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Interaction of Na with sexithiophene thin films

J. Murr and Ch. Ziegler
Institute of Physical and Theoretical Chemistry, University of Tu¨bingen, Tu¨bingen, Germany

~Received 13 March 1997; revised manuscript received 10 September 1997!

The effects of Na on the electronic structure and electrical properties ofa-sexithiophene (a6T) are inves-
tigated with electron spectroscopic methods under UHV conditions. A shift of the valence-band edge away
from the Fermi level, and the evolution of states in the gap, can be determined. In a classical band-structure
picture this could be explained as ann-type doping process. However, all results point at a high localization of
the negative charge at the sulfur atom which is reflected in a very low specific conductivity.
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I. INTRODUCTION

Organic semiconductors are interesting candidates fo
electronics with molecular materials with its advantages
lower weight, high mechanical flexibility, and sometim
lower costs as compared to conventional electronics. S
organic materials are often conjugated polymers with
quasi-one-dimensional structure. An important representa
of this substance class is polythiophen.

In general, polymers possess decisive disadvantage
their uncontrolled structure~length, defects such assp3 car-
bons, etc.!, making a systematic study of their physicochem
cal properties difficult or impossible. Furthermore, the pre
ration of ultrapure and geometrically homogeneous thin fil
is hindered due to impurities and a distribution of differe
chain lengths in the polymeric systems.

In this context oligomers may have advantages. This is
particular, the case fora-sexithiophene (a6T), an oligomer
of six thiophene units, which can be viewed as a ‘‘mod
system’’ for polythiophene with respect to its electron
structure.1 Furthermore, ultrapure thin films can be prepar
by UHV sublimation, which form highly ordered thin film
under suitable conditions.2,3 With the construction of a field-
effect transistor based ona6T, Garnieret al. showed also
that a6T is suitable for an application in organic semico
ductor devices.4 For this purpose, ‘‘doping’’ is required be
cause of the low intrinsic conductivity ofa6T.

‘‘Doping’’ of organic molecular materials follows a dif
ferent process if compared to inorganic covalent solids,
the phenomenological changes upon ‘‘doping’’ are qu
similar, i.e., an increase in thep- or n-type conductivity can
be observed, and often also the Fermi level shifts into
right direction. However, whereas in covalent semicond
tors only ppm amounts of the dopant are required due to
delocalized electronic band structure, organic semicond
tors are doped in nearly equal amounts of ‘‘dopant’’ p
organic molecule. These ‘‘dopants’’ oxidize or reduce t
organic material. This process can be discussed from
different ideal viewpoints: In the first, a bandlike character
the electronic structure is assumed. These bands are us
rather narrow. In the course of doping states from the b
edges move into the bandgap and give rise to the hig
conductivity. These states are called polarons, or, for hig
dopant concentration and hence interacting polarons, b
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larons.~For a detailed review see, e.g., Refs. 5 and 6!. The
other view is that of completely localized molecular orbita
In this model a chemical reaction between the ‘‘dopant’’ a
the organic molecule leads to a compound which is of
regarded as saltlike. Resulting electronic states in this mo
are due to a completely changed electronic structure, as
pected for this compound. In most cases it is not easy
decide which model is more appropriate, and at first
evaluation along the band picture is followed which is mo
familiar to most solid-state physicists. However, often c
rections to such interpretations are necessary.

‘‘ p doping’’ in sexithiophene is often established by~also
unintentional! ‘‘air doping’’ due to oxygen or by ‘‘doping’’
with FeCl3 in water,7,8 or under UHV conditions.9 This leads
to an increase of the~room temperature! conductivity from
,1029 (V cm)21 ~purea6T! to 101 (V cm)21 ~maximally
‘‘doped’’ a6T!. This p-doping process has been studied
many groups~see Ref. 1, and references therein!.

