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Abstract

Molecular doping is a powerful tool with the potential to resolve many of the issues currently
preventing organic thin-film transistor (OTFT) commercialisation. Yet the addition of dopant
molecules into organic semiconductors often disrupts the host lattice, introducing defects and
therefore harming electrical transport. New dopant-based systems that overcome these practical
utilisation issues, whilst still reaping the electrical performance benefits, would therefore be
extremely valuable to the world of OTFTs. Here, we investigate the impact of p-doping on the
charge transport in small-molecule/polymer blends consisting of the small-molecule
2,7-dioctyl[ 1 ]benzothieno[3,2-b][1]benzothiophene (Cs-BTBT), the polymer
indacenodithiophene-benzothiadiazole (CisIDT-BT) and the molecular dopant CeoFas.
Electrical field-effect measurements indicate that p-doping not only enhances the average
saturation mobility values from 1.4 cm?/Vs to an average of 7.8 cm?/Vs over 50 devices
(maximum values from around 4 cm?/ Vs to 13 cm?/Vs), but also improves the other important
figures of merit, namely bias-stress stability, parasitic contact resistance, threshold voltage and
the overall device-to-device performance variation. Importantly, materials characterisation
using X-ray diffraction, X-ray photoemission spectroscopy and ultraviolet photoemission
spectroscopy, combined with charge transport modelling, reveal that effective doping is
achieved without perturbing the microstructure or morphology of the polycrystalline
semiconductor film. This work highlights the remarkable potential of ternary organic blends as

a simple platform for OTFTs to achieve all the benefits of doping, with none of the drawbacks.

1. Introduction

The dream of organic thin-film transistors (OTFTs) in commercially available flexible,
low-cost, printed electronics will only become a reality once a number of performance, stability
and reproducibility related issues have been addressed. ! One crucial figure of merit for OTFT
performance is the mobility; in recent years, OTFT mobility values have made remarkable
improvements, not only surpassing amorphous silicon, but also surpassing the benchmark
mobility of 10 cm?/Vs, pushing OTFTs into the realm of industrial application. 2! B #1 5] Given
the impressive progress that has been made in terms of mobility values, focus is now turning
towards a variety of other OTFT operational hurdles. One of those operational hurdles is contact

resistance, Rc, which is known to severely reduce the performance of OTFTs, by suppressing
2


http://onlinelibrary.wiley.com/doi/10.1002/aelm.201700464/abstract?wol1URL=/doi/10.1002/aelm.201700464/abstract&regionCode=GR&identityKey=2536eec4-91a5-4b14-aa8d-a432f33f9c51
http://onlinelibrary.wiley.com/doi/10.1002/aelm.201700464/abstract?wol1URL=/doi/10.1002/aelm.201700464/abstract&regionCode=GR&identityKey=2536eec4-91a5-4b14-aa8d-a432f33f9c51

Adv. Electron. Mater. 2017, 1700464, DOI: 10.1002/aelm.201700464

the applied bias potential across the channel due to the potential barriers at the source and drain
electrodes; [® not only is Rc a serious disadvantage for the future downscaling of OTFTs
channel dimensions, but recent work has elucidated that Rc is at the heart of the mobility
overestimations in some reported high performance OTFTs. [7! 1 Other operational hurdles
include the precise control of the threshold voltage, V7, as the latter is a fundamental requisite
for successful application in advanced integrated circuits. ! 1% 1 In addition, lifetime stability
is an indispensable criterion; OTFT instability manifests as a shift in V7 and a change in the on-
current, lon, with the application of gate and/or drain voltage over time, known as the bias-
stress effect. 121 131 1141 Bjag gtress is attributed to charge trapping during device operation [!!!
(151 (161 1171 118] ejther in the dielectric, at the semiconductor/dielectric interface, at grain
boundaries or within the bulk semiconductor. 19 201 211 Only when all of these parameters have
been addressed, in tandem with reliable high mobility values and high density patterning, will
OTFTs be seen as a competitive, viable option for use in future low-cost, plastic-based
microelectronics. Any approach that can simultaneously resolve most of, if not all of, these
issues, is likely to be crucial for the future of OTFTs.

One 1illustrious technique that offers great promise is doping. Doping has been
established as a powerful tool for modern electronics for many years; not only has this technique
revolutionised inorganic electronic technology by allowing conduction to be controlled in
silicon!??, but the field of organic electronics originated from doping-controlled conductivity
in polyacetylene!??! 241 Doping has since matured in many areas of organic electronics, being
key for the successful development of efficient organic light emitting diodes (OLEDs)[??! [2°1 126]
and organic photovoltaics (OPVs). 2! 281 21 For OTFTs, molecular doping offers an exclusive
opportunity to rectify the operational hurdles currently preventing their commercialisation. For
example, it has been shown in the literature that doping can improve bias-stress stability and
threshold voltage by deactivating charge trapping sites [ 3% B!l improve contact resistance

by reducing the width of the depletion layer at the metal/semiconductor interface 132! 1331 341 [35]
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136 and enhance mobility by increasing charge carrier density and improving energetic disorder.
[371 [9] [32]

Yet despite the promises of doping and its potential impact on OTFT performance, 1
[38] (391 1401 [411 [42] [43] the introduction of even a small number of dopant molecules can easily
disrupt the formation of an organic semiconductor (OSC) host lattice, introducing new
microstructural defects which can reduce charge carrier mobility and offset any desired
benefits. ! This severely hinders the practical implementation of molecular doping. **
Identifying new dopants, doped systems and doping strategies that promote high performance
OTFTs, without perturbing the microstructure of the OSC and hence negatively effecting
charge transport, are therefore highly sought after. 32!

In our earlier work we describe the development of ternary organic
small-molecule/polymer semiconducting blends for OTFT applications, the so-called
third-generation (3G) blend systems; specifically, a new blend based on the small-molecule
2,7-dioctyl[ 1 ]benzothieno[3,2-b][1]benzothiophene (Cs-BTBT), the polymer
indacenodithiophene-benzothiadiazole (CicsIDT-BT) and the molecular dopant CeoFas
(Figure 1a). ! In recent years, binary organic blends that combine the superior mobility of a
small-molecule ! 1461 47] with the film-forming qualities of a polymer 7! 8! have become
popular for OTFT applications because of the remarkable effects gained from this simple
technique ! % such as improved film formation, liquid-liquid phase separation favouring
stratification of the polymer and small-molecule layers, interfacial trap density reduction and
grain boundary passivation. ! 521 Qur 3G blend development highlighted an additional
property of the blend, whereby the introduction of a third component, a molecular p-dopant,
into a traditional binary small-molecule/polymer blend dramatically improves the electrical
properties by reducing energetic disorder (Figure S1 is representative of the effects of

molecular doping on 3G blend OTFT characteristics). Most notably, we showed that optimised
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Cs-BTBT:C6IDT-BT blend TFTs p-doped with 1% molar weight (mol. wt.) CsoFag achieved

exceptional hole mobility values in excess of 13 cm?/Vs. %!

