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Electrical Properties of Copper Phthalocyanine in the

Course of Thin Film Formation
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[Tntroduction] In—situ measurement of the electric conductivity of an organic thin
film during vacuum deposition is a new technique for studying the growth morphology
and charge carrier transport properties of organic semiconductors as a function of film
thickness. By performing the experiment in ultra—high vacuum the effect of atmospheric
water vapor and oxygen doping is minimized, allowing the material properties of highly
pure organic material deposited to be directly assessed in relation to its proximity

to an insulating surface.
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Figure 1. Sample current and differential conductivity at 10 V applied bias for CuPc
on sapphire [0001] at 125 °C.

[Experimental] Copper phthalocyanine (Aldrich 99%+) (CuPc) was purified by vacuum
sublimation a total of four times, and was transferred to the vacuum chamber directly
after the final sublimation run with minimal air exposure. 10 x 10 x 0. 5 mm single crystal
sapphire (Al,0,) [0001] substrates were obtained from Shinkosha. After annealing in air
for 5 h at 1000 °C, the substrates were pattered with 5 nm / 100 nm vacuum deposited
Cr / Au electrodes, and degassed in vacuum for 1 h at 150 °C immediately before use
The electrode spacing was 0.1 mm. 4 nm square films were deposited over the electrodes
through a shadow mask. Film thickness was monitored by a quartz crystal microbalance

(Ulvac CTM-6000) and the sample current under an applied bias of 10 V was measured by



a Keithley model 6587 picoammeter/sourcemeter. The deposition rate was 2. 140. 2 nmmin™".
The sample temperature during deposition and measurements was 125. 0+0. 1 °C. The pressure
was maintained under 1x10° Pa at all times.

The bias voltage was pulsed in order to continually subtract the baseline signal.
The pulse polarity was alternated to monitor and correct for sample charging induced
by the pulsed waveform. The current resolution is 10 fA. After the film deposition the
dependence of the sample current on bias voltage (I-V curves) and temperature (Arrhenius
plots) was determined. The samples were later removed from the vacuum chamber and the
surface morphology confirmed by AC mode atomic force microscopy (Picoscan Plus /

Nanoworld NCST tips).

21.4nm 0B 66 nm 0

84 nm

21nm 0nm

7 nm CuPc 45 nm CuPc 93 nm CuPc

Figure 2. Ex-situ AC AFM images of the CuPc film for various thicknesses.

[Results and Discussion] The film current through CuPc on sapphire [1000] is shown
in Figure 1 as a function of film thickness from 0 to 93 nm. A steep initial rise up
to about 7 nm is followed by a region between 7 nm to 32 nm where the sample current
decreases. The current rises exponentially after 32 nm to a maximum of 42 pA at 93 nm
at which point the deposition was stopped. The high currents are transient however,
and decay to 10% of the maximum value within 3 hours. The thermal activation energy
of conduction and integral film conductivity measured 24 hours after deposition was
0.82 eV (90-125°C) and 4. 6x10®Sm!, respectively. Conductance is Ohmic at bias voltages
of up to 10 V.

Representative AFM images for various thicknesses of CuPc film on sapphire [0001]
are shown in Figure 2. The grain size is noticeably smaller for the 7 nm film, while
the 45 nm and 93 nm films are qualitatively very similar, but in all cases the grains
appear to be interconnecting with considerable open volume.

The results indicate that a highly conductive CuPc layer forms below 7 nm, followed
by a relatively thick insulating layer in which larger grains form but interconnectivity
remains relatively poor. Above a threshold thickness about 32 nm the conductivity of

the material is transiently enhanced by the adsorbing molecules
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LI ICHED DIMIEERRD Z ERHERIEND, ZORE, 77 7 74 FERICE W THERZE
2, DA FVUIKRFENT T T 7 A4 MAREROIZFIFOINET HEED S IS, Z
LA DAL IZIFAET D5 %ﬂi@$<ﬁﬁ%ﬁméﬁ#bék%zam5 ¥ 3R L7z
EoZ, ZOXIREEITBIES~6 KT L, M 2mm ERETHERT L2720, Klad k57
XL THRONRZ = U BBIEINDL DO EEZBND,

