
  

  

Molecular Doping and Trap Filling in Organic 
Semiconductor Host-Guest Systems 

  

  

Guangzheng Zuo, Zhaojun Li, Olof Andersson, Hassan Abdalla, Ergang Wang and Martijn 
Kemerink 

Journal Article 
  

  

 

 

N.B.: When citing this work, cite the original article. 

Original Publication: 

Guangzheng Zuo, Zhaojun Li, Olof Andersson, Hassan Abdalla, Ergang Wang and Martijn 
Kemerink, Molecular Doping and Trap Filling in Organic Semiconductor Host-Guest Systems, 
The Journal of Physical Chemistry C, 2017. 121(14), pp.7767-7775. 
http://dx.doi.org/10.1021/acs.jpcc.7b01758 
Copyright: American Chemical Society 

http://pubs.acs.org/ 

Postprint available at: Linköping University Electronic Press 

http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-137610 

 

 

 

http://dx.doi.org/10.1021/acs.jpcc.7b01758
http://pubs.acs.org/
http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-137610
http://twitter.com/?status=OA%20Article:%20Molecular%20Doping%20and%20Trap%20Filling%20in%20Organic%20Semiconductor%20Host-Guest%20Systems%20http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-137610%20via%20@LiU_EPress%20%23LiU
http://www.liu.se


1 

 

Molecular Doping and Trap Filling in Organic 

Semiconductor Host-Guest Systems 

 

Guangzheng Zuo a, Zhaojun Li b, Olof Andersson a, Hassan Abdalla a, Ergang Wang b, and Martijn 

Kemerink a* 

 

a Complex Materials and Devices, Department of Physics, Chemistry and Biology, Linköping 

University, 58183 Linköping, Sweden 

b Department of Chemistry and Chemical Engineering, Chalmers University of Technology,  

41296 Göteborg, Sweden 

 

Abstract 

We investigate conductivity and mobility of different hosts mixed with different electron-

withdrawing guests, in concentrations ranging from ultralow to high. The effect of the guest material 

on mobility and conductivity of the host material varies systematically with the guests’ LUMO energy 

relative to the host HOMO, in quantitative agreement with a recently developed model. For guests 

with a LUMO within ∼0.5 eV of the host HOMO the dominant process governing transport is the 

competition between the formation of a deep tail in the host DOS and state filling. In other cases, the 

interaction with the host is dominated by any polar side groups on the guest and changes in the host 

morphology. For relatively amorphous hosts the latter interaction can lead to a suppression of deep 
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traps, causing a surprising mobility increase by 1-2 orders of magnitude. In order to analyze our data, 

we developed a simple method to diagnose both the presence and filling of traps. 

 

1. Introduction 

Conjugated polymers (CPs) have been studied intensively as promising materials in organic 

semiconductors. In recent decades, hundreds of CPs have been synthesized and applied in light 

emitting diodes, organic field-effect transistors, solar cells and so on.1–5 In many applications of CPs, 

which can vary strongly in terms of energy levels and degree of crystallinity, are combined with 

another material to achieve high performance. For instance, F4TCNQ is commonly used as dopant in 

CPs to improve mobility and conductivity;6–9 PCBM is used as acceptor in solar cells with CP absorbers 

to achieve high power conversion efficiency.10–13 Triplet emitters are commonly employed to yield 

more favorable spin statistics in lighting applications.14–16 In what follows, we shall loosely refer to all 

such systems as host-guest systems, with the guest being the non-CP component. The primary 

question we shall address is the effect the guest material has on the charge transport in the host. The 

key parameter that is systematically evaluated in this work, is the energy level offset between the 

host HOMO and guest LUMO. 

F4TCNQ with its low (w.r.t. the vacuum level) LUMO is the most common p-type dopant for CPs 

that reportedly can improve mobility and conductivity in several material systems.6–9,17–20 However, 

that is for CPs like P3HT and PBTTT7–9,17, which all have a HOMO level above or close to the LUMO of 

F4TCNQ. On the other hand, reports about the influence of F4TCNQ on CPs with lower HOMO are 

rare. Furthermore, in most reports only blends with high fractions of F4TCNQ were examined. It is 

thus unclear what that the effect of F4TCNQ on various CPs in a large part of the available parameter 

space is. Generalizing the above, since effective molecular doping usually means the LUMO of the 

guest is close to or lower than the HOMO of the host material, studies regarding guests with higher 

lying LUMO (or low lying HOMO in the case of n-type doping), and their impact on transport in the 
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host are rare. This hiatus is of particular importance if one intents to use low concentrations of 

guests to selectively fill deep-lying traps and improve transport.21–24 

When, in the case of p-type doping, an electron transfers from the host material to the guest 

dopant, the Coulomb potential of the ionized dopant acts as trap, diminishing the charge carrier 

mobility - Pingel and Neher experimentally demonstrated this effect in F4TCNQ-doped P3HT.7,8 

Several analytic models have been suggested to describe this effect.25–28 In our previous work we 

developed a simple yet quantitative model based on the assumption of a doping-induced deep tail 

formed in the intrinsic Gaussian density of states (DOS) and benchmarked it against a numerical 

kinetic Monte Carlo model and experiments performed on the F4TCNQ:P3HT system.29 The effect of 

charge carriers not managing to escape the counter ion is directly related to the so-called doping 

efficiency, i.e. the fraction of dopants that produces a free charge that contributes to charge 

transport. Often this number is used as an empirical parameter characterizing a certain host-guest 

combination.19,30,31 Although Mityashin et al. proposed a mechanism for the escape of the charge 

carrier from its counter ion that allows quantitative predictions,32 their atomistic model is hard to 

implement and leaves a clear need for a simpler framework. 

