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Abstract : A CuPc/ SiO2 sample is f abricated. Its morp hology is characte rized by at omic f orce microscop y , and t he

elect ron states are investigated by X2ray p hot oelect ron spect roscop y. In order t o investigate t hese spect ra in detail ,

all of t hese sp ect ra are normalized t o t he height of t he most intense peak ,and each comp onent is f it ted wit h a sin2
gle Gaussian f unction. A nalysis shows t hat t he O element has great bearing on t he elect ron states and t hat SiO2 lay2
ers p roduced by sp urting technology are bet ter t han t hose p roduced by oxidation technology.
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1 　Introduction

Organic field2effect t ransistors (OFETs) have
at t racted t remendous at tention due to t heir poten2
tial applications in low2end elect ronics[1～5 ] . Excit2
ing advances have been made recently as a result of
t he adoption of new organic materials[6 ,7 ] ,more ad2
vanced film formation technologies[8 ,9 ] , and the
surface modification of elect rodes[10 ] . Although the
interaction of insulators with semiconductors is
seldom characterized and demonst rated , it is very
important for OFETs. Veres et al . [11 ] illust rated
t hat t his interaction can greatly change the density
of states (DOS) of a semiconductor layer near an
insulator layer ,resulting in a lower operating volt2
age and higher field effect mobilityμFET .

In addition , CuPc and SiO2 have been widely

used in O FETs , and good perf ormance has been a2
chieved with them[ 12 ] . In view of the imp ortant role

of the interaction between insulators and semiconduc2
tors , the study of the surface and interf ace states of

CuPc/ SiO2 is significant . That is the f ocus of this

work ,the aim of which is to imp rove the perf ormance

of O FETs based on SiO2 and CuPc and to understand

mechanisms of degradation in O FETs .

2 　Experiment

Polished Si wafer was used as a subst rate. Pri2
or to p roducing the SiO2 layer ,t he wafer was care2
f ully rinsed to remove t he contaminant s. Then at
1150 ℃,it was loaded into an oxidation oven to pro2
duce t he SiO2 layer first by wet oxygen for 30min ,
and t hen immediately t hereaf ter by dry oxygen for
15min. Finally , a 230nm t hick SiO2 layer was ob2
tained ,which was then immediately t ransferred in2
to t he deposition chamber to form a 50nm t hick ac2
tive layer (CuPc) by thermal evaporation technolo2
gy. The CuPc ( Fig. 1) powder was p urchased from
Aldrich Chemical Co. and was p urified by sublima2
tion technology several times before it was used.
The distance f rom the subst rate to t he source was
15cm ,t he subst rate’s temperat ure was 210 ℃, t he
background pressure was 4113 ×10 - 4 Pa , and t he
deposition rate was 014nm/ s.

Fig. 1 　Chemical st ructure of CuPc molecule
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The morp hology of t he CuPc surface on the
SiO2 layer was characterized by high2resolution
A FM. The elect ron states of t he surface and inter2
face of CuPc/ SiO2 were investigated by V G M KII
X2ray p hotoelect ron spect roscopy. Al Kα radiation
( hv = 125316keV ) was used as t he X2ray source
and was operated at 300W. The sample was sp ut2
tered by an argon ion beam wit h a kinetic energy of
210keV at 2 ×10 - 7 Pa argon pressure. In order to a2
void t he selective sp ut tering effect , which could
damage t he surface of t he CuPc/ SiO2 sample and
t he CuPc molecular st ruct ure ,a large area (115cm
×115cm) and low energy (110μA) were used. The
scanning energy region ranged f rom 0 to 1050eV ,
and t he scanning step was 50meV.

3 　Results and discussion

Figure 2 shows t he morp hology of t he CuPc
t hin film deposited on t he SiO2 layer . It is evident
t hat t he CuPc t hin film produced was of good qual2
ity ,wit h a surface roughness of less t han 15nm.
Nevertheless ,t here are many islands in it ,connect2
ed wit h each ot her in random directions , wit h the
result t hat t he surface is a lit tle amorp hous and has
many holes dist ributed in it ,which may result f rom
t he St ranski2Krastanov growt h mode[ 13 ] of t her2
mally evaporated CuPc film.

