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Doping to enhance the electrical conductivity of organic semiconductors is not without its challenges:
The efficacy of this process depends on many factors and it is not always clear how to remedy poor
doping. In the case of doping with salts, one of the possible causes of poor doping is a limited yield of
integer charge transfer resulting in the presence of both cations and anions in the film. The charge of
such ions can severely limit the electrical conductivity, but their presence is not easily determined. Here
we introduce a set of simple conductivity measurements to determine whether poor doping in the case
where the dopant is a salt is due to limited integer charge transfer. By tracking how the conductivity
changes over time when applying a bias voltage for an extended amount of time we can pinpoint
whether unwanted ions are present in the film. Firstly, we introduce the principle of this approach by
performing numerical simulations that include the movement of ions. We show that the conductivity
can increase or decrease depending on the type of ions present in the film. Next, we show that the
movement of these dopant ions causes a build-up of space-charge, which makes the current-voltage
characteristic non-linear. Next, we illustrate how this approach may be used in practice by doping a
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fullerene derivative with a series of organic salts. We thus provide a tool to make the optimization of
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1 Introduction

Doping enhances the electrical conductivity of organic semi-
conductors (OSCs) by increasing the free charge carrier density
and enables control of their electronic properties.'”® N-type or
p-type doping have been widely used to improve charge trans-
port and selectivity of electrodes in many organic electronic
devices, including organic solar cells, organic light emitting
diodes, organic memristors, organic thermoelectrics and
hybrid organic-inorganic perovskite solar cells."**"* The
development of n-type doping is still lagging because of the
relatively low conductivities of n-doped solution-processed
organic semiconductors compared to their p-type counterparts,
caused by low doping efficiency.
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Several factors are responsible for ineffective doping in
OSCs. It is known that in efficiently doped OSCs, doping is
the result of integer charge transfer between host and dopant
molecules, followed by the generation of free charge carriers."®
However, if integer charge transfer has a low yield, then the
doping will be less effective. In the case of doping with salts,
integer charge transfer with a limited yield results in the
presence of both cations and anions in the film: In an
n-doped (p-doped) film, any remaining anions (cations) reduce
the electrical conductivity. The presence of such unwanted ions
is not easily detected and, thus, it is not clear what limits
the conductivity without extensive additional experiments.
Miiller et al. have shown that dopant ions can drift upon the
application of an electric field, thereby de-doping part of the
film, leading to a loss in conductivity.'® The reversible drift of
dopant ions was investigated using electrical measurements,
optical microscopy, spatially resolved infra-red spectroscopy,
and scanning Kelvin probe microscopy.'®

In this work, we identify the cause of inefficient salt-doping
by making use of the ability of dopant ions to drift. For
example, in the case of efficient n-doping, integer charge
transfer is quantitative and we have cations only. In contrast,
if integer charge transfer has a yield less than unity, doping is
inefficient and there will be cations and anions in the film.
We show, by means of simulations, that these two cases can be
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discriminated by monitoring the electrical conductivity over
time when applying a bias voltage. The current-time behaviour
under the applied bias voltage is strongly influenced by the
mobile ionic species: if the anions are more mobile than the
cations the current rises, while if the cations are mobile
the current decays.

In order to demonstrate this approach and how it can be
applied to experimental data, we tested several doped devices
using a fullerene derivative as the host molecule and four
different organic salt n-dopants, namely, tetrabutylammonium
fluoride (TBAF), tetrametylammonium fluoride (TMAF), tetra-
butylammonium iodide (TBAI) and tetrabutylammonium tetra-
fluoroborate (TBABF,). We found that highly conductive
devices show a current decrease which is a signature of a good
doping, where dopant cations are mobile, with smaller cations
leading to a faster decrease in the current. On the other hand,
weakly doped devices studied herein show a current rise under
a bias voltage, which is evidence of the anions being more
mobile. Finally, we show that the temporal response of the
current can be helpful to identify inefficient doping in doped
OSC devices.

2 Numerical case study

Before we turn to the experiments, we use an open-source
numerical drift-diffusion simulation program'”'® that solves
the electronic and ionic contributions to the conductivity in
order to simulate how the drift of dopant ions influences the
conductivity behaviour for films of salt-doped OSCs. For
the case of n-type doping, it is instructive to consider three
idealized cases of n-type doping:

e Case I: quantitative charge transfer.

e Case II: limited yield of integer charge transfer, leading to
cations and anions dispersed in the film. Anions are mobile.

e Case III: limited yield of integer charge transfer, leading to
cations and anions dispersed in the film. Cations are mobile.

