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A B S T R A C T   

PEDOT:PSS is one of the most widely used materials as a hole selective layer in organic photovoltaics due to its 
easy processing and high reproducibility. Unfortunately, the material is limited when testing new donor:acceptor 
systems due to its intrinsic frontier energy levels which typically leads to energy losses due to inadequate energy 
level alignment and presence of resistive losses. In this work, PEDOT:PSS:metal phthalocyanines nanocomposite 
thin films are formulated and used as hole transport layer for organic solar cells (OSCs). PEDOT:PSS is formulated 
with H2Pc, CuPc, CoPc and ZnPc metal phthalocyanines (MPc) with nanobelt morphology which confers the 
compatibility with the active layer. Atomic force microscopy (AFM) and x-ray diffraction (XRD) were used to 
study the morphology and structure of nanocomposite films, respectively. OSCs based on PEDOT:PSS:MPc 
nanocomposite films were fabricated and the effect of hybrid hole transport layer with various phthalocyanines 
on photovoltaics properties was studied. Overall, nanocomposition of PEDOT:PSS with metal phthalocyanines 
improves the final power conversion efficiency of solar cells by 20% by a reduction of the resistive losses due to 
inadequate energy level alignment. The addition of metal phthalocyanines to PEDOT:PSS is a promising method 
for tailor-made hole transport materials for new donor:acceptor systems to improve their efficiencies.   

1. Introduction 

Nowadays, leading research groups around the world in the field of 
photovoltaics are making efforts to develop inexpensive, environmen-
tally friendly and flexible organic solar cells (OSCs) [1–8]. OSC consists 
of several layers deposited on substrates coated with transparent con-
ducting oxide (TCO) [9,10]. Usually, a photoactive bulk heterojunction 
layer, a mixture of a photoactive polymer and a fullerene derivative, is 
sandwiched between hole selective and electron selective layers. These 
selective contacts play a crucial role for a charge separation and trans-
port to external electrodes. In traditional OSCs with a direct architec-
ture, the widespread hole selective/transport layer (HTL) is a PEDOT: 
PSS polymer [11–13]. 

PEDOT:PSS has unique properties, which makes it so popular to use 
as HTL [14–17]. PEDOT:PSS thin film (~20–30 nm) has a relatively high 
optical transparency, hole conductivity and an appropriate thermal 

stability. PEDOT:PSS is also widely used in optoelectronic devices such 
as organic light emitting diodes (OLEDs) as HTL [18,19]. In addition, the 
properties of PEDOT:PSS are highly tunable being possible to modify the 
doping levels, conductivity and work function of the layers. For 
example, the processing conditions will determine the residual water 
content in the film and this will control the conductivity of the layers 
[20]. Thus, the charge transport properties of PEDOT:PSS thin films can 
be further improved by optimizing its structure and morphology 
[21–23]. Commonly, PEDOT:PSS thin films are deposited by a 
spin-coating technique from an aqueous solution. During the 
spin-coating deposition of PEDOT:PSS, PSS species tend to form ag-
glomerates. PSS is dielectric in nature and its agglomeration in the film 
results in inhomogeneous out-of-plane conductivity and the rough sur-
face [24–27]. 

To enhance the out-of-plane conductivity and reduce the surface 
roughness of PEDOT:PSS films, a number of methods were proposed. It is 
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a worth to mention the following methods such as chemical processing 
[28], post-processing [29,30], doping with organic nanostructures [31], 
developing composites [32]. One of the perspective ways to increase the 
power conversion efficiency of OPV is to embed various nanostructures 
in semiconducting polymers [28]. The modification of PEDOT:PSS 
structure improves the carrier transfer efficiency and as result PCE [33]. 
Doping polymeric charge transport layer with nanosized organic mate-
rials makes it possible to create a hybrid layer. In this hybrid layer the 
polymer material properties will be combined with the high optical and 
electrical properties of organic nanostructures. It should be noted that 
the fabrication of such composite materials is technologically simple and 
cost-effective process, which add the additional advantage for their use 
[34,35]. 

