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We investigate the electronic characteristics and the absorption spectra of poly(3-octylthiophene), POT, films
grown by electrochemical methods onto Au substrates. We discuss the results considering the morphological
factor. POT films thickness can be controlled by current density in the electropolymerization process. The film
roughness depends on the thickness, being about 12% of film thickness. The samples for electrical measure-
ments were made in sandwich structure, Au/POT/metal (metal: Ni, Al). Analyzing current-voltage data we
were able to estimate the positive charge carrier mobilityd@* cm® V~=' s7!') and the potential barrier

height in the metal/polymer interfaces (0.1 eV for Au/POT and Ni/POT and 0.85 eV for Al/POT).

| Introduction andT is the absolute temperature) the transport is better de-
scribed by Simmons current density expression, derived for

Conjugated polymers have been object of intense research ithermionic injection into low mobility materials [10].

the last years. These organic semiconductors present good 2

mechanical features, facility of production and offer the pos- J = oN.uFe (_ﬁ) o ( F ) 1

sibility of construction of devices with larger active areas CRoRE P ) SP\ 787 @

than the" inorganic counterparts. Among Fhese polymers,whereq is the elementary chargdy, is the effective density

pplythpphene and |'Fs derivatives have received speual CON-ot states in the semiconductor,is the charge mobility/”

;lderatlons._ Polythlophene§ .have a good chemical ‘?’tab'l'is the electrical fields is a constant ang is the potential

ity upon environmental conditions and produce stable inter- energy barrier height.

faces W't.h electrode metals CommO”'Y used in electronics, In this contribution we investigate the transport features

like aluminum and gold [1,2]. Another important feature of ¢y pOT films synthesized by electrochemical methods

polythiophene films is a large absorption coefficient in the

o : onto Au. The electrosynthesis allows producing thin films
visible range of the electromagnetic spectrum [3,4,5]. These; y,q fina| form for device application, allying synthesis and
characteristics make polythiophene and its derivatives 'nter'deposition in a single step.
esting materials for solar cell applications [6].

One of the major problems in polymer devices is the
small charge carrier mobility. The morphology of the poly- || Experimental procedure
mer film takes important place in this situation. In amor-
phous materials the transport occwia hopping between  POT films were electrodeposited onto Au in a single-
localized states and disorder contributes to a further reduc-compartment cell using a Microgmica MQPG-01 poten-
tion of mobility. Many methods have been used to improve tiostate. The applied current density was 3.5 mA:ém
the order degree or the crystallinity in polymer films [7,8]. The electrolyte was a 0.1 motL* solution of LiBF, in ace-
The use of polymers with large side chain segments is one oftonitrile containing the monomer 3-octylthiophene in 0.1
the methods employed with this intent. The increase in themol.L—! concentration. The counter-electrode was a Pt
side chain length improves the order and the planarity of the wire.
polymer chains [9]. So, the order is expected to be higher  POT films were reduced (dedoped) by polarizing it to
in poly(3-octylthiophene), POT, than in other polythiophene 0.1 V/Ag/AgCl for 40 s in a 0.1 mol.t!' solution of
derivatives, like poly(3-metylthiophene) and consequently, (CH3),NBF, in acetonitrile, using the single-compartment
also the charge carrier mobility. cell and a Pt wire as counter electrode.

When a potential barrier energyfor the charge carri- The samples for electrical measurements were made in
ers injection at the interface between the electrode and thesandwich structure, Au/POT/Ni and Au/POT/AIl. Au elec-
polymer is so thap >> kT (k is the constant of Boltzmann  trodes were deposited onto glass by thermal evaporation un-
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der vacuum. The Ni and Al electrodes were deposited ontochains longer than the 6 or 7 carbon atoms aliphatic groups,
POT film (dedoped state) by the same way. tends to induce conformational characteristics that lead to

The current-voltage, I(V) characteristics for shorter effective conjugation length.
Au/POT/metal devices were obtained in dark conditions.

The voltage was increased stepwise (steps of 0.03 V and —T———T7—— 71—
0.02 V for Au/POT/Al and Au/POT/Ni devices respec-
tively) from zero to the maximum voltage (3 V and 2 V 1t
for Au/POT/Al and Au/POT/Ni devices respectively), at

a rate of 0.03 V.s! (Au/POT/AI devices) and 0.02 V.3
(Au/POT/Ni devices). After the maximum voltage was
reached, the same procedure was applied with inverse po-
larity.

