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Silicon Nanowires
Objective: The objective of this lab is to learn about growth of silicon nanowires using the metal-catalyzed vapor-liquid-solid (VLS) processes. The students will operate the LPCVD system (loading samples, creating and running recipes). The students will learn about the VLS process, and various parameters which control nanowire growth. The grown nanowires will be characterized using field emission scanning electron microscope (FESEM).
Background: Low Pressure Chemical Vapor Deposition (LPCVD) reactors typically operate at a pressure between a few Torr and a few mTorr and in temperatures between 300-900 °C.  Operating at a reduced pressure reduces the concentration of reactants in the gas phase which reduces the possibility for gas phase reactions that create undesirable particulate contamination when compared to atmospheric CVD reactors.
The LPCVD used for this experiment uses a 75 mm diameter reaction chamber heated by a computer controlled three zone resistive element furnace.  Cooling of the reaction chamber is dependent on the dissipation of heat from the system and may take hours to achieve.  The reactor is equipped with an oil sealed rotary vane mechanical pump which is capable of achieving a base pressure of ~20 mTorr. The size of the reaction chamber limits the size of the substrate to 65 mm or smaller.
The metal-catalyzed VLS growth process is widely used for bottom-up fabrication of silicon nanowires. Metals which form low melting temperature eutectic alloys with silicon are used as catalysts for this process. Typically, gold is used as it forms eutectic alloy with silicon with melting temperatures of only 363 °C. Gold catalyst in the form of nanoparticles (or a thin film) is deposited on the surface of a wafer. The wafer is then transferred to a CVD system. The process is carried out at elevated temperatures, typically in the range of 450 to 900 °C, depending on the choice of ‘source gas’. The VLS growth process is shown schematically in Figure 1.
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Figure 1: Schematic of VLS silicon nanowire growth

Step A: Once the wafer has been heated to the process temperature, a silicon containing gas (i.e., the silicon source gas, such as silane, disilane, silicon tetrachloride, etc.) is introduced into the chamber.
Step B: The source gas undergoes catalytic decomposition over the catalyst. An example of such catalytic decomposition when silane is used is given below:
SiH4 (g) + Au (l) → Au-Si (alloy) + 2H2 (g)
The silicon formed as a result of this decomposition reaction dissolves in the gold catalyst to form a droplet of gold-silicon eutectic alloy.

Step C: As the process continues, the eutectic alloy droplet gets supersaturated with silicon and pure silicon starts precipitating out of the catalyst droplet. The precipitating silicon forms the nanowire, while the metal droplet remains on top of the growing wire.
Step D: The length of the nanowire is determined by the process conditions (pressure and temperature) and the growth time. The diameter of the catalyst determines the diameter of the final nanowire. The catalyst itself is seen as a ‘cap’ at the tip of the nanowire. 
Training Necessary: Safety Training, Introduction to LPCVD, SEM Training. 
Experiments: For this lab, a thin film (5 nm) of gold will be sputtered onto SiO2/Si substrate using the recipe in Table I. The substrate will be cleaved into two pieces, and one of the pieces will be subjected to annealing at 900 °C for 15 minutes in nitrogen atmosphere. The effect of annealing on thin metallic films will be explained and characterized using optical and FESEM. Finally, silicon nanowires will be grown via VLS on the two samples using the recipe in Table II, and the nanowire growth will be characterized using FESEM.
Table I: Sputtering recipe for deposition of the gold catalyst
	Gold Sputtering Target
	40 mTorr with Argon gas
	75% Power (40 mA)
	13 sec


Table II:  LPCVD Recipe for the growth of silicon nanowires

	Step
	Gas Flow
	Pressure
	Temp
	Time

	1
	Purge System
	N2
	200 sccm
	10 T
	20 °C
	5 min

	2
	Evacuation Step
	
	
	20 mT
	20 °C
	15 min

	3
	Ramp Heaters to 200 °C
	N2 
	50 sccm
	10 T
	
	15 min

	4
	Hold at 200 °C
	N2 
	50 sccm
	10 T
	200 °C
	15 min

	5
	Ramp Heaters to 415 °C
	N2 
	50 sccm
	10 T
	
	20 min

	6
	Hold at 415 °C
	N2 
	100 sccm
	10 T
	415 °C
	30 min

	7
	Nanowire Growth
	SiH4 
	100 sccm
	10 T
	415 °C
	7 min

	8
	Evacuation Step (Heaters off)
	
	
	20 mT
	
	15 min

	9
	Cool Down
	N2 
	50 sccm
	20 mT
	Cool to 20 °C
	~5 hrs


Questions: 
1. What is a eutectic system? Draw the phase diagram of gold-silicon eutectic system and mark the eutectic point. (3)
2. Would you categorize VLS as a CVD or as a PVD process? Why? (2)
3. How does the following parameter influence silicon nanowire growth in VLS process:

a. Temperature (Hint: What would happen if temperature is too high or too low) (2)

b. Pressure (Hint: What would happen if pressure is too high or too low)  (2)

4. How is annealing of thin metallic films different from annealing of thicker films? (2)

5. Can you use the PECVD for growing silicon nanowires by VLS process? (Give reasons for your answer) (2)

6. Why does the FESEM produce better resolution images than normal SEM? (2)
7. Discuss the influence of annealing on very thin metal films. (3)

8. Discuss the differences in nanowire growth for the annealed and non-annealed samples. (3)

9. Discuss the limitations of using thin films as catalysts for nanowire growth in VLS processes. (3)

10. Discuss various approaches to achieve better control of nanowire dimensions. (6)
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