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Résumé. — La conductivité et la mobilité d’effet de champ du sexithiophéne non substitué
(6T) et du di-alkyl-sexithiophéne substitué en bout de chaine (DH6T) ont été mesurées en fonc-
tion de la température. Pour des températures supérieures a 150 K, on trouve une conductivité
thermiquement activée, alors que la mobilité montre une énergie d’activation dépendante de la
tension de grille. A forte tension de grille et 4 haute température, on observe une saturation
de la mobilité d'effet de champ. Les données ont été analysées dans le cadre d’un modele de
piégeages et dépiégeages multiples. On a ainsi déterminé la distribution des niveaux localisés
prés de la bande de transport pour les deux produits. Cette distribution a été ajustée a une
double exponentielle, par analogie avec celle du silicium amorphe hydrogéné (a-Si:H). Les piéges
profonds dans 6T et DH6T sont associés aux joints de grain. La mobilité plus faible de 6T est
attribuée a sa. plus grande concentration de défauts. Pour les températures inférieures a 150 K, le
transport par sauts thermiquement activés entre états localisés devient le mécanisme dominant.
Cependant, le transport par piégeages et dépiégeages multiples peut de nouveau se manifester
dans la couche d’accumulation d’un transistor a effet de champ fortement polarisé.

Abstract. — Conductivity and field-effect mobility measurements as a function of temperature
have been carried out on unsubstituted sexithiophene (6T) and end-substituted dihexyl- sex-
ithiophene (DH6T). At temperatures higher than 150 K, the conductivity is thermally activated,
whereas the field-effect mobility presents a gate-bias dependent activation energy. Importantly,
the field-effect mobility tends to saturate at both high gate voltages and high temperatures. The
data were analyzed within the frame of a multiple thermal trapping and release model. The
distribution of localized states near the transport level has been determined for both compounds,
and was fitted to a double exponential distribution, which can be compared to that of hydro-
genated amorphous silicon (a-Si:H). The localized trap states in 6T and DH6T originate from
grain boundaries. The lower mobility of the unsubstituted compound can be attributed to the
corresponding higher density of traps. At temperatures lower than 150 K, thermally activated
hopping becomes the dominant transport mechanism, but multiple trapping can also be present
in the accumulation layer of a field-effect transistor at high gate voltages.

© Les Editions de Physique 1995
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1. Introduction

The use of organic materials as the active component in semiconductor devices has been studied
for several decades. As organic semiconductors cannot be doped in both n- and p-type, the
greatest part of the early works was devoted to Schottky (metal- semiconductor) diodes, most
often in view of their use in photovoltaic devices [1,2]. Organic Schottky diodes have recently
known a remarkable comeback when interest has focused on light-emitting diodes (LEDs) [3,4].

The history of organic field-effect transistors (OFETSs) does not go back this far. Although a
field-effect on polyacetylene (PA) thin film has been reported in 1983 [5], significant works on
polymer field-effect transistors only emerged during the late eighties, when devices were made
with the conjugated polymers PA [5,6], polythiophene (PT) [7,8] and poly(thienylene vinylene)
(PTV) [9]. OFETs based on phthalocyanine compounds have also been reported [10]. It has
been shown more recently that the performance of OFETSs, and particularly their field-effect
mobility prET, can be significantly improved by replacing polymers by conjugated oligomers
[11-13]. However, although values up to 3.0 cm®V—!s~! have been reported [13,14], the field-
effect mobility of OFETSs remains by far lower than that of conventional silicon FETs. This, of
course, must be ascribed to the specific charge transport mechanism in organic materials. It
is generally assumed that the charge carriers are not free to move in extended states, but are
stored as polarons self-trapped into states localized in the forbidden band. Such localized states
have been attested in conjugated oligomers [15,16] and polymers [17,18] by optical spectroscopy
and electron spin resonance (ESR) measurements. The transport of polarons is dominated by
hopping processes, and theories predict that their mobility should be strongly temperature
dependent. A thermally activated mobility has indeed been reported in polythiophene [8] and
sexithiophene OFETs [13]. We note however that, although the hopping distance R found
in polythiophene compares well with the mean separation between dopant ions [8], its value
in substituted oligothiophene is close to the distance between nearest-neighbor molecules [13],
which is too small to be physically realistic.
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Fig. 1. — Drain-current vs. source-drain voltage curves for various gate biases measured on a dihexyl-

sexithiophene (DH6T) organic field-effect transistor (OFET) at 300 K.
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Figure 1 shows a set of drain current vs. drain bias (Iq—Vy) curves of a dihexyl-sexithiophene
OFET recorded at 300 K for various gate voltages V;. The device operates mainly in the
enrichment mode, where carriers are injected in the semiconductor- insulator interface through
the formation of an accumulation layer. The field-effect mobility can be estimated by the
conventional equations of FETSs, either from the saturation current Ijs.;, equation (1), or
from the transconductance g at low drain current, equation (2) [19)].

