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(addition of electrons) the organic semi-
conductor to create equilibrium charge 
carriers in otherwise poorly conductive 
organics.[2,3] Depending on applications, 
different doping types and regimes are 
required. For example, distribution of low 
quantities of dopants in semiconductor 
layers is desirable for improving the per-
formance of organic field-effect transistors 
(OFETs).[4–6] Placement of the dopant at  
the semiconductor–dielectric interface is 
needed for fabrication of depletion transis-
tors.[7] Heavily doped layers positioned nearby 
electrodes facilitate the charge-injection 
and extraction process, thus improving the 
operation of organic light emitting diodes 
(OLEDs)[8] and solar cells.[9] Doping has been 
also shown to be of key importance for ther-
moelectric devices.[10] The doping of organic 
semiconductors as a fabrication process 
has already been implemented in industry, 
for example in the production of AMOLED 
displays.[11] Currently, vacuum deposition 

is predominantly used in industry because it allows a straightfor-
ward fabrication of complex multilayered devices with precisely 
controlled thicknesses and composition by sequential evaporation 
of different materials (semiconductors, dopants, and emitters).[8] 
Solution-based technologies have, in general, the potential for 
cheaper production of large-area devices, however fabrication of 
multilayers from solutions is still challenging.[12,13]

Derivatives of the hexacyano-[3]-radialene anion radical (CN6-CP•−) emerge as a 
promising new family of p-dopants having a doping strength comparable to that 
of archetypical dopant 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-quinodimethane 
(F4TCNQ). Here, mixed solution (MxS) and sequential processing (SqP) doping 
methods are compared by using a model semiconductor poly(3-hexylthiophene) 
(P3HT) and the dopant CN6-CP•−NBu4

+ (NBu4
+ = tetrabutylammonium). MxS 

films show a moderate yet thickness-independent conductivity of ≈0.1 S cm−1. 
For the SqP case, the highest conductivity value of ≈6 S cm−1 is achieved for the 
thinnest (1.5–3 nm) films whereas conductivity drops two orders of magnitudes 
for 100 times thicker films. These results are explained in terms of an interfa-
cial doping mechanism realized in the SqP films, where only layers close to 
the P3HT/dopant interface are doped efficiently, whereas internal P3HT layers 
remain essentially undoped. This structure is in agreement with transmission 
electron microscopy, atomic force microscopy, and Kelvin probe force micro
scopy results. The temperature-dependent conductivity measurements reveal 
a lower activation energy for charge carriers in SqP samples than in MxS films 
(79 meV vs 110 meV), which could be a reason for their superior conductivity.
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1. Introduction

Over the past decades, organic semiconductors (OSCs) have 
been extensively investigated due to their tremendous potential 
for flexible electronics applications.[1] One common way to tune 
the electronic properties of OSCs is through molecular doping, 
that is, controlled oxidizing (removal of electrons) or reducing 
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One of the approaches to overcome this problem is a 
recently introduced method using sequential processing 
(SqP) of different components from solvents of different 
polarity.[14–18] While in the most commonly used mixed-solution 
(MxS)-doping method (Figure 1a), the dopant and the polymer 

semiconductor are codissolved in a common good solvent 
(e.g., chloroform) and deposited together,[19–29] SqP involves 
a stepwise deposition of a semiconducting polymer and a 
dopant (Figure  1b). The most studies model system com-
prises the polymer semiconductor poly(3-hexylthiophene) 
(P3HT) and the dopant 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-
quinodimethane (F4TCNQ). SqP can be achieved by the depo-
sition of the dopant from, for instance, acetonitrile (CH3CN), 
which is a nonsolvent for P3HT (Figure 1b).

It was shown that at moderate doping levels, SqP provides 
somewhat higher conductivity compared to the doped films pre-
pared by the MxS method.[15] Although details of the SqP-doping 
mechanism are still under extensive discussions, it is believed 
that the dopant intercalates into the amorphous part of P3HT.[30] 
To explain the higher doping efficiency of the SqP method 
under some doping regimes, it was hypothesized that mobile 
holes, generated in amorphous domains, navigate into crystal-
lites where they have an energetic preference to reside, allowing 
them to contribute to charge transport while not suffering from 
ionized dopant scattering.[17] Furthermore, the incorporation of 
the dopant into amorphous part increases conjugation length of 
P3HT chains, which contributes to increased conductivity.[17]

Regarding the structure of sequentially doped films, it cru-
cially depends on the dopant and the solvent nature as well as on 
details of the doping procedure. For instance, when P3HT layers 
are coated by the F4TCNQ solution in acetonitrile,[17,30] or other 
solvents,[15] the dopant penetrates deeply into the polymer phase. 
In contrast, the electrical doping over a limited depth (with a 
decay constant of 10–20 nm) occurs when more polar dopant/
solvent compositions are used, such as a solution of phospho-
molybdic acid in nitromethane.[31] As an opposite extreme, the 
formation of bilayered structures with a spatial separation of 
dopants and semiconductors was demonstrated in our previous 
work, when the uncharged F4TCNQ dopant was replaced by the 
much more polar ionic dopant CN6-CP•−K+ (Figure 2).[28]

CN6-CP•−K+ is a reduction product of CN6-CP, which is a 
novel p-dopant recently introduced by our group.[29a] Owing to its 
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Figure 1.  Schematics of a) the mixed solutions and b) sequential pro-
cessing methods for the doping of P3HT; c) an illustration of an interfacial 
charge-transfer process.

