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Organic field-effect transistors exhibit operational instabilities involving a shift of the threshold gate voltage
when a gate bias is applied. For a constant gate bias the threshold voltage shifts toward the applied gate bias
voltage, an effect known as the bias-stress effect. Here, we report on a detailed experimental and theoretical
study of operational instabilities in p-type transistors with silicon-dioxide gate dielectric both for a constant as
well as for a dynamic gate bias. We associate the instabilities with a reversible reaction in the organic
semiconductor in which holes are converted into protons in the presence of water and a reversible migration of
these protons into the gate dielectric. We show how redistribution of charge between holes in the semiconduc-
tor and protons in the gate dielectric can consistently explain the experimental observations. Furthermore, we
show how a shorter period of application of a gate bias leads to a faster backward shift of the threshold voltage
when the gate bias is removed. The proposed mechanism is consistent with the observed acceleration of the
bias-stress effect with increasing humidity, increasing temperature, and increasing energy of the highest mo-

lecular orbital of the organic semiconductor.

DOLI: 10.1103/PhysRevB.82.075322

I. INTRODUCTION

Organic field-effect transistors (OFETs) are the basic
building blocks of low-cost contactless identification tran-
sponders, electronic barcodes, and pixel engines of flexible
active matrix displays."> However, a severe limitation of the
commercial introduction of OFETs is their operational stabil-
ity. During operation, the current modulation by the gate bias
decreases over time, leading to a gradual malfunctioning.
This electrical instability is manifested as a shift of the
threshold voltage—the gate bias voltage at which a transistor
switches on—with time.>* This undesirable effect is usually
referred to as the “bias-stress effect.” The identification of its
origin is of paramount importance for the development of
commercially viable OFETs.

The bias-stress effect has been extensively studied in
p-type organic transistors with silicon dioxide, SiO,, as the
gate dielectric.>"'* SiO, is chosen to prevent effects of ionic
movements, which are known to occur in organic gate
dielectrics.'> Nevertheless, transistors with SiO, as gate di-
electric suffer from the bias-stress effect. The effect is usu-
ally studied by applying a constant stressing gate bias, inter-
rupted by short time intervals in which the transfer curve—
the source-drain current as a function of gate bias for a small
applied source-drain voltage—is measured. The main obser-
vation in these measurements is that the whole transfer curve
shifts in the direction of the constant stressing gate bias.

The threshold-voltage shift as a function of time is cus-
tomarily fitted with a stretched-exponential function, as is
done in similar studies on the bias-stress effect in
amorphous-silicon FETs.!® Despite the success of such a fit,
there is no agreement on the microscopic mechanism behind
the effect. Several mechanisms have been suggested as an
explanation, such as (i) trapping of mobile carriers in the
bulk of the semiconductor,!” (ii) trapping in disordered areas
of the semiconductor,’ (iii) trapping in regions in between
crystalline grains of the semiconductor,'® (iv) trapping in
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states at the semiconductor/dielectric interface,® and (v) pair-
ing of mobile carriers to bipolarons in the semiconductor.>!”
Two other important observations are that the effect is influ-
enced by humidity'32%?! and that the effect is thermally ac-
tivated, with an activation energy of about 0.6 eV, apparently
independent of the organic semiconductor used.'!

Recently, we proposed a mechanism for the bias-stress
effect in p-type field-effect transistors with SiO, gate dielec-
tric that is based on production of protons from holes and
water in the accumulation layer of the semiconductor and the
subsequent migration of these protons into the gate
dielectric.'* We showed that this mechanism can quantita-
tively explain the measured dependence of the threshold-
voltage shift on time and that this dependence can indeed be
accurately fitted with a stretched-exponential function. We
concluded that to a good approximation the drift contribution
to the motion of the protons can be neglected so that this
motion is governed by diffusion. In this approximation, the
time scale of the bias-stress effect is determined by a char-
acteristic time that depends only on the diffusion coefficient
and the ratio between the proton density in the oxide at the
interface with the semiconductor and the hole density in the
accumulation layer of the semiconductor.'*

A unique aspect of this mechanism is that not only the
amount of protons stored in the dielectric is important but
also their specific density profile. As a consequence, unlike
other mechanisms, this mechanism predicts the occurrence
of memory effects related to the biasing history of the tran-
sistor. Specific predictions about anomalous nonmonotonic
current transients derived from the model for the case of a
dynamic biasing scheme were indeed experimentally
verified.??

One of the other interesting aspects of the bias-stress ef-
fect is that it is reversible: on applying a zero gate bias after
stressing, the threshold voltage shifts back toward its original
value, an effect usually referred to as “recovery.” While the
bias-stress effect has been thoroughly investigated, recovery
has received little attention. It has been established that the
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dynamics of the threshold-voltage shift for recovery is dif-
ferent from that for stress!! but an explanation for this obser-
vation is still lacking. In the present paper, we present a
detailed study of recovery. In particular, we investigate the
effect of the extent of stressing on the recovery dynamics.
We find that the recovery rate strongly depends on the extent
of stressing: when the transistor has been stressed to the ex-
tent that the threshold voltage has been shifted almost com-
pletely to the stressing gate bias, the time scale for recovery
is much longer than when the transistor has only partially
been stressed.

The purpose of the present paper is to discuss the proton
migration mechanism introduced in Refs. 14 and 22 in detail
and to show how the mechanism can explain the experimen-
tal observations on recovery. The paper is built up as follows.
In Sec. II, we present measurements of the bias-stress effect
for a p-type OFET and discuss the main experimental fea-
tures of the effect. In Sec. III, we introduce the proton mi-
gration mechanism and discuss its experimental and theoret-
ical basis. In Sec. IV, we discuss the modeling of the proton
migration mechanism and its application to the bias-stress
effect. In Sec. V, we discuss the application of the proton
migration mechanism to the case of a nonconstant bias
stress, for which anomalous nonmonotonic current transients
are obtained. In Sec. VI, we demonstrate how the proton
migration mechanism can explain measurements on stress-
recovery cycles with different extents of stressing. In Sec.
VII, we discuss the influence of the energy of the highest
occupied molecular orbital (HOMO) of the semiconductor
on the dynamics of the bias-stress effect. Finally, Sec. VIII
contains a summary and the conclusions, as well as a discus-
sion of the results.

