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Modeling of transport in polycrystalline organic semiconductor films
S. Verlaak,a),b) V. Arkhipov, and P. Heremansa)

IMEC, Kapeldreef 75, B-3001 Leuven, Belgium

~Received 15 July 2002; accepted 5 December 2002!

We propose a grain-boundary barrier model with an energy distribution of interfacial traps to
describe charge transport in polycrystalline organic thin films. The model is applied to the
interpretation of charge transport in unintentionally doped pentacene films. It gives an acceptable
explanation for the concomitant increase in threshold voltage and mobility, and allows an
understanding of the difference between the dopant-concentration and gate-voltage dependences of
the mobility. © 2003 American Institute of Physics.@DOI: 10.1063/1.1541112#
o
in
e
w

el

o
a
n
e
in
l.
d

ne
n
o
th
i

ib
th
ly
le

lin
te
io
er
n

ke

d
ot
al

arges
ide
grain
ace-
-
n

f
atter
the
w-
ing
ntra-
igh
an
ely
n-

tor
s-
r

it,

ctor.
ve-

two
nt
and

ion

itive
Organic electronic devices promise a low-cost techn
ogy for large-area electronics. Among them, organic th
film transistors~OTFT’s! based on polycrystalline pentacen
have demonstrated promising performance. Pentacene
one of the first organic semiconductors to show relativ
high room-temperature mobilities in thin films.1 Despite the
fast technological evolution of OTFTs, the charge-transp
mechanism in this material is still subject to debate. It w
recently suggested that the concept of trap-controlled tra
port provides a more satisfactory description of carrier kin
ics in polycrystalline pentacene OTFTs than a gra
boundary barrier model, such as the Levinson mode2,3

However, the former assumes a spatially homogeneous
tribution of traps, thereby disregarding the polycrystalli
nature of those films, in which traps are known to be co
centrated at grain boundaries. Moreover, the assumption
trapdistribution, rather than a monoenergetic trap state at
grain boundary as in the Levinson model, is more realistic
the case of organic semiconductors.4 In the present letter, we
suggest an extended barrier model with an energy distr
tion of traps at grain boundaries. We apply this model to
analysis of charge transport in unintentionally doped po
crystalline thin films of pentacene. Experimentally verifiab
distinctions between different models are indicated.

Within the amorphous phase separating two crystal
grains, a rather high density of localized states distribu
within a broad energy range is expected. This distribut
g(E) will trap S charges per unit interfacial area, as det
mined by the Fermi–Dirac statistics. Using the conventio
in Fig. 1, drawn for hole conduction,S can then be ex-
pressed as

( 5E
0

` g~E!

11expS EB1EF~NA!2E

kT D dE, ~1!

whereEF is the Fermi level determined by the acceptorli
dopant concentrationNA in crystalline grains,k is the Bolt-
zmann constant, andT is the temperature. Those trappe
charges are concentrated at grain boundaries and repel
charges of the same sign. For the film to remain electric
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neutral, the trapped charges need to be screened by ch
of the opposite sign. In doped films, ionized dopants prov
the counter charges to screen the trapped charges at the
boundary. The screening charges are located in a sp
charge region of the widthw ~Fig. 1!, and generate a poten
tial barrier of the heightEB , as stated by the Poisso
equation.5,6 The dopant concentrationNA together withS
determinesw and EB . In a transistor configuration, part o
the screening charge is also located at the gate. In the l
case, the barrier height can only be calculated by solving
Poisson equation in two dimensions. We restrict the follo
ing calculations for the one-dimensional case, only includ
dopant concentration dependences. If the dopant conce
tion and, therefore, the density of ionized dopants are h
enough, the width of the potential barrier will be smaller th
the size of the grains, i.e., the grains will not be complet
depleted. This is often the case in organic thin films for tra
sistors. The Poisson equation then yields

EB5
e2(2

8«sNA
, ~2!

with «s being the dielectric constant of the semiconduc
ande is the elementary charge. The mobility in a polycry
talline film is controlled by the rate of thermionic carrie
jumps across the grain boundary~Fig. 1! as5

FIG. 1. Shown is the hole transport band of a polycrystalline semicondu
Zero energy is at the highest point of the barrier for mathematical con
nience. An interfacial hole–trap distribution at the boundary between
semi-infinite grains is partially filled with mobile holes coming from dopa
molecules. The number of trapped holes depends on the trap distribution
the position of this distribution with respect to the Fermi level. This posit
is determined by the barrier height. The barrier widthw is the width over
which dopants are negatively ionized in order to screen the trapped pos
charges at the grain boundary.
© 2003 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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m'm0•expS 2
EB

kTD , ~3!