Here, we show that the molecular dopant in this 3G blend system can not only
dramatically improve mobility, but also has a remarkable all-round effect on OTFT
performance, by improving bias-stress stability while reducing the parasitic contact resistance,
threshold voltage and the overall device-to-device parameter variation. We also find that,
unusually, the inclusion of the dopant does not adversely affect the nature of the Cs-BTBT
crystal packing at the OTFT channel. This is a surprising result, especially considering that we
have purposefully employed a simple doping technique, in-line with the concept of low cost
plastic electronics, whereby the dopant is directly introduced into the semiconducting blend.
Overall, the work provides unique insights into the impact of molecular doping in blend OTFTs,
whilst highlighting its multiple advantages for the development of next-generation organic

microelectronics.

2. Results and Discussion

2.1. Electrical Field-Effect Measurements

Because electrical field-effect measurements offer a wealth of information about doping
mechanisms in semiconductor systems, we began by studying the effects of molecular doping
on the OTFT transfer characteristics. The top-gate, bottom contact (TG-BC) transistor
architecture (Figure 1b) was employed to study the optimised Cs-BTBT:C16IDT-BT blend !
doped at 0%, 0.05%, 0.1%, 0.5%, and 1% molar weight (mol. wt.) CeoFss. Due to the large
electron affinity of CeoFasl, electron transfer from the highest molecular orbital (HOMO)
energy level of Cs-BTBT and/or CisIDT-BT to the dopant’s lowest unoccupied molecular

orbital (LUMO), would be expected to occur (Figure 1c¢). In such p-doped channels there are
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several things one would expect to observe in the transistor’s transfer characteristics, including:
an overall increase in the channel current, a shift in V7 to more positive gate voltages and
suppression of any electron transport.!'®! Figure 1d shows representative transfer characteristics
for 0%, 0.05%, 0.1%, 0.5% and 1% mol. wt. CeoFss devices with channel length and width
80 um and 1000 um respectively. There is a clear trend of parameter changes occurring as
expected, in the transfer characteristics with increasing levels of dopant concentration. The
increase in current is associated with an increase in charge carrier density due to extrinsic
doping of the semiconducting blend. ['® 153! The dopant can also be seen to act as an electron
trap (see the energy band diagram in Figure 1c¢); for example, at lower doping percentages (0,
0.05 and 0.1%) electron transport can be observed manifested as the V-shaped transfer
characteristics occurring between gate bias of -10 and 0 V, but at the higher doping percentages
(0.5 and 1%) the devices are predominantly p-type, indicating that if the doping concentration
is high enough, then the CsoFss molecules will tend to trap any mobile electrons in the channel
due to their deep LUMO energy level. Furthermore, Figure 1e shows the evolution of VIp with
doping ratio, demonstrating an increase in Ip and a shift in V7 in good agreement with the
theoretically predicted behaviour.

Following evaluation of the single transfer characteristics, 10 transistors with channel
lengths ranging from 30 pm to 100 um, at a fixed width of 1000 pm, were measured and linear
mobility, i, saturation mobility tsq, V7, on-voltage, Von, on-off ratio, lonorr and subthreshold
slope, SS, were analysed for each doping concentration (0, 0.05, 0.1, 0.5, and 1% mol. wt.).
This analysis allows us to examine the statistical trends over multiple transistors and batches.
The results are presented in Table S1 and Figure S2, where numerical and graphical data
representations give a clear idea of parameter spreads and trends with varying doping
concentration, revealing that molecular doping has a great impact. Firstly, and one of the most
striking effects in this system, is the dramatic improvement in mobility with doping

concentration (Figure 1f). Molecular doping can increase conductivity in OTFTs by several
6
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orders of magnitude by screening charge traps in the system through the generation of excess
mobile charges [°*! 1, which is observable as an increase in the current at all gate voltages, and
an increase in the off-current. [231 161 1561 57] Trap state passivation is beneficial because it
reduces the resistance, and hence associated Ohmic losses in the bulk of the OSC 23! 441 g
well as corresponds to an increase in the carrier mobility. For this particular blend system, the
average saturation mobilities do not show any great change at the lower doping ratios of 0.05%
and 0.1% for which the average us values are 1.9 cm?/Vs and 1.6 cm?/Vs respectively.
Although a slight increase of g5 to 2.7 cm?/Vs is achieved at 0.5%, in accordance with previous
results, 1! the statistically critical improvements come at 1% mol. wt. doping concentration, for
which the average value over 10 TFTs increases to 8.2 cm?/Vs (Figure 1f and Table S1). The
observation of statistical mobility improvement with the addition of the dopant was confirmed
in even more detail by measuring 50 TFTs for each of the pristine and optimized p-doped blend
OTFTs. Figure S3 shows box and whisker plots for the linear and saturation mobilities of the
two blends, with the whiskers being the 10-90 percentiles; Figures S4, S5 and S6 show a range
of example OTFT characteristics for the 1% mol. wt. CeoFss blend system, representative of the
best performing device and upper quartile, the median performers, and the lower quartile and
minimum mobility values, respectively. In terms of the statistical average values, from 50
OTFTs, the average saturation mobility for the pristine blend is =1.4 cm?*/ Vs compared to an
average of =7.8 cm?/Vs for the doped blend. The maximum mobilities for the pristine and
doped blends are ~4.2 cm?/Vs and =~12.8 cm?/Vs respectively. A similarly strong trend is also
seen with the linear mobilities, where the average linear mobility for the pristine blend of
~1 cm?/Vs increases to an average of =5.3 cm?/Vs for the doped blend.

Secondly, the data indicates that there is a noticeable improvement in device uniformity
with intentional doping. A narrow parameter spread, or an approach for improving the
distribution of parameters, is important for integrated circuitry where a large number of devices

are combined on the same circuit.!'!! 381 Here, the most noticeable difference is at 0.5% CeoFus,
7
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where the device uniformity is improved for win, tisar, Von, V1, SS and lonorr. Although Ton/orr
(Figure S2e) and SS (Figure S2f) improve in terms of parameter spread, they are the only
parameters that do not seem to be strongly affected by doping. One possible reason for this is
that some of the underlying issues for improving the values of Ionorr and SS lie outside the
capacity of the bulk semiconductor. Therefore, although it is theoretically possible that
molecular doping can impact Ionorr by increasing conductivity ¥ 91 and improve SS by
filling shallow trapping sites, [!!! it may not affect these two parameters with the same degree
as the other characteristics. Both parameters can be addressed by considering alternative aspects
of device engineering, such as the dielectric layer 1*! and the semiconductor/dielectric
interface.!®"!

