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ABSTRACT Donor-Acceptor (D-A) polymer field-effect transistors (pFETSs) are at the cutting edge of
organic electronics. However, some fundamental cognition of interface states remains unquantified, par-
ticularly at different dynamic scales. In this study, the interface states of D-A polymer transistors are
quantified using the dynamic pumping method. The experimental results indicate that the interface state
density of the transistor is insensitive to the measurement pulse condition and stays within the range of
10'2 ~ 10'3 cm™2. The experiments described in this paper provide a quantitative analysis of interface
states. This analysis can serve as effective guidance for optimizing future devices.

INDEX TERMS Dynamic pumping, interface state density, organic transistor, polymer.

I. INTRODUCTION

The development of stretchable electronics has signifi-
cantly broadened the range of applications for electronic
devices, including medical devices, medical testing, and
brain-machine interfaces [1], [2], [3], [4]. In the health-
care industry, stretchable devices can be used to develop
non-invasive monitoring and treatment applications for con-
ditions such as diabetes and cardiovascular disease [5], [6].
Frequently, these devices are fabricated with novel materials
or device structures that possess the exceptional ability to
stretch and bend without breaking.

Polymer transistors have the potential to play a crucial role
in the development of stretchable devices due to their simple
fabrication using low-cost and scalable technologies. Donor-
Acceptor (D-A) polymers can now be used to create stretch-
able transistors with enhanced performance [7], [8], [9].
In-depth knowledge of device physics is necessary for
the optimization of the performance of polymer transistor

devices. The study of interfacial conditions, for instance,
can aid in the exhaustive optimization of carrier transport.
The distribution of interfacial states in D-A polymer tran-
sistors is a key factor affecting the dynamic performance
of these devices [10], [11], [12], [13]. Most previous stud-
ies on the interfacial states of D-A polymer transistors have
relied on static or quasi-static techniques [14], [15], [16]
However, the recovery of the device response due to stress
occurs within the measurement time [17], [18]. Since logic
devices often operate over a wide frequency range, device
interface information obtained during fast operation is criti-
cal for evaluating transistors [19]. Dynamic techniques, such
as charge pumping, can be used to examine the interface
state of polymer transistors over a range of time scales [20],
[21], [22], [23]. Charge pumping allows for a more accu-
rate description of the polymer transistor’s interfacial state.
The charge pumping can more accurately characterize the
carrier capture and release in the channel by measuring the
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interfacial state over a shorter time range [24], [25], [26].
This allows for a more accurate evaluation of the polymer
transistor during dynamic operation. The charge pumping
approach provides useful insight into the dynamic behavior
of polymer transistors by examining the interface states in
multiple time domains [20], [21]. In contrast to conventional
silicon devices, since carrier generation in polymer semi-
conductors is dependent on the injection of active regions,
we borrowed the charge pumping principle and employed
a dynamic pumping technique to characterize the interfacial
states of polymer transistors.

Using a dynamic pumping technique, the interfacial state
of a polymer transistor is quantified in this work. We mea-
sure the source-drain current while a series of gate pulses
are applied. The state density distribution on the highest
occupied molecular orbital (HOMO) energy level was deter-
mined by analyzing the change in pump current at various
gate pressures.The interface trap density was evaluated in
the fall time range of 20 us to 1 ms. Our findings indicate
that the interface trap density of states of the transistor does
not vary significantly with frequency of operation, remaining
between 10'2cm™2 and 103cm™2.

Fig. 1(a) depicts the top-gate bottom-contact structure
of a diketopyrrolopyrrole-thieno[3,2-b]thiophene (DPPT-TT)
polymer p-type transistor. Fig. 1(b) show the optical images.
The semiconducting layer of this transistor is composed of
DPPT-TT, while its gate dielectric is composed of polymethyl
methacrylate (PMMA). On a glass substrate, 50 nm/5 nm
thick Au/Ni is thermally evaporated under a vacuum to cre-
ate the source and drain electrodes. The DPPT-TT solution
(5 mg mL~! in 1,2-Dichlorobenzene) is then spin-coated for
60 seconds at 2000 rpm, followed by an hour of annealing at
150 °C. The solution of PMMA (100 mg mL~! in n-Butyl
acetate) is then spin-coated at 2,000 rpm for 60 seconds and
annealed at 80 °C for 4 hours. The gate on the PMMA layer
is then generated by thermally evaporating 100 nm of alu-
minum under a vacuum. The device being used has a channel
length of 300 um and a width of 1200 wm. The molec-
ular weight of PMMA is 120,000 Mw. The spin-coating
and annealing processes are conducted in a nitrogen-filled
glove box.

I-V measurements were conducted utilizing a Keysight
B1500A meter. The linear region transfer characteristics
of the polymer transistor are demonstrated in Fig. 1(c).
The threshold voltage, subthreshold swing, and field
mobility are, respectively, —2.94 V, 3.75 V dec™!, and
0.12 em®V~!s~!. Fig. 1(d) displays the output curve of
the transistor. Indicating the metal-polymer contact type to
be nearly ohmic and the leakage to be negligible, all of
the output curves intersect zero and display a high degree
of linearity in the expanded image, ultimately not hindering
the device’s performance. All electrical measurements were
performed at room temperature and in an atmosphere.