These cases are not based on any specific host-dopant
system. Rather, they correspond to cases where the ions of
the salt are dispersed in the film. Then, depending on Case I, II,
and III, either all anions transfer an electron to the host (Case I)
or only a fraction (Cases II and III) do so. All of this is assumed
to happen upon the fabrication of the device, i.e. well before
applying the bias voltage. Once the voltage is applied, any ions
in the film can drift in the electric field, which changes the local
doping level and, hence, electrical conductivity. In the simula-
tions we assume, for the sake of simplicity, that there are no
solubility issues in the doping process, in other words, all ionic
species are assumed to disperse in the film. In the cases of
limited integer charge transfer (II and III), we assume that half
of the dopant anions transfer their charge to the host, while the
other half remains negatively charged.

To simulate the conductivity behaviour of Cases I, II, and I,
we simulate the current flowing in an n-doped organic layer.
Initially, the voltage is rapidly swept up from 0 to 6 V (corres-
ponding to an average electric field of 2 V um™ ). Next, the
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Fig. 1 Numerical simulations of the change in current upon the applica-
tion of a bias voltage stress for the three different cases of doping. The
effect of a threefold reduction of the mobility of dopant ions is shown for
Case | (dashed line). The inset shows the data normalized to the initial
current.

voltage is kept constant for considerable time and, lastly, the
voltage is swept back to zero. Further details of the numerical
simulations can be found in the ESI.{

Fig. 1 shows how efficient charge transfer (Case I) yields a
highly conductive film and confirms that the current decreases
over time consistent with the work by Miiller et al.'® Initially,
the conductivity is high due to the presence of salt cations.
These ions compensate the space charge of the electrons. As a
result, there are many electrons in the film and the current is
high. As the space charge is compensated and the electric field
is constant, the initial current-voltage characteristic of such a
uniformly doped film is linear, which is also what is seen in
typical experiments.

Upon the application of a bias voltage, the dopant ions start
to drift and the conductivity decreases. The rate of the loss of
conductivity is, unsurprisingly, related to the mobility of the
dopant ions. As indicated by the dashed line in Fig. 1 the decay
is slower if the mobility of dopant ions is reduced.

Fig. 2(a) shows how the electron density and cation density
profiles change within the doped film. Upon the application of
the bias voltage, the dopant cations drift towards the injecting
electrode, thereby de-doping the bulk of the film. As a result,
the negative charge of the electrons in the bulk of the film is no
longer compensated, leading to a decrease in electron density
and concomitant loss of conductivity. As the bulk of the film is
de-doped, the electric field across the film is no longer uniform
(data not shown). A macroscopic, measurable consequence of
this is a qualitatively different behaviour of the current upon a
fast sweep of the bias voltage. Fig. 3 illustrates how a fast
current-voltage sweep changes from completely linear (before
the application of a long bias voltage) to a super-linear one after
the application of a long bias voltage stress. This non-linearity
is caused by the space-charge within the de-doped part of the
layer. This space-charge distorts the electric field, not unlike
space-charge-limited current.'® One can thus use a quick
current-voltage scan after the application of a bias voltage

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Simulated profiles of the electron, cation, and anion densities for
Cases |, Il, and Ill. The arrows indicate how the density profiles change

from before to after the application of the bias voltage stress.
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Fig. 3 Simulated current—voltage characteristic corresponding to Case |
before and after application of bias voltage (the arrow indicates the change
in current upon stressing the system). Upon bias voltage stress, the current
decreases and becomes super-linear (the dashed line has a slope of 1), due
to a build-up of net space charge in the film.

stress to confirm that the loss of conductivity is not (only) due
to a loss of dopants or unfavourable chemical changes to the
host material.

The response in Cases II and III is less obvious, see Fig. 1. In
either case, the initial conductivity is low.§ These cases, corres-
ponding to integer charge transfer with a limited yield, can
either show an increase or decrease of the conductivity over
time, depending on which ionic species (cations or anions) is
the more mobile one. If anions are more mobile than cations
(Case II), then the mobile anions drift towards the electrodes,
leaving behind the cations to effectively dope the bulk of the
film. As a result, the electron density increases and so does the
conductivity (see Fig. 2(b)). Case III, on the other hand, shows
the opposite trend (see Fig. 2(c)): the more mobile cations drift
to the electrode, and the bulk of the film becomes effectively
p-doped due to presence of anions. The electron density,
consequently decreases as does the conductivity.

To summarize the numerical simulations results, the initial
conductivity is high if charge transfer is efficient (Case I),
followed by a decreasing conductivity upon applying a bias
voltage. One can verify that this decrease is not due degradation
of the doped film but rather due to de-doping by checking the
linearity of a fast current-voltage scan soon after the applica-
tion of the bias voltage. Inefficient charge transfer (Cases II and
III), however, shows up as a modest/low initial conductivity
followed by either an increase or decrease of the current
depending on the relative mobility of the ionic species.

