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Thermopower measurements on pentacene transistors
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We present thermoelectric measurements on pentacene field-effect transistors. We report high values of the
Seebeck coefficient at room temperature between 240 and 500 wV/K depending on the dielectric surface
treatment. These values are independent of the thickness of the channel and of the applied gate voltage. Two
contributions to the Seebeck coefficient are clearly identified: the expected contribution that is dependent on
the position of the transport level and reflects the activated character of carrier generation and an unexpected
intrinsic contribution of 265+40 uV/K that is independent of the temperature and the treatment of the oxide
surface. This value corresponds to an unusually large lattice vibrational entropy of 3k per carrier. We dem-
onstrate that this intrinsic vibrational entropy arises from lattice hardening induced by the presence of the
charge carrier. Our results provide direct evidence of the importance of electronic polarization effects on charge

transport in organic molecular semiconductors.
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I. INTRODUCTION

Due to the narrow-band nature of their electronic states,
charge carriers in organic molecular semiconductors are
prone to perturbations by electronic and lattice excitations.'
Despite decades of research devoted to understanding the
implications of these interactions to charge transport, a clear
consensus is yet to emerge. The current wide interest in these
materials for potential optoelectronic applications (see the
review articles in Ref. 2) exacerbates the need for gaining
insight into this problem. Recent papers have emphasized the
role of transfer-integral fluctuations® or polarization
fluctuations® in the transport process, particularly in the
context of experimental observations of the decline of the
carrier mobility with increasing gate-dielectric permittivity
seen in both single-crystal and thin-film organic transistor
devices.%’

Thermoelectric measurements, because they provide di-
rect access to the heat transported by the carrier, can unravel
the origin of charge transport. Surprisingly, to our knowl-
edge, Seebeck coefficients have never been measured in
crystalline organic semiconductors such as pentacene, ru-
brene, and related compounds of interest here.

In this paper, we present the results of thermopower mea-
surements on pentacene thin transistors. We find that a
temperature-independent, intrinsic contribution to the See-
beck coefficient of 265+40 uV/K is present in all devices
regardless of the gate-insulator used. This value corresponds
to a very large lattice vibrational entropy of about 3kp per
carrier. We shall show that this result arises from the creation
of an intermolecular phonon cloud associated with local
changes in the van der Waals interactions between molecules
that accompany the electronic polarization induced by the
carrier in the channel of organic thin-film transistors
(OTFTs).

II. EXPERIMENT

A. Fabrication procedure

For this work, top-contact thin (5-, 10-, and
100—nm-thick active layers) pentacene transistors were fab-
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ricated by standard high-vacuum deposition techniques, as
we reported previously.®® Both thermal SiO, (200 nm thick)
on heavily boron-doped silicon wafer and single-crystal
Al,0O5 (sapphire) were used as the device gate dielectric.

We also explored possible interfacial effects associated
with the surface treatment of the oxide layer under various
plasma exposure conditions and by vacuum deposition of a
self-assembled monolayer'® (SAM) prior to pentacene
growth. Plasma treatment with argon was done at a radio
frequency of 10 W for 5 min at a constant gas pressure of
0.1 mbar. The oxygen plasma treatment was done under the
same conditions except the exposure time was set to 0.25, 2,
3 and 10 min.

To form large pentacene grains within the conducting
channels of the transistors, a substrate temperature of 328 K
and a deposition rate of 1.2 nm/min were maintained during
growth.”® The top source and drain gold contacts were
evaporated through a shadow mask at the temperature of
liquid nitrogen. The channels were fabricated with a width of
6 mm and a length of either 50 or 100 um. The four-probe
contact geometry consisted of four 6-mm-wide gold strips
spaced 600 wm apart. The morphology of the evaporated
films was studied by atomic force microscopy (NT-MDT
Solver Pro in tapping mode).

B. Characterization

Dark current versus voltage (I-V) characteristics were ob-
tained under ambient conditions using a Keithley 4200 semi-
conductor characterization system. The thermoelectric, four-
probe, and activated mobility measurements were carried out
under high vacuum of 1X 107 mbar with a homemade
vacuum chamber.

