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High-Performance All-Polymer
Transistor Utilizing a Hygroscopic
Insulator**

By Henrik G. O. Sandberg,* Tomas G. Bicklund,
Ronald Osterbacka, and Henrik Stubb

The performance of organic field-effect transistors, OFETS,
restricts their potential use to applications where low efficien-
cy and short lifetimes are acceptable, although recently the
field has evolved rapidly.l'"!! Proposed applications are radio-
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frequency information tags, e.g., price tags and inventory
labels, sensors, and simple displays.p’ﬁ] A simple, low-cost
manufacturing process is desired, however such processes
usually result in significantly lower device performance.

The manufacture of state-of-the-art OFETs todaym nor-
mally requires the device to be processed in an inert atmo-
sphere and to be shielded from oxygen and humidity in the
air.®! The best organic transistors have almost reached the
performance levels of amorphous silicon devices and the tech-
nology is entering the commercial stage.” !

We report on the manufacture and characteristics of a high-
performance OFET. The special feature of the device is its
ability to take advantage of ambient moisture by using a
hygroscopic gate dielectric. (The device is hereafter referred
to as hygroscopic insulator field-effect transistor, HIFET.)
The all-polymer HIFET can be produced by a solution pro-
cess using printing techniques onto flexible plastic substrates
where all processing steps can be performed without requiring
controlled atmosphere. We record a one-hundred-fold en-
hancement in measured currents at low drive voltages of only
a few volts, with good current saturation and current modula-
tion in ambient atmosphere. The static performance of the
device characterized by current level and modulation at low
voltages (less than 1 V) is greatly enhanced by moisture in the
hygroscopic insulator. This study concentrates on the novel
device characteristics and proposes an explanation for the
device operation mechanism.

The HIFET measured in room atmosphere shows excellent
performance in terms of current level and modulation, as can
be seen from the output curve in Figure 1A. The current satu-
rates at less than 1 V on the drain electrode for a low constant
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Figure 1. Device characteristics and structure of an all-polymer field-ef-
fect transistor, HIFET, measured in ambient air. A) Output curve plotting
the drain current as a function of drain voltage at gate voltages ranging
from 0.4V to —0.4 V. The device is built on prepatterned polyaniline
source—drain electrodes with a channel of length L=20 pm and width
W=7.2 mm. B) The transfer curve of the same sample showing a turn-
on voltage of 0.4 V.

gate voltage (Vg varied within less than 1 V), indicating a
threshold voltage close to 0 V. The corresponding transfer
curve in the saturated region is shown in Figure 1B, from
which the turn on voltage (V,,) and the ON/OFF ratio can be
estimated to be 0.4 V and ~ 200, respectively. Here, V,, is giv-
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ADVANCED

en instead of the threshold voltage, V1, because of the large
OFF current. The sub-threshold swing, S, can be estimated to
be ~0.5 Vdecade™. Similar traditional devices have V> 10-
20 V, requiring extensive sample and substrate conditioning
to reduce V.["*! To demonstrate long-term stability the same
all-polymer HIFET was tested after more than one year of
storage in normal room conditions and showed nearly identi-
cal current modulation behavior, despite a current level
decrease by 1-2 decades, which could be caused by, e.g., rela-
tive humidity variations. There are indications, however, that
repeated extreme humidity variations degrade device perfor-
mance.

There have been reports of the same materials'" and of
similar devices showing gas sensitivity“é] and electrochemical
action,'*®! but none presenting the features of the HIFET.
Figures 2A,B show a HIFET output and transfer curve, re-
spectively, measured in humid air (relative humidity, RH,
~35%). The same HIFET measured in pure dry nitrogen is
shown in Figure 2D where the saturation and modulation be-
havior is absent, while in Figure 2C (anhydrous) methanol
fumes are added to the measurement chamber, restoring the
current modulation. Notably the HIFET shows good perfor-
mance with solvent fumes of small and polar molecules, while
larger and non-polar molecules (solvents like n-hexane, p-xy-
lene, and tetrahydrofuran were tested) give only straight-line
current-voltage curves reflecting the conductivity of the semi-
conductor material, as do devices measured in dry-nitrogen
conditions (Fig. 2D) or dry air. In the latter case the device

MATERIALS

functions as a traditional OFET with a high doping level of
the semiconductor. For such samples only the linear region of
the current—voltage curve is probed, even when using voltages
of tens of volts. If polystyrene or poly(methyl methacrylate) is
used as gate-insulator material the device does not show HI-
FET behavior. The all-polymer HIFET device performance is
maintained even when the sample is bent as shown in Figur-
e 2E. Figure 2F shows the drain current in the saturated re-
gion over time as the gate voltage is switched. Characteristic
of the device is a settling time for the current of some seconds
as the gate field is shifted displaying the limited dynamic
switching properties of the device. These transistors can be
used in, e.g., amplifier circuits only for low-frequency applica-
tions. Since all the transistor current-voltage curves above are
measured at low scan speeds (0.1 Vs™) the unique device
characteristics are not affected by the settling time of the cur-
rent. The transfer curve is more sensitive to the settling time
of the gate modulation. Thus, the hysteresis seen in Figure 2B
depends on the scan rate and arises from the ion-modulated
mode of operation of the device.