§ The simulations shown were performed on relatively narrow electrode spacing
(3 pm) due to numerical constraints. Additionally, it is assumed that cations and
anions are distributed throughout the entire film. In reality, it is likely that
inefficient charge-transfer is accompanied by severe phase-separation of the host
and dopant. Both assumptions likely result in conductivities that are relatively
high as compared to the experimental situation.

J. Mater. Chem. C, 2022, 10, 13093-13098 | 13095
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3 Experimental results

Miiller and co-workers demonstrated that dopant ion move-
ment can occur at the moderate field strength of 1 V um™"."
In our study, we use a fixed electric field of 2 V um ™" as this is
enough to move the ions, but small enough to ensure that the
charge carrier mobility is still in the regime where it is constant.

We used the fullerene derivative PTEG-1 (see Fig. 4)° as the
host molecule and tested several doped OSC devices using four
different organic salt dopant molecules, containing alkyl
ammonium cations and various anions. The dopants used are
TBAF, TMAF, TBAI and TBABF,, the structure of which are
shown in Fig. 4. Dopant molecule concentrations of all the
devices were 20 mol%. PTEG-1 doped devices were fabricated
on top of an n-doped silicon substrate with a 230 nm thermally
deposited oxide layer and lithographically patterned interdigi-
tated Au electrodes. The channel length, channel width and
thickness of all the devices were 5 pm, 10 mm and 100 nm,
respectively. Prior to the experiments, each device was annealed
at 120 °C for an hour for enhancing the doping efficiency.

As shown in Table 1, TBAF and TMAF doped films show
relatively high conductivities of 0.43 and 0.25 S cm ™' respec-
tively. Considering the strong basicity of F~, the high conduc-
tivities of TBAF and TMAF doped devices support that they
undergo efficient charge transfer, leaving behind the dopant
counter-ions (cations), in accordance with simulation Case I.

Upon the application of the long duration positive bias of
2V um™ " on TMAF and TBAF doped devices, the current decays,
which is a result of the drift of the dopant cations under the
electrical force of the bias and de-doping of the bulk of the film
(Fig. 5 and Case I in Fig. 1), in accordance with the work of
Miiller et al.'® The decay is faster in the PTEG-1:TMAF film
which has smaller cations. This suggests that the TMA" cations
move faster than TBA" in the studied devices.

The drift of TMA" and TBA" cations upon application of the
bias stress causes non-uniformity of the electric field across the
device, which, as was predicted in Fig. 3, changes the current-
voltage characteristic from linear (before the application of the
bias voltage) to super-linear (after the application of the bias
voltage) (see Fig. S2, ESIt). Therefore, the reduction of current
with the bias voltage stress in TBAF and TMAF doped devices is

CH,
é ~/~CH,
%
.
TBAF
CH, CH,
Hs
P R vt o
e
H,C \CH3 HsC' { r H,C { BF,
TMAF HaC TBAI H,C”  TBABF:

Fig. 4 Chemical structures of the host and dopant molecules used in this
work.
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Table 1 Conductivities of doped PTEG-1 molecules using various

dopants. TBAF and TMAF represent good n-dopants, whereas TBABF4
and TBAI are weak n-dopants

Sample Conductivity [S ecm ]
TBAF 0.43
TMAF 0.25
TBABF, 0.003
TBAI 0.002
[T T T T T T T T T T ]
- 10F
C E
o C
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Fig. 5 Temporal response of the current in TBAF, TMAF, TBAI, and
TBABF, doped devices under application of 2 V pum™? bias electric field.

not the result of unwanted chemical changes within the film or
reducing the amount of the dopant ions in the film.

Negating the dopant ion movement under bias voltage can
improve the long term performance of doped organic films
under working conditions and enhance stability of the OSC
devices. Reiser and co-workers have synthesized a new n-type
dopant molecule which can create a covalent bond with a large
variety of organic host molecules.?® The blend of this molecule,
AzBnO-DMBI, with PCBM host was activated by UV light and
generated highly reactive nitrenes to ultimately form covalent
carbon-nitrogen bonds between PCBM and the dopant.”®
Nevertheless, in most of the doped organic films with decent
conductivities, dopant ions are not covalently bonded to the
host which causes ionic drift or diffusion. In our study,
although the presence of ethylene glycol (EG) side chain in
PTEG-1 molecule enhances host/dopant compatibility and
therefore provides a good doping effect,*"** the size of EG side
chain might influence the degrees of freedom of the ions within
the host matrix and affect stability of the device, as it has been
shown that the ionic dopant mainly resides in the plane of the
polar side chains.”?