In view of other semiconductor devices like bipolar tra
sistors orpn diodes, it is also necessary to obtain a detai
understanding of then-type ‘‘doping’’ process. There are
only a few results on ‘‘n doping’’ of oligothiophene thin
films. The essential results of ultraviolet photoelectron sp
troscopy~UPS! studies on Na interaction witha6T are the
evolution of states in the band gap and the shift of the Fe
level toward the conduction-band edge.10 This was explained
by the creation of polarons and bipolarons.

Here the evolution of these gap states was investigated
different doping levels not only by UPS but also with hig
resolution electron-energy-loss spectroscopy~HREELS!. X-
ray photoelectron spectroscopy~XPS! allowed the determi-
nation of the dopant concentration, the purity and t
stoichiometry of the film, and changes in the chemical sta
of the C and S core levels. Finally, first conductivity me
surements were performed. The results will be evaluate
the delocalized as well as in the localized model. Both m
els will finally be compared with respect to their suitabili
in the characterization of the ‘‘n doping’’ of sexithiophene
by the reaction with Na.

II. EXPERIMENT

The preparation ofa6T films was carried out in UHV by
evaporation from a Knudsen cell. Gold foils~Heraeus,
7299 © 1998 The American Physical Society
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7300 57J. MURR AND CH. ZIEGLER
99.99% purity! were used as substrates. Sputtering with A1

ions led to clean surfaces with impurities such as oxyg
below the XPS detection limit of 1%. The sublimation w
performed at a pressure of 831029 mbar, and with a depo
sition rate of 0.8 nm/min. Layer thicknesses of around 70
were adjusted by monitoring deposited masses with a qua
crystal balance~LH Inficon! by assuming a bulk density o
1.5 g cm23 for a6T. The in situ n doping was performed by
subsequent sodium evaporation from a SAES getter so
on the as-prepareda6T films. The doping levels were de
rived from XPS measurements by using the intensity ra
between the C 1s and the Na 1s peaks. The cross sectio
was taken into account, but neither the transmission of
spectrometer nor the mean free path of the electrons.
former is difficult to calibrate for small kinetic energies~Na
1s!, so that no better values would be obtained. Anot
error arises from the fact that a homogeneous distribution
Na with depth has to be assumed. This may lead to an e
larger than the usual 10% for the absolute value of the d
ant concentration. However, relative amounts can be de
mined with higher accuracy.

X-ray photoelectron spectroscopy measurements w
performed with a LH hemispherical analyzer~RQ 10! and a
Mg Ka source~1253.6 eV!. A pass energy of 50 eV leads t
a resolution of 1.2 eV as determined from the full width
half maximum~FWHM! of the Ag 3d peaks. For ultraviolet
photoelectron spectroscopy measurements HeI ~21.22 eV!
and HeII ~40.81 eV! radiation was used. They were pe
formed at 2.5 eV pass energy and an overall resolution o
meV as deduced from the FWHM of the Fermi edge of cle
gold.

HREELS investigations were carried out with a L
ELS22 system, in specular reflection geometry. The incid
angle was set toQ560° normal to the surface of the spec
men. At a primary energy of 15 eV, the FWHM of the elas
peak on the sample was 45 meV.

Conductivity measurements were performed within situ
prepared calcium electrodes on Suprasil glass in a four p
Valdes configuration. The strip electrodes were 0.7 m
wide, 1.5 cm long and 150 nm thick. The distance betwe
the inner two electrodes was 7 mm and between the in
and outer electrodes 4 mm. The current-voltage charact
tics were registered with a Keithley 237 source measure u

III. RESULTS AND DISCUSSION

A. XPS

Figure 1 shows the C 1s and S 2p emissions as a function
of the doping level. The C/S atomic ratio ranges betwe
4.4:1 and 4.1:1, and therefore resembles the expected
ichiometric composition within the experimental error
10%.

A shift DEb of the C 1s, S 2s, and S 2p emissions to
higher binding energies can be noticed with increasing d
ant concentration. At 0.3 Na/a6T, the shift amounts to 0.3
eV. From Table I it can be determined that the shift is n
parallel to the increase in the dopant concentration,
shows a plateaulike behavior atDEb50.55 eV between
1 Na/a6T and 5.5 Na/a6T, and saturates at a concentrati
of 8.6 Na/a6T (DEb51.03 eV). Lögdlund et al.10 found a
n
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saturation at 6 Na/a6T. However, this deviation lies within
the large experimental error of the concentration determ
tion ~see Sec. II!. Another explanation will be given below in
Sec. III C1.

