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Analysis of PTCDA/ ITO Surface and Interface Using X-ray
Photoelectron Spectr oscopy and Atomic Force Microscopy
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Absgtract : The electronic states of the surface and interface of 3,4,9, 10-perylenetetracarboxylic dianhydride
(PTCDA)/indiunmrtin-oxide (I TO) thin film are investigated using X-ray photoelectron spectroscopy (XPS). A-
tomic force microscopy (AFM) is also applied to investigate the pattern of PTCDA/ITO film. XPS results show
that there are two main peaks,which are associated with C atoms in the perylene rings and acid anhydride groups,
located at 284. 6 and 288. 7eV ,respectively ,in the Cls spectrum of the original surface. It can be deduced from the
emergence of asmall peak at 290. 4eV in the Cls spectrum that some C atoms are oxidized by O atoms from | TO.
The binding energies of O atomsin C—O bondsand C O C bonds are 531.5 and 533. 4eV respectively. At
the interface,the peak at the high binding energy in the Cls spectrum disappears,and the peak value shifts about
0.2eV to lower binding energy. There is a significant 1. 5eV chemical shift to lower binding energy in the Ols
spectrum. These observations indicate that perylene rings inside PTCDA molecules are combined with I n vacancies
inthe ITO at the interface. The AFM results show that PTCDA molecules formed an island-like structure a height
of about 14nm. The sizes of the crystal grains are about 100 300nm. The island-like pattern comes from the delo-
calizedTt bonds of adjacent moleculesin PTCDA and the combination of vacancies in | TO with perylene rings at

the PTCDA/ITO interface.
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1 Introduction

Significant progress has been made in organic
semiconductor materials and devices with the rap-
id development of optoelectronic technologies.
New devices,such as organic light-emitting diodes
(OL EDs) , organic field-effect transistors (OF-
ETs) ,and organic photosensitive fiel d-eff ect tran-
sistors (OPFETS) ,have been fabricated and inves-
tigated. Thus the scope of organic optoelectronics
has been enlarged. Compared to devices based on
inorganic semiconductors,those based on organic
semiconductors have many advantages such as a
simple fabrication process, low cost, flexibility,
and the realization of large-area planar proces-
ses'* .

3, 4, 9,

10-perylenetetracarboxylic dian-
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hydride (PTCDA) , whose molecular formula is
CaaHsO¢ , is a wide gap organic semiconductor
(Fig. 1)® 7. The energy band gap between the
LOMO and HUMO is 2.2eV.A PTCDA crystal is
a monoclinic structure, in which each unit cell
contains two molecules, with a distance of
0. 321nm between adjacent molecules. The hole
concentration of highly ordered PTCDA film is 5
x10"cm”? ,and the mobility is between 10" and
10" °cm?/ (V - s) in the direction orthogonal to
the molecular plane!® . The film is transparent for
light with a wavelength of 632 8nm.

I TO is composed of 90 %wt 1n2Os and 10 %wt
SnO:. It is used as anode material and windows for
incident light in PTCDA/ P-Si photodetectors. Its
band gap ,which depends on the deposition condi-
tions and surface modifications,is between 3. 75
and 4eV' . It is transparent for 80 % of visible
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Fig.1 Molecular structure of PTCDA

light A =360 780nm) and has a reflectivity of o-
ver 90 % for infrared rays (1 3 m)™ . Itisalsoa
highly degenerate semiconductor and can form
good Ohmic contact with PTCDA.

In this paper,the electron states of the sur-
face and interface of PTCDA/ITO in PTCDA/ P
Si organicconrinorganic photodetectors are inves-
tigated using X-ray photoelectron spectroscopy
(XPS) and atomic force microscopy (AFM).

2 Experiment

| TO coated glass,with a resistance of 502/ O
and thickness of 20nm, was boiled in deionized
water for 10min,and was then ultrasonically trea-
ted in acetone and alcohol for 20min each. After
being rinsed in de-ionized water several times,the
substrates were dried in an infrared ovenin nitro-
gen ambient ,and were then transferred i mmedi-
ately into a vacuum chamber. In a vacuum of 10°°
Pa,a PTCDA film with a purity of 99.5% and
thickness of 150nm was thermally evaporated on-
to the surface of the substrate. The evaporating
temperature and substrate temperature were con-
trolled to about 450 and 256 ,respectively.