Finally, V7 and Von are shown to have a strong correlation with dopant concentration
(Figure 2a), with both shifting towards more positive voltages with increasing concentration.
In an ideal OTFT, there are no trap states and mobile charge carriers increase as soon as Vg
passes the flat-band voltage (Vrg); this is often indicated by Von. In this ideal situation, the
addition of a molecular dopant to a system will increase the number of background carriers.
The impact of this would be seen as both an increase in the off-current (depending on the degree
of doping), and a shift in the Von and V7 to more positive voltages (for a p-type semiconductor).
But in reality, trap states exist in organic semiconductors, and cause an increased separation
between Von and Vr, resulting in more extreme (i.e. negative for p-type semiconductors) values
of Vr. In the scenario whereby traps exist, the addition of the dopant will still cause a shift in
Von, but it will also have an additional effect manifested as a decreasing gap between Von and
Vr, due to the passivation of trap states at deeper energies. °° This allows a channel to be
formed at lower gate voltages. Figure S2 demonstrates a decrease in the gap between Von and
Vr with the addition of CeoFas in the Cs-BTBT:Ci6IDT-BT blend, indicating that the CeoFas has
donated holes to deep trap states present in the system ['!! 1, passivating the charge traps and

allowing the TFTs to switch on quickly and efficiently when a gate bias is applied.
8
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Taking a close look at V7 is therefore not only important for practical implications, but
also offers valuable information about doping mechanisms. Because V7 is the voltage required
to fill deep trap states before mobile charge carriers can be induced at the channel [6!! 621 [63]

the observed shift in V7 can be used to approximate the total number of holes, A#*, induced by

the CeoFas to the channel with the following equation:

ARt = Cil VTH(pristine;) —VTH(doped)| (1)

where C; is the geometric capacitance of the dielectric layer and e is the charge of an electron.
Figure 2b is a graphical representation of the number of donated holes with the doping ratio,

which follows a steady increase up to 0.5% CeoFass before starting to plateau towards 1%.

2.1.1. Bandgap Density of States Analysis
It is expected that efficient doping would cause a shift in the density of states (DOS) with respect

to (w.r.t.) the Fermi energy (Er) due to changes of the state occupancy as compared to the
pristine semiconductor. To investigate this further, we employed the Griinewald analysis
scheme to compare the doped and pristine 3G blend systems.®*! 5] The Griinewald model is
used to calculate the density of immobile states within the bandgap by comparing the
field-effect accumulated charge, with the mobile charge carriers measured from the drain
current, in the TFT transfer characteristics.[%*! %3 A full derivation of the model may be found
in the original article by Griinewald et al.;!®! this derivation results in three fundamental
equations, which enable the calculation of the DOS within the bandgap as a function of energy
away from the thermal equilibrium Fermi level (i.e. the Fermi level of the device at flat band
voltage). For simplicity, we define the field-effect voltage (V) as the applied gate voltage above
flat-band voltage. Since the flat-band voltage is often assumed to be the turn-on voltage (Von),

this can be calculated experimentally using (Vr = Vi - Von). The first equation relates the density
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of accumulated charge carriers, p(Vo), to both the semiconductor/dielectric interface internal

potential Vy and the field-effect voltage Vr:

p(V) = Ly, (&) @)

qesgo dVp

where ¢ is the elementary charge, ¢ is the relative permittivity of the semiconductor and & is
the permittivity of free space. To calculate the values for accumulated charge, a relationship
between the surface potential and field-effect voltage is required. The Griinewald method

provides the following equation:

oxp (L) 4 2o _ 1 = S (1, ()y, — [ 1, (V)] G)

kgT kpTeseoloff

where kg and T are the Boltzmann constant and temperature respectively, and d is the thickness
of the semiconductor. From Equation (2) a numerical function of Vo(VE) can be created and
then inserted into Equation (1). The accumulated charge carriers as a function of the internal
potential p(Vp) is a convolution of the density g(E) with the Fermi-Dirac distribution. There are
multiple available techniques for deconvoluting the latter two functions, where the most basic
choice is to use the zero temperature approximation to simplify the relationship to the following

differential 6%

9(E) ~ - In(Vp)] ©

The Griinewald analysis scheme has been successfully applied by Hunter et al. to similar
small-molecule/polymer blend systems in the literature. [°®! Because of the similarity between

our system and the previously reported work, the justification of the key approximations by
10
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Hunter et al. remain applicable and have therefore been used as a basis for our analysis. Further
information can be found in the references.!®®!

Figure 2c¢ shows the results from the bandgap analysis for the 3G blend doped at 0, 0.05,
0.1, 0.5 and 1 % mol. wt. CeoF4s. Here, we see that all densities of states overlap, except for the
1 % mol. wt. ratio blend, which exhibits a shift and an increase in the number of states compared
to the other four results. A negative shift in the energy w.r.t. Er is indicative of p-doping, as the
thermal equilibrium Fermi energy level approaches the HOMO level, shifting the measured
DOS towards higher energy w.r.t. Er. The absence of any shift in the DOS at lower doping
concentrations is most likely attributed to the presence of deep traps that pin EFr, a process that
has been described previously.l*”! Another indication of doping is the increase in the channel’s
off-current (/orr) seen in the linear transfer characteristics due to the increase in the background
conductivity of the semiconductor (Figure S7). Here we will only consider lorr as measured in
the linear operating regime, as at high drain voltages, i.e. in the saturation regime, Iorr 1s also
affected by the gate leakage. Interestingly, /orr for the pristine (0 %) and lightly p-doped (i.e. O,
0.05 and 0.1 %) OTFTs are approximately equal, and increases only for the higher dopant
concentrations (e.g. 0.5 and 1 %). Although the apparent independence of Iorr to dopant
concentration in this low doping range may appear somewhat surprising, it is in agreement with
previously published results that have been ascribed to the pinning of E. 7]

There are four possible reasons that could explain the increasing channel on-current
(Ion) in the transfer characteristics, along with both the lack of observable increase in the linear
regime lorr and lack of observable shift in the DOS for the 0-0.5% mol. wt. doped devices:
(1) although the doping is shifting the Fermi level closer to the HOMO edge with increasing
CeoFas concentration, it is obscured by the experimental noise floor and therefore undetectable,
as the DOS analysis is highly sensitive to the measurement of /orr; (i1) the concentration of the
excess holes induced by the dopant molecules at low concentration is not high enough to

deactivate all deep traps, therefore the Fermi energy remains pinned 7! and only once all trap
11
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have been filled, i.e. at the highest doping concentration, a shift in the DOS w.r.t. Er can be
observed; (iii) for 0-0.5% mol. wt. doping concentrations the Fermi level shift is negligible and
the increase in current is due to an enhancement of the mobility most likely due to the screening
of hole trap states, and (iv) the effect is a combination of both the noise floor obscured doping
and mobility enhancement. The most likely explanations for the lack of an observable shift are
that the change in energy of the thermal equilibrium Fermi level from 0-0.5% mol. wt. is too
small to be measured using the analytical techniques employed here, or that there is no shift in

the DOS due to the Fermi level being pinned at the trap level for the low doping concentrations.