II. BIAS-STRESS EFFECT: EXPERIMENTAL

We investigated the bias-stress effect for a p-type OFET
fabricated using heavily doped p-type Si wafers as the com-
mon gate electrode with a 200 nm thermally oxidized SiO,
layer as the gate dielectric. Using conventional photolithog-
raphy, gold source and drain electrodes were defined in a
bottom-contact device configuration with a channel width
(W) and length (L) of 2500 wm and 10 wm, respectively. A
10-nm-thick layer of titanium was used as an adhesion layer
for the gold on SiO,. The SiO, layer was treated with the
primer hexamethyldisilazane (HMDS) prior to semiconduc-
tor deposition in order to passivate its surface. Polytriary-
lamine (PTAA) films were spun from a 1% toluene solution
at 2000 rpm for 20 s, resulting in a film thickness of 80 nm.
The electrical characterization was carried out using an HP
4155C semiconductor parameter analyzer under conditioned
ambient atmosphere at a temperature of 30 °C. All measure-
ments reported in the present paper have been performed on
this transistor.

Figure 1(a) shows the development in time of the transfer
curves of the transistor, undergoing bias stress with a con-
stant gate voltage Vgo=—20 V for a total time of 100 h
~4 X 10° s. The transfer curves were measured by interrupt-
ing the stress for brief periods of time, during which a
source-drain voltage of Vgp=—3 V was applied and the gate
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FIG. 1. (Color online) (a) Transfer curves of the investigated
p-type transistor in ambient atmosphere at a temperature of 30 °C
for different stressing times, indicated in hours (h). The gate bias
voltage during stressing was Vgo=-20 V. (b) Transfer curves of
the same transistor undergoing recovery with grounded electrodes
for different recovery times after 28 h of stressing. The source-drain
voltage while measuring the transfer curves was Vsp=-3 V. The
horizontal arrows shows the shifts of the transfer curves with time.

voltage was swept. As is clearly observed, the main effect of
the bias stress is a shift of the transfer curves in the direction
of V. In the course of time, the threshold voltage V,, (de-
fined here as the intercept of the extrapolated linear part of
the transfer curve with the voltage axis) shifts all the way
down to V. The symbols in Fig. 2(a) show the threshold-
voltage shift AV (1)=V3—Vy(7) as a function of time f.
Here, V?h is the threshold voltage shift at the start of the
experiment, which is close to zero. In studies of the
bias-stress effect it has become customary to describe the
shift AVy(r) with a stretched-exponential function,®!!-16
AV (t)=V,y(1—exp[—(¢/ 7)#]), where the prefactor Vj, is close
to |Vgol, 7is a relaxation time, and 0 < 8< 1 an exponent. As
can be seen in Fig. 2(a) this function (dashed curve) yields a
very good fit. The fit parameters are V=19 V, 7=10* s, and
B=0.43.

Many studies have shown that humidity has a profound
influence on the bias-stress effect. Under vacuum conditions,
with practically no water present on the SiO, interface, the
bias-stress effect is greatly slowed down.®!!202! This is evi-
dent from the relaxation time of 7=2X 10 s obtained from
the bias-stress measurements on a similar PTAA transistor in
vacuum,'! which is more than two orders of magnitude larger
than the above value in ambient. Furthermore, pretreatment
of the SiO, with hydrophobic HMDS or octadecyltrichlorosi-
lane is is known to decelerate the effect.>!3 Use of a hydro-
phobic organic gate dielectric practically eliminates the
effect’! while coverage of the SiO, with a layer that is im-
penetrable to water does the same.'” These observations in-
dicate that the threshold-voltage shift in organic transistors is
related to residual water.

Another aspect of the bias-stress effect is that the dynam-
ics of the threshold voltage shift during stressing does not
depend on the source-drain bias. This was demonstrated in a
study in which the source-drain current of a device undergo-
ing stress was monitored under constant source-drain bias
and then compared to the case when the gate bias was kept
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FIG. 2. (Color online) Symbols: experimentally obtained

threshold-voltage shift AV, (7) as a function of time z. (a) During
stress with a gate voltage of Vgo=-20 V. (b) During recovery after
three different stressing periods: 10° s [A, obtained from Fig. 1(b)],
10* s (b), and 2X 103 s (c). The dashed lines in both (a) and (b)
correspond to stretched-exponential fits. The thick lines correspond
to the results of the proton migration mechanism. The thin line in
(a) corresponds to a fit with also drift taken into account. The fit
parameters are D=1.6 X 107! ¢cm?/s and @=2.2 nm~'. The times
at which the proton density profiles are plotted in Fig. 5 during
recovery are indicated at the upper axis in (b).

constant but the source-drain bias was switched off from
time to time during the stressing period. It was found that
switching off the source-drain bias during stressing had no
impact on the source-drain current, which was identical to
that obtained with a constant source-drain bias.!!

