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Origin of the bias stress instability in single-crystal organic field-effect transistors
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We report a systematic study of the bias stress effect at semiconductor-dielectric interfaces using singlecrystal organic field-effect transistors as a test bed. A combination of electrical transport and ultraviolet
photoelectron spectroscopy suggests that this instability is due to a ground-state 共i.e., occurring in the dark兲
charge transfer of holes from the accumulation channel of the semiconductor to localized states of a disordered
insulator. The proposed model is not semiconductor specific and therefore provides a general analytical description of this instability in a variety of organic and inorganic band semiconductors interfaced with amorphous insulators.
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The bias stress effect is a longstanding problem in organic
and inorganic semiconductor field-effect transistors 共FETs兲
共see, e.g., Ref. 1兲. Investigation of this phenomenon is not
only of practical importance but may also offer insights into
fundamentals of energetic structure of semiconductordielectric interfaces.2 The effect presents itself as a continuous decrease of the current in the channel 共or a shift of the
threshold voltage兲 observed under accumulation conditions.
Although bias stress effect has been studied in amorphous Si
and lately in organic thin-film FETs, disorder present in these
materials 共e.g., ubiquitous grain boundaries3兲 leads to a significant charge scattering, trapping, and other nonintrinsic
contributions to the transport properties. Several of the proposed mechanisms of the effect 共recently reviewed in Ref. 1兲
are indeed related to extrinsic phenomena, such as, e.g., 共a兲
trapping of holes in the semiconductor’s channel, 共b兲 injection of electrons from the gate electrode into the dielectric,
共c兲 ionic conduction in the dielectric, and 共d兲 modification of
contacts under the gate bias. While all these effects are important for applications, the question still remains whether
there is an intrinsic mechanism of the bias stress instability at
well-defined semiconductor-dielectric interfaces without any
involvement of ambient environmental factors or trapping in
the semiconducting channel. Recently developed highly ordered single-crystal organic field-effect transistors 共OFETs兲
allow us to address this problem.4–6 The conclusions drawn
from our experiment are not specific only to organic semiconductors and can be applied to any band 共semi兲conducting
material, such as, for example, Si, carbon nanotubes 共CNTs兲,
or graphene, interfaced with an amorphous dielectric 共SiO2,
high-k oxides or nonconjugated polymers兲.
In this study, we have investigated the bias stress
effect in OFETs based on single crystals of several organic
semiconductors: rubrene,7 tetracene,8 and 6,13-bis关triisopropylsilylethynyl兴 共TIPS兲 pentacene,9 that have been interfaced with a nonconjugated polymer, parylene, previously
used as an insulator in high-performance OFETs.4 Investigations of this type of semiconductor-insulator interfaces are
critically important because practical organic electronic devices will ultimately rely on inexpensive plastic insulators
rather than expensive oxides. Rubrene and tetracene single
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crystals have been grown by physical vapor transport 共see,
e.g., Ref. 4兲. TIPS-pentacene single crystals have been prepared by crystallization from solution and annealed in a
stream of forming gas 共100 cc/min兲 at 120 ° C for 4 h before
OFET fabrication. Fabrication of optimized devices is described elsewhere4,7兲. Field-effect mobilities, , were obtained from the linear transconductance curves, ISD共VG兲—the
dependence of the source-drain current, ISD, on the gate voltage, VG, at a fixed source-drain voltage, VSD. We have verified that contact resistance effects in our OFETs were negligible before and after gate stressing.