Figure 2.  Chemical structures of semiconductors and dopants.
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unique [3]-radialene framework and the presence of six electron-
deficient cyano-groups, CN6-CP possesses an extremely high 
electron affinity (EA) of −5.8 eV. Furthermore, its single electron 
reduction product CN6-CP•−K+ also acts as a p-dopant having an 
EA of −5.1 eV, comparable with the EA of F4TCNQ.[29b] An attrac-
tive feature of CN6-CP•− salts is their high thermal and environ-
mental stability, unusual for free radicals, and excellent solubility, 
which can be easily tuned by variation of the nature of the coun-
terion. CN6-CP•−K+ can be synthesized in multigram quantities 
in two easy steps and a number of other CN6-CP•− salts, such as 
one soluble in organics by using tetra-alkyl ammonium can be 
prepared via experimentally simple ion-exchange reactions.[29b] 
On the other hand, the negative charge of CN6-CP•− can be used 
for its immobilization onto the oppositely charged PDADMAC 
layer deposited on top of P3HT films. It was shown that the 
deposition of CN6-CP•−K+ onto a P3HT/PDADMAC bilayer leads 
to the layered structure P3HT/PDADMAC/CN6-CP•− with no 
observable penetration of the dopant into the polymer.[28] Despite 
the spatial separation of the dopant and the semiconductor layer, 
the efficiency of this interfacial kind of doping was high, espe-
cially for thin films and conductivities in the 5–13 S cm−1 range 
were achieved for P3HT films with a thickness of a few nano
meters. We proposed that penetration of the dopant into P3HT 
is prohibited because of the high polarity of the dopant CN6-
CP•−K+ and the solvent (methanol). In addition, the polycation 
interlayer forms an insoluble complex with the dopant, which 
may play a role as a protective barrier.

The present work further explores the doping ability of the 
CN6-CP•− anion-radicals. Particularly, it investigates sequen-
tial doping of P3HT in the absence of the polycation interlayer 
by using a rather hydrophobic CN6-CP•−NBu4

+ salt, which 
is highly soluble in various organic solvents due to the pres-
ence of a bulky organic counterion. In contrast to CN6-CP•−K+, 
CN6-CP•−NBu4+ is soluble in both common and orthogonal 
solvents for P3HT, making it possible to apply and compare 
efficiencies of the MxS- and SqP-doping methods by using the 
same dopant. Thus, by using this dopant, it is possible to verify 
the generality of the trend established for the P3HT/F4TCNQ 
system, namely, that SqP enables higher efficiency at moderate 
doping regimes than the MxS.

2. Results

2.1. Electrical Conductivity

Electrical measurements were performed by two-probe 
method by using devices with interdigitated electrodes and 
having different channel dimensions (200 µm × 0.45 mm and 
300 µm × 11 mm). We start with conductivity measurements of 
MxS-doped films. In addition, temperature-dependent electrical 
measurements were performed for 4-probe devices. Although 
the MxS-doping was already reported in our recent paper, we 
repeated some of the experiments to obtain data from the 
same polymer batch and to study the dependence of the con-
ductivity on the thickness of the doped films and results are 
provided in Table S1 in the Supporting Information. Figure 3a 
(black squares) shows the dependence of the resistance (R) on 
the thickness of MxS-doped P3HT films, at a constant molar 
doping ratio, MDR = [CN6-CP•−NBu4

+]/[3HT] = 0.3.

This MDR was previously identified as the optimal value for 
achieving the highest conductivity.[29b] The resistance follows a 
reciprocal dependence on the thickness for n varied in a range 
from 11 to 150 nm (Figure 3a). This is characteristic for a mate-
rial having homogeneous properties and a constant specific 
conductivity.

To study the SqP-doping, P3HT films with the thickness 
varied from 1.5 to 250 nm were prepared. According to atomic 
force microscopy (AFM) and ellipsometry data, the thinnest 
P3HT film from this series represents a discontinuous P3HT 
monolayer. Atop of the polymer films, a solution of CN6-
CP•−NBu4

+ in ethanol with a concentration of 10 g L−1 was spin 
coated. With this dopant concentration and spin-coating condi-
tions, a full and homogeneous coverage of P3HT films with at 
least 20 nm thick dopant layer was provided, as verified by AFM 
(Figure  4a). The full coverage of the samples with the dopant 
was provided to ensure excessive amounts of the dopant. In this 
case, penetration of the dopant inside the polymer phase is not 
limited by the amount of available dopant for the doping even 
for the thickest P3HT film. As seen in Figure 3a (red circles), 
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Figure 3.  Dependencies of a) resistance and b) conductivity on the thick-
ness for P3HT/CN6-CP•−NBu4

+ films doped by MxS (black squares) and 
SqP (red circles) methods.
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the resistance of the doped samples undergoes little changes 
in a broad range of thicknesses from 1.5 to 250 nm suggesting 
a very limited penetration of the dopant into the polymer. 
Indeed, if the dopant freely penetrates into the polymer phase, 
the resistance should follow the inversely proportional depend-
ence of the film thickness, which is not the case. Furthermore, 
the fact that the samples with thicknesses varied by two orders 
of magnitude possess a comparable resistance suggests that 
all of them have similar dopant penetration depths, which 
are close to the thickness of the thinnest sample (i.e., close 
to 1.5 nm). Hence, these measurements demonstrate that the 
SqP-doped films have a layered structure and involve an interfa-
cial doping mechanism.

