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— General Overview of Solar Cells —



Solar Energy
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Solar Cells

' 1839 Becquerel, recognition of photovoltaic effect
1884 Fritts, the first solar cell (selenlum/gold)

annual production [MW/year]

World market of solar cells: ?ggﬁ%ja%gfﬁfﬁiﬁi
2007, $12,008,000,000 (1J£2008{&M) f000 4 bR PVIew)
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Global electricity supply [TWh]
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Low CO, Emission of Solar Cells

CO, Emission:

solar cells: 25-80 g-CO,/kWh
fossil fuels: 600-700 g-CO./kWh

Global Warming:
Carbon Dioxide Variations
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Energy and Money Balance

Energy Payback Time (EPT):

Einput energy used in solar cell production
| u

EPT =
Eproducing annual energy production (/ year)

- polycrystalline silicon solar cell: 1.5 (year)
- amorphous silicon solar cell: 1.1 (year)

- CIS solar cell: 0.9 (year)

- (wind power: 0.3 year)

Money Payback Time (MPT):

IVlinput

MPT =

producing



Cost of Solar Cells
Power Cost (REI X I):

Cost forManufacturing (853X M)
Installation
Operation
Decommissioning

- Si solar cell: 45-65 yen / kWh

- Oil-thermal power: ca. 10 yen / kWh

- Wind power: 10-14 yen / kWh

+ (cf.) electricity price at home: 15-30 yen / kWh

Production and purification of Si:

(A—2 R)
C Cl,
SiO, > crudeSi »> SiCl, > pureSi

(Siemens method)



Various Solar Cells

Inorganic
S|I|con solar cells compound semiconductor solar cells

CIGS (CIS) solar cells
C: copper
I: indium
G: gallium
S: diselenide
(selenium)

Organic
organic photovoltaic cells dye-sensitized solar cells

Konarka
Technologies

potentlal Iow-cost lightweight, flexible, wide area




Spectral Irradiance (W m'2 mm'l)
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Highest Power Conversion Efficiency

InGaAs-based three-layer solar cells : 37.5%
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Highest Power Conversion Efficiency
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Date 03 Feb 2012
Data No
SC1270-01
Sample No
SC1270
Repeat Times : 9

Isc 15.23 mA
Voe 3.015 V
Pmax 39.26 mW
:p:‘j_ax 14.65 mA
Vpmax 2.680 V
F.F. 85.5 %
Eff (ap) 37.5 5 |
DTemp. 25.0 "C
MTemp. 25.0 ;&

DIrr. 100.0 mW/cm2
MIrr. 100.5 mwW/cm2 (top)
99.4 mW/cm2 (middle)
100.9 mW/cm2 (bottom)
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Concentrator Cells

System
Fresnel lens 6kW

(17cm x 17cm)

Receiver
2-axis Tracker
Sharp,
Series Connection PCE =43.5%
I A ——— = e~ e —— * AN




Dye-sensitized Solar Cells
light

dyes TiO,

sn | eON
Ru -
= PI/'\SCN TiO,
HO.C X ’Nl A\ m
o PCE i s 31

CO=H 10% \__/

N-3: Ru(dcbpy),(SCN),

Gréatzel, et al. Nature 1991, 353, 737.




Organic Thin-film Solar Cells

"r_AI

4 accept‘ SiMSe.;F’N%
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PEDOT:PSS

ITO glass

Potential low-cost, large area, light weight, flexible substrate



— History of Organic Semiconductors —



Semiconductors
o : conductance (BSEEHE, HEE) [S'm'](Q'm")

log o
insulator semiconductor conductor
ek = R4 ik
T T T T [T T T T [T T T T [T T T T [T T T T [TT]
-20 -15 -10 -5 0 5
polysty]ene diamold gIIass AgIBr siIiI:on gerImanium ironI clpper

P »

ordinary organic compounds

Characteristics of semiconductor

- variable conductance controlled with outer electric field: transistors

- two charges (electron, hole) for two carriers (n-type, p-type): diodes



The First Organic Semiconductors

(Repﬁnted from Nature, Vol. 173.,- p. 168, January 23, 1954)

Electrical Conductivity of the
Perylene-Bromine Complex

WE have found that some complexes between
polycyclic aromatic compounds and: halogens, in the
solid state, have fairly good electrical conductivity
{~ 1-10-? ohm-!-cm.!); Nevertheless, many of
them are not stable and do not keep this property
for long.