Fig. 2(a) represents the time domain dynamic pumping
measurement scheme. The SPGU module of the BI500A
generates the gate pulse signal, while the OPA 657 amplifies
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FIGURE 1. (a) Schematic diagram of the cross-section of the polymer
transistor. (b) DPPT-TT polymer transistor optical image. (c) Typical transfer
curve and (d) output curve of D-A polymer transistors.

the current. The organic transistors of polymer semiconduc-
tors have a low operating frequency of 10 MHz due to their
low mobility [27]. Owing to the performance limitations of
the oscilloscope used in the experiment, the frequency for
this testing method needs to be below 100 kHz to obtain
accurate waveform. It should also be noted that the charge
pump method needs to consider the effect of geometric com-
ponents at high frequencies, [28], [29] but the experimental
limitations come from the performance of the polymer device
under test and the test equipment used. During the gate pulse,
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FIGURE 2. (a) Basic schematic of the device and setup for dynamic
pumping. (b) Current waveform and applied gate voltage during
measurement.

the pump current received by the trans-impedance ampli-
fier is converted into a voltage signal and displayed on an
oscilloscope. Fig. 2(b) illustrates the results. The gate pulse
can be divided into three distinct phases: falling, holding,
and rising. During the falling phase, the trap state captures
the charge carrier, which is subsequently released during
the rising phase. The pulse voltage’s fall time, hold time,
and rise time is denoted by Ty, Ty, and T;, respectively.
The maximum and minimum pulse voltage values are Vg
and VL.

Equation (1) indicates that the current during the rising
and falling phases can be decomposed into two components.
A portion of the current, Iy, is driven by the change in
concentration of charge carriers caused by the change in
gate voltage. As the Fermi energy level rises and falls, the
interface trap captures and releases charge carriers, resulting
in the second component, the pumping current I.. The total
current is described as:

Icp:Id+]c (1)

By varying the fall time T¢ under constant Vg and
Vi conditions, Fig. 3(a) illustrates the impact on the peak
pumping current. Ig* decreases as Ty increases. Fixed
Ty = Ty = Tw = 50 us. As shown in Fig. 3(b), the pumping
current rapidly decreases as Vy, increases from —40 V to —15
V. Concurrently, the rising phase current becomes gradually
flat. This suggests that the minimum interface state exists
in the region where VL. =0 V to VL, =—15 V corresponds to
the energy level range. In contrast to inorganic semiconduc-
tors, where the current decreases quickly during the holding
phase, the pumping current decreases gradually [30], [31].
The holding time also influences the pumping current and
its integral during the rising phase. Fig. 3(c) exemplifies the
pumping current waveforms at various Ty. The increase in
pumping current during the rising phase as T, is increased
indicates that the interface states continue to capture charge
carriers following the down phase and that there are still
interface states that have not yet trapped charge carriers after
the falling phase. Extending the holding time consequently
increases the number of interface states that capture charge
carriers and the number of charge carriers released during
the rising phase, resulting in a larger pumping current.
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FIGURE 3. (a) The influence of the fall time on peak pumping current and
pumping current under different vy (b) and Ty (c).

For a more comprehensive understanding of the dynamic
pumping process, Fig. 4 provides a visual representation of
how the channel is charged and discharged in the dynamic
pumping process. E; is close to the centre of the bandgap,
and the donor-like and acceptor-like states are, respectively,
below and above it [32], [33]. Below the Fermi level, the
acceptor-like state has a negative charge while the donor-like
state has a neutral charge. If the negative charges trapped
in the acceptor-like state during the falling phase are not
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FIGURE 5. State density above HOMO level of DPPT-TT, as extracted by
dynamic pumping method.

released to the lowest unoccupied molecular orbital (LUMO)
before inversion, they will recombine with the HOMO posi-
tive charge carriers following inversion. In addition, charging
currents arise when charge carriers are trapped in donor
states above the Fermi level. The recombination current and
charging current combine to form the peak of the pumping
current. During the rising phase, the LUMO negative charges
and the donor-like state undergo recombination, while the
HOMO negative charges charge the donor-like state.

We extracted the interfacial state distribution above the
HOMO level using the dynamic pumping method, as shown
in Fig. 5. The interfacial density initially increases and then
decreases, reaching a maximum of 3 x 10" eV~'em™?
with an energy of —5.3 eV. The dynamic pumping method
yields greater results than the subthreshold swing method
(1.24 x 102 eV~lem™2) for calculating the interfacial den-
sity of states. This difference is due to the subthreshold
swing method’s assumption that the density of trap states
does not vary with energy. This method can only provide
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FIGURE 6. Interface states are calculated under different fall times.

an approximate estimate for traps slightly above the Fermi
level [34].