Fig. 2 　A FM images of the morphology of the surface

of CuPc/ SiO2 sample

The elect ron states of the surface and interface
of t he CuPc/ SiO2 were investigated by XPS. In or2
der to isolate t he sample f rom O2 at mosp here , it
was kept in an N2 environment before it was char2
acterized. In addition , in order to remove t he O2

molecules absorbed at t he CuPc film surface , t he

first XPS spect rum was measured after it was sp ut2
tered for 2min. Ot her spect ra were acquired at t he
5 ,8 ,11 ,and 14th minutes.

Figure 3 shows t he whole scanning spect rum
of t he CuPc surface at t he 2nd minute. There are
st rong peaks at 283 , 397 , 532 , 933 , and 953eV ,
which correspond to t he C1s , N1s , O1s , and Cu2p
elect ron states. Here ,neit her a Si atom nor a B at2
om signal appears in t his spect rum ,suggesting t hat
t he CuPc layer is t hick enough to cover these atoms
completely. The Cu2p ,O1s ,N1s ,and C1s fine spec2
t ra are shown in Fig. 4. In order to investigate t he
elect ron states in detail ,all of t hem have been nor2
malized to t he most intense peak ,and each compo2
nent has been fit ted to a single Gaussian f unction.
Moreover ,t he area evolution of each element wit h
t he sp ut tering time ( ts ) is recorded in Fig. 5.

Fig. 3 　XPS whole2scanning spect ra recorded at the

pristine surface of the CuPc/ SiO2 sample

Figure 4 ( a ) illust rates t he fine spect rum of
t he Cu element s. At 2 minutes , t here were two
st rong peaks located at 954105 and 934109eV ,at2
t ributed to t he Cu2p 1/ 2 and Cu2p 3/ 2 states , re2
spectively[14 ] . The Cu2p 1/ 2 state ( bonding energy
of 954105eV) indicates t hat t he copper in t he CuPc

molecule is in t he Cu ( Ⅱ) state ,which can be f ur2
t her confirmed by t he chemical st ruct ure of t he
CuPc molecule ( Fig. 1) . Several satellite peaks of
Cu ( Ⅱ) are also observed ,which come f rom the in2
fluence of the 3d x2 - y2 orbital t hat is derived f rom

t he flat ness of t he CuPc molecule.
Figure 4 (b) shows t he fine spect rum of O1s.

In fact ,t here is no oxygen in CuPc. The oxygen can
only result f rom t he diff usion of O in t he SiO2 layer
(source A) and of H2 O and O2 molecules absorbed
at t he CuPc film surface ( source B ) . Here , we
t hink t he oxygen at 2min mainly originated f rom
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source B ,which is also apparent f rom the fact t hat
t he oxygen content fir st decreased ( before 2min) ,
t hen nearly keep constant (2～5min) , and finally
increased (af ter 5min) with ts ( Fig. 5) . According
to t he diff usion rule ,it is evident that before 2min ,
in t he 2～5min range ,and af ter 5min , t he oxygen
mainly came f rom source B , sources A and B ,and
source A ,respectively. Furt hermore ,Figure 4 (b) is
not so regular ,and the peak is wide (about 2eV) ,

because t here are seve2ral O2containing materials in
t he CuPc layer (e. g. ,O2 , H2 O ,and O ions) and all
of t hem interact with CuPc molecules. Figure 4 ( b)

also shows t hat with the increase of ts ,t he shape of
t he O1s fine spect rum gradually becomes more reg2
ular ,indicating t hat one of t he materials (O2 , H2 O ,
or O ion ) diff used f rom SiO2 layer has become
dominant .