This shift can only partly be explained by the shift of th
Fermi level as determined by UPS~see Sec. III B 1 below!.
In the UP spectra a greater shift appeared if compared
XPS, e.g., the maximum shift of the Fermi level
5.5 Na/a6T is 1.06 eV, and thus 0.45 eV higher than th
shift in XPS binding energy. Therefore a chemical shift
0.45 eV down to lower binding energy has to be conside
due to the negative charge.

In the sulfur emissions new peaks at 3.7 eV lower bind
energies arise above doping levels of 2.4 Na/a6T. The in-
tensity of these peaks remains always below 10% of
‘‘normal’’ sulfur emissions. There are two possible explan
tions for this shift.

On the one hand, the difference in the binding energ
between oligothiophene and alkali sulfide sulfur is exac
3.7 eV.11 Alkali sulfide could be generated by destroyin
a6T during Na deposition. However, this is unlikely becau
the stoichiometry between C and S as calculated from
XPS-peak ratio remains constant during the ‘‘doping’’ pr
cess. Furthermore the shoulder disappears upon exposu
air and ‘‘dedoping’’ of the thiophene. Alkali sulfides shou
be more stable in air and should not be decomposed
thiophene.

On the other hand, a highly localized negative charge
the sulfur atom could also cause such a shift. This is in l
with EPR investigations, where theg factor of dodecyl-
sexithiophene in solution is derived as 2.0046, which is s

FIG. 1. XPS spectra of a 70-nm-thicka6T film with increasing
Na concentration.~a! C 1s peak,~b! S 2p region.
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TABLE I. Shift of the C 1s binding energy, of Na-dopeda6T, the low-energy cutoffDEE , the valence-
band edgeDEV ~determined by a linear extrapolation of the high-energy side of the valence band!, the
surface dipolex as the differenceDD5DEV2DEE5x of the two values, and the work functionF of
Na-dopeda6T. All energies are given in eV.

Na/a6T 0.0 0.3 1.0 1.4 2.4 5.5 7.3 8.6

DEb(C 1s) 0.00 0.30 0.46 0.44 0.53 0.61 0.78 1.03
DEE 0.00 20.67 20.80 20.90 21.15 21.25 21.11 21.08
DEV 0.00 20.58 20.61 20.78 20.96 21.06 20.96 20.92
DD 0.00 0.09 0.19 0.12 0.19 0.19 0.15 0.16
f 3.62 2.95 2.82 2.71 2.47 2.37 2.51 2.54
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stantially higher than the value of 2.0023 for the fr
electron,12 and the results presented in the next sections.

In contrast top doping of sexithiophene9 andn doping of
bithiophene,13 no shoulder at the high-binding-energy side
the C 1s, S 2s, and S 2p levels could be determined upo
Na interaction. This shoulder is usually explained by ad
tional shake-up events due to the new states in the band
This, however, should only be the case if the band-struc
model is appropriate.

B. UPS

In Fig. 2~a! the UP spectra over the entire energy ran
are shown for various degrees of Na doping. Table I sum
rizes the important data. The spectrum for neutrala6T is in
good agreement with earlier measurements.9,14

1. Band-structure interpretation

In the band-structure model the energetic difference
tween valence-band edge~determined by a linear extrapola
tion of the high-energy side of the valence band! and Fermi
level is about 1.1 eV@Fig. 2~b!#. From HREELS measure
ments~Fig. 3!, an optical band gap of 2.2 eV can be deduc
~determined by a linear extrapolation of the low-energy s
of the conduction band! which shows that the Fermi level i
situated in the middle of this optical band gap.

