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Water-Related Instabilities in Pentacene Thin-Film Transistors
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We have analyzed the hysteresis of the transfer characteristics of pentacene thin-film transistors
(TFTs) measured under different environmental conditions (vacuum, oxygen, dry nitrogen, air and
nitrogen with different relative humidities). The results showed that, whereas the characteristics in
dry atmospheres are quite stable, the hysteresis increases with the percentage of moisture, indicating

that adsorbed water is the main cause of the environmental instability in pentacene TFTs.

In

addition, transient current experiments have been carried out in air. Through these measurements,
we have been able to evaluate a characteristic time of drain current reduction of several seconds.
These results indicate that the environmental instability is not simply related to charge trapping in
localized gap states and slower phenomena should also be considered.

PACS numbers: 85.30.Tv, 72.80.Le, 81.65.Rv
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I. INTRODUCTION

In the last decade, organic thin film transistor (O-
TFTs) have attracted considerable interest, thanks to
their being a low-cost, low-temperature process that al-
lows TFT fabrication on plastic substrate [1,2]. Op-
erational and environmental stability is a fundamental
feature for O-TFTs applications, but unfortunately, it
has been demonstrated that exposure to air is, in gen-
eral, detrimental to their performance [3,4]. Indeed, on-
current reductions, as well as hysteresis in the transfer
characteristics of O-TFTs, measured in different ambient
conditions, have been reported in the literature [5-10].
Although hysteresis has been observed in the transfer
characteristics in vacuum conditions [6], larger hystere-
sis occurs when devices are measured in air [5, 8], in-
dicating oxygen and/or water absorption in the organic
film as the origin of the electrical instability [5]. It has
been reported that hysteresis behavior depends on the
fabrication process, [7,10] as well as on gate dielectrics
[8] and the hysteresis mechanisms have been ascribed ei-
ther to charge injection into gate dielectric [7,11] or to
charge trapping in the semiconductor or at the dielec-
tric/semiconductor interface [5,6,10].

In this research, in order to identify the main causes
of hysteresis, we measured the transfer characteristics
of pentacene TFTs in different environmental conditions
and with different gases and relative humidities. In ad-
dition, the transient drain current has been measured
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in order to evaluate the characteristic time of the phe-
nomenon.

II. EXPERIMENTS AND DISCUSSION

Bottom-contact devices have been fabricated on
heavily-doped silicon wafers (acting as gate electrode)
with thermal silicon dioxide, 90-nm-thick, as gate dielec-
tric. Source and drain gold contacts, 20-nm-thick, are
defined using optical lithography and wet-etching (W =
200 pm, L =100 — 20 pm). A thin film of polycrystalline
pentacene (Sigma Aldrich, 99 % purity), 30-nm-thick,
has been evaporated on a PMMA buffer layer used to
improve the structural properties of pentacene (a more
detailed description of the use of PMMA as buffer layer
can be found in Ref. 12). Device electrical characteris-
tics were measured in a MMR cryostat using a Keyth-
ley 236 source/measure unit and a Keythley 230 volt-
age source. Transient current measurements were car-
ried out using an HP 54501 oscilloscope and a current
amplifier. Measurements were performed under five dif-
ferent conditions: vacuum (1072 mbar), dry nitrogen,
dry oxygen, air with 50 % of relative humidity (RH) and
nitrogen—+moisture with RH = 90 %. Transfer charac-
teristics were measured sweeping the gate voltage, Vs,
in both directions between 5 V and —30 V, in voltage
steps of 0.5 V every 0.5 s.

In Figure 1 the transfer characteristics of bottom-
contact pentacene TFTs measured in different environ-
mental conditions are reported for both upward and
downward voltage ramping. The devices exhibit, when
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Fig. 1. (a) Semilogarithmic and (b) linear plots of transfer
characteristics of pentacene TFTs measured under different
environmental conditions.

measured in vacuum, a typical field effect mobility, prg,
of 0.5 cm?/Vs, a subthreshold-slope of 0.4 V/dec, a
threshold voltage Vi, ~ —8 V and on/off an current ratio
Lonjosy > 105. As can be seen in Figure 1, devices show
small hysteresis when measured under vacuum, dry oxy-
gen and nitrogen atmospheres. On the contrary, when
the measurements are performed in air or nitrogen with
controlled relative humidity (RH equal to 50 % and 90
%, respectively), a large hysteresis is observed. It can
be seen that when hysteresis occurs, the off-to-on sweep
curves coincide with the vacuum and dry atmosphere
curves in the subthreshold region down to about —3 V,
whereas, at lower Vi, a current decrease is observed.
During the on-to-off sweep, the current remains lower
than during the off-to-on sweep both in the on-region
and the subthreshold region. In addition, in presence of
moisture, the slope of the off-to-on curve in the on-region
is lower than the slope in vacuum condition, resulting in
an apparent decrease in field-effect mobility and the on-
to-off curve is parallel to the vacuum curve, at least for
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Fig. 2. Transfer characteristics of pentacene TFTs mea-
sured in air with different starting gate voltages.
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Fig. 3. Transfer characteristics of pentacene TFTs mea-
sured in air with different lower gate voltages.