Comparing the pumping currents during the rising and
falling phases reveals the interface trap density of the tran-
sistor. According to (1), the magnitudes of the current Iy
during the rise and fall phases are identical, whereas the
magnitudes of I, vary due to the different charge carrier
release and trapping times. It is possible to calculate the
integral of I¢, during the rising and falling phases, and the
difference between the charge AQ flowing into and out of
the source and drain during these two phases is given by (2):

Iy T,
AQ = / Iepdt + / Ipdt )
0 0

The interface trap density, denoted by Nirap, can be calcu-
lated with the help of the following (3). L, and W represent
the channel’s length and width, while q is the electron’s
charge constant.

Niap = AQ/(qLW) 3)

The calculated trap density of the transistor interface at
different fall times is presented in Fig. 6. The densities are
stable on a temporal scale between 4 x 10'2 cm™? and
7 x 10'2 em™2. The results of dynamic pumping indicate
that the distribution of polymeric interfacial states in the
bandgap may be more concentrated in a particular range
than that of inorganic semiconductors. Given that the major-
ity of interfacial states in the corresponding energy range
are already involved in the process of dynamic pumping,
this may explain why the density of interfacial states does
not increase with decreasing time. This phenomenon may
be associated with the interfacial energy distribution of
polymeric materials.

The trap density and interfacial state distribution for
various interfaces are summarized in Table 1. Various
techniques, including charge pumping [25], [38], Berglund
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TABLE 1. The density and calculation methods of organic and inorganic semiconductor interface states.

Interface Trap density State density Years Dj¢ analysis method Refs.
(cm~2) (eV~lcm™2)

IGZO/Si02 6x1010 109 ~ 1014 2018 Charge pumping 25

Si/HfO2 2.8 x 1012 101 ~ 1013 2008 Berglund analysis 35

SiN/AlGaN - 1010 ~ 1014 2012  Photo-assisted high frequency CV 36

characterization

Al2O3/p — Si 6x10M1t 1x10'2 ~ 5 x 1012 2019 Conductance 37

Al203/Ing.53Gag.47As 7x1010 1011 ~ 1012 2008 Charge pumping 38

D139/PDPP-TBT 1.6x101! 101! ~ 1016 2012 Kalb and Batlogg 39

Pentancene/SiO2 - 1010 ~ 1013 2011 Kelvin probe force microscopy 40
DPPT-TT/PMMA 6x1012 1x1013 ~ 3.75 x 1013 2023 Charge pumping this work

analysis [35], optically assisted high-frequency CV charac-
terization [36], conductivity [37], and Kelvin probes [40]
were utilized to investigate the interfacial states. According
to Table 1, the trap density of DPPT-TT/PMMA is 6 x 10!2
eV~lem™2, which is greater than that of other organic and
inorganic semiconductors. And the interfacial density dis-
tribution of DPPT-TT/PMMA is concentrated in the range
of 1 x 10" ~ 375 x 1013 eV~lcm™2.The interface trap
density of Al,Os/p-Si as determined by the conductomet-
ric method is 6 x 10'em=2, and the density of states is
stable in the range of 102 ~ 5 x 102 eV~lem™2 [37].
Using the charge pumping technique as well, the IGZ0O/SiO,
interface has a trap density of 6 x 10'%m~2, while the
interface state density spans a wide range from 10° to 104
eV-lem—2 [25].

Compared to previous results, the PMMA/DPPT-TT
interface states are relatively numerous (Table 1), but they
can exhibit higher performance than other previous classes
of polymer transistors. This may be caused by the following
features: (1) The interaction of the two polymers (PMMA
and DPPT-TT) at the interface greatly increases the struc-
tural disorder at the interface [41]. (2) The presence of Donor
and Acceptor units near the interface exacerbates the energy
disorder [42]. However, it should be noted that since these
disorders are not like dislocations or vacancies in inorganic
systems, their effects consist mainly of carrier transport per-
turbations and interchain transport disturbances [43]. This
also suggests that there is a lot of room for improvement in
Donor-Acceptor polymer transistors.

Due to the fact that an OFET is a three-terminal device, it
is difficult to measure the substrate current Ig,p, therefore the
influence of the geometric component was not considered
in this experiment and will require further investigation in
subsequent experiments [28], [29]. The dynamic pumping
technique can measure traps located at and near the DPPT-
TT/PMMA interface, which periodically capture and release
charge carriers under gate voltage pulse control.

In conclusion, the time-domain dynamic pumping of poly-
meric DPPT-TT field-effect transistors clarifies the charge
carrier capture and emission processes. During the falling
phase in gate voltage, charge carriers are captured by the

interfacial state, resulting in current peaks. The phenomenon
of dynamic pumping in polymer transistors differs from that
of inorganic semiconductor transistors, which may be a result
of the hopping mode of charge carrier transport. Finally, the
distribution of the interfacial states of the transistor is ana-
lyzed, and it is determined that the density of interfacial
states does not vary significantly across time scales.
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