The
University
&> U
e Sheffield.

This is a repository copy of Determination of the thin film structure of zwitterion doped
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate): a neutron reflectivity study.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/144198/

Version: Accepted Version

Article:

Pérez, G.E., Bernardo, G., Gaspar, H. et al. (4 more authors) (2019) Determination of the
thin film structure of zwitterion doped poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate): a neutron reflectivity study. ACS Applied
Materials and Interfaces, 11 (14). pp. 13803-13811. ISSN 1944-8244

https://doi.org/10.1021/acsami.9b02700

This document is the Accepted Manuscript version of a Published Work that appeared in
final form in ACS Applied Materials and Interfaces, copyright © American Chemical Society
after peer review and technical editing by the publisher. To access the final edited and
published work see https://doi.org/10.1021/acsami.9b02700

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose -
university consortium eprinis@whiterose.ac.uk
/,:-‘ Uriversities of Leecs: Shetfiekd & York https://eprints.whiterose.ac.uk/




Determination of the Thin Film Structure of
Zwitterion Doped Poly(3,4-
ethylenedioxythiophene):Poly(styrenesulfonate).

A Neutron Reflectivity Study

Gabriel E. Pérez,*T Gabriel Bernardo,} Hugo Gaspar,! Joshaniel F.K. Cooper,?

Francesco Bastianini,” Andrew J. Parnell ¥ and Alan D.F. Dunbar®f

T Department of Chemical and Biological Engineering, The University of Sheffield, S1 3JD,
UK
I Department of Physics and Astronomy, The University of Sheffield, S3 TRH, UK
§1SIS Pulsed Neutron and Muon Source, STFC, Rutherford Appleton Laboratory, OX11
0QX, UK

E-mail: geperez1@sheffield.ac.uk; a.dunbar@sheffield.ac.uk
Phone: +44 114 222 7555; +44 114 222 7551

Abstract

Doping poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) is
known to improve its conductivity, however little is known about the thin film struc-
ture of PEDOT:PSS when doped with an asymmetrically charged dopant. In this
study, PEDOT:PSS was doped with different concentrations of the zwiterion 3-(N,N
Dimethylmyristylammonio)propanesulfonate (DYMAP), and its effect on the bulk struc-
ture of the films characterized by neutron reflectivity. The results show that at low dop-

ing concentration, the film separates into a quasi bi-layer structure with lower roughness

1



(10%), increased thickness (18%), and lower electrical conductivity compared to the un-
doped sample. However when the doping concentration increases the film forms into a
homogeneous layer and experiences an enhanced conductivity by more than an order of
magnitude, a 20% smoother surface, and a 60% thickness increase relative to the pris-
tine sample. Atomic force microscopy and profilometry measurements confirmed these
findings, and AFM height and phase images showed the gradually increasing presence
of DYMAP on the film surface as a function of the concentration. Neutron reflectivity
also showed that the quasi bi-layer structure of the lowest concentration doped PE-
DOT:PSS is separated by a graded rather than a well defined interface. Our findings
provide an understanding of the layer structure modification for doped PEDOT:PSS

films that should be prove important for device applications.
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1 Introduction

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is arguably the most
commonly used hole transporting layer (HTL) material in organic solar cells (OSC).%? This
is due to its high transparency to most of the solar spectrum when processed as a thin film,?
good mechanical and thermal stability,* ® and excellent water solubility.” In addition to this,
it has low toxicity and a high work function which allows it to make a good ohmic contact
with polymer donors.® These characteristics make it a good hole transporter and electron
blocking material.® However, PEDOT:PSS is far from being optimised for OSCs and there-
fore significant potential still exists to increase the performance. Several types of additives

have been mixed with PEDOT:PSS, in order to improve its hole transporting properties



in OSCs, specifically by improving its electrical conductivity!®. These additives include

11,12 13,14 17,18

polar solvents!''2 alcohols!®!*4, ionic liquids!®, polyelectrolytes!® acids!™'®, surfactants!?,