Metal phthalocyanines (MPc) are considered to be promising hole 
selective/transport materials for the application in organic and perov-
skite solar cells and light emitting diodes. They have relatively high hole 
mobility, catalytic activity, chemical and thermal stability [36]. Most of 
them easily form ordered nanostructures [37]. The incorporation of 
metal phthalocyanine nanostructures into the OPV photoactive layer 
results in the improvement in the polymer crystallinity, the charge 
carriers diffusion length, and enhances the charge carriers mobility [37]. 
The use of phthalocyanines alone as the hole-transport layer in organic 
solar cell instead of PEDOT:PSS leads to a decrease in the PCE of the 
solar cell. Whereas, the use of the PEDOT:PSS:MPc composite layer as 
the HTL layer improves the efficiency of the solar cell compared to in-
dividual components [38]. However, the effect of PEDOT:PSS doped 
with organic and inorganic nanostructures on morphological, optical, 
and electrical transport characteristics are not fully understood. 

In this work, H2Pc, CuPc, CoPc and ZnPc metal phthalocyanines 
nanobelts were synthesized by chemical vapor deposition (CVD). These 
phthalocyanines nanostructures were added to PEDOT:PSS solution and 
hybrid PEDOT:PSS:MPc nanocomposite thin films as hole transport 
layers for OSCs were deposited. The influence of MPc composition, 
hybrid HTL morphology and structure on charge transport and photo-
voltaics properties were studied in detail. 

2. Materials and methods 

2.1. Sample preparation procedure 

Nanobelts of metal phthalocyanines (H2Pc, CuPc, CoPc and ZnPc) 
were deposited on glass substrates by a chemical vapor deposition (CVD) 
[39]. The structural formulas of all used chemicals are presented in  

Fig. 1. Before the deposition, substrates were cleaned in acetone, 2-prop-
anol and deionized water [40]. As-grown MPc nanobelts were me-
chanically scratched from substrates to 2-propanol in order to wash 
them. Then MPc 2-propanol suspension was centrifuged in order to 
precipitate MPc powders. The obtained MPc powders were dried and 
kept in a vial. The obtained MPc powders were directly added to 
aqueous PEDOT:PSS solution (Al4083, Ossila) and the solution was kept 
in ultrasonic bath in order to obtain a uniform and dispersed solution. 
The weight ratio of H2Pc and MPc (CuPc, CoPc and ZnPc) was taken 5%, 
10% and 15% which was chosen based on results of the several studies 
[37,38,41]. According to these studies if the MPc concentration exceeds 
10w%, the film quality deteriorates and as a result PCE of device de-
creases. For more details on a MPc concentration optimization, readers 
can refer the study of X. Zhang and et al. [38]. 

The nanocomposite PEDOT:PSS:MPs HTL were spin-coated from the 
prepared solution (spin-coater SPIN150i Semiconductor Production 
System) at a rotation speed of 4000 rpm for 30 s. Then the substrates 
were annealed at a temperature of 120 ◦C for 10 min. The thickness of 
the nanocomposite HTLs film were in a 30–40 nm range. 

The mixture of PTB7-TH:ITIC polymers in a ratio of 1:1.3 (Borun, 
98%) was used as a donor and acceptor material to form bulk hetero-
junction active layer. PTB7-Th (~11 mg) was dissolved in 1 ml of 
chlorobenzene and the solution was stirred at 70 ◦C for 2 h. Then, ITIC 
(~14.4 mg) was added to the PTB7-Th solution. The solution was 
further stirred at 70 ◦C for 24 h. Before use, the solution was filtered 
through a 0.45 micrometer syringe filter. PTB7-Th:ITIC solution (25 μl) 
was spin-coated on FTO/glass substrates coated with PEDOT:PSS or 
PEDOT:PSS:MPs at a rotation speed of 2000 rpm for 30 s. At this rota-
tion speed, PTB7-Th:ITIC photoactive layers have the thickness of 
90–95 nm. Further, as-coated PTB7-Th:ITIC layers were annealed at 
120 ◦C for 15 min to improve crystallinity. Finally, aluminum electrodes 
with thicknesses of 150 nm were deposited by thermal evaporation in 
vacuum of ~10− 5 bar by using a CY-1700x-spc-2 sputtering setup 
(Zhengzhou CY Scientific Instruments Co., Ltd) at the evaporation rate 
of 2–3 nm/s. The evaporation was carried out using shadow masks to 
form four separate solar cells on a single substrate. The working area of 
each individual solar cell was 0.16 cm2. Finally, the devices were 
encapsulated by using epoxy and cover glasses (Ossila) under the low 
intensity UV radiation (λ = 315 nm) for 5 – 10 min 