Among them, the perylene-bromine complex is
relatively stable and has very good electrical con-
ductance. This complex has been made as a pre-
cxplta.te from a benzene solution of perylene by add-
ing bromine (method of Brass and Clarl), or by the
‘direct absorption of bromine vapour by perylene
(method of Zinke and Pongratz®). In the latter case,

HimpeEo AKAMATU
H_moo INoKkUCHI
- YosHI0O MATSUNAGA

Department of Chemistry,
Faculty of Science,
University of Tokyo.

perylene

DI VAN
HO¥EX
HikER
Nature 1954, 173, 168.



Perylene:Bromine Complexes
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Fig. 2. Electrical resistivity (Re) of (I) peryvlene-bromine complex
(1:4); (I1), perylene-bromine complex (1:3); (IIT), dibromo-
perylene~hromine complex (1 : 2) -
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Organic Semiconducting Materials

Organic compounds having semiconducting property
(charge can be transported in organic materials => organic semiconductors)

p-type organic semiconductors (electron donors): hole transporting

00
=5 O
= SO OO
5 o
Acenes phthalocyanine polythiophene rubrene triarylamines

n-type organic semiconductors (electron acceptors): electron transporting

0 0 F F F F F =
F /e
H-N O N-H .O"
Daw F R &7
O O F F F F F N
perylene diimide perfluoro acenes fullerene fullerene derivatives



Features of Organic Semiconductor Devices

- Potential low-cost

- Lightweight

- Flexible

- Wide area devices

- Low-temperature, low-energy processes

Molecular Design

Electronic, photo-electronic, and thermal properties

Processes

Solution process (wet process)
Printing technology




History of Organic Semiconducting Devices

Organic Semiconducting Materials

(1954~)
OLED (single crystal) \ .
(1962~) Organic
Photoconductors
charge'transfer , (1970~)
complexes 4
(1973~) OPV (Schottky) (1970~)

OFET ' OPV (p-n junction)
(1984~) OLED (layered) (1986~)

(1987~) OPV (bulk heterojunction)
(1995~)

OLED displays DSSC

1 /

Organic Electronics




Silver Halide Photography

AgX Yo Ag 4+ 12X,
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Organic Photoconductors (OPC)

Laser printer, Copy machine:
[1] o=

[2]
oF 2
(BREAY)

e

©oV==2T

[4] @ um
1. Electric charge
2. Exposure, Charge recombination

3. Setting toner on the charged parts
4. Transcription, Printing

=

l charge transport\layer
charge
recombination X

© 06 0 60 60 6o o
Al substrate




From Organic Semiconductors
toward Organic Electronics Devices

LED Lighting

for Cosmetic ShowCas!

organic solar cells organic light emitting diodes organic transistors



Organic Field Effect Transistor

Hole Transport Electron Transport

Source Drain Source Drain
hole electron

| (> l | [ |

++++++++ | | ===

————————————— +++++++++++++

Gate Gate
(negative applied voltage) (positive applied voltage)



The First Organic FET

-25

| N 4 | 2,2'-bithiophene gate voltage, V;
S S
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OLED (Monolayer, Thin-Film)

Anthracene Thin-Film

Au

glass

operation voltage : 30V

cathode

light emitting layer
(0.4-0.6 um)
anode

external quantum efficiency : 0.03%

Al

—)
N
+ X+

i
©

9 electron injection: bad

Q Au

Vacuum Deposition

Au substrate

anthracene Ei
source

Vacuum chamber

hole injection: good

P. S. Vincett et al., Thin Solid Film 1982, 94, 171.




OLED (Bilayer)

N
Mg:Ag LI
A /Al\l\

Emission Layer (EML)

ﬁ Hole-Transporting 75 nm © ©
Layer (HTL) N N
G, A sass

ITO

- good hole and electron injection balance

- green emission of Algs (540 nm)

- emission starting from 3 V

- operation voltage 8 V, current density 100 mA/cm?, luminance 1000 cd/m?
- external quantum efficiency 1%

Organic Electroluminescent Diodes
C. W. Tang and S. A. Van Slyke, Appl. Phys. Lett. 1987, 51, 913.