X1, 80 Kick} 5n-CseHwa/ 77 7 74 + (000D)HE OSTM, (a) 40 nm x 40 nm, V=
20V, I=60pA, (b) 10nmx 10nm, V=2.0V, I= 30pA,

"o872ev "288.3eV

Intensity (arb. units)

33 2 3 2 0 xxﬁ%xxﬁ

smectic rotator
2, o C36H74/”/”) 7 7 - |' P (0001)@0) 3. mCasHr/ 777 7 4 1 (00011 D
EAS C K-NEXAFS A7 kL, BET e

[5%& 3Ci#R]

1. A. Diama, et al., J. Chem. Phys. 2009, 131, 084707.

2. Bucher, et al., Surf. Sci. 1993, 289, 370.
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HOPG FHHIZBIT AT 7 X LA T O ERS L& T IREE

(FBRRBEED) O B R, UL, BEE8L, ILHERIE], =AREM, = MEFH

(7]

AP EREmEICRAET D &, o F - BEREFEARN &0+ - o0 FRIFE AR &2 s L C
WS HRDOF 2B ENNTER SN D, T OUEN IS S DL H Il ARG & i
T2, EAIRRE L WA ORI A FIEOREREMEMBICEE TH D,

Wxld, A FUREREZ EE b o RVBHEESTMIZ L VB GMNCL, 2 P rE ok
(2PPE) DfE R & OFg THRET L C &7z, DIANCITR b MR SRS /RS T CThr 74 L %
Cu(l1DE A ST R &2, K%, 2PPE I XV HEIC X » TEFRENELT DT %
2, BECIREICHET 2 EMHEEE STM & KEHE 7#RIE T (LEED) Tt 2 5 2 ksh Lz,

AN - FREFIEAEA R X0 W E BBV R 7 7 7 7 4 S HOPG)EEIZIH T 57
7 X LU OWEREE STM 12X - T, 2PPE OfER L b, MFtL7-, 72, STM %
HAWTERE —EIC L TH TN T 2B SRR G5t - B OE2 v Y &E
MHFHAIT 2 2L Tz = VAXY MEREG L, 7% L U IR 7 ik 8% B 4 3P
HE L=,

[525k]

HOPG (I X5 H CTEEBAfE . EEEZEAmTITEAL, K675 K T60 h gy V —=2 7%
IToCIEBRREESZ, 77X L3 VAL T TR—=R LTz,

STM HIE CTIEEEEHZ W- tip 2 V7o, 7 % L WA RO IR FE 13 150 K, JIERE 1% 80 K
T D, 2PPE HIE TIL, KR/ UV AGEA 100 fs, < U 2>z LA % 80 MHz @ Ti: Sa L —
— 0% 3 ity =4.04~4.77eV)Z F\, BEEZER g OB 12 8 R UEHE f = 400 nm
OMESECHEN Uiz, REEE T AR SN EE T2 P ERA = 3L X — 525 (SCIENTA
R-3000) CHitH L7z, JIEIREIX 88K Th D, 2PPE TOREIIHHGEUEN IPS) DV 35 AL & 1
HEB OB BHE LT,
[ & 542

STM HE /LT 7
2 L WA % Fig. 1ITR
T tip OIRRESHEL A T
AEEIZ L > T1OD5F73
2 OIZEINTHAI SN Z &
NHY, Fig. 1ixa, b &b
bbEN RN =BT
& 5, Fig. 1 OHi#1Z HOMO
DFIRZE KL TWD L&
bbb, ByE=RFig. 1a)
TIXEH P72 0 — 73

- N
Fig. 1 (a) (K4 FOWAEME (K 0.7 ML) : 3.6 X 3.6 nm2, Vs
=-3.1V,1=0.15 nA (b) EEOWAEMEE (9 2.5 ML) : 3.6 x
3.6nm2, Vs =-3.4V,1=0.2 nA



