F F3e 99
<27t & A5 AWM acceptor? FE7F FAade AMAGe] FUlsle] AHo
E 71%° 8% B3 3Ath Nadenau 55 SAIRFTZTLHE o] 43 CGS HIAAE
Azxstd 93%9 &S Buddo2]. 53 #W9 Ga rich layer’t BlEF AR 58S
FT7HA7IE 890 e A& 7H3IY. Negame 5 A2 v JAFSEHE o] 43
o QIR 2&& vusdrt. 53 394 FAH R bi-layer processZ Bl F A E Al

Z23AE BF ° ¥ 28S Uedte A& 2ESHC AW Kniese & bi-layer

2 Az gFdAY 280l ¢ o Hasd. o=

o]Fo= CGS e ¥4 2o HASs asiteE RE 9udtdn & 5 ok A
= NREL®| David Young & 397 BAIATZFHYEE o] &3le] 95%9 &S RI3}
R TH3L. Second stage®] 71H-&EE 550C ooz AHAsJoH, FFF-F9
ojstz gFAl & Aol 2 EAojth. T CGS Wete] A% acceptory FE7}
AX e H7Fo] F71eH o]Z 1359 tunnelingel 23 AAFe) FrH3tta FAs AT
o2 A#AE ul"goF vz NRELY Abusama 52 HWol Ing A7Hstd 102%9 &
&S EASAT4). A o] A9E W TFE Ino=z A WMER A7t 1.64
eVE YEr AT

Shafarmans & CISH 31&Ee AlS 713 Cu(lnAD)SexCIAS)HEHS: M FZFAHE o] &3}
o Az3Ac AVIn+ADS) ZAdu|o] me} =R U7}t 116 eVl 1.74 eV7A] W3t
<, 1169 ¥ sFAR ] F&o] 169% Ao 1740 H$ 7.0%9 E&S Husgth
Kaigawa $2 T4 AF3AHE 0] &43t9 CullnGa)S; FEFFES AZsHL M= oy
A7} 153 eV A9 123%9] &S RuQT 165 eV A$ 101%9 T8-S Busigrh
dA WER YAZE 14-15 eV AEQA o= WER BEFFIE ATFHIT JdEH
A< Aol CdTest CIGS olt}h. CdTed 72$¢ ©dAFT HYAAE ojv &3 Hx

o[)lt

[l

O

=
=
o ¥95

o

2
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AE EHoiA dy Tz HIAR e K25 A top cell EARE Ha
o 53] 7129 Ax Ves R FYE FHAFE AMEEHY 139%E e 8
Busts 9t} CIGSS A$ Gaol v E F7HA W=D UAE 14 eV 2 F7HNI) &=

Ao AT HFHdA 22 ¥ ofyP top cell EREE FEYI Yo I AIST
o Niki 52 17% ©o]39 & && Bustn Ut £ & water vaporg ©]-& 3}
Az ME=2] 13 eVellA ¥ 58 181%S Rusgdos)l (23 1- 818 [191- 9]&
U5 dEoA AFstm i gol= wME AR EHE YEla

HU ©
of
fo
ox
o
30

Mo oo

HH‘ )
mlo

Organiz
ation

Structure Voc Jsc FF EFF. Comments

NREL

NREL

NREL

IEC

IEC

NREL

[Z29 1- 8] v|=1¢] Higf Performance Proeject ¢ ¢}o]l= vi=78 ef AR A5 3H6]

Cell Structure Eg Y/ J FF Efficiency

ocC 5C

eV) (mV) (mAlcm?) (%)
ZnO/CAS/AIGS/Mo 162 949 170 0577  9.3*

ZnO/CAS/AIGS/ITO 162 842 16.3 0.400 6.0*
ZnO/CdS/CGS/ITO 1.68 673 13.4 0.438 4.0

ZnO/CdS/CIGS/ITO 1.2 651 34.4 0682 152

*: Total area efficiency, AIGS = Ag(In,,Ga,,)Se,, CGS =CuGaSe,
Details will be presented at the MRS meeting in San Francisco

