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Polymer ferroelectrics are witnessing a renewed interest in organic transistors due to their multi-conductance
states. Although their high dielectric constant allows low operating voltages, the polarization fluctuation due
to the energetic disorder at the interface reduces the carrier mobility in organic transistors. Here, two
copolymers of poly(vinylidene fluoride) (PVDF) with trifluoroethylene (TrFE) and hexafluoropropylene (HFP) as
the dielectric layer, and a donor—acceptor copolymer as the active semiconductor layer are used in bottom-
gate top-contact transistor architectures. We investigate the impact of the dielectric thickness, external
poling, and an added interfacial ultrathin ALOs layer at the semiconductor-dielectric surface on the
performance of organic field-effect transistors (FETs). Although poling the dielectric layer significantly
enhances the carrier mobility in PVDF-TrFE-based FETSs, it has a minimal effect on PVDF-HFP-based devices.
Poled PVDF-TrFE devices with a thickness of 45 nm show the highest saturation carrier mobility, exceeding
1 cm? V71 571 The subthreshold swing (SS), which is primarily governed by the trap states at the

Received 1st April 2025, semiconductor—dielectric interface, is seen to significantly improve when an atomic layer deposited Al,Os3 film

Accepted 30th May 2025 with varying thickness between 2 nm and 12 nm is deposited on PVDF-HFP. In the linear region of operation,
PVDF-HFP based FETs with ALOs yield SS values below 80 mV dec™. The trap density of states at the semi-

conductor—dielectric interface was evaluated, providing deeper insight into charge trapping and transport
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Introduction

The high dielectric constant (k) of oxide and ferroelectric dielec-
trics provides a path towards low-operating voltage organic field-
effect transistors (FETs)," especially since they work in the accu-
mulation region. At the semiconductor-dielectric interface, the
dielectric layer not only influences the morphology of the semi-
conducting layer, but it also changes the density of states (DOS)
due to local polarization effects.”™ Polarizable gate dielectrics,
for example, broaden the DOS at the semiconductor-dielectric
interface due to charge-dipole coupling and increase the
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localization of carriers at the interface.>® These effects reduce
the carrier mobility in FETs at the cost of achieving low operating
voltages with high « dielectrics. Another route for low operating
voltage organic FETs is to reduce the thickness of the dielectric
layer. Several strategies involving stacked self-assembled mono-
layers and AlO, as ultrathin layers, with thicknesses typically less
than 20 nm, have demonstrated operating voltages less than 5 V
in organic FETs.”” However, most of these examples use small
molecule organic semiconductors. Moreover, such stacked dielec-
trics require oxidation or anodization processes to form the AlO,
layer. In addition to low voltage, practical applications of organic
FETs demand low subthreshold swing (SS) and high carrier
mobilities. Although the carrier mobility in polymeric semicon-
ductors is limited due to the hopping nature of transport between
disordered-localized states,'®! other factors such as a polarizable
dielectric layer'*"® and the source/drain contacts**'® strongly
influence charge transport properties in FET architectures. Hence,
the same semiconductor may display a wide range of carrier
mobilities as « is tuned from low to high. Several strategies for
contact modification including adding self-assembled monolayers
have resulted in a remarkable reduction of contact resistance in
the tens of Q cm."™® Approaches for reducing the Schottky
barrier by de-pinning the Fermi level in organic FETs have

This journal is © The Royal Society of Chemistry 2025
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involved introduction of oxygen at the metal-semiconductor sur-
face in p-type transport'® and adding ultrathin Al,O; on the metal
contacts for both p- and n-type transport in organic FETs.>°

Ideally, ferroelectric dielectrics could be of great benefit for
low operating voltage organic FETSs, especially if the polariza-
tion fluctuation can be reduced, they are thin, they are solvent
compatible with n-conjugated small molecules and polymers,
and the trap-DOS at the semiconductor—ferroelectric interface can
be lowered. These conditions would permit enhanced switching
efficiencies by lowering SS. Further, the choice of a solution
processable dielectric and a semiconducting layer allows low-
cost fabrication methods. This work focusses on solution proces-
sable ferroelectrics and a donor-acceptor copolymer, diketopyrro-
lopyrrole  (dithienylthieno[3,2-b]thiophene  (DPP-DTT)), for
improving the semiconductor-dielectric interface in organic FETs.
Since the devices are bottom-gate with top-contact, no additional
contact treatment was performed.