Figure 1 shows the typical bias stress characteristics of
our OFETs, i.e., ISD共t兲 measured in the dark at fixed VG and
VSD. We define the magnitude of the bias stress as ⌬I / I0
= 关I0 − I共t兲兴 / I0, where I0 is the initial source-drain current established right after the transistor is on. In rubrene OFETs,
the dark bias stress effect is very small; the current decreases
by only 5–7 % after a continuous stressing for 6 h at VG =
−80 V while in TIPS pentacene and tetracene devices it is
typically about 30% and 45%, respectively. Transconductance measurements before and after a prolonged stressing
indicate that the slope of ISD共VG兲 does not change in any of
the studied systems, i.e., the bias stress effect is solely due to
a shift of the threshold voltage without changes in  共inset in
the top panel of Fig. 1兲 and hence measuring ISD共t兲 is analogous to measuring the threshold voltage shift. In addition, the
preserved linear mobility in these two-probe OFETs suggests
that the contact resistance is not much affected by the stress.7
It is also interesting that the threshold voltage shift can be
partially recovered by a prolonged application of a positive
VG. However, complete recovery in these p-type OFETs cannot be achieved because at Vg ⬎ 0 there is no accumulation
channel and hence the electric field at the interface is much
weaker than the field at equivalent Vg ⬍ 0.
Two striking features of the bias stress instability can be
seen at Fig. 1. First, the rate and the magnitude of the effect
strongly depend on the type of organic semiconductor, rather
than on the typical charge-carrier mobility in each system.
For instance, although TIPS-pentacene OFETs have 
⬃ 0.05⫾ 0.01 cm2 V−1 s−1, which is not unusual for
solution-grown single crystals with rough facets,9,10 the bias
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FIG. 1. 共Color online兲. Top: normalized bias stress curves,
ISD共t兲 / I0, of several single-crystal OFETs 共VG = −80 V , VSD
= 25 V , Ci = 2.35 nF/ cm2兲. The typical linear field-effect mobilities, , and the bias stress values at 6 h of continuous stressing are
indicated for each system. The inset shows that the slope of ISD共VG兲
does not change after stressing for 6 h. Bottom: the bias stress curve
of a TIPS-pentacene OFET fitted with a stretched hyperbola 关Eq.
共3兲兴. Similar fits are obtained for the other systems. The inset shows
an energy model of the semiconductor-insulator interface: the hole
transfer rate depends on the overlap between the semiconductor’s
HOMO and the exponential tail of localized states of the insulator.
The cartoon schematically depicts the transfer and drift of holes in
the insulator.

stress effect in these devices is typically smaller than that in
tetracene OFETs with  ⬇ 1 cm2 V−1 s−1 共Fig. 1兲. This trend
has been verified in multiple devices measured in our laboratory over the course of several years. Second, all the devices exhibit the same characteristic type of the bias stress
curve independently on the overall magnitude of the effect:
an initial fast decay of ISD and a subsequent much slower
relaxation that can continue for hours or days, as long as VG
is applied.
In the prior studies, such distinct shape has been empirically fitted with a stretched exponent, adopted from amorphous Si transistor research, where the bias stress is believed
to be due to dispersive diffusion of hydrogen in ␣-Si.1,11 It is
important to note that although a stretched exponential decay
provides a satisfactory fit to most of the OFET data,1 a detailed microscopic model explaining such behavior in organic semiconductors is lacking. It is especially difficult to
justify such model in the case of highly ordered molecular

crystals, where the charge transport cannot be described as a
dispersive hopping in exponentially distributed trap states,
necessary to obtain a stretched exponential dependence.1
We argue that the leading mechanism of the bias stress
instability in our OFETs is a ground-state hole transfer from
the field-induced accumulation channel of the organic semiconductor to localized states of the adjacent insulator 共sketch
at Fig. 1兲. The transferred holes, located between the accumulation channel and the gate, are screening the gate electric
field, so it’s effective value in the channel becomes EG
⬅ ench共t兲 / 共0兲 = 共VG / d兲 − en共t兲 / 共0兲, where e is the elementary charge,  and 0 are the dielectric permittivities of
the insulator and free space, respectively, n共t兲 is an areal 共i.e.,
two-dimensional兲 density of the transferred holes, d is the
insulator thickness, nch共t兲 is the density of mobile holes in
the OFET channel that becomes smaller as the result of
screening, leading to a decreasing source-drain current:
ISD共t兲 = 共W / L兲 · VSD · e · nch共t兲. The density of transferred
charge n共t兲 is related to nch共t兲 as n共t兲 + nch共t兲 = n0, where the
constant n0 ⬅ nch共t = 0兲 = 0VG / 共ed兲 is the initial density of
holes in the channel.