20-23 " and zwitterions?*2°. The inclusion of these asymmetrically charged additives into

salts
PEDOT:PSS causes a variety of complex morphological changes in its molecular structure.
For example, the increase in conductivity of PEDOT:PSS by doping it when in aqueous
dispersion (solvent doping) has been widely interpreted as a result of the weakening of the
Coulombic attractions between the positively charged conducting PEDOT and the negatively
charged insulating PSS moieties induced by the dual-charge dopant?®2®. This is argued to
result in a phase separation between the two moieties which causes a conformational change
of the originally entangled PEDOT and PSS chains?%?32?8 to a more ordered conducting net-
work that facilitates improved charge transport® when deposited as a thin film. While this
is a widely accepted theory in the field, this change in morphology has been mostly studied
using surface techniques rather than as a thin film due to the fact that most bulk techniques
are not very sensitive to disordered polymer blends composed of two materials close in na-
ture (i.e. PEDOT and PSS). The lack of a more precise understanding about how these
changes occur has caused ambiguity and inconsistencies in the literature, hindering progress
in understanding the effect additives have on the morphology of PEDOT:PSS thin films.
For instance, the mechanisms of morphology change described above assume that there is a
homogeneous merging of the additive with the PEDOT:PSS in solution that persists during
film deposition and formation. Hence the possibility of a non uniform distribution of the
additive within the deposited thin film has not been considered, even though the separation
of organic compounds within the bulk of a mixture is a common phenomenon during the
preparation or the treatment of the film or the device that the film is part of.3%3! There-
fore, it is necessary to develop a deeper understanding of the mechanisms of conductivity
improvement and morphological changes caused by the use of additives, in order to achieve a
significant improvement in PEDOT:PSS engineering. This work was specifically conducted

to determine if a PEDOT:PSS solution doped with an asymmetrically charged dopant results



in a homogeneous single layer or a multi-layer structured film after deposition.
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Figure 1: Chemical structures of (a) PEDOT:PSS and (b) DYMAP.

Neutron scattering techniques can provide detailed information about the nanoscopic
behaviour of condensed matter. They differ from other scattering techniques such as X-rays
or light scattering in the fact that neutrons scatter from materials by interacting with the
nucleus of an atom rather than the electron cloud. This makes a neutron beam a non-
destructive and highly penetrating probe useful to study bulk morphologies without altering
the chemistry of high-energy sensitive samples such as organic molecules. Specular neutron
reflectivity (NR) is a technique that can provide information about the homogeneity of a thin
film normal to a surface. Although neutron scattering techniques have been used in the past
to study the morphology of PEDOT:PSS and its interactions with other compounds3234
to the best of our knowledge neutron scattering techniques have yet to be used to study
the bulk morphological change and electrical conductivity enhancement of zwitterion doped
PEDOT:PSS.

In this work we used the zwitterion 3-(N,N Dimethylmyristylammonio)propanesulfonate
(DYMAP) Figure 1 to dope a PEDOT:PSS aqueous dispersion (1:2.5 ratio, commonly used
for organic light emitting diodes and OSCs applications) at three different concentrations (0

mM, 10 mM, and 20 mM) to spin cast thin films similar to the ones used in OSC. We mea-

sured the electrical conductivity to identify the concentration at which the expected change
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in morphology occurs (indicated by an abrupt change in conductivity). We then used NR to
study the thin film structure and discuss the characteristics and homogeneity of the resultant
films. We also conducted atomic force microscopy (AFM) and profile (profilometer) mea-
surements to determine roughness and thickness of the films respectively. This information
was used to confirm and constrain the parameters of the NR data modelling and allowed us
to further understand the surface morphology of the films. Finally we incorporated the films
into photovoltaic devices based on a Poly[N-9-heptadecanyl-2,7-carbazole-alt-5,5-(4’7-di-2-
thienyl-2’,12,32-benzothiadiazole)| (PCDTBT): [6,6]-Phenyl-C71-butyric acid methyl ester
(PC71BM) blend as the active layer to determine the effect of dopant concentration for

doped HTLs on the photovoltaic performance of OSC devices.

2 Results and discussion

2.1 Electrical Conductivity

The electrical conductivity of PEDOT:PSS is dependant on its morphology which can be
modified by an asymmetrically charged dopant that alters the electrostatic interactions be-
tween PEDOT and PSS. Therefore a good indicator that a morphological change has oc-
curred within doped PEDOT:PSS is a drastic change in its conductivity. Our first motiva-
tion to measure the conductivity of DYMAP doped PEDOT:PSS films was to corroborate
that DYMAP would increase the conductivity of PEDOT:PSS. We also wanted to find the
doping concentrations at which DYMAP has not yet drastically altered the conductivity of
PEDOT:PSS, and the one at which it does. This would suggest that a relevant morphological
change has occurred and motivate us to use NR to study those concentrations. Conductivity
was calculated by measuring the sheet resistance and thickness of the films straight after
annealing to minimize any swelling of the films due to ambient water absorption (see dis-
cussion in supporting information S-2 to S-3). The conductivity results are shown in table

1.



