
Materials 2013, 6, 1994-2006; doi:10.3390/ma6051994 
 

materials 
ISSN 1996-1944 

www.mdpi.com/journal/materials 

Article 

Effect of Solvents, Their Mixture and Thermal Annealing  
on the Performance of Solution Processed Polymer  
Light-Emitting Diodes 

Mohammad Hashem Rezvani 1,*, Farid Farajollahi 2, Alireza Nikfarjam 3, Parisa Bakhtiarpour 2 

and Erfan Saydanzad 1  

1 Nanoelectronics Research Group, Academic Center for Education, Culture and Research (ACECR), 

Khajeh Nasir Toosi University of Technology, Tehran 15569-14846, Iran;  

E-Mail: erfan_saydanzad@yahoo.com 
2 Institute for Experimental Physics, Ulm University, Ulm D-89081, Germany;  

E-Mails: farid.farajollahi@uni-ulm.de (F.F.); parisa.bakhtiarpour@uni-ulm.de (P.B.) 
3 Faculty of New Sciences and Technologies, University of Tehran, Tehran 14395-1374, Iran;  

E-Mail: a.nikfarjam@ut.ac.ir 

* Author to whom correspondence should be addressed; E-Mail: m.rezvani@jdnasir.ac.ir;  

Tel.: +98-21-8851-9904; Fax: +98-21-8846-6200-400.  

Received: 11 February 2013; in revised form: 29 March 2013 / Accepted: 3 May 2013 /  

Published: 15 May 2013 

 

Abstract: In this study, we first investigated changes seen in electrical and optical 

properties of a polymer light-emitting diode due to using different kinds of solvents and 

their mixture. Two-layer light emitting diodes with organic small molecules doped in a 

PVK polymer host were fabricated using (i) non-aromatic solvent chloroform with a high 

evaporation rate; (ii) aromatic solvent chlorobenzene with a low evaporation rate, and  

(iii) their mixture with different relative ratios. The effect of nano-scale layer thickness, 

surface roughness and internal nano-morphology on threshold voltage and the amount of 

electric current, the luminance and efficiency of a device were assessed. Results indicated 

the importance of majority charge carriers’ type in the selection of solvent and tuning its 

properties. Then, the effect of thermal annealing on electrical and optical properties of 

polymer light emitting diodes was investigated. During the device fabrication, pre-annealing 

in 80 and/or 120 °C and post-annealing in 120 °C were performed. The nano-scale effect of 

annealing on polymer-metal interface and electric current injection was described 

thoroughly. A comparison between threshold voltage, luminance and electric current 

efficiency of luminescence for different annealing processes was undertaken, so that the 
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best electric current efficiency of luminescence achieved at 120 °C pre-annealing 

accompanied with 120 °C post-annealing. 

Keywords: aromatic solvent; post-thermal annealing; pre-thermal annealing; polymer light 

emitting diode; interface; semiconductor polymer; solvent mixture  

 

1. Introduction 

Semiconductor polymers and organic materials have been increasingly used in electrical and optical 

devices [1–5]. Capability of electrical charge transfer and doping with different dyes makes them 

excellent candidates for organic light emitting diodes (OLED) [6–10]. Due to weak molecular interactions 

in organic materials and random orientation of polymer chains to each other, the performance of these 

devices has significant dependence on the fabrication process.  

Exploiting spin coating of organic material solutions makes the fabrication process of electronic and 

photonic products less complicated, and facilitates using their high application-oriented potential at a 

low cost [11,12].  

The properties of a solvent have a critical role in the performance of devices fabricated through the 

spin coating method [11,13–15]. Tuning these properties could be an effective route for changing the 

behavior and improving the electrical and optical performance of the devices.  

In polymer light emitting diodes (PLED), different factors, e.g., type of solvent, spinning speed and 

substrate material affect the performance of the device [16–18]. Applying electric field, using  

ultra-violet radiation and thermal annealing are some of the routes can be exploited to change and 

improve the polymer morphology [19–23]. The nano-morphology of polymer thin films is one of the 

most important sources determining the polymeric device performance [17,24–26].  

Thermal treatment of PLEDs in different steps of their fabrication process may increase their 

efficiency and improve their performance. Polymer has a glass transition temperature in which its phase 

changes from solid to liquid gradually. Thus, choosing appropriate temperature, the quality of polymer 

thin film interfaces can be changed in nano-scale without significant damage to overall diode structure. 