Thermoelectric power was measured by fixing the sample
to two copper heating blocks (see Fig. 1). The temperature
was measured with a differential NiCr/CuNi thermocouple
adhered to the gold contacts with a thermally stable resin. A
temperature gradient of 5 K along the sample was imposed
for the duration of 1 min. The Seebeck coefficient was de-
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Vacuum Chamber

FIG. 1. Schematic diagram of thermoelectric measurement ap-
paratus. The sample was fixed by a Apezion® high-vacuum grease
to the copper heating elements to ensure the thermal contact. The
thermocouples were cemented with Stycast® on the outer gold
pads. The electromotive force AV was measured on the inner gold
pads. The gold wires were glued with standard colloidal silver on
the gold contacts. Thermocouples T, 7>, and T3 were used to mea-
sure the temperature of the heating element and of the copper mass
(cryostat). The cryostat was electrically insulated and normally
grounded ensuring V;=0 V.

rived from the electromotive force AV divided by the applied
temperature gradient A7. To ensure that there were no arti-
facts due to the experimental setup, the direction of the tem-
perature gradient was reversed and the measurement was re-
peated. We varied the temperature of the sample holder (Fig.
1) and measured all transport characteristics between 180
and 300 K.

III. RESULTS
A. Field-effect mobility and activation energy

The electrical characteristics of an organic field-effect
transistor (OFET) provide insight into the transport mecha-
nisms via the field-effect mobility w, the activation energy of
the mobility £,, and the activation energy of the thin-film
conductivity &,.

The I-V characteristics of our pentacene thin-film transis-
tors yielded field-effect mobilities in the range of
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FIG. 2. Linear transconductance characteristics of transistor 9
generated from the linear regime of the /-V data in the inset. The
field-effect mobility is u=0.11 cm?/V's.

0.1-0.3 cm?/V s as shown in Table 1. These mobilities are
deduced from the linear region of the /-V characteristics. A
typical result is given and analyzed in Fig. 2. The tempera-
ture dependence of the mobility is represented in Fig. 3 in
the form of an Arrhenius plot. The activation energies £, and
£ P calculated from the slopes of these data, are reported in
Table 1.

The thin-film conductivities o were measured on the same
substrate (from the same batch) by means of temperature-
dependent four-probe technique. The activation energy is
then derived from the slope of an Arrhenius plot as shown in
Fig. 3. Both the field-effect mobility and the channel conduc-
tivity exhibit typical temperature-activated behavior. This
suggests that charge transport in organic thin-film transistors
occurs via hopping between localized states. The significance
of our channel conductivity results is discussed in more de-
tail in Sec. III C.

B. The thermoelectric power

For the thermoelectric experiment, the quantity of interest
is the Seebeck coefficient («), which measures the entropy
transferred to the carrier in the channel per unit charge. It is
defined as AV/AT, where AV is the voltage induced by an

TABLE I. The field-effect mobility u and activation energies of the transistors reported in this work. The
transistors differ in thickness and in surface modification of the oxide gate. The left column gives the sample
number referred to in this work. The second column specifies the process time and the gas used for plasma
surface treatment. In the case of sample 9, the oxide surface was modified by a carboxy-anthracene self-
assembled monolayer. The £, and £, values represent the activation energies of the four-probe conductivity

and the mobility, respectively.

Surface Pentacene m &, &,
treatment (nm) (cm?/V's) (meV) (meV)
1 0, 180 s 10 0.22 104 95
2 Ar 300 s 10 0.32 75 31
3 0, 300 s 5 0.33 58
4 0, 300 s 100 0.2 84
9 0, 120 s 10 0.11 161 107

COOH-anthracene
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FIG. 3. On transistor 9, the field-effect mobility is activated with
the energy £,=107 meV. The inset presents the four-probe mea-
surement of the temperature dependence of the channel conductiv-
ity. It is activated with £,=161 meV. The differences between the
Fermi level & and the transport level &y is then Ep—&y=E,~&,
=54 meV.

applied temperature gradient AT across the sample. We can
neglect the contribution of the contacts to the thermoelectric
power because the measured values are 2 orders of magni-
tude higher than that of gold. Since we measured the elec-
tromotive force AV in open circuit, no electrical current was
able to pass through the thin film. Therefore, the measure-
ment is independent of the geometrical shape of the contacts
and of the contact resistance, and grain boundaries do not
have a significant influence on the results.

