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The effects of the molecular orientation and the electronic structure at the interface
between molecule and metal atoms were studied aiming at an improvement of organic
solar cell performance. It was found that the molecular orientation is controllable by
inserting a thin buffer layer and that the molecular orientation is one of the important
factors to improve the device performance. Formation of interface states through an
interaction between LUMO and metal atomic orbitals was confirmed by ultraviolet
electron spectroscopy and the simulation of density functional theory. It is suggested
the interaction between LUMO and metal atomic orbitals plays an important role in
electron transport at the metal/molecule interface.
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Substrate : polished ITO film

Pentacene Pentacene(30 nm)
(001)
(002) (003)

H.Pc H,Pc(80 nm)
(2:00) H_Pc
(400)
M s B B

H,Pc(80 nm)/pen (10 nm)
H.Pc

Intensity (arb.unit)

SN SR ST .
5 10 15 20 25 30

20(deg)

H1. EMSIEEIC. Rty 742482720 R
VAU EZAQVT U XBRFE IO 7 AL,

ITO RICEBEZZ s T2 2K E LR T
T a7 =0 (400) @RAHTWD T
W, AR L 4y 11 A S C oA & e
STWVWBER, RUZ &2 FTHICHA LR
T 7 X a7 =00 ktsT
%27 ElZETe— 7 NS, T7ab
L, o0y 7 7 EOMATHR T 5
7AYo DhyFHEENEER D L
MNTELZLERLTWD, PICDA TH [AEE
DFEBENGE BN, T 7 v B ERCPATIC
BLi T 288 7 % a7 = T ERICEAT
BT 5 2 ERNminols, Zuir—rntHE
ERIC L BB EhNT WS EEZ HRLD,
KR TR L7 Zas 7T =0
He R B T E A RIS LR R E NS &
fERR L7223, KEGEMEEM:IXm E Lo T,
ZOEFKE LT, HOMO & & BEMmE OFEAN
BN LR PREINZZD, ITO 2% L CFE
1TEEA Lo <, £72, HOMO v 34 @ D
A N O A b A % b S 3= DN
oxovanadium phthalocyanine (VOPc),
sexithiophene (6T), para-sexiphenylene
(p-6P) & /N 7 7 @M BHI BRI L7z, JEIY
MEHIS 7 Z e T =0 b LT,

NS ENY T 7B LTEBAO X BRET
ERAM 2 127”7, 6T,p— 6PVOPc %/
v 7 7 EICHWEGAE N 7Y = 7 Ofh
THa T =2 (100) AEARICEH Sz,
(100) mIZBWTIIETOh7 X v 7 =
VTS FEARITEATELR LTV D ) TR
RV, BEAAREERS BN TWAD Z ERb0d,
FEIZ 6 T (2 TIT IR 23w Vi BE A3 5R U
BT E— 27 D& EAMER RV 2 & &R
LTW3,



PbPc (100 nm)

= E
8 o uffer
=4 S PEDOT:PSS (30 nm) | (5 nm)

M. (e) 6T
{r—— ——— NP | P -

bt K’v‘w—v fboradywne x5 (c) VOPc
wjﬂ" et e sty 5 () H,Pc

(420)m
'*-;‘M‘)WWXS (a) none

Intensity (arb.units)

5 10 15
26 (deg)

X 2. 6T, p—6P, VOPc, H2Pc %/\v I 7BEICL =87
AOVT7ZUOXBEHR IO T 7ML,

&
il

— (a)none
- - - (b)6T
’ f ---- (c)VOPc

w
2

i
=

External quantum efficiency (%)
N
o

[=]

400 600 800 1000
Wavelength (nm)

3. Ny T77E6T,VPc #ALV=HARERKML, &
ZITNyI7ELRLLRT,

—se—none
L —=—H,Pc
VOPc
54 ——6T
—o—6P

\
\

o

Current Density [mA/om ‘]
: o

(a)

04 02 00 02 04 06 08
Voltage [V]