2.1.2. Bias-Stress Effect
The systematic shifts observed in V7 and DOS implies that the CeoFas 1s indeed filling hole trap

states present in the pristine Cs-BTBT:C6IDT-BT blend. Charge trapping may occur at the
contacts, bulk or the dielectric/semiconductor interface [©71 (681 [691 [01 and can dramatically
influence the operational stability of the device. ['®! 7! The impact of charge trapping on OTFT
operational instability is severe for real-life applications outside the laboratory. For example, if
OTFTs are used to drive OLEDs in active-matrix OLED (AMOLED) displays, the brightness
of the display will deteriorate over time if there is a decline in Ion.['* It is therefore a
fundamental requirement that OTFTs are stable throughout the duration of their expected use,
and processes for filling, or in other words deactivating, unwanted trap states are highly
desirable.

To investigate whether intentional doping in the 3G blend has indeed resulted in
deactivation of charge trapping sites that are responsible for bias-stress instability, both the
pristine and the best performing doped blend were investigated and compared in bias stress
stability tests. OTFTs with channel length 80 um and width 1000 pm for both blends were

subjected to 20,000 s of constant gate bias (V¢ = -40 V) and constant drain bias (Vg =-10 V) in
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a nitrogen atmosphere. At the end of the bias-stress tests, the drain current measured at
Vi =60 V had deteriorated by 17.7 % for the pristine blend, and deteriorated by 4.2 % for the
best performing blend (Figure 3a and 3b, respectively). The change in threshold voltage after
stressing was AV prisiine = -1.34 'V for the pristine blend and AVr_agpea = -0.91 V for the doped
blend. Therefore, there are only slight changes in the performance parameters over time for
both systems, with the doped blend exhibiting significantly smaller changes as compared to the
original state.

To compare the 3G blend system to other available systems, a summary of the literature
on bias-stress stability for blend OTFTs is collated in Table 1. It can be seen that the 3G blend
performs extremely well; both the pristine and doped blends have been stressed for a
comparatively substantial period of time, yet they are able to maintain similar performance
levels throughout the duration of the bias-stress tests. This is very promising and, in particular,
the best performing doped blend has a high mobility and hence high drain current, which makes
it particularly attractive for a range of electronic applications.

Figure 3c shows the experimental data from the stress-bias measurements, where the
Vr shift/instability of both blends appears to saturate over time. This is expected from such
measurements due to a reduction in the trapping rate as the trap states become occupied. To
quantify the bias-stress effect in the two blend systems, we fitted a stretched exponential

function to the experimental data using:[!! (201 [72]

AV(t) = AVO{l — exp [— (f)ﬁ]} (5)

where AVo = VG — V1 initiat, With VT _inirias being the threshold voltage prior to bias stress, 7 is the
relaxation time and £ is the stretching parameter with a value between 0 and 1. The stretched

exponential fittings are shown as dashed lines in Figure 3c and have been used to extrapolate
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the £ and 7 parameters. For the doped system, the stretching parameter is £ dopes = 0.58 and the
relaxation time is Zsopes = 1x107, compared to a stretching parameter of frisine = 0.29 for the
pristine system and a relaxation time of 7pisine = 7%108. The coefficient of determination, R?, is
0.947 and 0.946 for the doped and pristine systems respectively. A greater value of [
(i.e. B closer to 1) for the doped system compared to the pristine system indicates a less
stretched bias-stress response time, i.e. a more uniform distribution of trapping sites near the
HOMO level (shallow traps) 3!, In addition, the relaxation time, 7, is seen to decrease with the
addition of CeoFss, implying that hole trapping within the doped system happens on a shorter
timescale. These results suggest that p-doping of the blend deactivates deep traps, leaving
behind energetically shallower traps to dominate conduction in the channel. The latter
conclusion is also in line with the reduced V7 values observed for the best performing doped
blend (Figure S2c¢). The fact that intentional p-doping of the blend semiconductors can
influence the operating stability of the resulting OTFTs has extremely valuable practical

implications, the benefits of which will be fully analysed in the future.

2.1.3. Contact Resistance

To conclude the overall picture of how the p-dopant influences the operating characteristics of
the 3G ternary blend system, we investigated its impact on the contact resistance. Rc is well
known to have a tremendous and unfavourable influence on OTFT operation, especially in short
channel devices [ I75]; therefore reducing Rc is not only important for OTFT operation and
mobility values, but is also highly important for OTFT miniaturisation "' and accurate
parameter analysis.'”) 7% One key technique that has been highlighted for reducing contact
resistance in OTFTs is via intentional doping of the critical semiconductor-contact interface.!””!
(331 341 351 The scaling law method that is often used to estimate the contact resistance values

from the OTFT output characteristics is the transmission line method (TLM) and relies on the

following linear expression:'’8!
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RON = 7;1 = rchannelL + RC (6)

where L is the channel length, Ron is the total device resistance measured (i.e.
drain/source and channel resistance) as a function of L, rchanner 1S the resistance across the
channel and Rc is the resistance at the S/D contacts. Measurements were taken from OTFTs
with channel lengths ranging from 20 to 200 um for the Cs-BTBT:C6IDT-BT blend with CeoFas
doping concentrations of 0, 0.05, 0.1, 0.5 and 1% mol. wt. The contact resistance (RcW) values
were calculated as a function of Vi and the results are shown in Figure 4. There is a strong
relationship between molecular doping and contact resistance; it is also clear that Rc is
dependent on gate voltage, which is expected for this type of TG-BC staggered architecture.!””!
(891 The largest effect on Rc is between 0 and 0.1% mol. wt. CeoFas, where the contact resistance
is reduced by 82.5% from Rc =263 kQ to Rc = 46 kQ (Rc is taken from Vi =-50 V). When the
doping is increased to 1% mol. wt. Rc¢ is reduced further to =16 kQ. Along with the donation of
charge carriers to deep trap states, the improvement in Rc¢ highlighted in these results offers
another explanation for the superior transistor characteristics in the best performing blend

compared to the pristine blend.!¢!

2.2. Materials Characterisation

So far, molecular p-doping effects on electrical characteristics have been considered. But
another important question to ask is: have the dopant molecules introduced structural defects
and disrupted the packing motif of the host semiconductor? This is a key consideration, because
the quality and ordering of the semiconductor microstructure can determine and/or influence
[59] [81]

OTFT performance, as the introduction of structural defects can result in charge trapping.

182 Despite the positive attributes associated with the blend approach adopted here, bulk doping
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of solution processed organic semiconducting channel is infrequently used because of the
likelihood of disrupting the long range crystallinity of the layer. Instead, a range of different
doping methods are typically employed to avoid introducing such defects, including contact
doping 1831 1331 [841 [85] [341 [861 [87] " interlayer doping !®8 and chemical vapour doping ¥ %01,
However, techniques like these can be complicated to fabricate, hence costly to scale-up, or
difficult to control, and can tend to focus specifically on improving one OTFT parameter. For
realising OTFTs in inexpensive microelectronics, doping protocols that are simple and easy to
implement, yet do not change the organic semiconducting layer, are essential and hence highly
desired.??