[29 1- 9] dE2] AGUS stol= W= HEHA 75 [7]



[27 1-10]& ¢fol= =R EYARE top cell2 A8t Ax3 WYtz HIHA Y
SA4S Yz gl ¥Y 72 gEdx e B ofF dF sFdedAT A7 AFHL Y
t}. vl=9] NRELS 7% 492} mechanical stack W2} 02 CGS/CIS ¥Y T2 & AM&3td
9.7%9 2&& B CdTe/CIS9 A% 153%° §&& RHista o

Tandem cell structure V. Jee FF  [Effiom Institute
(mV) | (mA/cm?) (%)
| 4-terminal mechnical stack 1290 ] 97

Top cell: ZnO/CdS/CGS/SnO,/SLG 864 15.36 [ 0.56125 | 6.8 NREL
Bottom cell: ZnO/CdS/CIS/Mo/SLG 456 12.46 | 0.6917 | 3.9

4-terminal mechnical stack 1140 15.3

Top cell: SLG/Cd,Sn0O,/ZnSn0O,/
CdS:0/CdTe/CuTe 806 24.97 | 0.699 13.8 NREL

Bottom cell: ZnO/CdS/CIS/Mo/SLG 357 6.059 | 0.680 1.47

Monolithic B

ZnO/ITO/CAS/CGSIZnO/ 688 10.4 | 0.528 3.8 |Delawere Univ

CdS/CIS/Mo/SLG

2-terminal mechnical stack 1180 10.6 | 0.595 74

Top cell: ZnO/CGS/ITO/SLG 700 12.8 | 0.485 4.3 HMI

Bottom cell: ZnO/CdS/CIGS/Mo/SLG| 520 10 0.621 3.3

2-terminal mechnical stack 1307 8.7 0.762 8.7

Top cell: ZnO/AIGS/ITIO/SLG 846 16.5 | 0.579 8.1 AGU

Bottom cell: ZnO/CdS/CIGS/Mo/SLG| 473 8.8 | 0.697 29

2-terminal mechnical stack 1304 9.8 0.718 9.2

Top cell: ZnO/AIGS/ITIO/SLG 827 14.0 | 0.583 6.7 AGU
i Bottom cell: ZnO/CdS/CIGS/Mo/SLG| 484 9.8 | 0.699 3.3

CGS: CuGaSe,, CIGS: Cu(InGa)Se,, AIGS: Ag(InGa)Se,,
HMI: Hahn-Meitner-Institute, NREL: National Renewable Energy Laboratory

[23 1-10] 99 7% BgAA 78T
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A 1A H9eE 2UETY A2k
1. 7182 ZUEZ9 |z
2% 292 Ue 53] AsE A4

2 z
ggBolgn ¢ & Ak BN HIEPA Ax FH FAAE AF

T8 RFol BEFF Az FAHIM 53| CIGSH A$ 497 FFEol7] W 33
= 3

CISA ®HgAxe 5E4&
S

E 3E53 3 I

29 243 A@P9 Frvt w$ Fodg

PA AT Hiet Zo] CIGSE A=xdes WS ¢ gt} 283 stuxzyieze
evaporation, sputtering + selenization, 3}3t2<¢] HPH O 2 &= electrodeposition 522 A Z3}L o
o Z} e QlojAE HREA(FE, 29 IFRE 5 FFA wE gt Azugel 48 4
Aot AR ojw g WHE AMEE ASolE, SR 24 2 AAPAEE 2L wlg o

ok 7R 7PE & 58(199%)2 48 F JAYD AL evaporation HHOoE EFLEAR 479
594-Cy, In, Ga, Se- A183lY CIGSE #BEFZ02 ARES AHo|t}
3GA FAXNFTEEL [27 2-1o0A 9 2ol ¥ 7A2EAM In, Ga, Ses FHAA A

bl td

T Cu(InGa)Se; &S AL @& Y99 Cue 549
oA S A ol AUHoR B 50T TAA AQor EAIY. I Jgo
EAst= Cu-Se o3 F4t& w7 we) Cu(ln,Ga)Sex] ZA RS AFA71E= w47 ot
oA o]xpge]l BAE F JYEF FEI Cud TFH A JFoz EAs)d F

