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Operational Stability of Organic Field-Effect Transistors

Peter A. Bobbert,* Abhinav Sharma, Simon G. J. Mathijssen, Martijn Kemerink,

and Dago M. de Leeuw

Organic field-effect transistors (OFETs) are considered in technological
applications for which low cost or mechanical flexibility are crucial factors.
The environmental stability of the organic semiconductors used in OFETs has
improved to a level that is now sufficient for commercialization. However,
serious problems remain with the stability of OFETs under operation. The
causes for this have remained elusive for many years. Surface potentiometry
together with theoretical modeling provide new insights into the mechanisms
limiting the operational stability. These indicate that redox reactions involving
water are involved in an exchange of mobile charges in the semiconductor
with protons in the gate dielectric. This mechanism elucidates the established
key role of water and leads in a natural way to a universal “stress function”,
describing the stretched exponential-like time dependence ubiquitously
observed. Further study is needed to determine the generality of the mecha-

nism and the role of other mechanisms.

1. Introduction

Organic field-effect transistors (OFETs) are emerging as elec-
tronic switching elements in low-cost contactless identification
transponders, electronic barcodes, and pixel engines of flexible
active-matrix displays.'=3 Long-term stability of these transis-
tors is essential for commercial applications. Much progress
has been made during the last decade in the development of
environmentally stable p-type organic semiconductors with
charge-carrier mobilities reaching up to 10 cm?/Vs,* while
more recently stable high-mobility n-type organic semiconduc-
tors have become available.[1*-17]

However, high intrinsic stability of the semiconductor is
not the only requirement for stable OFETs. Also the role of the
gate dielectric needs to be considered. An important develop-
ment has been the finding that the choice of the gate dielec-
tric can lead to charge-carrier mobilities in the conducting
channel of the organic semiconductor that differ by an order
of magnitude or more.”'819 It has been found that with the
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commonly used gate dielectric silicon-
dioxide (SiO,) electron trapping occurs
at the interface between semiconductor
and dielectric.’® This was suggested to
be caused by an electrochemical reaction
in which silanols (Si-O-H, i.e., a hydroxyl,
O-H, group bound to a Si atom) together
with electrons in the semiconductor are
transformed into Si-O~ groups and H,. By
using a hydroxyl-free gate dielectric this
electron trapping could be avoided and the
resulting OFETs showed good n-channel
conduction in most of the conjugated poly-
mers studied.!'8]

With the above problems being solved
there remains one important problem that
hinders widespread commercial introduc-
tion of OFETs: when OFETs are being
operated their electrical characteristics
change with time.1-372% A very undesired
consequence of this is that an OFET that is used to switch on
a current, for example to drive a pixel in a display, will switch
off in the course of time. The problem is due to the fact that
the threshold gate voltage at which the transistor switches on
gradually shifts to the gate bias voltage that is applied. This
phenomenon is called the “bias-stress effect”. Because the
applied gate voltage determines the total amount of charges
in the OFET accumulated close to the interface between the
semiconductor and the dielectric, this means that somehow the
mobile charges in the semiconductor channel are turned into
immobile charges. Where precisely these immobile charges
are located and what their character is has remained elusive
for a long time,?% mainly due to the experimental difficulty in
detecting the processes that occur close to the semiconductor-
dielectric interface in a working OFET.

A powerful technique that has become available in the
last two decades is noncontact potentiometry of the poten-
tial in OFET structures by scanning Kelvin probe microscopy
(SKPM).121-221 With this technique the potential profile above a
surface can be mapped out without making physical contact to
the surface. The technique has been used to estimate the contact
resistance at the source and drain contacts of a working OFET
from the potential drop at these contacts? and to verify predic-
tions coming from charge transport theories for the potential
profiles in unipolar and bipolar transistors.>2* Important in
the present context is that the technique can be used to study
how potential profiles in a working OFET change as a function
of time.?! Studies of the spatio-temporal potential profile above
the dielectric surface of an OFET structure without depositing
the semiconductorl?® or after removing the semiconductor of a



working OFET?] have also been performed. Such studies pro-
vide a wealth of information on the time-dependent processes
involving mobile and immobile charges that occur at the dielec-
tric surface. We will see in this report that this information pro-
vides crucial clues for unraveling processes responsible for the
operational instability of OFETs.

This Progress Report is built up as follows. In Section 2, we
review the established facts that have been shown to be related
to the operational instability of OFETs, with a focus on p-type
OFETS with SiO, as gate dielectric. We discuss the similarities
and differences with the operational instability of amorphous-
silicon field-effect transistors (a-Si FETS), the reversibility of the
threshold-voltage shift, and the role of the ambient conditions
and the type of semiconductor. We also discuss the situation
in which an OFET is stressed with a non-constant gate voltage,
which leads to a non-monotonic time dependence of the tran-
sistor current, related to a memory effect. In Section 3 we dis-
cuss the results of SKPM potentiometry of the surface of the
SiO, dielectric in an OFET structure, but without a deposited
semiconductor. With a voltage applied to the drain contact the
potential profile shows a time-dependence on a time scale that
is independent of the polarity. From a comparison with work
performed in the nineteen-sixties on the surface conductivity
of SiO, the conclusion is drawn that the time evolution of the
potential profile is caused by the motion of protons. Based
upon this experiment and the other established facts, a mecha-
nism is proposed for the operational instability in Section 4.
The mechanism involves reversible redox reactions taking place
at the interface between the semiconductor and the dielectric
involving water, holes, oxygen, and protons, and a reversible
migration of protons into the gate dielectric. We introduce
a universal “stress function” that plays a central role in the
mechanism. In Section 5 it is shown that the mechanism can
explain the main established facts of the operational instability.
The prediction that trapped charges are not located in the semi-
conductor but in the dielectric is corroborated by experiments
where the semiconductor of an OFET that has been exposed to
gate bias stress is removed, after which SKPM potentiometry
on the transistor structure clearly shows the presence of charge.
Also, the influence of the oxidation potential of the semicon-
ductor on the characteristic time of the operational instability
as predicted by the mechanism is verified. In Section 6 we dis-
cuss other proposed mechanisms for operational instabilities
and several open issues, such as the explanation for the opera-
tional instability in n-type OFETs. A summary and conclusion
are given in Section 7.

2. The Operational Instability of OFETs:
Established Facts

A common way to study the operational instability in OFETs is
the following. The transistor is electrically stressed by applying
a constant voltage to the gate electrode for a prolonged period
of time. In order to study the change in the transistor character-
istics by the stress, this situation is at short time intervals inter-
rupted by a sweep of the gate voltage, during which the current
is measured for a small applied source-drain voltage, yielding
the transfer curve of the transistor. In this Progress Report we
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will often show measurements on a typical p-type bottom-con-
tact and bottom-gate OFET grown on a heavily p-doped silicon
wafer acting as the gate electrode. The transistor consists of a
200 nm thick thermally grown SiO, gate dielectric, on top of
which an 80 nm thick layer of the conjugated polymer polytri-
arylamine (PTAA) is spin-coated. PTAA is a well-established
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Figure 1. (a) Measured transfer curves after stressing an OFET with a gate bias voltage of —20 V for the indicated times. The source-drain voltage
during the measurement of the transfer curve was —3 V. The dash-dotted line shows how the threshold voltage (arrow at horizontal axis) is determined.
The inset shows the OFET structure and the chemical structure of PTAA, where X and Y are short alkyl chains. The measurements were performed at
ambient conditions and a temperature of 30 °C. (b) Transfer curves measured at the indicated times after stressing the OFET for 25 hours and then
grounding the gate electrode. The original transfer curve is indicated with the dashed line. Panel (a) is adapted and reprinted with permission from

[50]. Copyright 2009, American Institute of Physics.