with m0 linearly increasing with grain size. Equation~2!
shows that higher dopant concentrations screen the cha
at the grain boundary more effectively and the barrier
lower. As illustrated in Fig. 1, this can be understood beca
a larger dopant concentration results in smaller space-ch
regions at the grain barriers and, hence, lower barriers. F
Eq. ~2!, it is also clear that the barrier height increases wh
more charges are trapped at the grain boundary. Howe
Eq. ~1! and Fig. 1 show that higher potential barriers lift th
trap distribution away from the Fermi level. Hence, incre
ing the potential barrier height self-consistently decreases
amount of charge trapped at the boundary. Solving Eqs.~1!
and ~2! for a given interfacial trap distribution at the gra
boundaries results in self-consistent values ofS andEB .

We simulated the dopant-concentration dependence
the barrier height for an exponential distribution of interf
cial traps. The results are shown in Fig. 2. The major eff
of varying the total trap density at the grain boundary is
scale the barrier height and, therefore, the mobility accord
to Eq. ~3!. Changing the steepness of the interfacial trap d
tribution on the other hand, modulates thevariation of the
barrier height with the dopant concentration. Barrier heig
vary less with dopant concentration if the distribution
steeper. This feature distinguishes our model from
Levinson barrier model of a completely filled monoenerge
trap state. The latter necessarily results in the barrier he
varying inversely proportionally to the dopan
concentration.3

We have used our model to interpret experiments
which unintentional doping determines the barrier hei
and, thereby, the mobility. As-received pentacene~Aldrich,
98% pure! was grown in thin films with various depositio
rates and substrate temperatures on thermally oxidized d
silicon wafers. Prior to growth, the 200 nm thick SiO2 was
cleaned in oxygen plasma. The films grew with comp
grains. Grain sizes varied between 300 and 800 nm. For t
sistor measurements, gold source and drain contacts
evaporated on top of the pentacene film, while the wa
itself was used as a gate contact. For comparison, sim
films and devices were made from pentacene purified o
by vacuum gradient sublimation with a steep temperat
gradient. The hole mobilitym and threshold voltageVt were
extracted from the saturation regime. Large and posi

FIG. 2. Variation of the barrier height with dopant concentrationNA . An
exponential trap distributiong(E)5(0 /E0 exp(2E/E0) is assumed. Here
(0 is the total interfacial trap density, taken to be 531012 cm22, andE0 is
the characteristic energy of the distribution, varying from 0.1~lowest curve!
to 0.7 eV ~highest solid curve!. The dashed line is modeled usingE0

58 eV, i.e., a uniform trap distribution.
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threshold voltages required large and negative drain volta
to keep the device in saturation. This requirement limited
range of gate voltages that could be applied, and dev
could rarely be fully depleted. In practice, the mobility an
threshold voltages were always extracted from the tangen
the transfer curve at zero-gate voltage. At this operat
point, there are hardly any gate charges to screen the tra
charges at the grain boundaries and the maximum ba
height in the channel will predominantly be determined
the dopant concentration. Some transfer characteristics
shown in the inset to Fig. 3.

Depending upon film deposition conditions, the mobili
varied from 0.005 to 0.6 cm2/V s with a concomitant in-
crease of the threshold voltage from less than110 to about
180 V. Comparable mobilities and threshold voltages ha
been reported for as-received pentacene films before.1 In
similar films of purified pentacene, the threshold voltage
mained significantly lower and varied around 0 V, indepe
dent of the mobility. These observations suggest that la
values of the threshold voltage in films of as-received pen
cene can be largely attributed to unintentional impurity do
ing, introducing acceptor states. The concentration of acc
tor states~neutral when empty, negative when charged w
an electron! able to generate mobile holes at room tempe
ture in the as-received material,NA , varied with the deposi-
tion conditions used. At high threshold voltagesVt , NA can
be estimated asNA5(CiVt)/(ed). Here,Ci is the gate ca-
pacitance per unit area, andd is the effective film thickness
which was estimated to be about 5 nm. Furthermore,
relatively small variation in grain size just mentioned, can,
first approximation, be disregarded because it cannot be
sponsible for the two orders of magnitude variation in m
bility. The observed dependence of the mobility upon t
dopant concentration is plotted in Fig. 3.

