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The conductive polymer poly(3,4- - T

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is used in a B a S gl W

manifold of electronic applications, and controlling its conductivity is often the - v “;S;"‘

key to attain a superior device performance. To that end, solvent additives like

Triton, ethylene glycol (EG), or dimethyl sulfoxide (DMSO) are regularly Triton

incorporated. In our comprehensive study, we prepare PEDOT:PSS thin films EG DMSO

with seven different additive combinations and with thicknesses ranging from 6 separation

to 300 nm on indium-tin-oxide (ITO) substrates. We utilize X-ray photo- aggregation

electron spectroscopy (XPS) to access the PSS-to-PEDOT ratio and the PSS™-
to-PSSH ratio in the near-surface region and ultraviolet photoelectron
spectroscopy (UPS) to get the work function (WF). In addition, the
morphology and conductivity of these samples are obtained. We found that the WF of the prepared thin films for each
combination becomes saturated at a thickness of around 50 nm and thinner films show a lower WF due to the inferior coverage on
the ITO. Furthermore, the WF shows a better correlation with the PSS™-to-PSSH ratio than the commonly used PSS-to-PEDOT
ratio as PSS™ can directly affect the surface dipole. By adding solvent additives, a dramatic increase in the conductivity is observed for
all PEDOT:PSS films, especially when DMSO is involved. Moreover, adding the additive Triton (surfactant) helps to suppress the
WE fluctuation for most films of each additive combination and contributes to weaken the surface dipole, eventually leading to a
lower and thickness-independent WE.

PEDOT:PSS, photoelectron spectroscopy, polar solvents, work function, conductivity

resulting in the Coulomb interaction between negatively
charged monomers on PSS (PSS~) and PEDOT.'""™"? As
the pristine PEDOT:PSS shows a core (PEDOT-rich)—shell
(PSS-rich) structure in the bulk, excess PSS tends to
accumulate close to the surface of the thin films,***' both
hindering efficient charge transfer between adjacent PEDOTs
and active layers. Thus, numerous efforts have been
implemented to optimize the electrical properties of
PEDOT:PSS, including changing the configuration of the
PEDOT:PSS solution, adding additives, and varying annealing
temperature and post-treatment conditions.”*~** Here, we
focus on the discussion about the effect of the additives.
Adding additives into to the pristine PEDOT:PSS solution,
such as Triton X-100 (Triton or TX), ethylene glycol (EG),

The conductive polymer poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) finds its application in a plethora of devices,
ranging from organic and hybrid organic—inorganic optoelec-
tronic applications' > to biosensors”” and thermoelectric
applications.”*~'" The wide application of PEDOT:PSS is
brought about by its high conductivity, easy accessibility, and
low-temperature solution processability."' ~"* The hydrophobic
PEDOT is a conjugated polymer and responsible for the high
conductivity, whereas insulating hydrophilic PSS acts as a
counter ion to stabilize doped PEDOT and to enable the
dispersion of PEDOT in water.'” The structure of
PEDOT:PSS can be explained by its conjugated orbitals:
some of the C=C double bonds of PEDOT exhibit a benzoid

structure as they do in the monomer, which leads to a coil-like December 13, 2022
macroscopical structure, and the PEDOT-rich core is enclosed February 1, 2023
by a PSS-rich shell.'*~"* February 2, 2023

As shown in Figure la, a spatially delocalized z-system is February 20, 2023

formed along the molecular backbone of PEDOT, while the
countercharges are localized on the sulfonate groups of PSS,
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Figure 1. (a) Sketch of a PEDOT:PSS thin film from the macro- to nanoscale. Blue double bonds for benzoid, pink double bonds for quinoid. (b)
Secondary electron and (c) valence region of UPS data and (d) XPS-measured S 2p spectra of PEDOT:PSS + Triton + DMSO films with different
thicknesses. (e) AFM topography (height and phase, S00 nm X S00 nm) of the same thin films with their respective surface roughness. (f)

Chemical structures of Triton X-100, EG, and DMSO.