-l
o

4. Ny I 7BIZ6T,VOPc, 6P, H2Pc ZRLM=IED
BER—BERHME, 3B\ IF7BLELETRT,

R R & KB EREEE 2 FE
X3, 41277, 6TVOPc&EZ Xy 7 7)E
WCHWESAE D REEDN R R EMIZB W T
K& BGE S, KRGS MR X EAS I O
MR HTz, KEGEMOEBHZR TN
v 7 7@ E VIR ERZEER 60% b OkE
RN BT, Bido X 512, HOMO L~
XTEDORy 77 ELIFEALEEDL W
O, INHOEALIIR T X a7 = OfdR

P FEERPEDEWNC L B VR B,
PLEORKR LY o oBmMER L O
PEIZIEIRIL R, K ERE o R & A B %
HZTBYHIET R&EEE /R T A—HT
HDHEVRHENE STz,

(2) Zof/®EA i OE G
SEEME OB EICE W TIX
Bathocuproine(BCP) 23 4 — X 7 v $fil % it
BETAHZENHMLNTNDN, ZOAH =X
DZOWTHM I T\ iehote, £ T,
BCP L k% et HBAMAE R O®E & Ot
P OE T HEEIC OV T, SBANETE
THET L7,

5 12 Ca,Mg,Ag,Cu,Au LI BCP %
1.6nm HEFE L 7-BF DB NEF5HHE AT
MV EIRT,

BCP(16 A thick)/metal
T T

GS-1
\‘k .
GS-2
1 (d) Mg

N> x5
e

Cu 3d (b) Cu

s

Au 5d (a) Au
4 2 0
Binding Energy from £.°° (eV)

(c) Ag

Intensity (Arb. Units)

5. BEE€RELEBCP D UPS AR kL,

RIS A K Z W Cu, Au T BIT R Sz
WS, AR/ NS Ca, Mg, Ag T7 =L
S UL BB e v — 7 N S T,
KB 1T Ca, Mg, Ag % V- FINE
B ERED K <L s R A R &
BURNRH U Z 5 THDH I ENG-oT-,
OB HNENSELNT-Z RV
X —HAYIAYT T LE2K6IT7T,

H6. FELREL BP DT RILF—EMBZ,

KIGEMOFFEN ST L, FRIMVEE 9k
T7 =2V LUV RIS H LWV B — 7 23]
HIEh7- Ca, Mg, Ag TiE, 7= /LI L~
L HOMO =R /¥ —ZNFE L THERICED
AL WD E RN moTz, ZDOT R LF—



F2ITIFIE HOMO & LUMO D FEIC % LTV A =
BT 2L LoV EOYESL & LUMO 23
IS MO E/ER%Z LTV 5 il fetE %2 F48
L. ZHEMRIET XL EENBEEIEIC L 5E
FIREEDL I a2 b —a L EfToT-.
EBEFRES I 2L —Ya  IcHWERT
BeAET LiL, B E LT1 3R 65
(111) mWoOEREREFE 1EE 151D BCP
TH 5D, BCP Oy FHIDM & RH M & B S
WREEHEL L TELNT-OREEEHE
Kﬁ%ﬁﬁ FEFATE o EETH D, &
EREEICBIT 5 BCP 0+ & & BFm & DS
T )L F—, Ca, Mg, Al, Ag, Au DJIEFE(Z
0.63, 0.49, 0.36, 0.26, 0.17eV Th V. &
BB EIL 0.64, 0.31, 0.21, 0.17, 0.02
Tholz, TNHDOEBOLFEREIL. 2.6,
3.1, 3.9, 4.0, 5.3 TH O, (LFEEI/NE
WEBR T EoEANR EmBEIEDL K
TN ENDPND

X 71 imekAu@kE D FE AL
7 MVERT,

Difference spectra or Au per spin (1/eV)
o o
<

<

—
; =
% I
S

>

—

Energy (eV)

X 7. BCP/Au & Au DIREEFREZERARY b,

IS2 .'{\'

\
[
Jil

|

Is1 LUMO ;'

f\ [HOMO l Erl ﬂ. ;
o VY

T T T T T T T
0 4 8 T 6 5 3 1 0 1

a o 3 8 ®
Tl T A

Difference Spedra for Ca per spin ( 1/6V)
o w®
!