Table 1: Conductivities of pristine, 10, and 20 mM doped PEDOT:PSS as a function of doping concentra-

tion.

Doping concentration ‘ Conductivity (S cm™)

Pristine PEDOT:PSS (2.7+0.3) x 102
10 mM DYMAP doped PEDOT:PSS (1.5+0.3) x 102
20 mM DYMAP doped PEDOT:PSS 0.8+04

These results are interesting since we expected that the conductivity would improve as the
concentration of DYMAP in PEDOT:PSS increased, in line with other cases in literature in
which PEDOT:PSS is doped with an asymmetrically charged dopant. 2926 The conductivity
of pristine PEDOT:PSS was (2.7 + 0.3) x 102 S cm, slightly higher than the 10 mM
doped sample which had a conductivity of (1.5 4= 0.3) x 102 S cm™. However, when the
doping concentration was further increased to 20 mM, the conductivity increased to 0.8 0.4
S cm!, more than one order of magnitude higher compared to the pristine sample. As
mentioned before, the increase in conductivity of PEDOT:PSS induced by the doping of
an asymmetrically charged molecule such as DYMAP has been attributed to reduction of
the coulombic attractions between PEDOT and PSS. This is caused by a screening effect
produced by the dopant which has been argued to enhance the hopping rate of charge
carriers within the film.3>3% Additionally, the dramatic increase in conductivity from the
10 mM doped film to the 20 mM doped one is indicative of a percolation threshold being
crossed. Such phenomenon is worth investigating in a separate study.

These conductivity results imply that a significant conformational change in the mor-
phology of PEDOT:PSS 102429 ig likely to be ocurring as the DYMAP doping concentration

is increased from 10 mM to 20 mM.

2.2 Neutron Reflectivity

After determining the concentrations at which the DYMAP induced a significant change in
the electrical conductivity of PEDOT:PSS, we conducted NR on the pristine (0 mM), 10

mM, and 20 mM DYMAP doped samples to study their film structures. Figure 2a shows the



NR data for a pristine PEDOT:PSS sample and the model used to fit it. A stack consisting
of three layers was required for the model (see figure 2b). From bottom to top these layers
were silicon (Si) substrate, a silicon oxide (SiO,) layer, and the PEDOT(1):PSS(2.5) film.
For each layer three parameters were considered in the model. These were thickness (D),

root mean square roughness (ogars), and scattering length density (SLD).

- Pristine film
— Fit (%=6.8)

D = 48.4nm
Oorys = 1.65nm
SLD = 1.42 x 107642

PEDOT(1): PSS(2.5)

D =444nm
Orys = 0.66 nm
SLD = 3.17 107642

Reflectivity (A

D =oonm
Orys = 0.5nm
SLD = 2.06 » 107°A~2

Momentum transfer (A™)
(a)

Figure 2: (a) Neutron reflectivity data for the pristine PEDOT:PSS film and its corresponding fit. (b)
Sketch of the stack proposed for the model (not to scale) along with their respective fit values for thickness
(D), root mean square roughness (crars), and scattering length density (SLD)

(b)

While the three parameters of the Si layer were fixed to well known SLD values, the
parameters for the SiO, layer were all fitted. The thickness of the fitted layer was 4.44 nm.
This is slightly high for a native oxide which typically has a thickness between 1 and 3 nm.
In order to corroborate this layer was native oxide we removed the polymer layers from the
substrate and conducted ellipsometry and AFM. We concluded that it is in fact an accurate
thickness for the native oxide (see supporting information S-2 to S-3). Since this particular
substrate came from a different batch and was cleaned with a different process than the
other substrates used in this study it is not so surprising that the oxide layer had a different
thickness. Moreover, the ozurg of the SiO, layer was 0.66 nm and its SLD was 3.17 x 1076
A2 both within the known values for this material.