As expected forn-type doping~in the band model!, in the
course of doping a significant shift of all emissions aw
from the Fermi level can be noted@Fig. 2~b!#. The maximum
shift of the valence-band edge amounts to 1.06 eV, an
seen for 5.5 Na/a6T. For higher doping levels a small shi
results back to lower binding energies. The low-energy c
off does not shift completely parallel to the valence-ba
edge, which may be caused by changes of the surface d
x.

The shift to lower binding energies at very high dopi
levels is also found by other authors. In Ref. 15 it is d
cussed as a relaxation shift due to a higher screening
charges, i.e., the complexa6T-Na is more polarizable than
the pristine molecule. Lo¨gdlund et al.10 showed in theoreti-
cally calculated spectra that these results may also be
plained by initial-state effects: The highest occupied mole
lar orbital ~HOMO! is destabilized by transfer of one or tw
electrons pera6T, while it is stabilized by the transfer o
three or more electrons. These authors find that at the s
ration level of 6 charges pera6T the binding energy of the
initial HOMO is shifted back to the value of the undope
molecule. However, in the measurements presented h
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such a complete shift of the binding energy back to the ini
data could not be determined.

The most important result is the appearance of a new p
in the band gap. In the UP-HeI-spectrum@see Fig. 2~b!# this
state shows up at a distance of 0.55 eV above the vale
band edge at doping levels of 2.4 Na/a6T and above. The
intensity of this peak increases with dose at the expens
the two highest occupied MOs at 1.5- and 2.2-eV bind
energies.

This behavior is in line with the consideration that th
new peak is created by the movement of the HOMO and
lowest unoccupied molecular orbital~LUMO! into the gap,
i.e., by the formation of a polaron (a6T2). Alternatively
one could assign this peak to a sodium state. However
this case a constant energetic difference to the Fermi le
would be expected rather than to the valence band edge

Therefore, this peak corresponds to the lower doubly
cupied state. However, there is no indication for a density
states at the Fermi edge where the occupied upper pol
state would be expected. Furthermore a shift of the new p
as expected for the transition from polaron to bipolaron g
states and subsequently for interacting polarons/bipolar
could not be found within the sensitivity of our experimen
set up.

At higher doping levels it may, however, be deduced fro
the HeII data that the lower doubly occupied state is sp
into two peaks at 0.4 and 0.75 eV above the valence-b
edge for doping levels of 7.3 Na/a6T and above. However
this splitting could not be reproduced in all experimen
Such a splitting was observed by Ramseyet al.16 for cesium-
doped sexiphenyl, which was interpreted as interacting bi
larons, forming bonding and antibonding peaks.

2. Molecular-orbital interpretation

The same data will now be discussed in terms of a re
tion of Na with sexithiophene, resulting in a new compoun
The energetic difference between the HOMO peak maxim
and EF is 1.5 eV. From theoretical calculations17 the ener-
getic difference between HOMO and LUMO is 4.29 eV~for
comparison with optical transitions, compare Sec. III C!,
i.e., EF is situated nearer to the HOMO level in this mode
However, molecular orbitals are usually discussed with r
erence to the vacuum level and not the Fermi level, as wil
discussed below. A detailed discussion of the Fermi-le
definition in molecular systems is beyond the scope of t
paper, see, e.g., Refs. 18–20.
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7302 57J. MURR AND CH. ZIEGLER
Upon reaction one would expect that a different HOM
of the freshly generated compound appears. To the s
extent the HOMO emission of the bare sexithiophene sho
vanish. There could be several cases for Na concentrat
below the saturation concentration: Either there is o
Na6

61a6T62 a stable compound, then just one~changed!
HOMO is expected. Or there are several or all compou

FIG. 2. UPS spectra of a 70-nm-thicka6T film with increasing
Na concentration.~a! He I spectra. A binding energy of zero corre
sponds to the Fermi level.~b! He I spectra referenced to the Ferm
level @Eb(EF)50 eV#. ~c! He I spectra referenced to the vacuu
level @Eb(Evac!50 eV)#.
e
ld
ns
y

s

stable beginning with Na1a6T62 up to Na6
61a6T62. Then

the HOMOs of all the stable compounds could appear, eit
subsequently or simultaneously, depending on the rela
stabilities and the formation kinetics.

