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A type of injection-limited transistor is demonstrated with a conjugated polymer semiconductor and
fluoropolymer insulator. The source-gated transistor (SGT) is based on a source Schottky barrier, the
effective height of which is controlled by the gate voltage, shifting the origin of current modulation from
the channel to the source-semiconductor contact. SGTs fabricated in this work saturate at up to
30 times lower drain voltages than FETs at high gate voltages. Saturation in SGTs is retained for short
channels without requiring downscaling of the insulator layer. As the transistor channel has reduced
influence on current modulation, the SGT output current is only weakly dependent on the channel
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length contrary to traditional FETs. These features come at some current reduction due to the series
resistance stemming from the source depletion region. The ability to function with thick insulators, low
voltage operation and thus low power consumption, as well as the reduced sensitivity to channel length
variations could be highly synergistic with printing techniques used to deposit materials in organic
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1. Introduction

The field-effect transistor (FET) is a widely used transistor type
in organic electronics that utilises a gate voltage to modulate
the charge flow between ohmic source and drain electrodes. An
efficient p-type FET requires the source electrode workfunction
to be close enough to the Ionization Potential (IP) of the
semiconductor to allow the injection of holes. In the case of
insufficiently high workfunction, a Schottky barrier is formed,
reducing the transistor output current exponentially with the
height of the barrier as demonstrated by numerous studies."™
While the loss of current is generally considered undesirable,
the introduction of a source barrier can give rise to other
characteristics that are very desirable.

In p-type FETs commonly used with organic semiconduc-
tors, current modulation is achieved by biasing the gate-
semiconductor capacitor with a voltage Vg, resulting in charge
accumulation and thus change in resistivity along the transis-
tor channel. Upon the application of a drain-source voltage Vp
the accumulated charge flows, and for higher drain voltages
(Vp > Vsar, where Vg -saturation voltage) the drain end of the
channel is depleted of charge and the current saturates. The
saturation voltage scales almost linearly with the gate voltage
(Vsar =& Vg-Vg, where Vp is the threshold voltage). For
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saturation to be strong, i.e. “flat” output characteristics above
VsaT, the insulator thickness must be significantly smaller than
the channel length (long channel rule), which imposes a design
constraint. Although organic FETs with ultrathin insulators
have been demonstrated,” practical polymer dielectrics and
high throughput processes associated with printed electronics
usually require higher thicknesses to avoid gate leakage.®

The concept of source-gated transistors (SGTs) was intro-
duced by Shannon and Gerstner based on amorphous silicon.”
SGTs structurally resemble FETs but rely on two primary
conditions: (1) a source-semiconductor barrier, (2) the semi-
conductor layer must be sandwiched between the source and
the insulator/gate, as in the case of a bottom-contact top-gate
FET with the gate overlapping with the source electrode. This
source-semiconductor-insulator-gate stack allows part of the
gate voltage to drop across the semiconductor and effectively
pull down the source barrier at the edge of the source electrode
closest to the drain by image force lowering, allowing the
injection of charge by thermionic-field emission.® Additionally
it is beneficial for the source electrode not to be excessively
short, as there is an interplay of charge injection from the edge
of the source and from the source-semiconductor interface
further away from the edge, which can have an effect on device
properties.” Consequently, the transition from a channel-
modulated operating regime in FETs, to a source-modulated
regime in SGTs, considerably changes transistor behaviour and
gives rise to useful features as discussed later on.

So far, the features of SGTs have not been associated with
polymeric semiconductor transistors. Although it is well known

This journal is © The Royal Society of Chemistry 2022
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Fig.1 (a) Schematic of bottom-contact top-gate structure used for transistors in this work. (b) Chemical structure of poly(indenofluorene-

phenanthrene) semiconductor. (c) Transfer characteristic of a polymer FET with near-ohmic source/drain electrodes, with channel length 5 pm, and

channel width W =1 cm.