The dynamics of the bias-stress effect has been measured
at various temperatures.'! It was found that for transistors
with SiO, as gate dielectric and PTAA as the semiconductor
the relaxation time 7 decreases exponentially with increasing
temperature with an activation energy of about 0.6 eV. Inter-
estingly OFETs of other organic semiconducting polymers
such as poly-3-hexylthiophene (P3HT), poly-thienylene-
vinylene (PTV), and poly-dioctyl-fluorene-co-bithiophene
(F8T2) showed under identical conditions thermally acti-
vated behavior with the same activation energy of 0.6 eV.!!
The independence of the activation energy on the semicon-
ductor indicates that the bias-stress effect in transistors with
Si0, gate dielectric has a common origin. It should be noted
that although the activation energy for different semiconduc-
tors is the same, the value of the relaxation time is different
for each of the semiconductors. We will discuss the role of
the semiconductor, and in particular the energy of its
HOMO, in the bias-stress effect in Sec. VII.

Recovery of the original state of the transistor can be
established by applying a zero bias to the gate electrode for
an extended period of time.®!! In this period, the transfer
curve gradually shifts back to the transfer curve before
stressing, as shown in Fig. 1(b), where the transistor is re-

PHYSICAL REVIEW B 82, 075322 (2010)

covering after 28 h =103 s of stressing. It has been found
that the dynamics of Vy, for recovery can also be fitted with
a stretched-exponential function but that the parameters are
different than for stress.!! The symbols in Fig. 2(b) labeled
by A represent the threshold-voltage shift as a function of
time for the transfer curves in Fig. 1(b). The shift can be
fitted very well with the function AVy,(1)=V, exp[-(t/7)"],
with the fit parameters 7=7.7X 10* s, B=0.58, and
V,=15.7 V. The symbols in Fig. 2(b) labeled by B and C
have been obtained by starting the recovery after 10*
and 2X10% s of stressing, respectively. For these
recovery curves we obtain stretched-exponential fits
with 7=6.5X10° s, =03, and V,=11.7 V (B), and
7=2X10° s, B=0.28, and V=84V (C). We will
extensively discuss these different recovery experiments in
Sec. VI.

III. PROTON MIGRATION MECHANISM FOR THE BIAS-
STRESS EFFECT

A strong indication that the bias-stress effect is not caused
by trapping of charges in the organic semiconductor but by
processes occurring on the SiO, surface comes from scan-
ning Kelvin-probe microscopy measurements of the potential
on a structure similar to the OFET investigated in the present
paper but without deposition of the organic semiconductor.'3
With application of a drain bias (and a grounded source and
gate) a time evolution of the potential profile at the SiO,
surface was measured. The dynamics of this evolution was
found to be determined by the amount of water on the SiO,,
which could be regulated by treatment with HMDS.!* The
time evolution of the potential profile on this structure shows
that charges can move around reversibly on the SiO, surface
even in absence of a semiconductor. Surprisingly, the time
evolution was found to occur on equal time scales for both
positive and negative polarity of the drain bias.!® Since car-
riers with different polarities should have different transport
characteristics, this observation implies that the dynamics of
the potential profile is in both cases governed by one type of
charge carrier.

Surface-conductivity measurements on SiO, performed in
the 1960s and repeated a decade ago have revealed an ionic
nature of the conductivity and it was suggested that protons
(H*) that are electrolytically produced from physisorbed wa-
ter are the charge carriers.>3>3 It was shown that protons can
be produced electrolytically from water on the SiO, surface
by replacing water in the ambient by heavy water (D,0) and
detecting deuterium gas (D,) after performing surface-
conductivity measurements.>> Therefore, we suggest that in
the above experiments protons are responsible for the time
evolution of the potential profiles. Because of the presence of
silanol groups (SiOH) protons will be present on the SiO,
surface because of the reaction SiOH=SiO +H",
creating an acidic environment. On applying a positive bias
at the drain electrode, oxidation of water occurs at this
electrode, producing excess protons in the reaction
2H,0 —2H*+2e~+0,(g). The motion of protons away from
the drain electrode toward the source electrode gives rise to a
positive potential profile. On the other hand, when applying a
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negative bias, the reaction 2H"+2e™— H,(g) occurs at the
drain electrode, leading to a deficit of protons. This results in
a motion of protons toward the drain electrode, giving rise to
a negative potential profile. Since under the application of
both negative and positive bias it is the motion of protons
that determines the potential profiles, the evolution of these
profiles occurs on the same time scale.

Since organic semiconductors are permeable to water, wa-
ter molecules can also reach the SiO, surface in the presence
of an organic semiconductor. We therefore propose that in a
p-type OFET under bias stress the electrolytic production of
protons now takes place at the interface between the semi-
conductor and the SiO,, where the whole accumulation layer
in the semiconductor acts as a positive electrode. In this elec-
trolytic reaction, holes in the semiconductor are converted
into protons. Calculations within the framework of density-
functional theory have shown that water at the Si-SiO, inter-
face can undergo oxidation to produce protons in the pres-
ence of holes.”® Although we do not know of equivalent
studies for the interface between an organic semiconductor
and SiO,, it is natural to assume that the same reaction will
take place. Regarding the above discussion, it is then also
natural to assume that protons can be converted back into
holes along with production of H,.

The reversible motion of protons in SiO, has been dem-
onstrated by memory effects occurring in Si/SiO,/Si de-
vices, where protons move through the SiO, from one Si
layer to the other.”’?® Protons in SiO, bind to the oxygen
atoms and their motion occurs by hopping from one oxygen
atom to another. The mobility of protons in amorphous SiO,
has been studied by directly sensing charge displacements,
indicating hopping transport of protons with hopping lengths
well beyond first-neighbor oxygen distances.?® In a theoreti-
cal study, Godet and Pasquarello®® showed that protons usu-
ally bind to bridging O atoms in Si-O rings that become
threefold coordinated with O-H* bond lengths of about 1 A.
The hopping mechanism involves a transient complex, in
which a proton is shared by two O atoms of different rings.
The formation of the intermediate O-H*-O complex, in
which the proton forms two bonds, favors the ensuing break-
ing of the first O-H* bond, after which the proton is com-
pletely transferred from one oxygen atom to the other. Long-
range diffusion of protons in SiO, is pictured by these
authors as a percolative motion in which protons move from
one oxygen atom to another through an energy barrier that
depends on the distance between the two oxygen atoms. Go-
det and Pasquarello used molecular dynamics to generate a
large-size structure of amorphous SiO,. They assigned bar-
rier energies for hopping of protons depending on the in-
teroxygen distances. According to their calculations, the size
of the percolation cluster approaches infinity when all the
sites separated by an energy barrier less than 0.5 eV are
connected.*® This activation energy of about 0.5 eV for long-
range diffusion of protons is close to the 0.6 eV activation
energy found in bias-stress experiments on different organic
semiconductors.'! This strongly suggests that proton motion
in the SiO, determines the dynamics of the bias-stress effect.