air-stable p-type amorphous semiconductor that exhibits charge-
carrier mobilities of 1073-1072 cm?/Vs.["] Before spin-coating,
the surface of the SiO, is treated with hydrophobic hexameth-
yldisilazane (HMDS), which decreases the amount of water
adsorbed onto the otherwise hydrophilic SiO, surface. The gold
source and drain electrodes define a channel in the semicon-
ductor with a width W of 2500 um and a length L of 10 um.
The transfer curves of this transistor for different stress times
with a gate voltage of —20 V are shown in Figure 1a. The main
effect of the applied gate bias is a shift of the transfer curves
to more negative gate voltages. Figure 2 quantifies this effect
by showing the shift in the threshold voltage as a function of
time. The threshold voltage is defined here as the extrapolation
of the linear part of the transfer curve to the gate-voltage axis;
see the dash-dotted line and the arrow at the horizontal axis in
Figure 1a. The transfer curves in Figure 1a show that the shift
of the threshold voltage stops when it has reached a value that
is about equal to the applied gate voltage during stress.
Following the analysis of the threshold-voltage shift in a-Si
FETs?8 it has become customary?*3% to fit the threshold-voltage
shift in OFETs to a stretched-exponential function of the form

AVi(t) = Vo (1 — exp [~ (t/7)"]) 1)

The data in Figure 1a can be very well fitted with this func-
tion (dashed line in Figure 2) using the fit parameters Vo =19 V
for the prefactor, 7= 10* s for the relaxation time, and 8 = 0.43
for the exponent. In the case of a-Si FETs different explana-
tions for stretched-exponential behavior in trapping have been
given, of which we mention: i) a defect relaxation model that
is controlled by dispersive diffusion of hydrogen governed by
a power-law time dependencel® and ii) a local two-state defect
model with an exponential distribution of barriers between the
two states.[’?l Since defects of the type present in a-Si do not
exist in OFETs the explanation for the stretched-exponential
dependence should be a different one.

The following features of the bias-stress effect in p-type
OFETs with SiO, gate dielectric have been established:

1. The key role of water has been established in different ways.
Gomes et al. have demonstrated that water on the surface
of SiO, plays an important role in the bias-stress effect.l*’]
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Figure 2. Threshold-voltage shift as a function of time for the transfer
curves in Figure 1a (symbols) and a fit to a stretched-exponential function
(dashed line). The other lines indicate the results for the proton migration
mechanism with only diffusion (dash-dotted line) and diffusion and drift
(solid line) of protons in the gate dielectric (see Section 5). Adapted and
reprinted with permission from [50]. Copyright 2009, American Institute
of Physics.
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When investigating the effect as a function of temperature
they found that, independent of the organic semiconductor
and the deposition techniques, the bias-stress effect is only
present above 200 K. This temperature corresponds to a
known phase transition of supercooled water. Confined water
does not freeze at 273 K but forms a metastable liquid, which
finally solidifies at 200 K. It was therefore concluded that the
effect only occurs in the presence of liquid water.33] It was
also shown that under vacuum conditions, with practically
no water present on the SiO, interface, the bias-stress effect
is significantly slowed down.??303435] This is evident from
the relaxation time of 7= 2 x 10° s, obtained from bias-stress
measurements on a similar PTAA transistor as in Figure 1,
but in vacuum.% This value is two orders of magnitude larg-
er than the above value of 7= 10* s in ambient conditions.
Furthermore, pretreatment of the SiO, with HMDSE¢ or
octadecyltrichlorosilane (OTS)P*®l is known to decelerate the
effect. Use of a hydrophobic organic gate dielectric practically
eliminates the effectl”] and the same holds for coverage of
the SiO, with a layer that is impenetrable to water.?®!

2. The shift in the threshold voltage is reversible in a process
called “recovery”. Although recovery is often mentioned in
studies of the operational instability of OFETS, thorough stud-
ies of the effect are rare. In recovery, the gate voltage of a tran-
sistor that has undergone stress is set to zero. The transfer
curve then shifts back to the original curve. This is shown in
Figure 1b, where the transfer curves of the investigated tran-
sistor are plotted after grounding the gate electrode following
a 25 hours period of stress. The backward shift of the thresh-
old voltage can also be fitted with a stretched-exponential
function, with a relaxation time that is roughly the same as
for stress.B% This is unlike a-Si FETs, where the relaxation
time for recovery is about two orders of magnitude larger
than that for stress.[?®]

3. The dynamics of the threshold-voltage shift during stress
does not depend on whether or not a current flows through
the transistor. The transfer curves measured for the case that
a constant source-drain voltage is applied are the same as
those for which during stress the source-drain bias is set to
zero .30

4. The dynamics does not depend on the value of the gate volt-
age during stress. The only parameter that changes is the
prefactor Vj in the fit to the stretched-exponential function.
The value of Vj is always close to the absolute value of the ap-
plied gate voltage.(3¥

5. The dynamics is thermally activated, i.e., 7= toexp (E./kpT),
with kg T the thermal energy. The activation energy E, is about
0.6 eV and depends only weakly on the organic semiconduc-
tor. The relaxation time Titself, however, depends strongly on
the type of semiconductor and the ambient.[3%

In a transistor under real operating conditions the applied
gate voltage is non-constant. One may therefore wonder what
happens if instead of a constant, a non-constant voltage is
applied to the gate.’% In Figure 3 we display the source-drain
current for the case that the transistor is first stressed with a
gate voltage of —20 V and then, after 900 s (15 minutes), with
a voltage of —10 V. After the start of the stress the current, as
expected, gradually decreases. Remarkably, however, after the
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Figure 3. Source-drain current (bottom) of the OFET of Figure 1 as a
function of time for the case that first a gate bias voltage of Vg =—-20 V
is applied, which is switched to V; =—10V after 900 s (top). The source-
drain voltage during the measurement is —3 V. The meaning of the labels
a-d is explained in Section 5. Adapted and reprinted with permission from
[39]. Copyright 2010, American Institute of Physics.

switch from —20 V to —10 V the current first increases, reaches
a maximum, and then continues to decrease. This is remark-
able, since after 900 s the threshold voltage has not yet reached
—10 V (see Figure 2), so that the transistor is still under stress
conditions when the gate voltage is stepped to —10 V. One would
therefore expect a monotonic decrease of the current. Instead,
the transistor shows an anomalous bias-stress effect with a
memory, in which the stress history apparently determines
the future electrical behavior. The memory effect is clear from
considering the state of the transistor at the points b and d in
Figure 3. At both points the current and the gate voltage, and
hence the number of mobile charges, is the same. However,
the electrical behavior after these points is different. A viable
explanation for the bias-stress effect in OFETs should be able to
explain this anomalous effect.

We conclude this section by noting that, although n-type
OFETs with SiO, gate dielectric suffer from electron trapping,
as discussed in the previous section, it is still possible to fab-
ricate such transistors. It is then found that n-type OFETs also
show a bias-stress effect, as demonstrated for a perylene tran-
sistor in the supporting information of Ref. [27]. The question
therefore comes up if there is a relation between the bias-stress
effect in p-type and n-type OFETs. Although we give sugges-
tions for such a relation in Section 6, we consider this as an
open issue that requires more research.

3. Potentiometry at the SiO, Surface

The electrical potential measured above a surface gives informa-
tion about the total charge present below that surface but not
about the distribution of the charge. Potentiometry of an OFET
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by SKPM is therefore not able to determine where the charges
are located that cause the probed potential profile. The charges
can be located in the semiconductor, at the interface between
semiconductor and dielectric, or in the dielectric. In order to
shed light on this issue, SKPM measurements of the surface
potential were performed on a transistor structure as depicted
in the inset of Figure 1a, but without deposition of a semicon-
ductor.?%! Figure 4 shows the time evolution of the potential pro-
files with grounded source and gate electrodes, after applying a
potential to the drain electrode. Since SiO, is an insulator, one
would expect to see a zero potential above the SiO, and only a
non-zero potential above the drain electrode. However, Figure 4
makes clear that in the absence of a semiconductor charges can
be present at the surface of the SiO, and that these charges can
slowly move. Eventually, a linear potential profile from drain to
source is established; see the last curve in Figure 4b.

The measurements were done after exposing the SiO, sur-
face to a vapor of HMDS with different exposure times. This
leads to different coverages of the surface with HMDS, as
verified with low-energy ion scattering (LEIS).?% The hydro-
phobicity of the surface was determined by measuring the
contact angle of a water drop on the surface.?®! By comparing
Figures 4a and b we come to the conclusion that the HMDS
coverage has a strong influence on the charge dynamics, with
a faster dynamics for the less hydrophobic surface. This sug-
gests that the charge dynamics is correlated with the presence
of water. This suggestion was verified by varying the ambient
humidity: a reduced ambient humidity has the same effect as a
higher HMDS coverage. /%!

