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Introduction
Recently there has been interest in the production of thin carbon nanotubes (CNT) films as potential electrode materials because of their flexibility, transparency, electrical conductivity, and large surface area for charge collection or injection into organic semiconductors
. There is hope that CNTs can replace indium tin oxide (ITO) as the anode in organic light emitting diodes (OLED) and organic photovoltaic devices (OPV)
.  With the potential to functionalize and create soluble suspension, the potential to ink jet or screen print CNT electrodes may also become a reality.  
Since the work function of CNTs is similar to ITO, charge injection and collection at these electrodes may have a similar performance as ITO.   The benefits of moving to a flexible CNT platform over ITO lies in it damage tolerance which is necessary for flexible applications.  Brittle materials like ITO are prone to developing cracks which degrade their electrical performance.  However, random networks of CNTs form complex percolation networks with thousands of redundant interconnecting points.  Thus, deformation of the network does little to alter the conduction characteristics, leading to relative insensitivity in flexible applications. 
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The overall electrical resistivity of CNT networks, however; has yet to show performance which is comparable to ITO. Thus, further studies are needed to investigate CNT networks on polymer substrates and how to improve their optical and electrical characteristics to become a viable ITO replacement. 
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A CNT film capable of replacing ITO needs low resistivity, high transparency and low surface roughness. Low resistivity allow for efficient current injection and collection over large areas while minimizing voltage drops. High transparency will allow maximum light emission for bottom emitting OLEDS as well as light penetration for photovoltaics.  Thin layers of CNTs are desired to minimize bending of flexible substrates upon changes in temperature.  In general, CNT networks can have negative coefficients of thermal expansion which may alter the curvature of the flexible OLEDs or OPVs during operation.  Surface roughness of the CNT electrodes must also be reduced to eliminate pin holes and electrical shorting in the thin film active layers which are deposited. 






The main issue with the development of high quality CNT electrodes is that the problems mentioned are coupled to each other.  While a thinner film creates better transparency and limits bending due to CTE mismatches, they also result in more resistive electrodes
. Optimization is necessary to find the most advantageous use of CNT.  
Objective

The objective of this work is to investigate the process of suspending single wall carbon nanotubes in solvent solutions followed by the creation of thin transparent electrodes on PET films.  These nanotubes will be used as received (not purified or doped).  While not expected to yield the best electrical characteristics, these as received nanotubes will allow the determination of the effects of solvent and various processing steps on reducing the electrical resistance of the thin nanotube networks.  Properties such as transparency between 0.4-3 m and room temperature sheet resistance will be studied.

Process 

Step 1: Creating the CNT solution
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Approximately 2 mg of commercially available single-walled carbon nanotubes (SWCNT) are mixed into 100 mL of dimethyl formamide (DMF). The mixture was bath-sonicated for 48 hours to aid in the dispersion of the nanotubes. Drops of the solution are mixed into water being stirred at 500 rpm on a stirring hotplate.  This is necessary to prevent the CNTs from forming large agglomerates. Carbon nanotubes bundles create a film with high resistance and poor conductivity, so care must be taken to promote dispersion during processing. 
Step 2: Depositing the solution onto the substrate
The solution is poured into a vacuum filtration system that deposits the nanotubes onto a Millipore hydrophobic filter. It is essential that the filter, vacuum filtration system and mixture are clean because any additional particles will end up on the film. Vacuum filtration is used since it provides and easy pathway of generating a uniform film of carbon nanotubes from the dispersed solution. The filter is used as an intermediate substrate which must be transferred to a clean polyethylene terephthalate (PET) film.  The PET is cleaned using a series of chemicals: acetone, methanol, isopropanol (IPA) and DI water. After cleaning the plastic substrate, it is dried and gently placed on top of the nanotubes/filter substrate. Since the CNTs are not robustly attached to the filter, care must be taken during the placement of the PET substrate to avoid shearing of the CNT pattern.  
Step 3: Removing the Filter
A beaker containing a small amount of acetone is heated as the filter and substrate are suspended over the top. The evaporated acetone vapor dissolves the filter. Special attention must used in this step. If the acetone is heated for too long, bubbles will form on the surface of the film.  The bubbles can displace the CNT. Once the filter covering the CNT evaporates, the sample is laid out to dry. Since some of the filter remains on the substrate, a beaker is placed over the top of it. The beaker prevents the plastic substrate from curling. When dry, the film is placed in an acetone bath to remove the remnants of the filter. The same procedure to clean the substrate is used again to clean the surface of the film.  The result is complete transfer of the CNT pattern from the Millipore filter to the PET substrate.
Step 4: Testing

