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Introduction 

     In recent years, organic polymers have attracted increased 
research interest in solar cells due to their light weight, low 
deposition cost at ambient conditions, solution based 
manufacturability, p-type electrical conductivity, excellent adhesion 
to other inorganic films. The organic-Si hybrid solar cells have already 
shown the capacity to further reduce the cost of the cells providing 
high efficiency at the same time. Within the last few years, reported 
efficiencies of the hybrid cells have increased very fast, with 12.3% 
[1] and 13% [2] in 2013, 17.1 % [3] in 2014, 18.3% on n-Si wafers and 
20.6% on p-type Si wafers [4] as well as 13.3% efficiency 20 µm thick 
Si cells [5] in 2015. If this trend can be continued, the ultimate 
efficiency expected for Si wafer-based cells ~30% [6] can be reached 
within a few years. Despite the efficiency progress within the very 
short time, there are unresolved challenges that are limiting 
production of the solar cells in commercial scale. 

     The performance of solar cells is not only determined by the 
quality of materials, but also by the interface between components 
of the device [7], which is characterized by the positions of energy 
levels of the Si and the organic compound, the band alignment and 
interface states that can act as recombination centers and trap 
charge carriers. It is therefore crucial for the project to control the 
interface and develop an efficient method to passivate the Si surface, 
without adding additional large costs. In commercial Si solar cells 
commonly inorganic compounds are used, such as SiNx, SiO2, Al2O3, 
etc. all of which may provide low SRV values ~1 cm/s. 

     The deposition of such layers is however performed using 
expensive processing tools at relatively high temperatures and 
require special pre-treatments of Si surface. In contrast, polymers can 
be deposited at room temperature without special pre-treatments of 
Si surface [8] which is advantage of them compared to inorganic 
compounds. Whereas high efficiency Si-PEDOT:PSS solar cells have 
been developed successfully, there are very few studies of Si-PEDOT 
interface (see, e.g., Refs. [8-12]). In these high efficiency Si-
PEDOT:PSS solar cells [3] an advanced passivation scheme using SiO2 
has been applied. In this study we synthesized PEDOT:PSS thin film on 
a n-Si substrate. Through solvent treatments of PEDOT:PSS-water 
mixed with an organic solvent such as DMSO and Triton x-100, carrier 

 

  

lifetime is also enhanced. Adhesion to n-Si and surface morphology of 
PEDOT:PSS thin films, composition, presence of charge, carrier 
lifetime, recombination mechanisms, interface characterization have 
been discussed.  

                                                                                                                     

Method 

Poly (3, 4-ethylenedioxythiophene): poly (4-styrenesulfonate) 

The conducting polymer of poly (3, 4-ethylenedioxythiophene): 
poly (4-styrenesulfonate) (PEDOT:PSS) is one of the most important 
and regularly investigated organic conducting material. Through 
solvent treatment such as organic solvent with high boiling point, 
(Dimethyl sulfoxide (DMSO), ethylene glycol (EG)) and other methods 
such as spin coating, drop casting and diluting filtration one can 
enhance the conductivity. 

Thin film synthesis 

PEDOT:PSS (PH100 Clevios) with volume ratio of PEDOT to PSS 
(1:2.5) respectively was dispersed in solvent (5wt.% DMSO & 0.1wt.% 
Triton X-100). The n(FZ)-Si wafers with surface resistivity 1-5 Ωcm 
were used. PEDOT:PSS (PH100 Clevios) was modified by doping 
different weight percentages of DMSO up to 5% and Triton X-100 
upto 0.1%. The solutions of the doped PEDOT:PSS were stirred for 2 
hours at room temperature to obtain uniform dispersion. To remove 
traces of macroscopic aggregates, the precursor solutions were then 
filtered by using filters of pore size 0.45 µm prior to preparation of 
thin films. Initially PEDOT:PSS dispersion were dropped onto a glass  
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Abstract 