Among polymer ferroelectrics, the copolymers of polyvinyli-
dene fluoride (PVDF) have been extremely popular as dielectric
layers in organic FETs for applications in memory devices,*'>*
sensors,>> >’ and more recently in neuromorphic devices.
Copolymers of PVDF with trifluoroethylene (PVDF-TrFE) and
hexafluoropropylene (PVDF-HFP) have differences in their
ferroelectric properties, although their k values are similar at
room temperature. The ferroelectricity in PVDF and its copoly-
mers originate from the B phase, where the carbon atoms are in
an all-trans-configuration, and the paraelectric o phase arises
from a trans-gauche conformation.>® PVDF-TrFE upon spincast-
ing from a solution is already in the  phase and, therefore,
metal-insulator-metal capacitors made with PVDF-TrFE show
typical hysteresis loops in the polarization versus voltage curves,
expected from a ferroelectric film.>'*> PVDF-HFP, on the other
hand, is an elastomer with a higher component of the o phase
compared with the B phase.**** Typical saturation polarization
values are 6 pC cm ™2 and 3 pC cm ™2 for PVDF-TrFE and PVDF-
HFP, respectively (see ESIT).*> With similar values of « but
differences in their ferroelectric properties, PVDF-TrFE and
PVDF-HFP allow an excellent comparison for monitoring the
semiconductor-dielectric interfaces in organic FETs.

Our prior work demonstrated that by externally poling the
PVDF-TrFE film in the vertical direction, prior to the fabrication
of organic FETSs, and using DPP-DTT as the active semiconductor
layer, improves both carrier mobility and SS if the poling field is
<100 mV m ™. Differential phase contrast (DPC) images in the
scanning transmission electron microscope (STEM) indicated
that the vertically poled PVDF-TrFE films have uniform ferro-
electric domains throughout the bulk of the film.*® Polarization
domains are also seen in the DPC images from the unpoled film,
except they are significantly more disordered. The higher mobi-
lity in the poled devices could be rationalized by a lower trap
DOS, as determined by the Griinewald’s method,*”*® compared
with the unpoled devices. The operating voltage in this study was
20 V. Further reduction of the operating voltage demands low-
ering the thickness of the polymer ferroelectric layer.

In this work we use two approaches for improving the
ferroelectric-DPP-DTT interface. The first is to reduce the

28,29
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dielectric thickness to below 50 nm. The second approach is
to add a thin (2-12 nm) atomic layer deposited Al,O; layer on
top of the ferroelectric layer. The operating voltages are below
8 V for both PVDF-TrFE and PVDF-HFP based FETs, which
operate as p-type devices. Vertically poling the PVDF-TrFE
layer (with thickness ~45 nm) improves carrier mobilities to
>1cm” V™' s™'. However, there is a marginal difference in the
carrier mobilities between the vertically poled and unpoled
PVDF-HFP films. In an effort to further lower the SS, we
deposited a thin layer of Al,O; by atomic layer deposition on
top of the ferroelectric layer. No significant improvement in SS
was observed with PVDF-TrFE when 2 nm, 3 nm, and 5 nm of
Al,O; were deposited. Additionally, the carrier mobilities are
also seen to be lower than that of the unpoled devices. There is
a significant improvement in SS for the PVDF-HFP devices with
the layer of Al,O3, highlighting the role of the oxide layer in
passivating defect sites. Trap DOS calculations show lower trap
densities for PVDF-TrFE compared with PVDF-HFP FETs.
A similar distribution of shallow traps in as-is PVDF-HFP and
with the thin Al,O; layer are observed, highlighting the influ-
ence of the oxide layer on the deep-level traps. Cross-sectional
STEM images show the same morphology in the bulk of the
semiconductor with and without the Al,O; layer.

Experimental methods and analysis

Materials

Poly(vinylidene fluoride-trifluoroethylene) (PVDF-TrFE) (75 : 25)
and poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP) (M,, = 455 000) were purchased from PolyK Technologies
Inc. and Sigma-Aldrich, respectively. The donor-acceptor copo-
lymer DPP-DTT was obtained from 1-Material Inc. (Dorval,
Quebec, Canada). N,N-Dimethylformamide (DMF) and 1,2-
dichlorobenzene (DCB) (anhydrous, 98%) were sourced from
Sigma-Aldrich (St. Louis, MO, USA).

Device fabrication

The device structure is bottom-gate, top-contact with a pat-
terned Al layer as the gate electrode, the PVDF copolymers as
the dielectric layer, followed by DPP-DTT as the semiconductor.
Top Au contacts served as the source and drain. A 50 nm Al gate
electrode was thermally evaporated onto 1”7 x 1” glass sub-
strates using a patterned mask following an organic cleaning
process. The dielectric solutions were prepared by dissolving
PVDF-TrFE and PVDF-HFP in DMF at a concentration of
100 mg mL ™", heated to 80 °C for 3 hours, and subsequently
stirred at room temperature overnight. The solutions were
diluted to 50 mg mL™~" for the thinner dielectric films. Under
a nitrogen atmosphere, the diluted solutions were statically
dispensed onto the pre-deposited Al gate and spin-coated at
1600 rpm for 60 seconds to ensure uniformity. The coated
substrates were then annealed at 70 °C for 10 minutes in a
nitrogen environment to facilitate solvent evaporation, result-
ing in a dielectric film thickness of approximately 45 nm.