The NR simulation of the PEDOT:PSS layer resulted in a 48.4 nm thick film which was

as expected for the spin coating conditions used to deposit the polymer (4000 RPM, 40 s),37



very similar to the 48 nm measured by the profilometer. The root mean square roughness
(crms) of the film was 1.65 nm which is similar to the 1.19 nm resulting gy from the
AFM measurement conducted on the same film. The SLD for this particular PEDOT:PSS
composition (1:2.5 ratio) was unknown so it was also fitted and the resulting value was
1.42 x 10 A2 which is very similar to the 1.68 x 107 A2 of the more conventional PE-
DOT:PSS formula (1:6 ratio) reported in the literature.®® To further confirm the validity of
this SLD value, we calculated the theoretical SLD values for the EDOT and PSS monomers
which are 1.8 x 1076 A2 and 1.57 x 1076 A2 respectively. These values are slightly higher
than the SLD value obtained from the fit. Since we measured the samples more than 24
hours after their preparation to allow stabilization of water absorption, and the SLD H,O is
—5.61 x 107% A2 we attributed the lower than expected SLD of the PEDOT:PSS film, i.c.
compared to that of the separate monomers, to the presence of water molecules absorbed in
the film due to the highly hygroscopic nature of PEDOT:PSS.

In order to determine if there is a bi-layer structure within PEDOT:PSS:DYMAP after
spin-coating, two different models were tested for the 10 mM sample. Then we compared
the probabilistic evidence of the two models using x? as the normalisation constant for
both models to determine the most probable structure of films. As suggested by Sivia and
Webster® a significant change in the probabilistic evidence is strong evidence that the model
with the lowest normalistaion constant is the most accurate description for the structure that
is being analyzed. Both models consisted of a 10 mM doped PEDOT:PSS film on top of a
silicon substrate and a native oxide, however for one model the polymer film was split into
two layers, and for the other model the polymer film was simulated as one homogeneous
layer. Figure 3 shows the NR data of the 10 mM doped sample along with fits of the two
models all plotted as reflectivity multiplied by the Fresnel decay of @* (RQ*) to emphasize
the differences between models, as this representation allows for better appreciation of the
quality of the fit.3® When fitting with the first model, where the PEDOT:PSS was split into

two layers all three parameters (D, SLD, and ogys) of the SiO, and the layer on top of the



SiO, (bottom polymer layer) were allowed to be fitted. For the top polymer layer only D
and SLD were fitted and ogysg was constrained between the minimum and maximum values
obtained by AFM. According to the best fit achieved the SiO, layer was 2.15 nm thick and
had an ogy s of 1.01 nm, both within the common known ranges of a native oxide layer.
The SLD was 3.15 x 1076 A2 which is similar to the well known value of 3.47 x 1076 A-2

40742 confirming that this layer is a native oxide. Out of the two models

reported in literature,
used the bi-layer model had the best fit with a x? of 2.95. The second model considered
only one homogeneous PEDOT:PSS layer (similar to the one used to model the pristine
sample) along with the fitting of its SLD and D, and the fitting the three parameters of the
SiO, layer. The ogys fitting of the PEDOT:PSS layer was again constrained to the AFM
minimum and maximum values just as for the two layer model. The SiO, layer obtained
with this model had an SLD of 3.6 x 1076 A2, was 2.3 nm thick, and had a ogass of 1.7 nm.
This model had a x? of 3.6 which is 22% larger (worse) than the x? of the 2 layer model.
This improvement in the quality of the fit strongly suggests that the NR data of the 10 mM

doped sample are best interpreted by assuming a separation of layers within the polymer

film which would confirm the hypothesis described earlier in the paper.
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Figure 3: Neutron reflectivity plotted as RQ* data for the 10 mM film and its corresponding fits using the
two layer model (black) and the one layer model (red) both under same simulation conditions. The x* values
of each fit are shown for comparison evidencing a 22% improvement from the 1 layer model to the 2 layer

model.

The 20 mM doped sample was analyzed in the same way to investigate if this separation
continues to occur as the doping concentration increases. The same types of models were
applied to the 20 mM doped sample NR data, however, the results were different for this
sample showing negligible improvement in the quality of the fit from the one layer model
to the two layer model (see figure 4) with their x? being almost identical (1.93 and 1.92
respectively). This suggests that for a doping level of 20 mM, the resulting film is a ho-
mogeneous mixed layer. The comparisons between the y? of both models for the 10 mM
and 20 mM are interesting as they suggest that at a lower level of DYMAP doping, the

PEDOT:PSS:DYMAP deposited film separates into two layers, but forms a homogeneous
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layer when the amount of zwitterion increases. We decided to further test the validity of this
argument by applying a two layer model to the pristine sample and a three layer model to
the 10 mM sample and found that there is not a significant improvement in the quality of
the fit in such models (see supporting information S-4 to S-5). Additionally, we performed a
second analysis for every model based on the Nevot-Croce scheme?®?® and a different metric for
the probabilistic evidence (see supporting information S-5 to S-15). The secondary analysis
agrees with the findings reported in this section confirming that a one layer model for the
pristine and the 20 mM samples, and a two layer model for the 10 mM sample are the most

plausible interpretations for their polymer films.

