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ABSTRACT

The present work is a detailed study of the poly(3,4-ethylenedioxyt
hiophene):poly(styrenesulfonate) ~ PEDOT:PSS films, were made to
undergo different treatments to examine how they affected morphology,
conductivity, transmittance, as well as the relative effect of the way the
organic photovoltaic devices performed. This was done by using the
PCPDTBT:PC, BM:SWCNTs and PCPDTBT:PC BM mixtures. The
process involves using DMSO and EG solvents for doping PEDOT:PSS
and separately exposing the films to the vapour of ammonium hydroxide
(NH4OH) solvent. After doping solvent was added to the PEDOT:PSS
solution, , the conductivity and transmittance of PEDOT:PSS experienced
a substantial increment, after which solvent treatment was performed
by subjecting these films to NH4OH solvent. When devices were doped
using PCPDTBT:PC, BM:SWCNTs or PCPDTBT:PC,BM with power
conversion efficiency, The optimal organic photovoltaic devices achieved
a 3.68% as compared to 2.20% for pristine PV devices or 2.67% instead
of 1.51% for pristine devices, respectively. The solvent treatment played a

significant part in enhancing conductivity in PEDOT:PSS films.
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INTRODUCTION

In molecular electronic devices, there is a high
use of poly (ethylene-3,4-dioxythiophene): poly
(styrene sulfonic acid) (PEDOT:PSS) in the form
of a transparent anode that has a comparatively
high work function. In addition, it is also used as
a smoothing layer to coat the coarse inorganic
conducting surfaces (typically indium-tin oxides [1].
It is widely acknowledged as a highly appropriate
conductive polymer that are employed as a hole-
transporting layer as it has high transparency, easy
processing, and stability. There is extensive use
of PEDOT:PSS as an anode interfacial layer that

improves the anode contact and also increases
* Corresponding Author Email: mr.mohammed@uomisan.edu.iq

the hole transmitting the polymer solar cells [2].
There is a substantial increase in the electrical
conductivity of PEDOT:PSS with the inclusion
of a few organic solvents [3,4], and acids [5], to
the PEDOT:PSS. However, there continues to be
a lack of clarity on how this increase is brought
about. The findings from the literature also show
that two contradictory effects are caused by the
annealing process on film conductivity, which is
typically used as a critical step when formulating
the device. These are modifications in the surface
ratio of PEDOT:PSS [3,4,6] and the screening
impact of the solvent [7]. In comparison to the
films created from pristine aqueous solutions, the
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technique used for the production of the film from
the mixture in which there is aqueous distribution
of the polymer and an organic additive often gives
rise to more rough film morphology [7]. There is
widespread acknowledgment of PEDOT:PSS being
a combination of conjugated conducting polymer
PEDOT and non-conjugated water-soluble PSS
polymer [8]. It has been determined that there
is an increase in the charge carrier concentration
in 5 wt.% dimethyl sulfoxides (DMSO) doped
PEDOT:PSS films when sodium hydroxide (NaOH)
is used to regulate the pH level of the polymer
[9]. The findings of various studies have shown
that the conductivity of PEDOT:PSS increases
substantially when aqueous PEDOT:PSS solution
is treated using different solvents, e.g., ethanol,
methanol, glycerol, isopropanol, ethylene glycol,
D-sorbitol, and diethylene glycol. This increase
was because of the removal of the PSS component
in the PEDQOT:PSS films to a certain degree [10-12].
In organic solar cells (OSC) devices, Vosgueritchian
et al. [13] have employed the most conductive
preparation of PEDOT:PSS (CLEVIOS PH 1000)..
According to the authors, when fluorosurfactant
was included as an additive in PEDOT:PSS, there
was a 36% increase in sheer resistance (Rs) in
comparison to PEDOT:PSS thin films that were not
treated. In addition, EG/PH1000 PEDQOT:PSS doped
with graphene are made to undergo spray coating
to create large area and extremely conductive films
with exceptional mechanical properties which are
employed as ultrathin electrode in organic solar
cells (OSC) devices [14]. Au nanoparticles are
used to dope PEDOT-PSS Al4083, which is another
kind another kind of PEDOT:PSS conductive ink
that is also employed in OSC devices [15]. When
Au nanoparticles are increased in PEDOT:PSS,
efficiency increases by around 13% to become
3.51%. Thisincrease occurs because of the increase
inFFfrom0.58t00.62andinJ_, from 8.7 mA/cm?to
8.94 mA/cm?. When the ratio of Au nanoparticles
increases further, device performance is affected
negatively [16]. The use of spin coating methods
makes it possible for PEDOT:PSS to create a
transparent film with low sheet resistance and high
conductivity [17]. For different uses of PEDOT:PSS
thin films, it is important to combine conductivity
and morphology [1]. While the drying process is
being carried out, there are various factors that
could affect these films, such as the proportion of
solid content, PSS percentage, particle size, and
the solution viscosity, because of which distinct
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morphological and electrical properties are
developed [18]. In addition, the power conversion
efficiency (PCE) fundamentally determines the
solar performance, and this is dependent on
various parameters, e.g., exciton production,
the active layer’s light harvesting, diffusion,
separation, transportation, and collection by the
electrode [19]. The production of organic solar
cells (OSCs) devices from the combination of
(PCDTBT: PC,BM) bulk heterojunction systems
exhibit comparatively improved photovoltaic
(PV) properties in comparison to the rest of bulk
heterojunction organic solar cells (OSCs) [20].
This study has examined the impact of PEDOT:PSS
treated with Ethylene glycol (EG) and Dimethyl
Sulfoxide (DMSQ). PEDQT:PSS is typically treated
with solvent additives or with solvent vapour
treatment. Two techniques were used in this
study. In the first, PEDOT:PSS is doped with DMSO
or EG. The other technique is using a solvent to
treat the doped PEDOT:PSS layer (utilizing the
performing NH40H solvents treatment for DMSO
-doped PEDOT:PSS layer). There is a direct effect
of this treatment on the morphology, optical,
electrical conductivity, and other properties of the
PEDOT:PSS layer, and hence, on the organic solar
cells’ effectiveness.