Based on these experimental and theoretical results we
propose the following scenario. (i) In the presence of water,
holes in the organic semiconductor, indicated below by OS*,
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can be converted into protons in the electrolytic reaction
2H,0 +40S* — 4H" + O,(g) + 408, (1)

where OS refers to electrically neutral sites in the organic
semiconductor. (ii) Protons can be converted back into holes
in the reaction

2H* +208 — 20S* + Hy(g). 2)

(iii) Protons in the accumulation layer of the semiconductor
are in equilibrium with protons in the oxide at the interface
with the semiconductor

H*(semi) = H*(oxide). (3)

(iv) Protons in the oxide at the interface can diffuse into the
bulk of the oxide.

We note that reactions Eqgs. (1) and (2) will establish an
equilibrium between holes and protons in the accumulation
layer. This essentially implies the reversibility of the bias-
stress effect, as we will see further on. It is reasonable to
assume that the dynamics of the reactions Egs. (1)-(3) is
much faster than the diffusion of protons into the bulk of the
oxide. This leads to the conclusion that the dynamics of the
bias-stress effect is governed primarily by the motion of pro-
tons in the oxide and not by the specific details of the reac-
tions. Under this assumption, there will be an equilibrium
between the surface density [OS*] of holes in the semicon-
ductor and the volume density [H*] of protons in the oxide at
the interface with the semiconductor, leading to the linear
relation

[H*]=alOS™], (4)

where the parameter « is a proportionality constant, which is
determined by the reaction constants. We treat « as a param-
eter in what follows. We note that protons in the semicon-
ductor in the presence of water probably occur in a hydrated
form (H;O* or more complex coordination) but this is not
central to our analysis.

IV. MODEL FOR THE PROTON MIGRATION
MECHANISM: APPLICATION TO THE BIAS-STRESS
EFFECT

The proposed proton migration mechanism can be made
quantitative in the following way. Under the assumption that
the protons do not penetrate deep into the oxide, we can
write down the following charge-balance equation while
stressing the OFET with a constant gate bias Vg

* CV,
f p(e.t)dx + hy(1) = cg = —22, (5)
0 e

where p(x,1) is the time-dependent volume density of pro-
tons in the oxide at a distance x from the interface with the
semiconductor, %(f) is the time-dependent surface density of
holes in the accumulation layer of the semiconductor, C is
the capacitance of the oxide per unit area, and e is the el-
ementary charge. In principle, diffusion as well as drift of
protons in the oxide occurs. In the present derivation we will
neglect drift and only take diffusion of protons into account.
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Clearly, in the initial stage after the application of a gate bias
there will be a large density gradient—perpendicular to the
interface with the semiconductor—of protons in the oxide,
such that diffusion automatically dominates over drift. The
advantage of neglecting proton drift is that a clear picture of
the mechanism arises and that the modeling is considerably
simplified. We can then write the equation of motion for
protons in the oxide as

2

—p(x 1) = D p(x 1) (6)

with D the diffusion coefficient. This equation can be solved
using the Green’s function for the one-dimensional diffusion

equation

(x -x') ’ ( ')

ex )
Pl 2p-1) ™"
plx.1) =
N4mD(t—1t")

where s(x, ) stands for the source term, which is equal to the
proton flux into the oxide from the accumulation layer. This

source term can be obtained by differentiating Eq. (5) with
respect to time and using Eq. (6)

dé'dt’,  (7)

dhy(t)

ox)=- 275():), (8)

dp(x.t)

s(x,t)y==-2D ———— pe

x=0

where the factor 2 is related to the fact that we consider a
diffusion problem in a half-space x=0. Using the equilib-
rium condition p(0,f)=ahy(r) and the above expression for
the source term, we can calculate the proton density in the
oxide at the interface as

! 1 2 dp(0,t")
p(ovt)=j [ ’ |:__ ’
o V4mD(t—t")| o« dt

On applying partial integration and replacing p(0,f) with
ahy(1), we obtain the following equation for the hole density
in the accumulation layer

}dl’. (9)

1 P 1)\ "2
ho(t) = 5 f ) m[ho(t’) = ho(1)]dt" - (7> [70(2) = o],

(10)
where the characteristic time #, is given by

1

7a?D’

thy= (11)
We note that, unlike the relaxation time 7 in the stretched-
exponential fits to the threshold-voltage shifts discussed in
Sec. II, this characteristic time is related to physical param-
eters.