Organic Solar Cells

Organic Electron Organic Electron
Al electrode Donors: Acceptors:
buffer layer N A N O 6 0
Acceptor R SR
ccepto N N/CU\N N p N
\
YN PTCBI

.~ buffer layer

ITO electrode

glass substrate

polythiophene

C. W. Tang, Appl. Phys. Lett. 1986, 48, 183; U. S. Patent (1979).



— Physical Properties of Organic
Semiconducting Materials —



Molecular Orbital vs. Solid State Physics

Solid State Physics
conduction band

(e £
L forbidden band
o band gap (Eg) (B2
® o ®
® ® ® ® ® valence band
(AEBFH)
conductor semiconductor insulator

e L3 FHE ik

Organic n-electron
conjugated molecules

(R{E2#HuE) LUMO

I HOMO-LUMO gap

(RE#GHE) HOMO

molecular orbital

T4t



Properties of Organic Semiconductor

Carrier Mobility

lonization Potential (HOMO Levels)
Electron Affinity (LUMO Levels)
Light Absorption

Light Emission

OFET, OLED, OPV
OFET, OLED, OPV
OFET, OLED, OPV
OPV

OLED



Carrier Mobility, Carrier Density

- Depending on Sample Size Y, ﬂ
ik 2 (P Y e |
Volt V], &
Resistance [Q] = oltage [V] EEIT_T: - large area
BXUIEH Current [A], &t - short length

= small resistance

- Independent of Sample Size, Inherent Parameter for Materials
AT A XL EN, MEBRBD/NSA—F
Resistance [Q], ESEI

Resistivity (p) [Q'm] = x Area [m?]
=z Length [m], &< mig

- Conductivity &3 (o) : inverse of Resistivity
(B, FE84F, wgEzXnil)

1

Conductivity (o) [Q'm™]

Resistivity (p) [Q'm]
=



Carrier Mobility, Carrier Density

Conductivity (o) is proportional to charge of carrier, carrier density (n) ,

and carrier mobility (p) FrUT7DHDOBER EBEREE
BRIZEE (=BR%RE)

Conductivity (o) [QTm'] =
elementary charge [C] x carrier density (n) [m=] x carrier mobility (p)

. . . [Q7-m] [A-V-1m™]
dimension of mobility : = = [m?/Vs]
[C] [m~] [A-s] [m]

Carrier Density (n) : valuable for each devices (c.f., doping)

Carrier Mobility (u) : fundamental value for each materials



Carrier Mobility

Mobility (cm?/Vs) at room temperature

Inorganic Semiconductors Organic Semiconductors

GaAs (single crystal, electron) 7500 rubrene (single crystal, hole) 40

GaAs (single crystal, hole) 400 pentacene (film, hole) 1.5

Si (single crystal, electron) 1500 Ceqo (film, electron) 1.4

Si (single crystal, hole) 450 semiconducting polymers (hole) 0.1

Si (polycrystalline, electron) 500

Si (amorphous, hole) 1 00

ITO (hole) 100 2000 Oaa ’:‘;’&
00 & f ey

gallium arsenide



mobility
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(High Mobility Materials)



Materials for OFET

R
SOOI IOO® SIS
R n \

n=2-3 R=H, C6H13

N N
. ; \ /
OOOOO Suzuki 0.18 cm</Vs N HN
P NG
Bao B O s._CsHiz
S =)