Remarkably, the charge dynamics is insensitive to the polarity:
the time scales for the charge motion are comparable for both
polarities of the drain potential (compare the main panel and
the inset of Figure 4a). Since it is extremely unlikely that charge
carriers of different type have the same mobility, this points at
two possibilities: i) charge carriers of opposite sign are bound
to a third common species that determines the mobility of
charges of both signs, or ii) the charge mobility is in both cases

determined by a mobile charge carrier of one sign, moving
with respect to a background of immobile carriers of the other
sign, where the difference in concentration between mobile and
immobile charges determines the net observed charge.

Surface-conductivity measurements on SiO, performed in
the nineteen-sixties and repeated thirty years later have revealed
an ionic nature of the conductivity.***? It was shown that the
surface conductivity increases with an increasing amount of
water on the surface. The occurrence of electrolysis of water
during the measurements was demonstrated explicitly by the
replacement of water in the ambient by heavy water (D,0)
and the detection of deuterium gas (D,) after performing the
surface-conductivity measurements.[*?! It was concluded that
the charge carriers are protons (H*), which move along the
surface with a mobility that increases with the amount of
adsorbed water.*?l Because of the presence of silanol groups the
absorbed water layer is mildly acidic due to the reaction Si-O-H
> Si-O™ + H**3 Hence, there will be an abundance of protons
in the absorbed water layer. At the electrodes, placed on the
surface to measure the surface conductivity, the following redox
reactions should then take place:

2H,0 — 4H" +4e” + 0, (g), 2)

at the positive electrode, and

2H" +2¢” —> H; (g). 3)

at the negative electrode. The net result of the reactions (2) and
(3) is the electrolysis of water under the production of oxyhy-
drogen (O, and H, in gas form). We note that due to the acidic
conditions the reaction 2H,0 + 2e- — 20H~ + H,(g) occur-
ring at the negative electrode will be followed by the reaction
20H™ + 2H* — 2H,0, leading to the net reaction (3).

The above mechanism can explain the potentiom-
etry measurements of Figure 4. The difference with the
surface-conductivity measurements is the presence of a third
electrode, the gate. After application of a positive voltage to the
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Figure 4. Surface potential measured by SKPM under ambient conditions of the transistor structure displayed in the inset of Figure 1a but without a
semiconductor, for (a) a high and (b) a low HMDS coverage. A potential is applied to the drain contact, 10 V in the main panel of (a) and =10 V in
the inset. The potential profile is measured at regular time intervals of 6 s. The source and gate contacts are kept at 0 V. Adapted and reproduced with

permission from [28]. Copyright 2008, Wiley-VCH Verlag.
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drain, the reaction (2) will take place at the drain contact, while
no reaction will yet take place at the grounded source contact.
The amount of protons close to the drain will increase, leading
to a net positive charge (the proton charge minus the charge of
the Si-O~ groups) that slowly spreads to the source electrode.
Finally, a stationary situation is established where the potential
decreases linearly from drain to source (see the last potential
profile in Figure 4b). There is then a net current of protons
from drain to source. When this situation is reached the reac-
tion (3) will start to take place at the source contact, removing
protons from the surface of the SiO,. While a positive charge
distribution emerges at the surface of the SiO,, a compensating
negative charge distribution, accounting for overall charge neu-
trality, emerges at the gate electrode.

On the other hand, when a negative voltage is applied to the
drain, the reaction (3) will take place at the drain contact. The
amount of protons close to the drain will decrease, leading to a
net negative charge with more Si-O~ groups than protons. By
motion of protons towards the drain the negative charge dis-
tribution spreads to the source electrode. When a stationary
situation is established the reaction (2) will start at the source
electrode. This scenario provides a natural explanation for the
polarity independence of the potentiometry measurements,
since for both polarities the time evolution of the potential pro-
file is governed by the motion of protons. Hence, of the two
possible explanations for the polarity independence of the time
evolution of the potential profile we conjecture that the second
is the appropriate one.

By integrating the amount of charge on the SiO, surface to
obtain the total charge it is found that the total charge as a func-
tion of time can be fitted well with a stretched-exponential func-
tion.[?®l Hence, on first thought it seems that an explanation can
now also be given for the bias-stress effect for the case that a
semiconductor is present: mobile charges in the semiconductor
are slowly replaced by (almost) immobile charges at the SiO,
surface. The role of water is clarified. Also, the reversibility can
be explained: protons can be created in reaction (2) as well as
removed in reaction (3), where the time scale is in both cases
set by the motion of protons. The bias-stress effect for n-type
OFETs can then be explained by a growing deficit of protons
with respect to Si-O~ groups.

On second thought, however, the conclusion is that the above
mechanism cannot be the full explanation for the bias-stress
effect, for the following reasons: i) build-up of immobile charge
only close to the source and drain contacts cannot lead to the
observed uniform shift of the transfer curves with time; such
a uniform shift can only be understood by build-up of immo-
bile charge all along the transistor channel, ii) the mechanism
cannot explain the memory effect shown in Figure 3. Clearly,
an essential ingredient is still missing. This ingredient is intro-
duced in the next section.

4. Proton Migration Mechanism

Aguirre et al.*¥l have recently demonstrated that the charge
transport in carbon-nanotube FETs (CFETs) with a SiO, gate
dielectric in ambient is governed by the oxygen/water redox
couple:

4H' + 0, + 4e” < 2H,0, (4)

where the oxygen is solvated in the water layer adsorbed on
the SiO, surface and where protons are present because of the
slightly acidic nature of this layer (see the previous section).
The redox reaction (4) suppresses electron transport in the
carbon nanotube because of transfer of electrons from the nan-
otube to the water layer. In contrast to the reactions (2) and (3),
where oxygen and hydrogen gas escape into the ambient, the
redox reaction (4) is reversible, because of the solvated oxygen.
Indeed it was shown, by sweeping the gate voltage back and
forth while monitoring the current through the CFET, that the
electrons can be reversibly transferred between the carbon nan-
otube and the SiO, surface.* SKPM measurements on a CFET
have visualized the involved spatio-temporal charge-transfer
process.*! Since organic semiconductors are permeable to
water,3%4% water molecules can reach the SiO, surface in an
OFET and form an adsorbed water layer as in the case of the
above CFETs. The reaction (4) will therefore also occur at the
interface between an organic semiconductor and the SiO, in an
OFET, establishing an equilibrium between the charge in the
accumulation layer of the semiconductor, in the form of either
holes or electrons, and protons on the SiO, surface.

However, the establishment of such an equilibrium is
expected to occur on a much shorter time scale than that of the
bias-stress effect. Furthermore, it is not expected to lead to the
memory effect shown in Figure 3. Another ingredient needs to
be added that determines the time scale of the bias-stress effect
and that is responsible for the memory effect. This additional
ingredient is the reversible migration of protons into the bulk
of the SiO,. Reversible motion in SiO, is the basis of memory
effects in Si/SiO,/Si devices, where protons shuttle through
the SiO, layer from one Si layer to the other on a time scale
of seconds to thousands of seconds,*”*l i.e., on a similar time
scale as the bias-stress effect in OFETs. DFT calculations pre-
dict an activation energy for proton diffusion in SiO, of E; =
0.5 eV,* which is close to the E, = 0.6 eV activation energy for
the bias-stress effect measured in OFETs with different organic
semiconductors.B¥

Based on these considerations, the following mechanism for
the bias-stress effect in p-type OFETs is proposed:[*>1]

1. Holes in the organic semiconductor, indicated by “os*”, are

in equilibrium with protons on the surface of the SiO, in the
redox half reactions (4) and

ost +e” < os, (5)

where “os” refers to an electrically neutral site of the organic
semiconductor.

2. Protons on the surface of SiO, are in equilibrium with pro-
tons in the SiO, close to the surface:

H* (on Si0O,) <> H' (in Si0,). (6)

3. Protons in the SiO, close to the surface can reversibly mi-
grate into the bulk of the SiO,.

Since the migration of protons into the bulk of the SiO, is
expected to be slow as compared to the reactions (4)-(6), the net
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result of these reactions will be the establishment of an equi-
librium between the surface concentration [os*] of holes in the
accumulation layer and the volume concentration [H*] of pro-
tons in the SiO, close to the surface:

[H"] =afos*], 7)

where the proportionality constant , which has the dimension
of an inverse length, is determined by the reaction constants of
the reactions (4)—(6).