J. Mater. Chem. C, 2025,13,13454-13463 | 13455
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Each substrate was placed on a hotplate under ambient
conditions for the poling process. A thin Al strip was positioned
on top of the PVDF-TrFE or PVDF-HFP film for the application
of an electric field (40 MV m ™" for the thinner films) between
the underlying Al gate and the external Al contact. The poling
was conducted at 135 °C, close to the Curie temperature of
PVDF-TrFE and PVDF-HFP, to enhance dipole reorientation.
The applied field was maintained as the substrates cooled to
room temperature to preserve the dipole alignment.

DPP-DTT solution was prepared by dissolving DPP-DTT in
DCB at a concentration of 5 mg mL™'. The solution was
subjected to sequential heating at 100 °C for 1 hour, 130 °C
for 1 hour, and 145 °C for over 12 hours while stirring at
200 RPM. After overnight stirring at room temperature, the
solution was filtered through a 0.45 um PTFE filter and reheated
for 30 minutes before spincasting. Under a nitrogen atmosphere,
75 uL of the DPP-DTT solution was dynamically spin-coated onto
the ferroelectric layer at 900 rpm for 60 seconds. A Teflon tape
was employed to confine the semiconducting film to a defined
channel region during spin-coating and was removed before
annealing the film at 120 °C for 1 hour under nitrogen. Finally, a
50 nm Au layer was thermally evaporated through a patterned
mask to define the source and drain electrodes. Each substrate
contained four devices with a fixed channel width of 1000 pm
and channel lengths of 50 pm, 75 pm, 100 pm, and 125 pm.

Al,0; deposition

Al,O; layers of varying thicknesses were deposited on top of
PVDF-TrFE and PVDF-HFP using a Cambridge NanoTech S200
atomic layer deposition (ALD) system. The process employed
trimethylaluminum (TMA) and deionized water (DI-water), both
obtained from Sigma-Aldrich. The chamber was maintained at
150 °C, which was the optimum temperature that preserves the
integrity of the underlying dielectric layer while ensuring suffi-
cient Al,O; growth. Following sample loading, a continuous
nitrogen (N,) flow of 5 sccm was introduced into the chamber
and subsequently increased to 20 sccm. The deposition was
performed over 22, 33, 55, 88, and 132 ALD cycles to achieve film
thicknesses of 2, 3, 5, 8, and 12 nm, respectively. Each cycle
consisted of a 0.01 s pulse of DI-water, a 20 s N, purge, a 0.015 s
pulse of TMA vapor, followed by another 20 s N, purge. Upon
completion, the N, flow rate was reduced to 5 sccm.

Characterization

Current-voltage measurements were performed at room tem-
perature using a Keithley 4200A-SCS parameter analyzer. Scan-
ning/transmission electron microscope (STEM) imaging was
performed using a probe aberration corrected ThermoFisher
Spectra 300 scanning/transmission electron microscope. TEM
cross-section lift out and thinning were performed in a Thermo-
Fisher Helios Hydra UX DualBeam plasma focused ion beam
(PFIB) using Xe" as the ion source at 30 kV accelerating voltage.
Sample thinning was performed using Ar® as the ion source at
30 kv, with final thinning performed at 8 kV. The capacitance
and conductance measurements were carried out using an HP
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4284 LCR meter. The AFM images were acquired by Brucker
(model: Innova).

Transistor parameters and trap density of states analysis

The carrier mobility was extracted from the current-voltage
transfer characteristics in the saturation and linear region using
the standard MOSFET equations. The drain current (Ip) in the
saturation region is given by: In(sat) = (W/2L)uCi(Vas — Vin)*, where
W and L are the channel width and length, respectively. C; is the
capacitance/area of the dielectric, Vgs is the gate-source voltage
and Vy, is the threshold voltage. Hence, the saturation mobility is
fg = 2L/ WC;)(0V/1p /D VGS)Z. In the linear region, In(lin) = (W/
LuC{(Vas — Ven)* — Vps>/2], and thus, the carrier mobility in this
region is i = (L/CiWVps)(0Ip/0Vgs). The subthreshold swing (SS)
is given by SS = dVgs/(log Ins), which gives an upper limit for the
interface trap states (Nin) such that SS = kT'log 10/¢[1 + (¢*/C;)Ninc),
where k is the Boltzmann constant and T is the temperature. For
state-of-the-art MOSFETS, SS is typically 70 mV decade " (dec).

The contact resistance was determined using the transmis-
sion line method (TLM). The contact resistance (Rc) normalized
with Wis related to the total resistance (R) in the channel and is
given by RW = RcW + LipeCi(Vgs — Vin), where peg is the
channel mobility free from the contact resistance.