In this paper, the fabrication of PLEDs is reported and an investigation is undertaken on the 

properties of PLEDs, with a focus on tuning and improvement of device properties without changing 

its structure (Scheme 1). First, we study the effect of solvent types and their mixture on the electrical 

and optical properties of device, and discuss the mechanism underlies this effect. Then, the effect of 

thermal annealing in different steps of the fabrication process on the electrical and optical properties of 

the device and its underlying mechanism is investigated. Finally, the optimized parameters and 

conditions for device performance are concluded.  

2. Results and Discussion 

In light emitting diodes, the injection and transport of electrons and holes and their recombination 

produce light emission. The structure of device used the model system in this study, comprising a 

known and efficient hole transport layer (HTL) and a usual doped polymer emissive layer (EML), is 
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words, the increase in the amount of holes is more than electrons. The electric current efficiency of 

luminescence-electric current density characteristics implies this from another angle.  

The decrease of thickness tends to an increase in effective electric field, as mentioned earlier. The 

effect of this field is approximately the same for the both charge carriers. On the other hand, the 

improvement of the polymer-metal interface quality causes an increase in the electron injection. 

Considering only these two effects, the amount of electric current efficiency of luminescence in 

devices should be increased by adding chlorobenzene.  

To deal with this contradiction, another effective parameter is needed to be considered. Chloroform 

and chlorobenzene solvents, in addition to different evaporation rates, have different chemical 

structures; the chlorobenzene solvent, having benzene rings, is classified as an aromatic solvent, and 

the chloroform solvent is classified as a non-aromatic one. This difference has a great influence on the 

polymer chains arrangement and the nano-morphology of the final structure.  

2.1.3. The Effect of Internal Nano-Structure Morphology  

In general, polymers consist of non-conductive single bound structures, conjugated structures and 

benzene rings. The solubility of each element depends on the interaction between solute and the 

solvent. Using the second rule of thermodynamics, the solubility of these two materials in each other 

could be as follows:  

ΔGM= ΔHM – TΔSM < 0 (1)

where ΔGM, ΔSM and ΔHM are changes in the Gibbs free energy, entropy, and enthalpy of the system, 

respectively. T is absolute temperature of the system [17].  

The amount of ΔSM for solving two materials in each other is always positive. In the solving process, 

polymer solves in such a way that the system reaches its minimum free energy. So, to achieve better 

solubility, ΔHM should be in its minimum amount. Changes in the internal energy of materials are the 

largest portion of enthalpy changes.  

When these two materials have similar chemical structures, ΔHM reaches its minimum amount. 

Thus, mixing two aromatic or two non-aromatic materials causes minimal changes in enthalpy and 

they are more soluble in each other [17].  

According to this, the aromatic chlorobenzene solvent solves the aromatic part of PVK polymer 

better than its non-conductive main chain. Therefore, in different polymer chains, main chains are 

located close to each other and tend to stick one to another. This forms polymer regions with a  

non-conductive core of main chains and an aromatic shell of polymer branches. After spinning and the 

solvent evaporation, this morphology still survives [17,18]. In contrast, aromatic parts of different 

polymer chains get close together and approach each other in the non-aromatic chloroform solvent, 

constructing central cores of formed polymer regions. Non-conductive parts are located on the shells 

(Scheme 2).  
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Scheme 2. Schematic illustrations of internal nano-morphology for emitting layer of 

fabricated polymer light emitting diodes using an aromatic solvent (a) and a non-aromatic 

solvent (b).  

 
(a) (b) 

Therefore, using an aromatic solvent in the PLED structure tends to make contact between aromatic 

parts of polymer chain and electrodes. Due to conductivity of aromatic rings, potential barrier 

decreases and charge carrier injection improves. On the other hand, conductive parts of different 

polymer regions are located close to each other. Thus, charge carrier mobility of a host polymer, which 

is mainly hole transport in the current structure, increases. Considering that the distribution of PBD 

molecules is approximately unchanged, their overall function also does not change remarkably. In this 

way, the ratio of holes to electrons in the system increases. So, where electrons are minority carriers, 

using an aromatic solvent the electric current efficiency of luminescence decreases.  

2.2. Thermal Annealing Process  

The thermal treatment of thin layers could make nano-scale changes in the interfaces of layers and 

their internal nano-structure [16,17]. To prevent destructive side effects of long thermal treatment on 

organic materials, the annealing process should be performed in limited durations and temperatures. 

The glass transition temperature of undoped PVK is slightly above 200 °C; however, it is expected that 

the additives reduce it dramatically. 