Here, we present a systematic study to charge transport in host-guest systems where we varied 

both the host HOMO energy as well as the guest LUMO energy to arrive at a holistic picture that can 

be transferred to other material systems. F4TCNQ, with the lowest LUMO, acts as p-type dopant and 

in the low doping regime the mobilities of all hosts decrease with increasing F4TCNQ fraction due to 

the formation of (Coulomb) trapping potentials by F4TCNQ ions, in quantitative agreement with our 

recently developed model.29 At higher doping fractions, F4TCNQ aggregation causes either an 

apparent increase or decrease in mobility, depending on the host HOMO level. For PCBM, with the 

highest LUMO, the effect on mobility seems entirely morphological and depends on the crystallinity 

of the host. When mixed in P3HT (most crystalline) a systematic reduction in mobility was found, 

whereas for TQ1 (most amorphous) a surprising and strong mobility increase was found that could be 

assigned to the removal of traps. For NDI-CN, the effect on mobilities can be rationalized as a 
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competition between weak doping and trap filling on the one hand, and trap formation due to NDI-

CN’s strong electronegative cyano group that induces multipole potentials on the other. 

 

2.  Materials and Methods 

Materials: Regioregular-poly(3-hexylthiophene-2,5-diyl) ( rr-P3HT, Mr=166.3/ repeat unit); [6,6]-

Phenyl-C71-butyric acid methyl ester(PCBM, Mr=1030.99), and 2,3,5,6-Tetrafluoro-7,7,8,8-

tetracyanoquinodimethane (F4TCNQ, Mr=276.15) were purchased from Sigma-Aldrich. Poly[2,6-(4,4-

bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-b’]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] 

(PCPDTBT, Mr=534.84/ repeat unit) was purchased from 1-Material Inc.. Poly [2,3-bis(3-

octyloxyphenyl)-5,8-quinoxalinediyl]-2,5-thiophenediyl] (TQ1, Mr=618.84/repeat unit) and core-

cyanated naphthalene diimide (NDI-CN, Mr=877.29) were synthesized at Chalmers University of 

Technology. F4TCNQ was dissolved in ortho-dichlorobenzene (o-DCB), NDI-CN and PCBM were 

dissolved in chloroform (CF), to make different solutions with concentrations from 10 mg/ml to 10-4 

mg/ml, respectively. P3HT, PCPDTBT, and TQ1 were dissolved in CF. Solutions of different 

concentrations of F4TCNQ, NDI-CN, or PCBM were added in the appropriate ratio to the CP solution 

to get a doping range from 10-5 to 10-1 or, in some cases, 1 (molar ratio). At the same time, we 

changed the concentration of P3HT, PCPDTBT or TQ1 in CF and the spin-coating speed used for the 

deposition of the active layer to get different thicknesses for the active layer. 

Device Fabrication and measurement: Hole only devices were fabricated with the following 

structure: ITO/PEDOT:PSS (4083, 40nm) / active layer /MoO3 (5nm) / Al (90nm). The active layers 

were spin-coated on the top of the PEDOT:PSS film to reach a thickness of 200 nm to 400 nm as 

measured with a Dektak surface profilometer. All samples were thermally annealed at 120 °C for 10 

minutes after spin-coating. For P3HT this led to significant conductivity increases, whereas for 

PCPDTBT and TQ1 no such changes were found. In passing we note that the latter rules out that any 

significant F4TCNQ evaporation occurred during the annealing step. After that the Al-contact was 
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evaporated under a pressure of 1x10-6 mbar. The current-density vs. voltage (J-V) curves of all 

devices were measured in ambient air with a Keithley 2400. 

Drift-diffusion simulations. Drift-diffusion simulations of unipolar devices were carried out by 

numerically solving the coupled Poison and drift-diffusion equations on an equidistant mesh using 

Scharfetter-Gummel interpolation.33 Boundary conditions for the charge density 𝑛𝑛0 at the contacts 

were calculated as Boltzmann factors 𝑛𝑛0 = 𝑁𝑁0 exp(−𝜙𝜙 𝑘𝑘𝐵𝐵𝑇𝑇⁄ ) with 𝜙𝜙 the injection barrier. For the 

Ohmic contacts of our devices the standard condition 𝜙𝜙=0 is used; using small nonzero values makes 

no difference. The density- and field-dependent mobility that results from Gaussian disorder was 

implemented using the parametrization of Pasveer.34 An additional Gaussian trap level of density Nt 

at a depth Et was implemented as described by Paasch and Scheinert.35 Doping was accounted for in 

lowest order through the inclusion of a homogenous and immobile distribution of counterions (e.g. 

anions for p-type doping) with density Ndope. 