The second set of doped devices, namely, PTEG-1:TBABF,
and PTEG-1:TBAI, have low conductivities of ~0.003 S cm™*
and 0.002 S cm ™, respectively (Table 1), represent weak dop-
ing, possibly due to a limited yield of integer charge transfer.
In this case, as mentioned in Section 2, application of a bias
voltage may lead to either an increase or decrease of the
current, which is determined by the faster moving ions.

This journal is © The Royal Society of Chemistry 2022
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TBABF, and TBAI doped devices show a current rise upon
application of the bias stress (Fig. 5), which is consistent with
simulation Case II in Fig. 1 where the anions are more mobile
(see Case II in Fig. 2). The drift of the anions towards the
electrodes leads to further doping of the film and increasing of
the conductivity. This comes as no surprise, as TBA" is much
bigger than either I" and BF, , with ionic radii of 4.94 A 2.06A,
and 2.32 A, respectively.>*® The current rise is more pro-
nounced in the TBAI device, which can be a projection of its
slightly smaller anions.

Again, as expected, as a result of the electric field becoming
non-uniform after the application of the bias voltage, the I-V
sweep in Fig. S3 (ESIT) changes from linear to superlinear.

Subsequently, all the doped devices were left in inert atmo-
sphere for 44 days. In Fig. S4 (ESIt), the I-V response of the
doped devices after this period is shown. By removing the bias
voltage and giving sufficient time, the ions appear to move
back, as the linearity of the current-voltage curves of all four
devices is restored. In the case of TMAF the conductivity is
reduced by a factor of 10, showing that TMAF is less stable.

We attempted to estimate doping efficiencies or ion mobi-
lities based on this work. However, this is complicated by the
fact that the mobility of charge carriers in organic semiconduc-
tors is typically dependent on their density.>” So if the doping
level changes as the experiment progresses, then the charge
carrier mobility is also likely to change. Ultimately, the simula-
tions serve to show that the current can also increase over time
(Fig. 1), rather than only decrease. They also explain why this
happens. After having established this, we can then reverse the
argument: Some dopants work better than others. One of the
possible causes is integer charge-transfer with a low yield, in
the sense that not all dopants transfer a charge to the host and
we have both positive and negative ions in the film. How can
this be shown? Simply by applying a bias voltage and monitoring
the current over time.

4 Conclusions

In conclusion, we have studied salt-doping of organic semi-
conductors in two scenarios: that of efficient integer charge-
transfer—and resulting good conductivity—and that of integer
charge-transfer with a limited yield, which leads to low con-
ductivity. This prompted the introduction of a simple conduc-
tivity measurement protocol that allows us to identify the types
of ions present and mobile in the films. Using this protocol,
we have been able to attribute the low conductivity (TBAI and
TBABF, doping) to the limited yield of integer charge-transfer,
rather than to other possible factors such as morphological
issues.

Thus, the temporal response of the current under an applied
bias voltage can be used as a means to identify one of the
possible causes of inefficient doping. Furthermore, we can use
the current-voltage curve as a means to check if the field in the
film is still uniform after removal of the bias stress, which also
holds for p-doped OSCs. The tool introduced in this work can

This journal is © The Royal Society of Chemistry 2022
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be used to simplify the development of efficient doping strate-
gies of organic semiconductors.

5 Experimental procedures

Materials: PTEG-1 was synthesized according to a previously
reported procedure.”® TBAF, TMAF, TBAI, TBABF, were pur-
chased from Sigma Aldrich.

Device fabrication: 15 x 15 mm? n-doped silicon substrates
coated with 230 nm SiO, and patterned with 30 nm Au inter-
digitated electrodes were used as substrate. The substrates were
ultra-sonicated with acetone (3 times, each for 20 min) to
remove the resist protection layer AZ7217, followed by iso-
propanol ultra-sonication for 20 min. The substrates were then
dried with nitrogen gun and transferred into the oven at 140 °C,
followed by UV-ozone treatment for 20 min.

PTEG-1 (>99%) solutions (10 mg mL ™" in chloroform) were
mixed with different amounts of dopant solution (5 mg mL ™" in
chloroform/ethanol) in nitrogen atmosphere to get 20 mol%
doped solutions. The solutions were spin-coated at 1000 rpm
for 40 seconds, yielding films of ~100 nm). The devices were
annealed at 120 °C for one hour, prior to I-V measurements.
Devices with channel width of 10 mm and channel length of
5 um were used for all measurements.

Measurements: current-voltage and current-time measure-
ments were conducted in a probe station under nitrogen atmo-
sphere, using a Keithley 2000 source meter.
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