The trap DOS was analyzed using the Griinewald’s metho
The gate-dependent dielectric-semiconductor interface potential
Vo = Vo(Uy) is first determined from:

q.37:38

eVy eVy e gd e . -
exp(ﬁ) “ar T ﬁ%{%”(%) - Jo ol g)‘wg]'

In eqn (1) ¢, k, and T are the elementary charge, the Boltzmann
constant, and the absolute temperature, respectively; U, = |Vgs —
Vrp| and Vg is the flat-band voltage, which is assumed to be the
turn-on voltage of the transistor. & and & are the dielectric
constant of the ferroelectric dielectric and the semiconducting
layer, respectively. d is the thickness of the semiconducting layer
and [ is the thickness of the dielectric layer. o(Uy), the field effect
conductivity is defined as (Ug) = L/WIp(Uy)/Vps. 0 is the con-
ductivity at U, = 0. Eqn (1) is numerically evaluated using the
measured field-effect conductivity to determine the interface
potential. The solutions of V, are used to solve for the carrier
density, p(V,), using a derivative method:

2 -1
E0&f dV()
=27 — 2
p(Vo) {islzeUGS (dUGS) ) 2)

and the trap DOS (N(E)) is then obtain from

_ 1dp(Vo)
e dV() '

N(E) ®)

Eqn (1)-(3) were solved in open-source Python.

This journal is © The Royal Society of Chemistry 2025
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Results and discussions

Dielectric thickness and poling

The semiconductor was DPP-DTT and all FETs were fabricated
using a bottom-gate, top-contact geometry. Fig. 1(a) shows
a schematic of the FET where both PVDF-TrFE and PVDF-HFP
were used as the dielectric layer. Vertical poling was achieved
by applying an electric field of either 100 MV m ™" for the thicker
dielectric layer (~125 nm) and 40 MV m™ " for the thinner dielectric
layer (~45 nm) at the Curie temperature, as shown in Fig. 1(b). The
field is applied in a direction such that the dipole moments of the
ferroelectric domains point vertically downwards. This facilitates
the accumulation of hole carriers at the semiconductor-dielectric
interface, which is advantageous for p-type transport in DPP-DTT.
Fig. 1(c)-(e) compares the transfer and output characteristics of a
vertically poled and unpoled PVDF-TTFE FET. The dotted line in the
transfer curve is a linear fit where the intercept yields V. The
dielectric thickness was ~125 nm. The vertically poled PVDF-TrFE
FET demonstrates three times higher saturation carrier mobility
compared with the unpoled device. Earlier work highlighted that
vertically poled PVDF-TTFE based organic FETs show a significant
improvement in carrier mobilities and other transistor properties.*
An additional lateral poling of the bottom half of the PVDF-TrFE
layer to an already vertically poled film minimizes the gate leakage
current in TIPS-pentacene FETs, further enhancing the carrier
mobility.” DPC images have revealed uniform polarization
domains in vertically poled PVDF-TIFE films with almost no
localization of the polarization domains at the interface.® This
reduces the overall polarization fluctuation in transport, enhancing
carrier mobility in vertically poled FETS.

Next, the thickness of the dielectric layer was reduced to
~45 nm for lowering the operating voltage of the FETs. Fig. 2

Unpoled

- " = = B< o
Ferroelectric Dielectric 10
Substrate 1071
R F 4 R, IE R F
B 0
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Fig. 1
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shows the transfer characteristics from four such devices with
PVDF-TrFE and PVDF-HFP, both unpoled and poled. In all
cases, the saturation characteristics are observed by —7 V.
The output characteristics of these four devices are shown in
ESIt (Fig. S1). The poled PVDF-TrFE FET shows a saturation
carrier mobility (ug) of 1.24 cm®> V' s' compared with
0.3 cm® V™' s~ for the unpoled device. The histogram of fis.
from several poled PVDF-TrFE devices shows a mean value
>1cm® V' s (Fig. S2, ESIY). The SS value is also lowered for
the poled PVDF-TrFE FET. In contrast, poling does not seem to
enhance the PVDF-HFP FET performance. There is almost no
difference in pg (~0.28 cm® V' s7') between poled and
unpoled PVDF-HFP. Since the overall ferroelectricity in PVDF-
HFP is lower than in PVDF-TTFE, external electrical field poling
seems to have almost no impact in orienting the polarization
domains.

Although the value of SS is an indicator of the trap density, it
mainly probes the deeper bandgap states as the quasi-Fermi
level is far from the band-edge in the subthreshold region. The
trap DOS estimated from the Griinewald’s method allows an
estimation of the shallow trap states. Polymeric semiconduc-
tors are usually described by a Gaussian distribution of traps as
sketched in Fig. 3(a). Since disorder in these systems results in
electron localization, it has a Gaussian distribution. The mobi-
lity edge in a polymeric semiconductor acts as the band edge in
a crystalline material. In addition to the shallow trap states,
localized deep states are present. If the Fermi level is located in
the region of the localized states (near the green peaks
in Fig. 3(a)), conductivity at high temperatures can arise
from thermal excitation of carriers across the mobility gap in
addition to hopping of carriers due to the shallow trap states.
We estimate the trap DOS using the Griinewald’s method from

c 1058 35
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(a) Device schematic where the dielectric thickness was reduced from 125 nm to below 50 nm. Chemical structure of PVDF-TrFE and PVDF-HFP.

