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In this paper, the properties and morphology of poly (3, 4-ethylenedioxythiophene): poly (styrene-sulfonate) (PEDOT: PSS) 

films fabricated by spin-coating and annealing process at different circumstances were investigated in detail. Compared with 

vacuum condition, it was found that films annealed in nitrogen have better contact morphology, transmission, and 

conductivity. In addition, the roughness under nitrogen treatment is also better after spin-coated active layer. Short-circuit 

current density and fill factor are improved by 65% and 22%, respectively. The annealing process in nitrogen process also 

enhanced the open-circuit voltage output because of the close contact interface. These result in an improvement of Power 

conversion efficiency by 147%.  
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1. Introduction 

 

Organic photovoltaic (OPV) [1-4] has been widely 

investigated due to its low-cost [2 -5], light-weight [2, 3, 

6], flexibility [3, 4, 7] and potential applications [8]. The 

performance of OPV has been steadily increased to higher 

levels. Poly (3-hexylthiophene) (P3HT) [9] and [6, 

6]-pheny-C61-butyric acid methyl ester (PCBM) [10] are 

common active materials used in OPVs. However, Bulk 

HeteroJunction (BHJ) [11] based on these materials still 

remains in relatively low Power Conversion Efficiency 

(PCE) around 5% [2]. The transport efficiency [9] of 

carriers is an important factor which limits the 

improvement of PCE. Hence, the interface between active 

blend and electrodes determines the density of 

photo-generated current [12]. Generally, p-type poly (3, 

4-ethylenedioxythiophene): poly (styrene-sulfonate) 

(PEDOT: PSS) [13, 14] is used between Indium Tin 

Oxides (ITO) anode and BHJ blend as Hole Transport 

Layer (HTL). One reason [13] is that PEDOT: PSS has a 

higher work function (5.0eV) compared to ITO (4.7eV) 

which can improve the injection efficiency of holes and 

block electrons. Moreover, PEDOT: PSS provides a better 

contact interface [14] between active blend and the ITO 

electrode, which decreases the Ohimc resistance and 

recombination possibility. However, the conductivity of 

PEODT: PSS layer is still low because of spin-coating 

process [14]. Some groups found that annealing process 

can improve both conductivity and morphology [13]. Most 

researches paid attention on optoelectronic properties 

[15-17] after annealing process. However, most 

fabrications of PEDOT: PSS were carried out under air 

condition without further protection [14].  In this paper, 

different annealing processes on OPVs are discussed to 

clarify the importance of shielded gas. Moreover, the 

interface between ITO and PEDOT: PSS cannot be 

observed by using traditional method. Because of this, a 

3-demitional technology was used to observe the interface 

in different annealing treatment.   

 

 

2. Experiment 

 

2.1 Sample preparation 

 

OPVs (Fig. 1) in this paper were prepared on glass 

substrate coated with patterned ITO (10Ω/ □ ). The 

concentration of PEDOT: PSS (Sigma-Aldrich, 

high-conductivity grade) was strictly controlled at 1.1wt % 

in H2O. The solution was then purified by 0.5μm filter 

before spin-coated on the cleaned and patterned ITO 

substrate. The coating rate was 3000 rpm for 60 s to form 

a 31 nm thick layer. The samples were subsequently 
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annealed in different conditions (in nitrogen ambient 10
5
 

Pa constantly or in 1.5×10
-1 

Pa in vacuum) at 130 °C for 

10 min to remove excess water and the ambient content 

was monitored by gas sensors and analyzers (provided by 

Mikrouna). All further steps of processing were carried out 

in an inert nitrogen glove box (Mikrouna Universal 1800 

series). P3HT and PCBM in a 1:1 weight ratio were used 

to prepare a solution of 10 mg/ml in chlorobenzene. The 

solution was stirred for 48 hours inside the nitrogen glove 

box at room temperature before the spin-coating process. 

The active layer was spin-coated at 1500 rpm for 60 s to 

give a 90 nm thick layer. The samples were subsequently 

heated at 135 °C for 10 min to achieve an optimal 

morphology. Finally, 30 nm of Calcium (Ca) and 100 nm 

of Aluminum (Al) were thermal deposited by evaporation 

at 1 Å/s without breaking the vacuum (6×10
-4 

Pa). All the 

thicknesses of organic layers were measured by Field 

Emission-Scanning Electron Microscopy (FE-SEM, Sirion 

200 FEG) after the annealing treatment as shown in Fig. 1. 

The thickness of metallic layer was calibrated by Quartz 

Oscillator (Inficon SQC 310).  

 

 

Fig. 1. Illustration of the device structure. 

