Interfacial analysis and properties of regioregular Poly(3Hexyl thiophene) spin-coated on an Indium tin oxide coated
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Abstract
Interfacial analysis of the rrP3HT samples spin coated on a glass substrate was studied
in detail using transmission electron microscopy (TEM) and SEM measurements. Very
homogeneous and smooth polymer (P3HT and PEDOT:PSS) layers are observed on
the glass substrate. The ITO surface shows a surface roughness, with a layer of about
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15 nm.

Structural characteristics of the polymer blends were studied using Raman

spectroscopy and photoluminescence. The complete reduction of photoluminescence of
P3HT after mixing with C60 in a 1:1 wt. % indicates an effective charge transfer from
P3HT to C60. Thermo gravimetric analysis (TGA) showed that the commercially bought
materials are of high purity.
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1. INTRODUCTION

Over the last decade the use of polymeric materials in the design and fabrication
of low cost organic electronic devices, photovoltaic devices or plastic electronics has
received much attention. Photovoltaic technology has become increasingly important as
an environmentally sustainable path to world socioeconomic development. When
comparing the organic technology to the silicon-based photovoltaics (PV) the two very
different technologies are complementary in many ways. Organic photovoltaics (OPVs)
offer low cost, low thermal budget, solution processing, flexible substrates and a very
high speed of processing [1]. A major disadvantage of organic solar cells is the low
overall power conversion efficiency compared with established inorganic solar cell
techniques. In order for a major breakthrough to take place, a significant improvement
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in the device efficiency-to-cost ratio is essential. There are several factors that influence
the efficiency of OPVs, e.g. the structure of the polymer, the morphology of the film, the
interfaces [2] between the layers (organic/metal, organic/organic) and the choice of
electron acceptor and the ratio between this and the polymer [3].
Intensive research in organic photovoltaics has led to a wide variety of different
structure designs and different types of hole and electron acceptor materials [4-6].
Electron donor materials efficiently used are phthalocyanines, polythiophenes and
poly(phenylenevinylenes). Representative electron acceptors are perylenes, nanorods,
fullerenes and nanotubes [7-10].

In this study, the cross sectional SEM and TEM

analysis of poly(3-hexylthiophene) (P3HT) spin coated on an ITO/Glass substrate as
well as the optical properties will be determined.

2. EXPERIMENTAL DETAILS

2.1

Sample preparation

The solar cell structures were prepared according to the following procedure. All
chemicals were purchased from Sigma Aldrich. The ITO coated on 1 mm glass
substrates, with a resistance ≤ 20 Ω/square, was first cleaned thoroughly with solvents
and dried in dry nitrogen.

A thin layer of poly (3,4-ethylenedioxythiophene):poly

(styrenesulfonate) (PEDOT:PSS) solution was spin coated onto the ITO structure. The
spinning rate and time of spin-coating were between 2000 and 3000 rpm and 30 s. The
PEDOT layer was subsequently annealed in ambient at 100 °C for 15 min on a hotplate.
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The active layer containing regioregular poly(3-hexylthiophene) (rrP3HT) was dissolved
in 1 ml of chloroform solution and spin coated on top of the PEDOT:PSS layer (Sample
A). For the blended sample B rrP3HT (~ 5 mg) and C60 (~ 5 mg) was dissolved in 1 ml
of chloroform solution. The solution was stirred overnight on a hotplate at 50 °C. The
precursor solution prepared for this study had a molar concentration of 0.15 M. The
solution were spin coated on top of the PEDOT:PSS layer. The spinning rate and time
of spin-coating were 2500 rpm and 30 s. In this study no Al top electrode depositions
were done on the P3HT/PEDOT:PSS/ITO/Glass structures.

2.2

Characterization

A HELIOS NanoLab 600 SEM equipped with an Elstar electron column for high
resolution and contrast, as well as a Sidewinder ion column for fast, precise cross
sectioning was employed for cross-sectional and interfacial analysis of the material spincoated on the glass substrate. All chemicals were used as received without further
purification however; thermo-gravimetric analysis (TGA) (stability measurements) was
performed using a Perkin Elmer thermo gravimetric analyser.

Measurements were

carried out in an O2 atmosphere at a heating rate of 10 °C/min from roo m temperature to
950 °C. The photoluminescence (PL) spectra were measured by exciting the samples
with 350 nm line of deuterium lamp. The emission was detected with Jobin Yvon PMT
detector. The Raman measurements were performed using a Horiba Jobin Yvon HR800
micro-Raman spectrometer. In all measurements an excitation wavelength of 514 nm
was directed perpendicular to the substrate and the spectral resolution was set to 0.33
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cm-1. It should be noted that for some Raman spectroscopy and photoluminescence
measurements, the PEDOT:PSS layer was omitted in order to avoid masking of P3HT
features which overlap with those of PEDOT.