It is now a relatively straightforward matter to solve the drift-
diffusion problem of the proton migration in the SiO, with the
boundary condition Equation (7) for a fixed gate voltage Vgq
and a zero or small source-drain voltage. The problem becomes
particularly simple for the case that only diffusion of protons
is taken into account and the penetration depth of the protons
into the SiO, is small with respect to the thickness of the SiO,
dielectric layer.®5! The solution of the diffusion problem is
then conveniently given in terms of a universal dimensionless
“stress function” S(x) that is the solution of the equation®

1 / S(¥)— S(x) ., 1— S(x)
d

S(x) = ) J (x— x,)3/2 x1/2 (8)

The surface concentration hy(t) = [0s *] of holes in the accumu-
lation layer of the semiconductor is related to this dimension-
less function by

ho(t) = Cy S(t/to) (9)

where the surface concentration constant ¢, and the character-
istic time t, are given by

_ ClVaol

Co=—, (10)

1
= — 11
b= (11)
with C the capacitance of the SiO, dielectric per unit area, e the
unit charge, and D the diffusion coefficient of protons in the
SiO,. The solution for the threshold-voltage shift as a function
of time becomes!]

AV (t) = Vool (1 — S(t/t)) (12)

The only unknown parameter in this expression is the char-

acteristic time .

An extremely accurate approximation to the stress function S(x)
is

2 x 1/2
S) = exp | = (1 n 0.35x°-64)

which in the limit x — 0 approaches the correct analytical result
S(x) = exp [—2+/%/7 ], obtained from Equation (8) in this limit.
By comparing Equation (12) and Equation (13) with Equation (1)

(13)

one observes that in the limit of short stress periods the expo-
nent B is equal to 0.5, whereas for long stress periods 3 becomes
(1 — 0.64)/2 = 0.18. The fitted result 8 = 0.43 in Section 2 can
be regarded as a good comprise for describing the threshold-
voltage shift as a function of time with a stretched-exponential
function over a broad time interval. At x =~ 4.8 the argument of
the exponent in Equation (13) is equal to —1, so that the relaxa-
tion time 7 in Equation (1) can be linked to the characteristic
time #, in Equation (12) by 7 = 4.8t,.

5. Application of the Proton Migration Mechanism

The dash-dotted line in Figure 2 provides a fit of the threshold-
voltage shift to Equation (12) with #, = 4.2 x 10° s.°% The fit
is good up to about 10* s. The reason why the fit becomes
worse after this time is the neglect of the drift contribution to
the proton motion, which is driven by the electric field in the
gate dielectric. Because of the very steep gradients in the proton
distribution at the start of stress, diffusion initially dominates
over drift, but after about 10* s the situation reverses and the
drift contribution becomes dominant. If this contribution
is also taken into account, using a proton mobility u as fol-
lowing from Einstein's relation, D/u = kgT/e,P the full line in
Figure 2 is obtained. This provides an excellent fit to the meas-
ured threshold-voltage shift. It is now possible to extract the
parameters o and D separately, instead of only the product ¢2D
appearing in the definition Equation (11) of t,, with the result
a=22nm " and D = 1.6 x 107!° cm?/s. Furthermore, it is now
possible to obtain an estimate of the penetration depth of the
protons into the SiO,. A penetration depth of about 30 nm is
obtained at the end of the stress in Figure 1 for t = 4 x 10° s,
which is indeed much smaller than the thickness of 200 nm
of the SiO, gate dielectric.F*!l We are not aware of any meas-
urements of the proton diffusion coefficient in the used gate
dielectric of dry amorphous thermally grown SiO,. However,
the value we find is very close to a reported diffusion coefficient
of 107! cm?/s of protons in SizN,.[>?

The anomalous bias-stress effect in Figure 3 can be explained
in the way sketched in Figure 5.% The initially large gate voltage
of Vgo =—20 V leads via the equilibrium Equation (7) between
holes in the semiconductor and protons in the dielectric at
the interface with the semiconductor to a high proton concen-
tration in the dielectric. When the gate voltage is switched at
tewitch = 900 s to the smaller value V;; =—10V, there has to be a
proton flux back to the semiconductor in order to maintain the
equilibrium. As a result, the number of holes in the accumula-
tion layer temporarily increases and so does the source-drain
current. At a time t,,,,, a maximum in the number of holes and
the current is reached, after which the number of holes and the
current continue to decrease. The memory effect is now easily
explained: despite the fact that the gate voltages and the cur-
rents at the points b and d in Figure 3 are the same, the future
development of the currents is different, since the proton distri-
bution in the dielectric is different; compare Figures 5b and d.

Since the anomalous bias-stress effect occurs at relatively
short times, the drift contribution to the proton motion can be
neglected. Because the problem then becomes linear, instead
of Equation (9) the following result is obtained for the hole
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holes in accumulation layer
flux of protons into dielectric
proton distribution in dielectric

t< tswitch
a

t = twitch
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t= tmax
(o}

d I_\ t> thax

Figure 5. Explanation for the anomalous bias-stress effect. There is an
equilibrium between holes in the accumulation layer of the semicon-
ductor and protons in the dielectric at the interface with the semicon-
ductor, indicated by the matching of the bar with the line. The figures
(a)-(d) correspond to the points a-d indicated in Figure 3. (a) With the
initially large gate voltage V¢ a high proton concentration is established
in the dielectric just before the switching time ty,;.; the proton flux is
directed towards the dielectric and the transistor current is decreasing.
(b) When the gate voltage is switched to a smaller value V¢, the proton
flux is directed towards the semiconductor and the transistor current
increases. (c) At some time t,,,, the proton flux becomes zero and the cur-
rent reaches a maximum. (d) After t,,,, the proton flux is again directed
towards the dielectric and the transistor current continues to decrease.

concentration h(t) in the accumulation layer in terms of the
stress function S(x):®!

h{t) = coS(t/to) = (co = €1) S((t — towiren) /)0t — twiran) (14

Increasing |V |

with 6(f) the Heaviside step function and ¢; = C|V4|/e. The
function h(t) has the shape of the anomalous current transient
in Figure 3. Figure 6 shows a comparison of measured and pre-
dicted current transients, using the same value t, = 4.2 x 10° s
as obtained from the fit in Figure 2. The time-dependent hole
concentration h(t) can be translated to a time-dependent source-
drain current with the help of the measured transfer curve
before stress, displayed in Figure la. Apart from a current
offset, which cannot be accurately determined,*”! the agree-
ment between measured and predicted current transients for
different gate voltages Vg, after switching and for different
switching times fgy;, 18 excellent. In particular, the time t,,,, of
the current maximum is excellently predicted.

The proton-diffusion problem for a stress-recovery cycle can
be solved by calculating the proton concentration profile in the
dielectric after the stress and then putting the proton concen-
tration at the interface with the semiconductor equal to zero,
which corresponds to a grounded gate with no holes in the
semiconductor.’!] During the recovery, the protons will move
out of the dielectric towards the semiconductor and react with
the solvated oxygen to form holes in the semiconductor and
water in the reactions (4) and (5). This process leads to a back-
ward shift of the threshold voltage. The dynamics of this back-
ward shift depends on the proton concentration profile before
recovery and thus on the duration of the stress. Hence, in con-
trast to the dynamics for stress, the dynamics for recovery is not
universal. The dynamics of the backward shift of the threshold-
voltage during recovery can also be fitted well with stretched-
exponential functions, but the relaxation time 7 and the expo-
nent § now depend on the duration of the stress. In particular,
the relaxation time 7 for recovery becomes longer with a longer
duration of the stress.’!) We can see this in Figure 1b, which
shows that after 25 hours of stress the transfer curve has not
yet returned to the original curve after an equally long period
of recovery. Hence, a longer exposure of a transistor to stress
makes it relatively more difficult to return the transistor to its
initial state by recovery. This has important practical conse-
quences for using recovery as a technique to “refresh” transis-
tors that have undergone stress.