w
Id,sat = _#FETCi(Vg - ‘/0)2a (1)
2L
ol ) wW
Im = (—— = —preTCiVa- (2)
Vg Vs L

Here, W and L are the channel width and length, respectively; C; is the insulator capacitance
(per unit area) and V4 the threshold voltage. The use of the transconductance, equation (2),
presents the advantage of making the measurements at low drain biases, where the accumu-
lation layer is almost uniform over the whole channel. The use of equation (1) on the set
of characteristics in Figure 1 leads to a mobility of 3.8 x 10=2 cm?V 157! and a threshold
voltage of 13.9 V. Such high values of Vj are often encountered in OFETs. Equation (2) gives
urET =23 %1072 cm?V~1ls7 for V4 = -2 Vand V, < 25 V.

Three years ago, we developed an analytical model for OFETs [20], based on an alternative
charge transport model, the multiple trapping and release mechanism, which is generally in-
voked in the case of hydrogenated amorphous silicon (a-Si:H) [21]. In this model, most of the
carriers injected in an organic semiconductor are trapped into states localized in the forbidden
band. The conductivity ¢ is given by the concentration of free carriers n¢ times a microscopic
mobility g, which is slowly varying with the temperature.

o = ng quo: (3)

Here q is the absolute electron charge. Putting 6 = n¢/not, where nyoy = ng + n¢ is the total
(free plus trapped) density of charges, we can write (3) as

T = Not qgﬂo' (4)

Equation (4) shows that a thermally-activated conductivity can be interpreted, either by a
thermally activated charge density mf = Onior and a constant mobility pg, or a thermally
activated mobility u = 6y and a constant charge density ni¢. In reference [20], we assumed
a trap distribution consisting of a shallow single level close to the main transport band (the
conduction or valence band for classical n- and p-type semiconductors, respectively). In this
case, the field-effect mobility at low-gate biases equals the effective mobility €ug, and is hence
thermally activated, whereas it approaches the slowly varying microscopic mobility pg at high
V. The predicted high gate voltage regime is similar to the trap-filled regime described by
Lampert [22], where all traps are filled and any additional injected charge can move freely with
the microscopic mobility. Our model was also able to explain the high threshold voltage often
measured in OFETs, as noted above.

During the course of this work, Paloheimo and coworkers have reported the temperature
dependent field-effect mobility of fullerene-based OFETs [23]. They found a thermally activated
mobility at a fixed gate voltage, with an activation energy decreasing for increasing V. This
strong gate voltage dependence was attributed to an exponential distribution of gap states, as
is generally reported in a-Si:H. These results suggest that the determination of the trap density
is a crucial step in OFETSs’ modelling.
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In the present paper, we report on temperature dependent field-effect mobility measurements
on OFETs made of unsubstituted and substituted sexithiophenes. A model is developed, which
allows us to determine the localized trap distribution near the transport level.

2. Experimental

Figure 2 shows the molecular structure of sexithiophene (6T) and end-substituted dihexyl-
sexithiophene (DH6T). The synthesis of these compounds has been extensively reported pre-
viously [24].

¢\ ¥ N s. 4 Vs

Fig. 2. — Extended molecular structure of sexithiophene (6T) and end-substituted dihexyl-
sexithiophene (DH6T).

The field-effect transistors were fabricated according to a reversed architecture. First, the
gate electrode (aluminum) is deposited on a glass substrate. The insulator consists of a 1
pm thick spin-coated poly(methylmetacrylate) (PMMA) layer. The organic semiconductor is
vacuum-evaporated on top of the insulator, with a typical thickness of 100 nm. The evaporation
was carried out at a rate of about 10 nm/s on substrates held at room temperature. Two gold
stripes, 5 mm long and 100 um wide, separated by 50 um, form the source and drain electrodes.
They are deposited either on top of the semiconducting layer, or between the insulator and the
semiconductor, with equivalent results in both cases.