MATERIALS AND METHODS
Materials and Chemicals

The following were bought from Sigma Aldrich:
Poly (3,4ethylenedioxythiophene): poly (styrene
sulfonate) (PEDOT:PSS) layer (PH1000), Ethylene
glycol (EG), Ammonium hydroxide (NH4OH),
indium doped tin oxide (ITO) (having thickness
of 80 nm and sheet resistance of 25 Q/sq),
Dimethyl Sulfoxide (DMSO), chlorobenzene (CB),
[6,6]-Pheny C,, butyric acid methyl ester (PC_ BM),
(6,6)-Phenyl C butyric acid methyl ester and
Poly[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-
thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-
2,5-thiophenediyl (PCDTBT), and a mixture of
isomers (PC, BM).

PEDOT Doping: PSS with EG and DMSO

The hole transport layer (HTL) in the organic
cell was created from PEDOT:PSS aqueous solution
(PH1000). The PEDOT:PSS layer was altered in two
steps. First, 0.6 ml of EG and DMSO were separately
inserted into 12 ml PEDOT:PSS in the form of
additives [21, 22]. After this, vigorous mixing of the
solution was carried out for five hours, following
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which it was passed through a 0.45-pm polyvinyl
difluoride filter. The spin coating was then carried
out at 2000 rpm for 30 seconds to deposit the
filtered PEDOT:PSS over the ITO substrates. The thin
film thickness is determined using spectroscopic
ellipsometry, which is determined to be 100 nm
[23], and minor variations are observed between
the thin films examined. Water, methanol, and
ethanol were used to pre-clean the ITO-coated
glass in an ultrasonic bath for 10 minutes each.
Doped PEDOT:PSS and pristine were annealed
at a temperature of 120° C for 30 minutes.
The doped-PEDOT:PSS layer was then made to
undergo additional solvent treatment for two
hours each. Solvent treatment was also carried
out on DMSO-doped PEDOT:PSS layer and the EG-
doped PEDOT:PSS. Following the treatment, they
were annealed at a temperature of 120° C for 30
minutes.