Fig. 4 　Evolution of Cu2p (a) ,O1s (b) ,C1s (C) ,and N1s (d) core level peaks as functions of ts

Fig. 5 　Evolution of the normalized peak area of as

functions of ts

　　Figure 4 (c) is t he spect rum of C1s. It is clear2

ly asymmet rical ,which can be accounted for by t he
different chemical environment for C1s in t he CuPc
molecule. By analyzing CuPc’s molecular st ruc2
t ure ,two kinds of carbon bonds are obtained. The
first is t he C - C = C bond , derived f rom t he aro2
matic carbon atoms which interact with hydrogen
( H) or ot her carbon ( C) atoms in t he aromatic
rings. There are a total of 24 in one CuPc molecu2
lar . The other is an N - C = N bond ,in which t he C
atom not only interact s with one aromatic C atom ,
but also with two nit rogen (N) atoms. There are 8
of t hese in one CuPc molecule. Furt hermore ,by fit2
ting to a Gaussian f unction ,two symmet rical spec2
t ra ( Fig. 4 (c) ) wit h peaks at 284164 and 283124eV
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are obtained.
It is well known that t he binding energy of an

element is related to t he elect ronegativity of the at2
om bonding wit h it . The larger t he elect ronegativi2
ty of the related atom ,the smaller the elect ron den2
sity is around t he C atom. Taking into account t hat
t he elect ronegativity of C and H atoms are less
t han t hat of an N atom , t he binding energies of
283124 and 284164eV can be ascribed to the
C - C = C and N - C = N bonds , respectively. Ac2
cording to the Gaussian fit ,t he peak area ratio be2
tween t he 284164 and 283124eV peaks was nearly 3
∶1 (22012 ∶768919) ,agreeing well wit h t he ana2

lyzed result s (24 ∶8) for C atoms in a CuPc mole2
cule. Thus the bonding energy of 283124eV act ual2
ly result s f rom t he N - C = N bond ,and 284164eV
is f rom t he C - C = C bond. This also has been
shown in ot her literat ure[ 15～17 ] . It is believed t hat
t his is because t he elect ronegativity of t he N atoms
was decreased because N atoms not only interact
with C atoms but also wit h t he cent ral metal (Cu)

atom.
As for N1s ,the fine spect rum is shown in Fig.

4 (d) . Due to t he interaction wit h different atoms
( Fig. 1) , namely ,four N atoms with two C atoms
and t he ot her four wit h C and Cu atoms ,it is simi2
lar to C1s :two component s in t he fine spect rum of
C1s are anticipated. At first glance , t he N1s spec2
t rum ( Fig. 4 ( d ) ) at 2min seems approximately
symmet rical and roughly fit s a Gaussian f unction.
This is because the sample was saved in N2 at mos2
p here before it was sent to the XPS analyzer . Thus
many N2 molecules were absorbed at t he surface
and f urt her diff used into t he CuPc layer ,ultimately
shielding t he N signal of the CuPc molecule. This
deduction is reasonable and was confirmed by f ur2
t her investigation when the sample was continu2
ously sp ut tered ,removing most of t he absorbed N2

molecules. Ot her fine spect ra (at 5 , 8 , 11 , 14min)

were t hen recorded ,of which all t he relevant peaks
are shown. By means of fit ting to a Gaussian f unc2
tion , two peaks of approximately equal area cen2
tered at 397173 and 398152eV were marked when
ts reached 5min. The peak at 398152eV result s

f rom t he N atom t hat interact s wit h two C at2
oms[ 18 ] ,while t he ot her at 397173eV is f rom t he N
atom bonded wit h both C and Cu.

To f urt her understand t he elect ron states of
CuPc/ SiO2 , t he evolution of C1s , N1s , O1s and

Cu2p as f unctions of ts is illust rated in Figs. 4 (a)～
(d) . Note that when ts is between 2 and 5min ,t he
N content changes greatly ,while O remains nearly
constant . This may be due to t he comparable diff u2
sion ability of O between source A and source B in
t his range.

When ts increases f rom 5 to 14min , Figure 4
shows t hat the C1s and Cu2p content increases
too . Surp risingly ,it is not a constant . Here ,we de2
rived it f rom t he St ranski2Krastanov growt h mode
of CuPc film ,which resulted in a higher density of
CuPc molecules at t he bot tom (compact ) t han on
t he top (incompact ) . This conclusion agrees well
with t he A FM result s mentioned above. The in2
crease of Cu content may also result f rom anot her
aspect ,in which t he Cu atoms detach themselves
f rom CuPc molecules at the surface and diff use into
t he CuPc layer [19 ] . At t he same time ,the N content
declines ,while t he O content increases to some ex2
tent . The former is because of t he decrease of N2

concent ration along t he depth , while the lat ter is
because of the continuously st rengt hened diff usion
ability of O f rom t he SiO2 layer as the interface was
gradually approached.

