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Chapter 4
Movement of dopants under bias voltage:

identifying inefficient organic doping

Summary

Doping enhances the conductivity of organic semiconductors (OSCs). The efficiency
of doping is influenced by parameters such as host-dopant interaction, solvent, etc.
In this chapter, we provide a tool to make a distinction between efficient and ineffi-
cient doping, and show that the temporal response of the current under an applied
bias voltage can be used to identify inefficient doping in doped OSC devices.
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4.1 Introduction

Doping enhances the conductivity of organic semiconductors (OSCs) by increasing the
free charge carrier density and enables control of their electronic properties. [1–6] The
development of n-type doping is still challenging because of the relatively low conduc-
tivities of n-doped solution-processed organic semiconductors compared to their p-type
counterparts, caused by low doping efficiency.

Several factors are responsible for ineffective doping in OSCs. It is known that in ef-
ficiently doped OSCs, doping is the result of integer charge transfer between host and
dopant molecules, followed by the generation of free charges. [7]

In n-doped OSCs, a strong coulomb binding energy between host anion and dopant
cation limits free charge carrier generation. [2, 7] n-type doping efficiency also depends
on lewis basicity of dopant anion, as this governs the electron transfer between host
and dopant. It has been reported that in effectively doped fullerene derivatives with
tetrabutylammonium fluoride (TBAF) dopant, F− with highly basic character, strongly
binds to the host, forming an anion-π complex with a complete electron transfer char-
acter, leaving behind its counter-cation and a radical anion host molecule. [8–11] In
addition, a halo-substituted derivative of the conductive polymer benzodifurandione-
phenylenevinylene (ClBDPPV) n-doped with TBAF also undergoes a complete electron
transfer from F− anions to the π-electron-deficient conjugated backbone. [12] In con-
trast, I− with much less reactivity than F− shows less doping effect and a weak anion-π
interaction with organic host molecules. [10, 11]

Another parameter influencing the doping is the solvent, as a more polar solvent
can facilitate charge transfer between the host and the dopant, and stabilizes the ionic
species in solution. [10] A less polar solvent, on the other hand, may hinder the charge
transfer in the solution. In this case, it is suggested that the doping is triggered in solid-
state. [10] The host-dopant and solvent dependence of conductivity, forms a source of
complexity when trying to identify inefficient charge transfer between host and dopant
molecules.

Müller et al. have shown that the dopant ions can drift upon application of an electric
field, thereby de-doping part of the film, leading to a loss in conductivity. [13] The re-
versible drift of dopant ions was investigated using electrical measurements, optical mi-
croscopy, spatially resolved infrared spectroscopy, andscanningKelvinprobemicroscopy.
[13] Having said that, in this chapter we would like to answer the question: can we use
the time-evolution of conductivity upon application of a bias voltage to identify effi-
cient/inefficient electron transfer?

In this chapter, firstly, bymeans of simulations, wedifferentiate between efficient and
inefficient doping. In the case of an efficient n-doping, we have cations only, whereas an
inefficient doping leaves behind both dopant cations and anions. We identifymovement
of ions by studying the changes in the current over time when applying a bias voltage for

151421-Rahimichatri_BNW.indd   66151421-Rahimichatri_BNW.indd   66 04-05-2021   12:0404-05-2021   12:04



4

4.2. Numerical Case Study 61

an extended amount of time. The current-time behaviour under the applied bias voltage
is strongly influenced by themobile ionic species: if the anions aremoremobile than the
cations the current rises, while if the cations are mobile the current decays.

Secondly, we tested several doped devices using PTEG-1 host molecule and four dif-
ferentorganic salt n-dopants, namely, TBAF, tetrametylammoniumfluoride (TMAF), tetra-
butylammonium iodide (TBAI) and tetrabutylammonium tetrafluoroborate (TBABF4).
Using an organic salt as the n-dopant, the electron needs to be transferred between the
anion in the salt and the host molecule. We should note that in many doped OSCs with
ionic salts, including devices studied herein, giving certain explanations on the doping
processes needs detailed investigations on host-dopant interactions which is verymuch
case dependent. We are not certain whether in the doping processes involved herein,
only one of the ionic parts of the organic salt dopant (cation or anion) interacts with the
host molecule or both dopant cation and anion are involved in the charge transfer pro-
cess with the host. In the latter case, both n-type and p-type doping can co-exist and
compensate each other within the host-dopant mixture, resulting in a net n or p doped
material, governed by the more reactive species: if the electron donating ability of the
dopant anion to the host is stronger than electron accepting of the dopant cation from
the host, the net doping can still be n-type while both dopant cations and anions are
likely to co-exist in the device.