The annealing process could be undertaken after spin coating and before the cathode deposition 

(pre-annealing) and/or after the metallization of a polymer surface (post-annealing). These two 

methods have different effects on sample properties. Figures 5 and 6 show electric current density-

applied voltage and luminance-applied voltage characteristics of devices fabricated using chloroform 

and chlorobenzene solvent mixtures containing the same weight ratio of its components (i.e., 50/50).  

As Figures 5 and 6 show, the pre-annealing process causes an increase in the threshold voltage and 

makes no noticeable change in the amount of luminescence. However, the threshold voltage decreases 

by post-annealing with the same trend when temperature increases from 80 to 120 °C. Moreover, a 

dramatic increase in luminance for samples post-annealed at 120 °C could be observed. Elevated 

temperatures destruct the aluminum surface and tend to produce dark spots on the emitting area  

of devices. 
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3. Experimental Section  

The structure of PLED is Glass/ITO/PEDOT-PSS/PVK:PBD:C6/Al (Aldrich). First, indium tin 

oxide (ITO) coated glass is washed in an ultrasonic bath by pure water, acetone and propanol, 

respectively. Then, the aqueous solution of poly-(styrene sulfonate) doped poly-(3,4-ethylene 

dioxythiophene) (PEDOT-PSS) polymer is spun onto it to form a 40 nm thick layer. High molecular 

weight poly-(9-vinyl carbazole) (PVK) polymer, organic small molecule 2-(4-biphenyl)-5-(4-t-

butylphenyl)-1,3,4-oxadiazole (PBD) and 3-(2-Benzothiazolyl)-N,N-diethylumbelliferylamine,  

3-(2-Benzothiazolyl)-7-(diethylamino)-coumarin (Coumarin 6 or C6) dye (100:40:0.03 weight ratio) 

are solved in the chloroform-chlorobenzene solvent mixture, and are spun (in less than 100 to more 

than 200 nm thickness) onto the PEDOT-PSS layer. At last, the Aluminum (Al) metal layer is 

deposited in 150 nm thickness on the polymeric bilayer by evaporation (Scheme 3). 

Scheme 3. Schematic diagram of materials used for fabrication of polymer light emitting 

diodes by solution processing.  

 

Annealing of samples at different temperatures is performed in an oven with the temperature 

controlling ability. Three procedures for thermal annealing are used; pre-annealing, post-annealing and 

both pre- and post-annealing. In the pre-annealing process, samples are annealed at 80 °C and 120 °C 

for 5 min before metallization. Samples are annealed at 120 °C for 5 min after Al deposition in  

post-annealing process. The thicknesses of the layers and their surface roughnesses are measured using 

conventional methods with a stylus surface profile meter (Dektak) and an atomic force microscope 

(AFM). Electrical measurements are carried out by the Keithley 6487 picoammeter/voltage source 

unit, and optical measurements are taken by a photometer, a spectrometer, and a standard setup which 

consists of a photodiode assembled with an amplifier connected to an oscilloscope. All the fabrication 

and characterization processes are conducted under laboratory ambient conditions.  

4. Conclusions  

The type of solvent and its properties affect electrical and optical properties of solution processed 

PLEDs. Mixing solvents could be an effective way for tuning these properties. Adding aromatic 

chlorobenzene solvent with a low evaporation rate to non-aromatic chloroform solvent with a high 

evaporation rate makes nano-scale polymer layer thinner and more uniform. This, in turn, increases 
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effective electric field and improves electron injection. In this way, it increases the passing electric 

current and luminance and decreases the threshold voltage of devices. Moreover, it makes a contact 

between aromatic parts of polymer chains and electrodes, so charge injection potential barrier 

decreases. Conductive parts of formed polymer regions are located close to each other; thus, charge 

carrier mobility in a PVK polymer host which is mainly hole transport improves. Thereby, the ratio of 

holes to electrons in the system increases. Also, in the current device structure, holes are the majority 

carriers due to their lower injection potential barrier; so electric current efficiency of  

luminescence decreases.  

In the thermal annealing process, residual solvent evaporation makes some nano-scale changes in 

layer interface. Pre-annealing increases the surface roughness and fluctuation of the polymer layer and 

degrades electron injection. High surface roughness and fluctuation of the polymer layer make some 

difficulties in effective metal deposition. Post-annealing causes the diffusion of aluminum layer into 

the polymer layer, and thus improves electron injection. Using simultaneous pre- and post-annealing 

processes leads to increase electric current efficiency of luminescence. In this case, pre-annealing at 

higher temperatures tends to be more effective residual solvent removal, and the post-annealing 

process at higher temperatures causes an effective diffusion of the metal layer into the polymer layer. 