Equation (10) can be solved for h(z) by iterative numeri-
cal techniques. The threshold voltage is finally obtained as

ho(1)]. (12)

V() = %[Co -

The application of the model to the threshold-voltage dy-
namics during stressing discussed in Sec. I leads to the thick
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full line in Fig. 2(a) for the case that only proton diffusion in
the oxide is taken into account. For this case the dynamics of
the threshold-voltage shift is described by a universal curve
with 7, as the only parameter. This fact is in agreement with
the experimental observation that the dynamics of the bias-
stress effect is virtually independent of the value of the ap-
plied gate voltage.!! For the present case, we are able to
obtain a good fit up to r=~10* s and extract 1,=4.2 X 10° s

The deviation from predictions of the diffusion model ob-
served in Fig. 2(a) for longer times should be attributed to
proton drift in the oxide. In order to take into account drift
we must solve the full drift-diffusion equation for the motion
of the protons. In order to do so, we need to estimate the
diffusion constant and « individually. The drift component
of the proton flux into the oxide can be written as
Jaun(®)=pup(0,1)E(0,1), where u is the mobility of the pro-
tons and E(0,7) is the electric field at the interface. On ex-
pressing p(0,¢) and E(0,7) in terms of Vg, and Vi, (1), we get

ClVgo — V()T

13
el (13)

Janiget) =

where L, is the thickness of the oxide layer. In our model,
the diffusive component of the flux is given by

d d Ccd
Jaer(t) == D—p(x,0)[,eo=— —ho(t) = —— Vy(1). (14
aife(1) pRAS =0 5o =""Va(0). (14)
Deviations from our model predictions occur when the drift
component becomes comparable to the diffusive component.
Assuming that this happens from r=t4,, onwards, we obtain

by equating Eqgs. (13) and (14) at t=t4,

L2y o) (15)
po="—" "5 .
(Vo = Vinltgey)) 2 dt ™l
Using Einstein’s relation, D/u=kgT/e, Eq. (15), and the
definition of 7y, Eq. (11), we find
Voo — Vin(taen)
a:i [Vao = Vin(taey)] ’ (16)
kT d
Tl OLOXE V(0] =gy

kgT \? o> d 2
D= (L> oo 4|i_Vth(t)|t=’d :| . (17)
e ) [Voo= Vanltaen)]* L dt ev

By taking t4,~10% s and the experimentally determined
lh(t t4ey) and % V() |,_, » we obtain a=2 nm~! and
~107" cm?/s. We are not aware of any measurements of

the diffusion coefficient of protons in our gate dielectric con-

sisting of dry amorphous thermally grown SiO, but the value
we find is very close to the diffusion coefficient for protons
in Si;N,.3!

We also directly numerically solved the drift-diffusion
equation for protons in the oxide

px) = p( B = DLplen).  (19)

The threshold voltage can be calculated using
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Lox
Vlh(t) = EJ (LOX - x)p(-x7t)dx7 (19)
€Jo

where € is the relative dielectric constant of the oxide. The
electric field at any point in the oxide can be obtained using
Poisson’s equation

L

Euﬁ:E®ﬁ+EJ p(x,0)dx,
€Jo

Veo— V() e [Fox
GO m()+_f

I p(x,1)dx. (20)

€Jo

We normalize the distance into the oxide x, the proton den-
sity p(x,7), and the electric field E(x,?) in the oxide with
respect to Ly, p(0,0) = ahy(t=0), and E(0,0) = V/ Ly, re-
spectively. We normalize time ¢ with respect to L(z)x/,u,VGO.
Under the assumption that protons do not reach the gate
electrode during the stressing period, the drift-diffusion
equation along with Poisson’s equation can be cast in the
following form:

1
F@a:fﬁ@ﬁﬁ, 1)

N L AP
_/\F(.X,t) =P(x’t)E(x,t) - ’y_,\p(x’f)a (22)
ot ox

ER®,f)=1-aLy,F(&1)+ aL,, f ip(x,0dx,  (23)
0

1
pA(O’f) =1- aLoxJ (1 _xA)ﬁ(xA7f)dxA, (24)
0

where y=kgT/eVgo. In the equations above, symbols with
hats represent normalized quantities. These equations can be
solved numerically by advancing time in small steps to ob-
tain p(0,7). We obtain the hole density in the channel by
using Eq. (4). The threshold-voltage V(¢) is obtained from
Eq. (12).

As shown by the thin line in Fig. 2, an excellent fit to the
experimentally determined time dependence of the threshold
voltage is obtained when the drift-diffusion problem is
solved with D=1.6X10"" cm?/s and a=2.2 nm~'. For
these values of D and «, we show the proton density profile
in the gate oxide for different times in Fig. 3(a). The pen-
etration depth of the protons into the oxide is about 30 nm at
the end of stressing in Fig. 1(a) (r=100 h=~4 X 10° s). This
is much smaller than the oxide thickness of 200 nm and
hence consistent with our assumption that the protons do not
penetrate deep into the oxide. The results displayed in Fig.
2(a) show that the diffusive flux of protons into the oxide
dominates over the drift flux of protons till r=~10* s. We
show in Fig. 3(b) the electric field profile in the oxide for
different times. Since most of the proton charge stays close
to the interface between the organic semiconductor and the
oxide, the electric field varies strongly with distance near the
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FIG. 3. (Color online) (a) Proton density profile p(x,z)/p(0,0)
and (b) electric field profile E(x,#)/E(0,0) in the oxide at different
times after the start of stressing, for a numerical solution of the
drift-diffusion problem related to the proton migration mechanism.

interface, whereas there is practically no change in its value
far from the interface.

V. ANOMALOUS CURRENT TRANSIENTS

The unique aspect of the proton migration mechanism, in
comparison to other proposed mechanisms for the bias-stress
effect, is that it is not based on trapping of charges in or very
near the accumulation layer, but on a build-up of charges, the
protons, in the bulk of the oxide at a distance of the accu-
mulation layer. This means that the state of the transistor is
not only determined by the total number or protons in the
oxide but also by their particular density profile. In the pre-
vious section we have seen that in an ordinary bias-stress
experiment with a constant stressing gate voltage the shift of
the threshold voltage is monotonic and that the proton den-
sity profile decays monotonically into the bulk of the oxide.
With the application of a dynamic gate bias, however, it is
possible to create a nonmonotonic proton density profile,
leading to a nonmonotonic time dependence of the threshold
voltage. The observation of such anomalous nonmonotonic
behavior is an excellent way to validate the proton migration
mechanism. Indeed, we recently observed such anomalous
behavior.?> Here, we provide the quantitative description of
this behavior in the light of the proton-diffusion model dis-
cussed in the previous section.