 

3. Results and Discussion 

Here we selected various, well-studied conjugated polymers with different HOMO levels and 

different degrees of crystallinity36–38 as host materials: P3HT (most crystalline), PCPDTBT and TQ1 

(most amorphous). As guest materials, F4TCNQ, NDI-CN and PCBM were chosen. Full names of all 

compounds are given in the experimental section, structures are shown in the SI (Figure S1). The 

corresponding approximate energy levels as determined by cyclic voltammetry (CV) are shown in 

Figure 1a. Apart from varying in energy levels, the guests also vary in polar character – F4TCNQ has 

no dipole moment owing to its symmetric shape, whereas PCBM and NDI-CN have 4.01 D39 and 3.1 D 

respectively. The different host materials were mixed with one guest material at a time in molar 

concentrations ranging from ultralow (10-5) to high (10-1). In order to diminish the effect from charges 

diffusing from the contacts,29,40 all film thicknesses were above 200 nm. 

The Ohmic conductivity 𝜎𝜎Ω and Ohmic mobility 𝜇𝜇Ω were measured in hole-only devices by fitting 

the expressions 
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𝑗𝑗 = 𝜎𝜎Ω𝐸𝐸
𝜎𝜎Ω = 𝑛𝑛𝑛𝑛𝜇𝜇Ω

                                                                     (1) 

in the slope = 1 region of the j-V curves on double-log scale. Here, 𝐸𝐸 = 𝑉𝑉/𝐿𝐿, where 𝑉𝑉 and 𝐿𝐿 are the 

applied voltage and film thickness, respectively. Further, j is the current density and 𝑛𝑛 = 𝑁𝑁0𝑐𝑐 with 𝑁𝑁0 

the total density of states that is taken 1.7×1026 m-3 and 𝑐𝑐 the (known) molar doping concentration. 

Note that by using this definition of n the problem of having to know the concentration of ‘free’ 

charges in the device is circumvented: n is the density of dopants and, since each dopant can in 

principle contribute one charge carrier, n is also the density of charges that is potentially available for 

charge transport. As such, the Ohmic mobility should not be identified with an intrinsic mobility of 

free charges. Moreover, space charge limited mobilities 𝜇𝜇SCLC are extracted from fits to the slope ≈ 2 

region of the j-V curves using the Mott-Gurney law 

𝑗𝑗 = 9
8𝜀𝜀0𝜀𝜀𝑟𝑟𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑉𝑉2

𝑆𝑆3
                                                                        (2) 

where 𝜀𝜀0𝜀𝜀𝑟𝑟 is the dielectric constant of the material, with 𝜀𝜀𝑟𝑟 taken to be 3.6. Generally, values for 

𝜇𝜇SCLC that are extracted from this procedure should not be over-interpreted;41 however, we will only 

be interested in trends, rather than in absolute values. 
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Figure 1. (a) Host and guest materials and their energy levels. Dashed lines indicate the combinations 

investigated in this work. Chemical structures are given in the SI. (b) Schematic illustration of the 

effect of doping on the density of states (DOS). Due to the attractive Coulomb potentials of the 

ionized dopants the original DOS (black line) is slightly broadened and gets an exponential low-

energy tail. (c) Schematic illustration of trap ‘neutralization’ encountered in this work. Top: the 

(assumed Gaussian) trap level gets filled by doping-induced charges; Bottom: the trap level vanishes 

due to the addition of a guest. 

3.1 Mobility and Conductivity 

3.1.1. F4TCNQ 



8 

 

We measured the J-V characteristics of hole-only devices based on P3HT, PCPDTBT and TQ1 

blended with F4TCNQ in molar fraction from 10-5 to 10-1. The derived Ohmic conductivities and 

mobilities are shown in Figure 2 for molar fractions up to 10-3. At higher loadings a sudden increase 

was observed for all materials except P3HT that we attribute to factors that are beyond the present 

study that focusses on the energetics; the full data set is displayed in the SI. We found that the 

conductivity of P3HT increased approximately linearly with increasing F4TCNQ fraction from 10-5 to 

10-3, with values that are quite similar to those reported by Pingel and Neher.8 In contrast, the 

conductivity of PCPDTBT and TQ1 just slightly increased in the same range. These trends are reflected 

in Figure 2b where the Ohmic mobility of P3HT is largely unaffected by the F4TCNQ doping in the 

range from low to moderate, 10-5 to 10-3, but the Ohmic mobilities of PCPDTBT and TQ1 gradually 

decrease with increasing F4TCNQ concentration at this range. In the following paragraphs we will 

discuss and rationalize this behavior. 

Figure 2. Dependence of (a) the Ohmic conductivity and (b) the hole mobility derived from that for 

different polymers with various F4TCNQ doping concentration. Symbols represent experimental data 

of individual devices of TQ1 (black down-triangle, thicknesses 255 nm and 327 nm), PCPDTBT (red 

rhombus, thicknesses 230 nm and 260 nm ), P3HT (blue up-triangle, thicknesses 265 nm and 360 

nm), and TQ1:PCBM (pentagon, 1:1wt). Dashed lines in (a) show the conductivity of pure CPs with 

the same color. Solid lines represent analytical data from the model with the following parameters: 
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P3HT (blue): ΔE = 0.24 eV; PCPDTBT (red): ΔE = -0.1 eV; TQ1 (black): ΔE = -0.23 eV; TQ1+PCBM (olive): 

ΔE = -0.16 eV. For all materials 𝜈𝜈0 = 5e9 s-1 and σDOS = 0.075eV were used. 