Sample Preparation

PC,BM and PCDTBT were immersed in
chloroform or chlorobenzene in a 1:1 ratio, after
which they were mixed at 60° C for 1 hour. To
this (PCDTBT: PC, BM) solution, SWCNTs were
added in volumes (1:1:0:5), which were sonicated
for 1 hour. PCDTBT:PC_BM (in 1:1 ratio) were
then separately added to in chlorobenzene, and
mixed at 70° C overnight to create the organic
ink. Spin coating of the active layers was carried
out over the PEDOT:PSS layers within a N_-filled
glove box, after which they were annealed within
the glove box for 10 minutes at a temperature
of 120° C. The TiO, layer was developed over the
PCDTBT:PC, BM:SWCNTs active layer, After that,
it was annealed for 10 minutes at 120° C on a
hot plate within a glove box filled with nitrogen,

PCPDTBT:PCnBM:SWOCNT
PEDOT:PSS
ITO
Glass

bringing about the development of 40 nm thick
films.

A quartz crystal thickness monitor was used
to monitor the evaporation of a top contact of
aluminium (Al) that was around 100 nm thick, with
a deposition rate ranging between 0.1 and 0.2 nm/
sec. Further heat treatment was carried out on all
the devices within the glove box at a temperature
of 120° C for 10 minutes, after which they were
allowed to cool for 30 minutes, following which
measurements were obtained. The devices
diagram of the PCDTBT: PC _BM:SWCNTs and
PCPDTBT:PC,,BM-based devices being investigated
is demonstrated in Fig. 1.

Characterization

A Varian Cary 5000 UV-Vis-NIR
spectrophotometer that operates between 190 to
1100 nm is used to record the optical properties
of the layers being examined. The multipurpose
X‘Pert Philips X-ray diffractometer (MPD) was
used to examine the blend structure (Cu, k=0.154
nm). A Veeco Nano-Scope IV Multi-Mode AFM
in tapping mode was used to identify the films’
morphology. A Raman spectrometer (Renishaw,
UK) that had an excitation wavelength of 514 nm
was used to determine the Raman properties.
A 2400 computerized source meter was used
to examine the DC electrical properties, which
included current-density voltage (J-V) dependence
and electrical conductivity of PEDOT:PSS layers and
completed OSC devices. Also, Witha AM 1.5 solar
simulator source of 100mW/cm?, the photocurrent
was generated; for the |-V characterization, a
shadow mask was employed that had the same
active area (0.07 cm?). The equations given below
[22] were used to compute the solar cell’s fill

PCDTBT:PCaBM
PEDOT:PSS
ITO
Glass

Fig. 1. Devices diagrams for the (A) PCPDTBT:PC, BM:SWCNTs and (B) PCPDTBT:PC_ BM-based devices being investigated
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factor (FF) and its total light-to-electrical energy
conversion efficiency (PCE).

]maXVmaX
FF = —Rax max
Jse Voo )

In these equations, J_ signifies the short
circuit density (mA/cm?), V__is indicative of the
open-circuit voltage (V), J__ (mA/cm?) and V__
(V) indicate the current density and voltage
when there is highest power output in the J-V
curves, respectively, and P refers to the incident
light power. Moreover, DropSens interdigitated
Platinum electrodes (IDEs) were used to find out
the electrical conductivity. Using the following
equation, these IDEs can help determine the
surface conductivity (o) of the samples [1].

i n
7= Vwee 3

Here, refers to the film thickness, refers to
how far the fingers are from each other (6.67mm),
indicates the number of fingers (500), and signifies
how far the electrodes are from each other (5um).

RESULTS AND DISCUSSION
Effect of Treatment on PEDO: PSS Properties

The transmittance spectra of the PEDOT:PSS-
based layer prior to and following the treatment

are demonstrated in Fig. 2.

The transmittance intensity increases to some
extent after the PEDOT:PSS layer has undergone
treatment. The highest transmittance of around
91% has been exhibited by the pure PEDOT:PSS
layer, which is around 450 nm. It can be seen in
Fig. 2 that when the PEDOT:PSS is doped with
EG and DMSO, there is a small increase in the
transmittance spectra. It is determined that the
increased transparency is advantageous for the
OSCs electronics [24]. Following solvent treatment,
it is seen that the transparency of the PEDOT:PSS
increases further. Good transmittance spectra
are typically exhibited by all the PEDOT:PSS thin
films, ranging between 400 and 800 nm, which
may be because of the colourless attribute of the
PSS. The presence of PEDOT is what essentially
gives rise to optical absorption in PEDOT:PSS [25].
The loss of PSS from the PEDOT:PSS thin films are
not the reason for this variation in intensity since
heating was used to eliminate all solvents from
the PEDOT:PSS films and no solvent was used to
rinse the treated PEDOT:PSS films. Hence, the
variation in transmittance may be because of a
solvent-induced change in the morphology of the
PEDOT:PSS films. A simple model was presented
by [12] that used the Beer-Lambert law to
determine the variations in intensities following
the treatment of PEDOT:PSS layer with solvents.

