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Carrier transport and density of state distributions in pentacene transistors
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We present a density of state model for the transport properties of pentacene field effect transistors. Using a
one-dimensional transistor model we study the effect of different localized trap distributions on the current-
voltage characteristics of such devices. We find that a distributed trap model with a steep exponential band tail
of donors and a shallower exponential tail of acceptors inside the band gap can describe consistently our
experimental data obtained from bottom-gate polycrystalline pentacene transistors for different gate dielectrics
and under various external conditions.
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I. INTRODUCTION

Organic materials have received increased attention in
last several years as materials for electronics, as they pro
a bulk processing of flexible and/or large-area devices at
cost. In particular, the number of available organic semic
ductors with a wide range of materials and transport prop
ties is growing fast. In order to utilize these materials bes
is important to understand the physical basis of their tra
port properties, and how they depend on fabrication con
tions and the operating environment.

One class of organic semiconductors is based on ace
with pentacene as the most prominent member, because
high band mobility of up to 1.5 cm2/V s.1,2 The transport
properties of pentacene are known to depend crucially on
fabrication procedure, and disorder and/or impurities in
current-carrying channel can reduce the carrier mobility
several orders of magnitude. The temperature dependen
the mobility in single-crystalline pentacene (m}T22.5) sug-
gests a bandlike transport of extended states. For polyc
talline pentacene the situation is more complex, and differ
models based on grain boundary potential barriers, pote
wells, and trapping at localized gap states3–5 have each been
proposed.

During the growth of pentacene on a substrate, gr
boundaries and defects are incorporated into the penta
film. Lin et al. ~Ref. 3! suggested that poor molecular orde
ing at the semiconductor-substrate interface causes a se
degradation of the transport properties, as they demonstr
that a surface-treatment with self-organizing molecules s
as octadecyltrichlorosilane, which form an ordered grow
template for the pentacene molecules, increases the mob
substantially.

Much is known about the role of structural disorder
inorganic semiconductors such as amorphous silicon, wh
typically form continuous random networks. These mater
are characterized by a low free-carrier mobility, shallo
band tail localized states, and deep defect states. The org
materials are molecular solids with weak intermolecular
teractions, and the detailed correlation between the struc
disorder and behavior of thin film transistors is not fu
understood. Much of the information about transport in
ganic materials now comes from transistor data, and a cor
interpretation of the device characteristics is necessary to
0163-1829/2002/66~19!/195336~8!/$20.00 66 1953
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tract the transport information. Transistors are sufficien
complex devices that the material physics of electronic tra
port cannot easily be extracted from the data. In the in
ganic materials, it has proven valuable to use a physics-ba
numerical model to relate the transistor characteristics to
underlying physical mechanisms.

We have therefore developed this type of numeri
model for organic transistors, and have applied this to p
tacene to identify the transport mechanisms. The immed
issue is whether a trap model or a potential barrier mode
a more appropriate description of transport. The evidence
the potential barrier model in a thin film transistor~TFT! is
the fit to Levinsonet al.’s model6 which predicts the drain
current as function of the gate voltage in the linear regim
However, our recent work has shown that Levinsonet al.’s
model alone is not sufficient to confirm the grain bounda
mechanism.5

The numerical simulation calculates the impact of loc
ized states on the transport properties of pentacene. Usin
gradual channel approach the potential and charge distr
tion in the TFT channel is calculated as function of an
sumed localized density of states in the semiconductor.
modeling results are compared to data measured on h
mobility organic TFT’s made from thermally evaporate
pentacene.7,8 The model describes the observedI -V charac-
teristics well, assuming a steep exponential band tail of
nor states and a shallower exponential distribution of acc
tor states. Though the number of states in each distribu
varies from device to device, the width of these distributio
appears independent of the dielectric material and exte
stimulations of the device. The ability to extract the dens
of states distribution and to identify the character of t
states, begins the process of identifying their physical orig

In the Sec. II we describe the model. Section III conta
a comparison of model results with data measuered fr
some of our pentacene TFT devices. A discussion of the
sults and conclusions follow in Sec. IV.

II. MODEL

In a field effect transistor~FET! ~Fig. 1! the source-drain
current is carried by mobile charges through a narrow ch
nel at the dielectric interface. By changing the gate volta
one controls the concentration of the mobile carriers in t
©2002 The American Physical Society36-1
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region by biasing the~local! Fermi energy at the interface
Localized states with energies near the Fermi energy
influence the concentration of mobile charges, there
changing the current-voltage (I -V) characteristics of a de
vice.