We have investigated a dynamic gate biasing scheme in
which the transistor is first stressed with a strongly negative
gate voltage Vo and then, after time r=t,,, stressed with a
less negative gate voltage Vg, which is chosen such that the
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FIG. 4. (Color online) Upper panel: dynamic switching scheme
of the gate bias voltage V. Lower panel: experimental source-drain
current Igpy vs time 7 for a source-drain voltage Vgp=-3 V (thick
red line) and model prediction using the same value of 7, as ob-
tained in Sec. IV (thin black line). The calculated Iy has been
shifted vertically by —2 nA, such that the experimental and theo-
retical maximum coincide. The vertical dotted line indicates the
switching of the gate bias from Vg, to V5;. The dashed line indi-
cates the decreasing current as expected for other proposed mecha-
nisms for the bias-stress effect.

transistor remains in accumulation throughout the stressing
period. During the stressing, a constant small source-drain
voltage Vgp is applied, leading to a source-drain current Igp
that is measured. According to the proton-diffusion model a
large amount of protons should diffuse into the dielectric in
the period of stressing with the strongly negative gate volt-
age Vo, a part of which should diffuse back to the semicon-
ductor and get reconverted into holes during stressing with
the less negative voltage V. This should lead to a non-
monotonic current, in which the current after switching from
Vo to Vg, first increases and then continues to decrease.??
The measured source-drain current for such a dynamic bias-
ing scheme exactly shows the predicted nonmonotonic tem-
poral response to the switched gate bias; see Fig. 4. We re-
mark that, unlike in the ordinary bias-stress experiment in
Sec. II, we measured the source-drain current as a function of
time instead of interrupting the stressing to measure a trans-
fer curve. The reason is the relatively short time scale at
which the anomalous effect occurs, which prohibits the in-
terruption procedure.

The occurrence of anomalous current transients shows
that the transistor has a memory of its “biasing history.” By
using a dynamic gate bias we have thus in a way probed the
proton density profile in the oxide and demonstrated that the
state of the transistor is indeed not only determined by the
total number of protons in the oxide but also by their density
profile. This demonstration is fully in line with the prediction
of the proton migration mechanism.

In principle, one can construct a specific model based on
competition between trapping and detrapping of mobile car-
riers in the accumulation layer that will give rise to similar
transients on switching the gate bias. On applying such
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model to the bias-stress effect under constant gate bias, it
would predict a steady-state situation in which there is a
balance between trapping and detrapping. However, such
model would predict a saturation of the threshold voltage,
which is in contrast to the observation that the threshold
voltage shifts all the way to the applied gate voltage under
constant stress.

The scenario explaining the anomalous transient
currents can be made quantitative in the following way.
The dynamic gate voltage applied to the gate electrode
can be written as the sum of two step functions: V(7)
=Vob(t)—=(Vgo— V1) 0(t—t,), where 6(r) is the unit step
function. The experiments on the anomalous current tran-
sients are conducted on a time scale where the motion of
protons in the oxide is primarily dominated by their diffusion
(see the discussion in the previous section). By virtue of the
linearity of the diffusion equation, the solution for the sur-
face density of holes h(f) can therefore be obtained as the
linear combination

h(t) = hO(t) - (1 - h)h()(t - tsw)s (t > tsw)s (25)
Vo

where h(t) is the solution for the bias-stress effect described
above. The threshold voltage is obtained as

Vet) = g[c— WDl (> 1), (26)

with c=CVg/e.

In Fig. 4 we have used the same value 7,=4.2 X 10° s as
found in the previous section in the comparison of the ex-
perimentally determined source-drain current Igp, (thick red
curve) to our model result (black curve). The initial gate bias
is Vgo=—-20 V, which is switched to V5 =-10 V at
tw=900 s. We used the transfer curves shown in Fig. 1(a) to
translate our predictions for Vy,(¢) to predictions for Igp(7).
This procedure inevitably introduces some errors. For ex-
ample, we note that in Fig. 1(a) the slope of the transfer
curves in the linear regime decreases with time, meaning that
the mobility of the holes decreases. We attribute this to scat-
tering of holes by the Coulomb fields of the protons in the
oxide. This scattering will depend both on the number of
protons and their penetration depth in the oxide. This means
that the transfer curves are not only determined by Vy,, lead-
ing to a slight error in our approach. Deviations from our
model can also be expected when the difference between Vg
and V,(¢) becomes close to Vsp=-3 V. Both issues could
have an influence on a possible offset in the current. We
found that with a small downward shift of 2 nA the maxi-
mum of the theoretical curve is the same as that of the mea-
sured curve in Fig. 4. The time f,,,, at which the maximum
occurs is accurately predicted without making any adjust-
ments. In Ref. 22 we showed that the predicted ?,,, also
accurately agrees with the measured value when the gate
voltage Vg, after switching or the time of switching ¢, is
varied. We consider this agreement, obtained without intro-
ducing any other parameter, as very strong evidence for the
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proton migration mechanism. The dashed line in Fig. 4
sketches the continuing decrease of the current predicted by
other models for the bias-stress effect.

VI. RECOVERY

In the present section, we focus our attention on recovery,
i.e., the phenomenon that under application of a zero gate
bias the transfer curve of a transistor that has suffered from
bias stress shifts back to the transfer curve before the bias
stress. Concomitantly, the threshold voltage shifts back to its
original value. The study of recovery has received little at-
tention in literature. It has been found that the dynamics of
the threshold-voltage shift for recovery is different from that
for stress'! but an explanation for this finding has been lack-
ing up till now. A systematic study of recovery and its dy-
namics is important for a better understanding of instabilities
occurring in OFETs.