Increasing t
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Figure 6. Experimental (upper curves) and theoretical (lower curves) anomalous current transients as a function of the time for the OFET of Figure 1
after switching from a gate voltage Vo =—20 V to a lower gate voltage Vi at tgyich. The source-drain voltage is —3 V. (a) Constant g, = 900 s and,
from left to right, Vg, =—7,-10, and =12 V. (b) Constant Vg =—10V and, from left to right, £y = 300, 900, and 1800 s. The bars indicate the current
scale. A subtracted current offset Iy is indicated in each graph. The dotted lines indicate the times at which the maximum in the currents is reached.
Adapted and reprinted with permission from [39]. Copyright 2010, American Institute of Physics.


www.wileyonlinelibrary.com

1154

Close inspection of the time evolution of the transfer curve
in Figure la shows that during stress the slope of this curve
in its linear region slightly decreases, pointing at a decreased
charge-carrier mobility. This is not due to a degradation of
the semiconductor, because the slope increases again during
recovery; see Figure 1b. The lower charge-carrier mobility after
stress should be attributed to scattering of mobile carriers in the
accumulation layer of the transistor by the random Coulomb
potential of the protons in the gate dielectric. The effect has
recently been investigated for the case of a field-effect transistor
consisting of a monolayer of a semiconducting molecule that
is self-assembled on top of the SiO, (SAMFET).3 For this case
the effect of Coulomb scattering can be relatively easily inves-
tigated, because the carriers in the semiconductor are neces-
sarily confined to a thin layer. By modeling the transfer curves,
taking into account Coulomb scattering by a random distribu-
tion of protons in the gate dielectric, and comparing the mod-
eled to the measured transfer curves it was concluded that after
15 days (1.3 x 10° s) of stress with a gate voltage of —30 V in
ambient atmosphere the protons have penetrated into the gate
dielectric to a distance of about 30 nm,>3 which is consistent
with the distance obtained from the drift-diffusion modeling of
the proton migration mechanism for the bias-stress effect dis-
cussed above.

Explicit proof that the immobilized charge responsible for
the bias stress is not trapped in the semiconductor but at the
dielectric surface or in the dielectric comes from SKPM potenti-
ometry studies of OFETs that have undergone stress, performed
after removing the semiconductor layer.””) Figure 7a displays
transfer curves of a sequence of identically prepared PTAA
OFETs that have been exposed during different periods to gate
bias stress with a gate voltage of —60 V. A logarithmic instead
of a linear current scale is used, so that the low-voltage region
can be seen more clearly. We define the “pinch-off voltage” as
the onset of the current, as indicated in the figure. The satura-
tion of the current at about 108 A is due to a parasitic leakage
current.

Figure 7b displays the corresponding potential profiles meas-
ured by SKPM after exfoliation of the PTAA and grounding of
all the electrodes. Easy exfoliation by peeling with a piece of
adhesive tape is possible due to the treatment of the SiO, with
HMDS, which lowers the interfacial energy.?”] Figure 7b shows
that immediate exfoliation leads to a negative surface charge,
probably due to Si-O~ groups.'®! The presence of a negative
surface charge agrees with the positive pinch-off voltage found
in Figure 7a for the unstressed OFET. For the OFETs that have
undergone stress for a period longer than 15 minutes a positive
surface charge appears in Figure 7b, in agreement with the neg-
ative pinch-off voltage in Figure 7a. The inset in Figure 7a gives
the surface potential in the middle of the channel as a func-
tion of the pinch-off voltage for the different curves in the main
panel of Figure 7a, showing a clear linear relation between the
two quantities. After the exfoliation a fresh semiconductor can
be adhered again to the stressed transistor structure, after which
again a negative pinch-off voltage is measured.?”! This demon-
strates unequivocally that the bias-stress effect is not related to
charges trapped in the semiconductor, in agreement with the
proton migration mechanism. We can, however, not conclude
that the charges are trapped within the SiO,, because SKPM
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Figure 7. (a) Transfer curves of PTAA OFETs that have been exposed
under ambient conditions to bias stress with a gate bias voltage of =60 V
during the indicated periods. The source-drain voltage is —5 V. (b) Surface
potential of these OFETS as measured by SKPM after exfoliation of the
PTAA and grounding of all the electrodes. The inset in (a) gives the sur-
face potential from (b) in the middle of the channel as a function of the
pinch-off voltage for the different curves in (a). Adapted with permission
from [27]. Copyright 2010, Wiley-VCH Verlag.

potentiometry cannot distinguish between charges trapped on
the SiO, surface or in the bulk of the SiO,.

The SKPM potentiometry after exfoliation has been per-
formed for several p-type as well as n-type OFETs./?”] The results
for an n-type perylene OFET with SiO, gate dielectric show that
the bias-stress effect is in that case accompanied by a build-up
of negative charge at the SiO, surface (see the supporting infor-
mation of Ref. [27]).

We now come to the study of the dependence of the time
scale of the bias-stress effect on the organic semiconductor.**l
The characteristic time t, of the proton migration mechanism is
given by Equation (11). Since the diffusion coefficient D in this
equation is related to diffusion of protons in the SiO, it does
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not depend on the specific semiconductor used in the OFET.
The parameter o depends on the rate constants of the reac-
tions (4)—(6). The reactions (4) and (6) do not directly involve
the semiconductor and the corresponding rate constants are
therefore not expected to depend strongly on the semicon-
ductor. However, the rate constant of reaction (5) will depend
strongly on the oxidation potential of the semiconductor, which
is directly related to the semiconductor’s highest occupied
molecular orbital, Eyjopo. One can derive the following expres-
sion for oz

H,0]? E —4.97eV
[H,0] [ HOMO € ] (15)

[0,]/* 4kg T

where it has been used that the electrode potential of the reac-
tion (4) with respect to the standard calomel electrode (SCE)
is 0.57 V, assuming a pH of 7, and the electrode potential of
the reaction (5) with respect to the SCE is Eyomo/e — 4.4 V.5
Together with the activated behavior of proton diffusion in SiO,,
D = Dyexp (— Eg/kgT), this then leads to the following result for
the relaxation time 7 of the bias-stress effect:

1
T X g X ——

a’D
(02 [ Enowmo —4.97eV Eq. (1e)
[H,0] 2%ks T ke T

This relation is tested in Figure 8, which displays the meas-
ured room-temperature relaxation time 7 of OFETs of different

108 2 1 1 1 1 1 1 L E
o WP 5
7
[ |
S10F PTAA ;
o [
=10°F 1
c ;
S .t
‘§ 10 r n 4
% 104 [ PTV n
m ] Pentacene \ F8T2 }
N 3-BuT5™ ]
10 1 1 1 1 1 1
49 50 51 52 53 54 55

HOMO Energy/eV

Figure 8. Symbols: room-temperature (25°C) relaxation time 7 of the
bias-stress effect of OFETs of different semiconductors as a function
of the semiconductor HOMO energy. The line with slope —1/2 kgT is
a fit to Equation (16). The semiconductors are poly(3-hexylthiophene)
(P3HT), polytriarylamine (PTAA), polythienylene-vinylene (PTV), 3-butyl-
quinquethiophene (3-BuT5), pentacene, and poly(9,9’-dioctyl-fluorene-co-
bithiophene) (F8T2). Adapted and reprinted with permission from [54].
Copyright 2011 American Institute of Physics.

semiconductors as a function of Eyopmo. The line with slope
—1/2kg T is a rough fit to Equation (16). The proportionality con-
stant found in this fit cannot be verified due to experimental
uncertainties in the amount of water adsorbed onto the SiO,,
the partial oxygen pressure, and other factors. Another uncer-
tainty is that even with identical ambient conditions the water
and oxygen uptake of different semiconductors will be different.
Also, the electrode potentials of a confined layer of water will be
different from those of bulk water, as used above. Despite these
uncertainties the predicted trend in Figure 8 seems to be gener-
ally followed by the experimental data.

It follows from Equation (16) that the activation energy E,
for the bias stress-effect is not precisely equal to the activation
energy E, for diffusion of protons in SiO,, but corrected by the
term (Egomo — 4.97 €V)/2. For Eyomo = 5€V this correction is
small. A further quantitative analysis is prohibited by the uncer-
tainties in the determined activation energies.?) We should
note here that because of the expected slight acidity of the water
layer adsorbed onto the SiO,, the electrode potential of reaction
(4) is probably somewhat larger than 0.57 V,[*¥ correcting the
above 4.97 eV (= (4.4 + 0.57) eV) to a higher value.

Equation (16) shows that in order to reduce the operational
instability, an organic semiconductor with an as low as pos-
sible HOMO energy should be used, preferably well below 5 eV.
However, with such a low HOMO energy the semiconductor
becomes unstable towards oxidation. The only route towards
stable organic transistors is thus the elimination of water.