In order to investigate whether observedI -V curves for
pentacene thin film FET’s can be explained by the prese
of localized states in the channel area, we have develop
one-dimensional model to calculate the charge and pote
distribution along a line through the layers of the FET (z axis
in Fig. 1!, assuming a density of states distribution of tr
states in the semiconductor. In the linear regime~gradual
channel approximation!, when the source-drain voltageVDS
is much smaller than the gate voltageVG , the potential dif-
ference between the gate electrode and the semicond
hardly changes, and the carrier concentration in planes
allel to the dielectric interface becomes almost independ
of the location within this plane. For these cases, our o
dimensional model is sufficient to describe the carrier c
centration in the device and, forVDS→0V this region ex-
tends over almost all values ofVG .

Using this model we can calculate the source-drain c
rent in the Ohmic linear regime as9

I SD5
W

L
m0qcVDS , ~1!

wherem0 is the mobility of the excited carriers inside th
bands~localized states have zero mobility and do not co
tribute to the current! and

c5E dzc~z! ~2!

denotes the~gate voltage dependent! mobile charge carrier
concentration integrated over the channel heightH. c(z) var-
ies with the applied gate voltage and has a finite value o
in a narrow region at the gate dielectric. Depending on
type of semiconductor and the source and drain contacts
carrier distributionc(z) describes holes, electrons, or bot
The charge and potential distributions within the channel
completely determined by the Maxwell equations and
continuity equations for the different carriers. In the grad
channel approximation applied here these equations nee

FIG. 1. Schematic plot of a bottom-gate FET. The arrow labe
z denotes the cut through the FET along which Eqs.~3! and~4! are
solved. The channel length from source to drain contact isL, its
height ~in the z direction! is H, and its width isW.
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be solved only along thez-direction~see Fig. 1! and, assum-
ing steady-state conditions, reduce to

]z@e~z!]zw~z!#52q$p~z!2n~z!1pD~z!2nA~z!%. ~3!

and

p~z!5E
2`

EV dED~E!

11exp$2@E1w02EF2w~z!#/kBT%
,

n~z!5E
EC

` dED~E!

11exp$@E1w02EF2w~z!#/kBT%
. ~4!

Here,p(z) andn(z) denote the hole and electron concent
tion, respectively, andD(E) is the density of electron state
in the bands, which we approximate using a square r
distribution10

D~E!}H AEV2E, E<EV

AE2EC, E>EC

~5!

and an effective carrier mass of 1me ~electron mass!, in the
absence of specific information about pentacene.w(z) is the
external electric potential.pD(z) andnA(z) denote the occu-
pied localized states and are given by

nA~z!5E dE NA~E!

11exp$2@E1w02EF2w~z!#/kBT%

pD~z!5E dE PD~E!

11exp$@E1w02EF2w~z!#/kBT%
, ~6!

where NA(E) and PD(E) describe the distributions of th
localized acceptor and donor states, respectively. The po
tial w0 denotes the difference of the ‘‘local’’ Fermi energyEF
from a reference energy and comes into play, if the F
consists of multiple layers of semiconductors, either fro
different materials or of the same material, but with differe
traps and/or doping states. In this case each layer has its
‘‘local’’ Fermi energy EF , while thew0 is the difference of
the work function of this layer with a reference material~we
typically use the bottom layer in the FET device!. As it turns
out, and is described in the Sec. III, we need an interf
layer next to the dielectric that has a different distribution
trap states from the bulk material in order to explain t
observed experimental results.

The potential and charge distributions in the device
calculated using a finite element approach. To allow fo
good spatial resolution of the potential and charge distri
tions in the channel area, yet reduce the necessary comp
tional load, we use an exponential mesh in the pentac
with a mesh size of less than 1 Å at thedielectric interface
and a much larger mesh size at the opposite end. For a g
gate voltageVG we start the calculation with an approxima
potential distribution from which we obtain a first guess f
the charge distributions Eqs. 4 and 6. We then iterate thro
Eqs. ~3!, ~4!, and ~6! until we arrive at a self-consistent so
lution. To calculate theI -V characteristics of a device w
scan through a range of gate voltages.

d
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CARRIER TRANSPORT AND DENSITY OF STATE . . . PHYSICAL REVIEW B 66, 195336 ~2002!
In the accumulation regime of the transistor we can
the substitution9

qc5
e

D S VG2Vt2
VDS

2 D ~7!

to rewrite Eq.~1! as

I SD5
W

L

e

D
m0VDSS VG2Vt2

VDS

2 D . ~8!

This expression is commonly used to extract the~band! mo-
bility and the threshold voltage from experimental da
Here,e andD are the dielectric constant and thickness of
gate dielectric, respectively.