To study the influence of the amount of dopant on the SqP-
doping process, a series of P3HT films with the thickness fixed 
to 20 nm was prepared and then, solutions of CN6-CP•−NBu4

+ 
in ethanol with concentrations varied from 0.1 to 30 g L−1, were 
spin-coated. The resistance of the SqP-doped samples dropped 
from ≈1 GΩ for pristine P3HT film (Table S1, entry 1, Supporting 
Information) to R = 275 kΩ at 1 g L−1 (entry 10) and leveling at 
the dopant concentration of 10 g L−1 (R = 41 kΩ for 10 g L−1 and 
to R = 37 kΩ for 30 g L−1, entries 11 and 12). These values cor-
respond to conductivities varying from 10−5 S cm−1 for undoped 
films to 0.3–0.5 S cm−1 for films treated with 10  g  L−1 dopant 
solution. AFM measurements show that at low concentrations 
(e.g., for 1 g L−1, Figure 4b), the films are not fully covered with 
the dopant but segregates forming 10–30 nm thick and micro
meter-long nanorods as well as smaller round-shaped objects. 
Quantitative processing of the AFM data shows that these nano-
structures occupy ≈13% of the whole surface at the dopant con-
centration of 1 g L−1 (Figure 4b). Interestingly, resistances of the 
samples correlate well with the coverage degree of the surface 
with the dopant. For example, at full surface coverage, such as at 
10 and 30 g L−1 concentrations (Figure 4a), resistance is constant 
(39 kΩ); when the coverage drops by a factor of 6.7 (from 96% 
for to 13% for 1 g L−1), the resistance increases by a factor of 7.4. 
These data are in excellent agreement with the interfacial doping 
mechanism according to which only the dopant segregated atop 
of the polymer, but not the dopant penetrated into the polymer 
phase, contributes to the doping and conductivity increase.

It is interesting to compare conductivities achievable by the 
two methods. MxS-doped samples in the 11–150 nm thickness 

range exhibit σ ≈ 0.1 S cm−1 and a weak conductivity/thickness 
dependence (Table S1, entries 2–5, Supporting Information), 
which is characteristic for homogeneous materials, such as 
P3HT with evenly distributed dopant. A significant drop of the 
conductivity (1–2 orders of magnitude; Table S1, entries 6–8, 
Supporting Information) for ultrathin films (<5 nm) can provi-
sionally be explained in terms of percolation theory suggesting 
that the size of individual conductive pathways in MxS-doped 
films is comparable with the thickness of the film at which a 
significant drop of the conductivity is observed (i.e., at ≈5 nm). 
This point might correspond to a transition from the 3D to 2D 
regime accompanied with an abrupt conductivity decrease.

The conductivity of SqP-doped films calculated under 
assumption that films are homogeneously doped gives the 
highest conductivity of 6–7 S cm−1 for the thinnest P3HT film 
and the conductivity drops with the thickness increase fol-
lowing an inversely proportional dependence (Figure 3b). This 
dependence for SqP films is consistent with the formation of 
a layered structure with the dopant located on top of the semi-
conductor and with minimal intercalation of the dopant into 
the polymer. The resulting structure can be viewed as a kind of 
chemical transistor with the dopant layer acting as a top gate, 
which withdraws electrons from the semiconductor, generating 
the conductive channel at the dopant/polymer interface and 
leaving the deep layers undoped. Thus, averaging the conduc-
tivity of highly conductive topmost layers and less conductive 
bottom layers accounts to strongly thickness-dependent con-
ductivity values for the SqP-doped samples.

Temperature-dependent electrical measurements were per-
formed to get better insight into the origin of the superior charge 
transport in SqP films.[32] Films of MxS and SqP were prepared 
on glass substrates with Au film electrodes designed for 4-probe 
measurements allowing to exclude the contact resistance, which 
is especially crucial at low temperatures. The MxS film was 
drop cast from a blend solution contained 10 g L−1 of P3HT and 
5 g L−1 of the dopant resulting into ≈4.6 µm thick composite 
film. To prepare the SqP film, the first layer was drop cast from a 
10 g L−1 P3HT solution giving a ≈3.1 µm thick P3HT layer. In the 
second step, the dopant was spin-coated from a 10 g L−1 solution 
in ethanol giving ≈3.2 µm thick resulting film. Thus, the esti-
mated thickness of the second layer is ≈100 nm. The content of 
P3HT is assumed to be the same for both samples (n = 3.1 µm), 
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Figure 4.  AFM topography images of SqP-doped P3HT/CN6-CP•−NBu4
+ films prepared at a) 10 g L−1 and b) 1 g L−1 dopant concentrations.
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because the P3HT concentration in the precursor solutions was 
the same in both cases. It should be however emphasized that 
this estimation is not accurate and allows only a rough com-
parison of film properties. Geometrical parameters for the two 
samples are as follow: the channel length, l, is 3.1 mm in both 
cases, the distance between 4-probe electrodes is 0.9 mm, and 
the channel width, W, is 3.7 mm and 4.1 mm for SqP and MxS, 
respectively. Compared to MxS films, the SqP sample exhibits 
a much lower resistance at room temperature (RSqP  = 18 kΩ 
vs RMxS = 96 kΩ), in agreement with the above discussed data, 
and an even larger difference is observed at T  = 61 K (RSqP  = 
1 GΩ; RMxS = 27 GΩ). The 2-probe and 4-probe measurements 
showed similar resistivity values indicating negligible contact 
resistance. Both films show thermally activated charge transport, 
R ∼ exp(Ea/kBT) (see Figure 5) where Ea is the activation energy 
and kB is Boltzmann constant. The lower activation energy Ea = 
79 meV of the SqP film, compared to 110 meV in the MxS film, 
assuming comparable density of states in P3HT, leads to higher 
charge carrier density at a given temperature, which would 
explain the higher conductance of SqP films.