TATY RRBEEND Z ERHLERY | ZOBHEEDFHINEIZ(VS x 2V8) R 30°TH - 7=,
— 75, EfE(Fig. 1b) Tl 7 % L > O Z @RGSR S, BIRE T2 Z E RO hE o7,
ZOEAMMEZ(G2,23) D~ h) v/ ATHKGLINHHBEEBE2 LD, EHLOERS LEED €
W SN TV HRIERF L FIE L (1]

Z 2 CLIS7= 2PPE Ok & A Rl fE i

OWT IR, BRtT 5, Fig. 21T 74 L2k hv=4.33 eV, p-pol, 0.16 nJ/pulse
FBKAF 9PPE 20 N L&, R S
R SN AH8EBET v MRS 5855
YENL(TPS) 13 £ 1) O 11 X (U 70 FE 5 47 YT
TH5D, Fig.2 LV IPSICEHT 5 &, 0.6 ML
Tl HOPG LE® TPSdean & T 7 # L VI ED
IPSsubmL 23~0.1 eV BN CTHAF L 122 &,
RERTA TV RPBRENRTND Z EDBR
S5, £72.IPS 28 0.8~1.0 ML T~0.1 eV,
2ML U ETEHIZ~02eV 7 FT5Z &0
B WA B ORI O EE R BRI 2k L
TWDZENREnS, 2PPE T? 0.6 ML
TOT A Z v Rk, 2ML UL ETOREZ
13 STM DR &7 fF L72vy, LaL., 0.8 ML
D7 MIxHRT 24%iE T STM Clidgit &
Ipnotz,

STM % 7=z — V 227 M AHIE BT -
oo W TNNA T RS ERDBOHIND
kR VER A FHIIT 5 STS 1IC~2 &

W& E

2 ML
(hv=4.54

2.29
2.14
2.00
1.86
1.71
1.57
1.43
1.29
1.14
1.00
0.86
0.71
0.57
0.43
0.29
0.14

2PPE Intensity

FIC L BT 7 4 L BEOTE SN 2 6, B T b wre s
DENF—SBHONT, £, ZOF—H % .k — )
RO L C dz/ AV A0 WA, B Intermediate Energy / eV

% TIZ HOPG E Tl 4.4 V iz IPS IZHI K
THEBRONLE— BB SNT-, £,
F7 &L AR EE(2VS x 2V3) R 30° LTIk
< 4 VOBEBITH 72— 7 B L, 2PPE
& DR IEERFTL TN D, IOV TIEY H
REXTDHTETH D,
(2% 3ik]
[1] U. Bardi, S. Magnanelli, G. Rovida, Langmuir 3, 159 (1987).

Fig. 2 2PPE A7 "L DF 7 X L WG58
RAFEME. BEEIX Er = 0 & L72BEFOHRERREE
FILF—,
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Pt D) EEMRICWE L= F A 7 = L FHERD Ja T E -1k e

(BRIRE A - T7, HKBE - RASUE™ Ol Bk, HA B, (eff sk, - B4
BHE G, BIE

(&=

ﬁUj?ﬁ?Iyﬂ%ﬁbkﬁﬁﬁﬁA¥74WA@ﬁ%?ﬂ4Z@MﬂkLfﬁwﬁbﬁ*
EHENTWD, AT A ADOBLUER 2 HRT 5720 $W% %@@ﬁ@zzw%
— LUK FE 7 E OB IRRED 272 5, ﬁ%”?ké@@& B 5 R 72 E
TIREIZET 2B RB AR THD, T TRIIETIX, &V T4 T 2 OFRG T THDETF
F7 2 EZOFERERY BT, Z5 & P11 & O S O E IREZ HEL E R 15
53 HE(MAES) & 6516747 JE(UPSHIZ K D §ll <72, MAES Tid, FKfifsME O E 1R A 3R
NS Z R TE B[,

(E2|

FERITBEELZE(~10" Pa)B T/ B[R] W TIT o7, P11 EHIIIMNEY~900 K)& Ar
ARy B T a2 L TERE L, A=Y =B L IREE R TR L2, Y
TINY =T NV T TREVFEEAL, 7 T7A4AS y hTOHEIL TR Iy 2 WE S+
TS FEE R LT,