According to the authors, there are distinct
transmittance intensities of the PEDOT:PSS

Transmittance(%)

| —™— Pure

95.5 1 —*— EG-PEDOT:PSS

95.0 ] —*  DMSO-PEDOT:PSS
1 EG-PEDOT:PSS with NH,OH

94.5 -
1 —*— DMSO-PEDOT:PSS with NH,OH
94.0 : : . .
400 500

r I r
600 700 800

Wavelength (nm)
Fig. 2. Optical transmittance of PEDO:PSS electrodes, pure and DMSO and EG-treated.
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Fig. 3. AFM images of (A) a pristine PEDOT:PSS film and doped by (B) EG, and (C) DMSO; (D) EG-PEDOT:PSS with NH,OH and (E)
DMSO- PEDOT:PSS with NH,OH

layers, depending on the extent to which the
substrate uniformly covers the PEDOT:PSS. The
authors noted that there is an increase in the
transmittance properties of PEDOT:PSS following
solvent treatment, implying the accumulation of
the PSS chains [12].

This study obtained similar findings, with the
AFM images confirming the PSS aggregation Fig.
3. According to AFM images, the solvent additives
affect the surface morphology of the PEDOT:PSS.
It is determined that the pure PEDOT:PSS layer
has a surface roughness of 0.98nm. Following
doping with EG, this increased to 1.03 nm. The
surface roughness increased to 1.18 nm following
the doping of PEDOT:PSS with DMSO, which

confirms the aggregation of PSS. It is observed
that with further treatment, there is additional
PSS separation and an increase in rough surface.
A rougher surface of 2.1 nm is noted for NH4OH
solventtreated EG doped PEDOT:PSS layer, while for
NH40H solvent treated DMSO doped PEDOT:PSS
layer, the surface roughness was found to be 2
nm. it is possible for the contact area between the
PEDOT:PSS and the active layer to increase with
the increase in surface roughness, which enhances
hole extraction to the anode [1]. PEDOT and PSS
sites also experience phase separation following
treatment, and this also plays a part in increasing
the PEDOT:PSS layers’ electrical conductivity..
There is also an increase in electrical conductivity

225 a a a a a
200 - - -t - o bommmmnes demmnnes Eg-------- AR
175 A B I L]
P ] | | |
10 S R S —
22 B | | | |
S 125 - booooo-- Ao b TR
SO : : : :
B 100 - [ b e b ]
S I I I I I
=B B : : : :
<R ;1 T SRR NS RN e rr! EECEERRRE
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Fig. 4. Variation of the conductivity of the PEDOT:PSS film treated without and with.
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following the doping of PEDOT:PSS with EG from
20+3S/cm tol67+4S/cm, as can be seen in Fig.
4. When the EG doped PEDOT:PSS layer is made
to undergo NH40H solvent treatment for some
hours, there is a further increase in conductivity,
which leads to PEDOT and PSS experiencing a
greater degree of site separation, and the electrical
conductivity increases substantially to 199+7S/cm.
When DMSO is used as doping material (180+8S/
cm) and when solvent treatment (206£6S/cm) is
carried out, similar outcomes are obtained. It is
believed that the conductivity increases in the
presence of solvent because of the changes in
the PEDOT:PSS morphology, which gives rise to
improved links between conducting PEDOT chains.

