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Nano-Scale Phase Separation of Block Copolymer Films
Objective: To coat a randomized surface with a self-organizing block copolymer film. To thermally anneal the sample and characterize the resulting nano-scale phase separation.
Training Necessary:  Chemical wet benches, spinner, and atomic force microscope  
Background:
Types of polymers (where A and B are different monomers) :
Homopolymer 

A-A-A-A-A-A-A-A-A-A-A 
Random copolymer 

A-A-B-A-B-A-B-B-B-A-B 
Alternating copolymer 
A-B-A-B-A-B-A-B-A-B-A 
Block copolymer 

A-A-A-A-A-A-B-B-B-B-B 
The simplest type of polymer (plastic) is composed of only one type of monomer, making a homopolymer. Each homopolymer molecule contains hundreds or thousands of repeat units that are chemically bonded to each other via covalent bonds. Common examples of homopolymers are polystyrene (styrofoam) and polyethylene (plastic shopping bags). If two types of monomers are used during a polymerization reaction, a copolymer is formed. Most copolymers containing two or more monomers produce polymers in which the monomers are randomly distributed throughout the polymer. These are called random copolymers and are named as poly(A-co-B) or poly(A-r-B). In special circumstances, other types of copolymers may form when two monomers are used. For instance, if monomer A preferentially reacts with monomer B and vice versa, the resulting polymer will be an alternating copolymer. Polycarbonate is an example of an alternating copolymer. It is formed by the polymerization bis-phenol A and phosgene. Block copolymers can also be synthesized from two different monomeric starting materials. Block copolymers contain at least two homogeneous sections (blocks) per polymer molecule and can be made by a sequential addition process. First, monomer A is added and polymerized to form homopolymer A. Then, in a second reaction step, monomer B is added to attach block B. In the ideal case, B attaches to homopolymer A and continues polymerizing until a di-block copolymer is formed. The polymer name would be poly(A-block-B) or simply poly(A-b-B).
In this experiment, you will cast thin films of the block copolymer formed by the sequential polymerization of styrene and methyl methacrylate. So block A is composed of styrene and block B is composed of methyl methacrylate, creating poly(styrene-b-methyl methacrylate). The b in between the names of the monomers signifies that this is a block polymer.  The poly(methyl methacrylate) (PMMA) and poly(styrene) (PS) blocks are chemically dissimilar. So, if they were not chemically attached to each other via covalent bonds, they would phase separate (much like oil and water).
These polymers have other features that are exploitable for lithography. PS absorbs light at 248 nm wavelength creating polymer cross-links. These cross-links make the polymer insoluble in solvents. The same 248 nm light, when absorbed by PMMA, degrades the polymer into smaller pieces. These small pieces can be washed away with a suitable solvent, leaving behind only the PS part of the original polymer.
In addition to the block copolymer, a random copolymer (PS-r-PMMA) will be used as an interface between the substrate and block copolymer. This will balance any interfacial interactions between the block copolymer and the substrate that could disrupt phase separation between the polymer blocks. Also, since spin casting the polymer onto a substrate does not create widespread, ordered phase separation, a significant amount of energy (in the form of heat) must be given to the polymers so that they can organize. 
Imagine dropping a plate of cooked spaghetti on the floor and expecting it to self-organize. This is essentially what is happening when the block copolymers are cast onto a substrate – the blocks are disorganized and significantly entangled. By heating the substrate until the polymer blocks begin to soften and flow (beyond the glass transition temperature or Tg), enough energy is put into the system so that similar blocks can congregate together: PS with PS and PMMA with PMMA. This process is called annealing and can take several hours to complete. As time passes, the heated polymer film organizes into nano-scale PS and PMMA domains.
The simplified phase diagram below illustrates the range of patterns that can be achieved simply by changing the ratio of PS to PMMA in the block copolymer.  Since the PS-b-PMMA we are using has a volume ratio of 0.75 PS/PMMA, this block copolymer should produce hexagonally packed cylinders of PMMA surrounded by a continuous PS matrix.  If the interfacial interactions are balanced properly, the cylinders will orient themselves vertically on the surface.
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Experiment: In this lab we will examine a polymer that is capable of phase separation, with the features being 20 - 30 nm wide and having a periodicity of ~50 nm. Your lab instructor will guide you through one or more of the procedures below. Please read through them prior to coming to lab so that you are familiar with the differences.
Characterization: Pre-made samples of block copolymer films will be provided after the demonstrations. These samples should be visualized with tapping mode AFM and/or FESEM. These images should be analyzed and turned in along with your answers to the post-lab questions.
Procedure 1: Includes randomization with PS-r-PMMA brushes