 

Focusing on low doping concentrations, a dopant molecule turns into dopant ion when an electron 

is transferred between the host material and the dopant. The resulting Coulomb potential acts as a 

trap for nearby charges. In transport modeling it is common to account for these traps through the 

introduction of a deep tail in the (Gaussian) DOS.25,29 At low doping concentrations, the effect of 

these traps is that a significant fraction of charges is effectively immobilized. Intuitively, it may also 

be expected that the transfer from the guest molecule to the host matrix gets more difficult with 

increasing difference between the guest LUMO and host HOMO. The experimental data in Figure 2 

indeed show these behaviors: the Ohmic conductivity increases sublinearly with doping 

concentration and, concomitantly, the Ohmic mobility decreases. This effect gets stronger when 

going from P3HT to TQ1, i.e. towards more negative Δ𝐸𝐸 = 𝐸𝐸ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 − 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑜𝑜𝑜𝑜𝑆𝑆𝐿𝐿𝐻𝐻𝐻𝐻. Note that a naive state 

filling model, neglecting trap formation and differences in Δ𝐸𝐸, would predict a super-linear increase 

in conductivity, and a concomitant monotonous increase in Ohmic mobility, that is the same for all 

studied CP. Note also that the low values for the Ohmic mobility for especially TQ1 only reflect an 

essentially constant Ohmic conductivity being divided by an increasing dopant concentration n, and 

should not be confused with e.g. a space charge limited mobility of ‘free’ charge. 

In order to get a more quantitative, and predictive understanding of the dominant processes, we 

developed a simple analytical model for the conductivity of doped CP that is based on the energetics 

of the system, taking the doping concentration c as independent input – note that this model is 

completely independent from the drift-diffusion model that is used below. It was extensively 

described and benchmarked against kinetic Monte Carlo simulations in a previous work.29 In brief, it 

accounts for the Coulomb-trapping effect through introduction of a dopant-induced deep tail in an 

otherwise Gaussian DOS as illustrated in Figure 1b. The effect of any offset between the guest LUMO 

and host HOMO is mapped on the depth of this tail by replacing, within a radius equal to the inter-
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site distance, the original semiconductor by an (effective) dopant, consisting of an energy level at 

𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑜𝑜𝑜𝑜𝑆𝑆𝐿𝐿𝐻𝐻𝐻𝐻 and an ion. For simplicity, the disorder in the dopant site energies is assumed to be equal to 

that of the semiconductor. 

Charge transport is modeled as either a variable range or nearest neighbor hopping process. For 

consistency with earlier work we chose to use the latter. Using percolation theory, the conductivity is 

assumed to be dominated by a critical hop between the Fermi energy 𝐸𝐸𝐹𝐹 and a transport energy 

𝐸𝐸∗.42 As the charge carrier density is already accounted for in the position of 𝐸𝐸𝐹𝐹, the Boltzmann 

factor exp(− (𝐸𝐸∗ − 𝐸𝐸𝐹𝐹) 𝑘𝑘𝐵𝐵𝑇𝑇⁄ ) is proportional to the conductivity. As such, not only the positive 

effect of state filling on charge carrier motion is included, but also the problem of having to explicitly 

calculate a fraction of ‘free’ charges, to be multiplied with a ‘free’ mobility, is circumvented. In the 

standard parameter set that is used unless indicated otherwise, the inter-site distance aNN = 1.8 nm, 

corresponding to a total site density N0 = 1.715×1026 m-3; the temperature T = 300 K, and the ion-

countercharge binding energy 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑔𝑔 = 0.5 eV. Other input parameters are the attempt to hop 

frequency 𝜈𝜈0, the Gaussian disorder σDOS and the energy difference Δ𝐸𝐸 = 𝐸𝐸ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 − 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑜𝑜𝑜𝑜𝑆𝑆𝐿𝐿𝐻𝐻𝐻𝐻 that is 

calculated from the numbers in Figure 1. The model implicitly assumes that dopants are 

homogeneously dispersed. If dopants instead sit in certain parts of the CP only, e.g. in 

(non)aggregated domains,43 this gives rise to a small (linear) correction on the logarithmic 

concentration axes that would not affect any of our results. In summary, the model calculates the 

Ohmic conductivity 𝜎𝜎Ω, taking the energy difference Δ𝐸𝐸 and the dopant concentration c as main 

inputs. 

Given the complexity of the problem at hand, the agreement of the model calculations, shown as 

solid lines in Figure 2, with the experimental data is quite good for doping concentrations up to 10-3. 