To that end, we now turn our focus onto the impact that the CeoF4s has had on the
microstructure of the Cg-BTBT:Ci6IDT-BT blend. The first step taken to explore the
microstructure with doping concentration was using polarised optical microscopy (POM).
Figure 5 shows the Cs-BTBT:Ci6cIDT-BT layers with CegoF4s at O (a), 0.05 (b), 0.1 (¢), 0.5 (d)
and 1 % (e) mol. wt. Although there is some variation in the morphology due to the intrinsic
nature of the films, there is very little difference between these images. After studying a number
of blend films for each doping concentration, the dopant appears to have no noticeable effect
on the crystalline domains.

Another interesting observation is the high density of “agglomerates” distributed within
all of the blend films, regardless of the presence/amount of dopant (highlighted in Figure 5).
These agglomerates, or defects, would be expected to behave as charge trapping centres,
severely limiting charge transportation and hence the performance of OTFTs. Therefore, to
achieve remarkably high mobilities of 12.8 cm?Vs with this morphology is certainly
surprising. P11 921 D31 941951 The poor morphology may offer another explanation as to why the
system exhibits significant energetic disorder in the first place.l! ! The agglomerations will
also affect the quality of the semiconductor/dielectric interface and therefore may shed some

light on the SS values discussed earlier; the fact that the morphology remains unchanged at the
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semiconductor/dielectric interface with the addition of the dopant may also explain why there
is no improvement in SS, even though there is a dramatic difference in yjin, ttsar, Von, and Vr.
The poor morphology highlights two other key points regarding this system: (i) the powerful
role that the p-dopant is playing in this 3G organic blend system, and (ii) the potential that this
system could have with further optimisation to remove the agglomerations and improve the
thin-film morphology.

The crystal structure and molecular packing of the blend layers was also investigated
using grazing incidence wide angle X-ray scattering (GIWAXS), which is shown in Figure 6.
The blend layers investigated contain CeoFsg at 0, 0.1, 1 and 5 % mol. wt., with the latter
concentration (5 %) being included for the GIWAXS studies as higher doping concentrations
are more likely to introduce structural disorder.””! 8! The blend films were investigated at
various grazing incidence angles (0.05°, 0.10°, 0.15°) with the critical angle found to be 0.15°.
All of the blend films are found to exhibit high lamellar ordering, irrespective of the dopant
concentration, which is shown by the presence of (00/) peaks (/ = 1, 2, 3) with interplanar
spacing of d = 2.8 nm for (001) Bragg Sheet (g, = 2.23 nm™!) (Figure S8); this predominant out
of plane ordering is consistent with published Cs-BTBT literature.*”!

In Figure S9, intensity versus q. has been plotted for two different angles of incidence,
one of which is below the critical angle (0.10°) and the other is the critical angle (0.15°). This
data not only highlights that the dopant does not affect the crystallinity of blend films, but also
provides information about the vertical profiling of the doped blends, specifically the qualitative
composition in the top few nm of the films. Figure S9 shows that for grazing angles below the
critical incidence angle (i.e. 10°) the C16IDT-BT signature at q, = 3.63 nm! is not present, but
in Figure S9 it is present at 0.15°. This suggests that the polymer is not present in the top few
nm of the film and that it has segregated to the bottom of the film for all of the doping

concentrations. This observation correlates with the typical vertical phase separation of a
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small-molecule and a polymer as featured in numerous pieces of small-molecule/polymer
organic blend literature.!> 50 [7]

The in-plane structures of the blend films were also investigated. Figure 6a compares
the gxy position for all of the films, with the dashed line highlighting the fact that there is no
shift in the in-plane peak position for any of the blend films investigated. This finding is also
corroborated by Figure 6b which shows that there is also no shift in the g, values for the blend
films at any dopant concentration. Overall, the GIWAXS data indicates that the packing of the
Cs-BTBT at the surface/air interface has not been altered by the presence of the CeoF4s dopant.

To further investigate the impact of CeoFas doping on the composition and electronic
properties of the blend, we used photoemission spectroscopy (PES) to look at the chemical
composition of the surface of the blend films as it has been previously shown to provide
valuable information, 1% 56- 1011 02l Firgtly, ultra-violet photoemission spectroscopy (UPS) was
used to measure secondary-electron (SE) cutoffs (Figure 7a) and valance band minima (VBM)
(Figure 7b) for the pristine Cs-BTBT:CiIDT-BT and best performing p-doped
Cs-BTBT:Ci16IDT-BT:CeoFss(1%) ternary blend layers. The VBM data was added to the optical
band gap of the blend (1.5 eV) to calculate the conduction band minima (CBM) for each blend.
The results were then used to draw the energy band diagram shown in Figure 7c. For the sake
of simplicity we have only drawn the band structures for the pristine blend and compared to
that of the 1% mol. doped (best performing) blend. As can be seen, the data suggests that the
Fermi level, Er, moves towards the VBM by ~0.1 eV with the addition of the CgoFss dopant. It
is expected that the shift is reasonably small in magnitude; organic materials tend to have a high
density of in-gap trap states, therefore doping these materials leads to Fermi level pinning inside
the band gap, resulting in smaller Er shifts. 1 571 11031 Thig data indicates successful p-doping,
which, along with the field-effect measurements, further demonstrates that doping mechanisms

are responsible for the improvement in the OTFT characteristics.
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Finally, X-ray photoemission spectroscopy (XPS) was used to measure the chemical
composition at the surface of the blend films, i.e. at the TG-BC channel, with the aim of
elucidating the POM and GIWAXS data presented earlier. Figure S10 shows the XPS survey
spectra for the pristine (a) and best performing 1% mol. wt. CeoF4s (b) blend films, where S2p
and Cls core levels appear as the main peaks for both samples. Table S2 summarises the
relative atomic concentrations for the blend films; remarkably, there is no difference between
the two films, with no F-signal (associated with the CeoFss) being detected at the surface of the
best performing p-doped ternary blend. This data suggests that the dopant molecules are
distributed towards the middle and/or bottom of the blend layer. In other words, the dopant
resides in the polymer layer of the vertically phase separated film, and not in the Cs-BTBT layer
presented at the surface/air interface. This observation corroborates with previous findings
obtained from secondary ion mass spectrometry (SIMS) measurements.”) It is worth
mentioning the fact that such an unusual materials distribution would result in spatial separation
between the dopant molecules (i.e. CeoFss) and the channel region. This is perhaps the reason
why the POM and GIWAXS data suggests that the crystallinity of the top Cs-BTBT layer
remains unchanged for any CeoFss concentration. Yet at the same time, the field-effect, DOS
and UPS data show that the blend OTFTs harness the electrical benefits associated with
p-doping (i.e. improvements in u and bias-stress stability, and a reduction in Vr and Rc) most
likely via a remote/modulation-like doping process. "% However, further work would be
required to better understand the nature of p-doping starting with the elucidation of the spatial
distribution of the dopant molecules across the phase separated layer. However, if such spatially
separated dopant-channel system exists, the implications could be significant, as the doping
efficiency of blend systems could be, in principle, further enhanced via material optimization
and/or through the choice of different (one or more) molecular dopants that are distributed in a

controlled manner anisotropically across the blend.
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3. Conclusion