The surface pattern of the PTCDA/ITO was
observed with a high resolution Topometrix Ex-
plorer AFM. The size of the AFM images was
3.0mm x 3. 0mm. The film was also measured by
an ESCAL AB-2201 XL XPS with a base pressure
of over 1 Xx10 ®Pa. Mg ki radiation operated at
300W (W = 1253. 6eV) was used as an X-ray
source. In order to investigate the electron states
of the interface, the PTCDA/ITO sample was
sputtered by an argonion beam with a 3. 0keV ki-
netic energy at 3 x10 ' Pa for 20min. The sputte-
ring area was very large (0.75cm x 0.75cm) ,with
an ion beam density of 1.Q A/0.75 cm X0.75cm,
in order to decrease the damage induced by argon

ion sputtering. The XPS results were processed by
a scienta300 data system.

3 Resultsand analysis

Figures 2 (a) and (b) show the surface pat-
tern of PTCDA/ITO by AFM with ichnography
and stereography , respectively. PTCDA molecules
form island-like structures with a height of about
14nm. The sizes of the crystal grains are 100
300nm. According to the chemical structure of
PTCDA ,both the top and underside of PTCDA
molecules are covered by aTl electron cloud,in
which a great deal of electrons can move freely a-
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Fig.2 AFM micrographs of the PTCDA/ | TO surface
(a) Ichnography; (b) Stereography

long the whole molecule. PTCDA molecules will ex-
hibit transient polarity because of the transient asym-
metry of TT electrons,and produce an interaction f orce
between PTCDA molecules in adjacent layers,leading
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to a slight overlapping of Tt electron clouds. 12

In ITO film,surface atoms are more active
than bulk atoms because of close contact between
crystal grains,and thus the concentration of In va- [
cancies in the surface is much bigger than in the :f 6F
bulk. These electropositive vacancies will attract
PTCDA molecules with transient polarity,so the

| (a) 284.6eV
1ok Cls

288.7eV

combination of PTCDA molecules with surfaces 2 290 4eV

. . . . r 4¢
with vacancies is stronger than with perfect sur- ) . f . L R )
f Thus,PTCDA molecules will first find th 0255 290 285 280
aces. Thus, molecules will first fin ese Binding energy/eV
vacancies and combine with them.Small islands of

PTCDA will first form at th.ese vacgnues and ulti- ® 315V
mately grow up to form an island-like pattern. Uy

L Obs 533.4eV

Figure 3 shows the whole XPS spectrum of
the original surface of the PTCDA/I1TO sample.
Peaks associated with Cls,In3d,Sn3d,and Ols e- Q‘ st
merge at 285, 444,490, and 532eV , respectively. -
The fact that the Cls peaks and O1s peaks are sig-
nificantly stronger than the In3d peaks indicates a
good coverage of PTCDA on the I TO surface with
hardly any cracks.
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Fig.3 Whole XPS spectrum at the raw surface of 6.6 (d
PTCDA/ITO I Sn3d;,494.7eV  Sn3d,486.8eV
641 gn3d
Cls,0ls,1n3d,and Sn3d fine spectra of the 6~2_'
PTCDA/ITO sample are given in Figs. 4 (a) ; 6.0k
(d). One main peak at 284. 6eV and two weak 58‘
shoulder peaks,located at 288.7 and 290. 4eV ,are 1
found in Cls spectrum. The peak at 284. 6eV , s.6r
which is activated by C atoms in the perylene gl
. - 500 495 490 485
rings,corresponds to the binding energy of aro- Binding energy/eV
matic C atoms (C atoms bonding with C atoms
and H atoms)"*** It is known that the chemical Fig.4 Fine spectra at raw surfaces  (a) Cis; (b)
shift of an element increases with the augment of O1ls; (c) In3d; (d) Sn3d
the electronegativity value of the bonded atoms.
The peak at 288. 7eV ,can be considered to be ac- group'™ ,where C atoms bond with O atoms. The

tivated by C atoms in the acid anhydride existence of a weak peak at 290. 4eV indicates a
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slight oxidation of C atoms. The area ratio of the
three peaks, located at 290.4, 288.7, and 284.
6eV ,respectively,is 3 7 52.If the oxidized C
atoms are added to the C atoms in the acid an-
hydride,the area ratio of the peaks is 1 5.2,
which agrees with the ratio of the numbers of the
two kinds of C atoms in perylene rings. It can be
inferred that the oxidized C atoms come from the
acid anhydride.