Figure 2~c! shows the same spectra as in Fig. 2~b! but
with reference to the vacuum level. As can be seen, in fac
peak at a constant binding energy of 4 eV with respect to
vacuum level appears up to 5.5 Na/a6T. For higher Na con-
centrations this peak shifts toEb54.3 eV. This can be ex-
plained by two stable compounds which are subseque
formed.

C. HREELS

In the HREELS spectra of doped and undopeda6T ~Fig.
3!, the first two loss peaks are found at 0.37 and 0.75
They can be attributed to the C-H stretch vibration and
overtone. There are no other loss peaks for energies be
2.2 eV.

At a concentration of 1.3 Na/a6T a very broad loss struc
ture appears at 1.7 eV. With further Na deposition the int
sity of this loss peak increases very strongly, and domina
the spectrum at the highest concentration of 8.3 Na/a6T.
Simultaneously a loss peak at 3.9 eV arises. Both effects
to a less clear peak structure at energies between 1.0 an
eV due to the broadness of the peaks. Depending on the
concentration maxima may also be detected at 1.3 and
eV which arise within the 1.7-eV peak structure as should
There may also be a peak at 0.95 eV for 3.2 Na/a6T accom-
panied by a slight increase of the peak intensity at 0.75
This intensity increase can only be explained by an ad
tional electronic energy loss at 0.75 eV because the inten
of the overtone of the C-H stretch vibration is constant.

1. Band-structure interpretation

At the position of the threshold of higher loss emissio
of pure a6T an optical band-gap energy of 2.2 eV can
determined. The latter is usually not identical with the re
electronic band gap due to electron-electron interactions
for p doping, where levels at 0.5 and 1.1 eV were foun9

these results can also convincingly be explained within
polaron model. The energetic positions of possible pola
levels are shown in the inset of Fig. 3. The position of t

FIG. 3. HREELS spectrum of a 70-nm-thicka6T film with
increasing Na concentration. The inset shows a possible en
scheme with polaron levels.
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57 7303INTERACTION OF Na WITH SEXITHIOPHENE THIN FILMS
lower level was taken from the UP spectra. Again these
sults are not totally in line with Lo¨gdlundet al.10 because at
these high dopant concentrations completely occupied b
laron levels should be present according to their calculatio
This contradiction cannot be explained as long as a comp
reaction of Na with sexithiophene is assumed. In our exp
ments a metallic density of states at the Fermi level co
definitively be excluded. This excludes the formation
large metallic islands or a continuous Na film. This also e
cludes the interpretation of the 1.7- and 3.9-eV losses a
plasmon peak and its overtone, which should be accom
nied by a density of states at the Fermi level. On the ot
hand an incomplete charge transfer could also lead to v
small Na clusters like Na2

1 or with even more Na atoms pe
cluster @theoretical calculations predict a charge transfer
0.93e per Na ~Ref. 21!#. Na has only a medium oxidatio
potential (EH

0 522.7109 V), at least in aqueous solution.
will be shown in a subsequent paper that the reaction ofa6T
with Cs (EH

0 522.923 V) leads to changes in the electron
structure at lower Cs concentrations if compared to N22

However, it remains unclear why an incomplete react
should occur in our experiments but not in those presente
Ref. 10.

2. Molecular-orbital interpretation

Next to the threshold of 2.2 eV in pristinea6T, the loss
peaks byp-p* transitions follow, whereby the pronounce
part of the peak at 2.35 eV can be attributed to the low
transition of the CvC vibration progression of the1Ag
→1Bu transition. In the further course of the spectrum the
is a broad peak at 2.7 eV (1Ag→1Bu) and two less pro-
nounced peaks at 3.2 and 3.4 eV. The reason for the q
large peak width is a vibrational coupling.23,24

All results of Na interaction can also be explained by t
levels caused by radical anions of the resulting compou
The loss peak at 1.7 eV would then be due to a transitio
which the HOMO and a higher unoccupied level of the
sulting compound are involved. Because nothing is kno
about this compound~s!, all loss peaks can be explained
this model. In comparison with the UP spectra, which fav
the subsequent formation of two different species, the l
peaks at 1.3 and 2.1 eV would be assigned to the first c
pound, and the 1.7- and 3.9-eV transitions to both co
pounds.