The current-voltage characteristics of the transistors were recorded with a Hewlett- Packard
4140B picoameter-dc voltage source. Low-temperature measurements were carried out under
vacuum in a Displex (Air Product) closed-cycle cryostat. The transistor was placed on a
home-made copper holder. The temperature was monitored with a APD-E digital temperature
indicator-controller, equipped with a chromel-gold 0.07 atomic % iron thermocouple.

3. Method of Analysis

A method for determining the localized state distribution in a-Si:H has been previously devel-
oped by Spear and Le Comber [25]. The steps of the analysis are given hereafter. Although all
the organic materials used here behave as p-type semiconductors, the equations will be more
conveniently given for an n-type semiconductor. Their extension to p-type is straightforward.
In most cases, this simply consists of changing the sign of the gate voltage V; from positive for
an n-type to negative in a p-type device. As we are dealing with wide band-gap semiconductors
(Eg > 2 eV), minority carriers are neglected.

Figure 3 shows the energy scheme of the accumulation layer at the insulator-semiconductor
interface with an applied source-gate bias Vz. The z-axis points perpendicular to the channel
towards the bulk of the semiconductor, with its origin at the insulator-semiconductor interface.
V; is the value of the potential V' (z) at x = 0. The applied potential shifts the difference between
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Fig. 3. — Energy scheme of the accumulation layer formed at the semiconductor surface in an OFET.

The location of the Fermi level at the interface (z = 0) is E. — Ff = E. — Egy — qV5. A corresponds to
the thickness of the accumulation layer. The scheme is drawn for an n-type semiconductor.

the transport band edge and the Fermi level at z = 0 from E. — By to E. — Ef = E. — Eg —qVs.
As the potential drop in the semiconductor accumulation layer cannot exceed E. — Eg, V; is
generally much lower than Vi — Vi, where Vg, is the flat-band potential, and the total surface
charge Qot induced by the gate bias is very close to

Qror = =Ci(Vg = Vi), (5)

where C; is the capacitance, per unit area, of the insulating layer. This total charge will split
in two parts, a trapped charge Q; and a free charge Qr. The field-effect mobility given by
equation (2) corresponds to the free surface charge:

_ 19
HFET = Hoje (6)

In order to calculate the free surface charge @, we have to know the spatial charge distribution
in the accumulation layer. In the original paper by Spear and Le Comber [25], it was assumed
that, as most of the charge is trapped in localized states, the space charge of free carriers can be
neglected, and the charge in the accumulation layer can be taken as constant up to a distance
A from the semiconductor surface, and zero beyond A (abrupt approximation). The potential
V(z) is then in the form of a parabolic Schottky barrier:

V)=V, (1~ %)2 (7)

with
PENCINN- A S
2€q 2¢e,

Here ¢, is the dielectric constant of the semiconductor. We note that the assumption of a
constant trapped carrier density is contradictory with a bias dependent distribution of localized
states Ny(E). The method by Spear and Le Comber has been more recently analyzed by
Powell {26], who concluded that, “Only the broad feature of the density of states can be
determined from field-effect conductance measurements”. He also showed that the net effect
of the abrupt approximation is an underestimation of the trap density by a factor of 4 at most.
In the Appendix, we calculate the exact spatial distribution of trapped charges for the case of
an exponential distribution of traps.

(8)
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the limit of F'(z) at high z's is shown for comparison.

The free surface charge is now obtained by integrating the free carrier concentration ng over
the accumulation layer

A A
@ = ni(a)dz = gus [ exp T as (9)

Here, np, = N, exp[—(E, — Egp)/kT) is the concentration of free carriers in the bulk of the
semiconductor. N, is the effective density of state in the conduction level, & the Boltzman
constant and T" the absolute temperature. Introducing the dimensionless variable u = qV/kT,
equation (9) can be written as:

A
1Q¢| = qnb/ exp u(z)dz- (10)
0

which can be integrated as:

C, V V Us
el ~ v [ du= Flu ()

A numerical computation of the function F(x) is given in Figure 4. By replacing the exponential
by its Taylor’s series, it can be easily shown that for z > 1, F{z) =~ exp(z). Making use of
equations (5) and (6), equation (11) simplifies to