It has been suggested that the chemical
composition of the solvents is responsible to a
large extent for the increase in conductivity. There
isanincrease in electrical conductivity when DMSO
solvents are used, which was considered to occur
because of the phase separation of additional
PSS. Thus, a decrease in insulation is experienced
by the conducting PEDOT:PSS domains [26]. The
PEDOT:PSS has greater conductivity, because of
which there may be a decrease in the interface
contact barrier, with the photo-induced carrier
transporting experiencing an increase, which
leads to an increase in the short circuit current
density [27]. The PEDOT:PSS thin films undergo

examined using Raman spectroscopy, the results
of which are presented in Fig. 5 (A and B). It has
been observed that the Raman spectra of the
pure and the additive-treated PEDOT:PSS films is
between 1400 and 1600 cm™. PEDOT vibrational
models (C-C) are situated at 1449cm?, and
following doping with EG, DMSO, EG with NH40OH
solvent treatment and DMSO with NH4OH solvent
treatment, this changes to 1450cm?, 1448cm-
!, 1447cm™ and 1445cm?, respectively. It is also
observed that there is an additional vibrational
mode of PEDOT:PSS attributed to C-C stretching
at approximately 1400cm™ as well as 1525cm?,
whereas the vibrational mode of PSS is situated
at approximately 1560 cm™ [28]. It is suggested
by the Raman shift in the PEDOT vibrational mode
that following the treatment, PEDOT switches to
linear structure from coil shape [29].

With the Raman fingerprints’ intensity has
decreased, there is a partial removal of PSS [30].
When there is a linear orientation of the polymer
chains when the neighbouring thiophene rings are
mainly arranged in the same plane, there should
be a delocalization of the conjugated n-electrons
across the entire polymer chain, which would lead
to greater charge-carrier mobility in comparison to
the coil structure [29]. Hence, there is an increase
in the strength of the interaction between PEDOT
chains, and there can be improvements in inter-
chain and interchain charge-carrier mobility; thus,

1

e SEAE .
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1460 1480

deformation following treatment, which is
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Fig. 5. (A) Raman spectra of the (PEDOT:PSS) film treated without and with, and (B) the highest peak is about 1450cm™
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Fig. 6. Shows the J-V characteristics of solar cells made of (A) PCPDTBT: PC, BM:SWCNTs and (B) PCPDTBT: PC_ BM.

there is an increase in conductivity as explained
before.

Solar Cell Characteristics

Two distinct mixtures with two distinct
conjugated polymers, PCPDTBT: PC, BM:SWCNTs
and PCPDTBT:PC_ BM are used to study the impact
of treated and untreated PEDOT:PSS on the
photovoltaic characteristics as demonstrated in
Fig. 6 (A and B). After the PEDOT:PSS layer is doped
with EG and DMSO and following the solvent
treatment, the short circuit current density (J, )
undergoes a significant increase as depicted in
Tables 1 and 2.

Fig. 6A shows how this treatment influences
PCPDTBT: PC, BM:SWCNTs-based solar cells.

There is an increase in Joe from 9.28mA/
cm? in the device utilizing a pure PEDOT:PSS
layer to 10.45mA/cm? and 11.08mA/cm? for
PEDOT:PSS layers doped with EG and DMSO,
respectively. ldentical behaviour is noted for
PCPDTBT:PC, BM-based solar cells, where J _ in
the device that uses a pure PEDOT:PSS layer is
6.4mA/cm?, which increases to 8.66mA/cm? and

9.4mA/cm?in PEDOT:PSS layers doped with EG and
DMSO, respectively. When the treated PEDOT:PSS
layers undergo a solvent treatment, there is an
additionalincreaseinJ,_asshownin Tables 1and 2.
It is believed that the short circuit current density
increases following their doping, the electrical
conductivity of the PEDOT:PSS layers rises, which
decreases the interface contact barrier and thus
enhances the photo-induced carrier transporting
[27]. In addition, because the surface roughness
increases, there may be an increase in the contact
area between the PEDOT:PSS and the active layer,
which enhances the hole extraction to the anode
[1]. Following treatment, the coarse surface of
the PEDOT:PSS layer can possibly cause the light
scattering that enters the active layer to increase
[31], and the light propagation path in the active
layer may thus become lengthier [23].