The different recovery experiments labeled by A, B, and
C in Fig. 1(b) discussed in Sec. II have been performed in
order to investigate if the extent of stressing has an influence
on the dynamics of the recovery. The results clearly indicate
that this is the case. The fits to a stretched-exponential func-
tion yield values for the relaxation time 7 of 7.7 X 10* s (A,
stressing for 10° s), 6.5X 10° s (B, stressing for 10* s), and
2X 103 s (C, stressing for 2X 10 s), while the relaxation
time for stress is 7=10% s; see Sec. II. The conclusion is that
the dynamics for recovery is different from that for stress and
that the relaxation times decrease with decreasing stressing
time. We checked that during each stressing period the curve
in Fig. 2(a) is followed, which means that the dynamics dur-
ing stress remains unchanged.

The observation that the dynamics of recovery is influ-
enced by the extent of stressing can be explained within the
proton migration mechanism as follows. At the end of the
stressing period, there is a density profile of protons extend-
ing into the oxide. During recovery, when the gate bias is
zero, the density of holes in the accumulation layer vanishes.
Because of the equilibrium condition Eq. (4) the density of
protons at the interface between oxide and semiconductor
also vanishes. This leads to a backdiffusion of protons from
the oxide toward the semiconductor. Protons reaching the
semiconductor will be converted into holes, which are car-
ried away to the source and drain electrodes. The conse-
quence of this is that the further away protons have diffused
into the oxide during stressing, the longer it will take for
these protons to diffuse back to the semiconductor. Since the
depth of penetration of protons into the oxide depends on the
extent of stressing, this rationalizes the observation that the
time scale for recovery decreases with decreasing stressing
period.

In order to describe the recovery dynamics quantitatively,
we numerically solved the time-dependent proton-diffusion
problem for all three stress-recovery cycles A—C. We note
that, as in the previous section, we take into account only the
diffusion contribution to the motion of the protons. Assum-
ing that the device is being stressed for a total time .
before grounding the gate electrode we can write the gate
voltage as a function of time in the following way:
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VG(t) = tslress) . (27)

In this expression, the first term can be interpreted as unin-
terrupted stressing of the transistor with the gate voltage V.
The contribution of this term to the proton density at the
interface can be calculated by taking into account a positive
source term that is injecting protons in the oxide, in the same
way as in Sec. IV. The second term ensures that at =f.
the gate bias becomes zero such that for #>fy. the hole
density in the channel goes to zero. The contribution of this
term to the proton density at the interface can be calculated
by taking into account a negative source term corresponding
to extraction of protons out of the oxide. We can therefore
write for the proton density at the interface

Vo (1) = Voot -

t

ﬁ(O,t) = /D—[S(I ) sreu(t )0(t stress)]dr,v

o V4mD(t— 1)
(28)

where s(£)=—(2/a)dp(0,1)/dt and p(0,r) is the density of
protons at the interface for the case that the transistor is
under continuous stress with the gate voltage V. Swec(f) rep-
resents the source term that accounts for the second term in
Eq. (27). For t> s P(0,1) =0 and therefore we can write

1
/—) rec( )dt

fo Ty l47D(t

VamD(t—1") p

stress

(29)
Writing =t,.+7 and using Eq. (9), we can write the above
equation as

tslress'” l

| — Srec(t,)d[, :p(o’tstress + ;)
Lsiress \'47TD(ISU'CSS +1-1 )

(30)

Using Eq. (4), we can write p(0,7)=ah(r), where h(r) is the
corresponding hole density in the channel for the case that
the transistor is under constant stress with the gate voltage
Vgo- Writing s,..(f)=2r(r)/\t in the equation above, we can
derive the following equation for r(t):

r(t) hO(tstress + t) - h()(tstress)
2 (" 2t dr(t
+—f sin-l(— 1) dr(t’) o (31)
mJ t dt

This equation can be solved for r(7) using iterative numerical
techniques. The threshold voltage during recovery can then

be calculated as
)
/=/dt' . (32)

e
Vth(t) = |:C0 - hO(tstress + t) -
C o VE—t

The results for the recovery curves A—C are given by the
thick lines in Fig. 2(b), using exactly the same value f, as
found in Sec. IV. The agreement with the measured data is
surprisingly good. Apparently, the proton migration mecha-
nism captures the dynamics of the threshold voltage for tress
as well as recovery.
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FIG. 5. (Color online) Modeled proton density profiles in the
oxide during recovery after a recovery time of 103, 10%, and 10° s
(left to right). A, B, and C refer to the same stressing periods as in
Fig. 2(b). Inset: bar diagrams representing the total charge (filled
bars) in the oxide calculated from the model and the total charge
normalized to that at the start of recovery (hatched bars). The dotted
line represents the initial normalized charge at the start of recovery.

In Fig. 5 we show the proton density profiles in the oxide
with proceeding recovery, calculated with the parameters
D=1.6X10"" cm?s™! and @=2.2 nm™ found in Sec. IV,
for three different times after the start of recovery, indicated
at the upper axis in Fig. 2(b): 10°, 10%, and 10° s. The pro-
files labeled by A, B, and C correspond to the same stressing
periods as in Fig. 2(b). We clearly see that with a shorter
stressing period the protons are removed much quicker from
the oxide during recovery than with a longer stressing pe-
riod. To emphasize this point further, we indicate the total
proton charge contained in the oxide by filled bars in the
insets of Fig. 5. The hatched bars indicate the total proton
charge normalized to the total amount of charge just before
recovery, making clear that the relative recovery rate is faster
in the case of a shorter stressing period. If the recovery dy-
namics would not depend on the stressing period, the nor-
malized total proton charge would be the same for the situ-
ations A—C.