2.2. Characterizations 

The surface morphologies of thin films were studied by an atomic 

Fig. 1. Structural formulas used chemicals: phthalocyanine (a) and its metal complexes (b) (where M is Cu, Co, Zn), PEDOT:PSS polymer (c), PTB7-Th donor (d) and 
ITIC non-fullerene acceptor (e). 
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force microscope (AFM) JSPM-5400 (JEOL, Japan) in semi-contact 
scanning mode. The surface morphology and roughness of nano-
composite PEDOT:PSS thin films were analyzed by using the Winspm II 
Data Processing software package (JEOL Ltd). The grain size of thin 
films was determined using the ImageJ program. 

The crystal structure of the samples was studied by X-Ray Diffraction 
(XRD) methods. XRD measurements were performed on an XRD-7000S 
Shimadzu diffractometer with CuKα radiation (Japan). The XRD scan-
ning was in the range of 2θ from 5º to 30º with a step of 0.02º and a 
shutter speed at each step of 4 s. Diffraction patterns were decoded using 
the special software “Crystallographica Search-Match” and the “PDF-4′′

international crystallographic database. 
The absorption spectra of thin films were measured by an AvaSpec- 

ULS2048CL-EVO fiber spectrometer (Avantes), which records absorp-
tion spectra in the range of 200–2500 nm and has an optical resolution 
of 0.04 nm. 

The I-V characteristics of the solar cells were measured by a PVIV-1A 
I-V station under a light illumination from a Sol3A solar simulator (AAA 
class, Newport) with an intensity of 100 mW/cm2. 

The impedance spectra of devices were measured by a P45X poten-
tiostat (Elins) with a FRA module. The IS measurements were conducted 
in dark condition at varies bias voltage in the range of 0–1000 mV. 
Amplitude of perturbation signal was 30 mV and scanning range was 
from 100 kHz to 0.5 Hz. The fitting and analysis the impedance spectra 
was carried out by the EIS-analyzer software according to the method 
described in [42]. 

3. Results and discussion 

3.1. Morphological characterizations 

At the first step of this work, various metal phthalocyanine thin films 
with nanobelt morphology (H2Pc, CuPc, CoPc and ZnPc) were synthe-
sized by the CVD method [39]. The morphologies of synthesized metal 
phthalocyanine (MPc) thin films are shown in Fig. 2a-d. As can be seen 
from Fig. 2a-d, there is no any noticeable differences in the MPc mor-
phologies. In average, the length and the diameter of MPc are 100 nm 
and 10 nm, respectively. 

After CVD, in MPc were scratched from the substrate in 2-propanol 
(IPA) and the resulting solution was kept in an ultrasonic bath in 
order to obtain a dispersed solution. To confirm that in the dispersed IPA 
solution we still have MPc nanobelts, a drop of the solution was spin- 
coated on the FTO/glass substrate, dried and probed by AFM. AFM 
image of dispersed MPc nanobelts is shown in the Fig. 2e. It can be seen 
from the Fig. 2e that MPc persists the nanobelt morphology. 

However, PEDOT:PSS is deposited from aqueous solution. Therefore, 
in order to check whether MPc structure is stable in water or not, after 
CVD deposition MPc nanobelts were released from substrate mechani-
cally, washed in 2-propanol, dried and then transferred to water. As a 
next stage obtained dispersion was kept in an ultrasonic bath. Then, MPc 
aqueous solution was spin coated on the surface of FTO coated glass 
substrates and probed by AFM in tapping mode (Fig. 2.1a). 