In summary, we have studied the impact of molecular p-doping on third-generation organic
semiconducting blends comprised of Cs-BTBT:CisIDT-BT using electrical field-effect
measurements and several complementary materials characterisation techniques. Via simple
admixing of the molecular p-dopant, CeoFas, directly into the semiconductor blend formulation
is found to have an extraordinary and positive impact on the operating characteristics of the
resulting OTFTs. In particular, p-doped devices offer remarkably enhanced hole mobility,
improved device parameter uniformity, including reduced threshold voltage, improved
operating stability and reduced contact resistance; all important prerequisites for practical
utilisation of any transistor technology in commercial applications. By uncovering the strong
relationship between the doping ratio and Vr, comparing the stretching parameter and relaxation
time extrapolated from the bias-stress data, detecting a shift in Er via both modelling and
experimental techniques, we show that the underlying reason for the dramatic improvement in
the electrical characteristics is hole trap deactivation, with CeoFss donating holes to deep trap
states present in the blend system. Surprisingly, this ternary blend system appears to enable
efficient p-doping without any apparent adverse effect (e.g. introduction of defects) on the
layer’s crystalline microstructure that defines the transistor channel. As one of the main
setbacks for doping in OTFTs is that high doping concentrations have a tendency to reduce the
semiconductor crystallinity, this surprising finding is not only intriguing, but also highly
relevant for the future of doping in OTFTs. Y Finally, the study highlights the Cs-
BTBT:C16IDT-BT:CeoFas 3G blend system as a very attractive model system that could help in

the development of simple and universal doping techniques for OTFTs.

4. Experimental Section
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Material preparation: Cs-BTBT was bought from 1-Material and used as received. The
C16IDT-BT and CeoFas were both made in accordance with previous procedures.!!% 10! The
small-molecule/polymer blend solution was prepared as previously reported, at the optimised
1/4 small-molecule/polymer ratio in a 1/2 tetralin/chlorobenzene solvent solution, at a solution
concentration of 10 mg/ml. I°! A separate solution of CeoFss was prepared in chlorobenzene and
added directly to the parent small-molecule/polymer blend solution, to dope the blend at 0.05,
0.1, 0.5, 1 and 5% molar weight percentage CeoFss as required. A magnetic stirrer was used to
stir each of the blend solutions until the blend components had fully dissolved. To prepare blend
films, the blend solutions were heated and stirred at 60°C for 15 min, before being deposited
via static spin-coating in two steps: 1) 500 rpm for 10 seconds, 2) 2000 rpm for 30 seconds.
The films were left for 5 minutes for excess solvent to evaporate, then annealed at 120°C for 2
minutes and quenched to room temperature

Transistor fabrication and characterisation: The blend TFTs were fabricated on 20 x
20 mm Borofloat glass substrates that were ultrasonicated in solutions of DECON90, acetone
and isopropanol, in that order. 40 nm source and drain contacts made from Au were then
thermally evaporated onto the glass substrate and treated with pentafluorothiophenol (PFBT)
to modify the workfunction of the Au electrodes. The blend films were then heated, deposited
and annealed on top of the PFBT-treated electrodes using the process described above.
Polytetrafluoroethylene (PTFE) (Teflon™ AF2400) was purchased from Sigma Aldrich and
used as a polymer dielectric layer. The Teflon™ AF2400 was dissolved in FC-43 solvent at a
concentration of 25 mg/ml and then spin-coated in two steps: 1) 500 rpm for 20 seconds, 2)
1000 rpm for 30 seconds and then annealed at 50°C for 1 hour. This produces a
Teflon™ AF2400 dielectric layer that is =335 nm thick, where the film thickness was measured
for each set of devices using a Bruker Dektak. Finally, 50 nm thick Al contacts were thermally

evaporated for the gate electrodes in the TG-BC structure. An Agilent B2902 source
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measurement unit (SMU) was then used as a semiconductor parameter analyser to measure the
transfer and output characteristics.

Polarised optical microscopy: Optical imaging of the various blend films was carried
out using a Nikon LV-100 microscope.

Grazing incidence wide angle X-ray scattering: GIWAXS measurements were
performed at D-line at the Cornell High Energy Synchrotron Source (CHESS) at Cornell
University using a 0.5 mm x 0.1 mm sized beam with a wavelength of 1.15 A. A fast area
detector Dectris Pilatus 100k was used for data acquisition at a distance of 180 mm from the
sample.

X-ray Photoelectron Spectroscopy: XPS measurements were carried out in an ultrahigh
vacuum (UHV) Omicron chamber equipped with a SPHERA U7 hemispherical energy
analyser. X-ray photons with an incident kinetic energy of 1486.6 eV from a monochromated
Al K o X-ray source with a total energy resolution of 0.1 eV were used. The base pressure for
the chamber during the measurements was < 5 x 10" mbar.

Ultra-violet Photoelectron Spectroscopy: For the UPS measurements, the UHV base
pressure was maintained below 8 x 10 mbar. The photon line width was ca. 250 eV and the
minimum spot size ca. | mm. He I photons (21.2 eV) were used to acquire the spectra at normal
emission. The photoelectrons were collected by the SPHERA U7 hemispherical energy
analyser with a 7 channel MCD detector, in Constant Analyzer Energy (CAE) mode. A constant

bias of -10 V was applied to the sample for accurate measurement of the secondary cutoffs
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Figure 1. (a) The chemical structures of 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene
(Cs-BTBT), indacenodithiophene-benzothiadiazole (Ci6IDT-BT) and CeoFss. (b) Top-gate
bottom-contact (TG-BC) transistor architecture used to study the various blend formulations.
(c) Energy level diagram showing Cs-BTBT and C16IDT-BT HOMO levels measured using air
photoemission spectroscopy and compared to the range of published LUMO energies for CeoFas
[Refs: 1071 [108] 1091 [1101] (d) Transfer characteristics for the Cs-BTBT:Ci6IDT-BT blend
transistors with 0, 0.05, 0.1, 0.5 and 1% molar weight CsoF4s measured at Vp = -60 V. These
devices were made at the same time under the same processing conditions, to demonstrate the
general trend in the transfer characteristics with increasing addition of the p-dopant. The
channel length and width of all of the transistors are 80 um and 1000 um, respectively. (e) The
corresponding VIp vs. Vg plots. (f) Saturation mobility histogram constructed from 10
Cs-BTBT:C6IDT-BT blend OTFTs with different dopant concentrations (0, 0.05, 0.1, 0.5 and
1% molar weight CeoF4g) showing that statistically the greatest improvement in mobility occurs
between 0.5% and 1%.
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Figure 2. (a) Threshold voltage statistics obtained for 10 Cs-BTBT:C6cIDT-BT blend OTFTs
with 0, 0.05, 0.1, 0.5 and 1% molar weight CeoFss. (b) Number of holes (A4*) induced in the
OTFT channel as a function of dopant concentration in solution. (c) The density of states (DOS)
calculated for five blend-based OTFTs with dopant concentration varying from 0 to 1% mol.
wt. CeoFas. The origin of the energy axis is the Fermi energy level (EF) at thermal equilibrium
which corresponds to the flat-band voltage of the transistors.