2.2. Transmission Electron Microscopy (TEM) Studies

To verify the conclusions made on the basis of the electrical 
measurements about the layered structure of SqP films, mor-
phological and structural investigations were undertaken. For 
TEM studies, a ≈100 nm thick P3HT film was prepared by spin-
coating on a silicon wafer and then a drop of CN6-CP•−NBu4

+ 
in ethanol was placed and allowed to evaporate. Afterward, a 
cross-section of the resulting film was made by focused ion 
beam (FIB) and the resulting lamella was investigated by TEM.
Figure  6a shows TEM images of the cross-section nearby 

the dopant droplet edge. The TEM image confirms the layered 
structure of the cross-section. The most valuable informa-
tion comes from element mapping of the cross-section with 

energy filtered TEM (EF-TEM; Figure  6b). As the dopant is a 
nitrogen-rich compound whereas P3HT contains no nitrogen 
but sulfur instead, the two materials have a good EF-TEM con-
trast. Figure  6b clearly proves the layered structure and the 
absence of the infiltration of the dopant into the polymer phase. 
In contrast, a control cross-section of P3HT&CN6-CP•−NBu4

+ 
prepared by the MxS method shows homogeneous distribution 
of components, as expected for the MxS-doped sample.

2.3. Kelvin Probe Force Microscopy (KPFM) Studies

KPFM was used to study the doping process by probing surface 
potentials (SPs) of the samples. In this work, we used a frequency 
modulated KPFM (FM-KPFM), which is a tapping mode, single-
pass AFM technique which is a particularly convenient method for 
simultaneous recording of topography and SP images.[32] KPFM is 
especially relevant to study the doping process, because it probes the 
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Figure 5.  Temperature dependence of R for SqP (red squares) and MxS 
(blue circles) films measured upon cooling. The black solid lines rep-
resent the linear fits performed for the determination of the activation 
energy Ea (see text for details).

Figure 6.  a) TEM image of the FIB-fabricated lamella of a 100 nm thick 
P3HT layer deposited onto silicon wafer having 300 nm thick silica layer 
atop of which a drop of CN6-CP•−NBu4

+ dopant solution in ethanol was 
deposited and allowed to evaporate. b) Element mapping of the same 
sample obtained with energy filtered TEM: distribution of the nitrogen 
atoms is shown in red and that of sulfur, in green; the image highlights 
the material contrast and absence of the intermixing of the nitrogen-rich 
dopant and sulfur-containing polymer.
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property, which is affected by the doping process—redox-induced 
changes of the chemical potential of a semiconductor.[33] Bare sil-
icon substrates covered by thick silica layers exhibit SPs in the +600 
to +800 mV range, which corresponds to a work function (WF) 
of −5.0 to 5.2 eV, a typical value reported in literature for SiO2.[33b] 

Pristine P3HT layers deposited onto these substrates have SPs of 
about ≈+200 mV, corresponding to WF of ≈−4.6 eV, which com-
pares well with the literature data.[34] As a representative example, 
Figure 7a–c shows topographic and SP images of a 12 nm thick 
P3HT film. Figure 7d–f shows topography and FM-KPFM images 
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Figure 7.  a,d) AFM topography, b,e) SP images and c,f) SP profiles of a–c) a pristine P3HT film and d–f) P3HT coated by 1 g L−1 CN6-CP•−NBu4
+ 

ethanol solution.
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of SqP-doped P3HT/CN6-CP•−NBu4
+ films prepared at 1 g L−1 

dopant concentration. Elongated crystallites and round-shaped 
particles seen in the topography and SP images and having an 
SP of ≈+750 mV, represent the dopant, whereas the background, 
having an SP of ≈+380 mV, corresponds to a slightly doped P3HT. 
The latter conclusion comes from a comparison of undoped P3HT 
SP (≈+200 mV) and strongly doped P3HT, prepared by the MxS 
method (≈+600 mV, Figure 8b,c).

The fact that the SP of the background area in Figure 7e falls 
between the SPs of the undoped and heavily doped P3HT sug-
gests that the dopant does not mix extensively with P3HT in the 
case of SqP method as it does for the MxS approach.

It is also interesting to compare morphology and SP 
images of the films doped by the two methods. As seen from 
Figure 8a, MxS films contain a number of round-shaped blobs, 
100–200 nm in diameter, which are separated from each other 

Adv. Electron. Mater. 2020, 6, 1901346

Figure 8.  a,d) AFM topography, b,e) SP images and c,f) corresponding SP profiles of the MxS-doped film (MDR = 0.3) and the same after washing 
with ethanol.
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by a distance of 1–3 µm. These objects are not seen on the SP 
image and the whole surface has the SP of ≈+600 mV (−5.0 eV), 
which is close to the WF of the dopant. Interesting transfor-
mations were found upon the rinsing of the sample with 
ethanol, which is a selective solvent for the dopant. As seen 
from Figure 8d,f, this procedure led to the formation of holes 
in places of the round-shaped objects. According to the SP data, 
the material under the holes is silica, whereas the background 
having unchanged SP upon rinsing, represents a doped P3HT. 
Obviously, the rinsing procedure removes the round-shaped 
dopant clusters forming holes revealing the bare silica (bright 
objects in Figure 8f with SP ≈+700 mV, WF −5.1 eV).