27 2AYE A oA FgHolr xut oy g F489 Cu-Se olxHFE H71H
o2 HgAA T9l third-stageol X A A= ojoF st} webr Cu-Se
ol e AT AAEL BEFFTA 54& AAHA Hu vAG 2-e] wig Fasit

Az
rd
A

Jm
o
o
2
ol
e
i
X
X
&,
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In +Ga + Se

AR

~GOreesecsesscccces - - Only Se

(In,Ga), Se,

Substrate Temp (°C)

In+Ga+Se

1st stage,
(ln,Ga)xSey formation

Evaporation Time

In +Ga + Se Cu+Se Cu(In,Ga)Se,

AN

After 3rd stage 3rd stage, After 2nd stage, 2nd stage,
Cu-poor CIGS Composition change Cu-rich Cu(In,Ga)Se, Cu(In,Ga)Se, direct formation
Adjusting doping conc. Cu-poor layer formation. Semi-metallic

[Z8 2- 1] 384 T4 Je3L 349 48 nid 2 ez mie

URtE o2 Cu-Se oA

F549
W, ol ol YA 7Be L7} 3

4 dol7] wWiEd EWAEol ¥ 4HA YL
g AL guidt. olg @ dHYE o] §3to
71#e] £ 5 E thermocouple &£ pyrometer & ZA3lo ojxas A ¢ ot A
A 7)ol We FASY] scattering @ 29 Aolo o3 7@ HEHAA Y Aol 7

Asa U

ofi

2. 7|2 BHEE AlA”C TME HE

2 AT E ol T RN 4uE BRG] Aet] ADENE AR
FAN AFH whel gol VBEES MNPEY PYOE BUHY e PEE AAT o]F
$ /1% &6 H4L AN LAY SBe] EHA TFoR Ad 277

Aov spolzulEe) A¢ dEn BE AGA folshd e Bw ol A P
4 4oz Asl PE/k FIAE ol Atk weh) B AFAE slRe] dAUE
Awel M BESE Yoz /B LEE ZHAYUT. EH AR 5L o8 2

=3 BYe SHE UAJ¥ozA JigezagozA A2 YY) AT 3H &4
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EHUHE B3t 4" EFE RS 232C BAYHEE o] &3l PCAA =& RY¥H
E st 3 @A sl HES dEHCAA Bt #dE FUHE AS 7
# 3Ao] =S 71959 HE4 feedthroughE A&t & EXMo 93 4K
R A Aol ot A} o HEH AZAC 9% &
A 2 e ol 2ol AP 4 J&EE Y. 53 A 2 FFE A=AE
E7t -2 graphite(F2 T2 AME3le] 0 E 4RSS B ople Hde
2% ne d4% Haxs A
% 719 VS 9% A= Aoy CISA 38¢E 1 34 29 #HAYd
ol AX &g WxFFom SFFRE graphite plate2 A& ZH 3]H
2 AY do] AGHE Aol oty graphite plate® %3] 7143te WA e Ao
ol 718 el HIAHRE o o] AR ojye HAle AT HEHES
o] 71 3”E &3t nFE & ot F /EY PZAE g8y 7% sbde] ohd#

(a}

mold heater 43¢ 71% 7}do] A5AES HATh F VLA st A AUHA
FHE v A=Y} He S Ak 1w 4P WEHE AR 3
[e:]

¥ 220 CISA 2 ddAe Az ¥4¢ dehin Ao 7R Ad F A4
sete F4d4E9 B

Chemical Bath Deposition (&4 H)d 93 J2Fdg. AWA

sputtering Ho 2 Fd 1 wxHoz Al FE E-beam Evaporator® F&3c}. o]}
=
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CIGS Evaporation