/J,[]NCkTES
prETCE (Vg — Vi )2
Equation (12) allows us to estimate V; as a function of the gate voltage, from which the

difference between the Fermi level and the conduction band edge at the semiconductor surface
can be computed. We can also calculate the density of trapped carriers n; as a function of V;:

qu %EC—EfO — kT In l: (12)

_ 1@ CHVe—Va)®

=12 1
qny i\ 2,V (13)
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We have assumed here that @ ~ Q.. The thickness of the accumulation layer A was obtained
from equation (8) and n, is related to the density of localized states N, through:

m(En) = | G (1)

—°°1+exp£k—TE—f

In the case of a slowly varying trap distribution, the Fermi distribution can be approximated
to a step function and equation (14) reduces to

E¢
n¢(Ef) = Nt(E)dE, (15)
-0
which can be derived to d
= ant

The steps of the analysis can be summarized as follows.

a) Determine the field-effect mobility from the gate-voltage dependent drain current at low
source-drain bias through equation (2). We stress that the use of equation (2) in place of
equation (1) leads to a gate voltage dependent mobility. Moreover, equation (2) allowed
us to calculate purgr even when equation (1) is not followed, e.g., at low temperature
(see below).

b) Calculate V; using equation (12). The product po N appears as an adjustable parameter,
the determination of which will be discussed further. Then calculate E. — E. As will be
shown later on, the Fermi level at equilibrium is deduced from the temperature-dependent
conductivity.

¢) Calculate the concentration of trap carriers ny using equation (13). The density of lo-
calized states IV, is then obtained through a numerical derivation of ny as a function of
E, — E;.

4, Results

The I3 —Vq4 characteristics at 100 K of the same OFET as in Figure 1 are shown in Figure 5. At
this temperature, we still observe clear linear and saturation regimes, but we note that the gate
bias dependence of the drain current is much steeper than at room temperature. Particularly,
the square-root dependence of the saturation current as a function of Vi predicted by equation
(1) is no longer observed, which prevents the determining of a threshold voltage. Figure 6
shows the variation of the field-effect mobility of DH6T as a function of the gate voltage (6a)
and temperature (6b). We have drawn the temperature dependence in an Arrhenius plot. We
note that the curves are not really good straight lines. Classical hopping models lead to a linear
variation of logu as a function of 7. A value of a close to 1/4 is attributed to variable range
hopping, and a value close to 1/2 to Coulomb interactions [27]. Attempts made to plot logureT
against T7%% and T7%2%, did not lead to a clear improvement of the linearity. Importantly,
the field-effect mobility is strongly gate bias dependent at low temperatures, whereas preT
approaches a constant value of about 0.04 cm?V~1s™! at both high temperatures and high
gate voltages.

The analysis developed in the previous section was used to determine the localized state
distribution Ny(E). Calculations were made for gate biases higher than 10 V, so that we could
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Fig. 5. — Same as Figure 1 measured at 100 K. Note the different current scale.
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Fig. 6. — Gate bias and temperature dependence of the field-effect mobility in a dihexyl-sexithiophene
OFET. Curves are plotted as a function of the gate bias for various temperatures (a), and as the
function of the reversed temperature for various gate biases (b).

neglect the flat-band potential correction. The position of the Fermi level at equilibrium was
deduced from the temperature dependent conductivity, Figure 7. We have already reported
on the strong anisotropy of the conductivity of DH6T thin films [24]. As field-effect mobility
measurements deal with the parallel component of the charge transport, we present here results
for the parallel conductivity. The Arrhenius plot shows a constant activation energy AE = 0.22
eV in the medium range (145 K< T < 230 K), whereas the variation tends to slow down at
both higher and lower temperatures. We note again that attempts to improve the linearity by
plotting logo against 7%5 or T-0-2% did not clearly succeed.

Several routes can be followed for estimating the pgN. product. We note that, owing to
its logarithmic dependence in equation (12), a variation of uoN. by one order of magnitude
will only induce a shift in V; by 2.3 x kT'/q (i.e., 59 mV at room temperature, and even
less at lower temperatures). The effective density of states N. can be taken as the total
density of molecules, as is usually done in narrow band materials. From X-ray diffraction
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Fig. 7. — Arrhenius plot of the parallel conductivity of a vacaum evaporated DH6T thin solid film.

measurements reported in references [24] and (28], the crystal density of DH6T (molecular
weight: 664) and 6T (molecular weight: 494) have been determined as 1.44 and 1.50 g/cm? in
polycrystalline films, corresponding to a molecular density of 1.3 x 102! and 1.8 x 102! cm™3,
respectively. The actual density of an evaporated film of 6T does not differ by more than 10%
from its crytallographic density [29]. In the case of DH6T, the microscopic mobility can be
taken as the limit of yprr at high temperatures and gate biases. An alternative route for
determining poN. consists of minimizing the scattering of the trap distributions calculated at
various temperatures. Although this leads to somewhat cumbersome computations, we finally
chose this last solution, owing to that a high temperature limit of the mobility could not be

obtained in the case of unsubstituted 6T.

