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ABSTRACT 
 

In this study, bulk heterojunction (BHJ) organic solar cells 

(OSCs) with a ZnO nanoparticle buffer layer were 

fabricated. The BHJ-OSCs comprised of poly(3-

hexylthiophene) (P3HT) and [6,6]-phenyl butyric acid 

methyl ester (PCBM) as photoactive layer blend on the 

substrate coated with a hole transporting layer poly 

(3,4ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS) followed by a ZnO nanoparticle buffer layer 

and Al layer. The devices were then annealed at 155 
o
C 

before (device A) and after (device B) the deposition of the 

Al electrode. Device A (annealed device) showed improved 

photovoltaic (PV) characteristics when compared to Device 

B. Depth profile analysis/interface analysis and elemental 

mapping of BHJ-OSCs was performed by time-of-flight 

secondary ion mass spectrometry (TOF-SIMS). Signals 

arising from 
27

Al, 
16

O, 
12

C, 
32

S, 
64

Zn, 
28

Si, 
120

Sn and 
115

In 

allowed us to clearly identify the ITO, PEDOT:PSS, 

P3HT:PCBM, ZnO and Al cathode layers, respectively. 

The effect of post-fabrcation annealing on PV 

characteristics of the BHJ-OSC devices are discussed. 
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power conversion efficiency, depth profile 

 

1 INTRODUCTION 
 

Significant advances in power conversion efficiency 

(PCE) of  BHJ-OSC devices can be achieved by improving 

the morphology of the photoactive layer. The grand 

challenge is to optimize the interfacial area of the 

donor/acceptor materials, charge mobility within the 

photoactive layer and the crystallinity of P3HT polymer 

within the blend. However, the processing conditions such 

as thermal annealing of BHJ films can help improve the 

morphology and charge carrier mobility thereby increasing 

the quantum efficiency of the devices [1]. In addition, the 

sequence of the thermal treatment is critical for the device 

performance. Organic solar cells with the thermal treatment 

after the Al electrode deposition (post annealing) show 

better performance than the cells with thermal treatment 

before Al depostion (pre annealing) [2]. In many multi-

layered electronic devices, the interfaces between their 

layers govern their properties and changes such as 

oxidation or the formation of polar layers affect their 

functioning. Hence, to understand the BHJ structure the 

study of these interfaces is important for the development 

of organic solar cells [3,4,5].  

 

2 EXPERIMENTAL 
 

2.1 ZnO nanoparticles synthesis 

ZnO nanoparticles were synthesized by hydroxylation 

of zinc acetate dihydrate (ZnAc.2H2O) by 

tetramethylammonium hydroxide (TMAH). In a typical 

preparation, TMAH dissolved in 30 ml of ethanol was 

added dropwise to 0.1M zinc acetate dihydrate dissolved in 

30 ml of dimethylsulfoxide (DMSO) followed by vigorous 

stirring for 1hour at room temperature. The precipitate was 

separated by centrifugation and was washed at least three 

times by a mixture of heptane and ethanol in the volume 

ratio of 2:1 and then in heptane only. The ZnO 

nanoparticles were either dispersed in ethanol/methanol or 

dried in an oven kept at 110
o
C for 1hour. 

 

2.2 Device fabrication 

 

The device geometry was ITO/PEDOT:PSS/P3HT: 

PCBM/ZnO nanopaticles/Al with the device area of 0.12 

cm
2
. A glass substrate precoated with ITO and modified by 

spin-coating a thin layer of PEDOT:PSS followed by drying 

in an oven/hot plate at 110 
o
C for 10 min was used as an 

anode electrode. The photactive layer of P3HT:PCBM 

blend with a weight ratio of 1:0.6, dissolved in 

chlorobenzene, was spin-coated at the speed of 1000 rpm 

for 15 s. This was followed by the deposition of the layer of 

methanol solution of ZnO nanoparticles at 4000 rpm for 35 

s. Finally, the top Al metal electrode (100 nm) was 

thermally evaporated at a pressure of ~ 1 x 10
-6

 Torr 

through a shadow mask defining the device area. Two 

devices are compared in this study, i.e. Device A that was 

thermally treated before the evaporation of the Al electrode 

(i.e. pre-annealed) and device B that was thermally treated 

after the evaporation of the Al electrode (i.e. post-annealed) 

at 155 
o
C for 10 min. 