The fine spectrum of Olsis composed of two
peaks,with a main peak at 531.5eV and a shoul-
der peak at 533.4eV.In PTCDA molecules,there
are two kinds of O atoms, one which combines
with C atoms through double bonds and one
which combines with two C atoms through single
bonds. Thus the two peaks at 531.5 and 533. 4eV
correspond to O atoms in C—O bonds and

C O C bonds,respectively.

Figure 5 shows the whole spectra and fine
spectra of Cls, Ols,1n3d,Sn3d at the PTCDA/
I TO interface. The spectra of the original surface
are also given in the figure for comparison. From
Fig.5(a) ,Cls peaks are much weaker than in the
original surface. This indicates that the number of
activated C atoms is significantly reduced. But the
peaks of Ols,In3d,and Sn3d are much stronger
than in the original surface,indicating that most
activated atoms in the interface come from I TO.

It can be seen from Fig.5(b) that the peak at
high binding energy in the Cls spectrum disap-
pears. Thus it can be inferred that only perylene
rings are found at the PTCDA/ITO interface.
Furthermore,the center of the main peak shifts a-
bout 0.3eV to lower binding energy. It is reported
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Fig.5 Spectra at the interface (a) XPS whole spec-
trum; (b) Cisfine spectrum; (c) Ols fine spectrum;
(d) In3d fine spectrum; (e) Sn3d fine spectrum
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that there are many In vacancy defects'™ , with

which PTCDA molecules tend to combine at the
surface of ITO. As the binding energy between
PTCDA and the defects is larger than that be-
tween PTCDA and a flawless surface, the Cils
peaks shift to a lower binding energy. It can be
concluded that perylene rings rather than PTCDA
molecules combine with In vacanciesin the I TO at
the interface.

Figure 5(c) shows the Olsspectrum at thein-
terface of the sample. A chemical shift of 1.5eV
towards a lower binding energy is found. The
binding energies of O atomsin In20s and SnO: are
529.8 and 530.1eV™™ | respectively, which are
both much lower than in PTCDA molecules. Thus
the activated O atoms at the interface come from
the I TO rather than the acid anhydride. This fact
further demonstrates that the combination of
PTCDA and ITO is the combination of the
perylene rings of PTCDA and I TO.

In3d and Sn3d spectra at the interface are
given in Figs. 5(d) and (e) , respectively. They
both have an increase of peak area and a 0. 4eV
chemical shift toward lower binding energy. The
reduction of O atoms in I TO,which is caused by
the selective sputtering effect of argon ions'™',
leads to the chemical shift, because 1n.Os and
SnO: are partially deoxidized to suboxides,which
have relatively lower binding energy.

4 Conclusion

In summary, we have investigated the elec-
tron states of the surface and interface of PTC-
DA/1TO in PTCDA/p-Si photodetectors. AFM re-
sults indicate that PTCDA molecules form an is-
land-like film on the 1 TO. The binding energy of
C atoms in perylene rings and acid anhydride are
284. 6 and 288. 7eV , respectively. Meanwhile, a
slight oxidation of C atoms is found to be caused
by O atoms from the ITO. At the interface,
perylene rings,instead of PTCDA molecules,com-
bine with In vacancies in I TO. This fact leads to
the disappearance of the Cls peak at high binding
energy and a chemical shift toward the lower
binding energy of the Cls main peak. In the fine
spectrum of Ols,peaks at 531.5 and 533. 4eV cor-
respond to O atoms in C—O bonds and

C O C bonds,respectively. At the interface,

the Ols spectrum has a significant chemical shift
to lower binding energy,due to the detachment of
acid anhydride groups from PTCDA molecules at
the interf ace.