This indicates that our model, despite its simplicity, captures the key physics of the problem, i.e. the 

balance between dopant-induced deep trap states and state filling. It is important that the 

agreement with experiment in Figure 2 is obtained by only varying Δ𝐸𝐸, while otherwise using a single 

set of transport parameters that are consistent with previous works on these and similar materials.44–
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46 This highlights two important aspects. First, the parameter Δ𝐸𝐸 is the dominant factor determining 

the conductivity increase for a certain host-dopant combination. Second, the energetic disorder σDOS 

in the pristine host is only of minor importance as transport in the doped system is governed by the 

dopant-induced tail states that are the same for all materials (except for the influence of Δ𝐸𝐸), as 

shown in Fig. 1b. 

Importantly, our model does not have a parameter to account for doping efficiency; rather, this is 

a quantity that follows from the conductivity model.29 Hence, our results suggest that mobility, 

conductivity and doping efficiency are all dominated by the electrostatics of the problem. In fact, 

doping efficiency is a somewhat ill-defined quantity as in any energetically disordered hopping 

system the mobility is an ensemble average over individual charges with massively varying trapping 

times. There exists, therefore, a degree of arbitrariness in selecting particles that do and do not 

contribute to transport and the number of ‘free’ particles is not a good observable. Instead, 

conductivity, and the Ohmic mobility as defined through Equation 1, is a good and experimentally 

accessible observable. 

At higher concentrations the model predicts a smooth upturn due to the positive effects of state 

filling becoming dominant over the negative effects of increased disorder due to Coulomb trapping. 

The smooth upturn is not present in the experiments and a deviation occurs when the F4TCNQ 

fraction is above ∼10-2 as shown in the SI. 

3.1.2. NDI-CN 

In principle, as the energy difference Δ𝐸𝐸 between P3HT and NDI-CN is similar to that between TQ1 

and F4TCNQ, the conductivity of P3HT blended with NDI-CN should behave similar to TQ1 with 

F4TCNQ. The Δ𝐸𝐸 between TQ1 and NDI-CN is over -1 eV, which is beyond thermal excitation and NDI-

CN should have no effect on conductivity and mobility though a doping mechanism. In the 

experimental results shown in Fig.3, we found that the Ohmic conductivity of crystalline P3HT with 

NDI-CN increased slightly with small concentrations of NDI-CN added, to remain almost constant up 

to 10-2, followed by a steep decrease at 10-1. The latter drop is similar to the trend we observed in 
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P3HT with F4TCNQ (SI) and therefore tentatively attributed to the destruction of the crystalline 

morphology that is characteristic of regio-regular P3HT after annealing.47 The plateau between 10-5 

and 10-2 reflects the anticipated inefficient doping of P3HT by NDI-CN. Surprisingly, for (amorphous) 

TQ1 with NDI-CN, the Ohmic conductivity and the SCLC mobility gradually decreased with increasing 

NDI-CN fraction over the whole studied range. We will come back to this behavior in section 3.2. 

 

Figure 3. Dependence of experimental conductivity (black lines) and SCLC hole mobility (blue lines) 

on NDI-CN fraction 

3.1.3. PCBM 

On basis of the very large (and negative) Δ𝐸𝐸 no doping effect of PCBM as guest in any of the three 

host materials is expected. The measured Ohmic conductivity and SCLC mobility vs. PCBM 

concentration are shown in Figure 4. For each host the trend in Ohmic conductivity is equal to the 
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trend in SCLC mobility, indicating that the observed trends are due to mobility changes and not to 

changes in free carrier concentration. 

 

Figure 4. Dependence of experimental conductivity (black lines) and SCLC hole mobility (blue lines) 

and on PCBM fraction. 

Blending PCBM with P3HT decreases the hole mobility at higher PCBM fractions, which we 

attribute to the degeneration of the crystalline morphology as discussed above for F4TCNQ and NDI-

CN.48 We attribute the low value 𝜇𝜇𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ≈ 2×10-12 m2/Vs to the fact that the 1:1 molar ratio 

corresponds to a 1:6 weight ratio, which is significantly beyond the 1:1 weight ratio that is typically 

used in P3HT:PCBM solar cells and that still gives reasonable hole mobilities; a mobility around 10-12 

m2/Vs as found here is actually not uncommon for a poor percolating network for hole transport in 

P3HT.49 
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For the less crystalline, more amorphous hosts PCPDTBT50,51 and TQ1 a surprising, essentially 

monotonous increase in mobility with PCBM concentration is found. In particular, at high PCBM 

fractions that are relevant to solar cell applications, we find that the hole mobility is one (PCPDTBT) 

to two (TQ1) orders of magnitude larger than in the pure host material. The increase in hole mobility 

for the amorphous CPs is similar to the result reported by the Blom group for the MDMO-PPV:PCBM 

system.52 Blom et al. speculated that the ring-like conformation of amorphous MDMO-PPV53 would 

have a detrimental effect on mobility and would be suppressed by a large PCBM content. McGehee 

et al. concluded that PCBM intercalation in blends with MDMO-PPV is responsible for the increase,54 

whereas Savenije explained the dramatic increase in mobility by formation of PCBM-rich 

aggregates.55 For the present case, the role of PCBM-rich aggregates can be ruled out as the mobility 

upswing is already observed for molar ratios that are far below the solubility limit. 