3. RESULTS AND DISCUSSION

Cross-sectional high resolution SEM was performed by means of ion-beam
milling in the HELIOS Nanolab 600 on the polymer samples spin-coated onto the glass
substrates. Descriptions of how the focused ion beam (FIB) is used to prepare crosssections and TEM specimens can be found elsewhere [11-16]. Figure 1 shows the
scanning electron micrographs of (a) the area of interest with a Pt layer deposited onto
the sample to protect it during subsequent ion milling, (b) the two large trenches that are
milled on either side of the area of interest in sample, (c) the area of interest at a tilted
angle, and the final releasing cut that was performed, Fig. 1 (d), respectively. The
micrograph in figure 1 (d) clearly showed that the lamella is removed from the bulk of the
sample for SEM and TEM analysis. When the sample is milled, a part of the material is
re-deposited at nearby sample locations, especially at the sidewalls of the milled trench.
The cross-section surface itself usually remains clean due to the permanent milling, as
shown in Fig. 2(c).
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Figure 1:

SEM images showing the lamella preparation of the specimen (a)
deposition of the protective platinum cap, (b) the area of interest and the
trenches after milling, (c) the trenches and area of interest at a tilted angle
and (d) a final releasing cut is performed and the lamella is removed (liftout) from the bulk of sample A.
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Figure 2 shows the SEM and TEM micrographs of the cross-section of a
Glass/ITO/PEDOT:PSS/P3HT sample (sample A). The glass, ITO, PEDOT:PSS and
P3HT in the stack are clearly visible and allow characterization of the interface. It is
interesting to see that the two polymer layers exhibit different contrast and thus can be
easily identified, allowing interface quality characterization of the layers. The ITO layer
displays a high surface roughness of about 15 nm. According to the cross sectional
analysis a thin interfacial layer between the glass substrate and the ITO was observed in
both the SEM and TEM micrographs as shown by the arrow indicators. This layer might
have been introduced during the ITO/Glass sample preparation.

Hong et al. [17]

showed that an ITO film deposited on a barrier layer improves the optical and electrical
properties of the ITO film. The showed that by using TiO2 as a barrier layer improves
the resistance to moist heat and surface uniformity more effectively than using SiO2 as a
barrier layer.

It can also be seen that the PEDOT/PSS layer forms a very smooth interface
with the organic layer (P3HT), thus reducing the stress on the active layer during
operation, which otherwise results from high local electric fields at peaks on the ITOsurface.

Peumans et al. [18] reported that spin-coating the ITO anode with a

PEDOT:PSS layer improved the photovoltaic cell efficiency. They showed that the fill
factor (FF) can be significantly improved by treating the PEDOT:PSS surface with a mild
Ar or O2 plasma, further suggesting the importance of this interface. It is also evident
that small pores with different diameters are present in the P3HT polymer layer. The
results show that the active P3HT layer has a thickness of ~ 230 nm.
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Figure 2:

High-resolution (a) SEM and (b) TEM image of a cross sectional sample of
an organic layer spin coated onto an ITO coated glass substrate (sample
A).
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Gebeyehu et al. [19] reported that the thickness of semi-conducting organic films
represents a crucial parameter for their performance in photovoltaic devices. They also
showed that the need to absorb most of the sunlight in solar cells requires a film thicker
than 100 nm. On the other hand, thin layers enhance the internal electric field and
improve the charge transport.
To estimate the thermal stability of P3HT and fullerene, TGA analysis were
performed in an O2 atmosphere. Figure 3 shows the TGA and the differential thermal
analysis (DTA) of (a) P3HT and (b) fullerene as measured in O2. In a typical experiment,
nearly equal amounts (~ 4 mg) of P3HT and fullerene were loaded into a platinum pan
for TGA under constant oxygen flow. The temperature upper limit was set at 900 °C
with a relatively slow scanning rate of 10 °C/min t o ensure complete thermalization of
the polymer and fullerene.

It is clear from the figure 3(a) that the polymer is very stable against thermal
decomposition. It is observed that the mass loss takes place in a two-step mechanism.
The differential thermal analysis consists of two maxima at temperatures around 465 °C
and 635 °C as shown in figure 3(a) indicating two different components of similar
oxidation behaviour. The first step of the mass loss began at about 460 °C and the
second step began at about 600 °C. Such an oxidation at high temperature obviously
cannot be due to physisorbed species. The beginning of the mass loss is might be due
to the loss of an alkyl side group attached to the aromatic thiophene backbone (hexyl
group). As the temperature increases above 500 °C, the oxidation is accelerated and
the pyrolysis of the aromatic backbone of polymer chains is ignited.
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The thermal

analysis graphs of the fullerene in Figure 3(b) shows that the initial degradation
temperature (IDT) has been found to take place at 530 °C while the mass loss has been
found to occur between 550 and 730 °C. The thermo gravimetric analysis under oxygen
between room temperature and 950 °C showed a zero percentage remaining mass
indicating that the purchased materials are of highly pure quality.