References

[1] SchonJd H,Kloc C.Organic meta-semiconductor field-effect
phototransistors. Appl Phys L ett,2001,78(22) :3538

[ 2] HuangJinsong, Xie Zhiyuan, Yang Kaixia, et al. Highly
bright yellow-emitting organic diode. Chinese Journal of
Semiconductors,2000,21(1) :76 (in Chinese) [ ,
2000,21(1) :76]

[ 3] Dimitrakopoulos C D, Purushothaman S, KymissisJ, et al.
L ow-voltage organic transistor on plastic comprising high-di-
electric constant gate insulators. Science ,1999,238 :822

[ 4] Wang Dongxing, Zhu Min, Kudo Kazuhiro,et al . Fabrication
of organic semiconductor thin film transistor. Chinese Jour-
nal of Semiconductors,2002,23(6) :463 (in Chinese) [

,2002,23(6) :463]

[5] Tang C W, VanSlyke S A. Organic electroluminescent di -
odes. Appl Phys Lett,1987,51(12) :913

[ 6] Fuchigami H,TanimuraS,Uehara Y et al. Deposited by or-
ganic molecular beam deposition method.Jpn J Appl Phys,
1995,34:3852

[ 7] Zbhang Fujia, Shao Jiafeng, Zhang Dejiang. Preparation of
organic semiconductor PTCD and studies on its structure in-
dication and specific property of light absorption. Chinese
Journal of Luminescence,1999,20(4) :351(in Chinese) [

PTCDA

,1999,20(4) :351]

[8] MathineD L ,Woo0 HS,He W, et a. Heterogeneously inte-
grated organic light-emitting diodes with complementary
metal-oxidesilicon circuitry. Appl Phys Lett,2000,76:3849

[9] LiuS Y,Zhao Y,Li F.Advances in organic light-emission.
Physics,2003,32 (5) :315

[10] Kim H,Pique A, Horwitz J S,et a. Indium tin oxide thin
films for organic light-emitting devices. Appl Phys Lett,
1999,74:3444

[11] Le Q T,Avenda F M ,Forsythe E M ,et al. X-ray photo-elec-
tron spectroscopy and atomic force microscopy investigation
of stability mechanism of tris- (8 hydrox-yquinoline) aumi-
num based light-emitting devices.J Vac Sci Technol A ,1999,
17(4) :2314

[12] WattsJ F,CastleJ E. The application of X-ray photo-elec-
tron spectroscopy to the study of polymer-to-metal adhe-
sion.J Mater Sci ,1984,19:2259

[13] Arias A C,RomanL S, Kugler T,et al. The use of tin oxide
thin films as a transparent electrode in PPV based light-e-
mitting diodes. Thin Solid Films,2000,371:201

[14] Wu CC,WuCI,SturmJ C,et al.Surface modification of in-
dium tin oxide by plasma treatment :an effective method to
improve the efficiency, brightness,and reliability of organic
light emitting devices. Appl Phys L ett,1997,70:1348

[15] Wagner C D. Hand book of X-ray and ultra-violet photoelec-
tron spectroscopy. L ondon: Heyden ,1977



234 27

PTCDA/ ITO AFM XPS
1 2 1 1,1
(1 . 730000)
(2 . 100085)
X (XPS) [3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) ]/
(1TO) . (AFM) PTCDA/ITO .
XPS , Cils , 284. 6eV C
288.7eV C ; 290. 4eV ,
ITO C .0 c—0O cC O C 531.5 533.4eV.
,Cls , 0. 2eV ; Ols
1. 5eV . , PTCDA ITO PTCDA ITO In
.AFM ,PTCDA s 100 300nm, 14nm. PTC-
DA L PTCDA ITO In PTCDA
: ;X ;. PTCDA
PACC: 6116P; 2930K; 165
: TN304 DA : 0253-4177(2006) 02-0229-06
* ( :60276026) ( 1ZS031-A25-012-G)

. Email :prof_zhangfj @sina.com
2005-08-23 ,2005-10-24 c 2006