 

 

2.2 Sample characterization 

 

The surface morphology was scanned by Tapping 

Mode Atomic Force Microscopy (AFM, DI Multimode V) 

and Optical Coherence Tomography (OCT, Thorlab 1300 

SS-OCT). Absorption and transmittance spectrums were 

detected by Spectrometer (EDINBURGH INSTRUMENT 

FLS920P). Meanwhile, conductivity was tested by 

the impedance analyzer (Agilent 4200), the Current 

Density-Voltage (J-V) measurements of all OPVs were 

conducted on a computer-controlled Keithley 2400 Source 

Measure Unit. Device characterization was carried out in a 

glove box under illumination of AM 1.5G, 100 mW/cm
2 
by 

using a xenon-lamp-based solar simulator (from SAN-EI 

ELECTRIC Co.,LTD.). 

 

 

3. Results and discussion 

 

3.1 Surface morphology  

 

In order to directly investigate the changes of 

morphology in different conditions, the morphology of 

PEDOT: PSS layers were observed by AFM (Fig. 2). As 

shown in Fig. 2, the grain sizes of PEDOT: PSS in 

different circumstances are similar. However, the 

monomers under nitrogen ambient assembled more closely 

and smoothly as Fig. 2 (b) shows. By contrary, Fig. 2 (a) 

shows a loose aggregation and a relative rougher surface 

[18], which implies the PEDOT: PSS layer under vacuum 

annealing process cannot sufficiently contact BHJ layers, 

which would form capacitance and then influence the 

charge transportation. 

 

 

Fig. 2. AFM height images (5m×5m) of PEDOT：PSS 

annealed under (a) vacuum (b) nitrogen 

 

To deeply clarify this phenomena, scanning area was 

broadened to 10m (Fig. 3) after active layer was coated 

on PEDOT: PSS layer. It can be easily found that 

annealing treatment of the film under nitrogen shielding 

condition (b) has a relatively smooth surface morphology. 

A rougher surface was caused by agglomeration 

phenomena under vacuum condition as (a) shows. The 

film roughness is 22.4 nm under nitrogen atmosphere, and 

the value is 37.3nm in vacuum by comparison. However, 

the thickness of HTL layer was only 31nm in SEM image. 

To clarify this contradiction, the roughness of naked ITO 

substrate was also scanned and shown in Fig. 3 (c). The 

amorphous ITO provided an inhomogeneous surface 

around 15nm. On the other hand, ITO substrates cannot be 

polished by the spin-coating technique. Then PEDOT: PSS 

formed protrusions as the AFM shows. Rougher 

morphology [18] would block the charge transportation 

and it is the main reason for the increase of resistance and 

capacitance. Agglomeration area [19, 20] also increases 

the density of recombination center which would decrease 



1450                  Guilin Liu, Ying Guo, Huimin Yan, Bingjie Zhu, Hainmin Yu, Yixin Zhang, Guohua Li 

 

the short-circuit current density.  

 

 
Fig. 3. AFM height images (10μm×10μm) of active layer on 

PEDOT：PSS annealed under (a) vacuum (b) nitrogen (c) the 

naked ITO substrate 

 

 

OCT [21], compared with AFM, is an emerging and 

powerful optical imaging technique enabling Roll to Roll 

(R2R) compatible [21], depth-resolved [22], non-invasive 

[23] and non-destructive investigations [24] of 

semi-transparent material with micrometer-resolution and 

millimeter penetration depth. AFM can only scan the 

surface morphology between PEDOT: PSS and BHJ, 

However, the depth scanning cannot be achieved by 

contact mode AFM. In our experiment, a non-contact 

mode OCT was applied. The central wavelength is 1310 

nm (40nm bandwidth) which can achieve non-invasive 

scanning. The observation can be guaranteed because 

scanning depth is more than 3mm with a lateral resolution 

higher than 15 μm. By using 3-demitional OCT, as Fig. 4 

shows, the images were scoped from the ITO glass side 

and formed coherence tomography at the contact interface 

between ITO and PEDOT: PSS. PEDOT: PSS layer 

annealed in nitrogen condition formed a smooth contact 

interface with ITO layer as Fig. 4 (b) shows. Samples 

under vacuum annealing, however, could be observed an 

obvious rough interface which is also coincidence with 

AFM images. Other optical techniques are also newly 

emerged in OPVs, such as Light Beam Induced Current 

(LBIC) [25] and Confocal Laser Scanning Microscope 

(CLSM) [26]. However, OCT has its advantages. It is 

found that incoherent and infrared OCT, compared with 

LBIC, can penetrate the substrate and detect the front 

surface rather than the back electrodes. Meanwhile, 

imaging quality cannot be affected by the interference 

which is better than CLSM. 