(b) Vertical poling of the dielectric layer was carried out by applying an electric field at a temperature of ~135 °C. (c) and (d) Transfer and output
characteristics of an unpoled PVDF-TrFE/DPP-DTT FET, respectively. (e) and (f) Transfer and output characteristics of a vertically poled PVDF-TrFE/DPP-
DTT FET, respectively. The dielectric thickness was ~125 nm for both poled and unpoled devices.
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Fig. 2 Transfer characteristics of DPP-DTT FETs with a dielectric thick-
ness of 45 nm. (a) Unpoled PVDF-TrFE, (b) poled PVDF-TrFE, (c) unpoled
PVDF-HFP, and (d) poled PVDF-HFP.

the valence band edge (Ey), which is the HOMO level, for PVDF-
TrFE and PVDF-HFP FETs, as illustrated in Fig. 3(b) and (c). The
trap DOS is almost an order of magnitude higher near the band
edge for the thicker unpoled (125 nm) PVDF-TrFE FET compared
with the thinner (45 nm) unpoled one. Additionally, the trap
DOS for the vertically poled PVDF-TTFE FET is lower compared
with the unpoled one. On the other hand, unpoled and poled
PVDF-HFP (of thickness 45 nm) FETs show similar trap DOS. It
should be noted that vertically poled PVDF-TrFE displays a very
different morphology with distinct domains compared with its
unpoled counterpart.®® Hence, it is not surprising that their trap
DOS differ. We further estimate the interface trap density (Dj)
from capacitance and conductance versus voltage measurements
from PVDF-TrFE based metal-insulator-semiconductor (MIS)
diodes for a comparison of the unpoled and poled layers. The
D, values are determined from the loss as the occupancy of the
interface trap states change with the gate bias.*' Using a
continuum of state model,** the D;, values obtained at the flat-
band voltage are 2.3 x 10> eV ' em > and 3.5 x 10"* eV " ecm™?
for the poled and unpoled PVDF-TrFE MIS diodes, respectively.
See ESIt for details (Fig. S8 and S9).
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The above results demonstrate that vertical poling has a
dramatic effect on PVDF-TrFE FETs but not on PVDF-HFP FETs.
The improved carrier mobility in poled PVDF-TrFE FET may be
rationalized in terms of the lower trap DOS. Our results further
suggest that poling does not change the inherent fraction of the
crystalline B phase to the o phase; it merely orients the ferro-
electric domains. Since the extent of the f phase is much lower
in PVDF-HFP compared with PVDF-TtFE, the external poling
field has a minimal effect. We next look at the effect of adding
ALD grown ultrathin Al,Oj; layer to the interface of both PVDF-
TrFE and PVDF-HFP devices.

Addition of an ultrathin Al,O; layer

Al,O; as a dielectric material has been broadly used in both
organic and inorganic transistors. Depending on the growth
method of Al,O3, k can vary between 7-10." ALD yields extremely
smooth and high-quality films in short cycle times.** Since the x
values of Al,O; and PVDF copolymers are almost identical, the
addition of Al,O3 serves as an excellent platform to modulate the
trap states at the semiconductor—dielectric interface and tune
the polarization fluctuation of the polymer ferroelectric without
affecting the overall k of the dielectric stack. With ALD growth
temperatures being beyond the Curie temperature of the PVDF
copolymers, all films were unpoled. Al,O; thicknesses between
2 nm and 12 nm were deposited on 45 nm thick PVDF-TrFE or
PVDF-HFP prior to the deposition of DPP-DTT. Metal-insulator—
metal capacitors were also fabricated, where the overall capaci-
tance/area varied between 94-116 nF cm ™2 for 2-12 nm AL, O; on
the PVDF copolymers, respectively.