that contact effects play a major role in organic FET
operation.”® These effects have been explored extensively,
eg' lead to inadvertent SGT-like behaviour.'> Copper-
rubrene contacts in bottom-gate, bottom-contact transistors
have been shown to exhibit source barrier induced early
saturation, (explained later on) however as one of the afore-
mentioned SGT conditions of semiconductor positioned
between the source and the gate insulator is not met, no
current modulation is observed."* Although output character-
istics resembling SGTs have appeared in transistor contact
effects studies, the authors have not explicitly recognized the
operating mechanism and features of SGTs.>'*

In this work, structurally identical conjugated polymer tran-
sistors were fabricated (Fig. 1a) and engineered to display field-
effect or source-gating behaviour by varying the effective elec-
trode workfunction by up to 1.1 eV. We take advantage of high
ionization potential (IP) polymer semiconductor to allow suffi-
cient energy difference between electrodes workfunction and IP
to tune the injection barrier. We examine the influence of
estimated source barrier height on transistor current output
and saturation behaviour, as well as describe the source-
depletion induced saturation mechanism proposed by Shan-
non and Gerstner'® and validated by Valletta et al.,'® and assess
its validity for organic SGTs made in this work.

2. Transistor fabrication and barrier
height estimation

Transistors were produced in the bottom-contact, top-gate
configuration, with overlapping gate and source/drain electro-
des. Bare Au (30 nm) and Cr/Au (3 nm/30 nm) electrodes were
patterned on glass substrates by evaporation, photolithogra-
phy, and L:KI:H,O etching for Au, and perchloric acid-cerium

This journal is © The Royal Society of Chemistry 2022

ammonium nitrate etching (Microchem MS8) for Cr. Bare Cr
(30 nm) electrodes were DC magnetron sputtered and pro-
cessed similarly. Au electrodes were cleaned by short exposure
to O, plasma (1 min, 75 W, 30 mL min ') and treated with self-
assembled monolayers pentafluorobenzene-thiol (PFBT) or
fluorobenzene-thiol (FBT) in ethanol (1 mMol, 20 min immer-
sion) to be able to vary the effective electrode workfunction.

Poly(indenofluorene-phenanthrene) (PIFPA) co-polymer
(Fig. 1b) is an amorphous, high ionization potential, air-
stable semiconductor, with high field-effect peak saturation
mobility of holes of 0.3 ecm®> V' s~ (calculated from FET
transfer characteristics in Fig. 1c). The amorphous morphology
allows focus on the effect of contacts on device performance
without worry for morphological variations due to the crystal-
lisation of the semiconductor. The field-effect mobility was
calculated by the standard MOSFET model as described
elsewhere.'® PIFPA"” was spin-coated from anhydrous toluene
solution (7.5 mg mL ") with film thicknesses ranging from
30 nm to 100 nm, followed by annealing on a hotplate (100 °C,
5 min). The Cytop™ fluoropolymer insulator was used as a gate
dielectric due to its strong moisture barrier properties and low
relative permittivity (e, = 2.1), that is critical for low energetic
disorder along the interface with the semiconductor.’®'
Cytop™ was deposited by spin-coating and annealed (100 °C,
10 min). For the top gate, 30 nm thick Au was thermally
evaporated through a shadow mask. Fabrication and character-
ization were performed in ambient conditions. Electrical char-
acterization was performed with a Keithley SCS-4200.

The IP of PIFPA (5.79 eV) was measured by cyclic voltam-
metry (CV) on a Princeton Applied Research VersaSTAT 4.

Relative electrode workfunctions were measured with a
McAllister Kelvin Probe KP6500 in air. All Kelvin Probe samples
were treated similarly to transistor electrodes (etched and
cleaned). A Cr thin film (same process parameters as for
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transistor electrodes) was used as a reference, and its work-
function was taken to be 4.5 eV>* to convert relative measure-
ments to absolute workfunction values. Freshly evaporated
Cr and etched/cleaned Cr samples exhibited negligible differ-
ence (0.02 eV). Measured relative workfunction values versus
the Cr reference were: @auiprer = @cr +1.08 €V, Qcr/autprer =
@cr +0.95 €V, @crauwrsr = @or 0.76 e€V. Due to variations
between successive measurements for Au electrodes, probably
arising from humidity in the air, the error is estimated to be
+0.05 eV.