In this work poly (3, 4-ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS) dispersed in solvent (5wt.% Dimethyl sulfoxide DMSO & 0.1wt.% Triton X-100) has been studied in 
pure form and when functionallized with TiO2 nanoparticles. A preliminary characterization of bare PEDOT:PSS and romarchite TiO2 nanoparticles synthesized by hydrolysis were firstly 
carried out. PEDOT:PSS was deposited on n(FZ)-Si by spin coating method. The influence of a piranha pre-treatment on the Si surface has been evaluated in this work, as well as the effects 
due to the presence of TiO2 nanoparticles in the polymer. After achieving good adhesion and passivation of Si surface, the heterostructure has been characterized systematically by means 
of Raman spectroscopy using a He-Cd (λ = 325 nm) laser as excitation source, atomic force microscopy (AFM), scanning electron microscopy (SEM) and photoluminescence (PL) spectra, 
and PL image. Spatial homogeneity of the film composition on surface has been achieved. Uniform defect distribution and presence of charged defects, material quality and vibrational 
structure have been studied. PEDOT:PSS thin film was obtained through solution process which involves adding a solvent additive and/or conducting post treatment at low temperatures. 
The film was obtained by static spin coating method on a n-type silicon substrate, followed by annealing of the film at 120oC for 10-15 min. The achieved PEDOT:PSS layer thickness was 
around to be ~100 nm with the average surface roughness of 3:5±0:5 nm measured by AFM. Charge carrier lifetime measured by PL-machine was found out to be between 264-375 µs. 
By four probe measurements, the sheet resistance was found out to be 338 Ω/sq 

Keywords: Organic/Si interface • PEDOT:PSS • Si-surface passivation 
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substrate and n-Si substrate at different rpm for different times.  

After each deposition the sheet resistance of PEDOT:PSS on glass 
substrate were measured and PL-imaging measurements of 
PEDOT:PSS on n(FZ)-Si substrate were made. 

These initial steps were needed for deciding the deposition 
parameters. Both static and dynamic spin coating processes were 
used after running several test studies dynamic spin coating process 
was preferred. Dynamic spin coating is a process of depositing uid 
while the substrate is turning at low speed, usually of about 500 rpm. 
After depositions the sample is accelerated to a higher speed 
(typically in the range from 1500-6000 rpm) to thin out the material 
to achieve desired thickness. This type of process spread the liquid 
over the substrate without wasting a lot of material. The other 
reason for selecting this method is because with this process it is not 
necessary to deposit huge amount of material to wet the entire 
surface. This method is advantageous when the wettability of the 
material or substrate is poor. Once passivation was achieved and 
deposition parameters were decided then different techniques were 
used for analyzing the sample. The films were developed on n(FZ)-
Si(100) substrate with resistivity 1-5 Ωcm, a diameter 9.80-10.20 mm 
and thickness 280.00±20.00 µm. The PEDOT:PSS solutions were 
coated by employing dynamic coating method and by using the spin 
coating unit (Laurell, max speed 12000 rpm). The sample was spun 
and a small amount of solution was dropped on top of spinning n-Si 
substrate immediately. The spin coating process was carried out at 
two different rotation speeds, at 2000 rpms for 50 seconds and at 
6000 rpms for 20 seconds, finally stopping until 0 rpms for 10 
seconds. Two different rotations were needed for better surface 
passivation, since by employing one rotational speed the solution 
were either thrown away from the substrate, or the film were not 
smooth enough. Uneven film formation and aggregated were visible 
with naked eye. The prepared thin films on top of n(FZ)-Si were 
annealed at 120 °C for 10-15 min under ambient conditions to 
remove the moisture from the thin films. Thermal annealing is a 
critical step for removing access water and for acquiring good 
morphology, higher transparencies and higher conductivity of 
PEDOT:PSS films. By enhancing the conductivity of PEDOT:PSS thin 
films through annealing process the properties of PEDOT:PSS can 
also be improved. In this process it was found that the use of organic 
solvent with high boiling point can lead swelling and aggregation of 
PEDOT rich particles [13-18]. 

                                                                                                                     

Characterization Methods  

    The sheet resistance of doped PEDOT:PSS measured in deposition 
over glass was Rs = 330-338 Ω/sq). Electrical conductivity values 
were extracted from sheet resistance measurements carried out 
using a four-point probe resistivity measurement system. The 
electrical conductivity of PEDOT:PSS with 5% DMSO and 0.1% Triton 
X-100 was then found by using the formula: 
σ=1/(R×l)=1/ρ≅296.86 [S×cm^(-1)]  
 

where R = 338 Ω/sq is the measured sheet resistance, l = 100 nm = 
1×10-5 cm is the thickness of the film. 
 