The electrical resistivity of the samples was measured using a four point probe method while the surface roughness was determined using profilometry. Sample transparency was determined using a UV-Vis Spectrophotometer.
Thin Film Production Analysis
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While the thin films of SWCNT are not mechanically robust, degradation does not occur if handled appropriately. Instead, problems with the films generally occur during the processing steps.  Problems in producing SWCNT films are mainly associated with film homogeneity. The film’s conductivity relies on the redundant interconnections of the CNT network. Therefore, an inconsistent layer of nanotubes can create deficient conduction.
 There are several key steps in the creation of the SWCNT. The first crucial step is the creation of a dispersed solution. Since nanotubes are hydrophobic, if not dispersed well they tend to agglomerate (Fig. 5-C&D). A reduction in nanotube bundles may be realized through the use of a centrifuge, which is common in processing CNT films.  Our group has yet to incorporate the centrifuge, but there is hope that it will remove agglomerates and improve film consistency. 










Another important step is when the SWCNT are transferred to the PET substrate. Transferring the SWCNT to the PET is most effective when just freshly deposited. However, the nanotubes are also most vulnerable at this stage. Cracks and creases (Fig. 4-A&F) occur when manually placing the substrate on top of the deposited nanotubes. If the transfer is done correctly, the SWCNT will not be displaced and the sheet resistance should remain the same. In Figure 6, there is a significant difference in SWCNT sheet resistance before and after the transfer (diluted in DI water and on PET, respectively). These results suggest that there is still improvement to be made in transferring the SWCNT.



The last critical step is the removal of the filter. If the acetone evaporates over the filter for too long air bubbles can infiltrate the nanotube network (Fig. 4-E). To completely remove the filter, the film is placed in an acetone bath. Despite an extended drying period, the SWCNT are still not mechanically robust. The film must be gently placed in the bath or it will tear (Fig. 4-B).
Variable Quantity Analysis

The first step in optimizing the properties of thin film carbon nanotubes is to determine the effects when varying the quantity of carbon nanotubes. Increasing the SWCNT amount will decrease the transparency. The volume deposited upon each filter is varied. The solution composition is not augmented because of the difficulty in measuring the mass of the SWCNT within 1 mg. The simplest way to vary the deposited volume was through pipettes of the solution (1 pipette ~ 1.5 mL, 1.5mL ~ .03mg of SWCNT).
Methods of Dilution
In our original process, the SWCNT:DMF solution was diluted before deposition in 40 mL of DI water. Although SWCNT are hydrophobic, a fairly consistent dispersion was realized. DI water was used because it is easier to filter and remove from the nanotubes. Since our SWCNT:DMF solution has a high concentration of nanotubes (2 mg in 100 mL of DMF), 40 mL would render the film opaque. However, a problem arises when the solution used does not mix well with DI water. This happened when attempting to use a SWCNT:nitromethane solution. Instead of diluting with DI water, our
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group found that diluting with nitromethane worked the best. To compare processing procedures, a SWCNT:DMF solution was diluted in DMF. The goal was to find out if DI water impacted the dispersion of the SWCNT.
In Figure 6, the data shows that a SWCNT:DMF solution creates better dispersion if diluted in DMF. It is evident that DI water decreases the dispersion of the SWCNT. Presumably, a solution diluted in itself disperses better than with other solvents. But, it may only be true with DI water since SWCNT are hydrophobic. In the future, the dilution step may be eliminated if less concentrated solutions are prepared.  Otherwise, a centrifuge step may be helpful in removing bundles which are difficult to disperse.