We found that highly conductive devices, namely PTEG-1:TBAF and PTEG-1:TMAF,
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 an evidence of the anions being more mobile. Finally, we show that the tem-
poral response of the current can be helpful to identify inefficient doping in doped OSC
devices. Furthermore, the work done in this chapter follows a state of the art pathway
studying stability of doped organic films under external electrical force, which is crucial
for optimization of organic-electronic devices. [13]

4.2 Numerical Case Study

Beforewe turn to the experiments, it is instructive to consider a triptychof idealized cases
of n-type doping:

• Case I: quantitative charge transfer;

• Case II: no charge transfer between host and dopant, leading to cations and anions
dispersed in the film. Anions are mobile;

• Case III: no charge transfer betweenhost anddopant, leading to cations andanions
dispersed in the film. Cations are mobile.
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Figure 4.1: Numerical simulations of the change in current upon the application of a bias voltage
stress for the three different cases of doping. The effect of a reduction of the mobility of dopant
ions is shown for Case I (dashed line).

We assume, for the sake of simplicity, that there are insolubility issues in the doping pro-
cess, in other words, all ionic species are assumed to disperse in the film. It should be
noted that in Case I–as indeed in Cases II and III–there are still ionic species in the film,
the counter ions.

We use a 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 of Cases I, II, and III.

Figure 4.1 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 Muller et
al. [13] Initially, the conductivity is highdue to thepresenceof dopant cations. These ions
compensate the space charge of injected electrons. As a result, many electrons can be
injected and the current is high. As the space charge is compensated and the electric field
is constant, the 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 con-
ductivity 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. 4.1 the decay is slower
if the mobility of dopant ions is reduced.

Figure4.2 (a) showshowtheelectrondensity andcationdensityprofiles changewithin
the doped film. Upon the application of the bias voltage, the dopant cations drift to-
wards the injecting electrode, thereby de-doping the bulk of the film. As a result, the
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Figure 4.2: Simulated profiles of the electron, cation, and anion densities for Cases I, II, and III.
The arrows indicate how the density profile change from before to after the application of the bias
voltage stress.

negative charge of the electrons in the bulk of the film is no longer compensated, lead-
ing to a decrease in electron density and committent 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 be-
haviour of the current upon a fast sweep of the bias voltage. Figure 4.3 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.
Such a non-linear current-voltage characteristic is a fingerprint of the non-uniformity of
the electric field in the film. One can thus use a quick current-voltage scan after the ap-
plication of a bias voltage 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 Figure 4.1 In either case, the ini-
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Figure 4.3: Simulated current-voltage characteristic corresponding to Case I before and after ap-
plication 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.

tial conductivity is low.1 These cases, corresponding to incomplete charge transfer, 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 more mobile anions drift towards the electrodes, leaving be-
hind the cations to effectively dope the bulk of the film. As a result, the electron density
increases and so does the conductivity (see Figure 4.2 (b)). Case III, on the other hand,
shows the opposite trend (see Figure 4.2 (c)): the more mobile cations drift to the elec-
trode, and the bulk of the film becomes p-doped. The electron density, consequently,
decreases as does the conductivity.

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

1The simulations shown were performed on relatively narrow electrode spacing (1µm) 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 experimen-
tal situation.
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Figure 4.4: Chemical structures of the host and dopant molecules used in this chapter.

Table 4.1: 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 TBAF TMAF TBABF4 TBAI
Conductivity [S cm−1] 0.43 0.25 0.003 0.002

4.3 Experimental results

Müller and co-workers demonstrated that dopant ion movement can occur at the mod-
erate field strength of 1Vµm−1. [13] In our study, we use a fixed electric field of 2Vµm−1

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 PTEG-1 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 TBABF4, the structure of
which are shown inFigure 4.4. Dopantmolecule concentrations of all the deviceswere 20
mol%. PTEG-1 doped devices were fabricated on top of a n-doped silicon substrate with
230 nm thermally deposited oxide layer and lithographically patterned interdigitated Au
electrodes. Channel length, channel width and thickness of all the devices were 5µm,
10mm 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 4.1, TBAF and TMAF based devices show relatively high conduc-
tivities of 0.43 and 0.25 S cm−1 respectively. Considering the strong basisity of F−, the
high conductivities of TBAF and TMAF doped devices support that they undergo effi-
cient charge transfer, leaving behind the dopant counter-ions (cations), in accordance
with simulation case I. Themore cations present in the film, themore electrons injected,
giving rise to the current.
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Figure 4.5: Temporal response of the current in TBAF and TMAF doped devices under application
of 2Vµm−1 bias electric field.

Figure 4.6: Current- voltage characteristic of PTEG-1, n-dopedwith TBAF and TMAF, before (solid
lines) and after (dotted lines) application of long duration bias stress. The voltage sweep rate is
4Vs−1.