[R5 R & B4

FA 7 =/ PY(111)5%50D MAES A~
7 MEK IR T, 55KICmAILT
P11 BT 47 = o ZIRFE L T
25 FIEE 6 J8) ZERL7-, Bl
N7y RSO b0 & ISR L,
EiE G =X — 2 Hr, S DIERER
Py, c#LEIZIREIND, 7=/
N (ER)E T ICHEER 72T Fobi &
[EXz7S e M DR GUAVAN AT S o & (11> 2% NS PAs
HIEEE D ERLND, 20T
& FART DL, e D RAMEES
BT FAX—NT 7 M H0H0T S
UPS TiZ Pt 5d /32 FOSREEMD A
D) ZAUT. WERE DS BRI D
RBEL ., PR 25 2 LITxisT Binding Energy (eV)

X 1. F47 = /Pt(111)D MAES

MAES Dbz 1% He* (2 S)HeZe i Jih He*(2°S) MAES Het L aE
BT % F - FADIY [ PH111) 65° ; 45
HOMO-1 HOMO

Intensity(arb.units)




Do PERDIFFRICE D E[3]. £ FJ@% 150K, 200K £ THET D &, ThEnmmsR, K
BROBEZFREBVKT D WTHOGEE S AT MUICBW T EE FIZHVEER B S 5,
ZHUEZ S TE PN ER CIHBLI SN2 WEETH D720, AH—SRBOMBEICL > T T
7oAk 5 75 i A7 (Chemisorption-induced gap state : CIGS)IZIRIE S VD, {LFRAE LT 47 =
VITER E OB LV ERNETEGEE LD NS, LL, WESTREIZEIT S A
X7 MBIRIIKRE S B2 | DFERNED ZERH LN o7, Thbbh, SlEES 1
JBTIL, T 7 =Wl E & S720, HeXlI_=2 7 A F A ThE S5, 7,
ng /Ny RBFFNZ & D, I S 2RI hIT i E & 5 2 Enbnd, KBS+
J& TIX o 7 DS AR AT R BL & & D 72O A A oAb+ A4 — 2 = PRI R 3 Sy & 72 %
Z DT, HOMO(n) N> RDOIHAR= 0 7 A A AIBFEIC K A REEN B S, SaEEsy 1)
LOTMEMETRAF N7 B LTWD, ZIUTERIC AT RBLm A & 5 Z & CTPtsd— F
F7 2 HUEOHBEMERNRE Y | BFOMAPRKELS LT DHZ LETT,

175 KICHALTZER BT A7 = U ZIgGE L CRIEL 20 a4 ) & 2 ak 225K
THIB L TELNIZHES T O MAES A7 ML &K 212737, 0-6 eV IZEIII SN D N R,
F 47 = > HOMO OFEEME(rs), BAE G (re) &« T4 7 = HOMO-1 O#E G (). SO AP (ms)
TEEHERO L DICRBEND, FAT7 = /PHIDRE T D & FHIILITO®EY TH 5,
OF A7 = /PR L FIBRIC, 25518 OWBRRAE 57 T 136 A 0 e B s a2 L 0 | B
5 F B DA AE 513 ErE FIZ CIGS 2k L. &RRiREfiEz & 5,

@% 51l CEMA S izns /3 ROSESy |

o He*(2°S) MAES . | e
TRETIHIEE A EBII SN2, 2, EFAoz> /PH111) H 65° . 45
Pt(111) & 53 DAL FHRE AT £ 0 3 HIE A

RELELEZEIZEDbDEEZXD
N5,

BF A7 = (BB L EF A7 =D
HOy @AY MV ERBLET L, %
NEND CIGS 75 OJig -8 13K
3:1ThbD, CoHpn SH/ PHIID[4]RICE
VT CIGS 1 Pt-S F OFE A EALICJRHTET
HZEDBHLMNIINTED, A5
BOWTbHAK—@RREICRET DL

Intensity(arb.units)

ABND, x20 | $5F /B
JEF TIE. DFT GHRLIC X 25— R BEE! , , T
FRERNDDOBELELIBRRD, 10 5 O=f,

Binding Energy (eV)

X2 EFF7=/P(111)D MAES
References

[1]Y. Harada, S. Masuda, H. Ozaki, Chem. Rev. 97, 1897 (1997).