Source-semiconductor contact barrier heights were esti-
mated by assuming vacuum level alignment of the semicon-
ductor IP and measured electrode workfunctions. This
assumption has been shown to be valid as long as the work-
function of the electrode lays at lower energies than the Fermi
level of the semiconductor.>®>* It must be noted that the IP
value measured by CV in this work is not likely to indicate the
true position of the Fermi level in the semiconductor, as CV
does not account for the relaxation of carriers to the positive
polaron level. Polaron binding energies for organic semicon-
ductors have been found to lay in the range of 0.4-0.7 eV.>*?>2¢
For electrodes with higher workfunction than the positive
polaron energy, an interface dipole is formed, and the Fermi
level of the electrode is pinned to the positive polaron level of
the semiconductor,”*** though this is not the case in this work.

The transistor currents measured in this work exhibit expo-
nential decrease with increasing estimated barrier height in a

(a)
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clear trend as shown later. The estimated barrier heights are:
Au-PFBT/PIFPA ¢p = 0.21 eV, Cr-Au-PFBT/PIFPA ¢y = 0.34 €V,
Cr-Au-FBT/PIFPA ¢g = 0.53 eV, Cr/PIFPA ¢g = 1.29 eV. The
exponential decrease in current still holds for the transition
from ¢g = 0.34 eV to ¢ = 0.21 eV, indicating the lack of Fermi
level pinning.

3. Results and discussion

The transfer characteristic of a polymer FET with near-ohmic
contacts can be seen in Fig. 1c. The device has an effective field-
effect mobility of 0.3 em> V™' s™' and nearzero threshold
voltage, which does not change appreciably for SGTs. For Cytop
gate film thickness of 1 pm the associated gate dielectric
capacitance per unit area was calculated as 1.85 nF cm™ 2. The
output characteristic for the same device can be seen in Fig. 2a.
The saturation voltage scales strongly with V. The current does
not saturate well above the saturation voltage (dashed line in
Fig. 2a). The reason for the lack of strong saturation is the
specific geometry of this device, as the channel length is 5 pm
and the insulator thickness 1 um, i.e. the channel length is on
the same order of magnitude as the insulator thickness and
thus the long channel rule is not satisfied.

Fig. 2b-d displays output characteristics of SGTs of increas-
ing barrier height. The source pinch-off can be clearly identi-
fied. The current is source modulated and thus it can be said
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Fig. 2 Output characteristics of (a) FET with near-ohmic Au-PFBT source/drain electrodes, with channel length L = 5 pm. The dashed line represents the
transition into saturation regime. (b) Low barrier SGT with Cr/Au/PFBT electrodes, (c) medium barrier SGT with Cr/Au/FBT electrodes, d) high barrier SGT
with Cr electrodes. Devices (b—d) have channel length L = 2.5 um. Devices (a—d) have channel width W = 1 cm, insulator thickness d; = 1 um, source
length 20 pm and varying semiconductor thicknesses. (e) Current output of different transistors at Vg = —30 V and Vp = —10 V, plotted against estimated
barrier height ¢g. The current from 5 pm channel length FET was multiplied by a factor of 2 for channel length normalization.
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that the devices are operating in the source-gating regime. The
saturation voltage of the devices has decreased dramatically to
several volts even for a Vg of up to —60 V, as much as 30 times
than an equivalent FET, and saturation is “flat” even though
the channel is only 2.5 times longer than the insulator thick-
ness, in violation of the long channel rule. The magnitude of
the barrier affects the current level significantly (Fig. 2e) with
the highest barrier of 1.29 eV resulting in a decrease of almost
five orders of magnitude. It is very likely however that a middle
ground can be attained where the current loss is minimised
and the beneficial saturation behaviour retained.