III. RESULTS AND COMPARISON WITH EXPERIMENTS

We compare our model to thin film transistors~TFT!
made from vacuum evaporated pentacene as channel m
rial. The pentacene was deposited on highly doped sili
wafers coated with thermal oxide or plasma enhanced che
cal vapor deposition~PEVCD! silicon nitride as gate dielec
tric. Gold source and drain contacts were deposited on to
the pentacene layer. The influence of the preparation co
tions on the structural and electronic properties of the fil
was studied and described earlier.7,8 For the following inves-
tigation we use high mobility pentacene TFT’s withm
50.3 . . . 0.6 cm2/V s.

Our measurements find that the pentacene transistors
hibit variability in their I -V characteristics even when depo
ited under nominally the same conditions. In particular,
gate voltages at which they turn on can differ by more th
10 V, while the measured carrier mobilities remain about
same. Similar variations in the onset current can be indu
in a single sample by illumination. Our previous studies s
gested that the variability is due to different densities of
calized acceptor states, but the physical origin of the state
not determined. One of the purposes of this modeling st
is to test this trap-state model.

In our numerical calculations we assume a gate dielec
thickness betwenD5100 and 120 nm, and a pentacene lay
height H550 nm, consistent with actual measurements
the geometry of the devices used for collecting the d
shown here. The width to length ratioW/L varies from 6 to
10 in the devices discussed here. Also, because the gold
tacts inject holes into the channel region, we consider o
hole transport and localized states that influence directly
hole distribution in the simulations.

A. Thermal oxide dielectric

Figures 2 and 3 show experimental current-voltage (I -V)
data for a pentacene transistor obtained with a small~2-V!
source-drain voltage. It should be noted that the experime
points come from two different measurement metho
Mostly below the threshold voltage the drain-source curr
I DS is measured using a dc gate voltage. This method le
to some bias-stress effects which cause a reduction inI DS
over time, and is more pronounced for higher gate voltag
To avoid these bias-stress effects we use a pulsed gate
19533
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age for current measurements above the threshold volt
Figure 2 shows that the threshold voltageVT , as deduced
from the slope of the linear regime is about23 V, while the
transistor turns on at about110 V ~cf. Fig. 3!. It is the
subthreshold region between the threshold voltage
turn-on voltage that we attribute to traps and is the focus
the model.

FIG. 2. A typical experimentalI -V curve of one of our penta-
cene TFTs. By fitting the linear regime of theI -V curve to Eq.~8!
we obtain a mobility ofm50.359 cm2/V s ~broken curve!. The dot-
ted line is simulation data assuming intrinsic pentacene as cha
material, and the solid curve is a model fit assuming an expone
distribution of low-lying donor states and deeper acceptor sta
~see the text for more details!.

FIG. 3. I -V curve of the same sample as shown in Fig. 2, but
a log-lin plot. The dotted curve shows the expected current-volt
characteristics for a transistor made of intrinsic pentacene. The s
line shows the current if we assume bulk acceptor states in
model.
6-3
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A. R. VÖLKEL, R.A. STREET, AND D. KNIPP PHYSICAL REVIEW B66, 195336 ~2002!
The dotted curve in Fig. 2 is the calculatedI -V curve
assuming that the channel is made of intrinsic pentacene
can be seen in Fig. 2 the sample has a higher threshold
age than expected from a transistor made of ‘‘perfect’’ intr
sic pentacene. If we assume that the observed deviation
the I -V characteristics from the intrinsic pentacene mode
due to localized states only, we need to introduce do
states in order to explain the shift of the threshold voltage
more negative values. The best fit of the experimental dat
the linear regime is achieved using a steep exponential
tribution (wE540 meV) of low-lying donor states. Thes
states appear to agree very well with photocurrent and t
mal deflection spectroscopy measurements that sugge
exponential band edge slope with a width ofwE'33 meV.
The best fit to the measured on-current data shown as s
curve in Fig. 2 is obtained using an exponential donor dis
bution with Emin50, Emax50.2 eV, E050, wE540 meV,
andNtot5531018cm23 ~cf. the Appendix for the definition
of the parameters!. The concentration of donor states abo
Emax50.2 eV is very small, and their effect on theI -V curve
is negligible, justifying the cutoff for the numerical calcula
tions at this energy level.