The charge-transfer rate, dn / dt, should be proportional to
the density of holes available in the accumulation channel,
nch, and a three-dimensional density of states, ␦0, in the exponentially distributed tail states of the disordered insulator
at an energy matching the semiconductor’s highest occupied
molecular orbital 共HOMO兲 edge, where holes are accumulated in OFETs 共Fig. 1兲. The magnitude ␦0 depends on the
relative position of ionization energies 共IEs兲 of the semiconductor and the insulator, as well as on the extent of the tail
states of the latter. In addition, since the process of filling ␦0
states by interfacial charge transfer is fast, the rate of the bias
stress effect will be mainly limited by the secondary
process—a slow diffusion or drift of the transferred holes
away from the interface 共toward the gate兲, as the result of
which some of the insulator’s states near to the interface
become empty and available again for further hole transfer.
Therefore, dn / dt must be proportional to the sum of diffusion and drift fluxes of holes in parylene, jdiff ⬇ Dins · ␦0 / 0,
and jdrift = ␦0 · drift = ␦0 · ins · EG = ␦0 · ins · ench / 共0兲, where
Dins is a diffusivity of holes in the insulator, 0 is a characteristic width of the spatial distribution of holes in the insulator near the interface, drift ⬅ ins · EG is a drift velocity of
holes with hopping mobility ins in the insulator near the
interface. ins in nonconjugated insulators is extremely small
and to the first approximation does not show a Poole-Frenkel
dependence because of 共a兲 relatively small EG used in our
study and 共b兲 undoped and nonpolar nature of parylene without spatial correlations of energetic disorder.12 Hence, the
charge-transfer rate can be expressed as dn / dt ⬅ −dnch / dt
= 0 · nch · 共jdiff + jdrift兲 or
dnch/dt = − 0nch共Dins␦0/0 + ␦0insEG兲,

共1兲

where 0 is a cross section of the charge-transfer process in
square centimeters.
Dispersive transport in virtually all disordered systems
with an exponential distribution of band tails universally exhibits a power-law time dependence of diffusivity and mobility, Dins = D0 · 共t / ins兲␤−1 and ins = 0 · 共t / ins兲␤−1, where ins
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is the characteristic trapping time in the insulator 共1 / ins is
the hopping rate兲 at the transport energy level 共not to be
confused with HOMO edge兲, and ␤ ⬅ T / T0 ⬍ 1 is a dispersion exponent related to the characteristic width of the band
tail of the insulator.1,13,14 Hence, we can rewrite Eq. 共1兲 as
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where I0 ⬅ ISD共t = 0兲 is the initial current in the channel and 
is a renormalized VG-dependent time constant. In both cases,
the time constant  increases as 共1 / ␦0兲1/␤ for interfaces with
a smaller energetic overlap ␦0, because ␤ ⬎ 0.
In our experimental situation, the hole motion in the insulator is drift limited. Indeed, we have estimated that
the ratio jdrift / jdiff = 共00VG兲 / 共D0d兲 = 共eVG / kBT兲 · 共0 / d兲
⬃ 10– 30Ⰷ 1, with D0 = kBT0 / e 共kB is the Boltzmann constant兲, and 0 ⬃ 3 – 10 nm—a reasonable lower limit of the
distance at which holes are injected into the parylene. Moreover, we have confirmed the drift-limited regime experimentally by measuring the actual dependence of the bias stress
rate, dISD / dt, on VG in a number of nominally identical rubrene transistors 共Fig. 2兲. The inset in Fig. 2 shows that the
bias stress effect is indeed greater at a higher VG, and the rate
2
dependence 共the lower panel兲, as expected from
follows a VG
Eq. 共2兲 in this regime. In addition, fitting the four curves in
the inset with a stretched hyperbola 关Eq. 共3兲兴 yields a
VG-dependent  and a value of ␤ = 0.3⫾ 0.05. According to
Eq. 共3兲,  should be proportional to 共1 / VG兲1/␤. Plotting ln共兲
vs ln共1 / VG兲 for this set of devices indeed results in a linear
dependence with a slope consistent with ␤ ⬃ 0.3 共the upper
panel of Fig. 2兲.