The calculated density of localized states in DH6T is given in Figure 8. Data at 40 and
100 K extend more towards the transport level, owing to the fact that measurements at these
temperatures were made at higher gate voltages. The best matching of the distributions
obtained at various temperatures was obtained with poN, = 2.5 x 10'® (cmVs) ™!, a value twice
lower than that given by multiplying the molecular concentration by the high gate voltage limit
of uppT. As the microscopic mobility cannot be less than the field-effect mobility, we conclude
that the effective density of state is half the molecular density. We note a strong deviation from
the general trend of the data at 40 K, and a weaker one at 100 K, the deviation being more
pronounced as the distance from the transport band edge increases. The strongest discrepancy
corresponds to measurements carried out at lower gate voltages. The higher the gate bias is,
the closer the data to the band edge and the smaller the temperature deviation.

A similar analysis was made for the unsubstituted oligomer 6T. Again, the position of the
Fermi level at equilibrium, E, — Ey = 0.26 eV, was deduced from the temperature dependent
conductivity, Figure 9. The results of the analysis are shown in Figure 10. The optimum
agreement of the data at various temperatures was obtained with a yoN. product of 3 x 10'°
(cmVs)™! If we assume, like in the case of DH6T, that the effective density of state equals half
the molecular density, this gives us a microscopic mobility of 0.03 cm®>V—1s~1, almost identical
to that of DH6T. We again note a small departure of the data at 70 K from the general trend.
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Fig. 9. — Temperature dependence of the parallel conductivity of unsusbstituted 6T.

5. Discussion

We consider an exponential distribution of localized states:

Nyo ( E. - E)
.__exp —_ .

N(E) = 71 kT,

(17)

Here, N,y is the total density of traps and T, the characteristic temperature of the distribu-
tion. In a-Si:H, the actual localized state distribution may be divided into deep states and
tail states, each of which can be approximated to an exponential distribution [30]. Figure 8
shows clearly that the trap distribution in DH6T can be fitted also to a double exponential.
Values of the parameters are gathered in Table I. Those of a-Si:H are given for comparison. In
the case of 6T, the data were fitted to a single exponential, corresponding to the deep-state
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Table 1. — Parameters of the trap distribution of sexithiophene (6T), dihexyl-sexithiophene
(DH6T), and hydrogenated amorphous silicon (a-Si:H). T.: characteristic temperature of the
distribution; Nyg. density of states of the distribution. Data for a-Si:H taken from reference

[30].
6T DH6T a-Si:H
Molecular density (cm™3) 1.8x1021 | 1.3x102! | 5.0x10%2
Effective density of states (cm3) 9x10%0 6.5%1020 7x101°
Microscopic mobility (cm2Vls1) 0.03 0.04 17
Deep states T (K) 455 495 1000
Nio (cm3) 3x10%® | 4.5x10"° 4x10"7
Tail states T; (K) 120 260
No (cm™3) 2x10%0 1x1020
Dopant concentration (cm3) 4x10!7 3x10'7 —

distribution. We note that both the deep and tail states have a narrower distribution in the
case of sexithiophenes than in a-Si:H. Deep states in a-Si:H originate from dangling bonds.
In sexithiophenes, they most probably come from grain-boundaries, as X-ray measurements
and electron microscope observation show that thin solid films of these materials are polycrys-
tallines. Moreover, scanning electron micrography (SEM) reveals that the grain size is higher
in DH6T than in 6T [31], which is consistent with the higher density of deep states in the
unsubstituted compound. However, as SEM observation only gives a two-dimensional view of
the grains, a quantitative correlation between grain size and trap density would be speculative.