The holes that carry the current through the channel
concentrated in a thin~few nm thick! layer at the dielectric
interface, as shown in Fig. 4. From the model calculatio
we cannot distinguish whether the donor states are inter
or bulk states, as long as they are present within a 3–5-
thick layer next to the dielectric interface. However, pho
current measurements suggest that these states are p
within the bulk of the semiconductor.

Figure 3 shows the onset of the current in a log-lin pl
The current starts at a finite positive gate voltage, and,
our trap model, we have to introduce acceptor states to
count for this shift. If intrinsic pentacene or pentacene w
donor trap states only is assumed, then the current onset
VG50 V, as shown by the dotted line in Fig. 3. Furthe
more, the acceptor states must be deeper within the band

FIG. 4. The distribution of holes@p(z)#, electrons@n(z)#, and
excited gap states at the dielectric interface forVG5210V.
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than the donor states to have the desired effect on theI -V
characteristics. The total concentration of acceptor states
termines the onset voltage, and the distribution of th
states determines the slope of theI -V curve at low currents.

Our model clearly indicates that the acceptor states
located near the dielectric interface. If we assume them to
homogeneously distributed throughout the whole pentac
layer, then we observe a finite current even at high posi
gate voltages~solid line in Fig. 3!. This off-current is carried
by holes that accumulate on the side of the pentacene l
opposite to the gate dielectric. However, if we assume
acceptor states to be present only in a thin~5–10 nm! layer at
the dielectric interface, a good fit to the experimental data
obtained with an exponential trap distribution using the p
rameters shown in Table I.

The mobility valuem0 used in the simulation model cor
responds to the mobility obtained by fitting the experimen
data in the accumulation regime (VG,220 V), where the
source-drain current varies linearily with gate voltage, to E
~8!. These values form0 compare well with mobilities mea
sured by Linet al. for similar pentacene transistors,11 and is
about a factor 2–5 smaller than mobilities measured in O
treated penatacene TFT’s.1,2 Due to the localized intraband
states we observe a large turn-on regime where the field
fect mobility, which is proportional to the slope of theI -V
curve,

mFE5
LD

WVDSe

]I DS

]VG
, ~9!

varies from zero tom0. In this turn-on regime, changes in th
gate voltage lead to a change in both localized and mo
charge carriers, hence, effectively reducing the curr
through the transistor for a given charge accumulation. F
ure 5 shows the field effect mobility normalized bym0. The
turn-on voltage range depends on the concentration and
tribution of the localized states and extends typically ov
about 20 V. Because of the increase in population of loc
ized charge states in the turn-on regime we have to use
total charge carrier distribution in the substitution@Eq. ~7!#,
and have to replace the band mobilitym0 with the effective
mobility

me f f5
c

c1T
m0 , ~10!

in Eq. ~8!. Here, T denotes the hole concentration in th
localized inter-band states.me f f is proportional to the ratio of
mobile to total charge inside the channel and shows a sim
VG dependence asmFE ~cf. Fig. 5!, but remains substantially

TABLE I. Parameters for the acceptor states used to fit the o
current in Fig. 3. See the Appendix for the definition of these
rameters.

d ~nm! Ntot (1021 cm23) wE ~eV! E05Emin ~eV! Emax ~eV!

5 0.0048 0.2 0.03 0.9
10 0.0023 0.2 0.04 0.9
6-4
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CARRIER TRANSPORT AND DENSITY OF STATE . . . PHYSICAL REVIEW B 66, 195336 ~2002!
smaller than the free carrier mobilitym0 in the gate voltage
regime under investigation. This is a consequence of
large concentration of localized states that contribute to
total charge inside the channel. With decreasing numbe
localized statesmFE andme f f both approach a step functio
with the value ofm0 above and zero below the thresho
voltage.

B. Effects of illumination

External stimulations can change theI -V characteristics
significantly. For example, our pentacene TFT’s show a s
of the onset and threshold voltage with illumination, whi
recovers slowly in the dark. Figs. 6 and 7 show severalI -V
curves taken during a one week period after the sample

FIG. 5. Normalized field effect and effective mobility as fun
tions of the gate voltage.