[2] M. Aoki, Y. Koide, S. Masuda, J. Electron Spectrosc. Relat. Phenom. 156, 383 (2007).

[3] J. Stohr, J.L. Gland, E.B. Kollin, R.J. Koestner, A.L. Johnson, E.L. Muetterties, F. Sette, Phys. Rev. Lett.
53,2161 (1984).

[4] S. Masuda, Y. Koide, M. Aoki and Y. Morikawa, J. Phys. Chem. C, 111, 32 (2007).



2D11
SENS/SI(IIDEFRORE - R\ - EHRZERH L-RREEFREDOHRE
(BIEARE - BT ' KEK - Y488
OHR L' W0 BE' EN HX' M#E —Z° RE -

[F] Si;NySi(111)-8x8 B BEXEAADRBFAEEFREL. Si REAREOEBRHEL LTET
THEL FBAREENGLIBZEDIEFELGMRZFETH S, SENS/SI BBEDOHIAELBEIEL
REBEL Si2p ARABFHAREZCEE O RIVEBBESZSEAVTELORELNTHOATEL:
H. YHEXETLSREFREORABEFREEZ. Si FFOLFRE (V4 ) =R L TESR
LE=BRAIEDELD, T THRAK. HELCFREICHIFERFEEORAEEFIRELZ KRB LT
Si-LsVV A= 2B FARY ML (AES) ZRIETESIA—CcBF-REFIA VT URADN
i% (Auger photo-electron coincidence spectroscopy : APECS) ZFULVT. SizNy/Si(111)-8x8 BEED
REFE LR L BAHEFREOHEET o1, -
[£5%] APECS BIFE(X. &I F/)LX—IEHRHAEHME Photon el O AL L
Factory O BL-1C, 12A [CHEEZHE (~1.7x10" Pa) £HBEL. B =
BF-BF-A4A4A>a4 > F 2R (electron-electron-ion >
coincidence . EEICO) 733t2% (K1) ZRWLVTITo1=[1]. EEICO Sample #;; S ,(-ulf
NHBIE. FEMMFEREFIRILE—SHE (ASMA). ¥ FL o bE&hélq,ﬂ
TSR BEHERETF TALE—HTE (DP-CMA) i DH  Ticores & Promeson.“hioes
BENn, TRILX—5REE (E/AE) [EHIT-S55EETHY. O
AT UORBREMEE, KK ~2cps THOT=, 1. APECS ZEOMmER|[1]
Si;Nu/Si(111)-8x8 FBERE(L, 850°CIZANER L 1= Si(111)-7x7 FRKREZ NH; R IZIEE L THER
L. Si3sNy/Si(111)-quadruplet #B5EREIL 1050°CIZANER L 1= Si(111)-1%x 1 jF%FE % NH; HRIZEBEL
THEE Lz, BERERENERL TSI EIXEREFE (LEED) & Si-2p XEFAARY K
JU (PES) ICkYHERL:z, RHHACEROEMOBRE. Fyr—C7 v TEEIERTEHERET
Hot=,
BhEESlE. XTI RILF— (hv) % 130eV ICERE L. HABREERAR 84°h 5 A LT,
[(#ER L&)
DIZE 1.8A-Si3Ny/Si(111)-8x8 BEMEEAB DY A b3ERI Si-L,;VV-Si-2p APECS BITE

B2 (&, DP-CMA ZRAWTAIE L-IEE 1.8A-
SizNy/Si(111)-8x8 FHFD Si-2p PES TH S H <L,
J.W.Kim b D#ER[2]Z58 L. Voigt Bz AL
T Si2p PES DA—T T4 v T4 0T %iTo1=,
ZDFER. SizNy/Si(111)-8x8 FRESFEEREIZIL. Si
[ZHE LEZEROBNELIRED Si°, i, Si™,
Si*"H A FAFEETHZ ELNbh o=, B 25(R

7 Detected by DP-CMA
T —

=N

- Fitting XPS+

w
T

IS
T

S}
T

Photoelectron counts / keps

=]