The structural analysis of doped PEDOT:PSS thin films were carried 
out using scanning electron microscope(LEO-LEICA Stereoscan 440) 
and atomic force micro- scope(Nanotec electronica) to study the 
surface morphology of the prepared thin films. Raman and 
Photoluminescence spectrum were measured by using a red laser (λ= 
633 nm) and UV light (λ= 325nm) respectively in confocal microscope 
unit (Horiba Jobin-Yvon LabRam HR800), the acquired data was 
analyzed with LabSpac.5 software. 
 

SEM imaging of PEDOT:PSS were carried out at room temperature  

 
using SEM equipped with tungsten filament, Bruker nano Analyzer. 
The vacuum inside column gun was attained at a pressure value 
approximately 10-005 Torr, while the other important parameters 
such as the applied current and voltage was chosen to be Iprobe = 200 
pA-1nA, and EHT = 10-15kV. At first the current and voltage was 
chosen to be 200 pA and 10 kV respectively in order to avoid 
damage, later on the current and voltage was increased to acquire 
better results without inducing much damage to the sample under 
examination. SEM images at various magnifications, EDS spectra and 
EDS maps were acquired and analyzed by using (Bruker Nano 
Analyticer) software. AFM imaging of PEDOT:PSS were carried out at 
room temperature using Nanotec electronica equipped with Dulcinea 
Control unit. The AFM was operated in the contact mode using 
450µm long V-shape silicon nitride cantilever, detector side coated 
with Al. The nominal force constant of the cantilever is 0.2N/m. The 
image data were collected in the detection mode with a loading force 
of typically 1nN and at a scan rate of typically 0-9 Hz. Statistical 
analysis of AFM micrographs was performed by using the WSxM-3.4 
data processing software [18-23]. 

                                                                                                                     

Results and Discussion 

PL-Imaging 

Hybrid n-Si/PEDOT:PSS was fabricated by following standard 
solution based process, PEDOT:PSS mixed with 5% DMSO and 0.1% 
Triton x-100 was spin coated at spin speed (500rpm - 6000rpm). This 
process resulted in achieving a polymer film thickness of 100 nm. The 
sheet resistivity of the film was measured by four point probe 
method, and was found out to be 338 Ω/sq. Initially we started with 
static dispense and only DMSO as a solvent which turn out to be poor 
choice of spin coating method, since the samples were getting 
scratched by manually spreading the liquid prior to turning on the 
machine. The other issue is that during the static spin coating large 
amount of liquid will be waste. Our sample required a larger puddle 
of liquid to ensure full coverage of the sample. In some cases the 
sample were not being coated properly and one could see an uneven 
coating with naked eye. This occurred due to the wettability and 
static spin coating dispense. In order to overcome this challenge, 
dynamic dispense was chosen and to achieve better wettability 
mixed co-solvent engineering of PEDOT:PSS were suggested [24-25], 
which has led to better passivation and conductivity. In order to 
check the passivation quality, the PL-images were taken by PL-
machine and the carrier lifetime was measured which was increased 
from 170 µs to 280 µs. Figure 1 depicts the mean carrier lifetime of 
two samples with PEDOT:PSS deposited on n-Si substrate. Sample on 
the left (a) has been annealed longer for approximately 15 min 
whereas the other sample (b) was annealed for 10 min, annealing 
improved the charge carrier lifetime. 

 

Figure 1: Photoluminescence images of PEDOT:PSS on n-Si wafer 
annealed for 10-15 min. The bars at the right side of each image 
represent the colour scale corresponding to average carrier lifetime 
[µs]. 

SEM Analysis 

Figure 2 presents SEM images for the undoped and 0.5 wt% TiO2-
doped PEDOT:PSS films. Analysis of the images shows smooth and  
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plain surface for different regions of the films. Surface of the films 
doped with 0.5% TiO2, contains aggregates of nano-particles. 
Compositional analysis has been performed by EDX spectra and 
mapping [Figure 3-5]. In figure 4 the largest peak corresponds to the 
Si substrate, while the other smaller peaks are the elements such as 
sulfur, carbon, and oxygen. The peaks corresponding to Ti is shown 
up in the TiO2 doped PEDOT:PSS. Peaks in energy range between 0.5-
1.3 keV are from the well-known bremsstrahlung background noise. 