To examine the saturation behaviour in more detail we will
use the dielectric model. Under no external bias, the semicon-
ductor area near the electrodes is partly depleted of charge
due to the presence of Schottky barriers. Under a negative
source-drain voltage, the drain Schottky barrier is forward-
biased and its contribution assumed to be negligible. The
source Schottky barrier is reverse-biased, and an increasingly
negative drain voltage forces the depletion to extend towards
the semiconductor-insulator interface, eventually pinching off
the conduction channel and saturating current flow. As the
semiconductor near the source is depleted, it can be treated as
a dielectric in series with the insulator (Fig. 1a) to predict the
change of potential across the source depletion region per unit
Vi. As any additional potential must be compensated by the
drain voltage, this model predicts the rate of change of satura-
tion voltage per unit volt applied on the gate (dVsar/dVg). The
dielectric model derived by Shannon and Gerstner for amor-
phous silicon SGTs states that the source-drain voltage at
which current saturates (Vgar) can be expressed as (1)'° as

(a)
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opposed to FETs for which Vg,r is given by (2):

Ci Ci
Vsar=———(Vg =V K~ Vs—Vt) SGT (1
SAT (CH-CS)( G )+ (C1+Cb)( G T) (1)
Vo=V
VSAT:MMVFVT) FET )

where C; and Cg are the capacitance per unit area of the
insulator and depleted semiconductor respectively, K is a para-
meter related to the voltage required to deplete the semicon-
ductor, and « is a constant with value « & 1. Since the
capacitance ratio in (1) is necessarily lower than unity, SGTs
will always exhibit lower saturation voltages than FETSs.
According to the dielectric model, the gate voltage depen-
dence of the saturation voltage can be finely tuned by adjusting
semiconductor/insulator layer thicknesses. To assess its valid-
ity, Cr/PIFPA SGTs were produced with semiconductor thick-
nesses in the range of 30 to 100 nm, and insulator thicknesses
in the range of 0.66 to 1.66 pum. Layer thicknesses were
measured by profilometry (Tencor Alphastep 200) and tapping
mode Atomic Force Microscopy (Veeco dimension 3000). Layer
capacitances per unit area were calculated with relative permit-
tivity &; = 2.1 for the insulator (Cytop™ data sheet) and ¢, = 3 for
PIFPA (not measured - typical conjugated polymer value).
Calculated capacitance values were in the range of 89 to
26 nF cm™ > for the semiconductor layers and 2.8 to 1.11 nF cm™>
for the insulator layers. Saturation voltages Vsar were extracted
from output characteristics at the onset of saturation for each
gate voltage, and the rate of change of saturation voltage per
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(a and b) Output characteristics of Cr/PIFPA SGTs, for Vg = 0 V to =75 V (=3 V step). Characteristics correspond to devices fabricated with

different combinations of semiconductor and insulator thicknesses ds and d|, respectively. All channels have length L = 2.5 um and width W = 1 cm. Device
cross-section schematics illustrate different insulator thicknesses. (c) Experimental data (symbols) of high barrier (Cr/PIFPA) SGTs (5 devices) of different
semiconductor and insulator layer thicknesses, plotted with dielectric model predictions of egn (1) (solid lines).
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Table 1 Summary of parameters for devices shown with various layer
thicknesses: semiconductor thickness ds, insulator thickness d,, semicon-
ductor capacitance per unit area Cs (assuming ¢, = 3), insulator capaci-
tance per unit area C, (assuming ¢ = 2.1), dVeardVg ™t values calculated
from slopes, dVsardVg ™! values calculated from the derivative of the
dielectric model (egn (1)) for capacitances in this table

ds d  Cs Ci AVeardVs ' dVsard V™!
Device (nm) (nm) (nFem™®) (nFem ) (measured) (model)
(@) 60 1680 44 1.10 0.019 0.025
(b) 30 900 89 2.05 0.024 0.022
(© 60 900 44 2.05 0.051 0.045
(@) 100 1600 26 1.16 0.049 0.042
(e) 30 660 89 2.8 0.033 0.031

unit gate voltage dVsardVs ! was calculated from the derivative
of measured values.

The devices with the lowest and the highest dVg,rdVg "
values are shown in Fig. 3a and b. The calculated AVigprdVs !
values (symbols) from several more devices were plotted against
insulator capacitance (x-axis) and dVgsardVg " values predicted
by the gate voltage derivative of eqn (1) for calculated semi-
conductor capacitance values (solid lines) (Fig. 3c). All values
are summarised in Table 1.

As seen in Fig. 3¢ the measured data conforms to the model
very well. The observed dependence of dVsardVs ™" on capaci-
tance confirms the presence of a source depletion region

View Article Online
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responsible for the low-voltage channel pinch-off and satura-
tion in SGT output characteristics.

