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Resolving the contact voltage dilemma in organic field effect transistors
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In spite of the great interest in organic field effect transistors, many of their aspects are still not well
understood. In particular, efforts to uncover the origin of the contact resistance and the underlying physics have
lead to apparently contradictory results. Here we show that all these features can be understood by a unified
description that takes into account thermionic emission with diffusion-limited injection at the source contact
and space-charge limited conduction near it. Moreover, the usual field effect transistors behavior at a certain
distance from the source and the conduction in the depletion region emerge not as ad hoc assumptions but

directly from the proposed mechanisms.
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Organic field effect transistors (OFETs) are interesting not
only for their applications but also as ideal systems for
studying mechanisms of injection and transport in organic
semiconductors (OSC). However, some basic aspects are still
very poorly understood and are not explained in a self-
consistent way by traditional theoretical descriptions.

Remarkably, metal/oxide/semiconductor field effect tran-
sistor (MOSFET) equations are commonly used to model the
electrical properties of organic transistors. But in many in-
stances the current-voltage OFET responses show a nonlin-
ear increase in the source-drain current (I ) at low source-
drain voltage (Vg,), with I~ VA (1<8<2), thus strongly
differing from the MOSFET curves.! Such deviations, ge-
nerically called contact effects, are attributed to a resistance
R, between the organic layer and the metallic electrodes,
whose exact origin is unclear.> This resistance plays a sig-
nificant role in the charge transport of bottom-contact
OFETs."3-> As such, it cannot be ignored in any attempt to
obtain the field-effect mobility directly from ;X Vg
curves.>®

Measurements using bottom-gold contacts and poly(3-
hexylthiophene) (P3HT) OFETs showed that R, goes in-
versely with the charge-carrier mobility in over four decades
[in a broad range of temperatures (T) and gate voltages]. At
first sight, this seems consistent with thermionic emission
allied to a diffusion-limited injection.” However, in such a
case one also should expect a strong dependence of the in-
jected current on 7, which is not observed for P3HT or for
other devices that use lower work-function metals compared
to gold and different polymers.® Those conflicting findings
lead to discount thermionic emission in favor of injection by
hopping.? As such, models based only on the hopping injec-
tion of carriers from the metallic source electrode to a ran-
dom distribution of levels localized in the organic material®
have been introduced to describe R,. But these models do not
reproduce satisfactorily the experimental current-voltage
curves and features such as the large potential drops mea-
sured by scanning-probe potentiometry near the source/drain
contacts’ since they do not address the transport process be-
yond the carrier injection from the electrode.

Here we propose a unified theoretical framework to de-
scribe the charge transport near the electrodes and along the
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channel of bottom-contact OFETs, where high resistivity
around the contacts and FET conduction naturally emerge as
limiting cases. We show how a diffusion-limited thermionic
injection mechanism can be reconciliated with the available
data if one considers disorder-induced inhomogeneities in
the Schottky barrier height. Moreover, the power-law behav-
ior of 14, X Vg curves at low Vg is a consequence of struc-
tural defects at the OSC/gate-insulator interface that can ac-
cumulate so many trapped charges near the electrodes that
the whole gate voltage becomes screened, with no free
charges remaining in the OSC. This insulating region will
then be dominated by a one-dimensional space-charge lim-
ited conduction (SCLC). It is the combining effects of SCLC
in the vicinity of a contact and inhomogeneous thermionic
injection that originate the contact resistance R, and explain
many recent results for OFETs, which up to now appeared to
be contradictory.