Mo Sputtering T

CdS CBD

[Z™ 2- 2] CISA =9 ggdA Az 34 A=

1. Mo O|HES M=

v

(29 2-3]2 E8EQ AT Az o]4d DC vl EE 2HEH Fx|ojt). 7%
S 2F 50 x 50 mme At 3] 8 (soda-lime glass)E AM&stgth. v AFEA] AL
H HEItAE 99.9999%9 LEE ol2 Z(AnE AtEstden, B2l ezl (target)d] 2
71+ AF 10mmxF7 6mmZ Cerac Co.olA MEF &5 99.999%F A& 3t th.

et AxFA e 27|WFL ZEFZY BHE EAFPEZE oj&std RFE 5<107
Torroldt2 @& &, W3 HE o] Alolo] AXa WHel FY FHAE o439 05
~20 mTorrZ Ae¢HE A3 At 719 ezlA9 Azle 60 mmolw, wate] YA
FdE A% 15 pme] $=2 IFAAAYG. 98 APYEE 444W/em20H, B3l o 58
BE v 2¥HE F APk ol wute] FAE Aoz Yo FHAELEEE T
At Axzd = FAE 085 - 11 i olAch AZE Mo wute] HAHLE HolZ A
S o] &3t

N

_QO_



Rotation

Loadlock
Chamber

Ion gauge

—> TMP

generator

Ar

[Z¥ 2- 3] DC magnetron sputtering system &%

o

eS8 N

o

Ol

2. co-evaporation 0f 2

[Z" 2-4]= CISA 2o Az Al4® SAZLEXY MFgmelth. 27|AFL
5x10 7 Torrolst2 2Pz} ElB P Z(Turbo Molecular Pump)E o] 43ttt 7%
7FEE 9 800C7HA] 2=Adso] /e 24 AFE ol 4a ). aut FA9 FdAHS
F7HA717]1 918t 15 rpme] £ =22 7BE FAANAGY. v AxA) AHEE QA4S E 7
2 (Cu), ZE(Ga), AAF(Se)2 2 99.999%9 +E& ZE Ceracit AFSZE 3mm L7do]
Feoltt. Cue 2000C7HA] 7o} 7153 28 FLIHE A& en, Gad o|F 2
B E 3§ E(dual filament cel)E o] &3t < 1300CHAA A sATt Sed 7E 9
o vs] FHor A FAG Fwo]l doyr] wWEelth Z a9 FHEE
25 A (quartz crystal)®] F3¢ W3E o] &3 tAY FAZH7)(Sycon STM-100)2
SAsAT. BEFS 24E 2FH) e 4 davig FREE g 2dse
Aol Todth B AFoAME= 1A ol effusion cellE ol &3ta] F2AHA7) w o cell &

g zd3d AA 248& 24sA0
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ey |

[2¥ 2- 4] co-evaporation system® 7N&%

CdS<= 242 eVe] M=RE 7129 p-CIGS/n-CdS AEH Aol ¢4 Edo|g. B35
T CdS%o] 2 FFALE ZhAof B 29 Y& &4 glo] FRAL = o,
CdSHte FAE $FAl TFE CdS9 WE=ERo] F713H, ot v dUx HFHo=w

TES 3o HEAA] EE57E ¢S F Uk U¥EAH 13 & CGS HYEA
A9 FEE AN FdHEA gke FAY CdSHE AAAIIE Aol Fadrh AL
Al CdSOs 0.156g¥ NH4«(CHsCOO) 11416 g ME 2ol 3L £33 dRol4
(ammonia solution)2 pHE 128 2F ¥ £9& 1000 mlE 2R3YP. 23 &9 £
[Cd] °]&9 ¥%%& 15x<10° M |9 [S]9] ¥%%& 15 M ©o|tH15]. Thermostatel A 7}
48 =°] bath HE AU 3t FHoz v f498 719 d%eH, 71d &
60780Colt. ¥Wate] FAE &9 Lo AFAQCM)E Fdso vat T4 F7ld we
s+ A48 A} Yoz 2ds.