At the same time, the dopant entrapped inside the polymer 
film (background in Figure  8f) remains unwashed upon the 
rinsing. This follows from the fact that the SP of the back-
ground coincides with the SP of the doped P3HT (≈+600 mV) 
but not with the SP of undoped P3HT (≈+200 mV).

2.4. Grazing Incidence Wide Angle X-Ray Scattering 
(GIWAXS) Studies

GIWAXS was used in the present work to evaluate the effect 
of the dopant molecules on the structure of the films pre-
pared by different methods. Previously, we reported structural 
data for CN6-CP•−NBu4

+-doped P3HT thin films prepared 
by the MxS method.[29b] We showed that the blending of 
the polymer with CN6-CP•−NBu4 does not reduce, but even 
slightly increases crystallinity of P3HT. However, the most 
prominent change is a significant increase of the lamellar 
spacing from 16.44 Å for pristine P3HT to 17.84 Å for the 
MxS-doped one along with a slight decrease of the π-stacking 
distance. This rearrangement of the structure was tentatively 
attributed to incorporation of dopant molecules between 
alkyl chains,[29b] which corroborates with other reports.[16] 
In the present work, we extend these studies by measuring 
SqP-doped P3HT/CN6-CP•−NBu4

+ and P3HT/PDADMAC/
CN6-CP•−K+ films (the latter system was investigated in 
our previous paper, however structural studies were not 
reported). Table  1 compares relative crystallinity, coherence 
length, lamellar spacing, and π-staking distance for the films 
obtained by the three methods (see the Experimental Section 
for the calculation details).

The overall crystallinity underwent an increase in 
the MxS-doped films (67.4–76.5%), compared to pristine 
P3HT (62.3%) and a minor decrease in SqP-films doped 
by CN6-CP•−NBu4

+ (59.0–60.9%). The crystallinity of the 
P3HT/PDADMAC/CN6-CP•−K+ films is also decreased com-
pared to undoped P3HT. The size of crystalline P3HT domains 
(coherence length) underwent rather minor changes upon 
doping: being equal to 8.8 nm for pristine P3HT, it ranges 
from 7.7 to 10.1 nm for the films doped by different methods. In 
general, the observed variations of the relative crystallinity and 
coherence length are rather minor and most probably could not 
explain the difference in conductivity of the doped films pro-
duced by the three methods. The most significant change in 
GIWAXS patterns is a doping-induced increase of the lamellar 
spacing from 16.4 Å for pristine P3HT to 17.6 Å for the MxS-
doped film, 17.8 Å for the SqP-doped P3HT/CN6-CP•−NBu4

+, 
and 18.1 Å for the P3HT/PDADMAC/CN6-CP•−K+ (Figure  9). 
These changes are accompanied by a slight decrease of the 
π-stacking distance from 3.77 nm for pristine P3HT to 3.67 Å, 
e.g., for the P3HT/PDADMAC/CN6-CP•−K+. The deposition of 
the polycation interlayer (which is an intermediate step in the 
fabrication of the P3HT/PDADMAC/CN6-CP•−K+ films) did not 
change the molecular arrangement of pristine P3HT, empha-
sizing the key role of the dopant in the restructuring.

In general, doping-induced structural changes found in this 
work corroborate well with observations, reported previously. 
For example, for the P3HT/F4TCNQ system, an increase of the 
periodicity from 16.5 to 18.1 Å and a decrease of the π-staking 
distance from 3.76 to 3.69 Å upon doping, were reported 
(Figure 9d).[16,35,36a,b] Along the same line, Moule et al. demon-
strated both experimentally and theoretically that the doping 
induced spacing change is a result of a flattening of P3HT side 
chains.[36c] Similarly, the doping of P3HT in iodine vapors led 
to increase of the lamellar spacing from 16.6 to 18.5 Å, as pro-
posed in early works of Tashiro et al.[37] The observed enlarge-
ment of the lamellar spacing was attributed to incorporation of 
the dopant into the polymer side groups (Figure 8d). However, 
the most surprising finding of the present work is that above-
mentioned structural transformations are observed not only in 
MxS-doped films, where the polymer and the dopant are inter-
mixed, but also in those SqP samples, in which the constituting 
components differ strongly by their polarity, which were depos-
ited from strongly orthogonal solvents and which are believed to 

Adv. Electron. Mater. 2020, 6, 1901346

Table 1.  Lamellar spacing, d100, π–π stacking distance, d020, and relative crystallinity of the P3HT polymer of the different films prepared by the three 
different methods.

Film d100 [Å] d020 [Å] Relative crystallinity [%] Coherence length [Å]

# 1: P3HT 16.44 3.77 62.3 87.6

# 2: MxS-P3HT&CN6-CP•−NBu4
+(2/1) 17.59 3.75 76.5 77.2

# 3: MxS-P3HT&CN6-CP•−NBu4
+(3/1) 17.31 3.72 67.4 82.2

# 4: SqP-P3HT/CN6-CP•−NBu4
+(10 g L−1) 17.84 3.69 59.0 94.5

# 5: SqP-P3HT/CN6-CP•−NBu4
+(1 g L−1) 17.60 3.68 60.9 94.5

# 6: SqP-P3HT(60 nm)/PDADMAC 16.46 3.80 57.2 92.4

# 7: SqP-P3HT(60 nm)/PDADMAC/CN6-CP•−K+ 18.01 3.69 62.2 91.8

# 8: SqP-P3HT(20 nm)/PDADMAC 16.53 3.76 59.5 100.5

# 9: SqP-P3HT(20 nm)/PDADMAC/CN6-CP•−K+ 18.12 3.69 62.3 86.7
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be spatially separated in the resulting films. For example, very 
similar lamellar spacings are observed in P3HT films coated by 
a concentrated (10 g L−1) solution of CN6-CP•−NBu4