20 mM doped film data
— 2 layers fit (x*=1.92)
—— 1 layer fit (3°=1.93)

108

RQ* (A%

102 107"
Momentum transfer (A™")

Figure 4: Neutron reflectivity plotted as RQ* data for the 20 mM film and its corresponding fits using a
two layer model (black), a one layer model (red) both under the same simulation conditions. The x? values
of each fit are shown for comparison of quality of fit evidencing that there is no significant improvement from

using a two layer model over a one layer model (1% increase in quality of the fit).
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According to the two layer model for the 10 mM sample, there is a 10.1 nm thick layer
on top of the SiO, with a ogrprs of 8.1 nm. This is an unusually high ogys to thickness
ratio which indicates that this layer is not completely separated from the top layer, but
rather going through a gradual separation. The SLD of the bottom layer was 1.1 x 106 A-2
which is slightly lower than that of the undoped PEDOT:PSS film (see table 2). Given that
the theoretical SLD value of DYMAP is 4.7 x 10~® A2, the decreased SLD of this bottom
layer compared to that obtained for the pristine PEDOT:PSS suggests that the bottom
polymer layer likely contains most of the DYMAP precipitated within the polymer film.
The top polymer layer had a thickness of 45.86 nm, a ogys of 1.15 nm, and an SLD of
1.37 x 10~% A-2 which is very similar to the one of the pristine sample. This implies that
the top polymer layer is mostly comprised of undoped PEDOT:PSS with very small traces
of DYMAP as indicated by a minimal decrease in SLD (from 1.42 x 10~ A2 to 1.37 x 1076
A‘Q). The total polymer film thickness of the 10 mM sample (bottom and top polymer layers
combined) increased by 18% compared to the pristine sample, which hints at a swelling
effect induced by DYMAP. As for the 20 mM sample 2 layer model, the bottom polymer
layer had a thickness of 12.1 nm and a ogp¢ of 4.1 nm while the top polymer layer had
a thickness of 65.7 nm and a ogyg of 0.96 nm. However the scattering length densities
of both layers were very similar being 0.76 x 108 A2 for the bottom polymer and 0.82 x
106 A2 for the top polymer. This is a strong indication that the layers are not different
from each other, supporting the argument that there is no separation of layers at this high
concentration. For the 1 layer model the polymer layer was 78.02 nm thick and the ogrpsg
was 0.96 nm. The SLD of the polymer layer was 8.0 x 10°7 A2 which if compared to the
pristine PEDOT:PSS layer and the top layer of the 10 mM sample, is notably different
(lower). This decrease in the SLD could be due to the modified density of the film caused
by the dopant since it is 60% thicker compared to the pristine sample (see table 2). We
must also add, however, that the same spin coating conditions were used throughout, but

the solution became more viscous. Therefore an increase in thickness for the doped film
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could also be caused by the spin coating process. Extracting quantitative results from two

effects which have similar outcomes is therefore quite difficult. The increase in thickness

of the PEDOT:PSS film caused by an asymmetrically charged dopant is an effect that is

rarely considered in literature and has important implications on the interpretation of the

morphology modifications of PEDOT:PSS. Moreover, it directly affects the measurement

of its parameters such as efficiency in devices which is dependent on the thickness of the

film,4*% and conductivity which is commonly obtained by measuring the sheet resistance

and assuming a constant thickness for the pristine and the doped samples.

Figure 5 compares the scattering length density profiles of pristine (1 layer model), 10

mM (2 layer model) and 20 mM (1 layer model) DYMAP doped PEDOT:PSS.
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Figure 5: Neutron scattering length density profiles of pristine, 10 mM(2 layer model), and 20 mM(1 layer
model) DYMAP doped PEDOT(1):PSS(2.5).

Given the results presented here, we propose that at lower doping concentration (e.g.