dimethyl sulfoxide (DMSO) (chemical structures in Figure 1f),
or p-sorbitol, is regarded as a convenient approach to bring a
higher conductivity by altering the PEDOT:PSS configura-
tions,”” which is also called “secondary doping”. These
additives can be roughly divided into “surfactants” and “co-
solvents”. Apart from being used to adjust the surface tension
as the surfactant,’”***! Triton is also beneficial for the
conductivity’' as Triton can combine with both PEDOT and
PSS*>** and leads to a transformation of the PEDOT C=C
double bonds from benzoid to quinoid, which facilitates
crystalline packing of PEDOT and elevates the charge
transport between PEDOT particles. As mentioned above,
PEDOT:PSS comprises PEDOT segments and PSS long
chains combined by Coulomb interaction. Some co-solvents
can decrease the Coulomb force between PEDOT and PSS
and partially release the conducting PEDOT from the
surrounding PSS shell. With the help of EG, the PEDOT:PSS
morphology changes from core—shell grains into fibrils, and
the improved crystallinity together with the PEDOT trans-
formation into quinoid structures contributes to the enhanced
carrier mobility and conductivity.”>**7*° Similar to EG,
DMSO also plays a role in improving the electrical properties
of PEDOT:PSS by impacting its morphology and chemical
composition; furthermore, DMSO can also induce the PSS
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aggregation and build a bridge effect for charge hopping.””~*

Despite the successful approaches to modify the PEDOT:PSS
films, a unified understanding of the physiochemical
mechanisms, which governs the thin film properties, is still
missing. For example, it is well-accepted that a PSS-rich surface
leads to high WF PEDOT:PSS thin films,"*** which was
explained by a surface dipole layer formed between PSS and
PEDOT.">** However, neutral PSS (PSSH) cannot contribute
to a dipole layer and a PSS™-rich surface should be the decisive
parameter for work function (WF). Furthermore, PEDOT:PSS
thin film properties depend critically on the specifics of thin
film preparation (purity of solvents and additives, actual
annealing temperature, residual gas in the glove box, etc.),
which makes a straightforward comparison of literature results
demanding.

In this work, thickness-dependent experiments of PE-
DOT:PSS films with seven additive combinations have been
prepared and characterized by X-ray photoelectron spectros-
copy (XPS), ultraviolet photoelectron spectroscopy (UPS),
atomic force microscopy (AFM), and four-point probe tests.
To figure out the effect of additives in detail, the S 2p and O 1s
spectra of PEDOT:PSS thin films with different additives were
analyzed to estimate the PEDOT-to-PSS and the PSS™-to-
PSSH ratio in the near-surface region to correlate the evolution
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Figure 2. Thickness-dependent work functions and the proportions of PSS to PEDOT obtained from S 2p spectra for PEDOT:PSS films on ITO

prepared with different additives.

of the WF of thin films. Based on the AFM analysis and
conductivity measurements, a specific illustration of PE-
DOT:PSS distribution in the surface region is given, which
can provide convincing guidance for the application of
additive-modified PEDOT:PSS films in optoelectronic devices.

We start with discussing the thickness-dependent electronic
and morphological properties of PEDOT:PSS thin films with
solvent additives (PH1000 + 1 wt % Triton and + S wt %
DMSO) optimized for highly conductive layers.”***> A series
of PEDOT:PSS films with different thicknesses (from 6 to 300
nm) were prepared by spin-coating on the ITO substrates
(Figure S1), and the processing parameters are given in the
Experimental Methods Section. The latent differences for the
thick PEDOT:PSS films (>100 nm) produced by one-step and
multi-step spin-coating processes need to be further inves-
tigated.