As a result of the current-modulation effect, the high cur-
rents recorded for the HIFET cannot be attributed solely to a
very high conductivity of the sample. Despite the excellent be-
havior of the output current-voltage curves the ON/OFF ratio
is on the order of 10>-10°.

Figure 3A shows the mobility versus conductivity for the
HIFET and traditional OFET samples, the latter being mea-
sured using the higher voltages required for OFETs, under
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Figure 2. Current-voltage characteristics of the polymer HIFET device under different environmental conditions. A) The output curves of a fresh HIFET

with gold source and drain electrodes measured in humid air (RH~35 %).

B) The corresponding transfer curve (Vio=0.4 V, same as in Fig. 1B). C)

The output curves of a HIFET device measured in an atmosphere of saturated methanol in dry nitrogen. D) The same curves at dry (N;) conditions.
When the sample is removed from humid air (or other atmosphere containing light polar solvent vapor) the typical transistor current-voltage output is
lost and only the conductivity of the film is measured. The flexible HIFET can be bent and measured without losing performance. E) The measured
sample bent to a radius of ~8 mm. Output characteristics are similar to those of the fresh sample shown in (A). F) The response in drain current with
a constant drain voltage as a voltage pulse (upper panel) is applied to the gate contact.
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Figure 3. HIFET and traditional OFET u versus o behavior. The “apparent
mobility” is the field-effect charge carrier mobility as estimated from the
current-voltage curves according to common theory [19]. A) Standard
OFETs follow a universal relationship between mobility and conductivity
(see ref. [20]). Circles show different measurements on both organic and
hybrid inorganic-organic OFETs that do not represent the HIFET reported
in this paper. The 0 =0.75 value follows the “universal rule” of Equation 1
(dotted line). Squares show the apparent mobility versus conductivity of
HIFET devices. B) The schematic device and measurement setup. G, S,
and D refer to the transistor electrodes gate, source and drain, respectively.

dry conditions using regioregular poly(3-hexylthiophene)
(RR-P3HT) as the semiconductor material and polyvinylphe-
nol (PVP) as an insulator material. The mobility values were
estimated using the standard equations[w] for thin-film transis-
tors (TFTs) in both the saturated and the linear region, and
were used in the case of the HIFET to provide comparison
with commonly presented results. All points representing tra-
ditional OFETs follow a line marked by the “universal
rule”

UFE= o (1)

with 0 =0.7 which holds for a large range of amorphous mate-
rials and samples where ugg is the field-effect mobility and o
is the conductivity of the sample. The HIFET samples do not,
however, follow this rule but have a steeper slope (larger o;
marked by the dashed line in Fig. 3A) and a shift to mobility
values about 100 times larger, despite containing the same
semiconducting material. This indicates a different transport
environment in the FET channel region. We note that the ap-
parent mobility value estimated using standard theory,[w] of
the order of 100 cm*V™'s™ for this device, is not physical if
considered as a traditional field effect. The apparent mobility
of the HIFET should be considered a number to quantify the
performance of the device as it comes to current magnitude
and modulation at a certain voltage, even though the perfor-
mance relies on the mechanisms proposed below and not a
pure field effect. Other characteristics for the HIFET, e.g., the
switching speed and amplitude and the gate current (often on
the order of nA for working HIFETS), have to be accounted
for by new mechanisms. The apparent mobility is a “device
mobility” incorporating the field-effect and the humidity-in-
duced effects, pure RR-P3HT charge carrier mobility is re-
flected by the dotted line in Figure 3A.
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We propose a mechanism where the gate field modulation
of the drain current is enhanced by an ionic process that oc-
curs in the moisturized gate dielectric close to the semicon-
ductor interface. The mechanism involves movement of ionic
species within the moisturized insulator layer of the device
structure assisting the pinch-off effect and the increased con-
ductivity through modulation of charge carrier concentration
in the transistor channel region. Samples using gold gate elec-
trodes show the same effect indicating that the field-effect
mechanism does not rely on the water-soluble poly(3,4-ethyle-
nedioxythiophene):poly(styrene sulfonate) PEDOT:PSS ma-
terial. However, gold acts as a diffusion barrier for humidity
into the insulator, increasing the time of response to humidity
changes.