Energy (eV)

8. BCP/Ca & Ca DIREEEHEERRY bL,

7 2V I LoV IR E N B S
B8, TERIZIFIE BCP DYRAEZ L L R U & A
e 5, Tbb, Au & BCP MO AER X
D THHNE N D,

[X] 8 |Z BCP/Ca & Ca ODIRREHE L D 7E A~
LV Z R,

BCP/Ca DEFA S 7 = /LI L ULk
REBENBLI SN D28, 181,182 iR L

7‘:%)?7‘:7‘&200)1:“—7753‘&%%1/“(1/\6 L
Db, EANETIEITEBWT, BCP/Au

TIEH LW E—27 OMBLI > 7o,
BWMa®M XX 6 IR T LT T 2
Lk 1 ~2eV IZHERE—7 OHIE
%ﬁwaﬁb\iﬁkwﬁbﬁwﬁﬁf%
5o BUTIIR & 7203, BRI EF 458
U‘T%ﬁf:fx v—7 OB ABIE LTz Mg, Ag 0)

ZIZBWVWTHEY I 2 b—3 g U CRIEDE
ﬁg%ﬂr—ffﬁﬁmu L/fio

ZOHE R — 7 DFIKNEERTHIZ0
R 728 - HIE DR %%ﬁbto%@ﬁ
REETITRT,

*x |. BCP/£BDRIZEHI+5, HOMO, IS1, 1S2, 7=z
JLE LAJL, LUNO DR S .
BCP B3k S : EBHBRMAP DL TERT,

BCP/metal  HOMO Interface states Ey LUMO

IS1 152

BCP/Ca 093:007 0.18:082 017:083 042:058 051:0.49
BCP/Mg 091:009 025075 0.24:0.76 045:055 050:0.50
BCP/AI 090:010 024:076 0.23:0.77 024:076 049:0.51
BCP/Ag 089:011 021:079 0.19:081 023:077 043:057
BCP/Au 098:002 - - 0.09:091  093:0.07

HOMO |Z & D FRIZ BT b BCP H 3K D#LTE A%
DTSN TND Z ERDD, 1S1,1S2
iBCPEﬂZ 28|, &ERS 8EI TR EINT
BV, BCP L&ROMAEHTHLLE—S
DI ENT- EHfiFTX 5,

7L LoULE Ca DR T BCP & Ca 23
A FBETHHN, Au ORICBWTITIEIE
Au 72T E TR TN D, F T, umoa bS)
WL Ca DR TlEFEE N~ FLE DRy ik
kibDTW\6b>Au¢bﬁTWil ¥ BCP sk &
o TWD, Tebb, (EFEEEN/ NI WA
JBIX LUIMO EAHEAEA L., EORMN R S
NTNWDE EMIRT B2 EMNTE D, LN &4
BD 7 L3I LoV EOBE RS DR T
DICED X U THENRRGIZR D Z LR
HfECTX 5,

5 i&%%%i
JeREE, WFFE A T O
1?@)

#rgeE I

UEsEam =) GBH1 31)

1. Structural control of organic solar cells based
on nonplanar metallophthalocyanine/Cgg
heterojunctions using organic buffer layer, T.
Sakurai, T. Ohashi, H. Kitazume, M. Kubota, T.
Suemasu, and K. Akimoto, Organic Electron.,
12, (2011) 966-973. FFidH v

2. Effect of doping on metal doped



10.

11.

12.

13.

semiconductor, B.M. Datt, S. Suzuki, T. Sakurai,

K. Akimoto, Current Appl. Phys., 11, (2011)
188-190. FEtdH Y

Electronic states at
4,4’-N,N’-dicarbazol-biphenyl (CBP)-metal
(Mg, Ag, and Au) interfaces: A joint

experimental and theoretical study, B.M. Datt, S.

Suzuki, T. Sakurai, K. Akimoto, Current Appl.
Phys., 11, (2011) 346-352. i v
Barrier formation at organic-metal interfaces
studied by density functional theory, B.M.
Datt, S. Suzuki, T. Sakurai, K. Akimoto,
Current Appl. Phys., 11, (2011) 447-450. %%
Egiol))

Comparative study on structural properties of
P3HT and P3HT:PCBM thin films by using
synchrotron x-ray diffraction, T. Sakurai, T.
Yamanari, M. Kubota, S. Toyoshima, T. Taima,