We call as the “source” contact the one from which the
carriers are injected. We assume that the Poisson equation is
separated as dE,/dy=Q, and dE,/dx=Qy, for O, and Qg
the surface charge densities created by the voltage drop be-
tween gate and source/drain electrodes and by the source-
drain voltages, respectively.!? The direction x (y) is parallel
(perpendicular) to the gate interface. For a OSC film totally
free of doping, one finds

Iy d*V(x)

_— = D—
Wu €0 dx*

FCLV, -V -Vl ()

with € as the OSC dielectric constant, D as the active layer
thickness, C; as the gate-insulator capacitance per area, W as
the channel width, V(x) as the potential at position x from the
source, and V;=Q,/C as a voltage which represents the ef-
fect of traps corresponding to a charge density Q,. u is the
charge mobility (an effective macroscopic parameter, which
characterizes the transport in the system). For A(x) EE)%(x)
—E)%(O) with E(0) as the x component of the electric field at
the source electrode, the integration of Eq. (1) from the
source to a point x in the channel (of total length L) yields'’
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which describes OFETs only when the contact effects are not
important. For instance, imposing E,(0)=0 and that the gate-
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voltage modulation of the active layer conductivity is small,
the first term on the right-hand side of Eq. (2) dominates. As
such, by integrating Eq. (2), one finds a space-charge limited
conduction I, V? (Mott-Gurney law)."" In Eq. (2), V7 rep-
resents the effect of a homogeneous trap density near the
source. The electrostatic action of the gate pulls the carriers
toward the OSC/gate-insulator interface, where they are then
trapped, screening the OSC from the gate potential. As we
show next, to correctly model the charge transport not only
along the high-conductivity channel but also along the high-
resistivity region near the contacts, it is necessary to solve
Eq. (2) assuming arbitrary E,(0) and an appropriate mecha-
nism for charge-carrier injection.

Usually, in real bottom-contact devices,>'? the OSC/gate-
insulator interface presents structural disorder,'® leading to a
high concentration of traps adjacent to the contacts. To take
into account such region (of length d.), we assume that V; in
Eq. (2) is a steplike potential, zero for d,,<x<L, and given
by the trap density for x <d. For simplicity, we assume this
region to be close to the source, which has been experimen-
tally observed.? Obviously, a similar situation near the drain
is also possible. But assuming so makes the model more
complicated while not appreciably changing the results (what
we have checked). Thus, d can be faced as an effective
length, which encompasses all the regions presenting sub-
stantial trap densities to screen the gate voltage. The result-
ing voltage drop, V(d,.), corresponds to the contact voltage
V. measured in many devices.

For charge injection at the source, we consider diffusion-
limited ~thermionic emission,'"'*!5 i(g)=WDgN,uE,(0)
Xexp[—(e=yVE(0))/(kT)], successfully applied to describe
injection in organic devices'>~!” and appropriate for the com-
mon low mobility materials in OFETs.!® N, is the density of
conducting states, y=1/v4me € is related to the Schottky
effect, and ¢ is the energy barrier height at the source/OSC
interface. This assumption [verified experimentally in a hole
conducting OSC (Ref. 16)] accounts for the first tunneling
event of the thermionic injection (or thermally assisted tun-
neling) into the localized states in the organic film.!”

The disorder-induced inhomogeneities must lead to a sta-
tistical distribution p(e) for the barrier height &. It can result
from randomly oriented molecular dipole moments that cre-
ate fluctuations in the semiconductor energy levels at the
metal/OSC interface.'®!® To include this effect, we write
the total current injected from the source as®® I
=J”.i(e)p(e)de. Now, for p(e)=(c\2m) lexp[—(e—})*/
(20?)], we have

Ly = WDgN, pE,(0)expl— (¢ - WE(O)V/(T)].  (3)

o(T)=¢—0>/(2kT) is an effective barrier to charge
injection,?' which decreases for decreasing T, comprising the
contribution of the multitude of random barriers weighted by
the thermal energy. For small 7, only the lowest barriers play
a relevant role in charge injection. As 7 increases, the higher
barriers also start to be important, leading to a 7 dependent
effective barrier height. This effect can explain the apparent
discrepancies between the T dependence of the injected cur-
rent observed in OFETs and that predicted by thermionic
emission.’> In inorganic metal/semiconductor Schottky
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FIG. 1. 14XV, from a set of P3HT/Cr devices with W
=200 wm and V,=60 V. The gate insulator is a SiO, layer of 200
nm. The data are from Fig. 7a of Ref. 24 and the continuous curves
from the model. Inset: the barrier height as function of 7! with the
line a fitting only for 7=210 K.

diodes, 2 a similar relation between ¢ and T arises as an
analytical limit to simulations of the current across the
Schottky barrier, a behavior also observed in Au/CdSe
diodes.??