The UPS spectra of the secondary electron cutoff (SECO)
and the valence band region are shown in Figure 1b,c,
respectively. The WF of the 6 nm-thick PEDOT:PSS films is
4.71 eV and shifts to 4.90 eV as the thickness increases to 50
nm and slightly decreases to 4.83 eV for the 300 nm-thick
PEDOT:PSS film. The density of states in the valence electron
region close to the Fermi level is almost independent of the
film thickness regardless if it is plotted in a linear scale (Figure
Ic) or in a semilog scale (Figure S3). The S 2p core-level
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spectra measured by XPS are shown in Figure 1d. The spectral
signatures of PEDOT (at around 164 eV BE) and PSS (at
around 169 eV BE) are well separated due to the large
chemical shift of the sulfur atoms in the aromatic backbone of
PEDOT and the sulfonate groups of PSS.>** To fit the spectra,
the S 2p,,, and S 2p;, contributions to each S 2p peak have to
be considered, as detailed in the Experimental Methods
Section. Due to the delocalized 7-system of PEDOT, the
positive charge density on a particular PEDOT monomer
depends on the distance to the PSS™ counter ion, which leads
to asymmetric S 2p doublets in the PEDOT contribution.”*’
In contrast, the charges are localized on PSS~, leading to two
well-separated doublets, which allow the distinction between
sulfur atoms in neutral PSSH and in charged PSS™. The mean
free path of the photoelectrons for PEDOT:PSS samples is
only about $—10 nm,"”** and the spectra are dominated by the
near-surface region. The peak position of the S 2p core level is
almost independent of the film thickness. We note that our
fitting approach gives a rather robust PSS-to-PEDOT ratio
(due to the large chemical shift). However, extracting the PSS
to-PSSH ratio from the S 2p core-level spectra is more
ambiguous and a more straightforward approach is taken by
considering the O 1Is core levels into account, as detailed
further below.

Figure le shows the AFM micrographs of the PEDOT:PSS
films, and the root mean square (RMS) of the surface
roughness decreases from 2.77 to 2.35 nm with increasing
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Figure 3. (a) XPS S 2p and O 1s spectra for 100 nm-thick PEDOT:PSS films with different additives. The spectra are fitted into three kinds of
chemical states: neutral PSSH (green), charged PSS~ (blue), and PEDOT (red) in which positive charges were delocalized. (b) AFM topography
(phase and height, S00 nm X S00 nm) for 100 nm-thick PEDOT:PSS films.

thickness. For ultrathin films (with nominal thicknesses of 6
and 10 nm), the ITO surface is not fully covered, and the
granular-like morphology is still impacted by the roughness of
the underlying ITO substrate. The phase graph for
PEDOT:PSS consists of two different color scales for two
phases, a bright area for PEDOT-rich domains and dark area
for PSS-rich domains.'***** Combining the topography from
the height and phase graphs, we found that the surface
PEDOT:PSS changes from the granular shape for ultrathin
films to the fibrillary shape for thicker ones. The AFM results
can help to explain the evolution of the WF (Figure 1b): for
thinner samples (<10 nm), the UPS-measured WF is the area-
averaged mean WF of covered and uncovered sample
patches®® with a lower WF as the WF of the ITO substrate
is only 4.63 eV. For the thicker films (>50 nm), the substrate
is fully covered by PEDOT:PSS and the WF does not show
any large variations, which is almost thickness-independent.
To disentangle the effects of the additives (1 wt % Triton; 3
wt % EG; 5 wt % DMSO) on PEDOT:PSS thin film formation,
we performed UPS (Figures S2—S5), XPS (Figure S6), and
AFM (Figure S7) measurements on thin films with different
combinations. The thickness-dependent evolution of the WF
(obtained from the UPS SECOs) and the PSS-to-PEDOT
ratios (obtained from the area ratios of the respective S 2p
spectra) are shown in Figure 2. On the left panel of Figure 2,
for the PEDOT:PSS film without any additives (PH1000), the
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WE shows a slight increase from ultrathin films and saturates at
around 4.90 eV for thicknesses larger than S0 nm. Likewise,
the PSS-to-PEDOT ratio increases for thicknesses up to 50 nm
and then remains relatively stable. The lower WF for thinner
layers of pristine PH1000 films can be attributed to the
uncovered ITO substrates, as discussed above. The films
modified by polar co-solvents without Triton (i.e,, EG, DMSO,
or EG + DMSO) show a similar trend of the WF evolution but
with larger variation from 6 to 100 nm. In contrast, the PSS-to-
PEDOT ratios (~1.8) of these films have almost no thickness-
dependent changes and are lower than those of the pristine
PH1000 thick films (~2.0). The results shown here imply that
it is not sufficient to explain the evolution of WF of
PEDOT:PSS thin films by using the surface PSS-to-PEDOT
ratios. Since EG or DMSO can induce phase separation in the
solution, excess (free) PSS and PEDOT:PSS complexes coexist
in the PEDOT:PSS dispersion;***** the lower PSS-to-
PEDOT ratio suggests that excess PSS (PSSH) is sufficiently
removed during the spin-coating process and not much left on
the surface after the thin film formation.