The current-voltage characteristics of PVDF-TrFE and PVDF-
HFP based FETs with 5 nm of Al,O; are compared in Fig. 4.
Overall, the PVDF-TrFE FET shows lower carrier mobility and
similar SS compared with the unpoled (without Al,0;) devices.
Other thicknesses of the Al,O; layer with PVDF-TTFE also do not
improve the FET performance (see ESIt). In contrast, signifi-
cant improvements in SS and on/off ratio are observed for the
PVDF-HFP FET with the 5 nm Al,O3 (Fig. 4(d)). To understand
the effect of Al,O; on PVDF-HFP, we tested several other
thicknesses of Al,O; layer between 2 nm and 12 nm. Current-
voltage characteristics of other PVDF-HFP devices with varying

Energy b , , , c , , .
2 = PVDF-TIFE (45 ) mpoled. 2 + PVDF-HFP (poled)
51044 L overIrE 245 :mg il 110 PVDF-HFP (unpoled) 1
TS Sstalowtraps 5 | 1§ 1 ]
(acceptor-like) L 4 “
4 _ > 2 1> 402214 ]
< — — — Deeptraps 310 & 310 %‘
»n L 10 L ]
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edge / donor-like) 3 120 \}b\, 1 8102} “‘N..“ . L
= 2 e o | T

N(E) = 3 : “‘“'A":.,' s a2
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Fig. 3 Trap DOS in PVDF-TrFE and PVDF-HFP based DPP-DTT FETs. (a) Schematic DOS (N(E)) and trap states in polymeric semiconductors. Both deep
and shallow traps are present. (b) Trap DOS in DPP-DTT FETSs for two thicknesses of the PVDF-TrFE layer including a poled layer. (c) Trap DOS in DTT FETs

for poled and unpoled PVDF-HFP layers.
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Al,O; are shown in ESI.1 In each case we find the SS value to be
lower than 300 mV dec™ .

Adding between 2 nm and 12 nm of Al,O; on PVDF-HFP has
a similar effect on the FET performance, although the carrier
mobility decreases slightly for the 12 nm oxide layer. We
discuss this reduction in mobility in terms of the contact
resistance. The transfer characteristics of four PVDF-HFP FETs
with varying Al,O; thickness between 2 nm to 12 nm are plotted
in Fig. 5(a). A histogram of the carrier mobilities and SS for the
AL, O; coated devices are shown in Fig. 5(b) and (c), respectively,
for 30-40 devices. A clear reduction in the SS values is observed
compared with the non-Al,O; coated PVDF-HFP FETs. The aver-
age value of SS =400 mV dec ™" for Al,O; on PVDF-HFP compared
with ~ 800 mV dec™* for the non-Al,O; coated devices (see Fig. S5,
ESIt). It should also be pointed out that the average values are
from all different thickness of Al,O;, where the 12 nm thickness
overall shows a slightly higher value of SS. These data further
suggest that the optimum thickness of the Al,O; layer is between
2 nm and 8 nm for a significant reduction in SS. The transfer
curves for the 8 nm Al,O; device are shown for different values of
Vps in Fig. 5(d), and the linear fits for extracting the SS values are
shown in Fig. 5(e). The high off current with increasing Vpg is
expected due to the high shallow trap DOS. At the lowest Vpg of
—0.7V, SS=75mV dec™ . A similar trend is also seen for the 2 nm
Al O; on PVDF-HFP FET (see ESIT). This is a clear improvement
over the non-Al,0; coated PVDF-HFP devices which show SS >
300 mV in the linear region (Fig. S6, ESIT). With the addition of a
thin ALO; layer, we observe some of the lowest values of SS
reported for FETs using a polymer semiconductor and a solution
processable polymer dielectric.

As a quick summary, ALD grown Al,O; on PVDF-HFP signifi-
cantly improves SS but slightly reduces the carrier mobility in
DPP-DTT FETs. PVDF-TrFE based DPP-DTT FETs, however,
show no improvement in SS and there is a further degradation
in carrier mobility. Before discussing the differences in SS
between the two PVDF systems, we first look at the parameters
that govern carrier mobility. The contact resistance of these
devices is significant. A comparison of the carrier mobility in
the saturation and linear region of a PVDF-HFP FET with 12 nm
of Al,O; as a function of the gate voltage in Fig. 6(a) clearly

This journal is © The Royal Society of Chemistry 2025
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shows a large difference at higher gate voltages. Ideally, the two
mobility curves should overlap. This discrepancy mainly arises
due to the contact resistance. The bulk resistance (Rpy) con-
tributes to the contact resistance (R¢) due to charge transport
within the organic semiconductor, extending from the contact
to the channel, as illustrated in Fig. 6(b). Charge carriers move
from the source contact to the accumulation layer at the
semiconductor-dielectric interface before reaching the drain
contact for extraction. Consequently, both metal-semiconduc-
tor interface resistance, arising from the resistance associated
with the charge-injection barrier, R;,, and Rp,i play significant
roles in determining Rc. Therefore, minimizing Rc requires
reducing the contributions of both Ry, and Rgyp.">**

Using the TLM method as discussed in section: Experi-
mental methods and analysis, we determine R¢ for a PVDF-
HFP FET without Al,05; and with 12 nm of Al,O; (Fig. 6(c) and
(d)). The contact resistance increases by almost a factor of
14 when 12 nm of Al,O; is present. Without Al,O3, the contact
resistance of the PVDF-HFP FET is approximately 7 kQ cm.
A similar effect is seen for PVDF-TrFE. Adding Al,O3; on PVDF-
TrFE also increases R compared with as-is unpoled PVDF-TrFE
FET, which is the main reason why we see a reduction in g,
for Al,O; on PVDF-TrFE devices. Being top contact devices,
adding a barrier layer or self-assembled monolayer for reducing
the Schottky barrier, which reduces Rjy,, is not straightforward.
Future direction involving organic ices as negative tone
resists®>*® that leave behind thin insulating residues in a
modified electron-beam lithography is being developed for
deposition under the contacts for reducing R;,. in top contact
organic FETS.

