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The electrical performance of organic thin-film transistors
(TFTs) often degrades when the devices are exposed to air.
This is generally ascribed to the generation of trap states,!!]
possibly as a result of the oxidation of the organic semicon-
ductor.”l One strategy to improve the stability of p-channel
organic TFTs is the synthesis of conjugated semiconductors
with a relatively large ionization potential.* However, most
of the TFTs based on organic semiconductors with large
ionization potentials reported up till now have shown carrier
mobilities that are smaller than that of pentacene. Here, we
report on a new organic semiconductor, di(phenylvinyl)an-
thracene (DPVAnt),”) that combines large carrier mobility
(similar to that of pentacene) with increased ionization poten-
tial and improved stability as compared to pentacene.

DPVAnt has been synthesized by a Suzuki coupling reac-
tion between 2,6-dibromoanthracene and 4,4,5,5-tetramethyl-
2-[2-phenylvinyl]-[1,3,2]dioxaborolane!” with a yield of 85%.
Pentacene has been purchased from Fluka. Both semiconduc-
tors have been purified by temperature gradient sublimation
in a stream of inert gas. Cyclic voltammetry indicates a highest
occupied molecular orbital (HOMO) energy of -5.4 eV for
DPVAnt, as compared to -5.0 eV for pentacene. From UV-vis
absorption spectroscopy we have determined an optical band-
gap of 2.6 eV for DPVAnt and 1.8 eV for pentacene. These
results are consistent with the general observation that mole-
cules characterized by a smaller conjugated m-system have
more negative HOMO energies and larger bandgaps.
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Simple TFT test structures have been prepared on heavily
doped silicon substrates (serving as the gate electrode) with a
thermally grown SiO, gate dielectric. The dielectric surface has
been treated with octadecyltrichlorosilane (OTS),[IO] and the or-
ganic semiconductor has been vacuum deposited onto the sub-
strate. Gold source/drain contacts have been thermally evapo-
rated through a shadow mask (Fig. 1a). During the deposition of
the semiconductor, the substrates are held at a temperature of
60 °C for pentacene and 80 °C for DPVAnt. The carrier mobili-
ties extracted from the transfer characteristics measured in air
are 1 cm® V™'s™ for pentacene and 1.3 cm® V™' s™! for DPVAnt
(Fig. 1b). Both TFTs have an on/off current ratio of 10’ and a
subthreshold swing of 500 mV decade™. Perhaps the most
striking differences between the two devices are the much more
negative turn-on and threshold voltages of the DPVAnt transis-
tor (Viurn.on = —14 V, Vi, = =16 V) as compared to the penta-
cene TFT (Vim-on = =2 V, Vi, = =5 V). The exact reason for
this difference is not known, but it may be related to the more
negative HOMO energy of DPVAnt as compared to pentacene.
As shown by the atomic force microscopy (AFM) images in
Figure 1c and d, both semiconductors form well-ordered
polycrystalline films, which is a prerequisite for obtaining large
carrier mobilities.

For practical applications, a transistor structure with pat-
terned gate electrodes and a low-temperature gate dielectric is
required. Using a recently developed process[“] we have pre-
pared pentacene and DPVAnt TFTs on glass substrates with
Al gate electrodes coated by a thin gate dielectric based on a
phosphonic acid self-assembled monolayer. The organic semi-
conductor has been vacuum deposited, and the gold source/
drain contacts have been thermally evaporated. All the layers
have been patterned using manually aligned shadow masks.
Figure 2 shows the current—voltage characteristics of penta-
cene and DPVAnt TFTs with channel lengths of 20 um and
channel widths of 100 um recorded in air shortly after device
fabrication. The TFTs have essentially the same mobility (pen-
tacene: 0.4 cm®> V™! s7', DPVAnt: 0.3 cm? V™' s71), on/off cur-
rent ratio (107), and subthreshold swing (100 mV decade™).
Again, the turn-on and threshold voltages of the DPVAnt TFT
(Viarnon = —1.5 V, Vi, = -1.9 V) are significantly more nega-
tive than those for the pentacene TFT (Viymn.on=-0.8YV,
Vin = -1.4 V).