Y. Yoshida, K. Akimoto, Jpn. J. Appl. Phys., 49,

(2010) 01ACO1 (4 pages). Frmcd> v
Interaction of bathocuproine with metals
Mg, Al, Ag, and Au) studied by density
functional theory, M. D. Bhatt, S. Suzuki, T.
Sakurai, K. Akimoto, Appl. Surf. Sci. 256,
(2010) 2661-2667. F@cd v

Influence of gap states on electrical properties at
interface between bathocuproine and various
types of metals, T. Sakurai, S. Toyoshima, H.
Kitazume, S. Masuda, H. Kato, K. Akimoto, J.
Appl. Phys., 107, (2010) 043707 (6 pages).
i v

Interaction of organic semiconductor with low
work function metals Ca and K, B.M. Datt, S.
Suzuki, K. Akimoto, Physica B: Condensed
Matter., 405, (2010) 3520-3524.  ZFHidH V)
Orientation-controlled phthalocyanine-based
photovoltaic cell formed on pentacene buffer
layer, T.Sakurai, R.Naito, S.Toyoshima,

T.Ohashi, K.Akimoto, Nanosci. Nanotech. Lett.,

1, (2009) 23-27. EitH Y

Level alignment of gap state at organic-metal
interface, M. Aoki, S. Toyoshima, T. Kamada,
M. Sogo, S. Masuda, T. Sakurai, and K.
Akimoto, J. Appl. Phys., 106, (2009) 043715 (4
pages). Hatdh Y

Interaction of Bathocuproine with Ca and Au
Studied by Density Functional Theory, M. D.
Bhatt, S. Suzuki, T. Sakurai, K. Akimoto, Jpn. J.
Appl. Phys., 48  (2009) 125504 (4 pages).
EHid Y

Ultraviolet Photoemission Study of Calcium
Doped Bathocuproine, S.Toyoshima, T.Sakurai,
T.Taima, K.Saito, H.Kato, K.Akimoto, Jpn. J.
Appl. Phys. 47, (2008) 1397-1399. ##td» v
Molecular Orientation Control of
Phythalocyanine Thin Film by Inserting
Pentacene Buffer Layer, R.Naito, S.Toyoshima,

(Ca,

(AP R

T.Ohashi, T.Sakurai, K.Akimoto, Jpn. J. Appl.
Phys. 47, (2008) 1416-1418. ##@id V

(ERpwar s fh, EARmE

8 14)
[E PRk

1.

Structural and electrical properties of lead
phthalocyanine based solar cells formed on
organic buffer layer, D. Kishida, T. Sakurai,
T. Ohashi, H. Kitazume and K. Akimoto,
The International Conference on
Nanophotonics 2010, June 2, Tsukuba
International Congress Center, Tsukuba,
Japan, P-B74.

(¥ 45#5) Control of properties of
molecule/electrode interfaces in
high-efficient organic solar cells, T. Sakurai,
S. Toyoshima, M. D. Bhatt, K. Akimoto, The
5th International Conference on
Technological Advances of Thin Films &
Surface Coatings (ThinFilms 2010), July 13,
2010, Harbin, China, CCE2-invited-4376.
Control of structural properties and
performances of phthalocyanine-based
organic thin-film solar cells by using organic
buffer layer, T. Sakurai, T. Ohashi, H.
Kitazume, and K. Akimoto, E-MRS 2009
Spring Meeting, June 10, 2009, Strasbourg,
France, A-P1-31.

Influence of Electronic Structure of
Bathocuproine/Metal Interface on
Performance of Organic Photovoltaic Cells,
T.Sakurai, S.Toyoshima, M.Aoki, T.Taima,
Y.Yoshida, H.Kato, S.Masuda, K.Akimoto,
The 26™ European Conference on Surface
Science, September 2, 2009, Parma, Italy,
Mo-OXI-P-036.

Study on Electronic Structure of Au, Ag, and
Ca-doped Bathocuproine Layers, H.
Kitazume, S. Toyoshima, T. Sakurai, M.
Aoki, S. Masuda, K. Akimoto, 2009
International Conference on Solid State
Devices and Materials (SSDM 2009),
October 8, 2009, Sendai Kokusai Hotel,
Sendai, Japan, P-10-15.

Influence of molecule/electrode interfaces on
performance of organic thin-film
photovoltaic cells, T.Sakurai, S.Toyoshima,
T.Taima, Y.Yoshida, S.Masuda, H.Kato,
K.Akimoto, , Progress in Applied Surface,
Interface and Thin Film Science 2009
(SURFINT-SREN I1), November 17, 2009,
Florence, Italy.