+ in ethanol 
as well as by a diluted solution (1 g L−1) (Table 1, entries 4 and 
5, respectively). Taking into account that according to AFM 
(Figure 3), the former sample is fully covered with the dopant, 
whereas the latter sample is covered only partly, the similarity 
of the spacing demonstrates that even minor amounts of the 
dopant are able to induce deep structural transformations. The 
fact that the enlargement of the lamellar spacing does not nec-
essarily require the incorporation of the dopant inside the P3HT 
phase, but it occurs also at interfacial contact of the polymer 
and the dopant is especially obvious in the example of the SqP-
P3HT/PDADMAC/CN6-CP•−K+ film. Indeed, the SqP prepara-
tion of this sample involves the coating from a water-soluble 

dopant, which is immiscible with the polymer so that its infil-
tration into the bulk of the strongly hydrophobic polymer is 
very unlikely, as shown in our previous paper.[28] Despite this, 
the SqP-P3HT/PDADMAC/CN6-CP•−K+ film shows the largest 
spacing of 18.1 Å (Table 1, entry 9). At first sight, these data con-
tradict with the bilayered structure of the doped SqP films and 
rather suggest intercalation of the dopant between alkyl side 
groups, similarly to the MxS films. However, it is important to 
note that the only information related to the structure of P3HT 
could be unambiguously extracted from X-ray measurement, as 
this component is crystalline, whereas the structural informa-
tion about dopants, which are amorphous when blended with 
polymers, is the subject of extensive speculations. For example, 
for MxS films, Chabinyc and co-workers proposed that F4TCNQ 
cocrystallizes in a cofacial manner with a polymer (PBTTT, in 

Figure 9.  a) Radial integration of the GIWAXS patterns of the various films prepared as described in legends; the vertical lines in (a) correspond to the 
main peaks of P3HT Form I. Schematic representation of possible arrangements for P3HT: b) the well-established Form I for undoped P3HT; c) a doped 
Form D with the dopant intercalated into side groups inherent for MxS-doping method, according to Brinkmann and co-workers[35]. Illustration of the 
“Sergeants-and-Soldiers Principle” for SqP-doping of P3HT: d) the topmost P3HT layer with intercalated dopant has a conventional doped Form D, 
whereas the bottom layer adopt the same arrangement without intercalated dopant.
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that case).[24] For SqP-doped films, Moule and co-workers pro-
posed that the dopant intercalates into the amorphous part of 
P3HT.[30] Schwartz and co-workers[16] and Brinkmann and co-
workers[35] criticized the idea of the π-stacked P3HT+:F4TCNQ− 
cocrystals being the dominant structure for any kinds of 
doping. Instead, they suggested that the dopant molecules, 
which account for the conductivity enhancement in SqP films, 
intercalate between the alkyl side chains of P3HT crystals.[35,36] 
The same arrangement was proposed for SqP P3HT films 
doped from vapor phase.[38] In general, this model assumes 
a doping-induced transformation of the thermodynamically 
stable Form I[39] (Figure  9c) for undoped P3HT in which the 
polymer side chains are significantly tilted relative to the con-
jugated backbone plane, into the structure with the side chains 
essentially coplanar with the backbone (let us call this struc-
ture Form D). The latter structure accounts for the enlarge-
ment of the lamellar spacing and explains the incorporation 
of the dopant. Regarding the structure of the doped films, an 
interesting feature is that the lamellar spacing in doped P3HT 
does not exceed the value of 18.0–18.5Å even at high doping 
ratios. This suggests that the maximal spacing is defined by the 
length of alkyl side groups oriented normally to the polymer 
backbone (Figure 9d), but not the volume requirements of the 
intercalated dopant. Clearly, this configuration allows a limited 
uptake of the dopant but other arrangements, in which adja-
cent P3HT molecules are not closely packed and provide more 
space to accommodate the dopant, are never observed experi-
mentally. As another extreme, we postulate the formation, 
under certain circumstances, of the Form D completely without 
incorporation of the dopant, as shown in Figure 9d. The exist-
ence of this form was experimentally observed by Brinkmann 
and co-workers who reported TEM investigations of P3HT 
films aligned by a rubbing technique and then sequentially 
doped by F4TCNQ. For the lowest concentration of the dopant, 
they particularly reported that the fraction of undoped P3HT 
is not represented with the pristine undoped Form I but is “…
attributed to undoped P3HT chain segments within the crys-
tals of the doped phase.”[35] This model also explains the obser-
vations in our work. For the P3HT/CN6-CP•−NBu4

+ system, 
we suggest that the enlargement of the lamellar spacing does 
not necessarily occur due to the incorporation of the dopant 
into the P3HT crystal as shown in Figure  9d, but can also be 
a result of a so-called “Sergeants-and-Soldiers Principle.”[40] It 
was introduced to describe conformation transitions in helical 
polymers according to which, it is required to add a small por-
tion of chiral units (sergeants) to the achiral units (soldiers) to 
favor one helical sense of the polymer. In our case, the topmost 
P3HT layer having increased lamella spacing because of inter-
calation of dopant molecules (Figure 9e, top), acts as sergeants 
that force the same structure in many bottom P3HT layers (sol-
diers), although they have no incorporated dopants (Figure 9f, 
bottom).