Here , note t hat O in t his range is different
f rom t hat at 2min. There are two main reasons for
t his. The first are t he O ions. They previously in2
teracted wit h Si atoms ,and later some of t hem dif2
f used into t he CuPc layer ,which is also evident by
t he st rong interaction of Si atoms wit h C atoms ,
which we will analyze later . The ot her reason is t he
redundant H2 O and O2 molecules t hat were stored

in t he SiO2 layer t hat did not react wit h Si in t he
oxidation process. In view of t his ,it is certain t hat
t he SiO2 layer p roduced by sp ut tering technology is
bet ter t han t hat p roduced by oxidation technology.
When ts f urt her increased to exceed 14min ,t he N1s
and Cu2p content began to decrease. Meanwhile ,
t he Si2s and O1s signals increased st rongly ,impl2
ying t hat t he interface of CuPc/ SiO2 had been ex2
cited.

Besides these ,different chemical shif t s of C1s ,
O1s ,N1s and Cu2p were also observed when t he
interface of CuPc/ SiO2 was approached. At t he be2
ginning ( ts was at 2～ 5min) , t he peaks of C1s ,
O1s ,and N1s were almost stable ,wit h no obvious
alternation ( Fig. 4) . When ts increased ,the changes
in t hese spect ra appeared ,reflecting the interaction
of t he insulating layer (SiO2 ) with the active layer
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(CuPc) . In order to accurately analyze t he XPS re2
sult s , t he spect ra of N1s , C1s at 2 , 5 , 8 , 11 and
14min all were fit ted to Gaussian f unctions ,respec2
tively.

We first consider the N1s spect rum. By virtue
of t he Gaussian fit , Figure 4 ( d) shows t hree com2
ponent s included in t he N1s spect rum. The two
spect ra of approximately equal area are ascribed to
t he N atoms of the CuPc molecule and are located
at 397173 and 398153eV at 2min ,and t he ot her o2
riginated f rom t he N2 molecules diff used f rom CuPc

film surface and is at 397162eV. As ts increased ,it
was evident that t he overall peak area of N was al2
so continuously decreasing , mainly resulting f rom
t he decrease in N2 concent ration (t he t hird peak) .
In addition , t he shape of t he N1s fine spect rum
slowly broadened , suggesting t hat N atoms in the
CuPc molecules st rongly interact with O diff used
f rom the SiO2 layer . Furt hermore , Figure 4 ( d )

shows t hat near t he interface (at 14min) ,t he peaks
shif ted by about 018eV to a higher bonding ener2
gy ,which was derived f rom t he interaction wit h O.

As for t he O ,t he area of O1s continuously in2
creased with ts because of the gradual approach to

t he CuPc/ SiO2 interface. In addition ,the most con2
spicuous characteristic of the O1s spect rum is the
widt h of t he peak (1～2eV) . This is because sever2
al component s ( e. g. , H2 O , O2 and O ion , which
were been mentioned above) were included ,and all
of t hem interact with ot her atoms in t he CuPc mol2
ecule. Due to interaction wit h ot her element s and
it s f unction as an elect ronegative atom ,t he peak of
O moved to a lower bonding energy (about 019eV
at 14min) .

Figure 4 (a) displays two separate spect ra. As
analyzed above , t hey correspond to the elect ron
states of Cu2p 1/ 2 and 3/ 2. When ts increases ,t he
areas of t he two spect ra bot h increase since the
film was produced by t he St ranski2Krastanov
growt h mode. Besides t his ,t he Cu2p 1/ 2 and Cu2p
3/ 2 elect ron states also underwent shif t s of 0199
and 0182eV to lower binding energies. They
changed f rom 954104 and 934109eV at 2min to
953105 and 933127eV ,at 14min ,respectively.

Taking into account t hat t he Cu atoms only
bond wit h N atoms ,t he interaction of Cu2N is wea2
ker at t he interface t han t hat at t he surface. This
result accords with the analysis of N1s ,in which N
atoms interacted with O atoms , resulting in the

lower elect ronegativity of t he N atoms. Thus t he
binding energy wit h Cu atoms decreased.