Therefore, the best electric current efficiency of luminescence is obtained in samples pre- and  

post-annealed at 120 °C. In these samples, the amount of luminance increase to the electric current 

change ratio is more than other fabricated devices. 

Acknowledgments 

The authors would like to thank Iran National Science Foundation (INSF) for partly providing the 

financial support of this project. Also, they kindly acknowledge Habib Sherkat for preparing  

graphic illustrations.  

References 

1. Tessler, N.; Denton, G.; Friend, R. Lasing from conjugated-polymer microcavities. Nature 1996, 

382, 695–697. 

2. Forrest, S.R. The path to ubiquitous and low-cost organic electronic appliances on plastic. Nature 

2004, 428, 911–918. 

3. Galatsis, K.; Wang, K.; Botros, Y.; Yang, Y.; Xie, Y.H.; Stoddart, J.; Kaner, R.B.; Ozhan, C.;  

Liu, J.; Ozkan, M. Emerging memory devices. Circuits Devices Mag. IEEE 2006, 22, 12–21. 

4. Muccini, M. A bright future for organic field-effect transistors. Nat. Mater. 2006, 5, 605–613. 

5. Carr, J.A.; Chen, Y.; Elshobaki, M.; Mahadevapuram, R.C.; Chaudhary, S. Controlling 

nanomorphology in plastic solar cells. Nanomater. Energy 2012, 1, 18–26. 

6. Burroughes, J.; Bradley, D.D.C.; Brown, A.; Marks, R.; Mackay, K.; Friend, R.; Burns, P.; 

Holmes, A. Light-emitting diodes based on conjugated polymers. Nature 1990, 347, 539–541. 

7. Friend, R.; Gymer, R.; Holmes, A.; Burroughes, J.; Marks, R.; Taliani, C.; Bradley, D.;  

Dos Santos, D.; Bredas, J.; Lögdlun, M. Electroluminescence in conjugated polymers. Nature 

1999, 397, 121–128. 



Materials 2013, 6 2005 

 

 

8. Bernius, M.T.; Inbasekaran, M.; O’Brien, J.; Wu, W. Progress with light-emitting polymers. Adv. 

Mater. 2000, 12, 1737–1750. 

9. Capelli, R.; Toffanin, S.; Generali, G.; Usta, H.; Facchetti, A.; Muccini, M. Organic light-emitting 

transistors with an efficiency that outperforms the equivalent light-emitting diodes. Nat. Mater. 

2010, 9, 496–503. 

10. Deng, X.Y. Light-emitting devices with conjugated polymers. Int. J. Mol. Sci. 2011, 12,  

1575–1594. 

11. Norrman, K.; Ghanbari-Siahkali, A.; Larsen, N. Studies of spin-coated polymer films. Annu. Rep. 

Prog. Chem. C Phys. Chem. 2005, 101, 174–201. 

12. Krebs, F.C. Fabrication and processing of polymer solar cells: A review of printing and coating 

techniques. Solar Energy Mater. Solar Cells 2009, 93, 394–412. 

13. Li, G.; Shrotriya, V.; Huang, J.; Yao, Y.; Moriarty, T.; Emery, K.; Yang, Y. High-efficiency 

solution processable polymer photovoltaic cells by self-organization of polymer blends. Nat. 

Mater. 2005, 4, 864–868. 

14. Zhang, F.; Jespersen, K.G.; Bjoerstroem, C.; Svensson, M.; Andersson, M.R.; Sundström, V.; 

Magnusson, K.; Moons, E.; Yartsev, A.; Inganaes, O. Influence of solvent mixing on the 

morphology and performance of solar cells based on polyfluorene copolymer/fullerene blends. 

Adv. Funct. Mater. 2006, 16, 667–674. 

15. Yao, Y.; Hou, J.; Xu, Z.; Li, G.; Yang, Y. Effects of solvent mixtures on the nanoscale phase 

separation in polymer solar cells. Adv. Funct. Mater. 2008, 18, 1783–1789. 

16. Fahlman, M.; Salaneck, W.R. Surfaces and interfaces in polymer-based electronics. Surf. Sci. 

2002, 500, 904–922. 

17. Yang, Y.; Shi, Y.; Liu, J.; Guo, T.F. The Control of Morphology and the Morphological 

Dependence of Device Electrical and Optical Properties in Polymer Electronics. In Electronic and 

Optical Properties of Conjugated Molecular Systems in Condensed Phases; Hotta, S., Ed.; 

Research Signpost: Kerala, India, 2003; pp. 307–354. 