The Seebeck coefficients that we obtained from our de-
vices are presented in Fig. 4. We find surprisingly high val-
ues of « ranging from 240 to 500V /K at room tempera-
ture, which depend on the nature of the device substrate.

Although the results in Fig. 4 show a strong dependence
of the thermoelectric power on the treatment of the oxide
surface, we do not observe a dependence on the contact re-
sistance or the morphology of the pentacene layer. Table II
gives the measured Seebeck coefficients of pentacene on
oxygen plasma activated Si/SiO, substrates at room tem-
perature for pentacene layer thicknesses of 5, 10, and
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FIG. 4. Seebeck coefficients measured on pentacene films de-
posited on the different substrates described in Table IV.
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TABLE II. Thermopower measurements at room temperature
for different sample thicknesses.

Sample 3 6 4
Thickness (nm) 5 10 100
Seebeck coefficient (uV/K) 245 240 249

100 nm. It has been shown that the contact resistance of
top-contact pentacene field-effect transistors increases with
increasing active layer thickness.® Since we observe little or
no dependence of the thermoelectric power on the device
thickness, we conclude that our measurements are indepen-
dent of the contact resistance.

The thermoelectric power is also independent of the mor-
phology of the pentacene surface prior to gold contact depo-
sition. Figure 5 shows atomic force microscopy images of
the pentacene surface in the device channel for various film
thicknesses. The pentacene films shown in panels (a), (b),
and (c) were evaporated on top of Si/SiO, substrates treated
with oxygen plasma and are 5, 10, and 100 nm thick, respec-
tively. Panel (d) shows a 10-nm-thick pentacene layer on top
of a Si/Si0,/Al,0O5 substrate. The substrate was treated with
oxygen plasma and then modified by a COOH-anthracene
SAM. As the film thickness increases, growth is less homo-
geneous and islands form. However, given the lack of thick-
ness dependence we observe in the Seebeck coefficient
(Table I), these changes in morphology do not affect the
thermoelectric power. This conclusion and the lack of ob-
served contact resistance are consistent with previous results
that show that charge transport occurs in the first few mo-
lecular monolayers adjacent to the gate dielectric.”>® The im-
age force, the Frohlich polaron,’ the applied external field,

FIG. 5. The topography of the pentacene films with various film
thicknesses. Pentacene films on oxygen plasma activated Si/SiO,
substrates are shown with thicknesses of (a) 5 nm, (b) 10 nm, and
(c) 100 nm. In panel (d), the gate dielectric was modified by a SAM
(COOH-anthracene) prior to pentacene evaporation. The pentacene
layer thickness in panel (d) is 10 nm. All scans have dimensions of
10X 10 pm?.
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TABLE III. Dependence of the Seebeck coefficient @ (uV/K)
on the applied gate bias V.

a (wV/K) at room temperature

Sample Vg=—40V V=0V Vg=+30V
426 406
3 221 245 237

and the extrinsic traps’ localize the charge carrier near the
gate interface. Charge transport in pentacene OFETs can
therefore be treated as a quasi-two-dimensional process.

It is also important to point out that the thermoelectric
power does not depend on the gate bias strength. We mea-
sured the thermoelectric power of an argon plasma treated
(transistor 2) and an oxygen plasma treated device (transistor
3) while applying a gate potential. The obtained Seebeck
coefficients reported in Table III and Fig. 6 do not exhibit a
significant dependence on the applied gate potential. This
confirms that the Seebeck coefficient in our devices is essen-
tially a single carrier property.!! This is true in general except
in the case of highly correlated electron systems, where it
may depend slightly on the carrier density.'?