Although the tail-state distribution could not be accessed in 6T, we can reasonably assume
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that it is identical in both compounds. One of the most interesting feature in Table I is that
6T and DH6T have almost identical microscopic mobilities, which means that the lower field-
effect mobility of the unsubstituted compound at room temperature is fully ascribed to its
higher density of deep states. pupgr is expected to approach the microscopic mobility when T
approaches T.. The reaching of the microscopic mobility with 6T would require measurements
at temperatures closer to 7, which is prevented by degradations of the organic material at
T > 350 K.

Assuming the Fermi level at equilibrium Eg to be located within the deep-state distribution,
we can estimate FEpy by writing the electrical neutrality of the semiconductor. As the actual
conductivity of sexithiophene films is much greater than their intinsic conductivity, we assume
that thermal carriers are brought by a single shallow donor level of density N4 located at an
energy E4 close to the transport level. Assuming again that the density of trapped carriers is
much higher than that of the free carriers, the electrical neutrality writes

N; = Ny
or
Ey—Ep\ "} E. - E
Ny [1 - (1 + exp —d—k—T——fg) ] = N exp (————k—TC—Q) . (18)
Putting X = exp[(E. — Ep)/kT.] and | = T /T, equation (18) reduces to
X N]\:—; [Xl + exp (————Eck}Ed)] =0 19)

For a shallow donor level, E. — Eq < E. — E¢ and equation (19) simplifies to

_ N

X—-I—V—d—

The position of the Fermi level at equilibrium is given by

E.— Eyp = kT, ln&, (20)
Ng

which is independent of the temperature, and the conductivity by

) @

o = qnepo = gN 1o xp (—
From equation (20) a dopant concentration Ny = 4 x 1017 ¢cm™3 is obtained for 6T, and
3 x 107 em™? for DH6T, in good agreement with the value deduced from capacitance-voltage
measurements on Schottky diodes. A value of about 10'® cm™3 has also been recently deduced
from ESR measurements on 6T and DH6T solid films [32]. We stress that, within the multiple
trapping and release model, this density corresponds to the total (free and trapped) density of
charge carriers.

On the high temperature (left hand) side of Figure 7, the slight deviation from the Arrhenius
plot of o(T') can be ascribed to that, as T approaches T, the trap distribution width approaches
that of the Fermi distribution. Accordingly, the density of free carriers approaches that of the
trapped carriers, and the conductivity saturates to a constant value o, = Ngqug =~ 0.002
S/cm, a value that would be reached at T, = 550 K.
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When temperature decreases, the probability of thermal release from the localized traps
decreases, and thermally activated hopping between trap sites will eventually become the
dominant transport mechanism [21]. This can account for the change of the slope in Figures
7 and 9 at low temperatures. A transition from trapping to thermally activated hopping at
about 150 K can also account for the deviation of the density of traps deduced from the field-
effect measurements at temperatures lower than 150 K. Importantly, a backward transition
from hopping to trapping can also be induced in the accumulation layer by increasing the
gate voltage. As V; increases, more trap levels are filled with injected charges. Eventually, all
the deep traps will be filled, and the dominant transport mechanism will be switched back to
multiple trapping. Evidence for such a transition is the very fast increase of the saturation
current with the gate voltage at low temperature, and also that at high gate voltages (i.e.,
at energies close to the transport band edge), the trap density measured at low temperature
tends to merge with that obtained at high temperatures.

In all our analysis, we have assumed that the microscopic mobility py was independent of
the temperature. It is known, from time of flight (TOF) measurements on single crystalline
organic semiconductor that the temperature dependence of the microscopic mobility has the
general form

po = pooT ™™, (22)

where n ranges between 1.5 and 2 [33]. For measurements between 100 and 300 K, such
a dependence induces a change of yuy by a factor of less than 10, which is far smaller than
the actual variations of pupgt reported here, Figure 6. Any slow variation of the microscopic
mobility is hence hidden by the much faster variation of the density of free carriers.

We note however that the microscopic mobility of sexithiophenes is small, and the cor-
responding mean free paths not longer than a lattice constant [13), which is not consistent
with a transport in delocalized states. Low mobilities are generally interpreted within the
frame of the thermally activated hopping transport, where the mobility is expressed as p = pyg
exp(—To/T)", with n = 1, 0.5 or 0.25, depending on the hopping mechanism. Such a hopping
mechanism is likely in sexithiophene at low temperatures, but can be excluded at higher tem-
peratures, where the activation energy of the mobility is lower than that of the conductivity,
and is strongly gate bias dependent. These two features have been successfully rationalized
here by a multiple trapping and release mechanism. We note that theories based on a molec-
ular polaron concept, recently developed by Silinsh and coworkers [34], could account for the
charge transport in molecular crystals, where non thermally activated mobilities are associated
with mean free paths not longer than the intermolecular distance.