FIG. 6. ExperimentalI -V curves for a sample after about
hours of illumination. The data sets are measured at different ti
after the illumination has turned off. The markers indicate data fr
measuredI -V curves, and the solid curves are model fits.
19533
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been exposed to about 2 h of light from a halogene lamp
During the illumination both the onset and threshold voltag
shift to higher values, both at different rates. However, af
one week the transistor has relaxed back close to its orig
state~cf. Table II!. It should be noted that the illuminatio
did not change the carrier mobilitym50.14 cm2/V s of this
sample. Using our trap state model as described earlier
have fitted the data shown in Figs. 6 and 7. We achieve g
fits with adjusting only the total concentration of the don
and acceptor states and the minimum energy of the acce
states~cf. Table III!. To account for the shift in the onset an
threshold voltages with illumination we have to increase
acceptor and donor concentrations, respectively.

Another effect that can lead to a shift of theI -V curves is
charge accummulation at the dielectric interface. In this c
we would expect the same rate of change in the thresh
and onset voltage over time, which is not what we obse
experimentally. However, we could expect a combination
these two effects with part of the shift of theI -V curves due
to bias stress effects, the other part due to change of
concentration of the localized trap states. With the curr
level of approximation within our model it is hard to extra
the contributions from both effects uniquely.

es

FIG. 7. Same data as shown in Fig. 6, but as a log-lin plot. T
onset voltage decreases with increasing time after the turn-off of
illumination.

TABLE II. Time evolution of the onset and threshold voltage
the transistor shown in Figs. 6 and 7 after 2 h of illumination. After
129 h the transitor characteristics are back to the values before
illumination.

time ~h! Vt ~V! Von ~V!

0 29.23 19
19 211.89 14
33 213.00 12
57 214.19 10
129 216.00 8
6-5
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C. Silicon nitride dielectric

Figure 8 shows data from a transistor with plasm
deposited Si3N4 as dielectric. The different curves there co
respond to repeatedI -V curve measurements with a mode
ate gate voltage (VG5210 V) applied between the
measurements. All three curves can be fitted using the
state model. However, to account for the shift from posit
to negative onset voltages the deep acceptor states have
converted gradually into donor states~Table IV!. On the
other hand, since all the three curves have the same s
~i.e., they can be brought on top of each other by shift
them parallel to thex axis! we can achieve an equally goo
fit by assuming the trap state distribution of the right m
data set and introducing a positive charge density at the
electric interface that increases with the length of appl
bias voltage. Since the shift of the curves is due to bias st
effects caused by applying a negative gate voltage ov
certain period of time, the charging up of the interface see
to be the more physical approach for fitting the data. A sim
lar bias-stress effect was observed in Si transistors w
Si3N4 as the gate dielectric.12

TABLE III. Fitting parameters for the data sets shown in Figs
and 7. All parameters not listed are the same as for the first sam
discussed here.

time ~h! ND
tot (1021 cm23) NA

tot (1021 cm23) Emin5E0 ~eV!

0 0.018 0.0091 0.040
19 0.025 0.0072 0.050
33 0.029 0.0062 0.065
57 0.034 0.0052 0.070
129 0.038 0.0041 0.110

FIG. 8. Current-voltage characteristics for a sample with Si3N4

as the dielectric. The shift in the curves is due to bias stress eff
The bias stress effect can be modeled by either a change of the
donor to acceptor states, or by an accumulation of positive charg
the dielectric.
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IV. DISCUSSION

We have used a distributed trap state model to investig
the effect of localized band-gap states on theI -V character-
istics of pentacene TFT’s. The first simulation results a
quite encouraging, as they show that the experimentalI -V
curves can be consistently fitted assuming a shallow dis
bution of donor states and a deeper distribution of acce
states. The donors cause a shift of the threshold volta
while the acceptor states primarily cause a shift of the on
voltage. Moreover, the saturation of the donor states at
gate voltages results in an extensive linear current-volt
regime consistent with the experimental data.

External stimulations of the device such as illumination
stress biasing of the gate lead to changes in theI -V charac-
teristics of our transistors. In the first case the threshold
onset voltages change at different rates during illuminati
suggesting a change in the different trap state concentra
Bias stress effects, on the other hand, shift the wholeI -V
curve by a constant amount, and within the model a cons
charge density at the dielectric interface fits the experime
data best.

Figure 9 shows the distribution of band and localiz
~trap! states we obtained from fitting theI -V characteristics
shown in Figs. 2 and 3. The donor states form a narr
distribution close to the valence band edge, and their wi
and position agrees well with trap state measurements
well as photocurrent measurements. The acceptor state
broader and deeper within the band gap. Models of this t
generally cannot give a precise density of states distribut
because the calculatedI -V characteristics largely depend o
an integral over energy. Hence the fit is rather insensitive
small changes in the distribution and can be further affec
by the depth distribution and/or the presence of states in
dielectric. However, the modeling can give a general sh
to the distribution and can demonstrate consistency betw
different measurements.