Next, we discuss the impact of the Al,O; layer on SS. There is
a clear benefit to PVDF-HFP FETs, as seen in Fig. 5, but no
significant improvement is observed in PVDF-TrFE FETs. Since
the SS values are dictated by the trap states, we look at the
trends for both trap DOS as well as the Nj,, values. Table 1 lists
the SS, the normalized SS values, which is the product of SS and
C;, and Nj,; for DPP-DTT FETs with PVDF-TrFE and PVDF-HFP
as the dielectric layer. All FETs have the same L and W values.
The SS values noted here are from the transfer characteristics in
the saturation region (Vpg = —7 V). Lowest normalized SS is seen
for the PVDF-HFP FETs with Al,O3, which further indicates low
N, values. Table S1 in ESIf highlights benchmark SS values
from other organic FETs in the literature.

We look more closely into the ALD growth process of Al,O;
on PVDF-TrFE and PVDF-HFP to see how that may affect the
two copolymers differently and compare the trap DOS near the
HOMO level of the semiconductor with and without Al,Os;.
A schematic of the first ALD process for the growth of Al,O; is
shown in ESIt (Fig. S10), where the water cycle is followed by
TMA, which is then evacuated, followed by re-introduction of
water. The morphology of PVDF-TrFE and PVDF-HFP is quite
different. The higher fraction of the B phase in PVDF-TrFE
enhances its crystallinity compared with PVDF-HFP, which is
more amorphous. Moreover, due to the HFP group, PVDF-HFP
is more hydrophobic compared with PVDF-TrFE.>* The ALD
process typically relies on surface hydroxyl groups to facilitate
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thicknesses of AlbOs. (b) Histogram of pug, for PVDF-HFP FETs with AlbOs. (c) Histogram of SS for PVDF-HFP FETs with Al,Os. (d) Transfer current—
voltage characteristics for varying values of Vps for the PVDF-HFP FET with 8 nm of Al,Os. (e) Linear fits for obtaining SS for the transfer characteristics

shown in (d).

the reaction. Since both PVDF copolymers lack surface O-H
groups, we hypothesize that the reaction of the water pulse in
the ALD cycle might induce partial surface modification,
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Fig. 6 Contact resistance in PVDF-HFP FETs. (a) Comparison of the linear
and saturation carrier mobilities as a function of the gate voltage in a 12 nm
AlbOz on PVDF-HFP DPP-DTT FET. (b) Schematic of an organic FET
showing the origin of contact resistance (Rc). Both Rt and R, contribute
to Rc. Rc estimation using the transmission line model for (c) PVDF-HFP/
DPP-DTT FET and (d) PVDF-HFP/12 nm Al,Oz/DPP-DTT FET. The product
of the total resistance and width versus channel length for two different
gate-source voltages are shown. The intersection of the two straight lines
representing the gate biases on the y-axis yields Rc.
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generating potential reaction sites for TMA. Further, the first
pulse of water may hydroxylate the surface of amorphous PVDF-
HFP more than crystalline PVDF-TrFE, allowing oxygen to diffuse.
Once TMA reacts on the PVDF-HFP surface and with an additional
water cycle, further oxidation may be possible, allowing more
oxygen to diffuse. The last stage of the first ALD cycle for the
growth of Al,O; on PVDF-HFP and PVDF-TrFE is shown in Fig. 7(a)
and (b), highlighting the diffusion of oxygen in PVDF-HFP.
HAADF-STEM (high-angle annular dark-field-STEM) images
and STEM-EDS (energy dispersive spectroscopy) maps confirm

Table 1 The subthreshold swing (SS), normalized SS, and the interface
trap density (N;) for DPP-DTT FETs with PVDF-TrFE and PVDF-HFP as the
dielectric layer. The second column shows the nature of the ferroelectric
layer, which is unpoled, poled, or with an Al,Os layer, where the thickness
is quoted in the bracket