10 mM for DYMAP in PEDOT:PSS) the dopant preferentially accumulates close to the
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substrate surface resulting in a bi-layer structure with the lower layer rich in the dopant (in
this case DYMAP), and the top layer comprised of mostly undoped PEDOT:PSS. We think
that reason why this happens is because at 10 mM the amount of DYMAP is insufficient to
dope all of the PEDOT:PSS molecules. Subsequently, when this mix is processed into a thin
film, separated layers form with the heavily doped layer near the Si interface. Moreover,
the large effective roughness (relative to film thickness) of the bottom polymer suggests that
this separation of layers is not into pure materials, in which one of them ceases to be at a
specific point within the film’s height. Instead, the film has a graded structure in which most
of the dopant is found near the bottom of the film and its presence gradually decreases as
a function of the film’s height leaving the top of the film comprised of mostly PEDOT:PSS
(see figures 6a and 6b). We also propose that when the dopant concentration increases (e.g.
the 20 mM DYMAP doped PEDOT:PSS), the more evenly balanced PEDOT:PSS to dopant
ratio allows the formation of a homogeneous film (see figures 6¢ and 6d). This is supported
in our study by the resulting structure of the 20 mM DYMAP doped PEDOT:PSS from the

NR data analysis.
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Figure 6: Neutron reflectivity data for the 10 mM (a) and 20 mM (c) DYMAP doped PEDOT:PSS films and
their corresponding chosen fits. The sketches of the 10 mM (b) and the 20 mM (d) samples (not to scale)

are also shown along with their respective resulting values for thickness (D), root mean square roughness
(crms ), and scattering length density. (SLD)
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Table 2: Thickness (D), root mean square roughness (crys), and scattering length density (SLD) of each

sample by layer. The numbers shown for the 10 and 20 mM sample correspond to the 2 and 1 layer model

respectively.
Pristine
D (nm) opgys (nm) SLD (10°A-2)
PEDOT:PSS 48.40 1.65 1.42
Si0, 4.44 0.66 3.17
10 mM
D (nm) ogys (nm) SLD (10°A-2)
Top Layer 45.86 1.15 1.37
Bottom Layer 10.1 8.10 1.10
Si0, 2.15 1.01 3.15
20 Mm
D (nm) ogys (nm) SLD (10°A-2)
PEDOT:PSS:DYMAP | 78.02 0.96 0.80
SiO, 1.72 1.32 4.09

2.3 Atomic Force Microscopy

In order to aid the NR data analysis by determining the ogys and to study the surface

morphology of the films, AFM was conducted. The results can be compared in table 3
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Figure 7: AFM height (top) and phase (bottom) images of pristine PEDOT:PSS (a and d), and 10 mM
(b and ¢) and 20 mM (¢ and f) DYAMP doped PEDOT:PSS. Images show decreasing root mean squared

roughness as the dopant concentration increases.

Height and phase images are presented in figure 7. The pristine sample (7a and 7d) had
an average ogrys of 1.19, the highest of all samples. Figure 7 also shows that there are clear
nodules (spherical features) in the height image which have been identified before as PEDOT
aggregates.?> As the concentration increases it can be appreciated how those nodules tend
to disappear or dissipate and instead a more interconnected film network is formed. This
observation is also supported by the subtle decrease in the average roughness of the 10 and
20 mM samples which are 1.07 nm and 0.96 nm respectively, as it is known that PEDOT is a
rough polymer when deposited as a thin film.2% This trend supports the argument presented
in the NR analysis section where it is observed that at a low concentration of DYMAP the
surface layer is mostly PEDOT:PSS with minor traces of DYMAP. However as the doping
concentration increases, the DYMAP becomes better mixed through all PEDOT:PSS and the
resulting surface morphology is considerably different in comparison to the pristine sample
being smoother and less aggregated. This change in surface morphology can also be seen in

the phase images (figures 7d, 7e, and 7f) where the 20 mM sample looks more homogeneous
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than the 10 mM and pristine samples supporting the idea described in the NR section of the
surface of the film transitioning from PEDOT:PSS to PEDOT:PSS:DYMAP as the dopant
concentration increases.

Table 3: Root mean square roughness (crars and thickness (D) values of the pristine, 10 mM, and 20 mM
DYMAP doped PEDOT:PSS samples obtained by surface measurement techniques (AFM and profilometer)

and neutron reflectivity modeling.

orms(nm) D(nm)

‘ NR AFM ‘ NR  Profilometer
Pristine | 1.65 1.1940.12 | 48.40 48.0+0.8
10 mM | 1.15 1.0640.10 | 55.96  58.3+4.5
20 mM | 0.96 0.984+0.10 | 78.02  90.3+5.7

2.4 Device performance

Finally DYMAP doped PEDOT:PSS films were incorporated into organic photovoltaic de-
vices to test their performance and to test if doping the PEDOT:PSS brings any improvement
to the device. The films were incorporated as the HTL in PCDTBT:PC7;BM based devices.
We were expecting to see an increase in the power conversion efficiency (PCE) of the 20 mM
sample since its conductivity is significantly increased (by one order of magnitude) compared
to the pristine and the 10 mM sample (see supporting information S-15 to S-18). However,
not only the overal PCE of the devices went down, but all the other photovoltaic parameters
decreased as well. We attributed this decrease in performance to the increased phobic be-
havior of the doped samples towards the active layer solvent. We suggest that such phobic
behaviour hinders the quality of the contact between the HTL and the active layer due to

dewetting (see supporting information Figure S9).