Based on the difference in the ionization potential (penta-
cene: 5.0 eV, DPVAnt: 5.4 ¢V), the DPVAnt devices are ex-
pected to degrade less rapidly than the pentacene transistors.
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Figure 1. a) Cross section of an organic TFT fabricated on a thermally grown SiO, gate dielectric. b) Transfer characteristics of pentacene and DPVAnt
TFTs. c) Atomic force microscopy (AFM) image of a pentacene film deposited on OTS-treated SiO,. d) AFM image of a DPVAnt film on OTS-treated

SiO;. The height in the AFM images ranges from 0 (dark) to 30 nm (light).

To confirm this, we have performed two types of stability
tests: a cycle test'?! and a shelf-life test.!!

Figure 3 shows the electrical characteristics of a pentacene
TFT and a DPVAnt TFT during and after a cycle test. During
the cycle test a continuous square-wave voltage signal is
applied to the gate electrode (with the source contact
grounded), a constant drain-source voltage of —1.5 V is ap-
plied, and the drain current is monitored using a semiconduc-
tor parameter analyzer. The cycle tests have been carried out
in air at room temperature, and each transistor has been
cycled 10000 times. As clearly apparent from Figure 3, the
electrical response of both TFTs changes during the test. The
carrier mobility of the pentacene TFT decreases by more than
one order of magnitude (from 0.4 to 0.02 cm® V™' s7"), and the
subthreshold swing degrades from 100 to 240 mV decade™.
The threshold voltage of the pentacene TFT remains essen-
tially unchanged (before: —1.4 V, after: -1.3 V).

In contrast to the pentacene TFT, the carrier mobility of the
DPVAnt TFT after 10000 cycles remains exactly the same as
before the cycle test (0.3 cm® V™' s7'). The threshold voltage
of the DPVAnt TFT shifts from —1.9 to -2.4 V during the test,
thereby reducing the maximum current by about 50%. In ad-
dition to the shift in threshold voltage, the subthreshold be-
havior of the DPVAnt TFT also changes significantly. It ap-
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pears that there are now two subthreshold regions: one in the
gate-source voltage range between -0.5 and -2 V (with a
swing of 630 mV decade™) and another in the gate-source
voltage range between -2 and -2.5 V (with a swing of 170 mV
decade™).

The results of the shelf-life test are shown in Figure 4. Dur-
ing the shelf-life test, the substrates are kept for 100 days in
ambient air at room temperature without any protection from
relatively weak yellow laboratory lights. It is clear from Fig-
ure 4 that the degradation of the transistors during the shelf-
life test is similar to the degradation during the cycle test. The
mobility of the pentacene TFT decreases from 0.4 to
0.005 cm® V' 57!, the subthreshold swing degrades from 100 to
200 mV decade™, and the threshold voltage shifts from —1.4 to
-1.1 V. In contrast, the mobility of the DPVAnt TFT is essen-
tially unaffected by ambient air (before: 0.3 cm® V™' 57!, after:
0.2 ecm® V' s, and the threshold voltage shifts from —1.9 to
—1.7 V. Asin the case of the cycle test, the subthreshold behav-
ior of the DPVAnt TFT is also significantly modified.

The degradation of organic TFTs in air is usually attributed
to an increase in the density of localized trap states in the
HOMO-LUMO gap.'?! The above-threshold characteristics,
especially the carrier mobility, are related to the density of do-
nor states with energy near the HOMO level (shallow
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Figure 2. a) Cross section and photograph of an organic TFT with a patterned metal gate. b) Electri-
cal characteristics of a pentacene TFT. c) Electrical characteristics of a DPVAnt TFT. The TFTs have
a channel length of 20 um and a channel width of 100 um. The current-voltage characteristics

have been recorded within 24 h of fabricating the devices.