C. Discussion

We shall now examine the factors that contribute to such
high values of .

Following Emin,'? we recall that the main contributions to
the Seebeck coefficient may be written as the sum of a for-
mation contribution «; and a migration contribution a,,

3

a=as+ay,. (1)

Here, qgay is the change in the system’s entropy induced
by adding a charge carrier and is independent of the mecha-
nism by which a carrier is transported through a material. On
the other hand, «,, comes from the entropy change associated
with the net energy transferred in moving a carrier. This con-
tribution, which depends on the charge transport mechanism,
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FIG. 6. The Seebeck coefficient as a function of temperature 7'
and applied gate voltage V. Transistor 2 was treated with argon
plasma and transistor 3 was treated with oxygen plasma.
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was calculated by Emin'* for the case of hopping transport in
disordered systems. In our case, «,, is small when compared
to ay. This is because of the nearly equal probability for
upwards hops (involving energy gain) and downwards hops
(involving energy loss) along the carrier hopping trajectory,
leading to very small values of «,, of the order of a few tens
of wV/K.'*15 If we assume further that spin contributions
can also be neglected because carrier formation in organic
semiconductors does not imply spin reorganizations, we are
finally left with two contributions that we can write as

1
= af= ;(Asmixing + ASvibration)- (2)

The configuration entropy AS iy, reflects the changes in
the distribution of the carriers between the electronic states.
The vibrational entropy AS,ipion €manates from the modi-
fication of the vibrational modes due to lattice softening or
hardening induced by the presence of a charge carrier.

For nondegenerate hole systems, AS,, is well
known!®!! and can be approximated by

Er—E\  Ep-&y
T /T

AS. mixing = s (3)
where & represents the position of the Fermi level, £ is the
hole energy, and &y is the transport energy. The angular
brackets correspond to thermal average over all the elec-
tronic states which contribute to conduction. We can estimate
the value of AS,y,, by extracting AE=Ep—Ey from four-
probe measurement of the temperature dependence of the
channel conductivity. A typical result is shown in Fig. 3. The
quasi-two-dimensional channel conductivity portrays an ac-
tivated behavior arising from the thermal excitation of the
charge carrier from the transport energy to the Fermi level
and from carrier hopping between localized states. We mod-
eled this previously’ as

- A& - 5# | | =&,
ks T = |€|PoMo CXP >

o =le|py exp Mo €XP) T

kT kyT
“4)

where £,=AE+E,, and &, is the activation energy associated
with the field-dependent mobility.

From this analysis, we determine the vibrational contribu-
tion to the measured Seebeck coefficients shown in Fig. 7 as
@yibrational = &~ Cmixing- 1able IV summarizes the results of our
analysis. As displayed in Fig. 8, we find an unusually large
vibrational contribution to « of about 265+40uV/K that is
independent of the type of gate dielectric and the different
surface treatments performed on the substrates.

IV. MODEL

We now present a model calculation that accounts for this
very large intrinsic value of @y;pationas 10 OTFTs.

When phonons with energies lower than k3T are involved,
the vibrational entropy (which, in fact, corresponds to the
specific heat) follows the law of Dulong and Petit. It leads to
a temperature-independent contribution'” given by
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FIG. 7. The temperature dependence of the mixing and vibra-
tional contributions to the Seebeck coefficient for sample 9.

where N; represents the number of softened (or hardened)
modes and v; their frequency.

Equation (5) relates the thermopower vibrational contri-
bution to the local changes in the phonon frequencies in-
duced by a charge. This contribution is exceptionally large
for the highly polarizable organic molecular semiconductors*
as the nature of the chemical bonding is changed by the
presence of a charge carrier from pure van der Waals to
charge-dipole interaction. More precisely, if the carrier is lo-
calized on a molecule, the potential energy in which the ad-
jacent molecules move is the sum of the potential energy
arising from direct interactions between neutral molecules

Av

ASvibren;ion = kB l 2 Nj
J

TABLE IV. Summary of the measured thermoelectric power
upon different substrate and surface treatments. The contributions to
the Seebeck coefficient are given in the second part of the table.