18. Müllen, K.; Scherf, U. Organic Light Emitting Devices: Synthesis, Properties and Applications, 

1st ed.; Wiley-VCH: Weinheim, Germany, 2006. 

19. Padinger, F.; Rittberger, R.S.; Sariciftci, N.S. Effects of postproduction treatment on plastic solar 

cells. Adv. Funct. Mater. 2003, 13, 85–88. 

20. Li, G.; Shrotriya, V.; Yao, Y.; Yang, Y. Investigation of annealing effects and film thickness 

dependence of polymer solar cells based on poly (3-hexylthiophene). J. Appl. Phys. 2005, 98, 

043704:1–043704:5. 

21. Tengstedt, C.; Kanciurzewska, A.; de Jong, M.P.; Braun, S.; Salaneck, W.R.; Fahlman, M. 

Ultraviolet light–ozone treatment of poly (3,4-ethylenedioxy-thiophene)-based materials resulting 

in increased work functions. Thin Solid Films 2006, 515, 2085–2090. 

22. Jin, H.; Hou, Y.; Meng, X.; Li, Y.; Shi, Q.; Teng, F. Enhanced photovoltaic properties of 

polymer–fullerene bulk heterojunction solar cells by thermal annealing. Solid State Commun. 

2007, 142, 181–184. 

23. Ray, B.; Nair, P.R.; Alam, M.A. Annealing dependent performance of organic bulk-heterojunction 

solar cells: A theoretical perspective. Solar Energy Mater. Solar Cells 2011, 95, 3287–3294. 



Materials 2013, 6 2006 

 

 

24. Yang, X.; Loos, J.; Veenstra, S.C.; Verhees, W.J.H.; Wienk, M.M.; Kroon, J.M.; Michels, M.A.J.; 

Janssen, R.A.J. Nanoscale morphology of high-performance polymer solar cells. Nano Lett. 2005, 

5, 579–583. 

25. Yang, X.; Loos, J. Toward high-performance polymer solar cells: The importance of morphology 

control. Macromolecules 2007, 40, 1353–1362. 

26. Pivrikas, A. Relation between Nanomorphology and Performance of Polymer-based Solar Cells. 

In Solar Cells—New Aspects and Solutions; Kosyachenko, L.A., Ed.; InTech: Rijeka, Croatia, 

2011; pp. 121–148. 

27. Brown, T.; Kim, J.; Friend, R.; Cacialli, F.; Daik, R.; Feast, W. Built-in field electroabsorption 

spectroscopy of polymer light-emitting diodes incorporating a doped poly (3,4-ethylene 

dioxythiophene) hole injection layer. Appl. Phys. Lett. 1999, 75, 1679–1681. 

28. Skotheim, T.A.; Reynolds, J.R. Handbook of Conducting Polymers: Theory, Synthesis Properties 

and Characterization, 3rd ed.; CRC Press: Boca Raton, FL, USA, 2007. 

29. Smallwood, I.M. Handbook of Organic Solvent Properties, 1st ed.; Arnold: London, UK, 1996. 

30. Chang, M.Y.; Yen, H.B.; Hung, C.Y.; Chen, Y.F.; Lin, S.H.; Huang, W.Y.; Hanb, Y.K. Effect of 

solvent-assisted thermal treatment on the performance of polyfluorene-based polymer light 

emitting diodes. J. Electrochem. Soc. 2010, 157, J116–J119. 

31. Chen, C.W.; Cho, T.Y.; Wu, C.C.; Yu, H.L.; Luh, T.Y. Fuzzy-junction organic light-emitting 

devices. Appl. Phys. Lett. 2002, 81, 1570–1572. 

32. Shao, Y.; Yang, Y. Naturally formed graded junction for organic light-emitting diodes. Appl. 

Phys. Lett. 2003, 83, 2453–2455. 

33. Ma, W.; Yang, C.; Gong, X.; Lee, K.; Heeger, A.J. Thermally stable, efficient polymer solar cells 

with nanoscale control of the interpenetrating network morphology. Adv. Funct. Mater. 2005, 15, 

1617–1622. 

34. Treat, N.D.; Brady, M.A.; Smith, G.; Toney, M.F.; Kramer, E.J.; Hawker, C.J.; Chabinyc, M.L. 

Interdiffusion of PCBM and P3HT reveals miscibility in a photovoltaically active blend. Adv. 

Funct. Mater. 2011, 1, 82–89. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