To further test whether the PCBM blends with increased hole mobility behave as ‘normal’ 

materials, we also measured the mobility of a 1:1 wt. blend of TQ1 with PCBM doped by F4TCNQ. As 

shown by the green pentagons in Figure 2, this is indeed the case and the TQ1:PCBM blend follows 

exactly the same trend as the other host materials. 

3.2 Trap formation and filling 

In order to substantiate the interpretation of the data above and to answer the open questions, 

i.e. the unexpected mobility decrease observed in the TQ1:NDI-CN system and the mobility upswing 

in the TQ1:PCBM and PCPDTBT:PCBM systems for F4TCNQ concentrations above 10-3, we developed 

a novel method to more easily identify various processes, and in particular trapping and trap filling, 

involved in charge transport. The method is based on the inspection of the logarithmic slope of 

unipolar J-V curves, viz.  

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛 = 𝑏𝑏(log 𝑗𝑗)
𝑏𝑏(log𝑉𝑉)  (3) 

Interpretation of the obtained traces was facilitated by using a simple 1D drift-diffusion model that 

accounts for Gaussian disorder through a density- and field-dependent mobility, trapping in an 
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additional Gaussian trap level (assumed to be of equal width as the HOMO DOS) and doping; the 

corresponding energetics are illustrated in Figure 1c. Further details are given in the experimental 

section.56 

 

Figure 5. Calculated slope vs. bias curves from the drift-diffusion model with constant mobility (solid 

black line), Gaussian disorder (solid red line), Gaussian disorder+trap (solid blue line), Gaussian 

disorder+trap +doping (dashed blue line) and constant mobility+doping (dashed black line). The 

insert shows the corresponding J-V curves. The parameters used are: aNN = 1.8 nm, 𝜈𝜈0 = 1e11 s-1, and 

σDOS = 0.08 eV corresponding to µ0 = 6e-8 m2/Vs, Nt = 1e23 m-3, Et = 0.35 eV, Ndope = 1e23 m-3, and T 

= 300K. 

Based on this model, we calculated the illustrative J-V curves and slopes shown in Figure 5. In 

absence of traps, doping and Gaussian disorder, the well-known transition from Ohmic conduction 

(slope = 1) at low bias to space charge limited (slope = 2) is reproduced (solid black lines). 
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Introduction of Gaussian disorder causes an upswing in slope at high bias due to the mobility 

increase with field and density (solid red). Inclusion of a Gaussian trap level produces a peak at the 

transition between the trap-limited and trap-filled regimes; the height and position of this peak 

depend on trap depth Et and trap density Nt, respectively (solid blue). Adding a significant amount of 

doping has the effect of extending the Ohmic region (dashed black) and suppressing the peak 

associated with trap filling (dashed blue). The latter is explained by the doping-induced charges filling 

the trap level, see Figure 1c top panel. 

3.2.1. F4TCNQ  

Figure 6. Slope vs. bias curves for P3HT (a), PCPDTBT (b) and TQ1 (c) hosts with different F4TCNQ 

guest molar fractions as indicated in the legend (solid lines). Dashed lines are model fits with σDOS = 

0.08eV and material-specific parameters for PCPDTBT: pure (Nt = 5e22 m-3 and Et = 0.27 eV), and 

doped (Nt = 1e23 m-3, Et = 0.27 eV, and Nd = 1e23 m-3); for TQ1: pure (Nt = 5e22 m-3 and Et = 0.43 

eV), and doped (Nt = 1e23 m-3, Et = 0.43 eV, and Nd = 1e23 m-3). The inset to panel b shows the 

corresponding J-V curves. 

Figure 6 shows the voltage dependence of the slope obtained from J-V curves of the host-F4TCNQ 

systems discussed above; as an example, the raw J-V curves for PCPDTBT are shown in the inset of 

panel b; for the other hosts the curves are shown in the SI. For pristine P3HT the slope does not show 

any obvious peaks and the shape is similar to that of the constant mobility, no trap case in Figure 5; 

the upswing due to the Gaussian disorder is just visible above ∼3 V. Upon adding F4TCNQ, the Ohmic 

region (slope = 1) is extended to higher bias, as expected on basis of Figure 5. 
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For pure PCPDTBT and TQ1, an obvious peak atop a slowly increasing background is observed. On 

basis of the discussion above, these are attributed to the existence of traps in the two CPs. The more 

pronounced background slope as compared to P3HT indicates a higher disorder, in agreement with 

the σDOS values used in Figure 2. Upon fitting these peaks with our model, we estimate trap depths of 

0.27 eV and 0.43 eV, both at a density of ∼1023 m-3. In combination with the HOMO energies of these 

materials, 5.3 eV and 5.6 eV, these numbers do not suggest the existence of a universal hole trap in 

these materials.57 The minor deviations between fit and experiment regarding the peak shape are 

attributable to the assumption that the trap DOS is of equal width as the HOMO DOS, which is not 

important for the present discussion. Note that the parameters above cannot be compared to those 

used in the modeling of Figure 2 since the former characterize a trap that is not accounted for in the 

conductivity model of Figure 2. 