POT film thickness and roughness were determined us-
ing a Dektak 3 surface profiler. The absorption spectrum
of POT film was obtained byn situ spectroelectrochemi-
cal measurement in an 8452 A HP diode array UV-visible
spectrophotometer. The absorption spectrum and the cyclic . . e
voltammogram were performed with the same cell and elec- 300 400 500 600 700 800
trolyte described above. For these measurements, POT A (nm)
films, with thickness of 1200 nm, were electrosynthesized Figure 2. Absorption spectra for PMT, PHT and POT films elec-

onto indium-tin-oxide (ITO) and for the absorption spec- trochemically synthesized onto ITO in dedoped state.
trum the film was polarized to 0.1 V/Ag/AgCI.

absorbance

In Fig. 3, thel (V) plot for an Au/POT/Al with POT film
thickness {) of 1200 nm is presented. In the inset of Fig.
Il Results 3, the same data are presented in semi-log form. From this
. . . ) figure the presence of a built-in potential of about 1 V and
POT film thickness was controlled through deposition time ¢, ent rectification can be observed. This built-in potential
control at constant current density, considering that the g o, ite nearly the difference between the work function of
thickness is a function of the charge density, as shown iny,o o jactrode materials used, ~ 5.1 eV:¢pa ~ 4.3 eV)

Fig. 1. The film roughness increases with the thickness, be- 131, if pol talli t | d
ing around 12% of the thickness in the full thickness range [13], it polycrystalline metaly values are assumed.

measured. This value is smaller than observed in other poly-
thiophene derivative thin films also produced by electrosyn- I
thesis, like poly (3- hexylthiophene), PHT [11] and poly(3- 0.4

methylthiophene), PMT [12].
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In Fig. 4, theI(V') data corresponding to Al positively

biased for an Au/POT/Ald = 830 nm) device are presented
Figure 1. Film thicknesg of POT films deposited onto Au as a in theln (J/V) x V1/2 form. The inset of the Fig. 4 shows
function of synthesis charge density the relation between current density and POT thickness for
Au/POT/AI devices, at constant voltage of 1.5 V and Au

In Fig. 2, the absorption spectra for POT, PHT [11] and positively biased. The linear dependencelofJ//V) on
PMT [12] electrochemically deposited onto ITO are com- V'/2 (in the region indicated by straight line in Fig. 4)
pared. It can be observed that absorption maximum is dis-and the linear dependence bf(.J.d) on d—'/2 (inset of
placed to shorter wavelength in case of POT. This behaviorFig. 4) are indicatives of charge carrier transport limited by
indicates that the increase in the side chain length, for sidethermionic emission (Eq. (1)).

q (mC.cm'z)
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—T T T 7T charge carrier transport is limited by thermionic emission, as
2T 180 i it was the case for Au/POT/AI devices, with Au positively
184 biased.
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Figure 4. Electrical behavior for an Au/POT/AIl devices (Au(d); > T 0 1 2
= 830 nm) plotted in thén(J/V) x V'/2 form. Inset: dependence V (Volts)

between density current and thickness for Au/POT/AI devices at
1.5V and Au positively biased. The continuous lines represent the
linear fit. V4, is the built-in potential.

Figure 6. I(V)characteristic for an Au/POT/Ni device € 830
nm). Inset: electrical behavior for the same devicénifd/V/ x
2 form and Au positively biased.
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Figure 5. Temperature dependence of an Au/POT/Al devide in 1
x T ~* form with Au positively biased.d = 1200 nm; 1.5 V). T (K)

Figure 7. Dependence between current and temperatunel i
In Fig. 5 the temperature dependence of the current iST =1 form for an Au/POT/Ni deviced = 830 nm; Au(+); 1.0 V).
shown, inthdn | x T ~! form, at constant voltage of 1.5V  Inset: dependence between current density and thicknésglid)
(Au positively biased and = 1200 nm). The linear behavior  x d ~!/2 form for this device ¢ = 830 nm; Au(+); 1.0 ;).
present in this plot is the definitive prove that in Au/POT/AI
devices, with Au positively biased, the charge carrier trans- e can estimate the potential energy barrierat the
port is limited by thermionic injection, in agreement with metal/polymer interface frofm | as a function of’~! data.