As can be seen from AFM images, MPc hardly sustain their initial 
morphology. Mostly we observe irregularly shaped crystal-like particles, 
which certainly means that crystalline structure is preserved. Initial 
nanobelt type morphology is still noticeable, however number of long 
crystals is far less of the initial amount (Fig. 2.1). In overall, we can 
conclude that MPc crystalline structure is relatively stable in aqueous 
solution, but initial long crystals are destroyed by sonication into small 
pieces. 

The thickness of the obtained composite film was determined by 
using AFM equipped by stiff probe, which, at first, scanned surface in 
hard contact mode for producing step as it shown in Figure SI.1 (Sup-
porting Information). After that the obtained step height was measured 
by AFM in tapping mode and its value was calculated from statistical 
analysis. The obtained value of the composite film thickness is 40 
± 3 nm, which is larger than average size of MPc particle, as it shown in 
Fig. 2.1. Some of the large MPc particles were also removed from 
dispersion by using filtration before deposition. 

The precipitated MPc from 2-propanol was dried and added to a 
PEDOT:PSS aqueous solution and from this hybrid solution, PEDOT:PSS: 
MPc nanocomposite thin films were deposited by the spin-coating 
technique. The surface morphology of the pristine PEDOT:PSS and 
PEDOT:PSS:MPc nanocomposite thin films probed by AFM are illus-
trated in Fig. 2f-j. As can be observed from the AFM images, the nano-
composition of PEDOT:PSS with MPc reduces the film roughness and the 

Fig. 2. AFM images of the studied films: (a-d) MPc films, (e) image of a dispersed ZnPc, (f) pristine PEDOT:PSS film and (g-j) PEDOT:PSS:MPc composites.  
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pin-hole density. The pristine PEDOT:PSS film had the highest rough-
ness, around 1.81 nm, and the highest density of pin-holes. We observe 
that the quality of the nanocomposite films improves in the following 
order: H2Pc, CoPc, CuPc, and ZnPc. The PEDOT:PSS:ZnPc nano-
composite revealed the lowest roughness and pin-hole density, which is 

beneficial for the formation of the high quality interface with a photo-
active layer [43]. 

The observed improvements in the nanocomposite film morphology 
could be associated with the facilitation of solidification process. The 
dispersed MPc species can serve as nucleation centers and facilitate the 

Fig. 2.1. AFM images of the surfaces of FTO coated by MPc aqueous solution.  

Fig. 3. XRD of H2Pc and MPc phthalocyanine (a), PEDOT:PSS with H2Pc and metal complexes CoPc, ZnPc, CuPc (b), enlarged image of a plot of phthalocyanine and 
metal complexes (c). 
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PEDOT:PSS solidification [44]. However, the process of nano-
composition is beyond the scope our work. 

3.2. XRD characterizations 

Fig. 3a shows the X-Ray Diffraction (XRD) patterns of spectra of 
phthalocyanine nanobelts and its metal complexes. It is known that 
molecules of phthalocyanine and its metal complexes can form crystal 
structures in several modifications [45]. For example, the most common 
structures are thermally metastable α- and β-phases [45,46]. These 
phases differ from each other by different values of the tilt angle be-
tween the normal to the plane of the molecule. The figure shows that the 
diffraction pattern of metal-free phthalocyanine (H2Pc) displaying two 
maxima at angles 7.28◦ and 9.41◦ (position along 2θ), which corre-
sponds to the (200) and (100) diffraction planes. The position of the 
peaks corresponds to the reference diffraction pattern 
PDF-000–42–1889. Analysis of the diffraction peaks shows that H2Pc 
molecules form nanobelts in the χ-phase [47,48]. 

Alternatively, CuPc and CoPc molecules in nanobelts take the form of 
the β-phase [49,50]. CuPc and CoPc nanobelts have one diffraction peak 
with a maximum at 7.09◦ and 7.10◦ angles, respectively, which corre-
sponds to the diffraction plane (100). The ZnPc nanobelts have a 
diffraction maximum at a 2θ value of 6.94◦ in the (100) diffraction 
plane. Analysis of the diffraction pattern showed that ZnPc molecules in 
nanobelts are in the α phase (PDF 000–11–0714) [49]. Two diffuse halos 
are also observed in the diffraction patterns. Their presence can be 
explained by both amorphous and nanostructure phases in the samples. 
In addition, low-intensity crystalline peaks in the region of 7◦ and 
amorphous halos are observed in the diffraction patterns. It is worth 
mentioning that detailed study of phthalocyanine structure and its metal 
complexes is difficult procedure [51]. 