We obtain the FET characteristics by varying the value of
E.(0) in Egs. (2) and (3), finding the corresponding current
I45=1iy; from Eq. (3), and integrating Eq. (2) from x=0 to x
=L, with E (x)=dV(x)/dx, for the source-drain voltage V.
Similarly, we obtain the curves I, XV, by following the
same procedure but integrating Eq. (2) from x=0 to x=d.
for the contact voltage.

In Fig. 1 we compare our I to the experimentally ob-
served dependence on the contact voltage V.. The data are
for gate voltage V,=60 V, and different 7°s in an OFET
with P3HT as active layer and Cr as source and drain
electrodes.”* We assume N,=10% m= 2% For simplicity, we
always take the modulus of the voltages applied to p-type
devices. We fitted the data using adjustable ¢, w, and d for
each temperature but a common V7 in all cases. At high 7°s,
the model agrees well with the experiments in the whole
range of voltages. At low T’s and small voltages, thermionic
emission diminishes and other mechanisms not included in
Eq. (3), such as resonant tunneling,””> come into play. The
data is then higher than the calculated current. At high volt-
ages, thermionic emission is enhanced and becomes domi-
nant [once the factor ¢—yVE,(0) in Eq. (3) decreases due to
the image charge lowering of the barrier height]. Hence, in
Fig. 1 the theoretical 14, X V.. is in good agreement with the
experimental curve in the range of high V. and any 7. From
the fitting we obtain V;=50.4 V and also ¢ X T (inset of Fig.
1). The straight line for 7=210 K corresponds to ¢=¢
-2/ (2kT) with 6=0.08 eV and ¢=0.47 [the latter is cor-
roborated by the fact that the current in P3HT becomes in-
jection limited for barrier heights =0.5 eV (Ref. 26)]. Since
the P3HT highest occupied molecular-orbital (Egomo) €n-
ergy lies between 5.1 and 5.2 eV,? and the work function (W)
of Cr is about 4.7 eV,> a barrier height Eyoymo—W within
0.4-0.5 V corroborates our ¢. Also, the o from Fig. 1 agrees
quite well with the density-of-states widths (80—-100 meV)
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FIG. 2. As in Fig. 1 but for T=210 K and different V,. The data
are from Fig. 7b of Ref. 24. Inset: the resulting u(7).

determined in conjugated polymers.?’” Under equilibrium
o2/ (kT) is an average energy of carriers in the OSC (Ref. 22)
(below the Gaussian density-of-states center). Then, a transi-
tion to a regime of charge injection less dependent on T (Ref.
28) is expected for kT, ~ 02/ ¢ (Ref. 18); Here Tp=160 K.
It explains the deviations for 7<<190 K in Fig. 1. The fit
delivers an effective length of the trap region d. that varies
from 70 nm at 160 K to 65 nm at 190 K. From then on, d
decreases by about 5 nm for each 20 K rise in temperature,
understood from the fact that at higher 7’s thermal excitation
starts playing a role in emptying the traps.

In Fig. 2 we again compare our model with the Iy XV,
characteristics for the same device of Fig. 1 but this time for
different gate voltages. The data was taken at a constant 7
=210 K. The only fitting parameters here are dy. and V. For
¢ and u, we use the values of the 7=210 K case in Fig. 1.
The agreement is very good for all V,. From the fits we
obtain an effective length d,. that decreases for higher gate
voltages, as can be expected when more traps are filled in the
presence of a larger (gate-induced) density of charge carriers.
We find d =100 nm for V,=30 V, d, =75 nm for V,
=40 V, d=65 nm for V,=50 V, and d=59 nm for V,
=60 V. These values for d . are very reasonable: an electro-
static modeling of OFETs (Ref. 12) has estimated a large
resistance depletion region, about 100 nm from the contacts.
Moreover, analysis of the potential profiles in the electrodes
vicinity? has shown an upper bound of 100 nm for the deple-
tion layer width. We also obtain a V; that is essentially linear
with, also being very close to, V,. The data is shown in the
inset of Fig. 3 (we will return to it below). In general, the
change in V; with the gate voltage can be associated to a
stored charge V;=0,/C;.* The linear V;X V, behavior sug-
gests that such stored charge originated from injection.