A stretched hyperbola 关Eq. 共3兲兴 provides a perfect fit to all
of the studied systems 共for simplicity, the lower panel of Fig.
1 shows only the fit for TIPS-pentacene OFET兲. It is worth
noting that  and ␤ obtained by fitting these systems are
consistent with the underlying physics of the effect. Indeed, 
decreases in the order: rubrene 共49.5⫻ 106 s兲, TIPS pentacene 共0.177⫻ 106 s兲 and tetracene 共0.031⫻ 106 s兲, consistent with the bias stress rate increasing in this order and
implying that ␦0 is also increasing in the same order 关we
confirm this trend below by ultraviolet photoemission spectroscopy 共UPS兲兴. However, the exponent ␤ in this set is
found to be almost constant: ␤ = 0.37⫾ 0.05.
According to our model, organic transistors with a greater
energetic overlap between HOMO and localized states of the
insulator should exhibit a stronger bias stress effect 共Fig. 1兲.
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FIG. 2. 共Color online兲. Bias stress effect in rubrene OFETs measured at different VG 共inset兲. Top: VG dependence of the time constant , obtained for the four curves by stretched hyperbola fits 关Eq.
共3兲兴. Bottom: ratio of the bias stress rates measured at different VG
and plotted as a function of VG ratios squared. Red line is a linear
fit.

In order to test this idea, we have performed UPS studies of
ionization energies 共IEs兲 of the organic crystals and the insulator used in this study 共Fig. 3兲 共details of UPS technique
can be found elsewhere15兲. IE refers to position of the
HOMO edge with respect to the vacuum level 共i.e., it is an
energetic position of holes in the accumulation channel in
p-type OFETs兲. The IEs of rubrene, TIPS pentacene, tet0
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states below the 280 nm absorption edge.
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racene, and parylene are 4.2⫾ 0.2 eV, 5.1⫾ 0.2 eV,
6.2⫾ 0.2 eV, and 7.0⫾ 0.2 eV, respectively. Despite a considerable difference between the HOMOs of the organic
semiconductors and parylene, the exponential tail states of
the latter 共seen above 7 eV in Fig. 3兲 allow for a small charge
transfer. A better evidence of the extended in-gap tail states
of parylene is provided by the UV-visible absorption of this
material 共inset in Fig. 3兲. As expected, the absorption edge
共280 nm兲 considerably tails into the band gap. Fitting this tail
with an exponential distribution yields kBT0 ⬇ 70 meV, in a
good agreement with a room-temperature value of ␤ = T / T0
⬃ 0.37. The relative positions of the semiconductor’s and the
insulator’s HOMOs determined from our UPS are consistent
with the observed trend for the rate of the bias stress effect to
increase for semiconductors with a “deeper” HOMO.
It is worth noting that vacuum-gap OFETs exhibit a negligible bias stress, provided that there are no polar molecules
in the residual gas in the gap. However, these devices do
show a bias stress effect of a different kind that occurs as a
result of an introduction of polar molecules in a gaseous
form in the gap 共e.g., acetone or water vapor兲, resulting in
the effect proportional to the dipole moment of the molecules
due to the gate-induced polarization of the vapor.
Most of the extrinsic factors contributing to bias stress
can be ruled out in our devices. For example, charge trapping
in the accumulation channel cannot be the primary cause
because there are examples of OFETs with a high trap density 共low 兲 that nevertheless show noticeably smaller bias
stress effect than other devices with a much greater . The
influence of water at the interface or in the dielectric can also
be ruled out because it would not result in a systematic dependence of the effect on the HOMO energy. In addition, 共a兲
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