R
Shimizu 0.1 cm?/Vs
. / \

R = Br, CN, CFj
Bao 0.3 cm?/Vs

R
R

R = SMe, n-Pr, silylalkynyl
Kobayashi, Takahashi, Anthony




Materials for OFET

WJ

Katz 0.04 cm?/Vs
hu 0. 045 cm?/Vs

S Takimiya 2.9 cm?/Vs
7\ \ S
<o Qo
S S
Katz  0.05 cm2Ns Yamaguchi 0.51 cm?/Vs .
Takimiya
S S 2
OO Q30
S S S
Katz  0.15cm?/Vs Takimiya 10 cm?/Vs
S S
< OOO n (O I0<0
s / /
Katz Taklmlya 0.2 cm?/Vs

OO0 A -Or Qo S

Bao Valiyev 0.1 cm?/Vs ,
Takimiya 0.3 cm?/Vs 0.8 cm?/Vs



Polymer Materials for OFET

CqzH
CeH1s A\ S 15 381 oh
(3] T L~ "
S o S \ n / \

Cq5H34 S s
0.1 cm?/Vs 0.25 cm?/Vs \ |
Science 1998, 280, 1741. Adv. Mater. 2006, 18, 3029.
C12H25 C12H25
CGH1\3 /C6H13 0.14 cm?/Vs
Si Adv. Mater. 2007, 19, 4160.
I N\ [\ s )\
S S S
on,. C12Hos 5 \/ n
0.18 cm</Vs 0.06 cm</Vs
APL 2005, 86, 142102. JACS 2006, 128, 9035.
C16Hsz CieHss C16Hss C16Hss
| S 7T N S i 0.27 cm?/Vs
S. Tokito CqgH
% S S \ n ' 1633
C1oHa4 CqoH24
0.15 cm?/Vs 0.17 cm?/V's n
JACS 2005, 127, 1078. JACS 2007, 129, 3472.
C14H29 CeHis  CgHyq
S S
| )~ | 0.06 cm?/V's
S S S. Tokito
n
CoH CeHi3 CeH1s
0.15 cm?/Vs 14729 0.25 cm?/Vs

Nat. Mater. 2006, 5, 328. JACS 2007, 129, 4112.



Evaluation of Carrier Mobility (1)
TOF (Time-of-Flight) method

clectrode  electrode tHESNIEF+ U T DIREAROBEHEZAE

pulse - NIV RS (B —H, 400ps)
irradiation - BEEMREZAE, FUT YA LADDDS.
—>
— oscilloscope
organic
thin-film
N/ /i1

mobility (4) [cm?2/Vs]= drift speed per unit electric field
HABF 7= Y OBR OB EHEE (BERE/BFE)

drift length, B ENIERE (thickness, [RE) L [cm]

electric field, BSRMEEE E (V/d) [V/em] x drift time, KU h4 A A t[s]



Evaluation of Carrier Mobility (2)
FET (field effect transistor)

plot
IDIsat @

' I ' I ' I
'Sample No : FET-11 = e G b S M e s b s s s v s s e e e
L ]
-60 -
< g’
= '40 I~ lA’ """"""""""
~ .
Q ." L
~ 'lll‘//'
-20f s
l’," ------------------------------------
S R S
-= i - -~
. Ve !V

Ipsat = (WnC/2L)x(Vg-V,;)? (slope)? =WuC/2L

W: channel width, F+ R JLi&; L: channel length, F+ RV K

C: capacitance per unit area (insulator), #FROBEMEBH/= VY DHERE
Ipsat: Saturated drain current, 8881 KL A > &

Vq: gate voltage, °— MEBIE; V,: threshold voltage, L & | \EEE
u: mobility, IS EHEE



Evaluation of Carrier Mobility (3)

SCLC model
(Space Charge Limited Current, Z2 [ B iR E ) electron
Aluminum / FLN (SIMEF or PCBM) / LiF / Aluminum .