 

 

NSTI-Nanotech 2013, www.nsti.org, ISBN 978-1-4822-0581-7 Vol. 1, 2013 113



2.3 Photovoltaic measurements 

 

Current density versus voltage (J-V) characteristics 

were measured using a Keithley 2400 source meter and an 

Oriel xenon lamp (150 W) coupled with an AM1.5 filter to 

simulate sunlight. The light intensity was calibrated with a 

silicon reference cell with a KG2 filter following standard 

solar cell testing procedures. All J-V measurements were 

conducted at the light intensity of 100 mW/cm
2
. The 

external quantum efficiencies (EQE) as a function of 

wavelength were measured using an incident photon-to-

current efficiency (IPCE) measurement system (PV 

measurement, Inc). The wavelength of the bias light was 

controlled with optical filters (Andover Corporation). 

 

 

2.4 SIMS depth profiling and imaging 

 

The depth profile analysis was performed using Iontof 

TOF-SIMS
5
. Two depth profiling ion beams operating in 

the dual beam mode were used. While a primary current of 

70 nA of Cs
+
 ions was sputtering the crater, the 0.3 pA 

Bi3
++ 

ion was progressively analyzing the crater bottom, 

with impact energies of 1 keV (Cs
+
) and 30 keV (Bi3

++
)

  
and 

the sputter area of 300×300 μm with the sputter time of 10 

sec/scan. SIMS measurements were performed directly on 

the Al cathode. The elemental mapping was performed with 

a Cs
+
 0.3 pA primary beam, and was rastered over area of 

100 × 100 μm on the sample surface. The two-dimensional 

images were recorded with a resolution of 512 x 512 pixels. 

The measurements were performed at the base pressure of 

1.5 x 10
-9

 mbar. 

 

3 RESULTS AND DISCUSSION 
 

The Photovoltaic response of devices A and B are 

shown in figure 1. The device performance is greatly 

improved by the thermal treatment after the deposition of 

the Al cathode (post-annealing). The PCE is significantly 

increased from 1.57 % to 2.93 %. In addition, the Voc of 

Device B increased marginally from 0.43 % to 0.65 %. A 

summary of the PV characteristics is presented in table 1. 

The improvement of the PV properties can be attributed to 

combined effects of the ZnO buffer layer and post-

annealing treatment. This trend is similar to results reported 

by Ntwaeaborwa et al [6] and Kim et al [7], who observed 

that the post-annealed devices showed an improved 

performance. The increase of Voc in device B may be 

attributed to a decrease in ohmic contact/series resistance at 

the interface between ZnO layer and Al electrode. The 

change in ohmic contact at the interface may be a result of 

energy level re-alignment due to post-annealing as stated by 

Zhao et al [8]. The change of ohmic contact in organic solar 

cells is considered to have a strong impact on the Voc and 

FF of the cell. EQE spectra is shown in Figure 1 (b) shows 

the external quantum efficiency versus wavelength spectra 

of devices A and B. The maximum photocurrent 

contribution is observed at ~ 501 nm and an improvement 

of device performance of about 10 % is obtained from the 

post-annealed device. 

 

 

Figure 1: (a) J-V characteristics and (b) External quantum 

efficiencies of the devices  

Device A 

 
DeviceB 

Jsc Voc FF PCE Jsc Voc FF PCE 

(mA/cm
2
) (V) (%) (%) (mA/cm

2
) (V) (%) (%) 

        

7.02 0.433 51.69 1.57 7.10 0.654 63.07 2.93 

        

Table 1: Photovoltaic characteristics of devices A and B 

SIMS depth profiling results of device A are presented in 

figure 2(a).  Signals arising from 
27

Al, 
16

O, 
12

C, 
32

S, 
64

Zn, 
28

Si, 
120

Sn and 
115

In ions allowed us to clearly identify 

succesive layers of Al/ZnO/P3HT:PCBM/ PEDOT:PSS and 

ITO/glass, respectively. Although there was no significant 

difference of depth profile distribution between devices A 

and B (device B not shown) except slight concentration 
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height of carbon, the formation of Aluminum oxide is 

possible and this has been reported before by Bulle-

Lieuwma et al [9]. The Al signal that decreases slowly and 

diffuses in to the active layer (P3HT:PCBM) originates 

from the Al metal. The annealing of devices leads to a 

slight shift and diffusion of Al into the active P3HT:PCBM 

layer. The interface between Al and P3HT:PCBM is found 

to be oxygen-rich, as by  the high 
16

O signal. In addition, 

the 
64

Zn signal which originates from ZnO layer is observed 

within the active layer. Again the intensity of the 
16

O signal 

increases at the Al/P3HT:PCBM interface and significantly 

decreases within the active layer and then stays constant 

throughout to the ITO/glass substrate. The 
16

O comes from 

either ZnO or aluminum oxide (or hydroxide) formed 

during Al evaporation as a result of a chemical reaction 

with residual gas (water) in the vacuum chamber [10, 11] 