The Fig. 3b represents XRD pattern of PEDOT:PSS:MPc nano-
composite thin films. The X-ray reflection spotted at 2θ ≈ 25.6◦ can be 
attributed to the distance between π-π stacking of the PEDOT chains 
[52]. Analysis of the XRD data of PEDOT:PSS with metal complexes of 
phthalocyanines shows that the intensity of the diffraction maximum of 
the studied samples depends on the type of doping phthalocyanine 
nanobelts (Fig. 3b). The maximum intensity is observed for films doped 
with pure phthalocyanine ZnPc. The lowest intensity value was recorded 
for copper phthalocyanine. It is known that for polymer structures based 
on PEDOT:PSS, the intensity indicates the degree of crystallinity of the 
film [37,41,49]. Thus, it can be assumed that the observed change in 
intensity is associated with the influence of MPc nanobelts on the 
interaction of π-π stacking of the PEDOT chains. For the pristine PEDOT: 
PSS film, we could not detect any XRD signal, which indicate about poor 
crystallinity of pure PEDOT:PSS film. 

3.3. Optical properties 

Fig. 4 shows the absorption spectra of the pristine PEDOT:PSS films 
and nanocomposite films. In the absorption spectra, we observe five 
absorption bands from the nanocomposite films, whereas from the 
pristine PEDOT:PSS film only two. All types of films show an absorption 
band with the maximum at λ1 = 224.1 ± 3 nm (Fig. 4, D1). Additionally, 
a shoulder with a maximum at λ2 = 259.7 ± 3 nm is observed (Fig. 4, 
D2). The nature of the latter band (the shoulder) is associated with the 
absorption of the PSS aromatic fragment [53]. In case of nanocomposite 
films, three additional bands appear in the spectra, corresponding to the 
absorption spectra of the B- and Q-bands of metal phthalocyanine [36, 
37]. Absorption peak positions and optical density values estimated 
from the absorption spectra measurement are shown in Table 1. The 
PEDOT:PSS/ZnPc nanocomposite film revealed the highest intensity of 
the absorption bands related with MPc. 

3.4. Electro-physical properties 

In order to understand the electronic properties of PEDOT:PSS 
nanocomposites with MPc complexes electronic devices were prepared 
and characterized by Impedance Spectroscopy (IS) in the dark using the 
architecture of FTO/PEDOT:PSS:PCs/Al. Note that the photovoltaic 
active layer is not included and only the contact layers are examined, 
since they contain the crucial electrical changes. Fig. 5 represents the 
measured (dotted lines) and the fitted (solid lines) impedance spectra of 
pristine and nanocomposite PEDOT:PSS films. 

From the impedance spectrum it is observed that the data obtained at 
different frequencies form one arc and the equivalent circuit equivalent 
circuit shown in the inset may be used to fit the data [56,57]. Three 
electrical parameters can be evaluated using this circuit: 1-The series 
resistance of the device (Rs) that accounts from the resistance of the 
external contacts such as FTO, wires and other resistive layers that do 
not tend to store charge. 2-The resistance to the flow of current of the 
most resistive layer (R1) and 3-The capacitance (C1) connected to the 
charge stored in that layer. The latter two elements are connected in 
parallel and lifetime of carriers going across the resistive layer may be 
calculated as τ = R1 C1. It is worth mentioning that FTO and Al are 
highly conductive materials typically used as current collectors, then, 
the most resistive layer must be the PEDOT:PSS. 