Orientation controlled H,Pc/Cgy photovoltaic
cell formed on pentacene buffer layer,
T.Sakurai, R.Naito, S.Toyoshima, T.Ohashi,
K.Akimoto, E-MRS 2008 Spring Meeting,



1.

May 29, 2008, Strasbourg, France (2008)
0-16-16.

Orientation-controlled phthalocyanine-based
photovoltaic cell formed on pentacene buffer
layer, T. Sakurai, R. Naito, S. Toyoshima, T.
Ohashi, K. Akimoto, The 4™ International
Conference on Technological Advances of
Thin Films & Surface Coatings, July 15,
Singapole (2008) CCE-4421.

2

Density Functional Theory IZ K A &)E
(Ca, Mg, Al. Ag. Au) & bathocuproine
O EAEH O/FSE, Mahesh Bhatt, 3
e, SaAREE, BKAWPE, Pk 22 5K
Z5 5 57 [RGB BRI A S
CRMERS:, TRk 2243 H 18 H),
thrsu T = /Cf KGEMIZKIT S
B REAEE i O1H] | BRI IR BE, K&,
B, ABRBIEAN, KiE 42, KK
JLEE, VR 22 AERKEE O T1 [EDE A ER
PLPTHIE (RIEKY, AL 22 15 9
H 16 H),

A/ &REBNHICR T 5 ER _ERE
DIEHIERE, BIHEBE, HY%BEA, Ronit
Prakash, [WA—Z, BKATVE, PRk 22
FRKZE 71 BIS B2 RS
(B RS, Rk 2249 H 15 H),
(FAfrafhl) AERCRGEIZIS T 5
Sl - FEmERRSE, HEIHEE, KR
SVE, RN HS B RS E R RS
(R LR RIER 7Y —r =¥
—HFFERA R~ TR Ok~ (T
FERERE, VR 2245 11 A 26 H)

A a T = RABEEE R R3S
T D AR S ORI, KiEES,
BTk, BURERE BKARTETE, SFRK 21
HEAZ B 56 (Bl B B fRE A i
& (BEKR, FRL2143 H 30 H),
Interaction of bathocuproine with Ca
and Au Studied by Density Functional
Theory., MaheshBhatt, fRJFEME, £k
BE, AW, PRk 21 £ KF 5 70
mlS AP EREAig s (B IR
Rk 2149 H 10 H),

A JBYRIN BCP IR B E T & ER
FeEOFERE, AL e, BE O, #IRE
W, HEE %, BAAWEE, PRk 21 fRRKEE
5 70 BISAYEL S EEE S (B IR
¥, EAL21H9 A 10 H),

£ JBYRIN BCP BEIZ 1) B BRAZE R D
WE, Al ok, BE W, EIEEE,
W R, BARSETE, R 20 FRKE 5
69 [Elit FH B s e phr et v 2 (PR F,
Rk 2049 H 3 H),

(B4E) G 3#)

. CIGS KEFEM O F et 6 5 & 3 i
BRI FIEIT X D CIGS AP LoD K i
R BRI BE RKARTETE () |
CMC HiRR. 2010 45, fa~3— %k 282 H.,
Z5H 241-252 H.,

2. AR KRS S O 3 2h R4 & A )
b e E 3E A/ MRS O MR
PR IE, BAARTEE (), 1=
VAKT Y ) mY—, 2009 4E, fB—
¥373 H. 4rfH 233-241 H,

3. FNLZoWmBLLISH %6 E3H A

THETIN BN RN T A A AR
(OrfHEE) | BFJEAR, 2008 4, fas—

U423 H, 3 217-227 H,

1

(Z Dfth)

R Bt
http://www.bk.tsukuba.ac.jp/-semicon/publicatio
n.html

6. WFFTHLAR

(1) pFge s

KA 7a¥E (AKIMOTO KATSUHIRO)

B K« KPP E B A 7E R - b7
M7EE&ES:90251040

(2) #rgE oz

B EME (SAKURAT TAKEAKI)

I KT - KEGEHEEYE R A TER - SEAT
MEE&E=S: 00344870