and water present on the sample surface. Sulfur (
32

S) depth 

profile, which originates from P3HT, PSS and PEDOT and 

carbon (
16

C) from P3HT:PCBM are stable at the Al region, 

and then simultaneously increases towards the 

P3HT:PCBM region. While 
16

C is uniformly distributed 

within the active layer then significantly decreases towards 

the PEDOT:PSS layer, the 
32

S first increased slightly, 

decreased slowly, was distributed uniformly throughout the 

PEDOT:PSS layer and finally decreased towards the 

ITO/glass region.   

The diffusion of tin (
120

Sn) and indium (
115

In) into the 

active layer from ITO/glass region has been recognized as 

one of the main factors detrimental to the lifetime of 

organic solar cells. The diffusion of 
115

In and 
120

Sn depends 

on the nature of the layers present. In the case of 

PCBM/PEDOT:PSS/ITO, 
120

Sn and 
115

In signals are found 

within the PEDOT:PSS until they reach the 

P3HT:PCBM/PEDOT:PSS interface, where their signals 

drop. De Jong et al [12] showed with Rutherford 

backscattering spectroscopy (RBS) that the diffusion of 
115

In into the PEDOT:PSS layer strongly increased upon 

exposure to air and they explained  that water present in the 

atmospheric air and taken up by the PEDOT:PSS liberates 

the acidic protons of PSS. Acidic etching then result in 

indium ions dissolving in the PEDOT:PSS. This may 

possibly result in both indium and tin diffusing to the 

P3HT:PCBM layer. Because our samples were exposed to 

air and kept for few months without encapsulation or were 

kept at ambient laboratory conditions, our findings may be 

in accordance with the results of de jong et al [12]. The 

silicon (
28

Si) signal originating from the underlying glass 

substrate used is low throughout the layers and increases at 

the ITO/glass region. 

C4HS
-
 and SO2

-
 ions originating from P3HT and 

PEDOT:PSS were detected as shown in figure 2(b). The 

depth profile distribution followed the same pattern as the 

ones presented in figure 2(a). C2O3H3
-
, SO2

-
, C4HS

-
, 

C11H17S
-
 and C8H7SO3

-
 were also detected not only in the 

PEDOT:PSS/ITO layers but also in the inner region of the 

P3HT:PCBM layer. These results suggest that the active 

layer region is P3HT and PSS enriched. 

Figure 3(a-d) shows the surface imaging of device A after 

60 and 180 primary ion scans, respectively. Images shows 

the specific elemental or chemical distribution across the 

surface observed within 300 μm × 300 μm dimension. 

These images reveal the secondary ion intensities as a 

function of the location on the sample surface. After the 

first 60 scans,
64

Zn and 
12

C are homogenously distributed on 

the sample surface while there are clear large particles on 

the surface indicating the inhomogeneous distribution of  
12

C. However, after 180 scans the distribution of secondary 

ions detected intensified and showed more inhomogeneity 

across the surface. 

 

 

 

Figure 2: TOF-SIMS depth profiles (Intensity as function of 

a sputter time) obtained directly on the Al cathode for  

Devices A (a) Positive SIMS and (b) Negative SIMS 
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Figure 3:Elemental mapping for Device A, after 60 scans 

(a-c) and 180scans (b-d) 

 

 

4 CONCLUSION 
 

For a better understanding of how to improve 

photovoltaic properties of organic solar cells, we have 

studied the effect of thermal treatment before and after the 

deposition of Al electrode. The improvement in 

photovoltaic properties was observed from the post 

annealed device (device B) and this is attributed to the 

combined effects of the ZnO buffer layer and post 

annealing treatment. We carried out the composition depth 

profile analysis of the organic solar cells. The results 

indicated that the BHJ layer was P3HT enriched and PSS 

penetrated into the BHJ layer. The interface between Al and 

P3HT:PCBM was found to be oxygen-rich and species like 

AlO or AlO2 may have formed at the interface. This was 

supported by a clear increase in intensity of the 
16

O signal. 

Surface imaging showed both homogeneous and some 

inhomogeneous distribution of chemical species. 
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