(film thickness = 220 nm fabricated from 1.25 wt% solution) Al FLN LIFTA

JscLe =9/8+ EEM T V2/L3

1000

100 E

J [mA/cm’]

J [mA/cmz]
o

O Experimental J

O Experimental J ?: 0.1

01k
E ——sCLC :
0 01 L1 11 | | I | | L1 11 | | I | | | I | | L1 11 | | I | | L1 1 I_ 0'01

Voltage [V]

SIMEF: 8 x10-3 [cm?/Vs] PCBM: 6 X 10-3 [cm?/Vs]

Voltage [V]



Evaluation of Carrier Mobility (3)

SCLCET IV
(Space Charge Limited Current, 22 B fr#HilRE )
9 V2
J= ? €€ ?

J: current density, BiREE [A/m?]
V: voltage, BF [V]
L: thickness, [R[E [m]

g,: relative permittivity, LEEEE R [dimensionless, & XITE]
€o: electric constant, RZDHEE (8.854 X102 [F/m] ([A-m/V-s]))

(& = €/€,, €: permittivity, FEER)
n: mobility, BE)E [m/V-s]

P. E. Burrows, Z. Shen, V. Bulovic, D. M. McCarty, S. R. Forrest, J. A. Cronin, S. R. Forrest,
J. Appl. Phys. 1996, 79, 7991.



RZEE{

(number of photoelectron)'’

(HEFRHE)"

Evaluation of lonization Potential (1)
KXBFothiE (BFAHEAK, KKHP) , photoelectron counting

threshold energy ;9

S -

é@&téétm%ﬂnig?i“‘i‘---:- A :

4 5 6 i
BT T RILF—(EV) energy of light irradiation (eV)

at normal pressure

Ppany vacuym level
. HZ2HE(]
e %
LUMO
IP
T HOMO

HHt a2y
& AC-1,AC-2,AC-3



Evaluation of lonization Potential (2)

FEFINE 5 (PYS, Photoelectron Yield Spectroscopy), EZH, KR
in vacuo and at normal pressure

electrode & fi photoelectron
- Mz A
ultraviolet light ey A Eiial ammeter
IV (r—AL—6430%)
spectrometer
llllll ‘
e ~ VP

F v v N— Fy T

chamber

- ROH/-BF2WHET5BRENE
(ABFHBARLYV 2 TI)

B TNICOTHICEBEZEML,
BFSIMUHELEVLSICTS

F&RKETI - PYS-201



Evaluation of lonization Potential (3)

B FHKEF 9 (UPS, Ultraviolet Photoelectron Spectroscopy) , BBEEZET

HZ2HEMEV .
%* :\iA k
2
work function %
H B =
incident energy
HOMO Y (ultraviolet light) -K ----- > «—
SEAIEDAS
HBFOEH THRINF—hv HEFARIML
IRIVF—E, BUOHE (Y hv
—x >
. B 5%
GRBIT IV ¥— .
CROXRT) g * oo Ep TI0ER
zero kinetic energy —O0—e Y
measurement of photoelectron kinetic energy (E,) **

ABFOEBHTRIVF—EZATE



Evaluation of lonization Potential (4)
Kelvin Probe Method (KPM)

reference

Vacuum
electrode sample electrode

Ds
- __* —_— _EF

d{)=dotdisinwt

UcJ‘F @

- This measurement gave a Fermi level of organic semiconductors
rather than ionization potential of them.

- Oscillation of two materials having different work function (WF) affords
alternating current AC.

- To cancel the generated AC, offset voltage is applied.

- WF (Fermi level) of the sample = WF of the reference electrode — offset voltage

FEFE 2002, Vol. 23, No. 7, 455.



Evaluation of lonization Potential (5)

Quantum Chemical Calculation

>

Energy Level (eV)

LUMO

HOMO

& O ® hod
900® QD 900 e
& O <4 <4

PPT

Rubrene FPPT

oo O i

<O -2.20

f—z :: Y A 0 253 ¢ O
- A -2.88 electrochemical
; A, 1.
: ¥ theoretical
4“5 “‘Q | h
@ WP @ - B3LYP/6-31g*
O -4.84 ;’ o 2 . s' *
H -5.15 —493 2 O -522 ¥
W 524 522 3
W -5.42

Theoretical calculation tends to give lower (stable) energy levels.
Chem. Mater. 2011, 23, 1646.