Figure 5: Energy dispersive x-ray (EDX) mapping of PEDOT:PSS spin 
coated on n-Si substrate, the region can been seen in figure [2a] from 
where the EDX pattern was taken. Figure a) Green map represents 
Silicon, b) Turkish-blue represent Sulfur and c) pink and d) blue 
represent Carbon and Oxygen respectively. 

Figure 2: SEM Image of undoped PEDOT:PSS. 

 

Figure 3: SEM Image of TiO doped PEDOT:PSS. White patches 
shows TiO2 nano particle aggregates/clusters. 

 

Figure 4: Energy dispersive x-ray (EDX) spectrum of (a) undoped 
and (b) TiO2-doped PEDOT:PSS on n-Si substrate. The highest peak 
is of Si, while the other peaks represent Carbon, Oxygen, Sulfur and 
TiO2. 

 

 

Figure 5: PL spectra of PEDOT:PSS deposit on n-Si substrate. Green 
plot represent the PL-spectra of PEDOT:PSS without using any filer, 
the signal is noisy, whereas black spectra was measured using natural 
filter, the noise is reduced slightly. 

Photoluminescence Spectra 

To get an insight into the charge extraction properties of the photo-
generated carriers, the sample photoluminescence (PL) spectra were 
measured [Figure 6 and 7] at room temperature. Two emission peaks 
were detected at wavelengths 415 nm and 520 nm. The emission 
peak centered at 520 nm spans a wavelength range from 450 nm to 
600 nm, while the second peak centered at 415 nm spans a 
wavelength range from 400 nm to 450 nm. Comparing with other 
studies it is confirmed that the PL is emitted from PSS at 400 nm, the 
peaks observed at 415nm is c=c stretching, coincide well with other 
studies [26-27].  

Figure 7 presents degradation analysis based on PL-spectra 
measured from the same spot twice. The sample was irradiated with 
UV light during ~2 minutes. The red and black color lines show the PL-
spectra acquired 1st and 2nd time respectively. The PL intensity has 
clearly been reduced considerably, which indicates the degradation 
of the PEDOT:PSS, fortunately upon using natural filter degradation 
can be avoided (Figure 8). 

We found that the PEDOT:PSS film gets destroyed by the irradiation 
[Figure 9 on the right], where the blue curve represents the Raman 
spectra of PEDOT:PSS and magenta curve represents the spectra of a 
damaged region (the region where spectra was retaken from). All the 
other PEDOT and PSS peaks are completely disappeared expect one 
(PEDOT) at 1417.43 cm-1 and PSS at 982.86 cm-1, but they have been 
reduced at considerable amount. Since the solution was doped with 
DMSO and Triton X-100, from the literature it is concluded that these 
solvents have a strong interaction both with PSS-chains and PEDOT-
chain, which results in phase separation of PEDOT:PSS, thus 
promoting the ordered alignment of PEDOT [4]. From the Raman 
spectra of TiO2-doped PEDOT:PSS, the sample can be clearly 
identified. Figure [8] shows the active modes of TiO2, the distinct 
peak at Raman frequencies are (150cm-1), (420cm-1) and (630cm-1). In 
crystalline structures only phonons close to the center of the Brillouin 
zone give rise to inelastic scatterings of incident beam. When the size 
of the crystal ranges in nano-meter scale, larger size of Brillouin zone 
contribute to the scattering process, which results in various Raman 
frequency peaks, thus one can observe the shape of Raman band. 
The mean peak of TiO2 can be observed at 150(cm-1). 

 

Figure 6: PL spectra of PEDOT:PSS on n-Si taken at same spot, red 
curve shows the PL measured at first, while the black curve shows PL 
measured second time at same the spot using UV light (λ = 325nm, 
with filter D=1). Irradiation time for each measurement was 2 i.e. 
total irradiation time was 4 min. 
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Figure 7: Raman spectra of PEDOT:PSS deposit on n-Si substrate. 
The spectra (black and red curves) on the top panel shows the 
comparison between Raman spectra of PEDOT:PSS on n-Si and Bare 
Si, while the spectra (blue and magenta) on the bottom panel 
shows the Raman spectra of an undamaged and damaged 
PEDOT:PSS on n-Si. 