The ionic drift is very sensitive to the gate field giving a turn
on voltage, V,, very close to 0 V. The current enhancement is
a sum of two possible mechanisms that are hard to separate
experimentally: i) drift of mobile ions (e.g., H*, Na*, CI" OH",
...) in the PVP layer giving pinch-off at the drain contact and
drain current modulation by shifting electric charge close to
the semiconductor interface, ii) direct electrochemical doping
of the semiconductor (P3HT+A*C «<P3HT'C +A*+¢,
where A” is an anionic and C™ a cationic impurity) and the dif-
fusion of ionic impurities through the PVP-RR-P3HT inter-
face. The hygroscopic insulator and the presence of a solvent
are essential for the operation of the HIFET which is shown
by the loss of current modulation when drying out the insula-
tor. Exposing the semiconductor layer of a traditional OFET
structure to moisture does not result in HIFET behavior. RR-
P3HT is probably the most suitable active material, since the
charge carriers can easily delocalize due to the large intermo-
lecular coupling between the individual chains."**!! We have
not been able to identify the source of the ions (PVP or RR-
P3HT materials) that are most probably residual contami-
nants from the synthesis. With moisture absorbed in the PVP
layer, ions are mobile enhancing device performance. Mobile
negative ions in PVP moving into the PVP-RR-P3HT inter-
face may cause electrochemical doping of the semiconductor
at the interface. On the other hand, positive ions in the PVP-
RR-P3HT interface may get mobile in PVP (attracted by the
negative gate potential) and separated from their negative
counter-ions resulting in an excess of negative charged species
in the vicinity of the RR-P3HT film.

It is well known that insulator material properties influence
FET characteristics.''%?! Reports on novel devices using
highly conducting polymers,'7*! however, only probe the
metal-insulator transition of a highly doped film. The HIFET,
on the other hand, works in accumulation mode where the
current is increased by a larger gate field, in accordance with
normal TFT behavior. Reported electrochemical FETs differ
from the present structure as they have a gate dielectric en-
tirely replaced by an electrolyte,[24], e.g., a filterpaper wetted
with an acid.”!

We have presented a hygroscopic insulator field-effect tran-
sistor with a performance, when operated in air, greatly supe-
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rior to traditional organic devices in terms of current modula-
tion at low voltages and turn-on voltage close to 0 V. The de-
vice is compatible with large-area low-cost fabrication proce-
dures, i.e., printing techniques, and does not require any
fabrication steps in controlled atmosphere. Device character-
istics have been shown and an explanation for the behavior
has been suggested.

Experimental

Transistors were prepared using as the active semiconductor mate-
rial regioregular poly(3-hexylthiophene), RR-P3HT, from different
suppliers such as American Dye Source, Merck Inc., and Aldrich.
RR-P3HT was spin-coated from solution in p-xylene or chloroform
(concentration 4-10 mgmL™) at a speed of 1000-1500 rpm for 30 s
and dried on a hotplate (70 °C) for 10 min. As a gate-dielectric mate-
rial for the HIFET polyvinylphenol, PVP, from Aldrich (Mw ~20000)
or ChemFirst/DuPont (called polyhydroxystyrene; My ~25000) was
spin-coated (1500 rpm, 30s) from solution in ethyl acetate
(100 mgmL™) and dried on a hotplate (70°C, 20 min) giving a film
thickness of ~1 um. All materials were used as received and there
was no considerable difference in device performance between sam-
ples made from different sources, despite variations, e.g., in terms of
material purity.

The gate electrode was prepared from poly(3,4-ethylenedioxythio-
phene) poly(styrene sulfonate), PEDOT:PSS, purchased from H. C.
Starck GmbH as “Baytron P” and used as received. As substrates
poly(ethylene terephthalate) (PET) films from Teijin Films were used.
Where pre-patterned substrates were used source and drain elec-
trodes, interdigitated finger structures were prepared by photolitho-
graphic methods from conducting polyaniline, PANI (in a toluene so-
lution from Panipol Oy). Gold source and drain electrodes were
prepared by thermal evaporation through a shadow mask under vacu-
um, defining channel areas 1500 um wide and 35 or 100 um long. As
it was found that the electrode material does not influence this novel
device behavior, metal source and drain electrodes were used for sim-
plicity. The gate electrode was prepared by depositing a droplet of
PEDOT:PSS solution of a size that covers the transistor channel
region. The PEDOT:PSS was left to dry in air at room temperature.
All materials used here have been previously used in organic FETs
but without addressing this phenomenon. PVP is normally used with a
crosslinking substance [3,26] which should change the hygroscopic
properties of the gate insulator.

The reference “traditional” OFET was prepared using an exten-
sively cleaned Si/SiO, (300 nm oxide thickness) substrate, onto which
a thin layer of RR-P3HT was deposited by spin-coating from solution.
Gold source and drain electrodes were evaporated in vacuum through
a shadow mask to define the transistor channel area, typically of
length L =35 um and width W=1500 um. The rigid highly doped sub-
strate of the FET was used as the gate. The reference transistor was
prepared and measured in controlled dry N, atmosphere to avoid un-
intentional doping of the exposed semiconductor film. Before mea-
surement the sample was vacuum-annealed overnight at 100 °C. All
device characteristics were measured using an Agilent 4142B param-
eter analyzer controlled by a computer. The scan rate for the current—
voltage curves was 0.1 Vs™. The capacitance of the PVP layer was
measured using several techniques to be 4.3 nF cm™ for a dry sample.
Under ambient atmosphere the capacitance increases with 20-40 %
depending on for example the relative humidity level and the time of
exposure.
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