D. Conductivity

In Fig. 4 the four-point current-voltage curve of
‘‘doped’’ film of a6T (2.3 Na/a6T) with a nominal thick-
ness of 100 nm is presented. Influence from light during
measurement was excluded. The resulting conductivity is
52.531026 V21 cm21. Furthermore, two-point measure
ments were performed. In both cases a linearI -V character-
istic between15 and25 V ~115 and215 V for the four-
point measurement! and identical conductivities can b
deduced, indicating that the resistance of the contacts
tween the electrode and the sample is Ohmic. These
conductivities also point to the fact that the negative cha
is highly localized at the sulfur.
-
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E. Comparison of the band-structure
and molecular-orbital interpretation

As shown in the previous paragraphs, most of the res
on the interaction of Na with sexithiophene can convincing
be explained by both models. However, negative char
seem to be highly localized as derived from XPS~additional
sulfur core levels at lower binding energy!, EPR spectra12

~substantial deviations from the free electrong factor!, the
fact that at least six charges can be transferred toa6T,
photoionization cross sections of Cs-doped bithiophen15

and the low conductivity. All this favors the molecular o
bital interpretation. Furthermore, the interaction with C
leads to qualitatively similar changes in the electronic str
ture, but at completely different energetic positions.22 This
would not be expected for a perfect bandlike behavior a
negligible influence
of the counterions. However, if the interaction with th
counterions Na1 or Cs1 would be very different, these re
sults can also be in line with the band-model interpretati
Theoretical calculations, on the other hand, show that
interaction energies seem to be relatively similar, althou
different locations of the different alkali ions with respect
a bithiophene ring system were deduced.25 Last but not least,
there are two experimental findings which do not fit into t
band model: In the polaron model there should be two ad
tional states in the band gap. The second, half-occupied s
~compare the inset of Fig. 3! should also be seen in the U
spectra unless it has a negligible transition moment. The
ond contradiction is the lack of a shoulder on the hig
binding-energy side of the C 1s and S 2p spectra which are
found for p doping and also for ‘‘n doping’’ of bithiophene
with Cs but not for Na interaction with sexithiophene.

All these results favor interpretation through the localiz
molecular-orbital model. However, it should be kept in mi
that due to the complete lack of information on the electro
structure of the newly formed compound~s!, nearly all find-
ings would fit into the molecular orbital picture. Therefo
care has to be taken because the counter arguments ag
the band model are not too strong so that it cannot be c
pletely ruled out.

IV. CONCLUSIONS

The effects ofn doping with Na on the electronic struc
ture and the electrical properties ofa6T were investigated

FIG. 4. I -V curve, measured in a four-point Valdes configur
tion, of a 100-nm-thicka6T film with a Na concentration of
2.3 Na/a6T.



ns
o
n

m
a

o-
or
ith

nds
ved

G
p-

7304 57J. MURR AND CH. ZIEGLER
with electron spectroscopic methods under UHV conditio
The formation of a changed electronic structure can be
served by UPS and HREELS. Four point measureme
show linear I -V characteristics with a conductivity ofs
52.531026 V21 cm21 for 2.3 Na/a6T. All results point at
a high localization of the negative charge at the sulfur ato
Alternatively to the polaron/bipolaron model, therefore,
model of the formation of compounds with localized m
lecular orbitals was discussed in detail which may be m
realistic. In the latter model two different compounds w
d
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n-

an

hl

M

.
b-
ts

.

e

lower and higher Na contents are formed. These compou
have an electronic structure which gives rise to the obser
changes in the electronic structure.
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