 

Figure 8: Raman spectra of PEDOT:PS doped with 0.5wt.% TiO2 on 
n-Si substrate. The peak at around 450(cm-1) is distinct peak from 
TiO2, other smaller peaks at approximately 430 and 670(cm-1) are 
also originate from TiO2. The other peaks represents Si and 
PEDOT:PSS. 

                                                                                                                          

Atomic Force Microscopy 

AFM Analysis 

The AFM micrographs, reported in Figure [9], show some round-
shaped bright domains randomly distributed on the film surface. 
These large granular domains have been associated by several 
reports with high-conducting PEDOT clusters with an enhanced size 
promoted by solvent annealing. In other words the PEDOT-rich and 
PSS-rich domains or aggregates can be due to the heat treatment in 
the annealing process. As we heat sample (with PEDOT:PSS deposit 
on top) at temperature 120°C, the PEDOT move to the film surface 
and get accumulated, giving rise to vertical phase separation and 
forming large grains [3]. On this basis, the grain-like structure that 
emerged for thicker films could be seen as a fingerprint of a 
thickness-dependent phase segregation process. We made a 
statistical analysis of the surface topographies shown in Figure [9]. 
This was done by evaluating the root mean square roughness RMS, 
a parameter expressing the measure of the topographical statistical 
fluctuations around an average surface height. Due to its length-
scale invariant character, RMS can mirror the bulky redistribution 
of the two phases of diphasic polymeric blends and compounds 
upon thermally induced phase segregation and the related small 
grains coalescence. The topographic image 9 indicate that the films 
are quit homogeneous with RMS roughness of (3.5±0.5 nm). The 
morphology of PEDOT:PSS consists of PEDOT:PSS grain like 
cluster/particles and of the excess of PSS located at the grain 
boundaries and the film surface, and thereby creating a polymer 
matrix [28-30]. 

 

 

Figure 9: (a) AFM micro-graphs of PEDOT:PSS thin film. The scan area 
size is 2.5µm2, parabola filter was applied to enhance the appearance 
of different regions bright and dark regions on the right panel 
correspond to PEDOT-rich and PSS-rich grains respectively. (b) shows 
the corresponding 3D image of micrograph. 

                                                                                                                     

Conclusion 

In this work hybrid composites formed by a conductive polymer 
PEDOT:PSS functionalized with TiO2 nanoparticles have been 
investigated. The composites formed by PEDOT:PSS and TiO2 
nanoparticles (0.5 wt. %) were deposited on n-Si or glass substrates 
by spin-coating, leading to layers with a thickness around 120 nm and 
an average surface roughness of 3.5± 0.5 nm, as measured by atomic 
force microscopy (AFM). In the spin coated films, the outer layer of 
the cluster is PSS-rich and the core of the cluster it PEDOT-rich. When 
the film is formed the PSS acts as a barrier to the conduction of the 
carries, the conduction is performed within the grains with hops from 
PEDOT-grains to another according to the hopping model. We show 
that co-solvent treatment rearranges the PEDOT, and removes the 
excess PSS from the surface which leads to charge transport in the 
film and thus increases the electrical conductivity. It has been 
observed that the surface of the films is quite homogeneous. The 
results indicate to possibility of further enhancement of the Si surface 
passivation by co-solvent engineering by increasing concentration of 
EG or using MeOH (methanol) as co-solvent with DMSO. PL-spectrum 
is found to be enhanced with increasing the thickness of the 
PEDOT:PSS film. Electrical and photoluminescence measurements 
were also performed in these samples. The influence of a piranha 
pre-treatment on the Si surface has been evaluated in this work, as 
well as the effects due to the presence of TiO2 nanoparticles in the 
polymer. By Raman measurements, variations in the region 1200 -
1500 cm-1 characteristic from the PEDOT:PSS were observed after 
continuous irradiation. Finally, the composites including TiO2 
nanoparticles were used for n-Si surface passivation. Lifetime values 
around 375 µs were measured by PL-QSSPC, which confirms good 
passivation behaviour of the film even without pre-treatment of the 
Si substrate. 
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