It has been confirmed that there is an
increase in Jsc in the device which is being
examined for determining the incident photon-
to-current collection efficiency (IPCE) spectra of
PCPDTBT:PC, BM:SWCNTs as well as PCPDTBT:
PC,,BM-based devices utilizing PEDOT:PSS based,

Table 1. Photovoltaic parameters cells of PCPDTBT:PC71BM:SWCNTs-based solar

PCDTBT:PC7:BM:SWCNTs Pure EG DMSO With solvent treatment
NH4OH

Jsc (mA/cm?) 9.28 10.45 11.8 12.93 14.84

Voc (V) 0.68 0.68 0.68 0.68 0.69

FF 0.35 0.34 0.34 0.35 0.36

PCE % 2.20 241 2.72 3.07 3.68

Rs (Q) 98 94 92 86 87
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Table 2. Photovoltaic parameters cells of PCDTBT:PC61BM-based solar

PCDTBT:PCs1BM Pure EG DMSO With solvent treatment
NH4OH

Jsc (mA/cm?) 6.4 8.66 9.4 9.65 11.09

Voc (V) 0.64 0.64 0.64 0.64 0.64

FF 0.37 0.35 0.35 0.38 0.39

PCE % 1.51 1.93 2.1 2.34 2.76

Rs (Q) 67 62 61 60 58

and without treatment as a buffer layer can be
seen in Fig. 7. The familiar spectral response of
its bulk heterojunction mixture is demonstrated
by every device. The highest (IPCE) is shown by
the PCPDTBT:PC, BM:SWCNTs-based devices of
around 40% at wavelengths of approximately 630-
680 nm [32]. There are two major peaks of the
PCPDTBT:PCGIBM-based device, the first is around
30% at wavelengths of approximately 600-650 nm
[33]. In addition, for all the devices examined, no
change is noted in the open circuit voltage (V).
The equation given below is fundamentally used
to determine V_:

Voc = [LUMO acceptor HOMO gonor] — 0.3 (4)

Forthe PCPDTBT:PC, BM:SWCNTsbaseddevices,
a higher V__is obtained between 0.69+0.02V and
0.64+0.02V for devices based on PCPDTBT:PC_ BM
as can be seen in Tables 1 and 2. FF values are also
found to vary for PCPDTBT:PC_ BM:SWCNTs based
devices, increasing from 0.35 in devices based
on pure PEDOT:PSS (PCPDTBT:PC, BM:SWCNTs

70

mixture) to 0.36 in the device using PEDOT:PSS
doped with DMSO and NH40H solvent treatment
(for PCPDTBT:PC, BM:SWCNTs mixture).
PCPDTBT:PC,,BM based devices; however, they
have an FF value are increasing from 0.37 to 0.39.
This increase may be because after the PEDOT:PSS
layer is doped, there may be an increase in the
series resistance (refer to Tables 1 and 2). It was
explained previously that this increase has a
correlation with the increase in the PEDOT:PSS
layer’s electrical conductivity. PCPDTBT:PCBM
based devices generally exhibit low FF because
of the low crystallinity exhibited by the PCPDTBT
material that has a bulk side chain [34]. For the
devices studied, the power conversion efficiency
(PCE) is shown in Table 1 and Table 2. PCE of
2.20% is noted for the pure PEDOT:PSS for
PCPDTBT:PC, BM:SWCNTs based device. For the
device using PEDOT:PSS doped with DMSO and
NH40H solvent treatment, the PCE increases to
3.68%, which is essential because the short circuit
current density increases [34].
Similar  behaviour is

noted for the

Wavelength (nm)

Fig. 7. IPCE spectra for devices based on PCPDTBT:PC71BM:SWCNTs and PCPDTBT:PC61BM.
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PCPDTBT:PC,,BM based devices, where a PCE of
1.51% was obtained for the device with untreated
PEDOT:PSS. The PCE increased to 2.76% in the
device using PEDOT:PSS doped with DMSO and
NH40H solvent treatment. The reason this rise is
experienced is because the short circuit current
density increases [24,34], and also because of the
evident increase in FF.

CONCLUSION

To sum up, there is a direct effect of improving
PEDOT:PSS properties on the performance of
the organic solar cells (OSCs) which are being
examined. There were two ways in which the
PEDOT:PSS treatments were performed. The first
was doping it with DMSO and EG while the second
involved the solvent treatment using the NH40OH
solvent. The use of PCPDTBT:PC, BM:SWCNTs
blend as an active layer in the organic solar cells
depicts a minor enhancement in the performance
of devices in comparison to those in which the
active layer is PCPDTBT:PC_BM. It has been
determined in this study that a vital part is
performed by the conductivity of PEDOT:PSS in
improving the organic devices.
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