Simmons model, expressed by Eq. (1). From Eq. (1), we havégmf] _ Bd” 1/2v1/2—¢
. . . _ T—1 -
In Fig. 6 the(V') plot for an Au/POT/Ni deviced = Tpe 3 value can be calculated from thgJ.d) as afunction

830 nm) can be seen. It can be observed the almost symmet-
ric behavior for both polarities (low rectification). The inset
of this figure shows thin(J/V)x V!/2 plot for the same de-
vice when Au is positively biased. The linear behavior (in-
dicated by a straight continuous line) agrees with Simmons
model, Eq. (1), prediction [10]. For Ni positively biased the
plot characteristics are similar. The temperature dependence
of the current for an Au/POT/Ni devicel & 830 nm), atl”

= 1.0 V and Au positively biased, is shown in Fig. 7. The
inset of this figure presents the thickness dependence of thd0 In (qN“”) — 7, where N, = 2.5 x 10" cm~?[14]is
current for Au positively biased at 1.0 V. The linear behav- assumed. At room temperature, the mobility for positive
ior observed in these plots confirms that also in this case thecharge carriers is then calculated= (5.1 + 1.2) x 1074

1/2
of d~'/2 data, where we haved 4] = S 2
For Au/POT and Ni/POT interfaces we fougd~ 0. 1 eV.
In these cases Au and Ni were positively biased, so that this
energy barrier is for positive charge carrier injection into the
POT. For AI/POT interfaceg ~ 0.85 eV.
The linear coefficient of the linear fit region in thgl/V)
V1!/2 can be used to estimate the positive charge car-
rier mobility. From Eq. (1) this coefficient corresponds
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cm? V~! s~1. In Table 1, this mobility value is compared
with those obtained by us [11,12] for others polythiophene
derivatives prepared by electrochemical method.

Table I: Positive charge carriers mobility for polythiophene
derivatives grown by electrochemical methods: poly(3-
methylthiophene) (PMT) [12], poly(3-hexylthiophene)
(PHT) [11] and poly (3-octylthiophene) (POT).

Polymer u(em?.V-ls)

PMT (42+04)x 10 2
PHT (94+£3.0)x 10
POT (51+1.2)x 10 2

395

VACUUM LEVEL

32eV

43eV

~2.0eVv
TO, Al

Ni, Au

POT

The energy diagram estimated for POT film is presented Figure 9. Energy diagram for POT compared to the work functions

in Fig. 9. The value of energy gap of POT, approximately
2.0 eV, was determined from absorption spectrum (Fig. 2).
The HOMO (highest occupied molecular orbital) level en-
ergy was estimated from cyclic voltammogram analysis, re-
lating the oxidation onset potential (0.8 V/Ag/AgCI) of POT
(Fig. 8) with HOMO level energy and correcting it to vac-
uum reference level, following a procedure reported by Mi-
caroniet al. [15]. In this way, the value obtained for the
HOMO level energy of POT was 5.2 eV.
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Figure 8. Cyclic voltammogram of POT film deposited onto ITO
(d=1200 nm),v=30mV.s .

IV Discussion

The film morphology is one of the most important features

that influence charge carriers transport in a conjugated poly-

of the metals used in this work.

producing a larger distribution of distances between neigh-
boring molecules also increases energetic disorder leaving to
larger energy differences between neighboring sites, so that
hopping of charge carriers gets more difficult. It is expected
that the increase in side chain length of a polymer produces
a more ordered structure and the results that have been ob-
tained for POT films produced by chemical and by electro-
chemical methods agree with this trend [16,17]. When the
side chain length is larger it seems to be more difficult to
bend the main chain so that the intrachain transport is easier
because there are not so many potential barriers originated
by chain torsion. The mobility values present in the Table 1,
however, do not demonstrate a tendency of mobility increase
with increased side chain length.

Although the gap value, 2.0 eV, determined for POT
in this work from the absorption onset (Fig. 2) is coher-
ent with data reported in literature [18,19], the wavelenght
of the absorption maximum in the POT spectrum shown in
Fig. 2 is smaller than the value reported by other groups
[18,20]. The change in the absorbance peak value in poly-
mer films is an indicative of the change in the morphology
of these films. Senteiet al [21] have demonstrated that
when the chain ordering increases the maximum of absorp-
tion displaces to higher wavelengths regions. The absorp-
tion maximum displacement to lower wavelengths (higher
energies) essentially indicates that the major contribution to
the absorption comes from polymer segments with shorter
effective conjugation length. This situation is expected in
disordered films, where conjugation is often broken due to
configurational deviations from ideal non-twisted and non-

mer. As in amorphous materials transport of charge carriersbent backbone of the conjugated molecule. This existence
is done by hopping between sites, it is necessary to increasef a large amount of polymer segments with short conju-

the order and the cristallinity to increase mobility. Another
important point concerns the reduction of impurity concen-
tration incorporated to the films. Reduced order, apart from

gation length allows us to understand the data of Table 1.
The same configurational defects that break conjugation also
hinder charge transport, limiting charge carrier mobility.