DMF vs. Nitromethane
Since properties of the SWCNT film relies on its consistency, there is significance in the solubility of the solution. Better dispersion will result in an even SWCNT coating and therefore better percolation between nanotubes. A solution’s total CNT solubility depends on three parameters: dispersion, polarity, and hydrogen bonding. DMF has a high dispersion factor, but it was determined that nitromethane has greater overall solubility
. A SWCNT and nitromethane solution was created and tested.
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Creating SWCNT films from a nitromethane solution is not the same as with DMF. As previously mentioned, nitromethane does not dilute well in DI water. Nitromethane must be diluted in itself before it is deposited onto the filter. Alumina filters instead of Millipore membrane filters must also be used. However, a reliable transfer method has yet to be realized with alumina filters and SWCNT.
Our suggestion is to use transfer printing techniques such as PDMS stamps or microwave transfer which was recently developed our research group.
In Figure 8, it is evident that nitromethane allows for higher conductivity in the SWCNT network. The lowest sheet resistance is found to be at 157 (Ω/sq.).
Augmentation of Sampling

An attempt was made to improve the properties of the SWCNT thin films, augmentation to the samples are made. The augmentations are made based upon the characteristics of the SWCNT and each sample.

Sample Heating
Heat is used to evaporate away the remnants of the solution from the deposition. If DMF or nitromethane is left on the film, it may decrease the conductivity of the film by impeding the electrical network.








Heating the films proved to be a successful augmentation as it decreased the sheet resistance in every sample. However, the DMF samples decreased more nitromethane samples. In other words, more DMF was left on the thin films than nitromethane. Nitromethane is much more reactive and unstable than DMF so it is believed that much of it had already evaporated.


More tests need to be done in order to optimize this augmentation. A longer, hotter process may induce further evaporation as long as there is no degradation to the PET substrate.





Silver Layer

To increase the conductivity of the SWCNT films a layer of silver (3-5 nm) was deposited onto the samples. The silver was added using an e-beam deposition. Silver would fill in pin holes of the nanotubes network and could even weld the nanotube junctions together. A conductive junction between nanotubes would decrease the energy gap as well as the resistance. Additional tests need to be done to see if varying amounts of silver impact resistance. Silver could also be combined with SWCNT in a multi-layer format. Although, adding too much silver would allow electrons to travel solely through the silver layer and render the SWCNT layer useless.



In general, the layer added to the DMF decreased resistance while the layer added to the nitromethane increased it. However, it is believed that the silver layer did not increase the resistance of the film. It is likely that the resistance increase was due to the degradation of the samples. Several tests and experiments were done using the same samples. The spectrophotometer and e-beam deposition even require the samples be fastened to a surface.





Entrenched Technology Comparison

The current entrenched technology for producing electrodes in OLEDs and PVs is indium tin oxide. Indium tin oxide is an extremely conductive and transparent material, but brittle and expensive. Currently, ITO has a sheet resistance of about 10 Ω/sq. In the visible spectrum, the light transmittance ranges from 48.0-83.1% on PET. 








A major challenge with using SWCNT is that volume per square impacts both resistance and transmittance of the film. Unfortunately, the relationship between the two parameters is inversely proportional. As the SWCNT films approach the sheet resistance of ITO, the transparency significantly drops.





In the middle of the infrared spectrum (1000 nm) the transmittance of ITO is less than 40% on PET. Some of the samples have better transmission than ITO, but the sheet resistance is still too high. 










With the current results, there is potential use for CNT as top emitting OLEDs where the electrode can be opaque. The problem with this is that CNT will have to compete with highly conductive metals. There is also potential use for electronics that work in the IR regime.

Recommendations for Future Research

Since significant progress was made using nitromethane, additional solvents should be tested. Another solvent might do a better job at dispersing the nanotubes. Also, if the solution is sonicated for a shorter amount of time, the CNT will be longer and more conductive. Although this may create more agglomerates, these can be removed using a centrifuge. Other ideas which must be pursued include the purification and doping of the carbon nanotubes.   It is believed that this will give sheet resistances in the 300 /sq. range or lower. Also, improved sheet resistance should also consider the use of water-based surfactant suspensions
.
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Figure 5. Final SWCNT films on PET























Figure 3. Probe Diagram








Figure 2. Four-Point Probe








Figure 4 (A-F). Inconsistency of the films








Figure 1. Basic diagram of an OLED








Figure 6. Dilution results with DMF








Figure 7. Dispersion of CNT in solvent

















Figure 12. Comparison to ITO in IR spectrum





Figure 11. Comparison to ITO in visible spectrum





Figure 9. Impact on resistance from heat








Figure 10. Impact on resistance from silver








Figure 8. Impact on resistance from solvents
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