The details of the electronic states near the band edg
these polymer systems are not known. However, a poss
source for the distribution of localized donors is the prese
of highest occupied molecular orbitals~HOMO! states that
are shifted outside the valence band due to a slight misal
ment of some molecules in the pentacene layer. The HO
states in pentacene are centered at the C atoms of the c

le

ts.
eep
in

TABLE IV. Parameters used for fitting the transistor data w
Si3N4 as the dielectric. The data sets are numbered from highe
lowest onset voltage.ND,tail

tot is the total number of band tail dono
states,ND,deep

tot andNA,deep
tot are the total number of deep band don

and acceptor states, respectively, andrdiel is the charge concentra
tion at the dielectric interface. All concentrations are in units
1021 cm23. The data sets are fitted using either the different t
state distributions, or the trap state distribution of set 1 and
charge at the dielectric interface.

time ~min! ND,tail
tot NA,deep

tot ND,deep
tot rdiel

0 0.033 0.0025 0 0
10 0.042 0.001 0.0028 0.002
30 0.053 0 0.005 0.0033
6-6



e
r-
-

on
a

ys
ls
ep
s
ib
e
a

no
ifi

pl
s
i

s
T
-S
te
a

rop-
e

gle
and
The
atu-
trap
the
ra-
ess-
lm

can
e
der

a
ur-
and
ith

h-
nd

with

is

pl
a

CARRIER TRANSPORT AND DENSITY OF STATE . . . PHYSICAL REVIEW B 66, 195336 ~2002!
ring and misalignments of adjacent molecules can prev
sufficient overlap of the HOMO wave functions for the fo
mation of extended~band! states. Misalignments can be in
troduced into the pentacene layer by the growth conditi
and/or the roughness of the substrate. An exponential b
tail is a common result of disorder in amorphous or polycr
talline materials, and therefore it is not surprising that it a
appears in organic solids such as pentacene. The acc
states appear to be extrinsic, because their density varie
different samples. Oxygen-related defects seem a plaus
origin, and deep-level transient spectroscopy measurem
of pentacene films on SiO2 substrates revealed trap states
energies comparable to pentaceneqinone and anthraqi
defects.14–16 However, our measurements give no spec
information about the nature of the observed trap states.

Our distributed trap state model gives a consistent ex
nation of the device characteristics of our pentacene tran
tors, even though it does not distinguish between states
side the grain and at grain boundaries, but assume
constant trap state density throughout the channel area.
is in agreement with results from laser-annealed poly
TFT’s. Two-dimensional computer simulations sugges
that both intragrain and grain boundary localized states

FIG. 9. Distribution of band and localized states for the sam
discussed in the text. All energies are relative to the valence b
edge which is set toEV50 eV.
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necessary for a complete understanding of the transport p
erties of those devices.13 However, in the regime where th
gradual channel approach is valid (uVGu.uVDSu), it is not
possible to extract the two different distributions and a sin
distribution of interband states with a steep band tail part
a broad deep band part describes those devices well.
grain boundary trap states reveal themselves only in the s
ration regime of the transistor where the screening of the
states localized at the boundaries results in a lowering of
grain barrier with increasing gate voltage, reducing satu
tion effects. A trap state model has also been used succ
fully to describe the subthreshold characteristics of thin fi
transistors with poly~3-dodecylthiophene! as the semicon-
ducting material.17

In conclusion, we have shown that a trap state model
consistently describe theI -V characteristics of pentacen
transistors made with different gate dielectrics and un
varying external conditions. The distribution consists of
steep band tail of donors, which agree well with photo c
rent and thermal deflection spectroscopy measurements,
a broader deep band tail of acceptors, which agree well w
results from transient current decay measurements.18
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APPENDIX DISTRIBUTIONS OF LOCALIZED STATES

We describe the interband donor and acceptor states
an exponential distribution of the form

Pexp~E!5Cexpe
2uE2E0u/wE, ~A1!

where E0 denotes the maximum, andwE the width of the
distribution. The total number of states in this distribution
obtained through

Nexp
tot 5E

Emin

Emax
dE Pexp~E!. ~A2!

The energiesEmin andEmax limit the range of the distribu-
tion. The energiesEmin , Emax, andE0 are typically speci-
fied with respect to the valence band edge.
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