2 0o 2

- ,44.. S o
L7=E#RIE. APECS BIED ) A—IZHW= Relative binding enelgy / eV
Si"2p XEF (n=0,1,3,4) B OHEXHLES 2. Si;NySi(111)-8x8 BEMEHKD Si-2p PES,

IRILF— (AKE) HEZRLTWLS,

6



Normal Auger

31 1.8A-SisNy/Si(111)-8x8 DFREFEIAEICHFET g Sk VST 2p APECS
5. B 5ERED Si" DO STz SiT-2p HEF

} 4+112

Si

RED Si" ZBEA L= Si"-LyyVVAES DRIEIZHRIILI=Z &
ZRLTWVS, B%. BEVEFHTRILY— (KE) €32 A
A—CIBEFE. BOIRLF—EMOMEFEN DM Auger election kinctic energy | eV
HEhd I EMMbh TS, MEFHX. Si"H A 3. SisNy/Si(111) & E s
bDEAENT BHITH O TR YRVDIRILF—EMAIZ D Si-LVV-Si"2p APECS (n=0,
SIRLTWBCEETLTINS, 1,3,4) & Singles AES,
QELBEE®D Si;N,/Si(111)-8x8 BHEEAKMDRE Si*' 4 A b Si-L,VV-Si*'-2p APECS AIFE

B BIEED Si;N,/Si(111)-8x8 #BEEAF D Si-2p . ,
PES BIEL. Z4vT 40T &To1-#ER. BERHHE = 1o 5

SHFIL (n=0,1,3,4) £ YH—STFILELTHE ;
L1z SilohV A—U T BFRRY ML (Sl VSI"2p oo 0 5
|7%] 8
APECS. (n=0,1,3,4) , filled square and solid line) &, & & 6 E
~ =
BOF— ST BEFRARY ML (Singles Si-LosVV AES, solid & ) 2
=
line) THD. B3 &Y. Si-Ly;VV-Si"-2p APECS & Singles S ) 8
5] B
Si-LysVV AES. % Si-LyyVV-Si""-2p APECS 4RI HARY O .8
. )
FLEEZERLTWRZ ENbM D, Chik., Z 5
Si;Ny/Si(111)-8x8 REREEIEICHFET D RH LK ' b2
6
4
2
0

\ o 07ASiN/Si(111)-8 X8
o 3.6ASiN/Si(111)-8 X8|

DT B> T ST A FOE—2 ERAKE < Ea& ﬁﬁ

7Y, RE SN, BNEC BT Entbh o 1=, i“%@%ﬁﬁ :
4%, 07A (~07 ). 36A (35 ) @ § 04 *%

SisNy/Si(111)-8x8 DEIEE T D Si-LyVV-Si*'-2p APECS °:; 02} ?ﬁ

N S - LN REE Relative electron kinetic energy / eV
DIZLEATHE KE BIOEEAEL, ChiX. SN, RE
: = \{ . :ﬂ BN IRI2 4. 0.7,3.6ASi;Ny/Si(111)-8x8
NELLELDIZHEL, RE SN, (SiTH4 ) OEEFH D Si—L23VV—Si4+—2pAPECSO
EIHMNT DL SEMAIZO T FLTWESZEEZRLT NS,
@Si3N,/Si(111)-8%8, SizN/Si(111)-quadruplet DFREH A R Si-L,,VV-Si*-2p APECS SAITE

51&. EE 3.1A-Si;Ny/Si(111)-8x8, & E

3.6A-Si;Ny/Si(111)-quadruplet @ Si-LosVV-Si*-2p iz \' : foplft S;N/ssﬁl/;)m

APECS (O L @)TH S, SizsN,/Si(111)-quadruplet é o @@

APECS W& KE BIOEE MBI & (&, _g ; %%

Si;Ny/Si(111)-quadruplet RE O i EF % LA S 06? s ¢

SNySi(111)-8x8 REDHEFHEHEY LT 2 04
SEMEISS T FLTWA I EERLTEY. RE £ 0 |

BEDEVOEENFEL TS EEZ OGNS, R e— 1?"'@1%%“50
(5 ik) Relative electron kinetic energy / eV

5. Si;Ny/Si(111)-8x8, -quadruplet
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