3 Conclusions

The structural and electronic properties of DYMAP doped PEDOT:PSS films depends

strongly upon the concentration of DYMAP used. The un-doped PEDOT:PSS forms a
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uniform thin film with some evidence of PEDOT aggregates on the surface. Upon doping,
the film thickness increases and at low concentration the DYMAP preferentially segregates
towards the substrate resulting in two layers with a graded interface after film deposition.
The bottom polymer layer is comprised of DYMAP doped PEDOT:PSS and the top poly-
mer layer is mostly comprised of PEDOT:PSS with negligible traces of the zwitterion. The
roughness of the interface between these two layers suggests that across the interface, the
zwitterion content decreases as a function of height within the film. This separation into two
layers only occurs at the low zwitterion to PEDOT:PSS ratio, as when the concentration of
DYMAP is further increased the NR data shows complete intermixing of the PEDOT:PSS
with the zwitterion resulting in a homogeneously mixed film. The AFM results indicate a
change in surface morphology from rough to smooth, with fewer PEDOT aggregates on the
top surface as it changes from PEDOT:PSS to PEDOT:PSS:DYMAP. The homogeneous 20
mM PEDOT:PSS:DYMAP films have a significantly higher conductivity, by over an order
of magnitude (~20-50 times) compared to the intermediate 10 mM films and the pristine
PEDOT:PSS. The later two had similar conductivities with the 10 mM films showing a
similar surface texture and only a slight reduction in conductivity compared to the pristine
PEDOT:PSS. When incorporated as HTLs in PCDTBT:PC71BM in OSC devices we found
that the photovoltaic performance decreases as the concentration of DYMAP in PEDOT:PSS
increases. Therefore it is clear that addition of zwitterion as a dopant in PEDOT:PSS results
in complex concentration dependent changes that influence the morphological and electronic
properties of the films. Understanding this complex relationship goes some way to explaining
the discrepancies reported in the literature regarding the effectiveness of using dopants in

PEDOT:PSS.
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4 Experimental

4.1 Materials

PCDTBT, PC7;BM (95% purity), encapsulation epoxy, and PEDOT:PSS in aqueous disper-
sion (HTL Solar) for which the solid content is in between 1.0 and 1.2 wt% and the PEDOT
to PSS ratio is 1:2.5, were all purchased from Ossila. DYMAP (> 98% purity) was purchased
from Sigma Aldrich. All chemicals were used without further purification or treatment. En-
capsulation glass slides and indium tin oxide (ITO) glass pixelated cathode substrates (6
pixels) were also purchased from Ossila and were used for device fabrication. Menzel-Glaser
microscope glass slides were used as substrates for the PEDOT:PSS:DYMAP films that were
subject to four point probe (FPP) sheet resistance characterization and profilometry mea-
surements, while 425 ym P /Boron doped polished silicon wafers purchased from Si-Mat were
used as the substrate for the films that were subject to AFM measurements. Polished 4 mm
thick circular silicon wafers (50 mm in diameter) were used to support the films that were

characterized with NR and were purchased from Prolog Semicor Ltd.

4.2 Film preparation and device fabrication

All types of substrate were washed in an ultrasonic bath at 60°C for 10 minutes in a 1%
Hellmanex ™TII/deionized water solution and subsequently in 2-Propanol. After each soni-
cation the substrates were rinsed twice in hot D.I. water and once in cold D.I. water. The
substrates were then dried by a nitrogen gas flow and then they were cleaned with oxygen
plasma for 5 minutes. PEDOT:PSS dispersion was taken out of storage at 4°C and 4 mL
filtered through a 0.45 pum polyvinyl difluoride syringe filter into a clean amber vial. 3.6
mg and 7.2 mg of DYMAP were put in three different amber vials and then 1 mL of the
filtered PEDOT:PSS solution was added to each of the vials to obtain the 10 and 20 mM
PEDOT:PSS:DYMAP concentrated solutions. All three solutions (the two different doping