6. Other Proposed Mechanisms and Open Issues

We will now discuss other mechanisms that have been pro-
posed to explain operational instabilities of OFETs. The most
commonly proposed mechanisms are based on slow trapping
of mobile charges. The location of these traps could be at grain
boundaries in the semiconductor,”®%7] at the semiconductor-
dielectric interface,®! or in the bulk of the semiconductor.’% In
order to yield a stretched-exponential dependence of the time
dependence of the threshold-voltage shift, a wide distribution
of trapping times has to be present. Such a wide distribution
can be obtained by a distribution of energy barriers or distances
between the mobile charges and the traps. Since in studies of
the bias-stress effect the threshold voltage is observed to shift
all the way to the applied bias voltage, no matter how large this
bias voltage is, the number of traps should be extremely large,
which seems a problematic feature of trapping mechanisms.
Furthermore, if recovery is supposed to occur by slow detrap-
ping it is not clear how these mechanisms can explain why in
an equilibrium situation between trapping and detrapping the
threshold voltage should be close to the applied bias voltage.
Finally, it is not clear how trapping mechanisms can explain the
specific memory effect observed in the anomalous bias-stress
effect discussed in Section 2.

Nevertheless, there is compelling evidence that trapping
mechanisms do play a role in OFETs of polycrystalline penta-
cene.l®0 Use of a gate dielectric consisting of SiO, with a Cytop
(a highly hydrophobic fluoropolymer) layer on top eliminates
the bias-stress effect in single-crystal pentacene OFETs, dem-
onstrating that with this dielectric there is no migration of
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protons into the SiO,. However, the polycrystalline pentacene
OFETs with this dielectric do show a bias-stress effect, which
was attributed to trapping of charges in the grain boundaries
between the crystallites.°¥ Indications for charge trapping in
disordered grain boundaries also come from SKPM measure-
ments of OFETs of the high-mobility polymer poly[2,5-bis(3-
alkylthiophen-2-yl)thieno(3,2-b)thiophene] (pBTTT): the poten-
tial above a stressed OFET shows structures on a 100 nm length
scale that are correlated with the topography of the polymer.>”]
These results appear to show that under certain circumstances
charge trapping in the semiconductor can lead to an opera-
tional instability. It would be interesting to further investigate
the properties of the instability in these circumstances, like the
reversibility and the memory effect.

The bias-stress effect has also been explained with a bipo-
laron mechanism.%!] The idea of this mechanism is that two
charges of the same sign can form an immobile doubly charged
state, a bipolaron, where the carriers are bound by a shared
lattice deformation. Because of the Coulomb repulsion of the
charges at large distance, there is an energy barrier between the
two separated charges and the bipolaron state, and this could
explain the long time scale of the bias-stress effect. The ratio
of the time scales of the bias-stress effect and the recovery is
in this mechanism determined by the stability of the bipolaron
with respect to the charge-separated state. Because of the bimo-
lecular reaction involved in the formation of a bipolaron from
two charges, the bipolaron mechanism predicts a time deriva-
tive of the decrease of the number of mobile carriers that is ini-
tially proportional to the square of the number of mobile car-
riers. For very short times such a behavior was indeed found
for p-type OFETs of poly(9-9’-dioctyl-fluorene-co-bithiophene)
(F8T2) and a regioregular polythiophene.[®] The bipolaron
mechanism can also explain illumination-induced recovery in
the F8T2 OFETs. The idea here is that the absorbed light cre-
ates free electron-hole pairs in the F8T2. The bipolaron state
has a double positive charge to which an electron is strongly
attracted. The electron recombines with one of the holes and a
mobile hole is released.[®!]

Although the bipolaron mechanism can explain some aspects
of the operational instability, there are experimental observa-
tions that cannot be explained by the mechanism: i) for longer
time scales, when the threshold-voltage shift is more than 50%
of the total final shift, the rate at which the threshold-voltage
shift occurs was found to be proportional to the fourth power
of the gate voltage;® this would suggest a process involving
four charges, which seems unlikely, ii) illumination-induced
recovery is observed in some OFETS, like in the above F8T2
OFET, but it is not a generally observed phenomenon, iii)
the bipolaron binding energy is expected be different for dif-
ferent organic semiconductors, whereas the activation energy
of the bias-stress effect is observed to vary only weakly with the
semiconductor.

Contact degradation has also been suggested to cause an
operational instability.l3] It was found that the relative arrange-
ment of the charge injecting source/drain contacts with respect
to the charge accumulation layer at the interface influences
the device degradation upon application of a gate bias. Using
SKPM potentiometry, a real-time measurement of the potential
drop near the source and drain contacts was performed. Two

types of device architectures were investigated: a coplanar and
a staggered architecture. In the coplanar device configuration
the source and drain contacts are patterned on the gate dielec-
tric before deposition of the semiconductor. In the staggered
configuration the source and drain contacts are put on top of
the organic semiconductor. Based on their measurements,
the authors suggested that in coplanar device configurations
an increase in source contact resistance during current flow
is primarily responsible for a rapid device degradation.l®*l On
the other hand, in staggered device configurations the cur-
rent reduction is significantly lower and this was attributed to
charge trapping in the channel. In the staggered device con-
figurations the contacts do not exhibit a significant degradation
when exposed to bias stress.[%3] The authors did not suggest a
mechanism for the increase in contact resistance on application
of a gate bias and the reversibility of the degradation was not
addressed. We note that in the studies presented in this report
contact degradation was never found to play an important role,
so that the generality of this cause for operational instability
might be limited.

Recently, the bias-stress effect was investigated in p-type
OFETs of single-crystalline organic semiconductors with a
parylene gate dielectric.l’ A model was proposed in which
holes in the semiconductor move into the localized electronic
states in the disordered parylene. Dispersive transport of these
holes in the parylene dielectric then leads to a stretched-expo-
nential time dependence of the threshold-voltage shift in the
case of diffusion-dominated hole transport and a to stretched-
hyperbola time dependence in the case of drift-dominated
transport. It was experimentally observed that a larger HOMO
energy of the crystalline semiconductor leads to an increased
rate of the bias-stress effect, which was attributed to a better
overlap with the density of states of localized states in the
parylene.® We note that the explanation for the bias-stress
effect put forward in this report also predicts an increased rate
with increasing HOMO energy; see Figure 8. We do not exclude
the possibility that in the measurements of Ref. [64] also proton
production at the interface between the crystalline semicon-
ductor and the parylene takes place, with subsequent migration
of these protons into the parylene. In this context we recall that
it has been established that single-crystalline pentacene is per-
meable to water.l*®! Tt was not discussed in Ref. [64] how the
proposed mechanism explains recovery, whereas this is natu-
rally explained by the proton-migration mechanism.

The proton-migration mechanism discussed in this report
has been specifically investigated for p-type organic field-effect
transistors with SiO, as gate dielectric. However, the redox reac-
tions (4) and (5) on which the mechanism is based are not spe-
cific for SiO,, but only rely on the presence of water. The migra-
tion of protons into the gate dielectric should also not be spe-
cific for SiO,. In fact, the bias-stress effect also occurs in OFETs
with other gate dielectrics,® including the above mentioned
parylene.l® Interestingly, the effect also occurs in field-effect
transistors of amorphous oxide semiconductors with SiO, gate
dielectric.l%! The acceleration of the effect upon exposure to
water vaporl®®l suggests that also in this case the proton migra-
tion mechanism could be responsible for the effect. This would
mean that the proton migration mechanism is a phenomenon
that occurs not exclusively in organic transistors.
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Although not discussed in detail in this Progress Report, the
bias-stress effect also occurs in n-type OFETs with SiO, gate
dielectricl®”! (see also the supporting information of Ref. [27]).
The dynamics of the threshold-voltage shift for n-type OFETs
can also be fitted with a stretched-exponential function.’”} In
the light of the proton-migration mechanism this may seem a
puzzle. However, we suggest that an explanation may be found
in an equilibrium that should exist between negatively charged
Si-O~ groups on the SiO, surface and protons in the SiO, even
before application of a gate bias (see also the discussion of
Figure 4 in Section 3). Application of a positive bias in the case
of n-type OFETs should then result in a motion of the protons
already present in the SiO, towards the semiconductor, resulting
in a removal of electrons from the semiconductor in the redox
reaction (4) and, instead of reaction (5), the redox reaction
os+e <« o0s7, (17)
where os™ now stands for a negatively charged unit of the
organic semiconductor. This would then lead to a shift in the
threshold voltage to more positive voltages. Hence, the idea
would be that threshold-voltage shifts are polarity-independent,
similarly to the polarity-independent charging of the SiO, sur-
face found in Section 3. This suggestion should of course be
further investigated.