The WF of the films with the surfactant Triton (right panel
of Figure 2) as the sole additive is almost thickness-
independent, and the PSS-to-PEDOT ratio slightly changes
for the lower thicknesses. Triton can induce a phase separation
of PEDOT:PSS (with Triton—PEDOT and Triton—PSS
complexes) by forming hydrogen bonds.””**' However, the
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PSS-to-PEDOT ratio is larger than that of the EG- or DMSO-
modified films, which suggests that the excess PSS with Triton-
PSS complexes are present in the thin films. With the
combination of surfactant and polar co-solvents (Triton + EG,
Triton + DMSO, and Triton + EG + DMSO), the WFs
become thickness-independent again. The constant WFs,
compared with the large variation of WFs of EG/DMSO
films, are attributed to the superior wetting ability of the
surfactant Triton, which leads to the formation of uniform
films even for thinner films.””*”*" The lower WF when Triton
is added shows good agreement with the reported values®”>>
but still lacks a well-established explanation.

The conductivity of all thin films (Figure S8) increases from
6 to 100 nm (except for pristine PH1000 without any
additives) and then saturates, which is similar to the evolution
of the WF and the surface composition (Figure 2). Thus, we
select 100 nm-thick films to expand our discussion on the
effect of the additives. By UPS a slight increase in the density
of valence band states near Ep for most additive-added
PEDOT:PSS films is observed when compared with the
pristine 100 nm PEDOT:PSS film (Figure S4). Apart from
fitting the S 2p spectra to get the PSS-to-PEDOT ratio, we also
included the O 1s core levels (Figure 3a) in the analysis of XPS
data to get a more reliable PSS™-to-PSSH ratio. While all
oxygen atoms in PEDOT and in PSS™ are in the same
respective chemical environment, an additional chemical shift
(of around 1.1. eV) takes place between the oxygen atom in
the hydroxyl group and the other two oxygen atoms in the
sulfonate group of PSSH.** All additives reduce the PSS~
contribution to the spectra compared to the pristine
PEDOT:PSS film, and the Triton-modified film shows the
lowest PSS™ content. Moreover, Triton increases the surface
roughness of all PEDOT:PSS films (Figure 3b), while EG or
DMSO alone does not notably affect the surface roughness.
The AFM phase images reveal that the addition of Triton
transforms the grain-like particles into small rod-like ones and
modifies the disorganized surface to form some oriented
domains, corresponding to the report that Triton can induce
the phase separation of PEDOT:PSS grains.”"*>** Similarly,
by adding EG or DMSO, the particles in the films become
enlarged and distinguishable; especially in the DMSO-modified
one, the particles are rod-like and more oriented than the
Triton-modified ones. In addition, the combination of
surfactant Triton and co-solvents EG/DMSO leads to the
morphological changes to fibril-like. The high RMS of fibrillary
films (Triton + EG, Triton + DMSO, and Triton + EG +
DMSO) can be attributed to the morphological transformation
from the randomized domain with granular structures to the
oriented domain with enlarged fibrillary structures, in which
PSS and PEDOT are highly separated and aggregated.”**
Due to the close packing of PEDOT and the aggregation of
PSS, the surface morphology becomes more oriented but also
the surface roughness increases.