1. In a clean vial, make a 1.0 weight percent solution by dissolving 0.05 grams of poly (styrene-b-methyl methacrylate) P4079-SMMA in 5.0 grams of toluene.
2. In a separate clean vial, make a 1.0 weight percent solution of poly(styrene-co-methyl methacrylate) P6474D-SMMAranOHT.
3. Both solutions may take several minutes (up to 30 minutes) to dissolve. Be sure that they are completely dissolved before proceeding. The solutions should be colorless with no particles floating around.
4. Be sure the substrate that you are casting on is clean and dry with N2. The substrate will have been previously cleaned and dried in an oven at >100 °C for one hour. In order for the randomizing layer to be effective, the surface must have a high concentration of hydroxyl groups. Therefore, piranha cleaning [3:1 Sulfuric Acid (conc.)/Hydrogen Peroxide (30%)] of substrates is recommended.
5. Place substrate on spin coater and dispense the random copolymer PS-co-PMMA solution onto the substrate. Be sure to use a syringe filter. Spin substrate at 3000 rpm for 3 minutes.
6. When the spin caster has stopped, remove the substrate and transfer it to a vacuum oven. Heat at 190 °C under vacuum for 48 hrs.
7. Remove substrate from vac-oven and let cool to room temperature.
8. Wash the slide with clean, filtered toluene to remove excess polymer.
9. Dry the substrate with N2.
10. Place substrate back on spin-caster and dispense the block copolymer PS-b-PMMA solution onto the randomized substrate. Again, use a syringe filter. Spin cast at 6000 rpm for 1 minute.
11. Anneal the sample in the vacuum oven at 175 °C overnight.
12. Cool the substrate to room temperature.
13. Determine if phase separation is visible using an available characterization technique. The self-assembled film can be visualized by AFM (tapping mode) or FESEM (1.0 kV EHT, 1 mm working distance).
Procedure 2: Includes randomization with thermally cross-linked PS-r-PMMA mat
1. Make 5.0 g of each of the required solutions: PS-b-PMMA (1 wt% in toluene) and random mat P(S-r-BCB-r-MMA) (0.3 wt% in toluene).

2. Ensure that the substrate is clean and free of dust particles. When using the random mat procedure, controlling the surface chemistry (e.g., presence of hydroxyl groups) of the substrate is not critical.

3. ITO should be solvent cleaned. Other substrates may not have to be cleaned. a-Si should not be sonicated because this produces a rough surface.

4. Blow off dust with nitrogen gun.

5. Pre-heat a hot plate to 265 °C.

6. Cast the random mat P(S-r-BCB-r-MMA) (0.3 wt% in toluene) at 500-5000 RPM for 60 sec. The best spin speed depends on the substrate. For Si wafers, very thin mats (5000 RPM) work well. For rough surfaces, thicker mats (500 RPM) are preferred.

7. Cure the film for 30 minutes by placing the sample (film side up) on the 265 °C hot plate. This cross-links the BCB units and renders the randomizing film insoluble in toluene.

8. Cool the sample to room temperature.
9. Immerse the randomized substrate in fresh, filtered toluene for 5 minutes. This removes any uncured random polymer. Then, use the spin-coater to rinse the substrate with fresh, filtered toluene (5 mL dynamic dispense, 1 spin cycle, 1000 RPM). This helps to ensure a clean surface.

10. Blow dry in a nitrogen stream.

11. Cast PS-b-PMMA (1 wt% in toluene or PGMEA) at 6000 RPM for 60 sec.

12. Anneal at 175 °C in the vacuum oven for 16 hours (overnight).

13. Remove the sample from the oven and cool to room temperature.

14. At this point, the PS-b-PMMA film should be organized into vertically-oriented cylinders. This can be confirmed by AFM (tapping mode) or FESEM (1.0 kV EHT, 1 mm working distance).
Procedure 3: Removal of the PMMA (optional)
1. The UV cabinet is equipped with a turntable that rotates the sample during UV light exposure. Place the sample onto the turntable and raise the supporting lab jack as high at it can go without causing the turntable to touch the UV light bulbs. This yields a distance of about 1 cm from bulb to film.

2. Make sure both the UV light and the turntable are plugged into the power supply.

3. Close the cabinet door and turn on the UV source via the external switch in the power cord.

4. Expose to UV light for 5-10 minutes: 5 min for reverse cylinders, 10 minutes for regular.

5. Shut off the external switch, lower the lab jack, and remove the substrate.

6. Immerse in fresh glacial acetic acid for 30 minutes. A Petri dish works well.

7. Immerse in DI water for 10 minutes.

8. Finally, rinse the substrate under running DI water and immediately blow dry with nitrogen.

9. The structure can again be examined with AFM (contact mode) or FESEM (1.0 kV EHT, 1 mm working distance). Removal of the PMMA tends to give better contrast in the FESEM.
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Requirements:
Save all AFM and/or FESEM images that you obtain during this experiment. Turn them in along with your answers to the questions below. (10 Points)
Evaluate whether the block copolymer films were well-assembled or not? In other words, do the patterns look the way you expected them to look? How did you reach this conclusion?

Based on the patterns you observed and the phase diagram in the handout, what was the ratio of PS to PMMA in each sample you visualized with AFM and FESEM? How did you reach this conclusion?

Questions: (4 Points Each)
1. In your own words, what is a polymer? What are polymers made of? Aside from this laboratory experiment, where else can you find examples of polymers in your daily life?

2. If a molecule of polystyrene homopolymer has a molecular weight of 104,000 g/mol, about how many repeat units does it contain? Show your work and list what information you had to look up in order to calculate the answer.
3. Obtain a copy of these articles: MRS Bulletin 2008, Vol. 33, No. 9, Page 838 and Materials Today 2006, Vol. 9, No. 9, Page 40. Skim through both articles and examine the figures. Then choose one article to read more thoroughly. After reading the article of your choice, outline one way that block copolymers can be used to make a nano-structured device. Be specific and highlight the unique role that the block copolymer plays.
4. If the molecular weight of the block copolymer was doubled (keeping the ratio of PS to PMMA the same), how would this change the resulting self-assembled film?

5. What name corresponds to the light having wavelengths less than about 300 nm?  Be as specific as possible and see if there are subcategories to your answer. What kind of sources can produce these wavelengths?

Grading:

5 points pre-lab quiz 

10 points for acquiring and analyzing data 

20 points for post-lab questions

35 points total
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