We conclude this section by noting that the evidence for
the involvement of protons in the bias-stress effect is at this
moment still indirect. The modeling of the bias-stress effect
presented in this Progress Report only requires the existence
of positively charged species that can diffuse into the gate die-
lectric. Motion of holes in SiO, has also been reported in the
past, with an activation energy close to that of proton motion:
0.6 eV.I%® However, in that work the holes originated from elec-
tron-hole pairs that could only be created at very high electric
fields and with ionizing radiation of 18 eV. Moreover, the hole
mobility determined in that work (about 10~ cm?/Vs at room
temperature) is much too large to explain the observed time
scale in the bias-stress effect. Together with the widely reported
influence of water and the known electrochemistry involving
protons and water at the SiO, surface, this leaves protons as
the logical candidate for the involved charged species. Explicit
detection of an excess of protons in the gate dielectric after bias
stress would provide final proof for the proton mechanism, but
because of the very small concentrations involved such detec-
tion will be extremely difficult. A possibility to provide such
proof is perhaps the exposure of the OFET to (partly) tritiated
water (T,0 or HTO) and the radiometric detection of tritium in
the dielectric after bias stress.

7. Summary and Conclusion

In this Progress Report we have reviewed the various aspects
of the operational instability in organic field-effect transistors
(OFETs). The instability occurs when an OFET undergoes an
electrical stress by applying a bias voltage to the gate electrode
during a long period. The threshold voltage at which the tran-
sistor switches on then gradually shifts in the direction of the
gate voltage applied during stress. The effect is caused by a

transformation of mobile into immobile charge, but the char-
acter of the involved immobile charge and the location of this
charge have remained elusive for many years. We have dis-
cussed in detail a recently proposed mechanism for this charge
immobilization. The mechanism is based on redox reactions
involving holes in the semiconductor, water, oxygen, and pro-
tons. The produced protons can slowly migrate into the gate
dielectric and form the immobilized charge responsible for the
shift in the threshold voltage.

We have focused the discussion on p-type OFETs of an air-
stable polymeric semiconductor with a silicon-dioxide (SiO,)
gate dielectric. Studies of the potential profile by non-contact
potentiometry of a transistor structure without a deposited sem-
iconductor revealed slowly moving charges at the SiO, surface
when a potential is applied to the drain contact. On the basis
of previous studies of charge conduction on the SiO, surface,
protons present in an adsorbed water layer were identified as
the moving charged species. In an operating OFET protons will
also be present in an adsorbed water layer on the SiO, surface in
an equilibrium with mobile charges in the accumulation layer.
Proton migration into the SiO, then leads to the final immobili-
zation of charge and determines the time scale of the bias-stress
effect. Potentiometry after semiconductor exfoliation of OFETs
exposed to gate bias stress shows that the immobilized charges
are not located in the semiconductor, providing evidence for the
exchange of charge between semiconductor and dielectric.

The main conclusion of this Progress Report is thus that
water is the main culprit behind the operational instability of
OFETs. The route towards stable OFETs therefore lies in the
elimination of water. As mentioned in the previous section,
single-crystalline pentacene OFETs using a SiO, dielectric with
a hydrophobic layer of Cytop on top, repelling water from the
semiconductor-dielectric interface, have been shown to be
immune to bias stress.®l This is a very encouraging result.

Finally, we want to remark that calculations within the frame-
work of density-functional theory have shown that water at the
Si-SiO, interface can undergo oxidation to produce protons in
the presence of holes.[%” This is comparable to what is in this
Progress Report proposed to happen at the interface between
an organic semiconductor and SiO,. In a similar way as in
OFETs these protons may move into the SiO,. It might there-
fore be useful to investigate if the proton-migration mechanism
discussed in this Progress Report can provide an alternative to
the existing explanations for the bias-stress effect occurring in
a-Si field-effect transistors.

Acknowledgements

For stimulating discussions about the subject of this review and invaluable
help we thank many colleagues, in particular A.-M. Andringa, Prof. Dr. Ir.
P. W. M. Blom, Prof. Dr. B. de Boer, Dr. M. Célle, Dr. T. Cramer, Prof. Dr.
H. L. Gomes, Dr. P. A. van Hal, N. M. A. Janssen, Prof. Dr. Ir. R. A. J.
Janssen, Dr. A. V. Lyulin, Prof. Dr. I. McCulloch, Prof. Dr. G. Paasch, Dr. E.
C. P. Smits, and Dr. Ir. M.-J. Spijkman. The research was supported by the
Dutch Technology Foundation STW, applied science division of NWO and
the Technology Program of the Ministry of Economic Affairs.

1157


www.wileyonlinelibrary.com

1158

[1] H. Sirringhaus, Adv. Mater. 2005, 17, 2411.

[2] Organic field-effect transistors (Eds: Z. Bao, J. Locklin), CRC press,
Boca Raton, USA, 2007.

[3] R. A. Street, Adv. Mater. 2009, 21, 2007.

[4] C. D. Dimitrakopoulos, P. R. L. Malenfant, Adv. Mater. 2002, 14, 99.

[5] B.S. Ong, Y. L. Wu, P. Liu, S. Gardner, J. Am. Chem. Soc. 2004, 126,
3378.

[6] I. McCulloch, M. Heeney, C. Bailey, K. Genevicius, |. MacDonald,
M. Shkunov, D. Sparrowe, S. Tierney, R. Wagner, W. M. Zhang,
M. L. Chabinyc, R. J. Kline, M. D. McGehee, M. F. Toney, Nat. Mater.
2006, 5, 328.

[7] ). Zaumseil, H. Sirringhaus, Chem. Rev. 2007, 107, 1296.

[8] H. N. Tsao, K. Miillen, Chem. Soc. Rev. 2010, 39, 2372.

[9] H. N. Tsao, D. M. Cho, I. Park, M. R. Hansen, A. Mavrinskiy,
D. Y. Yoon, R. Graf, W. Pisula, H. W. Spiess, K. Mullen, J. Am. Chem.
Soc. 2011, 133, 2605.

[10] B. A. Jones, A. Facchetti, M. R. Wasielewski, T. J. Marks, J. Am.
Chem. Soc. 2007, 129, 15259.

[17] M. M. Ling, P. Erk, M. Gomez, M. Koenemann, J. Locklin,
Z. N. Bao, Adv. Mater. 2007, 19, 1123.

[12] J. H. Oh, S. Liu, Z. Bao, R. Schmidt, F. Wirthner, Appl. Phys. Lett.
2007, 91, 212107.

[13] H. Yan, Z. Chen, Y. Zheng, C. Newman, J. R. Quinn, F. Dotz,
M. Kastler, A. Facchetti, Nature 2009, 457, 679.

[14] R. P. Ortiz, H. Herrera, R. Blanco, H. Huang, A. Facchetti,
T. ). Marks, Y. Zheng, |. L. Segura, J. Am. Chem. Soc. 2010, 132, 8440.

[15] X. W. Zhan, A. Facchetti, S. Barlow, T. J. Marks, M. A. Ratner,
M. R. Wasielewski, S. R. Marder, Adv. Mater. 2011, 23, 268.

[16] Y. Zhao, C.-a. Di, X. Gao, Y. Hu, Y. Guo, L. Zhang, Y. Liu, J. Wang,
W. Hu, D. Zhu, Adv. Mater. 2011, 23, 2448.

[17] X. G. Guo, R. P. Ortiz, Y. Zheng, Y. Hu, Y. Y. Noh, K. J. Baeg,
A. Facchetti, T. . Marks, J. Am. Chem. Soc. 2011, 133, 1405.

[18] L.-L. Chua, ). Zaumseil, ).-F. Chang, E. C. W. Ou, P. K. H. Ho,
H. Sirringhaus, R. H. Friend, Nature 2005, 194, 434.

[19] J. Veres, S. Ogier, G. Lloyd, D. M. de Leeuw, Chem. Mater. 2004, 16,
4543,

[20] H. Sirringhaus, Adv. Mater. 2009, 217, 3859.