VII. INFLUENCE OF THE HOMO ENERGY ON THE
BIAS-STRESS EFFECT

Since the production of protons occurs by oxidation of
water by the organic semiconductor according to the reaction
Eq. (1), there should be a relation between the speed at
which the bias-stress effect occurs and the energy of the
highest occupied molecular orbital, Eygpo. Our model pre-
dicts that an increase in Eygypo should facilitate the electro-
Iytic production of protons from holes since an increase in
Enomo makes the positively charged oxidized state of the
organic semiconductor (OS*) less stable. This should result
in an increase of « in Eq. (4) and the speed at which the
threshold-voltage shift occurs. Therefore, we considered the
relaxation times 7 in stretched-exponential fits to bias-stress
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FIG. 6. Relaxation times 7 obtained from measurements under
identical conditions of the bias-stress effect of OFETs (Ref. 11) as a
function of the energy of the highest occupied molecular orbital for
four different polymeric semiconductors: P3HT, PTAA, PTV, and
poly-dioctyl-fluorene-co-bithiophene (F8T2).

measurements of OFETs based on different organic
semiconductors'! and compared those to Eygyo of these
semiconductors. In Fig. 6, the relaxation time for four differ-
ent semiconductors, P3HT, PTAA, PTV, and F8T2 is shown
as a function of Eygyo.- The fact that the time scale of the
bias-stress effect decreases with increasing Eyopo 1S further
support for the proton migration mechanism.

General considerations of the electrochemical reactions
Egs. (1) and (2) lead to the expectation that the relaxation
time should decrease exponentially with increasing HOMO
energy, 7~ exp(—cEyomo/kgT)- A quantitative prediction of
the constant ¢ in this exponential dependence would require
detailed information of the electrochemistry taking place in
the semiconductor, e.g., information about the coordination
shell of a proton. Apart from this, information about the ex-
act amount of water present in the semiconductor in the ex-
periments in Ref. 11 would be needed. In the absence of such
information, we can conclude from Fig. 6 that the overall
trend is consistent with our model, but that establishing the
precise relation between the dynamics of the bias-stress ef-
fect and Eyono 1S presently beyond our scope.

VIII. SUMMARY, CONCLUSIONS, AND DISCUSSION

We have developed a model for operational instabilities
involving threshold voltage shifts in p-type organic field-
effect transistors with silicon-dioxide as gate dielectric based
on a proton migration mechanism. The model is based on the
assumption that an equilibrium exists in the accumulation
layer of the organic semiconductor between holes and pro-
tons because of reactions taking place involving these spe-
cies and water, and on the assumption that protons can mi-
grate into the oxide, leading to a shielding of the gate electric
field.

The model can very accurately describe the bias-stress
effect in these transistors, which is manifested as a shift of
the threshold voltage toward a constant stressing gate volt-
age. Because of the large proton density gradient in the ox-
ide, the diffusion contribution of the protons dominates over
the drift contribution. In the case that the drift contribution is
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neglected, the dependence of the threshold voltage on time
follows a universal curve, with a characteristic time as the
only parameter. This universal curve is very close to a
stretched-exponential function, which explains the success of
the description of the shift of the threshold voltage with time
in terms of such a function. The model explains the role of
water and the observation that the activation energy of the
bias-stress effect is virtually independent of the organic
semiconductor. The magnitude of the activation energy
agrees with a calculated value for transport of protons in the
silicon dioxide.

A unique feature of the model is that upon application of
a dynamic gate bias it predicts that a situation can occur
where the transistor current shows an anomalous non-
monotonic temporal behavior. In such a situation, protons
temporarily diffuse back from the oxide into the semiconduc-
tor, where they are converted back into holes. This can occur
while the transistor is continuously in accumulation and
hence under stressing conditions. The experimental verifica-
tion of this prediction is strong support for the validity of the
model. We do not know of any other model for the bias-
stress effect that can explain such a behavior. The measured
anomalous current transients can be accurately described
with the model.

The recovery of a transistor that has been exposed to bias
stress can also be described with the model. In recovery,
protons that have migrated into the oxide during stressing
diffuse back to the semiconductor, where they are converted
back into holes that are carried away by the source and drain
electrodes. This leads to a shift of the threshold voltage back
to its original value. The model predicts that the extent of
stressing has a large influence on the dynamics of the recov-
ery. A transistor that has been almost fully stressed recovers
relatively much slower than a transistor that has been only
partially stressed. Therefore, the recovery curves for the
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threshold-voltage shift cannot be described by a single
stretched-exponential function. The measured time depen-
dence of the threshold voltage during recovery quite accu-
rately follows the model predictions, obtained using param-
eters from the modeling of the threshold-voltage shift for
stress. These results have an important technological impli-
cation for the operation of organic transistors: an optimal
operational time can be obtained by alternating short periods
of operation with short periods of recovery.

A prediction of the proton migration mechanism is that
with an increasing energy of the HOMO of the organic semi-
conductor the bias-stress effect should accelerate. This oc-
curs because with increasing HOMO energy the equilibrium
between holes and protons existing in the accumulation layer
shifts toward a larger proton-hole ratio. The predicted trend
was verified for a number of polymeric semiconductors.

Despite the fact that the indications for the validity of the
proton migration mechanism in these transistors are ex-
tremely strong, a definite proof for the mechanism is still
missing. Direct demonstration of the electrolysis of water
occurring in these transistors would provide definite proof.
However, the predicted amounts of molecular oxygen and
hydrogen produced in our experimental setup are extremely
small. In fact, they are negligible in comparison to the natu-
ral abundances of these gases in ambient air. Exposure to
heavy water and demonstration of the presence of deuterium
gas, like in Ref. 23, after stress and recovery of a transistor
would provide definite proof.
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