Upon the application of the long duration positive bias of 2Vµm−1 for∼3.5 hrs, 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 (Figure 4.5 and case I in Figure 4.2),
in accordance with the work of Müller et al. [13] The decay is faster in PTEG-1:TMAF
device which has smaller cations. This suggests that the TMA+ cations move faster than
TBA+ in the studied devices (comparing Figure 4.5 with case I in Figure 4.1).

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 Figure 4.3,
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Figure 4.7: Temporal response of the current in PTEG-1 doped with TBAI and TBABF4, under ap-
plication of 2Vµm−1 bias electric field.

Figure 4.8: Current-voltage characteristic of PTEG-1, n-doped with TBAI and TBABF4, a) before,
and b) after application of long duration bias voltage. The voltage sweep rate is 4Vs−1.

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 Figure 4.6). There-
fore, Figure 4.6 confirms that the reduction of currentwith the bias voltage stress in TBAF
and TMAF doped devices is 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 dopantmolecule
which can create a covalent bondwith a large variety of organic hostmolecules. [14] 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
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Figure4.9: Current-voltage characteristics of then-dopeddevices, 44days after applicationof long
duration bias voltage, in logarithmic and linear scale.

between PCBM and the dopant. [14] 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 presence of ethylene glycol (EG)
side chain in PTEG-1molecule enhances host/dopantmiscibility and therefore provides
a gooddoping effect, [15] the sizeof EGside chainmight influence thedegreesof freedom
of the ions within the host matrix and affect stability of the device, which is investigated
in Chapter 5.

TBABF4 and TBAI doped devices show a current rise upon application of the bias
stress (Figure 4.7), which is consistent with simulation case II in Figure 4.1 where the
anions are more mobile (see case II in Figure 4.2). 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 BF4−, with ionic radii
of 4.94 Å, 2.06 Å, and 2.32 Å, respectively. [16–18] The current rise is more pronounced 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, I − V sweep in Figure 4.8 changes from linear to super-
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linear.
The second set of doped devices, namely, PTEG-1:TBABF4 and PTEG-1:TBAI, have

low conductivities of ∼ 0.003 S cm−1 and 0.002 S cm−1, respectively (Table 4.1), which
represents an incomplete charge transfer betweenhost anddopantmolecules and there-
fore a weak doping, where both cations and anions remain in the device. In this case, as
mentioned in Section 4.2, application of a bias voltage may lead to either an increase or
decrease of the current, which is determined by the faster moving ions.

Subsequently, all the doped devices were left in inert atmosphere for 44 days. In Fig-
ure 4.9, 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 current-
voltage curves of all the four devices get linear. In the case of TMAF the conductivity is
reduced by a factor of 10 (compare I−V of TMAF doped device in Figure 4.9 with that of
the same device before application of the bias voltage in Figure 4.6), showing that TMAF
is less stable.

4.4 Conclusions

In this chapter, by means of simulations and experiments, we investigated ionic move-
ment under applied bias voltage in doped OSC devices in the cases of effective and weak
n-doping. In the case of the effectively doped devices (PTEG-1 doped with either TBAF
or TMAF), where dopant cations are mobile, the smaller the cations, the faster decrease
in the current upon application of the bias stress. In the case of weak doping, where both
cations and anions exist in the film, depending on either dopant cations or anions being
more mobile, application of the bias voltage can cause decreasing or increasing of the
current.

Therefore, the temporal response of the current under an applied bias voltage can be
helpful to look into doping processes in different types of doped OSCs. Furthermore, we
canuse the current-voltage curve as ameans to check if thefield in thefilm is still uniform
after removal of the bias stress. The tool introduced in this chapter can be used to study
stability of organic-based semiconductor devices under working conditions (Chapter 5).

4.5 Experimental procedures

Materials: PTEG-1 was synthesized according to a previously reported procedure. [19]
TBAF, TMAF, TBAI, TBABF4 were purchased from Sigma Aldrich.

Device fabrication: 15×15mm2 n-doped silicon substrates coated with 230 nm SiO2

and patterned with 30 nm Au interdigitated electrodes were used as substrate. The sub-
strates were ultra-sonicated with acetone (3 times, each for 20 min) to remove the resist
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protection layer AZ7217, followed by iso-propanol ultra-sonication for 20 min. The sub-
strates were then dried with nitrogen gun and transferred into the oven at 140 ◦C, fol-
lowed by UV-ozone treatment for 20 min.
PTEG1 (> 99%) solutions (10mgml−1 in chloroform)weremixedwith different amounts
of dopant solution (5 mgml−1 in chloroform/ethanol) in nitrogen atmosphere to get 20
mol%doped solutions. The solutionswere spin-coated at 1000 rpm for 40 seconds, yield-
ing 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 5µm were
used for all measurements.

Measurements: current-voltage and current- timemeasurements were conducted in
a probe station under nitrogen atmosphere, using a Keithley 2000 source meter.
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