As for C , t he spect rum includes two compo2
nent s whose peaks are located at 284164 and
283124eV when ts is 2min. As ts increases ,bot h of
t hem underwent a negative chemical shif t , indica2
ting a peculiar interaction between t he C and N at2
oms. When ts reaches 14min , as can be seen f rom
t he Gaussian fit s , t hree component s wit h peaks at
281133 ,284164 ,and 286124eV were obtained. It is
interesting t hat a new component whose peak was
distinctly marked at 281133eV appeared ,which was
greatly separated f rom t he C - C = C and N - C = N
bonds. By integrating t he spect ra , t he correspond2
ing areas of A1 = 10323 ( 281133eV ) , A2 = 33960
(284164eV) ,and A3 = 15365 (286124eV) were ob2
tained. The area ratio [ (A1 + A2 ) ∶A3 ] is nearly 3
∶1 ,indicating t hat t he peak at 281133eV origina2

ted f rom the C atoms of t he aromatic rings. Un2
doubtedly , such a large negative chemical shif t
could only result f rom t he very st rong interaction
of C atoms wit h ot her atoms ,i . e. ,t he Si and boron
atoms diff used f rom the SiO2 layer . By f urt her

comparing with the Si - C bond[20 ] ,we find t hat t he
interaction is between C and Boron ,because Boron
is more elect ropositive t han Si. Here ,t his deduction
f urt her support s t he conclusion t hat for O FETs ,
SiO2 layers p roduced by sp ut tering technology are
more advantageous t han t hose produced by t hermal
oxidation. Furt hermore , Figure 4 ( c ) also shows
t hat t he binding energy of other C atoms of aro2
matic rings [ C - C = C ] remained nearly constant ,
while t he C binding energy of N - C = N moved
f rom 283123eV at 2min to 286124eV at 14min.
This shif t is large ,and it is believed to result f rom
t he st rong interaction of C atoms wit h t he O t hat
diff used f rom t he SiO2 layer ,which can acutely de2
crease the binding energy of C atoms[20 ] .

4 　Conclusion

In summary ,a CuPc/ SiO2 sample was fabrica2
ted in t his work. A FM and XPS were used to study
t he surface and interface states , respectively. Re2
sult s show t hat the binding energy of C wit h N in
t he CuPc molecule is less t han that between C and
C atoms. The O atoms diff used f rom the SiO2 layer
have great bearing on t he CuPc molecule , causing
N1s ,C1s ,O1s and Cu2p to undergo different chem2
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ical shif t s. For example ,N1s underwent a po sitive
shif t ,resulting in a weaker interaction with the Cu
and C atoms ,and t he Cu2p was degraded by about
019eV. Moreover ,about one t hird of t he C atoms of
aromatic rings of t he CuPc molecule were found to
st rongly interact with boron atoms near the inter2
face , making a new component appear in t he C1s
spect rum ,and resulting in a great chemical shif t of
C1s. All t hese show t hat for O FETs ,SiO2 produced
by sp ut tering technology is more advantageous
t han that by thermal oxidation.
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CuPc/ SiO2 表面界面的电子状态研究

陈金伙 　王永顺 　朱海华 　胡加兴 　张福甲

(兰州大学物理科学与技术学院 , 兰州　730000)

摘要 : 利用热生长工艺和热蒸发方法分别获得 CuPc 和 SiO2 薄膜层 ,通过原子力显微镜和 X射线光电子能谱对其
表面界面电子状态进行了研究 ,并采用高斯拟合方法对各谱进行了详细分析. 结果表明 ,在氧原子的作用下 ,N1s ,

C1s ,O1s 和 Cu2p 都经受了一定的化学位移 ,从而使得各原子间的相互作用强度有所改变 ,这是导致 OFET 性能劣
化的重要原因之一. 对 OFET 而言 ,采用溅射工艺制备的 SiO2 层应比热氧化生长的 SiO2 层更合适.

关键词 : CuPc/ SiO2 ; X射线光电子能谱 ; 表面界面分析
PACC : 2930 K; 7100 ; 7340
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