The summarized WF, PSS-to-PEDOT ratio, PSS™-to-PSSH
ratio, and conductivity of the 100 nm thin film for each
combination (as shown in Figure 3) are presented in Figure 4,
along with the graphical descriptions on how additives impact
the surface region of PEDOT:PSS films. It can be clearly
distinguished that the WF and the PSS™-to-PSSH ratio show a
good correlation, while the PSS-to-PEDOT ratio does not
show an obvious evolution tendency with the WF. Compared
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different solvent additives. The sketches in the middle panel are based
on the XPS and AFM data (Figure 3).

with the pristine film, the PSS-to-PEDOT ratio decreases and
the conductivity increases when additives are added, which is
consistent with previous reports.'*®> The PEDOT:PSS thin
film with DMSO as a sole additive has the highest conductivity
and the lowest surface roughness. The very low conductivity of
the reference PH1000 film is due to the random distribution of
the PEDOT grains, which are separated by surrounding PSS~
and PSSH, leading to low intergrains tunneling or hopping
rates.'****>**  Furthermore, the hydrogen bonds between
adjacent PSS long chains and the ionic interaction between
PEDOT and PSS make the grains coil-like.””*

With Triton added into the solution, the lowest PSS™-to-
PSSH ratio also reduces the WF to the lowest 4.81 eV,
corresponding to the induced phase separation of PEDOT:PSS
and the resulting decrease in PSS™ amount.”® Such a large
degree of phase separation can be attributed to the long
structure of Triton itself and the multiple oxygen and hydrogen
sites for the formation of hydrogen bonds, for which the ionic
interacted PEDOT and PSS can be pushed away from each
other.”> The overlapped region of PEDOT increases, which
improves the conductivity to 212 S/cm. However, the
conductivity is still inferior due to the distortion of 7—x
stacking, for which the quinoid structure will turn back to
benzoid or an intermediate structure, thus the lower carrier
mobility.”” Compared with Triton, EG and DMSO show a
stronger effect to remove excess PSS (PSSH) and leave more
PSS~ on the surface, leading to the higher WFs (5.03 eV for
EG, 4.95 eV for DMSO). Though EG and DMSO have a
similar impact on the PSS™-to-PSSH ratio, compared with EG,
particles in the DMSO-modified film are more ordered, as
shown in the phase graph in Figure 3b, resulting in the highest
conductivity. The priority of DMSO in particle realignment
can be attributed to the superior effect of DMSO on the
formation of PSS segregations. The improvement of
conductivity for EG/DMSO additives can be attributed to
the enhanced carrier mobility resulting from the decreased
excess PSS barrier.””**7%7
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In the PEDOT:PSS films with multiple additives, the
addition of Triton can decrease the PSS™-to-PSSH ratio
compared with that of only EG or DMSO participation, thus
decreasing the WF. In addition, the synergy of Triton with EG,
DMSO, or EG + DMSO can boost the transformation of the
granular structures into fibrillary ones, as shown in Figure 3b.
Therefore, the charge hopping barrier can be lowered, which
improves the conductivity. The films modified with Triton +
DMSO are found to keep more PSS™ inside the film compared
to the films modified with other combinations of surfactants
and polar co-solvents, which can be regarded as the reason of
the larger variation of the WFs of corresponding films. The
increase in the PSS™ content can be explained by the proton
transfer or proton sharing effect wherein DMSO interacts
strongly with PSSH by forming hydrogen bonding with short
bond length and PSSH would share the proton with DMSO,
which leads to the formation of deprotonated PSS~ anions.>
When EG is further appended into the same solution, the
proton sharing effect of DMSO becomes weakened, leading to
the decrease in PSS™-to-PSSH ratio in Triton + EG + DMSO-
modified films. The decrease in PSS~ composition in the
surface region contributes to the low WF, which is also the
reason why, in comparison with the films without Triton, the
WEF:s of these films with Triton are almost independent of the
film thickness (Figure 2). Overall, the PSS™-to-PSSH ratio can
govern the surface dipole and consequently the WF of the thin
film. The electrical improvement is the synergy of the modified
fibrillary structure (the crystallinity), the decreased PSS barrier
between the conducting PEDOT grains (the carrier mobility in
the charge hopping mechanism), and the ratio of the quinoid
structure.