When adding a very low fraction F4TCNQ (10-5 to 10-4), we found the height of the peak actually 

increased and we suspect this results from deeper traps caused by F4TCNQ, in line with the 

interpretation of the decreasing Ohmic mobility in Figure 2. Likewise, the shift to slightly higher 

voltages for 10-3 can be attributed to a larger number of traps with increasing F4TCNQ fraction. 

It is clear that the trap filling peaks for PCPDTBT and TQ1 vanished at high F4TCNQ doping 

concentrations of 10-2 and above. These concentrations exactly coincide with the conductivity 

upswing, suggesting the latter is at least in part due to the effective removal of the trap by filling with 

doping-induced charges. Fitting these curves using our model with a dopant density of 1e23 m-3 

(dashed lines in Figure 6) corroborates this interpretation. In contrast to the conductivity model used 

in Figure 2, the drift-diffusion model assumes that all dopants are ionized, hence this is an effective 

number representing a lower limit for what would actually be needed in an experiment. 

3.2.2 NDI-CN 



18 

 

 

Figure 7. Slope vs. bias curves for TQ1 hosts with different NDI-CN guest molar fractions as indicated 

in the legend. 

The slope derived from J-V curves based on devices with TQ1 as host material mixed with different 

NDI-CN fractions are shown in Figure 7 – the less interesting curves for P3HT are shown in the SI 

(Figure S4). For TQ1 with NDI-CN, the trap peak around 1 V increased in height and shifted to higher 

voltages with NDI-CN fraction increasing from 10-5 to 10-1, indicating that more and deeper traps 

were introduced by NDI-CN. As NDI-CN cannot act as dopant in TQ1 because of the large negative 

Δ𝐸𝐸, these traps cannot simply be due to ionized NDI-CN. Instead, we attribute the trapping to higher 

order moments, i.e. dipole, quadrupole etc., associated with the two strong electronegative cyano 

groups in NDI-CN. Importantly, the increased trapping coincides with, and rationalizes, the gradual 

decrease in mobility as visible in Figure 3. 

3.2.3 PCBM 
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Figure 8. Slope vs. bias curves for PCPDTBT (a) and TQ1 (b) hosts with different PCBM guest molar 

fractions as indicated in the legend. Dashed lines are model fits with parameters for PCPDTBT: Nt = 

5e22 m-3 and Et = 0.30 eV; for TQ1 Nt = 5e22 m-3 and Et = 0.43 eV. These curves cannot be directly 

compared to Figure 5 as a different CP batch was used (PCPDTBT) and devices were somewhat 

thinner (TQ1). 

Figure 8 shows the voltage dependence of the slope for both amorphous CP hosts with PCBM as 

guest in concentrations ranging from 10-5 to 10-1 - for P3HT with PCBM, shown in the SI (Figure S5), 

no distinct conclusion can be drawn from the slope observations. For both PCPDTBT and TQ1, it is 

obvious that the trap peak diminishes and shifts to lower voltages with increasing PCBM fraction, 

indicating that the traps that are present in the pure hosts are somehow removed by mixing in 

PCBM, as sketched in Figure 1c (lower panel). This is fully consistent with the observation in Figure 4 

that the mobilities of these materials increase with PCBM loading. Considering the high LUMO of 

PCBM, any doping effects, i.e. an electron transferring to the PCBM, filling the host trap, can be ruled 

out. Hence, we are led to the conclusion that the mobility of TQ1, and to a lesser degree of PCPDTBT, 

increased due to a morphological improvement58 as previously suggested for MDMO-PPV,52,53 or, 

alternatively, to the removal of water from nanometre-sized voids within the microstructure of the 

pristine polymer by filling of these voids by PCBM.59 
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We should finally remark that the absence of a PCBM-induced trap peak, despite the fact that 

PCBM has a larger dipole moment than NDI-CN (4.01 D vs. 3.1 D, respectively), suggests it is not 

necessarily the guest dipole moment that leads to such a peak in Figure 7. Instead, we attribute the 

trap formation to the strongly electronegative CN group in NDI-CN. In F4TCNQ the effect of the 4 CN 

groups will be overwhelmed by the much stronger (monopole) Coulomb potential that results from 

charge transfer. 

 

4. Conclusions 

We systematically investigated the mobility and conductivity of polymer host materials with 

different HOMO levels doped by guest materials with different LUMO levels. For systems where the 

guest LUMO is within ∼0.5 eV of the host HOMO the dominant interaction is doping, that is charge 

transfer between the host and guest. The resulting conductivity is set by a competition between the 

formation of deep trap states due to the Coulomb potential of the dopant ion, the offset between 

the host HOMO and donor LUMO, and state filling, in agreement with our recent theoretical model. 

NDI-CN which has two strongly polar sidegroups is found to induce additional traps that lead to a 

decreased hole mobility. The electrically inert guest PCBM has the distinct effect of causing the 

removal of hole traps in amorphous host materials, leading to an increase in hole mobility for TQ1 

and PCPDTBT; a decrease was observed for (poly)crystalline P3HT that showed no trapping in its pure 

form. To arrive at our conclusions we developed a simple method to reveal trap formation and trap 

filling/removal by following peaks at intermediate bias in the logarithmic slope of unipolar current-

voltage curves. The method was corroborated by drift-diffusion modeling. 
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1 – Molecular structures and synthesis 

 

Figure S1. Molecular structures of host and guest materials used in this work. 