 
 

Fig. 4. Three-demontional OCT images on PEDOT：PSS 

annealed under (a) vacuum (b) nitrogen.  The OCT 

images were scanned from the ITO side and formed 

coherence (red circle shown in the Figure) at the interface  

            between ITO and PEDOT: PSS 

 

 

3.2 Optic-electric properties in different treatment 

 

Fig. 5 shows the transmittance of PEDOT: PSS under 

different circumstances. It can be easily found that 

samples under nitrogen treatment have a higher 

transmittance than that of under vacuum condition. After 

500nm, the transmittance of nitrogen treated PEDOT：PSS 

layer is 10% more than that of under vacuum. Compared 

with the absorption spectrum of P3HT, the transmittance 

from 450 to 620nm determines the internal quantum 

efficiency (IQE) of OPVs. This means that nitrogen 

shielding treatment will result in a better device 

performance. Water vapor [27] and oxygen [28]
 
are the 

major possible facts to influence the transmittance. In 

Glove box the content of water and oxygen is below 1ppm 

(0.035ppm and 0.078 ppm under 10
5 
Pa respectively). By 

contrast, although the vacuum inside of the oven reached 

1.5 × 10
-1

 Pa during the annealing process, the relative 

humidity was around 23% as we measured at the blow 

vent. The results showed that water vapor cannot be fully 

excluded by the vacuum pump. On the other hand, while 

the oxygen content was lower than 5.6 ×10
-7 

mol, the 

oxygen content was similar to the oxygen content in 

nitrogen condition. Hence, it can be confirmed that the 

penetration of water vapor [27] forms a rough contact 

interface between PEDOT: PSS layer and ITO substrate 

leads a rough surface, then the surface scatter decreases 

the transmittance.  

 

 

Fig. 5. The transmission spectra of PEDOT: PSS annealed under 

different circumstance and the absorption spectrum of P3HT 
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The electric properties are most important for OPV 

devices. The conductivity of PEDOT: PSS layer can 

influence the device performance deeply. As Table 1 

shows, the conductivity under nitrogen treatment can reach 

up to 0.28 S/cm
-1

, and the value of that in vacuum 

condition is only 0.09 S/cm
-1

. The crystallization and 

connectivity of nano-particles
 [29, 30]

 influence the 

conductivity which also approve nitrogen treatment has a 

better contribution to the fabrication of OPVs. 

 

 

Table 1. Performance of the devices with different PEDOT：PSS film 

 

 Condivity(S/cm
-1

) Voc(V) Jsc(A/cm
2
) FF η 

Vacuum 0.09 0.46 1.23×10
-3 

27% 0.15% 

Nitrogen 0.28 0.56 2.03×10
-3 

33% 0.37% 

 
 

J-V curves were also tested by using four wires 

method in glove box after a 100nm Al deposited. And the 

properties are shown in Fig. 6 and Table 1. The nitrogen 

treated OPVs obviously have a better performance. In 

comparison, the Jsc increased by 65%, the FF improved by 

22% and Voc also increased from 0.46V to 0.56V. As a 

result, the PCE soared by 147%, from 0.15% to 0.37%. 

Although the PCE remains in a low level, the importance 

of shielded gas during annealing treatment has been 

pointed out by comparison. The transmittance is the main 

reason for the electric improvement, since more photons 

can pass through the transparent electrodes (Fig. 5) and be 

absorbed by BHJ blend. Hence, more excitons can be 

generated, and the closely integrated interface between 

different layers also guaranteed that electrodes can gather 

more carriers before they were recombined. As a result, Jsc 

increased from 1.23×10
-3 

A/cm
2 

to 2.03×10
-3

 A/cm
2
. 

Meanwhile, the series resistance (Rs) is also an important 

factor which influences the performance of OPVs. As the 

Fig. 6 shows that the slope at Voc point is the Rs value. 

Obviously it is larger in vacuum condition. AFM analysis 

(Fig. 2) approves that the rough contact interface has an 

effect on the Rs. Moreover, the rough interface between 

HTL and BHJ blends also decreases the built-in electric 

field because the capacitance and energy bend is increased 

by the insufficient contact and the rough interface. As the 

result the integration of electric field in BHJ layer is 

decreased which results in a low Voc output under the 

vacuum treatment.  

 

Fig. 6. J−V curves of the devices with PEDOT: PSS  

annealed under different atmospheres 

4. Summary 

 

Appropriate annealing treatment such as shielded gas 

is essential for OPVs fabrication, the agglomeration is the 

reason for the decline of electric properties, and the 

existence of water vapor during the annealing treatment is 

a main possibility for the change of optic properties. As a 

result, shielded gas such as nitrogen is essential during the 

post-annealing process to improve the quality of PEDOT: 

PSS layer. Experimental results show that, PEDOT: PSS 

annealed under shielded nitrogen condition can integrate 

more closely and form a better contact interface. 

Meanwhile, the conductivity in nitrogen treatment is much 

higher than that in vacuum circumstance. Higher 

transmittance is prerequisite for the improvement of Jsc 

and FF since more carriers were generated after photon 

injections. The annealing process in nitrogen condition 

also enhances the Voc output because of the close contact 

interface. Finally, those improvements make a contribution 

to increasing the PCE of OPVs. Moreover, compared with 

other optical techniques, incoherent light beam can 

achieve a better resolution and ignore the interference 

effect. R2R compatible OCT technique provides a new 

method for testing the quality of front electrodes.  
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