Surface Pentacene o

Substrate treatment (nm) (wV/K)
1 Si/Si0, 0, 180 s 10 280
2 Si/Si0, Ar 300 s 10 426
3 Si/Si0, 0, 300 s 5 245
4 Si/Si0, 0, 300 s 100 249
5 Al,O4 0, 15s 10 284
6 Al,O4 0, 180 s 10 240
7 Al,O4 0, 600 s 10 306
8 Al,O4 Ar 300 s 10 429
9 Si/Si0,/Al,05 0, 120 s 10 454

COOQOH-anthracene

& “w Ep=Ey Xmixing Qyibrational

(meV) a (uV/K)  (uV/K)
1 95 9 32 248
2 31 44 152 274
9 107 54 184 270

2At 300 K.
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FIG. 8. The contribution to the Seebeck coefficient due to inter-
action of the charge carrier with its surrounding phonons is about

265+40 uwV/K and independent of the nature and the kind of sur-
face treatment.

and the carrier electronic energy, itself a function of the mol-
ecule positions r;. It is given by

R 1 red

g ry)=—- #, 6
() 2;6147780;"? (©)
where ci, is the dipole induced on the ith molecule by the

carrier at the origin.* Their contribution to the polarization
energy &,(r;) decreases as the fourth power of their distance
from the carrier. Then, we evaluate the local change in the
phonon frequencies in the spirit of a pair-potential model. We
start with a Lennard-Jones potential and a van der Waals
attractive potential for a pair of neutral molecules and we add
the contribution of the carrier electronic energy,*

e ] ]
W)= 72 [2 r] o \r _2(47780)2;"3 r)’
(7)

where M is the reduced mass of the molecule, r( the equi-
librium distance between neutral molecules, y the electronic
polarizability of the molecule, and ¢ the charge of the carrier.
The shift in the carrier equilibrium position from r=r, to r
=r, is obtained from the solution of (9V/ &r),=,3=0. The re-

sult is
v
—8 = [1 +
To
The stiffness parameter is modified from k=Mw? to k*

=k+ ok=(PV/dr?),_,*, and we find

r=rp
32vq° 1
(47780)27'3 Ma)zrg '

12 2 1 1/6
12y } -

(4 7T80)2rg Mw2r(2)

k= sz[ 1+ )

For a pair of pentacene molecules, these parameters are
estimated as follows: 7y/4me,=40 A3, ry=5 A, M=23
X102 kg, and w=2mv~10"s7!, so that Sv/v=(1/2)
X(8k/k)=0.32. Since the frequency hardening is propor-
tional to r56, the strongest contribution to the thermopower
comes from the four next-nearest neighbors of the ionized
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molecule in the pentacene crystal. In our case, by consider-
ing two optical modes in the plane, the estimated ther-
mopower is
k B A 14
QXyipration 8—— =220 ILLV/K (10)
q v
This calculated value agrees remarkably well with the mea-
sured values reported in Fig. 8.

V. CONCLUSION

The above results strongly support the conclusion that an
electronic polaron is formed in the quasi-two-dimensional
channel of organic field-effect transistors. In the pentacene
thin films presented here, the charge carriers are localized
due to the presence of interfacial disorder. Thus, the elec-
tronic polaron is quasi static.

PHYSICAL REVIEW B 75, 115338 (2007)

In high mobility transistors based on pentacene single
crystals,®!® the electronic polaron is delocalized as Bloch
waves.* As further corroboration of our results, we predict
the vibrational entropy to be weaker in single crystals than in
thin films. Understanding the dynamics of the electronic po-
laron motion can lead to quantitative assessment of the ob-
served charge transport in organic molecular semiconductors
and the optimization of the performance of optoelectronic
devices based on them. We have recently proposed a theory
to predict the mobility of this electronic polaron.!®
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