-
T



AHSE 29 X MEFEE Mo wet 34 Abgd Fx 9 fAalstth B AAE 3
9 BAL FA AHE F YT HAE ud, o]F WS AHLs] £ (undoped) ZnO
target(+£5£:99.99%) 9 ALOs7t 25 wt% 348 ZnO target(225:99.99 %)S z+zt A&std ).
7183 B Ade gAY 71e78 ndd o 5 cm2 nAAAT wHEIlAEE Ar 100
%% Ar 95 % + O, 5 %9 F FFHE 47 Agstgon, SFxAE 7 (mass flow controller)
£ B3 wEAWE FAANATG. A F urgaule 9EHe AE¢HEZH7)(auto pressure
controllen) & A3t Alejstfint JlBe FRAADZE AHg3tel dagon, 52 5 v
T T FUAS Eol7] Y RHE AL 7HS IAAAY £3 ZE AEE wea
g ATEE FA7] A3 loadlockd & Tl FYANALH, w4 base pressures

2x10° torrg XA AW F= J}5E /9w A7)= 5enxSen o) o

A" dere] FAE #9937 7)(Alpha-step 20008, "AHF&E SEM(scanning
electron microscope, Philips)E o] &3l ZA43tc} vtute] 3stdE ZAHE SEM o
#25 EDS(Energy Dispersive Spectroscopy)® EA3tgtta, 24 FxE X-4 32 &
471(XRD, Rigaku D/MAX-RC)E AH833ith. XRDE F& 999 FHYA FAEEE
05, /min22 mA3 L PAZE WA FHAA Z=AHs4ch g w9 10~70°9]
FA4oe FAEE 4, /min, 4 kW Z52 ZAs9d. FFIREE UV-VIS-3101PC
(Shimazu)& AH&3t4  300~2000 nme] GGl =43t}

2. EHSHA Bt o H/I}

=
o2
AN,
Lo
o
2
i
o
flo

Pde AR-AY FAH, P4 A

¢
S
i
1A%
I
r>~
Mz
o
olo
ft
A
oX,



ol vt ¢ H AF-AG FA4L Keithley 236 71718 AH&39 &40y &4 A
¥L -1 VA 1V & AT #4EH AFAG FHE [29 3-5]9 Zo] dE
Fouw "ol ANl7lE Frounhoferol A A& 7|EHAE
°]&3te] AM 15 Z%E 100 mW/ecm® 2 nAsH. BHFHdA &S v
parameters < AF-AY¢ 54 FHAE B3l AT =3 &8 At
AAe F5 WHL CCD 7t F49 pixel 2HHE F3lo] 2R3t £4 $& &
B EALS A=dza2ley vdes Yo ~4EHSE o] gstqrt. de 2HEHL FHHE
o] &% XA =ZwWHE (monochrometer) & F2g Lol AR ol ZALEH 2zt FgoA e e

=
A} EAE oy 548 YA%e] YEZ BAARVES tirol BREHS AN

F'

[Z9 2- 5] WACOM WXS-1555-L2 138l

_94_



H 3 3 SHN S3YYES ol2et 2ol WHENW CIGS
.l

A 1A Mo %t S4¢) BE FE5E AYTE

Mo wrute Bldx el FUATOR g5 ArAge] Rolol & B ohet BFS
2o ZAWFS AAHE 9L @k £ WS chemical FH Fol we] Biol
2AA BES adhesion 54 TF SFaAckdth 72 AEHE MoB ol §3tel BE
F3e AZHAL A5, 24 DA (112) Wako] $ua802 YFatgich 2ot A

Fgo] $4Hoz YF4In Feixm duk WA B AFAHE gol=w=A CIGS
wet glFAA Y BEe FANAY s (2200 WFel SHHOZ HIE FEFEFY

S EETY- 3

35A/s olde % &

& 2ddd AFE Az F CIGS #He FFssch dubdQd CIGS 2 g AR
Az 7S A A vl 2ol 10 mtorr 2AA dF AFE Axsz oA 3
mtorr 2 A AF AFE Az ole vATR WHatd wE wete] AV Ay A
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1. Influence of Ar working pressure
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