[21] M. Nonnenmacher, M. P. O’'Boyle, H. K. Wickramasinghe, Appl.
Phys. Lett. 1991, 58, 2921.

[22] L. Burgi, H. Sirringhaus, R. H. Friend, Appl. Phys. Lett. 2002, 80,
2913.

[23] E. C. P. Smits, S. G. ). Mathijssen, M. Célle, A. J. G. Mank,
P. A. Bobbert, P. W. M. Blom, B. de Boer, D. M. de Leeuw, Phys. Rev.
B 2007, 76, 125202.

[24] M. Kemerink, T. Hallam, M. J. Lee, N. Zhao,
H. Sirringhaus, Phys. Rev. B. 2009, 80, 115325.

[25] S. G. J. Mathijssen, M. Célle, A. ). G. Mank, M. Kemerink,
P. A. Bobbert, D. M. de Leeuw, Appl. Phys. Lett. 2007, 90, 192104.

[26] S. G. ). Mathijssen, M. Kemerink, A. Sharma, M. Célle, P. A. Bobbert,
R. A. ). Janssen, D. M. de Leeuw, Adv. Mater. 2008, 20, 975.

[27] S. G. ). Mathijssen, M.-J. Spijkman, A.-M. Andringa, P. A. van Hall,
I. McCulloch, M. Kemerink, R. A. J. Janssen, D. M. de Leeuw, Adv.
Mater. 2010, 22, 5105.

[28] S. C. Deane, R. B. Wehrspohn, M. J. Powell, Phys. Rev. B 1998, 58,
12625.

[29] H. L. Gomes, P. Stallinga, F. Dinelli, M. Murgia, F. Biscarini,
D. M. de Leeuw, T. Muck, J. Geurts, L. W. Molenkamp, V. Wagner,
Appl. Phys. Lett. 2004, 84, 3184.

[30] S. G.J. Mathijssen, M. Célle, H. Gomes, E. C. P. Smits, B. de Boer,
I. McCulloch, P. A. Bobbert, D. M. de Leeuw, Adv. Mater. 2007, 19,
2785.

[31] J. Kakalios, R. A. Street, W. B. Jackson, Phys. Rev. Lett. 1987, 59, 1037.

[32] R.S. Crandall, Phys. Rev. B 1991, 43, 4057.

[33] H. L. Gomes, P. Stallinga, M. Célle, D. M. de Leeuw, F. Biscarini,
Appl. Phys. Lett. 2006, 88, 082101.

M. Caironi,

[34] L. M. Andersson, W. Osikowicz, F. L. E. Jakobsson, M. Berggren,
L. Lindgren, M. R. Andersson, O. Inganis, Org. El. 2008, 9, 569.

[35] M. Matters, D. M. de Leeuw, P. Herwig, A. Brown, Synth. Met. 1999,
102, 998.

[36] C. Goldmann, D. ). Gundlach, B. Batlogg, Appl. Phys. Lett. 2006, 88,
063501.

[37] W. Kalb, T. Mathis, S. Haas, A. Stassen, B. Batlogg, Appl. Phys. Lett.
2007, 90, 092104.

[38] M. Debucquoy, S. Verlaak, S. Steudel, K. Myny, |.
P. Heremans, Appl. Phys. Lett. 2007, 91, 103508.

[39] A. Sharma, S. G. ). Mathijssen, T. Cramer, M. Kemerink,
D. M. de Leeuw, P. A. Bobbert, Appl. Phys. Lett. 2010, 96, 103306.

[40] A. Soffer, M. Folman, Trans. Faraday Soc. 1966, 62, 3559.

[41] J. H. Anderson, P. A. Parks, J. Phys. Chem. 1968, 72, 3662.

[42] B. C. Senn, P.J. Pigram, |. Liesegang, Sutf. Interface Anal. 1999, 27, 835.

[43] D. E. Yates, S. Levine, T. W. Healy, J. Chem. Soc., Faraday Trans. 1
1974, 70, 1807.

[44] C. M. Aguirre, P. L. Levesque, M. Paillet, F. Lapointe, B. C. St-Antoine,
P. Desjardins, R. Martel, Adv. Mater. 2009, 21, 3087.

[45] H. G. Ong, ). W. Cheah, L. Chen, H. TangTang, Y. Xu, B. Lij,
H. Zhang, L.-J. Li, ). Wang, Appl. Phys. Lett. 2008, 93, 093509.

[46] O. D. Jurchescu, ). Baas, T. T. M. Palstra, Appl. Phys. Lett. 2005, 87,
052102.

[47] K. Vanheusden, W. L. Warren, R. A. B. Devine, D. M. Fleetwood,
J. R. Schwank, M. R. Shaneyfelt, P. S. Winkour, Z. |. Lemnios, Nature
1997, 386, 587.

[48] N. F. M. Devine, |. Robertson, V. Girault, R. A. B. Devine, Phys. Rev.
B 2000, 67, 15565.

[49] J. Godet, A. Pasquarello, Phys. Rev. Lett. 2006, 97, 155901.

[50] A. Sharma, S. G. ). Mathijssen, M. Kemerink, D. M. de Leeuw,
P. A. Bobbert, Appl. Phys. Lett. 2009, 95, 253305.

[571] A. Sharma, S. G. ). Mathijssen, E. C. P. Smits, M. Kemerink,
D. M. de Leeuw, P. A. Bobbert, Phys. Rev. B. 2010, 82, 075322.

[52] G.T. Yu, S. K. Sen, Appl. Surf. Sci. 2002, 202, 63.

[53] A. Sharma, N. M. A. Janssen, S. G. J. Mathijssen, D. M. de Leeuw,
M. Kemerink, P. A. Bobbert, Phys. Rev. B 2011, 83, 125310.

[54] A. Sharma, S. G. ). Mathijssen, P. A. Bobbert, D. M. de Leeuw, Appl.
Phys. Lett. 2011, 99, 103302.

[55] D. M. de Leeuw, M. M. J. Simenon, A. R. Brown, R. E. F. Einerhand,
Synth. Met. 1997, 87, 53.

[56] M. Tello, M. Chiesa, C. M. Duffy, H. Sirringhaus, Adv. Funct. Mater.
2008, 18, 3907.

[57] T. Hallam, M. Lee, N. Zhao, |. Nandhakumar, M. Kemerink,
M. Heeney, I. McCulloch, H. Sirringhaus, Phys. Rev. Lett. 2009, 103,
256803.

[58] R. A. Street, M. L. Chabinyc, F. Endicott, J. Appl. Phys. 2006, 100,
114518.

[59] J. B. Chang, V. Subramanian, Appl. Phys. Lett. 2006, 88, 233513.

[60] R. Hausermann, B. Batlogg, Appl. Phys. Lett. 2011, 99, 083303.

[61] R. A. Street, A. Salleo, M. L. Chabinyc, Phys. Rev. B 2003, 68, 085316.

[62] R. A. Street, M. L. Chabinyc, F. Endicott, J. Appl. Phys. 2006, 100,
114518.

[63] T. Richards, H. Sirringhaus, Appl. Phys. Lett. 2008, 92, 023512.

[64] B. Lee, A. Wan, D. Mastrogiovanni, |. E. Anthony, E. Garfunkel,
V. Podzorov, Phys. Rev. B 2010, 82, 085302.

[65] S. ). Zilker, C. Detcheverry, E. Cantatore, D. M. de Leeuw, Appl. Phys.
Lett. 2001, 79, 1124.

[66] M. E. Lopes, H. L. Gomes, M. C. R. Medeiros, P. Barquinha,
L. Pereira, E. Fortunato, R. Martins, |. Ferreira, Appl. Phys. Lett.
2009, 95, 063502.

[67] M. Barra, F. V. Girolamo, F. Chiarella, M. Salluzzo, Z. Chen, A. Facchetti,
L. Anderson, A. Cassinese, J. Phys. Chem. C 2010, 174, 20387.

[68] R. C. Hughes, Appl. Phys. Lett. 1975, 26, 436.

[69] L. Tsetseris, X. Zhou, D. M. Fleetwood, R. D. Schrimpf,
S. T. Pantelides, Mater. Res. Soc. Symp. Proc. 2004, 786, 171.

Genoe,


www.wileyonlinelibrary.com