concentrations and the undoped one) were then sonicated for 5 minutes prior to use. The
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solutions were spun-cast onto the substrates at 4000 RPM for 40 s and then annealed at
150°C for 15 minutes. The films were subsequently left to cool down to room temperature
prior to any measurement or further device fabrication process. All these procedures were
conducted in ambient conditions. For neutron reflectivity and profilometry measurements
the films were measured more than 24 hours after their preparation to allow them to reach
maximum ambient water absorption. This was done in order to minimize ambient water
absorption from the films during neutron reflectivity measurements which could compromise
the accuracy of the data. For device fabrication the annealed PEDOT:PSS films on the
ITO substrates were subsequently coated with a 1:4 PCDTBT:PC7;BM ratio blend solution
dissolved in chlorobenzene. This solution was prepared by stirring a 4 mg/mL solution of
PCDTBT in chlorobenzene overnight at 70 °C and then adding 16 mg of PC7;BM to the
solution with continued stirring for 2 additional hours at the same temperature. The solution
was filtered with a 0.45 pum polytetrafluoroethylene filter before use. The coating speed and
time for this film was 700 RPM for 30 seconds. Aluminium electrodes were then thermally
evaporated onto the devices through a shadow mask with an aluminium deposition rate be-
tween 0.5 and 1 nm/s for the first 50 nm and then at a rate between 4 and 8 nm/s for the
rest of the total 166 nm thick film. The samples were then encapsulated using epoxy and

glass coverslips and cured with UV light for 10 minutes.

4.3 Measurements and characterization

The neutron reflectivity data were obtained at the ISIS neutron and muon source (Oxford-
shire, UK) using the OFFSPEC reflectometer, which has an incident neutron wavelength
range from 1.5 Ato 14 A. Reflectivity data were collected at three different angles (0.4°
0.9°, and 2.3°) to cover the required momentum transfer range (0.08 to 0.25 A1). The data
were then analyzed with the software GenX using the soft nx model.*” The conductivity
of the films was calculated using their sheet resistance and thickness values (see supporting

information S-2). Sheet resistance was measured using a FPP system (see supporting infor-
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mation table S1) incorporating a Keithley 2602 source measurement unit. The thickness of
the films for the conductivity measurements was obtained with a J.A. Woollam Co. M-2000
ellipsometer with detector (charge-coupled devices, CCD camera) and a Cauchy model fit-
ted in the CompleateEase software by J.A. Woolam. Film thickness for comparison with the
neutron reflectivity data was measured across a scratch with a Bruker DektakXT profilome-
ter (12.5um stylus radius) and the Vision64 software (0.33um/pt scan resolution). AFM
images and roughness measurements were obtained with a Veeco Dimension 3100 AFM with
a NanoScope IV controller and a TESPA-V2 cantilever (37N/m nominal stiffness and 320
kHz nominal resonance frequency) in tapping mode. Contact angle values were obtained
with a Theta Lite Basic kit and integrated software (accuracy of £0.1°) from Nima (now
Biolin Scientific). The performance of the photovoltaic devices was measured using a New-
port 92251A-1000 solar simulator (AM 1.5) calibrated for the combined light output to 100
mW cm™ at 25°C. An aperture mask (six apertures of 0.025 cm? for six different and evenly
distributed measurements within the surface of the device) was placed on top of the de-
vices to define the active area during the voltage sweep. The photovoltaic parameters were

subsequently calculated from the J-V curve and the illuminated intensity.
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Supporting Information Available

The following files are available free of charge.

e Filename: S.I. NR. Contains: details on the calculation of conductivity (page S-2),
sheet resistance and thickness values of films (Table S1), abnormally thick SiO, layer
discussion (pages S-2 and S-3), ellipsometry graph (Figure Sla) and AFM height image
(Figure S1b) of the abnormally thick SiO, layer, additional validation of the quality
of the fit argument (pages S-4 and S-5), data and fits plotted as RQ* of the pristine
(2 layers) and 20 mM (3 layer) samples (Figure S2), parameters resulting from the
2 layer and 3 layer models for the pristine and 10 mM samples respectively (Table
S2), secondary analysis of the neutron reflectivity data (pages S-5 to S-15), secondary
analysis data, fits, and parameters in GenX for the pristine (Figures S3 and S4), 10 mM
(Figures S5, S6, and S7), and 20 mM (Figures S8, s9, and S10) samples, parameters
of the secondary analysis models for the pristine (Table S3,) 10 mM (Table S4), and
20 mM (Table S5), device performance discussion (pages S-15 to S-18), photovoltaic
performance and I-V curves of devices (Figure S11), and contact angle images of the

films (Figure S12).
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