29


http://onlinelibrary.wiley.com/doi/10.1002/aelm.201700464/abstract?wol1URL=/doi/10.1002/aelm.201700464/abstract&regionCode=GR&identityKey=2536eec4-91a5-4b14-aa8d-a432f33f9c51
http://onlinelibrary.wiley.com/doi/10.1002/aelm.201700464/abstract?wol1URL=/doi/10.1002/aelm.201700464/abstract&regionCode=GR&identityKey=2536eec4-91a5-4b14-aa8d-a432f33f9c51

Adv. Electron. Mater. 2017, 1700464, DOI: 10.1002/aelm.201700464

10
A V,=-60V
10° i
10°
<107
—D =
10°®
10k Pristine (0 mol%) I'-‘ 107} Doped (1 mol%) |
Stress time: ! Stress time: )
10 Os | Os IL_—-
107" - 20,0005 ! 10°F ------ 20,000s 7
1 1 L‘T/ 1 1 1
60 -40 -20 O 60 -40 -20 O
Vs (V) Ve (V)
c 0.05
Pristine blend (0 mol%)
0.04
>
~° 0.03-
<
- 0.02-
<
0.01L p-doped blend (1 mol%)
0.00 _
| | | |
0.0 5.0k 10.0k 15.0k 20.0k
Time (s)

Figure 3. Transfer characteristics of blend OTFTs before and after 20,000 s of constant gate
bias (Ve =-40 V) and drain bias (Vs =-10 V) application for: (a) the pristine Cs-BTBT:C6IDT-
BT blend, and (b) Cs-BTBT:C6IDT-BT:CsoF4s(1% mol%). The devices have channel length
and width of 80 um and 1000 pum, respectively, and were tested in nitrogen atmosphere. (c)
Experimental data (symbols) and stretched exponential fittings (lines) used to extrapolate the
and ¢ parameters for the pristine (Cs-BTBT:CicIDT-BT) and  p-doped
(Cs-BTBT:Ci6IDT-BT:CeoF4s(1%) blend devices.
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Figure 4. Channel width-normalised contact resistance (RcW) as a function of gate bias,
calculated for the Cs-BTBT:Ci6IDT-BT blend TFTs with 0, 0.05, 0.1, 0.5 and 1% molar weight
CeoFas.
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Figure 5. Polarised optical microscope (POM) images of the Cs-BTBT:C6IDT-BT blend with
varying amounts of dopant, CeoFas: a) 0%, b) 0.05%, ¢) 0.1%, d) 0.5%, e) 1%.
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Figure 6. Grazing incidence wide angle X-ray scattering (GIWAXS) data showing in-plane
structures for various doped Cs-BTBT:C6IDT-BT blend films (0%, 0.1%, 1% and 5% mol. wt.
CeoFag), where (a) compares the qxy position, with the dashed line highlighting that there is no
shift in the in-plane peak. (b) Shows that there is also no shift in the q, values, suggesting that
crystal packing is not altered by the presence of the CeoFas.
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Figure 7. Ultra-violet photoelectron spectroscopy (UPS) data obtained for the pristine
Cs-BTBT:C6IDT-BT and p-doped Cs-BTBT:Ci6IDT-BT:CesoFas(1%) blends. (a) Secondary-
electron (SE) cut-offs, and (b) valance band maxima (VBM) spectra. (c) Corresponding energy
band diagram reconstructed by considering an arbitrary band gap of 1.5 eV in order to calculate
the position of the conduction band minima (CBM). Er is found to shift towards the VBM by

~0.1 eV upon doping with 1% CeoF4g (energy not in scale).
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Table 1. A summary of the literature on bias-stress stability for blend OTFTs.

. . . Geometric . Electric

. . Process Mobility Dielectric . Gate stress Drain stress . Stress Traps
Active material o0 ec)  [cm@Vs] material f:é’gfﬁ”ce V] V] E'g;‘cgqi?s'ty time [s] AV [V] density cm?] "
e
BTBT.C16IDT- 50 7.8 AF2400 5.28 -40 10 2.11x107 20,000 0.91 3.00x10%
EEECGOFA'S“%) This work
BTBT.C16IDT- 50 14 AF2400 5.28 -40 10 2.11x107 20,000 1.34 4.42x100
BT
C8-BTBT:PS 100 25 PVP:HDA 12 5 0 1.80x107 3,000 ~5 3.75x10"" 1)
TIPS-
pentacene/i- 110 n/a AlO; ~80 -15 0 1.20x10® 5,000 3 1.50x10'2 (2
PMMA
:)-LZtSe;cene prax ~100 1.1x102 AL,Oq 78.6 8 8 6.29x107 3,600 ~15 7.37x10" (113
:)-:;tse;cene Pran <100 0.20 CYTOP 23 -50 50 1.15x107 3,600 ~2 2.88x100 fr1g)
-;:I;cle':l?e;cene pran <100 0.52 %SSP/ 34.8 8 8 2.78x107 3,600 ~0.4 8.70x10° 1
;L'?]ts‘;cene praa 100 0.24 gl\gaop/ 34.8 8 8 2.78x107 7,200 ~0.2 436x100 14
diF-
TESADT:PaMS ~ ~90 ~0.16 SiO, 17.3 -20 0.1 3.46x107 7,200 12 1.30x10" t11s]
@:1)
diF-
TESADT-PaMS ~ ~90 ~0.16 SiO» 17.3 -20 0.1 3.46x107 7,200 8 8.65x10"" tr1s]
(2:2)
PCDTPT:PCe:BM 200 0.5 SiOs 115 10 80 1.15x107 300 0.8 5.75x101° (116l
PCDTPT:PCe:BM 200 05 SiO, 115 -30 80 3.45x107 300 0.2 1.44x1010 (116l
$'EFé AoTPTAs 120 1.7 CYTOP 2.1 -50 50 1.05x107 18,000 10 1.31x10" 72
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Introducing a molecular p-dopant into an organic small-molecule/polymer blend is shown
to improve the hole mobility and bias-stress stability of the resulting transistors. This simple
approach is shown to harnesses the benefits of p-doping without adverse effects on the channel
microstructure, hence overcoming an important limitation for the practical utilization of
molecular dopants in organic transistors.