RH = 50 %. It can be noted that the electrical character-
istics, measured in atmosphere with moisture, are repro-
ducible when repeated measurements are performed and
that the hysteresis effect is fully reversible when the vac-
uum or dry atmosphere conditions are restored. In order
to better characterized the hysteresis effect, we measured
the transfer characteristics for different initial (Figure 2)
and final (Figure 3) gate voltages and with different ramp
rate (Figure 4). We found that, whereas the starting gate
voltage has no effect on the characteristics, lower final
gate voltage and slower ramp rate increase the hystere-
sis effect. These experimental results indicate that the
hysteresis in the transfer characteristics is induced by
slow trapping of positive charge, with the time constant
being comparable to the measurement time. Moreover,
our results clearly point out that this phenomenon is re-
lated to water absorption in the pentacene film while the
characteristics are unaffected by the oxygen, sometimes
indicated as the origin of defects and electrical instabil-
ity in pentacene TFTs [5,13]. The water molecules seem
to be quickly removed from the pentacene film, as con-
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Fig. 4. Transfer characteristics of pentacene TFTs mea-
sured in air with different ramp rates.

firmed by repeated air/vacuum cycles, suggesting a weak
interaction between water molecules and pentacene, as
dipole-dipole interactions, rather then a strong chemical
bond.

Considering the major role of moisture in the electri-
cal instability of pentacene TFTs, a protective coating
against the water is fundamental to prevent aging ef-
fects [14]. In this respect, we investigated the role of
the parylene film that is usually used as a passivating
layer, allowing pentacene patterning. Figure 5 shows the
transfer characteristics of a pentacene TFT with a pary-
lene passivation layer measured in vacuum and air con-
ditions. As can be seen, large hysteresis is observed in
the characteristics, showing that the parylene layer is not
an efficient barrier against water diffusion. On the other
hand, the parylene passivation layer allows the annealing
of pentacene film, at temperatures up to 120 °C. After
annealing, pentacene TFTs show improved characteris-
tics with increased field-effect mobility and, as shown in
Figure 5, a reduced hysteresis effect, probably as a con-
sequence of improved structural properties of pentacene
that reduce water diffusion.

As discussed above, hysteresis of the transfer charac-
teristics is induced by slow charge trapping, with the
time constant being comparable to the measurement
time. In order to quantify the trapping time constant,
we measured the transient drain current when the device
was biased to different negative gate voltages starting
from Vg5 = 0 V (see Figure 6) in air condition (RH = 50
%). As can be seen, the drain current, after a fast de-
crease, tends to the equilibrium value quite slowly. The
drain current variation can be fitted by using the sum of
two exponential decays:

I; = Inexp(—t/70) + Iy exp(—t/m1) + I,

where the fastest time constant, 79, is of the order of 0.1
— 0.2 s and 7y is between 2 and 3 s. The latter large
time constant indicates that carrier trapping, responsi-
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Fig. 5. Transfer characteristics of pentacene TFTs with a

parylene passivation layer measured in vacuum (solid lines)
and in air (dashed lines) before and after thermal annealing.
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Fig. 6. Time dependence of the drain current (symbols)
of a pentacene TFT measured in air after a gate voltage is
applied at various gate voltages. I4 curves are fitted by using
a two-exponential-decay function (solid lines).

ble of hysteresis, is a rather slow phenomenon, implying
trapping states with a very small cross-section. In Ref. 5
and Ref. 6, these trapping states are identified as accep-
tor states located in the lower part of the band gap (near
the higher occupied molecular orbital, HOMO, of pen-
tacene). Following this model, in the off-state, the traps
are filled by electrons and negatively charged. During the
off-to-on sweep, an excess of holes is induced, above the
equilibrium population, to balance the trapped electrons.
The induced free holes are then slowly captured by the
charged acceptors and no negative charges are present
during on-to-off sweep, resulting in the hysteresis effect.
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Fig. 7. Time dependence of the drain current of a pen-
tacene TFT measured in air after a Vgs= —30 is applied
(diamonds) and after changing Vys from —30 V to —20 V
(circles).