AlLO;
Thickness SS Normalized SS Nint
Dielectric  (nm) (Vdec™) (nFvdec 'cem ?) (em Zev )
PVDF-TTFE Unpoled (0) 1.12 + 0.05 110.8 1.11 x 10"
Poled (0)  0.70 + 0.02 69.3 6.81 x 10'*
AlLO; (2) 1.31 + 0.07 129.7 1.31 x 10"
Al,0; (3) 1.45 + 0.05 143.5 1.46 x 10"
AlL,0; (5) 0.98 + 0.04 97 9.66 x 10'?
PVDF-HFP Unpoled (0) 0.59 + 0.02 55.4 5.27 x 10'?
Poled (0)  0.67 £ 0.02 62.9 6.08 x 10"
AlLL0; (2) 0.26 + 0.01 24.4 1.99 x 10'?
AlL0; (5) 0.24 + 0.01  22.5 1.79 x 10*?
ALO; (8)  0.29+0.01 27.2 2.29 x 10"
ALO; (12)  0.27 £0.01 25.3 2.09 x 10"

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 ALD growth of Al,Os on PVDF-HFP and PVDF-TrFE. (a) and (b) The final stage of the first cycle of the ALD process for the deposition of Al,Oz on
PVDF-HFP and PVDF-TrFE, respectively. The green domains in PVDF-TrFE represent higher crystallinity. (c) and (d) Trap DOS for PVDF-HFP and PVDF-
TrFE FETs, respectively, with and without Al,Os. (e) and (f) Transfer characteristics of representative PVDF-HFP and PVDF-TrFE based FETs, respectively,

with and without Al,Os.

the presence of Al,0; on PVDF-HFP samples (see Fig. S11,
ESIt). While the bulk of the polymer film is similar with and
without the Al,O; layer, details of the interfacial structure are
obscured due to holes at either the polymer-oxide (Fig. S11,
ESIYT) or polymer-electrode (Fig. S12, ESIt) interfaces, depend-
ing on sample thickness. These holes result from ion beam
damage during the thinning process (Fig. S11, ESIT).

AFM images (included in ESIt) from PVDF-TrFE and PVDF-
HFP films coated with 12 nm Al,0O; show some changes in
morphology compared with their pristine counterpart. The
changes are more significant in PVDF-TrFE where the large
ferroelectric domains are somewhat disrupted in the presence
of Al,Oj;.

A surprising result is that the trap DOS, as shown in Fig. 7(c)
and (d), with and without Al,Os, are almost identical. This
suggests that the shallow trap distribution hardly changes with
the deposition of Al,0;. Hence, the improvement in the FET
characteristics with Al,O; on PVDF-HFP arises from a modifica-
tion of the deep level traps. The transfer curves of representa-
tive FETs with and without Al,O; on PVDF-HFP and PVDF-TrFE
are shown in Fig. 7(e) and (f). As discussed earlier, there is
hardly any change in SS for PVDF-TrFE FETs with Al,O;. The
improved SS with Al,O; on PVDF-HFP most likely then arises
from filling of the interface states with oxygen, which influ-
ences the deep level discrete traps (Fig. 3(a)). Such a depen-
dence of the interface states and the deep level states have been
observed in other semiconductor-insulator interfaces such as
ALD grown Al,0; and GaN.*” Our results, therefore, warrant
other techniques such as deep level transient spectroscopy for a

This journal is © The Royal Society of Chemistry 2025

complete picture of the spatial and energy profile of the trap
states.*® Such characterization strategies in the future will allow
further improvement of organic FETs when modulating the
semiconductor-dielectric interface.

It is conceivable that the oxide layer could be replaced with
other thin insulating layers as recently demonstrated with
negative-tone ethanol-based ice resist' or a self-assembled
monolayer. Such strategies in the future will ensure cost-
effective means for fabricating the entire device along with
improved performance.

Conclusions

This work demonstrates that external electric field poling
remains the most effective approach for reducing polarization
fluctuations and enhancing the performance of polymer ferro-
electric transistors based on PVDF-TrFE. Further, by reducing
the thickness of the PVDF-TYFE film from 125 nm to 45 nm, the
operating voltage of the FETs decreases below 8 V. Under
optimized conditions, the saturation carrier mobility exceeds
1 cm? V! s, In contrast, PVDF-HFP, with lower ferroelectric
properties compared with PVDF-TrFE, does not exhibit
improved FET properties with external poling.

The incorporation of an ultrathin ALD grown Al,O; inter-
facial layer plays a critical role in modulating the semicon-
ductor-dielectric interface with PVDF-HFP. SS as low as
75 mV dec™ ' in the linear region is observed for PVDF-HFP
based FETs with an interfacial Al,O; layer. No significant
improvement in SS or other FET properties are observed with
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PVDF-TrFE. The differences between the two copolymers arise
mainly from their specific morphology. The more amorphous
nature of PVDF-HFP compared with PVDF-TrFE allows the
penetration of oxygen within the film during the growth of
Al, O3, resulting in passivating the interface traps and further
influencing the deep level discrete traps in the polymer semi-
conductor. Our results suggest that Al,O; treatment could be
beneficial for other high x organic dielectrics where passivation
of interface trap states may be required.
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