Based on the data in Fig. 3 alone, it is neither possible
clearly distinguish a grain-boundary barrier model from t
multiple-trapping-and-release~MTR! model with an expo-
nential bulk trap distribution,7 nor from the potential well
model.8,9 This distinction is possible, however, when com
paring the dopant-concentration dependence with the g
voltage dependence of the mobility. The MTR model p

FIG. 3. Mobility vs dopant concentration in unintentionally doped polycry
talline as-received pentacene thin films. Data~crosses! is fitted assuming an
exponential interfacial grain-boundary trap distribution~solid line! with (0

5431012 cm22, E050.5 eV, andm0 assumed 1 cm2/V s. Also shown is a
comparison with fits using the MTR model with exponential trap distrib
tion ~dashed–dotted!, the Levinson model~dotted!, and the potential well
model~dashed line!. The inset shows the transfer characteristics from wh
the mobilities and threshold voltages were extracted, for channel length
30 ~upper curve!, 75, and 100mm ~lowest curve! and a 2000mm channel
width. For one specific thin film, mobilities of different devices with chann
lengthsL530, 50, 75, 100, 125, 150, and 200mm are plotted vsL21 on the
right-hand side.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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dicts that the availability of more charges will result in fillin
more traps, thereby reducing the density of vacant traps
increasing the effective mobility of the remaining mob
charges. Similarly, the potential well model suggests t
only mobile charges neutralize the counter charges of
trap states at the grain boundary. More mobile charges
vide a better screening of those counter charges. In bot
these models, the dopant-concentration dependence o
mobility is the same as its gate-voltage dependence: Ch
ing the gate voltage or the dopant concentration is jus
means to change the concentration of mobile charges in
semiconductor. For the barrier model, the situation is diff
ent. Changing the dopant concentration will not only chan
the number of mobile charges but also the size of the sp
charge region of ionized dopants that determines the po
tial barrier. Changing the gate voltage on the other ha
changes the number of mobile charges inside the semi
ductor as well, but not the concentration of ionized dopa
Screening of the trapped charges at the grain boundary
curs partly by residual fixed ionized dopants in the semic
ductor, and partly by the mobile counter charges at the g
Contrary to ionized dopants inside the thin film, the coun
charges at the gate are separated from the trapped charg
the gate dielectric. Hence, in a grain-boundary barrier mo
the screening of the trapped charges by the gate is expe
to have longer characteristic screening lengths, resultin
higher potential barriers. Therefore, for a given concentra
of mobile charges, the mobility will be higher in films i
which those mobile charges are generated by dopants.

This feature can be used to distinguish experiment
whether the mobility is limited by potential barriers at gra
boundaries, trapping~MTR!, or potential wells. In our pen
tacene films, we observed mobilities of around 0.1 cm2/V s
in films of as-received pentacene with a dopant-induced c
centration of 531012 cm22 mobile charges in the first mono
layers of the film. In a morphologically similar film10 of
purified pentacene with an estimated accumulated g
charge ofCi(VG2Vt)/e5531012 cm22, the mobility was
about one order of magnitude smaller. This observation is
indication for the validity of the grain-boundary barrie
model. It should be mentioned that we have also grown fi
with purified pentacene that have a high mobility combin
with threshold voltages around zero, yet those films h
different morphologies, e.g., larger dendritic grains instead
compact grains.

A second experimental observation is the channel-len
dependence of the mobility. We observed higher mobilit
for shorter channel lengths. In terms of a grain-bound
barrier model, the potential between the source and d
drops over a smaller number of grain boundaries in sho
channels. The higher local electric field over the barriers
expected to result in a pronounced barrier lowering effect7,11

In terms of a trapping model, transport becomes field dep
Downloaded 29 Jan 2003 to 146.103.254.11. Redistribution subject to A
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dent in strong electric fields as well.12 However, now, the
potential drops uniformly across the channel instead
steeply across a limited number of grain-boundary barrie
The lower local fields associated with this uniform potent
drop make this process less likely given the source–d
voltages applied to our transistors. The channel length ef
is partly responsible for the data scatter in Fig. 3. To illustr
this, the right-hand side part of Fig. 3 shows the chann
length dependence of the mobility measured on the sa
pentacene film.

In summary, we propose a model of charge transpor
polycrystalline organic thin films controlled by carrier jump
across grain-boundary barriers with an interfacial trap dis
bution. This model proves to be more flexible than barr
models assuming monoenergetic trap states at the boun
and is, for most films, of practical importance for transisto
physically more appropriate than multiple trapping and
lease of charge carriers. It should be noted however that
films with very low doping, small grains, and on thick ga
dielectrics, the barriers can fully deplete the grains.5 In that
case, the traps at the grain boundaries can safely be ass
to be homogeneously distributed in space, resulting in tr
controlled transport. The model gives a reasonable expla
tion for the concomitant increase in the threshold voltage
the mobility in different films, and allows an understandin
of the observed difference between the dopant-concentra
and gate-voltage dependences of the mobility. Moreove
suggests that some of the high mobilities reported in pe
cene thin-film transistors might be caused by a high conc
tration of ~unintentional! doping, rather than to a favorabl
thin-film morphology.
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