states).”! In contrast, the turn-on voltage is affected by accep-
tor states closer to the middle of the bandgap (deep
states)."*!¥] The region between the turn-on voltage and the
threshold voltage, i.e., the subthreshold swing, is sometimes
associated with shallow donor states!'*!* and sometimes with
deep acceptor states.>™ In our cycle and shelf-life tests, the
pentacene TFTs display a significant reduction in mobility, a
mild degradation of the subthreshold swing, and only small
changes in the turn-on voltage. This suggests that in the case
of pentacene most of the trap states generated during degra-
dation are energetically close to the HOMO level (shallow
states). In contrast, the mobility of the DPVAnt TFTs is vir-
tually unaffected by the cycle and shelf-life tests, but the sub-
threshold behavior and turn-on voltage are significantly modi-
fied. This suggests that in the case of DPVAnt, most of the
generated traps are deep states that do not affect the mobility.

From the cycle and shelf-life tests we conclude that the car-
rier mobility of the DPVAnt transistors is significantly more
stable as compared to that of the pentacene devices. We at-
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below about 8 um will lead to the chan-
nel resistance becoming smaller than
the contact resistance, i.e., the transis-
tors will become contact limited.
Considering the significant difference
in HOMO energy between the two
semiconductors, the difference in con-
tact resistance is smaller than may have been anticipated. This
suggests that the carrier-injection efficiency at the contacts is
relatively insensitive to the exact position of the HOMO level
with respect to the metal Fermi level (in our case the metal is
gold with a Fermi level at about -5 eV), at least for the range
of HOMO energies considered here (-5.0 to 5.4 eV). This is
consistent with the observation that the height of the injection
barrier at the metal/organic interface is often significantly
modified by interface dipoles.[24] In addition, the widths of the
source and drain contact barriers are affected by the gate—
source voltage. For large negative gate—source voltages, car-
rier injection may be dominated by tunneling. Nonetheless, it
may be useful to test the influence of a higher work function
metal such as platinum on the contacts. However, platinum is
not as easily deposited by thermal evaporation and may re-
quire electron-beam evaporation, which in turn can have a
greater effect on the metal/organic interface properties than
the work function of the metal itself. Since thermally evapo-
rated gold provides a reasonably small contact resistance for
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Figure 3. a) Schematic of the cycle test. b) Electrical characteristics of a pentacene TFT during and after the cycle test. c) Electrical characteristics of a

DPVAnt TFT during and after the cycle test.

both semiconductors, we have thus far not tested any other
contact metals.

To evaluate the dynamic performance of the organic tran-
sistors, we have fabricated five-stage ring oscillators based on
saturated-load inverters with a channel length of 10 um, using
the same TFT structure and manufacturing process outlined
above. Figure 5b shows a schematic and a photograph of the
circuit, whereas Figure Sc shows the measured signal propaga-
tion delay per stage as a function of the supply voltage. The
signal delay per stage at a supply voltage of -5 V is 200 ps for
pentacene and 320 ps for DPVAnt. In order to obtain the
same signal delay the DPVAnt circuit requires a greater sup-
ply voltage than the pentacene circuit (e.g., 400 pus at -3.5 V
for pentacene and —4.5 V for DPVAnt). This is mostly owing
to the difference in threshold voltage (-1.4 V for the penta-
cene TFTs, 1.9 V for the DPVAnt TFTs). The minimum sup-
ply voltage required to generate oscillation is -2 V for penta-
cene and -3 V for DPVAnt.
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In summary, we have presented a comparison of the static
and dynamic performance, as well as the operational and
shelf-life stabilities, of organic TFTs based on vacuum-evapo-
rated DPVAnt and pentacene. The carrier mobility, on/off
current ratio, subthreshold swing, contact resistance, and ring
oscillator delay are all very similar for both semiconductors.
However, owing to the larger ionization potential of DPVAnt,
the mobility of the DPVAnt transistors is significantly less
affected by exposure to air, as compared to pentacene. For
commercial applications that require long-term stability under
ambient conditions, compounds such as DPVAnt may be
more useful than pentacene.
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Figure 4. a) Shelf-life stability of a pentacene TFT. b) Shelf-life stability of a DPVAnt TFT.
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