The inset of Fig. 2 shows the mobility from the fit in Fig.
1, well described by u=pu,expl-E,/kT], where E,
=0.057 eV is the activation energy and wy=2.05
X 107% m? V= s~!. This Arrhenius-like behavior is consis-
tent with simple thermally activated detrapping of the local-
ized states.?® Our E, is similar to the values measured for
Au-only devices? at the same gate voltages.
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FIG. 3. 143X V4 from a P3HT/Au-Cr OFET, with L=5 um, T
=240 K, and the other features as in Fig. 1. The data are from Fig.
5 of Ref. 24. Inset: the straight lines VX'V, from the fittings of Fig.
2 (circles) and Fig. 3 (squares).

In Fig. 3 we compare our I, X V4, with curves measured
for another device,?* using P3HT as active layer and Cr and
Au, respectively, as source and drain electrodes. The data
was taken for varying gate voltages at 7=240 K. We once
more use V7 and d. as fitting parameters for each gate volt-
age. The values of ¢ and u at 7=240 K are estimated from
the Cr-only device in Fig. 1 at T=230 K (¢=0.31 eV and
u=13%x10"7 m?> V-! s71). A good fit is obtained for all the
applied voltages. From the plots we find that also for this
Au/Cr device d shrinks with increasing V,: d,=120 nm for
V,=20 V, d(=85 nm for V,=40 V, d, =80 nm for V,
=60 V, and d, ;=60 nm for V,=80 V.

For similar V,, the values of d,. in Fig. 3 (for T7=240 K)
are larger than those in Fig. 2 (for T=210 K). This is not an
artifact of comparing data at different 7”s since d. tends to
decrease with rising 7. The larger d,. for the Au/Cr device
supports the idea®* that the two-step lithography technique
used for the Cr/Au devices produces samples with inferior
surface cleanliness and a larger region of high trap density
near the source when compared to Cr-only devices. On the
other hand, the Cr-only and Cr/Au devices have a similar
dependence of V; on the gate voltage (see inset of Fig. 3),
indicating a similar charge stored dynamics. V; closely
tracks V,, indicating that the effect of traps is indeed almost
totally screening the gate voltage. Assuming that the trap
states may capture just one positive charge, we can estimate
a minimum value for the total surface density of trapping
levels*® required to totally screen the gate voltage: with V,
=60 V (V,=80 V) for Cr-only (Cr/Au), we find that the
total surface density of trap states is higher than 7.5
X 10" m™2 (9.5% 10'° m™?).

Finally, we mention that we also have fitted data for poly-
fluorene F8T2 based OFETs,' reproducing the current-
voltage curves nicely, even in the saturation region. We have
found a linear relation between V; and V,, as well.

We have shown that the presence of traps induced by the
electrode evaporation process’! leads to a stored charge near
the electrodes that screens the gate voltage. Such traps cap-
ture charge carriers from the OSC when they are pushed
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toward the interface by V,. The carrier transport in this re-
gion is dominated by space-charge limited conduction, ex-
plaining the abrupt voltage drop near the electrodes even in
the absence of a barrier height for charge injection at the
source. Moreover, carriers are injected by thermionic emis-
sion from a random distribution of potential barriers. These
two mechanisms are equally important to fully explain the
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contact voltage observed in OFETs. Their combination re-
sults in the peculiar dependences on T and source-drain volt-
age that have appeared contradictory in view of the previous
models.
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