Our work illustrates that 100 nm is a proper thickness for
additive-modified spin-coated PEDOT:PSS films to obtain a
saturated conductivity and clearly demonstrates the spatial
distribution and morphological transformation of additive-
modified PEDOT:PSS in the surface region. The surfactant
Triton not only adjusts the surface tension to form a uniform
film but also can decrease the WF by impacting the ratio of
PSS™ to PSSH as it has more capability to remove the surface
PSS™. EG and DMSO show the similar effect on excess PSS
removal, but DMSO has the potential to transform the PSSH
into PSS™ by the proton sharing effect. Most importantly, the
additives tune the WF by changing the PSS™-to-PSSH ratio,
which directly contributes to the surface dipole. More PSS™
inside can lead to the larger variation of WF with thickness
increasing. All the additives have the ability to improve the
conductivity by removing the insulating barrier caused by
excess PSS and increasing the crystallinity by forming a fibril
film. The highest conductivity is contributed by the 100 nm-
thick DMSO-modified film, which is 1098.2 S/cm.

PEDOT:PSS solution (Clevios PH1000 with a PEDOT-to-PSS mass
ratio of 1:2.5) was purchased from Heraeus. Triton X-100 and
ethylene glycol (EG) were purchased from Innochem, and dimethyl
sulfoxide (DMSO) was purchased from J&K. The substrates—ITO
(SKJYLEAN, Suzhou Suke lean instrument Co. LTD) and silicon
with an oxide layer (30 nm)—were cut into 1 cm X 1 cm squares. To
ensure the similar film-forming properties, all the substrates were
ultrasonically cleaned in acetone, methanol, and deionized (DI) water
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for 20 min, followed by UV-ozone treatment for 20 min to remove
insoluble contaminants, forming the hydrogen bonds on the surface.

The precursor solution PH1000 was mixed with different additives (1
wt % Triton X-100 for the wetting agent, 3 wt % EG and 5 wt %
DMSO for co-solvents), and the mixed solutions were diluted with
different proportions of DI water such as 1:0.5, 1:1, 1:1.5, and 1:3
(mixture/water volume ratio). All the diluted solutions were blended
for S min by a vortex mixer before being used. To prevent the
substrates from turning hydrophobic after air exposure, PEDOT:PSS
films were prepared by spin-coating once the substrates had been
cleaned and transferred into an N,-filled glove box. Thicker films were
prepared by spin coating multiple times after S min of drying for each
layer. After spin-coating, all the samples were annealed at 125 °C for
20 min in the glove box.

The surface morphology was measured by atomic force microscopy
(AFM, by Veeco.). The film thickness of thinner films (6—50 nm)
was measured by spectroscopic ellipsometry (SE, by J.A. Woollam
Co., Inc.), while the thickness of thicker films (50—300 nm) was
confirmed by measuring the steps of tweezer scratches using AFM. A
four-point probe tester was used to measure the conductivity of
PEDOT:PSS films on SiO, substrates. XPS (Al Ka, 1486.74 eV) and
UPS (He I, 21.22 eV) measurements were carried out with
monochromatized light sources in a customized SPECS photoelectron
spectroscopy system> including an analysis chamber (base pressure:
3 X 107" mbar) and a sample load-lock. All the samples were
prepared and annealed in a N,-filled glove box and finally transferred
into an analysis chamber with a N,-filled load lock to protect the
samples from air exposure and air degradation. All measurements
were carried out at room temperature (295 K). The secondary
electron spectra were plotted as a function of kinetic energy corrected
by the applied bias voltage (—3 V) and the analyzer WF. In such a
way, the position of the SECO corresponded to the position of VL
above Ep.®" The core-level spectra were fitted by a convolution of
Voigt peaks with a Shirley background using CasaXPS. For fitting the
S 2p-derived peaks, the relative intensity of S 2p,,, and S 2p;/, was
fixed to 1:2 and the splitting energy to 1.18 eV. The S 2p doublets
contributed from PEDOT were fitted with an asymmetric line shape
LF(1,4,5,0) in CasaXPS.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphyschemau.2c00073.

Thickness configuration work of PEDOT:PSS films
(Figure S1), UPS SECOs and valence band regions of
PEDOT:PSS films (Figures S2—S5); XPS spectra of the
S 2p core level from PEDOT:PSS films on ITO (Figure
S6); AFM height images of PEDOT:PSS layers on ITO
(Figures S7), and conductivity of PEDOT:PSS films
measured using the four-point probe tester (Figures S8)
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