This model is in agreement with the experimental re-
sults reported in Ref. 5, showing an higher drain current
during the off-to-on sweep when the measurements are
performed in air. It should be pointed out that the slow
trapping time indicates a very small value for the hole
capture cross-section, op, of acceptors states, estimated
by Erlen et al. [6] to be of the order of 10722 ¢cm™? by
using a thermal velocity value of 10% cm/s. Even us-
ing such a low thermal velocity estimate, the estimated
capture cross-section value seems to be very small com-
pared to typical values usually obtained for charged traps
in semiconductors (1074 — 10716 cm~2). We note that
our experimental results show a different hysteresis ef-
fect, compared to the results in Ref. 5, with a decrease
in the drain current when the devices are measured in
atmosphere with high RH (Figure 1). This behavior is
incompatible with the above proposed model whereas it
can be explained by slow trapping of free holes in donor
states during the off-to-on sweep with a progressive shift
of the threshold voltage. The trapped charges are slowly
released during the on-to-off sweep, resulting in the ob-
served hysteresis. Indeed, as shown in Figure 7, the time
constant of current variation during the on-to-off sweep
is several seconds, as during the off-to-on sweep. In ad-
dition, our results indicate that the slow trap states are
clearly related to the presence of water in pentacene film
and are easily removed when water is removed. These
evidences seem to exclude the trap states responsible of
transfer characteristic hysteresis being metastable gap
states, similar to a-Si:H localized states, that require high
temperature to be annealed.

Street et al. [15] proposed that the slow formation
of hole bipolarons is the primary stress mechanism in
some polymer TFTs. The rate of bipolaron formation is
very slow because of strong Coulomb repulsion of holes
whereas the local structural distortion of the polymer
induced by the trapped holes is immediately reverted
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Fig. 8. The rate of decrease of the hole concentration, d Ny,
/dt, plotted versus the hole concentration, Nj, measured at
constant time (¢t = 3 s) and various Vgs. DNp/dt and Np
were calculated from the data shown in Figure 6.

when the carriers are removed. In order to verify if a
similar mechanism can be applied to the hysteresis in
pentacene TFT, we carried out the analysis performed
in Ref. 15 on the transient current data, considering
the variation (dN,/dt) of the hole concentration as a
function of V,, at fixed measurement time (¢t = 3 s).
The holes concentration can be obtained from the drain
current, by using

Ig = (W/L)Cqu(Vys — Vp)Vy = (W/L)ugNp Vad,

where C¢ is the gate capacitance, u is the field-effect mo-
bility and d is the effective width of accumulation layer.
Instead of the rather noisy experimental data shown in
Figure 6, we calculated dN,/dt and the Nj, values by
considering the double exponential fit and the result is
in very good agreement with the experimental data. Fig-
ure 8 shows the rate of decrease of the hole concentration
plotted versus the hole concentration, measured at t =
3 s for various gate voltages. The Figure shows a lin-
ear dependence of dN},/dt with Ny, suggesting that the
trapping mechanism involves only one hole, as in the
case of polaron formation. However, it should be men-
tion that also a quadratic dependence, as for the bipo-
laron model, cannot be ruled out. Therefore, we conclude
that the hysteresis effect is induced by slow trapping of
holes in defect states induced by the water diffused into
pentacene film. These defects can be polarons, related
to the interaction of free holes with the absorbed water
molecules. This interaction produces lattice distortion
and polarization of the pentacene-water complexes and
should be sufficiently slow to account for the small cap-
ture cross-section of traps and the resulting slow trapping
time.
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III. CONCLUSIONS

We demonstrated that the variations in the transfer
characteristics and the hysteresis are induced by water
absorption in the pentacene layer when TFT is operated
in an atmosphere with large relative humidity while the
characteristics are unaffected by oxygen or a dry atmo-
sphere. The water molecules are probably absorbed in
the whole pentacene layer; however, because the hys-
teresis is reduced when the structural properties of the
pentacene film are improved through thermal annealing,
the water seems to diffuse into the material preferen-
tially through more defected region of the film, such as
the grain boundaries of polycrystalline film, as already
reported in polymeric materials [16]. Experimental data
indicate that when a negative bias is applied to the gate,
the presence of water in the pentacene film promotes the
slow trapping of holes in the TFT channel region, where
the free carriers are accumulated, inducing the hysteresis
effect. The measured time constant of charge trapping
is of the order of several seconds implying trap states
with small capture cross-section. These results can be
explained by the formation of a polaron (or bipolaron)
related to the interaction of free holes with absorbed wa-
ter molecules. This interaction produces lattice distor-
tion and polarization of the pentacene-water complexes
and should be sufficiently slow to account for the small
capture cross-section of traps and the resulting slow trap-
ping time.
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