NDI-CN was synthesized with the route as following Wasielewski’s group.1 Cyclic voltammetry (CV) 

measurements were performed on a CH-Instruments 650A Electrochemical Workstation. A three-

electrode setup was used with platinum wires for both the working electrode and counter electrode. 

Ag/Ag+ was used for the reference electrode calibrated with a ferrocene/ferrocenyl couple (Fc/Fc+). 

A 0.1 M nitrogen-saturated solution of tetrabutylammonium hexafluorophosphate (Bu4NPF6) in 

anhydrous acetonitrile was used as the supporting electrolyte. The small molecule NDI-CN was 

dissolved in the electrolyte with 1 mg/mL concentration. The system was bubbled with nitrogen for 

15 mins prior to each experiment in order to remove oxygen from the electrolyte, and the CV curve 

was shown in Figure S2.  
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Figure S2. Cyclic voltammetry (CV) curve of NDI-CN 

The HOMO and LUMO level were estimated from the onset potentials by setting the oxidative 

onset potential of Fc/Fc+ vs, as shown in Table 1. the normal hydrogen electrode (NHE) to 0.63 V, and 

the NHE vs. the vacuum level to 4.5 V.2 The energy level of NDI-CN was calculated according to the 

formula HOMO = −(Eox + 5.13) eV and LUMO = −(Ered + 5.13) eV, where the Eox and Ered were 

determined from the oxidation and reduction onsets, respectively.3 

Table 1. Energy level of NDI-CN based on CV measurement 

 LUMO 

(eV) 

HOMO 

(eV) 

Eg  

(eV) 

NDI-CN -4.60  -6.66  2.07  

 

The dipole moment of NDI is 3.1 Debye, calculated by Gaussian 09 program based on density 

functional theory (DFT), B3LYP/6-31G++, which is similar base set taken for PCBM in Ref. 36.   
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2 – Full dataset for F4TCNQ doping 

Figure S3. Dependence of (a) the Ohmic conductivity and (b) the hole mobility derived from that 

for different polymers with various F4TCNQ doping concentration. Symbols represent experimental 

data of individual devices of TQ1 (black down-triangle, thicknesses 255 nm and 327 nm), PCPDTBT 

(red rhombus, thicknesses 230 nm and 260 nm ), P3HT (blue up-triangle, thicknesses 265 nm and 360 

nm), and TQ1:PCBM (pentagon, 1:1wt), dashed lines in (a) show the conductivity of pure CPs with the 

same color; solid lines represent analytical data from the model with the following parameters: P3HT 

(blue): ΔE = 0.24 eVPCPDTBT (red) ΔE = -0.1 eV; TQ1 (black) ΔE = -0.23 eV; TQ1+PCBM (olive): ΔE = -

0.16 eV. For all materials 𝜈𝜈0 = 5e9 s-1 and σDOS = 0.075eV were used. 

 

In absence of detailed structural characterization we can only speculate about possible scenarios 

for the sudden deviation between the experimental data and our model results at doping 

concentrations above 10-3. However, we should mention that we observed indications for 

aggregation in our F4TCNQ-doped films in the form of solutions turning opaque and spin coated films 

becoming less homogeneous and matte for the highest F4TCNQ loadings; all other solutions were 

transparent, leading to smooth and slightly shiny films. Aggregation of F4TCNQ at high 

concentrations has also been observed before.4,5 As an energy level shift of the order of a few 

hundreds of meV may be expected upon aggregation,6 the resulting less negative Δ𝐸𝐸 could 
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rationalize the observed upward deviation from our modeling results for PCPDTBT and TQ1. For P3HT 

that already has a positive Δ𝐸𝐸, there is essentially no gain. 

While the above argument would give a rational explanation of the observed jumps in conductivity 

we should stress that other morphological factors may play a role as well and may even dominate. 
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3 – Slope vs. bias curves for other systems 

 

Figure S4. Slope vs. bias curves for P3HT host with different NDI guest molar fractions as indicated in 

the legend. 

For P3HT with NDI, the shape of the slope curves is almost unchanged with NDI fraction from 10-5 

to 10-2. We attribute the absence of visible trap formation to any traps being immediately filled by 

the induced charges at low NDI fraction. The behavior is consistent with the lack of significant 

changes in the experimentally observed conductivities in Figure 3 of the main text. The changed 

shape at 10-1 coincides with the drop in conductivity that we attributed to a deteriorated 

morphology. 
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Figure S5. Slope vs. bias curves for P3HT host with different PCBM guest molar fractions as indicated 

in the legend. 
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4 – IV-curves 

 

Figure S6. J-V curves for P3HT, PCPDTBT and TQ1 hosts with different F4TCNQ guest molar fractions. 

 

Figure S7. J-V curves for P3HT and TQ1 hosts with different NDI-CN guest molar fractions. 

 

Figure S8. J-V curves for P3HT, PCPDTBT and TQ1 hosts with different PCBM guest molar fractions. 
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