Evaluation of Electron Affinity

Electrochemical Study (Cyclic Voltammetry)

-20

15 }

10

=-3.74 [eV]

10 1 1 1 1 1
0.0 -0.5 -1.0 -1.5 -2.0 -2.5 -3.0

E, umo [eV] = —(E; .91 [V vs. Fc/Fc*] + 4.8)

R. S. Ashraf et al., Macromol. Rapid Commun. 2006, 27, 1454,
W.-Y. Wong et al., Nat. Mater. 2007, 6, 521.
Y. Matsuo et al. J. Am. Chem. Soc. 2008, 130, 15429.



Exciton, T+ b (BhEF)

An electron/hole pair of the excitation state

® Q
O00O0 0000 o o O00O0O
O 8,@'0 C0O0O0O o o O0eO0
OO00O0 O®0OO o ° O@®0O0O
O00O0 O00O0 o * O00O0
o 0]
Frenkel exciton Mott-Wannier exciton (charge transfer)
(Z LT IVihiEF) (D =T hhiF) (BRI EHE)

organic semiconductors silicon, inorganic semiconductor

closed electron and hole separated electron and hole
(~1 nm) (~10 nm)

OELD: charge recombination of hole and electron generates exciton.
OPV: light absorption of organic molecules generates exciton.



Exciton Diffusion Length, Eh#ZF D i 8% 26 B

exciton s

excitorlm diffusion

light absorption
FEMRAR

e F Bt

electron diffusio

IS FHAAR

\

exciton diffusion length, Ly

ke FDILELEEEE : ca.10 nm

hv
=

\g—wmﬁk
Dh@ hole diffusion

%-é:ﬁu:ﬁﬁrg So@
S
© |©
Al 77— RK+— ITO
acceptor donor

triplet excitation state:
ca.10~30 nm

P. Peumans, A. Yakimov, S. R. Forrest,
J. Appl. Phys. 2003, 93, 3693-3723.

N
O-OT D
o
Lp=6.5nm [p =13 nm
a-NPD Ceo



Exciton Diffusion Length, Doping

Doping Triplet Materials
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— Basics of Organic Solar Cells —



Photovoltaic Mechanism
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Photovoltaic Mechanism

s

LUMO —— |, electron transfer

- IS LUMO

------ - - —@—— nmmmmmp- anode
hv 1 electron
hole Voc
cathode < @ 1
HOMO —e—e- |HOMO
p-type donor

n-type acceptor




<
<

Device Configuration of Organic Solar Cells

Normal structure

e

&
hv

electrode (Al)

hole blocking layer

phenanthroline

electron acceptor

A

e

electron donor

h+

v

hole transporting layer

PEDOT:PSS

transparent conductive electrpde

cf. Organic light emitting diodes

electrode (Al)

electron injecting layer

LiF, Li(quinolinolate)

electron acceptor

|

electron donor

[

hole injecting layer

PEDOT:PSS

transparent conductive electrpde

Inverted structure

e

»
>

electrode (Au)

hole transporting layer

electron donor

electron acceptor

electron collecting layer

PEDOT:PSS
)
@hv

TiOx, ZnO

transparent conductive electrjode

cf. Dye-sensitized Solar cells

transparent conductive electrode



organic
semi-
conductor

metal

glass

Schottky junction

(Calvin cell)
1958
PCE =0.01%

Structures of Active Layers

n-type
)

ITO
glass

pn heterojunction
(Tang cell)

1986

PCE =1%

acceptor

donor

ITO
glass

bulk heterojunction interpenetrating

(Sariciftci cell) nanostructure cell
1995 2009
PCE =5% PCE > 7%

- good carrier formation - good carrier formation
- bad carrier transport - good carrier transport



Fabrication of Organic Solar Cells

(1), (2)

e |

1. Cleaning of ITO glass (UV/ozone cleaner)

2. Spin-coating of PEDOT:PSS (hole transport material) in air, then baking
3. Spin-coating of the active layer in glovebox, then thermal annealing