A summary of the fitting results are shown in Table 2. From this data 
it is clear that the series resistance of the devices are the parameters that 
change the most when the different devices are compared. The reference 
device based on pristine PEDOT:PSS shows values of Rs = 44 Ω and 
values reduces when the different MPc are introduced into the blends 
with PEDOT:PSS:ZnPc revealing the lowest resistance of 14 Ω. Alter-
natively, the values for R1 and C1 are very similar for the complete set of 
devices and when a lifetime of the carriers is calculated the same 
τ = 0.02 ms is obtained. Impedance spectra and fitted data of FTO/ 
PEDOT:PSS/Al and FTO/PEDOT:PSS:ZnPc/Al devices measured at 
various bias voltages are shown in Figure SI.2 and Table SI.1 (Sup-
porting Information). Overall, it can be concluded that the nano-
composition of PEDOT:PSS with MPc complexes leads to the reduction 
in the series resistance of the devices. However, the resistance R1 asso-
ciated to PEDOT:PSS will act as a series resistance in the solar cells and 
have a deleterious effect in the fill factor. 

The trend observed in series resistance in this simplified device 
configuration should be held once the active layer is used into the 
photovoltaic configuration. There are different proposals for the 
improved out of plane conductivity of nanocomposite films, especially 

Fig. 4. Absorption spectra of PEDOT:PSS/MPc nanocomposite films.  
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Table 1 
The absorption spectra characteristics of PEDOT:PSS nanocomposite films.  

Sample Absorption peaks D1, 
a.u. 

D2, 
a.u. 

Absorption peaks D3, 
a.u. 

D4, 
a.u. 

D5, 
a.u. 

λ1, nm λ2, nm λ3, nm λ4, nm λ5, nm 

PEDOT:PSS  224.1  259.7  0.94  0.17 - - - - - - 
PEDOT:PSS:ZnPc  223.9  259.7  0.92  0.14 434.1 551.5 617.8 0.26 0.17 0.16 
PEDOT:PSS:H2Pc  223.8  259.7  0.87  0.11 420.1 551.5 605.4 0.19 0.12 0.10 
PEDOT:PSS:CuPc  223.9  259.7  0.89  0.12 419.9 548.7 602.4 0.18 0.11 0.09 
PEDOT:PSS:CoPc  223.8  259.7  0.80  0.08 419.9 548.5 607.8 0.18 0.11 0.08  

Fig. 5. Impedance spectra of FTO/PEDOT:PSS:MPc/Al devices, equivalent electrical circuit, energy levels diagram [36,37,54,55].  
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PEDOT:PSS:ZnPc can be explained by the presence of additional charge 
transport channels. For example, MPc species could serve as additional 
charge transport channels through which holes can directly diffuse to 
the electrode. Whereas, the slightly hindered charge transfer resistance 
at the interface we attribute with not optimized energy alignment [58]. 

3.5. Photovoltaic properties 

OSCs based on the PEDOT:PSS:MPc nanocomposites were fabricated.  
Fig. 6 shows an OSC architecture consisting of several layers: a FTO 
covered glass substrate, the PEDOT:PSS/MPc nanocomposite layer; 
photoactive layer based on PTB7-Th:ITIC bulk heterojunction and 
aluminum cathode. The energy diagram of FTO/PEDOT:PSS:MPc/PTB7- 
Th:ITIC/Al is shown in Fig. 6, which was adopted from the works 
[59–61]. The current-voltage characteristics of the fabricated OSCs are 
illustrated in Fig. 6. From the current-voltage characteristics, photo-
voltaic performances of the devices were calculated and are listed in  
Table 3. 

Nanocomposition of PEDOT:PSS with phthalocyanine affects the 
photovoltaic performance of OPV. The photovoltaic parameters of 
fabricated OPV are shown in Table 3. Results are in line with other re-
ports based on the regular configuration terminated with an Aluminum 
contact without a buffer layer i.e. PDIN on the cathode side [62]. 