2.5. Absorption Spectroscopy

We now shift our focus to the optical properties of the doped 
P3HT/CN6-CP•−NBu4

+ films prepared by MxS and SqP tech-
niques. Figure  10 compares UV–vis–IR absorption spectra of 

the doped P3HT/CN6-CP•−NBu4
+ films on glass slides prepared 

by MxS method (black) and SqP technique at different concen-
trations, of 1 g L−1 (green) and 10 g L−1 (blue). To facilitate inter-
pretation of the data, we prepared films having approximately 
the same P3HT content. To fulfill this requirement, P3HT 
layers in SqP samples are two times thinner than the MxS 
sample, (≈20 nm vs ≈40 nm), as the polymer content in the 
MxS sample is 50%. The first observation is that both SqP sam-
ples are doped to a smaller degree, which follows from much 
stronger absorptions of the neutral polymer at λmax = 520 nm 
and a lower polaron absorption above 2000 nm in these sam-
ples, compared to the MxS-doped sample. This corroborates 
with the layered structure of the sequentially processed films, 
so that significant parts of 20 nm thick P3HT films in both SqP 
samples remained undoped. An important conclusion comes 
from a comparison of the light absorption and conductivity 
data. Despite lower polaron absorptions in SqP-doped samples, 
they have higher conductivity than the MxS-doped samples 
(e.g., compare entries 4 and 16 in Table S1 in the Supporting 
Information), highlighting the higher efficiency of the SqP-
doping method.

Figure 10b compares the IR region of the absorption spectra 
of ≈5 nm thick films prepared by different doping techniques. 

Figure 10.  a) UV–vis–NIR absorption spectra of SqP-P3HT/CN6-
CP•−NBu4

+ (10 g L−1) (blue line), SqP-P3HT/CN6-CP•−NBu4
+ (1 g L−1) 

(green line), and MxS-P3HT&CN6-CP•−NBu4
+ (black line) films. b) Fourier-

transform infrared (FTIR) spectra of MxS-P3HT&CN6-CP•−NBu4
+ (black 

line), SqP-P3HT/CN6-CP•−NBu4 (blue line), and SqP-P3HT/PDADMAC/
CN6-CP•−K+ (red line) films.
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For technical reasons (too strong polaron absorptions), the 
measurements of thicker films was not possible. The first 
observation is that the spectra of the two SqP samples, i.e., 
SqP-P3HT/CN6-CP•−NBu4

+ and SqP-P3HT/PDADMAC/CN6-
CP•−K+, are very similar but the last one has a much higher 
intensity. However, both of these spectra differ significantly 
from the samples produced by the MxS method. Particularly, 
the maximum of peak B, corresponding to the conventional 
intrachain polaron transition of the MxS sample, is clearly red-
shifted relative to the peak maxima of both SqP-P3HT/CN6-
CP•−NBu4

+ and SqP-P3HT/PDADMAC/CN6-CP•−K+ samples 
(0.405 eV vs 0.524 and 0.522 eV, respectively).[17,41] The redshift 
of the intrachain polaron absorption band in the MxS sample 
film corroborates with a somewhat higher crystalline order in 
this sample compared to the SqP samples (see GIWAXS data). 
Interestingly, the so-called peak A, which usually appears in the 
0.1–0.15 eV region and overlaps with IR-active vibration (IRAV) 
signals, is negligible in the MxS sample. This low energy 
absorption is usually attributed to a portion of polarons, which 
are delocalized over several polymer chains. As a rule, this low 
energy absorption is more pronounced in samples with higher 
crystallinity (and a more redshifted peak B). Quite unexpect-
edly, the less crystalline SqP samples having relatively blue 
shifted peaks B possess significantly more intense peaks in the 
IRAVs region. Although the exact reason for this discrepancy 
is not clear, the appearance of the peak A in the less crystal-
line SqP samples may be attributed to the layered morphology 
of the SqP samples, which favors the interchain delocalization 
of polarons. This statement corroborates also with the highest 
intensity of the polaron absorption in the peak B region of the 
infrared spectra for the SqP-P3HT/PDADMAC/CN6-CP•−K+ 
sample, which has the most well-defined layered structure.

3. Summary and Conclusions

In this paper, by using CN6-CP•−NBu4
+ as the dopant and 

P3HT as model semiconductor, we compared the efficiency 
of the two doping methods—MxS and SqP. MxS films show 
moderate conductivity of ≈0.1 S cm−1 in a broad range of thick-
ness. In contrast, the conductivity of SqP films exhibits a 
strong thickness dependency, the highest value of 3–7 S cm−1 
was achieved for thinner (1.5–5 nm) films, whereas it drops 
two orders of magnitudes for 100 times thicker films. The MxS 
films exhibit a bulk doping with a more or less homogeneous 
distribution of the dopant in the P3HT films, which results in 
thickness-independency of the conductivity. The results with 
the SqP films are explained in terms of an interfacial doping 
mechanism, according to which, only the layers close to the 
P3HT/dopant interface are doped efficiently, whereas internal 
P3HT layers remain essentially undoped. TEM, AFM, and 
KPFM investigations confirm the layered structure and, within 
resolutions inherent to these methods, exclude intercalation 
of the dopant in substantial amounts. It should be, however, 
stated that none of the methods allows detection of traces of 
the dopant inside the P3HT phase, so penetration of some 
minor amounts of the dopant into the semiconductor cannot 
be excluded. This is in contrast to the previously investi-
gated P3HT/F4TCNQ system, where the dopant intercalates 