6. Conclusion

We have used a multiple trapping and release model to analyze the temperature dependence of
the conductivity and field-effect mobility of the unsubstituted and an end-substituted sexithio-
phenes. We found in both cases that the data lead to a distribution of localized states that
can be fitted to a double exponential distribution. The model is able to account for both the
thermally activated conductivity, down to about 150 K, and the gate bias dependent activation
energy of the field-effect mobility. Both the unsubstituted and the end-substituted compounds
are found to have almost similar microscopic mobilities. The ten-times lower field-effect mobil-
ity of 6T at room temperature can be entirely ascribed to its higher density of deep traps. At
temperatures lower than 150 K, a thermally-activated hopping mechanism could be invoked
to account for the change in the temperature dependence of the conductivity. The rather
low microscopic mobility could be accounted for by a model recently developed by Silinsh
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and coworkers, in which the molecular polaron “may be regarded as a slightly delocalized ionic
state which moves by hopping via tunneling from one site to another” [34], a mechanism which,
unlike thermally-activated hopping, is temperature-independent.

Appendix A

We calculate here the spatial distribution of trapped charges for the exponential distribution of
traps given by equation (17). Again, the calculations are given for an n- type semiconductor,
and minority carriers are neglected. By making use of equation {(A.1)

dv

F=—— Al
ppe (A.1)
Poisson’s equation
dF Prot
— = A2
dz Es (42)
where F' is the electric field along the z direction, can be integrated to
9 Vv
F2 = —_/ ptoth' (A.3)
ES 0
We now assume that practically all charges are trapped, so that
v
Ptot = —qNip €XP IZTC (A4)
where nip, = Ny exp[—(E. — Ep)/kT:]. Equation (A.3) now writes
U
Es l '

where v = ¢V/kT and | = T;/T. In the accumulation regime, the exponential term dominates

and one has
[2kT .y, qV
F = .
£s P 2kT, (A-6)

The spatial distribution of free carriers can now be derived by writing (A.1) as

d.z‘:-—(—iK

F

and integrating from the surface (z =0 and V = V,):

z v '
z:/o d:v':—/vél‘:/—, (A7)

From (A.6) and (A.7) we get

_ [T (v (Ve
z= P [exp( kTC> exp( kTC)] (A.8)
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The term exp(—qV;/kT.) is related to the total induced charge Qiox = ~Ci(V; — Vi) through
equation (A.6) and Gauss'’s law

esFs = _Qtot = Ci(Vg - Vfb) (Ag)

where F; is the value of F' at the semiconductor surface. The spatial distribution of trapped
charges can now be derived from (A.4) and (A.8)

2kT e

= (A.10)

nt(z)

where
2kT .,

Top = —e———
"7 4Ci (Vg — Vi)

This carrier density profile has the same analytical expression as that derived from the well-
known Mott-Gurney potential {35]. Obviously, it strongly differs from the constant distribution
that we used in the text. We can however show that both distributions correspond to practically
identical surface potentials V;.

In order to calculate Vj, we first derivate a general expression for the free surface charge Qf,
which is related to the density of free charge ny by the general equation:

(A.11)

bulk
Qs = —-q/ nedz (A.12)

urface

As previously, equation (A.12) can be integrated by changing the spatial variable z to the
potential V

Ve ng
Qs = —q/ —dv (A.13)
o F
which may also write
ekTny / Us gl
Qf Qtot ] f ( )

where ny, = N.exp]—(E. — Ef)/kT) has already been defined in the text. Here, f = F/F;,
and u, is the value of u at the semiconductor surface. Use has been made of Gauss’s law (A.9).
Making use of the electric field given by (A.6) we get

_ kTeony, 21 we  u/2l
Qr = O 201 (e e ) (A.15)

In the multiple trapping approximation, the free surface charge is also given by

Qs = —"ij Gi(Vy — Vi) (A.16)

(A.16) is equivalent to equation (6) of the text. From (A.15) and (A.16), and restricting
ourselves to the case where | > 1, we finally get

(A.17)

21 NETe,
Ve = B, — By — kT In | > Holtel” & }

2l pperC?(Vy — V)2

which is indeed very similar to equation (12).
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