4. Vacuum deposition of the hole blocking layer

5. Vacuum deposition of the back electrode

6. Encapsulation of the device in glovebox



Fabrication of Inverted Organic Solar Cells

PR

Patterned ITO

|

Sol-gel or chemical bath deposition process
for making inorganic metal oxide layer

|

Spin coating of the active layer

|

Spin coating of the PEDOT:PSS layer

|

Thermal annealing

|

Vacuum deposition of gold electrode

vacuum deposition coater



Fabrication of Large-Area Organic Solar Cells

Au

PEDOT:PSS

TiOx

ITO

bar coater




Fabrication of Large-Area Organic Solar Cells

4. Completion

3. Vacuum deposmon of back electrode



Fabrication of Large-Area Organic Solar Cells

\ Il |\ \I \hlsu

wJ ‘. Lw é‘"

Miraikan Museum (Odaiba)

4
Ll
Exhibition next to the poly(acetylene) film



Roll-to-Roll Process on Flexible Plastic Substrate

PET-ITO film

l

ZnO nanoparticle, slot dye coating
(stabilizer: methylethylacetic acid; solvent: acetone)

l "slot dye coating”
Active layer, slot dye coating ink
(P3HT:PCBM in chlorobenzene) head

l meniscus

PEDOT:PSS, slot dye coating film

v

Silver paste, screen printing

$ device structure:
Cold lamination

Ag paste
hole transport layer

active layer
ZnO NPs
PET-ITO film
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Evaluation of Performance

Solar Simulator: Xenon Lump and Air Mass (AM) Filter
Power Source: For Xenon Lump

Source Meter Unit: Output=Voltage, Input=Current

PC: Control, Data Reduction

Photon Counter: For Data Calibration



Air Mass (AM)
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Characteristic of Organic Photovoltaic Devices

4

current density [mA/cm?]

-0.2 0 0.2 0.4 0.6 0.8 1
applied voltage [V]

Open Circuit Voltage (Voc: B EE) [V]
KEFEMITA B DENEVVREET, KFEMOMIRICRET HEE

Short-Circuit Current Density (Jsc: Fa#& B MZBE) [mA/cm?]
KiFEMDOEIHEES 3 — FESHAEKET, >3- L TRNSER
TNZERRXEBETE >ZHD



Characteristic of Organic Photovoltaic Devices

voltage at

2 ' — maximum power
0 1 Brinens
A '\ EZDEE, Viax
g —2r T~ Voc, B EE
<
£ —4
B —6F maximum power
i RAHNS
= -8} [mW/cm?2]
current at G
maximum power =40}
RAHAERD - ‘\\
I — . ! - . . .
LEOBR oo Z02 0 02 04 06 08 10 oo maximum
> =B [V] A7
AN
Vimax® Ymax [mW/cm2]

FF (74O 720%, HEFERF) =
Voc * Jsc

Vinax’ Ymax (max. power [mW/cm?])
PCE (T RV F—ZHE) = x 100 = V¢ * Jgc * FF

(power conversion efficiency) incident energy (100 [mW/cm?])
ABFOITRILF—




IQE and EQE

Internal Quantum efficiency (IQE), N & F3hFK

number of electrons on external circuit, 7+ 38[E] & % 7N D EBF2L

number of absorbed photons, &Y L 7= Jt F#&

IQE =

= exciton diffusion efficiency x charge transfer efficiency x charge collection efficiency
TH> b UIREIE x ERBHNE x EREENE

External Quantum efficiency (EQE), BB FXh=E

number of electrons on external circuit, 2B EI I % RN DEFEL

number of incident photons, A&t L 7=YtF#

EQE =

= light absorption efficiency of incident light at active layer x IQE

EER CE T D AG DRI x IQE



Measurement of EQE

Incident Photon to Current Efficiency (IPCE)

at certain wavelength irradiation
number of electrons

IPCE =

number of incident photons

IPCE spectrum of

| DSC of N719 dye
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