A

(a)

B

(b)

Figure 3:

TGA profile of (a) P3HT and its first derivative plot, showing two stages of
decompositions at 465 and 635 °C and (b) fullerene (C60) and its first
derivative
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Figure 4 shows the Raman spectroscopy of the P3HT films as well as different
blends of P3HT:C60 films deposited on a Si substrate. The samples were excited by a
514 nm laser in the frequency range of 200–2000 cm−1. The spectrum of the poly(3hexylthiophene) film deposited on Si is identical to previous results for regioregular
P3HT (rrP3HT), it features all vibrational frequencies expected for the conjugated
polymer [20]. The signals in the range 1445–1460 cm−1 corresponds to the symmetric
Cα=Cβ stretching deformation, while the medium intensity band at 1375-1380 cm−1 is
associated with Cβ–Cβ stretching deformations in the aromatic thiophene ring [21, 22].
-1

No Raman features attributable to C60, such as the A 1469 cm mode of fullerenes
1g

could be resolved. Klimov et al. [23] showed that the contributions of the C60
fluorescence is not expected to influence the Raman modes of P3HT in the blends. In
order to extract additional information from the Raman spectra (e.g peak positions,
relative intensities and full width at half-maximum (FWHM), curve fittings were carried
out with both a Lorentzian function and summarized in Table 1.
It can be seen from Table 1 that the peak position, corresponding to the
symmetric Cα=Cβ stretching deformation, is shift to a higher wavenumber (cm−1), if the
polymer is blended with C60. A downward shift in the wavenumber generally indicates
an increase in the crystallinity of P3HT polymer and the extension of the effective
conjugation length along the polymer backbone [24].

As a result, the polymer film

prepared with a C60-fullerene has the favourable molecular morphologies for the
transport of charge carriers and is also responsible in the improvement of cell
efficiencies. Interesting effects on the full width at half maximum (FWHM) of the peak
can be observed. The FWHM increases with the addition of C60-fullerene as shown in
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Table 1. This change in the FWHM is consistent with the changes observed in the PL
intensity.

(c)

(b)

(a)

Figure 4:

Raman spectra of (a) P3HT, (b) P3HT:C60 (1:4 wt.%) and (c) P3HT:C60
(1:1 wt.%), films spun on a Si Substrate.

12

Table 1:

Raman measurement for the P3HT/Si films as well as different blends of
P3HT:C60.

Cβ–Cβ stretching deformations
Sample

P3HT/Si

Area

Peak

FWHM Intensity

Cα=Cβ stretching deformations
Area

Peak

Position

Position

(cm-1)

(cm-1)

FWHM Intensity

94443

1380.3

12.115

4963.0

1.1782E6

1449.3

36.889

20333

P3HT:C60(1:1 15478

1379.4

13.101

752.12

4.0067E5

1458.1

45.877

5559.9

1379.8

12.498

1601.1

5.3726E5

1453.2

39.453

8669.3

wt.%/Si
P3HT:C60(1:4 31434
wt.%/Si

Saricifti et al. [25] showed that the comparison of the photoluminescence (PL) of
a donor with that of the donor/acceptor composite provides an important, but also simple
method to detect the charge transfer (CT), which is indicated by the quenching effect of
the composite. Figure 5 compares the photoluminescence spectra of P3HT film with
that of blends of P3HT with different fullerene ratios. The P3HT shows PL, which is
completely quenched when it is mixed with a 1:1 wt. % of C60. This implies that the
excitons generated on one polymer within the film reached an interface with the other
polymer

and

dissociate before

recombining.

As

shown

in

Figure

5,

the

photoluminescence spectra of the blend of P3HT:C60 1:4 wt. % show a blue shift
(downwards shift) compared to the spectra of a neat film of P3HT, suggesting that the
polymer chains are twisted and not π-stacked on each other. At this point it is unclear
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whether the incomplete quenching resulted from reduced exciton mobility on the
polymer chains, or from the pore size simply being too large given the small exciton
diffusion length that has been observed in thiophene-based polymers [26]. Al-Ibrahim et
al. [27] reported that materials with high absorption coefficient are necessary for
application in polymer solar cells, because the film thickness of the photoactive layer
should not be normally over some hundreds of nanometer (typical are 100–300 nm).
This limitation is predicted by the much lower charge mobility compared with inorganic
semiconductors.

Figure 5:

Photoluminescence spectra of films of P3HT, P3HT:C60 (1:1 wt. %) and
P3HT:C60 (1:4 wt. %) deposited on a Si substrate.
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4. CONCLUSION

SEM and TEM analysis of the cross-sections revealed that a smooth and
homogeneous polymer (P3HT and PEDOT:PSS) film are observed on the glass
substrate. The ITO/Glass substrate has an in interfacial surface roughness of ~15 nm,
while the most sensitive organic layers have sharp and undistorted interfaces. Thermal
stability of the polymer (P3HT) and fullerene showed that the commercially bought
materials are of high purity. The results show that the polymer is very stable against
thermal decomposition until around 400 °C and that the oxidation is completed at 730
°C. Analysis of the fullerene sample showed that a zero percentage mass loss was
observed. The complete reduction of photoluminescence of P3HT after mixing with C60
in a 1:1 wt. % indicates an effective charge transfer from P3HT to C60.
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