396 Brazilian Journal of Physics, vol. 33, no. 2, June, 2003

N. Camaioniet a[20] have demonstrated the influence observe any interaction among Au particles and POT films.
of the side chain length in the absorption spectra for some  The rectification behavior of the Au/POT/AI is coher-
polythiophene derivatives. They observed that when the sideent with results observed for similar devices. Fangl[33]
chain length increases the absorption spectra maxima disand Garteret al[34] have found the rectification behavior
place to higher wavelength regions, contrarily to our results. in ITO/POT/Al and ITO/POT/Au devices. |. Musat al
However, V. N. Prigodiret al [22] have shown that in poly-  [35] also have reported rectification behavior in regioregu-
mer films the charge transport mechanism is better explainedar poly(3-octylthiophene) based devices. In their contribu-
by hopping between cristalline domains surrounded by antion metal/P30T/silicon devices (metal: Au, Al) were used.
amorphous media. The same has also been pointed out bfrhey found rectification ratios up to 40 The values of
T. Hassenkanet a[23]. The displacement of the absorp- the potential barrier heights in the present contribution also
tion maxima to smaller wavelength in Fig. 2, suggests a agree with values encountered by Faal [33]. The po-
larger contribution to absorption from the amorphous region tential barrier height determined for the different interfaces
around the cristalline domains. In this region, disorder is investigated in this work are in agreement with the energy
caused by the large distribution of the torsion angle betweendiagram shown in Fig. 9.
adjacent thiophene rings and the different planar positions  The curve presented in Fig. 4 requires further com-
of these rings. As large this torsion angle distribution as ments: the curve tends to a saturation value. This satu-
smaller is the charge carrier mobility [24,25,26]. Consid- ration region at higher voltages has been shown byetla
ering the exposed above and our observations concerningl [36] in poly(4,4- biphenylenevinylene) and this behavior
mobility and absorption spectra, we tentatively explain the was analytically described by Koehleral [37]. R. Valaski
apparent discrepancy as originated from the particular mor-et al[38] also have observed these saturation regions in PPy
phology due to the electrochemical deposition conditions. It devices when the PPy film thickness increases. The satura:
suggests that our samples present a larger amount of smation is due to the transition from thermionic injection limited
crystalline domains, so that even when amorphous materialharge carrier transport to the space-charge limited case.
presence is larger, distance between crystalline domains is
lower, permitting easier hopping between them. This sup- ]
position deserves further investigation. V Conclusions

The positive charge carrier mobility determined in this . o )
work does not differ from the other polythiophene deriva- e have prepared poly(3-octylthiophene) thin films using
tives by more than one order of magnitude [11,12,26,27]. _e_lectrochemlcal s_ynthe5|s, which present mobility of pos-
The mobility value is the same as found by Y. Kunugi [tiveé charge carriers at room temperature ofx5 10
et al [28] in chemically synthesized regioregular poly(3- cm? V-ls L Absorption spectra indicate the existence of
octylthiophene) films with 1% doping level. These authors & large amount of chain segments with short effective con-
found mobilities one order of magnitude larger for regioreg- Jugation length. The values obtained for the potential barri-
ular poly(3-octylthiophene) films with 0.014% doping level. €'S at the polymer_/electrode material interfaces suggest the
Rigorously, we have determingdN, and calculategs un- quasi absence of mterff';lce states, so that the bU|It-_|n poten-
der the assumption of constaM,. The adopted value of tial ngarly equals the difference of electrode material work
N, was used for different polymers leading to consistent re- functions.
sults.[11,12]., but it is expected.that polyme'rs with differ- Acknowledgements
ent side chain groups present different density of states due
to differences in effective conjugation length and different ~ The authors would like to thank PADCT/CNPq (Project
conjugated to aliphatic volume occupation fraction. In spite 62.0081/97-0 CEMAT) for financial support. 1.A.H ac-
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The built-in potential value is defined as the difference
between the work function values of the electrodes. When
chemical reactions between the polymer and the electrodeé:aeferences
occur or degradation of the polymer takes place, the built-
in potentla_l value is smaller than the difference between the mers” in: Handbook of Advanced Electronic and Photonic
work function of the electrodes [29,30]. In Au/POT/AI de- Materials and Device¢H. S. Nalva, Ed., Academic Press
vices the built-in potential value nearly equals the difference 2001).
between the work functions of the electrodes, suggesting )
that there is not significant presence of interface states at [2] H.Y. Seung, J. E. Whitten, Synth. Met14, 305 (2000).
the metal/polymer interface. The stability of the AI/POT [3] A. Bock, A. Topeters, C. Kryschi, Synth. Mef5, 133
interfaces has also been noticed by Essetinkl[31]. The (1995).
absence of interface states between Au and POT is in perfect[4] M. Onoda, K. Tada, A. A. Zakhidov, K. Yoshin, Thin Solid
agreement with the results of Saratttyal[32] that did not Films 331, 76 (1998).
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