We can estimate a difference in power consumption of an
SGT - mode transistor versus Ohmic contact transistor. Con-
sidering that power dissipated by a single transistor is P = Ipgar
% Vpsat, assuming negligible power loss at the gate, and using
FET output data plots (Fig. 2) at comparable gate voltages, the
following estimation can be made. Ohmic contact FET (Fig. 2a,
Vs = —20 V) will have power consumption of P(FET) ~ 80 pA x
17.5 V & 1.4 mW. Whereas source-gated transistor (Fig. 2d,
Vg = —27 V) will consume P(SGT) =~ 5 nA x 1.7 V &~ 8.5 nW,
thus providing ~1.6 x 10> times lower power consumption.
Even if we normalize the power figures by the current output to
give watt-per-amp comparison, we still obtain an order of
magnitude lower power consumption for SGTs (17.5 W A™*
for the FET and 1.7 W A~ ! for the SGT) which is a direct result
of the differences between eqn (1) and (2), i.e. SGT saturation
voltage is significantly lower than the FET equivalent, though
SGTs do have the disadvantage that a larger channel width
could be required to obtain higher levels of current.

As the origin of modulation in SGTs has shifted from the
channel to the source contact, the channel plays a much
diminished role to current modulation. Simulations by two
independent groups on amorphous silicon SGTs have shown
that the current output can be independent of the channel
length.>”®

(a) (b)
4001 Vo OVto-60V (-10Vstep) 4001 Vg OVto-60V (-10V step)
300 300
= <
£ 200 £ 200/
o _D
100- 100
10 -8 -6 -4 -2 0 10 -8 -6 4 -2 0
Vp (V) Vp (V)
C
(©) goo- X
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Fig. 4

(a) Examples of output characteristics of high barrier SGTs with channel lengths (a) L = 20 um and (b) L = 200 um (c) currents extracted at the

onset of saturation and Vg = —60 V for transistors of different channel lengths. For this batch the gate leakage is moderate at low V and drops off at
increasing drain voltages. For other devices in this work gate leakage is negligible (below 1 nA) and is not shown.
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Fig. 4a and b show the output characteristic of two SGTs with a
channel length of 20 pum and 200 um respectively and they exhibit
nearly the same drain current. Fig. 4c shows data points from
more measured transistors as a function of channel length. While
not completely identical, the dependence of the current on
channel length for SGTs is significantly weakened as compared
to a hypothetical FET (dashed line). Such behavior could be highly
beneficial for high-throughput printing techniques which may
suffer from low electrode patterning resolution, enabling the
production of functional low-cost circuitry.

4. Conclusions

In summary, we have demonstrated SGTs based on conjugated co-
polymer PIFPA. Fabricated organic SGTs exhibit saturation vol-
tages up to 30 times lower than FETs. Strong saturation is
maintained for short channels without requiring insulator down-
scaling as opposed to FETs. The source depletion mechanism that
gives rise to the saturation was found to be valid by fitting
experimental data to the dielectric model proposed by Shannon
and Gerstner for amorphous silicon SGTs. Weak dependence of
the current on channel length was observed. The current output
of polymer SGTs was found to decrease exponentially with esti-
mated barrier height, however it is possible to attain the source-
gating characteristics with only one order of magnitude loss of
current and perhaps even less with further optimisation.

SGTs offer several opportunities for organic electronics. SGTs
can be fabricated with semiconductors of high IP which are
particularly attractive due to their excellent ambient stability, to
which ohmic contacts may not be possible to establish. SGTs can
be utilized in processes with short channel lengths and over-
micron thick insulators, for example nanoimprinted source/drain
electrodes and ink-jet or screen printed insulators. The insensi-
tivity of SGT current output with channel length may be utilized
with low-resolution electrode patterning techniques such as ink-
jet printing. The significantly lower saturation voltage as com-
pared to FETs should lead to lower power consumption as
demonstrated with amorphous silicon SGTs.””*° The high output
impedance is ideal for analogue applications such as high-gain
amplifiers*® and current sourcing.>
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