The Impact of Molecular p-Doping on Charge Transport in High Mobility
Small-Molecule/Polymer Blend Organic Transistors

Alexandra F. Paterson, Yen-Hung Lin, Alexander D. Mottram, Zhuping Fei, Muhammad R.
Niazi, Ahmad R. Kirmani, Aram Amassian, Olga Solomeshch, Nir Tessler, Martin Heeney,
Thomas D. Anthopoulos
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Figure S1. Representative (a) transfer and (b) output characteristics of the pristine
Cs.BTBT:Ci6IDT-BT blend; and representative (c) transfer and (d) output characteristics of the
Cs-BTBT:C6IDT-BT:CeoF43(1%) blend. The transfer characteristics shown here demonstrate
the general trend of changes between the pristine and 1% mol. wt. p-doped blend systems, for
devices with the same channel dimensions fabricated in parallel. General observations from the
optimized p-doping include: a characteristic increase in the channel on-current, a shift in Vr
towards more positive voltages and complete suppression of electron transport. The 3G blend
OTFTs are made using gold source/drain electrodes, with Teflon™ AF2400 as a polymer
dielectric layer, and the channel lengths and widths are 80 um and 1000 pm, respectively.
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Figure S2. OTFT operating parameters taken over 10 devices for Cs-BTBT:C6IDT-BT blends
p-doped with 0, 0.05, 0.1, 0.5 and 1% molar weight CeoFas: (a) saturation mobility, (b) linear
mobility, (c) threshold voltage, (d) on voltage, (e) on-off current, (f) subthreshold slope.
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Figure S3. Saturation and linear mobilities from 50 blend OTFTs of the best performing
Cs-BTBT:Ci6IDT-BT:CsoF4s(1%) blend compared to 50 blend OTFTs of the pristine
Cs-BTBT:Ci6IDT-BT blend.
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Figure S4. Transfer and output characteristics of the Cs-BTBT:C16IDT-BT:CeoFas(1%) blend
OTFTs, made using Au source/drain electrodes and Teflon™ AF2400 as the polymer
dielectric. The transistor in (a) and (b) has channel length 100 um and with width 1000 pum,
and a mobility of 12.8 cm?*/Vs. This device is representative of the maximum performing
devices in the 1% CeoF4s saturation mobility box-and-whisker plot in Figure S3. The transistor
in (c) and (d) has channel length 80 um and with width 1000 um, and has a mobility of
8.9 cm?/Vs. The latter device represents the upper quartile in the 1% CeoFas saturation mobility
box-and-whisker plot in Figure S3.
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Figure SS. Transfer characteristics of the Cs-BTBT:Ci6IDT-BT:CeoFss(1%) blend OTFTs,
made using Au source/drain electrodes and Teflon™ AF2400 as a polymer gate dielectric. The
device channel dimensions are (a) length 80 um, width 1000 um and (b) length 50 pm, width
1000 pm. The hole mobility values are (a) 7.7 cm?/Vs and (b) 6.9 cm?/Vs . This data represent
the median devices in the 1% CesoFass saturation mobility box-and-whisker plot in Figure S3.
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Figure S6. Transfer and output characteristics of the Cs-BTBT:Ci6IDT-BT:CeoFss(1%) blend
OTFTs, made using gold source/drain electrodes and Teflon™ AF2400 as a polymer dielectric
layer. The transistor in (a) and (b) has channel length 80 um and width 1000 pm, and mobility
of 5.4 cm?/Vs, thereby representing the lower quartile in the 1% CeoFas saturation mobility box-
and-whisker plot in Figure S3. The transistor in (c) and (d) has channel length 40 um and width
1000 pm, with a mobility 3.1 cm?Vs. The latter data represents the lowest performing devices
in the 1% CeoFag saturation mobility box-and-whisker plot in Figure S3.
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Figure S7. Transfer characteristics for the Cs-BTBT:C16IDT-BT blend with 0, 0.05, 0.1, 0.5
and 1% molar weight CesoFag at Vp = -10 V, demonstrating an increase in Iorr at 0.5%.
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Figure S8. Grazing incidence wide angle X-ray scattering (GIWAXS) data for
Cs-BTBT:C6IDT-BT blend films p-doped at (a) 0%, (b) 0.1%, (c) 1% and (d) 5% mol. wt.
CeoFas blends are shown at two grazing incidence angles, 0.10° and 0.15°.
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Figure S9. Grazing incidence wide angle X-ray scattering (GIWAXS) data showing intensity
vs. q; for various doped Cs-BTBT:Ci6¢IDT-BT blend films (0, 0.1, 1 and 5% mol. wt. CeoFas)
at two different angles of incidence: (a) below the critical angle (0.10°), and (b) the critical
angle (0.15°). The peak associated with the C16IDT-BT is only present in (b), indicating that
the polymer is not present at the surface/air interface.
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Figure S10. X-ray photoemission spectroscopy (XPS) survey spectra for (a) pristine
Cs-BTBT:C6IDT-BT and (b) best performing p-doped Cg-BTBT:Ci6IDT-BT:CesoF4s(1%)

ternary blend films.
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Table S1. Summary of transistor parameters for Cs-BTBT:CicIDT-BT blend with 0, 0.05,
0.1, 0.5 and 1% molar weight CeoF4s: linear mobility, saturation mobility, threshold voltage,
on voltage, subthreshold slope and on-off current ratio.

u [em?/Vs]
0% 0.05% 0.1% 0.5% 1%
Average Min-Max Average Min-Max Average Min-Max Average  Min-Max Average  Min-Max
1.0 0.1-2.0 1.4 0.3-2.9 1.4 0.3-3.7 2.2 1.4-3.2 5.6 3.7-6.8
us [cm?/Vs]
0% 0.05% 0.1% 0.5% 1%
Average Min-Max Average Min-Max Average Min-Max Average  Min-Max Average  Min-Max
1.9 0.3-4.2 1.9 0.5-3.4 1.6 0.3-4.6 2.7 1.9-3.9 8.2 5.6-12.8
Modulus Vr [V]
0% 0.05% 0.1% 0.5% 1%
Average Min-Max Average Min-Max Average Min-Max Average  Min-Max Average  Min-Max
13.1 10.5-17.1 8.9 10.5-6.3 7.1 9.2-5.8 3.3 5.1-25 1.9 3.2-0.8
Modulus Von [V]
0% 0.05% 0.1% 0.5% 1%
Average Min-Max Average Min-Max Average Min-Max  Average  Min-Max Average  Min-Max
4.1 5.2-2.8 2.8 4.0-2.3 3.3 5.2-2.0 1.4 1.7-1.1 1.5 2.5-0.8
Subthreshold slope [V/dec]
0% 0.05% 0.1% 0.5% 1%
Average Min-Max Average Min-Max Average Min-Max Average  Min-Max Average  Min-Max
1.7 2214 1.7 2.0-15 1.7 2.1-1.3 1.5 1.8-1.4 2.0 2.5-1.7
ION/OFF
0% 0.05% 0.1% 0.5% 1%
Average Min-Max Average Min-Max Average Min-Max Average  Min-Max Average  Min-Max
6x10°- 6x10°- 1x10%- 6 x 10* - 3x10%-
4 4 4 4 4
7x10 3x10° 3x10 gx1ot  ©x10 oxi0s  8X100  yyq0s X100 e
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Table S2. Relative atomic concentrations for the pristine Cs-BTBT:C6IDT-BT blend and
best performing p-doped Cs-BTBT:Ci6IDT-BT:CesoF4s(1%) ternary blend films measured
from high resolution XPS.

Relative atomic concentration [ %]

Organic blend

C S o) F
Cs-BTBT:Ci6IDT-BT 92.8 6.9 0.3 -
Cs-BTBT:C6IDT-BT:CgoFas(1%) 92.6 6.9 0.4 -
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