significantly into the polymer phase. It is believed that the 
layered structure of the doped films originates from a strong 
difference in polarities of the dopant and the semiconductor 
polymer, as well as from the fact that an orthogonal solvent 
was used for the deposition of the dopant. GIWAXS and FTIR 
measurements demonstrated that the low conductivity of the 
MxS-doped films in the ultrathin film regime is not due to a 
lower molecular order in these films. On the contrary, MxS-
doped samples show even slightly higher crystallinity than the 
SqP ones. Furthermore, both deposition methods result in a 
very similar molecular packing with increased lamellar spacing 
of ≈18 Å, characteristic to the MxS-doped state. We propose 
that the difference in the charge transport lies on the macro-
scale. Indeed, AFM reveals a number of sub-micrometer clus-
ters of the phase-separated dopant in the MxS film, which can 
prohibit transport of charges at large, multi-micrometer dis-
tances. The temperature-dependent charge transport measure-
ments reveal a lower activation energy for the charge carriers 
in the SqP compared to the MxS samples (79 meV vs 110 meV), 
suggesting that at a given temperature, SqP films have higher 
charge carrier concentration, which could also be a reason for 
the higher conductivity. The fact that a higher polaron absorp-
tion and hence higher concentration of ionized states was 
observed in MxS samples (in comparison to SqP) indicates that 
a majority of the transferred charges are trapped leading to the 
lower conductivity.

4. Experimental Section
Materials: CN6-CP•−NBu4

+ was synthesized as described in ref. [29a]. 
P3HT batch I (Mn  = 28 kg mol−1; Mw  = 39 kg mol−1) was synthesized 
as previously described.[42] P3HT batch II (Mn  = 46 kg mol−1; Mn  = 
83 kg mol−1) was purchased from Merck and fractionalized by Soxhlet 
extraction (chloroform fraction was used). Solvents (chlorobenzene, 
chloroform, and ethanol) were purchased from Merck.

GIWAXS Measurements: GIWAXS measurements were performed 
using a Ganesha 300XL+ Instrument (SAXSLAB ApS, Lyngby/Denmark) 
with a Cu X-ray source operated at 50 kV/0.6 mA (λ  = 1.5408 Å), and 
a three-slit collimation system. A 2D Pilatus 300 K detector was used 
at 110 mm sample to detector distance and an incident angle of 0.2°. 
The data were analyzed using GIXSGUI program. The relative degree 
of crystallinity, χ, and lamellar spacing were calculated from radially 
integrated line profiles of the GIWAXS patterns between φ = 0° and φ = 
90°. The resulting curve was fitted using individual Gaussian functions 
for each peak and the amorphous broad hump extending between q = 
1.1 to 2.2 Å−1 superimposed on a linear background. χ values were 
obtained from the ratio of the total scattering intensity of the (100) peak 
to that of the sum of the total scattering intensities of the amorphous 
hump and the (100) peak. The lamellar spacing and coherence length 
were calculated from the (100) peak position, q100, and the full width at 

half maximum, Δq100 according to following equations: π= 2
100

100
d

q
 and 

π= ∆coherence length
2

100q
, respectively.

Preparation of Samples for Electrical Characterizations: To prepare 
SqP samples, P3HT solutions in chloroform were deposited by spin-
coating onto freshly cleaned devices for electrical measurements. 
Coating parameters (concentrations and rotation speed) were adjusted 
experimentally to achieve desirable thicknesses. For example, the 
thinnest, ≈1.5 nm, P3HT film is formed by spin-coating of 0.5 g L−1 
in chlorobenzene at 3000r−1; spin-coating of 5 g L−1 chlorobenzene 
solution at 2000r−1 gives ≈20 nm thick P3HT film. The thicknesses were 
determined by both ellipsometry and AFM scratch test measurements, 
as described in detail in the Supporting Information of the previous 
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paper.[28] On the second step, a few drops of 10 g L−1 solution of the 
dopant in ethanol were deposited atop of respective P3HT films to fully 
cover them with the dopant solution, which were removed by immediate 
switching on spin-coater at 2000r−1. For the MxS method, P3HT and 
the dopant were codissolved in chloroform to get desirable MDRs and 
deposited onto freshly cleaned devices for electrical measurements by 
using spin-coating. Coating parameters (concentrations and rotation 
speed) were chosen to achieve desirable film thickness.

Electrical Characterization: Highly doped silicon wafers with 300 nm 
SiO2 were used as substrates. For the electrodes, 2 nm Cr and 50 nm 
Au were thermally evaporated through a shadow mask at a vacuum 
of ≈10−7 mbar. The electrodes had a width of 4.5 and 11 mm and the 
distance between two electrodes was 200 and 300 µm, respectively. For 
the current–voltage (IV) measurement, a manual probe station (Cascade 
Microtech GmbH) and a Keysight B1500A Semiconductor Device 
Parameter Analyzer were used. IV sweeps for voltages of 0–10 V were 
performed for each substrate (3 sweeps). The linear current–voltage 
dependencies were extracted and the resistance of each sample was 
calculated due to Ohm’s law (Equation (1))

R U
I

= 	 (1)

From the resistance, the conductivity of the film was calculated based 
on Pouillet’s law (Equation (2))

σ ρ= = =1 l
RA

l
Rtw

	 (2)

where ρ is the resistivity, l is the distance between two electrodes, t is 
the thickness of the doped film, and w is the width of the electrodes. The 
exact distances between two electrodes were measured for every sample 
with optical microscopy.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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