From Table 3, it can be seen that nanocomposition of PEDOT:PSS 
with MPc, except with CuPc, boosted PCE due to the improved short- 
circuit current density (JSC) and open-circuit voltage (VOC). The 
enhancement in JSC is consistent with the reduction of series resistance 
of the devices due to the nanocomposition of PEDOT:PSS with MPc 

determined from IS data. However, there is no similar trend in fill factor 
(FF) dynamic. Device FF is affected not only by HTL, it depends on each 
transport layers and interface properties. In sum, we can conclude that 
nanocomposition of PEDOT:PSS with MPc positively affect the device 
performance. The most profound effect is detected for OPV based on 
PEDOT:PSS:ZnPc nanocomposite. The champion device reached the PCE 
as high as 5.06%. The advantage of ZnPc can be understood from AFM, 
XRD and IS data. According to AFM images, PEDOT:PSS:ZnPc nano-
composite showed the lowest roughness, which is beneficial for photo-
active layer crystallization and facilitates the formation of the optimal 
HTL/photoactive layer interface. The XRD response from PEDOT:PSS: 
ZnPc films was more intense, which indicates about the better crystal-
linity of PEDOT:PSS. IS study revealed that the series resistance of the 
device with PEDOT:PSS:ZnPc is lower in comparison with pristine 
PEDOT:PSS and other PEDOT:PSS:MPc nanocomposite films. 

The series resistance of a solar cell can be evaluated from IV curve 
[63–67]. We calculated Rs of our OPV devices from IV data (Table 3) in 
order to compare with Rs of PEDOT:PSS cells evaluated from IS mea-
surement. As can be seen from Table 3 the trend in Rs of OPV cells has 
similar trend as in the case with Rs of PEDOT:PSS cell (Table 2), which 
confirms that introduction of MPc in PEDOT:PSS improves its 
conductivity. 

Further, we investigated the photostability characteristics of the OPV 
device based on PEDOT:PSS:ZnPc HTL and for the comparison the de-
vice based on pristine PEDOT:PSS HTL. For it, both types of devices were 
placed in a glovebox filled and uninterruptedly illuminated during 120 
under AM1.5 light. Their performance was measured every hour [68]. 

The Fig. 7 shows the degradation evolution of PCE and FF. As can be 
seen from the Fig. 7 during the first 24 h PCE and FF falls faster losing 
about 30% of their initial values. Further, the degradation evolution is 
slower for both types of the devices. It is noticeable a slight improved 
photostability of the PEDOT:PSS:ZnPc based device, however it is not 
profound. 

Finally, to optimize the device performance ETL was introduced. LiF 
layer (2–3 nm thick) was thermally evaporated before cathode deposi-
tion. The IV curve and photovoltaic characteristics of the OPV devices 
are shown Fig. 8 and in Table 4. As expected devices with LiF ETL 
demonstrated improved photovoltaic characteristics. The JSC, VOC, FF 
and PCE of OPV device based on pristine PEDOT:PSS increased by 2.4%, 

Table 2 
Summary of impedance parameters obtained from nanocomposite films.  

Sample Rs 

(Ω) 
R1 (Ω) C1 

(10− 5F) 
τ 
(ms) 

PEDOT:PSS  44  213 7.98  0.017 
PEDOT:PSS:CuPc  53  246 7.31  0.018 
PEDOT:PSS:CoPc  33  232 7.76  0.018 
PEDOT:PSS:H2Pc  26  225 8.45  0.019 
PEDOT:PSS:ZnPc  14  221 9,05  0.020 

*IS was measured at the bias voltage of 0.8 V 

Fig. 6. Current-voltage characteristics, energy levels diagram and schematic structure of the solar cells with FTO/PEDOT:PSS:MPc/PTB7-Th:ITIC/Al composite hole- 
transport layer. 

X. Rozhkova et al.                                                                                                                                                                                                                              



Synthetic Metals 295 (2023) 117347

8

2.7%, 8.7% and 8%, respectively, due to the introduction of LiF ETL. In 
the case of OPV device based on PEDOT:PSS:ZnPc, the improvements is 
larger, and JSC, VOC, FF and PCE were boosted by 2.4%, 3.8%, 6.3% и 
13%, respectively. 

4. Conclusion 

In this work, the effect of nanocomposition of PEDOT:PSS with metal 
phthalocyanines on charge transport and photovoltaic properties of 
organic solar cells was studied. Four types of phthalocyanines (H2Pc, 
CuPc, CoPc and ZnPc) with nanobelt morphology were synthesized by 
the chemical vapor deposition method. As-grown MPc nanobelts were 
dispersed in 2-proponol and added to PEDOT:PSS aqueous solution. 
From the prepared solution, PEDOT:PSS:MPc nanocomposite films were 
deposited by spin-coating methods. AFM and XRD study showed that 
adding MPc in PEDOT:PSS reduces the HTL roughness and pin-hole 
density, and improves film crystallinity. Among PEDOT:PSS:MPc 
nanocomposites, ZnPc based film revealed the lowest roughness and pin- 
hole density, and the highest crystallinity. PEDOT:PSS:MPc nano-
composite films were used to as hole transport layers for organic solar 
cells. Impedance spectroscopy technique was used in order to study 
electric properties of PEDOT:PSS:MPc nanocomposite films. IS spectra of 
FTO/PEDOT:PSS:MPc/Al devices showed that nanocomposition of 
PEDOT:PSS with metal phthalocyanines result leads in the reduction of 
the series resistance and ZnPc based device showed the lowest series 
resistance. Organic solar cells with PEDOT:PSS:MPc nanocomposite 
films serving as HTL were fabricated. IV characterization indicated that 

Table 3 
Photovoltaic performance of FTO/PEDOT:PSS:MPc/PTB7:ITIC/Al organic solar cells.  

Sample Jsc 

(mA/сm2) 
Jmax (mA/сm2) Voc 

(V) 
Vmax 

(V) 
Fill Factor Efficiency 

% 
Rs 

Ω 

PEDOT:PSS 11.93 ± 0.05 8.32 ± 0.05 0.73 ± 0.01 0.51 ± 0.01 0.46 ± 0.01 4.24 ± 0.05 45,2 ± 0.05 
PEDOT:PSS:CuPc 11.35 ± 0.05 8.32 ± 0.05 0.75 ± 0.01 0.52 ± 0.01 0.51 ± 0.01 4.33 ± 0.05 54,3 ± 0.05 
PEDOT:PSS:CoPc 11.95 ± 0.05 8.34 ± 0.05 0.77 ± 0.01 0.55 ± 0.01 0.49 ± 0.01 4.51 ± 0.05 33,1 ± 0.05 
PEDOT:PSS:H2Pc 12.87 ± 0.05 8.33 ± 0.05 0.76 ± 0.01 0.56 ± 0.01 0.48 ± 0.01 4.66 ± 0.05 25,7 ± 0.05 
PEDOT:PSS:ZnPc 13.54 ± 0.05 8.73 ± 0.05 0.78 ± 0.01 0.58 ± 0.01 0.48 ± 0.01 5.06 ± 0.05 14,2 ± 0.05  

Fig. 7. Photostability of investigated devices.  

Fig. 8. I-V curves of solar cells FTO/PEDOT:PSS:MPc/PTB7-Th:ITIC/ 
LiF/Al. 

Table 4 
Photovoltaic performance of FTO/PEDOT:PSS:MPc/PTB7:ITIC/LiF/Al organic 
solar cells.  

Sample Jsc 

(mA/ 
сm2) 

Jmax 

(mA/ 
сm2) 

Voc 

(V) 
Vmax 

(V) 
Fill 
Factor 

Efficiency, 
% 

PEDOT: 
PSS 

12.22 
± 0.05 

8.49 
± 0.05 

0.75 
± 0.01 

0.54 
± 0.01 

0.50 
± 0.01 

4.58 
± 0.05 

PEDOT: 
PSS: 
ZnPc 

13.87 
± 0.05 

9.18 
± 0.05 

0.81 
± 0.01 

0.62 
± 0.01 

0.51 
± 0.01 

5.72 
± 0.05  
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OPV devices with PEDOT:PSS:MPc nanocomposites have boosted 
photovoltaic performance except of CuPc based device. As it was ex-
pected OPV device with ZnPc revealed the highest performance mostly 
due to the improved short-circuit current density. The improved short- 
circuit current density of OPV based on PEDOT:PSS:MPc nano-
composites in comparison with pristine PEDOT:PSS can be attributed 
with improved HTL crystallinity, lower HTL roughness and the lower 
series resistance of the devices. 
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